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Abstract Water deficit triggers physiological, biochemi-
cal, and molecular changes in leaves that could be impor-
tant for overall plant adaptive response and it can affect
tomato yield and quality. To assess the influence of long-
term moderate drought on leaves, four tomato accessions
from MAGIC TOM populations were selected on the basis
of their differences in fruit size and were grown in a
glasshouse under control and water deficit conditions.
Drought affected stomatal conductance more in large fruit
genotypes compared to cherry genotypes and this could be
related to higher abscisic acid (ABA) leaf content. Com-
pared to large fruits, cherry tomato genotypes coped better
with water stress by reducing leaf area and maintaining
photochemical efficiency as important adaptive responses.
Accumulation of soluble sugars in the cherry genotypes
and organic acid in the leaves of the larger fruit genotypes
indicated their role in the osmoregulation and the contin-
uum of source/sink gradient under stress conditions. Long-
term moderate drought induced upregulation of NCED
gene in all four genotypes that was associated with ABA
production. The increase in the expression of ZEP gene
was found only in the LA1420 cherry genotype and indi-
cated its possible role in the protection against photoox-
idative stress induced by prolonged water stress. In
addition, upregulation of the APX genes, higher accumu-
lation of vitamin C and total antioxidant capacity in cherry
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genotype leaves highlighted their greater adaptive response
against long-term drought stress compared to larger fruit
genotypes that could also reflect at fruit level.
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Introduction

Climate change is one of the most serious problems agri-
culture is facing today. Water scarcity and the occurrence
of drought as one of the consequences of climate change
may have significant impact on crop production, thus
affecting crop growth and yield (Igbal et al. 2020). To
overcome the negative effects of drought, plants have
developed different strategies, including drought-avoiding
mechanisms (reduction of water losses and increased water
uptake) and tolerance via osmotic adjustment and the
antioxidant defense systems (Fang and Xiong 2015).
Therefore, understanding different plant crop responses
and mechanisms is essential to the selection and use of
drought-tolerant genotypes.

It is well known that drought has an impact on many
physiological processes. Stomatal closure caused by water
deficiency has an impact on leaf growth and net photo-
synthesis, assimilate production and its translocation
(Chaves et al. 2009) but can also adversely affect photo-
synthetic electron transport, and thus increase the risk of
photooxidative stress (Miller et al. 2010). The decrease in
the maximal photochemical efficiency of photosystem II
can affect the CO, assimilation and the production of
NADPH, which are necessary for maintaining the meta-
bolic processes of photosynthesis and plant productivity
(Sivakumar et al. 2017). Drought-exposed plants have
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developed osmotic adjustment as a tolerance mechanism
and based on the accumulation of osmolytes they can
contribute to maintaining leaf water status under conditions
of limited water supply. Accumulation of soluble sugars
and organic acids as components of primary metabolism in
the leaves has an important role in assimilate transport and
the maintenance of source-sink relations (Lemoine et al.
2013). Literature data indicated an important regulatory
role of hormones on primary metabolic network during
tomato fruit development (Bastias et al. 2014; Li et al.
2018).

Plant growth and stomata conductance response are
under the control of hydraulic signals (changes in leaf
water status) and chemical signals that are induced in the
root under drought conditions and then transferred to the
shoot via xylem. One of the most important chemical
signals is plant stress hormone abscisic acid (ABA), which
is crucial for plant adaptive response to abiotic stress
(Vishwakarma et al. 2017). ABA concentration in different
tissues and organs is the balance between biosynthesis,
catabolic processes, and transport from root to shoot. The
NCED gene encodes 9-cis-epoxycarotenoid dioxygenase
which is the key regulatory enzyme and corresponds to the
rate-limiting step of ABA biosynthesis (Tuchi et al. 2001).
Another gene involved in ABA biosynthetic pathway, ZEP,
encodes zeaxanthin epoxidase that catalyzes the conversion
of zeaxanthin to violaxanthin (Xiong and Zhu 2003). This
enzyme also has an important role in the xanthophyll cycle
that serves to protect the photosynthetic apparatus from
photo-damage under abiotic stress.

Different abiotic stresses such as drought and high
temperature stresses induce in the plants the production of
reactive oxygen species (ROS) and generate secondary,
oxidative stress. Plants respond to oxidative stress by
activation of antioxidative protective systems including
different non-enzymatic antioxidants and regulation of
antioxidant genes and enzymes. Ascorbic acid (vitamin C)
is one of the non-enzymatic antioxidants that have a sig-
nificant potential for scavenging ROS, but also can mod-
ulate several physiological functions in plants under stress
conditions (Akram et al. 2017). Maintaining the efficiency
of photosynthesis and the optimal supply of soluble car-
bohydrates as precursors are important for biosynthesis and
regulation of ascorbic acid levels in plants (Ntagkas et al.
2018). Vitamin C acts as a specific electron donor for
ascorbate peroxidase (APX), which plays a key role in the
ascorbate- glutathione cycle, one of the major detoxifying
systems in plant cells under abiotic stress. Drought stress
induces the activation of different antioxidative enzymes in
tomato leaves (Zhou et al. 2019), as well as changes in
isozyme patterns including the APX enzyme responsible
for the sensitivity and tolerance of different tomato
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varieties against drought (Celik et al. 2017). Among dif-
ferent APXs, cytosolic APX is one of the most responsive
enzymes to abiotic and biotic stresses and its transcription
correlates with the intensity and duration of stress (Pandey
et al. 2017).

