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Mitigating salinity stress on
tomato growth, water regime,
gas exchange, and yield with the
application of QuitoMax

Leandris Argentel-Martinez(®?, Ofelda Pefiuelas-Rubio®?, Carlos Avila Amador®?,
Fabio Steiner®?, Jorge Gonzalez Aguilera®?, Jae-Ho Shin®3, Alan Mario Zuffo®*,
Rafael Felippe Ratke 5, Paulo Eduardo Teodoro(®* & Ugur Azizoglu(6.7>*

This study assessed the intensity of salt stress in the two tomato varieties by measuring variables
associated with the water regime, chlorophyll content, normalized difference vegetation index, gas
exchange, and yield. The cultivars Amalia and Claudia, which represent tolerance and susceptibility

to salinity, were evaluated. Three treatments were established in plastic pots, using a completely
randomized design: T1, saline soil (ECse =6.9 dS m~! without QuitoMax application); T2, nonsaline soil
(ECse =0.95 dS m ~* with QuitoMax application); and T3, saline soil (ECse = 6.9 dS m™) with QuitoMax
application. The QuitoMax was applied at a rate of 300 mg L%, during the flowering phenophase.
QuitoMax caused an increase in the variables evaluated in both varieties (tolerant and susceptible)

of tomato, with a lower contribution of QuitoMax to the variables related to water regime and the
greatest contributions to chlorophyll content and photosynthetic activity. QuitoMax contributed
positively to all variables and was superior to stress intensity for most of the variables evaluated

in the tolerant variety (Amalia), except for stem thickness and the number of flowers per bunch. In

the susceptible variety (Claudia), the five variables of stress intensity exceeded the contribution of
QuitoMax, with the strongest effects on osmotic potential, fruit mass, and yield per plant. The present
work demonstrates the feasibility of using this biostimulant to increase the tolerance of tolerant
varieties and maintain tolerance in tomato varieties susceptible to salinity, reducing the intensity of
saline stress and increasing plant performance under salinity conditions.
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Salt is an abiotic stress condition that affects plant development and productivity!. Annually, salinization
attributable to human activities leads to the abandonment of millions of hectares of traditional crops®*. Salinity
can have detrimental effects on crops through nutritional interference®. Moreover, in the medium term, it can
lead to ionic toxicity by causing an accumulation of salt in vacuoles and other organelles, thereby impacting
various organs, including the photosynthetic apparatus®®. Salinity can also limit nutrient uptake capacities due
to reduced leaf expansion and biological yield’. The plant- and crop-level effects mentioned above significantly
diminish the profitability of saline soils and heighten vulnerability in terms of food security®.

A comprehensive solution to soil salinization is very difficult to develop at the moment due to the multifactorial
effects of agricultural output®. The employment of efficient microorganisms, promoting growth, and sustaining
nutrient availability has proven to be highly successful'®!!. Efforts are underway to develop biostimulants that
can confer tolerance to salinity'2.
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Some crops, such as tomato (Solanum lycopersicum L.), show moderate tolerance to salinity!>. Due to the
importance of this crop for human nutrition, significant efforts have been made to increase its yield and quality
even under saline soils'%. Tomato has been distributed globally, demonstrating its ability to adapt and produce
under various environmental conditions. It is considered one of the most economically valuable vegetables in the
world"®. Tomato hybrids and cultivars have also helped to boost yields in salty soils'®. The primary restriction of
their contributions to tolerance is their cost!’, particularly for small-scale agricultural projects.

Currently, research is conducted on the genetic improvement of salinity tolerance through the introgression
of genes conferring tolerance!®!%, particularly for specific cation uptake and evasion of Na*!* to obtain genetic
materials with tolerance to salinity. Nevertheless, these advancements often require significant time to integrate
into production systems and remain inaccessible to many producers, thereby limiting their application in
agricultural practices.

Given that salinity tolerance is a trait dominated by a set of genes?, it is possible to monitor its accessible
germplasm. This strategy would allow for the recommendation of varieties taking into account the saline
levels that are present in diverse agricultural systems, contributing to ecosystem sustainability?!. Assessing
the intensity of generated stress enables decisions regarding the continuation of using a particular cultivar
or altering land use practices?. In addition to salinity tolerance or susceptibility research with differential or
commercial cultivars, the use of biostimulants can help reduce the intensity of saline stress in crops?*. QuitoMax
has been shown to improve salinity tolerance in tomato®*~2¢ and lettuce?’, improve transpiration in bell pepper?®,
reduce the incidence and severity of Alternaria solani leaf spots in tomato?’, and stimulate initial tomato stand
development®®3!, QuitoMax is a chitosan-based liquid formulation produced from the chitin present in the
lobster’s exoskeleton. It was initially designed as a developmental promoter under saline conditions®?. However,
a detailed study of its contribution to developmental and yield variables under saline conditions may lead to its
subsequent use as a salinity attenuator in tolerant and susceptible varieties®'.

The current study aimed to determine the effects of the commercially available biostimulant QuitoMax
on the salinity tolerance of various tomato cultivars. The study was specifically designed to evaluate the effect
of QuitoMax on several developmental traits, water status, gas exchange parameters, and yield components
of tomato cultivated under saline conditions. With the current research, it will be feasible to explain how
QuitoMax(R) promotes plant metabolic and physiological activities. Additionally, assess the level of stress with
the administration of the biostimulant in tolerant and susceptible varieties, as well as its contribution to the
improvement of agricultural productivity.

