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Preface to ”Genetics and Genomics of Forest Trees”

This volume provides a first-rate illustration of state-of-the-art research in the advancing area 
of the genetics and genomics of forest trees, especially as the pace of contemporary environmental 
change challenges the ability of forest tree populations to adapt. Forest tree genetics and genomics are 
developing and evolving at an accelerated speed, thanks to recent developments in high-throughput 
next generation sequencing capabilities and novel biostatistical tools. Population and landscape 
genetics and genomics have seen the rise of large-scale studies that employ the use of extended or 
genome-wide sampling. New or newly modified approaches, methodologies, and protocols can be 
found in this volume. Studies on both neutral and potentially adaptive variation are included at scales 
ranging from the cell to the landscape, contributing to the unravelling of the genotype-phenotype 
relationship.

This volume contains an impressive list of 112 authors affiliated with 72 educational and research 
institutions that have contributed to the 20 papers included. The directions of state-of-the-art forest 
genetics and genomics research are well reflected in the main topics of this volume. Genetic diversity 
in nature is dealt with in nine papers. Importantly, an almost equal amount of papers (eight) concerns 
transcriptomics and includes some of the most recent advances of relevant research in forest trees. The 
volume is complemented with two papers on quantitative genetics and one paper on tissue culture. 
Regarding the taxa studied, the volume contains 11 studies on angiosperms and eight on conifers, 
while a review paper refers to both. Among the genera represented in these studies, Pinus dominates 
the list with seven studies and a total of 12 species studied, followed by Quercus (three studies, three 
species), and then by Paulownia (two studies, two species) and Betula (two studies, one species). The 
rest of the genera studied in this volume are: Cunninghamia, Liquidambar, Passiflora, Picea and 
Xylocarpus.

The diversity of articles published in this Special Volume underscores the extensive range of 
contemporary research in this field. Clearly, this volume presents merely a glance, although a very 
interesting one, of a wide and extensive area of research that strives to promote knowledge in the 
areas of genetics and genomics of forest trees and to contribute to the management and conservation 
of forest genetic resources under significant environmental change.

Filippos A. (Phil) Aravanopoulos

Special Issue Editor
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Review

Do Silviculture and Forest Management Affect
the Genetic Diversity and Structure of Long-Impacted
Forest Tree Populations?

Filippos A. (Phil) Aravanopoulos

Laboratory of Forest Genetics and Tree Breeding, School of Forestry and Natural Environment, Aristotle,
University of Thessaloniki, 54124 Thessaloniki, Greece; aravanop@for.auth.gr

Received: 20 March 2018; Accepted: 26 May 2018; Published: 14 June 2018

Abstract: The consequences of silviculture and management on the genetic variation and structure of
long-impacted populations of forest tree are reviewed assessed and discussed, using Mediterranean
forests as a working paradigm. The review focuses on silviculture and management systems,
regeneration schemes, the consequences of coppicing and coppice conversion to high forest, the effects
of fragmentation and exploitation, and the genetic impact of forestry plantations. It emerges that
averaging genetic diversity parameters, such as those typically reported in the assessment of forest
population genetics, do not generally present significant differences between populations under
certain silvicultural systems/forest management methods and “control” populations. Observed
differences are usually rather subtler and regard the structure of the genetic variation and the
lasting adaptive potential of natural forest tree populations. Therefore, forest management and
silvicultural practices have a longer-term impact on the genetic diversity and structure and resilience
of long-impacted populations of forest tree; their assessment should be based on parameters that are
sensitive to population perturbations and bottlenecks. The nature and extent of genetic effects and
impact of silviculture and forest management practices, call for a concerted effort regarding their
thorough study using genetic, genomic, as well as monitoring approaches, in order to provide insight
and potential solutions for future silviculture and management regimes.

Keywords: genetic diversity; genetic structure; forest management; silviculture; resilience

1. Introduction

Genetic diversity is a crucial biodiversity component that allows species to adapt to local
conditions and to evolve in new environments, while securing their long-term adaptive potential,
especially under an era of global change. An understanding of the genetic impacts of silvicultural
and forest management procedures, is essential for forest genetic resource management and
conservation [1,2] and sustainable management in multipurpose forestry. Forest management and
silvicultural practices, such as the harvesting system, artificial and natural regeneration, regulation
of species mixtures, thinning, and harvesting operations, regeneration planting and management,
forest conversion schemes, etc., may impact local environmental conditions and population spatial
demographic structure [2,3]. In this respect, they could influence stand population genetics and exercise
a potentially strong effect on the major evolutionary forces at microscale of selection, gene flow, mating
systems and genetic drift [1,2,4]. As evolutionary forces in natural ecosystems can vary a lot and exert
counter-acting effects on local genetic diversity, the impact of silvicultural and forest management
practices may better be seen in long-impacted forest ecosystems that have been under constant human
exploitation for thousands of years and where silviculture as well as forest management, have been
used for a long period. In these conditions, the human management signal is high, and in case it
exerts an influence on the genetics of the populations of forest trees, it is more likely to be detected.

Forests 2018, 9, 355; doi:10.3390/f9060355 www.mdpi.com/journal/forests1
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Mediterranean forestry fits the above description. Forests have been continuously exploited since the
last glaciation period, while Mediterranean forestry today carries the history of ancient and medieval
management systems for coppice and high forest management, influenced by the “formal” forest
management and silvicultural systems that have been developed originally in central and northern
Europe since the 19th century.

Among planet Earth’s 34 biodiversity hot spots [5] is the Mediterranean basin. In the Mediterranean
area that corresponds to less than 1.5% of the total land mass of the planet, more than 10% of the
world’s biodiversity in higher plants is present. The Mediterranean higher plant biodiversity is mostly
localized within forests which host more than 25,000 species of vascular plants, about 50% of which are
endemics [6]. In fact, the total number of both forest tree species and endemic forest species is higher in the
Mediterranean that in other Mediterranean type ecosystems, such as in California [7]. Forest tree species
richness and endemism are also high (290 indigenous tree species and 201 endemics) and their genetic
diversity is extraordinary [6]. Mediterranean conifers, for example, present a higher within population
diversity than conifers of any other area [8]. Furthermore, Mediterranean populations of species with
a continental distribution frequently are among the most variable in terms of their genetic diversity
(e.g., [9]). All of the above have been the outcome of a complex geological, climatic, and anthropogenically
influenced evolution of species, ecosystems, and landscapes that in this peculiar geographical setting is
manifested even at a small spatial scale. The Mediterranean basin is characterized by an uneven forest
distribution. The northern Africa and the Near East parts correspond to 35% of the total forest area,
while the European Mediterranean part corresponds to the remaining 65%. Forest cover, as a percentage
of the country area, differs among Mediterranean sub regions as well. It ranges from only 1–8% and
5–10% in Southern and Eastern countries, respectively, while in the northern Mediterranean countries it
varies between 20% and 30% [10]. Humans populate densely the Mediterranean basin (currently more
than 460 million people), while in eastern and southern Mediterranean, human populations are still
deeply reliant on terrestrial ecosystem natural resources. Fifteen years ago Bariteau et al. [11], asserted that
“the increasing severity of drought, climatic change and a series of anthropogenic influences, contribute to
forest decline in the Mediterranean; there is a definite need for the protection of forest genetic resources of
low elevation Mediterranean conifers especially in south and east Mediterranean countries”.

This notion that stresses the compounding current and anticipated stress in Mediterranean
forests brings forward the issue of their resilience. Resilience is defined as the capacity of a system
to absorb disturbance and reorganize while undergoing change so as to still retain essentially the
same function, structure, identity, and feedbacks [12]. Forest ecosystem resilience can be defined
as the capacity of an ecosystem to absorb disturbance and reorganize while undergoing change
in order to retain essentially the same function (processes and properties), and ecosystem services.
Genetic diversity is regarded as a component that can provide a basis for resilience, while forest
management can affect ecosystem resilience, in fact management can be used to ensure ecosystem
resilience (resilience-based management [13]).

Modern forest management and silviculture constitute an array of cultivation systems and distinct
rules applied in the natural forest. They are widely applied in the Mediterranean region in the middle
of the 19th century (in the northern part) and by the conclusion of the 19th century (in the southern
and eastern parts). Forest management was principally an adoption of the predominant northern and
central European forest management approaches and practices which have been used (with minimal
modification) to the most productive temperate forests of the Mediterranean. Their focus is wood
production in the realm of “multipurpose forestry”, the latter usually confined to the provision of
beneficial externalities. Silvicultural management is using an array of guidelines targeted at the
development of growing stocks, determining rotation periods and their chronological and spatial
distribution, facilitating regeneration (reforestation) and controlling the structural pattern and tree
density by thinning [14]. Forest management, as an anthropogenic activity, has been mainly exercised
to cover human needs. Upon its application, it has altered progressive forest succession and original
forest composition and structure [14].
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2. Genetic Impact of Silviculture and Forest Management Practices

2.1. Forest Management and Regeneration

Perhaps the most important issue in forest management and silviculture that may affect the
genetic constitution of future forests, concerns the handling of the regeneration. Besides being the most
obvious silvicultural practice, it may lead to possibly drastic changes of genetic structure for more than
one generation. Natural regeneration may suffer by the potential employment of only a few set-aside
trees that have been selected as seeders for the next generation. Such a practice would result in negative
genetic consequences, namely the reduction of effective population sizes and the manifestation of
genetic drift. Thinning and harvesting operations may also have a stern impact on adaptive and
economically significant traits due to positive or negative selection regarding specific phenotypes.
Moreover, there is a risk of carryover effects that relate to epigenetic memory regulation induced
by temperature during post-meiotic megagametogenesis and seed maturation [15], or by climatic
conditions during germination and early growth [16]. This epigenetic impact can have prolonged
consequences for instance in (such as bud break, bud set and in the regeneration, and affecting adaptive
traits [15,16]. Such phenomena, observed mainly in conifers, are attributed to complex epigenetic
inheritance of DNA methylation patterns [17,18]. All of the above may head towards the loss of genetic
variation and adaptive potential, particularly if gene flow via pollen is rigorously limited by differential
(either considerably low, or high) population densities [4,19]. Such effects have been well documented
in forest ecosystems [4,20–22] and are mainly prominent in age-class forestry. They are also apparent
in the (common to the Mediterranean) conversion of coppice to seedling forest and regeneration after
fire when only few mature trees are left. Continuous-cover forestry where a permanently irregular
structure is maintained through the selection and harvesting of individual trees and close-to-nature
silviculture where minimum necessary human intervention is used to accelerate the processes that
nature would do by itself, rely fully on minimal selective cutting, and hence do not in theory modify
genetic diversity, besides any underlying natural selection processes.

The genetic systems of forest trees should be rather resilient to rational harvesting, given forest
tree genetic and life history characteristics [23]. However, the practical evaluation of the results
of silvicultural procedures on vital genetic processes of the main economically important species,
is generally scarce. In the Mediterranean, the consequences of shelterwood and group selection cutting
regeneration methods, on the mating systems and pollen movement in Pinus sylvestris L. natural
populations in Spain, were studied by Robledo-Arnuncio et al. [24]. No significant effects of stand
thinning on mating system parameters were found. It has been indicated that the Pinus sylvestris
pollination system is well adapted to prevent an adverse influence of these regeneration methods.
In fact, it appears that density reduction tends to upsurge the effective number of pollen donors
and pollen flow, in line with the results of Karlsson and Örlander [25] who showed that P. sylvestris
seed production increases, after cutting. Robledo-Arnuncio et al. [24] suggest that a raise in pollen
donor number and seed production might somewhat counterweigh the decrease in maternal numbers,
i.e., compensate for population reduction due to silvicultural thinning. A number of reports imply
a minor deficit of low-frequency alleles among residual trees and natural regeneration, following to
shelterwood harvesting (e.g., Adams et al. [26]), however, most analyses did not find any notable
effects of silvicultural practices on the genetic variation parameters of regenerated stands [24]. Several
factors may sustain population genetic structure under forest management and silvicultural measures,
such as high gene flow from adjacent non-harvested stands and considerable effective population
sizes. The results of Robledo-Arnuncio et al. [24] are in congruence to earlier findings which showed
that stand density variation and different cutting methods did not result in substantial mating system
parameter modifications, at least regarding wind-pollinated temperate tree species [27–29].

3
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2.2. Post-Fire Natural Regeneration

One particular aspect of regeneration management in fire-prone ecosystems is regeneration after
forest fires. Forest management and silvicultural measures aim to promote natural regeneration
(usually through protection from grazing and use artificial reforestation only when natural regeneration
seems to fail, typically 2–3 years after the fire event). Despite the general notion that forest fires have
adverse effects in the forest gene pool, pertinent studies that examine this question are limited. Whenever
basic genetic variation parameters that reflect the magnitude of genetic diversity in natural populations
were examined, no significant differences between post-fire and control populations have been observed.
Nevertheless, when the genetic architecture of post-fire and control populations were studied, it was
found that relevant genetic parameters were generally lower in post-fire populations [30].

Forest fire effects on population genetics were studied in Greek populations of Pinus brutia and
Pinus halepensis. The effects of differential forest fire history in the genetic diversity of regeneration after
fire of P. halepensis were studied in a transect spanning from a general NE to SW direction, that presents
significant differences in the frequency and severity of fires ranging from relatively low (NE end)
to extremely high (SW end). P. halepensis populations presented high genetic variation, absence of
inbreeding and Hardy-Weinberg equilibrium in areas with different fire incidence. Gene frequencies in
areas with high and relatively low incidence of fires did not show statistically significant differences.
High forest fire occurrence and damage (reflected by a forest fire damage index) was not correlated
either positively or negatively with genetic diversity parameters [30], in congruence to relevant results
by Krauss [31], England et al. [32] and Uchiyama et al. [33]. With regards to P. brutia, an assessment
of genetic variation (observed heterozygosity and gene diversity) and structure (variation between
mature populations that had survived ground fire events (“maternal” stands, or control populations)
and populations of the regeneration (“progeny” stands, or post-fire populations), showed a lack of
substantial changes in the amounts of genetic variation among the remaining post-fire populations
and regeneration [34]. These results are similar to results reported in pertinent literature regarding
Picea [35]. However, a shift was found in rare allele frequencies (including rare allele loss at a small
scale), the occurrence of interspecific hybridization in the post-fire populations and the observation
of some genetic bottleneck effects (rare allele frequency change and loss, changes in the frequency
of heterozygotes) [34].

Hence, forest fires may not induce genetic erosion in forest tree populations per se, especially
when population sizes are large and in reproductive maturity, natural distribution is continuous,
and regeneration is abundant. However, there are indications that under particular circumstances,
compounded in periods of high forest fire frequency and intensity, forest fires may have adverse
consequences for the architecture of forest tree genetic variation and their long-term survival
and existence.

2.3. Artificial Regeneration

The need for artificial regeneration (post-fire failure of stand establishment, forest destruction,
overgrazing, etc.) is usually considerable, especially in fire-prone areas. The issue of the genetic
quality of the plant material used for artificial regeneration is an emerging topic in research and in
forest management. Artificial regeneration may suffer by a non-autochthonous origin of the seedlings
and a potentially restricted genetic base. Using an allochthonous genetic resource may in theory
enrich the local gene pool, but at the same time it may result in outbreeding depression. The use of
genetically improved material in reforestations (depending on the protocols used) does not necessarily
alleviate the above problems. The major question of concern is the use of certified forest reproductive
material (FRM) “source identified, selected, qualified, or tested” [36] (the latter potentially genetically
improved) over local randomly chosen seeds and the associated issues of genetic quality, amount of
genetic diversity, and adaptive potential of the material chosen. Besides the choice of the material
used, the potential adverse genetic implications of nursery practices have long been known [37].
Every step in FRM production, from mother tree phenotypic selection and stand seed collection to

4
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artificial planting that includes seed processing and storage, nursery conditions and operations [37],
mass production and grading of seed and seedlings, as well as breeding operations and potential FRM
transfer, can have an effect on genetic diversity mainly by directional selection [38].

The quality of the genetic material used in artificial regeneration of Quercus suber was investigated
in Portugal [39], where dwindling reforestation success was attributed to inferior genetic quality of the
reproductive material used in reforestation [39,40]. Observable effects of artificial regeneration have also
been detected in conifer populations. In a study of Pinus brutia in Turkey, Kandedmir et al. [41] reported
considerable genetic variation within and among forest stands, but no distinctive genetic variation patterns
according to elevation, geography, or breeding zones [42]. They suggest that this finding can be ascribed
to intensive forest management and to the substantial use of artificial regeneration [41].

The effects of using genetically improved material in artificial regeneration were investigated
by Bouffier et al. [43] and by Icgen et al. [44]. Bouffier et al. [43] studied in successive breeding
populations of Pinus pinaster, the evolution of genetic variation regarding selected traits in France.
By using as a base line the forest where selected trees originated, they have found a notable reduction
of quantitative genetic variation in the population of selected plus trees (especially for height and
diameter). They further compared the genetic diversity of the latter “plus trees” to the genetic variation
of the population that comprised of plus tree progenies (second step of artificial selection). In this case,
genetic variation was not significantly altered [43]. Icgen et al. [44] studied the probable influence
of forest management and use of artificially selected and genetically improved plant material on
established Pinus brutia plantations in Turkey. They conveyed that seed source (seed stands, orchards,
plantations originating from the same area) genetic relationships differed with respect to seed source
locations. In line with Bouffier et al. [43], Icgen et al. [44] reported the presence of genetic changes
between initial selection at the seed orchard (plus tree selection phase) level and established plantation
level (selected seed/seedling production phase). Generally, it is apparent that the use of genetically
improved material for artificial regeneration which has resulted from typical artificial selection and
breeding processes may reduce the genetic base of the planting material. It is up to the forest manager to
decide the advantages and disadvantages of the use of genetically improved material over a restriction
of the genetic base.

3. Management Systems: Seedling vs. Coppice Forests

Coppicing is a traditional vegetative regeneration system which takes advantage of the
resprouting ability of many tree species. Coppicing has been prevalent as an ancient forestry practice,
in particular in areas where special wood products are needed (wood poles of small dimensions,
firewood). Modern forest management and silviculture have been attempting to limit this system
and convert coppice forest to seedling high forest. Nevertheless, a considerable amount of coppice
forests is still present (for instance more than 8 million ha in the Mediterranean). Stand structure
and density differs in the two systems, potentially affecting gene flow and mating patterns, while in
rapidly changing environments, local adaptation of lasting coppice forests may be compromised due
to the absence of sexual reproduction. These issues reflect a biological basis for investigating genetic
differences in differentially managed populations.

The genetic effects of this management method has been studied primarily in Fagaceae species
that historically have been managed as coppice forests for hundreds of years, namely chestnut
(Castanea sativa) and oak (Quercus spp.). Various studies have contrasted typical genetic variation
parameters (percent polymorphic loci, allelic richness, gene diversity, and observed heterozygosity)
between coppice forest and (usually geographically proximal) seedling high-forest. With regards to
C. sativa there is a general agreement that the genetic diversity parameters between seedling high
forest and coppice forest do not differ significantly [45–48]; a result that has been established by using
different genetic markers. Nevertheless, a more in-depth analysis of genetic data identified some
differences between these management systems. Aravanopoulos and Drouzas [47] have studied high
forest-coppice pairs, each of them situated in the same geographical area. Geographic proximity is
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essential in such comparisons in order to exclude possible provenance effects. The chestnut high forest
populations studied were true old-growth seedling populations and the coppice populations have been
managed as such for centuries. It was found that the distribution of genetic diversity differed between
the two management systems. Coppice populations appear to retain a higher percentage of within
population genetic diversity compared to seedling high-forest populations. Some young seedling
recruits are also found within coppice forests, but gene flow is clearly higher in the latter. As original
stools were old (aged at 250 years on the average) and records suggest that coppice management has
been employed since antiquity, these results may indicate a potential for higher within population
differentiation and slower evolutionary response for coppice populations in a contemporary time of
rapid environmental change [47]. Mattioni et al. [48] have identified weak (nonetheless significant)
differences in two-locus allelic correlations between naturalized stands (“natural” stands which
originated from abandoned anthropogenically managed populations, most likely old orchards) and
coppice forests in a linkage disequilibrium analysis. They suggested that long-standing management
methods could affect the population genetic composition, although their results may have possibly
been inflated by one-locus disequilibria that could not be assessed by the dominant inter simple
sequence repeat (ISSR) markers that they used. In fact, the clonal (to a varying extent) nature of
the coppice forest (several ramets originating from the same genet) may increase the global allelic
correlation among loci of the forest and decrease effective population size [48,49]. Genetic differences
were also found between standards and coppice shoots in a Quercus cerris coppice forest under
conversion [50]. Therefore, all studies indicated some differences in the genetic structure between
natural (seedling) high forest and coppice populations, despite the absence of differences in averaging
genetic diversity statistics.

Mating systems were studied in a pair of an old-growth natural seedling C. sativa population
and one coppice population located in the same geographical area in Greece by Papadima et
al. [51], as mating systems parameters are important when planning coppice conversion to high
forest. Parental stands were evaluated based on an analysis of 16 codominant loci in 27 trees per
population. Twenty seeds per tree from eight of the above trees were also genotyped for the same
loci in order to derive mating system parameters. Inbreeding was very low in both population
types with an upper bound somewhat higher in the coppice population and was solely attributed
to consanguineous matting and bi-parental inbreeding. Pollen and ovule allele frequencies did not
show marked differences. Overall, results indicated the absence of strong differences in the mating
system parameters of the two population types [51]. A quantitative genetics comparison between
an old-growth seedling high forest chestnut population and a coppice population located in the
same area was attempted by Alizoti et al. [52]. The genetic structure (variance between and within
these populations) of seven seedling quantitative traits was investigated. Heterogeneity was higher
within than between the old-growth and coppice populations growing in the same environment.
High genetic correlations among all quantitative traits were found in the coppice population in
contrast to the seedling one, where a high genetic correlation was observed for seedling height and
leaf length only [52]. These results may imply a higher genetic uniformity for the coppice population
for quantitative adaptive traits.

The genetic diversity and clonality levels in the oak Quercus pyrenaica were studied in Iberian high
forest and coppice populations by Valbuena-Carabaña et al. [53]. Results showed that the considerable
genetic diversity levels detected were comparable under these different silvicultural systems [53].
Results are in concordance to similar investigations presented above regarding Castanea sativa (e.g., [47–49]).
Nevertheless, in a preliminary comparative study on the genetic diversity of standards compared to
coppice shoots in Quercus cerris under conversion, [50] found a reduced genetic variation in the standards.
The latter reports differences in averaging genetic statistics among different management components
in a Fagaceae species. All other pertinent studies identified subtler disparities among populations.
Clearly, more studies are needed in this area.
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The genetic effects of coppice conversion to high forest have been insufficiently studied thus far and
the few relevant studies reported non-concordant results. Valbuena-Carabaña et al. [53] advice against
intensive conversion practices of Q. pyrenaica coppice into seedling (high) forest due to the anticipated
significant reduction in genetic variation when unique genotypes were taken away. Ortego et al. [54] found
an extensive clonal structure of Quercus ilex coppice with high number ramets constituting a single genet
and reached similar conclusions. The arguments against intensive thinning of Valbuena-Carabaña et al. [53],
may be regarded as somewhat in contrast to those made by Mattioni et al. [48], concerning their observation
that the coppice management system may increase the total allelic correlation among loci and decrease
effective population size, while thinning operations in (over-mature) coppice will reverse these trends.
Indeed, fundamental genetic theory suggests that population inbreeding is a function of effective population
size [55] and therefore thinning of old coppice may offset genetic drift, and assist ultimately in the
preservation of the inherent genetic variation diversity [48].

Overall, genetic diversity between seedling high forest and coppice forest does not appear to differ
significantly, while there is also absence of strong differences in mating system parameters. On the other
hand, long-term management techniques have an impact as coppice populations, present high clonality
and higher genetic uniformity for quantitative adaptive traits and appear to present a slower evolutionary
response. From a genetics and ecology perspective coppice conversion to high forest is a favorable
prospect, as coppice management may potentially reduce the evolutionary rate of local adaptive potential.
Conversion to high forest may reinstate natural succession in forest ecological dynamics and restore a more
typical course of evolution and adaptation in an era of rapid environmental change [47]. In addition,
it may reduce genetic drift and increase effective population sizes. However, thinning intensity must be
moderate in order not to result in unique genotypes being lost [53].

4. Forest Management: Fragmentation and Over-Exploitation

The genetic outcomes of forest fragmentation and overexploitation are not well known.
Forest fragmentation is the emergence of spatial discontinuities that break large, contiguous, forested
areas into smaller pieces of forest causing population fragmentation and ecosystem destruction.
Forest exploitation refers to the long-term intensive mis-management of forests that result in forest
ecosystem degradation and inability to provide forest products and ecosystem services. In theory,
forest fragmentation may cause a reduction or loss of genetic connectivity. Both forest fragmentation
and overexploitation may lead in a reduction of effective population size and inbreeding depression,
which will eventually result in a decrease in species genetic variation and fitness.

Certain studies report a notable deficit of genetic diversity and enlarged genetic differentiation
after forest fragmentation and reduction of tree density, while others fail to establish such effects [56,57].
Contrasting results may be expected for perennial organisms like forest tree species which exhibit
vastly different life history characteristics, temporal scales of sampling and time-frame that has elapsed
since fragmentation [57]. Recent studies of Mediterranean species, such as in Taxus baccata [58] and
Plantago brutia [59], point towards the negative genetic consequences of forest fragmentation as an
outcome of intensive management. Ortego et al. [54] suggested that intensive management leading to
long-term population fragmentation induces negative genetic consequences, such as reduced pollen
exchange, augmented genetic differentiation between different management units, erosion of resident
genetic diversity and the prevalence of asexual over sexual reproduction. An ample volume of
empirical data indicates that forest trees are sensitive to fragmentation [60], however, the available
evidence has been a matter of debate, principally regarding temperate forests [61], since in numerous
situations fragmentation might have been rather new and fragments may encompass notable remaining
forests. Particular reports have even indicated that fragmentation will create open landscapes and
facilitate pollen movement which may counterweigh anticipated adverse genetic consequences [57].

Over-exploitation effects in the genetic structure of forest tree populations were explored in
a study of Pinus brutia in Turkey [42]. Over-exploited populations under intensive forest management
were compared to natural populations that provided a background benchmark of genetic diversity.

7



Forests 2018, 9, 355

No significant differences between the two population types were found in genetic polymorphism and
heterozygosity [42]. However, a homozygosity excess was observed (about 6% higher) in over-exploited
populations, suggesting the potential influence of inbreeding in these populations. Intensive forest
management, fragmentation, reduction of standing wood, and reduction of crown closure did not seem
to result in drastic changes in the amount of genetic diversity [42]. The authors warn though that genetic
diversity may gradually diminish over subsequent generations, if over-exploitation pertains [42,57].

Overall, case studies do indicate that both fragmentation and overexploitation may have adverse
effects on genetic diversity, but generalized conclusive statements cannot be made given the variety
of forest ecological conditions, field situations during sampling, study approaches and species life
history characteristics.

5. Genetic Impact of Forestry Plantations

Plantation forestry is a major form of forestry practice that is expected to increase in the future
in terms of land use, wood volume produced, and socio-economic importance. Worldwide, planted
forests constitute almost 7% of the total forest area [62], exceeding an area of 250 m ha worldwide [63],
while at least 33% of the planet’s industrial round-wood derived from plantations by 2012 [64].
Plantation forestry may also impact the genetic diversity of forest species [65]. Plantation germplasm is
precisely selected for the optimal performance of economically important quantitative traits, a selection
procedure that could result in a more restricted genetic base for ensuing generations and in the
weakening of local adaptation in natural forests. Clearly in the choice between genetic gain and genetic
diversity, the number of parental seed trees (e.g., from a seed orchard or arboretum) used to provide
the FRM is crucial: a low number will cause inbreeding among progeny, while a large number will
increase genetic diversity and reduce differentiation among plantations. Forestry plantations are the
first step in forest tree domestication, a process where the choice, nursery production and transfer of
FRM may affect genetic diversity and future local adaptation [36,37,66] (see also Section 2.3).

Plantation forestry is usually spatially proximal to natural forest and employs in many cases the
same species or genera as the natural forest, a result of tuning species selection to local ecological,
edaphic and climatic requirements. Plantation to natural forest gene flow, forms an essential
(however, not yet well studied) threat of genetic introgression from exotic conspecifics into indigenous
populations. Large scale plantation forestry is frequently associated with a mechanized plantlet
production from seed sources unrelated to the planting site. From the population genetics perspective
the most important harmful consequence is artificial genetic homogenization, namely the progressive
upsurge in genetic similarity between introduced and native gene pools through gene flow [67]. In this
respect, anthropogenically brought gene flow of exotic origin may ultimately overwhelm locally
adapted genotypes in natural populations.

An excellent relevant case study is the work of Steinitz et al. [68] on the results of forest plantations
on the genetic constitution of conspecific native Pinus halepensis, a highly resilient species to stressful
environments. The study considered natural Pinus halepensis populations with diverse levels of
spatial separation from neighboring conspecific plantations approximately 40 years after plantation
establishment. Results showed that native populations in two locations were significantly different
from their respective surrounding plantations. Allele frequency changes (presence of novel alleles,
common cohort allele frequency alterations), among different age classes (mature tree age classes,
natural regeneration) were observed. Changes in allele frequencies were due to considerable gene
flow from the plantations as was an increase in the genetic variation of the young age class. A notable
result of forest plantations on the genetic variance within and between native proximal conspecific
populations has been detected, resulting in a modification in the genetic constitution of the natural
population younger age classes. Steinitz et al. [68] demonstrated that even in cases of highly isolated
natural populations, elevated aggregate rate of gene flow over a period of many years will result in
a strong long-term genetic contamination from plantations. Changes in allele frequencies produced by
incoming gene flow may have potentially adverse effects in native populations. Plantations comprised
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of faraway provenances exert a gene flow that could result in a migration load (outbreeding depression)
in the recipient population [69]. Even a small genetic difference between native and non-indigenous
populations may endanger widespread local adaptations [70] for multilocus quantitative traits [71].

An additional outcome of widespread gene introgression from plantations bearing exotic material
is the genetic homogenization of the various native populations. The anthropogenically induced
gene flow by plantation establishment may disrupt local adaptive complexes and induce genetic
homogenization in natural populations, especially if they are small compared to plantation size.
In P. halepensis it was found that genetic divergence among natural forests was lower at the younger age
class which indicates a genetic homogenization process [67,68]. These results are concordant to other
reports concerning brutia pine (P. brutia Ten.) [41] reported considerable genetic variation within and
among P. brutia stands in Turkey, but no distinct diversity patterns according to elevation, geography,
or breeding zones. It has been suggested that the extensive use of artificial regeneration from non-local
sources homogenized genetic diversity patterns in natural populations [41,42]. Another characteristic
example is with regards to Pinus nigra var. salzmanni in southern France, where natural populations
cover about 5000 ha (non-native planted Pinus nigra covers >200,000 ha), putting the integrity of the
indigenous genetic resources at risk of contamination [72].

Plantation genetic diversity was studied in Syria where plantations constitute most of the
forest cover. P. brutia plantations exhibited a notable decrease in mean genetic variation parameters
compared to natural populations and were more genetically differentiated [73]. The stronger genetic
differentiation in plantations may reflect the low number of seed trees from only a few populations
that contributed to planted progenies [73]. In the same study, plantations of Cupressus sempervirens
did not manifest a significant decline in mean genetic diversity, but were also more differentiated.
The former result may be associated to an elevated gene flow among natural source populations and
an overall uniform genetic variation present in natural forests.

Overall, the reduction of genetic variation found in plantations, may be regarded as an
expected outcome of the selection process during domestication. Moreover, the demonstrated
genetic introgression from non-local plantations (as well as introgression from artificial regeneration
based on non-local sources within the natural forest) and the ensuing genetic homogenization of
natural indigenous forests calls for a thoughtful reassessment of silviculture, afforestation, and forest
management strategies and guidelines. Genetic homogenization results in a reduction of spatial
gene diversity and variation in quantitative traits, and could reduce the capacity for adaptation to
environmental change, weakening the resilience of biological communities [67,68]. These results clearly
show once more that the prerequisite for the preservation of the needed elevated levels of genetic
variation among forest plantations, is a well-planned seed collection from a large number of trees
originating from well-established populations.

6. Conclusions and Perspectives

Silviculture and forest management systems have an influence on the genetic variation and
structure of the populations of forest trees. Silvicultural and management systems, such as
those referring to the management of natural regeneration systems, artificial regeneration using
plant material of various origin, seedling, coppice and under conversion forest, fragmentation
and overexploitation, as well as the establishment of plantations, influence genetic parameters.
Nevertheless, forest tree populations appear to be generally highly resilient to forest management
practices. Averaging genetic variation parameters, do not present significant differences between
populations exposed to specific forest management methods and “control” populations. Observed
differences are rather subtler and regard primarily the structure of the genetic diversity. Potentially
negative differences of forest management approaches for instance refer to gene flow, effective
population size, rare allele frequencies, founder effects, and disruption of local adaptive complexes.
An adverse influence on genetic diversity and structure appears to be more noticeable in intensive
forest management situations.
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Because of environmental change and anthropogenic impact, species and ecosystem resilience in
Mediterranean forests needs to be high. Neutral and adaptive genetic diversity provides a mechanism
reinforcing both population perseverance and persistence of ecosystem functions [74], and loss of
genetic diversity may reduce resilience [75]. As the impact on genetic diversity of silviculture and
forest management practices used in the Mediterranean does not generally appear to be substantial,
resilience associated to genetic diversity is not largely expected to be compromised in the immediate
future as an upfront result of management practices. To the level that genetic diversity affects species
resilience [75,76], there is no direct cause of concern for species resilience by the silviculture and forest
management practices used. However, some of the finer genetic changes found, especially those
dealing with genetic connectivity and effective population size, may eventually decrease fitness [74,77]
and exert some unfavorable influence on the long-term resilience of Mediterranean forests.

Overall, the silviculture and forest management genetic impacts on long-impacted ecosystems,
call for cautious methodologies, practices and policies at the strategic and operational levels, under the
scope of sustainable multi-purpose forestry.
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Abstract: Xylocarpus granatum J. Koenig is one of the most widespread core component species of
mangrove forests in the Indo-West Pacific (IWP) region, and as such is suitable for examining how
genetic structure is generated across spatiotemporal scales. We evaluated the genetic structure of
this species using maternally inherited chloroplast (cp) and bi-parentally inherited nuclear DNA
markers, with samples collected across the species range. Both cp and nuclear DNA showed generally
similar patterns, revealing three genetic groups in the Indian Ocean, South China Sea (with Palau),
and Oceania, respectively. The genetic diversity of the Oceania group was significantly lower, and
the level of population differentiation within the Oceania group was significantly higher, than in
the South China Sea group. These results revealed that in addition to the Malay Peninsula—a
common land barrier for mangroves—there is a genetic barrier in an oceanic region of the West
Pacific that prevents gene flow among populations. Moreover, demographic inference suggested
that these patterns were generated in relation to sea level changes during the last glacial period and
the emergence of Sahul Shelf which lied northwest of Australia. We propose that the three genetic
groups should be considered independent conservation units, and that the Oceania group has a
higher conservation priority.

Keywords: demographic inference; genetic structure; mangrove; seed dispersal; ocean current;
Indo-West Pacific region; Xylocarpus

1. Introduction

Mangrove is a unique forest ecosystem that connects different habitats: land, freshwater, and
ocean. Mangrove forests form the center of mangrove ecosystems, and are distributed in tropical
and subtropical coastal and riverine regions of the world [1]. The ecological services and economic
contribution of mangrove forests are important to many tropical and subtropical countries and provide
tremendous benefits to human beings [1,2]. However, because mangroves forests are distributed close
to areas of high anthropogenic disturbance and land use change, they are rapidly declining and under
destruction, which results in the severe fragmentation of forests [3,4]. Thus, it is well recognized
that mangrove forests have a high priority in conservation biology and forest management in many
countries, not only due to human activities, but also because of recent global warming [5].

Despite the wide distribution range of mangrove forests, the number of component species is
relatively small compared with other tropical forest habitats [6]. Only 30–40 species are recognized as
core mangrove component species [1,2]. Even though this may be a small number, most species are
widespread, enabling mangrove forests to be distributed globally across the tropics. Core groups of
mangroves, such as Avicennia spp., Rhizhophora spp., Bruguiera spp., and Xylocarpus spp., are found
across different continents and oceanic regions [1,3]. Each group is an important component of
mangrove ecosystems, and contributes to forest formation and succession processes. One of the
mechanisms by which the core mangrove species can maintain their wide distribution is due to
their effective method of seed dispersal, that is, sea-dispersal. By dispersing buoyant propagules via
ocean currents, mangrove species have established wide distribution ranges spanning over continents.
However, the specific processes involved in the formation and maintenance of the wide distribution of
core mangrove species are not well understood.
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Recently, molecular studies have suggested the presence of genetically distinct units within
widespread mangrove species that are formed by barriers to gene flow. A number of studies have
been performed in the Indo-West Pacific (IWP) region where a higher level of mangrove species
diversity exists, e.g., Ceriops tagal (Perr.) C.B.Rob. [7], Bruguiera gymnorhiza (L.) Lam. [8,9], and
Rhizophora spp. [10–12]. These studies showed strong genetic structure in the IWP, especially across
the Malay Peninsula, which is a significant biogeographic barrier that has shaped genetic structure
between the Indian and Pacific oceans. An additional “cryptic barrier” [12] in the West Pacific is
reported in a study of Rhizophora stylosa Griff. Distinct genetic structure between the South China Sea
and Oceania has also been found in Ceriops tagal [13] and Bruguiera gymnorhiza [14]; this concordance in
phylogeography may indicate shared biogeographic histories. To understand the genetic structure of
mangroves across the entire IWP region, it is necessary to focus on species that are widespread across
the region. Moreover, although coalescent-based population demographic inferences have started
to provide a deeper understanding of the genetic diversity and structure of species and their history
(e.g., [15–17]), this kind of approach has not yet been well conducted in mangrove species. Thus,
further inferences of past demographic history of mangrove species can shed new light on not only the
population genetics of mangrove species, but also mangrove forest management and conservation,
as demonstrated in forest tree species [16,18–20].

Xylocarpus granatum J. Koenig is one of the most widespread core mangrove species in the IWP,
and can provide an ideal system that allows us to test the presence of genetic structures across the
region. The genus Xylocarpus is the only mangrove genus in the large mahogany family, Meliaceae.
The genus occurs solely in the IWP region, from east Africa westward to Oceania, and is comprised
of three accepted species, X. granatum, X. moluccensis M.Roem., and X. rumphii (Kostel.) Mabb. [21].
Xylocarpus species have small, white flowers that are most likely insect-pollinated. Unlike the iconic
mangrove species in the Rhizophoraceae that disperse viviparous propagules, Xylocarpus produces
large, cannonball-like, multi-seeded fruits, and their seeds are buoyant for dispersal via the ocean.
Within the genus, X. granatum is the most widespread species, but the genetic diversity and structure
of this species has not been examined. Therefore, this species can be a suitable model to evaluate in
order to provide a deeper understanding of the genetic structure and past demographic history of the
mangrove species across the IWP region.

The aims of this study are: (1) to examine the genetic structure of X. granatum over a wide
distribution range across the IWP using maternally inherited cpDNA and bi-parentally inherited
nuclear DNA markers; (2) to infer the past demographic history of the species to further understand
any genetic structure and barriers detected; and (3) to propose conservation units to maintain local
genetic diversity.

2. Materials and Methods

2.1. Sample Collection and DNA Extraction

Leaf samples of 111 individuals of X. granatum from 18 populations were collected, covering
14 countries across the entire distribution range of X. granatum in the Indo-West Pacific (Table 1,
Figure 1). Total DNA was extracted from silica-dried leaves using a modified cetyltrimethylammonium
bromide (CTAB) method [22]. The extracted DNA was eluted in Tris-EDTA Buffer (TE) and stored at
−20 ◦C until sequencing and genotyping. Xylocarpus moluccensis and X. rumphii were also examined
in this study to evaluate whether cpDNA variation was shared among closely related species.
For X. moluccensis, which is also widespread in SE Asia, 17 individuals from five populations
were examined.
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Table 1. Information of population samples used in this study.

ID Country Locality Coordinate
Chloroplast DNA

h
Nulcear SSRs

n H n Voucher

Xylocarpus granatum J. Koenig
1 Mozambique Maputo 25.85◦ S, E32.696◦ E 9 2 0.198 - TK10122702
2 Mozambique Quelimane 17.883◦ S, 36.861◦ E 4 1 0.000 4 TK10122504
3 Seychelles Mahe 4.654◦ S, 55.403◦ E 6 1 0.000 - KT12022201
4 Myanmar Ayeyarwady 15.95◦ N, 95.357◦ E 6 1 0.000 4 TK11100805
5 Thailand Phuket 8.204◦ N, 98.442◦ E 4 2 0.375 4 KT09121701
6 Malaysia Klang 2.988◦ N, 101.355◦ E 7 2 0.245 4 TK11121403
7 Malaysia Kemaman 4.65◦ N, 103.427◦ E 6 1 0.000 4 TK11121603
8 Malaysia Sabah 5.945◦ N, 118.022◦ E 6 1 0.000 4 TK11072202
9 Singapore Sungei Buloh 1.448◦ N, 103.73◦ E 5 1 0.000 - KT09111202
10 Indonesia Java 7.709◦ S, 108.9◦ E 6 1 0.000 - KT09111508
11 Indonesia Bali 8.734◦ S, 115.197◦ E 8 1 0.000 4 KT09111704
12 Vietnam Dong Rui 21.226◦ N, 107.375◦ E 3 2 0.444 - TK10050104
13 Philippines Panay 11.802◦ N, 122.207◦ E 11 1 0.000 4 TK11062404
14 Palau Airai 7.368◦ N, 134.576◦ E 5 2 0.320 4 YT60917
15 Micronesia Kosrae 5.279◦ N, 162.973◦ E 8 1 0.000 3 TK11121601
16 Vanuatu Malatie 17.55◦ S, 168.341◦ E 3 1 0.000 4 KT10073101
17 New Caledonia Baie de Taare 22.259◦ S, 167.013◦ E 7 1 0.000 4 KT13022607
18 Australia Daintree River 16.258◦ S, 145.399◦ E 7 1 0.000 3 KT13031902

Total 111 Total 50

Xylocarpus moluccensis M.Roem.
19 India Pichavaram 11.431◦ N, 79.794◦ E 2 1 0.000 - TK10112308
20 Thailand Trat 12.165◦ N, 102.482◦ E 2 2 0.500 - KT09121902
21 Malaysia Klang 3.038◦ N, 101.264◦ E 7 1 0.000 - TK11121404
22 Vietnam Ca Mau 8.716◦ N, 104.814◦ E 1 1 0.000 - TK10042705
23 Philippines Panay 11.802◦ N, 122.2◦ E 4 1 0.000 - TK11062405
24 Myanmar Ayeyarwady 15.95◦ N, 95.357◦ E 1 1 0.000 - KK09122608

Total 17

Xylocarpus rumphii (Kostel.) Mabb.
25 Malaysia Kilim 6.42◦ N, 99.417◦ E 1 1 0.000 - KLG20130620

n: sample size; H: number of haplotypes; h: gene diversity. See text for detail. Voucher specimens are preserved at
URO (University of the Ryukyus) or UPM (University Putra Malaysia); SSR: simple sequence repeat.

Figure 1. Geographical distributions of the four chloroplast (cp) DNA haplotypes of
Xylocarpus granatum J. Koenig. The size of the pie charts indicates the sample size of the population.
Population ID are defined in Table 1. The inset (bottom) denotes the haplotype network of the four
haplotypes extracted from Figure 2.
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Figure 2. A statistical parsimony network constructed using the concatenated cpDNA sequences
used in this study. XG1–4 designate the haplotypes of Xylocarpus granatum J. Koenig and XM1–5 of
Xylocarpus moluccensis M.Roem. XM4 was also possessed by Xylocarpus rumphii (Kostel.) Mabb.

2.2. Chloroplast DNA Sequencing and Data Analysis

Three cpDNA intergenic regions, trnD-trnT [23], trnL-trnF [24], and accD-psaI [25], were sequenced
for all of the samples using published universal primer pairs. Each polymerase chain reaction
(PCR) was performed in a total volume of 10 μL with 1.0 μL of 10× Ex Taq buffer (Takara Bio Inc.,
Shiga Prefecture, Japan), 0.8 μL of each 10 mM deoxynucleotide (dNTP) mixture (Takara Bio Inc.,
Shiga Prefecture, Japan), 0.4 μL of each 10 pM primer pair, 0.05 μL of TaKaRa Ex Taq (Takara Bio Inc.,
Shiga Prefecture, Japan), and 6.35 μL of sterilized water mixed with 1.0 μL of template DNA. The PCR
protocol used was initial denaturation at 95 ◦C for 60 s, followed by 35 cycles of 95 ◦C for 45 s, 55 ◦C
for 45 s, and 72 ◦C for 60 s, and a final elongation at 72 ◦C for 10 min. The PCR products were purified
using ExoSAP-IT (USB Corporation, Cleveland, OH, USA) and cycle sequencing was performed on
the purified product using the BigDye cycle sequencing kit ver. 3.1 (Applied Biosystems, Foster City,
CA, USA). Subsequently, the nucleotide sequence was determined with an ABI3500 Genetic Analyzer
(Applied Biosystems, Foster City, CA, USA). Raw sequence data was imported into Auto Assembler
ver. 2.1.1 (Applied Biosystems, Foster City, CA, USA), and peak calling was visually corrected.
The sequence data of the three regions were concatenated and aligned using the ClustalW
algorithm [26] incorporated within MEGA5 [27]. The haplotype of each individual was identified
using the final concatenated sequence by considering only base substitution and indels. A statistical
parsimony network was constructed, using the final concatenated sequences of 1702 bp by TCS 1.21 [28]
to visualize the relationships among the cpDNA haplotypes. Genetic diversity (h) was calculated for
each population. Genetic differentiation among populations was evaluated by calculating FST [29]
and its standardized value, F’ST, which always ranges from 0 to 1 [30], using GenAlEx 6.5 (hereafter,
GenAlEx [31]).

2.3. Nuclear SSR Genotyping and Data Analysis of X. Granatum

We obtained Short Sequence Repeat (SSR) data for a total of 13 populations of X. granatum
(Table 1). The SSR data of nine populations for 11 loci was obtained from Tomizawa et al. [32] (Table 1).
The remaining four populations—5-Phuket, 14-Airai, 17-Baie de Tare, and 18-Daintree—were
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genotyped with the eleven SSR loci based on the PCR and fragment analysis protocol in
Tomizawa et al. [32]. Allele calling was done using GeneMapper ver. 4.1 (Applied Biosystems,
Foster City, CA, USA). The apportionment of genetic variation among group (FRT), among populations
within a group (FSR), and among individuals within populations (FST) were evaluated based on
a Bayesian model-based clustrering analysis results of K = 2 (Indian Ocean–South China Sea, and
Oceania groups) and K = 3 (Indian Ocean, South China Sea, and Oceania groups) (see results for details)
using an analysis of molecular variance (AMOVA, [33]) implemented in GenAlEx. The AMOVA was
also conducted for each pair of the three groups at K = 3. The standardized values of F’RT and FST

were also calculated using GenAlEx. The genetic relationships among populations were evaluated by
generating a neighbor-joining (NJ) tree based on the Nei's genetic distances (DA) [34] using Populations
1.2.30 beta software [35]. The statistical confidence in the topology of the tree was evaluated by
1000 bootstraps derived using the same software (Figure S1). The NJ tree was reconstructed on a
topographic map using Mapmaker and GenGIS2 software [36]. Individual-level genetic relationships
were analyzed with principal coordinates analysis (PCoA) using GenAlEx. Individual-based genetic
structure was evaluated using a Bayesian model-based clustering algorithm implemented in the
software STRUCTURE v. 2.3.4 [37,38]. STRUCTURE analysis was performed using the admixture
model [38], with 20 runs for each number of subpopulations (K), from K = 1 to 13. Each run consisted of
30,000 replicates via the Markov chain Monte Carlo (MCMC) method after a burn-in of 20,000 replicates.
STRUCTURE HARVESTER [39] was employed to evaluate the probability of the data (LnP (D)) for
each K, and to calculate ΔK according to the method described by Evanno et al. [40]. Multimodality
among runs and major clustering patterns at each K were evaluated using the CLUMPAK server [41].

2.4. Inference of Demographic History

The software DIYABC v2.0 [42,43] was used to analyze the nuclear SSR data of X. granatum to infer
demographic history based on the approximate Bayesian computation (ABC) approach. To keep the
scenarios in the ABC analysis simple, three groups were defined based on the result of the STRUCTURE
analysis: Pop I (Pop IDs 2, 4, 5 and 6), Pop II (Pop IDs 7, 8, 11, 13 and 14), and Pop III (Pop IDs 15, 16,
17 and 18). The main aims were: 1) to infer population size change through time for each group, and 2)
to infer the order of splitting into the three groups with their time scale, to understand how the modern
genetic structure of X. granatum, as shown in the NJ tree and the STRUCTURE analysis, was generated
(Figure 3a,b). Thus, we conducted two analyses: ‘ABC1– Inference of population size change in each
regional group’, and ‘ABC2– Inference of population demographic history among regional groups’.
In all of the scenarios, t# represented the time scale, measured by generation time, and N# represented
the effective population size of the corresponding populations (PopI, II, and III) during the relevant
time period (e.g., 0–t1, t1–t2, and t2–t3).

ABC1—Inference of population size change in each regional group.
Four simple scenarios were tested for each group (Figure 4a). The scenarios were as follows:

• Scenario 1—Constant population size model: The effective population size of Pop# was constant
at N1 from the past to the present.

• Scenario 2—Population shrinkage model: The effective population size of Pop# reduced from Na
to N1 at t1.

• Scenario 3—Population expansion model: The effective population size of Pop# increased from
Nb to N1 at t1.

• Scenario 4—Bottleneck model: The effective population size of Pop# experienced a bottleneck
from Nd to Nc at t2 followed by population size recovery from Nc to N1 at t1.

ABC2—Inference of population demographic history among regional groups.
Six simple population demographic scenarios were tested with considering all the possible

hierarchical population splits and populations to be traced back to the common ancestral population
(Figure 4b). As population shrinkage was detected in Pop III in ABC1 (see results), population
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shrinkage for Pop III at t1 was added to all the scenarios, giving Na and N3 for the effective population
size before and after the population size reduction, respectively. The change in the number of repeats
followed a generalized stepwise mutation model (GSM; [44]) and single nucleotide indels (SNI) were
also allowed. The mutation rate of the former was assumed to be higher than the mutation rate of the
latter. The default values of the priors were used for all of the parameters (Table S1) except t2, according
to our preliminary test runs (data not shown). The mean values of the expected heterozygosity (HE),
the number of alleles, the size of variance among the alleles, and Garza and Williamson’s M [45] were
used as summary statistics for each of the three populations in ABC1 and 2. As for summary statistics
for each of the population pairs in ABC2, we used HE, A, Garza and Williamson’s M, FST, genotype
likelihood, shared allele distance, and (δμ)2 distance [46]. One million simulations were performed for
each scenario, and the most likely scenario was evaluated by comparing posterior probabilities with
the logistic regression method. The goodness-of-fit of the scenarios was also assessed by principal
component analysis (PCA) using the option “model checking” in DIYABC.

Figure 3. Bayesian clustering analyses of nuclear simple sequence repeat (SSR) data for the
18 populations of Xylocarpus granatum J. Koenig. (a) Bar plots indicating the putative genetic
ancestry of each individual in comparison with the cpDNA haplotype composition of each population.
(b) Population neighbor-joining (NJ) tree reconstructed on a topographic map. Each branch was colored
based on the population subdivision used for approximate Bayesian computation (ABC) analyses
(Pop I: orange, Pop II: blue, and Pop III: green). (c) Plot of the second two coordinates of principal
coordinates analysis (PCoA) based on the SSR data. Samples were colored according to the subdivision
used for ABC analyses.
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Figure 4. Scenarios tested using DIYABC in this study. (a) The four scenarios tested in ABC1. (b) The six
scenarios tested in ABC2. See text for explanations. In all the scenarios, t# represents the time
scale measured in number of generations, and N# represents the effective population size of the
corresponding populations.

3. Results

3.1. Phylogenetic Relationships of the cpDNA Haplotypes in Xylocarpus

A total of 1702 bp of cpDNA sequence was used for analysis, including 687 bp of trnD–trnT
Intergenic Spacer (IGS), 435 bp of trnL–trnF IGS, and 580 bp of accD–psaI. In X. granatum,
four haplotypes (XG1–XG4) were characterized based on four nucleotide substitutions; while in
X. moluccensis, five haplotypes (XM1–XM5) were characterized based on six nucleotide substitutions
and one indel (Table 2). The two species did not share any haplotypes, but the haplotype of X. rumphii
used in this study was the same as a haplotype of X. moluccensis (XM4).

The statistical parsimony network constructed by TCS showed that X. granatum and X. moluccensis
are clearly differentiated. In X. granatum, haplotype XG2 and XG4 were derived from the major
haplotype XG3, and haplotype XG1 was derived from XG2 (Figure 2). There were only one or two
steps between neighboring haplotypes. In X. moluccensis and X. rumphii, nearby haplotypes were
differentiated by one to three steps.
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3.2. Geographical Distribution of cpDNA Haplotypes

The geographical distribution of the haplotypes for the 18 populations of X. granatum revealed that
haplotype XG3 was widely distributed across the Indo-West Pacific (Table 1, Figure 1). The distribution
of haplotypes demonstrated no clear genetic break between the Indian and Pacific Oceans (due
to the presence of XG3 in both). Instead, we observed a localized distribution in the other three
haplotypes, with XG1 and XG2 largely confined to the Andaman Sea (4-Ayeyarwady, 5-Phuket,
6-Klang, and 12-Dong Rui) and in Oceania (14-Airai, 15-Kosrae, 16-Malatie, 17-Baie de Tare, and
18-Daintree), respectively, while XG4 was found in only one individual from Mozambique (1-Maputo).
Haplotypes XG1 and XG2 were fixed in one population (4-Ayeyarwady), and four populations
(15-Kosrae, 16-Malatie, 17-Baie de Tare, and 18-Daintree), respectively. The values of FST and F’ST

calculated among populations by cpDNA data were 0.853 and 0.933, respectively, suggesting the level
of population differentiation was high.

3.3. Genetic Structure Revealed by SSR Markers

The total number of alleles detected was five to 20 per locus. Although the highest ΔK was
detected at K = 2, the Ln P(D) values increased together with the number of K up to around K = 9 in the
STRUCTURE analysis (Figure S2), and genetic clustering patterns were clear from K = 2 to 9. At K = 2,
the geographic pattern of the two clusters was clear; cluster 1 (C1 in blue color) was distributed in the
Indian Ocean and South China Sea, while cluster 2 (C2 in orange color) was distributed in Oceania,
consisting of 15-Kosrae (Micronesia), 16-Malatie (Vanuatu), 17-Baie de Tare (New Caledonia), and
18-Daintree (Australia). One exception was the 14-Airai (Palau) population, which clustered into
C1 despite its location in Oceania (Figure 3a). At K = 3, C1 at K = 2 was further divided into two
clusters, which corresponded to the Indian Ocean (C3 in dark blue color), consisting of 2-Quelimane
(Mozambique), 4-Ayeyarwady (Myanmar), 5-Phuket (Thailand), and 6-Klang (Malaysia); and the South
China Sea, consisting of 7-Kemaman (Malaysia), 8-Sabah (Malaysia), 11-Bali (Indonesia), 13-Panay
(Philippines), and 14-Airai (Palau). A similar pattern to the results of K = 3 was also detected by the NJ
tree for 13 populations (Figure 3b). Although more local genetic clusters were detected up to K = 9,
the NJ tree for nine clusters revealed the same three genetic groups detected at K = 3 and the NJ tree
for 13 populations. An individual level PCoA analysis demonstrated three well-segregated groups in
the plot of the second two axes (1 vs. 3 explained 26.56% of the total variation) (Figure 3c) and the
first two axes (1 vs. 2 explained 27.92%). Thus, finally, the 13 populations were clustered into three
groups: Pop I, II, and III, prior to conducting ABC analyses (as stated in the Materials and Methods).
In concordance with the cpDNA data, a genetic break was detected at the boundary between the
South China Sea and Oceania. The cpDNA haplotypes from both regions were detected in population
14-Airai, which is located between the two regions, and this population also revealed a small amount
of admixture between the Indian Ocean–South China Sea cluster and the Oceania cluster in the nuclear
DNA data.

The overall value of FST was 0.404, suggesting that the level of population differentiation among
the 13 populations was high, especially when considering the standardized F’ST value of 0.802 (Table 3).
The value of FST among the four populations in Oceania was significantly higher than among the
five populations in the South China Sea, while significant differences were neither detected among
the three groups nor between other pairs of groups. There was relatively high genetic differentiation
among the populations within groups (F’SR values were 0.678 and 0.610 for K = 2 and 3, respectively),
although larger differentiation was detected among groups (F’RT values were 0.748 and 0.648 for K = 2
and 3, respectively) (Table 3). For all of the comparisons, FST values are always two to three times
higher, which can be due to higher variation among individuals than among populations or groups.
Moreover, the AMOVA for each group pair suggested that genetic differentiation between the South
China Sea and Oceania (F’RT = 0.815) was much higher than that between the Indian Ocean and the
South China Sea (F’RT = 0.389), and the Indian Ocean and Oceania (F’RT = 0.416).
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Table 3. Analysis of molecular variance (AMOVA) for 50 individuals of X. granatum based on
11 nuclear SSRs.

Source of Variation Total Variance (%) F-Statistics p-Value F'-Value

13 populations
Among populations 40.4% FST = 0.404 0.001 F'ST = 0.802
Among individuals within populations 59.6% - - -
K = 2
Among group 19.8% FRT = 0.198 0.001 F'RT = 0.748
Among population within groups 27.2% FSR = 0.339 0.001 F'SR = 0.678
Among individuals within populations 53.0% FST = 0.470 0.001 -
K = 3
Among group 18.3% FRT = 0.183 0.001 F'RT = 0.648
Among population within groups 24.9% FSR = 0.302 0.001 F'SR = 0.610
Among individuals within populations 56.8% FST = 0.432 0.001 -
Between the Indian Ocean (Pop 2,4,5 and 6) and the South China Sea (Pop 7,8,11,13 and 14)
Among group 10.4% FRT = 0.104 0.001 F'RT = 0.389
Among population within groups 23.9% FSR = 0.266 0.001 F'SR = 0.577
Among individuals within populations 65.8% FST = 0.342 0.001 -
Between the Indian Ocean (Pop 2,4,5 and 6) and Oceania (Pop 15,16,17 and 18)
Among group 11.6% FRT = 0.116 0.001 F'RT = 0.416
Among population within groups 23.5% FSR = 0.266 0.001 F'SR = 0.567
Among individuals within populations 64.9% FST = 0.351 0.001 -
Between the South China Sea (Pop 7,8,11,13 and 14) and Oceania (Pop 15,16,17 and 18)
Among group 25% FRT = 0.246 0.001 F'RT = 0.815
Among population within groups 21% FSR = 0.283 0.001 F'SR = 0.572
Among individuals within populations 54% FST = 0.459 0.001 -

SSR: simple sequence repeat.

3.4. Inferences of Demographic History

When considering the changes in the temporal population size in each regional group in ABC1,
scenario 1 (constant population size model) showed the highest posterior probability in Pop1 (Indian
Ocean) and 2 (South East Asia), and summary statistics and the PCA suggested that this scenario
best described the data (Table 4, Figures S3b and S4b). However, the 95% confidence interval (CI) of
scenario 1 overlapped with other scenarios in these two groups (Table 4). Regarding Pop3 (Oceania),
scenario 2 (population shrinkage model) showed the highest posterior probability (0.3917) and its 95%
CI (0.3858–0.3977) did not overlap with other scenarios. In this scenario, the effective population size
after the shrinkage was estimated to be 2310 (95% hyper probability density (HPD), 806–6960), and the
population shrinkage was inferred to have occurred 12800 (95% HPD, 888–29,200) generations ago
(Table S3, Figure S5a). This time scale can be translated to 128,000 years Before Present (BP) (95% HPD,
8880–292,000) under the assumption of a generation time of 10 years for X. granatum. The median
values of the mean mutation rate of SSR, mean P (the parameter of the geometric distribution to
generate multiple stepwise mutations) and SNI were estimated to be 4.53 × 10−4 (95% CI: 1.30 ×
10−4–9.65 × 10−4), 0.254 (95% CI: 0.128–0.300) and 2.54 × 10−7 (95% CI: 1.18 × 10−8–7.72 × 10−6),
respectively. The summary statistics and the PCA suggested the good fit of the scenario (Table S4,
Figure S5b). All four summary statistics in this scenario were not significantly differentiated from
the observed value, and the PCA showed that the observed data point (yellow) was in the middle
of a small cluster of datasets from the posterior predictive distribution (red, Figure S5b), suggesting
scenario 2 fits the observed data well in Pop3.
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Table 4. Posterior probability of each scenario in ABC1 and its 95% hyper probability density (HPD)
based on the logistic estimate by DIYABC v2.0 [42,43]. The scenarios tested in ABC1 are shown in
Figure 4.

ABC1 Posterior Probability (95% Confidence Interval (Lower–Upper))

Scenario Region 1 Region 2 Region 3

1 0.2640 (0.2586–0.2693) 0.2564 (0.2477–0.2651) 0.2554 (0.2500–0.2607)
2 0.2543 (0.2491–0.2596) 0.2645 (0.2482–0.2660) 0.3917 (0.3858–0.3977)
3 0.2340 (0.2288–0.2392) 0.2221 (0.2136–0.2305) 0.1624 (0.1579–0.1669)
4 0.2477 (0.2420–0.2533) 0.2571 (0.2482–0.2660) 0.1905 (0.1858–0.1952)

In the inference of population demographic history among regional groups (ABC2), the highest
posterior probability was detected for scenario 1 (0.3794, 95% CI, 0.3712–0.3877) without overlapping
with the 95% CI of other scenarios (Table 5). In this scenario, the median values of N1, N2, N3, and Na
were estimated as 4090 (95% HPD, 1680–7610), 7880 (95% HPD, 4140–9850), 3090 (95% HPD, 822–8510)
and 7840 (95% HPD, 3740–9910), respectively. However, Na was not well estimated (Table S5, Figure
S6a). The median values of the time scales for the population shrinkage of Pop3 (t1), the splitting
of Pop1 and Pop2 (t2), and the splitting of Pop1 and Pop3 (t3) were 4810 (95% HPD, 191–25,400),
4990 (95% HPD, 1460–18,500), and 15500 (95% HPD, 4590–44,300) generations ago, respectively,
corresponding to 48,100 (95% HPD, 1910–254,000), 49,900 (95% HPD, 14,600–185,000), and 155,000
(95% HPD, 45,900–443,000) years BP, respectively, although t1 was not well estimated. The median
values of the mean mutation rate of SSR, mean P (the parameter of the geometric distribution to
generate multiple stepwise mutations), and SNI were estimated to be 3.47 × 10−4 (95% CI: 1.58 ×
10−4–7.82 × 10−4), 0.248 (95% CI: 0.134–0.300), and 1.13 × 10−7 (95% CI: 1.11 × 10−8–2.89 × 10−6),
respectively. All 36 summary statistics for this scenario were not significantly differentiated from the
observed value, and the PCA suggested a good fit of the scenario (Table S6, Figure S6b). Moreover, the
PCA showed that the observed data point (yellow) was in the middle of a small cluster of datasets
from the posterior predictive distribution (light green, Figure S6b), suggesting that scenario 1 fits the
observed data well.

Table 5. Posterior probability of each scenario in ABC2 and its 95% hyper probability density (HPD)
based on the logistic estimate by DIYABC v2.0 [42,43]. The scenarios tested in ABC2 are shown in
Figure 4.

ABC2

Scenario Posterior Probability (95% Confidence Interval: Lower–Upper)

1 0.3794 (0.3712–0.3877)
2 0.0839 (0.0784–0.0893)
3 0.3111 (0.3031–0.3190)
4 0.0877 (0.0821–0.0934)
5 0.0590 (0.0541–0.0639)
6 0.0789 (0.0734–0.0844)

4. Discussion

4.1. Genetic Structure of a Widespread Mangrove Plant, X. granatum, across the IWP Region

This study detected clear genetic structure with three genetic clusters across the distribution of
Xylocarpus granatum, namely the Indian Ocean, the South China Sea, and Oceania clusters, in both cp
and nuclear DNA datasets. In particular, a genetic break with high genetic differentiation (F’RT = 0.815)
was detected between the South China Sea and Oceania in the West Pacific, suggesting limited gene
flow by sea-dispersed propagules between these two regions. This genetic break could be recognized
as the “cryptic barrier” [12] that might have historically prevented gene flow between South East Asia
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and Oceania, as shown in Rhizophora stylosa [12], Bruguiera gymnorhiza [14], Sonneratia alba Griff. [47],
and Vigna marina (Burm.) Merr. [48].

Although it is difficult to compare the exact location of genetic breaks among these mangrove
species due to studies having different sampling locations, the presence of genetic breaks in a similar
oceanic region is surprising, because all of the core mangrove species are sea-dispersed plants that
can utilize oceans as corridors for migration. Sea dispersal is considered to be one of the most
effective modes of seed dispersal for land plants, with dispersal ranges reaching over 100 km [49].
Indeed, long-distance dispersal by sea dispersal is well supported in population genetic studies in
extremely widespread plants, especially for the pantropical plants with sea drifted seeds that have vast
distribution ranges across the tropics, such as Hibiscus tiliaceus L. [50,51], Ipomoea pes-caprae (L.) R. Br.
subsp. brasiliensis (L.) van Ooststr. [52] and the genus Rhizophora [10]. However, topographic barriers
can act as genetic barriers even in these species. For example, Takayama et al. [10] detected the Central
American Isthmus as a genetic barrier dividing the Pacific and Atlantic groups of Rhizophora mangle L.
and Rhizophora racemose G. Mey. in both cp and nuclear DNA, while extended gene flow was suggested
within those groups.

4.2. Inferences of the Demographic History of X. granatum

Our results suggest a clear genetic break between the South China Sea and Oceania, despite no
obvious topographic barrier in this oceanic area. The ABC inference of past demographic history
is helpful to try and understand this pattern. The inferred divergence time of 155,000 (95% HPD,
45,900–443,000) years BP between the South China Sea and Oceania groups suggests that the shallow
sea between the Australian continent and New Guinea (the Torres Strait) might have acted as a
significant land geographic and genetic barrier during and since the last glacial maximum (LGM, ca.
20,000 years BP), when the entire Sahul Shelf was exposed [53]. The past influence of the Sahul
Shelf, compounded by the present large geographic distance among oceanic islands, may have
resulted in the observed genetic differentiation of multiple core mangrove species over the West
Pacific region. Furthermore, the westward Equatorial Current that bifurcates north and south as it
approaches the Indo-Malay Archipelago [54] could be a strong barrier preventing the gene dispersal of
haplotype XG2 beyond Palau. Thus, although we need to be cautious about uncertainties in the ABC
inferences, such as the generation time of species, overlapping of generations, and wide 95% CI of
inferred parameters in the assumed model [16], the present results suggest that genetic differentiation
caused by a genetic barrier between the South China Sea and Oceania was generated by episodes
of eustatic change in sea levels in relation to ice ages over the past several hundred thousand years.
Moreover, population shrinkage was detected in the Oceania group (estimated 128,000 years BP
(95% HPD, 8880–292,000)), suggesting that effective population size was reduced following genetic
divergence from the South China Sea. In addition, as the mean value of FST among populations within
Oceania (0.4090) was significantly higher than within the South China Sea (0.1800), higher genetic
isolation within the Oceania group might have also contributed to a decrease in the regional effective
population size in Oceania. Regarding the assumed model in the ABC, DIYABC does not consider
gene flow after divergence, and it may bias the inferred temporal parameters [16,20]. However,
as genetic differentiation between the South China Sea and Oceania is high enough with less gene
flow (F’RT = 0.815), this bias may be limited. In addition, since no consideration of gene flow after
divergence may underestimate divergence times [16], the main discussion here would not be changed
with the population split still occurring before the Last Glacial Maximum (LGM). Finally, although the
ABC approach in this study revealed the demographic history of the species, the results obtained in this
study might be based on the limited sample size in this study. Thus, further analysis would be required
with more loci and more sample sizes in future studies in order to obtain a deeper understanding of
the demography of the species.

The population in Palau (14-Airai) revealed a unique genetic composition, and the cpDNA showed
a partial mixture of two haplotypes (XG2 and 3), which were dominant in the South China Sea and
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Oceania, respectively. In addition, nuclear DNA revealed that this population was clustered with the
South China Sea group, although it is located in Oceania. As Palau is geographically located close
to the boundary between the South China Sea and Oceania, a mixture of cpDNA haplotypes might
be reasonable when seed flow between them is considered. Indeed, a mixture of cpDNA halotypes
from different lineages has been commonly detected around the boundary areas of lineages in many
plant populations (e.g., [48,55,56]). However, nuclear DNA showed only a small amount of admixture
between the South China Sea and Oceania clusters, and was basically grouped with the South China
Sea cluster. Thus, although the limited sample size examined in this study should be considered,
this pattern could be due to differential gene flow between pollen and seeds between the South China
Sea and Oceania groups, or incomplete sorting of cpDNA haplotypes. These scenarios need to be
further tested with more extended sample collections that cover the species distribution.

4.3. Malay Peninsula as a Common Barrier to Widespread Mangrove Plants

The results of the NJ tree, PCoA, and the STRUCTURE analysis of nuclear SSR data showed clear
genetic structure between the Indian Ocean and South China Sea, suggesting that the Malay Peninsula
also acts as a barrier for gene flow in X. granatum. The Malay Peninsula has been reported as a clear
land barrier for several mangrove species, such as B. gymnorhiza [8,9,14] and Ceriops tagal [7]. This land
barrier emerged in this region during the LGM, and has been routinely evoked as an explanation
for the genetic structure of mangrove plants across the Malay Peninsula [57]. Indeed, the inferred
divergence time of 49,900 (95% HPD, 14,600–185,000) years BP in the ABC generally supports this
hypothesis. Although cpDNA generally showed similar patterns to the nuclear DNA, cpDNA did not
suggest clear genetic structure across the Malay Peninsula, especially when considering the presence of
the widespread haplotype, XG3, from East Africa to Palau (Figure 1). The presence of the widespread
haplotype over this wide range implies either frequent long-distance migration, or less variation
(resolution) of the molecular marker.

4.4. Relationships with Other Xylocarpus Species

Similar to other mangrove groups, Xylocarpus granatum has its closely related species,
X. moluccensis, in a core group of mangroves that has overlapping distribution with X. granatum [21].
Another species, X. rumphii, is also recognized as a mangrove, but is not very common, and the
distribution is scattered. In these results, X. granatum and X. moluccensis formed two clear clades, and
X. rumphii shared the same haplotype with X. moluccensis (Figure 2, Table 2). Perhaps it is necessary
to further study the taxonomic status of X. rumphii with extensive sampling from its distribution
range. Only cpDNA data was collected for X. moluccensis, and the haplotype distribution map shows
genetic structure across the Malay Peninsula (Figure S7), which also suggests that the Peninsula
plays a role as a barrier for the seed dispersal of mangroves, as discussed above. It is interesting
that no evidence of hybridization between X. granatum and X. moluccensis was detected, from field
observations or with molecular data, despite collecting samples from the same area and population
in some cases (Philippines and Malaysia). In general, core mangrove species tend to have a sister
mangrove species, e.g., Bruguiera gymnorhiza—B. sexangula, Rhizophora stylosa—R. mucronata, and
Rhizophora mangle—R. racemosa [58]. The distribution ranges of the sister species often overlap,
and when they grow in the same location, hybrids are sometimes formed. Hybrid formation is
quite common, especially for the mangrove species of Rhizophoraceae. Hybrid formation can be an
important phenomena for plants to increase variation and promote speciation, but may not occur
in Xylocarpus.

5. Conclusions

In this study, a clear genetic structure was detected within the distribution range of one of the
most widespread and core component species of mangrove forests in the IWP. The genetic structure
was shaped not only by the Malay Peninsula, a common land barrier for mangroves, but also by a
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cryptic barrier across the West Pacific. Moreover, the demographic inferences revealed that genetic
divergence across the West Pacific was older than that across the Malay Peninsula, implying that a
common factor such as the Sahul Shelf acted to shape the genetic structure of sea-dispersed mangrove
plants. Other factors that generated genetic structure also need to be considered and evaluated in
future studies, including adaptation to the local environment, ancient ocean currents, the location of
refugia during the ice ages, and expansion routes during oscillation cycles. However, although further
study would be needed, this study has provided tentative information on conservation genetics from a
neutral genetic variation point of view, and the three groups detected in this study should be treated as
independent conservation units in order to maintain local genetic diversity. In addition, conservation
priority should be given to the Oceania region, as genetic diversity is lower and genetic isolation
among populations is more prominent than in other areas.

Supplementary Materials: The following are available online at www.mdpi.com/1999-4907/8/12/480/s1,
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by 1000 bootstrap replicates. Figure S2: Plot of LnP(D) and ΔK calculated for K ranging from 1 to 13. See text
for detail. Figure S3: (a) The prior and posterior distributions for each parameter and (b) Principal Component
Analysis (PCA) of “model checking” for the scenario 1 in ABC1 obtained for Pop1 using DIYABC. Priors and
posterior probability densities are shown in the Y-axis., Figure S4: (a) The prior and posterior distributions for
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obtained for Pop2 using DIYABC. Priors and posterior probability densities are shown in the Y-axis., Figure S5:
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simulated data sets in the scenario 2 in ABC2.
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Abstract: Management of forest genetic resources requires experimental data related to the genetic
variation of the species and populations under different climatic conditions. Foresters also demand
to know how the main selective drivers will influence the adaptability of the genetic resources.
To assess the inter- and intraspecific variation and plasticity in seedling drought tolerance at a relevant
genetic resource management scale, we tested the changes in growth and biomass allocation of
seedlings of Pinus oocarpa, P. patula and P. pseudostrobus under two contrasting watering regimes.
We found general significant intraspecific variation and intraspecific differences in plasticity, since
both population and watering by population interaction were significant for all three species. All the
species and populations share a common general avoidance mechanism (allometric adjustment of
shoot/root biomass). However, the intraspecific variation and differences in phenotypic plasticity
among populations modify the adaptation strategies of the species to drought. Some of the
differences are related to the climatic conditions of the location of origin. We confirmed that even
at reduced geographical scales, Mexican pines present differences in the response to water stress.
The differences among species and populations are relevant in afforestation programs as well as in
genetic conservation activities.

Keywords: drought stress; genetic variation; early testing; adaptive variation; genecology;
phenotypic plasticity

1. Introduction

In the last decades, there has been an increasing concern about the consequences of climate change
on the future distribution and productivity of forest species. Many forest areas have experienced
a decrease in rainfall and a subsequent increase in drought severity. In particular, Mexico will
experience, on average, an increase of 1.5 ◦C in mean annual temperature, and a decrease of 6.7% in
annual precipitation by 2030 [1]. This is already posing practical problems in the management of many
forest tree species, derived from the shifts in species distribution [2], and the future requirements in
terms of adaptation and productivity.

Forests 2018, 9, 71; doi:10.3390/f9020071 www.mdpi.com/journal/forests33
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We are far from having enough experimental data to address important aspects related to the
adaptability, i.e., the potential or ability of a population to adapt to changes in environmental conditions
through changes in its genetic structure [3]. For example we lack information about the roles of genetic
variation, phenotypic plasticity [4], and of phenotype changes derived from the trade-offs among
life-history traits, among others [5]. This information is essential at scales that are meaningful for
forest management (i.e., at forest or forest-landscape scales), as it is necessary to make decisions when
selecting the species and the basic material to use in afforestation and restoration programs (e.g., local
vs. non-local), or to suggest changes in silvicultural systems (e.g., regeneration methods, selection
of parent trees) to increase forest resilience. Therefore, the evaluation of local genetic resources at
fine scales is essential for the management of local genetic resources, complementing information at
larger scales.

Low water availability has been identified, particularly in conifers, as one of the major abiotic
stressors, conducive to stomatal closure, reduced photosynthesis and death due to carbon starvation [6].
Tolerance to low water availability is an important selective factor, involving quite different traits,
such as rooting depth, transpiration area of leaves and shoots, and size and number of shoots [7].
There are, therefore, important adaptive differences in the response at different levels, from species to
individuals [8,9].

Intra-specific genetic variation is crucial in forest trees species, which must endure both abiotic
and biotic stressors for long periods of time [10]. Particularly, it is necessary to develop management
options for the genetic resources of target species, and to determine if genotypes would be able
to grow efficiently under future stressful conditions. However, testing drought-tolerant genotypes
amongst mature trees growing in the field is cumbersome, due to the previously mentioned complexity
of plant responses to drought and the lack of control of watering treatments [11]. An alternative
approach is to develop controlled experimental conditions to test genotypes at early stages [12]. Early
developmental stages in plants are the most critical in the survival of forest trees, and are related to the
future adaptability of the species [13] depending on the genetic intraspecific variation in these genetic
traits. Evaluating morphological and physiological changes in response to low water availability at
early ages is a recognized way to know their adaptive responses (i.e., leaf water potential and gas
exchange [14] and changes in growth and survival [15]). Inter- and intraspecific variations among
populations of different pines species, when cultivated under contrasting water availability, reveal high
population divergence for phenotypic changes and marked allocational shifts, a plastic response [16].
Moreover, different works have addressed some of the features involved in the growth process that
can skew the results of early testing in plants, e.g., pot size, water quality and salinity [17,18].

Pinus is the largest genus of the Pinaceae family, with 114 species widely distributed in the
Northern Hemisphere [19]. Mexico presents the highest specific diversity (46 species), with contrasting
geographical and intraspecific genetic patterns, as a result of adaptive responses to climate changes in
the past [20]. Among them, Pinus oocarpa Schiede ex Schltdl., P. patula Schiede ex Schltdl. & Cham.
and P. pseudostrobus Lindl. are three economically important Mexican pines, used in highly productive
forest plantations established in the tropics and subtropics [21]. These pines occupy diverse habitats in
the country, and present a variety of ecological roles and life histories. Specifically, the Trans-Mexican
Volcanic Belt (TMVB) covers a wide range of environments differing in altitude, precipitation,
temperature and soil. Thus, the Volcanic Belt constitutes a good model area to check for intraspecific
differences in growth and performance to drought stress in Mexican pines, as a way to improve our
recommendations for the management of genetic resources under climate change scenarios.

The objective of this study was to assess the inter- and intraspecific genetic variation in seedling
drought tolerance in Pinus oocarpa, P. patula and P. pseudostrobus from the TMVB. We tested the
seedlings under two contrasted controlled watering regimes and we measured different adaptive
morphological and allocation traits. Our hypotheses were that at a fine geographical scale: (i) both
seedling growth and biomass are affected by low water availability, a potential adaptive response and
(ii) these responses differ due to species intraspecific variation.
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This information is essential to implement breeding and conservation programs under climate
change scenarios.

2. Materials and Methods

2.1. Plant Material

The natural distribution of the study species covers small and large areas throughout the north,
center and south of Mexico. Pinus oocarpa (OC) and P. pseudostrobus (PS) are usually found in
fragmented mixed stands, while P. patula (PA) occurs in pure stands. We sampled populations
of the three species from the TMVB. The number of sampling sites (populations) was different for
each species (Figure 1 and Table 1): P. oocarpa, two populations (OC01, OC02), P. patula, 10 populations
(PA01, PA02, PA03, PA04, PA06, PA07, PA08, PA09, PA11, PA12), and P. pseudostrobus, five populations
(PS01 to PS05). Seedlots were either samples provided by academic institutions (15 out of 17 samples)
or commercial seedlots provided by a private seed supplier (two out of 17), and were composed of
seeds from at least 20 mother trees per population. The sampling for P. oocarpa was limited to areas
where the taxonomic identification of the species was clear, to avoid biases in the comparisons. This is
particularly important in the eastern area of the study, where three new species have been recently
described but assigned to P. oocarpa by the National Forest Inventory.

2.2. Experiment Description and Experimental Design

Three hundred seeds per population were sown in trays containing moistened rock wool and
covered with plastic film (see Appendix A for details in the experimental set-up). Trays were placed
inside a germination chamber at 25 ± 1 ◦C, 60 ± 5% relative humidity and an eight-hour photoperiod.
The germination was recorded three times a week and then used to calculate the germination curve
parameters (total germination in %, speed) based on a sample of 60 seeds per population. Germination
for the three species started at three days. P. oocarpa and P. pseudostrobus had a higher germination rate
than P. patula (Supplementary information Figure S1).

Figure 1. Location of sampled populations and distribution range of the species [19] for Pinus oocarpa,
P. patula and P. pseudostrobus.
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Table 1. Location and general characteristics of the Pinus spp. populations sampled in Mexico.

Code 1 Population, State Supplier 2 Latitude and
Longitude

Altitude (m) MAT 3 (◦C)
MAP 4

(mm)

OC01 Ario de Rosales, Mich. INIFAP 19◦04′/101◦44′ 1490 20.7 1112
OC02 San Ángel Zurumucapio, Mich. INIFAP 19◦27′/101◦54′ 1700 17.0 1299

Range 5 13.8 to 21.3 891 to 1422
PA01 Casas Blancas, Mich. Colpos 19◦25′/101◦35′ 2258 15.7 1060
PA02 Acaxochitlán, Hgo. Colpos 20◦06′/98◦12′ 2190 13.8 962
PA03 Ahuazotepec, Pue. Colpos 20◦01′/98◦12′ 2250 13.8 847
PA04 Apulco, Hgo. Colpos 20◦23′/98◦22′ 2200 15.2 909
PA06 Huayacocotla, Ver. Colpos 20◦31′/98◦28′ 2050 16.1 1099
PA07 Tlahuelompa, Hgo. Colpos 20◦37′/98◦34′ 2020 16.2 1234
PA08 Tlaxco, Tlax. Colpos 19◦38′/98◦07′ 2800 12.1 764
PA09 Villa Cuauhtémoc, Pue. Colpos 19◦43′/98◦07′ 2720 12.4 730
PA11 Zacualtipán, Hgo. Colpos 20◦38′/98◦38′ 2030 16.1 1199
PA12 Xico, Ver. Asoc. For. 19◦30′/97◦05′ 2839 11.5 1019

Range 11.1 to 17.7 615 to 1223
PS01 Casas Blancas, Mich. INIFAP 19◦25′/101◦36′ 2244 15.7 1054
PS02 Nu. San Juan Parangaricutiro, Mich. INIFAP 19◦29′/102◦19′ 2245 15.2 1173
PS03 Tenango del Valle, Ver. INIFAP 19◦02′/99◦37′ 2990 11.3 1156
PS04 Perote, Ver. Colpos 19◦33′/97◦12′ 3200 9.5 1322
PS05 Xico, Veracruz. Asoc. For. 19◦30′/97◦05′ 2839 11.5 1019

Range 9.0 to 16.9 717 to 1415
1 OC: Pinus oocarpa; PA: P. patula; PS: P. pseudostrobus; 2 INIFAP: National Institute for Forestry, Agricultural and
Livestock Research, Michoacán; Colpos.: Colegio de Postgraduados en Ciencias Agrícolas; Asoc. For.: Asociación
Forestal Especializada AC.; 3 MAT = Mean annual temperature; 4 MAP = Mean annual precipitation; 5 Range:
MAT and MAP ranges in the Trans-Mexican Volcanic Belt (TMVB) region. All values calculated with ANUSPLIN
software [1,22].

