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Abstract

The excessive nitrogen (N) fertilizers usage in agriculture has prompted the exploration of
sustainable strategies to enhance nitrogen use efficiency (NUE) while maintaining crop yield and
quality. The processing tomato’s (Solanum lycopersicum L.) were grown for two years (2023 and 2024)
following a two-way factorial randomized complete block (RCBD) design by considering three
biostimulants and three N regimes as two factors, to assess its morphophysiological, biochemical,
anatomical and yield performances. Nitrogen application significantly influenced biomass
accumulation, leaf area index (LAI), nitrogen uptake and yield with notable comparable between
reduced and optimal nitrogen dose, indicating improved nitrogen use efficiency. Biostimulants
showed limited effects alone, but enhanced plant performance under reduced nitrogen conditions,
particularly, by improving chlorophyll content, crop growth, N-uptake, yield and anatomical
adaptations. Moreover, compared to 2024, biostimulants application enhanced tomato growth more
evidently in 2023 due to environmental variations, likely due to the occurrence of stress conditions.
Importantly, biostimulants together with N regimes i.e., optimal and reduced doses showed
improved anatomical traits specially for leaf thickness and thickness between the two epidermises,
indicating adaptive responses that may support sustained productivity under N-limited conditions.
Among biostimulants processing tomatoes responded better to protein hydrolysate and endophytic
N-fixing bacteria than seaweed extract. These findings suggest that although biostimulants alone
were not affected but integrating them with reduced N fertilization provides a viable strategy for
optimizing tomato production, conserving resources and minimizing environmental impact without
compromising yield or quality.

Keywords: Solanum lycopersicum L.; morphophysiological traits; seaweed extract; protein
hydrolysate; endophytic N-fixing bacteria; nitrogen use efficiency

1. Introduction

The agricultural sector faces significant challenges due to climate change, which affects crop
productivity through direct and indirect mechanisms. A comprehensive, multi-model analysis
conducted by the Intergovernmental Panel on Climate Change (IPCC) projected a mean reduction of
17% in the yield of four staple crops (coarse grains, oilseeds, wheat, and rice) by the year 2050, under
a baseline scenario of static climatic conditions [1]. These crops, which constitute approximately 70%
of global harvested area, were assessed using a suite of climate-crop simulation models [2]. This
projection underscores the potential for significant reductions in global agricultural productivity,
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even in the absence of further climate perturbations, emphasizing the vulnerability of major food
systems to current environmental trends. This reduction, coupled with a growing global population,
underscores the urgency of developing sustainable agricultural practices. As agricultural challenges
evolve, traditional fertilization methods are no longer effective, making innovative strategies
essential for ensuring both crop productivity and environmental sustainability.

Nitrogen (N) is one of the most essential macronutrients required for plant growth and
development, playing a crucial role in various physiological and biochemical processes. To ensure
high crop yields, nitrogen fertilizers have been extensively applied in large quantities. However,
excessive N fertilization has led to severe environmental consequences, including soil and water
pollution [3]. In response to these challenges, contemporary fertilization practices are being revised
to optimize nitrogen use efficiency (NUE) while minimizing environmental impacts and reducing
fertilizer costs [4].

Tomato is a globally cultivated vegetable crop produced in both open-field and greenhouse
systems. According to the Food and Agriculture Organization (FAO), global tomato production
reached approximately 186.8 million tonnes in 2022, cultivated over nearly 5 million hectares, with
an average yield of about 37 tonnes per hectare [5]. Main producers including China, India, Turkey,
the United States, Egypt and Italy, collectively accounting for most of the global output. The
continuous expansion of tomato cultivation highlights the need for sustainable strategies to enhance
yield, quality and resource use efficiency. According to the World Processing Tomato Council
(WPTC) [6], Italy ranked 3'in tomato production after China and USA. Several studies conducted in
Central Italy have extensively investigated fertilization strategies for processing tomatoes, focusing
on optimizing N inputs while minimizing environmental impacts [7-9]. Extensive research has shown
that fruit yield generally increases with nitrogen supplementation, but only up to a specific limit—
after which additional nitrogen offers no further benefit to productivity [10]. Furthermore,
marketable fruit yield, rather than total fruit yield, should be the primary consideration in optimizing
N fertilization strategies. Previous research has demonstrated that increasing N supply from 50 to
250 kg/ha affected total fruit yield, but not necessarily marketable yield [11]. The impact of N supply
on fruit quality parameters remains a topic of ongoing investigation. While fruit colour has been
reported to be largely unaffected by N levels, however fruit firmness has shown variability [12]. Some
studies suggest that reducing N supply could lead to higher sugar content in tomatoes, while
titratable acidity may decrease with increasing N supply [10]. However, other findings indicate that
increased N can enhance sugar and acid content, potentially improving overall fruit quality [13].

Previous studies have shown that the application of biostimulants such as seaweed extracts,
protein hydrolysates and beneficial microorganisms can significantly enhance tomato growth, yield,
NUE, and fruit quality under both optimal and reduced N conditions [14-17]. Seaweed extracts and
protein hydrolysates have been particularly effective in improving marketable yield, dry matter
accumulation, and fruit firmness, while also increasing NUE by enhancing N uptake and utilization
[17]. Arbuscular mycorrhizal fungi and Trichoderma, used as microbial inoculants, can work
synergistically to promote plant growth and boost the production of bioactive compounds, especially
under low N availability [16]. Furthermore, studies combining biostimulants with environmental
modifications, such as light-diffusing films, revealed substantial gains in yield and fruit quality under
sub-optimal N inputs [14]. However, there is still limited comparative research evaluating multiple
categories of biostimulants, such as seaweed extracts, protein hydrolysates, and nitrogen-fixing
bacteria, under varying N regimes, particularly in terms of their integrated effects on tomato growth,
yield, NUE and fruit quality.