Material and method

Experimental site

The trials were established in the seedling production greenhouse of the Instituto Tecnoldgico del Valle del
Yaqui, Sonora, Mexico, which is located in Block 611 of the Yaqui Valley, where vertisoil soils predominate33 with
49% clay. During the experimental period, there was an average temperature of 21 °C, and an average relative
humidity of 37% was maintained.

Soil and plant material characteristics

The soil used for the research was characterized physiochemically at the Tepeyac Soil Laboratory in Ciudad
Obregdn, Sonora, Mexico. The soil properties are similar to that reported?. Based on the soil characteristics
(data not shown), a saline treatment (electrical conductivity in the saturation extract of 6 dS m™!) and a control
treatment (electrical conductivity in the saturation extract of ECse=0.98 dS m™ were used.

Two different tomato varieties were used: one tolerant (Amalia) and one susceptible (Claudia) to salinity, as
previously described®. Both varieties have a specific growth habit and a biological cycle of approximately 125
days. Seedling production was carried out under controlled conditions. Plants of an average height of 14 cm were
selected 28 days following emergence. The plants were transferred to plastic pots with a soil volume of 4.63 kg
(width: 21 cm and height: 19.5 cm), where they were maintained until the fruit harvest stage.

Crop management

Fertilization was carried out® for tomato crops under greenhouse conditions using TRIPLE-19 fertilizer (19% of
N, P, and K, respectively) at a rate of 450 kg ha™! (0.002 kg pot™!). The bottom application rate for all treatments
was 50%. The remaining 50% of fertilizer was applied 45 days after germination, following the instructions of
the producer.

Treatments and experimental design
The treatments were randomly assigned following a completely randomized experimental design, utilizing a
unifactorial arrangement. The type of soil, with or without salinity, was considered as the source of variation,
while the varieties were not taken into account as a factor. Each treatment was replicated three times. Three
treatments were established: T1: saline soil without QuitoMax; T2: nonsaline soil + QuitoMax; and T3: saline
soil + QuitoMax. These treatments were applied to both varieties. Six replications per treatment were established.
The suggested dose of QuitoMax was 300 mg L%, and it was administered foliarly five days after
transplanting. The same treatment rate was repeated after ten days. The application time was not considered a
source of variation in the current trial.

Morphophysiological variables evaluated

Plant height (PH, cm) was measured from the stem base to the apical apex. The root length (RL, cm) was
measured from the root collar to the main root boundary®’. Both variables were measured with a TRUPER brand
tape or flexometer, with a measurement error of 0.0001 cm. Plant stem thickness (ST, cm) was measured with a
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digital caliper (TRUPER) starting two centimeters above the base of the stem. The leaf number (LN, unit) was
determined by counting the number of leaves on each plant. All these variables were evaluated at the flowering
phenophase. The sample size for these variables was five plants per replicate, totaling 15 plants per treatment.
The PH/RL ratio was calculated for a total of 15 plants per treatment using the ratio between root length and
plant height. For better experimental precision, data were gathered from the same plants used to analyze the pH
and RL variables®,

The root volume (RV, cm?) was obtained through the destructive method described by Shabbir et al.**. Five
plants were randomly sampled for each treatment and carefully washed to separate the soil adhering to the roots
with low-pressure water. Subsequently, the plants were individually introduced to a 500 mL graduated cylinder
with a known volume of 150 mL of distilled water, and by volume difference, the volume of roots corresponding
to each replication was determined, and the average of the five plants per replication in each treatment was
obtained®.

Developmental dynamics were assessed on a total of eight randomly selected plants per treatment. These
plants were marked and numbered to accurately assess the relative growth rate (RGR) at seven-day intervals.
This measurement was made from the time of transplanting until the flowering phenophase. The final height
of the plants was divided by the number of days elapsed, and the RGR, expressed in cm day!, was obtained*’.

The normalized difference vegetation index (NDVI) was measured with a GreenSeeker portable sensor
between 10:00 h and 11:00 h in the flowering phenophase. In each treatment, 20 measurements were taken at
a height of 0.60 m from the seedling canopy, according to the sensor reference?!. This variable was evaluated
to compare, in each treatment, the NDVI value; -1 <NDVI> 1, whose interpretation is related to a quick and
directed diagnosis of the nutritional conditions of the crop (especially nitrogen) and the possible incidence of
stress. NDVI values close to 1 represent a better nutritional status*2.

The chlorophyll concentration (CL) was measured with a SPAD 501 portable meter (Minolta Camera Co.,
Ltd., Osaka, Japan). Measurements were taken in the middle part of the leaf during the flowering phenophase
between 10:00 and 11:00 h*3. Readings were taken in the middle part of the plant, taking an average of three
readings from eight plants of each treatment.

