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2Universidad de Buenos Aires, Facultad de Agronomı́a, Cátedra de Cultivos Industriales, Av. San Martı́n 4453, Ciudad

Autónoma de Buenos Aires C1417DSE, Argentina, and
3Universidad de Buenos Aires, Facultad de Agronomı́a, Cátedra de Botánica General, Av. San Martı́n 4453, Ciudad
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SUMMARY

The B-box (BBX) proteins are zinc-finger transcription factors with a key role in growth and developmental

regulatory networks mediated by light. AtBBX21 overexpressing (BBX21-OE) potato (Solanum tuberosum)

plants, cultivated in optimal water conditions, have a higher photosynthesis rate and stomatal conductance

without penalty in water use efficiency (WUE) and with a higher tuber yield. In this work, we cultivated

potato plants in two water regimes: 100 and 35% field capacity of water restriction that imposed leaf water

potentials between −0.3 and −1.2 MPa for vegetative and tuber growth during 14 or 28 days, respectively.

We found that 42-day-old plants of BBX21-OE were more tolerant to water restriction with higher levels of

chlorophylls and tuber yield than wild-type spunta (WT) plants. In addition, the BBX21-OE lines showed

higher photosynthesis rates and WUE under water restriction during the morning. Mechanistically, we

found that BBX21-OE lines were more tolerant to moderated drought by enhancing mesophyll conductance

(gm) and maximum capacity of electron transport (Jmax), and by reducing abscisic acid (ABA) sensitivity in

plant tissues. By RNA-seq analysis, we found 204 genes whose expression decreased by drought in WT

plants and expressed independently of the water condition in BBX21-OE lines as SAP12, MYB73, EGYP1,

TIP2-1 and DREB2A, and expressions were confirmed by quantitative polymerase chain reaction. These

results suggest that BBX21 interplays with the ABA and growth signaling networks, improving the photo-

synthetic behavior in suboptimal water conditions with an increase in potato tuber yield.
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INTRODUCTION

Drought stress can induce a wide range of physiological

and biochemical responses regulated by genes encoding

functional and/or regulatory proteins, to maintain a normal

homeostasis and avoid wilting death (Bhargava and

Sawant, 2013). During drought stress, abscisic acid (ABA)

biosynthesis (Radin and Ackerson, 1981; Robertson et al.,

1985) or ABA sensitivity increase (Saez et al., 2006), and

initiate a series of events that induce or enhance plant tol-

erance to the stress. ABA-dependent and ABA-independent

signaling pathways have been established (Soma et al.,

2021; Zhu et al., 2002). When plants are under stress, the

ABA synthesis increases in the tissues and promotes the

activity of transcription factors, such as MYBs, DREBs and

bZIPs that facilitate the expression of other genes (Soma

et al., 2021). Over time, the induction of ABA-responsive

control circuits leads to the engagement of downstream

genes and proteins, among them heat shock proteins,

antioxidant proteins and osmolytes (Zhu, 2016).

Transcription factors are central players that regulate the

transcriptional machinery, allowing the correct integration

of endogenous and environmental signals. In Arabidopsis

and rice, almost 15% of the transcription factors are zinc

finger-type proteins, including B-Box proteins (BBXs). BBX
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proteins are encoded by a family of highly conserved

members, varying the number of BBX between species as

documented in Arabidopsis (32), rice (29), tomato (30),

potato (30), pear (25) and apple (64) (Crocco and Botto,

2013; Huang et al., 2012; Liu et al., 2018; Talar et al., 2017).

BBX proteins are involved in seedling photomorphogene-

sis, anthocyanin synthesis, shade avoidance, flowering,

biotic and abiotic stresses (Gangappa and Botto, 2014;

Song et al., 2020; Yadav et al., 2020). In Arabidopsis,

BBX21 sticks to the HY5 promoter through the B-Box II

domain and inhibits the hypocotyl growth during seedling

photomorphogenesis (Datta et al., 2007; Holtan et al.,

2011). In peels of Pyrus pyrifolia fruits exposed to continu-

ous blue light, PpBBX21(AthBBX24-like) negatively regu-

lates anthocyanin biosynthesis by interfering the formation

of heterodimer with PpHY5-PpBBX18 (AthBBX21-like) that

activates the transcription of PpMYB10 (Bai et al., 2019).

These results are compatible with those suggesting that

BBX21 and BBX24 are essential transcriptional cofactors of

HY5 to regulate photomorphogenesis and anthocyanin

biosynthesis in Arabidopsis seedlings (Bursch et al. 2020;

Job et al., 2018). Moreover, BBX21 acts as a repressor of

shade avoidance, suppressing exaggerated growth down-

stream COP1 signaling (Crocco et al., 2010). Interestingly,

Arabidopsis bbx21 mutant seeds geminate worse than WT

in a media with ABA, suggesting that BBX21 increases

stress tolerance by the interference with the interaction

between ABI5 and HY5 (Xu et al., 2014). More recently,

Kang et al. (2018) showed that BBX21 directly bounds the

ABI5 promoter and recruits the chromatin-remodeling fac-

tor PICKLE that increases H3K27me3 marks and downregu-

lates ABI5 expression in the presence of ABA. However,

there is scarce and fragmented information about the

physiological and molecular mechanisms of BBX21 action

in other species. Our research group demonstrated that

the overexpression of AtBBX21 (BBX21-OE) in potato

plants cultivated under non-stressed conditions promotes

stronger plants with increased tuber yield that correlates

with higher photosynthetic rates at high irradiances

(Crocco et al., 2018). We also found that BBX21-OE lines

increase the production of phenols and anthocyanins that

act as photoprotective compounds to reduce photoinhibi-

tion without penalties on the water use efficiency (WUE;

Crocco et al., 2018). Additional physiological studies are

required to have a better comprehension of BBX21 action

in plants cultivated under suboptimal growing conditions.