We transplanted 50 seedlings into individual plastic containers, except for three P. patula
populations (PA02, PA07 and PA08) that had a low germination rate, for which we transplanted,
respectively, 38, 26 and 35 seeds. The total number of seedlings used was 786. We used individual
plastic containers with a mixture of peat moss and vermiculite substrate (3:1 v/v) whose size was big
enough (250 cm3) to avoid root restriction, given the short duration of the experiment [17]. The trial
was established in a greenhouse under controlled conditions (Appendix A). The trial was set up with
a randomized complete block design, with five seedlings per experimental unit, and five blocks in each
of the two watering treatments. Seedlings were maintained in a slow-growth phase over 135 days from
November to March to allow the material to harden. Then plants were cultivated in a normal-growing
phase (April to June). Fifty seedlings per population were submitted to two watering treatments
during 90 days (25 seedlings per watering regime): Field Capacity (FC) and Drought-Stress (DS).
For those populations with lower seed germination rate we set an equal number of seedlings per
treatment (PA02, PA07 and PA08). The watering regimes were based on the mean saturation level of
the substrate: 90–100% on FC and 35–45% on DS treatments. We determined the amount of water for
each watering event every two days by weighing plants randomly chosen from each treatment.

2.3. Variables Measured

We periodically recorded the survival, height (mm) and ontogenetic stage of all seedlings [16].
Species were in the epicotyl elongation and formation of axillary buds phase at the beginning of the
experimental phase, and had dwarf shoots by the end of it (Appendix A). We obtained the height
growth increment (HG in mm) during the watering experiment as the difference between height at the
beginning and the end of the watering experiment (Ht-H0). At the end of the experiment (90 days of
watering treatment, 225 days old), all plants were harvested and partitioned in roots, stems, and leaves.
They were dried (65 ◦C/72 h) and weighed (g, ±0.01) [23] to assess total dry mass (TDM in mg) and
that of its components: roots, stems and needles (RDM, SDM, and NDM, respectively, in mg). The root
mass fraction (RMF, root dry mass to total dry mass), stem mass fraction (SMF, stem dry mass to total
dry mass) and needle mass fraction (NMF, needle dry mass to total dry mass) were also computed. The
specific leaf area (SLA in cm2/g) was estimated from 10 needles randomly chosen from each plant [13].

36



Forests 2018, 9, 71

2.4. Data Analysis

2.4.1. Seedling Survival

For seedling survival, we performed a logistic regression analysis using a maximum likelihood method:

pik(j) = 1/[1 + exp(−zik(j))] (1)

zik(j) = log[pik(j)/(1 − pik(j))] = μ + Wi + Sj + Pk(j) (2)

where pik(l) is the survival probability in the ith watering regime of the kth population within the jth
species; zik(j) is the logit estimation in the ith watering treatment of the kth population within the jth
species; μ is the grand mean; Wi is the effect of the ith watering regime (1 to 2); Sj is the effect of the jth
species (1 to 3); and Pk(j) is the effect of the kth population within the jth species (1 to 10). The WSij

interaction was not included in the model due to its lack of significance.

2.4.2. Mixed Model

For the other variables, we conducted an inter-species variance analysis according to the following
mixed model:

yijkl = μ + Wi + Sj + WSij + PSk(j) + BWl(i) + c xijkl + εijkl, (3)

where yijkl is the value of observation in the lth block of the kth population of the jth species in the ith
watering treatment; μ is the general mean; Wi is the fixed effect of the ith watering treatment (1–2); Sj is
the fixed effect of the jth species (1–3); WSij is the interaction fixed effect of the ith treatment with the
jth species; PSk(j) is the random effect of the kth population within the jth species; BWl(i) is the random
effect of the lth block (1–5) within the ith treatment; c is the lineal effect of the covariate xijkl (seedling
height at the beginning of the watering regimen); and εijkl is the experimental error.

In order to examine the intra-species variation, a variance analysis was performed for each species,
using the following model:

yijk = μ + Wi + Pj + WPij + BWk(i) + c xijkl + εijk, (4)

where yijk is the value of observation in the kth block of the jth population of the ith watering regime;
μ is the general mean; Wi is the fixed effect of the ith treatment (1-2); Pj is the fixed effect of the jth
population (2–10); WPij is the interaction fixed effect of ith treatment with the jth population; BWk(i) is
the random effect of the kth block (1–5) within the ith treatment; c is the lineal effect of the covariate
xijk (seedling height at the beginning of the watering regimen); and εijk is the experimental error.

We analyzed the variation of dry masses and mass fractions including the initial height as
a covariate to correct the bias due to differences in the initial growth [24]. Consequently, the experimental
error of the models was reduced in each case.

2.4.3. Phenotypic Plasticity

For each species, we calculated the plasticity index of a trait due to drought stress effect as [25]:

PI = (V1 − V2)/V1 × 100 (5)

where V1 is the trait mean under the FC treatment; and V2 is the trait mean under the DS treatment.
In species with significant treatment x population interaction (WP), a plasticity analysis for each

population was conducted, plotting the mean value trait by population on a dimensional plane where
the x-axis was the drought stress treatment (DS) and the y-axis was the field capacity treatment
(FC) [26].
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2.4.4. Allometric Analysis

We further used allometric analysis based in log-transformed data to study the changes in root dry
mass compared to the sum of stem and needle dry mass. Differences between the two watering regimes
in slopes and intercepts for the three species with their populations were assessed by parallelism test
using watering regimes [23,27].

2.4.5. Factor Analysis

In order to display the overall performance of the populations tested, we performed, for P. patula
and P. pseudostrobus (species with more than two populations), a factor analysis using a maximum
likelihood method and a Varimax rotation to maximize the variation of factor loadings and to facilitate
the interpretation of the factors. We used variables with highly significant differences in the watering
treatment (model 1): HG, RDM, SDM, SMF and SLA. A Biplot using the values of the factors for the FC
and DS treatments was considered for each population. A correlation coefficient was computed for the
mean values of the populations of the two axes, the plasticity (differences among FC/DS treatments),
and the altitude and rainfall.

All the statistical analyses were performed using SAS software (SAS Institute, Cary, NC, USA) [28].

2.5. Data Access

The data are to be stored in the Zenodo repository, and DOIs are being provided for the various
datasets in the Supplementary Material section.

3. Results

3.1. Response to Watering Regimes

Water stress treatment significantly affected species survival, irrespective of seed origin (Table S1).
Mortality (from the beginning to the end of the drought experiment) ranged from 30% for Pinus oocarpa
to 4% for P. pseudostrobus, with P. patula offering an intermediate value, 12% (Table S2).

Watering produced significant differences for all three pine species in seedling phenotypic changes
(Table 2 and Table S3). Most traits, with the exception of relative biomass allocation to roots (RMF) and
needle biomass (NDM), showed distinct phenotypic changes (i.e., plasticity) in response to drought,
indicating the importance of the watering treatment. We also found differences in the plastic responses
of the species (species by watering interactions). Moreover, data confirmed a general significant
intraspecific variation and intraspecific differences in plasticity, since both population and watering x
population interaction were significant for all the three species.

Table 2. Mean squares and level of significance 1 in the inter-specific analysis estimated for all species
for different functional traits in three Mexican pines.

Trait 2 W S WxS c P(S) B(W)

df 1 2 2 1 14 8
HG 800,680 ** 174,440 ** 31,469 ** - 13,167 ** 5394 **

RDM 588,837 * 122,126 * 103,861 ** 4,820,150 ** 31,919 ** 148,087 **
SDM 1,611,569 ** 112,624 * 88,819 ** 3,649,888 ** 24,332 ** 47,780 **
NDM 1,936,624 ns 3,957,069 ** 168,257 ns 26,807,653 ** 240,005 ** 1,031,535 **
TDM 11,731,955 * 4,778,621 ** 936,486 ** 86,216,460 ** 461,308 ** 2,379,984 **
RMF 0.003 ns 0.055 * 0.010 * 0.022 ** 0.011 ** 0.024 **
SMF 0.214 ** 0.198 ** 0.025 ** 0.020 ** 0.013 ** 0.007 **
NMF 0.167 ** 0.467 ** 0.032 ** 0.086 ** 0.024 ** 0.014 **
SLA 33,146 ** 72,346 ** 1693 ns 33,228 ** 7498 ** 3819 **

1 Mean squares, and Level of significance: ** significant differences (p < 0.01); * significant differences (p < 0.05); ns,
not significant (p < 0.05). 2 HG: height growth increment; RDM: root dry mass; SDM: stem dry mass; NDM: needle
dry mass; TDM: total dry mass; RMF: root mass fraction; SMF: stem mass fraction; NMF: needle mass fraction; SLA:
specific leaf area. W: Watering. S: Species. WxS: Watering x Species interaction. c: Covariate: Initial height for all
traits except for HG. P(S): Population within species. B(W): Block within treatment. df: degrees of freedom.
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3.2. Allocation Patterns

Overall, regression models between root dry mass with stem plus needles dry mass, representing
relative allocation to roots, had a positive relationship with low watering regime. For FC and DS,
regression lines did not share a common trajectory (p < 0.0001) for all three species. However, intercepts
were different for P. patula and P. pseudostrobus (p < 0.0001) but not for P. oocarpa (p = 0.344) (Figure 2,
Table S4).

Figure 2. Allometric regression between RDM with SDM + NDM for field capacity (FC) and
drought-stress (DS) regimes: (a) P. oocarpa, (b) P. patula and (c) P. pseudostrobus. Solid lines, filled symbols
and R2 are for FC treatment while dotted lines, empty symbols and italics R2 are for DS treatment.

3.3. Intraspecific Variation

Height growth increment significantly varied with watering treatment for all study species, the
extent of the change significantly varying for P. patula and P. pseudostrobus populations, but not for
P. oocarpa’s (Table 3). The more plastic traits were related to height growth increment, stem and needle
biomass and specific leaf area (Table 4).

We found differences among populations in many of the analyzed traits, especially those related to
the biomass components, but not for allocation fractions: stem and total biomass in Pinus oocarpa, height
growth increment, total biomass and biomass components and specific leaf area in P. patula, and all
the traits except stem biomass in P. pseudostrobus. For many of those traits that showed a significant
population effect, significant differences in population phenotypic plasticity were detected, indicating
differences among species and populations in response to drought, e.g., population phenotypic changes
in stem and needle biomass in Pinus oocarpa and P. patula, or biomass allocation and specific leaf area
in P. pseudostrobus.

The patterns of phenotypic plasticity among populations were quite contrasting depending on the
trait (Figure 3). The height growth increment showed sharp differences in phenotypic plasticity for two
of the species (P. patula and P. pseudostrobus), with a higher variation for the first species. It is interesting
to notice that for SDM (Figure 3b), Pinus patula populations were quite homogeneous in allocating
biomass to stems despite the differences in height, while the two P. oocarpa populations had quite
different patterns. P. pseudostrobus populations showed differences in phenotypic plasticity for SMF
and SLA, with populations PS05 and PS04 being the most interactive for the two traits (Figure 3d,e).
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Table 3. Mean squares and level of significance 1 in the intra-specific analysis per species for different
functional traits in three Mexican pines.

Trait 2 W P WxP c B(W)

Pinus oocarpa
df 1 1 1 1 8

HG 193,937 ** 517 ns 3106 ns - 4504 **
RDM 411,344 ns 122,364 * 71,980 ns 1,543,789 ** 92,363 **
SDM 515,777 * 122,994 ** 164,325 ** 1,506,868 ** 66,208 **
NDM 1,218,092 ns 385,868 ns 601,087 * 5,944,773 ** 574,158 **
TDM 6,067,398 ns 1,747,874 * 2,099,484 ** 24,086,763 ** 1,575,038 **
RMF 0.008 ns 0.001 ns 0.004 ns 0.001 ns 0.010 ns
SMF 0.012 ns 0.002 ns 0.005 ns 0.007 * 0.003 *
NMF 0.040 * 0.005 ns 0.000 ns 0.013 ns 0.005 ns
SLA 2.156 ns 4 ns 19 ns 2077 ns 502 ns

P. patula
df 1 9 9 1 8

HG 736,102 ** 3460 ** 5617 ** - 2882 *
RDM 329,833 ns 10,358 ns 16,031 * 1,319,554 ** 94,360 **
SDM 1,239,102 ** 14,035 ** 16,812 ** 691,007 ** 16,274 **
NDM 584,235 ns 85,401 ** 61,937 ns 9,253,456 ** 436,834 **
TDM 6,153,728 * 214,427 * 225,448 ** 25,668,546 ** 1,086,400 **
RMF 0.006 ns 0.003 ns 0.002 ns 0.007 ns 0.019 **
SMF 0.372 ** 0.004 * 0.003 ns 0.001 ns 0.007 **
NMF 0.280 ** 0.004 ns 0.003 ns 0.003 ns 0.016 **
SLA 178,790 ** 2949 ** 676 ns 39,736 ** 4007 **

P. pseudostrobus
df 1 4 4 1 8

HG 173,685 ** 34,691 ** 3742 * - 3135 *
RDM 25,352 ns 75,630 ** 18,592 ns 1,940,741 ** 18,583 ns
SDM 272,247 ** 4556 ns 12,154 ns 1,109122 ** 18,678 **
NDM 486,907 ns 665,570 ** 175,298 ns 11,061,214 ** 353,560 **
TDM 1,872,890 ns 924,259 ** 304,728 ns 33,341,014 ** 665,116 **
RMF 0.023 ns 0.035 ** 0.007 * 0.054 ** 0.006 **
SMF 0.075 ** 0.022 ** 0.006 * 0.037 ** 0.003 ns
NMF 0.013 ns 0.057 ** 0.008 ns 0.180 ** 0.006 ns
SLA 64,286 ** 11,042 ** 2603 * 345 ns 1286 ns

1 Mean Squares and level of significance: ** significant differences (p < 0.01); * significant differences (p < 0.05); ns,
not significant (p < 0.05). 2 HG: height growth increment; RDM: root dry mass; SDM: stem dry mass; NDM: needle
dry mass; TDM: total dry mass; RMF: root mass fraction; SMF: stem mass fraction; NMF: needle mass fraction; SLA:
specific leaf area. W: Watering. P: Population. WxP: Watering x Population interaction. c: Covariate: Initial height
for all traits except for HG. B(W): Block within treatment. df: degrees of freedom.

Table 4. Plasticity Index of the traits under the drought stress treatment at the species level in three
Mexican pines (only variables with a Watering significant effect are included).

Trait 1 P. oocarpa P. patula P. pseudostrobus

HG 73.74 57.60 60.08
SDM 43.03 48.94 35.04
TDM - 24.11 -
SMF - 32.60 26.88
NMF −7.74 −10.09 -
SLA - 20.30 19.92

1 HG: height growth increment; RDM: root dry mass; SDM: stem dry mass; NDM: needle dry mass; TDM: total dry
mass; RMF: root mass fraction; SMF: stem mass fraction; NMF: needle mass fraction; SLA: specific leaf area.

3.4. Phenotypic Variation of the Mexican Species Under Full Capacity and Drought Stress Treatments

The two first factors explained 86.09% of the total variation, with the first factor (PC1), related
to stem growth and SLA, explaining 59.85% of the total variation, and the second factor, related to
root and stem dry biomass, explaining 26.24% of it (Table S5). The two treatments clearly differed, all
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populations analyzed showing a similar pattern, mainly due to an increment in stem mass under the
full capacity treatment, although they differed either in the extent of the variation or in the allocation
pattern (expressed in the two axes). The differences were higher for Pinus patula than for P. pseudostrobus.
P. pseudostrobus populations showed a similar performance, PS03 and PS04 behaving similarly under
the two treatments (Figure S2). Pinus patula showed a significant correlation (r = 0.634 *) between
rainfall of the origin and plasticity in PC2 (Figure 4a). In the case of Pinus pseudostrobus, the value was
significant (r = 0.823 *) in the case of PC2 (Figure 4b).

 

Figure 3. Analysis of plasticity by species for growth variables and biomass components with significant
response to watering treatment in (a) HG: height growth increment; (b) SDM: stem dry mass; (c) TDM:
total dry mass; (d) SMF: stem mass fraction; and (e) SLA: specific leaf area (P. oocarpa = �, P. patula = ♦
and P. pseudostrobus = Δ). Bars indicate the standard errors in the two treatments.
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Figure 4. Relationships among rainfall (MAP, data from Table 1) with (a) plasticity of Principal
Component 2 for P. patula ( ); and (b) mean of Principal Component 2 for P. pseudostrobus( ).

4. Discussion

This paper evaluates the variation in growth and biomass allocation in seedlings of three Mexican
pines grown under two contrasting watering regimes. The results showed inter- and intraspecific
variation in seedling drought tolerance, which confirms our hypothesis that the watering regime had
a significant effect in phenotypic changes for plants of Pinus oocarpa, P. patula and P. pseudostrobus.
All species and populations shared a common general avoidance mechanism (increasing water
uptake and reducing water loss [29]) in relation to changes in their allocation patterns, but the
intraspecific variation and differences in phenotypic plasticity among populations modified the
adaptation strategies of the species to drought. The sampling scheme allowed us to detect differences
among geographically close populations, with strong implications for forest management.

Our study is limited to moderately stressful experimental conditions, as we were dealing with
species and populations that differ in their tolerance to water stress, but in accordance to the climatic
scenarios predicted by 2030 [1]. Our results evidenced the existence of an avoidance mechanism in the
face of drought stress at the seedling stage, which is the most critical in both the natural and artificial
regeneration methods. The existence of watering x population interaction in many traits implies
differences in the genetic responses of the populations that are important for the in situ adaptation of
the species, due to the possible selection of reaction norms. Experiments under more intense water
stress, that is, more stressful conditions than those predicted for the next generation, could result
in hidden reaction norms, i.e., responses of the populations not described previously [30]. Another
caveat of the study is that maternal environmental effects at the seedling stage significantly modulate
variability in the trees growing in the stressful environment [31]. However, we minimized the impact
of these effects by using the initial height as a covariate. Finally, we focused our experiment in
a restricted area, using a limited number of samples (in the case of P. oocarpa, only two, to avoid biases
due to taxonomic errors in the identification, see Materials and Methods). The sampled populations,
however, cover the range of mean temperature and rainfall of the study area (Table 1). We addressed
the level and patterns of variation of close-together populations in the same region as a means to
infer genetic resources management recommendations in the study area. We are not able, however,
to provide estimates of the level of genetic variation of the species, which is largely dependent on the
sampling scheme.

The adjustment to drought stress treatment in the Mexican pines analyzed mainly involved
allometric changes by reduction of aerial biomass, although it is interesting to point out that root
allocation was not significantly affected, and neither was needle dry biomass. Seedling allometric
changes, linked to low water availability in the soil [32], are associated to particular physiological
processes, including changes in photosynthetic and transpirational capacities, that depend on the
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level of stress [6]. A reduction in SLA, an important functional trait related to leaf assimilation
capacity [33], was also observed. Such reduction in SLA under water-stress conditions has been
repeatedly reported in seedling experiments (e.g., P. canariensis [34], P. halepensis [35]), under similar
experimental conditions. SLA changes were due to shifts in the watering regime [36], and seedlings
from drought-tolerant seed sources showed greater reductions in needle size, area per needle and
stomata per needle than seedlings from non-tolerant sources [37].

The three species analyzed did not behave similarly, and presented significant differences in
the level of intraspecific variation and phenotypic plasticity under water stress treatment. P. oocarpa
showed the highest mortality, growth reduction and needle biomass fraction increment. P. oocarpa
seemed the least tolerant to water stress, while P. pseudostrobus was the most tolerant. The climatic
information from the sampled populations (and from the species in the area of study) is not exactly
coherent with this behavior, since P. oocarpa lives under higher annual temperatures (18.8 ◦C) and
rainfall (1205 mm) than the other two species (14.3 ◦C and 982 mm for P. patula, and 12.6 ◦C and
1145 mm for P. pseudostrobus). Therefore, climatic data (temperature and rainfall) cannot be solely
relied upon in predicting drought tolerance in forest species, especially when dealing with populations
from a restricted area, where other factors and climatic variables could have shaped local adaptation,
determining the behavior of each species [38–40].

For the three species, several patterns have been described for the relationship between the
ecological conditions and the performance in field or in greenhouse experiments of the species,
indicating that these relationships depend both on the species and the experimental conditions
(sampled material and site). In many cases there is a maximum (or minimum) of the performance
at a given ecological (rainfall, altitude) value. For P. oocarpa seedlings, the occurrence of a seedling
stage was high whenever the rainfall at the seed origin was less than 1250 mm. The ability to
form a lignotuber (storage root typical from seedling-stage pines) is probably an adaptation to dry,
fire-frequented environments [41]. Height growth was related to the altitude, rainfall and dry season of
the seed origin [41], and the greatest growth would occur in populations originating from 1255 m a.s.l.,
with populations from either lower or higher altitudes having a lower growth [42]. Pinus patula
provenances from lower altitudes showed higher growth and a larger number of shoots cycles than
provenances from higher altitudes [43,44]. However, in a greenhouse-provenance trial, seedlings
showed slightly higher growth potential in provenances from mid-altitude (2700 m a.s.l.) than those
provenances originated in altitudinal extremes (2400 and 3000 m a.s.l.) [45]. Pinus pseudostrobus
populations from lower altitudes (2300–2400 m a.s.l.) presented poorer health than populations from
intermediate altitudes (2700 m a.s.l.), and those populations from altitudinal extremes (2300 and
2900 m a.s.l.) presented the lowest percentages of germination, while the highest germination rate
corresponded to 2700 m a.s.l. [46].

Intraspecific variation will influence the strategies of the species at two main levels: genetic
variation and differences in the plastic response of the populations. The three species showed
significant levels of intraspecific variation within the sampled area, with P. oocarpa, for which only two
populations were sampled, having a largest level of genetic variation, the two populations differing
in phenotypic plasticity in response to drought stress. It has been reported that populations from
low altitudes tend to show higher growth potential than trees from populations originating at higher
altitudes [42], and that populations from altitudes of origin above 1000 m a.s.l. are less drought-tolerant
than those of below 1000 m a.s.l. [47]. It is quite likely that populations (and species) from low altitudes
have a more conservative growth strategy, related to the avoidance of drought stress [9,48]. However,
at our sampling scale, the population from the high altitude (OC02) was more tolerant to drought
stress, as indicated by its lower mortality, and its better stem biomass adjustment under our two
watering regimes.

Pinus patula populations showed a significant among-population variation in most of the traits
related to stem growth and SLA, and they also differed in levels of phenotypic plasticity for those
traits, although not for SLA. It has been reported that P. patula provenances from lower altitudes have
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a higher growth [43]. In our study, there is a correlation among seed origin rainfall and the mean value
of the first factor (r = 0.65), related to stem mass fraction, and SLA and the plasticity in the second
factor (r = 0.63), related to root and stem dry biomass, indicating that even at local scales there is
an adaptive pattern to climate of the integrated phenotypes.

P. pseudostrobus also showed intraspecific differences in traits related to stem biomass, and SLA,
but also significant differences in phenotypic plasticity among populations. We found a correlation
of the mean value of the populations in the factor 2 (r = 0.82 *) related to root and stem dry biomass.
The low sampling size (5 populations), could influence the lack of significance of the factor 1 (r = 0.65 ns)
and the plasticity of the factor 2 (r = 0.68 ns). The linear relationships described in this study can also be
caused by the sampling area, as we cannot discard a more complex performance (as the ones described
in the studies previously mentioned), when expanding the study area. It is interesting to notice that
populations from western Mexico did not have significant genotype-environment interaction [49,50],
when tested in close-by test sites. Therefore, estimating intraspecific differences in terms of adaptability
at local scales will require an estimate of among-population genetic differences in terms of genetic
phenotypic plasticity [51] in a larger number of populations.

The implications for forest genetic resources management are related to the natural and artificial
regeneration of the species and conservation of genetic resources. In the TMVB, the populations of
the species differ in adaptability to drought stress, and our ability to predict the responses requires
a sufficient sample size, that is, at spatial scales significant for forest management we can detect
differences in genetic variation and patterns of performance related to the climate of origin. In the
case of P. oocarpa, even two very close populations performed differently and, for the other two
species, the existence of intraspecific variation (population and drought-by-population interaction)
justifies the use of local material in afforestation programs [52]. More productive allochthonous basic
materials could be used in the region, ensuring that native populations were not introgressed with
this potentially non-adapted material [53]. This study also shows the importance of the area for the
genetic conservation of the species, as some conservation units can be selected having differential
value in terms of adaptation for the future climatic conditions [54]. Also, our results show that,
at early developmental stages, genetic differences in survival are important, depending on the species,
and therefore silvicultural treatments must be taken into consideration to favor different biomass
allocation (e.g., by reducing competition or light) [55]. Managing the genetic resources within a region,
therefore, needs not only information at the species level, but a more precise information about major
variation patterns of their populations, as the effects will affect the future adaptation and performance
of the species in the area considered.

5. Conclusions

We confirmed that even at reduced geographical scales, Mexican pines present differences
in the response to water stress. The responses differed among species, including the allometric
phenotypic changes in biomass allocation (plasticity), the genetic differences among populations,
and the differences in phenotypic plasticity among populations. Testing three different species that
presented differences in water stress tolerance, allowed us to detect different strategies of avoidance
(mainly changes in allometry, but also changes in needle structure for some of the populations),
and some patterns of species response. These differences are relevant not only in afforestation programs,
but also in genetic conservation activities.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/9/2/71/s1:
Table S1, Analysis of survival in the drought experiment for the three species. Table S2, Values of survival and
ontogenic stages recorded per population. Table S3, Mean (± standard errors) for growth variables and biomass
fractions for the two watering treatments (FC/DS). Table S4, Analysis of unequal slope and intercept estimated
among watering regimes by species. Table S5, Percentage of the total variance explained by components and
weights obtained among their variables. Figure S1, Germination speeds for P. oocarpa (OC), P. patula (PA) and P.
pseudostrobus (PS) and among their populations (OC01-02; PA01-04, 06-09, 11-12; PS01-05). Figure S2, Biplot off
the variables (X) and populations on the plane defined by the two Principal Components, for P. patula ( ) and P.
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pseudostrobus ( ). Filled symbols and population’s number represent FC treatment, while empty symbols and
underlined population’s number represent DS treatment. Also, the database of the four Pines species is available
at: https://doi.org/10.5281/zenodo.1162044.
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Appendix A

Experimental Details

Populations: These are described in Table 1 and located in Figure 1.
Germination: Three hundred seeds per population were soaked in hydrogen peroxide (H2O2,

1:5 v/v) for 15 min, then rinsed twice and soaked in distilled water for 24 h. Seeds were then
sown in trays containing moistened rock wool and covered with plastic film. Trays were placed
inside a germination chamber at 25 ± 1 ◦C and 60 ± 5% relative humidity and 8-h photoperiod.
The germination was recorded three times a week and then used to calculate the germination curve
parameters (total germination in %, speed) based on a sample of 60 seeds per population. Germination
for three species started at 3 days, P. oocarpa and P. pseudostrobus having a higher germination rate than
P. patula.

Container characteristics: Fifty seedlings from each population were transplanted into individual
plastic containers, except from P. patula populations (PA02, PA07 and PA08), which had a low
germination rate. We used 250 cm3 individual plastic containers with a mixture of peat moss and
vermiculite substrate (3:1 v/v). All the containers were equally filled. This container size was big
enough to avoid root restriction, given the short duration of the experiment [17].

Experiment design: The seedlings were installed in a greenhouse with temperature control (see next
section for details). Plants were arranged in a randomized complete block design, with 5 seedlings per
block, and 5 blocks in each of the two watering treatments (25 seedlings per treatment). Two different
growing phases were established to hasten ontogenetic changes, differing in temperature and
photoperiod. Seedlings were maintained in a slow-growth phase over 135 days from November
to March (8 ± 2 ◦C and 60 ± 5% relative humidity), and then cultivated in a normal-growing phase
from April to June (24 ± 2 ◦C and 80 ± 5% relative humidity). Both growth phases were implemented
at the greenhouse. During this second growing phase, seedlings were submitted to two watering
treatments during 90 days.

Greenhouse controlled conditions: See Table A1.

Table A1. Phases and greenhouse conditions for species studied.

Slow-Growth Phase Normal-Growth Phase

Duration 135 days, November-March 90 days, April to June
Position of the trays with respect to the solar angle west to east west to east
Temperature 8 ± 2 ◦C 24 ± 2 ◦C
Photoperiod Short days Long days
Irrigation system misting nozzle misting nozzle
Watering amount Full capacity Two watering regimes
Relative humidity 60 ± 5% 80 ± 5%
Heat shield 40–50% reflecting radiant heat 40–50% reflecting radiant heat
Fertilization Peter’s 20-20-20 -N-P-K Peter’s 20-20-20 -N-P-K
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Watering was determined by weighing every second day 25 pots randomly chosen from each
treatment (50 in the first phase). The two watering regimes were established based on the mean
saturation level of the substrate: 90–100% on FC and 35–45% on DS treatments.
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Abstract: Mediterranean islands have served as important Tertiary and glacial refuges, hosting
important peripheral and ecologically marginal forest tree populations. These populations,
presumably harboring unique gene complexes, are particularly interesting in the context of climate
change. Pinus brutia Ten. is widespread in the eastern Mediterranean Basin and in Cyprus in particular
it is the most common tree species. This study evaluated genetic patterns and morphoanatomical
local adaptation along the species geographical distribution and altitudinal range in Cyprus. Analysis
showed that the Cyprus population of P. brutia is a peripheral population with high genetic
diversity, comprised of different subpopulations. Evidence suggests the presence of ongoing
dynamic evolutionary processes among the different subpopulations, while the most relic and
isolated subpopulations exhibited a decreased genetic diversity compared to the most compact
subpopulations in the central area of the island. These results could be the consequence of the small
size and prolonged isolation of the former. Comparing populations along an altitude gradient, higher
genetic diversity was detected at the middle level. The phenotypic plasticity observed is particularly
important for the adaptive potential of P. brutia in an island environment, since it allows rapid change
in local environmental conditions.

Keywords: Mediterranean; island; isoenzymes; marginal and peripheral forests; forest tree genetics;
genetic structure

1. Introduction

The islands of the Mediterranean basin comprise one of the 36 terrestrial biodiversity hot spots of
the world and are characterized by high diversity of landscape and vegetation types due to the complex
historical biogeography and the profound environmental heterogeneity [1,2]. Mediterranean islands
contain a significant component of Mediterranean biodiversity, notably a number of range-restricted species
and unusual vegetation types [3,4]. The vegetation types usually considered as “typically Mediterranean”
are the evergreen and sclerophyllous shrublands and forests under semi-arid or subhumid bioclimates,
corresponding to thermo-mediterranean and meso-mediterranean vegetation belts [4]. Although the
majority of Mediterranean islands are “continental islands” (that is, they became progressively isolated
from the mainland and from each other by a complex combination of tectonic and glacio-eustatic processes),
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there are also cases of Mediterranean “oceanic islands” in the geological sense which were part of mainland
(such as islands that emerged from the bottom of the sea) (see previous papers [3,5]). Thus, “oceanic
islands” often present lower richness of biodiversity elements compared to “continental islands” [6], while
the genetic background of their wild populations could be restricted, due to isolation, small population,
founder effects, bottlenecks, low effective population sizes, and genetic drift [7].

The Mediterranean islands have served as important Tertiary and glacial refuges, and, hence,
Mediterranean islands possess highly polymorphic species and vicariant endemic plants which emerged
from more or less recent speciation events [6,7]. The geographic isolation and the environmental
heterogeneity of the Mediterranean basin have favored diverse evolutionary processes of gradual
speciation of plants, such as genetic drift or adaptive radiation (see previous papers [4,8,9]). These
features indicate the role of the wild populations of flora and fauna species in the Mediterranean islands as
important peripheral (and marginal) populations. Currently, the value of peripheral forest tree populations
is of particular interest in the context of climate change [10]. These populations may concurrently be those
where the most significant evolutionary changes will occur; those with increasing extinction risk; the
source of migrants for the colonization of new habitats at leading edges; or the source of genetic variation
for reinforcing existing genetic variation in various parts of the range [10].

Several authors argued that demographic and evolutionary processes shape peripheral
populations differently, compared to populations at the core of the distribution, depending on their
situation in the geographic space [11–13]. Thus, whether leading edge populations are diverse enough
to efficiently contribute to colonization will depend on their interpopulation gene flow and the amount
of gene flow from core populations [10]. The Mediterranean island forest tree populations are identified
as geographically peripheral populations, since they are found at the rear edge of distribution areas;
indeed an increasingly unfavorable climate may lead to their ecological marginalization, with drastic
consequences for their survival [10].

Brutia pine (Pinus brutia Ten.), along with Aleppo pine (Pinus halepensis Mill.) form a distinct group
(Group Halepensis) within the Eurasian hard pines; their combined geographic distribution reflects their
prominence among low-elevation Mediterranean forest species [14]. Pinus brutia Ten. is a coniferous
species confined mainly to the Eastern Mediterranean region (incl. Greece, Turkey, Cyprus, Syria, and
Lebanon), and can also be found in Iraq and Iran [15,16]. P. brutia grows under several variations of the
Mediterranean climate [15], on a wide range of soil types [17,18], while it is recognized for its adaptation
to drought and alkaline soils [19,20]. In addition, P. brutia is able to form stable vegetation associations
with broad-leaved species [21,22], a characteristic which has led to an increased interest in the species for
commercial plantations, illustrated by breeding and provenance trails carried out in various countries in
the Mediterranean region [14,23,24] and even in wider geographical ranges [20,25,26]. The P. brutia forests
correspond to habitat type “9450 Mediterranean Pine Forests with Endemic Mesogean pine” according
to the European Directive 93/42/EC. Despite the fact that the largest area covered by P. brutia occurs in
Turkey (3.8–5.4 million ha) [16,27,28], the conservation interest nowadays focuses on the geographically
peripheral and ecologically marginal populations of this species.

The present study examines the genetic and ecological processes acting on the peripheral
population of P. brutia in Cyprus, an oceanic island as defined above, located at the southern edge of
the species’ distribution. Thus, the current study examines possible genetic and morphoanatomical
responses of P. brutia in relation to (i) its geographical distribution within the island of Cyprus and
(ii) its distribution in different altitudes. Therefore, this study is an attempt to pursue a genetic and
morphoanatomic analysis at a landscape scale, following a refined longitudinal, latitudinal, and
altitudinal sampling within an island environment. Its outcomes will be invaluable in delineating
a conservation strategy for mitigating adverse effects of global warming on the potential growth
and survival of P. brutia forests in Cyprus and their genetic resources. The outcomes from this study
will also contribute in obtaining more knowledge on the evolutionary capacity of geographically
peripheral and potentially ecologically marginal populations of coniferous species, under the island
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environment (biogeography) and their adaptability to changing conditions, as well as the impact of
altitude gradients on population genetic structure within the island ecosystems.

2. Material and Methods

2.1. The P. brutia Forest in Cyprus

In Cyprus the thermophilous pine forests with P. brutia is the most extensive and widespread forest
type, occurring in all mountainous areas from dry to subhumid climates (0–1.400 m), covering 66% of
island-wide forest land (~88,790 ha) [29]. The Troodos range is well covered with dense pine forests,
which attain their best development in Pafos forest (60,159 ha), where the largest unfragmented and
best conserved P. brutia forests are found. According to the Rivas–Martínez bioclimatic classification,
Cyprus has a Mediterranean Mesophytic to Xerophytic–Oceania bioclimate with zones ranging from
Thermo-Mediterranean–semi-arid (lowlands) to supra-Mediterranean-humid (Troodos) [30].

2.2. Sampling Design

For the purposes of the current study, sampling was carried out in the central and main mountain
range of the island, namely the “Troodos Mountain range”. Sampling covered a distance of 90 km
longitudinal and 45 km latitudinal (Figure 1) and was implemented in the six forests, as these are
defined by the Department of Forests, namely: Akamas forest, Pafos forest, Troodos forest, Adelphi
forest, Limassol forest, and Macheras forest (referred to as “subpopulations”, see Table 1 & Figure 1).
Plant tissues were collected from adult trees 50–70 years old (see Table 1) at a distance of 200 m
in order to avoid genetic kinship. Within Pafos forest, sampling adopted ecological parameters,
namely: (i) altitudinal subpopulations (altitude zones of 400 m, 800 m, and 1200 m—referred to
as “altitudinal subpopulations”) and (ii) different aspects, namely the northeast and the southwest
orientation (referred to as “aspect subpopulations”). P. brutia forest is the dominant vegetation in Pafos
forest (size: 60,159 ha), shaping the best growing P. brutia forest on the island, covering a large area of
forest from near-sea-level up to the peak of Tripylos at 1352 m. These characteristics allow a detailed
assessment of genetic structure reflecting the dynamic effect of differential adaptation within Pafos
forest (which is distinguished in three altitudinal subpopulations and two aspect subpopulations). The
altitudinal subpopulations within Pafos forest were defined based on the Rivas–Martínez bioclimatic
classification of Cyprus’ bioclimatic zones [31], where: (i) 0–400 m a.s.l. corresponding to the Hot Arid
to Mild Arid bioclimatic belt, (ii) 400–800 m a.s.l. corresponding to the semi wet mild bioclimatic belt
and (iii) 800–1300 m a.s.l. corresponding to the semi wet cool to cool wet bioclimatic belt.

Table 1. Geographic location of samples along the Troodos mountain range and sample size per
sampled subpopulation.

Location (Abbr.)
Distribution

Area } (ha/km)

Elevation
Range (m)

Sample Size

Genetic Analysis Morphoanatomical Analysis

No.
Trees

No. Mega-
Gametophytes

No.
Trees

No.
Cones

No.
Seeds

No.
Needles

Macheras (Mach) 5583 ha 400–1200 60 50 60 180 540 180
Limassol (Lim) 7896 ha 800–1200 60 50 60 180 540 180
Akamas (Aka) 5743 ha 400 25 150 * 25 75 225 180
Adelphi (Ade) 12,826 ha 400–1200 60 50 60 180 540 180
Troodos (Tro) 8843 ha 400–1200 60 50 60 180 540 180

Pafos North (PaN) 37,794 ha 400–1200 60 172 60 180 540 180
Pafos South (PaS) 22,365 ha 400–1200 60 178 60 180 540 180

Pafos z.400 (PaZ.400) 320 km 400 60 100 60 180 540 180
Pafos z.800 (PaZ.800) 438 km 800 25 150 * 60 180 540 180

Pafos z.1200 (PaZ.1200) 35 km 1200 60 100 60 180 540 180
Total 580 1050 565 1695 5085 1695

} Distribution area corresponds to the area that is covered by sampled “subpopulation” and estimated either
in ha in case of extended forest area or in km in case of specific altitude zone. * For the Aka and PaZ.800
the 150 megagametophytes resulted by the collection of six (6) seeds per tree from 25 different trees. For
the rest “subpopulations” the sampling of seeds for genetic analysis was done as described in Section 2.3.
Abbr.: Abbreviation.
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Figure 1. The distribution of sampled subpopulations of Pinus brutia in Cyprus.

2.3. Assessment of Genetic Diversity and Structure

For assessing the patterns of genetic diversity at both intra- and intersampling levels, three
wind-pollinated cones were collected from the middle of the trees’ crown (Table 1), based on the
assertion that at the middle-to-high range of a tree’s crown the possibility of autogamy (self-fertilization)
is much lower (practically absent) than at the low level of the crown [32]. In continuation all
sampled seeds from each “subpopulation” were bulked, and, hence, bulked seed material was
obtained for further genetic analyses (Table 1). The genetic diversity in P. brutia from Cyprus
was assessed based on haploid megagametophytes from germinated seeds assayed by isoenzyme
horizontal starch gel electrophoresis. Isoenzyme analysis provides a nonrandom sampling of expressed
genomic sequences and has proven invaluable in population genetic analysis over many decades
of implementation. The protocols of Conkle et al. [33] and Cheliak and Pitel [34] were used to
study the following enzyme systems: aspartate aminotransferase (AAT; EC 2.6.1.1), glutamate
dehydrogenase (GDH; E.C.1.4.1.2), leucine aminopeptidase (LAP; E.C.3.4.11.1), and phosphoglucose
isomerase (PGI; E.C.5.3.1.9), menadione reductase (MNR; E.C.1.6.99.2), isocitrate dehydrogenase (IDH;
EC.1.1.1.42), malate dehydrogenase (MDH; E.C.1.1.1.37), and 6-phosphogluconate dehydrogenase
(6PGD; E.C.1.1.1.44).

In order to assess Mendelian inheritance in P. brutia in Cyprus, six megagametophytes from
each sampled tree of the Akamas (Aka) subpopulation and the altitudinal subpopulation PaZ.800
were used to derive the genotype of the (maternal) tree. Furthermore, the observed heterozygosity
(Ho) and the expected heterozygosity (He) for these subpopulations were also estimated, based on
the formulas by Nei [35,36]. In addition, the Hardy–Weinberg equilibrium (HWE) was calculated
for these two subpopulations, as well as their genetic heterozygosity. The significance level of HWE
was estimated based on the differentiation between observed and expected frequency of genotypes
(as this was observed in each of the two subpopulations) using the chi-squared (X2) statistic test.
These subpopulations were chosen since both showed specific ecological and demographic features
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according to the national forest inventories of the Department of Forests (1981; 1991; 2001; 2011):
The Aka subpopulation represents the driest and most degrading pine forest in Cyprus, while the
subpopulation PaZ.800 corresponds to the altitude zone which is classified as the best ecological niche
of the species growing in Cyprus.

For all sampling levels (subpopulations, altitude subpopulations, and orientation subpopulations)
the multilocus intra-level genetic variation was assessed by the: percentage of polymorphic loci (PPL),
observed number of allelic (Na), effective number of allelic (Ne), Shannon’s index (I), and genetic
diversity (HE). Regarding the Pafos forest, the above measures were calculated as the mean values
from the different subpopulations (i.e., altitude subpopulations and orientation subpopulations). The
software GenAlEx 6.5 [37] was used for the calculation of the above interpopulation measures.

The intersampling level genetic diversity was assessed at three levels: (i) all sampled
subpopulations, (ii) range-wide subpopulations (including all sampled subpopulations but without the
altitude subpopulations), and (iii) altitudinal subpopulations. Furthermore, the subpopulations genetic
structure was investigated using a Bayesian model-based clustering analysis [38], as implemented
in the Structure v 2.3.4 software [38]. Bayesian analysis was performed using the admixture and the
frequency-independent allele models with 50,000 Markov chain Monte Carlo (MCMC) steps and 10,000
burn-in periods. The number of K was set (i) from 1 to 15 when all subpopulations were included in
the analysis, (ii) from 1 to 9 when the range-wide subpopulations were included, and (iii) from 1 to 5
when the three altitudinal subpopulations were included; for all runs each value of K for each case
was run by three replicates. Post-processing of Structure software’s results, for selecting the optimum
number of clusters (K) based on the Evanno method [39] and producing the graphical output, was
implemented using the software CLUMPAK [40].

The genetic structure was also examined using a hierarchical analysis of molecular variance
(AMOVA) as this is applied in software GenAlEx 6.5 [37], while its significance level was computed
using 999 permutations. As in the previous investigation, the AMOVA was performed at three different
levels (all sampled subpopulations, range-wide subpopulations and altitudinal subpopulations). At
the range-wide subpopulations level AMOVA was implemented by subdividing the sampling locations
into six “Groups” (i.e., each group corresponding to each sampling forest), while for the range-wide
subpopulation the analysis was performed into two hierarchical levels. In addition, the hierarchical
levels of genetic structure were also investigated at the marginal subpopulations, where two separate
AMOVA runs were carried out: one for the three altitude gradient subpopulations, and one for the
two orientation subpopulations.

The genetic relationships among sampled subpopulations (all sampled subpopulations,
range-wide subpopulations, and altitude gradient subpopulations), were analyzed by means of
a cluster analysis based on the unweighted pair group method with arithmetic mean (UPGMA) and
the genetic distance of Nei [41], using the software TFPGA (version 1.3) [42]. Bootstrap values for
the dendrogram were generated using the same software, after 10,000 replications over individuals.
Visualization of the genetic structure, at multivariate space was carried out based on a Principal
Coordinate Analysis (PCoA) using the GenAlEx 6.5 [37].

Finally, the correlation between the three altitudinal subpopulations (PaZ.400, PaZ.800, and
PaZ.1200) and their allele frequencies was investigated by the Spearman’s rank correlation coefficient;
using software SPSS 20.0 (SPSS Inc.®, New York, NY, USA).

2.4. Assessment of Morphoanatomical Diversity and Structure

The morphoanatomical variation of P. brutia in Cyprus was investigated using needles and cones.
Three branches and three cones were collected from each sampled tree. For cones the following
morphological traits were measured: cone length (CLen), cone width (CWid), and the ratio of cone
length/width (CLen/CWid). From each of the measured cones three seeds (from the middle-part
of the cone) were selected for measuring the morphological traits: seed length (SLen), seed width
(SWid), length of seed’s wing (SWing), and the total length of seed and wing (SLenWing). Needles
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were collected from the north side and middle part of tree crowns and three needles (two-years-old)
from each sampled tree were used to measure 13 morphoanatomical traits: length of needle sheath
(NShLen), needle length (NLen), needle width (NWid), needle thickness (NThic), number of resin ducts
(internal side—NResIn), number of resin ducts (dorsal side—NResDo), total number of resin ducts
per needle (NResTot), number of stomata rows (dorsal side—NStomDo), number of stomata rows
(internal side—NStomIn), total number of stomata rows per needle (NStoRow), number of stomata per
row (NSto/Row), total number of stomata per 1 cm2 of needle (NStom), and number of needle teeth
(NTeh). For 10 out of the 13 of the needle morphoanatomical traits, that is, apart from NLenSh, NLen,
and NWin, measurements were carried out at the middle of the needle length, while the anatomic
traits were measured using a stereoscope (magnification: 2 × 40).

The software SPSS 20.0 (SPSS Inc.®) was used to assess morphoanatomical trait variation from
all sampled subpopulations at the intra- and intersampling location levels. For each trait and in
each sampled subpopulation the following descriptive statistics were calculated: mean (μ), standard
deviation (SD), and coefficient of variation (CV). The Spearman test was used to assess the correlation
between the morphological and anatomical traits and to evaluate the correlation between traits and
altitude within the Pafos forest. Furthermore, to assess morphoanatomical variation at the multivariate
space level a principal component analysis (PCA) was used. The new independent components that
were formed with eigenvalues above unity (>1) were used for the estimation of Euclidean distances
among the sampled subpopulations. In order to visualize the classification patterns, in each of the
three levels of sampling (all sampled subpopulations, range-wide sampled subpopulations, and
altitudinal subpopulation) an unweighted pair group method with arithmetic average (UPGMA)
dendrograms was constructed based on the morphological Euclidean distances (morphoanatomical
distance), using the software NTSYS-pc 2.0 [43]. In addition, the hypothesis that trees belonging
to their original sampled subpopulation are morphologically and anatomically similar was tested,
using back-grouping, a nonparametric classification method analogous to discriminant analysis [44,45].
Finally, a Mantel test [46,47] was performed in order to investigate the possible relationship between
morphoanatomical distance and genetic distance using also NTSYS-pc 2.0 [43].

3. Results

3.1. Genetic Diversity and Subpopulations Structure of P. brutia in Cyprus

Eight enzyme systems encoded by 10 loci (enzyme systems AAT and MDH encoded two loci each:
AAT-1, AAT-2, MDH-1, and MDH-2) were analyzed. Nine out of 10 loci were found to be polymorphic.
Six loci (AAT-1, AAT-2, LAP, GDH, MDH-1, and IDH) presented two alleles, two loci (PGI and MNR)
displayed three alleles, and one locus (6PGD) showed four alleles. Remarkably, one out of the three
allelic detected in locus MNR was found in subpopulation PaN and in the altitudinal subpopulation
PaZ.800, and one out of the two alleles of locus IDH was found in subpopulation PaN and in the
altitudinal subpopulation PaZ.1200. In the locus-by-locus analysis the genetic diversity (HE) ranged
from 0 (for IDH in PaZ.400 & PaZ.800 & the monomorphic MDH-2) to 0.66 (for 6PGD in PaZ.800);
the latter exhibited the highest mean genetic diversity (HE = 0.631) (Table S1). However, the highest
average number of allelic (Na = 2.667) was detected in locus PGI (Table S1).

Mendelian inheritance was verified for seven out of the nine polymorphic loci (see Table S2
for more details), where X2 and p > 0.05 at a 99% CI were tested. The outcomes from this analysis
support the absence of segregation distortion of the tested loci (except for LAP where segregation
distortion was found) (see Table S2). The Hardy–Weinberg equilibrium (HWE) was also calculated for
the two subpopulations (Akamas and PaZ.800) where the Mendelian inheritance was investigated.
Both subpopulations were under HWE for most of the study loci, since loci MNR-1 and LAP-1 showed
nonsignificant HWE for the Aka subpopulation and the locus LAP-1 was not significant in PaZ.800.
Based on individuals’ genotype, the overall genetic diversity of Aka subpopulation was estimated:
observed heterozygosity (Ho) = 0.164, expected heterozygosity (He) = 0.216, and the value of inbreeding
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(Fis) = 0.241. The level of genetic diversity for PaZ.800 was slightly higher (Ho = 0.216) and the
He = 0.242, while the Fis was almost half (Fis = 0.107).

Assessment of multilocus genetic diversity within each of the sampled subpopulations (Table 2)
showed that PaN and PaZ.1200 have the highest PPL value (90%), whereas Mach, Lim, and Tro the
lowest PPL value (60%). PaN was the subpopulation with the highest number of allelic per locus
(Na = 2.300) and Lim the one with the lowest (Na = 1.700). The effective number of alleles (Ne) was
the lowest in Lim (Ne = 1.300), but relatively similar for two out of the ten subpopulations (PaN,
Ne = 1.415 and Paz.800, Ne = 1.464). In overview, PaZ.800 presented the highest genetic diversity
(I = 0.418 and HE = 0.244) and Lim the lowest (I = 0.269 and HE = 0.170). Notably, in Pafos forest (PaN,
PaS, PaZ.400, PaZ.800, and PaZ.1200) the overall mean genetic diversity is PPL = 84%, Na = 2.160,
Ne = 1.397, I = 0.373, and HE = 0.217. The present study detected the total genetic diversity of P. brutia
in Cyprus as PPL = 90%, Na = 2.300, Ne = 1.421, I = 0.381, and HE = 0.220.

Table 2. Patterns of genetic variation at multilocus level over subpopulations in P. brutia in Cyprus.

Subpopulation
Genetic Parameters

PPL Na Ne I HE

Mach 60% 1.800 1.435 0.331 0.203
Lim 60% 1.700 1.300 0.269 0.170
Aka 70% 2.000 1.442 0.371 0.217
Ade 80% 2.100 1.473 0.393 0.242
Tro 60% 1.800 1.430 0.335 0.214
PaN 90% 2.300 1.415 0.393 0.228
PaS 80% 2.100 1.415 0.375 0.220

PaZ.400 80% 2.000 1.375 0.350 0.209
PaZ.800 80% 2.200 1.464 0.418 0.244
PaZ.1200 90% 2.200 1.315 0.327 0.186
Overall 90% 2.300 1.421 0.381 0.220

PPL: % of polymorphic loci; Na: Number of allelic per locus; Ne: Effective number of allelic; I: Shannon’s index;
HE: Genetic diversity.

Furthermore, when only the samples of altitudinal subpopulations were considered, PaZ.800
presented the highest genetic diversity and PaZ.1200 the lowest, although the latter presented the
highest presentence of polymorphic loci and a relatively high number of alleles per locus (Table 2).

The Bayesian clustering analyses were performed at three levels, nevertheless results were not
explicitly clear. Analysis of all subpopulations, showed the highest Evanno’s ΔK index for K = 2 (with
relatively high statistical support; ΔK = 55.64), while two more K values demonstrated a trend of
grouping, but with low statistical support of ΔK index, K = 5 (ΔK = 13.01) a number corresponding
to the geographic origins of sampled subpopulations and K = 10 (ΔK = 10.05) a number equal to the
sampled subpopulations (Figure 2a(i)). Similar outcomes were recorded when the Bayesian analysis
was performed including the range-wide subpopulations, by recording the highest Evanno’s ΔK index
for K = 2 (with high statistical support; ΔK = 81.81) and a further peak on the graphical illustration
of ΔK in K = 7 (ΔK = 30.62), a number equal to the range-wide subpopulations unit (all sampled
subpopulation without the PaZ.400, PaZ.800, and PaZ1200) (Figure 2a(ii)). Bayesian clustering analysis
was implemented in the altitudinal subpopulations, revealing three distinct clusters (K = 3; ΔK = 56.25)
(Figure 2a(iii)).
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(a) 

   
(b) 

Figure 2. Bayesian cluster analysis of the optimum K clusters. (a) The optimal number of clusters (K)
based on the Evanno method: (i) all sampled subpopulations, (ii) range-wide subpopulations, and
(iii) altitudinal subpopulations. (b) Bar plot with individual mosquitoes represented as vertical bars
colored in proportion to their assignment to clusters inferred at (i) all sampled subpopulations—K = 2,
(ii) range-wide subpopulations—K = 2, and (iii) altitudinal subpopulation—K = 3.

The AMOVA showed that most of the genetic variation occurs within the sampled subpopulations
(Table 3a,b) and the hierarchical analysis based on the subpopulations origin (grouping based on
forest origin) revealed significant genetic differentiation (PhiRT = 0.118 ***) (Table 3a). The same
analysis did not detect significant genetic differentiation between groups that consist of the core
(central) area subpopulations and the peripheral subpopulations (forests). Quantification of genetic
differentiation among all sampled subpopulations using AMOVA found a significant PhiST = 0.129 ***
(Table 3a), while low but significant genetic differentiation was also detected among the altitudinal
populations (PhiST = 0.018 **, Table 3b) and between the two subpopulations with different orientation
(PhiST = 0.012 **, Table 3b).
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Pairwise genetic distances (Nei’s minimum genetic distance—Table S3) among sampled
subpopulations were depicted using UPGMA (Figure 3). The genetic similarities among all
subpopulations reflect significant subdivisions among two major groups (Figure 3a). One group
includes subpopulations Lim, PaZ.400, and PaZ.1200 and the second group the rest. However, the
clades in the latter group were shown to be unimportant due to the low values of bootstraps. A similar
observation was made in the range-wide subpopulations UPGMA. In this case, Lim formed a separate
group (Figure 3b). Contrary to the previous dendrograms, the UPMGA on altitudinal subpopulations
reflects significant subdivisions among them, since PaZ.800 seems clearly subdivided from the other
two subpopulations (PaZ.400 and PaZ.1200) with the highest bootstrap value (Figure 3c).

Figure 3. The genetic similarities in Pinus brutia illustrated by UPGMA dendrogram based on Nei’s
minimum genetic distance. (a) Sampling location level; (b) subpopulation level; (c) altitude level.

A PCoA was used to discover and depict the major patterns within a multivariate dataset, by
detecting the relationship between the distance matrix elements in a two-dimensional space. When
all sampled subpopulations were considered, PCoA revealed four loosely formed groups that do not
correspond well to subpopulation geographic origin (Figure 4a). On the other hand, when analysis
was performed at the range-wide subpopulations, Ade and Tro were completely isolated from the
remaining populations, while the orientation subpopulations (PaN and PaS) grouped with the Mach
population (Figure 4b). Contrary to the above analyses that considered the latitudinal and longitudinal
sampling of populations, the visualization of the genetic structure of the altitudinal populations
showed a clear disjunction among the populations of the three zones sampled (Figure 4c).

Given the significant influence of altitude in subpopulations genetic structure, the Spearman’s
correlation coefficient analysis examined the relation between allele frequency across loci and
altitudinal subpopulations. It revealed a positive significant correlation between the altitudinal
subpopulations in a single case, namely regarding one allelic in locus 6PGD.
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Figure 4. Two dimensional principal component analysis (PCA) plot of the genetic distance with regard
to the first two principal components. (a) All sampled subpopulations; (b) wide-range subpopulation
level; (c) altitudinal subpopulations.

3.2. The Patterns of Morphoanatomical Diversity and Structure in P. brutia

Table 4 presents the statistical description of morphoanatomic traits of P. brutia in Cyprus. Aka
and Lim presented the lowest values of morphological traits for cones and seeds, while cone and seed
length and width increased from low to high elevation in the altitudinal analysis. In addition, needle
morphoanatomical traits showed that needle length (NLen) is variable among sampled subpopulations,
since Lim presented the lowest values (106 mm), while Ade and PaN presented the largest (131 mm
and 128 mm, respectively). Aka showed the highest values of NWid (1.43 mm) and NThic (0.88 mm),
while PaZ.800 showed the lowest values NWid (1.25 mm) and NThic (0.77 mm). Concerning needle
anatomical traits, Aka presented the highest values for resin ducts (NResIn: 4.23; NResDO: 6.72;
NResTot: 10.95) and PaS showed the lowest values (NResIn: 3.15; NResDO: 5.21; NResTot: 8.36). In
addition, resin ducts appear to increase with the altitude zonation. Regarding the five anatomical traits
of stomata, Aka, Lim, and Tro, presented lower values (measurements relative to stomata traits) than
the other subpopulations.
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The Spearman correlation among the investigated morphological and anatomical traits showed
that 52 out of the 190 paired correlations (matrix table of 20 traits) are statistically significant for p-value
> 95% (Table S4). Interestingly, significant correlations between needle size and the stomata rows,
between cones traits as well as between the cone and seed traits, were found. Investigation on the
association (Spearman correlation) between morphoanatomical traits and altitude, detected positive
correlations for 12 out of the 20 traits; namely 10 correlations were positively significant and two
negatively significant (Table 5). Despite the fact that the correlation coefficient is relatively low, the
analysis showed a significant increase of the size of specific traits (e.g., morphological traits for cone
and seed; morphoanatomical traits: NShLen, NResTot, and NStom) as the altitudinal subpopulations
increased from the PaZ.400 to PaZ.1200. The identification of the traits that contribute more significantly
in the overall phenotypic variation observed was investigated by PCA. The use of the eingenvalues
(e.g., Kaiser’s criterion), reduced the dimension of the 20 morphoanatomical traits to nine axes (for
components see Table 6), of which the first six explain 97% of the total variance (Table 6). The first axis
presents strong correlations with the initial variable expression of NWid, NThic, and SLen, explaining
40.60% of the total morphological variance. The second axis, accounting for 27.90% of the total variation,
was associated with traits NLen and NStom, while the third axis interpreted 14% of the total variation,
with NShLen and SWid to be the associated traits for this axis. The next three axes accounted for
14.6% of the overall variation, and were associated with the anatomical traits (stomata and resin ducts)
and with the morphological traits of cones and seeds (Table 6). Furthermore, a morphoanatomical
Euclidean distance matrix (Table S3) among the sampled subpopulations was produced using the PCA
first six axes. The subpopulation analysis showed that the highest morphoanatomical distance was
recorded between Aka and PaZ.800 (3.188) and the lowest between PaS and PaZ.800 (0.292). On the
other hand, based on the altitudinal subpopulations, the morphoanatomical distance between PaZ.400
and PaZ.1200 was the highest (1.482) distance occurring compared to the other morphoanatomical
distances recorded between the PaZ.800 (middle range) and the other altitudinal subpopulations
(Table S2). The illustration of these distances in a UPGMA dendrogram indicated a specific grouping
pattern (Figure 5). The subpopulations from Pafos forest (PaN, PaS, PaZ.400, PaZ.800, and PaZ.1200)
and Tro shaped a clear geographically defined group and formed a common clade. The other clade
was built by the Mach and Ade subpopulations. The geographically isolated subpopulations of Lim
and Aka were incorporated in two different (separate) clades on the dendrogram. With regards to the
altitude gradient subpopulations analysis, and contrary to the UPGMA based on genetic distances,
the morphoanatomical Euclidean distances were lower between PaZ.400 and PaZ.800, whereas the
PaZ.1200 was grouped in a single clade (Figure 5).
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(a) 

( ) 

(c)

Figure 5. Unweighted pair group method wit arithmetic average (UPGMA) dendrogram based on
Euclidean distances for morphoanatomical traits. (a) All sampled subpopulations; (b) wide-range
subpopulation level; (c) altitudinal subpopulations.

64



Forests 2018, 9, 514

In the alternative grouping pattern (using the back-grouping method), 37.2% of the initial
observations (sampled trees) were back-grouped in the original sampled subpopulations. Despite the
overall relatively low percentage of classification, Aka was the subpopulation with the highest value
of back-grouping (82.7%), while in the other geographically disjunct subpopulations of Lim and Mach
the percentage of return was 51.7% and 48.3%, respectively. On the contrary, the subpopulations PaN
and PaS presented a low percentage of back-grouping (Figure 6).

Finally, in the present study there does not seem to be a significant correlation (p > 0.05) between
the genetic distance (Nei’s minimum distance) and morphoanatomical Euclidean distance, for any of
the three levels of analysis, as these are classified as (i) all sampled subpopulations, (ii) range-wide
subpopulations, and (iii) altitudinal subpopulations.

 

Figure 6. Back-grouping (classification) results of the morphoanatomical traits, using the sampling
locations as a dependent variable.

4. Discussion

4.1. P. brutia in Cyprus as a Source of Peripheral and Marginalforest Genetic Resources

To the authors’ knowledge, this study represents one of the few cases of genetic and
morphoanatomic analysis, considering a refined longitudinal, latitudinal, and altitudinal sampling in
an island environment. In such a geographically peripheral and ecologically marginal environment,
an overview argument supports that numerous factors may influence the patterns of genetic diversity
and population structure in a peripheral population, including phylogeographical constraints,
meta-population dynamics, refugium, and autochthonous origin [48,49].

The loci used conform to Mendelian inheritance in agreement with previous studies on Pinus sp.
for the same isoenzyme loci [50,51]. The observed total genetic diversity (HE) was HE = 0.220; a value
relatively higher than the mean genetic diversity (HE = 0.118) found at the P. brutia subsp brutia in the
east Mediterranean Basin (incl. populations from Greece, Cyprus, and Asia Minor) [52] and slightly
lower than the genetic diversity of the neighboring population in the mainland in the northern part of
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Asia Minor where HE = 0.265 [53] using isoenzyme loci. The higher number of rare alleles recorded in
the Cyprus population of P. brutia, for specific loci (i.e., loci: AAT, PGI, LAP, 6PGD, IDH, and MNR),
compared to the populations from its continuous range [52,54,55], implies that the P. brutia peripheral
population in Cyprus contains unique genetic variants due to its distinctive evolutionary history. Thus,
this population can be appreciated as a living gene bank for forest genetic resources for this species.

The nonsignificant inbreeding coefficient values observed in the two populations (Aka and
PaZ.800), in conjunction to the presence of Hardy–Weinberg equilibrium, support the general argument,
as in most conifers, of a random mating system. These results indicate that these two subpopulations
(which showed reverse ecological and demographic features) are not characterized by a founder effect
and have not been affected by strong bottleneck events. Hence, the P. brutia forest in Cyprus may have
been somewhat preserved from genetic bottlenecks; especially during displacement and confinement
of populations in Pleistocene glaciations, or by raised water levels during intervening warm periods
as this event has been observed for several species in Europe [12,56].

The above arguments are also supported by the comparison of several morphoanatomical traits
from the present study and other studies on P. brutia populations from other islands (i.e., Rodos,
Crete, etc.) and/or populations of larger origins (continuous populations). The coefficient of variation
(CV) [57,58] and the mean values [57–59] for numerous morphoanatomical traits show similarities
between the populations of Cyprus and those from other origins, which implies that the morphological
and anatomic traits of the former are not affected by restriction of genetic diversity and genetic
drift (or strong inbreeding events). A remarkable observation on Cypriot P. brutia is the significant
correlation between morphological and anatomical traits (Table S4). This morphoanatomic association
in this rear-edge population could be a consequence of macro-environmental differentiation from the
continuous distribution range of the species. Such adaptive needle traits have been mentioned for
other coniferous species [60]. Often the acclimation to their environment leads to the development
of specific adaptive phenotypic responses by altering their length, width, number of stomata, their
angle towards the shoot, or by forming needle clumping [61–64]. In the current study, the correlation
between NLen and Nstom, indicates that long needles are associated with a high number of stomata,
an observation which could be a relative advantage for Cypriot P. brutia, providing effective resilience
and adaptability for this peripheral population in different environmental conditions.

4.2. Patterns of Genetic Diversity of P. brutia in Cyprus

A nonuniform genetic diversity distribution across longitudinal, latitudinal, and altitudinal
distributions was detected. Genetic variation among subpopulations is most likely a consequence of
different demographic and evolutionary events. The intensive and negative impact of human activities
on forests resilience and the deforestations in Cyprus, since the first human presence (11th millennium
B.C.), is well-known [65,66]. During the Ottoman period (1570–1878 A.C.) reported goat stocking
rates [67] are far above the forest carrying capacity, while the Cypriot forests were repeatedly logged
in order to cover the energy needs of Bronze Age copper production (c. 3300–1200 BC) [68]. These
historical facts may reasonably be linked to the fragmentation of P. brutia forest and lead to negative
pressures on genetic variability within specific relic subpopulations, and consequently to different
genetic variation patterns. Thus, the divergence of genetic variation (HE) and effective number of alleles
(Ne) between subpopulations, seems to be linked to high past anthropogenic pressure, particularly
for subpopulations located in peripheral and more isolated forests (Aka, Lim, and Mach) where the
pressure was higher (see Figure 1 and Table 2).

The clustering of subpopulations in two groups (Structure analysis; K = 2) and the detection of
significant genetic differentiation among the subpopulations (AMOVA, see Table 3), alongside with the
unclear geographic clustering of subpopulations from UPMGA and PCoA, could be attributed either to
the fragmentation of an earlier larger and uniform population, or to the fact that the present forests are
relics of previously differentiated populations of P. brutia. This question could not be directly answered
by the present study, as more powerful molecular markers may be needed, for a more clear estimation
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of the best K-clustering of P. brutia in Cyprus. Meanwhile, the existence of landscape barriers to effective
gene flow among the current subpopulations, shape genetic differentiation through generations.

Comparison of the genetic differentiation values (PhiPT = GST = 0.129) between this and other
studies reveals that a notably higher level of differentiation was observed in the case of P. brutia in
Cyprus. In particular, populations of P. brutia originating from islands of the north-eastern Aegean
sea showed GST = 0.021 [55], whereas populations from south Asia Minor (GST = 0.053) support
the previous argument that rear-edge populations shape disproportionately high levels of genetic
differentiation present even between geographically proximal ones, leading to exceptionally high
levels of regional genetic diversity, than the populations of the continuous range [12,69–71].

Fingerprinting of the genetic diversity in Pafos forest allowed assessing the impact of local
landscape on genetic patterns. Despite the fact that the comparison of northeast and southwest (aspect)
subpopulations detected equal expected heterozygosity (HE = 0.228 and HE = 0.220, respectively), a
low but significant genetic differentiation was detected (PhiPT = 0.012). Moreover, the three altitude
gradient subpopulations showed significant but low differentiation (PhiPT = 0.018) and structure
(K = 3); while the middle altitude gradient subpopulation (PaZ.800) recorded the highest genetic
diversity (HE = 0.244) (Table 2). The highest value of HE was found in PaZ.800, being also the
highest value among all subpopulations in Cyprus. This result is in concordance with other studies
regarding P. brutia, particularly in the Taurus mountains, where the middle altitude zone recorded
a higher genetic diversity than other zones [53]. The significant differentiation among the three
altitude gradient subpopulations could be attributed to a combination of anthropogenic activities
and small scale disturbance, or to the processing of different genetic evolutionary factors within
each subpopulation (at local microscale), after their last postglaciation separation. An alternative
explanation, could be altitudinal movements amplified by local topography (upward and downward
movement within a single mountain region) during Pleistocene glaciations and interglaciations. Such
an option has been presented for Euro-Mediterranean ecosystems [70], and is supported for instance
by the findings on Cedrus brevifolia, a narrow endemic tree in Cyprus [72]. Therefore, this shift at
different altitudinal gradient zones (i.e., ecological niche) during interglaciation and postglaciation
periods is potentially the reason for the formation of an admixture zone. Alternatively, the significant
differentiation among the altitude gradient subpopulations could be attributed to the processing of
different evolutionary factors at microscale, after their last postglaciation partition.

The hypothesis of local (microenvironmental) adaptation dynamics is supported by relevant
literature which demonstrates several examples of wild populations on ecologically marginal sites (i.e.,
altitudinal gradients, and different ecological aspects) [73–76] and further reinforced by the presence of
altitudinal clinal variation in P. brutia in the various morphoanatomical traits, since significant positive
correlation between traits and altitudinal variation was detected (discussed below).

4.3. Patterns of Morphoanatomical Traits of P. brutia in Cyprus

The sampled subpopulations exhibit varying degrees of diversity in the 20 morphoanatomical
traits studied, in relation to the longitudinal or the altitudinal gradient. In particular, morphological
and anatomical traits constituted powerful tools for describing the phenotypic diversity and structure
in the present study. The interpretation of the morphoanatomical trait diversity patterns, suggests that
the observed diversity and structure, possibly are the result of the manifestation of phenotypic plasticity
at different micro-environments. High phenotypic plasticity, leads to the species being distributed in a
wider geographical and ecological range. The morphoanatomical traits detected a similar range of
values between the populations of Cyprus and those from other origins, which bring the notion of
the connection of phenotypic plasticity to genetics (see a previous paper [77]) and to the underlying
quantitative trait loci variation that shapes phenotypic patterns. Phenotypic plasticity is reflected in:
(i) the clustering of sampled subpopulations in a morphoanatomical dendrogram (Figure 5) where
clustering of the subpopulations is concordant to their geographical origin, a relation not seen in the
genetic data; and (ii) the back-grouping method results (Figure 6), in which the isolated subpopulations
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illustrated the highest value of back-grouping (Aka, Lim, and PaZ.1200). Phenotypic plasticity among
subpopulations could be a consequence of different reaction norms, where a set of phenotypes can be
produced by an individual genotype when exposed to different environmental conditions, such as
different soil type and meteorological conditions. Furthermore, phenotypic plasticity is manifested
in the positive significant clinal variation of the morphoanatomical traits in the altitudinal range
subpopulations (PaZ.400, PaZ.800, PaZ.1200). This clinal variation across the altitudinal range may be
due to trade-offs between plasticity and stress tolerance in harsh environments, as indicated for other
species [78–80]. Thus, P. brutia from Cyprus showed an increased number of resin ducts and stomata
per needle, as well as the largest size of cones and seeds as the altitude increased within the mountain
elevation gradient.

The morphoanatomical trait patterns observed could be the consequence of isolation and
phenotypic plasticity seen over different environmental gradients. A similar interpretation was
also invoked in analyses of other peripheral populations of the same species in Crete [58], in other
tree species, such as Abies cephalonica in Mt. Parnitha [81] and Fagus sp. in western Eurasia [82].
Therefore, this study further supports the notion that the evolution of plasticity increases the response
to selection, thus reducing maladaptation induced by gene flow (see previous works [83,84]). The
same studies support that, in interaction with local population growth, the evolving plasticity allows a
species to occupy a larger geographical range, presenting higher plasticity in marginal than in central
habitats [84].

The morphological and anatomical diversity of P. brutia in Cyprus is greatly dependent on a
number of needle (NWid, NThic, NLen, NStomRow, and NShLen) and seed (SLen and Swid) traits,
with high loadings in the first three axes of PCA where 82.5% of the total variance measured is
explained (Table 6). In addition, the significant correlation between specific traits, such as needle size
(i.e., between length and width), needle morphology, and anatomy (i.e., between length or width of
needle and resin ducts or stomata), and cone size with seed size (i.e., between cone width and total
length of seed and wing), probably implies that the species developed mechanisms and characters that
permit different morphological and anatomical harvesting strategies. Peripheral subpopulations (i.e.,
Lim, Aka, and PaS) appear to develop different mechanisms to survive in different micro-environments.
They are characterized by short, wide, thick needles (especially Aka), which function as an adaptation
mechanism (morphological features) in dry sites [85]. The Aka and the PaZ.1200 (the subpopulation at
the highest altitude) present the highest number of resin ducts. This feature is linked to a plant species
mechanism under extreme environment conditions (dry or cold), since resin ducts seem to protect
vascular tissues and ground tissues in most species [85,86]. Alternatively stomata numbers are low at
the driest micro-environments (subpopulations: Aka, Lim, and Tro), which implies a development
of adaptation mechanisms against water loss in the summer. Similar adaptation mechanisms to dry
environments were recorded in other studies [81,85]. Cone and seed size was smaller in peripheral,
drier, and ecologically degraded subpopulations (Aka, Lim), while the opposite results were observed
in subpopulations of higher altitude, where the same traits present clinal variation. These patterns were
also observed in other studies of P. brutia and have been attributed to ecological factors, in particular
to the brief sprouting period which is coupled to low temperatures [58,85]. Such factors are apparently
present in this study, particularly at a higher altitude.

5. Conclusions and Perspectives of Conservation Action

5.1. Inferences from the Study of a Mediterranean Oceanic Island’s Peripheral Tree Population

The population of P. brutia in Cyprus is an example of an isolated (both geographically and
ecologically) island peripheral population, whose patterns of genetic diversity were shaped by past
demographic and ecological stochasticity. The detection of high genetic diversity of P. brutia in Cyprus
may respond to more stable effective population sizes in eastern Mediterranean forest tree populations
as argued for Mediterranean conifers by Fady [8]. This study likely constitutes an example of a
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peripheral forest tree population that does not tend towards genetic erosion, neither towards increased
inbreeding or genetic drift, when compared to core populations. These findings are contrary to earlier
observations that peripheral tree populations showed genetic erosion and elevated inbreeding leading
to genetic drift, in comparison to core populations [87–89]. The detection of significant genetic structure
(Bayesian and AMOVA) among geographically sampled subpopulations shows that the population of
P. brutia in Cyprus is not genetically homogeneous, comprising of genetically different subpopulations.
Thus, ongoing genetic evolution dynamic processes seem to occur within the study population, in
spite of its small geographical distribution within an island.

In the present study, the peripheral population of P. brutia presented a similar value range
regarding morphoanatomical traits, to populations from other origins in the Mediterranean Basin
(island and mainland). This is in contrast to earlier findings suggesting that in peripheral populations’
phenotypic trait descriptive statistics, show different values from those found in core populations,
indeed for a limited range of traits usually related to growth [90]. The phenotypic plasticity that
was observed in the present study is of particular importance for the adaptive potential of the
targeted population in an island environment. Such phenotypic plasticity, especially for long-lived
plants, is particularly important since it allows wild organisms to accommodate rapid change in local
environmental conditions [91,92].

5.2. Future Conservation Actions

Nowadays the argument that peripheral forest tree populations need to be managed under an
evolution-oriented forestry [10,93,94] is gaining ground. In the case of Cyprus, where the consequences
of climate change will lead to the increase of the mean annual temperature and to the decrease of
the mean annual precipitation [95], it is crucial to develop and adopt a rational and sustainable
management plan for the P. brutia forest, characterized by compatible management of the habitat,
together with genetic conservation. Thus, dynamic conservation of the target species need to be
ensured at two levels: (i) in situ conservation by establishing a conservation unit within each of the
sampled subpopulations where the germplasm will be protected and the natural regeneration will be
safeguarded and (ii) ex situ conservation by maintaining (or establishing) seed orchards. In addition
to these conservation measures, the sampled subpopulations from this study could be delineated as
seed zones or provenance regions, whereas seedlots from each subpopulation need to be sampled and
stored in seed banks. Also, the existing provenance trials should be maintained and evaluated, while
new ones should be established at different phytosociological associations within the island according
to the present study’s outcomes. Critical for the sustainable management of P. brutia genetic resources
is the collection and use of local genetic material for seed sowing and for seedling production in
postfire restoration programs. Especially for subpopulations that show low genetic diversity (i.e., Aka,
and PaZ.1200) the seed material must be collected from the whole range of their distribution; collected
bulked seed materials should then be used towards implementing postfire management plans.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/9/9/514/s1,
Table S1: Patterns of genetic variation at single-locus level for each sampled subpopulation; Table S2: Assessment of
Mendelian inheritance in P. brutia from Cyprus. (For loci where the analysed megagametophytes were lower than
18, the X2 was not calculated.); Table S3: Pairwise genetic distance among sampled subpopulations based on Nei’s
minimum distance (below the diagonal) and pairwise morphoanatomical Euclidean distance (above diagonal);
Table S4: Assessment of correlation (Spearman correlation test) signal among the investigated morphological and
anatomical traits.
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Abstract: Small-size, relict and marginal tree-species populations are a priority for conservation
of forest genetic resources. In-situ conservation of these populations relies on adequate forest
management planning based on knowledge and understanding of both ecological (i.e., recruitment
or dispersal dynamics) and population-genetic processes (i.e., female reproductive success, gene
flow or inbreeding). Here, we estimate the fecundity (or female reproductive success) of adult
trees (i.e., the number of successfully established offspring/adult tree) and the effective dispersal
distance distribution in the pine forest of Fuencaliente (southern Spain), a small-sized, marginal and
relict population of maritime pine growing on a steep, craggy hill with just 312 reproductively active
individuals. Previous studies have shown the population to present reduced allelic richness and suffer
from genetic introgression from nearby exotic plantations of unknown origin. Between 2003 and 2004,
we surveyed all adults and recruits and we measured several adult-specific covariates, including the
number of cones of all adults. The population was found to be distributed into two nuclei with 268
(Stand 1) and 44 adults (Stand 2). We used inverse modeling to adjust several dispersal-and-fecundity
models including a model with random variation in fecundity among adults (Unrestricted Fecundity
or UF model). Results show that: (i) the average fecundity is 2.5–3.2 recruits/adult; (ii) the mean
effective dispersal distance is restricted to 13–24 m and (iii) fecundity is most likely controlled by the
spatial location of adult trees in Stand ,1 but it should be considered randomly distributed in Stand 2
(in this stand five adults mothered 80% of recruits). We conclude that the low fecundity in Stand 1
and the unequal fecundity in Stand 2 may decrease the population genetic diversity and lead to lower
effective population size while the low average dispersal distance may reduce the probability of this
population expanding to adjacent areas. In light of the results, we define the management priorities
for in-situ conservation of this population.

Keywords: dispersal kernel; forest management; regeneration; seed shadow model

1. Introduction

Small-sized and isolated populations of tree species located in the rear-edge of the range
distribution are considered long-term stores of genetic diversity and their conservation is crucial
for adaptation of tree species to climate change [1,2]. In situ conservation of genetic resources in
such populations relies greatly on adequate forest management aiming at maintaining ecological and
population-genetic processes while simultaneously reducing the risk of random genetic drift and allele
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fixation [3]. Determination, however, of specific management actions to be taken is very challenging
without prior information and understanding of some relevant processes governing recruitment by
adults, including the adult seed dispersal potential (i.e., the dispersal distance distribution between
parents and their successfully established offspring) or the factors affecting adult reproduction success
or fecundity (i.e., the number of successfully established offspring produced by an adult tree).

The fecundity of adult trees and the dispersal-distance distribution has often been studied via
inverse modeling (IM), a method that estimates simultaneously the number of successfully established
offspring and the dispersal-distance distribution using the seed-shadow model [4,5]. In addition,
estimation of both parameters through the use of molecular markers for parental assignment has
further enhanced the accuracy and precision of these models [6].

The average fecundity and its variation across adults of a population are crucial parameters
in population dynamics, especially in small-sized and isolated populations. Fecundity variation
among adults will determine the population´s effective size or the within-population spatial genetic
structure [7,8]. In addition, depending on pollen flow dynamics, unequal fecundity across adults may
likely lead to biparental inbreeding and to a higher risk of random allele fixation and genetic drift that
will shape the within-population genetic diversity and its adaptive potential.

For marginal, small-sized and isolated populations suffering from frequent human-induced
changes in their population size seed dispersal at short and long distances, determine their probability
to recover their initial population size or to occupy new territories [9,10]. Thus, seed dispersal in these
populations is intimately related to the probability of the population to survive and/or migrate to new
territories, leading to local extinction in cases with limited seed dispersal and/or restricted fertility of
adults [9]. Therefore, the study of seed dispersal dynamics is necessary not only for studying species’
responses to climate change but also for developing realistic management plans aiming at conserving
species genetic resources in situ [11].

Maritime pine, the focal species of this study, is a wind-dispersed species of the western
Mediterranean. In Spain, its natural distribution has been divided into 27 provenances, five of which are
considered restricted due to their small population size [12]. This study focuses on one of the restricted
provenances of maritime pine, the relict and marginal pine forest of Fuencaliente (Ciudad Real, Spain;
Figure 1) located on the southern edge of the species natural distribution range. The Fuencaliente
population is considered the unique representative of natural maritime pine forests in the Sierra
Morena mountain range (central-southern Spain) and is highly isolated from other natural populations
of the species (see the species distribution map in [12]). Historic [13] and palaeobotanical studies
suggest that maritime pine grew throughout Sierra Morena mountain range and its surroundings
since the Pliocene until the Late Holocene [14–16]. The maritime pine range-size reduction, that led
Fuencaliente to become a relict, resulted from anthropogenic landscape transformation during the
last 4000 years [17]. The main transformation drivers were wood and charcoal over-exploitation for
mining and recurrent fires to favor pasture for livestock [18].

The small population of Fuencaliente managed to survive in a marginal habitat (a steep craggy hill)
presumably because fires of the last centuries (either natural or human-induced) could not propagate
easily in this rocky site. The evolution of this fragmented population depends largely on a well-known
process taking place all over the Mediterranean basin: extensive livestock management until the
1970s (approximately) has ceased and the associated activities (frequent pasture burning to induce
resprouting that assures livestock feeding) have disappeared. As a result, tree species’ populations are
expanding to areas previously used as pastureland [19].

Several studies using allozymes, chloroplast or microsatellite markers have highlighted the
importance of Fuencaliente population (as well as other relict populations) to the total species diversity
in the Iberian Peninsula [20,21]. This population has a marked reduction in allelic richness, compared
to other populations of maritime pine in Spain [22]. In order to aid Fuencaliente’s conservation, recent
investigations have studied genetic introgression patterns from nearby exotic plantations of unknown
origin [23–25]. Another recent study has evaluated the damage that deer (Cervus elaphus L.) cause to
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this population by rubbing [26]. However, information on recruitment dynamics and its dispersal
potential is still scarce, and this data would serve well to establish an adequate conservation plan,
which has yet to be reported.

Figure 1. Maps of the maritime pine population of Fuencaliente. (a) Location of adults and recruits in
Stand 1 and (b) in Stand 2; (c) Location of Fuencaliente population within Spain; (d) Location of both
stands in relation to each other.

The general objective of this study was to determine recruitment patterns in the population of
Fuencaliente and propose specific forest-management actions aiming at conservation of forest genetic
resources. We produced accurate estimates of the effective dispersal distance distribution and of adult
fecundity using IM. In addition, we determined the most likely tree-specific traits controlling fecundity
variation among adults.

2. Materials and Methods

2.1. Study Area

The relict population of Pinus pinaster Ait. is located in the northern part of Sierra Morena
mountain range and, more specifically, in Sierra Madrona (38◦25′ N, 4◦15′ W; Figure 1) close to
Fuencaliente village (Ciudad Real). The site is protected under the Natura 2000 network. The climate
in this area is Mediterranean-continental, with 14.5 ◦C mean annual temperature and 680 mm mean
annual precipitation (59 mm in the summer months; [26]). The average altitude of the site is 1011 m
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a.s.l. (ranging from 907 to 1114 a.s.l.). Soils are rocky, poor in nutrients and acid with a main lithological
substrate of quartzites [27]. The steepness (40% average slope), the southern exposure, and the eroded
terrain greatly reduce the site quality, which can be considered as the most limiting factor for growth
and regeneration, conferring this site its marginal characteristics.

2.2. Forest Inventory

In 2003 we performed a full forest survey within the area occupied by the pine population by
tagging all individuals with a basal diameter larger than 1.5 mm (only lignified individuals were
recorded). The spatial location of surveyed individuals was defined using a GPS (positioning errors
were smaller than 1 m). In 2004, we measured tree total height, diameter at the base of the tree and
diameter at breast height (DBH) of all trees tagged in 2003 and we determined the number of open
cones and the number of serotinous cones on the crown of all trees by counting all visible cones. For the
following analyses, trees were classified into two categories:

- Adults: trees with at least one cone on their crown
- Recruits: the rest of the individuals

In 2015 we selected 20 recruits to provide a rough description of the age of the recruitment
cohort at the time when the forest inventory was realized. Sampling was based on a systematic
rectangular grid superimposed on the spatial distribution map of recruits; individuals closest to the
grid nodes were selected for sampling. The age of the sampled recruits was determined by growth-ring
counting from cores extracted from their base with a Pressler drill (when their basal diameter was
sufficiently large). Small-sized recruits were transported to the laboratory for age measurements via
visual counting of tree rings at the tree base.

