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Abstract

Tomato production is highly affected by salt stress conditions, especially under protected
cultivation systems using low-quality irrigation water. This study assessed the effects of
increasing electrical conductivity (EC) levels of the nutrient solution (2, 4, 6, and 8 dS m~1)
on growth, biomass distribution, RGB-based spectral indices, physiological traits, petiole
sap composition, and leachate chemistry in tomato plants (Solanum lycopersicum cv. Tiny
Tim) cultivated in containers within a bamboo nethouse under tropical conditions. The re-
sults obtained reported that increasing salinity significantly reduced fresh and dry biomass
(61.72 and 61.55% respectively) across all plant organs, with fruits showing the highest
sensitivity. Leaf area index (LAI), SPAD values, leaf nitrogen (N) concentration, leaf relative
humidity (LRH), and water uptake also declined progressively under saline conditions. In
contrast, root and leaf biomass allocation increased under the highest salinity level. Spectral
analyses reported reductions in red and blue RGB components and normalized red and
blue index values, while normalized green index increased under higher salinity levels.
Petiole sap analysis showed a progressive accumulation of sodium (Na*) and chloride
(C17) together with reductions in nitrate (NO3 ~-N) and potassium (K*) concentrations,
particularly during the reproductive stage. In contrast, °Brix, calcium (Ca?*), and phos-
phorus (P) concentrations increased under salinity, particularly during the reproductive
stage. Leachate analyses confirmed salt accumulation in the substrate and reduced plant
water uptake. Overall, petiole sap analysis and RGB-based spectral indices provide a rapid,
non-destructive, and cost-effective tool for the early detection of salinity stress in tomato,
enabling timely irrigation and fertigation adjustments to improve crop performance and
resource-use efficiency under saline conditions.

Keywords: horticultural crops; leachate characterization; NaCl concentration; sap analysis;
Solanum lycopersicum; water uptake

1. Introduction

Tomato (Solanum lycopersicum L.) is a globally important vegetable crop extensively cul-
tivated under both open field and greenhouse conditions mainly due to its high nutritional
value and commercial significance [1-4]. Nevertheless, its cultivation is greatly affected
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by environmental stress factors, among which soil and water salinity represents a serious
constraint, especially in regions characterized by limited rainfall and intensive irrigation
practices [5,6]. In recent years, salinization of agricultural soils has become increasingly
severe due to changing climatic conditions, insufficient drainage, inadequate irrigation
practices, scarce rainfall, and the growing dependence on low-quality water sources [7,8].
Elevated salt concentrations in the root environment adversely influence plant growth and
physiological functions, resulting in declines in fruit yield and quality [9-13].

Saline conditions negatively influence plant water balance by reducing the osmotic
potential of the rhizosphere, thereby reducing root water uptake and causing physiological
responses similar to drought stress [14,15]. In addition, the excessive uptake and accumula-
tion of toxic ions such as Na* and CI~ interfere with nutrient transport and cellular ionic
homeostasis, thereby reducing the photosynthetic capacity and increasing oxidative dam-
age. Consequently, plants tend to reduce vegetative growth, affecting the final reproductive
performance [16-20]. Nevertheless, the response to salinity is highly dynamic and depends
on multiple factors such as genotype, developmental stage, and severity of stress [21-23].
Therefore, assessing the mechanisms linked to plant adaptation in saline environments
is crucial for developing effective management strategies and improving salt tolerance in
horticultural crops.

Several methodologies have been used to assess plant tolerance to salt stress, especially
those focused on biomass distribution, nutrient behavior, and physiological responses.
Parameters such as chlorophyll concentration, ionic composition of plant sap, and leachate
chemical composition can provide crucial insights into plant adaptation mechanisms and
plant nutritional status under salt stress. Among these methodologies, petiole sap analysis
offers a rapid assessment of the nutritional and physiological condition of plants exposed
to adverse environments with minimal deterioration of the tested material [24,25]. In
addition, digital image processing and RGB-based spectral indices have demonstrated
considerable potential for identifying changes in leaf coloration and canopy characteristics
associated with stress [26,27]. The combined application of these analytical tools enables a
more integrated evaluation of crop performance under saline conditions.

Despite the extensive research conducted on the effects of salinity in tomato produc-
tion at the worldwide level [28-31], the information available concerning the integrated
evaluation of petiole sap chemistry, RGB-based spectral indices, and leachate composition
under tropical climate conditions is rather limited. In addition, the use of compact tomato
cultivars adapted to container cultivation may serve as suitable experimental models for
assessing physiological responses to salt stress, while also enabling accurate assessment of
water consumption and nutrient translocation within the plant.

Accordingly, this study was designed to assess the influence of increasing salinity
on plant growth, biomass distribution, RGB-based spectral indices, physiological behav-
ior, petiole sap characteristics, and leachate composition in tomato plants grown under
protected cultivation conditions in a tropical climate. Furthermore, the identification of
the principal nutritional and physiological modifications induced by salt stress, as well
as the evaluation of the potential of rapid diagnostic techniques as tools for monitoring
crop performance under saline irrigation conditions, may optimize management strategies
aimed at improving salinity tolerance and optimizing water and nutrient use efficiency in
tomato cultivation systems.

2. Materials and Methods
2.1. Growth Conditions and Plant Material

The study was carried out at the experimental facilities of the Catholic University of
Santiago of Guayaquil, located in Ecuador (2°11’ S, 79°54’ W). Seedlings of the tomato culti-
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var Tiny Tim were sourced from a commercial nursery and established in 5 L polyethylene
containers containing a growth medium consisting of 60% blonde peat, 30% black peat,
and 10% perlite (10%), adjusted to a pH of 5.5-6.0. The selection of this cultivar was based
on its dwarf growth characteristics and its proven suitability to overcome higher saline
concentrations up to 12 dS m~! [32]. In addition, its use is widely recommended by local
growers under protected cultivation conditions. The experimental period extended from
May 16 to 1 August 2025. The four phenological stages assessed during this experimental
period were: vegetative growth, flowering, fruit development, and harvest.

During this time, plants were cultivated in a 30 m?> bamboo nethouse. Microclimatic
conditions within the structure were continuously recorded using data loggers (model
TempU 03, HOBO, Bourne, MA, USA). The recorded average temperature and relative
humidity during the experiment were 24.96 °C and 77.75%, respectively, with maximum val-
ues reaching 40.00 °C and 94.10%, and minimum values of 19.40 °C and 47.00% (Figure 1).
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Figure 1. Weekly mean, minimum, and maximum air temperature and relative humidity during the
first 10 weeks after transplanting.

