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SUMMARY

Water deficit is one of the most detrimental coidis for plant growth and survival.
However, plants have developed several strategieppe with this condition including
the rapid change in signaling compounds such aadmes. Abscisic acid (ABA) is one of
the most important hormones which concentratiorreiae®es upon plant dehydration.
Among other effects, ABA accumulation induces sttahelosure to avoid water loss and
modifies root architecture to maintain water uptaker years, it has been assumed that
dehydration is perceived by roots which stimuldie ABA increase which is further
transported via transpiration stream to leavesetjulate the stomatal aperture. In this
thesis, this model is questioned since severas lnievidence indicate that roots could not

sustain larger increases of ABA.

In chapter I, it is demonstrated that roots of wateessed Citrus plants are a sink of ABA
rather than a source. Stem-girdled Citrus plantsvstinat leaves are crucial in sustaining
the ABA increase in dehydrated roots. Feeding ewpaart with deuterated ABA evidence
that this molecule is basipetally transported fréeaves to roots under unstressed
conditions and this transport is enhanced upon dialipn. Interestingly, a detailed
examination of root carotenoids reveals that thetert of the ABA precursors decreases
upon dehydration, suggesting that the low contéttiese precursors could be limiting the
ABA accumulation in roots. Therefore, in Chapter high levels of carotenoids in
detached roots are induce to evaluate the ABA aatation without the involvement of
the leaf-sourced ABA. Data indicate that detacheots are unable to increase ABA
despite the increased amounts of precursors. Hyisigdogical incapacity is independent
of numerous changes in gene expression of botlyitiostic pathways: carotenoid and
ABA. Finally, results from chapter Ill, where leavare maintained at different relative
water contents, demonstrate that leaf-dehydratoneieded to induce the ABA rise in
leaves and roots, and that the mere dehydrationat is not sufficient to induce ABA
accumulation in this organ. Results assign a kéy far leaves in sensing the adverse

conditions.

Globally, this thesis provides evidence that romit<Citrus plants are not an important
source of ABA under water deficit and conversebaves sustain the accumulation of
ABA in those dehydrated roots. Furthermore, daésent here suggest that leaves are key
not only in providing ABA to roots but also in tggring the water stress responses which
lead to the ABA accumulation in both, leaves aratso






RESUMEN

La sequia es una de las situaciones mas perjgdiciphra el crecimiento y la
supervivencia de las plantas. Sin embargo, laggddran desarrollado diversas estrategias
para afrontar dichas condiciones, incluyendo ladeagefalizacion mediada por diversas
fitohormonas. Entre ellas, el acido abscisico (ABA)una de las principales involucradas
en la respuesta a la deshidratacion de las plamdaciendo el cierre estomatico,
restringiendo la pérdida de agua en hojas o meadifio la arquitectura de las raices para
mantener la absorcion de agua. Se ha popularizaeldag raices son el 6rgano capaz de
detectar la deshidratacion en el substrato, loligwya a un incremento en los niveles de
ABA, que es posteriormente transportado via xilentes hojas, donde induce el cierre de
estomas. Sin embargo, numerosas evidencias cumsteste modelo debido a que entre
otras razones, las raices son incapaces de acuelelados niveles de ABA. En este
contexto, en esta tesis se ha estudiado la caplad&l$as raices en sintetizar localmente

ABA y la implicacién del transporte desde tejidésems.

En el capitulo |, se demuestra que las raices detgd de citricos sometidas a
deshidratacion reciben ABA proveniente desde lgashhas raices de plantas con el tallo
anillado, que imposibilita el trasporte basipeto @lofloema, son incapaces de mantener
elevados niveles de ABA en condiciones de deskidi@i. Ademas, experimentos de
transporte de ABA deuterado de hojas a raices eci@e que el ABA es capaz de ser
transportado de forma basipeta, y este transpartmés eficiente en condiciones de
sequia. Ademas, el déficit hidrico induce un masca@scenso en los niveles de
carotenoides en raices, lo que podria convertidos el factor limitante en el
mantenimiento de la sintesis local de ABA. Porrasévo, en el capitulo Il se inducen en
raices separadas de la parte aérea elevados ndelearotenoides. Dichas raices son
incapaces de acumular ABA en condiciones de defi@ehidrica, a pesar de la induccion
de numerosos genes involucrados en la sintesisad#enoides y de ABA. Estos
resultados evidencian una limitada capacidad detsar ABA localmente y la necesidad
del aporte de ABA desde la parte aérea. Finalmdoseresultados en el capitulo IlI,
donde se mantiene la canopia de plantas de citacdderentes niveles de humedad
mientras se deshidratan las raices de forma sjndiégmuestran el papel de la parte aérea
en inducir la acumulacion de ABA en raices. Asidéshidratacion de las raices no es
condicién suficiente para desencadenar la acunduade ABA en dicho érgano y ésta



solo se produce si las hojas se deshidratan. Refasha, las hojas jugarian un papel

fundamental en la percepcidn de las condicioneseartabes adversas.

En definitiva, esta tesis presenta evidencias cerauéstran que bajo condiciones de
deficiencia hidrica, las raices de las plantaga#rno constituyen una fuente relevante de
ABA y por el contrario, la hoja es el 6rgano resgairie de mantener la acumulacién de
ABA en las raices deshidratas. Ademas, la inforémgresentada en esta tesis sugiere
que las hojas juegan un papel clave en detectatéfetit hidrico y por tanto en

desencadenar la acumulacion de ABA en hojas yieasa
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Introduction

1.1 Citrus worldwide importance

Citrus are considered one of the most important fmorldwide. Reports indicate that
Citrus fruit are being consumed sincd®&ntury BC in China but the exact origin is still
under debate since recent evidence suggests ghauthorigin of citrus species cultivated
today comes from Australia, New Caledonia and Newn&a rather than the tropical and
subtropical areas of Southeast Asia such as Inddh Malay Archipelago as it was
believed (Liuet al, 2012).

Different species integrate the Citrus genus betigs from other closely-related genus
from the Rutaceae family are also commonly namedissis. There is no consensus
about the common ancestral species but it is bedidhat current species and cultivars
have arisen from inter-specific hybridization amopgrentals Citron itrus medica,
Pumelo C. maximaB. Osb) and mandarinC( reticulata Bl.) and also spontaneous
mutations (Garcia-Loet al, 2012). Domestication of citrus has led to theefi@oment of

a worldwide industry comprising several specieduiticng sweet orangeCftrus sinensit.
Osb.), mandarin@. reticulataBl.), lemon C. limon) and grapefruit@. paradisiMacf.)
among others. In commercial citrus plantations,ftop@ is usually performed using
different scion-rootstock combinations that aff@tant development, fruit quality and
confer adaptive advantages to different environs@Aliario et al, 2013; Pedroset al,
2014). In this sense, different citrus genotypes i@atated genera are commonly used as
rootstocks such as trifoliate orandg®(cirus trifoliatalL. Raf.), Citrange hybrids (Carrizo
and Troyer;C. sinensisx P. trifoliata), Macrophylla C. macrophyllaW.) or Cleopatra
mandarin C. reshniHort. Ex Tan.; Garcia-Logt al, 2012; Wuet al, 2015).

According to FAO, world citrus fruit production wastimated in 135: Tm last 2013-14
season, with an average production of around 14hd@mfhe top citrus producing
countries are China, Brazil, USA, India, Mexico &plain accounting for two thirds of
the total world production. Spain is ranked in $iréh place with about 6.3: Tm/year from
its 330.000 ha, accounting 4.7% of the worldwidedoiction (Food and Agriculture
Organization of the United Nations). Most Spaimustproduction (77%) is exported as a
fresh produce (Food and Agriculture Organizatiorthef United Nations). Inside Spain,
Valencian Community takes a special relevance sineecounts for 60% of the total

country area and contributes with 76% of total ¢douaxports (GVA, 2015).
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Citrus fresh consumption represents about 70% etdtal production which is preferred
by its characteristic flavor, taste and accesgilCitrus are also recognized by their
nutritional contribution and health-promoting prapes (Liu et al, 2012). The average
citrus intake is about 25 kg/person/year which rsakene of the most important sources
of several nutrients, including vitamins C, B (thia, pyridoxine, niacin, riboflavin,
pantothenic acid, and folate), E (tocopherols andotrienols) and provitamin A
compounds (carotenoids) as well as phenolic conggupectins, limonoids and dietary

fibers, contributing to the prevention of diverseanic diseases (Zcet al, 2016)

Citrus crop is produced worldwide in tropical andopical regions being exposed to
different climatic conditions that notably influen@ot only nutritional composition (Liu

et al, 2012) but also plant agronomical behavior (&tial, 2006). As a response, plants
have developed an intricate bund of mechanismgpe evith unfavorable conditions and

to acclimate to different environments (Hatral, 2009; Argamasill&t al, 2013)

1.2. Plant abiotic stresses

Plant abiotic stress is a relative young scientifiscipline within the plant physiology,
which intends to understand how adverse environahéadtors interfaces with plants and
how these respond to this interaction through d¢ttisie or adaptive traits (Blum, 2015a).
In 1972, Levitt defined several terms concerningtbstress and stress resistance. Using
an analogy from civil engineering, Levitt definefress as a heavy load (adverse
condition) placed in the center of a steel beamtipogd on columns on its two edges.
The beam will develop thestrain, which could be plastic (irreversible) o elastic
(reversible), being the magnitude of this straimpartionally to the magnitude and
duration of the stress and the position of the lmadhe beam. In biological systems, apart
from the concept introduced by Levitt regarding toastitutive parameters of the beam,
other aspects should be taken into consideratiam{B2015a). In this sense, plants could
present amdaptivestrain tolerance, which is developed in respoosasignal created by
the strain. Plants also could avoid certain industdins by exerting several responses
(Blum, 2015a).

Economic implications of the stress are especiadlgvant in agronomical crops. From
this point of view, plant abiotic stress is definasl the effect of adverse environmental

4
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conditions that constrain or limit plant growth andderefore, impact on crop yield and
productivity (Boyer, 1982). The gap between yieldstained under optimal and
suboptimal conditions is usually considered as gmtade of the stress. However, this
largely differs from the concept employed in cohéw experimental conditions where
other parameters such as plant survival or seetligation are also relevant (Dolferus,
2014).

Research in this discipline has been focused orergtehding how plants exhibit abiotic
stress responses, a process considered cruciainimime decreases in production and
potentiate crop survival (Hirayama and ShinozaRil®. With that aim, plants developed
several strategies to reduce the impact of adveoselitions, enhancing the tolerance
linked to morphological, physiological and biocheaii changes that may lead to a
decrease in the stress exposure, limit damagepairrpossible damaged systems (Potters
et al, 2007). Based on it, researchers intend to sigitt Into tolerance-associated
mechanisms and develop strategies to improve plaitity to cope with different stresses.
Indeed, it is expected that the occurrence of a#vesnvironmental conditions will
increase in the near future due to climate chaAd&jé et al, 2010), which represents a
threatening scenario for plant resources, biodityeend global food security (Ahujat
al., 2010).

1.2.1 Plant tolerance to abiotic stress

Plants have developed several mechanisms to copeaiotic stress that involve the
activation of different biochemical pathways leafio the production of either defensive
compounds or morphological changes. Certain meshanare linked to a basal response
that results in an adaptation in order to prevamage from repetitive harmful conditions.
This confers tolerance to geographical and temptaérse conditions. As a result, there
was a conservation of certain genome modificati@ssilting in improved physiological
and metabolic defenses towards adaptation to diifestress conditions (Clarlet al,
2004). Thus, basal tolerance or adaptation is tinie a long evolution process that
involves permanent changes over several generatith a population or species. Most
relevant cases involves those naturally occurril@gtp living under extreme conditions
which are usually named as halophytes, xerophitiesnophiles, among others (Minocha
et al, 2014).
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On the other side, induced tolerance or acclimaisodisplayed by plants to cope with
temporary adverse conditions by triggering différerechanisms (Gepstein and Glick,
2013). The magnitude of plant responses to streigsrdls on the time of exposure and on
the intensity of the adverse conditions (Syverts@ Garcia-Sanchez, 2014), which
evidences the existence of a fine-tuning to allewsing and responding to different types
and levels of stress (Claegtal, 2014). Acclimation involves a cascade of evetdsting
with the stress perception and resulting in theresgion of target genes (Pastori and
Foyer, 2002). This leads to the activation of saveathways, which often are induced
under different stress situations (cross-tolerare&wing acclimation to a wide range of
stresses (Pastori and Foyer, 2002). These respamaalse the production of several
metabolites such as osmoprotectants, antioxidants phytohormones (Peleg and
Blumwald, 2011).

1.2.3. Water stress

The most relevant abiotic stresses affecting plamés drought, salinity, waterlogging,
extreme temperatures, high light, and heavy mebaisjt is also common that, at least,
two different adverse conditions occur simultango(Shaveset al, 2009; Hirayama and
Shinozaki, 2010; Sreenivasult al, 2012). Among them, drought is by far the most
important abiotic stress condition, which severebnstrains yield leading to important
economic losses in different crops (Cattivedti al, 2008; Mediciet al, 2014). Plants
experience drought when water supply becomes sead®r when the transpiration rate
becomes higher than the rate of water uptake fimrtsr(Reddyet al, 2004; Cattivelliet

al., 2008). Nowadays and, under the future scendriclimate change, breeders have
identified that the improvement of yield and crapductivity under drought conditions is
one of the main goals to achieve stable yieldsated to encourage the introduction of
new crops in dry/arid environments (Cattive#ii al, 2008). Apart from timing and
intensity, plant response to drought is stronglyeshelent on the genotype (Cattivelial,
2008; Katerjiet al, 2008). Breeders and researchers use the tokexam@bility with the
aim of identifying physiological and morphologiaaharacteristics, but also biochemical
and molecular changes associated with water stoésmsmnce (Cattivelliet al, 2008). In
general, plants subjected to dehydration have dpeel strategies to increase water uptake

and limit water losses (Kudoyarovat al, 2011) such as increasing root water

6
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conductance (Comast al, 2013) or decreasing stomatal aperture (McAdamd an
Brodribb, 2015). It has been demonstrated thatgadmi production of reactive oxygen
species (ROS) takes place under water deficit (Nattal, 2014); therefore, plants also
develop mechanisms to repair any possible damagk as the induction of ROS-
scavenging enzymes (Osakadteal, 2014a). Some of the above mentioned strategies t
prevent damage or acclimate to water stress agethjitriggered by changing water status
of the different tissues (Achet al, 2010; McAdamet al, 2016) but other changes are
mediated by plant hormones, which are responsdrléhe adjustment and maintenance of
plant tolerance and survival (Fujid al, 2011; Peleg and Blumwald, 2011; Barttlial,
2013).

1.3. Plant hormones

Plant hormones, or phytohormones, are a diversapgod natural metabolites with a low
molecular weight that act at micromolar or evendowoncentrations and exert a crucial
role on different physiological and developmentabgesses of the plant’s life cycle
(Piotrowska and Bajguz, 2011). There are diffeggnups of phytohormones that notably
vary in molecular structure and functional propertbeing named as abscisic acid (ABA),
gibberellins (GAs), cytokinins (CKs), ethylene (EBuxins, jasmonates (JAs), salicylic
acid (SA), and the recently discovered brassinoster(BR) and strigolactones (SL;
Piotrowska and Bajguz, 2011). Most of these comdeuaxhibit biological activity
triggering or modulating a very complex signalingtwork at cellular level. Research on
mutants, inhibitors of biosynthesis or action hantributed to enlarge the current
knowledge about the extensive and intricate funestiof phytohormones (Goémez-Cadenas
et al, 2014). Indeed, metabolic pathways for the bidsysis, transport, conjugation and
catabolism of the most important phytohormones hasen successfully characterized.
Moreover, specific receptors and signal transdacpathways have been characterized
and recent evidences reveals an intricate inteexdion and crosstalk among different
phytohormones (Gémez-Caderasl., 2014).

Plant hormones are involved in the control of @lelopmental stages of plant growth
including germination, seed and bud dormancy, flingg fruit ripening and senescence
among others (Katet al, 2006; Piotrowska and Bajguz, 2011; Nitsthal, 2012; Yeet

al., 2012). Phytohormones also play a key role ggering responses to a wide range of

adverse environmental conditions which is essetgiahprove or achieve stress tolerance

7
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(Kurepinet al, 2015). In this sense, modifications in phytohones concentration is one
of the first changes that takes place under sttesslitions which may lead to stress
avoidance or acclimation (Peleg and Blumwald, 20&alldacket al, 2013). However,
the exact role of phytohormones under each stresshdition needs to be considered in
the context of a tissue or even at the cellulaelléRiotrowska and Bajguz, 2011). In this
sense, particular changes in hormone concentratemssociated to specific biochemical
or metabolic process that takes place in certasués such as occurs with the role of
ABA in leaf stomatal closure (Bauest al, 2013). Nevertheless, plant responses to
stressful situations involve a coordination at #wire plant level, where hormone
transport from different plant tissues plays a @umle (Crawfordet al, 2010; Shkolnik-
Inbar and Bar-Zvi, 2010).

1.3.1. Abscisic acid, discovery and main roles

Abscisic acid is one of the five classical plantrhones that regulates many aspects of
plant growth and development but ABA also playsraportant role in plant response to
adverse conditions and therefore is commonly natmedstress hormone’ (Freunel al,
2000; Kuromori and Shinozaki, 2010; Shatil-Cole¢ml, 2011). From its discovery in the
1960’s, ABA was considered a potent growth inhibitABA was firstly isolated by
Ohkumaet al (1963) whereas its structure was also reporteti9b by Ohkuma and
Addicott group (Dorffling, 2015). During that deegdABA was extracted and identified
in multiple laboratories and since it was closéhkéd to dormancy researchers called it
‘Dormidin’ meanwhile other groups revealed its rate fruit abscission, naming it as
‘Abscisin II' (Cutleret al, 2010). A later accurate identification of thigstance revealed
that both functions were carried out by the sam&oute and after deliberatiodgscisic
Acid was chosen as the most suitable name (Addicott Lymmeh, 1969). Since then,
biochemical, molecular and genomic approaches vareeloped with the aim of
elucidating the ABA biosynthetic and catabolic pedlys, identifying any possible ABA
transporters and shedding some light into the cergignaling components associated to
the ABA response (Hirayama and Shinozaki, 2007)tedweer, the discovery of the ABA
receptors and other genes involved in ABA downstreggnaling cascade constituted an
important milestone that deepened the understandihgABA mode of action
(Sreenivasulet al, 2012).
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ABA is ubiquitous in plant cells but its levels cige depending on the plant’s growth and
developmental stage. Recently, transcriptome aisatywwed that more than 10% of the
Arabidopsisgenome was transcribed when plants were exposedB#, showing a
similar number of up or downregulated genes (Nerséaet al, 2006), revealing the
existence of widely diverse functions of ABA in pta (Cutleret al, 2010). ABA effects
on plants were initially counterpoised to thosertea by plant growth promoters such as
GAs and Auxins, since ABA was related to growthilition processes (Cutlest al,
2010). Among them, seed dormancy is one of the @estples of how plants integrate
the environmental cues to induce dormancy but tdsprevent the germination during
adverse periods (Rodriguez-Gaeipbal, 2009). Similarly, induction of bud dormancy in
deciduous trees mediated by photoperiod shortenggaccompanied by ABA
accumulation, also inducing growth cessation in #pecal bud and the correlative
inhibition of the lateral shoot formation (Zheagal, 2015). Leaf and cell growth are also
affected by ABA which has a direct influence innglaize and biomass accumulation
(Hancocket al, 2011; Nitsclet al, 2012). ABA also plays a key role on fruit grovahd
abscission and enhances fruit color in certain ispewith relevant consequences in
pollinator attraction and therefore, in plant refurction (Cantiret al, 2007; Nitsctet al,
2012; Soteet al, 2013).

Although ABA mediates the response to biotic stkgsng pathogen attack (Cutler al,
2010; Lee and Luan, 2012) it is mainly recognizgditb active role in the response to
abiotic stresses (Yet al, 2012). Plants subjected to stressful conditiesisally modify
ABA concentration in different tissues and cell®o{fwska and Bajguz, 2011). Stomatal
closure is one of the best recognized physiologioasequences of many of these stresses
such as drought, salinity, heavy metals and otlféeset al, 2012) and indeed it is
recognized as an accurate parameter to indicatggekan the ABA content (Aliniaeifard
and van Meeteren, 2013; Dodd, 2013; ktal, 2013). ABA also regulates plant growth
under water deprivation; ABA is a negative regulatbshoot growth (Yet al, 2012) but
also stimulates root development or modifies itshéecture in order to achieve wetter
zones, helping to maintain water uptake and siattise whole plant (Cutlegt al, 2010).
ABA is also involved in the accumulation of comjpéi osmolytes and in the synthesis of
dehydrins and other LEA proteins, which are cruamsathe acclimation to water deficit
maintaining cell turgor and protecting proteins amémbranes (Cutleet al, 2010;
Kurepinet al, 2015).
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1.3.2. ABA biosynthesis

1.3.2.1. Synthesis of ABA precursors: carotenoitiway

The concentration of ABA in a specific tissue dgri given period of time results from
the tightly coordination of biosynthesis, conjugati transport and catabolism (é¢ al.,
2012). After its identification as an isoprenoid ithe 1960°s (Fig. 1) biochemical
approaches and the use of carotenoid-deficientmsituggested that ABA biosynthesis
in plants takes place from carotenoid precursoistébberget al, 1999). In plants, ABA
biosynthesis follows the ‘indirect’ pathway whiahvolves the isopentenyl pyrophosphate
(IPP), a G molecule which is the precursor of all terpenaaasl other plant hormones
such as GAs (Yet al, 2012; Fig. 1). Carotenoid biosynthesis takeselantirely in the
plastid using IPP derived from glyceraldehyde 3gui@ate and pyruvate (Liotenbesg
al., 1999). IPP is converted into geranylgeranyl pywasphate (GGPP), a§Jroduct by
IPP isomerase and GGPP synthase enzymes (Lioteabatg1999). GGPP constitutes a
key branching point from isoprenoid biosynthesiglants whose synthesis is controlled
by different GGPP synthase isoforms (Thabeal, 2012). The first committed step of
carotenoid biosynthesis, catalyzed by phytoene haget (PSY) is the head-to-head
condensation of two molecules of GGPP to form péyéo(Go). Successive desaturation
and isomerization mediated by the enzymes phytodesaturase (PDS)-carotene
isomerase (Z-1SO);-carotene desaturase (ZDS) and carotenoid iSOmé@E&EISO) are
needed to form lycopene (Cazzonelli and PogsonPRM. linear carotenoid and key
branching point in the carotenoid pathway. Frons thoint, carotenoid biosynthesis is
divided into thep,e- and 8,p- branches by the action of two lycopene cyclas€3y{,
eLCY andBLCY (Cazzonelli and Pogson, 2010). In the formgcopene is transformed
into a-carotene and subsequently into lutein, a typieabtenoid from green sun-exposed
tissues (Rameét al, 2012). Thef,p-branch, which at the end provides precursors for
ABA synthesis, involves the conversion of lycopem® (-carotene by the formation of
two B-rings at each end of the molecule (Fetyal, 2006). Both3-rings of3-carotene are
then hydroxylated intop-cryptoxanthin and zeaxanthin by the enzymfearotene
hydroxylase §CHX) leading to the production of xanthophylls, k&BA precursors
(Liotenberget al, 1999). Zeaxanthin is the first carotenoid of plaghway involved in the
‘xanthophyll cycle’ which plays multiple relevantirfctions in photosystems providing
tolerance to excess light and preventing photoitibib (Demmiget al, 1988; Schwaret

al., 2015). Zeaxanthin is then converted to violakemby two successive epoxidation
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reactions via antheraxanthin by zeaxanthin eporidawyme (ZEP; Chen and Gallie,
2012). Violaxanthin could be then converted intoxathin by means of the neoxanthin
synthase (NSY; Nortbkt al, 2007; Neumast al., 2014).