2.3. Modeling Effective Dispersal

Effective dispersal was modeled using the seed-shadow approach [28]. Quadrat counts
(2 m × 2 m in size) of recruits were computed using their spatial coordinates. The observed sample
(n1, . . . , nM) consists of the locations and the number of recruits in the j-th quadrat (j = 1, . . . , M) as
well as the locations of N adult trees (tree is indexed by i, i = 1, . . . , N) along with several covariates
measured on each adult (i.e., DBH, number of cones, etc.). We assumed that the number of recruits λij
originating from tree i and dispersed to quadrat (or site) j is Poisson distributed with expected value:

λij = Si P(a recruit from tree i lands upon site j) ≈ Si AjfR(r)/2π rij (1)

Being Si the fecundity of tree i (i.e., the number of recruits originating from the specific adult),
rij the distance separating adult i form quadrat j and Aj the area of site j. Under this model, the total
number of recruits on site j from the N trees is also Poisson distributed with expected value:

λj =
N

∑
i=1

λij (2)

The fR(r) term of Equation (1) designates the probability density for the random dispersal distance
(r) assumed to follow a lognormal distribution with probability density:

fR(r) =
1

rσ
√

2π
exp

(
− (ln r − μ)2

2σ2

)
r > 0 (3)

and μ and σ2 the scale and shape parameters, respectively.
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2.4. Models for Fecundity

We modeled the fecundity term of the seed-shadow model using three approaches. First,
fecundities were allowed to vary among adults without any restriction by assigning a parameter
to every adult [29]. This model (UF model) has a large number of parameters to be estimated and
assumes that variability among the adult´s reproductive success is purely random (Table 1).

Table 1. Alternative models for the fecundity term of the seed shadow model.

Type of Model Model Name Abbr. Formula
Number of Parameters

Stand 1 Stand 2

Full model Unrestricted Fecundity UF Si 268 44

Null model Mean fecundity MF S 1 1

Tree size
covariates

Basal area BA Si = β × Bai 1 1
Height H Si = β × hi 1 1

Cone number
covariates

Total cones Tc Si = β × Tci 1 1
Open cones Oc Si = β × Oci 1 1

Serotinous cones Sc Si = β × Sci 1 1

Spatial
covariates

X coordinate of adult Xco Si = β × Xcoi 1 1
Y coordinate of adult Yco Si = β × Ycoi 1 1

Si : Fecundity of tree i; S: average fecundity (over all trees of the stand); Bai : basal area; hi : tree height; Tci : total
cones; Oci : number of open cones; Sci : Number of serotinous cones; Xcoi and Ycoi : spatial coordinates of tree i and
β a parameter.

The second model (MF) assumes that adult fecundities may be modeled using the average
fecundity of adults. Under this model, adults are assumed to have produced the same number of
recruits so that a unique estimated parameter (i.e., the average fecundity) is sufficient to describe
between-adult variation in reproductive success. Finally, we used adult-specific covariates to model
fecundity (as in classical seed-shadow modeling). Several covariates were used for this purpose
(Table 1) that can be grouped into three categories depending on the nature of the covariate:

• Tree size covariates (basal area, BA, and tree height, H). From an ecological perspective, these
models inherently assume that reproductive success is a linear function of tree size.

• Cone number covariates (total cones, Tc, open cones, Oc, and serotinous cones, Sc). Models using
covariates related to the cone number assume that the number of seeds and number of recruits
produced by adults is linearly related.

• Spatial covariates (the east-west, Xco, and the north-south, Yco, coordinates of adults). Inherently,
these models assume the reproductive success has some relation to the microhabitat conditions
surrounding the adult tree.

2.5. Parameter Estimation

Parameters of the UF model were estimated through maximization of the incomplete-data
log-likelihood function of the Poisson distribution:

lc(μ, σ, S1, . . . , SN) =
N

∑
i=1

M

∑
j=1

(−λij + nij ln
(
λij
)− ln

(
nij!
))

(4)

through the EM-algorithm [30] using the procedure described in [29]. Parameters of the rest of the
models were estimated via maximization of the complete-data log-likelihood:

M

∑
j=1

(−λj + nj ln
(
λj
)− ln

(
nj!
))

(5)
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as described in several publications on seed dispersal modeling (see, for instance, [28] or [4]).
Maximization was achieved through numerical optimization using the nlminb function of R [31].
The negative binomial distribution that has been employed in other studies [32] could not be used
since the UF model parameters may be estimated analytically only through the Poisson likelihood.

2.6. Model Comparison

The best model to describe fecundity and dispersal was selected using the corrected Akaike´s
Information Criterion (AICc) [33]. Model selection was facilitated by the computation of the following
measures/indices:

• The difference between the AICc for the k-th model and the one with the smallest AICc (AICcmin):

Δk = AICck − AICcmin (6)

• The correlation coefficient between observed and predicted counts in quadrats of the k-th model

When the UF model resulted in a valid model, we computed the correlation coefficient between
fecundities estimated by this model with the adult-specific covariates. A standard t-test was used to
test the hypothesis of the correlation coefficient being larger than zero.

3. Results

3.1. Descriptive Results

The population was found to be divided into two nuclei occupying an area of 7 ha (western stand)
and 3.5 ha (eastern stand; we will use the term Stand 1 and Stand 2 for future reference of the western
and the eastern stand, respectively). The spatial distribution of adults and recruits in the two stands
can be seen in Figure 1. In Stand 1, the average fecundity was 2.56 recruits/adult (268 adults and
686 recruits). In Stand 2, the average fecundity was slightly higher, 3.25 recruits/adult (44 adults and
143 recruits). The average number of cones/adult of Stand 1 (58.2 cones/adult) was twice as large as for
Stand 2 (33.9 cones/adult). In addition, a remarkable among-tree variation was found for both stands
in the number of cones/adult, which varied between 1 and 587 in Stand 1, and between 1 and 193 in
Stand 2. Both distributions were skewed with 25% of trees bearing less than 5 and 3.8 cones/adult for
Stand 1 and 2, respectively.

Both stands had a considerably low adult density (38.2 trees/ha and 12.5 trees/ha for
Stand 1 and 2, respectively). Both stands were uneven-aged in their structure with several individuals
occupying the lower diameter classes (see the DBH column in Table 2). The diameter at the base of the
tree-trunk (a variable used as a substitute to DBH in this multi- cohort stand) was very similar for the
two stands (27.3 cm and 28.1 cm for Stands 1 and 2, respectively). Finally, the average adult-tree height
was 5.4 m for both stands, and 25% of adult trees had a height smaller than 3.5 m.

The mean height of recruits (i.e., individuals without visible cones on their crown) was 0.8 m
for both stands, while the mean DBH was 0.5 and 0.3 cm for Stand 1 and Stand 2, respectively. Some
large sized individuals exhibited no cones in their crown and, therefore, were classified as recruits
(the maximum height of recruits was 6.6 and 4.3 m for Stand 1 and 2, respectively; Table 2). Large-sized
recruits without any cones on their crown may have been dispersing some seeds during the previous
years, but the total number of seeds produced must have been small (cones of maritime pine, especially
serotinous ones, persist on the crown during several years), thus expected errors from misclassification
in the recruitment cohort may have no practical importance.

Tree age measurements performed on a subsample of recruits showed that this cohort consisted of
individuals that germinated during the time interval from 1973 to 1995 (in 2004 recruits were between
9 and 31 years old, the average age being 22 years).
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Table 2. Descriptive statistics for adults and recruits of both stands.

Dbase (cm) DBH (cm) Height (m) Total Cones

St1 St2 St1 St2 St1 St2 St1 St2

Adults

Min. 5.7 7.6 0.0 0.0 0.5 1.2 1.0 1.0
1st Qu. 16.5 18.9 8.8 13.1 3.5 3.5 5.0 3.8
Median 23.2 27.4 17.2 19.8 5.0 5.8 17.0 11.5
Mean 27.3 28.1 19.2 20.1 5.4 5.4 58.2 33.9

3rd Qu. 35.7 35.5 28.7 27.5 7.0 6.8 67.5 52.0
Max. 68.8 65.6 56.3 44.6 16.5 10.0 587.0 193.0

Recruits

Min. 0.1 0.3 0.0 0.0 0.04 0.07 0.0 0.0
1st Qu. 2.1 4.1 0.0 0.0 0.3 0.5 0.0 0.0
Median 4.7 7.6 0.0 0.0 0.6 0.8 0.0 0.0
Mean 5.7 7.7 0.5 0.3 0.8 0.8 0.0 0.0

3rd Qu. 8.2 11.3 0.0 0.0 1.0 1.0 0.0 0.0
Max. 34.3 31.5 19.0 11.1 6.6 4.3 0.0 0.0

St1: Stand 1; St2: Stand 2.

3.2. Choosing the Best Model for Fecundity

Not surprisingly, the UF model showed the largest log-likelihood in both stands (Table 3).
Given the high number of free parameters, this model has a very flexible structure that permits
local adjustment due to tree-to-tree differences in fecundities. However, the use of AICc (that punishes
models having too many parameters) showed that the best-fit model differed depending on the
stand considered.

Table 3. Comparison statistics for different dispersal-and-fecundity models for the two stands (models
are ordered, within each stand, according to smaller AICc).

Model Ln(L) AICc Δk cor

Stand 1

Yco −2753.7 5513.4 0.0 0.20
Tc −2762.5 5531.0 17.6 0.20
Sc −2764.1 5534.3 20.9 0.19

MF-null −2771.3 5548.7 35.3 0.18
BA −2823.4 5652.8 Nc 0.18
UF −2431.8 5749.5 Nc 0.30
H −2883.6 5773.2 Nc 0.15

Xco −2911.9 5829.8 Nc 0.16
Oc −2982.4 5970.8 Nc 0.16

Stand 2

UF −546.2 1220.9 0.0 0.34
Yco −628.1 1262.3 41.4 0.22
Xco −642.0 1290.2 69.3 0.20

MF-null −642.8 1291.8 70.9 0.18
Tc −661.8 1329.8 Nc 0.18
Sc −663.8 1333.8 Nc 0.18
Oc −667.5 1341.1 Nc 0.17
BA −691.0 1388.1 Nc 0.11
H −692.0 1390.2 Nc 0.12

Ln(L): log-likelihood; AICc: Bias-corrected Akaike´s Information Criterion; Δk: Delta AIC (with respect to the model
with smaller AICc); Nc: indicates that the corresponding model was not considered (models exhibiting an AICc
larger than the MF model were not considered in comparisons); cor: correlation coefficient between observed and
predicted counts in quadrats.

In Stand 1, the model using one of the spatial coordinates of adults (Yco, the north-south
coordinate) was the best in terms of AICc (for this model Δk = 0). The model that assumes an average
fecundity for adults (MF model) had a Δk = 35.3, substantially larger than the best model. In addition,
five models (BA, UF, H, Xco and Oc) had a Δk larger than the MF model (Table 3) and therefore were
not considered in ulterior analyses. Two models, however, including total cones (Tc) or serotinous
cones (Sc) as covariates showed an Δk smaller than the MF model (17.6 and 20.9, respectively) and
could be considered as alternatives. Notwithstanding, their relative efficiency showed that both were
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poor approximations of the process generating the dispersal data of Stand 1 as values of Δk > 10 are
indicative of no empirical support for the corresponding model [34]. Therefore, the results indicated
that there was sufficient experimental evidence to conclude that the model using the north-south
coordinate of adults (Yco model) was the best model to describe the process generating the dispersal
pattern in Stand 1. However, the Yco model showed a rather poor fit considering the low correlation
coefficient between observed and predicted counts (r = 0.2, Table 3). In addition, note that the best
correlation coefficient was much higher for the UF model (r = 0.3, Table 3).

The results obtained in Stand 2 were quite different. The smallest AICc was obtained for the UF
model (AICc = 1220.9), that, by definition, was assigned Δk = 0. The null model (MF model), on the
other hand, exhibited an Δk = 70.9 with respect to the UF model. Five other models showed a Δk
larger than the MF model and were not considered in ulterior analyses (Table 3). These were the two
tree-size covariates models (BA and H models) and the three seed-set covariate models (Tc, Oc and Sc).
Thus, the only models exhibiting an Δk lower than the one obtained for the null model (apart from
the best in terms of AICc, i.e., the UF) were the ones incorporating the spatial coordinates as proxies
to fecundity (Yco and Xco). Though, the evidence of the UF model against the two “spatial” models
was very strong (Δk = 41.4 and 69.3 for the Yco and the Xco models, respectively). Conclusively,
our results supported the hypothesis that the UF model was the best model to describe the process
generating the dispersal pattern in Stand 2. Finally, the UF model was the best in terms of minimizing
the information loss as it exhibited a rather acceptable fit given the high correlation coefficient obtained
between observed and predicted counts (r = 0.34, Table 3).

3.3. Dispersal and Fecundity Parameter Estimates

Table 4 shows the estimated parameters for the two stands and the nine postulated models.
In addition, it presents the average dispersal distances (mean, mode and median) only for models
showing a Δk smaller than the null model of the corresponding stand. Within the same stand, mean
dispersal distances estimated with different models were very similar. For Stand 1, the mean dispersal
distance estimates varied between 20.7 and 25.9 m, whereas for Stand 2 they were slightly smaller as
they ranged between 12.9 and 15.5 m. The mean dispersal distance in Stand 1 (24 m) was twice as large
as in Stand 2 (12.9 m) according to the best model of each stand (i.e., Yco in Stand 1 and UF in Stand 2).

Table 4. Parameter estimates and average dispersal distances for the two stands and nine tested models
(models are ordered according to increasing Δk as in Table 3).

Model ¯ œ2 fi Median Mean Mode

Stand 1

Yco 2.66 1.02 0.01 14.30 24.05 5.05
Tc 2.87 0.77 0.04 17.67 23.74 9.79
Sc 2.95 0.78 0.08 19.11 25.90 10.40

MF-null 2.57 0.96 2.58 13.07 20.71 5.20
BA 2.71 0.86 35.33 Nc Nc Nc
UF 2.26 0.87 - Nc Nc Nc
H 2.72 0.99 0.00 Nc Nc Nc

Xco 2.77 1.16 0.01 Nc Nc Nc
Oc 4.25 1.45 0.14 Nc Nc Nc

Stand 2

UF 2.27 0.76 - 9.69 12.94 5.43
Yco 2.31 0.89 0.02 10.07 14.97 4.56
Xco 2.32 0.92 0.004 10.18 15.54 4.36

MF-null 2.32 0.91 3.32 10.18 15.40 4.45
Tc 2.67 0.80 0.10 Nc Nc Nc
Sc 2.67 0.80 0.24 Nc Nc Nc
Oc 2.69 0.81 0.16 Nc Nc Nc
BA 2.46 0.86 44.50 Nc Nc Nc
H 2.38 0.97 0.01 Nc Nc Nc

μ,σ2: Dispersal kernel parameters, β: parameter of the fecundity model; Nc: Not considered (average dispersal
distances (median, mean and mode) are estimated only for models showing a Δk smaller than the one for the null
model of the corresponding stand.
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Fecundity estimates in both stands are presented in Table 5. The best model for Stand 1 (Yco model)
predicted an average fecundity of 2.6 recruits/adult; this is very similar to the value obtained from
the inventory results. Variability of the estimated fecundities was, however, very small for this model
(fecundities ranged from 0.1 to 4.3 recruits/adult). Figure 2 shows, in addition, that the relative
contribution of each adult to the regeneration cohort, estimated through the fecundities of the Yco
model is very homogeneous in Stand 1. Notwithstanding, the variance of (estimated) fecundities is
much larger for other models in this stand (according to model Tc, for instance, fecundities of adults
varied between 0.04 and 26.08 recruits/adult).

Table 5. Descriptive statistics for estimated fecundities for adjusted models in two stands.

Model Ave Min Max Var Sum

Stand 1

Yco 2.6 0.1 4.3 0.9 699
Tc 2.5 0.04 26.0 18.3 692
Sc 2.5 0.0 47.6 24.3 693

MF-null 2.5 2.5 2.5 0.0 693

Stand 2

UF 3.2 0.0 36.8 63.1 143
Yco 3.3 2.5 4.5 0.3 145
Xco 3.3 2.5 4.0 0.2 146

MF-null 3.3 3.3 3.3 0.0 146

Ave: Average fecundity; Max, Min: Maximum and minimum estimated fecundity; Sum: Summation of all the
estimated fecundities in the stand; Var: Among-adults variance of the estimated fecundities. Note: Models are
ordered according to increasing Δk However, only models with Δk larger than the null model are shown in
each stand.

Figure 2. Adult reproductive success estimated through the best model in each stand. The models
using the spatial coordinate (north-south) as a proxy to fecundity (Yco model) is used in Stand 1
(upper panel). In Stand 2 (lower panel) the UF model is used to estimate fecundities. Bar heights
represent the estimated number of recruits produced by each adult. Lines represent the estimated
relative contribution of each adult (cumulative) to the total number of recruits in each stand.
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In Stand 2, where the best model was the UF model, we found a much larger variability among
estimated fecundities (ranging between 0 and 36.8 recruits/adult) while the variance of the estimated
fecundities (63.1) was the largest of all models and stands (Table 5). The rest of the candidate
models (Yco, Xco and MF) showed very similar average fecundity estimates but a much smaller
among-tree variance in fecundity estimates. Finally, according to the UF model predictions, the
fecundity distribution in Stand 2 was very skewed, with three trees having produced 60% of the
regeneration (Figure 2). In addition, 30 adults exhibited an estimated fecundity equal to zero and
may be considered as being reproductively inactive. Notwithstanding, the number of reproductively
inactive adults may be overestimated by the UF model when adults are spatially clustered [35].

Finally, a t-test for the correlation coefficient between the fecundities estimated via the UF model
and other adult covariates (i.e., basal area, height, cone numbers and spatial coordinates) showed
that correlation was significantly larger than zero only in the case of the y-coordinate of the adult tree
(r = 0.34, t = 2.31 with 42 degrees of freedom, p = 0.02). This seems to confirm the results of Table 4
(Stand 2), where we showed that the best model (after the UF model) in terms of AICc reduction was
the one using the y-coordinate of adults as a proxy for fecundity. A similar statistical test for Stand 1
was not performed since the UF was not judged appropriate to model these data.

4. Discussion

4.1. Fecundity Dynamics

Cone production by adult trees does not seem to be a limiting factor to regeneration and expansion
of this population given that 268 trees in Stand 1 and 44 in Stand 2 are seen with cones in their crowns.
Furthermore, some of them (the most vigorous) may be classified as high seed producers having up to
587 and 193 cones in Stand 1 and 2, respectively, while some really short individuals (just 0.5 m height)
are seen with cones in their small crowns. Nevertheless, the distribution in reproductive success (in the
seed stage) that was shown to be unequal among adults (25% of adults have less than 5 visible cones
on their crown in Stand 1) should be a factor that reduces the regeneration potential of this stand.

On the other hand, fecundity is dramatically reduced in both stands. Recruitment in this
population started to be effective only after 1973 (the maximum age in the sample of recruits was
31 years when sampling was performed in 2004). This time period coincides with the ceasing of
extensive livestock management and the disappearance of the associated activities, such as frequent
pasture burning. However, the average number of recruits/adult (3.25 recruits/adult in Stand 2) is
a clear indication of low recruitment potential. Several factors may be responsible; among others is
the high density of deer living in the area, which by browsing and fraying can cause severe damage
and mortality to the regeneration cohort [26]. Deer can also affect fecundity of mature pines since
those trees highly damaged by fraying produce fewer cones [26]. In addition, severe summer drought
effects in conjunction with the poor edaphic conditions (complete absence of soil in many areas due
to erosion) may be important factors contributing to massive mortality during the seed-to-sapling
transition. A recent study using seed from this population [23] showed that seedlings obtained from
seeds of Stand 1 exhibited higher mortality rates in water-stress experiments as compared to seedlings
grown from seeds from nearby plantations.

Our results for Stand 2 also indicate that the distribution of fecundity across adults is highly
skewed with the three most successful individuals (6.8% of adults) mothering 60% of the regeneration
cohort. Unequal reproductive success in the seedling and sapling stages is a common phenomenon
in forest stands and it has been reported previously in maritime pine in Spain [36] and in other tree
species [35]. Should this pattern repeat itself during the subsequent years, we may predict an additional
loss of genetic variation in a population that has been shown to be poor in terms of allelic composition
of the adult cohort [22]. In addition, the unequal fecundity of adults in small populations can increase
the genetic bottlenecks and further exacerbate the risk of random genetic drift. These results can aid
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conservation measures by helping identify individuals from which seed should be collected in order to
minimize diversity losses, i.e., from those trees that the model shows that are not mothering recruits.

Results on variance of reproductive success are not reported in Stand 1 because the UF model that
allows for a covariate-free estimation of fecundities had to be rejected due to its Δk being smaller than
the null model. Interestingly, the UF model was the best model in Stand 2 (with 3.25 recruits/adults)
but could not be informative enough in Stand 1 with just 2.56 recruits/adult given the high number of
parameters to be estimated.

The results of this study may further enhance our knowledge on the factors governing fecundity
and dispersal. According to our results, the hypothesis that fecundity is greater for bigger individuals
should be rejected (see also [8,36]). Models based on tree size (basal area and tree height) to estimate
fecundity were rejected for their performance being smaller than the null model. The same conclusion
may be reached for covariates related to cone counts in Stand 2. However, in Stand 1, the use of the
number of cones as a covariate improved the null model’s performance so, in the absence of other more
informative covariates, we may accept the hypothesis that effective fecundity is positively correlated
to seed set variables (total number of cones/adult). Nevertheless, these results have to be interpreted
with caution since this species has serotinous cones [35] and, therefore, it may be possible that results
differ if regeneration is evaluated after a fire since, in that case, we may expect higher fecundity for
trees with a higher number of serotinous cones.

Additionally, future studies using molecular markers to identify parentage relationships between
parents and successfully established offspring may be used to confirm the patterns revealed by inverse
modeling ([37,38]). Previous studies have shown that results for sapling dispersal kernels estimated via
classical inverse modeling were remarkably similar to the ones obtained by genetic methods [36,39].

Our results highlight the importance of spatial covariates in estimating the effective adult
fecundity and further support the hypothesis that in this relict population of maritime pine the
most important factors in shaping the reproductive success of adults (evaluated as the number of
seedlings and saplings they disperse) are related to their spatial location. According to model parameter
estimates, adults with higher reproductive success are located in the northern part of both stands
(note that the β parameter for the Yco models is positive in both stands, Table 4), where we may find
better site qualities that allow for higher success in seed germination and establishment. It should
be noted that the northern part of these stands corresponds to higher elevations in this population;
therefore, Yco covariate might be capturing an environmental gradient, (i.e., a factor causing a direct
effect on seed germination and establishment). Another possible explanation is that population
expansion from south to north is causing higher reproductive success in the northern part because
more sites free of intraspecific competition are available in this previously unoccupied area.

4.2. Effective Dispersal Distances

Average effective dispersal distances were reduced in this population (24 m in Stand 1 and
13 m in Stand 2). In other Pinus pinaster stands of central range [14], an average effective dispersal
distance of 40 to 60 m was reported (depending on the model used). The most comprehensive study
of maritime pine primary seed dispersal (i.e., before Janzen-Connell effects and secondary dispersal)
performed in Spain [40] reported average primary seed dispersal distances of 14–25 m. Therefore, our
findings suggest that the average effective dispersal of Fuencaliente population is in the same order of
magnitude as primary seed dispersal in other populations.

Reduced dispersal distances may be due to the small height of trees in this population. Indeed,
the average tree height of adult individuals was only 5.4 m, and the shortest mature tree in our data-set,
bearing two cones on its crown, was just 45 cm in height. As seed dispersal distances are strongly
correlated with plant height [41], dispersal distances may have been drastically reduced by tree height
(seed release height), which is directly related to site quality. Other factors that could also account
for the strong dispersal limitation observed, such as the absence of animal-mediated dispersal or
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density-dependent mortality [34,42], should also be considered but our data-set does not allow for
more specific conclusions to be drawn.

In addition, the fact that the population grows in low stand densities does not seem to have
favored effective dispersal at larger distances by offering sites free of conspecific competition [19].
This should be expected in this stand since the low stem density does not imply the existence of
adequate sites for seedling establishment. Indeed, favorable microsites for establishment are very
limited due to complete soil loss (in some cases) or because they have been already occupied by adult
conspecifics. Under these conditions, it seems very unlikely that new recruits will establish in this
population in the mid-term. Seemingly, dispersal potential and population expansion are drastically
reduced in poor environments due to both decreasing adult tree height and safe-site limitation for
seedling establishment.

4.3. Management Implications

In situ conservation of this population is a great priority for forest management and conservation,
especially taking into account the results of recent studies on genetic diversity [26,28]. Due to its relict
nature, the population of Fuencaliente has been included as one of the provenances of Pinus pinaster and
is also considered as a model population for studying genetic introgression by exotic plantations [23].
However, no specific measures have been implemented for the protection, conservation, and restoration
of Fuencalinente pine population other than being part of a Natura 2000 Site.

Measures to support the conservation and recovery of this population should include both
legislative initiatives towards generating a special legal status that will recognize the uniqueness of the
population as well as actions with local institutions and society to achieve higher awareness for this
forest genetic resource.

Managerial actions may also enhance the viability of the population. Seeds from the individuals
that show lower fecundity, mainly located in the southern part of both stands, should be used for
population augmentation. Seedlings grown from these seeds could be used in small plantation
programs within the population targeting favorable microhabitats with limitations in seed arrival.
This action would increase or at least maintain stand genetic diversity by enhancing recruitment of
reproductively inactive individuals. Additionally, as we report in a parallel study [26], deer density in
the area should be reduced to avoid excessive damage caused by these animals to regeneration and
adult individuals.

On the other hand, silvicultural treatments should be applied in Fuencaliente’s surroundings to
reduce fire risk as currently, the population might not be able to recover if it burns due to its small size.
Moreover, canopy seed bank contained in closed cones has been severely reduced since the arrival of
squirrels (Sciurus vulgaris L.) in this area in 2005 [26]. Finally, seeds from this local population should
be used in plantation programs in the nearby areas in accordance with [23] proposal after studying
introgression dynamics between the local and the introduced gene pools.

5. Conclusions

Fecundity is very low in the pine forest of Fuencaliente and managerial actions seem to be
necessary for the conservation of its genetic resources. In addition, unequal fecundity among adults in
one of the stands suggests that further loss of genetic diversity may be expected from reproductive
inactivity of the majority of adult trees in Stand 2. Furthermore, we found no evidence that adult
tree size is related to higher adult fecundity. However, we found evidence that adult fecundity is
mostly related to the spatial location of adults, a finding suggesting that the most limiting factor to
regeneration is the lack of microsites favorable for seed emergence and survival. Finally, we report very
low dispersal distances for successfully established offspring, a fact that further reduces the probability
of the population to expand to adjacent and unoccupied areas. Forest management should aim at
reinforcing the reproductive potential of less fecund adults by designing small plantation programs
within the population targeting favorable microhabitats with limitations in seed arrival.
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Abstract: DNA polymorphism at nine nuclear microsatellites of nine selected naturally-regenerated
Norway spruce populations growing mainly within gene conservation units in different parts of the
Czech Republic was studied. To verify the genetic quality of the selected gene conservation unit,
we analyzed nine Norway spruce subpopulations from gene conservation unit GZ 102–Orlické
hory. Genetic parameters can be used in state administrative decision making on including
stands into gene conservation units. The level of genetic diversity within 17 investigated Czech
Norway spruce units was relatively high. Mean values for the number of different alleles ranged
from 12.2 (population SM 08) to 16.2 (subpopulation SM T4). The values of observed heterozygosity
(Ho) ranged from 0.65 to 0.80 and expected heterozygosity (He) from 0.74 to 0.81. Pairwise population
FST values ranging from 0.006 to 0.027 indicated low genetic differentiation between units, and values
of Nei’s genetic distance among Norway spruce units ranged from 0.046 to 0.168, thus structuring
of the investigated Norway spruce units was confirmed. Closer genetic similarity was seen in
subpopulations from the gene conservation unit in Orlické hory than in the studied populations
from other genetic conservation units. Additionally, the populations SM 01 and SM 05, both of Hurst
ecotypes, were the closest to one another and the populations of mountain and alpine ecotypes were
assembled into another group.

Keywords: Picea abies; nuclear microsatellites; genetic diversity; gene conservation unit

1. Introduction

Norway spruce (Picea abies (L.) Karsten) is a coniferous species belonging to the family Pinaceae.
It is one of the most widespread tree species in Europe, where it is located mainly in Northern and
Northeastern Europe and in the mountains of Central and Southern Europe. The natural distribution of
this species within the territory of the Czech Republic is in the Hercyno-Carpathian region and Picea abies
represents the only autochthonous species of the genus Picea growing in the Czech Republic. Picea abies
belongs to the most variable taxon of its genus with a relatively large area of distribution [1]. There are
three main important ecotypes in the Czech Republic differing morphologically and physiologically and
growing at different altitudes. The alpine ecotype grows at an altitude above 1050 m. It is very resistant
to wind, snow, and ice. Its crown is slim and dense, and the needles are stiff and short. The mountain
ecotype grows at an altitude from 700 to 1050 m, and its crown is short and sparse. The Hurst
ecotype grows at an altitude below 700 m. Its crown is broad and elliptical, and the needles are
long, relatively sparse, and its cones are long [2]. Norway spruce is economically the most important
tree species in the Czech Republic, where it is used for pulp and timber production. This species is very
demanding of soil moisture and requires higher relative humidity. In the past 200 years, the spruce
has been secondarily extended to everywhere in Central Europe, thereby pushing out most of the
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original trees [3]. Recently, the main coniferous area, such as that of spruce, pine, and larch, has
gradually decreased in the Czech Republic, while the proportions of silver fir and deciduous trees
have been increasing in order to achieve optimal species composition of forests [4]. A significant
reduction today in the occurrence of spruce in some localities is due to the natural increase in drought
caused by climate change [5]. One of the priority tasks under state forest policies and an international
obligation of the Czech Republic is to conserve biodiversity in forest ecosystems while promoting the
principles of sustainable management. Therefore, it is essential to determine the genetic variability in
economically and ecologically valuable stands and populations. It is widely assumed that populations
characterized by narrow genetic diversity could be more sensitive to environmental changes or disease,
thereby leading to a decrease in productivity [6]. The genetic diversity of trees is crucial for the
adaptation of forests to climate change [7,8] and for sustaining forest ecosystems [9]. Knowledge based
on DNA analyses regarding the variability of genetic resources will contribute to the quality of the
reproduction material and to creating an optimal species composition in forests. Norway spruce
has been the subject of numerous genetic surveys using isozymes [10,11], expressed sequence tags
markers [12,13], mitochondrial DNA [14,15], sequence tagged site markers [16,17], amplified fragment
length polymorphism [18], single nucleotide polymorphisms [19,20], and microsatellite markers [21–25].
Nuclear simple sequence repeats (SSRs, or microsatellites) are widely used for assessing genetic diversity
in forestry populations [6]. With their high degree of polymorphism, they provide an ideal tool
for gene flow studies [26]. As co-dominant markers, they allow the assessment of heterozygosity.
Nuclear SSR markers for Norway spruce have been developed from genomic dinucleotide and
trinucleotide sequences and from expressed sequence tags (EST)-derived stretches [27]. The application
of SSR markers developed from genomic DNA for Norway spruce is limited due to the tree’s large
(ca. 20-gigabase) genome [28] and high proportion of repetitive DNA [21], which frequently produce
complex multi-locus amplification products. To obtain a single locus, EST-SSRs markers derived
from expressed regions have been developed [22,24]. These markers combine the advantages of
microsatellite variability with the information content potentially carried by expressed sequences.
Variable microsatellite markers relative to the coding regions are useful in forest population genetics
(for example, in assessing adaptive variation) [22] and may be useful for association with phenotypic
traits [24].

To provide insight into the levels of genetic variation and differentiation of selected
naturally-regenerated Norway spruce populations and subpopulations growing mainly within
the gene conservation units in different parts of the Czech Republic, eight EST-SSRs and one
genomic-derived microsatellite markers were used. The gene conservation units are natural or
man-made tree populations which are managed for maintaining evolutionary processes and adaptive
potential across generations [29]. They present a set of forest stands with a significant share of valuable
regional forest tree stocks in sufficient area to maintain the biological diversity of the population,
which is able to reproduce on its own in case of suitable management methods. Each unit should have
a designated status and a management plan, and one or more tree species recognized as target species
for genetic conservation [29]. In the Czech Republic, the gene conservation units are proclaimed by
the state administration in accordance with the valid legal regulation (Act No. 149/2003 Coll.) in
order to save, conserve, and reproduce genetic resources of forest trees. According to Czech legislation,
the gene conservation unit can be declared for one or more tree species in one or more separate parts
and the size of one gene conservation unit should not be less than 100 ha. Natural regeneration should
be preferred as a regeneration method. If artificial restoration is required, the reproductive material
should originate from the same gene conservation unit.

Europe is an example of a complex where the distribution ranges of tree species extend across large
geographical areas with profound environmental differences, and with ranges often overlapping across
many countries. Conservation of forest genetic diversity through the use of gene conservation units is
also conducted at the European level by European Forest Genetic Resources Programme (EUFORGEN),
with which the Czech Republic is involved. This international cooperation supports the countries in
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their efforts to conserve forest genetic resources as part of sustainable forest management, as agreed in
the context of Forest Europe, and contributes to developing genetic conservation strategies for forest
trees at the pan-European level. Pan-European minimum requirements for dynamic conservation units
of forest genetic diversity were developed as part of the EUFGIS project (Establishment of a European
Information System on Forest Genetic Resources, April 2007–September 2010) which is one of the
17 actions co-funded by the European Commission through the Council Regulation (EC No 870/2004)
on genetic resources in agriculture. Silvicultural interventions in gene conservation units should
be allowed to enhance genetic processes, as needed, and field inventories carried out to monitor
regeneration and the population size. These minimum requirements are now used by 36 countries to
improve the management of forest genetic diversity.

Verification of the genetic quality of selected Czech genetic conservation units was carried out
at the request of the state administration in order to develop procedures for acquiring knowledge
about the genetic quality of other units, and these procedures will be used for subsequent monitoring
strategies of the gene conservation units. Knowledge from genetic investigation is also important from
the point of view of international cooperation (EUFORGEN) and it also contributes to fulfilling one
of the priority tasks of the state forest policies and an international obligation of the Czech Republic
to conserve biodiversity in forest ecosystems and promote the principles of sustainable management.
In order to verify genetic quality of the selected gene conservation unit, we analyzed nine Norway
spruce subpopulations from gene conservation unit GZ 102–Orlické hory. The results relating to
genetic parameters can be used for state administrative decision making as to which stands to include
into a gene conservation unit.

2. Materials and Methods

Eight Czech Norway spruce populations and nine subpopulations from the Orlické hory
population (a total of 17 units) were genetically screened by nuclear microsatellites. Sampling of young
needles was carried out during 2012–2016 from individual trees growing in gene conservation units,
national parks, a protected landscape area, and national nature reserves. A more detailed investigation
was carried out in the Orlické hory locality, where genetic parameters were studied within nine
subpopulations of one gene conservation unit (GZ 102 Trčkov–Šerlišský kotel–Vrchmezí) and compared
to the other populations. The locality designations, geographic coordinates, altitudes, and natural
origins are presented in Table 1, sampling locations in Figure 1, and mean sample size of studied units
was 34.7. The distance between randomly-sampled adult trees was approximately 80–100 m within gene
conservation units in different parts of the Czech Republic, and 25–30 m within nine subpopulations of
one gene conservation unit (GZ 102 Trčkov–Šerlišský kotel–Vrchmezí). Investigated Norway spruce
populations or subpopulations represent three main different ecotypes (Table 1).
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Total genomic DNA was extracted from 20 mg of dry or 100 mg of frozen young needles
collected from 591 Picea abies individuals of the investigated localities using a DNeasy Plant Mini
Kit (Qiagen, Hilden, Germany) while following the manufacturer’s instructions. Liquid nitrogen
was used for disrupting the plant material. DNA concentrations and purity were measured
spectrophotometrically using a NanoPhotometer (Implen, Munich, Germany). SSR markers were
used as molecular genetic markers for detecting genetic variation in the selected Norway spruce
units. The following markers with dinucleotide motifs, whose PCR products provided single, clear,
reproducible patterns were used: PAAC23, PAAC19 [22], WS00716.F13, WS0092.A19, WS0022.B15,
WS0073.H08, WS00111.K13, WS0023.B03 [24] derived from expressed sequence tags (EST-SSRs),
and SpAGD1 [23] developed from genomic libraries of Norway spruce [21]. The nine nuclear
microsatellite markers were assembled into three multiplexes from the viewpoint of the targeted
allele sizes and amplification conditions. Specific primers were labelled fluorescently using FAM,
VIC, and NED dyes. The amplification reaction conditions of the first multiplex with loci PAAC23,
PAAC19, and SpAGD1 were for each sample in a final volume of 15 μL and contained 1 μL of
template DNA (≈10–50 ng/μL), 1.5 μL of 10× PCR buffer (Mg-free), 0.2 mM of dNTP mixture
(Takara Bio Inc., Otsu, Shiga, Japan), 2 mM MgCl2, 0.37 U of Platinum® Taq DNA polymerase
(Invitrogen, Carlsbad, CA, USA), and primer combinations of the forward and reverse primers.
The primer concentrations of loci PAAC19 and SpAGD1 were 0.1 μM and for locus PAAC23 0.2 μM.
The reaction mixtures were supplemented with sterile water for molecular biology (Sigma-Aldrich,
St. Louis, MO, USA). The PCR profile was as follows: initial denaturation at 94 ◦C for 3 min followed
by 37 cycles of denaturation at 94 ◦C for 45 s, an annealing temperature of 57 ◦C for 45 s, and extension
at 72 ◦C for 45 s, with a final extension step at 72 ◦C for 20 min. PCR for the second multiplex with loci
WS00716.F13, WS0092.A19, and WS0022.B15 was performed using the Type-it® Microsatellite PCR Kit
(Qiagen, Hilden, Germany). The concentration of each primer was 0.1 μM. PCR cycling conditions
consisted of an initial denaturation at 95 ◦C for 15 min followed by 26 cycles of denaturation at 94 ◦C
for 30 s, an annealing temperature at 53 ◦C for 90 s and extension at 72 ◦C for 30 s, with a final extension
step at 60 ◦C for 30 min. PCR conditions for the third multiplex with loci WS0073.H08, WS00111.K13,
and WS0023.B03 were the same as for the second multiplex, again with concentrations of each primer
at 0.1 μM, except that the annealing temperature was 55 ◦C. Amplifications were carried out in a Veriti
thermal cycler (Applied Biosystems, Foster City, CA, USA).

PCR products were separated by capillary electrophoresis using the Applied Biosystems
3500 genetic analyzer (Applied Biosystems, Foster City, CA, USA). As size standard, we used
GeneScanTM 600LIZ® (Applied Biosystems, Foster City, CA, USA). Alleles were sized using
GeneMapper® 4.1 software (Applied Biosystems, Foster City, CA, USA). Micro-Checker software
was used for identifying and correcting genotyping errors in microsatellite data and for estimation
of null allele frequencies [30]. The majority of genetic diversity parameters—number of alleles,
Shannon’s information index, observed heterozygosity, expected heterozygosity, fixation index (F),
pairwise population FST values of the genetic divergence, Nei’s genetic distance, and a principal
coordinate analysis (PCoA) were calculated using the statistical program GenAlEx 6.501 [31,32].
The fixation index was calculated as F = 1 − (Ho/He) according to Wright [33]. Deviations from
Hardy-Weinberg equilibrium (HWE) for studied loci were assessed using CERVUS 3.0.7 with
Bonferroni correction for evaluating the deviation significance [34]. Global Hardy-Weinberg tests
across the studied populations were performed by GENEPOP 4.2 [35,36] using Markov chain Monte
Carlo simulations with 10,000 dememorizations, 100 batches, and 10,000 iterations to detect significant
heterozygote excess or deficiency. The genetic divergence FST and Nei’s genetic distance [37] between
populations were estimated by computing a pairwise population matrix. Total FST was calculated as
the analysis of molecular variance (AMOVA) based on 999 permutations with the software GenAlEx
6.501 [31,32]. A chi-squared test was used for evaluating the Hardy–Weinberg equilibrium (HWE) for
co-dominant genotypes at a single locus and for a single population. The number of private alleles
is the number of alleles unique to a single population. It was calculated as the mean value from all
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studied loci. The Bayesian clustering method implemented in STRUCTURE 2.3.4 software [38–41] was
used to infer the population structure. The admixture model and correlated allele frequencies were
used. We used a Length of Burn-in Period of 10,000 and 100,000 Markov chain Monte Carlo (MCMC)
Repeats after Burn-in. Multiple runs were performed by setting the number of populations (K) from
K = 1 to K = 15. Each run was repeated ten times. The best estimate of K values was calculated using
the web-based STRUCTURE HARVESTER program [42].

3. Results

Genetic diversity parameters were studied in the 17 Czech units (populations, subpopulations)
using nine nuclear microsatellite markers. The nine subpopulations were taken from just one
gene conservation unit (GZ 102 Trčkov–Šerlišský kotel–Vrchmezí) in order to compare the genetic
distances among them and with the other studied populations situated in different localities of the
Czech Republic.

The selected markers that generated simple patterns detected 23 (PAAC23), 36 (PAAC19),
38 (SPAGD1), 25 (WS00716.F13), seven (WS0092.A19), 24 (WS0022.B15), nine (WS0073.H08),
34 (WS00111.K13), and 37 (WS0023.B03) different alleles over 591 tested Norway spruce trees (Table 2).
All SSR markers had dinucleotide repeats and their PCR products provided variable expected sizes.
With one exception in subpopulation SM S4, the Micro-Checker software [30] found no evidence
at any locus of scoring error due to stuttering and no evidence of large allele dropout for any unit.
In SM S4, stuttering at locus PAAC23 might have resulted in scoring errors, as was indicated by
the highly significant shortage of heterozygote genotypes with alleles of one repeat unit difference.
Analyses indicated homozygote excess at loci PAAC19 and SpAGD1 in all units; at locus WS00716.F13
in units SM S1, SM V2, SM 05, and SM 11; at locus WS0022.B15 in units SM S1, SM S4, SM T1,
and SM V2; at locus PAAC23 in subpopulation SM S4; at locus WS00111.K13 in subpopulation
SM T1; at locus WS0073.H08 in population SM 01; and at locus WS0092.A19 in population SM 08.
The Micro-Checker software indicated that these units are possibly in HWE while showing signs
of a null allele. The evaluations of null allele frequencies in accordance with Oosterhout [30] are
recorded in Table 2. Some significant deviations (p < 0.001) from HWE based on the chi-square test
for HWE [31,32] were detected at locus PAAC23 in two units (SM T4, SM 05), at locus PAAC19 in
14 units (all except units SM V4, SM 01, and SM 12), at locus SpAGD1 (all except population SM
11), at locus WS0092.A19 (with significant deviation occurring in units SM T2, SM T4, SM V1, SM
01, and SM 08), at loci WS00716.F13 and WS0023.B03 (with significant deviation occurring only in
population SM 05), at locus WS0022.B15 (in the SM S4 and SM V2 subpopulations), and at locus
WS0073.H08 (in population SM 01). Significant deviations were not observed at locus WS00111.K13.

The genetic diversity parameters with the primer sequences of the studied markers are reported in
Table 2. There were 234 different alleles detected at the nine loci in the 591 Norway spruce individuals.
Expected heterozygosity (He) ranged from 0.20 (WS0092.A19) to 0.93 (SpAGD1, WS00111.K13),
with a mean value of 0.78. The mean value of observed heterozygosity (Ho) was 0.71 and ranged
from 0.22 (WS0092.A19) to 0.97 (WS0023.B03). Shannon’s information index calculated for allelic
and genetic diversity also depends on the evenness of allele frequencies, which ranged from 0.41 at
locus WS0092.A19 to 2.86 at locus SpAGD1. Fixation index values varied from −0.075 (WS0023.B03)
to 0.41 (PAAC19). Most of the loci exhibited homozygote excess with positive F values. The loci
WS0073.H08, WS00111.K13, and WS0023.B03 with negative fixation indices reflect excesses of
heterozygotes in comparison to their expected frequencies. According to the program CERVUS 3.0.7,
significant deviations from HWE (p < 0.001) were detected at three loci (PAAC19; SpAGD1—deficiency
of heterozygotes; WS0023.B03—excess of heterozygotes) across 17 investigated Norway spruce units.
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Genetic diversity characteristics of the 17 investigated Norway spruce units are given in Table 3.
The mean values of the different alleles ranged from 12.2 (SM 08) to 16.2 (SM T4). The highest number
of different alleles, at 28, occurred in subpopulation SM T4 at locus SpAGD1. The lowest, at only
two alleles, was observed in the subpopulations SM V1 and SM V4 at locus WS0092.A19. The mean
effective number of alleles ranged from 6.5 (SM 08) to 9.9 (SM T4). Mean values of population
genetic diversity according to Shannon’s information index (I) ranged from 1.93 to 2.19. The values
of observed heterozygosity (Ho) ranged from 0.65 to 0.80 and of expected heterozygosity (He) from
0.74 to 0.81. Slightly negative fixation index (F) values occurred in two populations (SM 09 and SM
12). Other Norway spruce units showed positive values of fixation index (0.011–0.199), indicating
heterozygote deficiencies relative to the expected fraction. Global Hardy-Weinberg test detected high
significant deviations from HWE for all 17 Norway spruce units. The result “highly significant” is
reported when at least one of the individual tests being combined yielded a zero p-value estimation.

Table 3. Mean values for genetic characteristics of 17 investigated Norway spruce units from nine
selected nuclear microsatellite loci.

Characteristic/Populations N Na Ne I Priv. Alleles Ho He F

SM S1 35 14.6 9.1 2.15 0.33 0.68 0.79 0.109 ***
SM S2 35 15.1 9.3 2.16 0.11 0.69 0.78 0.101 ***
SM S4 35 15.4 9.6 2.17 0 0.68 0.78 0.104 ***
SM T1 35 15.3 9.5 2.18 0.44 0.67 0.78 0.116 ***
SM T2 35 15.4 9.4 2.18 0 0.69 0.78 0.142 ***
SM T4 35 16.2 9.9 2.19 0 0.71 0.78 0.091 ***
SM V1 35 13.4 8.9 2.09 0 0.65 0.77 0.199 ***
SM V2 35 14.9 9.5 2.14 0 0.68 0.77 0.095 ***
SM V4 35 14.7 8.6 2.11 0.44 0.73 0.77 0.038 ***
SM 01 32 14.2 7.9 2.09 0.67 0.68 0.78 0.121 ***
SM 05 40 14.7 7.9 2.10 0.44 0.72 0.78 0.059 ***
SM 07 30 14.3 8.5 2.10 0.11 0.74 0.77 0.011 ***
SM 08 24 12.2 6.5 1.93 0.11 0.72 0.74 0.051 ***
SM 09 60 15.8 8.8 2.19 0.33 0.79 0.81 −0.002 ***
SM 10 30 14 8.9 2.16 0.22 0.73 0.80 0.054 ***
SM 11 30 13.2 7.8 2.04 0.11 0.67 0.77 0.096 ***
SM 12 30 13.6 9.0 2.16 0 0.80 0.81 −0.004 ***
Mean 34.7 14.5 8.8 2.13 0.19 0.71 0.78 0.081 ***

N: sample size; Na: number of different alleles; Ne: number of effective alleles; I: Shannon’s information index;
Priv. alleles: number of private alleles; Ho: observed heterozygosity; He: expected heterozygosity; F: fixation index;
significant deviation from HWE (*** p < 0.001).

The highest number (six) of private alleles was found in population SM 01, where one allele
appeared at loci WS00716.F13, WS0073.H08, and WS00111.K13, and three alleles at locus WS0092.A19.
In many units (SM V1, SM V2, SM T2, SM S4, SM T4, and SM 12), there were no private alleles.
Significant allelic frequencies differences were found across the 17 studied units at most loci.
For example, a 280 bp allele at locus PAAC23 varied in frequencies from 34% to 60%, a 165 bp
allele at locus PAAC19 varied from 0% to 26%, and a 196 bp allele at WS0022.B15 from 1% to 17%.

Estimates of differentiation expressed by FST values ranging from 0.006 to 0.027 indicated low
genetic differentiation between units. Differentiations between the nine subpopulations from the
gene conservation unit GZ 102 Trčkov–Šerlišský kotel–Vrchmezí showed lower values (0.006–0.011).
FST values were greater than zero and so confirm the structuring of the studied Norway spruce units.
After calculation of total FST based on 999 permutations, the overall level of genetic differentiation
was found to be very low (0.011). Genetic distances between units were calculated based on Nei’s
standard genetic distance [37]. The longest Nei’s genetic distance (0.168) appeared between the SM
S4 (Orlické hory–Šerlich) and SM 08 (Českomoravská vrchovina) units. The closest Nei’s genetic
distance (0.046) was between the SM S2 and SM T2 subpopulations, both from the Orlické hory locality.
Values of Nei’s genetic distance among subpopulations of the gene conservation unit ranged from 0.046
to 0.092. The closest pairwise Nei’s genetic distance within other observed localities was 0.062 between
SM 01 (Středočeská pahorkatina) and SM 05 (Středočeská pahorkatina), both of the Hurst ecotype.
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Nei’s standard genetic distances among the units are graphically illustrated in Figure 2, constructed on
the basis of principal coordinate analysis, which shows the genetic similarity of the subpopulations
from the gene conservation unit GZ 102 Trčkov–Šerlišský kotel–Vrchmezí. An interesting result was
the grouping of the same ecotypes (Hurst, alpine, and mountain). The spatial differentiation was not
confirmed by the STRUCTURE analysis. The Bayesian analysis identified K = 2 as the most relevant
number of clusters. The admixture of clusters was very similar for studied Norway spruce units.

SM_S1

SM_S2
SM_S4

SM_T1
SM_T2

SM_T4

SM_V1
SM_V2 SM_V4

SM01
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Principal Coordinates (PCoA)

Figure 2. Results of the principal component analysis.

4. Discussion

The aim of this work was to determine the genetic parameters of selected Norway spruce
units growing in different parts of the Czech Republic, where their regeneration is a naturally
ongoing process, and to compare the genetic similarities of nine subpopulations from one gene
conservation unit (GZ 102—Orlické hory) to other populations distributed across the Czech Republic.
Nuclear microsatellite markers were tested in genetic studies of spruce populations. Nine nuclear
microsatellite loci were chosen with clear, reproducible PCR products of expected sizes and
sufficient polymorphism.

The highest variability was found in locus SpAGD1 developed from genomic DNA. This was
in accordance with Rungis et al. [24], who had found that the EST-SSRs showed significantly less
variation than did the genomic-derived SSRs, as was the result also in his study, where the 25 EST-SSRs
had approximately 9% less heterozygosity than did the 17 genomic-derived SSRs. However, the
EST-SSR markers associated with the coding regions of the adaptive part of the spruce genome
may be more useful in investigating defense against stress. At present, threats to this species
are increasing at many localities of the Czech Republic, in particular due to climate changes and
increasing water deficiency. It is generally presumed that populations with greater genetic diversity
will have a stronger ability to adapt to changes in environmental conditions. Evaluation of genetic
variation in genes controlling adaptive traits using genetic markers [8,13,20,43] could contribute
to conserving the stability of long-lived forest trees. Analyzed Czech Norway spruce units have
shown high levels of genetic diversity, so it can be said that these populations are appropriately
included in the gene conservation unit. A prerequisite for these forests is their higher ability to adapt
to changing environmental conditions. This knowledge is very important for forest management
from the standpoint of utilizing the analyzed populations as important forest genetic resources of
reproductive materials and for establishing genetic conservation strategies of gene conservation units.
An interesting result was the grouping of studied populations according to three different ecotypes, as
is illustrated by PCoA analysis. Already in a previous study of our workplace, similar results were
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found using six nuclear microsatellite loci, when populations from the České Švýcarsko National Park
and the locality of Křivoklátsko, both Hurst ecotype, were distinguished from populations of mountain
ecotype from locations Fláje (Krušné hory) and Trčkov–Šerlišský kotel (Orlické hory) based on PCoA
analysis as well.

When we compared data based on nuclear microsatellites, we saw that the level of genetic diversity
within the 17 investigated Czech Norway spruce units was relatively high and comparable with
population diversities in such other countries as Austria [25], Poland [44], Italy [27], and Germany [45].
Diversity in Bosnia and Herzegovina populations was slightly lower in terms of the mean values of
different alleles per population. Whereas in Czech populations, this ranged from 12.2 to 16.2, in Bosnia
and Herzegovina populations, these means ranged from 7.8 to 15 [46]. The mean number of alleles
at the same five loci (WS00716.F13, WS0022.B15, WS0073.H08, WS00111.K13, and WS0023.B03) over
three Tyrol populations at different altitudes was, on average, 19.2, and across the 17 Czech units it
was 25.8 alleles. The mean expected heterozygosity over these loci was much more similar in Tyrol
populations (0.87) and in Czech units (0.86). A higher level of expected heterozygosity He = 0.934 was
determined in Poland populations using three nuclear SSR markers [44]. Lower values were observed
in Bosnia and Herzegovina populations (He ranged from 0.63 to 0.71).

Occurrences of null alleles were seen especially in loci PAAC19 and SpAGD1. A similar failure of
amplifications for locus PAAC19 has been observed by Rungis et al. [24] and for locus SpAGD1 by
Melnikova et al. [23]. Due to their recessive behavior, null alleles cause a shortage of heterozygote
genotypes and result in incorrect estimates of allele frequencies. Experimental verification of null alleles
is possible when new primers can be designed in microsatellite flanking regions, thereby resulting
in a decrease of homozygotes [45]. With regard to the high number of different alleles (37 at locus
PAAC19 and 38 at locus SpAGD1) across the studied Norway spruce units, we decided not to discard
them from the evaluation; our main aim was to study the population diversities and, thus, it is better
to use a greater number of polymorphic markers. Gömöry et al. [47] reported that null alleles could
contribute to the overestimation of genetic differentiation among populations. We also calculated
FST while excluding these two loci. In that case, we obtained slightly larger intervals of pairwise
differentiation values (ranging from 0.005 to 0.031). The total level of genetic differentiation was 0.012
when these two loci were excluded. This compares to the previous result of 0.011 from nine loci.
Among the geographically-closest subpopulations from the GZ 102–Orlické hory gene conservation
unit, FST ranged in the lower values (0.005–0.012). Some results of other studies have shown that genetic
differentiation could depend on the geographical distribution of sampling. Lower values of total
FST estimation were found among three Austrian populations using SSR markers (FST = 0.002), thus
indicating very small population differentiation. The spatial distance of these populations distributed
at three different altitudes was only approximately 1000 m [25].

A higher total level of genetic differentiation (FST = 0.026) was observed among populations from
Bosnia and Herzegovina that were spatially more distant [46]. In contrast to these results, however,
in populations from the western Alps geographically located at shorter distances (only 40 km apart),
meaningfully greater genetic differentiation was found (as high as FST = 0.089). The relatively high
differentiation between geographically-close populations could be explained by their having originated
from two distinct homogenous sources [48].

Low levels of genetic differentiation were observed among the Czech units, and the high genetic
variation and heterozygosity within them is in conformity with similar results reported by other authors
in previous studies for natural woody species populations, especially conifers. This could be explained
by a mating system and high rate of migration provided by pollen and seed dispersal by wind or
animals [6,48,49]. Another explanation may be associated with the changed geographic location of
the populations due to extensive artificial forestation using Norway spruce since approximately the
middle of the 19th century [50]. Genetic monitoring has been recognized on several international
agreements and documents and can be an important tool for the protection of biodiversity. The use of
genetic markers should be envisaged as a necessary complementary tool to demographic indicators for
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the complete assessment of a genetic resource. Genetic monitoring should concentrate on gene
conservation units of such species, which should be advanced in a dynamic gene conservation
scheme [51]. As the development of more powerful and affordable molecular markers and novel
statistical and modelling tools is making genetic monitoring more feasible and cost-effective, it is
reasonable to expect that an operational genetic monitoring system can be established for the dynamic
conservation units in the near future [29].

5. Conclusions

The use of nuclear microsatellites has proven to be successful in detecting genetic variation in
the studied units. In each naturally-regenerated population investigated, the allele number was high,
thus indicating a higher level of genetic diversity that is comparable with that seen in Norway spruce
populations of other European countries. Significant differences in allelic frequencies were found at
single loci, but mean values from all loci showed low genetic differentiation between units. The shares
of observed heterozygosity ranged from 0.65 to 0.80 and expected heterozygosity from 0.74 to 0.81.
Significant knowledge for forestry management is that subpopulations from the gene conservation unit
located in Orlické hory showed closer genetic similarity compared to that seen in other populations.
Pairwise population FST values were greater than zero and so confirm the structuring of the investigated
Czech populations. Structuring of populations was confirmed also by the subsequent finding in
accordance with the results of Nei’s standard genetic distances, where the populations SM 01 and SM
05, both of Hurst ecotypes, were the closest to one another and the populations of mountain and alpine
ecotypes were assembled into another group. The relation between the genetic differences observed
in Norway spruce ecotypes and local adaptation needs to be further investigated. Acquiring new
knowledge about the genetic structure of coniferous species populations, especially in relation to
valuable ecotypes of Norway spruce, is very important in order to both maintain the ecological
stability of forests and for the optimization of timber production. The developed procedures of genetic
monitoring with DNA markers will be used in the amendment of forestry legislation and in state
subsidy policy in the area of protection and reproduction of forest tree gene resources. These procedures
for verifying the genetic quality of selected Czech gene conservation units will be used for subsequent
monitoring strategies of other gene conservation units.

Supplementary Materials: The results from CERVUS 3.0.7, the results from GENEPOP 4.2, results from
GenAlEx 6.501 and from STRUCTURE 2.3.4 are available online at www.mdpi.com/1999-4907/9/2/92/s1.
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Abstract: Quercus acutissima Carruth. is an economically important species that has long been
cultivated in Japan, so is a valuable subject for investigating the impact of human activities on
genetic variation in trees. In total, 2152 samples from 18 naturally regenerated populations and 28
planted populations in Japan and 13 populations from the northeastern part of Eurasia, near Japan,
were analyzed using six maternally inherited chloroplast (cpDNA) simple sequence repeat (SSR)
markers. Although 23 haplotypes were detected in total, both the Japanese natural and artificial
populations exhibited much lower genetic diversity than the continental populations. The level
of genetic differentiation among natural populations in Japan was also much lower (G’ST = 0.261)
than that on the continent (G’ST = 0.856). These results suggest that human activities, such as
historical seed transfer, have reduced genetic diversity within and among populations and resulted
in a homogeneous genetic structure in Japan. The genetic characteristics of natural and artificial
populations of Quercus acutissima in Japan are almost the same and it is likely that most of the natural
populations are thought to have originated from individuals that escaped from plantations.

Keywords: genetic structure; human impact; seed transportation; artificial forest

1. Introduction

Genetic diversity and genetic structure reflect the evolutionary process, including aspects such as
colonization history and adaptation to the environment over long periods. Ecological characteristics,
such as the mating system, seed dispersal and hybridization with related species, are also reflected
in the genetic variation of tree species. However, historical human activities, such as the transfer of
seeds and saplings, breeding, domestication and environmental impacts may also be reflected in the
genetic structure of tree species. Relatively few studies have examined tree species strongly affected by
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human activities over a long period [1–5]. Appropriate and sustainable use and management of forest
systems, however, requires an understanding of the effects of human activities on genetic structure
and population demography. For example, olive (Olea europaea L.) and cork oak (Quercus suber L.)
are species that were considered to have been greatly influenced by human beings in Europe.
Besnard et al. [6] reported five clades in a chlorotype consensus phylogram of olive populations
in Africa and the Mediterranean, with each located in a specific geographic zone. However, within the
Mediterranean area, the chlorotype originated in the east and had spread west, indicating seed
transportation by humans. On the other hand, cork oak retains clear phylogeographic structure in the
western Mediterranean and much less human impact than expected was detected [7]. This may be
because cork oak has approximately the same distribution today as it did prior to the Neolithic [7]
and seed transportation by humans has been rare. These studies suggest that the relationship between
historical human activities and genetic structure of valuable tree species is complicated and their
pattern is not always as expected.

Molecular makers are very useful tools to clarify the genetic structure patterns exhibited by tree
species. Among the many molecular makers available, chloroplast DNA (cpDNA) is particularly
useful for determining colonization routes, because (i) it does not recombine, therefore haplotypes
remain mostly unchanged when passed to the next generation; and (ii) in angiosperms it is generally
transmitted through seed only [8–10] because of its maternal inherited mode, so colonization
patterns which derive from seed dispersal are not obscured by pollen flow [11]. Thus, levels of
among-population genetic differentiation are expected to be much higher for cpDNA markers than for
nuclear DNA markers [12]. However, detecting useful polymorphisms at the population level is often
difficult because of the low level of substitutions in the chloroplast genome; chloroplast microsatellites
represent potentially useful markers to circumvent this problem and, to date, studies have
demonstrated high levels of inter- and intra-specific variability [7,13–15]. There are many studies
which employed chloroplast microsatellites, so called cpSSR markers, to clarify the phylogeography of
oak species widely in the world (e.g., [16–18]).

Quercus acutissima Carruth., Lepidobalanus Sect. Cerris, is one of the most economically and
ecologically important deciduous tree species growing in Satoyama, a traditional Japanese rural
forest and agricultural landscape. It is an anemophilous species and its seeds are dispersed by
gravity and animals such as rodents [19]. This species is found in the warm-temperate zone from
East Asia to the Himalayas [20], but the range is considered to be heavily influenced by human
activities because of its long cultivation history, like that of European chestnut, Castanea sativa Mill.
The origin of Japanese populations of Q. acutissima is unknown. Unlike other Japanese oak species,
Q. acutissima is seldom observed in mountainous areas, but is found in and around human settlements
in Japan. Kurata [21] questioned whether Q. acutissima is native to Japan. Fukamachi et al. [22] also
suggested that Q. acutissima is an introduction from China, because it is less common than the native
oaks Quercus serrata Murray and Quercus crispla Blume in woodlands, and it is usually pollarded,
whereas the native oaks are coppiced in the Satoyama landscape. Although there is no available
pollen fossil data specific to Q. acutissima in Japan, during the last glacial, warm-temperate evergreen
broadleaved forest, in which Q. acutissima grows, was restricted to the Paleo-Yaku Peninsula, around the
southern island of Kyushu, based upon pollen and plant macrofossil data [23]. Moreover, a recent study
based on ecological niche model by Zhang et al. [24] revealed that Q. acutissima could not distribute in
the main archipelago of Japan during the last glacial maximum (ca. 21,000 years BP). About 6000 years
ago, when the climate was warmest, the evergreen forest extended to Kanto area, central Japan [25].
The plant residue of Q. acutissima or Quercus variabillis Blume (Lepidobalanus Sect. Cerris) has been
found in the Japanese archipelago as fossil wood from the Jomon era, from approximately 16,500
to 3000 years ago [26]. The timber was used as a building material [26] and the seeds as food [27].
In recent years, especially since the 1960s, the demand for fresh Shiitake mushrooms has grown and
Q. acutissima logs for cultivation have become more scarce, so the species has been planted widely in
Japan [28].
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In Japan, there are 15 native Quercus species [20] and they are widely distributed from south to
north and from the coasts to the mountains. They are familiar to forest researchers and many ecological
studies have been conducted on them, especially in the temperate zone (e.g., [29,30]). However, only a
few reports have examined the phylogeographic characteristics of oak trees (e.g., [31–33]) and the
genetic variation in Q. acutissima in Japan has not been investigated.

The aims of the study reported here were (1) to clarify the genetic diversity and structure of
Q. acutissima using chloroplast microsatellite; (2) to detect evidence of the impact of human activity
on genetic diversity and structure; and (3) to compare genetic variation in naturally regenerated
and planted populations in Japan and continental populations in eastern Eurasia (South Korea and
Northeast China).

2. Materials and Methods

2.1. Sampling of Plant Populations

Leaves of Q. acutissima of adult individuals were collected from 18 populations that had
regenerated naturally along rivers (except for two populations, GO and SM) and two Gene
Conservation Forests (Japanese natural populations) and 28 planted populations in Japan, covering the
species’ entire distribution (Table 1, Figure 1). Naturally regenerated populations were seldom found
except for in sunny river valleys; they were small populations containing several to several dozen
individuals. We selected the individuals separated by at least 10 m from the next tree in river side
areas and 30 m in mountain areas. Every planted population was a subcompartment of a private
forest without information of seed source and all of them were older than 40 years according to
the forest registers. In order to compare Japanese populations with natural continental populations
in mountainous areas or hillside, thirteen populations from northeastern Eurasia (referred to as
continental populations, hereafter) (Table 1, Figure 1) were sampled, where possible, separated by at
least 30 m from the next tree. In total, 59 populations, consisting of a total of 2152 individuals were
sampled. Leaves were dried with silica gel in plastic bags before DNA extraction.

2.2. Chloroplast SSR Analysis

Total DNA was extracted from dried material using the modified CTAB method [34]. Each extract
was then amplified by polymerase chain reaction (PCR) using a multiplex PCR Kit (Qiagen,
Hilden, German) with six maternally inherited cpSSR primer pairs—μcd4, μcd5, μdt1, μdt3, μdt4,
and μkk4 [35]—developed for Quercus. All primers were included in the same reaction mixture.
Each 5.0-μL amplification reaction mixture contained 2.5 μL of MasterMix solution (Qiagen, Hilden,
German), 1.5 μL of RNase-free water, 0.5 μL of the primer mix solution (including the six pairs
of primers, each at 0.5 pmol/μL), and 0.5 μL of the extracted DNA (5–100 μg/mL). The reaction
program was as follows: 15 min denaturation at 95 ◦C followed by 25 cycles of 30 s, denaturation at
94 ◦C, annealing for 90 s at 48 ◦C, and extension for 60 s at 72 ◦C, followed by a final extension at
60 ◦C for 30 min. CpSSR PCR products were analyzed using an ABI3100 Genetic Analyser (Thermo
Fisher Scientific Inc., Waltham, MA, USA), and the sizes of the amplified alleles were estimated using
GeneMapper software (Thermo Fisher Scientific Inc., Waltham, MA, USA).

2.3. Genetic Data Analysis

Haplotypes were determined based on the fragment length of the six cpSSR markers. The level of
polymorphism within populations was estimated using haplotypic diversity based on unordered (hs)
or ordered haplotypes (vs) following Pons and Petit [36], taking the number of differences in the repeats
of cpSSR haplotypes into account. In the overall sample, total haplotypic diversity statistics based on
unordered alleles which assumes that new allele is generated randomly, and ordered alleles assuming a
stepwise mutation model, for the mutations of the SSR (ht and vt, respectively) [37], were also calculated
following Pons and Petit [36]. Haplotypic richness was calculated using RAREFAC [38] software.
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Figure 1. Chloroplast haplotype distribution of Quercus acutissima Carruth. for (a) 18 natural
populations in Japan, (b) 28 artificial populations in Japan and (c) 13 continental populations. The color
of haplotype is same as Figure 2.

Population differentiation at chloroplast loci was then evaluated in terms of unordered alleles
(GST) [39] and ordered alleles, which assumes a stepwise mutation model of the SSR (RST [40]).
Moreover, NST [36] was also employed to evaluate population differentiation. If a bias in homoplasy or
multistep mutation of the SSR is large enough, it is better to employ NST, which considers the number
of shared cpSSR loci with an identical allele as genetic distance among haplotypes. Following Pons
and Petit [36], 1000 random haplotype permutations among populations were used to test whether
the RST and NST values were significantly higher than the GST values. These calculations and tests
were conducted using software PERMUT/CpSSR ver 2.0 [36]. Because GST, the index of the genetic
differentiation values, is dependent on the level of genetic variation, standardized values of GST and
G’ST [41], which can range from 0 (no differentiation) to 1 (complete differentiation) regardless of
polymorphism of examined markers, were also calculated. To determine phylogenetic relationships
among the chloroplast DNA haplotypes, a Neighbor-net [42] was constructed with the software
SplitsTree4 [43]. To clarify the genetic relationships between populations, a neighbor joining tree was
constructed based on the genetic distance of (δμ)2 [44] using Populations ver.1.2.30 [45] and visualized
on a hypometric map using Mapmaker and GenGIS2 software [46].
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Table 1. Populations and sample size of Quercus acutissima Carruth. forest and detected haplotypes.

Region Forest Type Code Latitude (N) Longitude (E) Sample Size Detected Haplotype

Japan

Natural

KK 39◦16′ 141◦07′ 53 20
GO 38◦45′ 141◦23′ 16 20

ARD 36◦07′ 139◦19′ 41 6, 20
KO 36◦02′ 140◦01′ 32 20
KM 35◦39′ 138◦30′ 13 20
KA 35◦10′ 138◦90′ 4 20
TR 34◦48′ 137◦49′ 14 20
KN 34◦14′ 135◦09′ 15 20
YR 35◦17′ 135◦19′ 13 20
KZ 35◦54′ 136◦38′ 15 20
YS 34◦06′ 134◦30′ 13 20
TH 34◦52′ 133◦33′ 6 20
SM 34◦53′ 133◦25′ 12 20
OG 33◦35′ 130◦39′ 19 7, 9, 20
TG 33◦20′ 130◦50′ 8 20
SK 32◦46′ 130◦36′ 14 20
MK 32◦42′ 130◦36′ 13 20
GK 32◦39′ 131◦25′ 21 7,20

Artifical

IW 39◦46′ 141◦08′ 37 20
MF 38◦20′ 140◦59′ 33 6, 7, 19, 20, 38
MA 38◦38′ 140◦59′ 49 20
MS 38◦21′ 141◦00′ 22 20
TT 36◦31′ 140◦13′ 46 20
TM 36◦30′ 140◦12′ 46 20
TI 36◦29′ 139◦59′ 48 20
TU 36◦29′ 139◦55′ 48 7, 20
GT 36◦17′ 139◦04′ 40 20
GM 36◦16′ 138◦45′ 48 20
TO 35◦38′ 139◦18′ 50 20
IZ 34◦53′ 139◦06′ 40 20
IO 35◦01′ 138◦59′ 50 4, 20
YY 35◦30′ 138◦28′ 50 20
YK 35◦28′ 138◦30′ 50 20
ME 34◦21′ 136◦29′ 50 20
KY 34◦57′ 135◦32′ 50 20
HY 34◦55′ 135◦27′ 46 20
WK 34◦11′ 135◦17′ 50 20
WM 34◦02′ 135◦13′ 31 20
YA 34◦16′ 131◦18′ 50 20
EH 33◦37′ 132◦49′ 50 20
FU 33◦47′ 130◦53′ 42 20
OH 33◦19′ 130◦57′ 48 3, 7, 16, 19, 20
OK1 33◦11′ 131◦16′ 50 3, 5, 7, 10, 15, 20
OK2 33◦08′ 131◦16′ 50 20
KS 33◦02′ 130◦50′ 48 20
KH 33◦04′ 130◦53′ 47 20

Continent Natural

SA 37◦36′ 128◦01′ 41 3
SU 37◦19′ 127◦01′ 47 3, 5, 7, 12, 16, 19, 20
F 37◦12′ 126◦59′ 50 3, 6, 7, 12, 15, 16, 19, 20

CD 36◦50′ 127◦57′ 49 7, 15, 19, 20, 21, 26
CH 36◦24′ 127◦15′ 49 7, 12, 15, 19, 20, 21
SG 36◦22′ 128◦08′ 46 3, 7, 12, 15, 19, 20, 21
GE 35◦44′ 127◦47′ 46 3, 5, 7, 12, 15, 19, 20, 21
HA 35◦38′ 127◦17′ 39 5, 7, 9, 19, 20, 32
KW 35◦09′ 126◦56′ 28 7, 19, 20
Che 33◦31′ 126◦32′ 14 1, 26, 39, 41
XI 40◦23′ 123◦18′ 54 3, 7, 20, 26
MI 39◦55′ 116◦24′ 47 6, 20
DA 38◦55′ 121◦21′ 51 7, 9, 15, 19, 20, 26, 34, 36, 37, 40

3. Results

3.1. Haplotypes

The six chloroplast microsatellite primers assayed for 2152 individuals in 59 populations (Table 1)
gave 22 different alleles: μcd4, three alleles; μcd5, two alleles; μdt1, four alleles; μdt3, five alleles;
μdt4, five alleles; and μkk4, three alleles. Thus, 23 haplotypes were identified (Table 2) and the
haplotypes were divided into three groups on the Neighbor-net (Figure 2). Seven, eight and eight
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haplotypes belonged to Group I, II and III, respectively. In the total sample, haplotype 20 of group III
and haplotype 7 of group I were the most common, with frequencies of 72.2% and 11.9%, respectively.
Haplotype 20 was dominant in Japan and haplotype 7 was dominant on the continent (Table 2, Figure 1).
In total, there were four haplotypes in the Japanese natural populations, twelve in the plantation
populations, and twenty in the continental populations (Table 2). The number of haplotypes unique to
each population group was three (haplotypes 4, 10, 38) in the Japanese plantations and ten (haplotypes
1, 12, 21, 32, 34, 36, 37, 39, 40, 41) in the continental populations. There were no haplotypes that only
occurred in Japanese natural populations.

 

Figure 2. A Neighbor-net of 23 Chloroplast haplotypes for Quercus acutissima. Haplotypes of Group
I were distributed mainly in Korea, haplotypes of Group II were in China and northern Korea and
haplotypes of Group III were dominant in Japan.
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Table 2. The 23 chloroplast haplotypes revealed by the six simple sequence repeat (SSR) markers and
the fragment length of each marker, and frequency of each haplotype.

Haplotype

Maker Haplotype Frequency *

μcd4
(VIC)

μcd5
(FAM)

μdt1
(PET)

μdt3
(FAM)

μdt4
(PET)

μkk4
(NED)

Japan
Continent Total

Natural Artificial

20 101 81 90 129 139 115 0.957 0.965 0.037 0.7217
7 101 81 90 128 136 115 0.028 0.018 0.399 0.1190
19 101 81 90 129 138 115 - 0.006 0.121 0.0353
3 101 81 90 126 137 115 - 0.002 0.112 0.0307
6 101 81 90 127 137 115 0.006 0.002 0.084 0.0237
9 101 81 90 127 138 115 0.009 0.001 0.061 0.0177
21 102 82 91 128 137 115 - - 0.052 0.0135
26 101 81 89 128 136 115 - - 0.027 0.0070
5 100 81 90 127 138 115 - 0.001 0.020 0.0056
16 102 81 90 129 136 115 - 0.001 0.018 0.0051
12 102 81 90 128 136 115 - - 0.018 0.0046
15 102 81 90 127 138 115 - 0.002 0.012 0.0042
32 102 81 90 129 138 115 - - 0.014 0.0037
36 101 81 89 127 138 115 - - 0.012 0.0033
10 101 81 90 128 137 115 - 0.002 - 0.0009
39 101 81 89 129 138 115 - - 0.004 0.0009
4 101 81 90 127 136 115 - 0.001 - 0.0005
38 101 81 89 129 135 115 - 0.001 - 0.0005

1 101 81 89 128 136 113 - - 0.002 0.0005
34 101 82 88 129 138 115 - - 0.002 0.0005
37 101 81 89 128 139 115 - - 0.002 0.0005
40 101 82 88 130 139 116 - - 0.002 0.0005
41 101 81 90 130 139 116 - - 0.002 0.0005

Total number
of allells 3 2 4 5 5 3

VIC, FAM, PET, NED, Fluorescent Dye; *, The haplotype frequencies were rounding off four decimal place. The total
of frequencies of raw data is 1.000 in each area.; -, no detection.

3.2. Geographical Distribution of Haplotypes of Q. acutissima

The relationship between geographical distribution and genetic variation is shown in Figure 1
and Tables 1 and 2. Haplotype 20 was found at high frequencies in all natural and artificial plantations
in Japan and was also present at low frequencies in 11 of 13 continental populations, at most 10.7%
occurrences in KW and 8.7% in SG in South Korea. On the other hand, 87.5% of the occurrences of
Haplotype 7 were in 10 of 13 continental populations and only six of the 46 Japanese populations
contained this haplotype. Ten of the 23 haplotypes were unique to a single population. On the
continent, haplotypes 1, 39 and 41 were only found in Che; haplotypes 34, 36 and 40 were only
found in DA; and haplotype 32 was only found in HA. In Japan, haplotype 38 was only found in
MF, haplotype 4 only in IO and haplotype 10 only in the OK1 plantation. In Japan, 11 haplotypes,
i.e., all except haplotype 20, were found at low frequencies and they were concentrated in eight of
the 46 populations. Although no phylogeographic structure was detected because of the fixation of
haplotype 20 in Japan, haplotypes of Group II were distributed mainly in China and northern Korea
and haplotypes of Group III were dominant only in HA on the continent (Figure 3).
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Figure 3. Three chloroplast haplotype group distribution of Q. acutissima for (a) 18 natural populations
in Japan; (b) 28 artificial populations in Japan and (c) 13 continental populations.

3.3. Genetic Diversity within Populations and Differentiation between Populations of Q. acutissima

Most populations, both natural and artificial, in Japan were monomorphic, containing only
haplotype 20; in contrast, on the continent, all populations except for SA were polymorphic.
Within population variation is shown in Table 3. All calculated parameters were higher on the continent
(hs: 0.488; vs: 0.482) than in Japan (hs: 0.055, 0.059; vs: 0.053, 0.057 in natural and artificial populations,
respectively). In Japan, the values were almost the same in the natural and artificial populations.
Although the number of haplotypes in artificial populations is more than in natural populations,
most of the artificial populations were also dominated haplotype 20 (Table 1). Only five artificial
populations had multiple haplotypes (Figure 1).The level of population subdivision was relatively
low, for the natural and artificial populations in Japan, and the continental populations, respectively.
These values were low for both types of population in Japan. RST was not significantly larger than GST

for any dataset. Only in the continental populations was high population differentiation (G’ST = 0.856)
shown, and NST was significantly higher than GST, suggesting phylogeographic structure.
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Table 3. Genetic diversity and genetic differentiation in the three population groups of Quercus
acutissima Carruth.: Natural and artificial populations in Japan plus natural continental populations.

Region
Forest
Type

No. of
Populations

Sample
Size

As hs vs ht vt GST G‘ST RST NST

Japan Natural 18 322
1.111 0.055 0.053 0.073 0.073

0.246 0.261 0.238 0.238(0.076) (0.037) (0.037) (0.051) (0.050)

Japan Artificial 28 1269
1.122 0.059 0.057 0.072 0.072

0.180 0.191 0.201 0.179(0.061) (0.029) (0.028) (0.035) (0.035)

Continent Natural 13 561
2.088 0.488 0.482 0.843 0.844

0.421 0.856 0.429 0.480 *(0.159) (0.067) (0.063) (0.054) (0.099)

As, haplotypic richness; hs, unorderd haplotypic diversity; vs, orderd haplotypic diversity; ht, unorderd total
haplotypic diversity; vt, orderd total haplotypic diversity; GST, unorderd population differentiation index;
G’T, standardized value of GST; RST, orderd alleles based population differentiation index; NST, ordered loci
based population differentiation index; standard errors in parentheses; * NST is significantly larger than GST
(p < 0.05).

3.4. Genetic Relationship between Populations of Q. acutissima

A Neighbor-Joining tree for 59 populations was constructed based on the genetic distance
(δμ)2 [44] (Appendix A). Two clades were recognized: one representing Japanese natural and artificial
populations and the other continental populations. This suggests that Japanese populations and
continental populations are genetically differentiated. Only OG, a Japanese natural population,
belonged to the continental clade. No phylogeographic structure was apparent in the Japanese clade.
However, the other clade had two subclades, one consisting of populations from northern Korea and
China and the other of South Korean populations (Figure 4). Thus genetic structure was shown on the
edge of the Eurasian continent.

 

Figure 4. Neighbour-joining tree for Quercus acutissima Carruth. continental populations only, based
on (δμ)2 genetic distance.

4. Discussion

In total, 59 Q. acutissima populations from Japan and Eurasia (South Korea and Northeast China),
were analyzed using cpSSR markers and 23 haplotypes were detected in total and the markers used
were highly polymorphic.

4.1. Genetic Characteristics of Q. acutissima Natural Populations in Northeast Asia

Genetic diversity was much lower in the Japanese populations than in the continental ones.
Most populations were fixed for haplotype 20 alone, and genetic diversity with respect to chloroplast
DNA was lacking in Japan despite the polymorphic markers. In tree species, the same haplotype
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or genetically related haplotypes are sometimes located close to each other geographically (e.g.,
Betula maximowicziana Regel [47], Fraxinus angustifolia Vahl. [48]); this is referred to as phylogeographic
structure. Among the oak species present on the Japanese archipelago, Q. crispra, Q. serrata,
Quercus dentata Thunb. and Quercus aliena Blume, all of them are autochthonous in Japan, do exhibit
clear phylogeographic structure reflecting the presence of a refugium during the last glacial maximum
and subsequent migration based on chloroplast DNA variation [31,32]. In this study, there was no
phylogeographic structure identified for Q. acutissima in Japan. Thus the haplotype distribution of
Q. acutissima is completely different from that found in these four native oak species. Q. variabilis
in Japan, related species of Q. acutissima, also fixed for haplotype 20 as same as Q. acutissima [49].
Q. variabilis is inferred that the distribution was influenced by human activity as same as Q. acutissima.
It must be chloroplast capture but it could not be determined which species incited the capture.
Although it is not known when the introgression happened, it must have happened before they
expanded over the Japanese archipelago. The haplotype distribution patterns of C. sativa [2] and
Prunus avium L. [8] in Europe, which have both been influenced greatly by human activities, are similar
to Q. acutissima in Japan, with one major haplotype covering almost all the distribution range.
Alternatively, the absence of phylogeographic structure throughout Japan could be attributed to
the monomorphism of cpDNA and long distance gene flow with seed among populations [5].

Japanese horse chestnut (Aesculus turbinate Blume), which is also a tree species used by human
beings, has several haplotypes on the Japanese archipelago but one of these has a wide distribution
extending circa 900 km [50]. The authors of that study discuss the discrepancy between a distribution
range predicted based on migration capability and the actual distribution range, which is known
as Reid’s Paradox [51], and note that rare long-distance seed-dispersal events could account for
more rapid colonization [50]. Similarly, in the case of Q. acutissima, haplotype 20 is present in all
populations extending across a range of almost 1400 km. Acorns of Q. acutissima are transported
by rodents and the maximum reported distance is 38.5 m [19]. The youngest reproductive age of
the species is four years [52]. Based on these figures, if refugia of Q. acutissima during the last
glacial maximum (LGM) existed around the southern part of Japan (e.g., Paleo-Yaku Peninsula) as
suggested by the paleoecologial study [23], more than 300,000 years would be needed to cover the
entire current distribution range. However, a recent study clearly suggested that Q. acutissima did
not distribute in the main archipelago of Japan during the LGM [24]. Thus, it is difficult to explain
the modern distribution of Q. acutissima only by natural population colonization although natural
rare long-distance seed-dispersal events could account for rapid colonization. Indeed, haplotype 7,
common on the continent, was also found in six Japanese populations. Although this may suggest
the long distance dispersal, it would be more likely that this continental haplotype was introduced to
Japan via past human activities, as discussed below.

