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Francesca Secchi5 and Emanuela Noris1,*

1Institute for Sustainable Plant Protection, National Research Council, Strada delle Cacce 73, 10135 Torino, Italy
2Council for Agricultural Research and Economics Centre of Viticultural and Enology Research (CREA-VE). Viale XXVIII Aprile 26, 31015 Conegliano (TV), Italy
3School of Biosciences, University of Birmingham, Birmingham, B15 2TT, UK
4Italian National Agency for New Technologies, Energy and Sustainable Economic Development (ENEA), C.R. Casaccia, Rome, Italy
5Department of Agricultural, Forest and Food Sciences, University of Torino, Largo Paolo Braccini 2, 10095 Grugliasco (TO), Italy
*Corresponding authors. E-mail: emanuela.noris@ipsp.cnr.it, slavica.matic@ipsp.cnr.it

Abstract

Viruses can interfere with the ability of plants to overcome abiotic stresses, indicating the existence of common molecular networks
that regulate stress responses. A begomovirus causing the tomato yellow leaf curl disease was recently shown to enhance heat
tolerance in tomato and drought tolerance in tomato and Nicotiana benthamiana and experimental evidence suggested that the virus-
encoded protein C4 is the main trigger of drought responses. However, the physiological and molecular events underlying C4-induced
drought tolerance need further elucidation. In this study, transgenic tomato plants expressing the tomato yellow leaf curl Sardinia
virus (TYLCSV) C4 protein were subjected to severe drought stress, followed by recovery. Morphometric parameters, water potential,
gas exchanges, and hormone contents in leaves were measured, in combination with molecular analysis of candidate genes involved
in stress response and hormone metabolism. Collected data proved that the expression of TYLCSV C4 positively affected the ability
of transgenic plants to tolerate water stress, by delaying the onset of stress-related features, improving the plant water use efficiency
and facilitating a rapid post-rehydration recovery. In addition, we demonstrated that specific anatomical and hydraulic traits, rather
than biochemical signals, are the keynote of the C4-associated stress resilience. Our results provide novel insights into the biology
underpinning drought tolerance in TYLCSV C4-expressing tomato plants, paving the way for further deepening the mechanism
through which such proteins tune the plant-virus interaction.

Introduction
Rapidly evolving climate conditions are seriously impact-
ing agriculture, increasing the levels of CO2 and tem-
perature and decreasing water availability, with heavy
fallouts on plant growth and crop yield [1]. Drought
is one of the most serious abiotic stresses, negatively
affecting the growth and reproduction potential of many
crops. Water loss triggers a complex array of defense
responses, from stress perception to signal transduction,
leading to the induction of specific stress-related genes
and the accumulation of metabolites that progressively
elicit changes at the cellular, physiological, and devel-
opmental levels. To activate drought stress tolerance
and minimize water losses, plants need to maintain cell
homeostasis by increasing water inlet into cells. Plant
adaptation to drought mainly includes accumulation of
osmolytes and sugars that reduce water loss at the cel-
lular level, stomata closure with consequent inhibition

of photosynthesis and growth, build-up of cell-damaging
reactive oxygen species and activation of photorespi-
ration metabolism [2]. Water stress also increases the
production of the plant hormone abscisic acid (ABA) that,
besides causing stomatal closure, plays an active role
in the control of leaf transpiration upon drought and
recovery conditions [3, 4]. Such mechanisms are finely
tuned by a strict transcriptional reprogramming [5] of
several stress-responsive genes identified through tran-
scriptomic and proteomic approaches [6], many of which
are transcriptionally activated by ABA signaling [4]. Both
type and multiplicity of these responses are strictly influ-
enced by the intensity and timing of the stress, as well
as by the developmental stage and genotype of the plant
and by the environmental factors responsible for the
induction of the stress. From a biological and agricultural
perspective, it is important to thoroughly understand the
physiological and molecular mechanisms that control
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plant resilience and acclimation to drought, with the
final goal to select crops that are better adapted to future
climate conditions, and to develop sustainable tools use-
ful for maintaining or increasing crop productivity.

For its fruit characteristics, tomato (Solanum lycoper-
sicum L.) has a worldwide recognized and prominent
role in food and food processing, but it is one of the
most water demanding crops and is particularly sensitive
to drought [7]. Tomato is also affected by a number
of pathogenic organisms, among which viruses are par-
ticularly harmful [8]. The impact of viruses on tomato
cultivation and productivity is expected to increase in the
future due to the projected climate change scenario, rais-
ing the populations of insect transmitting viruses [9–11].
Begomoviruses are among the most important viruses
affecting tomato. They belong to the large Geminiviri-
dae family, whose members are characterized by gemi-
nate particles enclosing one or two circular molecules
made of single-stranded DNA, each of about 2600–2800
nucleotides (nt) in size. Tomato yellow leaf curl Sardinia virus
(TYLCSV), together with other closely related species,
causes the tomato yellow leaf curl disease, one of the
most damaging diseases of this crop [12]. The monopar-
tite genome of TYLCSV (2773 nt) encodes six genes par-
tially or completely overlapped [13]. Beside the structural
V1 gene encoding the coat protein and the C1 gene encod-
ing the replication associated protein (Rep), definite roles
for the other proteins of geminiviruses are still to be fully
clarified, such as the case of the small C4 proteins, which
are produced by six of the fourteen geminivirus genera,
and are now emerging as potent viral effectors, with high
variability and versatility [14]. Within begomoviruses, the
C4 proteins have been found involved in virus movement
[15, 16], suppression of RNA silencing [17, 18], symptom
induction [19], promotion of hypersensitive response [20]
and hyperplasia [21].

In nature, combinations of virus infections and abiotic
stresses can occur, leading to the activation of overlap-
ping or synergistic metabolic pathways with novel and
unpredictable effects [10, 22]. Notably, recent studies
also revealed that viruses can interfere with the abil-
ity of plants to overcome biotic and abiotic stresses,
including drought [23]. Following the pioneering work
describing that virus infection enhances the resilience
of plants to drought [24], further examples of beneficial
trade-off of virus infected plants grown under drought
stress conditions were reported [22]. These observations
raised the concept of viruses “re-warding” plants for
their infection, operating through conserved metabolic
cross-talks that connect the host response to viruses and
drought tolerance [25]. These connection pathways may
involve the intervention of small RNA regulation, ABA
responses, changes in photosynthetic rates, metabolism
of osmoprotective compounds, and salicylic acid (SA)-
mediated signaling [26, 27]. Occasionally, investigation
regarding viruses that prime drought-tolerance resulted
in a decrease of transpiration rate and increase of SA
accumulation in an ABA-independent manner [22, 26].