Tomato (Solanum lycopersicum L.) is one of the most
widely grown vegetables in the world, with special
importance due to its large consumption and high health
and nutritional values. For its optimal production, the water
supply and optimal temperature are essential, since most of
the commercial tomato cultivars are drought and high
temperature sensitive, especially at reproductive stage.
Furthermore, the interaction of high temperature, water
deficit and high irradiance under greenhouse conditions
during summer months could generate ROS in tomato
plants (Rosales et al. 2011) triggering new oxidative stress.

The study of prolonged drought on the vegetative
growth of different tomato varieties (Conti et al. 2019)
indicated characteristic genotype-dependent responses to
stress. Research with Mediterranean tomato landraces
showed that the varieties did not differ in physiological
reactions under mild drought conditions, but they had very
distinctive response at the biochemical and molecular level
under severe stress (Giorio et al. 2018).

Although drought usually has a negative effect on
tomato fruit growth and yield, some studies indicated that
the positive reactions of plants to stress depended on the
genotype and stage of plant development when drought
was applied. Experiments with eight tomato accessions
corresponding to the parental genotypes of the MAGIC
TOM population showed that episodes of water deficiency
during the crop cycle of tomato may negatively affect plant
and fruit growth, but may improve fruit quality (Ripoll
et al. 2016a, b).These data reflect the complexity of
underlying mechanisms for specific tomato response at the
leaf and fruit level to water stress.

Our previous study showed that long-term moderate
water deficiency caused significant differences in the fruit
metabolic response in a genotype-dependent manner
between the four cherry and large fruit genotypes (Petrovié
et al. 2019). The aim of presented study was to examine the
reactions of leaves of the same tomato genotypes exposed
to the same drought stress by monitoring the changes at the
physiological, biochemical and molecular levels. This
could show whether drought-induced genotypic differences
at the leaf level are also reflected at the fruit level, par-
ticularly the changes in their primary metabolites and
antioxidative components. This is especially important
because these components or traits contribute to the quality
of the fruit and its nutritional and health value, but they are
also important for improving the adaptive response of
plants to drought stress.
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Materials and methods
Plant material and experimental conditions

Four tomato genotypes (Solanum lycopersicum L.) were
chosen among eight parents of the tomato MAGIC popu-
lation to represent the largest allelic variability among
many tomato accessions (Ranc 2010). Two investigated
genotypes were large fruit tomatoes (Levovil and LA0147),
while the two others were cocktail and cherry tomatoes
(Plovdiv and LA1420). The investigations were done from
March to July 2014 in a glasshouse in INRA (Avignon,
France). Plants were grown in 41 pots filled with the
mixture (pH = 6): 10% white peat, 30% fibrous peat and
60% black peat, with clay. The average daily temperature
in the glasshouse was between 24 and 28 °C, and during
the night 17-21 °C. The daily humidity was in the range of
51-56% and 69-73% at night. The daily photosynthetically
active radiation (PAR) was in the range from 5 to

11 mol m™2 day ™.

Water deficit treatment

Plants were divided into two groups. Control plants were
irrigated to 70% of maximum water retention capacity in
order to maintain optimal soil humidity. The second group
of plants was exposed to drought when the 2nd flower truss
reached the phase of anthesis and maintained 25% of
maximum water retention capacity of the compost. The
plants in both treatments were irrigated until the end of the
experiment when the fruits in the 2nd flower truss reached
the red-ripe stage. Automated irrigation system was used to
maintain the soil humidity and it was controlled by WCM
Grodan Control sensor (Grodan Group, Netherlands).
Plants were fertilized on daily basis by Liquoplant Rose
(Plantin—Courthézon, France).

Stomata conductance and water potential
measurement

Stomata conductance was measured on fully developed
leaves at the red-ripe stage of the fruits in the 2nd flower
truss by porometer (AP4 Leaf Porometer, Delta-T Device,
Ltd, UK). At the end of the experiment, young fully
developed leaves were collected from 6 plants and leaf
length was measured, and leaf area estimated by a LI-3100
areameter (LI-COR, USA). Fresh and dry mass of the
leaves (drying at 70 °C) were also measured and specific
leaf area (SLA) and leaf dry matter content were calcu-
lated. Water potential was measured by using the protocol
of Scholander et al. (1965).

Chlorophyll fluorescence measurement

Chlorophyll fluorescence was measured on fully developed
leaves at the end of the experiment using a fluorimeter
(HANDY-Pocket PEA, Hansatech, King’s Lynn, UK).
Leaves were previously dark adapted with leaf clips
(15-20 min.) to allow for all reaction centers of PSII to be
open and capable for photochemistry reaction. The leaves
were exposed to saturating light inten-
sity > 3000 umol m~ s~' PAR for 1 s and the maximum
photochemical efficiency of light harvesting of PSII (FV/
FM) was calculated.

Soluble sugars and organic acids analysis

Extraction and analysis of sugars and acids from tomato
leaves collected at the end of the experiment were con-
ducted by using the protocol of Gomez et al. (2002). Sugar
concentration (glucose, fructose and sucrose) was deter-
mined with HPLC (Waters, USA) using a 210 nm UV
detector. HPLC system was equipped with sugar pre-
column (Waters, ref. WATO015209) and Sugar-Pac I col-
umn (300 x 6.5 mm) (Waters, ref. WAT088141). Flow
rate of the mobile phase (Na,Ca-EDTA—50 mg 17" was
set at 0.6 ml/min. All results were expressed as g of soluble
sugar/100 of lyophilized material. Organic acid (citric and
malic) analysis was done with HPLC equipped with
50 x 6 mm precolumn (RSpac KC-G, Shodex) and
300 x 8 mm column (RSpac KC-811, Shodex). Flow of
the mobile phase (0.1% H3PO,) was set at 1 ml min~ L. All
results were expressed as g of organic acid/100 of lyo-
philized material.

