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Abstract: Tomato crops are treated with high concentrations of synthetic fertilizers and insecticides
to increase yields, but the careless use of these chemicals harms the environment, human health,
and plant pathogen resistance. The effect of the foliar application of three concentrations of chitosan
(500, 1000, and 2000 mg L) on plant growth, yield, and physiological performance in two tomato
varieties (Candela F1 and Floradade) was determined. Morphometric variables (height, stem
diameter, and root, stem, and leaf dry biomass); production (number of bunches, number of fruits,
and fruit weight), and physiological traits (water potential, gas exchange, leaf area index (LAI), and
chlorophyll content (SPAD)) were evaluated throughout the experiment. Applying chitosan
induced positive responses in biomass increase, yield, photosynthesis, SPAD, and LAI of the two
tomato varieties. The responses of tomato plants to chitosan application were different depending
on the variety evaluated, indicating a differential response to the biostimulant. Chitosan is an
efficient compound to biostimulate the growth, positively modified the plants’ physiology,
increasing the yield in both varieties of tomato. The use of chitosan in agriculture is a tool that has
no negative effects on plants and the environment and can stimulate the productive capacity of
tomato plants.

Keywords: growth; yield; biostimulant; photosynthesis; correlation

1. Introduction

Tomato (Solanum lycopersicum L.) is one of the most important horticultural crops in the world
due to its industrialization, consumption, and nutritional and organoleptic properties [1,2]. It is
cultivated in different soil and climatic conditions, both in open fields and greenhouses. Its demand
continuously increases, therefore so do its cultivation, production, and trade [3].

Currently, high doses of synthetic fertilizers and pesticides are used for tomato crop production
to increase yields and control phytopathogens. However, synthetic fertilizers and pesticides cause
damage to the environment, human health, and animal health, as well as resistance in
phytopathogens [4,5]. Moreover, they impact soils, causing erosion, salinity, and the accumulation of
heavy metals and nitrates. They also pollute the air through emissions of nitrogen oxides (NO, N20,
and NOz), contributing to the greenhouse effect [6-8].
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Thus, there is a need to search for alternatives to synthetic chemical products that do not cause
damage to the environment and increase crop yield [9,10]. One of the alternatives is the use of
chitosan due to its biocompatibility, biodegradability, and bioactivity [11]. Chitosan is extracted from
chitin present in crustacean exoskeletons [12], fungal cell walls [13], and insect cuticles [14], among
others.

The positive effects of chitosan in agriculture have been demonstrated in that it induces defense
responses in plants such as proteins related to pathogenesis, phytoalexins, and lytic enzymes [11,15-
17]. It has also been used to increase the antagonistic capacity of beneficial microorganisms [18] as
well as crop growth, productivity, and quality [19,20].

The foliar application of chitosan on different species (Zea mays, Sorghum bicolor, S. lycopersicum,
and Cymbopogon flexuosus) has shown positive effects on chlorophyll and carotenoid content, total
nitrogen content, and phosphorus content [21-25], improving chlorophyll fluorescence,
carboxylation efficiency, and, therefore, net photosynthesis rate (A). Additionally, it affects stomatal
conductance (gs), regulating transpiration rate (E) and water use efficiency (WUE) [25-30]. All these
effects translate into an increased photosynthetic process and, consequently, an improvement in plant
growth and development [18,31].

It was found that the increase in productivity of S. bicolor in response to foliar application of
chitosan was associated with higher A, E, and gs, showing a higher harvest index and greater
tolerance to water deficit [30]. It has been suggested that the foliar application of chitosan, especially
when dissolved in ascorbic or citric acid, could be used to stimulate tomato plants grown under
salinity stress [32]. Soil and foliar applications of chitosan nanoparticles to Triticum aestivum [33],
Catharanthus roseus [34], and Z. mays [35] mitigated the adverse effects of drought by increasing
chlorophyll concentration, A, antioxidant enzyme activity, relative water content, yield, and biomass
[35].