Begomoviruses do interfere with host plant metabolism
in both model and crop species, altering the expression of
genes that govern cell cycle progression, developmental
and defense processes, often triggered through different
hormonal pathways [28–31]. In the context of drought-
induced responses, transcriptome analyses showed
that TYLCSV infection boosts the expression of ABA
biosynthetic genes, supporting the increase in ABA levels
in virus-infected tissues [31]. More recently, Tomato yellow
leaf curl virus (TYLCV), a relative of TYLCSV, was reported
to mitigate the response of tomato plants to heat stress
[32] and to increase drought tolerance in Nicotiana
benthamiana and tomato [33–35]. The study by [33] also
advanced that the TYLCV-encoded C4 protein is the viral
determinant conferring such features in Arabidopsis, in
an ABA-independent manner. However, the physiological
performances and the molecular events underlying C4-
associated drought tolerance are not deeply investigated.

Based on these observations and in search of direct
experimental evidence strengthening this concept, we
investigated if the C4 protein encoded by TYLCSV could
act as a player in the water stress tolerance processes
in tomato, the natural host of TYLCSV. By integrating
eco-physiological, morphological, biochemical, and
molecular data, we observed that C4-expressing plants
transpired less than wild-type (WT) plants already in
well-watered conditions. This correlated with a delayed
onset of stress-related features, accompanied by a much
slower inhibition of gas exchange rates, when plants were
exposed to the same drought conditions. These effects
coupled with an improved water use efficiency, a slight
increase in endogenous ABA levels, and a faster dynamic
of post-rehydration recovery. Moreover, we demonstrated
that such physiological responses were established in
C4-transgenic plants through a transcriptional repro-
gramming of genes associated with water transport,
stress defense, proline and ABA metabolism and through
specific anatomical and hydraulic traits. Taken together,
our results point out that expression of the TYLCSV C4
protein can prime the adaptability of tomato plants to
water limiting conditions.

Results and discussion
TYLCSV-C4 over-expression induces drought
stress tolerance in tomato plants
The C4 protein encoded by TYLCSV shares about
48% sequence identity with the corresponding pro-
tein of TYLCV (Fig. 1a), which has been recently sug-
gested to contribute to drought tolerance in C4 trans-
genic Arabidopsis plants [33]. To verify if TYLCSV-C4
affects the plant tolerance to drought stress and, in
particular, to evaluate if such feature occurs in a
crop of industrial relevance, we transformed tomato
with the pTOM102NT construct, carrying a TYLCSV
DNA sequence (nt 2653–1983) and overexpressing
C4 under the E35S promoter. To estimate the basal
level of transgene expression in these plants, we

D
ow

nloaded from
 https://academ

ic.oup.com
/hr/article/doi/10.1093/hr/uhac164/6650854 by U

niversity of Birm
ingham

 user on 22 N
ovem

ber 2022



Pagliarani et al. | 3

Figure 1. C4 from TYLCSV confers drought tolerance in tomato plants. (A) Alignment of the C4 proteins encoded by TYLCSV (CAA43465.1) and by
tomato yellow leaf curl–[Almeria] virus (NP658996.1), with the consensus line showing the identical amino acids; (B) Expression of C4 transcript in
leaves of C4 transgenic tomato plants (lines C4–151, C4–153, and C4–156) compared to TYLCSV-infected and healthy WT Moneymaker plants.
Transcript levels were normalized using WT healthy plants and the Ubiquitin (SlUBI) transcript was used as endogenous reference gene. Three
independent biological replicates with three technical replicates for each line and three independent TYLCSV-infected plants (collected at 6 weeks
post inoculation) were used for the analysis. Error bars represent SE. Lower case letters above bars represent statistical significance assessed by
Tukey’s HSD test (p ≤ 0.05); (C) Ten-week-old transgenic tomato (cv. Moneymaker) plants (n = 4) expressing the TYLCSV C4 gene under the control of the
E35S promoter and non-transgenic wild-type (WT) plants were subjected to complete water withdrawal and monitored daily for the onset of wilting.
Well-watered (WW) and water stressed (WS) plants were photographed when their collapse was evident; (D) Schematic representation of the time
span taken by plants of the different transgenic C4 lines and WT to reach the severe water stress level.

measured the C4 mRNA accumulation by qRT-PCR
in three independent transgenic lines. Compared to
TYLCSV-infected plants, all transgenic lines showed
significantly higher amounts of C4 transcripts (up to
more than one-third, Fig. 1b). In addition, all transgenic
lines displayed similar morphological defects in the
leaf shape, which appeared convoluted, crumpled, and
downward curled along the major vein, more evidently
in the C4–151 and C4–153 lines (Fig. S1).

When we tested the effect of drought stress on
these C4 over-expressing lines during a 7-days-long
period of complete water deprivation, all C4 plants
reached a severe stress condition on average three
days later than WT controls (Fig. 1d). However, four
days after water deprivation only the C4–151 and C4–
153 lines maintained a reduced wilting appearance,
while the canopy of C4–156 plants quickly collapsed,
similarly to WT plants (Fig. 1c). Accordingly, droughted
plants of the C4–151 and C4–153 lines maintained
higher stem water potential (Ψ stem) (−1.075 ± 0.03 MPa

and − 1.16 ± 0.03 MPa, respectively) compared to C4–156
and WT plants (−1.24 ± 0.02 MPa and − 1.31 ± 0.04 MPa,
respectively). Such differential responses to stress among
transgenic lines positively correlated with the level of C4
transcript produced (Fig. 1b), suggesting that TYLCSV-C4
can modulate drought tolerance in tomato in a dose-
depending fashion.

Therefore, to study the functional role of C4 in reg-
ulating the water balance in tomato, we focused all
subsequent experiments on the C4–151 line, which dis-
played stronger resistance to stress and a high level of C4
expression.

