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Abstrakt

Abioticky stres ma negativni dopad na celosvétovou zemédélskou produkci a snizuje
finalni vynos plodin. Vodni deficit a sluneéni zareni patfi mezi hlavni faktory ovliviujici
vynos plodin. Cytokininy (CK) jsou zndmé, ve spolupraci s dalSimi fytohormony, svou
Ucasti v odpovédi na abioticky stres u rostlin, prestoze je zplsob regulace tolerance
rostlin na stres stdle neobjasnény. Predkladana prace se zaméruje na studium role
cytokininG jakoZzto reguldtorl odpovédi na stres u rostlin téchto dvou hlavnich
stresovych faktorl — senescence a vodni stres. K tomuto ucelu byly pouzity dvé
zemédélsky vyznamné plodiny, a to jeCcmen (Hordeum vulgare cv. Golden Promised) a
pSenice (Triticum aestivum cv. Inta Oasis), u kterych byl studovan stres vyvolany
stinénim a je¢men, u kterého byl sledovan vodni stres a nasledna regenerace téchto
rostlin. V prvni ¢asti prace byl vyhodnocen dopad zmény kvality svételného spektra na

cytokininovy metabolismus u jeCmene a pSenice. Navic byly charakterizovany



transgenni rostliny jeCmene s umlénym genem cytokinin oxidasy/dehydrogenasy
(CKX), hlavnim enzymem nevratné degradujici CK. Pro objasnéni, zda CK reguluji
toleranci vodniho stresu a kapacitu regenerace u jeCmene, bylo vybrano Sest
nezavislych transgennich linii s umlénymi HvCKX2.2 a HvCKX9 geny. Vysledky prace
ukazuji, Ze CK jsou dllezité hormony, které reguluji oba typy stresu a Ze udrzeni hladiny
endogennich CK (hlavné ve formé volné baze) byly klicové pro oddaleni stresem
indukovanych negativnich efekt( u rostlin. Konkrétné je ukazano, Ze jednim z hlavnich
faktord udrzujicich hladinu CK byla regulace degradace CK. U stresu vyvolaného
stinénim se objevila vyrazna nadregulace genu CKX1 v senescencnich listech jeémene
a pSenice. Podobné, vodou stresované rostliny vykazovaly zvySenou expresi HYCKX1, a
to hlavné u nejvice sensitivnich linii. Oproti CKX1, nadregulace genu CKX3 souvisela s
nizsi degradaci chlorofylu u stinem indukované senescence a vyssi tolerance na vodni
stres v pSenici a je€meni. Zavérem je navrzeno, Zze mezi CKX isoformami regulujicimi
odpovéd na abioticky stres u je€mene a pSenice existuji rozdilné a konzervativni role.
Odpovéd na vodni stres a regeneracni kapacita nesouvisi pouze s CK. Komplexni
interakce s dalSimi rostlinnymi hormony a metabolity souvisejicimi se stresem jako
aminokyseliny a polyaminy byly také pozorovany. Véfime, Ze zména CK homeostaze
skrze podregulaci genli CKX v rostlindch vedla ke vhodnému ndstroji pro studium
odpovédi rostlin na stres vyvolany stinénim a vodni deficit a/nebo interakce mezi
primarnim a sekundarnim metabolismem regulujicim stresovou odpovéd'a regeneraci

u rostlin.
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Abiotic stress impacts negatively on agriculture production worldwide and diminish
the final yield of crops. Among all constraints, water deficit and solar radiation are main
determinant of crop production. Cytokinins (CKs) are known to be involved in the
abiotic stress responses of plants, in a complex crosstalk with other phytohormones,
although their role regulating plant stress tolerance remains unknown. The presented
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part, we evaluated the effect of changes in light spectral quality by shading-induced
stress on CK metabolism in barley and wheat. Besides, we also characterized
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oxidase/dehydrogenase (CKX), the main enzyme irreversibly degrading CKs. Then, to
clarify whether CKs regulate water stress tolerance and recovery capacity in barley, six
independent transgenic lines with silenced HvCKX2.2 and HvCKX9 genes were selected.
As results, we showed that CKs are relevant hormones regulating both types of stress
and that the maintenance of the endogenous CKs (especially the base forms) was
crucial for delaying the stress-induced negative effects in the plants. Concretely, we
showed that one of the main factors conditioning the CK content was the regulation
of CK degradation. Under shade-induced stress there was a marked up-regulation of
the CKX1 gene in senescing leaves of barley and wheat occurred. Similarly, water
stressed plants also increased the expression of HvCKX1, especially in the most
sensitive lines. Opposite to CKX1, the upregulation of the CKX3 gene was related to a
lower Chl degradation under shade-induced senescence and higher waters stress
tolerance in wheat and barley, respectively. Altogether, we suggest that differential
and conservative roles exist between the CKX isoforms regulating the abiotic stress
response in barley and wheat. The water stress response and recovery capacity was
not only related to CKs. A complex crosstalk with other plant hormones and stress-
related metabolites such as amino acids and polyamines was also observed. We
believed that the alteration of the CK homeostasis through the down-regulation of CKX
genes in plants resulted in a good tool to study the plant response to shading-induced
stress and water deficit, and/or the crosstalk between the primary and secondary

metabolism regulating plant stress response and recovery.
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“In conclusion, it appears that nothing can be more improving to a young naturalist, than a
journey in distant countries.”

Charles Darwin, Voyage of the Beagle



To Petr



Acknowledgements

My deepest gratitude belongs to my supervisors: Petr Galuszka and Nuria De Diego
Sanchez. | want to thank Petr for putting his trust in me, for his unconditional support and for
being a beautiful person. | would like to express my sincere gratitude to Nuria for taking the
responsibility of my direction without doubts, for her patience, for encouraging me every day
and for transmitting me her unlimited passion for science. It is a pleasure for me every time we
discuss science, thank you!

| would like also to acknowledge all the people who made possible the International
Cooperation Program between the Ministry of Science, Technology and Productive Innovation of
Argentina (MINCyT, Project ARC/14/13) and the Ministry of Education, Youth and Sports of the
Czech Republic (MEYS, Grant N° 7AMB15AR011; NPU-l, Grant N° LO1204). Without this
possibility, | would have never come to Czech Republic and decided to study here Ph.D.

| want to thank to all my colleagues at the University, especially at the Department of
Molecular Biology but also those at the Department of Chemical Biology and Genetics, who
support me and encouraged me in my research. | would particularly like to thank Katarina
Holubova for her help and suggestions at the beginning of my studies, and to Ivo Frébort,
Véronique Bergougnoux and Lukas Spichal for their willingness to support me to finish Ph.D.
during this difficult last year. My special thanks go to Véra Chytilova and Katefina Janosikova for
their unconditional help with plant material harvest and technical support. | also wish to express
my sincere gratitude to my supervisor of Master Thesis in Argentina Fabio Causin, with whom |
continued collaborating during my Ph.D. Thank you very much for your guidance and time to
discuss science with me, even when the distance sometimes makes it very complicated.

| want to express my feelings of gratitude to all the friends | met here in Czech Republic,
inside and outside the academic environment, who embellished these last five years of my life.
First, | would like to acknowledge Kristyna Hromadova, for being an incredible friend and the best
teacher of Czech culture. Without all we have experienced together, | would have never love
Czech Republic as | do. My heartfelt thanks also to: Agata and Karol, Honza and Venca, Thu, Honza

H., Petka, Zuzi, Srni, Claudia, Katka J., Kata H., Auguste and Justinas, Yuli, Denisa and whole family,



Estrellita, Pepi, Kaja, Lydia, Iva, Alba, Kata and Vita and Evi. You all are beautiful and | will always
keep you in my heart!

Finally, | would like to deeply thank my family for all the encouragement and support.
Thanks to my parents Diana and Edgardo, to my brother Maximiliano and to my grandparents:
Raquel, Juanito, Pepe and Elsa; and, to my boyfriend Pablo. Even when you all knew that | would
be long time far away from home, you supported me and accepted my decision to come to study

to Czech Republic and follow my dreams.






Contents

Index Of tables AN fIGUIES.........uiie e e e et e e s e aa e e e e e aneee s 1
TABIES e s s s 1
T =L U] 1= 3

ADBDIEVIAtIONS ... e e 14

CHAPTER I: General INTtrodUCTION .....cc.eiiiiiiiiiiceccee e s 16
I. 1. Coping with a sessile lifestyle: a stressing plant tale .......cccoeecveeeieiiiie e, 17
I Il. The different kinds of stressors and stress conStraints ..........cccceeveerieeieenienieenieeeeee, 18
(R IR Y = T T A T - [ o1 (o] SO PR 19
L IV Wt el STrESS FESPONSES et ieeiiiiiitiiiie e ettt e se e e e e et etrases e s e e eeeeaesraaasseseesesesssanansesaeennens 19
I. V. Stress-induced senescence: a common denomiNator.......ccccevvviriienieeiieeneenie e 21

I. VI. Cross-signalling of phytohormones in the regulation of shading and water stress

FESPIONSES eeieeeieitrenueseeeeettreru s eeeeerteennaaa e saeerernnnsasssssaeerannensasssssseesennennnssnsssseeennnsnnnnnnseeeeerenes 22
L. VIL Barley and WHEat .......ooo ittt ettt e e st e e et e e e s aaae e e e ssaaeeeeans 23
[V B 0 o =Tt Y PRSP 25
CHAPTER II: The role of cytokinins in light-mediated senescence in barley and wheat .............. 26
1 T ) f oo [ ot o o o PSPPSRSO 27
[1. 1. Materials and Methods .........cociiiiiiiie e 30
[I. 1 .I. Plant growth and experimental procedure ........cccccveeeeeecciirreeeee e 30
[I. 1. 1l. Determination of chlorophyll content and protein concentration ..........ccccceeeuuneee. 33
[1. 11, 11l. Cytokinin content MEASUIEMENTS ...veeeieeiieieciirieeeeeeeeeecctirree e e e e e eeetrreeeeeeeeeeesannnees 33
I 1. IV. Measurement of CKX aCtiVity ...cccccvvieiieeiieiiiiiieeec et e 33
II. 1. V. Phylogenetic tree construction and identification of wheat orthologues for genes of

1 =T =] PP PPPPROP 34
1. 1. VI. Analysis of gene expression by gqPCR .......c..ceemiiiiiei e 36

[ 1L VI Western Blot @nalySis .....eeeei ittt e e e e 38
[ 1L VL DAta @nalySiS .ceeeeeiieiiiiiieiee e e e ettt e e e e e cttee e e e e e e e et re e e e e e e e s eanntaeneeeaaeseesnnnsnens 38
[L THE RESUIES ettt ettt e e et e e s sabe e e e s sabee e e e ssabbaeesssbaeeessaseaeesanns 39

A. Experiment 1 - Shade-induced senescence in wheat leaves. .........cccvvveeeinniieeeiniiieeenne 39



B. Experiment 2- Regulatory aspects of shade-induced senescence in barley leaves. ........ 51
LR LY B T o U 3] [ o RPNt 54
LR Y e Y ol [0 o o ISR 60

CHAPTER IlI: A novel image-based screening method to study water deficit response and

recovery of barley populations using canopy dynamics phenotyping .......ccccccevvviveeeeniieeeeennnne 61
11 P T o o [F ot o o TR PO OO PRSP PR SPPPRPPPTRPPPTOTRPON 62
1. 1. Materials and Methods .......oooviiiiiii e s 64

[, 11. 1. Plant material and growth conditions ..........cccceviiiiiiiiiniiiee e, 64
[, 1. 11. Non-invasive plant phenotyping......cccccuiieiiiiiiei e 64
L1111 The ASSQY WOTKFIOW ...eveiiiiiiee ettt e s e s saaee s 67
L 11 IV, ManUual Parameters .....ueei it se et e e e sare e e e st e e s e ssaae e e s ssraeeessnnaeeens 69
[1I. 1. V. Statistical analysis and data representation .........cccccceecveeeeriiee e, 71
[ T RESUIES ettt et ettt e et e e s bt e e s bt e e s abe e e sabeessaseesenneesnneenas 72

[I. . I. PHENOTYPING METHOD- Screening of barley population using simple RGB imaging

............................................................................................................................................... 72
[11. NI. 1l. VALIDATION AND REPRODUCIBILITY OF THE PHENOTYPING METHOD................... 81
[I. 11, [1l. DATA ANALYSIS- Multivariate statistical analysis for understanding the
physiological basis of the image-derived traits and water stress response in barley
X070 10 F= 1 [ o 13U 90
L Y B Ty o{ U Y [0 o PP PO P PP OPPRRPPPRT 96
[ V. CONCIUSION ittt ettt e st s e e s sab e s esb e s nn e e sneee e 99
CHAPTER IV: Dissecting the cytokinin-mediated tolerance of plants to water stress using an
integrative approach combining phenotyping and metabolomics .......cccccccovveccrieeeeiieeeeiccnnneee, 101
IV, 1 INEFOTUCTION Lo 102
IV. 1l. Materials and Methods........c.c.ooiiriiiiieneeee e e 104
IV. 1. I. Preparation of Silencing liNES .....ccuvveveeiiiiiiiieeeee et 104
IV. 1. . Non-invasive plant PhenOtYPINg .......eecicoieciiirieieeee et 112
IV AL T ManUal PArameELeIS ...uuueeeeiee e ittt e ettt e e e e e e seearrereeeeeesesantarreeeseseessnsssseens 113
IV T RESUIES ettt ettt e s e s e e s e e n e e s neesaneennneeane 115



IV. 1lI. ll. Phenotyping of barley populations with altered CK homeostasis under water

deficit and subsequEeNt reWatering .........oeovciiii e e e 120

LY YR B 1Y o{ U1 [ PP 149
IV. V. CONCIUSION ..ttt s e s 152
CHAPTER V: GENERAL DISCUSSION ....etiiiiiiiiieeeiteeeite ettt ettt ettt 153
REFERENCES ...ttt ettt ettt ettt ettt e e ab e e st e e e bt e e s bt e e s bt e e sabeeesnbeesnbeesneeesanes 156
SUPPLEMENTS Lttt ettt ettt ettt ettt et e sttt e st e e st e e eab e e s sabeessaseesnneesnneesneees 179
SUPPLEMENTS Tttt ettt ettt e et e e st e e sab e s sab e e s eaneesnseesnneesaneeas 180
SUPPLEMENTS .ttt ettt ettt ettt ettt e s e e s bt e e st e e sab e e sab e e s saseesnneesnneesaneeas 181

SUPPLEMENTS IV ettt et e e e s st e e e s s s e ee e e e e e e e s e s emnnnees 182



Index of tables and figures

Tables

Table Il.1. Primer sequences used for real time PCR expression analysis of wheat and barley......37
Table 11.2. Content of different CK metabolites in excised wheat leaves (pmol gDW), at different
times of exposure to the shading treatments with neutral (N), blue (B), or green (G) light filters
(mean + SE, n=3). < LOD: below the limit of detection. Different letters mean significant
differences among treatments according Tukey HSD test after ANOVA.........ccooveceeveieceeeienins 41
Table 11.3. Chlorophyll content (%) compared to t0 in excised wheat leaves exposed during 100 h
to the green filter (G), in the absence or presence of 2.5 uM of the indicated CKs, which were
added at 52 h after the beginning of shading. A group of leaves exposed during 52 h to filter G
were changed to filter B without addition of CKs (treatment GB). Data are means + SE (n= 10).
Data with different letters differ at P < 0.05. ..ot e 44
Table 11.4. Chlorophyll content (%) compared to t0 and CKX activity, in excised wheat leaves
exposed during 100 h to the neutral (N), blue (B) or green (G) light filters, or during 52 h to filter
B and then 48 h to filter G (treatment BG). Where indicated, 10.0 uM INCYDE was supplied to the
external solution from either 24 or 52 h after the beginning of the shading treatments. Data are
mean * SE (n=10 for chlorophyll records and n= 4 for CKX analyses). Data with different letters
IFFE @t P S 0,05 ettt e s et b e bt ehe s e es et e b st n e 46
Table lll.1. Scheme of the three performed exXperiments.........cueeevcene e cecceeceeceeecee e s 66
Table I1l.2. Dynamics of canopy height of barley seedlings grown under water stress conditions.
Fold changes (logz) of the canopy height (pixels) of seedlings grown under stressed conditions for
12 days (endpoint day 15) compared with their respective controls, from five independent trays.
Asterisks and ns indicate the level of significance between stressed and non-stressed plants
according to ANOVA (n=50); * P<0.05; ** P<0.01; *** P<0.001; ns, not significant................... 77
Table Ill.3. Traits related to water deficit and recovery. Traits were extracted from the linear
regression of the canopy height in two randomly selected trays. Day is the day when treated and
not treated plants are different; Max is the maximal canopy height reached in the stressed plants

under drought; min is the minimal canopy height at the end of the drought period; Slope of the



linear curve from the canopy height in the drought period; MaxR is the maximal canopy height
reached in the stressed plants after rewatering; and SlopeR of the linear curve from the canopy
height in the rewatering PEriod..........cc et e e seesreerreeees 78
Table lll.4. Statistical analysis of several morphological and physiological traits measured in
barley seedlings at the end of the water stress period and after rewatering using two-way ANOVA
(Tray and Treatment). * P<0.05; ** P<0.01; *** P<0.001......ccoooveeeeeeeceeeeerereeeeereee e 85
Table 111.5. Statistical analysis of free AAs and PAs (pmol mg! DW) measured in barley seedlings
at the end of the water stress period and after rewatering using one-way ANOVA. * P < 0.05; **
P < 0.0L; F*% P L0007 ettt ettt s et s et s et st eae s et e st eb et st et se et et et ene 88
Table IV.1. Primers used in the PCR analysis for confirmation of the presence and orientation of
ThE SIIENCING CASSETLES ...ttt ettt e e e esbesteste st sa st st saesee e e sessansensansaneas 110
Table IV.2. Primer combination used and expected size for each of the sense and antisense
components Of the SIIENCING CASSETE......uiiiiiieice e e e aes s s 110
Table IV.3. Traits related to water deficit and recovery in wild type, (a) RNAi:HvCKX2.2 and (b)
RNAIi:HvCKX9. Traits were extracted from the contracted line of the canopy height. Day is the day
when treated and not treated plants are separated; Max is the maximal canopy height reached
in the stressed plants under water stress and Slope of the line from the canopy height in the
water stress period; MaxR is the maximal canopy height reached in the stressed plants after
rewatering; and SlopeR of the linear curve from the canopy height in the rewatering period.....122
Table IV.4. Content of different CK metabolites in in barley seedlings at the end of the stress
period. Different letters mean significant differences among treatments according Tukey HSD
TEST AFEEr ANOVA.. ..ottt e e e e e e e s e s s e n e e sen e e en e een 134
Table IV.5. Content of different CK metabolites in in barley seedlings after 4 days of rewatering.

Different letters mean significant differences among treatments according Tukey HSD test after

Table 1V.6 Content of ABA and AUXs in barley seedlings (wild type and 3 transgenic lines) at the
end of the stress period. Different letters mean significant differences among treatments

according Tukey HSD test after ANOVAL.........c. ettt e et sre et s e e see stesresnnens 137



Table IV.7. Content of ABA and AUXs in barley seedlings (wild type and 3 transgenic lines) after
4 days of rewatering. Different letters mean significant differences among treatments according
Tukey HSD test after ANOVA.........o ettt e e e et s et e s s et aes et es s ansarseaeaaeeseete s 137
Table IV.8. Content of free PAs in barley seedlings (wild type and 3 transgenic lines) at the end of
the water stress period. Different letters mean significant differences among treatments
according Tukey HSD test after ANOVA ...ttt sestesteste st st st st e e n s 140
Table IV.9. Content of free PAs in barley seedlings (wild type and 3 transgenic lines) after 4 days
of rewatering. Different letters mean significant differences among treatments according Tukey
HSD @St @fter ANOVA.....c oottt sttt et st et et be st e b e et eae se e beb et eae s ee e sen s enes 140
Table 1V.10. Content of AAs in barley seedlings (wild type and 3 transgenic lines) at the end of
the water stress period. Different letters mean significant differences among treatments
according Tukey HSD test after ANOVA......... ettt e st s rr s e s e e e e 141
Table IV.11. Content of AAs in barley seedlings (wild type and 3 transgenic lines) after 4 days of
rewatering. Different letters mean significant differences among treatments according Tukey

HSD tEST @ftF ANONVA . ...ttt e e eee e e eet e e e e eeteessesaeeeeesaeteeeasreeessenaeeaessetesessneneessnsneeeeenanenens 141

Figures

Figure 1.1. Scheme of the phase sequences and responses induced in plants by stress exposure
(adapted from Lichtenthaler, 1998).......c.cuiieirieeieee ettt sttt s e e e e e s s e e et ene 18
Figure. 1.2. The effect of water stress in crops and target traits for improvement (Adapted from
BarNabas €t al. (2008).......cccviuiiuiiiiceeirictiiieiee st ettt b cbe e et ebbe et shesaraaseebaerbe e re st srsensesreen 20
Figure Il.1. Blue light suppresses the interaction of CIB1 with specific regions of the SAG
chromatin, regulating leaf senescence. The scheme shows CRY2a-mediated blue light
suppression of the CIB1-dependent activation of leaf senescence. PHR, photolyase homologous
region; CCE, CRY C-terminal extension. Adapted from Meng et al. (2013)....c.ccccevevevvereirecrerennnens 27
Figure 11.2. (a) Percent light transmission spectra of the Lee filters used for the blue (B), green (G)

and red (R) light treatments (according to the manufacturer) and illustrative images of the boxes



used for the assay performed in the Experiment 1 with (b) wheat and in the Experiment 2 with
(€) DATIEY IEAVES....... ettt sttt et et et st et et sesaeses s et eae et steensesseaensetesensessesannasesnns 32
Figure 11.3. Phylogenetic trees for (a) TaCIB1, (b) TaHKs and (c) and TaHY5. The trees are drawn
to scale, with branch lengths measured in the number of substitutions per site. The percentage
of replicate trees in which the associated taxa clustered together in the bootstrap test (1000
replicates) is shown next to the branches. Along with wheat sequences, family members from
Arabidopsis thaliana and the soybean Glyma11g12450 gene (homologous to AtCIB1) were used
for the construction of the TaCIB1 phylogenetic tree; sequences of histidine kinases implicated
in CK perception in A. thaliana and Zea mays were used for the construction of the TaHKs tree;
the proteins OsbZIP01 and OsbZIP18 from rice, identified as the closest orthologous of A. thaliana
bZIP transcription factors HY5, and the HY5 homolog (HYH) in monocots, were used for the
construction of the TAHY5 phylogeNetiC tree.......cuciiiieeieiieeeee e 35
Figure 11.4. (a) Change in the percent chlorophyll content in detached wheat leaves at different
times after exposure to the neutral (N), blue (B) or green (G) filters. Asterisks indicate the
existence of significant differences for “shading treatment” effect, at a given sampling date. (b)
Chlorophyll content in detached wheat leaves at different times after exposure to the following
shading treatments: 92 h neutral filter (N), 92 h blue filter (B), 92 h green filter (G),30h G+ 62 h
B (GB 30 h),or54 hG+38hB(GB 54 h). Data are means + SE (a: n=8; b: n=4). Asterisks indicate
significant differences between treatment G and the remaining shading treatments.................. 40
Figure I1.5. Expression profile of two senescence markers in detached wheat leaves at different
times after exposure to the blue or green filters, according to the following treatments: 92 h blue
filter (B), 92 h green filter (G), 30 h G + 62 h B (GB 30 h), or 54 h G + 38 h B (GB 54 h). Asterisks
indicate significant differences for the expression level of both markers between treatment G
and the remaining treatments, at a given sampling date.......cccveeeeceivreeieicicece e 40
Figure II.6. Total CK content (a), cZ-type of CKs (b), O-glucosides (c) and ¢ZOG (d), in detached
wheat leaves at different times after exposure to the neutral (N), blue (B) or green (G) filters.
Data are means * SE (n= 3). Asterisks indicate the existence of significant differences for “shading

treatment” effect, at a given sampling date.......cooooe e e 42



Figure 11.7. CKX specific activity in detached wheat leaves, at different times after exposure to the
neutral (N), blue (B) or green (G) filters. Data are means + SE (n= 3). Asterisks indicate significant
differences for “shading treatment” effect, at a given sampling date.........ccccceeeveeveeevececcienienn, 45
Figure 11.8. Expression profile of TaCKX1 (a) and TaCKX3 (b) in detached wheat leaves, at different
times after exposure to the neutral (N), blue (B) or green (G) filters. Data are means * SE (n= 3).
Asterisks indicate significant differences for “shading treatment” effect, at a given sampling date.
Gene expression was relativized to 0 h=1 (orange dashed liN€).......cccceveeeeriveececeveceineece e 45
Figure 11.9. Expression profile of TaZOG1 (a), TaZOG2 (b) and TaGLU1-3 (c), in detached wheat
leaves at different times after exposure to the neutral (N), blue (B) or green (G) filters. Data are
means * SE (n= 3). Asterisks indicate the existence of significant differences for “shading
treatment” effect, at a given sampling date. Gene expression was relativized to 0 h= 1 (orange
Lo X g T=To I LTQT=) TS OO OO OO OSSR UR R 48
Figure 11.10. Expression profile of the CK receptors TaHK3 (a) and TaHK4 (b) in detached wheat
leaves at different times after exposure to the neutral (N), blue (B) or green (G) filters. Data are
means + SE (n= 3). Asterisks indicate the existence of significant differences for “shading
treatment” effect, at a given sampling date. Gene expression was relativized to 0 h= 1 (orange
Lo X g T=To I LT T=) TSSO O TP 48

Figure 11.11. Expression profile of TaHY5 gene, in detached wheat leaves at different times after
exposure to the neutral (N), blue (B) or green (G) filters. Data are means * SE (n= 3). Asterisks
indicate the existence of significant differences for “shading treatment” effect, at a given
sampling date. Gene expression was relativized to 0 h=1 (orange dashed lin€)......c.ccccccvvereunnnne 49
Figure 11.12. The correlation between CKX activity (pkat mg™? protein) (a) and the expression of
TaCKkX1 (b) with the chlorophyll content (%) in detached wheat leaves at different times after
exposure to the neutral (N), green (G) or blue (B) filters. The regression curves and significances
are shown. * P <0.05; ¥*¥¥P S 0.007........ocoiiuiieceecee ettt ettt st sttt sae e sbe st e e saesensessresssaennn 50
Figure 11.13. The correlation between the expression of TaHY5 and (a) the chlorophyll content
(%), (b) the CKX activity (pkat mg? protein) and (c) the cytokinins content (pmol g DW) in
detached wheat leaves at different times after exposure to the neutral (N), green (G) or blue (B)

filters. The regression curves and significances are shown. * P<0.05; ***P < 0.001.........c.......... 51



Figure 11.14. Change in the chlorophyll content (%) in detached barley leaves at different times
after exposure to the neutral (N), blue (B) or green (G) filters. Asterisks indicate significant
differences for “shading treatment” effect, at a given sampling date.......c.ccoceeeveveeeieceeceieeinns 52
Figure 11.15. (a) CKX specific activity, (b) expression profile of HYCKX1 gene and (c) Western Blot
analysis of CKX1 protein and (d) Coomassie staining of proteins separated by SDS-PAGE, in
detached barley leaves after 120 h of exposure to the neutral (N), blue (B), green (G) or red (R)
filters. In (a) and (b), data are means * SE (n= 3). Asterisks indicate significant differences for
“shading treatment” effect. Gene expression was relativized t0 = 1 (orange dashed line). Lines
and values on the right side at (d) represent the molecular weights given by Pre-Stained Protein
1o Lo =T OO OO ST PSP U TRROTOPPRO 52
Figure 11.16. Correlation between CKX activity (pkat mg™ protein) and the chlorophyll content (%)
in detached barley leaves at different times after exposure to the neutral (N), blue (B), green (G)
or red (R) filters. The regression curves and significances are shown. *P<0.05.......c.ccceevveceeereenenne. 53
Figure 11.17. Chlorophyll content in detached wild type and transgenic barley leaves at different
times after exposure to the (a) neutral (N), (b) blue (B), (c) green (G) or (d) red (R) filters. Asterisks
indicate the existence of significant differences for “shading treatment” effect, at a given
sampling date. Data are Means £ SD (N=8)...ucuciieiieiiecece ettt e e s e er v e 54
Figure 11.18. Summary of the parameters altered in detached wheat leaves exposed to the blue
(B) filter at different time points of the eXPeriments..........ccoe oo 59
Figure 11.19. Summary of the parameters altered in detached wheat leaves exposed to the green
(G) filter at different time points of the eXPerimeNnts.........ccoececiieceeee e 59
Figure lll.1. Scheme of the protocol used for non-invasive phenotyping of barley seedlings
growing under water stress conditions. (a) Barley seeds were germinated on filter paper and 50
seedlings of similar radicle size were transplanted into soil in standardized PlantScreen™
measuring trays. (b) The trays were transferred to an XYZ PlantScreen™ chamber with a conveyor
system for automatic image acquisition. (c) The canopy height was analysed using an in-house
software routine implemented in MatLab R2015, and the data were evaluated by multivariate

statistical analyses USING R VEISION 3.5. 1. ...ttt sttt et st s et r s e et e eae s 65



Figure 111.2. Analysis of the reproducibility of canopy height estimation in barley seedlings from
two independent experiments. (a) The reproducibility of projected canopy height dynamics (in
pixels) in barley seedlings (n = 100) grown under control conditions in December 2017 and July
2018. (b) The correlation between canopy height and fresh aerial biomass (FW,g) determined for
replicates measured at day 16 and day 19 in barley seedlings from the two independent
experiments. The regression curve and significance calculated from the three independent trays
IS SNOWN. *HF¥P < 0.001.....c ettt sttt sttt ettt e b e b e st b e b s e s be s et e b sttt nen bt ebenen e 73
Figure l11.3. Analysis of reproducibility of canopy height estimation in barley seedling under water
deficit conditions within experimental replicates. Changes in canopy height (in pixels) of stressed
(D, discontinuous lines) and non-stressed (W, continuous lines) barley seedlings from five
independent trays grown for 12 days (with the endpoint at day 15) (N=50)......cccccecvevrerereererreeene. 74
Figure Il1.4. Dynamics of soil moisture and projected canopy height in barley seedlings growing
under water stress conditions with subsequent rewatering. (a) Changes in substrate water
content (%) of non-stressed (W, continuous lines) and stressed (D, discontinuous lines) barley
seedlings (n = 50) from three independent trays (Barleyl, 2 and 3) grown for 13 days under water
deficit conditions (with the endpoint at day 16) and subsequently rewatered for 4 days (with the
endpoint at day 19). The watering regime consisted in an initial 100% field capacity (FC) after
sowing and subsequent constant 80% FC for W variants, and irrigation interruption from day 3 to
day 16 for the D variants and posterior rewatering for 4 days. Blue arrows represent the watering
regime and red arrow the stop of the irrigation moment in the D variant. (b) Changes in projected
canopy height (in pixels) and (c) side view images of the D and W variants from the three
independent replicates along the eXPeriMmENT.........c.c et 76
Figure II1.5. Linear curve of the projected canopy height and the extracted traits. (a) The average
canopy height, regression curve and significance calculated from three independent trays (with
50 plants each) growing under water deficit conditions for 13 days (with the endpoint at day 16)
and with subsequent rewatering for 4 days (with the endpoint at day 19). (b) Max is the maximum
and Min the minimum canopy height reached by the stressed plants from replicate 1 or 2 (n =

50) under water deficit conditions, and the slope of the linear model curve is shown. (c) MaxR is



the maximum canopy height from replicate 1 or 2 (n = 50) attained after 4 days of rewatering,
and the slope of the line (SlopeR) is also shown in the equation.............ccoeeve e eeeecece e, 78
Figure IIl.6. Imaging of chlorophyll fluorescence (Ppo and ®py) in barley seedlings under well-
water, water stress, and rewatering. Stressed and non-stressed plants labelled as D (left) and W
(FIBNT), FESPECEIVEIY ...ttt et et sttt e e e s e e e e e e s bessesaesaesaesansans 79

Figure 1l.7. Variation in chlorophyll parameters in barley seedlings grown under water stress
conditions and after subsequent rewatering. Chlorophyll fluorescence parameters from three
independent trays (1, 2 and 3) (n = 50) and the average values. D and W variants are represented
by discontinuous and continuous lines, respectively. Statistical analyses were performed via
ANOVA. Asterisks indicate the significance level relative to the control variant; * P <0.05; ** P<
0.01; *** P<0.001; NS, NOt SIZNITICANT.....uuiiiiiiiiieiieee e reeeeeeeeeeeens 80
Figure 111.8. Developmental stages of barley seedlings grown under (a) water stress and (b) after
subsequent rewatering. Developmental stages of leaves in stressed (D) and non-stressed (W)
plants from two independent trays (1 and 2) at the end of the water stress period (n = 8) (a) and
after reWatering (N=5) (D)oot st st st st st ste e see e e se e enennee 83
Figure 1I1.9. Morphometric and physiological changes in barley seedlings under water stress
conditions and after subsequent rewatering. (a) Aerial biomass (FW,g), (b) leaf length (cm) and
(c) width (cm) of the last fully expanded (FE) leaf, (d) the ratio between length and width, (e) the
relative water content (%), (f) the index of the chlorophyll content, and the activity of the
antioxidative enzymes (g) guaiacol peroxidase (POX), (h) catalase (CAT) and (i) ascorbate
peroxidase (APX), in stressed (D, colour bars) and non-stressed (W, black bars) barley seedlings
from two independent trays at the end of the water stress period (n=8) and after subsequent
rewatering (n=5). Asterisks and ns indicate the significance level relative to the control replicate;
* P<0.05; ** P<0.01; *** P<0.001; ns, not significant.Three independet pools containg 5 plants
each were used for the quantification of the antioxidant enzyme activity. Different letters mean

significant differences accordint to Tukey HSD test after ANOVA.........cvoiiieieve e 84

Figure 111.10. Metabolic profiles of barley seedlings under water deficit and after subsequent
rewatering. Fold changes (presented as log2 ratio) in the content (pmol mg? DW) of free

polyamines (PAs) and amino acids (AAs) between stressed (D) and non-stressed (W) barley



seedlings (thee independent pools cotaining 5 plants from two independent trays, n= 6) at the
end of the stress period (red bars) and after subsequent rewatering (gray bars)......cccccceveeueunnee. 87
Figure lll.11. Multivariate statistical analyses of the traits in barley seedlings related to the water
stress response and subsequent rewatering. (a) Principal component analysis (PCA) (b)
contribution of the loadings to each PCA (Dim) and (c) a correlation matrix of 45 traits obtained
from two different trays of barley seedlings at the end of the water stress period and after
SUDSEQUENT FEWALEIING...cv ittt ettt st st st st e e e e e st b et bbb et et ess e e eseeaneaneaneanes 91
Figure 111.12. Scree plot representing the percentage of explained variance of the model of each
PCA (Dimension) performed in R3.5.1... ..ottt se e ee e st se st sttt st e sae e e e s 92
Figure lll.13.Scatter plots of the correlation between canopy height, slope, morphometric

parameters, RWC (%), chl and fluoresce related traits undertaken in R3.5.1......ccccceevevevevnivervecnnnns 94

Figure 111.14. Scatter plots of the correlation between canopy height, slope, the activity of CAT,
POX and APX, and some AAs UNdertaken in R3.5.0........ooiiiiiie ettt et s sre e 94
Figure 111.15. Scatter plots of the correlation between canopy height, slope and some AAs and
PAS UNAErtaken iN R3.5. L. .. ettt sttt st et st st s bt e e es st et sesene s 95
Figure lll.16. Scatter plots of the correlation between the activity of CAT, POX and APX, Pro, OH-
Pro, GABA, Arg, Glu, Cit and PAS undertaken in R3.5.1.....cccooieviiveirieieeereente et e eeeersenve e e st eveeneens 95
Figure IV.1. Target sequence used for the design of the silencing cassette of HvCKX2.2
(MLOC_81291 or HORVU3Hr1G027430). The blue arrow indicates the restriction site for Sall and

the red arrow the one corresponding to NOtl.......c.coviveicice e st 104

Figure IV.2. Target sequence used for the design of the silencing cassette of HvCKX9
(MLOC _ 11021 or HORVU1Hr1G057860). The green arrow indicates the restriction site for Dral

and the orange arrow the one corresponding to XNOl.......cocceeieieveinrieieciicrene e e 105

Figure IV.3. Map of the vector pBract207. Arrows denotes the gene and promoter
Lo aT=] a1 - 1 o] o FOURUR OO PO U PP 106
Figure IV.4. Map of the final vectors (a) HvCKX2.2-RNAi and (b) HVCKX9-RNAi. Arrows denotes

the gene and PromMoOter OFENTATION.....cccive ettt et s e bt et eesresbeenseneenes 107



Figure IV.5. Example of PCR screening for the presence of sense (a) and antisense (b) components
of HvCKX2.2:RNAi silencing cassette. Lines contain the products obtained by PCR amplification
using genomic DNA as a template extracted from selected 6 plants from TO generation. DNA
extracted from plants regenerated from non-transformed embryos was used as negative control
(NC) and 5 ng of plasmid pBract207::HvCKX2.2 as positive control (PC). 5 uL of GeneRuler™ 1 kb
Plus DNA Ladder Was USed @S MarKer .......c..cccieirrieiiiinece sttt et st es e s s e 116

Figure. IV.6. Example of PCR screening for the presence of sense (a) and antisense (b)
components of HvCKX9:RNAi silencing cassette. Lines contain products obtained by PCR
amplification using genomic DNA as a template extracted from selected 6 plants from TO
generation. DNA extracted from plants regenerated from non-transformed embryos was used as
negative control (NC) and 5 ng of plasmid pBract207::HvCKX9as positive control (PC). 5 pL of
GeneRuler™ 1 kb Plus DNA Ladder was used @s Marker........cccooeeineereneneuineenece s seeveseee e 116
Figure IV.7. Example of Southern Blot autoradiography from (a) HvCKX2.2:RNAi line 2.9 and (b)
HVCKXO:RNAT TINE 7.3 ettt sttt et st s b et s et et s es e et es e ebees e ebe s e eben 117

Figure IV.8. Expresion analysis of (a) HYCKX2.2 in RNAi:HvCKX2.2 lines 1.2 and 2.9; and (b) HVCKX9
in RNAi:HvCKX9 lines 1.8 and 7.3, at different developmental stages (BBCH)..........cccvvveeeeeeennnn.. 118

Figure IV.9. Yield parameters evaluated in silencing lines grown under greenhouse conditions. (a)
and (b) dry biomass; (c) and (d) total tillers per plant; (f) and (g) grains per plant; and (h) and (i)
total grain weight (TGW) of wild type and transgenic barley lines grown individually under e.
greenhouse conditions. RNAi:HvCKX2.2 lines are represented in green, RNAi:HvCKX9 in blue and
wild type values in red. Letters indicate the significant differences according to the multiple

comparison test performed after the non-parametric test Kruskal-Wallis..........cccoooerverenenennnnns 119

Figure IV.10. Wild type and transgenic barley plants inside the growth chamber coupled with the

Plant SCrEENT SYSTEIM.....ocviieieceecceeecte ettt st st e st saesea et be sttt sas st st sas st setenssesessnssrsnes 120

Figure IV.11. Dynamics projected canopy height in wild type and transgenic barley seedlings
growing under water stress conditions with subsequent rewatering. (a) Changes in projected

canopy height (in pixels) and (b) side view images of the D (left) and W (right) treatment along

10



the experiment. Discontinuous and continuous lines in the figures on the left side represent D

ANd W Variants, reSPECTIVEIY ...ttt ettt ettt st st st st seesaesee e e e e sansensenes 121

Figure IV.12. Line of the projected canopy height and the correspondent equation (discontinuous
yellow and red line for water and water stress treatment, respectively) in wild type (red lines)
and RNAIi:HvCKX2.2 lines (green lines). Discontinuous and continuous lines represent D and W
VariANTS, FESPECHIVEIY.c.evieiiie ettt e et r ettt ss e e e e e e eneareste st see s 123
Figure. IV.13. Line of the projected canopy height and the correspondent equation
(discontinuous yellow and red line for water and water stress treatment, respectively) in wild
type (red lines) and RNAi:HvCKX9 lines (blue lines). Discontinuous and continuous lines represent
D and W variants, re@SPECLIVEIY ......ccueceiiieee ettt ettt e st et es s e e e e e enesaesaeeee s 124
Figure 1V.14. Variation in fluorescence related parameters in wild type and transgenic barley
seedlings grown under water stress conditions and after subsequent rewatering. Chlorophyll
fluorescence parameters (n = 50) and the average values. RNAi:HvCKX2.2 lines are represented
in green, RNAIi:HvCKX9 in blue and wild type values in red. Discontinuous and continuous lines
represent D and W variants, respectively. Asterisks indicate the significance level relative to the
control variant according to ANOVA; * P<0.05; ** P<0.01; *** P<0.001; ns, not significant....125
Figure IV.15. Variation in the electron transport rate (ETR) in barley seedlings grown under water
stress conditions and after subsequent rewatering. ETR from three independent biological
replicates (1, 2 and 3) (n = 50) and the average values. (a) RNAi:HvCKX2.2 lines are represented
in green, (b) RNAi:HvCKX9 in blue and wild type values in red. Discontinuous and continuous lines
represent D and W variants, respectively. Statistical analyses were performed via ANOVA.
Asterisks indicate the significance level relative to the control variant; * P <0.05; ** P <0.01; ***
P <0.001; NS, NOt SINITICANT.....ccciiitieiie ettt e e s tesae e es e s e e e st stesaserneesaenean 126
Figure IV.16. Developmental stages of leaves from wild type and transgenic barley seedlings
under water stress and after subsequent rewatering. Developmental stages of leaves from five
independent plants (a, b) of wild type or transgenic lines under stressed (D) and non-stressed (W)

conditions at the end of the water stress period (n = 8) and (c, d) after rewatering (n=5)............. 128

11



Figure IV.17. Changes (a, b) in aerial biomass (FW, g) and (c, d) relative water content (RWC, %)
in barley seedlings under water stress conditions and after subsequent rewatering. Five
independent plants of wild type or from transgenic lines were used as biological replicates per
genotype and variant (W-well-watered and D-water stress), and the average values and SE at the
end of the water stress period and after 4 days of rewatering are presented. RNAi:HvCKX2.2 lines
are represented in green, RNAi:HvCKX9 in blue and wild type values in red. Bars with wide upward
diagonal lines indicate water-stressed treatment (D). Different letters mean significant
differences among treatments according Tukey HSD test after ANOVA.........ccoveeeieieierinnnn, 129
Figure IV.18. (a) Osmotic potential (W1, MPa) and (b) correlation between W vs. the decrease in
RWC (%) in wild type and transgenic barley plants after the water stress period and after
rewatering. Bars (a) and symbols (b) with wide upward diagonal lines indicate water-stressed
treatment (D), whereas filled bars or symbols represent well-water variants..........ccccoeeevevnenne. 130
Figure IV.19. Expression profile of HYCKX genes in wild type and transgenic barley lines under
water stress conditions. RNAi:HvCKX2.2 lines are represented in green, RNAi:HvCKX9 in blue and
wild type values in red. Gene expression was relativized to the respective wild type. Asterisks
indicate the significance level relative to the control variant according to ANOVA; * P < 0.05; **
P<0.01; *** P<0.001; NS, NOt SIGNITICANT....c.uciitiiietieeee ettt sttt e e 131
Figure IV.20. Expression profile of HvCKX genes in wild type and transgenic barley lines after 4
days of rewatering. RNAi:HvCKX2.2 lines are represented in green, RNAi:HvCKX9 in blue and wild
type values in red. Gene expression was relativized to the respective wild type. Asterisks indicate
the significance level relative to the control variant according to ANOVA; * P<0.05; ** P<0.01;
**E P <0.001; NS, NOL SIBNITICANT....eecieie et et er e e saesreerees e b aes e nnnn 132
Figure IV.21. Profile of cytokinins (CKs) in barely seedlings (wild type and 3 transgenic lines) at
the end of the water deficit period (left) and after 4 days of rewatering (right). Fold changes
(presented as log; ratio) in the content (pmol mg?! FW of CKs between stressed (D) and non-
stressed (W) Darley SENOTYPES).. ...ttt et st ste st st st s e e st se e se e e e e s senaesaerans 136
Figure IV.22. Profile of indole-3-acetic acid (IAA), ox-IAA and total auxin content in barley

seedlings (wild type and 3 transgenic lines) at the end of the water stress period (left) and after

12



4 days of rewatering (right). Fold changes (presented as log; ratio) in the content of IAA, ox-1AA
and total AUX between stressed (D) and non-stressed (W) barley genotypes.........ccccecuvevererenes 138
Figure IV.23. Profile of the ratio between IAA and free CKs in barley seedlings (wild type and 3
transgenic lines) at the end of the water stress period (upper part) and after 4 days of rewatering
(lower part). Fold changes in the content (presented as log, ratio) ratio of this metabolites
between stressed (D) and non-stressed (W) barley seedlings from two independent biological

replicates (N=5) fOr @aCh GENOTYPE. ..ottt s et s e s re s e es s 138

Figure IV.24. Profile of free PAs in barley seedlings (wild type and 3 transgenic lines) (a) at the
end of the water stress period and (b) after 4 days of rewatering. Fold changes (presented as log>
ratio) in the content of free PAs between stressed (D) and non-stressed (W) barley genotypes.

Figure IV.25. Profile of free AAs in barley seedlings (wild type and 3 transgenic lines) (a) at the
end of the water stress period and (b) after 4 days of rewatering. Fold changes (presented as log>
ratio) in the content of free AAs between stressed (D) and non-stressed (W) genotypes............. 139
Figure IV.26. Principal component (PC) analysis of the traits in barley seedlings (wild type and 3
transgenic lines) at the end of the water stress period. (a) Principal component analysis (Dim1
and Dim2), (b) scree plot with the percentage of explained variance of the model for each PC
(Dim) and (c) a contribution matrix of the loadings to each PC (Dim). Red ellipses indicated the
F={Qo 1T o L3X- [l oo o | a3k o TN 2 63 RS 144
Figure IV.27. Principal component (PC) analysis of the traits in barley seedlings (wild type and 3
transgenic lines) after 4 days of rewatering. (a) Principal component analysis (Dim1 and Dim2),
(b) scree plot with the percentage of explained variance of the model for each PC (Dim) and (c) a
contribution matrix of the loadings to €ach PC (DimM)....c.uccuiiciieie ettt esr et ene s 145
Figure IV.28. Correlation analysis of some traits in barley seedlings (wild type and 3 transgenic
lines) at the end of the water stress period. Scatter plots of the most correlated traits presented

iNFig.IV.26 UNdertaken in R 3.5, .. ettt s s te e et s e e et st sas s eesaennan 147

Figure 1V.29. Correlation analysis of some traits in barley seedlings (wild type and 3 transgenic
lines) after 4 days of rewatering. Scatter plots of the most correlated traits presented in Fig.IV.27

UNAEITAKEN 1N R 3.5, L ittt ettt et et tseetatesetbessataessaesearessnstesasses st st sasaes sassessnssessseesnnsessnnn 148

13



Abbreviations

AA: amino acid

ABA: absicic acid

Ala: L-alanine

ANOVA: analysis of variance

APX: ascorbate peroxidase

Arg: L-arginine

ARR: response regulator from Arabidopsis
thaliana

Asn: L-asparagine

Asp: L-aspartic acid

AUX: auxin

B: blue treatment

BAP: benzyl-amino purine

BL: blue light

bp: base pair

Cad: cadaverine

CAT: catalase

cDNA: complementary DNA

chl: chlorophyll

CIB1: cryptochrome-interacting basic helix-
loop-helix transcription factor 1

CIM: callus induction media

Cit: L-citrulline

CKs: cytokinins

CKX: cytokinin oxidase/dehydrogenase
CRY: cryptochrome

CRY2: cryptochrome 2

cZ: cis-zeatin

14

cZ0Gs: cZ-0-glucosyltransferases

DAP: 1,3-diaminoporpane / DAP: day(s) after
pollination

DCPIP: 2,6-dichlorophenolindophenol

DHZ:  dihydrozeatin ~ (N®-(4-hydroxy-3-
methylbutyl) adenine)

DNA: deoxyribonucleic acid

DW: dry weight

ETR: apparent photosynthetic electron
transport rate

FC: field capacity

FR: far-red irradiation

FW: fresh weight

G: green treatment

GABA: y-aminobutyric acid

gdna: genomic DNA

Gln: L-glutamine

Glu: L-glutamic acid

Gly: L-glycine

His: L-histidine

HK: histidine kinase receptor

HP: histidine-phosphotransferases

HY5: LONG HYPOCOTYL 5

IAA: indole-3-acetic acid

lle: L-ileucine

INCYDE: inhibitor of cytokinin degradation

iP: isopentenyl-adenine

Leu: L-leucine



LOV: light—oxygen—voltage domain
photoreceptors

Met: L-methionine

MRNA: messenger RNA

N: neutral treatment

OH-Pro: L- hydroxiproline

PA: polyamines

Phe: L-phenylalanine

PMSF: phenylmethanesulfonyl fluoride
POX: guaiacol peroxidase

PPDF: photosynthetically photon flux
density

Pro: L-proline

PSI: photosystem |

PSIl: photosystem Il

Put: putrescine

PVPP: polyvinylpolypyrrolidone

gP: coefficient of photochemical quenching
gPCR: Real-Time polymerase chain reaction
R: red irradiation

RGB: red, green, blue

RNA: ribonucleic acid

RNAi: RNA interference

ROS: reactive oxygen species

RR: response regulator, regulatory proteins
of CK response

RWC: relative water content

SAG: senescence-associated genes

Ser: L-serine

15

Spd: spermidine

Spm: spermine

TCA: Trichloroacetic acid

TQ-S: triple quadrupole mass spectrometer
Trp: L-tryptophan

TW: weight at full turgor

Tyr: L-tyrosine

Tyra: tyramine

tZ: trans-zeatin

UDP: uracilo-difosfato

UGT: UDP-glucosyltransferase

UPLC: ultra-high  performance liquid
chromatography

Z0G: zeatin-O-glucosyltransferase

®,p): quantum yield of the constitutive non-
regulatory dissipation

Onpa: total regulatory non-photochemical
quenching

Op: actual quantum yield of PSII for light-
adapted state

®pro:  maximal quantum yield of PSII for a
dark-adapted state

Opsii: maximum quantum yield of PSII for

light-adapted state



CHAPTER I: General Introduction

16



Chapter | General Introduction

I. I. Coping with a sessile lifestyle: a stressing plant tale

Being restricted by their sessile nature, plants have developed complex mechanisms to
fine-tune the perception of the environmental cues in order to flexibly adjust their metabolism,
growth and development to continuously changing scenarios (Lichtenthaler, 1996). Plants can
follow variations on environmental conditions without any negative impact on their physiology
rates. Nevertheless, there are occasions where these fluctuations exceed the tolerance threshold
of the plant and a mere homeostatic adjustment is not enough to withstand. Then, they are in
presence of a stressing condition, which reduces physiological rates below the maximum possible
expressed under optimal conditions (Lambers et al., 1998). In this context, adaptation and
acclimation mechanisms must be displayed to minimize the damage, otherwise plant survival and
productivity will be compromised (Lichtenthaler, 1996). Four different phases can be recognized
in the dynamic process of plant's stress responses (Fig. I.1). At the beginning of the stress, an
alarm reaction takes place, characterized by a deviation of the physiological standard conditions
leading to a decline of the vitality of the plant. At this point, the catabolic processes begin to
exceed the anabolic ones. The minimum of resistance possible that the plant can stand will
depend on the mechanisms of defence to stress that it has available. If the stress continues, a
stage of resistance will begin. Plants will tend to adapt to the stress, activating the repair
processes to reach a new physiological optimum (maximum of resistance) by hardening. If the
stress endures, with a high intensity, a stage of exhaustion is reached and there is an overcharge
of the adaptation capacity, which leads to chronic disease or death. Nevertheless, if the stressor
is removed and the plant damage in not too severe, a partial or full regeneration of the

physiological function can be reached.
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Figure 1.1. Scheme of the phase sequences and responses induced in plants by stress exposure (adapted from

Lichtenthaler, 1998).

I. Il. The different kinds of stressors and stress constraints

Not all stress scenarios are equivalent because the severity, the frequency, the duration
and timing of the perturbation can vary, and with it the impact on the plant. The stress response
will also depend on the stage of development of the plant, the type of tissue or organ affected,
the plant species and the genotype (Bray, 2000). Stress factors can be classified in biotic or
abiotic depending if they result from living organisms or from non-living factors. Abiotic stress
like drought, salinity, extreme temperatures, deficiency of nutrients, light intensity, chemical
toxicity, impact negatively on agriculture production worldwide and diminish the final yield of

crops. Among all constraints, water deficit is a major limiting factor in the plant production
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(Boyer, 1982), whereas solar radiation is considered the main determinant of crop yield (Hay et
al., 2006). A deeper understanding of the physiological basis of the response to these two types
of constrains can be crucial to overcome the uncertain future climate change scenarios that

threaten global food security and demand (Dai, 2011; Griffiths and Parry, 2002).
I. lll. Light as a stress factor

Light is one of the main environmental factors that regulate plant growth and
development. In conditions of high irradiation or continuous illumination, plants are in danger of
absorbing more light energy than they can use for photosynthesis and other metabolic processes.
If so, they generate an excess of excitation energy (Mullineaux and Karpinski, 2002) that can
cause photo-oxidative damage and accelerate foliar senescence (Biswal and Biswal, 1984).
Besides, changes in the quality and/or intensity of light caused by shading can also induce
senescence (Brouwer et al., 2012). This occurs when plants grow under a dense canopy because
the presence of the pigments in the leaves generate gradients of light between the top and
bottom of the foliage (Tsuchisaka and Theologis, 2004). It remains unclear whether, in this
conditions, senescence is triggered by the alteration in C balance, because plants cannot reach
the compensation point due to the low amount of light received; or if it is caused by the drop of
N and CK content in the xylem caused by stomata closure and decreased transpiration (Brouwer

et al.,, 2012).
I. IV. Water stress responses

The water status of the plants affects their phenology and physiology. Water stress is
triggered by insufficient water supply and/or high transpiration rate and it causes decrease in
growth, stomatal conductance of plants, photosynthesis and includes the turgor loss of the cell
(Hsiao, 1973; Lawlor and Cornic, 2002; Pospisilova et al., 2000). The limitations in CO2 absorption
due to the fall of the stomata conductance leads to a lower nitrogen uptake, ultimately affecting
the C and N metabolism. The decrease in CO; availability also limits the electron flux and normal
functioning of the photosynthetic system, generating an excess of excitation energy and

oxidative damage (Lawlor and Cornic, 2002). Plant strategies to cope with this general imbalance
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include the synthesis of compatible solutes: metabolites and proteins, also called osmolites, that
lower the osmotic potential and retain water by maintaining positive turgor pressure. The
accumulation of some of these compounds also contributes to the stabilization of sub-cellular
structures and the activation of defence mechanisms against oxidative stress (Minocha et al.,
2014). These osmolites are usually low molecular weight compounds as carbohydrates, amino
acids (AA), polyamines (PA) and organic acids (Yancey, 2001).

Seed germination and seedling establishment during the vegetative growth period of
plants are severely affected by water stress (Blum, 1996; Volaire, 2003). If they survive, the
tolerance to the stress will anyway influence the partitioning of photosynthates to harvested
parts, this is the reason why many scientific studies focus on the above-grown tissue
development during water scarcity. Nevertheless, water stress has also serious negative impacts
on the reproductive development of crops, which is initiated in the transition from vegetative
shot apical meristem to the inflorescence primordia (Fig. 1.2). The most susceptible phase to
water deficit is during the meiotic-stages, but also floral initiation and differentiation,
fertilization, and seed development can be affected. Some of the consequences can be for
instance ovule abortion, pollen sterility, failure of pollination, spikelet death and zygotic abortion

(Barnabas et al., 2008; Saini and Westgate, 1999).
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Figure. 1.2. The effect of water stress in crops and target traits for improvement (Adapted from Barnabas et al.

(2008).
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Thus for, breeding strategies for crop improvement need to focus not only on traits
associated with water stress tolerance but also those which improve the yield stability more than
high productivity (Athar and Ashraf, 2009). The complexity of these traits in combination with
the urgency to improve crops for future more adverse climate change scenarios intensify the
necessity of better and faster selections. In this sense, breeders can take advantage of the recent
developments in large scale, fast and non-destructive imaging technologies that allow the
identification of traits related to stress tolerance that simplify the study and selection of

interesting phenotypes (Awlia et al., 2016).

I. V. Stress-induced senescence: a common denominator

Senescence is a physiologically controlled process during which the leaves show
progressive changes in their morphology, metabolism and gene expression (Lim et al., 2007). It
is associated with the cessation of photosynthesis, the disintegration of chloroplasts, the loss of
chlorophyll (chl), the degradation of leaf proteins and the translocation of amino acids
(Buchanan-Wollaston, 1997). Leaf senescence plays an important role in the efficient use of
nutrients, since it is a period of massive mobilization of nitrogen, carbon and minerals from
mature leaves to other parts of the plant (Buchanan-Wollaston, 1997; Kajimura et al., 2010).1t
can be seen as a recycling program at the organism level (Quirino et al., 2000). In cereals, most
of the protein content in the grain depends on the N remobilization from the vegetative parts
during the senescence phase (Buchanan-Wollaston, 1997). Although in cereals reproduction is
mainly triggering this process, other factor can initiate and/or modulate the rate of senescence
both in the vegetative stages and during flowering. Moreover, senescence can be regulated by
numerous internal and external factors. The phytohormones, such as cytokinins (CK), ethylene,
auxins (AUX), jasmonic acid, abscisic acid (ABA) and salicylic acid (Love et al., 2008); as well as the
reproductive stage of the plant and its age are crucial internal regulators. Among the external
ones, there is evidence that UV-B radiation, ozone, nutrient limitation, extreme temperatures,

drought, shading and the attack of pathogens can promote premature senescence.
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I. VI. Cross-signalling of phytohormones in the regulation of shading and water

stress responses

Cytokinins (CKs) are phytohormones that promote cell division and differentiation (Mok
and Mok, 2001) and affect several life processes throughout the growth and development of
plants (Gajdosova et al., 2011). Natural CKs are, mainly, adenine derivatives substituted in the
N, and can be divided into two main groups, depending on the substituent: the isoprenoid CKs
and aromatic CKs, less abundant (Zalabak et al., 2013). Both groups can be presented as free
bases or also conjugated with sugars and amino acids. In the leaves of the Poaceae family (e.g.
Zea mays, Avena sativa, Triticum aestivum, Dactylis glomerata, Agropyron repens, and
Phragmites australis) the cis-zeatin derivatives are the main presented forms (Gajdosova et al.,
2011).

