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greenhouse cherry tomatoes, resulting in increased production costs and possibly
suboptimal excessive water use.

Objectives: To investigate the optimum water content for ‘Sweet Boy’ cherry tomato
production, based on changes in tomato physiology and yield.

Materials and Methods: A completely randomized design was used, consisting of
four levels of pot water capacity (PC; 60%PC, 80%PC, 100%PC (the control)
and 120%PC) as the water-holding level in the growing medium. Physiological responses
and tomato yield in each treatment were measured.

Results: Water levels of 60%PC and 80%PC decreased the tested spectral indices
(the normalized difference vegetation index, the normalized difference red-edge
index and the photochemical reflectance index). Furthermore, a water content of
60%PC significantly reduced the net photosynthetic rate (22.63-32.08%) and stomatal
conductance (57.23-88.29%) in the vegetative and flowering stages compared to
100%PC. In addition, 100%PC achieved similar physiological and yield responses as
120%PC. After fruit harvest, 60%PC and 80%PC reduced the fruit weight and the total
yield per plant. However, 60%PC produced significantly higher total soluble solids
(9.48°Brix), ascorbic acid (9.11 mg/kg fresh weight, FW) and lycopene (4.24 mg/kg FW)
contents than the control.

Main finding: Irrigation at 100%PC and 120%PC produced similar physiological
responses and yields in cherry tomato plants. Therefore, 100%PC irrigation reduced
water use by 32% compared to the 120%PC treatment while maintaining high yield and
acceptable fruit quality. It is recommended that farmers irrigate at 100%PC to optimize
productivity and efficient water use.
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Introduction

Tomato (Solanum lycopersicum L.) is one of the vegetables
widely consumed fresh or processed and is a vegetable crop
cultivated in greenhouses (Du et al., 2017). The tomato
fruit contains high nutritional value, providing a source of
antioxidants, fiber, vitamins, potassium, phenolic compounds,
lycopene and B-carotene (Dumas et al., 2003) in the human
diet, which have been linked with reduced risk of cancer and
heart diseases (Clinton, 1998). Among the tomato group,
cherry tomato is one of the popular types because it contains
high levels of total soluble solids and volatile organic
compounds that contribute to its tastiness and pleasant smell
(Beckles, 2012; Liu et al., 2018).

Feeding the increasing global population requires greater
harvested volumes of food crops and consequently more water
use. It is estimated that the world’s water use for crop production
is 6,800 km® per year and increasing rapidly (Mialyk et al.,
2024). Tomato productivity and quality are highly dependent
on precise water management (Santana and Vieira, 2010).
Reducing water wastage and supporting the transformation
of water and food systems under climate change requires
managed irrigation by applying the appropriate amounts of
water at the right time, depending on the specific crop type
(Smith et al., 2023). Tomato plants have a high water-use
rate because they have a high transpiration rate (Cantero-
Navarro et al., 2016). In the complete tomato life cycle,
the plants have maximum water demand during flowering
and fruit growth (Hott et al., 2018). To ensure that cherry
tomatoes receive sufficient water, farmers usually supply
excess water in the growing medium, for example, 140%
of crop evapotranspiration (ET,) has been recommended
for farmers (Colimba-Limaico et al., 2022), which might
increase the cost of tomato production and result in
suboptimal water use. Irrigation management based on
physiological stages could serve as a tool to address both of
these issues.

Irrigation is an important agricultural management
method for improving the quality and yield of tomato
fruits, while reducing the pressure on the environment
caused by horticultural production (Li et al., 2021a) and
also saving water (Li et al., 2021b). The water volume can
affect the water absorption of plant roots by changing the
water content, temperature and nutrients in the rhizosphere
environment (Steudle, 2000). Crop water requirements are
primarily estimated using reference crop evapotranspiration

(ET,) (Hadi et al., 2017), ET, (Harmanto et al., 2005;
Colimba-Limaico et al., 2022) and field capacity (Zhang
et al., 2021). However, with pot planting, the water consumed
could be considered as the pot water capacity, referring to the
amount of water remaining in a pot after watering and visible
drainage has finished (Kirkham, 2005). Water stress causes
a drop in photosynthetic activity, which reduces the growth
and development of crops (Dangwal et al., 2016). The amount
of water required by vegetables depends on the plant species,
cultivar and growth conditions (Nemeskéri and Helyes,
2019). A study of the bell pepper, belonging to the family
Solanaceae (as does the tomato), reported that a deficit
irrigation level at 67% ET, reduced plant growth and leaf
gas exchange but did not alter fruit yield and quality
(Kabir et al., 2021). Nahar and Gretzmacher (2002) reported
that the tomato cultivars BR-1, BR-2, BR-4 and BR-5 grown
at a water content of 70% field capacity (FC) produced
a higher fruit fresh weight per plant than those grown at
100%FC and 40%FC. In addition, the optimum irrigation level
for the cherry tomato ‘Troy 489 grown in the greenhouse
was approximately 75-100% ET,, as plants grown within this
irrigation range produced a higher marketable yield than those
irrigated at 25-50% ET, (Harmanto et al., 2005). Thus this
evidence suggests that supplying a high amount of water does
not always benefit plant production.

