Horticulture, Environment, and Biotechnology
https://doi.org/10.1007/513580-025-00686-y

RESEARCH REPORT q

Check for
updates

Rootstock characteristics contributing to nitrogen use efficiency
and morpho-physiological and biochemical responses of grafted
tomato under drought stress conditions

Abdullah Ulas’ - Klaus Dittert? - Firdes Ulas>® - Yusuf Cem Yiicel’

Received: 22 February 2024 / Revised: 16 January 2025 / Accepted: 19 January 2025
© The Author(s), under exclusive licence to Korean Society for Horticultural Science 2025

Abstract

Among the abiotic stresses, it is not just only the nitrogen that is the limiting factor in crop growth and yields, but also due to
the shortage and uneven distribution of water resources, drought stress has become a most critical circumstances restricting
sustainable crop production. The aim of this study was to determine genotypic differences in the Nitrogen Use Efficiency
(NUE) of some local and hybrid tomato (Lycopersicum esculentum L.) genotypes and to assess whether grafting with root-
stocks could improve the NUE and drought tolerance of susceptible tomato scions. Plants were grown hydroponically under
high N (3.0 mM) supply treated with drought stress (10% (w/v) PEG 6000) by using an aerated Deep-Water Culture tech-
nique in a fully automated growth chamber of Georg-August University, Agricultural Faculty in Goéttingen, Germany. The
hydroponic experiment was arranged in a completely randomized block design with three replications for ten weeks between
July—September 2022. Two tomato genotypes [Goldene Konigin F1 (German hybrid variety) and Iraq 5 (obtained from Iraq
Crop Research Institute)] were used as scion and two pre-selected tomato genotypes [Karahidir (N-inefficient Turkish local
variety) and ALT (N-efficient Ghanaian local variety obtained from Ghana Research Institute] were used as rootstock materi-
als in this study. Although growing under high N supply, shoot growth, as well as root morphological, leaf physiological and
biochemical responses and NUE of both grafted and non-grafted (scions) tomato plants were significantly adverse affected
by drought stress. On the other hand, the grafted plants usually exhibited highest growth performance than the non-grafted
control plants under drought stress indicating that N-efficient and drought tolerant rootstocks significantly contributed to
growth and biomass production and thus NUE of susceptible tomato scions. Among the two graft combinations significant
genotypic variation existed in drought stress under high N supply. Previously as ‘N-efficient’ characterized tomato root stock
genotype ALT showed higher drought tolerance in the graft combination of Iraq 5/ALT than the ‘N-inefficient’ characterized
genotype Karahidir (KH) in the graft combination of Goldene Konigin (GK)/KH. Two non-grafted susceptible scion geno-
types varied significantly under drought stress. The scion genotype Iraq 5 usually showed a higher drought tolerance than the
scion genotype GK under high N supply. Both rootstocks (ALT and KH) have high rootstock potential for tomato, and their
significant contributions to salt tolerance were closely associated with inducing physiological and biochemical responses
of scions under high N supply. These traits could be useful for the selection and breeding of drought-tolerant rootstocks for
sustainable high-input agriculture in the future. However, to recommend these tomato rootstocks for using in a low-input
agriculture, the experiment should be conducted also under a low N condition. Therefore, a next hydroponic study will be
conducted by grafting same tomato scions (Iraq 5 and GK) onto the same rootstocks (ALT and KH) under low N (0.3 mM)
supply which will be treated with drought stress in the near future.
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1 Introduction

Sustainability in food and agricultural production depends
on the efficient use of natural resources. However, recently,
under the impact of global climate change, to keep food
Extended author information available on the last page of the article production at the same level as population growth without
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using up or devastating the natural resources is not an easy
task for sustainable agriculture (Ulas et al. 2019a). Since,
world population is increasing at a rate of 80 million per
year and expected to be around 9.0 billion for the year 2037
and 10.0 billion for 2058 (Zeifman et al. 2023). To meet
the rapidly growing food demand of the population, food
production must be increased by over 70% from the current
level (Byrnes et al. 1998). An increase in food production
requires adequate application of fertilizers to replace nutri-
ents removed with harvested crops. Today, mineral fertiliz-
ers are still an important resource and an essential input for
achieving strong crop growth and yields in both high-input
and low-input agricultural systems (Ulas et al. 2024). Nitro-
gen (N) is the most common and widely used essential fer-
tilizer nutrient for increasing crop yields and plant biomass
levels (Liu et al. 2014a). Therefore, to secure yields, growers
apply more fertilizer than recommended, and so the global
use of chemical N fertilizers in the world increased largely
during the past five decades (Byrnes et al. 1998). The utiliza-
tion of nitrogen fertilizer by farmers has increased by 20%,
and by 2030, it is expected to rise to 180 million tons (Adam
and Ulas 2023). On the other hand, the available N is often
a more limiting factor influencing plant growth than any
other nutrient in both high-input and low-input agriculture
systems (Grindlay 1997). Usually, in low-input agriculture
systems, low amounts of N fertilizers are mostly used by
peasant farmers, and thus the fertility of the soil is reduc-
ing. On the other hand, due to the overuse of nitrogen ferti-
lizers by high-rate agriculture systems, concerns are rising
regarding the environmental pollution of both air and water
(Brégard et al. 2000).

Among the abiotic stresses, it is not just only the nitro-
gen that is the limiting factor in crop growth and yields, but
also due to the shortage and uneven distribution of water
resources, drought stress has become a most critical circum-
stances restricting sustainable crop production (Miao et al.
2017). Drought stress as a consequence of insufficient rain-
fall or deficient soil moisture might induce various biochem-
ical, physiological and genetic responses in plants, which
severely restricted crop growth and yield (Seki et al. 2007;
Ullah et al. 2018; Vadez et al. 2012). It has been worsened in
the last decade by global warming all over the world (Gray
and Brady 2016).

As a horticultural crop, tomato (Lycopersicon esculen-
tum Mill.) has economic significance in the world due to
its intensive and wide cultivation particularly in Europe,
America and Asia (Saavedra et al. 2017). Due to easy culti-
vation, short life cycle with high yield and a high content of
valuable minerals like iron and phosphorous, vitamin A, C,
fibres and lycopene, the tomato is the most consumed veg-
etable next after potato and onion (Aksoy 2016). Based on
the recorded data the world total tomato production is about
181.0 million tons (Mt) on an area of 5.031 thousand ha™'.
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Among the main producing countries, China is the first with
62.8 Mt, India is the second with 19.0 Mt, and Tiirkiye is the
third with 12.8 Mt tomato production (FAO 2020).

As compared to other vegetable crops, tomato has a high
nitrogen (Herndndez et al. 2020; Peet and Welles 2005;
Bénard et al. 2009; Bristow et al. 2021) and water require-
ment (Rao et al. 2000) and thus a controlled supply of both
nitrogen and water throughout the growing period is crucial
for optimal quality and high yields of this crop (Adam and
Ulas 2023). However, tomatoes are highly sensitive to water
stress (Nuruddin et al. 2003), particularly in the stages of
flowering and fruit enlargement (Hao et al. 2019). On the
other hand, a correct management of nitrogen nutrition is
crucial for the proper development of this crop and for the
sustainability of the environment (Albornoz 2016). While a
deficiency of N has been correlated with significant losses
in tomato production (Silva et al. 2016), the application of
high doses of this essential nutrient can lead to a decrease
in the shelf life of fruits, producing physiological altera-
tions and an increasing risk of tissue rupture and senescence
(Hewett 2006). To improve NUE and drought tolerance of
tomato for a sustainable agriculture, combined N and water
management strategies that take into consideration improved
fertilizers, soil and crop water management practices are
necessary. Among these, a way to improve NUE and hinder
yield losses in tomato production caused by drought stress
in high-yielding susceptible cultivars (as scions) would be to
graft them onto resistant genotypes (as rootstocks) capable
of improving NUE and drought tolerance of the scions in
both low-input and high-input agriculture systems.

