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SUMMARY

Water shortage strongly affects plants’ physiological performance. Since tomato (Solanum lycopersicum)

non-long shelf-life (nLSL) and long shelf-life (LSL) genotypes differently face water deprivation, we sub-

jected a nLSL and a LSL genotype to four treatments: control (well watering), short-term water deficit stress

at 40% field capacity (FC) (ST 40% FC), short-term water deficit stress at 30% FC (ST 30% FC), and short-

term water deficit stress at 30% FC followed by recovery (ST 30% FC-Rec). Treatments promoted genotype-

dependent elastic adjustments accompanied by distinct photosynthetic responses. While the nLSL genotype

largely modified mesophyll conductance (gm) across treatments, it was kept within a narrow range in the

LSL genotype. However, similar gm values were achieved under ST 30% FC conditions. Particularly, modifi-

cations in the relative abundance of cell wall components and in sub-cellular anatomic parameters such as

the chloroplast surface area exposed to intercellular air space per leaf area (Sc/S) and the cell wall thickness

(Tcw) regulated gm in the LSL genotype. Instead, only changes in foliar structure at the supra-cellular level

influenced gm in the nLSL genotype. Even though further experiments testing a larger range of genotypes

and treatments would be valuable to support our conclusions, we show that even genotypes of the same

species can present different elastic, anatomical, and cell wall composition-mediated mechanisms to regu-

late gm when subjected to distinct water regimes.

Keywords: bulk modulus of elasticity, cell wall composition, cell wall thickness, long shelf-life genotypes,

mesophyll conductance, non-long shelf-life genotypes, tomato, water deficit stress.

INTRODUCTION

Water scarcity is one of the most relevant abiotic stresses

limiting photosynthesis and, thus, plant growth and pro-

ductivity (Chaves et al., 2009; Flexas et al., 2004; Nadal &

Flexas, 2019). In the present scenario of climate change,

which is mainly characterised by increased temperatures

and large reductions in the water supply, agriculture is one

of the most affected sectors (Morison et al., 2008).

Together with the desertification of several regions, the

global population is predicted to increase during the next

decades, enhancing the demand for crop production

(Schultz, 2016; Tilman et al., 2002). Since one of the major

challenges for plant physiology is to improve crops’ pro-

ductivity (Evans, 1997; Long et al., 2006; Wu et al., 2019),

there is a need to select drought-resistant genotypes to

ensure food requirements can be met (Mickelbart et al.,

2015).

Tomato (Solanum lycopersicum L.) is among the most

produced and consumed horticultural crops worldwide, and

more than 83 000 tomato genotypes are available (FAO,

2021). During the past centuries, tomato has undergone

diverse cultivation practices partially based on the condi-

tions of each region, leading to the distinctive adaptation of

different landraces to specific areas (Bota et al., 2014;

Cebolla-Cornejo et al., 2013; Conesa et al., 2020; Cortés-

Olmos et al., 2015; Flores et al., 2017; Fullana-Pericàs et al.,

2017, 2019). Particularly, the Western Mediterranean long

shelf-life (LSL) tomato landraces have been traditionally

selected according to their fruit phenotype, which remains

without signs of deterioration for more than 6–12 months
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after harvest (Bota et al., 2014; Conesa et al., 2014; Manzo

et al., 2018; Saladié et al., 2007). Besides this particularity

regarding fruit conservation, LSL genotypes in their vegeta-

tive state have also been related to drought tolerance

because of molecular, morphological, physiological, and

biochemical adaptations (Fullana-Pericàs et al., 2017, 2019;

Galmés et al., 2011, 2013; Tranchida-Lombardo et al., 2018).

Specifically, Galmés et al. (2011) demonstrated that LSL

genotypes exhibited higher intrinsic water use efficiency

(WUEi, i.e., increased net CO2 assimilation [AN]/stomatal

conductance [gs] ratio) than non-long shelf-life (nLSL) ones

when subjected to water deficit stress, minimising reduc-

tions in AN as compared to gs declines. In fact, this

enhancedWUEi has been correlated positively with the ratio

between mesophyll and stomatal conductances (i.e., the

gm/gs ratio), with stomatal traits and distribution, and with

mesophyll anatomical properties (Conesa et al., 2020;

Fullana-Pericàs et al., 2017; Galmés et al., 2011, 2013).

Besides the gas exchange perspective, drought also

induced changes in the foliar structure and in leaf water

relations parameters, particularly in the leaf mass per area

(LMA) and in the bulk modulus of elasticity (ε) (Galmés

et al., 2011). Apart from the existence of those strategies

exclusively related to photosynthetic adjustments, it is still

unknown if other traits could distinctively affect the physio-

logical performance of tomato LSL and nLSL genotypes

subjected to water deficit stress (Conesa et al., 2020).

Recent studies have shown that modifications in cell

wall composition determined photosynthesis performance,

leaf water relations, and/or anatomical adjustments in dif-

ferent species subjected to contrasting abiotic conditions

such as water deprivation (Clemente-Moreno et al., 2019;

Roig-Oliver, Bresta, et al., 2021; Roig-Oliver, Fullana-

Pericàs, et al., 2021; Roig-Oliver, Bresta, Nadal, et al., 2020;

Roig-Oliver, Nadal, Bota, et al., 2020; Roig-Oliver, Nadal,

Clemente-Moreno, et al., 2020). From these studies, it

appears that each species presented changes in gm, ε, and
cell wall thickness (Tcw), which were differently related to

modifications in specific cell wall components, suggesting

that these relationships could be species-specific (Flexas

et al., 2021). Nevertheless, to the best of our knowledge,

only the study by Ye et al. (2020) evaluated how changes

in cell wall composition influenced gm and Tcw in distinct

genotypes of the same species. Particularly, they did not

find correlations among these parameters analysing eight

rice (Oryza sativa) genotypes subjected to well-watering

conditions. However, grasses present a very characteristic

cell wall composition within angiosperms (Carpita, 1996;

Carpita & McCann, 2002), which makes their results diffi-

cult to extrapolate to other species. Since water depriva-

tion affects cell wall composition (Clemente-Moreno et al.,

2019; Nadal et al., 2020; Roig-Oliver, Bresta, Nadal, et al.,

2020; Roig-Oliver, Nadal, Bota, et al., 2020; Roig-Oliver,

Nadal, Clemente-Moreno, et al., 2020; Roig-Oliver, Bresta,

et al., 2021; Roig-Oliver, Fullana-Pericàs, et al., 2021; Rui &

Dinneny, 2019; Sweet et al., 1999; Tenhaken, 2015) and

induces changes in photosynthesis, leaf water relations,

and anatomical characteristics even at the genotype level

(Fullana-Pericàs et al., 2017, 2019; Galmés et al., 2011,

2013), we tested a tomato LSL and a nLSL genotype sub-

jected to distinct levels of water shortage. Additionally, a

recovery treatment was applied to separate the commonly

proportional responses of gs and gm (Flexas et al., 2013).

Thus, our hypothesis is that Tcw and composition change

more plastically in the LSL genotype in response to distinct

water availability treatments, differentially determining gm,

ε, and Tcw in both genotypes.

