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Abstract

Background: This study investigated the combined effects of high planting density and drought stress on morpho-
physiological traits, yield, and fruit quality in tomato plants. The research addresses knowledge gaps in plant responses to mul-
tiple concurrent stressors and explores strategies for maximizing yield per cultivation area under water scarcity conditions. Two
experimental approaches were employed: a controlled environment study with 30-day-old tomato seedlings grown under low
density (LD) or high density (HD) conditions with normal or restricted water supply, and a field experiment carried out up to the
fruiting stage. Measurements included morphological traits, photosynthetic parameters, oxidative stress markers, pigment
content, gene expression of shade marker genes, yield components, and fruit quality attributes.

Results: HD cultivation triggered typical shade avoidance syndrome responses, but unexpectedly enhanced photosynthetic
rates compared to LD. HD did not exacerbate the physiological response to drought but did reduce per-plant yield when com-
bined with drought. Light quality modifications under HD led to increased lycopene content in fruits, suggesting potential
nutritional quality benefits.

Conclusions: The findings challenge simplistic views of combined stress effects, revealing that moderate shade from HD culti-
vation may mitigate certain aspects of drought stress. While combined HD and drought reduced yield, the enhanced photosyn-
thetic efficiency and improved fruit quality parameters suggest optimized HD cultivation could represent a viable strategy for
sustainable intensification of tomato production under water-limited environments.

© 2025 The Author(s). Journal of the Science of Food and Agriculture published by John Wiley & Sons Ltd on behalf of Society of
Chemical Industry.
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demonstrated to hamper fruit set and reduce fruit size and num-
ber in tomato.* Close vegetation proximity associated to HD
planting may change the quality (Red/Far-red (R/FR) ratio) and
intensity of the light® and this could lead to a suboptimal

INTRODUCTION

In the present era, the increasing demand for food and the contin-
uous deterioration of limited available arable land necessitates
growing more resilient crops and increasing plant productivity.'
For these reasons, farming practices are shifting towards cultivat-

ing plants at higher densities to increase yield per unit of cultiva-

tion area. As an example, for tomato (Solanum lycopersicum), a
crop known for its global importance, the recommended planting
densities average 3.6 plants per square meter for plants with inde-
terminate growth habits growing under a glasshouse and 1.1
plants per square meter for open-field plants with a determinate
growth habit.? High density (HD) planting during tomato cultiva-
tion can be a valid alternative strategy to maximize yield per land
area®; however, it can also cause decreases in the biomass and in
the yield per plant and affect the efficiency of resources, as plants
actively compete for water and essential nutrients.? Indeed, when
the density exceeded the optimal range, HD planting was
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photosynthetic rate.*® Plants under HD may also react to the nat-
ural proximity shade provided by neighboring plants through the
shade avoidance syndrome (SAS), a series of responses triggered
by a low R/FR ratio perceived by phytochromes, as also reported
by Burbano et al.” SAS can cause various developmental changes
including hypocotyl and stem elongation, apical dominance, and
alteration of flowering time.>® However, exposure to low R/FR
light ratio in tomato was able to inhibit fruit weight loss and
increase the content of lycopene and f-carotene in tomato.” That
said, the effect of HD planting on fruit quality has still not been
fully analyzed. Variations in light quality and quantity caused by
plant-plant shading can also trigger several hormonal changes.
Interestingly, numerous studies revealed that shading stress
greatly affects the activity of phytohormones and may increase
abscisic acid (ABA) content. Asghar et al.'® demonstrated that pre-
treatment of shade caused increases in ABA contents and up-
regulation of ABA biosynthetic and signaling genes enhancing
drought tolerance in soybean seedlings. Analogously, shade treat-
ments were shown to increase ABA levels in tomato leaves and
Arabidopsis buds and leaves, with effects on the hyponastic
response and bud growth.!! That said, the relationship and mech-
anisms of the interactive effects of the two stress factors, shade
and drought, are not entirely known,'® and this is particularly
important considering that with higher planting density also
comes the challenge of water deficit.' One hypothesis is that
shade may increase the effect of drought since plants may need
to allocate more resources to the shoot under shade, reducing
water absorption.! Another hypothesis predicts that shade might
reduce air and leaf temperature, leaf vapor-pressure deficit and
oxidative stress, allowing better tolerance to drought.' Consider-
ing the worldwide scarcity of agricultural lands, understanding
plants response to combined shade and drought is pivotal to
define a strategy to increase crop productivity per square meter
without incurring into competition for the water resource. Here,
we first analyzed the morphological, physiological, and biochem-
ical mechanisms activated in tomato plants under co-occurring
HD and drought under controlled conditions. Then, taking into
consideration that crops are often subjected to co-occurring
shade and water scarcity in the field, another experiment was con-
ducted to investigate the effect of these two stresses in an open
field trial. Altogether, the different trials here reported allowed
us to deeply analyze the relationship between shade and drought
and their interactive effects on crop productivity and fruit quality.

