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Abstract: In this study, the effects of repeated cycles of drying and rehydration on some physiological
traits were assessed in long shelf-life tomatoes cultivated in a typical semi-arid area of Southern Italy.
Three Sicilian landraces (‘Custonaci’, ‘Salina’, and ‘Vulcano’) from the germplasm collection at CNR-
IBE (Catania, Italy) and a commercial tomato mini-plum (‘Faino Hy., control) were investigated under
three water regimes: DRY (no irrigation), IRR (long-season full irrigation) and REW (post-drought
rewaterings). Net photosynthetic assimilation rate (Pn), leaf transpiration (E), stomatal conductance
(gs), instantaneous water use efficiency (WUEi), leaf intercellular CO2 (Ci, ppm), and leaf temperature
(◦C), were measured during the growing season. At harvest (late July), fruit production per plant was
measured and ripened fruits were analysed for total solids (TS), soluble solids (SS), reducing sugars
(RS), vitamin C (AscA), and total phenols (TP). Pn promptly responded to rewatering (REW), quickly
increasing immediately after irrigation, and declined with soil drying up. All genotypes had similar
physiological pathways in DRY, but in IRR, ‘Faino’ had higher Pn (up to 31 µmol CO2 m−2s−1)
and E (up to 18 mmol H2O m−2s−1). Stomatal conductance (gs) after rewatering steeply increased
and quickly declined after that. All local landraces had the same gs in IRR and REW. Variations in
RWC were less pronounced than those in other physiological parameters. WUEi in REW and DRY
proceeded similarly (up to 3 µmol CO2 mmol H2O). Irrigation in REW significantly promoted plant
productivity over the DRY control (up to +150% in ‘Vulcano’). TS and SS in REW were lower than
those in DRY, but higher (+19 and +7%, respectively) than in IRR. Vitamin C was greater in DRY and
REW (26 and 18% higher than in IRR, respectively). TP in all local tomatoes were significantly higher
(up to +29% in ‘Vulcano’) than those in the commercial control. Water regime had a minor effect on
TP in ‘Custonaci’ and ‘Salina’. Principal Component Analysis (PCA) provided information on the
changes in physiological and fruit quality traits in tomatoes in relation to cultivars and water regimes.
The results of this study also revealed that a water-saving irrigation strategy where few irrigations
are applied after prolonged periods of drought might be profitable in terms of fruit production
enhancement in long shelf-life tomatoes and that limited rewaterings in most cases, help retaining
high levels of fruit quality traits.

Keywords: drought stress; leaf transpiration; long shelf-life tomato; phenols; photosynthesis; rewatering

1. Introduction

The world is experiencing one of the greatest crises of all time. Indeed, climate change,
referring to significant changes in precipitation, temperature, wind, and snow patterns [1],
is becoming a serious and incessant threat caused by the release in the atmosphere of GHG
emissions, the overuse of fertilisers, herbicides, and pesticides, and above all by human
influence [2]. The current scenario is characterised by extreme events, with severe flooding
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and, on the other hand, harsh drought, which leads to a water supply restriction for the
near future. In this regard, the Mediterranean environment is becoming a critical climatic
hotspot [3].

The sustainable development goals (SDGs) of Agenda 2030 establish parameters that
must be achieved by this time limit [4]. SDGs 6 and 13, which refer to water availability
and the fight against climate change, are strongly related to the agriculture sector as a
high-water consumer for food production and a high CO2 discharger [5]. The sustainable
use of natural resources in agriculture, in addition to fulfilling the increasing food demand,
is one of the new goals of millennials.

Drought stress alters several physiological and biochemical processes in crops, ulti-
mately leading to yield losses. Plants respond differently to drought stress at physiological
levels, and several physiological mechanisms are involved in their adaptation to water
stress [6].

Water stress can improve the resistance and adaptability of crops, keeping in mind
the close relationship between the photosynthetic mechanism and the crop yield. Several
physiological processes come into play to tolerate stress [7]. As an alternative, deficit
irrigation is a water-saving irrigation technique recently proposed for agriculture, under
which plants are deliberately allowed to sustain a certain degree of drought [8]. As a
result, water productivity is optimised, adequate yields are maintained, and fruit quality
is improved [9]. Xu et al. [10] confirmed that deficit irrigation improves photosynthetic
performance, increases dry matter accumulation and soil moisture conditions, and, conse-
quently, promotes plant growth and development. Post-drought rehydration (rewatering)
may represent an alternative strategy to more common deficit irrigation to save a large
amount of irrigation water. This irrigation technique consists of alternate cycles of drought,
imposed by withholding irrigation for a long period in order to reach a condition of severe
plant stress [11], and rehydration through irrigation [6]. Rewatering somehow reproduces
the occurrence of sporadic rainfall in open fields. Indeed, drought/rehydration cycles occur
more frequently under climatic change conditions [12], and even a small amount of rainfall
in dry and semi-dry agroecosystems after a long period of drought may induce a quick
plant response in terms of physiology, growth, and productivity. Knowing such a response
is crucial for better insight into the mechanisms of plant recovery under prolonged soil
water deficit and better practical management of irrigation water under climatic change.

Due to their tropical origin, tomatoes require high temperatures during the growing
season. Therefore, in the Mediterranean areas of South Italy, under open-field conditions,
they are cultivated during hot and dry summers and subjected to frequent drought stresses
when the water for irrigation is scarce.

Among tomatoes, local landraces of long shelf-life tomatoes are typical of the semi-
arid areas of the Mediterranean regions. They are so called because their fruits have
thick skin, which allows them to extend their shelf life [13]. These tomatoes are greatly
appreciated by consumers for their high sensory and nutritional traits [14]. To retain such
valuable characteristics, long shelf-life tomatoes are traditionally cultivated under rainfed
conditions that, however, limit their productivity [15]. Isolated water events, or, in the
alternative, occasional rewaterings may promote plant productivity while maintaining
high nutritional qualities, according to previous findings [16]. However, little is known
about the physiological responses of these tomatoes to the application of alternate cycles
of drought/rewatering. To this end, a research was conducted to evaluate the effects of
repeated rewaterings on some physiological traits in overstressed plants of long shelf-life
tomatoes open-field cultivated in a semi-arid environment. The effects of this strategy on
fruit production and some quality traits were also investigated.

2. Materials and Methods
2.1. Open-Field Experiment

The experiment was conducted during the summer season of 2017 in a site on the
Eastern coast of Sicily (South Italy, 10 m a.s.l., 37◦24′35.8′′ N Lat, 15◦03′31.7′′ E Long). The
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soil was a vertic xerochrepts soil, having the following characteristics: clay 28.3%, sand
49.3%, loam 22.4%, organic matter 1.4%, pH 8.6, total N 1.0‰, available P2O5 5 mg kg−1,
exchangeable K2O 245 mg kg−1, bulk density 1.1 g cm−3, field capacity (−0.03 MPa)
0.27 g g−1, wilting point (−1.5 MPa) 0.11 g g−1. No cultivation was conducted before the
experiment. The soil was ploughed in early autumn and then milled at 20 cm soil depth
just before transplant.

Tomato plants were transplanted at the four-leaf stage on April 21. A single plot
measured 12.0 m2 (3.0 × 4.0 m). Plants were spaced 0.75 m between rows and 0.40 m
within a row, leading to a 3.3 plants m−2 plant density. Before transplanting, 75, 100, and
100 kg ha−1 of N (as ammonium sulphate), P2O5 (as mineral simple perphosphate), and
K2O (as potassium sulphate), respectively, were distributed in the field. Thirty days after
transplanting, an additional 75 kg ha−1 of N (as ammonium nitrate) was supplied as a
top dressing.