Chitosan alleviated photosynthetic limitations and enhanced enzymatic antioxidative defense,
including superoxide dismutase (SOD), catalase (CAT), and peroxidase (POD) activities that
minimized salt stress-induced oxidative damage, improving gs and A to favor the overall
development of C. flexuosus [29]. Chitosan is a biopolymer that increases crop growth, development,
and yield [19,20]. Reyes-Pérez et al. [36] have shown that chitosan increases seed germination, plant
vigor, and agricultural yield. In addition, chitosan improves nutrient assimilation in plants [37]. The
application of chitosan has increased the growth, development, germination, and yield of bell pepper,
cucumber, lettuce, and carrot crops [38-40].

Due to the positive effects of chitosan on different plant species, the objective was to determine
the impact of the foliar application of chitosan on the agronomic and physiological parameters of
plants of two tomato varieties and to determine whether chitosan positively affects the growth,
physiological performance and yield of tomato plants.

2. Materials and Methods

2.1. Study Site

The present research was carried out at La Maria Campus of the Quevedo State Technical
University (UTEQ), Ecuador, with the following geographical coordinates: 79° 27 West longitude
and 1° 06” South latitude. The altitude is 75 masl, average annual temperature is 24° C, relative
humidity is 84%, and average annual rainfall is 2,295 mm.

2.2. Experimental Design and Treatments

A completely randomized design with a bifactorial arrangement was used, where Factor A was
the tomato varieties (Floradade and Candela F1), the certified seeds being acquired from Agrosad
productos agropecuarios (Quito, Ecuador). Factor B comprised three concentrations of chitosan (500,
1000, and 2000 mg L-') (medium molecular weight; Sigma-Aldrich) plus a control, with a total of eight
treatments and three replicates per treatment.
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2.3. Experiment Management

Seeding was carried out in plastic 2 mm-deep germination trays, using as substrate a mixture of
four parts soil, two parts organic matter (compost), and one part sand. The trays were covered with
plastic for 48 hours to facilitate germination and growth. Transplanting was performed when the
plants reached an average height of 15 cm in pots of approximately 8 kg, which contained the
aforementioned substrate. The soil used had a loamy texture (32% sand, 48% silt, and 20% clay), an
organic matter content of 3.8%, and a pH of 6.0. After transplanting, the crop was grown for 120 days.

Trellising was carried out 21 days after transplanting, whereby a stake was tied to the trellis-
work 10 centimeters from the base of the plant to provide support. One plant was placed in each pot
to ensure the success of the transplant. Once the plants were transplanted, daily irrigation occurred
using drinking water to maintain soil moisture close to field capacity. This helps cover the
evapotranspiration requirements of the plants and avoids water stress that could affect crop yield.
Broken, diseased, and/or old leaves were removed every week.

The chitosan was applied of three concentrations of chitosan (500, 1000, and 2000 mg L) by
spraying the leaves at 6, 12, and 25 days after transplanting, and water was used as a control
treatment. The experiment consisted of 3 rows per plot, with 9 plants per treatment (36 plants per
row) and a total of 108 plants per tomato variety, for a total of 216 plants.

2.4. Microclimate

Photosynthetic photon flux density (PPFD) was measured with a quantum sensor and light
meter (LI-250, LI-COR Inc., Lincoln, NE, USA). Leaf temperature was measured with thermistors (YSI
409B) connected to a Switch Craft LN4153-405 (8402-10, Cole-Parmer Instrument Company, IL, USA)
and a tele-thermometer (Yellow Springs Instruments Co., Texas, USA). Air temperature and relative
humidity in the greenhouse were measured with a HOBO Pro V2 logger, and data were stored in a
HOBO Waterproof Shuttle (Onset Computer Corporation, Pocasset, MA, USA). The microclimatic
variables were measured hourly between 07:00 and 17:00.

