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Abstract:

This Ph.D. thesis is dedicated to physiological effects of abscisic acid (ABA) during early
development of tomato seedlings. More specifically, it is focused on the influence of ABA on
hypocotyl elongation. The aims of the thesis are:

1. Systematic study of the ABA metabolic changes during early development of tomato
seedlings.

2. Physiological study of the effects of endogenous ABA in the early development especially in
the growth of hypocotyl of etiolated seedlings.

3. Cellular and molecular study of potential mechanisms of ABA action in the growth of
etiolated tomato hypocotyls.

First experiments were performed to analyze changes in the endogenous ABA content during
seed imbibition, germination, etiolated and de-etiolated growth of tomato seedlings. It was
observed that after dramatic decrease of ABA during seed germination in the dark, the ABA
content increases again after the radicle protrusion. Interestingly, this increase in ABA was
double-fold higher in the etiolated seedlings in comparison to the same aged seedlings that
were grown after germination in blue-light. The corresponding pattern was observed also in
the expression of key gene for ABA biosynthesis in tomato LeNCED1. Further, the effect of
ABA-deficiency in the growth of etiolated hypocotyl was studied using two mutants sitiens and
notabilis that are impaired in different steps of ABA biosynthesis. The reduced hypocotyl
growth in the mutants was observed when compared to the wild-types (WTs). When the
exogenous ABA (100 nM) was added to the mutants their hypocotyl growth was improved to
the WTs levels. The treatment of WT by ABA has no effect on hypocotyl elongation up to
concentration of 1 uM, higher concentration led to the growth inhibition. The effect of ABA-
deficiency was also mimicked by using of inhibitor of ABA biosynthesis fluridone that caused
reduced hypocotyl elongation in etiolated WT seedlings. Detailed analysis of the mutant sitiens



showed that ABA-deficiency led to the reduced growth of epidermal cells in etiolated
hypocotyl. Since important factors in cell expansion are endopolyploidic cycles, the flow-
cytometry analysis of DNA content was performed. The importantly reduced number of
endoreduplicating cells was observed in the sitiens mutant in comparison with the WT. In
parallel, the reduced expression of the cyclin-dependent kinases inhibitory proteins (ICK/KRPs)
that affect the rate of endoreduplication in plants was observed in mutant hypocotyls. When
the exogenous ABA was applied, these cellular and molecular parameters were improved to
the levels of WT. In other experiments it was shown that ABA-deficiency caused
overproduction of certain cytokinin metabolites and highly increases overall cytokinin content.
Cytokinins support cell division but inhibit DNA endoreduplication and cell expansion, causing
the inhibition of hypocotyl growth. The subsequent analysis of cytokinins showed important
increase especially in isopentenyladenine metabolites in de-etiolated WT seedlings. De-
etiolation was induced by blue-light that is strong inducer of plant photomorphogenesis. Based
on the results, we concluded that in dark conditions ABA supports the growth of etiolated
hypocotyls via inhibition of cytokinin biosynthesis and stimulation of DNA endoreduplication
and cell expansion. Conversely, cultivation of seedlings in light conditions leads to the
inhibition of ABA synthesis, stimulation of cytokinins (especially of isopentenyladenine
metabolites) and to subsequent reduction in the DNA endoreduplication and cell expansion
that finally leads to the inhibition of hypocotyl growth. Thus endogenous abscisic acid should
not be considered as general inhibitor of plant growth, since a least in tomato early seedling
development it works as a growth promoter.
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Abstrakt:

Disertacni prace je vénovana fyziologickym ucinkim kyseliny abscisové (ABA) v raném vyvoji
semenackl rajcete, konkrétné jejim vlivem na prodluzovani hypokotylu. Cile této prace jsou:

1. Systematicka studie metabolickych zmén ABA v pribéhu rané ontogeneze semenackl
rajCete a jejich ovlivnéni svétlem.

2. Studium fyziologickych G¢inkd zménéné hladiny ABA na vyvoj semenackd rajéete.
3. Zkoumani moznych mechanisma ucinkt ABA na bunécéné a molekularni drovni.

Prvni typ experimentl se zabyval zménou hladiny ABA v pribéhu bobtnani, kliceni,
etiolovaného a svételného rlistu semenacku rajcete. Bylo zjisténo, Ze po pocatecnim prudkém
poklesu hladiny ABA v pribéhu kliceni, dochazi po vykliceni k narlistu hladiny endogenni ABA v
semenaccich. Tento narust byl pfiblizné dvojnasobné vétsi u etiolovanych rostlin ve srovnani se
stejné starymi rostlinami, které po vykliceni ve tmé byly preneseny na modré svétlo. Obdobna
reakce byla zjiSténa i u exprese klicového biosyntetického genu pro ABA LeNCED1. Déle byl
hodnocen rlst dvou etiolovanych mutantll rajcete sitiens a notabilis, mutovanych v rozdilnych
krocich biosyntézy ABA. Bylo pozorovano, Ze mutované semendacky, maji zkraceny rast
hypokotylu. Pokud byla k mutantim pfiddna exogenni ABA (100 nM) rist hypokotylu
mutovanych rostlin se zcela vyrovnal ristu nemutované kontroly. Na nemutované semenacky
(WT) neméla exogenni aplikace v koncentracich do 1 uM Zzadny vliv, vyssi koncentrace vedly
k inhibici jejich rlGstu. Vliv nedostatku ABA na rast etiolovanych hypokotyl(, byl rovnéz
studovan aplikaci inhibitoru biosyntézy ABA fluridonu, ktery také ved! k inhibici ristu. Detailni
analyza mutanta sitiens ukazala, Ze nedostatek ABA vede kinhibici expanze epidermalnich
bunék hypokotylu. JelikoZz jednim z vyznamnych faktor( ovliviiujicich bunéénou expanzi jsou
endopolyploidizacni cykly, byla provedena analyza obsahu DNA v burkach hypokotylu
mutantnich a WT rostlin pomoci pritokové cytometrie. Zde byl pozorovan vyznamny pokles
poctu endoreduplikujicich bunék u mutanta sitiens ve srovnani s WT. Zaroven byla prokazana



snizend exprese genl kédujicich inhibitory cyklin-dependetnich kindz (ICK/KRP), které
endoreduplikaci podporuji. Po aplikaci exogenni 100nM ABA doslo ke srovnani zminénych
parametrd na Uroven WT. V dalSich experimentech bylo zjiSténo, Ze nedostatek ABA vede
k vyrazné nadprodukci nékterych cytokininovych metabolitli. Cytokininy podporuji bunécné
déleni na ukor endoreduplikace a vedou tak k inhibici bunééné expanze a nasledné také
k inhibici rastu hypokotylu. Na zakladé ziskanych vysledkd, byl vyvozen zavér, Zze ve tmé ABA
prispiva k rlstu etiolovanych hypokotylQ, tim Ze inhibuje biosyntézu cytokinind, podporuje
endoreduplikaci DNA a bunécnou expanzi. Naopak, za svételnych podminek dochazi k inhibici
syntézy ABA a ke zvySené syntéze cytokinin(, k inhibici bunécné expanze ve prospéch déleni a
diferenciace bunék. Endogenni kyselina abscisova by tedy neméla byt generalizovana jako
inhibitor ristu, jelikoZ minimalné v podminkach raného vyvoje semenackl rajcete pulsobi jako
stimulator.
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1. INTRODUCTION

The early seedling development occurring immediately after seed germination represents a
very unique biological situation — the true metamorphosis. In this process the heterotrophic
organism that is fully dependent on its storage reserves completely reprograms and rebuilds its
modus of life to became autotrophic, “light-consuming entity.” Even more than 200 years ago
a great poet and natural philosopher Johann Wolfgang Goethe was fascinated by the
transformation power of the plants and described the first ontogenetic steps in his essay The
Metamorphosis of the Plants (Versuch die Metamorphose der Pflanzen zu erkldren):

Bursts from the seed so soon as fertile earth
Sends it to life from her sweet bosom, and
Commends the unfolding of the delicate leaf
To the sacred goad of ever-moving light!
Asleep within the seed the power lies,
Foreshadowed pattern, folded in the shell,
Root, leaf, and germ, pale and half-formed.
The nub of tranquil life, kept safe and dry,
Swells upward, trusting to the gentle dew,
Soaring apace from out the enfolding night.
Artless the shape that first bursts into light—
The plant-child, like unto the human kind—
... (Goethe 1790).

From the time of Goethe the modern science did tremendous progress in the revealing of
substantial actions leading to the establishment of mature plant. Despite these progresses
there are still many particular questions in plant physiology that are waiting for solutions or at
least reliable hypotheses. One of them is the role of the abscisic acid (ABA) — important
regulator of plant growth — in the etiolated (skotomorphogenic) growth, de-etiolation and
photomorphogenesis. The role of ABA in the growth of young seedlings is often deduced from
the effects of exogenous ABA treatment on adult plants, especially in the stress conditions. As
shown in the review part, these studies usually conclude that ABA plays inhibitory role in the
plant growth from the germination stage to the mature plant. On the contrary, there is
important number of reports concluding opposite growth-promoting effects of especially
endogenous ABA in adult plants. These contradictions should induce an impulse for scientific
community to focus on this field of plant physiology and to bring new light to the essential
processes of early development of plants. Thus, this doctoral thesis is dedicated to early
seedling growth and tries to answer the question whether the naturally occurring
(endogenous) ABA plays the stimulatory or inhibitory role in this process. The doctoral thesis is
composed as compilation of published reports together with unpublished literature review and
some newer results intended for publication in close future. Among the literature review the
core of the thesis form chapters 6 and 7 (published also in PlosOne and Plant Signaling &
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Behavior) and chapter 8. After the thesis conclusion, in the Appendix part, other publications
of the author that are not directly related to topic of the thesis but belong to the field of plant
physiology are attached as well.
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2. AIMS AND SCOPE

Although the topic of the thesis covers wide part of plant development we focused mainly on
the “earliest” part of seedling life — the etiolated growth. The etiolated growth
(skotomorphogenesis) provides a good model to study ABA role because it is characterized by
enormous hypocotyl elongation. Thus it could be easily correlated with effects of changed ABA
content. Some experiments were also performed in contrasting conditions of blue-light that is
a strong inhibitor of hypocotyl growth. Until recently the role of ABA and more specifically
endogenous ABA in these processes was poorly investigated and particular mechanism of ABA
action was unknown.

The main aims of this doctoral thesis were:

1. Systematic study of the ABA metabolic changes during early development of tomato
seedlings.

2. Physiological study of the effects of endogenous ABA in the early development especially in
the growth of hypocotyl of etiolated seedlings.

3. Cellular and molecular study of potential mechanisms of ABA action in the growth of
etiolated tomato hypocotyls.
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3. LITERATURE REVIEW

3.1. Brief history of ABA physiology research

The abscisic acid was discovered in 60s of the last century while searching for compounds that
promote leaf abscission. The compound isolated was originally named abscisin Il and was
found also to inhibit oat cotyledon growth (Ohkuma et al. 1963). In the same time, dormin was
isolated as inducer of bud dormancy. The chemical characterization revealed the identical
structure of abscisin Il and dormin, and the compound was renamed as abscisic acid (Cornforth
et al. 1965). Paradoxically but interestingly, recent studies reported that leaf abscission is
indirectly regulated by ABA, which regulates ethylene production required for the abscission
(Cutler et al. 2010). ABA was found to antagonize gibberellins (GAs) resulting in the inhibition
of seed germination (Thomas et al. 1965). The role of ABA in plant water relations can probably
be considered as the most important role of ABA in plant growth and development. The
regulation of stomatal conductance is impaired in ABA-deficient mutants, which developed
wilty phenotype even under well-watered conditions (Quarrie 1987). Exogenous treatment
with ABA rescued the wilty phenotype in tomato flacca mutant and caused stomatal closure in
Xanthium (Imber and Tal 1970; Jones and Mansfield 1970). It is commonly admitted that ABA is
an inhibitor of plant growth but growing evidence accumulates that ABA has a stimulatory
effect on growth. Indeed, in high water potential the shoot growth of ABA-deficient maize
viviparous mutant was reduced compared to the wild-type (Saab et al. 1990). Further work on
ABA-deficient tomato mutants demonstrated that ABA rather maintains than inhibits shoot
growth in well-watered adult plants (reviewed in Sharp 2002).

3.2. ABA occurrence, biosynthesis, and catabolism.

ABA is represented in all kingdoms except Archaea, suggesting its old evolutionary origin and
its biosynthesis was evidenced in plant-associated bacteria, fungi, cyanobacteria, algae,
lichens, higher plants, protozoa, sponges and even in mammals - human granulocytes (Hauser
et al. 2011). ABA belongs to the group of isoprenoids, also called terpenoids. ABA has a chiral
centre (C-1"). Whereas two enantiomers S-(+)-ABA and R-(-)-ABA, are formed during chemical
synthesis, only the S-configuration naturally occurs in plants (Todoroki 2014). However, both
isomers show similar hormonal activities (Lin et al. 2005), suggesting that the synthetic R-
isomer mimics the endogenous hormone (Todoroki 2014).

ABA derives from isopentenyl pyrophosphate. The isopentenyl pyrophosphate can be
produced by two pathways: the mevalonate (MVA) pathway occurring in the cytosol and 2-C-
methyl-d-erythritol-4-phosphate (MEP) pathway which takes place into plastids. Whereas in
some phytopathogenic fungi ABA is produced directly from farnesyl dipshosphate issued from
the MVA pathway (direct pathway), in plants ABA originates from the cleavage of carotenoids
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that are synthesized by MEP pathway within the plastids (indirect pathway). MEP is converted
into isopentenyl pyrophosphate, precursor of geranyl diphosphate and geranylgeranyl
diphosphate. Geranylgeranyl diphosphate is precursor of a huge amount of important
metabolites such as chlorophylls, plastoquinones, but also hormones such as gibberellins and
ABA as derivatives of carotenoids. The first ABA specific synthesis step is the oxidative cleavage
of the carotenoids violaxanthin and neoxanthin into xanthoxin by the 9-cis-epoxycarotenoid
dioxygenase enzyme (NCED). Xanthoxin was discovered as a plant growth inhibitor (Taylor and
Burden 1970). The cis-xanthoxin is transported to the cytosol where it is subsequently
converted into abscisic-aldehyde by the short-chain dehydrogenase/reductase (SDR). The last
step of ABA synthesis in plants is the oxidation of abscisic aldehyde an abscisic aldehyde
oxidase (AAO) enzyme (Nambara and Marrion-Poll 2005; Schwartz and Zeewaart 2010). The
simplified scheme of ABA metabolism is depicted in Figure 1.

The inactivation of ABA is mediated by two different processes: hydroxylation and conjugation.
Three forms of hydroxylated ABA (C-7°, C-8’, and C-9') retaining a substantial biological activity
can be found, but the hydroxylation leads to the subsequent degradation steps. The principal
hydroxylation occurs on the methyl-group in C-8 position of the ring-structure. This reaction is
catalysed by a cytochrome P450 monooxygenase (CYP707A); 8 -hydroxy ABA is spontaneously
isomerized to phaseic-acid. Nevertheless, because 2% of 8-hydroxy ABA is not isomerized in
vitro, it is assumed that an enzymatic reaction is catalyzing this reaction in vivo. A soluble
reductase mediates the conversion of phaseic-acid into dihydrophaseic acid. Another process
of ABA inactivation is its conjugation with glucose. The carboxyl and hydroxyl groups of ABA
are potential targets of conjugation. The most common conjugate is ABA-glucosyl ester (ABA-
GE), which is physiologically inactive but might serve to transport ABA in long-distance
signalling. This hypothesis is supported by the fact that ABA-GE can be converted into active
ABA through a one-step hydrolysis mediated by B-glucosidases. Two B-glucosidases were
characterized in Arabidopsis: AtBG1 and AtBG2, localized in endoplasmic reticulum and
vacuole, respectively (Xu et al. 2014). Apart from glucosyl ester, other conjugates with the
hydroxyl groups of ABA and its hydroxylated catabolites were also reported (Schwartz and
Zeewaart 2010).
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Figure 1. Simplified scheme of ABA biosynthesis and catabolism.

Selected enzymatic steps in ABA biosynthesis are shown. The names of the genes encoding the enzymes that
catalyze each step in tomato and Arabidopsis are indicated; the names of genes examined in this work are
underlined. The conversion of phytoene to R-carotene is mediated by phytoene desaturase (PED); this step is
blocked by fluridone. Zeaxanthin epoxidase (ZEP) catalyzes the synthesis of violaxanthin, which is then
converted to neoxanthin. The subsequent synthesis of xanthoxin is catalyzed by 9-cis-epoxycarotenoid
dioxygenase (NCED), which is encoded in the gene LeNCED1 in tomato and disrupted in notabilis mutant.
Whereas the previous steps occur in plastids, xanthoxin is transported to the cytosol where it is converted to
the abscisic aldehyde by short-chain dehydrogenase/reductase (SDR). The final step of ABA biosynthesis is the
oxidation of abscisic aldehyde to ABA by an abscisic aldehyde oxidase (AAO), which is encoded in gene that is
disrupted in the sitiens tomato mutant. ABA degradation (shown in the red frame) is mediated by ABA 8-
hydroxylase (A8H, cytochrome P450 monooxygenase) whose product spontaneously isomerizes to phaseic
acid. The genes encoding ABA 8’-hydroxylase in tomato are SICYP707A1 — SICYP707A4. Dashed arrows
represent missing steps in the pathway. These schemes are modified according to Kitahata and Asami (2011).

3.3. ABA signalling in higher plants

It is widely accepted that hormone signal perception starts with binding of hormone molecule
to the extracellular or intracellular receptor that triggers downstream signalling cascade to
activate final physiological response (Wang and Zhang 2014). Thus the hormone receptor
should fulfil these two criteria: hormone binding and activation of signalling cascade (Venis
1985). Although numerous ABA signalling components were identified by forward genetics
(Leung and Giraudat 1998), screening for ABA receptor was unsuccessful. This is perhaps that
loss-of-function ABA-receptor mutants are lethal or provide only non-altered phenotype due to
high redundancy (McCourt and Creelman 2008). As alternative approaches, the cellular and
biochemical screening for ABA-binding proteins revealed the presence of ABA-binding sites at
the plasma-membrane, but also in the cytosol (reviewed in Wang and Zhang 2014). Recently at
least three-classes of receptors or receptor-candidates were identified: i) a plasma membrane-
associated GTPases with homology to G-protein coupled receptors (GTGs), ii) a chloroplast-
localized Mg®* chelatase (ChlH) subunit, and iii) the soluble PYRABACTIN
RESISTANCE/PYRABACTIN RESISTANCE-1 LIKE/REGULATORY COMPONENT OF ABA RECEPTOR
(PYR/PYL/RCARSs) (reviewed in Cutler et al. 2010). The signalling mechanisms for the first two
classes are still not well characterized, but PYR/PYL/RCAR class provides a link between several
of the ABA signalling elements and represents the “core signalling pathway” for ABA. The core
ABA signalling pathway is provided by network of signalling components including
PYR/PYL/RCARs ABA receptors, group A PROTEIN PHOSPHATASE 2Cs (PP2Cs) and members of
the SNF1-RELATED PROTEIN PROTEIN KINASE 2 (SnRK2) group of kinases. PYR/PYL/RCARs the
only known ABA-receptor, meeting both criteria for receptor (physical interaction and
downstream action) was not identified via classic genetic screening, but by using a synthetic
ABA analogue, pyrabactin. This compound mimicked the physiological responses obtained with
exogenous ABA treatment. The physical interaction between pyrabactin and protein named as
PYRABACTIN RESISTANT1 (PYR1) was evidenced (Park et al. 2009). PYR1 belongs to the family
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of highly-redundant PYR-like (PYLs) elements (Park et al. 2009; Szostkiewicz et al. 2010; Dupeux
et al. 2011; Hao et al. 2011; Zhang et al. 2012; Zhang et al. 2013). The interactions between
PYLs and ABI-group of PP2Cs elements were found (Ma et al. 2009; Nishimura et al. 2010) that
lead to the alternative name of the group to Regulatory Component of ABA Receptors (RCARs)
(Finklestein 2013). PP2Cs ser/thr protein phosphatases were originally identified as ABA-
responsive loci, AB/1 (ABA INSENSITIVE1) and ABI2 (Leung et al. 1994; Meyer et al. 1994; Leung
et al. 1997; Rodriguez et al. 1998). Some of the other identified members of this gene family
have no phenotype because of redundancy. Many members of the PP2Cs group were
characterized as negative regulators of ABA-response (Sheen 1998; Rubio et al. 2009). On the
contrary, the HIGHLY ABA INDUCED (HAI) mutants from the same family were shown to be
positive regulators of ABA response during germination, but negative regulators of post-
germination drought response (Bhaskara et al. 2012; Lim et al. 2012). The exception is hai2
that is a negative regulator of ABA response during germination (Kim et al. 2013). The group of
the SNF1-RELATED PROTEIN PROTEIN KINASE2 (SnRK2) was identified using thermoimaging to
detect leaves with cooler temperature as a consequence of stomata opening (Merlot et al.
2002). The SnRK2 is homologous to the OST1 (open stomata) locus, identified previously in
wheat and broad bean (Gomez-Cadenas et al. 1999; Li and Assmann 1996). In Arabidopsis, the
overlapping functions in ABA and stress response among the 10 members of the SnRK2
subfamily were demonstrated (Fujita et al. 2009; Nakashima et al. 2009; Fujii et al. 2011). The
ABA signalling via PYR/PYL/RCARs receptor represents the most complete general intracellular
ABA perception model: when the ABA binds to the PYR/PYL/RCAR protein the activity of PP2C
phosphatases is inhibited, allowing the activation of SnRK2 kinases, which in turn
phosphorylate bZIP transcription factors leading to the activation of ABA-responsive genes
(Fig.2). Although the network provides core of ABA signalling, the model fails to explain the
role of many previously identified ABA-regulators, including secondary messengers (Cutler et
al. 2010).

In addition to the mentioned intracellular signalling components, some evidences support the
hypothesis of an extracellular ABA receptor. In fact, ABA-protein conjugates cannot enter the
cell but they can activate ion channels activity or gene expression (Jeannette et al. 1999).
Indeed, ABA was found to stimulate the phospholipase D (PLD) activity in plasma membrane-
enriched fractions from barley aleurone protoplasts in a GTP-dependent manner, suggesting
the existence of an ABA receptor at the plasma membrane linked to PLD activation via G
proteins (Ritchie and Gilroy 2000). The membrane-localized G-protein coupled receptor (GTG)
was found to bind ABA and interact with heterotrimeric G-proteins (GPA) (Johnston et al. 2007;
Pandey et al. 2006). Arabidopsis gpal mutant displayed reduced sensitivity to ABA in guard cell
functions (Wang et al. 2001). Nevertheless, the increased sensitivity to ABA in regards to
inhibition of germination or root growth suggested different roles of G-proteins in distinct ABA-
mediated responses (Pandey et al. 2006). Numerous candidates were suggested to be ABA-
receptors, but with the exception of PYR/PYL/RCARs none of them was found to physically bind
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ABA. The classical genetic screens fail to identify new receptors perhaps because of high
redundancy in the members of ABA receptor pathways (Finkelstein 2013). It also suggests old
evolutionary history and physiological importance of ABA perception that is secured by
numerous elements of potentially same function.

Apart from the receptors or receptor candidates, numerous ABA signalling intermediates that
were not yet implemented into the complex receptor pathways were described. The first
identified was ABA INSENSENSITIVE group of regulators. Whereas abil and abi2 were
identified to be PP2C phosphatases as described above, other three abi mutants were
characterized as transcription factors belonging to B3- (abi3), APETALA2- (abi4) and bZIP-
(abi5) domain families (Koornneef et al. 1984; Giraudat et al. 1992; Finkelstein 1994;
Finkelstein et al. 1998; Finkelstein and Lynch 2000). Originally these regulators were thought to
be seed-specific, but later their effects in post-germination development were reported. It was
shown that they affect numerous genes in both direction — activation or repression —
depending on the targeted gene (Suzuki et al. 2003; Nakabayashi et al. 2005; Koussevitzky et
al. 2007; Nakashima et al. 2009; Kerchev et al. 2011; Monke et al. 2012). The Arabidopsis ABI3
locus was found to be orthologue of VIVIPAROUS1 (VP1) (Suzuki et al. 2001). To the family of
B3- belong also VP1/ABI3-like (VAL) factors and members of leafy cotyledon class (FUS3 and
LEC2) (Luerssen et al. 1998; Stone et al. 2001; Suzuki et al. 2007). The VAL factors regulate
many of genes which are regulated by ABI3, but have the opposite effect on their expression
(Suzuki et al. 2007). The ABI4 from the APETALA2-domain family is related to the Drought
Response Element Binding (DREB) subfamily. Although they often regulate same genes, the
action of DREB is ABA-independent. New members of APETALA2 family were identified on the
basis of binding to a coupling element (CE1) present in many ABA-regulated promoters. Many
of them are closely related to the Ethylene Response Factor (ERF) subfamily (Lee et al. 2010).
The ABI5 is a member of highly-conserved bZIP domain family that contains also other
members that are regulated by ABA. There are five ABA response element (ABRE) binding
factors (Choi et al. 2000; Uno et al. 2000) that share functional overlaps and cross-regulation
with others members of the family (Yoshida et al. 2010). Also other transcription factors that
are regulated via ABA or involved into the ABA-related stress-induced gene expression were
identified: some examples are the MYB and MYC classes (Urao et al. 1993; Abe et al. 1997), the
No Apical Meristem/Cup-Shaped Cotyledon, homeodomain-leucine zipper, and WRKY factor
families (Rushton et al. 2011).
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Figure 2. Model of ABA signalling via PYR/PYL/RCAR intracellular receptor.
In the presence of ABA the PYR/PYL/RCAR receptor binds to the PP2C phosphatase to inhibit its action. This

leads to the accumulation of phosphorylated SnRK2 proteins and subsequent phosphorylation of transcription

factors (TFs) that activate ABA-responsive genes. Figure modified from Cutler et al. 2010.
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3.4. Modes of interaction of ABA and plant water status.

Although our work is focused on the role of ABA in “non-stress” conditions especially when
considering water accessibility, the vast majority of reports is dedicated to the ABA’s role in the
plant physiological response to the low soil water content. In most of the papers, ABA action is
studied primarily in stress conditions and non-stressed plants serve only as the control, but
conclusions are generalized to overall ABA physiology (e.g. Tardieu et al. 2010). Since the shoot
growth is very sensitive to the limited water accessibility, the direct connection between shoot
growth and ABA acting as “plant water manager” was thought. It should be noted that we are
using term “shoot” as general term for vegetative aerial plant organs (leaves and stems in case
of dicots or for the leaves in the case of monocots) as it is used in key review of Sharp (2002).
The classic theory of the inhibition of leaf and shoot growth under water deficit implies
decrease of cell turgor which reduces the driving force for cell expansion (Lockhart 1965). It
was reported that leaf growth is reduced by evaporative demand with simultaneous decrease
of turgor (Shackel et al. 1987; Bouchabke et al. 2006). Moreover, affecting root hydraulic
conductivity correlated with leaf expansion and cell turgor in growing zone (Ehlert et al. 2009).
Also, the decreasing leaf elongation rate negatively correlated with increasing ABA content
within the maize leaves that underwent progressive soil water deficit (Ben Haj Salah and
Tardieu 1997). Conversely, numerous reports concluded that shoot growth inhibition is rather
metabolically regulated than directly inhibited by altered water status (reviewed in Sharp
2002). Tardieu and co-authors (2010) considered that ABA interacts with the shoot growth in
two different manners: in hydraulic (directly caused by altered shoot water potential) and non-
hydraulic (uncoupled from shoot water potential) processes. Whereas, Sharp (2002) presumed
a major role of ABA in plant growth non-hydraulic processes, Tardieu et al. (2010) believe in
the higher importance of hydraulic processes in the control of leaf growth under water deficit.

However, it was also reported that water deficit or salinity inhibited shoot and leaf growth in
spite of maintained turgor in a growing regions as a result of osmotic adjustment (Michelena
and Boyer 1982; Termaat et al. 1985; Tang and Boyer 2002). In addition the shoot growth is
sometimes so sensitive to soil drying that substantial inhibition of shoot growth can occur
before the water potential in aerial parts decrease (Saab and Sharp 1989; Gowing et al. 1990).
The non-hydraulic ABA-dependent processes that affect the shoot growth are considered to be
some types of hormonal cross-regulation, regulation of cell cycle, or expression of cell wall-
expansion related proteins (Tardieu et al. 2010). Although these processes are considered to
be too slow to play important roles in the regulation of shoot growth under water deficit, they
can play important roles during slower developmental processes (Tardieu et al. 2010). On the
contrary, the importance of water conductance for leaf growth was evidenced by
pharmacological approach: when aquaporins in a root were chemically blocked the leaf
expansion was decreased (Ehlert et al. 2009). Since the expression of aquaporins is regulated
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by ABA (Shinozaki et al. 1998) it suggested one hydraulic way through which ABA affects leaf
growth.

Another, perhaps a major one comes from the role of ABA in regulation of stomatal
conductance. Regulation of stomatal aperture represents the most obvious mechanism of
plant water management. The aperture responds to the changes in the air water demand as
well as to the soil water content through the complex network of processes that results in
modified turgor pressure of guard or adjacent epidermal cells. Guard cells are highly
differentiated epidermal cells that forms boundary of small pores in the epidermis of plant
aerial organs. Since the epidermal layer is covered by impermeable waxy surface the stomatal
pores represent major regulators of gas exchange between plant and atmosphere. The key role
of ABA in opening and closing of stomata was studied from 70’s of last century (Jones and
Mansfield 1970; Horton 1971; Kriedemann et al. 1972). Even earlier, the abnormal stomatal
behaviour was observed in wilty tomato mutants sitiens, flacca and notabilis (Tal 1966),
however at this time it was not known that they were impaired in ABA biosynthesis. Almost 3-
times higher stomatal conductance leading to higher transpiration rate and low leaf water
potential compared to the WT was shown later in flacca mutant (Bradford 1983). Although
there is no doubt that ABA is responsible for closing of stomata in the unfavourable water
status, the original site of ABA synthesis is not clear (reviewed in Dodd and Davies 2010). Since
ABA is not able to pass through the membrane at pH 8, the stomatal response of excised
epidermal strips to exogenous ABA was considered to be evidence of extracellular ABA
receptor (Hartung and Slovik 1991). However, the injection of ABA into the guard cells also
caused closure suggesting the presence of intracellular receptor and symplastic ABA transport
(Allan et al. 1994). The “on site” ABA synthesis in guard cells was described as a response to
low vapour pressure in atmosphere (Bauer et al. 2013). The effect of ABA in the regulation of
leaf growth via affecting stomatal aperture is not clear. Whereas closing of stomatal
conductance by exogenous ABA or genetic manipulation led to the inhibition of leaf growth, in
drought stressed plant, endogenous ABA can increase leaf expansion via improvement of
water relations (Sansberro et al. 2004).

ABA has been considered to be root-sourced long-distance signal of altered soil water status.
Zhang and Davies (1991) showed that xylem sap of droughted plants closes the stomata of
well-watered leaves. When ABA was removed from the sap, the stomatal pores remained open
(zhang and Davies 1991). However later reports suggested that ABA detected in the leaves
during drought probably did not originate from root, but is synthesized directly on site in the
leaf (Christmann et al. 2007). It was also shown that in wild-type (WT) sunflower plants that
were grafted onto ABA-deficient rootstocks limited soil water content still induced stomatal
closure (Fambrini et al. 1995; Holbrook et al. 2002). Since ABA can be synthesized in various
tissues, it could be rather presumed that drought-induced ABA originated from outside of the

roots, or that increase of ABA in leaves comes from the activation of ABA conjugated with
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glucose (Lee et al. 2006) or from releasing of ABA sequestered in alkaline cell compartments
(Wilkinson and Davies 2008). Although there are numerous attempts to improve plants
drought tolerance via enhanced ABA, their real agricultural benefit is highly questionable as
shown in the review by Blum (2015).
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3.5. Role of ABA in regulation of plant growth

Because plants grown under abiotic stress (drought or salt) are severely affected in their
growth and accumulate high concentrations of ABA, it was admitted that ABA is an inhibitor of
plant growth. This idea was supported by the fact that ABA applied exogenously (usually in
conncentrations above 1 pM) inhibited growth of well-watered, non-stressed plants
(Milborrow 1966; Addicot et al. 1969; Van Volkenburgh and Davies 1983; Zhang and Davies
1990; Creelman et al. 1990; Cramer and Quarrie 2002). Nevertheless, soon after the discovery
of ABA, Van Staden and Borman reported that very low ABA concentrations (10® mg.I?, i.e.
37.8 fM) led to the increase of biomass production in Spirodela oligorhiza (Kurz) Hegelm. When
the concentration was increased to 0.1 mg.I”* (i.e. 378 nM) inhibition of Spirodella growth
occurred (Van Staden and Borman 1969). McWha and Jackson (1976) showed the stimulation
of Lemna polyrhiza L. (also known as Spirodela polyrhiza) growth by ABA (1 nM). In parallel,
they reported that nanomolar concentration of ABA (1 to 10 nM) stimulated growth of intact
etiolated coleoptiles of oat and wheat (McWha and Jackson 1976). The stimulatory effect of
exogenous ABA on the growth of etiolated rice mesocotyls was repeatedly reported (Takahashi
1972; Watanabe and Takahashi 1997; Watanabe et al. 2001). Teltscherova and Seidlova (1977)
observed that in Chenopodium rubrum L. the same concentration of ABA could have different
effect on plant growth depending on the aging of the plant. Thus, high concentration of ABA
(100 pM) in watering solution inhibited growth and flowering of 3.5 day-old seedlings, but
stimulated the growth and the flowering of older seedlings (Teltscherovd and Seidlovd 1977).
The stimulatory effect of low concentration of ABA in vitro cultures of Spinacia oleracea calli
was reported by Neskovic¢ et al. (1977). Nevertheless, the growth promotion was observed only
in the presence of high concentration of the artificial cytokinin, kinetin. The stimulatory effect
of ABA alone or in combination with auxins (NAA+IAA) was also reported later for tobacco
callus cultures (Kochhar 1980).

In several species, ABA-deficient mutants exhibited dwarfism. This is the case for tomato
(Taylor and Tarr 1984; Neill and Horgan 1985; Sharp et al. 2000), barley (Mullholand et al.
1996) or Arabidopsis (e.g. LeNoble et al. 2004; Barrero et al. 2005). In Arabidopsis, mutants in
four genes encoding proteins involved in different steps of ABA-biosynthesis were described
(Schwartz and Zeewaart 2010). The mutant abal impaired in the zeaxanthin epoxidase (ZEP) is
characterized by the inhibition of rosette growth; this later was improved by low concentration
of ABA (up to 50 nM). The same concentration had no effect on the WT growth. The
histological observations revealed that mesophyll cell of the mutant leaves were smaller and
their expansion was stimulated by exogenous ABA (Barrero et al. 2005). The Arabidopsis gin1
(glucose insensitive 1)/aba2 (abscisic acid deficient 2) mutant was initially isolated based on its
insensitivity to glucose. The mutant exhibited severe growth retardation in cotyledons,
rosettes, stems, roots, and siliques in the absence of exogenous sugars and stress conditions.
The mutation impairs the short-chain alcohol dehydrogenase/reductase which catalyses the
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conversion of the plastid-derived xanthoxin to abscisic aldehyde. Genetic dissection of the
mutant clearly indicated that ABA plays an important role in glucose signalling. Moreover, the
growth defects were not improved by high humidity conditions, which supported the
hypothesis that ABA is responsible for the growth independently of water deficit (Cheng et al.
2002). GIN1/ABA2 acts downstream of the ethylene receptor ETR1 (Zhou et al. 1998), putting
to the light the regulation of ABA synthesis and ethylene signalling pathway by glucose (Cheng
et al. 2002). In the aba2/ein1 double mutant where ethylene signalling pathway is also
blocked, the root growth was partially improved compared to the single aba2 mutant, but the
shoot growth remained inhibited suggesting uncoupling of ABA effects in shoots and roots
(Cheng et al. 2002). It seems that ABA maintains the root-growth mainly via inhibition of
ethylene synthesis/action, but in the shoot part another mechanism of ABA action could be
expected. In different study, the double mutant aba2-1/etr1-1 (etr 1-1 is synonymous to einl)
shoot growth was only partially improved compared to the single aba2-1 mutant, suggesting
two mechanisms, by which ABA stimulates shoot-growth: i) the inhibition of ethylene synthesis
by ABA and ii) ethylene independent mode of ABA action (LeNoble et al. 2004).