The experiment consisted of a total of 12 treatments derived from the combination
of three water regimes and four genotypes of tomato. Treatments were arranged in a
3 × 4 factorial split plot with three replicates. Water regime (I) was applied to the main
plot, and genotype (G) was applied to the sub-plot. Three Sicilian landraces of long
shelf-life tomatoes (‘Custonaci’, ‘Salina’, and ‘Vulcano’), from the germplasm collection
at CNR-IBE (Catania, Italy) and the commercial ‘Faino Hy.’ (Syngenta seeds, De Lier,
The Netherland) of mini-plum, were used for the experiment. Three water regimes were
applied to all genotypes by means of a drip irrigation system: DRY (no irrigation), IRR (long-
season full irrigation), and REW (post-drought rewaterings). At transplant, all plots were
irrigated to restore the field capacity (FC). To this end, the volume of water (~45 mm) was
calculated, considering soil water content, measured gravimetrically on five soil samples
collected randomly at 0.40 m soil depth and oven-dried at 105 ◦C. Thereafter, irrigation
was suspended in DRY and continued in IRR until fruit ripening (July), restoring 100%
of evapotranspiration (ETc) at each watering, according to the soil water balance method
(ETc = ET0 × kc). ET0 (reference ET) was measured by means of a class-A evaporation pan,
and kc (crop coefficients) were those reported for tomatoes by Patanè et al. [17]. The amount
of water to distribute at each irrigation (V) was calculated on the basis of the maximum
available soil water content in the first 0.4 m soil depth [9]. Irrigation was applied when
the cumulative daily ETc corresponded to V (~42 mm). In REW, two long-lasting periods
of water stress were imposed on the crop by repeated cycles of drying and watering: as
in DRY, irrigation was suspended after the watering at transplant, and the soil was left
drying until available soil water content achieved wilting point (~8 weeks after transplant),
then irrigation was applied to restore field capacity at ~0.40 m soil depth (~70 mm of water
applied by irrigation), and the soil was left again to dry down to wilting point until the
next irrigation (after 3 weeks), for a total of two irrigations after that initial. The total
seasonal volume of water distributed by irrigation in DRY, IRR, and REW was 450, 4710,
and 1849 m3ha−1, respectively.

For weed control, hand weeding was performed at a very early stage of plant growth.
Later on, no further weeding was required.

2.2. Measurements in Field

During the crop growing season, the following weather variables were recorded:
maximum and minimum air temperature, rainfall, and class-A pan evaporation, using
a data logger (CR10, Campbell Scientific, Logan, UT, USA) placed ~50 m from the field
experiment.

Soil water content was measured by means of gypsum blocks (Soilmoisture Equipment
Corp., Santa Barbara, CA, USA) placed in all plots at 0.4 m soil depth. Measurements were
taken approximately before and after each irrigation. Soil water deficit was then calculated
as follows:

SWD (%) = (1 − (WC − WP)/(FC − WP))100 (1)
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where SWD is soil water deficit, WC is soil water content as a percentage of dry soil, FC is
soil water content at field capacity, and WP is soil water content at the wilting point. SWD
ranged between 0% (field capacity) and 100% (wilting point).

Fruits were harvested at the full ripening stage (late July). At harvest, fruit production
per plant (kg) was measured. Approximately 2 kg of ripened fruits were selected from each
plot for laboratory analyses.

2.3. Physiological Measurements

Net photosynthetic assimilation rate (Pn, µmol CO2 m−2s−1), leaf transpiration (E, mmol
H2O m−2s−1), stomatal conductance (gs, mol H2O m−2s−1), leaf intercellular CO2 (Ci, ppm),
leaf temperature (◦C), were measured along the growing season in field at 5 subsequent
dates after transplanting, from late May (when irrigation was already differentiated in IRR
respect to DRY and REW) to July, by means of a LCi-SD Portable Photosynthesis system (ADC
BioScientific Ltd., Hoddesdon, UK). Measurements were taken during clear sunshine hours
between 10:00 and 12:00 (solar time) in fully developed and healthy leaves. One reading was
carried out on three randomly chosen, fully expanded young leaves from each plot.

At the same dates, the relative water content (RWC, %) of the leaves was also measured
as follows: one leaf was removed from eight representative plants in each plot, weighed for
fresh weight measurement, quickly immersed in distilled water, and left to imbibe overnight
to saturation. The day after, all leaves were weighed for turgor weight measurement after
removing excess water and oven-dried in a thermo-ventilated oven at 70 ◦C until constant
weight for dry weight measurement. RWC was calculated as follows [18]:

RWC (%) = (FW − DW)/(TW − DW) × 100 (2)

where FW (g) is leaf fresh weight, DW (g) is leaf dry weight, and TW (g) is leaf turgor weight.
At the end of the field experiment, instantaneous water use efficiency (WUEi) was

calculated as follows [19]:

WUEi (µmol CO2 mmol−1 H2O) = Pn/E (3)

where Pn is the net photosynthetic assimilation rate (µmol CO2 m−2s−1) and E is leaf
transpiration (mmol H2O m−2s−1).

Stress degrees were calculated from leaf temperature, as measured by a portable pho-
tosynthesis system, and air temperature of the corresponding measurement date, according
to Idso et al. [20], modified as follows:

Stress degree (◦C): Ta − Tl (4)

where Ta is the air temperature (◦C) at the measurement date and Tl is the leaf temperature
(◦C) (the higher the value, the lower the stress).

2.4. Laboratory Analyses

At harvest, ripened fruits (~2 kg) were randomly sampled from each plot, washed
with running water to remove dirt, dried thoroughly with absorbent paper, and analysed
in the laboratory for total solids (TS), total soluble solids (SS), reducing sugars (RS), vitamin
C (AscA), and total phenols (TP). All chemical analyses were conducted on fruit samples
homogenised in Ultraturrax T25 (Janke & Kunkel, Staufen, Germany), previously washed
to remove dirt, and dried with absorbent paper. All analyses were carried out in triplicate.

All solvents and reagents were provided by Sigma (Sigma-Aldrich s.r.l., Milano, Italy).

2.4.1. Total Solids (TS) and Total Soluble Solids (SS)

Total solids (TS, g 100 g−1 fresh weight-FW) were determined in homogenate tomato
samples dried at 70 ◦C in a thermo-ventilated oven until constant weight (72 h).
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Total soluble solids (SS, ◦Brix) were measured using a portable digital refractometer
(Digital Brix Refractometer, HI96801, Hanna Instruments, Padova, Italy) at 20 ◦C. Before
use, the refractometer was standardised by adding a few drops of distilled water (0 ◦Brix).

2.4.2. Reducing Sugars (RS)

Reducing sugars (RS, g 100 g−1 FW) were determined spectrophotometrically accord-
ing to the 3,5-dinitrosalicylic acid (DNS) method [21]. A 5 g homogenate sample was
diluted in 5 mL distilled water and then centrifuged at 3500× g for 5′. An aliquot of the
diluted sample was mixed with 1 mL of DNS reagent and then incubated in a water bath at
90 ◦C for 15′. After fast cooling in a cold water bath, the extract was mixed with 1 mL of
40% sodium and potassium tartrate solution. Absorbance was read in a UV spectropho-
tometer (UV-30 Scan Spectrophotometer, Onda, Carpi, Italy) at 575 nm, using glucose (0 to
1 mg mL−1) as the standard curve (R2 = 0.99).

2.4.3. Vitamin C (AscA)

Vitamin C, expressed as ascorbic acid (AscA, mg 100 g−1 FW), was estimated by
the 2,6-dichlorophenolindophenol method [13]. Briefly, a 10 g sample of homogenate
was diluted in 5 mL of a 3% (w/v) metaphosphoric acid solution and 5 mL of 8% (v/v)
acetic acid solution and then filtered. A 2.5 mL filtrate was titrated with a solution of
2,6-dichlorophenolindophenol standardised in a standard stock solution (1 mg mL−1) of
ascorbic acid with a known concentration.

