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Chapter 1

Description of used terms

Bud: shoot meristem covered by few leaves. A meristem covered by scales in the case of bulbs.

For bulbs, bulblet and bulbil are synonyms of bud.
Bulb: main storage organ of bulbous plants.

Bulblet: vegetative adventitious meristem arising from underground organs and covered by a

few scales.

Bulbil: vegetative axillary meristem covered by a few scales and located in the axil between a

leaf and the stem.

Daughter bulb: New bulb produced in the axil of a scale of the mother bulb through vegetative

propagation.

Plant reproduction

Reproduction, the biological process of creating a new individual, is essential for the survival of
the species. While most animals rely on sexual reproduction for this purpose, plants have the
capacity to reproduce sexually through seeds or asexually through vegetative shoot meristems
(Hartmann 2014). This trait might have been developed in response to sessility, to overcome
the mortality by harsh environmental conditions. While seeds can disperse and germinate when
the right environmental conditions are met, their mortality is generally higher than plants formed
by asexual reproduction, because the mother plant is no longer providing nutrients and
mechanical protection (lkegami et al. 2012). Moreover, plants originating from vegetative
meristems are identical to the mother plant, and as such represent clones. Cloning is a desired
trait in agriculture and horticulture, allowing to fix and maintain unique desirable genetic

compositions.

Vegetative shoot meristems can be categorized according to their developmental process
and location on the plant as shoot apical meristems (SAM), axillary meristems and adventitious
meristems (Figure 1A). The SAM develops during embryogenesis and is located at the tip of the
plant (Long and Barton 2000). Axillary meristems are located in the leaf axils and develop
during post-embryonic shoot development info axillary buds that either continue growing info
lateral shoots or fall info a period of arrest (Schmitz and Theres 2005), commonly referred to as
dormancy. Adventitious meristems arise from differentiated tissues such as leaves, stems or roots
(Kerstetter and Hake 1997). Those meristems may originate from a pre-existing group of cells
descended from embryonic cells that did not lose their meristematic identity during the
development of the plant (Hartmann 2014). This is e.g. the case in Kalanchoe species,
commonly known as mother of thousands and producing plantlets from the notches around

the leaf margin (Garcés et al. 2007). Adventitious meristems can also originate de novo from

8



General Introduction

differentiated tissues that undergo dedifferentiation to create a new population of

meristematic cells from where new plant organs will form (Hartmann 2014).

SAM

TULIP BULB LILY BULB

Basal plate

Figure 1. Description of a non-bulbous and a bulbous plant. A. Vegetative meristems in a non-
bulbous plant classified based on their developmental process and position in the plant. SAM: shoot
apical meristem. AxM: Axillary meristem. AdM: Adventitious meristem. B. Anatomy of tulip and lily
bulbs. Bulb are compressed plants where the scales are homolog to the leaves and the basal plate
to the stem.

Reproduction in bulbous plant species

Both axillary and adventitious meristems constfitute an important source of vegetative
propagation in species where sexual reproduction takes considerably much longer or is not
very successful (reviewed in (Leeggangers et al. 2013)). The first case occurs in flower bulbs.
Flower bulbs, also known as ornamental geophytes, are herbaceous perennial plants with a
bulb as storage organ. Other geophytes have storage organs such as, corms, tubers, rhizomes
or enlarged hypocotyls that assure the survival of the plant during winter or dry periods
(Hartmann 2014; Kamenetsky 2012; Okubo and Sochacki 2012). Among the diverse geophytes,
bulbous plants are of special interest for the Netherlands because of the economic importance
of two of its members: lily and tulip (Benschop et al. 2010). In both species the bulb contains
specialized scales that serve as the primary storage tissue. Such scales are modified leaves
aftached to a modified short stem called the basal plate, which at the same fime bears roots
and at least one axillary bud (De Hertogh et al. 1983; De Hertogh and Le Nard 1993b) (Figure
1B).



Chapter 1

What is known about vegetative propagation in tulip and lily?

Tulip and lily can sexually propagate through seeds but once they sprout, their juvenile and
adult vegetative stage can last three to seven years, depending on the genotype and growth
conditions, until they finally tfransition to the reproductive stage (Minas 2007; Shahin et al. 2012).
On the contrary, once reached the adult vegetative stage, through vegetative propagation
the new plantlets, also referred as bulblets or daughter bulbs, can reach the reproductive state
in one growth cycle. On which basis a bulb decides to invest most of its resources in either
sexual reproduction via flowers and seeds or vegetative propagation via daughter bulbs or
bulblets is not known, but the different reproduction strategies provide these bulbous species

a way to adapt to harsh conditions and to optimize survival.

While tulip naturally propagates asexually by the outgrowth of axillary meristems of the mother
bulb info daughter bulbs, lily is vegetative propagating mainly by regenerating de novo
meristems from the underground stem or roofs (Figure 2A-B). One growth cycle of an adult bulb
takes a year in both species; however, they differ in the time of flowering. In cultivation, tulip
bulbs are planted in late autumn, the shoot apical meristem sprouts by the end of the cold
period (winter), the floral bud opens in spring, and the resulting daughter bulbs are lifted from
the ground in early summer (De Hertogh et al. 1983) (Figure 2A). On the other hand, lily bulbs
are planted in spring, flowering takes place in summer and the daughter bulbs are lifted in early
winter (De Hertogh and Le Nard 1993b) (Figure 2B).

A B

TULIP
LILY

| WINTER H SPRING H SUMMER H AUTUMN ‘ | WINTER || SPRING ” SUMMER ” AUTUMN ‘

Figure 2. Native vegetative propagation of tulip and lily bulbs. A. Growth cycle of fulip bulbs in
relation to their vegetative propagation through axillary bud outgrowth. B. Growth cycle of lily bulbs
in relatfion to their vegetative propagation through adventitious regeneration.

Native vegetative propagation by axillary bud outgrowth in tulip bulbs

A mature tulip bulb has on average five scales and six axillary buds. The bulb has an apical

meristem that according to the age and size of the bulb can be at the vegetative or
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General Introduction

reproductive state. Although all axillary meristems have the capacity to grow into daughter
bulbs, on average three daughter bulbs of significant size are formed per bulb every growth
cycle (De Hertogh and Le Nard 1993a; Le Nard and de Hertogh 1993; Rees 1966).

One of the best descriptions of the sink to source dynamics in tulip bulbs during the outgrowth
of its axillary meristems was done more than 60 years ago by following the distribution of 14-C02
in the bulb organs (Ho and Rees 1976, 1977). It was found that during the cold period, when
the bulbs are thought to be dormant, the scales remobilize part of their stored carbon, from
which 75% is translocated to the roots and SAM. Meanwhile, the rest of the franslocated carbon
goes to the axillary meristems to support slow growth of the daughter bulbs. When the SAM
sprouts and the leaves become physiologically active, they supply carbon to the flower, stem,
and daughter bulbs, while the scales exclusively feed the daughter bulbs until they senesce.
Once the flower senesces, the carbon source from the sfill active leaves are franslocated into
the daughter bulbs and converted info starch (Ho and Rees 1976, 1977). In this process,
distribution of carbon resources over the daughter bulbs is not equal and some of the axillary
meristems remain dormant for a long period. The exact reason why not all daughter bulbs are

released from dormancy after the cold period is not known.

Artificial propagation in tulip bulbs

Due to the low number of daughter bulbs obtained by axillary bud outgrowth in fulip and the
long sexual reproduction cycle, several investigations aiming to improve its regeneration
capacity through in vitro culture have been made over the last fifty years (Alderson and Rice
1983; Alderson and Taeb 1990; Baker and Wilkins 1988; Hulscher et al. 1992; Nishiuchi and Koster
1988 ; Podwyszynska 2005; Podwyszyhska 2006; Podwyszynska and Sochacki 2010; Taeb and
Alderson 1990a, b; Minas 2007; van Rossum 1997). All those studies adopted a physiological
approach by testing the regeneration response to a plethora of exogenous supplied
treatments and cues, including hormones, antioxidants, and different temperature regimes.
Although advances have been made in identifying the most competent tissues, e.g. the floral
stalk (Rice et al. 1983); and the best inductive treatments, e.g. shoot induction medium
followed by low temperature and ending with high sucrose and high temperature
(Podwyszynska and Sochacki 2010), the developed protocols are still fime consuming and

expensive (Figure 3A).
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TULIP
S

LILY

Figure 3. Arfificial vegetative propagation in tulip and lily bulbs. A. In vitro regeneration of tulip. The
floral stalk (fs) is normally used to regenerate shoofs in a shoot inducing medium. Shoots are
multiplied, then subjected to cold, and finally freated with warmth and high sucrose. Pictures with
blue background were kindly provided by Dr. Geert-Jan de Klerk from the Plant Breeding
department of Wageningen University. B. Regeneration in lily using bulb scales (Sc). Regeneration
can be achieved in vitro or through scaling. In both cases no exogenous hormones are required.
Explants can be cultured entirely or cut into more pieces. In any case, bulblet regeneration occurs
at the proximal adaxial side of the explant.

Native and artificial vegetative propagation in lily bulbs

Contrary to tulip, lily bulbs do not initiate an axillary meristem in the axil of each scale. They
rather initiate one axillary bud as a replacement of the senescing apical meristem. Some
species produce a bulbil in the axil of the frue leaves of the stem and this bulbils fall from the
stem and sprout into clones of the mother plant (Bach and Sochacki 2012). But not much
aftention has been payed to understanding the axillary bud outgrowth in lilies, maybe because
this is not the most efficient propagation method of this species. Scaling, on the other hand, is
the most commonly used technique to artificially propagate lilies (Bach and Sochacki 2012).
Scaling is a propagation method that consists of detaching the bulb scales and culturing them
in moist and warm conditions for several weeks. This will result in efficient propagation, because
lily bulbs have the capacity to regenerate bulblets at the base of their excised scale (Figure
3B). Many studied have aimed to enhance some physiological fraits of lily bulblets by
regenerating the bulblets in vifro, including biomass production, repressing dormancy

induction and stimulating phase change, (Bonnier and Van Tuyl 1997; Langens-Gerrits et al.
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1997; Langens-Gerrits 2003; Suh and Roh 2014; Gerrits and de Klerk 1992; J&sik and de Klerk
2006; Askari et al. 2016).

A classical series of studies done more than 30 years ago addressed the basic mechanisms
granting lily their high de novo regeneration capacity. Through physiological experiments it was
shown that exogenous auxins and not cytokinins enhance the number of regenerated bulblefts.
Moreover, it was shown that a moderate dose of auxin polar fransport inhibitors disrupted the
position where bulblets normally regenerate (proximal side of the explant) and that high doses
inhibited regeneration entirely. By applying different levels of hormones, temperature and
wounding, the authors proposed that bulblet regenerationin lily scales is controlled by ethylene
production, which might integrate the signals of wounding, temperature and changes in polar
auxin fransport (Van Aartrijk and Blom-Barnhoorn 1981, 1983, 1984; Van Aartrijk et al. 1986).

What is known about axillary meristem formation and outgrowth in model

plant species?

The success of vegetative propagation through axillary meristems depends on the number of
meristems formed and their outgrowth potential. The time of formation of axillary meristems can
be determined by the developmental stage of the plant (Grbi¢ and Bleecker 2000), although
this can vary according to the species. While in tomato all axillary meristems seem to appear
immediately in the leaf axil when the leaf is formed, in Arabidopsis they do not all form at the
same time and some leaf axils never form an axillary meristem (Bennett and Leyser 2006). In
any case, the axil identity where the future axillary meristem will form needs to be established
first. The LATERAL SUPRESSSOR (LAS) transcription factor has this function in Arabidopsis (Greb et
al. 2003); LATERAL SUPRESSSOR (LS) in tomato (Schumacher et al. 1999); and MONOCULMI1
(MOCT) inrice (Li et al. 2003). The initiation of an axillary meristem is delimited by the expression
of the gene SHOOT MERISTEMLESS (STM). For this reason, the highly conserved STM gene serves
as a solid marker for meristem initiation (Long and Barton 2000). From the moment of STM
initiation, it is believed that the developmental process of axillary meristem formation follows

the program of the SAM.

Once axillary meristems are formed, they normally undergo a period of dormancy unftil the right
conditions trigger their outgrowth (Rohde and Bhalerao 2007). One of these triggers is the loss
of the SAM, resulting in a release of apical dominance (Shimizu-Sato and Mori 2001). Several
genes have been found to be involved in releasing axillary buds from dormancy, such as
RAMOSUS (RMS) in pea, DECREASED APICAL DOMINANCE (DAD) in petunia, MORE AXILLARY
GROWTH (MAX) in Arabidopsis; and HIGH TILLERING DWARF (HDT) in rice (Booker et al. 2005;
Ishikawa et al. 2005; Liu et al. 2009; Morris et al. 2001; Napoli 1996). Moreover, axillary bud
outgrowth seems to be controlled by a complex cross-talk between hormones, nutritional state

of the plant and environment (Rameau et al. 2015). Among the hormones known to play a key
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role in controlling axillary bud outgrowth (branching), auxin, strigolactone, and abscisic acid
act as inhibitors of this process, while cytokinin and gibberellin promote it (Chatfield et al. 2000;
Cline 1994; Ferguson and Beveridge 2009; Gomez-Roldan et al. 2008; Napoli et al. 1999;
Rameau 2010; Rameau and Pillot 2010; Reddy et al. 2013; Roumeliotis et al. 2012; Shimizu-Sato
and Mori 2001; Yao and Finlayson 2015). Changes in the sink to source dynamics in the plant
also play an important role in the activation of axillary bud outgrowth. Sucrose has been
proposed as an early activator of axillary bud outgrowth when the main sink of the plant, the

apex, is removed, making the dormant buds the new sink organs (Mason et al. 2014).

In this complex cross-talk between environment, nutritional state of the plant and hormonal
signaling, one mayor integrator has been identified: TEOSINTE BRANCHED 1 (TB1)/BRANCHED 1
(BRCT1) (Rameau et al. 2015). TB1(monocots)/BRC1(dicots) is a TCP transcription factor mainly
expressed in dormant axillary meristems inhibiting their outgrowth (Poza-Carridén et al. 2007;
Takeda et al. 2003; Hubbard et al. 2002). Given the role of TB1/BRC1 as integrator of multiple
signals involved in bud outgrowth, mayor attention has been given to this gene in recent years
(Martin-Trillo et al. 2011; Nicolas et al. 2015; Braun et al. 2012; Gonzdlez-Grandio et al. 2017).

What is known about de novo meristem regeneration in model species?

Although plants have totipotent tissues that can be exploited to induce regeneration by the
application of auxin and cytokinin, only a few species have been reported to regenerate
shoots and roots de novo without exogenous hormone treatments. The term de novo has been
used fo distinguish between regeneration coming from pre-formed clump of cells with a
meristem activity, and regeneration coming from differentiated fissues. In the last case
regeneration is thought to occur “from scratch” or de novo (Hartmann 2014). Nevertheless, de
novo regeneration can originate from totally differentiated cells or from “less” differentiated

pluripotent cells, as e.g. pericycle cells (Atta et al. 2009; Dubrovsky and Rost 2001).

Opposite to vegetative propagation through axillary bud outgrowth, native propagation
through de novo shoot meristem regeneration is rare and not a recurrent mechanism in
angiosperms (lkeuchi et al. 2016). Examples of species with the capacity to regenerate entire
plants de novo upon excision from the mother plant are Begonia, Sedum (stonecrops),
Saintpaulia (african violet), Sansevieria (snake plant), Crassula (Pigmyweeds) and Lilium
(Hartmann 2014). Remarkably, those species have not a recent common ancestor and are
widely spread in the angiosperm phylogeny (Figure 4), suggesting that native de novo plant

regeneration might have evolved independently in those species.
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Amborellales
‘{ ——Nymphaeales
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Figure 4. Angiosperm phylogenetic group highlighting the orders of several species that natively can
regenerate enfire new plants de novo. Modified from (APGIII 2009). The botanical families of each
species is as follows: Begonia: Begoniacea; Sedum: Crassulacea; Sainfpaulia: Gesneriaceq;
Crassula: Crassulacea; Sansevieria: Asparagaceae; Lily: Liliacea.

Regeneration in several plant species, including the model plant Arabidopsis, requires an extra
induction step, which can be initiated through the manipulation of auxin and cytokinin levels
(Duclercq et al. 2011). This step is the formation of callus, which is a fissue formed by excessive
and disorganized cell proliferation, and promoted by a high auxin/cytokinin ratio (Motte et al.
2014). During callus formation the competence to regenerate meristems is acquired (lkeuchi
et al. 2013), probably by the expression of PLETHORA 3 (PLT3), (PLT5) and (PLT7), which together
promotfe PLT1-mediated acquisition of pluripotency and CUP-SHAPED 2 (CUC2)-mediated
initiafion of shoot fate (Kareem et al. 2015). Once transferred to a cytokinin rich medium,
WUSCHEL (WUS) expression is induced in high cytokinin responsive domains, in vicinity to low
cytokinin responsive regions, expressing CUC2 (Chatfield et al. 2013; Che et al. 2007). As a
consequence, a “dome” is arising, which is regarded as a pro-meristem. The polarization of PIN
proteins at the periphery of the pro-meristem induces STM expression (Duclercq et al. 2011),

which is a hallmark of ectopic meristem establishnment.

Interestingly, the formation of callus can also be achieved by fransient over expression of
WOUND-INDUCED DEDIFFERENTIATION 1 (WIND1) in Arabidopsis (Iwase et al. 2011a). This gene
and its homologs WIND2, WIND3 and WIND4 are activated upon explant excision, thus it can
be said that wounding activates WIND genes to promote cell reprograming and callus

formation at the wounded sides of the excised explant (lwase et al. 2011b). Moreover, entire
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plants can regenerate from WINDI-induced callus (lwase et al. 2011a). Since the above-
mentioned species with native de novo regeneration capacity regenerate entire plants upon
excision or wounding, it is tempting to speculate that WIND genes grant them their high
regeneration capacity. Nevertheless, such species have not been reported to go through a

callus state before ectopic meristems arise.

Aim and scope of this thesis

Tulip and lily, two economically valuable species in the Netherlands, are monocotyledonous
bulbous plants, for which vegetative propagation plays a pivotal role in their reproductive
success. The limited number of axillary meristems versus the “unlimited” number that can be
obtained by de novo regeneration, grant tulip a low propagation rate, while the potential
exists for a high rate in lily. Several physiological studies have been performed in the past,
aiming to improve the propagation rate in bulbous species. Based on the obtained results it is
clear that understanding the fundamental bases of the vegetative propagation mechanism is
necessary to set the bases for future applied research. The huge genome (estimated 25,000
Mbp for fulip and 36,000 Mpb for lily) and the lack of molecular tools and resources, make it
very challenging to elucidate molecular pathways controlling developmental processes in
these two bulbous species. However, it is worthwhile and necessary to pioneer a molecular
approach towards the understanding of the molecular control of vegetative propagation in
tulip and lily. The aim of this thesis is to understand the mechanisms that control vegetative
propagation in each of these bulbous species, more specifically, how axillary bud outgrowth is
controlled in tulip bulbs and how regeneration capacity is established in lily bulb scales. A
molecular targeted and untargeted approach, respectively, was used to address our main

research questions.

In Chapter 2, we reviewed fthe state of the art of the molecular control of vegetative
propagation and flowering time in model species, and how this knowledge may be transferred
to bulbous species through bottom-up and top-down approaches. These two biological
processes were selected because of their high relevance for agronomical improvements of

bulbous plant species.

The aim of Chapter 3 was o generate a high quality and as complete as possible transcriptome
of tulip and lily in order to build a robust genetic resource for candidate gene approaches.
through lllumina RNA sequencing Both transcriptomes were made available in a web-based
interface named "Transcriptome Browser” and specific examples of how fo mine these huge
datasets were given, including an analysis of the TCP transcription factor family, which was the
basis for the identification of TgTB1 (Chapter 4). Moreover, the risks associated with stringent

filtering when assembling de novo transcriptomes is discussed with specific examples.
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In Chapter 4, we aimed at identifying the factors controling the differential axillary bud
outgrowth in tulip bulbs by combining a physiological and targeted molecular approach. The
expression of the potential tulip TBI homolog was investigated during the entire tulip growth
cycle. Moreover, the role of TgTB1 in controlling axillary bud outgrowth was studied through in
vitro assays with administration of exogenous sucrose, cytokinin and strigolactone. It was found
that the differential outgrowth capacity in tulip axillary buds is determined by the
developmental fime of bud initiation in relation to the shoot apical meristem and the dormancy
level and sink strength of the buds. Although TgTBI is involved in regulating axillary bud

outgrowth, it does not seem to be the sole determining factor repressing daughter bulb growth.

In Chapter 5 RNAseg was performed in lily bulb scales in a time series with the aim to
characterize the transcriptional changes occurring from explant excision to the appearance
of the pro-meristem. Four explants with different regeneration capacity were studied in order
to dissect better the developmental and molecular processes underlying de novo shoot
meristem regeneration. It was found that wounding activates an extremely fast regeneration
response, probably mediated by APETALA2/ETHYLENE RESPONSIVE FACTORS (AP2/ERF).
AP2/ERF might in furn mediate polar auxin re-distribution, cell proliferation and cell de-
differentiation. The timing and level of expression of shoot meristem regulators and their
correlation with the regeneration capacity of the scale is discussed. This work set the basis for

future studies aiming a more thoroughly understanding of de novo shoot regeneration.

The aim of Chapter 6 was to investigate the possible cellular and physiological factors that
grant lily bulb scales their competence to regenerate. Based on the performed experiments,
we propose that the higher number of secondary veins and higher population of parenchyma
cellsin the adaxial versus abaxial region of the scale explant confers the adaxial tissues a higher
regeneration capacity. Moreover, the important role of the epidermis in directing the position

at which the ectopic meristems will arise is highlighted.

Chapter 7 consist of a general discussion, in which the generated results in lily and tulip are
compared. An integrated analysis was performed to understand how the findings in this thesis
contribute to the fundamental and applied understanding of vegetative propagation in
bulbous plants. Also, some challenges are discussed; for example, the complexity in the
architecture of tulip bulbs and how this impedes ways of improving the rate of axillary bud
outgrowth. The challenge to prove the findings of this thesis through functional gene analysis is
also discussed, including future possibilities of using fransient virus-induced gene silencing
(VIGS) for this purpose. Moreover, the potential of lily bulb scales as a model system to study
some aspects of de novo regeneration, as well as to study the recalcitrance of in vitro
propagation is highlighted, supporting the idea that more “omics” data and biotechnological

tools for bulbous plant species are necessary.
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Chapter 2

Abstract

The extensive characterization of plant genes and genome sequences summed to the
continuous development of biotechnology tools, has played a major role in understanding
biological processes in plant model species. The challenge for the near future is to generate
methods and pipelines for an efficient fransfer of this knowledge to economically important
crops and other plant species. In the case of flower bulbs, which are economically very
important for the ornamental industry, flowering time confrol and vegetative propagation
constitute the most relevant processes for agronomical improvements. Those processes have
been reasonably studied in reference species, making them excellent candidates for
franslational investigations in bulbous plant species. The approaches that can be taken for the
transfer of biological knowledge from model to non-model species can be roughly categorized
as “bottom-up” or “top-down”. The former approach usually goes from individual genes to
systems, also known as a “gene-by-gene” approach. It assumes conservation of molecular
pathways and therefore makes use of sequence homology searches to identify candidate
genes. "Top-down” methodologies go from systems to genes, and are e.g. based on large
scale transcriptome profiling via heterologous microarrays or RNA sequencing, followed by the
identification of associations between phenotypes, genes, and gene expression patterns and
levels. In this review, examples of the various knowledge-transfer approaches are provided and
pros and cons are discussed. Due to the latest developments in transgenic research and next
generation sequencing and the emerging of systems biology as a matured research field,
transfer of knowledge concerning flowering time and vegetative propagation capacity in

bulbous species come into sight.

Keywords: bulbous plant, flowering time control, vegetative propagation, gene regulation
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From model to bulbous species

Introduction

In the last decade the establishment of full genome-sequences and the development of new
biotechnology tools have dramatically increased our knowledge of plant functioning. For
example, the genome sequence of Arabidopsis (~130 Mbp; dicot), rice (~380 Mbp; monocot)
and maize (~2500 Mbp; monocot) were completed in 2000, 2002 and 2009, respectively (AGI
2000; Sequencing Project International Rice 2005; Schnable et al. 2009). Molecular biology,
genomic and fransgenic research, such as loss-of-function mutagenesis and overexpression
studies, have played a key role in exploiting and understanding biological and molecular
functions of the thousands of genes present in the genome sequences. Nonetheless, the
majority of these functional studies have been performed in plant model species, such as
Arabidopsis, Medicago and rice. All together this provided a wealth of knowledge on the
control of a large variety of biological processes and fraits. Hence, the road has been paved
for the implementation of this data and the fransfer of knowledge from model species o
relevant but less studied crop species, ultimately aiming to improve and optimize yield and

quality for a sustainable agriculture.

Almost all bulbous plant species are monocofts, including the economically important
ornamentals tulip and lily. Bulbous plants are hardly studied at the molecular and
biotechnological level and therefore this review will have a special focus on these species.
Bulbous species were infroduced in Western Europe in the 16" century and are nowadays
primarily utilized for commercial bulb production, garden and forced fresh cut flower
production and for landscape architecture. Cultivation occurs in temperate climate regions
with the Netherlands being the leading producer world-wide. In total, seven species dominate
the industry consisting of Tulipa, Lilium, Narcissus, Gladiolus, Hyacinthus, Crocus and Iris
(Benschop et al. 2010). Flower bulbs propagate sexually through seeds and vegetative via
initiation and outgrowth of axillary meristems, which are usually located in the underground
storage organ (Kamenetsky and Okubo, 2012). Like other plants, bulbs propagated from seeds
undergo three developmental phases: juvenile vegetative, adult vegetative and reproductive.
The duration of the juvenile vegetative phase can take several years (e.g. Tulipa and Narcissus)
and only upon the transition to the adult vegetative phase, the bulb becomes competent for
flower initiating signals. The vegetative phase switch from juvenile to adult depends on the
physiological age, weight and size of the bulb. Subsequently, taking fulip as an example, high
temperatfures can induce the transifion from adult vegetative to the reproductive phase,
resulting in flower bud initiation. Simultaneously, dormancy is triggered and a pro-longed period
of cold is required for dormancy release and internal preparation for stem elongation and
flower outgrowth in the next spring. This specific life cycle is not only seen in tulip, but is common
for various bulbous species, including Tulipa, Crocus and Hyacinthus (Rees 1966; Saniewski et
al. 2000; Kamenetsky et al. 2012).
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In order to improve bulb productivity and ornamental characteristics, it is necessary to increase
genetic variation by breeding new cultivars and potentially this can highly benefit from the
implementation of biotechnological and ‘omics’ tools. Currently, the development of a new
tulip cultivar can take up to 20 years because of its long juvenile phase and low vegetative
propagation rate (Podwyszyhska 2005). Besides the long juvenile phase, which slows down the
breeding process and the production of flowers, an agricultural problem is laid down in the
precocious flower initiation by high temperatures in spring, resulting in early development of
the flower bud. Consequently the flower bud is completely developed inside the bulb around
harvest time, leading fo either flower abortion or a decrease of flower quality in the next season
because of dehydration during storage of the bulbs (Hartsema 1961). In addition, natural
vegetative propagation rates vary among flower bulbs, but on average are low due to the
limited number of axillary meristems and a restriction in outgrowth of these meristems
(Kamenetsky and Okubo, 2012). Together with the long juvenile phase, this makes the
development of a new flower bulb cultivar a slow and time consuming process. Many efforts
in understanding and improving the physiological nature of flowering and vegetative
propagation in bulbous plants took place in the last decades (Beijer 1952; Aung and Hertogh
1979; Lambrechts et al. 1994; Balk and de Boer 1999; Rietveld et al. 2000); however, the majority
of these studies focused on physiological factors and limited molecular and genomic studies
have been performed. Although various reasons can be brought forward for this, the large
genome sizes for bulbous plants (Tulip ~25000 Mbp; Lily ~36000 Mbp) and technical difficulfies
in isolating e.g. RNA from bulb scales have been particularly decisive in this (Shahin et al.
2012aq).

Here, we will briefly summarize the current knowledge on flowering fime control and vegetative
propagation gained from studies in model plant species, since these are the two most
important biological processes for agronomical improvements of bulbous plant species
cultivation. Subsequently, we will give an overview of approaches to transfer this type of
knowledge from model plants to crop species and how tfransgenic and ‘omics’ technologies
can be supportive. Various examples will be given from studies that used such a strategy,
including an overview of the technologies that are relevant for bulbous plant species. In the
final concluding section a prospect will be given how novel emerging ftechnologies,
bioinformatics, and systems biology can increase the efficiency and strength of this type of
research and move the field from gene-by-gene approaches into a comprehensive genome-

wide level.
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What is known on flowering and vegetative propagation from model systems?

Although the best studied model system, Arabidopsis, is a dicot, and the maijority of bulbous
plant species are monocots, the regulatory mechanisms underlying important agricultural fraits
appeared to be conserved in various cases. Hence, knowledge gained in Arabidopsis can be
informative for studies in bulbous plants. Strong conservation between Arabidopsis and the
monocot rice was observed e.g. for the genes involved in the photoperiod flowering fime
pathway (Izawa et al. 2003). The same holds for various hormonal signalling components and
the key transcription factors involved in axillary meristem formation and outgrowth, which is
directly related to vegetative propagation capacity in bulbous species (Finlayson 2007;
Kebrom et al. 2013). Nevertheless, various exceptions are known and in general best results are
obtained when using a closely related model species as starfing point. Therefore, we will discuss
mainly knowledge gained from Arabidopsis, but when relevant, complemented with

information from other dicots and monocot species.
Vegetative propagation

Shoot branching is a vegetative process determined by axillary meristems and it determines
the architecture, biomass and reproductive success of a plant. Initiation of an axillary meristem
results in the formation of a bud that will undergo a period of dormancy. Once the right
environmental or endogenous plant factors release the bud from dormancy, it will grow and
develop into a branch or a propagule in the case of flower bulbs (e.g. daughter bulb, bulbleft,
bulbil), a process known as bud outgrowth. Hence, the processes of axillary bud inifiation and

axillary bud outgrowth together determine the vegetative propagation rate in bulbous species
(Fig. 1).

Several genes promofting axillary bud inifiation have been identified in different model species
(Bennetft and Leyser 2006; Kebrom et al. 2013) and their supposed functions could be
confirmed by transgenic approaches. For instance, a transcription factor of the GRAS family
characterized in fomato, rice and Arabidopsis, - Lateral suppressor (Ls), Monoculm1 (MOCI)
and LATERAL SUPPRESSOR (LAS), respectively - is responsible for the establishment of an axil
identity and maintenance of meristematic capacity via prevention of cell de-differentiation
(Bennett and Leyser 2006; Greb et al. 2003; Li et al. 2003a; Schmitz and Theres 2005; Ward and
Leyser 2004). A second key regulatory gene discovered in tomato, BLIND (Bl), encodes a MYB
transcription factor that also promotes axillary bud initiation but its function is independent of
Ls. Occurrence of bud outgrowth depends on the factors that release buds from dormancy.
Apical dominance, which is the ability of the shoot apex of the plant to prevent outgrowth of
axillary meristems, and therefore branching, is one of the most studied phenomena controlling

dormancy in axillary buds.
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The Bl ortholog in Arabidopsis is REGULATOR OF AXILLARY MERISTEMS1 (RAX1) (Keller et al. 2006;
Muller et al. 2006). A third regulator identified in Arabidopsis, REGULATOR OF AXILLARY MERISTEM
FORMATION (ROX) has orthologs in rice LAX PANICLE] (LAX1) and maize Barren stalkl (Bal),
although the latter two also affect inflorescence branching (Yang et al. 2012). During
vegetative development in Arabidopsis, LAS and RAXT influence the expression of ROX and
axillary bud initiation occurs when ROX expression ceases (Yang et al. 2012). In contrast, LAX1
franscripts in rice are detected only after the axillary bud has initiated (Oikawa and Kyozuka
2009), suggesting that the molecular control of ROX-like genes may differ in timing between

monocots and dicots.

