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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 µM, 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 
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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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endoreduplication, etiolated growth, hypocotyl, notabilis, photomorphogenesis, seedling 
development, sitiens, skotomorphogenesis, Solanum lycopersicum L., tomato 
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Abstrakt: 

Disertační práce je věnována fyziologickým účinkům kyseliny abscisové (ABA) v raném vývoji 
semenáčků rajčete, konkrétně jejím vlivem na prodlužování hypokotylů. Cíle této práce jsou:  

1. Systematická studie metabolických změn ABA v průběhu rané ontogeneze semenáčků 
rajčete a jejich ovlivnění světlem. 

2. Studium fyziologických účinků změněné hladiny ABA na vývoj semenáčků rajčete. 

3. Zkoumání možných mechanismů účinků ABA na buněčné a molekulární úrovni. 

První typ experimentů se zabýval změnou hladiny ABA v průběhu bobtnání, klíčení, 
etiolovaného a světelného růstu semenáčků rajčete. Bylo zjištěno, že po počátečním prudkém 
poklesu hladiny ABA v průběhu klíčení, dochází po vyklíčení k nárůstu hladiny endogenní ABA v 
semenáčcích. Tento nárůst byl přibližně dvojnásobně větší u etiolovaných rostlin ve srovnání se 
stejně starými rostlinami, které po vyklíčení ve tmě byly přeneseny na modré světlo. Obdobná 
reakce byla zjištěna i u exprese klíčového biosyntetického genu pro ABA LeNCED1. Dále byl 
hodnocen růst dvou etiolovaných mutantů rajčete sitiens a notabilis, mutovaných v rozdílných 
krocích biosyntézy ABA. Bylo pozorováno, že mutované semenáčky, mají zkrácený růst 
hypokotylu. Pokud byla k mutantům přidána exogenní ABA (100 nM) růst hypokotylu 
mutovaných rostlin se zcela vyrovnal růstu nemutované kontroly. Na nemutované semenáčky 
(WT) neměla exogenní aplikace v koncentracích do 1 µM žádný vliv, vyšší koncentrace vedly 
k inhibici jejich růstu. Vliv nedostatku ABA na růst etiolovaných hypokotylů, byl rovněž 
studován aplikací inhibitoru biosyntézy ABA fluridonu, který také vedl k inhibici růstu. Detailní 
analýza mutanta sitiens ukázala, že nedostatek ABA vede k inhibici expanze epidermálních 
buněk hypokotylu. Jelikož jedním z významných faktorů ovlivňujících buněčnou expanzi jsou 
endopolyploidizační cykly, byla provedena analýza obsahu DNA v buňkách hypokotylu 
mutantních a WT rostlin pomocí průtokové cytometrie. Zde byl pozorován významný pokles 
počtu endoreduplikujících buněk u mutanta sitiens ve srovnání s WT. Zároveň byla prokázána 
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snížená exprese genů kódujících inhibitory cyklin-dependetních kináz (ICK/KRP), které 
endoreduplikaci podporují. Po aplikaci exogenní 100nM ABA došlo ke srovnání zmíněných 
parametrů na úroveň WT. V dalších experimentech bylo zjištěno, že nedostatek ABA vede 
k výrazné nadprodukci některých cytokininových metabolitů. Cytokininy podporují buněčné 
dělení na úkor endoreduplikace a vedou tak k inhibici buněčné expanze a následně také 
k inhibici růstu hypokotylu. Na základě získaných výsledků, byl vyvozen závěr, že ve tmě ABA 
přispívá k růstu etiolovaných hypokotylů, tím že inhibuje biosyntézu cytokininů, podporuje 
endoreduplikaci DNA a buněčnou expanzi. Naopak, za světelných podmínek dochází k inhibici 
syntézy ABA a ke zvýšené syntéze cytokininů, k inhibici buněčné expanze ve prospěch dělení a 
diferenciace buněk. Endogenní kyselina abscisová by tedy neměla být generalizována jako 
inhibitor růstu, jelikož minimálně v podmínkách raného vývoje semenáčků rajčete působí jako 
stimulátor. 

