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Abstract

Trees are constantly exposed to climate fluctuations, which vary with both time and geographic location. Environmental
changes that are outside of the physiological favorable range usually negatively affect plant performance and trigger
responses to abiotic stress. Long-living trees in particular have evolved a wide spectrum of molecular mechanisms to
coordinate growth and development under stressful conditions, thus minimizing fitness costs. The ongoing develop-
ment of techniques directed at quantifying abiotic stress has significantly increased our knowledge of physiological
responses in woody plants. However, it is only within recent years that advances in next-generation sequencing
and biochemical approaches have enabled us to begin to understand the complexity of the molecular systems that
underlie these responses. Here, we review recent progress in our understanding of the molecular bases of drought
and temperature stresses in trees, with a focus on functional, transcriptomic, epigenetic, and population genomic
studies. In addition, we highlight topics that will contribute to progress in our understanding of the plastic and adap-
tive responses of woody plants to drought and temperature in a context of global climate change.

Keywords: Abiotic stress, drought, epigenomics, global climate change, population genomics, temperature, transcriptomics, trees.

Introduction

Forests play a crucial role for the climate at various temporal-
spatial scales. For example, forests directly affect the local cli-
mate by interacting with biogeochemical water cycles (Ellison
et al., 2017) whilst at the same time influencing the global
carbon cycle because they hold a large fraction of the global
carbon stock, acting as a major sink for atmospheric CO, (Pan
et al., 2011). As a result of climate change, forest biomes are
expected to face increasing temperatures, extreme cold winters

with harsh springs, and/or more frequent and severe droughts
(Sheffield and Wood, 2007; Loarie et al., 2009; Li et al., 2015).
These extreme abiotic conditions are expected to have signifi-
cant consequences for biodiversity, primary productivity, and
ecological functions (Ciais ef al., 2005; Sitch et al., 2008). Most
of our knowledge about the molecular bases of the responses
of plants to abiotic stresses comes from studies of annual plants
such as Arabidopsis and crop species, and information about
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trees is generally scarce and mostly limited to model genera
such as Populus (Harfouche ef al.,2014). An important question
therefore remains as to how trees will be able to cope with the
extreme environmental conditions that are expected to be ag-
gravated under global climate change.

Our knowledge of the physiological responses of woody
plants to abiotic stresses has significantly increased with the
ongoing development of measurement techniques, for ex-
ample the Scholander pressure bomb, which was first used
for measuring drought stress in a tree more than 50 years ago
(Waring and Cleary, 1967). The increasing availability of the
genomes of tree species (Sow et al., 2018, and see https://
plabipd.de for updates) in combination with advances in
next generation sequencing (NGS) techniques, which allow
in-depth molecular studies of non-model species by making it
straightforward to obtain massive quantities of DNA and RNA
sequence data from virtually any tissue and developmental
and/or physiological conditions (Metzker, 2010), provide a
powerful tool for advancing our knowledge of the genetic
architecture that underlies abiotic stress responses in trees. In
this review, we describe and integrate the latest knowledge on
drought and temperature stress in trees, since they are proposed
to be the major factors that will have an impact according
to global climate predictions. We focus on studies based on
transcriptomics, epigenomics, and population genomics that
have mostly been carried out over the last decade, with the
aim of discussing molecular mechanisms and the way in which
they may contribute to tree responses to stress in a context of
global climate change.

Concepts and main features related to the
physiology of plant stress

Plant stress can be defined as any unfavorable condition or
substance that affects or blocks the metabolism, growth, or de-
velopment of the plant (Lichtenthaler, 1996). However, from a
functional point of view, many physiologists define stress as the
altered physiological condition caused by factors that tend to
change an equilibrium (reviewed by Kranner ef al., 2010). In
this review, we distinguish external stress factors from internal
stresses whenever possible, and refer to abiotic stress as the en-
vironmental condition that triggers changes in the physiology
of the organism, whereas the physiological conditions caused
by stressing factors are referred to as the response to stress. The
particular stress caused by temperature is referred to as thermal
or temperature stress, whilst the stress caused by drought is
termed drought stress.

The physiological response to stress may vary depending on
the frequency and intensity of the stressful condition and the
ontological stage of the plant. Importantly, not only do dif-
ferent tree species vary considerably in their inherent ability to
resist stress, but the resistance of individual plants also changes
dramatically during the year, for example as reported exten-
sively for cold stress (Weiser, 1970; Harrison ef al., 1978).This
raises the concept that stress responses in trees may show tem-
poral variations, which can be regulated diurnally (Hiive ef al.,
2006) or seasonally (Harrison et al., 1978). When the exposure

of the plant to a gradually increasing stressful environment in-
duces physiological adjustment that protects it from the growth
inhibition and/or injury that occur when environmental
stresses are abruptly imposed, but does not involve changes in
the DNA sequence, the response is referred to as hardening
or acclimation (Kranner et al., 2010; Crisp et al., 2016). When
hardening persists between generations, the process is referred
to as adaptive transgenerational plasticity (Herman and Sultan,
2011). In harsh environments, under constant stressful condi-
tions, genetic changes can be fixed over many generations by
selective environmental pressure, and in this case, populations
show adaptation to the environment (Mitchell-Olds et al.,
2007). Acclimation, adaptive transgenerational plasticity, and
genetic adaptation can contribute simultaneously to the overall
tolerance of the plant to extremes in the abiotic environment.

Drought stress

Drought stress is an important driver of tree mortality (Park
Williams et al., 2013; McDowell et al., 2018) and trees have
evolved a variety of strategies to respond to and cope with
the different stages of water deficit, which involve biochem-
ical, physiological, and morphological adjustments. These can
be classified into drought avoidance and drought tolerance.
Drought avoidance is mainly based on strategies directed at
avoiding low water potentials, which involve mechanisms that
maintain the water status of the plant by ensuring continued
water uptake and minimizing water loss. These involve con-
stitutive responses, such as the expression of barriers that de-
creases water evaporation (Aharoni ef al., 2004), and inducible
responses including turgor-dependent decreases in cell division
and expansion, which reduce leaf area (Marron et al., 2003),
and stomatal regulation, which reduces transpiration, albeit
to the detriment of CO, uptake (Choat et al., 2018). When
drought avoidance mechanisms are not enough to mitigate the
stress, plants respond by activating drought tolerance mech-
anisms that are directed to protecting tissues against damage,
mainly through the induction of components that protect cel-
lular elements against dehydration, mechanisms that promote
osmotic adjustment, and detoxification of reactive oxygen
species (ROS) (Du et al., 2009; Claeys and Inzé, 2013). It is
important to note that although several general principles re-
lated to drought stress are valid for both gymnosperms and
angiosperms, gymnosperms are generally considered to be
more drought resistant than angiosperms, and this is linked to
differences in traits such as xylem structure and stomatal regu-
lation. On the other hand, angiosperms show more complex
anatomical responses to drought than gymnosperms (reviewed
by Moran et al., 2017)

Temperature stress

Temperature is one of the major environmental factors that
constrains the geographical distribution of organisms,and it is in
large part governed by latitude and altitudinal gradients, which
determine thermal niches with specific characteristics. Stress
as a result of both low and high temperatures has a direct im-
pact on molecular (DNA, lipid, proteins) and macro-molecular
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(membranes, chromosomes) structures, principally due to a
thermodynamic effect (Ruelland and Zachowski, 2010).