Potato, the third largest global food crop after wheat

and rice, is cultivated for its underground storage stems or

tubers, which are rich in starch and other nutrients. Due to

their shallow root system, which limits water extraction

from the soil, potato plants are sensitive to drought

(Obidiegwu, et al., 2015). Water shortage during the tuber

bulking period decreases yield to a larger extent than

drought during other growth stages. Leaf size,

photosynthesis rate, tuber number and yield are all traits

severely limited in potato plants grown under water limita-

tions (Evers et al., 2010; Vasquez-Robinet et al., 2008). In

addition, genetic diversity in drought tolerance has been

documented in potato (Coleman, 2008; Schafleitner et al.,

2007). Solanum tuberosum subsp. andigena plants, with

short day requirements and originated from harsh environ-

ments, show higher drought tolerance than the commonly

consumed potato S. tuberosum subsp. tuberosum Hawkes

(hereafter, referred as tuberosum) better adapted to long-

day conditions and highly susceptible to drought (Weisz

et al., 1994). The higher water tolerance of andigena pota-

toes has been attributed to the induction of heat shock pro-

teins and antioxidant genes encoding proteins in the

chloroplast, as well as genes for anthocyanin synthesis

and transport (Vasquez-Robinet et al., 2008). Regarding the

role of anthocyanins and flavonoids mitigating photoinhi-

bition and drought stresses in potato plants (Chalker-Scott,

1999; Crocco et al., 2018), we hypothesize that the overex-

pression of BBX21 improves the photosynthetic rates

under suboptimal water conditions. Here, we demon-

strated that the overexpression of BBX21 induces higher

photosynthesis rates during the early hours in the morning

with higher WUE and bigger tubers. The better photosyn-

thetic behavior of BBX21-OE lines under moderated

drought is associated with enhancing mesophyll conduc-

tance (gm) and maximum capacity of electron transport

(Jmax). In addition, BBX21-OE plants are less sensitive to

ABA than wild-type spunta (hereafter referred as WT). In

our RNA-seq, we found 204 growth- and stress-related

genes, such as SAP12, MYB73, EGYP1, TIP2-1 and

DREB2A, whose transcripts decreased by drought in WT

plants, but they were expressed independently of the water

condition in BBX21-OE lines. The present study demon-

strated that BBX21 transcription factor interplays between

ABA and growth signaling networks to adjust photosynthe-

sis rate under moderated drought.

RESULTS

BBX21-OE lines are more tolerant under moderated

drought

We know that BBX21-OE potato plants are more robust

and produce more photosynthesis at saturated irradiances

associated with a lower photoinhibition that increases

tuber yield in optimal water conditions (Crocco et al.,

2018). Here, we studied the performance of BBX21-OE lines

in suboptimal soil water potentials, simulating field condi-

tions of potato crops. We cultivated potato plants at field

capacity for 28 days after emergence, and then reduced

the irrigation to maintain 35% of water at field capacity for

14 days. The field capacity control (well-watered) treatment

established −0.4 MPa, while the moderated drought condi-

tion reduced the water potential in plant tissues at
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−1.2 MPa (Figure 1a). We found that 42-day-old WT plants

reduced the stem height from 9 to 2 cm, with the growth

inhibition almost imperceptible in BBX21-OE lines (Fig-

ure 1b). The drought affected significantly the final height

of WT plants (41.07 � 1.26 cm versus 34.63 � 0.94 cm), but

not of BBX21-OE plants (34.86 � 1.13 versus 31.72 � 0.65).

In addition, WT plants showed water stress symptoms in

basal leaves (Figure S1). The anthocyanin levels increased

under drought in WT, and maintained constitutively high

independent of the water condition in BBX21-OE lines (Fig-

ure 1b). The moderated drought reduced the chlorophyll

content in the WT leaves, and it was constitutively higher

in BBX21-OE leaves (Figure 1b). These results suggest that

BBX21 contributes to reduce the negative effects of

drought during the vegetative growth of potato plants.

BBX21-OE lines maintain higher tuber weight under

moderated drought

To evaluate the effects of BBX21 overexpression in the

yield of potato plants cultivated under moderated drought,

we designed a new experiment. We cultivated the plants

for 42 days at field capacity and then reduced the water in

the pots at 35% field capacity for an additional 28 days. At

day 70, the pots with plants were irrigated at field capacity

until the end of the experiment at day 96 when we mea-

sured yield parameters (Figure 2a). In well-watered pots,

the BBX21 overexpression increased the plant dry weight

in CH2, but not in CH13 plants, and significantly promoted

the number and weight of tubers (Figure 2b). Under mod-

erated drought, BBX21-OE lines showed a significantly

higher weight of tubers than WT (70 � 0.98% versus

59.42 � 1.16% with respect to WT in well-watered condi-

tions, respectively; Figure 2b). We did not find differences

between genotypes in plant dry weight and number of

tubers for plants cultivated under moderated drought (Fig-

ure 2b). These results suggest that BBX21 improves the

yield of potato plants cultivated under moderated drought.

BBX21-OE lines have higher photosynthesis and WUE

under moderated drought

We also evaluated photosynthesis and transpiration rate,

stomatal conductance (gs), CO2 concentration of stomatal

cavity (Ci) and WUE in 42-day-old plants cultivated in well-

watered or moderated drought (Figures 3 and S2). We

found that BBX21-OE lines had higher photosynthesis rates

than WT plants between 400 µmol m−2 sec−1 and

1500 µmol m−2 sec−1 photosynthetic proton flux density

(PPFD), independently of the water condition (Figure 3).

However, gs and transpiration rate were higher in BBX21-

OE than WT plants in well-watered conditions; the geno-

types differences for both parameters were lost under

moderated drought (Figures 3 and S2). In addition, the

Figure 1. BBX21-OE lines are less sensitive in drought.

(a) Diagram of the experimental design. Wild-type (WT) and BBX21-OE (CH2 and CH13) plants were cultivated for 28 days at field capacity and then exposed to

moderated drought for an additional 14 days (well-watered = 100% and drought = 35% water availability). Leaf water potential in 42-day-old plants at 10:00 h on

a sunny day (n = 9).

(b) Stem growth (n = 26), anthocyanin content (n = 12) and chlorophyll levels (n = 12) in 42-day-old plants cultivated under control (well-watered) and moder-

ated drought. Data are means � SE. Different letters denote significant differences among means (P < 0.05).
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WUE was higher in BBX21-OE than in WT plants grown

under moderated drought (Figure 3). These results suggest

that BBX21 overexpression induces a higher biomass for

water unity used, maintaining a higher photosynthesis rate

at moderated water restriction.