Recent advancements have focused on non-destructive and
real-time monitoring of plant water status to enhance irrigation
precision. For example, the use of remote sensing and spectral
vegetation indices has provided a sophisticated approach
to detecting water stress in greenhouse vegetables before
visible symptoms appear, thereby enabling more timely and
efficient irrigation management (lhuoma and Madramootoo,
2019a; 2019b). The reason for using these techniques becomes
stronger when considering the mechanism whereby the plant
responds naturally to water deficit. Tomatoes have considerable
physiological plasticity under abiotic stress, partly through the
action of stress-responsive genes, such as the calmodulin-like
genes that improve drought tolerance (Munir et al., 2016).
Furthermore, genetic strategies that enhance stress tolerance
in tomatoes could lead to an increase in the accumulation
of ascorbic acid, a key antioxidant and fruit quality marker
(Li et al., 2019). While these genetic insights are valuable,
physiological indicators, such as spectral indices, provide a
more practical, non-destructive method for real-time water
stress detection. Building on this, there is a clear need to
link these physiological measurements to precise irrigation
strategies to optimize yield and quality. Therefore, the current
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study investigated the effects of different water contents on
changes in plant physiology and evaluated the optimal water
content for producing cherry tomatoes in a greenhouse under
tropical conditions.

Materials and Methods

Tomato planting and experimental design

The experiment was conducted in a greenhouse,
at Kasetsart University, Bangkok, Thailand (13°51°13.5”N,
100°34°09.2”E) during October 2021-January 2022. Seeds
of the cherry tomato ‘Sweet Boy’ (a yellow-orange tomato,
which is a hybrid of Chia Tai) were planted in 104-cell
seedling trays, using peat moss as the planting material.
The seedlings were transplanted into 20 cm diameter X 15 cm
height (approximately 5 L) white-colored planting pots
using a mixture of chopped coconut husks-to-coconut
coir at a ratio of 1:1 by volume. Each pot was placed on
a saucer and arranged within a lined plot. The nutrient
solution was Resh Tropical dry summer (Resh, 2012) that
was applied to the seedlings at 1 wk after transplanting.
Throughout the experiment, the electrical conductivity
and pH were controlled in the ranges 2.4-3.4 mS/cm and
5.5-6.0, respectively. The experiment was arranged in
a completely randomized design with four water treatment
levels based on pot water capacity (PC): 60%PC, 80%PC,
100%PC (the control) and 120%PC), with five replications per
treatment and one plant per replication. The water content in
the growing medium was provided by saturating the growing
medium in the pot and then the water was allowed to drain
for 24 hr and 100%PC was calculated from the difference
between the weight of the growing medium after drainage
and the initial dry weight of the growing medium. The PC
water level was controlled using the potted plant weighing
method (Pereira and Kozlowski, 1976). The water supply
for 100%PC was 0.12 L/pot/d, 0.74 L/pot/d and 1.08 L/pot/d
at the vegetative, flowering, and fruit set stages, respectively

Table 2 Information on spectral indices used.

(Table 1). Light intensity, temperature and relative humidity
in the greenhouse were recorded every 30 min throughout
the experiment. In addition, temperature and relative humidity
were used to calculate the vapor pressure deficit (VPD)
according to Noh and Lee (2022).

Table 1 Amount of water applied per tomato plant per day in each growth
stage for different pot water capacity treatments

Pot water Water content in each growth stage (L/pot/day)
capacity (%) Seedling Vegetative ~ Flowering Fruit set
60 0.02 0.02 0.24 0.51
80 0.02 0.03 0.46 0.80
100 0.02 0.12 0.74 1.08
120 0.02 0.38 1.05 1.39

Measurement of physiological changes

Physiological changes (leaf reflectance, spectral indices,
leaf greenness index, gas exchange parameters and quantum
yield efficiency parameters) were estimated three times
according to the growth stage of cherry tomato: the vegetative
stage (6 wk after transplanting, WAT), the flowering stage
(50% flowering, 9 WAT) and the fruit setting stage (after the
first fruit harvest, 16 WAT). Different physiological changes
were measured in the leaf at the 3™ position from the highest
leaf at the time.

Leaf reflectance was obtained using a spectroradiometer
(PolyPen RP410 UVIS; Photon Systems Instruments; Czech
Republic) in the wavelength range 380—790 nm. Later, spectral
indices consisting of the normalized difference vegetation
index (NDVI), the normalized difference red-edge index
(NDRE) and the photochemical reflectance index (PRI) were
calculated using the formulas shown in Table 2. All data was
collected during 0900—1200 hours.