1.3.2.2. ABA biosynthetic pathway

In contrast to the carotenoid pathway which ocanly in plastids, ABA biosynthesis
from xanthoxin takes place both in the plastids eytdsol (Fig. 1). First steps occur from
the carotenoid isomers neoxanthin and violaxanthath in the configuration 6is, that
serves as substrate for theci8epoxycarotenoid dioxygenase (NCED) enzymes to
synthetize xanthoxin (Nambara and Marion-Poll, 200%orth et al, 2007). The
contribution of each of these substrates to the AB#cumulation remains to be
elucidated, but the relative importance otiSneoxanthin and @is-violanxanthin in
ABA biosynthesis could be tissue-specific (Rodrggoal, 2006). Nevertheless, NCED
activity is considered the main bottleneck stepthe ABA synthesis (Nambara and
Marion-Poll, 2005) and, probably for this reasoayesal NCED genes are present in
different species: five in Arabidopsis (Wargal, 2015; Zhanget al, 2015) and two in
citrus (Rodrigeet al, 2006; Agustéet al, 2007). However, only some of them are strongly
linked to ABA accumulation (Wanegt al, 2015) whereas the others seem to play an
secondary role (Rodriget al, 2006). Xanthoxin is then extruded to the cytosnt
oxidized into abscisic aldehyde by a short-chaicolabl dehydrogenase (Xanthoxin
dehydrogenase, XantDH; Gonzalez-Guznedral, 2002) which is then converted into
ABA by the ABA aldehyde oxidase3 (AAO3), using alyimmlenum cofactor activated by
the molybdenum cofactor sulfurase (ABA3; Nambarad aWarion-Poll, 2005).
Alternatively, in plants where there is a shunthpaty in the abscisic aldehyde oxidation
(AAO3) such as in the case of ABA-deficient tomawoitantflacca (flc), a substitute
conversion to ABA-alcohol could still provide a sificant amount of ABA (Roclet al,
1991).

1.3.2. ABA catabolism

As indicated above, ABA accumulation in tissueset&s on several factors, in which
biosynthesis is the main responsible for the rapedease under stress conditions but also
11
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catabolism could regulate the ABA homeostasis antd (Priestet al, 2006). Main
degradation pathway occurs via 8'-hydroxilation ehrenders 8'hydroxy-ABA (8'OH-
ABA) in a reaction catalyzed by the cytochrome P4®0nooxygenase ABA 8'-
hydroxilase (CYP707a; Fig. 1). The 8'OH-ABA is stmreously isomerized to phaseic
acid (PA) and subsequently reduced to dihydropbaaseid (DPA), the end-product of
ABA degradation (Seileet al, 2011; Pacificet al, 2015). Regulation of ABA catabolism
by plants is crucial to sustain the ABA-inducecetahce in plants exposed to detrimental
conditions damage (Cait al, 2015). In this sense, in roots of waterloggemhi{d ABA
catabolism mediates a sharp decrease in the ABAd€Cheret al, 2010) which in some
species is needed to induce the shoot growth aimjetolerance to this condition (Van
Der Straeteret al, 2001). In this sense, it is know that ABA isidlp metabolized to PA
under unstressed conditions and the amount of aiatabetabolites depends on the ABA
levels (Renet al, 2007). However, the type of the stress highlpdititons the rate of
ABA catabolism, being sharply triggered in planibjected to waterlogging (Chex al.,
2010) and reduced under dehydration (Hueingl, 2008).

12
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Figure 1.Biosynthesis, catabolism and ccgation of abscisic acid in plants. Enzymes
representing in bold; phytoene synthase (PSY); qing desaturase (PDS-carotene
isomerase (-ISO); (-carotene desaturase (ZD$)ycopene cyclaseplLCY); pB-carotene
hydroxylase fCHX); zeaxanthin epoxide enzyme (ZEP); neoxanthin synthase (N¢
9-cis-epoxycarotenoid dioxygenase (NCED); xanthoxin debgdnase (XantDH); AB/
aldehyde oxidase3 (AAO3); ABA'-hydroxilase (CYP707a); UL-glucosyltransferas
(AOG); B-glucosidasefGluc).Isomerases are still characterize:

1.3.3. ABA Conjugation and hydrolysis

ABA could be conjugated at the carboxyl group with ddfgr compounds that a
accumulated in the vacuole or in the apop(Dietz et al, 2000. Among them, ABA
glucosyl ester (AB-GE) is the most abundant deriving from the actiébra @ytosolic
UDP-glucosyltransferase (AOG, Fig; Priestet al, 2006) This is an inactive form ar
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was considered as a catabolite since there wersvidences of an ABA-GE cleavage to
release free ABA (Priedt al, 2006). Indeed, no changes in ABA-GE levels wetmd
during some stresses, which reinforced the inagtofi this molecule stored in vacuoles as
an end product of ABA metabolism (Priedtal, 2006; Piotrowska and Bajguz, 2011).
However, a few years later it was shown that ABAdtually released from ABA-GE by
the action of a3-glucosidase {Gluc), being crucial in ABA homeostasis (Le¢ al,
2006). ABA-GE is, therefore, an effective mannevedeped by plants to regulate active
ABA levels. Nevertheless, it has been also propasedn ABA transport form (Vilarét
al., 2006; Lopez-Carbonedt al, 2009) since it was found at high concentratiorihie
xylem sap of water stressed plants. Therefore, AHAwas suggested as a possible root-
to-shoot symplastic transport molecule which cdugdthen cleaved in the target cells to
release ABA (Sautest al, 2002).

1.4. ABA transport

ABA movement throughout the plant has been thedafudifferent works (Sauteat al.,
2001; Seo and Koshiba, 2011) in order to shed ligtd the main tissues and organs
responsible for its biosynthesis or accumulationairget cells (Hoad, 1995). ABA free
form and ABA-GE are considered the mobile molecfitesABA long-distance transport
(Pérez-Alfoceeet al, 2011), although the real involvement of ABA-GE this process
still remains to be elucidated (Nambara and MaPRafi; 2005; Piotrowska and Bajguz,
2011). Free ABA transport has been largely studietiverse metabolic processes such as
seed dormancy, where vegetative tissues provide fBiAe forming embryo during seed
maturation (Kannet al, 2010). Similarly, ABA is exported and importedrh shoots to
developing fruits via phloem where it induces frsiftening and pigment accumulation
(Elseet al, 2004; Lucet al, 2013).

ABA transport appears to be relevant under streaditons such as salinity (Osakadie
al., 2014b) or water stress (Dodd, 2005). Informatregarding root-to-shoot ABA
transport under dehydration has been largely peavitbnsidering its crucial involvement
in the stomatal closure process (¥eal, 2012; Cheret al, 2013; Jones, 2015). Since
roots are responsible for the water uptake theyalieved to be in charge of sensing the
decrease in soil water potential and thereforéiiggering water stress responses (Fig. 2;

Zhang and Davies, 1989; Wilkinson and Davies, 2@hachtman and Goodger, 2008;
14
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Tardieu et al, 2010; Jones, 2015; Tideu et al., 2015; Blum, 2015l. However, the
involvement of the ro~sourced ABA on the stomatal closure is not concki(Pére:-
Alfoceaet al, 2011; Dodd, 201 since it could be interplaying with other factorat
simultaneously regulate the stomatal aperture asdhmydraulic signal(Soaret al, 2006;
Christmannet al., 2007; TardieLet al, 2010; Jones, 2015; Blum, 201, leaf watel
potential (Dodd, 2013, hydraulic conductanc(Kudoyarovaet al, 2011; Rodrigue-
Gamiret al, 2011; Dodd, 2013; Stevenick, 20 or even other phytohormoni(Pére:-
Alfoceaet al, 2011; Chelet al, 2013; Puertolaet al., 2014; McAdanet a., 2016.

......
----------
'''''''''
.......
......

1
Qs

Figure 2. Schematic representation of the -to-shoot model. Plant roots detected
decrease in soil water potential and triggers the A8/thesis in this organ. ABA
transported via xylem sap to leaves inducing tbmatal closure to prevent water Ic

In the context of water deficit, two main factorg aterfering with the supped roo-to-
shoot ABA: the first relies on the ability of dehgted leaves to increase AE

concentration in this organ. This was demonstratgidg reciprocal grafting of AB-
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deficient mutants as rootstocks where leaves nptadreased ABA concentration
without any implication of the roots (Holbroait al, 2002; Thompsoret al, 2007).
Moreover, ABA increase in dehydrated leaves cowddiriggered autonomously by the
local conditions affecting the leaves (Aliniaeifseadd van Meeteren, 2013; Bauwdral,
2013) even in the absence of roots (Pérez-Clenstrdk 2012). The second factor arises
from the low efficiency of belowground tissues t@camulate ABA precursors
(carotenoids). Accumulation of ABA precursors ighiy responsive to light (Toledo-
Ortiz et al, 2010) and carotenoid levels in dark-grown raots almost negligible (0.1-
0.2%) compared to those found in leaves (Ruiz-®tlal, 2014; Walteret al, 2015).
Indeed, plastids found in roots such as proplasiidieucoplasts are not specialized in
carotenoid accumulation (Howitt and Pogson, 2006and Yuan, 2013). Therefore, this
shortage of carotenoids could limit the abilityrobts to supply high levels of ABA to
leaves where actually large amounts of the phytoboe are detected under water stress
(Cornish and Zeevaart, 1985; Corregal, 2014). Thus, taking these two proofs into
consideration, the real relevance of the root-ssdi'®BA in inducing the stomatal closure
has been questioned (Dodd, 2005; Goodger and Sohach2010; Torres-Ruiet al,
2014) as also was the ability of the roots to sgsitte large amounts of this phytohormone
under stressful conditions (Goodger and Schachtr@@hQ; Sreenivasulet al, 2012;
Walteret al, 2015).

In this sense, evidences from herbaceous plantb{dopsis, tomato and bean seedlings)
suggest that ABA could be basipetally transportedriish and Zeevaart, 1985; Vernieri
et al, 2001; lkegamiet al, 2009; Waadet al, 2014). Although this concept has not
completely rooted among scientists, it could helpekplain the high levels of ABA
observed in water-stressed roots considering thiégelil availability of precursors in this
organ (Ruiz-Solaet al, 2014). Moreover, the disruption of basipetalwfldted to a
reduction of ABA accumulation in dehydrated rootSolnish and Zeevaart, 1985;
Vernieri et al, 2001) suggesting a possible role of shoot-sal®BA in water stress

response.

Based on the previous background, the real conioibwf the ABA produced in roots and
its relationship with leaf-ABA during water stressill remains elusive. This work
evaluates the global changes in ABA metabolismomts of citrus plants during water
stress with special emphasis on the carotenoidribatibn to ABA accumulation and

explores the possible role of the ABA transportwesn organs in this process.
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Objeges

The main objective of this work consists in evalhugthe involvement of different organs

in ABA metabolism and water-stress perception irusiplants.

To achieve this goal, four partial objectives welanned:

1. Demonstrate the ability of roots and shootsQGifrus plants to support ABA
accumulation under dehydration and explore the gbsun root-carotenoid levels

in this condition.

2. Explore whether ABA basipetal transport from shtwstoot is taking place and

consequently, if it is contributing to the ABA aagulation during water stress.

3. Evaluate the real dependence of roots on ABA pesear (carotenoids) to

synthesize ABA during dehydration

4. Explore whether the water status of leaves could doaditioning ABA

accumulation in dehydrated roots.
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Root ABA accum. in long-term water-stressed plamsistained by hormone transport from aerial argja

Abstract

The reduced pool of the abscisic acid (ABA) preots$,p-carotenoids, in roots does not
account for the substantial increase of ABA contentesponse to water stress (WS)
conditions, suggesting that ABA could be transpbrfeom other organs. Basipetal
transport was interrupted by stem-girdling and AB®els were determined in roots after
two cycles of WS induced by transplanting plantsdty perlite. Leaf applications of
isotope-labelled ABA and reciprocal grafting of ABficient tomato mutants were used
to confirm the involvement of aerial organs on ré®A accumulation. Disruption of
basipetal transport reduced ABA accumulation ins@md this decrease was more severe
after two consecutive WS periods. This effect wakeld to a sharp decrease in fhp-
carotenoid pool in roots in response to water defgignificant levels of isotope-labelled
ABA were transported from leaves to roots, mainty plants subjected to water
dehydration. Furthermore, the use of different AB&ficient tomato mutants in reciprocal
grafting combinations with wild-type genotypes domked the involvement of aerial
organs in the ABA accumulation in roots. In con@uns accumulation of ABA in roots
after long-term WS periods largely relies on thea@®rgans suggesting a reduced ability
of the roots to synthesize ABA from carotenoids.rtkermore, plants are able to
basipetally transport ABA to sustain high hormoesels in roots.

Keywords: ABA-GE; basipetal transport; carotenoids; droygimdling; water deficit
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Introduction

Plants have evolved different physiological, bicoieal and molecular mechanisms to
cope with abiotic stress. Under adverse conditsuth as drought, abscisic acid (ABA) is
the main phytohormone responsible for the regulatibkey processes such as stomatal
closure (Brightet al 2006, Jiang and Hartung 2008), senescence (Biekel2013) and
root elongation and architecture (Lebal 2014, Tholeet al 2014). ABA accumulation

in plant tissues is one of the first responsesroleskeonce water deficit is perceived. ABA
synthesis is suggested to take place in severat plgans such as leaves and roots, but
also in vascular tissues, and it can move to targh$ through both xylem and phloem,
allowing a two-way transportation between roots atbots (Boursiact al 2013,
Finkelstein 2013, Mittler and Blumwald 2015).

It is widely accepted that the reduction in soiltevaavailability is perceived by roots,
triggering ABA synthesis as a response to decreasewater potential (Puértolas al,
2013), which is further transported via xylem sapetaves (Correiat al. 2014, Doddet

al. 2009, Liet al. 2011, Wanget al. 2012). However, the physiological relevance s th
root-sourced ABA on the stomatal closure has bemstipned (Dodd 2005, Goodger and
Schachtman 2010, Torres-Ruit al 2014), since recent evidences indicate that ABA
produced in leaves is sufficient to induce stomealasure (Finkelstein 2013). Moreover,
experiments using reciprocal grafting between wye (WT) and ABA-deficient
mutants demonstrated that ABA produced in leavehi@smain contributor to the total
shoot hormone titer, meanwhile root-sourced ABA &dssser contribution (Albaceés

al. 2015, Christmanret al. 2007, Doddet al 2009, Holbrooket al. 2002). Similarly,
detached Citrus shoots in absence of roots wewe tabhccumulate ABA and to trigger
several ABA-related responses under osmotic sttesslitions (Pérez-Clemenit al
2012).

De novo ABA synthesis is the main mechanism resptanfor the accumulation of ABA
pool in response to water deficit (Christmasnal 2005). The biosynthesis of ABA
precursors (C40 carotenoids) takes place in peagkdy. 1) wherg-carotene is converted
through several enzymatic steps into fhp-xanthophylls, Scis-neoxanthin and @is-
violaxanthin (9eis-epoxycarotenoids, Nambara and Marion-Poll 200%)e €nzyme 9-
cis-epoxycarotenoid dioxygenase (NCED) catalyzes thavemion of both %is
neoxanthin or @is-violaxanthin into xanthoxin, in the rate limitingtep of ABA

biosynthesis (Wangt al. 2015). Xanthoxin is then extruded to the cytasbére the final
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steps of ABA biosynthesis take place (Nambara amdgidvi-Poll 2005, Thompsoet al
2007). Additionally to the de novo synthesis angl titansport among organs, active ABA
pool is also determined by its catabolism to plasaid (PA) and subsequently to
dihydrophaseic acid (DPA, Seileat al 2011) and also by the ABA turnover with
conjugated forms, mainly as ABA-glycosyl ester (A&, Goodger and Schachtman
2010, Prieset al. 2006).
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Figure 1. Schematic diagram of the biosynthesis pathwayawbtenoids and abscisic
acid. Dotted box indicateB,f—branch carotenes. Abbreviations GGPP, geranylgeran
diphosphate; PSY, phytoene synthase; CiXarotene hydroxylase; ZEP, zeaxanthin
epoxidase; NCED, @is-epoxycarotenoid dioxygenase; ABA2, xanthoxin debgeénase;
AAQ3, abscisic aldehyde oxidase; ABA-GE, ABA-glygbsster; not, notabilis flc,
flacca not and flc ABA-deficient mutants used in this work are indexh in the step
affected.

The absence of a clear evidence of the contribudforoot-sourced ABA in leaves have
redirected the discussion to the real ability &f thots to synthesize this phytohormone
under water deficit (Goodger and Schachtman 20d®rvasulet al 2012, Walteet al
2015). The synthesis of carotenoids (the ABA prsois) takes place in plastids, being a
highly light-responsive process (Toledo-Ortigt al 2010). Indeed, carotenoid
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accumulation in roots growing in dark conditions agmost negligible (0.1-0.2%)
compared to that registered in green tissues (Balaet al 2014, Walteret al. 2015).
Furthermore, carotenoids are synthesized in sevplaht tissues; however, their
accumulation depends on the plastid ability to sstgr these pigments in defined sink
structures (Li and Yuan 2013). In roots the maisptls are proplastids and leucoplasts
which, in contrast to chloroplast and chromoplgptemarily found in leaves and fruits),
are not specialized in carotenoid accumulation (ittoand Pogson 2006, Li and Yuan
2013).

Similar to its precursors, ABA concentration invea is notably higher (12 to 40 times)
than those in roots under both normal and stresseditions (Cornish and Zeevaart 1985,
Correiaet al. 2014). However, ABA accumulation in water-stresseots is unexpected
due to the limited carotenoid levels in this orqRuiz-Solaet al 2014). This suggests
that the ABA accumulation could partially dependadher sources rather than on de novo
synthesis in the roots. Despite the possible lidnébility of roots to synthesize ABA, this
phytohormone displays a key role in this organngygiart of the early responses to water
stress (root elongation and maintenance of haisitigrthat contribute to plant survival
(Xu et al 2013).

Recently, it has been suggested that ABA couldrémesported from the aerial organs to
the roots (lkegamet al 2009, Waadtet al. 2014). Furthermore, other reports have
demonstrated that ABA levels decrease in roots wihenbasipetal flow through the
phloem is blocked or impaired (Cornish and Zeevd®85, Vernieriet al 2001),
indicating a direct influence of the aerial orgamsABA accumulation in the roots upon
stress. However, these works did not explore trengés in carotenoids under different
stress regimes and whether the reduced levels asietimolecules in roots may be a
limiting factor forde novoABA synthesis during the water stress responseadditional
level of complexity may be also considered sincehas been speculated that the
movement of ABA could take place as a conjugatedhf@Goodger and Schachtman,
2010). Results from herbaceous Arabidopsis, tonasid bean seedlings (Cornish and
Zeevaart 1985, Ikeganet al. 2009, Vernieriet al. 2001) suggest the existence of a
basipetal ABA transport under water stress conakti®Vhether a similar mechanism may
also operate in woody plants is currently unknownthis case, investigations should
consider the longer distance existing between gtissnes and roots in woody plants and

not only the structural and anatomical differen@l@spkoet al. 2010). To this respect,
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Citrus has been successfully used as a tree madebktfidying plant responses to
environmental stress (de Ollasal 2013, Gomez-Cadenasal 1996, Pérez-Clemenéd
al. 2012).

In the current study, an essential contributiorABfA synthesized in leaves to the final
hormone pool in the roots upon water stress is thgsized. Experiments designed to test
this hypothesis include the inhibition of the basg transport by girdling and exogenous
application of isotopically-labelled ABA to the M&s. Furthermore, changes in
carotenoids in the roots during a water deficitigmbrand subsequent recovery were
analyzed. The basipetal ABA transport was furtheestigated in tomato plants by using
ABA-deficient mutants. Reciprocal grafting of WTapks and ABA-deficient mutants
confirmed the crucial shoot and root interactiontlie transport and accumulation of
ABA.

Results
Responses of citrus seedlingsto water stress and recovery treatments

Water contentCarrizo citrange plants were subjected to twcseontive periods of severe
water stress interrupted by a three day-period atlewrecovery. Previous to sampling,
water status (RWC) was monitored. RWC of leavesrants was similar between intact
(WS) and stem-girdling (WS+GD) plants throughouw tthole experimental period (Fig.
2). After the initial decline of water availabilifRWC in leaves of WS and WS+GD
plants dropped to 52.6+9.4% and 51.9+8.0%, respagti(day 3). After irrigation, the
RWC in leaves of stressed plants was recoveredtieee values similar to that of non-
stressed controls (day 6). After the second pedbdtress, RWC dropped again to
44.7+2.5% and 43.316.3% in WS and WS+GD, respdgti€ig. 2a). In roots, this
parameter followed a pattern similar to that reedrth leaves. After the initial exposure
to water deficit, RWC in roots of WS and WS+GD ptadecreased in a similar way (day
3). After re-watering, RWC levels in leaves rec@ageto control values and, again, upon
the second period of water shortage, RWC similddgreased in WS and WS+GD (Fig.
2b). RWC in roots and leaves from control treatrsef@T and CT+GD) remained
unaltered throughout the experiment. These resulisate that the putative differences in
hormonal content and other responses to watersdbetsveen WS and WS+GD plants are

not likely due to differences in water content.
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Figure 2. Relative water content (%) in leaves (a) and r@bjsof Citrus intact or ste-
girdled plants subjected to two periods of wateesst. Data are means + SE of at lee
replicates. Different letters indicate sificant differences between treatments at each

(p< 0.05)

ABA conter. ABA content was determined in leaves and rootscaritrol (CT anc
CT+GD) and wate-stressed plants (WS and WS+GD; Fig. 3). Girdling dot induce
differences in ABA content neitr in leaves or roots. Moreover, it did not altehen
stressrelated hormones such as jasmonates (jasmonicaacdidasmono-isoleucine) ol
salicylic acid at the initial date of sample cotlen (day 0, data not shown). ABA cont¢
in roots and leavesom both wel-watered plants (CT and CT+GD) remained aln
unchanged along the experiment without signifiaifferences between girdled and -
girdled plants (Fig. 3). Contrastingly, in stresgéahts, leaf ABA concentration increas
114imes respe to controls after three days of stress (Fig. 3d)re& days afte

rehydration (day 6) leaf ABA content dropped totcohvalues. A second period of wa
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shortage induced a new ABA accumulation in leavegialled (WS+GD) and non-
girdled (WS) plants (5-fold with respect controtsday 8) without significant differences
between WS and WS+GD plants at any time point. Hewestem-girdling modified the
ABA profile in roots of stressed plants (WS+GD) pest to intact ones (WS). Hence,
girdling reduced root ABA levels in WS plants (WSB¥sto 50% respect to non-girdled
(WS) seedlings during the first stress period (8ayAfter recovery, root ABA levels in
both groups of plants returned to unstressed dowailoes (Fig. 3b). During the second
period of stress, there was a new marked boostBA Aontent in roots of WS plants,
reaching 868+63 ng gat day 8, similar to those found after the presiouater stress
period (day 3). However, ABA content in roots of W&ED plants remained unaltered at

very low levels, similar to those observed in raaftsontrol plants (Fig. 3b).
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Figure 3. ABA accumulation in leaves (a) and roots (b) ofr@ intact or stem-girdled
plants subjected to two periods of water stresdalze means + SE of at least 3
replicates. Different letters indicate significaifferences between treatments at each date

(p< 0.05).
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Carotenoid content and compositidn order to understand the differences in ABAelsv

in roots among treatments, the immediate metalpokcursors of the ABA biosynthetic
pathway, thep,p-branch carotenoids, were quantified in citrus soffig. 4). Main
carotenoids identified wer@-carotene, altransviolaxanthin, 9eis-violaxanthin, all-
trans-neoxanthin and @s-neoxanthin. Concentration of these carotenoid®ats of CT
and CT+GD plants were similar and remained mosthchanged throughout the
experimental period, with totdl,-branch carotenoid levels ranging from 1241+156 to
1566+67 ng d. By contrast, the pool of these carotenoids intsaaf both WS and
WS+GD plants markedly decreased (70 to 80% ofnifiel values) after the first period
of water withdrawal (Fig. 4). After this drof,-carotenoid levels remained at very low
levels (ranging from 145+17 to 364+68 ng)gin stressed roots, even after water
rehydration. Thereafter, the second period of seweater stress did not alter the
carotenoid content in roots of both, WS and WS+G&ihis.