BBX21-OE lines are less sensitive early in the morning

under moderated drought

We designed a time-course experiment to study the diurnal

pattern of photosynthesis responses under well-watered

and moderated drought conditions. We measured the pho-

tosynthesis rate at 07:00, 09:00, 14:00 and 19:30 h. The

photosynthesis rate increased until 9 h and then decreased

until 19:30 h, with the photosynthesis pattern being similar

between genotypes, but slightly higher for OE lines culti-

vated in well-watered conditions. However, under moder-

ated drought, the photosynthesis rate began to decrease

earlier in WT than BBX21-OE lines, with the values being

double for the transgenic genotype at 9 h (Figure 4). After

midday, the photosynthesis rate was almost null for plants

cultivated under drought independently of the genotype

(Figure 4). The higher photosynthesis rate for BBX21-OE

lines in the morning was correlated with higher values of

gs (~0.20 versus ~0.13 mol m−2 sec−1), mesophyll conduc-

tance, gm (~0.80 versus ~0.40 mol m−2 sec−1) and WUE

(~0.13 versus ~0.08 µmol mmol−1) under moderated

drought (Figure 4). To have a better understanding of the

process, we estimated the photosynthetic efficiency per

unit of available CO2 concentration in the chloroplast under

saturating irradiances (Phot/Cc ratio) and the Cc/Ci ratio

(Figure 5). We found a positive lineal association between

photosynthesis and Cc and Cc/Ci ratio (r2 = 0.79 and 0.75,

respectively; Figure 5a). We also found significantly higher

ratios of Phot/Cc and Cc/Ci in the BBX21-OE lines than WT

under moderated drought (P = 0.0484 and P < 0.001,

respectively), these differences between genotypes were

lost for plants grown under well-watered conditions (Fig-

ure 5b). To have a better understanding of the mechanisms

involved in the higher Phot/Cc ratios observed in BBX21-

OE lines under drought, we performed net photosynthesis

functions for increasing Cc values by manipulating CO2

concentrations. Surprisingly, the higher photosynthetic

efficiency (phot/Cc) of BBX21-OE lines was associated with

a higher maximum rate of photosynthetic electron trans-

port (Jmax) instead of genotype differences in the maxi-

mum rate of Rubisco carboxylase activity (Vcmax) under

moderated water stress (Figure 6). In order to strengthen

the analyses of Jmax estimated through the photosynthesis

model developed by Farquhar et al. (1980), we also esti-

mated this parameter by using empirical Jmax measure-

ments performed by the Li-6400 analyzer by setting the

reference cell (CO2R) at 1500 µmol mol−1 and the same pat-

tern was observed (Figure S4c). As expected, we found sig-

nificant differences in the gm values between genotypes

estimated under normal CO2 concentrations of 400 ppm in

the reference cell (Figure 6b), confirming the results of the

time-course experiment at 9 h (Figure 4). In addition, we

did not find any association between the net photosynthe-

sis rate and the Ci (Figure S3), suggesting that this parame-

ter does not explain the differences observed in the

photosynthesis rate between genotypes under moderated

drought. Together, these results suggest that BBX21-OE

Figure 2. BBX21-OE lines have higher tuber weight and maintain stable the number of tubers in drought.

(a) Diagram of the experimental design using to evaluate yield traits in 96-day-old plants. Plants were cultivated for 42 days at field capacity, then exposed to

moderated drought for 28 days (well-watered = 100% and moderated drought = 35% water availability), and then 26 days at field capacity for recovery.

(b) Dry weight, tuber number and tuber weight in 96-old-day plants (WT, CH2, CH13) cultivated in control (well-watered) and moderated drought. Data are

means � SE of four independent experiments (n = 4). Different letters denote significant differences among means (P < 0.05).
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lines cultivated under moderated drought have a higher

photosynthesis rate due to two reasons. First, the higher

gm in the morning (Figure 4) is a consequence of a higher

CO2 diffusion to the chloroplast (e.g. Cc/Ci ratio; Figure 5b).

Second, the higher Jmax (Figure 6) contributes to a higher

photosynthetic efficiency at the same Cc (e.g. Phot/Cc ratio;

Figure 5b).

BBX21 increases water tolerance through reduced ABA

sensitivity under moderated drought

In Arabidopsis, it has been documented that BBX21 posi-

tively regulates stomatal aperture and bbx21 mutant seed-

lings show hypersensitivity to ABA (Xu et al., 2014). Here,

we hypothesized that a lower concentration and/or sensi-

tivity to ABA improve the photosynthesis rate of BBX21-OE

lines under moderated drought. Firstly, we evaluated the

ABA content in the leaves of 42-day-old plants cultivated in

well-watered and drought conditions. We did not find any

differences in ABA content between WT and OE lines in

any water condition (Figure 7a), suggesting that the ABA

levels do not explain the differences between genotypes

under moderated drought. To evaluate the ABA sensitivity

of stomatal opening, we designed a bioassay with

detached leaves from 21-day-old plants placed for 1 h in a

solution with 0, 1 and 10 μM ABA. We did not find any dif-

ferences in the stomatal aperture between genotypes at 0

and 10 μM ABA. However, BBX21-OE leaves showed a

higher stomatal aperture than WT at 1 μM ABA (Figure 7b).

These results suggest that BBX21 overexpression reduces

ABA sensitivity in plant tissues. To confirm these results in

a more realistic condition, we designed a new experiment

spraying the leaves of 42-day-old well-watered plants with

2, 5 and 100 µmol ABA, maintaining a control spraying

with a water solution (Figure 8). We found significant and

higher differences in photosynthesis rate, gs and Cc for

BBX21-OE lines, compared with WT, at 2.5 µmol but not at

100 µmol ABA (Figure 8). Together these results suggest

that BBX21-OE lines are more tolerant under moderated

drought because they have a lower sensitivity to ABA.

BBX21 regulates the expression of transcription factors,

aquaporins and photosynthesis- and stress-regulated

genes under moderated drought

To gain insight into the molecular mechanisms regulated

by BBX21 under moderated drought, we studied the tran-

scriptome of 42-day-old potato plants cultivated under

well-watered and moderated drought conditions following

the same experimental protocol used previously (Fig-

ure 1a). Firstly, we compared the genes expressed differen-

tially by drought in WT plants. We found 1494 genes

differentially expressed between well-watered and drought

in WT. From these genes, we selected 491 upregulated and

1003 downregulated by drought in WT (Tables S1 and S2,

respectively). To identify specific target genes of BBX21,

we compared the gene expression between WT and

BBX21-OE lines cultivated under moderated drought

Figure 3. BBX21-OE lines produce higher photo-

synthesis and water use efficiency (WUE), and simi-

lar stomatal conductance in drought.

Net photosynthesis, stomatal conductance (gs) and

WUE as function of PPFD in 42-day-old plants (WT,

CH2 and CH13) cultivated under control (well-

watered) and moderated drought (n = 4). Measure-

ments were done between 10:00 h and 15:30 h.
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conditions. We found 841 genes expressed differentially

between WT and BBX21-OE genotypes in drought, with

318 genes upregulated and 523 genes downregulated.

Then, we proceeded to perform a D-CHIP analysis to clas-

sify the BBX21-regulated genes by drought (Figure 9a). We

selected two groups of genes (Figure 9a, clusters 1 and 2).

Cluster 1 grouped 189 downregulated genes and 21 upreg-

ulated genes in WT by drought, and constitutively down-

regulated in BBX21-OE lines independently of the water

condition (Figure 9b; Table S3). Cluster 2 grouped 15

downregulated genes in WT by drought and constitutively

stable or high in BBX21-OE lines (Figure 9b; Table S3). For

further analysis, we selected some genes downregulated

by drought in WT belonging to clusters 1 and 2 (Table S3).