RESULTS

Plant water status

Both genotypes presented non-significant differences in

pre-dawn leaf water potential (Ψpd) between control (CL)

and short-term water deficit stress at 40% field capacity

(ST 40% FC) conditions (Table 1). However, an almost 4-

fold decrease was detected under ST 30% FC conditions in

both cases (Table 1). Although the nLSL genotype pre-

sented significant reductions in midday leaf water potential

(Ψmd) under ST 40% FC conditions as compared to CL

levels (−0.96 � 0.03 and −0.40 � 0.01 MPa, respectively),

these decreases were only significant under ST 30% FC

conditions in the LSL genotype (Table 1). Although relative

Table 1 Plant water status of tomato non-long shelf-life (nLSL)
and long shelf-life (LSL) genotypes subjected to different condi-
tions (control [CL], short-term water deficit stress at 40% FC [ST
40% FC], short-term water deficit stress at 30% FC [ST 30% FC],
and short-term water deficit stress at 30% FC followed by recovery
[ST 30% FC-Rec]). Mean values � SE are shown for pre-dawn leaf
water potential (Ψpd), midday leaf water potential (Ψmd), and leaf
relative water content (RWC). RWC was calculated in the same
leaves in which Ψmd was measured. Genotype (G) and treatment
(T) effects were quantified by two-way ANOVA and differences
between groups were analysed by LSD test. Different superscript
letters indicate significant differences. n = 5 in all cases

Genotype and
treatment Ψpd (MPa) Ψmd (MPa) RWC (%)

nLSL, CL −0.24 � 0.01a −0.40 � 0.01a 86.51 � 0.05ab

nLSL, ST 40% FC −0.43 � 0.02a −0.96 � 0.03b 82.07 � 2.63ab

nLSL, ST 30% FC −0.89 � 0.19b −1.34 � 0.22c 57.37 � 5.12d

nLSL, ST 30% FC-
Rec

−0.32 � 0.00a −0.43 � 0.01a 84.24 � 1.20ab

LSL, CL −0.31 � 0.03a −0.42 � 0.02a 88.33 � 0.32a

LSL, ST 40% FC −0.42 � 0.02a −0.54 � 0.05a 80.48 � 2.01b

LSL, ST 30% FC −1.05 � 0.09b −1.30 � 0.05c 70.22 � 2.86c

LSL, ST 30% FC-
Rec

−0.26 � 0.02a −0.43 � 0.02a 84.36 � 1.73ab

G 0.628 0.045 0.046
T <0.001 <0.001 <0.001
G × T 0.588 0.071 0.040

� 2022 The Authors.
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2022), 112, 1396–1412

Tomato genotypes differently face water shortage 1397



water content (RWC) reductions were only significant

under ST 30% FC conditions in the nLSL genotype, RWC

was progressively reduced during water deficit stress treat-

ments in the LSL genotype (Table 1). Remarkably, the

reduction in RWC under ST 30% FC conditions was much

larger in the nLSL genotype than in the LSL genotype

(Table 1). In all cases, both genotypes restored previous

parameters to CL values after ST 30% FC-Rec (Table 1).

Pressure–volume curves

In both genotypes, the decrease in leaf water potential at

turgor loss point (Ψtlp) was specifically attributed to treat-

ment effects (P < 0.001), achieving the lowest values under

ST 30% FC conditions (Figure 1a). Whereas recovery almost

restored Ψtlp to CL levels in the LSL genotype, it remained

significantly lower in the nLSL genotype (−0.62 � 0.02

and −0.53 � 0.03 MPa, respectively; Figure 1a). RWC at tur-

gor loss point (RWCtlp) gradually increased after the appli-

cation of water shortage treatments, being restored to CL

in both genotypes upon recovery (Figure 1b). Note that

despite the previously mentioned difference in RWC in both

genotypes under ST 30% FC, both were below the wilting

point according to RWCtlp values (Table 1, Figure 1b).

Although the pattern for the leaf osmotic potential at full

turgor (πo) resembled that of Ψtlp, both genotypes achieved

similar values under ST 30% FC-Rec conditions, remaining

significantly lower than under CL only in the nLSL geno-

type (Figure 1c). A significant treatment effect was detected

Figure 1. Leaf water relations of tomato non-long shelf-life (nLSL) and long shelf-life (LSL) genotypes subjected to different conditions (control [CL], short-term

water deficit stress at 40% FC [ST 40% FC], short-term water deficit stress at 30% FC [ST 30% FC], and short-term water deficit stress at 30% FC followed by

recovery [ST 30% FC-Rec]). (a) Water potential at turgor loss point (Ψtlp). (b) Relative water content at turgor loss point (RWCtlp). (c) Osmotic potential at full tur-

gor (πo). (d) Bulk modulus of elasticity (ε). (e) Apoplastic water fraction (af). (f) Leaf area-specific capacitance at full turgor (C*ft). Genotype (G) and treatment (T)

effects were quantified by two-way ANOVA and differences between groups were analysed by LSD test. Different superscript letters indicate significant differ-

ences. ***P < 0.001; **P < 0.01; *P < 0.05; ns, P > 0.05. Values are presented as means � SE (n = 5).
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for ε (P = 0.01). In this sense, ST 30% FC treatment

increased leaf rigidity in the nLSL and LSL genotypes by 28

and 81%, respectively, as compared to CL (Figure 1d). In

both cases, recovery restored ε to CL levels (Figure 1d). The

nLSL genotype significantly increased the apoplastic water

fraction (af) under all tested conditions in comparison to

CL, while it was similarly maintained across all treatments

in the LSL genotype (Figure 1e). A significant decrease in

leaf area-specific capacitance at full turgor (C*ft) from

2.32 � 0.40 to 1.21 � 0.05 mol H2O m−2 MPa−1 was

observed in the LSL genotype under ST 30% FC conditions

in comparison to CL, remaining similar to ST 30% FC levels

upon recovery (Figure 1f). However, in the nLSL genotype,

C*ft was reduced upon recovery as compared with ST 30%

FC (Figure 1f).

Photosynthetic characterisation

The highest AN value was found in the LSL genotype under

CL conditions (20.23 � 0.17 μmol CO2 m−2 sec−1), followed

by the nLSL genotype under the same conditions (17.64 �
0.86 μmol m−2 sec−1; Figure 2a). ST 40% FC conditions

decreased AN by approximately 67 and 60% in nLSL and

LSL genotypes, respectively, in comparison to CL (Fig-

ure 2a). Nonetheless, both genotypes reached similar AN

values under ST 30% FC (1.18 � 0.09 and 1.61 � 0.21 μmol

CO2 m−2 sec−1 for nLSL and LSL, respectively) and upon

Figure 2. Photosynthetic characterisation of tomato non-long shelf-life (nLSL) and long shelf-life (LSL) genotypes subjected to different conditions (control [CL],

short-term water deficit stress at 40% FC [ST 40% FC], short-term water deficit stress at 30% FC [ST 30% FC], and short-term water deficit stress at 30% FC fol-

lowed by recovery [ST 30% FC-Rec]). (a) Net CO2 assimilation (AN). (b) Stomatal conductance (gs). (c) Intrinsic water use efficiency (WUEi). (d) Mesophyll con-

ductance (gm). (e) Electron transport rate (ETR). (f) Light respiration (Rlight). Genotype (G) and treatment (T) effects were quantified by two-way ANOVA and

differences between groups were analysed by LSD test. Different superscript letters indicate significant differences. ***P < 0.001; **P < 0.01; *P < 0.05; ns,