Grafting onto suitable rootstocks is an advanced tech-
nique in the horticultural area for both open-field and pro-
tected suitable cultivation of some Cucurbitaceae (water-
melon, melon, and cucumber) and Solanaceae (tomato,
eggplant, and pepper) species in Japan, Korea, China, and
some other Asian and European countries (Pogonyi 2005;
Lee et al. 2010). Previously, several studies (Rivero et al.
2003; Schwarz et al. 2010; Kumar 2019; Ulas et al. 2019c,
d, e; Albaceta et al. 2014; Kumar 2015; Ulas 2022; Nawaz
et al. 2017; Ulas et al. 2019a, b; 2021a, b) were carried out
to determine the contribution of grafting to several abi-
otic stress tolerance mechanisms of many plant species.
For instance, our previous studies on different plant spe-
cies clearly indicated that grafting has significant contri-
bution to NUE of watermelon (Ulas et al. 2019a, b) and
potato (Ulas et al. 2021c¢), to salt tolerance of pepper (Al
rubaye et al. 2021), melon (Ulas et al. 2020a, b; Ulas et al.
2019a) and peppino (Ulas et al. 2021b), to alkali tolerance
of melon (Ulas et al. 2019a, b) and watermelon (Ulas et al.
2021a). However, no comprehensive studies were found in
the literature regarding combined abiotic stress effects of
nitrogen (N) and drought on growth and yield of tomatoes.
Therefore, the aim of this study was to determine genotypic
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differences in the nitrogen use efficiency (NUE) of some
local and hybrid tomato genotypes and to assess whether
grafting could improve the NUE and drought tolerance of
susceptible tomato scions through examining the changes
induced by the rootstocks in root morphological, shoot
agronomical, leaf physio-biochemical responses at high N
level (3.0 mM) under drought stress (10% (w/v) PEG 6000)
treated hydroponic condition. At the next study these two
different tomato genotypes (Iraq 5 and Goldene Konigin
F1) will be grafted on to two different tomato genotypes
(Karahidir: N-inefficient and ALT: N-efficient) and will be
tested at low N level (0.3 mM) under drought stress treated
hydroponic condition in the near future.

2 Materials and methods

2.1 Plant material, treatments, and experimental
design

This study was carried out at the Division Plant Nutrition
and Crop Physiology, Department of Crop Sciences, Fac-
ulty of Agricultural, Georg-August University in Gottingen,
Germany in between July—September 2022. A hydroponic
experiment was conducted by using an aerated deep-water
culture (DWC) technique in a fully automated growth cham-
ber. For the vegetative growth, the average day and night
temperatures were 25/22 °C, while the relative humidity was
60-80%. Plants received approximately 350 umol m=2 S~!
photon flux in a photoperiod of 16/8 h of light—dark regimes
in the controlled growth chamber. Two tomato genotypes
[Goldene Konigin F1 (German hybrid variety) and Iraq 5
(obtained from Iraq Crop Research Institute)] were used
as scion and two pre-selected tomato genotypes [Karahidir
(N-inefficient Turkish local variety) and ALT (N-efficient
Ghanaian local variety obtained from Ghana Research Insti-
tute] were used as rootstock materials in this study.

Tomato seeds were germinated by wrapping in a germi-
nation paper and then keeping into tap water filled beaker
on 22.07.2022. They were kept in a dark room till the seeds
properly germinated. Scion and rootstock seedlings were
grafted by tube grafting method on 02.08.2022, whilst non-
grafted scion seedlings were considered to use as control
plants (Ulas 2019b). Grafting was done in a fully automated
growth chamber under a shaded place to prevent wilting of
the grafted plants. Briefly, the shoot tip of rootstock was
cut off below cotyledons at an angle of 45 with the same
for scion above cotyledons. Grafting position was fixed
firmly with a tubular silicone clip. During callus formation,
seedlings were healed and acclimatized in a tunnel covered
with a double-layered plastic film and shade cloth in climate
chamber for five days with relative humidity between 60 and
80% and 25/22 °C day and night temperatures (Ulas et al.

2019a). To inhibit the wilting by extreme transpiration and to
increase the healing of grafted plants, the tunnel was closed
for three or four days for healing and acclimatization. For
the next five or six days, opening and closing of tunnel were
done to adapt grafted plants to the environmental conditions
outside of the plastic tunnel. Grafted plants remained at heal-
ing and acclimatization period totally for ten days. After end
of healing and acclimatization, seedlings with eight mature
leaves were transferred into 8 L plastic pots filled with modi-
fied Hoagland nutrient solution that was aerated by an air
pump on 22.08.2022. The research was conducted in a com-
pletely randomized block design (CRBD) with three repli-
cated blocks and two plants of every non-grafted cultivar and
cultivar by rootstock combination in every block treated. A
high level of N concentration (3.0 mM) was supplied propor-
tionally by using 75% Ca(NOs;), and 25% NH,(SO,), as the
N source. Hydroponic drought stress (10% (w/v) was applied
to plants by using water soluble polyethylene glycol (PEG
6000). The solutions in the pots were changed completely
two times through the experiment. The N concentration in
the nutrient solution measured daily with nitrate test strips
(Merck, Darmstadt, Germany) by using a Nitracheck™ 404
(Serial N 52924) reflectometer. The nutrient solution had
the following composition (uM): K,SO, (750); KH,PO,
(500); CaSO, (1000); MgSO, (650); NaCl (50); H;BO; (10);
MnSO, (0.5); ZnSO, (0.5); CuSO, (0.4); MoNa,O, (0.4);
Fe-EDDHA (80).

2.2 Harvest, plant growth and biomass partitioning

The hydroponic experiment was terminated on 26.09.2022.
Shoot and root were separated into the leaf, stem, and roots
to measure fresh weight. Harvested total plant fresh weight
samples were measured with the help of an electronic weigh-
ing scale, while the fresh root weight was weighed after dry-
ing the roots with tissue paper. Separated fresh root parts
were covered with a nylon pocket and kept in a cool room
(5 °C) for root length measurement. All the plant tissues
were dried in a forced-air oven at 74 °C for 72 h for biomass
determination until the stable weight was reached. Then,
they were weighed on an electronic digital scale. Shoot bio-
mass was equal to the sum of aerial vegetative plant parts
(leaves + stems) and was expressed in g plant™'. The root:
shoot ratio was calculated by dividing the root dry weight
by the sum of leaf and stem dry weights. Each fully devel-
oped leaf was counted as a leaf number and recorded as LN
plant™.

2.3 Leaf physiological measurements
The total leaf area of the plants was measured destructively

at harvesting by using a leaf area meter (LI-COR Model
3100, LI-COR. Inc., Lincoln, NE, USA). The total leaf area
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was recorded in centimeters square (cm?). During the growth
period, the leaf chlorophyll (CHL), flavonoids (FLAV), and
anthocyanin (ANTH) contents were measured non-destruc-
tively, as actual estimations of leaf pigment concentrations
(Cerovic et al. 2012) by using a leaf-single portable sensor
the Dualex™ (Force-A, Orsay, France). Also, the Dualex™
calculates proprietary Nitrogen Balance Index (NBI), that
is chlorophyll/flavonoids ratio related to N and carbon allo-
cation (Cerovic et al. 2015). Dualex™ operates with a UV
excitation beam at 357 nm, corresponding to maximum
absorption for flavonoids; another LED operates in green
band for anthocyanin; a red reference beam at 650 nm, corre-
sponding to absorption for chlorophyll; and two other refer-
ence bands operate in near-infrared. The measurements were
carried out on the youngest fully expanded leaves (3rd—4th
leaf from the apex) of whole tomato plants, using 4 repli-
cate leaves per treatment in the third and fifth week of the
vegetative period. The measurements were carried out at
temperatures of 25/22 °C (average day/night temperatures)
and a relative humidity of 60—-80%. The supplied photon flux
in the growth chamber was almost 350 pmol m™ S™! with
a photoperiod of 16/8 h (light/dark). Prior to harvest, non-
destructive measurements of leaf-level CO, gas exchange
(umol CO, m~2 s7!) were conducted in controlled growth
chamber by using a portable photosynthesis system (LI-
6400XT; LI-COR Inc., Lincoln, NE, USA). The leaf net
photosynthesis measurement was done on the youngest fully
expanded leaves (3rd—4th leaf from the apex), using 4 rep-
licate leaves per treatment in the third and fifth week of the
growth period. The CO, concentration was 400 umol L=,
and the photosynthetically active radiation (PAR) was
1000 pmol m~2 s~1. All gas exchange measurements were
carried out between 09:00 and 12:00 on all plants.