MATERIALS AND METHODS

Experimental design and growth conditions in a

controlled growth chamber

Seeds of S. lycopersicum cv. MoneyMaker were sown in styrofoam
trays and then, 1T month after germination, transplanted in plastic
pots (11 cm diameter, 9 cm height) with commercial substrate in
one controlled chamber located at the Department of Agricultural
Science, University of Naples (Naples, Italy). The climate settings of
the chamber were 24 + 3 °C during the day and 18 + 3 °C during
the night.” Plants were grown under a photoperiod of 16 h, from
06:00 to 22:00, provided by light-emitting diodes (LEDs, C-led; Cefla
Company, Imola (BO), Italy). Plants were watered by drip irrigation,
with one 4 L per hour emitter per pot. Light measurements of pho-
tosynthetic active radiation (PAR) and light quality were recorded
using a handheld spectral radiometer (MSC15; Gigahertz-Optik,
Turkenfeld, Germany). The density factor was imposed by growing
plants at 69 and 16 m™ for HD and the low density (LD)

treatment, respectively, achieved by wusing 12cm x 12 cm
spacing between plants and rows for HD and 25 cm X 25 cm spac-
ing between plants and rows for LD. Drought stress was imposed on
plants growing under HD or LD by water withholding and started
12 days after transplant, when plants showed morphological traits
linked with the shade avoidance responses (stem elongation and
lower leaf mass per area (LMA)). Irrigation was interrupted by remov-
ing the drip emitter from the pot until the plants showed significant
phenotypical changes. This experiment was replicated under similar
condition at the Nador Multidisciplinary Faculty (Morocco); however,
the measurements of light intensity and quality were not performed,
and plants were not subjected to drought. All the results of this
experiment have been reported as Supporting Information. In Italy
and in Morocco ten plants per treatment were tested.

Experimental design and growth conditions in the open
field trial

The open field experiment was conducted in the experimental
farm of the University of Naples ‘Torre Lama’ located in Bellizzi,
Salerno, Italy (latitude 40°31’ N; longitude 14°58’ E) on a clay-loam
soil to assess the response of tomato yield components to HD
planting (HD cultivation) as compared to normal farmer practice
(LD cultivation). Four weeks after sowing, at the third true leaf fully
expanded, tomato plants (cv. MoneyMaker) were transplanted in
an open field. The distance plant to plant in LD and HD were
33 and 16 cm, respectively. Plants were arranged in a randomized
complete block design with factorial arrangement using six repli-
cates per treatment and six plants per biological replication. The
experimental field was irrigated based on the evapotraspiration
demand by drip irrigation system with 4 L per hour emitter per
plant. To give a uniform amount of water, the HD lines were pro-
vided with two irrigation pipes. Drought stress was imposed at the
flowering and fruit development stage, from first fruit set to first
fruit maturity, by suspending irrigation for two irrigation turns.