—e—cT
2000F _o— cT+GD

—¥— WS a
—/— WS+GD
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B.B-branch carotenoids ng Ql DW

o
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b
Water stress Recovery Water stress

0 3 ® 7 88

Days
Figure 4. B,p-branch carotenoid accumulation in roots of Citmsict or stem-girdled

plants subjected to two periods of water stresdalze means + SE of at least 3
replicates. Different letters indicate significafferences between treatments at each date

(p< 0.05).

Content of ABA-GE and ABA cataboliteésBA-GE in roots of CT and CT+GD plants
remained constant during the whole experiment deranging from 29.6+0.6 to 35.6+1.2
ng g* (Fig. 5a). On the other hand, ABA-GE levels in mof WS followed a trend

similar to that of free-ABA; with an increase dugithe first period of water shortage

(61.7+2.3 ng @), a reduction to unstressed levels after rehyainat increase again after
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the second period of water withdrawal. Conversalgts of stem-girdled (WS+GD) plants
showed very low ABA-GE levels without differencestiwcontrols during the whole

experimental period (Fig. 5a).

The concentration of the ABA catabolites, PA andADRllowed a similar pattern in
response to water shortage (Fig. 5b,c). Levelsath iPA and DPA remained mostly
unaltered and at low levels in roots of well-wattydants (CT and CT+GD). On the
contrary, the content of both metabolites in raotyeased in response to dehydration
(WS and WS+GD), showing slight differences betwstm-girdled and intact plants.
Meanwhile, levels of DPA similarly increased in t@d both types of plants after the first
period of water deprivation (Fig. 5c), the contehPA in roots also increased but roots of
girdled plants showed higher levels than those ro=mb in intact plants (Fig. 5b).
Rehydration (day 6) decreased levels of both méitab@lthough DPA levels remained at
higher levels than those in unstressed plants (@& @T+GD). The second period of
water shortage caused an additional increase imetreds of both catabolites in roots of
water-stressed plants (WS and WS+GD). However|deneDPA in roots of WS plants
(day 8) were higher than those achieved in WS+GDtpl(Fig. 5b).
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Figure 5. Accumulation of ABA-GE (a), phaseic acid (b) antydirophaseic acid (c) in
roots of Citrus intact or stem-girdled plants solgd to two periods of water stress. Data
are means = SE of at least 3 replicates. Diffelettérs indicate significant differences
between treatments at each date ©5).
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ABA content in response to water stressin grafted tomato plants

Results indicate a potential transport of ABA frégaves to roots in water-stressed Citrus
seedlings. To extend this knowledge to other pkpecies, we took advantage of the
availability of two ABA-deficient tomato mutantfigcca andnotabilis from now onflc
and not) which were grafted in reciprocal combinations hwitheir respective WT
genotypes (Ailsa Craig and Lukullus, from now notasl AIC and Luk). Based on
preliminary experiments, a 24 h stress period wassen as optimal since both ABA-
deficient mutants exhibited a stromglty phenotype and cannot withstand longer stress
periods due to the severe decrease in the tisster wantent (Fig. 6). Water stress-
induced ABA changes in leaves and roots of grafteqFig. 7) plants were similar to
those innot ones (Fig. S1). Regardless the grafting combinatwhen WT genotypes
were used as scions, a strong ABA accumulationolasrved a few hours after the stress
imposition. Hormone levels remained at very highels for up to 24 h (AIC/AIC or
AIC/flc; Fig. 7a). As expected, ABA levels in leaves o¢ ttheficient mutant did not
increase upon water stress regardless the rootstee#t {lc/AIC and flc/flc; Fig. 7a).
Similarly, ABA content in roots of AIC/AIC stronglincreased upon severe water stress
conditions (Fig. 7b). However, in roots fid/AIC combinations, ABA accumulated but to
a lower extent (about 50% reduction after 8 h ofewatress conditions) than in the roots
of WT (AIC/AIC) plants (Fig. 7b). As expectefic/flc plants showed a slight increase of
ABA in roots upon stress imposition. However, theakility of the flc mutant to
accumulate large amounts of ABA in roots was phytieescued by the AIC scion
(AIC/flc). Thus, root ABA content in Al@IE plants reached a maximum of 540+15 g g
compared to 261+29 ng'gn stressed roots dt/fic (Fig. 7b).
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Figure 7. ABA content in leaves (a) and roots (b) of differdomato scion/stock

combinations oflacca ABA-deficient mutantflc) and wild-type Ailsa Craig (AIC). Data

are means = SE of at least 3 replicates. Diffelettérs indicate significant differences
between treatments at each date {05).

Transport of labeled ABA from leaves to roots

To demonstrate that the water stress-induced ABX4 beabasipetally transported to the
roots, a labelling experiment was performed. A sofucontaining both, 50 pM of#fi]-
ABA and ["°C¢]-SA was applied to leaves of Carrizo citrange §egd and after a stress
period of 24 h, both water-stressed and well-watgrants were harvested and labelled
phytohormones analyzed in leaves and roots. Inegrpeak areas of both compounds

were normalised according to sample weight andtsesxpressed as area tissue (Table
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1). In sprayed plants, similar levels 6HE-ABA were found in leaves of well-watered

and water-stressed plants (Table 1, Fig. S2). Aeebed, non-detectable ABA-labelled

peak was observed in non-sprayed plants, neithieraves nor in roots (data not shown).
Roots of well-watered plants sprayed withi]-ABA showed a clear peak of labelled

hormone. Interestingly, roots of water-stressedtslahowed labelled ABA levels 3-fold

higher than those found in roots of non-stressex$ ¢hable 1). To check whether this was
a common process affecting all exogenously appiredtabolites or on the contrary,

specific of ABA, labelled salicylic acid was alsoadyzed and it was found at similar

levels in leaves of both CT and WS treatments whilas never detected in the roots.

Table 1 Relative amount (Peak areas péyV) of [He]-ABA and [°C¢]-SA detected in
leaves and roots of citrus plants afteftdg[-ABA and [°C¢]-SA mix was sprayed to the
leaves. Plants were then maintained under welliedteonditions or subjected to water
stress. Data are means * standard error of 3 adgdicnd= non-detectable. Letters indicate
significant differences within each orgar<(p.05).

[?He]-ABA [BCql-SA
Leaves Roots Leaves Roots
Control 17794390 a 7976297 b 104777+20889 a nd
Water Stress 2218+357 a 2395042120 a 91755415170 a nd

Discussion

In the conditions of severe water deficit imposedhis work, ABA content increased in
leaves and roots of citrus plants. However, in soot stem-phloem disrupted plants
(WS+GD), ABA accumulation was severely impaired emdtress conditions (Fig. 3b).
These results confirm the relevance of the aergduas in sustaining ABA accumulation
in roots of stressed citrus plants, suggestingettistence of a shoot-to-root transport of
ABA which is compromised when basipetal transpertinterrupted by stem-girdling.
Despite this reduction in root ABA levels, the imtgtion of the basipetal transport

(WS+GD) did not affect hormone content in leaveg.(Ba), discarding the existence of a
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signal derived from roots which could be affectithgs phytohormone biosynthesis in
leaves, as suggested in other species and namé&ta@snulation messagé€lackson
2002). ABA transport from shoot to root was alsggasted in previous reports showing
that in response to water deficit, stem-girdlechfdaaccumulated higher ABA levels in the
phloem sap above the incision whereas they wenecestibelow it (Lianget al 1997).
Moreover, using seedlings bfipinus albust was estimated that ABA moved from leaves
to roots in response to salt stress (Watlal 1990). Interestingly, basipetal movement of
ABA is known to take place inside the roots itf€lhanson and Pilet 1982). Other results
also showed altered ABA content in roots of stendlgd seedlings dPhaseolus vulgaris
(Vernieri et al 2001) and tomato (Cornish and Zeevaart 1985), dite authors
performed a single period of water stress, ABA otidun (compared to intact plants) was
not as pronounced as that observed in the presemt Wurthermore, our results using
Citrus seedlings expand these previous observatindsindicate that the basipetal ABA
transport is relevant also in woody plants withigngicant physical distance between
leaves and roots. Moreover, the absence of commtioicbetween shoots and roots in
girdled plants (WS+GD) impairs ABA accumulation rimots since its concentration is
unable to increase after two consecutive periodgadér withdrawal (Fig. 3b).

The above mentioned seems to be linked to a segduetion in the carotenoid content in
roots in response to the first period of watersstr@-ig. 4). In this sense, the carotenoid
precursors initially available in roots could palif support the burst of ABA during the
first period of water withdrawal (day 3; Fig. 3ibjowever, the inability to accumulate
ABA in roots of water-stressed girdled plants (&yig. 3b) is likely due to the absence
of basipetal transport rather than to the reductibcarotenoids since stressed roots of
intact plants accumulate large amounts of ABA thauld rely on transport from the
aerial organs. The severe decline observefl,jrcarotenoids content in water-stressed
citrus roots in parallel with the increase in ABAiggests an increased flow of the
biosynthetic pathways towards the synthesis of ABAlteret al 2015). The role of the
carotenoid precursors on ABA biosynthesis is wsiablished since the overexpression of
genes coding to different enzymes from the caratepathway such gshytoene synthase
(PSY Caoet al 2015) orzeaxanthin epoxidasZEP, Freyet al1999), leads to a direct
increase in ABA levels. However, the carotenoidteahin roots f§,5-branch) is usually
negligible compared to that in leaves (Ruiz-Szlal 2014, Thompsoet al 2007, Walter

et al 2015), partially explaining the reduced ability the roots to sustain the ABA

accumulation in response to long-term water stré&s&en together, data suggest the
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existence of a close relationship between abovebatavground organs to sustain the

progressive ABA buildup in roots in response toexatress conditions.

This study also reveals that the contribution adtr&ourced carotenoid as precursors of
the ABA biosynthetic pathway appears to be limitedhe initial stages of water deficit
whereas the aerial organs are essential to suktagiterm root ABA accumulation.
Furthermore, depletion d§,p-carotenoid levels in roots is a fast response ugrere
stress imposition and their restoration to basatlfeseems to require long periods under
non-stressful conditions (at least longer than y&sdes shown in Fig. 4). Thus, to confirm
this point, plants were subjected to a period ofewatress anfl,-carotenoid content in
roots periodically evaluated after re-watering. lRssconfirmed that the content pf3-
carotenoids restores upon re-watering but it reguat least 20 days to achieve levels
similar to unstressed plants (Fig. S3). These tescbntrast with other works in
Arabidopsis thalianavhere abiotic stress conditions cause an incrigaSg-carotenoids
content in roots as soon as 5 h after stress impoegRuiz-Solaet al. 2014), highlighting
the existence of species-specific mechanisms datgABA biosynthetic pathway under
stress conditions. Moreover, the reduced abilitydafk-grown organs to accumulate
carotenoids appears to be related to the predomtgpe of plastid present in the roots
(leucoplasts). Our results are also in agreemetit aireduced and slow ability of this
plastid type to de novo synthesize and accumulatetenoids (Howitt and Pogson 2006,
Li and Yuan 2013).

The contribution of aerial organs to maintain AB#&iiease in roots could be sustained by
the basipetal transportation of ABA but also of A&, which was proposed as a mobile
form (Goodger and Schachtman 2010, Jiang and Ha&2008). In roots of stressed Citrus
plants, ABA-GE levels follow a pattern of accumidatsimilar to that of ABA (Fig. 5).
Therefore, results are in agreement with the aatstatement that ABA-GE is an end
product to the ABA metabolism (Ne#lt al 1983), implying that under water stress ABA-
GE is accumulated as a mechanism to regulate AB&ldgPriesket al 2006). However,
when roots are unable to receive shoot-sourced AB#, as a result, ABA levels are
reduced (WS+GD, day 3, Fig. 3b), plants seem toritiie the accumulation of the free
active form instead of ABA-GE, with levels of cogate remaining similar to those found
in well-watered plants (day 3, Fig. 5a). From thessults, it seems clear that ABA-GE
levels in Citrus roots are regulated by the avditsbof free ABA. However, the ABA
catabolic pathway, which involves the hydroxylatioh ABA into 8-OH-ABA that
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spontaneously cyclizes rendering PA and subsequBiA, appears to regulate the ABA
homeostasis in an ABA-independent mechanism treghender water stress, similar to
what was previously proposed (Priestal 2006, Sreenivasulet al 2012). In this sense,
high levels of PA and DPA were found in both roofsintact and girdled plants (Fig.
5b,c), indicating that catabolism is activateddpectively of the amount of ABA in the
tissue. This is in agreement with previous resolitained in ABA-deficientaba2-3

Arabidopsis mutant in which even when negligibleels of ABA are present, catabolism

continues actively, favouring the accumulation 6fA(Priestet al. 2006).

The existence of an ABA basipetal transport wadiooed by the application of labelled
ABA ([?Hg]-ABA) to citrus leaves, which was subsequentlyegéd in the roots (Table
1). Some earlier research did not find labeled ABAoots after applying it to shoots
(Chanson and Pilet 1982). This could be attributethe low sensitivity of the available
equipment in that time but also to the differentoant of labelled compound applied.
However, this work supports the idea that ABA mizhilion takes place under normal
conditions as was previously estimated in seedloigsipinus (Wolfet al. 1990). Indeed,
Chenet al (2002), working with unstressed tomato plantsitbthat ABA concentration
in roots of WT/ABA-deficient mutant was 20% highean that in roots of mutant/mutant
plants and, complementarily, roots of ABA-deficientitant/WT combinations had ABA
levels 15% lower than those in WT/WT plants. Moreowehydration notably enhances
the ABA movement, suggesting therefore that thévacthoot-to-root transport of this
hormone is also stress-dependent. Indeed, it wggested that salt stress stimulates ABA
export from leaves to phloem, the tissue respoaddl the basipetal transport to the roots
(Wolf et al. 1990). Furthermore, this ABA transport appeansedighly specific since the
co-sprayed fCg]-SA did not result in detectable amounts of thistabolite in roots.
Hence, the existence of free ABA transport fromvésato roots is confirmed although
transport of conjugated forms cannot be ruled 8uirla et al 2013, Jiang and Hartung
2008, Goodger and Schachtman 2010).

ABA transport from shoots to roots was also condidnin tomato plants and therefore, it
appears to be a conserved mechanism among diffgpenies (Fig. 7, Fig. S1) as reported
in Phaseolus (Verniegt al 2001) and in Arabidopsis (Ikegami al 2009) plants under
water deficit, and in Lupinus under salt stressdittons (Wolf et al 1990). In the
experimental design described in this work, watficit increases ABA levels in leaves

of WT plants irrespective of the genotype used asaistock (WT or ABA-deficient
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mutant), suggesting that the WT ability to synthesABA is not impaired by the
rootstock deficiency. On the contrary, aerial ogafluenced ABA accumulation in the
roots as was previously described in tomato (Céeal 2002). Under water stress, if
ABA increase in (WT) leaves is sufficient, ABA acgulation in roots of ABA-deficient
mutants occurs (2- and 4.5-fold in Affe/and Lukhot, respectively), contrasting with the
inability of mutant/mutant plants to accumulate ABAroots (Fig. 7b, Fig. S1). The same
influence of the aerial part over the roots wasficmed in mutant/WT combinations,
where ABA content in WT roots was markedly redudeé to the failure of the leaves to
synthesize ABA. Therefore, both scion/rootstock borations further support the idea
that ABA is actively transported from green aer@bjans to sustain the hormone
accumulation in roots in response to water stideseover, results for the two genotypes
tested flc andnot) were similar despite the different step of ABAdynthesis that they
have mutated. This reinforces the notion that A&B& is the molecule directly involved
in basipetal transport rather than other precursors ABA-related metabolites.
Furthermore, the influence of leaf ABA on root hame accumulation is noticeable after
3 to 5 h of stress (Fig. 7, Fig. S1), indicatingfast trigger of this mechanism, as
previously described in Arabidopsis seedlings (8qaget al 2009, Waadet al 2014).

Since ABA content in a tissue reflects a tight haBaamong the biosynthesis, catabolism,
conjugation and transport (Boursiatal 2013), our data suggest that these mechanisms
are operating not only under water deficit but aitsavell-watered plants as demonstrated
with the application of®Hg¢]-ABA (Table 1). Furthermore, it can be speculatieat under
well-watered conditiong,p-carotenoids are accumulated in the roots to maem@tyribute

to de novo synthesis of ABA during the initial stagpf water deficit. However, it cannot
be ruled out that this decrease in carotenoidsddoglalso linked to other function such as
the biosynthesis of other apocarotenoids in resptmsvater stress such as strigolactones
(Ha et al. 2014). On the other side, ABA-GE seems to plagla in ABA homeostasis,
allowing ABA sequestration when tissue levels atevaed. However, when ABA
accumulation is restricted plants prioritize theaitability of the free form over the
conjugated one. Overall, data presented in thikwopport that the basipetal transport
mechanism ensures an unlimited supply of ABA implaots in response to water stress
conditions when the local pool Bf-carotenoids is depleted.
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Materials and methods
Citrus experiments

One-year-old Carrizo citrang€itrus sinensid.. Osbeck xPoncirus trifoliataL. Raf.)
plants were used for the different assays. Seetllimgre acclimated for at least four
months before each experiment in a greenhouse uvaderal photoperiod and day/night
temperatures of 25+£3.0°C / 18+2.0°C. Plants weosvgrin 2.5-L plastic pots filled with a
mixture of peat moss, perlite and vermiculite (8010) as substrate and watered three
times a week with 0.5 L of a half-strength Hoaglaswlution (Arbonaet al. 2009).

Homogeneously-sized plants of about 80 cm in heigite used for each experiment.

Stem girdling experimenfTwo days before the beginning of the experimeatset of
Carrizo seedlings were stem-girdled (removing andwide segment of bark and phloem
tissues) immediately above the root-stem junctisiter that period, a subset of girdled
and non-girdled (control) plants were subjected/éber stress treatments by transplanting
them to dry perlite. This procedure does not indaeg significant change in hormonal
pattern derived from the transplanting (unlike thoxduced by damage or wounding) and
allows an homogeneous dehydration among treatnanpseviously demonstrated in de
Ollas et al (2013) and Gomez-Cadenas al (1996). The rest of plants were set as
controls and regularly watered. Therefore, fourugo of plants were established: well-
watered girdled (CT+GD) plants; water-stressedlgitdWS+GD) plants; well-watered
non-girdled plants (CT); and water-stressed nodlgit (WS) plants. Water-stressed
(WS+GD and WS) plants were kept in dry perlite tree days, and then rehydrated for
three additional days. Thereafter (day number 6seeond period of two-day water
shortage was imposed to the previously stressedsply transplanting them again to dry

perlite.

Deuterium-labelled ABA treatmenfSoliar application of deuterium-labelled ABAK]]-
ABA) was performed on Carrizo citrange seedlingssofution containing 50 pMiHg]-
ABA (pKa=4.75) and 50 puM labelled salicylic acitfds]-SA (pKa=3.01) in distilled
water with 0.5% (v/v) of Triton X-100 was sprayed the leaves three times in a week
solely to the leaves. Both ABA (Liangt al 1997) and SA (Bonnemaiet al. 2013)
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molecules can be transported by the phloem. Afeatinent, plants were protected from
direct sunlight to facilitate foliar absorption thfe applied chemicals. Pots were covered
with a plastic appliance to avoid runoff to the stwate and roots. Three groups of
treatments were established: a) plants sprayed vVeibielled hormones that were
transplanted to dry perlite at day 7; b) plantantdmlly sprayed but properly irrigated
after day 7 and; c) well-watered plants sprayed witmock solution containing only
water and triton X-100. After 24 h of stress treamt plants were harvested and the
presence of“Hg]-ABA and [“*Cg]-SA was determined in roots and leaves by UPLC-

MS/MS (see details in hormone analysis section).

Tomato grafting experiments

Tomato Solanum lycopersicurlill.) seeds of ABA-deficient mutants flaccfic( which

is impaired in the oxidation of ABA-aldehyde to ABAaylor et al 1988) and notabilis
(not, which carries a null mutation in the ABA byoshesis genéeNCED1(Burbidgeet

al. 1999) and their respective wild type genotypdsaiCraig (AIC) and Lukullus (Luk),
were germinated in vermiculite as in the previousbntioned greenhouse conditions and
nutrient solution. After the development of 3-4etdeaves, plants were grafted just above
the cotyledons to generate the following scionikstcombinations:flc/AIC; AIC/flc;
AIC/AIC; flc/flc; notLuk; Luk/not Luk/Luk and notnot Grafted plants were then
covered with a plastic sheet (50% shade) to prdtesah from excessive light intensity
and to maintain a high relative humidity, avoidiniting of ABA-deficient mutants. This
plastic cover was progressively opened every day farally removed ten days after
grafting. Plants were then transplanted to 2.5 ltspoontaining 100% perlite and
cultivated for other 4 weeks. Only homogenous glamére used for the experiments.
Plants of each scion/stock combination were tramtptl to dry perlite. Based on
preliminary assays, samples were taken at 0 (CT3; B, 8 and 24 h after water stress

imposition.

Sample extraction and storage

Roots and leaves of at least three independenttspleon both Citrus and tomato

experiments were collected at each sample datepl8amere rinsed with distilled water
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and immediately frozen in liquid nitrogen, converiato a fine powder and storage at -

80°C or lyophilized until further analysis.

Relative water content

Relative water content (RWC) of leaves and roots manitored during the stem girdling
and recovery experiments and tomato experimen@vdsand roots were weighted for
fresh weight (FW). Then, tissues were hydratedulb ttirgor by maintaining them in
distilled water for 24 h in the dark to assay tdrgieight (TW). Afterwards, samples were
dried at 70°C during three days for dry weight (DWhe RWC was calculated as RWC=
((FW-DW)/(TW-DW))*100.

Hormone analysis

Abscisic acid and related metabolites (PA and DM#&)e extracted and analyzed as
described in de Ollast al. (2013) with slight modifications. Briefly, 0.2 af lyophilized
plant material was extracted in 2 mL of distille@®1 after spiking with 100 ng ofHi,]-
ABA and 50 ng of {Hs]-PA. After centrifugation at 10.000 ¢f at 4°C, supernatants were
recovered and pH adjusted to 3.0 with 30% acetid. 8he acidified water extract was
partitioned twice against 3 mL of di-ethyl etheheTlorganic layer was recovered and
evaporated under vacuum in a centrifuge concemt(&geed Vac, Jouan, Saint Herblain
Cedex, France). The dry residue was then resusgande 9:1 H20:MeOH solution by
sonication. The resulting solution was filtered atiekctly injected into a HPLC system
(Waters Alliance 2695, Waters Corp., Milford, MASeparations were carried out on a
C18 column (Kromasil 100, 5 um particle size, ¥@01 mm, Scharlab, Barcelona, Spain)
using a linear gradient of MeOH and milliQ H20 slgompented with 0.1% acetic acid at a
flow rate of 300 puL mift. ABA-GE determination was performed as Neillal (1983)
with some modification. The aqueous fraction caritej ABA conjugates was hydrolyzed
by adding 2.0 mL of NaOH 0.1 M and placed at 608€ 30 min. Samples were then
cooled, acidified and spiked witiHs]-ABA before partitioned as described above and
ABA-GE was estimated as a ABA. Metabolites were itowad at m/z: ABA 263>153;
[?He]-ABA 269>159:; PA 279>139;°H3]-PA 282>147 and DPA at 281>171. Compounds

were quantified with a Quattro LC triple quadrupatess spectrometer (Micromass,
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Manchester, UK) connected online to the outputhef dolumn through an orthogonal Z-
spray electrospray ion source. All data were aeguand processed using Mass Lynx v4.1
software. In the labelling experiments samples wamailar extracted but no internal
standards were spiked?s]-ABA or [**C¢l-SA). [FCe]-SA was monitored at m/z
143>99. Limits of detection were 0.58 ng' @nd 0.30 ng § for ABA and SA,
respectively. Relative quantification was perfornimdthe comparison of areas of each

sample.