P > 0.05. Values are presented as means � SE (n = 5).
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recovery, remaining significantly lower than under CL (Fig-

ure 2a). Apart from significant genotype and treatment

effects (P < 0.001), a significant difference in the interaction

term was also reported considering gs (P = 0.002). Both

genotypes achieved similar gs values under ST 40% FC

and ST 30% FC conditions, the latter representing a 97%

reduction compared to CL levels (Figure 2b). Even though

gs did not reach CL values under ST 30% FC-Rec, the LSL

genotype exhibited larger gs values than the nLSL geno-

type under this condition (0.30 � 0.02 and 0.19 � 0.01 mol

H2O m−2 sec−1; Figure 2b). Nonetheless, significant treat-

ment and interaction term effects (P < 0.001 and P = 0.011,

respectively) were only detected for WUEi. Although both

genotypes presented similar WUEi values under CL condi-

tions, it was progressively enhanced during the application

of water shortage treatments, the LSL genotype reaching

the largest value under ST 30% FC (191.96 � 26.11 μmol

CO2 mol−1 H2O; Figure 2c). Both genotypes restored WUEi

to CL levels upon recovery (Figure 2c). The nLSL genotype

presented the highest gm values under CL (0.25 � 0.02 mol

CO2 m−2 sec−1), which were almost 2-fold higher than

those of the LSL genotype under the same condition (Fig-

ure 2d). Also, under ST 40% FC and ST 30% FC conditions,

the nLSL genotype showed 56 and 96% reductions in gm

compared to CL levels, respectively (Figure 2d). However,

in the LSL genotype, gm reductions were only found under

ST 30% FC (Figure 2d). While ST 30% FC-Rec restored gm

to CL levels in the LSL genotype, it remained similar to ST

40% FC levels in the nLSL genotype (Figure 2d). The high-

est electron transport rate (ETR) values were detected in

the LSL genotype under CL (198.50 � 14.14 μmol m−2 sec−1),

followed by the nLSL genotype under the same conditions

(140.27 � 9.07 μmol m−2 sec−1; Figure 2e). Nonetheless,

water deficit stress treatments significantly reduced ETR in

both genotypes, reaching the lowest values under ST 30%

FC (40.40 � 2.17 and 45.05 � 0.18 μmol m−2 sec−1 for nLSL

and LSL, respectively; Figure 2e). Although recovery

almost restored ETR to CL levels in the nLSL genotype,

declines of around 40% were detected in the LSL genotype

(Figure 2e). While the LSL genotype presented the highest

light respiration (Rlight) value under CL conditions (1.43 �
0.07 μmol CO2 m−2 sec−1), it decreased due to water short-

age treatments in both genotypes, reaching the lowest

value in the nLSL genotype under ST 30% FC

(0.71 � 0.15 μmol CO2 m−2 sec−1; Figure 2f). Recovery

restored Rlight to CL levels in the nLSL genotype, but it re-

mained significantly lower in the LSL genotype (Figure 2f).

Photosynthesis limitation analysis results are pre-

sented in Table 2. Under CL conditions, biochemical limita-

tion (lb) was the main absolute limiting factor in

photosynthesis in both genotypes. Whereas lb and stom-

atal limitation (ls) similarly co-limited photosynthesis in

both genotypes under ST 40% FC, ls mainly limited AN

under ST 30% FC. Upon recovery, photosynthesis was

mainly limited by lb in both genotypes. Concerning relative

contributions to limitations to dA/A, stomatal limitation

(SL) mainly limited AN under ST 40% FC and ST 30% FC

conditions in both genotypes. However, under ST 30% FC-

Rec, AN was similarly co-limited by SL, mesophyll limita-

tion (ML), and biochemical limitation (BL) in the nLSL

genotype, while it was mostly limited by BL in the LSL

genotype.

Cell wall composition characterisation

Differences in leaf cell wall composition were mainly attrib-

uted to genotype effects (Table 3). The highest alcohol-

insoluble residue (AIR) amount was detected in the LSL

genotype, whereas the lowest amounts were found in the

nLSL genotype (Table 3). The nLSL genotype presented

higher cellulose concentrations than the LSL genotype

(Table 3). Nonetheless, slightly higher amounts of hemicel-

luloses were detected in the LSL genotype than in the nLSL

Table 2 Photosynthesis limitations analysis of tomato non-long shelf-life (nLSL) and long shelf-life (LSL) genotypes subjected to different
conditions (control [CL], short-term water deficit stress at 40% FC [ST 40% FC], short-term water deficit stress at 30% FC [ST 30% FC], and
short-term water deficit stress at 30% FC followed by recovery [ST 30% FC-Rec]). Mean values � SE are shown for absolute stomatal (ls),
mesophyll (lm), and biochemical (lb) limitations as well as for relative stomatal (SL), mesophyll (ML), and biochemical (BL) contributions to
dA/A according to Grassi and Magnani (2005). Genotype (G) and treatment (T) effects were quantified by two-way ANOVA. n = 5 in all cases

Genotype and treatment ls lm lb SL (%) ML (%) BL (%)

nLSL, CL 0.20 � 0.01 0.19 � 0.02 0.61 � 0.03
nLSL, ST 40% FC 0.46 � 0.06 0.12 � 0.03 0.42 � 0.03 34.04 � 2.41 5.96 � 0.05 22.30 � 3.89
nLSL, ST 30% FC 0.60 � 0.07 0.15 � 0.08 0.24 � 0.02 58.90 � 6.93 21.47 � 5.78 17.77 � 1.61
nLSL, ST 30% FC-Rec 0.31 � 0.04 0.23 � 0.05 0.46 � 0.04 13.23 � 0.89 11.44 � 4.79 12.59 � 3.11
LSL, CL 0.20 � 0.01 0.34 � 0.05 0.45 � 0.05
LSL, ST 40% FC 0.42 � 0.04 0.21 � 0.04 0.37 � 0.01 33.95 � 5.09 8.81 � 2.93 18.93 � 2.13
LSL, ST 30% FC 0.71 � 0.08 0.05 � 0.02 0.24 � 0.02 68.39 � 8.35 0.80 � 0.00 19.48 � 2.17
LSL, ST 30% FC-Rec 0.18 � 0.01 0.34 � 0.03 0.48 � 0.03 4.79 � 1.17 8.85 � 4.73 18.59 � 1.86
G 0.253 0.012 0.131 0.380 0.212 0.531
T <0.001 0.024 <0.001 <0.001 0.348 0.161
G × T 0.095 0.013 0.039 0.113 0.226 0.239
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genotype (Table 3). Finally, pectins were the only cell wall

component presenting significant differences due to geno-

type and treatment effects as well as in the interaction term

(Table 3). Whereas a tendency to increase pectins content

was found in both genotypes when applying water depri-

vation, larger amounts of pectins were observed in the

nLSL genotype (Table 3). Upon recovery, pectins levels

were similar to those in water shortage conditions in the

nLSL genotype, while they remained significantly higher

than under CL conditions in the LSL genotype (Table 3).