C4 improves the physiological performances of
transgenic tomato plants during drought and
recovery
To better investigate the effect of C4 on the physiologi-
cal responses upon drought, we designed a new exper-
iment where gas exchanges and stem water potential
were monitored in water-stressed (WS) and well-watered
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(WW) C4–151 and WT plants. The physiological perfor-
mances were further inspected considering the dynamic
of gas exchange recovery following stress relief (i.e. after
rehydration).

Over the whole duration of the experiment (14 days),
WW C4–151 plants showed on average lower values of
stomatal conductance (gs), assimilation (AN) and leaf
transpiration (E) compared to WT (Fig. 2a-c), thought
with no significant difference in terms of water use effi-
ciency (iWUE, Fig. 2d). Moreover, under normal irriga-
tion conditions, no discrepancy in stem water potential
occurred between the C4 and WT genotypes (Ψ stem, WW
controls, Fig. 2e).

Three days after the beginning of the treatment, WT
plants underwent a steep decrease in gs, AN, and E
reaching at day 5 levels of gas exchanges (Fig. 2a-c) and
Ψ stem (almost −1.5 MPa; Fig. 2e) associated to severe
water stress in tomato [36]. Conversely, C4 expression
significantly delayed the progressive inhibition of gas
exchange rates, as well as the sudden drop in Ψ stem

normally occurring in response to water limitation.
Accordingly, gs rates of C4–151 plants followed a much
slower and gradual decrease, reaching levels close to WT
plants almost 3 days later (day 8, Fig. 2a). Interestingly,
although at day 8 C4–151 plants experienced limiting gs

and E values not significantly different from WT controls
(i.e. 30 ± 2.79 vs 26 ± 2.28 mmol H2O m−2 s−1 for gs,
and 0.52 ± 0.03 vs 0.48 ± 0.04 mmol H2O m−2 s−1 for E,
respectively), their photosynthetic rates (i.e. 4.14 ± 0.23
and 3.18 ± 0.26 μmol CO2 m−2 s−1 for C4–151 and
WT plants, respectively, Fig. 2b) and Ψ stem values (i.e.
-1.05 ± 0.014 vs − 1.4 ± 0.02 MPa for C4–151 and WT
plants, respectively, Fig. 2e) were significantly higher than
those of WT plants at day 5. Trends of gas exchange
and Ψ stem measurements were confirmed during the
second physiological time course (Fig. S2), highlighting
a time lapse of four days between the end of WS
treatment in WT plants (day 7, corresponding to Ψ stem of
−1.45 ± 0.05 MPa, Fig. S2e) and the end of WS treatment
in C4–151 plants (day 11, corresponding to Ψ stem of
−1.11 ± 0.01 MPa, Fig. S2e).

Compared to WT plants at the end of the WS treat-
ment, C4–151 plants also showed a slight, although not
significant, improved water use efficiency (iWUE, Fig. 2d);
such difference was more evident and statistically signif-
icant in the second experimental trial (i.e. 0.071 ± 0.016 vs
0.11 ± 0.018 μmol CO2 mmol−1 H2O, Fig. S2d).

Differences between WT and C4–151 plants also
occurred in the recovery dynamics after rehydration.
Specifically, at day 14 (i.e. 9 and 6 days after re-watering
for WT and C4–151 plants, respectively), the Ψ stem of both
genotypes restored to levels comparable to the pre-stress
conditions (recovered samples, REC, Fig. 2e). Particularly,
while in the first experiment Ψ stem of REC C4–151 plants
was significantly lower than REC WT plants (Fig. 2e), in
the second trial no significant differences in Ψ stem values
were noticed between the two genotypes at the end of
recovery (Fig. S2e). In terms of gas exchange recovery, WT

plants reached gs, AN and E values similar to those of the
corresponding WW controls in almost 10 days (day 14,
Fig. 2a-c), whereas C4–151 plants completely recovered
to pre-stress gas exchange values in only 4 days (day 12,
Fig. 2a-c), following a trend consistent with the second
experiment (Fig. S2a-c).

To strengthen the observation that C4–151 plants
depleted water by transpiration more slowly than WT
controls, we gravimetrically monitored changes in the
soil relative water content (RWCsoil) of pots containing
either C4 or WT plants, during the whole experiment
until canopy collapse (Fig. 2f). The results evidenced
that RWCsoil values of C4–151 plants were significantly
higher than WT plants already 4 days after treatment
imposition; moreover, water loss dynamics were delayed
in C4–151 plants (i.e. the experiment ended at day 11
and at day 14 for WT and C4–151 plants, respectively)
(Fig. 2f), in agreement with the dynamics of gas exchange
(Fig. 2a-c). In parallel, a two plants per pot approach was
also followed (Fig. S3), allowing us to confirm genotype-
dependent changes in RWCsoil in a condition where the
roots of both genotypes were subjected to the same water
stress level. Differences in stress perception were evident
both in terms of visual inspection (Fig. S3a, b), as only
the WT plant showed a severely wilted phenotype, and
in terms of Ψ stem. In fact, although with the “two plants
per pot” approach soil water depletion occurred more
slowly than with “one plant per pot” (Fig. S3c), again WT
tomato reached Ψ stem values significantly lower than C4–
151 plants (Fig. S3d), mirroring the results obtained in
the single plant per pot experiments.

Dynamic changes in leaf transpiration were further
deepened by leaf dehydration assays under controlled
conditions, monitoring the water loss of detached leaves
of WT and C4–151 tomatoes collected from plants under
WW and WS conditions (Fig. 2g-h). Overall, leaves of C4
expressing plants tended to lose less water than WT
leaves, though differences between the two genotypes
were statistically significant only at the end of experi-
ment (450 min, Fig. 2g). Interestingly, differences between
the two genotypes were particularly evident already after
120 minutes for leaves from WS plants (Fig. 2h).

Collectively, these results strongly support the hypoth-
esis that the reduced basal transpiration rates of C4
plants is the basis for their ability to tolerate drought
stress. The lower stress perception of C4–151 plants com-
pared to WT controls most likely results from a slower
response of guard cells to changes in water availability,
allowing to more efficiently limit excessive water loss
during stress.