2.5. Morphometric Variables

The variables evaluated at 50 days after transplanting (DAT) were plant height (cm), stem
diameter (mm), and root, stem, and leaf dry biomass (g). Plant height was measured from the base of
the stem to the apex, and stem diameter was measured with a caliper. To obtain the dry biomass in
all stages, the tissues corresponding to leaves, stems, or roots were placed in paper bags and placed
in a drying oven (Shel-Lab®, model FX-5, series-1000203) at 80 °C until complete dehydration was
achieved (approximately 72 hours). They were then weighed on an analytical balance (Mettler®
Toledo, AG204), expressing the weight in grams of dry plant matter.

The number of bunches per plant was determined by counting five plants taken at random from
each experimental unit, and the number of fruits per bunch was evaluated by counting plants taken
at random from each experimental unit. In addition, the number of usable fruits was counted per
plant within the useful area of each experimental unit in order to calculate the average per plant. For
fruit weight, 10 randomly selected fruits were weighed, and their average was calculated. For the
polar diameter of the fruit, all the fruits harvested from the plants of each treatment were measured
with a tape measure to later obtain an average. The equatorial diameter of the fruit was measured in
exactly the same way to obtain an average.

2.6. Physiological Variables

2.6.1. Leaf Water Potential

The morning leaf water potential (Wam) was determined between 06:30 and 07:30 and the
afternoon potential at 13:00 (Wpm) using six fully expanded adult leaves of different plants from each
treatment (n = 6) and a PMS 200 pressure chamber (PMS Instruments Inc., Corvallis, OR, USA).
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2.6.2. Gas Exchange

Gas exchange was evaluated, including A, E, g, intercellular CO2 concentration (Ci), and water
use efficiency (WUE = A/E), using a CIRAS 2 portable infrared gas analyzer (PP Systems Inc.,
Amesbury, MA, USA). All measurements were performed on fully expanded and healthy adult
leaves from 6 different plants in each treatment (n = 6) and the two tomato varieties. The conditions
were as follows: ambient CO:z concentrations (Ca) of 420 + 10 ppm, 21% Oz, temperatures of 28 + 1 °C,
PPFD of 1000 + 50 pmol m s, and leaf-air water vapor pressure deficit (VPD) of 1.2-1.6 KPa. The
gas exchange analysis was performed between 8:30 and 15:00.

2.6.3. Leaf Area Index Measurement

The leaf area index (LAI) of tomato plants from the two varieties in each treatment was
determined using a plant canopy analyzer (LAI-2200 C, Li-COR, Lincoln, NE, USA). Six randomly
chosen plants were measured for each treatment (n = 6), with a homogeneous canopy, using the plant
canopy analyzer sensor wand, complemented with a 90° cover to block the equipment operator and
the canopy of nearby plants. Measurements were taken with the sensor outside the canopy and below
in the direction of the 4 cardinal points (north, south, east, and west).

2.7. Chlorophyll Content

Chlorophyll content was determined using a SPAD-502 Plus chlorophyll meter (Minolta, Japan).
SPAD units are directly proportional to leaf chlorophyll content. Chlorophyll concentration was
measured in 5 different leaf leaves on 6 different plants for each treatment (n = 6).

2.8. Statistical Analysis

Statistica version 10 software was used to perform the two-way analysis of variance (ANOVA):
factor 1 being chitosan concentration and factor 2 being tomato variety for the evaluated variables.
Fisher’s least significant difference (LSD) a posteriori test was applied to determine the significance (p
< 0.05) of differences observed in the variables studied. The SigmaPlot 11.0 program was used to
create the corresponding graphs. In addition, a Pearson’s correlation analysis, hierarchical cluster
analysis, and principal component analysis were performed using Origin software (v2016). For the
hierarchical cluster analysis of the variables, the group average as the cluster method and Pearson’s
correlation as distance type were used.

3. Results

3.1. Microclimate

The maximum PPFD values were observed in the afternoon, with values of 350 and 150 pmol m-
2 sl above the canopy and below the crop, respectively. The lowest temperatures were found in the
morning hours (23 °C). In the afternoon, the air and leaf temperature of Candela F1 was 36 °C, while
in Floradade it was 34 °C (Figure 1). In the morning hours, the maximum RH (90 %) was observed,
while the minimum RH (44 %) were recorded in the afternoon.
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Figure 1. Microclimatic variables measured in the greenhouse: photosynthetic photon flux density (PPFD) above
and below the tomato plants; air temperature (Tair, black circles) and leaf temperature for Floradade (white

circles) and Candela F1 (green circles).