Plant growth measurements and final harvest

At the end of the experiment in controlled chambers, the height of
the plant, internode length and the diameter of the stem of six
plants for each treatment were measured with a meter and a digital
caliper (Kynup; Shenzhen, China). For the LMA determination, one
leaf was detached, scanned for leaf area measurement and dried
at 60 °C until constant weight. LMA was calculated as the ratio
between leaf dry weight and leaf area. Tomato plants were
uprooted and the shoots harvested were then dried to constant
weight in an oven at 80 °C for 72 h for dry biomass (dry weight,
DW). In the open field trial marketable fruit yield (considering only
the fresh weight (FW) of red ripe fruit) was recorded. Titratable acid-
ity and firmness were evaluated on fresh fruit collected at the red
ripe stage. The determination of pH was carried out by using a
pH meter (Mettler-Toledo; Milan, Italy), and the total acidity was
determined by titrating 10 mL of tomato juice with a solution of
0.1 mol L™ sodium hydroxide. Fruit firmness, expressed as the
maximum force (in kg cm™) needed for penetration of the probe
(8 mm diameter) into the fruit through the tomato skin, was mea-
sured using a penetrometer (PCE-PTR200 penetrometer; Capan-
nori, Italy). Ten fruits at red ripe stage from each replicate and for
each parameter were harvested to perform qualitative analysis.

Gene expression analyses

The expression of shade markers genes in leaf samples from
plants grown under HD or LD in controlled chambers was verified
by real-time polymerase chain reaction (RT-PCR) amplification.
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Total RNA was isolated from tomato leaves by using the ISOLATE I
RNA Plant Kit (Meridian Bioscience; Cincinnati, OH, USA) accord-
ing to the method reported by the manufacturer. Total RNA
(1 pg) was treated by the Tetro complementary DNA (cDNA) Syn-
thesis Kit (Meridian Bioscience; Cincinnati, OH, USA). For each RT-
PCR reaction, 1 pL of cDNA was mixed with 6.25 uL SYBR Green
PCR master mix (Applied Biosystems, Foster City, CA, USA) and
1.25 plL each of forward and reverse primers (Table S1) in a final
volume of 13 pL. The reaction was carried out by using the
7900HT Fast-Real Time PCR System (Applied Biosystems, Foster
City, CA, USA). All reactions were run in triplicate for each of the
three biological replicates and a housekeeping gene coding for
the elongation factor 1-alpha (Ef7-a — Solyc06g005060) was used
as reference gene.'” Low density treatment was selected as cali-
brator. Quantitative results were expressed as the mean value +
standard error.

Leaf gas exchange

Leaf gas exchange was performed by using the Li6800 portable
photosynthesis system (LiCor, Lincoln, NE, USA). Measurements
were carried out in the morning (09:00-11:30 h) on fully
expanded mature leaf per plant with the following environmental
parameters: photosynthetic photon flux (PPF) density of
1200 pmol photons m™2 s™', ambient pmol CO, mol™, relative
humidity 50-55%, and fixed temperature regimen at 25 °C (con-
sidered as ambient control). Carbon dioxide (CO,) assimilation
(umol CO, m™2s™", A,), stomatal conductance (mol H,O
m~2s7", g.) and transpiration rate (mmol H,O m™2s™", £) were
measured. All the measurements were determined on at least

six well-exposed and fully expanded leaves per treatment.

Content of photosynthetic pigments and lipophilic
compounds

The evaluation of total carotenoids and chlorophylls was carried
out according to Rigano et al.”® on leaf materials from plants
grown in controlled chambers. To obtain the lipophilic extract,
030g sample were extracted with 24 mL acetone/hexane
(40:60, v/v). The mixture was centrifuged at 20 000 X g for 5 min
at 4 °C. For carotenoids and chlorophylls a and b determination,
absorbance of lipophilic extracts was read at 470, 663 and
645 nm, respectively. All results were converted into mg 100 g~
FW. Lipophilic content analyses were also carried out on tomato
fruit at the red ripe stage from plants grown in the open field.
The same protocol as described before was used starting from
0.500 mg of tomato berries ground with liquid nitrogen. For lyco-
pene and p-carotene levels, absorbance was read at 505 and
453 nm, respectively. All results were converted into mg 100 g™
FW. Three separated biological replicates for each sample and
three technical assays for each biological repetition were
measured.

