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“Everybody is a genius. But if you judge a fish by
its ability to climb a tree it will live its wholbfe

believing that is stupid”

Albert Einstein



Abstract

Abscisic acid (ABA) is a phytohormone universalbneerved in land plants which coordinates
several aspects of the plant response to watecitdefich as root architecture, seed dormancy and
regulation of stomatal closure. A mechanism of Afignal transduction has been proposed, involving
intracellular ABA receptors (PYR/PYL/RCARS) intetag with PP2Cs phosphatases and SnRK2
protein kinases regulating this tripartite proteystem. The goal of this study was to identify and
characterize for the first time the orthologs geokthis tripartite system iCoffea For this purpose,
protein sequences frolrabidopsis citrus, rice, grape, tomato and potato were ah@se query to
search orthologous genes in the Coffee Genome Hutp:/(coffee-genome.org/). Differential
expression in tissues as leaves, seeds, rootdamaddrgans was checked througisilico analysesln
Vivo gene expression analyses were also performed byHR in leaves and roots of drought-tolerant
(D" 14, 73 and 120) and drought-susceptiblg ZP) C. canephoraConilon clones submitted (or not) to
drought. The expression profiles of the tripartystemCcPYL-PP2GSnRK2genes were also analyzed
in leaves ofC. arabica(Ca) and C. canephoraCc) plants grown under hydroponic condition and
submitted to exogenous ABA treatment (500 uM). Tapproach allowed the identification and
characterization of 24 candidate genedP{d./RCARs6 PP2Csand 9SnRK2s in Cc genome. The
protein motifs identified in the predict coffee seqces enabled characterize these genes as family’s
members of PYL/RCARs receptors, PP2Cs phosphatas€sRK2 kinases of the ABA-dependent
response pathway. These families were functionatigotated in theCc genome.In vivo analyses
revealed that eight genes were up-regulated umdeght conditions in both leaves and roots tissues.
On the other hand;cPYL4was down-regulated under water deficit in botruissfor all clones. Among
them, three genes coding phosphatases were expriesak (D' and ) clones therefore suggesting
that they were activated as a general responseoge with drought stress. However, two other
phosphatase coding genes were up-regulated otiiygib’ clones, suggesting that they constitute key-
genes for drought tolerance in these clones. Theldhes also showed differential gene expression
profiles for five other genes thus reinforcing ttea that multiple biological mechanisms are inedlv
in drought tolerance ic. In response to exogenous ABA, 17 genes were exqatésdeaves o€cand
Caplants. Several genes were differentially expressede D clone 14 either in control condition or
after 24h with ABA treatment. Under control conalitj five genes were higher expressecCmas in
CaD" plants. The kinas€cSnRK2.6vas highlighted as a gene specifically expressebdCc plants
(D" and D) after 72h of ABA treatment. Overall, it was ohsst that ABA signaling pathway is delayed
in the P C. arabicaRubi. Those molecular evidences corroborated witlrascopies analyses which
showed that the Dclone 14 was more efficient to control the stomalasure than other coffee plants
in response to ABA treatment. All these evidencdshglp us to identify the genetic determinism of
drought tolerance through ABA pathway essentiablitain molecular markers that could be used in
coffee breeding programs.




Résumé de la thése en francgais

Introduction

Le genreCoffeg membre de la famille des rubiacées qui compréusige 124 espéces, constitue
une matiére premiére agricole parmi les plus éaem@u niveau du commerce mondial. Ce genre
comprend des espéces vivaces toutes originairesrdinent africain, que I'on rencontre aussi bien s
les hauts plateaux d’Ethiopie, dans les savanegahd ouest, les foréts tropicales et équatoridles
bassin du Congo, jusqu’a Madagascar et ses flesirmates (Mascareignes et Comores). Parmi toutes
les espéces de ce genre, seGleffea arabicaet C. canephorant une importance économique. La plus
cultivée estC. arabicaqui est aussi la connue et la plus appréciée lgafoeirnit une boisson de qualité,
riche en aromes et flaveurs avec des teneurs $imaitecaféineC. arabicaest une plante allotétraploide
(2n = 4 x = 44) issue d'une hybridation naturelkevenue il y a environ 1 million d’années entre les
deux espéces diploid€s canephoraet C. eugenioidesjui constituent ces deux génomes ancestraux.
En raison de son mode de reproduction par autagsation, cette espece est caractérisée par Wie fai
diversité génétique. A l'invers&. canephoraest une espece diploide (2n = 2 x = 22) alloganie qu
présente une forte variabilité génétique et la citpa s'adapter a différentes conditions climaggu
Le café issu de ses grains est par contre considénéne de qualité inférieure, car riche en caféine
en acides chlorogéniques, et essentiellement cociatieé sous la forme café lyophilisé utilisé dbass
boissons instantanées. Ces deux especes songesltians plus de 80 pays et recouvrent une surface
totale d’environ 11 millions d’hectares. Cetteéiitt caféicole emploie plusieurs millions de pergsnn
ce qui souligne son importance économique et sdahs les pays de la zone intertropicale ou les
caféiers sont cultivés. Parmi ceux-ci, le Brédillepremier pays producteur avec environ un tierfa
production mondiale (soit 45 millions de sacs dieg8(par an).

Comme de nombreuses grandes productions végéaleaféier est une plante sensible aux
changements climatiques, particulierement aux dpsade sécheresse et fortes températures. Ces
facteurs affectent ainsi le développement des gdaet leur floraison mais également leur production
en guantité (rendement) et en qualité (compositiochimique). Le dernier rapport du groupe d’expert
intergouvernemental sur I'évolution du climat (G-@entionne une augmentation des périodes de
sécheresse et des températures (de 2 a 3°C audesud®d prochaines années). Des études montrent
déja que ces changements modifieront la répartitiondiale des principales zones de production de
café, engendrant ainsi des problemes tant envientaux, qu’'économiques et sociaux. Dans ce
contexte, la création de nouvelles variétés deearaf@lus tolérantes a la sécheresse est devemee I
des priorités des institutions de recherche triardisur 'amélioration génétique de cette plante.

Au cours des deux derniéres décennies, plusieamggltolérants a la sécheress€deanephora
Conilon (population cultivée au Brésil), caractésipar leur vigueur et par leur capacité de praotuct
en condition de limitation en eau, ont été ideésifiCes clones ont fait I'objet de plusieurs étutkes

physiologie et de biologie moléculaire notammentr@malyser leurs réponses face stress hydrigse. Le



analyses réalisées au sein de notre groupe orit @nsis a identifier une quarantaine de géenes
candidats (GCs) potentiellement impliqués dans deerdhinisme génétique de la tolérance a la
sécheresse au sein cette espéce, et pour lesguptes$sion dans les feuilles augmente en conditéon
sécheresse notamment chez clones tolérants. Pasngemes, plusieurs sont connus pour coder des
protéines de régulation (facteurs de transcriptiertype DREB, NAC) essentielles dans les réponses
des plantes aux stress biotiques et abiotiquesx@ample en réponse a l'acide abscissique (ABA).
Plusieurs études de diversité génétique et d'aaalgsla régulation (promoteurs) de ces GCs (comme
par exempleCcDREB1D sont en actuellement cours au laboratoire. Elteg facilitées par la mise a
disposition récente du séquencage complet du gédef@ecanephora

Le travail présenté dans cette these consistefibeprae cette information pour étudier les génes
codant pour les protéines impliquées dans les presiétapes de perception et de transduction dal sig

ABA chez le caféier.

Le systéme «tripartite» de perception et de transdiion du signal ABA

L'’ABA est une phytohormone trés conservée au seinrahne végeétal, impliguée dans les
réponses des plantes aux stress abiotiques (notaminda sécheresse) mais également dans
l'architecture racinaire, la dormance des grainedaerégulation de la fermeture des stomates.
Récemment, un mécanisme de perception et de tretimtlde signal ABA a été proposé. Celui-ci fait
intervenir des récepteurs intracellulaires de ARKnommés PYR/PYL/RCARS), des phosphatases
(dénommeées PP2Cs) et des protéines kinases (démsn8n&K?2), 'ensemble constituant un systéme
tripartite de protéines. Dans ce systeme, les ipegéSnRK2 sont donc les régulateurs «positifsssalo
que les phosphatases PP2Cs sont des régulategegitase

Le modéle actuel de transduction du signal ABA énsi étre décrit de la maniere suivante:
* en absence d’ABA, les récepteurs intracellulairéRPYL/RCAR sont libres et inactifs, alors que
les protéines kinases SnRK2 sont inactivées patidix des phosphatases PP2Cs qui, en les
déphosphorylant, inhibe leur activité.
* enprésence d'ABA, I'ABA se lie aux récepteurs PRFRL/RCAR ce qui engendre leur changement
de conformation et augmente leur affinité aux phatgses PP2Cs qui ne sont plus liées aux kinases

SnRK2. Sous leur forme libre et phosphorylée, irades sont alors actives.

Obijectifs de ce travalil

Cette thése consiste donc a identifier et caraetélés genes orthologues de ce systéme tripartite
chezC. canephoraCe travail, qui est le premier a utiliser les s du séquencage du génome complet
de cette plante pour analyser plusieurs familleg@lges, vise notamment a répondre aux questions

scientifiques suivantes:



+ combien de génes composent le systeme ttgpaPtYR/PYL/RCAR-SnRK2-PP2€hez C.
canephor&
e comment ces génes sont-ils organisés au sein dungéte cette espece?
» ces genes sont-ils exprimés de la méme maniere dans
o les différents tissus et organes@ecanephoraet deC. arabic&
o0 lesracines et les feuilles des clones tolérargertibles a la sécheresseCdeanephora

» ces genes sont-ils directement régulés par lABA?

Ainsi, les principaux objectifs de ce travail étdie

1. d'identifier les génes d&. canephora&odant pour chacune des protéines du systemerttapa
de perception de I'ABA,

2. de caractériser ces genes en comparant leur sewettleurs familles par rapport a ceux déja
connus dans plusieurs plantes modéles,

3. d'identifier les genes fonctionnels du systémeattife PYR/PYL/RCAR-SNnRK2-PP2C d&
canephoraen étudiant leur expression dans les feuillessatdeines,

4. détudier I'expression des génes fonctionnels dassnémes tissus chez des clones tolérants et
sensibles a la sécheresseCdeanephoraultivés en serre en condition de stress hydrique,

5. de comparer les profils d’expression obteimugivo a ceux obtenum silico pour cette méme
espece,
6. d’'étudier les effets d'un apport exogene d’ABA Bexpression de ces genes dans les feuilles de

plantules de&C. canephora etle C. arabicacultivées en hydroponie.

Principaux résultats

Identification des genesPYR/PYL/RCAR-SnRK2-PP2C du systéeme tripartite chezC. canephora

Les données génomiques de plantes modeles ortlisies pour initier les études de génomique
comparative et de génomique fonctionnelle des gded3. canephoracodant pour les protéines du
systeme tripartite PYR/PYL/RCAR-SnRK2-PP2C. Aileg séquences de ces protéines préalablement
identifiees cheZArabidopsis thalianamais également chez I'orang€itfus sinensis le riz asiatique
(Oryza sativy, la vigne Vitis viniferg, la tomate $olanum lycopersicumet la pomme de terre
(Solanum tuberosunent servi de séquences de référence pour redrdeshséquences orthologues de
C. canephora(http://coffee-genome.org/). Ces analyses, menees & programme BLASTP, ont
permis d'identifier 24 genes candidats répartisroensuit :

- 9 codant pour les protéines PYR/PYL/RCAR,

- 6 codant pour les phosphatases de type PP2C et,

- 9 codant pour les kinases de type SnRK2s.



Cette classification a été réalisée en utilisastnietifs protéiques spécifiques de chacune de ces
familles identifiés dans les protéines putativeduités des genes @ canephora
L'expression de ces génes a ensuite été analysd€TpaPCR dans les feuilles et les racines
des clones tolérants {D14, 73 et 120) et sensible ¥D22) deC. canephoraConilon cultivés en
condition d’irrigation (contréle non stressé) oudition de sécheresse aprés (suspension de Iltioiga
apres les plantes aient atteint un potentiel deemueau des feuille¥fq: pre-dawn leaf water potentigal
de -3,0 MPa.

Analyses phylogénétiques et profils d’expression des génes
* Famille des géneRYR/PYL/RCAR
Concernant cette famille, neuf protéines ont éétifiées dans le génome @e canephoraCe

nombre est similaire aux protéines PYL identifiékezC. sinensi®t V. vinifera mais est inférieur aux
protéines PYL présentes chez Arabidopsis, la toreatie riz. Les analyses phylogénétiques et de
structure des gén&y'LdeC. canephorant monté la présence de duplications, comme IBests pour
les gene<LcPYL7(génes dupliqué€cPYL7aet CcPYL7H et CcPYL8(génes dupliqué€cPYL8aet
CcPYL8D. Les géne<CcPYL7aet CcPYL7bsont tous les deux localisés sur le chromosomeiO qu
correspond a un pseudo-chromosome formé par leagerdrbitraire de séquences génomiques non
encore apparentées aux onze autres chromoson@scdaephoraContrairement aux genes dupliqués
CcPYL8aet CcPYL8h les analyses d'expression par qPCR ont montrélegiggénesCcPYL7aet
CcPYL7bne s’exprimaient pas dans les feuilles et les eagiaussi bien clones tolérants ou sensibles a
la sécheresse, et ceci quel que soient leurs aomglile culture. Ces résultats sont en accord lagec
analyses d'expressian silico déduites a partir la base de données du génomeafée @ependant,
commeCcPYL7aet CcPYL7bs’expriment durant le développement des grain€.darabica(données
non présentées), on peut en conclure que ces depkgués sont fonctionnels et proposer gu'ils jaue
de fonctions différentes puisqu’ils sont régulé&demment dans les tissus @ecanephora

Nos travaux ont montré que les génes paraloGuey L8aet CcPYL8bprésentaient des profils
d’expression différents dans les racines des cl@hesanephoral’expression du gén€cPYL8b
augmentant en condition de sécheresse notammentashelones tolérants 73 et 120 alors que celle du
géne CcPYL8aétait peut affectée. Ces différences d’expressimineeces deux genes pourraient
s’expliquer par la présence d'un intron de 316phsda région 5° UTR du genécPYL8aou de
séquences retrotransposons de tygaadont des régions LTR$ofg terminal repeajssont trouvées
par exemple dans le promoteur de ce géne. Cetevaiti®on renforcerait le réle déja rapporté dans la
littérature, que pourraient jouer les élémentsspasables dans la régulation de I'expression dessge
de caféiers soumis a des périodes de sécheresse.

Les analyses d’expression ont également montréartes activation du gen€cPYL9par la

sécheresse dans les feuilles et les racines desscld 14 et 73 deC. canephoraA l'inverse, les



conditions de sécheresse répriment fortement l&sgion du gén€cPYL4dans ces deux organes et

guelques soient les clones.

* Famille des geneB3P2C
C. canephoraposséde six protéines de type phosphatasesPB2E similaires a celles
présentent chez I&olanaceaeomme CcABI1, CcABI2, CcHAB et CcHAI similaires apxotéines
de la pomme de terre alors que CcABI2, CCAHG3 &tAR sont plus proches des protéines de tomate.
Nos résultats montrent trés clairement une augrientde I'expression des gen€sABI2
CcAHG3et CcHAIl en condition de sécheresse dans les feuilles etdawes des clones Bt D° clones
de C. canephorala sécheresse induit également I'expression éesesCcAHG2 et CcHAB mais
seulement dans les feuilles des clones tolérahts4D73 et 120. Concernant le géDeAHG2 il est
intéressant de noter que celui-ci ne s’exprime dpres les feuilles des clones tolérants mais pas dan
les racines. Au sein des clones tolérants, onégakement le comportement singulier du clone 120 po
lequel I'expression racinaire des ger@sABI1 CcABI2 et CcCAHG3 augmente spécifiquement en
condition de sécheresse. Enfin, d’'un point de wuanttatif, CcCHAI est le géne le plus fortement

surexprimé en condition de sécheresse dans lde$eei dans les racines.

» Famille des génes SnRK2

Neuf protéines kinase de type SnRK2 ont été idémsfC. canephora Parmi celles-ci, les
protéines déduites des génesSnRK2.12and CcSnRK2.13ont considérées comme incomplétes et
n’'ont pas été étudiées plus en détail. Par congmaraivec les autres gerisRK2végétaux, les autres
genes d&. canephorae divisent en trois sous-groupes qui se difféegmi@n fonction de leur réponse
vis-a-vis de I'ABA. Ainsi,CcSnRK2.Jlet CcSnRK2.1@onstituent le sous-groupe | des geBefRRK2
non activés par 'ABA. Les gen€xSnRK2. &t CcSnRK2.&ppartiennent quant a eux au sous-groupe
Il des génes faiblement activés par 'ABA. Enfig, dous-groupe Il est composé @eSnRK2.2et
CcSnRK2.6qui sont fortement activés par 'ABA. De maniérg¢émessante, le géne de caféier
CcSnRK2.1he présente aucune homologie avec les génes geautes sous-groupes.

Dans les feuilles, le ger@ecSnRK2.2st le seul qui présente une augmentation sigtiifecde
son expression en condition de sécheresse powtdess tolérants (D 14 et 73. Dans les racines,
I'expression de ce gene augmente également enticonde sécheresse cette fois-ci chez les trorgeslo
tolérants mais pas chez le clone sensibf 2. On note a nouveau le comportement singulieriahe
120 qui présente une augmentation significativecendition de stress de I'expression des génes
CcSnRK2.2 CcSnRK2.6et CcSnRK2.7 A linverse, la sécheresse diminue I'expressian g&ne
CcSnRK2.1@ans les racines des clones tolérants 14 et 12)paaidans celles des clones 73 et 22. On
note par ailleurs que le ge@eSnRK2.1F exprime dans les feuilles mais pas dans lese&acinfin,
aucune expression des géer@sSnRK2.1CcSnRK2.12t CcSnRK2.13'a été observée avec les



amorces utilisées lors des expériences de PCRitgtiaetdans les feuilles et les racines, ceci ques

soient les clones et leurs conditions de culture.

Effets de 'ABA exogene sur I'expression des geneli systeme tripartite PYR/PYL/RCAR-
SnRK2-PP2C

Afin d’analyser les effets de I'ABA sur I'expressides genes du systeme tripartite caractérisés
chezC. canephorades jeunes plantes @ arabica(plantules agées de 3 mois issues de graines des
cultivars IAPAR59 and Rubi, respectivement congidécomme tolérant et sensible & la sécheresse
[Moffato et al, 2016]) et deC. canephordboutures agées de 6 mois des clones précédempwiisd
ont été cultivées en hydroponie (Hoagland) et ssesna un traitement exogene ABA (500 uM). Les
études d’expression ont été réalisées dans lellefedie ces plantes prélevées apres 24 et 72h de
traitement ABA. Parmi les 24 génes testéPYls 6 PP2Cset 9SnRK2¥ 17 d’entre eux s’expriment
dans les feuilles d€. canephoraet de C. arabica Plusieurs présentent des profils d’expression
différents entre les deux especes de caféier,drstgpes de ces espéces et les temps d’exposition a
'ABA.

Aprés 24h d’exposition, on observe par exempletigseforte augmentation de I'expression des
genesCcPYR1CcPYL8hHCcSnRK2. 2t CcSNRK2.1kt une nette diminution de I'expression des génes
CcAHG2chez le clone tolérant 14 @ canephorasuggérant ainsi une activation (mode « on »Yepi
du systeme tripartite chez le clone 14 en réporspglication d’ABA. A l'inverse, aucune variation
d’expression n'est observé pour ces mémes genepense a ABA (24h et 72h) chez le clone 22, ce
qui semble traduire son incapacité a néo-synthliétiesenouveaux récepteurs ABA et les protéines
kinases SnRK2 (régulateurs « positifs » du syst@&ipartite). Ces résultats semblent en accord avec
ceux des analyses de microscopie qui montrent miméte plus efficace la fermeture des stomates chez
le clone 14 que chez le clone 22C@ecanephora

Globalement, les profils d’expression des gdPgR1 PYL8h SnRK2.7et SnRK2.7semblent
également montrer que les clonesdeanephoraépondent a I’ABA plus rapidement que les cultivars
de C. arabica Par ailleurs, méme si le géR&L8ane semble pas jouer un rdle prépondérant dans la
réponse des clones d& canephoraa la sécheresse (cf. Chapitre 1), on note dBearabicaune
expression plus précoce de ce géne dans les fedilléAPAR59 que dans celle du Rubi. Par contre,
aucun de ces cultivars n'exprime le géBeRK2.6pour lequel I'expression est détectée cliez
canephora Ce résultat met en évidence la nécessité de tdste I'espec€. arabica I'expression de

ces geénes par qPCR avec des amorces spécifiqobaden de ses sous-génomes.

Discussion
Chez les plantes supérieures, 'ABA augmente eon®p a la sécheresse aussi bien dans les

racines que dans les feuilles dans lesquelles Uastités d’ABA traduisent un équilibre entre la



biosynthése et la dégradation de cette hormones, dégiendent aussi de sa localisation (séquesdration
cellulaire et de son transport. Les résultats ptésedans ce travail montrent que seul le cloréent

120 présente une augmentation significative deukntité d’ABA dans ses feuilles en réponse a la
sécheresse. Par ailleurs, et quel que soit leggldeC. canephoraaucune différence significative des
teneurs en ABA n’est observée dans les racineection des conditions de stress. Ces résultats
suggérent que les phénotypes de tolérance et déitigh a la sécheresse des clones étudié€.de
canephorane sont probablement pas dus a des altératiores \d@d de biosynthese et de dégradation
de 'ABA, mais pourraient plutét provenir d'altéi@s des mécanismes de perception et de transductio
de ce signal hormonal.

Des études antérieures publiées au sein de nbweataire (Marraccinget al, 2012; Vieiraet
al., 2013) ont montré que le clone tolérant 73 présenn rapport significativement plus élevé du taux
transport des électrons/taux assimilation nette Q& (ETR/A : electron transport rate/CO2
assimilation rat¢ en condition de sécheresse ratio que les aumasstolérants (D14 et 120). Ceci
suggeére I'existence au sein du clone 73 de mécarispécifiques lui permettant de protéger son
appareil photosynthétique contre la photoinhibiti@m exemple en réduisant la formation des dérivés
réactifs de I'oxygéne (ROS, en anglais paactive oxygen specjesCe clone présente d’ailleurs en
condition de sécheresse une augmentation de I'ssiprede plusieurs genes (par exem@taAPX1
CcPDH1 et CcNSH) codant pour des protéines impliquées dans legermgs antioxydants et
d’osmoprotection. La surexpression observée danfelélles de ce clone en condition de sécheresse
des géneSnRK2.2SnRK2.7et SnRK2.&ourrait favoriser I'activation de ces voies detpetion et de
détoxification.

Un autre résultat intéressant concerne le @eRHG2(ABA-hypersensitive germinatipde la
famille des phosphatases PP2C, pour lequel l'egfmesaugmente en condition de sécheresse
spécifiqguement dans les feuilles des clones tdigrdtéme si ce géne n'a pas d’orthologue chAez
thaliana et n'a pas de fonctions connues, il pourrait éttéressant de poursuivre son étude (cf.
Conclusion générale).

D’autres travaux ont aussi montré que le clonett#dant a la sécheresse possédait un systeme
racinaire plus profond qui pourrait lui permettne meilleur accés a I'eau du sol et par conséquent
expliquer (en partie) son phénotype (Pinheiral, 2005). Les résultats d’expression présentés cians
travail montrent que le clone 120 se distinguedfgisement des autres en surexprimant dans segsac
en condition de stress notamment le g&uwPYL8H mais aussi les genes des kina€eSnRK2.2
CcSnRK2.qactivés par 'ABA) etCcSnRK2.7ainsi que les genes des phosphatases RR2BI],
CcABI2et CcAHG3 Ces résultats suggerent que le systéme racjoaieeun réle clé dans la réponse a
la sécheresse dans ce clone qui fait probablenirectement intervenir ’ABA au moins pour le clone
120.



Conclusion générale et perspectives

Les résultats présentés dans ce travail sont égsi@rs a utiliser les données de séquencgage du
génome complet dé. canephoraécemment publiées pour analyser plusieurs fantkegenes, comme
ceux codant pour les protéines du systéme « titpartPYR/PYL/RCAR-SNRK2-PP2C de perception
et de transduction du signal ABA. Par comparais@t ¢ées études similaires déja réalisées sur cessge
dans d’autres especes, nos résultats montrentigpguemiére fois I'existence de duplication de gene
PYL, notamment dE€cPYLS.

Les analyses d’expression ont permis de confirmefanctionnalité de la plupart d ces génes
dans les feuilles et dans les racines. Comme pitgsieavaux montrent également I'importance des
genes du systéme « tripartite » au cours de laratatn des fruits, des études d’expression plus
approfondies devront étre réalisées pour analiesquression de ces génes au cours du développement
du grain de caféier.

Méme si nos résultats ne semblent pas montrerfifgatices importantes entre les clones des
guantités d’ABA, il pourrait étre intéressant d’'ser ses quantités a différents temps durant
I'établissement du stress. En effet, les quantifica d’ABA réalisées chez les plantes présentaat u
valeur de?,q de -3,0 MPa en condition de stress (soit apresi§ joe suspension de lirrigation pour le
clone sensible 22, et entre 12 et 15 jours poultewes tolérants, Marracciet al, 2011), ne permettent
pas de savoir si des variations de teneur en ABAorieu dans les feuilles et les racines précecem
aprés l'application du stress. Afin de vérifier daemétabolisme de 'ABA n’est pas altéré au sein d
différents clones d€. canephorail serait aussi intéressant de tester I'expresdiEs géene€cNCED3
et CcCYP707ALrespectivement impliqués dans la synthése eédmadation de cette phytohormone.
Ce travail est d'ailleurs en cours au laboratd@edtaet al, manuscrit en préparation).

Les résultats présentés dans ce travail confirmemt précédemment obtenus (Viegtal,
2013) qui montrent qu’il n'existe pas un mais phuss mecanismes impliqués responsables de la
tolérance a la sécheresse cliezzanephoraEn dépit de ce constat, il serait toutefois edéant de
rechercher les polymorphismes nucléotidiques (SNdPsgle-nucleotide polymorphiset INDELS :
INsertion/DELetio au sein des génes identifiés dans ce travailepample dans les génomes des
clones tolérants (14, 73 et 120) et (22) sensibe€. canephorapuisque ceux-ci sont maintenant
séquenceés (A.C. Andrade, communication personnélle3 recherches pourraient étre menées aussi
bien dans les séquences codantes, afin de salesr@iotéines du systeme « tripartite » sont néesf
au sein des clones tolérants et sensibles a |lzreSse utilisés lors de ce travail, qu'au seinedes!
séquences de régulation (promoteurs), afin de savtas différences d’expression observées easre |
clones peuvent s’expliquer par I'existence de nmtatdans ces séquences, comme cela a récemment
été observé pour le ge@eDREB1Dde C. canephordAlveset al, 2017).

Enfin, 'expression des génes dont les profils gdression particuliers ont été mis en évidence

lors de ce travail (comme par exem@lRAHG2et CcSnRK2.R, pourrait étre testée dans d’autres clones



tolérants et sensibles a la sécheresse danephorgCarneiroet al, 2015) afin de savoir si leurs profils
d’expression sont conserves. Si tel devait étiate on pourrait alors envisager de les utilisenrne
marqueurs moléculaires qui qui pourraient étrésétis dans les programmes de sélection des caféiers
pour la création de nouvelles variétés plus toléaa la sécheresse.
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Preface

The Coffeagenus belongs tBubiaceaamily and contains more than 124 species (Dewa,
2006, 2011) that represents a major agriculturatmodity in world trade (ICO, 2016). This genus
comprises perennial species, all native to Madagagdrica, the Mascarene Island and the Comoros
Island. Among all specie€.. arabicaandC. canephorare the two economically important species. As
provider of a higher quality bevera@e arabicais the most cultivated specie (Poneegl, 2007).C.
arabica is an allotetraploid (2n = 4x = 44) that was orggad 1 million years from the natural
hybridization of two ancestral diploid genome&s, canephoraand C. eugenioidegLashermeset al,
1999). Due to the self-pollination of the flowellse species is characterized by a low genetic sityer
(Hatanakeet al, 1999). Converseli;. canephoras a diploid species (2n = 2x = 22), it has highajie
variability and ability to adapt to various clin@tionditions (Bertrandt al, 2003). However, produces
a lower quality coffee, more suitable for the pretitin of instant coffee (Hatanakaal, 1999).

Currently, the annual world production is aroun@8.B4million bags (60 Kg) coffee beans (ICO,
2016), being Brazil the largest producer (30,2%9wkdays, drought and unfavorable temperatures are
the major climatic limitations for coffee produgatian some marginal regions with no irrigation eaff
yields may decrease as much as 80% in very drg\{@amatta & Ramalho, 2006). As a consequence
of global warming, coffee-growing geographical g could also suffer delocalization (Assddal,
2004). Variatiations in rainfall and temperaturecainfluences biochemical composition of beans
(Mazzafera, 2007) affecting directly the final ayyality. There is genetic variability within ti@offea
genus that could be used to increase drought tmerand generate coffee varieties better adapted to
climatic variations which has been turned into oh¢he priorities of many coffee research instute
(Marraccini et al, 2012). Elucidate the genetic and molecular meshas of drought tolerance is
essential to identificate molecular markers thatla¢de used to speed up coffee breeding programmes
(Leroyet al, 2011).

Abscisic Acid (ABA), discovered in the 1960s (Ohlauet al, 1963; Cornforttet al, 1965) is
a vital plant hormone synthesized in roots anddegZhang & Davies, 1989; Thompsenal, 2007)
which act as central regulator that protects plagesnst abiotic stresses such drought (Wasilewska
al., 2008; Sooret al, 2012). ABA can accumulate up to 10 to 30-folcplants under drought stress
relative to unstressed conditions (Leuegal, 2012). ABA has been characterized as important
endogenous small molecule that mediates stresengisp gene expression, stomatal closure, and
vegetative growth modulation (Rodriguez-Gaetaal, 2009). A great deal of effort has been focused
on elucidating the molecular mechanisms underlyiBf\ sensing and signalling over the past few
decades (Umezawat al, 2010). Recently, two independent research gradipsovered novel
intracelular ABA receptors, PYL/RCARs, that arediwed in ABA sensing and signaling via their
direct interaction with clade A PP2CsAmabidopsis thaliangMa et al, 2009; Parlet al, 2009). With



the looming prospect of global water crisis, theseent laudable success in deciphering the eapsst
in the signal transduction of the “stress hormoABA has ignited hopes that crops can be engineered
with the capacity to maintain productivity whilegrering less water input (Leured al, 2012).

The core of the ABA signaling network comprisesiafamily of type 2C proteins phosphatases
(PP2Cs) and three Snfl-related kinases, SnRK232ard 2.6 (Umezawet al, 2009; Fujiiet al, 2009)
whose activities are controlled by ABA. The curr@&lA signal transduction model can be described
as follow: In the absence of ABA, SnRK2 kinasesineetivated by PP2Cs which physically interact
with SnRK2 and dephosphorylate a serine residuthénkinase activation loop, a phosphorylation
essential for kinase activity (Belirt al, 2006). ABA binds to the ABA receptors family
PYR/PYL/RCAR allowing the bounds of the receptonsl ahe catalytic site of PP2Cs to inhibit their
enzymatic activity. In turn, ABA-induced inhibitioof PP2Cs leads to SnRK2 activation by activation
loop autophosphorylation (Boudsoetal, 2007; Sooret al, 2012).

In the last years, great efforts have been impléaaeim genomics to attempt to understand the
genetic determinism of tolerance to environmentadsses, biotic and abiotic, especially in species
models (Umezawat al, 2006; Ashraf, 2010). The same applies to the obseffee on which the recent
progress in genome sequencing resulted in thousdrElST sequences (Let al, 2005; Poncegt al,
2006; Vieiraet al, 2006; Mondegcet al, 2011), for the construction of genetic maps (befe-
Pautignyet al, 2010; Leroyet al, 2011), improvement of genetic transformation teghes (Ribast
al., 2011) and complete genome sequencing of coffee KBchkoet al, 2010). These scientific
advances have paved the way for studies of getetszminism and molecular drought tolerance in this

plant.
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1 Review of Related Literature

1.1 International market

Coffee is the most widely traded tropical agrictdticommodity in the world, cultivated around
11 million hectares (ha) in over 80 countries frafrica, Asia, and the Americas. Small stakeholders
account for approximately 70% of world coffee preiiion and coffee trade has economic relevance as
source of employment for millions of people worldei

In 2015/16, the annual world production was arol#d.3 million bags of coffee beans (ICO
2016). The coffee trade statistic showed an inere&®,7% in global coffee production in 2015/16ycr
year compared to 2014/15. Estimated increase agloroduction of Robusta coffee represented 1.7%
in 2015/2016 while no changes were estimated ibajlproduction of Arabica coffees in 2015/2016.
Over the last four years, Robusta worldwide prdduocincreased from 39% to 42,15% as Arabica
production decreased in 3,15% (Figure 1).
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Figure 1 Coffee trade statistic for the last foeans of crop production.
Source: ICO, 2016.

Brazil is the major coffee world producer for meian a century and currently responsible for
a third of global production (30,2%), followed byietham (19,2%), Colombia (9,42%), Indonesia
(8,59%) and Ethiopia (4,67%) (ICO, 2016). Altogethtbese exporting countries contributed around
72% of coffee world production in the 2015/2016cyear (Table 1).
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Table 1 Total coffee production by all exportingiotries (in thousands 60 Kg bags) for the lastgip years.

Crop year 2010/11 2011/12 2012/13 2013/14 2014/15 2015/16
Brazil (A/R) 48.095 43.484 50.826 49.152 45.639 233.
Vietnam (R/A)  20.000 26.500 23.402 27.610 26.500 27.500
Colombia (R/A) 8.523 7.652 9.927 12.124 13.333 acs.5
Indonesia (R/A) 9.129 10.644 11.519 11.265 11418 2317
Ethiopia (A) 7.500 6.798 6.233 6.527 6.625 6.700
TOTAL 134.246 140.617 144.960 146.506 142.278 143.306

Source: ICO, 2016.

In 2016 crop year, Brazilian coffee yield is prdget at 49,6 million bags and the total area
planted is around 1.942,1 thousand ha (CONAB, 2Mbjas Gerais (MG) is the major coffee producer
state with 28,5 million bags (57,46%) in which Aibspecies represented 67,35% of total coffee area
planted in Brazil. On the other hand, Espirito 8gS) is the second producer state with 9,5 millio
bags (19,15%) mainly planted with Robusta (CONARLS).

Arabica trees are forecast to produce 38 milliogsba 2015/2016 crop year, up 3.8 million
bags compared to the previous season. On thelwdhel; Robusta production in 2015/16 is expected to
decrease to 14.4 million bags, down 2.6 milliono&@m the previous crop year, especially due to
lower agricultural yields in Espirito Santo as aule of a prolonged dry spell and above average
temperatures during the summer months. In addii@pjrito Santo has also faced shortage of water
resources, limiting the use of irrigation in coffpantations which are fairly common in that state
(GAIN, 2016). Coffee is also growing in other Bl states like Sdo Paulo (10%), Bahia (7,6%),
Parana (2,18%), Rondbnia (4,44%) and Goias (6, C3ONAB, 2015).

The benefits of coffee consumption are being peeckiby consumers and the demand is
currently rising. Several epidemiological studiaggest that moderate coffee consumption (3-4
cups/day) may prevent several chronic diseasesd@dignd Frei, 2006) such as diabetes (including
type 2 diabetes mellitus) (van Dam and Feskens2;208rlsson, 2004), cardiovascular (coronary heart
disease, congestive heart failure, arrhythmiaskKé@fe et al, 2013), chronic liver ilinesses (cirrhosis
and hepatocellular carcinoma) (Galles al, 2002) and neurodegenerative (Parkinson's, Alzé®im
(Lindsayet al, 2002; van Geldest al, 2007; Campdelacreu, 2014) ones.

The first bitter mouthful in the morning which gs/energy to the planet daily is coffee, one of
the most consumed beverages in the world with rtiae 2.25 billion cups consumed every day. The
global coffee consumption was estimated to 14918omibags (60kg of green beans) in 2014 (ICO,
2016). Since 2011, coffee consumption averagedamnawth rate of 2.3% (Figure 2).
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Figure 2 Global coffee consumption. During lastrg¢he demand increase in many countries inclugaultional
markets, exporting counties and emerging markets.
Source: ICO, 2016.

During the last few years, the demand increasedany countries, particularly in traditional
markets (Canada, European Union [EU], Japan, Ngr&eytzerland, USA and others), but was also
sustained by emerging markets (Algeria, Austratiassia, South Korea, Turkey, Ukraine, others) and
exporting countries (e.g. Brazil) (ICO 2016). Aaiobf 112.372 thousand bags was imported in 2016,
USA being the first in the rank of importing couesrwith 27.016 thousand of bags (24%). On therothe
hand, EU imported 72.246 thousand bags (64,2%)ngrtttem Germany (18,8%), Italy (7,86%) and
France (5,97%) stands out as coffee importers nliapaoser to Italy with 7,46% of world importat®
(ICO, 2016).

Currently, the total domestic consumption by alb@ting countries is 47.633 thousand bags
(Table 2). Besides Brazil being the main produitedso leads consumption among exporting countries
(42.9%) followed by Indonesia (9,36%) and Ethiofra73%) (Table 2). On the other hand, the
European Union stands out (39,82%) the rankingoosamption among importing countries, USA
(23,37%) and Japan (7,36%) are in the second #adatbsition, respectively (Table 2).
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Table 2 World coffee consumption (in thousand 6@igs) for the last four calendar years.

Calendar year 2012 AONRS 2014 2015
Exporting countries 44.711 455,222 46.649 47.633
Brazil 20.178 20.146 20.271 20.458
Indonesia 3.842 4.100 4.292 4.458
Ethiopia 3.387 3.463 3.656 3.681

Importing countries 98.719 102.289 103.740 104.572
European Union 41.018 41.875 42.215 41.638

USA 22.232 23.417 23.767 24441
Japan 7.131 7.435 7.494 7.695
TOTAL 143.430 147.811 150.389 152.204

Source: ICO, 2016.

To attend the increasing world consumption of aaffé is necessary to overcome some
challenges in production. Nowadays, drought anti kégnperatures are the major climatic limitations
for world coffee production (DaMatta and Ramalh00&). These abiotic stresses are expected to
become increasingly important in several coffeevirg regions due to the recognized changes in globa
climate and also because coffee cultivation hasasptowards marginal lands, where water shortage

and unfavorable temperatures constitute major caings to coffee yield.

1.2 Global Climate Change: impacts in coffee production

1.2.1 Impacts in coffee areas

Global climate change is becoming more unpredietabd abiotic stresses are the major cause
of decreasing the average yield of principal crppcges (Hazarikat al, 2013). Climate changes is
occurring at rates never experienced before by modgriculture, with temperatures planned to
increase of 2-3°C over the next 40 years (Hatfi@@fl3). This will affect all not only growth and
development of plants, but also the quality of th@bducts. When evaluating the effects of climate
changes on plants, it is important to include tivectl effects of perennial plants because adaptatio

strategies for these production systems are manplex than in annual crops.
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)LIXUH 3 7KH WRS SDQHO VKRZV JOREDO-PHDQ WHPSHUDWXL.DQRPDOLHVY IRU WKH FXUUHQW\HDU VR IDU (EODFN). 7K UHG OLQHV
VKRZ WKH PRQWKO\ WHPSHUDWXUH DQRPDOLHV IRU WKH 3 ZDPHVW \HDUV. 7KH EOXH OLQH QHDU WKH WRS VKRZV WKH
UHFRUG KLJKIRUHDFK LQGLYLGXDO PRQWK SULRU WR WKHFXUUHQW \HDU. 7KH ERWWRP JUDSK VKRZV VHULHV DQG 12-
PRQWK UXQQLQJ PHDQV YDOXHV \HDUO\ JOREDO WHPSHUDWUJUDSKV DQRPDO\ WLPH VHULHV 1850-2010.

6RXUFH: DYDLODEOH DWKWWSV://[FUXGDWD.XHD.DF XN/aWLPR/GLDJ/WHPSGLDJ.KWERRULFHHW DO, 2012).

$V D FRQVHTXHQFH RI JOREDO ZDUPLQJ, FRIIHH-JURZL@HRJIUDSKLFDO UHJLRQV FRXOG DOVR VXIIHU
LPSRUWDQW JHRJUDSKLFDO GHORFDOL]DWLRQ ($VVDEW DO, 2004). ,Q PDUILQDO UHJILRQV ZLWKRXW LUULIDWLRQ RU
GXULQJ GU\ VHDVRQV, WKLV FRXOG OHG LQ GHFUHDVLQJ FRHH \LHOGV DV PXFK DV 80% (‘DODWWD & 5DPDOKR,
2006). $QDOVLQJ WKH HIHFWV RI UHFHQW FOLPDWH FKDEH E\ HWUDSRODWLQJ WKH KLVWRULFDO WHQGHQFLHV LQ
WHPSHUDWXUH DQG SUHFLSLWDWLRQ WR 2020 LQ FRIIHH SWBXFLQJ DUHDV LQ 9HUDFUX], OH[LFR, WKH DQDO\LY
SUHGLFW WKDW FRIIHH SURGXFWLRQ LV OLNHO\ WR GHFOLQHDERXW 34%. 7KH VXLWDELOLWA IRU FRIIHH FURSV LQ &RWD
5LFD, 1LFDUDJXD DQG (O 6DOYDGRU ZLOO EH UHGXFHG PRUH WKDQ 40% (*OHQHW DO, 2014) ZKLOH WKH ORVV
RIFOLPDWLF QLFKHVLQ &RORPELD ZLOO IRUFH WKH PLJUD/LRQ RIFRIIHH FURSV WRZDUGV KLIKHU DOWLWXGHV E\PG-
FHQWXU\ (5DPLUH]-9LOOHJDVHW DO, 2012).

,Q %UDJLO, LW LV H[SHFWHG WKDW FRIIHH DUHDV ZLOO PUUDWH WRZDUGV PRUH IDYRUDEOH JRQHV LQ WKH 6RXWK
RI FRXQWU\ XQGHU IXWXUH FOLPDWH FKDQJH ($VVDGHW DO, 2004). 6RPH VWXGLHV KDYH PDSSHG WKH FKDQJHV LQ
DUHD VXLWDEOH IRU FRIIHH SURGXFWLRQ LQ WKH IRXU PDRQ FRIIHH SURGXFLQJ VWDWHV DV D FRQVHTXHQFH IRU JOREQ
ZDUPLQJ ($VVDGHW DO, 2004; 3LQWRHW DO.2007). $FFRUGLQJ WR WKH ODVW UHSRUW RI WKH ,QWHUJRIUQPHQWDO
3DQHO RQ &OLPDWH &KDQJH (,3&&, 2014), DQ LQFUHDVH R3 & LQ WHPSHUDWXUH ZRXOG OHDG WR PDMRU FKDQJHV
LQ WKH GLVWULEXWLRQ RI FRIIHH SURGXFLQJJRQHV. ,Q WH PDLQ FRIIHH SURGXFLQJ VWDWHV RI 0LQDV *HUDLV DQG
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6mR 3DXOR, WKH SRWHQWLDO DUHD IRU SURGXFWLRQ ZRXOGHFOLQH IURP 70-75% RI WKH VWDWHV WR 20-25%, ZKLOH
FRIIHH DUHD ZRXOG EH UHGXFHG E\ 10% LQ 3DUDQi DQGURGXFWLRQ ZRXOG EH HOLPLQDWHG LQ *RLDV VWDWH
()LIXUH 4). 7KH QHZ DUHDV VXLWDEOH IRU FRIIHH SURGXWLRQ WKDW FRXOG HPHUJH LQ 6DQWD &DWDULQD DQG 5LR
*UDQGH GR 6X0 ZLOO RQO\ SDUWLDOO\ FRPSHQVDWH WKH QR RI DUHD LQ RWKHU VWDWHV (3LQWR & $VVDG, 2008).

A
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JLIXUH 4 &XUUHQW FRIIHH JRQLQJ IRU OLQDV *HUDLV BWDWH (), ZLWK WKH LQFUHDVH RI 1 & LQ WHPSHUDWXUH DQG 15% LQ
UDLQIDOO (%), FRQVLGHULQJ 3 & ULVH LQ WHPSHUDWXUH DQG 15% LQ UDLQIDOO (&); ZLWKWKH LQFUHDVH RI 5,8 & LQ
WHPSHUDWXUH DQG 15% LQ UDLQIDOO. 7KH FRORUHG UHILRQLQGLFDWHV: LUULIDWLRQ UHTXLUHG (SXUSOH); VXLWDEOHIRU
FXOWLYDWLRQ (JUHHQ); LUULIDWLRQ UHFRPPHQGHG (RUDQJHURVW ULVN (HOORZ); WKHUPDO HIFHVV (OLJKW EOXH)
XQUXLWDEOH IRU FXOWLYDWLRQ (JUDI).

6RXUFH: $GDSWHG IURP $VVDGHW DO, 2004.

TKHVH IRUWKFRPLQJ VFHQDULRV UHTXLUH QHZ DSSURDFKHVWKDW GHYHORS LQQRYDWLYH VWUDWHILHV WR
PDQDJH WKH FURS SURGXFWLRQ VIVWHP DQG UHGXFH WKH ISDFW RI FOLPDWH FKDQJH. 6WUDWHJLHV VXFK DV WKH
GHYHORSLQJ DJURIRUHVWU\ SURGXFWLRQ VA\VWHPV, LQFUHDN LUULJDWLRQ, DQG PRGLI\ DJULFXOWXUDO SUDFWLFHV
PDLQWDLQLQJ FRYHU FURSV DUH SURMHFWHG WR EHFRPH PRUUHTXHQW.

12.2 PSDFWLQ WHUP RI DELRWLF VWUHW

8QGHU GURXJKW DQG KLIK WHPSHUDWXUHV, VRPH FRIIHH SV DQG GLVHDVHV VKRXOG DOVR EHFRPH PRUH
VHYHUH. 7KH RFFXUUHQFH RI OHDI PLQHUV (HXFRSWHUD FRIIHHOODGLVHDVH KDV EHHQ LQFUHDVLQJ RYHU UHFHQW
\HDUV LQ FRIIHH \LHOGV DV D FRQVHTXHQFH RI GU\ FRQGWLRQV ($VVLV HW DO, 2012). 2Q WKH RWKHU KDQG, OHDI
UXVW GLVHDVH LV ULVLQJ ZLWK ZDUPHU WHPSHUDWXUHV. /LNHZLVH, WKH QXPEHU RI F\FOH OLIH JHQHUDWLRQV RI
+HSKRWHQHPXV KDPSHKDV EHHQ LQFUHDVLQJ XQGHU WKH VDPH FOLPDWLF FRQGLWRQV, DV D UHVXOW, D WKHUPDO
WROHUDQFH RI WKH FRIIHH EHUU\ ERUHU KDV EHHQ GHPRQWUDWHG (-DUDPLOORHW DO, 2009). ,Q WKH FDVH RI
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Leucoptera coffeellandMeloidogyne incognitathe same circumstances have been predicted il Bra
under these climate change conditions. Therefoesgoffee production demands nowadays plants better

adapted to both abiotic and biotic stresses.