Water regime variables
To assess water potential (WL), 24 random samples were taken from five plants (from the two leaves most exposed
to sunlight) per treatment at 5:00 (predawn) and 10:30 AM. Immediately after collection, the samples were
separated into their organs (roots and leaves), and the water potential was measured with a Schollander pressure
pump (PMS-100; PMS Instrument Company, Albany, OR, USA). During the measurements, the samples were
quickly placed in double zip lock bags and sealed. The leaves were then placed in the chamber sample holder,
and pressure was applied until sap exudate was observed in the developed cut. The criteria for classifying water
stress in plants were determined based on the values of WL and were defined as follows: no stress when WL >
-1.0 MPa, moderate stress between —1.0>WL > -1.4 MPa and severe stress when the water potential fell to
YL<— 1.4 MPa™

To determine the saturated osmotic potential (Ws), measurements were performed under saturated weight
conditions. 24 samples of roots and leaves per treatment were taken and placed in Petri dishes for rehydration
with distilled water. They were then placed in double zip lock bags and kept at 8 °C for 12 h. The samples were
then wrapped with aluminum foil for freezing in liquid nitrogen and stored in a freezer at -80 °C. Subsequently,
the samples were thawed at room temperature and centrifuged at 3,000 rpm for 3 min to obtain cell juice from
roots and leaves. Ws was determined from 100 ml aliquots with a vapor pressure osmometer (Vapro 7120;
ELITech Group, Smithfield, RI, USA). The osmotic adjustment was measured as the difference in the saturated
osmotic potential of leaves between the control and saline treatments*°.

Gas exchange variables

Photosynthetic activity (A) was measured in leaves 10 days after biosimulant application in the flowering
phenophase and was evaluated with a portable system (LI-6400XT, LI-COR, Inc.). The IRGA (infrared spectrum
gas analyzer) measures CO, and water vapor concentrations using a spectrometer that operates in the infrared
spectrum of the equipment. Measurements were taken between 10:00 am and 11:00 am on sunny days. For this
measurement, the three leaves most exposed to direct solar radiation (replicates per plant) were inserted, by their
central part, into a 3.0 X 2.0 cm gas exchange daylight chamber. All measurements were performed with a light
intensity greater than 1500 pmol m? s and with a CO, concentration of 400 ymol CO, m? s at a constant
flow rate of 500 pmol s°!. The variables measured were maximum photosynthesis (A, pmol CO, m? s) and
transpiration (E, umol H, O m2 s’!). Water use efficiency (WUE) was determined by the quotient of maximum
photosynthetic activity and transpiration®®.

Yield component variables evaluated

At the end of the experiment, the number of bunches per plant (NV-P, unit) number of flowers per bunch (NFl-V,
unit), number of fruits per vunch (NFr-V), fruit mass (FM, g), and yield (Y, kg plant™!) were evaluated for five
plants per replicate within each treatment. The variables NV-P, NF-V, NFI-V, and NFr-V were evaluated by
counting each at plant and bunch level, respectively. FM was assessed by separately weighing the fruits harvested
from each plant and determining the average weight of the fruits per replication in each treatment. Yield was
obtained by weighing all commercial and noncommercial fruits from each plant within each replicate.

Stress intensity (SI) and contribution of Quitmax® (QC) to varietal development and yield
The stress intensity was determined between saline and nonsaline treatments with the application of QuitoMax
following the equation [Eq. 1] proposed by*” where some nominal modifications were made:
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Vst
ST = (1 -
Vnst

) 100 V)

Vst and Vnst represent the average of the evaluated variables in the saline and non-saline treatments, respectively.
The contribution of QuitoMax (QC) was determined in the saline treatments using the following equation
[Eq. 2] proposed by the authors of the present work:

_ 4 (st —Q) .
QC = (1 7‘/(% +Q)) 100 (2)

V(st-Q) and V(st+ Q) represent the average of the evaluated variables without and with QuitoMax application,
respectively.

Statistical analysis

For each variable evaluated, the normality of the data was evaluated*®, and then a simple classification analysis of
variance was carried out based on a linear fixed effects model*®. When detecting significant differences between
the three established treatments, Tukey’s multiple comparisons test®® was used for 5% and 1% significance levels.
The standard error of the mean of the treatments (SEx), coefficient of variation (CV), and unadjusted coeflicient
of determination (R%) were determined and presented. The correlation coefficient between Chlorophyll content
and NDVI was determined. All the statistical analyses were performed in the statistical software STATISTICA,
version 14.0 for Windows®".

Results

Morphophysiological variables in response to salt stress and the application of QuitoMax
Significant differences were found between the treatments evaluated for both varieties and for all the variables
evaluated (Table 1). The PH value of the tolerant variety Amalia (F=28.25; p=0.00226) was greatest in the T2
treatment (nonsaline soil + QuitoMax), with a 30.1 cm plant height, which was significantly different from that
of the T1 treatment (saline soil - QuitoMax). Similarly, the cultivar Claudia (F=162.95; p=0.00003) exhibited
the same trend, with a greater effect in the T2 treatment (32.76 cm). The behavior of the salinity-susceptible
variety Claudia (Table 1) was similar to that of Amalia (tolerant), but the values were greater than those of the
latter. The treatments with the biostimulant stood out compared to the control treatments (T1). This result
indicates the feasibility of using susceptible varieties to validate the protective and development-promoting
effects of this biostimulant against soil salinity. This result demonstrated the remedial power of QuitoMax when
applied to tomatoes, regardless of the genetics of the cultivar used.

