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Abstract

Improving crop adaptation to reduced agricultural inputs is a fundamental goal of current and future cropping systems, which
must cope with resource scarcity and feed an increasing world population. Landraces and wild species showing tolerance
traits are an important source of underexploited genetic traits that may contribute to pursue this goal. In this work, we exposed
tomato lines of different origin to nitrogen and water deficiency to identify stress tolerance traits. Out of 10 accessions, we
identified two genotypes, T292 and T150, with remarkable tolerance to nitrogen and water shortage, respectively. Under
nitrogen deficiency genotype T292 did not show significant reduction of the shoot biomass vs a 20.2% reduction observed
in the control genotype M82. An increased antioxidant activity and the ability to mobilize nitrogen from roots to the shoot
were correlated with the sustained growth of T292 under low nitrogen. In response to drought stress, line T150 was the
best performer with no significant reduction of biomass compared with control, well-watered conditions, whereas a 27.6%
reduction was observed in M82. Under water deficiency, key adaptive traits of line T150 included the ability to improve the
root:shoot ratio by allocating more biomass to the roots, which was correlated with lower levels of key markers of osmotic
stress (proline and LEA) compared to control plants. Overall, we identified key physiological/molecular traits that mediate
nitrogen and water use under resource shortage, and we confirmed that landraces represent a valuable genetic resource to be
used in modern sustainability-based tomato breeding.
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Introduction

Tomato is one of the most important crops, with more than five
billion hectares cultivated worldwide (Mehle et al. 2023) and
high varietal diversity in terms of plant growth habit and fruit
morphology and quality. Such diversity has been produced
over many years of breeding programs but also maintained
for centuries by small farmers, who have selected varieties
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that well adapted to different cultivation environments, the
so-called landraces (L4zaro 2018). Generally, landraces are
highly resource-use efficient, since they have been selected
primarily for environmental adaptability rather than high yield
and, indirectly, tolerance to biotic and abiotic stresses (Jaiswal
et al. 2020; Moles et al. 2016; Silva et al. 2019). Landraces
are therefore an important source of tolerance traits, which
are pivotal to increase the sustainability of tomato cultivation
and protect yields in sub-optimal environments, where modern
hybrids would generally underperform with respect to their
yield potential (Tagiakas et al. 2022). It is generally accepted
that most breeding programs have focused on high yield and
pests/diseases tolerance rather than adaptability to environ-
mental/cultural constraints such as sub-optimal temperature
conditions and/or water and nutrient scarcity. However, future
agricultural scenarios will deal with increasingly frequent
drought and heatwaves events, especially in arid and semi-arid
environments (Shah et al. 2024; Thabet et al. 2024a), low avail-
ability of fertilizers due to their natural scarcity and/or high
production and delivery costs, and need to reduce nutrients
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leaching and contaminations of aquifers due to unutilized fer-
tilizers by the plants (Carrillo et al. 2024; Manaigo et al. 2024;
Thabet et al. 2024b; Alqudah et al. 2024a). In particular, nitro-
gen starvation reduces tomato plant growth and productivity
because it causes an impairment of aminoacids and protein
biosynthesis (Wu et al. 2024). The deficit of this macronutrient
has negative impacts on the whole plant physiology, making
fertilization essential to achieve high yield (Zayed et al. 2023).
In this context, low yielding landraces have gathered a renewed
interest, as an alternative model to modern cultivars, for low-
input agriculture, and as a source of resilience traits for next
generation breeding programs (Caramante et al. 2023; Marone
etal. 2021; Ochieng et al. 2021). It has been demonstrated that
some tomato landraces were more tolerant to salt and water
stress compared to commercial varieties (Fita et al. 2015;
Giorio et al. 2020; Landi et al. 2023; Massaretto et al. 2018).
Moreover, several tomato local varieties are grown without or
with minimal water supplementation during the whole growth
cycle, a feature that associates low water requirements to the
high quality of the final products (Guida et al. 2017). Similarly,
old tomato varieties were found to have higher nitrogen use
efficiency (NUE) and water use efficiency (WUE) than mod-
ern hybrids when facing combined water and nitrogen stress
(Machado et al. 2023). Several genes related with NUE belong
to the NRT family, and mediate nitrate transport from the soil
to plant tissues. It has been reported that NRT genes are also
highly expressed in nitrogen-starved plants to facilitate nitro-
gen uptake and phloem loading for its remobilization (Lezh-
neva et al., 2014; Safi., 2023). Introgression of traits from wild
relatives of tomato has long been proposed as a key strategy
to improve abiotic stress tolerance. Solanum pennellii is a
wild tomato species recognized for extreme stress tolerance
and introgression lines of S. pennellii with M82 commercial
tomato variety have been used to identify quantitative trait loci
(QTLs) for abiotic stress tolerance (Bolger et al. 2014; Eshed
and Zamir 1995; Ofner et al. 2016; Pessoa et al. 2023). There-
fore, the aim of this study was to identify genetic and physi-
ological traits, from local varieties or advanced (BILs) inbred
lines from wild species, able to improve tomato resource use
efficiency (Lazaro 2018). Phenotypic evaluation of ten tomato
genotypes allowed us to identify candidate tomato genotypes
able to grow under limited water and nitrogen supply. Key bio-
chemical and molecular responses have been assessed on the
selected lines and identified as boosters of water and nitrogen
use efficiency in tomato.