Cold stress

Low temperature is one of the main factors that limits the prod-
uctivity and geographical distribution of many species, including
important agricultural crops. The ability of trees to grow at
low temperatures can be related to their capacity to cope with
sub-zero temperatures through mechanisms that promote frost
resistance, or with relatively cold temperatures in a range be-
tween 0 °C and ~15° through processes that trigger chilling
resistance. Whereas frost response mechanisms are frequently
present in tree species that belong to temperate and boreal eco-
systems, trees from tropical environments express chilling symp-
toms in a range between 0 °C and 10-15 °C (Graham and
Patterson, 1982; Allen ef al.,2000; Mai et al., 2010). Chilling and
freezing tolerance are related to the development of mechan-
isms that impair low-temperature damage, such as modification
of the saturation level of the fatty-acid chains in membrane
lipids (Falcone et al., 2004), which allows cells to maintain
membrane fluidity at low temperatures. In woody plants, dif-
ferent parts of the plant and even adjacent tissues show differ-
ences in cold hardiness. For example, in stems, living cells in the
wood are often less resistant by several degrees in midwinter
than those of bark tissues (reviewed by Weiser, 1970). In par-
ticular, bud dormancy in deciduous trees is a trait that promotes
survival during harsh climatic conditions (Cooke ef al., 2012).
Environmental factors such as short days and low temperature
promote bud dormancy and cold hardiness in trees, and it has
been demonstrated that the circadian clock is an essential timer
that regulates seasonal growth and cold hardiness in deciduous
tree species (Ibanez et al., 2010; Johansson ef al., 2014).

Heat stress

High temperatures exert an important constraint for tree growth
and development, and heat stress is an important driver of tree
mortality in natural ecosystems (McDowell ef al., 2018). Long-
term adaptive strategies for heat tolerance include decreasing
the leaf’ canopy temperature through increasing evaporative
cooling by enhancing leat number and area, through changing
leat orientation, through the development of reflective trich-
omes and waxes, or through leaf shedding (Teskey et al., 2015).
At the leaf level, the processes that are affected include photo-
synthesis, dark respiration, photorespiration, emissions of vola-
tile organic compounds (VOCs), stomatal conductance, and
transpiration (Teskey et al.,2015). At the cellular and subcellular
level, the reduction in water content caused by heat has nega-
tive effects on cell division and growth (Hasanuzzaman et al.,
2013), on the functioning of photosystem II, the fluidity of
the thylakoid membrane, and on rubisco activity (Teskey et al.,
2015). Injurious effects of high temperature include protein
denaturation and aggregation, inactivation of enzymes, mem-
brane dysfunction, and de-organization of microtubules, which
can eventually lead to the breakdown of cell integrity.

While some of the physiological responses described above
have been well characterized, much remains to be determined
about their detailed mechanisms, their plasticity, and their
underlying molecular regulatory networks in trees.

Functional studies on sensing stress and
downstream signaling pathways

Plants have evolved a diverse spectrum of molecular programs
aimed at promoting switches in growth and development
under stressful conditions, and most of our knowledge of these
comes from model species such as Arabidopsis and annual crop
plants (e.g. Bjornson et al., 2016). Several molecules have been
proposed to sense abiotic stress (Mittler ef al., 2012; Srivastava
et al., 2013; Liu et al., 2017), but their roles and relevance in
the stress responses of trees are still unclear. Beyond the specific
receptors involved, a widely accepted concept is that abiotic
stress exerts different biological impacts at the cellular level that
trigger the stress-sensing mechanism in plants. There is evi-
dence that this may also be true for trees, and reports in both
woody gymnosperms and angiosperms suggest that, similar to
Arabidopsis (Saidi et al., 2011), calcium-dependent signaling,
mitogen-activating protein kinases (MAPKs), and heat-shock
proteins (Hsps) act during abiotic stress. For instance, drought
stimulates the expression of the transcription factor (TF)
bZIP60 in Pinus strobus, which is known to promote drought
tolerance and to activate several calcium-dependent protein
kinases in transgenic rice (Tang and Page, 2013). Similarly, in
Populus euphratica, the calcium-dependent protein kinase 10
(CPK10) is expressed under drought and frost and activates
both drought- and frost-responsive genes to induce stress tol-
erance (Chen et al., 2013). On the other hand, in the hybrid
poplar Populus trichocarpa X deltoides, MAPK cascades are in-
volved in the promotion of antioxidant stress responses and in
P trichocarpa they stimulate the expression of drought-related
genes (Hamel ef al., 2005; Wang et al., 2014). The difterent
signal-transduction components that are so far known to act
during drought and temperature stresses in trees are integrated
in Fig. 1, 1in a hypothetical scheme based on the data available
from functional studies performed in different woody angio-
sperms and gymnosperms. Although the role of each individual
component remains to be examined across all the different taxa
and tissues, the figure illustrates the current state of our know-
ledge of this area in trees.

Physiological and functional studies in poplar indicate that
heat stress induces the expression of Hsps, such as Hsp90
(Zhang et al., 2013), and several are co-expressed with Heat-
Shock Factors A and B (HSFA and HSFB) (Zhang et al.,
2015). In P, trichocarpa, several Hsps such as Hsp60, Hsp70, and
Hsp100 are induced during the transient expression of HSFA2,
HSFAG6a, and HSFB2a (Zhang et al., 2015), indicating that,
similar to other species, HSF proteins regulate Hsps in trees.