Numerous studies have shown that, in plants, CKs exert a marked retardant effect of leaf
senescence (Gan and Amasino, 1997; Lim et al., 2007 and the references cited therein), so the
reduction of their endogenous levels is one of the main events associated with the development
of senescence. In wheat, a strong drop in the endogenous level of iP is one of the first events
associated with loss of chl and proteins during the development of senescence under N
deprivation (Criado et al., 2007). A similar response has been observed in cut leaves when
exposed to shade in the absence of blue light (Causin et al., 2009). On the other hand, in the
absence of blue light, the rate of senescence of shaded leaves is significantly delayed when they
are incubated in the presence of benzylaminopurine (BAP) (Causin et al., 2006). These results
suggest that the homeostasis of CKs plays an important role in regulating the rate of senescence
in wheat leaves exposed to stress conditions.

CK are also involved in the tolerance to many other types of abiotic stresses. In particular,
under water stress conditions, the endogenous CK levels drop in the plants. Strategies to
manipulate CKs homeostasis for increasing CK content in transgenic plants via the overexpression
of the biosynthetic gene for isopenthenyl transferase (IPT; EC 2.5.1.27), enhanced the
photosynthetic capacity of plants, delayed senescence, and improved the grain yield under water

stress conditions (Gan and Amasino, 1995; Ghanem et al., 2011; Merewitz et al., 2011; Rivero et
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al., 2010, 2007; Zhang et al., 2010). Other approaches to improve water stress tolerance in crops
through CKs involved the manipulation of enzymes responsible for their irreversible degradation:
cytokinin oxidase dehydrogenase (CKX; EC 1.5.99.12). Due to CKs are negative regulators of root
growth (von Wirén et al., 2018), the overexpression of CKX causes a CK-deficient phenotype that
positive affect the root system and improves the tolerance to water deficient conditions
(PospiSilova et al., 2016; von Wirén et al., 2018). Another interesting feature of CKX has been
described in rice, in which a reduction of CKX2 gene expression increased the amount of CK in
the inflorescence meristems and enhanced grain yield (Ashikari et al., 2005). A similar effect has
been reported in barley plants with down-regulated HvCKX1 expression through RNAi-based
silencing (Holubova et al., 2018; Zalewski et al., 2010). Altogether, the possibility for enhancing
drought tolerance and plant productivity makes CKX an interesting target for crop improvement
under stress conditions.

The response to abiotic stress in the plants are the result of the crosstalk between several
phytohormones (Peleg and Blumwald, 2011). For instance, the reduced growth caused by water
deficit is generally result of attenuated auxin (AUX) signalling. Abscisic acid (ABA) is the main
responsible controlling stomata closure. However, CK and the AUX indole-3-acetic acid (IAA) have
been described to be antagonistic of ABA regulating this function (Tran et al., 2007). New
evidences suggest that other phytohormones like ethylene (ET), brassinosteroids (BR), jasmonate
(JA), salicylic acid (SA), and nitric oxide (NO) are also involved (Acharya and Assmann, 2009).
Similarly, leaf senescence is also regulated by the crosstalk of CK and ABA, ET and JA and SA (Kim
et al.,, 2011).

I. VII. Barley and wheat

Since their domestication from the Fertile Crescent region of the Near East, around
10,000 years ago (Badr et al.,, 2012), barley (Hordeum vulgare) and bread wheat (Triticum
aestivum) still represent major players in global agricultural production nowadays (Schnurbusch,
2019). Barley is the fourth most cultivated cereal worldwide (FAO STAT 2018) and it is used for
animal feed and the production of alcoholic beverages. On the contrary, wheat is the principal

food grain source for humanity. Both species belong to the Triticeae tribe, although they are quite
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different in several aspects. Barley has a diploid genome, with a size of 5.1 gigabases (Gb) and
each haploid genome with seven chromosomes. Instead, bread wheat is an allohexaploid, with a
genome size estimated at approximately 17 Gb and 21 chromosomes. The complexity in bread
wheat is given by the fact that its genome is result of the hybridisation events between the
progenitors Triticum urartu, Aegilops speltoides and Aegilops tauschii (Appels et al., 2018).

With respect of the growing conditions, both crops are annual grasses and among them
can be found winter or spring varieties, according to the season when they are planted. Winter
varieties require a period of vernalization to initiate flowering. However, barley has a high degree
of genetic variability and genetic plasticity of yield stability for stress (Kishor et al., 2014). In
particular, the spring cultivar Golden Promise, obtained by gamma-ray irradiation of the cultivar
Maythorpe (Forster et al., 1994) is of particular interest because it is highly transformable
(Harwood, 2012) and its genome is sequenced (Mascher et al., 2017). These characteristics,
added to the advantage that it is a self-pollinated plant which lowers the risk of gene flow (Ritala

et al., 2002), make from barley an excellent model for genetic studies of Triticeae.
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I. VIII. Objectives

The main aim of this thesis was to understand the genetic and physiological basis of the role
of CKs in the response to abiotic stresses in two crops of economic importance. To achieve this
goal we separated the main aim in the following partial objectives:

e Objective n°1: To determine the role of CK in light-mediated senescence in barley

(Hordeum vulgare cv. Golden Promised) and wheat (Triticum aestivum cv. Inta Oasis).

e Objective n°2: To develop a rapid, simple and non-invasive phenotyping method for
studying water stress response and recovery in barley (an important model for the
Triticeae) that allows the identification of traits related to stress tolerance.

e Objective n°3: To characterize the behaviour of CK homeostasis altered transgenic barleys
when they are exposed to water stress conditions for the selection of interesting lines

with improved stress tolerance and recovery capacity.
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Il. I. Introduction

Leaves beneath a dense canopy experience a marked reduction of the photon flux as well
as the red (660 nm) and blue (400-450 nm) wavelengths due to the spectral properties of the
photosynthetic pigments, and it has been shown that changes in either light intensity or spectral
guality can induce leaf senescence in an independent way (revised in Causin & Barneix, 2007). In
wheat leaves exposed to shading under different light filters, blue light (BL) suppression plays a
central role in the induction of chl and protein loss (Causin et al., 2009; Causin and Barneix, 2007).
This effect was shown to be largely independent of differences in either net photosynthetic rate
or carbohydrate content among shading treatments (revised in Causin & Barneix, 2007). Diverse
classes of flavin-based photoreceptors that mediate the effects of BL have been described,
including cryptochromes, phototropins and members of the zeitlupe family. Meng et al. (2013)
demonstrated that cryptochrome 2 (CRY2) suppress leaf senescence in soybean leaves through
a blue-light dependent interaction with the cryptochrome-interacting basic helix-loop-helix
transcription factor 1 (CIB1), which is an activator of senescence-associated genes (SAG) (Fig. II.1).

In A. thaliana, CIB1 is degraded by the 26S proteasome in the absence of blue light (BL)

CRY2a @ CRY2a

|
‘ ) BLUE LIGHT
‘ =3

Figure Il.1. Blue light suppresses the interaction of CIB1 with specific regions of the SAG chromatin, regulating leaf
senescence. The scheme shows CRY2a-mediated blue light suppression of the CIB1-dependent activation of leaf

senescence. PHR, photolyase homologous region; CCE, CRY C-terminal extension. Adapted from Meng et al. (2013).
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(Liu et al.,, 2013). However, not CRY2 but two light-oxygen—voltage (LOV) domain
photoreceptors, ZEITLUPE and LOV KELCH PROTEIN 2, are required for the suppression of the
degradation of CIB1 by BL in this species, indicating that BL-regulation of this transcription factor
may involve distinct mechanisms. There is a lack of information on whether genes homologous
to CIB1 are present in wheat and, if so, whether they are under the control of BL-mediated
signals.

Even though the pathway of the light signal perception and transduction remains to be
elucidated, previous studies suggest that the alteration of key components of the oxidative
metabolism together with changes in the homeostasis of cytokinins (CKs) may be involved in the
regulation of shade-induced senescence in wheat (Causin et al., 2009; Causin and Barneix, 2007).
CKs are a major class of phytohormones whose role as retardants of leaf senescence under
different stress conditions has been widely documented (e.g. Wang et al., 2016 and references
therein). While cis-zeatin (cZ) has been generally regarded as a CK with little or no activity,
isopentenyl-adenine (iP) and trans-zeatin (tZ) (and their ribosides) are usually considered as the
main bioactive forms (Sakakibara, 2006). CKs are perceived by the two-component histidyl-
aspartyl signalling system. At first, the CK molecule is recognized by a transmembrane histidine
kinase (HK) receptor. Three CK-binding HK receptors have been characterized in Arabidopsis
(AHK2, AKH3 and CRE1/AHKA4), and their homologues have been identified in different plant
species (e.g. Lomin et al., 2011; Nishimura et al., 2004). In the next step, the signal is transmitted
to the regulatory proteins of CK response (RRs) by specific histidine-phosphotransferases (HPs).
Kim et al., (2006) showed that AHK3 (but not the other CK receptors), mediates the control of
leaf longevity through phosphorylation of ARR2 in Arabidopsis. Nevertheless, leaf senescence
was not significantly affected in arr2 knockout plants, suggesting that either other ARRs and/or
signalling components may be involved in the control of CK-mediated leaf longevity.

The homeostasis of CKs can be modulated by several mechanisms, including the
degradation or the inactivation of their active forms. CK catabolism is mainly attributed to the
activity of cytokinin oxidase/dehydrogenase (CKX, EC: 1.5.99.12), which catalyses the irreversible
degradation of active CKs (Schmiilling et al., 2003). Several putative members of the CKX gene

family have been identified, and their relative expression profiles characterized in different
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organs and developmental stages of wheat and related crops (e.g. Galuszka et al., 2004; Song et
al., 2012, and references therein). CKX activity is usually low in non-senescent leaves, and both
the activity as well as the gene expression of several CKX members increases under different
stress conditions (Vaseva-Gemisheva et al., 2005; Vyroubalova et al., 2009) . The in vitro activity
of CKX was shown to be enhanced in detached apical parts of the first foliage leaves of barley
kept in the dark (Conrad et al., 2007; Schliter et al., 2011). This increment was greatly stimulated
when the leaf segments were incubated in the presence of white light, presumably due to an
increase of the enzyme expression. It is not known whether changes in light spectral quality can
also affect CK degradation and/or CKX expression in leaves exposed to shading stress.

The purine moiety of CKs can be modified by ribosylation, phosphoribosylation and
glucosylation, all of which affects the final pool of the active hormone. The most common way of
CK inactivation involves N- or O-glycosylation. This deactivation is catalysed by uracilo-difosfato
(UDP)-glucosyltransferase (UGT, EC 2.4.1.X), being UDP-glucose the donor of sugar moieties.
While N7- and N°-glucosides are regarded as the final products of irreversible inactivation
(Sakakibara, 2006), O-glucosides are considered as a storage form of CKs since they can be
converted back to their free forms through the action of 8- glucosidase (EC 3.2.1.21, Brzobohaty
et al., 1993). Genes encoding for cZ-O-glucosyltransferases (cZOGs) have been identified in
different plant species. In cereals, cZOGs preferentially catalyse O-glycosylation of ¢Z and cZ-
riboside rather than tZ and tZ-riboside (Kudo et al., 2012, and references therein). Interestingly,
some transgenic rice plants over-expressing the cZ0G1 and cZOG2 genes exhibit delay of leaf
senescence, indicating that O-glycosylation of ¢Z (-riboside) might be involved in the regulation
of this process (Kudo et al., 2012).

In A. thaliana, both BL and CKs have been shown to induce certain photomorphogenetic
responses by increasing the levels of the transcription factor LONG HYPOCOTYL 5 (HY5) through
independent mechanisms, suggesting that this protein is a point of convergence between
cryptochrome and CK signalling pathways (Vandenbussche et al., 2007). Moreover, indirect
evidence suggests that the repression of HY5 expression might contribute to the control of some
processes associated to dark induced senescence in individual leaves (Keech et al., 2010).

However, little is known about the HY5 gene members in wheat, and it has not been investigated
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to what extent the expression of this transcription factor is affected by different light
environments in leaves senescing under shading conditions.

In this chapter it was studied whether changes in light spectral quality affects the level of
CK metabolites and CKX activity, together with the expression profile of several genes involved
in CK signalling and metabolism, in excised wheat leaves exposed to shading stress under specific
light filters. The effect of the exogenous CK addition, the pharmacological inhibition of CK
degradation, as well as changes in the expression profile of wheat cryptochromes and genes
homologous to C/B1 and HY5 were also investigated. Moreover, to determine whether the mode
of regulation observed for shade-induced leaf senescence in wheat is unique for this species or
common to other monocotyledonous plants, an additional study was performed in barley leaves.
The senescence pattern of wild type (wt) and transgenic barley plants with altered CK
homeostasis were evaluated. Taken together, the results obtained indicate that the suppression
of blue wavelengths during shading down-regulates the level of free CKs and alters the expression
profile of several genes responsible for the maintenance of CK-homeostasis in shaded leaves of
wheat. However, barley leaves are also affected by the change in the ratio of red and infrared
light (R: FR), so the mode of response seem to be dependent of each species. The involvement of
cryptochromes and HY5 as putative components of the BL signal perception and transduction

pathway in wheat is also discussed.

Il. Il. Materials and methods

II. 11 .I. Plant growth and experimental procedure

Two different set of experiments were performed. With the set Experiment 1 we studied
spring wheat (Triticum aestivum L., cv. INTA Oasis). In the set Experiment 2 we analysed wt spring
barley (Hordeum vulgare cv. Golden Promise) and two independent transgenic lines, named line
1.8 and 7.3, with silenced HvCKX9 gene (please refer to Chapter IV for a detailed description of
these lines). In all experiments, the seeds were surface sterilized (12 min in 10% H,0,),
germinated on wet tissue paper and planted in plastic pots containing a mixture of sand:

vermiculite (2:1), in a greenhouse at natural photoperiod. The pots were periodically irrigated
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with tap water and, after six to seven days from sowing, fertilized twice a week with a modified
Hoagland’s solution (Causin et al., 2009). To study the effect of light spectral quality on the
senescence rate, leaf segments (9 cm length) from the third or fourth fully expanded leaves of 30
day-old plants (BBCH code for cereals number 16) were placed inside plastic boxes containing bi-
distilled water, whose lids were covered with Lee filters (blue #075, green #089 or red #026,
hereafter referred as treatment B, G or R, respectively). For the Experiment 1 performed with
wheat leaves, only B and G treatments were applied because G and R treatment have similar
effects on the senescence pattern (see Causin et al., 2006). Conversely, all types of filters were
used in the Experiment 2 for the study of senescence of wt and transgenic barley leaves. Blue
and green filters supplied a similar proportion of red (R = 660 nm) to far-red (FR = 730 nm)
irradiation but differed in the percent transmission of BL (450 to 480 nm): treatment B = 70% to
55% transmission, respectively; treatment G < 1% transmission in the indicated range. The red
filter supplied a higher red to far-red ratio (six times that of B or G treatment) with a < 1%
transmission of BL (see Causin et al., 2015 and Fig. 11.2a) for a detailed description of the filters.
Boxes with a neutral (N) white filter were used as controls. Photosynthetically photon flux density
(PPFD) ranged from 20 (G filter) to 28 (N filter) umol m2 s*. Three replicates, containing four or
five leaf segments each, were used per sampling date and treatments combination, depending
on the experimental trial. Soon after excision, leaf segments were superficially sterilized (5 min)
with 2% (v/v) commercial NaOCI (50 g Cl I'Y) and carefully rinsed with sterilized water. Part were
immediately sampled (tO point) and the remaining placed in the different treatments (Fig. 11.2b
and c). Leaf excision facilitates the implementation of pharmacological treatments as well as the
simultaneous processing of a large number of experimental units; and even though it induces the
development of senescence symptoms, it did not substantially alter the senescence pattern
caused by the light filters when applied on intact leaves (Causin and Barneix, 2007). Incubations
were performed in a chamber supplied with equal number of white (SYLVANIA F27W T8/LD/54)
and red light enriched (SYLVANIA Grolux F30W T12) fluorescent tubes. The conditions in the
chamber were 16 : 8 h light : dark photoperiod, 24 + 2 °Cand 14 + 2 °C day and night, respectively.
Measurements of R and FR irradiation and PPFD were performed, respectively, with a SKR 110

Red/ Far-red (660/730 nm) sensor (Skye-Probetech, USA) and a LI-190 quantum sensor (LI-COR,
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Lincoln, NE, USA) attached to a CAVA-RAD data logger (Cavadevices, Argentina). It should be
noted that, because FR irradiation is very low as compared to R light under the fluorescent tubes,
the R: FR ratio was higher than 3.0 in all the treatments. Leaves were sampled at different time
intervals, briefly rinsed in distilled water, blotted dry, fractioned, and kept at -75 °C for further
analyses. When indicated, the same procedure was performed with samples of leaves
immediately detached prior to the beginning of shading treatments (t0). All the experiments
were repeated at least twice. Whenever possible, data from different experiments were
averaged, otherwise data from a representative trial are presented. Finally, in the Experiment 1,
wheat excised leaves were treated with the adenine derivate 2-chloro-6-(3-
methoxyphenylamino)-purine (“INCYDE”, inhibitor of cytokinin degradation, Zatloukal et al.,
2008) or with different CKs which were added in the floating solution. Five nl mI Tween20 were

also supplied in order to increase tissue contact with the medium.
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Figure 11.2. (a) Percent light transmission spectra of the Lee filters used for the blue (B), green (G) and red (R) light
treatments (according to the manufacturer) and illustrative images of the boxes used for the assay performed in the

Experiment 1 with (b) wheat and in the Experiment 2 with (c) barley leaves.
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II. 1I. Il. Determination of chlorophyll content and protein concentration

Chl content index was measured in wheat and barley leaves using a Chl Content Meter
CCM-300 (Opti-Sciences, USA). A total of six measurements per leaf segment and treatment was
performed.

Total protein content in the crude extracts was determined according to Bradford (1976),

using bovine serum albumin as a standard.

. 11. Ill. Cytokinin content measurements

For the Experiment 1, the content of different CK metabolites were determined.
Lyophilized leaf samples (5 mg) were extracted in 1 ml of modified Bieleski buffer (60% MeOH,
10% HCOOH and 30% H,0) and purified using two solid phase extraction columns, the
octadecylsilica-based column (C18, 500 mg of sorbent, Applied Separations) and the Oasis MCX
column (30 mg/1 ml, Waters), according to the method described by Dobrev and Kaminek (2002),
including modifications described by Antoniadi et al. (2015). The quantification of endogenous
content of CKs was performed by ultra-high performance liquid chromatography (AcquityUPLC™;
Waters) coupled to a Xevo™ TQ-S (Waters) triple quadrupole mass spectrometer using stable
isotope-labelled internal standards (0.25 pmol of CK bases, ribosides, N-glucosides; 0.5 pmol of
CK O-glucosides and nucleotides per sample added) as a reference. Three independent biological

replicates were performed.

1. 1. IV. Measurement of CKX activity

In each experiment, excised leaves from wheat or barley were homogenized in liquid
nitrogen and 200 mg of grounded material was extracted with 0.6ml of 0.2 M Tris/acetate buffer
(pH 8.0), containing 0.3% (v/v) Triton X-100 and 1.0 mM phenylmethanesulfonyl fluoride (PMSF),
in the presence of polyvinylpolypyrrolidone (PVPP). Cell debris was removed by centrifugation at
maximum speed for 20 min at 4 °C. The supernatant was used for the enzymatic activity

determination by the end-point assay with 4-aminophenol (Frébort et al., 2002). The reaction
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mixture of 0.6 ml final volume contained 0.1 ml of the protein extract, 200 uM of /P as substrate
and 0.5 mM of 2,6-dichlorophenolindophenol (DCPIP) as electron donor, in 200 mM Mcllvaine
buffer (citric acid/disodium hydrogen phosphate, pH 6.8). For blank of reaction, iP was replaced
with dimethyl sulfoxide (solvent); and for every independent enzymatic extract, two technical
duplicates were conducted. After overnight incubation at 37 °C, 0.3 ml 40% (w/v) trichloroacetic
acid (TCA) was added to the mixture, followed by centrifugation for 5 min at 12,000 g. Finally, 0.2
ml 4-aminophenol [2% (w/v) solution in 6% (w/v) TCA] was added and the absorbance at 352 nm
was measured to detect the Schiff base of the aldehyde originated from CK side chain and 4-
aminophenol reaction, which has a molar absorption coefficient of €352 = 15.2 mM™? cm

(Frébort et al., 2002).

II. Il. V. Phylogenetic tree construction and identification of wheat orthologues for genes of

interest

In order to identify putative CIB1, HKs and HY5 sequences in wheat and design primers
for gPCR analysis in the Experiment 1, the annotated genes from the same family members in
other related species were used as query for BLASTn search against the partial wheat genome

sequence in EnsemblPlants database (https://plants.ensembl.org/index.html). Protein

sequences from all hits with e-value < 1e° were aligned with the respective orthologues using
the CLUSTAL W program in BioEdit and the unrooted phylogenetic trees were generated in MEGA
6 program (Fig. I.3), using the Neighbour-Joining (NJ) algorithm with 1000 bootstrap replicates.
For each gene, the closest wheat orthologues were identified and in most of the cases several
members clustered together, most probably corresponding to three copies of the same target
gene in the hexaploid wheat genome. When possible, gPCR primers were designed on the
identical region of the sequences, to amplify all the copies of each gene. For the remaining genes

studied, primers were designed according to data published elsewhere (Table 11.1).
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Figure I1.3. Phylogenetic trees for (a) TaCIB1, (b) TaHKs and (c) and TaHY5. The trees are drawn to scale, with branch

lengths measured in the number of substitutions per site. The percentage of replicate trees in which the associated

1000 replicates) is shown next to the branches. Along with wheat

thaliana and the soybean Glymal1g12450 gene (homologous to

AtCIB1) were used for the construction of the TaCIB1 phylogenetic tree; sequences of histidine kinases implicated in
CK perception in A. thaliana and Zea mays were used for the construction of the TaHKs tree; the proteins OsbZIP01
and OsbZIP18 from rice, identified as the closest orthologous of A. thaliana bZIP transcription factors HY5, and the

HY5 homolog (HYH) in monocots, were used for the construction of the TaHY5 phylogenetic tree.
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1. 1I. VI. Analysis of gene expression by gPCR

Isolation of total RNA from 100 mg of frozen leaves was performed using TRIzol Reagent
(Thermo Fisher Scientific), according to the manufacturer’s protocol. RNA concentration was
determined using a NanoDrop™ Lite Spectrophotometer (Thermo Fisher Scientific). To eliminate
traces of genomic DNA, RNA was treated with TURBO DNA-free™ kit (Thermo Fisher Scientific).
2 ug of the purified RNA was used for cDNA synthesis in a reverse transcription reaction
containing oligo (dT) primers (Sigma-Aldrich) and RevertAid H Minus Reverse Transcriptase
(Thermo Fisher Scientific). Quantitative real-time PCR reactions contained properly diluted cDNA,
300 nM primers and gb SG PCR Master Mix, supplemented with 100 nM ROX passive reference
dye (Generi Biotech). The program consisted of an initial denaturation of 2 min at 95 °C, followed
by 40 cycles of 15 s at 95 °C and 60 s at 60 °C, performed on a ViiA™ 7 Real-Time PCR System
(Applied Biosystems). In order to confirm the specificity of amplification, each run was completed
with a melting curve and the resulted amplicons were analysed on 2% agarose gel stained with
ethidium bromide, in presence of a 50 base pair (bp) DNA ladder (New England BiolLabs) for size
determination and visualized using Gel Doc EZ system (Bio-Rad). Changes in the relative mRNA
abundance were calculated using the comparative 2"22¢t according to (Pfaffl, 2001), using t0 as
the reference sample. The gPCR efficiency of amplification was 90-110% for all the primers used
(data not shown). TaEF2 and TaGADPH were chosen as internal control genes in the Experiment
1 and HVEF2 and HVACT in the Experiment 2. Three biological and two technical replicates were
analysed per each condition tested. Fold changes in gene expression were calculated after data
normalization for multiple internal controls following the procedures suggested by
Vandesompele et al. (2002). All primers used are listed in the Table Il. 1. Due to the high similarity
in the sequences of TaEF2 and HVEF2, as well as TaCKX1 and HvCKX1, the same set of primers

were used for both species.
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Table II.1. Primer sequences used for real time PCR expression analysis of wheat and barley.

Gene name Primer sequence (5°to 3 end direction)

Fw Rev
TaEF2 CCGCACTGTCATGAGCAAGT GGGCGAGCTTCCATGTAAAG
TaGAPDH TTAGACTTGCGAAGCCAGCA AAATGCCCTTGAGGTTTCCC
TaCKX1 TGTGGACAGTAACACAGCAGTTTAAC CCGTGCCACCTACTATCAAATTT

TaCKX3 CGTGGCTCAACCTCTTCGTC GTTCGGGTCCCACTTGCTC
TaCKX4 TGCTGTCTCGGCTGAGATACATACAG TGACGTCCTGTTGTCCCACTTTG
TaCKX10 GGTAAGGTGGATAAGAGTTCTCTACTT ATCTGAGTTGAGATAGTAGTGCATGGA
TaCKX11 AGCAACGTCCTGCAGCTCCAA GAGCTGCGGATGGAGTGCTCA
TaGlulc ACCAATAACAAGCCAGCCGTGAC CGACGAGTTCACAAGGAACACGA
TacZ0G1 TCATCTGGGTATTGCGCGAG CTCAGAGAGCAGCTTGTCGT
TacZ0G2 CCAGGTGATCGACAAAATGCC CGGCATCAAAAGGCAAATCAG
TaRR4 AGGAGGTGGGCGTGAATTTGA TGCGACTTGAGCTTCTTCATGTCA
TaHK3 TTAAAAACCTGGAGATCGATGGA GGTGGGATGGTGTACCAAGAA
TaHK4 CCCATCTGGTGTCTTCGTTAT AGTTGCAAGGAACTGAGACTTA
TaHY5 GCTGGAGGCGAAGGTGAAG CGGTGGTGTTTTTCAGTATCTGTCT
TaClB1 GACGCCGCCTCTCAGGTT TGCCCCATGTCCATCTGAA

TaCRY2 TCCGATATCAAGGAAAAGATCCA GAGTGCACTTCGACTGAAGATGA
HVACT TGTTGACCTCCAAAGGAAGCTATT GGTGCAAGACCTGCTGTTGA
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1. 1l. VII. Western Blot analysis

For the Experiment 2, barley leaves were grounded by mortar and pestle using liquid
nitrogen and proteins extracted using a buffer containing 50 mM Tris, 150 mM NaCl, 20 mM
MgS04.7H20, 2 mM NazEDTA, 1 mM PMSF, 1 mM DTT and 1% Triton-X-100 (pH=7.7), in a ratio
1:3. For removal of phenolic compounds, 20 mg of PVPP were added during the extraction. Cell
debris was removed by centrifugation at 20,000 g for 25 min at 4 °C. The protein content was
measured according to Bradford (1976). 30 ug of the extracted proteins were subjected to
electrophoretic separation in a denaturing 10% SDS-polyacrylamide gel during 15 min at 100V
and 60 min at 180 V. The resolved proteins were transferred onto 0.45 um polyvinylidene fluoride
membrane (GE Healthcare Life Sciences, Austria), during 1 h at 100 V using a buffer consisting of
25 mM Tris and 192 mM Glycine in 20% methanol (pH 8.3). Later, the membrane was blocked
over-night with 5% powdered milk in blocking buffer containing: 0.02 M Tris, 0.5 M NaCl and 5%
(w/v) milk, (pH 7.5). The immunoblot analysis of CKX1 was performed using a rabbit polyclonal
antibody (ratio 1:1000) raised against ZmCKX1 (Bilyeu et al., 2001). The secondary antibody used
was a goat anti-rabbit 1gG horseradish peroxidase conjugate (Merk, Germany) (ratio 1:25000).
For detection of the inmunoreactive proteins, the membrane was covered with 1 ml of ECL Clarity
(Bio-Rad) substrate for 2 min, foil-wrapped, and visualized using ChemiDoc™ MP Imaging System
with Image Lab™ Software (BioRad, USA). For homogenising the blot signal per well, the same
amount of proteins was loaded and a Coomassie (R-250) staining was performed in gels loaded

with the same samples and volumes to those used for the immunoblot.

II. 1. VIII. Data analysis

For chl, CK content and CKX activity data, a conventional two-way ANOVA test
(STATISTICA 7, Stat Soft Inc., Tulsa, OK, USA), was performed. When necessary, data
transformation was used to meet ANOVA assumptions. Depending on the experimental design,
the model included “sampling date” and “light filter”, or “light filter” and “incubation media”, as
fixed factors. Post-hoc comparisons for significant main effects or interaction terms were

performed using the Tukey HSD test. Significant differences were considered at *P < 0.05.
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Normalized gPCR data were analysed for each sampling date and shading treatment separately
using the non-parametric Kruskal-Wallis ANOVA, with “light filter” or “sampling date”,
respectively, as fixed factors. Where appropriate, multiple comparisons of mean ranks were used

to determine the significant differences among treatments.

Il. lll. Results

A. Experiment 1 - Shade-induced senescence in wheat leaves.

II. Il. I. The homeostasis of CKs is altered during senescence progression under the different

shading treatments in wheat

As previously reported, chl degradation rate in excised leaves exposed to shading
increases when BL transmittance is suppressed (i.e. treatment G), while in leaves from treatment
B it follows an almost identical trend to the neutral control (Fig. Il.4a). Moreover, BL contributes
to yellowing retardation yet when supplied at 30 or 54 h after the leaves had been exposed to
the green filter (Fig. Il.4b). This senescence-retardant effect of BL is corroborated by the
expression profile of the two senescence markers analysed (Fig. Il.5, see also Causin et al., 2015).
The content of CK increased as senescence progressed in all the treatments (Fig. 11.6a), being cZ-
type the major contributor to the total pool of CKs (Fig. 11.6 b). O-glucosides were the most
abundant CK metabolite in senescing leaves (Fig. I.6¢), mostly represented by cZOG (Fig. 11.6d).
For instance, at the end of the experimental period the content of O-glucosides was between 300
and 470 pmol gt DW, among which 54% to 62% corresponded to cZOG and 37% to 45% to cZROG.
In all cases, the increment in CK content was higher in absence of BL (Fig. Il.6a-d). Regarding the
bases, two distinct trends were observed. On the one hand, the content of tZ and ¢Z decreased
in all shading treatments during the first 78 h. It is noteworthy that although no differences
among treatments were found at 24 h after the beginning of shading, the decrement of both free
CKs thereafter was on average significantly higher in leaves exposed to the G filter (Table 1.2,
ANOVA for “light filter” and “sampling date” main effects P < 0.01 for both traits). On the other

hand, while the content of /P also tended to decrease as senescence progressed in treatment G,
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it oscillated around the initial value in treatments N and B (Table I.2). Nevertheless, due to the
variation found in tissue /P levels, significant differences were only detected at the last sampling

date between treatments N and G.
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Figure 11.4. (a) Change in the percent chlorophyll content in detached wheat leaves at different times after exposure
to the neutral (N), blue (B) or green (G) filters. Asterisks indicate the existence of significant differences for “shading
treatment” effect, at a given sampling date. (b) Chlorophyll content in detached wheat leaves at different times after
exposure to the following shading treatments: 92 h neutral filter (N), 92 h blue filter (B), 92 h green filter (G), 30 h G
+62h B(GB30h),or54hG+38h B (GB54 h). Data are means + SE (a: n= 8; b: n=4). Asterisks indicate significant

differences between treatment G and the remaining shading treatments.
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Figure I1.5. Expression profile of two senescence markers in detached wheat leaves at different times after exposure
to the blue or green filters, according to the following treatments: 92 h blue filter (B), 92 h green filter (G), 30 h G +
62 h B (GB 30 h), or 54 h G + 38 h B (GB 54 h). Asterisks indicate significant differences for the expression level of

both markers between treatment G and the remaining treatments, at a given sampling date.
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Contrary to expected, the content of precursors (CK-ribotides and the riboside forms) did
not follow similar trends than those found for free CKs. While the level of CK-ribosides slightly
increased at the end of the experimental period in leaves exposed to filter B, a sharp increase
was observed at 78 h in leaves from the remaining treatments (Table I.2). Then, only in treatment
G the content of CK-ribosides fell to similar levels to those found in treatment B. Cis-zeatin
riboside (cZR) was the most prevalent metabolite among CK-ribosides (Table 11.2). The content of
CK-ribotides did not significantly change during the first 78 h, but peaked at 124 h in all the
treatments, with values more than eight, ten, and twelve folds higher than t0 in treatment B, N,
and G, respectively (Table 11.2). Isopentenyladenosine-5-monophosphate (iPR5MP) was the most
prevalent form of CK-ribotides (Table I1.2).

The content of most of the conjugated forms, involved in storage (O-glucosides) and
deactivation (N-glucosides), was considerably higher than those found for active CKs (free bases
and ribosides). The O-glucosides were mostly represented by those of ¢Z and its riboside,
meanwhile the N-glucosides by N°-glucosides of tZ and iP (Table 11.2). As observed for the CK-
ribotides and -ribosides, the level of O-glucosides tended to increase as senescence progressed
(Table 11.2). Notably, this effect was statistically significant only for leaves from treatment G,
which more than doubled the initial amount of CK-O-glucosides at the end of the experimental
period. On the contrary, the content of N-glucosides did not follow a consistent trend and
oscillated around 34% of the initial value, depending on the treatment and sampling date
considered (Table 11.2). At 124 h, significant differences for the content of CK N-glucosides were
found only between treatments N and B.

To evaluate the effect of different free CK bases on leaf senescence rate when BL is
suppressed, changes in chl content were analysed at 100 h after exposure to the G filter, either
in the absence or presence of 2.5 uM iP, tZ, cZ, BAP or the B filter (as a control), which were
applied at 52 h from the beginning of the experiment. As shown in Table II.3, only the addition of
BAP or tZ significantly delayed leaf senescence when compared to treatment G. Interestingly, the
effect was like that exerted by exposure to filter B in the absence of exogenously applied CKs (see

Table 1.3, treatment GB).
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Figure 11.6. Total CK content (a), cZ-type of CKs (b), O-glucosides (c) and cZOG (d), in detached wheat leaves at
different times after exposure to the neutral (N), blue (B) or green (G) filters. Data are means + SE (n= 3). Asterisks

indicate the existence of significant differences for “shading treatment” effect, at a given sampling date.
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Table I1.2. Content of different CK metabolites in excised wheat leaves (pmol gDW™), at different times of exposure to the shading treatments with neutral (N),

blue (B), or green (G) light filters (mean £ SE, n=3). < LOD: below the limit of detection. Different letters mean significant differences among treatments according

Tukey HSD test after ANOVA.

To 24 hs 78 hs 124 hs
N G B N G A 76 hs N G B
pmol/g DW |average + SE |average + SE |average + SE average + SE |average + SE |average + SE |average + SE average * SE |average + SE |average + SE
¢ ZRMP <LOD <LOD <LOD <LOD <LOD <LOD <LOD 5.54° + 022 |1288 + 1.49 6.03* * 0.81
iPRMP <LOD <LOD <LOD <LOD 1.45° + 0.25 <LOD 1.66° + 0.14 536° + 061 <LOD 221 + 0.19
Ribotides <LoD <LOD <LoD <LoD 1.45* t 0.25 <LoD 166° + 0.4 10.90° + 0.84 |12.88" + 1.49 | 824 * 1.00
tZR 029° + 0.03 | 0.23* + 0.01 | 0.18° * 0.01 0.18° + 0.01 [047® + 009 | 067° + 007 | 030° * 0.03 059 + 003 | 029° + 001 | 036° * 0.05
cZR 15.56° + 0.44 |14.11° + 157 | 1647 + 070 | 12.40° + 098 [27.71® + 477 | 44.91°® + 5.17 | 1142 + 1.24 3530° + 3.01 [29.15® + 097 | 2094® + 1.31
iPR 6.55° + 0.40 | 7.82* + 0.83 | 637° + 0.33 948 + 079 [1532* + 175 | 1367° * 0.72 | 998" + 0.79 16.14° + 068 | 7.42° + 0.23 | 1058° + 0.27
DHZR 033 + 002 | 033 + 0.06 | 029° + 001 | 028 *+ 001 |058® *# 012 | 076® + 007 | 0.19*° + 0.03 059° + 005 | 043® + 0.00 | 033 * 0.04
Ribosides 2273 + 0.89 |2249" + 247 |2332° + 1.06 |22.34° + 179 |44.09® + 673 |60.01° + 6.03 [21.89° + 210 | 52.63° 3.77 | 3730 + 121 [3221* + 1.67
tz 493 £ 030 | 3.16* + 0.21 | 2.91° * 0.22 326° + 026 | 231 + 0.18 | 1.64° * 0.14 | 262 + 0.24 2.49° + 0.20 | 1.40° + 0.01 | 2,05 + 0.30
cZ 2639° + 106 | 18.00° + 1.23 | 15.74* + 0.42 | 16.86* *+ 062 | 1593* + 171 9.06° * 0.57 |1396* + 1.74 1157 + 111 8.46° + 0.12 | 11.44* + 1.74
iP 957 + 0.67 |17.79° + 256 | 981° *+ 0.28 | 12.60° + 140 | 7.40° + 088 | 7.09° + 129 | 555° *+ 0.95 13.86° + 207 | 528 + 031 | 641 + 0.70
DHz <LOoD <LOD <LOD <LOD <LOD <LOoD 0.20° + 0.01 <LoD 0.23* + 0.03 0.22* + 0.01
Free Bases | 40.89" + 2.03 |3895" + 4.00 |2845% + 091 |32.72° + 227 |2563* + 277 |17.78® + 2.00 [22.33% + 294 | 27.92° + 338 |1537° + 047 |2012° + 2.76
t27G 0.03* £ 0.00 | 0.03* + 0.00 | 0.02° * 0.00 0.03° + 0.00 | 0.05° + 0.00 | 0.04®® + 0.00 | 0.02° * 0.00 0.06° * 000 | 001> + 0.00 | 003 + 0.00
tZ9G 100.87° + 8.62 | 78.09° * 7.62 |7852* + 262 |111.10° + 3.11 | 2593 + 4.17 | 66.69° * 10.29 |4583% + 491 2814 + 152 |67.84° + 297 |3950" + 4.43
c29G 4.47° t 047 | 408 + 039 | 412° + 0.20 586° + 053 [ 216° + 021 | 418° *+ 036 | 3.16™ * 0.17 314° + 027 | 467° + 0.6 | 2.87* + 0.06
iP9G 5.59° + 0.12 5.61° * 0.02 351° + 053 |1571° + 1.70 | 4053 + 269 | 2475 + 0.71 | 22.43* + 050 116.33° + 14.98 | 47.38° + 236 | 4888 *+ 4.25
DHZ9G 0.09° + 0.02 0.20* + 0.04 0.21° + 0.04 0.14* + 0.02 0.15° *+ 0.03 0.21° + 0.03 0.11* + 0.01 035 + 001 |027° + 0.04 0.18° *+ 0.01
N-glucosides| 111.05° + 9.23 | 88.00° + 8.08 | 86.39° + 3.39 [132.84° + 5.36 |68.83° + 7.10 | 95.87° + 11.40 | 71.54° + 5.60 | 148.02° + 16.78 [120.17° + 5.54 [ 91.45* + 8.76
tZ0G 2.09° + 0.13 1.12* + 0.05 1.72° + 0.08 1.14° + 0.14 | 050° = 0.15 1.09° + 0.11 1.10° + 0.15 0.86° t 0.10 1.19° + 0.07 0.88% + 0.14
t ZROG <LOD 0.43% + 0.05 0.63% * 0.08 0.40° t 0.08 0.67° * 0.10 1_51" + 013 0.61° * 0.11 1.46° * 0.12 1.40° + 0.26 1.04° + 0.20
cZ0G 171.15% + 14.28 |146.58° + 9.15 |166.12° + 2.00 |141.69° + 14.75 [139.80° + 8.52 [195.59% + 15.27 |170.73° + 5.00 162.67° * 4.43 [266.25°+ 4.92 |196.28° + 7.33
cZROG 60.46° * 4.93 | 6617 t+ 534 [7933% + 211 |81.19° + 6.10 | 76.40° t+ 3.78 [12537°+ 6.39 |8344% £ 3.09 | 137.21*° * 4.65 |200.00° + 4.25 |117.42* + 1.50
DHZOG 0.10° + 0.00 | 0.09* + 0.01 | 0.09° * 0.00 0.08° + 0.00 | 0.21* + 0.11 | 0.11° * 0.01 | 0.09* + 0.00 0.164 + 0.01 | 0.12* + 0.01 | 0.12° * 0.01
O -glucosides| 233.80" + 19.33 |214.39" + 14.61 [247.89° + 4.27 |224.49" + 21.08 (217.58% + 12.66 323.68° + 21.92 (25597 + 835 302.36° + 9.32 [468.95° + 950 [315.75% + 9.17
t Z-type 108.22* + 9.07 | 83.04° + 7.95 [8399° + 3.01 |116.11° + 3.60 | 2094 + 4.69 | 71.65° *+ 10.75 |50.48% + 5.44 33.60° + 1.98 |72.12° + 332 |43.86" * 5.12
cZ-type 278.03% + 21.18 [248.95° + 17.68 |281.78* + 5.43 |257.99° + 22.98 |262.00* + 18.99 [379.10° + 27.76 |282.70* + 11.25 | 35543 + 13.71 |521.41° + 11.91 [354.99° + 12.75
iP-type 21717 + 119 |3122° + 3.40 | 1968 * 1.14 | 3779 + 3.89 | 6470 + 557 |4551° + 2.72 |39.62° + 2.39 151.68° + 1834 | 60.08° + 2.90 | 68.08° * 5.42
DHZ-type 052 + 004 | 062° + 011 | 059 + 005 | 050° + 003 | 094*° + 025 | 1.08° * 0.2 | 0.59° + 0.06 1.11* + 0.07 | 1.06° + 0.08 | 0.85* + 0.07
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Table I1.3. Chlorophyll content (%) compared to t0 in excised wheat leaves exposed during 100 h to the green filter
(G), in the absence or presence of 2.5 uM of the indicated CKs, which were added at 52 h after the beginning of
shading. A group of leaves exposed during 52 h to filter G were changed to filter B without addition of CKs (treatment

GB). Data are means + SE (n= 10). Data with different letters differ at P < 0.05.

Treatment Chlorophyll (%)

G 37.85+5.60°2
GB 67.81+4.08°
G+iP 41.90 +4.89°
G+tzZ 61.45+4.09°
G+cZ 38.02+3.81°
G + BAP 62.55+4.60"

II. I, II. The turnover of CKs differs among shading treatments in wheat senescing leaves

To test whether changes in the levels of active CKs were related to the alteration of their
degradation, inactivation and/or reactivation rates, the effect of the shading treatments on CKX
activity, as well as on the expression pattern of genes involved in the regulation of CK
homeostasis were analysed. CKX activity was very low at the beginning of the assay, but increased
as senescence progressed, particularly in leaves exposed to the G filter (Fig. 11.7).

Among the genes belonging to the CKX family analysed, TaCKX1 was found to be by far
the most up-regulated. As for CKX activity, the expression of TaCKX1 was initially very low but
markedly increased after about 54 h of exposure to the shading treatments. This effect was
noticeable in leaves from treatment G, where its expression was several folds higher than the
remaining treatments towards the end of the experimental period (Fig. 11.8a). From the remaining
TaCKX family members, only TaCKX3, TaCKX4, TaCKX10 and TaCKX11 showed detectable
transcript levels. Among them, only TaCKX3 showed a consistent up-regulation under certain
treatments. In fact, while no major differences across time were detected in leaves from
treatment G, its expression increased about five times (treatment B) and three times (treatment

N) after 54 and 92 h from the beginning of the shading treatments, respectively (Fig. [1.8b). Then
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the transcript content decreased in both conditions to similar levels than those found in
treatment G. As opposed to TaCKX1, the expression of TaCKX4 and TaCKX10 markedly decreased
in all treatments during the first 52 h, and their transcript levels remained low until the end of
the experimental period (SUPPLEMENTS II, Fig. 2D, E). Finally, the mRNA levels of TaCkX11 did

not show major changes across time in any of the shading treatments (SUPPLEMENTS I, Fig. 2F).

CKX activity (pkat mg! protein)

0 24 as 72 96 120 144
Time (h)
Figure 11.7. CKX specific activity in detached wheat leaves, at different times after exposure to the neutral (N), blue
(B) or green (G) filters. Data are means * SE (n= 3). Asterisks indicate significant differences for “shading treatment”

effect, at a given sampling date.
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Figure 11.8. Expression profile of TaCkX1 (a) and TaCKkX3 (b) in detached wheat leaves, at different times after
exposure to the neutral (N), blue (B) or green (G) filters. Data are means + SE (n= 3). Asterisks indicate significant
differences for “shading treatment” effect, at a given sampling date. Gene expression was relativized to 0 h=1

(orange dashed line).
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To further explore the role of CK degradation in the shade-induced senescence in wheat,
we tested whether the inhibition of CKX activity with INCYDE delayed leaf senescence in leaves
exposed to filter G. Based on published data (e.g. Zatloukal et al., 2008) a concentration of 10 uM
INCYDE was chosen, which was supplied from 24 or 52 h after the beginning of shading. Another
treatment was also included, where leaves exposed during 52 h to filter B were changed to filter
G (hereafter referred as treatment BG), with or without application of the inhibitor at the time
of changing. Treatments N and B without inhibitor were run for comparison. In all cases, leaves
were sampled after 100 h for the evaluation of chl content and CKX activity. As shown in Table
1.4, the presence of INCYDE delayed chl degradation in filter G to a similar extent than in the B
or N treatments when supplied after 24 h, which coincided with a significant reduction of CKX
activity. The effect of INCYDE on both CKX activity and chl degradation rate was less evident when
it was supplied after 52 h, except in the case of leaves previously exposed to filter B (Table 1.4,
compare treatments BG with or without the inhibitor). Altogether these results suggest that, in
the experimental model used, the inhibitor is effective to the extent that it is added well in
advance of the increase in CKX activity, and that the down-regulation of CK degradation is an

important component of the senescence delaying effect exerted by blue light.

Table 11.4. Chlorophyll content (%) compared to t0 and CKX activity, in excised wheat leaves exposed during 100 h
to the neutral (N), blue (B) or green (G) light filters, or during 52 h to filter B and then 48 h to filter G (treatment BG).
Where indicated, 10.0 uM INCYDE was supplied to the external solution from either 24 or 52 h after the beginning
of the shading treatments. Data are mean % SE (n=10 for chlorophyll records and n= 4 for CKX analyses). Data with

different letters differ at P < 0.05.

Treatment Chlorophyll (%)  CKX (pkat mg™ protein)

N 81.50+5.94° 0.597 +£0.091°

B 77.88+3.73°2 0.612 £ 0.066 °

G 43.71 £5.25°¢ 1.743+0.084°¢

BG 53.34+5.84°¢ 0.983 +0.098°

G + INCYDE (24 h) 79.94 +6.16° 0.970 + 0.089°
G + INCYDE (52 h) 52.82 +5.71°¢ 1.754 +0.106 ¢
BG + INCYDE (52 h) 64.84+6.49° 0.871+0.099°
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II. 11I. [ll. Genes involved in CK inactivation and reactivation are differentially expressed

depending on the light spectral quality of the shading environment

Another metabolic pathway responsible for the down-regulation of active CKs involves
glucosylation mediated by the family of the zeatin O-glucosyltransferase (ZOG) enzyme. Given
that the content of CK-O-glucosides increased with time in our experimental conditions and,
particularly in the absence of BL, the expression profiles of TaZOG1 and TaZOG2 were studied.
The expression of TaZOG1 was markedly down regulated at 24 h after the initiation of the shading
treatments (Fig. 11.9a). Then it increased with time, though at a consistently higher rate in leaves
from treatment G than B. Leaves from treatment N showed an intermediate behaviour (Fig. 11.9a).
As for TaZOG1, the expression of TaZOG2 fell down at 24 h after leaf excision, which was followed
by significant increments at 54 h (treatment G) and 92 h (treatments B and N) (Fig. 11.9b).
Subsequently, while the expression of the gene decreased in the two latter treatments, the up-
regulation persisted in treatment G until the end of the experimental period.

To find out whether the rate of CK reactivation was also affected, the relative expression
of TaGLU genes (encoding for 8-glucosidase) was monitored. From all TaGLU family members,
only TaGLU1-3 (Song et al., 2012) was detected in our experimental conditions. In leaves from
treatment B, the expression of this gene was markedly up-regulated at 54 h and it maintained
around two folds higher than the initial levels until the end of the experimental period (Fig. 11.9
c). On the contrary, the level of the transcript slightly decreased at 24 h in treatments G and N.
Thereupon, it steadily increased with time in both cases, although at an initially slower rate as

compared to filter B.

II. Il IV. Changes in the light spectral quality during shading affect some key components of the

CK-signalling pathway

To investigate whether the effect of the light filters on the senescence rate involves the
alteration of the CK signal reception, we analysed the expression profile of putative CK- receptors
in wheat (hereafter referred as TaHKs). Once identified the closest orthologues to the genes

HvHK3 and HvHK4 (SUPPLEMENTS II, Sup. material Fig. 3S) it was possible to analyse their
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Figure 11.9. Expression profile of TaZOG1 (a), TaZOG2 (b) and TaGLU1-3 (c), in detached wheat leaves at different
times after exposure to the neutral (N), blue (B) or green (G) filters. Data are means + SE (n= 3). Asterisks indicate
the existence of significant differences for “shading treatment” effect, at a given sampling date. Gene expression

was relativized to 0 h=1 (orange dashed line).

expression patterns. TaHK3 was slightly down-regulated at 24 h after the beginning of the
shading treatments, but then its expression increased to the initial levels, though at a faster rate
in leaves from treatment G than in treatments B and N (Fig. 11.10 a). The levels of TaHK4 mRNA
also markedly dropped during the beginning of the experiment, but, as opposed to TaHK3, its
initial expression was never recovered, and at 54 h it tended to be lower in treatment G than in

treatments B and N (Fig. 11.10b).
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Figure 11.10. Expression profile of the CK receptors TaHK3 (a) and TaHK4 (b) in detached wheat leaves at different
times after exposure to the neutral (N), blue (B) or green (G) filters. Data are means + SE (n= 3). Asterisks indicate
the existence of significant differences for “shading treatment” effect, at a given sampling date. Gene expression

was relativized to 0 h=1 (orange dashed line).
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II. . V. The expression profile of genes involved in blue-light signalling pathway is differentially

affected by the shading treatments

As for other genes tested, the expression of TaCRY2 markedly decreased during the first
24 h but increased thereafter until reaching the initial levels (SUPPLEMENTS I, Fig. 5A).
Surprisingly, at 92 h the TaCRY2 transcript level was significantly higher in treatment G than B.

Although the transcript levels of TaCIB1 also declined at 24 h after the beginning of the
shading treatments, its expression rapidly increased and showed a peak at 55 h (treatment G)
and at 96 h (treatments B and N) (SUPPLEMENTS Il, Fig. 5B). Despite the average TaCIB1 levels in
treatment G doubled those of treatment N at 55 h, the difference was not statistically significant.

The expression of TaHY5 sharply increased in all treatments after 54 h. Nevertheless, the
highest and significant increment was in leaves from treatment B, where it almost doubled and

tripled compared to N and G, respectively (Fig. 11.11).
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Figure 11.11. Expression profile of TaHY5 gene, in detached wheat leaves at different times after exposure to the
neutral (N), blue (B) or green (G) filters. Data are means + SE (n= 3). Asterisks indicate the existence of significant
differences for “shading treatment” effect, at a given sampling date. Gene expression was relativized to 0 h= 1

(orange dashed line).
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II. ll. VI. Correlation analysis in wheat

The decrement in the percentage of chlorophyll observed in wheat leaves senescing
under shading stress was inversely correlated with an increase in the CKX activity and with the
expression of TaCkX1, independently of the type of light filter applied (Fig. Il.12a and b), pointing
out that the response of CKX activity was mainly due to TaCKX1 in our experimental conditions
and conserved for all the treatments. However, when the expression of TaHY5 gene was
evaluated, we could see that although it presented a negative correlation with the chl content,
the intensity was dependent of the type of filter used (Fig. 1l.13a). Thus, leaves treated with B
filter showed the highest TaHY5 expression and lower chl degradation, whereas G treated leaves
showed the lowest chl content and gene expression. Interestingly, the relation between the
expression of TaHY5 gene and the CKX activity (Fig. 11.13b) and the CK content of the leaves (Fig.
I1.13c) showed totally opposite profile compared to that of the chl degradation. These results
suggested that the degradation of CKs and the main CK metabolites involved in the senescence

processes could be regulating the expression of TaHY5 or vice versa.
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Figure 11.12. The correlation between CKX activity (pkat mg™ protein) (a) and the expression of TaCKX1 (b) with the
chlorophyll content (%) in detached wheat leaves at different times after exposure to the neutral (N), green (G) or

blue (B) filters. The regression curves and significances are shown. * P <0.05; ***P < 0.001.
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Figure 11.13. The correlation between the expression of TaHY5 and (a) the chlorophyll content (%), (b) the CKX activity
(pkat mg? protein) and (c) the cytokinins content (pmol g* DW) in detached wheat leaves at different times after
exposure to the neutral (N), green (G) or blue (B) filters. The regression curves and significances are shown. * P <

0.05; ***P < 0.001.

B. Experiment 2- Regulatory aspects of shade-induced senescence in barley leaves.

[ 11l. VII. BL suppression and changes in the R/FR ratio alter the pattern of leaf senescence in

the barley cultivar Golden Promise

When the shading induced leaf senescence of barley was studied, we observed that barley
senescing leaves followed similar trends in chl degradation as wheat under the N, B and G filter
(Fig. 11.14). However, in the case of barley there was an abrupt acceleration of the senescence
rate when the R/FR ratio was also altered (i. e. treatment R).

To analyse if the different shading treatments on barley leaves caused a similar effect on
CK degradation observed for wheat leaves, we measured several parameters after 120 h of the
application of treatments. There was a clear effect of the filters (Fig. 11.15). Only barley leaves
exposed to the R filter showed significantly higher CKX activity compared to N (Fig. Il.15a).
Moreover, the expression profile of HvCKX1, the closest orthologue to TaCKX1 (the most up-
regulated gene in our experimental conditions in wheat), was also significantly upregulated in R
treated leaves (Fig. I1.15b). To monitor if those differences in CKX activity and HvCKX1 expression
among the R and the rest treatments correlated with differences in the levels of CKX1 protein, a

Western Blot analysis was performed. The levels of detected CKX1 protein were higher in leaves
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senescing under the G and R filter compared to those under the N and B, but no differences were

observed among the G and R filter (Fig. Il.15c and d).
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Figure 11.14. Change in the chlorophyll content (%) in detached barley leaves at different times after exposure to the
neutral (N), blue (B) or green (G) filters. Asterisks indicate significant differences for “shading treatment” effect, at a

given sampling date.
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Figure 11.15. (a) CKX specific activity, (b) expression profile of HYCKX1 gene and (c) Western Blot analysis of CKX1
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II. I, VIII. Correlation analysis in barley

For further evaluation of the treatment effect in shading induced barley leaf senescence,
we performed a correlation analysis between the CKX activity and the Chl content, as it was
previously done in wheat (Fig. 11.12a). In this case, we observed a clear effect of the light quality,
with two separated groups, one including the treatments N and B, and another one including the

treatments G and R (Fig. 11.16).
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Figure I1.16. Correlation between CKX activity (pkat mg! protein) and the chlorophyll content (%) in detached barley
leaves at different times after exposure to the neutral (N), blue (B), green (G) or red (R) filters. The regression curves

and significances are shown. *P < 0.05.

I 1l. IX. Leaves from lines with altered CK homeostasis present alterations in the shade-induced

senescence pattern Compared to wt

Finally, to corroborate the role of CKX regulating shading induced barley leaf senescence
and the influence of the light quality, we treated leaves from wt and transgenic lines with altered
CK homeostasis with the same filters. For this purpose, we used two independent transgenic lines

with silenced HVCKX9 gene, a gene which is highly expressed in the developmental stage of leaves
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used for our experimental set up (Mrizova et al., 2013). There were significant differences in the
rate of chl degradation in transgenic plants compared to wt (Fig. 11.17). Concretely, the line 1.8
presented significantly slower senescence rate under the G (Fig. Il.17c) and R treatments (Fig.
[1.17d). These results pointed to the CKX activity, and hence the Chl degradation is affected by

the light quality at least in barley variety Golden Promise.
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Figure 11.17. Chlorophyll content in detached wild type and transgenic barley leaves at different times after exposure
to the (a) neutral (N), (b) blue (B), (c) green (G) or (d) red (R) filters. Asterisks indicate the existence of significant

differences for “shading treatment” effect, at a given sampling date. Data are means + SD (n= 8).

Il. IV. Discussion

Light quality regulates shade-induced leaf senescence in barley and wheat. BL is an

important ambient cue involved in the regulatory pathway of shade-induced senescence in the
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spring wheat cultivar INTA Oasis (Fig. I1.4). Similar results have been obtained in other cultivars
of this crop (Causin et al., 2009, 2006). Contrarily, in the spring barley cv. Golden Promise the
shading-induced leaf senescence is rather mediated by R/RF ratio than by BL (Fig. 1.14).
Interestingly, the involvement of the CKs regulating leaf senescence was corroborated. For
instance, the concentration of free CKs (but particularly tZ and cZ) in excised leaves of wheat
decreases soon after exposure to the shading treatments. Remarkably, when BL transmission is
not suppressed, a significantly higher endogenous level of ¢Z and tZ is maintained, which points
out a possible role for these active forms in the control of senescence symptoms. However, no
significant differences in the endogenous levels of iP existed between leaves from treatments B
and G, despite having marked differences in their senescence rates. Besides, the exogenous
addition of iP was not able to emulate the senescence delaying effect of filter B in leaves
previously exposed to filter G, suggesting that this CK form are not be directly involved in the
regulation of this process. On the contrary, the exogenous tZ supply was almost as effective as
BL in down-regulating the senescence rate in leaves exposed to filter G (Table 11.3). This result
pointed at the maintenance of higher endogenous tZ levels as a contributor to the senescence-
delaying effect by BL. With regards to cZ, a recent review performed by (Schéafer et al., 2015)
summarized a series of studies that investigate its role in regulating plant development and
defense responses to pathogen and herbivore attack, and highlighted their potential role as
‘novel’ stress-response markers. Moreover, data reported by (Kudo et al., 2012) suggest that cZ
has physiological effects on growth and development of rice plants, and may act as an important
regulator of the senescence rate in this species. Hluska et al. (2016) reported that when cZ was
exogenously supplied to intact 7-d-old maize seedlings, a great proportion was immobilized as
O-glucoside, even though a significant increase of tZ was also induced. These changes, however,
were mostly evident in root tissue, while in the shoot the trends were less profound. Hence,
despite ¢Z addition did not alter the senescence rate in our experimental model, further
investigation is needed to assess its potential contribution to the control of this developmental
process.