2.4.4. Total Phenols (TP)

Total phenols were estimated using the Folin-Ciocalteu reagent [22]. A 2 g sample of
homogenate was extracted in 10 mL of 80% MeOH. The extract was vortexed and incubated
for 15 h at room temperature, and then centrifuged at 5000× g for 5′. After that, 125 µL
of supernatant was diluted in 500 µL of distilled water, then mixed with 125 µL of the
Folin-Ciocalteu reagent, and after a few minutes, 1.5 mL of a 7% (w/v) Na2CO3 solution
and 1 mL of distilled water were added. All samples were incubated for 90 min at room
temperature. Absorbance was read spectrophotometrically at 760 nm, using gallic acid (0
to 250 µg mL−1) as the standard curve (R2 = 0.99). Results were expressed as mg gallic acid
equivalent (GAE) 100 g−1 FW.

2.5. Statistical Analyses

Data of physiological traits on two dates (June 23 and July 11, i.e., two days after
the first rewatering and one day after the second rewatering, respectively) and those of
fruit production and fruit quality traits, were subjected to a two-way analysis of variance
(ANOVA) using CoStat version 6.003 software (CoHort Software, Monterey, CA, USA),
considering water regime and genotype and their interaction as sources of variation. Means
were separated using Tukey’s test at a 95% confidence level.

Pearson’s correlation test was conducted for all traits (SigmaPlot11, Systat Software
Inc., San Jose, CA, USA). Principal component analysis (PCA) was also performed using
Minitab Statistical Software version 19, LLC, Minitab Inc., State College, PA, USA). In both
cases, data from physiological measurements of July 11 were considered.

3. Results
3.1. Weather Conditions during the Field Experiment

The course of the weather parameters recorded during the field experiment is shown
in Figure 1. Maximum temperatures ranged from 19.8 ◦C to 41.3 ◦C, those minimum from
7.1 and 24.6 ◦C. The lowest values of both maximum and minimum temperatures were
recorded in late April and the highest in mid-July. Rain from transplant to harvest was
very scarce (~12 mm); therefore, the soil water content was totally derived from irrigation.
Accordingly, the meteorological course was that of a typical Mediterranean environment,
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with hot and dry summers. Daily reference evapotranspiration (ET0) followed the course
of air temperature; therefore, its maximum (8 mm) was recorded in mid-July.

Figure 1. Meteorological data recorded during the field experiment.

3.2. Course of Soil Water Content

The course of soil water deficit measured during the field experiment in all plots
revealed that soil gradually dried up in DRY, reaching the threshold for irrigation (i.e.,
when SWD approached 66%) in late May, in ‘Faino’, in early June, in ‘Salina’ and ‘Vulcano’,
and later (July), in ‘Custonaci’ (Figure 2).

Figure 2. Soil water deficit at a depth of 0.40 m in each irrigation treatment. The constant horizontal
short dashed lines indicate the empirical minimum threshold for irrigation in IRR.
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In ‘Salina’, soil water content in both DRY and REW dropped below the theoretical
threshold for irrigation, approaching the wilting point (SWD > 90%) already in mid-June.

In IRR, the soil water content fluctuated widely according to irrigation, always above
the theoretical threshold. However, the volume of water to be applied in each irrigation
(approximately constant) was calculated empirically according to cumulative ET0 and not
on the basis of the actual water content of the soil. Therefore, irrigation was often applied
earlier than reaching the threshold (SWD 66%).

In REW, SWD followed the same course as in DRY until the first rewatering (June 21),
which restored field capacity (SWD = 0), then SWD started decreasing again down to
threshold (or below that in ‘Salina’), to approach zero again until the second rewatering
(July 10) which fulfilled the soil to field capacity again. After that, the soil water content
started to decrease again down to the threshold.

3.3. Physiological Traits
3.3.1. Net Photosynthetic Assimilation Rate (Pn)

Figure 3 shows the variations with time in the net photosynthetic assimilation rate
(Pn) measured from approximately one month after transplant (when plants were at the
flowering stage) onwards.

Figure 3. Course of net photosynthetic assimilation rate (Pn, µmol CO2 m−2s−1) during the field
experiment in the four tomato genotypes under different water regimes. Vertical arrows indicate the
time of irrigation in the REW. Small vertical bars indicate the standard error (n = 3).

In all tomatoes, Pn progressively decreased in plants exposed to dry soil (DRY), with
greater rates from the third measurement onwards when the SWD was close to or even
lower than the theoretical threshold (66%) for irrigation. In IRR, Pn was kept more or less
stable (in ‘Custonaci’ and ‘Faino’) or slightly decreased (in ‘Salina’ and ‘Vulcano’) along
the growing season up to the final measurement. In REW, Pn initially followed the same
trend as in DRY, but after the first rewatering it quickly increased, more steeply in ‘Salina’
and ‘Vulcano’, to decline again according to soil drying up, and increased again after the
second rewatering. In all cases, after the first rewatering, Pn in REW never dropped down
to the levels in DRY but was kept quite high, close to or even higher than those in IRR.
When single measurements at two dates (June 23 and July 11) were considered, plants in
REW photosynthesised as high as those in IRR in the first measurement and even more
in the second measurement (I, p < 0.001) (Tables 1 and 2). Among the genotypes, on both
dates, the highest and the lowest photosynthetic activities were measured in ‘Faino’ and
‘Custonaci’, respectively (G, p < 0.001). However, significant ‘I × G’ (p < 0.001) was observed
in the ANOVA (Figure 4). Indeed, in both measurements, all genotypes had the same levels
of Pn under severe water stress conditions (DRY), but under REW and IRR, they behaved
differently. In particular, in the measurement of June 23, the commercial ‘Faino’ assimilated
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significantly more CO2 than local landraces under no water limitation (IRR), but under
REW its Pn declined to the same levels of the other tomatoes (except ‘Custonaci’). In the
last measurement (July 11), all genotypes (except ‘Custonaci’) in REW assimilated more
CO2 than those in the IRR.

Table 1. Main effects of water regime (I) and genotype (G) on some physiological traits of tomatoes
(date: June 23). IRR: full irrigation; DRY: no irrigation; REW: rewatering.

Pn
(µmol CO2

m−2s−1)

E
(mmol

H2O m−2s−1)

gs
(mol H2O
m−2s−1)

WUEi
(µmol CO2

mmol−1 H2O)

Ci
(ppm)

Ta−Tl
(◦C)

RWC
(%)

DRY 18.67 ± 0.39 b 6.81 ± 0.19 b 0.78 ± 0.05 b 2.77 ± 0.07 ab 373.4 ± 3.0 b 0.13 ± 0.14 b 75.5 ± 0.55 c
Water regime REW 23.91 ± 0.46 a 8.89 ± 0.24 a 1.55 ± 0.10 a 2.71 ± 0.05 b 405.1 ± 2.0 a 1.27 ± 0.10 a 78.1 ± 0.48 b

(I) IRR 24.67 ± 1.10 a 8.45 ± 0.30 a 1.73 ± 0.14 a 2.94 ± 0.10 a 403.9 ± 1.6 a 1.31 ± 0.14 a 84.3 ± 0.59 a

Cultivar
(G)

Custonaci (Local) 20.04 ± 0.65 d 7.44 ± 0.26 b 1.05 ± 0.09 b 2.70 ± 0.04 a 394.8 ± 4.3 a 0.74 ± 0.12 a 80.3 ± 1.24 a
Salina (Local) 21.56 ± 0.70 c 8.01 ± 0.43 ab 1.32 ± 0.19 ab 2.75 ± 0.11 a 391.5 ± 7.1 a 0.88 ± 0.28 a 80.1 ± 1.38 a

Vulcano (Local) 22.99 ± 0.98 b 8.25 ± 0.38 a 1.43 ± 0.14 a 2.81 ± 0.12 a 398.3 ± 4.1 a 0.84 ± 0.21 a 78.9 ± 1.22 ab
Faino (Hy) 25.08 ± 1.53 a 8.49 ± 0.42 a 1.61 ± 0.21 a 2.95 ± 0.07 a 391.8 ± 4.2 a 1.07 ± 0.24 a 77.8 ± 1.13 b

Significance I *** *** *** * *** *** ***
G *** ** *** ns ns ns *

I × G *** *** *** *** ** ** ns

For each main effect, values (mean ± se) within each column, followed by the same letter, do not significantly
differ at p < 0.05, according to Tukey’s test; ns = not significant; significant at p < 0.05 (*), 0.01 (**), and 0.001 (***).