1.2.3 Impact on coffee plants

Long periods of drought can beget diverse effectscaoffee plants. Moderate drought can
promote leaf falling, delay and un-synchronize #oivg, reduce vegetative growth of plagiotropic
branches and consequently production potentiabllaviing crop year, upon severe drought yet major
effects are expected up to plant death, abortidloakring and fruits.

Besides the loss of coffee production and chamgdssiribution of coffee producing zones, the
biochemical composition of beans could also be fealiby drought. Variations in rainfall and
temperatures affect sugar, proteins and caffeimdeats (Mazzafera, 2007) and consequently the
beverage quality (Camarga al, 1992; Vineckyet al, 2016). Moreover, the predicted climate change
and the increasing world population will lead tgrawing demand for water and reveal the urgent need
for drought tolerant crops (Altet al, 2015).

Nowadays, coffee production demands plants bedtgptad to both abiotic and biotic stresses.
In such way, it is worth noting that the droughetant (D) clone 14 ofC. canephorgMarracciniet
al., 2012) was also recently reported to present drirabltiple resistant plant to root-knot nematodes

of Meloidogynespp. (Limaet al, 2015).

1.3 Coffea genus

The Coffeagenus belongs to Rubiaceae family, the fourth Etriewering plant family in the
world, consisting of more than 11.000 thousand isgem 660 genera (Robbrecht & Manen, 2006)
which represent 10 to 20% of the total plant spgedieersity. The most economically valuable gesus i
Coffeathat contains 124 species which comprises perespéties all native from Madagascar, Africa,
the Mascarene Island, the Comoros Island, Asiafarstralia (Daviset al, 2006, 2012).

Among all speciesC. arabicaand C. canephoraare the two economically important species
corresponding to 65% and 35% of the internatioralket, respectively (ICO, 2016). The two species
are perennial woody trees and display considerabt@tion in morphology, size, and ecological
adaptation (Combest al, 2015). Nevertheless;. arabicais an allotetraploid (2n = 4x = 44) that was
originated 1 million years from the natural hybzation of two ancestral diploid genomé&s,canephora
andC. eugenioideéFigure 5). As provider of a higher quality bevex&y arabicais the most cultivated
specie (Poncedt al, 2007).
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Common Ancestor
5-25 mya

N

Species belonging C. eugenioides
canephoroid group or related species
2n =22 2n =22

1 mya

Polyploidization Event

C. arabica
Amphidiploid
4n = 44

Figure 5 Evolutionary history of allotetraplofel arabica The progenitor genomes are represented by digoid
eugenioideand C. canephoraC. arabicaarose 1 to 2 million years ago (mya) from the fosid C.
canephorgor related species) af@l eugenioides

Source: Vidakt al, 2010.

1.3.1Coffea arabica

Originally from Southwest Ethiopia and Plateau ofi&n,C. arabicawas cultivated about 1,500
years ago, firstly in Ethiopia. The genetic backm of the currenC. arabicacultivars comes from
Typica and Bourbon (Anthongt al, 2002). As a predominant autogamous (naturalps#lifrating)
specie,C. arabicapresent low genetic diversity (Hatanadégal, 1999) and has a total genome size
estimated by flow cytometry at around 2.62 ¥ UMb (Clarindo & Carvalho, 2009). The breeding
programs nowadays have been search new cultivéiiamproved traits such as beverage cup quality,
flowering time synchronicity, resistance to peats] drought stress tolerance.

As C. arabicais an amphidiploid species (originating from a makuhybridization event
betweenC. canephoraand C. eugenioidés its transcriptome is a mixture of homologous agen
expressed from these two subgenomes in wlBichugenioidess assumed to expressed genes mainly
for proteins involved in basal biological processpaotosynthesis, whil€. canephorasub-genome is
assumed to regulate Arabica gene expression bg&sipg genes for regulatory proteins and adaptation
process (Vidakt al, 2010).

1.3.2Coffea canephora

C. canephoras a cross-pollinated diploid species (2n = 2x ¥tBat has high genetic variability
in its haploid genome of 710 Mb (Denoeeidal, 2014). Thereby, exist genetic variability withtre
Coffeagenus that could be used to increase drought tmlerand among commercial specs

canephorastands out. Despite the ability©f canephorao adapt regarding various climatic conditions
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(Bertrandet al, 2003), it produces beans giving lower qualitydyage that are more used in instant
coffee drinks (Hatanaket al, 1999).

C. canephoragenetic diversity can be divided in two major ckdaccording to their
geographical origins: the Guinean group (G) andGbegolese group. The Congolese group can be
subdivided into SG2/B, C, SG1 and UW (Montagnon keby, 1993) (Figure 6). Guinean genotypes
are considered the most tolerant to drought anatgpes from the SG1 Congolese group are more
tolerant to drought than those from the SG2 Corsgolgroup (Montagnon and Leroy, 1993). The
considerable genetic diversity observedCncanephoras still largely unexploited. During the last
decade, several breeding programs to developmenewfC. canephoraclones have attempted to
explore the genetic diversity of. canephora.ln Brazil, a genetic improvement program for the
development of new cultivars, using SG1 genotyesaurce of genetic variability, characterized a

clonal variety ofC. canephoraConilon highly productive under drought conditigRerracet al, 2000).

Cote
d'lvoire

Figure 6 Geographic origin of the two main genefioup of C. canephoraln red: geographic origin of the
Guinean group. In green: geographic origin of tlm@dlese subgroups (SG). The circles highlight the
identification of each subgroup.

Source: Montagnoet al,, 2012.

1.3.30ther Coffea species

Even thoughCoffeagenus diverged recently (5 to 25 million years dgwn others plants, most
of their species are genetically highly relatedstharmitting natural or manual hybridizations tbaatld
be used in coffee breeding programs. For instahd®s been introduced i@. arabicaby breeding
programs resistance genes for leaf ritgniileia vastatri, for the Meloidogynenematodes, and to
Colletotrichum kahawatingus agent of Coffee Berry Disease (CDB) (Bedretnal, 2003).

In this sense, the diploid speci€s racemosgresents high resistance to drought and elevated

temperatures. In its native habit@t,racemosés able to adapt to regions where the annual fhitdas
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not exceed 1000 mm and where dry seasons varyféomo six months (Krug, 1965; Dublin, 1968).
This specie presents deeper growth of primary andtlower growth of secondary roots allowing this
specie to explore deeper soil layers in water defanditions (Fazuoli, 1975)C. racemoséhad the
longest root system in comparative analyses witlerotoffee speciesC( canephoraC. arabica, C.
liberica and C. congensignd the root system is mainly contrasting withcongensigoot system
which survived in a natural environment completéifferent of C. racemos&Dublin, 1968).

Medina Filhoet al. (1977b) had evaluated the genetic materiaC ofacemosdrom Campinas
(Brazil), and they verify that triploid<C( arabicax C. racemospas well as individuals belonging to
the second generation backcrosses.tarabicawere highly resistant to drought, while Catuai Aadia
cultivars ofC. arabica(positive controls of the experiment), were higbénsitive. While these cultivars

lose a lot of leaves the plants which derivat€ ofacemoseep their leaves notably turgid.

1.4 Drought responses in plants

Drought is one of the major constraints of plamtdoictivity worldwide. Under field conditions,
plant performance in terms of growth, developmdabmass accumulation and yield depends on
acclimation ability to the environmental changed atnesses, exercising specific tolerance mechanism
that involve a complex network of biochemical andleaular processes (Warg al, 2003). When
exposed to reduce water availability plants exhilsitious physiological responses. For instance, a
pivotal reaction is stomatal closure to avoid waliess by transpiration. The resulting reduced
availability of carbon dioxide together with a dowegulation of photosynthesis-related genes lead to
decrease in carbon assimilation restricting plantMh and productivity (Alteret al, 2015). Under
drought stress conditions, an increase in photoetgm leads to an accumulation of reactive oxygen
species (ROS), which are toxic for cellular compisend will eventually lead to cell death (Mitfler
2002). Plants have evolved a number of moleculdr@hysiological adaptation mechanisms to cope
with reduced water availability which can be caterpdl into drought avoidance and drought tolerance
(Verslueset al, 2006) (Figure 7).
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Decreased water availability
(low y,)

Low !1 stress avoidance
Plant tissue avoids low y_ and decreased

water content. Water uptake and loss
remain balanced.

+*Stomatal closure

+Increased root/shoot ratio

Low y_ stress tolerance
Water uptake and water loss cannot be balanced,
plant tissue does experience low y_ and must respond
to ensure continued growth and survival.

Dehydration avoidance

Stress resistance

Mechanisms to avoid water

loss.
+Solute accumulation

+Call wall stiffening. Dehydration tolerance
Mechanisms to avoid cellular

damage caused by water loss.
+Protective solutes and proteins
+Metabolic changes

+ROS detoxification

Figure 7 Conceptual diagram of the stress toleratress avoidance model of I0#y responses.
Source: Versluest al, 2006.

In most cases, the plant first response is avoid ¥4,. Tissue¥, and water content are
maintained close to the unstressed level by incrgagater uptake or limiting water loss by sucht tha
the rates of water loss and water uptake remasmnbal. Such a balance is achieved in the short term
mainly by stomatal closure. In long term, changesoiot and shoot growth, leading to an increased
root/shoot ratio, tissue water storage capacity @itle thickness and water permeability are also
potential importance. Of these, changes in rootvtirdo maximize water uptake are of the greatest
importance for crop plants (Versluesal, 2006).

Furthermore, these mechanisms for avoiding watsr dtm not themselves offer any protection
from the effects of lowy, if the stress becomes more severe and the plaotl@anger able to maintain
a balance between water uptake and loss. When tstara closed because of stress, transpiration is
minimized, theP, of the plant will equilibrate with that the watenusce (most of caség, of the soil).
When soil water content andl, are low, the¥, of the plant tissue must also decrease, eitheugfro
water loss or by adjustment made by the plant (dietippn avoidance) to achieve a Io#y while
avoiding a water loss. The main mechanism of deftyr avoidance are accumulation of solutes and
cell wall hardening (Versluest al, 2006).

The ¥, of a walled cell, such as a plant cell, is goverbgdhe equation¥.= ¥s + ¥,, where
¥sis the osmotic potential and, is the pressure potential (turgor pressure). Avarg¥w, a highet,
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can be achieved by accumulating solutes insidectike thus lowering®s. The accumulation of
additional solutes in response to I&y is termed osmotic adjustment (Zhagigal, 1999). Osmotic
adjustment refers to the active accumulation oftamtcl solutes in response to Il (after the effect
of reduced water content on the concentration @tieg solutes has been factored out). Thus, many
plants accumulate one or more types of compatibletes, such as proline or glycine betaine, in
response to low’y, (Verslueset al, 2006). Compatible solutes can also protect praaad membrane
structure under dehydration (Hincha & Hagemann4200

In this way, a key regulatory which control plapsponses to many types of abiotic stress
(including low'y) is the phytohormone abscisic acid (ABA). It accleres in response to abiotic stress
and regulates the processes involved several ffecissof the lowd, response. For instance, ABA-
regulated stomatal conductance, root growth and sleemancy (Schroedeet al. 2001; Sharp &
LeNoble, 2002; Kermode, 2005) which are importarsvoidance of low.. Moreover, ABA induces
accumulation of compatible solutes which can beiatufor dehydration avoidance (Ober & Sharp,
1994) and ABA also regulates dehydrins and LEA @nst synthesis, important for dehydration
tolerance (Sivamaret al, 2000). Thus, at the level of the organism, inseé¢hat a main function of
ABA is to coordinate the various aspects of wresponse.

1.4.1Coffee genetic diversity and drought

Among the strategies displayed by coffee plantscdpe with drought, leaf folding and
inclination that reduce the leaf surface (Figurev@ter loss by transpiration and exposure to high
irradiance were commonly observed for Guinean aBtl §enotypes (Montagnon & Leroy, 1993). Leaf
abscission is then reduced, favoring a rapid regoskvegetation with the return of the rains. Sach
trait can be considered as a selective advantagen vdompared with the leaf abscission that
characterizes SG2 genotypes (Marracetral, 2012).

Figure 8C. canephoralones (A: Drought tolerant, D B: Drought susceptible, Ip grown in greenhouse and
submitted to drought conditions.
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6HYHUDO GURXJKW-WROHUDQW FORQHV ) RI & FDQHSKRUD YDU. &RQLORQ KDYH EHHQ FKDUDFWHULJHG DV
YLJRURXY SODQWY ZLWK KLJK SURGXFWLYLWA WKURXJKRXW HDUV XQGHU GURXJKW VWUHWV (HUUMR, 2000; )RQVHFD,
2004). )LQJHUSULQW DQDOWHV DOVR UHYHDOHG WKDW WKHH &RQLORQ FORQHV EHORQJ WR WKH 6*1 JURXS RE.
FDQHSKRUD(/DPERWHW DO, 2008 0RQWDIQRCHW DO, 2012).

5HIDUGLQU&RIIHD DUDELFD, WKH VWXG\ RI SRSXODWLRQV IURP (WKLRSLD JURZLQJ XGHU FRQWUDVWLQJ
FOLPDWLF FRQGLWLRQV DOVR UHYHDOHG WKDW WKLV VSHELHVH[KLELWHG SKHQRWISLF SODVWLFLWA LQ UHVSRQVH WR YDLLQJ
VRLO PRLVWXUH FRQGLWLRQV (%HLQLQJ 2007). WLV ZHO®IQRZQ WKDW D JHQHWLF YDULDELOLWA IRU GURXJKW WROHDQFH
DOVR H[LVWV LQ & DUDELFD. )RU LQVWDQFH, WKH FXOWLYDU ,$3$559 (,59), ZKLFK WH UHVXOW RI D FURVV EHWZHHQ
WKH 7LPRU K\EULG +7832/2 DQG WKH 9LOOD 6DUFKL FXOWIDU LV FRQVLGHUHG PRUH WROHUDQW WR GURXJKW WKDQ WKH
5XEL FXOWLYDU WKDW GLG QRW XQGHUJR UHFHQW LQWURJUHVLRQ ZLWK & FDQHSKRUDJHQRPLF '1$ (ODUUDFFLQHW
DO, 2001 0RIDWWRHW DO, 2016)

JLIXUH 9 &RQWUDVWLQJ SKHQRWASHV RI WKH GURXJKW-WROHDQW 59 ($) DQG GURXJKW-VXVFHSWLEOH S5XEL (%) FXOWKDUV RI &.
DUDELFD LQ UHVSRQVH WR D GURXJKW SHULRG RI DURXQG 200 GD\ZLWKRXW UDLQIDOOV ((PEUDSD &HUUDGRYV).

ODMRU GLIIHUHQFHV EHWZHHQ WKHVH WZR FXOWLYDUV FRQFHUQHG WKHLU SKHQRWASLF EHKDYLRU (LIXUH 9)
DV SUHGDZQ OHDI ZDWHU SRWHQWLDO Oss ()LIXUH 10) DQG WUDQVFULSWRPH H[SUHVVLRQ SURILOHVODUUDFFLQL HW DO.
(2011) HYDOXDWHG WKH HIIHFW RI GURXJKW LQ OHDYHV RARXQJ SODQWDV RE.. DUDELFDFY. ,59 DQG 5XEL FXOWLYDUV
JURZQ LQ ILHOG ZLWK LUULIDWLRQ () RU ZLWKRXW (1,LUULIDWLRQ GXULQJ WZR FRQVHFXWLYH \HDUV (2008 DQG
2009).. $WUHVXOW, WKH Osc YDOXHV PHDVXUHG GXULQJ WKH GU\ VHDVRQRI 2008DQG2009ZHUH DOPRVW OHVV
QHJDWLYHIRUWKH 7 59 WKDQ IRU®5XEL, LQGLFDWLQJ D EHWWHU DFFHVV WR VRLO ZDWHU IRWKH IRUPHU FRPSDUHG
WR WKH ODWWHU (ODUUDFFLQLHW DO, 2011).
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)LIXUH 10 3UHGDZQ OHDI ZDWHU SRWHQWLDO()s¢) PHDVXUHG LQ SODQWV RI&. DUDELFD, 5XEL (58%, WULDQJOH) DQG ,$3$5
(,59, VTXDUH) FXOWLYDUV ZHUH JURZQ XQGHU FRQWURO (&RSHQ V\PEROV) DQG GURXJKW (', EODFN V\PEROV)
FRQGLWLRQV. Osg YDOXHV (H[SUHVVHG LQ PHJD-3DVFDO, 03D) ZHUH PHDVXUI& RQFH D ZHHN GXULQJ WKH 2009 GU\
VHDVRQ (23-PRQWK-ROG SODQWV).

6RXUFH: ORIDWWRHW DO, 2016.

14.2 3K\VLRORILFDO UHVSRQVHV

7KH RXLOORX (61) JURXS RI&. FDQHSKRUDDSSHDUV WR EH PRUH WROHUDQW WR ZDWHU GHILFLW WKDQ
SREXVWD (6*2) (ORQWDJQRQ & /HUR), 1993). 6*1 JURXBDLQWDLQ VWRPDWDO RSHQLQJ DQG FRQVHTXHQWO\
DFWLYH SKRWRVIQWKHVLV, ZKLOH VWRPDWD RI 6*2 SODQWVZHUH FRPSOHWHO\ FORVHG XQGHU GURXJKW FRQGLWLRQV.

96HVLGHV WKDW, PRUH HIILFLHQW URRW ZDWHU DEVRUSWLRQRU WKH 6+1 SODQWV FRXOG H[SODLQ LWV GURXIKW
WROHUDQFH DOEHLW LWV PDLQWHQDQFH RI VWRPDWDO RSHQLD(%R\HU, 1969). 3K\VLRORILFDO DQDOWHV DOVR
VXJIHVWHG WKDW GURXJKW WROHUDQFH FRXOG EH D GLUHFRRQVHTXHQFH RI EHWWHU URRW GHYHORSPHQW (3LQKHLURW
DO, 2005)()LIXUH 11).

Drought-tolerant clones Drought-sensitive clones

Clone 14  Clone 120 Clone 46 Clone 109A

{

0.76 m

|

JLIXUH 11 7\SLFDO URRW VIVWHPV RI IRXU FORQHV RI 5BXVWD FRIIHH JURZQ XQGHU IXOO0 LUULIDWLRQ.
6RXUFH: 3LQKHLUR HW DO, 2005.

2QH RI WKH SK\VLRORJLFDO SDUDPHWHUV WKDW GLVWLQIXLK WKH GURXJKW-VXVFHSWLEOH (*) FORQH 22 RI&.
FDQHSKRUDYDU. &RQLORQ IURP WKH " FORQHV 14, 73 DQG 120 LV WKH UDWH RI GHFUHDVH LQ WK SUHGDZQ OHDI
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water potential ¥pq) (RDPW) (Pinheircet al, 2004). To reach the imposég,of -3.0 MPa under the
stressed (NI) conditions in the greenhouse, the\RPRlecrease faster for th€ Elone 22 than for the
DT clones (Figure 12). In this condition, the clong22 reached thé&pq of -3.0 MPa within six days,
while clones 14, 73 and 120 reached the same withia5 and 12 days, respectively (Marracetral,,
2011).

Days after water withdrawal
0 3 6 9 12 15

(MPa)

Y

Figure 12 The evolution of predawn leaf water ptédif¥,q) in the leaves o€. canephoraThe clones 14, 22,
73 and 120 ofC. canephoravar. Conilon were grown in a greenhouse under wattess. For each
clone,Pyq evolutions are presented.

Source: Marraccingt al,, 2011.

According to DaMattaet al. (2003), the better crop yield of a drought-tolerelohe compared
with a drought-sensitive clone is mainly associatétthi the maintenance of leaf area and tissue water
potential that are consequences of reduced storpataluctancegg). The D and ¥ clones ofC.
canephoraare important models of study once a lot of phygjimal and molecular parameters were
already evaluated in these plants concerning dtosiyass under controlled conditions. It is worth
noting that the drought-tolerant {Ixlone 14 ofC. canephorgMarracciniet al, 2012) was also recently
reported to present durable multiple resistanttgiamoot-knot nematodes ®deloidogynespp. (Lima
et al, 2015).

1.4.3Biochemical responses

The activity of antioxidant enzymes might also ineoived in the drought tolerance mechanism
(Vieira et al, 2006). A key role of ascorbate peroxidase (APX} wostulated to allow clone 14 to cope
with potential increases of:B, under drought conditions, as an increased (38%jitgatf this enzyme
was found for this clone upon drought stress (Lenal, 2012; Pinheiret al, 2004). Praxedest al.
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(2005) observed a maintenance of SPS activity thig¢hdecrease of pre-dawn leaf water potentigl) (

for the drought-tolerant clone 120 but not for ¢hheught-sensitive clones.

1.4.4Molecular responses

Several differentially expressed genes and proteiae investigated in leaves of drought-
tolerant and susceptibl€. canephoraclones upon drought acclimation. Genes coding fotemn
functioning as secondary messeng@sNSH1 CcEDR1andCcEDRZJ, related to abscisic acid (ABA)
perception and signal transductiocPYL3 CcPYL7and CcPP2Q, transcription factorsGcABIS
CcAREB1 CcRD26 CcDREB), photosynthesis QcPSBR CcPSBQ CcRBCS), and drought
protection CcHSP1 CcDH3 CcAPX), were previously characterized (Marracaial, 2012; Vieira
et al, 2013).

Recently, among the 42 genes showing up-regulateression in plagiotropic buds of plants
submitted to drought wer€aSTK1(coding a protein kinasel;aSAMT1(coding a protein involved in
abscisic acid biosynthesisJaSLP1(coding a protein involved in plant development)l @everal “no-
hit” (orphan) genes of unknown function. Under wasearcity, the expression n§LTPs(coding non-
specific lipid-transfer proteins) was greatly ugukated specifically in plagiotropic buds of 159 ialn
could explain the thicker cuticle observed on thaxéal leaf surface in the 59 compared with the
DSRubi (Mofattoet al, 2016).

All this information could be used to generate rolar markers to be used @offeabreeding
programs for botlC. arabicaandC. canephoralant. In this context, 436 plants©f canephorgLxPy)
were selected among a population of 3500 indivelfi@m 48 progenitors based on traits of interest
such as precociousness of fruit, plant vigor, petiglity in field (Carneiroet al, 2015). These plants
grown in field conditions since 2009/2010 were sittam to drought conditions and evaluated for their
productivity and¥,q¢ under drought (winter) season (Figure 13). Thisvedld the identification of
productive and drought-tolerant plants (e.g. LL3R&P68 and L5P47) that contrasted with drought-
susceptible and lower productive plants (L12P52RM00 and L15P14).
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JLIXUH 13 7KH SURGXFWLYLW\ (PHDVXUHG LQ OLWHUV RI KHUULHV SHU SODQW) DQGOse RI /[3\ SODQWV RI&. FDQHSKRUD
&RQLORQ JURZQ LQ ILHOG FRQGLWLRQV ((PEUDSD &HUUDGRVXQGHU GURXJKW VWUHVV. 7KHVH YDOXHV ZHUH
PHDVXUHG GXULQJ WZR \HDUV (2009: EOXH LVREDUV DQG@L0: UHG LVREDUV).

6RXUFH: &DUQHLUR HW DO, 2015.

1.5 $%$ VWUXFWXUH DQG ELRORILFDO UROHV

7KHDEVFLVLF DFLG ($%$),GLVFRYHUHG LQ WKH19609V (2KNXPDHW DO, 1963:&RUQIRUWK HW DO, 1965)
LV D YLWDO KRUPRQH VAQWKHVLJHG PDLQO\ LQ OHDYHV DQGURRWV RI WKH SODQWV (=KDQJ & DYLHV, 1989;
7KRPSVRQHW DO, 2007), DFWLQJ DV FHQWUDO UHIXODWRU WKDW SURWHFWSODQWY DIDLQVW DELRWLF VWUHVVHV VXFK DV
GURXJKW (:DVLOHZVND HW DO, 2008; 6RRQHW DO, 2012).7KLV VHVTXLWHUSHQRLG PROHFXOH (& 15+202)
QDWXUDOO\RFFXU LQ LWV 6-(+)-$%8$ IRUP, GHVSLWH WK#-(-)-$%$ IRUP LV DFWLYH LQ VRPH DVVD\V (&XWOHUHW
DO, 2010)(LIXUH 14).
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Figure 14 Chemical structures. At bottom is arsiitation of the ability of an abscisic acid (ABAgieoisomer
to be rotated along its lengthwise plane to maimnpaisitioning of polar functional groups.
Source: Cutleet al, 2010.

ABA has been shown to control many aspects of pimowth and development as embryo
maturation, seed dormancy, germination, cell divisind elongation and floral induction (Finkelstein
2013). ABA is well known as ‘stress hormone’ angdlitys a key role not only during drought (Santiago
et al, 2009; Gonzalez-Guzmagt al, 2014) but under other abiotic stresses suchliagtyséPonset al,
2013), cold (Bhyaret al, 2012; Shinkawat al, 2013) and UV radiation (Tosst al, 2012; Cheret
al., 2013). Moreover, ABA has an important functionaagl in biotic stresses acting in plant immunity
(Adie et al, 2007; Faret al, 2009; Robert-Seilaniantt al, 2011; Ramegowda & Senthil-Kumar,
2015).

1.5.1 ABA biosynthesis, catabolism, conjugation antdansport

The increase of ABA levels in the leaves and radtisr drought stress was very limited in the
ABA-deficient Arabidopsismutantaao3-1,which has a defect in a final step of ABA biosyrsike
indicating that the increase in ABA levels afteess treatment is due to the activation of de n&BA
biosynthesis (Ikegangt al, 2009). ABA can also be rapidly release from datlgtores of conjugated
glycosyl ester form by glucanases activated orilszadd by dehydrating stress (Le¢ al, 2006; Xuet
al., 2012)

Similarly the most plant hormones, ABA levels refla balance of ABA biosynthesis and
inactivation by turnover or conjugation, further daifeed by compartimentation and transport (Figure
15). In plants, ABA is synthesize from carotenadsl it is known to be transported over long distanc

(Jiang & Hartung, 2008). As a weak acid, ABA is thoancharged when present in the relatively acid
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apoplastic compartiment of plants and analysesaptaes not occur solely by a diffusive processesin
active ABA transporters were also reported to pigdite to its uptake (Jiang & Joyce, 2003). Among
multiple plasma membrane-localization transportiys have been recently identified, two ATP-
binding cassete (ABC) transporters were identifeesl an importer (AtABCG40) and exporter
(AtABCG25) of ABA, and genetic analyses demonsttateeir importance for ABA responses
including stomatal regulation, gene regulationpgeation inhibition and stress tolerance (Kaigl,
2010; Kuromoriet al, 2010).
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Figure 15 ABA metabolic pathways. ABA biosynthegiggradation and conjugation pathways are shown in
relation to the cellular compartments where thesents occur. Carotenoid intermediates are
highlighted in yellow. Enzymes regulating key regjaly steps are shown in bold. Individual loci
identified based on ABA deficiency are shown ifiés

Source: Finkelstein, 2013

The site of stress perception and that of ABA bmbisgsis during the drought stress have been
extensively discussed (Sautdral, 2001; lkegamet al, 2009; Hartung, 2002; Jesch&eal, 1997).
There are evidences that shoot transpiration saergely dependent of the delivery of ABA from the
roots and the sensitivity to ABA in response toewaleficit. In this context, roots are able to ‘@@’

decreasing soil water availability during a perafddrought which results in an increased release of
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ABA from the roots tissues to the xylem vesseld¢eAkylem transport to the shoot, guard cells redpo
rapidly and sensitively to increased ABA conceittrag resulting in reduced transpirational wates los
(Sauteret al, 2001). Some of the ABA synthesised in the drytgonay be transported to the shoot
through the xylem with the transpiration stream andumulate in high levels in the leaves (Hartung,
2002). Under conditions of soil drying and salestrlarge amounts of ABA are deposited in roatiéiss
and loaded into the xylem. Sometimes ABA synthbgisoots is increased substantially but root ABA
concentrations may not increase because mostohéwly synthesized ABA is loaded to the xylem
and transported to the leaves (Jesatlad, 1997). It could also occur once ABA may move lyésom
plant to soil and to soil from plant (Sauégral, 2001).

On the other hand, it have been demonstrated s ®BA is synthesized mainly in the leaves
in response to drought stress and that some dhB#eaccumulated in the leaves is transported to the
roots (Ikegamet al, 2009). In this work, tracer experiments usingapelabeled ABA indicate that the
movement of ABA from leaves to roots is activatgdwmater deficit in roots (Ikeganet al, 2009).
When roots were kept in well-watered conditions drmlight stress was localized to the leaves only,
the ABA level in the leaves increased as in the cdsntact plants and detached leaves. Furthegrun
these conditions, the ABA level in the roots did differ from that in the well-watered control. @me
other hand, when drought stress was localizedetodtbts only, the ABA level in the leaves was dligh
higher than that in the well-watered control. Cetesit with the ABA levels, leaf stomata closure was
almost complete after localized stress treatmelgtatees, and was partially induced when droughbsstr
was localized to roots only (Ikegaeti al, 2009).

The role of ABA in controlling plant responses likénvolves actions at several levels,
including effects on transcription, RNA processipgst-translational protein modifications, and the
metabolism of secondary messengers (Figure 16).08tIr@00 loci regulating ABA response and

thousands of genes are regulated by ABA underrdiftecontexts (Finkelstein, 2013).
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Source: Hausest al, 2011.

1.6 The PYL/PP2C/SnRK2: the first steps of ABA sensingnd signaling

Over the past few decades, a lot of work was ddueidating the molecular mechanisms
underlying ABA sensing and signaling (Umezaetal, 2010). Several putative ABA receptors,
including FCA (Razenet al, 2006), CHLH (Shert al, 2006), GCR2 (Liwet al, 2007), GTG1 and
GTG2 (Pandeyt al, 2009) were reported to bind ABA with varying affies. The discovery of PYLs
candidate ABA receptors was different from that tbé earlier putative ABA receptors, once
independent findings from several groups convergaaoh this novel class of ABA binding proteins,
which fit elegantly into a model that connected tioee components of the ABA signal transduction
pathway (Ncet al, 2014).

The tripartite ABA signaling pathway is initiatedy bABA perception through the
PYRABACTIN RESISTANCE1 (PYR1)/PYR1-LIKE (PYL)/REGWATORY COMPONENTS OF
ABA RECEPTORS (RCAR) family of proteins (Met al, 2009; Parket al, 2009). These novel
intracellular ABA receptors (PYL/RCARSs) are invotyen ABA sensing and signaling via their direct



REVIEW OF RELATED LITERATURE 49

interaction with clade A protein phosphatase tye(RP2Cs), such as ABA INSENSITIVEL (ABI1)
and ABI2, HYPERSENSITIVE TO ABAl (HAB1) and HAB2,nd PROTEIN PHOSPHATASE
2CA/ABA-HYPERSENSITIVE GERMINATION3 (PP2CA/AHG3) hereby releasing their inhibition
on three ABA-activated SNF1-related protein kinag®sRK2s), SnRK2.2/D, 2.3/l and 2.6/E/OST1
(Umezaweet al, 2009; Vladet al, 2009).

The current ABA signal transduction model can b&cdbed as follow: in the absence of ABA,
SnRK2 kinases are inactivated by PP2Cs which palgimteract with SnRK2 and dephosphorylate a
serine residue in the kinase activation loop, asphorylation essential for kinase activity (Betinal,
2006). On the other hand, when ABA binds to the AB&eptors family PYR/PYL/RCAR, this allows
the bounds of the receptors in the catalytic diteR2Cs to inhibit their enzymatic activity. In tiease,
ABA-induced inhibition of PP2Cs that leads to SnR&Qivation (Boudsocet al, 2007; Sooret al,
2012; Leung, 2012).

Figure 17 Molecular mimicry between the kinase SARIRd the hormone receptor PYL bound to ligand ABA
permits alternate binding to the PP2C phosphaldgs.change in partners activates (on) or deaetbvat
(off) SNRK2, allowing it to phosphorylate downstreaignals.

Source: Leung, 2012.

A crucial event in the receptor’s activation waarfd to be an open-to-closed conformational
change in the gate loop of the receptor proteinreMi@cent progress has provided strategies for
controlling the gate’s closure using chemical agenfMelcheret al, 2010; Todoroki & Hirai, 2002) or
protein engineering approaches. On the other haBd, antagonist could be used inhibiting ABA
signaling in vivo and further investigations usitigs approach may reveal the function of ABA in
diverse plant species. ABA antagonists may provige insights into the function of ABA in

desiccation tolerance during the evolution of [daort land (Takeuctdt al, 2014).

1.7 Evolution of ABA sensing and signaling

ABA is ubiquitious in plants and it is also proddday some phytopathogenic fungi, bacteria

and metazoans ranging from sea esponges to hulvasiiéwskaet al, 2008). Based on the available
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fossil record, the first land plants (embryophyteslponized the terrestrial habitat about 500 millto

470 million years ago (Sandersetal, 2004; Langet al, 2010). Regarding cellular dehydration in
plants, the core ABA signaling components foundAmbidopsisare conserved only in land plants
(Figure 18), unlike the auxin and ethylene sigrptiomponents (Klingleet al, 2010; Umezawat al,
2010; Hauseet al, 2011), supporting the idea that ABA signaling pmments may have played a
crucial role in land colonization by plants. Furiihere, phylogenetic and transcriptome data suggest
that plants have developed a highly sophisticatezss tolerance system through the expansion of
duplicate gene families implicated in ABA signalifidpnadaet al, 2011).

terrestrial

aquatic

[RCAR

\

= @ = (@) =
2 3

SnRK2
Core components in ABA signaling

Figure 18 Evolution of core components of ABA silgmg The PYR/PYL/RCAR, group A PP2C and subclass
Il ShnRK2 are conserved from bryophytes. The dgwelent of an ABA signaling system seems to be
highly correlated with the evolution from aquaticterrestrial plants. As representatives, component
numbers of bryophyte, lycophyte and angiosperm wa&ined fromPhyscomitrella patens
Selaginella moellendorffandArabidopsis thalianarespectively.

Source: Umezawet al, 2010.

ABA was characterized like an important endogensusll molecule that mediates stress-
responsive gene expression, stomatal closure, egetative growth modulation (Rodriguez-Gaeto
al., 2009) in water deficit conditions. Overall, there ABA signaling components play an essential role
in both fast and slow response to cellular dehjahafFigure 19). To maintain water, ABA promotes
stomatal closure through the control of membraaesiport systems (Osakadieal, 2014), shoot growth
is inhibited whereas the root growth rate is mairgd to gain access to water (Des Magdial, 2012).
Thus, fast ABA signaling involves stomatal clostgsponses in guard cells, whereas the comparatively
slow signaling pathways involve transcriptional ukegion in both seeds and vegetative tissues
(Miyakawaet al, 2013).
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Figure 19 Current model for the major abscisic #8i8A) signaling pathways in response to cellulahydration.
Core ABA signaling components [ABA, ABA receptorsiotein phosphatases 2C (PP2Cs), and
subclass Il sucrose non-fermenting-1 (SNF1)-relgtein kinase 2 (SnRK2s)] control both fast and
slow ABA signaling pathways in response to cellidehydration. Fast signaling involves stomatal
closure responses in guard cells, whereas the cathmdy slow signaling pathways involve
transcriptional regulation in both seeds and veiyettissues.

Source: Adapted from Miyakaved al, 2013.

In guard cells, SNnRK2 protein kinases activateahien channel SLOW ANION CHANNEL-
ASSOCIATED 1 (SLAC1l) and inhibit the cation chann€®lOTASSIUM CHANNEL IN
ARABIDOPSISTHALIANA 1 (KAT1) through phosphorylatioto release anions, causing stomatal
closure (Cutleet al, 2010). In seeds, the post-germination phase adaliular dehydration (Fuijitet
al., 2012) which cause an increase in plant ABA cdntlerough increase ABA synthesis in vascular
tissues, adjustment of ABA metabolism (Nambetal, 2005), and transport to sites of ABA action
(Kannoet al, 2012). In roots, ABA signaling plays an importaolie to regulate root growth and root
system architecture and this system is requirecoéh hydrotropism and osmoregulation of water-
stressed roots (Shart al, 2004; Gonzalez-Guzmaet al, 2014). So, to regulate ABRE-dependent
gene expression in seeds and vegetative tissusgeatevely subclass Ill SnRK2s released from
inhibition by PP2Cs activate ABA-INSENSITIVE 5 (ABI and ABA-responsive element (ABRE)
binding protein (AREB)/ABRE-binding factor (ABF)amscription factors (TFs) (Miyakawet al,
2013).

1.7.1The tripartite system: PYL-PP2C-SnRK complex
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Abscisic acid (ABA) has a central role regulatindpptive responses in plants (Gonzalez-
Guzmaret al, 2014). Under drought, this phytohormone, syn#tegkin roots and leaves during periods
of water scarcity (Thompsoet al, 2007), is perceived by ABA receptors that arefittse component
of the ABA tripartite systems (Klinglest al, 2010). Further, the PYL-ABA complex bind to tHade
A phosphatase type 2C (PP2C) inactivating them (@ta., 2011; Maet al, 2009; Parlet al, 2009).
Then, the subclass Ill SNF1-related kinase (SnRp@teins are activated by dephosphorylation
allowing expression of downstream stress resporgewnes (Cutleet al, 2010). In this system, SnRK2

and PP2C proteins function therefore as positiceragative regulators of ABA pathway, respectively.

1.7.2PYR-PYL/RCARs: ABA receptors

Concerning ABA receptors, PYR/PYL/RCAR proteins arembers of the large superfamily of
soluble ligand-binding proteins defined as the STAR®main superfamily (lyeet al, 2001), more
recently named Bet v I-fold superfamily (Radaegral, 2008). After the genetic and biochemical
identification of PYL/RCARs, several groups haveedmined the protein structure of the complex
between PYL/RCARs and PP2Cs via X-ray crystallogyago date, the crystal structures of PYR1
(Nishimuraet al, 2010; Santiagcet al, 2009), PYL1 (Miyazonet al, 2009), PYL2 (Melcheet al,
2009; Yinet al, 2009), PYL3 (Zhangt al, 2013; Zhangt al, 2012), PYL5 (Zhangt al, 2013), PYL9
(Zhanget al, 2013; Nakagawat al, 2014), PYL10 (Haet al, 2011; Suret al, 2012), and PYL13 (Li
et al, 2013) have been reported.

Cellular ABA receptor PYL/RCAR orthologs appeart® highly evolutionarily conserved in
plants. For example, the thalianagenome encodes 14 PYR/RCAR proteins, named PYRP¥RA -
like (PYL) 1-13 or RCAR1-RCAR14 (Mat al, 2009; Parlet al, 2009). The receptor family can be
classified into different sub-types based on tlgusace similarity, ABA sensitivity, oligomeric stat
basal activation level and function. For instal®éR1/RCAR11, PYL1/RCAR12, PYL2/RCAR14 and
PYL3/RCAR13 proteins of Arabidopsis, which form haatimers in the absence of ABA, were released
as monomers following ABA binding and subsequeintgracted with group-A PP2Cs. In contrast,
PYL4/RCAR10, PYL5/RCARS, PYL6/RCAR9, PYL8/RCAR3, BYYRCAR1 and PYL10/RCAR4
behave as monomers in both the presence and alifeAB&, and these monomers can inhibit group-
A PP2Cs regardless of ABA binding (Yoshielaal, 2015). There are at least 10 functional orthologs
in Oryza sativgKim et al, 2012), 14 irSolanum lycopersicuifdunet al, 2011; Gonzalez-Guzmaat
al., 2014), 7 invitis vinifera(Bonehet al, 2012) and 6 ifCitrus sinensi§Romeroet al, 2012).

A series of mutations iIPYR1/RCAR1Increase its basal activity. Once the combinatibn o
these mutations was incorporated iR6L2this was sufficient for the activation of ABA sidimay in

seeds (Mosqunat al, 2011) suggesting that a single receptor modifiesufficient to activate this



REVIEW OF RELATED LITERATURE 53

signaling. In this sense, a useful tool that at¢ivadividual family members selectively and explor
phenotypic consequences (Ben-Ari, 2012).

ABA receptorsPYL4andPYL5are known to be involved in the regulationA#l1 and ABI2
genes, ABA normally lowers wild type PP2C actiwiyn PYR/PYL proteins, but ABI PP2Cs escape
this and disrupt signaling due to their residuaivitg (Parket al, 2009). Furthermoré&?YL4andPYL5
have been pointed as components of the crosstialiebe the JA and ABA signaling pathways (Figure
20) (Lackmaret al, 2011). InN. tabacumandA. thaliang thePYL4gene is regulated by JA. The loss-
of-function mutants irPYL4and PYL5 which were hypersensitive to JA treatment, shoveshliced
growth in comparison to wild type plants @fthaliana Both mutantpyl4 andpyl5 displayed reduced
anthocyanin accumulation in response to JA comparadd type (Lackmarmet al, 2011). Interestingly,
PYL4andPYL5stand out among the genes that were up-regulatéchatrs after under drought and
inoculation byPieris rapae(Davila Olivaset al, 2016) showing that these genes could act inrdifte
hormonal pathways intermediating both abiotic aindidstresses. ThO@sPYL/RCARgene stands out
as positive regulator of the ABA signal transductmathway in seed germination and early seedling
growth (Kimet al, 2012).
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Figure 20 Schematic representation of interactimie/een hormonal cascades regulating induced defaganst
biotic agents. Insect herbivores induce JA-dependYiC2 regulation of defense-related genes,
which is enhanced by ABA signaling. Necrotrophithogens induce JA/ET-dependent signaling to
regulate ERF1 and ORA59 and downstream defenseedetzenes. The two branches of defense
responses mutually antagonize one another. GA @ndighaling generally inhibit JA-dependent
defense responses.

Source: Nguyeet al, 2016.

In Arabidopsisthe overexpression d?YL9/RCAR,LPYL5/RCAR&Nd PYL8/RCAR3 genes
produced enhanced ABA responses or elevated drtalghdnce (Mat al, 2009; Santiaget al, 2009;
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Saavedraet al, 2010). Several recent studies have suggestedthiarole of PYL8/RCARS3 is
overlapping with but distinct from that of other RPYL/RCAR. The PYL8/RCARS3 interacts with
transcription factors such as MYB77 which lead e transcriptional activity of MYB77 which
modulates auxin signaling during lateral root depatent (Shiret al, 2007).

The RCAR7/PYL13 family member regulated the phosgd® activity of the PP2C ABIL,
ABI2, and PP2CA proteinis vitro at nanomolar ABA levels. However, it appeared ftedifrom the
majority of other RCARs once it failed to bind feethypersensitive to ABA 1 (HAB1) PP2C in a
heterologous system (Bhaskataal, 2012). Of the 14 RCARSs, it has been shown thaARTCwas the
only one that had a variant ABA-binding pocket,hnilhree non-consensus amino acids (Futhe,
2013).

Despite ABA receptor function of RCAR7 has beenstjoeed it was recently demonstrated
and the structural constraints that contributepectic pairing of RCAR7 with PP2Cs was identified
(Fuchset al, 2013).

1.7.3PP2Cs phosphatases

Otherwise, protein phosphatases are already wellvrto function as negative regulators of
ABA signaling pathway. The physiological functionsPP2Cs were clearly determined genetically in
the beginning of XXI century (Umezawet al, 2010a). Model plants such &s thalianaand rice
contained for example 80 and 78 PP2C genes, réaggotXue et al, 2008). Phylogenetic analyses
from Arabidopsisand soybean were supported by gene structure atelrpmotifs and led to subdivide
thePP2Cgenes (Figure 21).
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Figure 21 An unrooted phylogenetic tree based auesgce alignment of the catalytic domains encodged b
soybean andrabidopsisPP2C. Each cluster was categorized according tptiilwgenetic analysis of
Arabidopsis PP2C genes (Schweighoétral, 2004). The cluster of Arabidopsis (black font}dan
soybean (blue font) group A PP2C is enlarged.

Source: Adapted from Ben-Aet al, 2012.

PP2C proteins are classified according to the satlesinto Ser/Thr, Tyr or dual-specificity
classes. Depending on their biochemical and straicteatures, plant Ser/Thr phosphatases are furthe
divided into PP1, PP2A and PP2C groups (Luan, 2008 PP2C proteins contain both catalytic and
regulatory domains (Figure 22) within the same peptide chain (Shi, 2009).

AtABII ; 2| 3 Rile

AtOSTI -

B SnRK2box [J ABA box

Figure 22 A schematic representation of the grolpPRC, AtABI1 and the SnRK2, AtOST1. AtABIllconditzo
PP2C (catalytic) domain (brown) in addition to th& motifs (green) (Borlet al, 2006) at its C-
terminal. AtOST1 consist of a kinase domain (blaejts N-terminal followed by a SnRK2 box (red)
and an ABA box (green). The ABA box appears witleampty green box to emphasize that this domain
is not used for SNRK2 identification.

Source: Adapted from Ben-Aet al, 2012.
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Gene duplication analyses reveals that whole geraomdechromosomal segment duplications
mainly contributed to the expansion of bdllsPP2@nd AtPP2C genes, however, tandem or local
duplication occurred less frequentlyAnabidopsighan rice (Xueet al, 2008).

PP2C phosphatases belong to théitg?* metal-dependent protein phosphatases PPM family
and negative regulatory roles of PP2C subgroup ABA signaling have been demonstrate after 2009
and suggesting that PP2C functions are well coasdeiv different plant species (Saezal, 2003;
Komatsuet al, 2009). Two homologous members of clade B PP2@s wleo reported to be involved
in ABA signaling (Ben-Ari, 2012). Regarding, grodpPP2Cs are functionally redundant at the
molecular level, but they have distinctive roledifferent tissues and organs, as indicated byeiss
specific expression patterns (Umezastaal, 2010). The PP2C functions emphasized the existehc
sophisticated signaling pathways in plants, in Wwhicotein dephosphorylation played a crucial role
towards determining specificities (Schweighadeal, 2004).

At least sixA. thalianaPP2Cs belonging to the group A act as negativelatys of the ABA
pathway (Gostet al, 1999; Merlotet al, 2001; Leonhardét al, 2003; Saezt al, 2003; Yoshidaet
al., 2006). On the other hand, tswPP2Csand twoCsPP2Cwere identified inV. viniferaand C.
sinensisfrom group A, respectively, while a family of 23ogp A-PP2C genes was found $
lycopersicum(Wanget al, 2013a). InV. viniferaandC. sinensisll these genes were shown to be up-
regulate in response to drought (Gambettal, 2010; Bonelet al, 2012a). Interestingly, the expression
pattern of the OsPP2C subfamily A genes plantdeideaith ABA, salt, osmotic (mannitol) and cold
stress is in good agreement with the microarrag ftat Arabidopsis subfamily A members, suggesting
that the members of this subfamily play foremos¢san ABA-mediated processes related to stress

responses both in monocots and eudicots @fw, 2008).

1.8 SnRK2 kinases

The reversible phosphorylation of proteins is adhmental mechanism by which living
organisms modulate signal transduction events ¢Cetlal, 2010). Once active, SnRK2 kinases can
phosphorylate downstream effectors (Figure 23) saagckhe basic leucine zipper transcription factors
ABFs/AREBS, thus switching-on the transcriptiomr®®A-responsive genes (Furihagaal, 2006).
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Figure 23 Schematic model of the ABA signaling path, which is mediated by novel signaling composent
discovered in recent omics studies as well as&gdne components PYR/PYL/RCAR, group-A PP2Cs
and subclass Il SnRK2. In addition to the core ponents, several protein kinases/protein
phosphatases (green and yellow ellipses, respBgtimee key players in the regulation of ABA-
mediated physiological responses during the lifeleyf plants. Several PYR/PYL/RCAR proteins
(represented by orange ellipses) are also abkgtdate ABA responses independent of group A PP2Cs.
C2-domain ABA-related (CAR) proteins are shown ik gllipses. Downstream targets involved in
transcriptional regulation and ion transport arevainhas blue and purple ellipses, respectively. iehlys
interactions identified by interactome analyses depicted as bidirectional blue arrows. The dashed
lines indicate possible but unconfirmed routes. Bugpace constraints, not all interacting progeid

/or substrates of the core components are shown.
Source: Adapted from Yoshidd al, 2015.