Different processes seem to have contributed to decrease the content of free CKs in

shading-induced senescence leaves. One of the main factors could be the up-regulation of CK

55



Chapter Il Light-mediated senescence

degradation, although its relevance would be greater once senescence is triggered rather than
at the beginning of it. As corroboration, the highest expression of both TaCKK1 and HvCKK1 was
observed after more than 120 h of shading-induced senescence (Fig. I.7, 11.8a and 11.15). The
marked up-regulation of the CKX1 gene in senescing leaves of barley and wheat has been
documented elsewhere (Conrad et al., 2007; Song et al., 2012) and its behaviour resembles that
of typical senescence associated genes. It should be noted, however, that the acceleration of the
senescence rate did not necessarily correlate with an up-regulation of all CKX members. In fact,
while the expression of TaCkX4 and TaCkX11 did not show major differences among shading
conditions, a higher increase in the transcript levels of TaCKX3 was observed in those leaves of
wheat exposed to filter B as compared to the remaining treatments (e.g. Fig. 11.8b). Moreover,
TaCKX10 mRNA levels decreased as the time exposure to shading increased. In maize leaves it
has been also reported that ZmCKX10 expression is high in young leaves but markedly decreases
in senescent tissues (Smehilova et al., 2009), which is consistent with our findings. In barley, the
reduction of HVCKX9 expression in the transgenic lines also modified the senescence profile,
delaying senescence especially in G and R treated leaves (Fig. 11.17). It is possible that the
difference in the pattern of expression among CKX genes is associated to alterations in the levels
of the preferred substrates of the respective enzymes, and/or to their particular sub-cellular
localization (Smehilova et al., 2009). Whatever the case, their role in the maintenance of CK
homeostasis is far from being understood, since the regulation of gene expression of different
CKXs is not only tissue- and developmentally- dependent, but also inter- and intra- species and
the stressful conditions considered (Song et al., 2012; Vyroubalova et al., 2009).

The formation of CK-O-glucosides, whose concentration increased with time, had
probably an important role in the inactivation of free CKs at least in wheat cv. INTA Oasis. From
the two TaZOG genes analysed, only TaZOG2 showed a consistent up-regulation compared to the
initial (t0) levels. Interestingly, the increment of TaZOG2 transcript amount was first evident in
leaves exposed to treatment G (Fig. 11.9b). This is in agreement with previous reports indicating
that CK inactivation through O-glucosylation plays an important role in the development of
senescence symptoms in different plant species (Koeslin-Findeklee et al., 2015; Rubia et al., 2014;

Smehilovd et al., 2016; Taverner et al., 1999). However, to our knowledge, this is the first report
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showing that the expression pattern of ZOG genes may differ depending on the spectral quality
of the light environment in wheat leaves senescing under shading stress. O-glucosides are
regarded as reversible storage forms of CKs given that they can be reversibly converted to active
forms by the action of 8-glucosidase (Sakakibara, 2006). Interestingly, the expression of TaGLU1-
3 was up-regulated at a faster rate in leaves shaded under the B than the G filter, which may have
also contributed to maintain higher levels of free CKs (Fig. 11.9c¢).

Surprisingly, the concentration of CK-ribotides as well as CK-ribosides increased as
senescence progressed, particularly in wheat leaves exposed to the G filter. Again, cZ derivatives
were the most abundant among these glycosylated forms (see Table 11.2). While CK-ribotides are
inactive, cZR was shown to have a relatively high biological activity when compared to its free
base (Gajdosova et al.,, 2011). Nevertheless, the observed increment was not enough to
compensate the negative effect of BL suppression on the senescence rate. Since we used excised
leaves, the increment of these CK-forms cannot be attributed to an enhanced translocation from
other organs. Similarly, given that the expression of IPT genes in wheat leaves decreases as
senescence progresses (e.g. Song et al., 2012), it is unlikely that their increment was due to the
up-regulation of CK-synthesis pathways. Rather, it is possible that, as for O-glucosylation, a
stimulation of the conversion of free bases to their respective ribosides/ribotides was the main
process responsible of their accumulation. Alternatively, tRNA degradation (which is expected to
increase in senescent leaves) might also have contributed to enhance the level of ¢Z derivatives
(Sakakibara, 2006; Vyroubalova et al., 2009). Whichever the mechanism, it is clear that the
accumulation of conjugated forms of CKs favours the senescence progresses in excised wheat
leaves exposed to shading stress. Finally, it should be mentioned that changes in the
translocation rate of different CKs might contribute to the alteration of CK homeostasis in
attached leaves. Even though this process could not be explored in our experimental system,
there is evidence that CK transport might also be under the control of light cues (e.g. Roman et
al., 2016).

Given that the action of growth regulators does not only depend on their endogenous
concentration but also on the presence and activity of proper receptors, we analysed the

expression profile of some components of the CK-reception system in our experimental

57



Chapter Il Light-mediated senescence

conditions. The expression level of TaHK3 decreased during the first 24 h after the beginning of
the shading treatments, in coincidence with the marked decrement of some free CKs, but
gradually recovered to the initial levels thereafter. This increment, however, occurred at an
initially faster rate in leaves exposed to the G filter, even though their senescence was
accelerated. Kim et al. (2006) reported that a gain-of-function mutation in the Arabidopsis CK-
receptor AHK3 increased the sensitivity to endogenous CKs and delayed leaf senescence, while
the opposite effect occurred when the expression of this receptor was suppressed. Interestingly,
the AHK3 receptor has a strong preference of tZ-type CKs as compared to iP type CKs (Lomin et
al., 2012). Hence, despite a faster up-regulation of TaHK3 might have helped to enhance the
perception of CK signals in treatment G, either its contribution was not enough to prevent the
development of senescent symptoms, or other CK receptor/s and/or signalling components are
involved in the regulation of senescence by light spectral quality in wheat. In this sense, it is
interesting to note the marked down-regulation observed for TaHK4, an effect that was
enhanced in the absence of BL at 52 h after the beginning of the shading treatments.

There is evidence that in soybean plants the activation of the BL receptor CRY2a down-
regulates the transcription activity of the senescence-promoting transcription factor CIB1,
through direct protein-protein interaction (Meng et al., 2013). Apparently, the decrement in free
CIB1 content did not involve changes in its mRNA levels. As for soybean plants, we did not find
major differences in the expression pattern of the wheat TaC/B1 homologue among shading
treatments, which supports the evidence that its regulation by light cues would not occur at the
transcriptional level. Additionally, green light has been shown to suppress certain BL-mediated
responses by reducing the semi-reduced state of the FAD chromophore (i.e. FADH*) of active CRY
(Liu etal., 2011). Given the available information and considering the lack of correlation observed
between senescence rate and the expression patterns of TaCIB1 and TaCRY2, further research
involving the analysis of protein-protein interactions is needed to better assess their regulatory
role in our experimental model.

Contrary to TaCIB1, in wheat leaves the expression profile of TaHY5 was significantly
affected by the light spectral quality of the shading treatment. While the involvement of this bZIP

protein in photomorphogenic responses has been extensively studied, the information regarding
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its role in the regulation of leaf senescence is scarce, and in some aspects contradictory. In fact,
in A. thaliana leaves exposed to darkness HY5 is degraded via the 26S proteasome pathway, an
effect that has been associated to the induction of senescence symptoms (Keech et al., 2010).
On the contrary, the accumulation of HY5 due to its interaction with active phytochrome B was
shown to positively regulate programmed cell death in Arabidopsis leaves exposed to excess red
light (Chai et al., 2015). Another study showed that HY5 and CKs are required for the expression
of key chlorophyll biosynthesis genes in roots(Kobayashi et al., 2012). In rice, HY5 also functions
as an activator of genes for chlorophyll and carotenoid accumulation upon BL light signalling
(Mohanty et al., 2016). Our data show that the expression of TaHY5 increased as senescence
progressed in all shading conditions, but the rate of accumulation of the transcript was higher
under BL and, hence, inversely correlated with the development of senescence symptoms. Thus,
HY5 could have dual role promoting the pigment synthesis in tissues under control conditions
and delaying their degradation under shading-induced senescence. Another putative explanation
is that either the activity or the stability of the protein is negatively regulated by other BL-altered
components. Indeed, a complex regulation of HY5 functioning and /or turnover might be
expected when considering that it is a point of convergence between multiple hormonal and light

signalling pathways (Gangappa and Botto, 2016).

24 H 48 H 72 H 120 H
‘M N-glucosides - - J iP, ribosides
™ CKX3, { CKX4 ™ CKX3 -
D GLU D Hy5 D Hy5

Figure 11.18. Summary of the parameters altered in detached wheat leaves exposed to the blue (B) filter at different

time points of the experiments.
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Figure 11.19. Summary of the parameters altered in detached wheat leaves exposed to the green (G) filter at different

time points of the experiments.

Il. V. Conclusion

The present results demonstrate that changes in light spectral quality alters CK
homeostasis as well as the expression of several genes involved in their metabolism, in wheat
and barley exposed to shading stress. In wheat, the depletion of tZ rather than cZ or iP seems to
have a predominant role in senescence acceleration. The analysis of gene expression profiles
suggests that BL in wheat and also R/FR ration in barley would contribute to delay the
development of senescence symptoms through the retardation of both CK-degradation and CK-
inactivation, as well as a faster up-regulation of some 6-glucosidase isoforms that may restore
active CKs. However, the shade-induced CK-degradation and hence senescence through CKX
activity can be a conservative plant response independent or dependent of the light quality
according plant species. Besides, the marked changes observed in the mRNA levels of TaHY5
seem a promising cue to deepen the study of its role in the regulation of leaf senescence in other
wheat varieties and plant species. Further studies are needed to understand how the light quality
and CKs interplay the shading-induced leaf senescence and to define whether this process is

inter- or intra species.
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l1l. I. Introduction

Abiotic stresses, in particular water deficit, constrain the global production of crops,
affecting both the vegetative and reproductive phases of development (Wang et al., 2003). Not
all water stress scenarios are equivalent, however, because the severity, frequency, duration and
timing of the stress can vary, and with them the impact on the plant (Chen et al., 2014). A robust
and reliable analysis of phenotypic traits is therefore essential for each context, to shed light on
the basic tolerance mechanisms and develop strategies for breeding crops that are more tolerant
to adverse environments.

Barley is the fourth most cultivated crop world-wide

(http://www.fao.org/faostat/en/#data/QC). As a diploid organism, it is considered a suitable

model for studying the more complex polyploid species belonging to the Triticeae tribe. Under
water stress conditions, barley displays reduced growth and adaptations of other physiological
parameters, such as chlorophyll content, net photosynthetic rate and water content (Ahmed et
al., 2013; Saade et al., 2018). However, the mechanisms that confer water stress tolerance and
recovery capacity in this crop species are still not fully understood.

Plant phenotyping platforms provide the potential for automated, fast scoring of several
traits related to stress tolerance over a time-course, using non-invasive sensors (Awlia et al.,
2016; Chen et al., 2014; De Diego et al., 2017; Granier et al., 2006; Humplik et al., 2015b). Until
now, published indoor protocols have been based on the response of individual plants often
restricted by pot growth, whereas in the field plant growth results in a canopy (Araus and Cairns,
2014). Nevertheless, in the field the plant growth is seasonally dependent, often reducing the
number of possible experiments to one per year, whereas indoor phenotyping allows continuous
repetition of experiments. Furthermore, screening for specific tolerance traits under controlled
conditions is often necessary to manage the complexity of interactions between genotype and
environment on the phenotype (Ghanem et al.,, 2015). The specific metric being monitored
therefore needs to be defined and its relationship with the physiological trait of interest has to
be resolved and validated. The plant phenotype is also determined by complex genome x

environment x management interactions: the sum of the complex interactions between
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metabolic pathways and intracellular regulatory networks are reflected in internal, physiological
and biochemical phenotypes (GroRRkinsky et al., 2015). Thus, a characterization limited only to a
detailed description of a set of image-based traits remains incomplete for understanding plant
responses to water stress. An integration of data from phenomics with other ‘-omics’ (e.g.
metabolomics and genomics) may help dissect the plant response and clarify the key traits
involved in the mechanisms of stress tolerance and acclimation. As example, the combination of
phenomics with metabolomics can help to identify metabolites that are mainly accumulated
under water stress conditions. Particularly, some metabolites such as polyamines and some
amino acids involved in glutamate metabolism like y-amino butyric acid (GABA) and L-proline
(Pro) play essential role regulating stress tolerance like compatible solutes contributing to
osmotic potential, mediators of antioxidant responses or signal molecules (De Diego et al., 2013;
Podlesakova et al., 2019). Concretely, GABA, Pro and L-arginine (Arg) have been described as
metabolites involved in plant recovery and hardening under drought stress conditions (De Diego
et al,, 2015).

The objective of this part of the thesis was to develop a non-destructive method for
studying the water stress tolerance and recovery on a population of barley based on image
analysis of canopy height using a simple red, green, blue (RGB) camera. To introduce the method
we used barley cultivar Golden Promise as a good representative of the varieties with
agronomical interest due to its semi-dwarf with low lodging problems (Thomas et al., 1984) and
stress tolerance (Forster et al.,, 2000). Moreover, we focused on profiling the primary and
secondary metabolites, amino acids and polyamines, which play a dual role as tolerance
indicators and signal molecules (Muscolo et al., 2015; Urano et al., 2010) to study further the
involvement of these molecules regulating plant water stress response and recovery capacity.
We show that, in combination with other -omic approaches such as metabolomics, followed by
multivariate statistical methods, the experimental procedures for studying stress response can
be made more efficient. The result is a simple and highly reproducible method for studying the
stress response and recovery in barley populations, which is applicable for breeding programmes

to select and characterize potentially successful varieties.
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l1l. Il. Materials and Methods

lI. 1l. I. Plant material and growth conditions

Barley (Hordeum vulgare) cultivar Golden Promise was used for the study. Seeds were
surface-sterilized by soaking in 70% ethanol for 30 s, and then washed three times with sterilized
water, and immediately after that with a 4% solution of sodium hypochlorite for 4 min followed
by an additional four washes with sterilized water. The sterile seeds were placed on wet tissue
paper inside square plastic plates (120 mm x 120 mm) and maintained for 2 days at 4 °C in the
dark for imbibition, as schematized in Fig. lll.1. The plates were then transferred into a growth-
chamber, under controlled conditions of a 22 °C, 16 : 8 h, light : dark cycle with a
photosynthetically active radiation (PAR) light intensity of 120 pmol photons m=2 s7! for 2 days,

to induce germination (Fig. 111.1).

[l 1. 1. Non-invasive plant phenotyping

[ 1. 1. I. Phenotyping platform, experimental setup and assay conditions

To develop the barley screening method, firstly we performed and analysed
reproducibility of two independent assays using well-watered conditions (1st experiment-
December 2017 and 2nd experiment- June- 2018; Table IIl.1). After that, we performed a final
experiment to evaluate the growth of barley seedling population under water deficit (3rd
experiment- Table IIl.1). In all experiments, the barley seedlings were planted in plastic
containers (32 cm x 19.5 cm x 10 cm, with a volume of 4 |) filled with 2.8 kg of a 2:1 mixture of
substrate (Substrate 2; Klasmann-Deilmann GmbH, Geeste, Germany) and sand. A total of 50
seedlings per container was sown, distributed in five rows containing 10 plants each, with a final
density of 1000 plants m=2 (Fig. 11l.1). Two containers with 50 seedlings each were then placed
together in a standard PlantScreen™ measuring tray (Photon Systems Instruments, Brno, Czech

Republic).
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Figure IlIl.1. Scheme of the protocol used for non-invasive phenotyping of barley seedlings growing under water stress conditions. (a) Barley seeds were

Fluorescence
Sk

germinated on filter paper and 50 seedlings of similar radicle size were transplanted into soil in standardized PlantScreen™ measuring trays. (b) The trays were
transferred to an XYZ PlantScreen™ chamber with a conveyor system for automatic image acquisition. (c) The canopy height was analysed using an in-house

software routine implemented in MatLab R2015, and the data were evaluated by multivariate statistical analyses using R version 3.5.1.
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Table lll.1. Scheme of the three performed experiments.

EXPERIMENT DATE CONDITIONS
1st December 2017 control
2nd June 2018

water stress

3rd July 2018

For the image analysis, the tray with two containers housing 50 plants each was

transferred onto an OloPhen platform (http://www.plant-

phenotyping.org/db infrastructure#/tool/57). In the water deficit experiment a metal mesh was

installed for better separation of the leaves from the variants [well-watered (W) and water stress-
drought (D)] in each container (Fig. Ill.1). The trays were located into the PlantScreen™ conveyor
system installed in a growth chamber with a controlled environment and LED lighting (Photon
Systems Instruments). The growth conditions were set to simulate a long day, with a regime of
22°C:20°Cina16: 8 h light : dark cycle, a PAR irradiance of 320 umol photons m™ s and a

relative humidity of 40%.

L. 1L 1L 1L Imaging acquisition

The PlantScreen™ system is equipped with a top-view and side-view RGB camera and top-
view FluorCam (Fig. lll.1). The RGB and FluorCam images were stored in a database server. The
images were then evaluated. The side-view RGB images were analysed using an in-house
software routine implemented in MatLab R2015 that was developed and validated by the authors
of this study. The application can be used without charge by obtaining a licence from Palacky

University, by emailing Tomas First (tomas.furst@upol.cz) and agreeing not to use the

application for commercial purposes.

To provide a comparative view, we analysed chl fluorescence-related parameters
throughout the experiments using a top-view FluorCam. A standard protocol was used for the
measurement of Chl fluorescence quenching using the Chl fluorescence imaging (CFIM) part of

the PlantScreen™ platform using the same protocol described by Humplik et al. (2015). Image
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data were processed and chl fluorescence parameters were calculated using software FluorCam
7 (Photon Systems Instruments). Thus, it was estimated: (a) the maximum quantum yield of
photosystem Il (PSII) photochemistry for a dark-adapted state, ®po; (b) the actual quantum yield
of PSII photochemistry for a light-adapted state, ®p; (c) the quantum yield of constitutive non-
light induced (basal or dark) dissipation processes consisting of chl (Chl) fluorescence emission
and heat dissipation, ®fp, quantum vyield of regulatory light-induced non-photochemical
guenching, Onea. It is worth mentioning that ®p + Ofp+ Oneq = 1, and Op = gP Ops;, Where gP =
((Fm = F(t)) / (Fm" — Fo)) is the coefficient of photochemical quenching, which estimates a fraction
of the so-called open PSIl reaction centres, and that ®ps; =((Fm" — Fo’) / Fm') is the maximal

guantum yield of the PSII photochemistry for a light-adapted state.

HL AL L 1L Watering regime

In each container the substrate water content (%) was calculated as follow: the substrate
was weighted and then watered to full capacity and the top was covered with plastic bags for
reducing evaporation losses. When the water stopped draining from the container (cca. 10 h
later), the weight was again measured. The substrate was then dried for 48 h at 105 °C until
complete dryness and the weight was determined. The three weights of the substrate water
moisture status were used for calculating the gravimetric water content (6g) and substrate
maximum water holding capacity. All containers were watered with tap water (average
conductivity c. 56 mS m™) at 100% of field capacity after sowing. Then, the control plants were
irrigated every second day to maintain 80% of field capacity until the end of the experiment. In
the 3rd experiment, the irrigation was stopped in the water stress variant when the plants
presented the first fully expanded leaf. When the substrate water content decreased to 65% (Day

15), the water limited variants were rewatered at full water capacity (100%).

L. 1. 1. The assay workflow

To study water deficit and recovery in barley populations we established the protocol

schematized in Fig. lll.1. The protocol takes a total of 3 weeks, including seed germination (2
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days), seedling growth under water stress conditions (16 days) and subsequent rewatering (4
days). After imbibition, a total of 50 germinated seeds was transferred to plastic containers (Fig.
[11.1). The selection of germinated seeds at a similar developmental stage (radicle length) is an
important to reduce within-population variability. Two randomly selected containers were then
placed in standardized trays and transported within the PlantScreen™ on conveyor belts.
Automated RGB imaging from two optical projections (top and side view) was performed every
day for the next 19 days. The daily RGB measurement of 16 trays (1600 seedlings) took 20 min in
total. When the top-view fluorescence intensity measurement was included (every third day),
the total process time increased to 4 h. The PlantScreen™ Analyzer software processed the raw
data automatically. Raw data were automatically stored in PlantScreen™ database from where
they were subsequently exported for further image processing and analysis.

Side view imaging allowed separation of the plants from the background and the
differentiation between the left and right containers using a pre-defined vertical line in the image
based on the metal mesh installed between them (Fig. Ill.1). To define and evaluate the canopy
height in each container (or variant) automatically, the green mask of the plant was found using
a thresholding algorithm. A line was then placed above the upper most pixel of the mask. The
line was gradually lowered (each step by one pixel) and the following criterion evaluated for each

possible position of the line:

crit=A/B

where A is the number of pixels on a line that also belong to the mask and B is the length of the
line (in pixels). Thus, the criterion represents the fraction of the line that intersects the mask.
Once this fraction exceeded a user-defined threshold, the process was stopped and the position

of the line recorded. This position was then used as a proxy for canopy height.
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lI. 1. IV. Manual parameters

.11 IV. I. Biometric parameters

The aerial biomass of the seedlings was determined from the fresh weight (FW, g) by
cutting the shoots 1 cm above ground level from eight or five plants per replicate and variant at
the end of the water stress period and after 4 days of rewatering, respectively. The
developmental stage of each plant at the same time points,, according to the BBCH scale (Earth
Observation and Research Branch Team, 2011), and the size (length and width) of the youngest

and fully expanded leaf were also evaluated.

I 1. V. Il. Plant water status

The relative water content (RWC, %) was measured in five individual plants per variant
and replicate. The measurement was performed using 2 cm from the middle part of the last
youngest mature leaf collected at the end of the water stress period and after rewatering. RWC
was calculated using the following equation: RWC (%) = (FW - DW) / (TW - DW) x 100, where FW
is the fresh weight at harvesting time, TW is the total weight as total turgor estimated after 24 h
of imbibition, and DW is the dry weight after 48 h at 85 °C.

L. 1. IV. lll. Chlorophyll content

The index of relative chl content or ‘greenness’ of leaves was measured in vivo using a
portable SPAD-502 Plus chl meter (Konica Minolta Inc.). Six measurements were taken in the last
youngest mature leaf in five individual plants per replicate and variant at the end of the water

stress period and after rewatering.

I 1. IV. IV Antioxidant enzymes

For the enzymatic analysis, three groups of five plants per replicate and variant after

water stress and rewatering were collected and immediately frozen in liquid nitrogen. Before
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extraction, the plants were grounded by mortar and pestle using liquid nitrogen. The resulting
pool from each replicate and variant was divided into three analytical replicates for quantification
of antioxidant activity. 100 mg of grounded material was homogenized at a ratio of 1:5 with
extraction buffer [50 mM Tris (pH 7.6), containing 2 mM magnesium sulphate, 1 mM
ethylenediaminetetraacetic acid (EDTA), 1 mM ascorbic acid, 1 mM PMSF and 0.5% (v/v) Triton
X-100] in the presence of PVPP. After centrifugation at 19,000 g for 20 min at 4 °C, the
supernatant was collected and centrifuged under the same conditions for an additional 10 min.
The content of proteins in the crude extract was evaluated using the method described by
Bradford (1976). Catalase (CAT) activity (umol min~t mg™ total protein) was measured according
to Aebi (1984). Briefly, the decrease in absorbance at 240 nm of a reaction mixture consisting of
25 pl enzymatic extract in a final volume of 1 ml reaction mixture containing 50 mM potassium
phosphate (pH 7.0) and 25 mM H,0, was measured. The molar extinction coefficient of 38 M~
cm~ was used to calculate CAT activity.

Ascorbate peroxidase (APX) and guaiacol peroxidase (POX) activity was determined
according to Prochazkova et al. (2001). APX activity was deduced from the decrease in ascorbate
concentration, seen as a decline in the optical density at 290 nm. A value for the activity was
calculated using an extinction coefficient of 2.8 mM™ cm™ for the ascorbate during 30 s. The
assay was performed in a final volume of 1 ml containing 50 mM potassium phosphate (pH 7.0),
1.7 mM H;0,, 0.3 mM ascorbic acid and 85 ul enzymatic extract. POX activity was determined
from the increase in formation of tetra-guaiacol, seen as an increase in the optical density at 470
nm. The activity was calculated using an extinction coefficient 26.6 mM™ cm™ during 30 s. The
assay was carried out using a reaction mixture consisting of 4 pl extract, 150 mM potassium

phosphate (pH 6.1), 8 mM guaiacol and 2.2 mM H;0..

I 1L IV. V. Metabolite quantification

For the AA analysis, three groups of five individual plants per replicate and variant were
collected after water stress and rewatering. All individuals from each group were pooled together

using liquid nitrogen. 5 mg FW of aforementioned grounded plant material was measured and
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extracted. The extraction procedure was performed using an AccQTag Ultra derivatization kit
(©Waters). All extracted samples were analysed using an ACQUITY UPLC® System and a XevoTM
122 TQ-S triple quadrupole mass spectrometer (©OWaters) according to the annotation note of
Waters Corporation (Milford, MA, USA) (Gray and Plumb, 2016). Calibration curves were
constructed for each component analysed using internal standards: y-aminobutyric acid (GABA),
L-alanine (Ala), L-arginine (Arg), L-asparagine (Asn), L-aspartic acid (Asp), L-citrulline (Cit), L-
glutamine (GlIn), L-glutamic acid (Glu), L-glycine (Gly), L-histidine (His), L-ileucine (lle), L-leucine
(Leu), L-methionine (Met), L-phenylalanine (Phe), L-proline (Pro), L-serine (Ser), L-tryptophan
(Trp) and L-tyrosine (Tyr), and the deuterium-labelled compounds L-glutamic acid-2,3,3,4,4-ds, y-
aminobutyric acid-2,2,3,3,4,4-ds and DL-leucine-2,3,3,4,5,5,5,5',5',5'-d1o, all purchased from
©Sigma-Aldrich Inc. (Germany).

For PAs determination 10 mg FW of the remaining material used for the AAs was
extracted and quantified as described by Malec et al., 2017, using the same equipment as for the
analysis of free AAs. The final quantification was performed using the internal standards
cadaverine (Cad), 1,3-diaminopropane (DAP), putrescine (Put), spermidine (Spd), spermine (Spm)
and tyramine (Tyra), all purchased from ©Sigma-Aldrich Inc., were added to each sample to
construct the calibration curve. The concentration of AAs and PAs per dry weight (DW) was then

using the absolute water content of the plants.

II. 1l. V. Statistical analysis and data representation

To assess the differences between the variants of each non-invasive trait extracted from
the image analysis, the non-parametric Kruskal Wallis one-way analysis of variance (ANOVA) by
racks was performed. For the validation of the method and to evaluate the influence of a tray
position and the effect of the treatment (well-watered or water limited variant) in the
morphological and physiological measurements at a particular time-point, the two-way ANOVA
was used. Different letters mean significant differences between variants. One-way ANOVA was
used to analyse significant differences between the metabolites differed between the variants.

Represented values annotated with ns indicate non-significant differences and means annotated
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with asterisks indicate significant differences (* P <0.05; ** P <0.01; *** P <0.001). Tukey HSD
test was used for multiple comparison after ANOVA. All the analysis were performed in R 3.5.1
software using multcomp package.

For multidimensional analyses, a principal component analysis (PCA) was carried out
using the packages factoextra, corrplot, PerformanceAnalytics and ggpubr, and the results were
displayed in a biplot. The Pearson's linear correlation coefficients between all pairs of studied

variables and the significance were also represented in the correlation matrix and scatter plots.

l11. 1ll. Results

lI. I, I. Phenotyping method- Screening of barley population using simple RGB imaging

A. Experiment 1 and 2- Analysis of projected canopy height in barley population at

control conditions

Applying the aforementioned approach, the side-view RGB images of the barley seedling
canopy from two independent experiments (Experiment 1 in December 2017 and Experiment 2
in June 2018) were analysed (Table 1ll.1). Two randomly distributed trays containing 50 plants
each were used per experiment. The reproducibility of the bioassay was corroborated, as the
canopy height from both experiments presented the same trend line (Fig. 11l.2a).

A manual assessment of plants was then performed to complement and validate the traits
derived from the automated plant imaging and image analysis, including the functionality of the
hardware and software components. The aerial biomass in fresh weight (FW, g) from five
seedlings randomly selected from the two different trays of each experiment was determined
manually at days 16 and 19. A Pearson correlation-based comparison between the canopy height
(pixels, from 50 plants) and the aerial biomass (the average of the five measured plants) revealed
a highly significant correlation, with an R? of 0.90 (P < 0.001) (Fig. lll. 2b). This result provided
clear evidence of the reliability of the method for analysing shoot growth in the population of

barley cv. Golden Promise.
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Figure Ill.2. Analysis of the reproducibility of canopy height estimation in barley seedlings from two independent
experiments. (a) The reproducibility of projected canopy height dynamics (in pixels) in barley seedlings (n = 100)
grown under control conditions in December 2017 and July 2018. (b) The correlation between canopy height and
fresh aerial biomass (FW,g) determined for replicates measured at day 16 and day 19 in barley seedlings from the
two independent experiments. The regression curve and significance calculated from the three independent trays is

shown. ***p < 0.001.

B-Experiment 3- Analysis of projected canopy height in barley population under water

deficit and subsequent rewatering

For studying water stress response and recovery capacity in barley at a population level,
we performed a final Experiment 3 (Table IIl.1). In this case, the projected canopy height of five
randomly distributed trays containing two plastic containers; a water-stressed variant (D, left)
and a well-watered variant (W, right) with 50 plants each each (with a final number of 500 barley
seedlings), was recorded over the time-course of 15 days (Fig. lll.1 and 3). Three biological
replicates with five plants (3 x 5 = 15 plants) were taken from two randomly selected trays in each
variant (D and W) and then, they were used for validation and reproducibility of the method. The
three remaining trays were collected at the end of the rewatering period. First of all, we

determined the substrate water content of all the trays during the experiment. The first 6 days
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the substrate water content of the irrigated and non-irrigated variants was very similar, with no
differences between treatments (Fig. Ill.4a). At day 9, the substrate water content of non-
irrigated variants started to decrease with significant differences compared to W variants (P <
0.05). At the day 15 the substrate water content of the D variant reached 65%. In this point, the

containers with the D variant were rewatered to 100% full capacity (Fig. Ill.4a).
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Figure 111.3. Analysis of reproducibility of canopy height estimation in barley seedling under water deficit conditions
within experimental replicates. Changes in canopy height (in pixels) of stressed (D, discontinuous lines) and non-
stressed (W, continuous lines) barley seedlings from five independent trays grown for 12 days (with the endpoint at

day 15) (n=50).

The automated RGB imaging vyielded curves with the same pattern for the five
independent trays until the end of the water deficit period (Fig. l1.3) and for three trays through
the whole experiment (Fig. lll.4b y c). For the first 7 days after water withdrawal, the stressed
plants retained projected canopy height kinetics similar to the well-watered plants, but they were
significantly reduced from day 11 to day 15 (Fig. lll.4b and Table 11.2). After rewatering, the D
variant from each independent tray similarly recovered the projected canopy height but the
values were still significantly smaller than the W variants (Fig. lll.4b and Table 1Il.2). From the
obtained dynamic changes in the projected canopy height of the barley seedling population, we
created a model curve different for the stressed and non-stressed variants, as represented in Fig.

lll.5a. From each curve, we extracted several traits, such as the maximum canopy height on the
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days when watered and non-watered curves separated (Max), water loss as the slope of the line
obtained for the reduction in canopy height, the minimum canopy for the water stress period
(Min), the water recovery capacity as the slope of the line obtained for the increase of canopy
height after rewatering, and the maximum canopy height of the water-stressed variant after
rewatering (MaxR). As an example of the potential use of our bioassay, we calculated the slope
of the line for the water deficit period and after rewatering from the two trays selected for the
posterior manual measurements (Fig. llIl.5b, c). In all linear curves, a highly significant correlation
(R? > 0.90; P < 0.001) was obtained for both growth conditions. Together with the slopes, the
Max, Min and MaxR are shown in Table Ill.3; similar values were obtained in both replicates for
these traits. These results confirmed the reproducibility of the method, which was later validated
using destructive parameters.

Our phenotyping system is also equipped with a FluorCam unit for the analysis of chl
fluorescence parameters (Fig. 111.6). In our study, it was clear that water deficit significantly
changed all the chl fluorescence parameters, albeit with different dynamics and intensity (Fig.
111.7). Some parameters responded quickly and had already changed by day 11, e.g. ®p, and gP
had decreased, and @,p) had increased. Other parameters, such as decreasing ®psi and Op, and
increasing ®npq, had occurred by day 16 as late stress response parameters (Fig. II.7). After
rewatering, the stressed variants recovered to control values for gP and ®p. However, ®po, Opsii,
@(t,p) and Onpq Maintained significant differences compared with the well-watered plants (Fig.
l11.7). The results indicated that these parameters were potential indicators for evaluating the

recovery capacity of plants, at least in barley.
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Figure 11.4. Dynamics of soil moisture and projected canopy height in barley seedlings growing under water stress

conditions with subsequent rewatering. (a) Changes in substrate water content (%) of non-stressed (W, continuous

lines) and stressed (D, discontinuous lines) barley seedlings (n = 50) from three independent trays (Barleyl, 2 and 3)

grown for 13 days under water deficit conditions (with the endpoint at day 16) and subsequently rewatered for 4

days (with the endpoint at day 19). The watering regime consisted in an initial 100% field capacity (FC) after sowing

and subsequent constant 80% FC for W variants, and irrigation interruption from day 3 to day 16 for the D variants

and posterior rewatering for 4 days. Blue arrows represent the watering regime and red arrow the stop of the

irrigation moment in the D variant. (b) Changes in projected canopy height (in pixels) and (c) side view images of the

D and W variants from the three independent replicates along the experiment.
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Table 111.2. Dynamics of canopy height of barley seedlings grown under water stress conditions. Fold changes (logz) of the canopy height (pixels) of seedlings
grown under stressed conditions for 12 days (endpoint day 15) compared with their respective controls, from five independent trays. Asterisks and ns indicate

the level of significance between stressed and non-stressed plants according to ANOVA (n =50); * P<0.05; ** P<0.01; *** P <0.001; ns, not significant.

Day Day Day Day Day Day Day Day Day Day Day Day Day
Replicate
1 2 3 4 5 6 7 8 9 10 11 12 13
Barley R1 -0.12  -0.28 -0.20 -0.13 -0.18 -0.11 -0.13 -0.06 -0.05 -0.07 -0.16 -0.36 -0.72
Barley R2 -0.20 -0.05 -0.08 -0.12 -0.12 -0.04 -0.05 0.00 -0.14 -0.05 -0.21 -0.46 -0.72
Barley R3 -0.08 -0.04 -0.06 0.02 0.02 0.04 -0.03 0.06 -0.06 -0.06 -0.27 -0.43 -0.75
Average -0.13 -0.12 -0.11 -0.07 -0.09 -0.04 -0.07 0.00 -0.08 -0.06 -0.21 -0.41 -0.73
Significanc
e ns ns ns ns ns ns ns ns ns ns * * *
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Figure IIL.5. Linear curve of the projected canopy height and the extracted traits. (a) The average canopy height,
regression curve and significance calculated from three independent trays (with 50 plants each) growing under water
deficit conditions for 13 days (with the endpoint at day 16) and with subsequent rewatering for 4 days (with the
endpoint at day 19). (b) Max is the maximum and Min the minimum canopy height reached by the stressed plants
from replicate 1 or 2 (n = 50) under water deficit conditions, and the slope of the linear model curve is shown. (c)
MaxR is the maximum canopy height from replicate 1 or 2 (n = 50) attained after 4 days of rewatering, and the slope

of the line (SlopeR) is also shown in the equation.

Table IIl.3. Traits related to water deficit and recovery. Traits were extracted from the linear regression of the
canopy height in two randomly selected trays. Day is the day when treated and not treated plants are different; Max
is the maximal canopy height reached in the stressed plants under drought; min is the minimal canopy height at the
end of the drought period; Slope of the linear curve from the canopy height in the drought period; MaxR is the
maximal canopy height reached in the stressed plants after rewatering; and SlopeR of the linear curve from the

canopy height in the rewatering period.

Water stress Rewatering
Day Max min Slope MaxR SlopeR
Tray 1 8 1041 680 -69.514 1218 153.2
Tray 2 8 1018 707 -71.429 1136 148
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Figure 111.6. Imaging of chlorophyll fluorescence (®ro and Oesi) in barley seedlings under well-water, water stress, and rewatering. Stressed and non-stressed

plants labelled as D (left) and W (right), respectively.
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Figure 1l1.7. Variation in chlorophyll parameters in barley seedlings grown under water stress conditions and after subsequent rewatering. Chlorophyll
fluorescence parameters from three independent trays (1, 2 and 3) (n = 50) and the average values. D and W variants are represented by discontinuous and
continuous lines, respectively. Statistical analyses were performed via ANOVA. Asterisks indicate the significance level relative to the control variant; * P < 0.05;

** P<0.01; *** P<0.001; ns, not significant.
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II. NI, 1I. Validation and reproducibility of the phenotyping method

A-The reproducibility of morphometric and physiological parameters between biological

replicates and trays confirmed the reliability of the method

We performed a manual evaluation of several morphological and physiological
parameters in two independent trays to integrate and validate our results obtained by imaged-
based measurements. Firstly, we evaluated the developmental stage of the plant population by
analysing the last emerging leaf in eight and five randomly selected plants per variant at the end
of the water period and rewatering, respectively (Fig. 111.8). We observed differences among
variants (treated and non-treated) and not between biological trays. Whereas in the watered
control at day 16 the fifth leaf had appeared, the stressed plants were still expanding the third
leaf at this point of the assay (Fig. l1.8a). After rewatering, the differences were reduced to one
leaf less, with the fourth and fifth leaf in expansion for stressed and non-stressed plants,
respectively (Fig. 111.8b).

In the case of the aerial biomass (FW, g), full expanded (FE) leaf length and width (cm)
and the ratio between length and width, eight plants per variant and tray were individually
collected at the end the water stress period and after rewatering, respectively (Fig. 11l.9a-c). In
almost all the cases, the changes were due to the treatment and not because of the tray position
effect (Table lll.4). Regarding biomass, the seedlings from the D variant were significantly smaller
than the W plants in both trays (Fig. l1l.9a). After recovery, D plants were still only half the weight
of the well-watered variants (Fig. 111.9a). When the length and width of the last fully expanded
leaf were evaluated, we observed that the seedlings from the same variant showed the same
profile for both traits (Fig. 11l.9b and c); the length and width were significantly reduced under
water stress conditions. After rewatering only the width recovered to control values (Fig. 111.9b),
affecting the length/width ratio (Fig. 111.9d).

There was also no effect of the tray recorded for the RWC and total chlorophyll (chl)
content between the trays (Table Il.4).The water deficit treatment caused a c. 50% decrease in
plant RWC, and rewatering returned the plant water status to 95% in only 4 days (day 19) (Fig.

l11.9€). Chl content showed a similar pattern (Fig. 111.9f). The values were significantly lower in
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stressed plants than in the controls, indicating that the Chl content and N status of the plants
were significantly affected by water stress conditions but were recovered after 4 days of
rewatering (Fig. IIl.9f). Altogether, the high reproducibility of the individual biometric and
physiological parameters among the assay replicates corroborated the reproducibility of the
method for studying water deficit and recovery capacity in barley.

Altogether, the high reproducibility of the individual biometric and physiological
parameters among the trays corroborated the reproducibility of the method for studying water

deficit and recovery capacity at least in barley cv. Golden Promise.

B- The reproducibility of the antioxidative response between replicates also validated

the method for study water deficit and recovery in barley population

It is well known that plants activate their antioxidative machinery as a response to stress.
Hence, we quantified the activity of the three antioxidant enzymes CAT, POX and APX (Fig. 111.9g—
i). The same profile was observed between trays as stress response and subsequent recovery
(Fig. 111.9g-1, Table I11.4). Interestingly, only CAT and POX increased significantly in the stressed
variants, and then recovered to control values after rewatering (Fig. I1l.9g and h). In contrast, APX
kept increasing during the recovery period, resulting in values four times higher in the stressed
seedlings than in the controls (Fig. ll1.9i). These results indicated that each type of antioxidant

enzyme plays a different role in the barley cv. Golden Promise stress response.
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Figure 111.8. Developmental stages of barley seedlings grown under (a) water stress and (b) after subsequent rewatering. Developmental stages of leaves in

stressed (D) and non-stressed (W) plants from two independent trays (1 and 2) at the end of the water stress period (n = 8) (a) and after rewatering (n=5) (b).
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Figure 111.9. Morphometric and physiological changes in barley seedlings under water stress conditions and after subsequent rewatering. (a) Aerial biomass
(FW,g), (b) leaf length (cm) and (c) width (cm) of the last fully expanded (FE) leaf, (d) the ratio between length and width, (e) the relative water content (%), (f)
the index of the chlorophyll content, and the activity of the antioxidative enzymes (g) guaiacol peroxidase (POX), (h) catalase (CAT) and (i) ascorbate peroxidase
(APX), in stressed (D, colour bars) and non-stressed (W, black bars) barley seedlings from two independent trays at the end of the water stress period (n=8) and
after subsequent rewatering (n=5). Asterisks and ns indicate the significance level relative to the control replicate; * P < 0.05; ** P<0.01; *** P <0.001; ns, not
significant.Three independet pools containg 5 plants each were used for the quantification of the antioxidant enzyme activity. Different letters mean significant

differences accordint to Tukey HSD test after ANOVA.
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Table I11.4. Statistical analysis of several morphological and physiological traits measured in barley seedlings at the

end of the water stress period and after rewatering using two-way ANOVA (Tray and Treatment). * P <0.05; ** P <

0.01; *** p<0.001.

WATER STRESS REWATERING
Df SumSq MeanSq Fvalue Pr(>F) Df SumSg MeanSq Fvalue Pr(>F)
a TRAY 1 0.063 0.063 8.505 0.0069 ** TRAY 1 0.003 0.003 0.142 0.712
% Treatment 1 8333 8.333 1122.907 <2e-16 *** Treatment 1 3.547 3.547194.408 2.27e-10 ***
@ TRAY:Treatment1 0.029 0.029 3.923 0.0575 TRAY:Treatment 1  0.002 0.002 0.088 0.771
Residuals 28 0.208 0.007 Residuals 16 0.292 0.018
Df Sum Sq MeanSq Fvalue Pr(>F) Df SumSq MeanSq Fvalue Pr(>F)
g" TRAY 1 0.78 0.78 0.228 0.637 TRAY 1 2.24 2.244 0.583 0.456
;I_J Treatment 1 178.60 178.60 52.062 7.46e-08 *** Treatment 1 23.54 23.544 6.112 0.025 *
§ TRAY:Treatment 1 0.60 0.60 0.176 0.678 TRAY:Treatment 1 0.00 0.005 0.001 0.973
Residuals 28 96.06 3.43 Residuals 16 61.64 3.852
Df Sum Sqg MeanSq Fvalue Pr(>F) Df SumSq MeanSq Fvalue Pr(>F)
% TRAY 1 0.0013 0.0013 0.479 0.495 TRAY 1 0.0005 0.00050 0.154 0.7001
E Treatment 1 0.9800 0.9800 375.248 <2e-16 *** Treatment 1 0.0125 0.01250 3.846 0.0675
§ TRAY:Treatment1 0.0003 0.0003 0.120 0.732 TRAY:Treatment 1 0.0125 0.01250 3.846 0.0675
Residuals 28 0.0731 0.0026 Residuals 16 0.0520 0.00325
Df Sum Sq Mean Sq Fvalue Pr(>F) Df SumSq MeanSq Fvalue Pr(>F)
E TRAY 1 7.5 7.5 0.555 0.463 TRAY 1 7.78 7.778 1.148 0.300
é Treatment 1 769.0 769.0 57.022 3.17e-08 *** Treatment 1 5.22 5.225 0.771 0.393
& TRAY:Treatment 1 24 2.4 0.180 0.675 TRAY:Treatment 1 12.76 12.756  1.883 0.189
Residuals 28 377.6 13.5 Residuals 16 108.41 6.775
Df SumSq MeanSq Fvalue Pr(>F) Df  SumSq MeanSq F value Pr(>F)
TRAY 1 1.02 1.015 0.257 0.6161 TRAY 1 4.05 4.050 1.400 0.254
5 Treatment 1 29.45 29.453 7.459 0.0108 * Treatment 1 1.06 1.058 0.366 0.554
TRAY:Treatment1 0.20 0.195 0.049 0.8256 TRAY:Treatment 1 3.70 3.698 1.279 0.275
Residuals 28 110.56 3.948 Residuals 16 46.27 2.892
Df SumSq MeanSq Fvalue Pr(>F) Df SumSgqg MeanSq Fvalue Pr(>F)
o TRAY 1 8 8 0.538 0.474 TRAY 1 40.4 40.42 1.414 0.252
E Treatment 1 16318 16318 1146.045 2.55e-16 *** Treatment 1 1.5 1.46 0.051 0.824
TRAY:Treatment 1 16 16 1.138 0.302 TRAY:Treatment 1 39.2 39.22 1.372 0.259
Residuals 16 228 14 Residuals 16 4573 28.58
Df SumSq MeanSq Fvalue Pr(>F) Df  SumSg MeanSq Fvalue Pr(>F)
TRAY 1 0.00239 0.00239 0.599 0.461063 TRAY 1 0.01703 0.017028 1.433 0.266
5 Treatment 1 0.11435 0.11435 28.646 0.000684 *** Treatment 1 0.02372 0.023716 1.996 0.195
TRAY:Treatment 1 0.00007 0.00007 0.016 0.901389 TRAY:Treatment 1 0.00369 0.003695 0.311 0.592
Residuals 8 0.03194 0.00399 Residuals 8 0.09506 0.011882
Df SumSgqg MeanSq Fvalue Pr(>F) Df SumSq MeanSq Fvalue Pr(>F)
TRAY 1 0.02 0.02 0.019 0.894008 TRAY 1 0.0590 0.0590 0.596 0.4623
§ Treatment 1 37.82 37.82 32.020 0.000477 *** Treatment 1 0.2248 0.2248 2.2720.1701
TRAY:Treatment1 0.01 0.01 0.012 0.915079 TRAY:Treatment 1 0.5467 0.5467 5.525 0.0466 *
Residuals 8 9.45 1.18 Residuals 8 0.7916 0.0989
Df SumSq MeanSq Fvalue Pr(>F) Df Sum Sq Mean Sq Fvalue Pr(>F)
TRAY 1 0.009 0.009 0.009 0.9263 TRAY 1 0.523 0.523 0.3210.58648
x Treatment 1 4.080 4.080 4.074 0.0783 Treatment 1 20.834 20.834 12.789 0.00723 **
< TRAY:Treatment1 0.197 0.197 0.196 0.6695 TRAY:Treatment 1 0.012 0.012 0.007 0.93400
Residuals 8 8.012 1.002 Residuals 8 13.032 1.629
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C- Different free AAs and Pas regulated plant stress response and recovery

Free PA and AA are typical metabolites involved in the plant water stress response (Fig.
[11.10). As expected, both groups of metabolites accumulated significantly under stress, and the
profile of the fold change between treated and non-treated plants was similar (Fig. 111.10).

Water deficit induced a significant accumulation of AAs (pmol mg* DW) (Fig. I11.10 and
(Table 111.5), with the highest increases in Pro and OH-Pro. After rewatering, many of the AA kept
significantly higher in the stressed plants than in the controls, except for Arg and GABA did not
showed significant differences between treatments ((Fig. I11.10). Interestingly, at this time-point
the accumulation of Cit in stressed plants was 11.7-fold (logz= 3.55) higher compared to the
control levels (Fig. 111.10).

For the PAs, quantification of Cad was only possible in the water-stressed plants (with an
average of 9.73 and 7.85 pmol mg™ DW for tray 1 and 2, respectively); in the well-watered and
the stressed variants after rewatering it was under the limits of detection. Tyra and DAP were
the most accumulated compounds and Spd was the only PA that did not change in stressed plants
compared to the non-stressed ones (Fig. lll. 10 and Table Ill.5). After rewatering, water stressed
plants kept higher content of Tyra and DAP compared to the well-watered plants, Spd
accumulated to higher levels, whereas no significant differences between variants were found in
the case of Put and Spm (Fig. 111.10 and Table 1I.5). Based on these results, we could classify the
metabolites into two groups, a water stress-related compounds (e.g. Pro, OH-Pro, Tyra, DAP and

Cad) and a group involved in the recovery of the plants after rewatering (e.g. Cit and Spd).
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Figure I11.10. Metabolic profiles of barley seedlings under water deficit and after subsequent rewatering. Fold

changes (presented as log2 ratio) in the content (pmol mg?* DW) of free polyamines (PAs) and amino acids (AAs)

between stressed (D) and non-stressed (W) barley seedlings (thee independent pools cotaining 5 plants from two

independent trays, n= 6) at the end of the stress period (red bars) and after subsequent rewatering (gray bars).
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Table lII.5. Statistical analysis of free AAs and PAs (pmol mg™? DW) measured in barley seedlings at the end of the

water stress period and after rewatering using one-way ANOVA. * P <0.05; ** P <0.01; *** P <0.001.

WATER STRESS REWATERING
Df SumSq MeanSq Fvalue Pr(>F) Df SumSq MeanSq Fvalue Pr(>F)
g Treat 1 3.444 3.444 46.23 0.00244 ** Treat 1 0.05929 0.05929 57.86 0.0016 **
Residuals 4 0.298 0.074 Residuals 4  0.00410 0.00102
Df SumSq MeanSq Fvalue Pr(>F) Df SumSq MeanSq Fvalue Pr(>F)
%ﬂ Treat 1 0.5545 0.5545 44.01 0.00268 ** Treat 1 0.0001913 1.913e-04 2.557 0.185
Residuals 4 0.0504 0.0126 Residuals 4  0.0002994 7.485e-05
Df SumSq MeanSq Fvalue Pr(>F) Df SumSq MeanSq Fvalue Pr(>F)
2 Treat 1 18289 18.289 58.88 0.00155 ** Treat 1 0.1205 0.12052 193.1 0.000155 ***
Residuals 4 1.242 0.311 Residuals 4  0.0025  0.00062
Df SumSq MeanSq Fvalue Pr(>F) Df SumSq MeanSq Fvalue Pr(>F)
o Treat 1 4154 41.54 87.08 0.000734 *** Treat 1 1.1986 1.1986 33.68 0.00438 **
<
Residuals 4 1.91 0.48 Residuals 4 0.1423  0.0356
Df SumSq MeanSq Fvalue Pr(>F) Df SumSq MeanSq Fvalue Pr(>F)
5 Treat 1 5.102e-05 5.102e-05 28.65 0.00587 ** Treat 1 0.0003207 0.0003207 65.41 0.00127 **
Residuals 4 7.120e-06 1.780e-06 Residuals 4 0.0000196 0.0000049
Df SumSq MeanSq Fvalue Pr(>F) Df SumSq MeanSq Fvalue Pr(>F)
<
2 Treat 1 09506 0.9506 25.350.00731 ** Treat 1 0.02496 0.024964 6.389 0.0648
© Residuals 4 0.1500 0.0375 Residuals 4  0.01563 0.003907
Df SumSg MeanSq Fvalue Pr(>F) Df SumSq MeanSq Fvalue Pr(>F)
% Treat 1 14.696 14.696 712.81.17e-05 *** Treat 1 21068 2.1068 187.9 0.000164 ***
Residuals 4 0.082 0.021 Residuals 4 0.0449 0.0112
Df SumSg MeanSq Fvalue Pr(>F) Df SumSgq MeanSq Fvalue Pr(>F)
s Treat 1 33.67 33.67 64.78 0.00129 ** Treat 1 09953 0.9953 16.94 0.0147 *
©
Residuals 4 2.08 0.52 Residuals 4 0.2350 0.0588
Df SumSg MeanSq Fvalue Pr(>F) Df SumSq MeanSq Fvalue Pr(>F)
G> Treat 1 0.005175 0.005175 13.88 0.0204 * Treat 1 0.005175 0.005175 13.88 0.0204 *
Residuals 4 0.001492 0.000373 Residuals 4 0.001492 0.000373
Df SumSq MeanSq Fvalue Pr(>F) Df SumSq MeanSq Fvalue Pr(>F)
© Treat 1 1343  1.3431 358.54.58e-05 *** Treat 1 0.003950 0.003950 114 0.000436 ***
I
Residuals 4  0.015 0.0037 Residuals 4 0.000139 0.000035
Df SumSq MeanSq Fvalue Pr(>F) Df SumSq MeanSq Fvalue Pr(>F)
o Treat 1 2.1271  2.1271 333.5 5.29e-05 *** Treat 1 0.0008674 0.0008674 14.670.0186 *
B Residuals 4  0.0255 0.0064 Residuals 4 0.0002366 0.0000591
Df SumSq MeanSq Fvalue Pr(>F) Df SumSg MeanSq Fvalue Pr(>F)
2 Treat 1 1.0025 1.0025 369.7 4.31e-05 *** Treat 1 0.0003770 3.77e-04 14.24 0.0195 *
- Residuals 4 0.0108 0.0027 Residuals 4 0.0001059 2.65e-05
Df SumSq MeanSq Fvalue Pr(>F) Df SumSq MeanSq Fvalue Pr(>F)
5 Treat 1 0.015151 0.015151 705.5 1.19e-05 *** Treat 1 3.074e-05 3.074e-05 237.7 0.000103 ***
= Residuals 4 0.000086 0.000021 Residuals 4  5.170e-07 1.290e-07

88



Chapter Il A novel method to study water deficit in barley
Df SumSq MeanSq Fvalue Pr(>F) Df SumSg MeanSq Fvalue Pr(>F)
o Treat 1 0.3306 0.3306 83805 8.54e-10 *** Treat 1 0.0011638 0.0011638 28.12 0.00608 **
& Residuals 4 0.0000 0.0000 Residuals 4  0.0001656 0.0000414
Df SumSq Mean Sq Fvalue Pr(>F) Df SumSq MeanSq Fvalue Pr(>F)
o
Q_T Treat 1 0.0007348 0.0007348 166.4 0.000208 *** Treat 1 9.210e-07 9.21e-07 26.39 0.00681 **
% Residuals 4 0.0000177 0.0000044 Residuals 4 1.396e-07 3.49e-08
Df SumSq MeanSq F value Pr(>F) Df SumSq MeanSq Fvalue Pr(>F)
o Treat 1 11410 11410 289.4 7e-05 *** Treat 1 11.947 11.947 8.6530.0423 *
. Residuals 4 158 39 Residuals 4  5.522 1.381
Df SumSgq MeanSq Fvalue Pr(>F) Df SumSq MeanSq Fvalue Pr(>F)
5 Treat 1 15.890 15.890 234.6 0.000106 *** Treat 1 0.12556 0.1256 26.69 0.00667 **
< Residuals4 0.271 0.068 Residuals 4 0.01882  0.0047
Df SumSgqg MeanSq Fvalue Pr(>F) Df SumSgq MeanSq Fvalue Pr(>F)
o Treat 1 1.3558 1.3558 12212 4.02e-08 *** Treat 1 0.013065 0.013065 16.39 0.0155*
=
Residuals 4 0.0004 0.0001 Residuals 4 0.003188 0.000797
Df SumSg MeanSq Fvalue Pr(>F) Df SumSq MeanSq Fvalue Pr(>F)
s Treat 1 0.4327 0.4327 30796 6.33e-09 *** Treat 1 0.0004264 0.0004264 25.590.00718 **
2
Residuals 4 0.0001 0.00003 Residuals 4  0.0000666 0.0000167
Df SumSq MeanSq Fvalue Pr(>F) Df SumSq MeanSq Fvalue Pr(>F)
2 Treat 1 19930 19930 227.90.000112 *** Treat 1 72.15 72.15 26.54 0.00674 **
< Residuals 4 350 87 Residuals 4 10.87 2.72
Df SumSg MeanSq Fvalue Pr(>F)
o Treat 1 115.79 115.79 262.2 8.51e-05 ***
© Residuals4  1.77 0.44
Df Sum Sq Mean Sq Fvalue Pr(>F) Df SumSq MeanSq Fvalue Pr(>F)
% Treat 1 178.03 178.03 11682 4.39e-08 *** Treat 1 8.214 8.214 147.3 0.000264 ***
e Residuals4  0.06 0.02 Residuals 4  0.223  0.056
Df Sum Sgq Mean Sq Fvalue Pr(>F) Df SumSq MeanSq Fvalue Pr(>F)
5 Treat 1 3282 328.2 2220 1.21e-06 *** Treat 1 3.988 3.988 4.684 0.0964 .
. Residuals 4 0.6 0.1 Residuals 4  3.406 0.851
Df Sum Sq Mean Sq F value Pr(>F) Df SumSg MeanSq Fvalue Pr(>F)
3 Treat 1 1.492 1492 0.956 0.384 Treat 1 160.45 160.45 9.114 0.0392 *
< Residuals4  6.244 1.561 Residuals 4 70.42 17. 61
Df SumSq Mean Sq F value Pr(>F) Df SumSgq MeanSq Fvalue Pr(>F)
g_ Treat 1 475.4 475.4 22.8 0.00881 ** Treat 1 9.838 9.838 3.868 0.121
2 Residuals 4 83.4 20.9 Residuals 4 10.172 2.543
Df SumSq MeanSq Fvalue Pr(>F) Df  SumSq MeanSq Fvalue Pr(>F)
; Treat 1 11955 11955 135.8 0.00031 *** Treat 1 179.92 179.92 16.99 0.0146 *
= Residuals 4 352 88 Residuals 4 42.36 10.59
Df SumSq MeanSq Fvalue Pr(>F) Df SumSq MeanSq Fvalue Pr(>F)
2 Treat 1 26044 26044 134.6 0.000315 *** Treat 1 1161.4 1161.4 73.110.00103 **
. Residuals 4 774 193 Residuals 4 63.5 15.9
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II. 1. 11l. Data analysis- Multivariate statistical analysis for understanding the physiological basis

of the image-derived traits and water stress response in barley populations

To integrate all parameters measured and confirm the reliability of the traits derived from
our method based on the canopy height of barley populations, we performed a PCA in which
trays 1 and 2 were evaluated for two different growth regimens, water-stressed (D) and well-
watered (W) plants, at two time-points, at the end of the stress period or after 4 days of
rewatering (RD and RW, respectively). To facilitate visualization, the results were projected onto
a biplot representing the scores (variants) and the loadings (analysed traits) (Fig. [ll.11a). The first
two principal components (PC1 and PC2), which together captured 89.9% of the variance,
explained the experimental model almost completely Fig. 111.12). We could see that the trays with
the same variant and time-point were closely located. PC1 accounted for 79.9% of the total
variation, and included almost all the traits and metabolites, except chl, qP, ®p) (Phi_f,D), APX,
CAT, Cit and Spd. The accumulation of metabolites was positively correlated with the water
deficit conditions (D) (Fig. 1ll.11a). In contrast, they showed a negative correlation with the
controls from the water stress and rewatering period, which were positively correlated with the
canopy height, slope, development, ®p, (Phi_Po), ®psi (Phi_PSll), ®p (Phi_P), biomass, leaf length
and width and RWC. PC2 captured an additional 11.5% of the total variance, and was positively
dominated by CAT, Cit and Spd in the rewatered trays (RD) (Fig. lll.11a and b). This analysis
demonstrated the reproducibility of the measurements performed, as the independent trays
were grouped together in all analysed situations. In addition, the separation of the loadings
allowed us to identify possible traits related to water stress and rewatering responses in the

barley cultivar used in this study.
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Figure I11.11. Multivariate statistical analyses of the traits in barley seedlings related to the water stress response
and subsequent rewatering. (a) Principal component analysis (PCA) (b) contribution of the loadings to each PCA
(Dim) and (c) a correlation matrix of 45 traits obtained from two different trays of barley seedlings at the end of the

water stress period and after subsequent rewatering.
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Figure 111.12. Scree plot representing the percentage of explained variance of the model of each PCA (Dimension)

performed in R3.5.1.