Ascorbic acid analysis

Ascorbic acid was extracted and analyzed following the
protocol of Stevens et al. (2006). Leaf powder (500 mg)
was mixed with 6% TCA (trichloroacetic acid). After
centrifugation the supernatant was used for ascorbic acid
analysis. Analysis was performed in 96-micro-well plate by
treating 20 pl of each sample with 20 pl of 5 mM DTT.
DTT activity was stopped after the incubation (20 min,
37 °C) by adding 0.5% N-ethylmaleimide. In each well a
coloring reagent was added based on FeCl;. After 60 min
of incubation at 37 °C, absorbance was read at 550 nm
(Tecan Microplate Reader, Switzerland). Commercial
L-ascorbic acid was used to generate the standard curve
(0-0.40 mg of ascorbic acid/mL). All results were
expressed as mg of ascorbic acid per 100 g of leaf fresh
weight.
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Antioxidant capacity analysis

Antioxidant capacity analysis was based on the Trolox
equivalent antioxidant capacity assay (protocol described
by Re et al. 1999). Leaf samples were prepared by dis-
solving 1 g of ground sample in 80% ethanol and super-
natant was used after centrifugation (room temperature,
9000 rpm). ABTS (2, 2’-azinobis (3-ethylbenzothiazoline-
6-sulfonic acid) was dissolved in PBS buffer (pH = 7.4).
Manganese oxide was used for oxidation of ABTS. Dif-
ferent concentrations of Trolox (0—100 pumol) were used to
build a standard curve. Absorbance of samples and stan-
dard solutions was measured at 734 nm (SPECTRO UV-
VIS, Lambomed, Inc. USA). The results were expressed as
Trolox equivalent antioxidant capacity.

ABA analysis

Leaf ABA content was measured by ELISA immunoassay
(Asch 2000). Collected leaves were ground in liquid
nitrogen and around 0.35 g of each sample was transferred
in 2 ml tubes. In each tube 1.5 ml of miliQ water and
0.01 g of PVP (polyvinylpyrrolidone) were added. Tubes
were exposed to high temperature for a few seconds in a
water bath, and then placed on a thermo shaker for 24 h at
4 °C. After 24 h, tubes were put to centrifugation (15 min,
4 °C, 13,200 rpm). The supernatant was taken, and
appropriate dilutions were made.

The first step of ELISA immunoassay was to coat the
microplate with 200 pL. ABA conjugate, which is an
antigen with protein carrier. This was done the day before
ELISA assay and the plate was put at 4 °C. During the
coating process, ABA conjugate bonded to the microwell
walls. On the day of ELISA test, not-bonded ABA conju-
gate was washed out 3 times from microwells by sodium
phosphate buffer and the third time the buffer was left in
microwells for 20 min at 37 °C. After that, 100 uL of the
sample was added and 100 pL of primary antibody-MAC.
Plate was put at 4 °C for 3 h. Antigen from the sample
competed with wall-bonded antigen for a limited amount of
a primary antibody (MAC). In the next step, we added 200
pL of secondary antibody carrying an enzyme and left the
plate for 1 h at 37 °C for binding primary antibody to
secondary. Substrate (p-nitro-phenyl phosphate) was dilu-
ted in NaHCOj3, and 200 pl of diluted substrate was put in
plates. Enzyme reacted with the substrates and it produced
color reaction after a few minutes. The absorbance was
measured at 405 nm. Commercial ABA was used for
preparation of the standard curve (4000, 2000, 1000, 500,
250 and 125 pg /100 pl). All results were expressed as ng
of ABA per g of leaf fresh weight.
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Measurement of gene expression in tomato leaves
by RT-qPCR

Analysis of the gene expression in the leaves included 4
genes whose ID numbers from the Sol genomics network
(https://solgenomics.net/) are also presented in parentheses:

NCED (9-cis-epoxycarotenoid dioxygenase—Soly-
c07g056570), ZEP  (zeaxanthin  epoxidase—Soly-
c02g090890), sIAPXcp (thylakoid-bound ascorbate

peroxidase 6—Solyc11G018550) and sIAPXcyto (cytosolic
ascorbate peroxidase 1—Solyc06G005160). The primers
were designed using Primer3 Software. Forward and
reverse primers of analyzed genes are presented in the
Supplementary file 1.