Foliar structure and anatomical characterisation

Concerning foliar structure, significant differences in LMA

were only reported in the nLSL genotype under CL and in

the nLSL genotype under ST 30% FC (Table 4). However,

no significant differences in leaf density (LD) were found

(Table 4). Regarding anatomical characterisation from

semi-fine cross-sections, both genotypes presented the lar-

gest Tleaf values under CL conditions, being slightly higher

in the LSL genotype (238.03 � 3.77 μm; Table 4). Although

Tleaf was gradually reduced in the nLSL genotype upon

water shortage application, the lowest value in the LSL

genotype was observed under ST 40% FC conditions

(187.66 � 5.27 μm; Table 4). Upon recovery, Tleaf remained

20 and 12% lower than under CL in the nLSL and LSL

genotypes, respectively (Table 4). A similar pattern was

found for Tmes (Table 4). Finally, only a significant geno-

type effect was detected for the fraction of mesophyll inter-

cellular air space (fias) since the nLSL genotype presented

higher porosity than the LSL genotype (Table 4). In relation

to the analysis of ultra-fine cross-sections, water depriva-

tion treatments and ST 30% FC-Rec caused significant

decreases in chloroplast thickness (Tchl) and chloroplast

length (Lchl) as compared to CL conditions in both geno-

types (Table 5). Similarly, water deficit stress reduced the

mesophyll and chloroplast surface area exposed to inter-

cellular air space per leaf area (Sm/S and Sc/S, respectively)

in both genotypes, which were restored to CL levels upon

recovery in the LSL genotype (Table 5). Instead, ST 30%

FC-Rec reduced Sm/S and Sc/S values even further than

water shortage treatments in the nLSL genotype (Table 5).

Both genotypes exhibited the highest Sc/Sm ratio under CL

conditions (Table 5). Although the nLSL genotype achieved

the lowest Sc/Sm ratio under ST 40% FC, it was gradually

reduced during water deprivation in the LSL genotype

(Table 5). Upon recovery, the Sc/Sm ratio was restored to

CL levels in the nLSL genotype, while it remained signifi-

cantly lower in the LSL genotype (Table 5). Changes in Tcw

were exclusively attributed to treatment effects (Table 5).

Even though water shortage treatments decreased Tcw in

the LSL genotype, it was maintained at CL levels in the

nLSL genotype (Table 5). Nonetheless, whereas Tcw was

restored to CL levels upon recovery in the LSL genotype,

Tcw increased in the nLSL genotype under the same condi-

tions (Table 5). Finally, statistical analysis of gm based on

anatomical measurements revealed that only the treatment

effect was significant since gm decreased under water defi-

cit stress as well as upon recovery in comparison to CL in

both genotypes (Table S2).

Principal component analysis

A principal component analysis (PCA) was performed, in

which two principal components (PCs) accounted for

71.3% of the total variation (Figure 3). PC1 (accounting for

47.4% of total variation) was mostly represented by gas

exchange (AN, gs, and ETR) and anatomical parameters

(Sc/S and Tchl), while cell wall components and foliar traits

(i.e., LMA and LD) were mostly observed in PC2 (account-

ing for 23.9% of total variation). Interestingly, the represen-

tation of the tested genotypes and experimental conditions

Table 3 Leaf cell wall composition of tomato non-long shelf-life (nLSL) and long shelf-life (LSL) genotypes subjected to different conditions
(control [CL], short-term water deficit stress at 40% FC [ST 40% FC], short-term water deficit stress at 30% FC [ST 30% FC], and short-term
water deficit stress at 30% FC followed by recovery [ST 30% FC-Rec]). Mean values � SE are shown for alcohol-insoluble residue (AIR), cel-
lulose, hemicelluloses, and pectins contents. Genotype (G) and treatment (T) effects were quantified by two-way ANOVA and differences
between groups were analysed by LSD test. Different superscript letters indicate significant differences. n = 5 in all cases

Genotype and treatment AIR (g g−1 DW) Cellulose (mg g−1 AIR) Hemicelluloses (mg g−1 AIR) Pectins (mg g−1 AIR)

nLSL, CL 0.08 � 0.01c 120.39 � 9.00ab 283.43 � 7.81c 41.01 � 3.16bc

nLSL, ST 40% FC 0.09 � 0.01bc 108.89 � 4.58abc 346.64 � 45.35abc 68.28 � 2.78a

nLSL, ST 30% FC 0.07 � 0.01c 109.83 � 3.85abc 377.42 � 61.20abc 62.22 � 3.75a

nLSL, ST 30% FC-Rec 0.07 � 0.01c 130.42 � 12.00a 306.65 � 31.23bc 64.57 � 2.26a

LSL, CL 0.12 � 0.01a 80.96 � 6.37d 456.61 � 60.49a 27.87 � 1.09d

LSL, ST 40% FC 0.10 � 0.01ab 101.29 � 15.63bcd 402.25 � 30.99abc 33.75 � 1.89cd

LSL, ST 30% FC 0.08 � 0.01abc 92.28 � 10.09cd 443.10 � 36.28ab 44.18 � 4.56b

LSL, ST 30% FC-Rec 0.09 � 0.01abc 102.72 � 5.76bcd 415.12 � 56.31ab 39.04 � 1.02bc

G <0.001 <0.001 <0.001 <0.001
T 0.076 0.240 0.706 <0.001
G × T 0.820 0.335 0.571 0.003
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grouped differently, indicating that each treatment elicited

distinct responses in different genotypes.

Relationships between parameters

Correlations between all tested parameters for each geno-

type are presented in Tables S3 and S4. No significant cor-

relations were detected between photosynthetic, leaf water

relations, sub-cellular anatomic, and cell wall composition

parameters in the nLSL genotype. However, significant

relationships were observed for the LSL genotype

(Figures 4 and 5). Hence, while gm was positively corre-

lated with the (Cellulose + Hemicelluloses)/Pectins ratio

(R2 = 0.99, P < 0.01, Figure 4a), a negative relationship with

ε was found (R2 = 0.92, P = 0.03, Figure 4b). In turn, ε and

the (Cellulose + Hemicelluloses)/Pectins ratio were nega-

tively correlated (R2 = 0.95, P = 0.02, Figure 4c). Positive

correlations between gm and Sc/S and Tcw were detected

(R2 = 0.98, P < 0.01, Figure 5a and R2 = 0.98, P < 0.01, Fig-

ure 5b, respectively). Although ε and Sc/S were not signifi-

cantly correlated (Figure 5c), a negative relationship

between ε and Tcw was observed (R2 = 0.95, P = 0.02, Fig-

ure 5d). Finally, a positive relationship between Sc/S and

the (Cellulose + Hemicelluloses)/Pectins ratio was found

(R2 = 0.94, P = 0.02, Figure 5e), as well as for Tcw and the

(Cellulose + Hemicelluloses)/Pectins ratio (R2 = 0.99,

P < 0.01, Figure 5f). Regarding those significant correla-

tions exclusively detected in the nLSL genotype, gm was

linked negatively with LMA (R2 = 0.95, P = 0.02, Figure 6a).

Table 4 Leaf structural and anatomical characterisation from semi-fine cross-sections of tomato non-long shelf-life (nLSL) and long shelf-
life (LSL) genotypes subjected to different conditions (control [CL], short-term water deficit stress at 40% FC [ST 40% FC], short-term water
deficit stress at 30% FC [ST 30% FC], and short-term water deficit stress at 30% FC followed by recovery [ST 30% FC-Rec]). Mean values �
SE are shown for leaf mass per area (LMA), leaf density (LD), leaf thickness (Tleaf), mesophyll thickness (Tmes), and fraction of mesophyll
intercellular air space (fias). Genotype (G) and treatment (T) effects were quantified by two-way ANOVA and differences between groups were
analysed by LSD test. Different superscript letters indicate significant differences. n = 5 in all cases