Changes in membrane fluidity due to heat or cold also
trigger temperature responses (Vaultier ef al., 2006; Saidi ef al.,
2011) and the damage to membranes and the loss of ionic and
osmotic homeostasis promote the production of ROS, which
activate specific signaling pathways in Arabidopsis (Mittler ef al.,
2004). In trees, an increase in ROS activity has been reported
under drought, chilling, frost, and heat stress (Lei ef al., 2000;
Chen et al., 2014; Xie et al., 2018; He et al., 2019), and MYB
and zinc-finger TFs promote the expression of ROS detoxifi-
cation enzymes, thus enhancing stress tolerance. For instance,
in P euphratica, the cysteine-2/histidine-2-type zinc-finger TF
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STZ1, which is mostly expressed in young stems, phloem, and
xylem, is induced by drought, frost, and chilling stress in leaves
and promotes the expression of ascorbate peroxidase 2, which
scavenges ROS and enhances frost tolerance. The ectopic over-
expression of STZ1 improves freezing tolerance in transgenic
poplar (He et al., 2019). On the other hand, under drought
stress, the poplar protein CHYR 1, which is a homolog of an E3
ligase that is a core component of the ubiquitination pathway
and contains a CHY zinc-finger domain in Arabidopsis (Ding
et al.,2015), promotes stomatal closure via ROS signaling (He
et al.,2018).This indicates that components and signaling path-
ways that mediate stomatal closure in response to drought are,
to some extent, conserved between Arabidopsis and poplar.
Chilling in apple (Malus X domestica) induces the
overexpression of the R2R3 MYB TFs MYB88 and MYB124,
which stimulate anthocyanin accumulation and ROS detoxi-
fication (Xie et al., 2018). This might be mediated, at least in
part, through modulation of the expression of C-repeat/DREB
binding factors (CBFs), which are key TFs that are members
of the APETALA2/Ethylene-Responsive Factor family (AP2/
ERF) and function in chilling resistance and acclimation in
other species (Shi et al., 2018). Both MYB88 and MYB124
bind to the promoters of apple homologs for COLD SHOCK
DOMAIN PROTEIN 3 (CSP3) and CIRCADIAN CLOCK
ASSOCIATED 1 (CCA1), and act as direct regulators of their
expression in transient assays in tobacco leaves. CCA1 but not
CSP3 activates the expression of the apple homolog for CBF3

under cold stress, indicating that MYB88 and MYB124 act
to promote both the CBF and CBF- independent pathways
(Xie et al.,2018). In addition to CBF3, CBF1 is cold-inducible
in stems and leaf tissues of poplar, whereas CBF2 and CBF4
are mostly induced in leaves (Benedict et al., 2006; Li et al.,
2017), indicating the existence of transcriptional diversification
of CBFs across different tissues. Interestingly, CBF1 transcripts
increase under during drought, chilling, frost, and heat stress
and studies in P simonii indicate that this factor may promote
chilling tolerance through the regulation of membrane-related
functions (Li ef al., 2017). CBF4 is also induced by drought and
frost in leaves in P euphratica (Tian et al., 2017). This suggests
that CBFs may act as nodes in the expression of different stress-
signaling pathways. In trees, the way in which drought, chilling,
frost, and heat stress responses may be interconnected through
the action of CBF factors is still unknown.

Among the phytohormones that are involved in abiotic
stress responses, the action of abscisic acid (ABA) is the best
functionally characterized in trees. Different abiotic stresses
stimulate the accumulation of ABA (Escandén et al., 2016;
Pashkovskiy et al., 2019) and functional analysis indicates that
the main ABA signaling components are conserved between
Arabidopsis and poplar (Papacek et al., 2017). In P tremula X
tremuloides, ABA signaling plays a crucial role in the trade-oft
of biomass allocation under drought stress, and ABA is pro-
posed to play an important role in regulating the biomass of
woody plants, mostly by affecting leaf area (Yu et al., 2019).
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ABA induces the expression of components that participate in
the responses to drought, frost, and chilling such as the STZ1
TE as mentioned above (He ef al., 2019), and CPK10 promotes
ABA signaling during drought and frost (Chen ef al., 2013; L1
et al., 2019). The relevance of ABA signaling in the responses
of woody plants to abiotic stress is evidenced by the fact that
overexpression of pyrabactin resistance-like abscisic acid recep-
tors, PYR/PYL/R CARs, enhances drought and cold tolerance
in transgenic poplar growing under controlled conditions (Yu
et al., 2017). However, these transgenic lines did not show en-
hanced drought tolerance under natural conditions (Yu et al.,
2019), indicating that further research on PYR/PYL/RCARs
is needed to determine their potential for biotechnological
solutions to drought stress in poplar under changing envir-
onments. In Arabidopsis, it is well established that promotion
of drought stress involves the expression of genes that contain
ABA-responsive elements (ABREs) in their promoters, which
are induced by ABA through the action of ABA-responsive
element binding (AREB) TFs. During drought stress, changes
in the acetylation state of the residue Lys9 of histone H3 modu-
lates the methylation status of several ABR Es, allowing the tran-
scription of several ABA-responsive genes (Kim et al.,2012). In
P trichocarpa, it has been shown that the AREB1-2 TF binds to
ABREs of NO APICAL MERISTEM (NAC) genes and re-
cruits histone acetyltransferase units that enable histone acetyl-
ation and the enrichment of RNA-polymerase II at the NAC
promoters, thus stimulating transcription of the NAC genes
and enhancing drought tolerance (Li et al., 2019). In addition,
AREB3 overexpressors of P tremula X tremuloides show reduced
growth under well-watered conditions and a relative increase in
root biomass under drought stress (Yu et al., 2019).

Most of the above information on stress signaling in trees
is based on studies of possible functional homology between
woody plants and model annuals such as Arabidopsis. There
is increasing experimental evidence to indicate that common
components such as STZ1 and ABA are able to act in several
stress responses. However, their roles in possible interconnec-
tions and crosstalk between drought and temperature stresses
are unknown. Furthermore, the regulation and relevance of
these factors in natural environments and under conditions
that promote hardening have not yet been tested. A combin-
ation of complementary methods that extend experiments to a
wider range of taxa and developmental stages will improve our
knowledge of the molecular signaling pathways that operate
under abiotic stresses in trees. Combined with recent advances
in -omics and NGS disciplines, such studies will provide op-
portunities to expand our knowledge and to detect unique
molecular elements and interactions within abiotic stress path-
ways in forestry species.

Genetic architecture of stress responses in
tree species

Among the different NGS techniques, massively parallel tran-
scriptome sequencing (i.e. RNA-seq) is one of the most used in
trees. RNA-seq aims to determine the transcriptional structure
of genes and to quantify and compare the expression levels of

transcripts between ontogenetic and/or physiological conditions
(Wang et al.,2009). Now already in its ‘teenage years’ (Stark et al.,
2019), RNA-seq has most often been used for analysing differ-
ential gene expression between experimental groups.

Transcriptomic analyses have the potential to provide in-
formation that can be used as a template for exploring the
functional regulation of physiological traits. A study of Populus
by Ruttink et al. (2007) provides a good example. The authors
demonstrated that short days (SDs) alone during bud develop-
ment are sufficient to induce genes responsive to dehydration,
cold, and ABA. Based on transcriptomic data, they proposed
that photoperiod, ethylene, and ABA act as major signals in
SD-induced bud formation, growth cessation, and dormancy.
These findings provided a template that was then used exten-
sively to further explore bud formation and dormancy in de-
ciduous trees (e.g. Hoffman et al., 2010; Kozarewa et al., 2010;
Karlberg et al., 2011).