4.2. Genetic Structure and Population Differentiation

Since most of the Q. acutisima populations in Japan were fixed for one haplotype, this tree
species experienced a severe bottleneck when Q. acutissima expanded its distribution to the Japanese
archipelago either naturally or artificially. On the other hand, some populations, mainly on Kyushu
Island, have multiple haplotypes and these populations must have experienced several introductions of
seeds from the continent. However, these seeds did not spread to other regions of Japan, as happened
with haplotype 20. It is possible that these haplotypes arrived after haplotype 20 and after it had spread
across the Japanese archipelago. There are plantations which were made by Korean seed sources
in 1970s in Kyushu Island for the high demand of logs of Q. acutissima for Shiitake cultivation [53].
The haplotypes, except for haplotype 20, might have come over to Japan quite recently. Furthermore,
there may not have been enough time for mutations to accumulate after haplotype 20 was spread over
the archipelago.

The level of population differentiation was very low for Q. acutissima, particularly in Japan.
Aguinagalde et al. [54] reviewed genetic structure associated with maternally inherited markers
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in European trees and shrubs, and the average for three species that are cached by animals
(Corylus avellana L., Fagus sylvatica L., Quercus robur L.) was GST = 0.83 ± 0.05 SD (standard deviation)
and for 15 wind dispersed species was GST = 0.56 ± 0.07 SD. In contrast, Duminil et al. [55] found
that species with gravity-dispersed seeds had significantly higher GST values based on maternal
DNA, although no significant relationships were identified between GST and the other modes of seed
dispersal. The genetic differentiation revealed by maternal DNA markers for native tree species in
Japan is summarized in Table 4, and there does not appear to be any link between seed dispersal mode
and GST value, as Duminil et al. [55] described. Most species have values higher than 0.9 for GST and
0.97 for G’ST and are highly differentiated because of restricted gene flow by seed. The values for
Japanese natural populations of Q. acutissima (GST = 0.251, G’ST = 0.261) are much lower than those
for other Japanese species. Even Q. gilva, which was heavily influenced by human activity in Japan,
because of its edible acorns and valuable timber, showed much higher differentiation (G’ST = 0.754) [56]
than this study. In general, seed or seedling transfer by humans reduces genetic differentiation and
degrades genetic structure in the same way as high gene flow. C. sativa (GST = 0.43) [2] and P. avium
(GST = 0.29) [5] also exhibit low genetic differentiation (Table 4). Both of these species are used by
humans and their distributions have been influenced accordingly. The value of GST for Q. robur is
much lower in roadside plantations than natural populations [4]. As described above, Q. variabilis,
heavely influenced by human activity as same as Q. acutissima, has no cpDNA variation in Japan [49].
These support the suggestion that some non-natural factor influenced the current genetic structure of
Q. acutissima, possibly human transport of seeds and plants over a long period. Moreover, a recent
study by Zhang et al. [24] reconstructed the past distribution of Q. acutissima and they revealed that
there was little distribution of the species during the LGM in the current land area of Japan. Thus,
it is reasonable to consider that Q. acutissima started to distribute after the LGM in Japan. This also
supports that this species was possibly transported through human impact.

Table 4. Genetic differentiation of organelle DNA of five Japanese tree species, which are little used by
humans and two European tree species, which are intensively used.

Species
Dispersal

Type
No. of

Populations
No. of

Individuals
DNA GST G’ST Reference

Quercus acutissima G and A 18 322 C 0.246 0.261 This study
Quercus gilva G and A 25 135 C 0.668 0.754 [55]

Quercus mongoloca G and A 33 501 C 0.857 0.979 * [32]
Fagus crenata G and A 17 409 M 0.963 0.996 * [57]
Fagus crenata G and A 21 351 C 0.95 - [58]

Betula maximowicziana W 25 400 C 0.950 0.977 [47]
Picea jezoensis W 33 264 M 0.901 0.974 * [59]
Prunus avium G and A 23 211 C 0.29 0.44 * [5]
Castanea sativa G and A 38 181 C 0.43 0.70 * [2]

G, gravity; A, animal; W, wind; C, Chloroplast; M, Mitochondria; *, G’ST is calculated in this paper.

Although the continental populations of Q. acutissima exhibited relatively low differentiation in
GST (0.421), the standardized G’ST value was high (0.856). Thus, the much lower value of GST on
the continent was due to high polymorphism of the examined cpSSRs, as Hedrick [41] pointed out.
Moreover, GST-NST tests suggested the existence of phylogeographic structure on the continent and
indeed the NJ tree supports this finding, showing two groups. Thus, although human impact might
affect the genetic structure of Q. acutissima on the continent, it is likely to have been much less than the
influence on Japan populations.

5. Conclusions

Based on our results, it is probable that the genetic structure of Q. acutissima is heavily influenced
by human activities in Japan and it is difficult to reconstruct the past introduction routes to Japan
from the continent because of complicated multiple introductions including secondary transportation
within Japan. The genetic characteristics of natural and non-natural populations in Japan are almost
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the same and it is likely that the natural populations originated from individuals that escaped from
plantations. Thus, at least considering cpDNA variation, modern seed transfer may not affect the
current genetic structure of this species, except for some populations on Kyusyu Island. A future study
not only based on bi-parental nuclear DNA genetic variation but also on human geographic study of
usage of this tree species, would provide more information on past demographic history of this species
in Japan in order to propose a management program for these genetic resources.
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Appendix A

Figure A1. Neighbour-joining tree for Quercus acutissima Carruth. populations based on (δμ)2 genetic
distance. Numbers indicate mean probabilities based on 1000 bootstraps and only those greater than
50 are shown.
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Abstract: Quercus variabilis is a tree species of ecological and economic value that is widely distributed
in China. To effectively evaluate, use, and conserve resources, we applied 25 pairs of simple sequence
repeat (SSR) primers to study its genetic diversity and genetic structure in 19 natural forest or natural
secondary forest populations of Q. variabilis (a total of 879 samples). A total of 277 alleles were detected.
Overall, the average expected heterozygosity (He) was 0.707 and average allelic richness (AR) was 7.79.
Q. variabilis manifested a loss of heterozygosity, and the mean of inbreeding coefficient (FIS) was 0.044.
Less differentiation among populations was observed, and the genetic differentiation coefficient (FST)
was 0.063. Bayesian clustering analysis indicated that the 19 studied populations could be divided
into three groups based on their genetic makeup, namely, the Southwest group, Central group,
and Northeastern group. The Central group, compared to the populations of the Southwest and
Northeast group, showed higher genetic diversities and lower genetic differentiations. As a widely
distributed species, the historical migration of Q. variabilis contributed to its genetic differentiation.

Keywords: Quercus variabilis; SSR; genetic diversity; population structure

1. Introduction

Fagaceae is one of the most important components of northern sub-tropical forests and temperate
forests. Quercus spp. consists of about 450 different species [1] and is the largest Fagaceae genus.
Moreover, these have important ecological and economic values. Also known as Chinese cork oak,
Quercus variabilis Bl. is a species of oak in the section Quercus Sect. Cerris [2] and native to a wide area
of China [3], as well as the Korean peninsula and the southwestern Japanese archipelago. In China,
the Qinling and Dabie mountain land areas are considered the geographical distribution centers of
Q. variabilis [4]. Having one of the widest amplitudes of distribution and most complex climate types in
worldwide geographic distribution [5], Q. variabilis forests have formed many stable forest ecosystems
in warm temperate and northern subtropical regions in China and are playing a significant role in the
conservation and improvement of water and soil [6]. It is a precious timber and economic tree species,
and also considered as an important resource for natural raw materials in cork production due to its
most unique feature, i.e., its bark [7,8]. In recent years, with the development of cork, tannin, and other
industries in China, the phenomenon of over harvesting of Q. variabilis has become a prominent
agricultural problem that has resulted in extensive destruction and waste of natural resources [9].
Currently, the main distribution areas of Q. variabilis in China are mostly natural secondary forests [4].
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The original forest has become extremely rare; scattered forests are found in Guizhou, Yunnan,
and Fujian (on-site investigations). The destruction of the natural populations has been strongly
associated with climate change, soil erosion, and a series of ecological problems [10], hence a shortage
in natural resources for Q. variabilis has caused a sharp decline in raw material production.

Genetic diversity in forests is determined by gene flow, genetic drift, selection, mutation,
and other factors [11–13], and the levels of genetic variation and structures are the combined effects of
evolutionary history, distribution area, life-styles, and breeding forms [14]. For a tree with a relatively
long life cycle, genetic diversity determines its ability to adapt to changing environments, which in
turn serves as the basis for maintaining long-term stability of forest ecosystems. The evaluation
of genetic variability, especially for forests with wide distribution ranges and high ecological and
economic values, is of great significance for forest ecosystem conservation and management of genetic
resources [15]. Therefore, investigating the evolutionary history and distribution, even including
the development of protection strategies and measures based on forest diversity levels and genetic
structures, is imperative.

Studies on Q. variabilis have mainly concentrated on population structure and classification,
biodiversity characteristics, population dynamics, and ecological function [16–18]. In addition, various
features of reproduction, seedling cultivation, and planting techniques have also been studied [19–21].
Various reports on the population genetics of Quercus such as Q. acutissima [22], Q. rubra and
Q. ellipsoidalis [23], Q. mongolica [24], and Q. infectoria [25] have been published in recent years. There are
relatively few genetic investigations on Q. variabilis, but Xu [6] was the first to conduct a preliminary
study on its genetic diversity of Chinese five natural populations by using simple sequence repeat
(SSR) markers. Recent studies have focused on Q. variabilis pedigree geography such as Chen [26],
who used chloroplast simple sequence repeat (cpSSR) to relatively and comprehensively analyze
the historical evolution and its geographical distribution. However, this study was limited by the
number of samples, and may therefore not fully represent the genetic variation of existing populations.
Therefore, based on the natural resource distribution of all existing populations, the establishment of
a suitable means of detection, a sufficient number of markers, and more comprehensive sample size is
necessary to study the genetic structure and mating system.

China is considered as the global distribution center for Q. variabilis distribution. Furthermore,
research studies on its genetic structure based on a broader sampling strategy involving its main
distribution area, are of high significance to better understand the distribution pattern and formation
of existing populations. Furthermore, such studies may provide important molecular bases for the
protection and exploitation of the genetic resources.

2. Materials and Methods

2.1. Population Sample Information

The tender leaves of mature trees were collected from 19 different sub-locations in nine provinces
(Figure 1), which is representative of the entire distribution area covered from the Henan township
Neixiang, Henan (33◦50′ N 111◦18′ E) to Leye, Guangxi (24◦47′ N 106◦57′ E). Annual temperature
varies from 8.3 ◦C to 18.4 ◦C, spanning two climatic zones: subtropical monsoon and Temperate
monsoon. More details on the number of samples and geographical features of each group are listed in
Table 1. The studied forests are typical natural secondary forests, and the plants of each population
were separated by at least 50 m. The collected samples were brought back to the lab, dried by silica,
and stored at room temperature until analysis.
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Figure 1. Locations of the 19 investigated populations of Q. variabilis. Numbers correspond to the
population numbers in Table 1.

2.2. Experimental Methods

Total DNA was extracted from the samples by using a modified cetyl trimethylammonium
bromide (CTAB) lysis-silica beads adsorption method [27]. The SSR primers used in population
identification are shown in Table 2. The total volum e of each single locus polymerase chain reaction
(PCR) was 20 μL, which consisted of 20 ng of DNA, 50 mM KCl, 20 mM Tris-HCl (pH 8.3), 2 mM MgCl2,
0.2 mM dNTP, 0.5 μM of each primer (forward and reverse), and 1 U of Taq enzyme (Qiagen Inc., Hilden,
Germany) PCR thermal cycling was performed on a GeneAmp PCR System 9700 (Applied Biosystems
Inc., Carlsbad, CA, USA) using the following conditions: an initial denaturation step of 94 ◦C for
4 min; followed by 30 cycles of denaturation at 94 ◦C for l min, annealing at N ◦C for 2 min (N is the
specific annealing temperature for each pair of primers), and extension at 72 ◦C for 1 min; and a final
extension at 72 ◦C for 8 min and final storage at 4 ◦C. The PCR products were detected by using
capillary electrophoresis (Bioptic100-automated nucleic acid analyzer, BiOptic Inc., Tucson, AZ, USA).
Electrophoresis results were interpreted using Q-editor software [28].

123



Forests 2017, 8, 495

Table 2. Source, repeat motif, and polymorphism information for the 25 microsatellite loci analyzed in
the 879 Q. variabilis trees.

Locus Repeat Motif Na Ho He PIC Source

2p24 (CA)14 8 0.429 0.717 0.794 Alexis, R.S. et al. [29]
E71-72 (GA)46 8 0.212 0.771 0.803 Qin, Y.Y. et al. [30]
PIE040 (TTC)8 10 0.157 0.724 0.747 Alexis, R.S. et al. [29]

GOT040 (GA)11 5 0.389 0.468 0.782 Durand, J. et al. [31]
G0T009 (TC)7 6 0.208 0.590 0.673 Durand, J. et al. [31]
FIR053 (GTG)7 8 0.294 0.751 0.786 Durand, J. et al. [31]
FIR039 (CT)7 9 0.459 0.754 0.782 Durand, J. et al. [31]
FIR004 (CT)18 8 0.472 0.760 0.778 Alexis, R.S. et al. [29]

G11 (TC)22 4 0.324 0.551 0.615 Xu, X.L. et al. [6]
PL111-112 (TC)9 6 0.534 0.694 0.720 Qin, Y.Y. et al. [30]
PL229-230 (AG)15 9 0.387 0.669 0.689 Qin, Y.Y. et al. [30]

VIT107 (TA)13 5 0.306 0.452 0.524 Durand, J. et al. [31]
DN949726 (GAT)6 15 0.384 0.861 0.878 Saneyoshi, U. et al. [24]

E11-12 (GA)32 14 0.578 0.851 0.887 Qin, Y.Y. et al. [30]
E79-80 (TC)18 24 0.626 0.841 0.889 Qin, Y.Y. et al. [30]
EE812 (AG)7 20 0.393 0.804 0.856 Zhang, Y.Y. et al. [22]

G7 (TC)17 21 0.447 0.784 0.883 Xu, X.L. et al. [6]
G16 (AG)21 20 0.606 0.829 0.860 Xu, X.L. et al. [6]

PL127-128 (AG)12 18 0.408 0.846 0.874 Qin, Y.Y. et al. [30]
Q16 (GA)18 26 0.704 0.875 0.911 Xu, X.L. et al. [6]

EE802 (CT)8 7 0.427 0.748 0.790 Zhang, Y.Y. et al. [22]
EE856 (GGT)6 4 0.308 0.418 0.423 Zhang, Y.Y. et al. [22]
FIR048 (CT)9 8 0.438 0.758 0.784 Durand, J. et al. [31]
FIR110 (TC)20 6 0.186 0.552 0.602 Alexis, R.S. et al. [29]
PIE125 (GGAAGC)3 8 0.353 0.619 0.664 Durand, J. et al. [31]
mean 11 0.401 0.707 0.760
min 4 0.157 0.418 0.423
max 26 0.704 0.875 0.911

Na: number of alleles, Ho: observed, He: expected heterozygosities, PIC: polymorphism information content.

2.3. Data Analysis

Genetic parameters, calculated by the Fstat software, were: average number of alleles:
Na; observed heterozygosity: Ho; expected heterozygosity or gene diversity, He [32]; allelic richness,
AR [33]; the fixation index (FIS: the inbreeding coefficient) of every point and group level;
the differentiation index between pairwise populations (FST, GST, RST) and the matrix of FST between
various groups on which F-statistics were based [34,35]; Hardy-Weinberg equilibrium testing and
estimation of allele frequency were calculated [36]. The polymorphic information index (PIC) and
Linkage disequilibrium were calculated by using the PowerMarker v3.23 software (Bioinformatics
Research Center; North Carolina State University, Raleigh, NC, USA) [37]. P values were adjusted by
using a Bonferroni correction. Private alleles were calculated by using the GenAlEx software [38,39].
Gene flow (Nm) was calculated using the formula: Nm = (1 − FST)/4FST [40]. To investigate genetic
diversity and geography-space-climate relationships [41], the average AR value was calculated using
a total of 25 loci, whereas the relationships between He value and each geographic population
(latitude and longitude), annual average temperature, and annual precipitation in climate parameters
(obtained through DIVA-GIS software [42]) were calculated by using the Kendall rank-correlation test as
provided in the SAS v9.1 software (SAS Institute 2001, Wallisellen, Switzerland). Detection of bottleneck
effects was calculated by using BOTTLENECK version 1.2 software [43]. A two-phase mutation model
(TPM) and a stepwise mutation model (SMM) were used for Wilcoxon signed-rank tests. The parameter
settings included a 90% SMM and 10% TPM with a variance of 12%, and 1000 repeats [44].

For genetic relationships at the population level, a factorial correspondence analysis (FCA) was
performed by using the Genetix 4.05 software (CNRSUMR 5000; Universite Montpellier II, Montpellier,

124



Forests 2017, 8, 495

France) [45]. Population genetic structure was analyzed based on Bayesian clustering using the
STRUCTURE software [46]. For clustering from K = 1 to K = 20 (populations + 1), an admixture
ancestry model and correlated allele frequency model were used to perform a Markov chain Monte
Carlo simulation algorithm (MCMC) [47]. The length of the burn-in period at start time was set as
100,000; MCMC after the length of the burn-in period was set as 100,000, and for each of K value,
simulation calculation was repeated 10 times. The method from Evanno was used to determine the
optimal K value [48]. The relative proportions of the geographical distribution diagram were plotted
by using the Arc-GIS software (Environmental Systems Research Institute, Inc., Redlands, CA, USA).
Molecular variance analysis (AMOVA) for population genetic structures [49] and a Mantel test to detect
the presence of geographic segregation between populations by means of logarithmic normalization of
geospatial distance and genetic distance [50] were calculated by using the Arlequin software (CMPG,
Institute of Ecology and Evolution; University of Berne, Berne, Switzerland).

3. Results

3.1. Genetic Diversity

A total of 277 alleles were amplified from 25 SSR primers. On average, each microsatellite loci
could be amplified 11 times, and the number of alleles ranged from a minimum of 4 (G11, EE856)
to a maximum of 26 (Q16). The Ho of each microsatellite loci ranged from 0.157 (PIE040) to 0.704 (Q16),
and the average observed heterozygosity was 0.401. For each microsatellite loci, He was higher than
Ho, and ranged from 0.418 (EE856) to 0.875 (Q16), and the average He was 0.707. AR ranged from 3.50
(EE856) to 21.12 (Q16), and the average AR was 9.51. The PIC of SSR microsatellite loci ranged from
0.423 to 0.911, and the average PIC was 0.760 (Table 2). After detecting significance (P < 0.05), we did
not find the existence of linkage disequilibrium between any two points.

Based on statistics of population genetic diversities of 25 microsatellite loci from 19 geographic
populations (Table 3), the average number of alleles in each population was 8.01; the population with
the highest number of alleles was PZ (8.76), and the lowest was XX (7.04). The average number of
effective alleles was 4.52; the highest was LY, and the lowest was FJ. The overall average AR was
7.79; the highest one (8.56) was distributed in XS, whereas the lowest was in XX (6.90). Q. variabilis
manifested a significant loss of heterozygosity, and the mean of inbreeding coefficient was 0.044.
The average He was 0.707; the highest one was 0.745 with a distribution in CK, whereas the lowest
one was 0.623 in FJ. BOTTLENECK analysis showed that in the 19 analyzed populations, three groups
could be identified: CZ (SMM, P < 0.05), PS (SMM, P < 0.05), and FJ (TPM, SMM, P < 0.05), which may
have recently undergone a severe decline in population size, i.e., the bottleneck effect had occurred.

Kendall rank-correlation analysis of genetic diversity of geographic populations with
latitude/longitude and climatic parameters showed that in general, the AR of Q. variabilis geographic
populations has a significant positive correlation with higher average annual temperatures (r = 0.507,
P < 0.01), whereas no correlations among He, geographic latitude, and climate were observed.
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Table 3. Mean values of genetic diversity statistics for 25 microsatellite loci in 19 Q. variabilis populations.

Code Na AR He FIS TPM SMM FST GST RST

AK 8.20 8.03 0.710 0.038 ns ns
CZ 7.12 7.12 0.683 0.054 ns 0.037 *
MC 8.32 8.16 0.720 0.033 ns ns
XS 8.68 8.56 0.723 0.045 ns ns
ZM 7.84 7.65 0.711 0.043 ns ns
NX 7.92 7.75 0.709 0.042 ns ns
LY 8.44 8.23 0.707 0.046 ns ns
NJ 7.96 7.81 0.725 0.049 ns ns
XX 7.04 6.90 0.690 0.041 ns ns
PZ 8.76 8.54 0.725 0.042 ns ns
CK 8.48 7.54 0.745 0.044 ns ns
FJ 7.12 6.95 0.623 0.045 0.045 * 0.002 *
PS 8.68 7.73 0.699 0.050 ns 0.019 *

WX 7.44 7.29 0.701 0.055 ns ns
JS 7.92 8.45 0.705 0.039 ns ns
YS 8.24 8.00 0.694 0.049 ns ns
YA 8.04 7.86 0.726 0.041 ns ns
SZ 8.16 7.93 0.728 0.043 ns ns
LQ 7.76 7.54 0.716 0.039 ns ns

mean 8.01 7.79 0.707 0.044 0.063 0.060 0.073
min 7.04 6.90 0.623 0.033
max 8.76 8.56 0.745 0.055

Na: number of alleles; AR: allelic richness; He: expected heterozygosity; FIS: fixation index. TPM: a two-phase
mutation model, SMM: a stepwise mutation model; * Significant deviation from Wilcoxon signed-rank tests (P < 0.05).
FST, GST differentiation among populations according to Weir and Cockerham [34]; RST, Slatkin [51].

3.2. Genetic Differentiation and Genetic Structure

The overall population differentiation degree among geographical populations of Q. variabilis:
FST = 0.063, GST = 0.060 (P < 0.001) have been reported in Table 3. Gene flow: Nm = 3.648. AMOVA
analysis [52] showed that 6.3% (P < 0.001) of the genetic variations was among populations. The greatest
percentage of variation was contained within populations. The FST matrix between every two
populations is shown in Table 4; the differentiation coefficient between populations CK and SZ
was the smallest, (FST = 0.028); that between XX and FJ was the largest (FST = 0.135).

A FCA on genetic structure differences of pattern detection at the population level showed that
the populations could be divided into three groups based on geographic location: (a) the Southwest
populations: LY, PS, FJ, and WX; (b) the Central populations (the most resource-rich center of
Q. variabilis distribution in China): AK, MC, XS, PZ, CK, JS, YS, YA, SZ, and LQ; and (c) the Northeast
populations: NJ, CZ, ZM, NX, and XX. The Central populations were adjacent to the Southwest
populations and Northeast populations in the FCA clustering groups, whereas the Southwest
populations were distantly located from the Northeast populations in the FCA clustering groups
(see Figure 2a,c). Small genetic differences between the Central populations and the other two
populations were observed, whereas larger genetic differences were detected between the Southwest
populations and the Northeast populations.
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Figure 2. Results of factorial correspondence analysis at the population level based on simple sequence
repeat markers. The population codes are as in Table 1.

For a more detailed understanding of the genetic structures, using a ΔK value that Evanno
proposed to determine a reasonable K, the ΔK value reached a maximum when K = 3 (Figure 3).
The 19 geographic populations of Q. variabilis could then be divided into three genetically distinct
groups (Figure 4). In addition, we used the relative proportions of the geographical distribution
diagram to visually compare the distribution ratio of each group within the population (Figure 5).
The 19 populations as a whole were divided into three groups based on geographic distribution
(Figures 4 and 5); the first group was the Southwest group (pop1–4), the second group was the Central
group (pop5–14), and the third group was the Northeast group (pop15–19). Average distribution
ratios [53] were 76%, 72% and 73%, respectively. The Central group had the lowest distribution ratio,
i.e., the highest mixing degree among groups. XX (Northeast group, ratio: 87.9%), JS (Central group,
ratio: 83.4%), and WX (Southwest group, ratio: 88.9%) were the source populations in each group,
which had the highest distribution ratio.

Figure 3. Relationships between the number of clusters (K) and the corresponding ΔK statistics
calculated according to ΔK based on STRUCTURE analysis [46].
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Figure 4. Results of the structure analysis of Q. variabilis populations when K = 3. Each individual is
represented by a single vertical bar, which is partitioned into three different colors. Each color represents
a genetic cluster and the colored segments shows the individual’s estimated ancestry proportion to
each of the genetic clusters. The population codes are as in Table 1.

The results of a FCA and STRUCTUE analysis indicated that the population as a whole could be
divided into three genetic groups. Furthermore, AMOVA analysis showed 1.75% variation between
groups (P < 0.001), 5.59% variation within groups (P < 0.001), and 92.66% variation within populations
(P < 0.001). All genetic groups were ordered according to the calculated FST value: Northeast
group (FST = 0.070) > Southwest group (FST = 0.039) > Central Group (FST = 0.027). The standard
genetic distance and geographic distance of FST/(1 − FST) were calculated using the Mantel test,
which revealed that the changes in the FST values did not follow the geographical distance separating
mode (R = 0.0013, P = 0.371). The geographical distances between populations AK, CK and FJ, WX were
very small, but FCA and Bayesian analyses did not cluster those into the same groups, and AMOVA
analysis showed that most of the variations that existed within groups resulted in significant genetic
structural differences in the populations AK, CK and FJ, WX.

Figure 5. Mean proportions of cluster memberships of analyzed individuals in each of the 19 Q. variabilis
populations, based on STRUCTURE analysis at K = 3.

4. Discussion

4.1. Genetic Diversity

The level of species genetic diversity is often associated with specific characteristics such as the
length of life cycle, mating system and reproduction, the size of the geographic range, and genetic
exchange [11,54–56]. The He (0.707) of Q. variabilis in our study was slightly lower than that of Xu’s
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previous study (0.806) [6]. The main reason for this difference is that only five Chinese populations
of Q. variabilis were studied in Xu’s study, whereas we examined representative populations within
the distribution range from the South to the North. Therefore, the population genetic variation of
the species reflected in the present study was more comprehensive. Compared to the overall genetic
variation level of Q. variabilis with other Fagaceae Quercus genera species such as the summer oak
(Q. robur) (He = 0.764) [29] and Liaodong oak (Q. liaotungensis) (He = 0.754) [30], the levels of diversity
were about the same yet slightly higher than that of the Sawtooth oak (Q. acutissima) (He = 0.660) [22]
and Mongolian oak (Q. mongolica) (He = 0.630) [24]. Compared to the other endangered species or
narrow domains that were left over from the Quaternary Ice Age in China such as Ginkgo biloba
(He = 0.241) [57], the overall genetic diversity level of Q. variabilis was high, which was mainly due to
the extensive distribution of the species distributed from 19◦ N to 42◦ N across the temperate forests.
Because of huge differences in climate and habitat conditions among populations in the distribution
area, Q. variabilis may have differentiated adapted ecological and genetic types, thereby resulting in
a wide range of genetic variations. In addition, affected by the fact that the populations were sampled
from natural secondary forest, heterozygote deficits were shown (FIS = 0.044).

He and AR of each population by Kendall rank-correlation analysis revealed that neither followed
the geographical space separation mode. However, changes in AR clearly showed significant
correlations with changes in the average annual temperature, indicating that temperature has
a significant impact on Q. variabilis. Among the 19 populations studied, the genetic diversity of
the central populations (AR = 8.06, He = 0.718) was higher than that of the Southwest populations
(AR = 7.55, He = 0.683) and the Northeast populations (AR = 7.45, He = 0.704). The two populations
with the highest genetic diversity—XS (AR = 8.56) and CK (He = 0.745)—both belonged to the Central
group; these results supported the conclusions of Chen [26] in the populations of Q. variabilis in
the Central region, which experiences an average annual temperature of 15 ◦C or above and has
a higher level of genetic diversities than other areas. Bottleneck detection revealed that the Southwest
populations FJ and PS, and Northeast population CZ experienced a genetic bottleneck, which may be
the main reason for the low level of genetic diversity in all three populations [14,43,58].

Mayr proposed a “core–periphery” hypothesis that states that compared to the core groups in
general [59], the genetic diversity of peripheral groups decreased and genetic differentiation increased
under the pressures of the bottleneck effect, genetic drift, and selection pressures [60]. Based on the
genetic diversity of five Q. variabilis populations, Xu concluded that the genetic diversity of the central
groups was higher than that of the peripheral groups [6], but because of the limitations of the sample
population scales, these findings could only be used as a reference. In our study, the samples of 19
populations were collected from a representative distribution in the main distribution areas. For the
populations located in the geographical centers of existing distribution areas (the Central group),
overall genetic diversities were higher than those in the peripheral regions (the Southwest group and
the Northeast group). In addition, private alleles were only found in the southwestern population,
such as LY; this indicated that there was genetic variation in the peripheral population in adaptation to
the climate and environment. Accordingly, the diversity distribution of Q. variabilis was in line with
the “core–periphery” hypothesis.

4.2. Genetic Differentiation

The genetic differentiation level of Q. variabilis was moderately low (FST = 0.063), which was in
agreement with the results of AMOVA analysis (among populations variation = 6.3%). The genetic
differentiation level of Q. variabilis is similar to that of the summer oak (Q. robur) (FST = 0.080) [29]
and Mongolian oak (Q. mongolica) (FST = 0.077) [24]. Its genetic differentiation level is close to that
reported by Hamrick [61], who investigated diversity in widespread species, including long-lived
woody perennials and wind-pollinated outcrossing species. As a perennial tree, Q. variabilis is a typical
wind-pollinated and outcrossing species, which undoubtedly increases gene flow between populations
and reduces differentiation among populations.

130



Forests 2017, 8, 495

Gene flow determines the genetic structure and survival potential of future populations of
a species [12]. The present study showed that Q. variabilis populations are characterized by a relatively
large gene flow (Nm = 3.648) that may inhibit genetic drifting and prevent population genetic
differentiation [11]. The large gene flow is mainly determined by its biological means of spreading via
pollen and seeds. Xu [6] reported a higher gene flow (Nm = 5.239) than this study, which objectively
reflected a decreasing gene flow for Q. variabilis in the last decade; the original natural forest of
Q. variabilis has degenerated into a natural secondary forest, which may have caused a reduction in
gene flow.

The clustering results of STRUCTURE Bayesian clustering showed that the 19 populations could
be divided into three groups: the Southwest group, the Central group, and the Northeast group.
These findings were in agreement with the results of a FCA, wherein the mix in the population
genetic structure of the Southwest group and the Northeast group was relatively low, and there was
a large difference in the genetic composition between the two groups. On the other hand, the Central
populations were the largest; they showed a high mixing degree and the lowest differentiation.
In general, the population that is capable of maintaining its level of genetic diversity is often the
largest population group [62]. Therefore, as expected, the Central group showed the highest capacity
to maintain its level of genetic diversity. The Mantel test showed that correlations of genetic and
geographic distances between the groups were not significant (R = 0.0013, P = 0.371), which showed
that geographical distance is not the main reason for genetic differentiation among populations.

As a widely distributed species and perennial tree, the genetic structure formation of Q. variabilis
should not be analyzed from a single geographic distribution and distance. During the Quaternary
Ice Age, which was affected by the global glacial climate, Q. variabilis in northern China was unable
to adapt and eventually disappeared. Furthermore, the South of Qinling and Dabie Mountains had
become barriers that blocked the Quaternary glaciers, with their complex landforms and diverse
ecological environments rendering them sources of plant heterogeneous differentiations [63]. The area
thus served as a sanctuary for Q. variabilis during Quaternary glaciation [64] and eventually became
the geographical distribution center for Q. variabilis [4]. At the end of the Ice Age and with the
recovery of temperature as well as other natural conditions, it is assumed that some populations in the
distribution center differentiated into varying types which adapted to a cold, dry climate and began
to migrate to high latitudes in the northeast, while some others adapted to warm and moist types
and began to spread southwestward, and gradually formed the geographical distribution pattern
of Q. variabilis (in the present study, there were significant correlations between AR and the average
annual temperature). This evolutionary geographic history has been verified by simple haplotypes in
peripheral populations, and populations in the central region represented almost all haplotypes of
Q. variabilis [26]. It is in this complex historical dynamic migration process that the genetic structure of
the existing distribution of Q. variabilis was formed.

In addition, human activities may also have an impact on the genetic structure of various
species [65–67]. However, the results of the present study showed that among the 19 Q. variabilis
populations, the population in the center of the distribution did not experience a bottleneck effect,
whereas three populations at the periphery (FJ, PS, CZ) did, and three genetic lineages (cluster I,II and
III) obtained from STRUCTURE showed distributions in every population (Figures 4 and 5). Based on
these results, we inferred that Q. variabilis has been a widely distributed species for several historical
periods, and the history of its population dynamics and genetic variations stretches back further than
the time of human activities [68], so human activity is not the major factor that has affected its current
genetic structure.

5. Conclusions

This represents the first research carried out on the genetic diversity and structure of Q. variabilis
based on a broader sampling strategy involving its main distribution area. Q. variabilis, in general,
was in line with the “core–periphery” hypothesis. The overall genetic diversity level of Q. variabilis
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was relatively high; the genetic diversity level of populations in the geographical distribution center
was higher than that of peripheral populations. The accessions from southwest, center and northeast
areas clustered into three separate groups, and the genetic structure of Q. variabilis was mainly affected
by the preferable adaptability to the climate and environment in the complex historical dynamic
migration process. Due to the development of cork, tannin, and other industries, the distribution scale
of Q. variabilis has gradually reduced; we should establish conservation measures to prevent population
decline; peripheral populations FJ, PS and CZ, in particular, suffered the bottleneck effect. Additionally
central populations with abundant genetic variation could be used as the preferred germplasm resource
in plantations. Furthermore, private alleles were found only in peripheral population LY; they are of
great research value to the maintenance and evolution of species in disadvantageous habitats.
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Abstract: Forests are essential resources on a global scale, not only for the ecological benefits, but also
for economical and landscape purposes. However, in recent years, a large number of forest species
have suffered a serious decline, with maritime pine being one of the most affected. In Portugal,
the maritime pine forest has been devastated by the pine wood nematode (PWN), the causal agent of
pine wilt disease. In this study, RNA-Seq data was used to characterize the maritime pine response to
infection with PWN, by determining the differentially expressed genes and identifying the regulatory
networks and pathways associated. The analyses showed clear differences between an early response
that occurs immediately after inoculation and a late response that is observed seven days after
inoculation. Moreover, differentially expressed genes related to secondary metabolism, oxidative
stress and defense against pathogen infection were identified over different time points. These results
provide new insights about the molecular mechanisms and metabolic pathways involved in the
response of Pinus pinaster against PWN infection, which will be a useful resource in follow-up studies
and for future breeding programs to select plants with lower susceptibility to this disease.

Keywords: RNA-sequencing; transcriptome analysis; gene expression; pine wilt disease;
Pinus pinaster; Bursaphelenchus xylophilus

1. Introduction

Forests are much more than a large area of land covered with trees. They represent one of life’s
support systems on Earth, providing essential resources for a range of ecosystems. Furthermore, forests
supply various products and services, generating a huge number of economic and social benefits.
Due to the high commercial value of wood products, maritime pine (Pinus pinaster Ait.) is one of
the main conifer species in southwestern Europe, covering approximately four million hectares in this
region [1]. In Portugal, maritime pine is one of the predominant tree species, and by far the most
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widespread, mainly in the regions of Atlantic influence, covering more than 700 thousand hectares,
which corresponds to 23% of the total forest surface [2].

In recent years there has been a worrying decline of a large number of forest species around
the world, with maritime pine being one of the most affected [3]. This alarming decrease is caused by
abiotic and biotic factors, of which the pine wood nematode (PWN), Bursaphelenchus xylophilus Steiner
& Buhrer, 1934 (Nickle, 1970) is one of the main biotic factors [4].

PWN is a quarantine organism in the European Union (Directive 77/93 EEC), being the causal
agent of the pine wilt disease (PWD) that may kill a host tree within a short period of time after
infection [5]. Mostly due to this pathogen, the total area occupied by P. pinaster suffered an abrupt
decline in Portugal, with losses of 263,000 hectares between 1995 and 2010 [2]. As a result, P. pinaster
went from being the main forest species, in terms of distribution and area, to the third, behind
eucalyptus and cork oak. Recently, it was classified as an endangered species by the IUCN red list of
threatened species [6].

PWN was reported for the first time in Portugal in 1999 [5], and in less than 10 years the whole
P. pinaster area had been affected. PWN is transported between host trees by an insect vector, a longhorn
cerambycid beetle (Monochamus galloprovincialis Oliv.) [7]. The transmission may occur in two forms:
(i) by oviposition, where the female beetles lay their eggs under the bark of stressed or recently killed
trees by the PWN, and the nematodes migrate to pupae just before adult beetles emerge, ensuring
successful survival of the parasite. Note that due to the low frequency and efficiency in susceptible
trees, such as P. pinaster, transmission by oviposition represents a secondary inoculation way [8];
(ii) by feeding, considered the most common pathway of transmission on susceptible trees, that occurs
through beetle feeding wounds (primary transmission). Nematodes carried by beetles move into
wounds and breed in the xylem, but the survival of nematodes is not guaranteed [9,10]. This is a close
relationship between PWN and its vector beetle, resulting in the epidemiological cycle of PWD [11].

PWD expression depends not only on the pathogenicity of PWN and susceptibility of host trees
but also on environmental conditions such as high temperature and large soil moisture, the optimal
conditions for PWN proliferation [9]. The symptoms caused by PWD are common to other diseases,
and therefore can easily be confused. A typical early symptom is needle discoloration. Needles turn
grayish green, then tan, and finally brown. Then, resin flow ceases and the wood is dry when cut [4].

The defensive mechanisms of host trees can be divided into early and advanced stages [12].
In the first stage, defensive response occurs in both susceptible and resistant trees, while late response
is found only in susceptible trees [12]. In the same species, it has been verified the existence of trees with
different levels of susceptibility, some of which survive the infection, thus, constituting an opportunity
for selective breeding. This has been the approach in breeding programs developed in China and
Japan in the early sixties [13].

Transcriptome analysis based on next-generation sequencing data provides information about all
transcriptional activity in a cell or organism. It is now the most commonly used approach, and has been
applied to disease pathogenesis studies and identification of biomarkers [14]. For non-model organisms
like P. pinaster, for which there is no reference genome sequence available, RNA-Seq is an efficient
means to generate functional genomic data [15].

In order to understand the pathogenic mechanisms and reduce the damage caused by the PWD
in Portuguese forests and respective ecosystems, several studies were performed [16–19] However,
to our knowledge, the analysis of maritime pine molecular response based on RNA-Seq data was
reported in only one approach [20]. In this study, was pointed out a set of candidate genes potentially
involved in the response to PWN, mainly related with terpenoid metabolism, defense against pathogen
attack and oxidative stress.

This work is an approach to PWD, using RNA-Seq data to characterize the maritime pine
transcriptomic profile in the response to infection with Bursaphelenchus xylophilus, over three different
time points after inoculation, by determining the differentially expressed (DE) genes, regulatory

137



Forests 2017, 8, 279

networks and pathways, with the purpose of identifying potential candidate genes that may later on
be used in the selection of P. pinaster trees displaying resistance against PWD.

2. Materials and Methods

2.1. Biological Material, Pine Wood Nematode Inoculation and Sampling

A total of fourteen potted three-year-old Pinus pinaster trees were used in this study. These
plants were derived from seeds and maintained in natural environmental conditions during the assay.
Bursaphelenchus xylophilus culture was grown in PDA (Potato Dextrose Medium) with Botrytis cinerea.
After a significant growth, a suspension of nematodes was transferred to test tubes with 5 mL of water
and barley grains previously autoclaved. Later they were incubated for a week at 25 ◦C and relative
humidity of 70%, which represent optimal conditions for nematodes growth. Before inoculation,
nematodes were extracted from test tubes using the Baermann funnel technique [21]. Then, the culture
was placed at 4 ◦C to stop multiplication and passing from juvenile stage to adult stage.

Inoculation with PWN was conducted following the method of Futai and Furuno [22]. Shortly,
a suspension with 2000 nematodes was pipetted into a small vertical wound (1 cm) made on the upper
part of the main pine stem with a sterile scalpel. A sterilized piece of gauze was placed around
the wound site and fixed with parafilm to maintain the optimal humidity level. This procedure
was done in twelve P. pinaster plants, while the two remaining plants were used as control (inoculation
with water).

Four sampling time points were established, including 6 h, 24 h, 48 h and 7 days after inoculation.
For each time point, a set of three P. pinaster plants was collected. Briefly, a small piece of stem tree
above inoculation point was cut and flash frozen at −80 ◦C for further RNA extraction.

2.2. RNA Extraction, cDNA Synthesis, Library Preparation and Sequencing

All collected samples were ground in liquid nitrogen and a total RNA extraction was performed
from 2 g of plant material, according to an optimized method from Provost and colleagues [23].
Then, a DNase treatment was carried out following the instructions of the manufacturer (Kit TURBO
DNA-free by Life Technologies, Hong Kong, China).

Approximately 1 microgram of total RNA was used for cDNA synthesis, following the
ImProm-IITM Reverse Transcription System protocol kit (Promega, Madison, WI, USA). Before
sequencing, four pools of cDNA were constructed (pool 1—control; pool 2—6 + 24 h; pool 3—48 h;
pool 4—7 days).

cDNA libraries were constructed with the Ion Total RNA-Seq Kit v2 (Life Technologies,
Hong Kong, China). Briefly, mRNA was fragmented with RNAse III. After short fragment removal,
RNA adapters were ligated and the cDNA first and second strands synthesized. cDNA was then
amplified with specific barcoded primers by PCR amplification and the resulting fragments selected
for the correct size with magnetic beads.

Finally, the positive spheres from the four libraries were loaded into an Ion PI chip v2 and the
transcriptomes were sequenced as single-end reads in the Ion Proton System (Thermo Fisher Scientific,
Waltham, MA, USA) at Biocant (Cantanhede, Portugal). All procedures were carried out according to
manufacturer’s instructions.

2.3. Pre-Processing RNA-Sequencing Data and Transcriptome Assembly

The quality of the RNA-Seq reads from the four sequenced libraries was checked using FastQC
software Version 0.11.5 [24], a quality control tool for high throughput sequence data. Based on
the FastQC results, the thresholds for minimum average read quality and read length were established
as 12 and 80 bp, respectively. These parameters were used to run Sickle tool Version 1.33 [25], which
trimmed poor quality bases and adapters sequences from the raw reads, and produced a set of
processed reads that were then used in the downstream analyses.
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Since no reference genome sequence is available for P. pinaster, it was necessary to perform
a de novo transcriptome assembly. The processed reads from all libraries were assembled into contigs
using Trinity 2.1.1 [26]. The contigs generated with the Trinity assembly were used as input for
a run with CAP3 [27]. The resulting assembly was the basis for the next procedures, being used as
the reference transcriptome assembly.

2.4. Prediction of Candidate Coding Regions

The sequences from the reference transcriptome were analyzed with TransDecoder-2.0.1 [28]
to identify the open reading frames (ORF). The ORF transcripts identified were further scanned for
homology to known proteins against the Swiss-Prot [29] and Pfam [30] databases by running BlastP [31]
and HmmScan [32], respectively. In the end, TransDecoder provided the final set of candidate coding
regions, namely the predicted genes representing the basis for their annotation.

2.5. Mapping and Differential Expression Analysis

Mapping the reads against the transcriptome assembly was performed using RapMap [33]. Before
performing a differential gene expression analysis, it is common to determine the number of unique
mapped reads, which was accomplished with SAMtools-1.3 [34]. Only the reads that mapped to
a unique location in the reference transcriptome were used for downstream analyses.

The EdgeR package [35] of Bioconductor was used to identify transcripts that were differentially
expressed between the conditions. To adjust for library sizes and skewed expression of transcripts,
the estimated abundance values were normalized using the Trimmed Mean of M-values normalization
method [36] included in the EdgeR package. As our experiment did not have replicates, it was necessary
to determine the biological variability. Thus, in accordance with the EdgeR guidelines, a BCV (biological
coefficient variation) of 0.1 was assigned [37]. This procedure has been successfully used previously
in other studies, for which biological replicates were also not available [38]. After the identification of
the differentially expressed (DE) genes, correction for multiple testing was performed by applying
the Benjamini-Hochberg method [39] on the p-values, to control the false discovery rate (FDR). The final
list of differentially expressed genes was generated after employing a threshold of 0.01 for the FDR.

2.6. qPCR Validation

To perform the validation of the data from RNA-Seq, five DE genes were selected (water deficit
inducible (Wdip), WRKY transcription factor 1 (WRKY), PR10 protein (Pr10), MYB-like transcriptional
factor (Myb), TIR/NBS/LRR disease resistance protein (LRR) and primers designed using Primer3
software [40]. cDNA synthesis was performed using the ImProm-II TM Reverse Transcription System
Kit (Promega) with 1 μg of total RNA following manufacturer instructions. Relative expression
quantification was performed with Rotor-Gene Q software 1.7 (Qiagen, Venlo, The Netherlands) using
the SsoFast™ Eva Green SuperMix 1x (SYBR based system, Bio-Rad, Hercules, CA, USA); 250 nM
of each primer and 1 μL of cDNA in a final volume of 20 μL. All samples were run in triplicate,
and a no template control (NTC) and a housekeeping gene were used for every primer pair. PCR
cycling conditions were 95 ◦C for 3 min, followed by 40 cycles at 95 ◦C 10 s, 60 ◦C 60 s and 72 ◦C 30 s.
A melting curve was generated for each reaction to assure specificity of the primers and the presence of
primer-dimer. Primers efficiencies were assessed using a serial dilution of cDNA stock. The Elongation
factor-1 alpha was used as housekeeping gene and for normalization of expression of each gene.

To compare the RNA-Seq and qPCR results, a Pearson correlation was calculated using the Log2
of the normalized expression values.

2.7. Transcriptome Annotation

The ORFs transcripts identified by TransDecoder were used for transcriptome annotation. This
procedure was performed using InterProScan [41,42]. The protein domains, gene ontology (GO)
terms [43] and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways [44] associated with
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the genes annotated that are encoding enzymes were identified. A custom python script was run to
filter GOs and KEGGs from the InterProScan output. Categorizer [45] was used for the analysis of the
GOs. The list of GO IDs belonging to one of the GO categories, which includes Biological process (BP),
Cellular component (CC) and Molecular function (MF), was used and classified by its corresponding
subcategories against the GO Slim plant database [45]. The number of GOs was counted within each
subcategory, and its percentage over the total set of GO IDs provided was reported.

Regarding the functional annotation for differential expressed genes, the contigs were annotated
against the non-redundant National Center for Biotechnology Information (NCBI) plants database
(version of August 2015) using BlastP (e-value 1 × 10−5).

2.8. Biological Networks Analysis

In this study, Cytoscape [46] was used for visualization of molecular interaction networks.
This type of analysis provided a deep knowledge about resistance mechanisms at the molecular
level. Cytoscape analysis procedures began by establishing interactions between DE genes associated
with KEGG pathways and GO terms. From the large amount of plugins and features available
in Cytoscape to perform different types of studies, BiNGO [47] was selected to identify which GOs
were statistically overrepresented in the sets of DE genes. Moreover, the Enrichment Map plugin [48]
was also used with the results from BiNGO to visualize enrichment of specific functions. The statistical
analysis was carried out with customized default values recommended by user’s guidelines.

2.9. SNP Calling

Variant calling was performed with the GATK toolkit [49], which offers a variety of tools for
variant discovery. Similarly to the differential expression analysis, only the unique mapped reads
were used for SNP calling. A first set of variants was identified using the UnifiedGenotyper tool
available in the GATK toolkit. This initial set of variants was then filtered, using the SelectVariants
option with the parameters SNP quality (QUAL ≥ 60), individual coverage (DP ≥ 15) and genotype
quality (GQ-phred quality ≥ 40), in order to produce the final set of high-confidence SNPs. Finally,
SnpEff was used to annotate and predict the effects of the filtered SNPs.

2.10. Data Archiving Statement

The raw sequences used in this work were submitted to the Sequence Read Archive
(SRA) with the BioProject accession number PRJNA378402 and accession name “Pinus pinaster
Transcriptome sequencing”.

3. Results

3.1. Pre-Processing of RNA-Sequencing Data and Transcriptome Assembly

A total of 176,282,168 raw reads were generated for all libraries. After quality control using
FastQC, low-quality bases were trimmed by Sickle and 144,422,207 high quality reads were obtained,
with an average range length between 119 bp and 122 bp (Table 1). A total of 81.9% of the original
number of reads were retained after applying the quality control procedures.

Table 1. Pre-processing statistics for each library.

Sample
Number of

Sequenced Reads
Average Read
Length (bp)

Number of Reads
after QC

% Reads after
QC

Pp01—Control (0 h) 47,903,109 122 39,091,399 81.6
Pp02—6 h + 24 h 38,483,969 119 30,863,177 80.2

Pp03—48 h 44,943,925 122 37,186,370 82.7
Pp04—7 days 44,951,165 121 37,281,261 82.9

Total 176,282,168 121 144,422,207 81.9
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The de novo assembly performed with Trinity produced 483,428 contigs. The additional clustering
of these contigs performed with CAP3 resulted in an improved assembly comprising 355,287 contigs
with a total length of 147,022,102 base pairs.

Regarding ORF prediction for the transcriptome assembly, 83,468 genes were predicted from
the 355,287 assembled contigs.

3.2. Mapping and Differential Expression Analysis

The results regarding the mapped reads (MR) for each library are presented in Table 2. A total
of 103,269,178 pre-processed reads were mapped by RapMap against the transcriptome assembly
for all libraries, which corresponded to an average of 71.6% of the total number of pre-processed
reads. The lowest percentage of MR (70.8%) was obtained for the control library (Pp01). On the other
hand, for the Pp02 library, which corresponds to the 6 h + 24 h sampling time points after inoculation,
the highest percentage of MR (73.3%) was obtained (Table 2).

Table 2. Number of mapped reads, unique mapped reads and their percentages for each library.

Sample
Number of Reads

Mapped
Number of Unique

Mapped Reads
% of Mapped

Reads
% of Unique

Mapped Reads

Pp01—Control 27,683,922 14,432,190 70.8 36.9
Pp02—6 h + 24 h 22,608,382 12,162,427 73.3 39.4

Pp03—48 h 26,553,659 14,077,794 71.4 37.9
Pp04—7 days 26,423,215 13,828,813 70.9 37.1

Total 103,269,178 54,501,224 71.6 37.7

For all downstream analyses it was essential to filter the unique mapped reads (UMR) from this
set of MR. A total of 54,501,224 UMR were retained, which corresponded to approximately 37.7% of
total processed reads (Table 2). Similarly to MR, the lower percentage of UMR was detected in Pp01
(36.9%), while the Pp02 library had the highest percentage (39.4%) (Table 2).

Statistical analysis with EdgeR identified a total of 17,533 DE genes (adjusted p-value ≤ 0.01
and FDR value = 0.01) within the 42,594 significant tests. The number of significant tests (up and
down regulated) for each comparison between two different stages is summarized in Figure S1.
The highest number of significant tests was identified between the control sample (Pp01) and Pp02,
where 4968 genes were up regulated and 5103 genes were down regulated. This result highlights
the importance of studying early responses to pathogen attack. Moreover, 85 genes were always
differentially expressed (up or down) in all comparisons.

Figure 1 shows the number of genes differentially expressed (up and down) uniquely for each
comparison. These results were in agreement with the total number of significant tests, since the highest
number of DE genes was present between Pp01 and Pp02.

630

384
264

362

716

312

675

334
254 222

539

253

1,305

718

518
584

1,255

565

0

200

400

600

800

1,000

1,200

1,400

Pp01 vs Pp02 Pp01 vs Pp03 Pp01 vs Pp04 Pp02 vs Pp03 Pp02 vs Pp04 Pp03 vs Pp04

Figure 1. Number of differentially expressed genes (up and down) uniquely for each comparison. Tests
up-regulated are shown in blue, tests down regulated are shown in orange and the total number of
tests is shown in gray.
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3.3. qPCR Validation

In order to validate the results from RNA-Seq data, five DE genes were selected to assess their
expression by qPCR. The qPCR assay for the selected transcripts shows an expression pattern similar to
the one obtained by RNA-Seq data analysis. Differential expression detected by RT-PCR was consistent
with the RNA-Seq expression profiling of each of the selected transcripts. A correlation between
the Log2 of the expression values of both RNA-Seq and qPCR data was performed and showed
a positive correlation between the values obtained by these two different approaches (Figure 2 and
Figure S2), which supports the accuracy of the RNA-Seq analyses.
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Figure 2. Fold Change for each of the transcripts selected for validation. The values are represented as
the Log2 of the normalized expression value of both RNA-Seq and qPCR data, at time point Pp04.

3.4. Transcriptome Annotation

Functional annotation over the 83,468 predicted genes by TransDecoder was performed using
BlastP against the NCBI NR-plants database, with results showing a total of 70,646 (84.6%) annotated
genes. However, 30.6% (25,545) of annotated genes had “Unknown” description, predominantly
being associated to Picea sitchensis, a conifer of the Pinaceae family. From this set of annotated genes,
the subset containing only the DE genes also contained 8996 with an “Unknown” description or no
description available. Likewise for the DE genes, most of the “Unknown” descriptions were related to
Picea sitchensis. A list of selected DE genes for analysis is showed in Table 3.

Table 3. Summary of selected DE genes (Up and Down) between different comparisons.

Gene Annotation Condition Comparison Log Fold-Change

GDSL esterase/lipase Up Control vs. Pp02 12.4
Translationally-controlled tumor protein homolog Up Control vs. Pp02 11.8

Jacalin-related lectin 3 protein Up Control vs. Pp02 6.9
Cytokinin dehydrogenase 6-like Up Control vs. Pp02 6.9

Endoglucanase Up Control vs. Pp02 9.4
Acyl-CoA oxidase Up Control vs. Pp02 4.4

Thaumatin-like protein Up Control vs. Pp02 4.3
Nucleotide-binding site leucine-rich repeat (NBS-LRR) Down Control vs. Pp02 −3.1

12-oxophytodienoate reductase 3-like Up Control vs. Pp02 2.9
Iron superoxide dismutase Up Control vs. Pp02 1.9

Auxin-induced cell wall protein Up Control vs. Pp02 7.7
Multifunctional protein (MFP) Up Control vs. Pp02 1.3

Mildew resistance locus 6 calmodulin binding protein Up Control vs. Pp02 2.7
Sucrose synthase Up Control vs. Pp02 2.5

TMV resistance protein N-like Down Control vs. Pp02 −7.1
Phenylalanine ammonia-lyase Up Control vs. Pp02 2.1

Peroxidase Up Control vs. Pp02 7.7
GDSL esterase/lipase Up Control vs. Pp03 9.9

Translationally-controlled tumor protein homolog Up Control vs. Pp03 10.4
Endoglucanase Up Control vs. Pp03 9.7

Thaumatin-like protein Up Control vs. Pp03 2.5
(E)-4-hydroxy-3-methylbut-2-enyl diphosphate synthase Up Control vs. Pp03 4.3
Nucleotide-binding site leucine-rich repeat (NBS-LRR) Down Control vs. Pp03 −12.5

GDSL esterase/lipase Up Control vs. Pp04 8.1
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Table 3. Cont.

Gene Annotation Condition Comparison Log Fold-Change

Translationally-controlled tumor protein homolog Up Control vs. Pp04 9.6
Jacalin-related lectin 3 protein Up Control vs. Pp04 8.6

Cytokinin dehydrogenase 6-like Up Control vs. Pp04 6.9
Endoglucanase Up Control vs. Pp04 9.1

Acyl-CoA oxidase Up Control vs. Pp04 4.9
Thaumatin-like protein Up Control vs. Pp04 3.1

(E)-4-hydroxy-3-methylbut-2-enyl diphosphate synthase Up Control vs. Pp04 3.7
Pinosylvin synthase Up Control vs. Pp04 2.8

Nucleotide-binding site leucine-rich repeat (NBS-LRR) Down Control vs. Pp04 −8.5
Auxin-induced protein 1 Down Pp02 vs. Pp03 −1.9

Laccase Up Pp02 vs. Pp03 6.7
Dehydrin Down Pp02 vs. Pp04 −11.0

Pathogenesis related 10 Down Pp02 vs. Pp04 −3.0
Pinosylvin synthase Up Pp02 vs. Pp04 2.6
Heat shock protein Up Pp02 vs. Pp04 7.6

Light harvesting complex protein Up Pp02 vs. Pp04 7.9
Nucleotide-binding site leucine-rich repeat (NBS-LRR) Up Pp02 vs. Pp04 8.8

Phospholipase D alpha 1-like Up Pp03 vs. Pp04 2.7
Tau class glutathione S-transferase Up Pp03 vs. Pp04 3.6

Pinosylvin synthase Up Pp03 vs. Pp04 3.5

The protein domains were also identified for the set of predicted genes using InterProScan,
providing information about the functional classes of GO terms and KEGG pathways. Over the set
of predicted genes, 77.7% (64,853) had at least one protein domain identified, 46.4% (38,762) were
associated with at least one GO term (BP: 29.6%, CC: 11.3% and MF: 41.4%) and 5.9% (4904) were
associated with at least one KEGG pathway. The total number of different GO terms and KEGG
pathways identified over the whole gene set was 1810 and 111, respectively. Focusing just over the set
of 17,553 DE genes, 9119 (52.0%) were associated with at least one GO term and a total of 1292 different
GO terms were found. Moreover, 1154 DE genes were associated with at least one KEGG pathway and
a total of 102 different KEGG pathways were found. The most representative pathways for predicted
genes and for DE genes, in terms of enzymes associated, are shown in Table 4.

Table 4. Summary of KEGG pathways ranked by the number of associated enzymes, detected
in predicted genes and in DE genes.

Pathways Enzymes in All Set of Genes Enzymes in DE Genes

Purine metabolism 37 24
Pyrimidine metabolism 26 18

Aminoacyl-tRNA biosynthesis 21 15
Cysteine and methionine metabolism 20 16

Starch and sucrose metabolism 19 16
Porphyrin and chlorophyll metabolism 20 12

Phenylalanine, tyrosine and tryptophan biosynthesis 18 14
Pyruvate metabolism 17 14

Glycolysis/Gluconeogenesis 17 15
Carbon fixation in photosynthetic organisms 13 12

Terpenoid backbone biosynthesis 17 7

Additionally, CateGOrizer was used for further analysis of the GO terms, for both the whole set of
predicted genes and the set of DE genes, identifying subcategories of each of the three GO categories
(BP, MF and CC), against the GOSlim plant database.

With respect to the biological process branch, a total of 30 subcategories of GO terms were found.
The most significant were cellular process (GO: 0009987) (32.8%), metabolic process (GO: 0008152)
(26.9%) and biosynthetic process (GO: 0009058) (11.1%) (Figure S3). In the case of cellular component,
26 subcategories of GO terms were identified. The largest proportion GOs were assigned to cell
(GO: 0005623) (28.8%), intracellular (GO: 0005622) (27%) and cytoplasm (GO: 0005737) (11.4%)
(Figure S4). In the molecular function category, a total of 24 subcategories of GO terms were detected.
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In this category, the most representative terms were catalytic activity (GO: 0003824) (44.2%), transferase
activity (GO: 0016740) (13.8%) and hydrolase activity (GO: 0016787) (11.7%) (Figure S5).

Subsequently, to further investigate the biological response associated to PWN infection, a GOs
analysis for DE genes among all conditions was performed. In this analysis, a total of 9119 DE genes
(52.0%) associated with at least one GO term were identified and a total of 1292 different GO terms were
found. For the biological process term 36 GO subcategories were identified, with a total of 1477 hits.
The most representative subcategories were cellular process (GO: 0009987) (27.4%), metabolic process
(GO: 0008152) (22.6%) and biosynthetic process (GO: 0009058) (9.1%) (Figure S3). Regarding cellular
component terms, 24 subcategories were found with a total of 486 hits. The subcategories with more
hits were cell (GO: 0005623) (28.6%), intracellular (GO: 0005622) (27.4%) and cytoplasm (GO: 0005737)
(12.4%) (Figure S4). Lastly, for the molecular function term 24 subcategories were identified, with
a total of 1039 hits. The most relevant subcategories were catalytic activity (GO: 0003824) (42.9%),
transferase activity (GO: 0016740) (12.9%) and hydrolase activity (GO: 0016787) (11.6%) (Figure S5).

3.5. Biological Networks Analysis

Understanding the molecular mechanisms involved in pine response to PWN infection depends
on clarifying the biological activity of proteins. In this sense, a molecular interaction network
analysis was performed using Cytoscape. Within the total of 102 KEGG pathways significantly
regulated over the DE genes, phenylpropanoid biosynthesis, terpenoid backbone biosynthesis and
flavonoid biosynthesis were prioritized for further discussion, because of the important role they play
in the mechanisms of defense against PWN infection.

A total of 72 DE genes were associated with the phenylpropanoid biosynthesis pathway (Figure 3).
This pathway, involved in the synthesis of secondary metabolites, plays a crucial role in the signaling
mechanism, being a key mediator of the higher plants resistance towards pests [50]. The first
reaction in the pathway is catalyzed by phenylalanine ammonia-lyase (PAL) (EC: 4.3.1.24). PAL links
phenylpropanoid biosynthesis with the phenylalanine metabolism and can be induced by wounding
or under other stress conditions. Its synthesis has been strongly associated to defense responses [51].
One of the main end products of this pathway is lignin. This polymer is determinant for the trees
stability and robustness, acting mainly as physical barrier to pathogens [52]. Regulation of lignin
components production is controlled by peroxidase (EC: 1.11.1.7). Both, PAL and peroxidase enzymes
are found over-expressed in all the stages after inoculation with PWN.

For the pathways indicated, several proteins without functional annotation were named as
unknown. Nevertheless, a metabolic network can still be associated to these proteins, by similarity,
contextual methods (for example, homology-based function predictions) or both. In our work,
the unknown proteins that are presented in the metabolic pathways were annotated in the UniProt
database, which provides the link to the pathway information generated with Cytoscape (Table S1).

Terpenoid backbone biosynthesis pathway (Figure 4) has been associated to defensive mechanisms
against biotic and abiotic stresses, which may act as insect repellents in a chemical response. This main
pathway can be subdivided in two biosynthetic pathways, the mevalonate and the non-mevalonate
(MEP/DOXP) pathway. A total of 31 DE genes were associated to terpenoid backbone biosynthesis.
Most of them codified two enzymes: hydroxymethylglutaryl-CoA reductase (HMGR) (EC: 1.1.1.34)
and 1-deoxy-D-xylulose-5-phosphate (DXP) synthase (EC: 2.2.1.7). HMGR is involved in the synthesis
of mevalonate, being an important control point in the mevalonate pathway [53]. HMGR induction
is especially high in the first stages after PWN inoculation. Regarding 1-deoxy-D-xylulose-5-phosphate
synthase, this enzyme is the first of the MEP/DOXP pathway, being considered important
in the regulation of plastidial isoprenoid production [54].
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Figure 3. Phenylpropanoid biosynthesis pathway with interactions related to DE genes in the
comparison Pp01–Pp02. The blue square nodes represent the pathways. The rest of the nodes represent
all DE genes associated to the pathways. Note that due to the complexity of representing the expression
values of those genes, the RGB color scale goes from the most down regulated in red to the most up
regulated in green.

 

Figure 4. Terpenoid backbone biosynthesis pathway with interactions related to DE genes in the
comparison Pp01–Pp02. The blue square nodes represent the pathways. The rest of the nodes represent
all DE genes associated to the pathways. Note that due to the complexity of representing the expression
values of those genes, the RGB color scale goes from the most down regulated in red to the most up
regulated in green.

In the flavonoid biosynthesis pathway a total of 9 DE genes were identified (Figure 5), all being
highly expressed in early stages after PWN inoculation. Flavonoids are one of the largest classes
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of phenolics, a group of secondary metabolites produced by plants to defend themselves against
pathogens. A key enzyme in this pathway is chalcone synthase (EC: 2.3.1.74), which is induced
in plants under stress conditions. This enzyme plays a decisive role in the synthesis of a large set of
flavonoid metabolites, being involved in the salicylic acid defense pathway [55]. Another important
enzyme is chalcone isomerase (EC: 5.5.1.6), which catalyzes the cyclization of a chalcone into a
flavone [56]. While chalcone synthase is highly induced in the first stage after PWN inoculation,
chalcone isomerase is highly induced in the late stages after inoculation, both causing the accumulation
of flavonoid and isoflavonoid phytoalexins in plant tissues.

 
Figure 5. Flavonoid biosynthesis pathway with interactions related to DE genes in the comparison:
Pp01–Pp02. The blue square nodes represent the pathways. The rest of the nodes represent all DE
genes associated to the pathways. Note that due to the complexity of representing the expression
values of those genes, the RGB color scale goes from the most down regulated in red to the most up
regulated in green.

Regarding the GO networks, the analysis was focused in subcategories related to signaling
system and to plant survival mechanisms under stress conditions. Thus, with respect to signal
transduction (GO: 0007165), which mediates the sensing and processing of stimuli, 120 interactions
over DE genes were detected, identifying a high level of some capital metabolites in all stages after
inoculation. Molecular switches in plant signal, such as Rab7/RabG-famlily small GTPase and a small
tab-related GTPase were induced immediately after PWN inoculation and remain highly induced
over time. This suggests that these two proteins may act as a trigger in the maritime pine defensive
response against PWN infection. A study in other plant species [57] reported that GTPases family
is induced by external signals and plays a crucial role in the regulation of multiple responses in plants
against pathogens.

A total of 116 DE genes were associated with response to oxidative stress (GO: 0006979). This high
number of associated genes makes sense, since oxidative stress is one of the typical symptoms caused by
PWN infection. Within this term, glutathione peroxidase 1 (Gpx) was identified as highly induced in all
the stages after inoculation. Gpx is an enzyme whose main biological role is to protect the organism
from oxidative damage, acting as antioxidant, by the inactivation of hydrogen and lipids peroxides [58].

Concerning response to stress (GO: 0006950), a total of 75 DE genes related with this term were
identified. Over this term, dehydrin1 is hugely expressed in all stages after inoculation. Dehydrins
are involved in plant response and adaptation to abiotic and biotic stress [59]. Moreover, abscisic
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acid stress ripening protein 1-like is also over-expressed after inoculation; however, its biological role
in stress conditions remains understudied.

The results of the over-expression analysis for the gene ontology terms, performed by BiNGO,
related with the DE genes identified between the control sample and the first stage after inoculation,
are presented in Figures S6 and S7. In total, two cellular components and three molecular functions
were over represented in the control sample. Regarding the biological process, there was no statistical
evidence of overrepresentation (Figure S6). On the other hand, five biological processes, four cellular
components and one molecular function were over represented in the first stage after inoculation
(Figure S7).

3.6. SNP Calling Analysis

For SNP discovery and filtering, GATK was used with stringent parameters. Variants were called
using the UnifiedGenotyper and further filtering was performed using the SelectVariants option.
In total, 36,295 different SNPs were detected. Among these SNPs, 31.9% were found in exons, while
30.6% were detected in an intergenic region, a portion of a contig without gene prediction (Table 5).
Moreover, with respect to the SNPs found in each functional class, 48.5% were associated to missense
mutations, 50.7% to silent mutations and less than 1% to nonsense mutations (Table 6).

Table 5. SNP calling analysis. Number and percentage of effects by region.

Region Count Percentage

Exon 15,232 31.9%
Intergenic 14,600 30.6%

Splice site region 1 <0.1%
Transcript 31 0.1%

UTR 3 Prime 9072 19.0%
UTR 5 Prime 8718 18.3%

Table 6. SNP calling analysis. Number and percentage of effects by functional class.

Type Count Percentage

MISSENSE 7410 48.5%
NONSENSE 121 0.8%

SILENT 7732 50.7%

4. Discussion

In this study, an RNA-Seq based approach was used to determine the transcriptomic profile of
maritime pine in different stages after inoculation with PWN, to identify candidate genes associated
with the response mechanisms to the infection.

One of the main challenges in RNA-Seq studies for non-model organisms like maritime pine is to
produce de novo transcriptome assembly. This is a crucial step, which can yield some erroneous
assembled contigs, due to the nature of high-throughput sequencing reads, which can contain
sequencing errors, and the algorithms used for de novo assembly, which can also generate assembly
artifacts, i.e., contigs that do not represent true regions of the transcriptome. These factors may have
had an impact in this study since the rate of predicted genes from the set of assembled contigs was low
(83,468 genes were predicted from 355,287 assembled contigs). Even though genomic information for
several conifer species has been generated, and compiled in the TreeGenes database [60], the number
of genomic resources for maritime pine remains limited, which is another relevant factor that may have
contributed to the low rate of predicted genes. When a reference genome is not available, the genetic
description contained in the assembled transcripts can only be successfully identified by homology if
the protein products have homologies in different protein databases, giving a set of predicted genes.
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Hence, in the case this type of analysis is applied in species that yield a distinct set of expressed
genes, with little or no homology when compared with all gene sequences deposited in the databases
commonly used in these studies, it is possible to end up with a significant percentage of contigs for
which no gene could be predicted. From the total genes predicted in this study, 70,646 (84.6%) of
them were annotated, providing a genomic resource to further deepen the study of genes involved
in the transcriptomic response of pine wood to infection with PWN. However, 25,545 annotated
genes had “Unknown” description, mainly associated to Picea sitchensis, which reinforces the need to
strengthen the genomic resources for maritime pine, ideally with the availability of a fully sequenced
and annotated reference genome.

The comparison of sequence data from all libraries revealed a total of 17,533 DE genes, a number
that was obtained using a FDR value of 0.01, which is a more stringent correction for multiple
testing when compared with the traditionally used FDR value of 0.05. Despite the stringency
applied in the statistical methodologies used to generate the final list of differentially expressed
genes, the unavailability of replicates may be responsible for increasing the number of false-positive
results. Functional annotation with GO terms for predicted genes resulted in 38,762 (46.4%) unigenes
with at least one assignment into one of the three categories of GO terms (BP, MF and CC). In each of
the GO categories, the GO terms fell mainly into two or three subcategories. The GO subcategories
identified with more evidences are in accordance with other reports [20], and may represent a typical
gene expression profile for P. pinaster after infection with PWN.

Most plant defensive responses to pathogens have evolved into a complex system, simultaneously
combining several mechanisms and pathways. To identify possible pathways involved in defense
against PWN, a KEGG analysis for our set of predicted genes was performed. The different KEGG
pathways associated with the predicted genes are in agreement with the Physiome Project Models [61]
for P. pinaster. The most prevalent pathways were purine and pyrimidine metabolism. These subunits
of nucleic acids are major energy carriers and precursors for the synthesis of nucleotide cofactors such
and NAD and SAM [62].

In this study, the identification of several DE genes related to biotic and abiotic stresses, hormonal
regulation and cell wall defense further validates the hypothesis that these mechanisms play a crucial
role in the plant defense system involved in the response to PWD.

4.1. Infection Leads to de novo Transcription of Genes Involved in Biotic Stress Response,
Phenylpropanoid/Terpenoid Metabolisms and Hormonal Regulation

The genes induced only after inoculation with PWN are important to understand the mechanisms
activated when the plant is infected by this pathogen. Indeed, a set of genes over-expressed in all
conditions after inoculation (Pp02—6 h + 24 h, Pp03—48 h and Pp04—7 days) were identified,
including the GDSL esterase/lipase that is potentially involved in defensive reactions [63,64], and
a translationally-controlled tumor protein homolog, which participates in important cellular processes
like the protection of cells against various stresses and apoptosis [65]. Moreover, the pattern of
over-expression after inoculation was also detected for the gene that codifies a jacalin-related lectin
3 protein (JRL), which is often associated with biotic and abiotic stimuli. JRLs proteins have been
referenced as a component of the plant defense system, although their role is not well understood
yet, due to their structural diversity [66]. In general, the results obtained in the present study are in
agreement with the set of candidate genes, related with the response to PWN infection, reported
in different studies [20,67]. For instance, the relevance of terpenoid metabolism in maritime pine
defense against PWN, important in the resin production process, was pinpointed by Santos and
colleagues [20]. In that study, the (E)-4-hydroxy-3-methylbut-2-enyl diphosphate (HMB-PP) reductase
gene was found highly expressed after inoculation, an expression pattern that was also identified
in Pp03 and Pp04 for HMB-PP synthase. Likewise, the thaumatin-like protein (TLP) was found to be
deeply involved in plant defense system as a response to biotic and abiotic stress. Various studies imply
its importance in plant resistance [68,69], even though its role remains unclear. For example, towards
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a pathogen attack and under stress, these proteins confer tolerance and induce stress resistance [68].
In our work the gene codifying this protein is highly induced immediately after inoculation, decreasing
its expression levels slightly over time. The difference observed for the expression pattern of this gene,
relative to the study carried by Xu and colleagues [67] in Pinus massoniana, may indicate a specific
response for maritime pine.

Genes involved in hormonal regulation, such as cytokinin dehydrogenase 6-like and
auxin-induced cell wall protein, were identified as highly expressed after infection with PWN. In our
study, the expression of cytokinins supports the possibility that they are involved in signaling defense
responses after a pathogen attack, improving the resistance to pathogens [70].

Phytohormones are responsible for various important physiological processes, from plant growth
to plant defense [71]. The response to an insect attack is mediated by plant hormones, as primary
signal in the regulation of plant defense. The salicylic acid (SA), hormone ethylene (ET), jasmonic
acid (JA) and its derivates are the major defense hormones. Differentially expressed genes codifying
important enzymes in jasmonate biosynthesis, such as 12-oxophytodienoate reductase 3-like (OPR3),
which is fundamental in this biosynthesis, acyl-CoA oxidase and a multifunctional protein (MFP)
found to be associated with wound-induced, were identified through the different comparisons. Genes
codifying transcription factors involved in the hormone signaling at local and distant tissues were also
identified differentially expressed after inoculation. Most of the genes identified have higher levels of
expression in the last stages post inoculation. A faster recognition of the pathogen is important for
an efficient response, since the timing of the hormonal production can determine if the plant becomes
more resistant to the nematode.

As already mentioned, the highest number of DE genes was identified between the control
sample (Pp01) and Pp02, which clearly indicates an immediate response to PWN after inoculation.
This observation is in accordance with previous results obtained in Pinus thunbergii Parl., that suggested
an early response to PWN in susceptible and in resistant trees [72]. Within this early stage of response,
and when compared with the control sample, several genes potentially involved in the defensive
response were detected, evidencing the activation of the defense mechanisms in the infected plant.
These genes included the mildew resistance locus 6 calmodulin binding protein gene, which triggers
a defensive response in the occurrence of an infection caused by a foreign body [73]. The processes
used by the PWN to invade the Pinus pinaster tissues are likely to represent a very similar mechanism
that is used by the powdery mildew, hence these results provide further support for the involvement
of the mildew resistance locus 6 calmodulin binding protein gene in the initial response of plants to
infections. The sucrose synthase gene also displayed over-expression in the Pp02 time point. This gene
codes for an enzyme that provides metabolites for the synthesis of cellulose and callose, and plays
an important role in secondary cell wall synthesis [74,75]. Genes codifying TMV resistance protein
N-like and nucleotide-binding site leucine-rich repeat (NBS-LRR) disease resistance proteins were
identified in the control sample. The high expression of these proteins, which are relevant in the plant
immune response, suggests that the plant recognizes and triggers the defense system [76]. Comparing
the control with all stages after inoculation, the NBS-LRR proteins showed a lower expression in the
inoculation stages. These proteins are involved in the pathogen recognition and should act at an early
stage for an effective response. In our work, these proteins only increased their values of expression in
the last stage of inoculation, which may be too late for the plants to recover and combat the nematode.

Cytoscape analysis showed relevant interactions between the DE genes and KEGG pathways.
Some enzymes appear to be directly associated with plants defense, being an important connection
between relevant pathways, such as terpenoid backbone biosynthesis and thiamine metabolism,
against biotic and abiotic stresses. In our work, the phenylpropanoid biosynthesis can be a relevant
pathway, not only due to its connection with the phenylalanine metabolism by PAL, but also for
the high number of peroxidase genes over-expressed in the Pp02. The higher expression of PAL genes,
responsible for the first step in this pathway, can be a response to the wounds caused by the vector.
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4.2. Infection Leads to a Reprogramming of Cell Wall Metabolism Putatively Involved in Cell
Wall Reinforcement

The over-expression of peroxidase genes during PWD may be related with the oxidation of
phenolic residues, likely the substrates of lignin and suberin, into cell wall polymers in the infected
tissues [51].

Enzymes involved in cell wall modifications were found differentially expressed, endoglucanase
being the most highly expressed in the second and third time points. The endoglucanase is responsible
for the catalysis of cellodextrin in cellobiose, the smallest subunit of cellulose, being also related with
cell wall modifications in infected plants [77]. Thus, the over-expression of this enzyme as a response
to infection, suggests that not just proteins related to defensive mechanisms are used to fight the
infection, since some mechanisms are activated to reconstruct the cell damage originated by the PWN.

Additionally, when comparing the Pp02 with Pp03 a gene encoding a laccase was found highly
expressed in the Pp03. These kinds of proteins are involved in lignin biosynthesis and plant
pathogenesis [78]. Lignin forms important structural materials in the support tissues of vascular
plants. Hence, it makes sense that one of the mechanisms activated is to reinforce the cell walls,
especially in wood and bark.

4.3. Late Responses to Infection Seem to Be Involved in the Mitigation of Stress Caused by an Inefficient
Early Response

A previous study reported a late response to infection with PWN in susceptible trees [72]. This
late response is observed in our study, and may occur approximately one week after inoculation,
due to the large amount of DE genes that were identified between Pp02 and Pp04. Measuring
differences between early and late responses can elucidate the different mechanisms activated. When
comparing the two stages, the higher expression of the dehydrin gene in Pp02 is relevant since it
has been associated to plant response and adaptation to abiotic stress such as water stress, being
involved in a mechanism commonly developed in these stages [59]. Thus, considering that the PWD
results in destruction of parenchyma cells surrounding xylem resin ducts, causing a dysfunction
of the water-conducting system, the involvement of this gene to prevent water loss makes sense.
The pathogenesis related type 10 gene was also highly expressed at this stage. This gene was already
found in conifers, displaying a transient accumulation in needles of drought-stressed trees [79].
As a consequence of the water stress, the needles become drought stressed, which is one of the most
characteristic symptoms of PWD. Stress proteins, such as heat shock, were encoded by over-expressed
genes in Pp04. Under stressful conditions they protect cells by stabilizing unfolded proteins, giving
the cell time to repair damaged proteins. Heat shock proteins are highly conserved among different
organisms [63]. Although it is unclear its precise role in Pinus pinaster, it seems that this protein
is involved in the plant’s effort to combat the PWN. The gene coding the light harvesting complex
protein was highly expressed in Pp04. It is involved in light energy transfer to one chlorophyll-a
molecule at the reaction center of a photosystem. Although this protein is not directly related with
the defensive mechanism, it plays an important role trying to maximize the production of energy,
which could be essential in helping the cellular systems triggered within the response. Genes encoding
NBS-LRR proteins were identified highly expressed in this time point. NBS-LRR proteins are capable
of recognizing a wide variety of pathogens and initiate a hypersensitive response (HR), resulting
in cell death. The NBS-LRR proteins are divided in two major groups, involved in downstream
specificity and signaling regulation [80], both of them showing high levels of expression in the Pp04.
The behavior of NBS-LRR proteins through the different time point comparisons pointed out one
more difference between the early and the late phase of response and a possible reason why the early
response is not effective.

When comparing the Pp02 and Pp03 time points, the auxin-induced protein 1 was found
over-expressed in Pp02. Auxins regulate and control vital mechanisms, being involved in growth,
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development and in defense via signaling, involving different interactions of molecules [81].
This protein seems to have an important role in the first stage of the response against the infection.

Lastly, regarding the comparison between Pp03 and Pp04, a phospholipase D alpha 1-like and
a tau class glutathione S-transferase were over-expressed in Pp04. The former plays an important role
in various cellular processes, including response to stress [82], while the latter has been associated to
the oxidative stress response mechanism [83].

Recent studies related to PWD reported a set of genes associated to response to PWN infection.
Several biotic-stress resistance genes were identified after PWN inoculation by Shin and colleagues
in Japanese red pine [72], including the pinosylvin synthase and iron superoxide dismutase genes.
The pinosylvin synthase was found over-expressed only in Pp04, while the iron superoxide dismutase
genes were over expressed immediately after inoculation. Pinosylvin, which belongs to stilbenoids
family, has been associated to phytoalexin induction, mainly in young pine trees exposed to biotic
stress [84]. Moreover, pinosylvin is a key metabolite that can kill nematodes [85]. The presence of
pinosylvin observed only in the late response against PWD, is an important feature that must be further
analyzed, namely in tolerant and resistant Pinus species to PWN, since it can be one of the reasons why
the first response to the infection is inefficient. The iron superoxide dismutase gene plays an important
role in cell protection against oxidative stress [86].

The response displayed by maritime pine against PWN infection is clearly very complex and
dynamic, however, in the end it still fails to prevent plant death as a result of the infection. This
study provides an explanation for the possible reasons why the response of maritime pine to PWN
infection is so inefficient. The comparison with the response of a tolerant Pinus species, for the same
time points after infection (study under progress) will help unveiling what are the preponderant genes
and pathways associated with resistance to PWD.

The SNP calling analysis performed in this study yielded a total of 36,295 SNPs, of which 69.2%
were identified in exons and 30.6% were located in intergenic regions. The analysis of the SNP effects
by functional class, performed only for the 15,263 SNPs located in exons and transcripts, revealed that
over than 50% had a silent effect, which means that the SNP does not change the protein sequence.
However, about 48.5% displayed a missense effect. In these situations, these changes are responsible
for coding a different amino acid. When a new amino acid is coded, the sequence of the protein coded
by a particular gene is also changed. These changes may occur between amino acids with markedly
different properties, which in turn can affect the enzyme catalytic activity, or affect the secondary and
tertiary structure of the protein, among others. Additionally, from a total of 4061 SNPs identified within
the 17,533 DE genes, 15 were found in the sequences of genes discussed in more detail in the present
work. There were 11 SNPs displaying a missense effect in the exon regions of the genes that codify
the GDSL esterase/lipase, auxin induced cell wall and dehydrin proteins. Moreover, the two genes
codifying the phenylalanine ammonia-lyase and auxin induced cell wall proteins respectively present
a SNP in their 3’ UTR region. This type of variation might affect transcription and translation and could
be responsible for differences in gene expression. The two remaining SNPs were identified in the genes
that encode the pathogenesis related 10 and jacalin-related lectin 3 proteins, generating a new stop
codon, known as nonsense SNP. This type of SNP is responsible for the change of a coding codon to
a stop codon, resulting in the inactivation of the respective gene [87]. Hence, these are very important
SNPs whose effect on potential resistance to PWD can be tested in larger pine tree populations where
resistance phenotypic data might be available for genome wide association studies (GWAS).

5. Conclusions

Currently, PWD, caused by Bursaphelenchus xylophilus, is the most deadly maritime pine disease.
This study establishes a new approach for the understanding of the molecular response of maritime
pine, which is susceptible to PWN, over different time points after inoculation with PWN. Clear insights
related with the defense mechanisms of Pinus pinaster against PWN were identified. The functional
annotation of the predicted genes revealed the complexity of the system involved in the response
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against PWN, combining a number of mechanisms and pathways, simultaneously. As pointed out
in previous studies, the occurrence of two phases of response against PWN was identified from
the results of the differential expression analysis: an early response that occurs immediately after
infection, and a late response that is developed approximately seven days after infection. Future
studies will focus the analysis on the comparisons between for P. pinaster and a tolerant Pinus species,
for the same time points, in order to try to understand which response is more effective to prevent
the pathogen progression after infection. Moreover, the high number of DE genes found between
the early and the late responses suggests that these two phases may have significant differences
at the molecular level. The set of candidate genes identified over the different time points after
inoculation will be a useful resource in future studies and breeding programs to select plants with
lower susceptibility to PWD. Moreover, the SNPs identified in this study will be available to be tested
in larger populations with available phenotypic records for resistance to PWD, thereby enabling
the possibility of identification of molecular markers linked with this very important economic and
biological trait in maritime pine.

