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Abstract

Background Despite drought and nitrogen (N) defi-
cit being two of the most important crops’ growth
limiting factors, only few studies have explored
tomato phenotypic variability in response to both abi-
otic stresses.

Aims In this study, we aimed to perform a pheno-
typic evaluation and an analysis of the growth traits of
40 tomato genotypes (mostly focusing on old cultivars,
but also including modern hybrids and wild tomato rel-
atives’ accessions as anchors) grown in pots that were
subjected to combined N and water deficit.
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Methods Each genotype was divided into two
groups: control (100% N, 100% field capacity) and
combined deficit (20% N, 50% field capacity). A total
of 14 morpho-physiological traits were evaluated
and further analyzed using multivariate statistical
methods.

Results The Principal Component Analyses
revealed considerable phenotypical diversity among
tomato genotypes, with four principal components
explaining 82% of the variability. Data integration on
a cluster analysis separated the studied genotypes into
three distinct clusters based on their ability to handle
the combined deficit. Tolerance was associated with
traits such as lower specific leaf area, lower leaf area
ratio and higher water use efficiency, comparing to
the sensitive genotypes.
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Conclusions This study shows that tomato toler-
ance to combined N and water deficit largely varies
between genotypes and that old cultivars represent
a valuable gene pool towards more sustainable food
production systems.

Keywords Cluster analysis - Combined deficit -
Nitrogen use efficiency - Screening - Water use
efficiency

Introduction

Population growth, especially in light of global cli-
mate change, demands a more rational use of agri-
cultural resources (e.g. water, fertilizers and land),
which poses several challenges to guarantee global
security while promoting sustainable crop produc-
tion (Fernandes et al. 2022; Kyalo Willy et al. 2019).
The agricultural sector uses about 80% of the total
available freshwater (which is becoming increasingly
scarce) as well as high amounts of N fertilizers that
often exceeds crop N requirements (Esteban et al.
2016; Liang et al. 2019; Elbehri 2015). Excessive N
fertilization causes environmental problems, such
as leaching of nitrate, being worldwide recognized
as a serious issue of public and economic concern,
due to its potential of increasing the eutrophication
of freshwater ecosystems, the acidification of agri-
cultural soils as well as its impact in greenhouse gas
emissions (Liang et al. 2018; Esteban et al. 2016;
Fernandes et al. 2022). To respond to these and other
challenges, the recent European Green Deal - 2020,
which strives to make Europe the first climate-neutral
continent, has established the need of reducing nutri-
ent losses by at least 50% and fertilizer application by
at least 20% by 2030 (Schebesta and Candel 2020).
Therefore, it is imperative to increase agricultural
production in a sustainable way where the available
resources are used more efficiently.

Water and nitrogen (N) are two of the most
important resources affecting crop growth and yield
(Machado et al. 2022). Several studies demonstrated
that drought or N deficit have an impact on a large
number of morphological traits (e.g. leaf area, spe-
cific leaf area, leaf weight ratio, root growth, root
hydraulic conductivity and long-lasting root anatomi-
cal changes), as well as dry matter partitioning (pro-
moting root development) (e.g. (Machado et al. 2022;
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Du et al. 2018; Moles et al. 2018; Wu and Cosgrove
2000). Furthermore, both abiotic stresses are known
to have a severe impact on the metabolic pathways,
including water relations and photosynthesis impair-
ment, either due to stomatal closure and/or meta-
bolic damage (Ding et al. 2018; Gonzalez-Dugo et al.
2010). Moreover, it is clear that water and N deficits
are certainly highly interdependent (Ding et al. 2018;
Gonzalez-Dugo et al. 2010; Plett et al. 2020). Despite
this, exploring the phenotypic variability and under-
standing how crops respond to combined N and water
deficit is largely unknown.

Tomato plants (Solanum lycopersicum Mill.) are
among the most cultivated vegetable crops worldwide
(FAO 2020; Heuvelink et al. 2020). Intensive tomato
cultivation relies on high fertilizer inputs and regular
irrigation for maximum yield (Sandhu et al. 2021).
These inputs come at a significant economic cost
(Engindeniz 2006) and carbon footprint (Pereira et al.
2021). Thus, considering the increased consumption
of fresh tomato and tomato-derived products (Costa
and Heuvelink 2018), the development of strategies
focused on a rational use of water and fertilizers is
required.

Plant breeding can be a powerful tool to enhance
crop resilience to these abiotic stresses (Monforte
2020). Nonetheless, for several decades of high-
pressure of genotype selection and crop breeding
for high yields led to the so-called genetic erosion,
and the tomato cultivars had often a narrow genetic
basis, with the vast majority of them being sensitive
to drought and N deficiency (Esteban et al. 2016;
Machado et al. 2022; Shirasawa et al. 2010). To intro-
duce phenotypic variability tomato breeding pro-
grams, for fruit quality and environmental adaptation,
started to rely on wild tomato relatives (such as Sola-
num pimpinellifolium) (Conesa et al. 2019). More
recently, it has been highlighted that another valuable
gene pool for tomato improvement are the old acces-
sions (e.g. landraces and heirlooms) held in germ-
plasm collections. Nonetheless, so far, they represent
an untapped genetic resource (Conesa et al. 2019;
Roohanitaziani et al. 2020). Therefore, it is important
to explore the variability of this genetic resource that
might offer opportunities for improving resource use
efficiency, thereby increasing the environmental sus-
tainability of production systems (Monforte 2020).