Table 2. Main effects of water regime (I) and genotype (G) on the physiological traits of tomatoes
(date: July 11). IRR: full irrigation; DRY: no irrigation; REW: rewatering.

Pn
(µmol CO2

m−2s−1)

E
(mmol

H2O m−2s−1)

gs
(mol H2O
m−2s−1)

WUEi
(µmol CO2

mmol−1 H2O)

Ci
(ppm)

Ta-Tl
(◦C)

RWC
(%)

DRY 7.05 ± 0.41 c 5.59 ± 0.32 c 0.14 ± 0.01 c 1.31 ± 0.06 a 336.0 ± 5.9 b 0.23 ± 0.15 c 71.3 ± 1.19 c
Water regime REW 23.51 ± 0.63 a 16.69 ± 0.41 a 1.07 ± 0.15 a 1.43 ± 0.09 a 362.0 ± 3.8 a 4.19 ± 0.39 b 77.5 ± 1.65 b

(I) IRR 20.68 ± 0.63 b 14.68 ± 0.67 b 0.72 ± 0.12 b 1.44 ± 0.05 a 350.5 ± 6.0 ab 1.69 ± 0.33 b 82.3 ± 1.12 a

Cultivar
(G)

Custonaci (Local) 15.66 ± 2.15 b 12.81 ± 1.47 a 0.72 ± 0.17 ab 1.20 ± 0.07 b 363.6 ± 6.2 a 2.28 ± 0.53 a 75.8 ± 1.74 b
Salina (Local) 15.93 ± 1.78 b 11.89 ± 1.53 a 0.49 ± 0.10 b 1.39 ± 0.08 ab 347.7 ± 6.9 ab 1.96 ± 0.64 a 73.8 ± 1.53 b

Vulcano (Local) 17.77 ± 2.24 a 11.62 ± 1.55 a 0.48 ± 0.10 b 1.58 ± 0.06 a 334.4 ± 6.6 b 1.48 ± 0.41 a 74.1 ± 1.85 b
Faino (Hy) 18.95 ± 2.68 a 12.95 ± 1.67 a 0.89 ± 0.25 a 1.40 ± 0.07 ab 352.3 ± 5.2 ab 2.42 ± 0.77 a 84.5 ± 1.19 a

Significance I *** *** *** ns *** *** ***
G *** ns * ** ** ns ***

I × G *** *** * ** ns ns **

For each main effect, values (mean ± se) within each column, followed by the same letter do not significantly
differ at p < 0.05 according to Tukey’s test; ns = not significant; significant at p < 0.05 (*), 0.01 (**) and 0.001 (***).

Figure 4. Effect of interaction between ‘water regime (I) × genotype (G)’ on net photosynthetic assimila-
tion rate (Pn) in tomatoes on two dates (June 23 and July 11). IRR: full irrigation; DRY: no irrigation;
REW: rewatering. Bars with the same letter do not significantly differ at p < 0.05, according to Tukey’s
test. Small black vertical bars indicate the standard error (n = 3).

3.3.2. Leaf Transpiration (E)

Leaf transpiration (E) was less influenced than Pn by the continuous drying of soil in
DRY, maintaining quite constant levels with time (in ‘Custonaci’ and ‘Salina’) or slightly
decreasing late in the growing season (in ‘Vulcano’ and ‘Faino’) (Figure 5).
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Figure 5. Course of leaf transpiration (E, mmol H2O m−2s−1) during the field experiment in
four tomato genotypes under different water regimes. Vertical arrows indicate the time of irrigation
in REW. Small vertical bars indicate the standard error (n = 3).

In both IRR and REW, all tomatoes exhibited increasing rates of E late in June, ac-
cording to the rise of air temperature in its maximum values (>30 ◦C), when fruit buds
were visible on plants. After that, E was kept constant or further increased until the last
measurement, according to a further increase in air temperature.

When the main effects of the experimental factors at the two dates were considered,
a significant effect of the water regime (I, p < 0.001) revealed that the plant transpired
less in DRY, with wider differences (up to 66% lower) with respect to REW and IRR, late
in the growing season. Indeed, the differences among water regimes in the levels of
water transpired by plants were less pronounced in the first measurement (that of June
2023) than those measured two weeks later (July 11), when E in DRY was lower while in
REW and IRR was much higher, in response to good soil water conditions and increased
thermal conditions. ‘Genotype’ significantly affected E only in the measurement of June
23, with lower rates of transpiration measured in ‘Custonaci’. Significant interaction ‘I ×
G’ (p < 0.001) suggests that the leaf transpiration response of tomato plants to changing
soil water content varied with genotype (Figure 6). In DRY, on both dates of measurement,
tomatoes had the same levels of E. Under unrestricted soil water conditions (IRR), ‘Faino’
transpired more than local genotypes (except ‘Custonaci’ in June 11). In REW, ‘Custonaci’
transpired less than the other genotypes on June 23, but late in the season, the levels of E
were the same in all tomatoes.

Figure 6. Effect of interaction between ‘water regime (I) × genotype (G)’ on leaf transpiration (E) in
tomatoes at two dates (June 23 and July 11). IRR: full irrigation; DRY: no irrigation; REW: rewatering.
Bars with the same letter do not significantly differ at p < 0.05 according to Tukey’s test. Small black
vertical bars indicate the standard error (n = 3).
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3.3.3. Stomatal Conductance (gs)

Stomatal conductance exhibited large fluctuations during the growing season in
response to changes in soil water content (Figure 7).

Figure 7. Course of stomatal conductance (gs, mol H2O m−2s−1) during the field experiment in the
four tomato genotypes under different water regimes. Vertical arrows indicate the time of irrigation
in REW. Small vertical bars indicate the standard error (n = 3).

Overall, the maximum levels of gs were recorded on June 23, which was different from
the maximum E, measured a week later. As observed for Pn, but with wider fluctuations,
in DRY and REW gs proceeded quite similarly, but just a couple of days after the first
rewatering, gs in REW steeply increased, and quickly declined after that and rose again
after the second rewatering. Although continuously irrigated, unlike what was observed
for E, stomatal conductance in plants of IRR progressively declined (except in ‘Custonaci’)
from late June onwards.

Water regime effects on gs were found in ANOVA at two dates, and plants in DRY had
significantly lower rates of stomatal conductance than those in REW and IRR (I, p < 0.001).
Tomato genotype affected gs as E in the measurement of June 23, with the highest rates in
‘Faino’ and ‘Vulcano’, but later (July 11) ‘Vulcano’ exhibited the lowest gs.