In this context, biostimulants have emerged as a promising sustainable strategy to enhance plant
growth, improve nutrient uptake, and mitigate the adverse effects of reduced N application [18]. The
biostimulants employment could represent a promising way to increase crop performance in an
environmentally sustainable manner. Biostimulants, including protein hydrolysates [19], seaweed
extracts [20], and beneficial microorganisms [21], have been reported to promote plant resilience to
abiotic stresses, enhance soil microbial activity and improve overall crop performance [22]. Their use
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in tomato cultivation may serve as a viable alternative to excessive N fertilization, supporting both
high productivity and environmental sustainability. Therefore, the objective of the study is to assess
the efficacy of three types of biostimulants, i.e., i) seaweed extract), ii) protein hydrolysates and iii)
an endophytic nitrogen-fixing bacteria, in enhancing tomato growth, yield, NUE and fruit quality
under different N fertilization regimes.

2. Materials and Methods

2.1. Experimental Site, Treatments and Crop Management

Two open field experimental trials have been conducted on tomato over the period May-
September 2023 (1st growing season) and 2024 (24 growing season) at the Experimental Station of the
Department of Agricultural, Food and Environmental Sciences, University of Perugia, Perugia, Italy
located in the middle of the Tiber plain (Central Italy, Papiano, 42.96°N, 12.37°E, 165 m a.s.l.). The
soil was clay loam (Fluventic Haplustept, Soil Taxonomy) and samples were collected prior to the
experiment in both seasons, for determining the soil characteristics, presented in Table 1. The values
reported in Table 1 reflect the average values in both years as the soil characteristics were almost
similar.

Table 1. Properties of soil used in the experiment.

Properties Soil
Sand 24 %
Silt 44 %
Clay 32 %
pH 8.0
Calcium Carbonate (CaCOs) 1.40 %
Soil Organic Matter (SOM) 1.61 %
Total Nitrogen (Ntot) 1.1%
Cation Exchange Capacity (CEC) 35 meq/100 g
Total Phosphorous (P) 21.2 ppm
Phosphorus Pentoxide (P20s) 48.5 ppm
Total Potassium (K) 232 ppm
Potassium Oxide (K20) 278 ppm

The weather conditions, including temperature and rainfall of both years, have been described
in Figure 1.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202507.2652.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 31 July 2025 d0i:10.20944/preprints202507.2652.v1

4 of 19

Weather Conditions Weather Conditions

100 30 100 30

25 5

3’_\ ‘—---____-“.‘ 25
. 20 Y 0 O
E o s
E 5 2| E 15 &
£ 2|2 B
5 ) S W g
= i gl 10 3
3 == &,
20 5 5= 2 s £
B | b -

: 0 i LellLEE
1 o om ! o om I o om 1 o m
MAY JUN JuL AUG MAY JUN JuL AUG
W Long-term average rains (TOT=mm) m— Long-term average rains (TOT=367 4mm)
Rains in 2023 (TOT=mm) Rains in 2024 (TOT=338 4mm)
== == == = Long-term average temperature (°C) = == == = Long-term average temperatue (°C)
Average temperature in 2023 (°C) — Average temperature in 2024 (°C)
(@) (b)

Figure 1. Daily rainfall (vertical bars) and mean daily air temperature (line) during the periods May-August 2023

(a) and 2024 (b) and in the same period as an average over the last 40 years.

The two factorial experiments were designed followed by factorial randomized complete block
design (RCBD) by considering three biostimulant (B) treatments together with control i.e., i) BIOSO:
no biostimulant, ii) BIOS1: Seaweed extract Macrocystis Integrifolia (Macys BC28, Cifo srl, Bologna,
Italy), iii) BIOS2: Protein hydrolysates obtained as by-product from agri-food industry (not
commercial product, developed by Fomet Spa, Verona, Italy) and iv) BIOS3: endophytic N-fixing
bacteria Methylobacterium symbioticum (Utrisha™ N, Corteva AgriScience srl, Cremona, Italy), as first
factor. While three Nitrogen (N) fertilization doses i.e., NO: unfertilized control, STD: fertigation at
optimal N rate (200 kg N ha') and RED: reduced N fertilization at -30% of the optimal N rate (140 kg
N ha) were representing the second factor. The experiment consisted of 4 Biostimulants (including
the control) x 3 Nitrogen rates x 3 Replications = 36 experimental units with a plot (experimental unit)
size of 40 m? in both seasons. The biostimulants were applied as a foliar application following the
recommended doses from the company providing the material. These were applied at three time
points as follows: soon before flowering (30-40 DAT), at the end of flowering (50-60 DAT) and at the
beginning of fruit maturity phase (70-80 DAT). The application rates increased with the increase in
plant growth and those were ranged as follows: BIOS1: 2-4 L ha", BIOS2: 2-3 L ha'' and BIOS3: 300-
500 g ha. Detailed biostimulant properties were described in Table 2.

Table 2. Characteristics of biostimulants used in the experiment.

Characteristics
Coding Biostimulants cremistic

Organic Nitrogen (Norg) 0.2%
BIOS] Seaweed extract Organic Carbon (Corg) of blo.loglcal origin 0.7%
pH 4.5 (10% w/v in water)
Total Nitrogen (Ntot) 2.3%
Organic Nitrogen (Norg) 2.3%
Organic Carbon (Corg) 18.2%
BIOS2 Protein hydrolysates pHo6.4
Electrical Conductivity 1.6 dS/m
Ash 9.25%

BIOS3 Utrisha™ N Endophytic N-fixing bacteria
The tomato crop (Solanum lycopersicum L., variety Heinz 5108, H.]. Heinz Company Brands LLC.)
was transplanted on 22/05/2023 and 27/05/2024 for the first and second growing season, respectively,
at 3 plants m2. Plants were spaced 0.3 m apart within rows, with rows spaced 1 m apart. Each plot
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had five rows: three central rows for measurements and two border rows on the perimeter of each
plot to reduce potential border effects

Fertigation has been applied with a mineral fertilizer (N.S.Z. 26, Cifo s.r.1. BO) with the following
composition: 6% N-NOs, 8 % N-NHs*, 12% urea, 13% SOs and 0,01% of Zn. All fertilized treatments
received the same volume of drip irrigation, determined using the FAO method with a crop
coefficient (Kc) derived from previous research on the same crop, variety and environment [7]. All
cultural practices have been consistent with local commercial crop management using integrated pest
management, including regular monitoring and preventive measures [8]. Weed control was
effectively managed by hand-weeding. The final yield has been recorded at harvest i.e., 04/09/2023
and 29/08/2024 for the first (105 DAT) and second (94 DAT) growing season, respectively.