Up to date, the number of studies that have
screened a high number of tomato genotypes in
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response to drought and N deficiency is limited. In
this study, we aimed to perform a phenotypic evalua-
tion and analysis of the growth traits of 40 genotypes
focusing on old tomato cultivars (but also including,
as anchors, four modern hybrids and wild tomato
relatives’ accessions) when subjected to combined N
and water deficit. To that end, 14 morpho-physiolog-
ical traits were evaluated and the contribution of the
different growth components to the phenotypic vari-
ation in growth response of all accessions was used
to determine their potential relationships (based on a
cluster analysis).

Materials and methods
Plant material and growth conditions

This study included a total of 40 tomato genotypes
and wild relatives (34 old cultivars, four modern
inbred lines/hybrids and two wild relatives; Table 1)
from an existing collection at Wageningen Univer-
sity (EU-SOL tomato core collection) and two Dutch
seed companies (Nunhems and Rijk Zwaan). The
old cultivars were selected taking into account their
interesting phenotypic variability for plant growth
and fruit quality-related traits being considered as a
relevant gene pool for plant breeding (Consortium
et al. 2014; Roohanitaziani et al. 2020, 2022). How-
ever, these have never been screened in response to
N and water deficit, which is the focus of our study.
The modern inbred lines/hybrids genotypes and wild
tomato relatives’ accessions were included in this
study as anchors.

Seeds were sown in potting soil and approxi-
mately two weeks later (corresponding to the third
leaf appearance) seedlings from each genotype were
selected based on uniformity. These were individu-
ally transplanted to pots (10.5 width x 10.5 length
x 12 cm height) filled with 110 g of vermiculite
(0.1-1.5 mm grade) and were divided into two
groups: control plants (100% N requirement; 100%
field capacity) and plants subjected to combined defi-
cit (20% N requirement; 50% field capacity). In both
cases, just prior to seedling transplanting, each pot
was irrigated to 100% field capacity (FC), determined
using the soil gravimetric water content method
(Machado et al. 2023; Joshi et al. 2021). This led to
550 mL of the respective nutrient solution applied to

each pot [Control (100% N): 10 mM NO;™; 1.9 mM
H,PO,~; 6.1 mM K*; 3.6 mM Ca>*; 1.9 mM SO,>~;
2.5 mM Mg**; 2.6 mM CI~; Combined deficit (20%
N): 2 mM NO;7; 1.9 mM H,PO,~; 6.2 mM K*; 3.6
mM Ca**; 4.8 mM SO,>~; 2.8 mM Mg; 5.5 mM CI7],
both having the same pH (5.5) and E.C. (2 dSm™1)
as well as the same amount of micronutrients: 35 uM
Fe**; 8 uM Mn?*; 20.1 uM B; 0.5 uM Cu**; 5.0 uM
Zn**; 0.5 uM MoO,*". The 10 mM NO;™ concentra-
tion used, in the control nutrient solution, is a com-
mon level for guaranteeing an adequate plant growth
in several species (Macduff et al. 1993; Lacrampe
et al. 2020). Moreover, based on previous studies
from our research team (under comparable environ-
mental conditions and using cv. ‘Moneymaker’ as
reference cultivar, during vegetative growth stage)
it was possible to estimate tomato N needs for the
overall experimental period. Briefly, considering the
expected dry weight (2.54 g per plant) and an average
N concentration in the plant tissues of 3% (Fiebig and
Dodd 2016; Sonneveld and Voogt 2009), 76.2 mg N
per plant were added in the 550 mL irrigation solu-
tion supplied to the control plants. Thus, for simplifi-
cation, we referred to the N concentration supplied in
the combined deficit (2 mM) as representing 20% of
this reference optimal concentration (20% N).
Following seedling transplanting all pots were
covered to prevent evaporation and no more nutrient
solution was added until the end of the experiment.
Concerning further irrigation, each pot from control
plants was weighted and re-watered (with distilled
water on a daily basis) to maintain FC at 100% dur-
ing the experimental period, whereas in combined
deficit no additional irrigation was supplied, result-
ing in a progressive decrease of substrate FC. Three
plants from each genotype and growth condition were
randomly collected during the cultivation period.
The average fresh weight of these plants (per treat-
ment) was subtracted from the total pot weight (per
treatment) to calculate the actual weight of the water/
nutrient solution present in the pot (Machado et al.
2023). The experiment ended after 21 to 28 days,
depending on genotype, when the latter group of
plants reached 53+3% FC. The experiment was car-
ried out during the winter period (Dec/Jan), in a mul-
tispan Venlo-type glasshouse compartment (52°N,
6°E; Wageningen University, the Netherlands) set at
25 °C day/ 23 °C night and 60% RH. Supplementary
light was provided with high sodium pressure lamps
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Table 1 List of the tomato genotypes and wild relatives analyzed from a core germoplasm collection existing at Wageningen Uni-

versity

No. Specie Accession name Category Accession ID?