The first RNA-seq studies that investigated gene expres-
sion under abiotic stress in trees were conducted in econom-
ically important genera such as Populus (Peng et al., 2012)
and Eucalyptus (Villar ef al., 2011). RNA-seq studies that have
examined temperature and drought stress in tree species and
that have been published in the last 5 years are summarized
in Table 1. Here, we consider only the sequencing of mature
mRNA, not other types such as miRNA (see ‘Stress and epi-
genetics’, below). For a review of early transcriptome studies of
abiotic stresses in forest trees (mostly microarrays and expressed
sequence tag/Sanger sequencing) see Harfouche et al. (2014).

Recent RNA-seq studies have been carried out in both
gymnosperms (four species, two families) and angiosperms (17
species, 11 families) using juvenile plants (Table 1). The eco-
nomically important species include both timber trees (such as
Pseudotsuga menziesii, Douglas fir) and non-timber trees (such as
Camellia sinensis, tea). There are also species that are important as
unique constituents of isolated or extreme environments, such
as Ammopiptanthus mongolicus, an endemic legume species of
the eastern Asian deserts, and Quercus lobata (valley oak), which
grows exclusively in California valleys and foothills. For most
of these species, no genomic resources were available prior to
the publication of the studies reviewed here. Consequently, the
majority of the studies listed in Table 1 are of an exploratory
nature and they generally do not deal with particular genes
or gene families, or with the regulation of gene expression or
transcript variants, and instead they examine general processes
involved in the whole-organism response to the environment.
As an exception, the availability of the P trichocarpa genome
has allowed some authors to focus on the analysis of particular
genes (Mun et al., 2017; Xing et al., 2018) or on alternative
splicing (Filichkin et al., 2018).

The majority of studies have applied drought as the stress
factor and measured its effect on mature leaf tissues; the
other commonly examined tissue was the roots. With re-
gards to data availability, most studies provide a link to the
NCBI BioProject that contains the raw reads and other rele-
vant data for the reported experiments. This not only fosters
transparency and replicability, it also provides an opportunity
for meta-analysis and potential new scientific discoveries
(Mangul et al., 2019).
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Table 1. RNA-seq studies published in the last 5 years involving temperature and drought stress in tree species

Species (family) NCBI BioProject Sequencing device Abiotic condition Tissue Reference
Pinus halepensis (Pinaceae) PRJNA399618 [llumina HiSeq 2500 Drought Leaves Fox et al. (2018)
Pseudotsuga menziesii (Pinaceae) PRJNA296922 [llumina HiSeq 2000 Temperature, drought  Leaves Hess et al. (2016)
Abies alba (Pinaceae) PRJINA266095 [llumina HiSeq 2000 Drought Cotyledons Behringer et al. (2015)
Platycladus orientalis PRJINA318568 [llumina HiSeq 4000 Drought Roots Zhang et al. (2016)
(Cupressaceae)
Ammopiptanthus mongolicus PRJNA158883 [llumina HiSeq 2000 Drought Leaves Gao et al. (2015)
(Fabaceae)
Prunus dulcis (Rosaceag) PRJNA244904 [llumina HiSeq 2000 Freezing Anther, ovary Mousavi et al. (2014)
Prunus persica (Rosaceae) PRJEB12334 [llumina HiSeq 2000 Drought Roots, leaves Ksouri et al. (2016)
Pyrus betulaefolia (Rosaceae) - lllumina/Solexa GAllx Drought Leaves Lietal (2016)
Hippophae rhamnoides PRJINA449450 lllumina HiSeq 4000 Drought Leaves Ye et al. (2018)
(Elaecagnaceae)
Broussonetia papyrifera (Moraceae) PRINA219364 lllumina/Solexa GAllx Cold Leaves Peng et al. (2015)
Quercus lobata (Fagaceae) PRJINA357098 lllumina HiSeq 2000 Drought Leaves Gugger et al. (2017)
Quercus suber (Fagaceae) PRJINA275997 Roche-454 GS FLX Titanium  Drought Roots Magalhées et al. (2016)
Populus davidiana (Salicaceae) PRJINA384191, lllumina HiSeq 2500 Drought Leaves Mun et al. (2017)
PRJNA384193,
PRJNA384196,
PRJNA384197,
PRJINA384198,
PRJINA384199
Populus simonii (Salicaceage) PRJUNA299038 lllumina HiSeq 2000 / HiSeq ~ Temperature, drought  Leaves, roots Jiaetal (2017)
2500
Populus trichocarpa (Salicaceae) PRJINA227790 lllumina HiSeq 2000 Drought Leaves Tang et al. (2015)
PRJNA431471 Cold (and others) Leaves Xing et al. (2018)
PRJEB19784 Temperature, drought  Leaves, roots, xylem Filichkin et al. (2018)
Bombax ceiba (Malvaceae) - lllumina HiSeq 2500 Drought Leaves Zhou et al. (2015)
Santalum album (Santalaceae) PRJNA320980 lllumina HiSeq 2000 Cold Leaves Zhang et al. (2017b)
Camellia sinensis (Theaceae) PRJINA297732 lllumina HiSeq 2000 Drought Leaves Liu et al. (2016)
PRJEB11522 lllumina HiSeq 2500 Zhang et al. (2017a)

Fraxinus pennsylvanica (Oleaceae) PRJNA273266

Olea europaea (Oleaceag) PRJNA256033 lllumina HiSeq 1000

PRJINA272494

lllumina MiSeg/HiSeq 2000

lllumina/Solexa GAIIx

Temperature, drought
(and others)
Cold Leaves

Leaves, roots Lane et al. (2016)
Leyva-Pérez et al.
(2015)

Guerra et al. (2015)

Even though there is a huge variety of bioinformatics
softwares available online (Dozmorov, 2018; Russell et al.,
2018), some programs are used more often than others and
have been widely adopted by the research community (Wren,
2016), and these are summarized in Supplementary Table S1
at JXB online. Summaries of Gene Ontology terms (GO;
Ashburner ef al., 2000) and Kyoto Encyclopedia of Genes and
Genomes pathways (KEGG; Kanehisa and Goto, 2000) are
provided in Table 2, and these link specific genes with higher-
order characteristics such as metabolic pathways or biological
processes of genes that are over- or under-represented in the
RNA-seq studies that we review in this section. As we have
already noted, some stresses and tissues have received more at-
tention than others, and this creates some gaps that hinder a
thorough comparison between studies. For example, there are
no KEGG pathway enrichment analyses for heat stress or for
root tissue studied under high or low temperature stress.

A common feature across all stresses (drought, cold, or heat)
in leaf tissue is the down-regulation of photosynthesis. Flower
sexual tissues, which are not usually involved in photosynthesis,
predictably do not feature down-regulation of photosynthetic

processes or pathways in Prunus dulcis. The repression of photo-
synthesis indicates a drastic rearrangement of resource alloca-
tion in plants under stress.