Carotenoid analysis

Carotenoid pigments were extracted as previous$erized by Aloset al. (2014) with
some minor modifications. All operations were parfied at 4°C under dim light to
prevent photodegradation, isomerization and strattchanges of carotenoids. Briefly,
lyophilized samples (0.6-0.8 g) were extracted wittolution containing 4 mL MeOH and
3 mL of Tris—HCI (50 mM, pH 7.5) by sonication. Ghdform (8 mL) was added to the
mixture, stirred and centrifuged at 4°C. The aqgsephase was re-extracted with
chloroform until it was colourless. The combinedocbform extracts were dried under
vacuum at 40°C and saponified overnight at roomperature with a methanolic KOH
solution (50% w,v). Four mL of miliQ H20 and fourl petroleum ether:diethyl ether
(9:1, v/iv) mix were added to the saponified solutid\fter shaking the upper phase
(containing the saponified carotenoids) was transteto a volumetric flask. Repeated re-
extractions (4—6 times) with 4 mL of the ethereat mere performed until the hypophase
was colourless. Afterwards, samples were dried uNgdeand kept at —20°C until HPLC
analysis. Chromatographic conditions, standards cafitbration curves were previously
described in (Alo®t al 2014).

Statistical analysis

Mean * standard errors of the different parametees shown in figures. Analysis of
variance (ANOVA) was used to determine the statistsignificance. Mean comparisons
were performed by Tukey’s test{@.05). Every experiment was repeated at least three

times throughout the season.
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Fig. S1. ABA content in leaves (a) and roots (b) of diff@retcomato scion/stock
combinations ohotabilis ABA-deficient mutant fot) and wild-type Lukullus (Luk). Data
are means = SE of at least 3 replicates. Diffelettérs indicate significant differences
between treatments at each date ©5).
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corresponding toHe]-ABA molecule in leaves and roots of Citrus plargither well-
watered or water-stressed. Identification @flg]-ABA was performed by the specific
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Fig. S3.Carotenoid accumulation of the ABA precurs@g;branch, in roots of Citrus
plants after a five-day period of water stress suttsequent water rehydration. Data are
means + SE of at least 3 replicates. Asterisksatdisignificant differences between
treatments at each date<(p.05).
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ABA accumulation in water-stressed citrus ra@isndependent of carotenoid and involves aeriglaors

Abstract

Sustained abscisic acid (ABA) accumulation in @traots upon dehydration depends on
the transport from aerial organs. Under this caowlit the contribution of theB,p-
carotenoids (ABA precursors) to tlte novosynthesis of ABA in roots needs to be
clarified since their low availability in this orgaprecludes a limited contribution. To
accomplish that, detached citrus roots were exposddyht in order to increase their
carotenoid content and subsequently dehydratedigget ABA accumulation. Stress
imposition sharply decreased the pool Pf3-carotenoids but, unexpectedly, no
concomitant rise in ABA content was observed. Castingly, roots of intact plants with
lower levels of carotenoids showed a similar desselaut a significant accumulation of
ABA. Furthermore, upon dehydration both types aftsoshowed similar upregulation of
the key genes involved in biosynthesis of caromh@nd ABA CsPSY3aCsCHXY,
CgpCHXZ CsNCED1 CsNCED2, demonstrating a conserved transcriptional respon
triggered by water stress. Thus, the sharp decieas®t carotenoid levels in response to
dehydration should be related to other stressa@laignals instead of contributing to
ABA biosynthesis. In summary, ABA accumulation iehgdrated-citrus roots largely
relies on the presence of the aerial organs aisdntlependent of the amount of available
root 8,p-carotenoids.

Keywords: gene expression, jasmonoyl-isoleucine (JA-Ile), isSepoxycarotenoid

dioxygenase (NCED), shoot-to-root transport, osmstiiess, water deficit
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Introduction

Plants have evolved mechanism to cope with abistiess by triggering different
mechanisms at physiological, biochemical and mdéedavels. Under adverse conditions
such as water deficit, abscisic acid (ABA) levatgrease and trigger several tissue-
specific responses including stomatal closure avés and modifications in root shape
and architecture (Gomez-Cadenes al, 2015; McAdamet al, 2015). This ABA
accumulation takes place in most plant organs,udic vascular tissues, leaves and
roots. De novo synthesis of ABA is the main meckaniesponsible for the accumulation
of ABA upon water stress (Gomez-Caderasl, 2015). ABA derives from carotenoids,
which are synthesized and accumulated in plastigsnpara and Marion-Poll, 2005).
Carotenogenesis involves the conversion of two oubés of geranylgeranyldiphosphate
(GGPP) by the activity of phytoene synthase (PSW¥)ch is considered a key regulatory
step in the carotenoid biosynthesis. Several sgoeeslesaturations and isomerizations
lead to the production of lycopene, a key brancipoigt in the pathway. In thep-branch
(predominant in green tissues), lycopene is coadeimto a-carotene and subsequently
into lutein. Alternatively, in theB,p-branch, lycopene is converted infecarotene and
further hydroxylated to yiel@,p-xanthophylls, which are the ABA precursoscarotene
hydroxylase RCHX) enzyme is responsible for the conversionpedarotene intop-
cryptoxanthin and subsequently into zeaxanthinctvig then converted into violaxanthin
in a reaction mediated by the enzyme zeaxanthiriegse (ZEP). Violaxanthin could be
then converted into neoxanthin (Nambara and MaFoh- 2005). Seis-isomers of both
violaxanthin and neoxanthin are the specific salbssr of OSeis-epoxycarotenoid
dioxygenase (NCED) that catalyzes a reaction renglesanthoxin in a bottleneck step in
the ABA pathway (Thompsoet al, 2007). This molecule is subsequently exportechfr
the plastids to the cytosol where it is oxidizedABA (Nambara and Marion-Poll, 2005;
Thompsonet al, 2007). This oxidation takes place in two stefast, xanthoxin is
converted into abscisic aldehyde by ABA2, an enzybedonging to short-chain
dehydrogenase/reductase family (XantDH). Then, teimpound is finally oxidized by
the abscisic aldehyde oxidase (AAO3) into ABA (Namb and Marion-Poll, 2005).
Additionally, ABA catabolism takes place by theiantof CYP707A subfamily of P450
monooxygenases to yield the two main catabolic gpetsxlof ABA, phaseic acid (PA) and
subsequently dihydrophaseic acid (DPA; Nambara & ridaPoll 2005).
Complementarily, ABA levels could be modulated lopjagating the molecule to a sugar

to form ABA-glycosyl ester (ABA-GE), in a reverstbmanner, in reactions catalyzed by
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ABA O-glycosyl transferase (AOG) antglycosidase {Gluc) enzymes (Priestt al,
2006; Seo and Koshiba, 2011).

Different lines of evidence including over-expressiof key genes for carotenoid
biosynthesis such aBSY (Lindgrenet al, 2003) andZEP (Park et al, 2008), ABA-
deficient mutants (Boredt al, 2001), and the use of inhibitors such as nafian (NFZ,
De Ollaset al 2013), indicate that levels of carotenoids angting in the downstream
accumulation of ABA in response to water deficibwéver, there are also contradictory
evidence demonstrating that an enhanced amountroftenoids does not necessarily
increase the levels of ABA (Aranget al, 2014; Caocet al, 2015), indicative of the
existence of an intricate mechanism governing AB#synthesis in different plant species
and tissues (Schwaet al, 2015). In fact, the over-expression#HX in carrot roots
(Arangoet al, 2014) orPSYin potato tubers (Ducreuat al, 2005) did not result in an
increase of ABA levels in belowground tissues, wlasr pharmacological inhibition of
phytoene desaturase did not prevent ABA accumulaticcitrus roots upon water stress
imposition (De Ollaset al, 2013). This accumulation of ABA in roots indedently of
the carotenoid levels could be explained by théu@nfce of other potential sources of
ABA rather than de novo synthesis in stressedtissties (lkegamet al, 2009; Manzet
al., 2015; McAdanret al, 2015; Reret al, 2007).

It has been previously demonstrated that in robtstaus plants subjected to water deficit
ABA levels increase concomitantly to the reductfprcarotenoid concentration (Manzi
et al, 2015), suggesting that accumulation of ABA (andther downstream metabolites)
is directly fed by carotenoid precursors (Wakeral, 2015; Welsctet al, 2008). Thus,
the initial accumulation of ABA in response to wastress would be supported by the
local carotenoid pool (Manzt al, 2015; Reret al, 2007). However, under longer or
reiterative periods of dehydration, ABA accumulatio roots appears not to be further
sustained from this source (Margtial, 2015; Reret al, 2007), and aboveground tissues
seem to play a role in sustaining hormonal increas®ots as demonstrated in several
species such as maize (Rehal, 2007), Arabidopsis (lkeganat al, 2009) and citrus
(Manziet al, 2015). Indeed, this influence also takes plaw#eu non-stressful conditions
(Manzi et al, 2015; McAdamet al, 2015). Under these circumstances, ABA transport
from aboveground tissues becomes essential toisussaaccumulation in roots and
consequently, any interruption of basipetal transpseverely limits hormone

accumulation in roots (lkegaret al, 2009; Manziet al, 2015), as observed in detached
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roots where ABA content upon dehydration sharplgre@sed compared to that in intact
plants (Reret al, 2007). Furthermore, carotenoid content in ra®tssually around 0.1%
of that found in leaves (Ruiz-Sokt al, 2014; Walteret al, 2015), related to the
predominant plastid type in roots (proplastidsemcplasts), which are not specialized in
carotenoid accumulation (Li and Yuan, 2013). Moexgearotenoid biosynthesis is highly
responsive to light, being more active in light-esed tissues (Toledo-Ortét al, 2010)
and consequently, recovery of carotenoid level$airk-growing roots after dehydration is
a slow process that takes several weeks of regudtaring. Therefore, it seems unlikely
that carotenoids could sustain ABA buildup undensazutive events of dehydration
(Manziet al, 2015).

Other evidence suggested that apart from NCED, B&Nd be an important enzymatic
bottleneck in ABA biosynthesis in roots under certstress conditions (Thompsen al,
2007). Based on this, an increase in the carotenordent in roots could allow the
sustained ABA accumulation in this tissue étial, 2008; Welsclet al, 2008).

In this work, the objective was to clarify the reaintribution of root carotenoids to de

novo synthesis of ABA in this organ under wateess$r conditions. To accomplish that,
the entire root system of young citrus seedlings detached from plants several weeks
before dehydration stress was imposed. In paraébtenoid accumulation in detached
roots of citrus was induced by light exposure beftire stress onset. ABA production
under stress was studied in illuminated and obscuaktached roots and results were
compared with those obtained in roots of intacinfda The involvement of different

important genes in carotenoid and ABA metabolisis vaasessed by studying their

transcription profile in a time-course experiment.

Results

Effect of light- and dark-growing conditions on pigment content in detached citrus roots

after light preconditioning treatments

In this experimental setup, detached roots wertamithated to increase the amount of
ABA precursors (carotenoids). The ability of rotissynthetize ABA was evaluated in the
two groups of detached roots (LT and DK) and comgdo that of intact CT plants (with

roots kept in the dark and shoots exposed to lightiking the three-week period that
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preceded stress imposition, roots showed relev#fetehces in cloration. DK roots wer:

mainly white (uncolored) whereas LT roots showednéense green coloration (Fig. .

Figure 1. Plant material used in the experiment. Roots wetadhed and cultivated for
weeks in the dark (DK) or under lit (LT). In the middle, intact plants (with illumited
shoots and obscured roots) used as a control

Roots from CT plants showed a white coloration kimio DK roots. These visu
differences were mirrored by changes in chloroptaild carotenoid ntent. Tota
chlorophylls were lower in DK roots (25.5+0.7 pY), representing a 50% of tho
measured in CT roots (52.1+1.2 p*, Fig. 2a). By contrast, detached roots expose
light markedly increased the chlorophyll content3§ times comparewo CT roots. The
highest chlorophyll concentration was found in Gloats (1955+70 pg™) being 6.€
times higher than that in LT roots (Fig. 2a). Sarly, carotenoid content was modified
response to light; compared to levels in CT rotital caroteoid content was induce

5.54old in LT roots and reduced by 45% in DK ones (F1g). As expected, carotenc
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levels in leaves were much higher than in root&)gpéhe carotenoid content in LT roots
only 7.7% of the value found in leaves of CT pla(fig. 2b).
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Figure 2. Total chlorophyll (A) and carotenoid (B) contentrioots and shoots of Citrus

seedlings. Roots of intact plants (CT) grown indlagkness; detached roots grown during
three weeks into dark conditions (DK) or underniination (LT); Shoots of intact plants

(CT-Shoots) grown under illumination. Data are neanSE of at least 3 replicates.

Different letters indicate significant differencamong treatments within roots (Tukey’s
test, i< 0.05).

Relative water content in response to osmotic stress

Detached roots (DK and LT) and intact CT plantsenexposed to PEG-6000 (-1.5 MPa)
treatment for 8 h to induce osmotic stress and AB#umulation. Stress induced
progressive decreases in RWC without differencesngnireatments. The initial RWC
levels (95.5 % in all treatments at 0 h) decredsedlues of 91.0 after 8 h of stress (Fig.
3). Therefore, any difference found among treatsamy not be ascribable to differences
in water availability in roots since all showed gandecreases in RWC levels.
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Figure 3. Relative water content i@itrus roots exposed to dehydration (-1.5 MPa). Intact
plants (CT); detached roots grown during three wapto dark conditions (DK) or under
illumination (LT). Data are means = SE of at ledsteplicates. The absence of letters
indicates no significant differences among treatsi€fiukey’s test,9©0.05).

Variation in ABA and JA-llelevelsin response to osmotic stress

ABA and JA-lle concentrations were determined in DK and CT roots. ABA content in
LT and DK roots was extremely low throughout theeriment without showing any
change in response to the PEG treatment (Fig Ctajtrastingly, ABA levels in CT roots
increased after 4 h of PEG treatment, reaching -fol@0increase after 8 h of stress
compared to initial levels. Indeed, even beforesstronset (0 h), CT roots had 7.3+0.4
ng.g* ABA whereas in DK and LT roots, ABA levels were360.1 and 0.6+0.2 ngy
respectively. Similarly, a 14-fold ABA increase wasserved in shoots of CT after 8 h of
stress (Supplementary Table S1). Despite the diffees found in root ABA content,
dehydration induced a similar pattern of JA-llewaoalation among the three treatments;
JA-lle levels transiently increased after 1 h ofGPExposure and then progressively
returned to basal levels (Fig. 4b). The maximumll@Awvas recorded after 1 and 2 h of
stress being higher in DK and CT roots than in bdts. Indeed, JA-lle content in LT
roots returned to basal levels as soon as 2 hdfeess onset whereas in DK and CT roots

it did it after 8 h of stress.
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Figure 4. ABA (A) and JA-lle (B) content irCitrus roots exposed to dehydration (-1.5
MPa). Roots of intact plants (CT) grown in the deags; detached roots grown during
three weeks into dark conditions (DK) or underniination (LT). Data are means * SE of
at least 3 replicates. Different letters indicaigngicant differences among treatments

within roots (Tukey’s test,0.05).

Changesin g,f-carotenoid content in response to osmotic stress

In order to understand the potential role of caroieg pool on ABA biosynthesidg3,p-
branch carotenoids were quantified in roots upomydeation. Among themj-carotene
and trans-violaxanthin were found in LT, DK and @bts whereas 8is-neoxanthin was
detected in LT and DK roots an{gcryptoxanthin only in LT roots (Fig. 5). Initial
unstressed levels of tot@B-carotenoids were higher in roots exposed to lfgfi) than in
roots growing in the dark (DK). In all cases, PH@Eticed osmotic stress drastically
reduced the content of gllp-carotenoids although at different rates (Fig. B)us, this
reduction was more pronounced in roots in the daekng 92% and 73% respect of the
initial values in CT and DK roots, respectivelyeaf h whereas in LT roots, only a 25%
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reduction was found (Fig. 5). Regarding individealotenoids, a severe reductionpin
carotene, the most abund#ift-carotenoid, was detected as soon as 1 h aftemnet of
stress in all treatments. Interestingly, after & Btress, it was undetectable in DK roots or
showed extremely low levels in LT and CT roots (FAy A similar pattern was found for
trans-violaxanthin, the second most abundiftcarotenoid, showing a 75% and 85%
reduction respect to initial values in LT/CT and bdots, respectively, after 8 h of stress.
Similarly, 9-cis-neoxanthin levels were undetectable after stress imposed in DK and
after 8 h in LT roots (Fig. 5). Interestingly, amar content offf-cryptoxanthin was
detected only in LT roots after 2 h of stress dmhtdecreased by 40% at 8 h. In shoots,
levels of B,p-carotenoids in CT plants decreased (30%) after & dehydration with

respect to the initial values (Supplementary T&dlg
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Figure 5. B,B-carotenoid content i€itrus roots exposed to dehydration (-1.5 MPa). Roots
of intact plants (CT) grown in the darkness; detakctoots grown during three weeks into
dark conditions (DK) or under illumination (LT). Baare means + SE of at least 3
replicates.
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Changes in the expression of genes involved in carotenoid biosynthesis in response to

osmotic stress

Expression levels of genes involved in three kegpstof carotenoid biosynthesis
(CsPSY1 CsPSY3aCsPSY3p CsCHX1, CsfCHX2 and CsZEB were determined in
dehydrated excised roots and intact plants (FigD8)a represent the relative variations in
transcript abundance at each time compared tonitial iunstressed (0 h) values. As a
general trend, stress upregulated most of the kegeg involved in carotenoid
biosynthesis. Among the three PSYs identified itruSi (Penget al, 2013),CsPSY3a
showed a transient strong upregulation, reachif@-#old increase in DK roots after 2 h;
a 15-fold increase in LT roots after 4 h; and d&dl@-increase in shoots of CT plants after
2 h (Fig. 6). Conversel\GsPSY Zranscripts only slightly increased (2.1-fold) apstress

in DK roots whereas in LT and CT roots the expas$evel remained almost unchanged
throughout the experiment. For all samples analyhedexpression of th€sPSY3lwas
practically undetectable (data not shown). Intémgst, different basal levels d€sPSY
transcripts were found in non-stressed plants @njng tissues and growing conditions:
CsPSYIranscript abundance in DK roots was 20-fold lotikan that found in CT and LT
treatments, and the expression in shoots was 64{igher than in CT roots
(Supplementary Fig. S1). At the initial time t8ePSY3axpression in LT roots was 4.3-
fold higher than in CT and DK roots (Supplementeaigy. S1).

Transcript levels of botfCHX genes gradually increased in response to dehgdrati
roots from all treatments (Fig. 8L.#CHX1 was upregulated up to 46-fold in DK roots,
and to 5.3-, 24-, and 6.5-fold in LT roots, CT ®aind shoots, respectively after 8 h of
stressCsfCHX2 showed a similar upregulation pattern to thaCe#CHX1 but showing
more pronounced changes in CT roots and shootse @Ganscripts also increased (14-
fold) in DK roots after 8 h of stress. Transcripuadance ofCsCHX1 and CsfCHX2
also varied in response to light in a tissue-depehdnanner (Supplementary Fig. S1).
Relative expression &8sCHX1 was higher in unstressed LT (33-fold increase) 2Kd
(6.0-fold) roots compared to those of CT plantgititermore, transcript abundance in CT
shoots was 2.5-fold higher than in CT roots (Sumeletary Fig. S1).

Among the carotenoid biosynthetic gen€sZEP was the less responsive to the PEG
treatment; transcript levels remained unaltered. ihand CT roots whereas a 7.3-fold
increase was found in DK roots after 4 and 8 htdss conditions (Fig. 6). In shoots,

CsZEPwas downregulated after 8 h of stress. Moreow&expression was also higher in
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illuminated LT roots and CT shoots compared to nessed dark roots (CT and DK,
Supplementary Fig. S1).
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Figure 6. Relative mRNA abundance of carotenoid biosynthggices irCitrus roots and
shoots exposed to dehydration (-1.5 MPa). Rootintaict plants (CT) grown in the
darkness; Detached roots grown during three wegtksdark conditions (DK); or under
illumination (LT); Shoots of intact plants (CT-Shepgrown under illumination. Data are
means = SE of 4 replicates.denotes significant upregulation compared to thealn
unstressed level (=1)* denotes significant downregulation compared to ithigal
unstressed level (=1); Tukey’s test,(05.

Changes in the expression of genes involved in ABA biosynthesis and catabolism in

response to osmotic stress

Expression of genes involved in ABA biosynthesishsas the twdNCEDsdescribed in
Citrus (Rodrigoet al, 2006), Xanthoxin dehydrogenas€siantDH an ortholog of
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Arabidopsis ABA2) and abscisic aldehyde oxidaGsAAO3J were determined in roots
and shoots in response to dehydration (Fig. 7).dlisrstress upregulatgtsNCEDl1and
CsNCED2 levels in all type of roots and in shoots. Inde&@sNCED1 transcript
abundance increased 701-, 155-, 157- and 2804fiotdats of DK, LT, CT and in shoots
of CT, respectively, compared to initial levels.r&gulation of theCsNCED2gene was
more moderate, reaching 14.5-, 20.8-, 3.6- and-flddBincreases in roots of DK, LT, CT
and in CT shoots, respectively (Fig. 7). InteragfinCsNCED1transcript levels at 0 h
were higher in both light-exposed tissues (shootsla roots) compared to CT roots. The
opposite trend was observed IGENCED2since these light-exposed tissues showed a

reduced expression compared to CT roots (Supplemehig. S1).

CsXantDHexpression levels in DK transiently increasedraften of dehydration (2.6-
fold) and returned to initial levels in the follawg hours (Fig. 7). However, in detached
LT roots, levels ofCsXantDHtranscripts were unaltered by the osmotic strassoaly a
slight decrease was detected after 8 h. On the sile, downregulation a€sXantDH
occurred in both roots and shoots of CT plantsrate initial transient upregulation,
reaching 27% and 38% of the initial values aftdr 8f stress, respectively. As the final
step in the ABA biosynthesi§;sAAO3gene showed a transient upregulation (2.5-fold) in
DK roots, similar to those found fa€sXantDH (Fig. 7). In LT roots,CsAAO3gene
expression remained unchanged during the firsofidtress and decreased a 50% after 8
h; also following a similar pattern to that @6XantDHgene. Interestingly, the expression
of this gene was progressively reduced in root€ Diplants being 3 times lower than the
initial levels after 8 hCsAAQO3transcript levels in shoots increased after 1 btadss to
finally return to unstressed levels (Fig. 7). Farthore, bothCsXantDHand CsAAO3
genes were upregulated in LT roots compared to K @T roots (Supplementary Fig.
S1).

CsCYP707agene, coding an enzyme involved in ABA cataboliswas strongly
upregulated in the three types of roots (58-, 68d &6-fold in DK, LT and CT,
respectively) and in shoots of CT plants (103-fald)soon as 1 h after the dehydration
onset. Interestingly, levels @sCYP707dranscripts decline after this initial increase bu

remained at levels higher than in the unstressautpl(Fig. 7).
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Figure 7. Relative mRNA abundance of ABA biosynthetic geme<Citrus roots and
shoots exposed to dehydration (-1.5 MPa). Rootintaict plants (CT) grown in the
darkness; Detached roots grown during three weagksdark conditions (DK); or under
illumination (LT); Shoots of intact plants (CT-Shepgrown under illumination. Data are
means = SE of 4 replicates.denotes significant upregulation compared to thialn
unstressed level (=1)* denotes significant downregulation compared to ithgal
unstressed level (=1); Tukey’s test,(05.