1 S. lycopersicum MicroTom Old cultivar LA3911

2 S. lycopersicum Cal ] Tm VF Old cultivar EA02054/CGN20815

3 S. lycopersicum Bolivar Old cultivar EA03222/LYC3155/LYC2513/T828
4 S. lycopersicum Nunhems-FM001 Modern Inbred Line Nunhems

5 S. lycopersicum Tiffen Mennonite Old cultivar EA01088

6 S. lycopersicum 981,136 Old cultivar EA06932

7 S. lycopersicum n/a Old cultivar T825/LYC3153/EA03221

8 S. lycopersicum Ailsa Craig Old cultivar LA2838A/EA01101/EA00240
9 S. lycopersicum Morne a L’Eau Old cultivar EA05979/ P1372385

10 S. lycopersicum Winter Tipe (NOR) Old cultivar PC11029

11 S. lycopersicum Foundation Modern Hybrid Nunhems

12 S. lycopersicum Moneymaker Old cultivar LA2706/EA00840/EA02936
13 S. lycopersicum Grosse Cotelee Old cultivar EA01042

14 S. lycopersicum Nagcarlan Old cultivar EA05732/P1324065

15 S. lycopersicum Black Cherry Old cultivar EA00027/LA4451

16 S. lycopersicum OH88119 Old cultivar EA06902

17 S. lycopersicum Kecskemeti Koria Bibor Old cultivar EA03075

18 S. lycopersicum Katinka Cherry Old cultivar EA00375

19 S. lycopersicum Capriccia Modern Hybrid Rijk Zwaan

20 S. lycopersicum Watermelon beefsteak Old cultivar EA01640

21 S. lycopersicum DL/67/248 Old cultivar EA05721/ P1320468

22 S. lycopersicum Anto Old cultivar EA01835/V710029

23 S. lycopersicum All Round Old cultivar LA2463/LYC1365/EA02617
24 S. lycopersicum Momotaro Old cultivar TRO0003

25 S. pimpinellifolium N481 Wild tomato relative LYC2798/EA02994

26 S. lycopersicum Chang Li Old cultivar PI93302/EA04243

27 S. lycopersicum Giant Belgium Old cultivar EA01037

28 S. lycopersicum Sonora Old cultivar CGN15882/EA01985

29 S. lycopersicum Chih Mu Tao Se Old cultivar PI158760/EA04828

30 S. lycopersicum ABC Potato Leaf Old cultivar EA00915

31 S. lycopersicum The Dutchman Old cultivar PI1303721

32 S. lycopersicum Belmonte Old cultivar EA00892/SG16

33 S. lycopersicum Blondokee Old cultivar EA00282

34 S. lycopersicum Rote Beere Old cultivar LYC11/EA01965/CGN15464
35 S. lycopersicum Callanzo Modern Hybrid Rijk Zwaan

36 S. lycopersicum var. cerasiforme Old cultivar PI365925/LA1324/EA05891
37 S. lycopersicum Rutgers Old cultivar LA1090/EA00465

38 S. lycopersicum var. cerasiforme Old cultivar LA1421/PI 365,930/TR00027
39 S. lycopersicum n/a Old cultivar PI129097/EA04710

40 S. pimpinellifolium T495 Wild tomato relative LYC2910/EA03058/T115

For simplification genotypes were further numbered from low to high percentage decrease in TDW in response to combined N and
water deficit

Ydentification starting with “EA”, “LA”, “LYC”, “PI”, and “TR” are genotypes registered by “EU-SOL tomato core collection data-
base” (Aflitos et al. 2014), while other are provided by the corresponding company. n/a: genotype without a specific accession name
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(HSP) to extend the natural photoperiod to 16 h. HPS
lamps (150 umol s~! m~2 of photosynthetic photon
flux density measured at plant level, HPS, Philips
SON-T Agro) were switched on when global radia-
tion was below 300Wm~2 and switched off when it
was above 400Wm™2. Plants were distributed among
eight tables (each representing a block) and each table
was split in two halves: in one half the control plants
of the 40 genotypes were randomly allocated and in
the other half the plants under stress treatment were
positioned in a mirrored arrangement. In each table
an outer row of plants was placed around the experi-
mental plants to prevent border effects.

Data collection: morphological and physiological
measurements

At the end of the experimental period, the stoma-
tal conductance (g,, mmol m~2 s~!) was measured
between 08:00 (2 h after the beginning of the light
period) and 12:00, being carried out randomly
among different plants. Measurements were per-
formed on the adaxial side of the youngest fully
developed and well-exposed leaf to assure fully
active plants (n=38). The porometer (SC-1 porom-
eter, Decagon Devices Inc., Pullman, Washington,
USA) was calibrated and the readings were set at
a fixed time-period (30 s) following the manufac-
turer’s instructions, to ensure that all measurements
were comparable and also to avoid the interference
of leaving the sensor head on the leaf surface for a
long period. Photosynthetic efficiency (F,/F,) was
measured in 30 min dark-adapted leaves using the
same leaf to estimate the photosynthetic capacity
(n=28) (portable minipam, Model PAM 2000. Walz,
Effeltrich, Germany). Thereafter several morpho-
logical parameters were determined (n=38): plant
height (PH; cm), total leaf number (LN; > 1 cm)
and total leaf area (LA; cm?; leaf area meter, Model
LI-3100 C, LI-COR, Lincoln, Nebraska, USA). Dry
weight (48 h at 105 °C in a ventilated oven; g) of
leaves (LDW; g), stems (SDW; g), and roots (RDW;
g), the latter after being washed, was determined
(n=38). Specific leaf area (SLA, ratio of leaf area
to leaf dry weight; cm? g~! dw), leaf weight ratio
(LWR, ratio of leaf dry weight to total dry weight;
g g_1 dw), leaf area ratio (LAR, ratio of leaf area
to total dry weight; cm? g=! dw) and shoot-root
ratio (S/R, ratio of shoot to root dry weight; g g=!

dw) were calculated according to the ‘‘classical
approach’” described by Hunt (1990) (n=28). The
water use efficiency (WUE; g mL~!) was calculated
as the ratio between total dry weight (TDW; g) and
water consumption per plant (mL) (Supplementary
Data, Fig. S1) (n=38).