2.4 Mineral analysis measurements

To analyze the macro and micronutrient elements in the
plant, 0.5 g of dried plant sample (leaf) was ashed at 400 °C
for 4 h in an ashing furnace (Protherm, PC4442T). After
ashing process, samples were removed and dissolved in 5 ml
of HCI with 20% concentration and then filtered with using
Blue ribbon ashless filter paper (S&S Filter Paper Circles,
589%). The filtered solution was then diluted to a volume of
50 ml with distilled water and 10 ml taken for Inductively
Coupled Plasma Atomic Emission Spectroscopy (ICP-AES)
analysis. ICP-AES results were converted into parts per mil-
lion (ppm) and percentages (%) where necessary.

2.5 Shoot and root nitrogen analysis
The plant shoot (leaf) and root dry fractions were grinded

and then 200 mg dry samples were transferred to analyze
N concentration in the shoot and root by using Kjeldahl
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Nitrogen Determination Method, introduced by Johan Kjel-
dahl in 1883 (Labconco 1998). After persistence of shoot
and root N concentration, value was multiplied by total shoot
and root dry matter to assess total shoot and root N content
(N uptake) of a whole plant (mg N plant™).

2.6 Calculation of N efficiency components

Nitrogen efficiency in plants is determined by three different
nitrogen efficiency components; It is calculated based on
nitrogen uptake (NUP), nitrogen use (NUE) and biological
production efficiency (BPE) (Sattelmacher et al. 1994).

After nitrogen analysis (mg/g) was performed on the plant
dry matter, the total nitrogen taken by the plant from the
environment throughout the vegetation was calculated by
multiplying the found value with the total dry weight. Then,
N efficiency components were calculated according to the
formulas below;

1. Nitrogen uptake efficiency (NUP) Total amount of nitro-
gen in upper part of the plant (mg) / Total amount of
nitrogen given to the plant with solution during the trial
(mg)

2. Nitrogen use efficiency (NUE) Total dry matter in the
upper part of the plant (mg) / Total amount of nitrogen
given to the plant with solution during the trial (mg)

3. Biological production efficiency (BPE) Total dry mat-
ter in the upper part of the plant (mg) / Total amount of
nitrogen in the upper part of the plant (mg)

2.7 Stress tolerance index (STI) measurement

To find effect of stress on plant growth characteristics, stress
tolerance index was calculated with the following formula,
taking into account the average values of stress and control
applications (M and M_,,,p) in tomato (Guellim et al.
2019):

stress

STI(%) = [(Mggess)/ Meonol] * 100

2.8 Statistical analysis

All measured physiological and morphological parameters
were analyzed using SAS Statistical Software (SAS 9.0, SAS
Institute Inc., Cary, NC, USA, 2004). A two-factorial analy-
sis of variance was performed to study effects of genotype
or grafting combination and drought and their interactions
under high N condition. Levels of significance are repre-
sented by *P <0.05, **P <0.01, ***P <(0.001, and ns means
not significant. The mean separation of treatments was car-
ried out using Duncan’s Multiple Test (p < 0.05).
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3 Results and discussion
3.1 Biomass production and partitioning

The results obtained from the hydroponic experiment indi-
cated that shoot and root dry matter production and root:
shoot ratio of non-grafted and grafted tomato cultivars
were significantly (p <0.001) affected by graft combina-
tions, drought and graft combinations X drought inter-
action (Table 1). Irrespective of graft combinations, the
plants grown under drought stress generally presented a
lower performance in shoot and root biomass production
than plants examined under control condition. Drought
stress under hydroponic condition lead to decrease in shoot
dry matter by up to —-61.58%, root dry matter —50.49% and
root: shoot ratio by up to 24.47% than plants grown under
control condition. Several studies stated that drought stress
severely influenced plant growth, development and yield
(Grant et al. 1989; Patan¢ 2011; Khalili et al. 2013). In
agreement with our study, comparable results were dem-
onstrated by Wang et al. (2023) who studied the effect of
drought stress on maize crop. The study elucidated that the
plant height, shoot and root biomass production of maize
seedlings significantly declined and thus altered the root:
shoot ratio under drought stress (— 0.7 MPa water stress
induced by 20% PEG) condition. Another corroborative
result was shown by Kayak et al. (2023) who stated that
substantial alterations in leaf number, shoot and root fresh
and dry biomasses in spinach occurred under 50% water
stress condition. The drought stress effects on spinach
were also studied by Ors and Suarez (2017) under different
irrigation levels, and by Seymen (2021) with the altered
time periods under water stress conditions. The results of
both studies revealed that the drought stress had enormous

adverse impact on the photosynthesis of spinach and thus
lead to decline in leaf fresh and dry biomasses. Similar to
these studies, water stress negatively influenced fresh and
dry head weights and flower number per plant at broccoli
(Durak and Yildirim 2017).

Grafted plants exhibited substantially greater growth
performance in shoot growth, and root development than
non-grafted plants grown at both control and drought stress
conditions (Table 1). Significant variations were observed
between graft combinations. Also, the growth response to
drought, i.e. interaction between drought and graft combina-
tion was highly significant (p <0.001). Grafting enhanced
shoot dry weight by —6.6% and 207.86%, root dry weight
by 6.38% and 204.69%, root: shoot ratio by 15.75% and
—10.33% at control and drought conditions, respectively
than control plants. These results clearly indicate that pow-
erful rootstocks contribute greatly to shoot growth than to
root growth of tomato plants under drought stress condi-
tion. These results highly corroborated with several grafting
experiments which was conducted to improve the growth,
development and tolerance of scion species (pepper, tomato,
cucumber) against to drought stress (Ulas et al. 2019a, b;
El-Mogy et al. 2022; Padilla et al. 2023). On the other hand,
interestingly the grafted plants under non-stressed condi-
tion exhibited growth reduction as compared to non-grafted
control plants. This could be the reason of the graft incom-
patibility between scions and rootstocks under non-stress
condition. Another possibility could be non-expression of
genes which are only active under stress conditions (Ulas
et al. 2020a). Similar result was shown by Al Rubaye et al.
(2021) who reported that the rootstocks improved the
growth and biomass production of pepper genotypes when
they were grafted under salt stress, but contrastingly a sub-
stantial decrease in growth and biomass production existed
under non-stress condition. Another corroborative result

Table 1 Shoot and root dry

. . Grafted combinations ~ Shoot dry weight Root dry weight Root: shoot ratio
weight and root:shoot ratio of -1 ~1 -1
[g plant™] [g plant™] gg]
non-grafted and grafted tomato
cultivars grown at high N (S/R) Control Drought R% Control Drought R% Control Drought R%
supply (3.0 mM) under drought
stress conditions Iraq 5 5571a 1345C -759 845b 2.18B -742 0.15b 0.16B 74
Iraq 5/ALT 50.38a 4042A -19.8 974a 790A -189 0.19a 020A 0.87
GK 55.07a 673D -87.8 492¢ 120C =757 0.09¢ 0.18AB 99.6
GK/Karahidir 53.09a 21.71B -59.1 449c¢ 238B —-469 0.08¢c 0.11C 299
STI (%) 38.42 49.51 124.47
F-Test
Graft. Comb ksesk B kskesk
Drought LT ok sk
ksksk ksksk

Graft. Comb. X Drought = ***

Values denoted by different letters (lower and upper case letters for control and drought stress, respectively)
are significantly different between genotypes within columns at p<0.05. ns non-significant. *p <0.05,
**p<0.01 and ***p <0.001. GK Goldene Konigin F1, R reduction, S scion, R rootstock
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was demonstrated also by Ulas et al. (2020a, b) who stud-
ied the effects of grafting on fruit yield and leaf nutrient
contents of pepper under non-stressed condition. Drought
stress enhanced shoot dry weight of Iraq 5 and Iraq 5/ALT
plants by —75.85 and —19.76%, root dry weight of Iraq 5 and
Iraq 5/ALT plants by —74.20 and —18.85%, respectively than
non-stressed plants. STI values were 38.42% at shoot dry
weight, 49.51% at root dry weight and 124.47% at root:shoot
ratio. Under control conditions, there were no significant
differences observed among graft combinations regarding
shoot dry weight; though under drought stress condition the
grafting combination of Iraq 5/ALT formed considerably
greater shoot and root dry biomasses and root:shoot ratio
(Table 1). This is in agreements with the finding of Padilla
et al. (2023) where he also observed that leaf fresh weight
in pepper plants was influenced by drought with substantial
alterations for two grafting combinations, with reductions
of 28% and 83% in Variety/ NIBER and Variety/ Variety
respectively, than control conditions. Root fresh biomass
was less influenced by drought without substantial changes,
decline was 12% and 8% for Variety/ Variety and Variety
/ NIBER, respectively and respect to their controls. Paral-
lel outcomes have been stated by Coskun (2023). He found
that grafted cucumber plants produced significantly higher
leaf, stem and root fresh and dry biomasses than non-grafted
and self-grafted plants under drought stress as compared to
control condition.