The first positive regulators termed SnRK2 (Subfariof sucrose non-fermenting 1 related

protein kinases SNF1) gene was isolated and clearssd 20 years ago in wheat and called PKABA1

(Anderberg & Walker-Simmons, 1992). At least 10 88Rencoding genes were found An thaliana
genome, withSnRK2.2, SnRK2.8nd SnRK2.6being associated with ABA signaling (Fujii and Zhu,
2009). The entir&nRK2gene family was also identified in many crops s@clsativa(Kobayashiet
al., 2004),S. lycopersicunfSunet al, 2011; Satet al, 2012; Wanget al, 2013),V. vinifera(Bonehet

al., 2012) ancC. sinensigRomeroet al, 2012).
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Among SnRK superfamily proteins, SnRK2s plays aompart in ABA signalling and it were
divided into three subclasses (Figure 24), whiclfiedid by their activation in response to ABA
(Kobayashiet al, 2004; Boudsocet al, 2004). Subclass | corresponded to genes notaéetivin the
presence of ABA. On the other hand, SnRK2s protefrsibclass Il were activated to a lesser extent
by ABA. In turn, those of subclass Il are strongltivated by ABA.

Figure 24 All SnRKs fromArabidopsis(black font) and Clementine (blue font) are preséntith yellow
(SnRK1), blue (SnRK2) and purple (SnRK3) backgraurithe SnRK2s were clustered into three
subgroups, each of which appears with a differankground color.

Source: Ben-Ari, 2012.

The C-terminal extremity of ShnRK2 subclass Il @ntan Asp-enriched domain required for
both the hormone specific activation of the kingBelin et al, 2006) and interaction with PP2C
(Hubbardet al, 2010). Domain | represent the SnRK2 box, whichasserved in all members of the
SnRK2 gene family. The kinase domain presents aR-Bifiding and the activation loop. Domain Il is

ABA box is conserved only in subclass Il of theRBt2 gene family.
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Presentation of the PhD Project

Regarding the key roles of PYL/SnRK2/PP2C triparsystem in higher plants, the following

scientific questions arisen concerning coffee:

(

)

(ii)

(iii)
(iv)

V)
(vi)
(vii)

how many genes composed the PYL/SnRK2/PP2C tiipatstem in coffee and how they are
organized?

are these genes expressed in the same manndenewlifcoffee tissues and organs?

are they differentially expressed i Bnd I clones and cultivars of coffee under drought and
ABA?

Does it exist different expression profiles of #ngenes irC. arabicaandC. canephora

Is it possible to identify alleles for improvingadight tolerance irC. canephoraor use in
breeding programs?

is it possible to correlate the diversity of thge@es with coffee evolution and adaptation?

In order to get the answers to these questionsnétie objectives of this work were:

to identify the candidates genes coding for the AB#teins receptors (PYR/PYL/RCAR), the
phosphatases (PP2C) and kinases (SnRK2) proteimdvéd in the first steps of ABA
signalling pathways i€. canephora

to characterize thegg. canephoragenes, comparing their families and structure withse
described in model plants;

to identify the functionaC. canephordYL/PP2C/SnRK2 orthologs;

to characterize the expression profile of genesorngshg to the tripartite system
(PYR/PYL/RCAR-PP2C-SnRK2) in leaves and roots dfabdd ¥ clones ofC. canephora
submitted or not to drought stress;

to compare these expression profiles to thoserolitailico in differentC. canephordissues;
to study the effects of exogenous ABA on the gequeession of these genes;

The results obtained regarding these questiongrasented in the following chapters.
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CHAPTER 1

The PYL/PP2C/SnRK2 tripartite system in C.

canephora
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The increased availability of plant genome dataessential to perform comparative and
functional genomic research with insights in plamblution which can greatly expand the knowledge
of the molecular basis of abiotic stress respoims€s canephora.

Comparative genomics studies has shown that ABAllatign in water-stress responses is
functionally conserved throughout the land planedége, from the rise of bryophytes, around 450
million year ago (MYA), to angiosperms (usually regented byA. thaliang that first appeared between
150 and 250 MYA (Doyle, 2012). An essential conagon of responses between the earliest lineages
and the flowering plants is clear from studieshaf tonsequences of ABA treatment, or the applicatio
of osmotic and drought-stress.

According to Ben-Ari (2012), the identification ofthologs using). thalianaas reference is an
excellent approach for functional studies and caatpee genomics oncarabidopsiss the best studied
model species for high plants. Besides phylogenstitsiderations, Rubiaceae and Solanaceae are
frequently considered as “sisters” plant familiexsdxd on genetic similarities observed betw€en
canephoraandS. lycopersicuniGuyotet al, 2012) such as genome size (Noiedtal, 2003; Van der
Hoeven, 2002), the basic chromosome number, tlgegetic chromosome architecture (Pinto-Maglio
& Da Cruz, 1998; Hamoaet al, 2009; Yuet al, 2011), the absence of polyploidization (\&fal, 2010)
and expressed genes in the seed and cherryeflah, 2005). The structural relationships betwézn
canephoraS. lycopersicurandV. viniferagenomes were carried-out by Gugbtal. (2012) aiming to
evaluate the genome conservation and evolution rongbocomparative mapping at the macro and
micro-scale levels. These studies showed Sftuddinaceaanicrostructures appear much more different
than the conservation betwe€n canephoraandV. viniferatree, suggesting a divergent and specific
evolution of the locus in thBolanacearior to the separation with tiRubiaceae

Recently, a high-quality draft genome Gf canephorawas generated which displays a
conserved chromosomal gene order among asteridspagms (Denoeuet al, 2014). Although there
is no sign of the whole-genome triplication as td&d in Solanaceaspecies such tomato, the genome
includes several species-specific gene family esipas.

In the last years, great efforts have been impléateim genomics to attempt to understand the
genetic determinism of tolerance to environmentedsses, biotic and abiotic, especially in model
species (Umezawet al, 2006; Ashraf, 2010). The same applies to coffeevhich the recent progress
in DNA sequencing methods, genetics and bioteclgygb@rmitted the identification of thousands EST
sequences (Liet al, 2005; Poncegt al, 2006; Vieiraet al, 2006; Vidalet al, 2010; Mondeget al,
2011), the recent complete genome sequen€e ocanephorgDenoeudet al, 2014). the construction
of genetic maps (Lefebvre-Pautigay al, 2010, Leroyet al, 2011) and the improvement of genetic
transformation techniques (Ribat al, 2011) These scientific advances now paved the toay
investigate the structure of complex gene familiethis plant, as it is the case for the genesraptir
the proteins of the PYL/PP2C/SnRK2 tripartite syste
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ABSTRACT

Abscisic Acid (ABA) pathway is an ancient signalingiversally conserved in land plants which

coordinates several aspects of the plant respanseater deficit such as root architecture, seed
dormancy and stomatal regulation. A mechanism ofAAdignal transduction has been proposed,
evolving intracellular ABA receptors (PYR/PYL/RCARmteracting with PP2Cs phosphatases and
SnRK2 protein kinases. The goal of this study veagléntify and characterize for the first time the

orthologs of this tripartite system i@. canephora For this purpose, protein sequences from
Arabidopsis, citrus, rice, grape, tomato and potatee chosen as query to search orthologous genes i

the Coffee Genome Hubtfp://coffee-genome.org/Differential expression in leaves, seeds, raots

floral organs was checked through silico analysesIn vivo gene expression analyses were also
performed by RT-qPCR in leaves and roots of drotigjlerant (D 14, 73 and 120) and -susceptiblé (D
22) C. canephoraConilon clones submitted to drought. This approalttwed the identification and
characterization of 17 candidate genes (9 PYL/RCARBP2Cs and 2 SnRK2s) (& canephora
genome. The protein motifs identified in predictedfee sequences enabled to characterize thess gene
as family’'s members of receptors (PYL/RCARS), plhasases (PP2Cs) or kinases (SnRK2s) of the
ABA response pathway. These families were functigramnotated in theC. canephoragenomeln

vivo analyses revealed that eight genes are up-regulael drought conditions in both leaves and
roots tissues. Among them, three genes coding platsges were expressed in all clones therefore
suggesting that they were activated as a genespbnse to cope with drought stress. However, two
other phosphatase coding genes were up-regulatgdrothe D' clones, suggesting that they may
constitute key-genes for drought tolerance in tlodsees. The Dclones also showed differential gene
expression profiles for five other genes d¢fane reinforcing the idea that multiple bigical

mechanisms are involved drought toleranc€ .icanephora
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INTRODUCTION

The first bitter mouthful in the morning which géséaily energy to the planet is coffee, the
major tropical commodity traded worldwide and seuaf income for many developing countries
(Lashermeet al, 2008). With about a third of the world producti@mazil is the first coffee producing
country (ICO, 2016). Coffee production is subjeatdgular fluctuations mainly due to adverse climat
conditions, such as prolonged drought periods. dasethe last report of the Intergovernmental Panel
on Climate Change (IPCC), the increase daiptrature and drought periods would change th
distribution of coffee production zones worldwidmadling to environmental, economic and social
problems (Davist al, 2012; Bunret al, 2015; Ovalle-Rivera&t al, 2015) as well as an increase in
pests and diseases (Jaranméital, 2009; Magrach & Ghazoul, 2015). Drought is a famtor affecting
coffee plant development and production (DaMatthRamalho, 2006), bean biochemical composition
(Vinecky et al, 2016) and quality (Silvat al,, 2005).

Among the known 124 perennial species in the cajéeris (Davigst al, 2011), the commercial
coffee production concerns only two speciesffea canephorandC. arabica While C. canephoras
allogamous and diploid (2n=2x=22}, arabicais an autogamous allotetraploid species (2n=4x=44)
coming from a natural hybridization betwe@ncanephorandC. eugenioideancestrors (Lashermes
et al, 1999). Concerning drought tolerance, it is walbWwn that genetic variability exists withi@.
canephoraspecies, the Guinean and SG1 sub-group of Congbésg more tolerant to drought than
Congolese plants of SG2 sub-group (Montagnon &Yy,et693). Such diversity also exists in Conilon
plants ofC. canephora&ultivated in Brazil that are closely related te ®G1 group (Montagnaet al,
2012). Among the strategies commonly observed fiee@lants to cope with water limitation are leaf
folding and inclination that reduce water loss argosure to high irradiance. During the last decade
several drought-tolerant {Dand susceptible (I clones of Conilon were identified and previously
characterized physiologically (Lingt al, 2002; DaMattat al, 2003; Pinheiraet al, 2004; Praxedes

et al, 2005). At the molecular level, genes differeffialxpressed under drought were also identified
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in leaves of D and ¥ clones ofC. canephorgMarracciniet al, 2011, 2012; Vieirat al, 2013), some
of them (e.gRD29andDREB1D being linked to ABA-dependent pathways.

It is well known that abscisic acid (ABA) has a rahrole regulating the adaptive response to
drought tolerance in plants (Gonzalez-Guznetn al, 2014). Under stress conditions, this
phytohormone, synthesized in roots and leaves glyp@riods of water depletion (Thompsenal,
2007), is perceived by PYR/PYL/RCAR receptors & the first component of the ABA tripartite
systems (Klingleet al, 2010). Once formed, the PYL-ABA complex bind he tlade A phosphatase
type 2C (PP2C) inactivating them (Heao al, 2011; Maet al, 2009; Parlket al, 2009). Then, the
subclass Il SNF1-related kinase (SnRK2) pnsteare activated by dephosphorylation allgwin
expression of downstream stress responsive gendie(€ al, 2010). In this system, ShnRK2 and PP2C
proteins function therefore as positive and negatigulators of the ABA pathway, respectively.

Using the recently published genome sequencgé. afanephoraDenoeudet al, 2014), the
main objective of this work was (i) to identify thethologous genes belonging to the tripartiteesyst
(PYL-PP2C-SnRK2of ABA in C. canephora, (ii) to characterize these orthologs accordingdae
structure, protein functional domains, phylogemyteny and (iii) to evaluate the expression prasile
those genes in leaves and roots of contrastifiga(d F) clonesC. canephorasubmitted or not to

drought conditions.

MATERIAL AND METHODS

Plant material

Drought-tolerant (I 14, 73 and 120) and -susceptibl€:(ER) clones o€. canephoraonilon
were grown in greenhouse conditions (under coetiidbmperature 25°C, relative humidity of 70% and
photosynthetic flux PPF 9Q@mol?s?t) at UFV (University of Vicosa-UFV, Minas Gerais;e&il). At 6
months old, drought stress was applied to the plaptvater withdrawal (NI: non-irrigated) to reach

predawn leaf water potentiaV’{s) of around -3.0 MPa. From each clone, biologidalitate samples
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(leaves and roots) were collected in both irriggtedontrol) and NI conditions, immediately frozen

liquid nitrogen and stored at -80°C for RNA extiacs and ABA quantification.

Genomic data
Genomic data from a double haploid accession afa@ephora available in Coffee Genome

Databaseh(ttp://coffee-genome.orgDereepeet al.[2015]) were used as reference sequences.

In silico identification and characterisation of m@date genes of the PYR/PYL/RCAR-PP2C-SnRK2
tripartite system

PYR/PYL/RCAR-PP2C-SnRK2 orthologs genes fr@mcanephoraand their orthologs from
Arabidopsis thalianaSolanum lycopersicun®olanum tuberosun¥itis vinifera Citrus sinensisand

Oryza sativawere identified in the following databases: NCBIt://www.ncbi.nim.nih.goy, TAIR

(http://www.arabidopsis.oryy/ AtGDB (http://www.plantgdb.org/AtGDB/ Phytozome

(http://www.phytozome.nét/ Sol Genomics Network  (http://solgenomics.ngt/  SIGDB

(http://www.plantgdb.org/SIGDB/ GreenPhyllittp://www.phytozome.nét/ Grape Genome Database

(http://www.genoscope.cns.fr/exterhgbramene Databaskt{p://www.gramene.or/ Plant Genome

Databasehttp://www.plantgdb.org/ Citrus Genome Databadettp://www.citrusgenomedb.ongand

Rice Genome Annotatiorhitp://rice.plantbiology.msu.ediuBLAST searches were carried out using

these sequences as query against the Coffee Gddatmiease and Rubiaceae ESTs database (e-value
< €19 to isolate coffee genes that were further trdedléo compare their corresponding proteins with
proteins of other species using the MAFFT progr&@t¢h & Toh, 2008) available at South Green

Platform fittp://www.southgreen.fy/ The conserved amino acids were identified usirgGeneDoc

program ttp://www.nrbsc.org/gfx/genedgc/ Genes that did not contain specific dormawere

removed. Phylogenetic analyses were performed ovitinlogous sequences that were filtered with
Gblocks (Castresana, 2000) and used to constrecphiylogenetic trees using PhyML algorithm

(Guindonet al, 2010). To compare gene and species, reconcded were constructed using the RAP-



132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

CHAPTER1: THEPYL/PP2C/SIRK2 TRIPARTITE SYSTEM INC. CANEPHORA 79

Green algorithm (Dufayarét al, 2005) and the reference tree provided by the NtaBbnomic

databasehttp://www.nchbi.nim.nih.gov/sites/entrez?db=taxorn®nThe HMM (Hiden Markov Model)

was used to build and validate the phylogenetidyapa that were visualized using the Dendroscope
software (Husoret al, 2007). All candidate genes were functionally datenl in the Coffee Genome
Database using Artemis software (Careerl, 2012). Gene structures were predicted using gmeG

Structure Display Servehitp://gsds.cbi.pku.edu.gn/The transcriptomic data available in the Coffee

Genome Database were used to perform in silicaessjon analyses that were normalized using RPKM
(Fig. S1). The gene duplication patterns were gaadrusing the MCScanX software (Wagtgal,

2012) and were formatted by Circdstp://circos.cg/for graphical representation.

RNA extraction and real-time gPCR assays

Total RNAs were extracted from leaves and root€ otanephora as previously described
(Marracciniet al, 2011). Contaminant genomic DNA was eliminatedrirpurified RNAs by RQ1
RNase-free DNase (Promega) treatment accordinpedabricant. RNA integrity was verified by
agarose gel electrophoresis with ethidium bromidensig. Synthesis of the first-strand cDNA was
done by treating 24 of total RNA with the ImProm-Il Reverse Transtiop System and oligo (dT15)
according to the manufacturer's recommendationsn@Bga). Real-time qPCR assays were carried out
with the synthesized single-stranded cDNA usingpitetocol recommended for 7500 Fast Real-Time
PCR Systems (Applied Biosystems, Foster City, CBAN cDNA preparations were diluted (1/20) and
tested by gPCR using primer pairs (Table S1) desigrsing the Primer Express software (Applied
Biosystems) and preliminarily tested for their sfieity and efficiency against a cDNA mix from raot
and leaves. The gPCR was performed witlh df diluted single-stranded cDNA and Q.21 (final
concentration) of each primer in a final wak of 1@l with 1x SYBR green fluorochrome
(SYBRGreengPCR Mix-UDG/ROX, Invitrogen). The reaatiwas incubated for 2 min at 50°C and 5
min at 95°C (UDG step), followed by 40 amplificatioycles of 3 s at 95°C, 30 s at 60°C. Data were

analysed using the SDS 2.1 software (Applied Bi@sys) to determine the cycle threshold (Ct) values.
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Specificity of the PCR products generated for essthof primers was verified by analysing the Tm
(dissociation) of amplified products. Gene expi@sdevels were normalized to expression level of
ubiquitin (CcUBQ10) as a constitutive referencer@@tobres-Cavallagt al, 2009). Expression was
expressed as relative quantification by applyirg fiivmula (1+E*®!, whereACtiarget = Charget gene—

Ctreference gen@-ndAACt = ACttarget‘ ACtinternal calibrator

ABA extraction and quantification

ABA was extracted from leaves and roots tissue€.ofanephora clones stored at -80°C as
previously mentioned (see plant material sectitmilially, samples were lyophilised and ground to a
power in liquid nitrogen. ABA was extracted (Be&yBewley, 1992) and quantified by ELISA using

the Phytodetek ABA test kit (Agdia, Elkhart, IN, A5

Statistical analyses
The statistical analyses were performed using GtaghPrism software (GraphPad Software

Inc., La Jolla, CA, USA).

RESULTS

Identification of CcPYLs-PP2Cs-SnRK2s orthologS€.icanephora

The protein sequences of ABA receptors, phosplataad kinases fromh. thaliang C.
sinensis V. viniferg S. lycopersicumsS. tuberosunand O. sativawere used as query to identify
orthologous genes @. canephorahrough BLASTP (Table S2-S4), leading to the ides#tion of 17
putative coffee proteins according to the analgdisheir functional domains. Nine proteins were
homologous to the PYR/PYL/RCAR (Fig. 1a), six tad#-A PP2C (Fig. 1b) and seven putative coffee
SnRK2 kinases belonging to subclass | and Il (E)g.Iwo additional SnRK2s of subclass Il were also

identified (Fig. 1d). These genes were named aowpr the results of phylogenetic analyses and
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sequence homology, as follow€cPYR1 (Cc08_g0275f) CcPYL2 (Cc08 g1045) CcPYL4
(Cc02_g0599)) CcPYL7a(Cc00_g1744Y) CcPYL7b (Cc00 _g2373)) CcPYL8a (Cc02_g0180p
CcPYL8b (Cc08 g1596)) CcPYL9 (Cc02 g3918)) CcPYL13 (Cc02_g1506)) CcABI1
(Cc08_g1101)f) CcABI2(Cc06_g1174)) CcAHG2(Cc08_g1601)) CCAHG3(Cc02_g0743)) CcHAB
(Cc04_g0162)) CcHAI (Cc01_g1340f) CcSnRK2.1(Cc00_g1932)) CcSnRK2.2(Cc07_g0571))
CcSnRK2.6(Cc02_g1842)) CcSnRK2.8Ccl0_g0679) CcSnRK2.8Cc07_gl1470)) CcSnRK2.10
(Cc02_g2279)) CcSnRK2.11(Cc08 g1120)) CcSnRK2.12(Cc00_g3543pP and CcSnRK2.13
(Cc00_g0783p

Most of CcPYLsPP2CsSnRK2genes were found in chromosome ZotanephordFig. 2a).
RegardingPYR/PYL/RCARyene family, theCcPYL7aand CcPYL7bgenes were located on the
chromosome 0. The seven oth€sPYLsgenes were on the chromosomesC2RYL4 CcPYL8a
CcPYL9andCcPYL13 and 8 CcPYR1CcPYL2and,CcPYL8D. The six clade-APP2Csgenes were
positioned on five different chromosom&xHAI in chrl, CcAHG3Iin chr2, CcHABIn chr4,CcABI2
in chré andCcABIland CcAHG2 in chr8. ThEcSnRK2.@ndCcSnRK2.2f subclass Ill were located
on the chr2 and chr7, respectively. For the seéseRK2genes of subclasses | and Q¢gSnRK2.1
CcSnRK2.12and CcSnRK2.13were located on the chrO where€eSnRK210, CcSnRK3,

CcSnRK2L1 andCcSnRK3 were in chr2, chr7, chr8 and chrl0, respectively.

Functional annotation of CcPYL-PP2C-SnRiféhes

The 24 genes of the coffee tripartite system wearetfonally annotated of. canephora
genome (Fig. 2b). The occurrence of duplicatiome/an theCcPYL-PP2C-SnRK@ene families was
investigated through analyses of the paralogousmegThese analyses showed that CcPYL proteins
shared high identity with ABA receptors from grapjle the CcPP2Cs were closely related to tomato
and potato phosphatases, and CcSnRK2s with cilnasds (Table S2-S4). Except the CcSnRK2.12
and CcSnRK2.13 proteins which not contained all @os (Fig. 1c), the lengths of CcPYL, CcPP2C
and CcSnRK2 protein sequences were between 17428546 and 336-363 amino acids, respectively

(Fig. 1). The phylogenetic trees showed that PYdepgors and SnRK2 proteins were distributed in the
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three main subfamilies (Fig. 3a and 3b, Fig. S2 &4 The putative protein sequenceoPYL7a
CcPYL7hHCcSnRK2.1CcSnRK2.12-180ding-genes located on chrO were not showed oretwsmed

phylo-analyses, however, they are representeckindmplete ones (Fig. S2 and S4).

ABA (PYR/PYL/RCAR) receptors
Among the nine PYR/PYL/RCAR proteins, CcPYR1, CcB#land CcPYL9 showed high

sequence identity (72%, 83% and 84%) with tomadoseces while CcPYL2 and CcPYL4 shared 84%
and 74% of identity with the potato proteins, amiP¥L7a and CcPYL7b had 54% and 53% of identity
with the same grape locus while the CcPYL8a andYL&B proteins shared 82% of identity. Finally,
the CcPYL13 showed 62% of sequence identity widlpgrGSVIVG01013161001 protein. BLASTP
results showed that CcPYL4, CcPYL7a and CcPYL7heme were highly homologous to AtPYL6
from A. thaliang CsPYL5 fromC. sinensisand VVRCARG fromV. viniferg respectively (Table S2).
The CcPYL4, CcPYL7a and CcPYL7b proteins asémred high identity respectively with the
Solyc10g076410, Solyc10g085310 and Solyc03g0957@8@ips ofS. lycopersicumAll these coffee
PYR/PYL/RCAR proteins (including in CcPYL7a and G¢F' b located on chr0), contained key amino
acid residues involved of both gate and latch lampserved in ABA receptors (Fig. 1a).

The seven mappe@cPYLgenes were identified on different ancestral bloockshe seven
eudicot chromosomes such as the GBRYR1CcPYL8aCcPYL8bandCcPYL9, G4 (CcPYL3, G6
(CcPYL4 or G7 CcPYL13 groups. AlICcPYLgenes identified on the G2 ancestral block weratéxt
at the edges of their respective chromosomes. ditia of being located on the same chromosome
(chr8) and G2 ancestral block, t8ePYR1andCcPYL8bgenes also belonged to the same paralogous
region (Fig. 2a). A different situation was observyer the CcPYL8aand CcPYL9genes that derived
from different paralogous regions.

Manual curation ofCcPYLgenes revealed th&cPYR1 CcPYLZ2 CcPYL7a CcPYL7band
CcPYL13did not contain introns, while one intron was foum@cPYL4and two inCcPYL8aCcPYL8b
andCcPYL9genes (Fig. 2b). No evidence of 5" UTRs regions feasid for CcPYL2 CcPYL7aand

CcPYL7bgenesCcPYL8awas the only gene presenting an intron (of 316emgth) on the 5’ UTR
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region. ForCcPYL8ha 3'UTR extension was based on sequence aligismetiit a corresponding EST
of C. arabica(GR997267) expressed in leaf, fruit, flower, roat @alli tissues. ThEcPYL8kgene was
also extended in its 5" UTR using the similaritiesnd inPYL9genes of tomato (LOC101258886) and
potato (LOC102591194) (Table S2). In the same w&ryextension was also found@ePYL13B'UTR
region based on the GT013431 EST sequen¢k afabicaexpressed in fruits. Phylogenetic analyses
revealed that the ABA receptors CcPYL8a, CcPYL8®h @aPYL9 belong to the subfamily | together
with AtPYL7-10 fromA. thaliang CsPYL8-9 fromC. sinensisand VvPYL8-9 fromV. vinefera(Fig.

3a, Fig. S2). The CcPYL4 protein was located irsthtgfamily 1l together with AtPYL4-6 and CsPYL4-
5 while CcPYL13 was closely related to AtPYL11-EBally, the subfamily Il contained the CcPYR1
and CcPYL2 proteins, the first being related to AtRYR1, AtPYL1 and CsPYR1 proteins, and the

second to AtPYL2-3 and CsPYL2 proteins.

Phosphatase type 2C (PP2C) proteins

The majority of coffee PP2Cs were identical to phatases proteins froBolanacea€¢Table
S3). Among them, the CcABI1, CcABI2, CcHAB and CdH#ere highly similar to potato proteins
while CcABI2, CcAHG3 and CcHAB were related to tdmaequences. On the other hand, the
CcAHG2 protein presented 57% of identity with apgrasequence. The catalytic domain of PP2Cs
composed of 11 conserved motifs withMiyIn?* [xxD] and [DG] (D: aspartic acid, G: glycine) matjf
was highly conserved throughout the six coffee FPED. 1b).

Regarding genome localization, these proteins edblirom G2 CcAHG), G4 (CcHAB
CcABI], CcABI2 and G6 CcHAI and CcAHG3 ancestral blocks (Fig. 2a). Even thougitHAB
CcABIllandCcABI2in one hand, an@cHAlandCcAHG3in another, evolved from the same ancestral
block genes, all these genes belonged to a diffpegalogous regiolCcAHG2andCcAHG3contained
three introns while four were observedGnABI1, CcABI2 CcHAlandCcHABgenes (Fig. 2b). Only
CcABIllandCcABI2genes contained introns in their corresponding RU&gions.

The phylogenetic analyses revealed that CcABI1e2@cHAB proteins evolved together with

AtABI1-2, AtHAB1-2, CsABI1 and CsHAB1 while CcCAHGZcAHG3 and CcHAI were grouped with
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AtAHG1, AtAHG3, AtHAI1-3 and CsAHG3 (Fig. 3b). Themembers of the ABA-hypersensitive
germination (AHG) subfamily irC. canephorawere represented b§cAHG2and CcAHG3 genes.
Becausé€CcAHG2had no ortholog ii\. thalianaand presented low homology WitAHG1, AtAHG3
AtHAI1-3andAtABI1-2genes, it clustered separately from these gengs3(FiFig. S3). On the other
hand, CcAHG3 was orthologous tAtAHG3 CsAHG3and VvPP2C8 Finally, the coffeeCcHAI

appeared homologous to ABA-induced geA#3All, AtHAI2 andAtHAIS.

SNF1-related (SNRK2) protein kinases
Nine putative SnRK2 protein kinases were fified in C. canephora CcSnRK2.1,

CcSnRK2.8, CcSnRK2.12 and CcSnRK2.13 shared higftiigt (84%, 83%, 92% and 84%) with their
respective proteins of. sinensis(Table S4). On the other hand, CcSnRK2.25MRK2.6 and
CcSnRK2.11 had 86%, 93% and 83% of identfth tomato proteins while CcSnRK2.2 and
CcSnRK2.10 proteins shared 86% and 91% \pikato relatives. Excepted CcSnRK2.12 and
CcSnRK2.13, all other coffee SnRK2s contained éirtN-terminal region the GXGXXG kinase (ATP
binding) domain and the highly acidic ABA box doménotif ) important for their interactions with
PP2Cs in their C-terminal region (Fig. 1c). In d@dadi to these domains, CcSnRK2.2 and CcSnRK2.6
also contained the C-terminal domains | and Il (Bid) responsible of ShnRK2 activation by osmotic
stress in ABA-independent and ABA-dependent manmespectively (Yoshidat al, 2006).

At the gene level,CcSnRK2.1had orthologous genes in tomat8IShRK2.), grape
(VWiSnRK2.1p, andArabidopsis(AtSnRK2.land AtSnRKZ5). On the other han@GcSnRK2.1Qvas
orthologous toVvSnRK2.11land homologous té\tSnRK2.10and AtSnRK2.4of Arabidopsis. The
CcSnRK2.’had an ortholog in ArabidopsistSnRK2.Y, a co-ortholog in tomat&{SnRK2¢and two
homologs in grapeMvSnRK2.7aand VvSNRK2.7h CcSnRK2.8had two orthologs in Arabidopsis
(AtSnRK2.8 and grape (viSnRK2.8 According to the classification of Kobayastt al. (2004),
CcSnRK2svere divided into three subclasses which differgdhgir activation in response to ABA
(Fig. 3c). TheCcSnRK2.1and CcSnRK2.1@lustered in the subclass | corresponding to geoés

activated in the presence of ABA. TBeSnRK2.AandCcSnRK2.&elong to the subclass Il activated
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to a lesser extent by ABA. Finally, the subclass/fls composed b§cSnRK2.2ndCcSnRK2.@enes
strongly activated by ABA. Interestingly, the caf€cSnRK2.1hene did not clustered in any of these
subclasses (Fig. S4).

Concerning genome localizatio@cSnRK2.11gene belong to the G2 ancestral block while
CcSnRK2.2CcSnNRK2.6 CcSNRK2.8cSnRK2.7and CcSnRK2.1@enes were identified on the G3
block (Fig. 2a). Among thenCcSnRK2.8and CcSnRK2.10as well asCcSnRK2.2and CcSnRK2.7
genes, evolved from the same ancestral block aralgg@us regions. ExceptedcSnRK2.12and
CcSnRK2.18enes that contained four and five introns, respagt otherSnRKZyenes contained eight
introns (Fig. 2b). BecausgecSnRK2.12nd CcSnRK2.13)enes also missed a stop codon, they were

considered as uncompleted sequences and wererthetrfanalyzed.

Expression profiles of CcPYLs-PP2Cs-SnRK2 genkesaires and roots of C. canephora submitted to
drought conditions
Expression of PYL/IPYR/RCAR-PP2C-SnRK2 genes wasyaed in leaves and roots of the

DT and ¥ clones ofC. canephoragrown under | (irrigated) and NI (non-irrigatedjgF4). Whatever
the primer pairs designed fQctPYL7a CcPYL7bandCcPYL13(Table S1) and irrigation conditions,
no expression was detected in leaves and roo® fdatshown). FOEcPYRIandCcPYL4 expression
was observed in leaves of all clones under cowewotition and decreased under drought. A similar
pattern was observed fQCPYLZ except that this gene was expressed under igigatly in leaves in
DT clones 14 and 120. Expression level$CoPYL8agene did not changed significantly from 1 to NI
conditions in leaves of Dclones 14, 73 and 120 but decreased significantiieudrought in Bclone
22. Whatever the clone§cPYL8band CcPYL9were the most expressed genes in leave€.of
canephoraplants under irrigation. However, expressionCQi#fPYL8band CcPYL9genes increased
significantly under drought in leaves of clones 22,and 120, and in those of Blones 14 and 73,
respectively.

In roots, expression o€cPYR1 and CcPYL4decreased under drought in all clonesCof

canephorgFig. 4). On the other har@cPYL8bgene expression was significantly induced by drough
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in the D clones 73 and 120. Up-regulated expressiddadfYL9was also noticed in Dclone 73 under
drought.

For thePP2Cgenes, expression QfcABI2 CcAHG3andCcHAI genes were significantly up-
regulated under drought in leaves and roots of iWtland ¥ clones (Fig. 4). Drought-induced
expression @cAHG2and CcHABwas also observed but only in leaves of tHecBnes 14, 73 and
120. Different expression profiles were observeddcABI1in leaves and roots with water conditions.
For example CcABI1 expression was up-regulated under drought only fircibne 73, but down-
regulated by drought inTxlone 22. On the other hand, whleABI1gene expression decreased under
drought in the D clone 14, it was highly up-regulated by droughthiea D' clone 120. Compared to
otherPP2Cs CcHAIl was the most expressed in both leaves and rooer windught. Expression of
CcAHG2was also greatly up-regulated by drought in leafed! D' clones but not in those off@lone
22. However, no detectable expression of this gergeobserved in roots (data not shown). In robes, t
DT clone 120 stands out other clones by the factitimesented high up-regulated expression under
drought ofCcABI1, CcABI2andCcAHG3 as well as o€cSnRK2.2CcSnRK2.&andCcSnRK2.8enes
The expression of subclass GtSnRK2.2yene was also up-regulated by drought in leavebeot
clones 14 and 73 but also in roots of alldbnes. On the other han@gSNRK2.@ene expression was
unaffected by water condition in leaves but inceglasnder NI conditions only in roots of Blone 73.

The expression dEcSnRK2.gene increased under NI conditions in leaves irbthelone 73
and mainly in roots of Dclone 120 (Fig. 4). On the other hand, expressio@aSnRK2.8vas up-
regulated by drought only in leaves of &one 73 as well as in roots of Blone 73 and Bclone 22.

No significant differences of expression profilesresobserved fo€CcSnRK2.1@&nd CcSnRK2.11n
leaves of all coffee clones. Howev@gSnRK2.1@ene expression was down-regulated under drought
in roots of D clones 14 and 120, but unaffected in clones 73220dVhile CcSnRK2.1Expression
was not detected in roots (data not shown), exjoressvels detected in leaves were not signifigantl

affected by water treatments. KeeSnRK2.1as well a€cSnRK2.12andCcSnRK2.13expression was
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undetectable in drought-stressed roots and ledvasaffee clones with the tested primer pairatéd

not shown).

ABA quantification

In leaves, ABA was detected in all clones undehb@nd NI conditions, ranging from 2 to 8
pmol.g* of DW (Fig. 5). A significant increase of ABA comteunder drought was observed in leaves
of D" clone 120 while ABA contents were considered aatiradly stable in other clones whatever the
irrigation conditions. In roots, ABA contents wesiailar (around 4 pmol:yof DW) in all clones under
irrigated conditions. If these contents tendeddcréase under drought in all clones, this reductias

significant only in roots of the Tclone 14

DISCUSSION

For the first time, the orthologous genes codingpimteins of the PYL/PYR/RCAR-PP2C-
SnRK2 tripartite system involved in the first stefsABA perception and signal transduction were
identified and thoroughly characterizeddncanephoraBased on sequence similarity with other plant
genes, nin€cPYl-type genes, siPP2Gtype and nineSnRK2type genes divided in three subclasses

were found.

PYR/PYL/RCAR gene family in C. canephora

Nine PYR/PYL/RCARenes were found in ti@ canephoraggenome. This number was similar
to PYLsfound inC. sinensifRomeroet al, 2012) andV. vinifera(Bonehet al, 2012b), but smaller
thanPYLsin Arabidopsis (Maet al, 2009; Parlet al, 2009), tomato (Gonzalez-Guzmeinal, 2014)
and rice (Kimet al, 2012). InterestinglyC. canephoraontained duplicated genesRYL7(CcPYL7a
andCcPYL7b andPYL8(CcPYL8aandCcPYL8W (Fig. 6). The duplicate@cPYL7swvere located into
the chrO corresponding to unmapped scaffolds gabapeitrary in a pseudomolecule (Denoetl,
2014) and not expressed in leaves or root€.afanephoraThese results are in accordance wiith

silico data deduced from the Coffee Genome Database $ig. However, sinc&CcPYL7aand
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CcPYL7bwere expressed in developing bean€ oérabica(data not shown), it can be concluded that
they correspond to functional genes l&ePYL8a(chr2) andCcPYL8h(chr8).

Denoeudet al. (2014) recently reported that the coffee genomeaioed several species-
specific gene families that probably occurred bgnsental and tandem gene duplication, as well as
transposition events. Despite the fact tGaPYL8a CcPYL8band CcPYL9 harboured different
chromosome localizations, their chromosome positavigin, similar gene structure and expression
profiles suggested that they underwent duplicat{ig. 6). This hypothesis is supported by the fact
that these genomic fragments harboured other @gupticgenes (e.g. lipid transfer protein, zinc finge
DOF protein, heat shock protein, Dehydration-respanelement-binding protein 1D) (data not shown)
previously shown to be important in response€ ofanephorgMarracciniet al, 2012; Vieiraet al,
2013) andC. arabica(Mofatto et al, 2016) to drought.

In the present workCcPYL8aand CcPYL8bparalogs showed different expression profiles in
roots under drought. Such differences could beagxgtl by the presence of the 316 bp intron in the 5
UTR region ofCcPYL8aaffecting expression of this gene. This hypothissisinforced by the presence
of two LTR copiaretrotransposons i@¢cPYL8aone located in its promoter region (2 kb) anddtiner
in its first intron. TEs located near host geneskarown to impact gene expression and to playesimol
the genome adaptation to environmental changesa¢Qbserta & Gonzélez, 2013), as suggested in
coffee where high TEs expression was observétl itcanephorandC. arabicasubmitted to drought
(Lopeset al, 2013).

To our knowledge, the results presented here ardirdt reporting functional duplication of
PYL8gene. They demonstrated tl@atPYL8band CcPYL9were the genes mostly expressed in roots
and leaves o€. canephorandicating their probable key role to cope with wlybt in coffee, as also
suggested in Arabidopsis (Mt al, 2009; Zhaoet al, 2014). However, expression GicPYL8a,
CcPYR1, CcPYLa@ndCcPYL4was unaffected by drought, suggesting that thesesgelayed a limited

role in the response @f. canephordo water limitation.

Coffee PP2C gene family
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Six CcPP2Cswere identified in the€C. canephoragenome. This gene number is higher to that
found inC. sinensigRomeroet al, 2012), but lower to that of Arabidopsis (Mal., 2009; Parlet al,
2009), grape (Boneét al, 2012a), tomato (Suet al, 2011) and rice (Xuet al, 2008). Expression
analyses revealed that these coffee genes werdédigicsince they were all expressed in leaves
particularly in drought stressed coffee. Among th€eHAl retained attention since its expression was
low under unstressed conditions but highly induaeder drought in all clones. In roots, this gens wa
highly up-regulated under drought i Blone 73 and Bclone 22, while the increase was much more
reduced in D clones 14 and 120. In Arabidopdimi mutants exhibited inhibition of root growth and
induction of many ABA-regulated genes such as dehgdlate embryogenesis abundant proteins,
NCED3andNACs(Bhaskarat al, 2012). HereCcHAIwas the gene mostly up-regulated under drought
in leaves and roots of &ll. canephoralones, suggesting its key role in coffee respotsésought.

Several studies already reported induced expresgiohe PP2C genes under abiotic stress
(Tahtiharju & Palva, 2001), as observedAdi1, ABI2andHABLin leaves of Arabidopsis early during
drought treatment (Harét al, 2010).ABI1lis a key gene of ABA signaling in the guard cellseve
ABI1 inhibition after ABA perception stimulates statal closure (Sae# al, 2006). Such a role is not
expected in roots where expressionGafABI1 and CcABI2 was highly up-regulated under drought,
particularly in D clone 120. The fact that these two genes exhilsiteilar expression profiles could
be explained by their overlapping roles in coningllABA action (Leunget al, 1997; Merlotet al,
2001). The up-regulated expressiolCofAHG3also observed in parallel to the accumulatioGoABI1
and CcABI2 transcripts might be related with the function lostgene in ABA response pathway
(Nishimuraet al,, 2004). As previous studies shown that high cotmagans of ABA inhibit root growth
(Beaudoinet al, 2000), it is possible that theB&®2Cgenes could act together on the development of
coffee root system under drought.

Another interesting result concerneédAHG2whose expression was significantly up-regulated
in leaves under drought specifically il Elones and undetected in roots. These expressifiteprare

not contradictory to those of silico (Fig. S1) that did not detect€@tAHG2expression in leaves since
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RNA-seq libraries were generated from unstressédecplants (Dereepeat al, 2015). The fact that
CcAHG2was expressed in drought-stressed leaves afddes but not in those of2lone 22, highly

suggests a key function of this gene in leaveS.afanephord™ clones submitted drought.

SnRK2 gene family in C. canephora

In this work, nine putativesnRK2genes were identified in th€. canephoragenome.
Expression studies revealed tBatRK2.2vas up-regulated upon drought in leaves btnes 14 and
73. For otheBnRK2genes, expression levels can be considered aivedlattable and poorly affected
by drought in allC. canephoraclones. An opposite situation was observed in raote/hich the
expression profiles a€cSNRK2.2CcSnRK2.6and CcSnRK2.fenes were highly up-regulated upon
drought, mainly in D clone 120.

Among SnRK2 proteins, those of subgroup Il (&gRK2.2ndSnRK2.$ play important roles
in ABA-induced stomatal closure (Cutleral, 2010). Phosphorylated forms of SnRK2.2 and 2.@we
also reported to activate the ABA-responsive stmatigeneRD29B(Yoshidaet al, 2010). Zhengt al.
(2010) also reported the role®hRK2.6n increasing carbon supply and stimulating plaotgh. Even
though some functional redundancy had been postulstween SnRK2.2 and SnRK2.6 (Fujii & Zhu,
2009), our results clearly suggest a key role eé¢hkinases in response to drought, mainly in rafts
C. canephora

In contrast to subgroup lll, the main targets dfggoup Il SNRK2s are stress-responsive genes
coding transcription factors (Kulikt al, 2011). For example, Zhargg al. (2010) showed that over-
expression of whe&nRK2.8n Arabidopsis enhanced tolerance to drought,asalt cold stresses by
up-regulating the expression of genes involved BAMdiosynthesis and signaling. On the other hand,
A. thalianaover-expressingnRK2.7from wheat showed enhanced photosystem Il actavity root
growth (Zhanget al, 2011). Even though SnRK2.7 and SnRK2.8 mightbetionally redundant,
SnRKZ27 was shown to be expressed in roots, leaveslawers of Arabidopsis whil&nRK2.8vas

mainly expressed in roots, indicating differenstis specificities of these two kinases (Mizogusttl,
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2010). The up-regulated expression@fSnRKZ andCcSnRK2.8n roots of drought-stressed.

canephoraled us to propose key functions of both kinaeesifee roots.

How the tripartite system PYL-PP2C-SNRK2 of ABAgation could explain Dand D phenotypes of
C. canephora clones?

In higher plants, ABA content is rigorously conteal by the rate of biosynthesis, catabolism,
compartmentalization and transport, increasingdth woots and leaves in response to water deficit.
Here, we showed that'@lone 120 was the only one presenting significacrigase of leaf ABA content
under drought. Whatever th@. canephoraclone, no significant differences of ABA contenterey
observed in roots, therefore indicating thdtddd ¥ phenotypes were probably due to altered ABA
signalling pathway rather than deficiencies of ABykathesis.

Previous studies revealed that transport rate/&Similation ETRA) ratio was significantly
higher under drought in Dclone 73 compared to 'Dclones 14 and 120, therefore suggesting the
participation of an alternative electron ksiprotecting the photosynthetic apparatus reai
photoinhibition by limiting electron accumulatiand ROS formation in clone 73. Interestingly,
drought-induced up-regulated expression of genesdimg for ascorbate peroxidaseéc@fPX3), a
prephenate-dehydrogenase like prot€&icRDHI) and a non-symbiotic haemoglobi@aNSH) was
already reported in this clone, suggesting itsqmtidn involved strong induction of antioxidant and
osmoprotection systems (Vieie al, 2013). The up-regulated expressiorSoiRK2.2 SnRK2.7and
SnRK2.8&ipon drought in its leaves could participate invating such pathways.

Another interesting result concernédAHG2that was expressed only in leaves of dlc@nes
but not in those of Bxlone 22. BecausecAHG?2lacks ortholog irA. thaliang its biochemical function
is unknown. Despite this, there are two CcCAHG2adbous in Solanum species (Solyc08g082260 in
S. lycorpersicumand PGSCOOO3DMP400066209 $ tuberosuin Further research is therefore
needed to know iI€EcCAHG2could be used as a molecular marker of droughtaiot® in coffee.

Compared to Bclones ofC. canephorait was already reported that Blone 120 had a deeper

root system that should allow greater access tovaber (Pinheireet al, 2005). InterestinglyCcPYL8h
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but also ofSnRK2(CcSnRK2.2 CcSnRK2.6and CcSnRK2.y and PP2C (CcABI1 CcABI2 and
CcAHG3J genes were highly up-regulated under droughbats;, indicating a key role of root system
in responses to drought in this clone. Even thdDgklone 14 also had a root depth similar to clone
120 (Pinheircet al, 2005), it did not showed up-regulate expressidi¥i, SnRK2andPP2Cgenes in
roots, indicating the existence of different medsias amongst the Tcoffee clones regarding water
deficit (Vieiraet al, 2012). Whatever it is, the differences obsenae@G&hRK2(mainly of subclass )
gene expression profiles clearly indicated the Ivetment of the ABA-dependent signalling pathway in
the response to drought, at least frcdnes. Of course, this does not preclude the Wieroknt of other
hormonal regulatory pathways in the establismentrofught tolerance phenotypes in coffee. For
example, up-regulated expression of subclasSnRK2 genes by salicylic acid, ethylene, and
jasmonates, has already been reported (Katldd, 2011). The occurence of such entangled crosstalks
between biotic and abiotic pathways might existdffee, as suggested by the fact that thelbne 14
was also recently identified as resistant to migtinces of root-knot nematoddeloidogyngLima et

al., 2015).

ACKNOWLEDGEMENTS

This work was carried out under the Embrapa-CIRA[RHific cooperation project entitled
“Genetic determinism of drought tolerance in coff@de authors acknowledge financial support from
the Brazilian Consortium on Coffee R&D, Institutadional de Ciéncia e Tecnologia — Café (Conselho
Nacional de Desenvolvimento Cientifico e Tecnolofffeindacdo de Amparo a Pesquisa do Estado de
Minas Gerais) and Coordenacdo de Aperfeicoament@edsoal de Nivel Superior/Comité Francais
d'Evaluation de la Coopération Universitaire ee8tifique avec le Brésil (Project 407-2012/Univifsi
of Lavras and Montpellier SupAgro). The authorshaddso to thank Peter Biggins (CIRAD-DGDRS)

for English revision of the manuscript.