Supplementary Materials: The following are available online at www.mdpi.com/1999-4907/8/8/279/s1,
Figure S1: Total number of significant tests (up and down) between each comparison. Tests up-regulated
are shown in blue, tests down regulated are shown in orange and the total number of tests is shown in gray,
Figure S2: Correlation between the results from RNA-Seq and qPCR for the transcripts selected to perform
validation, at time point Pp04, Figure S3: Distribution of the most representative biological process subcategories.
The results for predicted genes are shown in blue and for DE genes in orange, Figure S4: Distribution of the
most representative cellular component subcategories. The results for predicted genes are shown in blue and
for DE genes in orange, Figure S5: Distribution of the most representative molecular function subcategories.
The results for predicted genes are shown in blue and for DE genes in orange, Figure S6: Overrepresentation of
cellular component and molecular function terms in control, obtained by BINGO. Color bar in the right lower
quadrant indicates level of significance from low (yellow) to high (orange). The size of the nodes is proportional
to the number of genes in GO category. Statistical analysis was performed with a hypergeometrical test and
a p-value of <0.05, Figure S7: Overrepresentation of biological processes, cellular component and molecular
function terms in first stage (Pp01), obtained by BINGO. Color bar in the right lower quadrant indicates level of
significance from low (yellow) to high (orange). The size of the nodes is proportional to the number of genes in
GO category. Statistical analysis was performed with a hypergeometrical test and a p-value of <0.05, Table S1: List
of proteins with “unknown” annotation associated to flavonoid biosynthesis, terpenoid backbone biosynthesis
and phenylpropanoid biosynthesis pathways. GI: Gene Identifier; GB: Gene Bank identifier.
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Abstract: Paulownia witches’ broom (PaWB) disease caused by phytoplasmas is a fatal disease that
leads to considerable economic losses. Long non-coding RNAs (lncRNAs) have been demonstrated to
play critical regulatory roles in posttranscriptional and transcriptional regulation. However, lncRNAs
and their functional roles remain poorly characterized in Paulownia. To identify lncRNAs and
investigate their roles in the response to PaWB phytoplasmas, RNA sequencing was performed
for healthy Paulownia tomentosa, PaWB-infected P. tomentosa, and for healthy and PaWB-infected
P. tomentosa treated with 100 mg L−1 rifampicin. A total of 28,614 unique mRNAs and 3693 potential
lncRNAs were identified. Comparisons between lncRNAs and coding genes indicated that lncRNAs
tended to have shorter transcripts and fewer exon numbers, and displayed significant expression
specificity. Based on our comparison scheme, 1063 PaWB-related mRNAs and 110 PaWB-related
lncRNAs were identified; among them, 12 PaWB-related candidate target genes that were regulated
by nine PaWB-related lncRNAs were characterized. This study provides the first catalog of lncRNAs
expressed in Paulownia and gives a revealing insight into the molecular mechanism responsible
for PaWB.

Keywords: PaWB; phytoplasma; lncRNAs; candidate target genes

1. Introduction

Phytoplasmas are minute bacteria without cell walls and are the causal agents of witches’ broom
disease in Paulownia. Witches’ broom disease occurs in many countries and is the biggest threat to
Paulownia production, causing serious economic losses [1,2]. In Paulownia, witches’ broom disease
has been found in saplings and big trees, and leads to malformations of branch, leaf, stem, and flower,
such as witches’ broom, yellowing, phloem necrosis, and phyllody, respectively [3,4].

Paulownia trees are native to China and have been introduced into many countries [5].
The superior traits of Paulownia, such as distinguished adaptive capacity to poor habitat, extremely
fast growth, and high-quality timber, make it a popular tree species with important economic and
ecological values [6]. Accordingly, Paulownia witches’ broom (PaWB) disease has been studied
by biologists for many years. Vitamin C plays an important role in the resistance to PaWB [7],
and plant hormones are known to be related to the morphogenesis of PaWB [8]. The Sec protein
translocation system [9], elongation factor EF-Tu [10], and two plasmids [11] of the PaWB phytoplasma
have been analyzed. Transgenic technology has been used in the breeding of PaWB-resistant
Paulownia [12]. Rifampicin treatment can make PaWB-infected Paulownia recover to normal
morphology [13]. Furthermore, the rapid development of ‘omics’ has allowed for the investigation
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of the transcriptomes [3,14–18], microRNAs (miRNAs), degradomes [19–22], and proteomes [4,23]
of Paulownia species, and the results have revealed changes after PaWB infection at transcriptional,
post-transcriptional, and translational levels.

Long non-coding RNAs (lncRNAs) are generally defined as non-coding transcripts that are
more than 200 nucleotides in length [24]. Large numbers of lncRNAs have been identified in
Arabidopsis thaliana [25–27], rice [28,29], wheat [30,31], maize [32], cotton [33,34], Brassica napus [35],
and Populus [36,37], and have been found to play important roles in growth, development,
differentiation, and stress responses. LncRNAs involved in the responses of plants to biotic stresses
have also been identified. For example, in wheat, four lncRNAs involved in the response to
stripe rust pathogen infection have been identified [31]; in Arabidopsis, lncRNAs responsive to
Fusarium oxysporum infection were revealed and played an important role in antifungal immunity [38];
and in tomato, lncRNAs have been identified as endogenous target mimics for miRNAs in response to
Tomato yellow leaf curl virus infection [39], and a lncRNA (lncRNA16397) that conveys resistance to
Phytophthora infestans by co-expressing glutaredoxin has also been detected [40]. However, in studies
of PaWB, lncRNAs that play important roles in the Paulownia–phytoplasma interaction have not yet
been identified.

In this study, we used next-generation deep-sequencing technologies to identify PaWB-related
genes and lncRNAs among healthy Paulownia tomentosa (PT), PaWB-infected P. tomentosa (PTI), and PT
and PTI treated with 100 mg L−1 rifampicin (PT-100 and PTI-100, respectively). Our results may help
to clarify the molecular mechanisms of PaWB, and accelerate the process of preventing the disastrous
effects of PaWB.

2. Materials and Methods

2.1. Plant Materials

All the biological materials used in this study were obtained from the Institute of Paulownia,
Henan Agricultural University, China. The following four groups of P. tomentosa seedlings were set up:
PT, PTI, PT-100, and PTI-100. The cultivation and rifampin treatment procedures were as described by
Fan et al. [13]. The terminal buds from three individual plants were combined to form one biological
replicate, and at least three biological replicates were used for each treatment.

2.2. Library Construction and Sequencing

Total RNA was extracted from the terminal buds of P. tomentosa using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) and treated with RNase-free DNase (Promega, Madison, WI, USA) according
to the manufacturer’s instructions. The quality and quantity of total RNA were measured using
an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Total RNA was used to
construct RNA sequencing (RNA-seq) libraries using a TruSeq Stranded Total RNA preparation kit
with RiboZero Plant (Illumina Inc., San Diego, CA, USA) according to the manufacturer’s instructions.
The libraries were sequenced on an Illumina HiSeq 2000 platform by the Beijing Genomics Institute,
Shenzhen, Guang dong, China.

2.3. Genome Mapping and Transcript Assembly

Reads with more than 10% N (unable to determine base information), with adapter sequence, or of
low quality were removed from the raw reads to obtain clean reads. To remove ribosomal RNA reads,
the clean reads were mapped to the SILVA rRNA database (http://www.arb-silva.de/) using the short
read alignment software SOAP2 (BGI, Shenzhen, China). Finally, the clean reads were mapped to the
Paulownia genome sequence (http://paulownia.genomics.cn) using TopHat2 [41]. Cufflinks 2.0.0 was
used to assemble the mapped reads [42]. Transcripts that were no less than 200 nucleotides in length
were selected for further analysis.
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2.4. LncRNAs Identification

Based on the assembled transcripts annotated to the Paulownia genome sequence, transcripts
encoding known proteins were identified and the unknown transcripts (<200 bp) were excluded.
Non-coding transcripts were identified based on a coding potential score of less than 0, as calculated
by the Coding Potential Calculator (CPC; http://cpc.cbi.pku.edu.cn). The candidate lncRNAs were
classified into several categories, according to their genomic locations and previous descriptions of
Sun et al. [43].

2.5. Genomic Characterization and Function Prediction of lncRNAs

We determined the distribution of the identified lncRNA on the Paulownia chromosomes
according to the description of Li et al. [44]. To explore lncRNA conservation, all the lncRNA sequences
identified in this study were aligned against the CANTATAdb (http://yeti.amu.edu.pl/CANTATA)
using BLASTN (E-value < 1×10−5). To identify lncRNAs that may act as miRNA precursors,
we aligned the lncRNA sequences to the miRNA precursor sequences in miRBase (Release 21,
http://www.mirbase.org/). The secondary structures of the lncRNA and miRNA precursor sequences
were predicted using RNAfold in the Vienna RNA package (http://rna.tbi.univie.ac.at/). To explore
the homology of the lncRNAs based on their consensus RNA secondary structures, we classified the
predicted lncRNAs into different non-coding RNA families using INFERNAL [45].

We used an algorithm to search for potential cis target genes within a 10-kb region upstream
and downstream of the identified lncRNAs. Potential trans target genes were detected based on
sequence complementarity and RNA duplex energy prediction to assess the impact of lncRNA binding
on complete mRNAs. BLAST was used to determine sequence complementarity (identify ≥ 95%,
E-value < 0.05), and RNAplex was used to calculated the energy of potential mRNA–lncRNA
interactions. The RNAplex parameters were set as e < −30. The criteria used for the prediction
of potential trans targets are described in previous studies [36,46,47].

2.6. Identification of PaWB-Related Genes and lncRNAs

All the sequencing data were uploaded to SRA database with accession number SRP117715.
Expression levels of genes and lncRNAs were measured as fragments per kilobase of exon model per
million mapped reads (FPKM). Differentially expressed genes (DEGs) and differentially expressed
lncRNAs (DELs) were identified according to the methods described in previous studies [36,40].

To identify genes and lncRNAs related to PaWB, we made comparisons among the four libraries
(Figure 1). The following comparison schemes were considered: (1) DEGs and DELs in PT/PT-100
may be related to the influence of rifampicin; (2) DEGs and DELs in PTI/PTI-100 may be related to the
influence of rifampicin and PaWB; (3) Differences between comparisons 1 and 2 may exclude DEGs
and DELs related to the influence of rifampicin; (4) DEGs and DELs in PT/PTI may be related to PaWB;
(5) The common DEGs and DELs between comparisons 3 and 4 may be related directly to PaWB.

Figure 1. Comparison schemes of the four samples. PT represents the healthy wild-type sample of
P. tomentosa, PTI represents the sample of phytoplasma infected PT. PT-100 represents the sample of
100 mg L−1 rifampicin treated PT, PTI-100 represents the sample of 100 mg L−1 rifampicin treated
PTI. Different represents differentially expressed genes/long non-coding RNAs (lncRNAs). Difference
represents the union of two groups, except their intersection. Same represents the intersection of
two groups.
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2.7. Nested-PCR and Quantitative RT-PCR

We applied nested-PCR to detect phytoplasma in seedlings according to the method described
by Fan et al. [13]. Total RNA was reverse transcribed into cDNA and used to measure the expression
of lncRNAs by quantitative real-time PCR (qRT-PCR). The qRT-PCRs were performed on a DNA
Engine Opticon machine (MJ Research, Waltham, MA, USA) using a LightCycler FastStar DNA master
SYBR Green I kit (Roche Diagnostics, Mannheim, Germany). The primers were designed using
Primer Express 3.0 (Applied Biosystems, Stockholm, Sweden) and the specificity of primer pairs was
checked by sequencing the PCR products. All qRT-PCR amplifications were carried out in triplicate,
with the standard reaction program. The specificity of the amplified fragments was checked using
the generated melting curve. The generated real-time data were analyzed using the Opticon Monitor
Analysis Software 3.1 (Bio-Rad, Hercules, CA, USA) tool and standardized to the levels of 18S RNA
using the 2−ΔΔCt method [48]. The primers used for the qRT-PCRs are listed in Table S1.

3. Results

3.1. Changes in Morphology of the Four Samples

Compared with PT (Figure 2a), PTI (Figure 2b) showed typical PaWB symptom, such as witches’
broom, and yellowing and relatively small leaves. In the rifampicin treated-samples (PT-100 and
PTI-100), PT-100 (Figure 2c) showed no significant differences compared with PT. PTI-100 (Figure 2d)
showed asymptomatic morphology. We applied nest-PCR to detect phytoplasma DNA in the four
samples, and found that phytoplasma DNA was detected only in PTI (Figure S1).

 

Figure 2. Rifampin treated plantlets morphology. (a) PT; (b) PTI; (c) PT-100; (d) PTI-100.

3.2. High-Throughput Sequencing and Differentially Expressed Genes Analysis

Four cDNA libraries were constructed using the samples, and sequenced on an Illumina HiSeq
2000 platform. Among the clean reads, we identified 26,155, 27,017, 26,334, and 26,826 unique mRNAs
from the PT, PTI, PT-100, and PTI-100 libraries, respectively (Table 1 and Table S2). A comparative
summary of the mRNAs in the four libraries is provided as a Venn diagram (Figure S2a); 24,282 unique
mRNAs were common among the four libraries, whereas 367, 337, 229, and 320 unique mRNAs were
only presented in PT, PTI, PT-100, and PTI-100 libraries, respectively. In the PT/PT-100, PTI/PTI-100,
and PT/PTI comparisons, we detected 1491 DEGs (706 upregulated and 785 downregulated),
1802 DEGs (725 upregulated and 1077 downregulated), and 3744 DEGs (2208 upregulated and
1536 downregulated), respectively (Table S2). Based on our comparison scheme (Figure 1), 2481 specific
DEGs from comparison 1 (PT/PT-100) and comparison 2 (PTI/PTI-100) were identified (comparison 3),
and 1063 common DEGs from comparison 3 and comparison 4 (PT/PTI) were PaWB-related genes.
(Figure S3a and Table S2).
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Table 1. Statistical data of the RNA-Seq reads.

PT PTI PT-100 PTI-100

Raw reads 53,370,668 53,369,943 41,161,819 47,621,768
Clean reads 52,474,513 52,726,949 40,258,456 46,657,407

mRNAs 26,155 27,017 26,334 26,826
lncRNAs 3434 3504 3520 3479

3.3. Genome-Wide Identification and Characterization of lncRNAs in P. tomentosa

Based on our analysis, we identified 3434, 3504, 3520, and 3479 lncRNAs in the PT, PTI, PT-100,
and PTI-100 libraries, respectively (Table S3). A comparative summary of the mRNAs in the four
libraries is provided as a Venn diagram (Figure S2b); 3102 unique lncRNAs were common among
the four libraries, whereas 10, 2, 1 and 3 unique lncRNAs were only presented in PT, PTI, PT-100,
and PTI-100 libraries, respectively. A total of 3693 lncRNAs were revealed from the four libraries and
classified into four categories: 41 into classcode “j”, novel long noncoding isoforms with at least one
splice junction shared with the reference genes; 73 into classcode “o”, exonic overlap with a known
transcript; 578 into classcode “x”, exonic overlap with reference on the opposite strand; and 3001 into
classcode “u”, intergenic lncRNAs (Figure S4a). The INFERNAL analysis results showed that 493 of the
unique lncRNAs belonged to 155 conserved lncRNAs families (Table S4). About half of the lncRNAs
belonged to miRNA families, such as MIR159, MIR169, and MIR171, and five lncRNAs belonged
to two small nucleolar RNA families (SNORD25 and SNORD27). Some non-plant-specific lncRNA
families (X inactive specific transcript, small cajal body-specific RNA 8, fungal small nucleolar RNA,
bacterial small transcript non-coding 150) were also found. Almost all the lncRNAs were distributed
among the chromosomes and did not show significant chromosome location preferences (Figure 3a).
The lengths of the lncRNAs were usually shorter than the lengths of the mRNAs, and more than 10%
of all lncRNAs were ≤300, 300–400, or 400–500 nucleotides long, whereas about 10% of the mRNA
were ≥3000 nucleotides in length (Figure 3b). Most lncRNAs have only exons, while most mRNAs
have more than one exon (Figure 3c). All the unique lncRNAs were searched against the genomes
of Arabidopsis thaliana, Oryza sativa, Glycine max, Selaginella, Chlamydomonas, Physcomitrella, Amborella,
potato, Vitis vinifera, and Zea mays using BLAST. The results showed that only a small number of the
P. tomentosa lncRNAs were conserved across the ten species; the highest number on lncRNAs matched
V. vinifera lncRNAs, likely because Paulownia and V. vinifera are the most closely related in evolution
(Table S5).
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(a)
 

(b)

 
(c)

Figure 3. Characteristics of Paulownia lncRNAs. (a) Distribution of lncRNAs along each chromosome;
(b) Transcript length distribution of lncRNAs and mRNAs; (c) Number of exons per transcripts for
lncRNAs and mRNAs.
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3.4. Differential Expression of lncRNAs

The expression levels of the 3693 lncRNAs in the four libraries were measured by FPKM. Based on
log2 fold change >1 and p < 0.05, we identified 750 (200 upregulated and 550 downregulated),
123 (63 upregulated and 60 downregulated), and 173 (98 upregulated and 75 downregulated)
differentially expressed lncRNAs (DELs) in PT/PTI, PT/PT-100, and PTI/PTI-100, respectively
(Table S3).

3.5. Prediction of lncRNA Candidate Target Genes

Because lncRNAs play important roles in regulating gene expression, identification and analysis
of their candidate target genes could help understand their functions. A total of 6746 lncRNA–mRNA
pairs were identified (4175 were cis-regulated and 2571 were trans-regulated, Table S6). In total,
we detected 5333 candidate target genes for 3222 lncRNAs; among them, 3218 were cis target genes
for 2290 lncRNAs, and 2401 were trans target genes for 2571 lncRNAs. We found that one lncRNA
could have more than one target gene, and one target gene could be targeted by one or more lncRNAs.
Among the 3222 lncRNAs, 1246 had a single candidate target gene, while nine candidate target genes
were predicted for each of two lncRNAs (TCONS_00019479 and TCONS_00030009). Furthermore,
among the 5333 candidate target genes, 4313 were targeted by one lncRNA, while the other two target
genes (TCONS_00013387 and TCONS_00019818) were targeted by more than one lncRNA (each of the
target genes were targeted by 11 lncRNAs) (Table S6).

3.6. Analysis of PaWB-Related lncRNAs

Based on our comparisons (Figure 1), 234 specific DELs from comparison 1 (PT/PT-100) and
comparison 2 (PTI/PTI-100) were identified (comparison 3), 110 common DELs from comparison
3 and comparison 4 (PT/PTI) were PaWB-related lncRNAs (Figure S3b and Table S3). Among the
110 PaWB-related DELs, 5, 30, and 75 lncRNAs were assigned classcode “o”, “x”, and “u”, respectively
(Figure S4b). Cis- or trans-regulated target genes were predicted for 80 of the 110 PaWB-related
lncRNAs, and 3, 23, and 54 of them were assigned classcode “o”, “x”, and “u”, respectively. A total of
147 lncRNA–mRNA pairs were identified for the 80 PaWB-related lncRNAs (91 pairs were cis-regulated
and 56 were trans-regulated). In total, 138 candidate target genes were predicted for the 80 lncRNAs:
82 cis target genes for 58 lncRNAs, and 56 trans target genes for 56 lncRNAs.

We compared the 138 candidate targets of the 80 PaWB-related lncRNAs with the
1063 PaWB-related DEGs, and identified 12 PaWB-related candidate target genes among the DEGs that
were regulated by nine PaWB-related lncRNAs (Table 2 and Figure 4). The KEGG (Kyoto Encyclopedia
of Genes and Genomes) analysis results indicated that the 12 candidate target genes were mapped to
eight pathways, namely “Phenazine biosynthesis”, “RNA transport”, “Cysteine and methionine
metabolism”, “Amino sugar and nucleotide sugar metabolism”, “Glycerolipid metabolism”,
“Monoterpenoid biosynthesis”.

Table 2. Paulownia witches’ broom (PaWB)-related lncRNAs targeting PaWB-related mRNAs.

mRNA Description lncRNA

PAU008069.1 indol-3-yl-methylglucosinolate hydroxylase TCONS_00007994
PAU008371.1 trans-2,3-dihydro-3-hydroxyanthranilate isomerase TCONS_00009450
PAU017744.2 hypothetical protein TCONS_00019908

TCONS_00022138 nucleoporin-like protein 2
TCONS_00022242TCONS_00022139 xyloglucan:xyloglucosyl transferase

TCONS_00022137 nucleoporin-like protein 2
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Table 2. Cont.

mRNA Description lncRNA

PAU012048.1 neomenthol dehydrogenase TCONS_00026472
TCONS_00030164 uncharacterized protein TCONS_00030312

PAU029256.2 DNA (cytosine-5)-methyltransferase TCONS_00032704
PAU029162.1 hypothetical protein

TCONS_00032729PAU029158.1 UDP-sulfoquinovose synthase
PAU029184.1 hypothetical protein TCONS_00032741

 
(a)

(b)

Figure 4. Characteristics of PaWB-related lncRNAs and mRNAs. (a) Expression profiling in PT, PTI
PT-100, and PTI-100. The data were based on lg(FPKM); (b) LncRNA-mRNA networks. The blue
polygons represent mRNAs, the yellow polygons represent lncRNAs. FPKM, fragments per kilobase of
exon model per million mapped reads.
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3.7. Quantitative RT-PCR Analysis of DEGs and DELs

To confirm the expression of the P. tomentosa lncRNAs and their response to PaWB,
qRT-PCR analysis was performed to verify the results of the high-throughput RNA-seq. We randomly
selected seven lncRNAs and six mRNAs for qRT-PCR validation. The results demonstrated that,
except TCONS_00029942, the qRT-PCR results were consistent with those from the RNA-seq analysis
(Figure 5). This correlation confirmed that the RNA-seq data were reliable.

 
(a)

 
(b)

Figure 5. Expression pattern confirmation by qRT-PCR. (a) Changes in the relative expression levels as
determined by qRT-PCR. Standard error of the mean for three technical replicates is represented by the
error bars. Samples marked with various letters show a significant difference at p < 0.05; (b) Changes
in the relative expression levels as determined by RNA-seq. The expression level of PT was set to 1.

4. Discussion

LncRNAs play key roles in various biological pathways in animals and plants. There have been
recent advances in RNA-seq which, when combined with genome-wide mapping, have resulted
in the identification of lncRNAs in plants. The identification of plant lncRNAs has opened up the
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investigation of novel regulatory pathways in plants. For example, 7655 lncRNAs from control and
gibberellin-treated Populus tomentosa have been identified, indicating that lncRNAs may participate
in auxin signal transduction and synthesis of cellulose and pectin, and may influence growth and
wood properties. In the present study, we investigated transcriptomic changes in PT, PTI, PT-100,
and PTI-100 seedlings, and systematically identified genes and lncRNAs associated with PaWB.
Our results represent the first comprehensive analysis of lncRNAs in Paulownia. The identified
lncRNAs will be useful for other woody plants researchers and provide an important resource for
future functional genomics and regulatory expression studies.

The Paulownia lncRNAs had fewer exons and were shorter than mRNAs in length, which is
consistent with other studies [35,44]. BLAST searches of the Paulownia lncRNAs against the genomes
of species such as Arabidopsis thaliana, Oryza sativa, and Glycine max revealed that the majority of
Paulownia lncRNAs were not conserved with lncRNAs in other species. The low conservation
suggested that lncRNAs may undergo rapid evolution. It is not surprising that lncRNAs are not well
conserved for various reasons. First, lncRNAs are not constrained by codon usage. Second, although
lncRNAs may possess short conserved motifs, these short motifs are not easily identifiable by local
alignment software such as BLAST. Third, some lncRNAs may interact directly with RNA-binding
proteins through conserved secondary structures.

Xyloglucan (XG) is the main hemicellulose of the primary cell wall in dicotyledons.
Xylosyl transferases (XT, EC:2.4.1.207) are a family of enzymes that catalyze xyloglucan
endotransglucosylase and/or xyloglucan endohydrolase [49]. XTs can cut xyloglucan chains and
transfer the fragment with the new reducing end either to another XG or to water, and play an important
role in cell wall remodeling, affecting plant growth and development [50]. Transglycosylation can
contribute to both cell wall assembly and cell wall loosening [51]. In this study, XT was the predicted
target gene of lncRNA (TCONS_00022242), and it was upregulated in PT/PTI. XT may be related to
witches’ broom and hyperplasia because of its roles in cell wall assembly and loosening.

UDP-sulfoquinovose synthase (SQD1) catalyzes the transfer of sulfite to UDP-glucose to
produce UDP-sulfoquinovose, which is the head group donor for the biosynthesis of the plant
sulfolipid sulfoquinovosyldiacylglyerol (SQDG), a unique nonphosphorous lipid found in the
photosynthetic membranes of plants [52]. SQD1 (PAU029158.1) was the candidate target of
PaWB-related lncRNA (TCONS_00032729), and it was upregulated in PT/PTI and downregulated
in PTI/PTI-100. The changes in SQD1 expression may influence SQDG and then photosynthesis.
In addition, UDP-glucose is involved in many pathways (Figure 6), including Pentose and glucuronate
interconversions (map00040), Galactose metabolism (map00052), Ascorbate and aldarate metabolism
(map00053), Pyrimidine metabolism (map00240), Starch and sucrose metabolism (map00500),
Amino sugar and nucleotide sugar metabolism (map00520), Neomycin, kanamycin and gentamicin
biosynthesis (map00524), Glycerolipid metabolism (map00561), Zeatin biosynthesis (map00908),
Biosynthesis of plant secondary metabolites (map01060), and Metabolic pathways (map01100).
Therefore, changes in SQD1 expression may influence UDP-glucose content and the pathways in
which UDP-glucose is involved.
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Figure 6. KEGG (Kyoto Encyclopedia of Genes and Genomes) pathways which UDP-glucose were
involved in. map00052: Galactose metabolism; map00040: Pentose and glucuronate interconversions;
map00053: Ascorbate and aldarate metabolism; map01060: Biosynthesis of plant secondary metabolites;
map00240: Pyrimidine metabolism; map00500: Starch and sucrose metabolism; map00524: Neomycin,
kanamycin and gentamicin biosynthesis; map00520: Amino sugar and nucleotide sugar metabolism;
map00561: Glycerolipid metabolism; SQD1: UDP-sulfoquinovose synthase.

Plants constitutively synthesize a wide variety of secondary metabolites to aid fitness
by preventing pathogen invasion [53]. Among these metabolites, terpenoids are frequently
described as natural products that are active against pathogens [54]. Neomenthol dehydrogenase
(MNR, PAU012048.1), which participates in the monoterpene synthesis of neomenthol and isomenthol,
is a monoterpenoid dehydrogenase [55]. In Capsicum annuum, the menthone reductase gene CaMNR1
regulates plant defenses against a broad spectrum of pathogens [56]. In our study, MNR was the target
of a PaWB-related lncRNA (TCONS_00026472), and was upregulated in PT/PTI. The change in MNR
expression may be in response to PaWB-phytoplasmas infection.

DNA methylation plays an essential role in regulating plant development [57].
DNA methyltransferase (Dnmt), an important enzyme for DNA methylation, is not only associated
with DNA methylation, but is also linked to many important biological activities, including cell
proliferation and senescence [58]. In previous studies, we found that PaWB may be related to changes
in DNA methylation [59,60]. In this study, a PaWB-related gene, DNA (cytosine-5-)-methyltransferase
(PAU029256.2, Dnmt1), was identified as the target gene of a PaWB-related lncRNA (TCONS_00032704),
and was upregulated in PT/PTI. After infection, the change in Dnmt1 expression might influence
DNA methylation and result in the phenotype of infected Paulownia.

5. Conclusions

Although the functions of most lncRNAs are still unknown, the evidence suggests that lncRNAs
may play regulatory roles by interacting with RNA, DNA, and protein-coding genes. For example,
it has been reported that lncRNAs can act as cis- or trans-regulators of protein-coding gene expression
in animals and plants. The lncRNAs detected in this study will lay the groundwork for future
functional studies of lncRNAs in Paulownia. We revealed 26,155 and 27,017 genes, and 3434 and
3504 lncRNAs in healthy and PaWB-infected P. tomentosa, respectively. A total of 6746 lncRNA–mRNA
pairs were identified (4175 were cis-regulated and 2571 were trans-regulated). In PT/PTI, 3744 DEGs
(2208 upregulated and 1536 downregulated) and 750 (200 upregulated and 550 downregulated) were
identified. According to our analysis, 1063 mRNAs and 110 lncRNAs were related to PaWB, in which
12 mRNAs were candidate target genes of nine lncRNAs. To understand the specific biological
role of lncRNAs and their regulatory mechanisms in Paulownia, future research should include
functional analyses of the lncRNA candidate target genes using overexpression, CRISPR-Cas9, or RNA
interference gene silencing strategies.
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Abstract: To enrich the molecular data of Pinus bungeana Zucc. ex Endl. and study the regulating factors
of different morphology controled by apical dominance. In this study, de novo assembly of transcriptome
annotation was performed for two varieties of Pinus bungeana Zucc. ex Endl. that are obviously different
in morphology. More than 147 million reads were produced, which were assembled into 88,092 unigenes.
Based on a similarity search, 11,692 unigenes showed significant similarity to proteins from Picea sitchensis
(Bong.) Carr. From this collection of unigenes, a large number of molecular markers were identified,
including 2829 simple sequence repeats (SSRs). A total of 158 unigenes expressed differently between
two varieties, including 98 up-regulated and 60 down-regulated unigenes. Furthermore, among the
differently expressed genes (DEGs), five genes which may impact the plant morphology were further
validated by reverse transcription quantitative polymerase chain reaction (RT-qPCR). The five genes
related to cytokinin oxidase/dehydrogenase (CKX), two-component response regulator ARR-A family
(ARR-A), plant hormone signal transduction (AHP), and MADS-box transcription factors have a close
relationship with apical dominance. This new dataset will be a useful resource for future genetic and
genomic studies in Pinus bungeana Zucc. ex Endl.

Keywords: De novo; Pinus bungeana Zucc. ex Endl.; transcriptome; assembly analysis

1. Introduction

Pinus bungeana Zucc. ex Endl. is an endemic species to China, with high economic and ecological
values for landscaping and afforestation. Owing to long-term over-exploitation, natural forest of
Pinus bungeana Zucc. ex Endl. has been severely damaged and natural populations are mainly
found on the top of hills with poor conditions usually isolated and fragmented. Genetic diversity in
populations is losing. The plant morphology, which is the most visible difference, has been commonly
used for genetic diversity studies. Additionally, its regulation and secondary metabolites should also
be focused on.

Sizable numbers of molecular markers and genes data from the genome are playing an increasingly
important role in population genomic studies of fine-scale genetic variation and the genetic basis
of traits [1]. Nevertheless, very limited genomic data is available on Pinus bungeana Zucc. ex Endl.
Transcriptome sequencing is an efficient means to generate functional genomic level data for the
plants [2,3]. Transcriptome sequencing is a developed approach to transcriptome profiling that uses
deep-sequencing technologies [4]. Studies using this method have already altered our view of the
extent and complexity of the eukaryotic transcriptome [5,6].
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Apical dominance occurs when the shoot apex inhibits the growth of lateral buds, leading to
the vertical growth of the plant [7]. Growing upward vertically is important for the tree. In this way,
it can get more sun light to maintain photosynthesis [8]. It is best demonstrated via decapitation,
which leads to apical dominance. Branching control is regulated by divergent mechanisms among
different species [7,9,10]. The functions of hormones in apical dominance have been included in
investigations for nearly five decades. Evidence from hormonal studies suggests that apically produced
auxin indirectly suppresses axillary bud outgrowth that is promoted by cytokine originating from
roots/shoots [11–13]. The mechanism of branching control is still the perplexing problem which
is explored by many hypotheses including the classical hypothesis, the auxin transport hypothesis,
and the bud transition hypothesis [11]. Exhibiting significant involvement with other hormones,
cytokinins (CK) are signaling hormonal molecules that may have an essential impact in regulating
cytokinesis, growth, and development in plants [14,15]. In addition, the CKX, a flavoenzyme irresistibly
degrading CK into adenine/adenosine moiety, is critical for maintaining CK homeostasis in plants.
Therefore, the CKX plays a very important role by means of controlling the balance of CK. The functions
of the CKX gene, including pygmyism, high yield, and anti-aging, are reported in many plants, such as
maize, rice, and Arabidopsis thaliana (Linn.) Heynh. in Holl & Heynh. Even though the precision of
hormone content analyses in tissue has greatly improved in recent years, there have been no reports
on the understanding of Pinus spp.

Next generation transcriptome sequencing was employed to characterize the transcriptome
of Pinus bungeana Zucc. ex Endl. and to develop genomic resources to support further studies
of the species A new variety of Pinus bungeana Zucc. ex Endl. named “Penxian”, which loses
apical dominance, has also been sequenced and analyzed to characterize the architecture regulation
mechanism of this species at molecular level.

2. Materials and Methods

2.1. Materials

Bud samples of two varieties of Pinus bungeana Zucc. ex Endl. namely ‘Tree No. 9’ and ‘Penxian’
were collected from six-year-old seedlings grown in a glasshouse in Changping, Beijing, China.
The variety ‘Penxian’ has no main stem due to loss of apical dominance (Figure 1). Three replicate
experiments were made for each sample. After sampling, the buds were immediately frozen in liquid
nitrogen and homogenized with a pestle and mortar.

2.2. Methods

2.2.1. Sample Preparation for Illumina Sequencing

Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according
to the manufacturer’s protocol. The RNA samples were digested using DNase I at 37 ◦C for
30 min to remove potential genomic DNA contamination. RNA concentration and quality were
assessed using a NanoDrop ND-1000 spectrophotometer (Thermo Scientific, Wilmington, DE, USA)
and Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Poly (A) mRNA was
purified from 3 μg of total RNA using Oligo (dT) magnetic beads. The mRNA was fragmented using
divalent cations at an elevated temperature. Double-stranded complementary to RNA (cDNA) was
synthesized using a SuperScript double-stranded cDNA synthesis kit (Invitrogen, Carlsbad, CA, USA)
with random hexamer primers (Illumina). These cDNA fragments were subjected to purification,
end repair, and ligation to sequencing adapters. Ligation products were purified with magnetic beads
and separated by agarose gel electrophoresis. A range of cDNA fragments (200± 25 bp) were excised
from the gel and selected for PCR amplification as templates. The cDNA library was sequenced on
a paired-end flow cell using IlluminaHiSeq 2500 platform (2 × 100 bp read length) by Biomarker Co.
(Beijing, China).

173



Forests 2018, 9, 156

Figure 1. The plant morphology of two Pinus bungeana varieties. (a) The new variety named Penxian;
(b) the ordinary variety named ’Tree No. 9’.

2.2.2. De novo Assembly and Annotation

The raw paired-end reads were filtered to remove those containing adapters and reads with
more than 5% unknown nucleotides or a low Q-value (≤10) base more than 20%. Then, clean
data from each sample were utilized to do RNA de novo assembly with Trinity [16]. All the
assembled unigenes were annotated against the NCBI (National Center of Biotechnology Information)
protein Nr (https://www.ncbi.nlm.nih.gov/refseq/) [17], Swiss-Prot (http://www.uniprot.org/) [18],
COG (Phylogenetic classification of proteins encoded in complete genomes, https://www.ncbi.nlm.nih.
gov/COG/) [19], Pfam (https://pfam.xfam.org/) [20] database using BLASTX (Basic Local Alignment
Search Tool, https://blast.ncbi.nlm.nih.gov/Blast.cgi) [21] with a typical E-value threshold of 1.0 × 10−5.
Metabolic pathway analysis was performed using the KEGG (Kyoto Encyclopedia of Genes and Genomes,
http://www.kegg.jp/) [22]. The BLAST2GO (https://www.blast2go.com/) [23] program was used
to get GO (Gene Ontology, http://go-database-sql.org/) [24] annotations of unigenes for describing
biological processes, molecular functions, and cellular components. The dataset is available from the
NCBI Short Read Archive (SRA) with the accession number: SRX2024410 (https://www.ncbi.nlm.nih.
gov/sra/SRX2024410).

2.2.3. Differential Expression Analysis and Functional Enrichment

To identify DEGs between different samples, the expression level of each unigene was calculated
according to the fragments per kilobase of exon per million mapped reads (FPKM) method [6]. The R
statistical package software DESeq was used for differential expression analysis with default parameters.
The DEGs between different samples were restricted with FDR (False Discovery Rate) ≤ 0.001 and the
absolute value of log2 Ratio ≥ 1. In addition, functional-enrichment analyses including GO and KEGG were
performed to identify which DEGs were significantly enriched in GO terms and metabolic pathways at
a Bonferroni-corrected p-value ≤ 0.05 compared with the whole-transcriptome background. KEGG pathway
functional enrichment analysis was carried out by KOBAS (http://kobas.cbi.pku.edu.cn/) [25,26].
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2.2.4. Prediction of Unigene Coding Regions

The coding sequence (CDS) for unigene was predicted by BlastX [21] and getorf [27]. The unigene
sequences were searched against Nr [17], COG [19], KEGG [20], and Swiss-Prot [18] protein databases
using BLASTX (e-value < 10−5) [21]. Unigenes aligned to a higher priority database will not be aligned
to a lower priority database. The best alignment results were used to determine the sequence direction
of unigenes. When a unigene could not be aligned to any database, the getorf program was introduced
to decide its sequence orientation and protein coding region prediction.

2.2.5. Detection of SSR

The SSR detection of unigenes was performed with MicroSAtellite (MISA) software
(http://pgrc.ipk-gatersleben.de/misa/misa.html). We searched for SSRs with motifs ranging from
mono- to hexa-nucleotides in size. The minimum of repeat units was set as follows: ten repeat units
for mono-nucleotides, six for di-nucleotides, and five for tri-, tetra-, penta-, and hexa-nucleotides.

2.2.6. Differential Expression Level Analysis by RT-qPCR

To verify the reliability and accuracy of RNA-Seq-based expression level analysis, five transcripts
(Table S1.) which may impact the plant morphology were selected from the contigs database and
evaluated the gene expression level in the two Pinus bungeana Zucc. ex Endl. varieties which were
described above. RT-qPCR experiments were performed in triplicate. The methods of RNA isolation
and cDNA synthesis were the same as described for RNA-Seq above. The specific primer (Table S2.)
set for RT-qPCR was designed with the Oligo 7.57 software (MBI, Colorado Springs, CO, USA).
The cDNA was diluted and amplified using a 7500 Fast Real-Time PCR Systems (Thermo Fisher,
Waltham, MA, USA) and SYBR Premix Ex Taq kit (Thermo Fisher, Waltham, MA, USA) according
to the manufacturer’s instructions. Standard curves for individual unigenes were calculated using
a dilution series of the pMD19-T vector containing the target gene. The relative expressions of the genes
in the cold-treated seedlings compared with the control ones were determined based on comparisons
with the reference gene ubiquitin-conjugating enzyme. Therefore, the amplification of the target
gene was normalized with the amplification of the reference gene to correct amplification variations.
The relative expression data were calculated according to the 2−ΔΔCt method and are presented as fold
change [28].

3. Results

3.1. Sequencing Data Quality and Assembly of Reads

In total, approximately 148 million paired end reads were generated by high throughput sequencing.
After removing adapters, low-quality sequences, and ambiguous reads, we obtained approximately
25 million, 25 million, 25 million, 24 million, 25 million, and 23 million clean reads from the ordinary
variety samples (Tree No. 9-1, Tree No. 9-2, and Tree No. 9-3), and new variety samples (Penxian-1,
Penxian-2, and Penxian-3), respectively. Approximately 37.21 Gb bases were obtained with 91.56% Q30
bases with a GC content of 45.85% (Table 1). Trinity was employed for transcriptome de novo assembly
with next-generation short-read sequences. A total of 124,692 transcripts with a mean length of
922 were assembled. Additionally, we further clustered the transcripts into 88,092 unigenes with a mean
length of 758 bp and an N50 value of 1357 bp. Among the unigenes, 51,803 (58.81%) were between
200–500 bp, 16,917(19.20%) were between 500–1000 bp, and 19,372 (21.99%) unigenes were greater than
1 kb. The shorter sequences, which were less than 200 bp in length, were excluded, as they may lack
a characterized protein domain or be too short to show a sequence that matches the contigs (Table 2).
The length distributions of the unigenes are shown in Figure 2.
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Table 1. Statistical table of all samples sequencing data.

Samples Read Number Base Number GC Content % ≥ Q30

Tree No. 9-1 24,713,913 6,226,575,673 45.77 91.77
Tree No. 9-2 25,402,758 6,399,644,060 45.78 91.68
Tree No. 9-3 24,731,097 6,230,626,717 45.64 91.45
Penxian-1 24,088,230 6,068,870,102 46.48 91.26
Penxian-2 25,067,325 6,315,681,345 45.88 91.68
Penxian-3 23,679,887 5,966,576,473 45.53 91.51

Total/average 147,683,210 37,207,974,370 45.85 91.56

Table 2. Unigenes Quantity and Percentage of Length.

Unigenes Length Total Number Percentage

200–300 31,783 36.08%
300–500 20,020 22.73%

500–1000 16,917 19.20%
1000–2000 11,784 13.38%

2000+ 7588 8.61%
Total Number 88,092
Total Length 66,791,509
N50 Length 1357

Mean Length 758

Figure 2. The length distributions of the unigenes.

3.2. Functional Annotation

Sequence annotations of all unigenes were predicted with BLAST [21] with an E-value threshold
of 10−5 in the NCBI database of Nr [17], the Swiss-Prot [18] protein database, the KEGG [22]
database, the COG [19] database, and the GO [24] database. Finally, after sequence annotation,
48.43% unigenes were predicted and 51.57% unigenes were still unknown. Among these annotated
unigenes, 41,504 had significant matches in the Nr database, 29,287 had significant matches to
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the Pfam database , 25,679 had effective matches to the GO database, while 27,426 matched the
Swiss-Prot database (Figure 3 and Table S3). In total, 42,667 unigenes were BLAST for homology
searches, resulting in 48.43% unigenes showing similarity to known protein databases. For unigene
sequences in the Nr annotations, BLAST search analysis further revealed that a total 11,692 had the
most similar sequences to proteins from Picea sitchensis, followed by Elaeis guineensis Jacq., with a value
of 2674, and Amborella trichopoda Baill., with a value of 2292 (Figure 4 and Table S4).

Figure 3. The Unigene Number Annotated in the Public Database Searches.

Figure 4. Nr Homologous Species Distribution.
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3.3. Functional Classification

Based on the GO annotation, in total, 25,679 unigenes were assigned to 53 functional groups
which were categorized into three main divisions (Figure 5 and Table S5). The Cellular components
were classified into 17 groups, within which the unigenes were mostly enriched in the cell (12,836),
the cell part (12,836), and the organelle (10,185). Additionally, the unique sequences were grouped
into 16 groups which were included in the molecular function. The predominant groups were the
catalytic activity (13,329) and binding (12,710). These were followed by transporter activity (1594)
and structural molecule activity (879). In the biological process group, the matched unique sequences
were categorized into 20 classes. In this group, the unigenes were highly matched to the metabolic
process (17,168), followed closely by the cellular process (14,445), the single-organism process (11,988),
the response to stimulus (5320), the biological regulation (4461), and the localization (3673) (Table S5).

All the assembled unigenes were searched in the COG database. A total of 18,516 matched unique
sequences were categorized into 25 functional groups (Figure 6). The maximum group was replication,
recombination, and repair (1773), followed by the transcription (1576), posttranslational modification
(1447), translation, ribosomal structure, and biogenesis (1372), signal transduction mechanisms (1351),
carbohydrate transport and metabolism (1049), and amino acid transport and metabolism (1015)
(Figure 6). However, extracellular structures and nuclear structure respectively matched one and
two unigenes (Figure 6). Groups with no concrete assignment, such as function unknown (536) and
general function prediction only (3299), accounted for a part of unigenes (Figure 6).

Figure 5. GO Classification of all unigenes.
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Figure 6. COG Function Classification of Consensus Sequence.

3.4. Simple Sequence Repeats (SSR) Loci Discovery

We used the generated 19,372 unigenes (≥1 kb) to exploit potential microsatellites by using MISA
software. In total, this resulted in an authentication of 3323 putative microsatellites (including 1717
mononucleotides), covering 2829 nice SSR loci, and 163 loci in a compound formation. The most
abundant repeat motif (excluding mononucleotides) was trinucleotide, 862, followed by dinucleotide,
646, tetra nucleotide, 76, penta nucleotide, 14, and hex nucleotide, 8 (Table 3 and Table S6). Further,
we designed 2352 SSR primer pairs successfully using software Primer 3 (Table S7). These SSR loci will
significantly contribute to developing polymorphic SSR markers in Pinus Zucc. ex Endl.

Table 3. The SSR Results.

Motif Types
Repeat Number

5 6 7 8 9 10 >10 Total Percent

Dinucleotide 0 248 144 84 67 69 34 646 40.2%
Trinucleotide 562 197 86 16 1 0 0 862 53.7%

Tetra 66 8 0 0 2 0 0 76 4.7%
Penta 11 0 0 3 0 0 0 14 0.9%
Hexa 6 1 0 1 0 0 0 8 0.5%
Total 645 454 230 104 70 69 34 1606 100.0%

Percent 40.2% 28.3% 14.3% 6.5% 4.4% 4.3% 2.1% 100.0%

3.5. DEGs between Two Samples

The analysis showed that a few of the unigenes were significantly affected between the two varieties.
The Volcano plot showed the number of DEGs between the two samples (Figure 7). We identified
158 unigenes as DEGs, including 98 up-regulated and 60 down-regulated unigenes (Table 4 and Table S8).
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Figure 7. The Volcano Plot of DEGs.

Table 4. The DEG Unigenes Count.

DEG Set All DEG Up-Regulated Down-Regulated

Tree No.9 vs. Penxian 158 98 60

3.6. Confirmation of Solexa Expression Patterns by RT-qPCR

There are different expression genes between the two varieties. As there is a difference between
the two varieties in terms of morphology, we suggest that the auxin in them is different. Therefore,
the genes for plant hormone, apical dominance, and genes transcriptional factor were identified in
the KEGG pathways (Table 5 and Table S1) from the DEGs. The genes concerning the CKX were
down-regulated. The unigenes relating to ARR-A were up-regulated. Moreover, the unigenes for
AHP related up. To take the basics of DEGs of high-throughput sequencing further and confirm it,
we selected five genes to validate the expression patterns of them by RT-qPCR. As it was shown in
Figure 8, the expression patterns were highly consistent with the RNA-Seq analysis.

Table 5. The Unigenes in DEGs by KEGG.

Unigene Id Pathway Entry Annotated Gene Name Regulated log2FC

c67959 ko00908 K00279 CKX DOWN −2.759074002

c49578 ko04075 K14492 ARR-A UP 1.709013026

c102098 ko04075 K14490 AHP UP 3.914710727

c121942
K09264 MADS-box transcription factor DOWN

−1.385954738
c91025 −5.475015097
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Figure 8. The expression of each gene by RT-qPCT and RNA-Seq.

4. Discussion

4.1. The Description of Pinus Bungeana Zucc. ex Endl. Transcriptome

Due to its low cost and high throughput, transcriptome sequencing is becoming a necessary
method to perform gene discovery. The plants without a reference genome de novo transcriptome have
been generated by illumine high throughput sequencing in recent years such as Liriodendron chinense
(Hemsl.) Sarg. [29], Corchorus capsularis L. [30], Camelina sativa L. [31], and Chlorophytum borivilianum
Santapau & R.R. Fern. [32], etc. The Pinus spp. are ancient species and important in modern landscape
planting. In addition, the Pinus bungeana Zucc. ex Endl. is an endangered species [33]. Therefore, research
on the new varieties of Pinus bungeana Zucc. ex Endl. is necessary. The new variety “Penxian” loses
apical dominance completely, which is regulated by the factors related to plant hormones, including
signal transduction and genes transcriptional factor. So, the transcriptome study not only enriched the
lack of molecular data on Pinus bungeana Zucc. ex Endl., but also supplied materials for the research of
apical dominance.

4.2. Transcriptome Assembly and Gene Annotation

In this paper, 42,667 (48.43%) unigenes out of 88,092 identified were annotated using BLAST
searches of the public Nr [17], Swiss-Prot [18], GO [24], COG [19], and KEGG [22] databases.
According to existing databases, more than 50% of unigenes were not annotated. Several reasons,
such as assembly mistakes, short sequences not containing a protein domain, the deficiency of genomic
information on the Pinus app., the unigenes without hits probably belonging to untranslated regions,
non-coding RNA, etc., may lead to this result [34]. The unigenes without hits may be considered
putative novel transcribed sequences because of the lack of Pinus app. transcriptomic information. So,
this means a large collection of unigenes of Pinus and expression patterns is necessary.

The annotation for each hit unigene met the GO annotation in terms of biological process,
molecular function, and cellular components groups (Figure 5). The categories such as the nucleotide
binding (GO: 0000166), DNA binding (GO: 0003677), zinc ion binding (GO: 0008270), protein binding
(GO: 0005515), ATP binding (GO: 0005524), metal ion binding (GO: 0046872), and the structural
constituent of ribosome (GO: 0003735) were well identified, indicating the need for a large number of
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transcripts related to various biochemical processes. These gene annotations will make contributions
to the discovery of other sibling species in Pinus app.

4.3. Identification of Transcription Factor Involved in Pinus Bungeana Zucc. ex Endl. Architecture Regulation

Transcription factors usually relate to plant architecture regulation. Transcript profiling can be
a valid tool for the characterization of apical dominance-related transcriptional factors genes. To gather
information of transcription factors genes family in Pinus bungeana Zucc. ex Endl., we retrieved
all members of transcription factors gene family from Pfam and searched against databases of
Pinus bungeana Zucc. ex Endl. DEGs as mentioned above. In total, we found two MADS-box
transcription factors in Pinus bungeana Zucc. ex Endl. (Table 5). The two transcription factors were
down-regulated in “Penxian”, but the opposite in “Tree No. 9”. Among the transcription factors
identified from our data, MADS-box is one of the most important transcription factors due to its roles
in Pinus bungeana Zucc. ex Endl. architecture regulation.

4.4. DEGs between the Two Varieties

The differences between the two varieties are apparent. Also, 158 unigenes expressed differently.
Actually, the previous study including the two lacebark pine varieties, using SSR markers, showed that
genetic difference exists between the samples of “Penxian” and “Tree No. 9” [35]. So, this research also
goes a step further on the basis of the previous study, to develop a more unambiguous understanding
of the morphology of Pinus bungeana. Additionally, among the DEGs, CKX (K00279, EC1.5.99.12,
Figure S1), ARR-A (K14492, Figure S2), and AHP (K14490, Figure S2) were related to apical dominance.
The function of CKX in the regulation of plant form was reported [36]. In rice, reduced expression of
CKX caused CK accumulation in inflorescence meristems and increased the number of reproductive
organs [37]. In transgenic Arabidopsis plants, the over expression of CKX creased CK breakdown and
resulted in diminished activity of the vegetative and floral apical meristems and leaf primordia, as well
as the root meristematic cell activity related to plant form [38]. ARR-A and AHP are in the same
pathway, plant hormone signal transduction. ARR-A increased cytokinin sensitivity and resulted
in weak morphological phenotypes [39]. Furthermore, AHP is the previous process in the pathway
to the result of Cell division and Shoot initiation (Ko04075, Figure S1). In this paper, the CKX was
down-regulated, whilst ARR-A and AHP were up-regulated, which may be the main reason for the
difference between the two varieties. However, apical dominance is very complex, which is connected
with not only the auxin and CK and their interactions in controlling the buds’ outgrowth, but also
the buds’ status of dormancy and sustained that would be easily influenced by the environmental
factors, such as light, photoperiod, carbon acquisition, and nutrients [11,40]. Moreover, this paper may
promote a research approach on the function of CK and ARR-A in Pinus.

5. Conclusions

In this study, 88,092 unigenes with an average length of 758 bp were obtained. In addition,
42,667 unigenes acquired were BLAST, resulting in 48.43% unigenes showing similarity to known
protein databases. A total of 3323 putative microsatellites (including 1717 mononucleotides), covering
2829 perfect SSR loci, and 163 loci in a compound form. The DEGs related to CKX, ARR-A, AHP,
and the MADS-box transcription factors between the two varieties are validated by RT-qPCR. This will
provide support to for the classical hypothesis of apical dominance. The transcriptome data in this
study will contribute to further gene discovery and functional exploration for Pinus significative
characterization in deeper genetic breeding.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/9/3/156/s1,
Table S1: The detail sequence of the selected five transcripts, Table S2: The specific primer for RT-qPCR, Table S3:
The Unigene Number Annotated in the Public Database Searches, Table S4: Nr Homologous Species Distribution,
Table S5: GO Classification of all unigenes, Table S6: Frequency of identified SSR motifs, Table S7: The details
of the 2352 SSR primer pairs, Table S8: The details of the 158 DEGs, Figure S1: The pathway map of ko00908,
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Figure S2: The pathway map of ko04075. The dataset is available from the NCBI Short Read Archive (SRA) with
an accession number SRX2024410 (https://www.ncbi.nlm.nih.gov/sra/SRX2024410).
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Abstract: Masson pine (Pinus massoniana) is a major fast-growing timber species planted in
southern China, a region of seasonal drought. Using a drought-tolerance genotype of Masson pine,
we conducted large-scale transcriptome sequencing using Illumina technology. This work aimed to
evaluate the transcriptomic responses of Masson pine to different levels of drought stress. First, 3397,
1695 and 1550 unigenes with differential expression were identified by comparing plants subjected to
light, moderate or severe drought with control plants. Second, several gene ontology (GO) categories
(oxidation-reduction and metabolism) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathways (plant hormone signal transduction and metabolic pathways) were enriched, indicating that
the expression levels of some genes in these enriched GO terms and pathways were altered under
drought stress. Third, several transcription factors (TFs) associated with circadian rhythms (HY5
and LHY), signal transduction (ERF), and defense responses (WRKY) were identified, and these
TFs may play key roles in adapting to drought stress. Drought also caused significant changes in
the expression of certain functional genes linked to osmotic adjustment (P5CS), abscisic acid (ABA)
responses (NCED, PYL, PP2C and SnRK), and reactive oxygen species (ROS) scavenging (GPX, GST
and GSR). These transcriptomic results provide insight into the molecular mechanisms of drought
stress adaptation in Masson pine.

Keywords: Pinus massoniana Lamb.; drought stress; transcriptome; transcription factor;
defense response

1. Introduction

Drought is one of the world’s most severe environmental stresses. It represents an increasing
threat to the productivity of agriculture and forestry as it has negative impacts on plant growth and
development [1]. To adapt to unfavorable conditions of water deficit, plants activate a variety of
complex regulatory mechanisms by altering gene expression levels [2] and by activating complex
cross-talk between biochemical and molecular processes [3]. The involved genes are typically divided
into genes encoding functional proteins and those encoding regulatory proteins. Functional proteins
directly protect plants and include scavengers of ROS (reactive oxygen species) [4], aquaporins [5],
dehydrins [6] and others. In contrast, regulatory proteins control gene expression networks and
signal transduction pathways involved in stress responses [2]. Many regulatory proteins, such as
MYB and WRKY, play key roles in plant drought stress responses. In addition, ABA (abscisic acid),
a crucial hormone that is often involved in signaling and stress responses, generally accumulates under
drought conditions and can initiate signal transduction that results in the up-regulation of several
genes involved in drought stress responses [7].
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Masson pine (Pinus massoniana), a major coniferous tree widely distributed in southern China, is
not only an economically important species that is commonly used for timber, wood pulp and rosin but
also an ecologically important species in forest ecosystems [8]. Seasonal soil drought in southern China
is a major natural phenomenon that constrains the production and growth of Masson pine. Therefore,
it is of interest to cultivate genotypes that are resistant to drought conditions. Most studies investigating
the drought tolerance of Masson pine have focused on the plant’s morphology and physiology.
These studies have described certain important morphological adaptations to xeric environments,
such as alterations to root development [9]. Moreover, some analyses of the physiological
responses of this plant have uncovered traits related to drought resistance, such as changes in
MDA (malondialdehyde) and PRO (free proline) content [9] as well as changes in the activities
of POD (peroxidase), SOD (superoxide dismutase) and CAT (catalase). In addition, several important
drought-stress-induced genes have been identified using reverse transcription-polymerase chain
reaction (RT-PCR), including F-box, Ribosomal RNA Processing 8 (RRP8), auxin response factors
(ARFs), and EF1b [10]. However, despite the importance of drought resistance in Masson pine, a
more comprehensive understanding of the molecular response mechanisms underlying resistance
remains lacking. NGS (next-generation sequencing), a technology that provides deep sequencing
sufficient to cover the entire transcriptome of an organism, has contributed greatly to studies in model
and non-model plants. Expanding transcriptome information is extremely useful for the exploration
of differential gene expression and key responsive factors in conifer species subjected to drought
stress, such as Pinus pinaster [11] and Pinus menziesii [12]. In this study, the transcriptome of Masson
pine under different drought stress conditions was evaluated using the Illumina Hi-Seq sequencing
platform. The transcriptome data were used to identify genes that may be involved in the response
to drought and to clarify the possible molecular mechanisms involved in Masson pine’s adaptation
to different drought stress conditions. The results improve our understanding of environmental
acclimation mechanisms in Masson pine and will serve as an invaluable molecular-level reference to
inform future work on the enhancement of drought tolerance in Masson pine.

2. Material and Methods

2.1. Plant Material and Experimental Setup

An elite pure line of Masson pine, named the 83rd family of Masson pine, obtained from the
seed orchard of Guangxi Province (P. R. China) (20◦36′ N, 107◦28′ E) was used in this study. This line
exhibited rapid growth and strong drought resistance in our previous study [9]. In April 2015,
one-year-old seedlings of this elite line were cultured in pots in a ventilated nursery at the College
of Forestry, Guizhou University, with a day/night room temperature of approximately 20 ◦C/10 ◦C
and a light/dark photoperiod of 14 h/10 h. Each pot had a 300-mm top diameter, a 200 mm bottom
diameter and a 250 mm depth and was filled with yellow soil that had developed from quaternary red
clay and was collected from a Masson pine forest. The soil had a pH of approximately 5.0. Its total
contents of N, P, and K were 0.16 g/kg, 0.36 g/kg and 1.50 g/kg, respectively, and its available contents
of N, P, and K was 65.77 mg/kg, 10.99 mg/kg and 164.26 mg/kg, respectively. In May 2016, the
two-year-old seedlings in each pot were approximately 65 cm in height. At this time, the seedlings
were divided evenly into four groups, with 3 seedlings per pot and 15 pots per group. The four
groups corresponding to four levels of field moisture capacity were as follows: well-watered control
(CK, ≥70%), light drought (LD, 55–70%), moderate drought (MD, 45–55%), and severe drought (SD,
30–45%). The water content was controlled by potted planting [13], and the soil moisture content
was measured by weighing each pot and was regulated by artificial irrigation. The seedlings were
sampled after a one-month period of drought treatment, and the stem apex needles of the seedlings
were selected for RNA extraction.
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2.2. Total RNA Isolation, Sequencing Library Preparation and Transcriptome Assembly

RNA was extracted from four treatment seedlings with two biological replicates for each treatment
and then used to construct 8 cDNA libraries. Total RNA was extracted using a Plant RNA Isolation
Kit (Invitrogen, Carlsbad, CA, USA). Sequencing library construction and Illumina deep sequencing
were performed using the method described by Ma et al. [14], and 150-bp paired-end reads were
generated. De novo transcriptome assembly was conducted using Trinity [15]. The raw data and
sequences can be found online at the NCBI Sequence Read Archive (SRA) database (accession number
SRP092298) and the GenBank Transcriptome Shotgun Assembly (TSA) database (accession number
GFHB00000000), respectively.

2.3. Gene Expression Quantification and Differential Expression Analysis

Gene expression was estimated using RSEM [16] for FPKM (expected number of Fragments
Per Kilobase of transcript sequence per Millions base pairs sequenced) values. Differential gene
expression analyses of different water conditions were conducted using the R package DESeq (http:
//www.bioconductor.org/packages/release/bioc/html/DESeq2.html). p values were adjusted to
control for logFC > 1 and FDR < 0.05 using the BH (Benjamini–Hochberg) approach.

2.4. Functional Annotation and Enrichment Analysis

Gene function was annotated using the NCBI blast (http://www.ncbi.nlm.nih.gov/) [17] for Nr
(NCBI non-redundant protein sequences), Nt (NCBI non-redundant nucleotide sequences), Swiss-Prot
(A manually annotated and reviewed protein sequence database) and KOG/COG (Clusters of
Orthologous Groups of proteins); the BLAST parameters of NR, NT and Swiss-Prot were controlled
for using an e-value = 1 × 10−5, and KOG/COG was controlled for using an e-value = 1 × 10−3.
Gene function was annotated on the Pfam (Protein family) database using hmmscan software with an
e-value = 0.01; GO annotation was accomplished using blast2go software with an e-value = 1 × 10−6;
and KEGG annotation was performed using KAAS software with an e-value = 1 × 10−10 [18].

Gene ontology (GO) enrichment analysis of the differentially expressed genes (DEGs) was
performed using the GOseq R package based on Wallenius’ noncentral hypergeometric distribution [19].
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of the DEGs was
conducted using KOBAS [20].

2.5. qRT-PCR (Quantitative Real-Time PCR) Validation

The total RNA isolated as described above was used to synthesize cDNA using the RNA LA
PCR Kit (TaKaRa, Shiga, Japan) following the manufacturer’s instructions. Gene-specific primers
(Table S1) were designed for 9 unigenes using Primer Premier 5.0 (Premier, Canada). Three
biological replicates for each reaction and three technical replicates for each biological replicate
were analyzed using SYBR Premix ExTaq (TaKaRa) on a 7500 fast real-time PCR system (Applied
Biosystems, Waltham, MA, USA) with the following PCR procedure parameters: 95 ◦C for 120 s
followed by 40 cycles of 95 ◦C for 10 s, 61 ◦C for 30 s, and 72 ◦C for 30 s; and an additional
procedure for dissociation (95 ◦C for 15 s, 60 ◦C for 60 s, and 95 ◦C for 15 s). qRT-PCR was
performed in 20.0 μL reactions containing 10.0 μL of SYBR mix, 1.0 μL of template cDNA, 0.4 μL
of forward primer (10.0 μM), 0.4 μL of reverse primer (10.0 μM), and 8.2 μL of deionized water.
Amplification of three internal control genes (UBC, ubiquitin-conjugating enzyme-like protein; 18 s
RNA; and GAPDH, NAD-dependent glyceraldehyde-3-phosphate dehydrogenase) [21] was used to
normalize the qRT-PCR data. Quantification was achieved using comparative cycle threshold (Ct)
values, and gene expression levels were calculated using the 2−ΔΔCt method [22].
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3. Results

3.1. Variations in Phenotypes during Drought Stress

Seedling phenotypes were evaluated throughout the experiment (Figure 1). Although the
well-watered control seedlings displayed normal growth, the shoot tips of seedlings showed mild wilt
under LD, and the wilting became increasingly severe with increasing drought stress.

Figure 1. Phenotypic variation of Masson pine seedlings under different soil moisture conditions. CK,
well-watered control; LD, light drought; MD, moderate drought; and SD, severe drought.

3.2. Transcriptome Sequencing and De Novo Assembly and Annotation

A total of 390,320,648 raw reads were generated to assemble 197,612 non-redundant unigenes,
which had a length range of 201–15,800 bp, an N50 of 1227 bp, and an average length of 695 bp
(Figure 2).

Figure 2. Distribution of assembled unigenes and the number of assembled unigenes of each length.

The sequenced unigenes were validated and annotated by alignment with public databases,
including the NT (NCBI nucleotide sequences), NR (NCBI non-redundant protein sequences),
Swiss-Prot (a manually annotated and reviewed protein sequence database), PFAM (protein family),
GO, KEGG and KOG (EuKaryotic Orthologous Groups) databases (Table S2). Of the 197,612 unigenes,
66,825 (33.81%) and 49,085 (24.83%) had significant matches in the NR and NT databases, respectively.
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In addition, 64,943 (32.86%), 35,880 (18.15%), and 30,882 (15.62%) unigenes had annotations in the GO,
KOG, and KO databases, respectively. A total of 101,806 unigenes (51.51%) were successfully annotated
in at least one of the above databases, and 11,874 unigenes (6%) were annotated in all seven databases.

3.3. Exploration of Gene Expression in Seedlings under Drought Stress

To elucidate the molecular activities that occurred across the different water content conditions,
differential expression analyses were performed on samples collected from the three treatments (LD,
MD and SD). In total, 4300 genes were differentially expressed (q ≤ 0.05) between the samples from
the three drought treatments and the well-watered control samples (Table S3). Of these, 3397, 1695
and 1550 genes were differentially expressed between the LD and CK, MD and CK, and SD and CK
treatments, respectively (Table S3). Among the DEGs, 1656, 611 and 651 were found to be up-regulated
(q ≤ 0.05) in the LD, MD and SD treatments, respectively, and 1741, 1084 and 899 were found to be
down-regulated (q ≤ 0.05) in the LD, MD and SD treatments, respectively (Table S3, Figure 3).

Figure 3. Venn diagram and cluster analysis of differentially expressed genes in three comparisons.
(A) Venn diagram showing that a total of 4300 unigenes were identified as differentially expressed
in the three comparisons (LD, MD and SD versus CK); the number of DEGs in each comparison are
shown in each circle; the number of overlapping regions represent the 687 DEGs that were found in
each comparison. (B) A cluster analysis of differentially expressed genes is shown in the right panel;
red indicates up-regulated genes and blue indicates down-regulated genes.

The overlap among these comparisons showed that 687 genes were identified as differentially
expressed under the three drought conditions (Figure 3). Of these, only 341 unigenes were
identified by GO analysis, whereas 209 unigenes had no known function (Table S3). Among the
former, 156 unigenes were annotated in the biological process category and were linked to
signal transduction, defense response, transcriptional regulation, photosynthesis, transmembrane
transport, biosynthetic processes, metabolic processes, oxidation-reduction processes, and protein
phosphorylation. Our findings suggest that these biological processes may participate in the
drought response.

3.4. Gene Ontology Enrichment Analysis

Enrichment analysis of GO terms derived from DEGs after drought stress was conducted to
reveal the GO terms that were common among all drought samples and those that were unique to
each drought sample (Table S4). Enriched (q ≤ 0.05) GO terms were observed in the foundation
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categories of metabolism, oxidation-reduction, and photosynthesis, and these terms were significantly
over- or underrepresented in different drought stress treatments. These results suggest that the
expression of proteins associated with these GO terms was strongly affected by drought. In the
category of metabolism, differential representation was found for the molecular functions of chitinases,
transferases, pectinesterases, peptidases, kinases, synthases, hydrolases, peroxidases, oxidases and
catalytic activity. The enriched GO terms for biological processes included hormones, single-organism,
chitin, amino sugar, starch, glucose and cellular carbohydrate. It is noteworthy that lipid, cellular lipids,
isoprenoids and glycosylation were affected in the lipid metabolism category, suggesting that changes
in membrane lipids may have occurred. In the oxidation-reduction category, the following GO terms
were significantly overrepresented: biological processes of oxidation-reduction and the molecular
functions of oxidoreductase activity, including acting on peroxide as an acceptor, acting on the
CH-OH group of donors, acting on paired donors, acting on single donors with the incorporation of
molecular oxygen, and incorporation or reduction of molecular oxygen. These findings indicated that
oxidation-reduction reactions and oxidoreductase activity were enhanced. In the categories related to
photosynthesis, the down-regulated GO terms included the biological process photosynthesis and the
cellular components of photosystem, photosystem I, photosystem I reaction center, photosystem
II and photosystem II oxygen-evolving complex, indicating that photosynthetic functions were
inhibited. Not unexpectedly, GO terms for biological processes that occur in response to stress
(obsolete peroxidase reaction and response to oxidative stress) and negative regulation of catalytic
activity and molecular function were highly enriched. Enriched GO terms for molecular function
included chitin binding, ion binding, heme binding, ribonucleotide binding, tetrapyrrole binding and
ADP binding. In the category of cellular components, the three major enriched GO terms were cell
wall, apoplast, and external encapsulating structure.

Certain enriched GO terms were discovered only for a particular level of drought stress, suggesting
that proteins with important specific functions are expressed in response to specific level of drought
stress (Table S4). First, several phosphorylation-related GO terms were specifically enriched among
the DEGs that were down-regulated under LD relative to CK, including phosphorylation, protein
phosphorylation, phosphate-containing compound metabolic process, and phosphorus metabolic and
modification process. Second, the GO terms for transport, including drug transport, drug transporter
activity, drug transmembrane transport, and drug transmembrane transporter activity, were enriched
only among the DEGs that were up-regulated under MD relative to CK. Finally, the GO terms
for carbon utilization, obsolete electron transport, and electron carrier activity were enriched only
among the genes that were down-regulated under SD relative to CK. Taken together, the results show
that many of the GO functional categories found to be enriched were significantly inhibited in the
drought-stressed seedlings.

3.5. KEGG Pathway Enrichment Analysis

The KEGG pathways that were enriched in the DEGs were analyzed to reveal the specific
pathways involving the DEGs that were responsive to drought stress (Table S5). The four pathways of
plant hormone signal transduction, photosynthesis, phenylalanine metabolism and phenylpropanoid
biosynthesis were enriched (q ≤ 0.05) under every drought treatment. Among these pathways,
plant hormone signal transduction, phenylalanine metabolism, and phenylpropanoid biosynthesis
were enriched among the up-regulated DEGs, whereas photosynthesis was enriched among the
down-regulated DEGs. These results indicate that drought stress induced the signal transduction of
plant hormones, which had strong effects on biosynthesis and metabolism and led to a severe decline
in photosynthesis.

In addition, certain pathways enriched by DEGs occurred under the various drought treatments
(Table S5). For example, enrichment of DEGs associated with the pathways of amino sugar and
nucleotide sugar metabolism, circadian rhythm-plant and plant–pathogen interaction first appeared
in LD samples; enrichment of DEGs associated with the pathways of NF-kappa B signaling and
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glutathione metabolism first appeared in MD samples; and enrichment of DEGs associated with the
pathways of carbon metabolism, chemical carcinogenesis, and drug metabolism-cytochrome P450
appeared only in SD samples.

3.6. Validation by qRT-PCR

To verify the reliability of the RNA-Seq data, nine drought-responsive unigenes showing
significant up- or downregulation in the drought seedlings were randomly chosen for qRT-PCR
analysis (Figure 4). Among them, three unigenes (MYB (c71819_g3), NIP (c85755_g1), and MCM
(c88297_g1)) showed constitutively down-regulated expression, and one unigene (GPX (c92413_g2))
showed constitutively up-regulated expression with increasing drought stress; five unigenes (DREB
(c60672_g1), GH3 (c94987_g2), P450 (c95186_g2), P5CS (c93699_g2) and WRKY (c90841_g1)) were
up-regulated under LD, MD and SD, the relative expression levels of these unigenes were higher
under LD than under MD and SD. These results indicated that nine unigenes were induced by drought
stress, which could assist in revealing the response to drought stress in Masson pine. For six of the
unigenes (DREB, GH3, P450, GPX, MYB, and NIP), the qRT-PCR results closely matched the RNA-Seq
results. The other three unigenes (P5CS, WRKY, and MCM) showed similar trends in expression,
but the fold change in expression indicated by RNA-Seq was lower than that indicated by qRT-PCR.
Overall, the unigene expression trends revealed by the RNA-Seq data and the qRT-PCR analysis were
similar, showing that the results of the RNA-Seq analyses were valid.

Figure 4. Expression changes of nine randomly selected unigenes as determined by qRT-PCR results
and DGE sequencing data. The x-axis values indicate the different water content conditions. The
y-axis values represent the change in expression under the various drought stress conditions relative to
the well-watered control condition. Data represent the fold changes of expression for each unigene
in the drought treatment relative to control conditions. Error bars represent standard deviations.
Blue indicates the RNA-Seq results, and red indicates the qRT-PCR results.
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4. Discussion

In this study, we observed that the tips of the seedlings were slightly wilted under LD.
The observed phenotypic changes were considered together to assist in characterizing transcriptional
responses and revealing the defense response to drought stress in conifer trees.

4.1. Resistance to Osmotic Stress at Each Level of Drought Stress

Osmotic adjustment is believed to be an adaptation to drought stress, as observed in many studies
of drought-tolerance mechanisms [5]. In the present study, the P5CS (pyrroline-5-carboxylate synthase)
gene (c93699_g2), which plays a role in stabilizing membranes and proteins under osmotic stress in
pine [5,6], was found to be up-regulated in each drought treatment. It has been reported that the
proline content is increased with increasing severity of drought conditions in this elite pure line [9].
These results suggested that Masson pine exhibits a strong capacity for osmotic adjustment via the
accumulation of proline to reduce the effects of osmotic stress caused by drought.

In addition, AQPs (aquaporins) are the main membrane proteins that regulate osmotic pressure in
water transport [5]. However, AQPs play complex roles due to their disparate functions and expression
patterns in the response to drought stress. Under drought conditions, AQPs are up-regulated in
Phaseolus vulgaris [23] but down-regulated in pine [5]. Similar to the pattern observed in pine, in our
study, three genes encoding AQPs (NIP, c85755_g1; PIP, c91691_g1; PIP, c101640_g1) were found to be
constitutively down-regulated with increasing drought stress, suggesting that drought suppresses the
expression of AQPs depending on the time and degree of stress. This response reflects a mechanism
of water conservation via down-regulation of AQP expression to reduce membrane permeability,
resulting in the minimization of water flux and scatter in the aboveground parts of Masson pine.

4.2. Transcription Factors Responding to Stress Signals under Light Drought

TFs play a key role in regulating downstream genes involved in adversity stress responses. In this
study, 142 transcription factors (TFs) were identified to be differentially expressed (q ≤ 0.05) under
drought stress, 87 were up-regulated and 55 were down-regulated (Table S6). Most of these TFs belong
to the AP2/EREBP, MYB, WRKY, NAC, and HD-ZIP families. Importantly, some of the induced TFs
were enriched in KEGG pathways involved in responses to environmental and physiological signals
under light drought (LD).

The enriched KEGG pathway “circadian rhythm-plant” (ko04712) was linked to three TFs: one
HY5 gene (c84637_g1) and two LHY genes (c85168_g1 and c91081_g2), which were down-regulated
and up-regulated, respectively, under LD but showed no variation under MD and SD, indicating
that HY5 and LHY were induced by light drought. HY5 is a bZIP TF that links hormone and
light-signaling pathways [24], which play a part in promoting the photomorphogenesis of A.
thaliana [25], and negatively regulates light-signaling pathways [26]. Another LHY protein, a TF
that is closely related to MYB, is the central oscillator component of the light input pathway [27]. Cañas
et al. [11] reported that the LHY gene of P. pinaster, which shows higher expression, might reflect
an adaptation to light conditions rather than a transcription factor that functions to regulate diurnal
rhythm. However, another analysis in Fraxinus mandshurica demonstrated that the LHY promoter
has a pivotal role in initiating systemic responses to adverse stress [28]. According to these studies,
it was suggested that HY5 and LHY might be key TFs in the light-signaling network that regulates
the circadian rhythm in response to light drought stress in our study. This hypothesis remains to be
validated in further studies; however, our findings provide insight into the potential mechanisms of
circadian rhythmic gene expression activation associated with coniferous drought conditions.

In addition, we found that four unigenes in the “plant hormone signal transduction” pathway
(ko04075), encoding the TFs ERF (c76570_g1), ARF (c83733_g1), and IAA (c77087_g1 and c92989_g1),
were significantly up- or down-regulated. ERF, belonging to the AP2 family, is involved in DNA
binding, and overexpression of ERF/AP2 has been confirmed to improve plant tolerance to drought in
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transgenic Virginia pine [29]. In our study, the expression of ERF/AP2 was constitutively up-regulated
expression with increasing drought stress, with overexpression under LD versus CK, MD versus LD,
and MD versus LD. These results suggest that AP2/ERF is induced by drought stress, and it might
enhance drought tolerance in Masson pine. Moreover, several studies have reported that ARF regulates
the expression of auxin response genes in conjunction with Aux/IAA repressors [30] and that Aux
and IAA function as auxin-induced repressors and modulate the activity of DNA-binding ARFs [31].
Our results indicate that the expression of two IAA genes and an ARF gene were constitutively
down-regulated expression with increasing drought stress, with marked repression in the LD versus
CK and MD versus LD conditions. It appears that Aux/IAA and ARF may inhibit one another upon
the onset of light drought, indicating that TFs related to growth and development in Masson pine
needles begin to be inhibited upon light drought. This finding differs from a previous report showing
that water stress increased IAA concentrations, thereby inducing epinastic growth in radiata pine [32].
However, the finding agrees with our previous study in which drought stress resulted in significant
growth reduction in the aboveground portions of Masson pine, whereas the root growth and root–shoot
ratio both significantly increased [9]. The results indicate a growth strategy to reduce aboveground
growth and increase root growth, which favors water absorption from the soil and contributes to the
adaptation to drought stress [33].

4.3. Defense Response of the Plant–Pathogen Interaction Pathway under Light Drought

The systematic defense response of plants under abiotic stress is an important resistance
mechanism of coniferous forests [34]. In our study, the plant–pathogen interaction enriched pathway
shown in Figure 5 was strongly activated in Masson pine seedlings under LD (ko04626). First,
pathogenic signaling was transmitted to the cytoplasm by the recognition of FLS2 (flagellin-sensitive 2)
and EFR (EF-TU receptor). Second, the PTI response was triggered and amplified. FLS2 and EFR were
both up-regulated to activate the downstream gene encoding MEKK1 (mitogen-activated protein kinase
kinase kinase 1); subsequently, MEKK1 signaling was enhanced to activate two separate pathways for
the negative and positive regulation of immunity [35]. Finally, within the cell nucleus, defense-related
genes, including one WRKY33 gene (c83644_g4), and its downstream pathogen-resistance genes NHO1
(glycerol kinase) and PR1 (pathogenesis-related protein 1) [36], were up-regulated. To date, WRKY TFs
have occasionally been described as having a regulatory role in the defense of conifer species, although
a regulatory role for WRKY has been more widely reported that overexpression of WRKY gene
enhances the resistance to tolerance and pathogen infection to drought stress in Grapevine [37] and
Horse gram [38]. Interestingly, our findings showed that the WRKY gene (c83644_g4) was up-regulated
under LD, but showed no changes were observed under MD and SD, indicating that WRKY was
induced upon light drought stress. These results provide evidence that WRKYs might play key
roles in the signaling and transcriptional regulation of defense responses in Masson pine under mild
drought stress.
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Figure 5. Unigenes inferred to be involved in the plant–pathogen interaction pathway. Blue inside the
boxes indicates unigenes predicted to be involved in the pathway. White inside the boxes indicates
unigenes that were not identified in the expression profile analysis. Red in the borders indicates that
the genes increased expression under drought stress relative to the well-watered condition.

4.4. ABA Response under Light and Moderate Drought Stress

The plant hormone ABA is known to have a core role in the modulation of plant adaptation to
drought stress [39]. Although ABA biosynthesis, signaling and responses are considered to be closely
related to drought-resistance mechanisms in plants [40], information regarding the pivotal genes,
specific modes and signaling pathways involved in drought resistance in conifers remains lacking. In
this study, we observed that a gene encoding NCED (9-cis-epoxycarotenoid dioxygenase) (c71048_g1),
which is a crucial enzyme for the synthesis of ABA [41] that is often overexpressed in plants under
drought stress [3], was up-regulated under LD. Quan et al. [42] reported that ABAs are important
hormones related to drought stress in Masson pine, with ABA content increasing with increasing
drought stress. Thus, both ABA accumulation and the expression of a key gene related to ABA
synthesis were found to be up-regulated under drought stress in Masson pine. It can be inferred that
this up-regulation is beneficial to the development of plant drought tolerance. Moreover, three major
components associated with ABA signal transduction were also found to be differentially expressed
in this study. A gene encoding PYL (c87460_g1), an ABA receptor that takes part in activating ABA
responses [43], was up-regulated under MD versus CK, and MD versus LD. However, a gene encoding
PP2C, a type 2C protein phosphatase (c68631_g1) that is a negative regulator that inactivates SnRK2
protein kinases [44], was obviously repressed under MD versus CK, MD versus LD, and SD versus LD.
In addition, two genes encoding SnRK2 (c85767_g1 and c85767_g2), which enhance drought tolerance
by enhancing ABA signaling [45], were activated under LD. These results indicate that many important
genes related to ABA responses, all of which are involved in the ABA signaling pathway and its
double-negative regulatory system, promote the interaction between PYL and PP2C, thereby leading
to PP2C inhibition and SnRK2 activation in Masson pine. These findings are consistent with those
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of previous studies in which drought tolerance was putatively linked to ABA signaling networks in
plants [46]. In conclusion, the ABA-mediated response pathway was markedly activated under LD
and MD; thus, ABA plays a central role in drought stress responses in Masson pine.

4.5. Responses to Oxidative Stress under Moderate and Severe Drought Stress

Drought stress results in the overproduction of ROS in plants [4]. The activation of many
antioxidants that occurs due to drought is considered to be a protective mechanism against drought
damage [47]. In our previous study, the activity of SOD was found to be markedly increased under
LD [9], providing further evidence that the oxidative system might play an essential role in the response
to drought stress by regulating antioxidase activity to defend against ROS damage in Masson pine.

Moreover, other ROS-scavenging enzymes were up-regulated in the enriched glutathione
metabolism pathway involved in the responses to stress signals under MD and SD (ko00480) in Masson
pine. Two glutathione transferases (GST) genes (c92901_g1 and c93725_g3), which play a part in generic
detoxification and cell adaptability under stress conditions [48], were constitutively up-regulated under
different levels of drought stress in Masson pine. The expression of three GPX genes, namely, c92413_g1,
c92413_g2, and c88279_g1, which can reduce H2O2 (hydrogen peroxide) and lipid hydroperoxides in
the response to oxidative stress [49], was validated to be constitutively up-regulated with increasing
drought stress, suggesting that GPX was activated to enhance abiotic stress tolerance. The expression
of a GSR gene (c83219_g1), was upregulated to enhance plant tolerance to stress conditions [50] and
was also upregulated under SD, indicating that GSR plays a role in the defense against ROS in Masson
pine, even under severe drought conditions. Overall, these results suggest that glutathione is linked to
cellular defense mechanisms against stresses caused by drought and oxidants and that GPX, GST and
GSR may be positive regulators of drought tolerance in Masson pine.

Interestingly, most of the DEGs were found for the LD treatment, with fewer DEGs observed for
the MD and SD treatments. These results suggest that this elite genotype of Masson pine exhibits a
positive character of drought resistance in which a systemic response is rapidly activated to prevent
damage under light drought stress, which then gradually returns to baseline as an adaptation to
drought conditions under moderate and severe drought stress.

5. Conclusions

In this study, biological homeostasis in the Masson pine was reestablished through the
collaborative action of physiological and molecular responses and growth under drought stress
(Figure 6). Plant growth was slowed as an adaptation to drought stress, marked by down-regulation
of the growth elements IAA and ARF. Furthermore, Masson pine exhibited an active defense and
protection response that was characterized by a strong capacity for osmotic adjustment and the
overexpression of genes related to ABA biosynthesis and signal transduction, and ROS scavenging,
and it exhibited a rapid systemic defense against pathogenic effects. In addition, we found that
drought stress is linked to the differential expression of TFs that regulate circadian rhythm, which
has not previously been described in Pinus spp. These results will serve as a foundation for future
transcriptomic research into drought tolerance in Masson pine.
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Figure 6. A model of different adaptive strategies regulated by drought-responsive genes in Masson
pine. Red or green inside the white boxes indicates unigenes that showed increased or decreased
expression, respectively. Blue inside the boxes indicates different adaptive strategies. Red inside the
boxes indicates that the biological function was activated. Green inside the boxes indicates that the
biological function was repressed.
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Abstract: Cork oaks show a high capacity of bud sprouting as a response to injury, which is important
for species survival when dealing with external factors, such as drought or fires. The characterization
of the cork oak transcriptome involved in the different stages of bud sprouting is essential to
understanding the mechanisms involved in these processes. In this study, the transcriptional profile
of different stages of bud sprouting, namely (1) dormant bud and (2) bud swollen, vs. (3) red bud and
(4) open bud, was analyzed in trees growing under natural conditions. The transcriptome analysis
indicated the involvement of genes related with energy production (linking the TCA (tricarboxylic
acid) cycle and the electron transport system), hormonal regulation, water status, and synthesis of
polysaccharides. These results pinpoint the different mechanisms involved in the early and later
stages of bud sprouting. Furthermore, some genes, which are involved in bud development and
conserved between species, were also identified at the transcriptional level. This study provides
the first set of results that will be useful for the discovery of genes related with the mechanisms
regulating bud sprouting in cork oak.