Discussion

Plant growth and development and subsequent craguptivity are severely affected by
water restriction. In this context, ABA plays a cial role triggering several physiological
and molecular responses to cope with this adveoselitton in different plant tissues
(Gémez-Cadenagt al, 2015; McAdamet al, 2015). Evidences demonstrated that
aboveground tissues are crucial to sustain thenaglation of ABA in roots since this

plant hormone is basipetally transported through ghloem in plants exposed to water
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shortage (Manzet al, 2015; Reret al, 2007; Waadet al, 2014) or high salinity (Waadt

et al, 2014; Wolfet al, 1990). In addition, the contribution of rootsABA accumulation
upon water stress appears to be limited, whichdcdnd related to the low levels of
carotenoids in this tissue (Ruiz-Sefbal, 2014). However, it has been suggested that pre-
existing levels of precursors in this tissue shobk sufficient to sustain the local
accumulation of ABA (Walteet al, 2015). In this sense, the rapid basipetal floviBA

from shoots to roots (Manet al, 2015; McAdanet al, 2015) could be masking the real
ability of belowground tissues to synthetize ABAag®d on this evidence, it could be
hypothesized that the reduced ability of rootsustain the ABA accumulation in response
to consecutive periods of water deficit (Mamtial, 2015; Renret al, 2007) could be

overcome by increasing carotenoid availability.

Taking advantage of the capability of citrus rofatis developing green coloration under
light conditions (Fig. 1) we investigated the effe€ an increased content of carotenoids
on ABA biosynthesis. Carotenoid accumulation ishhigesponsive to light (Toledo-Ortiz
et al, 2010) and, as expected, the exposure of roalgdot light increased (5.5-fold) the
content of these pigments (Fig. 1 and 2b). Ligho atimulated chlorophyll synthesis (Fig.
2a) which denotes an active conversion of typiaadt rproplastids into chloroplasts
typically associated to aboveground green tissuieand Yuan, 2013). In this sense, 65%
of the carotenoid increase in roots was explainethb accumulation of,-carotenoids
(mainly lutein, Supplementary Fig. S2), but levefsp,-carotenoids also substantially
increased (Fig. 5). This was the cas@-carotene (3.3-fold higher in LT roots) and trans-
violaxanthin (Fig. 5), which are typical caroter®idund in photosynthetic tissues (Lado
et al 2015a). Therefore, as hypothesized, in roots ggbdo light totaB,p-carotenoids
amounts were significantly higher (6.1-fold) than dark-incubated roots (Fig. 5 and

Supplementary Fig. S2).

Despite this higher carotenoid availability in Ldots, dehydration experiments showed
unexpected results: both detached roots (DK andwséie unable to accumulate ABA
(Fig. 4a), irrespective of the amountfp-carotenoids available and even in the presence
of 9-cis-noexanthin (Fig. 5), the native substrate of NCENambara and Marion-Poll,
2005). On the contrary, root and shoot tissues firtact plants accumulated ABA upon
stress (Fig. 4a and Supplementary Table S1). Sioots under the three experimental
conditions showed similar degrees of dehydratiomy.(B) and also similar transient

increases in JA-lle content (Fig. 4b), which issidered a previous and necessary signal
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to trigger ABA accumulation in water-stressed atroots (De Ollaset al, 2013),
differences in ABA content in roots appear to bgoasmted to the presence of the aerial
part. Therefore, these data reinforce the ideattieaterial tissues plays a pivotal role in
ABA accumulation in water-stressed roots (lkegamal, 2009; Manzet al, 2015; Ren

et al, 2007; Vernieret al, 2001; Waadet al, 2014). Taken together, ABA accumulation
in response to dehydration in roots of intact @anith low levels of carotenoids (CT),
and the incapability of carotenoid-rich LT rootssfwow a similar response, indicates that
ABA accumulation is not directly linked to carotethavailability in roots. Moreover,
data suggest that its accumulation occurs alsopemtdently of the ability for de novo
ABA biosynthesis in this organ. A plausible explaom is that plants have efficiently
evolved to use shoots as a rapid source of ABAithdistributed to belowground tissues
in response to water deficit. In this sense, o@vimus work (Manziet al, 2015) and
others (McAdamet al, 2015; Waadet al, 2014; Wolfet al, 1990) demonstrated that
ABA is continuously transported from shoots to Boofhis process seems important to
maintain basal ABA levels under non-stressed camdit(Fig. 4a) but also could provide
elevated amounts of ABA to the roots by enhanciraggport right after the stress onset
(Ikegamiet al, 2009; Manzet al, 2015; Waadet al, 2014). Thereby, presence of shoots
(as a carotenoid-rich and active ABA-synthesiziisgue) ensures an unlimited supply of

ABA to roots (Supplementary Table S1).

Classical models postulate that, in response tebsone stress such as drought or salinity,
ABA would be produced in roots and subsequentipsparted to the aerial tissues via
xylem sap (Christmanet al, 2005). However, results obtained in this worktipdy
disagree with those extended evidences and alstrasbrwith those results in which
detached roots accumulate ABA upon stress (Betehl, 2001; Renet al, 2007).
Metabolic differences existing at the moment okesdr initiation and right after root
detachment could explain variability in ABA contenit is possible that some
complementary source of ABA (such as the conjug&Bé-GE) could be supporting
any initial ABA increase when stress is applied iediately after root detachment (Manzi
et al, 2015; Reret al, 2007). Thus, in this work, detached roots wexemg for three
weeks before the stress imposition to likely exhaus/ possible conjugated source of
ABA. Results showed in this work expand previousdiings indicating a reduced
contribution of roots to the total ABA bulk in thissue that was previously demonstrated
in intact tomato (Thompsoet al, 2007), maize (Remt al, 2007) and Arabidopsis

(Ikegamiet al, 2009). Recently, Man=t al. (2015) demonstrated that roots are unable to
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sustain increasing ABA levels by de novo synthesisig reciprocal grafting of ABA-

deficient tomato mutants.

Despite that the carotenoid pool available in rafatss not influence the ABA production,
dehydration induces a sharp decrease in carotéeats in all types of roots, which even
leads to a complete depletion of some specificteamds (Fig. 5 and Supplementary Fig.
S2). Although carotenoids in green tissues playeiswell-known functions (Rameit

al. 2012a) and their levels remained mainly unaltdsgdwater stress (Supplementary
Table S1), the role of},p-carotenoids in roots still remains to be elucidatnce
evidences indicate that they are not directly ¢buating to the rise of ABA levels.
However, it is likely that carotenoids in roots deing degraded or transformed into a
different signal possibly involved in triggeringstress-related response. Despite ABA,
several carotenoid derivatives such strigolactofits et al, 2014) or nor-isoprenoids
volatiles (Avendafio-Vazquezt al, 2014; Rubio-Morag&t al, 2014) could be formed
through the action of different enzymes (CCDs, NGEE&IC). In this sense, it was recently
demonstrated that overexpression of PSY in Aralsdopeaves, increased the C13-
apocarotenoid glycosides by the action of CCD4 dtiaet al, 2015). In addition,
carotenoids can quench molecules of ROS generatadgdstress counteracting their
harmful effects on physiology (Ramet al. 2012a; Ladcet al 2016) The oxidation of
carotenoids renders different derivatives suchhastshain volatile aldehydes or ketones
(B-ionone orB-cyclocitral) that could act as stress signals (Rlahal 2012b). Moreover,
certain ROS such a9, react withp-carotene rendering compounds that stimulate the
auto-oxidation of other carotenoids (Fieddral, 2005). This could explain in part the
sharp and severe carotenoid decrease observed dpbgdration (Fig. 3 and
Supplementary Fig. S2). In the same sense, it le&h Wecently suggested that yet
uncharacterized carotenoid derivatives (differeatf ABA and SL) are needed to induce
lateral root formation in Arabidopsis (Van Normat al, 2014). Overall, the rapid
decrease in carotenoid levels in stressed rootgesig that they take part in drought-stress
responses in citrus plants, such as the detoxdicabf ROS and the production of

different signaling molecules (McQuirat al, 2015; Nisaet al, 2015).

Dehydration activates the carotenoid biosynthetiathway as indicated by the
upregulation of several key genes involved in thiecess CsPSY3aCsBCHX1and
CsBCHX2 Fig. 6). However, the increased expression o$ehgenes in detached roots

was not mirrored by ABA accumulation (Fig. 4a) ar iacrease in the carotenoid pool
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(Fig. 5). This suggests that in roots, this upratioh is part of a conserved response to
water deficit but not directly related to the dev@OABA synthesis. Other mechanisms
such as post-transcriptional regulation of the erey (Secet al, 2000) could explain
these results but it remains to be elucidated.

Nevertheless, it has been suggested that PSY dmuld crucial enzyme in carotenoid
accumulation (Maasst al, 2009), being also identified as a potentiallbatck for ABA
biosynthesis in roots (Let al, 2008). Although information exists on the exgres of
CsPSY1CsPSYZandCsPSY3n several tissues such as leaves, fruit and fisleenget

al., 2013), no data could be found related to roB@sed on expression profile and
sequence homology compared to other species (Wltdr 2015),CsPSY2vas renamed
as CsPSY3aand CsPSY3as CsPSY3p suggesting thaCsPSY3areplaces a paralog
PSY1/PSY2 which has been lost (Wal&tral, 2015).CsPSY lexpression in roots and
leaves remained mainly unchanged during dehydratesembling the response described
in roots of monocots such as maz@PSYLi et al, 2008) and ric®©sPSY I Welschet

al., 2008). Indeed, its major role seems to be rélaig¢he accumulation of carotenoids in
light-exposed citrus tissues such as leaves, fiowad fruits (Pengt al, 2013; Walteet

al., 2015), which is in accordance to the higher eggion levels in shoots compared to
roots (Supplementary Fig. S1). UnlikesPSYl dehydration markedly upregulated
CsPSY3an all root types and also in the shoots (Fig.stlggesting that it plays a key
regulatory role in stimulating carotenoid biosyrdisein response to water deficit. These
results resemble the respons&ofPSY3which is a specific gene induced in maize plants
under water stress (let al, 2008) orSIPSY3nduced in tomato roots under phosphorous
starvation (Walteret al, 2015), suggesting a conserved transcriptiongulatory
mechanism of carotenoid biosynthesis under differstresses. Moreover, light
upregulates PSY in aboveground tissues such ass dinit (Ladoet al 2015b) and in
Arabidopsis seedlings (Toledo-Or&t al, 2010), but also in carrot roots growing under
light conditions (Fuentest al, 2012). InterestinglyCsPSY3axpression was upregulated
by light in unstressed roots but not in shoots (Bementary Fig. S1), contrasting with
previous reports suggesting PSY gene might be sstrbat not light-responsive in
Arabidopsis (Ruiz-Solat al, 2014). Abundance &sPSY 3liranscripts in both roots and
shoots was below detection limits, suggesting ithlaés a limited role in these tissues, in

agreement with previous findings in citrus (Pen@l, 2013).
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The B-carotene hydroxylation pathway and especi@dyCHX1 gene expression has been
deeply studied in several citrus aerial tissue$ sgcfruit, flowers and leaves (Ladbal
2015b), but no information on its expression intsooould be found in the literature. A
second genCsCHX2 (orangel.1g027413m), which showed a 65% protantity with a
BCHX from Vitis vinifera (Young et al, 2012) and 58% identity with the Arabidopsis
protein (AT4G25700) was included in this work. B@§CHX1 andCsCHX2 showed a
similar gradual upregulation in response to striesdoth shoots and roots (Fig. 6).
Moreover,Cs6CHX1 was strongly upregulated by light in LT roots wdesCsCHX2
showed only a slight increase in transcript ley8ispplementary Fig. S1), suggesting that
Cs#CHX1 might controlB-cryptoxanthin accumulation in LT roots (Fig. 5).

ZEP was previously involved in the tolerance of fidmpsis to adverse conditions such as
dehydration and salinity (Pagt al, 2008); however, this response appears to beespec
and tissue-specific (Schwaez al, 2015). It was recently demonstrated that in dsaef
Arabidopsis, abundance of ZEP enzyme decreasedesponse to drought whereas
increased in roots (Schwaet al, 2015). Expression data included in this worknid
allow linking CsZEPto any particular role in ABA as no relevant chesgvere detected,
except in DK roots (Fig. 6). Interestingly, lighpregulates its expression in shoots and
more importantly in roots (Supplementary Fig. S@hich likely contributes to increase
xanthophyll levels in these tissues (Fig. 2b andrig)eed, it was previously demonstrated
that under water deficit, the expressiomM\fZEPin Nicotiana plumbaginifoliavas more
pronounced in detached roots compared to intactpl@orelet al, 2001). This suggests
that expression a€sZEPis related to light and aerial organs, where ZEy9a key role

in the xanthophyll cycle (Parlet al, 2008), rather than directly related to ABA
metabolism (Freyet al, 2006). It could be hypothesized that upreguhatiof
carotenogenic genes in response to water streskl goovide substrates for other
carotenoid-derived signals rather than ABA, as jmesty discussed.

Dehydration upregulated ABA biosynthetic ger@NCEDlandCsNCED2in roots and
shoots as soon as 1 h after the stress onsetAFiGsNCEDL1is considered crucial for
ABA accumulation in leaves and roots of citrus (&get al, 2007; Rodrigaet al, 2006).
However, the enhanced expression of these gerdetached roots upon dehydration was
not reflected by an increase in ABA levels (Figs.ahd 7). Moreover, the availability of
the specific substrate @s-neoxanthin andransviolaxanthin (Fig. 5), which could turn

into 9<cis-violaxanthin by action of a yet undiscoveredi®&isomerase (Nambara and
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Marion-Poll, 2005; Neumaat al, 2014), was not sufficient to ensure ABA accurtiata
Therefore, upregulation o€sNCED genes in roots and the availability of its native
substrate do not seem enough to sustain ABA acaitmonl in roots. Interestingly,
CsNCED1 transcript abundance increased in response ta ljghoots and roots;
Supplementary Fig. S1). Nevertheless, a rapid wpagégn of this gene in shoots has been
traditionally associated to ABA production in thissue (Christmanet al, 2005; Soaet
al., 2006) and seems to be key in sustaining ABAsjpart to the roots (Manzt al,
2015). On the other side, light-induced downregoihabf CSNCED2in roots and shoots
(Supplementary Fig. S1) is in accordance to itsisligry role in sunlight-exposed tissues
(Rodrigoet al., 2006).

DownstreamCsNCED enzymes encoded bgsAAO3 and CsXantDH genes are not
considered rate-limiting steps and basal levelsholse enzymes are believed to be
sufficient to readily convert their substrates sthgently to ABA (Gonzalez-Guzmaat
al., 2002). Indeed, upregulation AAO3gene induced by dehydration had no impact on
the levels of protein but it did not impair the lapito accumulate ABA (Seet al., 2000).
However, both CsAAO3 and CsXantDH genes were upregulated in LT roots
(Supplementary Fig. S1), resembling the inductibseoved in carotenogenic genes by
light-exposure, suggesting therefore an interactlmetween carotenoid and ABA
biosynthetic pathways in this tissue. Likewisewds recently demonstrated an intricate
feedback regulation among carotenoids which regsiltite expression of other carotenoid
biosynthetic genes in the pathway (Kachanowsksl, 2012). Nevertheless, it seems that
water stress induces several conserved molecutgomses irrespective of substrate
availability, such a&€sCYP707ayene, which showed a similar expression patterongm
all roots (Fig. 7), in spite of the relevant difaces existent in ABA content (Fig. 4a). To
this respect, only ABA-accumulating CT roots werbleato increase PA levels
(Supplementary Fig. S3).

Data presented in this work showed that the meresgmce of ABA-precursors
(carotenoids) in the roots does not preclude plortobne biosynthesis in this organ.
Indeed, in response to dehydration ABA accumulatedoots of intact plants, despite
containing low amounts di,p-carotenoids, whereas detached carotenoid-ricts nvete

unable to accumulate ABA. Indeed, the leE&fscarotenoids in LT roots (Fig. 5) largely
exceed the ABA content commonly found in dehydratets of CT plants (Fig. 4a). This

work, therefore, demonstrates that citrus rootsusa@ble to de novo synthetize ABA to
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sustain long-term hormone accumulation, irrespeabivsubstrate availability. Moreover,
dehydration upregulates specific genes from theoteaoid and ABA biosynthetic
pathways in roots as occurs in shoots but this cutde mechanism does not result in
ABA accumulation in this organ. In this sense, prasly described ABA transport from
aerial tissues to roots (Mared al, 2015; McAdanet al, 2015; Waadet al, 2014) seems

to be the main source for hormone accumulatiodrnsr:

Materials and methods
Plant material

After removing coats, seeds of Citrus MacrophylGtris macrophyllaWester) were
disinfected for 10 min in a 2% (v/v) sodium hypamtite solution containing 0.1% (v/v)
Tween-20 as a wetting agent and then rinsed timess twith sterile distilled water. Seeds
were sown individually in 25x150 mm culture tubemtaining 25 mL of germination
medium consisting of Murashige and Skoog (MS) saltition, 100 mg.L* myoinositol,
1.0 mg.L* pyridoxine-HCI, 0.2 mg.L thiamine-HCI, 0.5 mg.t nicotinic acid, 0.2 mg.t
glycine and 30 g.I' sucrose. The pH was set at 5.7 + 0.1 with 0.1N MNag@fore
autoclaving. The medium was solidified with aga®# g.L'* (Pronadisa, Madrid, Spain).
The cultures were maintained in darkness at 25tQwo weeks. At this point, tubes
containing plants were transferred to a growth diemunder a 16 h photoperiod of
photosynthetically active radiation (PAR) of 150 ginm? s, and at a constant
temperature of 25°C. Roots were kept in the darkdmering the lower part of the tube
with an aluminum foil. After three weeks, (height@8 cm), plants were divided into
three groups: in the first, shoots were exciseth wiscalpel 2 mm below to the root-shoot
junction. This group was kept in the complete dagan(DK) by covering the tube rack
with an opaque box; in the second set, shoots alsceremoved but roots were kept in the
light (LT); finally, a third group of plants (CT) as left intact, maintaining roots in the
dark and shoots light-exposed. To exclude any sftéet of wounding, plants were kept
in these conditions for 3 weeks before stress iipas period in which LT roots
developed a strong coloration. Osmotic stress wgsed by transferring plant material
to a solution containing PEG-6000 to achieve wptdgential values of -1.5 MPa. During
the dehydration period, roots were kept in the desk and with the same conditions of

temperature as indicated above. Sample materialcoléected at O; 1; 2; 4 and 8 h after
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the stress onset. It was rinsed with distilled watamediately frozen in liquid nitrogen,

ground into a fine powder and stored at -80°C amtélyses.

Relative water content

Relative water content (RWC) of roots was monitcaeeéach harvest time. Leaf and root
samples were immediately weighed after collectiow) and then hydrated to full turgor

by maintaining them in distilled water for 24 htime dark to assay turgid weight (TW).

Samples were therefore desiccated at 70°C for tws tb obtain dry weight (DW). Three

replicates were used for each treatment. The RWE e#culated as RWC= ((FW-

DW)/(TW-DW)) x100.

Hormone analysis

ABA and jasmonoyl-isoleucine (JA-lle) were extrattand analyzed essentially as
described in (De Ollast al, 2013) with slight modifications. Briefly, 0.2 af dry plant
material was extracted in 2 ml of distillech® after spiking with 25 pl of a 2 mg'L
solution of ds-ABA and dehydrojasmonic acid (DHJA) as internaanstards. After
centrifugation at 10.000 g at 4°C, supernatants were recovered and pH adjust8.0
with 30% acetic acid. The acidified water extraesvpartitioned twice against 3 mL of di-
ethyl ether. The organic layer was recovered amagp@wated under vacuum in a centrifuge
concentrator (Speed Vac, Jouan, Saint Herblain XCdetance). The dry residue was then
resuspended in a 9:1,8:MeOH solution by sonication. The resulting sauatiwas
filtered and directly injected into a UPLC systeWdters Acquity SDS, Waters Corp.,
Milford, MA) interfaced to a TQD triple quadrupo{®icromass Ltd. Manchester, UK)

mass spectrometer through an orthogonal Z-sprayrespray ion source.

Separations were carried out on a Gravity @Ilumn (50 x 2.1 mm, 1.8-um, Macherey-
Nagel GmbH, Germany) using a linear gradient of Me&hd H20 supplemented with
0.1% acetic acid at a flow rate of 300 pL.minSpecific transitions for ABAk-ABA
(263>153/269>159) and JA-lle/DHJA (322>130/211>%@&re monitored in negative
ionization mode. Quantitation of plant hormones \vaahieved by external calibration
with known amounts of pure standards using Massihg software.
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Pigment identification and quantification

Plant pigments were extracted as previously desgr{dléset al, 2014; Rodrigeet al.,
2006). The chlorophylla+b) content was determined by measuring the absoebain44
and 662 nm and calculated as described in (Adbsal, 2014). After chlorophyll
measurements the ethereal pigment solution wad dnd saponified using a 10:90 (v:v)
methanol:KOH solution. Carotenoids were extractedl samples dried under a N2 stream
and kept at -20 °C until analysis. Carotenoid cositfum of each sample was analyzed by
HPLC with a Waters liquid chromatography systemigoed with a 600E pump and a
model 2998 photodiode array detector, and Empowfwvare (Waters). A g carotenoid
column (250 x 4.6 mm, im, YMC Europe GmbH, Germany) coupled to & Guard
column (20 x 4.0 mm, fam; YMC Europe GmbH, Germany) was used. Samples were
prepared for HPLC by dissolving carotenoid extracta CHCh:MeOH:acetone solution
(3:2:1, v:viv). A ternary gradient elution with MélD water and methyl tert-butyl ether
was used for carotenoid separation (Aksal, 2014). The carotenoid peaks were
integrated at their individual maxima wavelengtlal &meir contents were calculated using
calibration curves forp-cryptoxanthin (Extrasynthese), lutein (Sigma), »edhin,
violaxanthin isomers, zeaxanthin (Extrasyntheseyl an and pB-carotene (Sigma).
Determinations were carried out in duplicate andpebcedures were performed on ice

and under dim light to prevent isomerization andtpegradation of carotenoids.

Quantitative real-time PCR

Total RNA was isolated from roots and leaves ahesnpling date using RNeasy Plant
Mini Kit (Qiagen, Madrid, Spain) and subsequentigated with RNase-free DNase
(Promega Biotech Ibérica, SL. Madrid, Spain) in esrdo remove genomic DNA
contamination. The transcripts present inud of total RNA were reverse-transcribed
using Primescript RT reagent with oligo(dT) prim{@@akara Bio, Inc. Japan) in a total
volume of 20uL. For amplification, 1:5 first-strand cDNA (contémg approximately 100
ng of cDNA) was used. Quantitative real-time polyase chain reaction (QRT-PCR) was
performed on a StepOne™ Real-Time PCR System (&piosystem, Foster City, CA,
USA) instrument, using the SYBR- Green | Master (Roche, Madrid, Spain). The
reaction mixture contained 1 pL of cDNA solutionuM of each gene-specific primer
pair and 5 pL of SYBR Select Master Mix (AppliedoBystems, Foster City, CA, USA)
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including dye, uracil-DNA glycosylase and AmpliTagBNA polymerase to a final
volume of 10 pL. The primers employed for the afigation of each gene are described
in (Supplementary Table S2). The protocol for ladl genes analyzed consisted of 10 min
at 95°C for pre-incubation, followed by 40 cycléslf s at 95°C for denaturation, 10 s at
60°C for annealing and 20 s at 72°C for extensknorescence intensity data were
acquired during the extension time. Amplicon speityf of the PCR reaction was
assessed by the presence of a single peak in $kecthtion curve performed after the
amplification steps. For expression measurementspChe™ Software v2.3 and
expression levels relative to values of a referesample were calculated using the
Relative Expression Software Tool (REST; Pfa#fi al 2002). Normalization was
performed using the expression levels of the agpéine based on previous housekeeping
selection for citrus tissues (Al@&s al, 2014). For all genes analyzed, the referencelsam
was the expression value obtained at the non-stildsarvest time (0 h) in each treatment

and set at one.