N

B Axillary meristem I Apical meristem I stem

[ Leaves [ Roots

Figure 1. Architecture of a bulbous and a non-bulbous plant. (A) Tulip (B) Model dicot plant. Initiation
of axillary meristems takes place in the axils of bulb-scales (A) or leaves (B). They form a bud like
structure and undergo a period of dormancy. Once bud dormancy is broken, axillary buds grow
out and develop intfo daughter bulbs in bulbous plants, or axillary branches in a typical dicot plant.
In tulip, normally only two of the axillary buds will develop into daughter bulbs and once the apical
bud blooms and dies, the closest axillary bud will become the apical bud for the next season. In
bulbous plants the stem is called basal plate and it is a modified stem; Bulb-scales of bulbous plants
are modified leaves. Arrows represent axillary bud outgrowth.

This control is mediated by a balanced hormonal signalling between auxin, cytokinin and the

recently discovered strigolactone (Kebrom et al. 2013). Evidence for a role of strigolactone in
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axillary bud outgrowth is given by ramosus (rms) mutants in pea, decreased apical dominance
(dad) in petunia, more axillary growth (max) in Arabidopsis, and dwarf (d) or high tillering dwarf
(hdt) in rice (Booker et al. 2005; Morris et al. 2001; Napoli 1996; Ishikawa et al. 2005; Liu et al.
2009) In Arabidopsis MAX1, MAX3 and MAX4 are involved in strigolactone biosynthesis while
MAX2 plays a role in strigolactone signalling. Although the exact crosstalk between auxin,
strigolactone and cytokinins in the control of shoot branching is not yet entirely understood, it
is clear that auxin and strigolactone inhibit bud outgrowth while cytokinins promote it. In this
system, a bud-specific gene that promotes bud arrest could be the key element to integrate
the bud outgrowth pathway. Indeed, such a gene exist and is represented by Teosinte
branched] (TB1) in maize and BRANCHED (BRC1) in Arabidopsis (dicot). TB1 was first identified
in maize and appears to encode for a transcription factor from the TCP family (Aguilar-Martinez
et al. 2007). Evidence in Arabidopsis and pea show that the TB1 ortholog BRC 1 is up-regulated
by strigolactone and down-regulated by cytokinins (Aguilar-Martinez et al. 2007; Braun et al.
2012b). A more recent study supports the idea of BRC1 as a second messenger to induce and
maintain bud arrest by negatively regulation of cell cycle, ribosome franslation, and promotion
of Abscisic Acid (ABA) signalling (Gonzdlez-Grandio et al. 2013). Because, outgrowth of axillary
buds seems to be the maijor limiting factor in vegetative propagation of bulbs, the strigolactone
signalling pathway and TBI-like genes are first targets of choice fo study and optimize

vegetative propagation in these plant species.
Flowering time control and flowering induction

Besides branching and axillary bud development, flowering time is an important trait
influencing reproduction capacity in bulbous species. Plants are confinuously sensing their
environment, for being in the reproductive phase under optimal conditions and securing their
reproductive success. Besides environmental cues, such as photoperiod and temperature,
flowering time is also confrolled by endogenous signals, including hormone levels and plant
age (Lang 1952). In the model plant Arabidopsis the vegetative phase transition and floral
induction, are well studied at the molecular level and the complex gene regulatory networks
underlying these processes have recently been reviewed (Andres and Coupland 2012; Srikanth
and Schmid 2011). We will discuss flowering time control here only briefly, with a focus on the
pathways that are the most important for flowering in most of the bulbous species (Fig. 2), which
are the aging and temperature pathways. The juvenile vegetative phase (aging pathway) can
take up to seven years in bulbous species. Upon reaching the adult vegetative stage, the
transition to reproductive development can be induced, which in tulip e.g. is friggered by
relative warm temperatures in the spring or early summer (ambient temperature pathway).
However, for development of the floral meristem into a complete flower and for elongation of
the floral stem, a prolonged period of cold is essential (dormancy release), in analogy with bud

dormancy release in frees (Cooke et al. 2012).
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Figure 2. Comparison of the gene regulatory networks for flowering fime control in dicots and
monocots. In Arabidopsis (A) upon aging miR156 is repressed leading to the up-regulation of
selected SPL genes which promote the vegetative phase transition (aging pathway). External cues,
e.g. ambient temperature, trigger the activation of miR172 via the SPL genes leading to the
repression of the floral repressors AP2 and AP2-like genes. In order to be able to flower, winter annual
Arabidopsis ecotypes first needs a pro-longed period of cold leading to the activation of VIN3 and
repression of FLC. Ultimately, this results in the activation of the floral integrators FT and SOCIT,
followed by the activation of the floral meristem identity genes AP1 and LFY. In the monocot maize
(B, fop)., the vegetative phase fransition is regulated by the suppression of the AP2-like gene
GLOSSY15 (GL15) through the activation of miR172. CORNGRASS! (CGI1) encodes miR156 and
similar fo Arabidopsis, might represses ZmSPL leading to the activation of miR172. In the monocot
rice (B, bottom), PETER PAN SYNDROME (PPS) is involved in the repression of miR156 and the
activation of miR172. This might occur directly by PPS or indirectly (dotted blue arrow) through
miR156. Upon unfavourable environmental conditions, PPS represses RAP1B/MADS14, independent
of Hd3a (rice FT homolog). In monocot temperature cereals (C) the FT homolog VRN3/FT activates
VRN upon a prolonged period of cold, leading to flowering. Nevertheless, the SVP homolog VRT2
represses VRNI. Shorter periods of cold repress OS2 which inhibits stem elongation through FPFIs.
Taking into account this knowledge from model species and assuming general conservation of the
gene regulatory networks, a putative flowering controlling network can be designed for bulbous
species. Genes with similar kind of functions in the different species are marked with the same colour.

Plant age is one of the endogenous factors that can be linked with developmental phase
fransitions and competence of the shoot apical meristem for environmental signals triggering
flowering. The age-dependent vegetative fransition in  Arabidopsis is regulated by
microRNA 156 (miR156) and the SQUAMOSA PROMOTOR BINDING PROTEIN-LIKE (SPL) genes that
are targeted by this microRNA. The repression of miR156 results in up-regulation of several SPL
genes which promotes vegetative fransition (Fornara and Coupland 2009). Two recently
published studies showed that miR156 levels are responding to sugars (Yang et al. 2013; Yu et
al. 2013). Whereas a bulb is a storage organ and it is well known that sugars get re-located
towards the shoot apical meristem and stem (sinks) upon flowering-inducing temperature
changes (Lambrechts et al. 1994), it will be of interest to focus on this particular pathway in the

hunt for signalling components involved in flowering fime control of bulbous species.
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After the switch from the juvenile to the adult vegetative phase, the plant becomes competent
for flowering inducing external cues. Furthermore, reproductive development is tfriggered by
the activation of microRNAT72 (miR172) by the SPL genes, which results in the repression of a
set of APETALAZ2 (AP2)-like genes, acting as repressors of flowering (Zhu and Helliwell 2011). Both
microRNAs miR156 and miRi172 are conserved in dicots and monocofts (Axtell et al. 2007).
Although, the age dependent phase fransition is studied to a lesser extent in monocots (Strable
et al. 2008; Tanaka et al. 2011) (Fig. 2), performed experiments reveal a high level of
conservation in the regulatory mechanisms controlling flowering time in between different

species.

Vernalization is the requirement for a period of prolonged cold to overcome a block on
flowering in winter annual plants. In Arabidopsis FLOWERING LOCUS C (FLC) is the key floral
repressor in this process, and this transcription factor was shown to act as a direct franscriptional
repressor of the so-called floral integrator genes FT (FLOWERING LOCUS T) and SUPPRESSION OF
OVEREXPRESSION OF CONSTANST (SOCT) (Fig. 2). FLC is activated by the positive regulator
FRIGIDA (FRI) that acts in a large multi-protein complex. During winter, the transcriptional
regulator VERNALIZATION INSENSITIVE3 (VIN3) will respond to a prolonged period of cold,
resulting in its gradual activation. As a consequence FLC will be repressed providing the shoot
apical meristem competence for floral inducing cues, such as opfimal temperatures and
appropriate photoperiod conditions (Choi et al. 2011). In monocots however, FLC-like genes
could not been identified. In wheat a different gene, VERNALIZATION2 (VRNZ2), encoding for a
Zinc finger-CCT domain containing transcription factor (Yan et al. 2004), is down-regulated by
vernalization. This repression results in the activation of the FT homolog VERNALIZATION3
(VRN3)/FLOWERING LOCUS T1 (FT1) and the APETALAI-like VERNALIZATIONT (VRNI) gene
during a period of prolonged cold (Alonso-Peral et al. 2011; Yan et al. 2006). Three genes
homologous to the Arabidopsis SVP gene; VRT2, BM1 and BMI10 respectively, are able to repress
VRN but their role in vernalization or floral fransition is not completely understood (Trevaskis et
al. 2007; Kane et al. 2005). Besides a pro-longed period of cold (vernalization response), short
cold stresses repress the grass specific MADS box gene ODDSOC2 (OS2). A proposition was
made that OS2 is present in a pathway that delays the transition to reproductive development
and that additionally inhibits stem elongation (Greenup et al. 2010). Altogether, this suggests
that the vernalization response has evolved independently in monocot and dicot plants,
although members from the MADS box transcription factor family play an important role in
both. Bulbous plants, such as tulip, also require a prolonged period of cold. Though, in this case
it is not essential for the meristematic switch from vegetative to reproductive development, but
to release dormancy in the already existing floral bud and to induce stretching of the floral
stem. Despite that this dormancy release is different from the vernalization response, more and
more evidence is provided that the underlying regulatory mechanisms are comparable

(Horvath 2009). In addition to the vernalization response, flowering time also depends on
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relative small fluctuations in ambient temperatures. Genes involved in flowering fime control
and responding fo changes in ambient temperature are e.g. FLOWERING LOCUS
M(FLM)/MADS AFFECTING FLOWERINGI (MAFI1), SHORT VEGETATIVE PHASE (SVP), EARLY
FLOWERING3 (ELF3), TERMINAL FLOWERI (TFL1) and PHYTOCHROME INTERACTING FACTOR4
(PIF4) (Balasubramanian and Weigel 2006; Kumar et al. 2012). Nevertheless, in contrast to the
wealth of knowledge on the vernalization pathway, insight in the gene regulatory network

underlying the ambient temperature pathway is just emerging.

Ways to transfer knowledge from model plants to economically important

crop species

To transfer the wealth of knowledge gained from studies in model species towards crops and
e.g. bulbous plant species, diverse roads can be taken. According to the methodology used
to link the molecular basis of life (e.g. genes) with biological functions, such methods can be
divided in bottom-up or top-down approaches (Fig. 3). The former one uses deductive
reasoning, meaning that the knowledge is built from the constitutive parts (e.g. genes) to the

systems, while top-down requires inductive reasoning: from systems to causal genes.
Bottom-up approach

The start point of this approach is the identification of putative orthologues genes in crops for
genes of interest in model species (Salentijn et al. 2007). In general, this is based on sequence
homology and the assumption that the molecular pathways underlying the control of the
biological processes, and hence the involved genes, are conserved. A widely used method in
the past was the identification of highly homologous genes by genomic or cDNA library
screenings (e.g. (Xu et al. 1995; Sun et al. 1999)). For this purpose hybridization can be applied
or alternatively PCR-based methods, using degenerated oligonucleotides. Once the unknown
target genes are identified, they can be sequenced and subsequently compared in silico with
the gene sequences from the model species. An advantage of this method is that construction
of such libraries does not require a priori genome sequence informatfion. However, to date
there are only limited comprehensive genomic libraries available for flower bulb species, likely
due to the complex genome sizes. When sequence information is available for the species of
interest, identification of homologues is normally done in silico via BLAST-based sequence
alignments (Altschul et al. 1990). However, there are limitations to the above discussed simplistic
approaches, given by the fact that sequence similarity does not always imply functional
similarity. This is nicely exemplified by differences in function for key genes in the vernalization
pathway between monocots and dicots (e.g. API-like genes; Fig. 2). Furthermore, large-scale
evolutionary events such as duplications can cause functional divergence for paralogues
genes. When evolutionary events are taken into account, comparative studies, such as synteny

mapping can provide information on orthology of the blasted sequences (McCouch 2001).
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Whereas in the past, this was restricted to species for which the genome was sequenced or for
which a detailed genetic map was available, integrating high-throughput Next Generation
Sequencing (NGS) data makes it possible to apply this type of studies to crops that lack a
reference genome sequence (Galvdo et al. 2012) and hence, make it also possible to use
synteny mapping for bulbous plant species in the near future. Regardless whether orthology
will be taken into account, various experimental fools can be applied to guide the
identification of genes or proteins with identical functions based on intrinsic characteristics of

the molecules, such as protein-protein intferaction capacity or their specific expression patterns.
Top-down approach

Top-down methodologies build vast amounts of high-throughput data in order to establish
systems from which identifying causal genes would be feasible (Fig. 3). Large scale
phenotyping platforms coupled to linkage mapping, and gene expression-based analyses,
such as the generation of Expressed Sequenced Tags (EST) or genome-wide transcriptome
profiling via microarray analyses or RNA-seq, are examples of sources for such large-scale data
sets. EST datasets are a rich source for designing custom-made DNA microarrays (Lorenz et al.
2003), but for many species of interest there are no sufficient datasets available to create a
proper microarray platform. In that case, cross-species microarrays, in which probe sequences
are derived from a model species and hybridization is performed with material from a crop of
interest, is an attfractive alternative to profile expression patterns (e.g. (Moore et al. 2005; Wang
et al. 2010)). However results have to be interpreted carefully because of variance in efficiency
of probe-tfranscript hybridization, caused by differences in sequence similarities or e.g. number
of gene copies, due to species-specific duplication events (Lu et al. 2009). Unlike classical
microarray experiments, RNA-seq does not require genome sequence information (Wang et
al. 2009), neither a priori knowledge of gene functions. Furthermore, the method is highly
sensitive and accurate providing detailed insight in gene transcription levels, as well as splicing

variants across different physiological or morphological samples.

Together, these characteristics make this tfechnology an ideal tool to gain insight in the
transcriptome of bulbous plants and to study differential gene expression for relevant biological
process in these species. Nevertheless, assembling the enormous amount of short reads
produced by RNA-seq is a bioinformatics challenge (Martin and Wang 2011); especially for

crops that lack areference genome, which is the case for many economically important crops

29



Chapter 2

Top down approach
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Figure 3. Flow chart of how knowledge can be transferred from model species to economically
important crops. Both bottom-up and top-down approaches are indicated and come together at
the level of functional confirmation of candidate gene functions by fransgenic research.

and in particular for bulbous plants. In absence of a reference genome, de novo transcriptome
assembly is used as first approach (Garber et al. 2011). A successful example of the latter
approach, was recently presented for grapes, that like bulbous species preferably sustain
through vegetative propagation (Venturini et al. 2013). Besides transcriptomics data,
information from other “omics” types of approaches can be implemented. Currently, after
transcriptomics the proteomics field is the most advanced and detailed quantitative
information can be obtained at the protein level (Bindschedler and Cramer 2011; Kaufmann
et al. 2011). Also metabolomics is improving, but generated datasets are more fragmented
and improvements of both throughput and reproducibility are needed (Saito and Matsuda
2010).

The next step for all above mentioned top-down approaches, aiming to obtain information on
gene activity and intrinsic gene product characteristics at a genome-wide scale, is the
identification of genes or sets of genes that behave in a manner associated to the biological
process of interest. Subsequently, potential gene regulatory networks can be reconstructed
based on this information, which can be compared to and fed back to knowledge from model
species (Fig. 3). In thisrespect it is good to realize that for the usage of e.g. metabolomics data
an additional hurdle needs to be taken in correlating metabolite concentrations to e.g. gene

expression patterns and finally gene functions.
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Verification of gene function

Both bottom-up and top-down approaches give a selection of genes that are potential key
players in the biological process under study, and for which preferably the function should be
validated. In Arabidopsis this is usually done through the selection of loss-of-function mutations
in collections of T-DNA insertion plants (Slater et al. 2003). Alternatively, stable tfransformants
can be generated or functions can be investigated based on transient expression assays by
agro-infiliration or virus induced gene silencing (VIGS) (Lu et al. 2003; Yang et al. 2000). The
majority of methods that are available today for gene function verification depend on
fransgenic approaches. Despite that these technologies are already available for thirty years
and have undergone various improvements over the last decades, it is sfill far from trivial fo
fransform any desired plant species. Therefore, it is stil common practise to perform gene
function verifications by overexpression or complementation studies using a model species as

target (cross-species analysis) (Li et al. 2013; Tsaftaris et al. 2012).
Examples of successful knowledge transfer to bulbous plants
Bottom-up “gene-by-gene” approach

Several of the above discussed methods to transfer knowledge from model species to crops
have been used already in bulbous species. Probably one of the best known examples of the
bottom-up approach is related to the specification of floral organ identities by MADS box
franscription factor genes according fo the ABC-model (Litt and Kramer 2010; Rijpkema et al.
2010; Ferrario et al. 2004). Floral organs in higher eudicots are organized in four concentric
whorls, with sepals in the outer whorl, petals in whorl two, stamens in whorl three and carpels in
the inner fourth whorl. The classical ABC model predicts the establishment of the four floral
organ identities by the combinatorial action of MADS domain transcriptfion factors and the
accessory gene regulatory network appeared to be highly conserved. Based on the
assumption that this network will also be conserved in bulbous flowers, hypotheses were
generated to explain particular flower mutants in these species. Classical examples are the so
called ‘double flowers’, in which stamens are converted into petals or petaloid organs, which
in theory can be caused by alterations in B- or C-class MADS box genes. Expression studies in
the double-flowered lily “Elodie” provided evidence that this phenotype indeed was caused
by the miss-expression of the putative Lily C-class gene LelAG 1 (Akita et al. 2008). Besides the
C class gene, a putative A class (AP1-like) and other MADS box genes of the C/D class have
been identified in Lilium longiflorum (Chen et al. 2008; Tzeng and Yang 2001). Also in Crocus
safivus a putative AP1 gene was identified as well as a SEPALLATA3 (SEP3)-like gene from the
E-class (Tsaftaris et al. 2004; Tsaftaris et al. 2011). Despite strong conservations in flower
organisation, plants belonging to the Liliaceae family have in general a slightly modified flower

structure with two almost identfical outer floral whorls, known as ftepals. Based on this
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phenomenon a modified ABC model was proposed (van Tunen et al. 1993), suggesting that
class B genes are also expressed in whorl one, leading to the same petaloid identity in the outer
two whorls. The putative class B genes from Tulipa gesneriana were cloned and characterized
(Kanno et al. 2003). In agreement with the hypothesized alternative model, the two DEFICIENS
(DEF)-like genes TGDEFA and TGDEFB as well as one GLOBOSA (GLO)-like B-type gene TGGLO,
were found to be all expressed in whorls one, two and three. The same model is also supported
by the identification and analysis of B-class floral homeotic gene PISTILLATA (PI)/GLO in Crocus
sativus (Kalivas et al. 2007). All together, these examples show the power of a “gene-by-gene”

bottom-up approach in case of well-studied and strongly conserved biological processes.
Top-down “transcriptome profiling” approach

Performing large-scale expression studies coupled to phenotyping is an advanced technology
to identify key genes involved in a particular biological process. In lily e.g., a custom-made
cDNA microarray was designed and generated, consisting of several cDNA's obtained from
different pollen-related fissues (Huang et al. 2006). Following, a differentially expressed gene
was identified encoding for a putative protein containing ankyrin repeats and a RING zinc-
finger domain, named LIANK. Comparison of LIANK to functionally characterized genes in
model plants suggested ubiquitin ligase activity for the gene product. Further experiments
could confirm this molecular function and revealed an important role for this gene in polar
pollen tube growth, showing the relevance of the followed approach. Despite the potential of
this method and the large number of examples of success stories in a variety of food crops, the

approach has been hardly explored in bulbous plant species.
Gene function verification using model species

Upon the identification of functional analogues genes, verification of the function is an
important process. Monocots are known to be recalcitrant to Agrobacterium-mediated
transformation and therefore most of the flower bulb transformations have been achieved
through gene-gun techniques (e.g. (De Villiers et al. 2000; Kamo et al. 1995; Watad et al. 1998)).
However, a major drawback of gene-gun transformatfion over Agrobacterium-mediated
transformation is the lack of stable integrations on one hand and the unintended, but
frequently observed integration of multiple gene copies in the case of a successful integration
on the other hand. The latter can be a trigger for undesirable recombination events, genomic
rearrangement, or silencing of the tfransgene (Hooykaas and Schilperoort 1992). Conveniently,
evidence has been provided for the presence of certain Agrobacterium strains being able to
infect flower bulb species such as Ornithogalum (Van Emmenes et al. 2008), Gladiolus (Kamo
et al. 1995) and Lilium (Cohen and Meredith 1992). More recently Li and collaborators proved
that insertion and stable integration of Zm401 gene in Lilium is possible via Agrobacterium-

mediated transformation, which opens the door for more transgenic efforts in flower bulbs (Li
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et al. 2008). Nevertheless, in general transformation of bulbous plants is tedious and stable

transformation frequencies are low (Wang et al. 2012; Lu et al. 2007).

Therefore, heterologous complementation studies in Arabidopsis are widely used as an
alternative to verify the function of a candidate gene found in bulbous species. For example,
a homolog of CENTRORADIALIS (CEN)/TERMINAL FLOWER (TFL), CsatCEN/TFL1 respectively, was
cloned from Crocus safivus and functionally characterized in Arabidopsis. In Arabidopsis, TFL
conftrols axillary meristem identity, inflorescence development and flowering time (Alvarez et
al. 1992). Overexpression of CsafCEN/TFLI in a tfll Arabidopsis mutant background resulted in
complementation of the mutant phenotype, indicating that the gene isolated from C. sativus
is able fo function as TFL1 (Tsaftaris et al. 2012). A similar study revealed that a FT-like gene in
Narcissus tazetta var. chinensis, known as NFT1, act as a flowering time regulator when
ectopically and constitutively expressed in ff-3 mutant Arabidopsis plants. In these transgenic
lines, SOC1 a target of FT showed to be up-regulated as expected based on FT functioning in
Arabidopsis (Li et al. 2013).

Besides stable fransformation, fransient technologies, such as VIGS, have been applied in
bulbous species. A fragment of a putative PDS gene supposed to encoding phytoene
desaturase, which is involved in carotenoid metabolism and photosynthesis, has e.g. been
derived from lily and caused a bleaching phenotype in N. benthamiana after infiliration (VIGS).
This phenotype was expected, because it is known that silencing of PDS results in photo
bleaching symptoms caused by a decrease in leaf carotene. This reveals that genes of
monocot species can be used to silence their counterparts in the dicot N. benthamiana
regardless of their distant evolutionary relationship (Benedito et al. 2004; Wang et al. 2009) and

providing hints for possible functions of the used genes.

Although the above mentioned examples show the success and power of heterologous
functional analyses based on stable or transient tfransformation, it is good to realize that these
type of experiments do in principle not indicate more than that a gene from a crop has
sufficient sequence homology and overlap in functional domains to take over the activity of
the endogenous gene in the model system. Consequently, this is no guarantee that a similar
function can be assigned to the identified gene in the crop species. Difference in the spatial
or temporal expression pattern might already withhold the gene from its supposed function

based on the heterologous functional analysis.
Future directions and challenges

So far most molecular-oriented research studies in recalcitrant crops and bulbous plants have
focussed on the identification of a single candidate gene. Analyses of complete regulatory
pathways, as is nowadays common in model species, are hardly done yet. However, with the

speed NGS technologies are developing (Schneeberger and Weigel 2011), molecular
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technologies become attractive tools to analyse important biological processes in non-model
species. Shahin and colleagues (2012) provided e.g. the first franscriptome dataset of lily and
tulip by sequencing of ESTs with the 454 NGS technology (Roche; http://www.454.com/).
Comparative genomics helped with the search for gene conservation between tulip and lily,
and the contigs could be annotated on the basis of the rice genome annotation (Sequencing
Project Intfernational Rice, 2005). Subsequently, molecular function, biological process and cell
component were predicted for the identified genes that all together resemble about 40% of

the lily and tulip transcriptome.

Hence, this approach provides fast insight in the active part of bulbous plants genomes, with a
limited investment and avoiding the need for deciphering the complete genome sequence,
which in the case of tulip is 200 times the size of the Arabidopsis genome. Although this is a
great step forward, the authors realized and emphasized that deeper sequencing and analysis
of time series for various tissues or cell types is essenfial to obtain sufficient information for
extended comparative and functional gene studies. Furthermore, traditional sequencing
techniques were producing long contiguous DNA sequence reads up to 1 kb in length;
however, the majority of the latest infroduced NGS platforms generate huge quantities of short
sequence tags (50 to 100bp), requiring sophisticated assembly algorithms and bioinformatics

solutions (Reviewed in: (Nagarajan and Pop 2013).

Besides tackling this problem by a bioinformatics approach, technical improvements such as
paired-end sequencing, helps to solve the assembly problem. Additionally, output from
different platforms (e.g. PacBio; http://www.pacificbiosciences.com/) can be incorporated to
overcome this problem to a certain extend. Nevertheless, the biggest barrier in this type of
research will not be the generation of large scale data sets and the identification of complete
gene sequences, but to exiract the genes and alleles of importance for the process under
study; or in other words, to find the needle in the haystack. In this respect it is good to take into
account that the success rate of RNA-seq experiments for gaining knowledge in a particular
biological process strongly depends on a well-defined research question, followed by detailed
temporal and spatial differential expression analyses (Van Verk et al. 2013). In addition to the
correct input of biological material and the usage of optimal algorithms to extract genome-
wide differential gene expression patterns, it is of utmost importance to improve the methods

for the annotation of the identified genes.

As discussed above, simple blast-based alignments are a good starting point, but in the case
when no or only low homology exist with known gene sequences, other technologies are
essential. Recently, bioinformatics and systems biology fools have been developed for this
purpose, in which e.g. domain co-occurrence networks are generated (Wang et al. 2013) or
information from various data sources or prediction programs is combined (Kourmpetis et al.
2011).
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From model to bulbous species

Despite the importance of bulbous plants for the ornamental industry, these species remained
under investigated at the genetfic and molecular level. However, thanks to the latest
developments in fransgenic research, the “omics” area, and in the field of systems biology, the
detailed study of flowering and vegetative propagation in bulbous plants, resembling the two
most important biological processes for agronomical improvements, comes in sight. From a
breeders’ perspective, shortening of the juvenile phase will help increasing the speed of
selection processes for new varieties, with e.g. improved bulb productivity, ornamental
characteristics and pathogen resistance. Hopefully, these developments will keep this sector

flourishing in the coming century.
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Chapter 3

Abstract

Genome sequencing remains a challenge for species with large and complex genomes
containing extensive repetitive sequences, of which the bulbous and monocotyledonous
plants tulip and lily are examples. In such a case, sequencing of only the active part of the
genome, represented by the franscriptome, is a good alternative to obtain information about
gene content. In this study we aimed to generate a high quality tfranscriptome of tulip and lily
and to make this data available as an open-access resource via a user-friendly web-based
interface. The lllumina HiSeq 2000 platform was applied and transcribed RNA was sequenced
from a collection of different lily and fulip fissues, respectively. In order to obtain good
transcriptfome coverage and to facilitate effective data mining, assembly was done using
different filtering parameters for clearing out contamination and noise of the RNA-seq datasets.
This analysis revealed limitations of commonly applied methods and parameter settings used
in de-novo transcriptome assembly. The final created transcriptomes are publicly available via
a user friendly Transcriptome browser (http://www.bioinformatics.nl/bulbs/db/species/index).
The usefulness of this resource has been exemplified by a search for all potential transcription
factors in lily and tulip, with special focus on the TCP transcription factor family. This analysis and
other quality parameters point out the quality of the transcriptomes, which can serve as a basis

for further genomics studies in lily, tulip, and bulbous plants in general.

Key words: Tulip (Tulip sp), lily (Lilium sp), genes, transcriptome browser, sequencing, de novo

assembly
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Introduction

Modern sequencing technology, also referred to as Next Generation Sequencing (NGS),
quickly generates large amounts of sequence data at lower cost in comparison with traditional
Sanger sequencing (Marguerat and B&hler 2010) (Schatz et al. 2010). While sequencing and
assembly of large genomes sfill represent a technical challenge and a laborious procedure
(Treangen and Salzberg 2012), sequencing the expressed part of the genome, represented by
the transcriptome, is nowadays achievable and can level down the complexity and provide
useful information (Riesgo et al. 2012). Therefore, transcriptome sequencing may represent an
alternative to whole genome sequencing for species with large complex genomes when the
aim is to generate a comprehensive database of genomic resources, suitable for gene
identification, allele mining, or genome wide expression studies (Hou et al. 2011; Liu ef al. 2012;
Duangijit et al. 2013).

Bulbous plants, also classified as geophytes, represent species with economic relevance, large
genomes and relatively scarce genomic resources. In short, geophytes are plants with storage
organs and renewal buds resting in underground structures (Kamenetsky and Okubo 2013) (Fig.
1). Tulip and lily (Tulipa sp and Lilium sp) are ornamental geophytes with an estimated genome
size of 25 and 36 GB, respectively (Shahin et al. 2012b). One of the first studies of a transcriptome
characterization for both species was done by Shahin ef al. in 2012 using 454 pyro-sequencing
technology of messenger RNA (MRNA) from leaves (Shahin et al. 2012b). They obtained 81,791
unigenes for fulip with an average length of 514 bp and 52,172 unigenes for lily with an average
length of 555 bp. Later studies have e.g. focused on sequencing the transcriptome of leaves
(Wang et al. 2014), bulblets (Li et al. 2014b) and meristem-enriched tissue (Villacorta-Martin et
al. 2015) of different Lilium cultivars, using the lllumina HiSeq sequencing platform. These studies
resulted in the identification of 37,843 unigenes for leaves (Wang et al. 2014), 52,901 unigenes
in bulblets (Li et al. 2014b) and 42,430 genes for the meristem-enriched lily tissues (Villacorta-
Martin et al. 2015).