Significant ‘I × G’ in ANOVA revealed a combined effect of the two experimental
factors on stomatal conductance (Figure 8). In the measurement on June 23, no genetic
differences were highlighted both under REW and IRR. Moreover, each genotype achieved
the same levels of gs under the two water regimes. However, the commercial ‘Faino’
behaved differently, with much higher levels of stomatal conductance under no water
limitations in IRR (I × G, p < 0.001).

3.3.4. Leaf Relative Water Content (RWC)

Variations in relative water content (RWC) with time were less pronounced than
those in the above-described physiological parameters (Figure 9). Under restricted soil
water conditions (DRY), RWC declined slightly during the growing season (except in
‘Faino’ in the last measurement). According to the continuous water supply, plants in
the IRR maintained a higher RWC (>80%), which did not vary much during the growing
season. In REW, RWC proceeded as in DRY, but differently than in DRY, where leaves
progressively lost water according to soil drying; after the first rewatering, leaves were
well rehydrated and RWC was maintained constant or slightly increased until the second
rewatering, approaching values in IRR. Only plants of ‘Custonaci’ revealed a low capacity
to rehydrate after irrigation in REW, with values of RWC kept at the levels of those in
DRY, despite the two rewaterings. Regardless, in all tomatoes, the RWC in DRY (except
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in ‘Vulcano’) never dropped below 70%, indicating a good plant water status, even under
prolonged water shortage.

Figure 8. Effect of interaction between ‘water regime (I) × genotype (G)’ on stomatal conductance (gs) in
tomatoes on two dates (June 23 and July 11). IRR: full irrigation; DRY: no irrigation; REW: rewatering.
Bars with the same letter do not significantly differ at p < 0.05 according to Tukey’s test. Small black
vertical bars indicate the standard error (n = 3).

Figure 9. Course of leaf relative water content (RWC, %) during the field experiment for four tomato
genotypes under different water regimes. Vertical arrows indicate the time of irrigation in REW.
Small vertical bars indicate the standard error (n = 3).

Significant effects of both experimental factors were found on RWC. In IRR, RWC
was always higher than that in REW and DRY. Among tomatoes, the highest RWC was
measured in the commercial ‘Faino’, with no differences within local landraces in plant
rehydration capacity. In the measurement of June 23, all tomatoes had the same response
to water regimes (I × G, ns). In the latest measurement (July 11), local landraces had lower
RWC than ‘Faino’ in both DRY and REW, and in IRR only ‘Custonaci’ approached the
commercial control (Figure 10).
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Figure 10. Effect of interaction between ‘water regime (I) × genotype (G)’ on leaf relative water content
(RWC) in tomatoes (July 11). IRR: full irrigation; DRY: no irrigation; REW: rewatering. Bars with the
same letter do not significantly differ at p < 0.05 according to Tukey’s test. Small black vertical bars
indicate the standard error (n = 3).

3.3.5. Instantaneous Water Use Efficiency (WUEi)

The course of instantaneous water use efficiency (WUEi) with time is shown in
Figure 11. In the first measurements, WUEi in the IRR tended to maintain values lower
than those in REW and DRY until mid-June. In late June, the efficiency in IRR steeply
dropped, according to the rise in leaf transpiration rates, and was kept more or less con-
stant afterward. In REW, WUEi proceeded quite similarly to that in DRY, despite the two
rewaterings.

Figure 11. Course of Instantaneous water use efficiency (WUEi, µmol CO2 mmol−1 H2O) during the
field experiment in four tomato genotypes under different water regimes. Vertical arrows indicate
the time of irrigation in REW. Small vertical bars indicate the standard error (n = 3).

Genetic differences were found only late in the growing season (July 11), with the
greatest and the lowest efficiencies measured respectively in ‘Vulcano’ and ‘Custonaci’ (G,
p < 0.01). Opposite results were obtained for the effects of the water regime, with values of
WUEi significantly higher under IRR (I, p < 0.05) but only on June 23.

Interestingly, in the measurement of June 2023, each genotype had the same WUEi at
all water regimes, except the landrace ‘Vulcano’, which exhibited a significantly greater
efficiency when continuously irrigated (I × G, p < 0.001). WUEi measured on July 11,
much lower than that on June 23, did not differ among genotypes under IRR and REW.
Under severe soil water deficit conditions, a significantly higher efficiency was measured
in ‘Vulcano’ (I × G, p < 0.01) (Figure 12).
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Figure 12. Effect of interaction between ‘water regime (I) × genotype (G)’ on instantaneous water
use efficiency (WUEi) in tomatoes on two dates (June 23 and July 11). IRR: full irrigation; DRY: no
irrigation; REW: rewatering. Bars with the same letter do not significantly differ at p < 0.05 according
to Tukey’s test. Small black vertical bars indicate the standard error (n = 3).

3.3.6. Leaf Intercellular CO2 (Ci)

The time course of Ci is shown in Figure 13. A similar pattern was observed in DRY
and REW, in both cases quite lower than that in IRR, until the first rewatering, when Ci in
REW sharply increased, approaching the values in IRR. A small increase in Ci values was
also observed in DRY, probably due to proximate irrigated plots. Afterwards, Ci decreased
in all water regimes, but in REW, it never dropped to the levels of DRY.

Figure 13. Course of intercellular CO2 (Ci, ppm) during the field experiment in the four tomato
genotypes under different water regimes. Vertical arrows indicate the time of irrigation in REW.
Small vertical bars indicate the standard error (n = 3).

Values of Ci on two dates (June 23 and July 11) differed in ANOVA with water
regime, genotype, or their interaction. In the earliest measurement, the values in DRY were
significantly lower than those in REW and IRR. At that time, no effect of genotype was
ascertained. Later (July 11), the effect of the water regime remained significant, with the
significantly lowest values measured in DRY, but Ci also changed with genotype, with
the highest and the lowest Ci measured respectively in ‘Custonaci’ and ‘Vulcano’. The
two factors significantly interacted with Ci only in the first measurement (I × G, p < 0.01)
(Figure 14).
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Figure 14. Effect of interaction between ‘water regime (I) × genotype (G)’ on intercellular CO2 (Ci) in
tomatoes (June 23). IRR: full irrigation; DRY: no irrigation; REW: rewatering. Bars with the same
letter do not significantly differ at p < 0.05 according to Tukey’s test. Small black vertical bars indicate
the standard error (n = 3).

3.3.7. Stress Degree (Ta-Tl)

The difference between air temperature (Ta) and leaf temperature (Tl), both measured
by means of a portable photosynthesis system, was used in this study as an indicator of
the level of water stress in the plant (the higher the difference, the lower the stress, and
the better the water status of the plant). Except in a few cases, stress degrees kept positive
values throughout the growing season, indicating that leaf temperature never dropped
below that of the air (Figure 15). Only the local ‘Salina’ suffered for stress degrees in DRY,
with negative values recorded until mid-June.

Figure 15. Course of stress degree (Ta-Tl, ◦C) during the field experiment in four tomato genotypes
under different water regimes. Vertical arrows indicate the time of irrigation in REW. Small vertical
bars indicate the standard error (n = 3).

Water regime (I), but not cultivar (C), significantly affected the stress degrees in both
measurements, with lower values (higher stress) in DRY than in IRR and REW. Significant
‘I × G’ (p < 0.001) on stress degrees were found in late June but not in July (Figure 16).
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Figure 16. Effect of interaction between ‘water regime (I) × genotype (G)’ on stress degrees (Tair-Tleaf)
in tomatoes (June 23). IRR: full irrigation; DRY: no irrigation; REW: rewatering. Bars with the same
letter do not significantly differ at p < 0.05 according to Tukey’s test. Small black vertical bars indicate
the standard error (n = 3).