The other four morphophysiological variables evaluated are shown in Table 1, and a similar behavior to that
obtained for PH was obtained. Accordingly, the RL (F=93.60; p=0.00006 for Amalia and Claudia varieties
F=103.24; p=0.00006), SS (Amalia with F=57.19; p=0.00011 and for Claudia with F=69.98; p=0.00001), LN
(F=120.30; p=0.00002, in Amalia and F=160.25; p=0.00005 in Claudia), and RV (F=24.19; p=0.00004 in
Amalia and F=80.14; p=0.00012 in Claudia)] had similar results. Overall, the T2 treatment was superior to that
of the T1 treatment and did not significantly differ from the T3 treatment in terms of RL and RV variables for the

Treatments | PH [RL TS LN RV

Amalia

T1 27,56+£0,50b |22,35+0,61b |825+0,12¢ |9,5+0,11c | 12,80+0,13b
T2 30,010,102 |2568+045a | 10,920,172 | 13,25+0,12a | 14,49+0,15a
T3 28.90+£0.55ab | 25,55+0,32a | 9,20+0,18b | 12,38+0,09b | 14,16+0,13a
SEx 0,031 0,034 0,025 0,035 0,018

cv 5,35 6,76 12,99 14,57 647

R? 0,55 0,90 0,85 0,92 0,70

Claudia

T1 26.69+0.52b |21.68+045¢ | 7.28+0.12¢ |8.99+0.17¢ |1256+0.15¢
T2 3276+011a |2565+0.25a | 10.52+0.13a | 13.88+0.14a | 14.79+0.17a
T3 317140.58a |24.55+023b |8.89+0.13b |12.63+0.15b | 13.48+021b
SEx 0.05 0.03 0.03 0,04 0.02

CV 8.84 7.47 16.27 18,47 7.29

R? 0.94 0.91 0.87 0,94 0.88

Table 1. Morphophysiological variables obtained for the varieties Amalia and Claudia in saline and non-saline
conditions following the application of QuitoMax. Means with equal superscripts do not differ significantly
according to Tukey’s HSD test at p <0.01. Sample size n=15. T1 saline soil without QuitoMax, T2 nonsaline
soil + QuitoMax, T3 saline soil + QuitoMax, R? unadjusted coefficient of determination, ES standard error of
the mean of treatments, CV coefficient of variation, PH plant height, RL root length, SS stem thickness, LN
number of leaves, RV root volume.
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tolerant variety Amalia or in PH for the susceptible cultivar Claudia (Table 1). The highest morphophysiological
values were obtained when the bio-stimulant was applied under non-saline conditions (T2), and the lowest
values (T1) were obtained when QuitoMax was not applied under saline conditions (Table 1).

There were significant differences between the two varieties (F=17.5; p=0.03752 and F=18.25; p=0.03321
for Amalia and Claudia, respectively). There was greater variability in the susceptible variety (Claudia) than in
the tolerant variety (Amalia) (Table 2). The linear fixed effects mathematical model for the analysis of variance
explained 94% of the total variability in the effect of the treatments established in the susceptible variety
(Claudia), while in the tolerant variety (Amalia), it explained only 54% (R?). An analysis of the PH/RL ratio
(Table 2) revealed a value of 0.81 in T1 (saline soil without QuitoMax) for both varieties, which demonstrated
the effects of salinity on the root system of the plants regardless of their relative tolerance to salinity. When the
bio-stimulant was applied, an increase in both parameters was observed, with the greatest increase occurring
at T3 (0.89) in the Amalia variety. However, in the Claudia variety, there was no promotion effect since the
indicator was reduced (Table 2). No results were found from other research using this bio-stimulant in tomato
cultivation under salinity conditions where this variable is evaluated.

NDVI and chlorophyll content

When the NDVI was evaluated in tomato for both varieties, significant differences were found between the
treatments evaluated (Fig. 1). The highest values were obtained in T2 for both varieties, and the lowest were in
T1. In the varieties Amalia and Claudia, the application of the bio-stimulant resulted in increases of 0.14 and
0.12 units, respectively, in the Normalized Difference Vegetation Index (NDVI) when comparing the plants
subjected to salinity alone (T1 and T3) (Fig. 1). Higher NDVI values (-1 <NDVI> 1) represent better plant
nutritional status. The results obtained for this indicator revealed the positive influence of the application of the
bio-stimulant QuitoMax on tomato under salinity-stressed conditions.

Chlorophyll levels measured in the leaves of Amalia significantly differed between treatments (F=194.15;
p=0.00001). The highest values were obtained in T2, and the lowest was obtained in T1; however, when the bio-
stimulant was applied to the saline medium, the values did not exceed those in the QuitoMax treatment under
non-saline conditions, and the values decreased by only 4.33 units and exceeded those in T1 by more than 20
units (Table 3). In the Claudia variety, significant differences were found between T1 and the other treatments
(F=31.59; p=0.00006). The highest values were obtained in T2, and the lowest was obtained in T1; however,
when the bio-stimulant was applied to the saline medium (T2), the values did not exceed those in the QuitoMax
treatment under non-saline conditions (T3), and no differences were found between them (Table 4).

Water regime under salt stress and QuitoMax application

The differences in the water potentials of the varieties in the different treatments were highly significant
[F=108.5; p=0.00023, F=112.46; p=0.000321 for Amalia and Claudia, respectively (Fig. 2a and b)], and a
similar response was found for the osmotic potential (F=207.32; p=0.00461, F=201.31; p=0.00117 for Amalia
and Claudia, respectively). However, in Claudia, treatments T1 and T3 did not result in differences in water
potential (Fig. 2b). This result indicates that in the susceptible variety, the applied dose of QuitoMax was not
sufficient to achieve a reduction in water potential. The highest values were found in T2 for both varieties, and
the lowest were found in T3 for both the varieties and indicators evaluated. This response demonstrated the
ability of QuitoMax to promote plant water balance under nonsaline conditions. The differences in water and
osmotic potentials between the saline and nonsaline treatments indicate the capacity of plants of both varieties
to adjust their metabolism and maintain water intake under these stress conditions (Fig. 2a and b). However, it is
important to note that when QuitoMax was applied, the best results were obtained in this medium.