Finally, to reduce the number of possible traits observed in the PCA, we performed a
linear correlation across all traits. The outcome helped us to (a) validate our non-invasive method
with other traditionally invasive parameters and metabolites and (b) determine the collinearity
among traits for identifying the most representative traits of the water deficit response. For
better visualization of the results, we created a correlation matrix and two scatter plots (Fig.
lI.L11c and 13-16). The correlation matrix was constructed based on Pearson correlation
coefficients, which is represented by circles with different intensity colours and sizes, blue
(positive) or red (negative) (Fig. Ill.11c). Similarly, we prepared four scatter plot matrices from
the most correlated traits that included sloped linear regressions, Pearson correlation
coefficients and significance (Fig. I11.13-16). We found that canopy height had the strongest
positive correlation with aerial biomass and leaf length, with an r of 0.99 and 0.98 (P*** <0.001),
respectively (Fig. 11c and 13). The correlation of canopy height versus RWC was also positive (r =

0.88, P** < 0.01), showing that this non-invasive parameter integrated both the growth and
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water status of the plants. Canopy height was positively correlated with ®p,, ®ps; and Op, and
negatively with Onpq, APX and POX, several AAs and PAs, except for Cit and Spd (Fig. Ill. 11c and
13-15). Interestingly, these two compounds showed a very different response compared to the
rest of the metabolites and presented a significant correlation each other (r = 0.77, P* < 0.05)
(Fig. 11.16). Besides, Cit showed linear correlation with the antioxidant enzyme APX (r=0.72, P*
< 0.05). Another phenotype-derived trait, the slope of the curves, did not show any linear
correlation with the morphometric traits related to canopy height, and was directly correlated
with Qps) (r = 0.92, P** < 0.01) and inversely with Onpq (r = 0.97, P*** <0.01) (Fig. 111.14). These
results suggested that the slope or plat water turgor was influence by the light intensity and
showed that the side-view traits of canopy height and slope provided additional useful
information for studying and understanding the water stress response of barley populations.
Altogether, we showed that the use of canopy height and its derived traits are a good approach
to analysing the growth and water status of barley populations and, in combination with other
markers such as the fluorescence parameter gP and the content of Cad and Cit, it could provide
enough information for understanding the water stress response and recovery capacity in barley

plants from the cultivar Golden Promise.
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Figure Ill.13.Scatter plots of the correlation between canopy height, slope, morphometric parameters, RWC (%), chl

and fluoresce related traits undertaken in R3.5.1.
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Figure 111.14. Scatter plots of the correlation between canopy height, slope, the activity of CAT, POX and APX, and

some AAs undertaken in R3.5.1.
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Figure I11.15. Scatter plots of the correlation between canopy height, slope and some AAs and PAS undertaken in

R3.5.1.
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Figure I11.16. Scatter plots of the correlation between the activity of CAT, POX and APX, Pro, OH-Pro, GABA, Arg, Glu,
Cit and PAS undertaken in R3.5.1.
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I1l. IV. Discussion

Indoor phenotyping methods enable the evaluation of various traits from a large number
of plants in a fast and non-invasive manner. Routinely, experiments are performed in controlled
conditions mimicking environmental conditions. However, an effective translation of indoor
simulations to what plants experience in the field is not straight-forward because of the
complexity and variability of the field conditions, which complicate data analysis and
interpretation (Araus and Cairns, 2014). As reviewed by Poorter et al. (2016), it is necessary to
develop new protocols that can adjust growth conditions to be closer to field conditions. A
common problem is the use of high relative humidity (RH) in protocols for studying water deficit
(Junker et al., 2015; Nosalewicz et al., 2016), whereas in the field water stress is frequently
associated with low RH values. We have optimized our method for studying water deficit in barley
at a RH of 40%, which is closer to real conditions and thus accelerates the stress response.
Another limitation in the translation from the laboratory to the field is the method of growing
the plants in different spatial conditions. Indoor phenotyping traditionally analyses the plant
growth in individual pots (Cabrera-Bosquet et al., 2016; Honsdorf et al., 2014; Poorter et al.,
2016), whereas in the field plants grow to form a canopy, competing with neighbours for above-
and below-ground resources. To form the canopy, in our method we planted 50 barley seedlings
in the same plastic container (Fig. lll.1), reaching a final density of 1000 plants m~2 instead of the
20-50 plants m™2 normally used in indoor phenotyping (Poorter et al., 2016). When plants are
grown in individual pots, image analysis allows to dissect plants as individuals, because they are
not masking each other (Chen et al., 2014; Honsdorf et al., 2014). Plants grown in a dense canopy
overlap the leaves making almost impossible to extract projections of single plants. We overcame
this by analysis of whole canopies instead of individuals. Using side-view RGB images and
developing a software routine we can estimate the projected canopy height of the barley
population (Figs lll.L1 and 5). This provided indirect information about several invasive
parameters, such as biomass, leaf length and width and RWC (Fig. Ill.11 and 13-15), which are
important manually measurements for studying barley populations in water stress conditions.

Chen et al. (2014) previously described a similar phenotyping setup with a water stress phase
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followed by a re-watering phase. They also showed that the plant height was highly correlated
with the destructive measured shoot biomass. However, they evaluated single plants and used
very sophisticated and expensive sensors such as FluorCam and NIR. To our knowledge, our
indoor phenotyping approach is the first that uses projected canopy height in populations,
representing overall growth conditions that are more similar to those that plants experience in
the field, especially when compared to single pot-single plant studies. Besides, we also showed
that from each obtained canopy height curve is possible to extract more traits such as the slope
of the obtained line for the water stress and recovery period (Fig. IIl.5 and Table 111.3). In addition,
a simple and cheap RGB camera is enough to analyse the population canopy height, making this
phenotyping method adaptable to other commercial or home-built systems.

The reliability and repeatability of the method was validated by two independent
experiments under control conditions (Fig. 111.2), and under water deficit with subsequent
rewatering in randomly distributed trays (Fig. lll.3 and 4), showing similar behaviours for 45
analysed traits and metabolites (Fig. 111.4-11). Regarding fluorescence-related traits (Fig. II.7),
water stress reduced the total Chl content in barley seedlings (Fig. IIl.9f) and the maximum
guantum yield in the dark- and light-adapted stages ®po and Dps);, and increased the regulatory
and non-regulatory dissipation processed reflected in ®neq and Qsp respectively to ameliorate
photoinhibition and protect the photosynthetic apparatus (Xu et al., 1999). Similar observations
have been reported in many studies of the water stress response of barley (Filek et al., 2015; Li
et al., 2006). However, we observed that whereas some parameters changed in parallel with the
projected canopy height, others changed at a later stage. For example, the decrease in ®ps
happened at the end of the water stress period (Fig. Ill.7b), as observed by Berger et al. (2010),
disabling it as a possible marker of early water stress response in barley. However, gP was a fast
response fluorescence parameter (reduced from day 5) (Fig.lll.7c) and positively correlated to Chl
(Fig. I11.13). Optimal utilization of photochemical energy in carbon metabolism is characterised
by high gP values. When light absorption exceeded the requirement by carbon metabolism, the
gP declines. Thus, it serves as a good indicator of “light stress” (Gallé and Flexas, 2010). However,
the fluctuations of this parameter has been described as cultivar dependent at least in wheat (X.

Wang et al., 2016). Altogether, these results suggested that under our growth conditions the
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water stressed plants might suffer photoinhibition and that gP could be a good trait for
estimating the photosynthetic status of barley plants during water stress conditions and
subsequent recovery.

Water deficit increases the production of reactive oxygen species (ROS) in plants that
stimulate antioxidant enzymes to counteract the oxidative damage and detoxify ROS. Similarly,
in our work the barley seedlings increased the antioxidant enzyme activity of CAT and POX in
stressed plants compared with the controls (Fig. 111.9g and h). However, APX only increased
significantly after the rewatering. It has been described that APX enhanced tolerance under water
deficit in many plant species, but the increased expression of APXs varied in different
developmental stages, among species and type of stress (reviewed by Pandey et al., 2017).
Another study demonstrated that a simple pre-treatment with a stressor can induce an increase
in the activity of this enzyme, protecting the plants against future stress events, process
traditionally called hardening (Hsu and Kao, 2007). These assumptions suggested that the high
APX activity in the stressed plants after recovery could be related to the developmental stage
(4th leaf, Fig. 111.5) and/or a fast mechanism to reduce ROS.

Another strategy of plants to cope with water stress is the synthesis and/or accumulation
of compatible solutes (e.g. amino acids), which can be involved in ROS scavenging and/or perform
as signal molecules (Urano et al., 2010). As revealed by metabolite profiling, most of the AAs
accumulated in barley under water stress conditions (Fig. 111.10), especially Pro and OH-Pro. Pro
was described in 1972 (Singh et al., 1972) as a useful marker for screening the physiological status
of plants grown under water deficit conditions. In our work, even when the rewatered plants
recovered their RWC, they maintained both Pro and OH-Pro levels above the control values (Fig.
[11.10). This was already described in barley (Reddy et al., 2004), as well as in other species (De
Diego et al., 2013; Zhang et al., 2018). It is worth mentioning that Cit was the only AA that kept
increased levels after rewatering (Fig. 111.10). Although there are only few works reporting the
possible role of Cit in the plant stress response, Akashi et al. (2001) demonstrated that Cit was
more effective hydroxyl radical scavenger than other compatible solutes such as Pro or Mannitol

and it can effectively protect DNA and enzymes from oxidative injuries. Thus, Cit could accelerate
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the recovery of the stressed plants by reducing the stress-induced oxidative damage, being an
interesting metabolite for evaluating acclimation to water stress in barley (Fig. 111.10).

Regarding PAs, although Put, Spd and Spm are usually accumulated under stress
conditions (Podlesdkova et al., 2019). However, in our study Cad, DAP and Tyra were the major
contributors to the water stress response and recovery in barley (Fig. 111.10). In fact, DAP and Tyra
remained at higher levels in the stressed plants even after rewatering. The conversion of Spd to
DAP is a stress response that can control ROS (Bitrian et al., 2012; Liu et al., 2015). DAP
accumulation during water deficit and recovery could also be a mechanism for modulating
membrane electrical and ion transportation properties and for controlling stomata closure,
counteracting the action of ABA (Jammes et al., 2014). Cad is synthesized by an independent
pathway through lysine catabolism, and its accumulation has been reported in other species
under stress conditions (Jancewicz et al., 2016). Although the role of Cad in the stress response
is still unclear, it has been recently shown that Cad displays anti-senescence activity (Tomar et
al., 2013), suggesting that it is another important ROS-modulating compound and possible plant
growth regulator (Jancewicz et al., 2016). Concerning Tyra, there are few studies showing its
accumulation in plants under stress (Aziz et al., 1999; Lehmann and Pollmann, 2009). Aziz et al.,
1998 have shown that Tyra can regulate Pro production. In our study by highly significant
correlation (P***< 0.001) existed between Put, DAP, Tyra or Cad and Pro (Fig. 111.16), result that
supported the existence of a relevant crosstalk between PAs and Pro regulating plant stress
response (Podlesakova et al., 2019). In addition, the results obtained in correlation matrix
suggested that quantification of either PAs or AAs might be enough to characterize the level of

stress in this barley genotype under water stress and recovery.

l1Il. V. Conclusion

In conclusion, we have designed, optimized and validated a non-invasive image-based
method for automated high-throughput screening of potential water stress tolerance
phenotypes using projected canopy height in barley. Using multivariate statistical methods we

have also identified new metabolites involved in stress response and recovery using a highly
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tolerant cultivar. As shown here, projected canopy height is sensitive trait that truly reflects other
studied morphological and physiological parameters and metabolites. It represents very
informative, simple and robust trait that does not require expensive sensor and hence is suitable
to be used in low-cost systems using single RGB imaging. It can be also seen as easy-to-
understand and self-speaking trait, since the reduction of plant growth and loss of turgor are
traditionally traits to characterize the water stress response of the plants. Besides, we
demonstrated that the simple analysis of canopy height combined with quantification of AAs or
PAs bring enough data to define the plat stress strategy. For this reason, our method can be used
to study the mechanisms involved in the water deficit response and recovery capacity of crops
such as barley. We believe that it has high potential to be integrated into breeding programmes
for fast screening and identification of stress-tolerant genotypes under different individual or
combined stresses and/or the identification and testing of priming agents with potential to

mitigate the adverse stress effects.
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IV. . Introduction

The reduction in water availability, due to the increase in the frequency and severity of
extreme climatic events (Dai, 2013), threatens the agricultural production worldwide. Water
deficit impacts negatively in crop physiology and productivity. For that, the selection and
cultivation of water stress-tolerant lines is essential. Besides, the study of the physiological basis
of the stress tolerance mechanisms in the high tolerance genotypes is needed for a better
understanding of these biological processes to ensure food production in a sustainable manner.
The timing and characteristics of the episodes of water deficit during the crop cycle may have
different yield penalties. Many studies have focused on the effects of water scarcity during the
early stages of vegetative development because at this point crucial processes are occurring, for
instance seedling establishment and later on the change of the identity of the shoot meristem to
the inflorescence meristem (Saini and Westgate, 1999) and barley is not an exception. However,
being barley one of the crops with the highest tolerance to salt stress, water deficit and high
temperature at late sowing can cause negative impacts on the spike development, plant growth
and grain yield (Hossain et al., 2012).

All the developmental stages of the plants are orchestrated by several phytohormones,
which crosstalk and activate signals to regulate a broad number of physiological responses. In
particular, the role of cytokinins (CKs) in many biological processes including the regulation of
sink/source relationships (Roitsch and Ehnel, 2000; Werner et al., 2008), nutrient uptake (Criado
et al., 2009; Sakakibara, 2006), leaf senescence (Jordi et al., 2000; Marchetti et al., 2018; W. W.
Wang et al., 2016) and response to abiotic stress (Bielach et al., 2017) has been well documented.
In the latter, the modification of CK homeostasis through either upregulation of their synthesis
or downregulation of their degradation has shown positive effects on water stress tolerance and
recovery capacity in several species (Rivero et al., 2007; Zhang et al., 2010) including crops such
asrice (Peleg et al., 2011), maize (Décima Oneto et al., 2016) and barley (PospiSilova et al., 2016).
Many of these approaches are based on the delay of the stress-induced senescence by increasing
the endogenous CK content in the plant. One of the explanation can be due to the positive

influence of CKs in the photosynthetic performance of the plants and the modification of the
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sink/source relationships (Peleg and Blumwald, 2011), which allow the extension of the
vegetative period of growth. However, what are CK related mechanisms for delaying plant
senescence and those that confer plant water stress tolerance and recovery remain still unclear.
Besides, as CK is a negative regulator of root growth and branching, many studies have also
focused on strategies to decreases CK content in roots to modify root morphology, S:R ratio or
total biomass (PospiSilova et al., 2016; von Wirén et al., 2018). These authors have pointed out
the crucial role of cytokinin oxidase/ dehydrogenase (CKX), as being the main enzyme responsible
for the irreversible degradation of CKs, and hence a key regulator in the final pool of active
hormone. Barley genome includes eleven CKX genes with time and tissue-specific expression,
among which HvCKX2.2 and HvCKX9 are highly expressed during the reproductive organ
formation and the latest stages of leaf development, respectively (Mrizova et al., 2013).

However, the water stress response of the plants is not only regulating by CKs. Rather
than the single action of a particular hormone, the total outcome of the stress response is given
by the balance and crosstalk among CKs and the rest of the phytohormones (Peleg and Blumwald,
2011). Water stressed plants are characterized by an increase in the abscisic acid (ABA)/CK ratio
due to the increase in ABA biosynthesis and reduction of CKs (PospiSilova et al., 2005), but also
changes in the levels of auxins (AUXs) (Salopek-Sondi et al., 2017).

CKs as sink/source regulator have been described to modify the C and N metabolism, and
for that the amino acid content of the plant (Saiz-Fernandez et al., 2017; Sakakibara et al., 2006).
Besides, the amino acid glutamine has been identified as modulator of CKs pathway (Kamada-
Nobusada et al., 2013; Sakakibara, 2006). It has been also described that the accumulation of
several amino acids, especially those one related to glutamate metabolism including Gln, is
another strategy that the plants use as defence against the stress and for a following recovery
(Saiz-Fernandez et al. 2017, De Diego at al. 2013, 2015). However, how the CKs and the amino
acid metabolism are linked to regulate water stress response is still unknown.

The objective of this chapter was to evaluate the role of CK in the water stress tolerance
response in barley. For this purpose, we analysed the effect of the down-regulation of two
different isoforms of CKX on barley plants growing under well-watered or water deficit

conditions. Six independent transgenic lines with silenced HvCKX2.2 and HvCKX9 genes, prepared
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using RNAi-based silencing technique, with the same yield as wild type (wt) (see M&M section)
were evaluated. We applied the method optimized in the chapter Il to identify the different
behaviours of the lines to water stress and recovery. We also studied the relationship between
CKs and other plant hormones; AUXs and ABA, and several molecules involved in the Glu
metabolism, including polyamines, to go deeper in the knowledge whether CKs and their

metabolism crosstalk with them for regulating plant stress response and recovery in barley.

IV. Il. Materials and Methods

IV. II. I. Preparation of silencing lines

IV. 1I. I. I. Construction of RNAi interference vectors for silencing HvCKX2.2 or HVCKX9

genes

Two constructs generating hairpin RNA structures (hpRNA) were prepared to silence
either HvCKX2.2 (HORVU3Hr1G027430) or HvCkX9 (HORVU1Hr1G057860) gene. For both cases,
the target sequence was designed in the 5° end of the open reading frame (ORF) and
3’untranslated region (3°'UTR) of the gene. We selected the 3'UTR region to avoid silencing of
other HvCKXs genes. For HvCKX2.2-RNAi construct preparation, we synthesized the target
sequence (196 bp) bordered by the Sall and Notl restriction sites on the 5’end and 3’end
respectively (Fig. IV.1). In the case of HVCKX9-RNAI, the fragment of the gene (244 bp) was

bordered by Dral and Xhol restriction sites on the 5’end and 3"end respectively (Fig. IV.2).

5'- g tcgacGCCGACCAGGCCGGGTGGGAGAAGAAGCACTTCGGTCCGGCCAAGTGGGCCAGGTTCGT
GGA% CGGAAGAGGAAGTATGACCCCAAGGCGATTCTGTCCCGTGGTCAGAGAATTTTCACCTCCCCGCT
GGCTTGATCACGAAGTTAATCGATTGGCCCCCGAGTCCCCGACCTAGCTACTAGAGAA/CTAGAGAGGG

\ 4 .
Agc ggcegeg - 3
Figure IV.1. Target sequence used for the design of the silencing cassette of HvVCKX2.2 (MLOC_81291 or

HORVU3Hr1G027430). The blue arrow indicates the restriction site for Sall and the red arrow the one corresponding

to Notl.
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5- ttt'aaaGGTGGGACGCATTTCAACAGAGGAAAAACACCTATGACCCCCTGGCAATCCTAGCTCCAGGA
CAGAAAATATTTCAAAAGAAACCAGCATCACTACCCTTGTCCTCGTTACAGTACCTACTGtaaAAAATATA
TATGTGGAGCAATATGTCTATGTTAGTATGGAACTATAGTCGCTTTGCAAAAGATAACGAACTGCAGCG

TGAAGAACACTGTACAGAGTAGTGACTATTAGTAGTGGTGAch'tcgagg -3

Figure IV.2. Target sequence used for the design of the silencing cassette of HvCKX9 (MLOC_ 11021 or
HORVU1Hr1G057860). The green arrow indicates the restriction site for Dral and the orange arrow the one

corresponding to Xhol.

Firstly, the specific synthesized fragment was assembled into the high-copy number
vector pMA (GeneArt, Thermo Fischer Scientific, Waltham, United States). Then, it was
subcloned into the Gateway™ Entry Vector pENTR1A, through the specific restriction sites
presented in each of the synthesized fragments (Sall and Notl for HvCKX2.2 and Dral and Xhol for
HvCKX9).

Finally, the resulting entry clone was used to transfer two copies of the target gene in the
antisense and sense directions at the 5" and 3" ends of the Gateway™ Destination Vector
pBract207 (Fig. IV.3, provided by John Innes Centre, Norwich, United Kingdom), downstream of
the maize ubiquitin-1 promoter via Gateway LR recombination reaction (Invitrogen, Carlsbad, CA,
United States). The final silencing cassettes contain the Hygromycin (hyg) phosphotransferase
(hpt) gene (conferring hyg resistance) driven by the Cauliflower mosaic virus (CaMV) 35S
promoter at the left border (LB); and the terminator of the nopaline synthase (nos) gene adjacent

to the right border (RB) (Fig. IV.4).

105



Chapter IV Silenced HvCKXs genes in barley
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S
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BmtI

attR1

Figure IV.3. Map of the vector pBract207. Arrows denotes the gene and promoter orientation.

The resulting plasmids were named HvCKX2.2-RNAi and HvCKX9-RNAi. Both vectors were
sequenced (SeqMe, Czechia) to confirm the right orientation of both copies of the targeted gene
and then electrotransformed into Agrobacterium tumefaciens strain AGL1 together with the
helper vector pSoup. A. tumefaciens. containing the final construct was mixed with glycerol in

ratio 1:1 (50% solution, v/v) and stored at —80 °C.
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Figure IV.4. Map of the final vectors (a) HVCKX2.2-RNAi and (b) HVCKX9-RNAi. Arrows denotes the gene and

promoter orientation.

IV. 1. I. 1. Growth conditions of the donor plants used for transformation

Plants of the spring barley (Hordeum vulgare L.) cultivar Golden Promise were germinated

on 2L pots filled with a mixture of 94% peat mix substrate (Gramoflor GmbH & Co. KG, Germany)
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and 6% perlite (Perlit Ltd., Czech Republic). Plants were cultivated in a growth-chamber set to
simulate a long day, with a regime of 18:16 °C, 16: 8 h, light: dark photoperiod, and a relative
humidity (RH) of 60%. The light source was a combination of low-pressure mercury discharge
lamps and sodium lamps providing a photosynthetically active radiation (PAR)/ light intensity of
ca. 300 umol photons m™ s71, Plants were fertilized with 6 g of YaraMila Complex (YARA Agri
Czech Republic, Czech Republic) containing: 12% N (5% nitrate), 11% P.0s, 18% K>0, 2.7% MgO,
20% SO3, 0.015% B, 0.2% Fe, 0.02% Mn and 0.02% Zn.

IV. II. 1. ll. Agrobacterium - mediated transformation of barley immature embryos

Transgenic barley plants were prepared according to Harwood et al. (2009) using A. tum.-
mediated transformation of immature embryos. Briefly, barley spikes were collected when they
were still immature and the diameter of the embryo was 1.5-2 mm. The seeds were surface-
sterilized, the immature embryos isolated from the seeds and the axis removed. The embryos
were then placed scutellum side up on callus induction medium (CIM) overnight at 26 °C. After
that, they were inoculated with 400 pl of A. tumefaciens. suspension bearing the desired vector
(HvCKX2.2-RNAi, Fig. IV.4a or HVCKX9-RNAI, Fig. IV.4b) and then placed scutellum side down on
the CIM mentioned, but in this case supplemented also with 200 pmol I'! acetosyringone. They
remain in darkness for 3 days at 26 °C and after that they were transferred to CIM containing 150
mg It Timentin® and 50 mg I hyg (Roche). The embryos were transferred to the same fresh
media every two weeks and then and always kept in darkness. Once the calluses were formed,
they were transferred to a transition media supplemented with 5 mg |1 2, 4-
dichlorophenoxyacetic acid, 1 mg I'* BAP, and 50 mg I"* hyg and placed into a growth chamber set
to simulate a long day, with a regime of 24/22 °C, 16/8 h light: dark photoperiod and a light
intensity of 80 umol m2 s, After two weeks in this grown conditions, they were transferred to
regeneration media containing 50 mg I hyg and placed into a growth chamber with the setup
and a light intensity of 160 pumol m? s. Those calluses that developed shoots were finally
transferred to CIM containing 50 mg It hyg and kept in the same aforementioned light conditions

until they developed proper root system. The obtained transformants were placed into soaked
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jiffy pellets (A/S Jiffy Products, Norway) and acclimatized using the same conditions as during the
regeneration phase. After additional two weeks, they were planted into soil, at the same
conditions mentioned for the growth of wt donor plants.

All obtained transgenic lines were screened for the presence of sense and antisense
components of the silencing cassette in TO, T1, and T2 generation. For this purpose, gDNA was
extracted from barley leaves according to Edwards et al. (1991) and both copies of the silencing
cassettes were amplified using GoTaq polymerase (Promega) with specific primers (Table IV.1).
The PCR conditions were 95 °C for 2 min; then 30 cycles of 95 °C for 30 s, 65/59 °C for 30/45 s
(sense/antisense), 72 °C for 1 min, followed by final extension of 72°C for 10 min. The products
were assessed by agarose gel electrophoresis. The 1 kb Plus DNA marker was used for
determination of the amplicon size (Thermo Fischer Scientific, Waltham, MA, United States).
Products of a 422 bp and 259 bp indicated the presence of sense and antisense component of
the silencing cassette of HVCKX2.2 and 207 bp and 485 bp of HVCKX9 (see Table IV.2).

To determine the inheritance of the RNAI construct and the phenotype, transgenic lines
were allowed to self-pollinate, and segregation analyses were performed in the T1 and T2

generations by means of PCR.

IV. 1. 1. IV. Assessment of DNA Ploidy

Flow cytometry was used for the determination of the DNA ploidy levels of the obtained
transformants, by evaluation of the relative fluorescence intensities of Pl-stained nuclei. The
extraction of nuclei and the analysis of data was performed as described by Holubova et al.

(2018).

IV. 1. I. V. Copy number determination: Southern Blot analysis

We also determined the number of T-DNA insertions in the silencing lines by DNA
Southern hybridization, using genomic DNA extracted for the wt and transgenic barley lines.

Leaves from 10 days old seedlings were grinded in liquid nitrogen and 0.2 g was
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Table IV.1. Primers used in the PCR analysis for confirmation of the presence and orientation of the silencing

cassettes.

Primer name Sequence 5to 3’

Ubil_Fw sense TGCTCACCCTGTTGTTTGGTGTTAC

IV2_Fw antisense GTAAGTTCTGCTTCTACCTTTGAT

HvCKX2.2stread_Fw antisense AGGTTCGTGGAGCGGAAGAGGAA

HvCKX2.2stread_Rv sense CAATCGATTAACTTCGTGATCAAG

HvCKX9stread_Fw antisense ACCTATGACCCCCTGGCAATCCTA

HvCKX9stread_Rv sense GTAGGTACTGTAACGAGGACAAGGGTAG

Table IV.2. Primer combination used and expected size for each of the sense and antisense components of the

silencing cassete.

SET 1 HvCKX9 | SET 2 HvCKX9 SET1 HvCKX2.2 SET2 HvCKX2.2
PRIMER SC2stread_Fw Ubil_Fw SC8stread_Fw Ubil_Fw
PRIMER IV2_Fw SC2stread_Rv IV2_Fw SC8stread_Rv
SIZE PRODUCT 207 485 422 259

(bp)

extracted with 800 ul of extraction buffer containing 0.1 M Tris-HCI (pH 8.0), 10 mM EDTA, 0.1 M
NaCl and 1% (v/v) Sarkosyl. Samples were vortexed, mixed with 800 pl phenol-chloroform-
isoamyl alcohol (25:24:1) and again vortexed. After a centrifugation 3 min at 2,800 g and 4 °C,
the aqueous phase was collected and the DNA was precipitated by the addition of 0.1 vol of
3M sodium acetate (pH 5.2) and 1 vol of isopropanol. Samples were centrifuged for another 10
min at 19,000 g and 4 °C and the pellet washed with 1 vol of 70% (v/v) ethanol followed by
centrifugation for 5 min at 19,000 g and 4 °C. The pellet was air dried and then resuspended in
100 pl of TE buffer (pH 8.0) containing 40 pg pl™ of RNAse A (TopBio, Czech Republic). gDNA
samples were incubated for 1 h at 37 °C. 30 ug of plant genomic DNA from transgenic lines and
non-transformed plants (negative control) was digested at 37 °C for 12 h with Xhol (enzyme that

had unique restriction sites in the corresponding T-DNA region). As a positive control, 80 pg of
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the plasmid DNA corresponding to each silencing vector were restricted with the same enzyme
for 1 h and used as positive controls. Genomic DNA from regenerated in vitro wt, non-
transformed, was also used as a second negative control. The digested DNA was separated by
size via gel electrophoresis on 0.8% (w/v) agarose in Tris Buffer EDTA (TBE Buffer). After
denaturation, the DNA was then blot-transferred to a nylon membrane (type B, Merck, Germany)
and then exposed to hpt gene-specific DIG-labelled probe (PCR DIG Probe Synthesis Kit; Roche,
Germany) prepared accordingly to the manufacturer’s protocol. To visualize the hybridized
probes we used an anti-digoxigenin antibody (anti-digoxigenin-AP, Fab fragments; Roche,
Germany) conjugated to alkaline phosphatase and we detected with the CSPD ready-to-use
substrate solution (Roche, Germany) and the Lumi-Film chemiluminescent detection films (Roche
Diagnostics GmbH, Germany).

To verify the results obtained by Southern Blot analysis, the same selected transgenic
lines were submitted to copy number analysis with the iDNA Genetics service

(http://www.idnagenetics.com; Norwich, United Kingdom).

IV. 1. I. VI. Real-time quantitative PCR analyses

For the qPCR analysis, RNA extraction and cDNA synthesis were performed as described
previously in the chapter Il section Il. IV. Quantitative real-time PCR reactions contained properly
diluted cDNA, 300 nM primers, 250 nM of specific 5'end 6-carboxyfluorescein (FAM) dye and
3’end 5(6)-carboxytetramethylrhodamine (TAMRA) quencher, and the TagMan gb Easy Master
Mix, supplemented with 100 nM ROX passive reference dye (Generi Biotech). The primers and
probes used for the evaluation of the expression of CKX family members are the same as
described by Holubovd et al. (2018). The program consisted of an initial denaturation of 2 min at
95 °C, followed by 40 cycles of 15 s at 95 °C and 60 s at 60 °C, performed on a ViiA™ 7 Real-Time
PCR System (Applied Biosystems). Changes in the relative mRNA abundance were calculated
using the comparative 222 according to (Pfaffl, 2001), being t0 the reference sample. The gPCR
efficiency and the fold changes in gene expression were also calculated as described in chapter

I, section Il. II. VI.
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IV. 1. I. VII. Yield parameters

For yield determination, 30 plants from each genotype were cultivated individually in 2L
pots filled with a mixture of 94% peat mix substrate (Gramoflor GmbH & Co. KG, Vechta,
Germany) and 6% perlite (LBK PERLIT Ltd., Czech Republic). Plants were cultivated under
controlled greenhouse conditions at 15/ 12 °C, 16: 8 h, light: dark photoperiod, 30-40% HR. The
transgenic lines and the WT plants were harvested and the following yield-related traits were
evaluated: number of tillers per plant, number of spikes per plant, number of grains per spike,

number of filled grains per plant, weight of grains per plant, thousand grains weight (TGW) were

determined.
IV. 1l. Il. Non-invasive plant phenotyping
IV. 1. II. I. Plant material, growth conditions, experimental setup and assay conditions

Barley seeds from wt and transgenic lines were surface-sterilized and germinated as
described in chapter I, section lll. Il. I. and then the assay was set up as indicated in the section

IV. Il 11, 1l. Imaging acquisition

Plant Screen™ System was used to determine RGB- side view and FuorCam Top view
derived traits as described in chapter lll, section Il 1. II. . Different Traits such as canopy height
and slope of the line, and fluoresce derived parameters were thus determined for all the

genotypes. Moreover, we calculated the electron transport rate (ETR) as:

ETR (umol e m2s1) = @psi x PPDF x 0.84 x 0.5

where,
PPDF was 320 pumol photons m™ s, 0.84 represents the average value of incident

photons absorbed by the photosynthetic pigments of the leaf, and 0.5 accounts for the fraction
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of excitation energy absborbed by the two photosystems if there is an equal distribution of

photons.

IV. 1L 11 11, Watering regime

The substrate water content (%) was calculated in each container. For this purpose, the
water capacity of the used substrate was determined as also described in section IIl. II. II. 11I. All
containers were watered with tap water (average conductivity c. 56 mS m™) at 100% of field
capacity after sowing. Then, the control plants were irrigated every second day to maintain 80%
of field capacity until the end of the experiment. The irrigation was stopped in the water stress
variant when the plants presented the first fully expanded leaf. When the substrate water

content decreased to 65%, the rewatering was performed at full water capacity (100%).

IV. 1. [ll. Manual parameters

IV. II. 1ll. I. Biometric parameters

The aerial biomass and the developmental stage of barley seedlings, as well as the size of
the youngest and fully expanded leaf were determined as described in chapter lll, section IIl. II.
IV. l. A total of five plants per genotype and variant were evaluated, at the end of the water stress

period and after 4 days of rewatering.

IV. II. lll. Il. Plant water status

The relative water content (RWC, %) was measured in five individual plants per variant
and genotype, at the end of the water stress period and after rewatering, as described previously

in chapter Ill, section Ill. Il. IV. II.
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IV. 1. lIl. . Osmotic potential

The osmotic potential (Wn) (MPa) was measured in five plants per variant, after water
stress and rewatering. One leaf segment (of cca. 150 mg) per plant and treatment was cut and
immediately frozen in liquid nitrogen. The frozen sample was placed in a 0.6 ml Eppendorf tube
located into a 1.5 ml microcentrifuge tubes and allowed to thaw. The sap was extracted by
centrifugation at 15,000 g for 20 min, and then collected for measurement. After the conditioning
of the extracts at 25 2C for 15 min, the osmolarity was determined by freezing point osmometry
using a 3320 Single-Sample Micro Osmometer (Advanced Instruments, USA). The Wn was

calculated by Van't Hoff equation:
Wh=-RxTxcs

where,

R is the gas constant, T the sample temperature (K), and cs the solute concentration (mol

kg?).

IV. 1. 1. IV. Chlorophyll content

The index of relative chl content of leaves was measured as described in chapter I,
section lll. II. IV. lll. The last youngest mature leaf of five individual plants per genotype and

treatment was measured, at the end of the water stress period and after rewatering.

IV. 1. llIl. V. Metabolite quantification: AAs, PAs and phytohormones content

determination.

For the quantification of metabolites, three independent groups consisting of five
individual plants were collected per genotype and treatment after the water stress period and
rewatering. The samples was immediately frozen in liquid nitrogen and then grounded by mortar
and pestle using liquid nitrogen. The resulting pool from each variant was divided into three

analytical replicates for quantification of all the following parameters.
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For the AA and PAs analysis, 5 mg and 10 mg FW respectively of each pool were extracted
and analysed according to the methodology described in the chapter lll, section Il 1. IV. V.

For the analysis of the different group of phytohormones: ABA, AUX and CKs, the same
aforementioned pools were used. 5 mg of FW were extracted using ice-cold modified Bieleski
buffer (methanol/water/formic acid, 15/4/1, v/v/v) containing isotope-labeled CK internal
standards (0.5 pmol of CK bases, ribosides, N-glucosides, 1 pmol of CK O-glucosides and
nucleotides). The extract was then purified using the same two SPE columns (C18 and MCX) as
described in chapter Il, section Il. II. llI.

The level of AUXs and ABA were determined using the method described by Flokova et al.
(2014). Briefly, the metabolites were extracted in phosphate buffer with stable isotope-labelled
internal standards (10 pmol of each labelled metabolite). After centrifugation, the supernatant
was immediately purified on a MAX column and evaporated to dryness prior to chromatographic
analysis.

The quantification of all purified samples was performed using an ACQUITY UPLC® System
and a XevoTM 122 TQ-S triple quadrupole mass spectrometer (Waters). All phytohormones were
guantified using multiple monitoring mode (MRM), targeting selected precursor ions and the
corresponding product ions. The stable isotope-labelled internal standards were used as

references.

IV. lll. Results

IV. lll. I. Generation and selection of transgenic barley plants with silenced HvCKXs genes

In order to study the effect of the down-regulation of cytokinin oxidase dehydrogenase,
and the concomitant increase in cytokinin content on water stress and recovery, we evaluated
two CKX genes, HVCKX2.2 and HvCKX9, with different tissue-specific expression, the reproductive
organ formation and the latest stages of leaf development, respectively. Several independent
transgenic barley lines were obtained from the A. tumefaciens -mediated transformation of

immature embryos. After the ploidy evaluation, tetraploid plants were identified and excluded,
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and only diploid plants were considered. The selected transgenic plants were evaluated for the
presence of the sense and antisense copy of the inverted repeats by PCR (Fig. IV.5 and 6). Only
plants with both copies were selected for further analysis. Three independent transgenic lines
for each silencing were propagated (self-fertilized), and they were PCR identified in each
generation as described above. For the silencing of HVCKX2.2, the selected lines were called as
1.2, 2.9 and 19. In the case of HVCKX9 silencing, the lines were identified as 1.8, 7.3 and 6.2. The
stability of the silencing was evaluated by transgene expression on consecutive generations (data

not shown).

Figure IV.5. Example of PCR screening for the presence of sense (a) and antisense (b) components of HvCKX2.2:RNAi
silencing cassette. Lines contain the products obtained by PCR amplification using genomic DNA as a template
extracted from selected 6 plants from TO generation. DNA extracted from plants regenerated from non-transformed
embryos was used as negative control (NC) and 5 ng of plasmid pBract207::HvCKX2.2 as positive control (PC). 5 uL
of GeneRuler™ 1 kb Plus DNA Ladder was used as marker.

e e

- — e

Figure. IV.6. Example of PCR screening for the presence of sense (a) and antisense (b) components of HYCKX9:RNAi

silencing cassette. Lines contain products obtained by PCR amplification using genomic DNA as a template extracted
from selected 6 plants from TO generation. DNA extracted from plants regenerated from non-transformed embryos
was used as negative control (NC) and 5 ng of plasmid pBract207::HvCKX9as positive control (PC). 5 uL of GeneRuler™
1 kb Plus DNA Ladder was used as marker.
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To determine the integration copy number, three representative plants from each
independent line were evaluated on Southern Blot (Fig. IV.7). Moreover, for testing the stability
of the transgene integration, the analysis was repeated in two subsequent generations. All
transgenic lines presented different number of integrations. The lines 1.2, 2.9 and 19 from the
silencing of HVCKX2.2 gene presented at least 1, 10 and 4 integrations, respectively. The lines
1.8, 7.3 and 6.2 from the silencing of HVCKX9 gene presented at least four, two and three

integrations, respectively.

s, i, e

Figure IV.7. Example of Southern Blot autoradiography from (a) HvCKX2.2:RNAi line 2.9 and (b) HvCKX9:RNAi line
7.3.

The expression profile of the genes of interest (GOI) was evaluated in eight biological
replicates from two independent transgenic lines of each silencing gene along the plant
development. In the HvCKX2.2-RNAi lines, a decrement of HvCKX2.2 transcript level was
observed only in leaves at the first stages of development (BBCH 11, 21 and 37). In HYCKX9-RNAi
lines, a significant reduction of the HVCKX9 expression was observed in almost all the analysed
developmental stages. After a second round of transformation, one extra line per silencing was
obtained but the the gene expression pattern of these two new lines was evaluated directly in

the conditions of the experiments for water stress response.
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Figure IV.8. Expresion analysis of (a) HvCKX2.2 in RNAi:HvCKX2.2 lines 1.2 and 2.9; and (b) HvCKX9 in RNAi:HvCKX9

lines 1.8 and 7.3, at different developmental stages (BBCH) and organs (leaves: LEAF; spikes: SPK).

For better selection of the obtained transgenic lines, we evaluated the final yield and
compared with the wt plants. The barley plants were grown until production in a greenhouse
under controlled conditions (Fig. IV.9). As results, the line19 from RNAi:HvCKX2.2, and the lines
1.8 and 6.2 in RNAi:HvCKX9 significantly increased the total biomass of plants (FW, g) compared
to wt. This increase in biomass was not reflected in changes in the final number of grains per
plant or the TGW. There were no significant differences in the final productivity of transgenic
plants compared to wt, only the line 7.3 from RNAi:HvCKX9 had a significative increase in the
TGW. Altogether, the transgenic lines did not reduced the productivity compared to wt, so we

consider them suitable to be tested in our next experiments.

118



Chapter IV Silenced HvCKXs genes in barley

(o]
-

-3
o

1400

Ewt ®12 @29 0O19
b

Ewt =12 @29 019
b a

~
o
L

1200 A

o
"

ab

o
g 8

o
Grains per plant
a
8

=
8

Total tillers per plant
- N w B w =2
o o

o
g

o
4
(=)

a h
] mwt m12 m29 @19 e so] Ewt m12 m29 019
b
40 - 40 1 -
i
éso : gso
220 - 22
10 4 10 4
0 0
bso/ Bwt mis m73 me2 i sof mwt mis m73 me2
b b
—40 ° 40 a 2 b
)
gao gso
220 © 20
10 - 10
0 - 0
d g
80 1400
Ewt E13 W73 E62 Ewt E18 W73 @62
70 a . 1200 4 2 .,
=50 | a
= £ 1000 -
©
30 1 a
g 2 300 A
@40 g
@ 600
=30 1 2
= £
=20 G 400 -
2 0]
F 10 200 A
0 4 0 4

Figure IV.9. Yield parameters evaluated in silencing lines grown under greenhouse conditions. (a) and (b) dry
biomass; (c) and (d) total tillers per plant; (f) and (g) grains per plant; and (h) and (i) total grain weight (TGW) of wild
type and transgenic barley lines grown individually under e. greenhouse conditions. RNAi:HvCKX2.2 lines are
represented in green, RNAi:HvVCKX9 in blue and wild type values in red. Letters indicate the significant differences

according to the multiple comparison test performed after the non-parametric test Kruskal-Wallis.
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IV. IIl. 1l. Phenotyping of barley populations with altered CK homeostasis under water deficit and

subsequent rewatering

To study the role of CK during the water stress response and recovery capacity in barley
we used the method described in the chapter Ill to phenotype our generated transgenic lines.
The projected canopy height was evaluated in two trays per genotype, each tray containing a
water-stressed variant (D) and a well-watered variant (W) with 50 plants each, using the
PlantScreen™ phenotyping platform (Photons Systems Instruments, Czech Republic) (Fig IV.10
and 11).

Figure IV.10. Wild type and transgenic barley plants inside the growth chamber coupled with the Plant Screen™

System.
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Figure IV.11. Dynamics projected canopy height in wild type and transgenic barley seedlings growing under water stress conditions with subsequent rewatering.

(a) Changes in projected canopy height (in pixels) and (b) side view images of the D (left) and W (right) treatment along the experiment. Discontinuous and

continuous lines in the figures on the left side represent D and W variants, respectively.
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During the beginning of the stress period, no differences were observed in the projected
canopy height kinetics between wt and transgenic plants. Between NOV 29 and DEC 01, W and
D variants started to separate, and this event was genotype-dependent. For instance, some lines
(e.g. RNAIi:HVCKX9 6.2) stop growing early than wt, meanwhile others prolonged the growing
period up to DEC02 (two additional days) (e.g. RNAi:HvCKX2.2 2.9 and e.g. RNAi:HvCKX9 1.8) (Fig.
IV.11). After rewatering, the recovery of the canopy height was also genotype-dependent (Fig.
IV.11). With the traits extracted from the model constructed curves from the projected canopy
height (Fig. IV.12, 13 and Table 1V.3) we could identify those lines with a better performance
during the water stress period, and those with a better performance during the recovery. For
example, after rewatering RNAi:HVCKX9 1.8 had the highest SlopeR value (rehydration) and
MaxR.

Table IV.3. Traits related to water deficit and recovery in wild type, (a) RNAi:HvCKX2.2 and (b) RNAi:HvCKX9. Traits
were extracted from the contracted line of the canopy height. Day is the day when treated and not treated plants
are separated; Max is the maximal canopy height reached in the stressed plants under water stress and Slope of the
line from the canopy height in the water stress period; MaxR is the maximal canopy height reached in the stressed

plants after rewatering; and SlopeR of the linear curve from the canopy height in the rewatering period.

d. WATER STRESS REWATERING
Line Treatment Day Slope Max SlopeR MaxR
7 1557 4. 1704
RNAIi_HvCKX2.2/1.2 w NOV30 >0 >5 >4.8 0
D -76.5 606 162.5 1113
RNAi_HvCKX2.2/2.9 w NOV30 64.2 1577 >0.1 1710
D -104.4 572 162.8 1079
RNAi_HvCKX2.2/19 w DECO1 >8.3 1685 40.0 1799
D -134.5 271 126.5 711
WT W DECOL 63.1 1642 53.4 1799
D -80.4 529 117.0 897
b. WATER STRESS REWATERING
Line Treatment Day Slope Max SlopeR MaxR
RNAi_HvCKX9/1.8 w NOV30 6.2 1536 65.9 1744
D -102.7 509 195.9 1118
RNAi_HvCKX9/7.3 w NOV30 46.2 1448 /3.2 1664
D -81.7 612 150.8 1080
RNAi_HvCKX9/6.2 w NOV29 436 1554 81.0 1799
D -74.0 696 120.9 1075
Nl 1642 . 1
WT W DECO1 63 64 53.4 799
D -80.4 529 117.0 897
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Figure IV.12. Line of the projected canopy height and the correspondent equation (discontinuous yellow and red

line for water and water stress treatment, respectively) in wild type (red lines) and RNAi:HvCKX2.2 lines (green lines).
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Figure. IV.13. Line of the projected canopy height and the correspondent equation (discontinuous yellow and red

line for water and water stress treatment, respectively) in wild type (red lines) and RNAi:HvCKX9 lines (blue lines).

2000
1800

=
>
S &
S o

1200
1000
800
600
400
200

2000

1800 -

1600
1400
1200
1000

800

600 A

400
200
0

2000

1800 A

1600
1400
1200
1000

800

600 o

400
200

2000
1800
1600
1400
1200
1000

800

600 A

400
200
0

_ 2000 _
RNAi_HvCKX9/1.8 RNAi_HvCKX9/1.8
1 1800
| 1600 A MM
_ '___t___(/'" 1400 4 v =65.9% + 1462
1o ety _ 56 179x + 1065.1 1200 4 R? =0.9463 -
g L s
) Sy, 09501 1000 | e
TN -
_ _ D 200 4 i
y= ’1022-55“ 1364.3 M., y = 195.9x+ 370.5
- R? = 0.9466 g, 600 P
. 400 A
—a— WATERED —a— WATERED
1 200
— & — DROUGHT o — & — DROUGHT
T S S G Y ® o o 5
M SENCEN CEC  a oS & & 9 o4
FFF & & & &
2000
RNAI_HVCKX9/7.3 1800 | RNAI_HVCKX9/73
- 1600 4 et
| —a 1200 | a—y=78951 13815
M R? = 0.987
1 y=46.214x+1110.8 1200 4 ;
i R2=0.9538 1000 A 2
- - 800 Proioan
y=-81.679%+ 12254 Bug wo | &7 p= L
R?=0.9457 3 =aEE
1 400
—— WATERED oo —a— WATERED
- # — DROUGHT o — & — DROUGHT
& & &L S S & P o o
FFF T F & & N &
2000
RNAi_HvCKX9/6.2 1800 4 RNAi_HvCKX9/6.2 L
] 1600 4
A a— y=81x+1484.5
i e 1400 R =0.9861
i y=43.56x+ 1190.9 1200
R2=0.9152 A
- e, 1000 4 -
. TR e, 800 DS L
y=-73.988x+1221.1 S, = P y=120.9x+ 587
R? = 0.8908 600 1 R =0.9814
i 400 -
—4— WATERED — & WATERED
. 200 -
~ 4 — DROUGHT o — & — DROUGHT
& S & épu &5—, < éP’\ & & (&@ oo o>
FFFFFFFF & S & &
2000
4 Wt 1800 { WT —
] e 1600 4 @ y=53.4x+16105
2 _
i Q/O_/v 1400 R2=0.8632
i y=63.083x+1149.3 1200 4
& . R2=0.9743
{ T 1000
)
1 S, 800 e
Y=-80369x+1163 e g ] i
0o - 600 - y=117x+430
i 400 R2=0.9743
—e— WATERED 200 —e— WATERED
- & — DROUGHT o — & — DROUGH
§F TS S & P o o
FFF T FF & & & &

Discontinuous and continuous lines represent D and W variants, respectively.

124




Chapter IV Silenced HvCKXs genes in barley

a5 ass — 0as s
a WATER STRESS REWATERING b WATER STRESS WATERING g WATER STRESS % RewaTERING h WATER STRESS *  REWATERING
s
L o4
ors —e— ANAL_HVCRX2.2/12 W — B RNAI HUCKISFLE W
— A-ANA HVCR2.2/12.D - 8= RNAI_HCS/18_D
07 035 —d— ANAI HUCRXE2/28 W 05 il RHALHVCKNS/7.3 W
- &= ENAI HVCKKE2/2.9 © - 8- RNAI_HVCK¥S/T3_D
o = —a— RNAL_HVCKX2.2/18_W — B RNAI HVCKX9/6.2 W
9‘ ;— o3 - & - RNAI_HvCKX2.2/19_D o3 - 8- RNAI HVCKX9/6.2 D
05 ——wrw
-8-wiD
o055 025
s 05
—a— ANAI HVCRXZ.2/12 W - & - RNALINCIGR.2/1.2_D —B—ANAL HOCKK/1E W~ B - RNAL HVCKE/LE D o
a5 | T TNALHVCKXZ2/23 W - & -RNAL INCCQ.2/29 D ay | EANALHYCRXSTIW - B - RNALHWCRRY/T.30
7] e RNALHVCRNR2/28 W - & - RNAI_WYDH2,2/15 D —m— ANALHVCKXS/62 W~ B - ANALHICKX/6.2_D
—e—wTw -e-WiD —.—uTw -s-wiD
w4 o 015 015
20 010EC 05DEC 080EC 110EC 280V o1DEE soEC 08DEC 11DEC 29M0M 010EC 050EC 08DEC 1DEC 280V o1DEC OSDEC DEDEC 110EC
LH 0z oz 02
WATER STRESS REWATERING d WATER STRESS. REWATERING WATER STRESS REWATERING i WATER STRESS REWATERING

P
7
3
p
= RN e
£ os W w .
S K o 5 K
X 7. \ ,
N ]
nss L 055 \
o o
X
0s * 0s *
7] —a— RN 2712 W - & - RNACOR.2/12 D B ANAL HRCKKYLE W — B - RNAT HVCKXS/L O 001
—_ Y o-a- : O8] e RNALHUCKK/ 18 W - B RNAL HUCKXS/LE D
—a— RNAI_WCKKL2/23 W - & - RNAL_WVCKXE.2/2.9 D —mRNAICKXSE3 W — B— RNAI WCKXS/73 © RNAHVCRX22/1.2 W = & = RNALHVCRX2.2/1.2. D 1 HCkxa/ e wokst
s i ; 0as ) gy | T ANALIYCO22/25 1 - 4 - RALHiCEQ 2125 0 oy | —ERRLNCOSS W - oS3 D
e RHAT_BCKKL2/19 W = & RNAL_HVCRH2.2/19 D e ANALHCKXI/E2W - B~ RNALHVCKXS/6.2_0 AL HICX22/19 W~ A~ RN I 3779 D ! W WCSI52 W o1 Al TSl 2
—e—wT W ~e-wiDp —e—wTw —e-wiD P Ce-wio e _e-wro
0a 04 = = o = e
2an0v auec DSCEC cznEC 110EC 200w omee osoEC ogEC 1106 2000 o1oEC osoEC asEc s 2mmay e uSDEC uEEC 110EC
1 1 o7 a7
o WaTtRSTAESS RewATERING £ wareR sTeEss REWATERING ' WaTERSTRESS RrwATERING | WareastREss AtwaTERING
s aos

053
3 e RNAI HVCKX22/12 W NN B RNALHYCKXS/LE W ' J
£ L ' i
= & - RMNAI HvCKX2.2/1.2 D b \ﬂ = B-RNAi_HvCKX3/1.8 D \ v
,. \ /
05 | —A—RNALHVCKX22/25 W : 5 05 { —B—RNALHVCKNS/7.3_W v J
? 5 v ‘.
&~ RNALHVCKK2.2/2:5_D LR — 8- RNALHVCKXS/7.3_0 v
i RNAT HVCKX22/18 W oA - RNALHYCKNS/6.2 W Y
5 | =i RNAL HUCKX22A2 W = &= RNAL RUCKX22/1.2 D B RNALMUCEIS/LE W = = RNAL HHCEKNS/L D . YA 5 \
075 4 ! s D45 1 _ 4 - RNAI HVCKKZ2/19 D o D45 1 - B RNAT HUCKX9/5.2 D )
—— RNA_HvCKXZ2/28_W  ~ & - RNA_HUCKK2.2/29_D —BRNAL RUOKST3 W - B— RNAL HVCKISS D ®
—— RNALHvCKXZ.2/18 W — & - RNAI_HyCKX2.2/15 D —B—RNAL FVCCO9/62 W - B~ RNAL HYCKNS/5.2 D ——wTW . ——T W
—— WT_W - &=-WT_D —.— W w -8-WI D - e-WiD -e-WID *
o7 = ° = 07 o 04
2sm0v owoec osEC usoEC 1108€ 20m0v o1ec osDEC omEC 110EC m0% owec ospEC aaDEc s10Ec 29m0u o10Ec 0sDEC 0sDEC 110€C

Figure IV.14. Variation in fluorescence related parameters in wild type and transgenic barley seedlings grown under water stress conditions and after subsequent
rewatering. Chlorophyll fluorescence parameters (n = 50) and the average values. RNAi:HvVCKX2.2 lines are represented in green, RNAi:HVCKX9 in blue and wild

type values in red. Discontinuous and continuous lines represent D and W variants, respectively. Asterisks indicate the significance level relative to the control

variant according to ANOVA; * P <0.05; ** P <0.01; *** P <0.001; ns, not significant.
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All transgenic lines with the silenced HvVCKX9 gene presented similar dynamics of chl
fluorescence parameters, but not for the lines with silenced HvCKX2.2 gene. At the end of the
water deficit period (day 8DEC), all RNAi:HvVCKX9 had higher ®po, qP, ®Pps; and ®p but lower
intensity of @,p) and Oneq than wt. After rewatering, all stressed lines and wt recovered their
control values except for Oneq, Which kept lower values compared with the well-watered plants
(Fig. IV.14). We also calculated the ETR of all the lines. At 5DEC, all plants under water stress tend
to increase the ETR values, but 3 days later the values dropped down. Interestingly, all
RNAi:HvCKX9 presented the same ETR changes and maintained higher levels of ETR than the wt
plants at the end of the water stress period (Fig. IV.15).
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Figure IV.15. Variation in the electron transport rate (ETR) in barley seedlings grown under water stress conditions
and after subsequent rewatering. ETR from three independent biological replicates (1, 2 and 3) (n = 50) and the
average values. (a) RNAi:HvCKX2.2 lines are represented in green, (b) RNAi:HVCKX9 in blue and wild type values in
red. Discontinuous and continuous lines represent D and W variants, respectively. Statistical analyses were
performed via ANOVA. Asterisks indicate the significance level relative to the control variant; * P <0.05; ** P <0.01;

*** P <0.001; ns, not significant.

Water deficiency delayed the leaf expansion in a genotype-dependent manner. At the
end of the stress period (8DEC), the stressed variants had the 3™ leaf fully expanded and the 4t
one in expansion, except in the lines 1.8 and 6.2 that had already expanded the fourth leaf.

However, all well-watered plants were already developing the 5™ leaf (Fig. IV.16). After four days
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of rewatering, well-watered and water stressed plants maintained different developmental
stages. Regarding the rewatered plants, the differences between the wt and transgenic lines in
the water stress variant were more visible, all transgenic barley lines were expanding the 5™ leaf
but wt was still developing the 4" one (Fig. IV.16).

The aerial biomass (FW, g) was also affected in all stressed plants (Fig. IV. 17a and b). All
water stressed seedlings decreased c.a. three times of the control values. After recovery, the
stressed plants were still only half the weight of the well-watered variants.

All lines and wt did not differ in the RWC at DEC8 (Fig. IV.17c y d). However, a significant
decreased in RWC was observed in the water stressed plants compared to their respective well-
watered variant. Only the lines 2.9 from the silenced HvCKX2.2 gene and 1.8 and 6.2 from HvCKX9
had significantly higher RWC that the wt under water stress conditions. After the recovery period,
all genotypes from the water stress treatment returned to a similar plant water status than WT,
with exception of the lines 19 from HvCKX2.2.

Due to the homogeneity of lines from the silenced HvCKX9 gene responding to water
stress in the previously evaluated traits, we decided to go deeper in the study whether the
silencing of this gene is affecting plant waters stress response and recovery. For this aim, the
traits presented below were only performed in these lines.

The values of osmotic potential varied among genotypes (Fig. IV.18). The transgenic lines
1.8 and 6.2 had less negative osmotic potential than wt and the line 7.3 at the end of water stress
conditions. After the rewatering period, all stressed plants reduced the differences compared to

each control, but only the line lines 1.8 did not show significant differences (Fig. IV. 18).
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Figure IV.16. Developmental stages of leaves from wild type and transgenic barley seedlings under water stress and after subsequent rewatering. Developmental
stages of leaves from five independent plants (a, b) of wild type or transgenic lines under stressed (D) and non-stressed (W) conditions at the end of the water

stress period (n = 8) and (c, d) after rewatering (n=5).
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Figure IV.17. Changes (a, b) in aerial biomass (FW, g) and (c, d) relative water content (RWC, %) in barley seedlings
under water stress conditions and after subsequent rewatering. Five independent plants of wild type or from
transgenic lines were used as biological replicates per genotype and variant (W-well-watered and D-water stress),
and the average values and SE at the end of the water stress period and after 4 days of rewatering are presented.
RNAIi:HvVCKX2.2 lines are represented in green, RNAi:HVCKX9 in blue and wild type values in red. Bars with wide
upward diagonal lines indicate water-stressed treatment (D). Different letters mean significant differences among

treatments according Tukey HSD test after ANOVA.
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Figure 1V.18. (a) Osmotic potential (W1, MPa) and (b) correlation between Wy vs. the decrease in RWC (%) in wild
type and transgenic barley plants after the water stress period and after rewatering. Bars (a) and symbols (b) with
wide upward diagonal lines indicate water-stressed treatment (D), whereas filled bars or symbols represent well-

water variants.