Despite continuous efforts fo broaden the genetic resources of the bulbous species tulip and
lily, characterization of their entire transcriptome is far from being completed. The information
generated to date only covered leaf and meristem-enriched tissues and, furthermore, the data
is difficult to access and mine for non-biocinformaticians. Our study aimed to generate a high
quality and extensive transcriptome of these two bulbous species and making this valuable
resource publicly available through a user-friendly and freely accessible web-based
inferphase, allowing easy data mining. The lllumina HiSeq platform was used to sequence a
pooled sample for lily and for tulip, each made up of a mixture of equal amounts of poly
adenylated mRNA obtained from flowers, stem, leaves, bulb and bulblets. Even though short
reads are generated with the llumina HiSeqg platform, a fremendous throughput can be

reached, resulting in an improved coverage of rare franscripts in comparison to the other
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platforms used in some of the previous transcriptome studies of bulbous species (Shahin et al.
2012b; Kamenetsky et al. 2015).

@

Tulip | Autumn I Winter Spring Summer
1. Planting 2. Rooting 5. Blooming 6. (Vegetative) Reproduction
3. Dormancy release 7. Lifting
4. Stem elongation 8. Storage

9. Flower initiation

Lily | Autumn I Winter I Spring | Summer |

1. (Vegetative) 3. Storage 4. Planting 6. Blooming
Reproduction 5. Flower initiation
2. Lifting

Arabidopsis thaliana

Figure 1. Life cycle and architecture of tulip and lily bulbs. (A) Tulip and lily yearly growth cycle. Note
that their growth cycle is very similar. Both require a period of cold, but for different purposes and
blooming occurs in different seasons. (B) Bulbs can be regarded as modified plants where the stem
has shortened into a basal plate, the leaves have been modified into bulb-scales. In the tulip bulb
the axillary buds are located in the axils of the bulb-scales and the floral bud is located in the center
on top of the basal plate.
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The generated data was used to assemble reference transcriptomes for tulip and lily. For this
purpose, different assembly settings were explored, aiming fo generate an optimal
franscriptome for gene mining. To proof the quality of the generated data sets, a comparison
was made between the transcripts found in the bulbous species tulip and lily and the genes of
the model species Arabidopsis thaliana and Oryza sativa (rice). In addition, we searched for
potential transcription factors present in both transcriptomes and compared their distribution
with the distribution of transcription factors in the model species Arabidopsis and O. sativa.
Subsequently, a web-based interface (Kamei et al. 2016), which we call Transcriptome Browser,

was implemented for data presentation and mining.

The various possibilities of this browser are exemplified by zooming-in on a particular plant-
specific gene family and the identification of all potential members of this transcription factor
family. This activity enlightens the usefulness of the tulip and lily tfranscriptome browser in mining
high-throughput sequencing data and identifying sequence information from lowly expressed,
but important regulatory genes. Furthermore, these analyses revealed the quality of our data
set and show how this resource can be explored in the future to study biological processes in

bulbous plants at the molecular level.

Results

Transcriptome sequencing and assembly

The lllumina HiSeq 2000 platform was used to sequence the fulip and lily transcriptome of a
wide range of tissues varying from bulb scales to flowers. After tfrimming and removal of low
quality reads, a similar number of paired end reads were obtained for both libraries: 169,920,574
reads for tulip and 165,031,389 for lily. Subsequently, Trinity software (Grabherr et al. 2011b) was
used to assemble both transcriptomes de novo and this assembly yielded to 499,780 transcripts
for tulip and 569,305 for lily with an average length of 561bp and 487bp, respectively. When
not taking the isoforms info account and without applying additional data filtering, Trinity
predicted 380,091 genes for fulip and 467,241 for lily (Table 1). Transcript over-estimation is
common in de novo sequencing studies because the lack of a reference franscriptome or
genome limits the assembly of sequences that represent non-overlapping pieces of the same
gene. Transcripts expressed at extiremely low levels can also cause noise because they may
not be reliably assembled (http://cole-trapnell-lab.github.io/cufflinks/cufflinks/). Furthermore, it
is difficult to distinguish between isoforms of one gene versus the existence of more gene copies

as a consequence of duplications (Chang et al. 2015).

Therefore, filtering out lowly expressed transcripts is a routine procedure applied during
transcripfome assembly to get rid of noise and contamination, and it yields, in general,
significantly reduced numbers of predicted transcripts and genes. To compare and find the

optimal parameters for our two datasets, but retaining the full complexity of the tulip and lily
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transcriptomes, we generated three additional assemblies based on different abundance
filtering settings. The three new assemblies consisted of tfranscripts with equal or more than 10
or 20 counts; and transcripts occurring at least more than once per million (TPM), respectively.
As summarized in Table 1, increasing the cut-off value to filter out franscripts with low
abundance leads to a dramatic decrease in the number of predicted transcripts and genes,

but improves the N50 and average transcript length.

Table 1. Summary statistics of the tulip and lily transcriptomes generated by non-filtered data and
upon applying three different filtering parameter settings.

Non-filtered Counts per franscript Counts per transcript TPM 21
210 220

Tulip Lily Tulip Lily Tulip Lily Tulip Lily
Contigs 499,780 569,305 174,442 252,040 112,256 131,912 39,171 38,688
Genes 380,091 467,241 115,167 198,613 70,634 94,283 29,523 29,188
GC % 42,74 41,79 43,62 42,1 43,98 42,64 45,4 45
N50 695 514 1226 913 1478 1322 1573 1717
Average 561 487 933 703 1,139 989 1,017 1,035

length

TPM: franscripts per million

The number of obtained transcripts and predicted genes, in combination with the average
transcript length, is generally used as a quality indicator of de novo transcriptome assemblies.
In an ideal situation, the number of predicted genes should be close to the number of genes
expected for the species. Based on this criterion, using counts per transcript upward of 20,
seemed o be the best parameter since it reached a reasonable number of genes taking into
account the number of genes found in sequenced plant genomes (e.g. rice (Sequencing
Projectinternational Rice 2005); Arabidopsis (Initiative 2000); poplar (Tuskan et al. 2006); loblolly
pine (Neale et al. 2014)). Furthermore, this filtering resulted in a high average transcript length,
suggesting a high percentage of complete and fully covered mRNA sequences in this

assembly.

Nonetheless, it is important to realize that the high number of franscripts and predicted genes
in the non-filtered transcriptome may not only be the result of miss-assemblies and non-plant
contamination, but also because of the presence of incomplete or fruncated rare, but
valuable transcripts. Such incomplete franscripts may be the result of incomplete cDNA
amplification, ormRNA degradation and breakage, and in general lowly expressed transcripts
are more prone to be assembled as fragments due to limited sequencing coverage. To
investigate this option in more detail, we studied-using the lily franscripfome as an example—

how filtering out lowly expressed transcripts affects the number of transcripts encoding plant
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orthologues as well as the transcripts considered to be contamination (Fig. 2). As expected,
the three filtering options improved the raw transcriptome in terms of contamination, but
surprisingly decreased also dramatically the number of plant orthologues retained. For
example, TPM larger or equal to one reduced the contamination with almost 100% efficiency,
but only retained a bit more than 20% of the plant orthologues from the non-filtered

franscripfome database.
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% Plant Transcripts Retained

Figure 2. Effect of franscriptome filtering on the percentage of “non-plant” and plant franscripts
retained. Filtering done based on counts per franscript.

This observation prompted us to gain more insight in the nature of the transcripts with low
abundance. For this purpose, all removed transcripts per filtering method were compared with
the Arabidopsis Information Resource (TAIR) database using the Basic Local Alignment Search
Tool (BLAST). Within the removed transcript sequences many important gene products where
present, e.g. encoding putative meristem signalling peptides (CLAVATA3/ESR) (Wang and Fiers
2010), which are known to be short in sequence and lowly expressed. Furthermore, transcript
fragments of genes expected to be very locally and lowly expressed, such as some basic helix-
loop-helix (bHLH) franscription factors, wound-responsive protein-related and flowering
promoting factors, were identified in these filtered-out franscript sets (see Supplemental Table
1). Hence, the use of a filtering method may lead to a transcriptome with improved quality
based on average transcript length, but it results on the other hand in the removal of a
substantial number of transcript fragments corresponding to important plant genes. Based on
these observations, we decided to confinue with a non-filtered transcriptome, including short,
tfruncated, and incomplete transcripts, since this increases the chances of identifying
sequence information of rarely expressed genes. In order to evaluate the completeness of
these final assembled and selected tulip and lily non-filtered transcriptomes, Core Eukaryotic
Genes Mapping Approach (CEGMA) analysis was used (Parra et al. 2007), showing that the
generated transcriptomes of tulip and lily contain nearly 100% of the 248 core eukaryofic

proteins (98.79% for both species).
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Functional annotation

TransDecoder 2.0.1 (Haas et al. 2013b) has been used to predict coding sequences in the tulip
and lily transcriptomes. Subsequently, the UniProt protein database (Consortium 2015) and the
Pfam conserved domain database (Finn et al. 2014) were used to predict protein coding
genes. In total 147,101 transcripts of tulip were identified, resulting into 89,530 predicted protein
coding genes and 144,801 tfranscripts of lily, giving rise to 101,312 predicted genes. Those
predicted genes represent nearly 50% of the tfranscripts in the non-filtered franscriptomes. In a
follow-up step, the predicted proteins of tulip and lily were grouped in so-called Orthology
clusters using OrthoFinder (Emms and Kelly 2015). The clusters also contained the monocots
rice, maize, Brachypodium, sorghum, switchgrass, barley and garlic; and the dicots soybean,
Arabidopsis, grape, poplar and tomato. A total of 15,296 orthology groups were found fo
contain lily and tulip proteins, 10,014 of these also included one or more Arabidopsis proteins.
A search for orthology groups that only contained proteins from the bulbous species tulip, lily,
and garlic (Kamenetsky et al. 2015), revealed a set of 281 unique groups that might represent

bulbous plant specific genes.

To get a better impression of the quality and completeness of the functional annotated
datasets, we compared our transcripfomes and annotation with previously published
franscriptomes of tulip and lily (Shahin et al. 2012b). Initially, we performed a BLAST search at
the nucleoftide level fo determine how well we covered the franscripts present in these publicly
available datasets. Depending on the cultivar we used for this comparison, we found a BLAST
hit for 87-95% of the published tulip contigs and for 80-85% of the lily configs. These numbers
reveal that we found evidence for the presence of the majority of potential genes in the
published datasets in our transcriptomes. Subsequently, we determined how many potential
tulip and lily genes with a putatfive Arabidopsis ortholog were unique in either our
transcriptomes, or the published datasets of Shahin and co-workers (2012). To this purpose, a
BLAST screening (blastx, e-value cut-off of 1e-5) on the Arabidopsis proteome was performed
for the individual datasets. In this analysis we found 1345 and 95 unique tulip hits, for the
franscriptomes described in this study and the published tulip datasets, respectively. For lily
these numbers were 647 and 164. So on average almost eight fimes more additional and
unigue sequences with a BLAST hit fo the Arabidopsis profeome were identified in this study in
comparison to the previous study. In Supplemental Table 2, an overview is presented of the
unique hitsin the individual lily datasets as an example. As expected, a large part of the unique
sequences in our transcripfomes in comparison to the published transcriptomes resemble
genes that are expressed in tissues other than leaves, which was the only tissue sampled by
Shahin and co-workers (2012). In addition, sequences were uniquely identified in this study that

are potentially encoding for rare and low expressed genes. Examples are three out of 22 known
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members of the novel seed plant-specific family of small peptides encoding genes, ROT-FOUR
LIKE1-22 (RTFL1-22) (Narita et al. 2004).

Transcriptome coverage assessed by the identification of Transcription Factor

families

In the plant kingdom a large number of franscription factor families can be found and they are
involved in several processes, ranging from plant development to abiotic and biotic stress
responses (Riechmann et al. 2000; Zhang et al. 2011). Transcription factors orchestrate several
networks by confrolling when and where certain genes will be expressed (Lee et al. 2006) and,
therefore, have been well studied and characterized in plants. However, even though they
function as master regulators, transcription factors are often expressed at relatively low
abundance (Jones et al. 2015). This low level of expression makes transcription factors suitable
markers to further assess the sequencing depth and coverage of our two generated
franscriptomes. Therefore, a comparison was made between the 42 known transcription factor
families in the model species Arabidopsis and rice, and our generated tfranscriptomes of fulip
and lily. For this purpose, the putative transcription factors of each family were identified based

on Pfam domains (Finn et al. 2014). The outcome of this analysis is summarized in Table S2.

A large number of transcription factors were identified in the transcriptome data of both lily
and fulip with an expected distribution over families, but some families in both fulip and lily
seemed to contain more putative members than expected based on their abundance in
model species (Fig. 3). Examples are the homeodomain (HB) family and the MYB related
transcription factor family. For the FART family, over-representation is observed in comparison
to Arabidopsis but the numbers found in lily and tulip, are almost equal in comparison to rice.
This might point to a monocot specific expansion of this specific transcription factor family. In
general, the number of franscription factor members in a particular family is rather similar in the
two bulbous plant species. However, exceptions can be found for the zinc finger LSD and the
Whirly family. The LSD family is over-represented in tulip while the Whirly family is over-
representedin lily, based on our datasets. These examples might point to species-specific family

expansions, though additional analyses are needed before firm conclusions can be drawn.

A further in depth analysis was made by focussing on the presence of characteristic
franscription factor protein domains and comparing them among plant species. In this respect
it is good to realize that several families contain a common protein domain and that due to
fragmentation of the obtained transcriptomes it may be difficult to distinguish these
franscription factor families info sub-classes. Examples are the M-type and MIKC MADS domain
transcription factor family clades, AP2 and RAV, B3 and ARF, and HB-other and HB-PHD
(Riechmann et al. 2000). In Fig. 4 an overview is given of the distribution of TF protein domains

within each species. As expected, the overall distribution is similar between the model species
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and the bulbous plants tulip and lily. One of the largest groups of transcription factors, which
covers ~13-15% of all transcription factors of the 42 families, contains a zinc finger domain. The
second largest group is represented by the MYB transcription factors (~12-15%), followed by the
bHLH domain containing transcription factors (~7-10%). A major and remarkable difference is

observed between monocotyledonous

AP2 mtulip vs arabidopsis
ARF otulip vs rice
B3 mlily vs arabidopsis
BBR-BPC olily vs rice
BES1
bHLH
bZIP
C2H2
C3H
CAMTA
CO-like
CPP
Dof
E2F/DP
EIL
ERF
FAR1
GATA
GeBP
GRAS
GRF
HB
HSF
LBD
LFY
LSD
MIKC
M-type
MYB
MYB_related
NF-YA
Nin-like
NZZ/SPL
RAV
S1Fa-like
SBP
SRS
TCP
Whirly
WRKY
YABBY
ZF-HD

Figure 3. Overview of 42 transcription factor families identified in lily and tulip in comparison to rice
and Arabidopsis. The bar represents the relative number of franscription factors present in each
family in comparison to the number of franscription factors present in the model species Arabidopsis
andrice, respectively. A value below one indicates under-representation in lily or tulip in comparison
to rice or Arabidopsis and a value above one shows over-representation.
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and dicotyledonous species for the FAR1T domain containing transcription factors, as was
already mentioned above. Approximately 5-6% of the total franscription factors used in this
analysis has the FART domain in lily, tulip and rice. Nevertheless, in Arabidopsis only ~1% of the
transcription factors contain this domain. The biological relevance of the expansion of this
particular transcription factor family in tulip and lily is currently not known, but it seems not to
be an assembly artefact, since the overrepresentation is also found in the completely

sequenced rice genome (Sequencing Projectinternational Rice 2005).

Lily Tulip

Rice Arabidopsis

Legend
mAP2 mB3 = Zinc Finger
mbHLH nbZIP = K-box
= MYB mBBR-BPC mBES1
uCAMTA mCPP mE2F/DP
mEIL mERF uFAR1
uGeBP EGRAS = Homeobox
mHSF ulBD mLFY
mCBFB-NFYA  mNin-like NZZ/SPL
= S1Fa-like uSBP SRS
uTCP Whirly WRKY
YABBY ZF-HD

Figure 4. Distribution of franscription factors based on conserved protein domains in lily, tulip,
Arabidopsis and rice. The franscription factor family distribution in fulip and lily is similar to the
distribution in rice and Arabidopsis. However, in comparison with Arabidopsis, the FAR1 franscription
factor family is larger in the monocofs tulip, lily, and rice.
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Mining high throughput data with the Transcriptome Browser: identification of

the TCP gene family

Once a franscriptome is assembled, one of the biggest challenges for researchers is to explore
the large dataset in search for sequences with biological relevance. To support in mining data
using open sources, we decided to deposit our generated transcriptomes in a web-browser

(http://www.bioinformatics.nl/bulbs/db/species/index) based on recently developed open

software (Kamei et al. 2016). This web-based interface offers basic bioinformatics search tools,
identification of candidate transcripts based on phylogenetic relationships between
orthologous sequence data and design of specific and degenerate primers for expression

studies of transcripts of interest (Fig. 5).
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Figure 5. Screenshots of the Transcriptome browser. In panel 1 the interphase of the BLAST search is
shown. The input sequence can be blasted against the tulip and lily franscriptomes as well as other
plants species such as Arabidopsis thaliana, Oryza sativa and Vitis vinifera. In panel 2 an example is
given of the output of the cluster search. Here different actions can be chosen such as protein
alignment, primer design and build a direct free (phylogenetic tree). Note that the browser has a
tutorial option, in which the exact procedure how to perform the different tasks and actions is
explained.

To explore the usefulness of this data resource, we mined the datasets aiming to identify
members of the TCP gene family in lily and tulip. The TCP transcription factor family, named
after its founder members TEOSINTE BRANCHEDI1, CYCLOIDEA, and PROLIFERATING CELL
FACTOR, has in general around 25-30 members in eudicofts (Nicolas et al. 2015). TCP genes are
expressed in a wide range of tissues and they control flower, leaf, and lateral shoot growth by
activating or inhibiting cell proliferation (Martin-Trillo and Cubas 2010) (Nicolas et al. 2015)

(Mondragdén-Palomino and Trontin 2011). Furthermore, evidence from Arabidopsis expression
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studies indicates that several TCP members are lowly expressed in the above ground tissues

(Danisman et al. 2013).

The expected wide-range in tissue and level of expression of TCP genes was our reason fo
choose this gene family to assess the power of the Transcripfome Browser in mining high
throughput sequencing data. All putative lily and tulip TCP sequences were identified by using
the sequence search tool (setting Pfam PF03634), followed by seed BLAST analyses with
different parameter settings, and an additional manual search scrolling through the orthology
(oc) clusters. The Pfam search resulted in 38 tulip and 33 lily transcripts, the seed BLAST search
intfo two additional tulip tfranscripts and the oc search identified two extra transcripts for each
species. This total of 42 tulip and 35 lily transcripts, represented 24 and 22 potential TCP genes

respectively.

The following step was to corroborate the TCP identity of the resulting tulip and lily franscripts
based on the characteristic features of the TCP domain described by Martin-Trillo and Cubas
(Martin-Trillo and Cubas 2010). As shown in Fig. 6, the two putative TCP transcripts identified by
seed BLAST search, as well as the remaining lily transcript found by oc search contained only a
partial fragment of the TCP domain and this was the reason why they failed to pop-up within
the PFAM search. However, they can be considered true TCPs based on their characteristic
features. This example shows the power of using the Transcriptome Browser in data mining and
highlights the importance of our choice to maintain truncated transcripts into the final

assembly.

Although the aim of this study was not to characterize the identity of each TCP transcript found
in tulip and lily, we wanted to test the capacity of the Transcripfome Browser in clustering the
tulip, lily, rice and Arabidopsis TCP sequences, based on sequence similarity. All lily, tulip,
Arabidopsis and rice protein sequences that contained the TCP domain (from the initial Pfam
search) were selected to build an unrooted tree using the Neighbour-Joining algorithm (Fig.
S1). Once again, the browser was able to distinguish between transcripts from class | and II.
Also, most of the clades contained transcripts of all four species, which might help in further

approaches to characterize the TCP identity of the tulip and lily franscripts.

Last, we tested the capacity of the “specific primer design tool” offered in the Transcriptome
Browser (Kamei et al. 2016). This tool designs primers in unique regions, given a set of similar
sequences. PCR amplification of unspecific fragments or fragments without the expected size
might indicate assembly errors. Therefore, five TCP genes were selected randomly for each
bulbous species. The browser was able to design unique primers in all chosen sequences and
PCR amplification with the expected band size was observed in nine out of the fen selected
genes (Fig. S2). Overall, this result highlights the power of the de Transcriptome Browser in

designing specific and unique primers given from e.g. the members of a gene family.
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Figure 6. Sequence alignment of the domain of 74 TCP transcripts found in tulip and lily. Sequences
are clustered in class | and class Il based on the classification by Martin-Trillo and Cubas (Martin-
Trllo  and  Cubas 2010). Sequences 64 (P TR152114_c2_g2_i1_Tulip) and 65
(P | TR152114_c2_g2_i2_Tulip) were found by seed BLAST search only, and sequence 7
(p| TR21859_c3_gl_i2_Lily) was identified by the orthology cluster (oc) search option. Yellow shaded
regions indicate characteristic features of class |, blue characteristic features for class Il and grey for
all other amino acids.

Discussion

Despite various large-scale sequencing efforts, we still lack a comprehensive transcriptome for
many species. In this study a large-scale lily and tulip transcriptome was generated and this

resource has been made available in a web-browser for easy mining.
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Filtering out transcripts with low abundance reduced the number of retained

plant orthologue hits

The number of franscripts and predicted genes in our non-filtered transcriptomes may be highly
over-estimated taking info account that there are only 27,024 protein coding gene models in
the recently sequenced monocot genome of pineapple (Ming et al. 2015), 39,045 genes
reported for rice—the monocot model species—(Sequencing Projectinternational Rice 2005)

and 81,791 for tulip, based on a previous franscriptome sequencing effort (Shahin et al. 2012b).

Nevertheless, we expect that the large number is certainly not all because of noise, whereas
the methodology we selected for sequencing assures high depth coverage and strand
specificity. These aspects make the identification of rare and lowly expressed transcripts for
both coding and non-coding RNAs possible. Additionally, both fulip and lily are in general
vegetative propagated and therefore heterozygosity is maintained, being a source for a

higher number of different franscripfs.

Although in other bulbous studies filtering out low abundant sequences reduced significantly
the number of predicted genes to a level that gets close to what is reported for model species
(Villacorta-Martin et al. 2015), we proved that in our data this filtering reduced dramatically the
percentage of transcripts with substantial homology to a known plant gene. Therefore, our non-
filtered transcripfomes may not reflect the true number of genes but they rather represent

extensive franscripfome coverage for both tulip and lily.

Despite the fact that there is some contamination (non-plant hits) retained in the non-filtered
databases, both transcriptomes contained nearly 100% of a core set of eukaryotic proteins,
which is an indication of the completeness of the assemblies. Furthermore, we showed the
power of these transcriptomes in finding rarely expressed genes, such as genes belonging to
the CLV/ESR family encoding for small size ligands that act as important developmental

signalling molecules (Wang and Fiers 2010).
Transcriptome coverage assessment

In addition to the core eukaryotic proteins, the franscription factor family distribution analysis in
tulip and lily has also confirmed the quality of the franscriptfome assembly. A large number of
transcription factors could be identified even though noft all tissues, developmental stages, and
common biological process—such as stress responses and floral primordium formation-of the
bulbs were collected for RNA-sequencing. To mention an example, tulip fissues were collected
from January until May, leaving out the months June to December. During this latter period of
time, the floral primordium inside the tulip bulbs is formed (Khodorova and Boitel-Conti 2013)
and therefore tfranscription factors specifically involved in this process might be absent. When

zooming in on the members of each franscription factor family found in tulip and lily, some
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families contain more members in comparison to the model species or vice versa. Although,
we cannot rule out miss-assembly as a reason for over-representation in particular transcription
factor families, a few nice examples of expanded families have been found that based on
comparison with other monocots seem to be present and probably unique to monocots or
bulbous species. Having more members in a family can be due to the large genome that both
tulip and lily have which might be partially due to additional gene duplication events. It will be
of interest to study in the future whether there are bulbous-plant-specific functions for these
additional genes, proving their biological relevance. Though, before going into laborious in-
depth functional studies it is essential to confirm a correct assembly of these potential novel
genes by wet-lab experiments, other sequencing methods such as PacBio, or using software

such as Recognition of Errors in Assemblies using Paired Reads (REAPR) (Hunt et al. 2013).

Functionality of the Transcriptome Browser in mining the extensive tulip and lily

transcriptomes

Mining high throughput data often requires advanced programming skills or access to user-
friendly commercial software. Most of the publicly available software tools offer limited opftions,
forcing researchers to use a combination of open software packages, requiring in general
different formats and operational systems (Deng 2011). Based on the identification of the
putative TCP transcripts for both bulbous species, we confirmed that the Transcriptome Browser
(Kamei et al. 2016) represents a reliable and user-friendly web based interface, able to identify

gene families and build phylogenetic relationships with other species.
Conclusion

The methodology implemented in this study to assemble de novo franscriptomes demonstrates
that there is a trade-off between transcriptome quality and the amount of information
retained. Filtering out data that are considered “noise” improves the values of the parameters
that are commonly used to assess the quality of a franscriptome. However, such filtering
methods may limit the power of data mining by e.g. reducing dramatically the chances of
finding rare or lowly expressed genes. This study resulted in extensive transcriptome resources
for both tulip and lily that can be easily mined. The limited number of molecular studies
performed in these two bulbous species to date, states the need for such a user-friendly
resource. Although, genome sequencing has undergone an enormous revolution over the last
decade, it will most likely take some time before a high-quality and well-assembled genome
sequence of lily and tulip will become available. Until that moment, the franscriptome browser
presented here will be of pivotal importance for gene identification in these two bulbous plant

species.
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Methods

Plant material

Tulip and lily tissues of several developmental stages were collected throughout the year of
2013 in The Netherlands. Adult tulip bulbs of the cultivar “Dynasty” (Tulipa gesneriana) were
planted in October 2012 in the field at Wageningen University (51.9667° N, 5.6667° E). Tulip bulb-
scales, axillary buds, stem, leaves and floral bud were collected in January when all organs
were entirely below ground; in March when the stem and leaves emerged above ground; and
in May during blooming at full anthesis of the flowers. Roots and just initiated and dormant

flower buds inside the buds during summer have not been sampled.

Tissues of lily cultivar “McAleese” (Lilium, oriental hybrid group) were collected from
regenerated bulblets and from fully grown plants. Regenerated bulblets were obtained by
incubating detached bulb-scales in moist chambers without exogenous hormonal application
at 23°C for six weeks, followed by 12 weeks at 4°C.. Newly regenerated bulblets were dissected
under a stereo microscope and collected at the developmental stages SO (proximal side of
the explant at the start of the culture); ST (proximal side of the explant at one day after culture);
S2 (thickened structures of proximal side of the explant); D (dome formation); P (bulb-scale
primordium formation); B (bulblet formation) (Marinangeli et al. 2003). Fully formed
regenerated bulblets were also collected at six weeks after culture under 23°C (bulblets are
thought to enter a resting phase at this moment); and at 18 weeks after culture, from which
the first six weeks were at 23°C followed by 12 weeks at 4°C (bulblets are out of the resting
phase and ready to sprout into leaflets or a true stem). In addition to the regenerated bulblets,
fully grown leaves, closed and open flowers, stem, and stem axils containing axillary buds were
collected at the moment of blooming from greenhouse-grown plants (In the Netherlands; Long
day (~16 hrs of light) conditions and 20-25°C). After collection of both tulip and lily plant

material, the tissues were ground in liquid nitrogen and stored in -80°C until use.
RNA isolation

Total RNA was extracted from tulip bulb-scale fissue with the Tripure protocol (Roche, The
Netherlands) according to the manufacturer's manual, with the addition of 2%
Polyvinylpyrrolidone (PVP, w/v) and 2% B-mercaptoethanol (R-ME, v/v) to the extraction buffer.
Isolated RNA was DNase treated with RQ1 (Promega, The Netherlands) followed by a
phenol/chloroform (1:1) extraction and ethanol precipitation. RNA from the other tulip tfissues
was extracted with the Invitrap spin plant RNA mini kit (Invitek, ISOGEN Life Science, The
Netherlands) and DNase treated with DNasel (Qiagen, The Netherlands).

Total RNA from all tissues collected from lily plants was isolated following the Tripure protocol

(Roche, The Netherlands) with modifications. The modifications consisted of an initial removal
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of starch using an SDS-containing buffer (buffer I, (Li 2005)) followed by phenol/chloroform
extraction; and a final RNA purification of the eluted pellet using the Invitrap spin column
(Invitrap spin plant RNA mini kit, Invitek, ISOGEN Life Science, The Netherlands). DNA was
removed from the samples by DNAse treatment with RQ1 (Promega, The Netherlands)

according to the manufacturer’s specification.

Quantity and quality of isolated RNA was assessed by agarose gel electrophoresis and
NanoDrop spectrophotometer ND1000. Samples with a 260 to 280 ratio ranging from 1.7 to 2.1
were selected and mixed intfo equal RNA quantities intfo a separated lily and tulip pool. These
two pooled RNA samples were sent to Wageningen UR Greenomics (Wageningen, The

Netherlands) for cDNA library preparation and subsequent sequencing.
cDNA library preparation and sequencing

A cDNA library for each pooled sample was prepared following the TruSeq Stranded Total RNA
Sample Preparation kit with Ribo-Zero Plant (lllumina, The Netherlands). The Ribo-Zero Plant kit
removes ribosomal RNA (rRNA) from total RNA using biotinylated probes and the obtained
rRNA-depleted RNA is first and second cDNA transcribed keeping strand specificity. Quality
and quantity of each library was checked using a Bioanalyzer 2100 DNA1000 chip (Agilent
technologies) and Qubit quantitation platform using Quant-iT PicoGreen (Invitfrogen, Life
Technologies). Library sequencing was done on a HiSeq2000 platform. The fulip and lily
transcriptomes raw data were submitted to The National Centre for Biotechnology Information
(NCBI) under the numbers SRR3105600 (tulip) and SRR3105700 (lily).

Sequencing analysis

Paired-end reads were sequenced using lllumina Hiseqg 2000. The quality of the reads was
examined by FastQC  (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/).
Adapters were removed and paired-end reads were frimmed using Timmomatic (Bolger et al.
2014b) with  seftings: “ILLUMINACLIP:TruSeq3-PE-2.fa:2:30:10 LEADING:20 TRAILING:20
SLIDINGWINDOW:4:20 MINLEN:70 HEADCROP:5".

The franscriptomes were assembled de novo using Trinity version 2.0.6 (Haas et al. 2013b) with
default settings, except max_memory 150G and SS_lib_type RF. Transcriptome statistics were
determined using the TrinityStats.pl script, which is part of the Trinity package. Transcripts
abundances were quantified using RSEM version 1.2.22 (Li and Dewey 2011) with default

settings.

To assess the level of contamination contained in both assemblies, NCBI's non-redundant
protein database (nr) was searched using Diamond (Buchfink et al. 2015) with default settings
and the results were analysed using MEGAN (Huson et al. 2007). CEGMA analysis (Parra et al.