Data analysis

For comparing genotypes responsiveness to the
combined deficit, all the data was transformed into
percentages of decrease, which have been further
used as our studied variables. For this, within each
table, control plants from a given genotype were
paired with their mirrow plant on the opposite side
of the table (corresponding to the same genotype
but under combined N and water deficit). The dif-
ference between the value of the control and the
value of the stressed plant was divided by the value
of the control plant for each parameter (n=8). To
simplify further analysis and interpretation, the gen-
otypes were then ordered and numbered from low to
high percentage of decrease in TDW.

Pearson’s correlation coefficient was used to test
associations between the percentage of decrease
obtained for each of the 14 morpho-physiological
parameters (F,/F,,_D, g, D, LN_D, PH_D, LA_D,
LDW_D, SDW_D, RDW_D, S/R_D, SLA_D,
LWR_D, LAR_D, WUE_D, TDW_D). A Principal
Component Analysis (PCA) with Varimax rotation
was used to establish the relationship among these
quantitative variables with the data set including
the percentages of decrease of all traits, as active
variables. However, TDW_D was excluded from
the PCA as this would be a redundant variable
since it results from the sum of the different plant
organs that are already taken into account in the
analysis. Additionally, TDW of the control plants
(TDW) was included as supplementary variable
(active observation). After the PCA, a Clustering
Analysis was applied to group the genotypes based
in the individual coordinates of their projections
into the coordinate space, following the k-means
clustering with a Wilks’ Lambda criterion (Everitt
et al. 2001). Differences in traits among clusters
were tested by the non-parametric Kruskal-Wallis
test. All statistical analyses were performed using
XL-Stat (Addinsoft 2021).
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Results
Screening for phenotypic variability

All genotypes showed visual deficiency symptoms
when grown under combined N and water defi-
cit. However, some genotypes were more severely
affected than others as shown in Supplementary
Information (Fig. S2). Actually, already after the
second week of the imposed stress, it was visually
observed that plants started to present phenotypic
variability with regards to the severity of the com-
bined N and water deficit symptoms, with the leaves
becoming lighter green/ yellow (particularly the older
ones) and often falling at variable degrees amongst
genotypes. However, at this timepoint, no leaf rolling
and/or wilting were observed.

At harvest (when the stressed plants reached 50%
FC), a more detailed analysis of plant responses to
the combined N and water deficit, based on 14 mor-
pho-physiological traits, corroborated the observed
visual differences between genotypes, with all the
studied traits being negatively affected by the applied
stress but to a different degree (Fig. 1, Table S1). For
instance, this impact was more severe on LA with an
average decrease of 77% over all genotypes under
combined deficit, followed by the biomass produc-
tion parameters (TDW, RDW, SDW, LDW) and the
g, (all of them with an average decrease larger than
50%) (Fig. 1). On the other hand, F,/F and LWR
were the least impacted traits by the combined deficit
(5.1 and 11.2% decrease, respectively). Interestingly,
in spite of LA being the most sensitive parameter to
the combined deficit, all genotypes responded in a
similar magnitude resulting in the lowest coefficient
of variance (4.5%) (Fig. 1). Regarding LWR, SLA
and WUE a high variability was found among geno-
types (56-59% CV) (Fig. 1). For SLA and WUE it
is important to notice that, in general, a gradient
was observed following the genotypes sorting order,
which was not observed for LWR (Fig. 1).

At the end of the experiment, the control plants
of the different genotypes had significantly different
TDW (p <0.0001, varying between 1.17 and 3.99 g;
Fig. 2). Therefore, we hypothesized that faster grow-
ing genotypes could be more prone to the combined
deficit as they had access to the same amount of water
and N during the experimental period when com-
pared to the smaller genotypes. To clarify this, we
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determined the correlation between the TDW of the
control plants and the percentage of TDW decrease
observed under the combined deficit (Fig. 2). This
analysis demonstrated a moderate correlation between
these variables (R?>=0.435). Therefore, as plant bio-
mass did not have per se a significant impact on the
plant’s response to the combined deficit, all the geno-
types were considered for the following analyses.

In order to analyze the relationship among the
studied morpho-physiological traits, Pearson’s cor-
relation coefficients were determined (Fig. 3). Most
traits showed a positive significant correlation among
each other, with the exception of LAR and SLA which
mostly showed a significant negative correlation with
the other traits. For instance, the percentage of decrease
in TDW was positively correlated with the percentage
of decrease in RDW, SDW, LDW, PH, LN, LWR, LA,
F,/F,, and WUE but negatively correlated with the per-
centage of decrease in LAR and SLA (Fig. 3). Addi-
tionally, regarding the physiological traits, the percent-
age of decrease of F,/F,, was positively correlated with
the percentage of decrease in TDW, LDW and PH,
whereas g, decrease was not significantly correlated
with any of the other analyzed traits (Fig. 3). Finally,
the percentage of decrease in WUE, one of the most
important traits when particularly coping with water
deficit, was positively correlated with the percentage of
decrease of all the other evaluated parameters, with the
exception of LAR and g,, where no significative cor-
relation was found (Fig. 3).