Further indications supporting the notion that C4
plants can better counteract the WS effects were
searched by evaluating the chlorophyll content under
well-watered and water stressed conditions. At the
beginning and at the end of the trial (Fig. S4, a and b,
respectively), no statistically significant differences were
detected between irrigated plants of both genotypes.
Although drought significantly increased the chlorophyll
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Figure 2. Effects of C4 expression on tomato physiological performances during a drought and recovery time-course. Dynamic changes in the rates of
(A) Stomatal conductance (gs, mmol H2O m−2 s−1), (B) Assimilation (AN, μmol CO2 m−2 s−1) and (C) transpiration (E, mmol H2O m−2 s−1), and (D)
water use efficiency (iWUE μmol CO2 mmol−1 H2O) of WT (Moneymaker, triangles) and C4–151 plants (circles) under well-watered conditions (WW,
black-filled symbols) and water stress followed by recovery (WS/REC, empty symbols). Water withdrawal started at Day 1, while recovery started
following plant irrigation at Days 5 and 8 for WT and C4–151 plants, respectively (black arrows). (E) Stem water potential (Ψ stem) of WT and C4–151
plants measured under different water conditions (WW = Day 1; WS = Day 5 and Day 8; and REC = Day 14 of the time-course reported in a to d panel).
(F) Changes in soil relative water content (RWCsoil, %) monitored over the whole duration of a WS treatment carried out on a separate group of potted
WT and C4–151 plants. (G-H) Water loss in the dehydration assay normalized on a per leaf area unit basis (g cm−2) and performed on detached leaves
from WT and C4–151 plants grown under (G) irrigated and (H) drought conditions. In panels (A-D), lower case letters indicate significant differences
among the four tested conditions within each experimental day, as assessed by Tukey’s HSD test (p ≤ 0.05), while the red asterisk, when present,
denotes significant differences between WT and C4–151 tomatoes at the end of the WS treatment (ie. day 5 vs day 8, as highlighted by the red square)
as determined by a two-tailed Student’s t test (∗p ≤ 0.05). In panels (E-H), the asterisks denote significant differences between genotypes under the
same condition, as determined by a two-tailed Student’s t test (∗p ≤ 0.05, ∗∗∗p ≤ 0.001). In all panels data are the mean ± SE (n = 7).
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Figure 3. Focus on ABA metabolism. Content of (A) abscisic acid (ABA) and expression profiles of key genes involved in ABA (B) biosynthesis (SlNCED1)
and degradation (C, D) (SlCYP707A1, SlCYP707A2) analyzed in leaf samples taken from WT and C4–151 tomato plants subjected to water stress
treatment (WS) and recovery (REC), in comparison with well-watered controls (WW). Ubiquitin (SlUBI) and Elongation factor 1α (SlEF) genes were both
used as endogenous housekeeping controls for the normalization of transcript levels. Significance of genotype, treatment, and genotype × treatment
(G × T) interaction was assessed by Tukey’s HSD test for p ≤ 0.05 (∗), p ≤ 0.01 (∗∗), p ≤ 0.001 (∗∗∗), and p ≤ 0.0001 (∗∗∗∗) and the corresponding results are
given above each graph in the figure panel; n.s. = not significant. Lower case letters above bars are reported when the genotype × treatment (G × T)
interaction and/or genotype (G) main effects are statistically significant as attested by Tukey’s HSD or Student’s t-test, respectively. Error bars
represent SE. Three independent biological replicates with three technical replicates each were used for the analysis.

content index (CCI) in both genotypes, WS plants
expressing C4 displayed a significantly higher CCI than
WT (Fig. S4b), possibly associated to their improved
performances upon drought treatment. Notably, the
results collected during the second experimental trial
(Fig. S4, c and d) indicated that, unlike WT plants, C4–151
leaves had significantly higher CCI values already in well-
watered conditions (Fig. S4c), a feature that might be
helpful for a C3 crop, such as tomato, to better withstand
climate changes and extreme drought events. This
genotype-dependent effect on CCI was also confirmed in
WS plants of both genotypes at the end of the treatment
(Fig. S4d). Interestingly, the C4 protein of the geminivirus
Tomato leaf curl Palampur virus was shown to interact with
host proteins involved in photosynthesis [37].

C4 expression induces differential ABA and
proline accumulation associated to changes in
the expression of stress-responsive genes during
drought and recovery
In search of biochemical and molecular mechanisms
underlying the C4-induced drought avoidance or toler-
ance, we investigated the role of ABA, a plant hormone
traditionally considered a primary regulator of the
drought stress response [38]. A previous study reported
that in TYLCV-C4 expressing Arabidopsis plants, ABA
content increased following water withholding, not
significantly different from WT plants [33]. Similarly,

no changes in the expression of ABA related genes
were reported, accompanied by contrasting responses of
WT and C4 Arabidopsis to exogenous ABA application,
leading the authors to conclude that C4 promotes
plant’s drought tolerance through ABA-independent
mechanisms [33]. Conversely, in our survey endogenous
ABA levels in C4–151 plants were significantly (almost
four times) lower than in WT plants already in WW
conditions (Fig. 3a). Such differences were maintained in
response to drought, as tomato C4 plants accumulated
up to four times less ABA compared to WT (Fig. 3a).
The effect of the genotype × treatment interaction was
indeed statistically significant (Fig. 3a). As expected, ABA
levels significantly decreased during recovery in both
genotypes, though they reached a lower value in C4–
151 compared to WT individuals (Fig. 3a). Accordingly,
the transcriptional profile of the ABA biosynthetic gene
NCED1 followed a trend similar to the ABA level in both
genotypes. While NCED1 transcripts were overexpressed
during drought and significantly downregulated upon
recovery in WT plants, no changes occurred in C4–151
plants subjected to WW or WS treatment (Fig. 3b).

To gain a more complete overview on ABA metabolism,
transcripts encoding two hydroxylases (SlCYP707A1 and
SlCYP707A2) involved in ABA degradation [39] were also
analyzed. The profile of SlCYP707A2 in C4–151 plants was
consistent with the levels of ABA measured in the same
samples, with no significant variations. Conversely, in
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WT plants SlCYP707A2 was highly activated exclusively
in the WW conditions, with a trend opposite to NCED1
(Fig. 3c). Similarly, the transcript amounts of SlCYP707A1
were higher in C4–151 vs. WT plants during drought and
recovery, though in this case the effects of treatment,
genotype, and their interaction were not statistically sig-
nificant (Fig. 3d).