Klíčová slova:  kyselina abscisová, modré světlo, cytokininy, de-etiolace, endopolyploidie, 
endoreduplikace, etiolovaný růst, hypokotyl, notabilis, photomorphogeneze, vývoj semenáčku, 
sitiens, skotomorphogeneze, Solanum lycopersicum L., Rajče jedlé 

Počet stran: 116 

Počet příloh: 1 

Jazyk: anglický  
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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 erklären): 
 

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. 

  



16 
 
 

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 II 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 II 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 β-glucosidases. Two β-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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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 Mg2+ chelatase (ChlH) subunit, and iii) the soluble PYRABACTIN 
RESISTANCE/PYRABACTIN RESISTANCE-1 LIKE/REGULATORY COMPONENT OF ABA RECEPTOR 
(PYR/PYL/RCARs) (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 

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 ß-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 SlCYP707A1 – SlCYP707A4. Dashed arrows 
represent missing steps in the pathway. These schemes are modified according to Kitahata and Asami (2011). 
and Nambara and Marion-Poll (2005). 
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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, ABI1 (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 gpa1 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 



21 
 
 

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 abi1 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 µM) 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 (10-8 mg.l-1, 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.l-1 (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). Teltscherová and Seidlová (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 µM) in watering solution inhibited growth and flowering of 3.5 day-old seedlings, but 
stimulated the growth and the flowering of older seedlings (Teltscherová and Seidlová 1977). 
The stimulatory effect of low concentration of ABA in vitro cultures of Spinacia oleracea calli 
was reported by Nešković 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 aba1 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 ein1) 
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 
(Mäkela 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 Npaba1 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 
“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 α-amylase in cereals. The promoters of genes 
encoding α-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 α-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 abi1-1 
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). Teltscherová and Seidlová (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 µM) 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 (Teltscherová and Seidlová 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 yield 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 pin1, 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 aba1 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 µmol.m-2 and saturation occurs at about 0.05 µmol.m-2. 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 
µmol.m-2. 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 cry1 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 cry1 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 BL-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 (Alabadí and Blázquez 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 (Alabadí 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 Cop1ox 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 µM) 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 
µM) 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 µM) 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 (Gonzáles 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 
AtNCED6. 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 HvNCED 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 
AtNCED6 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 aba1-101 
(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 AtEM6, 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 1st day after germination (DAG), diminished completely at 
3rd DAG, but appeared again at the base of cotyledons (top of hypocotyl) on 4th 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 
quiescence (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 I and II 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 µM) 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 
µM) 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 cyp707a1cyp707a3 or 
by treatment with exogenous ABA. The stimulation of stomatal development was also 
observed in the ABA-insensitive abi1-1 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 μmol.m-2.s-1). 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 ImageJ software 
(Schneider et al. 2012). The relative growth rate was then calculated according Hoffmann and 
Poorter (2002) using the following equation: [lnDLH48h – lnDLH24h] 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 μmol.m-2.s-1). 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 Lazár (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, Humplík 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 
DNaseI 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 µg 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 ΔΔCt 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´ 