To determine the possible changes in the expression of the targeted genes under water
stress conditions and rewatering, gPCR was performed and the expression of all members of CKX
family members was evaluated. At the end of the water stress conditions, no detectable levels of
HvCKX2.2 were observed in RNAi:HvCKX2.2 transgenic lines and a significant decrease in the
expression of HvCKX9 in RNAi:HvCKX9 (Fig. IV.19). The most tolerant RNAi:HvCKX9 lines
(RNAi:HvCKX9/1.8 and RNAi:HvCKX9/6.2) presented higher levels of expression of HvCKX3 and
HvCKX5 genes. After 4 days of rewatering, the RNAi:HvCKX2.2 lines lost the silencing effect,
evidenced by higher levels of HYCKX2.2 mRNA compared to wt plants. Nevertheless, the lines 1.8
and 6.2 maintained lower levels of expression of the corresponding silenced gene and all lines
accumulated higher mRNA from HvCKX3 and HvCKX2.2 after rewatering and lower of HvCKX4

compared to wt plants (Fig. IV.20).
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Figure IV.19. Expression profile of HVCKX genes in wild type and transgenic barley lines under water stress conditions. RNAi:HvCKX2.2 lines are represented in
green, RNAi:HvCKX9 in blue and wild type values in red. Gene expression was relativized to the respective wild type. Asterisks indicate the significance level

relative to the control variant according to ANOVA; * P <0.05; ** P <0.01; *** P <0.001; ns, not significant.
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Figure IV.20. Expression profile of HvCKX genes in wild type and transgenic barley lines after 4 days of rewatering. RNAi:HvCKX2.2 lines are represented in green,
RNAi:HvCKX9 in blue and wild type values in red. Gene expression was relativized to the respective wild type. Asterisks indicate the significance level relative to

the control variant according to ANOVA; * P<0.05; ** P<0.01; *** P<0.001; ns, not significant.
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It is well known that water stress alters the hormonal homeostasis of plants. All barley
lines altered their endogenous content of CKs, AUXs and ABA, but the values varied among lines.
At the end of the water stress period, all stressed plants reduced the synthesis of CKs (reduction
of ribotides) compared to well-watered plants, especially significant reduction of the CKs tZ- and
cZ-type occurred. However, in the RNAi:HvVCKX9 lines the levels of the base form tZ were
maintained whereas the wt significantly reduced them compared to its control (Table IV.4 and
Fig. IV.21). After 4 days of rewatering, all the genotypes significantly accumulated tZ , and the
differences were higher in the case of the transgenic lines, especially for RNAi:HvCKX9 lines 1.8
and 7.3 (Table IV.5 and Fig. IV.21). This result pointed out that tZ would be involved in the
recovery capacity of the barley plants after a water limited period.

Water stress induced the accumulation of ABA in all genotypes (Table IV.6). All water
stressed plants also increased the total amount of AUXs, and this increment was mainly due to
ox-lIAA-glc. Only ox-lAA varied between wt and transgenic lines. The latter did not increase the
levels whereas wt doubled them. Regarding the free AUX form, IAA was only significantly
accumulated in the line 7.3, which did not show very good performance under water stress
conditions (Table IV.6 and Fig. IV.22).

After the rewatering, the level of ABA kept upper in the D variant compared to controls
(Table IV.7). The stressed plants also increased the levels of IAA, especially in the case of wt with
3.5 times more than in its control. Nevertheless, the line 1.8 did not show significant differences
in IAA among variants. Finally, only the water stressed wt significantly reduced the content of ox-
IAA-glc compared to control (Table IV.7 and Fig. IV.22).

We also determined the changes in the AUX-CK ratios, particularly among their free
forms. At the end of the stress period, the IAA/BASES ratio of wt water stressed plants doubled
the values of the well-watered plants. However, the lines 1.8 and 7.3 decreased the ratio (Fig.
IV.23). Interestingly, after 4 days of rewatering, meanwhile the wt and the line 6.2 kept increased
values of the ratio compared to their respective controls, the lines 1.8 and 7.3 recovered the

control numbers (Fig. IV.23).
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Table IV.4. Content of different CK metabolites in in barley seedlings at the end of the stress period. Different letters mean significant differences among

treatments according Tukey HSD test after ANOVA.

wild-type HvCKX9 line 1.8 HvCKX9 line 7.3 HvCKX9 line 6.2

w D w D w D w D
pmol/g average * SE average * SE average * SE average * SE average * SE average * SE average * SE average * SE

tZRMP 6.09® + 043 <LOD 6.77° + 042 <LOD 650 + 034 <LOD 521° + 058 <LOD

cZRMP 3.78° + 059 <LOD 436 + 111 <LOD 537° + 0.58 <LOD 488 + 044 <LOD
iPRMP 1098 + 049 |[1057* + 068 | 1690° * 057 | 1313 + 093 | 15.14* + 0.79 8.85° + 057 | 12.21% + 047 937 + 019
DHZRMP 170 + 0.33 415> + 027 | 3.45® + 099 559 + 066 | 3.72°*° + 0.76 570° + 0.60 114 + 022 490° + 032
Ribotides 2256 + 1.84 14.71° + 0.95 31.48 + 0.67 18.71° + 159 30.73° + 247 1455 + 1.16 23.44° + 171 1427° + 051
tZR 046 + 0.05 012 + 0.02 063 + 0.10 011 + 0.02 042 + 0.09 004 + 001 042 + 0.08 0.18 + 0.01
cZR 0.52* + 0.01 0.41° + 0.06 031° + 004 036° + 004 | 046® + 0.02 091 + 021 096° * 019 | 053* + 0.07
iPR 0.85° + 0.07 1.84% + 0.08 197 + 020 | 1.63° + 007 114 + 0.07 1.03® + 009 | 1.26® + 026 1.87¢ + 012
DHZR 0.15° + 0.02 0.12° + 001 0.12° + 001 0.12° + 0.01 0.14° + 0.01 0.12° + 0.02 0.13° + 0.02 0.12° + 0.01
Ribosides 1.99a + 015 | 249 + 017 303 + 028 | 223 + 014 | 2126® + 020 | 210 + 032 | 278 + 056 | 269 + 021
tz 2368° + 313 | 11.89° + 100 | 1826® * 041 | 1649 + 117 | 1777 + 253 | 1356° + 055 | 1507 + 135 | 1758 + 1.18
cZ 276.47° + 49.00 | 158.05° + 14.03 [ 158.61° * 32.96 | 207.75* * 10.54 | 202.46° + 48.04 | 189.57° * 9.62 227.75° + 27.83 | 191.39° + 7.93
iP 21.99° + 5.46 17.31° + 047 26.79° * 3.46 2497 + 251 18.17° + 231 17.60° * 1.82 20.85° * 2.67 27.69° + 4091
FreeBases | 322.14% *+ 5759 | 18725 + 1551 [ 203.67° + 31.68 | 249.21* + 1422 | 23839° + 52.88 | 22072° * 11.99 | 263.67° + 31.85 | 236.66° = 14.02
t729G 48.36™ + 274 | 2833" + 152 | 4979 + 223 |3571® + 200 | 5938 + 537 | 2686 + 201 | 8261 + 711 |3432*® + 172
c79G 096 + 010 | 093 + 004 [ 118" + 009 | 136¢ + 008 |2107 + 014 0.70° * 0.7 1399 + 011 | 089 + 0.5
iP9G 1.99° + 010 | 346° + 013 [ 268" + 0.6 438° + 023 | 215" + 015 | 258 + 022 | 283" + 020 | 3.79% + 021
DHZ9G 0.06° + 001 0.05° + 001 0.05° + 0.01 0.08° + 001 0.05° + 0.01 0.04° + 001 0.05° + 0.01 0.05° + 0.00
N-glucosides| 5136 + 295 | 3308 + 170 | 53.70® * 221 | 415 + 232 | 62.64° + 567 | 3018° + 231 | 8688° * 7.44 | 3906® + 199
tZ0G 244® + 015 1.96® + 0.3 274° + 017 201* + 012 252 + 020 1.80° + 024 279° + 012 256 + 027
tZROG 0.09° + 001 010 + 0.02] 009° * 0.1 0.04 0.01] 0.04° 2+ 0.01 0.05 0.00| 0.06*° + 0.01 006 + 001
cZ0G 20325 + 591 | 26181 + 0.01 | 20759 + 823 | 24272 + 001 | 189.37 + 992 | 23296 + 001 | 21400 + 1071 | 270.05 + 0.01
cZROG 977 + 0.11 1471 + 0.00 900 + 0.19 1285 + 0.00 883 + 0.0 13.92 + 0.0 928 + 061 1151 + 0.00
O-glucosides| 21555 + 619 | 27858 + 0.14 | 21942 + 798 | 25762 + 0.3 | 20076 + 1054 | 24873 + 024 | 22613 + 1144 | 28419 + 0.29
tZ-type 81.12° + 651 | 4240° + 267 | 7828° + 255 | 5436 + 330 | 86.62° * 853 | 4232 + 280 |106.17° + 926 | 5470° + 3.18
cZ-type 49476 + 55.72 | 43591° + 1414 | 381.05 + 34.22 | 465.04° + 10.67 | 407.55" *+ 59.11 | 438.06° + 9.91 | 45825" + 39.88 | 474.37° + 8.06
iP-type 35.82° + 6.13 33.18° + 1.36 4834 + 3.95 44.12° + 3.75 36.59° + 3.33 30.06° * 2.69 37.15° + 3.60 42.72° + 5.44
DHZ-type 1.92* + 035 432" + 030 | 3627 + 0.99 578° *+ 067 | 3.91™ + 078 586° + 0.62 133 + 024 5.09° + 0.33
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Table IV.5. Content of different CK metabolites in in barley seedlings after 4 days of rewatering. Different letters mean significant differences among treatments

according Tukey HSD test after ANOVA.

wild-type HvCKX9 line 1.8 HvCKX9 line 7.3 HvCKX9 line 6.2
RW RD RW RD RW RD RW RD

pmol/g average * SE average * SE average * SE average * SE average * SE average * SE average * SE average * SE
tZRMP 3.86° + 0.86 313° + 035 260° + 021 6.42° t 056 403 * 048 533 + 035 345 + 026 498 * 065
cZRMP 436° * 076 555 * 0.75 3.86° + 041 429° + 034 495 + 0.70 453* + 074 3.62° *+ 047 3.85° + 036
iPRMP 13.06® + 048 11.42*° + 036 1161° + 093 16.13° + 0.4 16.08° * 0.26 14.98" + 030 14.06" * 0.58 14.65" + 045
DHZRMP 1.74° + 018 1.70 + 028/ 269 + 079 1.87° + 0.28 1.26 + 0.09| 1.42° + 0.16 151 + 041 1.80° + 021
Ribotides 2303 + 233 21.80 + 146 20.77 + 234 2871 + 143 2632 + 143 2626 + 157 2204 + 131 2528 + 1.66
tZR 0.10° * 0.01 0.13° = 0.01 0.12° = 0.04 0.36° * 0.06 0.24° + 0.03 0.32° = 0.02 0.21° = 0.04 033" + 0.05
cZR 045 + 0.03 318 + 035 060 + 0.06 108 + 011 067 + 012 158 + 0.08 111+ 023 211+ 021
iPR 154 + 0.15 1.71° + 014 068" * 0.06 115 + 014 279" £ 050 1.62° + 014 1.92° + 023 1.60° + 0.05
DHZR 0.12* + 0.02 0.16 + 0.01 0.13* + 0.01 0.13* + 0.01 0.15* + 0.02 0.16° = 0.01 0.13* + 0.01 0.17° + 0.02
Ribosides 221 = 022 518 + 051 152 + 018 272 + 033 38 + 066 368 + 025 337 + 051 421 + 033
tz 11.60° + 163 20.75° + 143 550 + 031 35.00° £ 215 826 + 108 34.16° + 071 12.46° 192 29.27° £ 152
cz 368.98 + 21.88 383.61 * 37.25 238.84 * 28.66 42271 + 27.69 251.09 + 18.59 486.60 + 55.13 389.18 * 66.22 382.84 + 39.22
iP 33.39° + 3.53 17.61° * 2.35 2277 + 078 23.68° + 3.14 3283 + 7.64 2023 + 118 4350° + 839 21.14* + 3.05
Free Bases 41398 + 27.04 | 42196 + 41.02 26712 + 29.75 48139 + 3297 29218 + 2731 54099 + 57.02 44515 + 76.53 43325 + 4379
tZ9G 25.69° * 246 30.09° + 246 35.38° & 3.77 48.71° t 8.6 39.077 * 693 39.75° + 435 48.88° + 13.03 4695 + 5.82
c29G 0.81® + 005 0.57° + 0.06 0.56° + 0.12 055 + 0.12 058 + 0.08 0.46° = 0.06 1.03> + 015 0.46° * 0.04
iP9G 212 + 013 190° *+ 0.15 2.22® + 013 211® + 024 2.14® + 023 193 + 013 334° + 071 203 + 018
DHZ9G 0.0 *+ 001 0.05* *+ 0.00 0.072 + 001 0.0 * 001 0.06° * 001 0.06° * 0.01 0.09° + 0.02 0.06° * 001
N-glucosides| 28.67° + 2.65 32627 + 268 38237 + 404 51.43° + 852 41.85° + 7.24 4221° + 456 5333 + 1391 49.49° + 6.05
tZ0G 1.87° + 020 1.46° + 021 1.72° + 034 281° + 026 1.72° + 021 1.87° + 029 1.91* + 022 252 + 011
tZROG 0.05° * 0.1 0.06° * 0.1 0.07° * 0.01 0.13° * 0.02 0.10° * 0.02 0.09° * 0.02 0.08° + 0.01 0.08° * 0.01
cZ0G 24670 + 11.40 214.99° £ 2509 |25552* + 2336 212.42° + 3.56 25965 + 7.81 21212 + 3.98 292.71° £ 2219 211.37° £+ 531
cZROG 18.75 + 1.40 1151 + 135 1830 + 141 1050 + 0.39 2191 + 439 10.08 + 0.11 1492 + 033 1030 + 0.16
O-glucosides| 267.36 + 13.01 | 228.02° * 2667 | 275.62%™ + 2511 | 22586 + 424 | 28338 + 1243 | 224.16° £ 440 300.61° + 22.75 | 22427 + 559
tZ-type 4317 + 517 5562 + 448 4541 = 467 93.44 + 1121 5342 + 874 8152 + 574 66.99 + 15.47 8413 + 817
cZ-type 640.04° + 3553 | 619.41*° * 64.85 | 517.68° * 54.02 | 651.55° + 3222 | 538.85° + 31.68 | 71538 * 60.10 | 702.56° * 89.59 | 610.93° + 45.30
iP-type 50.12° * 4.29 32.64° + 299 37.27° + 191 43.07° t 3.76 53.84 + 863 38.77° + 176 62.82° + 991 39.42° + 3.72
DHZ-type 1.92° + 0.6 1.92 + 0.02 289 + 017 2057 + 0.38 147 + 0.02 1.64° + 023 173 + 0.03 203 + 023
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Figure IV.21. Profile of cytokinins (CKs) in barely seedlings (wild type and 3 transgenic lines) at the (a) end of the
water deficit period and (b) after 4 days of rewatering. Fold changes (presented as log> ratio) in the content (pmol

mg?! FW of CKs between stressed (D) and non-stressed (W) barley genotypes).
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Table IV.6 Content of ABA and AUXs in barley seedlings (wild type and 3 transgenic lines) at the end of the stress period. Different letters mean significant
differences among treatments according Tukey HSD test after ANOVA.

wild-type HvCKX9 line 1.8 HvCKX9 line 7.3 HVCKX9 line 6.2
w D W D W D w D

pmol/g average SE average * SE average SE average * SE average SE average * SE average SE average * SE
ABA 476 + 019 |530.71° + 12.16 5.24° + 035 |606.90% + 12.95 431° + 0.23 | 684.62° + 2547 5.02° + 017 |430.79° + 5.59
IAA 621.23" + 17.32 | 695.77° + 3477 |637.08° * 17.28 | 61541° + 3400 | 637.33° + 11.59 [1043.90° + 36.67 |591.84°" + 29.92 | 477.36° * 18.16
ox-IAA 264.86° + 2431 | 601.76° * 121.62 | 261.65° + 31.29 [34597° + 64.26 | 288.85° + 62.10 |323.30° + 16.25 | 312.86° * 14.55 |339.00™ + 59.27
1AA-glc < LoD 5576.75° + 406.73 < LoD 7695.90° + 34438 <LOD 4804.37° + 397.92 <LOD 8852.92° + 504.15
ox-lAA-glc | 475.64° + 24.88 |2015.28" + 90.52 | 352.12° + 57.24 [1703.70" £+ 199.26 | 359.87° + 38.84 |[1527.50° + 138.04 | 474.07° + 86.23 [1473.69° + 222.85

Table IV.7. Content of ABA and AUXs in barley seedlings (wild type and 3 transgenic lines) after 4 days of rewatering. Different letters mean significant differences

among treatments according Tukey HSD test after ANOVA.

wild-type HvCKX9 line 1.8 HvCKX9 line 7.3 HvCKX9 line 6.2
RW RD RW RD RW RD RW RD
pmol/g average + SE average + SE average + SE average + SE average + SE average * SE average * SE average * SE
ABA 11.23° + 0.87 51.55° + 1.53 857° + 038 43.80" * 6.65 10.27° + 0.95 3472 £ 119 10.30° + 0.73 36.12° 226
1AA 69520 + 6.36 |[2487.92% + 186.60 | 722.04® + 497 |1068.42° + 57.08 | 72240 * 555 |1387.32° + 17244 | 604.25° + 574 |1457.66° + 24.76
ox-IAA 785.00° + 108.28 |9133.19° + 1954.43 | 700.86° * 59.21 | 1656.87° + 182.07 | 814.62° + 81.12 |2340.60° + 158.14 | 616.80° * 43.70 |3109.98" * 210.58
1AA-glc 11758.25° + 1965.86 | 4869.28* * 294.53 [11803.05"° + 1350.20 | 4090.76° + 370.35 |12675.58° + 1122.17 |6182.42°® + 1187.07 |12948.57° + 2705.35 | 4751.95° + 529.90
ox-1AA-glc 754.39° + 15413 | 234.19° + 7373 |[507.72® + 3776 | 492.77%° + 88.08 | 759.43° + 8850 | 446.08® + 109.31 | 643.31° + 8932 | 41483 + 9141
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Figure IV.22. Profile of indole-3-acetic acid (I1AA), ox-IAA and total auxin content in barley seedlings (wild type and 3

transgenic lines) at the end of the water stress period (left) and after 4 days of rewatering (right). Fold changes

(presented as logz ratio) in the content of IAA, ox-IAA and total AUX between stressed (D) and non-stressed (W)

barley genotypes.
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REWATERING
BWT
B RNAI_HvCKX9/1.8
B RNAI_HvCKX9/7.3
B RNAI_HvCKX9/6.2
-3 -2 -1 1 2 3
log2

Figure 1V.23. Profile of the ratio between IAA and free CKs in barley seedlings (wild type and 3 transgenic lines) at

the end of the water stress period (upper part) and after 4 days of rewatering (lower part). Fold changes in the

content (presented as log: ratio) ratio of this metabolites between stressed (D) and non-stressed (W) barley

seedlings from two independent biological replicates (n=5) for each genotype.

The content of free PAs and AAs was also quantified. As showed in the previous chapter,

most of these metabolites were accumulated as response to the stress. Only the AA GIn and the

PA Spd dropped down in the D variants compared to the well-watered variant (Table IV.8 and 10,
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Fig. IV24a and 25a). Cad was only accumulated in the stressed variants under water-limited
conditions but it was under the detection limits for the rest of the situations. No differences in
Put and Spd were observed in the wt between non-stressed and stressed plants, whereas the
stressed plants from all transgenic lines significantly accumulated Put. a higher increase in the
level of Spm than wt but a lower decrease in Spd content after the stress period. The wt plants
and the silenced line 7.3 presented high levels of Cad at the end of the water stress period,
whereas a lower content was observed in the plants from the 1.8 and 6.2 lines (Table 1V.9). After
4 days of rewatering, the water stressed plants from the silenced lines significantly reduced the
content of Put, but not for wt (Table IV.9, Fig. IV24b). Regarding AAs, as reported in Chapter I
Pro was the most accumulated AA with the in all genotypes at the end of the water stress period
(Table IV.10). The water stressed plants from all transgenic lines had lower accumulated levels of
Asn, Asp, Glu but higher of GIn than wt plants (Table IV.10, Fig. IV.25a). After 4 days of rewatering,
the content of total AAs was reduced in the stressed plants but were still significantly higher that
the values of their controls. However, the stressed plants from the transgenic lines had less
content of AAs that those from the wt, especially in the lines 1.8 and 7.3 that showed the faster
recovery. This reduction was due to the recovery of the Tyr, lle and Leu observed in these two

lines (Table IV.11 and Fig. IV.25b).

a WATER STRESS b REWATERING
BwT BEWT
DAP ) DAP )
B RNAI_HVCKX9/1.8 B RNAI_HVCKX9/1.8
B RNAI_HVCKX9/7.3 BRNAI_HVCKX9/7.3
Put ERNAI_HVCKX9/6.2 Put EIRNAI_HVCKX9/6.2
Spd Spd
Spm Spm
Tyra Tyra
3PA 3PA
r 4 2 0 2 4 6 r -4 2 0 2 a 6
log2 log2

Figure IV.24. Profile of free PAs in barley seedlings (wild type and 3 transgenic lines) (a) at the end of the water stress
period and (b) after 4 days of rewatering. Fold changes (presented as logz ratio) in the content of free PAs between

stressed (D) and non-stressed (W) barley genotypes.
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Table 1V.8. Content of free PAs in barley seedlings (wild type and 3 transgenic lines) at the end of the water stress period. Different letters mean significant

differences among treatments according Tukey HSD test after ANOVA.

wild-type HvCKX9 line 1.8 HvCKX9 line 7.3 HvCKX9 line 6.2
w D w D w D w D
pmol/mg | average + SE average * SE average t SE average + SE average * SE average * SE average t SE average + SE
Cad <LOD 10.56" + 175 <LOD 1.48% + 043 <LOD 20.34° £ 3.00 <LOD 220° £ 119
DAP 1780 + 264 | 5652° + 756 | 11.81° * 240 | 33.02° + 205 | 18.40® + 040 | 6837 * 217 | 1750® + 154 | 3827° + 259
Put 31239 + 463 | 5237% + 887 [2989™ + 545 | 9.03° * 100 | 27.42° + 081 |[5071°9 + 241 | 2906® + 214 |[51.19% + 401
Spd 128.28° + 24.40 | 3630 + 4.19 96.01° + 30.36 | 46.29° * 6.68 96.15° + 14.42 | 49.19° + 147 | 105.42° + 21,55 | 51.66° + 5.07
Spm 2289 + 021 469° + 0.6 066° + 059 | 213 + 018 | 1.43™ + 0.14 775% + 001 | 088" + 030 2797 + 027
Tyra 15.69° + 094 | 411.01° + 4663 1656 * 246 | 12854 + 16.00 | 1663 + 134 |[51857° + 6.79 16.99° + 1.16 220.75° + 15.22

Table IV.9. Content of free PAs in barley seedlings (wild type and 3 transgenic lines) after 4 days of rewatering. Different letters mean significant differences

among treatments according Tukey HSD test after ANOVA.

wild-type HvCKX9 line 1.8 HvCKX9 line 7.3 HvCKX9 line 6.2
RW RD RW RD RW RD RW RD
pmol/mg average + SE average + SE average + SE average =+ SE average + SE average + SE average + SE average + SE
Cad <LOD <LOD <LOD <LOD <LOD <LOD <LOD <LOD
DAP 11.82° £ 176 22.61° + 262 10.68° * 1.00 20.14° + 5.50 1153 + 1.32 1133 + 254 13.72° + 197 13.04° * 046
Put 37.91° + 321 2537 + 313 37.25* + 3.36 17.96° * 529 40.27°° + 3.53 10.06° * 254 47.12° + 627 12.54° + 030
Spd 109.64° + 17.15 108.88° + 21.03 99.09° + 6.02 131.26° + 43.21 132.05° + 26.36 40.40° t 481 14553° + 38.74 54.67° t 3.64
Spm 292" + 0.06 385 + 078 374 + 085 3.25° & 110 3.89° + 0.10 030" * 020 336 + 070 0.16° + 0.09
Tyra 18.40° + 2.07 160.76° + 83.55 20.52° + 3.24 149.57° + 53.36 27.88" + 880 28.89° + 470 3583 t+ 8.60 45.37° + 14.10
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Table 1V.10. Content of AAs in barley seedlings (wild type and 3 transgenic lines) at the end of the water stress period. Different letters mean significant

differences among treatments according Tukey HSD test after ANOVA.

wild-type_ W wild-type_D HvCKX9 line 1.8_W | HvCKX9 line 1.8_D | HvCKX9 line 7.3_W | HvCKX9 line 7.3_D | HvCKX9 line 6.2_W | HvCKX9 line 6.2_D
pmol/mg | average * SE average * SE average * SE average * SE average * SE average * SE average * SE average * SE

Ala 1.93* + 0.14 3.53° + 0.09 1.95° + 0.14 277 £ 005 2.66™ £ 019 235® & 002 1.33° + 005 | 244%™ + 033
Arg 026° + 0.3 1.86° + 0.06 023 + 0.02 1.88° + 0.04 024 + 0.03 156" + 0.5 037 t 0.02 1.26° + 0.5
Asn 1.29° + 0.8 9.86° t 040 208 t 015 | 10.74° £ 040 1.7 + 020 8.41° + 0.5 1.977 * 005 7.60° + 122
Asp 816 * 064 | 1092° + 014 | 9.02™ + 063 | 987" + 007 | 947 + o064 | 862" + 010 6.59° + 010 | 822® * 110
GABA 024" t 004 121 + 0.06 0.19° + 001 0.81° + 002 | 035™ + 003 1.09° + 003 025 + 001 1.41° + 034
Gln 769" + 058 | 590™ + 016 830" + 058 510" * 0.16 9.02° t 0.86 619" + 0.6 7.07° + 024 368 + 0.60
Glu 7177 t 053 14.49° * 033 7.90° + 045 | 1325 + 011 | 906® + 075 | 956® * 024 6.52° t 017 |10.29™ + 146
Gly 018 * 001 055 + 001 061° * 004 049° * 001 014> * 001 0.60° * 0.3 0.07° * 0.00 0.16° * 0.03
lle 0174 + 0.02 235+ 001 0.18° t 001 1.89° + 0.02 0.19° + 0.02 2.49° + 001 0.20° + 0.01 1.11° + 016
Leu 0.10° + 0.01 1.07° + 0.02 0.09° * 0.01 096° * 0.01 0.10° + 0.01 1.09° + 001 0.14a + 0.01 0.60° + 0.09
Phe 0074 + 0.00 0.45° * 0.01 0.08° t 001 0.27° + 0.0 0.08% + 001 0.60° + 0.03 0.072 + 0.00 016 + 0.02
Pro 016° + 0.01 98.87° *+ 0.89 0.19° + 0.03 4339 + 043 0.19° + 0.03 | 106.81° + 1.21 0.20a * 0.02 3598° + 4.99
Ser 817° + 057 | 1555° * 034 [ 977 + 072 | 1422 + 020 | 939® + 061 | 14.08° * 065 5.88° t 023 9.69° + 156
Thr 146° + 011 515 + 0.06 161° + 013 | 459 + 006 1.91° + 011 | 411* * 0.15 120° + 0.05 3.44° + 051
Trp 0.05®° * 0.00 072 + 0.03 0.05° + 0.00 036° * 001 0.08° *+ 001 1.08° t 0.5 004 + 000 | 023 * 004
Tyr 021> + 0.01 0.85° + 0.05 0.21° + 0.02 071 + 0.6 0.25° + 0.02 0.84° * 0.06 0.24° + 0.02 0.46® + 0.06
Val 0.42° + 0.03 339 + 003 0.43° + 0.03 2.52° £+ 001 0.48° + 0.04 370" + 0.05 043" + 0.01 1.70° + 026

Table IV.11. Content of AAs in barley seedlings (wild type and 3 transgenic lines) after 4 days of rewatering. Different letters mean significant differences among

treatments according Tukey HSD test after ANOVA.

wild-type_ W wild-type_D HvCKX9 line 1.8_W | HvCKX9 line 1.8_D | HvCKX9 line 7.3_W | HvCKX9 line 7.3_D | HvCKX9 line6.2_W | HvCKX9 line 6.2_D
pmol/mg | average * SE average * SE average * SE average * SE average * SE average * SE average * SE average * SE

Ala 145° + 011 | 253 & 007 1277+ 012 2.81° + 007 1.48° t 012 1.51° t 0.08 1.41° *+ 013 3.13° + 04
Arg 0.59° * 0.05 027 + 002 062 * 005 | 036™ + 002 0.38™ *+ 004 0.07° * 0.3 049" + 0.04 0.37° + 0.5
Asn 234° + 028 6.26° * 026 235 + 0.20 437" * 013 2.06° * 0.19 223° + 018 232° + 013 6.47° * 094
Asp 6.47° + 037 | 105 + 021 637° + 066 14.09° + 021 6.89° + 057 778 + 036 6.29° * 064 13.89° + 1.63
GABA 0.87° t+ 0.03 279° + 0.09 0.56° * 0.06 0.98° + 0.03 0.97° + 0.11 0.82° + 0.03 0.80° * 0.09 1.97° + 028
Gln 292° + 031 9.67° + 027 278 + 022 13.44° + 0.34 256° * 024 607 + 043 3.20° + 0.19 14.11° + 216
Glu 599 + 042 | 799" + 023 | 613" + 061 | 1103 * 016 | 717 & 070 6.17° + 0.40 5.89° + 056 | 10.81" * 145
Gly 0.07° + 001 023" + 001 0.07° + 001 023" + 001 0.07° + 0.01 0.12®* + 001 0.07° + 001 029° + 0.5
lle 023" * 0.02 0.95° + 0.02 0.25° + 0.03 038" + 0.01 0.24° + 0.02 0.24° + 0.02 0.20° * 0.02 061° + 0.07
Leu 017 + 001 0.32° + 001 0.16® + 002 | 020™ + 0.00 0.18® + 0.02 011> + 001 014*° + 001 030" + 004
Phe 0.09° * 0.01 0.51° + 0.02 0.08 + 0.1 0.17* * 0.00 0.11° + 0.01 0117 + o0.01 0.07° * 0.00 0.28™ t 004
Pro 013* + 002 4420° + 095 0.24* + 0.02 7.39° + 011 0.19° + 0.03 8.47° + 036 014*° + 001 22.69° + 250
Ser 5677 + 049 | 873" + 034 555° + 061 | 999" + 014 | 634 + 074 535" + 040 559° + 051 | 11.05° *+ 1.64
Thr 143 + 013 1.86° * 0.09 1.32° + 0.18 213" + 0.04 148" + 0.17 1.22° + 0.08 1.27° + 013 2377 + 034
Trp 0.07° *+ 0.01 0.69° + 0.02 0.07 + 0.1 0.26° + 0.02 0.06° + 0.01 0.22° + 0.02 0.05° * 0.00 0.49° + 0.07
Tyr 0.24° + 0.03 0.60° + 0.02 0.29° + 004 031 + 003 0.29° + 0.05 0.19° + 001 021> + 001 0.40® + 007
Val 0.39° + 0.03 1.75° + 0.6 0.42° + 0.05 0.85° + 0.00 0.41° + 0.05 0.53° + 0.03 0.38° *+ 0.04 143" + 019
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Figure IV.25. Profile of free AAs in barley seedlings (wild type and 3 transgenic lines) (a) at the end of the water stress

period and (b) after 4 days of rewatering. Fold changes (presented as log: ratio) in the content of free AAs between

stressed (D) and non-stressed (W) genotypes.

To understand the mechanism that conferred higher waters stress tolerance and recovery

capacity to the selected transgenic lines we carried out two principal component (PC or

dimension) analyses, in which the plants were evaluated for two different growth regimens,

water-stressed (D) and well-watered (W) plants, at two time-points one at the end of the water

stress period and the second one after 4 days of rewatering (RD and RW, respectively). To
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facilitate visualization, the results were projected onto a biplot representing the scores (lines and
treatment) and the loadings (analysed traits and quantified metabolites). At the end of the water
stress period, the first two PCs together captured 71.5% of the variance (Fig. IV.26a and b). PC1
(Dim1) that accounted for 62.6% of the total variation, separated the D and W variants. The D
lines were positively correlated with almost all quantified metabolites except for Gln, Spd and
some type of CKs, such as tZ- and cZ-type, which correlated to the well-watered genotype (Fig.
IV.26a and c). The W variants also showed positive correlation with the expression of HVCKX2.2,
the canopy height, slope, biomass, BBCH and some florescence related parameters such as ®po
and ETR. The PC2 (Dim2) that captured an additional 12.5% of the total variance and divided the
D variants in two groups (red ellipses, Fig. IV.21a); the two lines RNAi:HvCKX9/1.8 and
RNAIi:HVCKX9/6.2 that delayed the symptoms of stress, and RNAi:HvCKX9/7.3 that stopped faster
the growth (less canopy height) (Fig. IV.26a). The lines RNAi:HvCKX9/1.8 and RNAi:HvCKX9/6.2
were positively correlated with iP-type CKs and the expression of HvCKX3 and HvCKX5 genes but
inversely related to the expression of HYCKX1, the IAA and the polyamines Cad and Spm.

Similar distribution of the variants was obtained in the PC analysis for the rewatering
period (Fig. IV.27). The PC1 and 2 (Dim1 and Dim2) together captured also 68.7% of the variance
of the model. Again, the PC1 only separated the well-watered plants from the water stressed
ones. However, in the PC2, the transgenic lines separated from the stressed wt and among them.
The lines that showed a faster recovery after the water limited period RNAi:HvCKX9/1.8 and
RNAi:HVCKX9/7.3 positively correlated with the CKs tZ-type, ribotides and N-glucosides, the
expression of the genes HvCKX2.2 and in less extend with the expression of HVCKX3, the slope
and the photosynthetic parameters tZ, ®psi and ETR. Contrarily, the stressed plants from the wt
showed a positive correlation with some stress related metabolites such as GABA and Pro, the
AAs Tyr, lle and Leu, the total AUXs, ox-IAA, some cZ-type metabolites such as cZRMP and cZR,
and the expression of the genes HvCKX4 and HvCKX11 (Fig. IV.27).
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Figure 1V.26. Principal component (PC) analysis of the traits in barley seedlings (wild type and 3 transgenic lines) at
the end of the water stress period. (a) Principal component analysis (Dim1 and Dim2), (b) scree plot with the
percentage of explained variance of the model for each PC (Dim) and (c) a contribution matrix of the loadings to

each PC (Dim). Red ellipses indicated the groups according to PC2.
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Figure IV.27. Principal component (PC) analysis of the traits in barley seedlings (wild type and 3 transgenic lines)

after 4 days of rewatering. (a) Principal component analysis (Dim1 and Dim2), (b) scree plot with the percentage of

explained variance of the model for each PC (Dim) and (c) a contribution matrix of the loadings to each PC (Dim).
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Finally, to go further in the understanding whether CKs regulate the stress response in
barley, we performed a linear correlation between the canopy height, slope, and the changes in
the content of active CK forms, ABA, IAA and the variations of the CKX expression at the end of
the water stress period and after 4 days of rewatering. The results were represented in two
scatter plot, were the Pearson correlation and the significance were also included (Fig. 1V.28 and
29). At the end of the water stress period, we observed that the canopy height and slope of the
plants were positively correlated with the expression of HvCKX2.2 (r= 0.80, P*< 0.05 and r=0.83,
P*< 0.05, respectively). The changes in the expression of this gene also showed a significantly
negative correlation with ABA levels (r= -0.81, P*< 0.05). At the same time, ABA negatively
correlated with the canopy height and slope (r=-0.97, P***< 0.001 and r= -0.98, P***< 0.001,
respectively), pointing out the existence of a close relationship between these four trait
regulating plants stress response in barley. Strong correlation was also found between the
content of iP and the changes in the HVCKX5 expression (r= 0. 76, P*< 0.05) (Fig. IV.28). The
expression of HYCKX5 and HvCKX3 were significantly correlated (r= 0. 81, P*< 0.05) under water
stress conditions.

Significant correlation was also obtained between the expression of HVCKX5 and the
levels of iP in the plants after 4 days of rewatering (Fig. IV.24). Similarly, the slope and the
expression of HVCKX2.2 and HvCKX3 were also correlated (r= 0. 83, P*< 0.05), and these two
genes with tZ (r=0. 90, P**<0.01 and r=0. 87, P**<0.01, respectively). However, HvCKX4 showed
totally opposite results with negative correlation with the slope and the tZ levels (r= 0. 75, P*<
0.05 and r= 0. 81, P*< 0.05, respectively). At the same time, the slope and canopy height had
opposite behaviour and showed positive and negative correlation with ABA and tZ, respectively.
Altogether, it is clear that the changes in the CKX expression and the homeostasis between the
different types of phytohormones play different roles for the plants water stress response and

the recovery capacity.
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Figure 1V.28. Correlation analysis of some traits in barley seedlings (wild type and 3 transgenic lines) at the end of the water stress period. Scatter plots of the

most correlated traits presented in Fig.IV.26 undertaken in R 3.5.1.
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Figure 1V.29. Correlation analysis of some traits in barley seedlings (wild type and 3 transgenic lines) after 4 days of rewatering. Scatter plots of the most

correlated traits presented in Fig.IV.27 undertaken in R 3.5.1.
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IV. IV. Discussion

Water deficit is one of the main constrains limiting the crop production. Understanding
the physiological bases of the water stress response of crops can help the breeders to improve
crop management and production in many adverse climatic change scenarios. The goal of this
chapter was to understand whether CKs regulate the plant stress response under limited water
availability and the recovery after the stress in barley, as model plant and due to its agronomical
interest. We performed a comparative study between wt and RNAI transgenic lines with silenced
CKX genes. We focused on CK metabolism because the manipulation of endogenous levels of CK
have been showed to improve water stress tolerance (Peleg and Blumwald, 2011; PospiSilova et
al., 2016; Rivero et al., 2007; von Wirén et al., 2018). It is well-known that plants are submitted
to water deficit conditions, in general they reduced their endogenous CK content (Nishiyama et
al., 2011; Todaka et al., 2017). Different approaches to alter the CK homeostasis in plants have
been reported, either by overexpression biosynthetic (/PT) (Peleg and Blumwald, 2011; Rivero et
al., 2009) or degradation (CKX) genes (PospiSilova et al., 2016; Prerostova et al., 2018; von Wirén
et al., 2018), leading to up- or down-regulation of the final pool of this hormone, respectively. In
both cases, they showed that the alteration in the CK homeostasis has positive effects in the
tolerance to water deficit. This is due to CK influences in many biological processes such as
photosynthesis (Cortleven and Schmiilling, 2015) or regulating the antioxidant response of the
plant (Zavaleta-Mancera et al., 2007), among others.

We produced six RNAi transgenic lines, three for each silencing of HYCKX2.2 and HvCKX9
gene. The decrease expression of the targeted genes was confirmed in all transgenic barley lines
in several developmental stages. Both silencing cassettes were functional, although the silencing
of HVCKX9 gene was more efficient, being the silencing effective in all stages analyzed. For the
study, a total of 6 transgenic lines (3 lines per silencing) were selected so they have the same
yield as the wt plants (Fig. IV.9). When the lines were grown under limited water availability the
lines showed different phenotype than wt, with more homogeneous phenotype between the
different RNAi:HvCKX9 transgenic lines (Fig... IV. 11 y 14). The lack of homogeneity in the

response to water stress among the different independent lines with silenced HvCKX2.2 could be
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caused by several factors such as number of integrations, position of the insertion as well as
changes in expression of the silencing cassette along the development of the plants, as reviewed
by Kooter et al. (1999), Matzke and Matzke (1998) and Wakimoto (1998).

We performed a deeper study of the three selected transgenic lines RNAi:HvCKX9 and
different response to water stress were obtained classified in three groups; genotypes with water
stress tolerance (RNAi:HvCKX9/6.2), genotypes with high capacity of recovery
(RNAIi:HvCKX9/7.3), or both (RNAi:HvVCKX9/1.8). Under water stress conditions, the improved
tolerance in RNAi:HvCKX9/1.8 and RNAi:HvCKX9/6.2 was in parallel with a higher accumulation
of transcripts for HYCKX3 and HvCKX5. The gene HvCKX5 has been reported to improve nitrogen
use efficiency (Han et al., 2016). Besides, in our study the expression of HvVCKX5 was only
positively correlated to the iP content (R= 0.76, P*< 0.05) (Fig. IV.28), and according to the PC
analysis both traits related to the two more tolerant lines (Fig. IV.26). The base /P together with
tZ have been also described to regulate nitrogen uptake in maize (Lacuesta et al., 2018). In
addition, a strong positive correlation existed between the expression profile of HvCKX3 and
HvCKX5 (R=0.81, P*< 0.05) (Fig. IV.28). The expression of TaCKX3, a close orthologue of HvCKX3
was also described to be induce by water and salt stress (Ma et al., 2010). Altogether, we
suggested that the water stress tolerance in barley is related to a higher nitrogen use efficiency
regulated by HvCKX5 and probably HvCKX3, together with a lower reduction of the iP-type CKs.

After rewatering, all stressed plants increased their CK content. Increased levels of CKs
have been already reported to influence positively the recovery (Prerostova et al., 2018), but our
results suggest that this must be due to the accumulation of particular CKs and specific CKX
expression profile. Thus, after 4 days of recovery, the genes HVCKX2.2 and again HvCKX3 were
highly expressed in the most tolerant varieties (Fig. IV.29). In both case, the variations in the
expression profile was positively correlated with the tZ content. Opposite to our results
Prerostova et al. (2018) reported that the up-regulation of HvCKX2 reduced the endogenous
levels of tZ in the plants. This contradiction could be due to the plant species studied and also the
way in which the stress is applied.

The water stress response of the plants involve a complex crosstalk with other plant

hormone and metabolites. As example, ABA acts antagonistically to CK and both phytohormones

150



Chapter IV Silenced HvCKXs genes in barley

tightly regulate each other. It was reported that ABA regulate CK metabolism (Vysotskaya et al.,
2009) and also that CK receptors are negative regulators of ABA signaling pathway (Tran et al.,
2007). In our work, it was clear that ABA regulated canopy height and slope and hence the growth
of our barley plants in the two studied situations at the end of the water stress period and after
4 days of rewatering (Fig. IV.28 and 29). However, all the stressed plants accumulated ABA, and
the differences among genotypes did not allow the separation between the identified plant stress
strategies.

The changes in the content of AUXs, however, varied among lines. For example, more I1AA
was positively correlated with the more sensitive lines at the end of the stress period (Fig. IV.
28).Many controversial results existed about the accumulation or reduction of IAA levels in plant
under water stress conditions. For example, IAA has been reported to be accumulated at least in
Arabidopsis and pine (De Diego et al., 2013; Prerostova et al., 2018). The IAA accumulation could
be a physiological strategy that plants used to induce leaf epinasty (De Diego et al., 2013). Thus,
the leaf curvature contributes to reduce the light capture area, and hence leaf photodamage. As
corroboration, in our work, the stressed seedlings from the wt plants showed more reduced the
chlorophyll fluorescence parameter that the HvCKX9 lines. In addition, they also showed the
highest accumulation of Pro under stress conditions and after rewatering. The AA Pro is
considered a compatible solute contributing to the osmotic response of the plant, antioxidant
and that also acts as signal molecule (Podle$akova et al., 2019). However, in our study was more
an indicator of stress that a tolerance marker so after rewatering it was maintained at high
concentration in those genotypes with worse recovery capacity. Finally, it is worth mentioning
that GlIn used to be accumulated in plant under water stress conditions (Fig. 111.10). However, the
stressed plants from the transgenic lines did not change the GIn levels compared to their
respective controls (Fig. IV.25 y Table IV.10). This AA has been also reported to regulate CK
biosynthesis (Sakakibara et al.,, 2006). Altogether, there is a clear overlapping of activated
functions between closely related metabolites that act as signal molecules, including CKs, AAs
and also PAs.

PAs are also consider plant growth regulators that have a crucial role like antioxidants,

contributors to the plant osmotic adjustment and as signal molecules (Liu et al., 2015; Minocha

151



Chapter IV Silenced HvCKXs genes in barley

et al., 2014). In our experimental conditions, the modification in CK homeostasis affected the PA
content. Particularly, higher tolerance to stress was negatively correlated with the accumulation
of Cad and Spm, being the last one also accumulated together with Put in plants with lower
recovery capacity (Fig. IV.24 and Table 9). However, the exogenously application of PAs has been
proved to a good approach to mitigate the stress adverse effects status (Ebeed et al., 2017; Ugena
et al., 2018). This must be because the plants stress tolerance is due to the homeostasis of many
different metabolic pathway in which not only the synthesis but also the catabolism define the

plant stress response and tolerance.

IV. V. Conclusion

We performed a detailed phenotypic characterization of barley lines with altered CK
content to dissect and interpret the metabolic readjustments during CK- mediated water stress
tolerance and recovery. Three type of responses were identified, i.e.: sensitive, tolerant and/or
high recovery capacity. The RNAi:HvCKX9 transgenic lines showed better stress tolerance and
recovery capacity compared to wt plant. They presented a higher canopy height and water
related parameters, and more efficient fluorescence. Besides, they accumulated more iP-type CK
but less IAA, Cad and Spm, and showed a higher expression of HvCKX3 and HvCKX5. The faster
recovery was related to a higher canopy height and expression of HvCKX3 and HvCKX2.2 and
more tZ-type CKs. As summary, the modification of the CK levels in barley could be an effective
biotechnological approach to improve plant performance under water stress. Further studies
should be performed using HvCKX3 or HvCKX5 as candidate genes for improve barley stress

tolerance.
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Chapter V General Discussion

The presented thesis focused on the study of the role that CKs are playing as regulators
of the plant stress response to two of the major stressors such as shade and water deficit. The
study was performed in two crops with agronomical interest, barley and wheat, for the shading-
induced stress and barley for the water stress.

All results showed that CKs are relevant hormones regulating plant to shading-induced
and water stress response. In both cases, the maintenance of the endogenous CKs (especially
the base forms) was crucial for delaying the stress-induced negative effects in the plants.
Concretely, we showed that one of the main factors conditioning the CK content was the
regulation of CK degradation. Under shading-induced stress a marked up-regulation of the CKX1
gene in senescing leaves of barley and wheat occurred (Chapter Il). Similarly, water stressed
plants also increased the expression of HYCKX1, especially in the most sensitive lines (Chapter Ill).
Silencing of the HVCKX1 gene decreases the cytokinin oxidase/dehydrogenase level in barley and
leads to higher plant productivity (Zalewski et al., 2010). However, the involvements of the
different CKX isoform regulating plant stress response is still unclear.

Opposite to CkX1, the upregulation of the CKX3 gene has been related to a lower Chl
degradation under shading-induced stress and higher waters stress tolerance in wheat and
barley, respectively. In agreement with our results, previous published study showed that the
expression of TaCKX3, a close orthologue of HVCKX3 was also described to be induce by water
and salt stress (Ma et al., 2010). The expression of this gene was also closely related to HVCKX5,
which at the same time correlated with the iP content of the plants (R=0.76, P*<0.05) (Fig. I1V.28).
The higher values of all these traits were obtained in the most tolerant lines (Fig. IV.26). The CK
base iP together with tZ have been also described to regulate nitrogen uptake in maize (Lacuesta
et al., 2018). Altogether, the results suggested that the water stress tolerance of barley depends
of the crosstalk between CK and N metabolism, and hence the nitrogen use efficiency of the
plants. In addition, the transgenic HvCKX9 lines were more efficient capturing the light. It can be
due to their capacity to delay the senescence under stress, as we observed in the Chapter Il.

The recovery capacity after a water-limited period varied among lines. In this regard, a
higher expression of HYCKX2.2 and HvCKX3 improved the recovery capacity of the barley plants.

These plants have also higher levels of tZ-type CKs. Prerostova et al. (2018) also reported that
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after re-watering, the growth rate acceleration in Arabidopsis was accompanied by high levels of
tZ. However, they also reported that the up-regulation of HvCKX2 reduced the endogenous levels
of tZin the plants. Opposite results were obtained in our work whereas the HvCKX2 was positively
correlated with tZ levels at least after the rewatering. In Barley, two HvCKX2, HvCKX2.1 and
HvCKX2.2, have been characterized and identified (Zalewski et al., 2014). It could happen that
both isoforms differentially respond to the growth conditions and including among lines.

The water stress response and recovery capacity was not only related to CKs. A complex
crosstalk with other plant hormones and stress-related metabolites such as AAs and PAs was also
observed. As example, our results showed that Pro and PA pathway is highly affected in the
transgenic lines. However, the exogenous addition of these compounds has been also reported
to modify the hormone homeostasis of the plants (reviewed by Podlesdkova et al., 2019). Thus,
there is a clear overlapping of function between these compounds regulating plant stress
response

As summary, the changes in plant homeostasis condition the performance of the plant
under different growth conditions, especially under stress. Thus, the alteration of the CK
homeostasis through the down-regulation of CKX genes in plants resulted in a good tool to study
the plant response to shading-induced stress and water deficit. Besides, as we showed in this
thesis additional information can be obtained about the crosstalk between the primary and

secondary metabolism regulating plant stress response and recovery.
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Abstract

Plant phenotyping platforms offer automated, fast scoring of traits that simplify the selection of
varieties that are more competitive under stress conditions. However, indoor phenotyping methods
are frequently based on the analysis of plant growth in individual pots. We present a reproducible
indoor phenotyping method for screening young barley populations under water stress conditions
and after subsequent rewatering. The method is based on a simple read-out of data using RGB
imaging, projected canopy height, as a useful feature for indirectly following the kinetics of growth
and water loss in a population of barley. A total of 45 variables including 15 traits and 30
biochemical metabolites measured (morphometric parameters, chlorophyll fluorescence imaging,
quantification of stress-related metabolites; amino acids and polyamines, and enzymatic activities)
were used to validate the method. We showed that the canopy height correlated with 36 of the 45
analysed parameters. Besides, the study allowed the identification of metabolites related to water
stress response and recovery. Specifically, we found that the polyamines cadaverine, 1,3-
diaminopropane and tyramine are good indicators of the plant water stress response whereas
citrulline (Cit), spermidine (Spd) and the antioxidant enzyme ascorbate peroxidase (APX) were
related to recovery in the high tolerant barley cultivar Golden Promise. Concretely, Cit, Spd and
APX as high efficient oxygen radical scavengers could help the recovery of plants after the stress,
pointing to them as possible mediators of plant stress hardening. In this work, we designed,
optimized and validated a non-invasive image-based method for automated screening of potential
water stress tolerance genotypes in barley populations. We showed that the projected canopy
height is sensitive trait that truly reflects other invasively studied morphological, physiological and
metabolic traits and can be easily applicable in low cost systems equipped with a simple RGB
camera. We suggest that our approach might contribute to understanding of the plant water stress

response and recovery capacity in crops such as barley.
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phenylalanine (Phe); L-proline (Pro); L-serine (Ser); L-tryptophan (Trp); L-tyrosine (Tyr);
polyamines (PASs); putrescine (Put); reactive oxygen species (ROS); spermidine (Spd); spermine

(Spm); cadaverine (Cad); red, green, blue (RGB); tyramine (Tyra).

Introduction

Abiotic stresses, in particular water deficit, constrain the global production of crops, affecting both
the vegetative and reproductive phases of development (Wang et al., 2003). Not all water stress
scenarios are equivalent, however, because the severity, frequency, duration and timing of the
stress can vary, and with them the impact on the plant (Chen et al., 2014). A robust and reliable
analysis of phenotypic traits is therefore essential for each context, to shed light on the basic
tolerance mechanisms and develop strategies for breeding crops that are more tolerant to adverse

environments.

Barley is the fourth most cultivated crop world-wide (http://www.fao.org/faostat/en/#data/QC).

As a diploid organism, it is considered to be a suitable model for studying the more complex
polyploid species belonging to the Triticeae tribe. Under water stress conditions, barley displays
reduced growth and adaptations of other physiological parameters, such as chlorophyll content,
net photosynthetic rate and water content (Ahmed et al., 2013; Saade et al., 2018). However, the
mechanisms that confer water stress tolerance and recovery capacity in this crop species are still

not fully understood.

Plant phenotyping platforms provide the potential for automated, fast scoring of several traits
related to stress tolerance over a time-course, using non-invasive sensors (Awlia et al., 2016; Chen
etal., 2014; De Diego et al., 2017; Granier et al., 2006; Humplik et al., 2015). Until now, published
indoor protocols have been based on the response of individual plants often restricted by pot
growth, whereas in the field plant growth results in a canopy (Araus and Cairns, 2014).
Nevertheless, in the field the plant growth is seasonally dependent, often reducing the number of
possible experiments to one per year, whereas indoor phenotyping allows continuous repetition of
experiments. Furthermore, screening for specific tolerance traits under controlled conditions is

often necessary to manage the complexity of interactions between genotype and environment on
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the phenotype (Ghanem et al., 2015). The specific metric being monitored therefore needs to be
defined and its relationship with the physiological trait of interest has to be resolved and validated.
The plant phenotype is also determined by complex genome x environment X management
interactions: the sum of the complex interactions between metabolic pathways and intracellular
regulatory networks are reflected in internal, physiological and biochemical phenotypes
(Grofkinsky et al., 2015). Thus, a characterization limited only to a detailed description of a set of
image-based traits remains incomplete for understanding plant responses to drought. An
integration of data from phenomics with other ‘-omics’ (e.g. metabolomics and genomics) may
help dissect the plant response and clarify the key traits involved in the mechanisms of stress
tolerance and acclimation. As example, the combination of phenomics with metabolomics can help
to identify metabolites that are mainly accumulated under water stress conditions. Particularly,
some metabolites such as polyamines and some amino acids involved in glutamate metabolism
like y-amino butyric acid (GABA) and L-proline (Pro) play essential role regulating stress
tolerance like compatible solutes contributing to osmotic potential, mediators of antioxidant
responses or signal molecules (De Diego et al., 2013; Podlesakova et al., 2019). Concretely,
GABA, Pro and L-arginine (Arg) have been described as metabolites involved in plant recovery

and hardening under drought stress conditions (De Diego et al., 2015).

We present a non-destructive method for studying the water stress tolerance and recovery on a
population of barley based on image analysis of canopy height using a simple red, green, blue
(RGB) camera. To introduce the method we used barley cultivar Golden Promise as a good
representative of the varieties with agronomical interest due to its semi-dwarf with low lodging
problems (Thomas et al., 1984) and stress tolerance (Forster et al., 2000). Moreover, we focused
on profiling the primary and secondary metabolites, amino acids and polyamines, which play a
dual role as tolerance indicators and signal molecules (Muscolo et al., 2015; Urano et al., 2010) to
study further the involvement of these molecules regulating plant water stress response and
recovery capacity. We show that, in combination with other -omic approaches such as
metabolomics, followed by multivariate statistical methods, the experimental procedures for
studying stress response can be made more efficient. The result is a simple and highly reproducible
method for studying the stress response and recovery in barley populations, which is applicable

for breeding programmes to select and characterize potentially successful varieties.
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Materials and Methods
Plant material and growth conditions

Barley (Hordeum vulgare) cultivar Golden Promise was used for the study. Seeds were surface-
sterilized by soaking in 70% ethanol for 30 s, and then washed three times with sterilized water,
and immediately after that with a 4% solution of sodium hypochlorite for 4 min followed by an
additional four washes with sterilized water. The sterile seeds were placed on wet tissue paper
inside square plastic plates (120 mm x 120 mm) and maintained for 2 days at 4°C in the dark for
imbibition, as schematized in Fig. 1. The plates were then transferred into a growth-chamber, under
controlled conditions of a 22°C, 16 : 8 h, light : dark cycle with a photosynthetically active
radiation (PAR) light intensity of 120 umol photons m2 s for 2 days, to induce germination (Fig.
1).

Non-invasive plant phenotyping
- Phenotyping platform, experimental setup and assay conditions

To develop the barley screening method, firstly we performed and analysed reproducibility of two
independent assays using well-watered conditions (1% experiment- December 2017 and 2"
experiment- June- 2018; Supplementary Table 1). After that, we performed a final experiment to
evaluate the growth of barley seedling population under water deficit (3rd experiment-
Supplementary Table 1). In all experiments, the barley seedlings were planted in plastic containers
(32 cm x 19.5 cm x 10 cm, with a volume of 4 1) filled with 2.8 kg of a 2:1 mixture of substrate
(Substrate 2; Klasmann-Deilmann GmbH, Geeste, Germany) and sand. A total of 50 seedlings per
container was sown, distributed in five rows containing 10 plants each, with a final density of 1000
plants m™ (Figure 1). Two containers with 50 seedlings each were then placed together in a

standard PlantScreen™ measuring tray (Photon Systems Instruments, Brno, Czech Republic).

For the image analysis, the tray with two containers housing 50 plants each was transferred onto

an OloPhen platform (http://www.plant-phenotyping.org/db_infrastructure#/tool/57). In the water

deficit experiment a metal mesh was installed for better separation of the leaves from the variants
[well-watered (W) and water stress-drought (D)] in each container (Figure 1). The trays were
located into the PlantScreen™ conveyor system installed in a growth chamber with a controlled

5


http://www.plant-phenotyping.org/db_infrastructure#/tool/57

139
140
141

142

143
144
145
146
147
148
149

150
151
152
153
154
155
156
157
158
159
160
161
162
163

164

165
166

environment and LED lighting (Photon Systems Instruments). The growth conditions were set to
simulate a long day, with a regime of 22°C : 20°C ina 16 : 8 h light : dark cycle, a PAR irradiance
of 320 pmol photons m2 st and a relative humidity of 40%.

- Imaging acquisition

The PlantScreen™ system is equipped with a top-view and side-view RGB camera and top-view
FluorCam (Figure 1). The RGB and FluorCam images were automatically stored in a database
server. The images were then evaluated. The side-view RGB images were analysed using an in-
house software routine implemented in MatLab R2015 that was developed and validated by the
authors of this study. The application can be used without charge by obtaining a licence from

Palacky University, by emailing Tomas Fiirst (tomas.furst@upol.cz) and agreeing not to use the

application for commercial purposes.