CHAPTER1: THEPYL/PP2C/SIRK2 TRIPARTITE SYSTEM INC. CANEPHORA 93

502 REFERENCES

503  Barsalobres-Cavallari CF, Severino FE, Maluf MP, Maa 1G. 2009.ldentification of suitable internal control
504  genes for expression studiesGoffea arabicaunder different experimental conditiorBMC Molecular Biology
505 10: 1.

506  Beaudoin N, Serizet C, Gosti F, Giraudat J. 2000nteractions between abscisic acid and ethyleneaBitg
507  cascaded?lant Cell12:1103-1116.

508 Berry T, Bewley JD. 1992. A role for the surrounding fruit tissues in previegtthe germination of tomato
509  (Lycopersicon esculentyraeeds: a consideration of the osmotic environmedtabscisic acidPlant Physiology
510 100:951-957.

511  Bhaskara GB, Nguyen TT, Verslues PE2012.Unique drought resistance functions of the highBAAinduced
512  clade A protein phosphatase 2€&nt Physiologyl 60: 379-395.

513  Boneh U, Biton I, Schwartz A, Ben-Ari G 2012a.Characterization of the ABA signal transductionhpedy in
514 Vitis vinifera Plant Sciencd87:89-96.

515  Boneh U, Biton |, Zheng C, Schwartz A, Ben-Ari G2012b.Characterization of potential ABA receptors in
516  Vitis vinifera Plant Cell Report81: 311-321.

517  Bunn C, Laderach P, Pérez Jimenez JG, Montagnon Gchilling T. 2015.Multiclass classification of agro-
518  ecological zones for Arabica coffee: an improvedarstanding of the impacts of climate charfgeoS ONELO:
519 e0140490.

520  Carver T, Harris SR, Berriman M, Parkhill J, McQuil lan JA. 2012. Artemis: an integrated platform for
521  visualization and analysis of high-throughput sewecbased experimental daBioinformatics28: 464—469.

522  Casacuberta E, Gonzalez J2013.The impact of transposable elements in environnhenlizptationMolecular
523 Ecology22: 1503-1517.

524 Castresana J2000.Selection of conserved blocks from multiple aligmisefor their use in phylogenetic analysis.
525  Molecular Biology and Evolutioh7: 540-552.

526  Cutler SR, Rodriguez PL, Finkelstein RR, Abrams SR2010.Abscisic acid: emergence of a core signaling
527  network.Annual Review of Plant Biologi: 651-679.

528  DaMatta FM, Chaves ARM, Pinheiro HA, Ducatti C, Loureiro ME . 2003. Drought tolerance of two field-
529  grown clones o€offea canephoréPlant Sciencd64:111-117.

530  DaMatta FM, Ramalho JDC. 2006. Impacts of drought and temperature stress on cqifgsiology and
531 production: a reviewBrazilian Journal of Plant Physiologh8: 55-81.

532 Dpavis AP, Tosh J, Ruch N, Fay ME2011.Growing coffee: Psilanthus (Rubiaceae) subsumetherasis of
533 molecular and morphological data; implicationstfa size, morphology, distribution and evolutionhistory of
534 Coffea Botanical Journal of the Linnean Socidi§7:357-377.

535  Davis AP, Gole TW, Baena S, Moat J. 201Zhe impact of climate change on indigenous Arabaféee Coffea
536 arabica): predicting future trends and identifying prigeit. PLoS ONE7: e47981.

537 Denoeud F, Carretero-Paulet L, Dereeper A, Droc GGuyot R, Pietrella M, Zheng C, Alberti A, Anthony
538  F, Aprea G, et al. 2014. The coffee genome provides insight into tlevergent evolution of caffeine



CHAPTER1: THEPYL/PP2C/SIRK2 TRIPARTITE SYSTEM INC. CANEPHORA 94

539  biosynthesisScience345:1181-1184.

540  Dereeper A, Bocs S, Rouard M, Guignon V, Ravel S,rdanchant-Dubreuil C, Poncet V, Garsmeur O,
541  Lashermes P, Droc G2015.The coffee genome hub: a resource for coffee geadwueleic Acids ResearetB:
542 D1028-D1035.

543  Dufayard JF, Duret L, Penel S, Gouy M, Rechenmann FPerriere G. 2005. Tree pattern matching in
544  phylogenetic trees: automatic search for orthologsparalogs in homologous gene sequence databases.
545  Bioinformatics21: 2596-2603.

546  Fujii H, Zhu JK. 2009. Arabidopsis mutant deficient in 3 abscisic acidwated protein kinases reveals critical
547  rolesin growth, reproduction, and stré@soceedings of the National Academy of Sciences, 108: 8380—8385.
548  Gonzalez-Guzman M, Rodriguez L, Lorenzo-Orts L, Poa C, Sarrion-Perdigones A, Fernandez MA.,
549  Peirats-Llobet M, Forment J, Moreno-Alvero M, Cutler SR, et al. 2014. Tomato PYR/PYL/RCAR abscisic
550  acid receptors show high expression in root, difiéinl sensitivity to the abscisic acid agonistnaiactin, and
551  the capability to enhance plant drought resistalmernal of Experimental Botargb: 4451-4464.

552 Guindon S, Dufayard JF, Lefort V, Anisimova M, Hordijk W, Gascuel O. 2010.New algorithms and methods
553  to estimate maximume-likelihood phylogenies: assessie performance of PhyML 3.8ystematic Biolog$9:
554 307-321.

555  Hamanishi ET, Campbell MM. 2011.Genome-wide responses to drought in forest tfee®stry84: 273—-283.
556  Hao Q, Yin P, Li W, Wang L, Yan C, Lin Z, Wu JZ, Wang J, Yan SF, Yan N 2011.The molecular basis of
557  ABA-independent inhibition of PP2Cs by a subclas8SL proteins.Molecular Cell42: 662—672.

558  Harb A, Krishnan A, Ambavaram MMR, Pereira A. 2010. Molecular and physiological analysis of drought
559  stress in Arabidopsis reveals early responsesrigadiacclimation in plant growtiPlant Physiologyl54: 1254—
560 1271.

561  Hauser F, Waadt R, Schroeder J12011.Evolution of abscisic acid synthesis and signafiveghanismsCurrent
562  Biology21: R346-R355.

563  Huai J, Wang M, He J, Zheng J, Dong Z, Lv H, Zhao JWang G. 2008.Cloning and characterization of the
564  SnRK2gene family fronZea maysPlant Cell Report®7: 1861-1868.

565  Hubbard KE, Nishimura N, Hitomi K, Getzoff ED, Schroeder JI. 2010.Early abscisic acid signal transduction
566  mechanisms: newly discovered components and nembrging questionsGenes & Developmer#4: 1695—
567  1708.

568  Huson DH, Richter DC, Rausch C, Dezulian T, Franz MRupp R. 2007.Dendroscope: an interactive viewer
569 for large phylogenetic treeBMC Bioinformatics8: 460.

570  Jaillon O, Aury JM, Noel B, Policriti A, Clepet C, Casagrande A, Choisne N, Aubourg S, Vitulo N, Jubin
571  C, et al. 2007.The grapevine genome sequence suggests ancestapldidization in major angiosperm phyla.
572 Nature449:463-467.

573 Jaramillo J, Chabi-Olaye A, Kamonjo A, Vega FE, Pobling H-M, Borgemeister C. 2009 Thermal tolerance
574 of the Coffee Berry Boredypothenemus hampagiredictions of climate change impact on a trojpiicsect pest.
575 PL0oS ONE: e6487.

576  Katoh K, Toh H. 2008.Recent developments in the MAFFT multiple sequeslig;lmment programBriefings in
577 Bioinformatics9: 286-298.



578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616

CHAPTER1: THEPYL/PP2C/SIRK2 TRIPARTITE SYSTEM INC. CANEPHORA 95

Kim H, Hwang H, Hong JW, Lee YN, Ahn IP, Yoon IS, Yoo SD, Lee S, Lee SC, Kim BG2012.A rice
orthologue of the ABA receptor, OsPYL/RCARS5, isasjive regulator of the ABA signal transductioriipsay

in seed germination and early seedling grodtiurnal of Experimental Botar§8: 1013-1024.

Klingler JP, Batelli G, Zhu JK. 2010. ABA receptors: the START of a new paradigm in plmgionone
signalling.Journal of Experimental Botar§i: 3199-3210.

Kobayashi Y, Yamamoto S, Minami H, Kagaya Y, Hattor T. 2004.Differential activation of the rice sucrose
nonfermentingl-related protein kinase2 family bydrpsmotic stress and abscisic aé¢ithnt Cell 16: 1163—
1177.

Kulik A, Wawer I, Krzywi nska E, Bucholc M, Dobrowolska G. 2011SnRK2 protein kinases-key regulators
of plant response to abiotic stres@MICS A Journal of Integrative Biolody: 859-872.

Lashermes P, Combes MC, Robert J, Trouslot P, D’'HdanA, Anthony F, Charrier A. 1999 Molecular
characterisation and origin of tmffea arabia L. genomeMolecular and General Geneti€$1: 259-266.
Lashermes P, Andrade AC, Etienne H. 200&enomics of coffee, one of the world’s largestéihdommodities.
In: Moore H, Ming R, edsGenomics of tropical crop plantBerlin, D: Springer, 203—-226.

Leung J, Merlot S, Giraudat J. 1997.The Arabidopsis ABSCISIC ACID-INSENSITIVE2 (ABI2)nd ABI1
genes encode homologous protein phosphatases d&weadvin abscisic acid signal transductiétant Cell 9:
759-771.

Lima ALS, DaMatta FM, Pinheiro HA, Totola MR, Loure iro ME. 2002. Photochemical responses and
oxidative stress in two clones @bffea canephorander water stres&nvironmental and Experimental Botany
47:239-247.

Lima EA, Furlanetto C, Nicole M, Gomes AC, AlmeidaMR, Jorge-Junior A, Correa VR, Salgado SM,
Ferrdo MA, Carneiro RM. 2015. The multi-resistant reaction of drought-tolerantfee 'Conilon clone 14' to
Meloidogynespp. and late hypersensitive-like responggdffea canephor&hytopathology 05: 805—-814.

Lopes FR, Jjingo D, da Silva CRM, Andrade AC, Marreaccini P, Teixeira JB, Carazzolle MF, Pereira GAG,
Pereira LFP, Vanzela ALL, et al. 2013.Transcriptional activity, chromosomal distributiand expression effects
of transposable elements@offeagenomesPLoS ONBB: e78931.

Ma Y, Szostkiewicz |, Korte A, Moes D, Yang Y, Chitmann A, Grill E. 2009. Regulators of PP2C
phosphatase activity function as abscisic acid@erScience324:1064—-1068.

Magrach A, Ghazoul J. 2015Climate and pest-driven geographic shifts in glaodlee production: implications
for forest cover, biodiversity and carbon stord®jeoS ONELO: e0133071.

Marraccini P, Freire LP, Alves GSC, Vieira NG, Vinecky F, Elbelt S, Ramos HJO, Montagnon C, Vieira
LGE, Leroy T, Pot D, Silva VA, Rodrigues GC, Andrace AC. 2011. RBCS1lexpression in coffeeCoffea
orthologs,Coffea arabicahomeologs , and expression variability between tygas and under drought stress.
BMC Plant Biologyl1: 85.

Marraccini P, Vinecky F, Alves GSC, Ramos HJO, Elbk S, Vieira NG, Carneiro FA, Sujii PS, Alekcevetch
JC, Silva VA, et al. 2012.Differentially expressed genes and proteins up@ugiit acclimation in tolerant and
sensitive genotypes @foffea canephoralournal of Experimental Botar§3: 4191-4212.

Merlot S, Gosti F, Guerrier D, Vavasseur A, Girauda J. 2001.The ABI1 and ABI2 protein phosphatases 2C
act in a negative feedback regulatory loop of thedlsic acid signalling pathwaklant Journal25: 295-303.



617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655

CHAPTER1: THEPYL/PP2C/SIRK2 TRIPARTITE SYSTEM INC. CANEPHORA 96

Mizoguchi M, Umezawa T, Nakashima K, Kidokoro S, Ta&asaki H, Fujita Y, Yamaguchi-Shinozaki K,
Shinozaki K. 2010.Two closely related subclass Il SnRK2 protein késagooperatively regulate drought
inducible gene expressioRlant and Cell Physiologyl: 842-847.

Mofatto LS, Carneiro F A, Vieira NG, Duarte KE, Vid al RO, Alekcevetch JC, Cotta MG, Verdeil JL,
Lapeyre-Montes F, Lartaud M, et al. 2016.Identification of candidate genes for drought tatere in coffee by
high-throughput sequencing in the shoot apex éédihtCoffea arabicacultivars.BMC Plant Biologyl6: 94.
Montagnon C, Cubry P, Leroy T 2012. Amélioration génétique du caféi€offea canephorePierre:
connaissances acquises, stratégies et perspe@afaisrs Agriculture®1: 143-153.

Montagnon C, Leroy T. 1993.Réaction a la sécheresse de jeunes caf€effea canephorale Cote-d’'Ivoire
appartenant a différents groupes génétig@ag Cacao Tha7:179-190.

Nishimura N, Yoshida T, Murayama M, Asami T, Shinoaki K, Hirayama T. 2004. Isolation and
characterization of novel mutants affecting thecais acid sensitivity of Arabidopsis germinationdaseedling
growth.Plant and Cell Physiolog#5: 1485-1499.

Ovalle-Rivera O, Laderach P, Bunn C, Obersteiner MSchroth G. 2015 Projected shifts itCoffea arabica
suitability among major global producing regiong da climate chang®LoS ONELO: e0124155.

Park SY, Fung P, Nishimura N, Jensen DR, Fuijii H, Bao Y, Lumba S, Santiago J, Rodrigues A, Chow TF,
et al. 2009.Abscisic acid inhibits PP2Cs via the PYR/PYL fanofyABA-binding START proteinsScience324:
1068-1071.

Pinheiro HA, DaMatta FM, Chaves ARM, Loureiro ME, Ducatti C. 2005. Drought tolerance is associated
with rooting depth and stomatal control of watee us clones ofCoffea canephora. Annals of Bota®§: 101—
108.

Pinheiro HA, Fontes EPB, Loureiro ME. 2004. Drought tolerance in relation to protection agaimsidative
stress in clones @offea canephoraubjected to long-term drouglftlant Sciencd 67: 1307-1314.

Praxedes SC, DaMatta FM, Loureiro ME, Ferrdo MAG, Cordeiro AT . 2005.Effects of long-term soil drought
on photosynthesis and carbohydrate metabolism tammaobusta coffeedoffea canephor®ierre var kouillou)
leavesEnvironmental and Experimental Botab§: 263—273.

Romero P, Lafuente MT, Rodrigo MJ. 2012 The Citrus ABA signalosome: Identification and senptional
regulation during sweet orange fruit ripening aedfldehydrationJournal of Experimental Botar§3: 4931—
4945,

Saez A, Robert N, Maktabi MH, Schroeder JI, SerrandR, Rodriguez PL. 2006 Enhancement of abscisic acid
sensitivity and reduction of water consumption imaBidopsis by combined inactivation of the protein
phosphatases type 2C ABI1 and HAPRlant Physiologyi41: 1389-1399.

Silva EA, Mazzafera P, Brunini O, Sakai E, Arruda B, Mattoso LHC, Carvalho CRL, Pires RCM. 2005.
The influence of water management and environmearttatlitions on the chemical composition and bewerag
quality of coffee bean®razilian Journal of Plant Physiolodlj7: 229-238.

Sun L, Wang YP, Chen P, Ren J, Ji K, Li Q, Li P, DaSJ, Leng P 2011.Transcriptional regulation SIPYL,
SIPP2C andSISnRK2Zyene families encoding ABA signal core componenting tomato fruit development and
drought stresslournal of Experimental Botar2: 5659-5669.

Tahtiharju S, Palva T. 2001.Antisense inhibition of protein phosphatase 2C kerates cold acclimation in



656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683

CHAPTER1: THEPYL/PP2C/SIRK2 TRIPARTITE SYSTEM INC. CANEPHORA 97

Arabidopsis thalianaPlant Journal26: 461—-470.

Thompson AJ, Mulholland BJ, Jackson AC, Mckee JMT Hilton HW, Symonds RC, Sonneveld T, Burbidge
A, Stevenson P, Taylor IB 2007.Regulation and manipulation of ABA biosynthesisaots. Plant, Cell and
EnvironmenB0: 67—78.

Vieira NG, Carneiro FA, Sujii PS, Alekcevetch JC, Feire LP, Vinecky F, Elbelt S, Silva VA, DaMatta FM,
Ferrdo MAG, et al. 2013.Different molecular mechanisms account for drouglgrance inCoffea canephora
var. Conilon.Tropical Plant Biology6: 181-190.

Vinecky F, Davrieux F, Mera AC, Alves GSC, LavagninV, Leroy T, Bonnot F, Rocha OC, Bartholo G,
Guerra A, et al. 2016.Controlled irrigation and NPK fertilization affethie quality of coffee Qoffea arabical..
cv. Rubi) beans through their biochemical compositiournal of Agricultural Scienci press.

Wang Y, Tang H, Debarry JD, Tan X, Li J, Wang X, Le2 T, Jin H, Marler B, Guo H, et al. 2012.MCScanX:

a toolkit for detection and evolutionary analysigiene synteny and collinearitiucleic Acids ResearctD: e49.
Xue T, Wang D, Zhang S, Ehlting J, Ni F, Jakab S, Eeng C, Zhong Y. 2008.Genome-wide and expression
analysis of protein phosphatase 2C in rice and idogisis. BMC Genomic®: 550.

Yoshida R, Umezawa T, Mizoguchi T, Takahashi S, Tathashi F, Shinozaki K 2006.The regulatory domain
of SRK2E/OST1/SnRK2.6 interacts with ABI1 and imeggs abscisic acid (ABA) and osmotic stress sgnal
controlling stomatal closure Wrabidopsis Journal of Biological Chemistrg81:5310-5318.

Yoshida T, Fujita Y, Sayama H, Kidokoro S, Maruyamak, Mizoi J, Shinozaki K, Yamaguchi-Shinozaki K.
2010.AREB1, AREBZ2, and ABF3 are master transcriptiortdes that cooperatively regulate ABRE-dependent
ABA signaling involved in drought stress tolerarss® require ABA for full activationPlant Journal61: 672—
685.

Zhang H, Mao X, Wang C, Jing R 201Q Overexpression of a common wheat gdi@SnRK2.8nhances
tolerance to drought, salt and low temperaturerabfopsisPLoS ONE5: e16041.

Zhang H, Mao X, Jing R, Chang X, Xie H. 2011Characterization of a common whed@tificum aestivurni..)
TaSnRK2.gene involved in abiotic stress reponskesirnal of Experimental Botarg2: 975-988.

Zhao Y, Xing L, Wang X, Hou YJ, Gao J, Wang P, DuarCG, Zhu X, Zhu JK. 2014.The ABA receptor PYL8
promotes lateral root growth by enhancing MYB77elggent transcription of auxin-responsive gerSgience

Signaling7: ra53-ra53.



& +$37(51: 7+( 3<//332&/615.2 75,3$57,7( 6<67(0 ,&. &$1(3+25%

(a)

+ 4
CcPYR1  Cc08_g02750 %
CePYL2  Ce08_g10450 ?
CcPYL4  Cc02_g03990 ,.‘
CcPYL7a Cc00_g17440 !
CcPYL7h Ceb0_g23730 |
CePYL8a Ce02_g01800
CcPYL8b Cc08_g15960
CcPYL9  Ccl2_g39180
CcPYL13 Cc02_g15060
AIPYR1  AT4G17870
APYL1  AT5G46790 3
AIPYL2  AT2G26040 3
APYL3  ATIGT73000 &
APYL4  AT2G38310
AIPYLS  AT5G05440 3
APYL6  AT2G40330 3
AtPYL7  AT4G01026 3
APYLS  AT5GS3160 3
AIPYLY  ATIGO1360 3
AIPYLI0 AT4G27920 3
APYLI1 ATSG45860 4
AtPYL12 AT5G45870 4
APYL13 AT4G18620
(b) ® v
CcABI1  Cc08 g11010 [3pH
CeABI2  Ce06 211740

CcAHG2 Cc08_gl6010
CcAHG3 Cc02_g07430 [ERDY
Cc04_g01620 |5 PH

CcHAB

CcHAL  Ce01_g13400 2RI
AIABI1  AT4G26080 2 PH
AtARIZ  ATSGS7050 3 PH

AIAHGI ATSGS51760 SREs
AIAHG3 AT3G11410
AtHABL AT1G72770
AtHAB? AT1G17550

AtHAIL  ATSGS9220
AtHAI2 AT1G07430 SR}
AtHAI3 AT2G29380 3 REg
GXGXXG
ATP binding
(©) domain
CeSnRK2.1  Ce00_g19320
CeSnRK2.2  Ce07_g05710
CcSnRK2.6  Cc02_g18420
CeSnRK2.7  Ce07_gl14700
CcSnRK2.8  Cc10_g06790
CceSnRK2.10 Cc02_g22790
CcSnRK2.11 Ce08_g11200
CcSnRK2.12  Cc00_g35430
CceSnRK2.13  CcD0O_g07830
AtSnRK2.1 AT5G08590
AtSnRK2.2 AT3G50500
AtSnRK2.3  AT5G66880
AtSnRK2.4 AT1G10940
AtSnRK2.5  AT5G63650
AtSnRK2.6  AT4G33950
AtSnRK2.7  AT4G40010
AtSnRK2.8  AT1G78290
AtSnRK2.9 AT2G23030
AtSnRK2.10  AT1G60940
(d)
CeSnRK2.2  Ce07_g05710 )8
CcSnRK2.6 Cc02_g18420 (&
AtSnRK2.2  AT3G50500 &
AtSnRK2.3  AT5G66880
AISNRK26  AT4G33950 (g spaui ol

96- 114
67-83
95-112
$3-71
53-T1
60-76
51-67
55-71
47-64
61-79
B8-106
66-83
81-103
83-101
89-107
92-110
67-83
63-79
65-81
58-75
41-58
41-58

40-63

Motif V

246-2
234-2
156-

135-
j 143-
§ 127-
123-
119-
204-
§ 203- 242 o
126- 153
135- 162
92-117

149 1
142
243

16- 149
19-152
35-168
16- 149
16+ 149
16- 149
17-150

=74

111
16- 149
35-178
34-167
16- 157
16-149
33-166
16- 149
16- 149
16- 149
16- 149

& 245-322
e |56-217
165-229
120- 186

Domain |

232-253 M
Q 189- 210 8

94-108
96-110
90-104

359- 380
351-372
248- 269

230-251
220-241 =

325- 346 |

220- 241 Qo

Activation loop

Motif I

242-263 [ -

325-346 @ - 365 43

a7y B

=204 -245 340

300
291
-299

157-176 J

126- 145
155-.172
114- 130
114- 130

= 119- 138 F
110- 129 B

114-133

107-126 3

122- 141
149-171
126- 147
146- 170
144- 160

150- 166 |8
R 153-174

126- 145
122- 141
124- 143
118- 137
101-119
101-119

K% 180- 194
A% 145- 163 §
Ay 176- 190 1

3 318-327 §
S 312-321 B
2 406-415 §
2 301-310
2 310-319 B
2 300-309 B
2 300-309 B4
290- 299 B
2 395404
2 395-404 B
& 290-299 B
2 302-311 §
& 259-268 B

134- 148
134- 148

Ay 142-156 B
A% 133-147 &
i 137-151 8
Bl 130-151
Y 145- 159 &
fl 175- 189
g 151165 &
g 174- 188
fl 164-178
4 170- 184
g 178-192 &
8 149- 163 &
g 145- 159
R 147-161 §
R 141-135

-349aa
-36aa
-363aa
-340aa
336aa
-358aa
336aa
-129aa
203 aa
-353aa
369 aa
361 aa
369 an
360 an
-362aa
350 aa
-343aa
-339aa
-361 aa

98

JLIXUH 16HTXHQFH DOLJQPHQWYV RIWKHB</, 332&DQG6Q5.2SXWDWLYH SURWHLQV.$PLQRDFLG VHTXHQFHV DUH VKRZQ
RQOVIRU IXQFWLRQDO UHVLGXHV DQG FRQVHUYHG GRPDLQWIRU HDFK SURWHLQ, WRWDO OHQJWK LV LQGLFDWHG LQ DRRR DFLGV (DD).
&RQVHUYHG UHVLGXHV DUH PDUNHG ZLWK EODFN RU JUH\VKDGLQJ. (D): VHTXHQFH DOLJQPHQW RIWKH 3</ SURWHLQBHVLGXHV
IRUPLQJ WKH OLJDQG-ELQGLQJ SRFNHW DUH PDUNHG E\ EGN DUURZV. 7KH JDWH DQG ODWFK GRPDLQV DUH LQGLFDWHGE):
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sequence alignment of the PP2C proteins. Residbescting with ABA, PYLs and MiYMg?* ions are marked
by black arrows, asterisks, and white trianglespeetively. Phosphatase sites are marked with lagks. (c):
sequence alignment of C-terminal regions of sulscldls SnRK2s. Functional domains (ATP binding site,
activation loop and motif 1) are indicated. (d)gaence alignment of C-terminal regions of subclHsSnRK2s.

Functional domains (domains | and Il with theirresponding motifs) are indicated.
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Figure 2 Localization and structure BYR/PYL/RCARPP2Cand SnRK2genes. (a): localization of genesGn
canephorachromosomesCcPYLgenes:CcPYL8a(A), CcPYL4(B), CcPYL13(C), CcPYL9(D), CcPYRL(E),
CcPYL2(F) andCcPYL8b(G). CcPP2Cgenes:CcHAI (H), CcCAHG3(I), CcHAB (J), CcABI2(K), CcABI1(L)
and CcAHG2 (M). CcSnRK2genes:CcSnRK2.6(N), CcSnRK2.10(0), CcSnRK2.2(P), CcSnRK2.7(Q),
CcSnRK2.11R) andCcSnRK2.8S). ThePYLs(CcPYL7aandCcPYL7handSnRK2 (CcSnRK2.133cSnRK2.1

and CcSnRK2.12jenes unanchored in the chromosome 0 and are diotied. The coloured regions represent

the ancestral blocks of the 7 core eudicot chrommeso(adapted from Denoeed al. [2014]). (b): structure of
CcPYL, CcPP2Cand CcSnRK2genes. The black blocks represent exons, the daokd the upstream and
downstream transcribed and untranslated region®@)and the lines the introns. The structure okgdacated
in the chromosome 0 is not represented. FoCiERRYL2 CcPYL7aandCcPYL7bgenes, no 5" and 3'UTRs were

found.
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Figure 3 Phylogenetic analyses®f canephordYR/PYL (a), clade-A PP2C (b) and SnRK2 (c) prateifirees were constructed using amino proteirS. afanephoraand
orthologous proteins fror. thaliana(At), C. sinensigCs) andV. vinifera(Vv) (see Tables S2-S4 and Fig. S2-S4). The cqffeteins are highlighted in gray. The proteins
coded by genes located in the chromosome 0 arieciotled. For PYR/PYL and SnRK2 trees, protein fagses are also indicated.
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CcPYRI -
CcPYL2 -
CcPYL4 -
CcPYL8a -
CePYLS8b -

CcPYL9 -

CcABII -
CcABI? -
CcdAHG? -
CcAHG3 -
CcHAB -

Gene ID

CcHAI -

CeSnRK2.2 -
CcSnRK2.6 -
CeSnRK2.7 -
CeSnRK2.8 -
CeSnRK2.10 -

CeSnRK2.11 -

14_1 14 NI 73_1 73_NI 120 1 120 NI 22 I 22 NI 14_I 14 NI 73_I 73_NI 120_I 120 NI 221 22 NI

Clone/condition
Figure 4 Expression profiles ®YR/PY|.PP2CandSnRK2genes in leaves and roots of @4, 73 and 120) and
DS (22) clones ofC. canephoraubjected (NI) or not (I) to drought. The gene nauae indicated in the heatmap.
Values are the mean of at least three technicatitegms + SD which are standardized independewilj
CcUBQ10(ubiquitin) as reference gene. Results are expdessiag 141 as an internal calibrator (RE=1), excep

for CcAHG2gene where 14NI was used. Higher expression fdr gane was presented in red, otherwise, green
was used.
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Figure 5 ABA content of leaves and roots df (4, 73 and 120) andS§22) clones ofC. canephorasubjected
(NI) or not (I: white isobars) to drought. Blackdastriped isobars corresponded to drought conditinrieaves
and roots, respectivelffor the statistical analysis, significant differeadP< 0.05) between the treatments were

evaluated using 2way ANOVA test (non-parametrit)t@sd are indicated by an asterisk.
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3 2-PPoy
CcPYL8h
CcABIl-PP2C

CePYL2

CcPYLY

oNES
\_’\

Figure 6 Graphical representation of ti&cPYL-CcPP2C-CcSnRKauplicated genes orC. canephora
chromosomes (indicated by numbers, from 1 to 1&g GcPYL CcPP2Cand CcSnRK2uplications genes are
indicated by with red, blue and green lines, respely. TheCcPYL8aCcPYL8h CcPYL9 CcABIL CcABI2and
CcHABas well aLCcSnRK2.2ndCcSnRK2.6evolved through proximal duplications. The geloested on the

chromosome 0 are not showed.
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JLIXUH 61+HDW PDS YLVXDOL]DWLRQ RI WKH &F3<5/3</ (D), &F332& (E) DQG&F6Q5.2(F) JHQH IDPLOLHV.)URPOHIW
WR ULIKW, WKH OLEUDULHV FRUUHVSRQG WR URRW, VWDPHQSLVWLO, OHDI, SHULVSHUP (120, 150 DQG 180 GD\V DMU SROOLQDWLRQ-
'$3)DQG HQGRVSHUR(180, 26(DQG 320'$3)IURP & FDQHSKRUD51$-6HTGDWD. 7UDQVFULSW DEXQGDQFH ZDV
QRUPDOLJHG ZLWK 53.0 DQG WKH OHYHO RI JHQH H[SUHVVRQ LV LQGLFDWHG ZLWK D FRORXU VFDOH, IURP ZKLWH (ZIDNO\
H[SUHVVHG) WR UHG (VWURQJO\ H[SUHVVHG) (DGDSWHG IUR: KWWS://ZZZ.FRIIHH-JHQRPH.RUJ/).
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Table 1 Candidate genes and corresponding prinse fior gPCR experiments. Pairs of primers wergded
for each gene using the Primer Express softwar@l{@g Biosystems). The primers select to qPCR enpaits
F (Forward) and R (Reverse) are indicated. €002_g0599(and Cc10_g06790yenes two different pairs of
primers were used in each tissue, F1R1 (leavesFaR@ (roots). Th€cUBQL10 and R primer par was used for

the ubiquitin (UBI) as reference gene.

Gene
il Gene Name Gene ID Primer sequence 5'-3'
s CcPYR1 Cc08_g02750 F: CGGTGACGACTGTCCATGAG
R TCCGGCACGTCAACGATATA
CcPYL2 Cc08 g10450 F:  AAAAGTGGTGIGGCCATTCG
R CITCCATCCCCTGICATGITG
CcPYL4 Cc02_g05990 F1: CCTATGCCTTCGTICCCTTCA
Rl: CGCGGAATTGGTGGITGTAG
x F2: TACCATTGTGCGGIGCAACT
O R2: TTCTGTTCTGGGCTTCCATGA
5 CcPYL7a Cc00_g17400 F: GAGCGGCTCGAGACTCTTGA
Z R GCCGCTGACAATGCTGAAC
X CcPYL7b Cc00_g23730 F: GCGCCTGGAGATTCTTGATC
z R CGCCTGGCCATCTATGATTC
CcPYL8a Cc02_g01800 F:  GGTTTGATCAGCCCCAGAAAT
R CCACTTCCCTAAGGCTTCCAA
CcPYL8b Cc08 g15960 F:  GCCAGAGGGAAATACCAAGGA
R CAGCTAGGCGCTCTGAGACA
CcPYL9 Cc02_g39180 F:  CACCCGIGCTCTTCCTCTGT
R TCCTCACCAGTGACCAAACG
CcPYL13 Cc02_g15060 F: TCCCAAACCAGIGCACTTCA
R TTGTCGAATTGACGGACCAA
CcABI1 Cc08_gl11010 F:  TGCTGAGGTTGGAGGGAAAA
R CGAACAAACAAGGGCAACAA
CcABI2 Cc06_g11740 F: TACGGCTGTGGTTGGCATTA
R CTGCCCTTGAATCACCACAA
CCcAHG2 Cc08 g16010 F:  AGAGCCCTGCTCCTGGIGAT
Q R GGTCATGCTACCGCGATCTT
g CCcAHG3 Cc02_g07430 F:  ACCGGAGGTGACGATAATCG
R CCCACAAGCTGTGTCATTGG
CcHAB Cc04 901620 F:  TGGCTTGIGGGATGTCATGA
R CGITCTTCTTGIGCCAAAGCA
CcHAI Cc01_g13400 F: CATCGACGCTGCTTGICAAT
R CCACCGCGTCTTCCATATCT
CcSnRK2.1 Cc00_g19320 F:  TAGCCCCCGAGGITCTCTCT
R TCACTCCGCAAGACCACACA
CcSnRK2.2 Cc07_g05710 F:  CGAGGATGAGGCTCGTTTTT
R GCTGGGCTTCCGTCTAACAA
CcSnRK2.6 Cc02_g18420 F:  GCATATATTGCGCCCGAAGT
R AAAGGGTATGCCCCCACAAG
CcSnRK2.7 Cc07_g14700 F:  AAGCCCAGAACCACGTCTCA
~ R GATTTGGGTTGGGAATGCAA
X CcSnRK2.8 Cc10_g06790 F1: AACATGIGCAGCGGGAGATT
& R1: CTCCTGCCGCATACTCCATT
F2: CCGCTTCAAAGAGGTCTTGCT
R2: TTCTCCTCCTGCCGCATACT
CcSnRK2.10 Cc02_g22790 F: TCGATTCAAGGAGGTGGIGIT
R TTCCCCTCCAGCTGCATACT
CcSnRK2.11 Cc08_g11200 F:  AGGAACCTGACCCTCACCAA
R CCTGGGATTTTTGCCTCTITG
CcSnRK2.12  Cc00_g35430 F: ACTTGAAGTTGGAAAACACATTTTTG
R GTCAAGGAAGGAATATGATGGGAAG
CcSnRK2.13  Cc00_g07830 F:  GGTGTTAGTTACTGICATTCAATGGAA
R ACTTGAAGCTGGAAAACACACTTTT
CcUBQ10 Cc05_g13290 F:  AAGACAGCTTCAACAGAGTACAGCAT
R GGCAGGACCTTGGCTGACTATA




CHAPTER1: THEPYL/PP2C/8IRK2 TRIPARTITE SYSTEM INC. CANEPHORA 110
Table S1 Comparison of CcPYL protein sequences avitinlogous sequences frofn thaliana(At), C. sinensigCs), O. sativa(Os), S. lycopersicun(SI), S. tuberosun(St)
andV. vinifera(Vv) plant species (SpNCBI accession numbers (ID), | (introns), aa (amacdal length), Ident. (Identity), Align. (Match/Alhed), QC (Query Cover), e-value

and function information were obtained through BOASresults. Coffee IDs were identified in Coffeen@me Hub fittp://www.coffee-genome.organd Gene IDs in

Phytozome 10.3tp://phytozome.jgi.doe.gov/pz/portal.hjml

CoffeelD NCBI ID GenelD Sg | aa Ident. Align. QC e-value Function
AAD25950.] AT2G40330. At 0 178 47%  69% 91% 2,21E-47 hypothetice proteir
KDO68852.1 orangel.1g038201m Cs 0 201 49% 69% 97% 2,53E-49 hypothetical proteidiSI
EEE62745.1 LOC_0s05g12260.1 Os 0 196 48% 69% 84% 9,3E-42  hypothetical protein 08348

Cc00 g17440 XP_004249065.1 Solyc10g076410.1.1 SI 0 203 52% 71% 92% 4,02E-50 PREDICTED: abscisid esieptor PYL4-like
XP_006359557. PGSC0003DMG4000291 Si 0 214 52%  72% 92% 7,21E-51 PREDICTED:abscisi acic recepto PYL4-like
XP_002264158.1 GSVIVG01032747001 Vv 0 227 54% 72% 95% 7,95E-54 PREDICTED: abscisid esteptor PYL4
AAD25950.1 AT2G40330.1 At 0 175 46% 68% 93% 6,88E-48 hypothetical protein
KDO68852.1 orangel.1g038201m Cs 0 201 48% 68% 97% 3,42E-48 hypothetical protei@ISI
EEE62745.1 LOC_0s05g12260.1 Os 0 196 47% 68% 84% 1,57E-39 hypothetical proteid Q3548

Cc00 g23730 XP_004249671.1 Solyc10g085310.1.1 SI 0 213 50% 71% 93% 3,9E-49 PREDICTED: abscisic emigptor PYL4
XP_006359557. PGSC0003DMG4000291 Si 0 214 51% 71% 92% 5,34E-5C PREDICTED:abscisi acic recepto PYL4-like
XP_002264158.1 GSVIVG01032747001 Vv 0 227 53% 71% 94% 3,01E-52 PREDICTED: abscisid esteptor PYL4
BAF00266.1 AT5G53160.2 At 2 188 82% 92% 90% 5E-100 hypothetical protein
XP_006476396.1 orangel.1g028067m Cs 2 197 78% 90% 98% 1,2E-103 PREDICTED: abscisid emieptor PYL8-like
NP_001046464.1 LOC_0s02g15640.1 Os 2 204 79% 92% 94% 2,71E-98 0s02g0255500

Cc02 g01800 XP_004234175.1 Solyc03g007310.2.1 SI 2 185 83% 94% 98% 8,7E-111 PREDICTED: abscisid eeteptor PYL8
NP_001275025 PGSCO0003DMG4000091 Si 2 18t 82% 94% 98% 1,1E-10¢ abscisii acic recepto PYL8-like
XP_002270037.3 GSVIVG01028704001 Vv 2 185 85% 94% 96% 2,1E-109 PREDICTED: abscisid esteptor PYL8
NP_565928.1 AT2G40330.1 At 0 215 57% 71% 91% 9,06E-74 abscisic acid recépta
KDO68852.1 orangel.1g038201m Cs 0 201 77% 87% 72% 5,75E-86 hypothetical proteidISI
NP_001055819.1 LOC_0s05g39580.1 Os 0 216 65% 75% 71% 4,62E-62 0s05g0473000

Cc02 g05990 XP_004235232.1 Solyc03g095780.1.1 SI 0 201 75% 82% 88% 1,4E-99 PREDICTED: abscisic emigptor PYL4-like
XP_006353422, PGSC0003DMG4000239 St 0 21& 74% 81% 91% 1,3E-104 PREDICTED:abscisiiacic recepto PYL4-like
XP_002264158.1 GSVIVG01032747001 Vv 0 227 68% 77% 90% 2,59E-91 PREDICTED: abscisid esteptor PYL4
AAD25950.1 AT2G40330.1 At 0 175 56% 79% 87% 5,89E-54 hypothetical protein
KDO68852.1 orangel.1g038201m Cs 0 201 60% 75% 93% 1,17E-60 hypothetical protei@ISI
NP_001049838.1 LOC_0s03g18600.1 Os 0 229 55% 77% 93% 5,45E-52 0s03g0297600

Cc02 g15060 XP_004249671.1 Solyc10g085310.1.1 SI 0 213 53% 79% 94% 3,56E-61 PREDICTED: abscisid esteptor PYL4
XP_006359557. PGSC0003DMG4000291 St 0 214 57% 79% 93% 1,09E-61 PREDICTED:abscisiiacic recepto PYL4-like
CAN72620.1 GSVIVG01013161001 VW 0 172 62% 76% 97% 4,64E-70 hypothetical proteifl8V_004947
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Table S1Continue. for legend see the previous page.
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CoffeelD NCBI ID GenelD Sg | aa Ident. Align. QC e-value Function
30QU AT1G01360.1 At 2 205 75% 87% 96% 5,82E-87 Abscisic Acid Recepid®
XP_006476396.1 orangel.1g029200m Cs 2 197 75% 88% 96% 8,42E-90 PREDICTED: abscisid emteptor PYL8-like
NP_001054923.1 LOC_0s05g12260.1 Os 2 209 76% 88% 90% 5,84E-84 (0s05g0213500

Cc02 g39180 XP_004231210.1 Solyc01g095700.2.1 SI 2 186 83% 95% 91% 4,15E-98 PREDICTED: abscisid emteptor PYL8
NP_001284557 PGSC0003DMG4000002 Si 2 186 81% 95% 91% 5,95E-96 abscisitacic recepto PYL8-like
XP_010659134.1 GSVIVG01019517001 Vv 2 189 76% 89% 96% 6,96E-90 PREDICTED: abscisid egieptor PYL8-like
NP_193521.1 AT4G17870.1 At 0 191 68% 82% 83% 2,37E-87 abscisic acid recéptdrl
XP_006491739 orangel.1g046151m Cs 0 187 55% 72% 78% 4,97E-66 PREDICTED: abscisid esieptor PYL1-like
NP_001065470.1 LOC_0s10g42280.1 Os 0 212 62% 73%  75% 2,29E-64 (0s10g0573400

Cc08 g02750 XP_004245893.1 Solyc08g076960.1.1 SI 0 231 72% 80% 97% 3,7E-110 PREDICTED: abscisid emieptor PYR1-like
NP_001284559 PGSC0003DMG4000175 Si 0 231 70% 80% 97% 1,3E-107 abscisiracic recepto PYL1-like
XP_002280361.1 GSVIVG01013161001 Vv 1 214 76% 85% 78% 7,3E-99 PREDICTED: abscisic emigptor PYR1-like
NP_180174.1 AT2G26040.1 At 0 190 72% 82% 95% 7,97E-85 abscisic acid recépth2
KDO80051.1 orangel.1g046697m Cs 0 187 82% 88% 99% 1,4E-106 hypothetical proteidISI
NP_001172865.1 LOC_0s02g13330.1 Os 0 207 61% 74% 90% 2,27E-60 0s02g0226801

Cc08 g10450 XP_004253195.1 Solyc12g095970.1.1 SI 1 190 80% 88% 99% 1,1E-103 PREDICTED: abscisid emieptor PYL2-like
XP_006360983. PGSC0003DMG4000299 Si 1 18t 84% 89% 98% 9,3E-107 PREDICTED:abscisitacic recepto PYL2-like
XP_010648333.1 GSVIVG01035362001 Vv 0 185 82% 88% 95% 2,8E-99 PREDICTED: abscisic ssigptor PYL2
NP_200128.1 AT5G53160.2 At 2 188 80% 91% 96% 2,32E-95 regulatory componeABH receptor 3
XP_006476396.1 orangel.1g029200m Cs 2 197 87% 95% 97% 2,9E-106 PREDICTED: abscisid emieptor PYL8-like
NP_001046464.1 LOC_0s02g15640.1 Os 2 204 80% 90% 97% 1,92E-95 0s02g0255500

Cc08 g15960 XP_004245523.1 Solyc08g082180.2.1 SI 2 189 85% 95% 97% 3E-105 PREDICTED: abscisic emeptor PYL9
XP_006343869. PGSC0003DMG4000121 St 2 18 85% 95% 97% 3E-10% PREDICTED:abscisi acic recepto PYL9-like
XP_010659134.1 GSVIVG01019517001 Vv 3 189 90% 95% 97% 7,7E-111 PREDICTED: abscisid esieptor PYL8-like
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Table S2 Comparison of CcPP2C protein sequencasovifiologous sequences frdnthaliana(At), C. sinensigCs), O. sativa(Os), S. lycopersicurn(Sl), S. tuberosur(St)
andV. vinifera(Vv) plant species (SpNCBI accession numbers (ID), | (introns), aa (aman@ length), Ident. (Identity), Align. (Match/Alhed), QC (Query Cover), e-value
and function information were obtained through BOASresults. Coffee IDs were identified in Coffeen@me Hub fittp://www.coffee-genome.organd Gene IDs in
Phytozome 10.Jtp://phytozome.jgi.doe.gov/pz/portal.hjml

CoffeelD NCBI ID GenelD Sp | Len.ag Ident. Align. Query cov. e-value Function inferred by BLAST
NP_180499. AT2G29380. At 2 362 71% 83% 69% 2.3E-13¢  highly ABA-inducedPP2( proteir 3
XP_006488392  orangel.1g036852 Ce 2 42¢ 64% 75% 98% 1.7E-15¢ PREDICTED:probabli protein phosphata2C 78-like

Cc0l1 g13400 NP_001044788 LOC_0s01g62760 Os 3 414 55% 68% 70% 8.7E-10¢  0Os01g08463C
XP_004241211  Solyc069g076400.2 Sl 3 41C 67% 76% 98% 7.2E-171 PREDICTED:probabliprotein phosphata2C 24
XP_006350789 PGSC0003DMG4000303 St 3 41C 67% 78% 97% 3E-17¢ PREDICTED:protein phosphata2C 37-like
XP_002282608 GSVIVT010248750( W 3 40¢ 65% 74% 98% 2.3E-15¢ PREDICTED:probabliprotein phosphata2C 24
NP_172223. AT1G07430. At 2 442 63% T7% 69% 1.3E-134  proteir phosphatas2C 3
XP_006488392  orangel.1g036852 Ce 2 42¢ 59% 72% 99% 1.3E-15C PREDICTED:probabli protein phosphata2C 78-like

Cc02 07430 NP_001044788 LOC_0s01g62760 Os 3 414 58% 71% 73% 1.6E-121  Os01g08463C
XP_004239911  Solyc059052980.2 Sl 3 40¢ 68% 78% 100% 0 PREDICTED:protein phosphata2C 37
XP_006355694 PGSC0003DMG4000271 St 3  41¢ 67% T7% 100% 0 PREDICTED:protein phosphata2C 37-like
XP_002282703 GSVIVT010164850! Vv 3 40C 63% 73% 99% 7.9E-162  PREDICTED:protein phosphata2C 37-like
NP_177421. AT1G72770. At 4 511 56% 74% 98% 0 proteir phosphatas2C 1€
XP_006465975  orangel.1g009094 Cs 4 544 61% 74% 98% 0 PREDICTED:protein phosphata2C 1€-like

Cc04 g01620 EEEbL4872. LOC_0s01g40094 Os 3 352 66% T7% 64% 4.8E-161  hypothetice proteir OsJ_0236
BAI39595.] Solyc039g121880.2 Sl 4 544 73% 82% 98% 0 proteir phosphatas2C ABI2 homolog
XP_006342955 PGSC0003DMG4000025 Si 4 54k 73% 83% 98% 0 PREDICTED:protein phosphata2C 16-like
XP_002278167 GSVIVT010168160! Vv 3 54¢ 62% 74% 98% 0 PREDICTED protein phosphata2C 1€
NP_177421. AT1G72770. At 4 511 63% 74% 61% 1.1E-14z  proteir phosphatas2C 1€
KDO73536.: orangel.1g00889C Cs 4 55C 49% 65% 100% 4.8E-161 hypothetice proteir CISIN_19g008880m

Cc06 g11740 NP_001046464 LOC_0s01g40094 Os 3 39€ 63% 75% 61% 6.9E-137  Os01g058310i partia
XP_004243737  Solyc079g040990.2 SI 3 54¢ 52% 68% 99% 0 PREDICTED:probabli protein phosphata2C 50
XP_006342333 PGSCO0003DMG4000180 Si 4 543 52% 68% 99% 0 PREDICTED:probabliprotein phosphata 2C 6-like
XP_002279140 GSVIVT010151560f Vv 3 55( 50% 66% 100% 5E-171 PREDICTED:protein phosphata2C 77
NP_177421. AT1G72770. At 4 511 49% 63% 100% 2.6E-15¢  proteir phosphatas2C 1€
KDO73536.: orangel.1g00889C Cs 4 55C 65% 78% 99% 0 hypothetice proteir CISIN_19g008880m