SlKRP2 F AGATCGACAACCTTAGCACTTC 

 R ACAAGAATCAGAAGCAGAGGG 

SlKRP4 F CTGAGCTTGATGTGTTCTTTGC 

 R GCCTTGTGGTTTCATTGTCG 

SlCycD3.1 F TCTTGAGCTAATGGACACTGC 

 R ATCGAAGATGCTACTGACCATG 

SlCycD3.3 F CAAGGAGAAGGTGGAAGGATG 

 R CTGTTGGACTCCCTGGTAATG 

SlLOG1 F AGGATTGCTGAATGTGGATGG 

 R GACTAGCTCCTTTGACGATGG 

SlLOG4 F CCAAGACACTCATGCCTAGAG 

 R TCCTCAAGTGTGCCATAACC 

SlLOG6 F TGGGAGAGGTTAAAGCAGTTG 

 R AATTCCGAGTTGAGACCACG 

PP2Acs F CGATGTGTGATCTCCTATGGTC 

 R AAGCTGATGGGCTCTAGAAATC 

Tip41like F GGTTCCTATTGCTGCGTT 

 R 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: PloSONE (Humplík et al. 2015a, chapter 6) and Plant Signaling and 
Behavior (PSB, Humplík 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 μM) were applied, 
the hypocotyl length of ABA-deficient mutants was significantly stimulated by nM 
concentration but inhibited by concentrations higher than 1 μM. 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 (PloSONE, 
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 (PloSONE, Fig. S3 and S4). The 
microscopic analysis showed that hypocotyl cell expansion was decreased in the etiolated sit 
mutant seedlings compared to the WT (PloSONE, 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 (PloSONE, Fig. 6A). The expression of two genes (SlKRP1 and 
SlKRP3) encoding CDK inhibitors, important regulator of endoreduplication, was lowered in sit 
mutant compared to the WT (PloSONE, 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 (PloSONE, Fig. 7A). The 
molecular analysis showed that in the sit mutant the expression of CK biosynthetic gene 
SlLOG2 was importantly elevated (PloSONE, 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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(PloSONE, 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 (PloSONE, Fig. 5B). In opposite, BL transiently induced expression of the ABA catabolic 
gene SlCYP707A4 (PloSONE, Fig. 5C). As stated in the PloSONE 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 SlKRP1 and SlKRP3 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: 

Humplík JF, Bergougnoux V, Jandová M, Šimura J, Pěnčík A, Tomanec O, Rolčík J, Novák 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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7. SPATIO-TEMPORAL CHANGES IN ENDOGENOUS ABSCISIC ACID CONTENTS DURING 
ETIOLATED GROWTH AND PHOTOMORPHOGENESIS IN TOMATO SEEDLINGS 

 

Published as: 

Humplík JF, Turečková V, Fellner M, Bergougnoux V. 2015. Spatio-temporal changes in 
endogenous abscisic acid contents during etiolated growth and photomorphogenesis in 
tomato seedlings. Plant Signaling & Behavior. 10:e1039213. doi: 
10.1080/15592324.2015.1039213 
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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 
(Humplík et al. 2015a, PloSONE). 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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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. 

 

Figure 3. The effect of ABA on relative growth rate 
(RGR) of etiolated tomato hypocotyl. 
Germinated seeds were transferred to Petri dish with 
new media supplemented with various concentration 
of abscisic acid. The Petri dished were scanned on 
flat-bad scanner in two time points (24 and 48 hours 
after transfer) and RGR was calculated. The columns 
represent mean RGR values calculated from 15 
seedlings per one ABA concentration. Error bars 
represent + SE. The data of one independent 
experiment are presented. 

Figure 4. The effect of pyrabactin on the growth of 
etiolated tomato hypocotyl. 
Germinated seeds were transferred to Petri dish with 
new media supplemented with various concentration 
of pyrabactin, cultivated in dark for 3 days and the 
length of hypocotyl was measured. The columns 
represent mean relative hypocotyl length (% of 
control sample) calculated from 15 seedlings per one 
pyrabactin concentration. Error bars represent + SE. 
The data of two independent experiments are 
presented. 
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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 (Humplík et al. 2015a, PloSONE). 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 SlKRP2 and SlKRP4, encoding two other CDK 
inhibitors, showed that, similarly to SlKRP1 and SlKRP3 (Humplík et al. 2015a, PloSONE), 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 SlKRP4 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). SlKRP1, SlKRP3 and SlKRP2 belong to the same 
subgroup, with the two first being closer relatives; SlKRP4 belongs to the second subgroup 
(Nafati et al. 2010). Thus the fact that SlKRP4 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 SlKRP would be interesting in order to 
better understand the role of ABA in the control of endocycles. 
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Cyclins are another group of proteins having an important role in the control of cell cycle. The 
role of specific cyclins (SlCycD3.1 and SlCycD3.3) during de-etiolation and inhibition of 
hypocotyl elongation upon exposure to blue light was recently suggested (Bergougnoux et al. 
2012). Because SlCycD3.1 and SlCycD3.3 are known to be up-regulated by cytokinins, which are 
more accumulated in the sit mutant (Riou-Khamlichi et al. 1999; Humplík et al. 2015a, 
PloSONE; data presented beneath), we expect that these two genes will be upregulated in the 
mutant. For this purpose, the expression of SlCycD3.1 and SlCycD3.2 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 SlCycD3.3 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 SlCycD3.1 and SlCycD3.3 transcription is ABA-independent. ABA might rather 
control cell cycle by stimulating SlKRP expression, consequently inhibiting CDKs. 