Under saline conditions, when QuitoMax was applied, the OP values decreased in both varieties of plants
concerning WP but increased in Amalia (Fig. 2a). This result is important because it indicates that under salinity
stress conditions, the application of the bio-stimulant could have influenced the metabolic readjustment to
reduce their water potential and be able to absorb water under saline conditions. Under saline conditions, the
plants of the two varieties underwent significant osmotic adjustment due to the increase in the concentration of

Amalia Claudia

Treatments | RGR PH/RL RGR PH/RL

T1 0.81+0.02b | 0.81+0.05¢ | 0.79+0.03b | 0.81+0.06
T2 0.88+0.03a | 0.86+0.05b | 0.95+0.02a | 0.80+0.03
T3 0.85+0.02ab | 0.89+0.04a | 0.93+0.02a | 0.79+0.02
SEx 0.01 0.07 0.01 0.31

(A% 5.35 7.21 8.84 5.14

R? 0.54 0.92 0.94 0.63

Table 2. Relative growth rate (RGR, cm day™!) and plant height /root length ratio (PH/RL) of the Amalia and
Claudia varieties under saline and non-saline (control) conditions with the application of QuitoMax. Means
with equal superscripts do not differ significantly according to Tukey’s test for p <0.01. Sample size n=15.

T1 saline soil without QuitoMax, T2 nonsaline soil + QuitoMax, T3 saline soil + QuitoMax, R? unadjusted
coefficient of determination, SEx standard error of the mean of treatments, CV coefficient of variation.
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Fig. 1. Effect of QuitoMax application on the normalized difference vegetation index (NDVI) of tomato plants
of the Amalia and Claudia varieties under semi controlled conditions subjected to three treatments: T1, saline
soil without QuitoMax; T2, non-saline soil + QuitoMax; and T3, saline soil + QuitoMax. The rectangular bars
represent the standard deviation of the mean of the treatments. R2: unadjusted coefficient of determination;
ES: standard error of the mean of treatments; CV: coefficient of variation.

Tl 6.26+0.11c | 9.22+0.14a
T2 8.61+0.13b | 6.68+0.12b
T3 11.73+0.4a | 9.30+0.15a
SEx 0.07 0.13
cv 8,61 19.58
R? 0.96 0.89

Table 3. Water use efficiency (WUE) of Amalia and Claudia tomato plants under semicontrolled conditions
with the application of QuitoMax. Sample size #=15. Means with equal superscripts do not differ significantly
according to Tukey’s test for p <0.01. Sample size n=15. T1 saline soil without QuitoMax, T2 nonsaline

soil + QuitoMax, T3 saline soil + QuitoMax, R* unadjusted coefficient of determination, SEx standard error of
the mean of the treatments, CV coefficient of variation).

osmotically active solutes concerning that in T2 (Fig. 3), with the highest value being found at T3 in the Amalia
variety (2.71 MPa).

Gas exchange variables in response to salt stress and the application of QuitoMax
When comparing the A (max) values obtained, significant differences were found between the treatments
evaluated for both varieties (Fig. 4). The highest values were recorded in the non-saline medium enhanced
with the biostimulant (T2), while the lowest was noted in the saline medium devoid of biostimulant (T1),
underscoring the detrimental impacts of salinity on the photosynthetic machinery of tomato plants. When
comparing the values obtained in treatments one and three, increases of 17.69 and 11.78 pmol CO m s,>™! were
observed when QuitoMax was applied to the Amalia and Claudia varieties, respectively.

The increases observed in this investigation when QuitoMax was administered to the saline media are
noteworthy since photosynthetic activity is the key physiological variable that leads to yield. The increases in
photosynthetic activity observed when the biostimulant was applied in this study demonstrated, for the first
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Chlorophyll (SPAD)
Treatments | Amalia Claudia
T1 35.33+2.1¢ | 19.54+0.65b
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T3 58,61+3.1b | 55.74+19a
SEx 1.01 0.42
Ccv 22.84 19.58
R? 0.96 0.88

Table 4. Chlorophyll (CHL) content in tomato plants under semicontrolled conditions with the application
of QuitoMax Sample size n=15. Means with equal superscripts do not differ significantly according to Tukey’s
test for p <0.01. Sample size n=15. T1 saline soil without QuitoMax, T2 nonsaline soil + QuitoMax, T3 saline
soil + QuitoMax, R? unadjusted coefficient of determination, SEx standard error of the mean of the treatments,
CV coeflicient of variation)
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Fig. 2. Water potential (WP) and osmotic potential (OP) in tomato plants of the Amalia (a) and Claudia (b)
varieties under semi controlled conditions subjected to three treatments: T1, saline soil without QuitoMax;
T2, nonsaline soil + QuitoMax; and T3, saline soil + QuitoMax. The rectangular bars represent the standard
deviation of the mean of the treatments.

time, the effectiveness of QuitoMax in increasing photosynthesis levels in tomato under saline conditions.
When the effects of QuitoMax on tomato plants under salt stress were studied, significant differences were
found between treatments in both varieties (Fig. 4). Transpiration was greater in the biostimulant treatments;
the highest transpiration values were obtained in T2, and the lowest transpiration values were obtained in T1
for both varieties.