Searching for homologous between S. tuberosum and Ara-

bidopsis thaliana, we found MYB73, SLAH3, SAUR76,

TCP4, DREB2A, SRNK2-5, ERF1, ACS6, EGY1, SAP12 and

several heat shock proteins (Table S1). We evaluated the

gene expression of MYB73, EGY1, DREB2A, RCA, SLAH3,

TIP2-1 and SAP12 by quantitative polymerase chain reac-

tion (qPCR; Figure 9c). However, RUBISCO ACTIVASE

(RCA) is absent in the BBX21-regulated transcriptome in

drought, we included it because it is required for the light

activation of rubisco directly associated with the biochemi-

cal photosynthesis (Foyer and Harbinson, 2012). We con-

firmed that BBX21 regulates the expression of

transcription factors (MYB73), photosynthesis (TIP2-1 and

EGY1) and stress-regulated (DREB2A and SAP12) genes in

plants cultivated under moderated drought. MYB72 and

TIP2-1 maintain their expression constitutively upregu-

lated, while EGY1, DREB2A and SAP2 are constitutively

downregulated (Figure 9c). We could not find any

Figure 4. BBX21-OE lines are less sensitive to pho-

toinhibition during the early morning in drought.

Daily march of the net photosynthesis rate, water

use efficiency (WUE) stomatal conductance and

mesophyll conductance (gm) in 42-day-old plants

(WT and CH2) cultivated under control

(well-watered) and moderated drought (n = 6). Data

are means � SE. Different letters denote significant

differences among means (P < 0.05).

Figure 5. BBX21-OE lines have higher CO2 diffusion

to the chloroplast (Cc/Ci ratio) and biochemical

affinity for photosynthesis at the same Cc (Phot/Cc

ratio) in drought.

(a) Net photosynthesis rate plotted with Cc (CO2

concentration in the chloroplast) or with the ratio of

Cc/Ci (CO2 concentration in the chloroplast/CO2 con-

centration in the stomatal cavity). The R2 values of

the linear regression analysis are indicated.

(b) Net photosynthesis per Cc unit (Phot/Cc) and Cc/

Ci ratio between WT and BBX21-OE lines cultivated

in control (well-watered) and moderated drought.

Phot/Cc ANOVA was performed with a covariance

analysis, using Cc as covariable. Data are means �
SE from those values measured at 09:00 h (Fig-

ure 4). Significant differences and P-values between

two means are indicated by Student0s t-test. ns, not

significant.
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Figure 6. BBX21-OE lines have higher mesophyll conductance (gm) and maximum capacity of electron capacity (Jmax) in drought.

(a) Net photosynthesis as a function of the CO2 concentration in the chloroplast (Cc) in 42-day-old plants of WT and BBX21-OE lines cultivated under control

(well-watered) and moderated drought (n = 4).

(b) Estimation of mesophyll conductance (gm) for the measurements performed under normal CO2 concentrations (400 ppm in the reference cell).

(c) Estimation of Jmax and maximum rate of Rubisco carboxylase activity (Vcmax). Data are means � SE. Different letters denote significant differences among

means (P < 0.05).

Figure 7. BBX21-OE lines are less sensitive to abscisic acid (ABA) for stomata opening in detached leaves.

(a) ABA content in 42-day-old plants (WT and CH2) cultivated in control (well-watered) and moderated drought (n = 5).

(b) Stomatal aperture in 21-day-old detached leaves of WT and BBX21-OE lines (CH2 and CH13) exposed to different levels of ABA (n = 10). Data are means � SE

relative to WT in well-watered condition. Different letters denote significant differences among means (P < 0.05).

(c) Representative photographs show stomata opening in WT and BBX21-OE leaves (CH2 and CH3) imbibed with 0, 1 and 10 µmol of ABA. gc, guard cell; p, pore.

The horizontal lines represent 10 μm.
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statistical differences in RCA and SLAH3 genes between

genotypes and water conditions (Figure 9c). These results

suggest that BBX21 controls the expression of transcrip-

tion factors, aquaporins, and photosynthesis- and stress-

regulated genes to adjust plant growth under moderated

drought.

DISCUSSION

BBX21 improves photosynthesis rate under moderated

drought

In well-watered conditions, we found that the higher pho-

tosynthetic rates of the BBX21-OE lines are strongly associ-

ated with a higher gs and transpiration rate, and an

increase of anthocyanins that reduce the photoinhibition

without penalty in WUE compared with WT (Figures 1, 3

and S2; Crocco et al., 2018). In contrast, under moderated

drought, we showed that BBX21-OE lines have similar

anthocyanin levels to WT plants, and maintain higher pho-

tosynthesis rates and WUE without differences in transpi-

ration rate and gs (Figures 1, 3 and S2). However, gs and

gm emerge as crucial keys for its variation along the pho-

toperiod. In fact, the patterns of gs and gm are significantly

higher in BBX21-OE than WT plants under moderated

drought in the morning (Figure 4). The null photosynthesis

values after mid-day are a consequence of the extremely

low gs and the increase of the ABA content under moder-

ated drought independently of the genotypes (Figure 7a).

These results strongly suggest that different physiological

mechanisms are involved to increase the photosynthesis

rates in BBX21-OE compared with WT plants under well-

watered and moderated drought.

The advantage of the BBX21 overexpression plants

under moderated drought is mainly supported by non-

stomatal enhancements for different reasons. First, Ci is

lower in BBX21-OE than WT plants, despite that they have

similar gs and transpiration rate (Figures 3 and S2). Sec-

ond, BBX21-OE lines have higher gm than WT plants, and

consequently a higher Cc/Ci ratio in the chloroplast (Fig-

ure 5a). Third, a higher photosynthesis rate in BBX21-OE

lines at the same Cc (Phot/Cc ratio) under moderated

drought (Figure 5b) is determined by higher Jmax values,

without differences in Vcmax, compared with WT plants

(Figure 6). Here, we estimated Photo/Cc responses (Fig-

ure 6) to avoid the underestimation of the velocity of

Rubisco carboxylation (Vcmax) through Photo/Ci responses

calculated under abiotic stresses (Figure S4a,b; Ethier and

Livingston, 2004). The higher Jmax values of BBX21-OE

plants under moderated drought can be explained for the

higher chlorophyll content compared with WT plants, and

the drastic drop of chlorophylls at the expense of higher

levels of anthocyanins in WT (Figure 1b). We confirmed

the relevance of Jmax, together with gm, as the main factors

responsible for the enhancement of photosynthesis in

BBX21-OE plants under water stress using the Li-6400 ana-

lyzer that calculates Jmax with empirical measurements

(Figure S4c). Finally, the weak association between the

photosynthesis rate and Ci (Figure S3) clearly suggests that

gs is not the main cause that explains the higher photosyn-

thesis rates of BBX21-OE lines under moderated drought.

Figure 8. BBX21-OE lines are less sensitive to

abscisic acid (ABA) for stomatal conductance in

entire 21-day-old plants cultivated in greenhouse

conditions.

Stomatal conductance (gs), net photosynthesis,

mesophyll conductance (gm) and CO2 concentration

in the chloroplast (Cc) were measured in 21-day-old

well-watered plants (WT and CH2) sprayed with

water or 2.5 and 100 µmol of ABA in WT and CH2.