2.2. Experimental Design and Treatments

The experiment was conducted using four salinity treatments, established by sup-
plementing a standard Hoagland and Arnon [33] nutrient solution with NaCl to obtain
irrigation water electrical conductivity (EC) values of 2.0 dS m ™! (TO, control), 4 dSm™!
(T1), 6 dSm~! (T2), and 8 dS m~! (T3). The nutrient solution supplied the following
macronutrients (mmol L™1): 14 NO3~, 1 NH,*, 1 H,PO,~, 2 SO42~, 4 Ca?*, and 2 Mg2+,'
together with the following micronutrients (mg L~1): 1.0 Fe, 0.5 Mn, 0.05 Zn, 0.02 Cu,
0.5 B, and 0.01 Mo. The pH of all the saline treatments was adjusted and maintained
at 6 throughout the experiment. The salinity treatments were initiated one week after
transplanting in order to ensure proper seedling establishment. Prior to salinity application,
all the plants received only the standard Hoagland and Arnon solution to reduce osmotic
stress during early vegetative development. Irrigation was applied manually on a daily
basis, and both EC and pH were monitored daily using a portable conductivity meter and
a pH meter (Horiba Laquatwin-EC-11 and Laquatwin-pH-11, Horiba Ltd., Kyoto, Japan,
respectively). This study was arranged in a randomized block design consisting of four
salinity treatments and four blocks. Each experimental unit comprised four individual
plants grown separately in pots, resulting in a total experimental population of 80 plants.
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2.3. Biomass Parameters

Following 10 weeks of exposure to salinity conditions, the plants were collected for
morphological and biomass analyses. The substrate adhering to the roots was carefully
removed from four plants per treatment and the harvested material was immediately
stored at 4 °C to prevent tissue degradation. Leaf area index (LAI) was estimated from
digital images acquired immediately after harvest using a high-resolution scanner (Epson
L3110, Seiko Epson Corp., Suwa, Japan). Image analysis was performed with the Image]
software (National Institutes of Health, Bethesda, MD, USA) according to the methodology
proposed by Vaesen et al. [34]. To assess biomass distribution, the plants were separated
into roots, stems, leaves, and fruits. Fresh weight (FW) of each organ was recorded, and
total fresh weight (TFW) was calculated as the combined weight of all the organs. The plant
materials were then dried in a forced-air oven at 60 °C until constant weight was reached,
enabling determination of dry weight (DW). Total dry weight (TDW) corresponded to the
sum of the dry weights of all the plant fractions. Dry biomass data were used to derive
allocation indices according to Garcia-Caparros et al. [35], including leaf weight ratio, shoot
weight ratio, root weight ratio, and fruit weight ratio, each expressed relative to total plant
dry mass.

2.4. Vegetation Spectral Characterization

Leaf images obtained for the determination of leaf area index were saved in JPG format
with a spatial resolution of 1200 dpi. From the complete image collection, twenty fully
expanded young leaves per treatment were selected, comprising five leaves from each
of four plants. Digital color analysis was then conducted using Adobe Photoshop 2020
(Adobe Systems Software, Dublin, Ireland) to quantify the intensity values of the red (R),
green (G), and blue (B) and the respective normalized indexes, following the procedure
described by Zhao et al. [36].

2.5. Petiole Sap, Leachate Analysis and Leaf Physiological Traits

Leaf material for sap analysis was collected from the most recently fully expanded leaf
during several developmental stages (vegetative growth, flowering, fruit development, and
harvest). Following each evaluation period, leaves previously used for spectral vegetation
index analysis were immediately processed for petiole sap extraction and subsequent
chemical characterization. Prior to extraction, samples were gently cleaned with a moist
cloth, sectioned into fragments of approximately 0.5 cm, and stored at —16 °C for 24 h.

Petiole sap, containing xylem and phloem fluids as well as apoplastic, cytosolic, and
vacuolar fractions, was extracted using a hydraulic press according to the methodology
reported by Cadahia [37]. The extracted solution was analyzed for pH as well as NO3; ™-N,
P, Cl—, K*, Ca?*, and Na* concentrations. Sap pH was determined using a portable pH
meter (Horiba Laquatwin-pH-11, Horiba Ltd., Kyoto, Japan). Nitrate (NO3 ~-N), potassium
(K*), calcium (Ca?*) and sodium (Na*) concentrations (mg L~1) were quantified using ion-
selective electrodes (Horiba Laquatwin series, Horiba Ltd., Kyoto, Japan). Phosphorus (P)
concentration was analyzed with a digital photometer (Hanna HI 706, Hanna Instruments,
Langnau bei Reiden, Switzerland), and chloride (C1™) concentration was determined using
a digital colorimeter (Hanna HI 753, Hanna Instruments, Switzerland). Total soluble solids
in the petiole sap were additionally determined as °Brix using a digital refractometer (model
Flagfront, range 0-55% °Brix, accuracy £0.1%, with automatic temperature compensation).

Physiological parameters were also recorded on recently matured leaves through non-
destructive measurements. Chlorophyll content, nitrogen status, leaf temperature (LTemp),
and leaf relative humidity (LRH) were simultaneously assessed using a portable chlorophyll
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meter (model GYJ-D, GOYOJO, Shenzhen, China), enabling rapid and non-destructive
evaluation of plant physiological status.

During the course of the experiment, both the volume of nutrient solution applied and
the leachate collected were recorded weekly for each treatment. Nutrient solutions and
leachates were chemically characterized on a weekly basis. EC and pH were monitored
using portable meters (Horiba Laquatwin-EC-11 and Laquatwin-pH-11, Horiba Ltd., Kyoto,
Japan; respectively). The ionic composition of the leachates was determined following the
same analytical procedures described for petiole sap analysis.

2.6. Statistical Analysis

The effects of the treatments were analyzed by a one-way analysis of variance
(ANOVA). When significant differences were detected, mean comparisons were performed
using Fisher’s least significant difference (LSD) test at a significance level of p < 0.05. Prior
to statistical analysis, ANOVA assumptions, including normality of residuals and homo-
geneity of variances, were verified. Correlation analyses were additionally performed to
assess the relationships among petiole sap parameters. All the statistical analyses were
conducted using Statgraphics Plus for Windows (Statpoint Technologies Inc., Warrenton,
VA, USA).

3. Results
3.1. Biomass Parameters

A progressive increase in salinity levels within the nutrient solution led to a significant
decline in both fresh and dry biomass across all the plant organs (roots, stems, leaves,
and fruits), which was reflected in a substantial reduction in total plant biomass. This
decrease followed a clear gradient with increasing EC, with the most pronounced effects
observed at 8 dS m~! (T3). Among the evaluated organs, fruit biomass exhibited the
greatest sensitivity to salinity conditions, showing the highest reduction in both fresh
and dry weight, decreasing from 1637.00 and 125.89 g in TO to 589.32 and 45.32 g in T3,
respectively (Table 1).

In contrast, biomass partitioning responses to salinity were less uniform across differ-
ent plant organs. Root weight ratio increased significantly to 7.60% in T3, while leaf weight
ratio reached 17.97% compared to the control treatment (T0). In contrast, fruit weight ratio
decreased significantly to 66.97% in T3 compared to the control treatment (T0). Stem weight
ratio did not show a consistent response among the treatments (Table 1).

3.2. Vegetation Spectral Characterization

The increasing salinity levels in the nutrient solution resulted in a significant reduction
in leaf area index (LAI), with a decrease of 56.92% in T3 compared to TO. In contrast,
RGB color components showed a differential response to salinity. The red component (R)
decreased by 27.84% in T3, while the green component (G) remained unaffected across
the treatments. Conversely, the blue component (B) showed significant differences, with a
reduction of 8.84% in T3 compared to TO.

Regarding vegetation indices, no significant differences were observed in NBI among
the treatments. However, NRI values decreased significantly as salinity increased (15.38%
in T3), whereas NGI showed a significant increase (10.64%) under moderate to high EC
levels (Table 2).

3.3. Petiole Sap Parameters

Salinity effects on petiole sap composition varied across phenological stages, with the
most pronounced responses observed during the reproductive phase (Table 3).
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Table 1. Effects of increasing salinity levels in the nutrient solution on biomass production and allocation parameters in tomato plants. Root fresh weight (RFW), stem
fresh weight (SFW), leaf fresh weight (LFW), fruit fresh weight (FFW), total fresh weight (TFW), root dry weight (RDW), stem dry weight (SDW), leaf dry weight
(LDW), fruit dry weight (FDW), total dry weight (TDW), root weight ratio (RWR), stem weight ratio (SWR), leaf weight ratio (LWR), and fruit weight ratio (FWR).