3.2. Morphometric Variables

Chitosan (1000 mg L) only caused a significant increase in plant height in the Candela F1 tomato
variety. In both tomato varieties, the highest results were obtained with the highest dose of chitosan
(2000 mg L1). In the Floradade variety, diameter was not affected by the 500 and 1000 mg L-! doses
of chitosan. However, in the Candela F1 variety, all chitosan treatments were superior to the control
treatment. The dry biomass of all organs was higher in Floradade than in Candela F1; chitosan caused
a significant increase in the dry biomass of all plant organs with respect to the control treatment. The
Sh/R ratio was not affected much by chitosan in Floradade, while it caused a significant increase in
Candela F1 (Table 1).
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Table 1. Morphometric variables — height, stem diameter, root dry weight, leaf dry weight, stem dry weight,
shoot dry weight, and shoot/root ratio — of two tomato varieties (Floradade and Candela F1) at 50 days after
transplanting. The plants were subjected to different concentrations of chitosan. Different letters between rows

indicate significant differences for p < 0.05 according to Fisher’s least significant difference (LSD). Values show

the mean + standard error.

Variable Variety Control 500mg L 1000 mg L' 2000 mg L~
Heieht (cm) Floradade 1065+3.0b 11427 +2.1ab 117.20 + 2.1 ab 116,53 + 1.8 ab
& Candela F1120.02£2.5¢12347+2.1bc 1259+18b 13047+19a
Stem diameter () Floradade 9.40:03b  9.67:02b  9.67£02b 1013042
€ ete CandelaF1 820+03b 1030+02a 1030+03a 10.80+021a
. Floradade 52.8+7.1c 56.7+54b 58.3+65b 703+6.5a
Root Dry Weight (RDW) (8) (. 1elaF1 283+20c 367+47b 387+47b 482+19a
, Floradade 38.0+25c 420+37b 427+21b 440+19a
Leaf Dry Weight (LDW) (8) . jelaF1 322+37¢ 367:17b 372+28b 393+24a
, Floradade 238+16b 26.0+13a 272+19a 27.0+07a
Stem Dry Weight SDW) (8) o jelaF1 155+11d 187+19¢ 212+22b 238+16a
. Floradade 648+46c 658+33c 698+37b 71.0+23a
Shoot Dry Weigh (ShDW) (8) . 4elaF1 507+45¢ 558+41b 57.8+35b 632+32a
Floradade 1.0+02b 1.2+0.1a 1.3+0.1a 14+0.1a
Shoot/Root (Sh/R) CandelaF1 11+02b 1.6+03b  21+04a 21+02a

Both varieties showed an increase in fruit yield with increasing chitosan concentrations. In
Floradade, the yield increased from 5.41 t ha! in the control to 8.21 t ha' with 2000 mg L' of chitosan,
showing an increasing trend with higher concentrations. Similarly, yield increased in Candela F1
from 5.03 to 7.67 t ha! under the same conditions. In terms of the total number of bunches, the
Floradade variety experienced a significant increase from 2.07 in the control to 3.07 with 2000 mg L
of chitosan. The 2000 mg L treatment was significantly different in this variable from the rest of the
treatments. In the Candela F1 variety, there were no significant differences between the control and
chitosan treatments for this variable (Table 2).

In the number of fruits harvested, the Floradade variety showed no differences between the
control treatment and the different concentrations of chitosan. Candela F1, meanwhile, showed a
significant increase in the number of fruits harvested with the highest chitosan concentration (2000
mg L1). However, the 500 and 1000 mg L treatments showed no significant differences with the
control treatment. In polar and equatorial fruit diameters, both varieties showed an increase for both
diameters as chitosan concentration increased. The greatest increase was obtained in the Floradade
variety, where the polar diameter increased from 15.1 mm in the control to 21.2 mm with 2000 mg L-
! and the equatorial diameter from 16.7 mm to 23.6 mm (Table 2).