A well-known effect of abiotic stress in plants is the pro-
duction of ROS, which can eventually oxidize lipids, pro-
teins, and DINA, and thereby trigger cell death (Akula and
Ravishankar, 2011; see previous section).To prevent this, plants
accumulate antioxidant compounds such as flavonoids, alkal-
oids, or terpenoids (isoprenoids), as well as brassinosteroids
in response to various stresses and stress combinations (Akula
and Ravishankar, 2011; Bartwal ef al., 2013; Nakabayashi and
Saito, 2015; Choudhury ef al., 2017). This is reflected in the
RNA-seq studies reviewed here, across different stress types
and also tissues (flowers of Prunus dulcis, and roots of P persica
and Platycladus orientalis; Table 2).

On a more specific level, there are several genes or group
of genes that are commonly reported as being up- or down-
regulated in the studies reviewed here. These include CBF TFs,
which belong to the AP2/ERF family and are activated under
cold stress (see also previous section). Homologs of CBF genes
are up-regulated in response to cold stress in O. europaea and
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Table 2. Representative differentially expressed GO terms and KEGG pathways in RNA-seq studies of tree species

Response Regulation GO Term/KEGG Pathway

Species (stress)

Photosynthesis Down Photosynthesis (GO:0015979)
Photosynthesis (ko00195)
Carbon fixation in photosynthetic
organisms (ko00710)

ROS scavenging  Up

Peroxisome organization (GO:0007031)
Tropane, piperidine, and pyridine
alkaloid biosynthesis (ko00960)
Diterpenoid biosynthesis (ko00904)
Flavonoid biosynthesis (ko00941)
Phenylpropanoid biosynthesis (ko00940)

Isoprenoid biosynthetic process (GO:0008299)
Response to abiotic stimulus (GO:0009628)

Stress (general) Up
Response to stress (GO:0006950)

Cellular response to stress (GO:0033554)
Cold acclimation (GO:0009631)

Response to cold (GO:0009409)
Response to heat (GO:0009408)

Heat acclimation (GO:0010286)

Response to osmotic stress (GO:0006970)
Response to water (GO:0009415)

Stress (specific) Up

Response to water deprivation (GO:0009414)

Secondary metabolic process (GO:0019748)
Steroid biosynthetic process (GO:0006694)

Olea europaea (cold), Pseudotsuga menziesii (heat), Quercus lobata
(drought)

Camellia sinensis (drought), Pyrus betulaefolia (drought)

Santalum album (cold), Pyrus betulaefolia (drought)

Abies alba (drought), Ammopiptanthus mongolicus (drought)
Populus trichocarpa (drought)

Pseudotsuga menziesii (drought)

Pyrus betulaefolia (drought)

Populus trichocarpa (drought), Santalum album (cold)

Camellia sinensis (drought), Populus trichocarpa (drought)

Platycladus orientalis (drought)

Prunus dulcis (freezing)

Fraxinus pennsylvanica (cold, drought), Santalum album (cold)
Ammopiptanthus mongolicus (drought), Fraxinus pennsylvanica (heat),
Quercus lobata (drought), Populus trichocarpa (drought), Prunus persica
(drought), Platycladus orientalis (drought), Bombax ceiba (drought)
Pseudotsuga menziesii (heat)

Olea europaea (cold)

Cupressus sempervirens (cold)

Pseudotsuga menziesii (heat)

Pseudotsuga menziesii (heat)

Abies alba (drought)

Hippophae rhamnoides (drought)

Abies alba (drought), Bombax ceiba (drought)

S. album (Table 2). Several other TFs of the AP2/ERF family
are also differentially expressed in response to drought and/
or temperature stress in Pseudotsuga menziesii, Prunus dulcis,
Platycladus orientalis, Ammopiptanthus mongolicus, Camelia sinensis,
Hippophae thammoides, Quercus suber, and Populus davidiana.
Other important families of TFs that are notably present in
over- or under-represented genes across different species are
WRKYs, HSFs, zinc-finger CCCH-types, and NACs (see pre-
vious section).

Proteins that act as chaperones, such as Hsps or dehydrins
(members of the late embryogenesis abundant, LEA, family)
are up-regulated in response to all the types of stresses reviewed
here in Abies alba, Cupressus sempervirens, Pinus halepensis, Prunus
persica, Quercus suber, Q. lobata, and Pseudoptsuga menziesii.
The proteins of both the Hsp and LEA families contribute
to stabilizing proteins in the process of denaturation, which is
common to several types of abiotic stress (Close, 1996; Feder
and Hofmann, 1999), and thus they increase stress tolerance.

With regards to hormone pathways, the results are con-
sistent across stressors and species for some hormones but
not for others. The signaling pathways that are consistently
up-regulated are those of jasmonic acid (JA), brassinosteroids
(BRs), and ABA. In contrast, salicylic acid (SA) transduction is
reported to be down-regulated in Ammopiptanthus mongolicus,
Bombax ceiba, and Pinus halepensis. Interestingly, auxin signal
transduction appears as up-regulated in response to stress in
some species (A. mongolicus, B. ceiba, Santalum album, Hippophae
thamnoides) but down-regulated in others (Camellia sinensis,
Populus simonii, Pinus halepensis). In A. mongolicus, C. sinensis,
and B. ceiba, the opposite pattern is observed with ethylene

transduction: it is up-regulated when auxin is down-regulated,
and vice versa. These results are indicative of a complex tran-
scriptional landscape in response to abiotic stress, and in par-
ticular they show highly variable interactions between different
hormone signal transduction pathways.

Stress and epigenetics

The term epigenetics summarizes different mechanisms that
change the nucleosome structure (such as DNA methylation
and histone modifications) and thereby influence gene ex-
pression (Lamke and Biurle, 2017). As long-lived organisms,
epigenetic mechanisms in trees might provide a fast way for
reacting to environmental changes, including abiotic stresses
(Briutigam et al., 2013). When considering the role of epigen-
etic regulation in trees in responses to drought and thermal
stress, most studies have dealt with DNA methylation. The first
studies were limited to measuring global DNA methylation,
where the proportion of methylated bases across the genome
was determined by HPLC assays (Alonso ef al., 2015).This was
followed by studies that used methylation-sensitive restriction
enzymes combined with an amplified fragment length poly-
morphism approach (methylation-sensitive amplified poly-
morphism, MSAP; Reyna-Lopez et al., 1997), which yielded
anonymous data on changes of methylation at a few hundred
sites. These older methods for functional analyses have limited
informative value, and the more detailed bisulfite sequencing
technique has become the method of choice in recent years
(Richards et al., 2017). Depending on the genomic and fi-
nancial resources available, either the entire genome can be
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sequenced (whole-genome bisulfite sequencing, WGBS) or
the genome size can be reduced in a targeted (e.g. expressed
regions of the genome; Lee ef al., 2011) or untargeted manner
(reduced-representation bisulfite sequencing, RRBS; Paun
et al.,2019). Given that the DNA sequence is of reduced com-
plexity after bisulfite treatment, the mapping and identifica-
tion of differentially methylated positions (DMPs) and regions
(DMRs) involves a number of bioinformatic challenges, which
have recently been summarized by (Richards et al., (2017).
Nevertheless, because of the challenges involved in conducting
bisulfite sequencing studies, the number of sequence-based
studies that provide in-depth insights into the role of epigen-
etics in trees is still limited. A total of 50 studies were listed in
a recent review, including studies on miRINAs that classically
do not fall under the term epigenetics (Sow et al., 2018). Here,
we adopt the same rationale that due to the important role of
miRNAs in post-transcriptional regulation of many epigenetic
genes, miIRNAs can be considered as important players in the
epigenetic machinery. Of the 50 studies listed in the review,
only five were based on WGBS, while the majority were still
based on MSAPs.