Although we cannot exclude a differential regulation
of stress responses mediated by ABA in tomato and
Arabidopsis plants expressing C4, the association of
TYLCSV-C4 expression and reduced accumulation of
ABA upon drought, together with the lack of statistical
differences in the levels of NCED1 and ABA hydroxylases
suggest that the improved physiological performances of
C4 plants under water deprivation could rely on factors
other than ABA. Additionally, a different response to
drought mounted by C4–151 plants was gathered when
key genes associated to water stress and ABA signaling
were considered. The expression trends of TAS14, a
dehydrin-encoding gene used as marker of drought stress
response [36], typically activated in tomato following ABA
treatment [40], were up to 8-fold lower in C4–151 than in
WT plants upon drought (Fig. 4a).

To further deepen this subject, we determined on the
same samples leaf osmolality (Leafosm) and proline con-
tent, one of the major osmolytes accumulated to limit
excessive water loss [2] (Fig. 4b, c). In WW conditions,
the Leafosm values were higher in C4–151 than in WT
plants, with no significant changes during drought and
recovery (Fig. 4b), suggesting that a higher basal supply
of osmoprotectants and ions in transgenic plants could
support their slower water depletion dynamics (Fig. 2).

Unlike ABA, no differences in proline content between
C4–151 and WT plants in WW and REC conditions were
noticed (Fig. 4c). Conversely, during water stress, proline
levels of the C4–151 line were half of WT tomatoes
(Fig. 4c). Noteworthy, proline accumulation significantly
increased following WS in both genotypes, though at
different extent. Since proline increase upon drought
stress can result from either induction of biosynthetic
genes or inactivation of catabolic genes [41], we profiled
transcriptional changes of the proline biosynthetic gene
delta 1-pyrroline-5-carboxylate synthetase (SlP5CS1),
a homolog of Arabidopsis P5CS1 [42] induced upon
dehydration trough ABA-dependent and -independent
signaling pathways [41]. Indeed, upon drought stress,
P5CS1 transcripts of WT plants significantly increased of
about one third, whereas only a weak non-significant
upregulation occurred in C4 tomatoes (Fig. 4c), mim-
icking the lower proline levels (Fig. 4b). Notably, while
proline concentrations reached pre-stress levels in REC
plants of both genotypes, P5CS1 activation did not signif-
icantly differ from WS plants. Conversely, the expression
of SlPDH, encoding a rate-limiting proline dehydrogenase,
activated following proline accumulation during stress
recovery [43], and of the drought-responsive aquaporin
gene SlPIP1 [36] were not influenced by the genotype.
Indeed, their transcriptional profiles were significantly

downregulated upon drought stress imposition in both
genotypes (Fig. 4, c and d). We thus reasoned that, while
in WT plants the higher proline accumulation under
drought stress may result from the concurrent activation
of P5CS1 and downregulation of SlPDH, in WS C4 plants,
the lower proline concentrations could result from the
inhibition of the catabolic gene.

Collectively, these observations suggest that molecular
and biochemical signals typically associated with stress
defense responses are either differentially regulated or
attenuated in C4–151 plants. Such condition may under-
pin delayed eco-physiological responses of C4 plants,
resulting in a slower inhibition of gas exchange rates, also
supporting the more rapid and efficient recovery of C4
plants from drought stress conditions.

C4 expression affects plant morphometric
features, but not stomatal density.
To evaluate the involvement of other triggering factor(s)
conferring improved drought-adaptability of C4 plants,
we investigated morphometric and anatomical features
of C4–151 plants. The combined effect of C4 expression
and drought treatment on plants was first evaluated by
measuring the size and number of leaves, together with
plant height and stem diameter, immediately before and
at the end of the drought stress treatment, therefore
comparing WW and WS plants of both genotypes. While
the number of leaves was similar in both genotypes, with
no changes following stress occurrence (Fig. S5, a and
b), both plant height and stem diameter, measured at
the bottom, medium and top of the plants, significantly
varied between C4–151 and WT plants (Fig. S5, c and e).
These differences were still evident at the end of the
experiment, both in WW and WS individuals. Notably, the
genotype was the only factor that significantly affected
both parameters (Fig. S5, d and f), as water deprivation
only influenced the top stem diameter, which increased
significantly in WS plants, independently of the genotype
(Fig. S5f). All measurements and results were overall con-
firmed in a second independent experiment (Fig. S6).

Furthermore, as the root system architecture affects
water uptake and hence water stress responses, we
analyzed the roots of C4–151 and WT plants in both
WW and WS conditions, at the end of the water stress
time course (Fig. S7). As expected, based on the reduced
plant size, both root area and root biomass of C4
expressing tomatoes were significantly reduced than in
WT plants. Remarkably, while the WS imposition did not
significantly alter the root parameters in C4–151 plants,
the root area of WT plants slightly, but significantly
decreased.

Then, we questioned if alterations in the number
and size of stomata and/or differences in the leaf area
could play a role in the regulation of C4–151 responses
to water stress. Changes in stomatal density and size
associated with modifications of other morphometric
features, including leaf number and/or leaf/root area can
indeed affect the plant’s water relations (e.g. stomatal
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Figure 4. Focus on stress-responsive genes and osmolytes. (A) Transcriptional profile of the key stress-responsive gene dehydrin (SlTAS14) analyzed by
RT-qPCR, (B-C) changes in (B) leaf osmolality (Leafosm, mOsM mg−1 DW) and (C) leaf proline content (μmol g−1 FW), (D-F) transcriptional profiles of
genes involved in proline (D) biosynthesis (SlP5CS1) and (E) degradation (SlPDH), and (F) water transport (SlPIP1), analyzed in leaf samples taken from
WT and C4–151 plants subjected to water stress treatment (WS) and recovery (REC) in comparison with well-watered controls (WW). Ubiquitin (SlUBI)
and Elongation factor 1α (SlEF) genes were both used as endogenous housekeeping controls for the normalization of transcript levels. Significance of
genotype, treatment, and genotype × treatment (G × T) interaction was assessed by Tukey’s HSD test for p ≤ 0.05 (∗), p ≤ 0.01 (∗∗), p ≤ 0.001 (∗∗∗), and
p ≤ 0.0001 (∗∗∗∗) and the corresponding results are given above each graph in the figure panel; n.s. = not significant. Lower case letters above bars are
reported when the G × T interaction and/or genotype (G) main effects are statistically significant as attested by Tukey’s HSD or Student’s t-test,
respectively. Error bars represent SE. Three independent biological replicates with three technical replicates each were used for the analysis.