2.2. Measurements

2.2.1. Plant sampling

Various morphological traits, including above-ground dry matter (DM: Mg ha™), total yield (Mg
ha'), marketable yield (Mg ha') and leaf area index (LAI), were assessed at multiple time points
(approximately 30, 45, 60, 75, and 90 DAT) across both growing seasons. DM accumulation in
processing tomato was monitored by destructive sampling conducted at two-week intervals by
randomly selecting 4 to 8 plants per plot. After sampling, the plants were separated into individual
parts i.e., stems, leaves and fruits for determining fresh biomass and then put those in the ventilated
oven at 80°C for the dry biomass observation when the steady weight was observed by using a weight
balance (Radwag PM 20.5Y, Radom, Poland). The LAI was measured using leaf area meter (LI-
3100C, LI-COR Biosciences, Lincoln, NE, USA). Subsamples of the dried plant material from each
sampling date were finely ground and stored for subsequent analysis of total nitrogen concentration
(N%).

At the harvest (carried out when about 80% of the fruit were ripe), 20 plants per plot were
harvested by hand, and divided them into vegetative parts and fruits. The fruits were then further
divided into ripe nominated as marketable yield and rotten fruit/ overripen representing non-
marketable yield that combines together to calculate total yield together with fruit quality attributes
including pH values (using a pH meter, Radiometer Analytical SAS, France), colour and total soluble
solid contents (TSS: °Brix) using a digital refractometer (Atago CO.,LTD, Japan).

2.2.2. Crop N monitoring

Tomato crop N nutritional status has been evaluated by three “on field” quick tests carried in
the same sampling day of crop growth analysis until the maximum vegetative growth stage (i.e. about
75 DAT): i) Petiole sap nitrate analysis was conducted on the sap extracted by 15-20 most recently
fully mature leaves and analyzed by an ion-specific electrode meter (Cardy, Spectrum Technologies,
Inc., Plainfield, IL) for the determination of NOs-N concentration; ii) Optical measurements using
chlorophyll meters readings by Chlorophyll Meter SPAD 502 (Minolta Camera Co., Ltd., Osaka,
Japan), taking the apical leaflet of the uppermost fully expanded 15-20 leaves (3 - 4t from the top)
and iii) Canopy reflectance measured by a spectroradiometer (Rapidskan, Holland Scientific,
Nebraska, USA). Moreover, the crop N contents were analysed by following Dumas's method [23]
using an elemental analyzer (Flash 2000, Thermo Fisher Scientific, Cambridge, UK).

2.2.3. Anatomical analysis

During the first growing season, stomatal morphological traits were observed by following the
nail-polish imprint method [24]. Clear nail polish was applied onto the middle of the abaxial leaf
surface and left to dry; dry nail polish was then pulled off by using clear tape and mounted onto a
glass slide. Stomatal density (SD: mm2) was determined from digital images using a Leica DMRD
light microscope (Leica Mikroskopie & Systeme GmbH, Wetzlar, Germany) equipped with a camera
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(Leica DFC 420). Stomatal morphology, including guard cell length (Ls, um), guard cell width (Ws,
um), stomatal pore aperture length (La, um), and stomatal pore aperture width (Wa, um), were
measured using Cell Sens Standard software (Olympus, Tokyo, Japan); these measures were then
used to calculate the stomatal size (5Z: pm?).

Additionally, during the second growing season, leaf portions were collected from 5 leaves/plot.
Plant material was fixed in 5% (w/v) glutaraldehyde in 0.075 M cacodylate buffer, pH 7.2, for 24 h.
The samples were then washed three times for 7 min in 0.075 M cacodylate buffer, pH 7.2, post-fixed
in 1% (w/v) OsOu in the same buffer for 1 h, dehydrated with increasing concentrations of ethanol
and embedded in epoxy resin (Epon, 2-dodecenylsuccinic anhydride and methylnadic anhydride
mixture) [25]. Semi-thin sections (1-2 pm), obtained with an ultramicrotome (OmU2, Reichert,
Heidelberg, Germany) equipped with a glass blade, were stained with toluidine blue 0.1% w/v) and
observed under a light microscope (BX53; Olympus, Tokyo, Japan). Images were captured with a
camera (XC50, Olympus, Tokyo, Japan). Through the software CellSens (Olympus, Tokyo, Japan), in
the leaf transversal sections we measured the width of the section considered in the measure (W: um),
the thickness between the two epidermises (fmes: um), the palisade and spongy cells area. These
values were combined to calculate the fraction of intercellular air space (fias) [26], the palisade
parenchyma ratio (p-ratio), the spongy parenchyma ratio (s-ratio) and the fraction of palisade cells (L-
tmes).

2.2.3. Photosynthetic pigment analysis

The samples were cut into small pieces and extracted with 80% acetone. Extracts were
maintained at 4°C until analysis and all manipulations were performed in dim green safe light to
avoid photo-degradation. Absorption spectra (400 and 750 nm range) of extracts were recorded at
room temperature (25°C) by the spectrophotometer. For Chl’s and carotenoids determinations, the
extracts were measured at 663 nm (Chl a: mg/g Fresh Weight: FW), 646 nm (Chl b: mg/g FW), and 470
nm (carotenoids: mg/g FW). Pigment concentrations were evaluated according to the equations
proposed by Wellburn [27].

2.3. Statistical Analysis

All the experimental data were first checked for normality and homogeneity of variance
followed by a two-way ANOVA using the statistical software RStudio version 4.2.0 [28], considering
B and N application rates as the main factors. Mean comparisons among treatment groups, where
found significant were performed using Tukey’s Honestly Significant Difference (HSD) test at a
significance level of p < 0.05.