 

Figure 5. The effect of ABA-deficiency on the expression of CDK inhibitors SlKRP2 and SlKRP4. 
Analysis of the expression of the SlKRP2 and SlKRP4 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. 
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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 
Zalabák et al. 2013). We already demonstrated that SlLOG2 was upregulated in the sit mutant 
compared to WT (Humplík et al. 2015a, PloSONE). Here, we report the analysis of expression of 
3 other SlLOG genes: SlLOG1, SlLOG4 and SlLOG6 (Fig. 7). No difference in SlLOG1 gene 
expression could be detected between WT and sit mutant grown on medium not 
supplemented with ABA. While exogenous ABA induced reduction in SlLOG1 transcript 
accumulation, no effect could be observed in WT. No difference in SlLOG4 gene expression was 
observed in any of the genotype or depending on ABA treatment. Finally, the most interesting 
results were obtained for SlLOG6 gene. Indeed, SlLOG6 gene was found to be highly 
accumulated in sit mutant compared to WT and the ABA treatment induced a strong inhibition 
of SlLOG6 transcription. It was already previously reported that SlLOG2 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 SlLOG6 and SlLOG1 
genes, but to lower amplitude compared to SlLOG2 gene and that SlLOG4 was probably not 
involved in the process (Bergougnoux et al. 2012). All data taken together tend to demonstrate 

Figure 6. The effect of ABA-deficiency on the expression of genes encoding cyclin D3 SlCycD3.1 and SlCycD3.3. 
Analysis of the expression of the SlCycD3.1 and SlCycD3.3 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. 
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Figure 7. The effect of ABA-deficiency on the 
expression of genes encoding LOG enzyme SlLOG1, 
SlLOG4 and SlLOG6. 
Analysis of the expression of the SlLOG1, SlLOG4 and 
SlLOG6 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. 

that SlLOG2 and SlLOG6 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 (Humplík et al. 2015a, PloSONE). 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 β-
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 Zalabák 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 yield of PSII photochemistry for a dark-adapted state (Po, also 
referred as FV/FM) together with higher quantum yield of regulatory light-induced non-
photochemical quenching (NPQ). On the contrary the maximal quantum yield of PSII 
photochemistry for a light-adapted state (PSII, also referred as FV´/FM´), quantum yield of basic 
non-regulatory light-induced non-photochemical quenching (f,D) 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 (Vylíčilová 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 PSII photochemistry, C) maximal quantum yield of PSII photochemistry for a 
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 BL-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 cZR (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 pew1 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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Figure 10. The relative comparison of changes in CK metabolites content in BL-grown WT seedlings presented 
as a “heat map.” 
The mean values from CKs “functional-groups” were summed up in BL-grown samples as well as in dark-grown 
samples. The values from BL were divided by values from dark 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 3. 
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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). 

or
ga

n 

ge
no

ty
pe

 

tr
ea

tm
en

t 

tZ
 

tZ
R 

tZ
RM

P 

tZ
O

G
 

tZ
RO

G 

tZ
7G

 

tZ
9G

 

cZ
 

cZ
R 

cZ
RM

P 

cZ
O

G
 

cZ
RO

G 

cZ
9G

 