Leaf greenness index was measured between 0900 and
1200 h using a chlorophyll meter (SPAD-502; Minolta; Japan).
The greenness index was recorded three times in three leaflets,
with the mean = SD used to represent the greenness index of
that leaf.

Acronym Spectral index Formula Reference

NDVI Normalized difference vegetation index NDVI = (NIR-Red)/(NIR+Red) Rouse et al. (1973)
NDRE Normalized difference red-edge index NDRE = (Ry65-R20)/(R560:R55) Barnes et al. (2000)
PRI Photochemical reflectance index PRI = (Ry;-Rs;,)/ (Rs;91Rs3)) Gamon et al. (1992)

NIR = near-infrared reflectance (§898-913 nm); Red = red reflectance (668—683 nm); R,,, = reflectance at xxx nm (Reynolds et al., 2012).
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Gas exchange parameters were measured using a portable
photosynthesis system (LI-6400XT; LI-COR Environmental;
USA) with an air flow rate of 500 pmol/s, a light intensity
of 800 pmol/m*s and a CO, concentration of 400 parts per
million. The net photosynthetic rate, stomatal conductance and
transpiration rate (E) were obtained during 0800—1100 hours.
Then, the water use efficiency (WUE) was calculated from the
ratio of the net photosynthetic rate to the transpiration rate.

Quantum yield efficiency parameters were measured using
a pulse amplitude modulation fluorometer (MINI-PAM-II;
Walz; Germany) during 0900-1200 hours. The minimal and
maximal fluorescence yields of the dark-adapted state (F,,) in
the leaves were assessed after 30 min of dark adaptation. After
that, leaves were illuminated with actinic light (800 pmol/m?/s)
for 15 s. The methods of Maxwell and Johnson (2000) were
used to calculate all the quantum yield efficiency parameters,
consisting of the maximum quantum yield of photosystem II
(PSII) photochemistry (F,/F,), the effective quantum yield of
PSII photochemistry (Y(II)), the photochemical quenching
coefficient (qP) and nonphotochemical quenching (NPQ).

Analysis of cherry tomato fruit quantity and quality

The cherry tomatoes began to produce fruit approximately
16 wk after transplanting. The fruits at a yellow-orange color
stage were harvested every 3—4 d until the end of production.
The fruit quantity was evaluated based on the fruit weight per
fruit, width and length. In addition, all fruits in a plant were
measured to determine the total yield per plant.

After harvest, 2—5 tomato fruits per replication were selected
randomly to analyze fruit firmness, the total soluble solids (TSS),
the titratable acidity (TA) and the ascorbic acid, lycopene and
B-carotene contents. Each tomato fruit was analyzed twice:
at first harvesting and then approximately 1 wk after the first
harvest. The firmness of each tomato was measured using
a penetrometer (Effegi; Italy) and the TSS was analyzed using
a hand refractometer (PR-101 alpha; Atago; Thailand). The TA
was analyzed based on 1 mL of tomato juice homogenized in
50 mL of distilled water. Then, the TA was obtained by titrating
with 0.1 N NaOH and a calculation referring to the percentage
of citric acid (AOAC International, 2000). The ascorbic
acid contents were analyzed using an RQ-flex reflectometer
(Merck; Germany) according to Takebe and Yoneyama (1995).
The lycopene and f-carotene contents in the tomato pulp samples
were extracted in a mixed solution of hexane-to-acetone-
to-ethanol ratio of 2:1:1. Then, the lycopene and B-carotene
contents were analyzed according to Anthon and Barrett (2007).

Statistical analysis

The data were analyzed using one-way analysis of variance
(ANOVA), and mean differences were compared using
Tukey’s honestly significant difference (HSD) test at the 95%
confidence level. Pearson’s correlation coefficient was utilized
to determine correlations among parameters and a heatmap
was generated based on the coefficient of determination. All
statistical analyses were carried out using the IBM SPSS
Statistics for Windows software (version 22.0; IBM Corp.;
Armonk, NY, USA). Data are presented as mean + SD.

Results and Discussion

Greenhouse weather and water content in growing medium
during tomato planting

Values for daily temperature, relative humidity and VPD
during cultivation in the greenhouse were in the ranges
25.4 £3.0-27.3 £ 2.4°C, 64.4 £ 10.2-81.9 £ 10.9% and
0.65 + 0.45-1.12 + 0.56 kPa, respectively (Figs. 1A-1C).
The mean highest light intensity in the greenhouse was
268 + 142 umol/m?s (Fig. 1D). In addition, the water supplied
in each treatment (60%PC, 80%PC, 100%PC and 120%PC)
in the different growth stages is shown in Tables 1 and 3.
Based on these results, during fruit set, the tomatoes required
a higher water content than during the flowering and vegetative
stages (Tables 1 and 3). This was consistent with Lui
et al. (2019), who reported that tomato plants reaching water
deficiency during the vegetative growth stage had a greater
yield than in the fruit set and fruit development stages.
In the current experiment, watering was applied at 100%PC
(the control), 60%PC and 80%PC, which were equivalent to
only 0.40 and 0.66 times the control, respectively. In contrast,
the total amount of water applied throughout the entire tomato
production cycle at 120%PC was 1.48 times greater than that
of the control treatment (Table 3).