Cc08 g11010 NP_001065470 LOC_0s01g40094 Os 3  39% 69% 80% 59% 2E-15E 0s019058310! partia
XP_004253091  Solyc12g096020 SI 3 54C 66% 79% 100% 0 PREDICTED:probabli protein phosphata2C 53
XP_006342498 PGSC0003DMG4000292 Si 3 53€ 67% 79% 100% 0 PREDICTED:probabl« protein phosphata<2C 6-like
XP_010648365 GSVIVT010354200( W 4 551 66% 78% 100% 0 PREDICTED:probabliprotein phosphata2C 53
NP_172223. AT1G07430. At 2 442 47% 62% 64% 1.1E-8C proteir phosphatas2C 3
KDO76517.: orangel.19g023178 Cs 4 28¢€ 57% 71% 65% 2.59E-9& hypothetice proteir CISIN_19023178m

Cc08 g16010 NP_001043754 LOC_0s01g46760 Os 2 408 55% 70% 64% 2.77E-98  0Os01g06562C
XP_004240955  Solyc069051940.2 Sl 2 44z 57% 73% 67% 4.6E-10< PREDICTED:probabl«protein phosphata2C 51
XP_006350568 PGSCO0003DMG4000091 Si 2 39¢ 54% 70% 64% 1.88E-94 PREDICTED:probabli protein phosphata2C 51-like
XP_002266149  GSVIVT010195250( W 2 39z 57% 75% 70% 2E-107 PREDICTED:probabl«protein phosphata2C 51
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Table S3 Comparison of CcSnRK2 protein sequencisarihologous sequences fradn thaliana(At), C. sinensigCs), O. sativa(Os), S. lycopersicuniSl), S. tuberosum
(St) andV. vinifera(Vv) plant species (SpNCBI accession numbers (ID), | (introns), aa (anaca length), Ident. (Identity), Align. (Match/Ained), QC (Query Cover), e-

value and function information were obtained thto®By. ASTp results. Coffee IDs were identified in €& Genome Hubhftp://www.coffee-genome.organd Gene IDs in

Phytozome 10.Jtp://phytozome.jgi.doe.gov/pz/portal. hjml

CoffeelD NCBI ID GenelD Sg | Len.ac Ident. Align. Query cov. e-value Function inferred by BLAST
NP_172563. AT1G10940. At 9 362 80% 88% 70% 4.32E-7€  serine/threonir-protein kinase SRK2
XP_006477070 orangel.1g019433 Cs 8 341 84% 90% 70% 2.21E-77  PREDICTED:serine/threonir-proteir kinase SAPK-like
Cc00 g0783c NP_001050274  LOC_0s03g27280 Os 8 342 82%  88% 70% 2.78E-78  0Os03g03902C
XP_004245833 Solyc08g077780.2 Sl 8 33¢ 82% 90% 70% 9.46E-77  PREDICTED serine/threonir-proteir kinase SAPK
XP_006359207  PGSC0003DMG4000262 Si 8 33¢ 82%  90% 70% 9.46E-77  PREDICTED:serine/threonir-proteir kinase SAPK-like
XP_002262726  GSVIVT0100483900 VW 8 34C 83%  88% 70% 5.14E-7€ = PREDICTED serine/threonir-proteir kinase SAPK
NP_196476. AT5G08590. At 8 352 85% 93% 90% 0 serine/threonir-protein kinase SRK2
XP_006466196 orangel.19g018734 Cs 8 354 84% 92% 99% 0 PREDICTED:serine/threonir-proteir kinase SRK2-like
Cc00 g1932¢ NP_001052827  LOC_0s049g35240 Os 8 35¢ 76%  85% 99% 0 0s04g04320C
XP_004239628 Solyc05g056550.2 SI 6 35€ 85% 91% 99% 0 PREDICTED:serine/threonir-proteir kinase SAPK-like
NP_001274892 PGSC0003DMG4000238 Si 9 36C 82% 90% 98% 0 serine/threonir-protein kinase SRK2-like
XP_002267922 GSVIVT010224270I W 8 35E 85% 90% 99% 0 PREDICTED:serine/threonir-proteir kinaseSRK2A
NP_172563. AT1G10940. At 9 363 87% 93% 94% 8.76E-71  serine/threonir-protein kinase SRK2
KDO57025.: orangel.19024336 Cs 8 26¢ 92% 95% 94% 7.14E-75  hypothetice proteir CISIN
Cc00 g3543C BAT12097.: LOC_0s10g41490 Os 8 28¢ 88%  94% 94% 1.8E-72 0s10g05645(
XP_004245833 Solyc08g077780.2 Sl 8 33¢ 92% 95% 94% 5.72E-74  PREDICTED serine/threonir-proteir kinase SAPK
XP_006359207  PGSC0003DMG4000262 Si 8 33¢ 92%  95% 94% 7.26E-74  PREDICTED:serine/threonir-proteir kinase SAPK-like
XP_002262726 GSVIVT010048390I VW 8 34C 92% 94% 94% 3.02E-73  PREDICTED serine/threonir-proteir kinase SAPK
NP_567945. AT4G33950. At 9 362 87% 93% 99% 0 calciun-independer ABA -activate( proteir kinase
KD049166.: orangel.19g017933 Cs 7 362 91% 97% 99% 0 hypothetice proteir CISIN
Cc02 g1842¢c NP_001050653  LOC_0s03g41460 Os 6 362 87%  92% 99% 0 0s03g06109C
XP_004230794 Solyc019g108280.2 S 9 362 93% 98% 99% 0 PREDICTED:serine/threonir-proteir kinase SRK2
NP_001275318 PGSC0003DMG4000258 St 10 362 93%  97% 99% 0 serine/threonir-protein kinas SRK2E-like
XP_002284959 GSVIVT010318060I VW 8 362 90% 96% 99% 0 PREDICTED:serine/threonir-proteir kinase SAPK1
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CoffeelD NCBI ID GenelD Sg | Len.az Ident. Align. Query cov. e-value Function inferred by BLAST
AAM67112.1 AT1G60940. At 8 361 84% 91% 99% 0 putative serine/threonir-protein kinas
XP_006471015 orangel.19018734 Cs 8 351 87% 92% 99% 0 PREDICTED:serine/threonir-proteir kinase SRK2-like
Cc02 g2279¢ NP_001052827  LOC_0s049g35240 Os 8 35¢ 83%  93% 99% 0 0s04g04320C
XP_004230475 Solyc019103940.2 Sl 9 361 88% 94% 99% 0 PREDICTED:serine/threonir-proteir kinaseSRK2E
NP_001274892 PGSC0003DMG4000238 St 9 36C 91% 96% 99% 0 serine/threonir-protein kinase SRK2-like
XP_002269221 GSVIVT010233390I VW 8 35¢€ 91% 95% 99% 0 PREDICTED:serine/threonir-proteir kinaseSRK2A
NP_201489. AT5G66880. At 8 361 83% 91% 99% 0 serine/threonir-protein kinase SRK:
KDO049166.: orangel.1g017933 Cs 7 363 84% 93% 99% 0 hypothetice proteir CISIN
Cc07 g0571C NP_001050653  LOC_0s03g41460 Os 6 362 81%  91% 99% 0 0s03g06109C
XP_004232055 Solyc02g090390.2 Sl 8 352 86% 95% 99% 0 PREDICTED:serine/threonir-proteir kinase SRKZ
XP_006338224 PGSC0003DMG4000258 St 8 352 86% 95% 99% 0 PREDICTED:serine/threonir-proteir kinase SRKZ-like
XP_002284959 GSVIVT010318060I VW 8 363 82% 91% 99% 0 PREDICTED:serine/threonir-proteir kinase SAPK1
NP_567945. AT4G33950. At 9 362 73% 87% 93% 1.2E-17:  calciun-independer ABA -activate( proteir kinase
XP_006466260 orangel.1901962¢ Cs 8 341 82% 90% 99% 0 PREDICTED:serine/threonir-proteir kinase SAPK-like
Cc07 g1470c NP_001060312  LOC_0s07g42940 O: 8 33¢ 79%  88% 99% 0 0s07g06220C
XP_010312635 Solyc049012160.2 Sl 8 34k 80% 87% 99% 0 PREDICTED:serine/threonir-proteir kinase SAPK
NP_001274912 PGSC0003DMG4000236 St 8 344 79% 87% 99% 0 serine/threonir-protein kinase SAPk-like
XP_003632469  GSVIVT010034190! VW 8 33¢ 83%  91% 99% 0 PREDICTED:serine/threonir-proteir kinase SAPK
NP_567945. ATA4G33950. At 9 362 72% 87% 95% 9.9E-18C  calciun-independer ABA -activate( proteir kinase
XP_006477070 orangel.19019433 Cs 8 341 84% 91% 99% 0 PREDICTED:serine/threonir-proteir kinase SAPK-like
Cc08 g1120c BAD17999.: LOC_0s10g41490 Os 9 334 85% 93% 90% 0 serine/threonir proteir kinase SAPK
XP_004245833 Solyc08g077780.2 SI 8 33¢ 83% 91% 100% 0 PREDICTED:serine/threonir-proteir kinase SAPK
XP_006359207 PGSC0003DMG4000262 St 8 33¢ 82% 91% 100% 0 PREDICTED:serine/threonir-proteir kinase SAPK-like
XP_002262726 GSVIVT010048390I VW 8 34C 84% 90% 99% 0 PREDICTED:serine/threonir-proteir kinase SAPK
NP_974170. AT1G78290. At 5 34: 83% 91% 88% 0 serine/threonir-protein kinase SRK?2
KD081023.: orangel.19019628 Cs 8 33¢ 83% 90% 99% 0 hypothetice proteir CISIN
Ccl0 go679c NP_001050274  LOC_0s03g27280 O: 8 34z T7%  87T% 99% 0 0s03g03902C
XP_004237936 Solyc04g074500.2 SI 8 33€ 80% 90% 98% 0 PREDICTED:serine/threonir-proteir kinase SAPK
NP_001275016 PGSC0003DMG4000308 St 8 33E 80% 90% 98% 0 serine/threonir-protein kinase SAPk-like
XP_003634478  GSVIVT010090740! VW 8 33t 81%  90% 99% 0 PREDICTED:serine/threonir-proteir kinase SAPK
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CHAPTER 2

Gene expression profiles irfCoffea arabica and Coffea
canephora leaves revealed transcriptional regulations

of key genes involved in ABA signaling
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GENE EXPRESSION PROFILES IN COFFEA ARABICA AND COFFEA CANEPHORA
LEAVES REVEALED TRANSCRIPTIONAL REGULATIONS OF KEY GENES INVOLVED
IN ABA SIGNALING.

INTRODUCTION

Stomatal guard cells are functionally specializpidiermal cells usually located on plant aerial
organs which control gas exchanges between plahthensurrounding atmosphere. These guard cells
have developed mechanisms to sense and resporatidniss endogenous and environmental stimuli
(Hetherington and Woodward, 2003; Gray, 2005; Maska, 2005).

The role of ABA in guard cell regulation after dght response has been extensively studied
since a long time (Schroedet al, 200%; Nilson and Assmann, 2007; Sirichandtaal, 2009). For
example, applications of exogenous ABA was showstitoulate stomatal closure in the wilty tomato
flaccamutant deficient in ABA (Imber and Tal, 1970; Telal, 1970), as well as iKanthium(Jones
and Mansfield, 1970)The opening and closing of the stomatal pore ayelated by osmotic pressure
of guard cells envolving dynamic changes in thean#llular concentrations of inorganic ions andsssig
(Sirichandreet al, 2009).

It is well known that the ABA PYR/PYL/RCAR recepsoplay a key role for the whole-plant
stomatal adjustments and responses to low humlikness, and elevated ¢ @r example (Merilo
et al, 2013). Under drought, some plant species maitdairwater potential (isohydric behavior) while
other favor stomatal conductance to maintain, @§similation (anisohydric behaviour). The first
mechanism results of the enhancement of the ABAcefbn stomatal conductanog)(by low Wieas
(Tardieu and Simonneau, 1998BA production induced by loW s is thought to prevent stomata to
reach their maximal opening by a transduction ngtwovolving ABI1 and ABI2 protein phosphatases
2C and the OST2 and SLAC1 effectors (Ketnal, 2010). On the other hand, vascular ABA decreases
Kiearputatively by inactivating aquaporins such as tlasm membrane intrinsic proteins (PIPs) (Shatil-
Cohenet al, 2011), through a transduction pathway distinoifithe network already described. This
conceptual model for the dual action of ABA on sttanclosure has been recently proposed (Pantin
al., 2013).

Regarding the key roles of tripartite system inhieigplants, the following scientific questions
arisen concerning coffee:

* how the PYLUPP20SnRK2genes are expressed in leaves of coffee plantesponse to
exogenous ABA?
« are they differentially expressed id Bnd ¥ clones?

» does it exist different expression profiles of #ngenes irC. arabicaandC. canephora
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« is it possible to correlate the expression profilethe genes with stomatal responses in the D
and ¥ clones ofC. canephorandC. arabic&#

» s it possible to correlate the expression profiéghese genes with those observed under
drought conditions for th€. canephorglants (chapter 1)?

Aiming to get the answers to these questions, thia objectives of this work were:
(i) to cultivate in hydroponic conditior. arabicaandC. canephoraglants;
(i) to characterize the expression profile in time-sewf genes belonging to the tripartite system
(PYR-PP2GSnRK2 in leaves of D and P clones ofC. canephorandC. arabicasubmitted
to exogenous ABA treatment;
(iii) to study the effects of exogenous ABA on stomgbelriare inC. canephoraandC. arabica

plants;

MATERIAL AND METHODS

Plant material

DT (14, 73 and 120) andS¥22) clones ofC. canephoracorresponded to those previously
described in the chapter | were grown in greenhaasglitions (under controlled temperature 25°C,
relative humidity of 70% and photosynthetic flux PB00 pmol?s?t) in small containers at UFV
(University of Vigcosa-UFV, Minas Gerais, Brazil)ansed for stem cuttings to gener@tecanephora
plantlets to be tested in hydroponic conditionanB of the D (IAPAR59) and D (Rubi) cultivars of
C. arabicawere obtained from seeds harvested in the expetanields of Embrapa Cerrados that

were germinated in deionized water.

Hydroponic condition for ABA experiment

For both D and ¥ genotypes o€. canephorandC. arabica 2 plants were used as biological
repetitions. The plants were hydroponically growmulture room with 150-200 pmol photori/light
intensity, 12/12 dark/light hours, 70% relative hdiby at 24+1°C in pH 5.5 adjusted Hoagland solatio
(Hoagland, D.R.; Arnon, 1950) ¥4 strength. For hpdrac assayC. canephorandC. arabicaplants
of 6 and 3 months-old, respectively, were transt&from the greenhouse to culture room in individua
pots (300 mL) immersed with nutritive solution thes renewed weekly. ABA assays were performed
one month after plants acclimation in hydroponinditbons by adding ABA to a final concentration of

500 uM in the nutritive Hoagland solution.

RNA extraction
RNAs were extracted as previously described (Maimaet al, 2012) from the first pair of leaf

of coffee plants grown in hydroponic conditions whthey were submitted to ABA treatment during 3
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days. The samples were collected at 11:30 am itraofiHoagland ¥ strength w/o ABA) and under
ABA (500 puM) conditions at the first and third dayall purified RNAs were quantified using a

NanoDrop 1000 Spectrophotometer (Waltham, MA, USZgntaminant genomic DNA was eliminated
from purified RNAs by RQ1 RNase-free DNase (Proméggatment according to the fabricant. RNA
integrity was verified by agarose gel electrophisregth ethidium bromide staining. Synthesis of the
first-strand cDNA was done by treating @gdof total RNA with the ImProm-Il Reverse Transtiop

System and oligo (dT15) according to the manufactsirecommendations (Promega).

Real time gPCR assays

Genomic DNA was eliminated from purified RNAs by R@Nase-free DNase (Promega)
treatment according to the fabricant. RNA integuitgis verified by agarose gel electrophoresis with
ethidium bromide staining. Synthesis of the fits&ssd cDNA was done by treating Agtof total RNA
with the ImProm-Il Reverse Transcription System afigo (dT15) according to the manufacturer’s
recommendations (Promega). Real-time gPCR assaxes eeeried out with the synthesized single-
stranded cDNA described above and using the prbtecommended for 7500 Fast Real-Time PCR
Systems (Applied Biosystems, Foster City, CA, USEDNA preparations were diluted (1/20) and
tested by qPCR using 48 primer pairs designedher24 candidate genes of the tripartite systems.
Primer pairs were designed using the Primer Exmeftavare (Applied Biosystems) and preliminarily
tested for their specificity with a cDNA mix fromoats. The qPCR was performed withl bf diluted
single-stranded cDNA and OM (final concentration) of each primer in a finalwme of 1@Qul with
1x SYBR green fluorochrome (SYBRGreengPCR Mix-UDGIR Invitrogen). The reaction mixture
was incubated for 2 min at 50°C and 5 min at 933DG step), followed by 40 amplification cycles of
3 s at 95°C, 30 s at 60°C. Data were analyzed uti@dSDS 2.1 software (Applied Biosystems) to
determine the cycle threshold (Ct) values. Spetifiof the PCR products generated for each set of
primers was verified by analyzing the Tm (dissaoigt of amplified products. Gene expression levels
were normalized to expression level of ubiquittt(UBQ1Q as a constitutive reference (Barsalobres-
Cavallariet al, 2009). Expression was expressed as relative ifjoation by applying the formula
(1+E)22°!, whereACt target= Ct target gene— Ctreference gen@NAAACt= ACt target- ACt intemal calibrator the internal
calibrator always being the 141 sample with relatiuantification equal to 1. Data are presentetieas

mean + standard error of the mean. Graphs are @fedesind analyzed using GraphPad Prism ©.

Microscopic analyses

For each genotype, the first pair of leaf from tdifferent plants was used for transversal
sections. Two different areas of the leaves weheated twice at mid-day at 11:30 am before ABA
treatment (control) and at the same time in ea@hddrihe three days of assay. Additional sample was

collected in the third day at 6 pm. Immediatelyeafharvest, the material was fixed in FAA 50%
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(formaldehyde, acetic acid and ethanol) solution both scanning electronic (SEM) or optical
microscopy. After 24 hours of incubation, samplesendehydrated through a graded series of ethanol
until 70% and then cleared in sodium hypochloritB%2 over 2 hours before to be analyzed by
microscopy (Leica DM 750 microscope). For opticahlggses, images were treated using the Leica
Application Suite 3.0 LasEz software and stomataisities were determined using ImageJ software
(National Institutes of Health, Bethesda, MD, USRJr calculation of stomatal aperture, the lendth o
one hundred stomatal guard cells was measurechuedeof each genotype under control and ABA

treatments.
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([SUHVVLRQ SURILOHV RI &F3</-332&-6Q5.2 JHQHV LQBURSRQLF-JURZQ SODQWV WUHDWHG ZLWK H[RJHQRXV
$%$

7KH H[SUHVVLRQ SURILOHV RI WKH WULSDUWLWH V\VWHP &F3</-332&-6Q5.2JHQHV ZHUH DQDO\HG LQ
FRIIHH SODQWV JURZLQJ XQGHU K\GURSRQLF FRQGLWLRQ MBVXEPLWWHG WR $%$ WUHDWPHQW ()LIXUH ). )RU WKLV
SXUSRVH, SODQWV RI&. FDQHSKRUDDQG &. DUDELFD ZHUH LQFXEDWHG GXULQJ WKUHH GD\V LQ QXWULWLYH VROXWLRQ
FRQWDLQLQJ 500 0 RI $%$. /HDI VDPSOHV ZHUH FROOHFWHG IRU DOO SODQIN&. FDQHSKRUD ": FORQH 14 DQG
% FORQHV22;&. DUDELFD" ,59DQG"® 5XEL) EHIRUH DVVD\ (FRQWURO, ZLWKRXW$%$)DQG DIWHU RQH(24
KRXUV) DQG WKUHH GD\V (72 KRXUV) XQGHU $%$ WUHDWPH@. 7KHVH VDPSOHV ZHUH XVHG IRU T3&5 (JLIXUH 3
DQG )LIXUH 4) H[SHULPHQWV DQG PLFURVFRS\ DQDO\VHVLJXUH 5).

)LIXUH 1 ([SHULPHQWDO FRQGLWLRQ IRU K\GURSRQLF DVVD\\&. FDQHSKRUD'” FORQH14 ($-%)DQG"® FORQH22 (&-")
ZHUH RULJLQDWHG IURP VWHP FXWWLQJV (,). 7KH SODQWOWYV RI'7 FXOWLYDU ,$3$559 ((-)) DQG*FXOWLYDU 5XEL
(*+) Rl & DUDELFD ZHUH RULJLQDWHG IURP JHUPLQDWHG VHHGV (-). ,PDIJHVIR.QGLYLGXDO SODQWOHWYV ($-+)
ZHUH JHQHUDWHG XVLQJ WKH :LQ5KL]R VRIWZDUH SULRU $% WUHDWPHQW. $00 SODQWY ZHUH K\GURSRQLFDOO\JURZQ
(-~ LQFRQWUROOHG JURZWK FKDPEHU.

(ISUHVVLRQRI3</ JHQHV

$PRQJ WKH QLQH&F3</ JHQHV SUHYLRXVO\ LGHQWLILHG (FKDSWHU ,) 3</2, &F3</7D, 3</TEDQG
3</13 ZHUH QRW H[SUHVVHG LQ OHDYHV RI&. FDQHSKRUDDQG &. DUDELFD JHQRW\SHV HLWKHU XQGHU FRQWURO RU
$%$WUHDWPHQWV.+RZHYHU, WKH 3<5I, 3</4, 3</8D, 3</8EDQG3</9 JHQHV ZHUH H[SUHVVHG LQ ORZ
OHYHO LQ OHDYHV RI DOO FRIIHH JHQRW\SHV JURZQ XQGHW\GURSRQLF FRQGLWLRQV ZLWKRXW $%S$ ()LIXUH 2).

,Q&. FDQHSKRUD XS-UHIXODWHG H[SUHVVLRQRI &F3<5I DQG&F3</8E JHQHV ZDV FOHDUO\REVHUYHG
DIWHU 24 KRXUV RI $%$ WUHDWPHQW VSHFLILFDOO\ LQ OHBHV RI WKH "7 FORQH 14 EXW QRW LQ WKRVH RF'FORQH
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22. For both clones, leaf expressiorPMR1 PYL4 PYL8a PYL8bandPYL9genes decrease hereafter
to be undetectable at 72h of ABA treatment.

In C. arabicg CaPYL8awas the only gene showing up-regulated expressioleruat 24h of
ABA treatment in 159. At 72h of ABA treatment, leafpression oCaPYR1CaPYL4 CaPYL8aand
CaPYL9genes was no more detected in 159 but observedubi. B both genotypes, expression of
CaPYL9gene was undetected in control and at 24h of ARAtiment and considered as low at 72h
(Figure 2).

Altogether, this study clearly highlighted the egixwe of differentPYL expression profiles
between Dand ¥ clones in each coffee species but also betvze@anephorandC. arabicaplantlets,

mainly regarding the time-course BYLexpression upon ABA treatments.
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Figure 2 Expression profiles &fYL genes in leaves df. canephoraD™ (clone 14) and B(clone 22) andC.
arabicaDT (159) and ¥ (Rubi) plants in response to exogenous ABA. RNAenextracted from leaves
of coffee plantlets without exogenous ABA (contrahite bars) as well as after 24 (grey bars) or 72
hours (black bars) under ABA treatment (500 puMY,L genes studied correspondedR%R1, PYL4,
PYL8a, PYL8aNndPYL9genes. Values are the mean of at least three tadhmepetitions = SD which
are standardized independently witBQ10 (ubiquitin) as reference gene. The clone 14 wasgsh@s
preferential internal calibrator (RE=1).
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Figure 3 Expression profiles 8fP2C genes in leaves d&. canephoraD™ (clone 14) and B(clone 22) andC.
arabicaDT (159) and ¥ (Rubi) plants in response to exogenous ABA. RNAenextracted from leaves
of coffee plantlets without exogenous ABA (contrahite bars) as well as after 24 (grey bars) or 72
hours (black bars) under ABA treatment (500 uRP2Cgenes studied correspondeddl1-2, AGH2-
3, HAB, HAl genes. Values are the mean of at least three tedhrepetitions + SD which are
standardized independently wi@cUBQ210(ubiquitin) as reference gene. The clone 14 wasshas
preferential internal calibrator (RE=1).
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Expression of PP2C genes

Among the siXxCcPP2Cgenes previously identified (chapter I), and exédi&2 in C. arabica,
all (CcABIland2, CcAHG3 CcHABandCcHAI) were expressed in leaves of b&@hcanephorand
C. arabicaplantlets in hydroponic prior to ABA treatment (kig 3).

In C. canephorait is worth noting the higher expression leveCafAHG2 CcAHG3andCcHAI
genes in Dclone 14 compared toS2lone 22 under unstressed conditions. After 24ABA treatment,
CcAHG2leaf expression decreased significantly ihclbne 14. However, expression profiles of all
other genes were similar to those observed in dnéra condition, and continued to be low at 72h of
ABA.

In C. arabicaand whatever the genotype, expression leveRR#Cgenes were considered as
low under control condition. After 24h of ABA treagnt, the main changes in expression profiles were
observed foABI1 gene that was highly up-regulated in cultivar Ruldi not in 159. Even thougi#BI1
expression levels decreased hereafter, to be Itlar those measured at 24hBI1 expression
continued to be higher in Rubi than in 159 at 72IABA treatment. InterestinglyAHG2 expression
was not detected in leaf of both cultivars undemtid condition and after 24h of ABA, but was
detectable at 72h of ABA treatment only in leaveRuabi D° cultivar. For othePP2Cs ABA treatments
did not modify significantly gene expression predilthat were considered as low and relatively stabl

in both cultivars.
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Figure 4 Expression profiles 8hRK2genes in leaves &. canephoraD™ (clone 14) and B(clone 22) andC.
arabicaDT" (159) and ¥ (Rubi) plants in response to exogenous ABA. RNAexextracted from leaves
of coffee plantlets without exogenous ABA (contrahite bars) as well as after 24 (grey bars) or 72
hours (black bars) under ABA treatment (500 uB)WRK2genes studied correspondedSnRK2.2,
SnRK2.6, SnRK2.7, ShnRK2.8, SnRK2.10, SnRIg2rids. Values are the mean of at least three tathni
repetitions + SD which are standardized indeperygernth CcUBQ10(ubiquitin) as reference gene. The
clone 14 was choose as preferential internal clipi(RE=1).
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Expression of ShRK2 genes

Among theCcSnRKZ2previously identified (chapter 1), six of the@dSnRK2.2CcSnRK2.6
CcSnR2.7CcSNRK2.8CcSNRK2.1and SnRK2.1) were studied by gPCR experiments (Figure 30).
While CcSnRK2.@)ene was expressed in bothdhd I clones ofC. canephorait is worth noting that
expression of this gene was not detected in bdtivars of C. arabica On the other hand, we can point
out thatCcSnRK2.1@xpression profiles detected in all coffee genadywere not greatly affected by
ABA treatments. For otheBnRK2genes, the main differences observed between caffeeies,
genotypes and ABA treatments are given below.

In C. canephoraexpression ofCcSnRK2.2vas undetectable in leaves of both clones under
control condition. Under these conditions, it isrtkanoting higher expression level id Blone 14 than
DSclone 22 mainly forCcSnR2.7and CcSnR2.1kgenes, and to a lesser extend GmSnRK2.8and
CcSnRK2.10The contrary was observed 0cSnRK2.@hat had higher expression irf Elone 22 than
in DT clone 14. Expression @cSnRK2.andCcSnRK2.1henes appeared greatly up-regulated in D
clone 14 after 24h of ABA treatment, and decreabadtically hereafter at 72h of ABA treatment. In
parallel and whatever the tested conditions, espaf CcSNRK2.AandCcSnR2.1hene was always
undetected in leaves ofBlone 22.

In C. arabicg it is worth noting that expression profiles df &hRK2genes were always low,
up to undetectable in the’Bultivar IAPAR59. In the Bcultivar Rubi, expression @nRK22 clearly
decreased after 24h of ABA treatment while the @ogmtwas observed foBnRK28 gene. In this
cultivar, expression oBnRK2.7and SnRK2.11was highly up-regulated after 72h of ABA treatment,

while SnRK28 gene expression decreased.

Effects of ABA treatments on stomatal closure i D°clones of C. canephora.
In leaves, the Dand I plants ofC. canephorgresented differences in stomatal cell responses
under ABA treatment (Figure 5).



& +$37(52:* (1((;35(66,21 352),/(6 ,& 2))($$5$%,&$51'& 2))($ &$1L(3+25H($9(6 5(9(H/(C 127
75%$16&5,37,21%/ 5(*8/$7,216 2j< *(1(6 ,192/9(,1 $%$6,*1$/,1*

0.8-

0.6-

04-

Stomatal aperture (um)

0.2

0.0-

0 24 72
ABA Treatment (Hours)

JLIXUH 5 (YDOXDWLRQ RI $%$ HIHFW LQ PRGXODWLQJ WKHIXDUG FHOOV VWRPDWDO DSHUWXUH LQ FRIIHH OHDYHV. 7K VWRPDWDO
DSHUWXUH OHQIWK ZDV PHDVXUHG LQ WKH JXDUG FHOOV RE. FDQHSKRUD" 14 (FLUFOHV) DQG ® 22 FORQHV
(WULDQJOHV) DQG&. DUDELFD 7 59 (VTXDUHV) DQG 85XEL (FURVVHV) FXOWLYDUV LQ 24 DQG 72 KRXUV DIWHU
DSSOLFDWLRQ RI H[RIJHQRXV $%$ 500 0 VROXWLRQ DQG XQGHU FRQWURO FRQGLWLRQV (ZLWKRXW $$ OK). 7KH
VWRPDWDO DSHUWXUH YDOXHV DUH JLYHQ DV DQ DYHUDJH RID KXQGUHG FHOOV PHDVXUHPHQWV IRU HDFK FORQHIFXOWLBU.

8QGHU FRQWURO FRQGLWLRQ, WKH.. FDQHSKRUD" 7 FORQH 14 VKRZHG LQ DYHUDJH ODUJHU VWRPDWDO
DSHUWXUH WKDQ ' FORQH22 ()LIXUH 5) $IWHU 24K DQG 72K RI$%S$SWUHDWPHQW, QR VLIQLILFDQW GLIHUHQFH
ZDV REVHUYHG EHWZHHQ" 7 DQG *© FORQHV.:KHQ DQDOVHG VHSDUDWHO\, HLWKHU FORQHV VKRZHG VLIQLILFIQW
UHVSRQVHV WR$%SWUHDWPHQWV. $IWHU WKH ILUVW 24K, WKH FORQHV" 7 14DQG * © 22VKRZHG DQ LQFUHDVHRI
VWRPDWDO FORVXUH (GHFUHDVH LQ JXDUG FHOOV VWRPDWDOSHUWXUH). SWHU 72K, WKLV SURFHVV ZDV 1XO0\ UHYHUVHG
LQ "SFORQH22,ZKHUH QRQH VLIQLILFDQW GLIHUHQFH ZDV REVHUYHG LQ WWRPDWDO DSHUWXUH EHWZHHQ OK DQG
72K, DQG SDUWLDOO\ UHYHUVHG LQ7 FORQH14, ZKHUH GHVSLWH R VWRPDWDO DSHUWXUH LQFUHDVH VLIQLILFDQW
GLIIHUHQFHV ZHUH VWLOO REVHUYHG EHWZHHQ OK DQG72K. ,QFRQWUDVW,&.. DUDELFDFXOWLYDUV 7 59DQGSXEL
SUHVHQWHG VPDOOHU VWRPDWDO DSHUWXUH YDOXHV WKDQ&. FDQHSKRUD FORQHV XQGHU FRQWURO FRQGLWLRQV.
6LIQLILFDQW FKDQJHV LQ VWRPDWDO DSHUWXUH ZHUH REVHYHG EHWZHHQ JXDUG FHOOVRI 7, 59DQG *5XEL DIWHU
24KDQG72K Rl $%SWUHDWPHQW.7KH 7 59FXOWLYDU LQFUHDVHV JXDUG FHOOVRSHQLQJ IROORZLQJ 24K RI $%$
HRIHQRXV VWLPXODWLRQ DQG IXUWKHU LQFUHDVHV JXDUG OOV FORVLQJ GXULQJ WKH ODVW 48K. 1RQH VWDWLVWLFDOD
VLIQLILFDQW FKDQJHVLQ VWRPDWDO DSHUWXUHRI ® 5XEL JXDUG FHOOV ZHUH SURPRWHG ZLWKH[RJHQRXV $%$
VWLPXODWLRQ. &OHDUO\, HRIHQRXV $%$ \WWLPXODWLRQ DHFWHG GLVWLQFWLYHO\ WKH VWRPDWDO FRQWURO LQ JXDUG
FHOOVRI * 7 &. DUDELFDDQG &. FDQHSKRUDSODQWV. 2YHUDOO, JXDUG FHOORI &. FDQHSKRUDFORQHV GLVSRVHRI
ODUJHU VWRPDWDO DSHUWXUH LQ QDWXUDO FRQGLWLRQV DQBHVSRQGY WR $%$ VWLPXODWLRQ E\ LQGXFLQJ VWRPDWDO
FORVXUH LQ WKH ILUVW 24K EXW IROORZHG E\ VWRPDWDO BRSHQLQJ LQ WKH ODVW 48K. 'LVWLQPWLYHON, LQ WKH ILWW 24K
JXDUG FHOOVRI & . DUDELFD'” 59LQGXFHV VWRPDWDORSHQLQXSRQ$Y%$VWLPXODWLRQ DQG IXUWKHU SURPRWHV
\MWRPDWDO FORVXUH LQ WKH 48K.
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DISCUSSION

In this part of the work, we focused our attentionstudy the effects of exogenous ABA to
affect the expression dPYL-PP2GSnRK2genes of ABA tripartite in Dand [ genotypes ofC.
canephoraandC. arabica Among the nin€’YLgenes characterized @ canephorgdChapter )PYR1
PYL4 PYL8a andPYL8h PYL9were the genes that presented the most relevdetatites of
expression profiles betweéh canephorandC. arabicaspecies, but also betweenh &nd [F genotypes
of the same coffee species and ABA treatments. fixioe PYL2 the results presented here are in
accordance with those described as expressed getemves ofC. canephorgplants under | or NI
conditions (Chapter I).

Regarding the first step of ABA tripartite systeme clearly highlighted that theSRubi cultivar
of C. arabicaup-regulated the expression@EPYLsgenes latter (after 72 hours of ABA) compared to
earlier responses observed for the same genefien g¢énotypes. Besides that, it is worth noting tha
PYL9gene expression was not detected in control or uA&# treatment only forC. arabicavar.
Rubi. It was recently suggested tRxL9promoted drought resistance not only by limitirapspiration
water loss but also, by causing summer dormaneyrBkponses, such as senescence @0 2016).

In plants, leaf senescence increases the trarffafietrients to developing and storage tissues. blag
transgenic tobacco showed that delayed leaf semes@ecreases plant resistance to drought (Riskro
al., 2007). These evidences also corroborate witlpliysiological and molecular responses previously
observed for the Dand F C. canephoraand C. arabica plants submitted to drought conditions
(Pinheiroet al, 2005; Marracciniet al, 2011; Mofattoet al, 2016). TheC. canephoraDSclone 22
maintained the same expression levelBYE9in control or ABA treatments while the'@enotypes of

C. canephorar C. arabicaup-regulatedPYL9expression in control conditions and ABA treatments

It is important highlighting that th€cPYR1andCcPYL8lbgenes are highly up-regulated mainly
in theC. canephoraD™ clone 14 in a fast response (24 h to exogenous ABAvious microarray data
and GUS expression studies have shownRNd&landPYL8were expressed in guard cells (Gonzalez-
Guzmanet al, 2012). We have previously shown (Chapter 1) iePYR1was significantly down-
regulated under drought in all clones @f canephoraexcept in D clone 14 that maintained similar
expression levels in leaves under | or NI cond#iddcPYL8bexpression levels also not presented
significant difference between | or NI in clone l&rabidopsistransgenicPYL8-OX plants were
generated and showed drought tolerance phenotypeagth enhanced stomatal closure in response to
ABA (Lim et al, 2013). HABL interacts with PYL8 and also with PY¥,Rowever, the interaction with
PYL8 was not ABA-dependent while with PYR1 did rmicur in the absence of exogenous ABA in
Y2H interaction (Santiagaet al. 2009; Parket al. 2009). Recent work showed that subcellular
localization of PYL8 changes in response to ABA{let al, 2015). PYL8 protein moves into the
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nucleus in response to ABA and the subcellularlipation of PYL8 is regulated by abiotic stress
signals. These result were also observed for PYE8¢t al, 2015).

Interestingly, under control conditiodd311 andHAB genes had higher expression levels in D
clone 14 and Rubi cultivar &. canephorandC. arabica respectively. With ABA treatment, the clone
14 maintained expression levels ©HAB gene at 24 and 72 h of ABA treatment. In contrig,
maintainedHAB expression level during the first 24 h of ABA tmeaint, since its expression decreased
at 72 h in this genotype. In contrast, in leavethefC. arabicaD® Rubi, theHAB gene was upregulated
after 24 h ABA treatment and the expression levelttinue to increase at 72 h. Thedbne 22 showed
an uniform low expression of this gene from contoof2 hours ABA treatment.

HABZ1was originally cloned on the basis of sequence hogyao ABI1 andABI2. In the case
of ABI1/ABIZ2 the level of expression in response to ABA isabbt higher forABI1thanABI2 (Saezet
al., 2003). This evidence was in accordance with eaults whereCcABI1was most expressed than
CcABI2gene under ABA treatmembr C. arabicaplants. After 72 hours, the most expressed gene in
Rubi wasCcABI1 However, there was a peak of expression in thieegn Rubi after 24 hours under
ABA treatment which suggests that this PP2C waklfhigxpressed in this clone which could repress
the transcription of kinases &RK2.2and SnRK2.6 In this sense, the drought-response genes could
be later activated in ABA pathway.

It is known that the regulatory domain of SnRK2EIQSNRK2.6 interacts with ABI1 and
integrates abscisic acid and osmotic stress sigoalgolling stomatal closure ilsrabidopsis(Yoshida
et al, 2006). It is worth noting th&cSnRK2.&vas expressed only in leaves of Giecanephoralones
after 72 h of ABA treatment. On the other handerpression was observed@n arabicaplants under
control or ABA treatment. Regarding ti canephoralones, it is worth noting that the°Blone 22
present a basal regulation of this gene which wastant from control to ABA treatment.

These results are in accordance with the previaugsain literature and also with the stomata
measurements carried out during the hydroponicyasbare there are significant differences among
control and ABA 72 hours in th@. canephordT clone 14 but not in Bclone 22. In the first 24h guard
cells of C. arabica DT 159 induced stomatal opening upon ABA stimulatiord durther promoted
stomatal closure in the last 48h while no statitilifferences were observed for Rubi. These edegn
suggested that Tclone 14 and 159 has been more efficient in thenatal regulation under ABA
exogenous treatment tharf €lone 22 or Rubi. Besides that, the absence ofatrolosure in response
to ABA until 72h for Rubi is also in accordance lwihe delay in ABA signalling observed in gene
expression analyses.

Finally, it is important to draw attention to thect of CcPYR1 CcPYL8bandCcSnRK2.&nd
CcSnRK2.11were highly up-regulated in thelone 14 and it suggest that they could act
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synergistically in the ABA pathway as key agentsidrought-tolerant response. All those evidences

could be used to select molecular markers to imggmnotypes selection in field.

CONCLUSION

Altogether, the results presented herein showeéxpeession of genes maintained or activated
preferentially in response to ABA hormone. The AB&Sponses frort. canephorglants revealed to
be different toC. arabicagenotypesin C. canephorathe D clone 14 presented higher expression for
the AHG2 AHG3 HAI (PP2C3 andSnRK2.7SnRK2.1(SnRK2¥ compared to the Txlone 22 under
control conditions which suggest the existencehefttipartite system (mode off) ready to be actigat
in the D plants. With ABA (24h) it was observed a higher daster expression d?YR1 PYL8h
SnRK2.7SnRK2.1Xoncomitant with a drastic decreaseAstG2 ABl andABI2 showing an activation
of tripartite system (mode on). On the other hahd,D’ clone 22 in response to ABA (24h and 72h)
could not activate the synthesis of new ABA recepiar kinases, on the contrary, it activated the
synthesis ofAHG2 gene which coding a phosphatase that negativeliratoABA pathway. All this
evidences support the phenotype differences (éogaagal control) observed for drought tolerance
between the Dclone 14 and the 22 suggesting that it could be consequence of iffierehces
observed in the expression profileRfL-PP2CGSnRK2genes.

In C. arabicg it was clearly that the DI59 had a faster response to ABA stimuli compaced t
the D°Rubi. With 24h it was observed that thé B9 up-expressed theYL8a ABI1 and2, AHG3
HAI, ShnRK2.&aandSnRK2.1Zenes. The expressed phosphatases inhibit théyofithe kinases which
could explain the absence of stomatal closure ressoin leaves of 159 at 24h (mode off). Besidas th
in both 24h and 72h was not possible detected xpeession profiles of the tripartite system in 159
which could explain the stomatal closure at 72lggesting that some genes could be up-regulated
between 24h and 72 h @ arabical59.

RegardingC. canephoraand C. arabicg it was observed th&YL83a ABI1, HAB, SnRK2.8
SnRK2.11genes were up-regulated in thé (©lone 14 and 159) compared t& [zlone 22 and Rubi)
plants under control conditions. In response to ABfatmentPYR1landHAI were up-regulated after
24h while PYL9and SnRK2.8after 72h. Considering the differences betweenispeit was showed
that SnRK2.6gene was expressed at 72h onl\Cincanephorglants (clones 14 and 22). It was also
observed tha€cPYL9was up-regulated in thé. canephordclones 14 and 22) and @ arabica(159)

all those presented significant stomatal closumesponse to exogenous ABA.
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GENERAL CONCLUSION AND PERSPECTIVES

The results presented in this work are one ofitbethat use the data generatedyanephora
sequencing, recently published, to analyze gendiéasnsuch as those that codify proteins belonging
the tripartite system of ABA perception and sigmansduction pathway. Comparing to studies
developed in other species, our results showethéofirst time the existence of duplication eventiie
PYLgene-family, notable foEcPYL8

The results of expression analyses allowed usribroothat the majority of the selected genes
are functional in leaves and roots tissues. Silyjlaeveral works has evidenced the importanceBA A
tripartite system genes to fruit maturation highligg the importance of further studies characiegiz
thePYLgene-family expression during coffee seeds devedopm

Despite the relevant information assessed with exogs ABA experiment where genes
expressed in response to this phytohormone presdiginguished regulation profile (mode on) in the
DTclone 14 and (mode off) in theSEBlone 22, a similar hydroponic test with differéxBA
concentration (lower) and number of plants (highera different timepoint could be of interest. The
evaluation of homoeologous gene expressionCin arabica subgenomes could provide useful
information on this species plasticity to regulaiA signaling and response pathways.

Even if our results did not present significativifedlences among clones regarding the amount
of ABA in leaves and roots, it could be interesttngquantify this phytohormone under water deficit
during a timecourse. Indeed, ABA quantificatiorpiants with -3,0 MPA¥,qvalue in stress condition
(after 6 days watering withheld for the® @one 22, and between 12 and 15 days for theldhes,
Marraccini et., 2011), did not allow to know if AB#ontent could variate in leaves and roots eatbr af
stress application. To verify that ABA metabolissmbpt altered in the differe@. canephoralones, it
could be also interesting to test the gene exmmessi CcCNCED3and CcCYP707Al which are
respectively involved in synthesis and cataboli$iABA. This work is also underway in the laboratory
(Costaet al, manuscript in preparation).

The results presented in this study confirm thaseipusly obtained (Vieirat al, 2013) which
showed that drought tolerance respons€.itanephoras a result of several correlated mechanisms
rather than a single one. In addition, it would iméeresting to search for single nucleotide
polymorphisms (SNPssingle-nucleotide polymorphisnasd indelsiNsertionDELetior) in the genes
identified in this work, for example, in the gen@ra D' clones (14, 73 and 120) and [(22) of C.
canephorasince these are sequenced (AC Andrade, personahgoitation).

This research could be conducted both in the codieguence, to search for proteins
modifications in the tripartite system genes dfdnd [F clones used in this work, and within their

regulatory sequences (promoters) to verify the weoge of sequence variations dis-regulatory
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elements that could explain the different expresgimfiles observed for some genes ihdnd F
clones, as has recently been observe C&REB1Dgene ofC. canephordAlves et al, submitted).

Finally, those genes with higher correlated drodgtiticed expression identified during this
work (e.gCcAHG2andCcSnRK2.2could be tested in oth&. canephoralrought tolerant and sensitive
clones (Carneiret al, 2015) to find out if their expression profileg &ept. If that is the case, then one
might consider using them as molecular markerfiéncbffee breeding programs for the generation of
new drought tolerant varieties.
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Abstract The aim of the present study was to performfor tissue-specific promoters in coffee, msLTPpromoter

a genomic analysis of non-specific lipid-transfeotpins

region of around 1.2 kb was isolated. It contaisederal

(nsLTPs) in coffee. Several nsLTPs-encoding cDNAl an DNA repeats including boxes identified as esserfial

gene sequences were cloned fréoffea arabicaand Cof-

grain specific expression in other plants. The whivhg-

fea canephorapecies. In this work, their analyses revealednent, and a series of 8eletions, were fused to the reporter

that coffee nsLTPs belong to Type Il LTP characesi
under their mature forms by a molecular weight reiuad
7.3 kDa, a basic isoelectric points of 8.5 andghesence
of typical CXC pattern, with X being an hydrophobési-
due facing towards the hydrophobic cavity. Eversef/-
eral single nucleotide polymorphisms were idertifig
these nsLTP-coding sequences, 3D predictions shiveed
they do not have a significant impact on proteincfions.
Northern blot and RT-gPCR experiments revealedipec
expression of Type Il nsLTPs-encoding genes ineoff
fruits, mainly during the early development of esgerm
of bothC. arabicaandC. canephoraAs part of our search
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gene g-glucuronidase WidA) and analyzed in transgenic
Nicotiana tabacunplants. Histochemical and fluorimetric
GUS assays showed that the shorter (345 bp) andumed
(827 bp) fragments afisLTP promoter function as grain-
specific promoters in transgenic tobacco plants.

Keywords Bean developmentCoffea:- Endosperm-
specific promoter - Gene expression - Lipid transfe
proteins

Introduction

Lipid-transfer proteins (LTPs) are characterized thgir
ability to bind fatty acids and to transfer in witfipids
(e.g. phospholipids, cholesterol) between membranes
(Kader 1996. As LTPs can associate with various phos-
pholipids with broad specificity, these protein® anore
referred to nsLTPs for non-specific lipid transfaoteins
(Ostergaard et all993. Plant nsLTPs have been purified
from various sources of plant tissue (e.g. leaves seed-
lings) and are characterized by small moleculargivesi
(usually =6.5-10 kDa) and basic isoelectric points (pl)
ranging between 8.8 and 12 (KadE997). In Brassica
oleracea nsLTPs were found associated with the waxy
surface of the leaves and expressed at high lewelsunt-
ing for 50 % of proteins in young leaves (Pyee £1894).