Multivariate statistical analyses of the phenotypic
variability

Results from the PCA yielded four main factors (those
with an Eigenvalue > 1), explaining over 82.4% of the
total variance (Table S2, Fig. 4). This result reflects a
close relationship between the evaluated traits and the
genotype ability to handle with the combined deficit
(Fig. 4). Moreover, our study also revealed consider-
able phenotypical (and presumably genetic) diversity
among the screened genotypes with the first two prin-
cipal components explaining 60.7% of the variability
(PC1-42.1% and PC2-18.6%), which demonstrates
a different behavior when exposed to the combined
N and water deficit (Fig. 5). A further integration of
these data in a cluster analysis separated the geno-
types into three distinct clusters based on their abil-
ity to cope with the combined deficit. Cluster 1 was
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Fig. 1 Effects of combined nitrogen and water deficit on the
percentage of decrease (_D) of total dry weight (TDW), root
dry weight (RDW), stem dry weight (SDW), leaf dry weight
(LDW), shoot/root ratio (S/R), plant height (PH), leaf number
(LN), leaf weight ratio (LWR), leaf area (LA), leaf area ratio
(LAR), specific leaf area (SLA), photosynthetic efficiency (F,/
F,,), stomatal conductance (g,) and water use efficiency (WUE)
in each of the 40 screened tomato genotypes and wild relatives,
and the variation observed across them (minimum and maxi-
mum value, mean and standard deviation and the coefficient of

composed by 15 genotypes (having 13 old cultivars,
one modern inbred line and one modern hybrid), clus-
ter 2 held 16 genotypes (13 old cultivars, two modern

TDW_D RDW_D SDW_D LDW D S/RD PHD LN D LWRD LAD LARD SLA DFvFm_D gs D WUED

w
@
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O
w
o
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®

0 67 9 o i i 2

30 85 47 47 10 72 69
117 7743 31+10 22+12 52 52114 22412

59 5 32 56 39 27 20

variance (%)). Color scale represents the mean of the percent-
age of decrease (the difference between the mean value of the
control plants and mean of the stressed plants divided by the
mean value of the control plants, n=8). Different colors used
in the genotype number correspond to a different category:
old cultivars (blue); modern inbred lines and hybrids (light
orange); wild tomato relatives (green). The genotypes were
ordered from low to high percentage decrease in TDW and
their identification is given on Table 1

hybrids and one of the wild relatives) and cluster 3
comprised 9 genotypes (eight old cultivars and one
wild relative) (Table 1). According to Fig. 4, clusters
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Fig. 2 Linear correlation
between the percentage of
decrease in total dry weight
(TDW_D) after exposure
to combined nitrogen and
water deficit and the total
dry weight of the control
plants (TDW_CTR) for the
40 screened tomato geno-
types and wild relatives.
Different symbols used

in the genotype number
correspond to a different
category: old cultivar (());
modern inbred lines and
hybrids (O); wild tomato
relatives (O)

Fig. 3 Pearson’s correla-
tions coefficient for the
percentage of decrease
(_D) of each evaluated
morpho-physiological
parameters from the 40
screened tomato genotypes
and wild relatives exposed
to combined nitrogen and
water deficit (* indicates
significant correlation

at p <0.05). Green and
orange colours represent
positive or negative cor-
relations, respectively.
Total dry weight=TDW;
root dry weight=RDW,
stem dry weight=SDW,
leaf dry weight=LDW,
shoot/root ratio=S/R,
plant height=PH, leaf
number=LN, leaf

weight ratio=LWR,

leaf area=LA, leaf area
ratio=LAR, specific leaf
area=SLA, photosynthetic
efficiency =F /F,,, stomatal
conductance = gs, Water use
efficiency = WUE.
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2 and 3 were both correlated with severe decreases in
LDW, SDW and RDW, when compared to cluster 1,
pointing towards contrasting behavior among these
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groups. Genotypes from cluster 1, especially geno-
type 1, 2 and 3 (old cultivars), were the most toler-
ant genotypes in their responses to combined N and
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Fig. 4 Principal component analysis (PCA) of the percent-
age of decrease (_D) of 14 morpho-physiological traits evalu-
ated in a total of 40 screened tomato genotypes and wild rela-
tives subjected to combined nitrogen and water deficit. The
two principal components (PC1, PC2) explained 60.7% of the
total variance. Different symbols used in the genotype num-
ber correspond to a different category: old cultivar ({)); mod-
ern inbred lines and hybrids (O); wild tomato relatives (O).

water deficit showing the lowest percentage decrease
in TDW (Fig. 1). In general, this cluster was charac-
terized by a marked percentage of decrease in SLA,
and LAR but also a higher percentage of decrease in
g, (although less pronounced). In all the other mor-
phophysiological traits these genotypes had also
a lower percentage of decrease. Cluster 2 mostly
included genotypes with a higher TDW under control
conditions and genotypes with a higher percentage of
decrease in PH, SDW and RDW, as well as genotypes
showing a lower percentage of decrease in LAR, SLA
and g,, all when grown under combined N and water
deficit. Considering cluster 3, the parameters that
were associated with their worst performance were
the percentage of decrease in traits such as WUE,
LWR, LA, S/R, LN and to a lower extent with the
percentage of decrease in F /F ..