In tomato, the wilty ABA-deficient mutants were reported as being shorter and having smaller
leaves than the corresponding WTs (Imber and Tal 1970; Bradford 1983; Quarrie 1987).
However, these effects were attributed to the inability of the mutants to retain sufficient
amount of water. Thus it appeared that the study of the mutants required that they will be
grown in the same plant water status as the WT. Three ABA-deficient mutants were identified
as notabilis (not), flacca (flc) and sitiens (sit). The not mutant is impaired in the NCED enzyme,
the key regulatory step of ABA biosynthesis (Burbidge et al. 1999); the flc mutant is
characterized by impaired molybdenum cofactor sulfurase that is necessary for the activation
of the abscisic aldehyde oxidase (Sagi et al. 2002). Finally the sit mutant is defective in the
abscisic aldehyde oxidase gene involved in the very last step of ABA synthesis (Taylor et al.
1988; Harrison et al. 2011). When not and flc mutants were grown in controlled humidity
conditions such that the leaf water potentials of the mutants were equal to those of WTs, the
shorter phenotype of the mutants remained unchanged (Sharp et al. 2000). In consistency with
previous observations of Jones et al. (1987) the stems of the mutants initially elongated more
rapidly than those of the wild types, but this fast growth was not sustained, and the mutants
became shorter at later stages of development. Shoot growth of the mutants substantially
recovered after treatment with exogenous ABA, suggesting that ABA promotes shoot growth
(Sharp et al. 2000). Ethylene production was doubled in the flc mutant compared to the WT,
but the inhibition of ethylene action by silver thiosulphate (STS) led only to a partial rescue of
shoot and root growth (Sharp et al. 2000). Also, in another study only minor recovery (about
25%) of the shoot growth was observed after spraying with STS (Chen et al. 2003). The growth-
inhibition in ABA-deficient tomato mutants was also observed as a side result in other studies
(Makela et al. 2003; Thompson et al. 2004; Aroca et al. 2008).
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Although early physiological studies suggested that ABA is inhibitor of root growth (Pilet 1970;
Pilet 1975) this opinion was critically re-evaluated over decade later (Pilet and Saugy 1987).
Main interest was then focused on the role of ABA in the growth of roots of plants with
reduced water accessibility. When the soybean was hydroponically cultivated at high-water
potential and then transferred to low-water potential vermiculite, the shoot growth was
severely inhibited, but the elongation of roots was only slightly affected. In parallel, the
endogenous ABA increased 5 to 10 times in seedlings growing in reduced water-potential
(Creelman et al. 1990). In the maize seedlings similar experiment showed that transfer to low
water potential inhibited the shoot growth, but the elongation of primary root continued with
concomitant increase of endogenous ABA in the root tip (Saab et al. 1990). Moreover, the
application of inhibitor of carotenoid-biosynthesis fluridone to the water-stressed seedlings
completely prevented the inhibition of shoot growth but inhibited by 83% the root growth. The
same response was observed in the ABA-deficient vp5 maize seedlings that are impaired in the
phytoene-desaturase involved in the same early ABA (carotenoid) biosynthetic step that is
blocked by fluridone (Saab et al. 1990). The results were strengthened by study of Tan et al.
(1997) who identified maize vp14 mutant that is impaired in the production of xanthoxin, the
main regulatory step of ABA synthesis. The mutant showed importantly reduced root
elongation, however no effects on the shoot growth were observed (Tan et al. 1997). These
studies suggested that ABA promotes growth of primary root under water-deficiency. On the
contrary when ABA content was increased in previously fluridone treated seedlings growing in
the normal root water potential (-0.03 MPa) the root growth was significantly inhibited. Also in
fluridone untreated seedlings the exogenous ABA led to lower root growth (Sharp et al. 1994).
The interaction of ABA with ethylene synthesis was observed in several studies. It has been
shown that ethylene is overproduced in water-stressed ABA-deficient plants and that this
effect is completely prevented by exogenous ABA together with restoration of root growth.
Moreover, the application of ethylene inhibitors improved the root growth of water stressed
seedlings (Spollen et al. 2000). The inhibitory effect of exogenous ethylene was shown
previously in maize by Moss et al. (1988). When the ethylene inhibitors were applied into
water-stressed seedlings with normal ABA-levels, no improvement of root elongation was
observed, suggesting that roots at low water potential exhibit an optimal ABA content for
growth maintenance (Spollen et al. 2000; Sharp 2002).

As a conclusion we can say that although ABA was initially considered as inhibitor of growth, an
increasing number of reports show its growth-promoting effects in physiological experiments.
According Tardieu et al. (2010) these contradictions could be explained by differences in the
experimental design, developmental and environmental context. Further, it can be considered
that each manipulation with ABA content lead to changes in the plant water status (Tardieu et
al. 2010). Moreover, leaf growth is defined in different ways in the literature, with different
effects of ABA for each definition. Whereas the increase in shoot biomass depends on
photosynthesis, respiration or nutrient status, the volumetric expansion of the leaf is largely
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independent on these processes on time scales of days to weeks. Although it was suggested
that ABA maintain shoot growth via non-hydraulic interaction with ethylene, it was also
hypothesized that ABA plays an inhibitory role in the non-hydraulic leaf growth (at least in
maize), but may play stimulatory (maintenance) role in hydraulic-dependent leaf growth
connected with stomata regulation (short term effect) and tissue hydraulic conductance via
increased of root water uptake (Tardieu et al. 2010). Nevertheless, it is noticeable that the
results suggesting inhibitory role of ABA are usually provided by studies employing exogenous
ABA treatments and/or mutants in ABA-signalling elements. On the contrary experiments
based on ABA-deficient mutants most often supported the stimulatory effect of ABA in the

shoot growth.
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3.6. Role of ABA in other developmental processes

In this chapter the ontogenetic functions of ABA are reviewed. However, since the
developmental step called “early seedling development” or “post-germination growth”
represents the main topic of the thesis, its review is given in separated chapter (see chapter
3.8.)

3.6.1. Embryogenesis and seed maturation

Although the detectable levels of ABA during early embryogenesis are low, the biosynthetic
pathway was shown to be active in Arabidopsis young embryos and maternal tissues, where
the transcripts of AtNCED and AtZEP were expressed (for details about ABA biosynthesis see
chapter 3.2). The strong increase of ABA biosynthesis was observed during maturation phase,
when the seed reserves are synthesized. Since the carotenoids represent important part of
seed reserves the activation of carotenoid synthesis provides increased number of ABA
precursors and subsequently ABA itself (Nambara and Marion-Poll 2005). The experiments
with ABA-deficient tobacco mutant Npabal and Npaba2 showed that during early
embryogenesis maternal ABA promotes seed growth and prevents seed abortion (Frey et al.
2004). Previously the negative effect of ABA-deficiency on the size of Arabidopsis siliques and
ovule fertilization was reported in aba2/gin1 mutant. The mutants had higher percentage of
aborted seeds resulting in low yield (Cheng et al. 2002). Conversely, during late embryogenesis
when ABA content increases, the hormone blocks the embryo growth and precocious
germination (Raz et al. 2001). The precocious germination — vivipary — is often reported as
consequence of ABA deficiency or insensitivity and this effect could be reverted by inhibition of
GA synthesis that promotes germination as was shown in maize viviparous5 (vp5) mutant.
However, in maize ABA-insensitive viviparous1 (vp1) mutant the obstruction of GA synthesis
did not prevent the precocious germination (White et al. 2000).

3.6.2. Seed dormancy and germination

The seed germination is often characterized as three phase process. During the first phase -
imbibition- the rapid water uptake is driven mainly by the physical properties of dry seed. The
second phase is characterized by lag in weight gain, during which the seed increases metabolic
activity and prepares for growth. This phase is “reversible” by re-drying of seed that can even
improve the germination potential of some species. The last phase corresponds to the

III

“decision to grow”, representing the critical “no-way-back” step. Progression to this phase is
regulated by various signals including light and water availability, salinity, temperature, and
nutrient status. All of this information must be integrated, and this is mediated by signalling
through multiple hormones that either promote (GA, ethylene, brassionosteroids, cytokinins)
or inhibit (ABA and jasmonic acid) germination (Finkelstein 2010). As noted previously, ABA is

necessary to maintain seed dormancy during late embryogenesis. Seed dormancy is considered
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as a block to the completion of germination of an intact viable seed under favourable
conditions. A completely non-dormant seed has the capacity to germinate over the widest
range of normal physical environmental factors possible for the genotype. However, dormancy
of a single seed can have any value between all (maximum dormancy) and nothing (non-
dormancy). The normal environment includes proper amounts of water, oxygen and an
appropriate temperature; seeds of some species are also sensitive to other factors such as light
and/or nitrate. The most important type of seed dormancy is physiological dormancy that is
considered to be maintained by active regulatory network (for review see Finch-Savage and
Leubner-Metzger 2006). The study of Arabidopsis and tomato ABA-deficient mutants showed
that not maternal, but embryo-synthesized ABA is responsible for induction of dormancy
during seed maturation. The seed germination is preceded by a dramatic decrease of ABA as a
consequence of both inhibition of synthesis and activation of catabolism (Nambara and
Marion-Poll 2005).

Whereas in non-dormant seeds ABA originated from embryogenesis stage, the dormant seeds
actively produce de novo ABA to maintain dormancy during imbibition (Ali-Rachedi et al. 2004).
To break the seed dormancy, stimulation of ABA-catabolism is necessary. In Arabidopsis, the
cytochrome P450, CYP707A2, plays a major role in it. Transcripts of CYP707A2 are accumulated
in maturating seeds and further increases during seed imbibition reaching the maximum about
six hours after start of imbibition and then decrease. The seeds of cyp707a2 mutant exhibited
an extremely dormant phenotype when imbibed without cold stratification. The mutant seeds
hold six time higher ABA content during imbibition than the WT seeds (Kushiro et al. 2004).
Seed dormancy and germination are regulated by a dynamic balance between ABA and GA. A
dormant embryo is characterized by a high ABA:GA ratio together with high ABA sensitivity but
low GA sensitivity (Finch-Savage and Leubner-Metzger 2006). The important metabolic process
during seed germination is the mobilisation of stored reserves. The reserves are hydrolysed by
specific enzymes that are produced in embryo and endosperm. The best characterized is the
degradation of stored starch reserves by a-amylase in cereals. The promoters of genes
encoding a-amylase contain GA-responding motif GA RESPONSE ELEMENTS (GAREs) that
serves as binding site for GA-induced transcription factors (GAMyb). The sensitivity of seed to
GA are inhibited by transcription factor VP1 (orthologue to ABI3, for details see chapter 3.3)
during late embryogenesis. ABA can also inhibit expression of a-amylase by expression of
protein kinase PKABA1 that represses GAMyb transcription factor. In many GA-induced genes
the ABA RESPONSE ELEMENTS (ABREs) were identified in their putative promotors, suggesting
a direct effect of ABA signalling elements on their expression. This was supported also by
parallel analysis of ABA content and ABI5 expression that are both reduced during seed
imbibition prior the elevation of GA-content (Finkelstein 2010).
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3.6.3. Floral transition

The floral transition that occurs in the shoot apical meristem (SAM) represents an irreversible
change in plant development and its timing is tightly controlled. Several hormonal pathways
have been identified to affect floral transition and flowering. Similarly to the growth responses
the role of ABA in floral transition is not fully clear: although generally is ABA considered as
inhibitor of flowering, in some experiments it appeared to be a promoter. The consensus as to
the precise mode of ABA action is lacking (Conti et al. 2014). The exogenous ABA treatment
inhibited flowering in Arabidopsis and other species (King and Evans 1977; Blazquez et al.
1998; Domagalska et al. 2010). However the induction of flowering during plant water
deprivation that is known as “drought escape” was stimulated by endogenous ABA via
upregulating key regulator gene FLOWERING LOCUS T (FT) (Riboni et al. 2013). The FT gene is
downregulated by exogenous ABA, but also by ABA-deficiency in the Arabidopsis abil-1
mutant (Hoth et al. 2002). The positive effect of root ABA application on flowering was
observed in Arabidopsis in study of Koops et al. (2011). Discrepancies in the reports could be
explained by circadian fluctuation in ABA levels, gating of ABA signalling as well as tissue
specific ABA signalling and transport that can interact with exogenous ABA treatment (Conti et
al. 2014). Indeed in the short day plant Pharabitis nil exogenous ABA applications during the
first part of the inductive short day are inhibitory, while when applications occurs at the end of
the night, ABA promotes flowering (Wilmowicz et al. 2011). Teltscherova and Seidlova (1977)
observed different effect of exogenous ABA on the growth of Chenopodium rubrum L. applied
into differentially old seedlings. When the relatively high ABA concentration (100 uM) was
added to the watering of 3.5 days old seedlings it led to the inhibition of flowering. When the
same concentration was added into the watering of 4.5 to 7 days old seedling, the stimulation
of flowering was observed (Teltscherovd and Seidlova 1977). Although the ABA deficiency
could help to solve the clue, their phenotypes are highly background specific and the effect of
endogenous ABA did not recapitulate the results of exogenous treatment in Arabidopsis (Conti
et al. 2014). Clearer information are provided by the tomato ABA biosynthetic mutants not and
flc that exhibited extended vegetative phase compared to the WT suggesting a positive role of
ABA in flower transition (Carvalho et al. 2011). More reports considering ABA as a promoter of
flowering originated from studies with short day plants (Conti et al. 2014). Indeed the
stimulatory effects on flowering and vyield of maize and sorghum were shown in field
experiments by El Antably (1974). Upregulation of ABA biosynthesis in soybean led to the
increase of ABA content in SAM followed by induction of floral genes (Wong et al. 2009). The
induction of flowering was also observed in long-day wheat plants treated with ABA (Hall and
McWha 1981).

3.6.4. Fleshy fruit ripening

Apart from the key role of gaseous hormone ethylene in this process, ABA is widely accepted
as important player in the ripening of fleshy fruits. Indeed, ABA is responsible for multiple
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events in fruit ripening such as coloration, sugar accumulation, acid decline and flesh softening
(Shen and Rose 2014). The key role of ABA was described in ripening of strawberry fruits
where exogenous ABA significantly promotes fruit ripening, while the application of ABA-
biosynthetic inhibitor fluridone led to the inhibition of this process. Moreover, the silencing of
FaNCED1 biosynthetic gene caused delayed in ripening (Jia et al. 2011). Apart from
strawberries, the importance of ABA in fruit ripening was evidenced in other species including
persimmon, family of citrus or prunus species suggesting that ABA is likely a common signalling
molecule that modulates many processes in both climacteric and non-climacteric fleshy fruits
(for review see Shen and Rose 2014).
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3.7. Interaction of ABA and other plant hormones

ABA is known to interact with other plant hormones in regulation of different physiological
processes. Cross-talks between ABA and other plant hormones were especially identified in
seed dormancy and germination, lateral root formation and regulation of stomatal aperture
(Sun and Li 2014).

Auxin and ABA usually act antagonistically (Sun and Li 2014). However a synergistic action of
ABA and auxin was shown in the control of seed dormancy in Arabidopsis. When auxin
signalling or synthesis was impaired, dormancy was dramatically released; in opposite, when
auxin action was increased, seed dormancy was strongly enhanced. Promotion of dormancy by
auxin was shown to be dependent on ABA-signalling and vice-versa (Liu et al. 2013). ABA was
also shown to induce expression of AUXIN RESPONSE FACTOR2 (ARF2) that is considered to be
a central integrator of auxin, ethylene, brassinosteroid and ABA signalling pathways (Wang et
al. 2011a). Whereas arf2 mutants showed enhanced ABA sensitivity in seed germination and
primary root growth, the plants overexpressing ARF2 were less inhibited by exogenous ABA
than WT. Moreover, auxin transport in root tips was enhanced by exogenous ABA in ARF2
overexpressing plants (Wang et al. 2011a). The regulation of polar auxin transport by ABA is
probably mediated via ABI4 transcription factor, since the ABI4 overexpressors showed
reduced PIN1 expression and impaired lateral root formation (Shkolnik-Inbar and Bar-Zvi
2010). Moreover, the mutants in auxin transport proteins, aux1 and pini, are resistant to ABA-
induced repression of embryonic axis elongation (Belin et al. 2009).

Together with auxin, cytokinins (CKs) are important regulators of plant morphogenesis. They
are also known to counteract ABA-dependent closure of stomatal pores via modulation of
ethylene biosynthesis (Tanaka et al. 2006). However, it was shown that exogenous ABA affects
cytokinin signalling in nodulation of alfalfa that was ethylene-independent (Ding et al. 2008).
Wang et al. (2011b) reported that CK antagonizes ABA suppression of seed germination by
downregulating ABI5 expression. Moreover the counteracting effects of ABA and cytokinins
were observed in several processes during early seedling development, especially in the
development of cotyledons. The most studied is the role of ABA and CKs interaction in the
maturation of plastids into chloroplasts. Whereas exogenous ABA blocks the plastid
maturation, keeping etiolated phenotype, CKs promote cotyledon greening by increasing
accumulation of protochlorophylide oxidoreductase enzyme in lupine cotyledons (Kusnetsov et
al. 1998). The opposite effects of CKs and ABA in barley leaves were observed. Whereas CK
activated, ABA inhibited the transcription of plastid genes and chlorophyll content (Kravtsov et
al. 2011; Yamburenko et al. 2013). Recently, Guan et al. (2014) demonstrated that CKs
counteracts ABA mediated inhibition of cotyledon greening via CK-dependent degradation of
ABI5 protein in Arabidopsis.
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The antagonistic interaction between ABA and gibberellins was reported in the seed dormancy
and germination as described in the chapter 3.6.2. However, GA importantly affects also other
parts of plant life such growth or flowering. It was shown that both ABA and GA stimulate the
expression of microRNA159, a regulator of the Arabidopsis MYB33 transcription factor. MYB33
was found to mediate ABA responses during seed dormancy, but GA responses in flowering
(Achard et al. 2004; Reyes and Chua 2007). This is an interesting example of integrating hub
that is sensitive to differently acting hormones according the plant developmental stage.
Recently, Golldack et al. (2013) revealed GA-ABA interplay in plant responses to abiotic
stresses. Indeed, they suggested that DELLA and SCL proteins integrate generic GA responses
into ABA-dependent abiotic stress tolerance.

The antagonism between ABA and ethylene was shown at the level of biosynthesis, catabolism
and signalling (Sun and Li 2014). The important cross-talks of ABA and ethylene in the
vegetative growth and early seedling development are described in the chapters 3.5 and 3.8,
respectively. Beaudoin et al. (2000) showed that endogenous ethylene promotes seed
germination by decreasing sensitivity to ABA. Whereas in seed germination, the antagonism
was observed, in root growth, ABA and ethylene act synergistically (Beaudoin et al. 2000;
Ghassemian et al. 2000). The over-accumulation of ABA was observed in ethylene insensitive
ein2 mutant (Ghassemian et al. 2000) and vice-versa the ABA-insensitive hy5 mutant
overproduced ethylene (Li et al. 2011) showing that ABA and ethylene inhibit each other
biosynthesis. Further, Tanaka et al. (2005) reported that application of ethylene prevented
ABA-induced stomatal closure suggesting that ethylene can also inhibit ABA-signalling.

Since both ABA and jasmonic acid (JA) are important players of the plant stress adaptation it is
not surprising that they interact at multiple levels. More interestingly is that their cross-talk
seems to be antagonistic, suggesting very different strategies of plant responses to abiotic and
biotic stresses (Sun and Li 2014). Exogenous ABA supresses the expression of JA-inducible
genes and these genes are up-regulated in ABA-deficient abal and aba2 mutants (Anderson et
al. 2004). Moreover, it was shown that plant overexpressing MYC2 are more sensitive to ABA
and the ABA sensitivity was lowered in myc2 mutant (Abe et al. 2003). Since the MYC2
transcription factor is the major regulator of JA-responses in Arabidopsis it was suggested that
MYC2 is an integrating hub of JA-ABA responses (Sun and Li 2014).
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3.8. ABA in early seedling development

The early seedling stage of plant growth covers a developmental window from germination,
defined as radicle protrusion to the development of the first true leaf that definitively shifts
the plant from the heterotrophic (or partially heterotrophic after de-etiolation) to autotrophic
stage. The early seedling development represents a fascinating transitional stage when
heterotrophic organism is gradually changing into the autotrophic. After germination (of
epigeal dicot species), the radicle is forming a root and the hypocotyl rapidly elongates through
the soil to bring a hook with cotyledons to the light before the reserves are exhausted. The
hook protects the apical meristem from potential mechanical damages caused by soil particles.
This fully heterotrophic part of plant life occurs in the dark, so it is called skotomorphogenesis
(skotos — darkness in Greek) or etiolated growth (étioler — from French, meaning bleach or
blanch). When the seedling perceives the light, it leads to dramatic changes in seedling
physiology that are called photomorphogenesis. The initial redirection of developmental
pattern induced by first light exposure is called de-etiolation. At the visible phenotypic level it
includes change from dark-grown phenotypes (rapidly-growing hypocotyl, closed apical hook,
small, suppressed cotyledons enclosing undeveloped leaf primordia and a pale yellow colour)
to the converse pattern of light-grown seedling (inhibited hypocotyl, straightened apical hook,
separation and rapid expansion of cotyledons and greening). At the cellular level it includes
inhibition of elongation of hypocotyl cells, stimulation of cell expansion in cotyledons and
induction of chloroplast development (Quail 2002a).

Light is not only the primary source of energy for photosynthesis but also regulates numerous
physiological responses, such as shade avoidance, flowering, germination, tropisms or de-
etiolation (Kami et al. 2010). The light is sensed by three main classes of photoreceptors: the
phytochromes (PHYA to E), the cryptochromes (CRY1 and 2) and phototropins (PHOT1 and 2),
capable of absorbing red/far-red (RL/FR) and blue light (BL), respectively (Quail 2002b). In dark-
grown seedlings, phytochrome is present in a RL absorbing form (Pr). Perception of red portion
of light spectra leads to the conversion of Pr form to the FR absorbing form of phytochrome
(Pfr). The phytochrome responses are divided into three classes according the amount of the
inducing light. Very low-fluence responses (VFLRs) can be initiated by the quantity of light as
low as 0.0001 pmol.m and saturation occurs at about 0.05 umol.m™. Similarly, low fluence of
RL is capable to induce germination of Arabidopsis seeds or inhibit the growth of etiolated oat
mesocotyls. Second category of responses is induced by photon fluences from 1 to 1000
umol.m™. These responses are referred as low-fluence responses (LFR) and they include most
of red/far-red photoreversible reactions: e.g. promotion of lettuce seed germination or
regulation of leaf movements. Third class of responses is called high-irradiance responses
(HIRs) that are induced by continuous exposure to the light of relatively high irradiance. One of
the HIRs is inhibition of hypocotyl elongation in etiolated seedlings of lettuce, mustard or
petunia. The HIRs are irreversible by FR light (Taiz and Zeiger 2010). In Arabidopsis, five
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members of the phytochrome family have been identified (PHYA to E). Individual members of
the PHY family differ in the light spectra to which they are most sensitive and/or in their
physiological responses. For example both PHYA and PHYB mediate seedling de-etiolation, but
PHYA is activated by FR rich signals, whereas PHYB responds more to the red-light-rich signal
(Quail 2002a). When etiolated Arabidopsis seedlings are exposed to RL, inhibition of hypocotyl
growth starts about 8 minutes later. On a contrary the exposure to BL induces the same
reaction in less than 1 minute (approx. 30s), suggesting that phytochromes are rather
responsible for latter phases of de-etiolation. Moreover, it was observed that hypocotyl of
phyB mutant (accumulating functional PHYA) is strongly inhibited by RL for the first 3 hours of
light exposure, afterwards the growth rate increases back to that of etiolated seedlings. On the
contrary, the phyA mutant (containing functional PHYB) is for these 3 hours completely
uninhibited by RL, but after this time the growth rate decreases to that of the WT. The double
mutant phyA phyB was then completely uninhibited along the time of experimentation (about
5 hours) showing a growth rate typical for dark-growing seedling in presence of RL (Parks and
Spalding 1999). Using Arabidopsis cryl mutant defective in BL-induced de-etiolation, studies
have demonstrated that CRY1 is the BL receptor involved in the control of hypocotyl elongation
(Cashmore et al. 1999; Lin 2000). Indeed, in the cryl mutant seedlings, hypocotyl growth
inhibition begins within approximately 30 sec of BL irradiation and reaches the same maximum
level displayed by WT seedlings after approximately 30 min of BL treatment. At this point, cry1
seedling growth accelerates, soon attaining the growth rate observed for dark-grown
seedlings. This experiment demonstrated that also BlL-mediated hypocotyl inhibition in
Arabidopsis occurs in a two genetically independent phases (Parks et al. 1998). When the same
method was used on different mutants, the PHOT1 receptor was identified as being involved in
the rapid phase of BL-mediated hypocotyl growth inhibition (Folta and Spalding 2001).

The genetic structure of post-germination growth is by default set up to photomorphogenesis
and is repressed by dark (Alabadi and Blazquez 2009). The most important molecular
mechanism that switches between skoto- and photomorphogensis is the constitutive
photomorphogenic 1 (COP1) protein. COP1 is an E3 ubiquitin ligase that mediates the
degradation of de-etiolation promoting transcription factors such as HY5 (long hypocotyl 5)
protein (Bauer et al. 2004). COP1 and transcription factors are further regulated by multiple
phytohormones. Auxin, GAs, brassinosteroids (BRs), ethylene and CKs have been widely
established as important players in the regulation of hypocotyl growth during Arabidopsis
skoto- and photomorphogenesis (Arsovski et al. 2012). GAs block HY5 accumulation and
stimulate etiolated growth by promoting transcription factors of the PHYTOCHROME
INTERACTING FACTOR (PIF) protein family (Alabadi et al. 2008). The presence of light reduces
GA content, inhibits GA biosynthetic genes expression and also induces expression of genes
involved in GA inactivation (Symons and Reid 2003a; Achard et al. 2007). Also auxin stimulates
etiolated growth and its action is negatively regulated by light via HY5 pathway (Nemhauser
2008). Mutants impaired in auxin response exhibit de-etiolated phenotype in the darkness
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(Woodward and Bartel 2005). Similarly to auxin, BR-deficient or insensitive Arabidopsis
mutants develop de-etiolated phenotype in darkness (Clouse et al. 1996; Li et al. 1996) and BR-
signalling is inhibited by light through PHYB in rice (Jeong et al. 2007). CKs, another group of
phytohormones, play an opposite role to the above mentioned BRs, GAs and auxin. The
exogenous application of CKs led to a de-etiolated phenotype of the dark-grown Arabidopsis
seedlings (Chory et al. 1994) and CK signalling pathway promotes stabilization of the HY5
protein (Vandenbussche et al. 2007). Recently, the accumulation of isopentenyladenine (iP)
after exposure to BL was reported in tomato hypocotyls, suggesting its specific role in de-
etiolation (Bergougnoux et al. 2012). The role of the gaseous hormone ethylene in
skotomorphogenesis and de-etiolation is not fully elucidated. The probably best described
action of ethylene is the triple response. When the ethylene is applied on D-grown seedlings it
leads to the development of three typical morphological changes: the hypocotyl is shortened,
thickened and apical hook is exaggerated. However in light, ethylene works opposite and
stimulates hypocotyl elongation of Arabidopsis seedlings (Smalle et al. 1997). Although the
detailed mechanism of this ambivalent action is unknown, the application of the ethylene
precursor ACC (1-aminocyclopropane-1-carboxylic acid) on cop1-4 and Coplox mutants of
Arabidopsis suggested a central role of COP1 in this process (Liang et al. 2012). The overall
regulation of skotomorphogenesis depends on various interactions between the different
phytohormones. Despite the fact that interplay between above mentioned hormones and ABA
is often reported in other physiological responses, it is rather poorly investigated in skoto- and
photomorphogenesis.

It has been shown previously that ABA can play a role in post-germination growth. The
important observations were performed in etiolated seedlings of monocotyledonous species.
The stimulatory effect of ABA in dark-grown rice seedlings by ABA was observed by Takahashi
in 1972. Addition of relatively low concentration (up to 1.5 uM) of ABA caused enormous
elongation of etiolated rice mesocotyls, but with total inhibition of coleoptile development
(Takahashi 1972; Watanabe and Takahashi 1997; Watanabe and Takahashi 1999). Moreover,
the mesocotyl growth was repressed by application of fluridone, an inhibitor of the early steps
of ABA biosynthesis (Watanabe et al. 2001). Similarly, exogenous ABA stimulated mesocotyl
growth of etiolated seedlings of foxtail millet (Setaria Italica Beauv.) dwarf mutant. ABA (0.31
uM) also showed additive effect to the GA application in the same specie (Chen and Zhou
1998). In dicots the inhibitory effects of exogenous ABA were reported. In Arabidopsis the
treatment with relatively high concentration ABA (20 uM) led to the de-phosphorylation of
plasma membrane H*-ATPase and subsequent inhibition of the growth of etiolated hypocotyl
(Hayashi et al. 2014).

3.8.1. Interaction of ABA metabolism and light

The important role of light in regulating ABA synthesis and catabolism was demonstrated in
numerous studies. Kraepiel et al. (1994) reported that the phytochrome deficient tobacco pew-
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1 mutant exhibited higher amount of ABA in seeds and leaves than the WT, suggesting that
light has an important role in the regulation of ABA accumulation. In another study,
Weatherwax and co-authors (1996) described not only that RL reduced ABA concentration in
etiolated Lemna gibba but also that dark treatment of previously light-grown Arabidopsis and
Lemna gibba plants led to a significant increase in ABA content. Symons and Reid (2003a)
observed the reduction of ABA in etiolated pea seedlings after 4h of exposure to white light.
These last authors proposed that light-mediated decrease of endogenous ABA content may be
rather the consequence than the cause of photomorphogenesis (Symons and Reid 2003a;
2003b). Nevertheless, this hypothesis is poorly probable as the involvement of phytochromes
in the alteration of ABA content suggests that the connection between light and ABA is a real
part of a physiological mechanism. Recently, it was demonstrated that null Arabidopsis mutant
in PHYB wilted at the water shortage earlier than WT plants. This was due to phyB maintaining
open stomata under a reduction in soil water availability. Although phyB presented enhanced
ABA levels under well-watered conditions, this mutant was less sensitive than the wild type in
diminishing stomatal conductance in response to exogenous ABA application. It was revealed
that reduced sensitivity of the phyB mutant to ABA is caused by low expression of ABA
receptor coded by PYL5. It was proposed that functional PHYB is important for maintenance of
plant sensitivity to ABA (Gonzales et al. 2012).

In this context, experiments evaluating effect of RL and FR on expression of ABA biosynthetic
and catabolic genes during seed germination were conducted. Thus the treatment of
photoblastic lettuce seeds by RL decreased ABA content and down-regulated the ABA
biosynthetic genes LsNCED2 and LsNCED4 (9-cis-epoxycarotenoid dioxygenase), but up-
regulated the LsABA8ox4, the ABA 8'-hydroxylase gene (Sawada et al. 2008). The lettuce
germination is a photoreversible reaction: RL stimulates the germination, but exposure to the
FR blocks the germination by increasing seed ABA content (Toyomasu et al. 1998; Seo et al.
2006). The expression of AtNCED6 was reduced by RL, but not by FR in Arabidopsis seeds. The
expression of catabolic AtCYP7072A was regulated by light in opposite manner to the
AtNCEDG6. Other AtCYP707A genes were found to be regulated indirectly by light (Seo et al.
2006). In barley grains, white light as well as BL stimulated the expression of HYNCED gene and
increased ABA concentration (Gubler et al. 2008). Whereas photoblastic lettuce and
Arabidopsis seeds need light to promote germination (Shinomura 1997), in barley light
stimulates dormancy (Gubler et al. 2008). Both barley and lettuce seeds need a decrease of
ABA to initiate germination, but they use opposite mechanisms based on their light or dark
preferences for post-germination growth. The photoreversible reaction in Arabidopsis seed
germination is mediated exclusively via PHYB photoreceptor, because in the phyB mutant the
ABA content was not reduced by RL (Seo et al. 2006). The activation of PHYB by RL causes up-
regulation of ABA1 (ZEP), AtNCED6 and AtNCED9, concurrently with down-regulation of
AtCYP7072A (Oh et al. 2007; Kim et al. 2008). This process is mediated indirectly via PIL5/PIF1
transcription factor that is a negative regulator of PHYB responses. PIL5 also directly activates
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expression of SOM (SOMNUS) gene. In the som mutant the expression levels of ABA1 and
AtNCEDG6 are reduced, whereas the level of CYP707A2 is increased compared to the wild type.
As the consequence of this mutation ABA content in som seeds is reduced (Kim et al. 2008).
The mechanism how the SOM regulates expression of ABA metabolic genes is unknown (Lin
and Tang 2014).

To our knowledge, the only systematic study on the skotomorphogenesis of ABA-deficient
mutants was performed by Barrero et al. (2008) in Arabidopsis. They observed that growth of
etiolated hypocotyl of mutants is inhibited in comparison to the WT. They studied mutants
impaired in different steps of ABA biosynthesis: aba1-101 (ZEP), aba2-14 (SDR), aao3-2 (AAO)
and aba3-101 (MoCo sulphurase) mutants (for details about ABA biosynthesis see chapter 3.2).
The inhibition of hypocotyl was most pronounced in the early step mutant abal-101
(hypocotyl length reached approx. 60% of the WT value), in other genotypes the inhibition was
less pronounced but still seeming significant (approx. 75% of the WT value). Unfortunately,
authors did not provide any statistical testing of measured data. Since the authors observed
highest inhibition in the mutant impaired in early step of biosynthesis that is common for ABA
and carotenoids, they surprisingly completely omitted the rest of the mutants and concluded
that the effective compound in skotomorphogenesis is not ABA itself but some of its
carotenoid precursor (Barrero et al. 2008).

3.8.2. Interaction of ABA signalling and light

Lim et al. (2013) revealed that ABA signalling elements ABI3, ABI5 and GA-induced
transcription factor DELLA form a protein complex on the SOM promoter in imbibed seeds
under high-temperature conditions. The SOM protein activates via unknown mechanism ABA
biosynthetic genes (Kim et al. 2008). The ABI5 is a bZIP transcription factor involved in ABA
signalling and ABA responses (Finkelstein and Lynch 2000). It was evidenced that ABI5 is
regulated by the direct binding of HY5 on its promoter region. Thus HY5 is required for the
transcription of some ABA activated genes such as ABI3, RAB18, AtEM1, and AtEMS6, in seeds
and during seed germination (Chen et al. 2008). HY5 is a target of the COP1-mediated 26S
proteasome degradation pathway and is degraded in the dark conditions (Osterlund et al.
2000). The seeds of hy5 mutant are less sensitive to exogenous ABA in term of germination
(Chen et al. 2008) and develop longer hypocotyl in the light conditions compared to WT
(Koornneef et al. 1980). Interestingly, when compared to the WT, abi5 mutant seedlings of
Arabidopsis did not show any differences in the hypocotyl growth under D, RL, BL or FR light
conditions. Only in ABI5 overexpressing seedlings the inhibition of hypocotyl elongation was
observed in BL, RL and FR, but not in D (Chen et al. 2008). However, the mutation in RPN10 and
KEG proteins that stabilize ABI5 protein led to the inhibition of elongation of dark-grown
hypocotyls (Smalle et al. 2003; Stone et al. 2006). A similar situation was described for
Arabidopsis seedlings with altered expression of SnRK2.6. The protein kinase SnRK2.6 was
described as an important signalling element of the regulation of stomatal aperture by ABA. In
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the snrk2.6 mutant as well as in the SnRK2.6 overexpressing seedlings no effects on the growth
of etiolated hypocotyl were observed. Only when the growing media was supplemented with
250 nM ABA the inhibition of SnRK2.6 overexpressing and WT, but not of the snrk2.6 mutant
hypocotyls were observed (Zheng et al. 2010).

It was further reported that the ABI3 expression was enhanced in etiolated Arabidopsis phyB
mutant seedlings. ABI3 was down-regulated in etiolated seedlings that were pre-exposed to
the RL before germination (Mazzella et al. 2005). When the GUS reporter gene was introduced
into Arabidopsis under the control of the ABI3 promoter, the reporter expression was
maximum in the cotyledons at the 1*' day after germination (DAG), diminished completely at
3" DAG, but appeared again at the base of cotyledons (top of hypocotyl) on 4™ DAG. The
expression profile of ABI3 was reversed by FR, as typical for PHYB-mediated responses. The
growth of etiolated hypocotyl was slightly enhanced in abi3 mutant and down regulated in
ABI3 overexpressing seedlings. Authors suggested a role of ABI3 as component of
phytochrome signalling that switches between seed quiescence and photomorphogenesis
(Mazzella et al. 2005). Quiescence provides the persistence of the plant in unfavourable
environment through the partial or complete arrest of meristematic growth. This arrest is
relieved immediately after the environmental limitation has been overcome (Rohde et al.
1999). In the hypothetical model of Mazzella et al. (2005) the etiolated growth is regulated by
ABI3 only indirectly via stimulation of quiescence when the etiolated hypocotyl stops
elongation and by inhibition of photomorphogenesis. The quiescence should play a role in
extreme conditions: when the seedling has a very low probability to reach the light, it will wait
until external causes will improve its chance. When the seed germinates deeper in the soil
without light the ABI3 gene is not repressed by phytochrome and support persisting of the
guiescence (Mazzella et al. 2005).