In addition to this role in mediating phospholigidnsfer,
nsLTPs may also be involved in other biological ndu
tions such as plant defense mechanisms againsdlfang
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bacterial pathogens (Molina et 41993 Kristensen et al. (Zottich et al.2011). On the other hand, probable role
2000, and may participate in the assembly of hydrophoef Type Il nsLTPs as plant defensins were also mego
bic protective layers of surface polymers such@maor in rice (Samuel et aR002 and tobacco leaves (Harada
waxes (Cameron et a2006 Yeats and Ros2008. Sev- et al. 2010. Type | nsLTPs found primarily in aerial
eral studies have highlighted that the expressiomsbTP  organs, nsLTP1 is proposed to transport cutin marem
genes is also induced in response to environmetredses whereas Type 2 mainly found in roots, is involvedthe
such as drought (Trevino and O’'Conn&B98 Rizhsky transport of suberin monomers (Samuel e2ad2).
et al. 2004 Tapia et al.2013 and abscisic acid (Garcia- Expression patterns of plamsLTP genes are usu-
Garrido et al1998. ally complex and controlled temporally and spayiall
The first cDNA encoding a plant LTP was isolateginfir Depending on the gene considered, expression &noft
maize seedlings (Tchang et 88898. In the same plant, itis detected in the aerial portions of plants (leawssms,
common to observe several LTP-encoding cDNAs suggesshoot meristems) as well as in infl but also
ing the existence of a complex gene family (Katig97). A  early in development, such as in embryo cotyledon
mechanism of alternative splicing might exist ie tRNA  and leaf primordia ofA. thaliana (Thoma et al.1994.
coding for these proteins (Arondel et 8091). In terms of In addition, Fleming et al.1092 showed that TP gene
structure, nsLTPs consist of 91-95 amino acid tesidlif- expression was higher in young tobacco leaves than
fering in sequence but containing eight stricthnserved old ones, but also higher in the upper parts ofglant
cysteine residues (Kadém97. It is probably due to the compared to the basal parts, suggesting that nsLTP-
four disulfide bridges formed between these resdli@k- encoding genes were expressed according to a gevelo
ishima et al1986 that nsLTPs are remarkably stable aftermental gradient. However, nasLTP transcripts were
purification (Lindorff-Larsen and Winth&007). detected in the roots of various plants. The exgiomsof
Regarding their classifi nsLTPs were dividednsLTP-encoding genes has also been analyzed irs,seed
into two main groups according to their molecularsuch as those of barley, for example, where exjmess
weight: Type | (9 kDa) and Type Il (7 kDa) (Mariebhal. was well detected in the aleurone layer, whichidf in
2000. In 2008, a new classifi of nsLTPs was pro-lipid bodies (Jakobsen et d1989.
posed using the putative mature form of 267 pnstei  The tissue-specificity of thesLTPpromoter region was
from rice, wheat, and\rabidopsis thalianaand showed also investigated by transgenic plant assays imglgro-
that the major functional diversifi within thell@®  moter fusions to th&USreporter gene. For example, the
family predated the monocot/dicot divergence (Boutr promoters oftpl andltp2 genes from barley were able to
et al. 2008. Genome wide analysis carried out by thesalirect aleurone-specific expression in barley aod seeds,
authors allowed to identify eight types of LTPs,vasll  respectively (Kalla et al1994 Skriver et al.1992. The
as 33 subfamilies. Type | LTPs were the more abanhdasequence analyses of these promoters detectedetsenpe
and displayed a specifi disulfi bond pattediffer- of MYB and MYC protein binding sites (Linnestad adt
ent from Type Il constituting the second more rabu 1997), like those also found within the promoter regafn
dant type. Molecular studies revealed complex esqre the strawberryxaltp gene (Yubero-Serrano et aD03.
sion patterns for the various types (Boutrot et24I05 Despite the fact that coffee is one of the mostartgnt
and work is still in progress to decipher the sfieci agricultural commodities in the world, basic olrledge
of these different nsLTP Types. More recentWang is missing regarding many aspects of this croptiqar
et al. Q012 classifi nsLTPs into fi e different types larly lipid metabolism during bean development, essp
based on the sequence similarity matrix and the-pro cially considering the importance of those commts
erties of their 8-cysteine motifs and showed thgpes in organoleptic features (Leroy et &006. In the genus
I and Il are shared by all the plant species paisgs Coffeg two species account for almost all coffee bean pr
nsLTPs. Regarding the 517 plant nsLTPs analyzed bguction: Coffea canephorand C. arabica C. canephora

these authors, 391 (from 88 species) and 102 (28m s diploid (2n= 2x = 22) and allogamous whil€. ara-

species) were classifi in Types | and Il, resp&iv pica is amphidiploid (allotetraploid, 2r= 4x = 44) and
However, no relationship between proteins of thmesa autogamous. A€. arabicaarose from natural hybridiza-

Type and the function was clearly established &mel t tion betweenC. canephoraand C. eugenioidgsits tran-
precise physiological roles of plant nsLTPs ardl sti scriptome is a mixture of homeologous genes expdess
matter of debate. For example, Type | nsLTP fronizea from these two sub-genomes (Vidal et 2010. In these
spinach, arabidopsis, radish, onion, and broccxiitet  two coffee species, the lipid content of green emfbeans
antimicrobial activity (Garcia-Olmedo et dl995. This are 15 and 10 %, respectively, and mainly consistsa
was also shown for the Cc-LTP1 purifi fro@offea cylglycerols, sterols, tocopherols and diterpenseé® and
canephoraseeds that exhibited strong antifungal activity Kélling-Speer2006. Most of these lipids are located in
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the endosperm of green coffee beans but a smalu@mo RNA isolation
is also present on the outer layer of the beansiet al.
1997. It is known that the lipid fraction of the beandit-  Total RNA was extracted from roots and leaves anthf
tle changed during roasting and protects the aroom-  whole fruits at 120 DAF (2007/2008 harvest)@farabica
pounds from degradation (Folsta®85. Even though cv. Catuai Amarelo. Total RNA was also extractenmfr
the effect of fat contents on the sensory qualftgaifees  whole fruits (2008/2009 harvest), separated pemnmspand
remains to be determined, several studies havdigiigbd  endosperm (2006/2007 harvest)farabicacv. IAPAR59
that the increase in fat content with shading dtitbde is  and separated endosperm of clone L6P3E.odanephora
positively correlated with cup quality (Decazy €t2003  conilon (2011/2012 harvest). After collected, alirples
Vaast et al2008. were immediately frozen in liquid nitrogen and stbrat
In terms of lipid synthesis, the expression bufgemes 80 °C before being ground and treated as descpbed
involved in lipid assembly and storage has beereriesl  viously (Marraccini et al2011). RNA quantification was
at mid-stages of bean development (Joét 2G09. This  performed using a NanoDrop™ 1000 Spectrophotometer
supports the observations by electronic microsompgil  (Waltham, MA, USA).
body accumulation in endosperm cells at 110-150s day
after flowering (DAF) (Dentai985. DNA extraction
Using the recent advances in coffee genomics
(De Kochko et al2010, our study set out to (1) identify To isolate thensLTP genes fromC. arabicacv. Mundo
the different coffeesLTPhomeologs corresponding to the Novo and from the clone 120 @&. canephora(Marrac-
C. canephorandC. eugenioideancestor sub-genomes of cini et al.2012 and promoter fronC. arabicacv. Catuai
C. arabicaand (2) evaluate the expression of these alleleamarelo, genomic DNA was extracted from leaves ei:co
during bean development. We also report on theimgpaf  ing to the Doyle and Doyle1087 method modified as
an nsLTP promoter that was tested in transgenic tobaccéollows. Once ground in liquid nitrogen, 2.5 g abung
for analyzing its ability to control the expressiohthe leaves was transferred and mixed with 20 mL ofastion
uidAreporter gene in seeds. buffer (1.4 M NaCl, 100 mM Tris—HCI, 2 % CTAB, 0.05
EDTA, 1 % PVP, 1 %B-mercaptoethanol) pre-heated
to 65 °C and incubated for 1 h. One volume of plieno

Methods acid (pH 8):chloroform:isoamyl alcohol (25:24:1) sva
then added before removal of cell debris by cargefion
Plant materials (20 min, 15,000). The aqueous phase was further mixed

with one volume of chloroform:isoamyl alcohol (2}tdnd
Three cultivars of Coffea arabica (IAPAR59, Catuai centrifuged. The upper phase was then treated gaal
Amarelo and Mundo Novo) and one clone (L6P35XCof volume of isopropanol in order to precipitate niclecids
canephoraconilon were used in this study. Eight-year-by centrifugation (30 min, 15,08D which were resus-
old plants of IAPAR59 and the 3-years-old clone 86P pended in sterile water and incubated (30 min, G)7vith
of C. canephoraconilon cultivated under field conditions 200 ug of RNaseA. DNA concentration and quality were
at the experimental station of Embrapa Cerradoarebe determined using a NanoDrop™ 1000 Spectrophotometer
center (Planaltina-DF, Brazil 15°38'S-47°432'0) in  (Waltham, MA, USA).
full sunlight were used for fruit expression stidi€ruits
were collected between 1 pm and 4 pm regularlyr{eve Northern-blot experiment
4 weeks) after flowering (mid September) up to clatg
maturation (May=210 DAF) over 2 years (2006/2007 and Twenty micrograms of total RNA was fractionated an
2008/2009 harvests) f@. arabicacv. IAPAR59 and from 1.2 % (w/v) agarose gel containing 2.2 M formaldehyd
the flowering up to complete maturation (Ja300 DAF, in MOPS buffer. Equal amounts of loaded RNA samples
harvest 2011/2012) for the clone L6P35Qfcanephora  were controlled by the abundance of 26S and 18SArRN
The cultivars of Catuai Amarelo and Mundo Novo wiere on gels stained with ethidium bromide. ThelL TP inter-
the coffee collection of Embrapa Genetic Resoudas nal cDNA probe was amplified by conventional PCRcre
Biotechnology research center (Brasilia-DF, Brazitpr  tion using the LTP-F3 and LTP-F4 primers (Tal)eand
expression studies, leaves and roots were florarabica the coffee EST GT669102 as a template. This prdbe o
cv. Catuai Amarelo. TobaccdNicotiana tabacumlL. cv. 117 bp in length (from nucleotides 62-178 of ca2itidy13,
Xanthi XHFD8) was grown in vitro (25 °C, 16-h pheto Fig. 1) was further labeled by random-priming wik*2P-
period) on solid MS (Murashige and Skob@62) or inthe dCTP as described by the supplier (GE Healthcaiethl
greenhouse under environmental conditions. RNAs were transferred to Hybond+Nmembranes which
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Table 1 List of primers to the manufacturer's recommendations (Promegag Th
Primers  Sequences absence of contaminating genomic DNA was checked as
previously described (Marraccini et 2011). Quantitative
GSP1 SCAGATCCACCAGCAACAGTACAACC-3 PCR was carried out with synthesized single-sticDNA
Gsp2 SCAGTGCAACCCCAGATGATTTCTTC-3 described above using the protocol recommendedhir
LTP-F1  3-GCGCTTTTTGCTTTTCATAAAGAT-3 use of 7500 Fast Real-Time PCR Systems (Applied Bio
LTP-F2  3-GCACTTTTTGCTTTTCATAATGATG-3 systems, Foster City, CA, USA). cDNA preparatiorerav
LTP-F3  3-GAAATCATCTGGGGTTGCAC-3 diluted (1/25-1/100) and tested by qPCR. Primeablgl)
LTP-F4  SAAGCATGGACTCAATGCTTG-3 were designed using Primer Express software (Agplie
LTP-RL  3-ATTCAACACCATTACTAGTTTTCGAGC-3 Biosystems) and preliminarily tested for their esific-
LTP-R2  B-CACCATTACATGGGAACGTTGC-3 ity and efficiency against a mix of cDNA extractedm
LTP-FT  5CTGTGGTCTGAAATGGCCAACT-3 fruits of C. arabicacv. IAPAR59 (data not shown). gPCR
BUBI-F  5-AAGACAGCTTCAACAGAGTACAGCAT-3 was performed with UL of diluted ss-cDNA and 0.pM
BUBIR  5-GGCAGGACCTTGGCTGACTATA-3 (final concentration) of each primer in a final wole of
Fl-pBl  S-CCAAGCTTCATCCTAAAATACATTCG-3 10 uL with SYBR green fluorochrome (SYBRGreen qPCR
F2-pBI S-CGCAAGCTTTCCATGAAAAATGCAATCC-3' Mix-UDG/ROX, Invitrogen). The reaction mixture was
F3-pBl  S-CCAAGCTTCCAAGACATTATTAATGATC-3' incubated for 2 min at 50 °C (Uracil DNA-Glycosias

F4-pBl SCCCAAGCTTCTCCCACTTCTCAAAACTTGG-3 treatment), then 5 min at 95 °C (inactivation of Gise),

R1-pBlI S-CCQCCATCCCAAMAGCAAAAGTGCAGAAGAG-3” followed by 40 amplification cycles of 3 s at 9586d 30 s
FORmax 5GCCAGGGTTTTCCCAGTCACGACGTTGTAA3 at 60 °C (annealing and elongation). Data wereyasll
REVmax 3CACACAGGAAACAGCTATGACCATGATTA-3 using SDS 2.1 software (Applied Biosystems) to dabee
GSP1 and GSP2 primers were used during the genoaiing  Cycle threshold (Ct) values. The specificity of tRER
experiment to amplifynsLTP promoter fragments. LTP-primers products generated for each set of primers wadiacttyy
were used to clone nsLTP-encoding nucleic sequeagsor gPCR g 31y 7ing the Tm (dissociation) of amplified protu®CR
experiments. The BUBI-F/R primer pair was usedtfa ubiquitine . . .
(UBI) reference gene in RT-gPCR experiments. PrimeBd) (were efficiency (E) was estimated using absolute fluoeese
used for the construction of transformation vectdiise sequences data captured during the exponential phase of &iogilon
(bold and italics) added to the énd of F-pBI primers corresponded of each reaction with the equation €1E) = 10(— 1/5'013*)
to theHinc_iIII restriction sites and the one ao_ld(_ed to_therﬁl of the (Ramakers et al2003. Efficiency values were taken
R1-pBI primer corresponded to tBamHlrestriction site. The FOR- . . .
max and REVmax primers used for DNA sequencing \aése indi- intoaccount in all subsequent calculatiorSxpres-
cated sion levels were calculated by applying tfemula
(1 + E)_MCt where ACt target — Ct target gene Ct CcUBQ10
and AACt = ACt target — ACt reference_sample the perisp-
were further hybridized at 65 °C in modified Chur@hd erm-60 DAF and endosperm 150 DAF being used as-refe
Gilbert buffer (7 % SDS, 1 % BSA, 10 mM EDTA, 0.5 M ence samples i€. arabicaandC. canephoraxperiments,
sodium phosphate monobasic pH 7.2) and washed € 65 respectively. Gene expression levels were nornméi{s®S
in 2 X standard saline citrate (SSCx &= 150 mM sodium 2.1 software) with the expression ubiquitin genesiadog-
chloride and 15 mM sodium citrate, pH 7.0)—0.1 % SDSnous control (GW488515; Cruz et @009 Marraccini
(2 x 15 min) with a final stringent wash in 034 SSC- et al.2012.
0.1 % SDS (2x 15 min). Membranes were exposed with
BAS-MS 2340 IP support and data were acquired usintgolation of nsLTP-encoding cDNA and gene sequences
an FLA-3000 Fluorescent Image Analyzer (FujifilmfeLi

Science). The CaLTP1a CaLTP2 and CaLTP3acDNA sequences
were obtained by PCR. The template used was 10f ag o
Real-time RT-PCR assays cDNA mixture from perisperm, endosperm and pericarp

tissues separated from fruits G6f arabicacv. IAPAR59
To eliminate contaminant genomic DNA, RNA samplesharvested at different maturation times (from 3020
were treated with RQ1 RNase-free DNase accordirigpgo DAF). The PCR reaction (PTC-100 Thermocycler, MJ
manufacturer’s instructions (Promega, Madison, W8A)  Research) was performed using primer combination3-L
and RNA quality was verified by agarose gel elgut@re- F2/LTP-R2, LTP-F1/LTP-R2 and LTP-F1/LTP-R1
sis for visual inspection of the ribosomal RNA banghon and Taq Platinum DNA polymerase according to the sup-
ethidium bromide staining. First strand cDNA wastig-  plier's instructions (Invitrogen) under the follavg con-
sized by treating Jug of total RNA with the ImProm-1I™ ditions: initial denaturation (94 °C-2 min) follodeby 40
Reverse Transcription System with oligos {gTaccording cycles (94 °C-30 s, 60 °C-30 s, 72 °C-3 min) anfihal
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SGNCaU607388 - aagaaacagt t gaagccat ct acagaatttcatttaactttctcttctgcactttttgc 59
SGNCcU613906 cacgagg- - gt cgaagccat ct acagaatttcatttaactttctcttctgcactttttgc 58
SGNCaU610393 - aagaaacagtt gaagccat ct acagaatttcatttaactttctcttctgcactttttgec 59
Conti g22413 - ------------- gccat ct gcaaaat at cattcaactttctctattgcgetttttge 45
* Kk kk kk Kk * % * k% *hkkkhkk Fhkkhkkkkkkkk * K Kk *kkkkkk Kk
SGNCaU607388 ttttcataat gATGAAGAAATCATCTGGGGT TGCACTGTGCTGGTGCTTGGTAGTACTGT 119
SGNCcU613906 ttttcataat gATGAAGAAATCATCTGGGGT TGCACTGTGCTGGTGCTTGGTAGCACTGT 118
SGNCaU610393 ttttcataat gATGATGAAATCCTCTGGAGT TGCATTGTGCTGGTGCTTGGTGGTACTGT 119
Conti g22413 ttttcat aaagATGAAGAAATCATCTGGGGT TGCACTGTGCTGGTGCTTGGTTGTACTGT 105
Kk kkkkkk Kk ****L * k ok k ok Kk L*_*** *****u*_************ * * Kk kk*k
GsP2 | LTP-F3 GsP1
SGNCaU607388 TGCT GGT GGGT CTGGGECAAAT CCAAGAGGCGGAGGBCAGCCGGCT GCAATGCTCAAGCAT 179
SGNCcU613906 TGCT GGTGGGT CTGGGECAAAT CCAAGAGGCGGAGGBCAGCCGGCT GCAATGCTCAAGCAT 178
SGNCaU610393 TGCTGGTGGGTCTGBGGECAAATCCA - - - - - - s s s e s e e e e e o - 144
Conti g22413 TGCTGGTGGATCTGGGECAAAT CCGAGAGGCGGAGBCAGT CGGCT GCAAT CCTCAAGCAT 165
EEEEEEEEENEREEEEEEEEEEEESE]
4__
SGNCaU607388 TGAGTCCATGCTTGCCTTCCAT CATAAACGGCACT CCACCAAGCAAAGAATGCTGCACAA 239
SGNCcU613906 TGAGTCCATGCTTGCCTTCCAT CATAAACGGCACT CCACCAAGCAAAGAATGCTGCACAA 238
SGNCaU610393 -------mmmmmma oo TCGTAAACGGCACTCCACCAACCAAAGAATGCTGCACAA 183
Conti g22413 TGAGTCCATGCTTGCCTTCCATCATAAAAGACAT TCCACCAACCCCACAATGCTGCACAA 225
*k Kkhkkk k kk kkkkkkkk ok * kkkkkkkokkkkk
LTP- F4
SGNCaU607388 ATGCCAAGGAACAGGAGCCGT GCTTCTGCAATTTTAT CAAAGAT CCAGCATACGGCAAAA 299
SGNCcU613906 ATGCCAAGGAACAGGAGCCGTGCTTTTGCAATTTTATCAAAGATCCAGCATACGGCAAAA 298
SGNCaU610393 ATGCCAAGGAACAGGAGCCGTGCCTTTGCAATTTTATCAAAGATCCAGCGTACGGCAAGA 243
Conti g22413 ATGTCAAGGAACAGGAGCCCTGCCTTTGCAATTTTATCAAAGATCCAGCATACGGCAACA 285
EEE R EEEEEEEEEEEEEENEEENENEEEEEEEEEEEEEREEEEEEEEEEIESEERESEESEINE]
SGNCaU607388 TTATAAAAAATCCCAATACCAAAAAAACT CTTGAAGCCTGTGGTCTGAAATGGCCAACTT 359
SGNCcU613906 TTATAAAAAATCCCAATACCAAAAAAACT CTTGAAGCCTGT GGTCTGAAATGGCCAACTT 358
SGNCaU610393 TTATAAAAAATCCCAATACCAAAAAAACTCTTGAagcect gt ggt ct gaaat ggccaactt 303
Conti g22413 TTATAAAAAATCCCAATACCAAAAAAACT CTTGAAGCCTGT GGTCTGAAATGGCCAACTT 345
IR EE R EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEREREEEREREEEREEEEERERESESSES]
SGNCaU607388 GICCATAAt cgaccgctccattaaagtttatttcgggctggtcagatgtatcttctctta 419
SGNCcU613906 GICCATAAt cgaccgctccattaaagtttatttcgggct agt cagatgtatcttctctta 418
SGNCaU610393 gt ccat aatcgaccgctccattaaagtttatttcgggct agt caaatgtatcttctctta 363
Conti g22413 GTCCATAAt cgact gctccattaaagtttatttcgggct agt caaatgtattttctctta 405
IR E R R R RS RS EEENEESEEEEEEEEEEEEEEEESEEREEEESEIEEEEIEEEEEE IS EESEESESES
SGNCaU607388 tatgctcgaaaacta------------- gt aat ggt gt t gaat gagaaat cata---tca 463
SGNCcU613906 tatgctcgaaaacta------------- gt aat ggt gt t gaat gagaaat cata---tca 462
SGNCaU610393 tat gct cgaaaact ggcaacgt t ct cat gt aat ggt gct gaacgagaaat aat aat at ca 423
Conti g22413 tat gct cgaaaact agcaacgt t cccat gt aat ggt gt t gaacgagaaat aata---tca 462
LR R R R R EEEEEE RS *hkkkhkkkhkkkhkkx *kkkk kkkkkkk * k Kk * K Kk
SGNCaU607388 ataatatctatgcgtcctttttttttattt--actaaaaaagaatttgttaaaccg 517
SGNCcU613906 ataatatctatgcgtcctttttttttttttttataaaaaaaggatttgttaacccc 518
SGNCaU610393 ataatatctatgc-tcecttttt---------- AC----------cmemmaeaa e 446
Conti g22413 ataatatctatgcgtcccttttce-------- att------mmmm e 489
EREE R R E R EEEEEEIEEEIESESES *

Fig. 1 Alignment of nsLTP-encoding nucleic sequences foimd lower caseand the start and stop codonsbimid. The nsSLTPcDNA
public databases. Contig22413 was found in thebdatof the Cof- probe was amplified using the LTP-F3 and LTP-F4npris (Tablel)

fee Genome Projechitp://bioinfo04.ibi.unicamp.hr Contigs SGN-  which are indicated as well as the GSP1 and GSir®m used dur-
CalU607388, SGNCcU613906 and SGNCaU610393 were faund ing the genome walking experiment to amphf§LTPpromoter frag-
the SOL genomic databaséttp://solgenomics.ngt The nsLTP-  ments. Thestars below the alignments indicate identical bases and
encoding sequences are in upper case, ‘thad3 UTR regions in  the nucleotides are numbereifit) on eacHane

extension step (72 °C-7 min). Amplicon quality wesi-  corresponded to those described before to isdiatesL. TP
fied by electrophoresis. PCR fragments were cldngtle = cDNAs. The fragments obtained were cloned andeémh
pCR2.1TOPO (Invitrogen) vector and amplifieddscheri-  primer combination, five recombinant plasmids weosi-
chia coliTOP10 cells (Invitrogen). For each PCR reactionple-strand sequenced and further analyzed.

two recombinant plasmids were extracted indepeihdent

and double-strand sequenced. ThalLTPla CalLTP1lh Isolation ofnsLTPpromoter and plasmid constructions
CaLTP2andCaLTP3agenes were amplified by PCR from for tobacco transformation

genomic DNA (10 ng) ofc. arabica cv. Mundo Novo

and theCcLTP3 gene from clone 120 of. canephora ThensLTPpromoter was cloned froi@. arabicacv. Cat-
conilon. The primer combinations and the PCR camlit uai Amarelo using the’ RACE strategy, combined with
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a nested PCR approach according to the recommendatithe sections were kept in 70 % ethanol until chlbydip

of the supplier (Genome Walker Universal Kit, Clextt).
The GSP1 and GSP2 primers (Tableised were designed
using Primer3 softwarehttp://frodo.wi.mit.ed). This led
to the amplification of three fragments that wezguenced
and used to design the pBl-primers (Tabjehat enabled
the amplification ofnsLTP promoter fragments by PCR
reactions carried out using 5 ng of genomic DNAs, fibr-
ward (F-pBl) and R1-pBI primers (042M final concen-
tration) andPfu DNA polymerase under the following con-
ditions: initial denaturation (94 °C-1 min) follogeby 30
cycles (94 °C-30 s, 51 °C-30 s, 72 °C-2 min) anithal
extension step (72 °C-7 min). THeindlll and BamHI
restriction sites were included in théemd of the F-pBI
and R1-pBI primers, respectively. Amplified DNA ¢ra
ments were purified from agarose gel by the Wi2ahd
Gel and Clean Up System (Promega), double-digesitibd
Hindlll and BamHI and further ligated into the pBIl121
(Clontech) vector previously cut by the same enz/riel-

removal, and then photographed under a stereo scicpe
(Zeiss).

Fluorometric GUS assays

Quantitative determination of GUS activity was aoeo
plished by fluorometric GUS assay (Jefferson etl887)
from transgenic plants containing a unique locus-6MNA
insertion. Leaves (~100 mg) and mature seeds (~¢)0oim
self-fertilized TO tobacco plants were ground in054L
of extraction buffer (100 mM sodium phosphatel {7,
10 mM NgEDTA, 0.1 % sarkosyl, 0.1 %, Triton X-100,
1 mM DTT). Protein concentrations were deiasd
as described by Bradford 476 using a Bio-Rad kit and
BSA as the standard. Protein extracts (50—t0p were
incubated in extraction buffer containing 1 mM MU&-
methylumbelliferylg-p-glucuronide) in a 200uL final
reaction mixture. Fluorescence was measured at ib5 m

lowing ligation ancE. colitransformation, the vectors here intervals for 60 min using a VersaFluor fluorometBro-
called pCalLTP-S (F4-pBI/R1-pBl, 345 bp), pCaLTP-M1Rad). A standard curve for 4-methylumbelliferonelMn

(F3-pBI/R1-pBI, 827 bp), pCaLTP-M2 (F2-pBI/RB{
1,047 bp) and pCaLTP-L (F1-pBI/R1-pBlI, 1,252 bp)eve
obtained. For all these constructsLTP promoter frag-
ments were sequenced to certify that they werdtichdno
the original promoter.

Genetic transformation and analysis of transgebadco
plants

extraction buffer was used to convert levels obifescence
into mmol MU ¢! protein min'?.

DNA sequencing and analysis

All DNAs isolated during this work were cloned ihet

pCR2.1TOPO (Invitrogen) vector and double-strand
sequenced using FORmax and REVmax primers (THble
related to M13 For/Rev universal primers and BigDye

The pCaLTP-S, pCaLTP-M1, pCaLTP-M2 and pCaLTP-LTerminator Sequencing Kit v3.1 chemistry on an ABI

vectors, as well as the pCaMV35S positive conteditar,

were introduced independently into the disarmedirstr
Agrobacterium tumefaciensC58pMP90 as previously
described by An et al1093. The genetic transformation

3130xI Genetic Analyzer (Applied Biosystems). Nhilt
ple alignments were made using the CLUSTALW pro-
gram (Thompson et all994 and nucleic and protein
sequences found in public databases such as the SOL

of N. tabacumwas accomplished according to HorschGenomics Network (SGN, http:/solgenomics.net/con-
et al. 1993. After transformation, around 20 independenttent/coffee.gl Mueller et al. 2009, Harvest fttp://

transformants were regenerated for each constnacself-
fertilized. The seeds were aseptically sown in M&imm
containing 100 mg L! of kanamycin sulfate to identify
the tobacco containing a unique locus of T-DNA itiea
by measuring the frequency of kanamycin-resistdantp
among the T1 progenies (data not shown).

Histochemical GUS assays

The histochemical GUS assay was performed witleslic
of leaves and roots, floral organs and seeds osfoamed
plants. The samples were incubated overnight &tC3h
an X-Gluc (5-bromo-4-choloro-3-indolyi-o-glucuronide)
solution (100 mM NakPQ,, 500 mM EDTA, 0.1 % Tri-
ton X-100, 0.5 mM KFe(CN), 1 mM X-Gluc solubilized
in DMSO) for blue color development. Aftetaising,

1=

harvest.ucr.edy/lLin et al. 2005 and the Coffee Genome
Project fittp://www.lge.ibi.unicamp.br/cafe/ Mondego
et al. 2011). The TargetP program (Emanuelsson et al.
2007 was used to search for putative signal peptiDéA
motifs were sought using the PlantPAMNtg://PlantPAN.m
bc.nctu.edu.twChang et al2008 and the TSSP/Prediction
of Plant Promoters (SoftBernhttp://www.softberry.com
Shahmuradov et a2003 web interfaces.

Phylogenetic analysis and 3D modeling for coffdelfs

All analyses were carried out on the South GreeminBi
formatics Platform (SGBFhttp://southgreen.cirad)fusing
Galaxy (Giardine et aR005. The Coffee nsLTPs protein
sequences identified in this work together witheosh216
nsLTPs plant protein sequences frém thaliana, wheat



Plant Mol Biol (2014) 85:11-31 17

CalLTPla(=) gcactttttgcttttcat aat gATGATGAAATCCTCTGGAGT TGCATTGT GCTGGT GCTTGGT GGTACT GT TGCT GGT GGGT CT GGEGECAAAT CCAAAAGGCGGAGGCAGCCGECTGCAATCCTCAAGCATTGAGTCCAT - 140
CaLTP1b gecactttttgcttttcataat gATGATGAAATCCTCTGGAGT TGCATTGT GCTGGT GCTTGGT GGTACT GT TGCTGGT GGGT CTGEGECAAAT CCAAAAGGCGGAGGCAGCCGECT GCAATCCTCAAGCATTGAGT CCAT 140
CaLTP2( =) gcgetttttgettttcat aaagATGATGAAATCCTCTGGAGT TGCATTGT GCTGGTGCTTGGT GGTACT GT TGCTGGT GGGT CTGEGEECAAAT CCAAAAGGCGGAGGCAGCCGECTGCAATCCTCAAGCATTGAGTCCAT - 140
CalLTP3a gegetttttgetttt cat aaagATGAAGAAATCATCTGGGEGT TGCACTGT GCTGGT GCTTGGTAGTACT GT TGCT GGT GGGT CTGEGECAAAT CCAAGAGGECGGAGGCAGCCGECT GCAAT GCTCAAGCAT TGAGT CCAT 140
CaLTP3b gegetttttgettttcat aaagATGAAGAAATCATCTGGGEGT TGCACTGT GCTGGT GCTTGGTAGTACT GT TGCTGGT GGGT CTGGEGECAAAT CCAAGAGGECGGAGGCAGCCGECT GCAATGCTCAAGCATTGAGT CCAT 140
CcLTP3* gegetttttgetttt cat aaagATGAAGAAATCATCTGGGEGT TGCACTGT GCTGGT GCTTGGT AGCACT GT TGCT GGT GGGT CTGEEGECAAAT CCAAGAGGECGGAGGCAGCCGECT GCAAT GCTCAAGCATTGAGT CCAT 140

P R R R I I O T

LTP-F1 [ LTP-F2

CalLTPla( =) GCCTGCCT TCCATCGTAAACGGCACT CCACCAACCAAAGAAT GCT GCACAAAT GOCAAGGAACAGGAGCCGT GCCT TTGCAAT TTTATCAAAGAT CCAGCGT ACGGCAAGAT TATAAAAAATCCCAATACCAAAAAAACT - 280
CaLTP1b GCCTGCCTTCCATCGT AAACGGOGCT CCACCAACCAAAGAAT GCT GCACAAAT GCCAAGGAACAGGAGCCGT GCCT TTGCAAT TTTATCAAAGAT CCAGCGT ACGGCAAGAT TATAAAAAAT CCCAATACCAAAAAAACT 280
CaLTP2(=) GCCTGCCT TCCATCGT AAACGGCACT CCACCAACCAAAGAAT GCT GCACAAAT GCCAAGGAACAGGAGCCGT GCCT TTGCAAT TTTATCAAAGAT CCAGCGTACGGCAAGAT TATAAAAAATCCCAATACCAAAAAAACT - 280
CalLTP3a GCTTGCCT TCCATCATAAGCGGCACT CCACCAAGCAAAGAAT GCT GCACAAAT GOCAAGGAACAGGAGCCGT GCTTCT GCAAT TTTATCAAAGAT CCAGCATACGGCAAAAT TATAAAAAAT CCCAATACCAAAAAAACT 280
CaLTP3b GCTTGCCT TCCATCATAAACGGCACT CCACCAAGCAAAGAAT GCT GCACAAAT GCCAAGGAACAGGAGCCGT GCTTCT GCAAT TTTATCAAAGAT CCAGCATACGGCAAAAT TATAAAAAAT CCCAATACCAAAAAAACT 280
CcLTP3 GCTTGCCTTCCATCATAAACGGCACT CCACCAAGCAAACAAT GCT GCACAAAT GOCAAGGAACAGGAGCCGT GCTTTTGCAAT TTTATCAAAGAT CCAGCATACGGCAAAAT TATAAAAAAT CCCAATACCAAAAAAACT 280

**********************************************************************************************************************************
CaLTPla(=) CTTGAAGCCTGT GGTCTGAAATGGCCAACTTGTCCATAAL cgaccgcet ccat t aaagt ttat t t cggget agt caaat gt at ctt ct ctt at at gct cgaaaact ggcaacgtt cccat gt aatggtg. ......408
CaLTP1b CTTGAAGCCTGT GGTCTGAAATGGCCAACTTGTCCATAAL cgaccgct ccat t aaagt ttat t t cggget agt caaat gt atctt ctctt at at gct cgaaaact ggcaacgttcccatgtaatggtg. .......... 408
CaLTP2( =) CTTGAAGCCTGTGGTCTGAAATGGCCAACTTGTCCATAAL cgaccget ccat t aaagt ttat tt cgggct agt caaat gt at cttct ctt at at gct cgaaaact ggcaacgttcccatgtaatggtg. ...... 408
CalLTP3a CTTGAAGCCTGT GGTCTGAAATGECCAACTTGTCCATAAL cgaccgcet ccat t aaagt ttat t t cggget ggt cagatgtatcttctcttatatgetcgaaaacta. .. .......... gt aat ggt gt t gaat 401
CaLTP3b CTTGAAGCCTGTGGTCTGAAATGGCCAACTTGTCCATAAL cgaccget ccat t aaagt ttat tt cggget ggt cagat gtatcttctcttat at gct cgaaaact a. . . gt aat ggt gt t gaat 401
CcLTP3 CTTGAAGCCTGT GGTCTGAAATGGCCAACTTGTCCATAAL cgaccgcet ccat t aaagt ttat t t cggget agt cagatgtatcttctcttatatgetcgaaaacta. .. .......... gt aat ggt gt t gaat 401

B e S T s i KRR KKK KA K

LTP-FT PR T T LTP-R2

Fig. 2 Alignment of coffee nsLTP-encoding genes and cDNAclone 120 ofC. canephoraconilon. The nsLTP-encoding sequence
sequences fronC. arabicaand C. canephoraThe genealTPla s in upper case, the &nd 3 UTR regions inlower caseand the
(HG323818) andCaLTP1b(HG323819) amplified with primer pair start and stop codons bold. Identical genes and cDNA sequences
LTP-F2/LTP-R2, CaLTP2 (HG323820) with LTP-F1/LTP-R2 and are identified by équal t9. Thestarsbelow the alignments indicate
CalLTP3b(HG323821) with LTP-F1/LTP-R1 were fro. arabica identical bases and the nucleotides are numbeigitt)(on eacHane

cv. Mundo Novo. TheCaLTP1a(HG008739),CaLTP2(HG008740)  Nucleotides diverging between the sequencedaxedin gray. Hor-
andCaLTP3a(HG008741) cDNA sequences were from cloned fruitsizontal arrowsindicate primers (Tabl&) used to amplifyf. TP cDNAs

of C. arabicacv. IAPAR59. TheCcLTP3(HG323822) gene was from and genes and to perform qPCR experiments

and rice (Boutrot et aR008 were aligned using MAFFT development) cDNA ofCoffea racemoséibraries (Vieira
program (Katoh and ToR008. In order to keep only their et al. 2006. It contains a Buntranslated region (UTR)
reliable parts, these sequences were filtered @lttocks  of 56 bases, a’3JTR of 136 bases and an open reading
(Castresan2000. These 223 sequences were used to corframe of 294 bases encoding for a putative nsLTdRepr
struct a phylogenetic tree using PhyML algorithmuif@G  of 98 amino acids. In the GenBank database (rel&8%e
don et al2010. Trees were reconciliated with RAP-Green(08/2012), more than 250 ESTs (E-values randiogn
algorithm (Dufayard et aR005 for the comparison of the 0 to 1e-100) highly identical to contig22413 wenairid
gene tree with the species tree. The referencaespee mainly from fruit cDNA libraries forC. racemosaC.
used is the one provided by the NCBI taxonomic lukzda: arabica (Moncada et al. unpublished) af@l canephora
http://www.ncbi.nlm.nih.gov/sites/entrez?dtaxonomy  (Lin et al. 2005. Other searches in the SOL database
Dendroscope software (Huson et2007) was used for vis-  (http://solgenomics.ngtalso identified (1) theC. arabica
ualization of nsLTPs tree. For modelisation 3D, @¢e2 unigenes SGN-U607388 and SGN-U610393 formed by
platform (Pons and Labes&009 (http://atome.cbs.cnrs. ESTs from fruits harvested at 15, 26 and 28 wedles a
fr) was utilized considering different homology madgl  flowering (WAF) and (2)C. canephoraSGN-U613906
PSI-Blast (Altschul et all997), HHSearch (S6ding005, formed by the clusterization of 34 ESTs fr@ncanephora
Fugue (Shi et al2001), and SP3 (Zhou and Zh@005. fruits (perisperm and endosperm tissues) harvestetB
PyMOL program [ttp://www.pymol.org) was used for and 30 WAF. Once aligned, despite a gap of 56 bmdo
visualization and manipulation of 3D structures. ABN in SGN-U610393, these sequences showed high igleatit
method (Bromberg and Ro3007) was used for prediction the putative nsLTP-coding regions. However, seveirar-
of the functional effects of non-synonymous SNPs. gences were observed in the UTRs, such as aniorseit

13 bp in the 3UTR of SGN-U610393 and contig22413

sequences that was not present in SGN-U607388@hd S

Results U613906 sequences (Fib.

The differences observed in silico between these
Characterization of nsLTP-encoding cDNA and gene nsLTP-encoding unigenes enabled the design of fipeci
sequences primers that led to the isolation ofalLTPla CalLTP2

and CalLTP3a cDNAs using the primer combinations
Electronic Northern and Fisher's statistical tdst#sed on LTP-F2/LTP-R2, LTP-F1/LTP-R2 and LTP-F1/LTP-R1,
the Coffee Genome Project datattf://bioinfoO4.ibi.uni  respectively (Tablel), all expressed in fruits of. ara-
camp.by pointed to a unigene called contig22413 (Aiy. bicacv. IAPARS9 (Fig.2). The same primer combinations
that is highly and specifically expressed in coffegits.  were also used to amplify corresponding nsLTP-eingod
This 489 bp sequence was formed by the alignmeBRof genes fronC. arabicacv. Mundo Novo andC. canephora
ESTs, all from the FV1, FV2 and FR4 (fruits atsiiges of From C. arabica four sequences were isolat&tal TP1a
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and characteristics of the CalTPla MVKSSGVAL OWCL WL LLVGLGQl QKAEAAG P JPS! VNGTPPY] KE 60
coffee nsLTP protein#\ The CaLTP1b MVKSSGVAL OWCL WL LLVGLGQ QKAEAAG P LPSI VNGAPPT KE 60
amino acids corresponding CaLTP3b MKKSSGVALCWCLWILLLVGLGQ QEAEAAG P IPSI | NGTPP§| KE 60
to the putative signal peptide CalLTP3a MKKSSGVALCWCL WL LLVGL G QEAEAAG P LPSI | SGTPP§ KE 60
(1-29) areunderlined CaLTP1a CcLTP3 MKKSSGVAL OWCL VAL LL VG GOl QEAEAAG P JPSI | NGTPP$ KE 60
(CDF66370), CalLTP1b Pr ot - U613906 I\/KKSSG/ALCV‘CLVALLLVG.GJ QEAEAAG P WPSI | NGTPP§I KE 60
(CDG03097), CaLTP3a Prot-22413  WKKSSGVALGICLVVLLLVDLGQ! REAEAVG INPQALIGP LPSI | KDI PPERR STIWKE 60

(CDF66372), CaLTP3b nsLTP2 domai n - - [8 X4- [K2B- - - - X9- - - FF}2[EE- - X5-
(CDG03099) and CcLTP3

(CDG03100) were deduced

from the corresponding nucleic CalLTPla YGKI | KNPNTKKCLEA 98
sequences presented in |229 CaLTP1b YCGKI | KNPNTKKTLEA 98
The proteins Prot-U613906 CaL TP3b YGKI | KNPNTKICTLEA 98
and Prot-22413 were deduced ~ 21732 YOKI T KNPNTKIKTLEA 98
- ; CcLTP3 YGKI | KNPNTKKLEA 98
from the corresponding contigs  pr ot - Us13906 YGKI | KNPNTKKITLEA 98
presented in Figl. Below the Prot - 22413 YGNI | KNPNTKKTLEA 98
a”gnment' identical amino acids hok ok s ok ok ok ok ok ok ok ok ks ok ok ok ok ok ok ok ok ko k ok ok kK K K K

are indicated by stars, conserva- nsLTP2 domai n QX? X41 XOB- - - - - X12- - - -[{- X4- [8- X4- PKE-
tive substitutions are indicated
by two verticallystacked dots

and semi-conservative substitu- (B)
tions are indicated bsingle

dots Divergent amino acids Pre-protein Mature protein
between nsLTP proteins are also (98 aa) (69 aa)
under_lined in gray. _The ns!.TF_’Z MW pl MW pl
domain (cd01959) is also indi-

cated and amino acids of nSLTP o5 1p14 10434. 44 8. 56 7390. 64 8. 48

matching with this domain are

boxed.B Characteristics of cof-

fee nsLTPs: molecular weights CalLTP1b 10404. 41 8. 56 7360. 62 8. 48
(MW in Daltons), amino acids
(aa) and isoelectric points (pl)
are indicated for pre-proteins

and mature proteins (without

the signal peptide). The CaLTP2  CalLTP3a 10413. 31 8.34 7371. 60 8. 48
(CDF66371) protein identical to

the CaLTP1a was not repre-

CalLTP3b 10440. 34 8.34 7398. 62 8.48

sentod CcLTP3 10411. 30 8.56 7397. 64 8.69
Prot-U613906  10412. 29 8.34 7398. 62(? 8.48
Prot-22413 10626. 64 8.04 7498. 83 8.17

and CaLTP1lbamplified with the LTP-F2/LTP-R2 prim- conserved in their corresponding nsLTP-encodingoreyy
ers, CaLTP2 amplified with the LTP-F1/LTP-R2 primers which distinguished them from the LTP1 and LTP2aehc
and CaLTP3bwith the LTP-F1/LTP-R1 primers. Fro@. ing regions. In addition,.-TP3 andLTP1-LTP2 sequences
canephora the primer pair LTP-F1/LTP-R1 was the only also diverged by an insertion/deletion of 13 bghair 3
one able to function and led to the isolationGILTP3  UTR regions as observed when alignirgl. TPunigenes.
gene. Nucleic alignments of these sequences deratetst

that theCaLTPlacDNA and gene were strictly identical Characterization of coffee nsLTP proteins

to CaLTP2and that theCaLTPlaandCalLTP1bgenes dif-

fered by only one base (in position 164) (). In addi- The proteins deduced from nsLTP cDNAs and genesg wer
tion, CaLTP2cDNA and gene sequences were also stricthaligned to be compared (FigA). Apart from the protein
identical but diverged fror@aL TP1aby only 2 bases in the deduced from contig SGNCaU610393, which was shorter
5’ region corresponding to the annealing of primer®LT in its C-ter region than the other nsLTP, CaLTP2 ve&n-

F1 and -F2 (positions 3 and 21, respectively) (EjgThe tical to CaLTPla, and the protein deduced from igont
LTP3-encoding sequences were clearly grouped tegethSGNCaU607388 was identical to CaLTP3b. All these pr
and characterized by 13-bp changes, and were velly wteins had the same length (98 amino acids) withmiles

1=



Plant Mol Biol (2014) 85:11-31

19

theoretical molecular mass=10.4 kDa) and estimated
isoelectric point (pl= 8.5) (Fig.3B). They also contained
a putative signal peptide with a cleavage dietween
the amino acid residues,fand Vo As pre-protein, the
CalLTP1la (deduced fror@aL TP1lacDNA and gene) and
CalLTP2 (deduced fronCaLTP2 cDNA and gene) were
strictly identical (not shown), The CaLTPla and Talb
proteins diverged by only one amino acid residu@asi-
tion 48 of the unprocessed proteins. Strict idgntilas

on 11 positions (Fig5A). Non-synonymous SNPs (pro-
motes amino acid change) are ‘neutral’ if the r@sgl
point-mutated protein is not functionally discefeifrom
the wild type. Although non-synonymous SNPs geiheral
have the most obvious functional/biochemical effetitey
do not necessarily associate with functional oucdtral
consequences (Bromberg and R&3D7).

Thus, to predict effect of non-synonymous polymor-
phisms in nsLTPs protein functions within coffeeecps

observed between the proteins CaLTP3b and P-U60738&c or Ca), we analyze the amino acids proprietesvell

Only one amino acid residue (in position 53) difkr
between the CcLTP3 and P-U613906 proteins. Withé t
coffee nsLTPs studied, the P-22413 protein wasothlg
one mostly diverging from the others.