The earliest WBGS study in poplars showed that methyla-
tion patterns change specifically in many TFs following drought
stress treatment (Liang ef al., 2014). Methylation changes lead
to decreases in gene expression if they are close to the tran-
scription start site, while a change of methylation in the gene
body is linked to higher gene expression. Liang ef al. (2014)
were also able to confirm an important role of transposable
elements (TEs) located in promoter regions and in gene bodies
of TFs related to plant stress resistance. A change in methyla-
tion of TEs is observed in well-watered versus drought-stressed
P trichocarpa plants, which indicates that TEs are involved in
regulating gene expression (Liang et al.,2014). Likewise, a study
on apple (Malus domesticus) showed abundant demethylation of
TEs under drought stress (Xu et al., 2018). Relating their find-
ings to studies on maize and Arabidopsis, these authors specu-
lated that dynamic demethylation alterations to transposons
and proximal genes are indeed related to drought stress. In an-
other study in poplar, hypomethylation was observed under
drought stress, mainly in gene bodies in cells of the somatic
apical meristem (SAM) (Lafon-Placette et al., 2018), followed
by hypermethylation after re-watering. The opposite effect
was observed for TEs, indicating a highly dynamic response
to water status. While no consistent changes in methylation
and expression could be observed for the majority of genes,
the authors found that a number of hormone-responsive genes
were hypomethylated and showed down-regulation during
re-watering, suggesting crosstalk between DNA methylation
and polycomb complexes (enzymes that repress gene tran-
scription via histone modifications; Mozgova et al., 2015)
under drought stress, and emphasizing the role of methylation
in regulating drought-induced hormone pathways including
genes activated by cytokinin, jasmonate, salicylic acid, and
ABA-, or genes repressed by auxin and ethylene. For example,
in Arabidopsis, overexpression of constitutive active DREB2A
(a member of a gene family linked to plant resistance to heat
and drought stress) results in significantly increased drought
tolerance (Sakuma et al., 2006). In apple trees, there are

differences in expression of DREB2A and in methylation in
response to drought stress between M. X domestica and its wild
relative M. prunifolia, which is known to be more drought tol-
erant than the cultivated species (Li et al., 2019). This study
showed that the methylation level of the promoter region of
DREB2A in M. prunifolia was significantly reduced, and the
expression of the gene was increased 100-fold under drought
stress, while an increase of expression only 16-fold could be
observed in M. X domestica. The authors concluded that regula-
tion of methylation in this promoter region contributes to the
drought resistance of M. prunifolia.

In contrast to tree species such as poplar and apple that have
relatively well-annotated genomes, studies in conifers are still
challenging due to their large genomes for which only highly
fragmented studies are available (Nystedt et al., 2013; Mosca
et al., 2019). However, epigenetic phenomena have been
studied extensively in Norway spruce (Yakovlev et al., 2012;
Heer et al., 2018). For example, Yakovlev et al. (2012) inves-
tigated the expression of genes involved in epigenetic regu-
lation and ‘memory formation’ under temperature regimes
responsible for inducing previously observed epitypes. They
found that genes involved in DNA and histone methylation
such as METHYLTRANSFERASE1 (MET1) and HISTONE
DEMETHYLTRANSFERASE (HDMT) were prominent
among the differentially expressed genes (DEGs), indicating
that epigenetics mechanisms are involved in the response to
heat stress in conifers as well.

As noted above, miRNAs play a crucial role in the regu-
lation of epigenetic mechanisms, and seem to be important
for the response of plants to drought and heat stress. miRNAs
regulate gene expression through the post-transcriptional si-
lencing of complementary mRNA (Liu et al., 2015). Changes
in miRINA expression have been reported in tree species, for
example in response to heat stress in Betula luminifera (Pan et al.,
2017) and in several poplar species (Li ef al., 2011; Chen et al.,
2012), and also in response to drought stress (Ren ef al., 2012;
Shuai et al., 2013).

Overall, there are a number of studies that indicate a role of
epigenetic mechanisms for acclimation to drought and heat
in trees. However, the limited number of genomically and ex-
perimentally sophisticated studies leaves much to be explored.

Genetic footprints of tree adaptation to
stressful environments

Adaptation at a local scale is a crucial evolutionary process
that allows plants to grow better in their native compared
to non-native habitat (Martins et al., 2018) and it shapes the
genetic diversity of the species in response to geographically
varying selection pressures (Tiffin and Ross-Ibarra, 2014). The
geographic patterns displayed by species offer a unique study
system to identify genome regions involved in the adaptation
process across their distribution range. The action of natural
selection along gradually changing environments leads to gen-
etic differentiation between adjacent populations (Linhart
and Grant, 1996). However, when a collinear relationship of
geography with climate variables exists, the genetic differences
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caused by ecologically divergent habitats (‘isolation by envir-
onment’) may result in similar genetic patterns to those caused
by isolation by geography (‘isolation by distance’) (Nadeau
et al., 2016). Climatic oscillations of the Pleistocene promoted
demographic processes that are still evident in the genetic foot-
prints of tree populations (Magri et al., 2006; Turchetto-Zolet
et al.,2013); thus, ancient marks of past times are imprinted in
their genomes. Genetic clines generated as a result of isolation,
limited gene flow, or the presence of variants restricted to par-
ticular areas support the fact that past signatures might have a
key role in the current adaptive response of some populations
(Grivet et al., 2011; Modesto et al., 2014; Mosca et al., 2016).
Such considerations must be a priori taken into account in
order to obtain more reliable identification of adaptive alleles,
in order to avoid confusing the effects of demographic popula-
tion changes with those of local adaptation (Bragg et al.,2015).

In recent decades, the challenge for forest scientists has been
to develop technological and analytical approaches that allow
the elucidation the genomic regions that contribute to the
adaptation of trees to certain climatic conditions. The release
of the first complete genome in a tree species (P tricocharpa;
Tuskan et al., 2006) was highly relevant since it became a refer-
ence for the functional annotations of new genomic resources
that would begin to be generated in many other trees. The
advent of genome sequencing (see above) represents a great
opportunity for expanding the methods used in adaptation
studies in tree species along their natural distribution.