conductance and transpiration), therefore influencing
the regulation of iWUE, especially upon water deficit
[44]. SEM observations of the abaxial leaf surface (Fig. 5,
a and b) did not reveal statistically significant differences
between the two genotypes in terms of stomatal density
(Fig. 5c), although C4–151 stomatal area was significantly
larger than WT controls (Fig. 5d), a feature possibly
compensating the lower stomata number. Furthermore,
although differences were statistically significant only
for the bottom and medium branches of the plant
canopy, C4–151 plants had a smaller leaf area than

WT (Fig. 5e). These data, associated with the previously
reported morphometric measurements, imply that the
improved drought tolerance of C4–151 plants might
simply rely on their reduced size. Nevertheless, since
C4–151 tomatoes have similar number of leaves and
stomatal density and, notably, have much larger stomata
than WT plants, one would expect similar gas exchange
levels in well water conditions for both genotypes. In this
case, transpiration dynamics during drought spell should
be similar for C4–151 and WT plants. Such hypothesis
was also strengthened when stomata on the adaxial leaf
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Figure 5. Morphological observations of stomata and leaves. Representative images of stomata from the abaxial leaf surface of (A) WT and (B) C4–151
tomato plants obtained by Scanning Electron Microscope (SEM) observations of intact leaves of the two genotypes. The inset in each image shows a
magnified detail of stomata. Data of (C) stomatal density, (D) stomatal area, and (E) leaf area of WT and C4–151 plants represent the mean ± SE (for C,
n = 21, for D n = 210, for E n = 7). When present, the asterisks denote significant difference between genotypes, as assessed by a two-tailed Student’s t
test (∗p ≤ 0.05; ∗∗∗p ≤ 0.001).

surface were measured (Fig. S8), revealing that C4–151
plants had significantly less but larger stomata than WT
plants (Fig. S8).

However, the gas exchange rates during the water
stress time course and, particularly, the measurements of
soil water loss over time and the leaf dehydration assays
(Fig. 2f-h, and Fig. S3) demonstrate that C4–151 plants
have an improved ability to limit excessive water loss.

We therefore reasoned that other intrinsic features
should underpin the physiological responses of C4–151
plants to water stress. Accordingly, we observed that C4
expression does not impact plant architecture in terms of
leaf formation, but rather it influenced other morpholog-
ical features, i.e. plant height, stem diameter, root surface
area, potentially related to a different size/organization
of vascular tissues. Recently, xylem patterning defects
induced by TYLCV C4 were reported in seedlings of trans-
genic Arabidopsis plants [45], possibly resulting from the
interaction of C4 with the intracellular domain of the
receptor-like kinases BARELY ANY MERISTEM 1 (BAM1)
and its homolog BAM2 [18]. To assess if alterations in
xylem patterning also occurred in tomato plants express-
ing TYLCSV C4, we analyzed transversal stem sections
with a light microscope (Fig. 6a, b). These observations
revealed that, although the xylem vessel diameter of C4
plants was bigger than in WT individuals (Fig. 6c), the
vessel density was almost half (Fig. 6d), in turn resulting
in a significantly narrower whole xylem area (Fig. 6e).

These hydraulic adjustments can thus imply an overall
lower xylem water transport capacity of C4–151 com-
pared to WT, possibly supporting the different water loss
dynamics of the two genotypes (Fig. 2). Additionally, it
was demonstrated that structural differences in size and
number of stem xylem vessels, combined to specific leaf
traits, can influence the ability of plants to counteract
water stress [46]. Particularly, a reduction in stem xylem
vessel transectional area was reported to facilitate water
transport and to limit the plant vulnerability to severe
drought effects, also preventing the risk of embolism for-
mation [47]. We therefore reasoned that such anatomical
traits could affect the hydraulic conductivity of xylem in
C4 plants, likely hindering their basal transpiration rates
already under normal watering conditions and conse-
quently improving their responses to water stress.

C4 expression influences auxin accumulation
and signaling
Based on the morphometric results and considering
the prominent role of auxin (Indole-3-Acetic Acid, IAA)
in vasculature patterning and leaf morphology, we
inspected the content of this hormone together with
the expression of key genes positively (SlARF5, SlARF8) or
negatively (SlIAA4, SlIAA9, SlIAA14) regulating the auxin
signaling pathway [48, 49]. The IAA accumulation pattern
was similar in both genotypes, showing a steep decrease
in IAA accumulation upon recovery. Nonetheless, IAA
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Figure 6. Analysis of stem xylem area of WT and C4–151 plants. (A-B) Representative safranin-stained cross-sections of stems collected from
well-watered (A) WT and (B) C4–151 plants; e: epidermis, f: fibers, p: parenchyma, x: xylem; the staining with safranin allows to highlight only the
portion of functional xylem conduits. The inset beside each image shows a magnified detail of xylem conduits; (C-E) Values of (C) xylem vessel
diameter, (D) xylem vessel density, and (E) whole xylem cross-sectional area calculated by analysing the microscope images [see an example in (A)]
with the ImageJ (1.46r, NIH, https://imagej.nih.gov) software. Asterisks denote significant differences attested by a two-tailed Student’s t test
(∗∗∗p ≤ 0.001); (n = 12).

concentration was significantly lower (more than half) in
C4–151 than in WT plants (Fig. S9a). The transcriptional
levels of the auxin responsive factors ARF5 and ARF8
followed a trend similar to the IAA content in WT, but not
in C4–151 plants (Fig. S9, b and c). Although the profiles
of the negative regulators IAA genes were not inversely
correlated with the IAA content as expected, they were
differentially reprogrammed upon the treatments in C4
and WT plants. In particular, in C4–151 plants the IAA4
gene was transcriptionally upregulated in REC compared
to WW and WS conditions, while in WT tomatoes,
the same gene was overexpressed in irrigated plants),
attesting a significant effect of the genotype × treatment
interaction (Fig. S9, d and e).