3.2 Total leaf number, total leaf area
and photosynthesis

The results of our hydroponic experiment indicated that
grafted and non-grafted plants under control conditions
generated higher total leaf number, total leaf area and pho-
tosynthesis than plants grown under drought stress. Total
leaf number was substantially (p <0.001) affected by graft-
ing; though there were no significant differences observed
among drought and the interaction of grafting X drought
stress. Regardless of graft combinations, weak leaf growth
and development of plants were recorded in grafted and non-
grafted plants as drought stress was increased. Hence, signif-
icant declines were observed in total leaf number (-54.71%),
total leaf area (-=78.75%) and photosynthesis (—48.37%) of
tomato plants under drought applications comparing with
control condition, respectively. Under control conditions,
total leaf number values ranged between 30 and 56 LN
plant™!; however, it was 9—34 LN plant™! under drought
stress. Similar results have been also reported by Kayak
et al. (2023). Drought reduced leaf number by approxi-
mately 22.5% in spinach. Xu and Leskovar (2015) has been
found that 50% water stress substantially decline leaf num-
ber and leaf area formation in spinach. Total leaf area was
substantially (p <0.001) influenced by grafting, drought
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stress and grafting X drought stress interaction. Under con-
trol conditions total leaf area values ranged between 4617.1
and 6188.3 cm? plant™! however, it was 246.8-2402.7 cm?
plant™! under drought stress. Gao et al. (2017) stated that
water deficit plants have lower LAI, SPAD, and usually suf-
fer from necrosis. Total leaf area was declined under drought;
hence, drought substantially reduced radiation use efficiency
of maize (Stone et al. 2001; Earl and Davis 2003). Gonzales-
Orenga et al. (2023) found that considerable declines in leaf
area formation and leaf fresh and dry biomasses were found
stressed plants. Photosynthesis was significantly influenced
by grafting (p <0.001) and drought stress (p < 0.05); though
it was not significantly affected by grafting X drought stress
interaction. Under control conditions photosynthesis values
ranged between 7.53 and 8.61 umol m~2 sn™!, however, it
was 0.24-7.67 umol m~2 sn~! under drought stress. Envi-
ronmental stress can considerably influence chlorophyll
content and activities of key enzymes in photosynthesis (Li
et al. 2017). As reported in several studies, drought reduced
source and sink relationships that may also interfere with
N uptake and photosynthesis of maize (Ghosh et al. 2017;
Na et al. 2018). A strong water stress for the duration of
vegetative growth period completely prevented growth and
leaf area formation and reduce yield in maize (Romano et al.
2011; Ghosh et al. 2017). This impact was improved by stud-
ied lowered greenness of leaves that is absolutely associated
with less N uptake and a subsequent reduction in leaf area
formation and photosynthesis (Urban et al. 2021). Source
ability is concluded by photosynthetic products assimilated
during maize grain filling phase. Sink strength is described
by growing grains’ capacity to absorb these assimilates
(Bonelli et al. 2016).

Grafting had significantly encouraged consequences
and grafted plants displayed considerably greater perfor-
mance in total leaf number (only under drought stress),
total leaf area and photosynthesis (only under drought
stress) than non-grafted plants grown at both control and
drought stress conditions. The decline in total leaf number
was rated among —68.77% and —9.33%. Minimum decline
was found at Goldene Konigin F1/Karahidir (-68.77%),
while maximum decline was found in Iraq 5/ALT
(-9.33%). Grafting improved total leaf number by 33.49%
and 129.85%, total leaf area by 17.67% and 154.93%, pho-
tosynthesis by 8.22% and 188.86% at control and drought,
respectively than non-grafted ones. Parallel outcomes
have been found by Coskun (2023). He stated that leaf
number and leaf area enhanced in some grafting combi-
nations under drought stress conditions, whereas in some
grafting combinations they were similar to non-grafted
cucumber plants. Regarding total leaf area, the reduc-
tion values were ranked between —94.65% and —61.17%.
Minimum decline was found at non-grafted control plant
of Goldene Konigin F1 (-94.65%), while the maximum
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reduction was observed in Iraq 5/ALT (-61.17%). Previ-
ous studies have shown that grafting improved leaf area
under drought stress at cucumber plants (Liu et al. 2016;
Coskun 2023). Under control conditions the graft combi-
nation of Goldene Konigin F1/Karahidir produced higher
total leaf number (56 LN plant™!) and photosynthesis
(8.61 umol m~2 sn~!) as compared to non-grafted plants,
though it was not significant. Under drought stress con-
dition the grafting combination of Iraq 5/ALT produced
significantly higher total leaf number (34 LN plant™}),
total leaf area (2402.7 cm? plant™!) and photosynthesis
(7.67 umol m~2 sn™!). In some earlier experiments, it
was found that photosynthetic parameters were adversely
influenced by drought (Dugasa et al. 2019; Shin et al.
2021; Metwaly et al. 2022; Karimi et al. 2022; Asayesh
et al. 2023; Zahedi et al. 2023). Likewise, in our experi-
ment, photosynthesis was reduced considerably in non-
grafted ones under drought. Vegetable grafting can avoid
decline of photosynthesis under abiotic stresses. In some
experiments, it was stated that grafting enhanced chloro-
phyll content and photosynthetic system in some plants
under drought (Penella et al. 2014; Liu et al. 2014b; She-
hata et al. 2022). Reduction in photosynthesis was rated
among —96.82% and —0.71%. Minimum decline was found
at non-grafted Goldene Konigin F1 (-96.82%), as maxi-
mum decline was found in Iraq 5/ALT (-0.71%). Whole
grafted plants had a positive influence on photosynthetic
parameters, just differences were established according
to variety of the rootstock. STI values were 45.29% at
total leaf number, 21.25% at total leaf area and 51.63%
at photosynthesis (Table 2). Coskun (2023) stated that
grafted cucumber plants produced significantly higher
photosynthesis than non-grafted and self-grafted plants
under drought stress as compared to control condition.

3.3 Leaf pigments

The relative pigment content in leaves in grafting combi-
nations and tomato plants as a function of drought stress
were shown in Fig. 1. In general, NBI (Nitrogen Balanced
Index), the total chlorophyll content, (CHL), flavonoid con-
tent (FLAV), and anthocyanins (ANTH) contents were nega-
tively affected by increasing the drought stress of the nutri-
ent solutions at the grafted and non-grafted tomato plants.
CHL content (Dualex units), NBI (Dualex units) and ANTH
(Dualex units) were significantly (p <0.001) affected by
grafting, drought stress and grafting X drought stress inter-
action. Although, FLAV content (Dualex units) was not sig-
nificantly affected by grafting, and grafting X drought stress
interaction; it was significantly (p < 0.05) affected by drought
stress. Despite the graft combinations, NBI, CHL content,
FLAV content, and ANTH content were relatively lower
under drought stress conditions. Increasing drought stress
at the hydroponic condition decreased CHL content by up to
—-5.67%, FLAV content by up to 10.91%, ANTH content by
up to 7.26%, and NBI by up to —13.05% than plants grown
under control condition. Up to now in many studies, it has
been observed that drought hinders plant growth, declines
chlorophyll content and photosynthetic efficiency, and inter-
rupts metabolism, ultimately affecting losses in crop pro-
ductivity (Anjum et al. 2017; Ali et al. 2018). Gao et al.
(2012) found that chlorophyll content reduced under drought
in tomato. Sivakumar and Srividhya (2016) reviewed that
chlorophyll content reduced more in drought-sensitive plants
than in drought-tolerant plants in tomato.

Generally grafting had convinced influences and thus,
grafted plants produced considerably greater chlorophyll and
polyphenols contents than non-grafted plants grown at both
control and drought stress conditions. Regarding NBI under
control condition the graft combination of Goldene Konigin

Table 2 Total leaf number, total
leaf area, and photosynthesis of
non-grafted and grafted tomato

Grafted combinations

Leaf number
[LN plant™!]