3.8.3. Role of ABA in maturation of chloroplasts and stomatal development

Important information on the role of ABA in photomorphogenesis comes from studies dealing
with the formation of chloroplast and greening of cotyledons after the exposure of etiolated
seedling to the light. It has been shown that the presence of exogenous ABA inhibits, whereas
exogenous CKs stimulate cotyledon greening in etiolated lupine (Lupinus luteus L.). Exogenous
ABA inhibited accumulation of NADPH:protochlorophyllide oxidoreductase that is a key
enzyme of the formation of photosystems | and Il after light signal (Kusnetsov et al. 1998). ABA
also inhibits the etioplast development by controlling the expression of crucial genes in the
nucleus (Kusnetsov et al. 1994). It has been reported that ABA effect in the greening process is
dependent on the developmental stage of the seedling. In barley ABA inhibited the greening
only in three days old seedlings, not in the later stages of etiolated growth (Kravtsov et al.
2011). The exogenous ABA in very high concentration (75 uM) inhibited the expression of
barley chloroplast genes (Kravtsov et al. 2011; Yamburenko et al. 2013). In Arabidopsis the
complete inhibition of cotyledon greening by exogenous ABA was also reported but at much
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more lower concentration (500 nM). The ABA-mediated inhibition of cotyledon greening was
antagonized by exogenous CK (6-benzylaminopurine) via degradation of ABI5 protein (Guan et
al. 2014). Moreover it was previously shown that ABI3 signalling pathway is necessary to
maintain unfolded, yellowish cotyledons containing undifferentiated plastids (Rohde et al.
2000). Surprisingly, when the etiolated Arabidopsis seedlings were pre-treated by ABA (5 to 50
uM) before transfer to the RL, ABA enhanced the cotyledon greening. A similar response was
observed in seedlings over-expressing EDL3, an ABA signalling element (Koops et al. 2011).
Although it was shown that endogenous CKs promotes seed germination by suppressing ABA
effects (Wang et al. 2011b), the antagonism between ABA and BAP was functional in the stage
of cotyledon greening, but not during seed germination (Guan et al. 2014), suggesting a
developmental specificity of the various compounds or signalling pathways. Another process
that is part of photomorphogenesis is stomatal development. Tanaka et al. (2013) showed that
stomatal development is retarded in the Arabidopsis ABA-deficient aba2-2 mutant. The same
response was enhanced in the mutant with increased ABA degradation cyp707alcyp707a3 or
by treatment with exogenous ABA. The stimulation of stomatal development was also
observed in the ABA-insensitive abil-1 and abi2-1 mutants (Tanaka et al. 2013).

The role of ABA in etiolated growth and de-etiolation is still poorly understood and does not
represent a topic of choice for the scientific community. Moreover the reviewed studies
brought contradictory conclusions suggesting once inhibitory and second time stimulatory
function of ABA. The aim of this thesis was to unravel the role of ABA during post-germination
growth in tomato (Solanum lycopersicum L.).
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4. MATERIAL AND METHODS

Because the material and method concerning the two published articles (chapters 6 and 7,
PLoSOne and PSB particularly) can be found within the articles, we decided not to repeat them
here and to limit the description of methods only for these which are linked to unpublished
data in chapter 8.

Plant material and growth conditions

The experiments dealing with the effect of ABA on the relative growth rate (RGR) and
application of pyrabactin were performed with the cultivar Rutgers of tomato (Solanum
lycopersicum L.). For experiments dealing to describe gene expression and endogenous CK
content in ABA-deficient mutant, the tomato sitiens mutants and its corresponding WT (cv.
Rheinlands Ruhm) were used. For the analysis of chlorophyll fluorescence the other two
tomato mutants notabilis and flacca and their WTs (cv. Lukullus and cv. Rheinlands Ruhm)
were also used. The CK profiling during etiolated growth and BL-induced photomorphogenesis
was performed in the cv. Rheinlands Ruhm. As already mentioned, the sit mutant is impaired in
the last step of ABA synthesis. The mutant not is mutated in the gene coding LeNCED1 enzyme,
a key regulatory step of ABA biosynthesis. The flc mutant is impaired in the molybdenum
cofactor sulfurase that is necessary for the activation of the AAO the last step of ABA
biosynthesis. All mutants consequently produce dramatically less ABA than the corresponding
WTs.

To obtain sterile culture, seeds were soaked in 3% sodium hypochlorite (Bochemie, Czech
Republic) for 20 min and rinsed extensively with sterile distilled water prior sowing. The seeds
were then sown in square Petri dishes (120 x 120 mm) on basal Murashige and Skoog (MS)
medium (Murashige and Skoog 1962) supplemented with 0.7% (w/v) agar in square Petri
dishes (120 x 120 mm). The pH was adjusted to 6.1 with 1M KOH before autoclaving. The Petri
dishes were placed vertically in the dark for 3 days at 23°C to induce germination. For
experiments involving BL illumination, the Petri dishes were transferred to a growth chamber
(Snijders, The Netherlands) at 23°C with continuous BL illumination provided by fluorescent
tubes (TL-D36W/18-Blue, Philips; total photon fluence rate 10 pmol.m?.s ). The light spectrum
was measured using a portable spectroradiometer (model LI-1800; Li-COR, NE, USA). For dark
conditions, Petri dishes were wrapped in aluminum foil, and placed in the same growth
chamber with the same temperature regime.

Hypocotyl growth measurement and relative growth rate (RGR) calculation

Germinated seeds were transferred to new media supplemented or not with abscisic acid or
pyrabactin (both from Sigma-Aldrich, MO, USA). Stock solution of pyrabactin was prepared in
dimethyl sulfoxide (DMSO) and the same quantity of solvent was added to the control samples;
the final concentration of DMSO in media was 0.0004% (v/v). ABA stock solution was prepared
in distilled water. Dishes were placed in a growth chamber for two days in the case of analysis
of ABA effect on RGR and three days in the experiment with pyrabactin. In order to determine
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RGR, Petri dishes were removed from the growth chambers after 24 hours and scanned on
desktop scanner, and immediately placed back to the chamber to the dark conditions. The
procedure was repeated one day later (48 hours after germination). The high-resolution
images were then analyzed for the digital length of hypocotyl (DLH) by Imagel software
(Schneider et al. 2012). The relative growth rate was then calculated according Hoffmann and
Poorter (2002) using the following equation: [[nDLH4g, — InDLH>4,] where the DLH represent the
digital length of hypocotyl measured one (24h) or two (48h) days after transfer to the new
media supplemented with ABA or control solution. In the study using pyrabactin, after 3 days
of growth in culture chamber in the dark, the length of hypocotyls was measured with ruler to
the nearest mm; 15 seedlings were measured for each concentration. The statistical analysis
was performed using Kruskal-Wallis nonparametric ANOVA test (p<0.05).

Analysis of chlorophyll fluorescence in cotyledons

Seeds were sown into the soil and grown in the growth chamber at 23°C in white LED light
(long-day 16/8, total photon fluence rate 300 umol.m?.s). One week after sowing when the
green cotyledons of ABA-deficient not, sit and flc mutants and their corresponding WTs (cv.
Lukullus and cv. Rheinlands Ruhm) emerged, the chlorophyll (Chl) fluorescence was analysed
after 20 minutes long dark adaptation. The Chl fluorescence was measured by FluorCam unit of
PlantScreen phenotyping system (Photon Systems Instruments, Brno, Czech Republic) using
standard protocol for kinetic measurement of non-photochemical quenching (NPQ). For details
about Chl fluorescence analysis and measuring protocol please see Appendix chapters 10.1 and
10.2 particularly. The theoretical background of Chl fluorescence is reviewed by Lazar (2015).
The data are presented as medians of 20 seedlings and statistical significance for particular Chl
fluorescence parameters was tested using non-parametric Mann-Whitney t-test.

Extraction and quantification of CK

Seedlings were grown on MS medium in the dark or BL as described above. After seed
germination all seedlings were transferred onto fresh MS media and cultivated in growth
chamber for one or two additional days. De-etiolated seedlings were obtained by transferring
Petri dishes under BL after germination; for the dark-grown, etiolated seedlings, Petri dishes
were wrapped with aluminum foil and cultivated in the same growth chamber. Afterwards
cotyledons, hypocotyls and roots were separated by scalpel and immediately frozen in liquid
nitrogen. The elongating zones of hypocotyl, i.e. the 1 cm-long segment situated beneath
cotyledons, were excised from independent set of seedlings. The dark-grown samples were
harvested under green light while BL-grown samples were harvested under BL illumination of
the same intensity as the one used during seedling cultivation. The collected samples were
homogenized with a mortar and pestle in liquid nitrogen. 50 mg of the sample were then
extracted, purified and analyzed by the same method as described in the article published in
PloSONE (chapter 6, Humplik et al. 2015a).
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Gene expression analysis

Seeds and seedlings were cultivated and harvested as described for ABA quantification. Total
RNA was extracted using RNeasy Plant Mini Kit (Qiagen, The Netherlands), with an additional
DNasel treatment (Takara, Japan) for 30 minutes at 37 °C, followed by heat-inactivation at 65°C
for 10 minutes. Samples were subjected to phenol:chloroform:isoamyl alcohol (25:24:1)
purification. The cDNA synthesis was performed from 0.7 ug total RNA with the PrimeScriptTM
1st strand cDNA Synthesis Kit (Takara, Japan) according to the manufacturer’s instructions.
RNA was then digested with 5 units of RNaseH (Takara, Japan) for 20 minutes at 37 °C. The
cDNAs were purified on a column and eluted with RNase/DNase-free distilled water. qPCR
reactions were performed using the SYBR Premix Ex Taq kit (Takara, Japan) and 200 nM of each
primer. Three technical repeats were performed for each sample in a two-step temperature
program. The initial denaturation at 95 °C for 10 seconds was followed by 45 cycles of 95°C for
5 seconds and 60°C for 20 seconds. The dissociation curve for each sample was monitored
during this time. All Ct values were normalized against those for the PP2Acs and Tip41like
genes (Dekkers et al. 2012). The differences in the cycle numbers of the samples during the
linear amplification phase, along with the AACt method, were used to determine fold changes
in gene expression. All results are expressed in term of “fold change”. Relative expression was
evaluated using geometrical means calculated from two reference genes in each independent
experiment. The quoted values represent the mean relative expressions observed in three
independent experiments. The primer sequences are described in Table 1.
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Table 1. Sequences of primer combinations.

Gene name Sequence 5°- 3’

SIKRP2

R ACAAGAATCAGAAGCAGAGGG
R GCCTTGTGGTTTCATTGTCG
R ATCGAAGATGCTACTGACCATG
R CTGTTGGACTCCCTGGTAATG
R GACTAGCTCCTTTGACGATGG
R TCCTCAAGTGTGCCATAACC
R AATTCCGAGTTGAGACCACG
R AAGCTGATGGGCTCTAGAAATC
Tip41like

CGAAGACAAGGCCTGAAA
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5. BRIEF SURVEY OF PUBLISHED RESULTS

Most of the data obtained in the frame of this doctoral thesis were published in two research
journal with peer review: PIoSONE (Humplik et al. 2015a, chapter 6) and Plant Signaling and
Behavior (PSB, Humplik et al. 2015b, chapter 7). The first publication deals with understanding
the role of ABA during early development of tomato using physiological, cytological, molecular
and analytical approaches. For this purpose, the etiolated growth of two tomato ABA-deficient
mutants was investigated as well as skoto- and photo-morphogenesis in WT tomato with
physiological ABA content. The second publication represents an Addendum of the first one,
and describes a detailed spatio-temporal analysis of ABA during post-germination
development. Despite the fact that a complete description can be found in the article, the
most important results are summarized herein. The links to the figures mentioned in this
chapter are written in italic and reference to the internal figure numbering of published
articles (see chapter 6 and 7). The shortcut of the corresponding article is given together with
internal figure number.

The two tomato ABA-deficient mutants (not and sit) were subjected to our analysis. We
observed in both that they have significantly shorter hypocotyl than their WT counterpart,
when grown in the dark. When different concentrations of ABA (50 nM to 5 uM) were applied,
the hypocotyl length of ABA-deficient mutants was significantly stimulated by nM
concentration but inhibited by concentrations higher than 1 pM. Whereas higher ABA
concentrations inhibited also WT growth, no effect could be observed with low ABA
concentrations, suggesting an endogenous ABA content optimal for proper growth (PIoSONE,
Fig. 2). The use of fluridone, an inhibitor of early step of ABA-biosynthesis, lowered
endogenous ABA content in hypocotyls of etiolated WT seedlings bellow 50% of the control,
concomitant with the inhibition of hypocotyl elongation (PIoSONE, Fig. S3 and 54). The
microscopic analysis showed that hypocotyl cell expansion was decreased in the etiolated sit
mutant seedlings compared to the WT (PIoSONE, Fig. 4). Moreover, flow-cytometry analysis of
the cells of the growing zone of etiolated hypocotyls revealed that endoreduplication was
restrained in the sit mutant (PIoSONE, Fig. 6A). The expression of two genes (SIKRP1 and
SIKRP3) encoding CDK inhibitors, important regulator of endoreduplication, was lowered in sit
mutant compared to the WT (PIoSONE, Fig. 6B). This correlated with suppressed
endoreduplication that occurs via restriction of cell division and contributes to cell expansion.

Since we hypothesized that ABA affects the hypocotyl growth via regulation of cell division, we
focused on CKs content. The overall CK content, analysed in whole seedling sampels, was more
than two-fold higher in the ABA-deficient sit mutant than in the WT (PIoSONE, Fig. 7A). The
molecular analysis showed that in the sit mutant the expression of CK biosynthetic gene
SILOG2 was importantly elevated (PIoSONE, Fig. 7B). In parallel, endogenous free ABA of the
whole WT seedlings was monitored from the time of sowing to early development. The ABA
concentration in dark-grown seedlings was almost twice that of BL-grown seedlings which
were in photomorphogenesis, as represented by the strong inhibition of hypocotyl growth
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(PIoSONE, Fig. 5A). The accumulation of LeNCED1 transcripts, encoding key enzyme involved in
ABA synthesis, was almost 60% lower in the BL-grown seedlings than in those grown in
darkness (PIoSONE, Fig. 5B). In opposite, BL transiently induced expression of the ABA catabolic
gene SICYP707A4 (PIoSONE, Fig. 5C). As stated in the PIoSONE article, we hypothesize that
finely-tuned control of ABA metabolism during skotomorphogenesis promotes hypocotyl
growth: ABA acts by stimulating the expression of the CDK inhibitors SIKRP1 and SIKRP3 and by
inhibiting CK biosynthesis, both of which ultimately stimulate endoreduplication and cell
expansion. While the full mechanisms of ABA action during skoto- and photomorphogenesis
remain to be determined, our observations shed new light on the role of ABA during the
development of young seedlings, and strongly suggest that at least in some stages of tomato
seedling development, ABA stimulates growth.

The spatio-temporal analysis of ABA during tomato seedling development provided us with
more detailed data than the previous whole-seedling analysis presented in the PLoSOne paper.
At the onset of germination, ABA accumulated more in the emerging radicle than in the rest of
the seed. During skotomorphogenesis, ABA concentration increased in both hypocotyl and
cotyledons to a similar extent after 96 h of cultivation. One day later, a significant increase in
ABA content was observed in cotyledons but not in the intact hypocotyl. Nevertheless, a strong
increase in ABA content was observed in the growing zone of etiolated hypocotyl. When
seedlings were grown under blue-light, ABA accumulation was significantly reduced in the
hypocotyl and cotyledons showing similar proportional distribution in particular organs as in
the dark except that analysis in hypocotyl growing zone could not be performed (PSB, Fig. 1).
More results were obtained but were not up to day published. They are presented in the
chapter 8 of the present thesis manuscript.

Based on our results, we demonstrated that:
i) ABA acts as stimulator of growth during skotomorphogenesis;

ii) ABA regulates cell expansion; at least a part of the mechanism is the regulation of
endopolyploidic cycles;

iii) An interaction exists between ABA and CKs during skotomorphogenesis to support a proper
cell expansion.
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6. ENDOGENOUS ABSCISIC ACID PROMOTES HYPOCOTYL GROWTH AND AFFECTS
ENDOREDUPLICATION DURING DARK-INDUCED GROWTH IN TOMATO (SOLANUM
LYCOPERSICUM L.)

Published as:

Humplik JF, Bergougnoux V, Jandova M, Simura J, Péncik A, Tomanec O, Rol¢ik J, Novdak O,
Fellner M. 2015. Endogenous Abscisic Acid Promotes Hypocotyl Growth and Affects
Endoreduplication during Dark-Induced Growth in Tomato (Solanum lycopersicum L.). PLoS
One. 10:e0117793. doi:10.1371/journal.pone.0117793
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Endogenous Abscisic Acid Promotes

Hypocotyl Growth and Affects
Endoreduplication during Dark-Induced
Growth in Tomato (Selanum lycopersicum L.)

Jan F. Humplik® *, Véronigue Bergougnous”, Michala Jondeei®, Jan Simuna’,
Aded Péntix', Ondfe) Tomanes”, Jdalub Aciéik', Oradfej Movak', Martin Eeliner’

1 Lefoomaiody o Growth Poegulaion & Deparimes of Chemics! Biokcgy and Genptios e of ihe Regaon
Fimas for Biclechnolofiosl and Agnoiurs Flssmarch. Facay of Soencs, Peacky Unieeny & imituen of
Ewpsadimasvial Bolarry ARCR, Comoasn. Croon e bbe, 2 Diepanimend ol lobeo s Sy Tosvies ol s
‘R Hana for Digiec nclpgical ang &g anl Frouliyod a_Palaciy Linkseriy.
o, Cisch Mapuslc, 3 Dopwtroesd of Bclamy. Fasly of Scancs, Palacky Unneemiy, Clomoie,
e Raprobiio, 4 Alegednal Comleg o &t rosd Toshiaoget asd Maleiak Dopanssn o Frogoo
Chamdury, Pamoy Loy, Diomowd. Czooh Rapabb:

=t furges G el £5

Abstract

Dark-nduced giow (skolomorphooanesis) b premany charadcierized by rapd slongalon
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wwlopmmien tal changes wach as ehibition of the st by pocolyd growih, actstion of the apiil
mimistem, sl the devdopment of e cotydedans and platids [15], The mle ol ABA in skolo-
murphogenesis i prody dscammeed, Rarrero of al. {30003 reported that dask-grown Arabi-
ez b § meedlings, <deficient in ABA -hwsynthess, had o de-stholated phenotype [16]
HEermever. since s mutant i also impaired in cerotenoid synibess, the sathors codckded
thit one of AlA"Ss camtenoid biosvmthee precurasm was responsble for this elfsct ruder than
the A4 el

En this work, we investigaied the mle of ABA dunng seotomampiogensss in omatn sed-
lings (Salamum drooperaivwes L Our study wes infended booaheewer e gaestiom [oes ABA
iontribute ko the rapld stem growth observed dunog skosomomphogeness or docs it play o role
in growih inhibetion cbeerved during tnmano dz-etiolahnf Using physiodogical and genetic
approdches we demonairased i finely -fomed regalation of ABX Boonsnstasis is required 1o
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sulis were also suppartad by the anadysis of AHA content, and the expressinn of ARA rerbolic
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enhancing endoreduplicasiom wia the elevaied expressiom of cydin-dependeni kinases (C12E}
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Materials and Methods

Plant material and growih conditions
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[Sohimaen dycopernionem L) seodlings of the Hutgers cultvvar, Inall other experimemts thae fio
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respecitvely were used The of mestant s defective in the very last step-af ABA Bicevnitheus
|E78 (Fig. 1) anad copseqguently produce dramatically less ABA than the coresponding WY
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| Bk | 14) The nod muteni is mopaired in the key cegulatony dep of A A binsimthesis, the om-
dative deaviage of 9 -cle-neoxanthin vo xamthoom {20]; and ABA prodection s abo conse-
quently reduced [i%9] [ZE]

[he seads were soaiiod i 3% soilium hypochlonie (Bochemde, Caedy Bepoblic) o 2 minnes
ansd rinsed exicnsively with erile disilled water prior to sowisg, The seeds wene then sown on
thi basal Murashige and Skoag medium [22§ supplemenied with ©07% [wiv) agar in squage
Preerd dishes (120 2 120 mim ). The pH was odjusted oo wiih 1.0 B EOH beinre autockvieg,
The Petslilishies were placed verticully in the dade fne 3 days a1 23°C 10 imclisce gerdnimation.
Far experiments involving blue light {BL) illumization. the Petri dshes were ransfered 104
grmth chamier (Soljilers. The Meberdands) al 239 with contimess (M. (leninaton provided
by Muoresoent fubes (TL-L 360 18- Bk, Philips, tota] photon fluence rate 10 pmol w75 '), The
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Hypocobyl growth measungment

Gemuinabed seeds were transhoreed 10 new media that were supplemesded 2 approprate with
abscisic ack or flurdome (hoik from. Sigme-&ldrich, MO, USAY and 0 s media that sem
not supplememed with the effeciors (oontrol samplesi. These compomds were adided 10 the
medinm as 10 mb siock solsmions. The stock sofuton of Auridone was prepansd m EI% (wiv)
ethannl and the s quanisr of sobent was added 1o the control smpled. All samples wore
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anad p baast 10 seedlings per treatsent were measiured in sach independent oxperiment. The
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mcasaned values that were used o dats nomadizatsce an: given in 51 Table, The data are pre
sented s tedlins and st asad thind guariles as they correponded 1o the pos panmer s
itstos. e mumber of expesierentol sepeats (s shown o the frgure legends, alorg with che tonal
mumber of Mgkl seoilegs,

Epidermal call langih measunsmen

Seallings ob st and W v, Rhainlands Bahm) were grovm indack o the basal Mumastoge
apd Roog medium for 4 deys after tmnsier as described abore, Then a | omn segmient from the
hypociot il base waes excised and imerediasely fixed in 2 sohetion of 4% formaldebyde, §.5% gh-
tarakkehyde ma T M TAH buffer (4 mbd PIFES, S :mb MpS04, 5 md BOTA. pH 691, Sam-
ples weene fined cvemnight in a vacuum chamber io enhamoe the peaetratos of the findive
sobation into the hypooond tssue Sebsequerndly sanophes werd washed twice with e Lx 5T5D
tuffer aned dobydrabed by incressng the concentration of ethancd saluflon | 55%, M 50%,
T3%, %, 100% 1. Each dehydratii siep lastad 20 minutes, Then the 10% ethano] washing
wish repented once and samples were incubabed overnighi The solution was then replaced by
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fresh 108 eshaned sohdtinn for stormge, Padome the anadysis Bypocoty] segrmemis weer o)
om a metal simple holder and ethanol traces evaporated in 3 minoles. Afcowands the sample
wis immeedintely tramsferned wo n scanning ebectron microscope (SEM) and photographed s
magmification 1 dong the whole lengih ol hypocotyl segmnent. The epidermal cels were prea -
sured i lmagge] soimeare [ 2] and @ non- parasseiric varans of ihe 1-1est (Mann-Wheney test)
wist applied io prove the significance of the obained date. The dat are precsewied as medians
and fist and shird quaniles. For each genotype at e 230 cells from ihree represemative by
Pyl wers andlyaed.

Extracton and quantification of ABA

T sedls aiml sasallings wene callivital in the dark dsdescribinl abive. For the analisia of
ABA, svvellmyg torre harveslod pd 8, 12, 24, 46, 75 88 and |30 hours afller sowing. To iodrdznin <e-
ctidwted seedlings & A BN analpis, the Petri disheos weee frasssferned g0 BL after seed germing-
o, which necurned 72 hours afier sowmgg Prior (i gererinatses i 7.2 hours, all seeds were ool-
levted; efler 71 hlllll‘*.-l:llll:a' germinatil seols were s far tﬂ.l]:ﬁq:. Fary Lt ﬂrl.l]".{..n riv it

ABA chelivient mutanis, the hygusastvls were e bsed anl Drarer fimmsetiatety in Topeid nif g
Thet clark-growen samples wirw hareeslind e u.ﬁl:.' greent light while Bl-groeen samples
ey harerstod undicr B Slumimalae, The collsciod samples were humogenieal with o myosar
and pesile i liguid nitregen. For deierminabon of the endogenous levels of ABA. 10 mg of ho-
mugenized tEmue were rxlmctod by using a phosphaie buffer. The simple was then pardied by
wolnd- extractam on 2 CH colmmn as descried previously for auems [ 24], except i this
sz [ HilARA was added ax am isiernad stansland, Adter evaporabon nder redeced presure,
samples were analyed for free ABA comens by UPLE §Acguity UPLC™) Wtars, USA] Tnked
1o iriple quadrupale mess detecior {Kewn T1] WS Walers, USA )L The same trend in rela-
tive ARA comient was obaerved m all beclogical repeats; hoseeer, the numberof repeats was
nat sifllcient for statistical anstyeis. Al data are presented i the mean ol the relethve ARA con-
1ot with the value obsarsed for dark. grown samples at the kst time point (120 hoors) &=t as
11 arbitrary wekts (o .} for ewh expedmsental repeal. The abmoliete vabeey obtiined in the in
depemden) repeis are reported in taliles 52 Table and 5% Lahble,

Extracticn and quantification of CHa

Fair the spaniafication of CKs, the etiolaind senllings of of andd W werr harvveted 4 days afber
thisr germinstion. The collected samples were homogenized with o mortar and pestie im higuid
niiregen. Ray myg of the smple were Ehen extracial in g modifled Bizleski buffer | methasal!
wiseriTusmie scid, 15000, W) |25], For the praificariod of roe (R pws SPE aolumns were
vk o CHR ot ylsilics -beoesd cobasnn {500 mg of mdbent, Appliad Separations ) snd an
MR oolmmm { M mg ol C1850K combinad sarbmt with calson- imchange properties, Waten)
|26k Aoalptes ware chited by tvo-ahep datiom vemga 035 M agreeos sodution of WHOH ansd
35 M NHOH m % (v'vl MelH. Sampls were thin svaporatin b deyesess under redoeed
preszane i1 30C, An Acquity VFLE System [Wakers, Milord, MALUSA), ieded ta s nple
aquadrupale mas spectrometer Xeve ™ TC MS [Wasers M5 Tochnolugies, Manchesser, UK)
eqquipped with an ebectroapray imeriaoe was paed 10 detemine syiakingn levele Stahle fabope-
labelod CK internal standards (0.5 pmol each for CK bases. ribosdes amd S-glocosides: | pmnol
eich for O glocossdes and nudectides) were sdded so cach sample during the exiraction sep o
enable scourate guantdication. The final concentration of eack analyie was caloulated from fas
ek dren b mukiple feaction monimring meode dorconatograns, s decnbed by Svadineyd
and co-gurhioms | 271 The data are preseniod as mean relacive CK contents, with the measured
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wwilues for (ke WT comtrl smples bemg set i 18 arhitrany usis {a o for ach esprimeanial
repeat, Aksolute values for three independent: repeats are govenin 51 Tahle

Analysis of gene exprassion by RealTime-gPCR

Saetadh il seedallinjes wore culivatodl sl Barvistes] as disondsed foe ARA quantilicagion, Tolsl
HHA, wens inbridtid usitig an WMy Plant Mind Kl {Oigerm The Nethar lasc, with an sbds.
toald pooimnl af TPz treatmint {Takers, fapare] for 30 it o 3750 The D | emivne
wip Uhern Beat-imictmated al 6550 Tor FLminubes, afier which the sasples were subioctal
phephehlurifurmrecannd afcobad (35:34:1] purification, The cI & gmthesis was periommml
using 1.7 pg total BMNA with she P'rima'-s'-rrip{m 17 siraned c 0844 Somihesis Ko { Takarm, Japan
qocomfimg i the mamufaeiurer’s instrections. The ENA was them digesied wih S unitsof BN
sehl (Takamn. lapan] for 20 minutes at 3750 The <N As were purified on & clumen and cloed
with BRase D ase- frec distilied water. qPCE roctions were perfiormeed wsing the SYRE Pre-
mix Ix Tag kit | Takara, lapas} wnd 200 0 ol each primer. Three icchmical repests were per-
Tiarmund For each semijde @0 o dwi-stép Tompetabety jroogrem, The inifal dénagufation o T5°C
for [0 m=cnndy was foliowed by 45 oyeles of 95°C for 3 secondz and 6P for 20 secandi The
ilisscorion curve for each sample was maoot ined during, this tinee. ALIECEH values were normal-
tred againas those fior the PPEAq and Tipd ilike penes [ 2] The difieverces @ the ovce nnm-
beers of the s ples dansg the linear omplification pheae, along with the A%y motheed, were
uszd to delermize fodd dhanges i gene expression. AR resulis are expresed m berm of “Fodd
chamge”, Relatree expression was evaliated using geometrical menns caloalated from tvws refer-
ence geites in each independent experiment. The quoted values represent the ansan relagive ex
preseicas oheerved in theee independent experiments. Wiile the rumber of nepeats wis noc
sufflcient (o prove significarce in somss samples, we observed the sante trends Im relative gene
expressanl nall esperiments (Tables A D in 51 Blel The peimer seijuetces and gese socesion
numbers in the S04 genomics nenwork (g ol genomicssen’h are given in Table 1

Analysis of ploidy—endoreduplication

The seedlings of 54 mutasd and WT weee grosn in the dark. e described above. The hypocotys
were hareesicd and Enmediately wed to determine the beved of A endoredeplicaiion using a
i Hivw cvinmeter {Aocurd RO, Mew |ersey, LIAA ) with a blee kiser (628 nm . Ten manfiong
segments were cxclsed [Fom the upper part of the Fypocotyl and cut wich a reeor blade in a
Pt dish containing 350 pl o ice cold LBOT bufer {22], The suspension of nucle wos deen fill
iezed thnouggh a 42 am nvbon mes and sained with propldives lodide (58 pgml '), Por each
sample, SHHI particles wore mesured: A histogram of lunrescenos imiensdly wis rogistersd on
the FL2 chasmiel tskeg o linsar seabe. Becawse the firet peak in the histogram oorrespondad o
he G [2CF phase of the ool cpcle, the plodidy levels of the other peaks were detersdned by
comparson with the postion of the 01 peak. The everage rateo of the G wed G2 peak pos)
taois was 1297 (R0 and thar of te G and G positionm w369 (30 with coetficients of vari
aece rangeng (pom 3790, Forsach of the foar stedied treatmeenis, a (ot of 10 seedlings were

apsilyred i three indepesdent experiments.

atatistical analysis

Y bazn comnparing the resulis for pwo samphes. the non- panametric vamant of the t-eest | Mann-
Whinney wstl was used vo asscss stabisticad significence, Tor mulisphe-sample experiments, sk
nifbcance was asessed using the non-parameiric varkint of one way AROY &, Krskad-Wallls
1est with multiple comparions pust-hoc. The obisioed diffences were considered as sgoti-
camt when the povalue was bower thas 005 [95% reliabiing], bub in many cases the p-values
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Tolie 1. Sequsnzid oF priser comsinalians used i his sy,

Apcaesion no Bequence 5 -1 Aefarrce

Gipann TS
(LYl Fa k] SlN-LEmTreT FI:TTL‘ITFMT!T::@:_‘.‘TM (k8]
o Fe COTCCAACTTCARACTCATTEE
BACYRTITAY BEN-LISERET F GCAATRARAGEGAGGARAGES
T T T T CASTOANTEETT
BXCYRTITAR BN F. GCTCOCAAADCCAATACCTAC 3
: : P GAGTTTGR BAGTICATTIGE
SR G - LS00 E_mi‘T.ll_]!'ﬂTﬂ:.‘ﬂiﬂnTﬂ.ﬂﬂ.TEﬂ 1]
R CTCTCATTATCCECTOI TR TG
_Elfi‘P.l AJ1340 Pnu&;-}nﬁmnmcnm
i sal e e ) ETTGETMTWTM
R TOTRT OO TICARAGGDOAD
L0533 FTETTHEASAAGTAARAGTATTS (21|
- o ettt :
Py SORN-LnT I I‘.EﬂﬂTﬂ!‘ﬂ.Tﬂl_.lt‘l‘bl:ﬂ.mw ]
Tip Tikem BIEH-LISBAER F GETTCOTATTGCTECGTT [
L G OARBATARIGICE TERARY

=13 T rermd presa ST TR KT

were hnwes Hoan G [99% rcdihility], paricsiar - eakes arg given in frigesc lpgenda, Al snnis
Hxal anabyses were ;n'rhﬁ'ﬂﬁ] using e STATISTICA 12 sollieare | Sralfal, OOk, LISA L Wiken
e master o reprents wak ol vullicenl o proee sigeifanod  gene exprasikm ainl termmine
apntysisd, the nrigmal vakees wed forcelogation of the means and 58 are gven in the Suppart-
ing imfommetion Lo demomsrate thal i dats of il peplicaes in particelar esperimen) shoveed
{hie seenee frends,

Results

The allecis of ABA deficiency an hypocaly| growll and expansson of
hypocotyl cela

The tomgso nr msstant. whicks s defective m the last siep of ABA bicesynibess, was used ay

thie memin tinl b ke estigiate e rode of ABA in hypocond gresvth. Th deadk-geross o7 mulant
frresduacend smnificancly shorer Bypocotyls thas W plasts geovwen under identicdl conditings
[P 2470 Hoerwrver, wilien ABRA wems s 1 the grosly imedinm st s concentralion of [k,
the hypacotyiz of the o mutant gres tothe same lengih as thoos of W plamts, When alif-
frmemd comerntrations ol ARA (30 a1 5 pM) wereappliod the by poeoty lemgth was sgnifi-
canthy shnsalated by mM ol inhibibed by comomirations highser than 1phd i tha it magant
(. 28} v the other hand inthe WT imksbotion omby wae ohsereed ot the highest ABA
concentratiom treatesent (Tig O A sirmilar response was pshaerved mosaf mtant and corre-
sprnsling W (ov. Luknfhosh, The s seedlings were significanthr inhibiied im the Bypocotyl
growth compared o the W bat the trenment with 50 ol ATA Jed to-the improsemen of
the meatant. WT seedlings dad not respond 10 the exogenous AT treatment (Fig 20k In
companson with siF musant, o lower ABA concestration (34 nhd) was chosen as moas effideni
fiar s, basiad on the preyvioos et of ARA sensitriby (91 gl ARA coments insir and mir mu
tantand corresponding W' hypocotyls were analyzed 10 s2¢ the effeces of mutations in oar
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Fig 7, Tha effects ol ATIA o the growih of siisdeied rppocotgie, &) The o¥e ol ADS-deboianoy and geoganoss & A mn hppocotyd greesdh n e ey
VPR o R R D Babcke o T WIT jod. Fginknacks Rurbam el Werd T resfma i 0 0n A0 000 T (00 ieof) S e cupphmmanit wih 100k
MBS, e gpataere v b il Ve & dawgn. Thie s il o bendn 0 Pie Sguss: naorvisd i B rivedta rm o reaiend i ied leig B o By pocciyis or Hess ideparsdn i
ATy, Hhe e hame of Wl frmd e g guarilas. TR WT ot mam sl m 1000 i larggih mnad all e vl
e e, qemine) A mqeeennd A pTEn o of i vakie. To g sistsicsl sgnilcancs he Mans-Weiney inet wis perfremad independeily (58
s T o Con vl e AERA trod I5d o hisd . A savieh chorsobo wiluies Tt oFbar siareboanly (hiann Whiney s p < D00 s =361 ) T'ulr.'pmur,i
qahicn cf I 8% with whnoLE £ rim ol BEA T nrsse TR i
mnpTEed Wi AR g peesn i (he dark For J des T resole shoram on fes Qe rapsanl i masiians ol romplzed g of hypoooiyis from
I il it e, (1o e LR o v L s ' 0 [t il el it b, TPl i oo 20t ™ v il el 16405 sl leng i s
[LHE- R T o linnjam AT ol This v, Toprown rlaliebos egrebcsnee G Kok fale AT Al i
P COmpankeon was parcrmrad. A ek donoDa vnlues bnfn:vﬁerd-:nl-:mh Trom Sponara™ ssaample dp < 009; 0= 233, T The bypooond elong aiion
ofl i T (e, Pl Aludon | vkt s vilriiros: oanoarbonl vt ol S BA v sl we v il ermied o wrinmcbid fieed s jeieriod aond iteis
mEpemEsiad with AR ancl osn i Hhe dark for 4 cees. The iz sheram i dhe Sgire mp resand e masd oroe ol nomelzeg g of bypocotyis from b
gl ez e e o) Dars Pepras Y e Do dases of th Dret and find quaties. Tho sempdo Tonbal wis sof as 100% oo leng B and
] S0P il i | PR, £ BT ) ) P P O LT WL, T et B b sbprwis ince e Rru il Wi ihe B0V mil e el
Apdyrinke dencle vaise thal dider sign ficasily o conied sampse &< 0071, n = 3. O] The sflecd of ATLA-gelcianoy ared meegonois A on ppocats
oty @ I o) reutan | G e e 52T ol e T o, Lo Babd T NG Wi 1 Necdormna 0 L I foed e |ooveiacd Fand moa mDpsoeanied st
S0 1ol AER, el e it L itk P & iy Thin e o b in B S nagnssend [ ridstars of ioshasd lang i ol Sy pocotyhs ks e ndepernidn|
mepeimp] The "WT ool wos sl a5 1007 rppoceni lengis ard sl oher values jnedans, quarbles| e st e perosntages of B walus To
P BRSO TR LanoD T WMann- STty 15 st poo D inda pancani by Joo virsas W] For conono osd ABA raaied samgeon. Asiopoks donnin
vuilima w ! Seler mpnl e By b Wibirmy bl p- 000, n= M8
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sxperimmital conditions, Roth rutants shiswd dmatically Inoenad eesfogemons ABA, eom-
pared o the WT sanoples (Fig. % 5 Tahle). In order o determine the role of ABA dunsg
photomerphogenesis. additionad experimenis were condocted wing seedlings grown moder BL
illuminstion, which i knows tosirongly inhibit hypoomyd grosh [ 10) [31]. The st smiation
ilid not have any Escemitde eilect om bypocoty] growih under continoois BL iBewinabon
{52 Pk