3. Results

3.1. Crop growth, N uptake and Yield

The crop growth in terms of above-ground dry matter content was more than 50% higher in the
2nd growing season compared with the 1stone (6.4 Mg ha' and 9.8 Mg ha", respectively, averaged for
all treatments). Nitrogen (N) application significantly influenced crop growth (p < 0.001), at all
sampling dates, whereas the biostimulants application and the two-factor interaction (N x B) had no
significant effects. Due to consistent trends across all time points, only data recorded at harvest are
presented in Table 3, while other data were shown in the supplementary file Figure 1 and 2. The DM
accumulation recorded at harvest exhibiting the highest values in both 2023 and 2024 with plants
cultivated under optimal (STD) and reduced N supply (RED) treatments (Table 3). Indeed, in both
years, the RED treatment showed similar DM values to those measured in STD N doses. In the first
growing season, the application of biostimulants increased the DM by 27% and 14% in unfertilized
control (NO) and RED treatments respectively (as an average over the three biostimulants) although
not significantly (Table 3). Among biostimulants under NO, BIOS2 in both growing seasons, while
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BIOS3 only in 2023, showed the highest above-ground biomass increase. At the optimal N availability
none of the biostimulant increased the DM accumulation.

Likewise, LAl was measured at different time points until the maximum vegetative growth
phase (LAImax) that recorded at about 80 DAT in both growing seasons (Table 3, supplementary file
Figure 2). Consistent with DM accumulation, plants grown in 2024 produced more LAI (+40%)
compared to the ones grown in 2023. Moreover, plants with RED and STD nitrogen application
exhibited similar and significantly highest LAI than NO, while B and N x B had no significant effects.
Interestingly (but not significant) plants grown with BIOS2 showed an increment of about 80% and
30% LAI in 2023 and 2024 respectively, compared to BIOS0 (Table 3).

Additionally, the N uptake at harvest also revealed the same trend as the above-mentioned
morphological traits by showing significant increases only at the RED and STD N availability (p <
0.001) compared to the NO conditions in both growing seasons (Table 3). From 2023, the N uptake in
2024 was enhanced by 45%. On the contrary, B and N x B did not affect N uptake in both growing
seasons. Among biostimulants, BIOS2_NO showed a bit higher N uptake value but limited to the 1s
growing season (+22%) than BIOSO_NO followed by BIOS3_NO (+12%), respectively.

Similarly to crop growth traits, total yield and marketable yield were highest in the second
growing season (+ 75% and + 120% respectively, as an overall average) and significantly affected by
N (p < 0.001), with plants under the RED and STD treatment produced the highest yield and
marketable yield in 2024 on average, i.e., 109 Mg ha' and 92 Mg ha-1, respectively (Table 3). However,
the biostimulants and N x B were not significant for either of these traits. Although the effect of
biostimulants was not significant, during 1%t growing season under NO, BIOS2 slightly improved the
yield and marketable yield by 32% and 10%, respectively compared to BIOS0.. Moreover, a prominent
increase in marketable yield was 20% with plants grown in BIOS3_NO compared to BIOSO_NO. The
most pronounced yield increase was observed in 2023 for BIOS2, where BIOS2_NO treatment
exhibited a +30% higher DM and yield and +22% of N-uptake, compared to BIOSO_NO (Table 3).

Table 3. Aboveground dry matter accumulation (DM, Mg ha-), maximum Leaf Area Index (LAImax), N uptake
in the aboveground biomass (kg N ha), total fruit yield (as fresh weight, Mg ha-!), marketable yield (as fresh

weight, Mg ha!) of processing tomatoes treated with different biostimulants and nitrogen doses recorded at the

harvest.
Treatments DM LAImax N uptake Total yield Marketable
(Mg ha') (-) (kg N ha?) (Mg ha") yield (Mg ha")

2023 2024 2023 2024 2023 2024 2023 2024 2023 2024
BIOS0_NO 3.3 7.7 0.66 1.60 82 138 295  68.1 20.3 49.0
BIOS1_NO 3.6 7.5 080 186 75 130 28.1  70.0 16.2 53.7
BIOS2_NO 4.6 8.5 1.06 211 100 143 388 751 222 60.9
BIOS3_NO 4.3 7.5 097 162 91 132 36.1 705 22.3 58.7

BIOSO_RED 6.8 119 221 291 169 284 66.1 1193 441 100.6
BIOS1_RED 7.4 10.8 1.83 251 179 254 620 1041 426 83.4
BIOS2_RED 8.0 109 251 291 186 251 619 1086  40.8 95.3
BIOS3_RED 7.8 103 253 284 197 237 734 1040 46.6 85.2
BIOS0_STD 8.2 116 203 274 175 289 653 1173 452 99.2
BIOS1_STD 7.7 10.1 211 297 204 254 69.1 1031 494 87.5
BIOS2_STD 7.9 10.7 248 249 194 273 62.8 1074 421 92.8
BIOS3_STD 7.1 105 233 323 189 274 69.7 1093 435 91.5

Level of
significance
Nitrogen (N) A% Ak 4% A 4% Ll $24% $3%3% *AA A%
Biostimulant (B) ns ns ns ns ns ns ns ns ns ns
N x B ns ns ns ns ns ns ns ns ns ns

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202507.2652.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 31 July 2025 d0i:10.20944/preprints202507.2652.v1

8 of 19

The different letters in the same column indicate differences among treatments. F-test significant at ***: (p <
0.001), ns: not significant.