Table 3 Amount of water applied to tomato plants in each growth stage
for different pot water capacity treatments.

Pot water ~ Water content in each growth stage (L/plant) Total
capacity ~ Seedling Vegetative Flowering  Fruit set water
(%) (L/plant)
60 0.45 0.50 4.01 8.73 13.69
80 0.45 0.71 7.77 13.56 22.49
100 0.45 2.69 12.64 18.43 34.21
120 0.45 8.67 17.82 23.60 50.53
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Fig. 1 Internal greenhouse changes from October 2021to January 2022 for:
(A) temperature; (B) relative humidity; (C) vapor pressure deficit (VPD);
and (D) mean daily light intensity. Data are presented as mean + SD and
gray shaded area indicates periods of darkness.

Changes in leaf reflectance with different pot capacities

The spectral reflectance properties from 380-790 nm
of the tomato leaves grown using the various PC conditions
were measured using the spectrometer during the vegetative
stage, with wavelengths recorded in the range 400-700
nm (visible light) indicating low leaf reflectance whereas
wavelengths above 700 nm (near-infrared (NIR) light)
indicated high leaf reflectance (Fig. 2). Among the various
PC levels tested, the significantly (p < 0.01) lowest leaf
reflectance was from the treatment with 120%PC in the
wavelength range 510-680 nm. On the other hand,
the leaf reflectance wavelengths from the 60%PC and
80%PC treatments had the significantly (p < 0.01)

lowest values of 740-790 nm (Fig. 2). Spectral reflectance
provides useful data for plant stress detection, since the
readings provide near real-time and non-destructive estimation
of plant stress (Katsoulas et al., 2016). Leaf reflectance can be
applied for monitoring water stress in many plants. Reflectance
in the wavelength range of 750-800 nm is mostly related to
leaf water status because the leaf reflectance of water-stressed
plants will increase in the NIR region due to radiation scattering
resulting from the increased air space in the sponge cavities of
mesophyll cells (Katsoulas et al., 2016). When plants were
close to wilting from water stress, increased NIR reflectance
was observed (Penuelas et al. 1993).

0.6

0.5 ~——60%PC
100%PC

80%PC
==120%PC

Leaf reflectance

0
320 250 380 410 440 470 500 530 560 590 620 650 680 710 740 770 800
Wavelength (nm)

Fig. 2 Leaf reflectance spectra of tomato plants under different levels of
pot water capacity (PC). Reflectance was measured across the 320 — 800 nm
wavelength range. Each curve represents the mean+SD.

Effect of pot water capacity on spectral indices and leaf
greenness index

The spectral indices (NDVI, NDRE and PRI) were
calculated from various reflectance values, as shown in
Table 2. Based on these result, 60%PC and 80%PC
significantly (p < 0.05) reduced NDVI during the vegetative
stage (Fig. 3A). The available water content at 60%PC
produced the lowest NDRE and PRI values during the
vegetative stage (Figs. 3B and 3C). However, the different
PC levels did not alter the NDVI, NDRE and PRI values for
tomato leaves during the flowering and fruit setting stages
(Figs. 3A-3C). Among the different plant stages, the leaf
greenness index tended to increase from the vegetative stage
to the fruit setting stage; however, leaf greenness indices did
not significantly (p < 0.05) differ among the water treatments
within each growth stage (Fig. 3D). More than 150 spectral
indices have been reported; however, only some spectral
indices were indicative of water stress (Katsoulas et al., 2016).
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Fig. 3 Effect of different levels of pot water capacity (PC) at each growth stage of tomato ‘Sweet Boy’ on: (A) normalized difference vegetation index
(NDVI); (B) normalized difference red edge index (NDRE); (C) photochemical reflectance index (PRI); (D) leaf greenness index. Bars and error bars
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Spectral indices can be classified based on their function in
the plant, for example leaf structure-related indices, such as
the NDVI, compared to NDRE and xanthophyll cycle-related
indices, such as PRI (IThuoma and Madramootoo, 2019a; [huoma
and Madramootoo, 2019b). The NDVI, NDRE and PRI are
commonly used to analyze water stress in a plant (Gamon
et al., 1992; Katsoulas et al., 2016). In the current study, high
NDVI, NDRE and PRI values were recorded in the tomato
plants grown with 100%PC and 120%PC, indicating that
watering at these levels was sufficient for the tomatoes. These
findings aligned with the decrease in NDVI and PRI reported in
tomatoes subjected to water stress (Ihuoma and Madramootoo,
2019b). The lack of irrigation disrupted the mesophyll cell
structure, leading to a reduction in NIR reflectance (Stamford
et al., 2023), which contributed to the decline in NDVI under
drought conditions. The decrease in PRI caused by drought stress
indicated that plants were unable to dissipate excess heat through
the xanthophyll cycle under stressed conditions (Thuoma and
Madramootoo, 2019b). In addition, NDRE was identified as the
most effective spectral index for estimating leaf water status in
grapevines (Tang et al., 2022). On the other hand, the different
available water contents did not affect the leaf greenness index of
the tomato leaves, perhaps because greenhouse-grown tomatoes
have a decreased chlorophyll content which could be reflected in
the leaf greenness index when subjected to moderate (45-50% of
field capacity) or severe water stress (35-40% of field capacity),