Auxin homeostasis is vital for plant growth and virus
infection and certain viral-encoded proteins were even
shown to remodel auxin biosynthesis and downstream
responses to promote symptom development [50]. In
the case of begomoviruses, transcriptional repression of
the auxin signaling pathway following TYLCV infection
has been reported for N. benthamiana [51]. In addition,
the bipartite begomovirus Tomato leaf curl New Delhi
virus (ToLCNDV) was found to disrupt IAA signaling
through the interaction with Tryptophan amino trans-
ferase1 (TAR1)-like protein and CYP450 monooxygenase,
resulting in reduced auxin content and development
of typical viral symptoms [51]. Interestingly, ectopic
overexpression of the ToLCNDV-C4 protein in transgenic
tomato led to reduced auxin levels and to the down-
regulation of ARF8 expression, mediated by the increase
of miR167 [51]. Recently, several tomato ARFs were found

differentially regulated in tomato plants during biotic
and abiotic stress responses [53]. Indeed, while in WT
plants SlARF5 and SlARF8 appeared down regulated in
response to drought [53], no substantial changes in their
expression occurred in C4–151 plants following water
deprivation (Fig. S9) and plants accumulated on average
much lower levels of IAA (more than half) compared
to WT plants. Therefore, since TYLCV infection led to
the down regulation of different ARFs, including SlARF4,
SlARF5, SlARF6A, SlARF8B and SlARF9A [53], it is plausible
that C4 plays a role in orchestrating auxin regulation
during infection and in response to abiotic stress.

Conclusions
Viruses, obligate pathogens requiring living organisms
for their survival, profoundly modify the biological
processes of their hosts during infection, and co-
evolution events, balancing virulence and host survival
responses, have been evoked to guarantee infection
[23, 54]. Beneficial effects exerted by viruses on their
hosts are under investigation, opening the perspec-
tive to identify new sources of resistance or toler-
ance to abiotic stresses, such as drought. Indeed, the
infection of a few RNA viruses delayed the onset of
drought-related symptoms in different species [24,
55], underpinning the existence of molecular and
physiological networks common to virus infection
and plant resilience and, in turn, favoring the investi-
gation of the viral molecular components that stimulate
such beneficial effects. On this line, the 2b protein of
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CMV was found responsible for the improved perfor-
mances of CMV-infected plants following drought [26],
confirming that plant priming by a pathogen, or one of
its components, activates metabolic pathways possibly
leading to the maintenance of conditional outcomes [56].
The geminivirus TYLCV was also reported to promote
drought tolerance in tomato and N. benthamiana under
a reduced irrigation regime, and its C4 protein was
suggested to contribute to increase the survival of
Arabidopsis plants following water deprivation [33]. This
prompted us to consider if and to what extent the C4
protein encoded by the related TYLCSV would confer
a drought-tolerant phenotype to tomato, the natural
host of this pathogen and a crop of extreme economic
importance.

Indeed, TYLCSV C4 strongly delayed the dehydration
effects of tomato plants, which perceived the stress
later than WT controls. Notably, although C4–151 plants
reached similar stomatal conductance levels typically
associated to severe water deficit, they never attained
the extremely low water potential values of WT controls.
Moreover, we highlighted a faster physiological dynamic
of recovery from drought in C4 compared to WT plants,
strengthening the importance of this protein in enduring
dehydration. Compared to WT, C4 plants did not mount
the strong transcriptional reprogramming of ABA-
and stress-responsive genes typical of severe drought
conditions and experienced only a slight increase in ABA
levels, thereby attesting a strongly attenuated stress
perception. Accordingly, the morphometric analyses
pointed out that the improved drought management
of C4 plants could most likely depend on hydraulic
signals (i.e. reduced basal transpiration rate in turn
limiting excessive water loss, most likely due to the
narrow xylem area) rather than biochemical (e.g. ABA)
mechanisms.

Although more efforts are needed to further deepen
the C4 mechanistic role, this work proves for the first
time that the C4 protein of one of the two major TYLCD-
inducing viruses of the Mediterranean region does affect
physiological responses associated with water stress tol-
erance in tomato.

Materials and methods
Plant transformation
Tomato (Lycopersicon esculentum cv. Moneymaker) cotyle-
dons were transformed with Agrobacterium tumefaciens
C58 pGV2260 harboring plasmid pTOM102NT according
to [56]. pTOM102NT is a derivative of pTOM100NT [57],
having the TYLCSV C1 ORF start codon replaced by CTG
and an in-frame TAA stop codon introduced 9 bases
downstream, thus disabling the translation of Rep but
not of the nested C4 ORF under the control of the CaMV
E35S promoter. Transgene presence and expression were
verified by PCR with primers END35S and TY2222(+) and
by qRT-PCR with primers C4_72F and C4_179R, respec-
tively (see Table S1 for primer list).

Preliminary screening for drought tolerance of C4
expressing lines
T3 plants from three independent lines carrying the
pTOM102NT cassette (lines C4–151, C4–153 and C4–156)
and WT controls were grown in a glasshouse (average
temperature 24.9 ± 5.35◦C; relative humidity 42.3–61.8%).
Each plant grew in a 1.5-L pot filled with a sandy-
loam soil/expanded clay/peat mixture (3:2:4 by volume)
substrate. Two months after sowing, a set of 4 plants per
line and 4 WT plants were subjected to complete water
withdrawal, while another set was watered every day.
Plants were monitored daily for 7 days, measuring stem
water potential (Ψ stem) and taking photographs when
clear collapse occurred.

Drought stress experimental outline
Three-month-old T3 plants of line C4–151 and WT plants
(n = 14) were grown as above, with additional control
of maximal photosynthetic photon flux density (PPFD)
(900–1200 μmol photons m−2 s−1). A photoperiod of 12-
h-light/12-h-dark was obtained with halogen lamps to
guarantee a minimum PPFD of 500–600 μmol photons
m−2 s−1. Plants were either irrigated daily until water
holding capacity (well-watered, WW; n = 7), or subjected
to complete water withholding (water stressed, WS; n = 7).
Plants were monitored daily for 14 days and re-watered
to recover (recovered, REC) when they reached a severe
water stress. Stomatal conductance (gs), transpiration (E)
and net photosynthesis (AN) were monitored along the
experiment. Ψ stem was measured at day 0 (WW plants),
at day 5 and 8 (corresponding to maximum water stress
for WT and C4–151 plants, respectively), and at day 14
(end of recovery). Samples for biochemical and molecular
analyses were collected from WW and WS plants at the
end of the drought stress treatment (day 5 and 8 for
WT and C4–151 plants, respectively), as well as once
recovery was completed (REC, day 14). A second exper-
iment was repeated the year later, adopting the same
experimental condition, to confirm the physiological
trends.