2007) was used as a rough measure of the completeness and quality of the assemblies.
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Coding sequences on the franscripts were predicted using TransDecoder version 2.0.1 (Haas
et al. 2013b) as follows: first the longest open reading frames (ORF) were determined and
franslated using a cut off of 60 amino acids as the minimal protein length. The resulting protein
sequences were used as queries to search the SwissProt section of the UniProt protein database
(Consortium 2015) with blastp (E-value cut-off 1*e-5), and they were also scanned for
conserved protein domains from the Pfam (Finn et al. 2014) database using Pfamscan. The
Blast hits and Pfam results were used as input for the TransDecoder.Predict tool. Subsequently,
the longest peptides per tfranscript on the (+) strand were selected using a custom Python

script.

Translated sequences were clustered with orthologous proteins from the monocots rice, maize,
Brachypodium, sorghum, switchgrass, barley and the dicots soybean, Arabidopsis, grape,

poplar and tomato using OrthoFinder (Emms and Kelly 2015).
Search transcription factor families

For the identification of franscription factor families, a PFAM analysis was performed on all the
proteins present in the transcriptome from both lily and tulip. The families were divided
according to the family assignment rules used in the Plant Transcription Factor Database

(http://planttfdb.cbi.pku.edu.cn/help famschema.php). Transcription factor families without a

Pfam domain were identified with BLAST by using the known Arabidopsis thaliana transcription

factors in a particular family.
Tulip and lily transcriptome mining

Tulip and lily putative TCP transcripts were refrieved using the Transcriptome Browser in three
successive steps. The first screen was achieved making use of the sequence search tool, option
Pfam (PF03634). In the second step, new TCP franscripts were identified by selecting all tulip
and lily transcripts from the first screen and using the "Seed BLAST” tool without default
parameters. In the last step every oc cluster containing fulip, lily, Arabidopsis and rice transcripts
with a PFO3634 hit were screened manually. The TCP domain sequence of each transcript was
retrieved manually from the Transcriptome Browser and aligned using Geneious software
(Drummond et al. 2010). All Arabidopsis, rice, lily and tulip transcripts resulting from the Pfam
(PFO3634) search were clustered using the Neighbour-joining tree option of the Transcripfome
Browser. Primer design was achieved using the cDNA alignment tool followed by the “Specific”

primer design option. The primers used can be found in Table S3.
Data availability

The Transcriptome Browser containing the Tulipa and Lilium transcriptomes is publicly available

via the website hitp://www.bioinformatics.nl/bulbs/db/species/index. The sequence data are

available in the Transcriptome Shotgun Assembly Sequence Database of NCBI
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(http://www.ncbi.nim.nih.gov/genbank/tsa/) under numbers SRR3105600 (tulip) and
SRR3105700 (lily).
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Figure $2. PCR ampilification of fragments of 10 putative TCP genes. Five tulip (T1 o T5) and lily (L1 to
L5) genes were chosen at random fo proof the capacity of the Transcripfome Browser in designing
unique primers. PCR amplification was successful in nine out of tten cases. T1 failed to produce the
expected fragment size. The primers were designed on the following ftranscripts: T1=
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Abstract

Tulip bulbs reproduce asexually by the outgrowth of their axillary meristems located in the axil
of each bulb scale. In every growth cycle the mother bulb is replaced by one or two daughter
bulbs, arising from its axillary buds. The number of axillary meristems in one bulb is low —six on
average- and not all of them grow out during the yearly growth cycle of the bulb. Since the
degree of axillary bud outgrowth in tulip determines the success of their vegetative
propagation, this study aimed at understanding the mechanism controlling the differential
axillary bud activity. We used a combined physiological and “bottom-up™ molecular approach
to shed light on this process and found that first two inner located buds do not seem to
experience dormancy during the growth cycle, while mid-located buds enter dormancy by
the end of the growing season. Dormancy was assessed by weight increase and
TgTBlexpression, a conserved TCP transcription factor and well-known master integrator of
environmental and endogenous signals influencing axillary meristem outgrowth in plants. We
showed that TgTBI expression in fulip bulbs can be modulated by sucrose, cytokinin and
strigolactone, just as it has been reported for other species. However, the limited growth of mid-
located buds even when their TgTB1 expression is downregulated, point at other factors,
probably physical, inhibiting their growth. We conclude that the fime of axillary bud initiation,
determines the degree of dormancy and the sink strength of the bud. Thus development,
apical dominance, sink strength, hormonal cross-talk, expression of TgTBI and other possibly
physical but unidentified players, all converge to determine the growth capacity of tulip axillary
buds.

Key words: Axillary bud, dormancy, apical dominance, TgTB].

60



Axillary bud outgrowth in tulip

Introduction

The outgrowth of axillary meristems determines the branching pattern of a plant as well as the
success of vegetative reproduction for several species (Schmitz and Theres 2005). Axillary
meristems arise during post-embryonic shoot development at leaf axils. Axillary meristems give
rise to axillary buds, which can enter a growth arrest period after forming a few leaf primordia
(Schmitz and Theres 2005). In general, after the arrest period, axillary buds sprout into lateral
branches which will repeat the formation of the structures developed in the apex of the plant
(Bennett and Leyser 2006). In this way, new branches are formed, but also plantlets in numerous

vegetative propagated species, including various bulbous plants.

The occurrence of axillary bud outgrowth depends on the developmental stage; physiological
condifion of the bud (e.g. sink strength); physiological condition of the plant (e.g. apical
dominance); and environmental conditions (e.g. femperature, photoperiod, light quality, and
nutritional availability) (Bennett and Leyser 2006; Bihmidine et al. 2013; Diaz-Riquelme et al.
2009; Horvath et al. 2003). Axillary bud outgrowth has been studied for long fime in relation to
apical dominance. Apical dominance is the confrol of the apex of the plant over the
outgrowth of the axillary buds (Cline 1994). Axillary buds repressed by apical dominance are
also called para-dormant and they resume growth upon decapitation of the apex (Rinne et
al. 2016). Evidence from apical dominance studies indicates that the auxin produced in the
apex of the plant (Cline 1996; Cline 2000; Cline et al. 2001; Domagalska and Leyser 2011) and
the high sugar demand of the apex (Mason et al. 2014; Barbier et al. 2015) and hence, a kind

of starvation of the axillary buds, are the initial inhibitory effectors in axillary bud outgrowth.

Recenftly, it has been suggested that sucrose is the first frigger o modulate the hormonal
networks that control bud outgrowth (Barbier et al. 2015). Auxin seems to interact with the
hormone strigolactone to inhibit bud growth (Bennett and Leyser 2006; Brewer et al. 2009; Liang
et al. 2010), while cytokinins directly activate outgrowth (Dun et al. 2012; Shimizu-Sato and Mori
2001). Additionally, two other classical and antagonistic acting hormones, gibberellin and
abscisic acid, involved in seed dormancy release and dormancy induction maintenance
respectively, also seem to play a role in the control of axillary bud development and branching
(Elfving et al. 2011; Jiang et al. 2009; Reddy et al. 2013; Yao and Finlayson 2015; Gonzdlez-
Grandio et al. 2017).

In the complex network of hormone and sugar signals controlling branching, a TCP transcription
factor known as TEOSINTE BRANCHED (TB1) in monocots (Takeda et al. 2003) and BRANCHED 1
(BRC1) in eudicots (Martin-Trillo et al. 2011), has been identified as master integrator (Rameau
et al. 2015). Arecent study, however, suggested that expression of high BRC 1 levels is not strictly
needed for bud outgrowth inhibition in Arabidopsis under all environmental conditions (Seale

et al. 2017). Nevertheless, brc1 mutants in Arabidopsis present a highly branching phenotype
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due to the constitutive growth of the axillary buds, once the buds are set (Aguilar-Martinez et
al. 2007), indicating an important axillary meristem repressing role for BRC1. Furthermore, the
expression of TB1/BRC1 genes is tightly correlated with bud activation potential in a wide range
of dicot and monocoft species (Manassero Nora et al. 2013). In maize, the TBI1 locus is thought
to contribute to the domestication from its ancestor teosinte (Doebley et al. 1997). TBI
overexpression in rice resulted in a reduced branching phenotype, while its mutant exhibited

excessive branching (Takeda et al. 2003).

Tulip is a monocot bulbous species in which branching is of high importance because the bulb
renews annually through the outgrowth of its axillary buds. Tulip bulbs are equivalent fo a
compacted plant whose stem shortened intfo a basal plate that bears modified concentric
leaves (bulb-scales); one central apical bud (the Shoot Apical Meristem; SAM) and one axillary
bud per bulb scale (Le Nard and de Hertogh 1993; Leeggangers ef al. 2013). Note that the
outer bulb-scale dries out at the end of the growing season and turns into a so-called “tunica”,
which will protect the bulb from dehydration during storage time. As a consequence, its axillary
bud seems to be located on the outside of the mother bulb. The SAM of bulbs can be found in
either vegetative or reproductive state, depending on the size of the bulb (De Hertogh et al.
1983), the environmental conditions, and internal signals. Mature flowering-size tulip bulbs hold
on average five bulb-scales and six axillary buds named from inner to outer A, B, C, D, Eand H,
respectively. The outermost bud is always referred to as ‘H-bud”. This is the bud formed from
the axillary meristem in the axil of the tunica and its name comes from the Dutch word “huid”

which refers to skin (funica) (De Hertogh et al. 1983).

Tulip bulbs need a prolonged period of winter cold to guarantee successful sprouting of the
apical bud and outgrowth of the axillary buds once the temperature rises (Rebers et al. 1994).
In that sense, tulip buds resemble tree apical buds. But contrary to most species, axillary bud
outgrowth in tulip does not involve shoot elongation but rather “bulbing”. During this process,
carbon is translocated from source organs into the scales of the axillary buds, and stored info
reserve compounds, hence increasing the biomass of the buds. Nevertheless, an exception to
this phenomenon occurs in the H-bud, in which sprouting and anthesis take place in spring

concurrent with the apical bud (De Hertogh and Le Nard 1993a).

It has been reported that axillary bud activity and growth in tulip bulbs is never completely
halted, it diminishes during cold and is promoted in spring (Rees 1968). Once the axillary buds
grow out and develop the surrounding tunica, by the end of the summer, they receive the
name of daughter bulbs. By then, the energy sources in the scales of the mother bulb have
been consumed, the mother bulb senesced, and the daughter bulbs are found in “clumps”
attached by the vestigial basal plate of the senesced mother bulb. For the commercial growth
of tulips, this moment represents the end of the growing season, and at that moment the

“clumps” are lifted from the ground, the daughter bulbs are detached, cleaned, sorted by size,
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and stored at warm conditions (~20°C) until planting time in autumn (De Hertogh et al. 1983;
De Hertogh and Le Nard 1993b; Kamenetsky 2012).

In principle, every mature tulip bulb has the capacity to produce the same number of progeny
bulbs as its number of axillary buds, which is on average six (Le Nard and de Hertogh 1993).
However, by the end of the yearly growth cycle, only two to three daughter bulbs reach a size
similar to the mother bulb and thus, have the capacity to flower in the next growing cycle (Rees
1966; De Hertogh and Le Nard 1993a; Le Nard and de Hertogh 1993). Since fulip bulbs rely on
axillary bud outgrowth to reproduce asexually, but this mechanism does not distribute equally
the resources to all the buds, it is of great interest to understand the bases of this vegetative
propagation mechanism. In this study, we aimed at identifying the factors controlling the
differential axillary bud outgrowth in tulip bulbs by combining a physiological and targeted

molecular approach.

Results

Tulip axillary bud growth in the yearly bulb growth cycle

The natural growth cycle of tulip bulbs was monitored (Figure 10-b) with special emphasis on
the growth of the axillary buds (Figure 1c-d). The bulbs, of size 9-11 cm in perimeter, had on
average five bulb-scales and a tunica, six axillary buds (one axillary bud per bulb-scale) and
an apical shoot bearing a floral primordium (hence, also called floral bud) (Figure 1a). The
bulbs were dug out at different fime points during the growth season and growth of their axillary

buds was measured (Figure 1c).

As stated by other researchers (De Herfogh and Le Nard 1993b; Le Nard and de Hertogh 1993;
Rees 1968), we also found that not all axillary buds had the same growth capacity, neither the
same growing behaviour (Figure 1b). The outermost axillary bud (H) resembled very much an
apical bud in the sense that both experienced shoot elongation, sprouting and bulb renewal
(Figure 1a). But contrary to the description of Rees (Rees 1968), which indicated that all axillary
buds continue to grow during winter, although at a low rate, we did not detect growth in mia-
located (C, D and E) buds during that period (Figure 1c and Supplementary Figure 1). Once
the apical bud of the mother bulb sprouted and its leaves unfolded and turned dark green
(Figure 1a), a boost in growth of A, B and H axillary buds was observed (Figure 1c). Nevertheless,
the growth of the mid-located buds resumed mildly, resembling a mild dormant state. By the
end of the growing season, all axillary buds made a tunica (moment often referred to as
summer dormancy), A, B, and about half of the H daughter bulbs formed a reproductive apical
meristem (Figure 1d), and their A and B buds (hence, grand-daughter buds) arose later during

the storage period.

63



Chapter 4

a Storage \ \ Growing Season \ b | Storage
OCT DEC FEB MAR APR MAY JUN JUL JUL -AUG
8
= Mature = 3
F flower 3 o
. bearing 2 H
2 bulb g =
5 5 g
(2}
= -
[ \ Storage \ \ Growing Season \ d | Storage \

JUL -AUG

Daughter bulbs

Axillary buds (future daughter bulbs)

NNNY YY)

Figure 1. Morphological characterization of axillary bud outgrowth in tulip bulb. (a) Structure of a
flowering mother bulb prior to planting (storage period), and its growth development in several time
points of the growing season. A, B, C, D, E and H: Axillary buds located and named from inner to
outer position in between the bulb scales,.FB: floral bud. Sc: scales. Blue line indicates the average
day and night temperature in the ground at 13 cm depth. Scale bar: 2 cm. (b) Clump of daughter
bulbs at the end of the growing season (lifting time). A, B and C: daughter bulbs resulting from the
outgrowth of the “A”, “B” and "C" axillary buds. (c) Outgrowth of A, B, C, D, E and H axillary buds
which were dissected from the mother bulb at different time points of the growing season. E buds
dried out in 60% of the analysed bulbs. Scale bar: 2 cm. (d) Cross section of each daughter bulb at
liffing fime. The number of scales can be distinguished in the pictures, note that A and B daughter
bulbs made more scales than the rest of the bulbs. Red square indicate the position of the apical
meristem. Right pictures dissected apical meristem of each bulb, note that A and B buds transitioned
info a floral apical bud; H had a floral bud in 50% of the analysed buds; and C, D, and E buds
remained as vegetative buds. Scale bar: 1.5 mm.

The halt in growth of the mid-located buds (C, D, and E buds in this study) during winter
suggested a differential confrol of axillary bud outgrowth in tulip buds, which might be
determined by different levels of bud dormancy. The term dormancy as a synonym tfo
temporary growth arrest has been re-defined several times through the years mainly because
one definition does not apply to all species. The concept of dormancy in geophytes is sfill
controversial since growth of e.g. the apical bud of tulip bulbs is not arrested after its inifiation

(Okubo 2012). For practical reasons, we refer in this text to dormancy as the lack of sustained
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growth. The TBI1/BRC1 TCP transcription factor gene has been used in several dicot and
monocot species as a marker to assess bud dormancy (Nicolas and Cubas 2016). To have an
extra parameter to assess dormancy in tulip bulbs, we then isolated the putative TB1/BRCI

transcript in Tulipa gesneriana and tested its role as a bud dormancy marker.
Identification and gene expression of a tulip TB1-like TCP transcription factor

We had previously identified several TCP domain-containing transcripts of tulip and lily, among
which, one lily (Lilium oriental) transcript revealed a close sequence homology with Arabidopsis
BRC1 (TCP18) (Moreno-Pachon et al. 2016). Based on the lily TB1 (LoTB1) sequence, the tulip
orthologue TgTB1 transcript was isolated. It has been reported that TB1/BRC1 proteins share two
specific amino acids in the basic region of the domain, which distinguishes them from the other
class Il TCP transcriptions factors (Martin-Trillo and Cubas 2010). Thus, we aligned tulip TgTB1, lily
LoTB1, Arabidopsis AtBRC1 and rice OsTB1 domain sequences and found a high degree of
sequence similarity as well as the two shared TB1/BRC1 amino acid features at the same

position (Figure 2a).
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Figure 2. Identification of TgTB1 sequence and its expression in different tulip bulb tissues. (a) Protein
domain alignment of rice OsTB1, Arabidopsis AIBRC1 and AtBRC2, and putative lily (LoTB1) and tulip
(TgTB1) TB1/BRC1 sequences. Red boxes: conserved amino acids in CYC/TB1 proteins. Blue boxes:
conserved amino acids in TB1/BRC1/BRC2-like proteins described by (Martin-Trillo and Cubas 2010).
(b) Quantitative expression of TgTB1 in different tissues of a bulb at the end of the storage period
and one day prior to planting. The expression is relative to the value of D buds. A, B, C, D, E, H: axillary
buds located from inner to outer position in the bulb. BP: Basal Plate. Sc: Scales. FB: Floral bud. Data
shows the average value of three biological replicates + s.e. (c) TgTBI in situ hybridization in D buds
from bulbs collected at the end of the storage period, one day prior to planting. Longitudinal
sections probed with antisense TgTBI and antisense TgMLIT as a positive control. The expression of
TgTB1 was observed at the base of the bud, as indicated by the arrowhead. The expression of TgML1
was observed in the L1 layer of the meristem and scale primordia, as indicated by the arrowhead.
Scale bar: 200 um.
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TB1/BRC1 transcripts have been detected in the meristem and leaf primordia of axillary buds
of maize (Hubbard et al. 2002) and in pro-vascular tissues of buds bearing flowers in Arabidopsis
(Aguilar-Martinez et al. 2007). To corroborate the true TB1/BRC1 nature of our identified TgTB]1
transcript, the expression of TgTB1 was quantified in different organs of the bulb (axillary buds,
floral bud, scales and basal plate) at the end of the storage period (prior fo planting). Among
all tissues tested, TgTBT expression was only significantly detected in the axillary buds. Moreover,
active A and H buds had the lowest expression, while highest expression was found in the
dormant D buds (Figure 2b). Subsequently, in sifu hybridization was carried out on D buds of
bulbs at the end of the storage period and TgTB1 transcripts were detected in the pro-vascular

tissue just below the central meristematic region (Figure 2c).

To investigate further the role of TgTBI1 as a marker for dormancy in axillary buds, we assessed
the expression of TgTBI in daughter bulbs having a so-called “springpartij” phenotype.
‘Springpartij’ refers to a phenomenon experienced in some tulip bulbs where there seems o

be no control in outgrowth of axillary meristems contained in the mother bulb, including the

b
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TgTB1
relative expression

Springpartij 0 T T T
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Figure 3. The "“Springpartij” phenotype and TgTBI expression in axillary buds of “Springpartij”
daughter bulbs. A. Phenotype of a “Springpartij” clump of tulip daughter bulbs at harvest (down) in
comparison to a ‘normal tulip bulb clump at the same moment (up). Note that all daughter bulbs
from the “Springpartij” grew out till more or less similar size. B. Expression analysis of TgTB1. Normal
bulbs were used as confrol. Clumps of daughter bulbs were lifted from the ground and stored at
20°C for 10 weeks. The axillary buds of every daughter bulb were dissected and pooled based on
their position in the bulb, as a pool of A, B, C, D and H buds. Data shows the average value of three
biological replicates + s.e.

axillary buds of the axillary buds (hence, grand-daughter buds). As a consequence, many
daughter bulbs of more or less the same size are formed from a single mother bulb at the end
of the growing season (Fig. 3A). In general, this spontaneously occurring phenomenon cannot
be reverted and in the next growing season the phenotype will be repeated in each of the
daughter bulbs. In line with the proposed function of TgTB1 in repressing axillary meristem

outgrowth, we found overall low expression of TgTBI in ‘Springpartij’ buds (Figure 3b) and did
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not observe significant differences in TgTBI1 expression among the axillary buds, as it was found

in normal buds (Figures 2b and 3b).

To study the dynamics of TgTBI expression in tulip axillary buds and its correlafion with
outgrowth, five physiological states of the growth cycle (during storage, at planting time,
before anthesis, after anthesis and at lifting) were studied in A and D axillary buds. Those buds
were chosen because of their contrasting behaviour in growth during the growing season

(Figure 1c), and their different TgTB1 expression at storage (Figure 2b).
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Figure 4. Axillary bud outgrowth in terms of weight increase and TgTBI expression in the innermost
“A" and mid-located “D" buds during the tulip growth cycle. (i): Weight increase measured as
weight (%) gained relative to the first time point of each bud. (ii): TgTB1 expression. Data relative to
the first time point of D bud. (a) Three time-points were chosen to study TgTBI1 expression during
storage: Initial storage (I. Storage), which was the time after the formation of the A bud; mid storage
(M. Storage), corresponding to one month after the formation of the A bud; and final storage (F.
Storage), which was two months after the formation of the A bud. (b) Four time-points were studied
during the growing season: before planting (late October); before anthesis of the apical bud
(March); after anthesis of the apical bud (May); and at the end of the growing season, also called
liffing time (July). Data shows the average value of three biological replicates + s.e.

The results indicated that during the storage period (time previous to bulb planting), D buds did
not significantly grow, while A buds experienced a linear growth increase (Figure 4ai).
Regarding the TgTBI relative expression during this time, there was a dramatic upregulation in
D buds by the end of the storage period (late storage time), while TgTB1 decreased in A buds

(Figure 4aii). Figure 4Bii indicates that after the bulb is planted, TgTBI relative expression in D
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buds dramatically decreases. In fact, the relative expression of TgTB1 in both A and D buds

becomes similar after anthesis of the apical bud has taken place (Figure 4bii).

Following the idea of TBI1 expression as a marker for bud dormancy, we expected the
downregulation of TgTBI in D buds to result in significant bud growth. From figure 4bi it can be
observed that limited, although significant growth was accomplished in D buds in this last
period. We discarded the possibility that the limited growth in D buds was due to the lack of
vascular connexion with the mother bulb, because both A and D buds showed a main

vasculature growing into the basal plate (Supplementary Figure 2).

In summary, TgTB1 expression in the selected axillary buds was inversely correlated with their
growth pattern during storage (r2= -0.9) and during the growing season, however to a lower
extent (rz=-0.56). When using TgTBI1 as a marker to assess dormancy, it can be said that D and
not A buds enter a dormancy state during lifting time, and this dormancy is only broken in late
spring. However, although D buds are freed from a molecular imposed dormancy in spring,

their growth is no longer supported.

The role of sucrose in modulating tulip axillary bud outgrowth and TgTB1

expression

Sugars are stored in the bulb scales as starch and translocated to the sink organs based on
their demand (Ho and Rees 1976). Nevertheless, axillary buds obtain most of the carbon from
the leaves of the apical bud once it sprouts in early spring (Ho and Rees 1975). Taking info
account the reported role of sucrose to break bud dormancy (Barbier et al. 2015; Mason et al.
2014) and the observed correlation of TB1/BRC1 with axillary bud growth (Aguilar-Martinez et
al. 2007; Braun et al. 2012a; Martin-Trillo et al. 2011; Takeda et al. 2003), we reasoned that mid-
located buds might not get enough sucrose to break dormancy in early spring, probably

because of competition with the already active buds (e.g. A bud).

To test whether making sucrose equally available to the buds could break dormancy and
promote growth in D buds, we cultured them in vifro with or without sucrose in the medium. A
buds were used as conftrol. The buds were excised from bulbs stored at 20°C for 3 months
followed by 4°C for other 3 months. These temperature pre-tfreatments recreated the storage
and cold period of their natural growth cycle, resembling the early spring tfime of tulip growth
cycle. As expected, sucrose enhanced the growth in both buds, although to a much lesser
extend in D buds (Figure 5). Moreover, TgTBI expression in dormant buds downregulated after
the sucrose treatment. Also, sucrose was fundamental for the survival of D buds, which is an
indicatfion that the buds are able to uptake the sucrose in the medium. A buds survived the
lack of sucrose, but their weight diminished significantly by the end of the experiment. It was
intriguing, however that D buds did not grow significantly in the last three weeks of the

experiment where sucrose was supplemented. As sugars as an energy source do nof seem fo
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be limiting, we speculated that other factors, such as hormones might also play a role in

controlling the axillary growth capacity of tulip buds.

Hormonal modulators of TgTB1

Rameau et al proposed a general model in which TB1/BRC 1 integrates multiple pathways that
control axillary bud outgrowth (Rameau et al. 2015). In this model TB1/BRC1 is activated by
strigolactone (SL) while repressed by sucrose, cytokinin (CK) and gibberellic acid (GA).
However, gibberellins can induce axillary shoot elongation instead of biomass gain in tulip
(revised in (Okubo 2012)). To investigate the role of SL and CK in the regulation of axillary bud
outgrowth in tulip, we tested the combined effect of sucrose and CK (BAP) in the outgrowth of
dormant D buds, since we found that sucrose is required for the survival of this type of buds;
while the effect of SL in the active A buds using mannitol as an osmotic control (Henry et al.
2011).
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Figure 5. TgTB1 expression and growth in dormant “D” and active “A" buds cultured in vitro with 0%
or 6% sucrose. Bulbs were liffed and stored for 3 months at 20°C followed by 4°C for 3 months to
recreate the end of the cold season from the natural growing cycle. (i): Weight increase measured
as dry weight gained (%). (ii): TgTB1 expression, data shown is relative to the first time point of D bud.
No TgTBI data was available for D buds without sucrose because these buds did not survive. Data
shows the average value of three biological replicates s.e.

The results showed that the combination of sucrose + BAP downregulated TgTBI1 expression
faster than sucrose on its own in dormant buds. Nonetheless, after six weeks of culture both, the
tfreatments of sugar and sugar + BAP showed the same capacity to induce bud growth and to
downregulate TgTBI1 to the same level (Figure 6a). With regard to A buds, they experienced a
dramatic upregulation of TgTB1 expression upon culture with mannitol as well as with the

combination mannitol + SL, indicating that SL can modulate TgTBI expression in tulip bulbs.
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Moreover, for both freatments, mannitol and mannitol + GR24, axillary bud outgrowth was

halted in comparison to sucrose treatment (Figure 6b).
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Figure 6. Axillary bud outgrowth and TgTBI expression in dormant and active buds cultured in vitro
with 6% sucrose and synthetic hormones. (i): Weight increase measured as dry weight gained (%).
(ii): TgTB1 expression. Data was normalized against the first time point (OWAC). (a) Dormant buds
were cultured with sucrose or with the combination sucrose + 25uM BAP (a synthetic cytokinin). (b)
Active buds were cultured with sucrose (as a positive control), mannitol (an osmotic control) or
mannitol + 0.5 uM GR24 (synthetic strigolactone). Data shows the average value of three biological
replicates £ s.e.

Discussion

Tulip bulbs can propagate either via sexual or vegetative (axillary bud outgrowth) reproduction
and both types of reproduction bring advantages and disadvantages to the survival of the
species. Sexual reproduction guarantees the maintenance and broadening of the genetic
pool but the transition from seed to a flowering bulb can take up to seven years (Minas 2007;
Shahin et al. 2012a). The seedling, which is at the juvenile stage needs to form a small bulb
during the first growth cycle and thereafter, the bulb will increase its biomass in every growth
cycle unfil it reaches the reproductive stage (Le Nard and de Hertogh 1993). Axillary bud
outgrowth of a flowering-sized reproductive bulb on the other hand, does not broaden the
genetic variability but it guaranties the survival of the species by shortening the fime needed

to produce new flowering bulbs.
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The fact that in tulip not all axillary meristems arrest their growth once they have formed a bud
(e.g. A bud), neither their growth results in the same size, might be a strategy of the species to
ensure that at least one bud will get sufficient carbon resources to reach a flowering size. This
strategy requires a complex mechanism that integrates developmental processes (when the
axillary bud is inifiated); molecular control of dormancy and dormancy release, sink strength of

the buds and likely other or yet unidentified factors.
Axillary bud development and molecular control of dormancy

When a flowering size mother bulb is planted it has formed all its axillary buds. However, from
the early spring to liffing fime, grand-daughter buds (axillary bud of the axillary buds) are
formed gradually from outer to inner scales (Rees 1968). It has been reported that as in many
other plants, once fulip axillary (grand-daughter) buds are formed, they go info dormancy. On
the other hand, the A bud escapes dormancy because it is initiated at the time the SAM
fransitions to the reproductive state, the moment when apical dominance is supposed to be
gone (Rees 1968, 1981). We found that A and B buds are actually initiated after the SAM has
transitioned to the reproductive state, and that once initiated, those buds never cease to grow.
We did not assess the expression of TgTB1 at the initiation stage of each axillary bud, thus we
cannot prove that H, E, D and C buds go into a dormant state after being formed. However,
based on the expression of TgTBI in just formed A buds and long-time formed D buds (at initial
storage time) it seemed that only then D buds entered a dormant state. The lack of growth of

those buds during storage and winter, support the idea that they are dormant.

The term dormancy in flower bulbs is confroversial because it has always been assessed in terms
of growth or metabolic activity (Okubo 2012). In this study, we assessed dormancy in terms of
TgTBI1 expression and we found that the molecular mechanism of bud outgrowth in tulip is not
that different from other plants including model species. As in pea, potato, poplar, crocus and
Arabidopsis, TgTB1 can be modulated by sucrose, cytokinin and strigolactone. Nevertheless,

TB1 downregulation in dormant buds of fulip does not always result in active growth.
Dormancy and sink strength in tulip axillary buds

In agreement with Rees, the lack of dormancy in inner buds (A, B) seems to be caused by the
lack of apical dominance once those buds are initiated. Moreover, we suggest that this lack
of dormancy in inner buds makes them sink organs, even when the bulb is not
photosynthetically active. Sucrose is the main product of carbon fixation during photosynthesis
(Ayre 2011) and in tulip it is mobilized from the photosynthetic active leaves to the storage
organs where it will convert mainly into starch (Rees 1992). Previous studies have used heavy
carbon isotope labelled “CO:2 to investigate the dynamics of the source-sink relationships of
the carbon balance in tulip (Ho and Rees 1975, 1976, 1977). The researchers found that in the

absence of photosynthesis (storage and winter period) carbon from the bulb scales of the
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mother bulb sustain the slow growth of sink organs, which in order of sink strength are apical
bud, root primordia and axillary buds. Later in the growth cycle, in early spring, the leaves
become photosynthetic active and both leaves and mother bulb-scales turn into sugar sources
for the axillary buds (Ho and Rees 1975, 1976, 1977).

But if sucrose is made available to the axillary buds in early spring, why is dormancy -assessed
by TgTBI expression level- in inner buds (D bud in this study) only broken after flower anthesis,
and why is their growth not sustained by then? Our in vitro experiments showed that TgTBI1
downregulated when the dormant buds were cultured with sucrose. Thus, we suggest that
sucrose is not being effectively remobilized to the inner buds before the flower of the mother
bulb senesces. In fact, it has been proven that only upon flower senescence, the leaves
become the only source and the axillary buds become the strongest sink (Ho and Rees 1975,
1976, 1977). However, the limited growth of D buds, even when TgTBI expression sharply
downregulated both in vivo and in vitro, clearly indicates that TgTB] is surely not the only

regulator of the process.