Genotype and treatment LMA (g m−2) LD (g cm−3) Tleaf (μm) Tmes (μm) fias (%)

nLSL, CL 47.53 � 5.12b 0.11 � 0.01a 222.01 � 17.76ab 173.85 � 15.88ab 29.04 � 2.53abc

nLSL, ST 40% FC 53.57 � 6.54ab 0.13 � 0.02a 193.21 � 5.11cd 147.15 � 0.57bcd 34.04 � 2.50a

nLSL, ST 30% FC 60.34 � 1.94ab 0.16 � 0.01a 163.12 � 11.04e 118.78 � 9.26e 32.84 � 2.21ab

nLSL, ST 30% FC-Rec 54.84 � 9.20ab 0.15 � 0.03a 179.04 � 7.70de 138.79 � 3.35de 34.68 � 3.25a

LSL, CL 60.80 � 5.54ab 0.14 � 0.01a 238.03 � 3.77a 193.47 � 2.22a 24.10 � 1.21c

LSL, ST 40% FC 64.97 � 9.13ab 0.15 � 0.02a 187.66 � 5.27cde 145.85 � 2.77cd 25.00 � 3.39c

LSL, ST 30% FC 71.05 � 2.73a 0.17 � 0.01a 212.77 � 7.71abc 165.12 � 8.45bc 26.95 � 2.73bc

LSL, ST 30% FC-Rec 59.51 � 3.65ab 0.17 � 0.00a 207.71 � 9.02bc 162.02 � 5.47bcd 23.12 � 0.86c

G 0.030 0.159 0.003 0.002 <0.001
T 0.252 0.079 <0.001 <0.001 0.514
G × T 0.890 0.973 0.060 0.093 0.532

Table 5 Leaf anatomical characterisation from ultra-fine cross-sections of tomato non-long shelf-life (nLSL) and long shelf-life (LSL) geno-
types subjected to different conditions (control [CL], short-term water deficit stress at 40% FC [ST 40% FC], short-term water deficit stress at
30% FC [ST 30% FC], and short-term water deficit stress at 30% FC followed by recovery [ST 30% FC-Rec]). Mean values � SE are shown for
chloroplast thickness (Tchl), chloroplast length (Lchl), mesophyll and chloroplast surface area exposed to intercellular air space per leaf area
(Sm/S and Sc/S, respectively), the Sc/Sm ratio, and cell wall thickness (Tcw). Genotype (G) and treatment (T) effects were quantified by two-
way ANOVA and differences between groups were analysed by LSD test. Different superscript letters indicate significant differences. n = 5 in
all cases

Genotype and treatment Tchl (μm) Lchl (μm) Sm/S (m2 m−2) Sc/S (m2 m−2) Sc/Sm Tcw (μm)

nLSL, CL 5.53 � 0.05a 2.91 � 0.15ab 17.86 � 0.74ª 16.10 � 0.91a 0.90 � 0.02a 0.11 � 0.00b

nLSL, ST 40% FC 4.63 � 0.05b 2.72 � 0.14ab 15.98 � 0.25abc 12. 30 � 0.18bcd 0.79 � 0.02bc 0.11 � 0.01b

nLSL, ST 30% FC 4.52 � 0.15b 2.58 � 0.24b 14.31 � 0.87bc 12.47 � 1.01bcd 0.86 � 0.02ab 0.11 � 0.01b

nLSL, ST 30% FC-Rec 4.74 � 0.13b 2.27 � 0.13b 13.72 � 1.57c 10.23 � 1.11d 0.84 � 0.02abc 0.13 � 0.00a

LSL, CL 5.95 � 0.27a 3.23 � 0.28a 17.28 � 1.85ab 15.29 � 1.54ab 0.88 � 0.03a 0.13 � 0.01a

LSL, ST 40% FC 4.75 � 0.25b 2.68 � 0.31ab 15.96 � 0.33abc 12.58 � 0.77bcd 0.79 � 0.05bc 0.12 � 0.01ab

LSL, ST 30% FC 4.62 � 0.20b 2.64 � 0.12ab 15.10 � 0.10abc 11.16 � 0.40cd 0.75 � 0.01c 0.10 � 0.02b

LSL, ST 30% FC-Rec 4.87 � 0.33b 2.38 � 0.28b 15.63 � 0.96abc 13.31 � 0.95abc 0.78 � 0.04bc 0.12 � 0.00ab

G 0.112 0.394 0.406 0.470 0.044 0.149
T <0.001 0.016 0.042 0.001 0.005 0.047
G × T 0.863 0.886 0.710 0.158 0.237 0.150
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However, positive relationships between gm and Tleaf and

Tmes were observed (R2 = 0.95, P = 0.02, Figure 5c and

R2 = 0.99, P < 0.01, Figure 6d, respectively).

DISCUSSION

Water shortage is recognised as one of the most important

abiotic stresses affecting plants’ physiological performance

(Chaves et al., 2009; Flexas et al., 2004; Nadal & Flexas,

2019). In fact, changes in leaf water relations – particularly

osmotic and elastic adjustments – usually occur under

water deficit stress (Abrams, 1990; Galmés et al., 2011;

Kubiske & Abrams, 1991; Lo Gullo & Salleo, 1988; Nadal

et al., 2020; Turner, 2018; Xiong & Nadal, 2020). In our

study, we detected declines in πo in both genotypes once

subjected to water deprivation (in particular, under ST 30%

FC), as commonly described (Abrams, 1990; Bartlett et al.,

2012; Kubiske & Abrams, 1991; Lo Gullo & Salleo, 1988;

Nadal et al., 2020; Turner, 2018). Although both genotypes

presented similar reductions in πo under water shortage

conditions, elastic modifications were of higher relevance

in the LSL genotype (Figure 1). In fact, ε adjustments occur-

ring under water deficit stress are variable (see, for

instance, Sobrado & Turner, 1983; Lo Gullo & Salleo, 1988;

Nadal et al., 2020; Roig-Oliver, Bresta, Nadal, et al., 2020;

Roig-Oliver, Nadal, Bota, et al., 2020; Roig-Oliver, Nadal,

Clemente-Moreno, et al., 2020; Roig-Oliver, Fullana-

Pericàs, et al., 2021), suggesting that they could be

species-dependent. Furthermore, Galmés et al. (2011)

reported genotype-dependent elastic adjustments testing

well-watered and water-stressed nLSL and LSL tomato

genotypes. While they showed that most of the analysed

genotypes increased leaf rigidity (i.e., higher ε) during

water deprivation probably to avoid excessive water

losses, ε was not modified in others. Hence, our results

provide further evidence on the genotype-dependent elas-

tic adjustments occurring in tomato genotypes (Figure 1).

Besides modifications in leaf water relations, the

application of different water availability treatments also

promoted distinct photosynthetic responses in the tested

genotypes (Figure 2). Under CL conditions, the LSL geno-

type achieved larger AN values than the nLSL genotype

because of increases in both gs and ETR even when pre-

senting lower gm. This photosynthetic behaviour for both

genotypes was linked to a photosynthesis limitation

mainly attributed to lb (Table 2). In fact, Nadal and Flex-

as (2019) highlighted that increasing biochemical

Figure 3. Principal component analysis (PCA) of gas exchange, cell wall, pressure–volume, and anatomical parameters of both genotypes subjected to different

treatments. The same abbreviations as in Figures and Tables are used except for the (Cellulose + Hemicelluloses)/Pectins ratio, which is shown as ‘(Cel + Hemi-

cel)/Pectin’. Axes represent the two principal components (PCs), which together explain 71.3% of the total variance.
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processes rather than only increasing gm could signifi-

cantly improve AN in well-watered crops. Even though

both genotypes reduced gs to the same extent under ST

40% FC, the LSL genotype presented smaller reductions in

ETR than the nLSL genotype. Also, the LSL genotype main-

tained gm close to CL levels, whereas significant declines

were observed in the nLSL genotype. These different pho-

tosynthetic modifications taking place in both genotypes
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resulted in the LSL genotype achieving larger AN values

than the nLSL genotype under ST 40% FC conditions.