Materials and Methods
Plant material and Growth Conditions

Ten Solanum lycopersicum L. genotypes (Table S1) were
chosen among a large tomato core collection (Hebrew
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University of Jerusalem), long shelf-life Western Medi-
terranean tomato landraces, and lines previously identified
as good performers under single stress conditions (Univer-
sity of Naples Federico II). The commercial variety M§2
was used as internal reference to compare the response of
the ten lines to the different growing conditions imposed.
The experimental conditions were as described in Ruggi-
ero et al. (2022). Briefly, 30-day old seedlings grown in a
nursery were transplanted in a semi-controlled conditions
glasshouse to 15 L pots containing sand imbibed with
water. At transplant, plants were divided in six blocks,
each containing three to four replicates per each genotype
and organized according to a randomized block setup. Two
blocks per treatment were used and plants were fertigated
following three treatments: Control (10.2 mM NO;~, 100%
water supply), Low N (2.88 mM NO;~, 100% water sup-
ply), and Drought (10.2 mM NO;~, 50% water supply).
Nutrient and drought stresses were applied after one week
of acclimation. Detailed nutrient solution compositions
are described in Ruggiero et al. (2022). Plants were culti-
vated under stress conditions for 30 days prior to biometric
measurements and leaf and root sampling for molecular
and biochemical analyses.

Physiological Analyses and Biometric
Measurements

Physiological analyses and biometric measurements were
carried out on six to eight replicates per genotype per treat-
ment. At 30 days after stress application, chlorophyll con-
tent was measured using the chlorophyll meter SPAD-502
Plus (Konika Minolta). On the same day, the stomatal con-
ductance was measured by using the AP4-UM3 porometer
(Delta-T Devices), as well as the leaf relative water content
(RWC). RWC was measured as follows. Excised leaves were
immediately weighed for fresh weight (FW) determination
and then hydrated with distilled water for 24 h to obtain the
turgid weight (TW). Leaf samples were then oven-dried at
70 °C for 72 h and dry weight (DW) was measured. The
RWC was calculated using the following equation:

FW — DW

RWCE) = T —pw

x 100

For biometric measurements, aerial parts and roots were
collected. Roots were washed to remove residual sand.
Shoot fresh weight, shoot dry weight, leaf area, and root
dry weight were measured. To obtain shoot and root dry
weights, the collected samples were oven-dried at 70 °C
until a stable weight was reached. Plant leaf area was
measured on excised leaves of all plants using a scanning
planimeter (LI — 3400 Leaf Area Meter, Licor).
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Biochemical Analyses