To provide a comparative view, we analysed chlorophyll fluorescence-related parameters
throughout the experiments using a top-view FluorCam. A standard protocol was used for the
measurement of Chl fluorescence quenching using the Chl fluorescence imaging (CFIM) part of
the PlantScreen™ platform using the same protocol described by Humplik et al. (2015). Image
data were processed and chlorophyll fluorescence parameters were calculated using software
FluorCam 7 (Photon Systems Instruments). Thus, we estimated: (a) the maximum quantum yield
of photosystem Il (PSII) photochemistry for a dark-adapted state, ®po; (b) the actual quantum yield
of PSII photochemistry for a light-adapted state, ®p; (c) the quantum yield of constitutive non-
light induced (basal or dark) dissipation processes consisting of chlorophyll (Chl) fluorescence
emission and heat dissipation, ®(,p), quantum yield of regulatory light-induced non-photochemical
quenching, ®npg. It is worth mentioning that ®p + ®,py + ®neg = 1, and ®p = qP Ppsi, Where gP
= ((Fm" — F(t)) / (Fm' — Fo')) is the coefficient of photochemical quenching, which estimates a
fraction of the so-called open PSII reaction centres, and that ®psy =((Fm' — Fo') / Fwm') is the

maximal quantum yield of the PSII photochemistry for a light-adapted state.
- Watering regime

In each container the substrate water content (%) was calculated as follow; the substrate was

weighted and then watered to full capacity and the top was covered with plastic bags for reducing
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evaporation losses. When the water stopped draining from the container (c. 10 h later) the weight
was again measured. The substrate was then dried for 48 h at 105°C until complete dryness and
the weight was also determined. The three weights of the substrate water moisture status were used
for calculating the gravimetric water content (6g) and substrate maximum water holding capacity.
All containers were watered with tap water (average conductivity c. 56 mS m™) at 100% of field
capacity after sowing. Then, the control plants were irrigated every second day to maintain 80%
of field capacity until the end of the experiment. In the 3" experiment, the irrigation was stopped
in the water stress variant when the plants presented the first fully expanded leaf. When the
substrate water content decreased to 65% (Day 15), the water limited variants were rewatered at

full water capacity (100%).
The Assay Workflow

To study water deficit and recovery in barley populations using imaging acquisition approaches
we established the protocol schematized in Figure 1. The protocol takes a total of 3 weeks,
including seed germination (2 days), seedling growth under water stress conditions (16 days) and
subsequent rewatering (4 days). After imbibition, a total of 50 germinated seeds was transferred
to plastic containers (Figure 1). The selection of germinated seeds at a similar developmental stage
(radicle length) is an important to reduce within-population variability. Two randomly selected
containers were then placed in standardized trays and transported within the PlantScreen™ on
conveyor belts. Automated RGB imaging from two optical projections (top- and side-view) was
performed every day for the next 19 days. The daily RGB measurements of 16 trays (1600
seedlings) took 20 min in total. When the top-view fluorescence intensity measurement was
included (every third day), the total process time increased to 4 h. The PlantScreen™ Analyzer
software processed the raw data automatically. Raw data were automatically stored in PlantScreen
database from where they were subsequently exported for further image processing and analysis.

Side-view imaging allowed separation of the plants from the background and the differentiation
between the left and right containers using a pre-defined vertical line in the image based on the
metal mesh installed between them (Figure 1). To define and evaluate the canopy height in each
container (or variant) automatically, the green mask of the plant was found using a thresholding

algorithm. A line was then placed above the upper most pixel of the mask. The line was gradually
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lowered (each step by one pixel) and the following criterion evaluated for each possible position

of the line:
crit=A/B

where A is the number of pixels on a line that also belong to the mask, and B is the length of the
line (in pixels). Thus, the criterion represents the fraction of the line that intersects the mask. Once
this fraction exceeded a user-defined threshold, the process was stopped and the position of the

line recorded. This position was then used as a proxy for canopy height.
Manual parameters
- Biometric parameters

The aerial biomass of the seedlings was determined from the fresh weight (FW, g) by cutting the
shoots 1 cm above ground level from eight or five plants per replicate and variant at the end of the
water stress period and after 4 days of rewatering, respectively. The developmental stage of each
plant at the same time points, according to the BBCH scale (Earth Observation and Research
Branch Team, 2011), and the size (length and width) of the youngest and fully expanded leaf were
also evaluated.

- Plant water status

The relative water content (RWC, %) was measured in five individual plants per variant and
replicate. The measurement was performed using 2 cm from the middle part of the last youngest
mature leaf collected at the end of the water stress period and after rewatering. RWC was
calculated using the following equation: RWC (%) = (FW — DW) / (TW — DW) x 100, where FW
is the fresh weight at harvesting time, TW is the total weight as total turgor estimated after 24 h of
imbibition, and DW is the dry weight after 48 h at 85°C.

- Chlorophyll content

The index of relative chlorophyll content or ‘greenness’ of leaves was measured in vivo using a

portable SPAD-502 Plus chlorophyll meter (Konica Minolta Inc.). Six measurements were taken
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in the last youngest mature leaf in five individual plants per replicate and variant at the end of the

water stress period and after rewatering.
- Antioxidant enzymes

For the enzymatic analysis, three groups of five plants per replicate and variant after water stress
and rewatering were collected and immediately frozen in liquid nitrogen. Before extraction, the
five plants per each group were grounded by mortar and pestle using liquid nitrogen. The resulting
pool from each replicate and variant was divided into three analytical replicates for quantification
of antioxidant activity. 100 mg of grounded material was homogenized at a ratio of 1:5 with
extraction buffer [50 mM Tris (pH 7.6), containing 2 mM magnesium sulphate, 1 mM
ethylenediaminetetraacetic acid (EDTA), 1 mM ascorbic acid, 1 mM phenylmethylsulfonyl
fluoride and 0.5 % (v/v) Triton X100] in the presence of polyvinylpolypyrrolidone. After
centrifugation at 19,000 g for 20 min at 4°C, the supernatant was collected and centrifuged under
the same conditions for an additional 10 min. The concentration of proteins in the crude extract
was evaluated using the method described by Bradford (Bradford, 1976). Catalase (CAT) activity
(umol mint mg* total protein) was measured according to Aebi (1984). Briefly, the decrease in
absorbance at 240 nm of a reaction mixture consisting of 25 pl enzymatic extract in a final volume
of 1 ml reaction mixture containing 50 mM potassium phosphate (pH 7.0) and 25 mM H20; was

measured. The molar extinction coefficient of 38 M~ cm was used to calculate CAT activity.

Ascorbate peroxidase (APX) and guaiacol peroxidase (POX) activity was determined according
to Prochazkova et al. (2001). APX activity was deduced from the decrease in ascorbate
concentration, seen as a decline in the optical density at 290 nm. A value for the activity was
calculated using an extinction coefficient of 2.8 mM= cm™ for the ascorbate during 30 s. The
assay was performed in a final volume of 1 ml containing 50 mM potassium phosphate (pH 7.0),
1.7 mM H202, 0.3 mM ascorbic acid and 85 ul enzymatic extract. POX activity was determined
from the increase in formation of tetra-guayacol, seen as an increase in the optical density at 470
nm. The activity was calculated using an extinction coefficient 26.6 mM~* cm™ during 30 s. The
assay was carried out using a reaction mixture consisting of 4 ul extract, 150 mM potassium
phosphate (pH 6.1), 8 mM guaiacol and 2.2 mM H20a.
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- Metabolite quantification

For the AA analysis, three groups of five individual plants per replicate and variant were collected
after water stress and rewatering. All individuals from each group were pooled together using
liquid nitrogen. 5 mg FW of the pooled material was measured and extracted. The extraction
procedure was performed using a AccQTag Ultra derivatization kit (®Waters). All extracted
samples were analysed using an ACQUITY UPLC® System and a XevoTM 122 TQ-S triple
quadrupole mass spectrometer (°Waters) according to the annotation note of Waters Corporation
(Milford, MA, USA) (Gray and Plumb, 2016). Calibration curves were constructed for each
component analysed using internal standards: j-aminobutyric acid (GABA), L-alanine (Ala), L-
arginine (Arg), L-asparagine (Asn), L-aspartic acid (Asp), L-citrulline (Cit), L-glutamine (GlIn), L-
glutamic acid (Glu), L-glycine (Gly), L-histidine (His), L-ileucine (lle), L-leucine (Leu), L-
methionine (Met), L-phenylalanine (Phe), L-proline (Pro), L-serine (Ser), L-tryptophan (Trp) and
L-tyrosine (Tyr), and the deuterium-labelled compounds L-glutamic acid-2,3,3,4,4-ds, -
aminobutyric acid-2,2,3,3,4,4-ds and DL-leucine-2,3,3,4,5,5,5,5',5',5"-d10, all purchased from
©Sigma-Aldrich Inc. (Germany).

For PAs determination 10 mg FW of the remaining material used for the AAs was extracted and
quantified as described by Malec et al. (2017), using the same equipment as for the analysis of free
AAs. The final quantification was performed using the internal standards cadaverine (Cad), 1,3-
diaminopropane (DAP), putrescine (Put), spermidine (Spd), spermine (Spm) and tyramine (Tyra),
all purchased from ©Sigma-Aldrich Inc., were added to each sample to construct the calibration
curve. The concentration of AAs and PAs per dry weight (DW) was then using the absolute water

content of the plants.
Statistical analysis and data representation

To assess the differences between the variants of each non-invasive trait extracted from the image
analysis, the non-parametric Kruskal Wallis one-way analysis of variance (ANOVA) by raks was
performed. For the validation of the method and to evaluate the influence of a tray position and
the effect of the treatment (well-watered or water limited variant) in the morphological and
physiological measurements at a particular time-point, the two-way ANOVA was used. Different

letters mean significant differences between variants. One-way ANOVA was used to analyse
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significant differences between the metabolites differed between the variants. Represented values
annotated with ns indicate non-significant differences and means annotated with asterisks indicate
significant differences (* P < 0.05; ** P < 0.01; *** P < 0.001). Tukey HSD test was used for
multiple comparison after ANOVA. All the analysis were performed in R 3.5.1 software using
multcomp package.

For multidimensional analyses, a principal component analysis (PCA) was carried out using the
packages factoextra, corrplot, PerformanceAnalytics and ggpubr, and the results were displayed
in a biplot. The Pearson's linear correlation coefficients between all pairs of studied variables and
the significance werer also represented in the correlation matrix and scatter plots.

Results
1- PHENOTYPING METHOD- Screening of barley population using simple RGB imaging

A- Experiment 1 and 2- Analysis of projected canopy height in barley population at control

conditions

Applying the aforementioned approach, the side-view RGB images of the barley seedling canopy
from two independent experiments (Experiment 1 in December 2017 and Experiment 2 in June
2018) were analysed (Supplementary Table S1). Two randomly distributed trays containing 50
plants each were used per experiment. The reproducibility of the bioassay was corroborated, as the

canopy height from both experiments presented the same trend line (Figure 2a).

A manual assessment of plants was then performed to complement and validate the traits derived
from the automated plant imaging and image analysis, including the functionality of the hardware
and software components. The aerial biomass in fresh weight (FW, g) from five seedlings
randomly selected from the two different trays of each experiment was determined manually at
days 16 and 19. A Pearson correlation-based comparison between the canopy height (pixels, from
50 plants) and the aerial biomass (the average of the five measured plants) revealed a highly
significant correlation, with an R?of 0.90 (P < 0.001) (Fig. 2b). This result provided clear evidence
of the reliability of the method for analysing shoot growth in the population of barley cv. Golden

Promise.
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B-Experiment 3- Analysis of projected canopy height in barley population under water deficit and

subsequent rewatering

For studying water stress response and recovery capacity in barley at a population level, we
performed a final experiment 3 (Supplementary Table S1). In this case, the projected canopy
height of five randomly distributed trays containing two plastic containers; a water-stressed variant
(D, left) and a well-watered variant (W, right) with 50 plants each (with a final number of 500
barely seedlings), was recorded over the time-course of 15 days (Figure 1 and Supplementary
Figure S1). Three biological replicates with five plants (3 x 5 = 15 plants) were taken from two
randomly selected trays in each variant (D and W) and then, they were used for validation and
reproducibility of the method. The three remaining trays were collected at the end of the rewatering
period. First of all, we determined the substrate water content of all the trays during the experiment.
The first 6 days the substrate water content of the irrigated and non-irrigated variants was very
similar, with no differences between treatments (Figure 3a). At day 9, the substrate water content
of non-irrigated variants started to decrease with significant differences compared to W variants
(P< 0.05). At the day 15 the substrate water content of the D variant reached 65%. In this point,

the containers with the D variant were rewatered to 100% full capacity (Figure 3a).

The automated RGB imaging yielded curves with the same pattern for the five independent trays
until the end of the water deficit period (Supplementary Figure 1) and for three trays through the
whole experiment (Figure 3b and c). For the first 7 days after water withdrawal, the stressed plants
retained projected canopy height kinetics similar to the well-watered plants, but they were
significantly reduced from day 11 to day 15 (Figure 3b and Supplementary Table S2). After
rewatering, the D variant from each independent tray similarly recovered the projected canopy
height but the values were still significantly smaller than the W variants (Figure 3b and
Supplementary Table S2). From the obtained dynamic changes in the projected canopy height of
the barley seedling population, we created a model curve different for the stressed and non-stressed
variants, as represented in Figure 4a. From each curve, we extracted several traits; the maximum
canopy height on the days when watered and non-watered curves separated (Max), water loss as
the slope of line obtained for the reduction in canopy height, the minimum canopy height for the
water stress period (Min), the water recovery capacity as the slope of the line obtained for the
increase of canopy height after rewatering, and the maximum canopy height after rewatering
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(MaxR). As an example of the potential use of our bioassay, we calculated the slope of the line for
the water deficit period and after rewatering from the two trays selected for the posterior manual
measurements (Figure 4b,c). In all linear curves, a highly significant correlation (R? > 0.90; P <
0.001) was obtained for both growth conditions. Together with the slopes, the Max, Min and MaxR
are shown in Table 1; similar values were obtained in both replicates for these traits. These results
confirmed the reproducibility of the method, which was later validated using destructive

parameters.

Our phenotyping system is also equipped with a FluorCam unit for the analysis of chlorophyll
fluorescence parameters. In our study was clear that water deficit significantly changed all the
chlorophyll fluorescence parameters, albeit with different dynamics and intensity (Figure 5a,b).
Some parameters responded quickly and had already changed by day 11, e.g. ®po and qP had
decreased, and ®¢p) had increased. Other parameters, such as decreasing ®ps; and ®p, and
increasing ®npg, had occurred by day 16 as late stress response parameters (Figure 5b). After
rewatering, the stressed variants recovered to control values for qP and ®p. However, ®po, Opsii,
®,p) and ®npg Maintained significant differences compared with the well-watered plants (Figure
5b). The results indicated that these last four parameters were potential indicators for evaluating

the recovery capacity of plants, at least in barley.
2- VALIDATION AND REPRODUCIBILITY OF THE PHENOTYPING METHOD

A-The reproducibility of morphometric and physiological parameters between biological
replicates and trays confirmed the reliability of the method

We performed a manual evaluation of several morphological and physiological parameters in two
independent trays to integrate and validate our results obtained by imaged-based measurements.
Firstly, we evaluated the developmental stage of the plant population by analysing the last
emerging leaf in eight and five randomly selected plants per variant at the end of the water period
and rewatering, respectively (Figure 6). We observed differences among variants (treated and non-
treated) and not between trays. Whereas in the watered control at day 16 the fifth leaf had appeared,
the stressed plants were still expanding the third leaf at this point of the assay (Figure 6). After
rewatering, the differences were reduced to one leaf less, with the fourth and fifth leaf in expansion

for stressed and non-stressed plants, respectively (Figure 6).
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In the case of the aerial biomass (FW, g), full expanded (FE) leaf length and width (cm) and the
ratio between length and width, eight plants per variant and tray were individually collected at the
end the water stress period and after rewatering, respectively (Figure 7a-c). In almost all the cases,
the changes were due to the treatment and not because of the tray position effect (Supplementary
Table S3). Regarding biomass, the seedlings from the D variant were significantly smaller than
the W plants in both trays (Figure 7a). After recovery, D plants were still only half the weight of
the well-watered variants (Figure 7a). When the length and width of the last fully expanded leaf
were evaluated, we observed that the seedlings from the same variant showed the same profile for
both traits (Figure 7b,c); the length and width were significantly reduced under water stress
conditions. After rewatering only the width recovered to control values (Figure 7b), affecting the
length/width ratio (Figure 7d).

There was also no effect of the tray recorded for the RWC and total chlorophyll (Chl) content
between the trays (Supplementary Table S3).The water deficit treatment caused a c. 50% decrease
in plant RWC, and rewatering returned the plant water status to 95% in only 4 days (day 19)
(Figure 7e). Total chlorophyll (Chl) content showed a similar pattern (Figure 7f). The values were
significantly lower in stressed plants than in the controls, indicating that the Chl content and N
status of the plants were significantly affected by water stress conditions but were recovered after

4 days of rewatering (Figure 7f).

Altogether, the high reproducibility of the individual biometric and physiological parameters
among the trays corroborated the reproducibility of the method for studying water deficit and

recovery capacity at least in barley cv. Golden Promise.

B- The reproducibility of the antioxidative response between trays validated the method for study

water deficit and recovery in barley population

It is well-known that plants activate their antioxidative machinery as a response to stress. Hence,
we quantified the activity of the three antioxidant enzymes CAT, POX and APX (Figure 7g-i).
The same profile was observed between trays as stress response and subsequent recovery (Figure
79-i, Supplementary Table S3). Interestingly, only CAT and POX increased significantly in the
stressed variants, and then recovered to control values after rewatering (Figure 7g,h). In contrast,

APX kept increasing during the recovery period, resulting in values four times higher in the
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stressed seedlings than in the controls (Figure 7i). These results indicated that each type of

antioxidant enzyme plays a different role in the barley cv. Golden Promise stress response.
C- Different free AAs and PAs regulated plant stress response and recovery

Free polyamines (PAs) and amino acids (AAs) are typical metabolites involved in the plant water
stress response (Podlesakova et al., 2019) (Figure 8). As expected, both groups of metabolites
accumulated significantly under stress, and the profile of the fold change between treated and non-

treated plants was similar (Figure 8).

Water deficit induced a significant accumulation of AAs (pmol mg? DW) (Figure 8 and
Supplementary Table S4), with the highest increases in Pro and OH-Pro. After rewatering, many
of the AA kept significantly higher in the stressed plants than in the controls, except for Arg and
GABA did not showed significant differences between treatments (Figure 8). Interestingly, at this
time-point the accumulation of Cit in stressed plants was 11.7-fold (log>= 3.55) higher compared

to the control levels (Figure 8).

For the PAs, quantification of Cad was only possible in the water-stressed plants (with an average
of 9.73 and 7.85 pmol mg DW for tray 1 and 2, respectively); in the well-watered and the stressed
variants after rewatering it was under the limits of detection. Tyra and DAP were the most
accumulated compounds and Spd was the only PA that did not change in stressed plants compared
to the non-stressed ones (Figure 8 and Supplementary Table S4). After rewatering, water stressed
plants kept higher content of Tyra and DAP compared to the well-watered plants, Spd accumulated
to higher levels, whereas no significant differences between variants were found in the case of Put
and Spm (Figure 8 and Supplementary Table S4). Based on these results, we could classify the
metabolites into two groups, a water stress-related compounds (e.g. Pro, OH-Pro, Tyra, DAP and

Cad) and a group involved in the recovery of the plants after rewatering (e.g. Cit and Spd).
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3- DATA ANALYSIS- Multivariate statistical analysis for understanding the physiological basis

of the image-derived traits and water stress response in barley populations

To integrate all parameters measured and confirm the reliability of the traits derived from our
method based on the canopy height of barley populations, we performed a PCA in which tray 1
and 2 were evaluated for two different growth regimens, water-stressed (D) and well-watered (W)
plants, at two time-points, at the end of the stress period or after 4 days of rewatering (RD and
RW, respectively). To facilitate visualization, the results were projected onto a biplot representing
the scores (variants) and the loadings (analysed traits) (Figure 9a). The first two principal
components (PC1 and PC2), which together captured 89.9% of the variance, explained the
experimental model almost completely (Supplementary Figure S2). We could see that the trays
with the same variant and time-point were closely located. PC1 accounted for 79.9% of the total
variation, and included almost all the traits and metabolites, except Chl, gP, ®¢p) (Phi_f,D), APX,
CAT, Cit and Spd. The accumulation of metabolites was positively correlated with the water
deficit conditions (D) (Figure 9a). In contrast, they showed a negative correlation with the controls
from the water stress and rewatering period, which were positively correlated with the canopy
height, slope, development, ®p, (Phi_Po), ®psii (Phi_PSII), ®p (Phi_P), biomass, leaf length and
width and RWC. PC2 captured an additional 9.7% of the total variance, and was positively
dominated by CAT, Cit and Spd in the rewatered trays (RD) (Figure 9a and b). This analysis
demonstrated the reproducibility of the measurements performed, as the independent trays were
grouped together in all analysed situations. In addition, the separation of the loadings allowed us
to identify possible traits related to water stress and rewatering responses in the barley cultivar

used in this study.

Finally, to reduce the number of possible traits observed in the PCA, we performed a linear
correlation across all traits. The outcome helped us to (a) validate our non-invasive method with
other traditionally invasive parameters and metabolites and (b) determine the collinearity among
them for identifying the most representative traits of the water deficit response. For better
visualization of the results, we created a correlation matrix and four scatter plots (Figure 9¢ and
Supplementary Figures S3-S6). The correlation matrix was constructed based on Pearson
correlation coefficients, which is represented by circles with different intensity colours and sizes,

blue (positive) or red (negative) (Figure 9c). Similarly, we prepared four scatter plot matrices from
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the most correlated traits that included sloped linear regressions, Pearson correlation coefficients
and significance (Supplementary Figure S3-S6). We found that canopy height had the strongest
<0.001),
respectively (Figure 9c and Supplementary Figure S3). The correlation of canopy height versus

*kk

positive correlation with aerial biomass and leaf length, with an r of 0.99 and 0.98 (P

RWC was also positive (r = 0.88, P** <0.01), showing that this non-invasive parameter integrated
both the growth and water status of the plants. Canopy height was positively correlated with ®po,
®psi) and Dp, and negatively with dnpg, APX and POX, several AAs and PAs, except for Cit and
Spd (Figure 9c and Supplementary Figure S3-S5). Interestingly, these two compounds showed a
very different response compared to the rest of the metabolites and presented a significant
correlation each other (r =0.77, P* <0.05) (Supplementary Figure S6). Besides, Cit showed linear
correlation with the antioxidant enzyme APX (r = 0.72, P* < 0.05). Another phenotype-derived
trait, the slope of the curves, did not show any linear correlation with the morphometric traits
related to canopy height, and was directly correlated with ®psyi (r = 0.92, P <0.01) and inversely
with ®neg (r=0.97, P <0.01) (Supplementary Figure S4). These results suggested that the slope
or plat water turgor was influence by the light intensity and showed that the side-view traits of
canopy height and slope provided additional useful information for studying and understanding
the water stress response of barley populations. Altogether, we showed that the use of canopy
height and its derived traits are a good approach to analysing the growth and water status of barley
populations and, in combination with other traits such as the fluorescence parameter gP and the
content of Cad and Cit, it could provide enough information for understanding the water stress

response and recovery capacity in barley plants cultivar Golden Promise.

Discussion

Indoor phenotyping methods enable the evaluation of various traits from a large number of plants
in a fast and non-invasive manner. Routinely, experiments are performed in controlled conditions
mimicking environmental conditions. However, an effective translation of indoor simulations to
what plants experience in the field is not straight-forward because of the complexity and variability
of the field conditions, which complicate data analysis and interpretation (Araus and Cairns, 2014).
As reviewed by Poorter et al. (2016), it is necessary to develop new protocols that can adjust

growth conditions to be closer to field conditions. A common problem is the use of high relative
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humidity (RH) in protocols for studying water deficit (Junker et al., 2015; Nosalewicz et al., 2016),
whereas in the field water stress is frequently associated with low RH values. We have optimized
our method for studying water deficit in barley at a RH of 40%, which is closer to real conditions
and thus accelerates the stress response. Another limitation in the translation from the laboratory
to the field is the method of growing the plants in different spatial conditions. Indoor phenotyping
traditionally analyses the plant growth in individual pots (Cabrera-Bosquet et al., 2016; Honsdorf
et al., 2014; Poorter et al., 2016), whereas in the field plants grow to form a canopy, competing
with neighbours for above- and below-ground resources. To form the canopy, in our method we
planted 50 barley seedlings in the same plastic container (Figurel), reaching a final density of 1000
plants m~2 instead of the 20-50 plants m~ normally used in indoor phenotyping (Poorter et al.,
2016). When plants are grown in individual pots, image analysis allows to dissect plants as
individuals, because they are not masking each other (Chen et al., 2014; Honsdorf et al., 2014).
Plants grown in a dense canopy overlap the leaves making almost impossible to extract projections
of single plants. We overcame this by analysis of whole canopies instead of individuals. Using
side-view RGB images and developing a software routine we can estimate the projected canopy
height of the barley population (Figure 1 and 4). This provided indirect information about several
invasive parameters, such as biomass, leaf length and width and RWC (Figure 9 and
supplementary Figures S3-S6), which are important manually measurements for studying barley
populations in water stress conditions. Chen et al. (2014) previously described a similar
phenotyping setup with a water stress phase followed by a re-watering phase. They also showed
that the plant height was highly correlated with the destructive measured shoot biomass. However,
they evaluated single plants and used very sophisticated and expensive sensors such as FluorCam
and NIR. To our knowledge, our indoor phenotyping approach is the first that uses projected
canopy height in populations, representing overall growth conditions that are more similar to those
that plants experience in the field, especially when compared to single pot-single plant studies.
Besides, we also showed that from each obtained canopy height curve is possible to extract more
traits such as the slope of the obtained line for the water stress and recovery period (Figure 4 and
Table 1). In addition, a simple and cheap RGB camera is enough to analyse the population canopy

height, making this phenotyping method adaptable to other commercial or home-built systems.

The reliability and repeatability of the method was validated by two independent experiments

under control conditions (Figure 2), and under water deficit with subsequent rewatering in
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randomly distributed trays (Figure 3 and Supplementary Figure 1), showing similar behaviours for
45 analysed traits and metabolites (Fig. 3-9). Regarding fluorescence-related traits (Figure 5),
water stress reduced the total Chl content in barley seedlings (Figure 7f) and the maximum
quantum yield in the dark- and light-adapted stages ®po and ®ps)i, and increased the regulatory and
non-regulatory dissipation processed reflected in ®npq and o) respectively to ameliorate
photoinhibition and protect the photosynthetic apparatus (Xu et al., 1999). Similar observations
have been reported in many studies of the water stress response of barley (Filek et al., 2015; Li et
al., 2006). However, we observed that whereas some parameters changed in parallel with the
projected canopy height, others changed at a later stage. For example, the decrease in ®psy
happened at the end of the water stress period (Figure 5b), as observed by Berger et al. (2010),
disabling it as a possible marker of early water stress response in barley. However, gP was a fast
response fluorescence parameter (reduced from day 5) (Figure 5b) and positively correlated to Chl
(Supplementary Figure S3). Optimal utilization of photochemical energy in carbon metabolism is
characterised by high gP values. When light absorption exceeded the requirement by carbon
metabolism, the gP declines. Thus, it serves as a good indicator of “light stress” (Gallé and Flexas,
2010). However, the fluctuations of this parameter has been described as cultivar dependent at
least in wheat (Wang et al., 2016). Altogether, these results suggested that under our growth
conditions the water stressed plants might suffer photoinhibition and that gP could be a good trait
for estimating the photosynthetic status of barley plants during water stress conditions and

subsequent recovery.

Water deficit increases the production of reactive oxygen species (ROS) in plants that stimulate
antioxidant enzymes to counteract the oxidative damage and detoxify ROS. Similarly, in our work
the barley seedlings increased the antioxidant enzyme activity of CAT and POX in stressed plants
compared with the controls (Figure 7g,h). However, APX only increased significantly after the
rewatering. It has been described that APX enhanced tolerance under water deficit in many plant
species, but the increased expression of APXs varied in different developmental stages, among
species and type of stress (reviewed by Pandey et al., 2017). Another study demonstrated that a
simple pre-treatment with a stressor can induce an increase in the activity of this enzyme,
protecting the plants against future stress events, process traditionally called hardening (Hsu and

Kao, 2007). These assumptions suggested that the high APX activity in the stressed plants after
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recovery could be related to the developmental stage (4™ leaf, Figure 4) and/or a fast mechanism
to reduce ROS.

Another strategy of plants to cope with drought-induced stress is the synthesis and/or accumulation
of compatible solutes (e.g. amino acids), which can be involved in ROS scavenging and/or perform
as signal molecules (Urano et al., 2010). As revealed by metabolite profiling, most of the AAs
accumulated in barley under water stress conditions (Figure 8a), especially Pro and OH-Pro. Pro
was described in 1972 (Singh et al., 1972) as a useful marker for screening the physiological status
of plants grown under water deficit conditions. In our work, even when the rewatered plants
recovered their RWC, they maintained both Pro and OH-Pro levels above the control values
(Figure 8b). This was already described in barley (Reddy et al., 2004), as well as in other species
(De Diego et al., 2013; Zhang et al., 2018). It is worth mentioning that Cit was the only AA that
kept increased levels after rewatering (Figure 8). Although there are only few works reporting the
possible role of Cit in the plant stress response, Akashi et al. (2001) demonstrated that Cit was
more effective hydroxyl radical scavenger than other compatible solutes such as Pro or Mannitol
and it can effectively protect DNA and enzymes from oxidative injuries. Thus, Cit could accelerate
the recovery of the stressed plants by reducing the stress-induced oxidative damage, being an

interesting metabolite for evaluating acclimation to water stress in barley (Figure 9a).

Regarding PAs, Put, Spd and Spm are usually accumulated under stress conditions (Podlesakova
et al., 2019). However, in our study Cad, DAP and Tyra were the major contributors to the water
stress response and recovery in barley (Figure 8). In fact, DAP and Tyra remained at higher levels
in the stressed plants even after rewatering. The conversion of Spd to DAP is a stress response that
can control ROS (Bitrian et al., 2012; Liu et al., 2015). DAP accumulation during water deficit
and recovery could also be a mechanism for modulating membrane electrical and ion
transportation properties and for controlling stomata closure, counteracting the action of ABA
(Jammes et al., 2014). Cad is synthesized by an independent pathway through lysine catabolism,
and its accumulation has been reported in other species under stress conditions (Jancewicz et al.,
2016). Although the role of Cad in the stress response is still unclear, it has been recently shown
that Cad displays anti-senescence activity (Tomar et al., 2013), suggesting that it is another
important ROS-modulating compound and possible plant growth regulator (Jancewicz et al.,

2016). Concerning Tyra, there are few studies showing its accumulation in plants under stress
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(Aziz et al., 1999; Lehmann and Pollmann, 2009). Aziz et al. (1998) have shown that Tyra can
regulate Pro production. In our study highly significant correlations (P*""< 0.001) existed between
Put, DAP, Tyra or Cad and Pro (Supplementary Figure S6), result that supported the existence of
a relevant crosstalk between PAs and Pro regulating plant stress response (Podlesakova et al.,
2019). In addition, the results obtained in correlation matrix suggested that quantification of either
PAs or AAs might be enough to characterize the level of stress in this barley genotype under water

stress and recovery.

In conclusion, we have designed, optimized and validated a non-invasive image-based method for
automated high-throughput screening of potential water stress tolerance phenotypes using
projected canopy height in barley (An additional movie file shows this in more detail [see
Supplementary File 1]). Using multivariate statistical methods we have also identified new
metabolites involved in stress response and recovery using a highly tolerant cultivar. As shown
here, projected canopy height is sensitive trait that truly reflects other studied morphological and
physiological parameters and metabolites. It represents very informative, simple and robust trait
that does not require expensive sensor and hence is suitable to be used in low-cost systems using
single RGB imaging. It can be also seen as easy-to-understand and self-speaking trait, since the
reduction of plant growth and loss of turgor are traditionally traits to characterize the water stress
response of the plants. Besides, we demonstrated that the simple analysis of canopy height
combined with quantification of AAs or PAs bring enough data to define the plat stress strategy .
For this reason, our method can be used to study the mechanisms involved in the water deficit
response and recovery capacity of crops such as barley. We believe that it has high potential to be
integrated into breeding programmes for fast screening and identification of stress-tolerant
genotypes under different individual or combined stresses and/or the identification and testing of
priming agents with potential to mitigate the adverse stress effects.
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Table 1| Traits related to water deficit and recovery. Traits were extracted from the linear
regression of the canopy height in two randomly selected trays. Day is the day when treated and
not treated plants are different; Max is the maximal canopy height reached in the stressed plants
under drought; min is the minimal canopy height at the end of the drought period; Slope of the
linear curve from the canopy height in the drought period; MaxR is the maximal canopy height
reached in the stressed plants after rewatering; and SlopeR of the linear curve from the canopy
height in the rewatering period.

Water stress Rewatering
Day Max min Slope MaxR SlopeR
Tray 1 8 1041 680 -69.514 1218 153.2
Tray 2 8 1018 707 -71.429 1136 148
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FIGURE LEGENDS
Figure 1| Scheme of the protocol used for non-invasive phenotyping of barley (Hordeum

vulgare) seedlings growing under water stress conditions. (a) Barley seeds were germinated on
filter paper and 50 seedlings of similar radicle size were transplanted into soil in standardized
PlantScreen™ measuring trays. (b) The trays were transferred to an XYZ PlantScreen™ chamber
with a conveyor system for automatic image acquisition. (c) The canopy height was analysed using
an in-house software routine implemented in MatLab R2015, and the data were evaluated by
multivariate statistical analyses using Phyton version 3.6.5 and R version 3.5.1.

Figure 2| Analysis of the reproducibility of canopy height estimation in barley (Hordeum
vulgare) seedlings from two independent experiments. (a) The reproducibility of projected
canopy height dynamics (in pixels) in barley seedlings (n = 100) grown under control conditions
in December 2017 and July 2018. (b) The correlation between canopy height and fresh aerial
biomass (g) (n = 5) determined for replicates measured at day 16 and day 19 in barley seedlings
from the two independent experiments. The regression curve and significance calculated from
three independent trays is shown. ***P < 0.001.

Figure 3| Dynamics of soil moisture and projected canopy height in barley seedlings growing
under water stress conditions with subsequent rewatering. (a) Changes in substrate water
content (%) of non-stressed (W, continuous lines) and stressed (D, discontinuous lines) barley
seedlings (n = 50) from three independent trays (Barley 1, 2 and 3) grown for 13 days under water
deficit conditions (with the endpoint at day 16) and subsequently rewatered for 4 days (with the
endpoint at day 19). The watering regime consisted in an initial 100% field capacity (FC) after
sowing and subsequent constant 80% FC for W variants, and irrigation interruption from day 3 to
day 16 for the D variants and posterior rewatering for 4 days. Blue arrows represent the watering
regime and red arrow the stop of the irrigation moment in the D variant. (b) Changes in projected
canopy height (in pixels) and (c) side view images of the D and W variants from the three
independent replicates along the experiment.

Figure 4| Linear curve of the projected canopy height and the extracted traits. (a) The average
canopy height, regression curve and significance calculated from three independent trays (with 50
plants each) growing under water deficit conditions for 13 days (with the endpoint at day 16) and
with subsequent rewatering for 4 days (with the endpoint at day 19). (b) Max is the maximum and
Min the minimum canopy height reached by the stressed plants from replicate 1 or 2 (n = 50) under
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water deficit conditions, and the slope of the linear model curve is shown. (c) MaxR is the
maximum canopy height from replicate 1 or 2 (n = 50) attained after 4 days of rewatering, and the
slope of the line (SlopeR) is also shown in the equation.

Figure 5| Variation in clorophyll parameters in barley (Hordeum vulgare) seedlings grown
under water stress conditions and after subsequent rewatering. (a) Imaging of chlorophyll
fluorescence (®po and ®py)) in barley seedlings under well-water, water stress, and rewatering.
Stressed and non-stressed plants labelled as D (left) and W (right), respectively. (b) Chlorophyll
fluorescence parameters from three independent trays (Barley 1, 2 and 3) (n = 50) and the average
values. D and W variants are represented by discontinuous and continuous lines, respectively.
Statistical analyses were performed via ANOVA. Asterisks indicate the significance level relative
to the control variant; * P <0.05; ** P <0.01; *** P <0.001; ns, not significant.

Figure 6| Developmental stages of barley seedlings (Hordeum vulgare) under water stress and
after subsequent rewatering. Developmental stages of leaves in stressed (D) and non-stressed
(W) plants from two independent trays (1 or 2) at the end of the water stress period (n = 8) (a) and
after rewatering (n=5) (b).

Figure 7| Morphometric and physiological changes in barley (Hordeum vulgare) seedlings
under water stress conditions and after subsequent rewatering. (a) Aerial biomass (FW, g),
(b) leaf lenght (cm) and (c) width (cm) of the last fully expanded (FE) leaf, (d) the ratio between
lenght and width, (e) the reltive water content (%), (f) the index of the chlorophyll content, and the
activity of the antioxidative enzymes (g) guaiacol peroxidase (POX), (h) catalase (CAT) and (i)
ascorbato peroxidase (APX), in stressed (D, colour bars) and non-stressed (W, black bars) barley
seedlings from two independent trays at the end of the water stress period (n=8) and after
subsequent rewatering. (n=5). Three independet pools containg 5 plants each were used for the
quantification of the antioxidant enzyme activity. Different letters mean significant differences
accordint to Tukey HSD test after ANOVA.

Figure 8| Metabolic profiles of barley (Hordeum vulgare) seedlings under water deficit and
after subsequent rewatering. Fold changes (presented as log: ratio) in the content (pmol mg?
DW) of free polyamines (Pas) and amino acids (AAs) between stressed (D) and non-stressed (W)
barley seedlings (thee independent pools cotaining 5 plants from two independent trays, n= 6) at
the end of the stress period (red bars) and after subsequent rewatering (gray bars).

Figure 9| Multivariate statistical analyses of the traits in barley (Hordeum vulgare) seedlings
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related to the water stress response and subsequent rewatering. (a) Principal component
analysis (PCA) (b) contribution of the loadings to each PCA (Dim) and (c) a correlation matrix of
45 traits obtained from two different trays of barley seedlings at the end of the water stress period

and after subsequent rewatering.

SUPPLEMENTARY MATERIAL

Supplementary Table S1| Scheme of the three performed experiments

Supplementary Table S2| Dynamics of canopy height of barley (Hordeum vulgare) seedlings
grown under drought conditions. Fold changes (log.) of the canopy height (pixels) of seedlings
grown under stressed conditions for 12 days (endpoint day 15) compared with their respective
controls, from five independent trays. Asterisks and ns indicate the level of significance between
stressed and non-stressed plants according to ANOVA (n =50); * P <0.05; ** P <0.01; ** P <

0.001; ns, not significant

Supplementary Table S3| Statistical analysis of several traits measured in barley seedlings at the
end of the water stress period and after rewatering using two-way ANOVA (Tray and Treatment).
* P <0.05; ** P <0.01; *** P <0.001

Supplementary Table S4| Statistical analysis of free AAs and PAs measured in barley seedlings
at the end of the water stress period and after rewatering using one-way ANOVA. * P <0.05; **
P <0.01; *** P <0.001

Supplementary Figure S1| Analysis of reproducibility of canopy height estimation in barley
(Hordeum vulgare) seedling under water deficit conditions within experimental replicates.
Changes in canopy height (in pixels) of stressed (D, discontinuous lines) or non-stressed (W,
continuous lines) barley seedlings (n=50) from five independent trays grown for 12 days (with
the endpoint at day 15)

Supplementary Figure S2| Scree plot representing the percentage of explained variance of the
model of each PCA (Dimension) performed in R3.5.1

Supplementary Figure S3| Scatter plots of the correlation between canopy height, slope,

morphometric parameters, RWC (%) , chl and fluoresce related traits undertaken in R3.5.1.
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Supplementary Figure S4| Scatter plots of the correlation between canopy height, slope, the
activity of CAT, POX and APX, and some AAs undertaken in R3.5.1

Supplementary Figure S5| Scatter plots of the correlation between canopy height, slope and some
AAs and PAS undertaken in R3.5.1

Supplementary Figure S6| Scatter plots of the correlation between the activity of CAT, POX and
APX, Pro, OH-Pro, GABA, Arg, Glu, Cit and PAS undertaken in R3.5.1

Supplementary File S1| Movie file of the projected canopy height in barley seedlings growing

under water stress conditions with subsequent rewatering.
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ARTICLE INFO ABSTRACT

Blue light (BL) suppression accelerates the senescence rate of wheat (Triticum aestivum L.) leaves exposed to
shading. In order to study whether this effect involves the alteration of different cytokinin (CK) metabolites, CK-
degradation, as well as the expression profile of genes responsible of CK-perception, -inactivation, -reactivation
and/or -turnover, leaf segments of 30 day-old plants were placed in boxes containing bi-distilled water and
covered with blue (B) or green (G) light filters, which supplied a similar irradiance but differed in the percentage
of BL transmitted (G < < B). A neutral (N) filter was used as control. When appropriate, different CK meta-
bolites or an inhibitor of CK-degradation were added in order to alter the endogenous CK levels. A rapid de-
crement of trans-zeatin (tZ) and cis-zeatin (cZ) content was observed after leaf excision, which progressed at a
higher rate in treatment G than in the control and B treatments. Senescence progression correlated with an
accumulation of glycosylated forms (particularly cZ-derivatives), and an increment of CK-degradation, both of
which were slowed in the presence of BL. On the contrary, CK-reactivation (analyzed through TaGLUI-3 ex-
pression) was delayed in the absence of BL. When different CK were exogenously supplied, tZ was the only
natural free base capable to emulate the senescence-retarding effect of BL. Even though the signaling compo-
nents involved in the regulation of senescence rate and CK-homeostasis by BL remain elusive, our data suggest
that changes in the expression profile and/or functioning of the transcription factor HY5 might play an im-
portant role.

Keywords:

Blue light

Cytokinin metabolism
Gene expression

Leaf senescence
Shading stress
Triticum aestivum

1. Introduction

Leaves beneath a dense canopy experience a marked reduction of
the photon flux as well as the red (660 nm) and blue (400-450 nm)
wavelengths due to the spectral properties of the photosynthetic pig-
ments, and it has been shown that changes in either light intensity or
spectral quality can induce leaf senescence in an independent way
(reviewed in Causin and Barneix, 2007). In wheat leaves exposed to
shading under different light filters, blue light (BL) suppression plays a
central role in the induction of chlorophyll and protein loss (Causin and

Barneix, 2007; Causin et al., 2009). This effect was shown to be largely
independent of differences in either net photosynthetic rate or carbo-
hydrate content among shading treatments (reviewed in Causin and
Barneix, 2007). Diverse classes of flavin-based photoreceptors that
mediate the effects of BL have been described, including crypto-
chromes, phototropins and members of the zeitlupe family. Meng et al.
(2013) demonstrated that cryptochrome 2 (CRY2) suppress leaf senes-
cence in soybean leaves through a blue-light dependent interaction
with the cryptochrome-interacting basic helix-loop-helix transcription
factor 1 (CIB1), which is an activator of senescence-associated genes. In

Abbreviations: BAP, benzyl-amino purine; BL, blue light; CIB, cryptochrome-interacting basic helix-loop-helix transcription factor; CKX, cytokinin oxidase/dehy-
drogenase; CRY, cryptochrome; CK, cytokinin; cZ, cis-zeatin; ZOG, zeatin-O-glucosyltransferase; HK, histidine kinase; INCYDE, inhibitor of cytokinin degradation; iP,
isopentenyl-adenine; RR, response regulator; TCA, trichloroacetic acid; tZ, trans-zeatin
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A. thaliana, CIB1 is degraded by the 26S proteasome in the absence of
blue light (Liu et al., 2013). However, not CRY2 but two light—
oxygen-voltage (LOV) domain photoreceptors, ZEITLUPE and LOV
KELCH PROTEIN 2, are required for the suppression of the degradation
of CIB1 by BL in this species, indicating that BL-regulation of this
transcription factor may involve distinct mechanisms. There is a lack of
information on whether genes homologuos to CIB1 are present in wheat
and, if so, whether they are under the control of BL-mediated signals.

Even though the pathway of the light signal perception and trans-
duction remains to be elucidated, our previous studies suggest that the
alteration of key components of the oxidative metabolism together with
changes in the homeostasis of cytokinins (CKs) may be involved in the
regulation of shade-induced senescence in wheat (Causin and Barneix,
2007; Causin et al., 2009). CKs are a major class of phytohormones
whose role as retardants of leaf senescence under different stress con-
ditions has been widely documented (e.g. Wang et al., 2016 and re-
ferences therein). While cis-zeatin (cZ) has been generally regarded as a
cytokinin with little or no activity, isopentenyl-adenine (iP) and trans-
zeatin (tZ) (and their ribosides) are usually considered as the main CK-
bioactive forms (Sakakibara, 2006). CKs are perceived by the two-
component histidyl-aspartyl signaling system. At first, the CK molecule
is recognized by a transmembrane histidine kinase (HK) receptor. Three
CK-binding HK receptors have been characterized in Arabidopsis (AHK2,
AKH3 and CRE1/AHK4), and their homologues have been identified in
different plant species (e.g. Nishimura et al., 2004; Lomin et al., 2011).
In the next step, the signal is transmitted to the regulatory proteins of
CK response (RRs) by specific histidine-phosphotransferases (HPs). Kim
et al. (2006) showed that AHK3 (but not the other CK receptors),
mediates the control of leaf longevity through phosphorylation of ARR2
in Arabidopsis. Nevertheless, leaf senescence was not significantly af-
fected in arr2 knockout plants, suggesting that either other ARRs and/
or signaling components may be involved in the control of CK-mediated
leaf longevity.

The homeostasis of CKs can be modulated by several mechanisms,
including the degradation or the inactivation of their active forms. CK
catabolism is mainly attributed to the activity of cytokinin oxidase/
dehydrogenase (CKX, EC: 1.5.99.12), which catalyzes the irreversible
degradation of active CKs (Schmiilling et al., 2003). Several putative
members of the CKX gene family have been identified, and their relative
expression profiles characterized in different organs and developmental
stages of wheat and related crops (e.g. Galuszka et al., 2004; Song et al.,
2012, and references therein). CKX activity is usually low in non-se-
nescent leaves, and both the activity as well as the gene expression of
several CKX-members increases under different stress conditions. The in
vitro activity of CKX was shown to be enhanced in detached apical parts
of the first foliage leaves of barley kept in the dark (Conrad et al., 2007;
Schliiter et al., 2011). This increment was greatly stimulated when the
leaf segments were incubated in the presence of white light, presumably
due to an increase of the enzyme expression. It is not known whether
changes in light spectral quality can also affect CK degradation and/or
CKX expression in leaves exposed to shading stress.

The purine moiety of CKs can be modified by ribosylation, phos-
phoribosylation and glucosylation, all of which affects the final pool of
the active hormone. The most common way of CK inactivation involves
N- or O- glycosylation. This deactivation is catalyzed by UDP-gluco-
syltransferase (UGT, EC 2.4.1.X), being UDP-glucose the donor of sugar
moieties. While N7- and Ny-glucosides are regarded as the final products
of irreversible inactivation (Sakakibara, 2006), O-glucosides are con-
sidered as a storage form of CKs since they can be converted back to
their free forms through the action of p-glucosidase (EC 3.2.1.21).
Genes encoding for c¢Z-O-glucosyltransferases (cZOGs) have been iden-
tified in different plant species. In cereals, cZOGs preferentially catalyze
O-glycosylation of cZ and cZ-riboside rather than tZ and tZ-riboside
(Kudo et al., 2012, and references therein). Interestingly, some trans-
genic rice plants over-expressing the cZOG1 and cZOG2 genes exhibit
delay of leaf senescence, indicating that O-glycosylation of cZ
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(-riboside) might be involved in the regulation of this process (Kudo
et al., 2012).

In A. thaliana, both blue light and cytokinins have been shown to
induce certain photomorphogenetic responses by increasing the levels
of the transcription factor HY5 through independent mechanisms,
suggesting that this protein is a point of convergence between crypto-
chrome and cytokinin signaling pathways (Vandenbussche et al., 2007).
Moreover, indirect evidence suggests that the repression of HY5 ex-
pression might contribute to the control of some processes associated to
dark induced senescence in individual leaves (Keech et al., 2010).
However, little is known about the HY5 gene members in wheat, and it
has not been investigated to what extent the expression of this tran-
scription factor is affected by different light environments in leaves
senescing under shading conditions.

In the present work we studied whether changes in light spectral
quality affects the level of CK metabolites and CKX activity, together
with the expression profile of several genes involved in CK signaling
and metabolism, in wheat leaves exposed to shading stress under spe-
cific light filters. The effect of the pharmacological inhibition of CK
degradation, exogenous CK addition, as well as changes in the expres-
sion profile of wheat cryptochromes and genes homologous to CIBI and
HY5 were also investigated. Our results indicate that the suppression of
blue wavelengths during shading down-regulates the level of free CKs
and alters the expression profile of several genes responsible for the
maintenance of CK-homeostasis. The involvement of cryptochromes
and HY5 as putative components of the BL signal perception and
transduction pathway is also discussed.

2. Materials and methods
2.1. Plant growth and experimental procedure

Wheat (Triticum aestivum L., cv. INTA Oasis) caryopses were surface
sterilized (12 min in 10% H,0,), germinated on wet tissue paper and
planted in plastic pots containing a mixture of sand: vermiculite (2:1),
in a greenhouse at natural photoperiod. The pots were periodically ir-
rigated with tap water and, after six to seven days from sowing, ferti-
lized twice a week with a modified Hoagland's solution (Causin et al.,
2009). To study the effect of light spectral quality on the senescence
rate, leaf segments (9 cm length) from the third or fourth fully ex-
panded leaves of 30 d-old plants were placed inside plastic boxes
containing bi-distilled water, whose lids were covered with Lee filters
(green #089 or blue #075, hereafter referred as treatment G or B, re-
spectively). Both filters supplied a similar proportion of red
(R = 660 nm) to far-red (FR = 730 nm) irradiation, but differed in the
percent transmission of BL (450-480 nm): treatment B = 70%-55%
transmission, respectively; treatment G < 1% transmission in the in-
dicated range (see Causin et al., 2015, for a detailed description of the
filters). Boxes with a neutral (N) white filter were used as controls.
Photosynthetically photon flux density (PPFD) ranged from 20 (G filter)
to 28 (N filter) pmol m~2 s™!. When indicated, an inhibitor of CK-
degradation (INCYDE) or different CKs were included in the floating
solution. Five nL mL~! Tween 20 were also supplied in order to in-
crease tissue contact with the medium. Leaf excision facilitates the
implementation of pharmacological treatments as well as the simulta-
neous processing of a large number of experimental units; and even
though it induces the development of senescence symptoms, it did not
substantially alter the senescence pattern caused by the light filters
when applied on intact leaves (Causin and Barneix, 2007). Three re-
plicates, containing four or five leaf segments each, were used per
sampling date and treatments combination, depending on the experi-
mental trial. Soon after excision, leaf segments were superficially ster-
ilized (5min) with 2% (v/v) commercial NaOCl (50 g Cl/L) and care-
fully rinsed with sterilized water. Part were immediately sampled (tO
point) and the remaining placed in the different treatments. Incubations
were performed in a chamber supplied with equal number of white
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(SYLVANIA F27W T8/LD/54) and red light enriched (SYLVANIA
Grolux F30W T12) fluorescent tubes (16 h photoperiod), at 24 = 2°C
and 14 *= 2°C day and night temperatures, respectively. Measurements
of R and FR irradiation and PPFD were performed, respectively, with a
SKR 110660/730 nm sensor (Skye-Probetech, USA) and a LI-190
quantum sensor (LI-COR, Lincoln, NE, USA) attached to a CAVA-RAD
data logger (Cavadevices, Argentina). It should be noted that, because
FR irradiation is very low as compared to R light under the fluorescent
tubes, the R: FR ratio was higher than 3.0 in all the treatments. Leaves
were sampled at different time intervals, briefly rinsed in distilled
water, blotted dry, fractioned, and kept at —75 °C for further analyses.
When indicated, the same procedure was performed with samples of
leaves immediately detached prior to the beginning of shading treat-
ments (t0). All the experiments were repeated at least twice. Whenever
possible, data from different experiments were averaged, otherwise
data from a representative trial are presented.

2.2. Determination of chlorophyll content and protein concentration

Chlorophyll content was measured with a CCM-300 Chlorophyll
Content Meter (Opti Sciences, USA). The average value of 6 measure-
ments per leaf segment was used for chlorophyll estimations.

Protein concentration in the crude extracts was determined ac-
cording to Bradford (1976), using bovine serum albumin as a standard.

2.3. Cytokinin content measurements

Lyophilized leaf samples (5 mg) were extracted in 1 mL of modified
Bieleski buffer (60% MeOH, 10% HCOOH and 30% H,0) and purified
using two solid phase extraction columns, the octadecylsilica-based
column (C18, 500 mg of sorbent, Applied Separations) and the Oasis
MCX column (30 mg/1 mL, Waters), according to the method described
by Dobrev and Kaminek (2002), including modifications described by
Antoniadi et al. (2015). The quantification of endogenous content of
CKs was performed by ultra-high performance liquid chromatography
(AcquityUPLC™; Waters) coupled to a Xevo™ TQ-S (Waters) triple
quadrupole mass spectrometer using stable isotope-labelled internal
standards (0.25 pmol of CK bases, ribosides, N-glucosides, 0.5 pmol of
CK O-glucosides and nucleotides per sample added) as a reference.
Three independent biological replicates were performed.

2.4. Measurement of CKX activity

Samples were homogenized in liquid nitrogen and extracted with
0.2 M Tris/acetate buffer (pH = 8.0) containing 0.3% Triton-X-100 and
1.0 mM phenylmethanesulfonyl fluoride (1:3 w/v ratio), in the presence
of polyvinylpolypyrrolidone (PVPP). Cell debris was removed by cen-
trifugation at maximum speed for 20 min at 4 °C. The supernatant was
used for the enzymatic activity determination by the end-point assay
with 4-aminophenol (Frébort et al., 2002). The reaction mixture of
0.6 mL final volume contained 100 pL of the protein extract, 200 pM of
iP as substrate and 0.5 mM of 2,6-dichlorophenolindophenol (DCPIP) as
electron donor, in 200 mM Mcllvaine buffer (citric acid/disodium hy-
drogen phosphate, pH = 6.8). For blank of reaction, iP was replaced
with dimethyl sulfoxide (solvent); and for every independent enzymatic
extract, two technical duplicates were conducted. After overnight in-
cubation at 37 °C, 0.3 mL 40% TCA was added to the mixture, followed
by centrifugation for 5 min at 12,000 g. Finally, 0.2 mL 4-aminophenol
(2% solution in 6% TCA) was added and the absorbance at 352 nm was
measured to detect the Schiff base of the aldehyde originated from
cytokinin side chain and p-aminophenol reaction, which has a molar
absorption coefficient of €35, = 15.2mM ™! em ™! (Frébort et al., 2002).
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2.5. Phylogenetic tree construction and identification of wheat orthologues
for genes of interest

In order to identify putative CIB1, HKs and HY5 sequences in wheat
and design primers for qPCR analysis, the annotated genes from the
same family members in other related species were used as query for
BLASTn search against the partial wheat genome sequence in
EnsemblPlants  database  (https://plants.ensembl.org/index.html).
Protein sequences from all hits with e-value < 1e-40 were aligned with
the respective orthologues using the CLUSTAL W program in BioEdit
and the unrooted phylogenetic trees were generated in MEGA 6 pro-
gram (Supplementary Material Fig. S1), using the Neighbor-Joining
(NJ) algorithm with 1000 bootstrap replicates.

For each gene, the closest wheat orthologues were identified and in
most of the cases several members clustered together, most probably
corresponding to three copies of the same target gene in the hexaploid
wheat genome. When possible, qPCR primers were designed on the
identical region of the sequences, in order to amplify all the copies of
each gene. For the remaining genes studied, primers were designed
according to data published elsewhere (Supplementary Material Table
S1).

2.6. Analysis of gene expression by qRT-PCR

Isolation of total RNA from frozen leaves was performed by the use
of TRIzol Reagent (Thermo Fisher Scientific), according to the manu-
facturer's protocol. RNA concentration was determined using a
NanoDrop™ Lite Spectrophotometer (Thermo Fisher Scientific). To
eliminate traces of genomic DNA, RNA was treated with TURBO DNA-
free™ kit (Thermo Fisher Scientific). 2 ug of the purified RNA was used
for cDNA synthesis in a reverse transcription reaction containing oligo
(dT) primers (Sigma-Aldrich) and RevertAid H Minus Reverse
Transcriptase (Thermo Fisher Scientific). Quantitative real-time PCR
reactions contained properly diluted cDNA, 300 nM primers and gb SG
PCR Master Mix, supplemented with 100 nM ROX passive reference dye
(Generi Biotech). The program consisted of an initial denaturation of
2 min at 95 °C, followed by 40 cycles of 15sat 95 °C and 60sat 60 °C,
performed on a ViiA™ 7 Real-Time PCR System (Applied Biosystems). In
order to confirm the specificity of amplification, each run was com-
pleted with a melting curve and the resulted amplicons were analyzed
on 2% agarose gel stained with ethidium bromide, in presence of a 50
bp DNA ladder (New England BioLabs) for size determination and vi-
sualized using Gel Doc EZ system (Bio-Rad). Changes in the relative
mRNA abundance were calculated using the comparative 2724t ac-
cording to Pfaffl (2001), using tO as the reference sample. The qPCR
efficiency of amplification was 90-110% for all the primers used (data
not shown). TaEF2 and TaGADPH were chosen as internal control
genes. Three biological and two technical replicates were analyzed per
each condition tested. Fold changes in gene expression were calculated
after data normalization for multiple internal controls following the
procedures suggested by Vandesompele et al. (2002). All primers used
are listed in Supplementary Table 1.

2.7. Data analysis

In the case of chlorophyll, cytokinin content and CKX activity data,
conventional two-way ANOVA test (STATISTICA 7, Stat Soft Inc., Tulsa,
OK, USA), was performed. When necessary, data transformation was
used to meet ANOVA assumptions. Depending on the experimental
design, the model included “sampling date” and “light filter”, or “light
filter” and “incubation media”, as fixed factors. Post-hoc comparisons
for significant main effects or interaction terms were performed using
the Tukey HSD test. Significant differences were considered at
p < 0.05, unless otherwise stated. Normalized qPCR data were ana-
lyzed for each sampling date and each shading treatment separately
through the non-parametric Kruskal-Wallis ANOVA, using “light filter”
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Fig. 1. Change in percent chlorophyll content (A), and in the concentration of free CKs (B-D) or CK-conjugates (E-H), in detached wheat leaves at different times
after exposure to the neutral (N), green (G) or blue (B) filters. Data are means * SD (A: n = 8; B-H: n = 3). Asterisks indicate the existence of significant differences
for “shading treatment” effect, at a given sampling date.
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Table 1

Percent chlorophyll content with respect to TO in
excised wheat leaves exposed during 100h to the
green filter (G), in the absence or presence of 2.5 uM
of the indicated CKs, which were added at 52 h after
the beginning of shading. A group of leaves exposed
during 52h to filter G were changed to filter B
without addition of CKs (treatment GB). Data are
means = SD (n = 10). Statistically homogeneous
groups are indicated with similar letters.

Treatment % Chlorophyll
G 37.85 + 5.60 *

GB 67.81 + 4.08 °

G + iP 41.90 + 4.89 °
G+ (Z 61.45 = 4.09 °
G+ cZ 38.02 + 3.812
G + BAP 62.55 + 4.60 °

or “sampling date”, respectively, as fixed factors. Where appropriate,
multiple comparisons of mean ranks were used to determine statisti-
cally different groups. Considering that non-parametric tests may in-
crease the likelihood of no detecting a significant effect when it truly
exists, a given effect was assumed significant at p < 0.055, to avoid
excluding a couple of responses that consistently repeated across ex-
perimental trials. When indicated, data were considered marginally
significant if 0.055 < p < 0.065.