RFW (g) SFW(g LFW(g FFW(g TFW(g RDW(g SDW(g LDW(g FDW(g TDW(g RWR() SWR() LWR() FWR()
To 69.00 + 70.60 + 14440 + 1637.00 + 1921.00 £ 6.58 + 15.37 £ 2794 + 125.89 + 175.77 + 3.76 + 8.81 + 1598 + 71.45 +
464 a 230 a 5.64 a 159.65 a 190.19 a 044 a 1.17 a 1.09 a 8.58 a 13.86 a 037 b 1.25a 1.51b 297 a
T1 37.60 + 50.60 + 130.80 £ 1014.94 + 1233.94 + 3.90 + 10.94 + 17.28 + 89.31 + 121.33 £+ 3.12 + 8.99 + 14.36 + 73.52 +
2.61b 4.04b 410b 97.58 b 121.78 b 0.67 Db 1.10b 1.86b 7.35b 12.26 b 0.32b 1.27 a 1.11b 1.36 a
T2 31.20 £ 3440 + 79.80 + 802.13 £+ 947.53 + 3.06 & 6.63 + 15.04 + 69.45 + 94.18 + 3.23 + 7.03 £+ 16.08 + 73.66 +
2.49 c 251 c 512 c 92.93 ¢ 93.16 ¢ 0.67 ¢ 157 ¢ 1.97 ¢ 6.83 c 7.60 c 0.58b 1.46Db 1.68 a 1.77 a
T3 28.60 + 31.00 + 73.40 + 589.32 + 735.32 + 2.08 + 5.00 £+ 12.10 + 4532 + 67.50 + 7.60 £+ 7.46 + 17.97 + 66.97 +
1.82 ¢ 2.74 ¢ 493 ¢ 68.27 d 65.31d 045d 0.75 ¢ 1.63 ¢ 5.25b 3.70d 2.47 a 1.39b 1.97 a 1.53b
* Values are means =+ standard error (n = 4). Different letters indicate significant differences among treatments (p < 0.05), while “ns” denotes non-significant differences.
Table 2. Effects of increasing salinity levels in the nutrient solution on leaf area index and leaf vegetation indices (—: dimensionless). R, red; G, green; B, blue; NRI
(Normalized Red Index) = R/(R + G + B); NGI (Normalized Green Index) = G/(R + G + B); NBI (Normalized Blue Index) = B/(R + G + B).
LAI R () G B (-) NBI (-) NRI (-) NGI ()
TO 9831.74 4+ 1196.17 a 2647 +2.30 a 3213+ 2.10a 9504+ 042a 014 +£0.01a 0.39 £0.02a 047 £0.03b
T1 5907.928 4+ 430.90 b 21.30 £259b 2944+ 199 a 9534+0.34a 016 £0.01a 0.36 £ 0.01b 046 +£0.02b
T2 4877.84 £ 41714 c 20.02 +£2.52b 30.09 +192a 8.60 + 0.38 b 015+0.01a 0.34 +£0.02b 0.51 £0.03a
T3 4235.96 +119.33 d 19.10 = 1.55b 30.31 =193 a 8.66 = 0.47 b 0.15+0.01a 0.33 £ 0.02b 0.52 +0.02a

* Values are means =+ standard error (n = 4). Different letters indicate significant differences among treatments (p < 0.05), while “ns” denotes non-significant differences.
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Table 3. Effects of increasing salinity levels in the nutrient solution on petiole sap composition at different phenological stages in tomato plants. pH (-), nitrate
(NO3™-N), potassium (K*), calcium (CaZ*), sodium (Na*), phosphorus (P), and chloride (C1™) concentrations (mg L~1), and total soluble solids (°Brix).

Growth Stage pH NO;~-N K* Ca%* Na* P Cl- °Brix
TO 5.48 4+ 0.08 a 82648 +94.13a  3340.15 + 185.06a 151.82+7.49a 5203 +452a 51221 +7048a 536.55+4560d 3.08+0.25b
T1 Vesetative srowth 554 +0.11a 876.20 + 101.73a  3460.99 4 186.08a 15323 +8.31a 61.12+418a  512.35+37.01a 68276 +48.16c 3.12+031b
T2 & & 5.56 4+ 0.11a 82512+ 71.41a  3520.85 +358.12a 15328 +14.82a  50.19 £790a 53636 +41.59a 78036 +6324b 3.21+031b
T3 5.50 = 0.18 a 82223 +83.79a  3610.52 +288.09a 16552+ 7.90a 5625+ 593a 552254+ 4428a  852.144+87.86a 421 +03la
TO 540 +0.08a  1341.76 £ 11892a 374025+ 250.99b 15341+ 12.72b  70.61+758d  550.21 +15.81d 1376.25+ 15043d 3.24 +0.18b
T1 Flowerin 530+0.11a 1157.12 £ 83.65a  3860.31 +254.95b  148.00 + 13.03b  194.02 +£11.25¢  600.35 + 17.52 ¢  2243.75 4+ 100.58 ¢ 3.16 = 0.20 b
T2 & 5.40 + 0.07 a 781.854+ 78.10b 431525+ 147.90a 19242 +19.78a 269.34 +3240b  650.36 + 13.25b  3506.25 4+ 108.07b 4.20 +0.21a
T3 522 +0.19a 626.7 £ 96.68b 422034 +28195a 187.50 +£18.15a 384.17+4358a 700.124 12.64a 4275.09 +20090a 4.35-+025a
TO 5.344+0.18a 1004.44 +5832a 3960.11 + 148.32a 23423 +2140c  68.62+817d 57045+ 14.14b 162332 +108.65d 3.28 +0.20b
T1 Fruit development 528 +0.11a 950.45 + 65.52ab  3910.28 = 172.36a 23821 £2354c  198.81 + 1558 ¢  580.58 +17.23b  3579.15 £ 9826c 3.68 +0.24b
T2 P 496 +0.10b 905.51 + 48.65b  3580.35 £ 15523b 275.76 = 21.18b 47256 +51.65b 62047 + 1845a 5325.18 £92.02b 4.234+0.28a
T3 5.00 +0.12b 589.75 £ 56.54c  3360.36 - 154.85b 33029 +31.62a  580.19 £53.02a  640.35 + 12.25a 7100.36 &= 110.12a 4.43 +0.32a
TO 548 +0.14a 603.20 + 50.68a  3720.10 +220.36a 27467 +£31.30c  98.81+20.93d 39531 +1452d 337497 +105.12d 4.18+0.39b
T1 - . 540 +0.15a 46324 +6252b 322092 £20136b 360.14 £5431b  467.12 +25.88c  444.02 +18.23¢c 760252 +£253.01c 4.14-+034b
T2 arves 5.06 + 0.19b 375.16 £2021c  2910.75 +180.36c 682.11 £ 66.10a  850.55 + 68.55b  512.02 +13.36b 8475.65 +183.32b 574+ 0.33a
T3 5.02 +0.11b 34544 +£5291c  2460.19 +18536d 73639 +£77.30a 1016.85 +8532a 551.02 + 15.60a 9687.54 +35236a 5.78+0.28a

* Values are means = standard error (n = 4). Different letters indicate significant differences among treatments (p < 0.05), while “ns” denotes non-significant differences.
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During the vegetative stage, all the parameters except C1~ and °Brix values remained
stable across the treatments. The C1™ concentrations in sap increased progressively in NaCl-
treated plants. In addition, °Brix values were significantly higher under higher salinity
conditions, especially at the highest EC level.

At the flowering stage, salinity effects became clearer. The values of pH remained
without significant differences among the treatments. NO3~-N concentration in sap de-
creased significantly with increasing EC (53.29% in T3 compared to T0), while K* and Ca?*
concentrations showed a marked increase (12.84 and 22.22%, respectively), especially in the
T2 and T3 treatments. The Na*, chloride and phosphorus concentrations in sap exhibited a
strong and consistent rise under the NaCl treatments. °Brix values also increased signifi-
cantly under salinity (34.26% in T3 compared to T0), with the highest values recorded in
the T2 and T3 treatments.