3.2. Crop monitoring

N-NO; concentrations in petiole sap, SPAD and NDVI were recorded at about two weeks
interval starting from 30 DAT during the crop cycle. All data for these time-points have been
presented in supplementary figures 3, 4 and 5. However, in order to provide a clear and meaningful
representation of treatment effects, the data are presented only for the date corresponding to
maximum vegetative plant development (LAImax, i.e., 80 DAT), because of its significance to reflects
the peak of canopy development, which is a critical phase for evaluating plant nitrogen status and
vegetative growth. Focusing on this time point allows for a more concise and agronomically relevant
interpretation of the physiological indicators. As an average over the whole sampling period, the
values were almost similar in both growing seasons for above-mentioned traits (Table 4). More
specifically, at the LAImax, N-NO;j in petiole sap showed significant differences among N (p < 0.05),
while not by B and N x B in both growing seasons. The plants grown with STD uptake more N-NOs
by 120% followed by RED 72% compared to NO during 2023, while in second growing season was 16
and 70%, respectively. Likewise, at LAImax SPAD and NDVI values were significantly influenced by
N (p < 0.001), while B and N x B had no significant effects in both seasons. At all sampling dates in
both growing seasons, the highest SPAD was recorded for the STD treatment, but the values were
not different from the RED. Compared to 2023, 2024 was more pronounced in SPAD values
improvement in fertilized treatment (on average: 18%) compared to non-treated one. The similar
results were also found for the NDVI index where STD and RED showed comparable results at all
sampling dates in both years. Similar to growth-related traits the effects of biostimulants were not
found significant, but BIOS2 and BIOS3 grown with NO improved NDVI index by 23% and 14%,
respectively, in first growing season compared to BIOSO_NO.

Table 4. N-NO:s concentration in petiole SAP (mg L), SPAD readings and NDVI vegetation index of processing
tomatoes treated with different biostimulants and nitrogen doses recorded at the maximum vegetative growth
stage i.e.,, LAImax at 80 DAT.

N-NOs SAP SPAD NDVI
Treatments
(mg L) (-) (-)
2023 2024 2023 2024 2023 2024
BIOS0_NO 197 243 55.0 51.4 0.4238 0.5801
BIOS1_NO 160 247 56.1 52.2 0.4441 0.5661
BIOS2_NO 157 210 54.3 51.8 0.5207 0.5840
BIOS3_NO 230 260 54.4 52.2 0.4849 0.5980
BIOSO_RED 336 280 57.7 59.2 0.6751 0.6621
BIOS1_RED 317 293 57.3 62.0 0.6853 0.6443
BIOS2_RED 303 287 57.9 59.7 0.6866 0.6401
BIOS3_RED 323 253 58.5 61.7 0.6880 0.6712
BIOS0_STD 400 280 58.6 61.2 0.6386 0.6406
BIOS1_STD 407 510 56.7 60.5 0.6361 0.6515
BIOS2_STD 387 373 57.3 64.1 0.6142 0.6462
BIOS3_STD 433 450 61.7 61.2 0.6949 0.6619
Level of significance
Nitrogen (N) * *3% E 3434 %% *AA
Biostimulant (B) ns ns ns ns ns ns
B xN ns ns ns ns ns ns

The different letters in the same column indicate differences among treatments. F-test significant at *: (p < 0.05),
**: (p <0.01), **: (p <0.001), ns: not significant.
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3.3. Fruit quality traits

Fruit quality parameters, including TSS (°Brix), pH and fruit color, were evaluated at harvest
(Table 5). N significantly influenced TSS during 2023 (p < 0.001), but not in 2024. However, B did not
have a significant effect on these parameters in both growing seasons. Although the effect was not
significant, the BIOS3 during the first season and BIOS2 during the second season resulted in higher
°Brix values compared to other treatments. Conversely, fruit pH remained unaffected by any
experimental factor in both seasons. Fruit color exhibited a similar trend to °Brix, with no significant
effect by B, whereas N had influenced significantly (p < 0.05) in both growing seasons. No significant
interaction N x B was observed for any of the measured fruit quality traits in either growing season.

Table 5. Total soluble solid contents (TSS, *Brix), pH and fruit colour (5 for red fruits) of processing tomatoes
treated with different biostimulants and nitrogen doses recorded at harvest.

Treatments TSS pH Colour
°Brix () ()
2023 2024 2023 2024 2023 2024
BIOS0_NO 420 427 4.63 431 3.00 417
BIOS1_NO 4.07 4.27 4.65 4.33 2.33 4.50
BIOS2_NO 3.93 427 4.63 4.33 2.67 4.50
BIOS3_NO 4.10 4.30 4.63 4.33 3.00 4.17
BIOSO_RED 4.23 417 4.69 4.33 3.33 4.50
BIOS1_RED 4.73 4.03 4.57 4.35 3.67 4.67
BIOS2_RED 4.00 4.50 4.65 4.30 3.33 4.67
BIOS3_RED 447 4.20 4.56 4.33 4.00 4.67
BIOS0_STD 4.67 423 4.63 4.35 3.67 4.67
BIOS1_STD 4.80 4.23 4.60 4.32 3.67 4.50
BIOS2_STD 4.63 4.37 4.56 4.30 3.00 4.83
BIOS3_STD 4.80 4.10 4.65 4.35 3.67 4.50
Level of significance

Nitrogen (N) e ns ns ns * *

Biostimulant (B) ns ns ns ns ns ns

N xB ns ns ns ns ns ns

The different letters in the same column indicate differences among treatments. F-test significant at *: (p < 0.05),

***: (p < 0.001), ns: not significant.

3.4. Photosynthetic pigment analysis

Photosynthetic pigment concentrations, including chlorophyll a (Chl a), chlorophyll b (Chl b),
total chlorophyll (Chl tot) and total carotenoids, were quantified for 50 days post-transplantation
(Table 6). Statistical analysis revealed a significant impact of varying nitrogen application rates (p <
0.001) on all measured photosynthetic pigment traits across both growing seasons. In contrast,
biostimulant application and their two-way interaction did not affect these parameters. Specifically,
plants treated with RED and STD nitrogen application rates exhibited comparable levels of all
photosynthetic pigments, while the absence of nitrogen application either with or without
biostimulants consistently resulted in the lowest pigmentation levels. BIOS2 consistently enhanced
photosynthetic pigment levels across both seasons, suggesting a positive trend despite the lack of
statistical significance.

Table 6. Chlorophyll (g, b and total: mg g1 Fresh Weight; FW) and carotenoids contents of processing tomatoes
treated with different biostimulants and nitrogen doses recorded at 50 days after transplanting.