Sample preparation

Fully developed leaves were collected at the end of the
experiment and ground with liquid nitrogen and the leaf
powder was kept at -80 °C until the RNA extraction step.
RNA extraction was performed using TRIzol REAGENT
(1 ml of TRI reagent/100 mg tissue). Separation of the
sample was done by adding 200 pl of chloroform per 1 ml
of TRI Reagent. After shaking and centrifugation (maxi-
mum speed for 15 min at 4 °C), 500 pl of the aqueous
phase was transferred into a 2 ml tube. To the aqueous
phase was added 500 pl of isopropanol, which caused the
RNA precipitation. After centrifugation (maximum speed
for 15 min at 4 °C) and supernatant removal, RNA pellet
was washed by adding 1 ml of 75% ethanol. The sample
was centrifuged at 10,000 rpm for 5 min at 4 °C and
ethanol was removed. RNA pellet was air dried for 5 min
and dissolved in RNase-free water (50 pl). Quality check
of extracted RNA was done by agarose gel electrophoresis,
while the quantity of extracted RNA was checked by
NanoDrop spectrophotometer. Samples were diluted until
the concentration of 200 ng of RNA/1 pl of the sample was
obtained. Isolated RNA was exposed to DNase enzyme
(RNase-Free DNase Qiagen kit, ref: 79,254), in order to
remove DNA present in the sample and avoid contamina-
tion. To the aqueous phase was added 500 pl of iso-
propanol, which caused the RNA precipitation. After
shaking and centrifugation (maximum speed for 15 min at
4 °C), 500 pl of the aqueous phase was transferred into
2 ml tube.

Two-stepRT-qPCR
The reverse transcription was done for all samples in order

to get the cDNA. All samples of cDNA were diluted 1/15
(5 pl of cDNA and 70 pl of ultra-pure water) and 2 pl of
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diluted cDNA was mixed with 18 pl of reagent mixture
(6.2 pl of ultra-pure water, 10 pl of Briliant II Sybr Green
Master Mix—Agilent Technologies Stratagene, 0.3 pl of
Rox 1/500 and 1.5 pl of primer). Real time PCR was
performed (1 cycle — 95 °C for 10 min and 40 cycles —
95 °C for 30 s, 55 °C for 40 s and 72 °C for 30 s). Nor-
malization of data was done using the reference house-
keeping genes as internal control (actin depolymerizing
factor 6 F-Primer: GCTCTTCCTGAGAATGACTG
R-Primer: CCTGAACCTGTCCTTAGATG). This house-
keeping gene was chosen after testing since it was showing
the lowest variation and the highest stability of expression
in 4 lines analyzed in this study. Results are presented as a
log2 fold change of up or down regulation of gene
expression compared to the control sample (fully irrigated
plants).

Statistical analysis

Statistical analyses were performed by using SigmaPlot
12.5 Software. Descriptive statistics and a test for normal
distribution was done for each set of data. The difference in
physiological and biochemical parameters among two
treatments of the same genotype was tested by using the
t-test. The data were expressed as mean + SE, with levels
of significance marked with asterisks (p < 0.001—**%*
p < 0.01—**% p < 0.05—%).

Results
Effect of drought on physiological parameters

Measurements of stomata conductance as a parameter of
the water regime revealed genotypic differences among
cultivars in control conditions with the highest value in the
genotype with larger fruits, Levovil, and the lowest in
cherry genotype Plovdiv. Long-term moderate drought
induced significant reduction of stomata conductance in all

Fig. 1 Stomata conductance
(a) and abscisic acid content
(b) under optimal (white bars)
and drought conditions (grey
bars). (Mean + SE (n = 6);
levels of significance

p < 0.001—*** p < 0.01—%%,
p < 0.05—%*) (color

figure online)
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genotypes (Fig. 1a), but the effect was more expressed in
larger fruit genotypes, Levovil and LA0147 (ca. 65%)
compared to cherry tomatoes, Plovdiv and LA1420 (ca.
44%). Analysis of ABA leaf content under control condi-
tions indicated that genotypes LA1420 and LAO147 had
higher ABA concentrations in leaves than Plovdiv and
Levovil (Fig. 1b). Drought-induced accumulation of ABA
in tomato leaves was recorded in all genotypes, but higher
in larger fruit tomatoes (Levovil + 48%, LA0147 + 37%)
compared to cherry genotypes (Plovdiv + 12%,
LA1420 + 17%). However, the changes in water potential
values indicated the absence of significant differences
between investigated genotypes. Under control conditions,
the average water potential of all analyzed genotypes was
between — 0.20 and — 0.24 MPa, while drought stress
induced a decrease and the values of leaf water potential
ranged from — 0.96 to — 1.08 MPa.

One of the most sensitive processes under drought
conditions is leaf growth. Long-term moderate drought
induced the reduction of the leaf length in all genotypes,
but more in the cherry tomato (ca. 18%) than in larger fruit
genotypes (ca.12%). Similar trend was observed with
specific leaf area (SLA) as a one of the leaf traits related to
drought tolerance, with a pronounced difference between
cherry genotypes (ca. 34%) and larger fruit genotypes (ca.
12%). On the other hand, specific genotype-related differ-
ences in dry matter content were not noticed under stress
conditions, but the decrease of SLA was followed by a
15-22% increase of dry matter content in all analyzed
genotypes (Table 1).