Table 2. Production parameters (fruit yield, number of bunches, number of harvested fruits, FPD, and FED) of
two tomato varieties (Floradade and Candela F1) subjected to different concentrations of chitosan. Letters
between rows indicate significant differences for p <0.05 according to Fisher’s least significant difference (LSD).

Values show the mean + standard mean + standard error.

Variable Variety Control 500 mg L' 1000 mg L-* 2000 mg L
Fruit Yield (FY) Floradade 5.41+0.07 c6.60+0.09b7.19+0.13a 8.21+0.22 a
(t ha) Candela F1 5.03 +0.10 d6.37 £ 0.16 ¢6.93 £ 0.07 b 7.67 £ 0.08 a

Floradade 2.07+02d 25+02c 2.87+02b 3.07+02a

CandelaF1 147+01a 147+01a 127+01a 2.0+02ab

, Floradade 4.87+03b 553+05b3.93+04ab 573+0.6b

Number of Harvested Fruits (NHF) 010 F1 287+03b 28403b 293+03b 4.13+04a
Floradade 151+13bc173+13b 208+18a 212+25a

CandelaF1 95+10c 11.5+14b 11.6+1.3b 154+13a

Total clusters (TC)

Polar Diameter of the Fruit (FPD)
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Equatorial Diameter of the Fruit Floradade 16.7+15c 20.1+14b 22.7+19b 23.6+t26a
(FED) CandelaF1 11.2+1.1c 13.1+15b 134+15b 175+14a

3.3. Water Potential

Morning leaf water potential (‘¥am) at 38 DAT showed no significant difference between the two
varieties in any of the treatments studied. The control treatment plants had a higher Wam, and when
chitosan was applied at 1000 mg L the values of Wam were close to -0.2 MPa in both varieties. The
afternoon leaf water potential (¥pm) of the two varieties and for all treatments did not vary
significantly, with a tendency to decrease in both varieties, the decrease being more accentuated in
Candela F1. It is noteworthy that with applications of chitosan at 2000 mg L-! in the afternoon, there
was a greater decrease in Wpm in Candela F1, whose results were the opposite in the morning (Figure
2).

At 58 DAT, significant differences were only found for the ¥pm between both varieties when
chitosan was applied at 2000 mg L' in the morning hours, with the difference in the same hours with
respect to 38 DAT. The Wpm of the plants at 58 DAT was lower, and with the dose of 2000 mg L' at 58
DAT, Candela F1 presented a lower Wpm than Floradade. But at 38 DAT, the Floradade variety had
the lowest Wpm. In the afternoon, there were no significant differences between the two varieties
across all treatments, and an increase in plant ¥pm was generally observed in both varieties (Figure

2).
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Figure 2. Leaf water potential in two tomato varieties (Floradade and Candela F1) treated with chitosan and
evaluated in the morning (Wam) and afternoon (Wpm) at 38 (A) and 58 (B) days after transplanting. Different letters

per column indicate significant differences between treatments according to Fisher’s test (p<0.05).

3.4. Gas Exchange

The net photosynthetic rate (A) and transpiration rate (E) at 38 and 58 DAT for the two tomato
varieties plus the control showed significant differences between the three doses of chitosan applied
and between the two varieties studied (Figure 3). At both 38 and 58 DAT, chitosan applications at the
different doses did not cause significant variations in gs, Ci, or WUE between the two varieties, nor
between treatments. At 58 DAT, E was lower in both varieties and for all treatments (Figure 3). Similar
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results were achieved for gs, Ci, and WUE. The distinctive feature for the latter was that at 58 DAT
there was an increase in WUE in the treatments compared to 38 DAT which could be considered a
consequence of the decrease in E at that age of the crop (Figure 3).