At the end of experiment, leaf samples were collected from
four biological replicates per genotype and treatment. For
proline content measurements, two technical replicates
were performed for each sample. Proline content was deter-
mined according to the method of Claussen (2005). Lipid
peroxidation, estimated as MDA content, was determined
by spectrophotometric measurements at 532 and 600 nm,
and the concentration was calculated using an extinction
coefficient of 155 mM~! cm ~! (Zhang and Kirkham 1996).
The content of hydrogen peroxide (H,0,) was determined
as described by Alexieva et al. (2001), on four replicates
per genotype per treatment. Absorbance was determined at
390 nm, and the H,O, content for all samples was quantified
using a known H,O, concentration curve as a standard. To
normalize between leaves at different levels of water con-
tent belonging to control vs drought stress treatments, these
parameters were expressed on dry weight basis.

Nitrate Content

The nitrate content was measured on finely ground dried
shoot and root tissues. The extraction was performed in
Milli-Q water (Merck Millipore, Darmstadt, Germany) at
80 °C for 10 min. The analysis was carried out by ion chro-
matography using a Dionex ICS-3000 system (Sunnyvale,
CA, USA). The evaluation of nitrate was performed with
NaOH gradient (1 mM-50 mM; flow rate 1.5 mL/min) using
an IonPac AS11HC column with an AG11HC guard column
as previously described in Di Stasio et al. (2020).

RNA Isolation, cDNA Synthesis, qRT-PCR

Total RNA was extracted from leaves and roots using
RNeasy Plant Mini kit (Qiagen, Germany) following the
manufacturer’s instructions. RNA was DNase-treated and
reverse transcribed as previously described (Batelli et al.
2024). Gene expression analysis through qRT-PCR was
performed using three biological replicates and three tech-
nical replicates with ABI 7900 HT (Applied Biosystems,
United States) as previously described (Ruggiero et al.
2019). Primers used are listed in Table S2. PCR product
melting curves were analyzed to confirm the presence of
a single peak, indicative of one PCR product per primer
couple assayed. For relative quantification of gene expres-
sion, elongation Factor EF1-a (Solyc06g005060) served as
endogenous reference.

Ranking Methodology

The ranking was performed according to the methods
described in Biermann et al. (2022) using RStudio. The R

code used is stored at GitHub at the following link: https://
github.com/BiermannlGZ/AbioticStressToleranceClassifi
cation. For the biometric, physiological, and biochemical
parameters evaluated, the mean values of relevant param-
eters were subjected to analysis of variance (ANOVA) and
Tukey HSD post-hoc to identify the differences among the
means. For qRT-PCR, the differences were identified with
Student’s t-test (p < 0.05).

Results
Genotype Ranking Under Low Nitrogen (LN)

The eigenvalue of the PCA applied to the dataset showed
that PC1 and PC2 explained 40.1% and 13.7% of the vari-
ability, respectively (Figure S1A). The PC1 was mainly
correlated with shoot dry weight, leaf area and shoot fresh
weight, while the PC2-3 with RWC, root dry weight and
SPAD (Table S3B). The scatter plot resulting from the PCA
showed that the low nitrogen points are clearly separated
from the control ones (Figure S2), but with different dis-
tances among the genotypes (Table 1). Indeed, the genotypes
T149, T292 and T313 showed higher tolerance toward low
nitrogen, while T150, T151 and M82 were sensitive. Finally,
T147, T336, T249 and T327, showed an intermediate behav-
iour between the tolerant and sensitive genotypes (Table 1).

Biometric and Physiological Measurements (LN)

The results of the ranking identified T292 as the most tol-
erant genotype under low nitrogen, opposed to M82 that
showed high sensitivity to this condition (Table 1). Con-
firming the results of the ranking, M82 shoot and root dry

Table 1 Ranking of the 10 evaluated genotypes based on the distance
between the two treatments (control vs low nitrogen)

Low Nitrogen

Genotype Distance z-score Sig
T149 2.67 - 0.67 a
T292 2.70 —0.64 a
T313 2.70 —0.64 a
T147 3.05 -0.22 ab
T336 3.38 0.17 ab
T249 345 0.25 ab
T327 3.46 0.26 ab
T150 3.61 0.44 b
T151 3.62 0.45 b
M82 3.82 0.69 b

Statistical analysis was performed according to ANOVA and Dun-
can’s post-hoc test (p <0.05)
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weights were reduced by 20.2% and 31.3%, respectively
compared to the unstressed control (Fig. 1A-B). On the con-
trary, these parameters did not show a significant change
under low nitrogen in T292 (Fig. 1A-B).