Leaf area
[cm? plant‘l]

Photosynthesis
[umol CO, m~2s7!]

Control Drought R%

Control Drought R% Control Drought R%

cultivars grown at high N (S/R)

supply (3.0 mM) under drought

stress conditions Iraq 5 30a
Iraq 5/ALT 38a
GK 40 a
GK/Karahidir 56 a
STI (%) 45.29
F-Test
Graft.Comb Hokk
Drought n.s

Graft.Comb. X Drought n.s

13B -55.6 5643c¢ 1090B -80.7 7.53a 393 AB -47.8
34 A -93 6188a 2403 A -612 7.72a 7.67A -0.71
9B —-773 4617d 247D 947 7.56a 024B -96.8
17B —68.8 5884b 1006 C —-829 8.6la 4.38AB -49.1

21.25 51.63

skokk skokk

sk *

HkE n.s

Values denoted by different letters (lower and upper case letters for control and drought stress, respectively)
are significantly different between genotypes within columns at p<0.05. ns non-significant. *p <0.05,
**p<0.01 and ***p <0.001. GK Goldene Konigin F1, R reduction, S scion, R rootstock
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A u Control

® Drought

Nitrogen Balanced Index [NBI]

Iraq 5 Iraq 5/ALT GK GK/Karahdir

Grafted combinations

F-Test: Graft. comb:*** Drought:*** Graft. comb. x Drought:***

C = Control ®Drought

Flavonols [FLAV]

Iraq 5 Iraq S/ALT GK

GK/Karahdir

Grafted combinations

F-Test: Graft. comb:n.s. Drought:* Graft. comb. x Drought:n.s.

Fig.1 The nitrogen balanced index(a), chlorophyll(b) and polyphe-
nols (flavonoid(c) and anthocyanins(d)) contents of non-grafted and
grafted tomato cultivars grown at high N supply (3.0 mM) under
drought stress conditions. | Values denoted by different letters (lower

F1/Karahidir produced significantly higher (120.7) Nitrogen
Balanced Index as compared to non-grafted plants. Under
drought stress condition the graft combination of Iraq 5/ALT
supplied significantly higher (115.27) Nitrogen Balanced
Index as compared to non-grafted plants. It was followed
by Goldene Konigin F1/Karahidir (105.87), Iraq 5 (99.85)
and Goldene Konigin F1 (86.03). The reduction in NBI was
ranked between —26.26 and 2.16%. The minimum reduction
was observed at the graft combination of Goldene Konigin
F1/Karahidir (-26.26%), while the maximum reduction was
observed at the non-grafted control plant of Iraq 5 (2.16%)
(Fig. 1a). In terms of CHL content, the graft combination
of Goldene Konigin F1/Karahidir produced significantly
higher chlorophyll as compared to non-grafted plants under
both control (40.48) and drought stress (40.98) conditions.
The reduction in CHL content was rated among —21.35 and
7.55%. Minimum decline was found at Goldene Ko6nigin F1/
Karahidir (-21.35%), as maximum decline was found at Iraq
5 (7.55%) (Fig. 1b).

Chlorophyll and nitrogen balance index are absolutely
correlated with plant nutritional level (Cartelat et al. 2005;
Overbeck et al. 2018). Study with Dualex has stated that
chlorophyll index is a good indicator of nitrogen status in
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and upper case letters for control and drought stress, respectively) are
significantly different between genotypes within columns at p <0.05.
ns non-significant. *p <0.05, **p <0.01 and ***p <0.001. GK Gold-
ene Konigin F1

grapevine (Vitis vinifera L.) (Cerovic et al. 2015), show-
ing a high correlation with the SPAD index (Cerovic et al.
2012). A higher chlorophyll index value has corresponded
with bigger fruit production in different cherry, probably
because of better nitrogen level and photosynthetic capacity
of trees (Overbeck et al. 2018). Regarding FLAV content,
among grafted and non-grafted plants there were no signifi-
cant variations observed under control and drought. Under
control condition graft combination of Goldene Konigin
F1/Karahidir produced higher (0.38) flavonols; on the other
hand, the non-grafted plant of Iraq 5 (0.34) and graft com-
bination of Iraq 5/ ALT (0.34) produced lower flavonols.
Under drought stress, the non-grafted plant of Goldene
Konigin F1 produced higher (0.46) flavonols; on the other
hand, the non-grafted plant of Iraq 5 (0.35) produced lower
flavonols (Fig. 1c). Secondary metabolites construction,
notably phenylpropanoids like flavonoids and flavonols, is
induced by various biotic and abiotic environmental stresses
(Dixon and Paiva 1995). Comparable outcomes were found
by Barthod et al. (2007).

Flavonoid index has shown a high correlation with
leaf phenol content (Barthod et al. 2007). Furthermore, in
canopies with a high exposure to UV radiation, this index
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is greater, while in less illuminated canopies, it tends to
decline. Hence, differences in this indicator can reference
differences in synthesis of photoprotective compounds in
leaves in face of light alterations generated by rain cover
(Overbeck et al. 2018). In terms of ANTH content, under
control condition the grafted plant of Iraq 5/ ALT (0.063)
produced significantly higher values than non-grafted plants.
Though the non-grafted plant of Iraq 5 (0.050) produced sig-
nificantly lower values. Under drought stress condition, there
were no significant differences observed among grafted and
non-grafted plants. The non-grafted plant of Iraq 5 (0.077)
produced higher values, on the other hand the graft combi-
nation of Goldene Konigin F1/Karahidir produced higher
(0.048) ANTH content. Decline in ANTH content was rated
among —12.12 and 53.3%. Minimum decline was found at
Goldene Konigin F1/Karahidir (-12.12%), while maximum
decline was observed at non-grafted control plant of Iraq 5
(53.3%) (Fig. 1d). STI values were 79% and 95% at NBI,
84% and 104% at CHL content, 114% and 108% at FLAV
content, 90% and 126% at ANT content for grafted and
non-grafted plants, respectively (Fig. 1a—d). Oxidative and
drought stimulated enhanced construction of these second-
ary metabolites, containing flavonols and anthocyanins, to
mitigate outcomes of stress with their strong radical scav-
enging activity (Nakabayashi et al. 2014a, b). De Clercq
et al. (2023) explained that no increased flavonol or antho-
cyanin content, determined by the optical sensors, was found
under reduced irrigation.

3.4 Shoot and root N concentration and total plant
N uptake

Shoot and root N concentration and total plant N uptake
of non-grafted and grafted tomato cultivars grown at high
N supply (3.0 mM) under drought stress conditions are

presented in Table 3. The results indicated that shoot and
root N concentration and total plant N uptake at the end of
the growing cycle differed in the nutrient solution under dif-
ferent water supply levels. The shoot and root N concentra-
tion and total plant N uptake were significantly (p <0.001)
affected by grafting, drought and also the interaction of
grafting X drought stress. Considering grafting, generally at
the hydroponic experiment under drought stress condition,
the grafted and non-grafted tomato plants produced lower
shoot and root N concentration and total plant N uptake as
compared to control condition. Increasing drought stress at
the hydroponic condition decreased shoot N concentration
by almost 9.30%, root N concentration by almost —51.25%,
and the total plant N uptake by almost —60.56% than plants
grown under control condition. Shoot N concentration val-
ues ranged between 22.69 and 44.39 mg g~! under control
conditions; however, it was 29.08-47.80 mg g'1 under
drought stress. Under control conditions root N concen-
tration values ranged among 8.58-87.11 mg g™, under
drought stress it was 16.97-21.80 mg g~'. Regarding total
plant N uptake, the values ranged linking 39.44-2769.5 mg
N plant™! under control conditions; under drought condi-
tions it was 340.8-2054.2 mg N plant™'. Up to now in many
studies, it was observed that environmental stresses might
substantially influence shoot and root N concentration and
total plant N uptake. Similar results also observed by Adam
and Ulas (2023) at tomato plants, Ulas et al. (2019a, b) at
watermelon plants, Ulas et al. (2021a) at potato plants, and
Ulas et al. (2021b) at pepper plants.