DH
Z 

DH
ZR

 

DH
ZR

M
P 

DH
ZO

G 

DH
ZR

O
G 

DH
Z7

G 

DH
Z9

G 

cotyledon WT 0 0,50 0,14 0,38 0,42 2,32 25,56 1,71 0,19 0,30 2,40 0,33 1,00 1,06 0,05 0,09 0,06 1,00 6,46 233,79 10,96 

 sit 0 0,45 0,18 0,46 0,61 2,50 34,20 1,25 0,16 0,40 3,25 0,34 0,77 0,74 0,05 0,11 0,06 0,80 3,89 221,20 10,03 

  t-test    **   *   **  ** *    * ***   
 sit ABA 0,34 0,07 0,27 0,32 1,71 24,66 1,00 0,17 0,24 2,42 0,28 0,51 0,49 0,05 0,07 0,05 0,45 2,86 191,40 10,21 

  t-test *** ** ** ** ***  ***    * *** ***    *** ***   
hyp. segment WT 0 0,41 0,76 1,85 0,18 0,62 8,02 0,98 0,08 0,23 1,63 0,13 0,24 0,45 0,04 0,12 0,17 0,17 1,78 50,49 2,23 

 sit 0 0,48 1,00 2,35 0,23 0,89 12,07 1,11 0,07 0,18 1,16 0,16 0,16 0,33 0,07 0,15 0,20 0,16 1,25 73,57 2,87 

  t-test   **  * ***   * ** * *** ** ***  *  ** ***  
 sit ABA 0,39 0,42 1,38 0,11 0,74 7,25 0,85 0,12 0,19 1,54 0,14 0,14 0,33 0,05 0,07 0,11 0,09 1,02 63,35 2,90 

  t-test  * * ***  *  *    *** * * *** *** *** *** **  
hypocotyl WT 0 0,22 0,48 0,57 0,06 0,20 2,09 0,26 0,08 0,24 1,09 0,04 0,08 0,18 0,02 0,05 0,06 0,04 0,38 10,94 0,41 

 sit 0 0,24 0,60 0,94 0,09 0,41 4,01 0,49 0,05 0,21 0,85 0,06 0,08 0,19 0,02 0,05 0,06 0,05 0,41 20,22 0,88 

  t-test   ** ** *** *** *** **  ** *      ***  *** *** 

 sit ABA 0,18 0,28 0,65 0,05 0,24 1,89 0,27 0,09 0,20 1,02 0,04 0,05 0,20 0,02 0,03 0,05 0,03 0,24 12,90 0,62 

  t-test  *   *    **   ***   **  *** *** ** ** 

root WT 0 0,35 0,37 0,90 0,08 0,13 1,31 0,16 0,08 0,15 0,95 0,06 0,08 0,17 0,01 0,02 0,04 0,02 0,25 8,79 0,26 

 sit 0 0,36 1,55 2,01 0,14 0,24 3,54 0,54 0,08 0,23 0,83 0,10 0,09 0,27 0,01 0,03 0,04 0,01 0,19 20,64 0,71 

  t-test  *** ** ** ** *** ***    **  *      ** *** 

 sit ABA 0,21 0,32 0,59 0,06 0,10 1,13 0,23 0,07 0,15 0,81 0,04 0,05 0,14 0,01 0,02 0,03 0,01 0,09 9,38 0,44 

  t-test *  *** * *      * ***    * *** ***  ** 
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Table 2. continued 
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cotyledon WT 0 0,15 0,13 0,30 96,85 0,48 5,48 5,29 18,60 97,84 0,88 0,59 3,14 11,54 370,41 386,56 

 sit 0 0,41 0,34 0,52 132,98 0,41 5,45 5,66 14,94 134,38 0,98 0,86 4,29 8,90 400,80 415,83 

  t-test * ** ** *    * *   ** **   
 sit ABA 0,17 0,10 0,24 115,21 0,51 3,71 4,11 13,68 116,18 0,73 0,43 2,98 6,12 343,48 353,74 