Overall, the distinct photosynthetic adjustments occurring

in both genotypes allowed the LSL genotype to reach

higher AN values under CL and to increase WUEi to a larger

extent, being linked to less variable gm across experimen-

tal conditions as compared to the nLSL genotype.

Nonetheless, similar photosynthetic increases were
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observed in both genotypes after ST 30% FC-Rec, which

were mostly driven by increases in gs. However, full recov-

ery of gs and AN was not achieved (Figure 2).

While it is often thought that modifications in the cell

wall composition of mature leaves are of lesser magnitude

than those occurring during leaf development and expan-

sion (Cosgrove, 2018; Houston et al., 2016), recent studies

have reported highly dynamic modifications from a com-

positional perspective (Roig-Oliver, Bresta, et al., 2021;

Roig-Oliver, Bresta, Nadal, et al., 2020). In these studies,
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active cell wall composition turnover was detected in sun-

flowers (Helianthus annuus) subjected to 2 days of recov-

ery after the application of short- and long-term water

deficit stresses (Roig-Oliver, Bresta, Nadal, et al., 2020). An

extended experimental design of the previous experiment

showed that pectins and hemicelluloses were significantly

modified after only 5 and 24 h of rewatering, respectively,

preceded by a long-term water deprivation (Roig-Oliver,

Bresta, et al., 2021). Together with the results observed in

other species, it has been proposed that changes in cell

wall composition of mature leaves during abiotic stresses

application could regulate gm and/or ε adjustments in a

species-dependent way (Clemente-Moreno et al., 2019;

Roig-Oliver, Bresta, et al., 2021; Roig-Oliver, Fullana-

Pericàs, et al., 2021; Roig-Oliver, Bresta, Nadal, et al., 2020;

Roig-Oliver, Nadal, Bota, et al., 2020; Roig-Oliver, Nadal,

Clemente-Moreno, et al., 2020). Interestingly, here we

show that the role of the cell wall composition in determin-

ing these functional traits differs even between different

genotypes of the same species. Particularly, these cell

wall-mediated effects on distinct plant functional traits

were mainly attributed to changes in relative pectins pro-

portion (Figure 4). In fact, pectins are thought to be of cru-

cial relevance in the maintenance of an appropriate degree

of cell wall hydration during water shortage (Rui & Din-

neny, 2019; Tenhaken, 2015). Moreover, modifications in

their amounts are probably accompanied by changes in

their physicochemical structure due to alterations in the

enzymatic performance of pectin-remodelling enzymes,

whose overexpression/knockdown can disrupt signalling

pathways, hence changing the status, dynamics, and

organisation of the cell wall (Anderson & Kieber, 2020;

Cosgrove, 2005; Park & Cosgrove, 2012; Tucker et al.,

2018). Consequently, these modifications in cell wall archi-

tecture could potentially influence elasticity, thickness, and

porosity, key traits affecting gm (Flexas et al., 2021). Since

we found that changes in the relative proportion of major

cell wall components were significantly linked with ε, Tcw,

and Sc/S in the LSL genotype (Figures 4c and 5e,f), it could

be expected that these cell wall modifications may finally

affect gm, as shown in Figure 4(a). However, these previ-

ously mentioned relationships were non-significant in the

nLSL genotype. Therefore, we cannot discard the possibil-

ity that other traits not studied here could be involved in

gm regulation, especially in this genotype. On the one

hand, we suggest that changes in the concentrations of

other cell wall components – for instance, cell wall-bound

phenolics and/or lignins – could have influenced gm regula-

tion across experimental conditions, as shown in sunflow-

ers subjected to contrasting water regimes (Roig-Oliver,

Bresta, Nadal, et al., 2020). On the other hand, it could be

possible that aquaporins or carbonic anhydrases may have

influenced gm, as reported by Pérez-Martı́n et al. (2014). In

any of these cases, further studies would be required to

analyse how these traits could potentially affect gm in both

genotypes, especially in nLSL ones.

Besides the relevance of cell wall composition, sub-

cellular anatomical traits – specifically Tcw and Sc/S – also

determined gm from a species-dependent perspective dur-

ing acclimation to distinct environmental stresses (Galmés

et al., 2013; Hanba et al., 2002; Tholen et al., 2008; Tosens

et al., 2012). Here, we show that the correlations between

gm and Sc/S and Tcw differently occurred at genotype level

(Figure 5a,b), as similarly happened with those between ε
and Sc/S and Tcw (Figure 5c,d). Particularly, they were only

significant for the LSL genotype, which increased gm and

reduced ε while enhancing Tcw, contradicting the hypothe-

sis that thicker cell walls restrict CO2 diffusion (Flexas &

Carriquı́, 2020; Gago et al., 2019) and result in more rigid

leaves (Nadal et al., 2018; Peguero-Pina et al., 2017). How-

ever, we speculate that the LSL genotype could experience

Tcw reductions during water deprivation that may have

been accompanied by dynamic changes in cell wall com-

position – specifically increased pectins amounts –
enabling these plants to partially maintain gm. This may

represent a case of fine anatomical–physiological plasticity
that could allow for increased WUEi. Instead, the nLSL

genotype similarly maintained Tcw and cell wall composi-

tion across treatments, promoting strong gm declines once

subjected to water shortage, which could be attributed to

changes in foliar traits and to supra-cellular anatomy, par-

ticularly an increase in LMA and reductions in Tleaf and

Tmes (Figure 6). These results may suggest that the nLSL

genotype adjusted gm by supra-cellular adjustments and/or

because of mesophyll collapse due to a very strong

decrease in RWC (Table 1). Actually, the latter is more

compatible with the fact that it seems a collapse more than

a regulation in the sense that nLSL plants decreased pho-

tosynthesis as well as WUEi.

In pot experiments like the present, heterogeneity is

created among soil layers when applying water deficit

treatments (Dodd, 2007; Saradadevi et al., 2015), for which

the physiological behaviour observed here cannot be

totally extrapolated to what could happen under field con-

ditions. Nonetheless, our main aim in diversifying treat-

ments was to create a source of variation to extend the

axes of our correlations, allowing us to present strong cor-

relations among parameters. The present study shows that

the relationship between cell wall composition and physio-

logical behaviour in plants subjected to distinct water

regimes could be genotype-dependent within a single and

thoroughly selected crop species. While the LSL genotype

maintained gm within a narrow range across experimental

conditions probably due to elastic, sub-cellular anatomic,

and cell wall composition adjustments, the nLSL genotype

experienced large gm variations that seemed to be linked

to changes in foliar traits and in supra-cellular anatomical

characteristics. Since both genotypes exhibited contrasting
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responses for most of the analysed parameters (Figure 3),

we suggest that cell wall composition modifications occur-

ring in the LSL genotype might be crucial during their

adaptation to drought environments and could sustain

their productivity under the climate change scenario.

Although non-significant relationships between gm and cell

wall components were detected in the nLSL genotype, we

cannot rule out that lignins or cell wall-bound phenolics,

as well as aquaporins or carbonic anhydrases, could influ-

ence gm. However, even in this case, and considering our

results, it appears that LSL plants achieved larger benefits

– at least at the leaf level – from their regulation syndrome

than nLSL ones. Thus, it will be crucial to perform a more

in-depth analysis in a larger number of tomato LSL and

nLSL genotypes subjected to more treatments in order to

draw conclusive statements regarding the relevance of

modifications in the cell wall composition influencing pho-

tosynthetic, biochemical, and anatomical traits.