In parallel o the studies using mumant lmes, we conducied 2 series of coperimenis sl syn-
thetic inhibinor of ABA Bosymthicsis. Freshily germingiod toemato [ov, Resgen) seedlings were
i L 1B arl e fiad dhays fin g miadm supplesenied with locidose | 10 g3 and thien
the |y of the Byprcotyls was setasuread. Floradone & an inhibeor of constenaid patloway,
Wi s ealy sheps of ABA systhesis |32) (for details see Figl £, The assaliais of AB& oo
teed i k- grovwn W By pocotyls duswed thar deridone |werad erdogenom AR w the e
than 30% of s contral sampliod {33 Pl ) Florsons causnd dgnaficani inhibition of byppocoiyl
growth i Uhe atin] st sssnllings (54 Frg 1 T s o AR dificiency alSectod byposotyd cell
clnngaiiog he microwopic capeimenis wone perlocmed. The momserement il cdl lengglh
shineed significins inhibition | Mann-Whitoey e, poviloe < 005) of cell expasnlon in the
dark-gronen s mident companed oo e WT {H 4}

Endogenous ABA levels during gesmination, skotemorphogenesis and
photomophogendsis
The endngennms fFee ARA contents ol whaole WT toomio {ov. Rutgers) seedlimgs were moni
tored from sowing tosady develiopawenl. The endogenons A4 levels were Bighest at'the st
amalyred time point, Le. i koo afier sowing, after whech they decressed rapldly ool gearasina-
Hon, 72 hoors afler sowing, Alter germination, the AR conlent Incressed gradualy In deved
aping seadlings, Deetalatinn and photemaerphagenssis were Inltoed by expasare o 8L
jcamting Mesmina e, 10 ool m "4 ) Neverhel s, the ABA comcentnation in slaek-gramwn
seed lings wan anessd Prdoe that b sosclmgs prown dider continooos BL and which hed undes-
e de-etiokilin and subsequenst platomurphogenesia (Fig. 5AL

Tar dirtermis wihether e dafleretioes m ARA secn aller germination were due o sshibibtion
al ABA ey mthizie or stinsadation of ABMA degratatan, the cxpression of genes invedvad in
ABA mtabsbis wai nestigaial, The gen L8 UEDT enlis S-c-spospoarcaainid diovy-
perase, which is the key mayme meoboed m ARA prnthesis; s expressiom over time s dark-
amsd BL-grirwn seedlings is showen in Fag. 55, The relatree sbundance of ths Eranscript was
Tsehow thie limin of detedtion peior g0 germinsation bul inceeieed progresively in developing
serdlings. Ea addition, the sceumulation of LeWTFD] e pts in the BL-growns scodiings
Voo Ll 500 Ly than in thode gramen in darkniss

Wi alsa investigabed the cxpresson of i prses which encode the enessmes v ved in
ARA ctahatiem (AT B bpdrovylaees RCYFTITA Lt SICYPATAG) |34, The SICYPAEA
transcrpt was nid aeiocied under our eoeditinns, whach megpeterd thed the orrsspamding en-
ymir iz not involeed in seedling dnadoprent, Mo shgificest diffenmer was obsereed be-
twwen the dark- and BL-prown weedlings with rospect 1n the expressos of dther SICTPAASY
ar SICTRAEAA 5 P b Bur a BL-fmsluced response was abeereed in SCYPYEAS (Fig 500,
Imchee, ehis transcript aocumulased gradsally asd at the same raie in the dare- and BEL-grown
serdlings during the first 42 hours of the expenment Ue the seed olsbation perod] and hen
declimed betwees 48 and 72 hours (the point st which germination cocurnech, In the dark:
v sevillings, the espression of SCFPTRTAS then dedined fanther before reaching a b
hasal level Conversely, in the BL grovn sesdlings. its expresston inoresed dramatically
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e acn andl ATLS criend wiss meeanensd, Fosg 5114 By ase regn risd an ralnthas mesns o] @ G0

Dinnid 0 P eokogkoa | mepaals . Tha o valinies o 0oy iissed Asies o Peboea Tor Somospondng 'WT
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betwern 71 and 96 hians before falling agrin, The developmendal stoges of tomakn germinatinn
andd| post-germination growih considered in thim work ane shows = g S0

Theeltacts of ABS an DNA endoredupBcation In ediolabed amato
nypocoiyls

The sl peesestal above sdicated that ABA plaps an impariam rode s r:FII]JlI:'_I_-JiI k-ia
duonl grevah, Erolaed Bypocaiyl growtli is prasarly due o celd dongaies, wich cell diviskon
anli helbg mporiass b che developaneil of umata | 39). Blopsowved, da in Ahebiagsii, thd o

imiakn By pocaty | el J||||||_; i Bstipetal gracienl. Consajucatly, the dppe fegue al ligo

ol (L, She part siluadod ot aboneg e book and cetyledions) s the sctive site ol elongation

| 13k W tharefier inveshgyted B pflvets of ARA on endoreduphication in this part of the
sevllings. For this perpose, 10 min-long segmmes were excised Erom Uhe wpeper parts of e by
pogorvls of the ctiokied seedingy of koth the s mmtead and ke corresponding, WT, and their
aull ploigdy was messured by Thow cvtametry, The ol plokhy siatus was exprossed an the ragio of
thie muamnbser of e m g O3 phase 10 The bl mombere of pachn [BCY 2CAC=8C) ], whaere
(o3 represnbs nuche i B endoreduplication gycde (RCE Car data clewrdy showed shat she eu-
temit af endoreduplication b bypocoty] segments from ark- grosen antreated S8 muolass was
stgnificangdy lmeer than im the cornesponding, Wl samples. Treaimeni with exngenous Al
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Fag A Efect of ARA deficiency on the svpasgion ol hypooolyl cells. The ofleonce of 4B grishe
bl ool o Tl 2o Gl i e byt 19 b el AT o Pl o't ok AL welll S w i ganal
sming ST imagng anshys. Triwngies spraset al muasyred wakien i « 471 kot ach garcsyps. The b

within the boems indkcaie the meadisn walees in sach case. whie e oooes’ spoer and lowe! boundanios
b [ v o B Rkl it haned s b Thie Bare ol rerg il st w15 e il b
L sk iR DL

ol 1013 Wherra pearm 117 M

significantdy increases! the number of Cei-phase nucle im the ot hypoonmyds bt cased only a
shight imcrease in the WT samples (Fig 00

Endardupheation s comtmlled by the activity of cpclin-depensdni kingze (COE} profees,
amad it haws been reported that the expression of the COK inhibior JCXJ s mduced by S04 in
A vk [ 40], Anakyses of the expresaiim of e nomaio 10K erihologs, SO amd
SNKRPA, [17] 2] indiceced thed their dransorpts wene lss abundani in the sit murant ihan in
WT plante Trestneent with AL stivmidated dhe aspresinn of hoth gomes b i ba bad on of:
fict o e WH . Thie ovwesall STRRFY s presibon was approodmalely tulce that foc S8F3
[ Fig. 531).

The aflect of ABA on endogencas cylokinin levels

Ivwas recentfy demimstraded that cyvinlanins (CKs) acouniale during Je-etinlaton, protahly
due to the gocumulstion of ST OGT irsescnipes. which encode an ezaymee regponsible for che
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mepeariad A e maang of three rdepencen evpeimanis ¢ 5E. Tind T and PPAACY wern umed a8

o Bl DT o i Gy B i s oot ot e o ol B b i P T B <3
v el 130 Sorarn ma i imforescn . This setd s e s e o S essd gearmreraiion. Frgum 0 s e
el siegen o foreein Seaedkng dow ekopemes ni comed ened v v wone The Birsd b oo imbl blkon §eh-dan),
wiich i Fofonweed by Goed ormenaion |73y, Bot of o SM0e Dot med o dorkoess 1 o axpatimasis. Tho
Aenskrya wa e n separtd (- 1300 ko ben gmugee mra s ket in darkreee (] ko irdoes

a ey i Tho a e was groan undor conirucie BL {38 o indocede-vickrion Bhile ey
e i i Pl 0 T T

e 1A vl prwi 1 | TR OO

snrmihests of CK o boses. Mionmoreer, # wan evidenend {hat CF sccemulaias corelgsed with
the inkabation of rmslomeduphication f35], To esl e Bypothesss kst CRs and AR may aci
antagomsically chmmg de-rimlstion, we measured the endagitos: CE contentyof dark-grosn
while WT aml sii semllings green in the presenie and abwnoe of exogreens ABA (g 75: 5
Tuhke) The 2t seeadlings had mech bigher bevels of CE oompeands than the W planis. and
trvstmenst with 454 redooed the abnndansce af CEs in the svrtant bat not i the W, In bath
susen. the penllings: CX levels correlated with the expression of the SILOGE grme, which was ex-
prassed in the hypoootyl segmeents ol the sit routant gl Bvicr s strongly av m the WT,
Treatment with exogenous ARA dgnificanily smibied SO0 transcript scsumulagion in the
ittt bt had only minos effects on the W (Fig 7h

Discussion

The role of ARA in sheot develupment has been the subjeor of defaie for some time. While
some receiit authors sl coneend thai the physiological roke of AT 18 10 inhibii shooz groeth
{21, [H]. |39 there & @ growing hodyof evedence suggesting that it cas in fact slimalate shoal
grwth, orai least comtriee o s maiotenance [ 121 [130 [ZE] (03], £41], In the presens
study. the significant inhibltss of hypooond groeth was obsereed in ARA deflcwent stlsted
seedlings. e fownd that exogenons ARA stiemlated the groith ol ABA delloen mutants sed
hoek Bt o WS im i Conce niration mange. COinly s high ennoesirations (5 phd) Edibited
W roiethe &s menmioned by Skarp (20020, the mapretation of dats rebaed i the apgplice-
Hait ol eacggernsus ABA arccomplicaiad by e wswerinin elfnss of te caogerious eatiment
|43 Hinwesver, e dala chiained thenigh tneaimsent with ARA 50 widke coneentralinn range
suggentind Bl the key Gicsor in plant sensitieily 1o ARA and homesalatic regulation. 10 i highly
[ thait & WT ervillisngs the nuiber ol active ARA rieptors corres pornds B Shesagral
compouml conceniration, Wy can hypothosior that in W senllings, the recrpios ane already
satuspind by madogenous AEA ond the sppdcation of coogerooas 4 RS either cannot trigger fur-
thies pespriee o iU can Trigger an “over-dose” resposse dal lesds o goowth inhibition. Ta ARS
defient sallings, (b endogeoss AR, conlent b o b o solivaby or saiurete The recepsarns.
Thus the a2 aid o soedimgs aee alile o repond eflicaznily oo the daogieious ABA iRl
Ik 3 impertand o consider noi anly the prisimcs or absaner, but aba the quantity of $he sigeal
withan the Iing e, Then the ssne compammil conbd vk opposse respomses dipend-
ing s the comorntraiion used, as has boen previnushe shiven for aoes (23] or eytokining [44]
This can alss axplein the different saositivity of gieand mat mutamis i AEA, Wheress it seed -
linges s immpaired in the Lt step ol ABA synihesiz, e mof matation sflecrs thecarlior step ol
sonverssn of 8 cie-necanthin o santhocin (LeNCE eepmel, While both mutanis pm-
duce consisiemly less ABA tham W PUSE 0], [47]; their endogeoous ARA conent differs
(A% and 1 2% of the W for af aod sor, respectivelyl, Thas the difference In sensiivigy ob
served betwerm the fwo mutanis cae ceflect the diference @ their endogenoes ABA conbenl.
The dhosee s depend ent bncrease ol hypecctyl growth of the mmutants sugpests that & bomenstac
imhalance could be ressonsd by esogenons ABA Our resulis suggesied ihat in planss with
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mmmeeri The bare withic the bouns ngicale e mesdlen s kes in ench case. whils the booes” upper and
el Bk it il T bt o f (s Bt ol Wi quiaTiban . TV i b s andurtiiints waes
porfrerrmd. Tha Krusil- W s A4OVA bt with mulien sompanacro ekt $ul oy $u o il
saiee f¥ered s ooy rom e 'WT oonhol (p = QU0 Ko pHr signifkcant difemeoes wese found. (8
iy S Of Tl aafoss 0 OF T SAFT and SRS QOnos Basa on T e of T fdopenaom
axpermmanin b S, Tiod T ahd P4 were i as houssksieqiog pesnd. A sxpresscn wakies sm
aualed selrive o thoss for e “AT aontol” sompls,

ol ML) 5 el pan (11 TP 08

normal |phpsiningealy ARA |levels, sddinive cxngennis ARA will lesad to an “over-doe™ effen
casieg growis lelibinion, bul n tee ARA deficient planis the ANA aotion could be revedled in
a moee physhslngical coniest

Tarsex: thie eifects al ABRA deficlency on the hypocoiy] growth the spplicalion of ABA bio-
spiithetia ihibitor was perforssed alen i analieenaive to genctic appeaach. Alikoegh posabile
uninjrvifi elficls of the climiaal irestmesd sheadd beconsidernl, she application of Duridone
Tl 1 retugel hyped it i s in derk-grown WT snnliings thas furher sapporiod the
alata it I genei: spersenis The smabo siE mulant was an Ipamins genetic 1ol in
thiswirk herause it is deficient 1 the weny find sepool AR bisyniteds, Theas, el obe
tsingl aon this protast cleasy dentified the rode of ARA In the sudiad plopsbodoghos procsees.
Uipsder cxsmaelitivns with o waser sbnis, the ARA dedicent seallings grown in the dask had sig-
nilivantly shanter hypaolyls Ban WT plinis groeen usder Ehit mime comitiong. Produns apal-
s ol Al A rasdeicdonpeets bt ] Dol -Tusciion mutant ghio imdicetal tha) AEA may significaniby
cuniitnbute 80 the procsss of skesammrphegemiesis | 10, Howeer, becaise the ARA D enseme
cntalyoew an el sep m ABA biosimdhesin {Fig | wiesar progloct ivalso o precurase of carm-
wrrids, Ehe auibees condudied that une ol the carctennid pregursers of ABA w2 raquired Tur ofi-
oated groneih ratheer Chan ARA, iiseli. In the presmi study, very smmilar resihis wers ohtained
wilks the fomain oif moutant, whick was deficiemt in the final step of ABA spoahesis, Le theoon-
wversion of AbA-aldchyde inio ABA. Therefore our resulis strongly suggest that ARia rather
than ome of s carotenaid precursors promuotes the hypooond dongation cheemved
during skatomorphogenesis

Planis defeciive in ALA signalling aré also & good malerial oo ewestigae the ok of AHA
during vegetarive developmisst. The Family of alecasicacd insesste (i) motiets was the
lrst graup of plats discovened with impalead AR sigeal rransductos [e8], Tooor kmmededge
amnly nli® wes temed for etiolated hypocoty] ekoegatinn amd ne ssifcans difference was obe
serviad hetwiernt mastant und WT. Fron the overenjmessas of AR oonstruct in the WT diid nis
change the bypocoyl gronet | 53], Howeres, & i hand o desermine how the ARA sigsalling is
invelved in sl cenonpleogonists bevasa: of B bigh level of erlusdunicy beiween ARA signel
ling comrgements [49], [F07, [5L]. In fght-grown seedlings & sirang shibition of growth ws re
poned for che b mutant [52]. Ao the ABA receptors tee ot Bighly expossed in most
develapimental suges are YHE, PYLL FYLA, PYLE, VLS, eod PYLL The sexiaple mrrum
whomed 4 stpomg Inhibicees of vegetalive grevwah in odull Arsbvdopas plants | 53] 10 comrespanids.
1o the results ofgaimed with ABA deficiesn Arabiinpsis | 13] and tomeain [12] plass, condirming
the imgesmance of proper ARA signalling for pmintaining shool grossh.

The rn,ululjl.ld corrilatinn hetween ARA contesd aml sz hyprod '| et was furiher
sipparterd by ihie msssuremint of endogrmess ARA in dark-grown serdlings amd insssalings
grveam e costmumis BE The k- grows smaliiogs |rnlh'rpinu.i.w.r'rrwplh.luﬂmfrh:n‘u-
mulated substantmly higher ammontz ol ABA, than dhae wrlengring phefomu phogirssis
T fuet that swdlimps growing vnder BL still arcamulae ARA supports the idea that ARA
coniribubes ko the maintenunce of steady-state seedliing prowsh, Aonalyses of the expressinn of
gene amolved m A4 synthess and criabalism sugpested that hath processes comtribme In
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ihe regulation of AT by light, Thus, the transeript of the LeNCED pene, which is imvohord i
ABA synthesi. was undetectable prior o seed gemanatos (in accordance with the fuct thas
ABA in the bamalo meids was synthesioed doriog their matumion} bul sccumulsted during the
development of the young seedlings. The accomulaion of LefCED]Y imamscripts i the W
g seviflings was considerably lnswer than in the etolaied seadlings. The difereniial acoi-
mulation of [eNCTE irassonipes ohserved bemvern dark- and 5. -grown seedlings cormelaved
with their dfferendial acoam ulation of dogenous ABA. The analysis of catabolic gemes re-
visdled that SCVFTOTAL win mot deteced tn o experimental condirioms, consient wih i
preferemtial locallwaion in polhnaied ovieies | 33] Under oo donill o, SCYPPITAS wus the
aily ARA B hiydnooiase whinee expression diffensd apprecisbly benesen dal- ind BL-grown
toiftatn hiypacoty s, supggestig that s enmyme plays a vele dudng she angetof phatomaipho.
genesbi Conlanmoe: expovare 0o BL bsd oo decrese of AR aoowmilaies in e seedlings,
drivem b the reductan in symthisis ani the sl bast Eranuiime stimbios of catabilivm,
Thhis supgeesds 1kl the BL-fdiend pedoctom or limitation of gndigeosus ARA 8 importang m
sle-etielatinn gl 1 et of phiteemeaphog o, O o, an asohysis of protcn kvols and
enymatic dotivigies would be required 1o oonflem our coscligions. However, wie sne mot the
first 1o sepot char lght regadaies cndogenous ABA Indend, Knaepicd ind os-swthors dessan-
atrated that the pes pliviocheome-deficient pews- ) musint bad o highers content of ABA In i
sl anil lewes than the WT, suggsting thai light plos as insportant role tn regiilating ARA
scurmulation [ 54, Sumdandy, Weatherwas and co-asthars reprocind thatl red Bghi radsced ghe
coneemiratin of AHA in didsinl Lrmna giid and sk that dlark treatment of previessdy
lighs-gromm A rsbvidopns amil Eaming gilda plants couss] sigmiliant ARA aoamuolatiem [55]
Memreereer, Semons and ekl chaerrvs] rediactions in the ABA corent of sticlabesd] pea seedlings
afber 4 hours of cepasare b whiie light 156].

Sketomnnphogeness is characterized by the rapid elongation of the hvpoootyd scrossa ba-
sipertad gradient. This dlamgation is mainly due bo ool expasson. with cell divison bemg re-
stricted b the developement of siomasa [H1] 1 has been described predously that lisd
epidermal cells of the #ir mutant are significanily reduced [57). In the proesest @wdy, we demon-
straned that the shorter hypoootyls of the sratants are doe to the reduction of ool cxpansion.
Coell expansion b triggered by nep proceses an increee in the cell ploddy by endoreduplication
and e expansion of the call ftsell; which is drven by water opiake [54]. Wheres there & nn
danbe about the inggosrance of ABA for water regulation, in this study we focmed o the possi-
tike tnfluence of AHA oo eiboraduplicatinn. DA endeeatuplication is a consegquence of ol
il igdicmibon withoul divishon, keading wo bscreased ploddy of tle ol Cell divishon is seguliced
via the scvivity of cvchindependes kirases {CDEs) which are regulsted by opclin Detype pro-
tedms (O, The inttiatios of sdoredeplication requires the suppression of protens of the
COK B-famidy. The activity of the CIHGCYC complexses can be blocked by the inhibior of
L OEEIP- related (HOEVKIEP) proises. The expresion ol ICK/ERPs stimulsted sndoredupli-
ction resericts the GEWM tranikition {59]. RBecesaly, Bergomneus and co-authers repoitsi tha
thi ssaduch Feum sl to pletomnrphogesssst is chiarscieriosd by the fbiliis ol endosadi-
plication |35], Snsdarly bo atudizs ol ABA @flecs o shoo growth, eding sepests (ncerming
the infleence ol ABA om endnoycles are aleo comtradicuory. For example, del Canidano and on-
authre repruried thal irestment with high comeontrtions (pA ) of eangenous AR inhisie)
etdooyclin in Anibrdigais leal primondo, bl ok is coal ieesisteme (0], Coeersely, diffsment
shwlivs swpgeatind that ABA prossennd sndoreduplisation by op-repud sting she expression of
PORE P in A radvioga | 95] amed in em alfal & cell ssipemson calfure [l ], T our sipdy, she
AFA deficiensy of the of reatand conrelmted 1000 kever enpresioo of the SIEKRPF and SERP)
penes compared t tha WT, and ta reduces] enchreduplecatos, The ogprosion nf SR as
wll as the level of endoreduplication was decrensed by abost 20% i sir compared %0 she WT,

L OME [CHIL0 LT Lol penm 117700 Patruarny 10 23008 1772

66



H‘Mﬁ | ONE

ABA, PUareoioe Hymooohd Qs i Tomass

sormespewrading b the gromih, redustion mae abserenl in this muiant, Such corrrlation sppests
1 direet link between endoreduplicotion and hypocoty growth. Orverall, shese resabs prompacil
us bo hypothesize chat the stimulation of eeadoreduphication m af lust one imporast aspect of

the mmechamism by which ABM triggers bypocotyl ekmgatinn during skosamorphogerss s

The postulated griveih-promnting effect ol ABA & supporied by ihe work of Sharp anil oo
puthors (121 The autkers found that under well- watered, poe-siresed conditoms. the ANA
deficient oo e mutant exhibived impsaired keaf grosch and etbylese comient peo times
higheer thai that ol the WT. Exogevos ABA parilally restired the mutant’s geoin and sgnif
wamaly peduied rhe accuwika o of ethplese, This bed i dhe ligpothesls that endegeriois ARA
mskaliie ghnot ebangation in adulr eavaro plasas s s eos-hpdraulic way by restrictng el
e prodiction. Moresver, stidics of the ABA -deficleat and etbyplime. mseiiitive Asafidopsle
arbvr2oPitrd - nustant suggested ethylene-independent eeclenisms foe e mainie namee of
st grorith [ 13], whvich amplies that seme siher bosmons sy b responaibls or e
rekivanl prosisais,

Inlermction hetween ARA and ather phytohormanes i capoctal o contribule b e coniral
ol anem grosth during skocomarpdeaetiesis Aside from its ethylene-suppressing effacis, ABA
th sabsas kninant b be antagosstic to gibberellins {Cike ) during seed germisatbng However, {ihs
atlinulste etaslated hygecotyl groweh |62 aed ane repdly degraded in nespose va light | 365
is meny likely chat Cx counterac the flves of ARA in slimsabiling lypocotyl growth, in ke
ing with their establishal ke dering pastid desglapmme (R3] Revently it was shosm in Arubi-
alegmie thal TF conntemedts AR by degrading the ABISF protem [ ], Ther indhibdsnry effectz ol
CEs om preloneslopdction in iohacon and pai bavys wane iopeebed (05]. Recenily the nngs-
trvr rogulatinn of endareduplication by CKs i the Anatnidogeis shool apical merisiem has b
shmen b Soodfielid and co-authees [6]. This response sevrms o b ool sspocilic sinoe the CK-
dependent stimdation of endocycimg sctivity in foots hee bees reported [47], Here, we focused
on ALA-CE mteraction as @ was found that CEx miita endoreduplication and cell expansion
during de-etickation in tnmato seedlings [ 3] Indeed the ke exposure of elinlabed tomaso sesd
linge to 6L inadieaced the gocumuladon of CK in the ehomgating oome of the hypocotid and the ac-
cumudation of SO mamcrpds: AILOG2 encodes an eneyme thal s respossitde for the
synthests of UK free bases, This 13 acocmpanied by the inhibiton of endoreduplication,
prompling the concesion that Cls inhihit siens groseth by inhibiiisg endoreduplicastion and
ather procesies. Our eesilts shineed that ABA stimulates endareduplicasion and thereby con-
tribu et s 1eves edoigatioe b dari- grown seedlgs. This clarifies the previously discussed an-
trgunlsm between ABA and CEs during seodlieg development. Linkeed, ABA & known (o
atinmulate the sccumulation of cyrokisg oxidaserdehvdrogenase transcepie whiclk encode the
roceins responsile for UK degradaios frg|, shile CEs repress the expression of AN -assod
abed gemes [17], 4], Our daia showed that apprepriste conimol of the endogenous ALA bal
abe & neceskary o regalale mdogenons CE. The imsutficient blosnmihesin of ABA I the ot
it lad o ilie upr-repalailon of SLEHGD and the concossinant scomwelaion Gfendopenniis
CEs. Thise effecis were patially seveised by trestmest with exogeses ARA. Neverthelsa, the
(et that ABA rcatment Gally vestosed the il gromdli, shile the everall amoiit of DB wes il
wuppresaed oo e WT brvel, raiked sevenl questionm. These rewadis provided an insigha inm the
inlerating hetwean ABA sl CEs dormg shegomorphogesests, but o mins ligusinl sy wall
b gl b el clarify the repatation of O mvtabolzas.

In carnadusion, the mesalts prosesed hiee dimonstrie that ABA & imgpestant for prosating
the capid groveth of tomasa bypocatyls during skommosphogenrsis. Consident with privioys
reparts om gl plants we have shown that ABA s necessry b prommte grosth m young
seedlings dusing the skidamuomphogemic stape of developmen, 11 seems that thas respons =
maaked by homeostasis of endogenous ABA in the WT and can ooy be observed in ARA
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sleficient mutants. U the ciher hamd in the W seedlings the sgnificart mcrese in rndogs -
nous ARA levels coubd be ohserved during fast eticlated growsh compared 1o the growih of de-
etiodated seedlings. This shows the bogpoartance of ABA Tor cell ehongation. Based on oor resulis,
we hypothesize thai fisely uped comtral of ARA metabolizm dunng siotomorphogmess pro
mites hypocoiyd grosah: AR acis by stinlating the expression of the COK inhibiors
SR and SIKEPS and by inhibiteg CK hiosynibess, both of which ahimaiely stimulare
endoreduplication and cell expaeson. While the full mechanisms of ARA actinon during skmo
ad phistomsdrpluogensis remain o be devermined. our shservations shed sew light oo e
rode of AHA during the develoganenl of pous ssedlings, and simongly suggest thataf lest s
sty gtages of vownato sealllng deslopment. ARA stimulates growib
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Supporting figure 51 The hypocotyl elongation of nof mutant treated with various concentrations of
ABA. Geminated seeds were transferred on basal media (control) or media supplemented with ABA
and grown in the dark for 4 days. The results shown in the figure represent the medians of normalized
length of hypocotyls from 1 independent experiment; the error bars represent the boundaries of the
first and third quartiles. The sample “control” was set as 100% hypocotyl length and all other values
(medians, quartiles) are expressed as percentage of this value. To prove significance the Kruskal-
Wallis ANOVA with multiple post-hoc comparison was performed. Asterisks denote values that differ
significantly from “control” sample (** p < 0.01, * p < 0.05; n=135).
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Supporting figure S2 The effect of the sit mutation on hypocotyl length in BL-grown seedlings.
Seeds of the WT (cv. Rheinlands Ruhm) and sit mutant were germinated in darkness and then grown
under continuous BL for 4 days. The results shown in the figure represent the medians of normalized
length of hypocotyls from 1 independent experiment; the error bars represent the boundaries of the
first and third quartiles. The sample “wt” was set as 100% hypocotyl length and all other values
(medians, quartiles) are expressed as percentage of this value (Mann-Whitney test, p= 0.05, n=40).

norm. hypocotyl length [36]
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Supporting figure 53 The endogenous ABA content in fluridone treated WT hypocotyls (cv. Rutgers).

Free ABA levels are reported as relative means [a.u.] + SE based on two independent experiments.
The control sample was assigned a value of 100 a.u.
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Supporting figure 84 The effect of fluridone on hypocotyl growth in dark-grown seedlings.
Germinated seeds of WT (cv. Rutgers) were transferred to media supplemented with 10 pM fluridone
and grown for 4 days in darkness. The results shown in the figure represent the medians of
normalized length of hypocotyls from 2 independent experiments; the emor bars represent the
boundaries of the first and third quartiles. The control sample was set as 100% hypocotyl length. Other

values (medians, guartiles) are expressed as percentage of these values. The statistical significance
was evaluated by Mann-Whitney U test; p < 0.02.
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Supporting figure S5 The relative expression of the A) SICYP707AZ and B) SICYP707A4 ABA
catabolic genes. Values shown are the geometric means of three biological replicates + SE. Tip41like
and PP2ACs were used as housekeeping genes. All values are expressed in arbitrary units relative to
the expression of the corresponding gene in the 120h-Dark™ sample.
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Supporting table A Fold change in LeNCED1 transcript expression based on three independent
experiments.

Set l. Set Il. Set lll.
Sample Relative Relative Relative
expression expression expression
6h-D 0.07 0.00 0.00
12h-D 0.00 0.00 0.00
24h-D 0.04 0.00 0.00
43h-D 0.00 0.00 0.00
72h-D 0.24 0.04 017
9% h-D 0.75 0.30 054
96 h-BL 0.32 0.12 0.23
120h-D 1.00 1.00 1.00
120 h-BL 0.46 0.34 0.51

Supporting Table B Fold change in SICYP707A3 transcript expression based on three independent
experiments.

Set . Set Il Set Il
Sample Relative Relative Relative
expression  expression expression
6h-D 0.60 1.13 0.72
12h-D 1.33 1.36 1.72
24h-D 1.42 229 1.22
43 h-D 3.64 1.90 214
72h-D 1.33 2.21 0.73
96 h-D 0.91 117 0.82
96 h—BL 1.63 5.37 234
120h-D 1.00 1.00 1.00
120 h-BL 1.73 1.02 1.88

Supporting table C Fold change in SIKRP1 and SIKRP3 transcript expression based on three
independent experiments.

Setl. Set Il Set Il
Gene Sample Relative Relative Relative
expression expression expression
wt control 1.00 1.00 1.00
SIKRP1 w-tABAWD nM 0.91 1.00 1.1
sit control 0.83 0.78 0.89
sit ABA 100 nM 0.95 0.89 1.04
wt control 0.57 0.60 0.64
SIKRP3 wt ABA 100 nM 0.50 0.66 0.67
sit control 0.46 0.45 0.50
sit ABA 100 nM 0.55 0.50 0.62

S1 File continued:
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Supporting table D Fold change in SILOGZ2 transcript expression based on three independent
experiments.

Set I Setll. Set ll.
Sample Relative Relative Relative
expression expression expression
wt control 1.00 1.00 1.00
wt ABA 100 nM 0.76 0.93 0.88
sit control 1.39 2.49 1.98
sit ABA 100 nM 1.12 1.57 1.35
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Supporting table $S1 The values of hypocotyl length used for data normalization. Medians, first and
third quartiles are given. The control sample used for data normalization is marked as “norm.”

Genotype Median 1st 3rd

Figure andfor hypocotyl quartile quartile
treatment length [mm] [mm] [mm]

2A WT control 98 91 104 norm.
WT 100 nM ABA 101 98 103
sit control 80 72 84
sit 100 nM ABA 99 94 106

2B control 53 46 62 norm.
50 nM 76 67 a1
100 nM a3 78 a7
500 nM 74 69 80
1um 74 64 80
5uM 46 38 52

2C control 73 66 a3 norm.
50 nM 77 67 a1
100 nM 80 71 92
500 nM 74 63 85
1puM 69 56 78
5uM 41 22 58

2D WT control 101 95 104 norm.
WT 50 nM ABA 100 91 106
not control 91 86 96
not 50 nM ABA 103 99 112

51 control 52 46 64 norm.
50 nM 81 75 81
100 nM 84 77 86
500 nM 71 67 76
1uM 75 67 80
5uM 40 36 45

52 WT 28 22 33 norm.
sit 26 23 27

54 control 68 62 73 norm.
fluridone 10 uM 53 51 57
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Supporting table 52 Absclute quantification of free ABA in tomato seedlings based on three
independent experiments + SE from three technical replicates.

Set . Set . Set Il
Sample ABA ABA ABA
[pmolig FW]  [pmol/ig FW]  [pmolig FW]
6h-D 29+25 9+0.7 45+ 36
12h-D 18+ 5.4 6+0.4 25+4.2
24h-D 54+ 0.1 4+0.3 n. a.
48h-D 202 2+0.3 3+0.3
72h-D 1+02 1401 T+14
96 h-D 8+17 T+0.9 26+ 1.0
96 h— BL 5407 3+05 8+1.2
120 h-D 11105 15+ 0.6 32+08
120 h-BL 7402 8+0.6 12+ 1.6

n. a.: not analyzed - sample lost during the analysis

Suppeorting table 83 Absolute quantification of free ABA in hypocotyls of ABA-deficient mutants and
corresponding WTs based on two biological repeats + SE from two technical replicates.

Setl. Set L.
Sample ABA ABA
[pmolig FW]  [pmolig FW]
sit 0.8+0.2 0.8+0.1
WT (cv. Rheinlands-Ruhm) 17.9+04 18+19
not 26+05 29+00
WT (ev. Lukullus) 218+06 195+ 1.4
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Supporting table 54 Absolute quantification of CK levels in tomato seedlings + SE based on three
independent experiments. <LOD indicates that the levels of the comresponding compound were below the
limit of detection; o cis-zeatin compounds, tZ frans-zeatin compounds, DHZ dihydrozeatin compounds,

iP isopentenyladenine compounds, xR ribosides, x0OG O-glucosides, x8G 9-glucosides, xMP
monophosphates, x7G 7-glucosides.
wt control wt 100 nM ABA sit control sit ABA 100 nM
CKs [pmol/g FW] £ SE [pmol/g FW] £ SE [pmolfg FW] £ SE [pmol/g FW] £ SE
cZ 0.09 + 0.03 0.13 + 0.01 0.14 + 0.02 0.10 + 0.01
cZR 0.37 * 0.04 0.42 * 0.05 1.13 +  0.40 0.33 * 0.05
cZ0G 0.09 + 0.03 0.13 + 0.02 0.14 +  0.01 0.08 + 0.01
cZ9G 0.15 * 0.00 0.14 * 0.01 0.11 +  0.02 0.10 * 0.01
cZROG 0.15 * 0.01 0.15 + 0.02 0.41 + 015 0.18 + 0.04
cZRMP 0.36 * D01 0.55 *  0.20 0.43 * 014 0.64 * 023
cZ7G 855 + 0.59 8.79 + 0.26 10.76 + 035 8.29 + 0.65
tZ 0.17 * 0.02 0.09 + 0.02 0.21 +  0.04 0.16 + 0.01
tZR 1.35 * 0.09 0.55 + 0.02 1.12 + 017 0.60 + 0.08
tZ0G 0.10 + 0.02 0.07 + 0.02 0.13 + 0.03 0.08 + 0.01
tZ9G 0.28 + 0.03 0.18 + 0.00 0.46 +  0.06 0.28 + 0.05
tZROG 0.57 * 0.06 0.51 + 0.09 1.34 +  0.07 1.01 + 0.10
tZRMP 0.66 + 0.08 0.28 + 0.02 0.53 + 0.06 0.57 + 0.05
tZ7G 8.26 + 0.47 533 + 0.43 15.44 + 050 9.34 + 1.88
DHZ 0.01 * 0.00 0.01 + 0.00 0.02 +  0.00 0.01 + 0.00
DHZR 0.10 + 0.01 0.05 + 0.01 0.14 +  0.02 0.09 + 0.05
DHZOG 0.06 + 0.00 0.08 + 0.01 0.11 + 0.03 0.07 + 0.02
DHISG <LOD <LOD <LOD <LOD
DHZROG 0.73 D.08 1.10 + 0.38 2.19 + 017 1.82 + 0.50
DHZRMP <LOD <LOD <LOD <LOD
DHZ7G 23.29 * 1.40 26.91 + 4.26 73.61 + 061 44.07 + 354
iP 0.24 * 0.02 0.42 + 0.09 0.33 +  0.06 0.32 + 012
iPR 0.12 + 0.03 0.14 + 0.04 0.31 +  0.07 0.26 + 0.06
iP9G 0.12 * 0.02 0.15 + 0.04 0.13 +  0.01 0.15 + 0.02
iPRMP 0.40 * 0.07 0.31 + 0.09 0.49 +  0.06 0.41 + 0.06
iP7G 14.43 + 0.94 14.09 + 1.02 40.38 + 358 48.05 + 1.12
SUMA 60.64 + 4.02 60.58 + 7.12 150.07 + 6.63 117.00 + B.6b6
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7. SPATIO-TEMPORAL CHANGES IN ENDOGENOUS ABSCISIC ACID CONTENTS DURING
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level, light is absorbed by photoreceptors
specific to  particular  monochromatic
light: phytochromes for red (RL) and far-
red wavelengths, cryptochromes/phototro-
pins for blue light (BL). Although other
receptors have been identified, these 3
classes of photoreceptors represent the
major light sensors. Even though all are
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8. INTERACTION OF ABA AND CYTOKININS DURING TOMATO HYPOCOTYL ELONGATION

In this chapter, we present data which aim to understand the specific role of ABA in tomato
hypocotyl elongation during skotomorphogenesis. The results presented here shows data that
are complementary to those that were published, or data that are intended for publication in
close future. In addition to some physiological experiments and expression analysis, we
present here detailed analysis of the interaction between ABA and CKs during etiolated
growth, as well as a spatial repartition of CKs during photomorphogenesis of tomato seedlings.
These data are presented as a chapter of the thesis as they were obtained after the publishing
of the two above mentioned articles. The methodology for presented experiments is given in
the chapter 4.