Biochemical Measurements (LN)

The ranking provided by the PCA allowed us to select,
among the tested genotypes, the most representative in
terms of tolerance and sensitivity to a low nitrogen con-
dition. Therefore, further analyses were performed on
these genotypes to identify the biochemical responses
underlying this differential behaviour. When comparing
the effect of low nitrogen on the two genotypes showing
opposite responses, the tissue levels of H,O, and MDA
were consistent with a stress- and tolerance-status of
MS2 and T292, respectively, showing significant interac-
tion between the genotype x treatment factors (Table S4).
Indeed, the H,O, levels increased significantly in M82 tis-
sues compared to control conditions (+ 82% %), whereas
they did not in T292 plants (Fig. 2A). Similar results were
found for MDA, that increased by 34.93% in M82 plants
under low N (Fig. 2B). Interestingly, this parameter was
reduced by 57%% in T292 plants (Fig. 2B). Regarding
the nitrate concentration of the leaf, no significant inter-
action between the genotype and the nitrogen treatment

Fig. 1 Biometric response of
the two selected tomato geno-

>

was found, but only a significant decrease caused by low
nitrogen compared to the control (-96%) (Table S5). On
the contrary, the root concentration of nitrate was affected
by the interaction between the two factors (Table S5). This
parameter showed an opposed trend between the two geno-
types, with 107.5% increase of root nitrate concentration
in M82, and 63.2% decrease in T292 (Fig. 3).

Gene Expression (LN)

Under low nitrogen, SOD6 (Solyc03g095180) expression
was significantly upregulated (1.4-fold change) in M82
compared to control conditions, while no change was
detected for T292. On the contrary, low nitrogen induced
an up-regulation of CAT (Solyc04g082460) in T292 (1.96-
fold change) that was absent in M82 (Fig. 4). For the low
nitrogen tolerant genotype T292, expression of the dual/
low-affinity nitrate transporter (NRT1.1, Solyc08g078950)
in leaves was significantly upregulated under low nitrogen
conditions (2.7-fold change), while in M82 this gene did
not show significant changes. On the contrary, the high-
affinity nitrate transporter (NRT2.1, Solyc06g074990) in
roots was upregulated both in T292 and M82 (32.5- and
42.1-fold change, respectively) (Fig. 5).
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Fig.3 Root nitrate concentration of the two selected tomato geno-
types (sensitive M82 vs tolerant T292) in response to low nitrogen
(LN). Different letters indicate significant variation between the
means according to Duncan’s post-hoc test (p < 0.05)

Genotype Ranking Under Drought Stress (DS)
According to the PCA for the dataset on drought, the PC1
and the PC2 explained 50.5% and 15.9% of the variability

Fig.4 Relative gene expression
of A SOD6 and B) CAT of the
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among the genotypes (Figure S3A). The PC1 was mainly
explained by shoot fresh weight, leaf area, shoot dry weight,
and transpiration. The PC2 was mainly explained by root
dry weight, height, SPAD and RWC (Figure S3B). The
PCA points show that the control and the drought plants
clearly separate on the chart (Figure S4). The calculated
distances on the chart show that the most drought tolerant
genotypes, indicated by the lowest distance between control
and drought points, were T150, T147, and T149. On the
contrary, the most sensitive genotypes were T336, M82, and
T151 (Table 2).