Data are means � SE relative to WT (n = 10). Differ-

ent letters denote significant differences among

means (P < 0.05).

© 2021 Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2021), 108, 1131–1144
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According with the main role of the mesophyll conduc-

tance found in our work, previous reports found that gm is

associated with the reduction of photosynthesis rate under

drought, and it is well correlated with the expression of

carbonic anhydrase and aquaporin genes (Flexas et al.,

2006; Han et al., 2016; Perez-Martin et al., 2014). We found

that TIP2.1/AQP1 (at3g16240) aquaporin in Arabidopsis

shares 92% similarity (P < 1.1 e−109) with

PGSC00003DMT4000042613 potato gene downregulated

by drought in WT in our transcriptome (Cluster 1, Table

S3). Using reverse transcriptase (RT)-qPCR, we confirmed

that TIP2.1/AQP1 is significantly reduced by drought in WT

but not in BBX21-OE lines (Figure 9c), which probably con-

tributes to enhance a higher photosynthesis rate under

water limitations. According with our results, transgenic

tobacco plants overexpressing NtAQP1 have a higher gm

than WT by affecting CO2 permeability of biological mem-

branes (Flexas et al., 2006).

BBX21 reduces ABA sensitivity to improve photosynthesis

under moderated drought

The ABA content in the leaves of plants cultivated in well-

watered conditions is lower than those exposed to moder-

ated drought without significant differences between geno-

types (Figure 7a). In contrast, we found that WT and

BBX21-OE lines have different ABA sensitivities in a bioas-

say with detached leaves (Figure 7b). The imbibition of

leaves with 1 µmol ABA reduces the stomatal aperture of

WT leaves, but it maintains opening the stomata of BBX21-

OE leaves. Genotypic differences in the stomatal response

disappear with 10 µmol ABA (Figure 7b,c). We confirmed

these results in a more realistic condition of entire plants

spraying with different doses of ABA to evaluate photosyn-

thesis and related parameters. The overexpression of

BBX21 improves the photosynthesis rate, gs and Cc at

2.5 µmol ABA, but not at higher levels of ABA (Figure 8).

These results strongly suggest that BBX21-OE lines are

more tolerant to ABA. In addition, these results demon-

strate that BBX21 is involved in the ABA signaling pathway

controlling photosynthesis responses. This is according

with previous reports showing that BBX21 integrates ABA

and light signaling. Xu et al. (2014) found that BBX21 posi-

tively regulates stomatal aperture and bbx21 mutant seed-

lings are hyposensitive to ABA. In another study with

Arabidopsis plants, Kang et al. (2018) found that BBX21

directly bounds the ABI5 promoter and recruits the

chromatin-remodeling factor PICKLE to modulate the chro-

matin structure at the ABI5 locus downregulating ABI5

expression to sustain the stomatal aperture in detached

leaves exposed to a short pulse of blue or red light. In

addition, recent works demonstrated that other BBXs can

also be involved in response to drought (Liu et al., 2019;

Mbambalala et al., 2020; Xu et al., 2020). While the overex-

pression of AtBBX29 enhances the antioxidant and

Figure 9. Transcriptome of BBX21-regulated genes in drought and gene expression validation.

(a) Heat map shows 841 genes differentially expressed in WT and BBX21-OE lines in drought. Clusters 1 and 2 are highlighted.

(b) Average expression of genes belonging to clusters 1 and 2 for WT and BBX21-OE lines in well-watered and drought conditions.

(c) Quantitative polymerase chain reaction (qPCR) expression of genes downregulated in WT and constitutively downregulated in BBX21-OE lines. Gene expres-

sion of MYB73, EGY1, DREB2A, RCA, SLAH3, TIP2-1 and SAP12 was evaluated in 42-day-old plants (WT and CH2) cultivated in control (well-watered) and moder-

ated drought. Data are means � SE (n = 3). Different letters denote significant differences among means (P < 0.05).
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osmolyte capacity in sugarcane plants (Mbambalala et al.,

2020), the overexpression of BBX19 in chrysanthemum

reduced drought tolerance through CmBBX19 interfer-

ences with CmABF3-dependent transactivation of down-

stream ABA signaling genes (Xu et al., 2020).

BBX21 regulates the expression of stress- and growth-

related genes under moderated drought

Using a RNA-seq comparing 42-day-old WT and BBX21-OE

lines cultivated for 14 days under moderated drought, we

identified 1494 regulated by drought in WT (Tables S1 and

S2) and 844 genes were BBX21-dependent regulated (Fig-

ure 9a; Table S3). From those BBX21-regulated genes by

drought, we identified 189 and 15 genes downregulated in

WT but not in BBX21-OE belonging to clusters 1 and 2,

respectively (Figure 9a,b; Table S3). Between them, BBX21

regulates the expression of growth and hormone signaling

(MYB73, TCP14, SUR76, ERF1), response to stress (several

HSP, DREB2A, SAP12, SNRK2-5), photosynthesis response

(EGY1, RCA, TIP2.1) and stomata function (SLAH3; Fig-

ure 9b; Table S3). These results confirm that BBX21 is a

key regulatory piece that controls the gene expression of

different signaling pathways (Gangappa and Botto, 2014;

Song et al., 2020; Yadav et al., 2020). In this work, we

demonstrated that EGY1 is regulated by BBX21 in potato

plants cultivated under moderated drought (Figure 9c;

Table S3). In Arabidopsis, EGY1 is involved in the turnover

of photosystem II reaction center under high light stress

(Chen et al., 2005; Qi et al., 2020). It has also been docu-

mented that EGY1 is a retrograde signal that integrates

ABA signaling to maintain chloroplast functionality under

ammonium stress in Arabidopsis (Li et al., 2012). On the

other hand, BBX21 also controls the expression of struc-

tural proteins required for drought tolerance such as

SAP12 and DREB2A transcripts (Figure 9c; Table S3).

Stress-associated protein (SAP) genes encode proteins to

protect the cells from the effects of water stress (Giri et al.,

2013). In Arabidopsis, SAP12 acts as an early stress sensor,

transmitting redox information to other components of the

cell through protein interactions (Ströher et al., 2009). In

addition, DREB2A is a key transcription factor activated by

different stresses such as drought, salt stress and thermo-

tolerance that induces many drought and heat stress-

inducible genes via cis-acting dehydration-responsive ele-

ment, DRE, sequence by an ABA-independent regulatory

signaling pathway (Sakuma et al., 2006; Soma et al., 2021),

suggesting that BBX21 can operate as integrator of ABA-

dependent and -independent signaling pathways.

In nature, plants frequently grow in suboptimal environ-

ments. Variation in resources that help plants cope with

their growth are common, and plants evolve to compete

for limited resources such as water availability. In the con-

text of the global climatic change, it is probable that plants

will be more frequently exposed to limitations in water

resources. Our work suggests that BBX21 can be modu-

lated to adjust plant growth under moderated stressful

environment to increase the production of tubers in potato.