according to Yuan et al. (2016). This finding was consistent
another study where photosynthetic pigments were affected only
by severe or combined stress (Rodrigues et al., 2024). Therefore,
the stress treatments in the current study were limited to
mild-to-nearly moderate water stress. Thus, PRI and NDRE
proved to be sensitive tools for early water stress detection in
tomato, successfully differentiating among non-water stress
(100%PC and 120%PC), mild (80%PC) and nearly moderate
(60%PC) stress levels, whereas direct chlorophyll measurements,
such as the leaf greenness index, showed no effect.

Effect of pot water capacity on gas exchange

Leaf gas exchange was determined to indicate the water
stress in the tomatoes. Analysis of the results revealed that
watering with only 60%PC significantly (p < 0.01) reduced the
photosynthetic rate during the vegetative and flowering stages,
whereas the photosynthetic rates for 80-120%PC were not
significantly different (Fig. 4A), indicating that the water content
at 60%PC was insufficient for tomato plant requirements.
A decrease in photosynthesis is one of the responses by a plant to
water stress (Osakabe et al., 2014). However, the photosynthetic
rates in all the current treatments during the fruit setting stage
were greatly reduced compared to the vegetative and flowering
stages (Fig. 4A). This might have been due to a source-sink
imbalance in the tomato plants after fruit set, as the developing
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fruits became dominant sinks (Fischer et al., 2012). Changes
in the photosynthetic rate were associated with changes in
stomatal conductance. Tomato plants receiving available water
content at 60%PC had significantly (p < 0.01) decreased
stomatal conductance in both the vegetative and flowering stages
(Fig. 4B). The stomatal conductance is indicative of stomatal opening,
since when stomata close, the stomatal conductance drops
(Farquhar and Sharkey, 1982), leading to reduced CO, diffusion
through the stomata, causing a decrease in photosynthesis
(Osakabe et al., 2014). This could have been the reason for the
lowest photosynthetic rate in the 60%PC treatment.

Watering at 60%PC and 80%PC during the vegetative stage
tended to significantly (p < 0.01) decrease the transpiration
rate compared to watering at the control level of 100%PC
(Fig. 4C). Furthermore, tomatoes grown with 60%PC and
80%PC had significantly lower transpiration rates than those
watered with 100%PC and 120%PC (Fig. 4C). A decrease in
the transpiration rate is one water stress defense mechanism
(Ritchie, 1998). During the fruit setting stage, the transpiration
rate in all treatments was lowest compared to the other growth
stages (Fig. 4C), which was related to the decrease in stomatal
conductance. Calculating the WUE based on the ratio of the
photosynthetic rate to the transpiration rate showed that an
available water content of 60%PC had the lowest WUE value
among the treatments during the vegetative stage (Fig. 4D).
However, during the flowering stage, the treatment with
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60%PC had the highest WUE (Fig. 4D), perhaps because the
tomato plants could adjust to growing under water stress by
closing stomata and decreasing the transpiration rate, resulting
in a high WUE. In addition, WUE is influenced by VPD, which
tended to increase from November onwards, coinciding with
the flowering stage of tomato plants (Fig. 1C). However, under
drought conditions, the negative correlation between WUE
and VPD was less pronounced because soil water deficit is the
primary driver of stomatal closure, making the plant’s reaction
to dry air much weaker (Wang et al., 2024). The decrease in
the transpiration rate due to stomatal closure is one process
recognized to maintain a high level of WUE (Hatfield and
Dold, 2019). During the fruit setting stage, all treatments had
the same level of WUE (Fig. 4D). Throughout the entire tomato
production cycle, watering at 100%PC produced the same WUE
as watering at 120%PC (Fig. 4D) because watering at 100%PC
and 120%PC produced the same rates of photosynthesis and
transpiration (Figs. 4A and 4C). During November—January,
the VPD in the greenhouse was in the range 0.9-1.1 kPa
(Fig. 1C), which was within the optimal range (0.9-2.2 kPa)
for tomato production in the greenhouse (Yu et al., 2024).
When the ambient VPD is not too high, the evaporation rate of
water from the growing medium is not high (Grossiord et al.,
2020). Therefore, watering to 100%PC and 120%PC was likely
to result in the same moisture content in the growing media,
with both reaching near saturation at approximately 100%.
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Fig. 4 Effect of different levels of pot water capacities (PC) at each growth stage of tomato ‘Sweet Boy” on: (A) net photosynthetic rate; (B) stomatal

conductance; (C) transpiration rate; (D) water use efficiency. Bars and error bars represent the mean and SD (n = 5). Different lowercase letters above bars

within the same growth stage indicate significant differences (p < 0.05).
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Changes in quantum yield efficiency with different pot
capacities