8.1. Results and Discussion

8.1.1. ABA and tomato hypocotyl elongation during skotomorphogenesis

In order to investigate the role of ABA during tomato hypocotyl elongation, the effect of low
ABA concentrations on relative growth rate (RGR) was determined as described in Material and
methods (chapter 4). Although not found significant, our data suggested that low
concentrations of ABA stimulates WT hypocotyl elongation. This was seemingly the case for all
tested concentrations, from 1 to 100 nM (see Fig. 3). When the exogenous treatment with ABA
was performed on different WT cultivars, no significant stimulatory effect of ABA on final
hypocotyl length could be observed, even if some light trend of stimulation could be suggested
(Humplik et al. 2015a, PIoSONE). It has to be noted that calculation of RGR represents different
approach to the simple measurement of final hypocotyl length. The kinetics of growth
response of control and treated variant could be different at certain time point, the temporal
changes in endogenous plant hormone content and sensitivity may buffer the potential effect
of the treatment leading to the similar final hypocotyl length in both variants. The
measurement of RGR between 1 and 2 days of seedling growth describes part of this kinetics.
However the measurement of RGR requires some non-invasive approach e.g. scanning of the
Petri dishes with seedlings. This method is based on short-time application of strong light into
the sample that is obviously not an optimal method for analyzing etiolated (fully dark grown)
seedlings. Even the short-time application of the light could induce photomorphogenesis via
cryptochrome signaling (Parks et al. 1998). Perhaps some special phenotyping system
employing video camera in infrared part of light spectra could be used to avoid this problem.
The difference between the data presented in the article and the data presented here could be
also explained by the different cultivar used. It can be hypothesized that in a short time period
of treatment, ABA will stimulate growth, which will be attenuated or inhibited after long
exposure to ABA.
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Figure 3. The effect of ABA on relative growth rate

058 - T (RGR) of etiolated tomato hypocotyl.

0,54 . ! Germinated seeds were transferred to Petri dish with
g 052 new media supplemented with various concentration
E 05 . . of abscisic acid. The Petri dished were scanned on
.g flat-bad scanner in two time points (24 and 48 hours
B 08T after transfer) and RGR was calculated. The columns
E 0461 represent mean RGR values calculated from 15
2 044 - seedlings per one ABA concentration. Error bars

042 represent + SE. The data of one independent

0.4 experiment are presented.
U S

ABA concentration

Recently, pyrabactin, a synthetic ABA analog was isolated (Cutler et al. 2010). In a recent study,
it was demonstrated that this agonist of ABA is able to induce additive effects to ABA in
stomatal responses and could be used instead of ABA to circumvent the supposed saturation
of receptors by endogenous ABA in WT seedlings of pea (Puli and Raghavendra 2012). Thus,
pyrabactin was used on tomato seedlings. For this purpose, germinated tomato seeds were
transferred on media supplemented or not with pyrabactin; final hypocotyl length was
measured after 3 days of growth. Our data showed that concentrations of pyrabactin from 25
to 200 nM had a stimulatory effect on hypocotyl growth (Fig. 4). Due to the absence of
biological replicate and also to the low amount of seedlings measured per each concentrations
tested, we cannot describe a dose-dependent response, neither a significant stimulation of the
hypocotyl growth. In order to build a solid conclusion, the experiment will have to be repeated.
Nevertheless, we can conclude that the use of an ABA agonist allowed us to affect hypocotyl
growth in tomato.
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Figure 4. The effect of pyrabactin on the growth of
etiolated tomato hypocotyl.
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8.1.2. ABA and control of cell cycle

We demonstrated a clear relationship between hypocotyl elongation in the dark, ABA content
and DNA endoreduplication (Humplik et al. 2015a, PIoSONE). Although the role of
endoreduplication in plant cell elongation is not fully elucidated (De Veylder et al. 2011), there
are growing evidences for its stimulatory role in the plant growth (Bergougnoux et al. 2012;
Wen et al. 2013). To onset the endoreduplication, the suppression of CDKB family of proteins is
necessary. Inhibition of CDK activity is achieved through the availability of CYCD and CYCA
proteins that are regulated by their selective degradation or rate of transcription (Maluszynska
et al. 2013). Importantly, the activity of the CDK-CYC complexes could be blocked by the
INHIBITOR OF CDK/KIP-RELATED PROTEIN (ICK/KRP) family. The high levels of over-expression
of ICK/KRPs caused general inhibition of cell cycle progression in G1/S checkpoint, whereas
lower level of expression stimulated endoreduplication, obstructing G2/M transition (Wen et
al. 2013).

We specifically focused our attention on the elongating zone of the hypocotyl, situated
beneath the cotyledons. Indeed, it has been demonstrated that this approximately 1 cm-long
zone of hypocotyl is the zone where cell elongation takes place during skotomorphogenesis
and responds to light in de-etiolation (Bergougnoux et al. 2012). The analysis of the expression
in the elongating zone of the hypocotyls of SIKRP2 and SIKRP4, encoding two other CDK
inhibitors, showed that, similarly to SIKRP1 and SIKRP3 (Humplik et al. 2015a, PIoSONE), both
genes were less abundant in the sit mutant compared to WT and that exogenous ABA induced
accumulation of these transcripts (Fig. 5). Interestingly, exogenous ABA induced also
accumulation of SIKRP4 transcript in the WT, which was not observed for other ICK/KRPs
encoding genes. Based on their sequence, ICK/KRP proteins share very little similarities and are
divided into two groups based on their C-term motifs, seemingly responsible for their sub-
nuclear mode of action (Nafati et al. 2010). SIKRP1, SIKRP3 and SIKRP2 belong to the same
subgroup, with the two first being closer relatives; SIKRP4 belongs to the second subgroup
(Nafati et al. 2010). Thus the fact that SIKRP4 is also induced by exogenous ABA in the WT
might reflect a different regulation and a different function in the cell of the elongating zone of
hypocotyl. More detailed investigations on this specific SIKRP would be interesting in order to
better understand the role of ABA in the control of endocycles.
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Figure 5. The effect of ABA-deficiency on the expression of CDK inhibitors SIKRP2 and SIKRP4.

Analysis of the expression of the SIKRP2 and SIKRP4 genes based on the mean of three independent
experiments + SE. Tip41like and PP2ACs were used as housekeeping genes. All expression values are quoted
relative to those for the “WT control” sample.

Cyclins are another group of proteins having an important role in the control of cell cycle. The
role of specific cyclins (SICycD3.1 and SICycD3.3) during de-etiolation and inhibition of
hypocotyl elongation upon exposure to blue light was recently suggested (Bergougnoux et al.
2012). Because SICycD3.1 and SICycD3.3 are known to be up-regulated by cytokinins, which are
more accumulated in the sit mutant (Riou-Khamlichi et al. 1999; Humplik et al. 20153,
PloSONE; data presented beneath), we expect that these two genes will be upregulated in the
mutant. For this purpose, the expression of SICycD3.1 and SICycD3.2 genes was analyzed in the
elongating zone of hypocotyl of WT and sit mutant treated or not with ABA (Fig. 6). We did not
observe a higher accumulation of these two transcripts in the mutant compared to the WT;
even a slight, but non-significant decrease in the expression of S/ICycD3.3 could be observed.
No significant difference in the expression of both genes could be observed when both WT and
sit mutant were treated with exogenous ABA. From these results, we hypothesized that
regulation of SICycD3.1 and SICycD3.3 transcription is ABA-independent. ABA might rather
control cell cycle by stimulating SIKRP expression, consequently inhibiting CDKs.
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Figure 6. The effect of ABA-deficiency on the expression of genes encoding cyclin D3 SICycD3.1 and SICycD3.3.
Analysis of the expression of the SICycD3.1 and SICycD3.3 genes based on the mean of three independent
experiments + SE. Tip41like and PP2ACs were used as housekeeping genes. All expression values are quoted

relative to those for the “WT control” sample.

8.1.3. Crosstalk between ABA and cytokinins

It was previously reported that CKs play a role in inhibition of hypocotyl elongation during BL
induced de-etiolation of tomato seedlings (Bergougnoux et al. 2012). Therefore, we wondered
whether a crosstalk exists between ABA and CKs in this process. For this purpose, we
investigated the expression of genes encoding LONELY GUY (LOG) proteins, responsible for the
direct synthesis of free, active CK from the riboside monophosphate precursor (reviewed in
Zalabak et al. 2013). We already demonstrated that SILOG2 was upregulated in the sit mutant
compared to WT (Humplik et al. 2015a, PIoSONE). Here, we report the analysis of expression of
3 other SILOG genes: SILOG1, SILOG4 and SILOG6 (Fig. 7). No difference in SILOG1 gene
expression could be detected between WT and sit mutant grown on medium not
supplemented with ABA. While exogenous ABA induced reduction in SILOG1 transcript
accumulation, no effect could be observed in WT. No difference in SILOG4 gene expression was
observed in any of the genotype or depending on ABA treatment. Finally, the most interesting
results were obtained for SILOG6 gene. Indeed, SILOG6 gene was found to be highly
accumulated in sit mutant compared to WT and the ABA treatment induced a strong inhibition
of SILOG6 transcription. It was already previously reported that SILOG2 is the most abundant
member of the LOG family in the elongating zone of hypocotyl and the one which is having
probably the most important role during BL-induced inhibition of hypocotyl elongation
(Bergougnoux et al. 2012). It was also found that BL induced expression of SILOG6 and SILOG1
genes, but to lower amplitude compared to SILOG2 gene and that SILOG4 was probably not
involved in the process (Bergougnoux et al. 2012). All data taken together tend to demonstrate
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that SILOG2 and SILOG6 are the main enzymes in the elongating zone of hypocotyl involved in
the synthesis of CKs which are required to restrain the cell elongation. We further
demonstrated a control of ABA on the process.
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We previously reported a higher CKs content in whole sit mutant seedlings compared to the
WT (Humplik et al. 2015a, PIoSONE). In order to get a more precise picture of the control of
ABA on the distribution of endogenous CKs, we analyzed CKs content in different organs of the
sit mutant and WT grown in the dark for 2 and 3 days after sowing. CK metabolites were
extracted and measured from cotyledons, full hypocotyl, elongating zone of hypocotyl and
roots. Because the data presented in Table 2 are quite complex to interpret, we also present
them as a heat map where data are summed up to the “functional groups” (active CKs —
bases+ribosides, monophosphates, O- and N-glucosides). Colours represent ratios between sit
(control or ABA treated) mean values divided by WT (control) mean values (Fig. 8). Thus the
heat map indicates if the particular groups of CK metabolites are up-regulated, down-regulated
or not-changed in the sit mutant and if those differences are influenced by exogenous
treatment with ABA (100 nM). It should be noted that heat map serves only for better
expression of observed trends, where no statistics was applied to test the significance.
Particular compound mean values coupled with test of statistical significance based on three
biological repeats are given in the Table 2.

In control conditions, the sit mutant accumulated also CK-conjugated glucosides, which are
considered as storage forms of CKs. It has to be said that O-glucosylation is a reversible
reaction that can be used as a source of free cytokinins, whereas 7-/9-(N-) glucosylation is an
irreversible reaction. The reverse reaction from O-glucoside to the active CK is mediated by B-
glucosidase. This enzyme was shown to be important in early seedling development where it
hydrolyzes tZ-O-glucoside and DHZ-O-glucoside to free bases in developing embryo and
coleoptiles (for the full names of CK metabolites please refer to list of abbreviations). Also the
enormous amount of O-glucosides and ribosides was detected in the developing seeds
suggesting their storage function (reviewed in Zalabdk et al. 2013). When considering the
overall quantity of the CK types, it is noticeable that iP-types represented the main group of CK
metabolites in all organs. Moreover significant increases of iP-types were detected in all
organs. Although some changes were observed also in other CK-types, it seems presumable
that iP-types are the main regulators of shoot development during skotomorphogenesis. It has
to be noted that absolutely main fraction of the overall pool of iP-types is formed by N-
glucosides (Table 2). This seems to indicate tendency of the mutant seedling to alleviate the
negative effects of boosted iP synthesis. Also the relative differences between ABA-deficient
mutant and WT were detected within the group of iP- metabolites as shown in Figure 8. The
highest relative differences, highest increases, in whole experiment were observed in the iP
and iPR suggesting that they are major CK contributors to the sitiens phenotype.

If one considers active CKs (free bases and their corresponding ribosides), iP is the main CK to
be relatively up-regulated in the sit mutant compared to the WT. The accumulation of active
iP-derivatives correlated with phenotypes characteristic of CK-overproducer: shorter
hypocotyl, smaller and greener cotyledons/leaves, roots. Indeed, CKs are known to be involved
in the control of chloroplast biogenesis and function, influencing pigment accumulation (Zubo
et al. 2008). As expectable ABA-deficient mutants in light conditions develop smaller
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cotyledons compared to the WTs. Interestingly the effect of ABA-deficiency on the
photosynthetic apparatus was observed in the cotyledons of the sit, not and flc mutants. The
kinetic chlorophyll fluorescence imaging was performed in the cotyledons of one week old
seedlings grown under white light. When compared to the WTs all three mutants exhibited
higher maximal quantum vyield of PSIl photochemistry for a dark-adapted state (®p,, also
referred as Fy/Fy) together with higher quantum vyield of regulatory light-induced non-
photochemical quenching (®npg). On the contrary the maximal quantum vyield of PSII
photochemistry for a light-adapted state (®ps), also referred as Fyv'/Fu’), quantum vyield of basic
non-regulatory light-induced non-photochemical quenching (®¢p) and actual quantum yield of
PSII photochemistry for a light adapted state (®p) were equal or lower in all three ABA-
deficient mutants (Fig 9). Very recently similar effect was found in Arabidopsis leaves to be
characteristic of CKs treatment (VyliCilova et al. 2015).

The elevated contents of iP and iPR in sit were efficiently lowered by exogenous ABA treatment
(100 nM). However in elongating zone of hypocotyl (hypocotyl segments) not the up- but
down-regulation was detected in the mutant seedlings and this effect was not affected by
exogenous ABA. For this effect we have no explanation and further investigation will be
necessary to understand it. However it can be postulated that in sit mutant, the absence of
ABA results in the accumulation of CKs, mainly iP-types, disturbing the normal CK homeostasis.
In order to maintain a proper homeostasis, active free CKs are stored as O-glucosides or
degraded into N-glucoside derivatives.
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Figure 8. The relative comparison of changes in CK metabolites content in particular etiolated seedling organs
in ABA-deficient mutant sit presented as a “heat map.”

The mean values from CKs “functional-groups” were summed up in sit untreated and ABA-treated samples as
well as in WT untreated samples. The values from sit were divided by values from WT showing the fold-
changes in particular groups of compounds. The data from three biological repeats are presented. The full data
of CKs analysis with statistical comparison are provided in Table 2.
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Figure 9. The effect of ABA-deficiency on the growth and photosynthetic efficiency of green cotyledons.

The seedlings of three ABA-deficient tomato mutants were grown in white-light conditions for one week. Than
the measurement of leaf (cotyledon) area and photosynthetic efficiency was performed by fluorescence
camera. The columns represent median values, error bars represent 25% and 75% quartiles for: A) cotyledon
area, B) maximal quantum yield of PSIlI photochemistry, C) maximal quantum yield of PSIl photochemistry for a

(I)PSII
o
2

not sit sit

light-adapted state, D) quantum yield of regulatory light-induced non-photochemical quenching, E) quantum
yield of basic non-regulatory light-induced non-photochemical quenching, F) actual quantum yield of PSII
photochemistry for light-adapted state. The shaded columns refer to the mutant samples, whereas the black
columns show values of corresponding WTs. At least 15 seedlings per variant was analysed in one independent
experiment.
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8.1.4. Spatiotemporal distribution of cytokinins during blue-light induced
photomorphogenesis

Once we observed that ABA content is lowered by BlL-induced photomorphogenesis (see
chapter 7) it seemed logical to investigate if the profile of CK metabolism in etiolated and BL-
grown WT seedling organs is comparable to the profiles of WT and ABA-deficient mutants.
Such a finding would suggest a direct link between ABA content and regulation of CK
metabolism during de-etiolation and photomorphogenesis. However, the preliminary data that
are presented here did not provide clear interpretation suggesting that regulation of CK
metabolism is more complex in etiolated ABA-deficient seedlings and in WT seedlings
undergoing photomorphogenesis. The WT seedlings were cultivated on MS media and after
germination part of the seedlings was transferred to continuous BL to induce de-etiolation,
whereas other part was kept in the dark. Subsequently, the seedlings were harvested after 24
and 48 hours of BL or dark cultivation that represent age of seedlings 96 and 120 hours after
sowing. It this case the hypocotyl segments were not excised since it would be hardly possible
to find a corresponding growing region in much shorter BL-grown hypocotyls — only entire
cotyledons, hypocotyls and roots are compared particularly. It should be also considered that
data from BL-grown roots were affected by un-natural lightning of roots on Petri dish. Because
the data presented in Table 3 are quite complex to interpret, we also present them as a heat
map where data are summed up to the “functional groups” (active CKs — bases+ribosides,
monophosphates, O- and N-glucosides). Colours represent ratios between BL-grown seedlings
mean values divided by dark-grown seedlings mean values. Thus the heat map indicates if the
particular groups of CK metabolites are up-regulated, down-regulated or not-changed in the BL
(Fig.10). It should be noted that heat map serves only for better expression of observed trends,
where no statistics was applied to test the significance. But particular compound values
coupled with test of statistical significance based on three biological repeats are given in the
Table 3. In 96 hours old seedlings the BL induced elevation of certain tZ-types and iPRMP (for
the full names of CK metabolites please refer to list of abbreviations). On the contrary cZ, cZR,
three metabolites from DHZ-group and iP and iPR decreased in BL-grown compared to the
etiolated cotyledons. The hypocotyls of the same seedlings showed strongest upregulation in
iPRMP (3.5) and then in ¢ZR (1.5) and slight increases in tZRMP and tZROG. Down-regulated
was mainly DHZ (0.6) and slightly tZ and tZ9G. In roots most of the compounds were very
slightly down-regulated by BL; only in tZROG the strong effect was observed (0.1). The only
higher fold-increase was observed in DHZ (1.6). In general, in one day older seedlings (120h
after sowing) more upregulated metabolites were detected. The most dramatic changes
occurred in 120h hypocotyls where important up-regulations in the three groups of
metabolites were detected: in cZ-types, DHZ-types and iP-types (Fig. 10). In detail cZR, cZRMP,
cZ-glucosides and in DHZ-types only glucosides were strongly elevated (maximum in DHZROG),
from the iP-group iPRMP showed highest increase in whole experiment, others up-regulated
iP-types were iP7G, iP9G. In roots of 120h old seedlings was again observed strong decrease of
tZROG, then slighter decreases in DHZRMP and two DHZ-glucosides. Elevations were detected
for tZ7G and cZ (see Table 3).
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The actual content of CKs in particular plant tissues/organs depends on the balance between
de novo synthesis, transport, isoform conversion, conjugation and degradation (Sakakibara et
al. 2006). Undoubtedly, light plays important role in the regulation of CK metabolism (Zdarska
et al. 2015). Thus it was reported by Kraepiel et al. (1995) that in tobacco phytochrome
mutants pewl and pew2 the zeatin content was significantly reduced compared to the WT, but
the levels of iP and other CK ribotides were not changed (Kraepiel et al. 1995). On the other
hand, Bergougnoux et al. (2012) detected the important increase in iP, iPRMP and iP9G during
BL-induced de-etiolation in tomato. Other CK-derivatives were found not to be involved in this
process (Véronique Bergougnoux, personal communication). In our study the amount of iP-
types was shown to be most abundant within the CK types. Indeed, the amount of iP-
derivatives was 4-10 times higher in both D- and BL-grown seedlings compared to the other
CK-types (Table 3.) Together with data of the changes of endogenous ABA in the same
seedlings (see chapter 7) and data of CK analysis in ABA-deficient sit and WT seedlings, our
results suggested that ABA promotes the etiolated hypocotyl growth via reduction of CKs,
particularly iP-derivatives content. To fulfil the scheme of ABA — CKs interactions during skoto-
and photo-morphogenesis it seems valuable to compare obtained analytical data with the
expression of the CK metabolic genes in particular organs.
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Table 2. Quantification of CK metabolites in particular organs of sit and WT seedlings. Values are presented as a mean pmol.g'1 FW. Asterisks indicate statistically

significant difference between marked sample and corresponding sample from WT 0 (control) group in t-test analysis (*, **, and *** correspond to p-values of 0.05 >

p >0.01,0.01 >p >0.001, and p < 0.001, respectively).
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Table 2. continued

» ] o
£} ° %
D T @ @
T © S S
[ [ (]
@ o = 3 =
8 2 E 50 80
o 9 o x 2 o 2
c o [7] T 3 o wn x x x x x x
g g B a § ¢ ¥ ¢ & & 5 & o &8
2 2 % « 2 g ¢ £ £ n» & T T T T E 5
° g £ & & & N g N n 3 g e ° 2o @9 © ©
cotyledon WT 0 015 013 030 9685 048 548 529 1860 97,84 0,88 059 3,14 1154 370,41 386,56
sit 0 041 034 052 13298 041 545 566 1494 134338 098 086 429 890 400,80 415,83
sit ABA 0,17 0,10 024 11521 051 3,71 411 13,68 116,18 0,73 043 298 6,12 343,48 353,74
hyp.segment WT 0 0,18 015 023 2549 072 480 276 451 2668 072 118 387 312 8836 97,25
sit 0 015 005 021 4446 049 606 206 470 4529 073 135 392 286 134,89 143,74
sit ABA 0,10 0,10 021 4111 059 3,89 246 424 4206 066 073 324 225 11637 12325
hypocotyy’%k WT 0 036 015 008 732 026 178 171 096 7,88 050 085 1,76 079 2146 2536
sit 0 030 131 0,11 1258 043 2,78 145 148 1393 047 152 196 111 3880 43,386
sit ABA 0,16 009 008 98 038 167 159 098 1038 037 055 177 065 2608 2941
root WT 0 030 029 1,74 860 027 200 149 059 1090 059 0,69 3,62 061 1957 2508
sit 0 025 205 242 1761 074 48 159 099 2195 060 28 530 077 4405 5355
sit ABA 0,19 054 134 781 036 150 126 060 987 038 075 277 034 1949 2374

t-test

* %k

* %k

k%

k3 %k




Table 3. Quantification of CK metabolites in particular organs of D- or BL-grown seedlings. Values are presented as a mean pmol.g'1 FW. Asterisks indicate
statistically significant difference in t-test analysis (*, **, and *** correspond to p-values of 0.05 > p >0.01, 0.01 > p > 0.001, and p < 0.001, respectively).
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BL 057 070 155 00 0,4 130 012 0,16 088 0,04 008 027 002 004 003 002 030 797
t_test *k %k %k % Kk * *
120h cotyledon D 053 011 039 041 094 268 016 013 241 023 095 091 004 005 0,05 092 6,09 2281 9
BL 056 015 126 051 1,31 2832 015 031 525 0,15 061 054 006 0,08 006 073 3,62 1251 0
t_test %k %k %k %k EE T EE T %k %k * * * %k *k %k %k %k %k
hypocotyl D 033 043 132 0,10 060 379 009 020 131 0,07 013 033 004 0,09 0,12 008 0,71 19,91
BL 035 045 132 030 1,25 11,84 013 062 587 019 050 103 002 0,10 0,05 0,22 3,26 5597
t_test % kK * %k %k * %k ¥k %k % %Kk EE T %k %k %k %k %k %k % Kk %k %k %k %k %k %k
root D 026 046 093 007 126 1,15 008 021 1,18 0,04 007 0419 0,02 004 003 002 0,23 5,383
BL 031 o043 078 007 0412 140 012 025 140 0,03 006 016 002 004 0,02 002 021 464

* %k

k%




Table 3. continued
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96h  cotyledon D 1,44 059 100 7753 052 6,18 8,03 23,29 80,78 3,07 3,06 8,65 11,20 379,70 405,68
BL 062 034 143 70,70 0,49 9,27 749 16,77 7341 263 230 10,50 8,62 251,47 27551
t‘test * * * * %k * EE T3 % Kk
hypocotyl D 0,28 0,04 053 4354 196 9,07 305 9,63 4633 164 2,10 576 536 138,29 153,14
BL 0,21 0,10 1,87 49,21 2,06 9,19 450 9,01 53,41 1,27 2,15 8,33 5,79 144,93 162,47
t‘test EE T *k EE T3 *k
root D 0,26 034 233 754 036 387 202 099 1066 080 1,08 446 2,28 20,01 28,64
BL 0,21 035 285 7,65 0,32 3,17 154 097 1138 091 1,25 531 064 18,21 26,33
t-test * kK
120h  cotyledon D 0,30 0,05 0,29 93,70 0,34 4,29 4,79 1959 9464 1,03 0,32 3,14 9,54 358,16 372,19
BL 0,27 0,03 0,53 4899 0,22 5,10 7,01 10,35 50,04 1,04 0,557 7,10 693 206,24 221,87
t‘test * EE T EE T * %k *k EE T %k %k * %k % kK *k % %Kk % %k K
hypocotyl D 0,15 0,06 0,15 11,78 0,35 3,25 212 2,22 1245 061 0,74 290 168 37,83 43,76
BL 0,16 0,05 153 39,00 1,42 5,04 833 830 4215 066 1,21 8,77 573 11526 131,62
t‘test % Kk EE T % %Kk %k %k % %Kk % kK %k %k %k %k EE T %k %k % %k K % Kk
root D 0,16 0,23 155 6,75 0,19 3,15 1,77 0,71 8,76 052 0,83 368 169 14,65 21,36
BL 0,22 0,19 1,75 646 0,21 1,87 202 058 880 064 0,90 395 051 1331 19,30

t-test




9. CONCLUSIONS AND PERSPECTIVES

This thesis tries to bring an answer to the question on how ABA contributes to the seedling
development especially to the elongation of hypocotyl. The literature review showed that the
opinions on the role of ABA during plant growth are often contradictory. Indeed, whereas
authors using exogenous ABA treatment or mutants in ABA signaling elements more often
concluded that ABA is a growth inhibitor, studies employing ABA-deficient mutants rather
suggest a growth-promotive effect of ABA. We would like to underline that simplified
“labeling” of hormones as stimulators or inhibitors should be avoided to circumvent
misunderstanding that is further “dogmatized” within the scientific community. Although,
these facts sounds logical and easy to understand, in the mainstream community of plant
biologist that is mostly educated in molecular and cellular biology, but less in plant physiology
“the abbreviated views” on the hormone action are common. Every physiological response to
exogenous hormone application is primarily question of compound concentration and tissue
sensitivity (Trewavas 1982). Moreover, there is an important level of uncertainty of the
relevance of correlation between effect of exogenous treatment and physiological role of
endogenous hormone (Sharp 2002). Similar uncertainty has to be considered in relation with
experiments using biosynthetic or signalling mutants, especially in those with constitutively
expressed mutation effect. The plant that is for its whole life under pressure of mutation will
respond by hardly-predictable network of backward regulatory mechanisms to alleviate the
negative effects. We should have all these facts in our minds when interpreting a data from
experiments in which plants are pushed into extremely artificial circumstances. From this point
of view it seems to be very valuable to produce inducible transgenic plants with possibility of
finely “tuning” of the mutation effect power. Such plants should allow switching on/off the
mutation only in the particular physiological process avoiding the effects of pre-adaptation
(including the epigenetic changes from maternal plant). Moreover, the gradual induction of the
mutation should allow the analysis of the dose-response-like effects of the endogenous
compound. Examples mentioned in the review part of the thesis demonstrate that artificial
division of plant hormones to the regulators and inhibitors is only simplistic description of
physiological reality. However, it does not exclude the fact that in particular physiological
response one of the “poles” (inhibitor — stimulator) has to be preferred. In case of growth of
etiolated tomato hypocotyl, the ABA-deficiency caused growth-inhibition. It strongly suggests
that homeostatic concentration of endogenous ABA supports the hypocotyl growth during
tomato skotomorphogenesis. We presented here further evidences that endogenous ABA
accumulates in etiolated tomato seedlings and is degraded in response to the blue-light. In the
context of our data, we hypothesized that during skotomorphogenesis, ABA promotes
hypocotyl growth through the stimulation of CDK inhibitor family SIKRPs and through the
inhibition of CKs biosynthesis and stimulation of CKs glucosylation leading to the stimulation of
endoreduplication cell expansion. In the presence of light the ABA content is decreased
allowing higher CKs synthesis and lower glucosylation leading to the mitosis and cell
differentiation (Fig. 11). The obtained data demonstrated the importance of a proper
regulation of ABA metabolism during tomato post-germination growth. Although the detailed

103



mechanism of ABA action remains challenging for the future, we believe that our observations
provide a novel inspiring view on the role of ABA during young seedling development.

| CELL EXPANSION

Figure 11. A simplified hypothetical model of ABA action during tomato seedling skotomorphogenesis and de-
etiolation.

In absence of light the ABA biosynthesis is upregulated that leads to activation of ICK/KRPs proteins and
downregulation of CKs content by inhibition of LOG2 expression and stimulation of CK glucosylation. ICK/KRP
proteins enhance DNA endoreduplication by inhibiting CDK that promote the cell expansion and etiolated
growth (skotomorphogenesis). When the light is perceived the ABA synthesis is inhibited and decreased ABA
content allows increase of CKs that stimulates cell division in favour of DNA endoreduplication that inhibits the
hypocotyl growth and supports photomorphogenesis.

104



10. REFERENCES

Abe H, Yamaguchi-Shinozaki K, Urao T, Iwasaki T, Hosokawa D, Shinozaki K. 1997. Role of Arabidopsis MYC and
MYB homologs in drought- and abscisic acid regulated gene expression. Plant Cell. 9:1859-168

Abe H, Urao T, Ito T, Seki M, Shinozaki K, Yamaguchi-Shinozaki K. 2003. Arabidopsis AtMYC2 (bHLH) and AtMYB2
(MYB) function as transcriptional activators in abscisic acid signaling. Plant Cell. 15:63—-78

Addicott FT, Lyon JL. 1969. Physiology of Abscisic Acid and Related Substances. Annu. Rev. Plant Physiol. 20:139—
64

Achard P, Herr A, Baulcombe DC, Harberd NP. 2004. Modulation of floral development by a gibbere lin-regulated
microRNA. Development. 131:3357-65

Achard P, Baghour M, Chapple A, Hedden P, Van Der Straeten D, Genschik P, et al. 2007. The plant stress hormone
ethylene controls floral transition via DELLA-dependent regulation of floral meristem-identity genes. P Nat/
Acad Sci USA. 104:6484-89

Alabadi D, Gallego-Bartolomé J, Orlando L, Garcia-Carcel L, Rubio V, et al. 2008. Gibberellins modulate light
signaling pathways to prevent Arabidopsis seedling de-etiolation in darkness. Plant J. 53:324-35

Alabadi D, Blazquez MA. 2009. Molecular interactions between light and hormone signaling to control plant
growth. Plant Mol Biol. 69:409-417

Ali-Rachedi S, Bouinot D, Wagner MH, Bonnet M, Sotta B, et al. 2004. Changes in endogenous abscisic acid levels
during dormancy release and maintenance of mature seeds: studies with the cape verde islands ecotype,
the dormant model of Arabidopsis thaliana. Planta. 219:479-88

Allan AC, Fricker MD, Ward JL, Beale MH, Trewavas AJ. 1994. Two transduction pathways mediate rapid effects of
abscisic acid in Commelina guard cells. Plant Cell 6: 1319-28

Anderson JP, Badruzsaufari E, Schenk PM, Manners JM, Desmond OJ, Ehlert C, Maclean DJ, Ebert PR, Kazan K.
2004. Antagonistic interaction between abscisic acid and jasmonate-ethylene signaling pathways
modulates defense gene expression and disease resistance in Arabidopsis. Plant Cell. 16:3460-79

Aroca R, Del Mar Alguacil M, Vernieri P, Ruiz-Lozano JM. 2008. Plant responses to drought stress and exogenous
ABA application are modulated differently by mycorrhization in tomato and an ABA-deficient mutant
(sitiens). Microb Ecol. 56:704-19

Arsovski AA, Galstyan A, Guseman JM, Nemhauser JL. 2012. Photomorphogenesis. Arabidopsis Book. 10:e0147

Barrero JM, Piqueras P, Gonzalez-Guzmdan M, Serrano R, Rodriguez PL, et al. 2005. A mutational analysis of the
abal gene of Arabidopsis thaliana highlights the involvement of ABA in vegetative development. J Exp Bot.
56:2071-83

Barrero JM, Rodriguez PL, Quesada V, Alabadi D, Blazquez M a., et al. 2008. The abal gene and carotenoid
biosynthesis are required for late skotomorphogenic growth in Arabidopsis thaliana. Plant Cell Environ.
31:227-34

Bauer D, Viczian A, Kircher S, Nobis T, Nitschke R, et al. 2004. Constitutive Photomorphogenesis 1 and multiple
photoreceptors control degradation of Phytochrome Interacting Factor 3, a transcription factor required
for light signaling in Arabidopsis. Plant Cell. 16:1433-45

Bauer H, Ache P, Lautner S, Fromm J, Hartung W, et al. 2013. The stomatal response to reduced relative humidity
requires guard cell-autonomous ABA synthesis. Curr Biol. 23:53-57

Beaudoin N, Serizet C, Gosti F, Giraudat J. 2000. Interactions between abscisic acid and ethylene signaling
cascades. Plant Cell. 12:1103-15

Belin C, Megies C, Hauserova E, Lopez-Molina L. 2009. Abscisic acid represses growth of the Arabidopsis
embryonic axis after germination by enhancing auxin signaling. Plant Cell. 21:2253-68

Ben Haj Salah H, Tardieu F. 1997. Control of leaf expansion rate of droughted maize plants under fluctuating
evaporative demand-asuperposition of hydraulic and chemical messages? Plant Physiol. 114:893-900

105



Bergougnoux V, Zalabdak D, Jandova M, Novak O, Wiese-Klinkenberg A, Fellner M. 2012. Effect of blue light on
endogenous isopentenyladenine and endoreduplication during photomorphogenesis and de-etiolation of
tomato (Solanum lycopersicum L.) seedlings. PLoS One. 7.:€45255

Bhaskara GB, Nguyen TT, Verslues PE. 2012. Unique drought resistance functions of the highly ABA-induced clade
A protein phosphatase 2Cs. Plant Physiol. 160:379-95

Blazquez MA, Green R, Nilsson O, Sussman MR, Weigel D. 1998. Gibberellins promote flowering of Arabidopsis by
activating the LEAFY promoter. Plant Cell. 10:791-800

Blum A. 2015. Towards a conceptual ABA ideotype in plant breeding for water limited environments. Funct Plant
Biol. 42:502-13

Bouchabke O, Tardieu F, Simonneau T. 2006. Leaf growth and turgor in growing cells of maize (Zea mays L.)
respond to evaporative demand under moderate irrigation but not in water-saturated soil. Plant Cell
Environ. 29:1138-48

Bradford KJ. 1983. Water relations and growth of the flacca tomato mutant in relation to abscisic acid. Plant
Physiol. 72:251-55