3.5. Leaf Area Index

The LAI at 38 and 58 DAT showed significant differences between the two vegetative phases
evaluated in the two varieties and in the different doses of chitosan used in the research, whose values
were between 2.0 and 2.5. At 38 DAT, the Floradade variety reached a significantly higher LAI than
the Candela F1 variety in the control treatment, in which no chitosan was applied (Figure 4).
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Figure 3. Net photosynthetic rate (A) and transpiration rate (E), stomatal conductance (gs), intercellular COz
concentration (Ci), and water use efficiency (WUE) in two tomato varieties (Floradade and Candela F1) treated
with chitosan and evaluated at 38 (A) and 58 (B) days after transplanting. Different letters per column indicate

significant differences between treatments according to Fisher’s test (p<0.05).
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The application of the three dosages of chitosan stimulated the leaf development in the Candela
F1 variety, which resulted in no significant differences in the LAI values with respect to the Floradade
variety. At 58 DAT, when chitosan was applied at 1000 and 2000 mg L-!, there were significant
differences in the LAI when comparing both varieties in that Candela F1 reached higher LAI values,
contrary to the results achieved at 38 DAT. The control treatment and the application of chitosan at
500 mg L did not cause significant differences in this index between the two varieties (Figure 4).
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Figure 4. Leaf area index (LAI) in two tomato varieties (Floradade and Candela F1) treated with chitosan and
evaluated at 38 (A) and 58 (B) days after transplanting. Different letters per column indicate significant

differences between treatments according to Fisher’s test (p<0.05).

3.6. Chlorophyll Content

Chlorophyll content (SPAD) evaluated at 38 DAT no significant differences were found among
the varieties for the control treatment and the 500 and 1000 mg L' treatments, whereas with the 2000
mg L dose, the Floradade variety significantly surpassed Candela F1. At 58 DAT, the same trend
was observed with the difference that with 2000 mg L of chitosan, the chlorophyll content of
Floradade was not statistically superior to Candela F1 (Figure 5).

3.7. Multivariate Analysis

Pearson’s correlation analysis shows a positive correlation in most of the agronomic parameters
(TC, NHF, FPD, FED, FY, RDW, SDW, LDW, and ShDW), as well as with ¥pm at 58 DAT, LAI at 38
DAT, A, A2, and SPAD units (Figure 6a). In contrast, LAI at 58 DAT (LAI2), Sh/R ratio, ¥pm at 38
DAT, G at 38 DAT, and WUE at 58 DAT (WUE2) were negatively correlated with agronomic
parameters.
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Figure 5. SPAD units in two tomato varieties (Floradade and Candela F1) treated with chitosan and evaluated
at 38 (A) and 58 (B) days after transplanting. Different letters per column indicate significant differences between

treatments according to Fisher’s test (p<0.05).

The results of the Principal Component Analysis (PCA) of the evaluated variables show that the
main axis of variation explained 45.9% of the data, while the second axis explained 17.0% (Figure 7b).
The Biplot shows 4 groups of treatments associated with different variables: One group comprises
Candela F1 control (C-0) and Candela F1-500 mgL* (C-500) which are negatively associated with Ci
at 38 DAT. Another group, formed by Candela F1-1000 mgL-" (C-1000) and Candela F1-2000 mgL-
(C-2000), is negatively associated with LAI2, ¥pm, WUE2, Sh/R, gs and E. A group formed by the
treatments Floradade Control (F-0) and Floradade-1000 mgL-* (F-1000) is positively associated with
practically all agronomic and physiological parameters. And finally, the group with Floradade-2000
mgL- (F-2000), and Floradade-500 mgL-! (F-500) is negatively associated with physiological variables
at 58 DAT (A2, E2, gs2, ¥am2 and Wpm2) and RDW (Figure 6b).
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Figure 6. (a) Pearson correlation of the response variables, and (b) Biplot of the treatments and response variables

in two tomato varieties (Floradade and Candela F1) treated with chitosan and evaluated at 38 and 58 days after

transplanting.

The cluster analysis grouped the treatments as follows: 1) C-0 and C-500, 2) C-1000, 3) C-2000
and F-1000, and 4) F-0, F-500, and F-2000 (Figure 7). These groups are consistent with what was
observed in the Biplot (Figure 6b).
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and evaluated at 38 and 58 days after transplanting.