We propose that a physical factor could be responsible for such limited growth. For example,
it has been reported that in perennial tfrees the release of bud dormancy requires the removal
of callose in the plamodesmata in order to restore the symplastic connectivity in the meristem
(Rinne et al. 2011; Rinne ef al. 2001; Rinne et al. 2016). Although we saw there is a vascular
connection between the buds and the mother bulb, it is plausible to think that it might not be
very functional when callose is not entfirely removed from plasmodesmata in dormant buds,
and therefore less carbon resources can be remobilized into those buds. Therefore,
investigating the callose deposition and removal in dormant buds might shed more light into
the axillary bud outgrowth mechanism in tulip. Alternatively, the number of scales of mid-
located buds might determine their growth capacity and sink strength. D buds normally
contain only 2-3 scales, while A buds have on average 5 scales. Thus, it is likely that even when
the right conditions are met, D buds will never grow as much as A buds because the capacity
to store carbon is dependent on the number of bulb scales. In conclusion, the differences in
axillary bud outgrowth capacity are regulated by the fime of bud initiation in relation with the
state of the SAM; the bud dormancy status and the sink strength of the bud. As in other species,
TB1in tulip is involved in integrating sugar and hormonal signals, but TgTB1 expression on its own

does not determine the outgrowth capacity in dormant buds.
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Materials and methods

Assessing axillary bud growth in natural conditions

Bulbs of two tulip cultivars -Dynasty and Purple Prince— of size 9-11 (cm in perimeter) were
obtained from certified growers in the Netherlands and planted in early November of 2013.
Three temperature data loggers (Lascar Electronics) were buried scattered in the field atf the
same depth as the fulip bulbs. Bulbs were sampled once just before planting and every four
weeks during the entire growth season (from planting to lifting). Three additional sampling
points were obtained during the storage period for Dynasty bulbs liffed in 2016. For every
sampling time-point bulbs were dug out of the ground and dissected in order to collect the
axillary buds. The tissue was collected in liquid nitrogen, freeze dried and stored at -70°C until
use for RNA isolation. The weight of the axillary buds was also measured at every sampling time-
point. The tissue material and information was obtained in three biological replicates, each

consisting of ten bulbs.
Assessing axillary bud growth in vitro

A and D axillary buds from certified bulbs (cooled at 4°C for three months after the storage
period, to simulate the cold winter period) were excised from the mother bulb always leaving
a piece of the basal plate containing the vasculature of the bud. Excised buds were sterilized
by dipping them in 70% ethanol, followed by 2% sodium hypochlorite for 20 minutes and three
washes with sterile water for one, five and 10 minutes, respectively. The sterile buds were air
dried and individually cultured on solid medium (' strength MS medium, 0.8% phytagel (w/v),
pH 5.8 and 0.1 % Dymethyl Sulfoxide (v/v)) supplemented with 6% or 0% sucrose (w/v) and/or
different concentrations of 6-Benzylaminopurine (BAP) (Sigma) or the synthetic SL (GR24)

(provided by Binne Zwanenburg, University of Nijmegen, The Netherlands).

It has been reported that 3% to 6% sucrose promotes significant outgrowth of lilium bulblets
cultured in vitro (Bonnier and Van Tuyl 1997; Maélanka and Bach 2014), therefore we used 6%
sucrose. For the hormone treatments, three concentrations were tested in order to find the
optimal dose for the experiments: 0.5, 5 and 25 uM for GR24 and 1, 25, 50 and 100 uM for BAP.
In vitro cultured buds were grown in a climate room at 24°C in dark. The dark environment
simulates the natural growth conditfions of tulip bulbs underground. For each experiment three

biological replicates were done (ten buds per replicate).

The weight of excised axillary buds cultured in vitro was measured at the start and after three
and six weeks of culture (WAC). Initial bud fresh weight (iFW) was measured by weighing the
pots with medium before and immediately after placing the buds in culture (OWAC). Final fresh
weight (fFW) was measured at 3 and 6 WAC and the bud growth was calculated as growth

gain in order to correct for the differences in bud size prior to in vitro culture: [FW gain (%) =
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((fFFW-IFW)/iIFW))*100]. After determination of weight, buds were immediately collected in liquid

nifrogen, freeze dried and stored at -70°C unftil RNA isolation.
Identification of tulip TgTB1

TB1 sequence was first identified in a lilium cDNA library obtained by llumina-based RNA
sequencing (Moreno-Pachon et al. 2016) and then amplified in tulip using several flanking
primers. The detailed method was as follows: all lily tfranscripts from the library containing the
TCP domain were retrieved and compared with Oryza sativa and Arabidopsis thaliana TCP
proteins by the neighbour joining clustering method. The conserved features shared by the
TB1/BRC1/BRC2-like proteins described by (Martin-Trillo and Cubas 2010) were used to
corroborate the frue lilium TB1/BRC1 gene identity. Several primers flanking the lily TB1 domain
were amplified in a pool of cDNA from tulip axillary buds in several stages of development. The

amplified fragments were sequenced and a region of the TBIgene in tulip was reconstructed.
Quantification of gene expression

Total RNA was isolated following the hot borate protocol (Wan and Wilkins 1994) with
modifications as described by Maia et al. 2011 (Maia et al. 2011): 60 mg of dried ground tissue
was homogenized and mixed with 800 pL of extraction buffer (0.2M Na borate decahydrate
(Borax), 30 mM EGTA, 1% SDS, 1% Na deoxycholate (Na-DOC)) containing 1.6 mg DTT and 48
mg PVP40 which had been heated to 80°C. 1 mg of proteinase K was added to this suspension
and incubated for 15 min at 42°C. After adding 64 ul of 2 M KCL the samples were incubated
on ice for 30 min and subsequently centrifuged for 20 min at 12,000 g. Ice-cold 8 M LiCl was
added to the supernatant in a final concentration of 2 M and the tubes were incubated
overnight on ice. After centrifugation for 20 min at 12,000 g at 4°C, the pellets were washed
with 750 ul ice-cold 2 M LIiCl. The samples were centrifuged for 10 min at 10,000 g at 4°C and
the pellets were re-suspended in 100 yl DEPC ftreated water. The samples were phenol
chloroform extracted, DNAse freated (RQ1 DNase, Promega) and further purified with RNAEasy
spin  columns (Qiagen) following the manufacturer's instructions. RNA quality and
concentration were assessed by agarose gel electrophoresis and Expose ND (Trinean). 500 ng
of total RNA was reverse tfranscribed using the iScript cDNA synthesis kit (Biorad). Quantitative
real time PCR (gRT-PCR) was performed using the BioRad CFX%96 Real Time PCR System and
SYBR Green Supermix (Biorad) according to the manufacturer’s instructions. Three biological
replicates, each consisting of ten buds, were used as biological replicate. gbase+ software
(Biogazelle) was used to determine the expression stability of five tulip candidate reference
genes: ELONGATION FACTOR 1 alpha (TgEFla); ACTIN (TgACT); PROTEIN PHOSPHATASE 2
(TgPP2); ADENINE PHOSPHORIBOSYLTRANSFERASE 1 (TQAPTI) and TgTIP41 (Supplementary Table
1). Quantification of gene expression was calculated using the AACt method, using TgEFTa as

internal standard.
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In situ hybridization of TgTB1 and TgML1

RNA in situ hybridization was performed on cross sections of “D” buds excised from bulbs during
storage. The samples were fixed overnight in 4% formaldehyde in phosphate-buffered saline
(PBS), dehydrated in a an ethanol series, embedded in Paraplast Plus (Sigma-Aldrich) and
sectioned 12 ym thick with a rotary microtome (Zeiss HM340E). the sections were incubated
overnight with the sense and anfisense probes of each gene fragment. The probes were
created with in vitro transcription according to the DIG RNA Labeling Kit instructions (SP6/T7;
Roche). The cDNA used for the probe transcription were a 607 base-pairs TgTB1 fragment using
the primers 5~ AGGATCGCCACAGCAAGATA-3' and 5-AGGCTITCCCTCGAAGTAGC-3'; and
614bp TgMLI1 fragment using the primers 5-ACAACCGCTGAAAGCAACAT3' and 5-
TCATCTGCTGGTCCCCAAAT3'. The sections were observed under light microscopy.

Vasculature staining of axillary buds

Axillary buds attached to a piece of basal plate were embedded in 4% agarose and
longitudinally sectioned by hand. The sections were stained for lignin with 2% phloroglucinol
(w/v) in 95% ethanol. Subsequently, the sections were soaked in 37% (v/v) HCL. Photographs

were taken within 30 minutes with a light dissecting microscope.
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Supplementary Figure 1. Axillary bud growth of two tulip cultivars at several time points of the
growing season. Weight increase was assessed as fresh weight gain in percentage (%). Dy: Dynasty
PP: Purple Prince. Note the different Y axis scale for A-C and D-H buds, respectively.
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Supplementary Figure 2. Vasculature of “D” and “A” buds. Buds were excised from the mother bulb
during the storage period and stained with floroglucinol-HCI which stains lignin. (a) Axillary bud “D”.
(b) Axillary bud “A". sc: scale, m: meristem, BP: basal plate. Arrow heads indicate the position of the
main vasculature, which stained red. Scale bar: 3 mm

Supplementary Table 1. Primers used as reference genes for gPCR analysis.

Gene TAIR ID Primer sequence

ELONGATION FACTOR 1a (TgEF1a) At5g60390 Fw: 5" TGA GAA GGA GGC TGC TGA AA 3’
Rv: 5" TCACGATGA CCA GGAGCATC 3’

ACTIN (TgACT) At2g37620 | Fw: 5" AGC AAC TGG GAT GAC ATG GA 3’
Rv: 5 GGA CAG CCT GAA TTIG CAA CA 3’

ADENINE At1g27450 | Fw: 5" ATC GCT ACT GGA GGG ACC TT 3’

PHOSPHORIBOSYLTRANSFERASE 1 Rv: 5 AATTGG AAC TGC GAC AAT CC 3’

(TGAPTI)

TgTIP41 At4g34270 | Fw: 5' GAA GCC AAA AAC GGA GAA GA 3’

Rv: 5" CCT GGG AAG AAT GTG ACG AT 3

PROTEIN PHOSPHATASE 2A (TgPP2A) | At1g13320 Fw: 5' TGG CGA GTG GTITTAC TGC TA 3’
Rv: 5" CCG TCT TCA AAT GGT TTG GT 3’
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Abstract

Lily has the remarkable capacity to regenerate new plantlets (bulblets) by initiating de novo
shoot meristems from excised bulb scales without the addition of exogenous hormones or
growth regulators. This capacity makes it a unique system to study de novo regeneration.
However, investigating the molecular mechanisms underlying bulblet regeneration in lily is
challenging because of the lack of resources and tools, such as a genome sequence and
fluorescent marker lines. The aim of this stfudy was to characterize the transcriptional changes
occurring from explant excision to the appearance of the pro-meristem. We have performed
an extensive and comprehensive transcriptome analysis that provided a first insight into the
key molecular processes underlying pro-meristem induction and meristem initiation in lily. We
found that wounding activates a very fast regeneration response, probably mediated by
APETALA2/ETHYLENE RESPONSIVE FACTORS (AP2/ERF), such as LoERF115 and WOUND INDUCED
DEDIFFERENTIATION 2 (LoWINDZ2). We propose that these signals trigger polar auxin re-
distribution, cell proliferation and de-differentiation. Moreover, the timing and level of induction
of shoot meristem regulators, such as ENHANCER OF SHOOT REGENERATION 2 (LoESR2) and
SHOOT MERISTEMLESS (LoSTM) correlated with the regeneration capacity of the scale. Based
on the observed conservation of particular key processes and molecular mechanisms in
regeneration and meristem establishment, we believe that the obtained results are of value to
get a better understanding of plant regeneration capacity in lily and higher plant species in

general.

Key words: Lily, bulblet regeneration, shoot apical meristem, AP2/ERF transcription factors.
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Introduction

Plant cell totipotency is the capacity of one cell to differentiate into all the different cell types
composing an adult plant. Pluripotency refers to the ability of somatic cells to give rise to most,
but not all the cell types of an adult plant (Verdeil et al. 2007). Due to this cell plasticity, plants
have the capacity to regenerate new organs and even entire plantlets upon wounding or
tissue removal (lwase et al. 2011a; Liu ef al. 2014; Xu et al. 2014). This regeneration process can
occur directly via de novo organogenesis or somatic embryogenesis; or indirectly via callus

formation (Duclercq et al. 2011; Motte et al. 2014; lkeuchi et al. 2016).

De novo organogenesis can be achieved ex and in vifro and it starts with re-initiation of cell
division, followed by the formation of ectopic meristems. The newly formed meristems will later
develop shoots, roots and a vasculature connected to the mother tissue (lkeuchi et al. 2016).
Somatic embryogenesis is the development of a bipolar structure from somatic cells or fissues,
from which a new plant can be formed. The bipolar structure contains the future shoot, roof,
and a vasculature independent from the mother ftissue (von Arnold et al. 2002). Indirect
regeneration requires the formation of callus before shoots, roots, or embryos arise from the
excised fissue. Callus was thought for long time to be a mass of unorganized and
dedifferentiated cells (Steeves and Sussex 1972). Nevertheless, contemporary studies indicate
that the molecular identity of callus obtained from auxin-rich medium reflects root meristematic
identity and its formation resembles the first developmental steps of a lateral or adventitious
root (Atta et al. 2009; Sugimoto et al. 2010; Liu et al. 2014).

Shoot regeneration from in vitro cultured explants can be obtained through the manipulation
of auxin and cytokinin concenftrations in the medium (Skoog and Miller 1957) and has been
widely studied in the model species Arabidopsis thaliana using advanced cell biology and
molecular techniques (reviewed in (Motte et al. 2014)). As in many other species, Arabidopsis
shoot regeneration is preferably achieved using root explants that undergo an intermediate
step of callus formation (Cheng et al. 2013). In this two-step method the explants are first
cultured in a medium with a high auxin/cytokinin ratio, also called callus induction medium
(CIM). The exogenous applied auxins initially accumulate throughout the explant, subsequently
generating several local auxin maxima, which will induce cell proliferation from the pericycle
cells (Motfte et al. 2014). During this callus phase the proliferating tissue expresses the CUP-
SHAPED COTYLEDON2 (CUC2) gene constitutively (Duclercq et al. 2011). Mutations in CUC

genes affect the initiation of shoot the apical meristem (Aida et al. 1999; Takada et al. 2001).

Once formed, the organogenic callus is transferred to a medium with a high cytokinin/auxin
ratio, named shoot induction medium (SIM), where shoots will regenerate. Upon SIM culture,
WUSCHEL (WUS) expression is induced on the periphery of the callus in slow dividing cells that

lack CUC2 expression. A few days later, pro-meristems are formed, in which WUS is upregulated
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in the cells that will turn into the rib-zone of the meristem, and which is surrounded by
proliferating CUC2-expressing cells. Subsequently, expression of the auxin fransporter PIN-
FORMED 1 (PINT), and the homeodomain franscription factor ARABIDOPSIS THALIANA
MERISTEM L1 LAYER (ATMLI1) is induced in the L1 layer of the pro-meristem. At the same time,
expression of another homeodomain transcription factor, SHOOT-MERISTEMLESS (STM), is
induced in a ring pattern, in the cells surrounding the pro-meristem cells and its expression
gradually moves within this region. Finally, WUS expression is induced in the centre of the
meristemn and PINT expression becomes polarised towards the periphery, where the leaf

primordia will initiate (Gordon et al. 2007).

Shoot regeneration from Arabidopsis root explants is also possible upon direct culture on
cytokinin-rich SIM (Atta et al. 2009; Chatfield et al. 2013; Rosspopoff et al. 2017). In this system
the pre-existing lateral root primordia (LRP) along the pericycle layer in the root undergo fate
re-deftermination into shoot apical meristems (SAMs) (Atta et al. 2009). Once the roof is
transferred to SIM, the auxin maxima normally building up in the pre-existing LRP disappear
together with the expression of root marker genes, such as PLETORA1 (PLT1) and SHORT ROOT
(SHR) (Rosspopoff et al. 2017). At the same time, the mitotic activity of the LRP is halted. Once
cell division resumes, de novo auxin biosynthesis, PINT re-localization and STM and WUS
expression take place at the top half of the primordium. As the pro-meristem is formed, the
domain of expression of shoot genes resembles the spatial organization of expression in a SAM

(Rosspopoff et al. 2017).

In confrast to the above discussed fissue culture approaches, direct shoot regeneration
potential without the addition of hormone regulators has been documented in a few species,
including lily (Liium), begonia (Begonia), and Crassula (Walker 1940; Heide 1968; Rost and
Paterson 1976). This unique capacity makes these species potential good candidates to study
the process of regeneration. Lily bulb-scales have for example, the capacity to regenerate
new meristems developing info bulblets when detached from the mother bulb and cultured in
just moist and warm conditions. The dynamics of regeneration varies according to the position
of the explant within the original bulb scale (apical or basal) (Malik and Bach 2010). Explants
from the most proximal (basal) side of the bulb scale have a better competence for bulblet
regeneration than the distal (apical) region (Hackett 1969; Long et al. 2004; Yin et al. 2013).
Furthermore, variation in regeneration capacity among cultivars has been reported (Kim and
De Hertogh 2010). Based on these facts, bulblet regeneration in lily bulb scales constitutes a
useful experimental system to investigate and understand the molecular mechanisms
underlying de novo regeneration. However, limited research has been done in this species,
probably due to its large and complex genome and the lack of biotechnological and

molecular tools, such as fluorescently fagged marker gene lines.
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In this study, we aimed to establish a solid basis for a comprehensive understanding of the
molecular mechanism underlying de novo shoot apical meristem regeneration in Lilium sp,
using an RNAseg-based approach. Detailed analyses of differential gene expression in two
cultivars with significant difference in regeneration capacity showed that de novo meristem
formation is initiated within a few days after wounding of the scales and culturing of the
explants. Already three days after start of the experiment, the relative abundance of cell cycle
genes isincreased and particular cells within the adaxial scale region start dividing. This process
results in oriented and well-defined cell divisions giving rise to the formation of a meristematic
dome. Among the group of genes that are initiated already one day after start of the
experiment and prior to the first cell divisions, is a lily gene with high sequence similarity to
ETHYLENE RESPONSE FACTORII15 (ERF115). ERF115 was recently identified as a key gene
providing regenerative potential to Arabidopsis plant cells (Heyman et al. 2016), making it a

potential candidate for one of the initial tfriggers of shoot regeneration in lily.
Results

Morphological characterization of bulblet regeneration capacity in three lily

cultivars var Oriental

To get insight in the molecular regulatory mechanisms underlying de novo organogenesis in
bulblet regeneration, detailed knowledge about the temporal cellular and developmental
changes during the regeneration process is essential. Furthermore, it would be beneficial to
have material available from lily cultivars with contrasting regeneration capacity, enabling
comparative gene expression analyses. With these criteria in mind, bulblet regeneration of the
lily Oriental cultivars 'C15’, ‘McAleese’ and ‘Paradero’ was dissected at the morphological
level. Regeneration always occurred at the adaxial side and most proximal end of the explants,

as it has been reported previously (van Aartrik and Blom-Barnhoorn 1983) (Figure 1a).

Four main stages of regeneration could be idenfified, taking into account a previous
description and classification of bulblet regeneration from scales (Marinangeli et al. 2003)
(Figure 1b). In a developmental order they were: S, representing the fime where no signs of
regeneration were visible yet; D, referring to the appearance of pro-meristems which look like
“domes”; P, representing a meristem with the first scale primordium; and B, which we
considered as a regenerated bulblet, regardless the number of scales formed. Marinangeli et
al. reported a stage between S1 and D, called S2 and characterized by the thickening of the
adaxial-proximal end of the scale explant. However, we did not observe this thickening
consistently prior to pro-meristem formation in the analysed cultivars. For this reason, we did not

include the S2 classification.
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Taking into account previously reported differences between apical and basal scale explants
(Hackett 1969; Long et al. 2004; Yin et al. 2013), and to obtain a global view of regeneration
capacity and fiming, we inifially assessed the bulblet regeneration capacity of apical and
basal scale explants of each cultivar at 10, 20 and 35 days after start of the culture (DAC; Figure

1c).
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Figure 1. Morphological dissection of bulblet regeneration in three lily cultivars. (a) Lily bulb scales
regenerate ectopic shoot meristems (bulblets) upon detachment and culture in warm and moist
conditions. I. Cross cut through a lily bulb from which mid-located scales have been isolated for the
regeneration experiment. osc: outer-located scales. msc: mid-located scales. isc: inner-located
scales. sh: new apical shoot. Yellow arrow head: dried stem from the previous growing season. Il.
Culturing of lily scale explants on a wet filter paper on a germination table. lll. Final regeneration
result after 35 days of culture for a representative apical and basal explant. (b) Scanning Electron
Microscopy (SEM) analysis of the most basal and adaxial region of scale explants. Different
developmental stages of bulblet regeneration are shown and classified according to (Marinangeli
et al. 2003). I. S stage, S: refers to “scale” and corresponds to the period where the scale explant
recovers from the wound and finishes when the first pro-meristem (dome-structure) appears. Il. D
stage, D: "dome”, corresponds to meristem initiation. lll. P stage, P: “primordia”, corresponds to the
start of bulblet formation, the meristem and first new scale primordia are clearly differentiated. IV. B
stage with one bulblet scale, B: “bulblet”;. V. B stage with two bulblet scales from which one has
been removed. m: meristem; p: primordia; sc: scale. scale bar: 200 um. (c) Bulblet regeneration
capacity of apical and basal explants of three lily culfivars, assessed as the number and timing of
regeneration events at stage D or beyond. C_B: C15 culfivar, Basal explant. C_A: C15-Apical. P_B:
Paradero cultivar, Basal explant. P_A: Paradero-Apical. M_B: McAleese cultivar, Basal explant. M_A:
McAleese-Apical. DAC: days after the start of culfure. Means = s.e. of n=10 explants (three biological
replicates). (d) Timing of pro-meristem appearance in four type of explants differing in regeneration
capacity. GA: "Good-Apical” explant, corresponds to C15_Apical. GB: “"Good-Basal” explant
corresponding to C15_Basal. PB: “Poor-Basal” explant corresponding to Paradero_Basal. PA: “Poor-
Apical” explant corresponding to Paradero_Apical. DAC: days after the start of culture.
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The regeneration capacity was analysed in both terms of timing and number of regeneration
events. The first visual regeneration events for cultivar C15 emerged already within the first 10
days after start of the culture (DAC), while it was later than 10 DAC for Paradero and McAleese.
Also, the number of regeneration events per explant at each investigated time point was
higher in C15 than in Paradero and McAleese. In general, C15 showed higher regeneration
capacity than McAleese and Paradero, while there were no significant differences between
McAleese and Paradero (p<0.001; Figure 1c). For all three cultivars tested, basal explants had
a better propagation capacity compared to apical ones, which was reflected in both speed

of regeneration and number of regeneration events.

Based on this global investigation of the bulblet regeneration process in the three different
cultivars (Figure 1c), we designated C15 as good regeneration system (G), and Paradero and
McAleese as poor regeneration systems (P). Because of the similar response of Paradero and
McAleese, we performed all further experiments with Paradero as poor regeneration system.
Secondly, we distinguished apical and basal explants, because of the consistent higher
regeneration capacity of basal scale explants (Figure 1c). Taking this info account, we refer
from now on to four types of explants: GA (good regeneration system-apical); GB (good-

basal); PA (poor regeneration system-apical) and PB (poor-basal).
Molecular control of de novo bulblet regeneration

Next, we performed a detailed analysis of the dynamics of the early stages of regeneration up
to the '‘D’-stage, since we were interested in the changes prior to pro-meristem formation. We
found that the first pro-meristems were visible at 7DAC in GB, at 9DAC in GA, at 11DAC in PB
and at 18DAC in PA (Figure 1d). These distinct responses of the different explant types provided
a good basis for further in depth analyses at the cellular and molecular levels. Since we were
especially interested in the early regeneration signals and regulatory processes, we decided

to focus on the first 9 days of explant culture.

The four selected explant types (Figure 1d) showed significant differences in the timing of
meristematic dome initiation and regeneration capacity (Figure 1c), and we expect that this
must be reflected in the transcriptional changes during the meristem induction phase (S).
Hence, RNA sequencing (RNAseq) and quantification was performed on RNA isolated from the
most proximal cells of the four types of explants at different fime points during the S-phase and
up to the D-phase of regeneration. Note that in this fime span only GB and GA explants showed

meristematic domes at the end (7 and 9 DAC respectively; Figure 1d).

Upon RNAseq, the franscriptome was assembled de novo using Trinity software (Grabherr et al.
2011a). 183,895 trinity “genes” were obtained and for 60,322 of these transcripts an annotation
could be obtained based on a BLAST search against the Arabidopsis and rice transcriptomes.

In the rest of this study, we refer to the Lily transcripts with a name based on the Arabidopsis
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annotation, but preceding the initial “Lo”, standing for Lilium oriental. Principal Component
Analysis (PCA) of all expressed transcripts at all time points indicated that the cultivar and the
timing of collection (0-1 DAC vs 3-9 DAC) explained 40.3% and 13% of the total expression
variation, respectively (Figure 2a). Hence, besides the differences in the genetic background,
there was a clear overall transcriptional change around 3DAC in the regenerating explants,

regardless their origin in the bulb-scale (basal vs apical).
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Figure 2. Global analysis of franscriptional dynamics during the first nine days of bulblet regeneration
in four explant types. (a) Principal Component Analysis (PCA) of the franscriptomic data generated
for apical and basal explants of a good and a poor regenerating cultivar at different time points of
bulblet regeneration. Principal component 1 separated the two cultivars, while component 2
separated early (0-1 DAC) from late (3-92 DAC) time points. Dots with same colour represent
technical replicates. Good regenerating cultivar: C15. Poor regenerating cultivar: Paradero. (b)
Over representation analysis of gene ontology (GO) clusters significantly different between 0-1 and
3-9 DAC. Analysis was done with the application BINGO of Cytoscape v3.4.0. P-value was adjusted
for multiple testing by the Benjamini & Hochberg FDR correction P-value<0.001.

Although the first dimension explained most of the variation, it will reflect also all genetic
differences not directly related to regeneration rather than developmental regeneration-
related differences. Thus, to obtain first insight in the genes causing regeneration-related
differences in overall franscriptional response, the "“loadings” of the second dimension of the
PCA axis, which separated 0-1 from 3-9 DAC, were used as query for gene ontology (GO) over-
representation analysis. This analysis indicated that regardless the regeneration capacity of the
explant, given by the genetic background or the position within the original bulb-scale (basal
vs apical), transcripts related to “response to chemical stimulus”, “response to inorganic
substance”, ‘“response to wounding” and “developmental process” had a higher relative

abundance in early time-points of regeneration (0-1 DAC) than in 3-9 DAC (Figure 2b). In later
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time-points (3-9 DAC), there was an upregulation of the terms "anatomical structure
development”, “"DNA replication”, “reproduction” and *“cell cycle” (Figure 2b), which are

expected terms for regeneration and meristem establishment.

To examine the regeneration process in more detail and to uncover the transcriptional
differences among the four types of explants (GB, GA, PB, PA), we analysed the GO over-
representation data at every subsequent time point compared to the experimental starting
point (0 DAC). Transcripts under the term “response to chemical stimulus” re-appeared
enriched in early time points, more specifically at 1 DAC for all types of explants. This was also

the case for the term “response to hydrogen peroxide” (Figure 3).

Nevertheless, transcripts under the terms “organ development”, “embryonic development”,
“post-embryonic development” and “cell cycle” were differentially enriched among the four
type of explants, with a gradual response and enrichment at later fime points in the poor
regenerating explants (PA and PB) (Figure 3). This observation reveals a perfect correlation
between the morphological and franscriptional responses, with initial a similar
‘stress/wounding’ response in all explant types, but subsequently, a differential response
correlating with the observed differences in regeneration capacity and speed among the four

types of explants (Figure 1d).

The remarkable observation that already three days after start of the culture a clear-cut
transcriptional signature of regeneration and meristem initiation was visible, made us
hypothesize that the initial triggers and signals of regeneration are probably already present at
1 DAC and this prompted us to investigate the early tfranscriptional response (0-1 DAC) in more

detail.
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Figure 3. Gene Ontology overrepresentation analysis of biological processes differentially expressed
at each time point of bulblet regeneration in comparison to the starting point (0 DAC). The analysis
was done with the BINGO application of Cytoscape v3.4.0 software. P-value was adjusted for
multiple testing by the Benjamini & Hochberg FDR correction P-value <0.001. GB: Good regenerating
cultivar-basal explant. GA: Good-apical. PB: poor regenerating cultivar-basal explant. PA: Poor-
apical.
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Early transcriptional responses within 1 DAC

Reactive Oxygen Species (ROS) response upon wounding

The enrichment of GO terms related to “response to hydrogen peroxide” was present in all four
explant types comparing 0-1 DAC, and mostly given by potential small heat shock proteins
(sHsps) and peroxidases encoding transcripts (Figure 4a). It is well known that upon wounding
of tissues a fast and fransient ROS response can be expected (Minibayeva et al. 2015).
However, since exogenous H202 has also proven to promote lateral (Li and Jia 2013) and
adventitious root formation (Li et al. 200?), we hypothesised that the very efficient regeneration
of lily without exogenous hormone treatments is caused by the high levels of peroxidases and
that ROS might resemble an initial trigger for regeneration. Hydrogen peroxide (H202) can be
sensed by small heat shock proteins (sHsp) (Miller and Mittler 2006) and H20: levels are fine-
tuned mostly by catalases and peroxidases. Unfortunately, the high number of lily transcripts
coding for peroxidases and SHsp as well as their fransient and variable expression did not allow

to resolve whether ROS plays a role in the initiation of bulblet regeneration in lily (Figure 4a).
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Figure 4. ROS response upon bulb scale detachment from the bulb. (a) Heat map of transcript
expression of peroxidases and small heat shock proteins (sHsp) differentially expressed between
early (0-1 DAC) and late (3-9 DAC). GA: Good regenerating cultivar-apical explant. GB: Good-
basal. PB: poor regenerating cultivar-basal explant. PA: Poor-apical. (b) Effect of the ROS scavenger
Trolox on bulblet regeneration in Good regenerating basal lily scale explants (GB). Regeneration
(‘D’-stage or beyond) was scored upon culfuring of explantsin 1 uM or 10 uM of Trolox, or fap water
as control. Explants were freated in moist chambers during five days and then transferred to normal
incubation chambers with tap water. DAC: days after start of the culture.

To investigate a potential role for ROS in regeneration, we treated GB explants with H2O2 and
with Trolox, a water soluble H202 scavenger, and investigated the regeneration response. H202

tfreatment compromised the survival of the explants and therefore no data is available. In
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contrast, Trolox treated explants remained healthy, but did not show any effect on
regeneration capacity (P<0.01) (Figure 4b). Although we cannoft rule out a positive effect of
ROS on regeneration, we did not find any proof of it. The fact that Trolox treatment did not
affect regeneration efficiency, suggests that the physiological response to cope with oxidative

stress caused by wounding, is not having an effect on the regeneration process.
Hormonal response upon wounding

We then investigated early responses of hormone related genes from the GO term “response
to chemical stimulus” (Figure 2b and 3), since various studies assigned a role to hormonal
signalling in the initiation of regeneration (reviewed in (Motte et al. 2014)). As expected based
on the above described ROS-related wounding response, genes related to hormonal stress
responses were idenfified. This included genes associated with e.g. abscisic acid (ABA),
ethylene (ET), and jasmonic acid (JA) (Figure 5a and supplemental table 1). Moreover, genes
supposed to be more closely related to the regeneration process, such as auxin (AUX) signalling
and transport; cytokinin (CK) signalling and biosynthesis; and ET signalling related genes (Motte
et al. 2014; Chatfield and Raizada 2008) were also found.