Relative water content analysis and leaf
dehydration assay
Genotype-dependent changes in water loss were inspected
gravimetrically monitoring the soil relative water content
(RWCsoil, %) on a separate set of potted WT and C4–151
plants, subjected to water deprivation. Besides, RWCsoil

was also measured on pots containing a WT and a C4–
151 plant, following the experimental approach proposed
by [59].

Dynamics of leaf dehydration were evaluated on leaves
detached from WT and C4–151 plants, either in WW and
in WS conditions, monitoring gravimetrically the water
loss over time (up to 450 minutes), and normalizing it
on the leaf area. Leaf dehydration assays were carried
out in a climatic chamber with constant T (25◦C), RH
(45%) and PPFD (200 μmol photons m−2 s−1), adopting the
procedure detailed in [60].
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Stomatal phenotyping, leaf area, morphometric
analysis and chlorophyll content index
Stomatal density, stomatal size and leaf area were
measured on all plants at the beginning of the trial.
Density (number of stomata mm−2) and size (mm2) of
stomata from both abaxial and adaxial leaf surfaces
were determined on scanning electron microscope (SEM)
(TM3000, Hitachi High-Technologies Corp., Tokyo, Japan)
images (120X magnification) on at least three randomly
selected, non-overlapping images per leaf. Leaf area
(cm2) was determined on pictures of apical, middle and
basal full leaves of each plant. Images were processed
with the ImageJ software (1.46r, NIH, https://imagej.ni
h.gov). Stomatal size was calculated as the product of
length and width of 10 randomly selected stomata for
each image [61].

At the beginning and end of the experiment, plant
height, leaf number, stem diameter at the top, middle and
basal level of all plants were measured. At the end of the
experiment, root area and root biomass (dry weight) from
WW and WS plants of both genotypes were measured.
Root area was calculated by analyzing root images with
the ImageJ software, while root biomass was determined
by weighing samples after drying them at 70◦C for 3–
4 days. The Chlorophyll Content Index (CCI) was deter-
mined on the second and third fully developed leaves
from the apex, using a portable chlorophyll meter SPAD
502 (CCM-200; Opti-Sciences), using two leaves per plant
as biological replicates and taking three readings per leaf.

Measurements of leaf gas exchanges and stem
water potential
Stomatal conductance (gs), leaf transpiration (E) and net
photosynthesis (AN) were monitored daily (between 9:00
and 12:00 h a.m.) on each plant using a portable infrared
gas analyzer (LCpro-SD system, ADC BioScientific Ltd,
Hertfordshire, UK) (6.25 cm2-leaf chamber; artificial
irradiation 1200 μmol photon m−2 s−1; 25◦C), measuring
three random, fully expanded, non-senescing leaves
exposed to direct sunlight. CO2 values were maintained
at greenhouse conditions (400–450 ppm) for the whole
experiment. Intrinsic water use efficiency (iWUE) was
calculated as the AN/gs ratio.

Ψ stem was measured on equilibrated non-transpiring
mature leaves, covered with aluminum foil and placed in
a humidified plastic bag for at least 30 min before exci-
sion. After excision, leaves were allowed to equilibrate for
>20 min in the dark, using a portable pressure chamber
(1505D PMS Instrument Company, Albany, OR, USA).

Analysis of hormone and proline contents and
leaf osmolality
Hormone content was quantified according to [62],
using 40 mg of lyophilized leaf tissue. For proline
measurements, 50 mg of fresh leaf tissue were used,
and osmolyte levels were quantified as reported by [63].
Leaf osmolality (Leafosm) was determined starting from
30 mg of lyophilized leaf tissue following the method by

[64]. Briefly, hot water extracts were carried out at 1:25
dilution (leaf DW/water volume, w/v) on ground samples
in 1.5 mL microtubes. After shaking, the tubes were
placed in a water bath at 90◦C for 1 h. Cooled samples
were centrifuged at 12′000 g for 5 min. Osmolality
was then measured on 25 μl of supernatant using an
osmometer (Micro-Digital Osmometer 7iM, Loser).

Total RNA isolation and quantitative real-time
PCR
Total RNA extracted from 100 mg of leaf sample with
Trizol® (Thermo Fisher Scientific) was treated with
TURBO DNase (Ambion). cDNA was synthetized from
1 μg total RNA using the High-Capacity cDNA reverse
transcription kit (Applied Biosystems). qRT-PCR was
conducted with the commercial iTaq Universal SYBR
Green Supermix kit (Bio-Rad) in a CFX96 Real-Time
PCR Detection system (Bio-Rad), using specific primers
(Table S1). Relative transcript expression levels were
normalized to the geometric mean of the Elongation
factor (SlEF) and Ubiquitin (SlUBI) transcripts and
calculated with the 2−�Ct method [65], using 3 biological
replicates and 3 technical repetitions each for every
sample and every condition.

Morphological and structural analysis
Free-hand sections from plant stems collected between
the 7th and 8th node from the apex were stained for 2 min
with an aqueous solution of 50 mg ml−1 safranin, washed
3 times with water, and observed under a Leica DM 750
microscope equipped with a EC4 camera. Microscope
images were then processed with the the ImageJ (1.46r,
NIH, https://imagej.nih.gov) software to calculate vessel
diameter, vessel density and the whole xylem cross-
sectional area, using three stem sections per plant, and
analyzing four plants per each genotype (n = 12).

Statistical analysis
Significant differences among treatments and genotypes
were analysed by a two-way analysis of variance
(ANOVA). When ANOVA test indicated that either
genotype (G: WT, C4–151) or treatment (T: WW, WS, REC)
or their interaction (G × T) was significant, the Tukey’s
honestly significant difference (HSD) post-hoc test was
used to separate means (P < 0.05). The G main effects
were statistically determined by a two-tailed Student’s
t-test. The SPSS statistical software package (SPSS Inc.,
Cary, NC, USA, v.22) and the GraphPad Prism software
(GraphPad Software, La Jolla, CA, USA v.6.01) were used to
run the statistical analyses above reported and elaborate
figure charts, respectively.
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