During fruit development, the effect of salinity on sap nutrient composition was even
intensified. NO3~-N concentration decreased markedly under higher EC levels (41.29%
in T3 compared to T0), while Ca?* showed a strong increase, especially in T3 (41.01%).
The Na* and Cl~ concentrations in sap continued to accumulate significantly in response
to salinity. Potassium concentration and pH values showed a slight reduction at the
highest salinity level (15.14 and 6.37%, respectively). °Brix values and P concentration
increased significantly in the NaCl-treated plants, reaching their highest levels under severe
salinity conditions.

At harvest, salinity effects were most pronounced. The values of pH showed a slight
reduction at the highest salinity level (8.39% in T3 compared to T0). NO3™-N concentration
in sap reached its lowest values under saline conditions (42.73% reduction in T3 compared
to T0), whereas Ca?*, Na* and P showed their highest accumulation levels, particularly
in T3. The Cl~ concentration in sap also increased sharply with salinity (187.04% in
T3 compared to T0). Potassium concentration showed a decreasing trend at higher EC
levels. °Brix values were significantly higher in the NaCl treatments (38.28% increase in T3
compared to T0), with maximum values observed in the T2 and T3 treatments.

Under vegetative conditions (Figure 2a), correlations among ions were generally mod-
erate, with more evident associations observed among osmotic-related variables. Strong
positive correlations were identified between Na* and C1~ (r = 0.82), as well as between
Cl™ and °Brix (r = 0.97). Likewise, Na* showed positive correlations with Ca” (r=0.71)
and °Brix (r = 0.74). Moderate positive correlations were observed between NO3; ~-N and P
(r =0.55), NO3~-N and °Brix (r = 0.60), and P and °Brix (r = 0.57), whereas K* remained
largely uncorrelated with the other variables. In contrast, pH did not exhibit correlations
with any measured parameter.

At the flowering stage (Figure 2b), the correlation patterns became more defined
and structured. NO;~- N showed strong negative correlations with P, K*, Ca?*, Na*,
CI~, and °Brix (r = —0.66 to —0.95). Conversely, a strong positive cluster was observed
among P, Na*, C1~, K*, and °Brix. In particular, Na* and C1~ were positively correlated
(r =0.96), while Na* and CI~ were also positively correlated with °Brix (r = 0.83 and 0.84,
respectively). Calcium also displayed moderate positive associations within this group,
while pH remained weakly related to the rest of the variables.

During fruit development (Figure 2c), Na*, C1~, P, and Ca?* were positively correlated,
with the highest correlation observed between Na* and C1~ (r = 0.93). In contrast, these
variables showed strong negative correlations with NO; ~-N and K* (r = —0.55 to —0.86).
Additionally, °Brix presented weaker and less consistent correlations compared to previous
developmental stages.
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Figure 2. Pearson correlation heatmaps illustrate the relationships among petiole sap parameters at
different phenological stages: (a) vegetative, (b) flowering, (c) fruit development, and (d) harvest.
Color intensity represents the strength and direction of correlations (—1 to 1). Abbreviations: NO3~-N
(nitrate-nitrogen), P (phosphorus), K* (potassium), Ca?* (calcium), Na* (sodium), CI~ (chloride),
and °Brix (total soluble solids).

At harvest (Figure 2d), positive correlations were observed among Na*, C1~, CaZt, P,
and °Brix. The highest correlations were recorded between P and Na* (r = 0.96), Ca?* and
Na* (r =0.93), and Na* and C1~ (r = 0.92). In contrast, NO3 " -N and K* showed negative
correlations with this group. Furthermore, °Brix was positively correlated with P, Ca%t,
Na*, and C1~ (r = 0.75 to 0.87). The values of pH showed negative correlations with P, Ca?t,
Na®*, Cl~, and °Brix (r = —0.65 to —0.74).

3.4. Leaf Physiological Traits

Table 4 shows the values of physiological parameters including SPAD index, N content,
LRH, and LTemp, evaluated at different phenological stages during the experimental period.
Under vegetative conditions, SPAD values, N content, LRH, and temperature remained

https://doi.org/10.3390/agronomy16151450


https://doi.org/10.3390/agronomy16151450

Agronomy 2026, 16, 1450

10 of 17

statistically unchanged across the treatments, with all the treatments grouped within the
same significance level.

Table 4. Effects of salinity treatments on physiological parameters including SPAD indeX, nitrogen
content (N mg g~ 1), leaf relative humidity (LRH %), and leaf temperature (LTemp °C) at different
phenological stages.

Growth Stage SPAD N LRH LTemp
TO 4343 +122a 16.82 + 043 a 64.32 +2.02a 26.36 + 0.85 a
T1 Vesetative arowth 42.76 + 158 a 15314+ 042 a 62.76 + 1.63 a 26.92 + 0.56 a
T2 8 8 4262+ 193a 15.66 + 0.84 a 63.14 +2.09 a 26.86 4+ 0.42 a
T3 43204+ 1.74a 16.76 + 0.49 a 64.94 +2.79 a 2772 +0.32a
TO 4737 +143a 1749 + 0.74 a 69.71 + 275 a 25.42 4+ 0.13 b
T1 Flowerin 3857 + 1.30 b 1528 + 1.15b 65.16 + 3.19 a 27.04 +0.16 a
T2 & 39.41 +2.17b 15.17 + 1.18 b 60.02 + 5.66 b 27.45 + 042 a
T3 36.26 +1.95b 14.44 + 0.45Db 56.42 4+ 1.94 b 2735+ 0.25a
TO 44714+ 1.79a 1680 £+ 122 a 67.20 + 2.76 a 25.80 4+ 0.92 b
T1 Fruit 4493 +1.18a 15.134+0.90 b 65.38 & 2.51 a 28.18 +0.27 a
T2 development 4191 +1.14b 1535+ 1.16b 6158 £2.19b 2839+ 0.34a
T3 4101 +£136b 15.83 4+ 1.29b 62.45 + 4.90 b 27614027 a
TO 4592 + 426 a 16.11 £ 1.33a 75.70 + 2.53 a 30.71 + 0.81b
T1 - 3524 +5.37b 1623 +2.82a 69.03 & 2.08 b 33.90 + 0.04 a
T2 arvest 3051 4+ 1.10 ¢ 11.94 + 053 b 51.31 & 2.65 ¢ 33.43 4+ 0.46 a
T3 29.53 +0.92d 11.73 4+ 0.51b 50.16 + 2.64 ¢ 32.92 + 053 a

* Values are means =+ standard error (n = 4). Different letters indicate significant differences among treatments
(p < 0.05), while “ns” denotes non-significant differences.

At the flowering stage, treatment effects became evident. SPAD values were signifi-
cantly reduced under the saline treatments compared to T0 (23.45% in T3 compared to T0),
whereas temperature showed an inverse pattern (7.59% increase in T3 compared to T0). A
comparable response was observed for N concentration, which also showed significant
reductions at the highest salinity treatments (17.44% in T3 compared to T0). Leaf relative
humidity followed the same pattern, with significantly lower values recorded in the T2 and
T3 treatments (19.06% reduction in T3 compared to TO0).

During the fruit developmental stage, SPAD values were significantly reduced under
the highest saline treatments (8.28% in T3 compared to T0). Similarly, N concentration and
relative humidity were significantly affected (5.77% in T3 compared to T0), while relative
humidity showed significantly lower values in the T2 and T3 treatments (7.07% reduction
in T3 compared to T0). Temperature showed the lowest value in plants fertigated without
NaCl, with an increase of 7.02% in T3 compared with TO.