The photosynthesis efficiency was based on the quantum
yield efficiency. Based on the results, the maximum quantum
yields of PSII photochemistry (F,/F,,) of tomato leaves in all
the growth stages of every treatment were not significantly
different (Fig. 5A). The non-significant difference in F /F,, was
related to the changes PRI (Figs. 3C and 5A). The decrease in
PRI strongly correlated with F /F , and its related parameters in
PSII efficiency (Gamon et al., 1997), which would explain why
both PRI and F /F,, had similar responses to water stress in the
current study. The F /F, values were in the ranges 0.70-0.72,
0.68-0.73 and 0.75-0.81 for the vegetative, flowering and
fruit setting stages, respectively (Fig. 5SA). The F /F, value
could be used as a physiological stress indicator as, generally,
healthy plants have an F /F value in the range 0.79-0.83.
If the F /F,, value is lower than 0.79, the plant is subjected
to some environmental stress and chlorophyll fluorescence
will appear, leading to photoinhibition (Bjérkman and
Demmig, 1987; Maxwell and Johnson, 2000). In the current
study, the mean temperature was still appropriate for tomato
production (Sato et al., 2000). Therefore, the chlorophyll
fluorescence that occurred in some treatments and in some
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growth stages in the current study might have been caused by
the genetics of this tomato cultivar.

Other quantum yield efficiency parameters under different
pot capacities were also estimated. Based on those results,
the water content at 60%PC and 80%PC significantly
(p < 0.01) decreased Y(II), along with qP during the
flowering and fruit setting stages compared to the control
(100%PC), as shown in Figs. 5B and 5C. Furthermore,
tomatoes in the 100%PC treatment had Y(II) and qP values
as high as those for the 120%PC treatment during the fruit
setting stage (Figs. 5B and 5C). Y(II) refers to the quantum
yield efficiency of PSII under light conditions, whereas qP
indicates the ratio of the opened-to-closed reaction centers of
PSIT (Maxwell and Johnson, 2000). An increase in Y (II)
indicates that the plant is not susceptible to photoinhibition
(Hichem et al., 2009), while a high qP indicates separation
of the electron charge in the reaction center, leading to
a large amount of ATP production that can be used
in photosynthesis (Guo et al., 2006). In addition to
qP, nonphotochemical quenching (NPQ) was examined.
The different pot water capacities did not alter NPQ in any
of the growth stages (Fig. 5D). Notably, a decrease in qP is
not necessarily associated with an increase in NPQ
(Calatayud and Barreno, 2004).
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Fig. 5 Effect of different levels of pot water capacities (PC) at each growth stage of tomato ‘Sweet Boy’ on: (A) maximum quantum yield

of PSII photochemistry (F,/F,); (B) effective quantum yield of PSII photochemistry (Y(II)); (C) photochemical quenching coefficient (qP);

and (D) nonphotochemical quenching (NPQ). Bars and error bars represent mean and SD (n = 5), Different lowercase letters above bars within the same

growth stage indicate significant differences (p < 0.05).
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Quantity and quality of cherry tomatoes

The yield was based on the direct harvest of the fruit on the
plants at the yellow-orange color stage. The fruit weight, total
marketable yield and fruit size data are summarized in Table 4.
The fruit weight was higher for the tomatoes grown using
a greater pot water capacity; however, there were no significant
(p = 0.05) differences in fruit length among the treatments.
Compared to the fully watered treatments, fruit weight was
significantly (p < 0.01) reduced in the 60%PC treatment
and tended to be lower at 80%PC (p < 0.05). However, fruit
weights among the 80%PC, 100%PC and 120%PC treatments
were not significantly different (Table 4). In addition, the
fruit weights from the treatments using 80%—120%PC were
not significantly different; however, watering to only 60%PC
and 80%PC significantly reduced and tended to reduce the
tomato fruit weight, respectively (Table 4). In addition, the
total marketable yield exhibited the same trend of fruit weight.
Based on these results, watering at only 60%PC and 80%PC
significantly reduced the total marketable yield by 3.54 and
2.01 times, respectively, compared to the control (100%PC),
as shown in Table 4. These data were consistent with the
results from another study where there was a decrease in fruit
weight when a 50% water reduction was applied (Pernice et
al., 2010). Altogether, these results indicated that 100%PC
was sufficient for cherry tomatoes to produce fruit and that
excessive watering was unnecessary to grow cherry tomatoes
in a greenhouse. Without any water restriction, metabolic
activity was maintained in the vegetable at adequate levels,
capturing CO, from the atmosphere and utilizing nutrients
in the substrate and allowing better productive responses by
the adequate production of photo-assimilates (Melo et al.,
2010). The largest diameter of fruits was obtained at 120%PC,
with a decreasing trend with a reduction in the water content.