Among the differentially induced genes within one day after culture, ETHYLENE RESPONSE
FACTOR109 (LOERF109), LOERF115 and WOUND-INDUCED DEDIFFERENTIATION 2 (WIND2) caught
our attention, because of the positive role of ERF109 in auxin biosynthesis and of ERFI115 and
WINDs in organ regeneration (Cai et al. 2014; Heyman et al. 2016; Heyman et al. 2013; Iwase et
al. 2011a). Interestingly, most of the differences were given at 0 DAC, indicating that either
these genes are activated already within 45 mins after excision (time used to disinfest the
explants) or less likely, that those genes are expressed even when the bulb is at a physiological
resting state. Infriguingly, at ODAC LoERFI109 was higher expressed in PA explant, and LoWIND2

higher in the apical explants (Figure 5a).

Subsequently, we focussed on auxin and CK, because of their key roles in plant regeneration
(lkeuchi et al. 2016). Surprisingly, the most common rate limiting biosynthesis genes for both
hormones, e.g. yucca flavin monooxygenases (YUC) and fryptophan amino fransferases (TAA)
for auxin (Zhao 2012); and ADENYLATE ISOPENTENYLTRANSFERASES (IPT) for cytokinin (Miyawaki
et al. 2004), were not found in the early, neither late differentially expressed transcripfts.
Moreover, no significant changes in the levels of both hormones were found between 0 and 1
DAC (Figure 5b-c). Nevertheless, an auxin homeostasis gene, LoGH3.3, an auxin polar
fransporter PIN-LIKES (LoPILS7) and a CK activator from inactive CK, LONELY GUY 3 (LoLOGJ3)
(Kurakawa et al. 2007), were higher expressed within the first day of culture, however at similar

levels for all type of explants (Figure 5a).
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Figure 5. Expression of hormone related genes and endogenous levels of auxin and cytokinin during
the first days of explant culture. (a) Early transcriptional activation of hormone related genes. Heat
map of the expression levels was plotted for each type of explant at 0, 1 and 3 Days After the start
of Culture (DAC). GB: Good regenerating cultivar and Basal explant, GA: Good-Apical, PB: Poor-
Basal, PA: Poor-Apical. ABA: Abscisic Acid. AUX: Auxin. CK: Cytokinin. ET: Ethylene. JA: Jasmonic
Acid. GA: Gibberellic Acid. (b) Endogenous levels of active auxin (IAA). Although there was a trend
of increase in auxin levels, there were no significant differences among the explants and between
0 and 1 DAC (P <0.05). (c) Endogenous levels of active CK (tZeatin and cZeatin). No significant
differences among the explants and between 0 and 1 DAC were observed (P <0.05).

In summary, it seemed that lily bulblet regeneration is mediated by hormonal signalling upon
wounding, affecting many hormone classes, among which JA, ethylene and auxin are most
prominently present. Though this appeared not to be regulated at the level of de-novo
hormone biosynthesis, but by changes in hormone transport, competence of tissues to respond
to hormones and hormonal signalling cascades, resulting in the activation of bulblet

regeneration.

Transcriptional responses after 3 DAC

The global RNAseq analysis (Figure 2) pointed to three days after culture as a kind of switch
point and the moment that genes related to meristem establishment and de novo
organogenesis got induced. To get a better understanding of the molecular processes

occurring during this phase, we performed an in depth analysis of this transcriptional response.
Cell proliferation

GO terms related to cell proliferation were found to be enriched from 3 DAC in GB explants,

whereas these terms were only found after 7 DAC in PA explants (Figure 3). This observation
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shows that the timing of activation of cell division related genes correlates with the observed
differences in regeneration capacity and speed. Inspired by this, we further investigated the
expression of all transcripts potentially directly related to the cell cycle (Supplementary Table
2). A heat map grouped with a similarity dendrogram in both axis corroborated the existence
of several transcripts with high expression at 3 DAC and beyond for all types of explants (Figure
6a). A closer look into those transcripts revealed a small set of genes with no expression at 0-1
DAC for all explants, such as E2F TRANSCRIPTION FACTOR-LIKE (LoE2FL), whose expression was
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Figure 6. Heat map of differentially expressed franscripts from 0 DAC or between 0-1 and 3-9 DAC
and involved in cell proliferation. This list of franscripts was obtained from GO over representation
analysis (see figures 2 and 3). (a) Transcripts and explants were clustered based on Pearson
correlation using the GeneMaths software. Dashed line separates the franscripts with low and high
expression. Low expressed franscripts are mostly isoforms of the high expressed genes. (b) Detailed
expression of franscripfs with high expression, arranged by time and regeneration capacity. GA:
Good regenerating cultivar-apical explant. GB: Good-basal. PB: poor regenerating cultivar-basal
explant. PA: Poor-apical.

the lowest in PA explant (Figure éb). Another set of genes showed moderate expression in early
time points, while a significant up regulation at 3 DAC in GB, GA and PB explants (Figure 6b).
The protein kinase RUNKEL (LoRUK), E2F TARGET GENE 1 (ETG1) and the DNA (LoCYTOSINE-5)-
METHYLTRANSFERASE (LoCMT3) belonged to this group. Moreover, there was a small set of
genes, mainly represented by D-type cyclins (LoCYCD2-1, LoCYCD3-1, LoCYCD4-1), which was
highly induced at 1 DAC for all explants (Figure 6b). In line with the poor regeneration capacity
of PA explants, there was a set of genes with no expression at early time points, but with a

dramatic expression induction at 3 DAC for all explants except for PA, in which these genes
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were induced later. Also, the overall expression level of these selected set of cell-cycle related
genes correlated with their regeneration potential (e.g. higher expression in GB explants)
(Figure 6b).

To get more detailed insight in cell-cycle progression of the scale explants and link this with the
observed expression differences, we performed 5-ethynyl-2'-deoxyuridine (EdU) staining to
identify the cells in which DNA synthesis occurred. This analysis showed that DNA synthesis
started already at 1 DAC in GB explants (Figure 7a-c), corroborating the expression of D-type
cyclins shown in Figure éb. Moreover, DNA synthesis was activated randomly in parenchymatic
cells, but this was progressively concentrated towards the adaxial side of the explant (Figures
7d-e). The subsequent progression from S fo M resulted in a population of new small and
asymmetrical cells lacking the typical starch granules (Fig. 7f), suggesting cell dedifferentiation
followed by active proliferation. Finally, the cell divisions became more localised and oriented,
resulfing in the formation of a pro-meristem from the population of dedifferentiated cells in the

proximal-adaxial side of the explant (figure 7f).

Organ development and post-embryonic development

Transcripts in GO terms “organ development”, “embryonic development” and “post-
embryonic development” appeared to be enriched from 3 DAC in GB explant, whereas only
at 7 DAC for the poor regenerating PA explants (Supplementary table 3). In order to get a
better view, we investigated which genes are exactly covered by these GO categories. As
expected, some genes with pivotal roles in meristem formation were present in these GO
categories and differentially expressed according to the regeneration capacity of the explant,
including ETHYLENE-RESPONSIVE TRANSCRIPTION FACTOR 2 (LoESR2) and SHOOT MERISTEMLESS
(LoSTM). Moreover, both these genes, and a WUSCHEL-RELATED HOMEOBOX 13-like gene
(LoWOX13), had not any expression detected at 0 DAC, while their expression was significantly
induced in GB explants and much earlier and at higher levels in GB in comparison to PA
explants later during the regeneration process (Figure 8a-c). Expression of AtWOX13 has been
observed in the shoot apex (Schmid et al. 2005), but its function there is still elusive. A sequence
similarity analysis revealed the close homology of LoWOX13 with several WOX13-like genes in
monocots species, but also with Arabidopsis WOX10 and WOXT14 (Supplemental figure 1).
Remarkably, the expression of LoWOX13 is already peaking at 1 DAC in GB explants.
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Figure 7. DNA synthesis and cell proliferation pattern upon explant detachment assessed by
fluorescent and light microscopy. Edu was incorporated in DNA of the nuclei going through the S-
phase of the cell cycle (staining for 12 hours prior to imaging). Yellow arrow heads: nuclei that
incorporated EdU. Scale bar: 200 um. Ad: Adaxial. Ab: Abaxial. (a) Cross section representative of
the GB explants at 0 days after culture (0 DAC) stained with Edu and DAPI. The lack of Edu signal
indicates that no cells have started DNA synthesis at this time point. (b) Cross section of GB at 1 DAC.
Edu signal is observed in one cell nucleus at the adaxial side of the explant. (c) Cross section of GB
at 3 DAC. Several adaxial parenchyma cells have undergone DNA synthesis. (d) Representative
longitudinal section of GB explants at 5 DAC showing that DNA synthesis occurs at high frequency
in the adaxial parenchyma cells. (e) Representative longitudinal section of GB explant at 7 DAC.
Edu signal indicates that DNA synthesis is now more restricted in the parenchyma cells in close
vicinity to the epidermis. DAPI signal indicates a higher number of nuclei at the adaxial parenchyma
cells than at the abaxial region. (f) Cell proliferation in a representative longitudinal section of GB
explant at 9DAC, right at the place where a pro-meristem is arising (indicated by the arrow).
Toluidine Blue staining was used. Red arrow head points at parenchyma cells where several rounds
of cell division took place, resulting in very small, asymmetrical and starch less daughter cells.
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Another group of genes potentially related to meristem formation, included two genes coding
for a CUP-SHAPED COTYLEDONS3 (CUC3) member and HOMEOBOX PROTEIN KNOTTED-1-LIKE 6
(LOKNAT6). Expression of these genes significantly increased in GB explants from 1 DAC
onwards, but remarkably, had an initial sharp down regulation at 1 DAC in the less-well
regenerating apical explants (Figure 8d-e)). This observation reveals a correlation between the
level of expression of LoCUC3 and LoKNATé at 1 DAC and the regeneration capacity of the
explants. As for LoWOX13, also the expression of these genes already sharply increased in GB

explants at 1DAC, although they reached their maximum expression level at 3-7 DAC.

Interestingly, a set of genes previously associated to pro-meristem formation was already
expressed at the start of the culture (0 DAC). These genes goft further induced from 3 DAC
onwards and there were no differences in level or fiming for expression among the explants
(Figure 8 f-i). Therefore, this set of genes seems to play an important role in all type of explants
but not to be causal for the observed differences in regeneration potential (Fig. 1). Examples
are TOPLESS (LoTPL); ARGONAUTE 1 (LoAGO1); AUXIN SIGNALING F-BOX 3 (LoAFB3); and
SWINGER (LoSWR). TPL is known to modulate auxin signalling and to repress root-specifying
genes during shoot regeneration (Chatfield et al. 2013). Argonaute proteins are key players of
small-RNA-mediated gene silencing (Meister 2013) while SWR mediates silencing through DNA

methylation.

Transcriptional clusters reveal insights in acquisition of shoot regeneration
capacity

Based on the above detailed analysis of gene expression and the observed expression
response of e.g. LoSTM, which is a well-known marker for shoot meristem identity (Long and
Barton 2000), we hypothesized that the acquisition for shoot meristem competence must be
obtained within the first day of culture (0-1 DAC) in the best regenerating explants (GB), while
delayed with at least 2-6 days in the poor regenerating explants (PA). We argued that genes
co-expressing with LoSTM in GB explants would be good candidates for genes potentially
involved in lily regeneration. Therefore, we performed a clustering analysis to identify all genes
co-expressing with LoSTM. We restricted the search to transcripts with a BLAST hit to Arabidopsis
genes previously reported to behave as common markers of roof-callus-leaf (RCL)
regeneration competence (Sena et al. 2009), genes that mark unique shoot apical meristem
regions (Yadav et al. 2009; Yadav et al. 2014), and genes known as markers for root identity
(Brady et al. 2007). In this way, we aimed to select against those genes with a similar expression
pattern, but e.g. linked fo the wounding and general stress response. The same clustering
approach was also used to identify groups of genes, whose expression is closely associated to
the different developmental and morphological phases of the regeneration response defined

in Figure 1.
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Figure 8. Transcripfional changes of genes related to meristem formation. (a) Expression of LOESR2.
(b) Expression of LoSTM. (c) Expression of LoWOX13 (d) expression of LoCUCS3. (e) Expression of
LoKNATS. (f) Expression of TPL. (g) Expression of LOAGO]1. (h) Expression of LOAFB3. (i) Expression of
LoSWR. GB: Good-basal explant. GA: Good-apical. PB: Poor-basal. PA: Poor-apical. DAC: days after
culture.

To mine the huge tfranscriptome dataset, the Self-Organizing Map (SOM) clustering method

was applied on the GB explant RNAseq dataset. Nine groups were obtained, from which SOM1
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showed a pattern expected for repressors of regeneration, given its high expression at 0 DAC
followed by a progressive down regulation. The pattern of SOM4 and SOM7 suggested an
activation role at 1 or 3 DAC; and SOM8 and SOM9 resembled a meristem-like pattern,
because of the presence of LoSTM in SOMS8, the overall timing of expression induction, and

subsequent maintenance of the expression levels (Figure 9a).

In general, almost half of the reported root and shoot identity and RCL regeneration
competence markers could be found in our lily franscripfome (supplemental table 4),
suggesting conservation of the regeneration process and that bulblet regeneration in lily shares
many transcriptional features with root, shoot, and callus formation, and regeneration in model
dicot plants, such as Arabidopsis. Nevertheless, we did e.g. not detect expression of WUSCHEL-
RELATED HOMEOBOX 5 (WOXS5), a key gene in the maintenance of the stem cell niche of the
root meristem (Pi et al. 2015) and a marker for the initial stages of callus regeneration (Atta et
al. 2009; Sugimoto et al. 2010).

Based on the fact that the top two highest percentages of selected marker genes mapped
info SOM8 and 9, including LoSTM, we believe that these two clusters of genes are the most
relevant for lily regeneration (Figure 9b). Besides that, a relative high percentage of shoot
identify markers mapped into SOM4, which shows a peak of expression at 1 DAC (Figure 9b).
Hence, this cluster (SOM4) is supposed to contain the initial, but fransient inducers of

regeneration and meristem initiation.

Subsequently, we decided to investigate the behaviour of the marker genes contained in the
abovementioned clusters, in the two basal explant types. Although these two types of explant
aren't resembling the biggest difference in regeneration capacity, they show a different
expression response in timing and are both originating from the same location in the scale and
in that respect the most similar. Many marker genes from SOM8 and SOM9 were differentially
expressed between the two explants and their expression correlated with the explant
regeneration capacity (supplemental table 4), such as EARLY NODULIN-LIKE proteins
(LOENODL); LATERAL ROOT PRIMORDIUM 1 (LoLRP1); HOMEOBOX GENEI (LoATH1), LoSTM and
DEFECTIVE IN CUTICULAR RIDGES (LoDCR) (Figure 9c-f). Surprisingly, most of the transient shoot
markers from SOM4 were not differentially expressed between the two basal explant types

(supplemental table 4).
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Figure 9. Transcriptional clustering and distribution of regeneration competence markers in the
explant with best regeneration potential (GB). (a) Transcriptional clusters of GB explants. Nine
clusters were obtained using the Self Organizing Map (SOM) clustering method with Pearson
correlation and a matrix of 3x3. LoSTM clustered in SOM8 (highlighted in yellow). (b) Heat map
representing the percentage of potential root identity, shoot identity or rootf-callus-leaf (RCL)
regeneration markers contained in the nine SOMs. Based on the top three highest percentages, root
markers were mostly contained in SOMs 8, 9 and 1; shoot markers in SOMs 8, 9 and 4; and RCL
regeneration potential markers in SOMs 8, 9 and 6. (c-f) Examples of transcripts from SOM8 and
SOM?, which follow an STM-like pattern of expression. (c) Expression pattern of LOoENODL. (d)
Expression of LOLRP1. (e) Expression of LOATH]I. (f) Expression of LoODCRT. GB: bood-basal explant. PB:
Poor-basal explant. DAC: days after the start of culture.

Discussion

Lily is a bulbous plant species with an enormous regeneration capacity. Upon detachment of
lily bulb scales, bulblets with a fully organized SAM and three to four scales are formed at the
adaxial base of the scale explant within forty days. Surprisingly, the wound-induced inifiation of
regeneration in these scale explants seems to occur at fremendous speed and within 24 hours
after explant excision for all investigated explant types. Thus the differences in timing of pro-
meristem formation between different explant types might not necessarily be reflected by
transcriptional differences in the first hours or days after explant excision. This fact makes it more
complicated to dissect the frue initial regeneration triggers from the general wounding

response occurring in all explant types.
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Upon detachment from the mother bulb, the lily explants initiate a series of physiological
responses to recover from fissue wounding, including activation of defence genes and
induction of ROS scavengers. Those processes are known to be mediated by the plant
hormones ethylene, salicylic acid, abscisic acid, and jasmonic acid (reviewed in (Bartoli et al.
2013)). ROS production upon wounding appears to frigger regeneration in animals, e.g.
salamander (Godwin et al. 2013) and Xenopus (Gargioli and Slack 2004); as well as in plants,
e.g. during lateral and adventitious root formation in Arabidopsis (Li and Jia 2013; Li et al. 2009).
Although we detected an early induction of genes related to ethylene and jasmonic acid
signalling pathway, we did noft find an effect of ROS modulators on the regeneration capacity
of lily explants. This finding is in line with a previous study attempting to correlate regeneration
capacity of fulip bulb scales with their redox state given by ROS after wounding. Their results
did not point at oxidative stress as mediator of regeneration capacity (van Rossum 1997).
However, the regeneration response upon wounding appears to be extremely fast, and taking
info account the complexity of ROS signalling (Foyer and Noctor 2005), we cannot conclude
based on our observations and experiments that ROS doesn’t play a role as triggering signal

for bulblet regeneration.

APETALA2/Ethylene Responsive Factor (AP2/ERF) transcription factors as

activators of regeneration in cross-talk with hormones

Recent discoveries point at some ethylene responsive factors (ERFs) as integrators of stress
related hormones with developmental processes, involving the activation of cell division, giving
rise to regeneration and organ formation (Licausi et al. 2013). For instance, ERF1 and ERF109
mediate cross-talk between JA signalling and auxin biosynthesis in relation to lateral root
elongation and formation, respectively (Mao et al. 2016; Cai et al. 2014). Although LoERF] and
LoERF109 were induced within the first day after culture, we did not detect induction of auxin
biosynthesis genes but rather of genes related to polar auxin fransport, such as LoPILS7. This
observation, together with no significant increase of active IAA in the explants after 24hr of
culture, suggests that excised lily bulb scales use their existing pools of auxin to create the
required gradients to initiate meristem regeneration. The negative correlation of LOERF109 with
the explant regeneration potential suggests that good regenerating explants are more
sensitive to JA and auxin. Related to these observations, it would be interesting to test whether
LoERFs can mediate the transcriptional activation and or polarization of auxin fransporters and

as such, the correlation between ERFs expression level and regeneration capacity.

In addition to ERF1 and ERFI109, ERFI15 in Arabidopsis roots promotes cell division and
regeneration in cells in close vicinity to wounded cells, granting them the ability to regenerate

and replace the damaged cells (Heyman et al. 2016). In our experimental system, a lily gene
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with high percentage of similarity to Arabidopsis ERF115 was highly expressed within the first day
of culture in all explant types. In Arabidopsis, ERF115 induction of expression has been reported
to precede stress activated cell division (Heyman et al. 2016), and in our system, cell
proliferation boosted at 3 DAC. Therefore, it is tempting to speculate that ERF115 in lily also
mediate a hormonal cross talk to induce ectopic meristems in lily scales, although more

research is needed to confirm this hypothesis.

Besides ERFs, another gene annotated as an ethylene-activated signalling pathway in
Arabidopsis (www.arabidopsis.org), WINDT, is induced at the excision lines of wounded fissues,
and it promotes dedifferentiation through the formation of callus (Iwase et al. 2011a). LoWIND?2,
a homolog of WINDI was induced very early upon excision and its expression paftern
resembled the one of WINDI reported by Iwase et al 2011, highlighting the possible role of the
LoWIND2 protein as an integrator of the wound-induced signals and regeneration. In fact,
ectopic expression of ERFI15 in Arabidopsis activates WIND T expression and neoplastic growth
(Heyman et al. 2016). The exact mode of action of WIND genes and their downstream targets
are not completely elucidated yet, but it has been proposed that WINDs enhance
endogenous cytokinin responses to promote cell dedifferentiation (Iwase et al. 2011a; Iwase et
al. 2011b). Intriguingly, exogenous cytokinins do not promote regeneration in lily bulb scales
(Van Aartrijk and Blom-Barnhoorn 1981), and no significant changes in the endogenous levels
of active cytokinin was observed in the explants 24hr after wounding. However, the early
(IDAC) induction of LoESR2, an ERF gene activated upon high cytokinin to auxin ratio, and a
promoter of shoot regeneration (Matsuo et al. 2011), suggests that cytokinin responses might
occur very fast, before 1 DAC. Therefore, we might have missed the expression of key
regeneration friggering genes since no fime points before 1 DAC were included in our analyses.
Hence, it would be of great interest to investigate the possible roles of these selected AP2/ERF

genes as early wound-induced regeneration genes in lily bulb scales.

Itisimportant to note, however, that although ethylene regulates the expression of several ERFs
and this is how this class of APETALLA2-like transcription factors obtained their name (Nakano
et al. 2006), they are not always all and only responsive to ethylene. In Arabidopsis, ERF109, and
ERF115 are more responsive to JA and brassinosteroids (BR), respectively (Heyman, Cools et al.
2013, Cai, Xu et al. 2014). Hence, not only auxin and cytokinin might play a stimulating role
during lily bulblet regeneration, but it is very well possible that stress hormones such as JA and
ethylene play a role as well, as was proposed previously for ethylene (Chatfield and Raizada
2008).

Although wounding is necessary to trigger regeneration in lily bulb scales, it is intriguing that
regeneration was never observed in the distal side of the explants, where there is also an
excision wound. This basipetal gradient of regeneration also occurs in leaf segments of begonia

and Saintpaulia ionantha and has been linked to differences in auxin levels in the leaf
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(Schraudolf and Reinert 1959; Kukutczanka and Suszynska 1972). However, the endogenous
levels of active IAA did not proof to be different in basal and apical lily explants. In Arabidopsis
roots, wounding of the tip rapidly changes the auxin distribution within 16 hours, creating a new
auxin maximum, which results in de novo root meristem regeneration (Xu et al. 2006; Sabatini
et al. 1999). Therefore, we propose that in lily scales, wounding also causes an auxin transport
disruption, which results in several points of auxin maxima along the proximal side of the
explant, which is the side with highest endogenous auxin levels. At the same time, the new
auxin maxima points might induce asymmetrical cell proliferation, resembling a cell de-
differentiation process. The auxin re distribution might be in turn mediated by the action of an

ERF franscription factor, such as LOERF109.

Cell fate re-programming

The correlation between the expression of genes related to the transition of G2 to M phase of
the cell cycle, and bulblet regeneration capacity, highlighted the importance of massive cell
proliferation prior to meristem initiation. We speculate that this massive but organized and
localized cell proliferation upon explant detachment is required to re-program the cell fate of
the parenchymatic tissue and to acquire their competence to regenerate shoots. In
Arabidopsis, this competence is acquired during callus formation when CUC2 expression is
induced (Kareem et al. 2015; Motte et al. 2011). Although we predicted that the competence
to regenerate shoots was acquired before the expression of the shoot meristem marker STM,
our data indicated that a high percentage of regeneration competence markers co-
expressed with LoSTM. Moreover, the expression of CUC3, a gene partially redundant to its
homolog CUC2 (Vroemen et al. 2003), did not always precede STM expression. This could be
caused by asynchronous bulblet regeneration events taking place in the explant, which
masked the real timing of particular transcriptional events. Otherwise, the acquisition of
regeneration competence in lily bulb scales might not depend on CUC expression, or
subsequent steps in the regeneration processes follow each other fast in a few hours of time

and therefore, are missed due to our daily sampling schedule.

The high number of root and shoot idenfity markers and RCL regeneration competence
markers found in our data indicate that de novo lily organogenesis shares many franscriptional
features with shoot, root and callus regeneration in well studied dicot model plants. In fact, it
has been reported that shoot and lateral root formatfion in Arabidopsis share their inifial
developmental stages (Atta et al. 2009; Sugimoto et al. 2010). The correlation between
regeneration capacity of the lily explants and the timing and level of expression of genes
related to root organ formation, such as LoLRP1, support this idea. Addifionally, the expression

of SCR, a gene involved in positioning the QC in the root meristem (Sabatini et al. 2003), but
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also a marker in the early stages of callus regeneration, raises the question whether lily explants
go through an initial and fransient callus-like state. Independent from this question, SCR in
Arabidopsis also controls asymmetrical cell division (Moreno-Risueno et al. 2015) and ifs
expression has been detected before in the shoot apex of Arabidopsis (Schmid et al. 2005).

Therefore it would be interesting to investigate the role of LoSCR during bulblet regeneration.

Last, given the correlation between regeneration capacity and some genes notf reported to
date to be involved in meristem regeneration but belonging to gene families whose members
do play a pivotal role in this process, e.g. LoWOX13 and LoCUCS3, it is worth investing more time

and resources in deciphering their function.

Proposed model of lily bulblet regeneration from bulb scales

Based on the expression of some key genes reported to play pivotal roles in regeneration in
model species, it was clear that LoERFI15 and LoWIND2 are induced exiremely fast upon
explant excision, and this induction appeared to occur in all explants regardless their
regeneration capacity (Figure 10a). Moreover, induction of D-type cyclins (DNA synthesis) are
very fast in explants with good regeneration capacity. Within one day after explant excision,
LoESR2 and LoWOX13 are induced in all explants but their levels of expression depends on the
regeneration capacity of the explant. Next, LoSTM is induced and its expression and timing
depend on the regeneration capacity of the explant. Then a boost of cell proliferation takes
place reflected by the differential expression of LoCYCBI-3 according fo the regeneration
capacity of the explant, and from this point onwards pro-meristem formation arises. The
expression of these genes in relation to the initial steps of regeneration is schematically
summarized for GB and PB explants in Figure 10b. This proposed model for bulblet regeneration
in lily bulb scales starts with triggering the activation of AP2/ERF transcription factors by
wounding, which subsequently activate polar auxin fransport re-distribution and cell
proliferation and de-differentiation, to finally give rise to expression of genes such as LoSTM and

pro-meristem establisnment (Figure 10b).
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Figure 10. Summary of gene expression and molecular pathway underlying ectopic bulblet
regeneration in lily bulb scales. (a) Transcriptional changes upon explant excision and culture in two
basal explants differing in regeneration capacity given by the time of appearance of first ectopic
regenerated pro-meristems and number of them. (b) Proposed model of ectopic bulblet
regeneration in lily bulb scales. Wounding must frigger a physiological response (e.g. ROS) which
activate several AP2/ERF transcription factors. Polar auxin re-distribution might be tfriggered by
wounding itself or could be mediated by ERFs, such as LoERFI09. Cell proliferation and de-
differentiation can be mediated by the rapid induction of LoERFI15 and LoWIND2. In turn, the
competence to regenerate shoots could be acquired by LoESR2, followed by activation of LoSTM
and other meristem marker genes.

Conclusion and Perspectives

This study constitutes the first step in understanding the molecular control of de novo SAM
regeneration by an RNAseqg-based transcriptomics approach. A challenge remaining will be
to identify the few key elements that are at the start of the process and responsible for the
differences in regeneration speed and efficiency. Our approach revealed that many potential
regeneration markers show a similar response in the different explant types, irrespective of their
clear cut difference in regeneration response. This result suggest, that these differences are not
due to a complete lack of capacity to respond, but because of slight differences in fiming of
activation or the lack of a few essential factors. Finding these needles in the haystack will be a

challenging task for follow up studies.
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Materials and Methods

Plant material and culturing conditions

Apical and basal explants of mid located lily bullb scales (Figure 1a) of cultivars Paradero,
McAleese, and C15 were cultured on a germination table with flowing tap water at 23°C and
a 12/12 hr day/night light rhythm. In short, the explants laid standing up-right on a wet filter
paper, which is in contact with the flowing warm water. Every island of filter paper containing
explants was covered by a transparent plastic cup, which provided a moist and warm
environment (Figure 1a). Five explants were collected at 0, 1, 3, 5, 7, and 9 days after start of
the culture (DAC), and observed under a stereomicroscope to count the number and stage
of regeneration events, following the developmental stage classification of Marinangeli et al
2003 (Marinangeli et al. 2003). The most proximal region of the explants (5mm thick) was
collected in liquid nitrogen, freeze dried, ground into powder, and immediately stored at -80°C

for posterior RNA isolation.

To investigate the potential effect of Reactive Oxygen Species (ROS) on regeneration
capacity, basal explants of C15 were cultured in moist chambers with 5 Whatman filter papers
(Sigma-Aldrich) soaked with T or 10 uM of é-hydroxy-2,5,7 ,8-tetramethylchroman-2-carboxylic
acid -Trolox— (Sigma-Aldrich); 50 or 100 yM of H202 (Sigma-Aldrich); and MQ water as confrol,
for five days at 23°C. On the sixth day the explants were fransferred to the germination table,
which provides moist from flowing tap water, and grown at 23°C. The H20O2 concentration levels
were chosen based on similar studies in Arabidopsis (Tsukagoshi et al. 2010; Yu et al. 2016) and

the concenftration of Trolox was based on a similar study in tulip (van Rossum 1997).
RNAseq

Total RNA was isolated using the hot borate protocol (Wan and Wilkins 1994) with some
modifications as described by Maia, 2011 (Maia et al. 2011). For Good-Basal (GB) explant
material, RNA was isolated from all fime points (0, 1, 3, 5, 7 and ? DAC), for Good-Apical (GA)
and Poor-Basal (PB), time point 5 was left out, and for Poor-Apical (PA), time points 5 and 9
were omitted to limit the total number of samples. These abbreviations are explained in Figure
1. RNA quality and quantity was measured by agarose gel electrophoresis and Qubit

fluorimeter (Qubit v.2.0, Thermo Fisher Scientific), respectively.