When QuitoMax was applied under saline conditions, greater transpiration was obtained, which shows that
under saline stress, the plants can maintain higher levels of physiological activity than those where the bio-
stimulant was not applied. No results were found on the effects of QuitoMax under saline conditions for this
indicator in tomatoes or in other species, thus demonstrating the importance of the results obtained in the
present study.

The WUE in the Amalia showed the highest values at T3 when QuitoMax was applied under saline
conditions, and the lowest values under stress conditions without the application of the QuitoMax (Table 3).
The application of the bio-stimulant did not result in a significant difference in this indicator among the Claudia
variety, indicating its lack of response. Moreover, in the saline medium treatments, the values of the indicator
were either similar to or greater than those observed in the treatment without salinity.

Yield components variability in response to salt stress and the application of QuitoMax
Significant differences were found for the variables NRP (F=66.12; p=0.00431), MF (F=100.16; p=0.00221),
and Y (F=79.54; p=0.04121). However, the number of flowers and fruits per bunch did not significantly differ
between treatments for either variety (Table 5). Among the three variables that showed significant differences,
the effect of the treatments explained more than 95% of the total variability (R?) (Table 5).

The best results for both varieties were obtained in treatment T2 (non-saline soil + QuitoMax), demonstrating
the ability of the biostimulant to promote development and yield (Table 5). With the application of the
biostimulant under saline conditions before transplanting, a positive effect on fruiting efficiency (12%) and

Scientific Reports |

(2024) 14:31755 | https://doi.org/10.1038/s41598-024-82211-2 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

3.5

3.0 A
25 -
2.0 A
15 -
1.0 -
0.5 -
0.0 -
T1 T3

Treatments mOAA =mOAC

Osmotic Adjustment

Fig. 3. Osmotic adjustment saturated osmosis in tomato plants of the Amalia and Claudia varieties under
semicontrolled conditions subjected to three treatments: T1, saline soil without QuitoMax; T2, nonsaline
soil + QuitoMax; and T3, saline soil + QuitoMax. The rectangular bars represent the standard deviation of the
mean of the treatments.

A'F=6121.83, p=0.0002; 26 A F=1197.05,p=0.0003, CV=22.69%
28 . CV=17.10% SEx=008 SEx=123, R™=099
26 L R=096 24 e E:F=1035.37,p=00001, CV=7.03%
E:F=2764.79, p=0.0001; 22 . SEx=020, R*=0.98
24 CV=6.01%, SEx=0.16
22 R=078 20
EaNa ~
o 20 T 18
PR 25 16
g 8 16 g 8
o~ o~
o 2 oM
O o 14 O T
ERERE 33
g § g E 10
= = 10 S s
< Mm@ 8 < m
6 6
2 70 %
: ~all EN ; an IR
T1 T2 T3 @A T1 T2 T3 @A
a) Treatments 2 b) Treatments ~

Fig. 4. Gas exchange [photosynthesis (A) and transpiration (E)] in tomato plants of the Amalia (a) and
Claudia (b) varieties in saline media and the control under semicontrolled conditions subjected to three
treatments: T1, saline soil without QuitoMax; T2, nonsaline soil + QuitoMax; and T3, saline soil + QuitoMax.
The rectangular bars represent the standard deviation of the mean of the treatments. R2: unadjusted coefficient
of determination; ES: standard error of the mean of treatments; CV: coefficient of variation.
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Amalia Claudia

Treatments | NV-P | NFI-V | NFr-V | FM Y NV-P | NFI-V | NFr-V | FM Y

T1 12¢ 8 7 147,6 +3,1¢ | 1,03+0,1¢ | 12¢ 8 7 | 142,7+3,5¢ |1,00+0,6 ¢
T2 16a 9 9 203,1+1,9a | 1,83+0,6a | 14ab 8 8 154,1+2,1a | 1,23+04a
T3 14b 8 8 1752+2,6b | 1,40+0,4b | 13b 8 8 1443+4,1b | 1,15+0,1 b
SEx 0,04 0,01 0,01 0,12 0,01 0,04 0,00 0,001 0,12 0,01

CcvV 8,72 4,35 8,14 13,27 6,21 8,72 0,00 514 | 13,27 6,21

R? 0,96 0,41 0,45 0,97 0,94 0,94 0,00 0,01 |0,89 0,96

Table 5. Yield components of Amalia and Claudia tomato varieties after the application of QuitoMax at 5 DAT
and at flowering in saline soil at 6 dS m~!. Means with equal letters do not differ by Tukey’s test for p <0.05.
Sample size n=15. NV-P number of clusters per plant, NF_V number of flowers per cluster, FM fruit mass (g),
Y yield (kg plant™ 1], SEx standard error of the mean of treatments, CV coefficient of variation, R? unadjusted
coefficient of determination, T1 saline soil without QuitoMax, T2 nonsaline soil + QuitoMax, T3 saline

soil + QuitoMax.
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Fig. 5. QuitoMax contribution (QC) and stress intensity (SI) in a Amalia (tolerant) and b Claudia
(susceptible) to salinity based on 6 dS m-1 in the saturated extract of the soil. PH plant height, RL root length;
SS: stem thickness; LN: number of leaves; RV: root volume; RGR: relative growth rate; NDVI: normalized
difference vegetation index; CHL: Chlorophyll; WP: water potential; OP: osmotic potential; A: photosynthesis;
E: transpiration; NV-P: number of vunch per plant; NFI-V: number of flowers per vunch; NFr-V: number of
fruits per plant; FM: fruit mass; Y: yield.

yield per plant was obtained for both varieties (Table 5). The results indicate that QuitoMax stimulates plant
development and yield indicators.