At the harvest stage, the effects of the saline treatments were more pronounced. SPAD
values showed a significant decline with increasing salinity, with T3 presenting the lowest
values (35.69% reduction compared to T0O). Nitrogen concentration followed a similar
trend, with significant reductions observed in the T2 and T3 treatments (27.19% in T3
compared to T0). The LRH also differed significantly among the treatments, decreasing
under higher salinity levels (33.74% in T3 compared to T0). In contrast, LTemp displayed
limited variability and no consistent significant differences, with the highest value in control
plants (7.20% increase in T3 compared to TO).

3.5. Leachate Parameters

The volume of leachate, water uptake, and the chemical composition of the leachate
throughout the experimental period are presented in Figure 3. Leachate volume (Figure 3a)
and EC (Figure 3c) increased progressively over time in all the treatments, with the highest
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values in plants fertigated at the highest salinity level. In contrast, water uptake (Figure 3b)
showed an opposite trend, decreasing as salinity increased and reaching the lowest values
recorded under the highest salt concentration. Differences among the treatments became
more evident from the middle of the experimental period onward.

The pH of the leachate (Figure 3d) remained stable throughout the experiment without
significant differences detected among the treatments at any sampling time.

Nutrient concentrations in the leachate showed variable temporal patterns. The
concentration of NO3; ™ (Figure 3e) gradually increased over time in all the treatments but
without significant differences among the treatments during most of the experimental
period. Phosphorus concentration (Figure 3f) showed an initial decrease followed by a
progressive increase, with significant differences among the treatments emerging from
the mid-experimental period onward. In contrast, K* concentration (Figure 3h) remained
relatively stable over time without significant differences observed among the treatments.
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Figure 3. Temporal variation in leachate volume, water uptake, and leachate chemical composi-
tion under different salinity treatments. Panels represent: (a) leachate volume, (b) water uptake,
() electrical conductivity (EC), (d) pH, (e) NO3;~-N, (f) P, (g) C1~, (h) K*, (i) Na*, and (j) Ca®*. Values
are means =+ standard error (n = 4). Different letters indicate significant differences among treatments
(p < 0.05), while “ns” denotes non-significant differences.

Salinity-related ions exhibited the most pronounced responses. The concentrations of
Cl™ and Na* (Figure 3g,i) increased markedly throughout the experimental period, with
clear and significant differences among the treatments, reaching the highest values under
the highest salinity level. Similarly, Ca** concentration (Figure 3j) followed a comparable
trend, although greater variability was observed and differences among the treatments
were less consistent during the early stages.

4. Discussion

The present study demonstrated that increasing salinity levels exerted pronounced
effects on growth, biomass accumulation, physiological performance, petiole sap composi-
tion, and leachate chemistry in tomato plants cultivated under protected conditions in a
tropical climate.

The progressive decline in the plant biomass parameters reported with increasing
EC confirms the sensitivity of tomato to saline conditions even when this cultivar has a
higher salt tolerance than other cultivars [5,38]. These findings indicate that salt stress
has led to a clear restriction in plant growth primarily linked to the osmotic and ionic
effects of stress associated with saline conditions, as has been widely reported in other
experiments growing tomato under salinity conditions [39-41]. Interestingly, among the
evaluated organs, fruits showed the greatest reduction in both fresh and dry weights,
indicating that reproductive structures were more sensitive to salinity than vegetative
tissues, as reported by Mitchell et al. [42]. This fact can be explained by the alteration of
assimilate partitioning under salt conditions, aiming to favor the maintenance of vegetative
organs at the expense of reproductive development [43]. The increase in root and leaf
weight ratios under higher salinity levels recorded in our study further supports this
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interpretation. A higher biomass allocation to roots is indicative of an adaptive strategy
to enhance water and nutrient acquisition under osmotic stress conditions [44], while
increased biomass allocation to leaves represents a typical feature in salt-stressed plants
to maintain photosynthetic capacity [45], even when there is a clear reduction in leaf area
index as occurs in our experiment.

The spectral vegetation responses recorded in our experiment confirmed the physio-
logical effect of saline conditions on leaf tissues in tomato plants. For instance, the decline
in the red component and NRI values under salt stress conditions may be linked to modifi-
cations in pigment concentration and leaf optical properties [46]. Conversely, the increase in
NGI values under higher salinity levels could be associated with structural and biochemical
adjustments in leaf tissues caused by salt stress [47]. The absence of significant differences
in NBI indicates that some spectral indicators may be less sensitive to different abiotic
stresses [48]. Overall, our results showed that some parameters of the spectral analysis can
serve as useful non-destructive tools for detecting plant salinity-induced changes.

Petiole sap composition was greatly influenced by salt stress, particularly during the
reproductive stage. These results indicate that ion accumulation and nutrient imbalance
are more accentuated as plant development progressed. The progressive rise in Na* and
Cl~ concentrations in sap represents a typical pattern widely reported in plants under salt
stress based on the accumulation of these ions in leaf tissues, aiming to enhance cell osmotic
adjustment [49]. Besides the accumulation of these ions, the increase in °Brix values under
saline conditions further supports the importance of higher soluble solid concentrations to
maintain cellular turgor and water retention under osmotic stress [50]. In contrast, NO3; ~-N
concentrations showed a progressive decline with increasing salinity conditions, especially
during flowering, fruit development, and harvest, which are critical phases in the final yield.
This reduction in NO3™-N uptake can be associated with the antagonism between C1~
and NO3;™-N that occurs under salinity conditions, since both ions have similar transport
pathways in plants [51,52]. Potassium also tended to decline at advanced developmental
stages (fruit development and harvest) under higher salinity levels, indicating another
classic antagonism that occurs between K* and Na* under salt stress [53,54]. Interestingly,
Ca?" concentrations increased markedly under higher saline levels, particularly during
fruit development and harvest. This pattern may be ascribed to the passive transport
of Ca%* and its accumulation in reproductive organs to enhance membrane stabilization,
thereby reducing the damage caused by Na™ toxicity [55]. Phosphorus concentration in
sap tended to increase in the advanced developmental stages, which can be ascribed to
the energy (ATP) required to transport the excess ions into the vacuoles under salt stress
conditions [35].

The correlation analyses among the different variables tested in this study reported
that the relationship between ions became more pronounced under higher salinity con-
ditions. During the vegetative stage, ion interactions were weak, suggesting that in this
phenological stage the plants were able to maintain ionic homeostasis under moderate
stress. Nevertheless, as the experimental period progressed, particularly in flowering, there
were clear antagonistic relationships between NO3;~-N and salinity-related ions, while
Na*, Cl—, Ca?*, P, and °Brix showed positive relationships. In fruit development, the trend
was not very accentuated but in the harvest stage, the results obtained reported the same
trend obtained during flowering, with K* included in the antagonistic relationships. These
coordinated responses indicate that osmotic adjustment became increasingly dependent on
ion accumulation during reproductive stages [43].