3. Results

3.1. The homeostasis of CKs is altered during senescence progression under
the different shading treatments

As previously reported, chlorophyll degradation rate in excised
leaves exposed to shading increases when BL transmittance is sup-
pressed (i.e. treatment G), while in leaves from treatment B it follows an
almost identical trend to the neutral control (Fig. 1A). Moreover, BL
contributes to yellowing retardation yet when supplied at 30 or 54h
after the leaves had been exposed to the green filter (Supplementary
Material Fig. S2). This senescence-retardant effect of BL is corroborated
by the expression profile of the two senescence markers analyzed
(Supplementary Material Fig. S3, see also Causin et al., 2015).

Regarding the response of free CKs in the presence or absence of BL,
two distinct trends were observed. On the one hand, the content of tZ
and cZ decreased in all shading treatments during the first 78 h. It is
noteworthy that although no differences among treatments were found
at 24 h after the beginning of shading, the decrement of both free CKs
thereafter was on average significantly higher in leaves exposed to the
green filter (Fig. 1B-C, ANOVA for “light filter” and “sampling date”
main effects p < 0.01, for both traits). On the other hand, while the
content of iP also tended to decrease as senescence progressed in
treatment G, it oscillated around the initial value in treatments N and B
(Fig. 1D). Nevertheless, due to the variation found in tissue iP levels,
significant differences were only detected at the last sampling date
between treatments N and G.

Contrary to expected, the concentration of precursors (i.e. CK-ri-
botides and CK-ribosides) did not follow similar trends than those found
for free CKs. While the level of CK-ribosides slightly increased at the
end of the experimental period in leaves exposed to filter B, a sharp
increase was observed at 78 h in leaves from the remaining treatments
(Fig. 1E). Then, only in treatment G the concentration of CK-ribosides
fell to similar levels to those found in treatment B. Cis-zeatin riboside
(cZR) was the most prevalent metabolite among CK-ribosides
(Supplementary Material Table S2). The concentration of CK-ribotides
did not significantly change during the first 78 h, but peaked at 124 h in
all the treatments, with values more than eight, ten, and twelve folds
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higher than tO in treatment B, N, and G, respectively (Fig. 1F). Iso-
pentenyladenosine-5-monophosphate (iPRSMP) was the most pre-
valent form of CK-ribotides in our experimental conditions
(Supplementary Material, Table S2).

The concentration of most of the conjugated forms involved in
storage (O-glucosides) and deactivation (N-glucosides), was con-
siderably higher than those found for active CKs (free bases and ribo-
sides). The O-glucosides were mostly represented by those of c¢Z and its
riboside, meanwhile the N-glucosides by Ng-glucosides of tZ and iP
(Supplementary Material Table S2). As observed for the CK-ribotides
and -ribosides, the level of O-glucosides tended to increase as senes-
cence progressed (Fig. 1G). Notably, this effect was statistically sig-
nificant only for leaves from treatment G, which more than doubled the
initial amount of CK-O-glucosides at the end of the experimental period.
On the contrary, the content of N-glucosides did not follow a consistent
trend and oscillated within + 34% of the initial value, depending on the
treatment and sampling date considered (Fig. 1H). At 124 h, significant
differences for the content of CK N-glucosides were found only between
treatments N and B.

In order to evaluate the effect of different free CK bases on leaf
senescence rate when BL is suppressed, changes in chlorophyll content
were analyzed at 100 h after exposure to the G filter, either in the ab-
sence or presence of 2.5uM iP, tZ, cZ, BAP or the blue filter (as a
control), which were applied at 52h from the beginning of the ex-
periment. As shown in Table 1, only the addition of BAP or tZ sig-
nificantly delayed leaf senescence when compared to treatment G. In-
terestingly, the effect was similar to that exerted by exposure to filter B
in the absence of exogenously applied CKs (see Table 1, treatment GB).

3.2. The turnover of CKs differs among shading treatments

To test whether changes in the levels of active CKs were related to
the alteration of their degradation, inactivation and/or reactivation
rates, a second experiment was performed to analyze the effect of the
shading treatments on CKX activity, as well as on the expression pattern
of genes involved in the regulation of CK homeostasis.

CKX activity was very low at the beginning of the assay, but in-
creased as senescence progressed, particularly in leaves exposed to the
G filter (Fig. 2A).

Among the genes belonging to the CKX family analyzed, TaCKX1
was found to be by far the most up-regulated. As for CKX activity, the
expression of TaCKX1 was initially very low but markedly increased
after about 54 h of exposure to the shading treatments. This effect was
noticeable in leaves from treatment G, where its expression was several
folds higher than the remaining treatments towards the end of the ex-
perimental period (Fig. 2B).

From the remaining TaCKX family members, only TaCKX3, TaCKX4,
TaCKX10 and TaCKX11 showed detectable transcript levels in our ex-
perimental conditions. Among them, only TaCKX3 showed a consistent
up-regulation under certain treatment conditions. In fact, while no
major differences across time were detected in leaves from treatment G,
its expression increased about five times (treatment B) and three times
(treatment N) after 54 and 92h from the beginning of the shading
treatments, respectively (Fig. 2C). Then the transcript content de-
creased in both conditions to similar levels than those found in treat-
ment G. As opposed to TaCKX1, the expression of TaCKX4 and
TaCKX10 markedly decreased in all treatments during the first 52h,
and their transcript levels remained low until the end of the experi-
mental period (Fig. 2D-E). Finally, the mRNA levels of TaCKX11 did
not show major changes across time in any of the shading treatments
(Fig. 2F).

To further explore the role of CK degradation in our experimental
model, we decided to test whether the inhibition of CKX activity with
the adenine derivate 2-chloro-6-(3-methoxyphenylamino)-purine
(“INCYDE”, inhibitor of cytokinin degradation, Zatloukal et al., 2008),
delayed leaf senescence in leaves exposed to filter G. Based on
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Fig. 2. CKX specific activity (A) and expression profile of different TaCKX members (B-F) in detached wheat leaves, at different times after exposure to the neutral

+

(N), green (G) or blue (B) filters. Data are means

SD (n = 3). Asterisks alone or between brackets indicate the existence of significant or marginally significant

differences, respectively, for “shading treatment” effect, at a given sampling date. Gene expression was relativized to 0h = 1 (dashed line).

Table 2

Percentage chlorophyll content with respect to t0 and CKX activity, in excised
wheat leaves exposed during 100 h to the neutral (N), blue (B) or green (G) light
filters, or during 52 h to filter B and then 48 h to filter G (treatment BG). Where
indicated, 10.0 uM INCYDE was supplied to the external solution from either 24
or 52h after the beginning of the shading treatments. Data are mean = SD
(n = 10 for chlorophyll records and n = 4 for CKX analyses). Data with dif-
ferent letters differ at p < 0.05.

Treatment % Chlorophyll CKX (pkat mg™ protein)
N 81.50 + 5.94 ° 0.597 + 0.091 ®
B 77.88 + 3.73 2 0.612 * 0.066 *
G 4371 £5.25°¢ 1.743 + 0.084 ©
BG 53.34 £ 5.84 ¢ 0.983 * 0.098 ®
G + INCYDE (24 h) 79.94 + 6.16 * 0.970 * 0.089 ®
G + INCYDE (52 h) 52.82 £ 571 °¢ 1.754 + 0.106 ©
BG + INCYDE (52 h) 64.84 * 6.49 © 0.871 * 0.099 ®

published data (e.g. Zatloukal et al., 2008) a concentration of 10 uM
INCYDE was chosen, which was supplied from 24 or 52h after the
beginning of shading. We also included a treatment where leaves ex-
posed during 52 h to filter B were changed to filter G (hereafter referred
as treatment BG), with or without application of the inhibitor at the
time of changing. Treatments N and B without inhibitor were run for
comparison. In all cases, leaves were sampled after 100 h for the eva-
luation of chlorophyll content and CKX activity. As shown in Table 2,
the presence of INCYDE delayed chlorophyll degradation in filter G to a
similar extent than in the B or N treatments when supplied after 24 h,
which coincided with a significant reduction of CKX activity. The effect
of INCYDE on both CKX activity and chlorophyll degradation rate was
less evident when it was supplied after 52 h, except in the case of leaves
previously exposed to filter B (Table 2, compare treatments BG with or
without the inhibitor). Altogether these results suggest that, in our
experimental model, the inhibitor is effective to the extent that it is



C.F. Marchetti et al.

TaZ0G1 relative expression

0,0 T T T T
24 45 72 96

Time (h)

120 144

TaGLUI-3 relative expression

0,0 T T T T T
72 120

Time (h)

144

Plant Physiology and Biochemistry 130 (2018) 647-657

5,0

45
4,0
35
30
25
2,0
15
1,0

05
0,0

TaZOG2 relative expression

Time (h)

Fig. 3. Expression profile of TaZOG1 (A), TaZOG2 (B) and TaGLU1-3 (C), in detached wheat leaves at different times after exposure to the neutral (N), green (G) or
blue (B) filters. Data are means = SD (n = 3). Asterisks alone or between brackets indicate the existence of significant or marginally significant differences,
respectively, for “shading treatment” effect, at a given sampling date. Gene expression was relativized to 0h = 1 (dashed line).

added well in advance of the increase in CKX activity, and that the
down-regulation of CK degradation is an important component of the
senescence delaying effect exerted by blue light.

3.3. Genes involved in CK inactivation and reactivation are differentially
expressed depending on the light spectral quality of the shading environment

Another metabolic pathway responsible for the down-regulation of
active CKs involves glucosylation mediated by the family of the zeatin
O-glucosyltransferase (ZOG) enzyme. Given that the concentration of
CK-O-glucosides increased with time in our experimental conditions
and, particularly in the absence of BL, the expression profiles of
TaZOG1 and TaZOG2 were studied. The expression of TaZOGIlwas
markedly down regulated at 24 h after the initiation of the shading
treatments (Fig. 3A). Then it increased with time, though at a con-
sistently higher rate in leaves from treatment G than B. Leaves from
treatment N showed an intermediate behaviour (Fig. 3A). As for
TaZOG]1, there was a fall in the expression of TaZOG2 at 24 h after leaf
excision, which was followed by significant increments at 54 h (treat-
ment G) and 92 h (treatments B and N) (Fig. 3B). Subsequently, while
the expression of the gene decreased in the two latter treatments, the
up-regulation persisted in treatment G until the end of the experimental
period.

In order to find out whether the rate of CK reactivation was also
affected, the relative expression of TaGLU genes (encoding for B-glu-
cosidase) was monitored. From all TaGLU family members, only
TaGLU1-3 (Song et al., 2012) was detected in our experimental con-
ditions. In leaves from treatment B, the expression of this gene was
markedly up-regulated at 54h and it maintained around two folds
higher than the initial levels until the end of the experimental period
(Fig. 3C). On the contrary, the level of the transcript slightly decreased

at 24h in treatments G and N. Thereupon, it steadily increased with
time in both cases, although at an initially slower rate as compared to
filter B.

3.4. Changes in the light spectral quality during shading affect some key
components of the CK-signaling pathway

To investigate whether the effect of the light filters on the senes-
cence rate involves the alteration of the CK signal reception, we ana-
lyzed the expression profile of putative cytokinin-receptors in wheat
(hereafter referred as TaHKs). We identified the closest orthologues to
the genes HvHK3 and HvHK4 (Supplementary material Fig. 3S) and
analyzed their expression patterns. TaHK3 was slightly down-regulated
at 24 h after the beginning of the shading treatments, but then its ex-
pression increased to the initial levels, though at a faster rate in leaves
from treatment G than in treatments B and N (Fig. 4A). The levels of
TaHK4 mRNA also markedly dropped during the beginning of the ex-
periment, but, as opposed to TaHK3, its initial expression was never
recovered, and at 54 h it tended to be lower in treatment G than in
treatments B and N (Fig. 4B).

3.5. The expression profile of genes involved in blue-light signaling pathway
is differentially affected by the shading treatments

As for other genes tested, the expression of TaCRY2 markedly de-
creased during the first 24 h, but increased thereafter until reaching the
initial levels (Fig. 5A). Surprisingly, at 92 h the TaCRY2 transcript level
was significantly higher in treatment G than B.

Although the transcript levels of TaCIB1 also declined at 24 h after
the beginning of the shading treatments, its expression rapidly in-
creased and showed a peak at 55h (treatment G) and at 96h
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Fig. 4. Expression profile of the CK receptors TaHK3 (A) and TaHK4 (B) in detached wheat leaves at different times after exposure to the neutral (N), green (G) or
blue (B) filters. Data are means + SD (n = 3). Asterisks alone or between brackets indicate the existence of significant or marginally significant differences,
respectively, for “shading treatment” effect, at a given sampling date. Gene expression was relativized to 0h = 1 (dashed line).

(treatments B and N) (Fig. 5B). Despite the average TaCIB1 levels in 4. Discussion
treatment G doubled those of treatment N at 55 h, the difference was

not statistically significant. Blue light is an important ambient cue involved in the regulatory

The expression of TaHY5 sharply increased in all treatments after pathway of shade-induced leaf senescence in wheat leaves (Causin and
54 h, nevertheless the highest and significant increment was in leaves Barneix, 2007). Our present results show that the concentration of free
from treatment B, where it almost doubled and tripled that of treat- CKs (but particularly tZ and cZ) in excised leaves decreases soon after
ments N and G, respectively (Fig. 5C). exposure to the shading treatments. Remarkably, when BL transmission

is not suppressed, a significantly higher endogenous level of cZ and tZ is
maintained, which points out a possible role for these active forms in
the control of senescence symptoms. Moreover, in our experimental
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Fig. 5. Expression profile of TaCRY2 (A), TaCIB1 (B) and TaHY5 (C) genes, in detached wheat leaves at different times after exposure to the neutral (N), green (G) or
blue (B) filters. Data are means *+ SD (n = 3). Asterisks alone or between brackets indicate the existence of significant or marginally significant differences,
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conditions, iP addition was not able to emulate the senescence delaying
effect of filter B in leaves previously exposed to filter G, suggesting that
this CK form would not be directly involved in the regulation of this
process. This assumption is also supported by the fact that no significant
differences in the endogenous levels of iP were found between leaves
from treatments B and G, despite having marked differences in their
senescence rates. On the contrary, tZ supply was almost as effective as
BL in down-regulating the senescence rate in leaves exposed to filter G
(Table 1), suggesting that the maintenance of higher endogenous levels
of this form may contribute to the senescence-delaying effect by BL.
With regards to cZ, in a recent review, Schafer et al. (2015) summarize
a series of studies that investigate its role in regulating plant develop-
ment and defense responses to pathogen and herbivore attack, and
highlight their potential role as ‘novel’ stress-response markers. More-
over, data reported by Kudo et al. (2012) suggest that cZ has physio-
logical effects on growth and development of rice plants, and may act as
an important regulator of the senescence rate in this species. Hluska
et al. (2016) reported that when cZ was exogenously supplied to intact
7-d-old maize seedlings, a great proportion was immobilized as O-glu-
coside, even though a significant increase of tZ was also induced. These
changes, however, were mostly evident in root tissue, while in the shoot
the trends were less profound. Hence, despite cZ addition did not alter
the senescence rate in our experimental model, further investigation is
needed to assess its potential contribution to the control of this devel-
opmental process.

Different processes seem to have contributed to decrease the content
of free CKs in our experimental system. Up-regulation of CK degrada-
tion, particularly in the absence of BL, is an important factor, although
its relevance would be greater once senescence has been triggered ra-
ther than at the beginning of it. This is suggested both by the CKX ac-
tivity and the TaCKK1 expression profiles, the latter being by far the
most up-regulated of the TaCKX family members evaluated. The
marked up-regulation of the CKX1 gene in senescing leaves of barley
and wheat has been documented elsewhere (Conrad et al., 2007; Song
et al.,, 2012) and its behaviour resembles that of typical senescence
associated genes. It should be noted, however, that the acceleration of
the senescence rate in the absence of BL did not necessarily correlate
with an up-regulation of all CKX members. In fact, while the expression
of TaCKX4 and TaCKX11 did not show major differences among
shading conditions, a higher increase in the transcript levels of TaCKX3
was observed in leaves exposed to filter B as compared to the remaining
treatments (e.g. Fig. 2C). Moreover, TaCKX10 mRNA levels decreased
as the time exposure to shading increased. In maize leaves, CKX10
expression is high in young leaves but markedly decreases in senescent
tissues (Smehilova et al., 2009), which is consistent with our findings. It
is possible that the difference in the pattern of expression among CKX
genes is associated to alterations in the levels of the preferred substrates
of the respective enzymes, and/or to their particular sub-cellular loca-
lization (Smehilové et al., 2009). Whatever the case, their role in the
maintenance of CK homeostasis is far from being understood, since the
regulation of gene expression of different CKXs is not only tissue- and
developmentally-dependent, but also varies with the species and the
stressful conditions considered (Vyroubalova et al., 2009; Song et al.,
2012).

The formation of CK-O-glucosides, whose concentration increased
with time, had probably an important role in the inactivation of free
CKs under our experimental conditions. From the two TaZOG genes
analyzed, only TaZOG2 showed a consistent up-regulation with respect
to the initial (t0) levels. Interestingly, the increment of TaZOG2 tran-
script amount was first evident in leaves exposed to treatment G
(Fig. 3B). This is in agreement with previous reports indicating that CK
inactivation through O-glucosylation plays an important role in the
development of senescence symptoms in different plant species (Rubia
et al., 2014; Koeslin-Findeklee et al., 2015). However, to our knowl-
edge, this is the first report showing that the expression pattern of ZOG
genes may differ depending on the spectral quality of the light
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environment in leaves senescing under shading stress. O-glucosides are
regarded as reversible storage forms of CKs given that they can be re-
versibly converted to active forms by the action of [B-glucosidase
(Sakakibara, 2006). Interestingly, the expression of TaGLU1-3 was up-
regulated at a faster rate in leaves shaded under the blue than the green
filter, which may have also contributed to maintain higher levels of free
CKs.

Surprisingly, the concentration of CK-ribotides as well as CK-ribo-
sides increased as senescence progressed, particularly in leaves exposed
to the green filter. Again, cZ derivatives were the most abundant among
these glycosylated forms (see Supplementary Material Table S2). While
CK-ribotides are inactive, cZR was shown to have a relatively high
biological activity when compared to its free base (Gajdosova et al.,
2011). Nevertheless, the observed increment was not sufficient to
compensate the negative effect of BL suppression on the senescence
rate. Since we used excised leaves, the increment of these CK-forms
cannot be attributed to an enhanced translocation from other organs.
Similarly, given that the expression of IPT genes in wheat leaves de-
creases as senescence progresses (e.g. Song et al., 2012), it is unlikely
that their increment was due to the up-regulation of CK-synthesis
pathways. Rather, it is possible that, as for O-glucosylation, a stimula-
tion of the conversion of free bases to their respective ribosides/ribo-
tides was the main process responsible of their accumulation. Alter-
natively, tRNA degradation (which is expected to increase in senescent
leaves) might also have contributed to enhance the level of cZ deriva-
tives (Sakakibara, 2006; Vyroubalovéa et al., 2009). Whichever the
mechanism, it is clear that the accumulation of conjugated forms of CKs
is favored as senescence progresses in excised wheat leaves exposed to
shading stress. Finally, it should be mentioned that changes in the
translocation rate of different CKs may contribute to the alteration of
CK homeostasis in attached leaves. Even though this process could not
be explored in our experimental system, there is evidence that CK
transport might also be under the control of light cues (e.g. Roman
et al., 2016).

Given that the action of growth regulators does not only depend on
their endogenous concentration but also on the presence and activity of
proper receptors, we analyzed the expression profile of some compo-
nents of the CK-reception system in our experimental conditions. The
expression level of TaHK3 decreased during the first 24 h after the
beginning of the shading treatments, in coincidence with the marked
decrement of some free CKs, but gradually recovered to the initial levels
thereafter. This increment, however, occurred at an initially faster rate
in leaves exposed to the G filter, even though their senescence was
accelerated. Kim et al. (2006) reported that a gain-of-function mutation
in the Arabidopsis CK-receptor AHK3 increased the sensitivity to en-
dogenous CKs and delayed leaf senescence, while the opposite effect
occurred when the expression of this receptor was suppressed. Inter-
estingly, the AHK3 receptor is a strong preference of tZ-type CKs as
compared to iP type CKs (Lomin et al., 2012). Hence, despite a faster
up-regulation of TaHK3 might have helped to enhance the perception of
CK signals in treatment G, either its contribution was not sufficient to
prevent the development of senescent symptoms, or other CK receptor/
s and/or signaling components are involved in the regulation of se-
nescence by light spectral quality in wheat. In this sense it is interesting
to note the marked down-regulation observed for TaHK4, an effect that
was enhanced in the absence of BL at 52h after the beginning of the
shading treatments.

There is evidence that in soybean plants the activation of the BL
receptor CRY2a down-regulates the transcription activity of the senes-
cence-promoting transcription factor CIB1, through direct protein-pro-
tein interaction (Meng et al., 2013). Apparently, the decrement in free
CIB1 content did not involve changes in its mRNA levels. As for soybean
plants, we did not find major differences in the expression pattern of the
wheat TaCIB1 homologue among shading treatments, which supports
the evidence that its regulation by light cues would not occur at the
transcriptional level. Additionally, green light has been shown to
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suppress certain BL-mediated responses by reducing the semi-reduced
state of the FAD chromophore (i.e. FADH*) of active CRY (Liu et al.,
2011). Given the available information and considering the lack of
correlation observed between senescence rate and the expression pat-
terns of TaCIB1 and TaCRY2, further research involving the analysis of
protein-protein interactions is needed to better assess their regulatory
role in our experimental model.

Contrary to TaCIBI1, the expression profile of TaHY5 was sig-
nificantly affected by the light spectral quality of the shading treatment.
While the involvement of this bZIP protein in photomorphogenic re-
sponses has been extensively studied, the information regarding its role
in the regulation of leaf senescence is scarce, and in some aspects
contradictory. In fact, in A. thaliana leaves exposed to darkness HY5 is
degraded via the 26S proteasome pathway, an effect that has been as-
sociated to the induction of senescence symptoms (Keech et al., 2010).
On the contrary, the accumulation of HY5 due to its interaction with
active phytochrome B was shown to positively regulate programmed
cell death in Arabidopsis leaves exposed to excess red light (Chai et al.,
2015). In agreement with the latter assumption, our data show that the
expression of TaHY5 increased as senescence progressed in all shading
conditions, but the rate of accumulation of the transcript was higher
under BL and, hence, inversely correlated with the development of
senescence symptoms. A putative explanation is that either the activity
or the stability of the protein is negatively regulated by other BL-altered
components. Indeed, a complex regulation of HY5 functioning and/or
turnover might be expected when considering that it is a point of
convergence between multiple hormonal and light signaling pathways.

5. Conclusion

The present results demonstrate that changes in light spectral
quality, and particularly BL suppression, alters CK homeostasis as well
as the expression of several genes involved in their metabolism, in
wheat leaves exposed to shading stress. The depletion of tZ rather than
cZ or iP seems to have a predominant role in senescence acceleration.
The analysis of gene expression profiles suggest that BL would con-
tribute to delay the development of senescence symptoms through the
retardation of both CK-degradation and CK-inactivation, as well as a
faster up-regulation of some [3-glucosidase isoforms that may restore
active CKs. While the factors directly involved in the light signal per-
ception and transduction are still elusive, the marked changes observed
in the mRNA levels of TaHY5 seem a promising cue to deepen the study
of its role as well as that of BL receptors like cryptochrome in the
regulation of this process.
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Cytokinin plant hormones have been shown to play an important role in plant response to abiotic stresses.
Herein, we expand upon the findings of Pospisilova et al. [30] regarding preparation of novel transgenic
barley lines overexpressing cytokinin dehydrogenase 1 gene from Arabidopsis under the control of mild
root-specific promotor of maize 3-glycosidase. These lines showed drought-tolerant phenotype mainly due
to alteration of root architecture and stronger lignification of root tissue. A detailed transcriptomic
analysis of roots of transgenic plants subjected to revitalization after drought stress revealed attenuated
response through the HvHK3 cytokinin receptor and up-regulation of two transcription factors implicated
in stress responses and abscisic acid sensitivity. Increased expression of several genes involved in the
phenylpropanoid pathway as well as of genes encoding arogenate dehydratase/lyase participating in
phenylalanine synthesis was found in roots during revitalization. Although more precursors of lignin
synthesis were present in roots after drought stress, final lignin accumulation did not change compared to
that in plants grown under optimal conditions. Changes in transcriptome indicated a higher auxin
turnover in transgenic roots. The same analysis in leaves revealed that genes encoding putative enzymes
responsible for production of jasmonates and other volatile compounds were up-regulated. Although
transgenic barley leaves showed lower chlorophyll content and down-regulation of genes encoding
proteins involved in photosynthesis than did wild-type plants when cultivated under optimal conditions,
they did show a tendency to return to initial photochemical activities faster than did wild-type leaves
when re-watered after severe drought stress. In contrast to optimal conditions, comparative
transcriptomic analysis of revitalized leaves displayed up-regulation of genes encoding enzymes and
proteins involved in photosynthesis, and especially those encoded by the chloroplast genome. Taken
together, our results indicate that the partial cytokinin insensitivity induced in barley overexpressing
cytokinin dehydrogenase contributes to tolerance to drought stress.
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Introduction

Cytokinins (CKs) are plant hormones which together with auxins
mainly influence plant morphology. Their role in other physio-
logical processes, such as senescence and nutrient remobilization,
is very well described [1]. Evidence, mostly from studies of Arabi-
dopsis (Arabidopsis thaliana), suggests also an important role of
CKs in the regulation of responses to environmental stresses [2].
CK-deficient Arabidopsis plants exhibited a strong stress-tolerant
phenotype associated with increased cell membrane integrity and
abscisic acid (ABA) hypersensitivity [3]. ABA’s stress-related role
consists mainly in induction of stomatal closure to prevent water
losses under conditions of water limitation. Moreover, loss-of-
function mutants of CK receptors and proteins involved in the
CK-signaling pathway have been shown to be strongly tolerant to
drought and salt stress because they up-regulated many stress-
inducible genes [4,5]. Similarly, rice seedlings with knock-down
proteins of the CK transduction pathway have been observed to be
tolerant of osmotic stress but hypersensitive to salt stress [6].
Activated CK receptors negatively control osmotic stress responses
and thus confirm that reduced CK status is a prerequisite for better
drought tolerance.

On the other hand, increased drought tolerance or avoidance by
stress-induced CK accumulation has been proven in several plant
species [7-12]. A transgenic approach has exploited expression of
the CK biosynthetic isopentenyl transferase (IPT) gene under a
stress- and maturation-inducible promoter. Under drought-stress
conditions, the transgenic plants maintained high photosynthetic
activity in contrast to control plants due to the direct effect of CKs
on delaying leaf senescence. The acquired drought tolerance was
also due to CKs' effect on maintenance of nitrate acquisition from
soil [13]. Thus, stress-induced CK synthesis in these transgenic
plants promoted sink strengthening through the maintenance
and coordination of N and C assimilation during water stress.

In abiotic stress responses, CKs can act in orchestration with
other phytohormones. Auxin’s role in drought tolerance has been
demonstrated when increased activity of auxin conjugating en-
zyme, which reduces auxin maxima in leaves, led to the accumu-
lation of late-embryogenesis abundant proteins responsible for the
switch from plant growth to stress adaptation [14]. Auxin is able to
induce the expression of genes encoding enzymes participating in
biosynthesis of such stress-related hormones as ethylene [15]; vice
versa, ethylene promotes local auxin biosynthesis and conse-
quently reduces root cell elongation [16]. As CKs are known to
affect production of both auxin and ethylene, coordinated regu-
lation of hormonal biosynthetic pathways could play a crucial role
in plants’ adaptation to abiotic stresses [17]. Plants with stress-
induced CK production showed up-regulation of brassinosteroid
synthesis and signaling genes [11,18]. Brassinosteroids act syner-
gistically with another group of plant hormones, gibberellins
(GAs), due to shared components in their signaling pathways
[19]. Transgenic Arabidopsis seedlings constitutively overexpres-
sing GA-responsive genes exhibited improved tolerance to various
abiotic stresses; stress tolerance was accompanied by biosynthesis
of salicylic acid [20], another plant hormone mainly implicated in
stress responses.

Plants exposed to drought stress show an alteration of CK
content. Hormonal analysis of wild-type (WT) maize leaves sub-
jected to drought showed a gradual decline in CK and GA contents

during stress [21]. A comprehensive study on maize seedlings
exposed to salt and osmotic stress also demonstrated rapid decline
in some CK forms due to enforced CK catabolism. During accli-
matization, however, accelerated CK metabolism led to a moder-
ate increase in active CK forms [22]. Higher accumulation of all CK
forms was also determined in tobacco exposed to severe drought
stress [23]. Hence, accumulation of active CKs among other pro-
cesses might contribute to the mechanisms by which plants
overcome stress status and avoid growth inhibition. Regarding
stress signaling, CKs do not, due to the slow response of their
biosynthetic genes to stress induction, have a direct function
similar to ABA, which directly affects stomatal closure [22].

Maintenance of high photosynthetic capacity is an important
prerequisite for preserving crop yield under adverse environmen-
tal conditions. Although increasing CK content by senescence-
regulated expression of a CK biosynthetic gene is an efficient tool
for prolonging leaf photosynthetic activity [24], engineered wheat
plants with senescence-regulated CK production showed no dif-
ferences in yield-related parameters [25]. Shoot growth inhibition
and promotion of root growth have been regarded as advanta-
geous for crop stability under stressful conditions and constitute
an integral part of plant stress tolerance [26,27]. Accordingly,
plants with reduced shoot-to-root ratios as a consequence of CK
deficiency showed greater tolerance to or avoidance of drought
stress [28,29]. Hence, down- and up-regulation of CK levels
in planta can have a synergistically positive effect on enhanced
tolerance to water deficit: in the first case, through alteration of
plant morphology to a root architecture that is better adapted to
withstand water deprivation, and, in the second case, through
activation of photosynthetic processes and source-sink relations.

Recently, we prepared several barley transgenic lines overex-
pressing a cytokinin catabolic enzyme-cytokinin dehydrogenase 1
(CKX) from Arabidopsis targeted to various subcellular compart-
ments. Transgenic barley exhibited greater tolerance to or avoid-
ance of drought stress that most probably was due to higher
lignification and changes in root morphology [30]. While focusing
primarily on post-stress revitalization, the in-depth transcriptomic
analysis of our transgenic barley lines aimed to clarify and describe
in detail all processes that enable CK-deficient barley plants to
cope better with drought.

Material and methods

Plant material and cultivation

Transgenic and WT plants of the spring barley cultivar Golden
Promise were grown in an environmental chamber with a photo-
period of 15°C/16 hours light and 12°C/8 hours darkness. The
light source was a combination of mercury tungsten lamps and
sodium lamps providing an intensity of 300 pmol m s~ '. Plants
were cultivated in a 2:1 mixture of soil and perlite (Perlit Ltd.,
Czech Republic). Soil composition was 1:1 professional substrate
(peat type) for growing plants (Raselina Sobéslav, Czech Republic)
and a muck-type arable soil from the Olomouc Region (Czech
Republic).

Application of drought stress

For transcriptomic analysis of the root system exposed to drought
stress, plants were grown hydroponically in a modified Hoagland
solution [31] within an environmental chamber under the same
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conditions as given above. The experiment was performed in the
following arrangement: 2/3 of each vessel was filled with two
transgenic genotypes and 1/3 with WT plants. In total, 27 plants
from each genotype were cultivated together in three vessels.
Three plants were pooled per biological replicate. Drought stress
was induced on plants 4 weeks old by pouring the solution out of
the growth vessel after the plants had been temporarily removed.
Plants were then returned to the vessel, where they were further
kept for another 24 hours, after which the solution was poured
back into the vessel. The entire root system was collected after
24 hours of stress and after 14 days of revitalization. The youngest
fully expanded leaves were collected for analyzing chlorophyll
content every 2nd or 3rd day.

In order to perform transcriptome analysis of the upper part,
barley plants were cultivated in shallow trays (30 cm x 20 cm with
a depth of 5 cm) filled with soil and watered on a daily basis.
Drought stress was applied to 4-week-old plants by keeping them
without watering for 4 days, after which regularly watering on a
daily basis was resumed. Photosynthetic parameters and relative
water content [32] were determined on the youngest fully expand-
ed leaves. Samples were collected 12 hours after the last watering,
the 4th day of the stress application, 12 hours after re-watering,
and after 14 days of revitalization.

Real-time PCR analysis
Isolation of total RNA was performed using an RNAqueous Kit (Life
Technologies, USA). Isolated RNA was then treated using a TURBO
DNA-free Kit (Life Technologies) and purified using magnetic
beads (Agencourt RNA-CLEAN XP, Beckman Coulter, USA). cDNA
was obtained using a RevertAid First Strand cDNA Synthesis Kit
(Fermentas, Lithuania). Real-time PCR was set up with cDNA as
template in total volume of 10 pnL containing POWER SYBR Green
PCR Master Mix (Life Technologies) and 300 nm of each primer.
Reactions were run in the StepOnePlus™ Real-Time PCR System
using the default program (Applied Biosystems, USA). Primers were
designed using Primer Express 3.0 software (Supplemental Table S1).
The number of transcripts per ng of isolated total RNA was
detected based on calibration curves made with genes cloned into
the transformation vector. The relative quantification of most
abundant endogenous genes involved in CK metabolism was
made using the AACt method [33] with barley cyclophilin, actin,
and elongation factor 1 (AK354091.1, AK248432.1, AK361008.1)
analyzed as reference genes and then evaluated statistically using
DataAssist v3.0 Software (Life Technologies). Each measurement
consisted of four biological and two technical replicates.

RNA-seq analysis

Working with 2.5 pg of total RNA from each sample, extracted as
described above, Illumina® TruSeq®™ Stranded mRNA Sample
Preparation Kit (Illumina, USA) was used for cDNA library prepa-
ration. Library concentration was assessed using a Kapa Library
Quantification Kit (Kapa Biosystems, USA) and all libraries were
pooled to a final 8 pm concentration for cluster generation and
sequencing. The clusters were generated using an Illumina® Tru-
Seq™ SR Cluster Kit v3 cBot HS and sequenced on a HiSeq SR Flow
Cell v3 with a HiSeq 2500 Sequencing System. Two independent
libraries were prepared for each genotype at each time point from
two biological replicates (3 pooled plants in each).

The reads generated by sequencing were mapped to the refer-
ence genome of Hordeum vulgare v.25 (Ensembl, UK) using the
TopHat2 v.2.0.12 splice-read mapper [34] with default parame-
ters. The reads mapped to the transcripts annotated in the refer-
ence genome were quantified by using HTSeq v.0.6.0 [35] with
respect to the stranded library. The tests for differential gene
expression were performed using the DESeq2 package [36] imple-
mented in R (R Development Core Team, 2008). The technical
replicates were first analyzed as two independent experiments,
which yielded similar results (see Figure 4 in Ref [37]). Thereafter,
technical replicates were merged into one technical replicate to
obtain higher coverage of the reference transcriptome. Gene
ontology (GO) annotation of the reference genome was improved
using the Blast2GO v.3.0 program [38], nt database (b2g_Jan1J),
the ncbi-blast+ v.2.2.28 program [39], as well as the UniProKB
(http://www.uniprot.org/, 02.2015) and PGSB (http://pgsb.
helmholtz-muenchen.de/plant/, 31.07.2014) databases (see Fig-
ure 1 in Ref [37]). This additional GO annotation helped to
increase the number of GO annotated genes to 17,885 (from a
total of 26,074 predicted genes in barley).

Quantification of lignin and its precursor

Lignin quantification was carried out in protein-free cell wall
fractions using the acetyl bromide method [40]. Cinnamic and
benzoic acids were determined by an LC-MS method described
previously [41]. Monolignols and aromatic amino acids were
analyzed with a UHPLC-QTOF-MS system (Synapt G2-Si, Waters,
UK) operating in positive ion mode. Coumaryl, coniferyl and
sinapyl alcohols were quantified by detecting product ions of
the corresponding [M—-H,O'H]" ions (i.e,, 133> 105.08,
163 > 131.06, and 193 > 105.08, respectively) while using '3Ce-
isovanillic acid (157 > 114.05) as an internal standard. The relative
levels of aromatic amino acids were estimated from peak area
acquired in resolution MS mode. All compounds were identified
and quantified based on authentic standards.

Measurement of chlorophyll content

Chlorophyll content was determined using a chlorophyll content
meter (CCM-300, Opti-Sciences, Hudson, NH, USA) in plants 7-42
days old that were grown hydroponically under drought and
control conditions. Measurement for each line consisted of at
least 15 biological replicates and two technical replicates. Each
transgenic genotype was grown together with the same number of
WT barley plants in the same plastic vessel.

Chlorophyll fluorescence imaging

Chlorophyll fluorescence was monitored on the abaxial side of the
youngest fully developed attached leaves using an imaging system
(FluorCam 700 MF, Photon Systems Instruments, Czech Republic).
All measurements were performed on at least four replicates. To
measure fluorescence signal, short (microseconds in length) mea-
suring flashes of red light placed 20 ms apart were applied and
the signals detected during the measuring flash and just prior to
the measuring flash were subtracted. The overall integral light
intensity of the measuring flashes was low enough not to close the
photosystem II reaction centers but still able to measure fluores-
cence. The minimum chlorophyll fluorescence yield (F,) was
determined after 40 min of dark adaptation by application of
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the measuring flashes only. A saturating pulse of 1.6 s (white light,
2500 wmol m~% s~!) was applied to determine the maximum chlo-
rophyll fluorescence yield in a dark-adapted state (Fy ). The leaves
were then exposed to red actinic light (200 pmol m2s™') for
8 min. After 5 s, the actinic light was accompanied by a series of
saturating pulses placed 30s apart to estimate the maximum
fluorescence yield during light adaptation (Fy,). The non-photo-
chemical quenching of chlorophyll fluorescence was calculated as
(Fpm—Fyy) /Fy and the coefficient of photochemical quenching (gp)
as (Fyy—Fy)/ (Fp—Fp), where F, is the fluorescence yield measured
just prior to application of the saturating pulse and F; is the
minimal fluorescence for a light-adapted state calculated as

Fo/((Fy/Fm) + (Fo/Fyp)) [42].

Gas exchange parameters

Gas exchange parameters were measured on the youngest
fully developed, attached leaves using an open gas-exchange
system (Li-6400, LI-COR Biosciences Inc., Lincoln, NE, USA).
Six to eight plants of each transgenic line were measured for
each treatment (control, stress, and re-watering). The measure-
ment was started after 3 min of adaptation to chamber
conditions (380 wmol CO, mol™!, 70% relative humidity,
16°C). The rate of CO, assimilation (4, mmol (CO,) m2s™ 1),
stomatal conductance (g,, mol (H,0) m 257 1), and transpiration
rate (mol (H,0) m~2s~!) were measured every 30 s over 5 min.
Intrinsic water-use efficiency (mmol (CO,) mol ! (H,0)) was cal-
culated as the ratio of averaged values of A and gs.

Water potential

The water potential was estimated on four leaves of each treatment
and for each line using a Model 600 pressure chamber instrument
from PMS Instrument Company (Albany, OR, USA).

Statistical analysis

Two-sample t-tests and ANOVA (Tukey and Bonferroni tests) at
significance level 0.05 were performed using OriginPro 8.5.1
(OriginLab Corporation, Northampton, MA, USA). Some of the
t-tests were carried out with STATISTICA 12 (StatSoft CR, Czech
Republic).

Results and discussion

Two genotypes of AtCKXI-overexpressing transgenic barley,
which were not affected in their yield parameters, were selected
for detailed transcriptomic analysis: one targeting expressed re-
combinant CKX protein to vacuoles (vAtCKX1) and the other with
predicted cytosolic localization (cAtCKX1). The genotype expres-
sing a secreted CKX to apoplast (aAfCKX1) was negatively affected
in its yield parameters and was used only for the analysis of
photosynthetic parameters. To study differences in transcrip-
tomes, 28 single-read sequencing libraries were prepared and
sequenced on an Illumina Hi-Seq 2500 system. The basic features
of all sequenced libraries are summarized in Supplemental
Table S2.

Photosynthetic parameters of transgenic plants under optimal
conditions and drought stress

Heterologous expression of AfCKX1 negatively affected chloro-
phyll content, which was estimated in the developmental stage

during which the highest expression of the transgene was detected
[30]. In comparison to WT leaves of plants cultivated hydroponi-
cally, 25%, 11%, and 6% decreases were measured in 4- to 5-week-
old leaves of VAtCKX1, aAtCKX1, and cAtCKX1 plants, respectively
(Fig. 1a). All transgenic genotypes maintained chlorophyll content
around WT levels when exposed to two periods of drought stress
and re-watering, and this was in contrast to their reduced levels
observed under optimal conditions (Fig. 1b).

To examine changes in the photosynthetic apparatus, the chlo-
rophyll fluorescence induction and gas exchange of leaves were
examined in the plants cultivated in soil. Drought stress, detected
as bending of the leaves, was accompanied by decreases in g; and,
consequently, decreases in transpiration rate and CO, assimilation
(Table 1). Lower accessibility of CO, due to closed stomata led to
lower usage of light excitations for photochemical reactions (i.e., a
decrease in photochemical quenching and an induced increase in
the regulated thermal dissipation of absorbed light) and a rise in
the non-photochemical quenching of chlorophyll fluorescence
(Table 1). Increases in non-photochemical quenching of chloro-
phyll fluorescence of light-adapted leaves is a known consequence
of drought stress [43,44]. Such a response reflects the usage of
absorbed excitation energy to regulate heat dissipation and serves
as a protective mechanism against damage to photosystem II. As a
consequence, drought stress induces a decrease in photochemical
quenching [45] and reflects fewer photosystem II reaction centers
being open for photosynthetic electron transport. Interestingly,
both of these changes caused by water deficiency were least
marked in the cAtCKX1 and aAtCKX1 genotypes despite the fact
that they had lower g (Table 1).

The most notable changes were observed after 24 hours of re-
watering: when plants had once again been watered, all mea-
sured parameters had a tendency to return to their initial values
and the return of photochemical activities in all three transgenic
lines was more noticeable in comparison to those for the WT
plants (Table 1).

Gas exchange parameters did not differ between genotypes prior
to stress treatment. Drought stress did, however, induce a more
significant decrease in g in the transgenic cAtfCKX1 and aAtCKX1
genotypes compared to WT. The strong decrease in g protects
plants from unendurable loss of water through transpiration; on
the other hand, it results in lower accessibility of CO, for photo-
synthesis. It is noteworthy that although the cAtCKX1 plants still
had significantly reduced g after 24 hours of re-watering, their rate
of CO;, assimilation had by that time completely recovered to its
initial value. Our results indicate that cAtCKX1 barley was the most
effective in using water for photosynthesis (Table 1). While the
water potential of WT plants after 24 hours of re-watering
remained almost unchanged in comparison to stressed plants,
all transgenic genotypes had significant increases in this value
(Table 1). Transgenic plants with altered root morphology and
stronger lignification therefore have greater ability to redistribute
the necessary amount of water to the aerial parts during recovery
from drought stress.

Effect of cytokinin deficiency on the aerial part of vAtCKX1
plants under optimal conditions

The mild expression of AtCKX1 under the control of B-glycosidase
promoter had a positive effect on root system development
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Chlorophyll content in mg m
(a)
Plantage VvAtCKX1 WT CAtCKX1 WT aAtCKX1 wT
in days
7 460 =+ 98 436 + 57 483 + 70 485 + 64 450 + 34 485 + 64
9 475 + 62 454 + 77 ND. * ND. 518 % 57 532 + 37 518 + 57
1 415 + 56 425 + 56 ND. + ND. 49 % 55 49% =+ 51 496 <+ 55
14 481 + 27 492 + 28 643 + 59 597 + 66 492 + 47 555 + 43
16 560 + 24 551 + 26 529 + 66 553 + 36 476 = 74 535 + 33
18 627 + 39 618 + 38 529 + 66 553 + 36 462 + 21 459 + 38
E 21 687 =+ 29 651 *+ 61 ND. * ND. ND. % ND. 597 + 49 592 + 45
g 23 682 + 39 680 + 50 567 + 28 576 + 31 505 + 26 534 + 45
5 25 544 + 58 581 + 44 666 + 68 664 + 38 603 + 42 589 =+ 39
.é? 28 461 + 83 555 |+ 46 689 + 50 712 |+ 54 608 + 34 628 + 34
= 30 451 + 47 599 |+ 62 675 + 41 716 |+ 35 547 + 37 582 |+ 44
35 389 + 55 528 |+ 61 783 + 32 791 + 33 476 * 62 532 |+ 43
39 502 + 63 577 =+ T 773 + 65 721 + 37 550 + 52 591 + 68
42 536 + 68 552 + 74 736 + 59 691 + 61 575 =+ 59 581 + T
(b)
Plantage vAtCKX1 WT CAtCKX1 WT aAtCKX1 wT
in days 2 hours long drought 2 hours long drought 2 hours long drought
7 404 + 96 395 + 80 ND. £+ ND. ND. = ND. 467 + 30 435 + 58
1" 450 =+ 3 430 + 82 ND. £+ ND. ND. % ND. 517 = 44 483 + 64
14 437 + 33 442 + 30 648 + 67 550 + 47 504 + 40 472 + 34
16 540 + 46 562 + 40 493 + 81 494 + 60 473 + 53 422 + 66
18 619 + 46 587 + T1 494 + 81 494 + 60 425 + 62 413 + 48
21 646 + 37 664 + 48 ND. £+ ND. ND. % ND. 489 + T 508 + 62
23 669 + 38 687 + 34 569 + 69 517 + 4 459 + 28 453 = 40
25 698 + 34 696 =+ 37 581 + 47 572 +* 3 ND. #+ ND. ND. * ND.
27 76 + 38 713 + 38 686 + 49 648 + 36 500 =+ 39 488 + M
28 24 hours long drought 24 hours long drought 24 hours long drought
29 Revitalization Revitalization Revitalization
30 ND. + ND. ND. # ND. ND. £+ ND. ND. * ND. 582 + 60 680 + 42
35 74 + 4 722 + 44 726 + 78 741 + 57 615 + 48 663 + 60
39 786 + 61 751 £ 74 672 + 57 660 + 64 663 + 64 675 + 53
42 756 + 74 801 *+ 68 647 + 90 686 + 62 674 + 47 721+ 48

FIGURE 1

Chlorophyll content in mg m™2 for WT, vAtCKX1, cAtCKX1, and aAtCKX1 barley leaves. Plants were cultivated hydroponically (a) under optimal conditions
(highlighted results indicate significant decreases in transgenic plants at chlorophyll level), and (b) under conditions of mild stress applied to 7-day-old seedlings
and subsequent severe stress applied to 4-week-old plants with subsequent re-watering.

whereas the aerial part was not substantially affected [30]. The
height of vAtCKX1 plants was slightly reduced (Fig. 2a,d), while
cAtCKX1 plants exhibited no visible changes in their aerial part
during the first 4 weeks of development. Differential expression
examination revealed that approximately 400 genes were signifi-
cantly affected in the 6-week-old aerial part in contrast to more
than 2400 genes affected in the roots of hydroponically cultivated
VAtCKX1 plants [30]. In order to understand those mechanisms
only regulated by the altered hormonal status during leaf devel-
opment, we performed an in-depth transcriptomic analysis of
VAtCKX1 plants of the same age but cultivated in the soil. In
contrast to hydroponically cultivated plants, approximately four
times more genes were found to be affected by altered CK content.
Of the total 26,067 annotated genes, 988 and 609 genes were

significantly down- or up-regulated, respectively (adjusted
P-value < 0.01; Supplemental Table S3). GO terms at level 6 of
the most significantly affected genes from both sequencing
experiments were compared and those 15 most affected and which
overlap in the two environments are summarized in Table 2.

The four most negatively affected processes in leaves of
VAtCKX1 plants were linked to photosynthesis (Table 2). The
fluorescence photosynthetic parameters, suggesting a decrease
in energy transfer to the photosystem II core complexes
(Table 1), together with lower chlorophyll content in non-stressed
leaves (Fig. 1a), indicated that the photosynthetic apparatus and
photosynthesis were slightly affected in transgenic plants. On the
transcriptomic level, the effect was much more pronounced in
those plants cultivated in the shallow soil (Table 2).
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TABLE 1

Transgenic and wild type (WT) barley plants grown in shallow soil tested for ability to recover after 4 days of drought stress. Plants were
stressed by drought in the 4th week of growth. Physiological parameters were determined directly prior to stress, on the 3rd day of the
stress period, and 24 hours after the stress period. Quenching characteristics of chlorophyll fluorescence determined after drought
stress and during revitalization were calculated as percentages of their values prior to stress

wT VALCKX1 CcAtCKX1 aAtCK1
Prior to stress
CO, assimilation (mmol (CO,) m~2s~") 2.00 £0.70 260 +0.70 1.60 £ 0.90 2.10 £ 0.70
Stomatal conductance (mol (H,0) m—2s™") 0.06 + 0.03 0.08 + 0.02 0.05 + 0.02 0.04 £+ 0.01
Transpiration rate (mol (H,0) m2s7") 0.30 +0.13 0.38 + 0.09 0.24 +0.10 0.20 + 0.05
Non-photochemical quenching 0.72 £0.12 0.85 +0.10 0.99 + 0.08" 0.87 £0.13
Photochemical quenching 0.41 + 0.06 0.38 + 0.04 0324 0.03" 0.36 + 0.05
Drought stress
CO, assimilation (mmol (CO,) m~2s7") 1.30 + 0.94 119+ 1.13 -1334+077 —1.77 £0.75
Stomatal conductance (mol (H,0) m™2s™") 0.036 + 0.026 0.031 £ 0.019 0.005 =+ 0.003" 0.005 =+ 0.003"
Transpiration rate (mol (H,0) m2s~") 0.18 £0.13 0.16 + 0.09 0.03 £ 0.02 0.03 +£0.01"
Non-photochemical quenching (%) 137 £23 171 £ 21 121 £16 102 £+ 24
Photochemical quenching (%) 71 +12 57 +12 82+ 15 76 + 11
Water potential (MPa) —1.11 £ 0.09 —1.25+0.15 ~1.69+0.11" —1.73 £ 0.04"
Re-watering
CO, assimilation (mmol (CO,) m~25s7") 2214047 143 + 053 131 +0.87" 1.03 + 0.99"
Stomatal conductance (mol (H,0) m~2s7") 0.09 + 0.03 0.07 + 0.02 0.04 +0.01 0.05 + 0.02"
Transpiration rate (mol (H,0) m 25~ ") 0.43 4+ 0.11 0.36 & 0.08 0.19 4+ 0.07 023 4 0.09
Non-photochemical quenching (%) 126 + 18 101 £ 20 95+ 16" 93+ 5
Photochemical quenching (%) 86+9 104 + 12 108 £ 11 103+ 6"
Water potential (MPa) —1.04 4+ 0.21 —0.59 4 0.02" —0.59 4+ 0.04" —0.46 £+ 0.07"
Relative water content (%) 78.38 + 7.64 9497 +1.02" 97.82 4+ 2.06" 91.84 4+ 5.05

“Significant difference between WT and transgenic tissue according to unpaired Student’s t-test at P < 0.05.

Three of four putative genes coding for prephenate/arogenate
dehydratase, an enzyme participating in the final steps of the
aromatic amino acid pathway that produces tyrosine and phenyl-
alanine [46], were up-regulated in the leaves of vAtCKX1 plants.
Phenylalanine is the primary substrate for the phenylpropanoid
pathway that gives rise to lignin, flavonoids, and anthocyanins.
Accordingly, the most up-regulated GO terms were GO:0009963
‘Positive regulation of flavonoid biosynthetic process’ and
GO0:0009718 ‘Anthocyanin-containing compound biosynthetic
process.” Enforced production of phenylalanine thus might serve
as a pool for the larger amount of flavonoids and anthocyanins in
transgenic leaves, where these compounds participate in protec-
tion mechanisms against various stresses. However, four of eight
genes encoding phenylalanine ammonia lyases, whose activity is
considered a key switch between the phenylpropanoid pathway
and primary aromatic amino acid metabolism [47], were signifi-
cantly down-regulated. Nevertheless, all four genes, MLOC_4684,
MLOC_62322, MLOC_79728 and MLOC_477, were found to be up-
regulated (by 3.6-, 3.0-, 2.7-, and 1.9-fold, respectively) in the roots
of vAtCKX1 plants [30]. Hence, and inasmuch as the aromatic
amino acid metabolism was not affected in vAtCKX1 transgenic
roots, surplus phenylalanine might be translocated from leaves to
roots, where it can supply enhanced lignin deposition.

The third most enriched process in vVAtCKX1 leaves was linked
to the activity of lipoxygenases, which enzymes participate in the
release of volatile compounds, including jasmonates (JAs), from
intracellular lipids [48]. These compounds are usually released
during plant defense against various pathogens. As the result is
based on two independent experiments in which two biological
replicates were sequenced and compared to the respective WT

plants, it is not very likely that the observed lipoxygenase activa-
tion was merely a response to an undetected biotic stressor. In
addition to plant defenses, JAs participate in several developmen-
tal processes such as trichome formation and leaf senescence [49].
Interestingly, JA-dependent formation of trichomes is accompa-
nied by production of such secondary compounds as flavonoids,
anthocyanins, and terpenoids [49,50]. Although there is not
enough evidence to indicate cross-talk between JAs and CKs, it
is predicted that their interaction might be antagonistic inasmuch
as JAs strongly inhibit the CK-induced callus growth [51]. Never-
theless, the interplay of both phytohormone groups probably
depends not only on the CK:JA ratio but also on other hormones
[52]. In total, 12 of 55 and 8 of 39 genes categorized as GO:0009753
‘Response to jasmonic acid’ and GO:0010026 ‘Trichome differen-
tiation,’ respectively, were found to be significantly upregulated in
the roots of two independent vAtCKX1 lines [30]. Hence, predicted
JA production in the upper part of transgenic plants might affect
mainly roots and their fine architecture. Volatile methyl JA can be
translocated as a rapid chemical signal from shoot to root and
function there as a gene expression inducer [53]. Nevertheless,
enforced JA production directly in roots is also feasible inasmuch
as GO:0016165 ‘Linoleate 13S-lipoxygenase activity’ is among
enriched terms in transgenic roots during revitalization (see be-
low).

Whole transcriptome response of vAtCKX1 plants during
revitalization after drought stress

In addition to optimal conditions, three other kinds of sequencing
libraries were generated from the upper part of vAtCKX1 and WT
plants cultivated in the shallow soil: the first from plants exposed
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WT vAtCKX1 cAtCKX1

WT vAtCKX1

FIGURE 2

Photographs of transgenic and wild-type (WT) barley plants cultivated in hydroponic system (left) or shallow soil (right). (a,d) optimally watered 4-week-old plants,
(b,e) plants suffering from severe drought stress, (c,f) regenerated plants 2 weeks after the application of drought stress.

to 4-day drought (Fig. 2e), the second from material 12 hours after
re-watering, and the third from leaves having undergone 14-day
revitalization (Fig. 2f). Unsurprisingly, only five genes were signif-
icantly altered (adjusted P-value < 0.05) between stressed trans-
genic and WT leaves, thereby indicating that transcriptomes of
both genotypes were strongly affected by the water deficit (Sup-
plemental Table S3, see Supplemental Table S2 in Ref [37]). Twelve
hours after re-watering, 10 and 9 genes were significantly up- and
down-regulated, respectively, between vAtCKX1 and WT leaves
(Supplemental Table S3). Additionally, 5 of these 19 genes were
not altered between the libraries made from optimally cultivated
versus stressed leaves of either transgenic or WT leaves. Two
putative F-box-like proteins (MLOC_75620, MLOC_43997), which
have been shown to play an essential role in multiple phytohor-
mone-signaling pathways [54], and one receptor-like protein kinase
(MLOC_17138) were detected among them. The protein
MLOC_17138 contains in addition to the kinase domain, a
pfam01657 domain associated with a role in salt stress response
and antifungal activity.

Transgenic plants overexpressing AtCKX1 exhibit better growth
parameters (e.g., biomass production and yield) when encounter-
ing drought stress [30]. To understand processes attributed to the
beneficial growth of vAtCKX1 plants, a comparative transcrip-
tomic analysis was carried out examining transgenic versus WT

leaves 2 weeks after revitalization from stress. Of the total 26,067
barley genes, 301 and 31 genes were significantly up- and down-
regulated, respectively, in revitalized vAtCKX1 leaves in contrast to
WT (Supplemental Table S3). The enriched GO terms in up-regu-
lated genes of vAtCKX1 are summarized in Table 3A.