  t-test   * *  *** * *** * ***   ***   
hyp. segment WT 0 0,18 0,15 0,23 25,49 0,72 4,80 2,76 4,51 26,68 0,72 1,18 3,87 3,12 88,36 97,25 

 sit 0 0,15 0,05 0,21 44,46 0,49 6,06 2,06 4,70 45,29 0,73 1,35 3,92 2,86 134,89 143,74 

  t-test  **  *** *** ** **  ***     *** *** 

 sit ABA 0,10 0,10 0,21 41,11 0,59 3,89 2,46 4,24 42,06 0,66 0,73 3,24 2,25 116,37 123,25 

  t-test *** **  *** ** *   ***  **  ** ** ** 

hypocotyl WT 0 0,36 0,15 0,08 7,32 0,26 1,78 1,71 0,96 7,88 0,50 0,85 1,76 0,79 21,46 25,36 

 sit 0 0,30 1,31 0,11 12,58 0,43 2,78 1,45 1,48 13,93 0,47 1,52 1,96 1,11 38,80 43,86 

  t-test  ***  *** *** *** ** *** **    *** *** *** 

 sit ABA 0,16 0,09 0,08 9,82 0,38 1,67 1,59 0,98 10,38 0,37 0,55 1,77 0,65 26,08 29,41 

  t-test * *  *** **    ***  ***  * ** * 

root WT 0 0,30 0,29 1,74 8,60 0,27 2,00 1,49 0,59 10,90 0,59 0,69 3,62 0,61 19,57 25,08 

 sit 0 0,25 2,05 2,42 17,61 0,74 4,82 1,59 0,99 21,95 0,60 2,82 5,30 0,77 44,05 53,55 

  t-test  ** * ** *** ***  ** ***  ** *  ** *** 

 sit ABA 0,19 0,54 1,34 7,81 0,36 1,50 1,26 0,60 9,87 0,38 0,75 2,77 0,34 19,49 23,74 

  t-test   *   **    **  ** ***   
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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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96h cotyledon D 1,21 0,52 2,28 0,27 0,33 16,48 0,19 1,14 4,67 0,26 1,03 0,75 0,24 1,11 0,69 0,83 8,48 270,9
3 

  BL 1,71 0,68 4,30 0,38 0,63 20,25 0,13 0,83 4,35 0,22 0,89 1,06 0,17 0,62 0,41 0,59 5,91 148,3
3 

  t-test *  *** *  * * **      ** *   *** 

 hypocotyl D 1,10 1,67 3,64 0,25 0,90 10,23 0,14 0,22 1,35 0,19 0,48 0,66 0,11 0,19 0,23 0,22 3,31 74,83 

  BL 0,87 1,54 3,87 0,27 1,27 11,12 0,10 0,32 2,43 0,20 0,48 0,97 0,07 0,22 0,17 0,22 3,35 75,24 

  t-test ***      ** * **   ** **  **    
 root D 0,38 0,64 0,88 0,05 1,71 1,15 0,15 0,23 1,21 0,04 0,09 0,31 0,01 0,04 0,04 0,02 0,37 9,94 

  BL 0,57 0,70 1,55 0,05 0,14 1,30 0,12 0,16 0,88 0,04 0,08 0,27 0,02 0,04 0,03 0,02 0,30 7,97 

  t-test **  ***  ***   *     *      
120h cotyledon D 0,53 0,11 0,39 0,41 0,94 26,89 0,16 0,13 2,41 0,23 0,95 0,91 0,04 0,05 0,05 0,92 6,09 221,9

8 

  BL 0,56 0,15 1,26 0,51 1,31 28,32 0,15 0,31 5,25 0,15 0,61 0,54 0,06 0,08 0,06 0,73 3,62 121,0
5 

  t-test   ***     *** *** *** *** * * **  ** *** *** 

 hypocotyl D 0,33 0,43 1,32 0,10 0,60 3,79 0,09 0,20 1,31 0,07 0,13 0,33 0,04 0,09 0,12 0,08 0,71 19,91 