Keywords: cork oak; transcriptome; bud development; gene expression

1. Introduction

Cork oak (Quercus suber L.) plays an important environmental, social, and economic role in the
Mediterranean ecosystems known as “Montado” and “Dehesa”, in Portugal and Spain, respectively.
The ability of cork oak to produce cork in a sustainable manner is the basis for an industry that is
unique in the world. However, over the last 20 years, the Iberian Peninsula has witnessed a reduction
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in the number of trees—due to drought, extreme temperatures, pests, and fires, among other factors,
which threatens the rural economy in this part of Europe and increases the vulnerability to wildfires [1].

The vegetative bud phenology of long-lived species is crucial to their productivity, adaptability,
and distribution [2]. The frequency of droughts in the Mediterranean is increasing significantly due
to climate change, which suggests an aggravation of environmental conditions that are likely to
increase the severity of water stress in plants [3]. Global warming is expected to modify the length
of the growing season and distribution of forest tree species, changing the timing of phenological
events and possibly causing frost or drought injuries, or even a failure to produce mature fruits
and seeds. It was already reported that long-term exposure of young cork oak trees to contrasting
temperatures impacts the leaf metabolites and gene expression profiles of key enzymes of phenolic
metabolism [4]. Most Mediterranean plant species, including cork oak, have a good sprouting capacity
after disturbance, displaying the ability to re-sprout from basal buds when stems or crowns are severely
damaged, which is of great importance for species survival. However, cork oak is the only oak able
to quickly and effectively re-sprout after fire from epicormic buds, which are positioned underneath
the bark, showing a competitive advantage over coexisting woody plants. Thus, cork oak is one of
the best-adapted trees persisting in ecosystems with recurrent fire-exposure, making it one of the best
candidates for reforestation programs.

In pedunculate oak (Quercus robur), several QTL (quantitative trait loci) for bud burst and height
growth have been identified [5], using the approach described by Saitagne and colleagues [6], based
on a double-pseudo-testcross mapping strategy. Moreover, in Populus, several genes (PHYB1, PHYB2,
ABI3, and ABI1B) mapped to positions where QTL for bud set and/or bud burst were identified [7],
providing further support for their involvement in the regulation of bud sprouting. The PHYB1 and
PHYB2 genes are phytochromes photoreceptors, which absorb both red light and far-red light and act
as a biological switch to activate/deactivate plant growth. The ABI3 and ABI1B genes are required for
the establishment of dormancy, both being involved in signal transduction.

Analysis of differential expression for genes involved in bud burst was performed in sessile oak
(Quercus petraea), which resulted in the identification of a set of relevant candidate genes for signaling
the pathway of bud burst as well as hundreds of expressed-sequence-tags (ESTs) [8]. Recently, an oak
gene expression atlas was also generated for two sympatric oak species, Quercus robur (pedunculated
oak) and Quercus petraea [9], which identified genes associated with vegetative bud phenology and
contributed relevant information for the annotation of the pedunculated oak’s genome. The gene
expression studies performed in cork oak have mainly targeted the identification of genes involved in
cork formation, and several candidate genes have been revealed [10].

Furthermore, a multiple tissue transcriptome database was compiled, covering multiple
developmental stages and physiological conditions [11]. Several studies have reported differentially
expressed transcripts in different stages of development, such as acorn development [12].

Despite the knowledge that has been produced for oak species—the molecular mechanisms in cork
oak underlying bud set, bud dormancy, and bud burst—still remain unclear. Additional information is
needed to understand the genetic mechanisms underlying signaling and regulation in the transition
from dormant to active bud development, as well as to characterize the genetic response to
phenological events. Thus, in order to reveal the mechanisms involved in bud sprouting of cork
oak, a whole transcriptome approach was carried out using data generated using the 454 sequencing
platform. A total of four different stages of bud sprouting development, from bud dormant to bud
burst, were analyzed, in order to assess the differences in gene expression over the stages of bud
sprouting development.
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2. Materials and Methods

2.1. Sample Collection

Bud samples were collected from eight Quercus suber—individuals from different origins.
The eight different genotypes were selected in order to capture the wider species-level transcriptomic
mechanisms associated with bud sprouting development. These trees are part of a provenance assay
growing under natural conditions, established in Portugal in 1998 at Monte de Fava (Ermidas do
Sado, Portugal). Samples were collected in different phases of bud development. Buds were cut
from selected branches presenting one of the following development stages: (1) dormant bud, (2) bud
swollen, (3) red bud, and (4) open bud (Figure 1). The samples were immediately immersed in RNA
Later (AMBION, Ambion, Inc., Austin, TX, USA) and, upon arrival at the lab, stored at −80 ◦C for
RNA extraction.

 

Figure 1. Development stages of bud sprouting in Quercus suber. Earlier stages: (1) dormant bud and
(2) bud swollen. Later stages: (3) red bud and (4) open bud.

2.2. Total RNA Extraction and Sequencing

Bud samples were homogenized with a speed mill (AnalyticJena, Jena, Germany). The total
RNA was extracted using the RNAQUEOUS extraction kit (AMBION, Ambion, Inc., Austin, TX,
USA) and analyzed for quality using a Bioanalyzer. Reverse transcription was performed with the
Mint cDNA Synthesis kit from Evrogen (Evrogen JSC, Moscow, Russia), using oligo d(T) Primer.
Four cDNA libraries were constructed (two from pooled stages 1 and 2, and two from pooled
stages 3 and 4). One library from each pooled stage was normalized by the Duplex-Specific
Nuclease-technology, which resulted in a total of four cDNA libraries (two non-normalized and
two normalized). The constructed libraries were sequenced using the 454 GS FLX Titanium platform
(Roche, Basel, Switzerland). The sequence data analyzed in this manuscript are available from the
NCBI Sequence Read Archive under the accession numbers SRX2642267, SRX2642266, ERX143072,
and ERX133073.

2.3. Sequence Data and Transcriptome Assembly

The 454 single-end read sequences from both library types, normalized and non-normalized,
were pre-processed, according to different criteria, using a pipeline combining a custom Perl
script (https://github.com/anausie/cebal/blob/master/preProcessing454.pl) and open-source tools,
namely Mothur [13], for quality trimming, and Sequence Cleaner (https://sourceforge.net/projects/
seqclean/). These procedures were performed in order to remove adaptors, barcodes, and poly-A or
poly-T tails from the read sequences as well as remove/trim from the dataset reads with low average
quality and a certain number of undetermined nucleotides (N’s). All the pre-processed reads were then
used to perform a de novo transcriptome assembly using MIRA (Mimicking Intelligent Read Assembly)
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4.9.5_2 [14], with the following parameters: -job = denovo, est, accurate, 454; -GE:not10:amm = no:mps
= 100:kpmf = 90; -NW: cmrnk = warn; -SK:not = 10:mmhr = 10; -AS:mrpc = 2.

2.4. Read Mapping and Differential Expression Analysis

The pre-processed reads from each non-normalized library were aligned to the assembled contigs
using BWA-mem (BWA: Burrows-Wheeler Aligner) with default parameters [15]. The mapping
results were processed with Samtools [16], and only the reads that mapped to a unique location
(UMR—uniquely mapped reads) were kept for further analyses. In addition, coding regions within
assembled contigs were predicted with Transdecoder [17].

The featureCounts tool [18] was used to create a table with the counts for the UMRs for each
transcript, required for edgeR, a Bioconductor software package [19], used to perform the differential
expression analysis. Genes with low counts across the dataset were discarded, in line with edgeR
guidelines (minimum of 6 reads as cutoff), and a TMM (Trimmed mean of M-values) normalization
was applied to normalize library sizes before integrating them in the statistical model. EdgeR works
on replicated data considering either the biological and technical variability between conditions.
This variability is referred to as the Biological Coefficient Variation (BCV). Given that no replicates
were available for this dataset, we considered the BCV to be 0.1, in line with edgeR recommendations.
From the total list of differentially expressed genes, we filtered out those with an FDR (False Discovery
Rate) value ≤0.05.

2.5. Validation of Differentially Expressed Genes by Quantitative Real-Time PCR Analysis

To confirm the differential expression results obtained with edgeR, quantitative real-time PCR
(qPCR) assays were performed using 9 randomly chosen genes. The primers were designed
using Primer3Plus software [20] (Table S1). Reverse transcription was performed using the
QuantiTect Reverse Transcription Kit (Qiagen, Hilden, Germany) with 1 μg of Total RNA following
the manufacturer’s instructions. Relative expression quantification was performed with an iQ5
system (BioRad, USA, Hercules, CA,) using the SsoAdvanced Universal SYBR Green Supermix
(BioRad, Hercules, CA, USA) and 250 nM of each primer in a final volume of 20 μL. All samples were
run in triplicate and a no template control (NTC) was used for every primer pair.

The following program was used for all reactions: 95 ◦C for 10 min, 45 cycles at 95 ◦C for 10 s,
60 ◦C for 15 s, 72 ◦C for 15 s. A melting curve was generated for each reaction to assure specificity of
the primers and the presence of primer-dimer. Primers’ efficiencies were assessed using a serial dilution
of cDNA stock. The change fold was calculated using the mathematical model described by Pfaffl [21]
using four reference genes (Act, CACs, EF-1α, and β-Tub) previously reported for Quercus suber L. [22].

2.6. Functional Annotation

The predicted coding sequences (CDS) from Transdecoder 2.01 were functionally annotated, using
a blast against the non-redundant protein plant sequence database from NCBI, with an e-value of
1 × 10−5 [23]. InterproScan 5.18.57 was used to find the protein domains and identify the Gene
Ontology (GO) terms. Additionally, it also assigned KEGG (Kyoto Encyclopedia of Genes and
Genomes) information to the sequences by identifying enzymes’ EC numbers and the corresponding
KEGG pathways [24]. All these results were analyzed with Cytoscape 3.3 and CateGOrizer [25,26].

3. Results

3.1. Preprocessing of the Sequence Data and De Novo Transcriptome Assembly

Four libraries (two normalized and two non-normalized) were constructed using RNA extracted
from Q. suber buds were sampled at different development stages. A total of 2,245,526 reads were
produced using the 454 GS FLX Titanium platform, ranging from 49 to 1201 bp (base-pairs) in
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length. By the end of the pre-processing step, a total of 1,772,150 reads remained in the dataset,
which represented 78.9% of the initial number of reads. These results are displayed in Table 1.

Table 1. Summary statistics of the 454 sequence data preprocessing step.

Library
Raw Reads Processed Reads

Number <AL> Number <AL>

Non-normalized 1 566,726 574.1 452,455 519.9
Non-normalized 2 513,382 577.8 404,242 522.9

Normalized 1 595,388 568.4 464,611 523.8
Normalized 2 570,030 560.7 450,842 518.1

Total 2,245,526 - 1,772,150 -

<AL>: average length of reads in base pairs.

A de novo assembly of the cork oak transcriptome involved in the regulation of bud sprouting
was generated with MIRA 4.9.5_2. A total of 117,094 contigs were generated, of which 115,935 were
larger than 200 bp.

3.2. Read Mapping, Differential Expression

The pre-processed reads from each non-normalized library were aligned to the assembled contigs
using the BWA-mem algorithm. A total of 815,287 reads were mapped, which represented 95.2% of the
total, while the number of UMR was 358,785. These results are indicated in Table 2.

Table 2. Results obtained for read mapping, with BWA, against the transcriptome assembly.

Library Reads Used Mapped Reads (%) UMR (%)

Non-normalized 1 452,455 430,935 (95.2%) 197,521 (43.7%)
Non-normalized 2 404,242 384,352 (95.1%) 161,264 (39.9%)

Total 856,697 815,287 (95.2%) 358,785 (41.9%)

As described above, the coding regions within transcripts were predicted, and a total of
57,034 coding regions (predicted genes) were obtained. Following the procedures for the differential
expression analysis, we obtained a total of 58 differentially expressed genes between the two pools of
bud development stages: 38 down-regulated—genes with a higher expression level or only expressed
in early stages (pool 1)—and 20 up-regulated—genes with a higher expression level or only expressed
in later stages (pool 2).

3.3. Functional Annotation

The set of protein sequences where coding regions were predicted by Transdecoder
(57,034 predicted genes) was annotated with blastp (protein blast) against the non-redundant NCBI
plants database, which resulted in 90.7% (51,728) of the predicted genes having at least one hit.
Taking into account the best hit for each predicted gene, a distribution of occurrences over the annotated
species was performed, yielding a total number of 692 plant species (Figure 2). The majority of the hits
identified were against Vitis vinifera (8.9% of the best hits). Cork oak, as well as most of the species
found in the top 10 of the best hits, belong to rosids, one of the major clades of order.
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Figure 2. Blast top hits by species. The most representative species with a minimum of 500 hits
are represented.

Additionally, InterPro was used to identify protein domains, functional classes of GOs
(gene ontology) and KEGG pathways associated with the sequences of the predicted genes. A total of
48,022 sequences had at least one protein domain, and 29,383 sequences mapped to at least one GO
term, covering a total of 1602 different GO terms, of which 40.4% belonged to Biological Process (BP),
47.1% to Molecular Function (MF) and 12.5% to Cellular Components (CC). Moreover, 3680 sequences
were associated with at least one KEGG pathway, for a total of 114 KEGG pathways and 387 different
enzymes (Figure 3).

The GO terms were further analyzed with CateGOrizer which mapped the GOs against the Plant
GOSlim database. We obtained a total of 41 subcategories of GO terms belonging to BP, 24 to MF,
and 24 to CC categories. BP, MF, and CC categories contained a total of 19,881, 11,169, and 25,441 gene
sequences, respectively.

Regarding the 58 differentially expressed genes, 36 mapped to at least one GO over the total
number of 52 different GO terms identified. CateGOrizer identified 17 subcategories of GO terms
belonging to BP, 12 to MF, and 7 to CC, over 22, 2622, and 8 different GOs, respectively (Figures 4–6).
With respect to KEGG pathways, only four genes, codifying a different enzyme each, were associated
with eight KEGG pathways.
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Figure 3. The most representative KEGG pathways associated with all predicted genes. Only pathways
with at least eight associated enzymes are represented.

 

Figure 4. Subcategories of GOs identified by CateGOrizer within the Biological Processes over the
whole set of predicted genes.
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Figure 5. Subcategories of GOs identified by CateGOrizer within the Molecular Function over the
whole set of predicted genes.

 

Figure 6. Subcategories of GOs identified by CateGOrizer within the Cellular Components over the
whole set of predicted genes.

The vast majority of differentially expressed genes associated with the MF GO terms were
down-regulated and/or annotated as core histones (Figure 7). The DE (differentially expressed) genes
associated with the CC GO terms with mostly down-regulated and/or annotated as r-proteins and
histones (Figure 8).
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Figure 7. Differentially expressed genes associated with some Molecular Function GO terms identified.
Blue nodes represent the MF GO terms while the other nodes represent the associated DE genes.
The color of each DE gene node follows an RGB color scale, going from the most down-regulated in
red to the most up-regulated in green.

Briefly, the results obtained with the differential expression analysis revealed several candidate
genes related with bud sprouting, from which a subset is displayed in Table 3.

Table 3. Subset of differentially expressed genes identified between the earlier and later stages. A gene
with a positive logFC (logarithm fold change) value is (more) expressed in the later stages, while a
gene with a negative logFC value is (more) expressed in the earlier stages.

Annotation LogFC p-Value Gene Identifier ID

unnamed protein product 8.48 1.22 × 10 −12 296082254
Ribosomal protein S3Ae 7.88 4.37 × 10 −5 976900419
putative histone H2B.1 7.83 7.13 × 10 −5 703085592

PREDICTED: 60S ribosomal protein L8-3 7.45 1.67 × 10 −6 449434174
basic blue copper family protein 7.38 3.17 × 10 −6 224054286
serin/threonine protein kinase 7.38 3.17 × 10 −6 38343920

hypothetical protein PRUPE_ppa012332mg 7.3 6.03 × 10 −6 595797137
PREDICTED: pentatricopeptide repeat-containing protein

At1g74750-like 7.3 6.03 × 10 −6 470127288

40S ribosomal protein S17C 7.13 2.20 × 10 −5 313586437
60S ribosomal L38 −7.15 1.15 × 10 −5 728829564

PREDICTED: succinate dehydrogenase −3.34 3.39 × 10 −5 449455896
hypothetical protein EUGRSUZ_G02560 (myo-inositol oxynase) −4.57 1.55 × 10 −7 629099270

Translation elongation factor 1 alpha −5.2 1.53 × 10 −10 110224776
PREDICTED: uncharacterized protein −7.22 6.03 × 10 −6 645275588

PREDICTED: polyubiquitin −7.22 6.03 × 10 −6 743820616
PREDICTED: protein NUCLEAR FUSION DEFECTIVE 2 −7.22 6.03 × 10 −6 470125885

aquaporin TIP2;2 −7.22 6.03 × 10 −6 383479044
Ribosomal protein L31e family protein −7.48 4.66 × 10 −7 590724775

RecName: Full = Agglutinin; AltName: Full = CCA −7.7 7.00 × 10 −8 48428322
PREDICTED: histone H2AX-like −7.94 3.11 × 10 −9 658055874

agglutinin isoform −8.1 2.68 × 10 −10 85376265
chlorophyll a/b-binding protein −8.84 9.97 × 10 −15 2804572
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Figure 8. Differentially expressed genes associated with some Cellular Components (CC) GO terms
identified. Blue nodes represent the CC GO terms while the other nodes represent the associated DE
genes. The color of each DE gene node follows an RGB color scale, going from the most down-regulated
in red to the most up-regulated in green.

3.4. qPCR Validation

In order to validate the results obtained by the bioinformatics analyses, a total of nine DE genes
were randomly selected to assess their expression by qPCR. The qPCR assay for the selected transcripts
shows an expression pattern similar to the one obtained by the bioinformatics analyses. For several of
the genes tested, the change fold value is higher in the RNA-seq data when compared to the qPCR
results (Figure 9), which may be explained by the amplification step required for sequencing of the
transcriptome as well as some degradation of the stored RNA.

 

Figure 9. Change fold for each of the transcripts tested for validation. The values are represented as
the Log2 of the normalized expression value of both RNA-seq and qPCR data.
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4. Discussion

Cork oak is an important natural resource with economic and ecological impact in the
Mediterranean area. This work adds relevant information to be used in cork oak biology, with
the potential to enable genetics and genomics approaches targeting a deeper molecular knowledge of
genes intervening in processes dealing with the ecosystem responses to external factors, which can
affect bud sprouting.

In previous studies, several stages of bud sprouting development—such as bud burst,
bud endodormancy, bud ecodormancy, and bud dormancy—were examined in other Quercus
species [8,9,27] using approaches based on suppression subtract hybridization (SSH), microarrays,
and ESTs. These studies identified some candidate genes involved in the regulation of bud
sprouting, but the molecular mechanisms associated with bud sprouting development in cork oak
remain uncharacterized.

In order to tackle this limitation, we performed a transcriptome characterization analysis in four
stages, grouped as an early stage (dormant bud and bud swollen stages) and a later stage (red bud and
open bud stages), after which a group of candidate genes was identified. Evidence for a differential
expression pattern of genes involved in key mechanisms of cork oak bud sprouting was detected,
even though the risk of false-positive results was increased by the fact that biological replicates were
not available.

In order to characterize the transcriptome involved in bud sprouting development, a classification
by KEGG Orthology (KO) of the most representative KEGG pathways (Figure 3) associated with the
assembled transcripts was performed. The KOs identified included nucleotide metabolism, amino
acid metabolism, carbohydrate metabolism, energy metabolism, and lipid metabolism. The results
indicated that the transcriptome of bud sprouting development is mostly focused on the production
of essential precursors and metabolites for the synthesis of macromolecules, such as polysaccharides,
which represents most of the cell-wall biomass and energy production. Thus, at the initial stages,
a significant effort is made to supply the plant with the means required for growth, including the
considerable amount of energy needed.

4.1. A High Input of Energy Is Required during Bud Sprouting in Cork Oak

In plants, the presence of the cyclic flux of the tricarboxylic acid (TCA) cycle is not necessary if
the ATP demand is low or other sources of ATP are available, such as through photosynthesis [28].
In the cork oak bud sprouting transcriptome, the cyclic flux of the TCA cycle is active since all of the
enzymes involved in this cyclic flux are expressed, indicating that a high energy production is required
in the development of bud sprouting.

The succinate dehydrogenase enzyme (EC 1.3.5.1), also known as complex II, plays an important
role linking the TCA cycle and the electron transport system (ETS) by catalyzing the oxidation of
succinate to fumarate and the reduction of ubiquinone to ubiquinol. Both the TCA cycle and ETS are
involved in the production of energy for the cell via the aerobic respiratory chain [29]. In the earlier
stages of development, a high consumption of energy is expected and required for growth [30]. Hence,
the over-expression pattern found for this gene in the early stages is in accordance with the metabolic
state and needs of the plant during the initial phases of bud burst.

Moreover, a basic blue copper family protein, belonging to the cupredoxins family, was more
significantly expressed in the later stages. It is well known that cupredoxins serve as mobile electron
carriers in a variety of charge transport systems [31]. This suggests that, besides linking the TCA cycle
to ETS via succinate dehydrogenase in the early stages, the ETS is fully functional due to the expression
of the blue copper family protein in the later stages of development.

The main role of Acetyl-CoA is to deliver the acetyl group to the TCA cycle for energy production.
However, it is also used by the Acetyl-CoA carboxylase enzyme to produce malonyl-CoA. It has
been generally accepted that this enzyme, expressed in the transcriptome analyzed in this study, is
almost exclusively responsible for the production of malonyl-CoA. This molecule is the precursor for
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the formation of flavonoids, interacting with Coumoraloyl-CoA, a product of the phenylpropanoid
pathway [32]. Essential enzymes required for the transformation of phenylalanine into coumoroyl-CoA
are expressed in the cork oak bud sprouting transcriptome, including phenylanine ammonia lyase (EC
4.3.1.24), cinnamate 4-hydroxylase (EC 1.14.13.11), and 4-Coumarate-CoA ligase (EC 6.2.1.12), as well
as several other important enzymes for flavonoid biosynthesis, such as chalcone synthase (EC 2.3.1.74),
chalcone isomerase (EC 5.5.1.6), and flavanone 3-hydrolase (EC 1.14.11.9), all of which are involved in
the early steps of this pathway.

Flavonoids are secondary metabolites associated with several biological functions in plants,
including the signaling of plant growth and development [33] as well as the capacity to regulate
the activity of proteins responsible for cell growth. The interaction of flavonoids with auxins has
been established for some time, where flavonoids control the distribution of auxins influencing
developmental processes [32,34–37].

Large amounts of nitrogen are required for the synthesis of nucleic acids and proteins, thus
making nitrogen a limiting resource for plant growth. Arginine amino acid chemical properties make
it especially suitable to store nitrogen. Several enzymes involved in the arginine biosynthesis were
expressed in the present study transcriptome. El Zein and colleagues (2011), in a sessile oak study,
observed that, during leaf growth, most of the nitrogen used was provided from the stored nitrogen.
Therefore, during bud sprouting development, the plant seems to be storing nitrogen via arginine
synthesis, in order to use it when the leaf starts to grow [38].

The role played by the translation elongation factor 1α gene in protein and actin cytoskeleton
synthesis, and possibly also in plant development, has been demonstrated in a number of
eukaryotes [39,40]. A previous study in tobacco plants showed that its expression was higher in
younger, developing tissues than in older or more mature tissues [41]. Moreover, the same gene was
also highlighted as a candidate gene for proteomic analysis of shoot apical meristem transition from
dormancy to activation in Cunninghamia lanceolata (Lamb.) Hook [42]. In that study, the comparison of
the reactivating and active stages with the dormant stage of shoot apical meristem demonstrated that
higher levels of proteins involved in translation were present, results that provide further support for
the involvement of the translation elongation factor 1α gene in the processes associated with bud burst
and sprouting. Additionally, in this work, this gene was over-expressed in the early stages, results that
are consistent with the ones determined in those studies.

4.2. Cork Oak Bud Burst and Development Is under Tight Hormonal Regulation

Plant growth regulators can be divided into five main groups: auxins, cytokinins, gibberellins
(GAs), ethylene, and abscisic acid (ABA). Auxins, cytokinins, and GAs are the ones that largely affect
plant growth [43]. Several genes codifying these hormones were expressed in the transcriptome
analysis. Auxins usually act together with, or in opposition to, other plant hormones, such as GAs and
cytokinins. The interaction between these three hormones plays a crucial role in the regulation of bud
dormancy and bud burst in many plant species [44,45].

In our work, two superfamilies of auxins were present in the transcriptome, including
auxin-binding protein (ABP) 19 and ABP20. An analysis of the ABP19 and ABP20 expression
pattern in the two stages of bud sprouting suggests that ABP19 is more important in the early stage,
whereas ABP20’s influence is larger in the later stage. In a previous work [46], ABP20 displayed high
expression levels in buds, contrasting with the extremely low expression of ABP19, which provided
evidence towards the involvement of ABP20 in the differentiation and development of both floral and
vegetative buds. The identification of high expression genes codifying ABP20 in the later stage, despite
the absence of statistical significance for differential expression, suggests that ABP20 plays a role in
cork oak bud development.

Strigolactone, which is a carotenoid derivate hormone, displayed a pattern of higher expression
in the early stages. This hormone regulates bud growth as it has more influence on the inhibition
of axillary bud growth [47]. One relevant protein in strigolactone signaling is MAX2/RMS4 [48],
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which was codified by genes in the transcriptome. This protein is an F-box protein and
regulates multiple targets at different stages of development in order to optimize plant growth
and development [49]. The presence in the cork oak bud transcriptome of genes codifying enzymes
involved in the ubiquitin-proteasome system, such as ubiquitin E3-ligase, expressed in the early stages
of bud sprouting, could be linked with the involvement of MAX2 in strigolactone or ABA signaling,
since the number of E3 ligases involved is more than any other hormone [50]. In the early stages, genes
codifying indole-3-acetic acid (IAA), which, together with ubiquitin E3-ligase, plays a crucial role in
auxin signaling [51], were also identified. Considering that auxins are capable of regulating the activity
of strigolactones, which can inhibit bud growth, and that cytokinins can stimulate bud growth [52], it is
essential to identify the intermediate steps to understand the mechanism of this antagonistic control.

The expression of the gibberellin 3-beta-dioxygenase 4 enzyme in the cork oak bud sprouting
transcriptome, which produces GA1 or GA4 bioactive GAs, indicates that gibberellin synthesis is active
during bud sprouting. In fact, it is well known that GAs influence varied development processes, such
as stem elongation, germination, and dormancy. After dormancy release, the number of GAs increases
when the sprouting stage begins. The chitin-inducible gibberellin-responsive protein (CIGR), codified
by several genes expressed in this transcriptome, belongs to the GRAS family, which plays a role in
plant growth and development. Specifically, this protein is associated with the regulation of plant
height as well as leaf size, the latter of which contains young elongation tissues. The relation of CIGR
to the regulation of leaf size may indicate the relevance of this protein in the last stages of the bud
sprouting development where the leaf is starting to grow [53].

Cytokinins are fundamental in the regulation of the cell division and elongation processes that
occur in buds and are considered to be promoters of sprouting [54]. In fact, their direct interaction
with auxins influences bud burst, since sprouting begins when the cytokinin concentrations at the bud
are higher than auxins. Additionally, there is evidence that these hormones can also be involved in
tuber dormancy release [45].

ABA hormones are also related to plant growth. The expression of ABA-insensitive (ABIB) genes
in the studied transcriptome is consistent with the association of ABA with bud dormancy, dormancy
release, bud set, and bud break. For instance, in Populus, the ABIB1 gene was associated with bud set
and bud break [7]. Moreover, there is evidence that ABA hormones regulate the synthesis of flavonoids,
which, as mentioned, are also involved in plant growth and development [55].

The light-harvesting complex a/b binding protein (LHCB) is one of the most abundant membrane
proteins in nature. This protein plays a fundamental role in plant adaptation to environmental stresses,
protection against light stress, and control of chloroplast functions. In this study, the chlorophyll a/b
binding protein was over-expressed in the early stages. The expression of the LHCB genes is regulated
by multiple factors, such as the light, oxidative stress, and ABA. The expression of chlorophyll a/b
binding protein can be associated with the maturation of chloroplasts, since the levels of LHCB were
reported to generally increase during cold stress [56], which is a concomitant abiotic stress factor to
which Mediterranean Quercus suber buds are exposed.

4.3. Genes Related to Water Status Play a Key Role in Cork Oak Bud Sprouting

The growth rate of a cell depends on the amount of water uptake and the capacity of the cell
wall to extend. Extensive water requirements are needed for flushing and shoot elongation because
the rehydration of meristems, cell expansion, and metabolic pathway recovery are indispensable for
plant growth. Consequently, genes related to water stress, such as aquaporins (AQPs) and dehydrins
(DHNs), have a fundamental role in the regulation of bud burst timing processes.

The transport of water across the membrane is a key factor for expansion growth. AQPs function
as membrane channels that selectively transport water at the cellular level. They can be divided into
two main groups or subfamilies, which include the plasma membrane intrinsic proteins (PIPs) and the
tonoplast intrinsic proteins (TIPs) [57,58]. A relation between the PIPs and TIPs expression and cell
expansion has been observed in several plant tissues [59,60]. However, the functional relation between
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water transport at the whole plant level and PIPs/TIPs expression still remains unclear, despite
some studies demonstrating the role of various AQPs in root water transport [61,62]. Additionally,
abiotic stresses, such as cold temperatures, induce changes in AQPs expression, mainly in PIPs and
TIPs [63,64].

The accumulation of DHNs occurs in response to drought stress and low temperatures in plant
tissues, therefore playing an important role in the winter dormancy, providing protection, as well as
freezing tolerance and cold acclimation.

Thus, considering that the early stages of bud burst coincide with the period of the year when the
coldest temperatures are observed, it is likely that both AQPs (such as TIP2,2, which was found only
expressed in the early stages of bud sprouting) and DHNs would be crucial for survival of the buds in
the initial stages of their development.

4.4. An Alternative Pathway for the Synthesis of Polysaccharides

In plants, UDP-Glucoronic Acid (GlcA) acts as an important precursor in the synthesis of
many different polysaccharides, such as xylose, arabinose, and GalA, for cell-wall biomass [65].
UDP-GlcA is synthesized via two independent routes, which include the myo-inositol oxidation
pathway (MIOP) and the nucleotide sugar oxidation pathway. Karkonen and colleagues [66] suggested
that the predominant route can differ among species, tissues, and different development stages. It has
been demonstrated that the MIOP is present in a variety of plant tissues since this pathway was first
proposed about 40 years ago [67]. The MIOP is initialized by the catalyzation of the thermodynamically
irreversible oxygenative cleavage of myo-inositol to GlcA by the myo-inositol oxynase (EC 1.13.99.1).
The gene coding for this enzyme was found expressed in the transcriptome analyzed, providing
support for the activation of this alternative pathway for the synthesis of polysaccharides. Moreover,
in this work, this enzyme was over-expressed in the early stage, suggesting that MIOP activates in
the earlier stages of development, which is in accordance with the findings of previous studies [68].
The production of UDP-GlcA is also required to generate a number of other sugars, which represent a
large amount of cell-wall biomass.

4.5. Stress Response and Development Related Proteins Are Expressed in the Cork Oak Bud Transcriptome

Some genes involved in the response to biotic and abiotic stresses were differentially expressed
in this work, such as the polyubiquitin and agglutinin genes. The former plays a relevant role in
wound response, while the latter is responsible for the immobilization of non-pathogenic organisms.
The polyubiquitin genes belong to the ubiquitin gene family and are also present in a wide variety
of plants. The ubiquitin pathway is involved in the senescence and stress responses in plants,
playing a relevant role in the modification of protein behavior during wound response. This gene is
involved in protein degradation, in the chromatin structure, ribosome biogenesis, and cellular receptor
proteins [69,70]. The agglutinin is considered a glycoprotein and is involved in the immobilization of
non-pathogenic bacteria in the different plant tissues [71]. It was previously identified in a white oak
study [53], where two stages of bud dormancy were compared. Since, in this work, the dormant bud
is represented in the early stages, the over-expression of the gene codifying this protein is consistent
with the results determined previously.

The protein kinases and phosphatases are involved in the signaling pathways, playing
fundamental roles in stress signal transduction [72]. The serine/threonine protein kinase was
over-expressed in the later stages of bud sprouting. This protein receives the information from
the receptors that sense the changes of the environmental conditions and convert it into a response,
altering the metabolism or the cell growth and division [70].

During plant growth and development, increased levels of protein synthesis are indispensable
and the synthesis of new ribosomes is crucial to growth. In this work, different ribosomal proteins
were over-expressed in the two stages of bud sprouting [73]. Similar to ribosomal proteins, histones
were also over-expressed in the two stages. Both ribosomal proteins and histones were expressed in
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vegetative and reproductive meristems, those being the two types of proteins that are more associated
with plant growth than they are with plant dormancy [74].

4.6. Common Sets of Genes Used by Different Species in the Regulation of Bud Burst and Development

An additional analysis of the genes expressed in the cork oak transcriptome studied in this work
revealed the presence of genes that were previously associated with bud burst, bud dormancy, bud
sprouting, and flower development in other species, such as the sessile oak (Quercus petraea) [8,9,75–77].
In the two studies involving the Quercus species, the set of genes for which differential expression
was found encompassed genes that were also expressed in our study. These included genes such as
galactinol-synthase (important for tolerance to drought, high salinity, and cold stress), SKP1 (which
is described as a regulator of seed germination, dormancy or bud burst) and LEA (whose protein
products act as protection from desiccation and temperature stress) in Quercus petraea [8], as well as
several genes associated with ribosome biogenesis (60S ribosomal protein L14, ribosomal protein S24e,
and 60S ribosomal protein L12), response to water deprivation (Bax inhibitor 1 and CBL interacting
protein kinase 6) and response to auxin (auxin influx transporter) in Quercus robur [9].

Moreover, genes involved in the regulation of bud sprouting and flower development in
Arabidopsis thaliana, such as FRIGIDA, SOC1, and SVP [75,76], as well as genes implicated in the
transition from endodormancy to ecodormancy of leaf buds in Pyrus pyrifolia such as expansin,
cellulose synthase, polygalacturonase, arabinogalactan (all of them related with the plant cell wall)
and germin-like protein [77], were also expressed in the cork oak transcriptome analyzed in this study.
These results highlight a set of genes whose expression during bud development and sprouting is
common in different species of the Quercus genus, and likewise in Arabidopsis thaliana and Pyrus pyrifolia,
despite the pattern of differential expression not being detected in this work, which could be due to
biological and/or technical limitations.

5. Conclusions

In this study, a set of candidate genes for bud development in Quercus suber was identified,
revealing for the first time some of the mechanisms involved in the genetic regulation of cork oak’s
phenological events. The vast amount of GO terms and pathways related to bud sprouting confirms
that this is a complex genetic and molecular development process. The KOs identified indicate that
the transcriptome of bud sprouting development is mostly focused on the production of essential
precursors and metabolites for the synthesis of macromolecules as well as energy production and
where water transport seems to play an important role. The data presented here substantially increase
our understanding of the complex global cellular mechanisms of bud sprouting in the particular cork
producing oak Quercus suber. Indeed, these results might be useful in molecular-assisted selection,
when the selection aims for pest, frost, or drought tolerance, or to avoid scenarios of an advancing
spring phenology that may render young plants vulnerable to late spring frost damages in a climate
change scenario.
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Abstract: Drought is a common and recurring climatic condition in many parts of the world, and it
can have disastrous impacts on plant growth and development. Many genes involved in the drought
response of plants have been identified. Transcriptome, microRNA (miRNA), and degradome
analyses are rapid ways of identifying drought-responsive genes. The reference genome sequence of
Paulownia fortunei (Seem) Hemsl. is now available, which makes it easier to explore gene expression,
transcriptional regulation, and post-transcriptional in this species. In this study, four transcriptome,
small RNA, and degradome libraries were sequenced by Illumina sequencing, respectively. A total of
258 genes and 11 miRNAs were identified for drought-responsive genes and miRNAs in P. fortunei.
Degradome sequencing detected 28 miRNA target genes that were cleaved by members of nine
conserved miRNA families and 12 novel miRNAs. The results here will contribute toward enriching
our understanding of the response of Paulownia fortunei trees to drought stress and may provide new
direction for further experimental studies related the development of molecular markers, the genetic
map construction, and other genomic research projects in Paulownia.

Keywords: Paulownia fortunei; gene expression; transcriptome; microRNA; degradome; drought

1. Introduction

Drought is a common form of environmental stress that constrains plant growth and development
and crop production. During their evolution, plants have evolved processes to respond to adverse
stresses, including signal transduction and hormonal regulation [1]. Under drought stress conditions,
cell turgor can be maintained at a balanced level through osmotic adjustment, and cell elasticity
and size can be adjusted via protoplasmic tolerance, which allows plants to tolerate drought stress.
The drought stress response has been studied in various plants, including crops, vegetables, and trees.

Paulownia is a fast-growing woody plant native to China, where it has been used widely for
landscaping and silviculture; however, the ecological benefits of Paulownia are being severely affected
by the increasingly dry climate. The Paulownia fortunei (Seem) Hemsl. genome has been published
recently, which will help in better understanding the drought tolerance of Paulownia species. To enlarge
the germplasm and breed a drought-resistant variety, autotetraploids (4n = 80) have been obtained from
diploid parent plants (2n = 40) using colchicines [2]. Polyploidy and whole genome duplication lay a
foundation for the innovation of genetic material [3]. The altered characters of polyploidy—for instance,
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drought tolerance or pathogen resistance—make these plants more adapted to rough environmental
conditions [4,5]. Different genotypes may cause plants to display different response patterns to
drought stress. Therefore, breeding plants with enhanced genetic characteristics requires an in-depth
understanding of the regulation mechanisms of gene expression under drought stress.

Next-generation sequencing techniques have made the analysis of genome-wide transcriptome
available and affordable. To date, a large number of genes related to drought stress have been
reported [6–9]. MicroRNAs (miRNAs) are the kind of non-coding RNAs that play vital roles in
regulation of gene expression at the post-transcriptional level. They regulate gene expression either by
cleaving mRNA or by translational repression [10,11]. Plant miRNAs were implicated to play important
roles in plants’ responses to adversity stresses [12–16]. Functional analyses have demonstrated that
miRNAs are essential to the ability of plants to resist environment stress [17]. However, in the
Paulownia species, the networks that underlie these stress responses have not been fully characterized.

Plant hormones play pivotal roles in plant growth and stress tolerance. ABA (phytohormone
abscisic acid) is known as a stress hormone because it can be sensitively and rapidly accumulated under
drought stress condition in order to reduce or avoid the inhibition of plant growth and development
and it can be rapidly decreased and degraded when the stress is removed [18–21]. ABA regulates
the expression of many genes, which leads to changes in important physiological and biochemical
indexes that help plants to survive under environment stress [22]. During this process, drought stress
increases endogenous ABA levels and induces ABA-dependent and ABA-independent transcriptional
regulatory networks [22,23]. It has been shown that genes involved in the regulatory networks are
active under drought condition, especially transcription factors (TFs), which are employed to enhance
drought tolerance in plants [24,25]. For instance, an increasing number of reports have suggested that
the overexpression of TFs such as the MYB (transcription factor MYB), NAC (NAM, ATAF, and CUC
transcription factor), WRKY (transcription factor WRKY), ZFP (Zinc finger protein), bHLH (basic
helix-loop-helix), ZF-HD (zinc finger homeodomain protein), and AP2 (APETALA 2) families plays
a critical role in regulating the expression of specific stress-related genes and plant stress signal
transduction, therefore improving the resistance of Arabidopsis and rice plants to drought and salinity
stresses [26–29]. Moreover, it has been shown that drought stress affects miRNAs through regulating
their target genes, which encode the MYB, AP2, and ZF-HD TFs that are involved in ABA-dependent
and ABA-independent pathways, and that these changes can allow plants to better adapt to water
deficit. For instance, ABA treatment and drought stress have been shown to induce the accumulation
of miR159, which targets the encoding of the MYB TFs that positively modulate ABA responses
during seed germination in Arabidopsis [30]. Although the complex interplay between transcriptional
and posttranscriptional regulation of drought response in Arabidopsis has been reported, this type of
interplay is not well characterized in Paulownia. To understand the molecular mechanisms associated
with the responses of diploid and autotetraploid P. fortunei to drought stress, we sequenced four
transcriptome, small RNA, and degradome libraries by high-throughput sequencing. As a result, we
obtained information on a large number of genes and biological processes that might be involved in
molecular mechanisms of drought responses in Paulownia. The results will help researchers explore
the gene expression differences between diploid and autotetraploid P. fortunei under drought stress at
the transcriptome and miRNA level, which is of fundamental importance to agricultural production.

2. Materials and Methods

2.1. Plant Materials

The tissue culture samples were harvested from the Institute of Paulownia, Henan Agricultural
University (Zhengzhou, Henan Province, China). The autotetraploid clone of Paulownia fortunei was
obtained by in vitro treatment of a diploid P. fortunei clone with colchicine from a previous study [2].
This diploid and its derived autotetraploid clone were the same genome with differences at the ploidy
level. The samples were treated according to the method of Zhang et al. [2]. Briefly, the P. fortunei tissue
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culture seedlings (diploid and autotetraploid) were cultured for 30 days. Samples were transferred
into nutrition blocks containing normal garden soil for 30 days. Then, samples with the same growth
consistency were transferred individually into nutrition pots (30 cm in diameter) containing the same
weight of ordinary garden soil. After 50 days, the samples with the same growth consistency were
used to carry out the drought treatment. Diploid and autotetraploid P. fortunei plantlets were treated
with 75% (control) and 25% (drought treatment) relative soil water contents and named PF2 and PF2T,
and PF4 and PF4T, respectively. After 6, 9, and 12 days of treatment, the leaves (second pairs) were
picked from the drought-treated plants. At least three biological duplicates with the same growing
consistency under each condition were chosen and the leaves were harvested. The obtained leaves
were immediately frozen in liquid nitrogen for total RNA extraction.

2.2. Physiological Responses of Diploid and Autotetraploid Paulownia fortunei to Drought Stress

Physiological characteristics and biochemical indexes including chlorophyll, proline, soluble sugar,
soluble protein content, malondialdehyde concentration, superoxide dismutase activity, relative water
content, and relative electrical conductivity of the well-watered control samples (PF2 and PF4) and
drought treatment samples (PF2T_12D and PF4T_12D) were calculated in this study. The chlorophyll
content was calculated following the methods of Bojović et al. [31] and Arnon [32]. The proline content
was calculated by using the method of Bates et al. [33]. The soluble protein content, soluble sugar
content, malondialdehyde concentration, and superoxide dismutase activity were measured by the
method described previously [34]. The relative water content of the leaf was calculated by using the
method described previously [35]. The relative electrical conductivity was calculated according to the
methods by Li [34]. The ANOVA Duncan analysis was performed using SPSS 19.0 software (SPASS,
Inc., Chicago, IL, USA).

2.3. Construction, Processing, and Annotation of the P. fortunei cDNA Libraries

Total RNA was extracted from each sample using Trizol reagent following the manufacturer’s
instructions (Invitrogen, Carlsbad, CA, USA). Then, the samples (PF2, PF2T_12D, PF4, and PF4T_12D)
were treated with DNase I, and magnetic beads with Oligo (dT) were used to isolate the mRNA.
The mRNA was then mixed with fragmentation buffer to obtain short fragments. The cDNA
was synthesized using the mRNA fragments as templates. Briefly, the short fragments had been
purified and suspended with elution buffer in a TruSeq™ RNA sample preparation kit (Catalog
No. RS-930-2001) for end reparation and single nucleotide A (adenine) addition (Illumina, San
Diego, CA, USA). The short fragments were then connected with adapters in the TruSeq™ RNA
sample preparation kit. Poly (A) fragments were selected for connected adapters in TruSeq™ RNA
sample preparation kit. Suitable fragments were used as templates for PCR amplification. After the
quantification and qualification of the sample libraries were performed, these libraries were sequenced
on an Illumina HiSeq™ 2000 (Illumina, San Diego, CA, USA).

After the paired-end sequencing was conducted, the raw data for these libraries were obtained and
then deposited in the NIH SRA (Short Read Archive) database (http://www.ncbi.nlm.nih.gov/sra)
under accession number SRP030466. The reads (about 110 bp length) from either end of cDNA
fragment were yielded for each sequencing sample. We used in-house Perl scripts to process the
raw data by removing low-quality reads, reads containing adapters, and reads containing poly (N)
sequences in order to obtain high-quality reads. Quality control and other downstream analyses
were performed on the clean data. The clean reads were mapped to the P. fortunei genome reference
and gene reference sequences with Bowtie2 program (http://bowtie-bio.sourceforge.net/bowtie2/
index.shtml.) [36]. The transcript expression levels were quantified using the RSEM (RSEM v1.3.0)
software package (https://deweylab.github.io/RSEM/). The fragments per kilo base of transcript
(FPKM) was used to identify DEGs (differentially expressed genes) from comparisons between two
libraries [37]. Statistically significant differences in gene expression levels were determined using
the Audic-Claverie algorithm [38]. The p-values were calculated according to previously established
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methods. The threshold p-value in multiple tests was calculated using the false discovery rate (FDR)
method of Benjamini and Hochberg [39]. Threshold FDR < 0.001 and |log2Ratio| > 1 were used to
judge the significance of differences in gene expression. Gene functional annotation was based on
BLAST searches (E-value cutoff of 10−5) against NCBI’s non-redundant protein sequence (nr) database,
and Kyoto Encyclopaedia of Genes and Genomes (KEGG) pathway (http://www.genome.jp/kegg/)
and Gene Ontology (GO) databases annotations (http://www.geneontology.org/).

2.4. Construction, Processing, and Annotation of the P. fortunei Small RNA Libraries

The same total RNA samples as those used for transcriptome sequencing were also subjected to
build the small RNA (sRNA) libraries and then sequenced on an Illumina GAIIx platform. Briefly,
sRNA fragments (18 to 30 nt) were separated and purified by polyacrylamide gel electrophoresis. Then,
using the T4 RNA ligase, sRNA fragments were ligated to 5’ and 3’ adaptors. The adaptor-ligated
sRNAs were transcribed to single-stranded cDNA and amplified by 12 PCR cycles. The final products
were used to construct the libraries for sequencing.

After low quality reads, adapters, and contaminated reads were filtered, we obtained the clean
reads. The length distribution of the clean reads was analyzed, and the reads were then mapped to the
P. fortunei genome and gene databases. After removing repeat sRNAs, sequences that matched rRNAs,
tRNAs, snRNAs, and snoRNAs were removed. The remaining unique sequences were compared
against the plant known miRNA sequences in miRBase (Release 21.0; http://www.mirbase.org/) with
a maximum of two mismatches allowed [40] in order to identify the conserved miRNAs in P. fortunei.
MIREAP (http://sourceforge.net/projects/mireap/) and RNAfold (http://rna.tbi.univie.ac.at/cgi-
bin/RNAfold.cgi) software were used to predict novel miRNAs from the remaining unknown sRNAs
under the basic criteria described by Meyers et al. [41].

2.5. Differential Expression Analysis of Conserved and Novel miRNAs

The abundance of miRNAs from four libraries was normalized to one million by total clean
reads of miRNAs in each sample. Fold changes between any two libraries were calculated as: fold
change = log2 (sample 1/sample 2). The miRNAs with fold changes >1 or <−1 and with p ≤ 0.05
were considered likely to be differentially expressed in response to drought stress. The p-values were
evaluated according to previously established methods [38].

p-value:

P(x|y) = (
N2

N1
)

(x + y)!

x!y!(1 + N2
N1

)
(x+y+1)

(1)

C(y ≤ ymax|x) =
y≤ymin

∑
y=0

p(x|y) (2)

D(y ≥ ymax|x) =
∞

∑
y≥ymax

p(x|y) (3)

where N1and N2 represent the total number of reads in PTF2 and PTF2H (or PTF4 and PTF4H; PTF2H
and PA4H; or PTF2 and PTF4), respectively; x and y represent the number of reads surveyed in PTF2
and PTF2H (or PTF4 and PTF4H; or PTF2H and PTF4H; or PTF2 and PTF4), respectively; C and D can
be regarded as the probability discrete distribution of the p-value inspection.

2.6. Identification of miRNA Target Genes Associated with Drought Stress

To understand the function of target genes in regulating drought stress, four corresponding
degradome libraries were built as described elsewhere [42,43]. Poly (A) RNA was isolated from total
RNA using an Oligotex kit (QIAGEN, Santa Clarita, CA, USA) and ligated to an RNA adapter that had
a 3’ MmeI recognition site. First strand cDNA was obtained using oligo (dT) and the PCR product was
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digested with MmeI. The digested products were ligated with degenerate nucleotides at the 3’ ends
using T4 DNA ligase. The ligation product was amplified with 20 PCR cycles and then sequenced on
an Illumina HiSeqTM 2000 system.

After initial processing, quality sequences 20–22 nt in length were collected for subsequent
analysis. The unique sequence signatures were match to the P. fortunei genome and gene databases
using SOAP software (http://soap.genomics.org.cn). Sequences with less than six mismatches and
with zero mismatches between the 10th and 11th nucleotides were considered as potential targets.
The CleaveLand pipeline was used to identify the miRNA gene targets. According to the abundance
of tags and cleavage sites on the transcript, the cleaved targets were grouped into five categories.
Perfectly matched sequences were kept selected and extended to approximately 35 nt in length by
adding 15 nt of the upstream sequences. All resulting reads were reverse complemented and mapped to
the miRNAs identified in this study. T-plots were built according to the distribution of signatures along
the transcripts. The identified targets were subjected to BLASTX analysis and assigned GO annotations
(http://www.geneontology.org/) based on their alignment with known sequences. Furthermore,
pathway analyses of the targets were performed based on Blastall hits (E-value threshold < 10−5)
against the KEGG database (http://www.genome.jp/kegg/).

2.7. Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) for Verification of the Sequencing Data

Potential genes and miRNAs and their corresponding targets related to drought response were
selected randomly for qRT-PCR validation. The RNA samples from the leaves of the PF2, PF2T_6D,
PF2T_9D, PF2T_12D, PF4, PF4T_6D, PF4T_9D, PF4T_12D samples were extracted with Trizol (Sangon,
Shanghai, China). These samples were harvested at the same time as those used for transcriptome,
miRNAs, and degradome sequencing. The purified RNA was denatured and first-strand cDNAs
were synthesized using the PrimeScript RT reagent Kit (Takara, Dalian, China). The primers for
genes (contained six miRNA targets) were designed by Beacon Designer (version 7.7, Premier Biosoft
International, Ltd., Palo Alto, CA, USA) (Table S1). The specific stem-loop primers for the miRNAs
were designed according to the method reported previously [44] (Table S1). The cDNAs were then
amplified in the Bio-Rad CFX96TM Real-Time System (Bio-Rad, Hercules, CA, USA) under the PCR
parameters defined by Fan et al. [45]. Three biological replicates were carried out for each gene and
miRNA. The average threshold cycle (Ct) was normalized and the relative expression changes were
calculated using the 2−ΔΔCt method [46]. The Paulownia 18S rRNA and U6 snRNA were chosen as
internal reference genes for normalization [45].

3. Results

3.1. Physiological Responses of Diploid and Autotetraploid Paulownia fortunei to Drought Stress

The physiological responses of two P. fortunei genotypes to drought stress tolerance were
determined in this present study. Figure 1 shows that the chlorophyll and relative water contents
were decreased while the proline, malondialdehyde, soluble sugar, and relative electrical conductivity
were increased in the drought stress treatment plants (autotetraploids and diploids). The protein
contents and superoxide dismutase activity showed increased trends in the drought stress treatment
plants (autotetraploids and diploids) but differences did not reach a significant level. Moreover, these
physiological and biochemical indexes also exhibited differences between diploid and autotetraploid
plants. The autotetraploid plants always stored higher levels of soluble sugar contents and lower
relative water contents than the corresponding diploid plants both in well-watered and drought
stress conditions (Figure 1). These results are consistent with the previous results presented by other
scholars [2,47].
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Figure 1. Effects of drought stress on P. fortunei (Seem) Hemsl. physiology. PF2, well-watered diploid;
PF2T_12d, 12 days drought-treated diploid; PF4, well-watered autotetraploid; PF4T_12d, 12 days
drought-treated autotetraploid. The different letters within a physiological and biochemical index
indicate significant difference, while the same letters within a physiological and biochemical index
indicate no significant differences (p < 0.05).

3.2. Transcriptome Data Mapping to the P. fortunei Genome

To get an overview of the diploid and autotetraploid P. fortunei transcriptomes under drought
stress, we generated four cDNA libraries from leaves from PF2, PF2T_12D, PF4, and PF4T_12D plants.
A total of 54,049,716 clean reads were mapped to the P. fortunei genome sequence, accounting for 84.10%
of all the transcripts in the PF2 library. Moreover, 31,664,626 transcripts, accounting for 49.27% of the
transcripts in the four libraries, were mapped to the P. fortunei gene database. The alignment statistics
for the transcripts in the PPF2, PF2T_12D, PF4, and PF4T_12D libraries are shown in Table 1. Among
these reads, 39,381,687 (PF2), 40,236,126 (PF2T_12D), 33,117,090 (PF4), and 34,095,108 (PF4T_12D)
were matched perfectly to the Paulownia reference genome, while about 23,034,911 (PF2), 22,138,954
(PF2T_12D), 19,896,750 (PF4), and 18,735,185 (PF4T_12D) reads were perfectly matched to the reference
genes (Table 1). The numbers of unique reads that were matched to the reference genome were
46,383,583 (PF2), 47,298,908 (PF2T_12D), 47,201,196 (PF4), and 47,540,030 (PF4T_12D), and the numbers
of unique reads that matched to the Paulownia reference genes were 21,725,268 (PF2), 20,998,174
(PF2T_12D), 21,955,604 (PF4), and 21,592,724 (PF4T_12D). Altogether, 54,049,716 (PF2), 55,463,664
(PF2T_12D), 55,033,798 (PF4), and 56,335,628 (PF4T_12D) reads were matched to the reference genome,
and 31,664,626 (PF2), 30,623,746 (PF2T_12D), 33,230,102 (PF4), and 31,595,018 (PF4T_12D) reads were
matched to the reference genes. However, because of the significant sequencing depth that can be
obtained by Illumina sequencing and the incomplete annotation of the P. fortunei genome, 14,668,029
(PF2), 15,227,538 (PF2T_12D), 21,916,708 (PF4), and 22,240,520 (PF4T_12D) reads were not matched
to the reference genome, and 8,629,715 (PF2), 8,484,792 (PF2T_12D), 13,333,352 (PF4), and 12,859,833
(PF4T_12D) reads were not matched to the reference genes.
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Table 1. The statistics of clean reads mapped to reference gene and genome.

Map to Genome Map to Gene

Category Reads Number Percent Reads Number Percent

PF2

Total Reads 64,267,312 100.00% 64,267,312 100.00%
Total Base Pairs 5,784,058,080 100.00% 5,784,058,080 100.00%

Total Mapped Reads 54,049,716 84.10% 31,664,626 49.27%
Perfect Match 39,381,687 61.28% 23,034,911 35.84%

Mismatch 14,668,029 22.82% 8,629,715 13.43%
Unique Match 46,383,583 72.17% 21,725,268 33.80%

Multi-position Match 7,666,133 11.93% 9,939,358 15.47%
Total Unmapped Reads 10,217,596 15.90% 32,602,684 50.73%

PF2T_12D

Total Reads 66,551,876 100.00% 66,551,876 100.00%
Total Base Pairs 5,989,668,840 100.00% 5,989,668,840 100.00%

Total Mapped Reads 55,463,664 83.34% 30,623,746 46.01%
Perfect Match 40,236,126 60.46% 22,138,954 33.27%

Mismatch 15,227,538 22.88% 8,484,792 12.75%
Unique Match 47,298,908 71.07% 20,998,174 31.55%

Multi-position Match 8,164,756 12.27% 9,625,572 14.46%
Total Unmapped Reads 11,088,212 16.66% 35,928,128 53.99%

PF4

Total Reads 67,073,816 100.00% 67,073,816 100.00%
Total Base Pairs 6,036,643,440 100.00% 6,036,643,440 100.00%

Total Mapped Reads 55,033,798 82.05% 33,230,102 49.54%
Perfect Match 33,117,090 49.37% 19,896,750 29.66%

Mismatch 21,916,708 32.68% 13,333,352 19.88%
Unique Match 47,201,196 70.37% 21,955,604 32.73%

Multi-position Match 7,832,602 11.68% 11,274,498 16.81%
Total Unmapped Reads 12,040,018 17.95% 33,843,712 50.46%

PF4T_12D

Total Reads 68,805,144 100.00% 68,805,144 100.00%
Total Base Pairs 6,192,462,960 100.00% 6,192,462,960 100.00%

Total Mapped Reads 56,335,628 81.88% 31,595,018 45.92%
Perfect Match 34,095,108 49.55% 18,735,185 27.23%

Mismatch 22,240,520 32.32% 12,859,833 18.69%
Unique Match 47,540,030 69.09% 21,592,724 31.38%

Multi-position Match 8,795,598 12.78% 10,002,294 14.54%
Total Unmapped Reads 12,469,516 18.12% 37,210,124 54.08%

3.3. Comparison of Gene Expression Profiles between the Two P. fortunei Genotypes

To further explore the differences between diploid and autotetraploid P. fortunei under drought
stress, we compared gene expression levels for four comparisons (Figure 2a) and detected 7526 (PF2 vs.
PF2T_12D), 5205 (PF4 vs. PF4T_12D), 6103 (PF2 vs. PF4), and 3590 (PF2T_12D vs. PF4T_12D) genes
that were differentially expressed (Tables S2–S5). In the PF2 vs. PF2T_12D comparison, 3270 genes
were upregulated and 4256 were downregulated, while in comparing PF4 vs. PF4T_12D, 1885 and
3320 genes were upregulated and downregulated, respectively (Figure 2b). Moreover, a total of 9591
DEGs were identified in these two P. fortunei genotypes, and 3140 DEGs were common in the PF2 vs.
PF2T_12D and PF4 vs. PF4T_12D comparisons. These common DEGs indicated a general drought
response. Among the differentially expressed genes (DEGs), 622, 402, 509, and 356 were annotated
as transcription factors (TFs) in PF2 vs. PF2T_12D, PF4 vs. PF4T_12D, PF2 vs. PF4, and PF2T vs.
PF4T_12D, respectively (Tables S2–S5 for details).
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Figure 2. Statistics of gene expression in four libraries; (a) The cluster chart of genes expression; (b) The
differently expressed genes in the four comparisons of PTF4_12d vs. PTF2_12d, PTF2_12d vs. PTF2,
PTF4 vs. PTF2, and PTF4_12d vs. PTF4. DEGs: differentially expressed genes.

To assign the DEGs to pathways, we performed a KEGG pathway analysis. Among these obtained
DEGs, 4606 (61.20%) and 3121 (59.96%) were mapped to 128 and 126 KEGG pathways for PF2 vs. PF2T
and PF4 vs. PF4T_12D comparisons, respectively. The metabolic pathway was the most represented,
with 1149 (24.95%) DEGs (PF2 vs. PF2T_12D) and 837 (26.82%) DEGs (PF4 vs. PF4T_12D), followed by
secondary metabolites biosynthesis, plant-pathogen interaction, and plant hormone signal transduction
in two comparisons (Tables S6 and S7). The DEGs were also annotated with GO terms. In the PF2 vs.
PF2T and PF4 vs. PF4T comparisons, under the category of cellular component, cell and cell part were
the most represented terms, with 2860 DEGs (83.0%) and 1956 DEGs (82.3%), followed by intracellular
(71.8% and 70.8%), and intracellular part (71.6% and 70.5%). The terms assigned under the biological
process and molecular function categories are list in Supplementary Figures S1 and S2.

3.4. Drought Responsive Genes in the Two P. fortunei Genotypes

According to the expression patterns in the four comparisons, the DEGs were classified into eight
types: A (upregulated in both PF2 vs. PF2T_12D and PF4 vs. PF4T_12D), B (downregulated in PF2
vs. PF2T_12D and upregulated in PF4 vs. PF4T_12D), C (downregulated in both PF2 vs. PF2T_12D
and PF4 vs. PF4T_12D), D (upregulated in PF2 vs. PF2T and downregulated in PF4 vs. PF4T_12D)
(Table S8); E (upregulated in both PF2 vs. PF4 and PF2T_12D vs. PF4T_12D), F (downregulated in
PF2 vs. PF4 and upregulated in PF2T_12D vs. PF4T_12D), G (downregulated in both PF2 vs. PF4
and PF2T_12D vs. PF4T_12D), and H (upregulated in PF2 vs. PF4 and downregulated in PF2T_12D
vs. PF4T_12D) (Table S9). Finally, we detected co-expressed DEGs in types A and E, a and G, C and
E, and C and G, and 258 co-expressed DEGs (as the type I) were selected as the drought responsive
candidate genes (Table S10). Among these co-expressed DEGS, 24 of them coding 17 transcription
factor (TF) families were identified (Table 2). Moreover, the correlation coefficient of these DEGs
between these two genotypes was analyzed, with the correlation coefficient being 0.736 for PF2 vs.
PF2T_12D and PF4 vs. PF4T_12D comparisons (Figure S3). These results provided further evidence
that these 258 co-expressed DEGs were the drought responsive genes. Furthermore, based on the GO
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and KEGG pathway annotations, 172 and 147 DEGs were used to perform GO and KEGG analysis,
respectively (Figures 3 and 4 and Table S11).

Table 2. The co-expressed DEGs coding the transcription factors.

Gene ID TF Family Included Domain Excluded Domain

PAU000179.1 C3H zf-CCCH PHD, SNF2_N, zf-C2H2
PAU000931.1 MYB Myb_DNA-binding ARID, Response_reg, SNF2_N
PAU000931.1 Trihelix trihelix -
PAU001653.1 GRAS GRAS -
PAU001788.1 MYB Myb_DNA-binding ARID, Response_reg, SNF2_N
PAU001788.1 G2-like G2-like Response_reg
PAU002069.1 GRAS GRAS -
PAU003364.1 NAC NAM -
PAU003475.1 GRAS GRAS -
PAU006678.1 HSF HSF_DNA-bind -
PAU007281.2 ABI3VP1 B3 AP2, Auxin_resp
PAU008439.1 mTERF mTERF -
PAU010113.2 AP2-EREBP AP2 -
PAU011010.1 LOB DUF260 -
PAU012184.1 bHLH HLH -
PAU012899.1 MYB-related Myb_DNA-binding ARID, G2-like, Response_reg, SNF2_N,trihelix
PAU012899.1 MYB Myb_DNA-binding ARID, Response_reg, SNF2_N
PAU017462.1 NAC NAM -
PAU018191.1 MYB-related Myb_DNA-binding ARID, G2-like, Response_reg, SNF2_N,trihelix
PAU018191.1 MYB Myb_DNA-binding ARID, Response_reg, SNF2_N
PAU019436.2 NAC NAM -
PAU021504.1 NAC NAM -
PAU021792.1 C2C2-GATA GATA -
PAU022916.1 ARF Auxin_resp -
PAU023755.1 ARF Auxin_resp -
PAU025363.1 WRKY WRKY -
PAU029472.1 LIM LIM -
PAU030808.2 GRAS GRAS -

Figure 3. Gene Ontology (GO) for the co-expressed DEGs in two P. fortunei genotypes.
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Figure 4. Scatter chart of top 20 pathway enrichment for the co-expressed DEGs.

3.5. Analysis of Small RNA Library Data

We obtained a total of 15,707,321 (PF2), 14,828,766 (PF2T_12D), 14,153,413 (PF4), and 16,151,854
(PF4T_12D) raw reads from the four libraries. After initial processing, 15,534,913 (PF2), 14,759,868
(PF2T_12D), 14,024,334 (PF4), and 16,067,026 (PF4T_12D) clean reads were obtained. The sRNAs were
mapped to the P. fortunei genome sequence, and classified and annotated as miRNAs, rRNAs, snRNAs,
and snoRNAs by searches against the GenBank, Rfam, and miRbase 21.0 databases. A total of 22,521
unique miRNAs were obtained from the PF2 library, accounting for 0.74% of the unique sRNAs in
PF2 (Table 3). Among the four libraries, the largest number of miRNA sequences that mapped to the
genome was from the PF2 library, possibly because the reference genome in this present research was
from the diploid P. fortunei species.

Table 3. Annotation of small RNA (sRNA) sequences in four libraries.

Category Species Unique sRNAs Percent% Reads Number Percent%

miRNA

PF2 22,521 0.47% 2,882,549 18.56%
PF2T-12D 19,768 0.42% 2,788,081 18.89%

PF4 19,454 0.39% 2,608,853 18.60%
PF4T-12D 21,358 0.46% 2,317,495 14.42%

rRNA

PF2 51,685 1.09% 718,451 4.62%
PF2T-12D 27,242 0.59% 271,635 1.84%

PF4 38,987 0.78% 280,929 2%
PF4T-12D 38,819 0.83% 604,494 3.76%

repeat

PF2 257,952 5.44% 658,140 4.24%
PF2T-12D 243,489 5.23% 605,304 4.10%

PF4 196,217 3.94% 469,620 3.35%
PF4T-12D 175,370 3.74% 511,910 3.19%
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Table 3. Cont.

Category Species Unique sRNAs Percent% Reads Number Percent%

snRNA

PF2 1846 0.04% 3375 0.02%
PF2T-12D 1316 0.03% 2821 0.02%

PF4 1729 0.03% 3247 0.02%
PF4T-12D 1630 0.03% 3582 0.02%

snoRNA

PF2 647 0.01% 1257 0.01%
PF2T-12D 487 0.01% 1083 0.01%

PF4 635 0.01% 1170 0.01%
PF4T-12D 697 0.01% 1124 0.01%

tRNA

PF2 15,176 0.32% 569,369 3.67%
PF2T-12D 7542 0.16% 293,078 1.99%

PF4 10,605 0.21% 292,476 2.09%
PF4T-12D 10,210 0.22% 669,113 4.16%

unann

PF2 4,394,575 92.63% 10,701,772 68.89%
PF2T-12D 4,353,098 93.56% 10,797,866 73.16%

PF4 4,711,849 94.62% 10,368,085 73.93%
PF4T-12D 4,436,314 94.71% 11,959,262 74.43%

3.6. Identification of Conserved and Novel miRNAs

Unique reads that mapped to the mature plant miRNAs in miRBase 21.0 with less than three
mismatches were considered to be the conserved miRNAs. We identified 146 precursors that fulfilled
the criteria, giving 63 unique mature miRNAs, which have also been identified as mature miRNAs
in other plant species. These 63 mature miRNAs are produced by 137 precursors and are distributed
in 30 families (Table S12). The miR156 family was the largest, with 16 members, followed by
the miR395, miR164, and miR166 families. Pfo-miR166a-3p was the most abundant miRNA, with
1,131,274 (PF2), 869,592 (PF2T_12D), 866,819 (PF4), and 1,080,900 (PF4T_12D) clean reads in these four
libraries, respectively.

To identify novel miRNAs, the unannotated unique sRNA sequences were mapped to the
P. fortunei genome sequence. Then, the secondary structures of the mapped sequences were predicted
to identify sRNAs that could form the characteristic hairpin structure. As a result, we identified
100 novel miRNAs belonging to 79 miRNA families. Among these novel miRNA candidates, except
four novel miRNA candidates (Pfo-mir31b, Pfo-mir31c, Pfo-mir32, and Pfo-mir542), the miRNA* for
96 of them were identified, supporting their identification as novel miRNAs. The minimal folding
free energies for the precursor pre-miRNA sequences varied from −153 to −18 kcal mol−1 (average:
−52.3 kcal mol−1) in these identified novel miRNAs. The minimal free energies of plant miRNA
precursors are commonly below −18 kcal mol−1 [48]. Furthermore, RNA sequences with average
minimal free energies close to −46 kcal mol−1 are considered to be true miRNAs, compared with the
higher values typical for other categories of RNAs [49,50]. Therefore, we concluded that these novel
P. fortunei miRNAs are likely to be real miRNAs. Detailed information about the miRNA sequences is
shown in Supplementary Table S13.

3.7. Analysis of miRNA Expression Profiles in the Two P. fortunei Genotypes

The abundances of the miRNAs in the four sRNA libraries were normalized in order to calculate
the fold changes and p-values. If the fold-changes were >1 or <−1 and p-values were <0.05, the miRNAs
were considered to be differentially expressed miRNAs. A total of 212 miRNAs in the four libraries
were identified as being differentially expressed. Among them, we found 109 differentially expressed
miRNAs in the PF2 vs. PF2T_12D comparison, including 50 (10 upregulated and 40 downregulated)
that were conserved miRNAs and 59 (31 upregulated and 28 downregulated) that were novel miRNAs.
In the PF4 vs. PF4T_12D comparison, 77 miRNAs were differentially expressed; among them,
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34 (12 upregulated and 22 downregulated) were conserved miRNAs and 43 (23 upregulated and
20 downregulated) were novel miRNAs. In addition, 32 miRNAs in common were differentially
expressed in both of the two P. fortunei genotypes under drought stress. Of these miRNAs, 21 (eight
upregulated and 13 downregulated) were expressed in the same expression form in the two P. fortunei
genotypes under drought stress. Moreover, we also found that 110 and 138 miRNAs were differentially
expressed in the PF2 vs. PF4 and PF2T_12D vs. PF4T_12D comparisons, respectively. According to the
same manner that was used to select the drought responsive genes, we found 11 miRNAs likely to be
the drought responsive miRNAs (Tables S12 and S13).

3.8. Identification of miRNA Target Genes Associated with Drought Stress

To understand the potential regulatory roles of theses identified differentially expressed miRNAs,
we constructed and sequenced four degradome libraries. After removing low-quality adapter and
redundant sequences, 20,229,141 (PF2), 18,274,196 (PF2T_12D), 22,134,487 (PF4), and 17,221,529
(PF4T_12D) clean reads were obtained. A total of 17,140,999 (84.73%), 15,376,217 (84.14%),
17,032,997 (76.95%), and 13,537,235 (78.61%) tags were mapped to the P. fortunei genome (Table S14).
The CleaveLand pipeline [51] was used to detect candidate target genes. The target genes were
classed into four categories (Figure 5) according to the relative abundances of the degradome tags
at the transcript sites. Twenty-eight potential targets were cleaved by miRNAs from nine conserved
miRNA families and 12 novel miRNAs (Table S14). Among these target genes, the largest category
was ‘Category 2’. The target genes were annotated by the GO database to better understand the roles
of these identified miRNAs and also to illustrate the correlation between miRNA and mRNA.

Figure 5. Target plots (t-plots) of miRNA targets in different categories confirmed by degradome sequencing.
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3.9. Confirmation of Genes, miRNAs, and miRNA Targets by qRT-PCR

To confirm the Illumina sequencing data, 12 genes, 14 miRNAs, and six target genes from diploid
and autotetraploid samples were monitored by qRT-PCR assays at 0, 6, 9, and 12 days after drought
treatment. Figure 6 shows that the expression profiles of the genes tested by qRT-PCR exhibited
similar trends to the deep sequencing except the genes PAU000881.1 (uncharacterized protein) and
PAU017533.1 (4-beta-N-acetylglucosaminyltransferase-like isoform 1), which were down and up
slightly in the PF4T_12D and PF2T_12D, respectively, compared to their control samples PF4 and
PF2. For the miRNAs validation, the expressions of Pfo-miR166a-3p and Pfo-miR408 in the PF4T_12D
samples showed inverse trends with the results of the deep sequencing but showed the same trends
with that in the PF2T_12D samples compared to their corresponding control samples. The rest of the
miRNAs exhibited the same trends as the results determined by the deep sequencing (Figure 7). We
also found that, whether for genes or miRNAs, the expressions displayed the different trends under
different time of drought treatments (Figures 6 and 7).

Figure 6. Relative expression levels of candidate drought response genes in two P. fortunei genotypes.
18S rRNA was used as the endogenous reference gene. Bar = Standard deviation. The difference
between the diploid and autotetraploid P. fortunei within each drought treatment time point was
significant (*, p < 0.05) according to the t-test. 0d, well-watered diploid and autotetraploid plants;
6d, 6 days drought-treated diploid and autotetraploid plants; 9d, 9 days drought-treated diploid and
autotetraploid plants; 12d, 12 days drought-treated diploid and autotetraploid plants.
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Figure 7. Relative expression levels of drought response miRNAs in two P. fortunei genotypes. U6
snRNA was used as the endogenous reference gene. Bar = Standard deviation. The difference
between the diploid and autotetraploid P. fortunei within each drought treatment time point was
significant (*, p < 0.05) according to the t-test. 0d, well-watered diploid and autotetraploid plants;
6d, 6 days drought-treated diploid and autotetraploid plants; 9d, 9 days drought-treated diploid and
autotetraploid plants; 12d, 12 days drought-treated diploid and autotetraploid plants.

Furthermore, the potential correlation between miRNAs and targets was also investigated.
As shown in Figure 8, the expressions of three target genes (PAU012423.2, PAU003033.1,
and PAU017533.1) had negative correlations with the corresponding miRNAs (Pfo-miR157a,
Pfo-miR166a-3p, and Pfo-miR172b), and other two target genes (PAU003561.1 and PAU003561.1)
showed positive correlations with miRNAs (Pfo-miR408 and Pfo-mir198). Moreover, the rest of the
targets showed mixed correlations with their miRNAs (Figure 4). The same results have been reported
in other plant species such as Phalaenopsis aphrodite Rchb.f. [52] and cotton [53]. Meanwhile, the results
implied that the expression patterns between miRNAs and their target genes were very complex.
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Figure 8. Relative expression of the target genes of six P. fortunei miRNAs by Quantitative
Real-Time Polymerase Chain Reaction (qRT-PCR) assay. PF2, well-watered diploid; PF2T_12d, 12
days drought-treated diploid; PF4, well-watered autotetraploid; PF4T_12d, 12 days drought-treated
autotetraploid. The different letters within a miRNA expression or a gene expression indicate significant
difference, while the same letters within a miRNA expression or a gene expression indicate no
significant differences (p < 0.05).

4. Discussion

Transcriptome sequencing is a convenient way of rapidly obtaining genomic information when a
reference genome is not available, while a transcript that might be overlapping refers to a reference
gene in genome. Genome-wide transcriptome analysis can capture an unbiased view of the complete
RNA transcript profile, which allows the transcriptional level of each gene to be monitored. In this
study, based on the Paulownia reference genome, we used transcriptome, miRNA, and degradome
sequencing to identify the genes and miRNAs related to the response of Paulownia plants to drought
stress. As a result, 258 DEGs and 11 miRNAs related to drought stress response were identified
from the two P. fortunei genotypes. Comparing the results from Dong et al. [47] and Fan et al. [54],
we found that less DEGs and miRNAs were identified in this study due to different experimental
designs (including the screening strategies for drought responsive genes and reference genome for
gene identification) between the study by Dong et al. [47] and this present research.

Molecular markers are closely related to several different agronomic characters and abiotic
and disease resistance traits. These molecular markers include hybridization-based and PCR-based
markers that have been reported in many crop species and tree species [55–60]. Recently, with
the advent of next-generation sequencing, the transcriptome sequencing technology not only can
capture the genes expressed at the transcriptional level but can also provide the opportunity to
detect nucleotide variations in the model or non-model species. Thus, the sequence-based markers,
single nucleotide polymorphism (SNP) markers, were generated rapidly. The SNP markers had been
previously developed for many model or non-model species such as rice, Arabidopsis, Hemarthria,
eggplant, and legumes [61–67]. Furthermore, Han et al. [63] previously reported the discovery of the
novel molecular markers based on the transcription factors in legumes species. In this study, we found
622 and 402 DEGs were annotated as transcription factors in PF2 vs. PF2T_12D and PF4 vs. PF4T_12D
comparisons, respectively. These TFs may act as excellent targets for developing drought stress-related
molecular markers in Paulownia species in the future.
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Transcriptional regulation is mediated by the interplay between TFs and specific-regulatory
regions of the genome, leading to gene activation and/or other changes [68]. Therefore, some TFs
could be considered as the master regulators, because they are involved in the regulation of other TFs
and downstream genes, protein phosphatases, protein kinases, and enzymes involved in phospholipid
metabolism, and the components of calcium-coupled phosphoprotein cascades [69]. In this study,
we focused on TF genes that were differentially expressed in response to drought stress in P. fortunei.
Several putative TF families were identified in the leaves of P. fortunei, including MYB, WRKY, bHLH,
zinc finger, NAC, HSF, and AP2/EREBP.

The MYB family of TFs contains a conserved MYB domain, which is present in all eukaryotes.
In Arabidopsis, the flavonoids were induced by stress, which was implied to be a positive response to
drought stress [70]. Overexpression of MYB12, a regulator of flavonol synthesis, resulted in less water
loss [71]. In Arabidopsis, MYB41 was induced by drought and may be involved in regulating cuticle
deposition and cell expansion under drought stress [72]. Many R2R3-MYB proteins in Arabidopsis have
been reported to be involved in drought responses. For example, for MYB60, a regulator of stomatal
movement, its overexpression resulted in hypersensitivity to water deficiency, and it was found to be
downregulated under drought stress [73]. In this study, 39 and 26 MYB TFs were upregulated in PF2
vs. PF2T and PF4 vs. PF4T, respectively. We found that six of these MYB TFs were upregulated in both
comparisons, while three were downregulated in PF2 vs. PF2T and upregulated in PF4 vs. PF4T.

The phytohormone ABA was involved in plant adaptation under drought stress [18]. It was
known that genes (including TFs) involved in regulatory networks are active under drought conditions
(Figure S4) [24]. In this study, we identified WRKY and NAC TFs that were differentially expressed
in the drought-stressed plants. Previous studies have shown that WRKY18 and WRKY60 were the
positive regulators of ABA signaling during stress response and seed germination, while WRKY40
was a negative regulator of ABA signaling. WRKYs18 and 60 are weak transcriptional activators,
whereas WRKY40 binds to the promoters of stress-induced TF genes, such as DREB2A, DREB1A/CBF3,
and MYB2, and represses the expression of these genes [74,75]. ABA signal perception leads to the
induction of WRKYs18 and 40 and their products can bind to the W-box in the WRKY60 promoter
sequence, thereby inducing it [74]. In this study, 14 and 13 WRKY TFs were found to be upregulated in
PF2 vs. PF2T and PF4 vs. PF4T, respectively. Overexpression of several stress-responsive NAC TFs in
Arabidopsis and rice has been reported to impart drought tolerance in transgenic plants. For example,
transgenic plants overexpressing NAC TFs were shown to have enhanced drought tolerance and
increased sensitivity to ABA [76,77]. Similarly, overexpression of ATAF1, another NAC TF, improved
drought tolerance [78]. In the present study, we found that lots of NAC TFs were involved in ABA
signaling and that their biosynthesis was significantly upregulated or downregulated in response to
drought stress. This finding is consistent with our expectation that ABA plays key roles in drought
stress responses and plant growth and development.

Several candidate genes encoding chlorophyll a/b binding proteins were identified in this study.
Typically, this protein family contains a chlorophyll-binding CAB domain. There are some indications
that these genes are involved in high light protection and encode light-harvesting-like proteins. All
organisms that perform oxygenic photosynthesis also contain light-induced-like proteins (LILs), which
contain a CAB domain and encode the light-harvesting antenna found in higher plants [79]. The LILs
are negatively regulated by the light-harvesting complex (LHC) proteins; for example, under high
light conditions, when the expression of LILs is increased, the expression of LHCs is repressed.
In Arabidopsis [80] and rice [81] exposed to drought stress, the genes encoding LILs were found to be
upregulated, indicating the general importance of these genes in plants under drought stress.

It was known that ploidy variation induces a certain type of gene expression at various levels
because of epigenetic interaction between redundant genes [82,83]. In this study, all the clean sRNA
reads were mapped to the P. fortunei genome. We found that the percentage of reads that mapped
to the P. fortunei genome was lower in the autotetraploid library compared with the diploid library
even though the diploid P. fortunei and its derived autotetraploid P. fortunei clone used in the present
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study were the same genome with the difference at the ploidy level. These findings indicated that
whole-genome duplication did not simply increase gene expression by two-fold; indeed, the evolution
of genes in genome duplication perhaps transformed the gene structure, leading to different expression
patterns in the two genotypes. Furthermore, most miRNA families had more numbers than reported in
a previous study, probably because of the availability of a reference genome sequence, which contains
more information than the transcriptome data. In addition, many sequences were filtered out when the
conserved miRNAs were identified. In this study, 63 conserved miRNAs were identified and 26 of them
were identified for the first time in Paulownia, including highly conserved miRNAs such as, miR164,
miR171, miR172, miR396, miR398, and miR408. Moreover, we found that 60 conserved miRNAs and
64 novel miRNAs were upregulated or downregulated predominantly in only one of the genotypes
after drought treatment; for example, pfo-miR160a/b/c-3p, pfo-miR164i, and pfo-miR166b-3p were
downregulated only in diploid clones, and pfo-miR530b and pfo-miR5720c-3p were upregulated only
in autotetraploid clones under drought stress. The different expression patterns of the above miRNAs
in the two comparisons suggested that these miRNAs may be related to variations in the capacity of
the two Paulownia genotypes to adapt to drought stress.

It has been shown that plant response to drought stress involves a large number of genes in
regulatory networks, which are active at the transcriptional and post-transcriptional levels [84].
Degradome analysis combined with transcriptome analysis has proven to be helpful in revealing the
potential relationships between DEGs, miRNAs, and target genes. In this study, the transcriptome
and degradome analyses results identified eight and six target genes that were upregulated and
downregulated in PF2 vs. PF2T and PF4 vs. PF4T, respectively. Among those target genes, the gene
targeted by pfo-miR157 was differentially expressed in the PF2 vs. PF2T_12D and PF4 vs. PF4T_12D
comparisons. MiR157 negatively targets the Squamosa promoter binding protein-like (SPL) TFs
in plants, and miR157 overexpression has been found to result in the delayed onset of flowering
and adult traits in Arabidopsis [85]. Current research on miR157 has focused mainly on its role in
morphology changes and regulation of blooming. Here, the transcriptome and degradome sequencing
data have provided evidence that drought stress can disturb the expression of a miR157 target gene,
indicating a novel role for miR157 and its target in response to drought stress. We also found that
pfo-miR408-3p positively regulated its corresponding targets genes which encoded the blue basic
protein. The RNA-Seq results showed that the target gene blue basic protein was downregulated in
the PF2 vs. PF2T_12D and PF4 vs. PF4T_12D comparisons, while the expression of pfo-miR408-3p
was also downregulated in two comparisons by the qRT-PCR analysis. However, pfo-miR6262 and its
target gene were both upregulated in PF2 vs. PF2T_12D. In addition, the miR160 family was reported
to target auxin response factors, which are essential for plant growth and development. Under normal
conditions, the auxin-responsive genes, which are regulated by miR160, were sufficient for plant
growth and development. Under drought stress conditions, miR160 was found to be upregulated,
which caused a reduction in the transcript levels of the genes encoding auxin response factors, resulting
in the attenuation of plant growth and development. In Medicago truncatula Gaertn. and pea, miR398
was downregulated by drought treatment [24,86]. The target gene encoded the potassium channel
KAT1, which may be regulated by ABA to keep the homeostasis of potassium. Additionally, it is
important for osmotic adjustment, biofilm formation, and regulation of seedlings growth [87,88]. In the
current study, we found that pfo-miR160e-3p was upregulated in both of the two genotypes under
the drought stress, whereas pfo-miR398a/b-3p was downregulated in PF2 vs. PF2T, and slightly
downregulated in PF4 vs.PF4T. These results suggested these miRNAs may play important roles in
Paulownia fortunei plants under dehydration stress and implied that the correlation between miRNAs
and their target genes are more complex than we previously thought.