Chlorophyll fluorescence parameters are frequently used
in monitoring the drought effects on the photosynthesis,
and one of them is the maximum photochemical efficiency
of photosystem II. In our study, long-term drought stress
significantly decreased the maximal photochemical effi-
ciency of photosystem II (Fy/Fy) in all investigated
genotypes (Table 1), but the effect was more pronounced in
genotypes with larger fruits (ca. 22%) than in cherry
genotypes (ca. 12%).
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Table 1 Leaf length, specific leaf area (SLA), leaf dry matter content and fluorescence parameter under optimal and drought conditions

Fv/ FM

Leaf dry matter (%)

SLA (cm?/ 2)

Leaf length (cm)

Genotype

Drought Control Drought Control Drought Control Drought

Control

0.58 + 0.02%**

14.53 £+ 0.06** 0.78 + 0.02
14.03 £+ 0.15*

12.66 + 0.11

220.78 + 9.77 96.57 + 5.4%*

33.5 £ 2.08*

38.25 £ 0.83
39.00 £+ 1.67
46.5 £+ 3.01

Levovil

0.63 £ 0.02%**

0.79 £ 0.0.2
0.81 £+ 0.02
0.80 £ 0.01

11.81 £ 0.67
12.15 £ 0.29
12.08 £+ 0.17

236.55 + 14.89 202.96 + 13.88%*

264.14 £+ 16.44

34.25 £+ 1.69*
38.88 £ 1.84*

LAO0147
Plovdiv

0.70 £ 0.01*

14.40 £ 0.11%*

168.43 £ 7.79%**

0.69 + 0.02*

14.72 £ 0.13%***

177.93 £ 6.95 118.32 & 7.65%**

31.75 £ 2.03**

39.5 + 1.34

LA1420

Mean =+ SE (n = 6); *, ** *** Sjgnificant at the 0.05, 0.01 and 0.001 probability levels, respectively

Effect of drought on biochemical parameters

Soluble sugars and organic acids are major components of
tomato fruit quality, but they also have an important role in
osmotic adjustment that contribute to the plant’s adaptive
response to drought stress. Our results revealed genotype-
specific reactions in soluble sugar content in control con-
ditions, since the leaves of cherry tomato accumulated
more glucose and fructose than the leaves of genotypes
with larger fruits (Fig. 2a, b). Long-term water deficit
significantly increased glucose content in all investigated
genotypes, but more in cherry tomatoes (Plovdiv + 67%
and LA1420 4 161%). Cherry genotypes also had more
fructose under both treatments, control and drought (ca.
30% and 24%, respectively) in comparison to the geno-
types with large fruits. Variation in the sucrose content
under control conditions was also genotype specific with
the highest value in the leaves of LA1420 cherry genotype.
Drought induced sucrose accumulation was found in the
leaves of all genotypes (Fig. 2c), but statistically signifi-
cant only in cherry genotype Plovdiv (for 48%).

The analysis of organic acid content in control condi-
tions indicated characteristic genotypic differences where
LA1420 and LAO147 accumulated more citric acid than
Plovdiv and Levovil. Under stress conditions the accumu-
lation of citric acids was noticed in the leaves of all
genotypes (Fig. 3a), but statistically significant difference
was only in the genotypes with the larger fruits (Levo-
vil + 90%, LA0147 + 26%). Similar trend was recorded
for malic acid content (Fig. 3b), especially for Levovil
(+ 164%).

Water deficit also triggered plant’s antioxidant system.
Ascorbic acid is one of its most important components and
prolonged moderate drought stress has caused the accu-
mulation in the leaves of all genotypes (Fig. 4a), but sta-
tistically significant only for the cherry tomatoes
(Plovdiv 4+ 11% and LA1420 4+ 63%). Total antioxidant
capacity was also increased under drought conditions
(Fig. 4b), especially in the leaves of both cherry genotypes
(ca. 64%) compared to larger fruit genotypes (ca. 30%).

Two-way ANOVA analysis revealed the effect of
genotype, treatment, and genotype-treatment interaction on
investigated biochemical parameters (Table 2). The most
significant effects related to glucose content as well as
ABA and antioxidant parameters, were observed at all
levels.

Drought effect on gene expression

One of the well-known responses to drought is the induc-
tion of the biosynthesis and accumulation of ABA, which
regulates different physiological processes and adaptive
reactions in plants. Therefore, our study also included
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Fig. 2 Soluble sugar content (glucose—a, fructose—b and sucrose—
¢) in tomato leaves under optimal (white bars) and drought conditions
(grey bars). (Mean + SE (n = 6); levels of significance p < 0.05—%)
(color figure online)

molecular analysis of some of the important genes in ABA
biosynthesis. Long term drought stress induced the
expression of the NCED gene in the leaves of all investi-
gated genotypes (Fig. 5), but more in the leaves of geno-
types with larger fruits (log2 fold change of 0.40 for
Levovil and 0.34 for LAO147) in comparison to cherry

tomato genotypes(0.24 for Plovdiv and 0.27 for
LA1420).The upregulation of ZEP gene in our study was
observed only in the genotype LA1420 (log2 fold change
0.15), while it was down-regulated in the other genotypes
(Fig. 5).

The moderate long-term drought has also induced
upregulation of genes responsible for antioxidative defense
(Fig. 5). The upregulation of the cytoplasmic APX gene
was more expressed in the leaves of cherry genotypes
(Plovdiv + 0.31 and LA1420 + 0.36) than in larger fruit
tomatoes (Levovil 4+ 0.17 and LAO0147 + 0.18). The
expression of chloroplastic JAPXcp was also upregulated in
the leaves of cherry tomatoes (Plovdiv 4+ 0.19 and
LA1420 4 0.27), while the opposite trend was noticed in
larger fruit tomatoes (— 0.17 for Levovil and—0.12 for
LAO0147).