Water relations and leachate chemistry dynamics recorded in our experiment provided
additional evidence of the physiological constraints suffered by plants cultivated under
saline conditions. The reduction in water uptake under increasing saline conditions reflects
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the osmotic stress caused by increasing NaCl concentrations in the nutrient solution, thereby
reducing the capacity of plants to take up water [56]. Consequently, there was an increase in
leachate volume and EC among saline treatments over the experimental period, indicating
a lower capacity for accumulation of Na* and C1~ within the substrate solution [57]. No
variations in leachate pH over the experimental period indicate that salinity treatments
only affected ionic concentration but not the acid-base balance in the substrate solution [58].
The results obtained in the chemical composition of the leachate mirrored the ion dynamics
reported in petiole sap. The progressive increase in Na* and Cl~ concentrations in the
leachate confirms the continuous accumulation and movement of salts within the substrate—
plant system under saline conditions, and the respective higher EC values. The increasing
trend of accumulation of NO3 ™~ and K* in the leachate also confirms the antagonisms in the
uptake between NO;~ and Cl~ and K* and Na*, respectively, observed in petiole sap. The
absence of clear treatment differences in NO3 ™~ and K* concentration during the experiment
may indicate that NO3~ and K* availability in the nutrient solution was higher than the
nutritional plant requirements [59]. The increasing trend in phosphorus concentration in
the leachate from the mid-experimental period onward can be ascribed to higher P supplies
in the nutrient solution than plant uptake requirements [60].

5. Conclusions

The results of this study demonstrate that increasing salinity in the nutrient solution
significantly reduced plant growth with modifications in the nutrient balance throughout
the tomato cycle. Fresh and dry biomass declined progressively in all the organs, with
fruits showing the highest sensitivity to salinity stress. Fruit fresh weight decreased by
64.00% at an EC of 8 dS m~! compared to the control. These reductions were associated
with reduced leaf area index (56.92%), water uptake (55.75%), SPAD values (33.58%), N
concentration (25.88%), and leaf relative humidity (33.73%), suggesting clear limitations on
plant growth and physiological activity under salt stress. Salinity also modified biomass
partitioning, favoring roots and leaves over fruits, and caused a progressive ionic imbalance
characterized by Na* and Cl~ accumulation, especially during the reproductive stage.

SPAD values and RGB-derived indices, particularly NRI and NGI, showed poten-
tial as rapid and non-destructive indicators of salt stress. Overall, petiole sap analysis,
leachate monitoring, SPAD measurements, and RGB imaging provided complementary
tools for monitoring the nutritional and physiological status of tomato plants under saline
irrigation conditions.

Author Contributions: A.L.: funding acquisition, supervision, project administration, and writing—
original draft preparation. M.S.P.--S.: formal analysis, data curation, and investigation. S.B.: formal
analysis, data curation, and investigation. S.A.C.: data curation. P.G.-C.: project administration and
writing—original draft preparation. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The original contributions presented in the study are included in the
article; further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

1. Erba, D.; Casiraghi, M.C.; Ribas-Agusti, A.; Caceres, R.; Marfa, O.; Castellari, M. Nutritional value of tomatoes (Solanum
Iycopersicum L.) grown in greenhouse by different agronomic techniques. J. Food Comp. Anal. 2013, 31, 245-251. [CrossRef]

2. Dong, H.; Li, F; Xuan, X.; Ahiakpa, ].K,; Tao, J.; Zhang, X.; Ge, P.; Wang, Y.; Gai, W.; Zhang, Y. The genetic basis and improvement
of photosynthesis in tomato. Hortic. Plant J. 2025, 11, 69-84. [CrossRef]

https://doi.org/10.3390/agronomy16151450


https://doi.org/10.1016/j.jfca.2013.05.014
https://doi.org/10.1016/j.hpj.2023.06.007
https://doi.org/10.3390/agronomy16151450

Agronomy 2026, 16, 1450 15 0f 17

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Han, Y,; Xu, L.; Huang, P;; Lu, L.; Sun, M.; He, C.; Wang, J.; Cao, Y.; Li, Y.; Yan, Y. The effect of adding residual humic acid
biodegradable film on agronomic performance of potted tomato under greenhouse conditions. Hortic. Plant ]. 2025, 12, 1386-1402.
[CrossRef]

Zhu, C; Li, R.;; Wu, S.; Miao, C.; Zhang, Y.; Cui, J.; Jiang, Y.; Ding, X. Construction of a tomato seedling growth model and
economic benefit analysis under different photoperiod strategies in plant factories. Hortic. Plant J. 2025, in press. [CrossRef]
Rosca, M.; Mihalache, G.; Stoleru, V. Tomato responses to salinity stress: From morphological traits to genetic changes. Front.
Plant Sci. 2023, 14, 1118383. [CrossRef] [PubMed]

Liu, B,; Liu, Z; Lu, X,; Shabala, S.; Ouyang, B. Transcriptional regulation and adaptive responses of tomato to abiotic stresses.
Hortic. Plant J. 2026, 12, 998-1014. [CrossRef]

Okur, B; Or(;en, N. Soil salinization and climate change. In Climate Change and Soil Interactions; Elsevier: Amsterdam,
The Netherlands, 2020; pp. 331-350.

Corwin, D.L. Climate change impacts on soil salinity in agricultural areas. Eur. J. Soil Sci. 2021, 72, 842-862.

Yadav, S.P.; Bharadwaj, R.; Nayak, H.; Mahto, R.; Singh, R K.; Prasad, S.K. Impact of salt stress on growth, productivity and
physicochemical properties of plants: A Review. Int. |. Chem. Stud. 2019, 7, 1793-1798.

Shahid, M.A.; Sarkhosh, A.; Khan, N.; Balal, RM.; Alij, S.; Rossi, L.; Gomez, C.; Mattson, N.; Nasim, W.; Garcia-Sanchez, F.
Insights into the physiological and biochemical impacts of salt stress on plant growth and development. Agronomy 2020, 10, 938.
[CrossRef]

Huang, Y.; Wu, X;; Liu, Z,; Li, A.; Zhang, Z.; Yao, K.; Ding, Z.; Wnag, C.; Liao, W. Ripening-related transcription factors during
tomato fruit ripening: Crosstalk with ethylene. Hortic. Plant . 2025, 11, 963-973. [CrossRef]

Liu, Z.; Wu, J.; Wang, L.; Lu, X.; Ahammed, G.J.; Zhang, X.; Cui, X.; Wang, H. Integration of transcriptome and metabolome
reveals regulatory mechanisms of volatile flavor formation during tomato fruit ripening. Hortic. Plant J. 2025, 11, 680-692.
[CrossRef]

Sohail, H.; Noor, I.; Hussain, H.; Zhang, L.; Xu, X.; Chen, X.; Yang, X. Genome editing in horticultural crops: Augmenting trait
development and stress resilience. Hortic. Plant J. 2025, 12, 1-18.

Haq, T.U.; Imran, M.; Ahmad, H.S. Physiological basis of abiotic stress tolerance in plants. In Handbook of Plant and Crop Physiology;
CRC Press: Boca Raton, FL, USA, 2021; pp. 403—425.

Altaf, M.A.; Mushtaq, N.; Ahmad, R. Abiotic stress responses: Drought, salinity and temperature. In Molecular Biology of Plant
Stress Responses; CABI: Wallingford /Egham, UK, 2025; pp. 128-139.

Wang, L.; Ju, C.; Han, C.; Yu, Z; Bai, M.Y.; Wang, C. The interaction of nutrient uptake with biotic and abiotic stresses in plants.
J. Integr. Plant Biol. 2025, 67, 455-487. [CrossRef] [PubMed]

Praveen, A.; Singh, S. The role of potassium under salinity stress in crop plants. Cereal Res. Commun. 2024, 52, 315-322.