Evaluation of QuitoMax contribution and the stress intensity in the variables evaluated

The contribution of QuitoMax to the varieties studied was positive. The highest percentages were found for the
number of leaves, chlorophyll content, NDVI, maximum photosynthesis, and transpiration in both varieties.
This result shows that the biostimulant used had a greater effect on the leaf area than on the root system. For
example, QuitoMax had a similar contribution to photosynthetic activity, which was 70% for both varieties
(Fig. 5).

The stress intensity of the evaluated variables remained between 1% and 20%. The variables that presented
the highest stress intensities were stem thickness (SS), osmotic potential (OP), and transpiration (E) in both
varieties (Fig. 5). Therefore, even with the application of the bio-stimulant, the salinity condition likely affects the
water regime of the plant. In the tolerant variety Amalia (Fig. 5a), the stress intensity was greater than that in the
susceptible variety (Claudia) (Fig. 5b), although this indicator was surpassed by the contribution of QuitoMax,
with greater values in the Claudia variety. In this susceptible variety, stress intensity exceeded the contribution of
QuitoMax to three morphological variables (RV, WP, and OP), which shows that it significantly affects the water
regime of the plants. SI also outperformed QC in terms of fruit mass yield (FM) and yield per plant (Y). This
result indicates its susceptibility to salt stress.

Discussion

The QuitoMax has a pH-promoting effect on tomato under saline conditions. Other researchers studied the
impact of QuitoMax on tomato crops and found similar results, albeit without the presence of salt stress?*>2~5,
A study conducted by> indicated the efficiency of QuitoMax, even under non-saline conditions, which
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is consistent with that obtained in the T2 treatment for both differential varieties (Table 1)*. reported a 7%
increase in the root length with QuitoMax compared to the control under non-saline conditions. The dose
applied by these authors is considered high in relation to that applied here (300 mg L) and to that reported by
other studies®®*’. Additionally®®, obtained similar results for root length, (5% increase) with respect to plants
not treated with QuitoMax under non-saline conditions*. reported an RL-promoting effect by applying 90 mg
L1 of chitosan, obtaining an increase of 15% in root development similar to the results achieved here?*. applied
chitosan (a precursor of QuitoMax) and reported a positive and significant effect (40%) on root length in tomato
under saline and non-saline conditions. The response of both varieties to QuitoMax application indicates that
QuitoMax stimulates RL under saline conditions regardless of the variety. This result is of utmost importance
since plants need a root system architecture that responds to the water and nutrient demand of aerial organs.
Rapid root elongation is an important indicator of stress tolerance in tomato cultivation®.

The results obtained for SS in this study were consistent with the findings reported by*. In their study,
they investigated the impact of chitosan application at a concentration of 150 mg L! on tomato plants and
found a positive correlation between the application of chitosan and salinity tolerance. QuitoMax has not been
previously studied under saline conditions in this crop; nonetheless, this bio-stimulant is acknowledged as a
promoter of stem development under non-saline conditions®***¢1. In a study conducted by?!, where the effects
of exogenous application of chitosan at a concentration of 100 mg L! were investigated on lettuce plants (Lactuca
sativa L.) exposed to salinity levels of 100 mM NaCl. The study reported a stimulating effect on growth rates in
response to the chitosan treatment.

An analysis of the PH/RL ratio (Table 2) revealed a value of 0.81 in T1 (saline soil without QuitoMax) for
both varieties, which demonstrated the effects of salinity on the root system of the plants regardless of their
relative tolerance to salinity®2. Other researchers recognize that the root-stem ratio in plants is crucial for their
growth and development, as it allows plants to adjust to the amount of nutrients taken at the root level and the
products of photosynthesis®.

In the Normalized Difference Vegetation Index (NDVI) when comparing the plants subjected to salinity
alone (T1 and T3) (Fig. 1). Higher NDVI values (-1 < NDVI> 1) represent better plant nutritional status*>646°,
The results obtained for this indicator revealed the positive influence of the application of the bio-stimulant
QuitoMax on tomato under salinity-stressed conditions. This promoted adequate nutrition and development of
tomato plants regardless of the susceptibility of the variety to salinity stress, thus promoting a better response to
stress in tomato plants. A study by66 demonstrated that the NDVT is related to biomass, leaf area, plant cover, and
nitrogen and chlorophyll contents in plants, which reveals the importance of the results found when evaluating
this indicator when QuitoMax is applied under salt stress conditions.

Regardless of susceptibility to salt stress, QuitoMax seems to be an alternative for alleviating salt stress in
tomato. Some studies agree with those obtained in the present work when QuitoMax was applied under non-
saline conditions, where increases of 12% in chlorophyll content were found in tomato crops obtained with the
application of 1 g L! 15 days after sowing®®*”. This increase is related to increased growth as a result of increased
photosynthetic input, as has been reported in a previous work with chitosan®’.