Vegetable grafting has been chosed in many crop spe-
cies to prevent drought (Ulas et al. 2019a, b; Rekaby et al.
2021; El-Mogy et al. 2022). In some research papers, it has
been stated that drought tolerance can enhance with grafting
(Liu et al. 2014b; Koevoets et al. 2016; Shehata et al. 2022).
Grafting enhanced shoot N concentration by —24.65% and

Table 3 Shoot and root N
concentration and total plant
N uptake of non-grafted and

Grafted combinations
[mgg™]

Shoot N Conc

Root N Conc
[mgg™']

Total N Uptake
[mg N plant™!]

grafted tomato cultivars grown (S/R) Control Drought R% Control Drought R% Control Drought R%
at high N supply (3.0 mM)
under drought stress conditions Iraq 5 4439a 4588B 3.4 40.22b 21.80A —-458 2770a 688 B -75.2
Iraq 5/ALT 22.69c 41.83C 844 87.11a 17.77C -79.6 2144c 2054 A —42
GK 4149b 47.80A 152 2138c 1697D -20.6 2396b 698B  —85.8
GK/Karahidir 42.02b 29.08D -30.8 858d 20.15B 134.8 2275b 341C -69.3
STI (%) 109.3 48.75 39.44
F-Test
Graft.comb fkok sk skeksk
Drought ook Hkk ol

Graft. Comb. X Drought *%%*

skokosk skoksk

Values denoted by different letters (lower and upper case letters for control and drought stress, respectively)
are significantly different between genotypes within columns at p<0.05. ns non-significant. *p <0.05,
**p<0.01 and ***p <0.001. GK: Goldene Konigin F1, R reduction, S scion, R Rootstock
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—24.30%, root N concentration by 55.34% and —2.17% and
total plant N uptake by —14.46% and 167.61% at control and
drought conditions, respectively than control plants. Drought
stress causes a decline in shoot N concentration between
—30.80% and 84.38%, root N concentration between —20.63%
and 134.76%, and total plant N uptake between —85.77%
and —4.17% depending on the rootstocks. Minimum decline
was found at Goldene Konigin F1/Karahidir (-30.80%),
whilst maximum decline was found in Iraq 5/ALT (84.38%)
at shoot N concentration. Under control conditions, non-
grafted Iraq 5 (44.39 mg g~") produced significantly higher
shoot N concentration, though non-grafted Goldene Konigin
F1 (47.80 mg g~ ') produced significantly higher shoot N
concentration under drought stress. Regarding root N con-
centration, the significantly higher values were produced by
Iraq 5/ALT (87.11 mg g~') under control conditions. On the
other hand, non-grafted Iraq 5 (21.80 mg g~!) produced sig-
nificantly higher root N concentration under drought stress.
The minimum reduction was observed in the graft combina-
tion of Iraq 5/ALT (-79.60%), while the maximum reduction
was observed in Goldene Konigin F1/Karahidir (134.76%) at
root N concentration. Under control conditions, non-grafted
Iraq 5 (2769.5 mg N plant™") produced significantly higher
total plant N uptake, though the graft combination of Iraq
5/ALT (2054.2 mg N plant™") produced significantly higher
total plant N uptake under drought stress. The minimum
reduction was observed in the non-grafted Goldene Konigin
F1 (-85.77%), while the maximum reduction was observed
in Iraq 5/ALT (4.17%) at total plant N uptake. STI values
were 109.3% at shoot N concentration, 48.75% at root N
concentration and 39.44% at total plant N uptake (Table 3).
The above stated results confirm with the findings of Adam
and Ulas (2023) which indicates that increase in nitrogen
supply had significant impacts on NRA activity and shoot N
uptake and shoot N concentration at tomato plants. Ruiz and

Romero (1999), examining N metabolism in grafted melon
plants, found that practice of confident rootstocks in squash
increased NO;™ reduction and N use, defined as a rise in
leaf organic N content, which ultimately boosted production.
Conversely, reply of grafted melon to N was examined at one
level of nitrate in nutrient solution (6 mM of NO;), however
report was missing regarding influence of different supplies
of nitrate on grafted melon crop performance. The outcomes
of Colla et al. (2010) stated that grafted melon plants have
greater N uptake and N utilization than non-grafted plants.
Grafted plants which have a compatible rootstock demon-
strate well absorption of nutrient and water and utilize nutri-
ents very efficiently owing to rootstock vigorous root system
that transfers water and nutrients better to scion (Gregory
et al. 2013; Albacete et al. 2015).

3.5 Nitrogen uptake effectiveness (NUP), nitrogen
use efficiency (NUE) and biological production
efficiency (BPE) in shoot

In general Nitrogen Uptake Effectiveness (NUP), Nitrogen
Use Efficiency (NUE) and Biological Production Efficiency
(BPE) in shoot was negatively affected by increasing the
drought stress of the nutrient solutions. NUP, NUE and
BPE were significantly (p <0.001) impacted by grafting,
drought stress and also grafting X drought stress interaction
(Table 4). Regardless of grafting, under drought stress con-
dition, NUP, NUE and BPE of the grafted and non-grafted
tomato plants were lower than plants grown under control
condition. Increasing drought stress at the hydroponic con-
dition decreased NUP by almost —59.88%, NUE by almost
—61.58%, and BPE by almost —11.77% than plants grown
under control condition. These findings coincide with those
of Hoang et al. (2019) and Consentino et al. (2023) who
found that water constraints decrease NUE. Martinez et al.

Table 4 Shoot Nitrogen

. Grafted combinations ~ Shoot N Shoot N Shoot Biological

Uptake Eﬁectlveness (NI.JP)’ Uptake Efficiency Use Efficiency Production Efficiency
Shoot Nitrogen Use Efficiency
(NUE) and Shoot Biological (S/R) Control Drought R% Control Drought R% Control Drought R%
Production Efficiency (BPE) of
non-grafted and grafted tomato Iraq 5 73.58a 18.37B =750 1657a 400C -759 22.53c¢ 21.80C -3.3
cultivars grown at high N Iraq 5/ALT 3405¢c 50.35A 479 1499a 1202A -19.8 44.08a 2390B —4538
supply (3.0 mM) under drought ¢ 68.00b 9.58C —859 1638a 200D —87.8 24.10b 20.92C —13.2
stress conditions .

GK/Karahidir 66.39b 18.79B -71.7 1580a 646B —59.1 23.80b 3441 A 44.6

STI (%) 40.12 38.42 88.23

F-Test

Graft. Comb fkok sk skeksk

DrOught fkok sk sksksk

skeksk skskk

Graft. Comb. X Drought *%%*

Values denoted by different letters (lower and upper case letters for control and drought stress, respectively)
are significantly different between genotypes within columns at p<0.05. ns non-significant. *p <0.05,
**p<0.01 and ***p <0.001. GK Goldene Konigin F1, R reduction, S scion, R Rootstock
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(2017) stated maximum NUP at 0 kg N ha=! N level, how-
ever minimum NUP was stated at 300 kg N ha™! N level,
and their average NUP fluctuated from 0.59 to 0.83 kg kg~!
For maize with seven N application amounts under sprin-
kler irrigation in a petrocalcic calcixerept soil in north-
eastern Spain. Arregui and Quemada (2008) found in wheat
and barley much lower NUP data, vary between 0.34 and
0.43 kg kg~! with negligible fertilizer splitting and nitrifi-
cation inhibitor effects. They assigned their low NUP data
to N losses from fertilizer and nitrate—N leaching among
planting and first N application date. Quemada and Gabriel
(2016) stated NUP vary between 0.55 and 0.8 kg kg™! for
sprinkler-irrigated maize. Paponov et al. (1996) and Mas-
claux-Daubresse et al. (2010) found that NUE was definitely
linked with enhance in biomass or grain yield per unit of N
uptake. In a similarity among conservation and not ill prac-
tices for maize, Habbib et al. (2016) found that NUE data
were considerably (p <0.05) greater in not ill than conserva-
tion tillage, and their values ranged from 21 to 52 kg kg~".
They stated that NUE was positively linked with enhance in
biomass or grain yield per unit of N uptake. Liu et al. (2019)
stated maize NUE data fluctuating from 40 to 60 kg kg™,
and they observed that late harvest (6—10 days later than a
conventional/ long-term average day) encouraged NUE con-
siderably (p < 0.05) by an average of 4.5% for three different
late harvest dates and two growing seasons.