Statistical analysis

Samples were analyzed by triplicate. Mean and stahdrror () are shown in results.
Analysis of variance (ANOVA) was used to determihe statistical significance. Post-

hoc mean comparisons were performed by Tukey ¢{e6t05).
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Supplementary Information

Supporting information Table S1 ABA, B,B-carotenoid and total carotenoid content in

shoots of CT plants in response to PEG.

Hours ABA p,p-carote noids Total carote noids
(ng g' FW) (g g" FW) (hg g" FW)
0 10.3+£1.3 66.22.6 168.7x 5.4
1 7.1+1.0 44.%1.7* 1158+ 2.1 *
2 149+£1.2 76.45.6 184.7+ 8.4
4 65.8 £1.0* 54.0+1.7* 1546+ 3.9 *
8 140.8 £+ 2.4* 46.6£1.0* 1345+ 1.7 *

* denotes statistical differences (p<0.05) comg@deethe levels at the unstressed time Oh.
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Supporting information Table S2. Sequences of the primers used for qRT-PCR. The
genes analysed werhytoene synthase(CsPSY), Phytoene synthase(8sPSY3and

3b), p-carotene hydroxylase ICsCHX1), p-carotene hydroxylase ZCsCHX2),
Zeaxanthin epoxidasgCsZER, 9-cis-epoxycarotenoid dioxygenas@lsNCED), 9-cis-
epoxycarotenoid dioxygenase@sNCED3, Xanthoxin dehydrogenaséCsXantDH,
Abscisic aldehyde oxidas@gCsAAO3, ABA 8’-hydroxylase(CsCYP707gp and actin
(CsActin.

. L . Vo Amplicon
Citrus gene Locus Direction Primer sequence (5'-3") size (bp)
F GGTCGTCCATTTGATATGCTTG
CsPSY1 orangel.1g044623m 111
R CCTAAGGTCCATCCTCATTCCT
F AATGCATTTTGTGTAAGCCCTGCT
CsPSY3a orangel.1g016696m 148
R TGTCCCTAAAAGGCTTGATGTGTAAATTG
F CAACGCTACTTACATGGGCTCTGTA
CsPSY3b orangel.1g036368m 145
R TCTAAAAGGCTTGATGTCTAGCGGG
F GGCTCATAAAGCTCTGTGGC
CsBCHX1 orangel.1g020892m 210
R CCAGCACCAAAACAGAGACC
F AGAAGAGGAAACCGAAGAGCTTGAG
CsBCHX2 orangel.1g027413m 182
R GATTGCTGCAACAAGGTAGGTTTGT
F GCAGCTATGAGAGAGCTAGG
CSZEP orangel.1g005770m 117
R GACAACGGTCCAAGTCCAAC
F AATGCTTGGGAAGAGCCTGAG
CsNCED1 orangel.1g007379m 147
R AGTGGACTCGCCGGTCTTTAG
F GTGAATCGCAACAGCCTTGG
CsNCED2 orangel.1g007291m 164
R GGCAAGAAAAATGGCTCGCC
F GTGGAGCTACTGGGATTGGA
CsXantDH orangel.1g023573m 186
R GGTCAACAGCAGAGCAAACA
F CACTTAGGTCAACCCCTGGA
CsAAO3 orangel.1g000629m 174
R CCCGAACTTTTTCCAACAGA
F CTTTGGCACCCATGAAAGAT
CsCYP707a orangel.1g038621m 264
R TCAATGTTGCACTGCTCTCC
F CCCTTCCTCATGCCATTCTTC
CsActin orangel.1g037845m 105
R CGGCTGTGGTGGTAAACATG
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Supporting information Fig. S1. Relative expression of genes involved in the enod
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Leaf dehydration is negdlo induce ABA accumulation in leaves and rootstafs plants

Abstract

Roots are the main organ involved in the water kggtlence, it has been assumed that
they are the organ sensing soil dehydration amgdring water stress responses at the
entire plant level, including abscisic acid (ABAjcamulation. However, several lines of
evidence demonstrate that leaves directly adjuest thiater status (and induce ABA) in
response to changes in the evaporative demandvdloate the influence of leaf water
status on ABA accumulation in roots, the canopycifus plants was subjected to
different levels of humidity while roots were kegdehydrated. Leaves and roots of
completely dehydrated plants accumulated ABA whem@ants with turgid leaves did not
accumulate ABA in leaves or roots. Furthermoregdemydrated roots, the expression of
several key genes involved in carotenoid and ABAsnthetic pathways such as
CsCHX1 and CsNCED1was strongly affected by the water status of IsawResults
demonstrate that leaves are not only a relevantceoof ABA for roots during
dehydration but also that leaf-dehydration is ndedetrigger ABA-induced responses in

roots.

Keywords: ABA transport, gene expression, droughtiepoxycarotenoid dioxygenase

(NCED), shoot-to-root transport, water stress.

Abbreviations: ABA, abscisic acid; ABA-GE, ABA-glycosyl ester; A&) ABA O-
glycosyl transferaseBCHX, B-carotene hydroxylas€3Gluc, p-glycosidase; CYP707a,
ABA 8'-hydroxylase; DPA, dihydrophaseic acid; NCED®-cis-epoxycarotenoid
dioxygenase; PEG, polyethylene glycol; PSY, phytosgnthase; RAB, Responsive to
ABA; RD, Responsive to Dessication; RWC, relativatev content; VPD, vapor pressure

deficit; ZEP, zeaxanthin epoxidase.

91



Leaf dehydration is negdlo induce ABA accumulation in leaves and rootstafs plants

Introduction

Abscisic acid (ABA) accumulation is one of the firasponses displayed by plants to cope
with different abiotic stress conditions such asewaleficit, which severely affects plant
growth and development and compromises crop prodiycand plant survival (Gomez-
Cadenast al, 2015). A widely accepted model suggests thatrtbiased ABA levels in
water-stressed plants coordinate water relatiomeutghout the entire plant. In this
scenario, dehydration induces root ABA biosynthesigh is then translocated via xylem
sap to leaves, inducing stomatal closure and mamngiwater loss (Zhang and Davies
1989; Jones 2015). Under this model, roots not antyas a water uptake organ but also
play a crucial role in detecting the decrease ihwater potential and consequently, in
triggering ABA accumulation (Christmanet al. 2007; Doddet al 2008a). However,
ABA levels in roots or in xylem sap hardly mirroretbmatal closure in leaves (Dodtl

al. 2008b; Puertolast al 2014; Carvalheet al 2016). Moreover, grafting experiments
using ABA-deficient tomato mutants have revealeat fleaf ABA accumulation could
take place independently of root-sourced ABA (Hotiket al 2002; Manziet al. 2015).
Indeed, it was recently demonstrated that guarts ek able to autonomously close
stomata in response to changes in air relative dityrdue to the existence of a complete
drought-responsive ABA biosynthetic pathway in theglls (Baueet al. 2013). Thus,
leaf ABA accumulation appears to depend not onlyamt exposure to dehydration but

also on shoot perception of water deficit (Ikegatal 2009; Blum 2015).

The incomplete understanding of the relationshipvben changes in root water potential
and stomatal closure via ABA transport from roostmot have led to alternative
explanations such as hydraulic signals (Saal 2006b; Christmanet al 2007; Tardieu

et al 2010; Blum 2015; Jones 2015). Water potentiatligreis generate the driving force
to transport water through the soil-plant-atmosphlmmtinuum system where leaves play
a crucial role in detecting the environmental clemnguch as relative humidity or vapor
pressure deficit (VPD; Christmart al 2013) and in consequence, modulating the levels
of ABA and stomatal conductance (Waadtal 2014). Indeed, in several plant species,
stomatal closure seems to be primarily under th&robof hydraulic signals whereas
ABA prevalils after leaf turgor loss (Christmaenal 2007; McAdam and Brodribb 2014).
Besides the differences between iso- and anisahyeaviors in regulating the stomatal
closure and the water loss (Tombesal 2015), root water uptake depends on the water

potential gradient between leaves and roots (BIO&b2 In this process, leaves play a key
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role on the adaptation to the changes in evaperaimand, adjusting therefore, the water
status of the entire plant (Waaelt al. 2014). In this sense, it is clearly establisheat t
leaves are able to rapidly adapt to daily fluctuadi from environmental stimuli (Soat

al. 2006b; Caldeireet al 2014) whereas root exposition to soil drying islew and
gradual process under natural conditions. Thuspuld be stated that leaves generate its
own ABA which could be therefore responsible foegd physiological changes in the
leaves (Soaet al 2006b).

In addition, several lines of evidence demonstthtd ABA is basipetally transported
from aerial tissues to roots under well-wateredditbons, questioning also the root-to-
shoot ABA transport model (Waaeét al 2014; Manziet al. 2015), a process that is
remarkably favored by dehydration (lkegaetial 2009; Manziet al 2015) and other
adverse conditions (Wo#t al 1990; Vernieriet al 2001). The low ability to accumulate
ABA precursors (carotenoids) in roots under natooaditions suggests an ABA transport
to sustain long-term root ABA accumulation (Remnal 2007; Manziet al 2015). Thus,
besides the existence of a small and transienhadation of ABA in detached roots (Ren
et al 2007; Ikegameet al 2009) or in stem-girdled plants (Cornish and Zeet/ 1985;
Vernieriet al 2001; Manziet al 2015), the massive root ABA accumulation undetewa
stress is supported by the transport from aergdms (Reret al 2007; Manziet al 2015).
Indeed, artificially-increased levels of carotenaiddetached roots failed to sustain the
ABA rise under dehydration (Manet al, unpublished data), suggesting that roots are not

specialized in synthesizing large amounts of ABA.

Moreover, leaves can sense and autonomously resjpodeéhydration elevating ABA
levels even in the absence of roots (Pérez-Clenedrdk 2012) whereas ABA production
in detached roots or stem-girdled plants is seyenslpaired (lkegamiet al 2009),
emphasizing the role of leaves on ABA accumulaiiomoth organs. In stressed roots,
ABA accumulation is delayed compared to the leg@wistmannet al. 2005) which is
coincident with a latter upregulation of rate limg genes in the ABA pathway, such as 9-
cis-epoxycarotenoid dioxygenase (NCED; Setal, 2006b).

The accepted paradigm claims that roots are ablegasure’ the soil water status (Zhang
and Davies 1989; Tardieat al. 2010; Blum 2015; Jones 2015; Tardetwal 2015) and in
consequence, induce diverse stress responsesd{imglABA accumulation) at the whole
plant level under water deficit. However, availabbgerimental data reveal that leaves

could also be exerting an active role in perceiviwgter deficit and triggering
93



Leaf dehydration is negdlo induce ABA accumulation in leaves and rootstafs plants

physiological and biochemical responses (Ikegetnail. 2009). Determining the exact role
of leaves on sensing water deficit is a difficudisk under natural conditions, since
experiments may involve dehydration of leaves kagphe roots in a constant level of

humidity.

Dehydration experiments were designed in this woréxplore whether leaves participate
in sensing water deficit stress at the whole plewel, and particularly if canopy influence
ABA accumulation in roots. The approach followedluded time-course assays in which
water deficit in roots was applied with differemlative humidity levels at the canopy.
Hormonal and transcriptional changes in the ABAskidhetic pathway in response to

water stress were explored in leaves and roots.

Materials and methods
Plant material and growing conditions

One-year-old Carrizo citrangeCifrus sinensisL. Osb. x Poncirus trifoliate L. Raf.)
seedlings were used for the different assays. $laate acclimated for at least 4 months
before each experiment in a greenhouse under haplmatoperiod and day/night
temperatures of 25+3.0°C/18+2.0°C. Plants were grom2.5 L plastic pots filled with a
mixture of peat moss, perlite and vermiculite (801D) as substrate and watered three
times a week with 0.5 L of a half-strength Hoaglssawution (Manziet al, 2015).

Homogeneously sized plants of about 80 cm in heigine used for each experiment.

Defoliation experiments Seedlings were transplanted to dry perlite toseaplant
dehydration. After three days submitted to this dibon, three treatments were
performed: 1) a subset of these water-stressedsphaas fully defoliated (WS+100%Def);
2) other group of plants was partially defoliateiscdrding 50% of the leaves
(WS+50%Def); and 3) a last subset of plants rentawwéh intact leaves (WS). After
defoliation, all plants were kept for two extra daynder stress conditions. Also, a set of
well-watered plants (WW) was used as a control gldime experiment. Based on
preliminary assays, defoliation was performed afteee days of dehydration since an
early defoliation highly influenced the water awadility in roots due to the different
number of leaves, and therefore, affected ABA auinie this tissue. Root samples were

harvested after 3 and 5 days of dehydration.
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Bagging experimentdntact Carrizo seedlings were transferred toastp basin where

roots were submerged in a -1.5 MPa PEG 6000 saluileereas canopy was subjected to
different treatments. In the first set of plantanapy was covered with a transparent
plastic to increase the relative humidity around tilant. These plants were regularly
sprayed with distilled water to maintain a thindayf water on their leaves (WS+100%
RH) and relative humidity over 80% throughout thgperiment. A second set of plants
was also covered but no water was applied to le®eative humidity was maintained at
60% throughout the experimental period (WS+60% R&l}hird set of plants was also

dehydrated but neither covered nor water was sdrayéhe leaves (CT). Relative canopy
humidity was about 40% in this treatment. Tempeeatluring the experiment was similar
among treatments (24+2.0°C). Roots and leaves eatlexted at O (prior to stress), 2, 4, 8

and 24 h from the onset of stress.
Sample extraction and storage

In both experiments, samples of at least threetplaere collected at each sample date,
rinsed with distilled water, immediately frozen liquid nitrogen, grounded into a fine

powder and stored at —80°C or lyophilized untillgsia.
Relative water content

The relative water content (RWC) of leaves andsegds monitored in both experiments.
Leaves and roots were weighed to determine fresighivéFW). Then, tissues were
hydrated to full turgor by maintaining them in dletd water for 24 h in the dark to assess
turgid weight (TW). Afterwards, samples were dregd70°C during 3 d for dry weight
(DW). The RWC was calculated as RWC= [(FW —DW)/(FbW)] x 100.

Hormone analysis

ABA and dihydrophaseic acid (DPA) were extracted analyzed essentially as described
in Manzi et al (2015) with slight modifications. Briefly, 0.2 gf plant material was
extracted in 2 mL of distilled ¥ after spiked with 100 ng ofls-ABA. After
centrifugation at 10.000 g at 4°C, supernatants were recovered and pH adjist8.0
with 30% acetic acid. The acidified water extraetsvpartitioned twice against 3 mL of di-
ethyl ether. The organic layer was recovered amlgh@nated under vacuum in a centrifuge
concentrator (Speed Vac, Jouan, Saint Herblain x;eBeance). The aqueous phase
containing the ABA-glycosyl ester (ABA-GE) was hgtized by adding 2.0 mL of 0.1 M

95



Leaf dehydration is negdlo induce ABA accumulation in leaves and rootstafs plants

NaOH and placed at 60°C for 30 min. Samples weea ttooled, acidified and spiked
with ds-ABA before partitioning as described above. ABA-@fs estimated as ABA.
The dry residue was then resuspended in a 9C:MeOH solution by sonication. The
resulting solution was filtered and directly ingedtinto a HPLC system (Waters Alliance
2695, Waters Corp., Milford, MA). Separations weagried out on a Gravity C18 column
(50 x 2.1 mm 1.8-um particle size, Macherey-Nageib®, Germany) using a linear
gradient of MeOH and H20 supplemented with 0.1%iaceid at a flow rate of 300
pL.min™®. ABA, ds-ABA and DPA were monitored at/z 263>153, 269>159 and
281>171, respectively. Hormones were then quadtifieith a Quattro LC triple
qguadrupole mass spectrometer (Micromass, Manchedt€y connected online to the
output of the column through an orthogonal Z-smkegtrospray ion source. All data were

acquired and processed using Mass Lynx v4.1 sadtwar
Quantitative real-time PCR

Relative mRNA abundance of key carotenoid and ABdsynthetic pathway genes was
determined as described as follow. Total RNA watated from roots and leaves at each
sample date, using RNeasy Plant Mini Kit (Qiageradid, Spain) and subsequently
treated with RNase-free DNase (Promega BiotechiddéEL. Madrid, Spain) according
to the manufacturer in order to remove genomic Dbdbhtamination. The transcripts
present in Jug of total RNA were reverse-transcribed using Psicngt RT reagent with
oligo(dT) primer (Takara Bio, Inc. Japan) in a tatalume of 20uL. One microliter of a
five times diluted first-strand cDNA, containingmpximately 100 ng of cDNA, was used
for each amplification reaction. Quantitative réale polymerase chain reaction (QRT-
PCR) was performed on a StepOne™ Real-Time PCR@yGpplied Biosystem, Foster
City, CA, USA) instrument, using the SYBR- GreeMaster kit (Roche, Madrid, Spain).
The reaction mixture contained 1 puL of cDNA, 1 pMeach gene-specific primer pair
and 5 pL of SYBR Select Master Mix (Applied Biosysis, Foster City, CA, USA)
including dye, uracil-DNA glycosylase and AmpliTagBNA polymerase to a final
volume of 10 pL. Analyzed genes werphytoene synthase{CsPSY]), phytoene
synthase3a(CsPSY3p f-carotene hydroxylase{CsfCHX1), p-carotene hydroxylase2
(CsCHX2), zeaxanthin epoxidase(CsZEB, 9-cis-epoxycarotenoid dioxygenasel
(CsNCED), 9-cis-epoxycarotenoid dioxygenase2CsNCED2, ABA O-glycosyl
transferase (CsAOQ, p-glycosidase (Cs5Gluc), ABA 8-hydroxylase (CsCYP707n
Responsive to Dessicationd€sRD29, Responsive to DessicationZ€sRD23 and
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Responsive to ABECSRAB18 The primers employed for the amplification otlkeaene
are described in (Supplementary Table S1). The eomtpe G method was used to
relative quantify each amplified product in the gdas. The threshold cycle {Cwas
automatically determined with default parametersr Fexpression measurements,
StepOne™ Software v2.3 and expression levels veldt values of a reference sample
were calculated using the Relative Expression Sofvlool (REST). Normalization was
performed using the expression levels of the agéne as housekeeping (Alés al

2014). The specificity of RT-qPCR reactions wasdatned by melt curve.
Statistical analysis

Samples were analyzed at least by triplicate andnse standard errors are shown in
results. Analysis of variance (ANOVA) was used &teimine the statistical significance.

Mean comparisons were performed by Tukey’s te€).(b).

Results
Defoliation experimentsin dehydrated plants

To explore the role of leaves on ABA accumulatiomaots, defoliation experiments were
carried out in dehydrated plants. Firstly, intaténts were transferred to dry perlite to
induce a homogeneous dehydration (Fig. 1a). Alftexret days, RWC in the roots of water-
stressed plants decreased until 58.6£2.1% compiare8ll.6+0.2% obtained in well-

watered plants (WW, Fig. 1a). At this point, dedtibn was performed to dehydrated
plants, and plants kept under stress for two menes.dAt day five, RWC in roots was

even lower than before but it is important to hight that all dehydrated plants reached

similar values (Fig. 1a).

ABA content was measured in dehydrated roots stdijeto these different levels of
defoliation (Fig. 1b). After three days of watertlwdrawal, a 15.8-fold increase in root
ABA concentration was observed in comparison to \M#nts. At day 5, after defoliation
treatments were performed, root ABA in WS and péytidefoliated plants (WS+50%
Def) remained at high levels. However, in root$utlfy defoliated plants (WS+100% Def)
ABA decreased 30% compared to WS plants (Fig. 1b).
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Figure 1. RWC (a) and ABA (b) content roots of defoliat€itrus plants. WW: well-
watered plants; WS: water-stressed intact planS+50%Def: water-stressed plants with
removal 50% of leaves after three days of waterciieiVS+100%Def: water-stressed
plants with total removal of leaves after threesdaf/water deficit. Data are means + SE
of at least 3 replicates. Different letters indécatgnificant differences among treatments
(Tukey’s test, § 0.05).

Effect of different canopy relative humidity levels on dehydrated roots
Relative water content

To explore the relative contribution of leaves emse water stress and triggering ABA
accumulation, plants were subjected to the santededoydration intensity (-1.5 MPa PEG
solution) but in this case, leaves were maintaineder different relative humidity

conditions. In plants that were fully covered apdves were periodically sprayed with
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distilled water (WS+100% RH) there were no changdRWC, remaining this parameter
around 80% throughout the experiment (Fig. 2a). elew, in leaves of covered plants
without water sprayed (WS+60% RH), RWC decreasewh 82.3+2.6 to 51.6+£3.0% after
24 h of dehydration (Fig. 2a). RWC in CT plants hadcimilar behavior and values
decreased to 49.1+2.1% after 24 h of stress. Besiaese differences observed in leaves,
RWC decreased similarly in roots (from 95% to a@0% after 24 h of stress) of all
treatments irrespective of the relative humidityiserg in aerial organs (Fig. 2b).
Consequently, the experiment setup allowed us foydiate roots at similar levels

whereas there were clear differences in leaf wateilability.
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Figure 2. RWC content in leaves (a) subjected to differetative humidity and roots (b)
exposed to osmotic dehydration (-1.5 MPa). CT: ésaand roots dehydrated; WS+60%
RH: roots dehydrated and leaves at 60% RH; WS+1B6#oroots dehydrated and leaves
in at 100% RH. Data are means + SE of at leastpBceges. Different letters indicate
significant differences among treatments at eadht gdukey’s test, § 0.05).
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ABA and ABA metabolites

ABA content in leaves of CT plants increased attérof dehydration and showed a sharp
rise (29-fold) after 8 h (Fig. 3a). Partially dehgtkd leaves (WS+60% RH) showed a
similar but more moderate response, with a 13-fietdement compared to initial levels.
By contrast, leaves of WS+100% RH treatment shooveyl slight changes and the lowest
levels of ABA during the initial 8 h of stress, measing moderately after 24 h of
dehydration (Fig. 3a). Root ABA accumulation follesva pattern similar to that observed
in leaves: CT plants showed the highest valueghieg 4-fold increase after 24 h of
dehydration compared to the initial values (Fig). &esides, ABA content in WS+60%
RH roots increased by 2.5-fold in response to 2df water stress. On the contrary,
dehydration caused only minor changes in ABA cantenVS+100% RH roots, with a
slight and transient decrease in hormone levets dfh of stress and a slight increase after
24 h (Fig. 3d. This pattern of hormonal variatisrcompatible with a hormonal response
in roots delayed with respect to that in leaves.

The conjugated form of the hormone, ABA-GE, alsovebd a different accumulation
among organs and treated plants (Fig. 3b and 3eaf IABA-GE levels gradually
increased (two-fold) after 24 h of the onset ofydkhtion in CT plants. On the other side,
in 60% and 100% RH leaves, ABA-GE content initialgcreased after 4 h of dehydration
to further increase at 24 h (Fig. 3b). By contra®8A-GE content in CT roots transiently
increased after 2 h but drastically decreasedvadigls. In WS+60% RH and WS+100%
RH roots, there was a rapid drop in ABA-GE coni{é&ig. 3e).