When evaluating the effects of chitosan application on the adverse effects of salinity on tomato plants,
positive effects were detected by quantifying the leaf chlorophyll content?¢%, and similar effects were detected
under water-stressed conditions®’, resulting in better performance of plants under salt stressed conditions. The
increase in chlorophyll content was positively correlated with the NDVI found in the saline treatment of both
varieties (r=0.98**) when QuitoMax was applied. The application of QuitoMax increased the levels of this
indicator, highlighting the significance of using this biostimulant in tomato growth under saline circumstances.

Ruiz-Sénchez et al.**demonstrated that treatments T1 and T3 resulted in severe stress conditions as their
water potential reduced to WL < — 1.4 MPa, even in soil with 88% moisture content. This result indicates that the
plants are in a physiological drought state”’.

The differences between varieties could be related to the intervarietal response to salinity during tomato
cultivation and the degree of intrinsic tolerance of the varieties. The results in the saline treatments (T1 and
T3) of this study, in which a decrease in water potential is experienced, coincide with those obtained by’ when
studying the response to salinity in this crop. It is known that a reduction in osmotic potential can also originate
from a net increase in the number of existing solutes; this capacity to accumulate solutes that occurs in response
to a water deficit caused by salt stress determines the total or partial maintenance of cell pressure, which is called
osmotic adjustment capacity and was described by’?. When the tissue water potential decreases due to salt stress,
a reduction in the osmotic potential minimizes the negative effects of this change on the pressure potential
due to the maintenance of a water potential gradient between the soil and roots that allows water uptake from
the soil”?, and this is what probably occurred in this study. The response to salt stress by decreasing the water
potential due to osmotic adjustment capacity is an additive and easily inherited trait in salt- and water-stress-
tolerant species’®. The results obtained are relevant since OA is considered a key mechanism by which plants
adapt to reduced water availability. The greater the OA capacity is, the greater the capacity of cells to maintain
turgor, which represents another component of water potential and is essential for maintaining growth, among
other processes.

The results obtained indicate the positive effect of the use of the bio-stimulant on tomato crops under
salt stressed conditions. It has also been shown that when A is low in reproductive phenophases, it leads to
significant yield decreases’>. When salt accumulates in chloroplasts, it reduces the chlorophyll content, affects
the photosynthetic transport system, and inhibits photosystem II activity’®. The increase observed in leaf
development may have favored a greater fixation of CO,, which, together with the stimulation observed in the
chlorophyll content, led to an increase in photosynthesis, as well as greater production of photoassimilates, which
had a positive impact on the increase in growth and development of the plants treated with the bio-stimulant””.
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The E levels recorded in the saline treatment group when QuitoMax was applied suggest that QuitoMax
regulates transpiration. In this sense, stomatal closure has been demonstrated in plants sprayed with chitosan,
which suggested that the growth-stimulating effect after stomatal closure could be related to an anti-transpiring
effect on the plant?®78,

These results for WUE may be related to the difference in intervarietal response to salinity stress in tomatoes’®
and to stomatal closure mechanisms that the plant activates to avoid water loss”®. The WUE, as a function of
the photosynthesis-transpiration ratio, is a relevant indicator in plants subjected to abiotic stress; under these
conditions, it is necessary to maintain adequate levels of water inside the cells, but stomatal closure affects
photosynthesis'>#. These effects have been recognized by other authors when chitosan was applied under saline
conditions®! and coincide with those found in this work when QuitoMax was applied (Table 3) and considering
the variable WUE.

The contribution of the bio-stimulant to the chlorophyll content was greater in the susceptible variety
(Claudia). This result suggests that it contributes to the normal functioning of chlorophyllase activity even
under saline conditions. It has been reported that salinity inhibits the activity of this enzyme!?, which affects
photosynthesis in the medium term. The results presented here demonstrate the effectiveness of bio-stimulants
based on QuitoMax in protecting the photosynthetic apparatus even under saline conditions. A study by®?
showed that a reduction in the adverse effect of salt stress in tomatoes occurs with the application of spermine.
Regardless of the type of variety (tolerant or susceptible), the superior effect of QuitoMax applied at a dose of
300 mg L! concerning stress intensity on most variables confirms the effectiveness of QuitoMax in reducing the
negative effects of salinity on tomato plants.

As a future perspective, the use of this biostimulant could be an economically and ecologically viable
alternative to increase tomato production in ecosystems affected by salt stress as an enhancer of the metabolic
capacities of plants to adapt and produce a yield equal to or greater than its productive genetic potential. The
development of molecular studies of gene overexpression that confer salinity tolerance and the monitoring of the
carbon of this biostimulant with the use of isotopic techniques will help validate its contribution to increasing
tomato tolerance to soil salinity.

Conclusion

All the variables evaluated were influenced by salt stress, but the application of QuitoMax positively modified
the response, demonstrating its contribution to the reduction in salt stress intensity in tomato plants. QuitoMax
contributes to reducing stress in tomato plants while promoting a decrease in stress when considering
morphoagronomic variables and variables related to the water regime and gas exchange in tomato plants. The
use of QuitoMax at a dose of 300 mg ha'! minimizes the effects of salt stress on tomato plants.

Data availability
The datasets used and/or analyses during the current study available from the corresponding author on reason-
able request.
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