Products of many genes up-regulated by vAtCKX1 participate as
structural proteins or enzymes of the photosynthetic apparatus.
Accordingly, the measured photosynthetic parameters of
transgenic plants were better in the early stage of revitalization
(Table 1), and chlorophyll content reached WT levels 2 weeks after
re-watering (Fig. 1b), as compared to plants of the same age grown
for their entire life span under optimal conditions. Interestingly,
the most activated genes comprised those encoded by the barley
chloroplast genome (indicated by the prefix EPIHVUG). In total,
14 of 112 translatable chloroplast genes were 2- to 3-fold up-
regulated with high significance (adjusted P-value < 0.05). Real-
time PCR was performed on six selected genes to confirm the
accuracy of the transcriptomic data (Supplemental Fig. S1). Chlor-
oplasts are a known target of CK action. Indeed, exogenously
applied CK is able directly to activate the expression of several
chloroplast-encoded genes in detached barley leaves which accu-
mulated also the stress hormone ABA [55]. Because it is not yet
clear whether CK acts directly on chloroplast transcription, we can
only speculate that the increase in chloroplast transcripts observed
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TABLE 2

The most affected gene ontology (GO) terms in the upper part of vVAtCKX1 plants cultivated hydroponically or in soil compared to wild-
type plants. Percentages are shown of differentially expressed genes (adjusted P-value < 0.05) at GO level 6 and higher from total
number of genes with the same GO number. MF, molecular function; BP, biological process. Genes affected in both culture conditions are
in bold. Genes in several GO terms are not listed because the term parsed to several other child terms

GO number  Category GO term Total # % of affected Accession of affected genes in format
genes MLOC_XXXXX
Hydrop. Soil
Up-regulated
GO:0004664 MF Prephenate dehydratase activity 4 50.0 25.0 23316, 65725, 56414
GO0:0008131 MF Primary amine oxidase activity 6 16.7 50.0 70980, 4986, 17390
G0:0016165 MF Linoleate 13S-lipoxygenase activity 16 313 18.8 64972, 54031, 55029, 71275, 51884, 69572
GO0:0005544 MF Calcium-dependent phospholipid binding 10 20.0 20.0 54932, 40592, 55134, 15770
G0:0004834 MF Tryptophan synthase activity 5 20.0 20.0 59863, 61188
G0:0009963 BP Positive regulation of flavonoid biosynthetic 9 11.1 222 81070, 54366, 19988
process
G0:0004034 MF Aldose 1-epimerase activity 7 143 143 5638
G0:0005337 MF Nucleoside transmembrane transporter activity 7 143 143 55464
GO0:0009718 BP Anthocyanin-containing compound biosynthetic 1 18.2 9.1 61512, 65788, 64248
process
G0:0009407 BP Toxin catabolic process 27 74 18.5 17760, 73593, 68101, 57709, 72489
G0:0047262 MF Polygalacturonate 4-a-galacturonosyltransferase 8 125 125 11661, 57229
activity
G0:0031418  MF L-Ascorbic acid binding 13 15.4 7.7 77814, 64248
G0:0004806 MF Triglyceride lipase activity 41 9.8 122 17298, 18031, 80878, 80586, 58940
G0:0006569 BP Tryptophan catabolic process 14 14.3 7.1 12847, 57323, 69262
G0:0015996 BP Chlorophyll catabolic process 33 33 15.2 80455, 34851, 55009, 21175, 64277
Down-regulated
G0:0008937 MF Ferredoxin-NAD(P) reductase activity 4 25.0 50.0 7761, 53537, 40355
G0:0010027 BP Thylakoid membrane organization 106 2.8 61.3 58382; not listed
GO0:0051667 BP Establishment of plastid localization 63 48 55.6 Not listed
GO0:0045548 MF Phenylalanine ammonia lyase activity 7 28.6 28.6 79728, 62322, 477, 4684
G0:0009658 BP Chloroplast organization 137 2.2 54.0 Not listed
G0:0019682 BP Glyceraldehyde-3-phosphate metabolic process 202 1.5 51.5 Not listed
G0:0006720 BP Isoprenoid metabolic process 237 13 46.0 Not listed
GO0:0010310 BP Regulation of hydrogen peroxide metabolic 15 6.7 26.7 33774, 1518, 15501, 65632, 1340
process
GO0:0030855 BP Epithelial cell differentiation 7 14.3 143 38181, 54366
GO:0016054 BP Organic acid catabolic process 153 39 14.4 Not listed
G0:0008544 BP Epidermis development 9 1.1 1.1 38181, 54366
GO:0009699 BP Phenylpropanoid biosynthetic process 22 9.1 9.1 4684, 477, 57736, 79728
G0:0070726 BP Cell wall assembly 1 9.1 9.1 52864, 67760
G0:0032870 BP Cellular response to hormone stimulus 205 8.8 5.7 Not listed
G0:0007166 BP Cell surface receptor signaling pathway 30 33 10.0 63541, 17680, 44275, 72162

in revitalized vAtCKX1 transgenic plants relays an accumulation of
CKin leaves upon water stress. Our hypothesis is supported by the
strong activation of endogenous IPT genes in vVAtCKX1 leaves at
several developmental time points as a consequence of CK deple-
tion [30]. Hence, increased local maxima of CKs, produced by IPT
activity localized in chloroplasts, might trigger similar machinery
as was described in CK-treated detached leaves to activate the
chloroplast genome. The analysis of endogenous CK content in
chloroplasts under these conditions would provide support for our
hypothesis. It is noteworthy that none of the chloroplast-encoded
genes were down-regulated in vAtCKX1 plants cultivated under
optimal conditions when as many nucleus-encoded genes partici-
pating in photosynthesis were down-regulated compared to those
in WT plants (Table 2). Nevertheless, eight chloroplast-encoded
genes were significantly up-regulated (Supplemental Fig. S1), in-
dicating that the phenomenon is linked rather to CK imbalance
than to activation by drought.

Among other interesting genes significantly up-regulated in
revitalized vAtCKX1 leaves were these coding for four putative aqua-
porins (MLOC_56278, MLOC_71237, MLOC_552, MLOC_22808),
which are channel proteins facilitating the transport of water
through plasma and intracellular membranes. The increased expres-
sion of several genes encoding barley aquaporins had already been
observed in plants exposed to salinity stress [56]. Those authors had
hypothesized that an increase in water channel activity would
facilitate maintenance or recovery of growth during or after the
stress period.

Two genes classified under the GO term ‘phenylpropanoid
catabolic process’ encode putative laccases — aromatic compoun-
d:oxygen oxidoreductase (Table 3A), which might participate in
lignin degradation or its polymerization. Nevertheless, in contrast
to root tissue, significantly altered lignin content in the upper part
of VAtCKX1 plants was not determined in comparison to that in
WT plants (Fig. 4a).
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TABLE 3A

The most enriched GO terms in up-regulated genes (adjusted P-value < 0.05) in the aerial part of vVAtCKX1 plants collected 2-weeks after
re-watering. Percentages are shown of differentially expressed genes at GO level 6 and higher from total number of genes with the same
GO number. MF, molecular function; BP, biological process; CC, cellular component.

GO number Category GO term Total # % of affected Accession of affected genes in format
genes MLOC_XXXXX or EPIHYUG000000XXXX
GO0:0016984 MF Ribulose-bisphosphate carboxylase activity 5 40.0 EPIHVUG00000010074, MLOC_21811
GO0:0009765 BP Photosynthesis, light harvesting 32 344 Not listed
G0:0030076 CcC Light-harvesting complex 8 25.0 EPIHVUG00000010021, MLOC_57061
G0:0009718 BP Anthocyanin-containing compound 10 20.0 MLOC_5324, 19814
=z biosynthetic process
a
g GO0:0016165 MF Linoleate 13S-lipoxygenase activity 16 18.8 MLOC 37378, 51884, 71948
% G0:0045259 CcC Proton-transporting ATP synthase complex 27 14.8 EPIHVUG00000010007, 10016, 10047,
s MLOC_26730
& G0:0009767 BP Photosynthetic electron transport chain 56 143 EPIHVUG00000010010, 10072, 10065,
10026, 10021, MLOC_52515, 22512, 39436
GO0:0046271 BP Phenylpropanoid catabolic process 20 10.0 MLOC_15203, 61189
GO0:0052716 MF Hydroquinone:oxygen oxidoreductase activity 20 10.0 MLOC_15203, 61189
GO0:0009579 CcCc Thylakoid 331 9.9 Not listed
GO0:0016597 MF Amino acid binding 31 9.7 MLOC_62844, 19879, 80634
G0:0004499 MF N,N-Dimethylaniline monooxygenase activity 22 9.1 MLOC_11897, 11896
G0:0009637 BP Response to blue light 48 8.3 MLOC_43394, 22512, 11312, 52515
G0:0055082 BP Cellular chemical homeostasis 47 6.4 MLOC_22808, 65878, 69460
GO0:0034754 BP Cellular hormone metabolic process 38 53 MLOC_6666, 73942

Furthermore, genes significantly affected between non-stressed
and revitalized leaves were evaluated separately for vAtCKX1 and
WT plants. Those from the transgenic plants that did not overlap
with WT plants were further compared with genes differentially
regulated between the two genotypes (i.e., the 301 up- and 31
down-regulated genes). Only seven up-regulated genes remained
as being not developmentally dependent but genotype dependent.
None of the down-regulated genes meet both criteria (Table 3B).
Two genes coding for putative enzymes of the flavonoid biosyn-
thesis pathway - chalcone isomerase and isoflavone 2’-hydroxy-
lase — were found to be up-regulated in vAtCKX1 plants. These two
genes combine with two other genes found to be up-regulated in
revitalized vAtCKX1 leaves and participating in the regulation of

TABLE 3B

flavonoid metabolism (chalcone isomerase: MLOC_5324; zinc-finger
(B-box) protein: MLOC_19814), indicating an enforced production
of isoflavonoids and anthocyanins. Recently, an unambiguous
positive effect of flavonoid and anthocyanin production in im-
proving tolerance to drought stress has been shown [57]. Due to
their antioxidative activity, the over-accumulation of flavonoids
mitigates the negative effect of reactive oxygen species released
under stress conditions. Peroxiredoxin (MLOC_74367) belongs to
a family of cysteine-dependent peroxidases which also participate
in detoxification of plant cells by scavenging reactive oxygen
species [58]. An orthologue of peroxiredoxin has been found
among another 25 over-accumulated proteins in wheat seedlings
of a cultivar that is drought-stress tolerant in comparison to a

Significantly up-regulated genes in vAtCKX1 leaves 2 weeks after re-watering (adjusted P-value < 0.05) which are not developmentally
dependent and also significantly up-regulated between revitalized and non-stressed leaves of vAtCKX1 genotype but not in wild-type
plants (adjusted P-value < 0.001); R2W, 2-week revitalization; NS, non-stressed

Gene number Gene annotation

Mean expression (R2W)

Fold change

VAtCKX1 (R2W) versus vAtCKX1 (R2W) versus

WT (R2W) VAtCKX1 (NS)
MLOC_8529 Nematode-resistance protein 1471 428 2.21
MLOC_14310 GDSL esterase/lipase 1163 2.51 262
MLOC_74636 tolB protein (WD40-like Beta Propeller) 185 2.38 3.60
MLOC_30661 Putative isoflavone 2'-hydroxylase 78 2.31 6.66
MLOC_70609 unknown protein located in chloroplast stroma 104 230 430
MLOC_74367 Peroxiredoxin (Thioredoxin-like fold) 2443 2.23 2.66
MLOC_80571 Chalcone isomerase 598 2.19 2.86
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drought-sensitive one [59]. MLOC_14310 belongs to a large family
of GDSL-type esterase/lipases with hydrolytic activity toward tria-
cylglycerols. Members of this family are involved in plant devel-
opment, morphogenesis, secondary metabolite synthesis, and
defense responses, and some members are activated by JAs. The
closest rice orthologue of MLOC_14310 (LOC_0Os01g46080) was
found to be activated by desiccation stress in rice leaves [60].
Moreover, pepper GDSL lipase caused higher susceptibility to
pathogens but increased tolerance to osmotic stress when over-
expressed in Arabidopsis [61].

Taken together, the differential expression study in vAtCKX1
and WT leaves before and after the stress period reveal several
genes whose increased expression initiated by the CK imbalance
may lead to better drought tolerance and/or faster growth after re-
watering.

Response of vVAtCKX1 and cAtCKX1 roots during stress and
revitalization

Due to the impossibility of collecting root tissues from soil without
causing mechanical stress, transcriptome of the root system was
studied from plants grown hydroponically. Twelve sequencing
libraries were generated from vAtCKX1, cAtCKX1, and WT roots
collected at two time points: during the severe drought stress
(Fig. 2b) and 2 weeks after revitalization (Fig. 2c). Similarly as in
the aerial part, stress induced a strong response at the transcrip-
tome level (see Supplemental Table S1 in Ref [37]). Between
transgenic plants and WT plants, only a few genes were deregu-
lated during the stress (Supplemental Table S4). Just seven genes
were significantly up-regulated in both vAtCKX1 and cAtCKX1
genotypes, including, for example, putative nicotianamine synthase
(MLOC_71596) and 4-coumarate CoA ligase (MLOC_18901) in-
volved in lignification. Fifty-seven genes were significantly
down-regulated. The most strongly down-regulated gene in both
lines was a putative F-box-like protein (MLOC_75620; 12.6- and 5.3-
fold), which was found also among the most strongly down-
regulated genes in the early and late phases of leaf revitalization.
The unambiguous and strong depletion of MLOC_75620 tran-
scripts in all transgenic samples indicates that this F-box protein
might play a crucial role in regulating responses in CKX-over-
expressing plants via cross-talk with other hormones. F-box pro-
teins represent one of the largest superfamilies in plants, that is,
involved in the process of ubiquitination and protein degradation.
To date, only a limited number of F-box proteins have been
functionally characterized. Most of them are involved in regulat-
ing hormone signaling pathways, where they degrade repressors or
activators of auxin, GA, ethylene, and JA response [54].

Analysis of differentially expressed genes in revitalized 6-week-
old roots (Supplemental Table S4) revealed that the gene encoding
one of the cytokinin receptors (HYHK3; MLOC_44452) was signifi-
cantly down-regulated in both transgenic genotypes (Fig. 3a,c).
The gene was also down-regulated in 6-week-old vAtCKX1 and
cAtCKX1 roots cultivated under optimal conditions (see Figure 3B
in Ref [30]), thus leading to the conclusion that cessation of CK
perception via HvHK3 is a developmental consequence rather
than a response to stress. The addition of one CKX gene to the
barley genome led to a hormonal imbalance which plants tend to
buffer by regulation of endogenous CKX and IPTs, which are CK
biosynthetic enzymes, in a very sensitive way [30]. Plant IPT genes

are generally very weakly expressed, and the enzyme’s activity is
regulated by farnesylation [62]. Significant up-regulation of two
abundant endogenous CKX enzymes — HvCKX4 and HvCKXS —
was observed in both independent experiments with 6-week-old
AtCKX1-overexpressing plants, while other HvCKXs were down-
regulated or unchanged in comparison to WT plants. Although it
is difficult to estimate the final CK homeostasis, one might expect
a local minimum in CK content that leads to cessation in HvHK3
transcription and CK perception through this receptor.

CK receptors belong to a small group of histidine kinases. The
Arabidopsis genome encompasses three real CK receptors binding
CKs (AHK2, AHK3, and AHK4/CRE1) and three others implicated
in CK transduction cascade and osmosensing without the ability
directly to bind CKs (AHK1, CKI1, and CKI2) [4]. In contrast to
other genes participating in CK signal transduction, phospho-
transfer proteins, and response regulators (RR, Fig. 3d), CK recep-
tors show lineage-specific expansion between dicot and monocot
species that implies their specific and evolutionarily old function
among all green plants [63]. Thus, in the barley genome, HvHK3 is
an orthologue of AHK3, while the orthologue of AHK2 is missing
and AHK4 has otherwise two duplicated orthologues (Fig. 3a). A
similar representation of CK receptors was found in rice [63].

Interestingly, Arabidopsis knock-outs of AHK3 and AHK2 or
double knock-out manifest strong drought-tolerance phenotype
[4]. This is the first direct evidence demonstrating that CKs might
be a negative regulator of the stress signaling pathway. Tran et al.
explained the phenomenon by the up-regulation of many stress
and ABA responsive genes in ahk2/ahk3 double knock-out already
under non-stress conditions. To check if the response of AtCKX1-
overexpressing barley was similar, we blasted the barley ortholo-
gous genes closest to these significantly up-regulated genes in the
Arabidopsis double knock-out (Supplemental Table S5). In total,
23 and 25 orthologues of the 40 genes presented in Tran et al. were
also significantly up-regulated in vAtCKX1 and cAtCKX1 transgen-
ic barley, respectively. Among them, we found several regulatory
genes implicated in responses to stress, such as MLOC_37104 (an
orthologue of ANAC055), NAC (no apical meristem) transcription
factor [64], and MLOC_71611 (an orthologue of AtMYC2). Over-
expression of both transcription factors in Arabidopsis led to
drought-tolerance and increased sensitivity to ABA [65]. Both
genes have been shown to be activated by JAs [66], the overpro-
duction of which is expected in the upper part of AtCKX1 trans-
genic plants. While it is interesting that both genes have relatively
strong expression in barley and are more abundant in roots than in
leaves, their action has been studied mainly in Arabidopsis leaves
[64,65]. Hence, drought tolerance mediated via these two tran-
scription factors might be universal for the entire plant body.
Recently, rice plants overexpressing OsNACY, the closest ortholo-
gue of MLOC_37104, under the control of a root-specific promoter
have been shown to be more drought tolerant during vegetative
development due to their enlarged root diameter and aerenchyma
formation [67].

Altered homeostasis of CKs in AtCKX1-overexpressing barley,
which influences root system architecture, might anticipate
changes in auxin levels, transport, and perception. There exist
several groups of auxin response genes in plant genomes that react
sensitively to auxin imbalance. Auxin early response genes are
divided into two categories — the Aux/IAA and SAUR (small auxin
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FIGURE 3

Cytokinin perception in vVAtCKX1 and cAtCKX1 plants. (a) Phylogenetic relationship of barley, rice, and Arabidopsis histidine kinases implicated in CK perception.
Expression relative to wild-type (WT) of all homologues found in the annotated barley genome are depicted in up- and down-regulation color code together with
their mean expression values. Real-time PCR analysis of three CK receptors in roots cultivated (b) under optimal conditions or (c) 2 weeks after re-watering
following the drought stress. (d) Phylogenetic relationship of all CK response regulators found in the barley genome and their Arabidopsis counterparts.
Expression relative to WT plants is shown in the color code. Unrooted trees were generated using ClustalW by neighbor-joining method. *Significant difference
between WT and transgenic tissue according to unpaired Student’s t-test at P < 0.05.

up RNA) - and all regulate plant physiology by modulating the
interaction with auxin response elements of other transcription
factors, such as a major group of auxin response factors (ARFs).
Auxin action is influenced by its polar transport that is mediated
by auxin efflux carriers (PINs). Its homeostasis is also regulated by
GH3 (Gretchen Hagen3) genes encoding mainly auxin-amino acid
synthetases that form from surplus auxin its inactive conjugates
[68]. AtCKX1/WT comparative data indicated that transgenic
roots contain elevated levels of auxin, inasmuch as 3 of 12 pre-
dicted and expressed PIN transporters and 3 of 7 GH3 genes were
significantly up-regulated in cAtCKX1 roots (Supplemental Table
$6). Analysis of vAtCKX1 roots showed a similar but slightly weaker
tendency.

Many of the 48 significantly down-regulated genes in Arabi-
dopsis ahk2/ahk3 double knock-out with higher stress tolerance are
auxin early responsive genes (SAUR and IAA/AUX). The dwarf
phenotype of ahk2/ahk3 plants was attributed to the observed
down-regulation of auxin response [4|. Because vAtCKX1 and

cAtCKX1 plants were not substantially affected in their aerial part
but had positively altered root system morphology, a different way
of auxin response might be expected. In contrast to ARF and GH3
genes, several SAUR and IAA/AUX genes exhibited lower expres-
sion in transgenic plants than in WT plants. Nevertheless, no
straightforward comparison can be made between the auxin re-
sponse of Arabidopsis ahk2/ahk3 mutant and AtCKX1-overexpres-
sing barley (Supplemental Tables S5 and S$6). Particularly
noteworthy was that two type-A AtRR genes were found among
the down-regulated genes of the ahk2/ahk3 mutant [4]. Two of
seven HVRR genes were significantly down-regulated in cAtCKX1
transgenic barley, thus implicating reduced CK sensing due to
decreased CK content and/or silenced HvHK3 receptor (Fig. 3d).
Taken together, the comparison of our transcriptomic data with
the previous work of Tran et al. [4] suggests that the general
mechanism of drought-stress tolerance relates in part to CK insen-
sitivity, which can be acquired by receptor knock-out or CKX
overexpression in all species across the plant kingdom.
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Up-regulation of genes in the phenylpropanoid biosynthesis
pathway leads to higher lignification of AtCKX1 transgenic roots
exposed to drought stress

Our pilot whole-transcriptome characterization of vAtCKX1 trans-
genic roots revealed strong up-regulation of many genes encoding
proteins involved in the phenylpropanoid biosynthesis pathway
[30]. Lignin content was quantified by the acetyl bromide method
in protein-free cell wall samples prepared separately from whole
root and leaf mass of hydroponically cultivated plants. Both
transgenic genotypes showed systematic increase in total lignin
content in roots from the 2nd week after germination (data not

shown). Approximately up to 20% higher lignin content was
determined in roots of transgenic compared to WT plants culti-
vated under optimal conditions 6 weeks after germination, while
lignin content in leaves was not significantly altered (Fig. 4a).
Analysis of lignin precursors in 4-week-old transgenic plants
showed that cAfCKX1 accumulated significantly greater amounts
of cinnamates and monolignols than did WT tissue (Fig. 4b). Four-
week-old roots of vAtCKX1 genotype contained a larger amount of
sinapyl alcohol, similarly as 2 weeks later, when grown under
optimal conditions. The exposure to drought stress and the fol-
lowing revitalization resulted in more pronounced accumulation
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aromatic amino acids
Phe Tyr Trp Phe Tyr Trp Phe Tyr Trp
VAtCKX1 1.15 1.13 1.38 1.02 0.95 0.82 1.35 1.38 1.25
CAtCKX1 1.36% 1.26* 1.68* n.d. n.d. n.d. 1.16 1.15 1.26
n.g. n.g. n.g. n.g. n.g. n.g. n.g. n.g. n.g.
benzoates
4-HBA Sallicylic Vanillic 4-HBA Sallicylic Vanillic 4-HBA Sallicylic Vanillic
VAtCKX1 0.88 nd. 0.88 0.90 0.77 0.87 1.23* n.d. 1.21
cAtCKX1 1.25% nd. 1.21 nd. nd. nd. 1.00 nd. 1.10
[ng/g of FW] 54546 23424855 558+49 754+19.7 78672 527+7.0 159.7 £42.7
cinnamates
Coumaric Ferulic Caffeic Coumaric Ferulic Caffeic Coumaric Ferulic Caffeic
VAtCKX1 0.94 1.07 1.05 1.55 1.32* 1.60 1.67* 1.00 1.53%
cAtCKX1 1.59*% 1.53* 1.91%* n.d. n.d. n.d. 1.11 0.92 1.63*
[ng/g of FW] 74.1 +16.0 51.6 +18.6 3.63+0.10 596+144 413+42 9281207 400.3+99.761.4+10.7 4.05+0.11
monolignols
CoOH FOH SiOH CoOH FOH SiOH CoOH FOH SiOH
VAtCKX1 0.90 1.03 1.86* 1.16 1.10 2.05* 2.31* 1.22 1.80*
CAtCKX1 2.54* 1.54* 1.64" n.d. nd. n.d. 3.08* 1.49% 1.78*
[ng/g of FW] 1.82+0.27 0.48+0.15 1.72+0.09 410+1.11 0.85+0.20 2.20 + 0.41 1.81+0.21 0.19+0.05 2.04 £ 0.42

FIGURE 4

Lignin content and intermediates of the phenylpropanoid pathway in vAtCKXT and cAtCKX1 transgenic barley. (a) Total lignin content of hydroponically cultivated
plants under optimal conditions (6th week) and during 2-week revitalization (6th week); each value represents the mean of four biological replicates. (b)
Quantification of aromatic amino acids, phenylpropanoid intermediates, and benzoic acids in roots of hydroponically cultivated plants (each in three biological
replicates) collected during 4th and 6th weeks of growth under optimal conditions and 2nd week of revitalization after drought stress; n.g., not quantified due to
lack of internal standard; n.d., not determined; Phe, phenylalanine; Tyr, tyrosine; Trp, tryptophan; 4-HBA, 4-hydroxybenzoic acid; CoOH, coumaryl alcohol; FOH,
coniferyl alcohol; SiOH, sinapyl alcohol; *significant difference between WT and transgenic tissue according to unpaired Student’s t-test at P < 0.05. (c) Real-time
PCR analysis of four selected genes encoding enzymes involved in the phenylpropanoid pathway in transgenic barley roots 2 weeks after re-watering following
the drought stress; MLOC_29114, cinnamoyl-CoA reductase; MLOC_4684, phenylalanine ammonia lyase; MLOC_58764, 4-coumarate:CoA ligase; MLOC_69871,
cinnamate 4-hydroxylase.
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of all quantified intermediates of the phenylpropanoid pathway
(Fig. 4b) as well as in higher lignin content of the root cell wall
fraction in both transgenic genotypes compared to WT plants.
However, lignification in transgenic roots having passed through
severe stress was not greater than in the transgenic roots cultivated
under optimal conditions (Fig. 4a). Measurement confirmed that
decreased CK sensitivity has a positive impact on root lignification

TABLE 4

but that the effect is not augmented by exposure to stress, even
though more precursors are formed. Thus, the inability to produce
more lignin after revitalization from stress may consist in limiting
of specific peroxidases participating in monolignol polymeriza-
tion. The most enriched GO terms in revitalized roots of both
transgenic genotypes nicely corresponded to the observed in-
creased amount of phenylpropanoid pathway intermediates and

The most affected gene ontology (GO) terms in the roots of vAtCKX1 and cAtCKX1 plants cultivated hydroponically 2 weeks after re-
watering compared to wild-type plants. Percentages are shown of differentially expressed genes (adjusted P-value < 0.05) at GO level 6
and higher from total number of genes with the same GO number. MF, molecular function; BP, biological process. Genes affected in both
genotypes are in bold. Genes in several GO terms are not listed because the term parsed to several other child terms

GO number Category GO term Total # % of affected genes Accession of affected genes in format
MLOC_XXXXX
VAtCKX1  cAtCKX1
Up-regulated
G0:0008792  MF Arginine decarboxylase activity 2 100.0 100.0 58866, 39205
GO:0047987 MF Hydroperoxide dehydratase activity 2 100.0 100.0 8106, 21933
GO0:0004664 MF Prephenate dehydratase activity 4 75.0 100.0 23316, 65725, 56414, 60716
GO:0009916 MF Alternative oxidase activity 4 75.0 50.0 34173, 82029, 53632
G0:0045548 MF Phenylalanine ammonia lyase activity 7 714 714 79728, 62322, 4684, 19798, 67067
GO0:0003979  MF UDP-glucose 6-dehydrogenase activity 3 66.7 100.0 5287, 70967, 63077
G0:0005345 MF Purine nucleobase transmembrane 3 66.7 66.7 66246, 32910
transporter activity
G0:0004470  MF Malic enzyme activity 6 50.0 833 11548, 75667, 35785, 64502, 51144
GO:0009805 BP Coumarin biosynthetic process 9 55.6 55.6 66898, 20110, 17364, 19988, 52497
G0:0009699  BP Phenylpropanoid biosynthetic process 26 53.9 46.2 Not listed
GO:0016165  MF Linoleate 13S-lipoxygenase activity 16 50.0 56.3 Not listed
G0:0052542 BP Defense response by callose deposition 10 50.0 50.0 57937, 51297, 42826, 17648, 59580
G0:0006986  BP Response to unfolded protein 25 40.0 40.0 Not listed
G0:0035967  BP Cellular response to topologically incorrect 25 40.0 40.0 Not listed
protein
GO0:0042538 BP Hyperosmotic salinity response 10 40.0 40.0 69262, 52084, 42826, 2170
G0:0004348 MF Glucosylceramidase activity 5 40.0 40.0 398, 53162, 13522
G0:0010942 BP Positive regulation of cell death 5 40.0 40.0 12681, 75133
G0:0003885  MF o-Arabinono-1,4-lactone oxidase activity 9 333 44.4 31769, 34835, 68610, 59091
GO0:0003978 MF UDP-glucose 4-epimerase activity 6 333 333 70713, 10406
GO0:0015020 MF Glucuronosyltransferase activity 12 25.0 41.7 4722, 54026, 65730, 8254, 56928
Down-regulated
GO:0004650 MF Polygalacturonase activity 32 219 125 6444, 4738, 68357, 67885, 51158, 53562, 75889,
13213, 72199
GO:0001666  BP Response to hypoxia 13 7.7 23.1 36714, 1340, 65221
G0:0042886  BP Amide transport 28 36 25.0 22335, 59508, 20029, 71333, 10510, 56891, 58935
G0:0009735 BP Response to cytokinin 13 77 15.4 23250, 58762
GO0:0008375 MF Acetylglucosaminyltransferase activity 36 2.8 194 38958, 37085, 65593, 74430, 5087, 63430, 60533
G0:0016307 MF Phosphatidylinositol phosphate kinase 18 5.6 16.7 81640, 62872, 5875
activity
GO0:0008509  MF Anion transmembrane transporter activity 104 4.8 16.4 Not listed
GO:0042594 BP Response to starvation 44 6.8 13.6 56127, 7416, 44452, 16652, 4685, 57969
GO:0005667 CC Transcription factor complex 30 33 16.7 76757, 67781, 7755, 36554, 62730
GO0:0045786 BP Negative regulation of cell cycle 25 8.0 12.0 57670, 65158, 62665
GO:0031669 BP Cellular response to nutrient levels 45 6.7 133 56127, 7416, 44452, 16652, 4685, 57969
G0:0042559 BP Pteridine-containing compound biosynthetic 15 6.7 133 74131, 10075
process
GO:0008643 BP Carbohydrate transport 41 49 14.6 65088, 13612, 17903, 280, 63767, 67524, 10342,
59161
GO0:0019901 MF Protein kinase binding 36 56 139 46471, 57670, 66940, 51179
G0:0010565 BP Regulation of cellular ketone metabolic 16 6.3 12.5 36714, 14398
process
GO:0004672 MF Protein kinase activity 1099 43 14.5 Not listed
GO0:0000272 BP Polysaccharide catabolic process 43 7.0 11.6 40915, 54306, 59047, 49756, 4022
GO0:0009751 BP Response to salicylic acid 54 5.6 13.0 21464, 1340, 36714, 14398, 43518, 71936, 10787
G0:0003950 MF NAD+ ADP-ribosyltransferase activity 1 9.1 9.1 66554, 72444
G0:0009723 BP Response to ethylene 35 8.6 8.6 44452, 53881, 64636
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stronger lignification. Indeed, about half of the genes assigned as
participating in the phenylpropanoid pathway were significantly
up-regulated, as were 5 of 7 genes encoding phenylalanine ammo-
nia lyases and all four genes encoding prephenate dehydratase.
The up-regulation of the four selected genes was confirmed by real-
time PCR (Fig. 4c). Lignin synthesis depends on precursors the
same as those for benzoic acids. The levels of the three most
abundant benzoic acids were reduced in the vAtCKX1 roots culti-
vated under optimal conditions (Fig. 4b). Hence, a metabolic
switch between lignin and benzoic acid production seems to be
a downstream process of reduced CK status. Nevertheless, a more
precise analysis of all possible products needs to be conducted in
the future to elucidate all consequences of the observed dramatic
regulation of genes involved in the phenylpropanoid pathway.

Among other up-regulated processes, we could identify also
hydroperoxide dehydratase and linoleate 13S-lipoxygenase activ-
ity, which may stimulate the production of JAs or other volatile
compounds, the biosynthesis of coumarin, and the response to
hyperosmotic salinity (Table 4).

Conclusions

Here, we presented one of the first whole-transcriptome studies
done on barley plants. Although a rough draft of the barley
genome has been available for several years [69], its precise anno-
tation and the classification of predicted genes into GO categories
are still incomplete and in some aspects unsatisfying. For instance,
the GO term ‘response to cytokinin’ counts only 13 putative
genes and none of the type A-RR are included. Nevertheless, the
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FIGURE 5

Conceptual diagram of main physiological responses in transgenic barley overexpressing CKX gene under the control of mild root-specific promotor (a) under
optimal conditions or (b) during revitalization after drought stress. Predicted key regulatory genes are listed.
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challenging RNA-seq method enabled us to comprehensively
inspect all processes occurring in plant tissue with CK imbalance
and suggest a new context especially toward other phytohor-
mones. In addition to the fact that the described transgenic
plants showed better drought avoidance due to modified root
morphology, probably as a consequence of an altered cytokinin-
to-auxin ratio, partial CK insensitivity due to down-regulation of
HvVHK3 receptor expression influenced also other physiological
processes leading to drought tolerance (Fig. 5). Up-regulation of
four aquaporin genes might have contributed to the fact that all
transgenic genotypes were able to increase water potential faster
than were WT plants. The process of leaf revitalization is accom-
panied by up-regulation of genes implicated in photosynthesis,
and especially those encoded by the chloroplast genome. This
aspect leads to faster regeneration of transgenic plants that is
observed as higher biomass accumulation. Altered CK status
noticeably accelerates secondary metabolism derived from phe-
nylalanine and leads to accumulation of intermediates of the
phenylpropanoid pathway in the roots. In this manner, more
lignin is deposited in the root tissue and formation of such other
compounds as anthocyanins and flavonoids can be expected.
The comparative transcriptomic analyses disclosed several
genes that might play a crucial role in the drought-tolerant
phenotype of AtCKX1-overexpressing barley plants. In addition
to two transcription factors of the MYB and NAC families
shown to increase sensitivity to ABA, the expression of a
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ed in all transgenic tissues. This protein might be involved in
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mone transduction pathways and thus mediate cross-talk of
CKs with auxins, GAs, or JAs. Enforced production of JAs or
other volatile compounds might be another process attributed
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conclusion, introduction of one CK-degradation enzyme into
the barley genome under the control of a mild promoter resulted
in a CK-insensitive phenotype that activates processes enabling
plants to regenerate better after a water deficit (Fig. 5).
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Down-regulation of catalase activity contributes to senescence induction in
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Abstract

In shaded wheat (Triticum aestivum L.) leaves, the suppression of blue radiation (BR) triggers senescence. This
phenomenon is correlated to an increase in oxidative stress symptoms and a decrease of catalase (CAT) activity, among
other traits. Previous data suggest that the radiation signal transduction pathway may involve changes in Ca*" and H,0,
homeostasis. For better a understanding of the interaction among the spectral composition of radiation, Ca>" availability,
and the antioxidant metabolism in the regulation of shade-induced senescence, detached wheat leaves were placed in a
growth chamber and exposed to either blue (B, high BR transmittance) and/or green (G, very low BR transmittance)
Lee" filters in the absence or presence of 0.8 mM verapamil (a Ca®" channels blocker), 4.0 mM EGTA (a Ca” chelator),
or 8.0 mM 3-amino-1,2,4-triazole (a CAT inhibitor). At defined time points, the leaf samples were analyzed for changes
in chlorophyll content, specific activities of CAT, ascorbate peroxidase (APX), and guaiacol peroxidase (POX), CAT
isozymes, and gene expression of CAT1, CAT2, and two senescence markers (7aSAGI and TaSAG3). BR transmittance
decreased the chlorophyll degradation rate and SAG genes expression either in leaves continuously exposed under the B
filter, as well as in leaves previously exposed under the G filter. The effect of BR was associated with the maintenance
of a high CAT (but not APX and POX) activity, and it was suppressed either in the presence of
3-AT or when Ca®" availability was decreased. BR altered the CAT activity both at the transcriptional and at the post-
transcriptional level. Nevertheless, different responses of CAT isozymes and CAT genes expression profiles to specific
treatment combinations indicate that they differed in their regulatory pathways.

Additional key words: antioxidatnts, blue radiation, calcium, gene expression, Triticum aestivum

Introduction

Senescence is a physiological process during which
leaves experience major changes in their morphology and
metabolism (Gepstein 2004, Keskitalo et al. 2005, Lim
et al. 2007, Love et al. 2008). Even though it is a
genetically controlled process, many exogenous factors
can prompt it. Leaves beneath a dense canopy experience
a marked reduction of the photon flux density (PFD) as
well as of the red (660 nm) and blue (400 - 450 nm)

wavelengths due to chlorophyll and other pigments
absorption, and it has been shown that changes in either
PFD or spectral composition can induce leaf senescence
in an independent way (reviewed in Causin and Barneix
2007). Although a decrease in the red to far red ratio was
shown to trigger leaf senescence in different
dicotyledoneous species (Guiamét ef al. 1989, Rouseaux
et al. 1996, 1997, Yang et al. 2012), we have recently
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demonstrated that in leaves of wheat, chlorophyll and
soluble protein degradation rates under shade conditions
are only slightly affected by changes in the red to far red
ratio, but they significantly increase when blue
wavelengths are suppressed (Causin et al. 2006, Causin
and Barneix 2007, Causin et al. 2009, see also Fig. 1
Suppl.). Among other factors, the development of
senescence symptoms is correlated with changes in the
content of H,O, and other indicators of oxidative stress,
or with a decrease of catalase (CAT, EC 1.11.1.6)
activity. These results led us to hypothesize that in wheat
leaves, blue radiation (BR) suppression would act as a
stress signal that initiates senescence, and that oxidative
processes are an important component of this
phenomenon. Even though the pathway of the BR signal
perception and transduction remains to be elucidated,
previous work suggested that changes in Ca”availability
associated to BR signaling pathways are involved in the
regulation of this process (Causin et al. 2006).

Plants possess both enzymatic and non-enzymatic
systems to counteract oxidative stress and among them,
the CAT activity plays a central role in stress defense
(Willekens et al. 1997). Plant CATs are heme-containing
enzymes usually present in multiple isoforms. In
Angiosperms studied so far, CATs are encoded by a
small family of genes showing complex spatial and
temporal patterns of expression (Luna et al. 2004,
Smykowski ef al. 2010, Mhamdi et al. 2012). The active
enzyme is believed to be a homo- or hetero-tetramer
made up of four subunits of about 60 kDa each. An
adequate CAT activity is essential for the removal of
H,0, produced by photorespiration (Noctor et al. 2000),
but also appears to be critical for maintaining the redox

Materials and methods

Plant growth and experiments: Wheat (7riticum
aestivum L., cv. INTA Oasis) caryopses were surface
sterilized in 10 % (v/v) H,O, for 12 min, germinated on
wet tissue paper, after 24 h transplanted to plastic pots
containing a mixture of sand : Agrolite : Vermiculite
(2:1:1), and grown in a greenhouse at a natural (12 - 13 h
depending on the time of the year) photoperiod. Pots
were periodically irrigated with tap water and, after a
week, fertilized as indicated in Causin et al. (2006). To
study the effect of radiation spectral quality on leaf
senescence under shading conditions, four fully expanded
leaf blades (usually the third ones) of 26-d-old plants
were excised and incubated for different times in plastic
boxes (3 - 4 independent replicates per treatment
conditions) whose lids were covered with Lee Filters
(Andover, UK), green #089 (which simulates the
transmittance spectrum of a green leaf) or blue #075,
hereafter referred as treatment G or B, respectively.
These filters were chosen because, even though they
differed in the percent transmission of blue wavelengths,

CATALASE ACTIVITY AND SENESCENCE

balance in the cell and for the prevention of oxidative
damage under different stress conditions (Willekens e al.
1997, Orendi et al. 2001, Prochizkova et al. 2001, Luna
et al. 2004, Vandenabeele et al. 2004, Azpillicueta et al.
2008, Pena et al 2011). The presence of a
Ca*'/calmodulin binding motif as well as an antioxidant
responsive element (ARE) in the promoter of plant CAT
genes probably underlies this important protective role
(Polidoros and Scandalios 1999, Yang and Poovaiah
2002). In wheat, two CAT isoforms account for most of
the enzyme activity present in the leaves, and two genes
(CATI and CAT2) have been demonstrated to encode
CAT subunits (Luna et al. 2004, Yang et al. 2006). In
wheat leaves, the expression of both genes is modulated
by PFD, and the CATI expression shows characteristics
of circadian control (Luna et al. 2004). CATs are mostly
PFD-sensitive. At moderate to high PFD, the prosthetic
heme sensitizes their inactivation by BR in the presence
of O, (Shang and Feierabend 1999). However, in rye
leaves, BR was shown to be most effective in activating
CATI mRNA expression (Schmidt et al. 2006), which
indicates that changes in both PFD and spectral
composition may exert complex effects on the activity of
CAT isozymes. To our knowledge, no information is
available on how changes in spectral composition affect
the activity and gene expression of CAT isoforms during
shade induced senescence.

In the present work we studied the effect of changes
in PFD and spectral composition on CAT activity and
CAT genes expression profiles in wheat leaves exposed to
a shading stress and analyzed the role of Ca" ions as well
as CAT suppression in the regulation of the senescence
rate.

they decreased the photosynthetically active photon flux
density (PPFD) to a similar extent and supplied a similar
proportion of red (R = 660 nm) to far-red (FR = 730 nm)
radiation (Causin et al. 2006, Fig. 1 Suppl. ). Where
indicated, boxes without added filters were used as non-
shaded controls (Ctr). The incubations were performed in
a chamber supplied with an equal number of white
(Sylvania F27W T8/LD/54) and blue + red radiation
(Sylvania Grolux F30W T12) fluorescent tubes (an 18-h
photoperiod), at day/night temperatures of 26 + 2/17 + 2 °C,
and a relative humidity of 60/70 %. Average values for
PFD were 192 + 3 (non-shaded Ctr), 38 + 2 (treatment
G), and 37 £+ 3 (treatment B) pmol m? s'. The
measurements of PFD were performed with a LI-/90
quantum sensor (L/-COR, Lincoln, NE, USA) attached to
a CAVA-RAD data logger (Cavadevices, Argentine).
Depending on the experiment, the excised leaves were
incubated on distilled water or on aqueous solutions
containing either 4.0 mM ethyleneglycol-bis-(3-amino-
ethylether)-N,N,N’ N’-tetraacetic acid (EGTA; an
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apoplastic Ca®‘chelator), 0.8 mM verapamil (a Ca*"
channels blocker), or 8.0 mM 3-amino-1,2,4 triazole
(3-AT; a CAT inhibitor) which were added from
appropriate stock solutions at specified time intervals.
The solutions were supplied with 5 mm® dm™ Tween 20
to increase tissue contact with the medium. Leaves were
sampled at different time intervals, briefly rinsed in
distilled water, blotted dry and immediately ground with
liquid N,. Tissue samples were kept at -70 °C for the
further analysis. When indicated, the same procedure was
performed with samples of leaves detached prior to
beginning radiation treatments (T,). All the experiments
were repeated at least twice. Whenever possible, data
from different experiments were averaged, otherwise data
from one representative experiment are presented.

Chlorophyll content and enzyme activities: Chloro-
phyll a+b content was measured either in N,N-dimethyl-
formamide extracts (10 mg of leaf fresh mass per 4 cm’)
according to Porra (2002) or with a SPAD Chlorophyll
Meter 502 (Konica Minolta, Tokyo, Japan), depending on
the experiment. On average, eight measurements per leaf
blade and three to five leaves were measured per
treatment.

Catalase, ascorbate peroxidase (APX, EC 1.11.1.11),
and guaiacol peroxidase (POX, EC 1.11.1.7) activities
were assayed in crude homogenates obtained by grinding
a 0.1 g leaf sample with 1.2 cm® of an extraction buffer
[50 mM potassium phosphate, pH 7.6, containing 1.0 mM
ethylenediaminetetraacetic acid (disodium salt), 1.0 mM
ascorbic acid, 1.0 mM dithiotreitol, 0.5 mM phenyl-
methylsulfonyl fluoride, and 0.15 % (v/v) Triton X100] in
the presence of 20 - 25 mg polyvinylpolypyrrolidone. The
homogenates were centrifuged (18 000 g, 25 min), the
supernatants collected and centrifuged for a second time
(19500 g, 10 min) prior to enzyme assays. All proce-
dures were performed at 4 °C. Reaction buffers were
either 50 mM potassium phosphate, pH 7.0 (for CAT and
APX assays) or 150 mM potassium phosphate, pH 6.1
(for POX assay). CAT activity was measured according
to Aebi (1984). For calculations, the slope of the initial
(20 s) decrease in absorbance due to H,O, consumption
was taken into account. One unit was the amount of
enzyme that decomposed 1 pmol of H,O, per min in 1
cm’ of reaction mixture at pH 7.0 and 25 °C. APX and
POX activities were assayed following the procedures
described in Prochazkova et al. (2001). CAT isozymes
were separated on 9 % (m/v) non-denaturating
polyacrylamide gels (15 pg of protein from crude extracts
per lane ), at 4 °C (3 h, 150 V). After electrophoresis,
CAT isoforms were visualized according to Woodbury
et al. (1971). Densitometric analysis of zymograms was
performed on scanned images of the gels using the Image
J free software (Image J 1.47v. NIH, Bethesda, USA) and
their content was expressed as relative units. Protein
content in the crude extracts was determined with the
method of Bradford (1976).
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Analysis of CATI and CAT2 expression by RT-PCR:
Total RNA was isolated from 100 mg of frozen,
powdered leaves by the addition of 1 cm® of a TRIzol®
reagent according to the manufacturer’'s protocol
(Molecular Research Center Inc., Cincinnati, USA).
RNA content was determined using NanoDrop 2000
(Thermo Scientific, Whaltham, USA). RNA (1 ug) was
treated with DNase I (Promega, Madison, USA) and then
converted to cDNA with oligo-dT 15 (Invitrogen,
Carlsbad, USA) using Revertdid TM M-MuLV reverse
transcriptase (Invitrogen). The primers and accession
numbers (GeneBank ID) used were: wheat CATI
(E16461) F 5-ACTACGACGGGCTCATG-3' and
R 5-GCCCTGAAGCAGATTTCT-3', wheat CAT2
(X94352), F 5-CCTTAATCAGCAGGGATG-3' and
R 5-AGATAGAACACGCGGAG -3'. PCR conditions
were: 5 mm’ of cDNA diluted 1/40 per reaction, and
annealing at 95 °C for 3 min, 35 cycles of 95 °C for 30 s,
52 °C for 30 s, 72 °C for 40 s, and a final extension at
72 °C for 10 min. PCR reactions were performed using a
programmable Thermocycler T 18 (Ivema, Buenos Aires,
Argentina). The PCR-amplified products were fractio-
nated by electrophoresis on a 1.5 % (m/v) agarose gel and
stained with ethidium bromide. Fragments of wheat actin
and rubulin genes were amplified as internal standards.
The primers and accession numbers used were: actin
(AB181991) F 5’-GGATCGGTGGCTCTATTT TG-3'
and R 5’-TGTACCCCTTATTCCTCTGAGG-3', tubulin
(Tubb5, U76896) F 5'-TTCCTGCACTGG TACACGGG-
3' and R 5'-AGCCATCAGAAATAGCC CCG-3'. Gels
were photographed with a digital imaging system
(FOTODYNE, Hartland, USA) and analyzed with a Gel-
Pro analyzer (Exon-Intron, Loganville, USA). Each
expression profile presented is representative of at least
three biological replicates.

Analysis of TaSAG genes expression by real-time
quantitative (RT-qPCR): Two leaf senescence-
associated gene homologs were used as developmental
markers (Kajimura er al. 2010). Reverse transcription
reactions were performed using 2 pg of purified total
RNA (see above) and using oligo-dT according to the
M-MLV reverse transcriptase protocol (Life Techno-
logies, Carlsbad, USA). RT-qPCR reactions were
performed using an Eppendorf Master cycler Realplex
machine. The primers and accession numbers used were:
TaSAGI1 (CJ637025) F 5'-GTTGCCATTGAAGCGTTG-
3'and R 5-CACTCC TGTCCGAATATAGC-3', TaSAG3
(CJ683824) F 5-TATACAGCAGTAGATTCCAAGAG-
3' and R 5'-CACGCCATAGAAGAACACC-3'. The
reaction mixture contained 5 mm> of ¢cDNA diluted 1/30,
20 uM specific primers, 0.75 U of Tag DNA polymerase
(Life Technologies), 3 mM MgCl,, 10 mM dNTP,
0.025 mm’® of SYBR Green (Roche, Mannheim, Germany)
in a final volume of 25 mm®. Wheat Btubulin (Tubb2,
U76745) was used as internal standard with the following
primers sequences: F 5-CAATGTCAAGTCCAGCG



TCT-3' and R 5-AGGTCGTTCATGTTGCTCTC-3'
PCR conditions were: 95 °C for 2 min, 40 cycles of 95 °C
for 15 s, 68 °C for 35 s, 95 °C for 15 s, 60 °C for 15 s, and
95 °C for 15 s. We completed each run with a melting
curve to confirm the specificity of amplification.

Statistical analyses: Within each experiment, data from
each sampling were analyzed separately with
conventional one-way or two-way ANOVA (Statistica,

Results

A high BR transmission in the shading treatments
consistently decreased the senescence rate of excised
leaves, although the efficiency was higher in treatments
with a longer exposure to the B filter (Fig. 14, compare
treatments B, GBj;), and GBs4). In all cases, the
senescence retardant effect of BR was accompanied by
the maintenance of a higher CAT activity than in the
treatment G (Fig. 1B).

To further analyze the role of CAT activity as well as
the influence of Ca®" ions on this process, an experiment
was conducted where leaves firstly exposed under the
G filter for 52 h were then exposed under the filter B in
the absence (treatment GB) or presence of the CAT
inhibitor 3-AT (treatment GBs;ar), the Ca®" chelator
EGTA (treatment GBggra), or the Ca®" channel blocker
verapamil (treatment GByp). Leaves continuously
exposed to filter B or G were used as controls. The
senescence retardant effect of BR was consistently
suppressed when leaves were exposed to GBar, GBggra,
or GByp (Fig. 24). The analysis of CAT activity
confirmed that BR is an important cue for its stimulation
(compare treatments B, G, and GB in Fig. 2B). As for
chlorophyll degradation, the presence of either 3-AT or
EGTA (but not verapamil) markedly inhibited the CAT
stimulatory effect of BR (Fig. 2B). The fact that only a
minor effect was exerted by verapamil (Fig. 2B, the
treatment GB,,) suggests that this Ca®" channel blocker
could alter the senescence rate by interfering with
BR-regulated processes other than CAT activity. The
activities of APX and POX increased with time in all the
experimental conditions (Fig. 2C,D). Nevertheless, as
opposed to CAT, the activitiesy of these peroxidases were
either not stimulated (POX), or rather inhibited (APX) by
BR. Moreover, after 80 h, the activity of APX and, to a
lesser extent, POX was up-regulated in those conditions
where the senescence rate decreased with respect to the
treatment B (Fig. 2C,D, the treatments G, GBjar,
GBEGTA, and GBVP).

The expressions of TaSAGI and TaSAG3 slightly
increased with time in the treatment B, but they were
significantly higher than at T, in leaves exposed under the
G filter for 52 and 80 h (Fig. 3). At 80 h, the expressions
of both genes were down-regulated to almost initial levels
in the treatment GB indicating that BR not only

CATALASE ACTIVITY AND SENESCENCE

Stat  Soft Inc., Tulsa, USA), depending on the
experimental design. The model included radiation
treatment and, where appropriate, pharmacological
treatments as fixed factors. When necessary, data were
log transformed to meet ANOVA assumptions. Post-hoc
comparisons for significant main effects or interaction
terms were performed using the Tukey HSD test. A given
effect was assumed significant at P < 0.05, unless
otherwise stated.

prevented chlorophyll degradation, but acted as overall
senescence retardant signal when supplied to the shade
stressed leaves. As for chlorophyll degradation, the effect
of BR on 7aSAG genes expression was also consistently
suppressed when either the Ca®" availability or CAT
activity was negatively affected (Fig. 3, the treatments
GBsar, GBggra, and GByyp).

In order to better understand the role of radiation
spectral composition in the regulation of CAT activity,
we performed CAT zymograms, and analyzed CATI and
CAT?2 expression profiles. Native PAGE of crude extracts
revealed the presence of two CAT isoforms, although

CHLOROPHYLL [mg g'1(f. m.)]

CAT [U mg! (protein)]

04

0 24 48 72
TIME [h]

Fig. 1. The chlorophyll content (4) and CAT specific activity
(B) in excised wheat leaves floated on distilled water and
exposed to white radiation (control, Ctr) or shaded under the
green (G) or blue (B) filter. A set of leaves from the treatment G
were changed to the B after either 30 h (treatment GB;() or 54 h
(treatment GBs,4). Data are means + SD (n = 4).
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CAT2 was the prominent enzyme (Fig. 4). Even though  the densitometric measurements indicate that the minor
the activity of both the isoforms declined when BR was  isoform, CAT1, was more sensitive than CAT2 (Fig. 4).
suppressed, or in the presence of either 3-AT or EGTA, As for the total CAT activity, verapamil did not
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Fig. 2. The chlorophyll content (4), CAT specific activity (B), POX specific activity (C), and APX specific activity (D), in excised
wheat leaves exposed under the G filter and after 52 h under the B filter in the absence (treatment GB) or presence of 8.0 mM 3-AT
(treatment GB3a1), 4.0 mM EGTA (treatment GBggra), or 0.8 mM verapamil (treatment GByp). Leaves continuously exposed to the
filter B or G without pharmacological treatments were used as controls. Means + SD (n = 4).
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Fig. 3. Relative abundances of 7aSAGI and TaSAG3 transcripts at 0, 24, 52, and 80 h in excised wheat leaves exposed under the

G filter and after 52 h under the B filter in the absence (treatment GB), or presence of 8.0 mM 3-AT (treatment GB347), 4.0 mM

EGTA (treatment GBggra), or 0.8 mM verapamil (treatment GByp). Leaves continuously exposed to the filter B or G without

pharmacological treatments were used as controls. Data were normalized considering the expression at To = 1. Means = SD (n = 3).
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Fig. 4. Activities of CAT isoforms at 0, 24, 52, and 80 h in excised wheat leaves exposed under the

G filter and after 52 h under the B filter in the absence (treatment GB), or presence of 8.0 mM 3-AT (treatment GB3,7), 4.0 mM
EGTA (treatment GBggra), or 0.8 mM verapamil (treatment GByp). Leaves continuously exposed to the filter B or G without
pharmacological treatments were used as controls. Values from the densitometric analysis represent means = SD (n = 3). Data were
normalized considering density units at To = 100 %. Note that the picture was inverted (“negative image”) to better visualize CAT I
bands.
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Fig. 5. Relative abundances of CATI and CAT?2 transcripts at 0, 24, 52, and 80 h in excised wheat leaves exposed under the
G filter and after 52 h under the B filter in the absence (treatment GB), or presence of 8.0 mM 3-AT (treatment GB34t), 4.0 mM
EGTA (treatment GBggra), or 0.8 mM verapamil (treatment GByp). Leaves continuously exposed to the filter B or G without
pharmacological treatments were used as controls. Data were normalized considering the expression levels at To = 1. Means = SD
(n=23).

significantly suppress the effect of BR on any isoform.

As CAT activity is down-regulated during the night
(see Fig. 2 Suppl.), the analysis of CAT genes expression
was performed on leaves sampled 5 to 6 h after the
initiation of the photoperiod. The CATI relative

expression decreased with time to a similar extent in both
the G- and B-treatments during the first 52 h (Fig. 5). At
80 h, the CATI expression increased to the initial level in
leaves exposed to the treatment B, whereas it attained
about 30 % of the Ty-expression in leaves shaded under
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the filter G (Fig. 5). In leaves under the GB treatment, a
partial (statistically significant) recovery of CATI
expression was obtained (Fig. 5). Interestingly, this
stimulatory effect of BR was independent of the three
pharmacological treatments tested. In contrast to CATI,
the CAT2 expression increased with time in leaves
continuously exposed to the B filter, whereas it

Discussion

Data from the present work support previous evidence
indicating that changes in BR transmittance have a
central role in the regulation of the senescence rate in
wheat leaves exposed to shading (Causin et al. 2000,
Causin and Barneix 2007). This was confirmed not only
by the analysis of chlorophyll degradation rate, but also at
the molecular level as indicated by the changes in the
expression profiles of two senescence markers (7aSAG!
and 7aSAG3).

Under our experimental conditions, the senescence
retardant effect of BR was systematically accompanied
by the maintenance of a high CAT activity but not by
APX or POX activities. Moreover, the effect of BR was
suppressed in the presence of 3-AT even when the
activities of APX and POX were stimulated. This is
consistent with our hypothesis that the increment of
senescence symptoms is associated to CAT rather than
peroxidases down-regulation. CAT activity has been
shown to play a central role in the prevention of cellular
damage and the maintenance of the redox balance under
different abiotic stresses as well as during senescence
(Willekens et al. 1997, Corpas et al. 2001, Srivalli and
Khanna-Chopra, 2001, Yang et al. 2006). Although
different reports showed that the down-regulation of CAT
activity causes serious disorders in leaves exposed to high
PFD (e.g., Willekens et al. 1997, Vandenabeele et al.
2004), our results suggest that a decrease in CAT activity
could also play an important role in the increment of
senescence rate in the shade stressed leaves.

Changes in Ca’" content have been implicated in the
regulation of CAT activity (Yang and Poovaiah 2002,
Jiang and Zhang 2003). Different environmental signals
can trigger rapid and transient increases in cytosolic Ca",
which in turn may increase the production of O,  and
H,0,, through the stimulation of plasma membrane
NADPH-oxidases among other mechanisms (Yang and
Poovaiah 2002). Particularly, there is ample evidence that
BR may alter Ca’* homeostasis, and that many
physiological processes regulated by BR depend either on
changes in cytosolic Ca®" and/or on specific Ca*"-binding
proteins as secondary messengers (Shinkle and Jones
1988, Elzenga et al. 1997, Baum et al. 1999, Guo et al.
2001, Folta et al. 2003, Stoelzle et al. 2003, Dodd et al.
2010). Some plant CATs have been shown to bind
calmodulin which in turn increases their catalytic activity
(Yang and Poovaiah 2002). Even though there is no
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significantly decreased after the 52 and 80 h exposures to
the G filter (Fig. 5). As for CAT1, the expression of CAT2
consistently increased at 80 h in leaves from the GB
treatment. Although this increment was also independent
on the presence of 3-AT or EGTA, verapamil suppressed
the stimulatory effect of BR (Fig. 5).

direct evidence that this is also true for wheat CATs, the
fact that the stimulatory effect of BR on the CAT activity
was suppressed by the presence of EGTA indicates that
Ca®" was involved in the signaling process. It has been
suggested that the alteration of Ca>" pools by BR may be
mediated by the activation of Ca*’-permeable voltage-
gated channels (Stoelzle et al. 2003, Dodd et al. 2010).
Verapamil is well known antagonist of plant hyper-
polarization-activated Ca*" channels (Demidchik er al.
2002, Shang et al. 2005), and it was shown to suppress
some BR-mediated physiological responses (e.g., Elzenga
et al. 1997, Shimazaki et al. 1997). In our experimental
conditions, verapamil exerted only a minor negative
effect on either overall as well as CAT-isozymes
activities suggesting that (an)other Ca'channel type(s)
might be involved in the control of Ca*" fluxes regulating
this enzyme. Nevertheless, the fact that both the
chlorophyll degradation rate as well as SAG genes
expression increased in the presence of verapamil
indicates that Ca®" fluxes through voltage-gated channels
contributed to the regulation of the overall senescence
process by BR. This is in agreement with data reported by
Huang et al. (1990) and Huang and Kao (1992), who
found that failure to maintain the normal transmembrane
flux of Ca®', including through verapamil-sensitive
channels, markedly affects dark-induced senescence in
detached leaves of certain crops like rice and maize.
Apart from stimulating the CAT specific activity, BR
also increased the CATI and CAT2 expressions.
Nevertheless, the control pathways involved seemed to
differ between them. In fact, while the CAT2 expression
increased with time in leaves exposed to BR, the CATI
expression was particularly stimulated by BR at the later
senescent stages. This may in part explain why a high
CAT activity could be attained in leaves from the
treatment G when they were changed to the B treatment
at 52 - 54 h after the excision. On the other hand,
although the presence of verapamil partially increased the
CAT! expression, it suppressed the stimulatory effect
exerted by BR on the CAT2 expression. Interestingly,
EGTA did not decrease the expression of both the CAT
genes in the GB treated leaves, which suggests that, in
our experimental conditions, the alteration of apoplastic
Ca’" availability by EGTA affected the enzyme activity
mainly at the post-transcription level. The existence of
differences in the radiation-regulated pathways among



CAT genes has been reported in other plants. For
example, Acevedo et al. (1996) found that etiolated
leaves of barley have greater amounts of CAT/ mRNA
compared with green leaves, whereas mRNA
homologous to maize CAT2 was induced by irradiance
suggesting that barley contains radiation-inducible and
radiation-repressible CAT genes. In Arabidopsis
thaliana, mutational disruption of a BR photoreceptor,
cryptochrome I, alters the pattern of the dark-expression
of CAT3 mRNA but not CAT2 mRNA suggesting that in
this species, the synthesis of the different CAT subunits
are regulated by distinct cues (Zhong et al. 1997).
Recently, Smykowski et al. (2010) identified G-box
binding factor 1 (GBF1) as DNA-binding protein of the
CAT2 promoter which could be involved in the onset of
senescence during bolting time in A. thaliana plants, most
likely via the regulation of intracellular H,O, content.
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