4. Discussion

Chitosan is a very interesting compound, with particular characteristics that make it a very
useful tool for agriculture. This research demonstrated that the foliar application of chitosan induced
positive responses in growth (increase in plant height, stem diameter and root, stem, and leaf
biomass), yield, and physiological performance (net photosynthetic rate, chlorophyll content, and
leaf area index) in the two tomato varieties studied. Therefore, chitosan application is an alternative
to reduce the use of synthetic fertilizers and improve tomato yield. The responses of tomato plants to
chitosan application were different depending on the variety evaluated, indicating a differential
response to the biostimulant.

Similar to what was found in this study, an increase in tomato plant height with chitosan
application has been reported by other authors [20]. Amirkhani [41] reported that the application of
biostimulants increased plant height compared to the control treatment in broccoli (Brassica oleracea).
The increase in crop growth and development when chitosan is applied is related to the increased
availability and uptake of nutrients and the photosynthesis process through the accumulation of
metabolites and increased foliar pigments [42].

Chitosan has been applied to leaves as an effective biostimulant in different crops such as S.
lycopersicum [18], T. aestivum [33], Z. mays [35], Curcuma longa [43], Ocimum ciliatum and Ocimum
basilicum [44], and Pisum sativum [45,46]. These authors obtained results consistent with what was
observed in this study (Table 1) since the application of chitosan generally produced positive effects
on plant growth.

The effects of chitosan on plant growth and development have been linked to an increase in
plant chlorophyll content after chitosan application [38,47]. In addition, the agronomic responses of
chitosan-treated plants are related to increased plant resistance to phytopathogens [11].

The application of chitosan increased stem diameter in the tomato crop with respect to the
control treatment, results that agree with those obtained by Reyes-Pérez et al. [20]. Other authors also
found that increasing the dose of chitosan increases stem diameter in tomato crops as well as plant
growth [48]. Similarly, in tobacco (Nicotiana tabacum L), stem diameter increased with the application
of chitosan, showing significant differences with the control treatment [49]. It has been shown that
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chitosan stimulates the proliferation of initial spindle and radial cells, which is reflected in an increase
in stem diameter [48].

The application of biostimulants such as chitosan stimulates the production of secondary
metabolites, e.g., alkaloids, phytoalexins, flavonoids, lignin, and compounds with protective
functions, which could trigger cell thickening and, therefore, cause an increase in plant growth and
development [50].

Regarding biomass, similar results to those reported in this work were obtained by Chanaluisa-
Saltos et al. [51] in tomato cultivation. They observed that the application of chitosan increased the
fresh root biomass, showing significant differences with the control treatment. Also, the application
of a biostimulant (vermicompost humates) in tomato crops increased root dry mass, showing
significant differences with the control treatment, results that correlate with those obtained in this
work [52].

In bell pepper plants, an increase in fresh and dry biomass was obtained with the application of
biostimulants such as humic acids, chitosan, and mycorrhizal fungi [53]. Applying chitosan to tomato
plants increased the fresh and dry biomass of the stem and leaves, similar to our results [54]. The rise
in nutrient content in the soil through the application of biostimulants is reflected in an increase in
the crops’ biomass and dry matter production [55].

When chitosan has been applied to the soil, it positively influences plant nutrition, especially
when combined with other fertilizers, with the great advantage of not affecting beneficial soil
microorganisms [16]. This is because chitosan can function as a very efficient nutrient or biostimulant
carrier [5]. This will also indirectly induce positive responses in plant growth and development.

In agreement with our investigation (Table 1), the application of chitosan has induced positive
responses in the growth of a variety of agricultural crops. The foliar application of chitosan at a
concentration of 2.5 mg/mL to tomato plants (S. lycopersicum cv. MicroTom) caused the number of
flowers to increase [18]. A concentration of 0.1 % chitosan applied to T. aestivum leaves induced a
higher chlorophyll content, in addition to increasing the activity of the enzyme peroxidase [33].