  BL 0,35 0,45 1,32 0,30 1,25 11,84 0,13 0,62 5,87 0,19 0,50 1,03 0,02 0,10 0,05 0,22 3,26 55,97 

  t-test    *** * *** ** *** *** *** *** *** ***  *** *** *** *** 

 root D 0,26 0,46 0,93 0,07 1,26 1,15 0,08 0,21 1,18 0,04 0,07 0,19 0,02 0,04 0,03 0,02 0,23 5,83 

  BL 0,31 0,43 0,78 0,07 0,12 1,40 0,12 0,25 1,40 0,03 0,06 0,16 0,02 0,04 0,02 0,02 0,21 4,64 

       *** * **        **   * 
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Table 3. continued 
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96h cotyledon D 1,44 0,59 1,00 77,53 0,52 6,18 8,03 23,29 80,78 3,07 3,06 8,65 11,20 379,70 405,68 

  BL 0,62 0,34 1,43 70,70 0,49 9,27 7,49 16,77 73,41 2,63 2,30 10,50 8,62 251,47 275,51 

  t-test * * *   **     *   *** *** 

 hypocotyl D 0,28 0,04 0,53 43,54 1,96 9,07 3,05 9,63 46,33 1,64 2,10 5,76 5,36 138,29 153,14 

  BL 0,21 0,10 1,87 49,21 2,06 9,19 4,50 9,01 53,41 1,27 2,15 8,33 5,79 144,93 162,47 

  t-test   ***    **   ***  **    
 root D 0,26 0,34 2,33 7,54 0,36 3,87 2,02 0,99 10,66 0,80 1,08 4,46 2,28 20,01 28,64 

  BL 0,21 0,35 2,85 7,65 0,32 3,17 1,54 0,97 11,38 0,91 1,25 5,31 0,64 18,21 26,33 

  t-test   *          ***   
120h cotyledon D 0,30 0,05 0,29 93,70 0,34 4,29 4,79 19,59 94,64 1,03 0,32 3,14 9,54 358,16 372,19 

  BL 0,27 0,03 0,53 48,99 0,22 5,10 7,01 10,35 50,04 1,04 0,57 7,10 6,93 206,24 221,87 

  t-test  * *** *** **  ** *** ***  ** *** ** *** *** 

 hypocotyl D 0,15 0,06 0,15 11,78 0,35 3,25 2,12 2,22 12,45 0,61 0,74 2,90 1,68 37,83 43,76 

  BL 0,16 0,05 1,53 39,00 1,42 5,04 8,33 8,30 42,15 0,66 1,21 8,77 5,73 115,26 131,62 

  t-test   *** *** *** *** *** *** ***  *** *** *** *** *** 

 root D 0,16 0,23 1,55 6,75 0,19 3,15 1,77 0,71 8,76 0,52 0,83 3,68 1,69 14,65 21,36 

  BL 0,22 0,19 1,75 6,46 0,21 1,87 2,02 0,58 8,80 0,64 0,90 3,95 0,51 13,31 19,30 

  t-test      ***       ***   
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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 SlKRPs 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 
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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. 

 

 

 

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. 
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APPENDIX  I. 

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 (Humplík 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 
(Humplík 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 II efficiency provided not only selection of differently 
sensitive variants, but also allowed insight into the differing strategies of cold acclimation.  
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APPENDIX  I.A 

Automated phenotyping of plant shoots using imaging methods for analysis of plant stress 
responses – a review. 

 

Published as: 

Humplík JF, Lazár D, Husičková A, Spíchal L. 2015c. Automated phenotyping of plant shoots 
using imaging methods for analysis of plant stress responses – a review. Plant Methods. 11:29. 
doi:10.1186/s13007-015-0072-8. 
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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: 

Humplík JF, Lazár D, Fürst T, Husičková A, Hýbl M, Spíchal 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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