3.4. Fruit Production

Fruit production significantly varied with water regime, cultivar, and their interaction
(p < 0.001). As expected, all cultivars produced more when fully irrigated (IRR) (Figure 17).
However, irrigation after a long period of drought (REW) significantly promoted plant
productivity compared with the unirrigated control. Among cultivars, the most productive
was the commercial ‘Faino’ (2 kg plant−1, on average). Among local landraces, an average
fruit production > 1.6 kg was measured in ‘Custonaci’. Significant ‘I × G’ indicated a
different genetic response to irrigation in terms of productivity. Indeed, plants of the
two local ‘Salina’ and ‘Vulcano’ did not much benefit from unrestricted irrigation (IRR), and
when fully irrigated, they produced respectively 39 and 30% more than when rewatered
(against a +103% measured in the control ‘Faino’).

Figure 17. Effect of interaction ‘water regime (I) × genotype (G)’ and mean effects ‘water regime’ and
‘cultivar’ on fruit production. IRR: full irrigation; DRY: no irrigation; REW: rewatering. Within the
interaction values for each mean effect, bars with the same letter do not significantly differ at p < 0.05,
according to Tukey’s test. Small black vertical bars indicate the standard error (n = 3). Significant at
p < 0.001 ***.

3.5. Quality Traits

Tomato quality was greatly affected by the water regime and cultivar. All tomatoes
exhibited higher TS and SS when unirrigated (I, p < 0.001) (Table 3). Rewatering reduced
both TS and SS; however, under this water regime, they remained significantly higher (+19
and +7%, respectively) than those in IRR. Local tomatoes had higher TS and SS than the
commercial genotype (G, p < 0.001). Significant ‘I × G’ (p < 0.001) for SS indicated a different
effect of the water regime depending on the cultivar (Figure 18). Indeed, the depressive
action of frequent irrigation on this trait was more relevant in commercial control.

Reducing sugars content (RS) was significantly higher under dry conditions (DRY).
Few irrigations in REW caused significant reductions in RS to the levels of well-watered
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plants (IRR). Fruits from all local landraces were sweeter (RS approaching 5 mg 100 g−1)
than those of the control (G, p < 0.01).

Water regime also affected the content of vitamin C (I, p < 0.001), which was greater in
fruits of plants not irrigated or rehydrated (26 and 18% higher than in IRR, respectively).
Among the genotypes, long shelf-life tomatoes ‘Salina’ and ‘Vulcano’ were richer than
commercial ‘Faino’.

Table 3. Main effects of water regime (I) and cultivar (G) on some quality traits of tomatoes (on a
fresh weight basis).

TS
(g 100 g−1 FW)

SS
(◦Brix)

RS
(g 100 g−1)

AscA
(mg 100 g−1 FW)

TP
(mg GAE 100 g−1

FW)

DRY 9.63 ± 0.18 a 7.41 ± 0.26 a 5.25 ± 0.16 a 14.15 ± 0.93 a 64.0 ± 2.51 a
Water regime REW 9.13 ± 0.14 b 6.55 ± 0.14 b 4.52 ± 0.18 b 13.32 ± 0.87 a 56.2 ± 1.61 b

(I) IRR 7.36 ± 0.24 c 6.07 ± 0.18 c 4.34 ± 0.14 b 11.21 ± 0.89 b 53.7 ± 2.30 b

Cultivar
(G)

Custonaci (Local) 9.10 ± 0.19 a 6.92 ± 1.01 c 4.84 ± 0.22 a 10.80 ± 0.67 b 58.7 ± 2.33 b
Salina (Local) 8.89 ± 0.14 a 7.02 ± 1.09 b 4.84 ± 0.17 a 14.64 ± 1.17 a 57.6 ± 1.78 b

Vulcano (Local) 8.98 ± 0.35 a 7.15 ± 0.62 a 4.97 ± 0.22 a 15.01 ± 0.99 a 65.2 ± 3.21 a
Faino (Hy) 7.85 ± 0.16 b 5.63 ± 1.08 d 4.15 ± 0.20 b 11.12 ± 0.70 b 50.5 ± 1.74 c

Significance I *** *** *** *** ***
G *** *** ** ** ***

I × G ns *** ns ns *

For each main effect, values (mean ± se) within each column, followed by the same letter do not significantly
differ at p < 0.05 according to Tukey’s test; ns = not significant; significant at p < 0.05 (*), 0.01 (**) and 0.001 (***).

Figure 18. Effect of interaction between ‘water regime (I) × genotype (G)’ on total soluble solids
content (SS). IRR: full irrigation; DRY: no irrigation; REW: rewatering. Bars with the same letter do
not significantly differ at p < 0.05, according to Tukey’s test. Small black vertical bars indicate the
standard error (n = 3).

TP were maximised under no irrigation (I, p < 0.001). As for RS, rewatering adversely
affected the TP content, which was depressed to the levels of IRR. TP in all local tomatoes
were significantly higher (>57 mg GAE 100 g−1) than those in the commercial control.
Among them, ‘Vulcano’ exhibited the highest content (+29% than ‘Faino’). Significant
‘I × G’ (p < 0.05) for TP indicated a different genetic response to irrigation, with the water
regime having a minor effect on this trait in ‘Custonaci’ and ‘Salina’ (Figure 19).



Agronomy 2024, 14, 2045 17 of 24

Figure 19. Effect of interaction between ‘water regime (I) × genotype (G)’ on total phenol content. IRR:
full irrigation; DRY: no irrigation; REW: rewatering. Bars with the same letter do not significantly
differ at p < 0.05, according to Tukey’s test. Small black vertical bars indicate the standard error
(n = 3).

3.6. Pearson’s Correlation among Physiological and Quality Traits

Pearson’s correlation test was carried out to study the correlations among fruit produc-
tion, crop physiology, and fruit quality in tomatoes (Table 4). Pn, E, and gs were positively
correlated with most physiological traits and negatively correlated with most of quality
traits. As expected, fruit production (FP) was positively correlated with Pn (p < 0.05).
Similar but stronger correlations (p < 0.001) were found between FP and RWC, indicating
that a better water status of plants led to greater fruit production. Neither Ci nor WUEi was
correlated with FP. Overall, the better the plant water status, the worse the fruit quality,
as indicated by the negative correlations among physiological traits (Pn, E, gs, and RWC)
and fruit quality traits (TS, SS, RS, AscA, and TP). The negative correlation between TP
and fruit production per plant also indicates that total phenols tended to decrease as fruit
production increased.

Table 4. Pearson’s correlation test between fruit production (FP) and physiological traits of tomatoes
(date: July 11).

Pn E gs RWC Ci Ta-Tl WUEi TS SS RS AscA TP

E 0.96 *** - - - - - - - - - - -
gs 0.85 *** 0.80 ** - - - - - - - - - -

RWC 0.64 * 0.61 * 0.62 * - - - - - - - - -
Ci 0.24 ns 0.35 ns 0.47 ns 0.20 ns - - - - - - - -

Ta-Tl 0.81 ** 0.80 ** 0.92 *** 0.38 ns 0.46 ns - - - - - - -
WUEi 0.37 ns 0.12 ns 0.27 ns 0.05 ns −0.40 ns 0.20 ns - - - - - -

TS −0.54 ns −0.50 ns −0.36 ns −0.82 *** 0.18 ns −0.10 ns −0.24 ns - - - - -
SS −0.61 * −0.62 * −0.55 ns −0.95 *** −0.29 ns −0.37 ns 0.07 ns 0.76 ** - - - -
RS −0.74 ** −0.66 * −0.76 ** −0.88 *** −0.27 ns −0.55 ns −0.21 ns 0.69 * 0.88 *** - - -

AscA −0.25 ns −0.31 ns −0.33 ns −0.67 * −0.06 ns −0.12 ns −0.26 ns 0.57 ns 0.60 * 0.51 ns - -
TP −0.60 * −0.64 * −0.57 * −0.87 *** −0.24 ns −0.45 ns −0.19 ns 0.69 * 0.93 *** 0.86 *** 0.61 *
FP 0.62 * 0.65 * 0.52 ns 0.84 *** 0.10 ns 0.25 ns 0.05 ns −0.91 *** −0.76 ** −0.73 * −0.61 * −0.74 **

Significant at p ≤ 0.05 (*), 0.01 (**), and 0.001 (***); not significant (ns).