EXPERIMENTAL PROCEDURES

Plant material selection and preparation

Tomato genotypes were selected based on their leaf morphology
and growth type since these traits influence their physiological
performance (Galmés et al., 2011). The ‘Ailsa Craig’ genotype was
used as nLSL genotype, while a ‘de Ramellet’ genotype (accession
UIB1-28 according to the University of the Balearic Islands seed
bank code) was employed as LSL genotype. Seeds of the nLSL
genotype were kindly provided by Dr Eva Domı́nguez (EELM-CSIC,
Malaga) and seeds of the LSL genotype were obtained from the
University of the Balearic Islands seed bank. Both genotypes pre-
sented indeterminate growth and the common divided tomato
leaf morphology.

Following Fullana-Pericàs et al. (2019), an antiviral treatment
was applied to all seeds before sowing. They were submerged in
a 10% sodium triphosphate solution for 3 h and subsequently
cleaned with distilled water. Then, seeds were submerged in a
30% commercial bleach solution for 1 h, washed again with dis-
tilled water, and air-dried at room temperature for 24 h. Seeds
were kept in a hermetic container filled with silica gel for at least
24 h before being placed in an oven at 70°C for 24 h.

Growth conditions and experimental design

After the application of the antiviral treatment, seeds were sown
individually in water-irrigated 3-L pots containing a substrate mix-
ture of peat and perlite (3:1, v/v). All pots were placed in a growth
chamber at 25°C receiving 300 μmol m−2 sec−1 photosynthetic pho-
ton flux density (PPFD) for 12 h, followed by 12 h of darkness. Pots
were daily monitored to be watered to 100% FC by replacing
evapo-transpired water, receiving Hoagland’s solution 50% once a
week. Twenty-eight days after sowing – when all plants presented
at least three or four fully developed leaves – four treatments were
established: (i) control (CL, i.e., without stress), (ii) short-term water
deficit stress at 40% FC (ST 40% FC), (iii) short-term water deficit
stress at 30% FC (ST 30% FC), and (iv) short-term water deficit
stress at 30% FC followed by a recovery (ST 30% FC-Rec). Five indi-
vidual replicates per genotype were randomly subjected to each
treatment. Control plants were always maintained at 100% FC. For
the other treatments, water irrigation was stopped until reaching

40% FC (ST 40% FC) or 30% FC (ST 30% FC and ST 30% FC-Rec).
Once a specific FC was reached – after approximately 6 days for ST
40% FC and approximately 9 days for ST 30% and ST 30%-Rec – it
was maintained. ST 30% FC-Rec was identical to ST 30% FC treat-
ment, but a 2-day recovery until reaching 100% FC was applied. In
all cases, the plants’ water status was monitored every day, weigh-
ing the pots to maintain conditions at a specific FC by replacing
evapo-transpired water. All measurements were performed in fully
developed leaves of 40-day-old plants after their acclimation for
12 days to the specific conditions of each treatment.

Plants’ water status

The Ψpd and Ψmd values of each plant were determined in fully
developed leaves using a pressure chamber (Model 600D; PMS
Instrument Company, Albany, OR, USA). Additionally, those
leaves used to determine Ψmd were employed for the leaf RWC
estimation. Thus, leaves were immediately weighed after measur-
ing Ψmd, obtaining the fresh weight (FW). Afterward, they were
rehydrated overnight in distilled water under darkness at 4°C. The
next morning, leaves were weighed to determine the turgid
weight (TW). Finally, they were placed in an oven at 70°C for at
least 72 h to obtain the dry weight (DW). From these measure-
ments, RWC was calculated as follows:

RWC ¼ FW�DW

TW�DW
� 100%:

Foliar structure

The same leaves used to determine Ψmd and RWC were also
employed to estimate LMA and LD. Thus, when leaves were rehy-
drated, they were photographed to calculate the leaf area (LA)
with ImageJ software (Wayne Rasband/NIH). Additionally, leaf
thickness (LT) was estimated from five measurements per leaf
avoiding main veins with a digital calliper. LMA was calculated
using the following equation:

LMA ¼ DW

LA
:

Finally, LD was calculated as follows:

LD ¼ LT

LMA
:

Gas exchange and fluorescence measurements

A fully developed leaf per plant (the second or third leaf from the
apex) acclimated to the water conditions imposed by a specific
treatment was chosen to perform gas exchange and chlorophyll a
fluorescence measurements using an infrared gas analyser cou-
pled with a 2-cm2 fluorometer chamber (Li-6400-40; Li-Cor Inc., Lin-
coln, NE, USA). The block temperature was kept at 25°C, the
vapour pressure deficit (VPD) at around 1.5 kPa, the air flow rate at
300 μmol air min−1, the light-saturating photosynthetically active
radiation (PAR) at 1500 μmol m−2 sec−1 (90%/10% red/blue light)
and the CO2 ambient concentration (ca) at 400 μmol CO2 mol−1 air.
When steady-state conditions were achieved (usually after 15–
20 min), measurements of AN, gs, the CO2 concentration at the sub-
stomatal cavity (ci), and steady-state fluorescence (Fs) were con-
ducted using a gas exchange system. Then, a saturating light flash
was applied to obtain the maximum fluorescence (Fm

0). From these
values, the real quantum efficiency of photosystem II (ΦPSII) was
recorded. All previous measurements were made at 21% O2.
According to Valentini et al. (1995), light curves under non-
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photorespiratory conditions (1% O2) were drawn to calculate ETR.
A seven-point curve was drawn by changing the light intensity in
the cuvette from 1800 μmol m−2 sec−1 to 0 μmol m−2 sec−1, being
recorded after the stabilisation of the gas exchange system at each
given light intensity (usually after 3 min). The remaining parame-
ters (block temperature, VPD, flow rate, and ca) were kept as
described above. The Rlight value was calculated at 21% O2 as half
the dark-adapted mitochondrial respiration after plants were
exposed to darkness for 30 min (Niinemets et al., 2005). Based on
these parameters, gm was estimated by the variable J method (Har-
ley et al., 1992) using the value for the CO2 compensation point in
the absence of respiration (Γ*) reported for tomato by Hermida-
Carrera et al. (2016). Given that cuticular properties can affect CO2

diffusion (Boyer, 2015; Boyer et al., 1997; Flexas & Medrano, 2002),
gs and other parameters were calculated using leaf cuticular tran-
spiration values reported in Galmés et al. (2011) (see Table S1).

Photosynthesis limitations analysis

Photosynthesis limitations were estimated following Grassi and
Magnani (2005). Absolute stomatal (ls), mesophyll (lm) and bio-
chemical (lb) limitations were calculated per each genotype and
treatment. Additionally, relative stomatal (SL), mesophyll (ML)
and biochemical (BL) contributions to dA/A from a control to a
water deficit stress state and during recovery were calculated
assuming that the maximum AN per genotype corresponded to
that measured under control conditions.

Anatomical characterisation

At the end of gas exchange measurement, small portions of the
leaves enclosed in the IRGA cuvette were cut, avoiding main
veins. They were fixed under vacuum pressure with a 4% glu-
taraldehyde and 2% paraformaldehyde solution prepared in a
0.01 M phosphate buffer (pH 7.4). Then, samples were post-fixed
for 2 h in 2% buffered osmium tetroxide and dehydrated by a
graded ethanol series. Obtained pieces were embedded in LR
resin (London Resin Company) and placed in an oven at 60°C for
48 h (Tomás et al., 2013; Tosens et al., 2012).