Dehydration also affected the content of the maAAatabolic product, dihydrophaseic
acid (DPA, Fig. 3c and 3f). In CT leaves, DPA contancreased 2.3-fold after 8 h of
dehydration to return to unstressed levels (O t&r &4 h (Fig. 3c). Similarly, DPA levels
transiently increased in leaves of WS+60% RH plangtsestablishing initial levels after 8
h whereas WS+100% RH plants showed a second plid3fA content increase (2.8
fold) after 24 h (Fig. 3c). Root DPA levels werandar in plants under the different
defoliation treatments; a transient 2-fold increafeatabolite concentration was detected
after 2 and 4 h of dehydration to finally recovastiessed basal levels (Fig. 3f).
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Figure 3. ABA (a, c), ABA-GE (b, d) and DPA (c, e) contemt ieaves subjected to

different relative humidity and roots exposed tanosic dehydration (-1.5 MPa). CT:

leaves and roots dehydrated; WS+60% RH: roots dalsdl and leaves at 60% RH;
WS+100% RH: roots dehydrated and leaves in at 1BB¥b6Data are means + SE of at
least 3 replicates. Different letters indicate #igant differences among treatments at
each point (Tukey’s testg.05).

Expression of genesinvolved in the carotenoid biosynthetic pathway

The expression of key genes for the synthesis witeaoids, the ABA precursors, was
followed in leaves and roots from CT and partiatighydrated WS+60% RH and
WS+100% RH plants. Relative abundanceCsPSY ltranscripts in leaves and roots of

plants under the different stress treatments waslasi among plants under different
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treatments (Fig. 4). In leave§sPSY1lwas gradually upregulated, being this increase
earlier in CT plants (up to 3.5-fold) and slightlglayed in WS+60% RH and WS+100%
RH treatments (Fig. 4a). In rootSsPSY Zranscript abundance remained unchanged until
8 h of dehydration when a transient increase waserid in CT plants whereas in
WS+60% HR and WS+100% HR plants a decrease wastée@tafter 24 h of stress (Fig.
4f). The evaluation o€sPSY3axpression revealed a notable upregulation ityp#s of
leaves (Fig. 4b) but specially marked in the risdue under water stress, reaching up to
12.5 fold increase in WS+100% RH plants (Fig. 4Q).

CgpCHX genes were upregulated in leaves of all treatadtplthroughout the experiment
(Fig. 4c and 4d)Cs8CHX1 expression increased by dehydration up to 21®-ioICT
leaves, up to 11.7-fold in partially dehydratedviesa (WS+60% RH) and only 5-fold in
WS+100% RH leaves (Fig 4c). A similar pattern wésesved in roots (Fig. 4h); CT
plants showed a sharp and continu@Q$CHX1 upregulation (up to 11.6-fold), whereas
in WS+100% RH roots this increase was less impoftg. 4h). By contrast, expression
of CssCHX2 followed different patterns in leaves and roots.ldaves,CsfCHX2 was
upregulated upon treatment mainly in CT and in W®?4 RH plants (Fig. 4d). In roots,
CgpCHX2 was downregulated at final stages of the expetijrgdrowing a 60% decrease
in WS+60% RH plants after 8 h whereas a similarresse was detected in CT and
WS+100% RH plants at 24 h of stress (Fig. 4i). Reigg CsZEPexpression, changes in
leaves were more relevant than in roots (Fig. 4k4h In leavesCsZEPwas similarly
upregulated among plants under the three condi{igs 4€). In rootsCsZEPexpression
was slightly induced in CT plants after two h ofess whereas remained almost
unchanged in roots of the WS+60% RH and WS+100%pRHits (Fig. 4j).
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Figure 4. Relative mRNA abundance of genes involved in thmtenoid biosynthetic
pathway CsPSY1a, f;CsPSY3ab, g;CsfCHXZX c, h;CsCHX2 d, i andCsZEPR e, j), in
leaves subjected to different relative humidity aoots exposed to osmotic dehydration (-
1.5 MPa). CT: leaves and roots dehydrated; WS+60%orBots dehydrated and leaves at
60% RH; WS+100% RH: roots dehydrated and leaves &00% RH. Data are means +
SE of 4 replicates. Data are means = SE of 4 melc* denotes significant upregulation
compared to the initial unstressed level (=1) witbach treatment* denotes significant
downregulation compared to the initial unstressedell (=1) within each treatment;
Tukey’s test, § 0.05.
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Expression of genesinvolved in the biosynthesis, conjugation and catabolism of ABA

ABA biosynthetic pathway was affected by treatmentboth, leaves and roots (Fig. 5).
The most remarkable changes occurredCsNCED1that was sharply upregulated in
leaves and roots of CT plants (Fig 5a and 68NCED1transcriptional changes were
more moderate in dehydrated roots than in leavas @a and 5f). After 8 h of stress,
CsNCED12expression increase (100-fold and 24-fold in Givés and roots, respectively).
However this upregulation was less pronounced int8@% RH plants (27- and 6.5-fold
in leaves and roots, respectively) and almost icggible in WS+100% RH plants (5-
and 2-fold, respectively; Fig. 5a and 5f). AlthougeNCED2expression was completely
different from that ofCsNCEDJ1also displayed notable differences between boglars
(Fig. 5b and 5g). This gene was markedly downragdl@y more than 90%) in leaves of
CT and WS+60% RH plants, showing an uneven osoilah WS+100% RH plants (Fig.
5b). Contrastingly, expression &sNCED2was transiently upregulated after two h of
stress in roots of all treated plants with a subeatidecline (Fig. 5g). The expression of
CsAOGwas stimulated in leaves and roots under the ttweditions upon stress (Fig. 5¢
and 5h). In leaves, an early upregulation occuafest two h of stress reaching the highest
levels in CT plants after 24 h (86-fold increasefermediate in WS+60% RH plants (44-
fold) and lowest in WS+100% RH plants (22-fold; Figc). In roots, expression of
CsAOGwas also upregulated but to a lesser extent cadpsr leaves, and no clear
differences were found among plants under differeaatments (Fig 5h)CsGluc
expression was much less affected in leaves thawdats. In leaves, expression levels
remained almost unchanged during the experimergdbgh in plants under the three
conditions (Fig. 5d). By contras€s5Gluc was mostly upregulated in roots reaching
maximum increases of 8.9-, 5.3- and 6.2-fold in @I$+60% RH and WS+100% RH
plants, respectively (Fig. 5i). Regarding ABA catbdm, CsCYP707aexpression in
leaves was drastically downregulated (achievin@% ®f decrease) in plants under the
three stress conditions (Fig. 5e), differing totth@sponse observed in roots where a
transient upregulation was observed in dehydratadtp to finally achieve levels lower

than the initial (60% decrease) in plants subjettethe three different treatments (Fig.
5)).
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Figure 5. Relative mRNA abundance of genes involved in tBAAiosynthetic pathway
(CsNCED1 a, f andCsNCED2 b, g); ABA conjugation©@sAOG c, h andCs5Gluc: d and
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dehydrated; WS+60% RH: roots dehydrated and leav66% RH; WS+100% RH: roots
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105



Leaf dehydration is negdlo induce ABA accumulation in leaves and rootstafs plants

Expression levels of ABA- and desiccation-responsive genes

Stress gradually upregulated all ABA-responsiveegen leaves of plants under the three
conditions, contrasting with the changes obsermeots (Fig. 6) CsRAB18was highly
upregulated in leaves of CT and WS+60% RH plantsou@b- and 23-fold, respectively,
whereas in WS+100% RH plants only a slight incremae detected (Fig. 6a). In roots,
CsRAB18was transiently downregulated (50%) in WS+60% R#l &/S+100% RH
plants during the initial 2-8 h of stress. Duringist period, CSRAB18 remained
irresponsive to stress in CT plants. After 24 tstoéss, expression @fisRABl18ncreased
in plants under the three conditions (Fig 6d). Reigg CsRD29 gene, a gradual
upregulation was detected in leaves of plants stdgjleto the three different humidity
conditions, being higher in CT (up to 45-fold) aWw+60% RH (up to 52-fold) than in
WS+100% RH (up to 7.5-fold) plants (Fig 6b). In tadCsRD29was also upregulated
although to a lesser extent compared to leaves. ey, CsRD29 was importantly
upregulated (up to 15-fold) in CT plants whereas tipregulation in WS+60% RH and
WS+100% RH roots was more moderate (up to 11- afald7 respectively; Fig. 6e).
CsRD22expression increased upon stress in leaves ofsplarder the three conditions,
achieving higher values in CT (3.7-fold) and WS+6®kl (3.2-fold) plants than in
WS+100% RH (2.5-fold) plants (Fig. 6¢). By contras$RD22transcript levels remained

almost unchanged in response to dehydration irsrobplants under the three conditions
(Fig. 6f).
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Discussion

It is widely accepted that soil water shortage cetuABA accumulation in most plant
tissues. During this process, it is assumed thasrare in charge of sensing the decrease
in soil water availability and consequently triggdBA biosynthesis, which is then
transported to leaves and induces stomatal cldZimang and Davies 1989; Daviesal
2005; Blum 2015). However, experimental evidencesgi ABA-deficient mutants
revealed that stomatal closure takes place indegmglyd of the root-sourced ABA
(Holbrook et al 2002; Thompsort al 2007), a response that could be affected by the
surrounding conditions of the canopy (Baeeral 2013; Aliniaeifard and van Meeteren
2013). Results in this work showed that ABA levielsrease in leaves and roots of plants
subjected to water deficit; however, the complaetmaval of leaves in WS+100%Def
plants decreased (at least 30%) ABA accumulatioroats (Fig. 1b). This corroborates
previous findings indicating that leaves are resgaa for fueling high amounts of ABA

to stressed-roots (lkegami al 2009; Waadet al 2014; Manzet al 2015). Interestingly,
partial canopy removal did not affect the ABA leveh roots, suggesting that leaves
provide a substantial source of this phytohormanme the presence of a few green organs
could sustain ABA accumulation in water-stresseagtg@t similar levels to those of intact
plants (Fig. 1b).

In this work, we also explored the role of leavastriggering water stress responses
occurring in roots, focusing in ABA metabolism. REs question the ability of
dehydrated roots to synthesize relevant amoun&B# (Ren et al 2007; Manziet al
2015; McAdamet al 2016). When roots and leaves were dehydrated aotialty
dehydrated (CT and WS+60% RH; Fig. 2a and 2b), ABAIs increased in both organs,
but contrastingly, when only roots were dehydra&8A accumulation was much lower

in both leaves and stressed roots (Fig. 3a and T3d)s, these data also challenge the
accepted role of roots as the unique and firsgstsensor, suggesting that leaves could be

playing a more protagonist role in this process.

These results not only indicate that ABA accumalatiioes not depend on root exposure
to drought but also suggest that shoot can perosater deficit (Ikegamet al 2009;
Blum 2015). Therefore, turgor loss would be thetical parameter triggering ABA
accumulation in leaves (Zeevaart and Creelman 18&8)hermore, these results evidence
that roots accumulate ABA only after leaf hormoma&aentration has increased (Fig. 3a

and 3d), highlighting a predominant role of leawesa tightly coordinated response to
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water stress. Results shown here may be explapdaebsoil-plant-air continuum model,
in which the evaporative demand determines thenle through the plant by exerting
a water potential gradient that decreases fromsrtmtshoots (Christmanet al 2013).
Leaves directly face with rapid changes in evapegatlemand whereas roots are
subjected to slower changes in soil water poteri@aldeiraet al 2014). Thus, leaves
would integrate the external stimuli and incread®AAocal production to regulate the
water status in the whole plant. In agreement thith, Soaret al (2006b) demonstrated in
a series of time-course experimentsviitis vinifera that the induction of several genes
involved in ABA biosynthesis, such aé8vNCEDJ] take place specifically in leaves
whereas no transcriptional changes occurred irsrobdehydrated plants. Similarly, in
dehydrated maize plants, ABA increased in roots aylém sap before any rise in
ZmNCEDgene expression, suggesting that leaves ratherrédwds are firstly involved in
the water-stress responses (Egisl 2010).

Despite it is assumed that there is a tight intevacbetween both organs which finally
determines ABA accumulation in both tissues (Setaal 2006a), results obtained here
suggest that root dehydration barely influencesAB@& concentration in leaves since no
ABA accumulation was detected in plants with stdsots and turgid leaves
(WS+100% RH, Fig. 3a). In this line, evidence fr&RD assays, in which a portion of
roots is allowed to dehydrate to accumulate ABAL tivauld be further transported to
leaves, could help explain these results. Undex itligation system, ABA frequently
remains unaltered in citrus leaves when the halfra@ts are able to supply enough water
to cover the atmospheric demand (Romero-Coetl@l 2014). Indeed, results from
common bean indicate that stomatal closure andrvatential in leaves are correlated
with the total water provided by roots, discardamy possible involvement of a chemical
signal such as ABA originated only in the dry rofgakrimet al 2005). In fact, a strong
correlation between ABA levels in aboveground t&ssand availability of water in both
wet and dry roots under PRD system was suggesteappte trees (Liuet al 2008;
Einhornet al. 2012). Consequently, these lines of evidenceeagith results presented
here; ABA levels increase in leaves only after theyperience a decrease in water
availability, irrespective of the dehydration lewscurring in roots (Fig. 2c). In spite of
this, in certain occasions a transient ABA increeseld be detected in dry roots under
PRD system, part of a rapid response induced kt [behydration (Puertolast al 2014)
with minimal implication of leaves (Thompsea al 2007). Dehydration could, therefore,

induce local ABA accumulation as observed duringithtial stages of water withdrawal
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which could be partially supported by the availalbdeal ABA precursors as it was
suggested in detached roots (Barehl 2001; Reret al. 2007; Thompsoet al 2007) or
stem-girdled plants (Manzet al 2015). ABA accumulation in roots could also be
supported by its release from ABA-GE (Priestal 2006), as suggested also in this work

by the sharp decrease in this molecule in rootdlafeated plants (Fig. 3c).

Apart from this interaction, there are many traigimnal changes in both tissues in
response to water deficit which also appear to ne@a the leaf water status. Several key
carotenoid (Fig. 4) and ABA (Fig. 5) biosynthetiengs were upregulated in response to
dehydration in leaves and roots and the magnitfidieese changes seems to be regulated
by the level of leaf dehydration. Therefore, thevas a stimulation of almost all
carotenoid biosynthetic genes evaluat€dHSY1CsPSY3aCsCHX1 andCsfCHX2) in
leaves and roots in response to water stress @igAmong them,CsPSY3aand
CgpCHX1appear to be more stress-responsive in both orgheseasCsPSYlandCsZEP
showed only minor changes as described in a prewaurk (Manziet al, unpublished
results; Fig. 4). PSY3 anfiCHX1 appears to play a key role in stimulating root
carotenoid biosynthesis during dehydration in sgvspecies, such as Citrus and maize
(Li et al, 2008; Manzet al, unpublished results) whereas ZEP seems to be mtated

to other stress responses such as the activatithre ofanthophyll cycle (Seet al, 2000).
Leaf water status also modulated transcriptionadngles in this organ. Particularly
CsPSY1CgfCHX1 andCsfCHX2 were upregulated in CT plants compared to WS+100%
RH leaves (Fig. 4a, 4c and 4d). This agrees withpteponderant activity of PSY1 in
light-exposed tissues rather than in roots (Figada 4f; Waltert al, 2015; Manzet al,
unpublished results). In root€ssCHX1 expression was higher in CT plants upon stress
(Fig. 4h), suggesting that leaf water status cda@dnfluencingp-carotene hydroxylation

in both roots and shoots, assuring the biosynthelisanthophylls to feed the ABA
biosynthesis. Indeed, it was suggested that cestaps in the carotenogenic pathway such
asf-carotene hydroxylation in tomato (Thompsatnal 2007) and phytoene biosynthesis
in maize (Liet al 2008) could be limiting the ABA increase. Howevprevious works
have shown that in citrus roots the increase inteaoid availability does not determine a
rise in ABA levels under dehydration (Maregial, unpublished results).

ABA biosynthesis was also affected by leaf watatust andCsNCED1was notably
upregulated in CT leaves (100-fold) and roots @d)fwhereas only minor changes were
observed in leaves (5-fold) and roots (1.8-fold$%+100% RH plants (Fig. 5a and 5f).
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CsNCED1 gene encodes for the bottleneck step in the AB@syithetic pathway
(Nambara and Marion-Poll 2005) and therefore, &dvigexpression is usually associated
with dehydration and consequently with the increes@&BA levels (Thompsoret al
2007) as observed in CT leaves and roots (Fig.i®h 3al). Interestingly, leaf turgor
markedly impacted the expressionGENCED1in both organs whereas the dehydration of
roots showed a marginal influence on this geneeasgion as observed in WS+100% RH
plants (Fig. 5a and 5f).

Contrastingly, the relative expression @NCED2 CsAOG Cs5Gluc and CsCYP707a
was similar in plants under different conditiong(Fs), which accounts for a dehydration-
induced response rather than to a real contributeorihe differences in root ABA
accumulation (Fig. 2d). Indee;sNCED2 which plays a subsidiary role in the ABA
biosynthesis (Rodriget al 2006), was downregulated in leaves (Fig. 5a) edm®in roots
its expression was induced in response to dehpdrdfrig. 5a).CsCYP707awvas also
induced by water shortage in roots (Fig. 5j) infA-independent manner (Fig. 2d), as
previously reported (Priestt al 2006; Manziet al 2015). DPA, a catabolic inactive
product produced by an ABA 8'-hydroxylase encodgethe CsCYP707aene, transiently
increased in roots of all treated plants in respaiwsdehydration (Fig. 3d), contrasting
with the idea that ABA stimulates its own degraolati(Thompsonet al 2007).
Interestingly, a sharp decreaseGsCYP707aexpression was observed in leaves of all
kind of plants (Fig. 5e), which suggests that wategor in leaves is not involved in the

regulation of this gene.

Result showed here also reveals that under delyaréhe conjugation of the ABA could
regulate the hormone metabolisl@8sAOG which encoded for an ABA O-glycosyl
transferase enzyme that conjugates ABA (Seo andhikas2011), was strongly
upregulated linked to the water status in leavés. 6¢), wherea€s5Gluc, which encode
for a glucosidase responsible for the ABA releasenf ABA-GE, showed an uneven
response to the stress (Fig. 4d). This could explee higher levels of ABA-GE measured
in the CT plants (Fig. 3b). On the other side, espion ofCsSAOGandCs5Gluc in roots
(Fig. 5h and 5i) hardly explain the sharply deceeaSABA-GE in all treatments (Fig. 3e),
sinceCsAOGwas strongly upregulated in plants under the tlogeditions compared to
Cs5Gluc (Fig. 5i).

Globally, results showed that, except for a fewegesuch a€sNCEDland CsfCHX1,

gene expression barely help to explain the diffeesnobserved in ABA levels in plants
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subjected to root dehydration and different RHeavies. In this sense, other factors such
as postranscriptional regulation could be takiragel(Seat al 2000). Interestingly, both
steps are suggested as key in controlling the AivAeiase in roots, whef€HX1 would
become limiting only after the rise in NCED1 levélfiompsoret al 2007).

Several ABA- and desiccation-responsive genes arglly upregulated in leaves of
stressed plants (Shkt al 2014) but lack of information exists for citrusupts. Expression
of CsRAB18 the citrus ortholog for an Arabidopsis ABA-respive LEA protein
(Yamaguchi-Shinozaki and Shinozaki 2006), asRD29in leaves (Fig. 6a and 6b)
mirrored ABA accumulation in plants under the diffiet treatments (Fig. 3a), suggesting
that in leaves ABA is essential for their inducti@s previously reported (Yamaguchi-
Shinozaki and Shinozaki 2006). In a different w@gRD22induction in leaves occurs at
the final stages of experiments (Fig. 6¢), in agrexet with the fact that transcription
factors (MYC and MYB) binding RD22 promoter are iaated only when a high
accumulation of ABA takes places (Yamaguchi-Shikozad Shinozaki 2006). In roots
however, CsRAB18and CsRD22 genes appear irresponsive to ABA and dehydration
conditions (Fig. 6d and 6f), whereas level<CaRD20%transcripts increased in response to
stress (Fig. 6e)CsRD29expression was higher in roots of CT plants, wiacbhumulates
high amounts of ABA (Fig. 2d) but interestinglymsiar upregulation was found in roots
of WS+60% RH and WS+100% RH plants (Fig 6e) desttite different ABA levels
between them. This suggests that, the expressidhi®fgene is in part controlled by
dehydration, but also by ABA, as previously suggés{Yamaguchi-Shinozaki and
Shinozaki 2006). Globally, it seems that these gdyedter reflect drought-induced ABA
changes in citrus leaves than in roots, where adait stress markers must be found to

exactly evaluate those changes.

Overall, the results confirm that the presencehefderial organs is crucial for sustaining
the ABA accumulation in roots as previously stafggtgamiet al 2009; Manziet al
2015) and propose that leaves are potent sourcABAf Since leaves must experience
dehydration to observe a rise in root ABA levetsappears that leaves are part of the
mechanism sensing water deficit, supporting ABA uacglation at the entire plant.
Indeed, water availability in leaves could modultite expression of key genes for ABA
biosynthesis, such a&SsNCED1and Csf)CHX1 in roots. Data presented here could be
useful to draw water saving strategies, since leane only limit the water loss but also

appear to be directly involved in water stressoasps in roots.
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Supplementary Information

Supplementary Table S1.Sequences of the primers used for qRT-PCR. Thesyen
analysed were:Phytoene synthase{CsPSY), Phytoene synthase3&sPSY3j p-
carotene hydroxylase{CsfCHX1), p-carotene hydroxylase2CsfCHX2), Zeaxanthin
epoxidase (CsZEPB, 9-cis-epoxycarotenoid dioxygenasel(CsNCED), 9-cis-
epoxycarotenoid dioxygenas¢ZsNCED2, ABA O-glycosyl transferas€@CsAOQ, p-
glycosidase (Cs5Gluc), ABA 8-hydroxylase (CsCYP707p Responsive to ABA
(CsRAB13 Responsive to Dessication2@CsRD29, Responsive to Dessication22
(CsRD22, andactin (CsActin).

) o ) Amplicon
Citrus gene Locus Direction Primer sequence (5'-3) )
size (bp)
CPSY1 orange1.1g044623m F GGTCGTCCATTTGATATGCTTG 111
R CCTAAGGTCCATCCTCATTCCT
CPSY3a orange1.1g016696m F AATGCATTTTGTGTAAGCCCTGCT 148
R TGTCCCTAAAAGGCTTGATGTGTAAATTG
CspCHX1 orangel.1g020892m F GGCTCATAAAGCTCTGTGGC 210
R CCAGCACCAAAACAGAGACC
F AGAAGAGGAAACCGAAGAGCTTGAG
CspCHX2 orangel.19g027413m| 182
R GATTGCTGCAACAAGGTAGGTTTGT
CsZEP orangel.1g005770m| F GCAGCTATGAGAGAGCTAGG 117
R GACAACGGTCCAAGTCCAAC
CsNCED1 orangel.1g007379m F AATGCTTGGGAAGAGCCTGAG 147
R AGTGGACTCGCCGGTCTTTAG
CSNCED2 F GTGAATCGCAACAGCCTTGG 164
orangel.1g007291m— GGCAAGAAAAATGGCTCGCC
F CGGGTTCACTGTTTGGTCTT
CSAOG orangel.1g022744m 176
R GCCTCGAGAGAAATGGATGT
CypGiuc orange1.1g046891m F GCAACTTTGCACATTCAGCA 136
R GTGCCAAACACAAATCCATC
CsCYP707a orangel.1g038621m F CTTTGGCACCCATGAAAGAT 264
R TCAATGTTGCACTGCTCTCC
CSRAB18 orange1.1g027438m F CCATTGGCAGATGGCTTAAT 103
R GTTACCTCCCTCGCGTCTTT
CSRD22 orangel.1g000107m. F GTGCATTGTGTCGTGGATTC 142
R TCTCCGCATCTGATTTTTCC
F GCTCTATGCCAGCATCAACA
CSRD29 orange1.1g007806m 150
R CCTTCTCGCTGCCTGTATTA
CsActin orange1.1g037845m F CCCTTCCTCATGCCATTCTTC 105
R CGGCTGTGGTGGTAAACATG
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Discussion

Plant growth and development and subsequently mraguctivity are severely affected by
water restriction. Previous works indicate thattsoare crucial in sensing the soil water
deficit and triggering the synthesis of ABA which further transported to other organs
such as leaves in a process known as the rootstmt-#tBA transport (Zhangt al, 1987,
Sauteret al, 2002; Doddet al, 200&; Carvalhoet al, 2016). This concept was
introduced during the late 1980’s (Zhang and Davié€87, 1989; Zhangt al, 1987) and
profusely studied afterwards. Based on this congepearch mostly evaluated how water
restriction affected the concentration of ABA inletym sap being this phytohormone
responsible for the change in the stomatal condaetas proposed by Tardieu & Davies
(1993). However, other research lines showed tioamatal closure occurs independently
of the increase in xylem ABA concentration (Verniet al, 2001; Doddet al, 200&;
Puertolaset al, 2014; Carvalheet al, 2016). Additionally, further evidence contrasted
with the original model such as the ability of leavto synthetize by themselves large
amounts of ABA (Gomez-Cadenatal, 1996; Holbrooket al, 2002; Christmanet al,
2005) or the low ability of roots to accumulate atanoids, the ABA direct precursors
(Parry and Horgan, 1992; Ruiz-Sehal, 2014; Walteet al, 2015).