Chl a Chlb Chl tot Carotenoids

Treatments (mg g1 FW) (mg g1 FW) (mg g' FW) (mgg! FW)
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2023 2024 2023 2024 2023 2024 2023 2024
BIOS0_NO 0.700 1.038 0.180 0.284 0.880  1.322 0.570  0.822
BIOS1_NO 0.800 1.102 0.210 0.312 1.000 1.413 0.600  0.969
BIOS2_NO 0.740  0.993 0.190 0.314 0920 1.307 0.590  0.950
BIOS3_NO 0.540 0.970 0.130 0.287 0.680  1.258 0.440  0.888
BIOSO_RED 0900 1.284 0.230 0.374 1130 1.658 0.740 1.059
BIOS1_RED 0.860 1.173 0.220 0.344 1.080 1.517 0.710 1.059
BIOS2_RED 1.000 1.231 0.260 0.354 1.260 1.585 0.810 1.095
BIOS3_RED 1.030 1.281 0.260 0.359 1.290 1.640 0.830 1.048
BIOS0_STD 0.960 1.336 0.250 0.369 1.210 1.706 0.790 1.158
BIOS1_STD 0.990 1.198 0.260 0.334 1.250  1.532 0.820  0.969
BIOS2_STD 0.900 1.409 0.250 0.418 1.150 1.827 0.790 1.292
BIOS3_STD 1.010 1.314 0.260 0.371 1.280 1.686 0.830 1.055
Level of significance
Nitrogen (N) Eat *AA bt 4% A%k *% HA *%
Biostimulant (B) ns ns ns ns ns ns ns ns
N x B ns ns ns ns ns ns ns ns

The different letters in the same column indicate differences among treatments. F-test significant at **: (p < 0.01),
***: (p < 0.001), ns: not significant.

3.5. Anatomical analysis

During the second growing season, the anatomical parameters of tomato leaves, including leaf
thickness (L), thickness between the two epidermis (fmes), intercellular air space (fias), palisade
parenchyma ratio (p-ratio), spongy parenchyma ratio (s-ratio) and epidermis thickness (L-tmes) were
recorded at two time points, i.e.,, 36 and 64 DAT (Table 7). L and mesophyll thickness tmes were
significantly affected by B and N x B at both 34 and 64 DAT (p < 0.05) (Table 7), but not by N
application rates alone. Specifically, at 36 DAT, BIOS3_RED resulted in the highest L, while
BIOS1_STD becomes higher at 64 DAT. For tmes, BIOSO_STD and BIO1_STD have higher values at
36 and 64 DAT, respectively. However, fias and p-ratio were not significantly affected by any
experimental factor at any time. Moreover, s-ratio except for N application was not affected by B and
N x B at both time points. Additionally for L-tmes, it was only found different at 36 DAT among all
experimental factorsi.e., B (p <0.05), N (p <0.05) and N x B (p <0.01), but not by any factor at 64 DAT.
BIOS0_NO and BIOS1_NO showed maximum values for s-ratio at 36 and 64 DAT, respectively. For L-
tmes, BIOS2_NO revealed higher values at both time points.

Table 7. Leaf thickness (L: pm), thickness between the two epidermis (tmes: pm), fraction of intercellular air
space (fias), palisade parenchyma ratio (p-ratio) spongy parenchyma ratio (s-ratio) and fraction of palaside cells
(L-tmes) of processing tomatoes treated with different biostimulants and nitrogen doses recored at 34 and 64

days after transplanting.

Treatments L tmes fias p-ratio s-ratio L-tmes
36 36 64 36 64 36 64 36 64
36 DAT 64 DAT DAT 64 DAT DAT DAT DAT DAT DAT DAT DAT DAT

BIOSO_NO 253.8a 295.5ab 214.3a 258.2ab 0.476 0483 0289 0.262 0235 0254 395a 373
BIOS1_NO 266.8 ac 324.5ab233.8 ac283.3ab 0.526 0.489 0.267 0.244 0.207 0268 33.1a 413

BIOS2_NO 299.5be 361.9b 2?29 317.7b 0.526 0.532 0.299 0.238 0.175 0.230 40.7ab 44.2

BIOS3_NO 310.9 ce 320.3 ab ZZZO 283.7ab 0.506 0.542 0.269 0265 0224 0.193 349a 36.7

BIOSO_RED 303.3 be 340.3 ab 2?:23 3044b 0523 0.541 0.269 0.242 0.208 0.217 39.0a 359

BIOS1_RED 286.7 ae 328.1 ab 25;:8 290.7ab 0.517 0.541 0.282 0.261 0.200 0.198 31.8a 37.5
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BIOS2_RED 264.6 ab 340.5 ab 2:;%3 3032b 0.514 0.514 0.296 0.265 0.190 0221 344a 373
BIOS3_RED 328.1e 264.4a 273.1ce 2320a 0.511 0.531 0.286 0277 0.203 0.192 550a 324
BIOSO_STD 318.9 de 335.0 ab 286.8 e 292.8 ab 0.538 0.551 0.272 0.232 0.190 0217 320a 422

BIOS1_STD 274.8 ad 368.9b 2‘;11'8 3277b 0.506 0.546 0.325 0.252 0.169 0203 33.0a 413

BIOS2_STD 262.8 ab 340.4 ab 2259 303.1b 0.505 0.509 0.293 0.267 0.202 0224 369a 373

ab
BIOS3_STD 267.5 ac 308.9 ab234.8 ac275.0ab 0.526 0.499 0.283 0.295 0.191 0.206 32.7a 33.9
Level of
significance
Nitrogen (N) ns ns ns ns ns ns ns ns * * * ns
Blostzg)ulant ** ** ** ** ns ns ns ns ns ns * ns
N xB ** * ** * ns ns ns ns ns ns ** ns

The different letters in the same column indicate differences among treatments. F-test significant at *: (p < 0.05),
**: (p <0.01), , ns: not significant.