Most of the early research that looked for evidence of adap-
tive loci at the DNA level used candidate gene approaches that
were based on molecular markers associated with them. At the
same time, approximations were developed that were known
as forward genetics, first quantitative trait loci (QTLs) and
then genome-wide association studies (GWAS; Pardo-Diaz
et al., 2015, Fetter et al., 2017). The advent of genome scanning
techniques meant that the identification of selection signatures
could be done with or without previous knowledge of the
target genes (Lotterhos and Whitlock, 2015), which marked
a clear difference with candidate gene studies. Here, we focus
on studies that have reported adaptive variation for candidate
genes and genome-scan markers in economically relevant
woody genera within their natural range.

Whether they have concerned individual loci or hundreds
of markers, most studies that have aimed to identify the gen-
etic determinants of local adaptation of trees growing in a cli-
mate gradient have implemented either one or both of the
following methods: statistical tools that seek to define the
adaptive differentiation based on departures (outliers) of the
fixation index (Fsr) from a theoretically neutral distribution
(Lewontin and Krakauer, 1973); and/or statistical tools that
test genotype—environment correlations (reviewed by Rellstab
et al., 2015). The first evidence of adaptive loci involved in
drought stress responses and tolerance to extreme temperat-
ures were based on outlier detection using BayeScan (Foll and
Gaggiotti, 2008) and LOSITAN (Antao et al., 2008). Many
functional gene categories (e.g. oxidoreductases, TFs, chap-
erone genes) have been highlighted as key responses in Fagus
sylvatica (Carsjens et al.,2014; Modesto et al., 2014; Krajmerova
et al., 2017), several Quercus species (Lind-Riehl and Gailing,

2017; Pina-Martins et al., 2019), and Abies alba (Roschanski
et al.,2016), among others.

The nature of selection can be detected by statistical ap-
proaches based on genotype—environment association (GEA)
data (Endler, 1986; Lotterhos and Whitlock, 2015). In this
case, detailed environmental information at the scale of the
site 1s a key requirement to define the association of allelic
variants with climate variables. Numerous statistical programs
have been reported in the literature, but only a few consider
the population structure in the test and these involve Bayesian
simulation (Bayenv2; Coop et al., 2010; Giinther and Coop,
2013) or Latent Factor Mixed Models (LFMMs; Frichot
et al., 2013); these are available as packages of the R statis-
tical software (Ifmm, LEA). Using GEA data, it has been con-
firmed for several tree species that gene variation at dehydrins
and histones is associated with specific environmental vari-
ables (Dillon et al., 2014; Krajmerova et al., 2017; Miiller and
Gailing, 2019). Stress-inducible dehydrins belonging to the
late-embryogenesis abundant (LEA) protein family are regu-
lated by TFs binding to specific responsive elements such us
ABRE, CRT/DRE/LTRE, MYB, and MYC (Hanin et al.,
2011). Dehydrins are a major group of versatile proteins that
play a role in many oxidative stress responses, for example they
participate in the protection of membrane integrity (Yu ef al.,
2018; see above, and Fig. 1). In addition, histone modifications,
either at the nucleotide level or as epigenetic changes, act like
an internal ‘memory’ for information storage in the plant stress
response (Jaskiewicz et al., 2011).

A new generation of studies that aim to detect signals of
local adaptation are ‘genome-wide’ approximations. These in-
volve major sampling of loci that are regarded as ‘hot spots’
regions responsible for the global adaptive responses of popu-
lations across their environments (as summarized by Hoban
et al., 2016). Genome scanning associated with environmental
clines is then possible and the inferences gain in accuracy as the
crucial selecting pressures (e.g. extreme temperature, drought,
aridity) that shape species-specific variation are uncovered.
Using this approach, several studies have been able to identify
sets of loci associated with specific climate variables, such as
maximum temperature and annual precipitation in Pinus cembra
and P mugo (Mosca et al., 2016), winter drought, relative hu-
midity, and vapor water deficit in Abies alba (Roschanski ef al.,
2016), the aridity index in Eucalyptus (Steane et al.,2017), mean
annual temperature and precipitation in P trichocarpa (Evans
et al., 2014), and at least 12 climate variables in P trichocarpa
including mean coldest-month temperature, extreme min-
imum temperature over a 30-year period, and mean annual
precipitation (Geraldes ef al., 2014).

In agreement with the stress-response pathways that we
considered in the section on ‘Genetic architecture’ (above),
the gene functional categories of woody species most fre-
quently associated with environmental variables include TFs
such as CBFs (Geraldes et al.,2014; Meireles et al., 2017), zinc-
finger domain-containing proteins (Evans ef al., 2014; Geraldes
et al.,2014), antioxidant molecules acting in the detoxification
of ROS (Ruiz Daniels ef al., 2017), protein phosphatase 2C
(Carsjens et al.,2014; Evans et al., 2014; Cuervo-Alarcon et al.,
2018), and class 1 small Hsps (Austetlitz et al., 2004; Modesto
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etal.,2014;Mosca et al.,2016;Sork et al.,2016) (Supplementary
Table S2). Interestingly, these studies report the relevance of
several molecules produced either at the beginning or at the
end of a long response pathway. In the case of the former, they
include regulators of various ABA-dependent or independent
transduction signals, whilst in the latter, final products such as
detoxification or stabilizing proteins are relevant since they ac-
complish key roles in overall cellular protection systems that
allow cellular homeostasis against several stresses to be main-
tained (Vaseva et al., 2012).

In summary, the genetic footprint of tree adaptation pro-
duced in response to abiotic stress (extreme temperatures and
drought) is complex, with species-dependent interactions
among numerous ‘hot-spots’ distributed across the genome.
An overview needs to be taken that includes the various ap-
proaches considered here together with other resources such
as expression profiles and epigenomes in order to thoroughly
understand the response of woody plants to climate change.

Conclusions and future prospects

The ability of forests to respond to global change is of utmost
importance for the future of the planet. Trees are facing rapid
changes in temperature and precipitation (Joyce and Rehfeldt,
2013) that are affecting forest productivity, survival, and the
distribution of species (Birdsey and Pan, 2011; Morin et al.,
2018). In this context, gaining knowledge related to the mo-
lecular bases of responses to abiotic stress is an urgent require-
ment that will contribute to the detection, and potentially to
the generation, of genotypes that are more resistant to abiotic
stress. It is worth noting the relative scarcity of molecular infor-
mation that is available in the literature in relation to responses
to heat stress in trees, one of the most important abiotic stresses
in the context of global warming.