Biometric Measurements (DS)

The PCA identified T150 as the most tolerant to drought
stress among the tested genotypes, whereas M82 was one
of the most sensitive (Table 2). The results show that
only the single factor of drought induced 23.3% reduc-
tion of shoot dry weight, while the interaction between
genotype and drought was not significant (Table S6). In
T150, drought caused 12.4% increase in root dry weight
compared to the control, while in M82 this parameter
did not change (Fig. 6A). With respect to the root:shoot
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Table 2 Ranking of the 10 evaluated genotypes based on the distance
between the two treatments (control vs drought)

Drought

Genotype Distance Z-score Sig
T150 3.08 - 0.89 a
T147 3.18 -0.77 a
T149 3.21 -0.72 a
T327 3.70 -0.12 ab
T313 3.73 - 0.09 ab
T249 4.03 0.27 b
T292 4.03 0.28 b
T336 4.25 0.54 be
M82 4.27 0.57 be
T151 4.92 1.36 c

Statistical analysis was performed according to ANOVA and Dun-
can’s post-hoc test (p <0.05)

ratio, both genotypes showed a significant increase of this
parameter under drought compared to control conditions,
but with a higher intensity in T150 (+ 75.9% increase)
compared to M82 (+31.9%) (Fig. 6B). Finally, the total
dry weight was not affected by drought in T150, while
it showed significant decrease (-27.6%) in M82 plants
(Fig. 6C).

Leaf Transpiration and RWC (DS)

The leaf transpiration rate was only affected by the treatment
factor, with -80% reduction in plants subjected to drought
compared to control conditions (Table S7). The RWC was
significantly affected by the combination of the two factors
(Table S7). In particular, M82 showed a significant reduction
of RWC compared to the control (-11.9%), while no change
was found in T150 (Fig. 7).

Biochemical Measurements (DS)

The analysis of H,0,, proline and MDA provided further
evidence of the higher tolerance to drought of line T150
compared to M82. The interaction between genotype and
drought was significant for all three parameters evalu-
ated (Table S8). Under drought, H,0, and MDA content
in tomato leaf were significantly higher in M82 compared
to the control (+20.5% and + 133%, respectively), while
no change was found in T150 (Fig. 8A, B). Drought stress
induced a significant increase of leaf proline content in both
MS82 and T150 plants, with remarkably higher levels in M82
(14-fold change) vs. T150 plants (4.93- fold change) (Fig. 9).

Gene Expression (DS)
Under drought conditions, CAT (Solyc04g082460) was sig-

nificantly upregulated only in T150 (2.4-fold change), while
its expression did not change in M82 compared to control
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MS2 vs tolerant T150) in %z 10 | == Drought a = Drought :
terms of A root dry weight, B % 8 | b b I 5 0.6 b T
root:shoot ratio, and C total dry > l;) _8 c - c
weight. Different letters indicate ~ 6 = N 04 ]
significant variation between the ; ©
means according to Duncan’s 0 44 Dof
post-hoc test (p < 0.05) © 0.2 4

O 2

o

0 0.0
M82 T150 M82 T150
C 40
\TA = Control

= —= Drought

&3 4 ] ’

o

o b b

= 20 T -

o

w© 10

°

|_

0 : ;
M82 T150

@ Springer



Journal of Plant Growth Regulation

100
= Control
——= Drought
90 1
—_ a a
S 80 | a
©)
< 70 tI’
14
60 f
50 - : :
M82 T150

Fig. 7 Relative water content (RWC) of the two selected tomato gen-
otypes (sensitive M82 vs tolerant T150) in response to drought. Dif-
ferent letters indicate significant variation between the means accord-
ing to Duncan’s post-hoc test (p < 0.05)

plants (Fig. 10A). With respect to drought stress, LEA gene
(Solyc03g116390) was significantly up-regulated compared
to the control in M82 under drought stress (4.1-fold change),
while T150 did not show a similar up-regulation (Fig. 10B).