The overexpression of BBX21 in potato plants increased

the tuber’s yield per plant by ~17% with respect to WT

under moderated drought (Figure 2b). Future research is

needed to have a broader view about the BBX21 mecha-

nisms to improve water stress tolerance at the field trials.

Understanding stress signaling and responses will increase

our ability to manage water stress tolerance in crops for

sustainable agriculture.

EXPERIMENTAL PROCEDURES

Plant material

Potato (S. tuberosum) var. Spunta (hereafter referred as WT) and
two AtBBX21 transgenic overexpressing lines (hereafter referred
as BBX21-OE, CH2 and CH13) were used in the experiments. These
lines were described previously (Crocco et al., 2018).

Growth conditions to evaluate vegetative growth under

moderated drought

The experiments were performed in a greenhouse located at the
Faculty of Agronomy, University of Buenos Aires (34°350S,
58°290W), with natural radiation (PAR = 500 μmol m−2 sec−1), and
temperatures ranged between 18 and 24°C. Four independent
experiments were carried out between March and November with
a photoperiod of about 13.5 h. For each experiment, 16 sprouted
tubers of similar size were sown in pots of 10 cm diame-
ter × 15 cm height (1000 cm3). The soil mix consisted of vermi-
culite (1/3), peat (1/3) and perlite (1/3). The pots were watered
daily at field capacity and fertilized during the experiment with red
HAKAPHOS®. The plants were watered daily at field capacity for
28 days. After day 28, the watering was restricted to 35% of the
field capacity for 14 days. To evaluate the level of water restric-
tion, the pots were weighed every day during the experiment, and
watered when necessary.

Growth conditions to evaluate tuber yield under

moderated drought

Four independent experiments were carried out between March
and November with a photoperiod of about 13.5 h. For each
experiment, 16 sprouted tubers of similar size were sown in pots
of 16 cm diameter × 22 cm height (4000 cm3). The soil mix con-
sisted of vermiculite (1/6), peat (1/6), perlite (1/6), and soil (3/6).
The pots were watered daily at field capacity and fertilized during
the experiment with red HAKAPHOS®. The plants grew to 96 days
old and then were harvested. For the water stress treatment, the
plants were watered daily at field capacity for 42 days. After day
42, the watering was restricted to 35% of the field capacity for
28 days, and then the plants were watered again to field capacity
until day 96. To evaluate the level of water restriction, the pots
were weighed every day during the experiment, and watered
when necessary.

Anatomical and morphological determinations

Samples from the central part of the leaf were diaphanized by
using Dizeo de Strittmatter’s (1973) technique and stained with
safranin. In addition, transverse sections of leaves were
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embedded in paraffin and serially cut at 10–12 µm with Minot-
type rotary microtome, and sections were stained with safranin-
fast green (Johansen, 1940). Sections were photographed with a
Zeiss Axioplan optical microscope and analyzed with the Zeiss
AxioCam ERc 5s software (Carl Zeiss Microscopy GmbH, Jena,
Germany). The measurements were performed in three biologi-
cal samples with 10 technical replicates for each genotype. Pho-
tos were taken with polarized light. Plant height, and dry and
fresh weight of plants were assessed. The height of the principal
stem was estimated before water stress (28-day-old plants) and
after water stress (42-day-old plants) using a ruler. The aerial
part of 42-day-old plants was harvested and weighed with a dig-
ital balance. The material was enveloped into a paper and incu-
bated at 60°C during 72 h, and then weighed again to obtain the
dry weight.

Chlorophyll and anthocyanin determinations

Chlorophyll determinations were performed in the basal leaves of
42-day-old plants using a SPAD 502 (Minolta) and calculating
chlorophyll levels according to the method described by Moran
(1982). Leaf discs (6 mm diameter) of the fourth completely
expanded leaf of 42-day-old plants were collected for anthocyanin
quantifications by spectrophotometry. Each biological sample was
the average of two independent leaf discs. Anthocyanin quantifi-
cation was performed as described by Deikman and Hammer
(1995).

Photosynthesis determinations

Leaf water potential (Ψw) was recorded on the fourth expanded
leaves in 42-day-old plants, after water stress treatment, using a
Scholander-type pressure chamber (Bio-Control, Buenos Aires,
Argentina). Net photosynthesis rate, stomatal conductance (gs),
transpiration rate and CO2 concentration of stomatal cavity (Ci)
were measured in 42-day-old plants using an open infrared gas
analysis system (Li-Cor 6400). Light functions were measured at 0,
30, 50, 100, 200, 300, 400, 500, 750, 1000 and 1500 μmol m−2 sec−1.
PPFD was performed in fully expanded leaves using the 6400-02B
LED light source chamber. Air flow and CO2 concentration in the
reference cell (CO2R) were automatically controlled by the equip-
ment at 300 µmol sec−1 and 400 µmol mol−1 (ppm), respectively.
The instantaneous WUE was estimated as the ratio of carbon
assimilation and transpiration (net photosynthesis rate/transpira-
tion rate). In a new experiment, net photosynthesis and electron
transport rate (J) responses to CO2 levels were also determined
with the following sequence of CO2 concentrations at the refer-
ence cell (CO2R): 400, 300, 200, 100, 50, 400, 700, 1000 and
1500 µmol mol−1, setting PPFD at 1500 µmol m−2 sec−1 and air
flow at 300 µmol sec−1. Ci and CO2 concentration in the chloro-
plast (Cc) functions were fitted to the biochemically based photo-
synthesis model of Farquhar et al. (1980). Thus, the maximum rate
of Rubisco carboxylase activity (Vcmax) and the maximum rate of
photosynthetic electron transport (Jmax) were estimated for each
treatment and genotype. Temperature corrections for Vmax and
Jmax were made through the equations reported by Bernacchi
et al. (2001) and McMurtrie and Wang (1993), respectively, and Rd

was fitted as well. Jmax was also estimated by using empirical J
measurements performed by the Li-6400 analyzer by setting the
reference cell (CO2R) at 1500 µmol mol−1.

Mesophyll conductance and non-stomatal parameters

Mesophyll conductance (gm) was estimated in both experiments
by using the variable J method (Bongi and Loreto, 1989; Harley
et al., 1992) through the following equation:

gm ¼ Net photosynthesis=

fC i � ðΓ∗½½J þ 8ðNet photosynthesisþ RdÞ��=
½½J � 4ðNet photosynthesisþ RdÞ��ggm ¼

Net photosynthesis=fC i � ðΓ∗½½Jþ
8ðNet photosynthesisþ RdÞ��=

½½J � 4ðNet photosynthesisþ RdÞÞ��g
where Rd is the respiration occurring during the day, not related
to photorespiration, and Γ* is the CO2 compensation point in the
absence of Rd. Net photosynthesis, J and Ci were measured with
the Li-6400 System and measurements above described, Γ* was
obtained from the literature at the measuring temperature (25°C;
Bernacchi et al., 2002), and Rd was indirectly estimated for each
treatment with the method proposed by Yin et al. (2011), based on
combined photosynthesis and fluorescence measurements across
a range of low irradiances. CO2 concentration in the chloroplast
(Cc) was also estimated by the following equation (Sáez et al.,
2018):

Cc ¼ ½C i � Net photosynthesis=gmð Þ�
J measurements were simultaneously performed with the

photosynthesis ones described above. In order to evaluate other
non-stomatal limitations related with biochemical affinity of
photosynthesis per available CO2 unit, we used the ratio between
net photosynthesis and Cc (Phot/Cc).