Burbidge A, Grieve TM, Jackson A, Thompson A, Mc-Carty DR, Taylor IB. 1999. Characterization of the ABA-
deficient tomato mutant notabilis and its relationship with maize Vp 14. Plant J. 17:427-31

Carvalho RF, Campos ML, Pino LE, Crestana SL, Zs6gon A, et al. 2011. Convergence of developmental mutants into
a single tomato model system: “micro-tom” as an effective toolkit for plant development research. Plant
Methods. 7:18

Cashmore AR, Jamarillo JA, Wu YJ, Liu D. 1999. Cryptochromes: blue light receptors for plants and animals.
Science. 284:760-765

Chen JG, Zhou X. 1998. Involvement of abscisic acid in mesocotyl growth in etiolated seedlings of a foxtail millet
dwarf mutant. J Plant Growth Regul. 17:147-51

Chen G, Shi Q, Lips SH, Sagi M. 2003. Comparison of growth of flacca and wild-type tomato grown under
conditions diminishing their differences in stomatal control. Plant Sci. 164:753-57

Chen H, Zhang J, Neff MM, Hong SW, Zhang H, Deng XW, Xiong L. 2008. Integration of light and abscisic acid
signaling during seed germination and early seedling development. Proc Natl Acad Sci USA. 105:4495-500

Cheng WH, Endo A, Zhou L, Penney J, Chen H-C, et al. 2002. A unique short-chain dehydrogenase/reductase in
Arabidopsis glucose signaling and abscisic acid biosynthesis and functions. Plant Cell. 14:2723-43

Choi H, Hong J, Ha J, Kang J, Kim S. 2000. ABFs, a family of ABA-responsive element binding factors. J. Biol. Chem.
275:1723-30

Chory J, Reinecke D, Sim S, Washburn T, Brenner M. 1994. A role for cytokinins in de-etiolation in Arabidopsis (det
mutants have an altered response to cytokinins). Plant Physiol. 104:339—-47

Christmann A, Weiler EW, Steudle E, Grill E. 2007. A hydraulic signal in root-to-shoot signalling of water shortage.
Plant J. 52:167-74

Clouse SD, Langford M, McMorris TC. 1996. A brassinosteroid-insensitive mutant in Arabidopsis thaliana exhibits
multiple defects in growth and development. Plant Physiol. 111:671-78

Conti L, Galbiati M, Tobelli C. 2014. ABA Signal Perception and ABA Receptors. In: Zhang DP, editor. Abscisic Acid:
Metabolism, Transport and Signaling. Dodrecht: Springer. pp. 365-84

Cornforth JW, Milborrow BV, Ryback G, Wareing PF. 1965. Chemistry and Physiology of Dormins In Sycamore:
Identity of Sycamore Dormin with Abscisin Il. Nature 205:1269-70

Cramer GR, Quarrie SA. 2002. Abscisic acid is correlated with the leaf growth inhibition of four genotypes of maize
differing in their response to salinity Funct Plant Biol. 29:111-15

Creelman RA, Mason HS, Bensen RJ, Boyer JS, Mullet JE. 1990. Water deficit and abscisic acid cause differential
inhibition of shoot versus root growth in soybean seedlings : analysis of growth, sugar accumulation, and
gene expression. Plant Physiol. 92:205-14

106



Cutler SR, Rodriguez PL, Finkelstein RR, Abrams SR. 2010. Abscisic acid: emergence of a core signaling network.
Annu Rev Plant Biol. 61:651-79

Dekkers BJW, Willems L, Bassel GW, Van Bolderen-Veldkamp RPM, Ligterink W, et al. 2012. Identification of
reference genes for RT-qPCR expression analysis in Arabidopsis and tomato seeds. Plant Cell Physiol.
53:28-37

De Veylder L, Larkin JC, Schnittger A. 2011. Molecular control and function of endoreplication in development and
physiology. Trends Plant Sci. 16:624-34

Ding Y, Kalo P, Yendrek C, Sun J, Liang Y, Marsh JF, Harris JM, Oldroyd GE. 2008. Abscisic acid coordinates nod
factor and cytokinin signaling during the regulation of nodulation in Medicago truncatula. Plant Cell.
20:2681-95

Dodd IC, Davies WJ. 2010. Hormones and the regulation of water balance. In: Davies PJ, editor. Plant Hormones:
Biosynthesis, Signal Transduction, Action!. Dodrecht: Springer. pp. 519-48

Domagalska MA, Sarnowska E, Nagy F, Davis SJ. 2010. Genetic analyses of interactions among gibberellin, abscisic
acid, and brassinosteroids in the control of flowering time in Arabidopsis thaliana. PLoS One. 5:14012

Dupeux F, Santiago J, Betz K, Twycross J, Park SY, Rodriguez L, Gonzalez-Guzman M, Jensen MR, Krasnogor N,
Blackledge M, Holdsworth M, Cutler SR, Rodriguez PL, Marquez JA. 2011. A thermodynamic switch
modulates abscisic acid receptor sensitivity. EMBO J. 30:4171-84

Ehlert C, Maurel C,Tardieu F, Simonneau T. 2009. Aquaporin-mediated reduction in maize root hydraulic
conductivity impacts cell turgor and leaf elongation even without changing transpiration. Plant Physiol.
150:1093-104

El-Antably HMM. 1974. Important effect of ABA and other growth hormones on growth and yield of corn and
Sorghum. Biochemie und Physiologie der Pflanzen. 166:351-56

Fambrini M, Vernieri P, Toncelli ML, Rossi VD, Pugliesi C. 1995. Characterization of a wilty sunflower (Helianthus
annuus L.) mutant 3. Phenotypic interaction in reciprocal grafts from wilty mutant and wild-type plants. J
Exp Bot. 46:525-30

Finch-Savage WE, Leubner-Metzger G. 2006. Seed dormancy and the control of germination. New Phytol.
171:501-23

Finkelstein RR. 1994. Mutations at two new Arabidopsis ABA response loci are similar to the abi3 mutations. Plant
J. 5:765-71

Finkelstein RR, Wang ML, Lynch TJ, Rao S, Goodman HM. 1998. The Arabidopsis abscisic acid response locus ABI4
encodes an APETALA2 domain protein. Plant Cell. 10:1043-54

Finkelstein R, Lynch T. 2000. The Arabidopsis abscisic acid response gene ABI5 encodes a basic leucine zipper
transcription factor. Plant Cell. 12:599-609

Finkelstein R. 2010. The role of hormones during seed development and germination. In: Davies PJ, editor. Plant
Hormones: Biosynthesis, Signal Transduction, Action!. Dodrecht: Springer. pp. 549-73

Finkelstein R. 2013. Abscisic acid synthesis and response. Arabidopsis Book. 11:e0166

Folta KM, Spalding EP. 2001. Unexpected roles for cryptochrome 2 and phototropin revealed by high-resolution
analysis of blue light-mediated hypocotyl growth inhibition. Plant J. 26:471-478

Frey A, Godin B, Bonnet M, Sotta B, Marion-Poll A. 2004. Maternal synthesis of abscisic acid controls seed
development and yield in Nicotiana plumbaginifolia. Planta. 218:958—64

Fujii H, Verslues P, Zhu JK. 2011. Arabidopsis decuple mutant reveals the importance of SnRK2 kinases in osmotic
stress responses in vivo. Proc. Natl. Acad. Sci. USA. 108:1717-22

Fujita Y, Nakashima K, Yoshida T, Katagiri T, Kidokoro S, Kanamori N, Umezawa T, Fujita M, Maruyama K, Ishiyama
K, Kobayashi M, Nakasone S, Yamada K, Ito T, Shinozaki K, Yamaguchi-Shinozaki K. 2009. Three SnRK2
Protein Kinases are the Main Positive Regulators of Abscisic Acid Signaling in Response to Water Stress in
Arabidopsis. Plant Cell Physiol. 50:2123-32

107



Ghassemian M, Nambara E, Cutler S, Kawaide H, Kamiya Y, McCourt P. 2000. Regulation of abscisic acid signaling
by the ethylene response pathway in Arabidopsis. Plant Cell. 12:1117-26

Giraudat J, Hauge B, Valon C, Smalle J, Parcy F, Goodman H. 1992. Isolation of the Arabidopsis ABI3 gene by
positional cloning. Plant Cell 4:1251-61

Goethe JW, 1790. Versuch die Metamorphose der Pflanzen zu erklaren. Gotha: Carl Wilhelm Ettinger. English
translation: Miller D, 1988. Goethe, Collected works, Scientific studies, Vol. 12. Princeton: Princeton
University Press.

Golldack D, Li C, Mohan H, Probst N. 2013. Gibberellins and abscisic acid signal crosstalk: living and developing
under unfavorable conditions. Plant Cell Rep. 32:1007-16

Gomez-Cadenas A, Verhey SD, Holappa LD, Shen Q, Ho THD, Walker-Simmons MK. 1999. An abscisic acid-induced
protein ki- nase, PKABA1, mediates abscisic acid-suppressed gene expression in barley aleurone layers.
Proc. Natl. Acad. Sci. USA. 96:1767-72

Gonzales CV, Ibara SV, Piccoli PN, Botto JF, Boccalandro HE. 2012. Phytochrome B increases drought tolerance by
enhancing ABA sensitivity in Arabidopsis thaliana. Plant, Cell Environ. 35:1958—68

Gowing DJG, Davies WJ, Jones HG. 1990. A positive root-sourced signal as a indicator of soil drying in ammple,
Malus domestica B. J Exp Bot. 41:1535-40

Guan C, Wang X, Feng J, Hong S, Liang Y, et al. 2014. Cytokinin antagonizes abscisic acid-mediated inhibition of
cotyledon greening by promoting the degradation of abscisic acid insensitive5 protein in Arabidopsis. Plant
Physiol. 164:1515-26

Gubler F, Hughes T, Waterhouse P, Jacobsen J. 2008. Regulation of dormancy in barley by blue light and after-
ripening: effects on abscisic acid and gibberellin metabolism. Plant Physiol. 147:886—-96

Hall HK, McWha JA. 1981. Effects of abscisic acid on growth of wheat (Triticum aestivum L.). Ann Bot. 47:427-33

Hao Q, Yin P, Li W, Wang L, Yan C, Lin Z, Wu Jim Z, Wang J, Yan SF, Yan N. 2011. The molecular basis of ABA-
independent inhibition of PP2Cs by a subclass of PYL proteins. Mol Cell. 42:662-72

Harrison E, Burbidge A, Okyere JP, Thompson AJ, Taylor IB. 2011. Identification of the tomato ABA-deficient
mutant sitiens as a member of the ABA-aldehyde oxidase gene family using genetic and genomic analysis.
Plant Growth Regul. 64:301-09

Hartung W, Slovik S. 1991. Physicochemical properties of plant growth regulators and plant tissues determine
their distribution and redistribution. New Phytol. 119:361-82

Hauser F, Waadt R, Schroeder JI. 2011. Evolution of abscisic acid synthesis and signaling mechanisms. Curr Biol.
21:346-55

Hayashi Y, Takahashi K, Inoue SI, Kinoshita T. 2014. Abscisic acid suppresses hypocotyl elongation by
dephosphorylating plasma membrane H'-ATPase in Arabidopsis thaliana. Plant Cell Physiol. 55:845-53

Hoffmann WA, Poorter H. 2002. Avoiding bias in calculations of relative growth rate. Ann Bot. 90:37-42

Holbrook NM, Shashidhar VR, James RA, Munns R. 2002. Stomatal control in tomato with ABA-deficient roots:
response of grafted plants to soil drying. J Exp Bot. 53:1503-14

Horton RF. 1971. Stomatal opening: the role of abscisic acid. Can J Bot. 49:583-85

Hoth S, Morgante M, Sanchez JP, Hanafey MK, Tingey SV, Chua NH. 2002. Genome-wide gene expression profiling
in Arabidopsis thaliana reveals new targets of abscisic acid and largely impaired gene regulation in the
abil-1 mutant. J Cell Sci. 115:4891-900

Humplik JF, Bergougnoux V, Jandovéa M, Simura J, Péncik A, Tomanec O, Rolé&ik J, Novak O, Fellner M. 2015a.
Endogenous Abscisic Acid Promotes Hypocotyl Growth and Affects Endoreduplication during Dark-Induced
Growth in Tomato (Solanum lycopersicum L.). PLoS One. 10:e0117793

Humplik JF, Turec¢kova V, Fellner M, Bergougnoux V. 2015b. Spatio-temporal changes in endogenous abscisic acid
contents during etiolated growth and photomorphogenesis in tomato seedlings. Plant Signal Behav.
10:e1039213

108



Humplik JF, Lazar D, Husi¢kova A, Spichal L. 2015c. Automated phenotyping of plant shoots using imaging
methods for analysis of plant stress responses — a review. Plant Methods. 11:29.

Humplik JF, Lazar D, First T, Husickova A, Hybl M, Spichal L. 2015d. Automated integrative high-throughput
phenotyping of plant shoots: a case study of the cold-tolerance of pea (Pisum sativum L.). Plant Methods.
11:20.

Imber D, Tal M. 1970. Phenotypic reversion of flacca, a wilty mutant of tomato, by abscisic acid. Science. 169:592—
93

Jeannette E, Rona JP, Barda, F, Cornel D, Sotta B, Miginiac E. 1999. Induction of RAB18 gene expression and
activation of K+ out- ward rectifying channels depend on extracellular perception of ABA in Arabidopsis
thaliana suspension cells. Plant J. 18:13-22

Jeong DH, Lee S, Kim SL, Hwang I, An G. 2007. Regulation of brassinosteroid responses by phytochrome B inrice.
Plant Cell Environ. 30:590-99

Jia HF, Chai YM, Li CL, Lu D, Luo JJ, Qin L, Shen YY. 2011. Abscisic acid plays an important role in the regulation of
strawberry fruit ripening. Plant Physiol. 157:188-99

Johnston CA, Temple BR, Chen JG, Gao Y, Moriyama EN, Jones AM, Siderovski DP, Willard FS. 2007. Comment on
‘A G protein coupled receptor is a plasma membrane receptor for the plant hormone abscisic acid’.
Science. 318:914

Jones RJ, Mansfield TA. 1970. Suppression of stomatal opening in leaves treated with abscisic acid. J Exp Bot.
21:714-19

Jones H, Sharp C, Higgs K. 1987. Growth and water relations of wilty mutants of tomato (Lycopersicon esculentum
Mill.). J Exp Bot. 38:1848-56

Kami C, Lorrain S, Hornitschek P, Fankhauser C. 2010. Light-regulated plant growth and development. Curr Top
Dev Biol. 91:29-64

Kerchev PI, Pellny TK, Vivancos PD, Kiddle G, Hedden P, Driscoll S, Vanacker H, Verrier P, Hancock RD, Foyer CH.
2011. The Transcription factor ABI4 is required for the ascorbic acid-dependent regulation of growth and
regulation of jasmonate-dependent defense signaling pathways in Arabidopsis. Plant Cell. 23:3319-34

Kim DH, Yamaguchi S, Lim S, Oh E, Park J, Hanada A, Kamiya Y, Choi G. 2008. SOMNUS, a CCCH- type zinc finger
protein in Arabidopsis, negatively regulates light-dependent seed germination downstream of PIL5. Plant
Cell. 20:1260-77

Kim W, Lee Y, Park J, Lee N, Choi G. 2013. HONSU, a protein phosphatase 2C, regulates seed dormancy by
inhibiting ABA signaling in Arabidopsis. Plant Cell Physiol. 54:555-72

King RW, Evans LT. 1977. Inhibition of flowering in Lolium temulentum L. By water stress: a role for Abscisic acid.
Aust J Plant Physiol. 4:225-33

Kitahata N, Asami T. 2011. Chemical biology of abscisic acid. J Plant Res. 124:549-57

Kochhar TS. 1980. Effect of abscisic acid and auxins on the growth of tobacco callus. Zeitschrift fiir
Pflanzenphysiologie. 97:1-4

Koops P, Pelser S, Ignatz M, Klose C, Marrocco-Selden K, Kretsch T. 2011. EDL3 is an F-box protein involved in the
regulation of abscisic acid signalling in Arabidopsis thaliana. J Exp Bot. 62:5547-60

Koornneef M, Rolff E, Spruit CIP. 1980. Genetic control of light-inhibited hypocotyl elongation in Arabidopsis
thaliana (L) Heynh. Zeitschrift fiir Pflanzenphysiologie. 100:147—-60

Koornneef M, Reuling G, Karssen C. 1984. The isolation and charac- terization of abscisic acid-insensitive mutants
of Arabidopsis thaliana. Physiol Plant. 61:377—-83

Koussevitzky S, Nott A, Mockler TC, Hong F, Sachetto-Martins G, Surpin M, Lim J, Mittler R, Chory J. 2007. Signals
from chloroplasts converge to regulate nuclear gene expression. Science. 316:715-19

Kraepiel Y, Rousselin P, Sotta B, Kerhoas L, Einhorn J, et al. 1994. Analysis of phytochrome- and ABA-deficient
mutants suggests that ABA degradation is controlled by light in Nicotiana plumbaginifolia. Plant J. 6:665—
72

109



Kraepiel Y, Marree K, Sotta B, Caboche M, Miginiac E. 1995. In vitro morphogenic characteristics of phytochrome
mutants in Nicotiana plumbaginifolia are modified and correlated to high indole-3-acetic acid levels.
Planta. 197:142-46

Kravtsov AK, Zubo YO, Yamburenko MV, Kulaeva ON, Kusnetsov VV. 2011. Cytokinin and abscisic acid control
plastid gene transcription during barley seedling de-etiolation. Plant Growth Regul. 64:173-83

Kriedemann PE, Loveys BR, Fuller GL, Leopold AC. 1972. Abscisic acid and stomatal regulation. Plant Physiol.
49:842-47

Kushiro T, Okamoto M, Nakabayashi K, Yamagishi K, Kitamura S, et al. 2004. The Arabidopsis cytochrome P450
CYP707A encodes ABA 8'-hydroxylases: key enzymes in ABA catabolism. EMBO J. 23:1647-56

Kusnetsov VV, Oelmdiiller R, Sarwat M, Porfirova SA, Cherepneva GN, et al. 1994. Cytokinins, abscisic acid and light
affect accumulation of chloroplast proteins in Lupinus luteus cotyledons without notable effect on steady-
state mRNA levels. Planta. 194:318-27

Kusnetsov V, Herrmann RG, Kulaeva ON, Oelmdiiller R. 1998. Cytokinin stimulates and abscisic acid inhibits
greening of etiolated Lupinus luteus cotyledons by affecting the expression of the light-sensitive
protochlorophyllide oxidoreductase. Mol Gen Genet. 259:21-28

Lazar D. 2015. Parameters of photosynthetic energy partitioning. J Plant Physiol. 175:131-47

Lee KH, Piao HL, Kim HY, Choi SM, Jiang F, Hartung W, Hwang |, Kwak JM, Lee 1J, Hwang |. 2006. Activation of
glucosidase via stress-induced polymerization rapidly increases active pools of abscisic acid. Cell. 126:1109—
20

Lee SJ, Park J, Lee M, Yu JH, Kim S. 2010. Isolation and functional characterization of CE1 binding proteins. BMC
Plant Biol. 10:277

LeNoble ME, Spollen WG, Sharp RE. 2004. Maintenance of shoot growth by endogenous ABA: genetic assessment
of the involvement of ethylene suppression. J Exp Bot. 55:237-45

Leung J, Bouvier-Durand M, Morris PC, Guerrier D, Chefdor F, Giraudat J. 1994. Arabidopsis ABA response gene
ABI1: Features of a calcium-modulated protein phosphatase. Science 264:1448-52

Leung J, Merlot S, Giraudat J. 1997. The Arabidopsis ABSCISIC ACID-INSENSITIVE2 (ABI2) and ABI1 genes encode
homologous protein phosphatases 2C involved in abscisic acid signal transduction. Plant Cell. 9:759-71

Leung J, Giraudat J. 1998. Abscisic acid signal transduction. Annu Rev Plant Physiol Plant Mol Biol. 49:199-222

Li J, Assmann SM. 1996. An abscisic acid-activated and calcium-independent protein kinase from guard cells of
fava bean. Plant Cell. 8:2359—-68

Li J, Nagpal P, Vitart V, McMorris TC, Chory J. 1996. A role for brassinosteroids in light-dependent development of
Arabidopsis. Science. 272:398-401

Li Z, Zhang L, Yu Y, Quan R, Zhang Z, Zhang H, Huang R. 2011. The ethylene response factor AtERF11 that is
transcriptionally modulated by the bZIP transcription factor HY5 is a crucial repressor for ethylene
biosynthesis in Arabidopsis. Plant J. 68:88-99

Liang X, Wang H, Mao L, Hu Y, Dong T, Zhang Y, et al. 2012. Involvement of COP-1 in ethylene- and light-regulated
hypocotyl elongation. Planta. 236:1791-1802

Lim CW, Kim JH, Baek W, Kim BS, Lee SC. 2012. Functional roles of the protein phosphatase 2C, AtAIP1, in abscisic
acid signaling and sugar tolerance in Arabidopsis. Plant Sci. 187:83—88

Lim S, Park J, Lee N, Jeong J, Toh S, Watanabe A, Kim J, Kang H, Kim DH, Kawakami N, Choi G. 2013. ABA-
INSENSITIVE3, ABA-INSENSITIVES, and DELLAs interact to activate the expression of SOMNUS and other
high-temperature-inducible genes in imbibed seeds in Arabidopsis. Plant Cell. 25:4863—78

Lin C. 2000. Plant blue-light receptors. Trends Plant Sci. 5:337-342

Lin BL, Wang HJ, Wang JS, Zaharia LI, Abrams SR. 2005. Abscisic acid regulation of heterophylly in Marsilea
quadrifolia L.: effects of R-(-) and S-(+) isomers. Plant Physiol. 106:135-42

Lin R, Tang W. 2014. Cross talk between light and ABA signaling. In: Zhang DP, editor. Abscisic Acid: Metabolism,
Transport and Signaling. Dodrecht: Springer. pp 255-269

110



Liu X, Zhang H, Zhao Y, Feng Z, Li Q, Yang HQ, Luan S, Li J, He ZH. 2013. Auxin controls seed dormancy through
stimulation of abscisic acid signaling by inducing ARF-mediated ABI3 activation in Arabidopsis. Proc Nat/
Acad Sci USA. 110:15485-90

Lockhart JA. 1965. An analysis of irreversible plant cell elongation. J Theor Biol. 8:264-75

Luerssen H, Kirik V, Herrmann P, Misera S. 1998. FUSCA3 encodes a protein with a conserved VP1/ABI3-like B3
domain which is of func- tional importance for the regulation of seed maturation in Arabidopsis thaliana.
Plant J. 15:755-64

Ma Y, Szostkiewicz I, Korte A, Moes DI, Yang Y, Christmann A, Grill E. 2009. Regulators of PP2C phosphatase
activity function as abscisic acid sensors. Science. 324:1064-68

Makelad P, Munns R, Colmer TD, Peltonen-Sainio P. 2003. Growth of tomato and an ABA-deficient mutant (sitiens)
under saline conditions. Physiol Plant. 117:58-63

Maluszynska J, Kolano B, Sas-Nowosielska H. 2013. Endopolyploidy in plants. In: Leitch IJ, Greilhuber J, Dolezel J,
Wendel J. editors. Plant Genome Diversity Volume 2, Physical Structure, Behaviour and Evolution of Plant
Genomes. Dodrecht: Springer. pp. 99-119

Mazzella MA, Arana MV, Staneloni RJ, Perelman S, Rodriguez Batiller MJ, et al. 2005. Phytochrome control of the
Arabidopsis transcriptome anticipates seedling exposure to light. Plant Cell. 17:2507-16

McCourt P, Creelman R. 2008. The ABA receptors—we report you decide. Curr Opin Plant Biol. 11:474-78
McWha JA, Jackson DL. 1976. Some growth promotive effects of abscisic acid. J Exp Bot 27:1004-08

Merlot S, Mustilli AC, Genty B, North H, Lefebvre V, Sotta B, Vavasseur A, Giraudat J. 2002. Use of infrared thermal
imaging to isolate Arabidopsis mutants defective in stomatal regulation. Plant J. 30:601-09

Meyer K, Leube M, Grill E. 1994. A protein phosphatase 2C involved in ABA signal transduction in Arabidopsis
thaliana. Science. 264:1452-55

Michelena VA, Boyer JS. 1982. Complete turgor maintenance at low water potentials in the elongating region of
maize leaves. Plant Physiol. 69: 1145-49

Milborrow BV. 1966. The effects of synthetic d/-dormin (abscisin ii) on the growth of the oat mesocotyl. Planta.
70:155-71

Monke G, Seifert M, Keilwagen J, Mohr M, Grosse |, Hahnel U, Junker A, Weisshaar B, Conrad U, Baumlein H,
Altschmied L. 2012. Toward the identification and regulation of the Arabidopsis thaliana ABI3 regulon. Nuc.
Acids Res. 40:8240-54

Moss Gl, Hall KC, Jackson MB. 1988. Ethylene and the responses of roots of maize (Zea mays L.) to physical
impedance. New Phytol. 109:303-11

Mulholland BJ, Black CR, Taylor 1B, Roberts J a, Lenton JR. 1996. Effect of soil compaction on barley (Hordeum
vulgare L.) growth .1. possible role for ABA as a root-sourced chemical signal. J Exp Bot. 47:539-49

Murashige T, Skoog A. 1962. A revised medium for rapid growth and bio assays with tobacco tissue cultures.
Physiol Plant. 15:473-97

Nafati M, Frangne N, Hernould M, Chevalier C, Gévaudant F. 2010. Functional characterization of the tomato
cyclin-dependent kinase inhibitor SLKRP1 domains involved in protein-protein interactions. New Phytol.
188:136-49

Nakabayashi K, Okamoto M, Koshiba T, Kamiya Y, Nambara E. 2005. Genome-wide profiling of stored mRNA in
Arabidopsis thaliana seed germination: epigenetic and genetic regulation of transcription in seed. Plant J.
41:697-709

Nakashima K, Ito Y, Yamaguchi-Shinozaki K. 2009. Transcriptional regulatory metworks in response to abiotic
stresses in Arabidopsis and grasses. Plant Physiol. 149:88-95

Nambara E, Marion-Poll A. 2005. Abscisic acid biosynthesis and catabolism. Annu Rev Plant Biol. 56:165-85

Neill SJ, Horgan R. 1985. Abscisic acid production and water relations in wilty tomato mutants subjected to water
deficiency. J Exp Bot. 36:1222-31

111



Nemhauser JL. 2008. Dawning of a new era: photomorphogenesis as an integrated molecular network. Curr Opin
Plant Biol. 11:4-8

Neskovié¢ M, Petrovic¢ J, Radojevi¢ LJ, Vujici¢ R. 1977. Stimulation of growth and nucleic acid biosynthesis at low
concentration of abscisic acid in tissue culture of Spinacia oleracea. Physiol Plant. 39:148-54

Nishimura N, Sarkeshik A, Nito K, Park SY, Wang A, Carvalho PC, Lee S, Caddell DF, Cutler SR, Chory J, Yates JR,
Schroeder JI. 2010. PYR/PYL/RCAR family members are major in-vivo ABI1 protein phosphatase 2C-
interacting proteins in Arabidopsis. Plant J. 61:290-99

Oh E, Kim J, Park E, Kim JI, Kang C, Choi G. 2004. PIL5, a phytochrome-interacting basic helix-loop- helix protein, is
a key negative regulator of seed germination in Arabidopsis thaliana. Plant Cell. 16:3045-58

Ohkuma K, Lyon JL, Addicott FT, Smith OE. 1963. Abscisin Il, an Abscission-Accelerating Substance from Young
Cotton Fruit. Science 142:1592-93

Osterlund MT, Hardtke CS, Wei N, Deng XW. 2000. Targeted destabilization of HY5 during light-regulated
development of Arabidopsis. Nature. 405:462-66

Pandey S, Chen JG, Jones AM, Assmann SM. 2006. G-protein complex mutants are hypersensitive to abscisic acid
regulation of germination and postgermination development. Plant Physiol. 141:243-56

Park SY, Fung P, Nishimura N, Jensen DR, Fujii H, Zhao Y, et al. 2009. Abscisic acid inhibits type 2C protein
phosphatases via the PYR/PYL family of START proteins. Science. 324:1068-71

Parks BM, Cho MH, Spalding EP. 1998. Two genetically separable phases of growth inhibition induced by blue light
in Arabidopsis seedlings. Plant Physiol. 118: 609—-15

Parks BM, Spalding EP. 1999. Sequential and coordinated action of phytochromes A and B during Arabidopsis
stem growth revealed by kinetic analysis. Proc Natl Acad Sci USA. 96:14142-46

Pilet PE. 1970. The effect of auxin and abscisic acid on the catabolism of RNA. J Exp Bot. 21:446-51
Pilet PE. 1975. Abscisic acid as a root growth inhibitor: physiological analyses. Planta. 122:299-302

Pilet PE, Saugy M. 1987. Effect on root growth of endogenous and applied IAA and ABA: a critical reexamination.
Plant Physiol. 83:33-38

Puli MR, Raghavendra AS. 2012. Pyrabactin, an ABA agonist, induced stomatal closure and changes in signalling
components of guard cells in abaxial epidermis of Pisum sativum. J Exp Bot. 63:1349-56

Quail PH. 2002a. Phytochrome photosensory signalling networks. Nat Rev Mol Cell Biol. 3:85-93

Quail PH. 2002b. Photosensory perception and signalling in plant cells: new paradigms? Curr Opin Cell Biol. 14:
180-188

Quarrie SA. 1987. Use of genotypes differing in endogenous abscisic acid levels in studies of physiology and
development. In: Hoad GV, Lenton JR, Jackson MB, Atkin RK, editors. Hormone Action in Plant
Development — a Critical Appraisal. London: Butterworths. pp. 89-105

Raz V, Bergervoet JHW, Koornneef M. 2001. Sequential steps for developmental arrest in Arabidopsis seeds.
Development. 128:243-52

Reyes JL, Chua NH. 2007. ABA induction of miR159 controls transcript levels of two MYB factors during
Arabidopsis seed germination. Plant J. 49:592—-606

Riboni M, Galbiati M, Tonelli C, Conti L. 2013. GIGANTEA enables drought escape response via abscisic acid-
dependent activation of the florigens and SUPPRESSOR OF OVEREXPRESSION OF CONSTANS1. Plant Physiol.
162:1706-19

Riou-Khamlichi C, Huntley R, Jacqmard A, Murray JAH. 1999. Cytokinin activation of Arabidopsis cell division
through a D-type cyclin. Science. 283:1541-44

Ritchie S, Gilroy S. 2000. Abscisic acid stimulation of phospholipase D in the barley aleurone is G-protein-mediated
and localized to the plasma membrane. Plant Physiol. 124:693—-702

Rodriguez P, Benning G, Grill E. 1998. ABI2, a second protein phos- phatase 2C involved in abscisic acid signal
transduction in Arabidopsis. FEBS Lett. 421:185-90

112



Rohde A, Van Montagu M, Boerjan W. 1999. The ABSCISIC ACID-INSENSITIVE 3 (ABI3) gene is expressed during
vegetative quiescence processes in Arabidopsis. Plant Cell Environ. 22:261-70

Rohde A, De Rycke R, Beeckman T, Engler G, Van Montagu M, Boerjan W. 2000. ABI3 affects plastid differentiation
in dark-grown Arabidopsis seedlings. Plant Cell. 12:35-52

Rubio S, Rodrigues A, Saez A, Dizon MB, Galle A, Kim TH, Santiago J, Flexas J, Schroeder JI, Rodriguez PL. 2009.
Triple loss of function of protein phosphatases type 2C leads to partial constitutive response to
endogenous abscisic acid. Plant Physiol. 150:1345-55

Rushton DL, Tripathi P, Rabara RC, Lin J, Ringler P, Boken AK, Langum TJ, Smidt L, Boomsma DD, Emme NJ, Chen X,
Finer JJ, Shen QJ, Rushton PJ. 2011. WRKY transcription factors: key components in abscisic acid signalling.
Plant Biotech. J. 10:2-11

Saab IN, Sharp RE, Pritchard J, Voetberg GS. 1990. Increased endogenous abscisic acid maintains primary root
growth and inhibits shoot growth of maize seedlings at low water potentials. Plant Physiol. 93:1329-36

Sagi M, Scazzocchio C, Fluhr R. 2002. The absence of molybdenum cofactor sulfuration is the primary cause of the
flacca phenotype in tomato plants. Plant J. 31:305-17

Sakakibara H. 2006. Cytokinins: activity, biosynthesis, and translocation. Annu Rev Plant Biol. 57:431-49

Sansberro PA, Mroginski LA, Bottini R. 2004. Foliar sprays with ABA promote growth of llex paraguariensis by
alleviating diurnal water stress. Plant Growth Regul. 42: 105-11

Sawada Y, Aoki M, Nakaminami K, Mitsuhashi W, Tatematsu K, et al. 2008. Phytochrome- and gibberellin-
mediated regulation of abscisic acid metabolism during germination of photoblastic lettuce seeds. Plant
Physiol. 146:1386—96

Seo M, Hanada A, Kuwahara A, Endo A, Okamoto M, et al. 2006. Regulation of hormone metabolism in
Arabidopsis seeds: phytochrome regulation of abscisic acid metabolism and abscisic acid regulation of
gibberellin metabolism. Plant J. 48:354—66

Shackel KA, Matthews MA, Morrison JC. 1987. Dynamic relation between expansion and cellular turgor in growing
grape (Vitis vinifera L.) leaves. Plant Physiol. 84:1166—71

Sharp RE, Wu Y, Voetberg GS, Saab IN, LeNoble ME. 1994. Confirmation that abscisic acid accumulation is required
for maize primary root elongation at low water potentials. J Exp Bot. 45: 1743-51

Sharp RE, LeNoble ME, Else M a, Thorne ET, Gherardi F. 2000. Endogenous ABA maintains shoot growth in tomato
independently of effects on plant water balance: evidence for an interaction with ethylene. J Exp Bot.
51:1575-84

Sharp RE. 2002. Interaction with ethylene: changing views on the role of abscisic acid in root and shoot growth
responses to water stress. Plant Cell Environ. 25:211-22

Sheen J. 1998. Mutational analysis of protein phosphatase 2C involved in abscisic acid signal transduction in
higher plants. Proc. Natl. Acad. Sci. USA. 95:975-80

Shen YY, Rose JKC. 2014. ABA metabolism and signaling in fleshy fruits. In: Zhang DP, editor. Abscisic Acid:
Metabolism, Transport and Signaling. Dodrecht: Springer. pp.271-86

Shinomura T. 1997. Phytochrome regulation of seed germination. J Plant Res. 110:151-61

Shinozaki K, Yamaguchi-Shinozaki K, Mizoguchi T, Urao T, Katagiri T, et al. 1998. Molecular responses to water
stress in Arabidopsis thaliana. J Plant Res. 111:345-51

Shkolnik-Inbar D, Bar-Zvi D. 2010. ABI4 Mediates abscisic acid and cytokinin inhibition of lateral root formation by
reducing polar auxin transport in Arabidopsis. Plant Cell. 125:3560-73

Schneider CA, Rasband WS, Eliceiri KW. 2012. NIH Image to Imagel: 25 years of image analysis. Nat Methods.
9:671-75

Schwartz SH, Zeevaart JAD. 2010. Abscisic Acid Biosynthesis And Metabolism. In: Davies PJ, editor. Plant
Hormones: Biosynthesis, Signal Transduction, Action!. Dodrecht: Springer. pp. 137-155

Smalle J, Haegman M, Kurepa J, Van Montagu M, Van den Straeten D. 1997. Ethylene can stimulate Arabidopsis
hypocotyl elongation in the light. P Natl/ Acad Sci USA. 94:2756-61

113



Smalle J, Kurepa J, Yang P, Emborg TJ, Babiychuk E, et al. 2003. The pleiotropic role of the 26S proteasome subunit
RPN10 in Arabidopsis growth and development supports a substrate-specific function in abscisic acid
signaling. Plant Cell. 15:965-80

Spollen WG, LeNoble ME, Samuels TD, Bernstein N, Sharp RE. 2000. Abscisic acid accumulation maintains maize
primary root elongation at low water potentials by restricting ethylene production. Plant Physiol. 122:967—-
76

Stone SL, Kwong LW, Yee KM, Pelletier J, Lepiniec L, Fischer RL, Goldberg RB, Harada JJ. 2001. LEAFY COTYLEDON?2
encodes a B3 domain transcription factor that induces embryo development. Proc. Natl. Acad. Sci. USA.
98:11806-11

Stone SL, Williams LA, Farmer LM, Vierstra RD, Callis J. 2006. KEEP ON GOING, a RING E3 ligase essential for
Arabidopsis growth and development, is involved in abscisic acid signaling. Plant Cell. 18:3415-28

Sun J, Li C. 2014. Cross Talk of Signaling Pathways Between ABA and Other Phytohormones. In: Zhang DP, editor.
Abscisic Acid: Metabolism, Transport and Signaling. Dodrecht: Springer. pp.243—-253