Liang, K.; Chen, Y.; Hou, J.; Liu, E. Elevated CO,-conferred sodium homeostasis is linked to abscisic acid-mediated stomatal
closure and signalling pathway in tomato. Hortic. Plant J. 2025, 11, 1218-1230. [CrossRef]

Yu, X.; Niu, L,; Liu, Y,; Zhang, Y,; Li, ].; Zhang, S. Physiology, transcriptomics, and metabolomics reveal the regulation of calcium
distribution in tomato under reduced vapor pressure deficit and increased calcium fertilizer. Hortic. Plant J. 2025, 11, 1564-1582.
[CrossRef]

Yuan, L.; Gai, W.; Xuan, X.; Ahiakpa, ] K,; Li, F; Ge, P; Zhang, X.; Tao, J.; Yang, Y,; Zhang, Y. Advances in improving tomato fruit
quality by gene editing. Hortic. Plant ]. 2025, 11, 1985-2008. [CrossRef]

Negrao, S.; Schmockel, S.M.; Tester, M. Evaluating physiological responses of plants to salinity stress. Ann. Bot. 2017, 119, 1-11.
[CrossRef] [PubMed]

Balasubramaniam, T.; Shen, G.; Esmaeili, N.; Zhang, H. Plants’ response mechanisms to salinity stress. Plants 2023, 12, 2253.
[CrossRef] [PubMed]

Wei, W.; Gao, Y.; Wang, H.; Cao, Y.; Li, ]. Combined application of gasification filter cake and Portulaca oleracea to promote soil
quality and tomato yields under irrigation with brackish water. Hortic. Plant ]. 2025, 11, 1607-1620. [CrossRef]

Llanderal, A.; Garcia-Caparr6s, P.; Pérez-Alonso, J.; Contreras, J.I.; Segura, M.L.; Reca, J.; Lao, M.T. Approach to petiole sap
nutritional diagnosis method by empirical model based on climatic and growth parameters. Agronomy 2020, 10, 188. [CrossRef]
Esteves, E.; Locatelli, G.; Bou, N.A.; Ferrarezi, R.S. Sap analysis: A powerful tool for monitoring plant nutrition. Horticulturae
2021, 7, 426. [CrossRef]

Kior, A; Yudina, L.; Zolin, Y.; Sukhov, V.; Sukhova, E. RGB imaging as a tool for remote sensing of characteristics of terrestrial
plants: A review. Plants 2024, 13, 1262. [CrossRef] [PubMed]

Shoaib, M.; Khan, S.U.; AbdelHameed, H.; Qahmash, A. Plant stress detection using multimodal imaging and machine learning:
From leaf spectra to smartphone applications. Front. Plant Sci. 2025, 16, 1670593. [PubMed]

Agius, C.; von Tucher, S.; Rozhon, W. The effect of salinity on fruit quality and yield of cherry tomatoes. Horticulturae 2022, 8, 59.
[CrossRef]

https://doi.org/10.3390/agronomy16151450


https://doi.org/10.1016/j.hpj.2025.05.003
https://doi.org/10.1016/j.hpj.2025.05.008
https://doi.org/10.3389/fpls.2023.1118383
https://www.ncbi.nlm.nih.gov/pubmed/36909434
https://doi.org/10.1016/j.hpj.2025.12.006
https://doi.org/10.3390/agronomy10070938
https://doi.org/10.1016/j.hpj.2024.03.004
https://doi.org/10.1016/j.hpj.2023.12.010
https://doi.org/10.1111/jipb.13827
https://www.ncbi.nlm.nih.gov/pubmed/39783785
https://doi.org/10.1016/j.hpj.2024.01.005
https://doi.org/10.1016/j.hpj.2024.03.015
https://doi.org/10.1016/j.hpj.2024.04.008
https://doi.org/10.1016/j.plaphy.2017.09.006
https://www.ncbi.nlm.nih.gov/pubmed/28938176
https://doi.org/10.3390/plants12122253
https://www.ncbi.nlm.nih.gov/pubmed/37375879
https://doi.org/10.1016/j.hpj.2024.04.003
https://doi.org/10.3390/agronomy10020188
https://doi.org/10.3390/horticulturae7110426
https://doi.org/10.3390/plants13091262
https://www.ncbi.nlm.nih.gov/pubmed/38732477
https://www.ncbi.nlm.nih.gov/pubmed/41550337
https://doi.org/10.3390/horticulturae8010059
https://doi.org/10.3390/agronomy16151450

Agronomy 2026, 16, 1450 16 of 17

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.
42.

43.

44.

45.

46.

47.

48.

49.

50.

51.
52.

53.

54.

55.

Alshami, A K,; El-Shafei, A.; Al-Omran, A.M.; Alghamdi, A.G.; Louki, I.; Alkhasha, A. Responses of tomato crop and water
productivity to deficit irrigation strategies and salinity stress in greenhouse. Agronomy 2023, 13, 3016. [CrossRef]

Conti, V.; Parrotta, L.; Romi, M.; Del Duca, S.; Cai, G. Tomato biodiversity and drought tolerance: A multilevel review. Int. J. Mol.
Sci. 2023, 24, 10044. [CrossRef] [PubMed]

Gimeno-Péez, E.; Prohens, J.; Moreno-Cerver6, M.; de Luis-Margarit, A.; Diez, M.].; Gramazio, P. Agronomic treatments combined
with embryo rescue for rapid generation advancement in tomato speed breeding. Hortic. Plant J. 2025, 11, 239-250. [CrossRef]
Rehman, F.; Munir, H.; Raza, M.A; Saeed, A. Uncover the salt tolerance potential of accessions based on photosynthetic attributes
and interaction plot in tomato (Solanum lycopersicum). Plant Breed. 2021, 140, 130-141. [CrossRef]

Hoagland, D.R.; Arnon, D.I. The water-culture method for growing plants without soil. In Agricultural Experiment Station Circular
347; College of Agriculture at the University of California: Berkeley, CA, USA, 1938; pp. 1-35.

Vaesen, K.; Gilliams, S.; Nackaerts, K.; Coppin, P. Ground-measured spectral signatures as indicators of ground cover and leaf
area index: The case of paddy rice. Field Crops Res. 2001, 69, 13-25. [CrossRef]

Garcfa-Caparr6s, P.; Llanderal, A.; Pestana, M.; Correia, PJ.; Lao, M.T. Tolerance mechanisms of three potted ornamental plants
grown under moderate salinity. Sci. Hortic. 2016, 201, 84-91. [CrossRef]

Zhao, K.; Ye, Y.; Ma, ].; Huang, L.; Zhuang, H. Detection and dynamic variation characteristics of rice nitrogen status after anthesis
based on the RGB color index. Agronomy 2021, 11, 1739. [CrossRef]

Cadahia, C. El andlisis de la savia como indice de fertilizacién. In Manuales de La Ciencia Actual; CSIC: Madrid, Spain, 1973.
Bogoutdinova, L.R.; Khaliluev, M.R.; Chaban, I.A.; Gulevich, A.A.; Shelepova, O.V.; Baranova, E.N. Salt tolerance assessment of
different tomato varieties at the seedling stage. Horticulturae 2024, 10, 598. [CrossRef]

Guo, M,; Wang, X.S.; Guo, H.D.; Bai, S.Y.; Khan, A.; Wang, X.M.; Gao, Y.M.; Li, ].5. Tomato salt tolerance mechanisms and their
potential applications for fighting salinity: A review. Front. Plant Sci. 2022, 13, 949541. [CrossRef] [PubMed]

Kamanga, R.M.; Kopa, F; Kamala, ED.; Sefasi, A.; Ndakidemi, P.A. Screening and evaluation of salinity stress tolerance in local
malawian tomato Cultivars. Plant Physiol. Rep. 2023, 28, 259-271. [CrossRef]

Melino, V.; Tester, M. Salt-tolerant crops: Time to deliver. Annu. Rev. Plant Biol. 2023, 74, 671-696. [CrossRef] [PubMed]
Mitchell, J.P,; Shennan, C.; Grattan, S.R. Developmental changes in tomato fruit composition in response to water deficit and
salinity. Physiol. Plant. 1991, 83, 177-185. [CrossRef]