ABA bioassays in detached leaves and entire plants

For ABA bioassays with detached leaves, we sampled the stom-
atal aperture by the determination of the size of guard cells in the
third–fifth expanded leaves from 21-day-old plants grown in a
white light chamber (PAR = 200 µmol m−2 sec−1) with a photope-
riod of 16 h light/8 h dark at 22°C. Detached leaves were sus-
pended in stomatal opening solution (15 mM KCl, 10 mM CaCl2
and 10 mM MES-KOH, pH 6.15) in the light for 3 h, and then
exposed to fresh stomatal opening solution containing 1 μM ABA
and 10 μM ABA for 1 h, maintaining a control without ABA. A total
of 15 leaves from five WT and AtBBX21-OE lines were collected,
and more than 100 stomata from each line were randomly
selected and measured to calculate stomatal aperture (the ratio of
width to length) for statistical analysis.

For ABA bioassays with 21-day-old well-watered plants culti-
vated in a greenhouse under natural radiation, we sprayed leaves
with different solutions of ABA at the beginning of the photope-
riod. The solution with ABA (99% purity; Sigma-Aldrich, St Louis,
MO, USA) was dissolved in a small volume of 96% ethanol to pre-
pare solutions of 0, 2, 5 and 100 µM ABA, containing 0.01%
Silwet®. Photosynthesis rate, gs, gm and Cc were measured 90 min
after ABA application.

ABA determinations by LC–ESI–MS–MS (Villar et al., 2020)

A pool of six of the last totally expanded matured leaves of
42-day-old plants were harvested at 14:30 h. Phytohormones anal-
ysis was carried out on tissue collected in nitrogen liquid. Then,
lyophilized conservation was performed at −20°C. Samples were
ground to powder with a mortar and pestle, and weighed (100–
200 mg per sample). The extraction was performed with 2 ml of
water deionized (pH 2.8) at 4°C for 30 min. After centrifugation
(15 min, maximum speed), the buffer was collected, and the pellet
was then re-extracted with 2 ml of fresh buffer (pH 2.8) for an
additional. Aliquots of 50 ng deuterated ABA (provided for
Olchelmn, Czech Republic) were added as internal standards.
Extracts were transferred to other tubes, and mixed with ethyl
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acetate and partitioned. Then the organic phase was extracted
and evaporated at 37°C in Speed-Vac. Dried extracts were dis-
solved in 50 μl methanol (100%) and placed in vials.

Liquid chromatography analyses were performed using an Alli-
ance 2695 (Separation Module; Waters, Milford MA, USA) quater-
nary pump equipped with auto-sampler. A Restek C18 (Restek,
Bellefonte, PA, USA) column (2.1 × 100 mm, 5 μm) was used at
28°C, with injected volume 10 μl. The binary solvent system used
for elution gradient consisted of 0.2% acetic acid in H2O (solvent
B) and MeOH (solvent A), at a constant flow-rate of 200 μl min−1.
A linear gradient profile with the following proportions (v/v) of sol-
vent A was applied [t (min), % A]: (0, 40), (25, 80), with 7 min for
re-equilibration.

The MS/MS measurements were performed on a Micromass
Quatro UltimaTM PT double quadrupole mass spectrometer
(Micromass, Manchester City, UK). All analyses were performed
using turbo ion spray source (ESI) in negative ion mode with the
following settings: capillary voltage −3250 V, energy cone 35 V,
RF Lens1 (20), RF Lens2 (0.3), source temp. 100°C, desolvation
temp. 350°C, gas cone 100 L h−1, gas desolvation 700 L h−1, colli-
sion cell potential of 15 V and multiplier (650). MS/MS parameters
were optimized in infusion experiments using individual standard
solutions of each hormone. MS/MS product ions were produced
by collision-activated dissociation of selected precursor ions in the
collision cell of the double quadrupole mass spectrometer, and
mass was analyzed using the second analyzer of the instrument.
In negative mode, the spectrum for each hormone gave a deproto-
nated molecule [M–H]. Quantitation was performed by injection of
samples in multiple reaction monitoring (MRM) modes, as many
compounds could present the same nominal molecular mass. The
combination of parent mass and unique fragment ions was used
to selectively monitor hormones. MRM acquisition was performed
by monitoring the 263/153 and 269/159 for ABA and (2H6)-ABA,
174/130 data were acquired and analyzed using MassLynxTM 4.1
and QuanLynxTM 4.1 (Micromass, Manchester, UK) software. For
quantification, values were obtained from a calibration curve pre-
viously constructed using known amounts of each hormone and
their pure standard (Sigma)/deuterated internal standard ratio.
ABA determinations were performed in the Plant Physiology Labo-
ratory, Univ. Nacional de Rio Cuarto, Cordoba, Argentina.

Stranded mRNA-seq library preparation and sequencing

We performed RNA-seq to identify the BBX21-regulated transcrip-
tome associated with moderated drought in potato plants. The
plants were irrigated daily at field capacity for 28 days and then
the water was restricted to 35% of the field capacity for an addi-
tional 14 days. We harvested 42-old-day plant tissues. Samples
comprising pooled leaves from at least six independent plants
were harvested at midday, isolating total RNA from independent
triplicated biological samples. Total RNA was extracted with the
Spectrum Plant Total RNA Kit (Sigma-Aldrich). Libraries were pre-
pared using the TruSeq Stranded mRNA Sample Prep Kit v2 (ref.
RS-122-2101/2) according to the manufacturer’s protocol. Briefly,
1 µg of total RNA was used for poly(A)-mRNA selection using
Oligo (dT) magnetic beads, and was subsequently fragmented to
approximately 300 bp. cDNA was synthesized using reverse tran-
scriptase (SuperScript II, ref. 18064-014; Invitrogen, Waltham, MA,
USA) and random primers. The second strand of the cDNA incor-
porated dUTP in place of dTTP. Double-stranded DNA was further
used for library preparation. dsDNA was subjected to A-tailing
and ligation of the barcoded Truseq adapters. All purification
steps were performed using AMPure XP Beads (ref. A63881).
Library amplification was performed with PCR using the primer

cocktail supplied in the kit. Final libraries were analyzed using
Fragment Analyzer (DNF-473) to estimate the quantity and check
size distribution, and were then quantified by qPCR using the
KAPA Library Quantification Kit (ref. KK4835; KapaBiosystems,
Wilmington, MA, USA ) prior to amplification with Illumina’s cBot.
Libraries were sequenced 1 × 50 on Illumina’s HiSeq 2500. The
RNA-seq were performed by the Center for Genomic Regulation
(CGR), Barcelona, Spain.