5. Conclusions

In this research, we integrated transcriptome, miRNAs, and degradome data to investigate the
drought-responsive genes and miRNAs in P. fortunei at the genome-wide. Fortunately, we have
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discovered 258 genes and 11 miRNAs related to drought stress response from the two P. fortunei
genotypes. Based on GO and KEGG pathway annotation of these drought responsive genes
and miRNAs, we found most of these genes were predicted to participate in ABA signaling and
biosynthesis, photosynthesis, flavonol synthesis, and auxin signal transduction pathways. The results
provide valuable information for drought tolerance molecular mechanisms that are necessary to
understand in order to enhance yields under environment stresses. Furthermore, we also found
that TFs, especially for the MYB, WRKY, and NCA families, play an irreplaceable role in tolerance
to drought stress in Paulownia trees. These TFs may be potential targets for developing molecular
markers in Paulownia species in the future.
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Abstract: The halophyte tamarisk (Tamarix) is extremely salt tolerant, making it an ideal material
for salt tolerance-related studies. Although many salt-responsive genes of Tamarix were identified
in previous studies, there are no reports on the role of post-transcriptional regulation in its salt
tolerance. We constructed six small RNA libraries of Tamarix chinensis roots with NaCl treatments.
High-throughput sequencing of the six libraries was performed and microRNA expression profiles
were constructed. We investigated salt-responsive microRNAs to uncover the microRNA-mediated
genes regulation. From these analyses, 251 conserved and 18 novel microRNA were identified from
all small RNAs. From 191 differentially expressed microRNAs, 74 co-expressed microRNAs were
identified as salt-responsive candidate microRNAs. The most enriched GO (gene ontology) terms
for the 157 genes targeted by differentially expressed microRNAs suggested that transcriptions
factors were highly active. Two hub microRNAs (miR414, miR5658), which connected by several
target genes into an organic microRNA regulatory network, appeared to be the key regulators
of post-transcriptional salt-stress responses. As the first survey on the tamarisk small RNAome,
this study improves the understanding of tamarisk salt-tolerance mechanisms and will contribute to
the molecular-assisted resistance breeding.

Keywords: Tamarix; salt tolerance; salt-responsive microRNA; regulatory network

1. Introduction

MicroRNAs (miRNAs or miRs) are endogenous small (~22 nt) noncoding RNAs that play
important roles in plant development and morphogenesis through post-transcriptional regulation.
For plant miRNAs, mRNA degradation is the major regulatory approach compared with translational
inhibition because the complementation of miRNAs and target genes in plants is much greater than in
animals [1–3]. Over the past decade, many plant miRNAs have been identified as stress-responsive
or developmental regulatory molecules, and some have been functionally confirmed in genetic
complementation experiments [4–6]. Dozens of miRNAs like miR167, miR169, miR319 and miR393,
which are regulators of plant growth or development, have important effects in abiotic stress
responses [7,8]. Many previous studies have suggested that miRNAs play important roles in abiotic
stress and their potential functions in the regulation of stress responses are indicated by the increasing
number of miRNAs expression profile studies [9–11].

Salinity is a major abiotic stress that impedes crop breeding. Hundreds of salt-tolerant genes
and transcription factors (TFs), such as v-myb avian myeloblastosis viral oncogene homolog (MYB),
WRKY and nuclear factor-Y (NF-Y) have been identified [12,13]. Recently, several new genes had
been verified for increasing tolerance of transformed plants by T-DNA tagging overexpression,
e.g., Oryza sativa salt tolerance activation 2-dominant [14], Oryza sativa intermediate filament like
protein [15–17]. Some verified microRNA-target interactions have provided insights into miRNAs
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regulatory mechanisms of salt-stress responses. For example, the subtle regulation of the genes targeted
by the miR398 family, Cu/Zn superoxide dismutases and downstream genes, have been investigated
in many plant abiotic stress studies [18,19]. Recent studies revealed nearly forty conserved miRNAs
responding to salt stress in different plants [20,21]. The salt-responsive miRNAs could dominate the
plant growth attenuation and organ morphogenesis under salt stress. All these findings imply the
miRNAs are potential key regulatory factors of the complex salt-tolerance traits.

The halophyte tamarisk (Tamarix) distributes naturally in the salinity-rich areas, such as seashore
beaches, saline-alkali deserts, and delta-estuaries. As one of the most salt-tolerant trees, it is an
important plant material for high salt-tolerance studies. Many Tamarix salt-responsive genes, such as
aquaporin, peroxidase (POD), basic leucine zipper (bZIP), and NAC-domain transcription factor
(NAC), have been identified by transgenic plant studies or microarray studies [22–24]. Although
the studies of individual genes or several members of a gene family have gradually clarified the
salt-tolerance mechanisms, they may be inefficient and time-consuming for uncovering the complex
gene regulatory network responsible for salt stress responses, especially for deciphering the signaling
crosstalk of secondary stress induced by high salinity. Several gene expression profile studies of
Tamarix using transcriptome sequencing (RNA-seq) or microarrays have identified thousands of
differentially expressed genes (DEGs) as salt-tolerant candidate genes [22,25,26]. Based on the previous
studies, a genome-wide survey of miRNAs could outline the upstream regulators of salt-tolerant
genes and illustrate an overview of post-transcriptional regulation under salt stress. Some miRNA
high-throughput sequencing studies of halophytes predicted a number of microRNAs and target genes
(miRNA-target pairs), which improved our understanding of gene regulatory networks on salt stress
responses [27,28]. These studies could be basic references for experimental design of other halophytes’
miRNA profile studies.

As the first research on the sRNAome survey of Tamarix chinensis (T. chinensis), this study aimed
to build miRNA profiles (salt treatment for 0.5 h, 1 h and control group) to identify salt-responsive
candidate microRNAs. We investigated differentially expressed miRNAs and their important target
genes by comprehensive analysis. The results indicated that two microRNAs and four target
genes could be important factors of the post-transcriptional regulatory network responsible for high
salt tolerance.

2. Materials and Methods

2.1. Plant Materials and Experimental Design

The 5-year-old T. chinensis trees selected as the ortet were planted in a nursery of Danyang
(Zhenjiang, Jiangsu, China). The annual semi-lignified shoots of the T. chinensis ortet were collected
as cutting material. Identical cuttings (7 cm in length and 1 cm in diameter) were cultured in
sand substrate under the conditions of light 16 h, dark 8 h and temperature of 25 ◦C. The roots
of one-month-old ramets were immersed in NaCl solution of three gradient concentrations (0.8%, 1.4%,
2% M/V) to estimate critical concentration of salt-resistance limit. The control group was immersed in
water to estimate water stress effect. According to plant growing situation observations, we decided
on 2% NaCl solution for the salt-stress treatment. Five time intervals (0.5 h, 1 h, 2 h, 4 h and 8 h) and a
control group were set up for one-month-old (Group I) and two-month-old (Group II) ramets to decide
on salt-responsive time points. After that, the roots were fully harvested and stored at −80 ◦C for POD
enzymatic activity assay and RNA extraction for high-throughput sequencing.

2.2. Peroxidase (POD) Enzyme Activity

In preparation for POD activity assay, 100 mg roots were weighed for each sample of the different
treatments (salt treatment for 0.5 h, 1 h, 2 h, 4 h and 8 h × Group I, II and two control groups). Plant POD
Assay kits (A084-3, Jiancheng, Nanjing, China) were applied for POD activity assay according to the
manufacturer’s instructions based on absorbency of the maximum absorption wave length (420 nm).
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2.3. Small RNA Deep Sequencing

Six samples (two time points and one control group of Group I, II) were selected for RNA libraries
construction, as shown in Table 1. Total RNA was isolated according to slightly improved CTAB-LiCl
protocol [29]. RNA co ncentration was measured in a Qubit 2.0 Fluorometer (Life Technologies,
Carlsbad, CA, USA) using the Qubit® RNA Assay Kit (Life Technologies, Carlsbad, CA, USA). RNA
integrity was assessed according to RNA Integrity Number (RIN) of the Agilent Bioanalyzer 2100
system (Agilent Technologies, Santa Clara, CA, USA). Small RNA libraries were constructed with 3 μg
total RNA of six samples. Before reverse transcriptase PCR, NEB 3′ and 5′ SR Adaptors from NEBNext®

Multiplex Small RNA Library Prep Set (NEB, Ipswich, MA, USA) were specifically ligated to tags
of six libraries After PCR amplification, DNA fragments corresponding to 140~160 bp (the length of
cDNA of small noncoding RNA plus the 3′ and 5′ adaptors) were screened out as target fragments.
Library quality was assessed on the Agilent Bioanalyzer 2100 System to ensure correct length of
insert fragments. After cluster generation using TruSeq SR Cluster Kit v3-cBot-HS on the cBot Cluster
Generation System (Illumina, San Diego, CA, USA), library preparations were sequenced on the
Illumina Hiseq 2500 platform (Illumina, San Diego, CA, USA) and 50 bp single-end reads were
generated. The libraries construction and high-throughput sequencing were performed at the Beijing
Novo Gene Genomics Institute, China. The raw data have been uploaded to the Sequence Read
Archive of National Center for Biotechnology Information (NCBI) and await Sequence Read Archive
(SRA) data accession numbering.

Table 1. The samples and treatments in the study.

Samples ID Tissue Age Treatment

IC

primary roots from
cuttings of different age

Group I: One-month-old
cuttings

water for 1 h, control group
I-0.5h 2% salt for 0.5 h
I-1h 2% salt for 1 h

IIC Group II:
Two-month-old cuttings

Water for 1 h, control group
II-0.5h 2% salt for 0.5 h
II-1h 2% salt for 1 h

2.4. Conserved and Novel MicroRNAs Identification

Clean reads were obtained by removing reads (1) containing poly-N; (2) with 5′ adapter
contaminants; (3) without 3′ adapter or the insert tag; (4) containing poly-A or T or G or C; and (5) of
low quality from raw data. Then, clean reads in the range of 18–30 nt were screened out as the sRNA
tags. The sRNA tags were mapped to reference transcriptome [30] by Bowtie [31] without mismatch.
Mapped sRNA tags were used to identify known miRNA, and miRBase 20.0 [32] was used as reference.
Modified software miRdeep2 [33] and srna-tools-cli [34] were used to obtain the conserved miRNA
and draw the precursors’ secondary structures. The precursors less than three reads were rejected for
the correctness of miRNA identification.

sRNA tags were mapped to RepeatMasker [35] and Rfam [36] database to eliminate irrelevant tags.
The protein-coding genes (tags), repeat sequences, rRNA, tRNA, snRNA, and snoRNA were identified
and erased from source reads. Then transcripts which were mapped by these novel microRNA
candidate tags were collected from the reference transcriptome. According to the hairpin structure
of precursor, novel miRNAs were identified by the combined prediction analysis of the softwares
miREvo [37] and miRdeep2.

2.5. Differentially Expressed MicroRNA Identification

The miRNA expression levels were estimated by transcripts per million (TPM). Differential
expression analysis was performed using the DEGseq R package [38]. p-Value was adjusted using
q-value [39]. “q-value < 0.01” and “|log2(fold change)| > 1” were set as the threshold of significant
differentially expressed miRNA identification.
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2.6. Target Genes Prediction

Coding Sequence (CDS) of all Unigenes of transcriptome [30] were predicted according to the
BLAST hits in NR (NCBI non-redundant database) and Unigenes with no hits were performed on
ESTscan 3.0 [40]. Unigenes containing “minus” open reading fragment (ORF) were converted to reverse
complementary sequence. A total of 59,331 Unigenes was used as target genes source. The miRNA
target genes prediction was performed by psRobot [41] and psRNATarget [42]. Finally, target genes
predicted by the two tools were intersected to reject ambiguous results.

2.7. MicroRNA Expression Validation by qRT-PCR

For the study, 100 ng total RNA was reverse-transcribed using miRNA specific stem-loop primers
(Table S1) with PrimeScript™ RT Master Mix Kit (Takara, Dalian, China). The qRT-PCR using gene-
specific primers and universal primer (Table S1) were performed on Viia 7 Real-Time PCR System
(ABI, Carlsbad, CA, USA). The reaction component and program were set according to PowerUp™
SYBR™ Green Master Mix (ABI, Carlsbad, CA, USA) manufacturer recommendations with three
technical replications. Reference gene TIFY (unpublished) was used as control for normalization of
2−ΔΔCt methods to calculate relative expression of miRNAs. Student’s t-test of correlation analysis of
high-throughput sequencing and qRT-PCR was performed using the basic R package.

3. Results

3.1. Selection of NaCl Treatment Method

The extent and timing of NaCl stress in this study were determined by culturing rooted
cuttings. The cuttings were considered more sensitive to salt than tamarisk tree used in our previous
transcriptome study [30]. Unexpectedly, based on naked-eye observation of the shoots, cuttings under
0% (M/V), 0.8% (136 mM), 1.4% (239 mM), and 2% (342 mM) continuous NaCl stress did not show
any abnormal morphological characteristics over a 7-d period. Until the eighth day, some twigs
of cuttings treated by 2% NaCl became mildly dehydrated (turned yellow). Taking into account
our observation and previous study of tamarisk salt-tolerance limit [25], we selected 2% NaCl as
the salt concentration for our experiment. POD enzyme activity demonstrates the stress response
intensity [43]. Here, the POD enzyme activity increased after 0.5 h of treatment, and reached the peak at
1 h. Then, it decreased to a stable level during 2–8 h (Figure 1). The response pattern of one-month-old
cuttings (Group I) was similar to two-month-old cuttings (Group II). Thus, the appropriate salt
treatment times were 0.5 h and 1 h. Therefore, roots of Group I and II with 2% NaCl treatment for 0.5 h
and 1 h were used for the following libraries construction (Table 1).

Figure 1. POD enzyme activity dynamic changes under salt stress. The x-axis represents the NaCl
treatment time and y-axis represents the peroxidase (POD) activity.
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3.2. Small RNAs Generated from Deep Sequencing

Six small RNA (sRNA) libraries (IC, I-0.5h, I-1h, IIC, II-0.5h and II-1h; Table 1) yielded 129,101,552
redundant reads (6.629 Gb data) with 12–27 million reads per library. Then, 7–15 million unique reads
of 18–30 nt per library were selected for sRNA reads mapping and 45.69–68.88% reads mapped to the
reference transcriptome. Only these mapped reads were selected for the microRNAs identification.
All of the libraries had similar distribution of noncoding RNA families including rRNA and tRNA
(~16–18%), snRNA and snoRNA (~0.28–0.46%). Detailed information, including reads numbers and
percentages of the six libraries, are listed in Table 2. The 24-nt sRNAs were the most abundant
sRNAs (~10% of all reads) based on the size distribution of sRNA (Figure 2). Approximately 80% of
sRNAs (80.47%, 81.02%, 81.04%, 81.68%, 79.83% and 82.69% per library) returned no hits in BLAST
algorithm-based search and the percentage was similar with sRNAomes of other plants [10,11,44].
The high percentage of unannotated sRNAs suggested they had not been fully appreciated in
former studies.

Table 2. Small RNA annotation and reads number.

Small RNA
Library

Roots of 2% NaCl Treated Cuttings

Type of
Analysis

Group I Group II

IC I-0.5h I-1h IIC II-0.5h II-1h

Clean reads 20,304,895
(1.038 G)

12,017,139
(0.626 G)

27,490,082
(1.426 G)

21,379,294
(1.093 G)

24,151,563
(1.231 G)

23,758,579
(1.215 G)

Deep
sequencing

Clean reads of
small RNA 12,268,690 7,656,408 15,286,485 12,991,605 14,999,466 14,327,078 Length

selection

Mapped small
RNA reads

8,450,784
(68.88%)

3,535,105
(46.17%)

6,984,424
(45.69%)

7,002,413
(53.9%)

8,045,446
(53.64%)

7,872,758
(54.95%)

Map to
reference

rRNA and
tRNA

1,531,042
(18.12%)

631,272
(17.86%)

1,352,577
(19.37%)

1,242,869
(17.75%)

1,378,558
(17.13%)

1,294,286
(16.44%) BLAST

snRNA and
snoRNA

30,146
(0.36%) 9131 (0.26%) 23,888

(0.34%)
23,057

(0.33%)
37,014

(0.46%)
22,183

(0.28%)

Conserved
miRNA reads

41,979
(0.50%)

29,239
(0.83%)

31,756
(0.45%)

100,486
(1.44%)

57,517
(0.71%)

45,494
(0.58%) BLAST

Conserved
unique miRNA 180 158 167 207 187 170

Novel miRNA
reads 609 (0.01%) 491 (0.01%) 522 (0.01%) 1282 (0.02%) 848 (0.01%) 642 (0.01%)

Prediction
Novel miRNA 12 12 14 15 13 14

Group I: one-month-old plants; Group II: two-month-old plants; IC, I-0.5h, I-1h: control group, salt treatment 0.5 h,
salt treatment 1 h of Group I; IIC, II-0.5h, II-1h: control group, salt treatment 0.5 h, salt treatment 1 h of Group II.
The percentage of Mapped small RNA reads is the ratio of (Mapped small RNA reads/Clean reads of small RNA).
The other percentages are ratio of (corresponding reads/Mapped small RNA reads).

Figure 2. Size distribution of small RNAs of the six libraries. The x-axis represents sequence
lengths. The y-axis represents the number of unique reads (unique small RNAs). The six libraries are
distinguished by different colors. IC, I-0.5h, I-1h: control group, salt treatment 0.5 h, salt treatment 1 h
of one-month-old plants; IIC, II-0.5h, II-1h: control group, salt treatment 0.5 h, salt treatment 1 h of
two-month-old plants.
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3.3. Conserved and Novel MicroRNA Identification

In total, 558 known miRNA precursors (pre-miRNAs) and 28 novel pre-miRNAs were identified
from the RNA reads. Of the 586 pre-miRNAs, 521 were classified into 46 miRNA families.
The top-3 families, MIR159, 156, 166 had 56, 52, 42 identified pre-miRNAs respectively (Table S2).
Their distributions were consistent with those of all plant pre-miRNAs (Table S2).

Of the 558 known pre-miRNAs, 307 were rejected due to lack of reads mapped in microRNA
mature sequences. Thus, 251 known and 28 novel pre-miRNAs were selected for microRNA
identification. Here, 251 conserved miRNAs were identified from the former and 18 novel miRNAs
together with 19 putative miRNAs* (miRNA star strand) of the precursor reverse arm (−3p) were
identified from the latter. All the 279 pre-miRNAs had canonical stem-loop structures by RNA
secondary structural analyses. The numbers of conserved and novel miRNAs per library were 180–207
and 12–15 respectively, and the corresponding reads are listed in Table 2.

The nucleotide bias indicated that the first 5′ nucleotide with the highest frequency was U. The 5′

end nucleotides of miRNAs [45] are important for the binding stability of Argonaute (AGO). AGO
has a strong preference in combining with miRNAs starting in U, as seen with rice AGO 1, 2 and
3 [46]. In addition to the U bias of first nucleotide, the C bias of 19th nucleotide seemed to be specific
to Tamarix (Figure 3a).

Figure 3. Sequence characteristics of miRNAs. (a) The nucleotide bias of miRNAs. The distributions of
four bases are illustrated with different colored columns. The x-axis represents miRNA nucleotides
from 5′ to 3′. The y-axis represents the percentage. (b) The nucleotide conservation of miRNAs.
The nucleotide conservation is indicated by the overall height of the stack of symbols, while the
height of symbols within the stack indicates the relative frequencies of each nucleotide (U, A, C, or G).
The x-axis represents miRNA nucleotides from 5′ to 3′. The y-axis represents the conservation bits.
The graphics were made using WebLogo [47].

The sequence logo [47] showed the highest conservation of the first nucleotide and a high
conservation of the 19th and 20th nucleotides, which is consistent with nucleotide bias (Figure 3b).
However, other non-conservative nucleotides did not correspond with the bias, e.g., the G bias of 4th,
9th nucleotide and the A bias of 15th nucleotide (Figure 3a). The nonconformity between nucleotide
bias and conservation resulted from the abundance difference of microRNAs. The high-abundance
microRNAs had greater weight for nucleotides bias but no effect on nucleotide conservation.

247



Forests 2018, 9, 180

3.4. MicroRNA Profile Building and Time-Course Analysis

The miRNA profiles of six libraries (Table S3) were constructed based on expression level.
The expression level was quantified using transcripts per million (TPM). Here, 122 (45.41%), 35 (12.95%)
and 112 (41.64%) miRNAs were distributed in 0–15, 15–60 and 60– TPM intervals respectively.
The intervals represented the low-, middle- and high-expression levels of miRNA abundance (Table 3).

The TPM probability density distributions reflected the overview of the miRNA abundance
(Figure 4). The probability density distribution of Group I changed from peak value (IC) to valley
value (I-0.5h, I-1h) suggesting a significant shift occurred in interval 0–1.5 (TPM = 1–30). For Group II,
on the contrary, only a minor change occurred in interval 1–2.5 (TPM = 10–315). The profiles’ changes
were in conformity with the POD enzyme activity to some degree, and the difference between Groups
I and II meets the expectation that younger tissues are more sensitive to salt stress.

Table 3. MicroRNA numbers and percentages in different TPM intervals.

TPM Interval IC IIC I-0.5h II-0.5h I-1h II-1h Mean

0–15 128 (47.58%) 109 (40.52%) 125 (46.47%) 125 (46.47%) 128 (47.58%) 118 (42.87%) 122 (45.41%)
15–60 28 (10.41%) 43 (15.99%) 30 (11.15%) 30 (11.15%) 35 (13.01%) 43 (15.99%) 35 (12.95%)
>60 113 (42.01%) 117 (43.49%) 114 (42.38%) 114 (42.38%) 106 (39.41%) 108 (40.15%) 112 (41.64)

IC, I-0.5h, I-1h: control group, salt treatment 0.5 h, salt treatment 1 h of one-month-old plants; IIC, II-0.5h, II-1h:
control group, salt treatment 0.5 h, salt treatment 1 h of two-month-old plants. TPM, transcripts per million.

Figure 4. The density distribution profiles of miRNAs. Libraries of each group (I,II) are presented
with different colors. The x-axis represents the log10 (TPM + 1). The y-axis represents the probability
value of the TPM distribution. TPM: transcript per million; Group I: one-month-old plants; Group II:
two-month-old plants. IC, I-0.5h, I-1h: control group, salt treatment 0.5 h, salt treatment 1 h of Group I;
IIC, II-0.5h, II-1h: control group, salt treatment 0.5 h, salt treatment 1 h of Group II.

A short time-series expression miner (STEM) analysis [48] clustered miRNAs according to their
temporal expression patterns. Profiles for Groups I (Figure 5a) and II (Figure 5b) showed dynamic
changes of miRNA abundance. In total, 239 miRNAs and 237 miRNAs generated STEM profiles
for Group I and II respectively. Three significantly enriched temporal expression profiles, clusters
0, 2 and 6, represented the main miRNA expression patterns. Cluster 0 was enriched with the most
miRNAs (45 miRNAs of Group I and 40 miRNAs of Group II) and showed a “decrease to steady level”
pattern. These miRNAs were down-regulated to a low abundance under salt stress. Cluster 2 (Group I)
was enriched with 23 “down to up” regulated miRNAs and showed an opposite pattern to Cluster 6
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(Group II) with 39 miRNAs. The other clusters were not significantly enriched, and Clusters 3 and 8
represented continuously decreasing and increasing patterns, indicating that those miRNAs had ultra
(highest or lowest) abundance levels after 1 h of salt stress.

Stem-loop quantitative Real-Time PCR (qRT-PCR) is a reliable method for measuring miRNA
expression levels. We used this technology to validate the expression patterns of ten miRNAs randomly
selected from corresponding ten STEM clusters (Figure 5c). The Pearson correlation coefficient
(R2 = 0.50854) and two-tailed t-test (p-value = 0.000808) indicated the significant positive correlations
between sRNA-seq and qRT-PCR (Figure 5d). The comparisons of profiles showed that the expression
patterns generated by qRT-PCR in each cluster were in high agreement with the sRNA-seq at 0.5 h.
Additionally, microRNA profiles of Group II had higher consistency levels with sRNA-seq on average
compared with Group I (Figure 5c).

Figure 5. Time-course expression and validation of miRNAs. Short Time-series Expression Miner
(STEM) [48] analysis of (a) Group I and (b) Group II. Group I: one-month-old plants; Group II:
two-month-old plants. The cluster ID and the number of miRNAs assigned to the corresponding cluster
are indicated by the two figures at the upper- and lower-left corner, respectively. Each STEM profile is
made up of ten miRNAs clusters sorted in decreasing order of miRNAs number. In every cluster, the
x-axis represents the time series of 0, 0.5 and 1 h and the y-axis represents relative expression level with
log normalization. The black line represents the model profile and the red lines represent individual
miRNA expression profiles. Besides, the background color indicates corresponding clusters were
statistically significantly enriched based on permutation test. The colored profiles had a statistically
significant number of genes assigned. Non-white profiles of the same color represent profiles grouped
into a single cluster. (c) Comparisons of the profiles between sRNA-seq and qRT-PCR. Ten miRNAs
were randomly selected from corresponding clusters of STEM profiles. The x-axis represents six small
RNA libraries and the y-axis represents relative expression level of log normalization (log2). Blue and
red lines represent expression profiles of high throughput sequencing and qPCR, respectively. The error
bars of qRT-PCR technical replicates are represented in I—shaped lines. (d) Pearson correlation analysis
between qPCR and high throughput sequencing data. The correlation coefficient is 0.5084 (p = 0.000808).
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3.5. Differentially Expressed MicroRNAs Identification

Overall, 191 miRNAs including 62 Group I-specific miRNAs, 55 Group II-specific miRNAs and
74 co-expressed miRNAs, were screened as the differentially expressed miRNAs (Figure 6a). According
to the up/down-regulation of 74 co-expressed miRNAs, 41 miRNAs maintained a monotone regulation
in time series. In the 41 miRNAs, 26 (11 up-regulated and 15 down-regulated) miRNAs had consistent
regulatory patterns between two groups but 15 other miRNAs were conversely regulated. Considering
the microRNAs differentially expressed in both groups, the 74 co-expressed miRNAs were selected as
salt-responsive candidate microRNAs.

Figure 6. The differentially expressed miRNAs. (a) Venn diagram of Group I vs. II comparison.
(b,c) Venn diagram of three comparisons in Groups I and II. (d,e) Heatmaps of Group I and II. The log2

[fold change] is demonstrated in the corresponding color gradation. Group I: one-month-old plants;
Group II: two-month-old plants. IC, I-0.5h, I-1h: control group, salt treatment 0.5 h, salt treatment 1 h
of Group I; IIC, I-0.5h, II-0.5h, II-1h: control group, salt treatment 0.5 h, salt treatment 1 h of Group II.

In Group I (Figure 6b), 136 differentially expressed miRNAs consisted of 71, 90 and 90 miRNAs
from the three libraries comparison of I-0.5h vs. IC, I-1h vs. IC, I-1h vs. I-0.5h. Additionally, 34, 40
and 49 miRNAs were differentially expressed in each pairwise comparison. In Group II (Figure 6c),
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129 differentially expressed miRNAs consisted of 82, 83 and 75 miRNAs from II-0.5h vs. IIC, II-1h
vs. IIC, II-1h vs. II-0.5h. Additionally, 42, 42 and 36 miRNAs were differentially expressed in each
pairwise comparison. In view of the fact that these differentially expressed miRNAs come from only a
single set of biological replicates, any individual microRNA differential expression must be validated
prior to follow-up study.

The heatmaps of Group I (136 miRNAs, Figure 6d) and Group II (129 miRNAs, Figure 6e)
illustrated the fold changes of the differentially expressed miRNAs. Although the numbers
of differentially expressed miRNAs in two groups were similar, the higher percentage of extremely
differentially expressed (fold change >2 or <−2) miRNAs in Group I indicated that an intense salt stress
response occurred in younger roots. In addition, in Group II, the higher percentage of down-regulated
miRNAs indicated the older roots may respond to salt stress by down-regulating miRNAs to promote
the expression of targeted salt-tolerant genes.

3.6. Target Genes Prediction and MicroRNA Regulatory Network

A total of 706 Unigenes were predicted as targets of 219 miRNAs. Fifty miRNAs had no targets
due to conflicting predictions between psRoboot and psRNATarget. The 1475 putative miR-target pairs
indicated that every miRNA regulated 7 targets and every predicted target was regulated by 2 miRNAs
on average. In the 706 putative targets, 523 targets were function-annotated in the NR database,
including 86 TFs such as squamosa promoter binding protein-like, MYB, NAC, APETALA2-like (AP2),
homeobox-leucine zipper protein (HD-ZIP) and TCP domain transcription factor. The 510 predicted
targets of all annotated target genes were divided into 46 gene ontology (GO) terms (Table S4) including
the top three terms: binding (GO: 0005488), cellular process (GO: 0009987) and metabolic process (GO:
0008152). The 266 targets were annotated in 23 clusters of orthologous groups for eukaryotic complete
genomes (KOG) function categories (Table S4) including the top three categories: General function
prediction only (R), Transcription (K) and Post-translational modification, protein turnover, chaperones
(O). The 107 targets were annotated in 89 Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways
(Table S4) including the top three pathways: Ubiquitin mediated proteolysis (ko04120), Spliceosome
(ko03040) and RNA degradation (ko03018).

The 157 targets and 151 differentially expressed miRNAs constructed 454 miR-target pairs.
To focus on the biological progress of salt responses, we performed the GO enrichment analysis
using agriGO v2.0 [49], which suggested 88 target genes were enriched in 11 GO terms, including four
terms of Cellular Component and seven terms of Molecular Function (Table S5). The GO directed
acyclic hierarchical graph (Figure 7) made up a logical framework of enriched terms. The top three
most enriched GO terms, chromatin binding (GO: 0003682), DNA binding (GO: 0003677) and nucleic
acid binding (GO: 0003676), revealed the process of regulatory elements binding to DNA was highly
active under salt stress. Considering TFs are the main targets of plant miRNAs, the results illustrated
that miRNAs affect downstream responsive gene expression by regulating their TFs.

To demonstrate the interaction network under salt stress, we selected the 74 co-expressed
miRNAs from all the differentially expressed microRNAs as salt responsive candidate miRNAs.
In addition, the DEGs of RNA-seq were selected from all the predicted target genes. In total, 70 miR-
target pairs (38 salt responsive miRNAs and 41 DEGs) and 8 proteins interactions (7 DEGs) were
involved in the microRNA regulatory network on the Cytoscape platform [50]. The interactions
between proteins were predicted according to the STRING database using poplar as the reference.
The regulatory manner of cleavages or inhibition was predicted by psRNATarget. The false discovery
rate and gene function annotation of DEGs were acquired from transcriptome data. Four genes use
the Unigene IDs (e.g., compXXXX_c0) [30] as names because of their lack of hits in the function
annotation. Eight sub-networks constituted the whole regulatory network. The sub-network mediated
by ath-miR5658 (ath-miR414, ath-824-5p, miR172 and osa-miR395u) was the most complex. The other
seven sub-networks were mediated by only one miRNA or several miRNAs of the same family.
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Figure 7. Directed acyclic hierarchical graph (DAG) of enriched GO terms. (a) DAG of enriched GO
terms in Cellular Component; (b) DAG of enriched GO terms in Molecular Function. The DAG shows
the GO structural networks, which are represented by boxes with GO numbers and names in the first
and second lines, respectively. The third line of each box represents the numbers of targets associated
with the given GO term, the enriched targets, the Unigenes associated with the given GO term and
all the enriched Unigenes. The color gradation represents the enrichment significance level which is
corresponding to Q value (the number in brackets) based on multiple testing correction of p value [39].
Relationship types of terms are represented with colored arrows.

4. Discussion

4.1. Strategy for Time-Course Experimental Design

High-quality expression profiles depend on the optimal strategy of experimental design, especially
in high-throughput sequencing experiments. Based on previous reports [51,52], NaCl concentrations
higher than 2% would induce salt shock symptoms of Tamarix, including curled or yellow leaves,
branch exsiccation and individual death. Our 2% saline solution culture indicated the limit of
T. chinensis salt-tolerance should be higher than the experiential concentration 2%. So 2% NaCl
concentration was decided as the salt treatment on the prerequisite of salt shock on plants. Time points
and intervals are the core of time-course experimental design [27,53,54]. In our study, plant materials,
the young adventitious roots of cuttings, were so sensitive to abiotic stress that the time intervals and
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time points could dramatically affect the identification of differentially expressed miRNAs. The POD
enzymes activity is a representative physiological index of salt stress responses. We set 0 h, 0.5 h,
1 h, 2 h, 4 h and 8 h as the time course because the transcriptome of roots quickly responded to salt
stress. We decided on the choice of the time point of peak (1 h) and the preceding one (0.5 h) because
the strongest and second strongest responses happened in the time points. The TPM distribution
significantly change in I-0.5h and I-1h (Figure 4). It was consistent with the trend change of POD
enzyme activity in 0.5 h and 1 h. This proved the rationality of time-point choice. The differentially
expressed microRNAs that were co-expressed both in Group I and II were considered a strategy of
salt-responsive microRNA identification for compensation of experimental error control [55–59]. Based
on this, all of the 74 co-expressed miRNAs were selected as salt-responsive candidate microRNAs.

4.2. The miRNA Regulation Network of Tamarix under Stress

Among the 41 putative target genes in the microRNA regulatory network, 13 TFs were responsive
to abiotic stress, like Ethylene-responsive transcription factor (ERF), HD-ZIP and MYB. Most of the other
28 putative targets were important signaling genes such as BR-signaling kinase (BSK), Receptor-like
protein 12 and Protein tyrosine kinase. Interestingly, three important TFs were putatively targeted by
multiple miRNA family members. The three TFs were Scarecrow-like protein 15 (SCL15), no apical
meristem protein (NAM or CUC1 NAC) and AP2. Functions of the three TFs were well studied in
model plant species. SCL15 is an important target of the miR171 family [60], and 14 miR171 members
were identified in this study. The miR171-SCL interaction was identified in target predictions [61] and
southern hybridization experiments in Arabidopsis [62]. Interactions of AP2 with miR5658 and miR172
family members were only computationally predicted in Arabidopsis [63]. In addition, miR172-AP2 and
miR164-NAM pairs have been identified in other high-throughput sequencing studies [26,64]. In our
study, NAM was putatively targeted by six up-regulated miR164 family members. SCL15 (AP2) were
putatively regulated by the members of miR171 (miR172) with reverse expression patterns (Figure 8,
label colors). The three TFs’ functions and regulatory patterns indicated that microRNAs’ (miR171,
miR172, miR5658) mediated targets regulation was intricate and influenced by multiple factors.

In the seven protein-encoding genes, five genes consisted a putative small interaction network
(Figure 8, dotted lines), including HD-ZIP, SLD (delta8-fatty-acid desaturase), PUB31 (U-box
domain-containing protein 31), PERK10 (proline-rich receptor-like protein kinase) and CRK25
(cysteine-rich receptor-like protein kinase 25). The HD-ZIP associated with ABA-mediated salt
tolerance was significantly differentially expressed in many abiotic stress profiles studies [26,65,66].
SLD encodes an important desaturase of lipids synthesis that enhances the salt tolerance of
overexpressed Arabidopsis and other plants [67–69]. PUB plays a key role in ubiquity-26s proteasome
pathway-mediated stress tolerance by regulating hormonal signaling [67]. The two kinase PERK10
and CRK25 are receptor-like protein kinases that could be the candidate sensors of salt stress, and their
importance had been discussed in our previous study [30]. miR5658, miR414, miR395, miR824 and
other targets were connected in a complex sub-network of proteins interactions. In this sub-network,
the highest connectivity (four edges) of four targets (HD-ZIP, PUB31, SLD, PERK10) suggested that
these hub genes could influence multiple pathways compared with other targets. Because some hub
genes were directly (like AP2) or indirectly (like HD-ZIP) regulated by two or more microRNAs,
their regulation of downstream salt responsive genes would be more sensitive and controllable.

In the differentially expressed miRNAs’ regulatory network, the two hubs ath-miR5658 and
ath-miR414 (Figure 8) appeared to be more important regulators of salt-responsive genes than other
microRNAs. Although mRNA cleavage is the major mechanism of miRNA-introduced silencing,
several target genes were predicted to be regulated by translational inhibition (Figure 8, lines with T
arrow) like “ctr-miR171—comp25618_c0”, “ptc-miR482d-3p—RGA4 (Leucine-rich repeat)”. However,
the reliability of the translational inhibition predicted computationally based on mismatches in the
paring regions, needs to be experimentally validated. Especially, both hub miRNAs regulated targets
through translational inhibition and cleavage, indicating their flexible regulatory modes for different
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salt responsive genes. ath-miR5658 mediated the regulation of 22 targets, including the direct regulation
of salt tolerance genes like BSK, inactive receptor kinase (RKL), as well as the indirect regulation
based on “miR-TF-downstream genes” pathway. The two regulatory strategies were also used in
the ath-miR414 mediated pathway. For the network connection, between miR56568 and miR414,
the proteins Ligand-gated ion channel, Transcription factor HEX, SLD and HD-ZIP connected the
two hub miRNAs in a complex organic network. This organic network is regulated in a complicated
manner that involves miRNA-directed target and target-directed miRNA interactions. Thus, the two
miRNAs could affect the targets of other miRNAs. As indicated earlier, ath-miR5658 and ath-miR414
may regulate Tamarix responses to environmentally complicated and changeable salt stress factors by
the subtle and comprehensive post-transcriptional regulation of different target genes.

Figure 8. MicroRNA regulatory network. The colors of nodes, based on the color gradation, represent
differential expression’s false discovery rate (FDR) between 0–0.005 (scale in the top right, the lower
the value the more accurate the data). The miRNAs are represented with circle nodes. Transcription
factors are represented with hexagon nodes, other genes with rectangle nodes. The edges represent the
putative regulation styles. Cleavage (prediction) is represented by solid lines with “T” arrow, inhibition
(prediction) by solid lines with circle arrow. Interactions between proteins (prediction) are represented
with dotted lines. Up-regulation is represented with red labels, down-regulation with blue labels.

5. Conclusions

In summary, this research investigated the sRNAome of T. chinensis and identified 192 differentially
expressed microRNAs from the time series expression profiles. In addition, 74 co-expressed microRNAs
were identified as salt-responsive candidate microRNAs. Four putative target genes (HD-ZIP,
PUB31, SLD, PERK10) acted as the bridges in the microRNA regulatory network. Two microRNAs
miR5658 (ath-miR5658) and miR414 (ath-miR414), appeared to be the potential key regulators of the
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post-transcriptional regulatory network under salt stress. These findings will aid in understanding
of T. chinensis salt tolerance. Further studies should focus on the experimental validation of these
microRNAs’ functions and evaluate their potential as candidate molecules in salt-resistance breeding.

Supplementary Materials: The following are available online at www.mdpi.com/1999-4907/9/4/180/s1,
Table S1: qRT-PCR primers, Table S2: MicroRNA families of pre-microRNAs, Table S3: MicroRNAs expression
profile, Table S4: Target genes function classification, Table S5: GO enriched analysis of target genes of differentially
expressed microRNAs.
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Abstract: The passion fruit (Passiflora edulis Sims), also known as the purple granadilla, is widely
cultivated as the new darling of the fruit market throughout southern China. This exotic and
perennial climber is adapted to warm and humid climates, and thus is generally intolerant of cold.
There is limited information about gene regulation and signaling pathways related to the cold stress
response in this species. In this study, two transcriptome libraries (KEDU_AP vs. GX_AP) were
constructed from the aerial parts of cold-tolerant and cold-susceptible varieties of P. edulis, respectively.
Overall, 126,284,018 clean reads were obtained, and 86,880 unigenes with a mean size of 1449 bp
were assembled. Of these, there were 64,067 (73.74%) unigenes with significant similarity to publicly
available plant protein sequences. Expression profiles were generated, and 3045 genes were found
to be significantly differentially expressed between the KEDU_AP and GX_AP libraries, including
1075 (35.3%) up-regulated and 1970 (64.7%) down-regulated. These included 36 genes in enriched
pathways of plant hormone signal transduction, and 56 genes encoding putative transcription factors.
Six genes involved in the ICE1–CBF–COR pathway were induced in the cold-tolerant variety, and
their expression levels were further verified using quantitative real-time PCR. This report is the
first to identify genes and signaling pathways involved in cold tolerance using high-throughput
transcriptome sequencing in P. edulis. These findings may provide useful insights into the molecular
mechanisms regulating cold tolerance and genetic breeding in Passiflora spp.

Keywords: passion fruit; cold tolerance; RNA sequencing; DEG; ICE1–CBF–COR

1. Introduction

Passiflora is the largest genus of the Passifloraceae family, with more than 500 species [1].
Passiflora species are distributed throughout Latin America, and Brazil and Colombia are the centers
of diversity for this genus [2], and many of these species are widely cultivated for their edible fruit,
medicinal efficacy, and ornamental properties. In the early 20th century, Passiflora edulis Sims as an
edible fruit was introduced to China, mainly in Taiwan, Guangdong, Guangxi and Fujian. P. edulis is
known for its taste, is used in Brazilian traditional folk medicine and is included in pharmacopoeias
of several countries [3,4]. Leaf extracts of P. edulis are considered to treat alcoholism, anxiety and
insomnia [5]. The flower has been used for the treatment of cough and bronchitis, and the seed oil as a
lubricant and massage oil [6].
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Low temperatures represent a major abiotic constraint to plant growth, productivity and
distribution [7]. To ensure optimal growth and survival, plants must respond and adapt to cold
stress, by implementing a wide range of biochemical and physiological processes. Currently, the
most thoroughly understood cold-signaling pathway is the ICE1–CBF–COR pathway. C-repeat
binding factors (CBFs) can activate the expression of numerous downstream cold-responsive
(COR) genes by binding to the cis-acting elements [8,9]. Overexpression of AtCBF1 or AtCBF3
enhanced chilling, drought and salt stress tolerance in many species, including Brassica spp. [10],
wheat (Triticum aestivum L.) [11], tomato (Solanum lycopersicum L.) [12] and rice (Oryza sativa L.) [13].
Inducer of CBF expression 1(ICE1) belongs to the bHLH transcription factor (TF) family, which
control CBF genes [14]. ICE1 is affected by ambient temperature and is in an inactive state in a
warm environment; however, it is activated upon exposure to cold and induces CBF expression.
Mitogen-activated protein kinase (MAPK) kinase 2 (MKK2) is activated by cold and controls COR
expression to improve plant tolerance to freezing [15]. Recent studies have shown that chilling stress
activates SNF1-related protein kinases 2.6/open stomata 1 (SnRK2.6/OST1), and then SnRK2.6 interacts
with and phosphorylates ICE1 to activate the CBF–COR gene-expression cascade and increase cold
tolerance [14,16]. In Arabidopsis thaliana (L.) Heynh, only 12% of COR genes were regulated by
CBF [17], which indicated that other regulatory pathways may also be activated in response to cold
stress. The abscisic acid (ABA) signal transduction pathway played a key role in plant cold tolerance,
with approximately 10% of the ABA response genes involved in cold stress [18], and ABA signaling
pathways may be involved in regulating COR expression [19,20].

The passion fruit (P. edulis), also known as the purple granadilla, is widely cultivated as the new
darling of the fruit market throughout southern China. This exotic and perennial climber is adapted to
warm and humid climates, and thus is generally intolerant of cold. Fortunately, we have developed a
cold-tolerant P. edulis variety (‘Pingtang 1’, KEDU), which is widely cultivated in the south of Guizhou.
From breeding and popularization, this variety has undergone testing of several rounds of extreme low
temperature, especially in the 2008 Snow Disaster in the south of China; it showed significantly higher
cold tolerance in the field than the other varieties mainly cultivated in Guangdong and Guangxi [21].
However, there is limited information about gene regulation and signaling pathways related to the
cold stress response in this species. Here, two transcriptome libraries (KEDU_AP vs. GX_AP) were
constructed from the aerial parts of cold-tolerant and cold-susceptible varieties of P. edulis, respectively.
De novo transcriptome sequencing was carried out to identify genes and signaling pathways involved
in cold tolerance. This report is the first to identify genes and signaling pathways involved in cold
tolerance using high-throughput transcriptome sequencing in P. edulis.

2. Materials and Methods

2.1. Plant Materials

In a previous field investigation in Pingtang County, Guizhou Province, we found that after
the 2008 Snow Disaster, several P. edulis (‘Pingtang 1’) survived and that they could survive winter
temperatures below −2◦C [21]. We carried out conservation and cutting propagation, and in a
series of experiments found that ‘Pingtang 1’ had significantly higher cold tolerance than ‘Purple
Fragrance 1’ [21]. The two varieties of P. edulis, cold-tolerant ‘Pingtang 1’ and cold-susceptible ‘Purple
Fragrance 1’ were planted in Pingtang County, Guizhou Province (25◦44′24.77′ ′ N, 106◦48′45.44′ ′ E;
altitude 884 m). The aerial parts (stem, leaf, flower and fruit) of ‘Pingtang 1’ and ‘Purple Fragrance 1’
were sampled for RNA extraction in the winter of 2016 (November 9, temperature of 4–6 ◦C).
All P. edulis samples were stored at −80 ◦C in an ultra-low temperature freezer.

2.2. Total RNA Extraction, cDNA Library Preparation and Transcriptome Sequencing

Total RNA was extracted from samples according to the protocol of RNeasy Plant Mini Kit
(Qiagen, Hilden, Germany). RNA integrity was monitored by agarose gel electrophoresis (1%) and
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using an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA). The cDNA library of
‘Pingtang 1’ was named KEDU_AP and that of ‘Purple Fragrance 1’ named GX_AP. Following the
manufacturer’s instructions, two cDNA libraries were generated using a NEBNext® Ultra™ RNA
Library Prep Kit for Illumina® (NEB, Boston, Massachusetts, USA). According to the manufacturer’s
recommendations, clustering of the index-coded samples was performed on a cBot Cluster Generation
System using TruSeq PE Cluster Kit v3-cBot-HS (Illumina, San Diego, CA, USA). The prepared libraries
were sequenced, and 150-bp paired-end reads were generated (Illumina Hiseq 2500, San Diego, CA,
USA). The raw images were transformed using CASAVA base-calling into the FASTQ format of raw
reads (raw data). To get clean reads, low-quality reads and adapter sequences were removed using
SeqPrep (https://github.com/jstjohn/SeqPrep) and Cutadapt [22].

2.3. Transcriptome Assembly and Function Annotation

Transcriptome assembly was achieved using Trinity version r20140413p1 [23] based on the left.fq
and right.fq, with the min_kmer_cov set as 2 by default and all other parameters set as their defaults.
For function annotation, the longest transcript of each gene was defined as the ‘unigene’. All assembled
unigenes were BLASTed in Nr, Nt, Pfam, KOG/COG, Swiss-Prot, KEGG ortholog database (KO) and
Gene ontology (GO) databases using BLAST2GO of version 2.5 with a cut-off E-value of 10−6 [24].

2.4. Differential Expression Analysis

Gene expression level of all samples was estimated by mapping clean reads to the Trinity
transcripts assembly using RSEM version 1.2.15 [25], with the bowtie2 parameter set at mismatch 0.
Then, read counts for each gene were obtained from the mapping results. Prior to Differentially
expressed genes (DEG) analysis, the read counts were normalized using the edgeR program
package with the Trimmed Mean of M-values method [26,27]. The DEGseq R package was
used to analyze differential expression of two P. edulis samples. The p-value was adjusted using
q-value [28]. The significant differential expression threshold was set as q-value < 0.005 and
|log2(foldchange)| > 1 [29]. The identified DEGs were used for GO enrichment analyses, which
were performed using the GOseq R package (version 1.10.0), based on the Wallenius non-central
hypergeometric distribution [30]. Kyoto encyclopedia of genes and genomes (KEGG) enrichment
analysis was performed using KOBAS version 2.0.12 [31].

2.5. Quantitative Real-Time PCR (qRT-PCR)

Total RNA was extracted from various samples with the RNeasy Plant Mini Kit (Qiagen, Hilden,
Germany) and treated with RNAse-free DNase I (Ambion, Austin, Texas, USA). Of the DNase-treated
RNA, 1 μg was reverse transcribed using random hexamer primers. The resulting cDNA was diluted,
and 2 μL of the diluted cDNA was used. Specific primers (Tm, 58–61 ◦C) were designed to generate
PCR products of 70–150 bp (Table S1). The qRT-PCR was performed on an ABI ViiA 7 Real-time PCR
platform. FastStart Universal SYBR Green Master (Rox) was used for qRT-PCR assays according to
the manufacturer’s protocol. For each sample, three replicates were performed in a final volume of
20 μL containing 10 μL of SYBR Premix Ex Taq (2×), 0.4 μL of 50 × ROX Reference Dye II, 0.4 μL
(10 μM) of each primer, 2 μL of cDNA, and 6.8 μL of dH2O. Thermo-cycling conditions were as follows:
initial denaturation at 95 ◦C for 30 s, followed by 40 cycles of 95 ◦C for 5 s, and 60 ◦C annealing and
extension for 34 s. All reactions were performed in triplicate. The specificity of the PCR amplification
procedures was checked with a heat dissociation protocol after the final cycle of the PCR to ensure that
each amplicon was a single product. Relative expression was calculated as the difference in delta-Ct
between the target gene and the internal control, histone H3.3 (HIS) gene.
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3. Results

3.1. Transcriptome Sequencing and De Novo Assembly

In total, there were 60,881,198 raw reads generated from KEDU_AP and 71,719,162 from GX_AP.
The sequencing raw data were submitted to the Short Reads Archive (SRA) database under the
accession number SRP106510. Of the raw reads from KEDU_AP, more than 95.87% bases had a
q value ≥ 20, and for GX_AP 95.15%. The GC-contents were 44.84% and 45.20% for KEDU_AP and
GX_AP, respectively. After removing low-quality reads, 57,840,324 clean reads from KEDU_AP and
68,443,694 from GX_AP were obtained. These were used for de novo assembly.

The Trinity software generated 127,474 transcripts with an average length of 1077 bp and an N50
of 2057 bp (Table 1). In total, 86,880 unigenes were obtained in the range of 201–13,397 bp with an
N50 length of 2222 bp. Of these, 20,947 (24.11%) were 200–500 bp, 21,684 (24.96%) were 500–1000 bp,
22,051 (25.38%) were 1–2 kb and the remaining 22,198 (25.55%) were >2 kb (Table 1).

Table 1. Length distribution of unigenes and transcripts.

Nucleotide Length Transcripts Unigenes

200–500 bp 60,598 20,947
0.5–1k bp 22,605 21,684
1–2k bp 22,073 22,051
>2k bp 22,198 22,198
Total 127,474 86,880

Min length (bp) 201 201
Mean length (bp) 1077 1449
Max length (bp) 13,397 13,397

N50 (bp) 2057 2222

3.2. Function Annotation and Classification

All the 86,880 assembled unigenes were annotated to the seven databases using the BLAST
algorithm (Table 2). In total, 64,067 unigenes were annotated, accounting for 73.74% (Table 2).
There were 10,457 (12.03%) unigenes successfully annotated in all seven databases. Analyses showed
that 60,028 (69.09%) unigenes had high homology with sequences in the Nr database and
46,093 (53.05%) in the Nt database. The details of other database proportions are shown in Table 2.

Table 2. Unigenes were annotated to the seven databases.

Component Number of Unigenes Percentage (%)

Annotated in NCBI non-redundant protein sequences (NR) 60,028 69.09
Annotated in NCBI non-redundant nucleotide sequences (NT) 46,093 53.05

Annotated in KEGG ortholog database (KO) 24,312 27.98
Annotated in Swiss-Prot 47,717 54.92

Annotated in Pfam 45,544 52.42
Annotated in Gene ontology (GO) 46,754 53.81

Annotated in EuKaryotic Orthologous Groups (KOG) 17,742 20.42
Annotated in all databases 10,457 12.03

Annotated in at least one database 64,067 73.74
Total unigenes 86,880

There were 46,754 unigenes divided into three functional GO categories: biological process
(BP), cellular component (CC) and molecular function (MF) (Figure 1). In the BP category, these
matched unigenes were annotated to 25 GO terms, with the three top terms being ‘cellular process’
(27,925), ‘metabolic process’ (26,692) and ‘single-organism process’ (21,336). For CC and MF, these
unigenes were clustered into 20 and 10 GO terms, respectively, with ‘cell’ (16,101) and ‘binding’
(27,248) as the largest subcategories. There were 17,742 unigenes divided into 26 groups for KOG
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analysis (Figure 2): the largest group was R (general functional prediction only), followed by O
(post-translational modification, protein turnover and chaperon) and then J (translation, ribosomal
structure and biogenesis).

Figure 1. Gene ontology (GO) classification of unigenes. All the annotated unigenes were divided
into three functional GO categories: biological process (BP), cellular component (CC) and molecular
function (MF).

Figure 2. EuKaryotic Orthologous Groups (KOG) annotation of putative proteins. The x-axis indicates
the names of the 25 groups of KOG. The y-axis indicates the percentage of the number of genes
annotated to the group out of the total number of genes annotated.

A total of 18,366 unigenes were assigned to 19 metabolic pathways in the KEGG database
(Figure 3). These 19 KEGG pathways were clustered into five branches: cellular processes (A)
of 1164 unigenes, environmental information processing (B) of 999 unigenes, genetic information
processing (C) of 4935 unigenes, metabolism (D) of 10,430 unigenes and organismal systems (E) of
838 unigenes. The metabolic pathways with the largest number of unigenes were ‘carbohydrate
metabolism’ (2101), followed by ‘translation’ (2087) and ‘folding, sorting and degradation’ (1528).
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Figure 3. Kyoto encyclopedia of genes and genomes (KEGG) annotation of putative proteins. The x-axis
indicates the percentage of the number of genes annotated to the pathway out of the total number
of genes annotated. The y-axis indicates the name of the KEGG metabolic pathway. The genes
were divided into five branches according to the KEGG metabolic pathway: Cellular Processes (A),
Environmental Information Processing (B), Genetic Information Processing (C), Metabolism (D) and
Organismal Systems (E).

3.3. DEG Identification, GO and KEGG Enrichment Analysis

A total of 80,810 unigenes (Fragments per kilobase of exon per million fragments mapped
(FPKM) > 0.3) in two groups were identified, with 57,213 unigenes in common. There were 3045 significant
DEGs identified between the KEDU_AP and GX_AP libraries. For these DEGs, if log2Foldchange >1,
the DEG was considered as up-regulated but if log2Fold change <−1, it was considered as down-regulated.
The 3045 DEGs included 1075 up-regulated and 1970 down-regulated DEGs (Figure 4).

Figure 4. Differentially expressed genes (DEGs) identified between KEDU_AP and GX_AP. The red
dots represent significant up-regulated genes and the green dots represent down-regulated genes.
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Between the two libraries of enriched GO terms, the analysis showed that ‘catalytic activity’ and
‘single-organism metabolic process’ had the highest degree of enrichment (Figure 5). In the KEGG
enrichment analysis (Figure 6), the most significantly enriched pathway was ‘flavonoid biosynthesis’,
which mainly consisted of up-regulated DEGs. The second most significantly enriched pathway was
‘phenylpropanoid biosynthesis’, which also mainly consisted of up-regulated DEGs. Down-regulated
DEGs were dominant in the ‘photosynthesis-antenna proteins’ and ‘amino sugar and nucleotide
sugar metabolism’ (Figure S1). The greatest numbers of DEGs were involved in ‘starch and sucrose
metabolism’, followed by ‘phenylpropanoid biosynthesis’.

Figure 5. Functional gene ontology classification of DEGs. The y-axis indicates the number of DEGs in
a category.

Figure 6. KEGG pathway enrichment of DEGs. The y-axis indicates the pathway name, and the x-axis
indicates the enrichment factor corresponding to the pathway. The q-value is represented by the color
of the dot. The number of DEGs is represented by the size of the dots.

3.4. DEGs Involved in the Plant Hormone Signal Transduction Pathways

Plant hormones play an important role in plant cold tolerance. A total of 36 DEGs and 677 background
unigenes were in the enriched pathway of plant hormone signal transduction (Figure 7). Plant hormone
signal transduction contained eight sub-paths. In the auxin signal transduction sub-pathway, there
were two up-regulated and nine down-regulated genes. In the cytokinin signal transduction
sub-pathway, there were three up-regulated and four down-regulated genes. There was just one
up-regulated gene in the gibberellin signal transduction sub-pathway. Only one down-regulated
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gene was related to jasmonic acid signal transduction. There were up-regulated and down-regulated
genes in the brassinolide and salicylic acid signal transduction pathways, which of them all contained
three up-regulated genes and one down-regulated gene. Ethylene and ABA have vital functions in
cold-stress signaling. In the ethylene signal transduction sub-pathway, there were two up-regulated
genes and one down-regulated gene. In the ABA signal transduction sub-pathway, there were two
up-regulated genes and one down-regulated gene for PYR/PYL, two down-regulated genes for PP2C,
and one up-regulated and two down-regulated genes for SnRK2.

Figure 7. DEGs involved in the plant hormone signal transduction pathway. The enriched KEGG
ortholog database (KO) terms are colored according to DEG regulation: red indicates up-regulation,
green indicates down-regulation, and yellow indicates both up- and down-regulation.

3.5. Verification by qRT-PCR

In the ICE1–CBF–COR pathway, we identified one ICE1, one COR, two ICE1-like and two
CBF genes. These genes were up-regulated in cold-tolerant variety ‘Pingtang 1’ (KEDU_AP) by
qRT-PCR verification (Figure 8). To verify the reliability of the transcriptome data, 11 DEGs were
randomly selected and examined using qRT-PCR at the transcriptional level (Figure S2). The expression
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patterns of the 11 DEGs were consistent with the transcriptome data (R2 = 0.81321, p-value = 0.002334).
These results indicate that our transcriptomic analysis was highly reproducible and reliable.

Figure 8. The expression of six genes involved in the ICE1–CBF–COR pathway. ICE, Cluster-5862.10114;
ICE-like 1, Cluster-5862.30769; ICE-like 2, Cluster-5862.1181; CBF1-1, Cluster-5862.30492; CBF1-2,
Cluster-5862.29181; and COR, Cluster-5862.23126.

4. Discussion

As a key messenger, the cytosolic Ca2+ occupies an important role in response to cold stress [32,33].
Research shows that cold-induced Ca2+ influx is positively correlated with accumulation of
cold-induced transcripts in Arabidopsis [34] and alfalfa (Medicago sativa L.) [35]. Cold stress increases
the cytosolic Ca2+ level, and this is then sensed by Ca2+ sensor proteins such as calmodulin (CaM)
and calcineurin B-like proteins (CBLs) [36,37]. The increased levels of Ca2+ in plant cells affect the
expression level of CBF and COR genes in the cold signaling pathway [7,38]. In this study, 332 unigenes
were annotated as CaMs and CBLs, and included 14 DEGs. Among these DEGs, seven (four CaM
and three CBL) genes were up-regulated in KEDU_AP, and seven (six CaM and one CBL) were
down-regulated (Figure S3 and Table 3).

Table 3. Identified DEGs, unigene numbers and ratios of DEG/unigene.

Component Unigenes DEGs Ratio (%)

AP2/EREBP 216 8 3.7
WRKY 161 12 7.5
bZIP 181 8 4.4
MYB 387 14 3.6
NAC 221 11 5.0

B-ARR 20 3 15
CaM/CBLs 332 14 4.2

MAPK 93 11 11.8
LEA 38 4 10.5

Plant protein kinases, such as Mitogen-activated protein kinases (MAPKs), play a central role
in cellular signaling. MKK2 is a member of the MAPK family, and is upstream of MPK4 and MPK6,
which are activated by low temperatures [14]. Previous studies showed that the influx of calcium
is involved in cold-stress regulation of MAPKs [39]. The receptor-like kinase CRLK1 may associate
calcium signaling with the MAPK cascade by binding to calcium, and CaM interacts with MEK
kinase 1 (MEKK1) [40] (Figure 9). We identified 93 MAPK unigenes, which included 11 DEGs: nine
up-regulated and two down-regulated (Figure S3 and Table 3).
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Figure 9. Diagram of cold-responsive regulatory networks [8,14]. The arrows indicate activation,
whereas lines ending with a bar indicate negative regulation; the “?” indicates unknown cis-elements.
Abbreviations: CaM, calmodulin; CBLs, calcineurin B-like proteins; MAPKs, mitogen-activated protein
kinases; ICE1, inducer of CBF expression 1; MYB, V-MYB avian myeloblastosis viral oncogene homolog;
MYBRS, MYB transcription factor recognition sequence; OST1, open stomata 1 (SnRK2.6); HOS1, high
expression of osmotically responsive genes1; CBF, C-repeat binding factor; COR, cold-responsive genes;
CRT, C-repeat elements; DRE, dehydration-responsive elements; LOS2, low expression of osmotically
responsive genes 2; ZAT10 and ZAT12 are two C2H2 zinc finger transcription factors.

In this work, 56 differentially expressed TFs were identified, and were divided into six TF families:
AP2/EREBP, WRKY, bZIP, MYB, NAC and B-ARR (Figure S4 and Table 3). Most of them have
been reported to be associated with cold tolerance in plants [41–44]. The TFs of CBFs belong to the
AP2/EREBP family [45]. Three CBF genes are known in Arabidopsis, and are induced with plant
exposure to cold, and regulate COR gene accumulation [46,47] (Figure 9). Overexpression of OsMYB4
could improve freezing tolerance in Arabidopsis by increasing COR gene expression, and OsMYBS3
and OsMYB2 enhanced cold resistance in rice [48–50]. We identified six genes in the ICE1-CBF-COR
pathway of P. edulis, and their expression levels in the cold-tolerant variety ‘Pingtang 1’ were higher
than that in cold-susceptible ‘Purple Fragrance 1’.

In addition to the TFs, other important genes involved in plant cold tolerance include
late-embryogenesis-abundant proteins (LEAs), antifreeze proteins (AFPs), superoxide dismutase
(SOD) and proline [51–53]. LEAs are highly hydrophilic and provide protection for plants during
cold stress. We also found four differentially expressed LEAs (Figure S3 and Table 3), with a high
expression level in KEDU_AP.

In this study, we identified candidate genes and signaling pathways associated with cold
tolerance by transcriptome sequencing of cold-tolerant variety ‘Pingtang 1’ and cold-susceptible
‘Purple Fragrance 1’. The heatmap of DEGs showed that many genes related to cold-tolerance had
higher expression levels in the cold-tolerant variety, indicating that they played a role in the chilling
stress response. This report is the first to identify genes and signaling pathways involved in cold
tolerance using high-throughput transcriptome sequencing in P. edulis. These findings may provide
useful insights into the molecular mechanisms regulating cold tolerance and genetic breeding in
Passiflora spp.
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5. Conclusions

P. edulis is mainly distributed in tropical and subtropical regions and has difficulty surviving
at low temperatures. To elucidate the molecular mechanisms of cold tolerance, we collected the
aboveground parts of cold-tolerant variety ‘Pingtang 1’ and cold-susceptible ‘Purple Fragrance 1’ and
subjected them to high-throughput sequencing. In total, 26,284,018 clean reads were obtained, and
86,880 unigenes with a mean size of 1449 bp were assembled. There were 3045 significant differentially
expressed genes (DEGs) identified between ‘Pingtang 1’ (KEDU_AP) and ‘Purple Fragrance 1’ (GX_AP).
To provide reference for the cold-tolerance breeding of P. edulis, we screened many DEGs, constructed
their expression profiles and analyzed their functions; some potentially vital cold-tolerance genes and
transcription factors were identified, and the expression levels of the two varieties were compared and
analyzed. As the first report on the high-throughput sequencing of cold-tolerant P. edulis, this study
should provide novel insights into cold-tolerance genes for P. edulis and be a valuable molecular basis
for study in Passiflora spp.

Supplementary Materials: The following are available online at www.mdpi.com/1999-4907/8/11/435/s1,
Table S1: Primer sequences; Figure S1: KEGG pathway enrichment of up-regulated and down-regulated DEGs;
Figure S2: Comparison of expression results between RNA sequencing (RNA-seq) and qRT-PCR; Figure S3:
Heatmap of important DEGs associated with cold-tolerance; Figure S4: Heatmap of differentially expressed
transcription factors (TFs) associated with cold-tolerance.
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Abstract: Piptoporus betulinus, a brown-rot parasitic fungus of birch trees (Betula species), has been
used as a common anti-parasitic and antibacterial agent. The lack of genetic resource data for
P. betulinus has limited the exploration of this species. In this present study, we used Illumina
Hiseq 2500 technology to examine the transcriptome assembly of P. betulinus in response to birch
sawdust induction. By de novo assembly, 21,882 non-redundant unigenes were yielded, and 21,255
(97.1%) were annotated with known gene sequences. A total of 340 responsive unigenes were highly
homologous with putative lignocellulose-degrading enzyme candidates. Additionally, 86 unigenes
might be involved in the chemical reaction in xenobiotics biodegradation and metabolism, which
suggests that this fungus could convert xenobiotic materials and has the potential ability to clean up
environmental pollutants. To our knowledge, this was the first study on transcriptome sequencing and
comparative analysis of P. betulinus, which provided a better understanding of molecular mechanisms
underlying birch sawdust induction and identified lignocelluloses degrading enzymes.

Keywords: Piptoporus betulinus; transcriptome; comparative analysis; lignocellulose degradation

1. Introduction

Piptoporus betulinus, a brown-rot parasitic fungus of birch trees (Betula species), has been used as
a common anti-parasitic and antibacterial agent for the treatment of wounds and various diseases, such
as cancer, inflammation and so on [1,2]. Its extract has been demonstrated to be effective in preventing
fatigue, strengthen immunity and relieving pain. Previous findings have suggested that this fungus
has the ability to degrade of wood components, including cellulose and hemicellulose [3–5].

Lignocellulose represents an abundant carbon-neutral renewable resource that can be used for the
production of bioenergy and biomaterials. It could be efficiently converted into ethanol using fungi
as biological pre-treatment [6]. Furthermore, published findings have shown that brown-rot fungi
have the potential as a new biocatalyst with unprecedented fermentability and a microbial starter [7].
Moreover, brown-rot fungi primarily break down cellulose and hemicellulose with carbohydrate
active enzymes (CAZy), which catalyze cellulose into 6-carbon sugars [8,9]. In addition, it could
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greatly balance the conversion system of bioethanol production without genetic engineering support
or external hydrolase. Therefore, it was considered as a promoter in lignocellulose biodegradation.

Although P. betulinus has various potential properties, the gene sequences in the publicly available
databases for this fungus are rare. Only about 78 nucleotide sequences of P. betulinus to date have
been deposited in National Center for Biotechnology Information’s (NCBI) GenBank database, and
most of them were isolated and cloned from ribosomal RNA genes [10,11]. In recent years, the
lignocellulose-decaying transcriptomes of white-rot fungi have been thoroughly studied [12,13], while
only few studies describing the transcriptomes of brown-rot fungi on wood have been reported [14,15].
This present study used Illumina Hiseq 2500 technology to examine the transcriptome of P. betulinus
in response to birch sawdust induction. Transcriptome profiling of P. betulinus provides a better
understanding of molecular mechanisms underlying birch sawdust induction and could identify
lignocellulose-degrading enzymes in this species.

2. Materials and Methods

2.1. Fungal Strain

In August 2014, the fruiting body of the fungal strain was collected from Betula platyphylla at
Liangshui Nature Reserve, Lesser Xing’an Mountains in Yichun city, Heilongjiang Province, China.
The fruiting body was sterilized in sodium hypochlorite for 1 min, before being rinsed with sterile
deionized water 3–5 times. This was cultured on potato dextrose agar plate and kept in the dark
at 28 ◦C for 10 days. Following this, this strain was identified as P. betulinus according to Internal
Transcribed Spacer (ITS) sequencing and alignment in NCBI (GenBank accession number MF967582).

2.2. RNA Extraction

The strain was inoculated into different liquid media (Potato dextrose broth (PDB) and PDB +
birch sawdust (Betula platyphlla) (5 g/L)), which were cultured with continuous shaking (150 rpm)
at 28 ◦C for 10 days. For each treatment (PDB and PDB + birch sawdust, respectively), the mycelia
of P. betulinus were harvested by filtration, before being frozen in liquid nitrogen and prepared for
RNA extraction. Total RNA was extracted using TRNzol reagent according to the manufacturer’s
protocol (TIANGEN, Beijing, China). Total RNA was extracted from each sample in triplicate, before
synthesized cDNA were pooled together for sequencing. A quantitative real-time PCR (qRT-PCR)
using RNA samples as templates was performed to detect genomic DNA. Samples with no amplified
qRT-PCR products were used as a template for cDNA synthesis. The extracted RNA yield and purity
were checked by NanoDrop 2000 (Thermo Scientific, Hudson, NH, USA). The qualified RNA samples
were used for cDNA synthesis using PrimeScript™ RT reagent Kit (TakaRa). Subsequently, cDNA
fragments were selected for PCR amplification and cDNA library were used for sequence analysis via
Illumina HiSeq™ 2500(Illumina, San Diego, CA, USA).

2.3. Transcriptome Analysis

Raw reads were cleaned by removing adaptor sequences, short sequences and low-quality reads
(reads containing Ns >5). The remaining clean reads were assembled into unigenes using short reads
assembling program, which is also known as SOAPdenovo [16]. TIGR Gene Indices clustering tool
(TGICL) was used to acquire a set of non-redundant unigenes [17]. After this, all the non-redundant
unigenes were used for blast search (E-value < 10−5 or 10−3) and annotation in various databases,
including NCBI Nr database, SwissProt database, Kyoto Encyclopedia of Genes and Genomes (KEGG)
database and Cluster of Orthologous Groups (COG) database. For the functional annotation, gene
ontology (GO) terms were analyzed using the Blast2GO program [18]. Finally, Web Gene Ontology
Annotation Plot (WEGO) was used to classify GO function for all unigenes [19].

A differential expression analysis between two treatments was performed using the DESeq2 R
package (http://www.bioconductor.org/package/DESeq2/). The false discovery rate (FDR) control
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method was applied in the Benjamini and Hochberg method to correct the results for p-values. An FDR
<0.01 and FC (fold change) ≥2 was set as the threshold to determine the significance of gene expression
differences. The fragments per kilo bases per million reads (FPKM) were used to evaluate expressed
values and quantify transcript levels, which normalizes and eliminates the influence of gene length and
sequencing depth in calculating gene expression, allowing for direct comparison of gene expression
between different treatments [20]. Genes with an adjusted p-value < 0.05 was assigned as differentially
expressed according to the reports of Deng et al. [21]. For pathway enrichment analysis, all differentially
expressed unigenes were submitted in the online KEGG Automatic Annotation Server (http://www.
genome.jp/kegg/) and we searched for significantly enriched KEGG terms to obtain the pathway
annotation (adjusted p-value < 0.05).

2.4. Quantitative Real-Time PCR Validation

A total of 12 representative birch sawdust induced-relevant unigenes (carbohydrate-active enzyme
genes and lignocellulose-degrading enzyme genes) with significantly differential expression (adjusted
p-value < 0.05) identified by RNA-seq were chosen for experimental validation using qRT-PCR with
gene specific primers (Table S1). The qRT-PCR was performed using SYBR® Premix Ex Taq™ II Kit
(Tli RNaseH Plus) (TakaRa, Tokyo, Japan) in a volume of 20 μL, which contained 10 μL of SYBR Premix
Ex Taq (2×), 0.4 μL of ROX Reference Dye II (10×), 2 μL of cDNA template and 0.5 μM of each primer.
The amplification was performed as follows: 95 ◦C for 30 s, 45 cycles of 95 ◦C for 5 s and 60 ◦C for 40 s.
The qRT-PCR amplifications were conducted in an ABI 7500 detection system (Applied Biosystems,
Carlsbad, CA, USA). All samples and reactions were performed in triplicate and the results were
expressed relative to the expression levels of actin in each gene by using the 2−		Ct method [22].

2.5. Availability of Data

All transcriptome data files were submitted to the Sequence Read Archive database with the
accession number SRP117136.

3. Results

3.1. Raw Reads Processing and de novo Assembly

For a better understanding of molecular mechanisms underlying birch sawdust induction and
comparative transcriptome analysis in P. betulinus, two cDNA treatments prepared from PDB media
and PDB + sawdust were sequenced with Illumina HiSeq™ 2500. An overview of the sequencing
and assembly is given in Table 1 and Table S2. After filtering adapters and short sequences or
low-quality bases, a total of 94,942,136 clean reads with 9,510,783,105 nucleotides were obtained in
the two treatments (Table S2). Finally, de novo assembly yielded 21,882 non-redundant unigenes with
an average length of 1949 bp and an N50 of 3007 bp (Table 1). Of these unigenes, 17,081 (88.1%) were
>500 bp and 10,670 (48.8%) were >1500 bp. These obtained sequences provided abundant information
on transcriptomes for further analysis of the birch sawdust-induced genes in P. betulinus.

Table 1. Overview of transcriptome sequencing and assembly for P. betulinus.

Length (bp) Total Number Percentage (%)

<200 0 0.0
200–500 4800 21.9
500–1000 3362 15.4
1000–1500 3049 23.9
1500–2000 2626 12.0
≥2000 8044 36.8
Total 21,882

Total length of all unigenes 42,652,276
Median length of all unigenes (N50) 3007

Average length of all unigenes 1949.17
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3.2. Functional Annotation

To identify the putative functions of unigenes in P. betulinus, we annotated all the assembled
unigenes against the Nr, Swiss-port, KEGG and COG databases. With comparison against those four
databases, a total of 21,255 (97.1%) unigenes were successfully annotated with known gene sequences.
The number of unigenes with significant similarity to sequences in Nr, Swissport, KEGG, and COG
databases were 21,255 (97.1%), 3351 (15.3%), 6256 (28.6%) and 7955 (36.4%), respectively (Table 2).

Table 2. Annotation of non-redundant unigenes.

Database Number of Annotated Unigenes Percentage of Annotated Unigenes

Nr 21,255 97.1%
Swissport 3351 15.3%

KEGG 6256 28.6%
COG 7955 36.4%

The GO analysis classified the functions of predicted unigenes into three main categories:
biological processes, molecular function and cellular components (Figure 1). A total of 3351 sequences
were assigned with 9111 GO terms, among which 2000 unigenes (22.0%) were assigned at least one
GO term in the biological processes, 4253 (46.7%) in the cellular components and 4658 (51.1%) in
molecular functions. Additionally, these unigenes were further classified into functional subcategories.
In cellular components, the largest subcategory was cells (29.8%) and the second largest was cell parts
(13.6%). Regarding molecular function, the largest number were found in catalytic activity (63.5%) and
binding (46.8%). According to biological processes, genes involved in metabolic process and cellular
process were highly represented, which accounted for 54.3% and 42.9% of the matched unigenes in the
subcategory, respectively.

Figure 1. Functional annotation of non-redundant unigenes based on Gene Ontology (GO) classification.
The results are summarized in three functional categories: cellular components, molecular function
and biological process.

The genes belonging to the same biological pathway synergistically participated to accomplish the
biological functions. The KEGG database was used to identify and predict the metabolism pathways
in P. betulinus. Details of sequences involved in KEGG annotation are listed in Table S3. In KEGG
metabolic pathways, a total of 6256 unigenes were matched in 309 different KEGG pathways (Table S3).
Among these pathways, the most common was amino acid metabolic pathways with 240 members,
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followed by ribosome biogenesis (202) and energy metabolism (197). These might be involved in
maintaining the basic metabolic process of P. betulinus.

In addition, in COG classification analysis, out of 21,882 Nr hits, 7955 unigenes were grouped into
25 COG categories. Among them, the prediction of the general function was the most populated group
(18.8%), followed by amino acid transport and metabolism (8.16%), and carbohydrate transport and
metabolism (6.9%). Two hundred and seventy-six unigenes were mapped into unknown functions,
which might be involved in a specific gene in P. betulinus. The smallest groups were found in cell
wall/membrane/envelope biogenesis and nuclear structures (Figure 2).

Figure 2. Histogram presentation of clusters of orthologous groups (COG) classification (7955 sequences
have a COG classification among the 25 categories).

Based on GO classification, KEGG pathway and COG annotation, the catalytic function accounted
for the highest percentage in the molecular functions, while amino acid transport and metabolism,
carbohydrate transport and metabolism were the predominant categories. Therefore, further analysis
was needed with specific focus on those pathways.

3.3. Changes in Gene Expression under Sawdust Induction

To characterize the differences of molecular response to the PDB (control) and PDB + birch
sawdust medias, unigene expression levels were calculated by the FPKM method. Based on FPKM
values, 776 unigenes were identified as differentially expressed genes (Table S4). Among them,
444 genes were up-regulated and 332 were down-regulated, which were identified by DESeq2 (http:
//www.bioconductor.org/package/DESeq2/) with adjusted p-value ≤ 0.05 and fold change value >2.
Following this, all differentially expressed genes were mapped into 26 different metabolic pathway
categories (Table S5). Of these annotated pathways, phenylpropanoid biosynthesis, starch and sucrose
metabolism and lysosome were the main pathways that accounted for 7.8%, 7.3% and 6.4%, respectively.
Notably, the pathway enrichment analysis revealed that phenylpropanoid biosynthesis as well as
starch and sucrose metabolism were the important pathways in the degradation of wood components
by P. betulinus.

3.4. Detection of Lignocellulose-Degrading Enzyme-Relevant Gene Sequences and qRT-PCR Analysis

For further insight into birch sawdust induction in P. betulinus, we detected and analyzed
induction-related genes in this study. These matched enzymes were mainly involved in the
degradation of cellulose, hemicellulose and starch. There were 340 highly homologous unigenes
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in putative wood-degrading enzymes (Table 3 and Table S6). Among them, 109 unigenes were
identified as glycoside hydrolases (GHs), 37 belonged to glycosyl transferases (GTs), while 12 and
13 genes were assigned to carbohydrate esterases (CEs) and polysaccharide lyases (PLs), respectively.
Fifty-three unigenes shared a similar identity to glucosidase, among which 52 homologs belonged to
beta-glucosidase. Twenty-three unigenes were similar to 3-(3-hydroxy-phenyl) propionate hydroxylase,
20 unigenes to chitinase, 16 unigenes to mannosidase, 11 unigenes to polygalacturonase, 9 unigenes to
mannosidase, 9 unigenes to pectinesterase.

Table 3. Putative wood-degrading genes in the P. betulinus transcriptome.

Enzymes Number of Unigenes

glycoside hydrolases 109
glycosyl transferases 37

carbohydrate esterases 12
polysaccharide lyases 13

beta-glucosidase 52
alpha-glucosidase 1

mannosidase 16
glycosyltransferase 4
polygalacturonase 11

alpha-galactosidase 7
D-xylose 1-dehydrogenase (NADP) 4

N-glycosylase 2
Pectinesterase 9

3-(3-hydroxy-phenyl)propionate hydroxylase 22
alpha-amylase 5

xylose isomerase 7
beta-xylosidase 2

xyloglucan:xyloglucosyl transferase 2
glucosylceramidase 5

chitinase 20
Total 340

Several putative unigenes were involved in xenobiotic biodegradation and metabolism (Table S6).
Enzymes involved in chloroalkane and chloroalkene degradation were S-(hydroxymethyl) glutathione
dehydrogenase/alcohol dehydrogenase and aldehyde dehydrogenase with 7 and 41 unigenes,
respectively [23]. One unigene was identified as carboxymethylenebutenolidase, which catalyzed the
chemical reaction in toluene and chlorobenzene degradation [24]. Two unigenes, 1 and 23 unigenes,
were found to exhibit a striking homology to amidase, nitrilase and 3-(3-hydroxy-phenyl) propionate
hydroxylase, respectively. These above enzymes were related to styrene degradation. Alcohol
dehydrogenase, which mainly degrade naphthalene compounds, were detected in P. betulinus
transcriptome with 7 unigenes. Four unigenes belonged to aflatoxin B1 aldehyde reductase, which
regulated the metabolism of xenobiotics by cytochrome P450.

To verify that the unigenes from sequencing were indeed differentially expressed genes and to
analyze the difference of gene expression profile between control samples and induced samples, twelve
unigenes related to lignocellulose-degrading enzyme-encoding genes were selected for qRT-PCR
analysis (Figure 3). The results showed that 8 unigenes were up-regulated and 4 unigenes were
down-regulated. Interestingly, the expression of c10553_g1_i5 and c10553_g1_i6 (mannosidase,
EC: 3.2.1.21) under sawdust-induced samples increased by 6.3-fold and 1.5-fold compared to controls,
suggesting that most of mannosidases were induced by sawdust in the lignocellulose-degrading
process. Similarly, the expression of pectinesterase (c8512_g1_i14 and c8512_g1_i8) was also increased
after being cultivated in birch sawdust. Several lignocellulose-degrading enzymes were detected to be
down-regulated, including c7080_g1_i5 and c8929_g1_i1 (polygalacturonase); as well as c9335_g2_i1
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and c5710_g1_i1 [3-(3-hydroxy-phenyl) propionate hydroxylase]. Therefore, those enzymes were
jointly involved in the degradation of lignocellulose.

Figure 3. Quantitative real-time PCR validation of differentially expressed unigenes in the
P. betulinus transcriptome. All reactions were performed in biological triplicate, and the error bars
represent the standard deviations. This figure included c8447_g1_i2, c9355_g2_i6 β-D-Glucosidase;
c10553_g1_i6, c10553_g1_i5,β-mannosidase; c8512_g1_i14, c8512_g1_i8, pectinesterase c4657_g1_i1,
c8708_g1_i4, α-glycosidase; c7080_g1_i5, c8929_g1_i1,polygalacturonase; c9335_g2_i1 and c5710_g1_i1
[3-(3-hydroxy-phenyl) propionate hydroxylase].

4. Discussion

Transcriptomics, an important part of functional genomics, clarify the genetic transcription of
cells at the overall level [25]. Data obtained by Illumina high-throughput sequencing has many
advantages due to its large storage size, high efficiency and low cost, which is suitable for a species
that has not had its whole genome sequenced. In this study, we firstly sequenced the P. betulinus
transcriptome using Illumina Hiseq 2500 technology. After de novo assembly, 21,882 non-redundant
unigenes were obtained, among which 21,255 were annotated into known functions involved in the
lignocellulose-degrading process. These findings showed that a considerable number of genes were
successfully identified through high-throughput sequencing and would be useful for the further
functional analysis.

Based on KEGG pathway database, 6256 unigenes were mapped into 309 types of enzyme-encoding
genes. Among them, many unigenes participated in degradation of wood components, which
would provide a better platform for cloning of cellulose-degrading genes and related functional
validation. The KEGG pathway results showed that amino acid transport and metabolism, carbohydrate
transport and metabolism as the predominant pathways were closely associated with cellulose and
hemicellulose degradation.

Annotation analysis of unigenes in the P. betulinus transcriptome showed that 340 transcripts
were identified as putative wood-degrading genes, which is less than other brown-rot fungi [26,27].
Additionally, 53 unigenes were found to be similar to glucosidase, demonstrating that P. betulinus
could degrade wood components. Interestingly, 2 unigenes were identified as pectinesterase in our
transcriptome, which is comparable with other brown-rot fungi [28] and suggests that this enzyme
was relatively conservative. Although we found that 20 unigenes had homology with chitinase, further
confirmation of its ability to degrade chitin is required.