3.7. Principal Component Analysis of (PCA)

Principal Component Analysis (PCA) was conducted to highlight existing clusters
within cultivars and water regimes according to physiological, productivity, and quality
traits. To this end, the physiological measurement dataset of July 11 was used. PCA
identified two factors (PC1 and PC2) accounting for 74.8% of the total variance. These
two factors were used for score plots (Figure 20).
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Figure 20. Principal component biplot and scores of PCA for physiological traits (Pn: net photo-
synthetic assimilation rate; E: leaf transpiration; gs: stomatal conductance; Ta−Tl: stress degree;
RWC: relative water content, Ci: leaf intercellular CO2; WUEi: instantaneous water use efficiency),
fruit production (FP), and quality traits (TS: total solids; SS: soluble solids; RS: reducing sugars;
AscA: ascorbic acid; TP: total phenols) in tomato, as modulated by water regime (DRY: no irrigation;
REW: rewaterings; IRR: full irrigation) and cultivar.

The first component (PC1) includes the variability for fruit production (FP) and relative
water content (RWC), as well as for most of the quality traits (total solids, soluble solids,
vitamin C, and total phenols). The second component (PC2) includes the variability for all
physiological traits, excluding RWC.

The score plot analysis provided information on the changes in physiological and
fruit quality traits in tomatoes in relation to cultivar and water regime. All cultivars in
IRR clustered into a group in the upper quadrant on the right, which included FP and
RWC. All cultivars in REW clustered in the lower quadrant on the right, which included all
physiological traits. Both ‘Vulcano’ and ‘Salina’ in DRY clustered into a third group in the
lower quadrant on the left, which included all quality traits. A fourth group, in the upper
quadrant on the left with the DRY treatments of ‘Custonaci’ and ‘Faino’, clustered with
none of the traits considered.

4. Discussion

In this study, the effects of drought conditions on plant physiology, fruit production,
and some quality traits of fruits were examined in three local landraces of long shelf-life
tomatoes originating from Sicily (South Italy) and compared with a commercial hybrid
of mini-plum tomato. Drought conditions were induced by no irrigation imposed after
transplant (DRY treatment) or by rewatering after long periods of drought (REW treatment).
A fully irrigated treatment (IRR) was used as the control.

Overall, the effects of irrigation treatments on physiological traits were more pro-
nounced than those of the genotype. The net assimilation rate (Pn) remained quite high
during the growing season up to late June, even in unirrigated plants. These findings
indicate that prolonged severe soil water deficit does not cause permanent damage to the
plant photosynthetic system. Similarly, Patanè et al. [23], working on several landraces of
long shelf-life tomatoes, observed that plants can maintain good levels of leaf gas exchange,
even at soil water content below the wilting point. Similar findings were also reported by
Guida et al. [24] in long shelf-life tomatoes grown under rainfed or full irrigation. Moreover,
in the present study, photosynthesis was stimulated immediately after rehydration in REW.
According to Xu et al. [12], the magnitude of this recovery due to rewatering depended on
the tomato genotype, being greater in the two local ‘Vulcano’ and ‘Salina’.
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Leaf transpiration (E) in unirrigated plants was kept quite constant throughout the
growing season in all genotypes, even when soil water content approached the wilting
point. It has been reported that, overall, under open-field conditions, tomatoes can survive
prolonged periods of low soil water content [25]. Moreover, E and gs in plants of long
shelf-life tomatoes rewatered approached the levels of those fully irrigated, and these levels
were maintained until the end of the growing season. These results demonstrate the high
capacity of these tomatoes to adapt to long-lasting drought following rehydration.

Relative water content (RWC) is considered a reliable indicator of plant water sta-
tus [23]. Cultivars able to retain more water (higher RWC) during soil water content
depletion are more tolerant to drought stress than those with low RWC [26,27]. However,
the capacity to maintain normal physiological functions (e.g., normal E) at low RWC may
represent a strategy for coping with stress [26]. Indeed, in this study, late in the growing
season (July 11), when the rise of air temperatures emphasised the differences in leaf transpi-
ration among genotypes, all local landraces exhibited the same levels of E but significantly
lower levels of RWC than the commercial ‘Faino’. Interestingly, Zhang et al. [27], in their
study with two cultivars of wheat, one sensitive and one tolerant to water stress, observed
that RWC decreased and H2O2, a reactive oxygen species (ROS), and SOD and POD, two
antioxidant enzymes which mediate the degradation of the membrane components in the
cells [28], increased during the whole period of water withholding, to a lesser extent in the
tolerant cultivar. After rewatering, RWC increased, but to a greater extent in the sensitive
cultivar, together with the antioxidant enzymes. Differently, in the tolerant cultivar, the
levels of RWC, SOD, and CAT after rewatering remained quite stable. In this sense, fluctua-
tions in RWC levels may provide information on the water stress sensitivity or resistance
of a given cultivar. In this study, commercial ‘Faino’ exhibited the highest levels of RWC,
irrespective of the water regime. High RWC in this genotype but the same E levels of local
landraces may indicate low water use efficiency in this hybrid.

The ability to recover from severe drought after rewatering in plants is generally
associated with the synthesis of osmoregulators in leaves, such as proline, which are
produced in stressed plants to maintain adequate cell turgidity and mitigate oxidative
damage due to stress [29,30]. In a previous experiment conducted with the same tomatoes,
strict positive correlations were found between proline content in leaves and soil water
deficit in local landraces but not in the commercial hybrid, suggesting the occurrence of
osmotic adjustment through an increased synthesis of proline in these landraces in response
to drought conditions [18]. In a second experiment, an inverse relationship of RWC vs.
proline, changing from linear to exponential due to greater osmoregulation at reduced soil
water potentials, was described in long-shelf-life tomatoes cultivated in the same semi-arid
environment as in the present study [23].

Instantaneous water efficiency (WUEi), as calculated by Pn and E, was higher in
water-stressed plants (DRY and REW) than in those continuously well irrigated until the
onset of the ripening stage (mid-June), but afterward it dropped in all water regimes.
Indeed, at high levels of soil water deficit, stomata close and leaf transpiration (E) decreases,
while WUEi increases. Similar higher values of WUEi in plants exposed to water stress
than those fully irrigated were reported by Galmés et al. [31] in a long-storage cultivar of
tomato from the Balearic Islands as a response of plants to soil water deficit. Interestingly,
under severe water stress conditions (DRY), the local ‘Vulcano’ exhibited low RWC, as
an adaptive mechanism to drought [23] and high WUEi in the last measurement (July
11), differently than the hybrid ‘Faino’ that, under the same soil water conditions, had
high RWC but low WUEi. These patterns indicate that ‘Vulcano’ used the low leaf water
content for carbon assimilation more efficiently than ‘Faino’. In a previous experiment
on the same local tomato landraces, differently than a commercial hybrid used as control,
quite stable levels of malondialdehyde (MDA), were measured even under no irrigation,
revealing a great tolerance to oxidative stress in these landraces [18]. As well known, MDA
is a product of lipid peroxidation, which is overproduced when cell damage occurs in
plants exposed to water stress [32]. However, high values of WUEi do not imply high
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fruit production, as revealed by the lack of correlation between the two traits. Similar
results were reported by Patanè et al. [23], who studied several landraces of long shelf-life
tomatoes under rainfed conditions.