Total dry weight=TDW; root dry weight=RDW, stem dry
weight=SDW, leaf dry weight=LDW, shoot/root ratio=S/R,
plant height=PH, leaf number=LN, leaf weight ratio=LWR,
leaf area=LA, leaf area ratio=LAR, specific leaf area=SLA,
photosynthetic efficiency=F /F , stomatal conductance=g,,
Water use efficiency=WUE. The identification of the geno-
types is given on Table 1

When characterizing the response of each cluster
independently (Table S1), when subjected to the com-
bined deficit, making use of all 14 morpho-physiolog-
ical traits (Figs. 5, 6 and 7) significantly differences
were often found between them. For instance, the
genotypes in cluster 1 had a percentage of decrease
of TDW of around 58.0 +6.4% whereas for the gen-
otypes in clusters 2 and 3 this decrease was signifi-
cantly higher reaching 69.8+2.6% and 69.3 +2.0%,
respectively (Fig. 5a). This trend was also found for
the biomass of the different plant organs (roots, stem,
leaves) with cluster 1 always showing a significantly
lower percentage of decrease on organ dry weight,
when subjected to the combined deficit, as compared
to clusters 2 and 3. These results imply a differential
response to the combined deficit conditions in the
studied set of genotypes, with the ones from cluster

@ Springer



Plant Soil

A B
90
80-
80-{ a a a
—_— a b b o] —_—
60 | |
i -l i [a) - =l
;. 70 b B= :;:j §| E ;’ i S 1
e - o 40
B 60 == g
50- ! 20-
L T
40 T T T 0 T T T
1 2 3 1 2 3
Cluster Cluster
D
¢ 90
80 a ab
. a
b i 80-| : g
—= E== = L::;%
60 ]Zl —=—
5 T L o, 70 b Er‘
= ! B Y -
g s 3 o, B3
204 50 ‘
0 T T T 40 T T T
1 2 3 1 2 3
Cluster Cluster
E
50
ns.
404 I S '3
o 304 i 3
< -
@ 204 _
10 ‘ -
L] . .
1 2 3
Cluster

Fig. 5 Box and whisker plots of the different clusters concern-
ing the percentage of decrease in total A root B stem C leaf
D dry weight and shoot root ratio E in the 40 screened tomato
genotypes and wild relatives subjected to combined nitrogen
and water deficit. Boundaries of the boxes represent the 1st
(lower limit) and the 3rd quartile (upper limit), while the black
line inside the box marks the median. The whiskers, above
and below the box, extend to the maximum and the minimum

1 having lower losses of dry weight when exposed to
the combined deficit, which suggests a more efficient
behavior. All clusters responded with a decrease in
S/R (Fig. 5e), reflecting a higher partitioning towards
the roots under combined deficit. However, this rela-
tive investment in the roots did not significantly vary
among clusters.

Concerning the percentage of decrease in PH,
no statistical differences were found among clusters
(Fig. 6a). However, the percentage of decrease in LN
was significantly different, with cluster 1 and 2 hav-
ing lower average values (29.8+8.4 and 31.4+4.4,
respectively) than cluster 3 (42.8+7.9) (Fig. 6b).

@ Springer

values, respectively. Different letters above box-plots indicate
significant statistical differences and n.s. correspond to non-
significant differences among clusters according to Kruskal—
Wallis test at p<0.05. Colored points represent the average
values for each genotype within the corresponding cluster.
Total dry weight=TDW; root dry weight=RDW, stem dry
weight=SDW, leaf dry weight=LDW, shoot/root ratio=S/R.

The same pattern was observed for the percentage of
decrease in LWR (Fig. 6¢) and in LA (Fig. 6d). How-
ever, for LAR cluster 2 showed the lowest decrease
percentages (21.2+7.1%), being statistically dif-
ferent from cluster 1 (38.3+4.3%) and cluster 3
(38.3+5.4%) (Fig. 6e). Finally concerning the clus-
ters’ response to combined deficit in terms of SLA,
cluster 1 showed a significantly higher percentage of
decrease (33.2+6.0%) thus demonstrating a better
ability to increase leaf thickness under this combined
abiotic stress (Fig. 6f).

Regarding the physiological traits, F./F, only
showed a significant difference among clusters 1
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Fig. 6 Box and whisker plots of the different clusters concern-
ing the percentage of decrease in plant height A leaf number
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leaf area F in the 40 screened tomato genotypes and wild rela-
tives subjected to combined nitrogen and water deficit. Bound-
aries of the boxes represent the 1st (lower limit) and the 3rd
quartile (upper limit), while the black line inside the box marks
the median. The whiskers, above and below the box, extend

and 3, with the later having the higher percentage
of decrease (6.5+2.1% in cluster 3 and 4.3+2.1%
in cluster 1) (Fig. 7a). For g, significant differences
were found among cluster 2 and 3, with the later
having again the highest percentage of decrease
(57.7+14.0% in cluster 3 and 44.8+14.3% in clus-
ter 2 (Fig. 7b). Finally, significant differences were
also found for the percentage of decrease in WUE
(Fig. 7c). Cluster 1 had the most efficient genotypes
in terms of water use, with the lowest percentages of
decrease (11.9+6.6), whereas cluster 2 and 3 were
not significantly different among each other (result-
ing in an average value of 25.3+5.8 and 33.7+15.2,
respectively) (Fig. 7c).

to the maximum and the minimum values, respectively. Dif-
ferent letters above box-plots indicate significant statistical
differences and n.s. correspond to non-significant differences
among clusters according to a Kruskal-Wallis test at p<0.05.
Colored points represent the average values for each genotype
within the corresponding cluster. Plant height=PH, leaf num-
ber=LN, leaf weight ratio=LWR, leaf area=LA, leaf area
ratio=LAR, specific leaf area=SLA.