Badavath, H.; Saski, C.A. Plant adaptation to salinity: Physiological pathways and prospects for crop improvement—A review.
Genes 2026, 17, 253. [CrossRef] [PubMed]

Zhang, M.; Pan, M,; Li, H,; Liu, B.; Qiao, S.; Ma, C.; Mu, H.; Zhao, W.; Guo, J. Plant survival strategies under heterogeneous salt
stress: Remodeling of root architecture, ion dynamic balance, and coordination of metabolic homeostasis. Plant Soil 2025, 516,
133-172. [CrossRef]

Tang, L.; Zhou, Q.S.; Gao, Y.; Li, P. Biomass allocation in response to salinity and competition in native and invasive species.
Ecosphere 2022, 13, €3900. [CrossRef]

El-Hendawy, S.; Tahir, M.U.; Al-Suhaibani, N.; Elsayed, S.; Elsherbiny, O.; Elsharawy, H. Potential of thermal and RGB imaging
combined with artificial neural networks for assessing salt tolerance of wheat genotypes grown in real-field conditions. Agronomy
2024, 14, 1390. [CrossRef]

Vennam, R.R.; Bheemanahalli, R.; Reddy, K.R.; Dhillon, J.; Zhang, X.; Adeli, A. Early-season maize responses to salt stress:
Morpho-physiological, leaf reflectance, and mineral composition. J. Agric. Food Res. 2024, 15, 100994. [CrossRef]

Estrada, F; Flexas, ].; Araus, J.L.; Mora-Poblete, F.; Gonzalez-Talice, J.; Castillo, D.; Matus, I.A.; Mendez-Espinoza, A.M.; Garriga, M.;
Araya-Riquelme, C.; et al. Exploring plant responses to abiotic stress by contrasting spectral signature changes. Front. Plant Sci.
2023, 13, 1026323. [CrossRef] [PubMed]

Meneguzzo, S.; Navari-Izzo, F.; 1zzo, R. NaCl effects on water relations and accumulation of mineral nutrients in shoots, roots
and cell sap of wheat seedlings. J. Plant Physiol. 2000, 156, 711-716. [CrossRef]

Sotirov, A.; Krumov, S. Biochemistry of spring sap of different grapevine cultivars and its impact on crop quantity and quality.
Sci. Pap. Ser. Manag. Econ. Eng. Agric. Rural Dev. 2024, 24, 833-840.

Geilfus, C.M. Chloride: From nutrient to toxicant. Plant Cell Physiol. 2018, 59, 877-886. [CrossRef] [PubMed]

Zhang, X.; Franzisky, B.L.; Eigner, L.; Geilfus, C.M.; Z6rb, C. Antagonism of chloride and nitrate inhibits nitrate reductase activity
in chloride-stressed maize. Plant Growth Regul. 2021, 93, 279-289. [CrossRef]

Wakeel, A. Potassium—sodium interactions in soil and plant under saline-sodic conditions. J. Plant Nutr. Soil Sci. 2013, 176,
344-354. [CrossRef]

Pantha, P.; Oh, D.H.; Longstreth, D.; Dassanayake, M. Living with high potassium: Balance between nutrient acquisition and
K-induced salt stress signaling. Plant Physiol. 2023, 191, 1102-1121. [CrossRef] [PubMed]

Feng, D.; Wang, X.; Gao, ].; Zhang, C.; Liu, H.; Liu, P; Sun, X. Exogenous calcium: Its mechanisms and research advances involved
in plant stress tolerance. Front. Plant Sci. 2023, 14, 1143963. [CrossRef] [PubMed]

https://doi.org/10.3390/agronomy16151450


https://doi.org/10.3390/agronomy13123016
https://doi.org/10.3390/ijms241210044
https://www.ncbi.nlm.nih.gov/pubmed/37373193
https://doi.org/10.1016/j.hpj.2023.06.006
https://doi.org/10.1111/pbr.12881
https://doi.org/10.1016/s0378-4290(00)00129-5
https://doi.org/10.1016/j.scienta.2016.01.031
https://doi.org/10.3390/agronomy11091739
https://doi.org/10.3390/horticulturae10060598
https://doi.org/10.3389/fpls.2022.949541
https://www.ncbi.nlm.nih.gov/pubmed/36186008
https://doi.org/10.1007/s40502-023-00718-8
https://doi.org/10.1146/annurev-arplant-061422-104322
https://www.ncbi.nlm.nih.gov/pubmed/36854479
https://doi.org/10.1111/j.1399-3054.1991.tb01299.x
https://doi.org/10.3390/genes17030253
https://www.ncbi.nlm.nih.gov/pubmed/41898787
https://doi.org/10.1007/s11104-025-07760-5
https://doi.org/10.1002/ecs2.3900
https://doi.org/10.3390/agronomy14071390
https://doi.org/10.1016/j.jafr.2024.100994
https://doi.org/10.3389/fpls.2022.1026323
https://www.ncbi.nlm.nih.gov/pubmed/36777544
https://doi.org/10.1016/s0176-1617(00)80236-9
https://doi.org/10.1093/pcp/pcy071
https://www.ncbi.nlm.nih.gov/pubmed/29660029
https://doi.org/10.1007/s10725-020-00685-2
https://doi.org/10.1002/jpln.201200417
https://doi.org/10.1093/plphys/kiac564
https://www.ncbi.nlm.nih.gov/pubmed/36493387
https://doi.org/10.3389/fpls.2023.1143963
https://www.ncbi.nlm.nih.gov/pubmed/37025147
https://doi.org/10.3390/agronomy16151450

Agronomy 2026, 16, 1450 17 of 17

56.

57.

58.

59.

60.

Lu, Y,; Fricke, W. Salt Stress-Regulation of root water uptake in a whole-plant and diurnal context. Int. J. Mol. Sci. 2023, 24, 8070.
[CrossRef] [PubMed]

Torres, A.P.; Mickelbart, M.V.,; Lopez, R.G. Leachate volume effects on pH and electrical conductivity measurements in containers
obtained using the pour-through method. HortTechnology 2010, 20, 608-611. [CrossRef]

Garcia-Caparroés, P; Llanderal, A.; Lao, M.T. Effects of salinity on growth, water-use efficiency, and nutrient leaching of three
containerized ornamental plants. Commun. Soil Sci. Plant Anal. 2017, 48, 1221-1230. [CrossRef]

Kirkby, E.A. Introduction, definition, and classification of nutrients. In Marschner’s Mineral Nutrition of Plants; Academic Press:
New York, NY, USA, 2023; pp. 3-9.

Kiri, I.Z. Mechanisms of nutrient uptake and assimilation processes in some plants: A review. Dutse |. Pure Appl. Sci. 2023, 9,
223-237. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/agronomy16151450


https://doi.org/10.3390/ijms24098070
https://www.ncbi.nlm.nih.gov/pubmed/37175779
https://doi.org/10.21273/horttech.20.3.608
https://doi.org/10.1080/00103624.2017.1341915
https://doi.org/10.4314/dujopas.v9i2b.24
https://doi.org/10.3390/agronomy16151450

	Introduction 
	Materials and Methods 
	Growth Conditions and Plant Material 
	Experimental Design and Treatments 
	Biomass Parameters 
	Vegetation Spectral Characterization 
	Petiole Sap, Leachate Analysis and Leaf Physiological Traits 
	Statistical Analysis 

	Results 
	Biomass Parameters 
	Vegetation Spectral Characterization 
	Petiole Sap Parameters 
	Leaf Physiological Traits 
	Leachate Parameters 

	Discussion 
	Conclusions 
	References