Intercellular CO2 (Ci) plays an important role in regulating Pn through its effect in
determining the CO2 concentration gradient with the atmosphere [33]. In tomatoes grown
under greenhouse conditions, it has been observed that when water stress was mild, Ci
was reduced because partial stomata closure occurred; as a result, Pn decreased. When
water stress became moderate or severe, Ci increased again to values close to those of
ambient CO2, but Pn further decreased. Indeed, at high levels of water stress, the decrease
in net photosynthetic rate is not associated with stomata limitation, but it results from
photosystem damage [34]. Similar observations were made in the present experiment late
in the growing season, when Ci in DRY even raised again, but Pn dropped in all tomatoes
except ‘Vulcano’ where Ci decreased together with Pn. This last result could reveal that,
unlike in the other tomatoes, the Pn decrease in ‘Vulcano’ is associated with partial stomata
closure rather than photosystem damage.

Local landraces of long-storage tomatoes are traditionally cultivated under no irriga-
tion [18]. Under these soil water conditions, they achieve excellent taste and quality [35] but
maintain low levels of productivity. Few water applications (rewaterings) after long-lasting
periods of drought, when soil water content approached or dropped below the wilting
point, alleviated the negative impact of prolonged water stress on productivity, significantly
boosting plant productivity over unirrigated plants, to a greater extent in local landraces
(up to +150% production increase in ‘Vulcano’). Different responses to rewatering have
also been reported in the literature for both local and commercial tomatoes [11,18].

Interestingly, the two local landraces, ‘Salina’ and ‘Vulcano’, when rewatered matched
the production levels of the commercial hybrid, but under continuous full irrigation, they
did not further improve their productivity, keeping the same production levels as when
rewatered. In this sense, full irrigation of these two landraces would lead to a waste of
water, inducing, at the same time, a decline in fruit quality. Moreover, rewatering is a
good option in irrigation management for these two long-shelf tomatoes, since it leads
to a good compromise between fruit production and quality, saving a great amount of
irrigation water and energy. Previous studies on tomatoes under irrigation at reduced
rates (50% ETc restoration for the whole growth season) revealed the promoting effects of
deficit irrigation on fruit yield and water saving [9]. In our study, REW led to productions
comparable to those in fully irrigated plants (100% ETc restoration), but the economic
benefit in terms of water saving (approx. 61% in this study) was even higher than a
potential 50% ETc restoration.

According to most of the literature on tomatoes grown under different water regimes [17,36,37],
fruit quality was maximised under long-lasting drought and minimised under no water limitation.
Total solids and soluble solids were significantly higher in DRY basically since their concentrations
were increased. A wide literature exists supporting these findings [24,38,39]. Indeed, the imposition
of water stress has been suggested as a tool to improve fruit quality in tomatoes [40]. The contents
of TS and SS were not compromised by repeated cycles of dehydration/rehydration (REW) and
remained higher than those in well-watered fruits.

Sugars, vitamin C, and total phenols also reached maximum levels under no irrigation.
However, sugars in REW were reduced to the same levels as those in IRR, basically since
the last irrigation in REW was made approximately ten days before harvest, when fruits
were at the turning stage; thus, fruit sugars became less concentrated.

In contrast to RS, irrigation at the onset of the ripening stage, after a long period of
drought, did not alter the content of vitamin C with respect to DRY. These results confirm
the beneficial effect of long-lasting water shortage on ascorbic acid content, which has
been widely reported in the literature [17,37,41], even if it is interrupted by irrigation. In
turn, it is reasonable to believe that a wider canopy developed in well-watered plants,
which led to greater fruit shading during ripening, may have depressed the synthesis of
ascorbate acid that, as well known, requires high levels of irradiance [42]. Indeed, previous
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studies on tomatoes, where a higher leaf area index was found to be negatively associated
with ascorbic acid content, support this assumption [24]. Contrary to what was expected,
few irrigations in REW did not ameliorate the content of total phenols with respect to
continuous full irrigation. These results do not match those of Patanè et al. [16], who
reported enhanced phenol content in tomatoes s

Subjected to rewatering in an open-field. Indeed, unlike vitamin C, the content of
phenols in tomatoes is affected by the spectral quality of solar UV radiation rather than
irradiance [43].

All local tomatoes exhibited better organoleptic quality than the commercial hybrid.
These results confirm the superiority of these local landraces of tomatoes in terms of
sugars and total and soluble solids, as already reported in the literature [13]. Similarly, an
overall higher vitamin C (except for ‘Custonaci’) and phenol content than the control ‘Faino’
revealed a better nutritional quality of fruits in these landraces at all water regimes, as also
reported in the literature [13,44]. An adaptive mechanism developed by these landraces,
traditionally cultivated under no irrigation in response to unfavourable conditions, may
be responsible for the greater amounts of phenols in long shelf-life tomatoes than in
commercial varieties. Indeed, during water stress, plants generally synthesise secondary
metabolites such as polyphenols to alleviate the oxidative damage caused by stress [45].
The two local ‘Custonaci’ and ‘Salina’ exhibited low responsiveness to irrigation in terms of
phenols, maintaining the same levels of these secondary metabolites at all water regimes.

Correlations were found between all traits. RWC was positively correlated with E
and gs, indicating that E and gs increased proportionally with the degree of leaf hydration.
Interestingly, the E levels in July were similar (in DRY) or even higher (in REW and IRR)
than those measured in June, despite the lower RWC. This pattern may be ascribed to an
adaptive mechanism to soil water deficit in tomatoes that allows plants to maintain high
turgor even at low RWC, allowing E to proceed at high rates. As mentioned above, osmotic
adjustment is reported in the literature for tomatoes through the accumulation of osmolites,
such as proline, that decrease the osmotic potential of cells, increasing the gradient for
water influx while keeping stomata open even at low RWC [46].

Ultimately, PCA analysis allowed to identify two main components that accounted for
the most part of the total variability of the dataset. Moreover, four groups were identified,
having distinct traits. Among these, the most relevant groups included the two local
tomatoes ‘Vulcano’ and ‘Salina’, for all quality traits, and all cultivars under rewatering,
for physiological traits. A third group of low interest was clustered with none of the traits
considered, indicating low productivity potential, low gas exchange, low leaf hydration
capacity, and low fruit quality. This last group included the dry treatment of the landrace
‘Custonaci’ and the commercial control, indicating that unlike local ‘Vulcano’ and ‘Salina’
they do not adapt to severe soil water deficiency.

5. Conclusions

Global warming is a major concern in human activities, and the adoption of more
appropriate plants/cultivars and/or more appropriate water stress management may
help farmers face such a growing concern. The resumption of physiological processes
after rehydration following drought is evidenced in the long shelf-life tomatoes ‘Vulcano’
and ‘Salina’, in addition to their ability to maintain high levels of leaf transpiration after
rehydration, denoting their great adaptation to progressive post-rewatering soil drying
up. In this regard, these two landraces may be included as gene sources in breeding
programmes for water stress tolerance in both fresh market and processing tomatoes.

The results of this study also revealed that a water-saving irrigation strategy, where few
irrigations are applied after prolonged periods of drought, may be profitable in terms of fruit
production enhancement in long shelf-life tomatoes in semi-arid climates, considering their
low-yielding trait under rainfed conditions, which is the traditional method of cultivation
of these tomatoes. Local landraces are appreciated by consumers mainly for the taste and
nutritional quality of fruits, and this study demonstrated that limited rewaterings, in most
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cases, help retain high levels of these quality traits. This aspect is an important goal in
the cultivation of long shelf-life tomatoes in the semi-arid climate of Southern Italy if we
consider the increasing interest of consumers towards healthy food.
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