Hydrogen peroxide, malondialdehyde and proline
determination

Quantification of hydrogen peroxide (H,O,) and malondialde-
hyde (MDA) content was carried out on leaf material using a col-
orimetric method as reported in Francesca et al'® The
concentration of H,O, was expressed in mmol g‘1 FW. For
the MDA content the concentration was expressed as quantity
of MDA-thiobarbituric acid complex. Proline was determined
according to Carillo and Gibon.'® Proline was extracted using a
cold extraction procedure by mixing 20-50 mg FW aliquots with
0.4-1 mL of ethanol/water (40:60 v/v). The resulting mixture was

left overnight a 4 °C and then centrifuged at 14 000 X g (5 min).
A 0.5 mL aliquot of extract was added to 1 mL of a 1% (w/v) solu-
tion of ninhydrin in 60% (v/v) acetic acid and ethanol 20% (v/v).
After homogenization the mix was heated at 95 °C for 20 min.
After centrifugation, the absorbance was read at 520 nm. For all
different analyses six biological replicates per density and water
treatment were used. Three technical assays per replicate were
analyzed.

Statistical analysis

Quantitative parameters were expressed as the mean value + stan-
dard error. Differences among controlled and treated samples were
obtained using R programming language (https://www.R-project.
org/). Two-way analysis of variance (ANOVA) was adopted to com-
pute ANOVA. To compare means within each parameter, Turkey post
hoc test was performed. Differences of P < 0.05 were considered sig-
nificant. Moreover, the significant differences among treatments
were estimated using Student's t-test.

RESULTS AND DISCUSSION

High density cultivation activates shade avoidance
syndrome

In plants HD cultivation may increase competition for light that is
exacerbated by shade characterized by low R/FR light ratio and a
reduction of light intensity. In this article we first investigated if
plants react to these light conditions through SAS, a series of
responses normally activated by low R/FR light ratio and per-
ceived by phytochromes. Initially, spectral light quality and distri-
bution were recorded for tomato plants grown under LD and HD
conditions (Table 1 and Fig. 1). Results from light distribution ana-
lyses showed that the amount of PAR intercepted by tomato
plants was deeply affected by plant density. Specifically, the HD
treatment had a PAR of 64.30 pmol m? s™' compared to
436.08 pmol m? s~ for LD (Table 1). Plant density had also signif-
icant effects on the R/FR light ratio; particularly, we noticed a
lower R/FR ratio under HD compared to LD. A drastic decrease
in the amount of light absorbed at 700-800 nm was observed
(Table 1). This setup led to drastic differences in the R/FR fractions.

Table 1. Summary of the spectral qualities tested for the low density
(LD) and the high density (HD) treatment
Low density High density
Photon flux (pmol m=2s™")
UV-A (360-400 nm) 0.59 + 0.07 0.12 + 0.01
(0.14%) (0.19%)
Blue (400-500 nm) 61.43 + 4.54 6.60 + 0.69
(14.09%) (9.49%)
Green (500-600 nm) 139.56 + 9.23 17.69 + 2.76
(32.02%) (26.79%)
Red (600-700 nm) 183.46 + 11.06 20.15 + 3.12
(42.11%) (28.57%)
Far-red (700-800 nm) 51.03 + 8.41 19.74 + 1.78
(11.64%) (34.95%)
PPF (360-800) 436.08 + 33.24 64.30 + 6.27
Ratio
Red/Far-red 3.60 1.02
Note: The percentage values in parentheses represent the percentage
over photosynthetic photon flux (PPF).

wileyonlinelibrary.com/jsfa

© 2025 The Author(s).

J Sci Food Agric 2026; 106: 2648-2655

Journal of the Science of Food and Agriculture published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.


https://www.r-project.org/
https://www.r-project.org/
http://wileyonlinelibrary.com/jsfa

Effects of high planting density and drought in tomato

where science
meets business

WWW.S0Ci.org

~
-

Photon flux (pmol mZs ‘)

400 500 600 700 800
Wavelenght (nm )

Figure 1. Spectral distribution of the light under low density (LD) and
high density (HD) treatment.

The red fraction of the LD was 42% (183 mol m~2s™") over PPF
(436 mol m™2 s™"), while the red fraction of the HD was 29%
(20 mol m™2s™") (Table 1). On the contrary, the percentage of
the FR fraction showed an opposite trend, being higher in the
HD treatment (35%) compared to the LD treatment (12%)
(Table 1). Here we demonstrated that these altered light condi-
tions triggered classic SAS responses in tomato plants. Indeed,
plants under HD exhibited increased height (28.3 cm versus

IRRIGATED
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Figure 3. Effect of low density (LD) or high density (HD) without (red
chart) or with drought (blue chart) on fresh weight (FW) biomass of tomato
plants grown in growth chambers. Letters indicate significant differences
according to Tukey post hoc test (P < 0.05).