3.6. Stomatal morphology

During the first growing season, stomatal density (SD) and stomatal size (SZ) were assessed on
both the abaxial and adaxial surfaces of tomato leaves at 36 and 50 DAT (Figures 2 and 3). On the
abaxial side, no significant differences were observed for SD by B and N at both time points. N x B
was found non-significant at 36 DAT, however, at 50 DAT, it was detected significant (p < 0.01). The
highest SD was recorded in plants grown without biostimulants under standard nitrogen application
(STD), although this value was not significantly different from that of plants under BIOS2_RED. On
the adaxial side, significant N x B (p < 0.01) were observed at both time points. At 36 DAT, plants
treated with BIOS1_NO exhibited a marked increase in SD. Conversely, at 50 DAT, this same
treatment resulted in the lowest SD among all combinations, indicating a temporal shift in response

dynamics.
Stomatal Density
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Figure 2. Stomatal density (SD, mm?) of processing tomatoes treated with different biostimulants and nitrogen
doses recorded at 36 and 50 days of transplanting (DAT). Values are means (1 = 3) + S.E. In each graph, different

letters indicate significant differences among treatments (p < 0.05, Tukey’s test).
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Additionally, at 36 DAT, the SZ measured at abaxial side of the tomato leaves showed a
significant difference for both N and B and interaction factor N x B (p < 0.001) but becomes non-
significant at 50 DAT (Figure 3). The SZ revealed a significant increase in the plants grown under
BIOS1_NO, but not different from BIOS1_RED, BIOS3_NO and BIOS2_STD. Similarly, the SZ recorded
on the adaxial side of leaves showed a significant difference for N x B at both time points (p <0.001).
In particular, plants grown under BIOS1_NO consistently showed the largest SZ values at both 36 and

Stomatal Size
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Figure 3. Stomatal size (5Z, um?) of processing tomatoes treated with different biostimulants and nitrogen doses
recorded at 36 and 50 days of transplanting (DAT). The different letters indicate differences among treatments.
Values are means (1 = 3) + S.E. In each graph, different letters indicate significant differences among treatments
(p<0.05, Tukey’s test).

4. Discussion

Aboveground biomass and nitrogen accumulation of processing tomatoes during the two years
study clearly depended upon weather seasons, for its different effects on soil N availability and crop
growth. In the first year of experimentation, the heavy rain that occurred soon after the transplanting
probably hindered a good root setting and decreased base N fertility in soil while reducing crop
growth and development. The observed stronger effects of biostimulants in 2023 compared to 2024
during the present investigation can be partially attributed to differences in climatic conditions
between the two growing seasons, as described in Figure 1. Notably, higher precipitation even higher
than average rainfall of that zone during 2023 compared to 2024 probably hindered the root
development, although the root related traits were not observed during this study, but its is evident
in the above-ground biomass observation at the early growth stages (supplementary file Figure 1)
may have contributed to mild environmental stress, enhancing plant responsiveness to biostimulant
treatments. This stress-induced sensitivity may have amplified physiological and morphological
improvements under biostimulant application as reported in other studies [29-32]. Although specific
stress indices were not quantified in this study, incorporating such measures in future research could
provide a clearer understanding of how environmental factors modulate tested biostimulant efficacy.
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Furthermore, the present investigation consistently showed the significant effects of N
application rates on crop growth. Moreover, the reduced N application (-30%) produced comparable
results without compromising the wide range of morphophysiological, anatomical and yield aspects
of processing tomatoes. Similar kinds of results were also observed for the other studies [16,17]. In
particular, the plants grown with reduced N supply produced the highest biomass accumulation, leaf
area index and total commercial yield, similar to the standard N doses applied. This standard dose
(200 kg N/ha) was based on the continuous previous experimentation under same environmental
conditions and similar cultivar. In the current study, the change in variety PS1296 from previous
studies [7,33] to Heinz 5108 although have same growth behavior and crop cycle but, this change
might affect the results that needs to be further validate with actual optimization of the N dose for
this specific variety. We have to consider not only the effects change according to plant varieties but
also to the moment in which there are applied and to environmental conditions [34]. These outcomes
signify the importance of reduced N input that does not necessarily compromise yield in comparison
to standard dose that happen likely due to improved Nitrogen Use Efficiency (NUE) and reduced
physiological stress associated with over fertilization. The results from different studies revealed that
NUE can be enhanced by reducing N supply that may delay leaf senescence resulting in no loss in
yield [35]. A study on cotton displayed that a 20% reduction in N supply than standard dose didn’t
affect the yield [36]. The findings from another study on tomato demonstrated that excessive N inputs
lead to reduced returns, NUE and potentially imbalance nutrients. Therefore, it should be noted that
adjusting N inputs is necessary for the crop to optimize its yield and resource allocation [37].

In the current investigation, biostimulants alone did not affect significantly towards tomato
growth and N-uptake contrasting the already available literature in terms of biostimulants
contribution towards the adjustment in the nutrient supply [38], but the literature is often fragmented
and unconvincing [39]. However, a positive effect was recorded when biostimulants coupled with
the low N availability, even if probably masked by the high variability observed in our samples.
Moreover, the soil pH denotes mildly alkaline conditions, which can significantly influence nutrient
bioavailability, particularly nitrogen forms, and thereby impact nutrient uptake efficiency. Alkaline
soils often affect the solubility and mobility of essential nutrients, potentially altering the
biostimulant effectiveness as evident in other studies [40,41]. These interactions between soil
chemical properties and biostimulant activity merit consideration, as they may modulate nutrient
assimilation and physiological responses in tomato plants under different fertilization regimes. As
evident in our study, the biostimulants efficiency is more prominent under stress conditions (first
growing season) compared to non-stressed ones (second growing season), this is the fact that we
observed the differences among two growing seasons. Those findings are in line with previous
studies that highlighted biostimulants potential to enhances the plant performance by modulating
hormonal activities, promoting root growth and development that helps in enhanced nutrient uptake
and improved tolerance again abiotic stress conditions [42].