Discussion

Under limited water supply, the plant water status changed
and consequently led to stomata closure and reduced
photosynthesis. Long-term moderate drought induced a
significant reduction of stomata conductance in all inves-
tigated genotypes, but more pronounced in the leaves of the
large fruited genotypes Levovil and LA0147 compared to
cherry tomatoes, Plovdiv and LA1420 (Fig. la). These
results indicated that the genotypes with larger fruits were
more sensitive to prolonged water deficit than cherry
genotypes. On the other hand, the measurements of leaf
water potential values, as an indicator of the water status,
did not reveal any statistically significant differences
between genotypes in both, control and drought conditions.
Investigations of Ripoll et al. (2016b) with the same cherry
genotypes (Plovdiv and LA1420) showed that moderate
drought applied at different stages of fruit development
impacted stomata conductance more than leaf water
potential and plant water status. Our results are in agree-
ment with these conclusions.

Increase of ABA concentration in leaves and roots under
drought conditions is recorded in different crops, and in
tomato as well (Manzi et al. 2015; Moles et al. 2018). Our
results point out that long-term moderate stress induced the
accumulation of ABA in the leaves of all genotypes, but
more in tomatoes with larger fruits compared to cherry
genotypes (Fig. 1b). Literature data also showed that ABA
accumulation in xylem sap and leaves is correlated with
stomata closure in many plant species, including the
tomato (Thompson et al. 2007). The reduction of stomata
conductance in all investigated genotypes in our study
could be related to the ABA concentrations in the leaves,
which is significantly higher in the genotypes with larger
fruits (Levovil and LAO0147). The lack of genotype-specific

@ Springer



2812 Physiol Mol Biol Plants (December 2021) 27(12):2805-2817
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Table 2 ANOVA table showing level of significance of main effects of genotype, treatment and their interaction on investigated parameters

Glucose Fructose Sucrose Citric acid Malic acid ABA Vitamin C AA
Genotype gokeok eokk sk ok * sk skt Txk
Treatment skoksk sk fkok skokk skskck ko skskck sk
G X E skskk ns * 3k * sfekosk skskok skkk

* k% k% indicate significance level at P < 0.05, P < 0.01, and P < 0.001 respectively, NS denotes not significant

differences regarding leaf water potential, as well as

0:5'1 characteristic genotypic differences in stomata conduc-

4] 7 tance and ABA content, indicate the presence of chemical

é 7 signals in the response of tomato plants to drought. Liter-

5 % g ature data also demonstrated a primary role of leaf ABA in

g 0.2 é ? ‘ stomatal control under mild and moderate drought stress in

S Z g ’ ? different tomato genotypes (Giorio et al. 2018; Yan et al.
2 17 r 2017).

> A1 N 7] 17 Inhibition of leaf growth under limited water supply has

& o Z s I % é resulted in the changes in leaf area or dry mass, but also

é = é ) could be a consequence of different sensitivity of the leaf

021 expansion process and photosynthesis to drought. Our

- NCED il plastdBX eyoARX results showed that under long-term moderate drought the

reduction of the leaf length and specific leaf area (SLA)
was more expressed in cherry genotypes compared with
’ . L larger fruit genotypes (Table 1). This agrees with literature
Fig. 5 The gene expression of NCED, ZEP, plastidial and cytoplas- h d d d h induced th
matic APX as log2 fold changes in the leaves of the four tomato w ere_ moderate and severe drought stress H.l uc.e the
genotypes under drought conditions compared to control condition reduction of leaf growth parameters and SLA in different

LEVOVIL LA0147 [ PLOVDIV [ LA1420
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tomato genotypes (Calcagno et al. 2011; Rigano et al.
2016) that could be followed by increased leaf dry matter
content. An increase in leaf dry matter content under
drought conditions may be a consequence of reduced water
content of the leaf tissue due to dehydration, or as a result
of osmotic adjustment and accumulation of osmotic active
compounds in the leaves. Changes of dry matter content in
leaves in our study were less expressed in comparison to
Ripoll et al. (2016a) experiment where the same genotypes
were exposed to a gradual increase in the intensity of
drought stress during fruit growth and development. These
results indicated that the changes in leaf dry matter content
can be a consequence of plant acclimation to stress during
recovery periods between successive episodes of water
deficit.

Drought stress also affects the photosynthetic apparatus,
and induces changes in photosynthetic pigment content and
functionality of photosystems. Reduction of Fy/F\; was
recorded in different tomato genotypes under drought
conditions (Mishra et al. 2012; Nankishore and Farrell
2016), but this effect depend on the genotype, plant
development stage and especially the intensity of stress,
due to higher photoinhibition and production of reactive
oxygen species (Yuan et al. 2016). Less expressed reduc-
tion of F,/F,, in cherry genotypes in our study indicated
that PSII efficiently manages the excess of energy, but it
also implies increased activation of antioxidant systems in
the leaves of cherry genotypes, as a protective mechanism
against excessive production of reactive oxygen species
that could occur under long-term drought. This is consis-
tent with the study of Ripoll et al. (2016a) where the same
cherry genotypes had a less sensitive photosynthetic
apparatus and photosystem II compared to large fruit
genotypes under repeated episodes of drought stress with
recovery periods. Activation of photoprotective mecha-
nisms under drought conditions provide the efficiency of
primary photochemical processes and also the continuity of
metabolic reactions of photosynthesis and assimilate pro-
duction necessary for the maintenance of “source-sink”
relation (Osorio et al. 2014).