Our present knowledge indicates that responses to drought
and temperature stresses encompass a wide spectrum of mo-
lecular responses, including the actions of MAPK cascades, cal-
cium signaling components, ubiquitin ligases, and several types
of TFs (Fig. 1).These different pathways trigger processes such
as the epigenetic regulation of hormone-responsive genes, the
activity of TEs and TFs, and the reprogramming of a large pro-
portion of the transcriptome. Consistent with physiological
studies, transcriptome rearrangements include changes in the
expression of genes related to metabolic processes such as
photosynthesis, ROS homeostasis, secondary metabolism, and
hormone signaling and responses. It is important to note that
several genes, for example those coding for CBFs, ABA re-
sponse, Hsps, and zinc finger-type TFs, have been found to
be linked to abiotic stress by functional, transcriptomic, and
population genomics studies across different species, indicating
their strong relevance in responses and adaptations to abiotic
stress in trees. For example, CBFs are up-regulated by MYDB
TFs during chilling in apple (Fig. 1), and transcriptomic studies
have shown their expression is also up-regulated by cold in
Olea europea and Santalum album. In Quercus, the inducer of
CBF expression (ICE) is under selection pressure in natural
populations (Supplementary Table S2). These studies provide

strong evidence that the C-repeat/DREB binding factors
regulon is a crucial module for cold responses in trees.

Among the -omics, transcriptomic studies are the most
abundant in tree species. This is to be expected, given that ad-
vances in NGS technologies, their relatively low costs, and the
increasing availability of open access bioinformatics tools for
the analysis of transcriptome-derived sequences all allow the
generation of huge amounts of genetic information, even in
the absence of reference genomes. As a result, transcriptomics
usually constitutes the first approach towards molecular studies
in woody plants. However, it is important to note that be-
cause of the variabilities in the methods used to induce stress,
in the tissues sampled, and in the bioinformatics tools used to
generate and analyse the data (Table 1, Supplementary Table
S1), the interpretation of differences between studies must be
performed with caution, as they could constitute methodo-
logical artefacts. In contrast with transcriptomic studies, mo-
lecular information derived from epigenetics is scarce. Given
the important role that epigenetic processes may have in the
adaptation of long-living organisms to changes in the environ-
ment (Briutigam et al., 2013), epigenetics studies related to the
responses to abiotic stress in trees must be a priority for future
research.

Despite the large amount of data available, it is important
to note that abiotic stress studies in trees have been relatively
fragmented in comparison to Arabidopsis and crop species.
For example, it is difficult to draw a sequential signaling
pathway from receptors to effectors, and the identities of spe-
cific sensors that trigger abiotic stress responses remain elu-
sive. We still do not know whether many of the mechanisms
that have been described are conserved between angiosperms
and gymnosperms, and information regarding tissue-specific
signaling and resistances to stress is scarce. For instance, in
stems, living cells of the parenchyma and pith are often less
resistant to low temperatures than those of the phloem,
cortex, and epidermis (reviewed by Weiser, 1970), and in
conifer species tracheids are more abundant and have thinner
walls when they are produced during well-watered periods
compared to those produced during drought (Eldhuset et al.,
2013; Xu et al., 2014). The combined use of physiological
and metabolomics approaches together with new molecular
technologies such as single-cell RNA sequencing may help
future studies examining the pathways that operate at a tissue-
specific level in trees, which are highly relevant for their stress
responses. This information is of utmost importance for the
development of biotechnological tools for genetic engin-
eering of trees with increased stress tolerance. Our ability to
translate our current knowledge of drought and temperature
responses into biotechnological solutions for increasing forest
productivity and conservation under future predicted cli-
matic scenarios remains a challenging prospect. For example,
one promising study has used transgenic lines to show that
the overexpression of genes related to ABA signaling and re-
sponses results in increased resistance to drought in poplar (Yu
et al.,2017). However, we still do not know the way in which
changes in the expression of such molecular components may
affect growth and development in natural conditions. For ex-
ample, will we be able to decouple molecular processes that
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influence stress tolerance from those related to reduction in
growth? In other words, will we be able to take advantage
of the positive outcomes of an enhanced ABA response in
terms of stress resistance whilst minimizing its consequences
on phenology and growth? This is a very important consid-
eration in tree species that are used as crops for commercial
purposes such as Eucalyptus, which is the most-planted hard-
wood genus across the world due to is exceptionally rapid
growth and high wood quality, but which is limited in its
productivity and distribution by low temperatures (Myburg
et al., 2007). Another challenging point is that generally the
responses of plants to a combination of stresses cannot easily
be predicted from the responses to individual stresses alone.
In the natural environment, trees usually experience different
stresses simultaneously, but most of the molecular informa-
tion on abiotic stress is based on their responses to a single
stress factor, for example to drought or a specific temperature
stress. Recent transcriptomic studies have indicated that the
response of poplar to a combination of drought and high
temperatures, which are often present simultaneously in the
natural environment, is quite different to the responses to
only drought or heat (Jia et al., 2017). Once the basic infor-
mation related to the molecular pathways involved in the re-
sponse of trees to individual stresses becomes clearer, research
should move on to the integration of multiple environmental
stresses across the tree life-cycle. In addition, the combination
of laboratory work with outdoor experiments across envir-
onmental gradients would constitute a powerful approach to
test the responses of particular genotypes to multiple stresses
and to extreme conditions in the natural environment.
Finally, it is important to note that linking our understanding
of biological processes at different scales is a major concep-
tual challenge in biology, and one that becomes even more
complex as the result of the differences that exist between the
methods applied in different research projects (Zardilis et al.,
2019). In Arabidopsis, the application of systems biology ap-
proaches has allowed the identification and association of gene
expression patterns to physiological characteristics, thereby
providing mechanistic insights into genome functioning under
abiotic stress conditions (Weston et al., 2008). Furthermore,
the combination of plant modelling with growth and phen-
ology studies in Arabidopsis has allowed the creation of whole-
lite-cycle multi-models that can simulate various genotype X
environment scenarios at the population level (Zardilis et al.,
2019). Recently, the ‘crops in silico’ initiative has been proposed,
with the claim that multi-scale models have the potential to fill
in missing mechanistic details and to generate new hypotheses
that will prioritize the direction of bio-engineering efforts in
plant science (Millar et al., 2019). Will we be able to orien-
tate studies in trees in order to create developmental models
that match the biological characteristics of these long-living
organisms, and be able to describe their responses to changes in
the environment from a holistic point of view? Recent work
by Chateigner et al. (2019, Preprint) that proposes the use of
omnic models, building co-expression networks to define core
and peripheral genes and predict their contribution to pheno-
types, constitutes a promising start to this sort of work in trees.
The development of such holistic approaches will significantly

improve our understanding of the molecular networks that
underlie the abiotic stress responses at the whole-plant and
organ level, and will increase our ability to design strategies
to predict and potentially promote tree fitness under changing
climates.
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