The cDNA libraries were prepared with the TrueSeq sample preparation kit and the Ribo-Zero
plant kit (llumina, The Netherlands). The quality of the libraries was examined with the
Bioanalyzer 2100 DNA 1000 chip (Agilent Technologies, United States). The samples were
sequenced on a HiSeq2000 platform (100 bp paired-end; stranded sequence reads) and the
quality of the reads was assessed with FastQC (http://www.biocinformatics.babraham.ac.uk/

projects/fastqc/). The reads were trimmed with Trimmomatic v.0.32 (Bolger et al. 2014a) and
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assembled de novo using Trinity v.2.0.6 (Haas et al. 2013a). Gene quantification was estimated
by mapping the reads to the transcriptome using Kallisto v.0.42.1 (Bray et al. 2016). The
estimated counts were normalized using the TMM method of the EdgeR package v.3.16.5
(Robinson et al. 2009) and the EdgeR Exact Test was used to determine the differentially
expressed genes. The transcripts were annotated with both the best Arabidopsis and rice

(Oryza sativa) BLAST hits, with a cut-off < 1 e,

Principal Component Analysis (PCA) was done with the GeneMaths software v.2.1 (Applied
Maths BVBA, Sint-Martens-Latem, Belgium). The loadings of the second principal component
were used to determine the Gene Ontology (GO) over-representation of biological processes.
GO enrichment analysis of differentially expressed genes (DEG) between 0-1 against 3-2 DAC
was performed with the plugin BINGO (Maere et al. 2005) for Cytoscape v.3.4.0 (Smooft et al.
2011), using the hypergeometric probability test and the Benjamini & Hochberg false discovery
rate (FDR) correction at a cut-off of 0.001. The online tool ReviGO (Supek et al. 2011) was
applied to remove the redundant GO terms, using a cut-off of <0.1. GO enrichment analysis
was also done for DEG between ODAC and all subsequent time points, respectively, for every
explant type and using the same parameters as just described. In both analysis the corrected
P-value was fransformed into logio(corrected p-value) for easier visual comparison using a heat

map.

Self-Organizing Maps (SOM) were calculated for GB explant transcripts having expression
>0.5CPM in at least one time point. This reduces the chance of clustering based on absence
of very low expression. The analysis was done with GeneMaths software v.2.1 (Applied Maths

BVBA, Sint-Martens-Latem, Belgium) using a 3x3 grid and Pearson correlation.
Scanning Electron Microscopy imaging

Scanning electron microscopy (SEM) was done following the methodology described in
Rossmann et al., 2015 (Rossmann et al. 2015). In short, fresh explants were frozen in liquid
nifrogen, transferred to an Emitech K1250X (Emitech, http://www.quorumtech.com/home) for
sublimation and coated with gold palladium before imaging. Imaging was done on a Supra
40 VP with a GEMINI column (Zeiss, http://www.zeiss.com/microscopy/en_de/home.html) at
the Max Planck Institute in Cologne, Germany. All images were obtained and processed with

the SmartSEN software.
Edu staining and imaging

At different time points after start of the culture (DAC), explants were transferred to in vifro
condifions with 50uM of 5-ethynyl-2'-deoxyuridine (EdU) (Salic and Mitchison 2008) in the
medium and cultured overnight at 23°C. The explants were freshly sectioned with a Reichert
Austria sliding microfome at 300 micrometres per section. The slices were freated with the Click-

iT EAU Alexa Fluor 647 Imaging kit (Invitrogen) according to the manufacturer instructions and
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counterstained with 0.2 ug/ml DAPIL. Imaging was done with a Zeiss LSM710 confocal
microscope and Zen 2012 SP1 software v.8.1. Overlapping images were stitched together with
Adobe Photoshop software (http://www.adobe.com) and the remaining empty areas were

filled with grey pixels fo generate rectangular panels.
Hormonal measurements

For cytokinin determination, 10 mg of dry weight (DW) material was homogenized under liquid
nifrogen, extracted in modified Bieleski buffer (methanol/water/formic acid, 15/4/1, v/v/v)
(Novak et al. 2008), and then purified using MCX column (30 mg of C18/SCX combined sorbent
with cation-exchange properties, Waters) (Antoniadi et al. 2015). Analytes were eluted by two-
step elution using a 0.35 M NH40OH aqueous solution and 0.35 M NH4OH in 60% (v/v) MeOH
solution. For auxins determination, 5mg DW material was homogenized under liquid nitfrogen,
extracted in 50 mM Na-phosphate buffer, pH 7.0 and then purified using HLB column (1ml/30
mg, Waters) (Novak et al. 2012). Analytes were eluted using 80% MeOH (v/v). The levels of
targeted compounds were determined using ultra high performance liquid chromatography-
electrospray tandem mass spectrometry (UHPLC-MS/MS) with stable isotope-labelled internal

standards as reference ((Svacinova et al. 2012) for cytokinins and (Novak et al. 2012) for auxins.
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Chapter 6

Abstract

Lily (Lilium sp) bulb scales have the remarkable ability to regenerate ectopic shoot apical
meristems (bulblets) once the scales are detached from the mother bulb. Regardless of
differences in regeneration potential between lily varieties, bulblets recurrently regenerate at
the proximal-adaxial side of the scale, right on top of the excision line. Several studies point at
auxin as one of the main initial factors required for plant regeneration and the same has been
suggested for Lilium. However, there is limited information about the underlying mechanisms
driving the efficient regeneration of de novo bulblets in lily scales. The aim of this study was to
investigate the possible cellular and physiological factors that grant lily bulb scales their
competence to regenerate. We propose that the excision wound disrupts the polar auxin
fransport, creates an auxin maximum at the excision line and causes a gradient of cell divisions
favouring the adaxial parenchyma tissue. The direction of this cell division gradient depends
on the regeneration competence of the tissue and the interaction with the epidermis. The
adaxial parenchyma tissue seems to be more competent, partially due to the higher number
of secondary veins and larger cell population than the abaxial parenchyma region because
cells are smaller in the adaxial region. Moreover, the epidermis seems fo cross-talk with the
parenchyma cells to direct initial cell divisions and the position at which the ectopic meristems
will occur. A better understanding of the composition and physiology of the epidermis in lily
bulb scales could shed more light on the proposed importance of the epidermis and to

elucidate the remarkable regeneration potential of Lilium sp.

Key words: Adaxial, abaxial, epidermis, auxin polar fransport.
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Introduction

Lilies are monocotyledonous ornamental flowers with an extraordinary regeneration capacity.
Lilies can propagate vegetatively, both by natural and artificial methods, by regenerating
ectopic shoot meristems that will quickly produce scales, resembling a shoot bud (Bach and
Sochacki 2012). Such ectopic shoot buds are called bulbils when located above ground and
bulblets when regenerated below ground (Suh and Roh 2014). Natural regeneration methods
include the formation of bulblets in the axil of the leaves, adventitious formation of bulblets
along the proximal side of the stem and adventitious formation from the roots of the bulb. The
most common commercial propagation method in lily is called “scaling”. Scaling consists of
detaching the scales from the bulb, chopping the scales in pieces and culturing these explants
in a moist and warm environment to obtain bulblets (Bach and Sochacki 2012). The number
and size of regenerated bulblets as well as the time required to regenerate them depends on
the genetic background of the bulb and on the position within the bulb scale from which the

explant was taken (chapter 5).

Lily bulb scales are modified leaves that serve as an underground storage organ (Le Nard and
de Hertogh 1993). Interestingly, scaling in lily works for bulb scales, but it does not work for true
leaves. True lily leaves require the addition of exogenous hormones and other components in
the medium to be friggered for regeneration (Yin et al. 2013). Natural formation of ectopic
meristems in leaves has been reported in some dicot species, such as tomato and begonia. In
tomato, ectopic meristems can arise from a delimited (distal leaflet boundary) area within the
base of the leaflet (Rossmann et al. 2015). This area is characterized by smaller epidermal cells
and a lower density of frichomes and stomata, suggesting a lower level of differenfiation and
the possible pre-existence of a population of pluripotent cells, from which the ectopic
meristems will initiate. On the other hand, in begonia, regenerated plantlets seem to arise de
novo from the main vasculature of the leaf and leaf petiole once a leaf explant is excised and

cultured in moist (Cassells and Morrish 1985).

The subsequent developmental stages of lily bulblet regeneration in the scaling approach
have been described very well by Marinangeli et al (2003). The researchers reported that once
the excised explant recovers from the wounding, the ectopic meristems initiate at the proximal-
adaxial side of the explant. They did not report finding a population of less differentiated cells
in the area where the meristems initiate, although they suggested a tight link between the veins

of the scale and the origin of such ectopic meristems (Marinangeli et al. 2003).

Meristem regeneration originating from the vasculature has been demonstrated in the root of
the model species Arabidopsis (Atta et al. 2009; Sugimoto et al. 2010; Marhavy et al. 2012).
Lateral roots emerge from the pericycle cells, which are pluripotent cells surrounding the

vasculature of the main root (Dubrovsky and Rost 2001). Meristem regeneration via callus
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formation has also been documented in pericycle-like cells surrounding the vasculature of
aerial organs (Sugimoto et al. 2010). Moreover, shoot regeneration from pericycle cells can
occur directly without an intermediate step of callus formation (Atta et al. 2009). Independent
of the exact regeneration route, pericycle cells require an auxin maximum to frigger the initial

cell divisions that will ultimately give rise to the new meristems (Dubrovsky et al. 2008).

Auxin polar redistribution upon lily scale excision, as one of the first events required for bulblet
regeneration, has been suggested already in the 80s of last century (Van Aartrik and Blom-
Barnhoorn 1981). By adding an auxin polar transport inhibitor (TIBA), it was found that bulblets
do not longer regenerate exclusively at the proximal side of the scale and elevated
concentrations of TIBA inhibited bulblet regeneration completely (van Aartrik and Blom-
Barnhoorn 1983). At the same time, the number of regenerated bulblets can be increased by
adding low levels of synthetic auxin (van Aartrik and Blom-Barnhoorn 1983). This increase is very
likely caused by the accumulation of synthetic auxin at the proximal-adaxial region of the

explant and the creation of more auxin maxima points from where the meristems can arise.

To date there is no clear evidence for the exact histological origin of bulblets regenerated from
bulb scales. Although lily bulb scales constitute a good model system to study de novo
regeneration in non-model monocot species due to their efficient regeneration, other
constraints, such as the low transformation rate and lack of molecular tools, make it
challenging to work with this species and system. Nevertheless, elucidating which
characteristics confer lily scales their high regeneration potential could aid in understanding
the recalcitrance in regeneration of other related and economically important species, such
as tulip. In this study we aimed to investigate the possible cellular and physiological factors that
grant lily bulb scales their competence to regenerate. For this purpose we focussed on the
regeneration events consistently observed at the proximal-adaxial side of the bulb scale

explant.

Results

Investigation of proximal-distal regeneration differences

To explore what mechanisms could control the recurrent proximal-adaxial regeneration in lily
bulb scales, we performed two initial pragmatic experiments. First, since in our study system the
explants were always cultured up-right with their proximal excision surface resting on the base
of the moist chamber, we wondered whether gravity played a role in redistribution and

creation of an auxin maximum at the base of the explant once it is excised from the bulb.

To test this idea we cultured explants upside down, in a way that the original proximal region
became the new distal region (Fig. TA). We expected to promote higher regeneration at the
original distal side of the explant, which has now become the proximal side. Nevertheless, most

of the bulblets regenerated at the new distal side (Fig. 1B-D) although some regeneration
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occurred also at the new proximal side (Fig. 1B,D). This observation suggests that there must be
a mechanism to favour regeneration at the original proximal side of the explants such as
remembering their original position. However, the regeneration percentage at the original
proximal side reduced to half when cultured upside down (Fig. 1B), indicating that gravity can

affect polar regeneration.
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Figure 1. Influence of gravity during bulblet regeneration. A. Lily bulb explants were dissected from
the scale in a way that a proximal and a distal excision were made. The explants were cultured up-
right with their proximal region in contact with the base of the moist chamber, or upside down with
their distal region in contact with the base of the moist chamber. B. When explants are cultured
upside down, the number of regenerated bulblets at the original proximal region diminished to half
compared to when they are cultured with their proximal side at the base. Moreover, gravity can
activate bulblet regeneration at the original distal area when the explant is cultured upside down.
C. An average of four bulblets regenerates at the distal region of the explants cultured with their
proximal side down. D. An average of two bulblets regenerate at the original proximal region when
cultured upside down, and much less often they can also regenerate a small bulblet at the original
distal region.

Adaxial versus abaxial regeneration capacity

Next, we wondered whether removing tissue layers at the proximal-adaxial region of the scale
were normally regeneration occurs (Van Aartrijk and Blom-Barnhoorn 1981, 1984) would inhibit
bulblet regeneration. To explore this possibility, the adaxial epidermis and half of the
parenchymatic region was removed from the base to the mid height of the scale. As a
consequence, bulblet regeneration was hindered at the remaining basal area while promoted

towards the apical region, right above the excision line.

Interestingly, the few regeneration events observed at the basal area were located at the
abaxial side of the explant. The results indicate that although the basal region has a higher
regeneration competence over the apical region, this basipetal regeneration capacity is
disrupted when the adaxial region is excised. Therefore, the adaxial region of the bulb scale

must play an important role in promoting bulblet regeneration once the explant is excised or
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wounded. Another possibility is that the adaxial parenchyma tissue is more competent than

the abaxial region.

A B
100%
5 -
~ -~ é 4 ]
=
= 2 93.3%
£ 33 .
= < Z = I
%< - 2 25
3 3 )
= 2
g 511 8%
m <
L J “ 0 —
Basal Apical Basal Apical
Control Prox-ad removed

Figure 2. Bulblet regeneration in explants with their proximal-adaxial side removed. A. The adaxial
epidermis and half of the adaxial parenchyma tfissue was removed with a surgical blade. Explants
were cultured in vifro in 2 MS agar to prevent fungal infection on the extra wounded region. The
epidermis is coloured in purple. B. Regeneration was mainly observed at the base of the apical-
adaxial area (93.3%). while a few regeneration events occurred at the basal area (8%), but all at
the abaxial side of the explant.

To explore the possible factors that favour bulblet regeneration at the basal and adaxial region
we first examined the basic histological composition of the bulb scale. From outer to inner
tissues the scale is composed of an epidermal layer, the parenchyma tissue and the
vasculature (Fig. 3A). We did not observe differences in overall cell morphology between
adaxial and abaxial epidermal and parenchymatic cells. Both adaxial and abaxial epidermal
layers contained thin but elongated cells with no detectable starch granules. Also, the
parenchyma cells in both regions looked similar and were large and rounded, containing
multiple starch granules (Figs. 3A-C). Lugol staining was used to check whether there might be
differences in the amount of starch granules throughout the explants; however, no differences

in starch granule distribution could be identified (Fig. 3D).

The vascular tissue is located in the innermost area of the scale, surrounded by medium sized
cells which lack the starch granules, typical of the parenchymatic cells (Figs. 3A and 3D). As a
typical monocot leaf, the main vasculature of lily bulb scales is arranged in parallel to the
length of the scale. On average, five main vascular bundles per scale could be detected in
the apex of the scale and a few exira are found towards the base (Fig. 3A). Besides those main
vascular bundles, the base of the scale contains tiny secondary vascular bundles which branch

from the main vasculature, and they were mostly observed at the adaxial side (Fig. 3E-H).

110



Histological origin of regenerated bulblets in lily

To investigate what seems to make the adaxial region more competent than the abaxial
region we looked at the differences in both tissues. Light microscopy did not reveal apparent
differences in e.g. cell shape or cellular starch content, other than a higher frequency of tiny
secondary vascular bundles at the adaxial side (Fig. 3). However, when looking at the nuclei
of the parenchyma cells it was evident that both basal and apical explants had on average
1.5 times more parenchyma cell nuclei at the adaxial region than at the abaxial region (Fig.
4A-C). This implies that the abaxial parenchyma cells are larger than the adaxial parenchyma

cells, resulting in less cells per given area.
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Figure 3. Histological description of lily bulb scales. A. Cross section of a bulb scale reveals similar
composition and structure of the adaxial and abaxial regions of the scale. From outer fo inner the
scale is composed of the epidermis, followed by the parenchyma and the vascular tissue in the
most inner area. Parenchyma cells are filled with starch granules, while epidermal cells did not stain
and hence, contain no or little starch. ad-p: adaxial parenchyma. ab-p: abaxial parenchyma. vb:
vascular bundle. B. Longitudinal cross section of the abaxial region. C. Longitudinal cross section of
the adaxial region. D. Lugol staining reveals an even distribution of starch granules in the
parenchyma tissue of the scale. White arrow points at a main vascular bundle, which is not stained
because of the lack of starch within its cells. E. The vasculature of lily bulb scales is arranged in
parallel and at some point they join before reaching the fip of the scale. Three main vascular
bundles are observed at the apex of the scale and seven at the mid height and base. The base
however contains more secondary vascular bundles than the mid and apex of the scale. Big arrow
heads point at a main vascular bundle, small arrow heads at small secondary vascular bundles. F.
The main vascular bundle contains the xylem (Xy), characterized by thickened cell walls, and is
located towards the adaxial side of the scale, while the phloem (Ph) faces the abaxial side of the
scale. Yellow arrows point at starch-less cells that surround the vascular bundles. G. Main vascular
bundle contains more starch-less cells than a secondary vascular bundle (see H).
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To understand how this higher number of smaller adaxial parenchymatic cells could contribute
to bulblet regeneration, we examined the proliferation rate of both regions in a time series. We
found that within five days after culture (SDAC) the number of adaxial parenchymatic cells
increased almost 5-fold, while only 2-fold for the abaxial parenchymatic cells (Fig. 4D).
Although this shows a perfect correlation of the parenchyma cell size differences between the
adaxial and abaxial regions with propagation potential, the differences might not be caused
by the size difference of the cells, but by differences in propagation stimulating signals at the
adaxial and abaxial side of the explant. Moreover, a detailed look at the proximal-adaxial side
of the explant at an early stage of meristem formation, showed that the meristematic domes
arise by periclinal and anticlinal cell division of the parenchyma tissue, while the epidermal cells
didn’'t show any sign of periclinal division activity, retaining the epidermis as a single cell layer

(Fig. 4E-H).
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Figure 4. Influence of initial parenchyma cell number on bulblet regeneration and origin of bulblet
regeneration. A. Cross section of a basal explant stained with DAPI. Big arrow head indicates a main
vascular bundle, open arrow head a secondary vascular bundle. B. Cross section of an apical
explant stained with DAPI. C. Basal and apical explants stained with DAPI reveal on average double
the amount of parenchyma cells in the adaxial than in the abaxial area. D. Cell proliferation at the
fifth day of culture (5DAC) increases five-fold in the adaxial area, while only two fold in the abaxial
area. E. Scanning Electron Microscopy (SEM) of the proximal-adaxial side of an explant where a
meristematic dome is forming. The typical long epidermal cells (white arrow) divide aft this later
dome stage of bulblet formation, resulting in smaller and irregular shaped epidermal cells (double
arrow head). Bar: 100 pyM. Cross (F-G) and longitudinal (H) section of the initial stage of the
meristematic dome formation. The dome protfrudes by periclinal and anticlinal cell division of the
parenchyma cells. Single arrow in F-H points at the non-dividing parenchyma cell, double arrow
head at the dividing parenchyma cells and arrow at the epidermal cells not showing periclinal cell
proliferation in this initial stage of dome formation in the regeneration process.
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A role for the epidermal cell layers?

Since upon removal of the proximal-axial fissues, including the epidermis, regeneration
occurred at the base of the more distal adaxial region and the abaxial side of the explant,

where the epidermis was still intfact (Fig. 2), we wondered if the epidermis might be crucial in
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Figure 5. Influence of the epidermis on bulblet regeneration. A. Explants of approximately 0.4 x 0.4 x
0.4 cm were excised from the scale and their adaxial and abaxial epidermis were left intact (+ +),
removed at the abaxial (+ -), at the adaxial (- +) or at both sides (- -) and cultured in vitro. B. Bulblet
regeneration percentage at the adaxial (ad) and abaxial (ab) region was assessed in the four types
of explants. Results indicate that when the adaxial epidermis is removed general regeneration
capacity diminishes and is favoured at the abaxial side. Removing both epidermises is detrimental
for bulblet regeneration and it also disrupts regeneration polarity for the rare occurring regeneration
events. C. Bulblef regeneration at the adaxial side in a “- +" explant. D. Bulblet regeneration at the
abaxial side in a “- +" explant. E. Bulblet regeneration in a “- -" explant. Note that the bulblet
regenerated on top of the explant. F. Ratio of adaxial/abaxial number of nuclei per mm2in explants
with their adaxial epidermis removed “- +" when a regeneration took place at the abaxial side. The
ratfio indicates that cell proliferation was favoured at the abaxial side, in confrast to the control
situation "+ +". G. Nuclei visualization by DAPI staining in “+ +" explants with a regenerated bulblet
at the adaxial side. H. Nuclei visualization by DAPI staining in “- +" explants with a regenerated
bulblet at the abaxial side. White arrow head indicates the base of the regenerated bulblet.

constraining bulblet regeneration. To test this hypothesis, we cultured explants of approximate
0.4x0.4x0.4 cm with their adaxial, abaxial, or both outer layers removed, and assessed their

regeneration capacity (Fig. 5A). We found that the epidermis does confribute to the
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regeneration competence because explants without any of these layers hardly regenerated
(Fig. 5B). Moreover, the few regeneration events in this type of explants are located at random
and no longer atf the proximal-adaxial side (Fig. SE). Also, it seems that adaxial epidermal layer
exerts a higher influence in the regeneration capacity because when absent, regeneration
diminishes dramatically and switches to the abaoxial side (Figs. 5B and 5D), while there is no

significant effect when the abaxial epidermis is absent (Figs. 5B and 5C).

This result suggests the existence of a signalling component, such as a hormone, protein or
metabolite in the epidermal layer that confers enhanced regeneration capacity. To proof this
idea we cultured epidermis-less explants with or without adding the ground material of the
removed epidermis to the culture medium. Unfortunately, no significant rescue of regeneration

capacity could be observed (Fig. 6).
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Figure 6. Adding the epidermis to the growth medium did not rescue the poor regeneration
capacity of epidermis-less explants. A. Regeneration percentage of explants with (+ +) or without (-
-) epidermis, grown in standard medium (Control) or with freeze dried and ground epidermis added
to the medium (EAM). B. Regeneration of + + explants grown at controlled conditions. C.
Regeneration of - - explants grown at EAM, the bulblet rose at the distal abaxial side of the explant.
White arrows indicate the adaxial side of the explant.

A role for the vasculature in bulblet regeneration?

The test the previously proposed link between the vascular bundles and bulblet regeneration
(Marinangeli et al. 2003), we cultured explants of approximately 0.4x0.4x0.4 cm with and
without a main vascular bundle (Figure 7A) and assessed their regeneration capacity. We
reasoned that if the vasculature is playing a positive role during bulblet regeneration, explants
holding a main vascular bundle would show a faster and higher percentage of regeneration

than explants without a primary vascular bundle. Nevertheless, although explants without main
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vascular bundle seemed initially fo reach a higher percentage of regeneration, both type of
explants reached 50% of regeneration at 15 DAC. After this time, explants with a main vascular
bundle reached 100% regeneration significantly faster than explants without vasculature
(Figure 7B-C), but both reached a similar number of regeneration events (1 bulblet/explant).
Moreover, no cellular protrusions were observed from the vascular bundle towards the adaxial
side (Figure 7D).
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Figure 7. Influence of main the vascular bundles during bulblet regeneration. A. Small explants
(0.4x0.4x0.4cm) were excised from the scale holding or not holding a main vascular bundle. B. The
regeneration percentage in both types of explants was very similar and both reached 50% of
regeneration by 16DAC. C. Bulblet regeneration in explants holding a main vascular bundle or not.
Both type of explants regenerated one bulblet per explant. D. Cross section of an explant with a
vascular bundle at TODAC. No meristem dome was observed yet but there are many cell divisions
ongoing at the adaxial parenchyma tissue, and they do not seem to protrude from the vascular
bundle.

Discussion

Lily is a species with an enormous regeneration efficiency and this regeneration capacity is of
special interest because it appeared to be inherent to particular cells in e.g. bulb scales and
occurring without the need for external hormonal treatments. Intrigued by this observation, we
decided to study from which particular cells regeneration of new bulblets in scales is initiated
and to explore which factors equip these cells and fissues with their high regeneration
capacity. The fact that the explants require a transversal excision line to regenerate bulblets
and that those bulblets arise at the base of the explant, on top of the excision line, suggests
that a regeneration promoting substance accumulates at the excision line due to basi-petal
(towards the root) longitudinal transport disruption. In many experimental systems (reviewed in
(Ikeuchi et al. 2016)), including lily (Van Aartrijk and Blom-Barnhoorn 1981), auxin has proven to

be a regeneration friggering hormone and hence, a good candidate for the basi-petal
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transported regeneration signal in lily scale explants. In leaves, auxin is produced and
franslocated to the root passively through the phloem (De Schepper et al. 2013) or actively
through epidermal and endodermal cell layers of the leaf and stem (Morelli and Ruberti 2002;
Blilou et al. 2005). This fransport is mediated by transmembrane proteins such as the auxin influx
(AUXT/LIKE AUX1 (AUXT/LAX) family of proteins and the efflux PIN FORMED (PINs) proteins
(Petrasek et al. 2006; Vieten et al. 2007). Since bulb scales are modified leaves, its auxin

transport pattern presumably resembles that of the leaves.
What favours bulblet regeneration at the proximal side of the explant?

We showed that gravity has an effect on the position of regeneration and that regeneration
at the distal side can be achieved, although at low rate, when the explant is cultured upside
down. This shows some remembrance of the original orientation of the explant and that
probably, for at least a while, auxin is transported towards the original base. However, the
recurrent regeneration at the proximal side seems to be controlled by gravity and probably, a

reorientation of the auxin transport direction.

In Arabidopsis, shoots and roots remember their orientation through the sedimentation of starch
granules at the base of the columella cells in the root (Blancaflor et al. 1998) and endodermal
cells in the shoot (Fukaki et al. 1998; Friml et al. 2002). When tropism changes, such starch
granules redistribute at the new base of the cell, inducing a re-polarization of PIN3 proteins
within 3 minutes, to create an asymmetrical auxin redistribution that helps the shoot or root re-
orientate (Friml 2003). So far PIN3 proteins have only been observed in endodermis and gravity

sensing tissues (Friml et al. 2002).

It is possible that lily bulb scales possess a similar mechanism to remember their original
orientation, so upon excision, polar auxin fransport towards the original proximal excision line is
activated to induce regeneration as a survival mechanism. Unfortunately, no PIN protein
fluorescent marker lines are available in lily fo prove this hypothesis. Endodermis cells in the
shoot (stems and leaves) are located at the periphery of the vascular bundles. Nevertheless,
we did not observe starch granules in those cells, but mainly in the parenchyma cells. Thus, if
lily scales possess a starch-based mechanism to keep track of their orientation, it is more likely
that such mechanism lays in the parenchyma cells. Given the enormous amount of starch
granules within the parenchyma, it is fedious to image the cellular organelles by light
microscopy but electron microscopy in scales with less starch e.g. young scales, could test the

existence of this starch-based orientation mechanism.

The fact that apical explants regenerate less bulblets and at a slower pace than basal explants,
although both should have the same mechanism to activate basi-petal polar tfransport upon
wounding, might be due to differences in regeneration competence. But what causes those

differences in competence level?2 We did not observe morphological differences between
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apical and basal tissues other than the number of vascular bundles. Basal explants have more
main and secondary vascular bundles due to branching of the vasculature to cover the wider
area at the base of the scale. If the pericycle-like cells that surround the vasculature were the
source of regeneration, as has been reported for Arabidopsis (Sugimoto et al. 2010), having
more veins would increase the regeneration capacity of the explant. Nevertheless, we did not
observe differences in final regeneration percentage and only differences in regeneration
speed in explants with or without a main vascular bundle. Moreover, we did not see any cellular
protrusion coming from the vascular bundle towards the adaxial region, as happens when

shoots regenerate from root pericycle cells (Atta et al. 2009).

Another explanation could be that having more vascular bundles per unit area can provide
the explant with more vascular transported resources, such as hormones. As stated before,
hormones can be passively transported via the phloem, but also actively throughout the plant
via the endodermis and the epidermis (Morelli and Ruberti 2002; Blilou et al. 2005). It is possible
that when we excised explants without a main vascular bundle, there were still secondary
veins, reason why regeneration was not affected in such explants. If that was the case, it would
mean that regardless the size of the vascular bundle, they promote regeneration by
redistributing the necessary hormones upon wounding. To proof this idea further, explants
without any vein should be tested, but unfortunately, in practice this is not an option because

it is impossible to excise an explant of sufficient size without any vein ftissues.

What makes “adaxial” so special in lily bulb scales?

Another recurrent event during lily bulblet regeneration is the adaxiality of regeneration.
Besides finding more secondary veins in the adaxial area, we also found smaller and hence,
more parenchyma cells. This adaxial parenchyma cells proliferated at a higher rate than the
abaxial ones, creating a gradient of cell proliferation favouring the adaxial side of the scale.
Thus, the combination of more veins and a bigger population of starting cells in the adaxial

parenchyma tissue seems to grant more competence for bulblet regeneration.

We also showed that this gradient in cell division can be inverted, although at low frequency,
when the adaxial epidermis of the explant is removed. In that case, regeneration arises at the
abaxial side of the scale, where the abaxial epidermis is present. This indicates that both
adaxial and abaxial regions in the scale are competent to regenerate bulblets, although at

different level, and that the epidermis plays an important role during regeneration.

We hypothesise that the epidermis contains a hormone, hormone-like or peptide compound
that is able to trigger regeneration in adjacent parenchyma cells, and that this trigger is
probably produced at higher levels by the adaxial than the abaxial epidermis. Unfortunately,

our attempt in a pilot experiment to activate adaxial regeneration by adding ground adaxial
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epidermal material fo the medium did not result in the rescuing of regeneration in epidermis-
less explants, neither in enhanced regeneration in control explants. It might be that the
epidermis dose was insufficient or that the triggering factor got degraded while processing the
epidermis material. Nevertheless, since the few regeneration events in epidermis-less explants
did not follow the normal basipetal polarity, it is possible that the epidermis has a role in
positioning the future ectopic meristems. The fact that an intact epidermis is crucial for certain
key processes in plant development, shoot growth and plant defence and that the epidermis
is in constant cross talk with the surrounding fissues (Javelle et al. 2011), lead us to speculate

that the epidermis plays an important role during lily bulblet regeneration.
Conclusions

Detailed morphological observations upon perturbation of the original ‘scaling’ protocol (Rees
1992) provided insight in the cellular and physiological origin and causes of regeneration
capacity in lily. Our results and previous observations of regeneration capacity upon treatment
of explants with the polar auxin transport inhibitor TIBA (van Aartrijk and Blom-Barnhoorn 1983),
indirectly support the idea that wounding and auxin redistribution are tightly linked to promote
bulblet regeneration in lily bulb scales. Based on the location of first cell divisions and the
position of regeneration we propose that there must be cross talk between the wounded cells,

the epidermis and the inner tissues which transport hormones.

The wound creates a disruption of polar auxin transport, auxin accumulates at the wounded
area and it triggers cell proliferation and dedifferentiation which are required for bulblet
regeneration (Chapter 5). The higher competence of the adaxial parenchyma tissue produces
a gradient of cell proliferation towards the adaxial epidermis, which will result in the formation
of ectopic meristems. The epidermis may play several putative roles during lily bublet
regeneration. It may control part of the polar auxin transport, guide the new auxin flux upon
auxin accumulation at the wounded areaq, provide an essential signal for regeneration (e.g.
pepfide) or a combination of the above options. Thus, a better understanding of the
composition and physiology of the epidermis in lily bulb scales will shed more light on the

elucidation of the remarkable regeneration potential of Lilium sp.

Materials and Methods

Plant material and culturing conditions

Mid-located lily bulb scales were detached from the mother bulb, rinsed with running water,
dipped for 1 minute in 70% ethanol, then tfransferred to 2% sodium hypochlorite (V/V) for 20
minutes, and finally rinsed three times with sterile MQ water for 1, 5 and 10 minutes, respectively.