One of drought induced mechanisms is the accumula-
tion of various soluble compounds in order to maintain a
favorable plant water status. Predominant soluble sugars in
tomato leaves in our study were hexoses, which accumu-
lated 9-10 times more than sucrose in both the treatments.
Specific genotypic differences were noticed in total sugar
content (glucose + fructose + sucrose), since cherry
genotypes showed higher sugar accumulation in the leaves
under control conditions and drought conditions as well.
Among cherry genotypes, LA1420 had the highest increase
of total sugars under drought conditions, primarily related
to higher accumulation of glucose (Fig. 2). Accumulation
of hexoses in the leaves of those genotypes under

successive periods of water deficit and rehydration have
been reported by Ripoll et al. (2016a), but less expressed
changes in glucose content in comparison to ours is prob-
ably the result of plant acclimation to gradual increase of
drought stress intensity. The difference in sucrose and
hexose levels depends also on the relative activities of the
enzyme sucrose synthase and invertase which play an
important role in sugar metabolism in the tomato fruit and
are involved in the crop response to environmental factors
(Beckles et al. 2012). Drought-related changes in carbo-
hydrate composition may be the result of changes in
demand between source and sink organs (Albacete et al.
2014), but also genotype specific, since severe drought
induces more sucrose in the leaves of the drought tolerant
tomatoes, while less resistant genotypes have reduced
sucrose content due to inhibition of the net photosynthesis
(Zhou et al. 2017).0Organic acids, similarly to sugars, also
play an important role in the process of osmotic adjust-
ment, which results in the maintenance of photosynthesis
and plant growth in water deficit conditions (Cattivelli
et al. 2008). Analysis of total organic acid content indicated
that the leaves of the large fruited tomatoes had higher
accumulation citric and malic acid under drought condi-
tions compared to cherry tomatoes.

The accumulation of both organic acids and sugars can
indicate the presence of osmoregulation in order to main-
tain metabolic activity in the leaves as a source organ. The
study with different tomato mutants including ABA defi-
cient notabilis, indicated that ABA had a significant role in
the regulation of primary metabolites at leaf and fruit levels
(Li et al. 2018). These results may indirectly point out that
drought—induced ABA accumulation in our experiment
had a different effect on increasing the osmotic compo-
nents in the leaves, namely the primary soluble sugars in
the leaves of cherry genotypes and the organic acid content
in large fruited genotypes. Our previous data indicated that
long-term water deficit can influence fruit quality in large
tomato fruit genotypes by accumulation of sucrose as well
as the increase of citric acid (Petrovic et al. 2019).Although
our study on the leaf level did not include measurements of
osmotic potential and turgor, the accumulation of both
organic acids and sugars indicates the presence of an
osmoregulation process. Therefore, it could be presumed
that higher accumulation of organic acids in the leaves of
large tomato fruit genotypes (Fig. 3) is reflected source-
sink interactions and they take part in osmotic adjustment
necessary for continuing their fruit growth in water short-
age conditions as was demonstrated also by Ripoll et al.
(2016b).

Water stress may influence the secondary metabolism
through two interactive mechanisms: the changes of the
transport of primary metabolites as a major source in the
biosynthesis of ascorbic acid and carotenoids and oxidative
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stress which could affect the biosynthetic pathways of
antioxidant compounds. Both mechanisms are closely
related since the accumulation of carbohydrates may
enhance photooxidative stress in photosynthetic organs
(Fanciullino et al. 2014). As a result of photochemical
changes and production of ROS under prolonged drought
conditions plants respond by activation of antioxidant
defense systems. Ascorbic acid (vitamin C) is a major
antioxidant playing a vital role in the mitigation of ROS
and protecting against various environmental abiotic
stresses (Smirnof 2018). Vitamin C is also an important
cofactor for numerous enzymes involved in plant metabo-
lism, such as violaxanthin de-epoxidase which participates
in the xanthophyll cycle and protects photosystem II from
photoinhibition (Paciolla et al. 2019). Higher accumulation
of vitamin C found in the leaves of cherry genotypes
compared to genotypes with larger tomato fruit could be
indirectly related with a better photoprotective response of
these genotypes under long-term drought.

Drought stress induces an increase in the total antioxi-
dant capacity as well as the activity of antioxidant enzymes
in tomato plants (Murshed et al. 2013; Zgallai et al. 2006;
Yuan et al. 2016). The comparison of drought tolerant and
susceptible tomato genotypes has shown that highly toler-
ant genotypes have a stronger antioxidant system, espe-
cially under severe drought stress (Rigano et al. 2016).
Literature data also showed that high antioxidant activity in
cherry tomato varieties was induced by oxidative stress
generated by moderate water deficit (Sanchez-Rodriguez
et al. 2010). Some studies indicated that ascorbic acid
content could be correlated with drought resistance in
tomato plants (Garchery et al. 2013). We previously
reported that long-term water stress significantly increased
ascorbic acid content and total antioxidant capacity in the
fruits of all genotypes, especially cherry genotypes Plovdiv
and LA1420 (Petrovic¢ et al. 2019). It can be assumed that
the increase in drought-induced hexoses together with less
pronounced fluorescence changes in cherry genotype
leaves contribute to the continuous supply of substrate for
biosynthesis of the secondary metabolite as vitamin C and
their greater accumulation in the leaves and fruits com-
pared to large fruited genotypes. Moreover,greater accu-
mulation of both antioxidant components in the leaves of
cherry genotypes in our study (Fig. 4), as well as in the
fruits, indicate that these genotypes have a better adaptive
antioxidant response to drought than genotypes with large
tomato fruit.