Table 4 Fruit weight, diameter and length of cherry tomato ‘Sweet Boy’
grown with different levels of pot water capacity

Pot water Fruit Fruit Fruit Total
capacity weight (g) diameter length marketable
(%) (cm) (cm) yield (g/plant)
60 2.55+0.94°*  1.68+0.20°  2.13+£0.49 27.48+9.61°
80 3.67£1.20°%  1.69+0.16°  2.30+0.26 46.91+13.18°
100 4.80+£0.51*  1.65+£0.21*  2.29+0.12 97.36+31.44
120 5.27+0.75*  1.9140.13*  2.44+0.56  114.91+13.86*

Mean + SD (n = 5) within each column followed by different lowercase
superscript letters are significantly different (p < 0.05). Absence of
superscript denote non-significant differences (p > 0.05).

Fruit weight followed the same trend as total marketable
yield. Irrigation at 100%PC and 120%PC resulted in higher
yields compared to 60%PC and 80%PC (Table 4), indicating
that water stress reduced both fruit number and fruit size.
The reduction in fruit diameter could have been a result of
a reduction in the rate of cell division and elongation due to
a water deficit (Taiz and Zeiger, 2010).

In addition to the quantity of tomato fruit from the different
pot capacities, fruit quality parameters were measured,
consisting of fruit firmness, TSS, TA and the TSS-to-TA ratio.
The results showed that there was no significant (p > 0.05)
difference in fruit firmness among the treatments (Table 5).
The value of TSS increased with decreased pot water capacity.
However, the TSS values for the 60%—-100%PC treatments
were not significantly different, whereas the TSS value in
tomato fruit from 120%PC was significantly (p < 0.05) lower
than for 60%PC (Table 5). Based on these results, maintaining
the water content at 60%—100%PC was adequate for the
control of tomato fruit quality. Furthermore, a decrease in the
amount of applied water to 60% field capacity was reported to
have significantly improved fruit quality parameters (Chand
et al., 2021). In the current study, the TA was significantly
(p < 0.01) different among the pot capacities, varying from
0.53% at 60%PC to 1.05% at 120%PC. This variation might
have been due to variability in the fruit weight because the large-
sized tomato fruit usually had higher acidity (Tigist et al.,2013).
The ratio of TSS-to-TA in each treatment was estimated, with
the analysis indicating that the water supply at 60%—100%PC
tended to increase the TSS-to-TA ratio (Table 5). This ratio
is regarded as an important parameter indicating the
flavor quality of tomatoes (Xu et al., 2018). Thus, the high
TSS-to-TA ratio in the 60%—-100%PC treatments indicated
that those cherry tomatoes were tastier than tomatoes grown
with 120%PC.

Table 5 Fruit firmness, total soluble solids (TSS), titratable acidity (TA)
and TSS-to-TA ratio of cherry tomato ‘Sweet Boy’ grown with different
levels of pot water capacity

Pot water Fruit TSS TA (%) TSS-to-TA
capacity firmness (°Brix) ratio
(%) (N/ecm?)

60 15.55+£3.52  9.48+1.03*  0.53+0.09¢ 18.17+3.96°
80 15.67+3.88  8.51£2.07*  0.77+£0.08*  10.97+2.03°
100 15.60+4.54  8.04+1.58®  0.79+0.12°  10.26+2.19°
120 12.22+£3.09  6.98+0.71>  1.05+0.13* 6.66+0.43°

Mean + SD (n = 5) within each column followed by different lowercase
superscript letters are significantly different (p < 0.05). Absence of
superscript denote non-significant differences (p > 0.05).
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The cherry tomatoes grown with different pot capacities were
analyzed for their phytonutrients, consisting of the ascorbic acid,
lycopene and B-carotene contents. The analysis of these results
revealed that the ascorbic acid content of the tomato fruit improved
with a reduction in the pot water capacity (Table 6), although there
was no significant difference between the 60%PC and 80%PC
treatments (Table 6). These results were consistent with Chand
et al. (2021), who reported that a deficit in irrigation increased
the ascorbic acid content in tomato fruits. In addition, it is assumed
that a higher TSS content in fruits (due to the lower water supply)
promotes ascorbic acid synthesis (Dumas et al., 2003). The increase
in ascorbic acid, which acts as an antioxidant during water stress,
might have resulted from the oxidative stress defensive mechanism
in plants (Jiang et al., 2002). In tomatoes, drought stress induced
oxidative stress, which was mitigated by increased ascorbic acid
levels due to its strong antioxidant activity (Munir et al., 2016;
Li et al., 2019). At the molecular level, this response is tightly
regulated; for example, the increased ascorbic acid accumulation
observed in the current study was consistent with the known
induction of key synthesis pathway genes, such as the Myo-inositol
oxygenase family, by drought stress (Munir et al., 2020).