In their processed forms (without the putative algn
peptide), all these nsLTPs should contain 69 amaicids
and have a similar theoretical molecular masg.4 kDa)
and an estimated pl between 8.17 and 8.69 @BJy. The

as the localization in protein structure. The repthamino
acids conserved the physic-chemical proprietiesnost
cases (FighC). For instance, the amino acids located at
positions 1, 17, 18, 19, 23, 24 and 47 are hydimpand
replaced by hydrophilic amino acid. Likewise, thmi@o
acids at positions 5, 16, 29 and 36 are hydrophahit
replaced by another with the same property. Tolasthe
position of these amino acids substitution at pnogtruc-

processed forms of CaLTP3b and P-U613906 protéaus a ture, 3D modeling was done (FigB).

appeared identical. Searches for sequence singkakitith

the Blastp program against the GenBank data base weExpression of Type lhsLTPgenes
also performed. For example, CaLTPla had the highes

similarity (e-value: 4e-19, identity 42 %, similarié5 %)

Using thensLTPcDNA fragment as a probe, a Northern-

with a probable nsLTP AKCS9 (XP_003528957) from-soy blot experiment detected transcripts with an exkct
bean (Schmutz et a2010. On the other hand, LTP3 pro- length of approximately 500 bases in fruits (at T28F)

teins had the highest homology (e-value: 2e-18h wlie
Type 2 nsLTP precursor (CAH69201) frofiticum aesti-
vum (Boutrot et al.2007). Finally, the P-U613906 protein
showed the highest scores (e value: 7e-18) witm#hd P
(Q43681) fromVigna unguiculatgKrause et al1994). All

but not in roots and leaves ©f arabicacv. Catuai Amarelo
(Fig. 6). The expression of nsLTP-encoding genes was also
analyzed in developing fruits a. arabicacv. IAPAR59
collected regularly between 30 and 210 DAF (ll)g.This
confirmed the high expression in fruits at 120 DAjle

the coffee nsLTPs contained a conserved nsLTP2 ilomagene expression was undetectable in the earlierlated
(cd01959) in the conserved protein domain CDD -datastages of fruit development.

base (Marchler-Bauer et @013 formed by 8 cysteine
residues (¢to Gg), the GXCg motif (characterized by
the presence of hydrophobic residues such as lkeumin
phenylalanine at position 65 of the full-length t@ios)

Primer pairs LTP-FT/LTP-R1 and LTP-FT/LTP-R2 spe-
cific to theLTP3andLTP1-LTP2 gene sequences, respec-
tively, were used in quantitative PCR experimentama-
lyze the expression of nsLTP-encoding genes indalig

and followed the protein pattern CX4LX2CX9-11P[S,T]in pericarp, perisperm and endosperm tissues depara

X2CCX5QX2-4CJ[L,FICX2[A,L,11X[D,N]PX10-12]K,R]
X4-5CX3-4PX0-2C.

Phylogenetic analysis reveals that abiffea proteins
identified in this work belong to Type Il (FigA). There
is an evidence of evolutionary similarity betwebade cof-
fee nsLTPs sequences aAdabidopsisnsLTPs: AtLtpll.1
(At1g43665), AtLtpll.12 (At5g38160.1) and Atltd3
(At5g38170) from fruit (Fig.4B). At the sequence level,
coffee proteins exhibit CXC pattern, where X isheit a
leucine or a phenylalanine residue, both hydropholni
addition, 3D modeling indicates this residue isirfgcthe
hydrophobic cavity in support to our classificatamalysis.

from fruits of C. arabicacv. IAPAR59 as well as in sepa-
rated endosperm from fruits df. canephoraharvested
at regular stages of maturation. @ arabicg apart from
the low expression of LTP1-LTP2 genes in the pepica
at 30 DAF, these genes were not expressed in theape
(Fig. 7A). On the other hand,TP3 gene expression was
very low at 30 and 60 DAF, increased afterwardstzh a
peak at 120 DAF and decreased to be barely detedtab
the latest stages of pericarp development (150-E248).
No nsLTP gene expression was observed in perisperm at
60 and 90 DAF (Fig7B). In the endosperm, expression of
both theLTP3 andLTP1-LTP2 genes was high at 90 and

The most common type of genetic variations in organ120 DAF and undetectable in the latest stages dtinma

isms is single nucleotide polymorphism (SNPs). &dve
coding-SNPs were identified in this work as analysf
amino acid substitution revealed 24 different améwids

tion. When detected, TP3 expression was always higher
(three to fourfold) than expression bfP1-LTP2 genes
(Fig. 7B). In C. canephora LTP3 gene expression was
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Fig. 4 Phylogenic analyse# (A)
CoffeansLTPs sequences (in

green are members of Type Il

plant nsLTP (irred). Sequences

in blackbelong to other nsLTP Type II
Types (see Boutrot et &008.

B Close up showing the close
relationship of coffee nsLTPs

(green line} with those of

Arabidopsis thaliandAt)

(red lineg

Type I

(B) At3g29105

At1g43667.1

0.53 At1g43666.1
{ At1g43665

At3g57310.1

[7 At5g38195.1
[— At5g38180.1

Prot-U613906
0.0

0.67

0.0 CaLTP3b

CcLTP3

0.17

Prot-2241

1.0 0.20 CaLTP1

. 0.55

CaLTPla
0.47 CaLTP3a

ﬁ At5g38170.1
l— At5g38160.1

highly detected in earliest stages of endosperneldpv Isolation and characterization of theL TPpromoter region
ment (120-150 DAF) and no more after (F@). In this

species, expression of hdP1-1L TP2 genes was undetect- A primer-assisted genome walking experimerd ko
able in the endosperm (data not shown). the isolation of three fragments of 1.9, 1.3, an850kb
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Fig. 5 nsLTP Alignments and 3D predictioA Alignment of the 7  are displayed agellow sticksC Table with the sequence position of
coffee nsLTP together with 1TUK (the wheat nsLTRdifor modeli-  the SNPs, residue type induced by SNPs and theatitm (exposed
sation). The SNPs (amongst tBeffeasequences) are indicated with to solvent (S) or facing the cavity (Cyed for hydrophobic and
arrows B 3D model for the first CaLTP1a nsLTP. The backb@e blue for hydrophylic). The amino acid coloring schemessfollow:
displayed as cartoon with rainbow colors from théeNto C-ter. The red, blue, green cyan pink, fuchsia yellow and orange for [KR],
side chains of the residues affected by the SN@sdliaplayed as stick [AFILMVW], [NQST], [HY], [C], [DE], [P] and [G]

(red for hydrophobic andlue for hydrophylic) and disulfide bonds

(respectively GW4, GW1, and GW2 in Fig) that were promoter contained a putative TATA box (TATAAAT)
sequenced and aligned to obtainresh TP promoter con- located 96 bp upstream of the start codon. Howaver,
sensus sequence that was used to design four pspB1  obvious CCAAT sequence could be identified. Desfliee
ers and the R1-pBI primer (Tallg containing thedindlll fact that the transcriptional start site of thimgewvas not
and theBamHlIrestriction sites, respectively. With this new determined, it was assumed to be localized 27 lyndo
amplification round, founsLTPpromoter fragments (1.2, stream of the TATA box by the TSSP program for the
1.0, 0.82 and 0.345 kb) were obtained from the geno prediction of plant promoters. Sevem@s-regulatory ele-
DNA of C. arabicacv. Catuai Amarelo, then sequenced andnents known to be responsible for the spatial entporal
aligned, giving thensLTPpromoter sequence (Fi§) that  specificity of gene expression in other plants wielenti-
was identical to thexsLTP promoter consensus sequencefied, such as the TGCAC motif (1162/1166), a profam
previously amplified by the genome walking strateblyis  box CAAAGT (235/240), the CAAGTG box (1071/1076)
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Fig. 6 Expression profiles of Type Il nsLTP-encoding geregres- 60 90 90 120 150 180 210
sion was tested in different tissues@f arabicasuch as roots (R), e o

leaves (L) and from whole fruits (F) at 120 daysemfflowering
(DAF) of C. arabicacv. Catuai Amarelo (2007/2008 harvest) and (c) s
in whole fruits ofC. arabicacv. IAPARS9 (2008/2009 harvest) har-
vested at regular DAF (indicated for edahe). Total RNAs (20ug)
were separated by formaldehyde-agarose gel, traedfento a nylon
membrane and hybridized with thesLTP cDNA internal probe
(upper par}. Sizes of RNA molecular weight markers (Promega)
are noted on the right (M). rRNAs stained by etinidibromide were
used to monitor the equal loading of RNA samplewér par)

Relative expression
(AUx 104

and five TGATTCA motifs (564/570; 665/671, 837/843,
943/949 and 1113/1119). This sequence also cautain
two boxes (480/486 and 1058/1064) matching with the 0 . L . L
RTTTTTR element, six ACGT boxes and four MYB-bind- 120 10 % 20 Z0  S0
ing boxes (CNGTTR). ThasLTPpromoter also contained
boxes known as essential elements for many ligittegded

: P - Fig. 7 Expression of nsLTP-encoding genes during coffei devel-
genes such as several GT-1 binding sites (GRWAAW) trj‘t)pment. The expression &fTPI-LTP2 (CaCe white isobary and

well as anrbcSgeneral consensus sequence (AATCCAA),LTP3 (CaCg black isobars genes was analyzed by g-PCR using the
all mainly located between nucleotides 210 and #26m  LTP-FT/LTP-R2 and LTP-FT/LTP-R1 primer pairs, respely. Tis-

a structural viewpoint, theTP promoter also presented a Sues corresponded # pericarp,B perisperm (Pe) and endosperm

. } . (En) separated from fruits &. arabicacv. IAPAR59 (2006/2007 har-
well conserved and repeated DNA like the DNA-1 fisoti vest) andC to endosperm from fruits of. canephoreclone L6P35

(51 bp: 534/584, 635/685, 713/763, 807/857 andMBH|  (2011/2012 harvest) collected at regular days dftevering (DAF).
the DNA-2 motifs (16/17 bp: 507/522, 585/601, 68&7 Expression levels are expressed in arbitrary u@its) of nsLTP-

and 886/901), the DNA-3 motifs (10 bp: 523/532, /602, encoding genes using the expression ofUB¢ gene as endogenous
703/715, 796/805 and 902/911) and the DNA-4 rgotif control. Values are the mean of three biologicalications+SD

(29 bp: 764/790, 858/886 and 964/989). We also chote

particular arrangements of these motifs, the DNAM  motif was also present alone before the fourth DNA-
-3 motifs being associated four times and flankimg first  motif. On the other hand, the three DNA-4 motifédaed
DNA-1 sequence, for example. Separately, Bi¢A-3  the last three DNA-1 motifs.
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Fig. 8 Diagrammatic representation of tmsLTP promoter. The
fragments amplified from the genomic DNA Gf arabicacv. Cat-
uai Amarelo by the genome walking experiment adécated (GW)
as well as the restriction enzymes used. The psimiged to con-
struct the pCaLTP-S (345 bp), pCaLTP-M1 (827 b}alpTP-M2
(1047 bp) and pCaLTP-L (1252 bp) vectors are sh@mows) with
theHindlll (white circle$ andBamHI (black circle§ restriction sites

Analysis ofLTP promoter in transgenic tobacco plants

A deletion analysis was carried out to defi  prelgiske
LTP promoter regions essential for its expression. Four
constructions were made by fusing 345 bp (pCaLTP-S)
827 bp (pCaLTP-M1), 1,047 bp (pCaLTP-M2) and
1,252 bp (pCaLTP-L) respectively of this promoter t
the uidA reporter gene (Fig8), and further introduced
separately intdN. tabacumby A. tumefaciensnediated
transformation. Several TO transformants were regen
ated and used to perform histochemical assays égkeh
ing pB-glucuronidase (GUS) activities in roots, leaves,
fruits, seeds, petals, stamens and anthers (Fg.The
plants transformed by pCaLTP-S showed histochemical

CATCCTAAAATACATTCGAAAAACATTTAATTCAAACTGACATTTACTGTAAAAATTGTAACATATATCG 70

F1- pBI

CAACAACAACAAAT CAAGGCCTTGT TTGGATAGCCATTTTCATCGAAAAATGACCTTGTTTTCCGTGAAC 140
ACATTCCCCTATCACCTTTTTACCTCACATACATCAAATCGCTACAGTAATTTTCCAACGAAAAATCCAT 210

GAAAAAT GCAAT CCAAACATAACCCAAAGT TTTCGGAAAAAGCATCTTOGAAAGTATCTAATCTACGCTG 280
F2- pBI ----
AGGCGTAATTTTGTACTCTCTGTACTAGT TAGTTTATGGAT TTTAATCTTCGOCAAAAATATAAAAGCAT 350

TTCGTTTAATTAGAAACAGTAACAAACTGATAAT TGGAGT GTGAGT TTTTTCTAGAAAAAAAATTAAAAT 420

ATTTTCCAAGACATTATTAATGATCTTTTTATTTCACGGATATCATATTGI TACGGTATATTTTTAACAA 490
F3- pBI EcoRV
AATTACAATCTGAATGGGAAATTTTGCTTAAAGATTAACTCCTACTTCT CAAAACATTGAT@ @T 560
DNA- 2 " DNA-3 © DNA- 1
_ TGTTGATTCACCCATGAGGATTAAGGAAAATTTTGCT TAAAAATTAACTCCAATTTCCTTAAAGATTAGC 630
— © DNA-2 T DNA-3 T

TCOCACTTCTCAAAACTTGGATAmIT_GCTc3ATTCAGTCACGAGGATTAéGGAAAATTTTGCTTA 700
DNA- 1 DNA- 2

] ééGATTAA%CTGOATCTOAAACWGGATWTRCTGGGTOACTCATGAGGATTAATTAGCTT 770

DNA- 3 DNA- 1 .
_ TTGGECTTTTTGTGI TTCTGGATAAAGAT TAACTCCCACT TCTCAAAACT TGGATAACGIICOGTTGCTGAT 840
DNA-4 DNA-3 DNA- 1—*
_ TCAATCATGAGGATTAATTAGCTTCTGGCTTTTTTTGTGI TTCTGGGAAATTTTGCTTAAAGATTAACTT 910
~— e DNA- 4 g DNA- 2 "DNA- 3

. SCACTTCTCAAAACTTGGATARCGTICOGT TQ-Q‘FCBATTCACTCATGA({;ATTQA;TTA({ZTTCTG(I:TTTTT 980
F4- pBl DNA- 1 DNA- 4

GIGITT OGTITTTTCTTTTGTTTTTTCCCGGTGATTTGT TGGAAAGCAATTACTCTGCTTTGTAT 1050

CTTTCTCATTTTTGGCCGAACAAGT GAATGCGACACTACGCGT TATTGECCCTCTTATTCACTGATTCAT 1120
o—e ~—

GAGATCCTCGAGAGOCAATGOCCGCTATCTACAACTATAAATGEACTANT TAGCAGAGCAAAATTTTCAG 1190
+
GAAACAGT CGAAGCCATCTACAGAATTTCATTTAACTTTCTCTTCTGCACTTTTTGCTTTTC 1252
* R1-pBl

Fig. 9 Complete nucleotide sequence of tie TP promoter region.
Nucleotide numbers are indicated to the right @hdane The puta-
tive transcriptional start sitgl{s) is indicated as well as thé-&nd
of the nsLTRcDNA and gene sequenceasterisf. The TATA box
(double underlinel] the prolamine box (CAAAGT, double-dotted
line), TGATTCA motifs filled diamond, RTTTTTR motifs @otted
line), RY-like TGCAC motif gray boy, ACGT motif hite boy,
CNGTTR MYB-binding motifs dotted bo CAAGTG E-box filled
circle), GRWAAW GT-1 binding sites (imgray and italicy and the

AATCCAA rbcS consensus sequence @nay and underlinedare
also presented. The primers F1-pBl, F2-pBl, F3-pB4;pBl and
R1-pBI used to construct the pCaLTP vectors atgoid anditalics.
The horizontal arrowsindicate the position of repeated DNA motifs
(DNA-1, -2, -3 and -4) found in thasLTP promoter. TheEcoRV
restriction site (GATATC) of the GW2 fragment is bold. This
sequence was deposited in the EMBL/GenBank databases num-
ber HG323817
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Fig. 10 Histochemical localization of GUS activity in trayeic
tobacco plants transformed with the pCaLTP vectGtdS activities
were tested irl leaves {op) and roots fotton), 2 unripe capsules
and immature seed8,isolated mature seeds aidtamens (filament
and antherleft), petal (middlg and pistil (style and stigmaight) of

1=

plants transformed witth pCalLTP-S,B pCalLTP-M1,C pCaLTP-
M2, D pCaLTP-L,E pCaMV35S (35SuidA cassette, positive con-
trol) and F untransformed tobacco plants (negative control) Fo
imagesl, 2 and4, theblack barsrepresent 1 mm. For imag8sblack
barsrepresent 0.5 mm
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Fig. 11 GUS activities in transgenic tobacco plants. Atitgi were
measured in mature seedgh(te isobar} and leaveshack isobar}

from tobacco plants transformed with pCaLTP-S (B#), pCaLTP-
M1 (827 bp), pCaLTP-M2 (1,047 bp), pCalLTP{L,252 bp),
pCaMV35S (positive control) and untransformed talogglants (WT,
negative control). GUS activities (in mmol MU gprotein min'?)

are the mean of three different experiments. Bhe indicates the
standard error of the mean. The number of indeperdensformed
lines testedif bracket$ is indicated

staining with X-gluc in isolated mature seeds, bot
in unripe capsules, immature seeds, leaves, rqus,
als and other fl wer tissues (Fig0A). In tobacco plants
transformed by pCalLTP-M1 (Figl0B), GUS activ-
ity was detected in placental (inner) tissue ofitéribut

No GUS activity was observed in leaves of plardsdr
formed with pCaLTP-S and pCaLTP-ML1 vectors and very
low activity was observed in leaves of plants tfarmsed
with pCaLTP-L vector. The pCaLTP-M2 vector was the
only one leading to significant GUS activity in Ves of
transformed tobacco that corresponded to approrignat
7.7 % of that observed in the leaves of pCaMV35&tsl
For seeds, GUS activities were detected in all @alLrP
constructions tested. GUS levels were high in seédke
plants transformed with pCaLTP-M1 and similar tosh
found in seeds of the plants transformed by pCaMs/36
seeds of the plants transformed with pCaLTP-M2 L i®a
S and pCaLTP-L vectors, GUS activities were 78,a5@
21 % respectively than those of pCaLTP-M1 seeds.

Discussion

The main purpose of this work was to charactertze t
nsLTP-encoding genes specifically expressed in eeoff
fruits. The search for coffeasLTREST in public data-
bases revealed several contigs used to define ppaies
that enabled the identification of nsLTP-encodifgNé&
and gene sequences from thearabicaandC. canephora
species. For botlcaLTPlaand CaLTP2sequences of.
arabica, cDNA cloned from fruits of IAPAR59 and genes
from the genomic DNA of Mundo Novo were strictlyeiat
tical. This suggested the existence of two closelgted
nsLTP-encoding genes in this species. However,has t

also weakly in immature seeds and slight stainilep a CalLTPlaandCalLTP2nucleic sequences diverged by only

occurred in leaves but not in roots and fl weramg

2 bases located in their gegion used for primer designs,

The tobacco transformed by pCaLTP-M2 showed GU® is possible that these were introduced durirey dmpli-

staining in leaves and also in isolated seeds butim
root and in unripe capsules and fl wer organs (E@f).
For the tobacco transformed by pCalLTP-L (FigD),

GUS activity was observed in immature seeds and plaThe CaLTP1bgene was also amplified fromC.

cental tissue of the capsules (low expressionmaiure
seeds, as well as in styles, and weakly invdsabut

fication cycles by primer mismatches or mistakéshis
occurred, both sequences should be considered wd eq
and coming from the samesLTP gene (e.gCalLTP13.
ara-
bica and diverged fronCalLTP1aby only one base in the
nsLTP-coding sequence suggesting that it was aie adif

not in roots, petals and stamens. As a positivetrobn this gene. Two additional sequences were alsotesbla
(Fig. 10E), GUS activity was well detected in all the tis- C. arabica CaLTP3acorresponding to a cDNA isolated
sues of TO plants transformed by pCaMV35S vector cafrom fruits of IAPAR59 andCalLTP3h corresponding
rying the CaMV35SuidA cassette. One the other hand,to thensLTPgene of Mundo Novo. Both sequences were

all the tissues of untransformed tobacco plantsaiaed
unstained (negative control).

also highly identical and diverged by only one biaistheir
nsLTP-encoding sequence. G canephorathe CcLTP3

For each construction, quantitative fluorometric &U gene was the only sequence obtained that appeared t

assays were performed using total proteins exulaittan

highly identical toCaLTP3aand CaLTP3bof C. arabica

leaves and mature seeds (Fi@). As expected, GUS activ- Nucleic sequence alignments revealed tHE®3 diverged

ity was not detected in either seeds or leavesntfans-

from LTP1to LTP2 by few bases in the nsLTP-encoding

formed (WT) tobacco plants. On the other hand, GUSequence but also by the insertion/deletion of abp3

activity was well detected in both seeds and leafésans-

sequence in their commor BTR region. The fact that

genic tobacco plants transformed by the pCaMV35S ve no LTP1-LTP2 sequences were amplified froth arabica

tor, confirming the constitutive expression of tGaMV
35S promoter in higher plants.

and thatLTP3 sequences were amplified from both the
C. arabicaand C. canephoraspecies, suggested that the
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CaLTPLECalLTP2genes corresponded msLTPsequences
carried by theC. eugenioidesub-genome ofC. arabica
(hereafter calle€aCe and thatCalL TP3gene was carried
by theC. canephorasub-genome o€. arabica(hereafter

simulation of native protein structure (Y) and nmitS)
was done (Kharabia@010Q. The results showed a distinc-
tive deformed loop at the mutation position, lodate the
outer layer (surface) of the GBSSI molecule whidsgi-

called CaCq. This is also supported by the fact that (1)bilities to affect the efficiency of the proteinnkbling site.
SGNCaU607388 and SGNCcU613906 contigs, resped-or the coffee Type Il nsLTPs, most of the residaféscted

tively formed by the assembly of coffee EST fronttbG.
arabicaandC. canephorawere identical ta. TP3and that
(2) expression o€aCg but not ofCaCe,was detected in
C. canephoraendosperm.

Recently, the nsLTPs from rice, wheat, afd thali-
anawere classified in nine different types on the baxi
sequence similarity (Boutrot et é2008. These proteins
can differentiate into two major groups. Type | KPa

by the SNPs were located in surface and mainlynsside
of molecule. These results corroborate with literatdata
which evidence internal residues are more congdaly
evolution and surfaces tend to be less conserveah{B-
erg and RosR007. Then, main variations identified in
the present work are evolutionarily common and fthe
modifications within the molecule do not seem tieetfthe
functional site. Based on these results, we maynasghat

nsLTPs), which represents 50 % of nsLTP, shows & chathese SNPs do not have a significant impact ontiomof

acteristic fold with four helices and the residueoXthe
sequence CXC located on the third helix is a hyditap
residue exposed to the solvent, towards the oatitrop the
protein. The others nsLTPs are classified in 8 rogheups
which share similarities in term of size (7 kDajlding
(five helices) and the X in CXC pattern is an hyalrobic
residue facing towards hydrophobic cavity.

In this study, phylogenetic analyses revealed tiht

the nsLTPs withirCoffeaspecies.

The expression of Type Il nsLTP-encoding genes was
tested in different tissues @f. arabica This was done by
Northern blot experiments with a probe able to geize
all nsLTPtranscripts. It demonstrated the absencéTd?
gene expression in roots and leave£ofrabicabut high
expression of that gene in fruits at 120 DAF. Tle¢edted
expression in fruits was refined in isolated peapcaer-

nsLTPs deduced from cloned cDNA and genes corrdsperm and endosperm by RT-qPCR experiments using

sponded to Type Il LTP with the same length andic
served peptide signal of 29 residues. They alsplalisd
similar MW of roughly 10.4 kDa in their pre-proteform
and 7.4 kDa in their processed form characterizivese
proteins. Whether processed or not, they also hadame
basic pl. CaLTPla and CalLTP2 diverged from CaLTi®ib
only one amino acid (in position 48). On the othand,

primer pairs localized in the’ TR region of thensLTP
sequences and specific @aCe (LTP1-LTP2) and CaCc
(LTP3 homeologous genes. . arabicg CaCc expres-
sion was clearly observed in the pericarp at 90 &Pd
DAF while CaCeexpression was negligible in that tissue.
These homeologous genes were not expressed inethe p
isperm but were concomitantly expressed early (86 a

CalLTP3a, CaLTP3b and CcLTP3 appeared very similad 20 DAF) during the endosperm development. Aftedsar

diverging from each other by only one amino acidheir

expression oCaCeandCaCcwas negligible up to the end

processed form. Together, LTP1-LTP2 and LTP3 pmetei of bean maturation. The comparison of expressieelden
showed 94 % identity and 97 % homology and also corthe pericarp and endosperm tissues revealed higpees-

tained the conserved nsLTP2 domain.

Several studies noted the localization of residit@imv
3D structure is relevant for the effect of a paie sub-
stitution on function (Chasman and Ada®801 Saun-
ders and BakeP002 Kharabian2010. In fact, changes
of a hydrophobic into a non-hydrophobic amino atidy
be non-neutral in the protein core while it may nut-
ter on the surface (Bromberg and Ras07). Studies in
rice (Oryza sativa (Larkin and Parkk003 have already

sion (10 fold) of nsLTP genes in the endosperm than in
the pericarp. These results also highlighted tresdq@mi-
nant expression of the homeologdaCc genes over the
CaCegenes in the perisperm and endosperm tissues. Like
in C. arabicg CaCcexpression was also highly during the
earliest stages of endosperm developmef.inanephora
However,CaCeexpression was not detected in this species,
therefore confirming that th€aLTP1and CaLTP2genes
from C. arabicawere cloned from it€. eugenioidesub-

reported codon-SNPs at exons 9 and 10 of GBSSInfGragenome. Few publications have investigated theessjon

ule Bound Starch Synthase) gene, with non-functiand
functional effects, respectively. They also havefiesl that
one SNP in each of the, exon/intronl boundary siten
6 and exon 10, are inherited as haplotypes andessgd
as combination together to regulate the GBSSI fanct

of homeologous genes i@. arabica (Petitot et al.2008
Marraccini et al2017). Vidal et al. 2010 reported that, in
this species, th€. eugenioidesub-genome may express
genes coding for proteins that assume basal bizdbgro-
cesses while th€. canephorasub-genome contributes to

Chen et al. Z008a b) have also showed that these SNPsadjusting Arabica gene expression by expressingegen

can alter the amylose content and pasting propgedfe
rice. For predicting the effect of SNP [C/A] at ex6, the

1=

coding for regulatory proteins. To the authors’ Wiexlge,
the results presented here with an undetectablessipn
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of CaCein the pericarp and co-expression @a4Cc and

to Type | LTPs exhibitingz-amylase inhibitor properties

CaCe homeologs in the grain tissues (perisperm andZottich et al.2011), it cannot be completely ruled out that

endosperm), are the first describing differentigtression
of homeologous genes within different tissues ef shme
organ (e.g. fruit).

high accumulation of Type Il nsLTPs supposed touocc
concomitantly to high expression a6LTP genes, could
represent a defense mechanism against fungal aelriah

Expression studies also highlighted that maximunpathogens during coffee bean development. This dies

expression of Type Il nsLTP-encoding genes wasrgbde

not preclude the participation of coffee Type ILTB in

at 120 DAF and 90-120 DAF by Northern blot and qPCRother biological processes like in response to glhguas

experiments, respectively, carried out with theticat
(IAPAR59) of C. arabica This discrepancy could be
explained by the fact that in whole fruits at 90 P#he
perisperm forms the main tissue while the epdom
is a small developing tissue (Geromel et2406, as the
Northern blot was done with whole fruit the nSLTIRNA
was diluted in 90 DAF, therefore not detectable thig

suggested by high expression of Type Il nsLTP-eimgpd
genes in leaf primordial and plagiotropic meristeofs
drought-tolerant cultivar o€. arabicagrown without irri-
gation (Vidal et al2013.

It is of particular interest to develop a repesoif
seed-specific promoters for future studies on traps
tional control in coffee, particularly to directethexpres-

technique. Otherwise, the qPCR was done using atpar sion of recombinant genes in the grain. Severafeeof

tissues, not having this dilution effect. Anothetqplana-
tion is that the beans collected from plants grawmoler
field conditions were subjected to different metdogi-

cal conditions that could affected fruit developmefor

example, plants used for harvesting fruits in 22088
(Northern blot experiment) suffered from droughteaf
blooming, which delayed their fruit developmentdrpund

endosperm-specific promoters have already beenildedc
in the literature (Lashermes et aD0§. As the expression
of nsLTPgenes was strong and seed-specific, the promoter
was isolated and studied. Its analysis revealeghtbsence
of several DNA boxes known to be important maimy i
the regulation of genes expressed in seeds. Thisthea
case of TGCAC motifs known to constitute the cagion

a month compared to those harvested in 2006/2007 awof the legumin DNA box that controls the expressadn
analyzed by gPCR experiments (data not shown). Whatany storage protein-encoding genes and shareffisign

ever the situation, the expression peaks of TypesILTP-
encoding genes coincided with the decline of thésperm

cant homology with the RY repeat (CATGCATG) invalve
in the regulation of genes coding for legumin syergro-

and the expansion of the endosperm (De Castro aad M teins (Shirsat et all989, a prolamine box known to be

raccini2006 Geromel et al2006. In seeds of. arabica
cv. Laurina, Joét et al2009 showed that lipids began to
be synthesized in the perisperm and then loadedtive

involved in quantitative regulation of the rice @lin gene
GluB-1 (Wu et al.2000 and the CAAGTG boxes closely
related to the E-box CANNTG involved in the seed-sp

developing endosperm where their synthesis and limobi cific expression of phaseolin (Kawagoe and Mur@é92).

zation continued. The same process was also seghtst
occur for kahweol and cafestol diterpens (Diad.2@L0.
These data also tallied with the peaks for thesttaptional
activity of genes encoding proteins involved intyfaacid
synthesis (e.g. acetyl-CoA carboxylase, diacylgigte
acyltransferase, enoyl-ACP reductase, hydroxyacyRA

This promoter also contained five TGATTCA motifs
closely related to the TGAGTCATCA (TGAC-like) motif
essential for seed-specific expression of pea rledie
Pater et al.1993, two RTTTTTR elements correspond-
ing to the binding site of the SEF 4 transcripti@actor
reported to activate expression of theonglycinin 7S

dehydrase, ketoacyl-ACP reductase, ketoacyl-ACP- syrstorage protein in soybean (Lessard el @81), six ACGT

thase) or participating in oil body formation (eajeosin,
caleosin and steroleosin) (Salmona et28l08 Joét et al.

boxes required for seed-specific expression of astd®
age protein (Vincentz et all997 and theerdl (early

2009. A tobacco nsLTP1 (TobLTP2) has been shown to beesponse to dehydration) geneAmabidopsisresponsible

involved in cell wall loosening suggesting that #Hesocia-
tion of LTP with hydrophobic wall compounds pronm®te
non-hydrolytic modifications in the cell wall whidhacili-
tate cell extension (Nieuwland et @005. This is also in
accordance with the fact that nsLTPS were foundeth
wall compartment (Thoma et a993. In that sense, it is
possible that Type Il nsLTPs play an important fiorc
during the tissue rearrangements observed duriffigeco

for etiolation-induced increase (Simpson et24103 and

four MYB-binding boxes (CNGTTR) involved in water
stress responsive regulation of gene expressiosctidr

and Eisenmani990. It is worth noting that the CNGTTR
boxes were always linked to the ACGT boxes. This- pr
moter was also characterized by the presence a@ralev
DNA repeats which are known to play an importarie ro
in regulating gene expression. For instance, a etand

bean development and characterized by the rapidrexp repeat of thesus3endosperm specific promoter from rice
sion of “liquid” endosperm (De Castro and Marraccin (Oryza sativa fused to thalidA reporter gene displayed an

2006. Even if Type Il nsLTPs reported here are ncates

activity three times greater than the single copgstruct
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(Rasmussen and Donalds@006. In Arabidopsis gene  Accession humbers

promoters enriched in GGCCCAWW and AAACC-

CTA repeat sequences appeared up-regulated whiketh The CaLTP1a CaLTP2 and CaLTP3acDNA sequences
enriched with repeated TTATCC motifs were down-reguwere deposited in the GenBank database under thes-ac
lated (Tatematsu et &009. To our knowledge, the struc- sion numbers HGO008739, HG008740 and HG008741,
ture of thensLTP promoter reported here, with very well respectively. Th&€€aLTP1a CaLTP1b, CaLTP2, CaLTP3b,
conserved and long DNA repeats organized in tangledn CcLTP3 gene and promoter sequences were depos-
concentrated in a region of less than 500 bp, ie quigi- ited in the GenBank database under the accession nu
nal. It is also remarkable that most of the ACGNG&ITR  bers HG323818, HG323819, HG323820, HG323821
and TGATTCA boxes were included in these repeats anHG323822 and HG323817, respectively.

always arranged in the same order, suggesting pley
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Abstract

Background: Drought is a widespread limiting factor in coffee plants. It affects plant development, fruit production,
bean development and consequently beverage quality. Genetic diversity for drought tolerance exists within the
coffee genus. However, the molecular mechanisms underlying the adaptation of coffee plants to drought are
largely unknown. In this study, we compared the molecular responses to drought in two commercial cultivars
(IAPAR59, drought-tolerant and Rubi, drought-susceptible) of Coffea arabica grown in the field under control
(irrigation) and drought conditions using the pyrosequencing of RNA extracted from shoot apices and analysing
the expression of 38 candidate genes.

Results: Pyrosequencing from shoot apices generated a total of 34.7 Mbp and 535,544 reads enabling the identification
of 43,087 clusters (41,512 contigs and 1,575 singletons). These data included 17,719 clusters (16,238 contigs and 1,575
singletons) exclusively from 454 sequencing reads, along with 25,368 hybrid clusters assembled with 454 sequences.
The comparison of DNA libraries identified new candidate genes (n = 20) presenting differential expression between
IAPAR59 and Rubi and/or drought conditions. Their expression was monitored in plagiotropic buds, together with those
of other (n = 18) candidates genes. Under drought conditions, up-regulated expression was observed in IAPAR59 but
not in Rubi for CaSTK (protein kinase), CaSAMT | (SAM-dependent methyltransferase), CaSLPI (plant development) and
CaMAS| (ABA biosynthesis). Interestingly, the expression of lipid-transfer protein (nsLTP) genes was also highly
up-regulated under drought conditions in IAPAR59. This may have been related to the thicker cuticle observed on the
abaxial leaf surface in IAPAR59 compared to Rubi.

(Continued on next page)

* Correspondence: marraccini@cirad.fr

*Equal contributors

®Embrapa Recursos Genéticos e Biotecnologia (LGM-NTBio), Parque Estagéo
Bioldgica, CP 02372, 70770-917, Brasilia, DF, Brazil

°CIRAD UMR AGAP, F-34398 Montpellier, France

Full list of author information is available at the end of the article

©2016 Mofatto et al. Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0

( ) BloMed Ce ntra| International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.



Mofatto et al. BMIC Plant Biology (2016) 16:94 Page 2 of 18
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Conclusions: The full transcriptome assembly of C. arabica, followed by functional annotation, enabled us to identify
differentially expressed genes related to drought conditions. Using these data, candidate genes were selected and their
differential expression profiles were confirmed by gPCR experiments in plagiotropic buds of IAPAR59 and Rubi under
drought conditions. As regards the genes up-regulated under drought conditions, specifically in the drought-tolerant
IAPARS9, several corresponded to orphan genes but also to genes coding proteins involved in signal transduction
pathways, as well as ABA and lipid metabolism, for example. The identification of these genes should help advance

our understanding of the genetic determinism of drought tolerance in coffee.

Keywords: Candidate gene, Coffee, Drought, Differential gene expression, RNA-Seq, Real-time PCR (RT-gPCR)

Background other hand, next-generation sequencing (NGS) pesvid
Coffee is the single most important tropical comityod new opportunities to study transcriptomic resporsses
traded worldwide and is a source of income for manyp combine high-throughput sequencing with the func
developing countries in Tropics [1]. In the coffgenus, tionalannotation capacity of generated ESTs[18].
Coffea arabicaaccounts for approximately 70 % of total In order to identify candidate genes involved ioudyht
production worldwide, estimated at 8.5 million toims tolerance in coffee plants, we collected the shaymtes
2015 [2]. Coffee production is subject to regulacfua- from drought-tolerant IAPAR59 and drought-suscéetib
tions mainly due to the natural biennial cycle lalgo Rubi cultivars of C. arabica under control and drought
caused by adverse climatic effects. Among themugito conditions to generate libraries that were sequensing
is a widespread limiting factor and affects flomgriand the GS-FLX Titanium strategy. A reference full sarip-
bean development, hence coffee yield [3]. Markedava tome was annotated and compared to pre-identifiegen
tions in rainfall also increase bean defects andifmahe differentially expressed between cultivars and dhiu
biochemical composition of beans, hence the fingllity conditions. The transcription profiles of these @®n
of the beverage [4]. Periods of drought may becomee were further analysed by gPCR in the plagiotropids
pronounced as a consequence of global climategeha of these plants.
and geographical coffee growing regions may stuiftsa-
erably, leading to environmental, economic and aociMethods
problems [5]. In such a context, the creation afudht- Plant material
tolerant coffee varieties has now become a priofity We compared two cultivars of Coffea arabica the
coffee research. drought-susceptible @ Rubi MG1192 (also referred to
Genetic variability for drought tolerance exits tile  hereafter as RUB) and the drought-tolerant)(BPAR59
coffee genus, particularly i@offea canephorg6, 7] but  (also referred to hereafter as 159). Rubi did notargo
also inC. arabica[8]. Although molecular mechanisms recent introgression wittC. canephoragenomic DNA,
of drought tolerance have been widely studied irdeho while IAPARS9 is the result of a cross betweenThaor
plants [9], they are less well understoodCioffee spina  hybrid HT832/2 and the Villa Sarchi cultivar [19].
previous study analysing the effects of droughtgene
expression, we recently identified a set of 30 getié  Field experiment
ferentially expressed in the leaves of dradglerant Seeds of these two commercial cultivars came from
and drought-susceptible clones®@f canephoragrown in  fruits harvested in May 2007 in the coffee experimé
the greenhouse under control (unstressed) dindght fields of the Institute for Research and Rural Assice
conditions [10, 11]. In that case, the expressibgemes (Incaper, Vitoria, Espirito Santo, Brazil) and gémated
encoding glycine-rich proteins, heat shock proteitehyy-  (September 2007) in greenhouse of this instituiee-F
drins, ascorbate peroxidase, as well as transgafdtiors month-old plantlets of the Rubi and IAPAR59 wererth
(such as DREB1D), for example, increased undergiiou planted (January 2008) in a field experiment (0.3pa-
conditions. cing between plants and 3 m spacing between rows) a
In Coffea sp. EST resources have been developed fahe Cerrado Agricultural Research Center (Plamadti
various species and tissues including roots, leavasd DF, Brazil 15°3%44’S - 47°4352’W) under full-sunlight
fruits [12-16]. However, no genomic resources are avaitonditions in two blocks of 30 plants for each imait.
able for shoot apices, which are considered asokggns Under the conditions of the Cerrado climate [2Ghe
for plant development by integrating several signalich rainfall pattern is divided into a dry season (friviay to
as environmental stimuli as well as hormones (alesacid September) followed by a wet season (from October t
[ABA], auxins, cytokinins) and transcription [1ADn the  April) that concentrates more than 80 % afnual
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precipitations. For each cultivar, one control (@pck RNAisolation, DNA synthesis and 454-sequencing
was irrigated while the drought (D) block was not-i  The plagiotropic buds were incubated for 5 min le t
gated during the dry seasons. For the control ¢i@mdi washing buffer (66 % chloroform, 33 % methanol, 1 %
irrigation was supplied by sprinklers (1.5 m indt@) HCI) [21] and further incubated twice for 30 mindem
set up in the field in such a way that irrigatiorasy a vacuum in the fixation buffer (25 % acetic aci®, %
uniform. Soil water content was monitored using2PRethanol RNAse-free) then cooled to 4 °C. Samplerewe
profile probes (Delta-T Devices Ltd), and irrigatiovas stored in 75 % RNAse-free ethanol. For the condmud
applied regularly so as to maintain a moisture eont drought conditions, shoot apices (meristems arnch-pr
above 0.27 ciH,0.cmit. ordium leaves) of three different plants were satsat
from plagiotropic buds under a binocular microscaye
dissection and then ground to powder in liquid agan
Sampling using a pestle and mortar. Total RNA was extracted
For both cultivars and experiments, leaf predawrtiewa using the Nucleospin RNA Plant kit (Macherey-Nagel)
potentials ¥4 were measured once a week during thincluding a DNAse-I treatment. The quality and dfitsin
2009 dry season (from May to October) of (23-monthef RNA were checked with a Bioanalyzer (2100, RNA
old plants) and only once in 2011 (at the end efdiy Nano 6000 Agilent). The®istrand cDNA synthesis was
season) (47-month-old plants) using a Scholanges-typerformed using lug total RNA and the SMARTE&t
pressure chamber (Plant Water Status Console, ModaCR cDNA Synthesis Kit (Clontech). Double-stranded
3000 FO1, Soil Moisture Equipment Corp, Santa Baba DNA was then produced for each library (159-C, B39-
CA USA) in fully expanded leaves {85 cm long) from RUB-C and RUB-D). For each sample, DNA (ambun
the third pair from the apex of plagiotropic braesh 5 g) was nebulized to a mean fragment size of 650 bp,
located in the upper third of the plant canopy. B6#4 ligated to an adapter using standard procedurdsga@
sequencing, between 30 and 50 shoot apices were aplen sequenced by performing two runs (1 library pe
lected (between 10:00 and 11:00 am) from threedifft DNA sample x 2) using GS-FLX Titanium (Beckman
plants at the end of the dry season from Rubi andoulter Genomics SA, Grenoble, France) which geeera
IAPARS9 under the control and drought conditionsd a one million reads corresponding to more than 255 Mb
further dissected to isolate the shoot apex (Fim. Eor
microscopic analyses, leaves identical to thosel dse Transcriptome assembly and automatic annotation
Yoa measurements were also collected from the samg 454-sequencing reads were inspected for lowlityua
plants. At the end of the 2011 dry seasélps were mea- reads and 454 adapters that were identified by SEAH
sured once for Rubi and IAPAR59 plants under contrgoftware [23]. A reference full transcriptome wathen
and drought treatments, and shoot apices werectetle pyilt using C. arabica reads originating from the present
(Fig. 1a) for gene expression analyses (qPCR). project and from the Brazilian Coffee GenoRmject
(BCGP) available in the GenBank public databaseZ44
The Sanger and 454 reads were submitted for a inghm
pipeline usingbdtrimmer software [25] that was used to
exclude ribosomal, vector, low quality (regions hwi
PHRED score less than 20) and short sequencesh#ess
100 bp). All sequences (454 and Sanger reads) agere
sembled using MIRA software [26]. The contigs fodme
by only Sanger reads were discarded from the rfai-t
scriptome assembly. The reference full transcripteras
annotated by Blast2GO software version 2.8 [27hgisi
Non-Redundant protein (NCBI/NR), InterPro and Gene
Ontology (GO) databases. The same program was also
used to group datasets in GO according to thediadb
process. Further details on the automatic annatafiall
Fig. 1 Tissue dissection of plagiotropic buds. a The plagiotropic contigs are provided in Additional file 1: Table.Slhe

buds (including small leaves) were collected from plants during lete bioinf i ineli d f thi i
the 2011 dry season and used to extract RNA for gPCR expression complete bioinformalic  pipeiine  use or IS wo

analysis. b Meristem and leaf primordium dissected from plagiotropic described in Additional file 2: Figure S1.

buds harvested during the 2009 dry season and used to extract RNA

for pyrosequencing. The dotted circles show the position of meristem Digital gene expression analysis

and leaf primordium. The same scale (white bar=1 mm) is used for B

both documents The reference full transcriptome was also usedount

\ o all 454 readsl/libraries individually by parsing tA€E
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file generated by MIRA software. The number of sefrozen in liquid nitrogen after collection, and r&d at
guences anchored in each contig (read counts) ulas s-80 °C before being extracted and converted inglsi
jected to differential expression analysis betweba strand cDNA as previously described [33]. Real-time
libraries using DEseq [28] and EdgeR [29] software qPCR assays were carried out using the protocalnmec
the R/Bioconductor package. A unigene was consillerenended for the use of 7500 Fast Real-Time PCR Bste
as differentially expressed when it was identifiadat (Applied Biosystems, Foster City, CA, USA). DNA pre
least one software considering fold-charge (or fold- arations were diluted (1/50) and tested by gPCRgusi
changes< -2) andp-value<0.05. The libraries were com- CG primer pairs (Table 1). RT-gPCR was performed
pared based on (1) differentially expressed gemes With 1 pl of diluted ss-DNA and 0.2uM (final con-
IAPAR59 between C (control) and D (drought) condicentration) of each primer in a final volume of D
tions (with the calculation of fold-change basedtbe with SYBR green fluorochrome (SYBRGreen gPCR
I159-D/I59-C ratio), (2) differentially expressedrges in Mix-UDG/ROX, Invitrogen). The reaction mixture was
Rubi between C and D conditions (RUB-D/RUB-C), (3)ncubated for 2 min at 50 °C (Uracil DNA-Glycosias
differentially expressed genes in the control liprbe- treatment), then for 5 min at 95 °C (inactivatiof o
tween Rubi and IAPAR59 (RUB-C/I59-C) and (4) differ UDGase), followed by 40 amplification cycles of &sat
entially expressed genes in the drought librarywben 95 °C and finally for 30 sec at 60 °C. Data weralgsed
Rubi and IAPAR59 (RUB-D/I59-D). Further information using SDS 2.1 software (Applied Biosystems) to fgitee
about differentially expressed genes in all thealiles is cycle threshold (Ct) values. The specificity of tRER

given in Additional file 3: Table S2. products generated for each set of primers wa$iackthy
analysing the Tm (dissociation) of amplified proguc
Functional annotation of differentially expressed genes PCR efficiency (E) was estimated using absoluterflu

The lists of differentially expressed gen@s dach ana- escence data captured during the exponentiadseph
lysis were separated into UP and DOWN rdgdlaand of amplification of each reaction with the equati&n
subjected to GO enrichment analysis to idgnsignifi-  (in %) = (105" -1) x 100 [34]. Efficiency values were
cantly enriched GO slim terms (Plant GO }linsing taken into account in all subsequent calculati@Gsne

Blast2GO software and @value< 0.05. expression levels were normalized to expressioaldeuf
CalUBQ10 as a constitutive reference. Relative expression
Selection of candidate genes was quantified by applying the formula (1 +&f" where

The comparison of DNA libraries led to the idewtfion ACt arger= Ct target gene= Ct reference gen@Nd AACt =ACt

of 80 (20 for each library) candidate genes (CGa) were yget— ACt inernal caiibrator With the internal reference al-
up- and down-regulated (see Additional file 3: ®BR). ways being the Rubi-control (RUB-C) sample witlatieke
For each CG, primer pairs were designed using Primexpressionequalto 1.