Semi-fine and ultra-fine cross-sections (0.8 μm and 90 nm,
respectively) were cut with an ultramicrotome (Leica UC6, Vienna,
Austria). Semi-fine cross-sections were dyed with 1% toluidine
blue and photographed at 200× magnification with a digital cam-
era (U-TVO.5XC; Olympus, Tokyo, Japan) coupled with an Olym-
pus BX60 optic microscope. From these pictures, Tleaf, Tmes, and
fias were calculated. Ultra-fine cross-sections were contrasted with
uranyl acetate and lead citrate and photographed at 1500× and
30 000× magnifications with a transmission electron microscope
(TEM H600; Hitachi, Tokyo, Japan). Pictures at 1500× magnifica-
tions were used to calculate Tchl, Lchl, Sm/S, Sc/S, and the Sc/Sm

ratio. From pictures at 30 000× magnification, Tcw was calculated.
Following Thain (1983), a cell curvature correction factor was
determined performing an average length/width ratio of five cells
per mesophyll type (palisade or spongy). Values for all parameters
were averaged from 10 measurements performed in randomly
selected cell structures using ImageJ. Finally, gm was calculated
based on anatomical particularities according to Tomás
et al. (2013).

Pressure–volume curves

A fully developed leaf per plant adjacent to that employed for gas
exchange measurements was chosen to draw pressure–volume
(P–V) curves. Entire leaves (including the petiole) were cut to be
rehydrated in distilled water under darkness overnight. The next
morning, the leaf water potential was measured with a pressure

chamber (Model 600D; PMS Instrument Company) and leaves
were subsequently weighed. From P–V curves, the values of Ψtlp,
RWCtlp, πo, ε, af, and C*ft were calculated (Sack et al., 2003; Sack &
Pasquet-Kok, 2011).

Cell wall extraction and fractionation

The same leaves employed for gas exchange measurements were
kept under darkness overnight to minimise starch accumulation.
The following morning, around 700 mg of fresh foliar tissue per
plant was cut in small portions to be boiled until bleaching in
screwed-capped tubes filled with absolute ethanol. Then, they
were cleaned twice with >95% acetone to obtain the AIR, an
approximation of the total isolated cell wall material. AIRs were
dried at room temperature and α-amylase digestion was per-
formed to remove remaining starch. Then, three analytical repli-
cates of each AIR weighing approximately 3 mg were hydrolysed
with 2 M trifluoroacetic acid (TFA) at 121°C. After 1 h, samples
were centrifuged, obtaining an aqueous supernatant and a pellet.
While supernatants were directly employed for hemicelluloses
and pectins quantifications, pellets were cleaned twice with dis-
tilled water and >95% acetone to eliminate TFA residues. The dry
pellet (i.e., cellulose) was hydrolysed with 200 μl 72% sulphuric
acid (w/v) for 1 h, diluted to 6 ml with distilled water, and heated
at 121°C until degradation. Cellulose and hemicelluloses quantifi-
cations were performed by the phenol–sulphuric acid colorimetric
procedure (Dubois et al., 1956). Absorbance was read at 490 nm
and cellulose and hemicelluloses contents were calculated by
interpolating values from a glucose calibration curve. Pectins
quantification was performed by the colorimetric method of Blu-
menkrantz and Asboe-Hansen (1973) using 2-hydroxybiphenil as a
reagent. Absorbance was read at 520 nm and the pectins content
was estimated by interpolating values from a galacturonic acid
calibration curve. A Multiskan Sky Microplate spectrophotometer
(ThermoFisher Scientific Inc.) was used in all cases.

Statistical analysis

Prior to performing statistical analysis, the Thompson test was used
to detect and eliminate outliers in the database. Then, two-way analy-
sis of variance (ANOVA) followed by a least significant difference (LSD)
test was performed to identify statistically significant (***P < 0.001;
**P < 0.01; *P < 0.05) ‘genotype’, ‘treatments’, and ‘genotypes ×
treatment’ effects. A PCA was made considering mean values per
parameter and treatment for each treatment to analyse the effects of
distinct treatments and the interactions between distinct parameters.
Also, Pearson correlation matrices were constructed for each geno-
type to find correlations between all tested parameters, being signifi-
cant and highly significant when P < 0.05 and P < 0.01, respectively.
Finally, linear regression analysis was addressed to analyse correla-
tions between photosynthetic, leaf water relations, anatomical, and
cell wall composition parameters using mean values per genotype
and treatment. All these analyses were performed with R software
(ver. 3.2.2; R Core Team, Vienna, Austria).

AUTHOR CONTRIBUTIONS

MR-O, JB, and JF conceived and designed the study; MR-O

and MF-P conducted the experiments; MR-O and JF per-

formed the data analysis; and MR-O wrote the first version

of the manuscript with input from all co-authors.

ACKNOWLEDGEMENTS
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Figure S1. Anatomical characteristics of the studied genotypes
from semi-fine (left) and ultra-fine (right) cross-sections taken at
200× and at 30 000× magnifications, respectively. From top to bot-
tom, all pictures included in the four first lines represent non-long
shelf-life (nLSL) genotype particularities, whereas the last four
lines show LSL genotype traits. CL conditions correspond to A, I
and E, M; ST 40% FC to B, J and F, N; ST 30% FC to C, K and G, O;
and ST 30% FC-Rec to D, L and H, P. Black scale bars in semi-fine
cross-sections = 200 μm. The detailed quantitative analyses of all
studied anatomical parameters are shown in Tables 4 and 5.

Table S1. Summary of the cuticular conductance (gcut) values that
were used to recalculate gs and, consequently, ci, gm, and WUEi in
the tested genotypes. These gcut values were obtained after the
conversion of leaf cuticular transpiration (tcut) values reported in
Galmés et al. (2011). The same tcut and, consequently, gcut values
were used for both genotypes since they presented tomato leaf
morphology. However, different values were employed according
to well-watering or water deficit stress treatments.

Table S2. Mesophyll conductance (gm) calculated from fluores-
cence and anatomical measurements performed in tomato non-
long shelf-life (nLSL) and long shelf-life (LSL) genotypes subjected
to different conditions (control [CL], short-term water deficit stress
at 40% FC [ST 40% FC], short-term water deficit stress at 30% FC
[ST 30% FC], and short-term water deficit stress at 30% FC fol-
lowed by recovery [ST 30% FC-Rec]). While gm_fluorescence was
calculated according to Harley et al. (1992), gm_anatomy was esti-
mated following Tomás et al. (2013). Mean values � SE values are
shown. Genotype (G) and treatment (T) effects were quantified by
two-way ANOVA and differences between groups were analysed by
LSD test. n = 5 in all cases.

Table S3. Pearson correlation matrix of physiological, leaf water
relation, cell wall, and anatomical parameters measured in the S.
lycopersicum nLSL genotype across all experimental conditions.
Values in italics and bold indicate significant (P < 0.05) and highly
significant (P < 0.01) correlation coefficients, respectively.

Table S4. Pearson correlation matrix of physiological, leaf water
relation, cell wall, and anatomical parameters measured in the S.
lycopersicum LSL genotype across all experimental conditions.
Values in italics and bold indicate significant (P < 0.05) and highly
significant (P < 0.01) correlation coefficients, respectively.
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