Discussion

Landraces as a Source of Genetic Traits
for Low-Input Agriculture

Excess use of fertilizers has a detrimental effect on soil qual-
ity and underground water due to mineral leaching in the soil
profile (Feng et al. 2024). Moreover, the amount of good
quality water for irrigation will decrease in the next years
due to climate change (Dasgupta et al. 2017). Increasing the
resource use efficiency of tomato cultivation is one of the
main goals to improve the sustainability of agricultural pro-
ductions, as well as to maintain adequate productivity levels
for an expanding world population. Different strategies have
been proposed to reduce water and fertilizers overuse with

respect to the actual crop needs. Technological advances,
including nano-based encapsulated and slow-release ferti-
lizers (Madzokere et al. 2020), and precision irrigation and
fertilization (Abioye et al. 2020; Lu et al. 2022) have pro-
gressed along with the search for genetic resources that are
more efficient in water and fertilizers use (Snowdon et al.
2021). Landraces can have an important role in this con-
text. Although they produce less than commercial hybrids,
they have conserved tolerance traits to environmental con-
straints and yield stability under low input management,
both of which are critical in future agricultural scenarios
(Fullana-Pericas et al. 2019; Marone et al. 2021; Ochieng
et al. 2021; Thabet et al., 2024c). In addition, wild rela-
tives of tomato such as S. chilense and S. pennellii represent
valuable sources of genetic variation for introgression of
traits of interest in cultivated tomato. Landraces and S. pen-
nellii introgression genotypes including backcross inbred
lines (BILs) can therefore represent an important source of
stress tolerance genes to be re-introduced in modern tomato
varieties for improving their adaptability to low input agri-
culture. The ranking obtained from our study shows that

50
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S 2]
[
d B
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Fig.9 Proline leaf content of the two selected tomato genotypes (sen-
sitive M82 vs tolerant T150) in response to drought. Different letters
indicate significant variation between the means according to Dun-
can’s post-hoc test (p < 0.05)
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Fig. 10 Relative gene expres-
sion of A) CAT and B) LEA
of the two selected tomato

>

N

(o)

genotypes (sensitive M82 vs
tolerant T150) in response to
drought. Statistical analysis was
performed within each genotype
Asterisks indicate significant
differences according to Stu-
dent’s t-test (ns =non-signifi-
cant; *=p <0.05; **=p<0.01)
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MS82, a commercial tomato variety broadly used as a control
in comparative experiments, was less tolerant both under
nitrate limitation as well as under water deficiency (Table 1;
Table 2) compared with the landraces we tested. This seems
to be consistent with the view that modern varieties have lost
tolerance traits and/or adaptation mechanisms in favor of
higher yield and quality of the product, along with an agri-
culture that has increasingly relied on heavy use of chemi-
cals for improving yield rather than resource use efficiency
and/or yield stability. Although yield increase was and still
is necessary to feed a growing world population, efficiency
in resource use is becoming as well critical and it fits well
the overarching goal of increasing the sustainability in agri-
culture (Ochieng et al. 2021; Tagiakas et al. 2022).

Morpho-Physiological and Biochemical Traits
for Enhanced Tolerance to Nitrogen Deficiency