Grafting had substantial positive influences and conse-
quently, grafted plants demonstrated considerably greater
NUP, NUE and BPE than non-grafted plants grown at both
control and drought stress conditions. Grafting increased
NUP by —-29.06% and 147.45%, NUE by —6.60% and
207.86%, BPE by —-2.03% and —-37.93% at control and
drought conditions, respectively than control (non-grafted)
plants. Regarding NUP, under control conditions, consid-
erably greater data were observed by non-grafted tomato
plants of Iraq 5; though under drought stress condition,
considerably greater NUP was produced when the tomato
scion genotype of Iraq 5 was grafted on to ALT. The reduc-
tion in the shoot NUP was ranked between —85.92 and
47.90%. Minimum decline was found in Goldene Konigin
F1 (-85.92%), while the maximum reduction was observed
in graft combination of Iraq 5/ ALT (47.90%) (Table 4). The
uptake efficiencies of N were significantly increased in apple
scions grafted on M9 rootstock (Amiri et al. 2014). Grafted
on to the ‘Gisela 6’ rootstock of sweet cherry results in high
uptake and translocation efficiencies for N (Nawaz et al.
2016). Concerning NUE, under control conditions, there
were no significant differences observed among the non-
grafted and grafted tomato plants. Though under drought
stress condition, the significantly higher NUE was produced
when the tomato scion genotype of Iraq 5 was grafted on to
ALT. The reduction in the shoot NUE was ranked between
—87.78 and —19.76%. The minimum reduction was observed

in Iraq 5 (-87.78%), while the maximum reduction was
observed when the tomato scion genotype of Iraq 5 was
grafted on to ALT (-19.76%) (Table 4). Wang et al. (2022)
stated that sweet pepper yields tend to rise quadratically with
increasing irrigation, and either too high or too low irriga-
tion inhibits yield formation and reduces water and nitro-
gen use efficiency. In terms of BPE, the significantly higher
values were produced at the graft combination of Iraq 5/
ALT under control condition; on the other hand, the signifi-
cantly lower values were observed at the non-grafted plant
of Iraq 5 under control condition. Under drought stress con-
dition, the graft combination of Goldene Konigin F1/Kara-
hidir (34.41) produced significantly higher values. It was
followed by the graft combination of Iraq 5/ ALT (23.90).
However, the non-grafted plants of Iraq 5 (21.80) and Gold-
ene Konigin F1 (20.92) produced significantly lower values.
The reduction in the shoot BPE was ranked between —45.77
and 44.59%. The minimum reduction was observed when
the tomato scion genotype of Iraq 5 was grafted on to ALT
(-45.77%), while the maximum reduction was observed
when the tomato scion genotype of Goldene Konigin F1 was
grafted on to Karahidir (44.59%). STI values were 40.12% at
NUP, 38.42% at NUE, 88.23% at BPE for grafted and non-
grafted plants (Table 4). Previous studies have shown that in
grassland plants, drought will reduce NUE (i.e., C/N) (Sun
et al. 2020; Luong et al. 2021; Guo et al. 2022), like Leymus
chinensis (Yue et al. 2019) and six common grassland plant
species (Leymus chinensis, Stipa baicalensis, Thermopsis
lanceolata, Potentilla bifurca, Thalictrum squarrosum, Kla-
sea centauroide) (Hu et al. 2023).

3.6 Shoot macro and micro element analysis

The shoot macro and micro element concentrations and dis-
tributions in grafting combinations and tomato plants as a
function of drought stress were shown in Table 5. The results
indicated that shoot P (%), K (%), Ca (%), Mg (%), S (%) and
Fe (ppm) concentrations significantly (p <0.001) affected by
grafting, drought and the interaction of grafting X drought
stress. Increasing drought stress at the hydroponic condition
decreased significantly the P, K, Ca, Mg, S and Fe concen-
trations in shoot. The significantly highest values for the
concentrations of P (0.74-0.68%), Ca (3.12-3.19%), Mg
(0.93-0.76%), S (1.92-1.78%) and Fe (287.2-116.25 ppm)
in shoot recorded by the grafting combination of Iraq 5/ALT
under both control and drought stress conditions, respec-
tively. The significantly higher shoot K concentration was
observed by the non-grafted Goldene Konigin F1 under both
control and drought stress conditions. Under control condi-
tions shoot P concentration values ranged between 0.59 and
0.74%; however, it was 0.46-0.68% under drought stress.
Moreover, under drought stress, the shoot P concentration
ranged from 0.68 to 0.46% in the non-grafted and grafted
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Table 5 Shoot macro and micro

. Grafted combinations
element analysis of non-grafted

Leaf macro and micro element contents

and grafted tomato cultivars P K Ca Mg S Fe
grown at high N supply
(3.0 mM) under drought stress (S/R) Treatment % % % % % ppm
conditions Irag 5 Control 072b  3.63d 283b 155b 1415b 141.6b
Drought 049C 367D 213B 0.62C 0.74B 45.86B
Mean 0.61 3.65 2.13 0.73 1.15 93.75
R% -31.88 1.24 -2488 -25.04 5221 -67.62
STI (%) 68.12 101.24  75.12 74.96 47.79 32.38
Iraq 5/ALT Control 0.74 a 4.16b 312a 093a 192a 287.2a
Drought 068A 375C 3.19A 076A 178A 11625A
Mean 0.71 3.95 3.15 0.84 1.85 201.7
R% -7.03 -9.92  2.09 18.04 —-6.99 -59.52
STI (%) 92.97 90.08 102.09  81.96 93.01 40.48
GK Control 0.67 c 440a 234c¢ 0.75¢ 128 ¢ 93.74 ¢
Drought 0.58B 393A 193C 0.65B 068D 4726B
Mean 0.62 4.16 2.14 0.70 0.98 70.5
R% -13.64 -1054 -1740 -13.73 —4638 —49.58
STI (%) 86.36 89.46 82.6 86.27 53.62 50.42
GK/Karahidir ~ Control 0.59d 4.14c¢ 223d 0.65d 1.14d 102.3 ¢
Drought 046D 3.80B 150D 046D 0.70C 45.09B
Mean 0.53 3.97 1.87 0.56 0.92 73.69
R% -2141 827 —32.46 -28.68 -—38.55 —55.92
STI (%) 78.59 91.73 67.54 71.32 61.45 44.08
F_Test Graft. COmb sksksk sksksk skeksk sk sksksk sksksk
Drought sksksk ksksk skkk skok sksksk sksksk
Graft_ COInb. X Drought skskesk skskesk skeksk sesksk sksksk sksksk

Values denoted by different letters (lower and upper case letters for control and drought stress, respectively)
are significantly different between genotypes within columns at p<0.05. ns non-significant. *p<0.05,
**p <0.01 and ***p <0.001. GK Goldene Konigin F1, R reduction, S scion, R Rootstock