Discussion

It is essential to enhance crop resilience to abiotic
stresses towards sustainable food production systems
(Carvalho and Vasconcelos 2013). Nonetheless, this
requires phenotypic variability being also of utmost
importance to identify morpho-physiological traits
associated with tolerance to these combined stresses.
So far, there is limited knowledge on tomato phe-
notypic variability to combined N and water defi-
cit. Here we have screened the response of a large
set of tomato genotypes to this combined deficit. In
general, a vast majority of tomato cultivars are fre-
quently referred has sensitive to these abiotic stresses
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Fig. 7 Box and whisker plots of the different clusters concern-
ing the percentage of decrease in the photosynthetic efficiency
(F./F,,) A stomatal conductance (g,) B water use efficiency
(WUE) C in the 40 screened tomato genotypes and wild rela-
tives subjected to combined nitrogen and water deficit. Bound-
aries of the boxes represent the 1st (lower limit) and the 3rd
quartile (upper limit), while the black line inside the box marks
the median. The whiskers, above and below the box, extend

(Machado et al. 2022; Shirasawa et al. 2010). Moreo-
ver, old accessions/cultivars (e.g. landraces and heir-
looms) represent an underexploited wealth of genetic
variation (Roohanitaziani et al. 2020), that has been
discarded due to undesired agronomic traits, but
might encompass higher NUE and WUE than modern
tomato cultivars. From our selection of 40 genotypes
(including 34 old cultivars, four modern inbred lines/
hybrids and two wild tomato relatives) it was found a
large variability in response to combined N and water
deficit (Figs. 1 and 4). The combined deficit severely
affected all growth parameters, but to a different
degree depending on the genotype and trait. Already
after the second week of the imposed N and water
deficit, it was visually observed that plants started
to present phenotypic variability, with regard to the
symptoms’ severity. For instance, the older leaves
become lighter green/ yellow (reflecting a common N
deficiency symptom; (de Bang et al. 2021)) and these
have fallen at variable degrees amongst genotypes.
Thereafter, at the end of the experimental period,
the percentages of decrease in TDW ranged from 42
to 77% (Figs. 1 and 2). Previous studies also found
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to the maximum and the minimum values, respectively. Dif-
ferent letters above box-plots indicate significant statistical
differences among cluster according to Kruskal-Wallis test at
p<0.05. n.s. = not significant. Colored points represent the
average values for each genotype within the corresponding
cluster. Photosynthetic efficiency =F /F , stomatal conduct-
ance = g, water use efficiency = WUE.

some phenotypic variability in tomato, but they were
limited to a much lower number of genotypes and
were focused on the plant responses to independent
stresses (Abenavoli et al. 2016; Sinchez-Rodriguez
et al. 2010).

PCA revealed considerable phenotypical diversity
among the studied genotypes with four principal com-
ponents explaining 82% of the variability (Fig. 4). A
further integration of our data, in a cluster analysis,
was able to separate the screened genotypes into three
distinct clusters based on their ability to handle the
combined deficit (Fig. 4). All genotypes responded to
the combined deficit by changing the morpho-physio-
logical traits, but genotypes from cluster 1 (composed
only by 13 old accessions and two modern inbred lines/
hybrids) showed higher tolerance under these condi-
tions, pointing towards a more efficient behavior. In
general, these tolerant genotypes showed a lower per-
centage of decrease in TDW as compared with more
sensitive genotypes. Moreover, they were closely asso-
ciated with traits such as a lower SLA, lower LAR and
a higher WUE but also partly associated with lower
g, Different authors have reported a negative effect on
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the dry weight of leaves, stems, and roots, and conse-
quently on TDW when tomato plants were exposed to
one of these abiotic stresses (Okunlola et al. 2015; Al
Hassan et al. 2015; Luna et al. 2014; Khan et al. 2015;
Zhou et al. 2019). For instance, it has been found that
water deficit at the early seedling stage might lead to
higher RDW, longer roots and lower S/R, with all these
traits being widely accepted as accurate indicators of
the plant’s ability to withstand drought stress (Makhad-
meh et al. 2022). Tripodi et al. (2022) also demon-
strated that root architecture played an important role
on tomato plant responses to N starvation or water def-
icit. In our study, the tomato genotypes from cluster 1
showed lower percentages of decrease in RDW (Figs. 4
and 5b) but no significant differences were found con-
cerning the S/R (Fig. Se).

Regarding SLA and LAR, the higher percent-
age of decrease in cluster 1 suggests that increasing
leaf thickness (lower SLA) and investing less of their
LDW in LA seems to be related to tomato ability to
tolerate combined N and water deficit. Moreover, the
reduction of SLA is believed to be a possible strategy
to improve WUE. This is due to thicker leaves gen-
erally having a higher concentration of chlorophyll
and proteins per leaf area unit leading to a greater
photosynthetic capacity and, consequently, a higher
biomass production per unit leaf area than thinner
leaves (Chatterjee and Solankey 2015). Higher WUE
can be defined as the amount of carbon assimilated
as biomass produced per unit of water used (Can-
tero-Navarro et al. 2016; Ullah et al. 2019). Thus, an
improvement in WUE has been related to a higher
closing stomata capacity, and lower transpiration rate,
with these traits being associated with higher toler-
ance to drought stress (Galmés et al. 2013; Raja et al.
2020). On the other hand, some studies have shown
that a low nutrient availability may reduce WUE and
plants’ capacity to adapt to drought (Sardans et al.
2013). Moreover, a screening of tomato landraces for
drought tolerance, based on growth and chlorophyll
fluorescence analyses, identified F,/F_, as one of the
most sensitive parameters for the detection of drought
stress impact on tomato plants (Sousaraei et al. 2021).
Indeed, in our study, g, and F,/F, were severely
affected by the combined deficit, with cluster 3 having
the higher decreases (Fig. 7a and b). Although a wide
phenotypic variation in the percentage of decrease of
these traits was observed (Fig. 1), our results suggest
that, for this tomato collection, g, and F,/F,, were not

the key parameters in tomato tolerance response to
combined N and water deficit (Fig. 4).