The scale explants were cultured eitherin moist chambers orin vitro. In the first case the explants
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were cultured on a germination table within moist chambers with flowing water at 23°C and a
12/12 hr day/night light rhythm. When cultured in vitro, 2 strength MS medium was used with
0.3% phytagel (W/V), and explants were cultured at 24°C and a 12/12 hr day/night light rhythm.

Culturing explants upside down

Explants with a proximal and a distal excision line were cultured up-right either with their
proximal excision line placed at the base of the moist chamber, or upside down, with their distal
excision line placed at the base of the moist chamber. In the second case, the original proximall
area became the new distal area and vice versa for the original distal area. The number of

regenerated bulblets was assessed at 35 days after culture (35 DAC).
Culturing of scales with their proximal-adaxial epidermis removed

Entire bulb scales were used in this experiment. The proximal and adaxial epidermis and part
of the adaxial parenchyma tissue was removed with a surgical blade. The mid height of the
scale delimited the proximal from the distal region. The remaining basal area of the explant
contained part of the adaxial parenchyma tissue, the main vascular bundles and the abaxial
parenchyma and epidermis. The explants were cultured in vitro to reduce the chance of fungal

infection at the wounded area. The number of regenerated bulblets was assessed at 45 DAC.
Preparation and culturing of explants with or without a main vascular bundle

Explants of approximately 0.4 x 0.4 x 0.4 cm were excised from the bulb scale at the region
between two main vascular bundles, or having a vascular bundle in the middle. The first
explants were considered as not having a main vascular bundle, although we cannoft rule out
the possibility that little secondary veins were present. Both explants with and without a main
vascular bundle were cultured in vitro standing up-right and bulblet regeneration was assessed
at 45 DAC.

Culturing of explants with their adaxial, abaxial or both adaxial and abaxial

epidermis removed

Explants of approx. 0.4 x 0.4 x 0.4 cm were excised from the bulb scale and their adaxial, abaxial
or both adaxial and abaxial epidermis was removed with a surgical blade. The explants were
coded as “+ +" when no epidermis was removed; “+ -" when only the abaxial epidermis was
removed; “- +" when only the adaxial epidermis was removed; and “- -" when both epidermal
layers were removed. The explants were cultured in vifro standing up-right and bulblet

regeneration was assessed at 45 DAC.

119



Chapter 6

Culturing of explants with ground material from the adaxial epi- and
endodermis added to the medium

The adaxial outer layers of many sterile mid-located bulb scales were excised with a surgical
blade, collected in liquid nitfrogen and freeze dried overnight. The dried epidermis was ground

info a powder and added to the 2 strength MS mediumin a 1.3 % (W/V). As control the same

2 strength MS medium was used, but without epidermis material added.

Explants of aprroximately 0.4 x 0.4 x 0.4 cm were excised from the bulb scale and both adaxial
and abaxial epidermis were left infact orremoved (+ + and - -, respectively). The explants were
cultured in vifro (in medium either containing, or not containing, the ground epidermis) in 24-
well suspension culture plates (Greiner-Bio One) with 2ml medium per well. The explants with
epidermis (+ +) were cultured up-right on the medium. Explants without epidermis (- -) were

submerged in the medium to avoid dehydration. Bulblet regeneration was assessed at 45 DAC.
Toluidine Blue and Lugol’s iodine staining and microscopic imaging

Explants were collected and immediately vacuum infiltfrated in 4%
formaldehyde for 30 minutes and transferred to fresh 4% formaldehyde
overnight. Next day, the explants were dehydrated in an ethanol series (10, 30,
50, 70, 90, 96, 100, 100 %) and infiltrated with Technovit 7100 (including hardener
1) in three steps (Hereaus Kulzer, Germany), followed by Technovit 7100 plus
hardeners 1 and 2 reagents (Hereaus Kulzer, Germany). The explants were
sectioned to a thickness of 20 um with a rotary microtome (Zeiss HM340E).
Sections were stained in 0.05% toluidine blue (Merck, Germany) or 0.33% Lugol's
iodine (Sigma-Aldrich) for two minutes, rinsed with water and dried on a warm
plate at 42°C. the sections were mounted and imaged with a Zeiss Axioskop

microscope with DS-U2 camera and NIS-Elements imaging software (Nikon).

DAPI staining and visualization

Five representative explants per treatment were freshly sectioned with a Reichert Austria sliding
microtome with a thickness of 300 um. Three cross sections per explant were stained with 1.25
ug/ml of DAPI. Imaging was done with a Zeiss Axioskop epifluorescent microscope with DS-U2
camera and NIS-Elements imaging software (Nikon). The overlapping images of one cross

section were stitched together with Adobe Photoshop software (http://www.adobe.com) and

the resulting empty area was filled with the picture background pixels to generate rectangular

panels. Three random field areas without main or secondary vascular bundles were selected
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to count the number of nuclei per mm2. The number of nuclei was assessed with Imagel

software v.1.490 and the average of three field areas made one biological observation.
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Chapter 7

A molecular approach to study vegetative propagation in non-model and

bulbous species

Model species are critical for a thorough understanding of the mechanisms supporting life in
the different kingdoms. Plant model species have relatively low number of chromosomes, short
life cycles, extensive genetic and "omics” datasets available, and are easily transformed. In
that sense, model species can function as interactive encyclopaedias which cover several
groups, as it is e.g. the case for Arabidopsis thaliana representing eudicots and Oryza sativa
representing monocots. However, given the complexity of plant life and survival mechanisms
in the plant kingdom, model species do not always cover all specific traits of certain

taxonomical ranks.

Geophytes, such as lily and tulip, are taxonomically highly diverse (more than 800 different
genera) (Benschop et al. 2010), they have complex and lengthy life cycles, large genomes,
and diverse vegetative propagation strategies. Nevertheless, we prove in this thesis that model
species are of great value to get a better understanding of regulatory pathways in bulbous
plants, e.g. for gene annotations (chapter 3), identification of specific gene features (TgTBT in
chapter 4; LoERFI115 and LoWOX-likel3 in chapter 5), and design of targeted molecular
approaches (chapter 4). However, model species would fail to recreate the complex plant
architecture of fulip bulbs or the de novo regeneration capacity of lily bulb scales. Thus,
definitely more research is needed to build comprehensive datasets of bulbous plants and of

non-model species.

Several studies in the past century that aimed to improve the propagation capacity of tulip
have adopted a classical physiological approach. Classical physiological studies must not be
underestimated, because various important horticultural practices used to date come from
such approach. One example is the development of “forcing” as a technique to shorten the
tulip life cycle for cut flower production industry (Benschop et al. 2010). However, interpreting
merely physiological assessments without a fundamental understanding of the processes and
mechanisms behind, can be misleading and sometimes inaccurate. For example, different
hormonal, chemical, and temperature freatments have been applied to bulbs of different
species and at different stages of the growing cycle, or to explants grown in vitro, in order to
influence the propagation capacity (summarized by (Okubo 2012; Bach and Sochacki 2012)).
One example is that ethylene applied to tulip mother bulbs after anthesis can increase the
number of daughter bulbs, but it also brings irreversible negative effects to other tissues. The
authors proposed back then, in 1976, that DNA and RNA studies were necessary as a follow up
to understand the true effect of ethylene on fulip morphogenesis (Klyne and Phan 1976).
Nevertheless, despite the enormous flight molecular studies have taken in plant model species

over the last decades, studies in bulbous species are rare.
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Genetic studies have broadened the knowledge of e.g. resistance traits in flower bulbs (Barba-
Gonzalez et al. 2005; Baldwin et al. 2014; van Tuyl et al. 2012), but their resolution is significantly
affected by the high heterozygosity level (Benschop et al. 2010), the resolution of the physical
map, and the quantitative variability of the frait. An attempt to find putative quantitative trait
loci (QTL) for axillary bud outgrowth capacity in tulip through a genetic approach was
undertaken at the start of this PhD study (data not included in this thesis), using a Tulipa
gesneriana x T. cantata population (Tang et al. 2015). Unfortunately, the variation in number of
daughter bulbs produced was limited and together with the relative small size of the
population, this approach was not powerful enough to detect genomic loci influencing
vegetative reproduction capacity. A way to solve this issue, is fo generate different, well-
designed, and large segregating tulip populations. However, this is a very laborious and time
consuming approach with the current breeding methods because of the lengthy life cycle of
tulip. This highlights even more the necessity fo invest in an alternative “omics” approach that

would pave the road for future studies.

As stated in chapter 1 and 2 of this thesis, molecular approaches in bulbous plants bring a lof
of challenges because of the huge size of their genomes and lack of a reference genome
sequence from any bulbous plant species. Therefore, we chose to focus on the franscriptome
of both fulip and lily to reduce the level of complexity; however not having a reference
genome brought other challenges, such as the enormous number of in silico predicted gene

isoforms, as can been seen from chapter 3.

One of the biggest challenges when studying vegetative propagation in flower bulbs at the
molecular level is the difficulty of functional analysis to prove predicted gene functions. First
because of the lack of a rapid, stable and efficient fransformation protocol that results in the
formation of bulbs instead of shoots (NURez de Cdceres et al. 2011); and second because
model species do not form bulbs, so translational research based on model species is either
not possible, or could be misleading. For example, bulbs are considered compressed plants
where bulb scales are homologues to leaves (De Hertogh and Le Nard 1993b) and as such,
knowledge on development of a model species may sfill be informative. However, the fact
that natural and de novo bulblet regeneration in lily is only highly efficient in bulb scales and
not in true leaves, is an indication that the high regeneration capacity of this species is inherent

to specific and probably unique features of bulb scale fissue.

Due to the lack of efficient methods, no functional analysis of lily or tulip genes was carried out
in this PhD project; however, it does not necessarily mean that it is not possible to prove the
function of some of the identified and highlighted genes in the near future. Transient gene
silencing in lily bulb scales could bring valuable understanding of the potential key regulators
of de novo regeneration in this species. This functional analysis could be achieved using virus-

induced gene silencing (VIGS) by vacuum infiltrating small bulb scale explants. This
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methodology has recently proven to work in the geophyte species Gladiolus hybridus, when
used to silence ABSCISIC ACID INSENSITIVE 5 (GhABIS) in cormels (Wu et al. 2015), which are
underground storage organs, representing structures homologous to daughter bulbs in tulip, or
to bulblets in lily. Furthermore, VIGS was recently successfully applied in lily vegetative tissues
and flowers (Tasaki et al. 2016), highlighting the potential of this methodology. Additional

information about possibilities of this methodology will be discussed further on in this chapter.
What can we learn from axillary bud outgrowth in tulip?

In chapter 4 it was shown that although TgTB1 expression correlated with the degree of axillary
bud growth (‘A’ buds never ceased to grow and this correlated with their low expression of
TgTBI; whereas dormant ‘D’ buds showed higher relative expression of TgTB1), downregulation
of TgTBI in dormant buds was not sufficient to sustain their growth. We also observed that the
time of axillary bud initiation plays a fundamental role in determining the dormancy status of
the buds. For example, the number of bulb scales might be linked to the time of axillary bud
initiafion. To understand better this axillary growth regulation, the plant architecture and
developmental processes have to be taken into consideration. The first important aspect to
consider is that three generations can be contained in one bulb: the mother bulb, its axillary
buds, and the axillary buds of the axillary buds. In other words, one mature (flower bearing)
mother bulb at planting time contains on average six daughter buds (axillary buds), which in
turn will produce grand-daughter buds by the end of the growing season (Rees 1968). At the
practical level, this means that any treatment given to the mother bulb, aiming to remove
axillary bud dormancy, is also received by the daughter and grand-daughter buds and

therefore, would very likely show its effects by the end of the following growing cycle.

The second aspect is that axillary meristems are formed from outside to inside in the bulbs and
that in principle, these initiated buds will make one or two scales and then enter a dormant
state (Chapter 4, (Rees 1966)). However, the buds that are initiated when the shoot apical
meristem (SAM) of their mother has transitioned into the reproductive state (‘A and B’ buds in
tulip), are able to skip this kind of dormancy (Chapter 4 and (Rees 1968)). This parficular
dormancy is known as paradormancy and imposed by apical dominance (Lang et al. 1987).
Thus while ‘A’ buds are formed later but continue forming new scales during the growth cycle,
‘D' buds remain with two or three scales only. It seems logical to think that the growth capacity
of an axillary bud is linked to the number of scales and that in that sense, ‘A’ will always grow
more than ‘D’ buds. However, if ‘D’ buds have the potential to re-initiate scale formation once
TgTB1 is levelled down after anthesis of the mother bulb, why does it not occure Based on our
results, it is tempting to propose that the SAM of ‘D’ buds loses responsiveness to re-initiate scale
formation when subjected for too long to TgTBI. This responsiveness is very likely confrolled by

activating and repressing signals targeting the meristem. These signals could come from players
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of the TgTB1 pathway, such as hormones; or could be independent, such as callose deposition

in the plasmodesmata; or related to sink strength.

Therefore, since the meristematic activity of tulip axillary buds was not studied in this thesis, it is
worth investigating whether the SAM of a dormant bud is really inactive after TgTB1 expression
is downregulated. Cyclins (CYC), HISTONE 4 (H4) and HISTONE 3 (H3) would be good molecular
markers to study meristem activity and competence (David Law and Suttle 2004; Gaudin et al.
2000). Moreover, the expression of other marker genes involved in axillary bud outgrowth or
repression identified in model species or other geophytes could bring more insight info the
regulatory mechanism in fulip. Examples of those genes are 9-CIS-EPOXICAROTENOID
DIOXIGENASE 3 (NCED3), ABSCISIC ACID INSENSITIVE 5 (ABI5), and CAROTENOID CLEAVAGE
DIOXYGENASE8 (CCDS8), (Yao and Finlayson 2015; Gonzdlez-Grandio et al. 2017; Gomez-
Roldan et al. 2008; Liang et al. 2010; Pasare et al. 2013; Gonzdlez-Grandio and Cubas 2014; Wu
et al. 2015; Hartmann et al. 2011).

The complexity in the architecture of tulip bulbs is reflected in the differential outgrowth
efficiency of axillary meristems and hence, propagation rate through axillary bud
development. Researchers interested in increasing this rate could think of a way to increase
the number of the innermost axillary buds, which are the ones that are the latest formed after
the SAM has switched to reproductive development and that skip dormancy. Although it was
not reported in chapter 4, the external scales had sometimes two axillary buds located in close
vicinity. The frequency of this axillary bud duplication depended on the cultivar. But as being
‘D' or ‘E' type of buds, they fell info dormancy and did not result in commercially-sized
daughter bulbs. Thus, it would be interesting to investigate whether the axil of the scales where
‘A and B’ buds arise do have the competence to initiate more than one bud as well. For
instance, it has been reported that a treatment with frichostatin A (TSA), a histone
deacetylation inhibitor, together with the synthetic cytokinin BAP, in leaf axils of Arabidopsis,
induces the expression of WUSCHEL (WUS), a gene required for the inifiation of a shoot meristem
(Wang et al. 2017). This result in Arabidopsis suggests that axillary bud initiation requires a
permissive configuration of the chromatin so that WUS can be induced by a cytokinin pulse
(Wang et al. 2017). In line with this hypothesis, it was shown previously that the induction of
somatic embryogenesis by auxin, which also involves de novo meristem formation, can be
significantly improved by TSA treatment (Li et al. 2014a). In order to predict whether similar
mechanisms play a role in tulip, a deeper understanding of the initiation of fulip axillary
meristem initiation is required. Moreover, the time window to induce the initiation of those buds
has to be taken into consideration, since it might only work for a short period after the SAM has

transitioned to the flowering state.
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De novo bulblet regeneration in lily bulb scales, de-differentiation?

The term de-differentiation in relation to regeneration has been questioned by some
researchers e.g. (Sugimoto et al. 2011), because of the findings that callus, a tissue long time
thought to be formed by de-differentiation, rather arises from pre-existing meristematic cells
(pericycle) in Arabidopsis (Atta et al. 2009; Sugimoto et al. 2010). Although we cannot label
pericycle cells in lily in order to trace their putative involvement in bulblet regeneration, we
showed in chapter 5 and chapter 6 that regeneration arises from differentiated parenchyma
cells. Moreover, we showed that those cells undergo massive and asymmetrical cell
proliferation and lose their starch granules typical from parenchyma tissue, indicating that de-

differentiation took place.

Thus the high regeneration capacity of lily bulb scales could rely on their capacity to de-
differentiate into a competent tissue. In Arabidopsis, such competent tissue is callus. We did
not find evidence for callus formation in lily explants (chapter 5 and é), such as disorganized
cell proliferation, neither expression of few root markers that are representative for the early
stage of callus development (lkeuchi et al. 2013). However, we did find LoWOUND-INDUCED
DEDIFFERENTIATION 2 (LoWIND2) highly expressed within one day after the start of culture in all
explants, and it is known that callus induced by WIND genes does not display the typical root
meristem markers (lwase et al. 2011a). Is then this de-differentiated and proliferated tissue a
type of callus not described before2 More targeted research in this direction would for sure

shed light info the answer.
De-differentiation, regeneration and epigenetic regulation

Epigenetic regulation, which refers to heritable changes in gene expression and not caused
by changes in the DNA sequence, include DNA modifications, such as DNA methylation and
glycosylation; chromatin modifications such as histone methylation and acetylation; and small
RNA-mediated regulation (Neelakandan and Wang 2012). There is increasing evidence of
epigenetic regulation during regeneration (Tanaka et al. 2008; lkeuchi et al. 2015; Li et al.
2011b; Wang et al. 2017). For example, the DNA methyltransferasel mutant, meti, displays
lower levels of DNA methylation and higher expression of WUS during regeneration. This
mutation enhances the regeneration capacity and timing of regeneration compared to the
wild-type (Li et al. 2011a). Moreover, the protein complex POLYCOMB REPRESSIVE COMPLEX2
(PRC2), which maintains the repressive chromatin state, is involved in preventing the re-
acquisition of stem cell fate in lateral organs of shoots (Lodha et al. 2013). Also, PRC2 targets

genes involved in cell dedifferentiation such as WIND3 (lkeuchi et al. 2016).

In chapter 5 it was indicated that LOSWINGER (LoSWR), which encodes a polycomb group
protein, was highly induced within the first day after the start of culture and this expression

increased further in time. Moreover, there were no differences in LoOSWR expression level among
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the explants with different regeneration efficiency, indicating that this gene is necessary for
regeneration but not causal of the differences in fiming and number of regeneration events.
SWR in Arabidopsis plays a major role in regeneration, more specifically in the capacity to
regenerate callus from leaves (He et al. 2012). Thus, although we did not investigate in detail
the expression of genes involved in epigenetic regulation, the expression pattern of LoOSWR
suggests that chromatin modification plays an important role in de-differentiation during de
novo regeneration in lily bulb scales. In this sense, lily bulb scales are a good model system fo
investigate the bases of chromatin changes during de-differentiation and organ regeneration.
In this PhD study one pilot experiment was performed in this direction, in which TSA treatment
(the histone deacetylase inhibitor discussed above) was performed during the scaling process
(data not included in this thesis). Under the tested conditions, this resulted in a block of
regeneration instead of increased regeneration. Though, it might be that the freatment was
not given at the right moment and furthermore, in depth analyses at the cellular level will be
needed to investigate the exact effects of such a treatment and to understand the mode of
action. Due to time constraints, we didn’t follow up this pilot experiment, but in light of what is

discussed above, it would be a good direction for future research.
What is the trigger to induce ectopic bulblet regeneration?

Wounding definitely triggers regeneration in lily and other species that have a native de novo
regeneration capacity, such as begonia and crassula (Hartmann 2014). But wounding in this
context refers to excising the explant completely from the mother plant. Interestingly, when lily
explants are detached in a reactive oxygen species (ROS) scavenger solution and cultured in
a medium containing ROS scavengers, regeneration does not occur and the survival of the
explants is compromised (van Rossum 1997). This observation suggests that ROS is friggering a
regeneration response, although we did not manage to prove this in chapter 5. However,
wounding responses are highly diverse and their inferconnection makes it difficult to dissect the

true wounding signal that might activate regeneration.

Whatever this signal is, we proposed in chapter 5 and 6 that APETALA 2/ETHYLENE RESPONSE
FACTORS (LoAP2/ERF) might be key integrators of wounding, induction of cell proliferation and
de-differentiation and polar auxin redistribution. Nevertheless, more research is needed to
prove this model. The implementation of a transient gene silencing protocol, as mentioned at
the start of this chapter, would be of great help to understand the role of ERFs in the proposed
regeneration model. For instance, it would be interesting to test whether the induced cell
proliferation is e.g. mediated by LOWIND2 and/or LOERF115. Moreover, it is important to know
whether polar auxin redistribution which is proposed to be a key initial process is mediated by
LoERF109 or just simply a result of mechanical interruption of the auxin flow caused by the
wound. However, it is necessary to first prove that polar auxin redistribution occurs, which is not

a matter of course in lily because of the lack of stably integrated fluorescent markers for auxin
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distribution and auxin efflux carriers. A first start could be to use radioactive-labelled auxin to
trace its fransport by different tissues of the scale, such as main vascular bundles, parenchyma
and epidermis. A similar approach is described by (Spicer et al. 2013) in order to address the

identification of polar auxin transport in poplar.

Moreover, to elucidate further the gene networks that grant lily their high regeneration
capacity, a more detailed franscriptome study could be done, in which the temporal and
spatialresolution is improved. For example, a saturation of time points previous to the expression
of LoESR2, a gene involved in shoot formation (lkeda et al. 2006; Matsuo et al. 2011) and proved
to correlate with the regeneration capacity of the lily explants (Chapter 5) should be included.
Those time points could be 0, 0.5, 2, 16 and 24 hours after excision and explant culture. Also,
instead of using entire bulb scales, small explants of maximum 0.5 cm wide should be used, to
make sure that only one bulblet is regenerated in the explant, fo overcome a lot of variation in
signal due to differences in number and timing of regenerating bulblets. Finally, fo increase the
resolution and to take the findings of chapter 6 info account, the small explant could be
divided info four regions: adaxial epidermis, adaxial parenchyma, abaxial parenchyma and

abaxial epidermis.
Role of the epidermis in de novo bulblet regeneration in lily bulb scales

As it was discussed in chapter 6, the lily epidermis seems to enhance regeneration and to play
a role positioning the niche where the ectopic meristem will regenerate. That place is normally
at the adaxial and proximal side of the explant (Chapter 6). Unfortunately, we could not identify
the regeneration stimulating compound in the epidermis by a classical tissue culture approach.
Thus, a combined metabolomics, proteomic and transcriptomic approach in a time series
during regeneration, would profoundly help unravelling the role of the epidermis in de novo
regeneration and to identify the regenerating stimulating and positioning compound(s)

produced in this cell layer.
Lily bulb scales as a model to study regeneration recalcitrance in tulip?

Because we aimed to understand and improve vegetative reproduction in lily and tulip, it is
worth speculating about how the results obtained in lily could be transferred to recalcitrant
tulip. There are two bofttleneck aspects during in vitro regeneration in tulip. First, the limited
amount of competent tissues and second, that regeneration results in shoots and not in bulbs
(Flavell 2009; Alderson and Rice 1983; Alderson and Taeb 1990; Baker and Wilkins 1988;
Maslanka and Bach 2014; Minas 2007; Podwyszyrska 2006; Podwyszynska and Sochacki 2010;
Taeb and Alderson 1990b). Young floral stalks are the most commonly used explant in fulip
because they bypass the callus stage and regenerate adventitious shoots under shoot
induction medium (Alderson and Taeb 1990). However, the amount of explants that can be

obtained from this tissue is very limited, a reason why the regenerated shoofts are re-used for
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several rounds of regeneration in order to multiply the starting material (Podwyszynska and
Sochacki 2010).

From a scientific perspective, it would be interesting to find out whether the low competence
in tulip fissues is due to limited expression of the fast-induced integrators of regeneration
observed in lily, e.g. LOAP2/ERFs (ERF115, WIND2 and ESR2); and chromatin remodelers such as
LoSWR (Chapter 5). Although in the last case, more information about epigenetic control would

have to be generated first from the efficient lily regeneration system.

From an applied perspective, the limited number of starting material for regeneration in fulip
might be overcome by increasing the regeneration competence of e.g. scales, by treating
them with chromatin remodelling targeting compounds. In line with this approach, using the
two inner scale axils of bulbs around the fime of transition to the reproductive state, as
mentioned earlier, might result in axillary bulbs instead of shoots and as such, this would solve
the second mentioned bottle neck. Finally, it would be interesting to fest the putative
regeneration enhancing function of lily scale epidermis when added to the growth medium of
tulip explants, although for this it is probably the best to first get this technology opfimally

running in lily.

Concluding remarks

The aim of this thesis was to understand the mechanisms that control vegetative propagation
in fulip and lily bulbs. Despite the challenges of studying a non-model species with very limited
biotechnological resources and tools, this thesis set a physiological, cellular and molecular basis
of how axillary bud outgrowth is confrolled in fulip bulbs, and how regeneration capacity is
established in lily bulb scales. Moreover, it friggers new research questions for both the
fundamental and the applied communities. For further confirmation and thorough
understanding of the described mechanisms it is necessary to invest in the development of
biotechnological tools for gene function verification and life-monitoring of molecular processes
in bulbs. Furthermore, based on the outcomes of this thesis and gained experiences,
experimental set ups can be improved, and e.g. detailed hormone measurements and
metabolomics approaches could be followed to investigate the complex sink-source

relationships that play a pivotal role in vegetative propagation.
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Summary

Vegetative propagation is very important for the survival of species with long juvenile and adult
vegetative phases, as it is the case for bulbous plants. Bulbous plants are ornamental
geophytes with a bulb as an underground storage organ. Among flower bulbs, tulip and lily are
the two commercially leading plants in The Netherlands. Tulip propagates vegetatively via
axillary bud outgrowth, while lily propagates via adventitious bulblet formation. The vegetative
propagation rate in tulip is very low due to the limited amount of axillary buds that will grow
successfully. Moreover, tulip is very recalcitrant to in vitro regeneration. On the other hand, lily
propagates efficiently via adventitious bulblet formation, either naturally from the underground

portion of the stem of the apical bud, or artificially from detached bulb scales.

This thesis study aimed to understand how axillary bud outgrowth is controlled in tulip bulbs and
how regeneration capacity is established in lily bulb scales. As a first step towards these goals,
the state of the art of the molecular control of sexual and vegetative reproduction was
reviewed for model species. Moreover, two approaches, “bottom-up” and “top-down”, to
fransfer the knowledge from model to non-model species were described (Chapter 2). In short,
the “bottom-up” approach usually goes from individual genes to systems, assuming
conservation of molecular pathways and using sequence homology searches to identify
candidate genes. "Top-down” methodologies go from systems to genes, and are based on
large scale transcriptome profiling via e.g. microarrays or RNA sequencing, followed by the
identification of associations between phenotypes, genes, and gene expression patterns and

levels.

Next (Chapter 3), two sets of high quality franscriptomes, one for tulip and one for lily were
generated from a collection of several tissues using the llumina HiSeqg 2000 platform. Several
assembly filtering parameters were applied, to highlight the limitations of stringent but routinely
used filtering in de novo transcriptome assembly. The final created franscriptfomes were made
publicly available via a user friendly Transcriptome browser

(http://www.biocinformatics.nl/bulbs/db/species/index) and their usefulness was exemplified by

a search for all potential transcription factors in lily and tulip, with special focus on the TCP

transcription factor family.

One TCP member was of special interest because it has proven to integrate several pathways
that conftrol axillary bud outgrowth in a wide range of species. It is called TEOSINTE BRANCHED
1 (TB1) in monocots and BRNACHED 1 (BRC1) in dicofts. A Tulipa gesneriana TB1 transcript was
identified from the generated transcripfome and subsequently, tulip axillary bud outgrowth
was studied through a “bottom-up” approach (Chapter 4). The degree of axillary bud
outgrowth in fulip determines the success of their vegetative propagation. However the
number of axillary meristems in one bulb is low —six on average- and not all of them seem to

have the same growth capacity. The combination of physiological and targeted molecular
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experiments indicated that the first two inner located buds do not seem to experience
dormancy (assessed by weight increase and TgTB 1 expression) at any point of the growth cycle,
while mid-located buds enter dormancy by the end of the growing season. Moreover it was
shown that TgTBI expression in tulip bulbs can be modulated by sucrose, cytokinin and
strigolactone, just as it has been reported for other species. However, the limited growth of mid-
located buds even when their TgTBI1 expression was naturally or arfificially downregulated,

pointed at other factors, probably physical, inhibiting their growth.

Next, the remarkable regeneration capacity of lily by initiating de novo shoot meristems from
excised bulb scales without the addition of exogenous hormones or growth regulators was
stfudied using a “top-down” approach (Chapter 5). An extensive and comprehensive
franscriptome set was generated from lily bulb scales in a fime-series using two cultivars and
two explant types, all differing in regeneration capacity. This set up provided first insight in the
key molecular process underlying pro-meristem induction and meristem inifiation in lily. We
found that wounding activates a very fast regeneration response, probably mediated by
APETALA2/ETHYLENE RESPONSIVE FACTORS (AP2/ERF,) such as LoERF115 and WOUND INDUCED
DEDIFFERENTIATION 2 (LoWIND2), which in turn might mediate polar auxin re-distribution, cell
proliferation and de-differentiation. Moreover, the timing and level of induction of shoot
meristem regulators, such as ENHANCER OF SHOOT REGENERATION 2 (LoESR2) and SHOOT
MERISTEMLESS (LoSTM) correlated with the regeneration capacity of the scale.

Regardless the regeneration capacity of the different explants e.g. cultivar or position within
the scale, regeneration occurs at the proximal-adaxial side of the bulb scale, right on top of
the excision line. Thus the possible cellular and physiological factors granting lily bulb scales
their competence to regenerate was investigated (Chapter 6). We found that the adaxial
parenchyma tissue seems to be more competent than the abaxial tissue, partially because of
higher number of secondary veins and larger cell population than the abaxial parenchyma
region. It was proposed that upon explant excision, the polar auxin transport is disrupted,
creating an auxin maximum at the excision line, which might create a gradient of cell divisions
favouring the adaxial parenchyma tissue. The direction of this cell division gradient proved fo
be negatively affected by the absence of the adaxial epidermis. Moreover, explants without
epidermis reduced dramatically their regeneration capacity, and lost the typical proximal-
adaxial orientation of regeneration. Thus, a better understanding of the composition and
physiology of the epidermis in lily bulb scales is essential to identify the regeneration stimulating

signals originating from this tissue layer in Lilium sp.

Finally in Chapter 7, integration of all the results was done and | addressed how this may
contributes to the fundamental and applied understanding of vegetative propagation in
bulbous plants. Also, some challenges are discussed, for example, the complexity in the

architecture of fulip bulbs and how this influences ways for improving its rate of axillary bud
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outgrowth. The challenge to prove the findings of this thesis through functional analysis is also
discussed and the possibility of using transient virus-induced gene silencing is highlighted.
Moreover, the potential of lily bulb scales as a model system to study some aspects of de novo
regeneration, as well as to study the recalcitrance of in vitro propagation is highlighted,
supporting the idea that more “omics” data and biotechnological tools for bulbous plant

research are necessary.
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