Express software (Applied Biosystems) and testetheif

specificity and efficiency against a mix of ss-DNA¥ Leaf histological analysis of cuticle

plagiotropic buds (data not shown). The best pripars Mature leaves of the IAPAR59 and Rubi genotypesewer
(n = 20) were used to monitor the expression of corrdixed for 48 h in 100 mM phosphate buffer at pH, &@p-
sponding CGs in plagiotropic buds of Rubi and IAPAR plemented with 1 % (v/v) glutaraldehyde, 2 % (\@&yafor-
under control and drought conditions. These genesaldehyde, and 1 % (w/v) caffeine, at room tempesat
corresponded t@€aAEP1, CaCAB2, CaCHI1, CaCHI2, [35]. The samples were dehydrated and embeddeédch-T
CaCHI3, CaDLP1, CaELIP3, CaGAS2, CaGRP2, CaH2A, novit 7100 resin (Heraeus Kulzer) according to mienu-
CaHSP3, CalPS1, CaJAMT1, CaMAS1, CaPP2,CaPSBB,  facturefs recommendations. Three-micrometer semi-thin
CaSAMT1, CaSDC1, CaSLP1 andCaSTK1 (Table 1). This sections were cut with glass knives on a Leica R3320
list of CGs was increased by adding other geneb agc Microtome. The resulting sections were double sthiac-
14 orphan genesCGUNK2-CaUNK7, CalINK9 and cording to Buffard-Morel et al. [36]. Briefly, papccharides
CalINK11-CalINK17 already described to present differ-were stained dark pink with periodic acid SchifA§) and
ential gene expression profiles in different orgaisC.  soluble proteins were stained blue with naphthoédfilack
canephora [30]. This list was finally completed by includ- (NBB) [37]. Sections were then mounted in MowioheT
ing the CalINK1, CaUUNK8 and CalINK10 orphan genes, slides were observed with a Leica DM6000 microscope
and LTP genes that were already studieddncanephora  (Leica, Germany) under bright field or epifluoresicéght

[10, 11, 31] and_. arabica [32], respectively. (A4 filter). Pictures were taken with a Retiga 2R0famera
(Qlmaging Co.) and the images were processed with
Real-time quantitative PCR assays Volocity 4.0.1 (Improvision, Lexington, MA, USA). (icle

For gqPCR experiments, plagiotropic buds containinthickness was measured with the freeware Imagéwase
shoot apices and small leaves (Fig. 1a) were imaelgi  (http://imagej.nih.gov/ij/). Experiments were cootad on



Table 1 Candidate genes and corresponding primers used for gPCR experiments

Gene Protein name C. canephora GB ATP SGN Primer Primer sequences bp

CaUBQ10 Ubiquitin Cc02_g31600 GW488515 32782 U637098 BUBI-FBUBI-R 5’ AAGACAGCTTCAACAGAGTACAGCAT 3’ 104
5’ GGCAGGACCTTGGCTGACTATA 3’

CaAEP1? Putative aldose 1-epimerase Cc07_g03170 GT005185 716 U637659 716-1F716-1R 5' CGGTGATGTCCTCTCTGATGAG 3’ 75
5" GTTGGGATGAGCTGGTTGTTC 3’

CaCAB2* Chlorophyll a/b-binding protein Cc09_g09030 GT003492 33540 U629601 48565-F48565-R 5’ GTTCAAGGCTGGATCCCAAA 3’ 100
5’ GCAAGCCCAGATAGCCAAGA 3’

CaCHI1® Class Ill chitinase Cc11_g00410 GT012279 32745 U637166 50103-F50103-R 5’ AATCAAGCGACCGTCCATTC 3’ 70
5’ GTGTTTCCGCTGTGGATGTG3’

CaCHI2* Putative chitinase Cc00_g14300 GT011845 32737 U638035 53058-F53058-R 5’ CCTGCTCGCGGTTTCTACAC 3’ 70
5’ TTGTTCCAAAAGCCCCATTG 3’

CaCHI3? Chitinase-like protein Cc03_g13720 GW491433 32875 U645893 23638-F23638-R 5’ AAACGGCCCGTCCAGAA 3’ 130
5’ GCTTTGTCCTGCTGGTCCAT 3’

CaDLP1? Dirigent-like protein Cc00_g27410 GW477731 35149 nf 39577-F39577-R 5’ TTGGTAGTCCGGCGAGAGAA 3’ 70
5’ GCATATCCCCGAGCAAACCT 3’

CaELIP3® Early light-induced protein (ELIP) Cc03_g04300 GR985685 32771 U631550 32771-F32771-R 5’ TCGGTTGCCATGCAATCTT 3’ 100
5" GCAGATGAAGCCCACAGCTT 3’

CaGAS2* Glucosyltransferase arbutin synthase Cc02_g39100 GT697284 3945 U632419 632419-F632419-R 5’ GCTGACGACGTTAGGATTGAGA 3’ 101
5’ AACTTGGCGGTGTCAACCAA 3’

CaGRP2* Glycin-rich protein Cc00_g16260 GW430980 32799 U635030 53139-1 F53139-1R 5’ CACATATGCTGGTGAGCCAAA 3’ 100
5’ AGGCATTTAAGCGCCATGAT 3’

CaH2A® Putative histone H2A Cc01_g12440 GT723387 33557 U630412 53417-F53417-R 5’ GCACTGGAGCTCCGGTCTAC 3’ 80
5’ AGCAGCATTTCCAGCCAATT 3’

CaHSP3® Heat schock protein (HSP) 70 kDa Cc02_g08040 GR982512 33197 U636531 33197-1 F33197-1R 5’ GGCGTCTGGCAACACGAT 3’ 100
5’ CGATGAGACGCTCGGTGTCT 3’

Calps1® Myo-inositol 1-phosphate synthase Cc07_g15530 GT003538 10496 U632517 10496-1 F10496-1R 5’ AAGCAACCTGAATTTGGCTGAT 3’ 100
5’ GAGAGGGACCATGGATTCCA 3’

CaJAMTI? Jasmonate O-methyltransferase Cc03_g07330 GR989151 33008 U631389 47327-F47327-R 5’ CTGTGGCTGAACCCTTGCTT 3’ 100
5’ TCTTTGGACATGCGATCAGAAA 3’

CaMAS1? Momilactone-A synthase Cc00_g13640 GW479615 33413 nf 33413-F33413-R 5’ GGGCAGAGGCACGAAAAA 3’ 60
5’ GGTACCCTGCCGCAACTATG 3’

CaPP2® Putative phloem protein 2 (PP2) Cc03_g13000 GR995691 33207 U633544 33207-F33207-R 5’ GGTGTTGGCGATGTCGAGAT 3’ 90
5’ TTCCTTGGGTCGAAGCTCAA 3’

CaPSBB® Photosystem Il CP47 (psbB)-like protein nf GW447378 22102 U630312 55586-F55586-R 5’ ATCGGAAATAATCCGGCAAA 3’ 80
5’ AACCATCCAATCGCTATTCCA 3’

CaSAMTI? S-adenosyl-methionine-methyltransferase Cc03_g05630 DV672716 754 U629783 34318-F34318-R 5’ AACGTTTGGGTGATGAATGTTG 3’ 80
5’ GTGCCAATAAGCCCTCTATCGT 3’

CasSDC1? S-adenosyl-L-methionine decarboxylase Ccl1_g11130 GT002431 8508 U629687 8508-1F8508-1R 5’ CTCGATTCCTCCCATCCTGAA 3’ 100
5’ TGACTGTGCCCCAGGGAATA 3’

CasSLP1® Subtilisin-like protein Cc00_g19100 GW430663 1620 nf 7961-F7961-R 5’ CCATCGTTCTCGGTGGTCTT 3’ 80
5’ GCATTGCTCCCCACATTCTT 3’

CaSTK1® Hypothetical S/T protein kinase Cc00_g18670 GT687049 6301 U631794 6301-1F6301-1R 5’ CCACCCACAAGCTGTATTCTCA 3’ 80
5’ GACCCAATGGGATGTCATCAC 3’

CaUNK1* Unknown protein 1 Cc03_g08880 DV689820 33062 U614843 182052-F182052-R 5" TATAGTGTTTATGGTGTGGCTTTCAGT 3’ 79

5’ GTACCACCGTAGGGAGACGTATG 3’

¥6:91 (9107) ABojoig 1upjd JNG b 13 011BJOIN
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Table 1 Candidate genes and corresponding primers used for gPCR experiments (Continued)

CaUNK2"

CaUNK3®

CaUNK4®

CaUNK5®

CaUNK6"

CaUNK7"

CaUNKS®

CaUNK9"

CaUNK10°

CaUNK11®

CaUNK12"

CaUNK13®

CaUNK14®

CaUNK15°

CaUNK16®

CaUNK17°

CaLTP1°CaLTP2*

caLTP3

LTP*

Unknown protein 2

Unknown protein 3

Unknown protein 4

Unknown protein 5

Unknown protein 6

Unknown protein 7

Unknown protein 8

Unknown protein 9

Unknown protein 10

Unknown protein 11

Unknown protein 12

Unknown protein 13

Unknown protein 14

Unknown protein 15

Unknown protein 16

Unknown protein 17

Non-specific lipid transfer protein (nsLTP)

Non-specific lipid transfer protein (nsLTP)

Cc07_g01940

nf

Cc06_g11210

Cc08_g09510

Cc03_g06850

Cc03_g00560

Cc00_g04970

Cc03_g08920

nf

Cc03_g14330

Cc10_g12840

Cc00_g17760

Cc00_g16260

Cc00_g04970

nf

Cc03_g08920

Cc11_g09700

Cc04_g06890

nf

DV708962

nf

GW465088

GW474926

GT002178

GW444736

DV695331

GT649500

GT648004

GR991912

nf

GT673421

GT672564

GR983286

GW464209

GT685623

HGO008739HG008740

HGO008741

31492

22823

39984

4578

34993

33613

33190

32762

14813

8598

53029

14198

48325

33190

9761

32762

46897

33368

u637447

nf

nf

nf

U632634

U631416

U640780

U636808

U645073

U637116

nf

U639484

U635030

U636790

U639049

U636800

U632702

U632702

U632702

33353-F33353-R

22823-F22823-R

55677-F55677-R

4578-FA578-R

34993-F34993-R

25639-F25639-R

LP18101-FLP18100-R

30926-F30926-R

D18240-FD18240-R

32792-F32792-R

53029-F53029-R

33980-F33980-R

11524-F11524-R

05517-F05517-R

18112-F18112-R

42747-F42747-R

LTP-R2LTP-FT

LTP-R1LTP-FT

LTP-F100LTP-R100

5’ GAACTTACAAACGCGCGTAACC 3’
5’ CATGGTCGAATCCAGATTTCATT 3’

5’ GGAAGCATGCACACAGAAAATAGA 3’
5’ TTCCTGTTTACGTCTTTTTCAATTGA 3’

5’ GCTGTGG AAAG GATGGA 3’
5’ TGCAAAATTAAGGTCCCAACAGT 3’

5’ GGAGTTCCTGTCCGAAGTTGTT 3’
5’ GGCATGCTGTCACCTGAAAA 3’

5’ AAGCCAATGCCGATCGATT 3’
5’ CGCCGCCGAAGATCTCTAG 3’

5’ CGAGGAAGCTGAAGGAAAGGA 3’
5’ TCCGACTGGCCTAACAAGGT 3’

5’ CTCGCGTGGCCGAGATC 3’
5’ CCCTCACATTTCCACGTGAAT 3’

5’ CGGAGGAGGCCATGGAGGT 3’
5’ CCGTGTCCATAACCACCATGT 3’

5’ TAGCCTTGTTCTTTTAGGGAGTCTTATC3’
5’ AGAGCTTCGTCCAGGAAGAAGA 3’

5’ GCTGGGAAAGCTACAGAAACCA 3’
5’ GAACTCCAACGCCAAGCATT 3’

5’ CTTCACACCATTCAGACAATCGA 3’
5’ GACCGTAATTGGGCGTCAAT 3’

5’ ATTGCCCTGTTTGCATGCAT 3’
5’ CTGCATGGTGATTGTCCTCAGT 3’

5’ GGCGGTTGTCATGGATACG 3’
5’ TTTGGCTCACCAGCATATGTG 3’

5’ AAAATTTCACCACGGCAAGCT 3’
5’ TTGCCTCCCTCACATTTCCA 3’

5’ TGTGAACTGCCATCCCAAGA 3’
5’ AAGACTACCATGTCCAACAACTTCAG 3’

5’ AGGTGGCTGCCAAGTCAGTT 3’
5’ ATGGTACTTGGCTTCTCCTTCCTC 3’

5’ CACCATTACATGGGAACGTTGC 3’
5’ CTGTGGTCTGAAATGGCCAACT 3’

5’ ATTCAACACCATTACTAG CGAGC 3’
5’ CTGTGGTCTGAAATGGCCAACT 3’

5’ TGCAA ATCAAAGATCCAGC 3’
5’ AGTTGGCCATTTCAGACCACA 3’

80

81

80

100

100

123

134

100

100

100

119

72

88

71

120

113

Gene names were assigned based on the best BLAST hit obtained by comparing the coffee ESTs with public databases. C. canephora means coffee sequences that aligned with the candidate genes using BLASTx

searches against NR/NCBI and filtration (http://coffee-genome.org [59]). GenBank (GB: http://blast.ncbi.nlm.nih.gov/Blast.cgi), ATP (http://www.Ige.ibi.unicamp.br/cirad/) and SGN (Sol Genomics Network, http://

solgenomics.net/) accession numbers of coffee ESTs are also given, as well as the length of base pairs (bp) of amplicons. nf: no-hits found (SGN: tools/blast/SGN Clusters [current version] / Coffee species Clusters, GB:
BLASTn/Nucleotide collection [nr/nt]). The size of amplicons is based on the unigene. (*): candidate genes (n = 20) identified during this study. (°): orphan genes (n = 14) previously described [35] and analysed in this

study. (): orphan genes (n = 3) with expression already been studied in leaves of D" and D° clones of C. canephora conilon [10, 11, 36). ©): LTP-encoding genes were previously described [37]
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the “Plate-Forme d’Histocytologie et Imagerie Cellulaire
Végétale (PHIV platform)” (http://phiv.cirad.fr/) using mi-
croscopes belonging to the Montpellier Rio Imaging
platform (www.mri.cnrs.fr). The results are expressed as
means (Mm) of 11 measured values. The data were statisti-
cally processed using (1) an analysis of variance computer
program (Statistica, StatSoft, Inc.), and (2) the Student-
Newman-Keuls (SNK) mean comparison test [38] when
the effect of the factor tested was found to be statistically
significant. A probability level of P<0.05 was considered
significant for all the statistical analyses.

Results

Monitoring drought under field conditions

In 2009, leaf predawn water potential (Wpq) values were
similar in the leaves of irrigated Rubi and TAPARS9
plants, ranging from -0.06 to -0.16 MPa (Fig. 2a). This
confirmed the unstressed status of these plants which
were considered as the control in our experiment. At

QD

pd/

-0:8- ﬁ\T I

Leaf predawn water potenlials ('

-1.0 4 |E
A RUB-C 1
-129 4 ruB-D 1\“
_q440O0m9C +
M 159-D
- 1-6 1 1 1 1 1 1 1 1
20/05 19/06  19/07  18/08 17/09
Time scale

Control Drought

<=4.10

<=4.0

Fig. 2 Predawn leaf water potentials (W,4) measured in plants of C.
arabica. Rubi (RUB, triangle) and IAPAR59 (159, square) cultivars were
grown under control (C, open symbols) and drought (D, black symbols)
conditions. W4 values (expressed in mega-Pascal, MPa) were measured
once a week during the 2009 dry season (23-month-old plants) (a). The
time scale is in days and months (dd/mm, from 20/05 to 02/10). Vertical
bars are standard deviations (n=9 leaves) and the dashed vertical line
(20/08) represents the harvest point of plagiotropic buds for RNA
extraction for 454 sequencing and leaves for microscopic analyses. b
W4 of Rubi and IAPAR59 plants (47-month-old plants) measured
at the end of the 2011dry season. In this case, W4 values ranged
from -0.1 to -0.2 MPa for the control conditions, but were below
(<-4.0 MPa = severe drought) the range of use of a Scholander-type
pressure chamber for drought conditions
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the same time, the Wpa values decreased gradually dur-
ing the dry season in the leaves of Rubi and TAPARS9
under drought conditions reaching the lowest values at
the end of the dry season (Fig. 2a). At that time, the less
negative Wpg values in TAPARS9 indicated that it had
better access to soil water. The first rains then occurred
and the Wpa values of drought-stressed plants increased
almost to those measured in irrigated plants, illustrating
the complete recovery of stressed plants. In 2011, Wpa
was measured at the peak of the drought (end of dry
season). Under drought conditions, both Rubi and
TAPARS9 had similar Wy values that were more negative
than those measured in 2009, indicating more severe
drought stress in 2011 (Fig. 2b).

Sequencing, assembly and annotation of the Coffee shoot
apex transcriptome

The final reference assembly generated a total of
34,743,872 bp (34.7 Mbp) with coverage of 6.5x and
43,087 clusters, corresponding to 41,512 contigs and
1,575 singletons. These data are composed of: (1) 17,719
clusters (16,238 contigs and 1,575 singletons) from 454
sequences, exclusively; and (2) 25,368 hybrid clusters
that contain 454 reads, and at least one contig from
Sanger sequencing (public database). The contigs formed
by only Sanger reads were discarded from the full tran-
scriptome assembly. On average, 22.4 % and 55.6 % of
the total raw data were discarded from Sanger and 454,
respectively, due to low quality. After removing the
adapters, these reads had a size of 379.2 bp (on average).
The statistical data for the Sanger and 454 reads are
listed in Table 2.

Transcriptome annotation by Blast2GO using Non-
Redundant protein (NCBI/NR) and InterPro databases
resulted in 36,965 transcriptome clusters (85.8 %) with a
known protein function, 1,824 conserved proteins of un-
known function (4.2 %), 1,515 proteins identified by
InterPro only (3.5 %) and 2,783 unidentified proteins
(6.5 % no-hits found).

Table 2 Characteristics of reads used in this work

Libraries Total reads  Trimmed reads Average length
ofreads

PublicSanger database 195,110 151,403 518

159-C 135,304 66,641 325

159-D 282,213 112,518 351

RUB-C 230,064 101,394 360

RUB-D 345,751 153,572 342

Total 1,188,442 585,528 379.2

Statistics of all reads used in this work: public Sanger reads and 454 sequenced
reads from two cultivars under two conditions. Cultivars (RUB: Rubi and 159:
IAPARS9) of C. arabica and treatments (C control and D drought) are indicated.
The number of total reads, trimmed reads and average read length (in bp)

are indicated



Mofatto et al. BMIC Plant Biology (2016) 16:94 Page 8 of 18

The results of the digital gene expression analysExpression profiles of candidate genes
(Table 3) showed more differentially expressed geneAmong the candidate genes (CGs) identifiedsilico as
(DEG) in the cultivars Rubi (RUB) and IAPAR59 (I59)presenting up- and down-regulation, expressionilpsof
cultivars under drought (D) conditions (RADB59- from 20 of them were analysed by gPCR together with
D), totalling 490 clusters (1.14 % of the tdtalwith the expression of 17 orphan genes (3 of them ajread
320 clusters classified as up-regulated. Undee ton- studied inC. canephordl10, 11, 30, 31]) and. TP genes
trol (C) conditions, a few DEG were found (RUB-G&9- [32]. For all these genes, expression profiles wama-
C), corresponding to 184 clusters (0.43 % of tathisters). lysed in plagiotropic buds of Rubi and IAPAR59 unde
The comparison between control and drougiunditions control and drought conditions. These results are p
showed a prevalence of up-regulated g€més clusters) sented in separate sections below, according to the
and a total of 226 DEG in IAPAR59 (159-069-C) with observed expression patterns.
0.52 % of total clusters, and 343 clusters Roubi (RUB-
D/RUB-C) with 0.80 % of total clusters. Genes with induced expression under drought conditions

The results of the gene ontology (GO) enrichmemt- anTwenty-five genes showing up-regulated expression
lysis are shown in Fig. 3 and all GO enrichmentdaie profiles under drought conditions, mainly in IAPARS
listed in Additional file 1: Tables S1 and Additadrfile 3: and to a lesser extent in Rubi, were identifiedy(F).
Table S2. For IAPARS9, the comparison of droughthis was observed foEaSTK1which encodes a puta-
and control conditions (159-D/I159-C) identified ave tive oxidative stress response serine/threoningepro
represented GO terms characterized by up-regulatkthase with 87 % identity with a predicted proteih
genes involved in expression (gALL_c3501) and tran$?opulus trichocarpaXP_002299433). In that case, ex-
lation (gALL_c2033, gALL_c4461, gALL_c6492) pro- pression of this gene was highly induced hyudht
cesses and in the generation of precursor migeo in the D cultivar IAPAR59. Similar profiles were also
and energy (gALL_c921, gALL_c4013, gALL_c4540).observed for theCaSAMT1lgene encoding a putative
For Rubi, a comparison of the RUB-D/RUB-C libraries S-adenosyl-L-methionine-dependent methyltransferase
vealed an over-representation of the following G@ms and the orphan geneSaUNK2 and CaUNK3 The
which were up-regulated: protein metabolic procedatter gene had no open reading frame but presented
(ALL_c2021, gALL_c3355), response to stress (gALL high identity ¢-value 2E") with the SGN-U637447
rep_c3319TaHSP3 and response to abiotic stimuluscontig and also with various coffee ESTs mainly nfdu
(gALL_rep_c32771CaELIP3 gALL_c2829, gALL_ in C. canephoracherries at early developmental stages
rep_c32766). When comparing both cultivars undddata not shown).
drought conditions (RUB-D/I159-D), GO terms were Expression of theCaSLP1gene encoding a putative
identified related to increased enrichment obpism protein homologous (65 % identity, 74 % similaritg)a
for up-regulated genes (gALL_c1270, gALL_c1524protein of Nicotiana benthamianaontaining a peptid-
gALL_c1864) and photosynthesis for down-regulatedse S8/subtilisin-related domain, was also higher i
genes (gALL_c27215, gALL_rep_c34074, gALL_IAPAR59 than in Rubi under drought conditions. A
rep_c34746). Under the control conditions (RUB-Cséimilar situation was observed for theaMASDhene
I59-C), proteins of translational machinery wererid encoding a protein of 311 amino acid residues sgari
tified for up-regulated genes (gALL_c3061,similarities e-value 2E'*%, 66 % identity, 82 %, similar-
gALL_c16674, gALL_c19094) and photosynthesis foity) with momilactone A synthase-like protein frovfitis
down-regulated genes (gALL_rep_c34074, gALL vinifera (XP_002275768) that contains a secoisolaricire-
rep_c37283, gALL_rep_c50892). sinol dehydrogenase conserved domain.

Table 3 Reads showing differential expression between cultivars and/or treatments

Libraries EdgeR DEG (% of DEseq DEG (% of Total DEG (% of Up-regulated clusters Down-regulated clusters
total clusters) total clusters) total clusters) (% of total clusters) (% of total clusters)

159-D/159-C 209(0.49%) 176(0.41%) 226(0.52%) 165 (0.38%) 61(0.14%)

RUB-D/RUB-C 323(0.75%) 306(0.71%) 343(0.80%) 251(0.58%) 92(0.21%)

RUB-C/I59-C 173 (0.40%) 169 (0.39%) 184(0.43%) 104(0.24%) 80(0.19%)

RUB-D/159-D 392(0.91%) 433(1.00%) 490(1.14%) 320(0.74%) 170(0.39%)

Differentially expressed genes (DEG) were obtained with the R/Bioconductor packages DEseq and EdgeR. Total DEG values mean the union of DEseq and EdgeR
results. The calculation of percentage was based on total of clusters (43,087 clusters). Cultivars (RUB Rubi and 159: IAPARS9) of C. arabica and treatments (C control
and D drought) are indicated
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Fig. 3 Gene ontology (GO) enrichment analysis on a list of differentially expressed genes up- and down-regulated under four conditions. The calculation
of fold change was based on the ratio of: (a) 159-D/I59-C; (b) RUB-D/RUB-C; (c) RUB-C/I59-C; and (d) RUB-D/I59-D. The Y axis indicates the
number of genes normalized by the total number of genes used in each comparison from each library. Cultivars (RUB: Rubi and 159: IAPAR59) of C. arabica
and treatments (C: control and D: drought) are indicated

Similar expression profiles, characterized by high up-
regulation under drought conditions particularly in
TAPARS9, were observed for the orphan genes CaUNKI
CaUNK4 CaUNK5 CaUNKS and for CaPSBB(similar
to the gene of C. arabicachloroplast genome encoding
the photosystem II CP47 chlorophyll apoprotein) and
CaSDClencoding a putative protein related (81 % iden-
tity, 88 %, similarity) to the adenosylmethionine decarb-
oxylase proenzyme of Catharanthus roseysExpression
of the CaUNKG®6 gene was also induced under drought
conditions but without significant difference in expres-
sion between the two cultivars.

Interestingly, the expression profiles of orphan genes
CaUNK7 CaUNK9, CaUNK1p CaUNK15 CaUNK16
and CaUNK17 were similar to that of HSP-encoding
gene CaHSP3in the sense that gene expression was
highly up-regulated under drought conditions in both
cultivars. In the case of CaUNKZ1O0, it is worth noting
that expression increased 145- and  88-fold under
drought conditions in Rubi and IAPARS9, respectively.

Under drought conditions, expression of the CaGAS2
gene encoding a putative protein homologous (73 %
identity, 86 % similarity) to the arbutin synthase from
Rauvolfia serpentin@AJ310148), was slightly increased
in JAPARS9 but reduced in Rubi. The CaCAB2 CaCHI1

and CaELIP3genes encoding a photosystem II light har-

vesting chlorophyll A/B binding protein of Gardenia jas-
minoides(ACN41907), a class III chitinase of C. arabica
(ADH10372) and an early light-induced protein (ELIP)

of Glycine max(NP_001235754), respectively, showed

similar profiles but with lower expression in Rubi than

in IAPARS9, under control and drought conditions.

Lastly, expression of the CaPP2gene encoding a putative

phloem protein 2 (PP2) of Vitis vinifera (XP_002279245)

increased under drought conditions in Rubi but was quite

stable in IJAPARS9 under both conditions.

Expression of type Il nsLTP genes

The expression of Type II nsLTP-encoding genes was
also monitored using the primer pairs LTP-FT/LTP-R1
(specific to the CaLTPland CaLTP2genes from the C
eugenioidesub-genome of C. arabicg hereafter referred
to as CaCe, LTP-FI/LTP-R2 (specific to CaLTP3genes
from the C. canephoraof C. arabicg hereafter CaCo
and LTP-F100/LTP-R100 recognizing all homologous
genes [32]. No expression of NSLTP genes was detected
under the control conditions in both cultivars (Fig. 5).
However, expression of NSLTP genes was highly up-
regulated in IAPARS9 but not in Rubi under drought
conditions. It is worth noting that the CaLTPLCalLTP2
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Fig. 4 Expression profiles of genes up-regulated under drought conditions. Gene expression was analysed in plagiotropic buds of Rubi (RUB) and
IAPARS9 (159) cultivars of C. arabica grown under control (white isobars) and drought (black isobars) conditions. The gene names are indicated in the
histograms. Transcript abundances were normalized using the expression of the CaUBQ 10 gene as the endogenous control. Results are expressed
using RUB-C as the reference sample (Relative expression =1). Values of three technical replications are presented as mean+SD (bar)
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Fig. 5 Expression of nsLTP genes. Expression of CaLTP[-CaLTP2 (CaCe:
white isobars), CaLTP3 (CaCc: grey isobars) and all (CaLTP 1, CaLTP2
and CaLTP3: black isobars) genes was analysed by qPCR in plagiotropic
buds of Rubi (RUB) and IAPARS9 (159) cultivars of C. arabica grown
under control (C) and drought (D) conditions, using the LTP-FT/
LTP-R2, LTP-FT/LTP-R1 and LTP-F100/LTP-R100 primer pairs, respectively
[37]. Expression levels are expressed in arbitrary units (AU) of nsLTP
genes using the expression of the CaUBQ10 gene as the endogenous
control and RUB-C (with LTP100 primers) as the reference sample
(Relative expression = 1). Values of three technical replications are
L presented as mean +SD (bar)
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cuticle than Rubi under drought conditions (Fig.. 6)
There was also a strong interaction between gpgot
and drought conditions (F1, 40 = 16,2). For example

the D' cultivar IAPARS9, the abaxial epidermis cuticle
thickness greatly increased under drought condition
compared with the control treatment (Table 4). How
ever, no significant variation in abaxial epidermigicle
thickness could be observed between the control and
drought treatments for Rubi leaves.

Genes with reduced expression under drought conditions

The qPCR experiments led to the identification @f-s
eral genes whose expression was reduced underthdroug
conditions (Fig. 7). In both cultivars, expressiohthe
orphan gene<CalINKI11 and CalINK12, and of the
CaDLP1 gene encoding a putative protein containing a
dirigent-like protein domain homologous to thgpo-
thetical protein (CAN61316) dfitis vinifera, was greatly
reduced under drought conditions. Expressiénthe
CaCHI2 gene encoding a protein homologous to the pu-
tative chitinase ofCatharanthus roseus (ADK98562),
was 5-fold higher in IAPARS59 than in Rubi under the
control conditions but decreased under drouggdridi-

and CaLTP3 genes were co-expressed in IAPAR59, antions. However, the expression level of theCHI2 gene
that the expression ofaCc genes was slightly higher was similar in IAPAR59 and Rubi under drought cendi

than that ofCaCe genes.

Drought influences leaf cuticle thickness

tions. For the geneSaCHI3 (putative protein related to
chitinase-like protein Artemisia annua [ABJ74186]),
CaUNK13 and CaJAMT1 (putative protein containing a

Leaf anatomical analyses were also performed, liepa methyltransferase domain [pfam03492] found dn-

that the abaxial epidermis of IAPAR59 hadthicker

zymes acting on salicylic acid, jasmorécid and

Values of leaf cuticle thickness are given in Table 4. Bars=20 pm

Fig. 6 Comparative analysis of leaf histological cross sections of IAPAR59 (a and b) and Rubi (c and d) cultivars of C. arabica under control
(irrigation: a and ¢) and drought (b and d) conditions. Samples were double stained with Schiff and NBB and observed under wide field (at the
bottom left of each image) and fluorescent microscopy (A4 filter). LE = Lower (abaxial) epidermis. The white arrows indicate the fluorescent cuticle.




Mofatto et al. BMIC Plant Biology (2016) 16:94 Page 12 of 18

Table 4 Influence of drought on leaf cuticle thickness control and drought conditions, but decreased tidras

Cuticle thickness (um) ally in Rubi under drought conditions.

Treatment IAPAR59 Rubi

Control 1.49+0.19° 1.75£0.15% Di )
iscussion

Drought 1.98+0.19" 1.73+0.28"

In this study, we obtained 34.7 Mbp (coverage 6.6k)
sequences with longer reads (mean of 379.2 bp) plam
giotropic shoot apices enriched in meristems arichqur
dium leaves of two cultivars df. arabica under control
(irrigation) and drought conditions. These sequeneere
assembled giving 43,087 clusters (17,719 contigtue
sively from 454-sequencing and 25,368 hybrid cantig
formed by 454 and Sanger sequences) with a mean siz
300 bp each. These RNAseq data, which complement

Leaves of IAPAR59 and Rubi cultivars of C. arabica grown under control
(irrigation) and drought conditions were analysed to measure the cuticle
thickness of the abaxial faces. Values (in um) correspond to the average
calculated from 11 independent measurements. Those marked with different
letters are significantly different (Student-Newman-Keuls mean comparison
test, P<0.05)

7-methylxanthine), similar expression profiles wévand.
In these cases, drought reduced gene expressibiotin
cultivars but expression levels were always higirer
IAPARS9 than in Rubi, particularly fataJAMTT. those already available in public databases foeedESTs
Gene expression levels of th@H2A (H2A histone (407 million ESTs: dbEST release June 2015), canooe
protein), CaGRP2 (putative glycin-rich protein) and sidered as innovative and relevant in the sense thtey
CaUNK14 genes, were similar in Rubi and IAPAR59.were produced fronC. arabica tissues (meristems) that
For the CaAEP1 (putative aldose 1-epimerase) anchave never previously been studied [39].
CalPS1 (myo-inositol 1-phosphate synthase) genes, geneThe transcriptome annotation by Blast2GO provided

expression remained high in IAPAR59 undeoth information based on the nomenclature and orgaafsm
r M
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Fig. 7 Expression profiles of genes down-regulated under drought conditions. Gene expression was analysed in plagiotropic buds of Rubi (RUB)
and IAPARS9 (159) cultivars of C. arabica grown under control (white isobars) and drought (black isobars) conditions. The gene names are indicated in
the histograms. Transcript abundances were normalized using the expression of the CaUBQ 10 gene as the endogenous control. Results are expressed
using RUB-C as the reference sample (Relative expression = 1). Values of three technical replications are presented as mean +SD (bar)
N
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origin of genes in the NCBI/NR database, the enzynfehen et al. [43] showed that the phosphorylation of
family, a functional analysis of proteins from thger- OsWRKY30 protein by MAPKs is a key step in confegri
Pro database, and metabolic functions, biologica- p drought tolerance in transgenic rice. According dor
cesses and cellular location from gene ontologyr Ouwesults, higherCaSTK1 expression under drought condi-
results showed that a large percentage of trariean® tions in IAPAR5S9 than in Rubi could enhance the NKAP
alignment had 36,965 hits with known function (8%8, cascade and therefore be involved in the droudétaioce
1,824 genes with unknown function (4.2 %) bothhie t of IAPARS59. In this cultivar, the over-expressiorf o
NCBI/NR database, and only 1,515 hits in the Im@rp CaSAMT1 under drought conditions is also particularly
database (3.5 %), thereby enabling the identibicabf interesting because this sequence encodes a putativ
most genes. With this analysis, we identified 34,85adenosyl-L-methionine-dependent methyltransferase r
genes related tQoffea sp. (80.9 % of the total). We alsojated to the TUMOROUS SHOOT DEVELOPMENT2
found 1,383 genes frorfolanum sp., 573 genes from (TSD2) gene. ImMrabidopsis thaliana, tsd2 is a pleiotropic
Populus trichocarpa, 482 genes fronVitis vinifera and  mutation that affects leaf, root and shoot meristivel-
156 genes fromArabidopsis sp. Thus, the transcriptome opment [44]. Expression of a TSD2:: GUS reportenege
was aligned with several genes from different plartas mainly been detected in meristems where this g
species and these genes may be conserved amorg tlessential for cell adhesion and coordinated plaweldp-
species, includingCoffea sp. On the other hand, our re-ment. The weaker expression G§SAMT1 in Rubi than
sults also included 2,78%10-hit’ genes (6.5 %), perhapsin IAPAR59 under drought conditions, points to agst-
indicating the presence of unannotated or new genes ence of major developmental differences betweersethe
The comparisons of DNA libraries undertaken durtwo cultivars. The differential expression in Ruand
ing this work led to the identification of 1,243 rges IAPAR59 of the CaSLP1 gene encoding a putative
(Table 3:5 Total DEG %) with differential expression pro-subtilisin-like protein is also worth noting. Wrabidopsis,
files in silico between the drought-susceptible (Rubi) anthe subtilisin-like serine-proteasdD1 (stomatal density
drought-tolerant (IAPAR59) cultivars of. arabica with — anddistribution) gene was shown to be strongly expressed
drought conditions. The expression profiles of ¢hesn stomatal precursor cells (meristemoids and guard
genes, as well as those of other previously idedtijfenes mother cells) [45]. In additionsdd1 mutation increased
[10, 11, 3632], were analysed by gPCR in plagiotropideaf stomatal density (SD) whilDD1 over-expression led
buds (containing meristems and small leaves) tdk@n to the opposite phenotype with decreased SOL.Inrab-
control and drought-stressed plants of Rubi andAR®9.  jcaz, maximum and minimum average stomatal densities
For most of the CGs identified during this Work, \iivo were observed in full Sun"ght and shaded conditiosr
gene expression profiles confirmed those deduced fn  spectively, providing evidence for the existenceplafsti-
silico comparisons of DNA libraries. For example, this wasity for this characteristic in this coffee specid$, 47].
the case for th€aHSP3 (heat shock protein) gene whoseEven though no SD were observed between Rubi and
up-regulated expression under drought conditions lm&a IAPAR59 under moderate drought conditions [48], the
considered as dmolecular contrdl of stress applied to CaSLP1 expression profiles presented here do not pre-
the plants during this study and confirmed by leater clude the involvement of this gene in the genetited
potential ®pg) measurements. Many ESTs encoding putaninism of drought tolerance in coffee.
tive HSPs were also found in leaf cDNA libraries (of Another interesting response concerned the diffeden
arabica (SH2) and C. canephora (SH3) plants grown expression of th€aMAS1 gene encoding a putative pro-
under drought conditions [31], heat stress [40)f lefec- tein containing the conserved domain [cd05326]s Tduo-
tion by Hemileia vastatrix [15, 16] and also during bean main is also found in secoisolariciresinol dehyermese-
development [14]. like proteins catalyzing the NAD-dependent conwersof
Our results also identified several genes difféadipt (-)-secoisolariciresinol to (-)-matairesinol, likbe Arabi-
expressed in plagiotropic buds of IAPARS9 and Ralsi, dopsis ABA2 protein considered to be one of the key regu-
for the CaSTK1 gene encoding a putative serine/threonintators of ABA biosynthesis [49]. Based on theMAS1
protein kinase containing a conserved domain (ct0B6 expression profiles presented here, it is possizé ABA
of mitogen-activated protein kinases (MAPKs). Th&se synthesis was enhanced by drought in plagiotropits lof
nases are known to have a central role in thedtatiosn IAPAR59 but not (or to a lesser extent) in thosé
of extra- and intracellular signals in plants, irmthg cell Rubi. This hypothesis is also reinforced by thet fihat
division and differentiation, as well as in respemigo higher CaJAMT1 expression was observed in IAPAR59
various types of stress [41]. IRisum sativum, there is than in Rubi buds. Indeed, in addition to well-kmow
evidence that the MAPK cascade is involved in ABAfunctions of jasmonates in plant defence meisinas
regulated stomatal activity as well as ABA-induagehe in response to biotic stress [50], recent studieo a
expression in the epidermal peels [42]. In a restmdly, demonstrated that methyl jasmonate stimulaA&A
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biosynthesis under drought conditions in plesicof probably reflect a better photosynthetic and physio
Oryza sativg51]. logical status of IAPAR59 compared to Rubi.

Higher expression ofCaSDC1 (encoding a protein  Differential expression was also observed for the
sharing 89 % similarity with the S-adenosyl-L-methi chitinase-encoding ger@aCHI1, with higher expression
nine decarboxylase fronCatharanthus roseQsunder in IAPAR59 than in Rubi. An opposite situation wals-
drought conditions in IAPAR59 than in Rubi is alsoserved with respect to the chitinase-encoding genes
worth noting because this enzyme catalyzes thensgig CaCHI2 and CaCHI3 whose expression was reduced
of polyamines (e.g. spermine, spermidine and pecittey under drought conditions. It is worth noting thdie t
involved in stress tolerance in higher plants [5R]. expression of these genes under drought conditicats
Theobroma cacaoABA and drought induced the expres-always higher in IAPAR59 than in Rubi. These resalso
sion of TcSAMDCincreasing spermine and spermidineshow that coffee chitinase-encoding genes respoied
leaf contents correlated with changes in stomaiatact- different ways to drought. A large number of clage-
ance [53]. More recentlySAMDC over-expression in encoding ESTs were identified in the BCGP projed],[
transgenic rice was also shown to facilitate drougter- mainly in the SH2 cDNA library of drought-stressed
ance [54]. Investigation of polyamine levels ingitdropic  plants ofC. arabicavar. Catuai [58], but also in the leaves
buds and leaves of IAPAR59 and Rubi would be of paof C. arabicainfected by leaf rust [62]. Even though chiti-
ticular interest to see if these compounds arehmdoin nases are defence-related enzymes induced by cabioti
drought tolerance in coffee. stress, some evidence also indicates their patioip in

In mature plants, nuclear-encoded early-light inldiec tolerance to abiotic stress [63]. Even though thlesr of
proteins (ELIPs) accumulate in response to variitsss pathogenesis-related proteins in abiotic stressstenot
conditions including ABA or desiccation [55]. Thesefully understood, D transgenic plants over-expressing
proteins are presumed to protect the chloroplaptrap chitinase genes have been obtained [64]. In thatesehe
atus from photo-oxidation occurring after stomdimita- high level of expression foEaCHI1 in plagiotropic buds
tion of photosynthesis [56]. In a recent studynsgenic of IAPAR59 under both control and drought condion
plants ofMedicago truncatuleover-expressing th®sp22 could have an important function in drought tolesan
gene fromCraterostigma plantagineurwere shown to be  Arbutin is a phenolic glucoside (4-hydroxyphefyD-
able to recover from water deprivation better thaitd  glucopyranoside) abundant in the leaves of marszing-
type plants, thereby reinforcing the idea of uskElgP- or desiccation-tolerant plants [65] and also presen
encoding genes to improve abiotic stress resistance coffee fruits [66]. In a previous study, down-regfidn of
crops [57]. Our results clearly highlight the iresed ex- the CcGASgiene encoding arbutin synthase was reported
pression of theCaELIP3(ELIP-like), CaPSBB(CP47-like) in leaves ofC. canephoraunder drought conditions [10].
and CaCAB2 (PSIl Cab proteins) genes, respectivelyThe results presented here clearly demonstratderedtif
under drought conditions. Interestingly, the exgim@s tial expression profiles fo€aGAS2between the two culti-
levels of all these genes were always higher inARB9 vars of C. arabica Gene expression increased under
than in Rubi. These results are also in accordavite drought conditions in IAPAR59 while the opposite swa
electronic Northern experiments which showed higbbserved in Rubi. Even though the presence of iarliut
accumulation of ELIP and Cab-encoding ESTs in cDNAoffee leaves has never been demonstrated, fusther
libraries of C. arabica and C. canephorasubjected to lyses of this metabolite should be performed teatigate
drought [58]. the role of this glucoside (and of other phendam-

Another surprising result concerned tBaPSBBgene pounds) in preventing cell damage in coffee subject
that was reverse-transcribed and detected during aabiotic stresses.
gPCR experiments despite the fact that it corredpdo The CaPP2gene (encoding a putative phloem protein
a chloroplast gene [59]. However, preliminary asal/of 2, PP2) also showed differential expression prsfilgith
a whole genome sequence ©f canephoraevealed the higher expression in IAPAR59 than in Rubi. In highe
presence of a CP47/like nuclear gene [60]. Interglst plants, PP2s are sieve elements (SE) very aburidant
photosystem Il CP47 chlorophyll apoproteins encgdinthe phloem sap. These proteins are believed to ahay
ESTs have also been reported to be express€d @amab- important role in the establishment of phloem-baded
ica beans [61], leaves infected biemileia vastatri{62] fence mechanisms induced by insect attacks andnfged
and also in the cDNA libraries (SH2 and SH3) ostress [67], but also by wounding and oxidative dion
drought-stressed coffee plants [14, 24, 31], detnans tions [68]. The functions of PP2 proteins are stitlot
ing increased expression of this gene under biatid clear but they could act by forming high molecular
abiotic stress. As CP47 and ELIP proteins are ¢issenweight polymers to closé'$E plugging) the sieve pores
for the activity and protection of the photosynibedp- caused by external injuries mainly due to bioticess
paratus [55], the expression profiles oregd here [69]. When Arabidopsis was treated with HrpN (a
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proteinaceous elicitor of plant defences produced kregulation ofLTP genes under drought conditions is well
gram-negative plant pathogenic bacteria), the sfpr documented in higher plants F&L]. Lipid transfer pro-
sion of phloem-feeding activities by aphids wagiatt teins (LTPs) are thought to be involved in the $fan of
uted to over-expression of the PP2-encoding getipids through the extracellular matrix for the rization
AtPP2-A1[70]. Other studies showed that HrpN acti-of cuticular wax [82]. In fact, together with thipdphilic
vated ABA signalling, thereby inducing drought tle cutin polymer matrix, waxes enter in the compositiaf
ance in Arabidopsis thaliana[71]. Based on these cuticle, which forms the first barrier between ptaand
results, the involvement of PP2 proteins in plaet r environmental stresses by limiting non-stomatal ewat
sponse mechanisms to abiotic stress can be hypotlhess and gas exchanges, hence mitigating the effefct
sized, for example by maintaining (or protectinge t drought by controlling water loss associated wiider-
integrity of vessels under drought conditions bynfing mal conductance [83]. INicotiana glauca,LTP genes
sieve plate filaments upon oxidation [72]. In tlwtse, are predominantly expressed in the guard and epaler
higher synthesis of CaPP2 which would be expeated tells and are induced under drought conditions ,[84]
occur in IAPARS9 plagiotropic buds under droughhco providing evidence that LTP play an important rabe
ditions could play a role in drought-tolerance du- the development of drought tolerance. Even though t
cing sap-flow in young leaves and consequentlyp-regulation ofCaLTP genes observed under drought
increasing the water use efficiency of this cultif48]. in plagiotropic buds of IAPAR59 cannot explain ditg

Other interesting results concerned the gene esipres the greater thickness of leaf cuticle observedhis tul-
stability of theCaAEP1(putative aldose 1-epimerase) andivar than in Rubi, these results strongly suggesteat
CalPS1 (myo-inositol 1-phosphate synthase) genes oflipid metabolism plays a major role in coffeeodight
served in IAPAR59 under control and drought condidi tolerance.
whereas expression of both genes decreased undeks reported in other higher plants, our study also
drought conditions in Rubi. Plant cells use myasita to  highlighted the differential expression of many ge®n-
synthesize a variety of low molecular weight commisi coding proteins known to be over-expressed undatichi
and sugar alcohols such as the galactinol, a lemeit in  stress (e.g. chitinases and PP2), by drought. atiettat
the formation of raffinose family oligosaccharidéfishi- our experiment was conducted with drought-stressed
zawa et al. [73] found that plants with high gdfaatand plants grown under uncontrolled (field) conditiomsuld
raffinose contents were less susceptible to oxidattress. explain such a situation. However, it is also phibahat
In C. arabica up-regulation ofCaGolSgenes involved in these results reflect a biological reality sinceisit well
galactinol biosynthesis was reported in leavesplahts known that crosstalk exists in higher plants betwsignal-
subjected to severe drought [74]. In addition, didwp- ling pathways for biotic and abiotic stress respsri85].
regulated the expression of mannose 6-phosphate-red
tase (involved in mannitol biosynthesis) in leawsC. Conclusions
canephora[10, 11] andC. arabica[75, 76]. Even though During this work, we produced some new transcrip-
littte is known about the biochemical mechanisms dbmic information forC. arabica with a total of 34.7
drought tolerance in coffee, the accumulation obchy- Mbp of sequences assembled into 43,087 clusters
drates expected in leaves of drought-stressedsplsita (41,512 contigs and 1,575 singletons) from genes
consequence of the up-regulated expression of thesgressed in plagiotropic shoot apices enrichechéni-
genes, could play an important role in the gendéiter- stems and primordium leaves il DAPAR59) and B
minism of this phenotype in coffee [77]. (Rubi) cultivars grown under control and droughhdie

In addition to the previously described genes, m@ur tions. Major differences between these plants comck
sults also identified several orphan genes thasgmied their phenotypic behaviour (e.g. predawn leaf water
differential expression profiles between the calts/and potential, Wpq) and transcriptome expression profiles.
treatments, such a€aUNKZ CaUNKS3 and CaUNK4 Differences between these plants affected genespef
whose expression was highly induced under drougbific pathways such as those involved in abscisi a
conditions in IAPAR59 and to a lesser extent in Rubbiosynthesis, perception and transduction of drough
Orphan genes are also expected to interact spabific stress, plant development and lipid metabolismthiat
with the environment as a consequence of lineageense, the present study increased the number &f CG
specific adaptations to that environment [78]. potentially involved in the genetic determinism  of

Interestingly, the expression profiles of tEUNK2 drought tolerance firstly identified i€. canephoraBe-
and CaUNK3orphan genes were very similar to those ofauseC. arabicais an amphidiploid species (originating
Type Il nsLTP-encoding genes, with high expressiofrom a natural hybridization event betwe€ncanephora
mainly detected under drought conditions in plagiot and C. eugenioid€s its transcriptome is a mixture of
pic buds of IAPAR59 but not in those of lRuUp- homologous genes expressed from these sub-
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