Agriculture-derived nitrate leaching is one of the most chal-
lenging sources of water eutrophication and contamination.
Therefore, improving nitrogen use efficiency (NUE) in agri-
cultural crops is an important target to reduce nitrate leach-
ing and overall use in agriculture. Our results show that the
tested landraces presented different nitrogen needs for an
optimal biomass accumulation. When compared to the ref-
erence genotype M82, the landraces T292, T149 and T313
were more tolerant according to the results of the Euclidean
distance calculated from the PCA (Table 1; Figure S2). It is
worth to note that M82 showed one of the lowest degrees of
tolerance to nitrate deficiency, confirming the lower adapt-
ability of this modern variety to resource limitations. The
aboveground and belowground biomass accumulation was
severely impacted by nitrogen deficiency in M82 (Fig. 1A-
B). In contrast, the aboveground biomass accumulation was
not reduced by nitrogen deficiency in T292 (Fig. 1A), and
the root biomass was significantly higher (Fig. 1B). Larger
root systems have been proved to be beneficial under nitro-
gen limitations, since they may explore bigger soil volumes
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thus delaying symptoms of nutrient shortage (Islam et al.
2021; Jia et al. 2020). This is particularly true for nitrate,
that is a highly mobile ion in the soil solution (Chen et al.
2020). Based on its tolerance to nitrogen deficiency, the
landrace T292 was selected for further analysis. Nitrate
remobilization has been indicated as an effective strategy
to increase NUE in different plant species (Abenavoli et al.
2016; Chen et al. 2020; Islam et al. 2021). NRT2.1 is a high-
affinity nitrate transporter localized in the root cortex. We
found that the encoding gene was significantly upregulated
both in M82 and in T292 under low nitrogen compared to
control conditions (Fig. 5B). On the contrary, the expression
of the dual/low affinity nitrate transporter NRT.1 in leaf tis-
sues was not upregulated under low nitrogen conditions in
MS82, while its expression was significantly higher in T292
(Fig. SA). This appears to be linked with the results on root
nitrate content. Indeed, M82 showed significantly higher
nitrate content in root tissues under low nitrogen conditions
compared to the control, indicating that the missed upregu-
lation of NRTI.1 in the leaves has probably impaired the
ability of this variety to translocate nitrate from the root to
the shoot. An opposite response was found in T292, in which
the nitrate content in the root was significantly lower under
low nitrogen compared to the control, indicating a greater
ability for nitrate translocation from root to shoot in T292
compared to M82 under nitrogen starvation. Considering
that tomato is an annual crop, the ability to functionalize an
internal nitrogen pool, as it occurred in T292, that would
otherwise be lost in the environment with plant residues,
could be an important trait for crops growing under reduced
nitrogen. The ability to store and remobilize nitrate pools in
stems and roots has been correlated with higher NUE in rice
(Fan et al. 2007). Other than the direct effects of nitrogen
starvation, nitrogen deficiency also activated ROS produc-
tion (Machado et al. 2024; Safi et al. 2021). Therefore, we
investigated whether along with expression of genes corre-
lated with nitrate translocation, also the ROS detoxification
machinery was more effective in the low nitrogen tolerant
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line T292. Notwithstanding the higher SOD6 expression of
MS82 plants exposed to low nitrogen conditions (Fig. 4A),
this did not protect the membranes from oxidative damage,
as suggested by the higher MDA concentration observed
in plants grown under low nitrogen, which is a secondary
product of oxidative damage (Fig. 2B). This can also be
linked with the missing CAT upregulation in M82 (Fig. 4A)
that did not detoxify H,O, (Fig. 2A) and could have been
responsible for further oxidative damage to the membranes
(Qureshi et al. 2022). On the contrary, the low nitrogen toler-
ant genotype T292 showed an upregulation of CAT (Fig. 4A)
that reduced the H,O, leaf content (Fig. 2A) preventing oxi-
dative damages, as confirmed by the low MDA levels in leaf
tissues (Fig. 2B). Upregulation of SOD6 and downregulation
of CAT following nitrogen deficiency in nitrogen-starvation
sensitive lines has been previously described in Machado
et al. (2024) and it confirms the importance of high CAT
activity to counteract the negative effects of nitrogen defi-
ciency on plant oxidative balance.

Biomass Allocation and ROS Detoxification
for Higher Drought Tolerance

Drought causes high yield losses in tomato production.
The high-water requirements of this crop cannot always be
fulfilled in arid and semi-arid areas, a condition that will
likely be exacerbated as consequence of climate change and
demographic growth (Alqudah et al. 2024b). Wild relatives
of S. lycopersicum have been well studied and have been
identified as an important source of genes for abiotic stress
tolerance (Bergougnoux 2014). Introgression of S. pennel-
lii traits into S. lycopersicum improved tomato stress tol-
erance to drought, heat, disease resistance, but also some
quality parameters such as firmness and aroma (Henschel
et al. 2023; Vitale et al. 2023; Yang et al. 2016). Our results
shows that the genotype T150, which is an introgression
of S. pennellii, had the highest tolerance to drought stress
as opposed to the control M82 that had among the low-
est degrees of drought tolerance within the tested lines
(Table 2).These findings confirmed that the modern varieties
have lost drought tolerance traits in favor of yield increase,
or other fruit parameters useful for tomato processing (Bai
and Lindhout 2007; Silva et al. 2019). The response of T150
seems also to be correlated with the higher biomass alloca-
tion to the root compared to M82 when exposed to drought
(Fig. 6A). Notwithstanding the similar reduction in shoot
biomass under water shortage between T150 and M82, T150
showed an increase of the root:shoot ratio in response to
drought stress (Fig. 6B). Therefore, the biomass accumu-
lation in T150 was not impaired as in M82, as confirmed
by the results on total dry biomass (i.e., root + shoot dry
biomass) (Fig. 6C). A bigger root volume is an important
trait for drought tolerance, since it facilitates water uptake