In Z. mays plants, an increase in chlorophyll content and a larger stem diameter were observed
with the foliar application of chitosan at a concentration of 0.01 % [35]. Meanwhile, in O. ciliatum
plants, a higher chlorophyll and proline content was observed with the foliar application of chitosan
at a concentration of 0.2-0.4 g/L [44]. In our work, a trend of increased SPAD units was observed with
the application of chitosan, which potentially indicates a higher chlorophyll content in the leaves. In
addition to the changes induced by the application of chitosan on chlorophyll content, it also has a
positive impact on phenol content since it modifies the activity of the enzyme phenylalanine
ammonia-lyase. This was observed in P. sativum plants where chitosan was foliar applied at a
concentration of 100 mg L [45].

It has been shown that chitosan causes stomatal closure in plants, preventing water losses via
transpiration [56]. However, stomatal conductance is strongly influenced by soil water availability.
When water is a limiting factor, the plant responds by closing its stomata to reduce water loss through
transpiration, resulting in a reduction of stomatal conductance [57,58]. In our study, no significant
differences in stomatal conductance were observed between the chitosan treatments and the control;
these results may be due to the fact that there was no water deficiency in the experimental
environment.

The two tomato varieties treated with chitosan showed differences with the control treatment in
A and E. However, there was no variation in gs, Ci, or WUE with respect to the control; these results
indicate that the increase in CO: assimilation at the expense of a large loss of water by transpiration
generated a decrease in WUE, affecting the leaf water status. In S. bicolor in response to the foliar
application of chitosan, a higher harvest index was associated with higher A and gsvalues [30]. The
soil and foliar application of chitosan nanoparticles to T. aestivum, C. roseus, and Z. mays mitigated
the adverse effects of drought by increasing chlorophyll concentration and A [33-35].

Chitosan did not significantly increase WUE in the two varieties studied. It appears that its use
would be more convenient in minor or occasional drought situations. Under these conditions,
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chitosan would allow plants to use their natural and physiological mechanisms to rapidly recover
maximum carbohydrate uptake, maintaining biomass production and yield [59]. The non-significant
differences in WUE of chitosan-treated plants compared to the control suggest that A and gs change
proportionally, reducing assimilated carbon as water consumption decreases [60]; however, it is
important to bear in mind that WUE was evaluated in the leaves.

In the case of the SPAD index in the two tomato varieties (Floradade and Candela F1), none of
the chitosan treatments showed differences with the control. These results are similar to those
reported by Morales-Guevara et al. [61], who reported no differences between the chitosan-based
biostimulant treatments (QuitoMax®) and that at the times when they were most distant, the values
did not exceed 0.2 SPAD units. The results suggest that the plants had an adequate supply of
nutrients, so their availability was not a limiting factor for their normal development. Furthermore,
it can be inferred that the photosynthetic system of the leaves maintained its integrity, which ensures
favorable conditions for plant development.

The PCA with its two main axes explained 62. 9 % of the variation of all the data obtained. Four
well-defined groups were found, which were corroborated by cluster analysis. These were: 1) the
Candela F1 control and Candela F1-500 mgL-; 2) Candela F1-1000 mgL-!; 3) Candela F1-2000 mgL!
and Floradade-1000 mgL (negatively associated with the physiological variables LAL ¥pm, WUE, gs,
and E); and 4) Floradade Control, Floradade-500mg L and Floradade-2000 mg L (positively
associated with virtually all agronomic and physiological parameters). This grouping supports the
fact that depending on the tomato variety, a different agronomic and physiological response to
chitosan application was obtained.

5. Conclusions

The responses of the tomato plants to chitosan application were different depending on the
variety evaluated. This indicates that the biostimulant capacity in tomato crops is largely determined
by the plant species and even the crop variety. Chitosan is an efficient compound to biostimulate the
growth and development of tomato plants, in addition to positively modifying tomato physiology,
which can potentially increase the yield of agricultural crops. Therefore, the use of chitosan in
agriculture can be a useful tool to increase the productive capacity of crops, with the advantages of
being an easily accessible compound and having no negative effects on crops or the environment.
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