195cm in LD, Fig. 2(a)) and internode length (32 .cm
versus 25 cm in LD, Fig. 2(c)), reduced stem diameter (6.4 mm ver-
sus 7.0 mm in LD, Fig. 2(b)), and lower LMA (22.1 mg cm™>
versus 40.2 mg cm™2 in LD; Fig. 2(d)). Using the same HD set-up
and the same genotype, similar results were obtained in another
parallel experiment carried out in Morocco (Table S2), further
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Figure 2. Morphological parameters and gene expression profiles of selected shade markers genes measured in tomato plants under low density (LD) or
high density (HD): (a) plant height; (b) stem diameter; (c) internode length; (d) leaf mass per area (LMA); e) relative expression of YUC9 gene and (f) relative
expression of PIF7b gene. Data are represented as the mean + standard error. Asterisks indicate significant differences according to Student's t-test

(*P < 0.05).
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confirming the effect of HD and LD on morphological traits in
tomato. These morphological adaptations align with well-
established shade avoidance strategies aimed at repositioning
photosynthetic tissues in more favorable light conditions.”'®
Real-time PCR analyses on the shade marker genes YUC9
(Solyc06g083700) and PHYTOCHROME INTERACTING FACTOR
(PIF7b) (Solyc06g069600)'7"'® performed on leaf material from
plants grown under HD or LD demonstrated that plants
responded to HD at the molecular level. Indeed, in HD
plants the up-regulation of the auxin biosynthetic gene YUC9
and the down-regulation of PIF7b was observed, indicating that
tomato plants responded to the low R/FR signal under HD condi-
tions (Fig. 2(e),(f)). The molecular confirmation of SAS activation
through gene expression changes further validated the morpho-
logical observations and indicated the involvement of
phytochrome-mediated signaling cascades in the response.'®

High density effects biomass and photosynthetic
performance of plants subjected to drought

Having demonstrated that plants under HD responded to the low
R/FR signal at the molecular and morphological level, we next
wanted to investigate how this could affect the response of plants
to abiotic stress. Therefore, plants under LD or HD were subjected
or not to drought by water withholding. The fresh biomass and all
the photosynthetic parameters measured were significantly
affected by the interaction of the two factors drought and density
(D X W) (Table S3). FW biomass analysis revealed that irrigated
plants grown under HD attained significantly higher biomass
(45.8 g) compared to all other treatments, suggesting that HD
conditions can enhance growth under optimal water application
(Fig. 3). The remaining treatments (LD irrigated, LD drought, and
HD drought) showed statistically similar FWs (37.6, 32.1,
and 30.3 g, respectively). DW biomass followed a slightly different
pattern, with tomato plants under both HD and drought having
reduced dry biomass compared to all other treatments
(Table S4), suggesting that HD conditions may exacerbate the
effects of drought on biomass accumulation. The higher FW but
similar DW between LD and HD irrigated plants might also indi-
cate differences in tissue water content, with HD plants possibly
maintaining higher hydration levels. Surprisingly, plants grown
under HD with adequate water supply exhibited enhanced photo-
synthetic rates compared to LD plants with the same water condi-
tions. As shown in Fig. 4(a), highest net photosynthesis (A,,) values
were registered in irrigated HD plants (~13 pmol m™2s™"), fol-
lowed by irrigated LD plants (~8.5 pmol m™2 s™"), while drought
significantly reduced rates under both density conditions (~4.5-