Despite this controversy, it seems clear that ARfaling in roots is crucial to cope with
water scarcity since the hormone is involved inrtiaification of root architecture (Jung
and McCouch, 2013; Boursiast al, 2013; Harris, 2015) and in the increase of root
hydraulic conductance (Thompsat al. 2007; Ruiz-Lozanaet al. 2009), maintaining
therefore the water uptake (Sharp and LeNoble, a62his PhD Thesis, we aimed to
investigate the real ability of roots to accumul&®&A under water deficit and to explore

the possible role of the aerial tissues in thixpss.

Initially, the possible contribution of aerial tisss to ABA accumulation in roots was
explored by stem girdling experiments in citrusnpgaand by grafting experiments using
ABA-deficient tomato mutants (Chapter 1). Secondbpssible causes that explain the
observed results were addressedrbyitro experiments where detached citrus roots and
intact plants were grown under dark or light coldi$ to assure different levels of
carotenoids. After stress induction, ABA productiand the transcription of ABA
biosynthetic and catabolic genes was measured (€@hdp. Thirdly, the potential
contribution of aerial tissues to stress sensing @alao explored by totally or partially
enclosing the canopy in transparent bags in ordemaintain water status in leaves

whereas roots were dehydrated (Chapter Ill).
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One of the most important results from this worlowbd that most of the ABA
accumulated in roots of dehydrated plants is oaigid from aerial tissues, contrasting to
the extensively accepted literature on the subjdue. first approach used to evaluate the
roots as a potential ABA sink for aerial tissuessviinsed on interrupting the phloem
transport by performing stem girdling. The abilitfijwater-stressed roots to increase ABA
levels was reduced by 50% when basipetal transpag disrupted, showing that
communication with aerial tissues is essentialustain ABA accumulation during water
stress. Interestingly, after a consecutive secamobg of dehydration, stem-girdled plants
were unable to increase ABA levels in the rootsa(ilér I, Fig. 3b). Similar results were
obtained when reciprocal grafting of ABA-deficiglmimato mutant in combination with
wild type revealed that root capacity to accumulaf®A under drought is deeply
modulated by levels of the hormone achieved ingttadted aerial part (wild type; Chapter
[, Fig. 7b and Supp. Information S1). These ressuiggest that dehydrated roots are able
to partially increase ABA content maybe due to pigéng precursors or other sources
present in roots. However, once these sourcesxduausted ABA accumulation entirely
relies on the contribution from aerial organs. Ehessults are in accordance to previous
observations in detached roots of maize seedliRg €t al, 2007) or in bean stem-
girdled seedlings which only showed a transient-A&®A accumulation (Vernieret al,
2001).

The inability of roots to sustain ABA accumulatialuring consecutive stress periods
could be explained either by its intrinsic capacaysynthetize this phytohormone or by
the absence of key precursors in this tissue. is $slense, a sharp decreasepip-
carotenoids during dehydration suggested that eaoods could be fueling ABA
accumulation (Chapter I, Fig 4; Walter al. 2015). Furthermore, the inability of roots to
accumulate ABA in stem-girdled plants during theas®l period of dehydration appears
to be linked to the depletion @ff3-carotenoid precursors during the first stressopse.

In vitro experiments, which were designed to specificaligigate the contribution of root
B,B-carotenoid to ABA accumulation during dehydratiatso showed a decrease in root-
carotenoid content upon dehydration (Chapter If). B) indicating that this change is
elicited by water stress.

According to results, it appears that carotenomdsreeded to sustain ABA increase in
root tissue and to corroborate this faat,vitro-grown detachedoots and intact plants

differing on carotenoid levels were subjected thydieation and ABA production was
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followed (Chapter Il). Despite that light-grown dehed roots showed 5.5-fold more total
carotenoids (and 10-fold morf,p-carotenoid) than dark-grown and control plants
(Chapter Il, Fig. 2 and Supp. Information S2), ABéntent was not detected in this organ
unless it is indeed joined to the aerial part. Pugsly, it was believed that the lack of
precursors in this tissue could be limiting the ABécumulation (Christmanret al, 2005,
2007; Reret al, 2007; lkegamet al, 2009); however, results from vitro experiments
suggest that root-carotenoid do not directly conte to ABA accumulation in this organ
(Chapter II, Fig 4) since high-carotenoid roots evenable to accumulate ABA during
dehydration (Chapter I, Fig. 4). Therefore, resuliemonstrate impairment in ABA
biosynthesis in this tissue. Furthermore, the steaovery ofp,p-carotenoid pools to
unstressed basal levels after dehydration (Chdpteupp. Information S3) remarks the
unsuitable strategy of dependence on these presutssustain ABA increase in roots

under water stress.

It is also interesting to note that, except for itierely increase ifi-cryptoxanthin content,
levels of all carotenoids sharply decreased unaggemdeficit (Chapter Il, Fig. 5), even
those from thed,e- pathway such ag-carotene and lutein (Chapter Il, Supp. Information
Fig. S2). This however, is opposite to the stromgegulation observed in the genes
encoding for carotenoid biosynthesis (Chapter iy, B). In this sense, dehydration could
be triggering processes in roots which involve aremsive transformation of carotenoid
pool. Indeed, under stress conditions, carotenertitld signaling compounds such as
SLs or other volatile norisoprenoid compounds, wdifferent molecular weight and
structure and diverse functions in plants, are algtyproduced (Rubio-Moragat al,
2014; Haet al, 2014; Avendafo-Vazquest al, 2014; Latariet al, 2015; Walteret al,
2015). Furthermore, the similar structure amongtesioids (Fig. 1) could lead to an
unspecific cleavage of these compounds and consggui a sharp reduction in their
content. In this sense, it is believed that thexaathin synthase (NSY) function could be
in fact exerted by a lycopene cyclase (LCY; Neursaral. 2014) and that carotenoid
cleavage dioxygenases (CCDs) are able to metabmiast of the carotenoids present in
plants meanwhile co-oxidation of carotenoids cdugdtaking place by the action of free
radicals generated by other stress-induced reactibteischmann and Holger, 2008).
Moreover, non-enzymatic degradation of carotenoitisn takes place in plant tissues in
an unspecific manner and results in random proddeigending on the carotenoid
precursor (Fleischmann and Holger, 2008). Basethi it seems that carotenoids are

either degraded or converted in other signaling mmmds still uncharacterized
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(Avendano-Vazqueet al, 2014) rather than contributing to the ABA accuatioin in

roots.

ABA levels in a specific tissue or organ are alsgulated by catabolism and conjugation
(Zhanget al, 2006) and there is a tight coordination betwé®sé two pathways aimed to
control ABA availability (Dong and Hwang, 2014). ®dts presented in this thesis
support the idea that ABA catabolism is rapidlyuodd by dehydration in roots in an
ABA-independent manner as observed in stem-girgladts (Chapter I, Fig. 4a and 4b)
and in canopy bagging experiments (Chapter Ill, Bigy In this sense, dehydrated roots
showed a similar DPA accumulation pattern despie different amounts of ABA
(Chapter lll, Fig. 3f). This response was assodiatechanges in gene expression, where
the 8-OH-ABA enzyme ¢sCYP707pwas upregulated independently of the level of
substrate (ABA) as observed in bagged leaves (€hdipt Fig. 5j) and in detached roots
from thein vitro experiment (Chapter II, Fig. 7). These resultstiast with the idea that
the rate of ABA catabolism is proportional to thBAlevels in a given tissue (J&t al,
1996), hence the more ABA is produced during stoesslitions, the more ABA should
be degraded (Zhangt al, 2006; Thompsoret al, 200D). However, other evidence
demonstrated that the accumulation of ABA catabwolatabolites is triggered under water
stress independently of the ABA levels as prevpustported in ABA-deficient
Arabidopsis plants (Priegt al, 2006; Sreenivasulat al, 2012). Indeed, a high rate of
ABA catabolism seems necessary to maintain higesrat ABA synthesis during stress
(Zeevaart and Creelman, 1988). Nevertheless, wdiremt that ABA catabolism is

triggered by water stress irrespective of the keweélsubstrate in roots of citrus plants.

Contrastingly, ABA-GE accumulation in roots appe#wsbe dependent on the ABA
content as previously suggested (Dietzal, 2000; Sauteet al, 2002; Leeet al, 2006).
ABA-GE was accumulated in dehydrated roots displigytigh levels of ABA but its
accumulation was impaired in ABA non-accumulatingots (Chapter |, Fig. 5a).
Interestingly, in leaf bagging experiments, root AABE sharply decreased in all
treatments (Chapter 11, Fig 3e), even in thosetgdbat accumulated ABA upon stress.
Therefore, the exact involvement of ABA-GE undettevaleprivation is not clear yet but
data suggest an active role of this molecule in AB#neostasis as previously stated
(Priestet al, 2006; Okamotet al, 2009; Piotrowska and Bajguz, 2011;dtial, 2012).
Since the release of ABA from ABA-GE is a fast @ss, involving only a single step, it

could contribute to the fast increase in ABA levedgher than relying ormle novo
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synthesis which involves a long and complex path{age et al, 2006; Schroeder and
Nambara, 2006). Globally, evidence presented hengpasts the fact that ABA
metabolism, in particular catabolism and conjugat@&re finely tuned under water stress
conditions to assure a fast release or depletioABA when needed (Let al, 2012).
Indeed, using transgenic lines overexpressi@yP707a or AOG genes it was
demonstrated that an increased activity in oneno$e¢ pathways is compensated with a
reduced activity in the other pathway (Dong and Higya2014). Thus, analysis of these
pathways must be considered in the context of ABAamolism, including ABA synthesis
and transport.

ABA transport among tissues and organs is alsoideres] as a relevant mechanism to
assure a desired cellular level of this phytohoren#hang and Davies, 1989; Hartugig
al., 2002; Davie®t al, 2005; Ikegamet al, 2009; Dong and Hwang, 2014; Waadltal,
2014; Blum, 201B). ABA-GE was thought to be transported from défer organs
especially from root-to-shoot under water scar(8guteret al, 2002; Jiang and Hartung,
2008; Goodger and Schachtman, 2010; Coretial, 2014). However, confirmation of
this hypothesis is lacking and indeed, it appealgkely that ABA-GE could be long-
distance transported among tissues (eeal, 2006; Dong and Hwang, 2014). For this
reason, we investigated the possible existence lbhsipetal ABA transport in woody
citrus plants by the exogenous application of lehehBA ([PHs]JABA) to the leaves.
Results confirmed that ABA is indeed transportezhfrleaves to roots in non-stressful
conditions and that this transport is notably ewlkednunder water stress conditions
(Chapter I, Table 1). The specific transportatibrABA was also proved since labelled
SA was co-applied but no traces of this compounddcbe found in citrus roots (Chapter
I, Table 1). These results are in agreement withers¢ works that evidenced the
possibility of ABA basipetal transport from abovegnd organs to roots (Verniest al,
2001; Hartunget al, 2002; Ikegamet al, 2009; McAdanet al, 2016).

Interestingly, during the late 1960’s and the ed8y0’s, just after ABA identification, a
series of investigations using exogenous applinatio[**CJABA concluded that ABA is
transported throughout the phloem (Hoad, 1967, 18¥®oth a basipetal and acropetal
manner (Hockinget al, 1972; Shindyet al, 1973; Bellandi and Dorffling, 1974; Hartung,
1976; Davenportet al, 1977). Some of these works clearly demonstrabed ABA
produced in mature leaves could be transporteddts ror apical tissues (Hockireg al,
1972; Shindyet al, 1973; Bellandi and Dorffling, 1974). In this sen®\BA applied to
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apical buds was never found in lower plant orgausifoexogenous ABA was applied to
lower leaves, labelled ABA was found in roots (Ballli and Dorffling, 1974). Those
results are similar to our findings and remark tleatves are a great source of ABA and
that phloem is involved in the ABA transport (Chamsand Pilet, 1982). However, those
early investigations failed to understand the rmaportance of the basipetal ABA
transport during water stress conditions. Thus, kimgr with seedlings ofPhaseolus
coccineus Hartung (1976) found that basipetal transporABA is reduced under water
deficiency in order to sharply increase the ABAdaves. However, other reports showed
that ABA levels substantially increased in phloeinRainus communiandLupinus albus
seedlings under water deficiency (Hoad, 1973, 1928g to the lack of polarity of ABA
transport (Davenpost al, 1977), it could be found either in roots or incap meristems.
From our results, exogenous application of lab&lBé indicated that basipetal transport
from shoot to root increased 3-fold under waterridepion (Chapter I; Table 1) similarly
to salt-stressed seedlings laiipinus albus that showed a 5-fold increase (Welf al,
1990). Interestingly, previous works were carried on herbaceous or in woody species
at the seedling stage, and therefore our dataedgeant confirming this mechanism in a
woody plant such as Citrus.

It is striking how those early works that demortgttlathe crucial role of leaves in
synthetizing ABA (Hoad, 1973, 1975; Milborroet al, 1973) and its transport to roots
(Hocking et al, 1972; Shindyet al, 1973; Bellandi and Dorffling, 1974) were mostly
ignored during the following decades. Indeed, thie 1of the leaves as a key organ in
ABA biosynthesis during dehydration was mostly g@ted by researchers after three
decades due to the use of reciprocal grafting mito ABA-deficient mutants (Holbrook
et al, 2002). Our results are in accordance with thasa dince ABA levels in roots
substantially decreased when there was a lack ppast from aerial tissues. This
happened in girdled plants (Chapter I, Fig. 3bABA-deficient tomato plants (Chapter I,
Fig. 7b and Supp. Information S1), and in defoliatérus plants (Chapter IlI; Fig. 1b).
Interestingly, the partial defoliation of plantsnaenstrated that leaves are a strong source
of ABA able to sustain its accumulation in roothépter Ill; Fig. 1b), as was previously
suggested (Bellandi and Dorffling, 1974).

From an opposite point of view, an endless humbe&rooks which started during the late
1980's and early 1990’s (Zhang and Davies, 1987angtet al, 1987; Tardieu and
Davies, 1993) and continued to our days (Céeal, 2013; Jones, 2015; Tardiet al,
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2015; Carvalhoet al, 2016) intended to decipher the relationship amead water
potential, ABA concentration in xylem sap and sttahalosure in a context of root-to-
shoot ABA transport. Possible explanations forlittke attention paid to transport across
phloem rather than by xylem was presented in HA88%) and remarks the difficulty of
collecting sufficient uncontaminated volumes ofqarh sap. Therefore, it appears that the
theory indicating that ABA synthesis occurs in gand the hormone is transported to
leaves via xylem sap has prevailed over the evelaupporting the basipetal transport
through the phloem. In fact, this basipetal-tramspaodel has been mainly ignored and
only sporadic references are found in the litem{@ornish and Zeevaart, 1985; Wetf
al., 1990; Vernieriet al, 2001; Ikegamet al, 2009). However, both models do not need
to be mutually excluding (Hoad, 1995), since ABAttmeach the roots from the aerial
tissues could be redistributed again to the adisslues mainly by the xylem sap as
demonstrated under high salinity conditions (Hd&¥,5; Wolfet al, 1990).

It is worth noting that roots are able to sustaitramsient increase in ABA as an early
response to dehydration. This could be maskingctimgribution of leaf-sourced ABA to
this process. Additionally, the transcriptional pesse of ABA biosynthetic genes is
similar in roots that are able and unable to acdateuABA (Chapter II, Fig. 6 and 7),
which could contribute to the general belief th&AAis actively produced in dehydrated
roots. In this sense, some key steps from caralesmod ABA pathway such as PSY and
BCHX, as well as NCED, which are considered limitingthe root-ABA accumulation
(Nambara and Marion-Poll, 2005; Thompsatnal, 200D; Li et al, 2008), were highly
upregulated under dehydration. The change in g&peegsion upon stress was used to
estimate the role of these genes (Eetstl, 2010; Aroceaet al, 2013) although it has been
demonstrated that gene expression does not alwayshrwith the observed changes in
the enzyme activity as reported for AAO3 in Aralpdis (Secet al, 2000). Despite of
this, it is interesting to note that changes in éxpression ofCsSNCED1are usually
correlated with the levels of ABA in roots, as alveel in leaf bagging experiments
(Chapter lllI; Fig. 5f), assuming a positive relasbip between gene expression and ABA
levels (Arocaet al, 2013). However, other works disagree with thifirahtion as
occurred inVitis vinifera where no changes WwNCED1expression was detected in roots
of water-stressed plants (Sasral, 2006); in maize, where upregulation of genes sisch
ZmNCEDandZmAAQO3occurs at later stages of water deficit (Emtsal, 2010); and in
roots of lettuce, wheresNCED expression did not correlate with ABA levels (Aacet

al., 2008). Overall, it appears that measuring onlgegexpression when working with
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carotenoid and ABA pathways could lead to mislegdimnterpretations. Therefore, it
seems appropriate to recall that only a few workasared protein abundance or enzyme
activity (Freyet al, 2012) and some of them could not find any coti@iabetween ABA
levels and protein abundance (Eneloal, 2008). Indeed, very low levels (or even no
protein) of the carotenoid-related enzymes ZEP @®@EVwere detected in roots of
Nicotiana plumbaginifolisbesides the presence of their respective transdiforthet al,
2005).

The strong dependence of roots from ABA suppliedhzyleaves under dehydration led
us to investigate whether leaves were playing aenaative role in sensing water stress.
Results from chapter Ill, where leaves were manediat different relative water contents,
demonstrate that leaf-dehydration is needed tocimdbe ABA rise in leaves and roots,
and that the mere dehydration of roots is not cigffit by itself to induce ABA
accumulation in this organ (Chapter 1, Fig. 3dhe ability of leaves to increase ABA
content independently of root water status is tlesstablished under conditions that lead
to changes in atmospheric demand or daily fluobmatiSoaet al, 2006; Caldeirat al,
2014; McAdamet al, 2016). Similar results were found in Arabidopsis whehe
decrease in water availability in roots did notushce the ABA accumulation in leaves
when leaf water turgor is maintained (Ikegastial, 2009). These results highlight a
primordial role of leaves in synthetizing ABA undaehydration but also confer them a
crucial role in sensing the adverse conditions as &lso previously suggested (Ikegami
al., 2009; Blum, 201B). This indicates that leaf turgor is a criticalg@eter in triggering
ABA accumulation in plants (Zeevaart and Creelnifi88). Furthermore, Christmarme

al. (2005) using transgenic plants expressing an ABARscible reporter gene, detected
that water stress applied to the root system obili@psis plants resulted in the increase of
ABA pools in the shoot but not in the root. In tesnse, an earlier work of Milborroet

al. (1973) demonstrated that detached roots are uriab$gnthetize large amounts of
ABA even after a substantial 30% decrease in tlwé water content. Thus, evidence
showed here demonstrated that leaves are not quiynary source of ABA for the roots,
but also that leaf-dehydration is needed for theuamlation of this phytohormone in both

leaves and roots.

Overall, data in this work demonstrate that undatewdeprivation ABA content increase
in leaves and then it is transported to roots &iasn high levels of ABA in this organ, in

accordance to previous work in herbaceous specgieeedlings such as Arabidopsis,
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maize and Lupinu(Wolf et al, 1990; Reret al, 2007; kegamiet al, 2009; Waadet al,
2014) However, resultpresented herdo not provide information whether this basip
transport responds tany signal (likely from rootswhich could be crucial for th
enhancement in the ABA transport. In this s, jasmonates could be involved
triggering the signal required to enhance the AB&Sipetal transport since a transi
increase injasmonoyl isoleucin(JA-lle), that was detected in ttin vitro experimen
(Chapter I, Fig. 4b), was previouslymonstatedto be a necesse step fo the increas
in ABA levelsin dehydrated citrus roo(De Ollaset al, 2013 and Arabidopsi(de Ollas
et al, 2015.

Figure 3. Proposed model ABA accumulation in plants subjected to water de

Based on the data presented in this work, a newehfod ABA accumulation, transpoil

and the control of water relations under dehydmai® presentedn Fig 3. Under this
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model, a drop in soil water availability leads toreduction in water uptake and
consequently in leaf water content. The reductionvater availability could take place
even without an increase of ABA in this tissue, elepng on the genotype and the
environmental condition (Achet al, 2010); however, once certain threshold is achieve
ABA is rapidly synthesized. ABA induces the stonhatiasure in leaves to avoid water
loss (McAdamet al, 2016) and additionally, it is loaded into the phloenddrasipetally
transported to roots. In this sense, it was dematest that ABA is synthetized in phloem
companion cells concomitantly with the increaseaof ATP-binding cassette (ABC)
transporter family iPArabidopsis thalian@ABCG25 (AtABCG25) expression in the same
cells. This ABA exporter show efflux activity fronmside to outside cells which is
required to secrete ABA from the site of biosynibés reach the target cells in different
tissues (Kuromoret al. 2014). Once in roots, ABA plays several relevamictions such
as modification of root architecture (Jung and Mga€lg 2013; Boursiaet al, 2013;
Harris, 2015) and root hydraulic conductivity (Thasonet al. 2007; Ruiz-Lozanet al.
2009) to increase water uptake (Aroet al, 2012). Once in roots, ABA could be
degraded to catabolic metabolites such as DPA en elumped into the xylem, where
ABA could be recirculated to aerial tissues (Hogkat al, 1972; Hoad, 1975; Wo#t al,
1990).
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1)

2)

3)

4)

5)

Conclusions

Leaves constitute a relevant source of ABA in eitplants under water stress
conditions. Basipetal ABA transport through thegam takes place in well-watered
plants but it is notably enhanced under dehydrattmisustain the long-term ABA
accumulation in roots. This belowground organ ishie to accumulate substantial
amounts of ABA during dehydration if basipetal spart from the canopy is

disrupted.

Leaves play a key role in sensing the water dediott triggering the ABA increase in
both leaves and roots. A drop of the leaf wategduris needed for root ABA
accumulation which only takes place after the AB®erin leaves. A decrease in root
water availability under dehydration is not sufici to induce ABA accumulation in

this belowground organ.

The mere presence @ff-carotenoids in roots is not sufficient to susttie root-
ABA accumulation under dehydration since detachedtsr with an increased
availability of g,3-carotenoids were unable to accumulate ABA, sugugeshat other

mechanisms are operating.

ABA catabolism and conjugation appears to be ine@lin the ABA homeostasis in
roots; catabolism is induced by dehydration irrefige of the ABA content in roots.
Accordingly, expression ofCsCYP707agene is induced under this condition.
However, no clear function of ABA-GE could be higiited despite the strong
changes observed in both metabolites and in theeegion of main genes controlling

their accumulation.

Other mechanisms apart from changes in gene expmeggerate in controlling ABA
accumulation in roots. Several genes involved irotesmoid and ABA biosynthesis
are modulated in response to dehydration in roatsthiese changes are not always
linked to the ABA accumulation. Genes suciCa®SY3aCPHCHX1, CsCHX2 and
CsNCED1 are substantially upregulated during water scaraithough no ABA
increase in roots is detected.
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