RNA-seq analysis and qRT-PCR expression

For RNA-seq data analysis, firstly, we identified genes that are sta-
tistically up- and downregulated by water stress in the WT
transcriptomes (fold-changes > 2). Then, we contrasted their
expression levels against BBX21-OE transgenic transcriptomes to
identify BBX21-regulated genes under moderated drought by
D-CHIP analysis, we selected those transcripts whose expression
levels decreased by water restriction in WT, but they were consti-
tutively downregulated in BBX21-OE lines independently of the
water condition. From this group of genes, we searched for
homologous between S. tuberosum and A. thaliana to confirm
their expression by qRT-PCR following the methodology cited in
Crocco et al. (2018).

For the qRT-PCR, leaf samples of 42-day-old plants were col-
lected and ground in liquid nitrogen. Total RNA was extracted
from the frozen samples using RNeasy Plant Mini Kit (Qiagen,
Hilden, Germany) according to the manufacturer’s instructions.
First-strand cDNA was synthesized from 1.5 mg DNA-free RNA
template using an oligo(dT) primer and SuperScript II reverse
transcriptase (Invitrogen). RT-qPCR analysis was performed on an
optical 96-well plate using SYBR Green PCR master mix (Applied
Biosystems, Waltham, MA, USA) and an ABI PRISM 7500
real-time PCR system (Applied Biosystems). Gene-specific primer
pairs were designed using Beacon Designer 7.0 (Premier Biosoft,
Palo Alto, CA, USA). The primers and the potato code for genes
used in this work are listed in Tables S4 and S5, respectively. The
expression of each gene was normalized to ACT, and each treat-
ment was standardized to WT expression.

Experimental design and statistical analysis

A completely randomized block design was used for the experi-
ments. The experiments were replicated four times between 2018
and 2019 (n = 4). Each block contained WT, CH2 and CH13 lines
with 16 plants per genotype and treatment. Statistical analysis
was performed with ANOVA followed by comparisons between
means with Tukey’s post hoc test (P < 0.05), unless otherwise
indicated in the text. Analyses were carried out using Prism
(GraphPad Software, San Diego, CA, USA).
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Figure S1. Representative photograph of 42-day-old WT and
BBX21-OE potato plants (CH2) in well-watered and moderated
drought.

Figure S2. Transpiration rate and internal concentration of CO2 in
the stomatal cavity (Ci) as a function of PPFD for 42-day-old plants
cultivated under two water conditions (n = 4). Data correspond to
the experiment in Figure 2.

Figure S3. Net photosynthesis as function of the CO2 concentra-
tion (Ci) in 42-day-old plants (WT, CH2) cultivated under control
(well-watered) and moderated drought (n = 4).

Figure S4. (a) Net photosynthesis as function of the CO2 concen-
tration of stomatal cavity (Ci), (b) Vcmax and Jmax estimated as
function of the CO2 concentration of stomatal cavity (Ci) for each
treatment and genotype, and (c) Jmax estimation by using empiri-
cal measurements.

Table S1. Up- and downregulated genes in drought differentially
expressed in WT plants.

Table S2. Downregulated genes in drought differentially
expressed in WT plants.

Table S3. Genes belonging to clusters 1 and 2 differentially
expressed in drought between WT and BBX21-OE lines.

Table S4. Primers used for RT-PCR quantification of genes in
potato plants.

Table S5. Potato code for genes used in this study.
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Ströher, E., Wang, X.-J., Roloff, N., Klein, P., Husemann, A. & Dietz, K.-J.

(2009) Redox-dependent regulation of the stress-induced zinc-finger pro-

tein SAP12 in Arabidopsis thaliana. Molecular Plant, 2, 357–367.
Talar, U., Kiełbowicz-Matuk, A., Czarnecka, J. & Rorat, T. (2017) Genome-

wide survey of B-box proteins in potato (Solanum tuberosum)-

Identification, characterization and expression patterns during diurnal

cycle, etiolation and de-etiolation. PLoS One, 12(5), e0177471.

Vasquez-Robinet, C., Mane, S.P., Ulanov, A.V., Watkinson, J.I., Stromberg,

V.K., De Koeyer, D. et al. (2008) Physiological and molecular adaptations

to drought in Andean potato genotypes. Journal of Experimental Botany,

59, 2109–2123.
Villar, L., Lienqueo, I., Llanes, A., Rojas, P., Perez, J., Correa, F. et al. (2020)

Comparative transcriptomic analysis reveals novel roles of transcription

factors and hormones during the flowering induction and floral bud dif-

ferentiation in sweet cherry trees (Prunus avium L. cv. Bing). PLoS ONE,

15(3), e0230110. https://doi.org/10.1371/journal.pone.0230110

Weisz, R., Kaminski, J. & Smilowitz, Z. (1994) Water-deficit effects on potato

leaf growth and transpiration: utilizing fraction extractable soil-water for

comparison with other crops. American Potato Journal, 71, 829–840.
Xu, D., Li, J., Gangappa, S.N., Hettiarachchi, C., Lin, F., Andersson, M.X.

et al. (2014) Convergence of light and ABA signaling on the ABI5 pro-

moter. PLoS Genetic, 10, e1004197.

Xu, Y., Zhao, X., Aiwaili, P., Mu, X., Zhao, M., Zhao, J. et al. (2020) A zinc

finger protein BBX19 interacts with ABF3 to negatively affect drought tol-

erance in Chrysanthemum. The Plant Journal, 103, 1783–1795.
Yadav, A., Ravindran, N., Singh, D., Rahul, P.V. & Datta, S. (2020) Role of

Arabidopsis BBX proteins in light signaling. Journal of Plant Biochem-

istry and Biotechnology, 29(4), 623–635. https://doi.org/10.1007/s13562-

020-00597-2

Yin, X., Sun, Z., Struik, P.C. & Gu, J. (2011) Evaluating a new method to esti-

mate the rate of leaf respiration in the light by analysis of combined gas

exchange and chlorophyll fluorescence measurements. Journal of Exper-

imental Botany, 62, 3489–3499.
Zhu, J.K. (2016) Abiotic stress signaling and responses in plants. Cell, 167,

313–324.
Zhu, J., Gong, Z., Zhang, C., Song, C.-P., Damsz, B., Inan, G. et al. (2002)

OSM1/ SPY61: a syntaxin protein in Arabidopsis controls abscisic acid–
mediated and non-abscisic acid–mediated responses to abiotic stress.

The Plant Cell, 14, 3009–3028.

© 2021 Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2021), 108, 1131–1144
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