from the soil (Uga et al. 2013). Biomass allocation there-
fore represents a functional adaptation trait of T150 plants,
which had a competitive advantage under water limitation. It
can be speculated that the bigger root volume allowed T150
plants to maintain a better water status, as indicated by the
higher RWC of these plants compared to M82 (Fig. 7). This
was consistent with the unchanged expression of LEA gene
in T150 drought stressed plants (Fig. 10B), a key marker
of osmotic stress, as well as the lower proline content of
T150 compared to M82 plants (Fig. 9), which is also a well-
known indicator of plant stress (Maggio et al. 2002). Fur-
ther evidence of the lower sensitivity to drought of T150 is
provided by the lower concentrations of H,O, and MDA
measured in their leaves compared to M82 under stressful
conditions (Fig. 8A-B), both of which are well known mark-
ers of oxidative stress in plants. As for other abiotic stresses
(Alqudah et al. 2024c; Thabet et al., 2024d), the production
of ROS is the main cause of cellular malfunctioning in plants
exposed to water shortage (Zou et al. 2020). Therefore, also
for drought tolerance, an efficient antioxidant machinery
is necessary to overcome membrane damages, which will
cause growth reduction. Under drought stress, T150 showed
an upregulation of CAT compared to control conditions,
while in M82 the expression of this gene was not altered
(Fig. 10A). This can explain the lower MDA accumulation
in leaf tissues found in T150 compared to M82 (Fig. 8B),
which clearly indicates that the higher tolerance of T150
to drought stress can be partially mediated by a more func-
tional ROS detoxification system. Therefore, the increased
root:shoot ratio under drought stress, with the dual function
of reducing plant transpiration in favor of the overall root
uptake capacity, combined with higher ROS detoxification
capacity mediated by CAT upregulation, seemed to be a
major adaptation strategy of the T150 genotype to better
tolerate drought stress compared to M82.

Conclusions

The results of this study demonstrate that tomato landraces
and introgression genotypes from wild species can be an
important source of tolerance traits for coping with nitro-
gen and water shortage, two environmental conditions
that will be more frequent in the next future due to climate
change. We identified physiological traits of high interest
that could be targets to improve resource use efficiency in
tomato production. Among them, higher antioxidant activity,
functional biomass partitioning, and improved storage and
remobilization of the nitrogen pools are the ones that can be
of high interest for future sustainability-oriented breeding
programs. The definition of the physiological/molecular path
mediating nitrogen use efficiency in the genotype T292 is of
high importance, since to the best of our knowledge there
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is scattered understanding of plant mechanisms that may
improve nitrogen use efficiency. Landraces have proven to
be a valuable genetic resource to understand critical adapta-
tion mechanisms and eventually improve the sustainability
of tomato production. Moreover, the response of S. pennellii
BIL T150 to water shortage confirmed the higher tolerance
of wild tomato relatives and their potential to improve water
use efficiency in tomato crop. However, integration of data
from metabolomic, genomic, transcriptomic, and proteomic
analyses could provide further insights in the complexity of
plant-stress interactions. In conclusion, the traits correlated
with the higher nitrogen/water use efficiency in T292 and
T150 can represent a basis for future breeding strategies
oriented to increase sustainability in agriculture. Further
experiments will be performed to evaluate the impact of
these traits on yield and product quality of plants exposed
to nitrogen starvation and/or drought to allow their use in
real agricultural contexts.
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