The two accessions of the studied wild tomato rela-
tives S. pimpinellifolium were not part of the toler-
ant cluster, which was somehow unexpected as wild
relatives have been reported as important genetic
sources of abiotic tolerance traits (Conesa et al. 2019;
Martinez-Cuenca et al. 2020). Recently, Tripodi et al.
(2022) studied 42 tomato genotypes (including elite
cultivars, heirlooms, landraces, and hybrids) grown
in open field under single nitrogen deficit (no-N fer-
tilization) or under single water deficit (30% of the
amount given to the control plants). Among the studied
genotypes, the two hybrids had the best performance
in terms of yield, when grown under N starvation or
water deficit, whereas in general the landraces and
heirlooms exhibited a better fruit quality. In our study,
two of the four screened modern inbred lines/hybrids
were also part of the tolerant cluster, but interestingly
most of the old accessions from this cluster even pre-
sented a better performance for the studied morpho-
physiological traits when grown under combined defi-
cit (Figs. 1 and 4). Some recent studies have pondered
that the physiological and molecular responses of crops
to a combination of two stresses are unique, resulting
in the deployment of stress-adaptation strategies which
sometimes are different and contrasting to those seen
under individual stresses, and other times are shared
and similar (Hussain et al. 2018; Pandey et al. 2015).
This study was a first step to address tomato response
to combined N and water deficit and showed that
old accessions represent a very interesting wealth of
genetic diversity in terms of response to these abiotic
stresses, with some of them (Cluster 1) having even a
better performance than the two studied wild relative
accessions from S. pimpinellifolium (Fig. 4). In future
works, the efficiency of these accessions to cope with
the combined N and water deficit, should be evaluated
in other development stages, especially at the gen-
erative phase, as the plant structures have a variable
degree of genotypic plasticity to adapt to stressful con-
ditions. Indeed, the flowering and fruit development
stages have been described as the most sensitive ones
to water deficits in tomato plants (Khapte et al. 2019;
Machado et al. 2022). Plus, the impact on yield and
fruit quality, at harvest, would give additional relevant
information. Moreover, it would also be important to
validate our results (performed under controlled con-
ditions) in field trials, preferably including different

@ Springer
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experimental sites with contrasting pedoclimatic con-
ditions to address possible genotype and environment
interactions (G X E). For instance, it would be relevant
to design an experiment to investigate the role of soil
type [e.g a sandy soil, with high leaching potential
(Ayankojo et al. 2020), compared a clay soil, with high
water retention capacity (Tripodi et al. 2022)] as well
as contrasting climates (e.g. high versus low evapora-
tive demanding conditions) to better analyze the G X E
interactions. Indeed, Tripodi et al. (2022) highlighted
the importance of exploring such interactions, although
from their study the genotype was the main source of
variation, with G X T (i.e. single water deficit or no-
nitrogen supply) and E X T being less relevant.

Finally, further research on the underlying mecha-
nisms behind tolerance (including single vs. combined
stresses) would also be of utmost importance to contrib-
ute to sustainable food production. Due to the amount
of work involved in those type of analysis, a selection of
contrasting genotypes (identified in this study) would be
a good approach to explore in-depth these aspects.

Conclusion

This study represents one step forward in the current
knowledge since it enabled to explore the tomato phe-
notypic variability focusing on old cultivars and con-
tributed to a better understanding of plants’ response
to combined N and water deficit. The results obtained
in this trial, where tomato plants were grown in pots
(for a better control over the root environment), have
shown for the first time, that tomato has a large phe-
notypic variability in its response to the combined
deficit, and that old cultivars might represent a valu-
able gene pool in terms of tolerance to these abiotic
stresses. Moreover, the data integration in a cluster
analysis enabled to separate the 40 screened geno-
types into three distinct clusters, based on their abil-
ity to handle the combined deficit. All genotypes
responded to the combined deficit by adjusting sev-
eral morpho-physiological traits, but genotypes from
cluster 1 showed a more efficient behavior hav-
ing a significantly lower percentage of decrease in
their TDW, but also in the dry weight of each organ
type. In general, these more tolerant genotypes
were strongly associated with a lower SLA, a lower
LAR and higher WUE as compared with less toler-
ant genotypes. Moreover, they were also associated,
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but to a lesser extent, with a lower g,. It is concluded
that tomato tolerance to combined N and water defi-
cit significantly varied between genotypes, and that
old cultivars represent a valuable gene pool towards
sustainable food production systems. Addition-
ally, the identified contrasting genotypes might have
the potential to be used in future studies, namely, to
explore the biochemical and molecular mechanisms
behind tolerance to these combined abiotic stresses,
or to explore the potential of tolerant genotypes as
rootstocks for improved NUE and WUE.
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