In the current study, the lycopene contents were in the range
1.68—4.81 mg/kg fresh weight. The water contents at 60%PC
and 80%PC resulted in significantly (p < 0.05) higher lycopene
contents in the tomato fruits than at 100%PC and 120%PC
(Table 6). It seemed that a decrease in the water content resulted
in a considerable increase in the lycopene content, which was
consistent with Coyago-Cruz et al. (2022), who reported that
the application of a regulated deficit in irrigation increased the
lycopene content in tomato fruits. Generally, there is genetic
control of the accumulation of secondary metabolites, such as
lycopene, under drought conditions (Li et al., 2019; Munir et al.,
2020). The ability of cultivars to enhance fruit quality is determined
by natural variation in key regulators, such as the transcription
factor GAMEY (Yu et al., 2020). However, in the current study,
there were no significant differences in the -carotene contents
in the tomatoes from any of the treatments (Table 6).

Table 6 Ascorbic acid, lycopene and B-carotene contents of cherry
tomato ‘Sweet Boy’ grown with different pot capacities

Pot water Ascorbic acid Lycopene B-Carotene
capacity (%) (mg/kg FW) (mg/kg FW) (mg/kg FW)
60 9.1142.34%® 4.24+1.98° 4.03£1.40
80 10.42+0.73® 4.77+2.09° 4.62+1.71
100 7.38+2.43 1.70+0.92° 4.77+£2.40
120 4.70+1.52¢ 1.68+1.01° 3.44+1.17

FW = fresh weight.

Mean £ SD (n = 5) within each column followed by different lowercase
superscript letters are significantly different (p < 0.05). Absence of
superscript denote non-significant differences (p > 0.05).

Although irrigation at 60%PC resulted in higher TSS
levels (Table 5) and in the ascorbic acid and lycopene
contents (Table 6), these quality improvements came at the
expense of reduced fruit yield (Table 4). In cherry tomatoes,
fruit size, sweetness and juiciness are key attributes that
influence consumer preference (Casals et al., 2018).
The findings of the current study confirmed that irrigation
at 100%PC provided the optimal balance between maximum
yield and acceptable fruit quality.

Correlation between physiological responses and yields

The current study examined the correlations between
yield, fruit quality and physiological responses to better
understand how production and quality traits are influenced by
plant physiological status. Based on this analysis, changes
in the NDRE at the vegetative stage were positively correlated
with total yield but negatively correlated with lycopene
content (Fig. 6). NDRE has been used widely to assess
drought stress in plants (Gamon et al., 1992; Katsoulas
et al., 2016), which was consistent with the current findings,
where irrigation at 100%PC and 120%PC resulted in
higher NDRE values during the vegetative stage (Fig. 3A).
In addition, low photosynthetic and transpiration rates
during the flowering stage were significantly associated with
increases in the TSS (p < 0.05) and the lycopene content
(p <0.01), as indicated by their negative correlations (Fig. 6).
Notably, irrigation at 100%PC had the highest photosynthetic
rate during the flowering stage and produced an acceptable
TSS level (>5°Brix), which is suitable for good-tasting table
tomatoes (Padmanabhan et al., 2016). However, it did not
achieve the standard lycopene content required in yellow
cherry tomatoes (Chang et al., 2024). Furthermore, Y (II) and
qP during the flowering and fruit set stages were positively
correlated with total yield and negatively correlated with
ascorbic acid content (Fig. 6). Although insufficient irrigation
reduced tomato yield (Colimba-Limaico et al., 2022), elevated
levels of ascorbic acid have been linked to increased oxidative
stress responses (Munir et al., 2016; Li et al., 2019). Therefore,
reductions in Y(II) and qP during the flowering and fruit set
stages might serve as potential diagnostic tools for water stress
detection in cherry tomatoes. Notably, the findings from the
current study were based on a specific cherry tomato cultivar
under controlled pot-based conditions. Therefore, future
studies should be undertaken on different cultivars and on
a larger commercial greenhouse scale to confirm the broader
applicability of these diagnostic tools.
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Correlation p-value
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Fig. 6 Heatmap of Pearson’s correlation coefficients illustrating relationships between physiological responses and cherry tomato yield parameters,
where red and blue color gradients indicate positive and negative correlations, respectively, NDVI = normalized difference vegetation index, NDRE =

normalized difference red-edge index, PRI = photochemical reflectance index, F,/F,, = maximum quantum yield of PSII photochemistry, Y (II) = effective

quantum yield of PSII photochemistry, qP = photochemical quenching coefficient, NPQ = nonphotochemical quenching, TSS = total soluble solids
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