Long-term drought stress affected the expression of the
genes in ABA biosynthetic pathway. Drought-induced
expression of the NCED gene in the leaves of all investi-
gated genotypes is in line with higher leaf ABA content
and indicates that the ABA accumulation is the result of
increased ABA synthesis. Similar results are obtained in
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different NCED-over expressing plants. Up-regulated
expression of NCED gene in Arabidopsis by drought
induces ABA accumulation, decreases transpiration and
improves drought tolerance (Iuchi et al. 2001). The
upregulation of NCED that resulted in higher ABA content
was also recorded in tomato under short and long-term
drought conditions (Iovieno et al. 2016; Giorio et al. 2018;
Landi et al. 2017). Down-regulation of ZEP gene in the
most investigated genotypes in our experiment was not
followed by the same pattern for ABA accumulation.
Schwarz et al. (2014) showed that drought reduced ZEP
protein accumulation in leaves, but this reduction does not
affect the accumulation of ABA which are similar in both
tissues (roots and leaves). They also confirmed that the
accumulation of ZEP protein under drought conditions is
tissue-specific,and implies different functions of ZEP pro-
tein in ABA biosynthesis and the xanthophylls cycle.

Investigation of over-expression of ZEP genes in Ara-
bidopsis confirms increased drought tolerance (Park et al.
2008). Also, transgenic Arabidopsis plants with overex-
pression of ZEP had a lower reduction of Fv/Fm and higher
activity of antioxidant enzymes, which contributes to the
fact that these genotypes are more tolerant to drought (Lou
et al. 2017). Taking into account that ZEP products are
important for plant acclimation under abiotic stress,
upregulation of ZEP gene in cherry tomato LA1420
(Fig. 5) could be related to increased photooxidative pro-
tection of this genotype under prolonged drought condi-
tions. Under moderate drought conditions LA1420 had the
highest content of phytoene and lycopene in mature fruit
(Petrovi¢ et al. 2019), which indirectly implied that this
genotype also had the highest amount of ZEP substrate—
zeaxanthin. Our results also showed that this genotype had
the highest level of lutein content, the most important
compound for protection of photosynthetic apparatus from
severe oxidative stress, so increased synthesis and meta-
bolic conversion of lutein to xanthophyll could be a pro-
tection mechanism against ROS forms induced by drought
stress (Huang et al. 2010).

Plants exposed to prolonged drought stress are subjected
to oxidative stress due to altered photosynthetic processes
and accumulation of reactive oxygen species. Effective
removal of ROS could be done by different enzymatic
antioxidant systems including ascorbate peroxidases (Sofo
et al. 2015). Literature data reported the increase of APX
expression in tomato plants under drought stress (Iovieno
et al. 2016; Landi et al. 2017). APX isoforms have different
expression patterns in the same plant.A cytoAPXI- defi-
cient Aradbidopsis mutant was more stress-sensitive under
drought and heat stress, while cpAPX deficient mutants did
not express drought sensitivity in comparison to non-mu-
tant plants (Caverzan et al. 2012). Although we did not
measure the activity of enzymes related to ROS-
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detoxification mechanisms, an increase in non-enzymatic
antioxidant components such as vitamin C and elevated
expression of APX genes in the leaves indicated the pres-
ence of oxidative stress. Upregulation of both APX genes,
cytoplasmic APX and chloroplastic JAPXcp, more expres-
sed in cherry than in large fruited tomatoes in our study
(Fig. 5) may be related to the higher drought tolerance of
cherry genotypes and better capacity for recovery from
oxidative stress induced by prolonged drought stress.

Conclusion

Our study pointed out the characteristic physiological,
biochemical and molecular differences in drought induced
responses at leaf level between cherry and large fruited
tomato genotypes. Prolonged drought stress affected more
stomatal conductance in the leaves of large tomato fruit
genotypes compared to cherry genotypes due to higher
ABA leaf content. Cherry genotypes are more able to
withstand water stress due to the production of smaller
leaves and more efficient photochemistry of photosystem
II, which allows the maintenance of photosynthesis com-
pared to larger fruit genotypes. Biochemical analyses
indicated that the osmoregulation was predominantly
dependent on the accumulation of sugars in the leaves of
the cherry genotypes, while in the larger fruit genotypes it
was connected to an increase in the organic acid content.
Drought induced accumulation of hexoses and less
expressed stomata reduction in cherry genotypes indicate a
better capacity to maintain carbon fixation and photosyn-
thesis under the stress conditions, necessary for the
“source-sink” gradient, as well as for the production of
secondary metabolites. In contrast, lower stomatal con-
ductance, in addition to the changes of fluorescence in the
leaves of large fruit genotypes, implies that the effect of
drought on photosynthesis could be higher in these geno-
types compared to cherry tomatoes. Long-term moderate
drought upregulated NCED expression in all of the geno-
types is correlated with ABA production. Upregulation of
the APX genes in the leaves of cherry genotypes, together
with higher vitamin C content and total antioxidant
capacity, confirmed their greater adaptive response to
drought-induced oxidative stress compared to the response
of genotypes with large tomato fruit. The increase in ZEP
expression found only in the LA1420 cherry genotype
highlighted its role in the protection against photooxidative
stress caused by prolonged drought. Further metabolic and
molecular studies would help to better understand the
regulatory mechanisms underlying the drought response at
the leaf level in relation to the differences between cherry
genotypes and large fruited tomatoes.
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