4.8 pmol m™2 s7"). Transpiration rate (E) and stomatal conduc-
tance (gs) (Fig. 4(b),(c)) followed similar patterns, with irrigated
HD plants showing the highest values. The higher photosynthetic
rate, together with the higher stomatal conductance and transpi-
ration rate here observed in HD plants was previously observed in
other crops under similar conditions.?® This counterintuitive
enhancement of photosynthesis under HD challenges conven-
tional understanding that crowding inevitably reduces photosyn-
thetic efficiency due to light limitation. The response observed in
this study parallels findings by Burbano et al.,” who observed
enhanced photosynthetic rates when plants were exposed to
proximity shade. These physiological adjustments likely represent
compensatory mechanisms to maximize light capture efficiency
under low light and altered spectral conditions. Consistently, in
some species leaves under low light may accumulate more pig-
ments and decrease leaf dry matter per unit area to enhance light
capture and harvesting opportunities.?'** Accordingly, HD plants
had higher chlorophyll content compared to LD plants, with
increases of 32.39% for chlorophyll a and 75.82% for chlorophyll
b (Tables S3 and S4). Similar adaptive increases in chlorophyll con-
tent have been reported in species under shade conditions.?®
However, drought generally inhibits chlorophyll synthesis or
accelerates its degradation,®® reducing the ability of plants to
receive and transfer light energy and altering their photosynthetic
function. Analogously, chlorophylls a and b contents were signif-
icantly reduced by water withholding (Table S4).

High density affects the oxidative stress and proline
accumulation caused by drought

As expected, drought stress increased H,O, and MDA levels in
both HD and LD plants (Tables S3 and S4). However, it is notewor-
thy that under HD, there was a decrease in H,0, (—22%) com-
pared to LD, in contrast with results obtained by Gao et al.*® in
maize. This reduction in oxidative stress markers under HD condi-
tions suggests that moderate shade might provide protective
effects against drought-induced oxidative damage, possibly
through reduced light intensity and consequent lower reactive
oxygen species generation.?®%’

As shown in Fig. 5, plants under LD and drought accumulated
significantly higher proline levels (3.14 mg g~' FW) compared to
all other treatments. This differential response in proline accumu-
lation suggests that plants under HD may employ different phys-
iological strategies to cope with water stress compared to LD
plants. This is consistent with the fact that proline synthesis occurs
under light,®?° and thus the lower light levels to which HD plants
grew may have impaired the synthesis of this osmo-protectant.
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Figure 4. Effect of low density (LD) or high density (HD) without (red chart) or with drought (blue chart) on net photosynthesis (A,,), transpiration rate (E)
and stomatal conductance (gs) in tomato plants grown in growth chambers. Letters indicate significant differences according to Tukey post hoc

test (P < 0.05).
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Figure 5. Effect of low density (LD) or high density (HD) without (red
chart) or with drought (blue chart) on proline content in tomato plants
grown in growth chambers. Letters indicate significant differences accord-
ing to Tukey post hoc test (P < 0.05).

Proline synthesis has been identified as an adaptation to improve
plant tolerance to osmotic stress (salt, drought).>° This adaptation,
that is missing in HD, could account for the higher tolerance to
drought of LD plants compared to HD, as indicated by the results
on fresh and dry biomass (Fig. 3 and Table S4), and further sup-
ported by the results on yield (Fig. 6(a)).

High density and drought affect fruit quality and yield

traits in tomato plants grown under low or high density in
open field

Next, we investigated the effect of both HD and drought on
tomato final yield and fruit quality. In order to get robust data
on productivity, tomato plants were grown in open field under
HD or LD and subjected or not to drought. Interestingly, high
planting density during tomato cultivation increased final yield
per hectare compared to low planting density (Table S4).
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However, HD had no effects on final yields per plant and under
HD plants maintained statistically similar yield per plant com-
pared to LD (Fig. 6(a)). Several works on fruit yield and planting
density in tomato have been conducted in different locations of
the globe evaluating in-row spacing that went from 15 up to
75 cm; however, different results were obtained suggesting that
the effect of in row-spacing on final yield strongly depend on
the area in which the experiments were conducted.? The different
fruit yield components were significantly affected by the interac-
tion of the two factors drought and density (D x W) (Table S3).
As shown in Fig. 6(a), tomato yield per plant was significantly
affected by the combination of HD and drought stress, and com-
bined HD and drought treatment produced substantially lower
yields per plant compared to all other treatments.'>>