Moreover, it has the ability to intact the photosynthetic machinery, pigment concentration
especially evident in current study where plants treated with protein hydrolysates outperformed the
other treatments, further expressing biostimulant’s role in maintaining photosynthetic capacity and
metabolic efficiency under sup-optimal N conditions [43]. The improved performance observed with
BIOS2 and BIOS3 under reduced nitrogen conditions, demonstrated also by the increase on leaf
thickness, may be attributed to distinct mechanisms. BIOS2, being a protein hydrolysate, likely
enhances nutrient uptake and assimilation through hormone-like activity (e.g., auxin and cytokinin
stimulation) and upregulation of nitrogen transporters [44]. On the other hand, BIOS3, containing
endophytic nitrogen-fixing bacteria, may contribute to increased nitrogen availability through
biological N fixation and modulation of the rhizosphere microbial community, thereby supporting
plant growth under reduced nitrogen supply[45]. As observed by Zhang et al. [46] in Cassava
(Manibot esculenta Crantz), the ability of some nitrogen fixing endophytic bacteria increases with the
increase in the content of nitrogen under a specific range of concentration; conversely, above this
range, the nitrogenase activity of these bacteria and their positive effect decrease. This behaviour
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could contribute to justify why the effects of this kind of biostimulants is evident above all under
reduced nitrogen supply. A study reported that the application of protein hydrolysates along with
reduced N supply to the tomato improved its growth compared to non-treated ones through
upregulating the gene expression of amino acid transporter and glutamine synthetase resulting in
higher N uptake that ultimately helps in improved plant growth [47]. Based on the results of current
study, protein hydrolysates and N-fixing bacteria demonstrated enhanced crop growth that
ultimately enhanced the yield contributing traits and N uptake of processing tomatoes, in line with
the other study [17]. On the contrary, the biostimulants effect was not evident on improvement in the
marketable yield and fruit quality parameters in line with the other study [39,48]. However, from our
findings, it is noted that the effect of seaweed extract remains unchanged for processing tomatoes.

Likewise, the fruit quality in terms of total soluble solids was slightly changed by N application
rates but interestingly those were not different in RED and STD. This effect might be due to moderate
nitrogen limitations that may favor the accumulation of soluble carbohydrates, a key determinant of
tomato processing quality [49]. Fruit quality was not influenced by the presence of biostimulants;
these results disagree with what was observed by other authors [48,50]. This discrepancy could be
justified using different kinds of biostimulants and by their sensitivity to environmental and soil
conditions [40].

As expected, the photosynthetic pigments including chlorophyll a, b, total and carotenoids
analysis confirmed the strong effect of nitrogen application rates due to N’s integral role in
chlorophyll biosynthesis [51]. However, chlorophyll content further increased in the presence of
BIOS2, although the differences were not statistically significant and were detected only in 2024. This
last observation confirms that the tomato response is strictly season dependent, as also observed by
Patane et al. [39]. A season dependent effect was also observed in the N-NOs concentrations in petiole
sap [52]. At LAImax, N-NO; concentrations in petiole sap were primarily influenced by nitrogen
rates, with significantly higher values under the standard followed by reduced and unfertilized
control. This approach is evidently suitable in detecting the crop N status in relation with SPAD and
NDVI. However, the sap test couldn’t identify minor changes in the processing tomatoes N status
related with biostimulants application, in line with the results of other study [53,54].

Anatomical and stomatal morphology analysis revealed, instead, a biostimulant potential effect
on leaf development under different N application rates. The mesophyll and leaf thickness were
significantly affected due to the presence of biostimulants, especially under reduced N supply. Effects
changed according to biostimulant and depending on N supply. At the standard N dose, the presence
of biostimulants determined a decrease in the leaf thickness, instead at the reduced N dose, plants
treated with BIOS3 showed thicker leaves than control. The observed increase in leaf thickness may
suggest an adaptive anatomical response aimed at enhancing physiological performance. Thicker
leaves often indicate increased mesophyll tissue, which can improve internal CO, diffusion and
potentially support higher photosynthetic activity or water retention [55]. While direct correlations
with photosynthetic efficiency or water use were not assessed in this study and be recommended for
further studies, these anatomical adaptations may contribute to improved stress resilience,
particularly under reduced nitrogen availability. Biostimulants can increase the concentration of
certain compounds like tocopherols and fatty acids in plant tissues, potentially affecting leaf structure
[56]. The observed stomatal traits, i.e., density and size showed notable changes occurred over time,
highlighting the variability of treatment combinations and dynamic acclimation processes. For
instance, biostimulant treated plants showed higher stomatal dimensions that can enhanced water
use efficiency and stress tolerance [43]. Biostimulants like BIOS2 and BIOS3 may enhance nitrogen
uptake and photosynthesis by modulating molecular key pathways, including upregulation of nitrate
transporters (NRT1, NRT2), ammonium transporters (AMT1), and peptide transporters (PTR) as
reported by [57]. Additionally, enzymes involved in nitrogen assimilation such as nitrate reductase
(NR) and glutamine synthetase (GS), along with key chlorophyll biosynthesis enzymes like glutamyl-
tRNA reductase (GIuTR), may be upregulated [58]. These molecular changes could also contribute to
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structural adaptations such as increased leaf thickness, thereby potentially improving photosynthetic
efficiency under reduced nitrogen conditions.

5. Conclusions

The present study findings highlight the potential of integrating biostimulants into reduced
nitrogen management systems to maintain processing tomatoes performance. All studied parameters
responded well to the N application rates imposed during the experiment. While the main effects of
biostimulants were not consistently significant across all parameters, their contribution under low/no
nitrogen inputs was evident, particularly in terms of physiological efficiency, pigment concentration
and anatomical adaptation. This multifactorial study underscores the feasibility of reducing nitrogen
inputs in tomato production without compromising yield or quality, especially when biostimulants
are employed together. The investigation displayed that plants grown with biostimulants at low/no
nitrogen availability outperformed to the ones grown without them in terms of biomass
accumulation, LAI and total yield. Based on the outcomes of biostimulant effects, those were strictly
season dependent because they were more evident in the first year compared to the second one, as
interannual variations were observed in the current experiment, likely due to the occurrence of stress
conditions. Among the biostimulants tested, protein hydrolysates and endophytic N fixing bacteria
performed better than the seaweed extract in processing tomato. Future research should aim to clarify
the mechanisms by which different biostimulants influence plant hormonal pathways and microbial
interactions under low-input conditions. Long-term field trials across diverse climates, soil types and
tomato varieties are essential to assess the scalability and economic viability of this approach.
Additionally, further investigation is needed to evaluate greater nitrogen reductions particularly
beyond the 30% reduction tested in the current study, to determine the optimal rate for the variety
used.
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