plants, respectively. STI values of shoot P concentration was
92.97% at Iraq 5/ALT graft combination, 86.36% at Goldene
Konigin F1, 78.59% at Goldene Konigin F1/ Karahidir graft
combination, and 68.12% at Iraq 5, respectively. Compared
to the non-stressed plants, drought stress increased the shoot
P concentration of the Iraq 5 and Iraq 5/ALT plants by
—-31.88 and -7.03%, respectively. Parallel outcomes were
observed for leaf P concentration at watermelon (Colla et al.
2010; Uygur and Yetisir 2009) and tomato (Fernandez-
Garcia et al. 2004) plants via grafting, determining that graft
combination can affect P absorption positively. Though,
Kawaguchi et al. (2008) stated that rootstock species was
major influence altering absorption and translocation of this
element in graft combinations of Solanaceous crops. Under
control conditions shoot K concentration values ranged
between 4.40 and 3.63%; however, it was 3.93-3.67% under
drought stress. Averaged shoot K concentration showed vari-
ation across tomato plants from about 3.93 to 3.67% in
grafted and non-grafted plants under drought stress, respec-
tively. STI values of shoot K concentration was 101.24% at
Iraq 5, 91.73% at Goldene Konigin F1/ Karahidir graft
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combination, 90.08% at Iraq 5/ALT graft combination, and
89.46% at Goldene Konigin F1, respectively. The reduction
in the shoot K concentration was ranked between —10.54 and
1.24%. The minimum reduction was observed in Goldene
Konigin F1 (-10.54%), while the maximum reduction was
observed in Iraq 5 (1.24%). Related outcomes have been
stated in tomato (Fernandez-Garcia et al. 2004; Sadeghi
et al. 2023) and watermelon (Goreta et al. 2008), confirming
effectiveness of grafting on K absorption by rootstock and
translocation to scion. Under control conditions shoot Ca
concentration values ranged between 2.23 and 3.12%; how-
ever, it was 1.50-3.19% under drought stress. STI values of
shoot Ca concentration was 102.09% at Iraq 5/ALT graft
combination, 82.6% at Goldene Konigin F1, 75.12% at Iraq
5, and 67.54% at Goldene Konigin F1/ Karahidir graft com-
bination, respectively. Under drought stress, the shoot Ca
concentration ranged from 3.19 to 1.50% in the non-grafted
and grafted plants, respectively. Decline in shoot Ca concen-
tration was ranked between —32.46 and 2.09%. Minimum
decline was found in Goldene Konigin F1/ Karahidir
(-32.46%), though maximum decline was found in Iraq 5/
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ALT (2.09%). It has been found that Ca accumulation is
restricted by xylem transport (Ho et al. 1987) and any inter-
ruption in xylem pathway may affect Ca movement from
root to shoot. It can be recommended that a lower Ca con-
centration in grafted crops in comparison with control may
be linked negative role of graft junction on water flow
through xylem vessels. Under control conditions shoot Mg
concentration values ranged between 0.65 and 0.93%; how-
ever, it was 0.46-0.76% under drought stress. Averaged
shoot Mg concentration showed variation across tomato
plants from about 0.76 to 0.46% in grafted and non-grafted
plants under drought stress, respectively. STI values of shoot
Mg concentration was 86.27% at Goldene Konigin F1,
81.96% at Iraq 5/ALT graft combination, 74.96% at Iraq 5,
and 71.32% at Goldene Konigin F1/ Karahidir graft combi-
nation respectively. The reduction in the shoot Mg concen-
tration was ranked between —28.68 and 18.04%. The mini-
mum reduction was observed in Goldene Konigin F1/
Karahidir graft combination (-28.68%), while the maximum
reduction was observed in Iraq 5/ALT graft combination
(18.04%). Under drought stress, the shoot S concentration
ranged from 1.78 to 0.68% in the non-grafted and grafted
plants, respectively. STI values of shoot S concentration was
93.01% at Iraq 5/ALT graft combination, 53.62% at Goldene
Konigin F1, 61.45% at Goldene Konigin F1/ Karahidir graft
combination, and 47.79% at Iraq 5, respectively. Under con-
trol conditions shoot S concentration values ranged between
1.14 and 1.92%; however, it was 0.68—1.78% under drought
stress. Compared to the non-stressed plants, drought stress
increased the shoot S concentration of Iraq 5 and Iraq 5/ALT
plants by —52.21 and —6.99%, respectively. Under control
conditions shoot Fe concentration values ranged between
93.74 and 287.2 ppm; however, it was 45.09-116.25 ppm
under drought stress. Averaged shoot Fe concentration
showed variation across tomato plants from about 116.25 to
45.09 ppm in grafted and non-grafted plants under drought
stress, respectively. STI values of shoot Fe concentration was
50.42% at Goldene Konigin F1, 44.08% at Goldene Konigin
F1/ Karahidir graft combination, 40.48% at Iraq 5/ALT graft
combination, and 32.38% at Iraq 5, respectively. The reduc-
tion in the shoot Fe concentration was ranked between
—67.62 and —49.58%. The minimum reduction was observed
in Iraq 5 (-67.62%), while the maximum reduction was
observed in Goldene Konigin F1 (—49.58%) (Table 5). Due
to the robust root system utilised as the rootstock, grafted
plants typically exhibit enhanced uptake of water and nutri-
ents compared to non-grafted plants (Sanchez-Rodriguez
et al. 2012). Sadeghi et al. (2023) examined seven Solana-
ceous species (Solanum pimpinellifolium, Solanum melon-
gene cv. Thai yellow, Solanum lycopersicum cv. Emperador,
Solanum melongene cv. Mohalli Yazd, Solanum cheesma-
niae, Solanum nigrum, Solanum lycopersicum var. cerasi-
forme) as rootstock to evaluate the performance of Daphnis

cultivar to mild, moderate and severe drought stress. The
outcomes displayed that N, Ca and Mg concentration in leaf
and root were not affected by irrigation intervals, whereas P
was enhanced in leaf and root with improving irrigation
intervals and K was enhanced in leaf and reduced in root.
The concerned rootstocks had an obvious influence on
growth, yield, P and K concentration in leaf and root. Cherry
tomato (Solanum lycopersicum var. cerasiforme) was supe-
rior than other rootstocks in terms of examined parameters,
followed by Galapagus and Emperador. The convinced func-
tion of these rootstocks in mitigation of harmful impacts of
drought may be linked to their vigorous root system. It is
established that grafting is a healthy practice, because no
chemical management is needed, may enhance resistance of
tomato plants against drought depending on rootstock geno-
type. Cabrera De la Fuente et al. (2023) studied influence of
anchor point (soil and substrate), graft (with and without
graft), and irrigation volume (100 and 75%) on fruit quality,
macro and microelement content, and enzymatic antioxidant
activity. Outcomes stated that while there was a higher accu-
mulation of potassium due to graft, there was no difference
for calcium. Graft correspond to a possible option for effec-
tive use of water, in soil and substrate, being substrate with
best environment for development, mitigating stress by
reducing enzymatic activity.

4 Conclusion

Due to insufficient nitrogen (N) fertilizer application and
water supply by small-scale farmers, soil fertility is declin-
ing in low-input agriculture. On the other hand, the concerns
are rising on regarding the environmental pollution of both
air and water in high-input agriculture due to excessive use
of N fertilizer. To improve nitrogen use efficiency (NUE)
and drought tolerance of tomato crops for a sustainable agri-
culture, combined N and water management strategies that
take into consideration improved fertilizers, soil and crop
water management practices are necessary. Therefore, the
aim of this study was to determine genotypic differences
in NUE of some local and hybrid tomato genotypes and to
assess whether grafting could improve the NUE and drought
tolerance of susceptible tomato scions through examining
the changes induced by the rootstocks in root morphologi-
cal, shoot agronomical, leaf physio-biochemical responses at
high N level (3.0 mM) under drought stress (10% (w/v) PEG
6000) treated hydroponic condition. Two tomato genotypes
[Goldene Konigin F1 (German hybrid variety) and Iraq 5
(obtained from Iraq Crop Research Institute)] were used
as scion and two pre-selected tomato genotypes [Karahidir
(N-inefficient Turkish local variety) and ALT (N-efficient
Ghanaian local variety obtained from Ghana Research
Institute] were used as rootstock materials in this study.
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Although growing under high N supply, shoot growth, as
well as root morphological, leaf physiological and biochemi-
cal responses and NUE of both grafted and non-grafted (sci-
ons) tomato plants were significantly adverse affected by
drought stress. On the other hand, the grafted plants usually
exhibited highest growth performance than the non-grafted
control plants under drought stress indicating that N-efficient
and drought tolerant rootstocks significantly contributed to
growth and biomass production and thus NUE of susceptible
tomato scions. Among the two graft combinations signifi-
cant genotypic variation existed in drought stress under high
N supply. Previously as ‘N-efficient’ characterized tomato
root stock genotype ALT showed higher drought tolerance in
the graft combination of Iraq 5/ALT than the ‘N-inefficient’
characterized genotype KH in the graft combination of GK/
KH. Two non-grafted susceptible scion genotypes varied
significantly under drought stress. The scion genotype Iraq
5 usually showed a higher drought tolerance than the scion
genotype GK under high N supply. Both rootstocks (ALT
and KH) have high rootstock potential for tomato, and their
significant contributions to salt tolerance and to NUE were
closely associated with inducing physiological and biochem-
ical responses of scions under high N supply. These traits
could be useful for the selection and breeding of drougth-
tolerant rootstocks for sustainable high-input agriculture in
the future. However, to recommend these tomato rootstocks
for using in a low-input agriculture, the experiment should
be conducted also under a low N condition. Therefore, a next
hydroponic study will be conducted by grafting same tomato
scions (Iraq 5 and GK) onto the same rootstocks (ALT and
KH) under low N (0.3 mM) supply which will be treated
with drought stress in the near future.
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