Fruit area measurements (Fig. 6(b)) displayed a different pat-
tern, with HD irrigated plants producing significantly larger fruits
(17.8 cm?) compared to all other treatments, suggesting a possi-
ble compensatory mechanism for reduced fruit number. The
physicochemical properties of tomato fruits were also affected
by the HD and drought treatments, as shown in Fig. 6. Titratable
acidity (Fig. 6(c)) was lower in HD plants but increased signifi-
cantly under combined HD and drought, reaching 0.50 g TA
100 g ". The observed lower acidity in larger fruits grown under
HD conditions could be explained by a possible dilution effect.
As the fruit grows, the accumulation of organic acids may not
keep pace with the increase in volume, resulting in a lower con-
centration of acids per unit of tissue. Therefore, the reduced acid-
ity observed in larger fruits may be due to a differential in scale
between fruit growth and acid biosynthesis or accumulation.®*3*
In terms of fruit firmness, no difference was found (Table S4).
Most importantly, lycopene content (Fig. 6(d)) increased by
72.75% in fruits from HD plants and did not decrease with
drought stress. In line with these results, Song et al.’ previously
demonstrated that low R/FR light irradiation induced the
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Figure 6. Yield component and physicochemical properties of tomato fruits from plants under low density (LD) or high density (HD) planting without
(red chart) or with drought (blue chart) in open field conditions. Letters indicate significant differences according to Tukey post hoc test (P < 0.05).

J Sci Food Agric 2026; 106: 2648-2655

© 2025 The Author(s).

wileyonlinelibrary.com/jsfa

Journal of the Science of Food and Agriculture published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.



http://wileyonlinelibrary.com/jsfa

WWW.S0Ci.org

S Francesca et al.

HIGH DENSITY AND DROUGHT EFFECTS IN TOMATO

K

PHYSIOLOGY YIELD FRUIT QUALITY
' conpucrance FROIT AREA 11
W ff _ - l R TITRATABLE
Q/K\OH ACIDITY
ACCUMULATION ped
\\\ / \ /

@ +o-vs-10 @ HD+drought-vs-LD

Figure 7. The figure illustrates the main effects of high density (HD) and drought on tomato physiology, yield and fruit quality, highlighting key changes

under HD with and without drought compared to low density (LD).

synthesis of lycopene in tomato fruit. An investigation into the
carotenoid content of the fruit revealed no statistically significant
variations within the p-carotene composition of the sample
(Table S4). This finding has considerable implications for tomato
nutritional quality and suggests that manipulation of planting
density could be leveraged as a strategy to enhance specific phy-
tonutrient concentrations in fruit crops. Similar enhancement of
secondary metabolites under shade conditions has been docu-
mented in medicinal plants,®> but the application of this principle
to improve food nutritional value in major crops represents an
innovative approach.

CONCLUSIONS

There has been extensive research into increasing planting densi-
ties as a strategy to enhance yield per unit of cultivation area.>®
However, our study addresses critical knowledge gaps regarding
the morpho-physiological effects of combined higher planting
density and abiotic stress on tomato plants, and how these inter-
actions influence final fruit yield and quality (Fig. 7). Through
extensive experiments in both controlled and open field condi-
tions, we have shown that the relationship between HD cultiva-
tion and drought stress is more complex than previously
understood. Our findings reveal that HD cultivation triggers clas-
sic SAS responses but, contrary to conventional expectations,
enhances photosynthetic rates compared to LD plants when
water supply is adequate. This unexpected physiological adapta-
tion is accompanied by increased chlorophyll content, particularly
chlorophyll b, suggesting a compensatory mechanism to maxi-
mize light capture efficiency under reduced light conditions. Fur-
thermore, the modified light environment under HD cultivation
(characterized by lower R/FR ratio) led to significant increases in

fruit lycopene content, highlighting potential nutritional quality
benefits despite lower per-plant yields. Importantly, our research
shows that the combination of HD and drought reduced overall
yield per plant more than the single stress, but the improved fruit
quality parameters observed suggest that optimized HD manage-
ment could be a viable strategy for sustainable intensification of
tomato production in water-limited environments. These results
challenge simplistic views of combined stress effects and suggest
that carefully managed HD planting could be leveraged as a mul-
tifunctional approach that balances trade-offs between yield
quantity, resource efficiency, and nutritional quality. Future
research should focus on optimizing planting density thresholds
for different cultivars and environmental conditions, as well as
exploring how these findings might translate to other horticul-
tural crops facing similar resource constraints. The insights gained
from this study contribute significantly to developing
climate-resilient cultivation practices that can help address the
dual challenges of increasing food production and adapting to
water scarcity in the face of climate change.
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