Suzuki M, Kao CY, Cocciolone S, McCarty DR. 2001. Maize VP1 complements Arabidopsis abi3 and confers a novel
ABA/auxin interaction in roots. Plant J. 28:409-18

Suzuki M, Ketterling MG, Li QB, McCarty D. 2003. Viviparous1 alters global gene expression patterns through
regulation of abscisic acid signaling. Plant Physiol. 132:1664—77

Suzuki M, Wang HHY, McCarty DR. 2007. Repression of the LEAFY COTYLEDON 1/B3 regulatory network in plant
embryo development by VP1/ABSCISIC ACID INSENSITIVE 3-LIKE B3 Genes. Plant Physiol. 143: 902-911

Symons GM, Reid JB. 2003a. Hormone levels and response during de-etiolation in pea. Planta. 216:422-31

Symons GM, Reid JB. 2003b. Interactions between light and plant hormones during de-etiolation. J Plant Growth
Regul. 22:3-14

Szostkiewicz |, Richter K, Kepka M, Demmel S, Ma Y, Korte A, Assaad FF, Christmann A, Grill E. 2010. Closely
related receptor complexes differ in their ABA selectivity and sensitivity. Plant J. 61:25-35

Taiz L, Zeiger E. 2010. Plant Physiology, 5th International Edition. Sunderland: Sinauer Associates. pp. 494-520
Takahashi K. 1972. Abscisic acid as a stimulator of rice mesocotyl growth. Nature New Biol. 238:92-93
Tal M. 1966. Abnormal stomatal behavior in wilty mutants of tomato. Plant Physiol. 41:1387-91

Tan BC, Schwartz SH, Zeevaart JA, McCarty DR. 1997. Genetic control of abscisic acid biosynthesis in maize. Proc
Natl Acad Sci USA. 94:12235-40

Tanaka Y, Sano T, Tamaoki M, Nakajima N, Kondo N, Hasezawa S. 2005. Ethylene inhibits abscisic acid-induced
stomatal closure in Arabidopsis. Plant Physiol. 138:2337-43

Tanaka Y, Sano T, Tamaoki M, Nakajima N, Kondo N, Hasezawa S. 2006. Cytokinin and auxin inhibit abscisic acid-
induced stomatal closure by enhancing ethylene production in Arabidopsis. J Exp Bot. 57:2259-66

Tanaka Y, Nose T, Jikumaru Y, Kamiya Y. 2013. ABA inhibits entry into stomatal-lineage development in
Arabidopsis leaves. Plant J. 74:448-57

Tang AC, Boyer JS. 2002. Growth-induced water potentials and the growth of maize leaves. J Exp Bot. 53: 489-503

Tardieu F, Parent B, Simonneau T. 2010. Control of leaf growth by abscisic acid: hydraulic or non-hydraulic
processes? Plant, Cell Environ. 33:636—-47

Taylor HF, Burden RS. Xanthoxin, a new naturally occurring plant growth inhibitor. 1970. Nature. 227:302—-04

Taylor IB, Tarr AR. 1984. Phenotypic interactions between abscisic acid deficient tomato mutants. Theor App!
Genet. 68:115-19

Taylor IB, Linforth RST, Al-Naieb RJ, Bowman WR, Marples BA. 1988. The wilty tomato mutants flacca and sitiens
are impaired in the oxidation of ABA-aldehyde to ABA. Plant Cell Environ. 11:739-45

Teltscherova L, Seidlova F. 1977. The differential effect of abscisic acid on Chenopodium rubrum L. in dependence
on growth and developmental state. Biol Plant. 19:377-80

114



Termaat A, Passioura JB, Munns R. 1985. Shoot turgor does not limit shoot growth of NaCl-affected wheat and
barley. Plant Physiol. 77: 869-72

Thomas TH, Wareing PF, Robinson PM. 1965. Chemistry And Physiology of ‘Dormins’ In Sycamore: Action of the
Sycamore ‘Dormin’ as a Gibberellin Antagonist. Nature 205:1270-72

Thompson AJ, Thorne ET, Burbidge A, Jackson AC, Sharp RE, Taylor IB. 2004. Complementation of notabilis, an
abscisic acid-deficient mutant of tomato: importance of sequence context and utility of partial
complementation. Plant Cell Environ. 27:459-71

Todoroki Y. 2014. ABA and Its Derivatives: Chemistry and Physiological Functions. In: Zhang DP, editor. Abscisic
Acid: Metabolism, Transport and Signaling. Dodrecht: Springer. pp. 1-20

Toyomasu T, Kawaide H, Mitsuhashi W, Inoue Y, Kamiya Y. 1998. Phytochrome regulates gibberellin biosynthesis
during germination of photoblastic lettuce seeds. Plant Physiol. 118:1517-23

Trewavas AJ. 1982. Growth substance sensitivity: the limiting factor in plant development. Physiol Plant. 55:60-72

Uno 'Y, Furihata T, Abe H, Yoshida R, Shinozaki K, Yamaguchi-Shinozaki K. 2000. Arabidopsis basic leucine zipper
transcription factors involved in an abscisic acid-dependent signal transduction pathway under drought
and high-salinity conditions. Proc. Natl. Acad. Sci. USA. 97:11632-37

Urao T, Yamaguchi-Shinozaki K, Urao S, Shinozaki K. 1993. An Arabidopsis myb homolog is induced by dehydration
stress and its gene product binds to the conserved MYB recognition sequence. Plant Cell. 5:1529-39

Van Staden J, Bornman CH. 1969. Inhibition and promotion by abscisic acid of growth in spirodela. Planta. 85:157—
59

Van Volkenburgh E, Davies WJ. 1983. Inhibition of light stimulated leaf expansion by abscisic acid. J Exp Bot.
34:835-45

Vandenbussche F, Habricot Y, Condiff AS, Maldiney R, Van Der Straeten D, Ahmad M. 2007. HY5 is a point of
convergence between cryptochrome and cytokinins sigalling pathways in Arabidopsis thaliana. Plant J.
49:428-41

Venis M. 1985. Methods in receptor research. In: Venis M, editor. Hormone binding sites in plants. New York:
Longman. pp. 24-40

Vylicilova H, Husickova A, Spichal L, Srovnal J, Dolezal K, Plihal O, Plihalova L. 2015. C2-substituted aromatic
cytokinin sugar conjugates delay the onset of senescence via maintaining correct function of the
photosynthetic apparatus. in preparation

Wang XQ, Ullah H, Jones A, Assmann S. 2001. G protein regulation of ion channels and abscisic acid signaling in
Arabidopsis guard cells. Science. 292:2070-72

Wang L, Hua D, He J, Duan Y, Chen Z, Hong X, Gong Z. 2011a. Auxin response factor2 (ARF2) and its regulated
homeodomain gene HB33 mediate abscisic acid response in Arabidopsis. PLoS Genet. 7:¢1002172

Wang Y, LiL, YeT, Zhao S, Liu Z, Feng YQ, Wu Y. 2011b. Cytokinin antagonizes ABA suppression to seed
germination of Arabidopsis by downregulating ABI5 expression. Plant J. 68:249-61

Wang XF, Zhang DP. 2014. ABA Signal Perception and ABA Receptors. In: Zhang DP, editor. Abscisic Acid:
Metabolism, Transport and Signaling. Dodrecht: Springer. pp. 89-116

Watanabe H, Takahashi K. 1997. Effects of abscisic acid, fusicoccin, and potassium on growth and morphogenesis
of leaves and internodes in dark-grown rice seedlings. Plant Growth Regul. 21:109-14

Watanabe H, Takahashi K. 1999. Effects of abscisic acid and its related compounds on rice seedling growth. Plant
Growth Regul. 28:5-8

Watanabe H, Takahashi K, Saigusa M. 2001. Morphological and anatomical effects of abscisic acid (ABA) and
fluridone (FLU) on the growth of rice mesocotyls. Plant Growth Regul. 34:273-75

Weatherwax SC, Ong MS, Degenhardt J, Bray EA, Tobin EM. 1996. The interaction of light and abscisic acid in the
regulation of plant gene expression. Plant Physiol. 111:363-70

Wen B, Nieuwland J, Murray J a H. 2013. The Arabidopsis CDK inhibitor ICK3/KRP5 is rate limiting for primary root
growth and promotes growth through cell elongation and endoreduplication. J Exp Bot. 64:1135-44

115



White CN, Proebsting WM, Hedden P, Rivin CJ. 2000. Gibberellins and seed development in maize. |. evidence that
gibberellin/abscisic acid balance governs germination versus maturation pathways. Plant Physiol.
122:1081-88

Wilkinson S, Davies WJ. 2008. Manipulation of the apoplastic pH of intact plants mimics stomatal and growth
responses to water availability and microclimatic variation. J Exp Bot. 59:619-31

Wilmowicz E, Frankowski K, Glazinska P, Kesy J, Kopcewicz J. 2011. Involvement of ABA in flower induction of
Pharbitis nil. Acta Soc Bot Pol. 80:21-26

Wong CE, Singh MB, Bhalla PL. 2009. Molecular processes underlying the floral transition in the soybean shoot
apical meristem. Plant J. 57:832-45

Woodward AW, Bartel B. 2005. Auxin: regulation, action, and interaction. Ann Bot. 95:707-35

Xu ZY, Yoo YJ, Hwang I. 2014. ABA Conjugates and Their Physiological Roles in Plant Cells. In: Zhang DP, editor.
Abscisic Acid: Metabolism, Transport and Signaling. Dodrecht: Springer. pp. 77-87

Yamburenko MV, Zubo YO, Vankova R, Kusnetsov VV, Kulaeva ON, Borner T. 2013. Abscisic acid represses the
transcription of chloroplast genes. J Exp Bot. 64:4491-502

Yoshida T, Fujita Y, Sayama H, Kidokoro S, Maruyama K, Mizoi J, Shinozaki K, Yamaguchi-Shinozaki K. 2010. AREB1,
AREB2, and ABF3 are master transcription factors that cooperatively regulate ABRE-dependent ABA
signaling involved in drought stress tolerance and require ABA for full activation. Plant J. 61:672-85

Zalabak D, Pospisilova H, Smehilova M, Mrizova K, Frébort |, Galuszka P. 2013. Genetic engineering of cytokinin
metabolism: prospective way to improve agricultural traits of crop plants. Biotechnol Adv. 31:97-117

Zdarska M, Dobisova T, Gelova Z, Pernisova M, Dabravolski S, Hejatko J. 2015. llluminating light, cytokinin, and
ethylene signalling crosstalk in plant development. J Exp Bot. 66:4913—-31

Zhang J, Davies WJ. 1990. Does ABA in the xylem control the rate of leaf growth in soil-dried maize and sunflower
plants? J Exp Bot. 41:1125-32

Zhang JH, Davies WJ. 1991. Antitranspirant activity in xylem sap of maize plants. J Exp Bot. 42:317-21

Zhang X, Zhang Q, Xin Q, Yu L, Wang Z, Wu W, Jiang L, Wang G, Tian W, Deng Z, Wang Y, Liu Z, Long J, Gong Z,
Chen Z. 2012. Complex structures of the abscisic acid receptor PYL3/RCAR13 reveal a unique regulatory
mechanism. Structure. 20:780-90

Zhang X, Jiang L, Wang G, Yu L, Zhang Q, Xin Q, Wu W, Gong Z, Chen Z. 2013. Structural insights into the abscisic
acid stereospecificity by the ABA receptors PYR/PYL/RCAR. PLoS ONE. 8: e67477

Zheng Z, Xu X, Crosley RA, Greenwalt SA, Sun Y, et al. 2010. The protein kinase SnRK2.6 mediates the regulation of
sucrose metabolism and plant growth in Arabidopsis. Plant Physiol. 153:99-113

Zubo YO, Yamburenko MV, Selivankina SY, Shakirova FM, Avalbaev AM, et al. 2008. Cytokinin stimulates
chloroplast transcription in detached barley leaves. Plant Physiol. 148:1082-93

116



APPENDIX l.

DEVELOPMENT AND TESTING OF NEW HIGH-THROUGHPUT METHODS FOR EVALUATION OF PLANT
GROWTH AND PHYSIOLOGY

This appendix describes other scientific outputs that were performed by the author of the
thesis. Although this part is not directly connected to the main topic of the thesis, we believe
that it should be noted since it represents piece of work that was done in parallel to the main
research topic. Moreover, the main topic of the thesis is focused on the role of particular
hormone in selected developmental window of a single species, but this part of work was
intended to provide novel methodological tools for studying plant growth and physiology in
more general frame. Aim of this work was to develop and optimize growing and measuring
protocols for high-throughput plant phenotyping with respect to abiotic-stress studies. This
could be seen as another linking point between ABA and this appendix, since the ABA is the
most important plant hormone in plant stress research. The automated plant phenotyping is a
new branch of approaches that allows the analysis of the plants on the large scale. In our
university the prototype system for high-throughput plant analysis was set-up since 2013.
However there were no optimized protocols for growing and measuring plants in this system.
Moreover, the system was built as a hardware solution, but important part of software for
plant image analysis has to be developed de novo. As a main operator, the author of the thesis
was responsible for design and validation of measuring protocols, conducting the experiments,
outputs analysis, testing of new software and design of problem solutions. The introduction to
the issue is provided in the chapter 11.1 that was recently published as a short review in the
Plant Methods journal (Humplik et al. 2015c). The second chapter 11.2 describes a pilot study
performed in the cold acclimation of pea cultivars that was published in the same journal
(Humplik et al. 2015d). In this study the cold-acclimation of two morphologically similar, but
differently cold-sensitive cultivars of field pea (Pisum sativum L.) was performed. During the
cold acclimation the non-invasive screening of plant growth and efficiency of photosynthesis
was analyzed. The growth was measured by RGB cameras with newly developed software,
whereas the photosynthetic parameters were measured by fluorescent camera with software
provided by manufacturer. Integration of descriptive morphological trait (shoot growth) and
physiological trait of photosystem Il efficiency provided not only selection of differently
sensitive variants, but also allowed insight into the differing strategies of cold acclimation.
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anel msually represemt thase which have already been used
for a number of years in basic research, eg. non-
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Tabla 1 List af sslectad works duseribing i high-2h

Syuih oty plant siress responses

K
E e b

Study Plant species Type of stress Type of the study Type of automated analysis Platform
name/origin
Granier et al. 2006; [58] Arabidopsis drought-stress methodology RGB (top view) PHENOPSIS
Skirycz et al. 2011; [59] Arabidopsis drought-stress applied RGB (top view) WIWAM
Clauw et al. 2015; [60] Arabidopsis drought-stress applied RGB (top view) WIWAM
Tisné et al. 2013; [61] Arabidopsis drought-stress applied RGB (top view) PHENOSCOPE
Neumann et al. 2015; [26] barley drought-stress methodology RGB (multiple views) LemnaTec
Pereyra-lrujo et al. 2012; [62] soybean drought-stress methodology RGB (two-views) GlyPh (self-

Honsdorf et al. 2014; [16] barley, (wild species)  drought-stress

Coupel-Ledru et al. 2014; [63]  grapevine drought-stress
Petrozza et al. 2014; [66] tomato drought-stress
Harshavardhan et al. 2014; [67]  Arabidopsis drought-stress
Bresson et al. 2013; [68] Arabidopsis drought-stress
Bresson et al. 2014; [69] Arabidopsis drought-stress
Chen et al. 2014; [64] barley drought-stress
Fehér-Juhasz et al. 2014; [19] wheat drought-stress
Cseri et al. 2013; [65] barley drought-stress
Vasseur et al. 2014 [71] Arabidopsis heat-stress,
drought-stress
Rajendran et al. 2009; [73] wheat salt-stress
Harris et al. 2010; [74] wheat, barley salt-stress
Golzarian et al. 2011; [18] barley salt-stress
Schilling et al. 2014; [75] barley salt-stress
Hairmansis et al. 2014; [76] rice salt-stress
Chaerle et al. 2006; [77] tobacco biotic-stress
Poiré et al. 2014; [79] Brachypodium nutrient-deficiency
Neilson et al. 2015; [80] Sorghum nutrient-deficiency
Chaerle et al. 2007; [81] bean nutrient-deficiency,

biotic-stress

Jansen et al. 2009; [37] Arabidopsis, tobacco  drought-stress,

chilling-stress
cold-stress

Humplik et al. 2015; [20] pea, field cultivars

construction)

applied RGB (multiple views) LemnaTec

applied RGB (multiple views) LemnaTec

applied RGB (multiple views), LemnaTec
hyperspectral NIR, SLCFIM

applied RGB (top view), LemnaTec
hyperspectral NIR

applied RGB (top view) PHENOPSIS

applied RGB (top view), TLCFIM PHENOPSIS

methodology RGB (multiple-views), LemnaTec

hyperspectral NIR, SLCFIM

RGB (multiple views),
thermoimaging

applied self-construction,

semi-automated

methodology RGB (multiple views),

thermoimaging

self-construction,
semi-automated

applied RGB (top view) PHENOPSIS
applied RGB (multiple views) LemnaTec
applied RGB (multiple views) LemnaTec
methodology RGB (multiple views) LemnaTec
applied RGB (multiple views) LemnaTec
applied RGB (multiple views) SLCFIM  LemnaTec
methodology thermoimaging, TLCFIM self-construction
methodology RGB (multiple views ) LemnaTec
methodology RGB (multiple views ), LemnaTec

hyperspectral NIR

methodology RGB (top view), self-construction

thermoimaging, TLCFIM

RGB (top view), KCFIM GROWSCREEN

(self-construction)

methodology

methodology RGB (multiple views), KCFIM PlantScreen

large scale. This enables wusers to sppdy statistics o dis
cover subile but significant differences betwern the
studied genutypes and treatment varanis

The potential users of such facilibes, mosly hiologets,
are ofien mot very familiar with the applied physical
mezthods uxed in integrative plant phenatypdng. Thas, in
this mini-review, we present a simpde imtroduction to
thie hazie of ured an high
thresaghput phenotyping pladorms, namely visible ned
green-blue [RGB} imaging, chlorophyll fluorescence
imaging {CFIM) thermolmaoging, and wperspectral

& S

mmaging. Forher we desorbe potential applications of
somie ol the phenobyping methods thet heve been used
it study the responses of diffierent plant species to var
oS stresses,

Mon-destructive snalysis of growth and physiclogy of
plant shoots

Tha thede for wpisg and thsr aime
have been reviewed in @ number of recent  repoets
[46,7]. In the following text we ghe & descnption of the
bask ol ihe aobomaced nom-invasive analysis of plam

dh
|.-.4l_
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shoots and approgriate sensors that bave been vsed bor
studies af plant siress responses,

Visibie AGH Amoging of pianT snooTs

Apurt froen the importance of moob-growth anafyss, a
key desmiptive paramieter in plant - physiology & the
growih of plant shoots. Althoagh there are oumenous
secondary s describing the morphology. of shoots in
particlar species: amd thelr devidopmentad sages. the
primary and unnersal trait is biomass formation. Shoot
bimmass s defined as the total mass of all the shove-
groumd plant paste at a gvan paoint in 2 plant’s life W],
Thds trait can be easily assessed by a simple welghing of
the fresh (FW and dry (DW] masses. Hovwever, this in
valves the destruction of the measired plant thus ooly

allowing end-point analyses. Simalarky, leat area and con-
sequently the plant growth rate are wsually determined
by manual meassrements of the dimensions of plam
eaves [#-11]. Such nvmmaremenss are highly dmss con
suming and thas cinnot be weed for large scale expert-
menis. For this reason, plant phenotvping  faclitbes
prefer to evalmage the growth mie asing imaging
methods which employ digital cameras with subsequemnt
saftware image analysis. This enables o faster and more
procise determimatian of the leaf area [12-14] and other
paramelers called progected area (Figure 200 or ball area
m the cane of momocole |15, 1G], Im genaeral, mon-invsscioe
techniques af shoot growth determination have prosen
very reliable, and hagh corrdlations berwern the digiml
ared amd the shoot fresh, or dey wesghts, respeciively,
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were  repietid i Arabidepsds, tohecen (170 oerals
||‘Rt'-'||'|. pid pea |10, An -l:l.||T|FII' af n openeral shoal
pheersotyping prodocal based on biamass aslmmation was
reparctedd by Berger ot al, {210, Similarly, other common
mrplrametric Euameters sach s stem bengih, mambe
al tiflers and isflorescence archilecture can be osesed
nem-dostructively ared mamually, bal again the Limse e
quaremmenke limil e daisber of plands analysed. Higlh-
throughpul approsches Tor analyses of dbesse  raibo
species-speniic it wonld be very valuable [15], how-
even with the exception of Araivolopss [22] the range of
acesible selobons. & -s6ll limited (for some emerging
muethisls see [23-36]1

Correct determination of digitl plot prowth ane oan
be distorted by overlappmg beaves, lef bessting and curdl-
ing. amd orcadian movement, especially when the RGEB
imapge iv taken oaly from one view (eg [rom top view)
A neEw approach devedoped for Anabidopsy consiscing of
plant area estimation (which takes inbo account leaf
overfappingl, growth modelling and anatyss, followed by
application of a ponlinear growth model to generate
grawth curves, and subsequent functionsl dat anabyss,
wis - shown to analyse the plant growth in high
throughpat experiments more precisely |14, However,
due bo the e of andy a op-view RGE maging, this ap
preach cxnnot be applisd dor ambpess of moe of the
agronomical impartant plants with vertbcal growthe A
st that ioirodeces e projectons {eg. skde-views)
inte the phenotyping pltforms thus can panally salve

this probdam. The threeviews RGH Immaging topether
witly Binead mathematical modellivg was sise] for sccur-
ale eabiration al |:|,:|||.'| ahwu »;|r:|' wuislll ol wheat aml
bagley fromy e dimensional mages (8], The accuracy
ol theee-view approach has been recently validated in
spedies wilth challenping shoal merphsdoge sich 84 Tield
pea [20]

Chiaraghpd Muorsicéncs imaging (CFM)

Cine of the chiarophdl (Chl) Heorescence methods s
chlorophyll  luorescence  indocteon (CFIN) ies the
measurement al the Chl fucrescence signal during, illu-
mimstiom of the sample fodlowing prior dark adsptabon
Gince the first paper an CFIM by Eastsky and Hirsch
127 ] CFIN has been voe of the most common methods
usedl in photosyathesis and plant physiology reseanch: i
= mecpensie; nn-desbroctive, and above a8, provides a
grean deal of informaton aboun the phocosynabesic fund
tiom of the sample {reviewed, e, by Lanir [28.29]). U'se
af pulse amplitude modalation (PAM) techniques for
the measarement of CFIN together with the application
af the sration pulse (5P method emables the separ
ation of photochemicad and nonphotochemical - events
omurrmng in the sample (3. Chl fucrescence & exoited
and memsured with the help of weak mesaring flashes,
wwherear photooyerthecn in maimtained by actinge illumin
ation and saturatin of photosynthess s achieved by the
S Stce Chis ahseeb o blue (Chl @ ag 456 eome and Chl
b at 470 nem, respentively] and red (@t sboat B350 nm fu
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both Chls o amd b} regiois of vishle spectiem, the
me=zswering, and actinic light is the lght with one of the
above wavelengths, wsually 65F-nm The 5Ps are usaally
generated by white light. On the other hand, Chl fluores-
ence emission specinam ai room tempersdure shoes
twe peaks cemred ot about &80 and 735 nm. To svoid a
possible overlap of the 650-nm excitation bght with Chi
fuarescerie emission, the Uhl fomrescence signal & de
tected at wiavelengths lomger than 700 man To reveal
spatial heterogenelty of the Hunrescence signal daring
CFIN, imaging Chl fluorameters were developed {31,321
In the inmges {for (Bmtration see Figure 2, different col-
aurs are used o show different fluorescence Etensithes
accarding in & chosen false colowr scale (as mentinmed
abaove, fhiorescence emisshan s always abowve T4 nm,
red Lightl. An additsonal sadvamtage of the CFIM is that it
provides & huge amount of data which can be thonoughly
arulysed and used for osdfy ditection of plant stress &s
showiy, e, by Laair of g1 330, Ar presen, moedern CFIM
inserurnents adapt 1AM sl 59 mebtheds techniques and
e thwis hl]'ll:!.' saiitahle for high-throughpar plang -
nedyping (reviswand, e.g. by Gorbe and Cslaynd (38
Harbdnzan et al, [35]1 However, sver the course of
time, 1on many Chi fluorescence arameters wire di-
finid aral claimed go redlect parthuilar finctions of
plentasymihietie spriratis. Hence, there 5 0 peobhlios
over which parameter shauld be measuned foalbisied
anl pressmted, Valos of meoat of the paramelers cantl
b mutually conspared. 10 is enly possible o compane
refative changes (osed, eg. by o dnes reatment) of
& ghen paranieter, The parameters of (he so-called en-
ergy partitioning, e, quantum yickls of processes re-
aponsble for the wse of U absarbed light enengy, ame
the best choice [rinvdewed by Lazie [36]) as they wre all
defined on the same basis and can ke directhy oom-
pared. Since all qgoantum yields sum to anity, the quantum
vields expres= fractions of absorbed excitatan light that
are weed for ghen provesss. (photochensoal and various
types of non-photochemical energy desspations).

It is d=n worth mentioning bere that kiretic hpes of
CFIM (KCFIM) that mimsure whode CF1 and alsa apply
the 5P= wihch then afhw compotation of vanious Chl
Nuarescerde parameters, and. inegrate signal from che
while leaf ar shoot, are the most valmbde for physio
Ingical studies. However, integmbon of KCFIM o
high-throughput systems. [2057] s not very commaon
and i the majority of recent reports, imaging systems
measuring wither single Chi Aoorescence level {SLCFIAM)
ar twao Chl flunrescence levels {nsually the nunemal and
maximal Chl fluorescence levels for the dark-adapied
mtatey TLOFIBA] wurs used (wee Table L) Az intsneity of
{hl flunrescence depends on the amoant of chineo
phplls. the SLCFIM maght be oeed, cg o distingush be
tween nonestressed and o sencscent leaves  (whien the
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arnuunt of This is decreasesd)] af the bober stages of stoess
progression. bt it doss mot provide any indormatian
about ey processes o photosviem |1 (P51 that are
not necessrily linked to the later senescence everds
Further, the ussl cotput of the TLOFIM, the FuiFyy ra-
tiz, which estimates the macmum guantum vield of
photosystem || photodhemistry, poovides only a Bmited
information  obout  photosyntbetic fusdtion compared
with the cutputs of the KCFIMs which also allow deter-
minaion of the ather quastom vields end parameters
{see [36] for o review],

Tharmaimaging
Mants &re coaled by transpiration and when the stomata

are closed, plant temperature increascs. Hased on this
principle. therml imaging was wsed for the fimst time to
detent the changes in the temperature of sunflower
beaven coused by owater deficlansy [, In sddithon bo
transpiration, semata alio drive water vapour, both pa-
ravniters heing, vrpically determeined by loal gas exchaisge
messinrsaes. Howesor, kal gastmtry mvalves coiac
with baven shich often interferes with thelr function
Further, laf gesomety B tims-cosuming, lemioed by
sl size andior lirge numbse of sanples requined, In
addition to heat envession, pams can lose hest By con-
chictan and sanvedtion. which i fact epresent inecha-
nismis ol a nes-phatochemical quenching ol excived
stales. For this peasos, it i nol usespectod that an in-
creased thermal signal correlates. with an merease in
nin-phatochemical quenching as dhwn by Kafa and
W (29, Gilven the Ioregoing, thermsmaging is o very
sitabile meihod for plast phenctyping [1940041], Like
CEIM. i uses cameras b mesue spatial beterogeneity
aof hisat evnissioes, usually fram loavess the beat is decire-
magnetic radiatan in the infrared region, weoally between
B~ 13 pm. Generally, thermml mmaging has been sucoess-
fully used im a wikde ramge of ennditians and with diverse
plnt species. The technique can be appled to differsnt
scabes, e fom single sesdlicgelexies throogh whole
trees or feld crups 1o regions, However, researchers bave
it kerrp in mind that envircnmental vadability, eg., i gt
mbersity, temperature, rehtive bomadity, wind speed; sie
afecrs che socuracy of thermaal imEging Measuremends
arw therefnre the measuremends and ther inberprétations
msst b done with care. Athough thermal imaging ==n-

sars lave been megraied imio ihe n-house phenotyping
platforms: with oontralkd-emimonment (see section e

use of phenatyedng awetbods e stindy plared siness responsss)]
the majarity of studies have been pedfonmed so for in feld

eonditwons [42-44]. All aspects of thermal imaging used
fur tha axpl imn af plant an
well as an oserview of the applicatian of thermaimaging
in fickd phencoyping, were rocenthy reviewed by Costa

ct al F45]
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Hyperspectral imogimg [WHE-WE, SRR

Tlse absarpaion of light by endogenous plant compounids
is used for clcefaticos of many indices which reflect the
compasition and fancoon of a plant. Such indices are,
for example, the normaliced difference vegetation index
[ Be6). an estmator of the Chl contentd, amd the
phaotochemical reflectance indes (PRI [47], an estimator
af the photceymthetic efficiency. The absarpbion af a
compaund (g, water) ot 3 given wavelengih (48] can
alsn be used Bor direct estimation od the campownd coo-
terds i the plant. For practical reasons, messaremet of
absorbance & replaced bere by measarements of reflec
ance, Depending on the messured wavdengrhs of reflected
signal, varkins deiecies are used, asmlly VES-MIE
[wisilsle-newr infrared reglon [400-T500 - | T50- 1400 ami)
aml SWIR Ishort wavelength infraved  region: 1400
oo om). Measurements of the reflectance signal in
WS-MIR and 5WIR regions originets feom wetbaods of
eemate sansiing (4531 However, dae i the high value
of the informatian they carry, they are very sisitabli
msethends for plant phemotyping [52-54], The reflectance
slgial con e detected st pdicned waselovgibe or sepe-
rhted specteal basde (so-called migltispsctral detection)
The: whode speceral rgion can slss be messared sven
for wachi pingl when camesas are appliod and the lopse-
apwctral meging &8 carvied oat [Flgnee 21 Wiheisis the
hyperspectmal imaging i the VIS-NIR spectral region s
weed for' evaluation of several indices as memtiomed
abve, the SWIR spectial region is mainly wsed lor the
estamation of the plant’s waler contemt, Several aspecis
al plana reflectance were recently reviewed by Olinger
[55] Dheapite the many fdices that haye been defined
air far, basisl on the mflectanee nismsarements, it i dif-
lieaelt o assesa them acoaratedy, similar bo the simation
with CFIN parameters isec abovel. For this rexson, crit-
ical revision of all of the reflectance indices. is needed
to evaluabe which af them pravide the reguired infor-
mation in the best way.

The use of phepatyping methpay fo sludy plamd strass

respomse
O af the mast impomane applcacons of auwcmaned

plant phenotvping metheds §s in stodies of plants’ e
spomses b0 variows types of erviranmenil stresees. In
Table [ we listed recent reports describing phenotyping
protocols developed for indoar automated shoot pheno
typing used in stresscrelated studses Since the integra
tive approaches are o logical but rather new step in the
development of phenotyping platforms, there are limted
reparts on tha wes of gimulkzneous snehwin by muhiple
sensogs. For this reason, we included here “single
sensst” experiments as well that were performed i the
automared platforms.

Foge & pf 1D

Perbiaps the most widely wsed application of high-
throughput phenotyping is in the s=mrch for drought
toderant  waretes.  Ofgectives.  tmits and - approaches
related to sutomated plant selection for droaght siress
resistance were recently reviewed in Mir et al. |56]; and
Berger et ak. [57]. Here. we add informsticn from exem-
ples ol the use.of non-invasive plant phenotyping in this
figdd. One aof the early repors on the use of the high-
throughput phenotyping platform describes. the employ-
ment at the commercial-prototype sysbem lor evaluation
al droaght toberance n nine Arebidapeis accessians [58].
The screeming was based on RGE imeging, estmating
rowitbe-deal area and somated pot welghing and water-
ing lo nssess transplratinn rates. A verny smilar spproach
was later wsed by Skiryez et al also in Arafidopsis [59]
The same platform was fertber used in o recent physie-
logiral study of Claww and oo-awthars i which the bm-
pact of milld-drogght on varkous Srabidepal dneliana
acopsssang wae evaluaned [B0). Anather stody on Arain-
dupsiy employing top-vimw REGH imaging, ped weighing
ared putanmteed rotation of pots wae perfanised by Tisd
el al [811 The plenarppng Hatioem wis designed o
preveit pesition effect on wates evaparstion and autbors
dhemiesnstraged  npartant empaovement e e evapor-
i bonsageneity (Rl

Alrhiagh rhese stadies rejresent an linpofant cantri-
Butien o tlse develpment of auionated phenotyping.
b e ol the platloem for Wp-view experiments has
it thwir use 1o analyses of plasts with beal rosee
Further progoess thas 1oy in developiment of patdeorme
allowing RGR inaging from mubtiphe positions. The
ozt recend advargis in the we of midiple-view BGR
imagivg fllowed by eollware analysis were deman-
wrated in & study by Misimans o al. (28] The amthors
were able to automatically extract Bom the images of
the barley plants. the plant boght and widthe and alsw
leal colowrs o evaluate the impact of droaght on the
degradation of chlvcophyll. Esrlier, Pereyra-inzo et al
[62], reposted o study that employed o self-constrocted
high-throughpue platform for the RGB sereenmy of
growth and water-use efficiency [WLUED in two soybean
1Gimtnr max L) penotypes. The system with automated
welghing and warering placed In che greenbouse was
used bo anahyze the projecied area of the shoots and the
mass af the pots [62]. An mmpressive number of plangs
was analvsed for similar tmits in the stody by Honsdord
et al. [16]. These authors searched for drought-tolerance
CITLs in 48 wild barley inrogression lines, asing o0 com-
mercial greenhouse based platform woth maltiple-vies
Rl imaging and awomated weighing and  watering
[i6]. A wimidar approach wiilizing sstimsticn of choot
binmass based on RGH imaging was ased by Coupel-
Ledns et al, to screen thousands of grapeviee plamts {oc
drought wlerance [G3]. In these smdies, the plant water
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marapement was gubmratically analvsed by simple wegh-
ing of the pots. This approach, howeser, begs sevenal ques

tioms about the hompgeneity of evapomtan from the sodl
af the pois placed in different positions of the growing
aree. The salution to this ssee wsually requires an ex
haustive validation process with namerous comired. pots
amdl  artificial plant-like objects mndomly  distribubed
throughout the growing area {Mack Tester personal com-
mamication). A& more elegant solution coudd be the ose of
the specilic sensors controlling directly ihe plant water
conbent [id] ar transpiratinn $656] of each plhint. Even thas
approach, himvevs, regquires approopriate validstion.