Lignin biodegradation was mainly detected in white-rot fungi, which produces multiple
isoenzymes of lignin peroxidase, manganese peroxidase and laccase [29]. Although P. betulinus
is unable to degrade lignin, it could secrete enzymes which may modify lignin or break lignin
seal by the methylation pathway and sufficiently expose cellulose and hemicellulose for enzymatic

279



Forests 2017, 8, 374

action. Recently, most of the studies were focused on Postia placenta, such as genome, transcriptome,
secretome analysis and nuclear magnetic resonance analysis [27,30]. Martinez et al. first reported
transcriptional profile of brown-rot fungus P. placenta, and their results revealed that this fungus
possessed unique extracellular enzyme systems, including an unusual repertoire of glycoside
hydrolases, while exocellobiohydrolases and cellulose-binding domains were absent in this fungus [27].
When P. placenta was grown in medium containing cellulose as the sole carbon source, transcripts
corresponding to many hemicellulases and endoglucanases were expressed at high levels compared to
the glucose-grown culture [31]. It is well known that although brown-rot and white-rot fungi are both
basidiomycetes, white-rot fungi can produce complex ligninolytic systems to degrade lignin [32]. The
different degradation pathway mechanisms in these two fungi have attracted the attention of scientists.
However, lignin peroxidase, manganese peroxidase, versatile peroxidase and laccase were not detected
in the P. placenta genome [31], suggesting that this fungus could not induce lignin depolymerization,
which was consistent with our finding.

In addition, several metabolic pathways might be involved in polycyclic aromatic hydrocarbon
degradation, including phenylpropanoid biosynthesis, polycyclic aromatic hydrocarbon degradation,
limonene and pinene degradation. However, in the past published papers, P. betulinus was thought to
modify the structure of lignin instead of degrading lignin, which involve complex phenolic polymers
composed of cinnamyl alcohol subunits, phenylpropanol and its derivatives [33]. Therefore, our paper
speculated that those metabolic pathways in P. betulinus transcriptome were likely to participate in
lignin modification. Importantly, we also found 8 potential wood-degrading related genes consisting
of 3 laccases, 1 cellobiose dehydrogenase and 4 glucose oxidases. This indicated that P. betulinus
could efficiently degrade wood components (Table S6), which is consistent with a previous report [34].
Although we detected wood-degrading enzymes encoding genes in transcriptome, enzymatic activity
should be measured in a future experiment to confirm its enzyme activity level.

Eighty-six unigenes were matched with xenobiotics biodegradation and metabolism, including
chloroalkane and chloroalkene degradation, toluene and chlorobenzene degradation, styrene
degradation, naphthalene degradation and metabolism of xenobiotics by cytochrome P450. Prince and
Roger [35] reported bioremediation using microbiological processes to clean-up organic and inorganic
environmental pollutants by chloroalkane and chloroalkene degradation. Published findings have
evaluated the effect of white-rot fungi on removal of gaseous chlorobenzene and naphthalene, while
no reports have been published regarding this degradation using brown-rot fungi. Therefore, our next
experiment would determine the ability of gaseous chlorobenzene or naphthalene in P. betulinus [36–38].
The findings of Krueger et al. [38] indicated that brown-rot fungus Gloeophyllum trabeum might
be suitable for the biodegradation of styrene. Although white-rot fungi degrading xenobiotic
compounds was originally attributed to its lignin-degrading enzyme system, Ide et al. [39] suggested
that cytochrome P450 showed a novel catalytic property in xenobiotic metabolism. All annotated
enzymes or degradation processes could be found in P. betulinus transcriptome, demonstrating that
P. betulinus could not only harbor metabolic xenobiotic materials but also potentially degradation of
environmental pollutants.

5. Conclusions

To our knowledge, this was the first study to describe the changes in transcriptome of brown-rot
fungus P. betulinus when growing on birch saw dust. After an in-depth RNA-seq analysis, we
obtained and annotated 3351 assembled unigenes to at least one database. A large number of potential
lignicellulose-degrading enzyme-relevant genes were identified, suggesting that this species is suitable
for wood degradation. In summary, our analysis results obtained from the transcriptome data provide
an insight into the genetic background of brown-rot fungus P. betulinus.
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Abstract: To better understand the genetic control of resin yield, growth traits and morphologic traits
for Pinus elliottii families, genetic relationships among these traits were examined in three 27-year-old
progeny trials located in Jingdezhen, Jian and Ganzhou, Jiangxi Province, China. In total, 3695 trees
from 112 families were assessed at the three sites. Significant site, family and family × site effects
were found for resin yield, growth traits and morphologic traits. Resin yield and growth traits were
found to be under moderate genetic control for the three sites combined, with family heritability
and individual narrow-sense heritability ranging from 0.41 to 0.55 and 0.11 to 0.27, respectively.
The coefficient of genotypic variation (CVG) of stem volume (SV) and crown surface area (CSA) were
higher than those of other traits at each site. Genetic correlation estimates indicated that selection for
growth traits might lead to a large increment in resin yield (RY), and most morphologic traits had
moderate to strong correlations with growth traits at each individual site. One possible strategy in
tree breeding would be to maximize resin production through selection for growth traits.

Keywords: families; Pinus elliottii; resin yield; growth traits; morphologic traits; heritability;
genotypic correlation

1. Introduction

Pine resin is an important non-timber secondary forest product. It produces turpentine (monoterpenes
and sesquiterpenes) and rosin (diterpenes). These compounds are widely used in pharmaceutical,
cosmetics, food, chemical and other such industries [1–3]. China is the leading producer of resin in
the world. During the 1990s, China annually exported a total of 200,000 tons of resin to more than
40 countries, accounting for about 50% of the resin traded in the world [4]. Of the pine resin resources,
Pinus elliottii is one of the main resin tree species in China.

P. elliottii (slash pine), which originated from the Southeastern United States, is one of the most
important coniferous timber species in the Pinus genus. Slash pine was introduced to China in the
late 1940s and began to be planted in Southern China on a large scale in the late 1970s [5]. In addition
to its wide use for the wood, pulp and paper industry, this species has also long been employed as
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a main source of resin. In recent years, the resin price has risen annually. For example, the resin
purchased from forest farmers has an average price of 10 yuan (about 1.5 dollars) per kilogram in 2016.
Nowadays, it is more profitable for farmers than harvesting trees for timber. However, due to its high
commercial value, slash pine has been subjected to overexploitation during past decades.

The quantity of constitutive resin produced by pine species is influenced by genetic and
environmental factors [6]. Much of the attention devoted for identifying the variables that have
a bearing on resin production has concentrated on environmental attributes and cultural practices
aimed to stimulate tree growth. A prominent focus of this research includes potential determinants
that might alter resin production over the course of a growing season, including those that can cause
carbon resources to be shifted to secondary metabolic processes involved in resin synthesis away
from the dominant primary processes that contribute to tree growth. Allocation of photosynthates
to primary and secondary metabolic processes is believed to result in a trade-off between growth
and resin formation following plant growth differentiation principles formulated first by Loomis [7]
and later modified to explain the relationship between growth and resin flow in pines by Lorio [8].
Previous studies have suggested that growth traits and morphologic traits can influence resin yield,
with trees with a larger diameter and crown size yielding more resin than their smaller pine species
counterparts [9,10]. Thus, accurately exploring the genetic correlation among resin yield, growth traits
and morphologic traits is needed, as they have major implications for the development of selection
and breeding strategies.

Similarly, a large effort has also been committed to determine how strongly genetic effects
influence variation of resin yield in pine trees. Researches have demonstrated that resin yield is a
highly heritable trait, and important genetic gains can be obtained from the selection of high resin
yielders. For example, Roberds and Strom [11] estimated that the repeatabilities of gum yield in
loblolly pine (Pinus teada L) (0.64–0.67), longleaf pine (Pinus palustris) (0.46–0.77) and slash pine (0.55)
are quite high. Squillace and Bengston [12] found that narrow-sense heritability for gum resin yield in
slash pine is around 0.55, indicating that this trait is under fairly strong genetic control. Experimental
observations in maritime pine (Pinus pinaster Ait.) and masson pine (Pinus massoniana) likewise
indicate that resin-yielding capability is under substantial genetic regulation in these species [13,14].
General methods for increasing resin yield including genetically improve associated trees and develop
resin pine plantations. In China, the genetic improvement to increase resin yield was initiated in
the mid-to-late 1980s, and these programs primarily focus on the selection of trees that yield high
amounts of resin based on the phenotypic performance of unimproved plantations [14]. Research has
demonstrated that large differences occur among half-sib families in resin yield, and some superior
families and clones for further studies on genetic improvement have been selected [15,16]. However,
the majority of seedlings used for afforestation have not been subject to genetic improvement, and pine
plantations have made limited contributions to the increment of resin yields. Slash pine improvement
programs to promote resin yield are still nascent, and more breeding practices needed to be made for
this species.

In China, tree breeding programs for slash pine have mainly emphasized improvements in
tree growth and wood properties [2,17]. Several studies have focused on the resin-yielding capacity.
However, most of these studies on resin yield and growth traits have either been performed at a
single site or are based on a small number of samples or families. Consequently, limited information is
available on the ecological variation, reaction norms and phenotypic plasticity of the resin yield, growth
traits and morphologic traits of P. elliottii families. Moreover, the sample size in these previous studies
was insufficient. For tree improvement, quantitative parameter estimates require an examination of
more genotypes at different locations than those used in previous studies.

To understand the quantitative genetics for resin yield, growth traits and morphologic traits of
P. elliottii in China, we conducted a large study using 3695 trees from 112 open-pollinated families
established at three sites in Jiangxi Province with the following study aims: (1) to describe the resin
yield, growth traits and morphologic traits in the studied area; (2) to quantify genetic variation and
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inheritance for resin yield, growth traits and wood traits; (3) to explore the genotype × environment
interactions for these traits; (4) to examine the genetic relationship among resin yield, growth traits
and wood traits. These findings will be helpful to decide the appropriate breeding strategies for
improvement programs of slash pine in China.

2. Materials and Methods

2.1. Materials

The present study comprised of 112 open-pollinated families of P. elliottii plus trees randomly
selected from a seed orchard in Georgia (12 plus trees), Mississippi (60 plus trees) and Florida (50 plus
trees) in United States. Plus trees were selected for high resin yield, high growth rate, and straight stem
form. Open-pollinated families from these trees were included in three trials established in the spring
of 1990 at three locations in Jiangxi Province, Jingdezhen, Jian and Ganzhou, and the characteristics
of the three trials are presented in Figure 1 and Table 1. The annual temperature and rainfall data in
Table 1 were collected from the local meteorological bureau. The trials used a randomized complete
block design with plots containing four trees per row and five replications, with a total of 2240 trees
per site. The seedlings were planted with 3.0 m × 4.0 m spacing. Specific silvicultural treatments
were not performed prior to the experiments. In 2016, all trees were measured; the survival rate for
Jindezhen, Jian and Ganzhou were 55.8%, 56.1% and 53.1%, respectively; the survival rate was not
high for the three trials, which reflected the snow disaster in 2008. The total number of trees sampled
for the three sites were 1249, 1257 and 1189, respectively.

Figure 1. Location of the progeny trails (blue dots) in Jiangxi Province and main growing regions
(shaded area) of P. elliottii in China.
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Table 1. Location, climatic conditions and description of the three progeny trials.

Site Latitude N (◦) Longitude W (◦) Mean Annual T (◦C)
Rainfall
mm/year

Survival (%) Sample Trees

Jingdezhen 29.37 117.25 17.2 1805 55.8 1249
Jian 27.22 115.13 18.3 1487 56.1 1257

Ganzhou 25.38 114.93 20.2 1318 53.1 1189

2.2. Measurement of Resin Yield, Tree Growth and Evaluation of Morphologic Properties

Resin yield (RY) was measured using the bark streak wounding method for resin tapping [16].
After removing the outer bark at breast height using a sharp hatchet, a streak was incised in the
bark-shaved face. The streak was 2 mm wide and 5 mm deep and had a side gutter angle of 45◦ and
tapping load rate of less than 45% (Figure 2). Resin from each wound was funneled into open plastic
bags attached to the base of the wounds. Rewounding was performed every 2 days throughout the
experimental period in August, with 15 cuts performed on each tree. The sampled trees were measured
for RY (in kilograms) at the end of August.

 

Figure 2. Bark streak wounding method for resin tapping.

Total height (HT) was measured in meters. Stem diameter at breast height (DBH) was measured
in centimeter. The height (HGT) and DBH were used to calculate the stem volume (stem volume (SV),
in m3) of the outer bark of individual trees:

SV =
0.527 × πD2H

4
(1)
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Morphologic traits including height under live crown (HLC), crown width (CW) and crown
length (CL). The CW and CL were used to calculate the crown surface area (CSA) of an individual tree
according to Chen et al. [18] and Huang et al. [19]:

CVA =
πCW

4

√
CL2 +

CW2

4
(2)

2.3. Statistical Models and Analysis

Univariate restricted maximum likelihood (REML) analyses were undertaken separately to
obtain estimates of variance components for each trait using statistical software ASReml-R (v. 3.0,
Queensland Department of Primary Industries and Fisheries, Brisbane, Australia) package in R [20,21].
The following linear mixed models (family models) were used for separate analyses (1) of individual
site and for joint analyses (2) of the three sites together:

y = μ + Xb + Z1 f + Z2 f b + e (3)

y = μ + X1s + X2b(s) + Z1 f + Z2 f s + Z3 f b(s) + e (4)

where y is the vector of observations, μ is the intercept, s, b, b(s) are the fixed site, block and block within
site effects, f, fb, fs, fb(s), e refers to random family, family-site, family-block and family-block within site
and residual effects, and X and Z are the known incidence matrices relating the observations in y to the
fixed and random effects, respectively, assuming f ∼ N(0, σ2

f I), f s ∼ N(0, σ2
f s I), f b(s) ∼ N(0, σ2

f b(s)
I),

e ∼ N(0, σ2
e I), where σ2

f , σ2
f s, σ2

f b(s)
, and σ2

e are family, family-site, family-block and family-block within

site and residual error variances, respectively, I is an identity matrix.
The significance of the variance components for each trait was tested using the likelihood ratio

test (LRT, [22]). Approximate standard errors for estimated variances were estimated using the Taylor
series expansion method [23].

Open pollinated mating was assumed to have created true half-sibs and among which the genetic
variation accounts for one quarter of the total additive genetic variance, thus additive genetic variance

σ̂2
a = 4σ̂2

f (5)

phenotypic variance
σ̂2

p = σ̂2
f + σ̂2

f b + σ̂2
e (6)

and
σ̂2

p = σ̂2
f + σ̂2

f s + σ̂2
f b(s)

+ σ̂2
e (7)

for individual site and joint analyses, respectively. Variation at genetic, phenotypic and residual level
(CVG, CVP and CVE), individual narrow-sense heritability (ĥ2

i ), and family mean heritability (ĥ2
f ) were

calculated, respectively, as follows [14]:

CVG = σ̂f /X × 100% (8)

CVP = σ̂p/X × 100% (9)

CVE = σ̂e/X × 100% (10)

ĥ2
i =

σ̂2
a

σ̂2
p

(11)

ĥ2
f =

σ̂2
f

σ̂2
f + σ̂2

f b/nb + σ̂2
e /(nb × nk)

(12)
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ĥ2
f =

σ̂2
f

σ̂2
f + σ̂2

f s/ns + σ̂2
f b(s)

/(ns × nb) + σ̂2
e /(ns × nb × nk)

(13)

Formula (10) and (11) were used in individual site and joint analyses, respectively. Terms ns, nb
and nk are the number of sites, blocks within sites and the harmonic mean of the number of trees per
family, respectively.

Genetic correlations (rg) were estimated using bivariate analyses for all possible combinations of
traits and calculated as [14]:

rg =
σ̂g(xy)√

σ̂2
g(x) × σ̂2

g(y)

(14)

where the σ̂g(xy) refers to the genotypic covariance between traits x and y, σ̂2
g(x) denotes the genotypic

variance component for trait x and σ̂2
g(y) is the genotypic variance component for trait y.

To evaluate the extent of genotype × environment interaction (G × E) for each trait, between-site
type-B genetic correlations obtained from bivariate models were used [24], and their approximate
standard errors were estimated using the Taylor series expansion method [23]. The type-B genetic
correlation was calculated as:

rB =
σ̂g(a1a2)√

σ̂2
g(a1) × σ̂2

g(a2)

(15)

where σ̂g(a1a2) is the covariance between genotypic effects from bivariate models of the same traits in
different sites and σ̂2

g(a1) and σ̂2
g(a2) are estimated genotypic variances for the same traits in trial 1 and

trial 2, respectively.
To evaluate the expected response in resin yield at each site by using different selection criteria,

and developed implications for tree improvement. The expected gain in trait y was predicted from the
correlated response to individual selection in trait x using the following formula [25]:

ΔG = i ĥx ĥy rg σ̂py (16)

where i is the selection intensity (according to the sample size in this study, the selection intensity is
assumed to equal 1.76, which corresponds to the selection of ten parental trees out of 100); ĥx and ĥy

are the square roots of individual tree heritability for direct-selection x trait and correlated y trait; rg is
the estimated genetic correlation between traits x and y; and σ̂py is the phenotypic standard deviation
for trait y.

3. Results

3.1. Mean Values and Site Effects

The mean values, range of variation and standard error of the mean for all traits in each of the
three progeny trials are presented in Table 2. The trees at the Jian site had the lowest RY. The highest
RY was observed at the Ganzhou site, with a 6.9 difference was observed between the lowest and
highest average RY (Table 2). At the Jingdezhen site, the HGT of P. elliottii was the highest but the
DBH was the lowest; thus, the SV of P. elliottii was not high at this site. Nevertheless, at the Jingdezhen
site, the CSA was the highest, which was supported by the highest CW and moderate CL at this site,
whereas at the Jian site, the CSA was the lowest. The HLC of trees at the Jingdezhen site was 33.66%
higher than that of the tress at the Ganzhou site. An analysis that combined all three trials showed
significant site effects (p < 0.01) for RY, growth traits and morphologic traits (Table 3).

3.2. Genetic Variation and Heritability

Significant differences among families in the RY, growth traits and morphologic traits were
observed when analyzing the three sites together (Table 3). Growth traits showed higher estimated
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family heritability (h2
f = 0.42–0.55) and estimated individual tree heritability (h2

i = 0.14–0.27) than
resin yield and most morphologic traits (Table 3).

The estimates of variances, heritability, coefficients of genotypic, residual, and phenotypic
variations at each individual site are presented in Table 4. Significant differences were observed
among the families for most of the traits examined at the three sites except for the DBH, HLC and CW
at Jian and the RY at Ganzhou. In general, the coefficient of genetic variation (CVG) values for the SV
and CSA were higher than those for other traits at each site (Table 4). The family and individual tree
heritabilities for all traits at the Jindezhen site ranged from 0.46 to 0.65 and 0.41 to 0.73, respectively,
which were high compared with those estimated at the other two sites.

Table 2. Mean values, standard error of the mean (SE) and range of variation based on individual
values of the resin yield, growth traits and morphologic traits of P. elliottii for the three progeny trials.

Trait (Site)

Jingdezhen Jian Ganzhou

Mean SE
Range

(Min–Max)
Mean SE

Range
(Min–Max)

Mean SE
Range

(Min–Max)

RY (kg) 1.17 0.006 0.3–2.2 1.16 0.011 0.3–2.8 1.24 0.009 0.3–3.25
HGT (m) 14.68 0.083 6.4–23.0 13.02 0.072 5.4–18.6 12.15 0.061 5.8–16.7
DBH (cm) 25.26 0.114 13.7–39.5 27.82 0.132 16.2–43.9 28.05 0.120 17.5–41.8
SV (m3) 0.418 0.005 0.06–1.37 0.441 0.005 0.09–1.12 0.412 0.004 0.11–0.96
HLC (m) 9.69 0.059 3.1–16.8 7.51 0.055 1.8–13.1 7.25 0.054 1.9–12.7
CW (m) 5.37 0.029 2.1–8.9 4.71 0.028 2.1–8.4 5.36 0.030 2.4–9.9
CL (m) 4.98 0.045 1.0–15.0 5.50 0.043 0.7–10.6 4.89 0.040 0.8–9.5

CSA (m2) 24.9 0.316 4.7–106.0 22.9 0.258 3.2–61.4 24.2 0.254 6.0–65.7

Resin yield (RY), diameter at breast height (DBH), height (HGT), stem volume (SV), height under live crown (HLC),
crown width (CW), crown length (CL) and crown surface area (CSA).

Table 3. Estimates of variances (σ̂2
f , σ̂2

f s, σ̂2
f b(s)

, σ̂2
e ) for family, family-site, family-block within site

interactions and residual variances, respectively, family mean and individual narrow sense heritability
(ĥ2

f , ĥ2
i ) (with standard error in parenthesis), and coefficient of variation at genetic, phenotypic and

residual level (CVG, CVP and CVE) for various traits from site combined analysis.

Trait
p Value of
Site Effect

σ̂2
f

(SE)

σ̂2
fs

(SE)

σ̂2
fb(s)

(SE)

σ̂2
e

(SE)
h2

f
(SE)

h2
i

(SE)
CVG

(%)
CVE

(%)
CVP

(%)

RY <0.01 ** 0.003
(0.001)

0.003
(0.001)

0.006
(0.002)

0.1
(0.003)

0.41
(0.09)

0.11
(0.04) 4.58 26.45 28.00

HGT <0.001 *** 0.45
(0.12)

0.33
(0.11)

2.07
(0.16)

3.86
(0.12)

0.55
(0.07)

0.27
(0.06) 5.06 14.77 19.46

DBH <0.001 *** 0.65
(0.21)

0.56
(0.23)

1.06
(0.37)

16.3
(0.49)

0.45
(0.09)

0.14
(0.04) 2.99 14.94 15.94

SV <0.001 *** 0.001
(0.001)

0.002
(0.001)

0.005
(0.001)

0.03
(0.001)

0.42
(0.09)

0.16
(0.05) 7.45 39.43 44.71

HLC <0.001 *** 0.26
(0.06)

0.04
(0.06)

1.34
(0.1)

2.31
(0.07)

0.59
(0.06)

0.26
(0.06) 6.23 18.62 24.35

CW <0.001 *** 0.03
(0.01)

0.04
(0.01)

0.09
(0.02)

0.88
(0.03)

0.41
(0.09)

0.13
(0.04) 3.53 18.20 19.83

CL <0.001 *** 0.05
(0.03)

0.04
(0.17)

0.34
(0.05)

1.73
(0.05)

0.26
(0.12)

0.08
(0.04) 4.31 25.63 29.45

CSA <0.001 *** 2.91
(1.24)

6.26
(1.59)

13.5
(2.08)

73.07
(2.22)

0.35
(0.10)

0.12
(0.05) 7.10 35.60 40.75

Degrees of freedom are 2 for site, 12 for block. Resin yield (RY), diameter at breast height (DBH), height (HGT),
stem volume (SV), height under live crown (HLC), crown width (CW), crown length (CL) and crown surface area
(CSA). *** p < 0.001; ** 0.001 < p < 0.01, level of significance of effects.
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Table 4. Estimates of variances (σ̂2
f , σ̂2

f b, σ̂2
e ) for family, family-block and residual variances, respectively,

family mean and individual narrow sense heritability (ĥ2
f , ĥ2

i ) (with standard error in parenthesis), and
coefficient of variation at genetic, phenotypic and residual level (CVG, CVP and CVE) for various traits
at each site.

Site σ̂2
f (SE) σ̂2

fb (SE) σ̂2
e (SE) h2

f (SE) h2
i (SE) CVG (%) CVE (%) CVP (%)

Jian

RY 0.009 (0.003) 0.003 (0.006) 0.157 (0.008) 0.35 (0.09) 0.21 (0.08) 8.16 34.16 35.37
HGT 0.38 (0.20) 3.17 (0.34) 3.25 (0.17) 0.28 (0.11) 0.22 (0.11) 4.71 13.84 20.01
DBH 0.49 (0.35) ns 0.05 (0.72) 21.54 (1.08) 0.20 (0.11) 0.10 (0.06) 2.51 16.68 16.89
SV 0.001 (0.001) 0.002 (0.001) 0.035 (0.002) 0.27 (0.10) 0.15 (0.07) 7.17 42.52 44.17

HLC 0.000 (0.000) ns 2.59 (0.21) 1.49 (0.08) 0.00 (0.00) 0.00 (0.00) 0.00 16.23 26.67
CW 0.014 (0.016) ns 0.06 (0.03) 0.86 (0.04) 0.13 (0.12) 0.06 (0.05) 2.52 19.65 20.52
CL 0.09 (0.05) 0.21 (0.09) 2.03 (0.11) 0.27 (0.10) 0.16 (0.08) 5.48 25.88 27.74

CSA 2.22 (1.46) 4.57 (2.93) 75.21 (3.84) 0.21 (0.11) 0.11 (0.07) 6.51 37.87 39.54

Ganzhou

RY 0.003 (0.002) ns 0.001 (0.004) 0.110 (0.006) 0.20 (0.11) 0.10 (0.06) 4.38 26.53 27.02
HGT 0.28 (0.12) 1.19 (0.20) 3.01 (0.16) 0.34 (0.10) 0.25 (0.10) 4.30 14.27 17.41
DBH 0.64 (0.30) 0.000 (0.000) 16.67 (0.72) 0.28 (0.09) 0.15 (0.06) 2.85 14.55 14.83
SV 0.001 (0.001) 0.001 (0.001) 0.023 (0.001) 0.33 (0.10) 0.20 (0.08) 7.67 36.99 38.34

HLC 0.28 (0.10) 0.84 (0.15) 2.39 (0.13) 0.41 (0.09) 0.32 (0.11) 7.35 21.30 25.83
CW 0.03 (0.02) 0.000 (0.000) 1.03 (0.04) 0.24 (0.11) 0.12 (0.06) 3.28 18.91 19.19
CL 0.06 (0.04) 0.30 (0.08) 1.59 (0.08) 0.22 (0.12) 0.13 (0.08) 5.04 25.71 28.45

CSA 4.11 (1.701) 4.16 ((2.70) 68.92 (3.56) 0.35 (0.10) 0.22 (0.08) 8.36 34.25 36.25

Jingdezhen

RY 0.005 (0.002) 0.016 (0.002) 0.031 (0.002) 0.46 (0.08) 0.41 (0.11) 6.31 14.92 19.37
HGT 1.59 (0.34) 1.85 (0.31) 5.30 (0.28) 0.64 (0.05) 0.72 (0.13) 8.60 15.69 20.14
DBH 2.41 (0.57) 3.98 (0.63) 9.88 (0.53) 0.57 (0.06) 0.59 (0.12) 6.14 12.44 15.96
SV 0.008 (0.002) 0.01 (0.002) 0.03 (0.001) 0.61 (0.05) 0.68 (0.13) 21.36 37.65 50.10

HLC 0.63 (0.14) 0.64 (0.15) 3.09 (0.16) 0.59 (0.06) 0.57 (0.12) 8.16 18.12 21.52
CW 0.16 (0.04) 0.25 (0.04) 0.72 (0.04) 0.56 (0.06) 0.55 (0.12) 7.38 15.77 19.77
CL 0.47 (0.10) 0.50 (0.09) 1.58 (0.08) 0.65 (0.05) 0.73 (0.13) 13.75 25.16 32.03

CSA 20.32 (4.65) 31.88 (4.86) 74.39 (3.96) 0.60 (0.06) 0.64 (0.13) 18.10 34.62 45.17

Degrees of freedom are 4 for block. Resin yield (RY), diameter at breast height (DBH), height (HGT), stem volume
(SV), height under live crown (HLC), crown width (CW), crown length (CL) and crown surface area (CSA); ns no
significance of effects.

3.3. Genotype × Environment Interaction

In the present study, the family × site interaction was significant for RY, growth traits and
morphologic traits (Table 3). Inter-site genotypic correlations between HLC with pairs of Jindezhen-Jian
and Ganzhou-Jian sites were not estimated because significant differences in HLC were not observed
among the families at Jian (Table 5). Most of inter-site genotypic correlations between the same traits at
Jingdezhen-Jian and Jingdezhen-Ganzhou sites were moderate or weak (Table 5). However, the type B
genotypic correlations between Ganzhou and Jian for all traits were higher, indicating that these traits
were stable across Ganzhou and Jian. Compared with the resin yield and morphologic properties, the
growth traits generally showed higher inter-site genotypic correlations (0.18–0.68).
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Table 5. Type B genetic correlations (with standard error in parenthesis) between sites for the resin
yield, growth traits and morphologic traits of P. elliottii.

Traits
Correlations

RY HGT DBH SV HLC CW CL CSA

JDZ-JA 0.34
(0.14)

0.53
(0.18) **

0.18
(0.22)

0.30
(0.18)

0.00
(0.00)

0.17
(0.21)

0.19
(0.18)

0.22
(0.19)

JDZ-GZ 0.29
(0.20)

0.48
(0.16) *

0.29
(0.19)

0.35
(0.19) *

0.43
(0.17) *

0.16
(0.20)

0.13
(0.18)

0.15
(0.18)

GZ-JA 0.55
(0.18) **

0.68
(0.12) **

0.54
(0.15) **

0.40
(0.12) *

0.00
(0.00)

0.37
(0.15) *

0.22
(0.13)

0.23
(0.13)

Type B genetic correlations were used to measure the importance of G × E interactions for RY and measure the
growth traits and morphologic traits of P. elliottii from the combined sites analysis. Resin yield (RY), diameter at
breast height (DBH), height (HGT), stem volume (SV), height under live crown (HLC), crown width (CW), crown
length (CL) and crown surface area (CSA). JDZ (Jingdezhen), GZ (Ganzhou) and JA (Jian). ** 0.001 < p < 0.01;
* 0.01 < p < 0.05, level of significance of effects.

3.4. Genotypic Correlations between Traits, Genetic Gain, and Correlated Genetic Response

The estimated genetic correlations among the RY, growth traits and morphologic traits are
presented in Table 6. Strong and positive genotypic correlations between RY and HGT, DBH and SV
were observed across the three sites. This finding suggests that selection for growth traits might lead
to a large increment in RY. Moderate to strong and positive correlations were observed between RY
and the morphologic traits at specific localities except between HLC and RY at Ganzhou, which was
negatively correlated. Most morphologic traits showed moderate to strong correlations with growth
traits at each individual site.

Predicted genetic gains, assuming observed individual tree heritability and genotypic correlations
and correlated genetic response in resin yield, with different selection criteria used, are presented for
individual sites in Table 7. The predicted gains in RY were comparable at Jian and Jindezhen (11.08%
and 9.53%, respectively), whereas the Ganzhou site had a lower gain (4.18%). Selection for growth
traits resulted in a higher gains in RY at Jindezhen (10.97–11.53%). Overall, predicted gains from
growth traits selection in RY were higher than the selection for morphologic traits.

Table 6. Estimated intertrait genetic correlations (with standard error in parenthesis) among resin yield,
growth traits and morphologic traits across the three study sites.

Trait HGT DBH SV HLC CW CL CSA

Jian

RY 0.68 (0.26) ** 0.82 (0.18) *** 0.73 (0.17) *** 0.00 (0.00) 0.34 (0.4) 0.61 (0.22) ** 0.56 (0.24) **
HGT 0.95 (0.14) *** 0.98 (0.11) *** 0.00 (0.00) 0.20 (0.61) 0.99 (0.17) *** 0.95 (0.33) ***
DBH 0.97 (0.07) *** 0.00 (0.00) −0.11 (0.85) 0.97 (0.24) *** 0.60 (0.31) **
SV 0.00 (0.00) −0.01 (0.60) 0.98 (0.15) *** 0.73 (0.23) ***

HLC 0.00 (0.00) 0.00 (0.00) 0.00 (0.00)
CW 0.67 (0.46) * 0.98 (0.18) ***
CL 0.90 (0.09) ***

Ganzhou

RY 0.58 (0.16) ** 0.72 (0.17) *** 0.58 (0.20) ** −0.22 (0.27) 0.89 (0.20) *** 0.92 (0.19) *** 0.95 (0.13) ***
HGT 0.53 (0.19) ** 0.85 (0.08) *** 0.88 (0.05) *** −0.06 (0.27) 0.31 (0.18) * 0.12 (0.20)
DBH 0.89 (0.05) *** 0.10 (0.23) 0.66 (0.20) ** 0.88 (0.16) *** 0.78 (0.12) ***
SV 0.52 (0.16) ** 0.37 (0.25) * 0.72 (0.14) *** 0.54 (0.16) ***

HLC −0.50 (0.25) * −0.19 (0.19) −0.36 (0.18) *
CW 0.91 (0.24) *** 0.98 (0.08) ***
CL 0.98 (0.05) ***
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Table 6. Cont.

Trait HGT DBH SV HLC CW CL CSA

Jindezhen

RY 0.90 (0.04) *** 0.96 (0.02) *** 0.94 (0.03) *** 0.67 (0.09) *** 0.66 (0.08) *** 0.88 (0.04) *** 0.86 (0.04) ***
HGT 0.95 (0.02) *** 0.98 (0.01) *** 0.88 (0.03) *** 0.62 (0.08) *** 0.84 (0.04) *** 0.81 (0.05) ***
DBH 0.99 (0.01) *** 0.74 (0.07) *** 0.66 (0.08) *** 0.91 (0.03) *** 0.89 (0.03) ***
SV 0.79 (0.06) *** 0.63 (0.08) *** 0.91 (0.03) *** 0.87 (0.04) ***

HLC 0.45 (0.11) *** 0.48 (0.11) *** 0.49 (0.11) ***
CW 0.63 (0.08) *** 0.86 (0.04) ***
CL 0.94 (0.02) ***

Resin yield (RY), diameter at breast height (DBH), height (HGT), stem volume (SV), height under live crown (HLC),
crown width (CW), crown length (CL) and crown surface area (CSA). *** p < 0.001; ** 0.001 < p < 0.01; * 0.01 < p < 0.05,
level of significance of effects.

Table 7. Expected response (ΔG/x × 100, ΔG is the genetic gains, and x is the mean values) in resin
yield at each site when different selection criteria used.

Selection Criterion (Site)
Response (%)

Jian Ganzhou Jindezhen

RY 11.08 4.13 9.53
HGT 7.71 3.79 11.36
DBH 6.27 3.64 10.97
SV 6.83 3.39 11.53

HLC 0.00 –1.63 7.53
CW 2.01 4.03 7.28
CL 5.90 4.33 11.19

CSA 4.49 5.82 10.24

Resin yield (RY), diameter at breast height (DBH), height (HGT), stem volume (SV), height under live crown (HLC),
crown width (CW), crown length (CL) and crown surface area (CSA).

4. Discussion

4.1. Mean Values and Site Effects

According to the three progeny trials in the present study, the mean RY values of P. elliottii, varied
from 1.16 kg/tree to 1.24 kg/tree month (38.6–41.3 g/tree day) and were somewhat higher than some
other pine species [14,16,26]. However, the present RY values for P. elliottii families were slightly
lower than those reported for 15-year-old families of P. massoniana because these values were higher
than 45 g/tree day [27]. These differences might reflect species variation within Pinus, differences in
environment, the influence of climate variables, and differences in the sampling age. Moreover, the
effects of tapping methods on RY should not be disregarded.

The mean annual growth rate for the HGT and DBH in the present study was slower than that of
the 10-year-old and 13-year-old open-pollinated progeny tests for P. elliottii [28,29], and this finding
might reflect the rapid growth of P. elliottii in the young stage (before age 12–13); however, after
age 13, the growth was drastically reduced, which led to the slower mean annual growth rate for
27-year-old families of P. elliottii in the present study than that of the young plantation of P. elliottii [30].
Additionally, previous studies have suggested that P. elliottii exhibited different growth effects in
different climatic provinces [31], and the slower annual growth rate for HGT and DBH in the present
study might partially reflect the influence of climate variables on growth.

Site effects reflect the reaction of trees to the combined effects of edaphic and as local and regional
climatic conditions [32]. Moreover, the physiological age, genotype and culture method may also
impact the trees. Significant site effects were observed for RY, growth traits and morphologic traits
(Table 3). The results indicated that edaphic and regional climatic conditions have significant RY,
growth traits and morphologic property effects. These significant site effects on RY, growth traits and
morphologic traits have previously been described and reported [33–35]. Comparisons of the growth
rates between sites showed that the SV at Jindezhen and Ganzhou was lower and presented 5–7.5%
less growth than that at Jian. This tendency corresponds to expectations that site conditions are more
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favorable for P. elliottii in Jian than the two other sites. As in Jiangxi Province, the most suitable place
for the growth of P. elliottii was in the Jitai Basin, which lies in central Jiangxi Province and presents a
climate and growth environment similar to that of their original regions.

The highest resin yield was not observed for the most productive Jian site, as expected, but at the
least productive Ganzhou site. This disparity could result from of a variety of causes, but differences
in within-site environmental heterogeneity are a likely contributing factor. The ability of an individual
to produce resin is modulated by the environmental conditions because the environmental conditions
have various effects on the properties of the resin duct, where resin is synthesized and stored. Sites with
high radiation (favoring photosynthesis processes), high summer temperatures (delaying radial resin
canal sealing), and low rainfall (inducing resin canal formation) will be highly productive or determine
high resin production [26]. During the tapping season, warm springs and summers with low humidity
percentages could correspond to higher resin yield values. Follow this pattern, Jindezhen site should
have the highest resin yield, as the highest annual temperature and the least rainfall were observed at
this site.

4.2. Genetic Variation and Heritability

The family effects in the joint analysis for RY, growth traits and morphologic traits were significant
(Table 3). Previous studies [27,36,37] have also reported a significant family/clonal effect on the RY
and growth traits of Pinus tree species, as well as for morphologic properties [38]. The present study
shows the important genetic variation in resin yield among P. elliottii families and the heritabilities for
resin yield were moderately high. Resin flow is extremely variable, depending on genetics, climate
and environmental factors such as soil fertility and disturbances [39,40]. Therefore, the ability of a tree
to produce resin and resin ducts is likely related to the degree of constraints imposed by genetic and
environmental factors.

Many studies have shown that growth traits are under substantial genetic control for coniferous
species. The heritabilities for growth traits of the three sites combined were moderate to high (Table 3).
In general, the estimates of heritability were higher for HGT (h2

f = 0.55, h2
i = 0.27) than for DBH

(h2
f = 0.45, h2

i = 0.27), indicating that HGT has higher genetic control than DBH and more genetic gain
in terms of tree volume can be expected from the selection for HGT than for DBH. The heritability
estimates of P. elliottii for morphologic traits in the present study for the three sites combined were not
high except for HLC. Similar studies on other trees have drawn the same conclusions and indicated
that most variation in morphological traits is caused by environmental factors not genetic factors,
thereby limiting the achievable gains from selection [36,41].

For most observed traits, family heritabilities were higher than individual heritabilities for the
three sites combined or at each individual site. This result indicates that higher genetic gains can be
achieved with family selection in P. elliottii populations. In fact, the results of previous studies on
other pines also support this view [15,42]. The heritability values of the observed traits in the present
study varied from site to site. Overall, the heritabilities at Jindezhen were higher than those at Jian
and Ganzhou, and this finding may have been related to the experiment site topography at Jindezhen,
which was flat ground and may have had a relatively low environmental influence on these traits.

The CVG, that is, the genetic variance standardized to the trait mean, is considered the most
suitable parameter for comparisons of genetic variation and the ability to respond to natural or artificial
selection [43]. In the present study, both the CVG and heritability exhibited the same pattern, with
higher values at Jindezhen and relatively lower values at Jian or Ganzhou. The CVG values of the
growth traits, which ranged from 2.99% to 7.45% in the present study, were of the same magnitude as
the CVG values of the morphologic traits, which ranged from 3.53% to 7.10%. These results indicate an
equivalent genetic potential for the improvement of growth traits as that for morphologic traits. In the
present study, the CVG of SV was higher than the CVG of HGT or DBH. The finding may reflect the
fact that volume is a function of both HGT and DBH. The CVG of HGT (5.06%) was higher than the
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CVG of DBH (2.99%), indicating that the scope for selection of HGT among families is larger than that
for DBH.

4.3. Genotype by Environment Interaction

Because P. elliottii breeding programs are focused on developing families suitable for different
environments, G × E interactions may have a significant impact on the precision of breeding values
estimates because they can reduce genetic gain. With incongruence between test locations and
deployment zones, the G × E, if improperly accounted for, could result in bias estimates and decreased
genetic gain [32]. The significant family × site interaction variation observed for the RY, growth traits
and morphologic traits (Table 3) indicated that the families exhibited differences in ecological variation
and reaction norms under different growth conditions. Significant G × E interactions have previously
been reported for growth traits and resin yield [38]; however, few morphologic trait results have been
reported for Pinus tree species.

The type B genetic correlation is a measure of the importance of environment interactions on
genotype, and it provides a more precise estimate of G × E interactions [24]. Overall, the inter-site
type B genetic correlations observed in the present study ranged from 0.13 to 0.68 (Table 5), suggesting
a large amount of variation reflective of changes in rank among families across sites. The absence of
significant positive type B genotypic correlations between genotypic values at the Jingdezhen-Jian
and Jingdezhen-Ganzhou sites for most traits (Table 5) indicated a true G × E, and the differences
between these sites might reflect the family × site interaction. However, the type B genotypic
correlations between Ganzhou and Jian for all traits were higher than those at Jingdezhen-Jian and
Jingdezhen-Ganzhou sites (Table 5), indicating that these traits were more stable across Ganzhou and
Jian. The trails at Ganzhou and Jian are relatively close in distance so does the climatic condition, but
no significant difference of mean annual temperature between these two trails and the one located
at Jingdezhen was observed. However, the annual rainfall is around 1800 mm at Jingdezhen, which
is higher than Ganzhou and Jian (~1400 mm) (Table 1). As far as we know, the optimum annual
precipitation for slash pine is about 1400 mm at Jiangxi province. Therefore, we speculated that the
rainfall was the most important factors driving G × E. But more environmental and climatic factors as
soil type, soil fertility are required to investigate further to delimit the deployment regions.

The ranges of genetic type B correlation were low to moderate (0.29–0.55) for resin flow, indicating
that the genetic performance measured in the present study was generally inconsistent across sites
and the environmental conditions in the study locations were different. Similar results were observed
among P. sylvestris and P. elliottii families planted at different sites [44,45]. Westbrook [46] performed an
association analysis and observed that 81% of the SNPs (Single Nucleotide Polymorphism) significantly
associated with resin flow in loblolly pine were specific to individual sites, implying that environmental
context has a significant impact on the effects of the alleles underlying quantitative genetic variation in
resin flow via complex molecular mechanisms. Generally, there are two approaches used to deal with
G × E in tree improvement programs. The first one is to choose the best genotypes for each site-type
based on well-characterized environments. As mentioned before, the lack of enough environmental
information for the tested sites limited the utilize of independent selection. Alternatively, it was more
suitable to identify and select those stable genotypes that perform well across all the environments.
Tree HGT showed less G × E than resin flow and resin flow showed a strong positive correlation with
tree HGT at Jingdezhen (Table 6), suggesting that selection based on tree HGT would increase the
stability of the genetic entries around Jingdezhen without decreasing resin production.

4.4. Genotypic Correlations between Traits

Previous studies on P. elliottii have reported that RY and growth traits (DBH and HGT) present
a strong positive correlation [15,28]. This finding indicates that genetic factors act concurrently to
increase RY and growth. The explanations from previous studies on the relationship between RY
and growth traits are often varied, and overall, the resource availability hypothesis (RAH) and
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growth-differentiation balance hypothesis (GDBH) are the main explanations for the relationship
between RY and growth in pines. Pinus species have an extensive system of constitutive and induced
defenses to resist attacks from bark beetles and associated fungi [47]. The primary defense is resin,
which is synthesized and stored in an interconnected network of axial and radial resin ducts in the
secondary phloem and xylem [48]. Both resin and resin ducts are costly to produce, and these costs
could lead to trade-offs between growth and defense [49]. A tradeoff likely occurs between growth and
defense based on the allocation of acquired resources because acquired resources are limiting; thus,
the relationship between growth and defense is expected to be negative. In practice, however, studies
on the relationship between growth and defense have reported mixed results, with certain studies
finding a negative relationship [40,50] and other studies reporting a positive relationship [51,52].
These results highlight one of the difficulties of testing defense theories [53] because defenses could be
either positively or negatively correlated with growth depending on the metric used. For example,
Hood and Sala [54] reported that when only relative defense measures (i.e., duct density or relative
duct area) were included, defense showed a negative correlation with growth, thus supporting the
RAH. This finding predicts that constitutive defenses are favored in slower-growing species, which
reflects the higher costs of replacing tissues. However, when absolute measures of defense (i.e., duct
size, duct production and duct area) were included, defense showed a positive correlation with growth,
which contradicts the RAH. Therefore, faster-growing trees have larger ducts and higher total duct
areas, thereby leading to higher resin yield than slower-growing trees. Notably, slower-growing trees
invest more in resin duct defenses per unit area of radial growth (i.e., duct density and relative duct
area) and are likely to produce less resin than a larger tree with lower relative resin duct investment.
The results of the present study support this pattern because the estimated genetic correlations between
growth traits and resin yield were positive and strong.

In the present study, the estimated genetic correlations between most morphologic traits and
RY were moderate to strong. Thus, a tree with a larger crown size typically produces more resin.
This finding could be explained by the GDBH, which predicts that any resource limitation that reduces
growth more than photosynthesis (e.g., water and nutrients) will increase the carbohydrates available
for defense with little to no trade-off to growth. If the resource is limited, then the carbon demand for
growth decreases but photosynthesis continues, presumably causing a shift of carbohydrate allocation
from growth to defense (resin production and resin duct formation). Based on this logic, trees with
larger crown sizes would produce more constitutive resin than slower-growing trees because trees
with larger crown biomasses would have greater carbon surpluses later in the season to invest in resin
and resin duct formation. Therefore, morphologic traits, particularly CW, CL and CSA, could be used
as indirect assisted traits for selecting high-yielding trees.

4.5. Implications for Tree Improvement

The moderate heritability for resin yield and growth traits indicated that selective breeding
according to the breeding merit ranks of parental trees (backward selection) would be effective.
Forward selection was not recommended before the unknown paternal trees of the half-sibs were
identified using pedigree reconstruction method. Unexpected G × E were observed for all the traits
across the three trails suggesting determination of the environmental factors driving the important
G × E was necessary to delimit deployment areas. The annual rainfall was probably the main factors
but more climatic and soil factors should be investigated in future studies. Alternatively, the genotypes
with stable performance over all the environments and higher breeding values were the proper
candidates for further breeding and deployment programs.

On the whole, significant positive genetic correlations among resin yield, growth and morphologic
traits indicate that selection for faster growth and larger crown size can increase resin yield. On the
other hand, the inclusion of resin yield into tree breeding programs can lead to a partial enhancement
of growth. Simultaneous improvement of resin yield, growth and morphologic traits of P. elliottii was
concluded to be practical when strong positive correlations exist between these traits. Expected genetic
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gains and the correlated responses estimated in this study are based on genotypic correlations,
genotypic variances, and individual tree heritability. The results obviously indicated that there
would be important benefit in using the growth traits as selection traits together with resin yield if the
objectives were to improve resin yield and growth increment.

5. Conclusions

We used 3695 samples from 112 families at three sites for a genetic study in resin yield, growth
and morphologic properties of P. elliottii in Jiangxi Province, China to estimate the genetic parameters
(heritability, type b genetic correlation, and among traits genetic correlation) and correlated response.
These results are summarized as:

(1) Significant site, family and family × site effects were found for resin yield, growth and
morphologic traits. The differences between the three sites might reflect the family × site interaction,
and rainfall might be the main driver of the interaction.

(2) Heritabilities were moderate to high for resin yield and growth traits for the three sites
combined, whereas with relatively lower heritabilities for morphologic traits.

(3) The genetic correlations of P. elliottii among resin yield, growth traits and morphologic traits
were moderate to strong, these findings suggested that selection for growth and morphologic traits
might lead to increment in resin yield, and genetic factors act concurrently to increase resin yield,
growth and morphologic traits. Selection based on growth traits will have moderate to strong effects
on resin yield.
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Abstract: Silver birch (Betula pendula Roth) is productive on abandoned agriculture land, and thus
might be considered as an option for profitable plantation forestry. Application of the most productive
genotypes is essential. However, information about genetic gains in low-density plantations is still
lacking. A 40-year-old low-density (400 trees ha−1) plantation of 22 grafted silver birch plus-tree
clones growing on former agricultural land in the central Latvia was studied. Although grafted
plantations are not common in commercial forestry, the trial provided an opportunity to assess
genetic parameters of middle-aged birch. The plantation that had reached the target diameter for final
harvest (DBH (diameter at breast height) = 27.7 ± 5.5 cm) had an 85% survival rate, and stemwood
productivity was 5.25 m3 ha−1year−1. Still, rootstock × scion interaction and cyclophysis might
have caused some biases. Broad-sense heritability (H2) ranged from 0.02 for probability of spike
knots to 0.40 for branch angle. Estimated H2 for monetary value of stemwood was 0.16. In general,
the correlations between growth and stem quality traits were weak, implying independent genetic
control, though branchiness strongly correlated with diameter at breast height. The monetary value
of stemwood strongly correlated with productivity traits. The observed correlations suggested that
productivity and stem quality of birch might be improved simultaneously by genetic selection.

Keywords: mature Betula pendula; clonal forestry; tree breeding; target diameter

1. Introduction

The economic importance of plantation forestry on abandoned agricultural land is increasing [1].
Application of the most productive genotypes is essential for profitability of such plantations [2].
In the Baltics, hybrids of Populus L. are highly productive, yet they are strongly damaged by
wildlife and require continuous protection [3]. Silver birch (Betula pendula Roth) has substantially
lower environmental risks, yet is productive on agricultural land [4], and might be considered as
an alternative. When appropriately cultivated (e.g., in a low-density plantation), birch can rapidly
reach target diameter, reducing rotation time and increasing profitability of a plantation [4]. However,
information about very low-density plantations is lacking.

Many traits including productivity and branchiness are highly heritable, emphasizing the potential
to improve growth and stem quality [5,6]. Nevertheless, some traits can have common genetic
control [7], which might differ regionally [4,6]. Furthermore, genetic parameters, such as heritability or
genotypic coefficients of variation at final-harvest age, are unknown for silver birch. Genetic gains can
be estimated theoretically from young trials, but the information about actual realization of these gains
at mature age is available for tropical tree species [8,9], although is still lacking for silver birch.

The aim of this study was to estimate genetic parameters at the final-harvest age for stem quality
and growth traits of silver birch clones planted in a low-density (400 trees ha−1) plantation on former
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agricultural land. We hypothesized that the gain of productivity and stem quality of silver birch in
a low-density plantation can be substantially improved by tree breeding.

2. Materials and Methods

The study site was located in the central part of Latvia (57◦32′ N, 24◦44′ E). The topography
was flat (elevation < 100 m above sea level). The mean annual temperature was 6.2 ◦C; the mean
monthly temperature ranged from 4.6 ◦C to 17.5 ◦C in February and July, respectively. The mean
annual precipitation was ca. 690 mm.

The trial was established in 1972 on agricultural land, equivalent to Oxalidosa stand type with
mesotrophic loamy soil. One year after grafting, clones of 22 birch plus-trees from the central part of
Latvia (56◦37′–57◦28′ N; 24◦50′–26◦24′ E) were planted in a 5 × 5 m grid (400 trees ha−1) as single-tree
plots in 13–56 randomly distributed replications. Clones were randomized spatially all over the
planting site. Initially, the plantation was intended as a seed orchard, but abandoned soon thereafter;
hence no management, except some initial cleaning, was performed. The area of the plantation was
1.8 ha (720 planting spots).

At the age of 40 years in 2012, for each tree (1) diameter at breast height (DBH; cm); (2) height
(m); (3) height of the lowest living branch (m); (4) mean branch angle (◦); (5) mean projection of
crown (MPC; m); (6) occurrence of spike knots; (7) double tops; and (8) stem cracks (present/absent),
and arbitrary scores using 6-point-scales of (9) stem straightness and (10) branchiness were measured.

Data analysis was conducted in program R, v. 3.3. [10]. For each tree, the volume of stemwood
assortments was calculated according to the model by Ozolins [11]. Wood defects and stem quality
traits were considered when determining the structure of stemwood assortment (according to the
practices of commercial forestry in Latvia). According to the estimated volume of assortments,
the monetary value of stemwood (MV) of each sampled tree was calculated as an integrative parameter.
Prices of different assortments according to top diameter, as used in the calculation of MV, were 20,
26, 45, 60, and 70 euro m−3 for firewood (<13 cm), pulpwood (<13 cm), logs 14–18 cm, logs 19–25 cm,
and logs >26 cm, respectively.

Heritability coefficients H2 (broad-sense individual-tree heritability) for the studied variables
were calculated [7]:

H2 = σ2
G/σ2

P, (1)

where σ2
G is genotypic variance and σ2

P is phenotypic variance constituted of genotypic and
environmental variance.

Genetic gain was estimated according to formula [7]:

R = S·H2, (2)

where S is selection differential, which is the mean phenotypic value of the selected clones expressed
as a deviation from the trial mean. For each variable, superiority of the top three clones against trial
mean was assessed.

Genotypic and phenotypic clone mean Pearson correlations were estimated for the studied
variables [7]. Genotypic correlations between the traits were calculated using the formula:

rG =
σG(x,y)√

σ2
G(x)σ

2
G(y)

, (3)

where σG(x,y) is the genetic covariance between traits x and y; σ2
G(x) and σ2

G(y) are the genotypic
components of variance estimated for the traits. Standard errors for the genotypic correlation estimates
were obtained with the delta method [12].
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Genotypic coefficients of variation (CVg), describing the extent of genetic variability of a variable
in relation to the mean of trial, were calculated as:

CVg =
√

σ2
G·100/x, (4)

where x is the phenotypic mean.
The corresponding components of genotypic and environmental variance were extracted using

a random model:
yij = μ + ci + εij, (5)

where yij is observation of each trait of the ijth tree, μ is the overall mean, and ci isthe random clone
effect. For the quantitative variables (e.g., DBH, tree height), a linear mixed model was used. For the
binomial variables (e.g., survival, probability of cracks, etc.), a generalized linear mixed model applying
binomial residual distribution and “logit” link function was fitted. For both models, R package lme4
was used [13]. For stem straightness and branchiness, ordinal logistic regression was applied [14]
using R package ordinal [15]. The environmental variance of the link functions was determined as
π2/3, or 3.29. Genetic covariance σG(x,y) between any two traits x and y was estimated using function
varcomp in package lme4.

3. Results

The studied planation had 84.4% survival at the age of 40 years. The mean (±standard deviation)
height and DBH of trees was 26.2 ± 2.2 m and 27.7 ± 5.6 cm, respectively. The total standing stemwood
volume of the plantation was 210 m3 ha−1, and the mean annual stemwood increment was 5.25 m3

ha−1 year−1. Accordingly, MV was estimated ca. 9600 euro ha−1, mainly contributed by the logs of
smaller, medium, and large dimensions (44%, 25%, and 21%, respectively).

The estimated H2 and CVg differed among the variables (Table 1). The highest heritability was estimated
for branch angle, mean projection of crown (MPC), branchiness, and stem straightness (0.40 ≤ H2 ≤ 0.29,
respectively), while the lowest heritability was estimated for survival, probability of spike knots and cracks
(<0.08). Intermediate H2 = 0.16 for MV was similar to commonly reported tree height, height of the lowest
living branch, and DBH (0.14, 0.14, and 0.21. respectively). The CVg of the quantitative variables ranged
from 3.2% to 21.8% for tree height and MV, respectively (Table 1). For DBH and height of the lowest living
branch, intermediate genotypic variation (ca. 9%) around the phenotypic mean was estimated, while it was
higher for branch angle and MPC at −14.8% and 19.2%, respectively. For each variable, selection of top three
clones resulted in 3.8%, 0.6%, and 2.7% genetic gain for DBH, tree height, and MV, respectively (Table 2).

The estimated genotypic correlations among the studied variables were similar to phenotypic
clone mean Pearson correlations (Table 3); the latter are described. Correlations among tree height,
DBH, and MV were high (r > 0.63); nevertheless, DBH and MV (r > 0.66) correlated with MPC.
Branchiness correlated with DBH (r = 0.79), yet not with tree height (p-value = 0.41). Moderate to
strong (0.30 < |r| < 0.78) negative correlations were observed between height of the lowest living
branch and DBH, double tops, stem straightness, branchiness, and MPC. Occurrence of double tops
showed moderate to strong correlations with stem straightness, branchiness, and MPC (r = 0.70, 0.67,
and 0.56, respectively), but a negative correlation (r = −0.68) with occurrence of spike knots. Mostly,
weak and non-significant correlations were observed between the occurrence of stem cracks as well as
branch angle and other variables.
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4. Discussion

The calculated H2 (Table 1) implied potential for substantial improvement of productivity and
stem quality, hence yields of birch plantations by tree breeding [5]. Nevertheless, H2 of the variables
differed (Table 1), implying unequal potential for the improvement of the traits [7]. Branch angle,
branchiness, projection of crown, and stem straightness, which largely influence timber quality [2],
were highly heritable and had intermediate CVg (Table 1), implying potential for considerable
improvement [7]. High CVg was also observed for MV (21.8), indicating potential financial benefits
from breeding. Nevertheless, strong correlation between branchiness and DBH, MPC, and stem
straightness indicated possible negative effects on stem quality when selecting fast growing trees
with straight stems (Table 3). Additionally, height of the lowest living branch had significant negative
correlations with the same variables, supporting the abovementioned consideration. Earlier studies
reported a significant moderate correlation between DBH and number of branches [5,16]. Significant
negative genotypic correlation between productivity traits and stem straightness (rG ranging from
−0.45 to −0.72) was noticed in Sweden [16]. However, other stem quality traits such as spike knots,
stem cracks, and double tops did not show significant relation to productivity traits and MV, suggesting
the possibility for simultaneous improvement [16,17].

The heritability of survival was low (Table 1), suggesting the prevailing effect of the micro-site
conditions, as shown by Stener and Jansson [16] for birch in Sweden. Environmental factors can
strongly affect performance of the species, masking the genetic effect and resulting in low heritability
parameters [6]. The estimated genetic parameters (Table 1) might have been already affected by the
pre-selection of planting material (plus-trees) with improved branching and stem properties, as a seed
orchard was initially intended. Although the utilization of grafted silver birch is not a common practice
in commercial forestry, the trial provided information about genetic parameters at middle age that
has not been previously published. This might have caused some imprecisions in genetic parameters
due to uncontrolled rootstock × scion effect. Although the issue has been scarcely studied for forest
trees [18], for loblolly pine, the rootstock × scion effect has been negligible compared to the effects of
clone and site factors [19]. This was also supported by good survival of grafts indicating compatibility
between rootstock and scions. The negative effect of cyclophysis due to different biological ages of
rootstock and scion [20–23] appeared insubstantial, as indicated by the productivity of the plantation.
Similarly, a weak effect of cyclophysis on growth and survival of vegetatively propagated silver birch
has been shown in boreal conditions [24,25]. Still, grafts might have lower branchiness and branch
thickness [26].

The single-tree-plot design of the plantation might have also affected genetic parameters of
the traits, as the measurements from such plots are influenced by competition among different
genotypes [27]. However, low planting density likely had postponed the onset of inter-tree competition,
therefore reducing exaggeration of the genotypic variance of growth traits [5,16,28]. Hence, the
estimated H2 and CVg were somewhat lower than reported in earlier studies, in which H2 ranged
0.07–0.56 for tree height, and 0.11–0.59 for DBH, while CVg for the respective traits has been reported
to range between 5 and 14, and between 9 and 21, respectively [5,16,28]. Still, heritability of height
and DBH varies widely among different trials [16]. Considering varying genetic control of the studied
traits, H2 and CVg of MV were intermediate (0.16 and 21.8), as similarly observed in Sweden [5].

For silver birch, genetic gains of around 10% for height and 20% for DBH of the top 10% clones
at the age of 7–11 years are reported [5,16], while corresponding realized gains in our study site
at the moment of possible final-harvest was around 17 and 5 times lower, respectively. This may
imply weak age-age correlations, as well as reflect lower heritability and high variability due to
strong environmental effects (Table 2). However, earlier measurements from the studied trial were not
available for comparison.

The studied plantation appeared ready for the final harvest already at the age of 40 years. Higher
productivity (up to 8.90 m3 ha−1 year−1 [29] vs. 5.25 m3 ha−1 year−1 in studied trial) and good stem
quality might be achieved in conventional plantations with higher planting densities [30,31], although
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increasing planting distance does not influence the height growth [31]. Nevertheless, decreased
competition and application of the pre-selected planting material apparently improved the assortment
structure of the studied birch, shifting its distribution towards the higher value, thus suggesting
efficiency of the low-density clonal plantation for the production of solid wood and possible further
economic improvement in a low-density short-rotation plantation. Together with selected planting
material, reduced establishment costs with wider spacing might be a strong driving factor for choosing
lower planting densities. Increased value does not only result from increases in volume production,
but also from improved stem quality leading to more valuable logs [9]. Besides, breeding effect on
productivity might not fully express in dense stands, since birch maintain vigorous growth when
presented with low within-stand competition [4].

5. Conclusions

Although the utilization of grafted silver birch is not a common practice in commercial forestry,
the studied forty-year-old, low-density grafted clonal plantation appeared efficient for the production
of solid wood. Considering heritability and genetic gains of the studied traits, the gain of birch
plantations might be substantially improved by breeding. The non-significant correlations between
stem quality and dimensions of trees suggested that the traits could be improved simultaneously.
However, the strong correlation between branchiness and DBH implied that stem quality would be
reduced when selecting for productivity. Still, rootstock × scion interaction and cyclophysis effects are
uncertain and might be potentially significant. Considering the potential for strong environmental
effects on the performance of birch, verification of the results in diverse growing conditions is required.
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Abstract: Liquidambar is an important forestry species used to generate many commercial wood
products, such as plywood. Inducing artificial polyploidy is an effective method to encourage
genetic enhancements in forestry breeding. This report presents the first in vitro protocol for the
induction of genus Liquidambar tetraploids based on the established in vitro regeneration system of
hybrid sweetgum (Liquidambar styraciflua × Liquidambar formosana). The leaves and petioles from
three genotypes were pre-cultured in woody plant medium (WPM) supplemented with 0.1 mg/L
thidiazuron (TDZ), 0.8 mg/L benzyladenine (BA), and 0.1 mg/L α-naphthalene acetic acid (NAA)
for a variable number of days (4, 6 or 8 days), and exposed to varying concentrations of colchicine
(120, 160, 200 mg/L) for 3, 4 or 5 days; the four factors were investigated using an orthogonal
experimental design. Adventitious shoots were rooted in 1/2 WPM medium supplemented with
2.0 mg/L indole butyric acid (IBA) and 0.1 mg/L NAA. The ploidy level was assessed using flow
cytometry and chromosome counting. Four tetraploids and nine mixoploids were obtained from
the leaves. Pre-treatment of the leaves for 8 days and exposure to 200 mg/L colchicine for 3 days
led to the most efficient tetraploid induction. Producing 11 tetraploids and five mixoploids from
petioles, the best tetraploid induction treatment for petioles was almost the same as that with the
leaves, except that pre-culturing was required for only 6 days. In total, 15 tetraploids were obtained
with these treatments. This study described a technique for the induction of tetraploid sweetgum
from the leaves or petioles of parental material. Based on the success of polyploid breeding in other
tree species, the production of hybrid sweetgum allotetraploids constitutes a promising strategy for
the promotion of future forestry breeding.

Keywords: chromosome doubling; sweetgum; allotetraploid
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1. Introduction

Liquidambar styraciflua, belonging to the genus Liquidambar, is found widely in the southern regions
of the United States. L. styraciflua has become one of the most important commercial hardwoods in
the United States [1,2], because it has a fast growing rate and provides many useful materials such as
wood, plywood, pulp and paper production [2]. Liquidambar formosana, mainly distributed in East Asia,
is an important tree in China owing to its fast-growing properties and use in timber and medicinal
production and landscaping [3]. Interestingly, L. styraciflua can be interfertile with L. formosana [4,5].
Due to the potential of heterosis from interspecies hybridisation, hybrid sweetgum can show robust
growth [5].

Allopolyploids are the products of merging two or more genomes by intraspecific or interspecific
hybridisation [6,7]. Allopolyploid breeding has been applied successfully in forestry due to its
advantages of high biomass and fitness. In vitro regeneration using the reproductive organs of woody
plants has been successful in many species. Induction of tetraploidy has been successful in a number
of species, including Populus [8,9], Paulownia tomentosa [10], and Citrus [11]. Unlike meiotic (sexual)
chromosome doubling, in vitro asexual polyploidy breeding is not limited by season, and it benefits
from a low mixoploids-inducing rate; it has been applied widely in forestry breeding.

Successful induction of tetraploids has been achieved using various chemical reagents, such as
colchicine [12], oryzalin [13], and trifluralin [14]. Colchicine is the most widely applied chemical for
in vitro tetraploid induction. Moreover, many explant types have been used as materials for in vitro
polyploidy induction, such as leaves [8], petioles [15], calluses [12], shoots [16], hypocotyl segments,
and cotyledonary nodes [17]. Although leaves and petioles are not used commonly as explants for
tetraploid induction, they exhibit a high tetraploid-inducing rate and low number of mixoploids,
indicating that they can be used for efficient polyploidy breeding [9,18]. We have improved the media
that were applied to the in vitro regeneration of L. styraciflua [19,20] and L. formosana [21], and the
modified medium was suitable for establishing an efficient regeneration system from leaves and
petioles of hybrid sweetgum (L. styraciflua × L. formosana). Therefore, it is possible to acquire in vitro
colchicine-induced tetraploid sweetgum.

This study describes an efficient method for the in vitro induction of tetraploids. First, we
established multiple hybrid sweetgum genotypes. Then, we investigated the effects of explant type,
explant genotype, time of pre-incubation, time of colchicine treatment and concentration of colchicine
using an orthogonal experimental design. The tetraploids were determined by flow cytometry and
chromosome counting. We hope that the biomass, resistance and ornamental value of Liquidambar will
be improved by chromosome doubling after in vitro colchicine treatment.

2. Materials and Methods

2.1. Plant Materials

Floral branches of the male parent (L. formosana) were collected from five genotypes at Shanghai
Chen Shan Botanical Garden (Songjiang District, Shanghai, China); pollen was collected; the same
volume of pollen was measured and they were mixed together. In April, the male inflorescences
of L. styraciflua were removed, and controlled pollination was applied to acquire hybrid seeds by
pollination with the pollen of L. formosana. L. styraciflua was grown at the Shanghai Chen Shan Botanical
Garden (Songjiang District, Shanghai, China). The fruits were collected in mid-September 2015, and
the seeds were stored at 4 ◦C.

2.2. Establishment of Aseptic Seedlings and In Vitro Multiplication

Plump seeds were selected and sterilised in 75% ethanol (v/v) for 45 s, rinsed once with sterile
distilled water followed by 2% sodium hypochlorite for 8 min, and then washed three times with sterile
distilled water. The seeds were added to basal woody plant medium (WPM) supplemented with 4 g/L
agar and 2 g/L polygel, and 30 g/L sucrose (pH 5.8–5.9) in a 9-mm culture dish; no phytohormone
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was added; in this experiment, all media were semi-solidified. After 20 days, the germinated seedlings
were placed in magenta boxes with 50 mL basal WPM [22]. A total of 150 plant genotypes were
sub-cultured in rooting medium containing half-strength WPM medium supplemented with 2.0 mg/L
indole butyric acid (IBA) and 0.1 mg/L naphthalene acetic acid (NAA). Regeneration medium for
leaves and petioles consisted of WPM medium with 0.1 mg/L TDZ, 0.8 mg/L benzyladenine (BA) and
0.1 mg/L NAA supplemented with 2 g/L agar and 4 g/L double coagulation, and 30 g/L sucrose.
After 40 days, the explants were transferred into elongation medium supplemented with WPM basal
salts, 0.4 mg/L BA and 0.1 mg/L NAA; the concentrations of agar and double coagulation were
changed to 2 g/L agar and 2 g/L, respectively.

Three hybrid plant genotypes (named Z1, Z2, and Z3) were selected for tetraploid induction
(Table 1). The shoot-inducing rate of all leaves and petioles reached 85%, and they displayed similar
morphological characteristics during development.

Shoot-inducing rate: Number of adventitious shoots (≥1 cm)/number of explants × 100%

Table 1. Influencing factors and level values.

Levels

Factors

A B C D

Genotype
Colchicine

Concentration (mg/L)
Pre-Culture

Duration (day)
Exposure Time

(day)

1 Z1 120 4 3
2 Z2 160 6 4
3 Z3 200 8 5

2.3. Colchicine Application

After sub-culturing for 60 days, the second and third leaves and petioles of Z1, Z2, and Z3
were selected as the materials for colchicine treatment. The leaf samples were proximal halves cut
twice through the main vein, and the petioles were cut into 0.8–1.0 cm pieces; both sample types
were pre-cultured in WPM supplemented with 0.1 mg/L TDZ, 0.8 mg/L BA and 0.1 mg/L NAA
for 4, 6, or 8 days, and then treated for 3, 4 or 5 days with various concentrations of colchicine
(120, 160 or 200 mg/L). The genotype, number of days of pre-incubation, colchicine exposure time,
and concentration of colchicine were included as variables in the L(93)4 orthogonal experimental
design (Table 1); two explant types, leaf and petiole were applied to the same design, respectively.
Cultures with colchicine treatment were performed in 100 mL flasks and incubated at 25 ± 2 ◦C,
under dark conditions. Adventitious shoots longer than 1.5 cm were harvested and placed into the
rooting medium.

Explants survival rate: Number of survival explants (leaf or petiole)/all explants × 100% (n = 3)

2.4. Flow Cytometric Analysis of Ploidy Level

We collected leaves that were growing vigorously in vitro, and the ploidy level was analysed
by Cyflow Ploidy Analyser (Partec, Görlitz, Germany). The leaves were chopped with a sharp razor
blade (Gillette, Boston, MA, USA) in a plastic dish containing 1.25 mL of modified Galbraith’s buffer
(9.15 g/L MgCl2·6H2O, 4.19 g/L 3-(N-morpholino) propansulfonic acid (MOPS), 8.82 g/L sodium
citrate, 0.1% polyethylene glycol p-(1,1,3,3-tetramethylbutyl)-phenyl ether (Triton X-100), pH 7.0).
The crude nuclei solution was filtered through a 50-μm nylon filter. Subsequently, the leachate was
stained with 100 μL 4′,6-diamidino-2-phenylindole (DAPI, 10 μg/mL) for 10 s to detect the ploidy level.
Leaves from the diploid full-sib family were used as a control to adjust the number of DAPI channels
to 50. Sub-culturing was performed twice over a 5-month period, and the ploidy level was examined
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twice in this period. Finally, tetraploids, mixoploids, and diploids were placed vertically into Jiffy Mix
(Shippagan, NB, Canada). After 2 months, the plants were transferred into plastic pots (height: 12 cm,
top width: 10 cm, bottom width: 9.25 cm) containing a 2:1:1 sterilised mixture of peat, vermiculite, and
perlite (autoclaved at 121 ◦C for 30 min). After 2 months, the final ploidy level was determined.

2.5. Chromosome Counting

Shoot growth occurred in rooting medium for nearly 2 weeks, and 5–10 mm of the root tips were
examined. The root tips were rinsed and fixed in Carnoy’s solution [23] for 24 h at 4 ◦C. After washing
three times, the root tips were hydrolysed in 1 N HCl for 15 min at 60 ◦C, then the root tips were
washed three times for 5 min. The treated root tips were cut into ~1.5 mm sections, stained with 1 drop
of carbol fuchsin [24] solution for 15 min, and observed with a microscope using a 100× oil immersion
lens (Olympus, Tokyo, Japan).

2.6. Statistical Analysis

Range analysis was used to evaluate the importance of each factor. The value of Range
(R = k·(max) − k (mix);) and kx were positively related to the importance of the factors and levels,
respectively. The significance of differences among the treatments were evaluated using the
homogeneity test and analysis of variance (ANOVA) using SPSS statistical software (ver. 18.0; SPSS Inc.,
Chicago, IL, USA). P < 0.05 was considered to indicate statistical significance. Arcsine transformation
(θ = sin−1

√
P θ: angle, P: percentage) to determine percentages before ANOVA was performed using

Microsoft Excel 2010 software (Microsoft Corp., Washington, DC, USA).

3. Results

3.1. Morphologic Observations in the Initial Stage of Regeneration

Less than 10% of the cultures were contaminated, and 150 genotypes of hybrid sweetgums
were established in vitro and sub-cultured. Three genotypes were selected for colchicine treatment.
The leaves of the hybrid sweetgum were trisected during the early stage. After incubation for 4 days,
no nodules were observed on the wound of the main vein of the leaves and petioles. From 4 to 6 days,
nodules appeared and expanded rapidly, and growth continued until 8 days. The nodules in the leaves
near the petioles were larger than those found on other wounds (Figure 1). The first bud appeared
nearly 20 days after the shoot explants were placed in medium.
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Figure 1. Morphology of leaves and petioles cultured in regeneration medium after 4, 6, and 8 days.
(a–c) morphology of leaves cultured for 4, 6, and 8 days, respectively; (d-f) morphology of the second
wound in the leaf main vein at 4, 6, and 8 days respectively; (g-I) morphology of the first wound
in the leaf main vein at 4, 6, and 8 days, respectively; (j-l) morphology of the petiole cultured for
4, 6, and 8 days, respectively; (m-o) morphology of one end of the petiole cultured for 4, 6, and
8 days, respectively.

3.2. Survival Rate and Regeneration of Colchicine-Treated Explants

Under treatment 4, the survival rates were <10% (Tables 2 and 3). Table 4 shows that the
concentration of colchicine (120–200 mg/L) had no significant effect on the survival rate of leaf
explants. In contrast, genotype, pre-culture time and exposure time had significant effects on the
survival rate in leaves (Table 4) and in petioles (Table 5). Exposure time exerted the most significant
effect on survival rate for both leaves and petioles (Table 6).
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Table 2. Design of orthogonal table L9(3)4 for leaves.

Treatment
Factors Number of Shoots

Examined
Survival
Rate %

No. of
Tetraploid

No. of
Mixoploid

Tetraploid
Induction %A B C D

c1 1 1 1 1 50 95.00 1 1 2.00
c2 1 2 2 2 50 75.00 0 1 0.00
c3 1 3 3 3 30 41.67 1 2 3.33
c4 2 1 2 3 15 8.33 0 0 0.00
c5 2 2 3 1 50 81.67 1 1 2.00
c6 2 3 1 2 50 90.00 0 1 0.00
c7 3 1 3 2 50 75.00 0 1 0.00
c8 3 2 1 3 50 70.00 0 0 0.00
c9 3 3 2 1 50 85.00 1 2 2.00

Table 3. Design of orthogonal table L9(3)4 for petioles.

Treatment
Factors Number of Shoots

Examined
Survival
Rate %

No. of
Tetraploid

No. of
Mixoploid

Tetraploid
Induction %A B C D

c1 1 1 1 1 50 85.00 1 0 2.00
c2 1 2 2 2 50 56.67 2 1 4.00
c3 1 3 3 3 30 28.33 1 0 3.33
c4 2 1 2 3 15 10.00 0 0 0.00
c5 2 2 3 1 50 56.67 3 2 6.00
c6 2 3 1 2 50 75.00 0 0 0.00
c7 3 1 3 2 50 48.33 0 0 0.00
c8 3 2 1 3 50 51.67 0 0 0.00
c9 3 3 2 1 50 70.00 4 2 8.00

Table 4. The variation analyses of survival rates for different genotype leaves (Liquidambar styraciflua ×
L. formosana), concentration, pre-culture duration and exposure time.

Variation Source df MS F Sig.

Genotype 2 294.147 4.876 0.020 *
Concentration 2 193.362 3.205 0.064

Pre-culture duration 2 1087.422 18.027 0.000 *
Exposure time 2 2769.584 45.913 0.000 *

Error 18 60.322
Total 27

df : degrees of freedom; MS: mean square; Sig.: significance; * Represents a significant difference at p < 0.05.

Table 5. The variation analyses of survival rates for different genotype petioles (Liquidambar styraciflua
× L. formosana), concentration, pre-culture duration and exposure time.

Variation Source df MS F Sig.

Genotype 2 138.765 6.238 0.009 *
Concentration 2 97.631 4.389 0.028 *

Pre-culture duration 2 811.981 36.502 0.000 *
Exposure time 2 1612.270 72.478 0.000 *

Error 18 22.245
Total 27

df : degrees of freedom; MS: mean square; Sig.: significance;* Represents a significant difference at p < 0.05.
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Table 6. The range analysis of the hybrid sweetgum survival rate by orthogonal test.

Explant Type A B C D

Leaf

K1 211.67 178.33 255.00 261.67
K2 180.00 226.67 168.33 240.00
K3 230.00 216.67 198.33 120.00
k1 70.56 59.44 85.00 87.22
k2 60.00 75.56 56.11 80.00
k3 76.67 72.22 66.11 40.00
R 16.67 16.11 28.89 47.22

Petiole

K1 170.00 143.33 211.67 211.67
K2 141.67 165.00 136.67 180.00
K3 170.00 173.33 133.33 90.00
k1 56.67 47.78 70.56 70.56
k2 47.22 55.00 45.56 60.00
k3 56.67 57.78 44.44 30.00
R 9.44 10.00 26.11 40.56

R: Range. Range = k·(max) − k (mix); K1A = XA1 + XA2 + XA3, K2A = XA4 + XA5 + vXA6, K3A = XA7 + XA8 + vXA9 . . . ;
kx = Kx/number of level.

3.3. Analysis by Flow Cytometry and Polyploid Determination

The ploidy levels were determined by three flow cytometry tests (Figure 2). The first test was
administered in shoots that were rooted in medium for 1 month, the second test was administered
after sub-culturing for 2 months, and the third test was administered after transplantation in the
soil for 2 months. Therefore, the chromosomes were counted over a total of 6 months. The results
showed that tetraploids and mixoploids were induced in the three genotypes of hybrid sweetgum
(Tables 2 and 3). The most effective treatment for inducing polyploidy in the petioles was treatment 9,
which consisted of pre-culturing genotype Z3 for 6 days, followed by 200 mg/L colchicine treatment
for 3 days. This treatment resulted in 8% tetraploid and 4% mixoploid induction rates (Table 3).
For the leaves, one tetraploid was acquired in c1, c3, c5, and c9 (Table 2). The chromosome number of
tetraploid hybrid sweetgum was 2n = 4x = 52 (Figure 3a), and the chromosome number of diploids
was 2n = 2x = 26 (Figure 3b).

Figure 2. Histograms of flow cytometric analysis of Liquidambar styraciflua × Liquidambar formosana
(a) diploid plant (control); (b) tetraploid plant; (c) diploid + tetraploid plant.
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Figure 3. Chromosome counting of regenerated Liquidambar styraciflua × L. formosana plant
(a) Chromosomes of a tetraploid plant. (b) Chromosomes of a diploid plant.

Range analysis of the results showed that the best concentration of colchicine and exposure
time was 200 mg/L and 3 days, respectively, for both leaf and petiole explants. The number of
tetraploids was lower than for those exposed to colchicine for 5 days (Table 7). Range analysis also
showed that the exposure time was the most important influencing factor in leaf and petiole tetraploid
numbers. Moreover, the morphology of the adventitious shoots of leaves were similar to that of
petioles (Figure 4a,b), and tetraploid plantlets was significantly different from that found in the diploid
plantlets, showing deeper green leaf colour and shorter root length and internodal distance (Figure 4c).

Table 7. The range analysis of the hybrid sweetgum tetraploid-inducing rate by orthogonal test.

Explant Type A B C D

Leaf

K1 5.33 2.00 2.00 6.00
K2 2.00 2.00 2.00 0.00
K3 2.00 5.33 5.33 3.33
k1 1.78 0.67 0.67 2.00
k2 0.67 0.67 0.67 0.00
k3 0.67 1.78 1.78 1.11
R 1.11 1.11 1.11 2.00

Petiole

K1 9.33 2.00 2.00 16.00
K2 6.00 10.00 12.00 4.00
K3 8.00 11.33 9.33 3.33
k1 3.11 0.67 0.67 5.33
k2 2.00 3.33 4.00 1.33
k3 2.67 3.78 3.11 1.11
R 1.11 3.11 3.33 4.22

R: Range. Range = k (max) − k (mix); K1A = XA1 + XA2 +XA3, K2A = XA4 + XA5 + XA6, K3A = XA7 + XA8 + XA9 . . . ; kx
= Kx/number of level.

Figure 4. Morphology of shoot regeneration in Z3 leaves and petioles after 60 days. (a) leaf; (b) petiole;
(c) tetraploid; (left) and diploid (right).
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4. Discussion

This study describes a method of in vitro tetraploid induction from leaf explants of hybrid
sweetgum (L. styraciflua × L. formosana). Morphological mutation has been found in tetraploid plantlets.
Interestingly, this phenomenon has appeared in herbs, fruit and timber trees [9,11,18]. In this paper,
we investigated the effects of explant type, genotype, pre-incubation time, exposure time in colchicine
and concentration of colchicine. The exposure time had the greatest effect on the tetraploid-inducing
rate, this may be due to the lower survival rate of explants after over exposure to colchicine.

All three genotypes acquired tetraploids, with similar results to those obtained using
Actinidia chinensis and Populus [8,15]. Few studies have considered both leaves and petioles together,
perhaps due to limited efficiency of regeneration, such as in Actinidia chinensis [15]. Therefore, previous
studies have provided no evidence as a basis for comparing the induction rates of leaves and petioles.
In this study, the ability to induce tetraploidy was higher in petioles than in leaves. It is possible that
the nine treatments were more suited to petioles, or the chromosomes and petiole cells were more
responsive to colchicine treatment. This method has potential for successful acquisition of polyploids
using a high-efficiency regeneration system for leaves and petioles of some plant species. In this
study, we found lower induction rates for leaves and petioles pre-cultured for 4 days versus those
pre-cultured for 6 or 8 days. Interestingly, we observed that the wounds in the main vein expanded
slowly (Figure 1). The relationship between wound expansion and induction rate requires further
confirmation in future studies.

The survival rate of leaves was higher than that of petioles subjected to nine treatments.
For petioles, the pre-culture duration, colchicine concentration and exposure time significantly affected
the survival rate. Similar conclusions were reported by [25]. However, colchicine concentration was
not a significant factor for leaf survival. Interestingly, increased pre-treatment time correlated roughly
with decreased survival rates, perhaps because inactivation of in vitro explant cells occurred slowly.
The duration of colchicine treatment was the most important factor influencing the survival rate, and
leaves exposed to colchicine for 5 days acquired only two tetraploids.

Unsynchronised cell divisions may lead to the induction of mixoploids. Mixoploid induction has
been reported in Ranunculus asiaticus [14], Echinacea purpurea [18], and Pyrus pyrifolia N. cv. Hosui [26].
Mixoploid induction always accompanies tetraploid induction, and the in vitro regeneration rate
of mixoploids was markedly lower than that obtained directly from treated seeds and shoot tips.
Although a higher rate of mixoploid induction occurs during direct regeneration from organs versus
from somatic embryos, somatic embryogenesis is often limited by its high threshold of regeneration.
We hypothesise that increasing the concentration of cytokinin, and selecting younger and more
robust colchicine-treated explants, might improve the efficiency of tetraploid induction. Sivolapov
and Blagodarova reported that stable mixoploids in poplar showed growth advantages in field
observations [27].

In this study, we explored conditions that were conducive for sweetgum polyploidy breeding.
Future studies will be aimed at optimising the treatment conditions and regeneration system for
other genotypes. In addition, as various regeneration systems have been successfully established in
Liquidambar [5,20,28], our future studies will incorporate other regeneration systems besides the leaf
and petiole to induce polyploidy sweetgum.

5. Conclusions

To the best of our knowledge, this is the first report of in vitro tetraploid induction from leaf
and petiole explants of hybrid sweetgum (L. styraciflua × L. formosana). This method is effective,
not limited by flowering period and easy to operate. In the future, this method could be used
for tetraploid induction in multiple genotypes, and these tetraploid plants will be observed and
measured continuously with the aim of selecting fast growing, high biomass, strong resistance, superior
sweetgum with peculiar ornamental value. Furthermore, hybrid tetraploid sweetgum could be
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a potential source for the promotion of sweetgum breeding and producing triploids by crossing
with diploids.
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