A integrative way of analysis was employsd o the
stady of Metroezn & gl |B6). Here, the effect of Megafol
treatmmend o drought-siressed. matocs wis assessed
using BRGE imaging to distingulsh shoot area, SLOEIM
measierement fo clculate *sress index” and IR camera
I'I“.“.".,p. 4 ] I il P h.
MIK camers thrcmghear the experiment alleseed visualiz-
ing the drop of the high water comtent index that pre-
codus the growih Disdntion cassed by deangha stress
[Ba]. A combimtion of RGE ard MO moging tech-
nbguiss wirk alsao wsed by Hasshavardhan ot al. for amalyses
ol thi dreaghe-takerance af ransgenic Arahidopas plants
|[67]. The RGE imaging was emplgod by Beessan e al
ton stiaely thee elfery of plane-facteria inbractings am jilaat
tedernnee a drought siress [GH]. The integration of Fu/Fy,
st by TLOFIM providied complemsmtary infor-
i Lo the grovah tate asd WLUE analyss obtained by
pot weihing U], & combination of RGE SLCFIM amd
WIR dineaging technigues was used by Chen el ol |64 10
stwdy differem phenotypic truits of 18 ey geonbypes
The authars wsed sophsticated statistics and mathemnaticsl
addielling to classify penotypes basid on their s porse o
drought siress {64}

Amather important tmit in drought studies is the leal
surface temperature that reflects the transpirbion rate
af the plant (as discussed above in the sectiom Therrmed-
mragingl. A& combination of sheot digital mmaging. ther-
maimaging and  sutomated weighing and waterimg o
stuly WUE was used by Fehér-lahdsz et al, [19] These
aathies emphved & self-constracted  greenhouse- based
pladform for the selemion of droughit-tolersne mansgenic
wheat plants. The platform allows mpaitaring of the ma
ture cereal plants’ growth by muodtiple-vew RGE im
aging and assessment of the leal sarface temperature by
side-view thermal camera recording the differences in
temperatures of plant shoots [19]. The same pltform
and a simiar phenatyping experimental <design were
used for evaluation of drought toleramee o badey. The
mywiwim provichs: msprative analyeic of plant groswth and
physiology, hut Bs nse for large-scale analysis s limined
by 2 semi-aubomated regime requiting manoal losding
of the plants ldo the system [65],

Foage: 7 of 1D

Given that phvsdological responses to drogght and
high temperatare stresses are tighth connected, similar
approaches cn be used o study the tolerance of plants
o both drought and high temperature. The use of high-
theoughput phenotyping for high tempemtore toleance
urxl & dewmption of the approprizte sensors <an be
found im a review by Gupta et 2l [ Mare recently,
the effects of the high temperature an the Arnrdopsis
plants were studsed by Vazsear et al. [71]. The aathars
used commencial-prototype plitlorm. allowing the top-
view RGE imagng end WUE analysis folloseed by
highly-sophisticated sttistical appreach b reveal con-
trasting adaptive strafegies to the high temperatare and
drought stresses [F1]

The salinkzation of sid is another pheromenan afien
wsmockited with drought and high temperature stress
The examiple of the protoool for salt stress snady in vard-
ok cereals combining [RGE Imaging wich destrictinee keal
senpling b messune Ma' concetstration was desoribed
by Berger et all [72]. The effect of salr stress win snadied
by Rajemslian ot al [73] using digial ROGH bmaging ina
grovnbaiise-based  comenercial swsiem, This audy prs-
wided dleeq iesight o the physiodogical precesses can-
mected with asliniy in wheat The authars uwed the
muhiple-view BGH Imaging to estimate 4 ciginl ams o
shrot. and o vistalize changes in lesf cobaiie for guanti-
fication of the werescent area. Using nos-invasive plan
phenctyping and anabes of Ma© concentration 4
feal, vl autheors predicted a plant safinity volerance
anibex that showeed o good correlation with the esulis
abiaird froin conventiaonal sali-tolerance messarements
|73], Himple RGB imaging in whest and barley was car-
ried gaat in the physsalogical study of Harris ey al, [74)
ard describied in the nethocological repect of Gotearian
et al. [ 18], Recently, Schilling etal appled a simidar ap-
proach to select a salt-tolerant line of trmnsgenic barley
|75, The cambination of digitnl RGE imaging {used ko
mezsure shoot growth matel with SLCFIM (used for the
assesement of senescent areas) was umed for the selection
of sali-tolerant cultrvars of roe by Hatrmansis & al [76].
These =adies ol salt-stress talerance wene performed
usingg the same commersal platiorm invalving SLCFIR
SETSO. A mentoned in e semion Chfornpinedl fiores:
cerce imuagimg JCFMA this tvpe of CFIM in fsct provides
anly estimation of a senescent area that can be obtained
using an oider way of estmmation based on oolour detec-
tion by RGE imaging. Thus, o increase the value of the
physiclogical evalmiion, the ose of KECFIN is necessary
for guantification of the quantum yvield of photochemis-
try and of the ather competsive processes |[16].

Combination of BLE imaging, thermoimaging and
TLCFIM was ised in the paneer work af Chaerle at al
wha evaluated the effects of mad motth vinas bnfectian
an tdaceo and bran plants (770 The use al high
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throughput techmigues in the nukriend starving sbress
sbadies have been already reported too. The principle of
the method based on RGE imaging of leal expansion
was described by Moreau ot Al [TH. A comprehensive
sbudy on the phenobypic effects of nitrogen and phos:
plaruz mutrient stabases of Smeckypodimn was caried
aut by Poire = al. employing BGE imaging o estimae
growth mate [79]. & similar approach was used in o study
of Meilson et al. [#)] where the responses to nitrogen de-
liciency ard drought were evalunabed by Eizld Imaging,
MER imaging and antoenated welghing, respectively. The
authors also developed software that extracted from the
imuages, addidve traits such & prajecued plant beight and
the beight to the Sigule of the voungest fully expanded
leall which shivwrd very good cosrelations with: standard
manually measured agromomicel parameters (0. The
mailtiple-sensor approach was described earlier in beans
by Chaerke et al, wha ased BGE maging, thermaine
wing and TLEFIM 0 evaluate the pheantypes pelated 10
magessium deficiency and biotle steess [R1] The tmpact
ol eodd simess on plant growih and physiclogy & -
tenely studied using non-lowaskey nsetheds thiough the
anglysis of Chl fucrescence, but sot using fuoresooncn
wenss Integrated info compliog growth-analysing pat-
forma [H2-H4]. larsem o sl stuchied the effucts of chlling
atress §ii Arafdngin and iohacch plints askng & growth
chamber basd system equipped with digital opview
IEE sereening and KCFIM [37] Very secently an auto-
b screening approach based on RGER imaging and
KCFIM anabyas for selestion of pea coltivars with differ-
enl colchsensitivity wan divelaped by Humplik @ al
|30, The reponted study was non intesded anly for selec-
tisi ol cold-semaitive/talemnt vrieties of per bt alas
lor studivs of plant codd-response. sirabegies i peneral
Sipce the CrIM analbysi= is oot limited to plamt marpls-
alogy amdl the image amalysis was sensitve enough to de-
tect tiny tendnds ol pea, the described provedure should
be thewretimlly employed for shoot analyses of ather
plant specks 5],

Conclusions

This mini-review focuses on recent advances bowards
development of inuegrative aucomaned  plaorms  for
high-thraegiput plant phenotyping that employ multiple
sensurs Jor simalioreous analysis of plant shoots. In
hoth. basic and applicd science. the recently emerging
approaches have found importance as - toods o anravel
ling complex questions of plant growth, develapment,
respenses o environment, a5 well as sedection of appro-
pl.'l:l.h!' genotypes in miecular I:rn:ﬁ:ll.ug m'aiqj.uﬁ: far
an vpE i oxn i by
1l'tplu1l:lnll.|.mu1.mnn1mt Iim.ﬂ’ﬁxummm,.ﬂuu

presslon of the genotype il |s waorth poimiing out that at-
tertion to the way the analyses are done, ander preciscly

Fage & of 1D

eontrodled conditions allowmyp for direct linking the

huge amaunt of complex phenotyping data obtained to
the particular condions. |t wouald alse help the end

user = the binlogist = fo narrew histher vew on the
imporiance of varoas paramebers and indices available
froem the specalbived measarements (specifolly CFIN
amd reflectance measurements) aed evaluate which af
them provide the required information in the best way
gl hence thus the most saitable for high-throughput
plant phenobyping. Sach information and standardized
protocods sppdicable for the particular phenotyping
methodiedogies should be swilable in the near future
due o the phenstyplng comeunigy efforts.
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APPENDIX I.B

Automated integrative high-throughput phenotyping of plant shoots: a case study of the cold-
tolerance of pea (Pisum sativum L.)

Published as:

Humplik JF, Lazar D, First T, Husi¢kova A, Hybl M, Spichal L. 2015d. Automated integrative
high-throughput phenotyping of plant shoots: a case study of the cold-tolerance of pea (Pisum
sativum L.). Plant Methods. 11:20. doi:10.1186/s13007-015-0063-9.
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Automated integrative high-throughput
phenotyping of plant shoots: a case study
of the cold-tolerance of pea (Pisum sativum L.)

Lari F ill:rmlil\.:!_ Deadan | .1.'...,'5":'. Tamdd Flest”, Alasaridra Husidheed”, Miooslae Habl and Liis Spik fal'’

Abstracy

Background: Froerily pmerging approaches m highethrasghpoe plant phenooping have discosemd ther imponanoe
a5 1ok ir unrayaiing the comples questions of plant groeeh, dovelopment and resporss [ the enyingnmeant, boh In
Fasi ann apanben] wende Hicgh-rhnniaghgrin methinets hesie Feen alin el sk plant maneres smowaninns rees ol

it

enidhiess ol varioes plant spevies and o

procaction, Cold sdaptation, Pea {Paamnsy

bipri angd abionc smesses (orighi, heat salniny, runent-stanerg. U Sghnt but only redy o ookl mheance
Besults: 'We present hes an mpeimental procedoe of intematve highethroughpue in-bouse pheratyping of plant
thoot ermployng sutormed srmukansous makse ol shoot biomassand photeneten (| efficiency 1o wudy the old
tolerares of pea P samaam LL For this porposs, #e developed rew softweres tor autsmatic BGE mage amasyss,
evalunted various parameters of chiorophyd Auorescence obtained hom Mnetic chioropmyll fumsescence maging, and
pericmmed an sxpenment in which the oroeh ard photoeynthetc sty of beo differere pea oulteers were foliowed
during cold acclimation. The data cbtained from the auiommed PGS imeging were walidated through corielaton of phee
based shoot mea with mesasuremen of the shoot resh waghn. Further, data chiared from astomated chiormpnd]
flunmscenee imagineg anakess wem compad with chiomphyd! fumescenos mameoers meassred by a noncmaging
chinmpind| flsmmetor. In bath cases, high cormelaion was obained, confming the rdlabilisy of the prooecoom

Condhushans: Thi audy of the rpance of 1wh pea culthvars 30 ookl mes confirmed 1hat du proceduns may N
FESCTENT & PRdkCaicnn, Nor ooy 100 semion of Ool g0 SiwarTalerant vanenes of poa,; DUt o%0 far siuckes of plant

ook s sirAei=: in geneal The anproach, provedes o wery Brced ool fon the manphakogical and pincsiological
spbection of perameten which oomespond 1o shoel growth and the effcency of phatomeem B and s s asplicakle n

Kmywords: Plant pienotypng, RGE digital imegira, Chlomophed fluorescence imagng; Shoot grosth, Bomma

Intraduction

In anis, acclimation i eald, cuss rducald growih, in-
orvse i antiosklant ool peduced waler cotent, and
changes in pene mgkation, hormone Balance, mimbome
oompeestinn, asmotic regulation. and phatesmthetic fane-
tiom [L]. The acbptabdity ard productreity of legumes
[chickpea, faba bean, kentil, and peal are bmited by abiotic

S T ad e i ok e a il £

Tgopl conpitatn

Wsparsrerd of Clirica Sy arad Conmmss. Covere of e Pogeon Hand
o ciechragzayral ancd dcp il Rewarch, Facpky of Soenae, Palyky
Uiy, Seondmbd |1, Coorrrad O2-VEEF, Ciah Mok
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() mioned Cental
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gl =

sty in general 2, s b high sensitivity o chilling
and [rovaimg mpriures 5 well described 3],

Smoe cold tolerance Boan impartant agresoical
probiem in Cemiral and Moribwrn Europe anid pragraph-
ally. simdlar regions, we @imed bt develop o rootice
mezsunmg  procedure for automated integrative high-
throughput screeung for selection of pobentally oold
ioderant cultivars. Pea (Pisumm setivarw L) was chosen as
o modet crop becaase its oderaey o cold simesx &= e
af the limiting factors in awtamm sowngs which allows
for the enhanced produoctivity of pem plants. Ovenvnter-
ing plants have developed adaptive responses to seasonal

mewdleny Clanges, Fue caangple, veenwinkesing evengeecns
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hmwe dewveloped so-called spmtamed  nos-phobochemacal
quenching [reviewsd, e, by Yerborsen [4]) as 8 probection
mechanism agairst absorbed light which s in excess with
respect to the capanty of the carbon photnsynthetic reac
ticees and which & decreased during winter. These planis
semise the upcoming cold period through the perception of
omironmental  impoles, manly femperature and | day
ength. However, the sustained non-phatochemical quench-
ing does. not work in modem pea cultvars. For this reason,
wir chose bwo e cultivars anid Investigated tlir neac

tion bo cakd stress. We emgikived digital RGE imeging 1o
sty shiot groowtl, and obdaraphyll (Chl) Buorescence Im-
aging (CFIM) b amalyee various parmmeters of plant phobo

svsten |1 {PSH) efficienoy. The calivars weed in this sbady
wene morphologically smiler which fclrated the valid.
atiin of sensciicy and resalution of e visible Enagng
analysis

Theve I8 a pauciy ol Infarmaton on e lirvwticm of
pea plasvts o cald, Ay cxtensive snady was pablished by
Mlarkarisn ot ol (5] Thew authors ealuated 2 pea lines
biaseal on thedr winber aervival. Furthor phesialogieal param-
etgrs {tenal dry matinr gl phitospsthene aral of sunmea-
arel springg-spwn ped plasds wone evalusted by Sdim ot al,
|6, Anbamm-somn plants procuced simglor seed vields 10
spring soneliggs when the winder survival was adoguans, and
auiemin soisings namared 23 wiwks before thie sprimg-
saen eroped, depending oo e wiriety and season (6], The
effects ol shoet erm acclimation (o daal of pen planis
1o ookl emperabunes. (FCF were explioned by Vondsnoy
eal. 7] wha rsaseed the g of axvgen produe o aimd
L0 asimilation, amd Chl feonscence parammebors inocder
1o valugte phaotochemical setivity arel finctional hejera-
geveity of PSIL They found ihar cold-acclimaad plants
shiwed higher phabcsamthetic mos and better Chl O
cenee pammeters than nom-acclimated plants [T The o-
fects of short erm cold scchmation |three doms 4500 and
subsequent recovery {2 days) al sfardard pea plants were
shadied by Chl Soorecence measurements in more detzil
by Georpieva amd Licheenthaler |8]. The Thl Huorescenoe
parameters neflecting phobenmthetsc fmotion - decreassd
during cold acclimation bat were reversible in the sub-
sequent recovery |&]. A similar study was later carcied
aut with ghiree different pea culdvars by Georgleva and
Lichtenithaler [4].

These studies revealed the importance of twie pobential
traits that could be wsed to distinguish between pea col-
trvars with different cold-sensitivity: rate of shoot growth
anil valoes of Chi fluorescence parameters. Both trasts
wan omw be sudisd by nooeinvasive high-throughpat
platforms to provide integrative insight min plant physi-
ology during  cold acclimavics, Thas spatio-i |
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cereals, tomatoes, sovbean and beans |10-13] The Chl
fuoresrence parameters are roatinely analveed by non-
imaging foprometres (WICF] or the imaging  system
(CFIM). Far physaological stadies, kinetic types of CFLM
that allow compatation of varieas Chl fluorescence pa-
rameters an the whale leaf or shoot ore the most valu-
able. However the kinetic type CFIM has not. been
comminnly inbegrated into high-throughpat systens [14]
wwl in recent Teports anfy systems mensaring o single
Lhi Nuarescendce leved have been eonploved [LL15). The
mtensity of Chl fuorescence depends an the ansount af
chdorophylls; thus. o single Chl Muarescence level can be
used, e, o distingetsh betwesn non-stressed and sen-
escent laves (when ameant of Chis s decressed) ot late
stages of stress. However, this dois nol provide any in-
fprmation aboat earlier processes im PSI that are not
necessarily Hnked to laver seneseence events,

In this report, we describe 8 provedure employing an
awtemated fnbegrative high-throsghpat placform saitabde
fov studies of the physiological hasis of cold-spves adap-
tatbon and sedection of pea cultivars with cald sensitivieg
todarance. The plafarm weasars deaot area aned Chl
Mucmiscence toe provide a complo snalysis of plante dus-
gy cald-acelinarion. For this parposs, we developed
mew mnftwars for satonsadle RGE Inuage analysis angd we
avaliated varkins pamamiceters of Chl Mearesceies ol
tained feam CFLM, The daia from the automated phens-
typing platfarm were salldated through estivation of
ahit bicmass by manual weighing of the shoots and by
meggurement of Thl Moanseesoe by o NECT hand ogur-
alind Hansvemeter, Despite the complexity al pea dhoots.
viry pood correlstionm botvawn picel based shool ore
arml fresh bianmiss were obtained Simdlardy, the Chi
fuarscence paramietens mwasaed by HICF hally con-
Tirmyed the relimbifity of the atomabed CFIR analysis.

Results and discussion

Visible maging used for shoot growth

To compare the influence of ool acclimation o hio-
mass production, two patative cold-resistast cultivars ol
pea Tema and Enduro were selected [labeled as TER
ared ENDL mespectively). ARer premimation, the seedlings
WETE GEOWT I A growth chamiber ar 2302000 [see Manes
ritls and methods) and after the deviopment of the first
true leaf, the coll stress cordditions were established
The seediings comtinued growing m 5'C for 24 days and
were screened twice per week in the automated plat-
formn. The green area of sach individuml seedling was ex-
tracted from  particular progections  (Figare 1) and
combined to account for the overall shoot biomass, As

F

changes in shoot blomass or leaf arca can be assessed
using mutoenated RGE imaging and image-snahsis salt-
ware, as has been shown for many species swech as

im Fig 2, thu tmaal green area of tha plante wan
calcalied ar 7 time-podnis. The culthar TER showed a
stgnificanitly higher {for p valses see Tahle 1} increase in
the total greem area compared w0 the cultvar END



AT

[k e i FaT

Figawa 1 Tha axamph Iwagas of eis opdosd prajecdons of
ninghe ERL wedling ined dor caleulation of ioisl green ares on
Frh day of cokd acoSmaton. E 1

\Flgure 3A4). Beause the green acea of the cultivars was
different at the beginning af the esperiment. ihe normal
ed green area [(MGEA} was caloolabed. where the green
area om the m” {58, . 200 day of measurement was di
vicksd by e green area oblined on the 15l measurin
ar shwivwed

sl grovsth

day. The TER cu

ihee 15t day was alomiet

areq, wherras ERND

whadh
the gre
ared by only about L5-vmes (Flgure 3B). To analyze
w the cultivars differed im their growih rates, the rela
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i for each mea=suring day are shown in Table |
Id-treatment affecis tatal

wth-rabte it s ([}

t bai= been reported] that o

=" 1

biomass producbon a

sown - undl  oveErwinbermg  pea % |6.07
treatment af

root 2= =howed an owaork by Bour

shoot erowih ce v prowth o
et al I| |. Howerver
the effect on the oot B les severe compared &

ihowe groursd pems of che planes |17), Due © chis o
s due bo the technical s=t up of oor aucomated plat
form in this study we focused only an
mld-ireatment effects an shoot growth. We
here the development of the mesuaring setup for auto
mated screening of pea coltivars with different cold
serisitvity throagh analysis of the shoot growth By BGTH
amalysis. A& semilar

analyses of

= | .I.':

maging follvwed by precise i
bax bosn shewn for different cpecise and dif

Ipproes

lerent types al stresses, | l\.lm—.l\.||':’|||5| o specles alone,
1 mated pt

d VN desigreed for cereals,

et al prabocals Jir Aot
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Table T The p values of the Mann-Whitmey test of
statisticad significant detferanon of growth parametens
based an RGE imaging
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Figure 1 Analbywes of the groweh progress of shoot of TER
et bowes - Pl Bnet aed END (e boses - deahed Baed paa
oI, Tha ki b Foim Hhe gossn s o i ol

SR I i s ettars thiact el s e
st Foy DI eachln By Tt FaDass S T s e 10 Tl [T
by, BT SR e | e e Fratasine) ofy 116 Ao ShA &) A
o e pe S o ] e e G0 A MEaET Ry e
Ths i b ey Pramed ad vl wdbais

correlation of projected ares and FYW racgng from 0.9 o
457, & maore sophisticated calcolation. was developed by
Czobaram @ al [22] who wond setimated shoot srea a2
funethon of plant area and plant age. This method was ap
plind by Pereyvea-lrseo et al [12] in cxperiments with sy
hean, providing & correlation of 0% I diy mess. Shoots of

Fage 5 of 11

cereals and sovbean have relatively low spobal-compleay,
I conirast, shoots ol fedd pea cultvars TER and END are
farmed maindy by stem and tiny tendnls (Figares 1, ) e
quiring very precss idenbification by image analysis soft-
ware. [espibe the challenging pea shom morphology,
Spenrman oorrelation ccelficients of 090 and 096 for TER
and ENIY caliivars, respectively, were found i our analysis
ip <00y Figare 4L This i Gully comparable with the phe-
natyping protoonls designed for other oop spedes and
provides an elfclent and reliable ool lor the evaluabcon ol
pes gronweh,

Chiorophyll fluorescene imaging used for detomm ination

of photosynthetic function

Farther vasiahles nsed foe phenntyping of the owo prea culi
wars were those obtaned from meassrements of Chl feor-
esceice (nductkm {CFIMY, which reflects photosynitbetic
Functicn, malnky of PSIL Based an our kbnowledge of th
parameters thet can be determined from CHN (rovowed
i Lazdr |28, wer sebected the folltwing paranseters: () the
menchmal guuasrnem pekd of PSI phobochemdsey for o dark-
-Hiijlhild A, "D'pq '|:h,l| = !"n|l'|"“"' F‘\'rF.u. wharr Fu. F“-
and Fo a0 the menimal, maxinal, snd wariahle Missesconce
levels, mmpectively, for & dadk-adspred state; B0 thee acnial
gquaniumt yiekd of 17581 phobocdbemisivg foe a lihr-adapted
wintie By = (Fpy - F (0, whire Po) and F b ane ihe
manitoal sl povaal (a8 time 1§ usslly in the sseady state)
Miopsceno: fevels Toc g Fght-adapted st i) the
duuambvens ek of constigutha pon-light mdieed asd oo
dlark) dissipaiiom proceses consiting of Chl Dusnsames
wmrisakn and leat dissipation, € o= F 0/Fwy aod vl the
quanivmn yield of pegulitary light-induced best dissipation
Doy =F WFs - F 0T i worth mentioning hee
thaat @+ oy = gy = Li Turther that @ = apipe, wherne
g L= (Fai = T AAF - Tyl i the coeficien of photo-
cheemical guenching which estimates a Fraction of the
su-called open TSI reaction centers; and that dgg; 1=
1’ - FyWFrq] ix the maxamal quantam vield of the PSI
photochemistry o 2 light-adapted state. The Fy”m the lax
twer equations is the manimal fluorescence level e a light-
adapted state which was estmated  frone By = FaiiFus -
FaltFugd + 1F/Fra 1 Sl details see [24]),

The changes in these Chl BUescence Parumercrs
mezured during acdimation of TER and END culbivars
i 5% for 21 days are shown in Figure 5. iy, is affeched
very little by the vold acclimaton of TER but there s a
continual decrease m @y, of END (Figure 54). @y ini-
tially decreases nre in TER than m EMIF bt after
& days it maintains iis value m TER but confinues to de-
crease in EMD [Figure SB). The continoal decrease in
Py an ERD i maoxily 1 By a I & in
e Qo shightly Increasing in the last o measure-
ments in END {Figune SB]. On the other hand. the imiial
decrease in iy in TER s mastly cawsed by decrease in
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q;, but the almost unchanged value of @y in TER after
& days s mosed by the counter action of gy which in-
creases, amd of @y which decreases (Figare 5H)
Therefore, it can be conclided that photsyothess of
the two pea cultivars uses different strmtegies for codd ac
dimatinn. Whereas in EXT, the nomhber of open neac-

tenn cenmtere ar well ur thaic I pk
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enmpensated by an mereass of sumber of the open P51
reaction cembers {gu) [Figure GEL Forthermsore, END
shows an mcresed quantnm yield al constitutive non-
light induced dessipation processes 40y, ;) at the end of
the cold scclimation compared o TER [Figure 5C),
wheress the rise of the quomntum yield of regalatory
light-indured heat disspation: (9! during the accli-
matian is faster in TER than in END {Figare 500

it Is mberesting 1o pote that oold-imduced changes of the
Lhl Unerescence parsmelers [oe given culthvar and ditlisr.
ences {or abaut the same vaises) of the parameters bebween
the cultvars (Fagare 51 are nol sorompanied by expected
changes and differences of green arcas and growth raves
{Figure 31 Even when the photosenitbetic function was de-
creased beycnld mearment (decroase of the i, %, qp and
Py parameters: Figure 54 and 51, the total and noemal-
red green orea of both oolivees was sl imoreased
(N A aeed M1, B might shone that the grow mee chan-
el line T Fagrne 307} o decreicsend (for ENUS Figane 30
with novesing duragion of the cold et howess
thise changes wore not statisgically sygnificant {dara sl
whawrl, ‘The uncormdansd behandor ol pharcsynthetc ml
wrvwth paramwters reflects different tormnpembare depen-
oo of phistasyeibests and processes bddon hebind 1he
plang grwwthe Whilke photosyrthatic funcion was deonsssed
by treativend o the culthsm e T probably moch liswes
tenpurabires woull be pepded o step phint growih
Then:liee, FCIM data and BER imapiog data carry chillies-
et and cosnplementary. infarmativa shaut acclimation of
plavis 1o lower femmperatiees. To ke advantage of the
high-theoiaghpul capacity ol our phenotvping platfon, we
wsind a relatively shor protocal 2o messure CFIN This sl
apy by, didl pon allowe for determimation of plaodoinac-
tivated centers which niggha be formied doring o joint sction
of light and oodd [35-28]. Depending on the theory osed,
the lpomation of the photoinactiated P centers m in-
fluence all quantum vields of the light-adapted state (for a
review see [M6 vsed in this work, Therefore, in the next
study we aim b mindify the CFIN messarng protorod n
order bo determine the quantom yied of photviractivated
PSLl centers as well

Furthermoee, we tsted the relishiity and acoumey of the
Chl Auceescence paramenss mexsored by the ausomared
CFIM i a bigh-throughput set op by omparing the se-
lecied parameter (dy,,] with the same pamameter measared
by @ hand-operated noo-imaging Chl flunrometer. For this
purpose the averall Chl Suoresoence imapes were separabed
into images of the second and third beaves amd their &,
were evalusted. On che other band, &, was evaluaibed Gom
the fat Chl fluorescence rise as measured by the non-
I Chl Al with a different wt of leaves

quatvism yickd in light generally decrease with pralomged
cold acclimation, in TER, & decrease of the maxinal
quantam vield af PSI photockemistry in light (9.} =

{see Materials and methods), The results of these cnm-
parisons are presented (oo Figere 84 for the second
leaves and in Figure 6B for the thicd leaves, respectively.
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A represeniatve mage of the spatial distibosion of Chl
flunrecenoe bs presented in Fggure 6 Not sonprisingly, the
data show that there is ni statistically significant difference
a2 D15} between oy, meamard oo ghien lenes by the
two different approaches. Maoreover. Flgure &0 documenas
ancther sdventage of using the CTIND in aubomated high-
throvghguir platfems. Althaugh the softwang i prinsrily
adjusted o efeulet the mean valee of liossence from
tha tatal sarface ol every plant, IF neaded, the CFIN images
can bar later separatiocd for subsequint calouation of thee Chi
Mirescence pasanueters taken froen the individual selected
areas which ropresent individual plant pargs {Figune 5]

T thay besst of g knowlidge, coly oo study was pub-
liskanl repwating ven wise ol CFIN integration bnio o bl
throughpen  plenohping phikom o amalyee oold- or
chilling-siress, Liing an subainsibed phenotypsitg pliform
Baresers o al. [14] ivahiated unly the FoFay prmmeber (i)
far b dillerent Armdvidepsin plats (wild-trpe and a mu-
el al wikd-iype tobacon plants Qy, dicssal in te
wildd-typer todxica plants durirg, e oold isement, and dhe
o devngsing rends very foumid with Armivkageas plonta
hinsver, the differencs between the wild-type and @ mir-
tam were nob comincing Llaing a CFIM system, Lontens
et al. and Deachi et all [(53.29] sudied the efiect of differnt
cnld bemperatures on mcdusirial chicory plants. In agreement
with our resaits, the anthors found agam only & small de-
crease ol Sy, after [leday naskation at £C and the values
of the P and @y paraneters casesd by the incubation
were similar to thuse obtained inoour sody. Mishr et ol
{3031 weed CFIM b sty the efiect of a two-week inouha-
man ar 4°C o nine Arabioopss dhniana arcessions differing
m cold toberance. In addition o evaluation of standard Chi
flonrescence paameters, Mo g Oy, and oy the asthoes
alsn st that combimatonal imaging of Chl Suorescence
transents combined with dassifier and feature sedection
methods could disirimanate between detached leaves: from
cold sensitive and cold tolerant srcessines

Materialy snd methods

Plant material

Twa marphodogically simllar field pea 1P seiivume sabsp
mefivany var. sadiens) cultivaes Ternn [TER) and Endorn
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GmbH. Germany] and. watersd b full water capacity. The
seeds were perminated i minl-greenhooes (5 x 32 3
& om with clear plastic lid) ina growth chamber with whie
LED lighting (155 prmal photans of PAR m™ & '), The con-
ditsons were ssf-ap bo sinvalte a long day (16 h day, B h
night} with temperstures of 2270 doring the lght pencd
amil AP in the night. The melative humidity was s o
k. Adter the development of the first troe leave the
temperature was decrmsed o 5C for the entire exper-
ment, the other pammeters remaned unchanged The
plamts were regularty watered witly the same amount of
wiler. Fifteen seedlings oo each cultivar were used o
the mtomated phenohyping. and anceher fifteen plants
were wed o control measurements of maximal quaniom
vichl af P51 photochenistry througls the use of & hard-
apenatel noo-imaging Chl Mucremeter. For measuroments
in MantSoreen' ™ phenotvping platiarm (Meten Systens
Instrusmients, Bime, Crech Repulbiic), the pots with the peod-
lings ware placed in standardized travs: v s per by
ared aunvabcwlly baded and ressored by ik platioem
T enoweimend af the trays was: perforned by a robatic-
drivan csvarpni bl that roatinely sl egpetimenanl
plasits hetween the gronwing send medsuring aness acconding
te a iser-cefinesd peotocel A single measiming roumd of 8
trupe comalsnid of ) minuies of dere-sdapration, odlewad
tiy ther meiamenent of (1 flissesoence and digiml R5GH
imapging frem theee optical peojections. Appracimately 16
plants per hour were analpzed, due o the loogih of the
miwgairing round Uhat is dependent oo the length of the
dlark slaptation and CEIM messarerost, T the cose of
WG imaging the platfons throughpst resses o dbau
B0 engerimental travs (30 plasis) pr bour, The cbita fom
Ol fusrscenoy and RGH maging, were stond i a data-
base gerver, and anahent either by the saltwans provided by
the marmfzctarer o by’ the sofware developed by the -
thars af this sty as described below

RGE software image sl
The plants were subomatically loaded into the mssuring
cabirets of the MantSoreen'™ plitfonn whers the thres
HGH images — the top, fromt and side views - {Figare 1)
af cach experamental btray contaimmg teo plants were
ke, To assess the ool green ared. the green mask of
the individaal plants has to be found in the image. To this
emil, we used @ combanation of amomatic thresholding
procedures and automaic edge detection techmigoes. Firs,
the image was comverted from the RGE colour space inlo
the FISY coloor space. It is mach easier o find the green
mask in the H charmed of the HSY colour space becomse
the 8 and ¥ channds ondy conmin information on the sat-
and brigh of the but et the hus mell,
The region in the three dimensional BGE space which de
fimes thee “plart green’ colour may heve a rather compll-
vated shape, however, 8 & reduced o 2 line<egment in
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ther o dimensiooal H spao: as the 5 ord Vocoordipabes
can be ignored. For thresholding im the H charmed, several
standand astomatic algerithms cn be used. e, the meost
popular Otsu method [%52] that calculates the optimum
theeshold - separuting  the foregroand amd  badkgroand
pixels =0 that their combined intra-chiss varapae s min-
mmal In oer case, we med an even simphesr techmigque -
foreground {ie; the plant] was predefined as 4 pastioalar
line segment in the H channel. This was possible doe (o
the standandized imae Aoguisiton setting,

The threshalding, step wsually. provides wery gond dis-
crimanation between the plam and £ background s no
further processing & necessary. However, the pes plints
posses very thin olfshoots [only ane or two pleds thick]
that may be difficult o fed by threshodeding alone. 1f the
thresholding, routine makes & sogle-pixel mistake, which
aften happers due to neise in the lmage, the entire affshoot
s ok, which s undesirable. "W sabved thas prokdem By
wplaiting the Caney saeenstic sdie detection algarithim
which tracks the comtouirs of the plint irage [£5]. The thin
aiffhiscds ware wacked particularly well because the edge
chitiction algarathin ol an sach thin smes The
el of th threshalding sty wore then comsbined with
thie eeligi chettation step sewl the ol goeen mask of the oh-
fect v foaand, Finally, & couplo off posi peocessing sieps
swere perforenid fieg median fileving and v opening
andliar elosing] 1o enhance U quality af thie mask,

Tt anly toak several secands an d standand PC e find the
reen sk ol o sngle pe Eant The mask provided infor-
mmardion about the projection of the plant surdice sres oale
e thew imsage planes. The projections can be exprossd
in spuare millimseters becisa the BGE cumiera Bad b
caliraten) beforehand. The calibration proceslel a8 fol-
fons, T bars coviired by millimotis pager were plaal in
the pots mstead of the pea plants. The bars were approsi-
mately the same beipht as the planis. Three mages (lop.
front. sidel of the ten bars wene acquired with the ame
camer setting used for the entire experiment. These im-
apes wrrved as the stanclard for comeding the kaf ana
fram pivels ww square millimeters, The wotal green area of
the plank i then estinuted 35 & = VAL + A7 + A2, where
Mgy A and Ay are the respective projections onto the thoee
image planes. This procedare is naturaly noc precise ban i
g an estirmate which s in good correlation (Figure 4]
with the fresh binmass of the above ground plant pans

CHM and mon-smaging Chi fluorescerce messuremenas
A standard protocol was used for the measrement of Chi
fluorescence quenching usng the CFIM part of the Mant-
Sereen'™ platfarm The plants undenvene 39 - 40 minubes
af dark adaptatinn bafisre CFIN Draring all
wgral repondings, sho 333 ps) red {850 nm) “meaaming”
flashes were applied and o Chl fuorescence sgnal was de-
wcted a few micrnsecods before the measuring Sash and
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during the Bazh, and then the twe sprals were subtmacted.
This is & puke amplitude modulation (PAM) tpe of mess
uwrement. T messure the mimmal Soorecence for & dark-
adapted state. Fiy ondy the meassnng flashes were applied
for am initial § seoomds. Then, @ saturation padse of S0 s
duration {white bghd, mienacy of 1000 pmol photons of
Pk m s ) was applied and He magimal Suorescenoe for
o dark-pdapted state: Fuy was messured. Adter the Fyy
meensaremnent. fuorescence was kept relaxed in darknes
Inr 17 seconds. Wed actinic lght (650 nm, interety of
100 ol photons m ™ &' was then switched an Sor 70 sec.
ands o drive phomsmihss 1t was visually checked so
that a steady state fuceesoence sigral was aftained & 70 =
af lusnination. During the sctinic Wumdnatian, saturstion
pubsiss were applied ot 8, 15, 33, 8, aned &8 seconds from
the begmning of the actiiee llomination. The vabse of the
maximal fuarescence messared during the kst sanirastion
piike wos tabon s the rasdonsl Ruceesconce signal for the
light-slapted state, Fay The Muceescence signal coused by
the actinic (usniation measured st bafoeg the e saor-
arkon pitse wes taken as the steady state oorescn for &
light-sclipted staie, F (e The feer Muosesaence evels (Fy,
Fuw F 1L Fuy'h were ised for calealstion of the mininsl
Mucsvsoenes bt far o lght-wdapad state, Fro the quantuim
viokds, amd the other Soareconon parareiies s difined
arwdl dosiribenl T the Bisilts siction,

A beirnl-operated FluorPen uacemeler (Photon Sp-
tems Instruments, Brioe Ceech Republic) was used for
conteol messdrements o ander 1@ compane thy resulis
obmined g, automationd CFIM with lan-operated
nom-imaging Chl fuorecence wasurerments. Blue fght
1455 nend of indensity 1000 gl photons m™ =" and a
duration of | second was wed by FluorPan foe illumin-
atioey ol the ssmpbe and 2 whole Lst fleresoemes eise
[the O-1-F-F curvel was reconded. Howewrs, only the
mvinirnal ard maximal fworescence evels, Ty omd Fus pe-
spectrvely, for the dark adapied skbe, were evaluated
from the corve u=ing bult-in rostines. The b fluomes-
cence limvels wwere used for calcudation of the maximal
quantam yield of PSI photochenistry (s Besults) The
data for Chi Huoresoeoce measarements are presented
25 medians and Inweer and upper quartiles [#]

Coandusion

In this proof-al-concept stody. the  bigh-throeghpot
method [or aviomaied screening of oold-tolerant pea
{Pisnrm sefivirw L) culthars was designed. TER and END
outivars wite screened simulineously in on amomabed
way with throughput of Lt plaras per hour for 1l growth of
the el parts by RGE imaging and il foc the efficiency of
pl vtk by chlorophdl 1l imaging. 'Wu
demesrated  that the  presenied  Insegrative  approadch
hasesd an amalyses of differences in relative grosth mite and
setected CFLM paramsters can provide deeper insight mio
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ithe physiolgical base of cold-acclimation. Dt from both
anahtical tools pointed o sgodicant differences in the
wroewth anid photosynibesis of TER aod END cultiars, and
indicated that the teo pea oahivars use different stralegies
for cokd acclimation differing in pamber of open PSIL reac
tinr centers, thewr maximal photosynthetic quuntum veeld
im light and qEmoum yeld of constitogye non-bght i
duced dissipation processes. The reliabilicy of the screening
v venfied by indepesdemt measuring of dhee fresh weight
ol the shonts and by Chi Hooresience messurement By
hand Huaramester. Since the CFIN analysis ks oot imibed o

plast morphalogy and our image analysis was sensitive
encagh to deters ony tendnls af pea, we believe that the

deseribed procedare can be easily employved for shoar ena-
hmes ol other differcot plant species.
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