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Abstract
Groundwater resources sustain phreatophytes in arid ecosystems. Nevertheless, how phreatophyte seedlings respond to topsoil water and nutrients
before reaching groundwater remains elusive. This study unraveled the effects of three irrigation levels (well-watered, medium-drought, and severe-
drought) and N-fertilization on multiple physio-biochemical responses in Calligonum mongolicum seedlings. Drought-stressed seedlings
significantly enhanced reactive oxygen species, lipid peroxidation, and oxidized ascorbate-glutathione in shoots and roots, leading to impaired
chlorophyll pigments, water status, and biomass, compared to control. They displayed higher abscisic acid, salicylic acid, jasmonic acid, and
strigolactones but reduced indole acetic acid (IAA), cytokinin (CTKs), and zeatin riboside (ZR) in shoots and roots, and gibberellic acid (GA) and
brassinosteroids (BR) in shoots. Lower starch and higher fructose, glucose, and sucrose, are possibly due to dynamic changes in carbohydrate
metabolizing enzymes. Further, significantly upregulated superoxide dismutase (SOD), catalase, and ascorbate peroxidase (APX) in shoots, while
glutathione-peroxidase and glucose-6-phosphate dehydrogenase observed in shoots and roots under either stress. Lower SOD and APX in roots; PPO
in shoots while other enzymes of the ascorbate-glutathione cycle in shoots and roots following either stress, suggesting the sensitivity of the anti-
oxidant mechanism. Conversely, N-addition enhanced the productivity of drought-stressed seedlings by improving their chlorophyll pigments, and
endogenous hormones (IAA, GA, CTK, BR, and ZR), which may account for their better growth. Moreover, upregulated O2

•−-H2O2-scavenging
mechanism, and soluble sugar, resulting in better status and biomass. Hence, N-supplementation could be an effective strategy to enhance drought-
resistance in Calligonum seedlings to restore their communities in hyper-arid conditions under future climate change.

1. Introduction
Arid lands are characterized by frequent severe drought conditions, occasional floods, high soil pH levels, and limited nutrient availability (Tariq et al.
2022). In arid desert environments, phreatophytes take advantage of groundwater resources through their long and extensive root systems (Arndt et
al. 2004; Canham et al. 2015). Thus, rapid root elongation is necessary for their successful establishment and restoration. Young seedlings are more
sensitive to water deficit conditions (McDowell et al. 2008). Moreover, their roots are small and are incapable of utilizing groundwater. Due to this,
the spontaneous emergence of phreatophytes is limited, and the regeneration of natural vegetation is inhibited (Tariq et al. 2022). This emphasizes
the need to study the response of phreatophyte seedlings to water and nutrient availability, particularly before they reach groundwater sources.
Water deficit is a key limiting factor affecting metabolism, growth, development, species distribution, and overall ecosystem productivity. Several
studies have shown that drought stress can directly cause a variety of plant injury symptoms, including inhibiting plant photosynthesis (Ohashi et al.
2006), increasing oxidative stress (Tariq et al. 2019a), and altering metabolism (Valliyodan and Nguyen 2006).

Plant responses to abiotic stress depend on a variety of factors, however, phytohormones are the most important endogenous molecule which plays
a critical role in the stress response. They adjust the cellular, molecular, and physiological activity of plants, which are essential for their survival
(Fahad et al. 2015). Despite classifications that may differ slightly, there are commonly recognized phytohormones such as abscisic acid (ABA),
gibberellins (GA), brassinosteroids (BR), jasmonic acid (JA), auxins (IAA), salicylic acid (SA), cytokinins (CK), ethylene (ETH) and strigolactones (SL)
(Rai et al. 2023). These phytohormones play key roles in enhancing stress tolerance, including drought (Fahad et al. 2021). Plants typically respond
to abiotic stresses such as salinity and drought by increasing abscisic acid levels. This is due to abscisic acid being the plant's defense against
abiotic stresses (Zhang et al. 2006). For instance, the upregulation of abscisic acid (Fleta-Soriano et al. 2015) and strigolactones (Tariq et al. 2023)
is associated with drought resistance. Furthermore, SLs are newly discovered hormones that regulate shoot-and-shoot architecture in response to
nutrient limitations. (Yoneyama et al. 2012; Andreo-Jimenez et al. 2015). It is suggested that higher SL accumulation promotes lateral roots in a P-
limited environment by facilitating P uptake (Ruyter-Spira et al. 2011). Substantial evidence exists demonstrating the interaction between ABA, SA,
JA, and ET, with auxins, CKs, and GAs, in the regulation of plant defense responses (Iqbal et al. 2022; Navarro et al. 2008; Rai et al. 2023). They play
a pivotal role in the response to diverse biotic and abiotic stresses, as well as orchestrating and regulating a range of developmental and growth
processes in plants (Jiang and Asami 2018). Their complex interaction regulates processes such as stomatal closure, root growth, osmolyte
adjustment, and stress-responsive genes (Fleta-Soriano and Munné-Bosch 2016; Liu et al. 2022; Fahad et al. 2021; Iqbal et al. 2022). For an in-depth
understanding of plant defense mechanisms, it is imperative to study the intricate interaction between phytohormonal profiles and their interactions
with physiological functions under drought conditions.

Drought stress diminishes photosynthesis and carbon fixation, resulting in disruptions of carbohydrate metabolism and dry matter partitioning
(Chaves et al. 2002). Due to a reduction in photosynthesis, photoassimilates are reduced, resulting in a decrease in starch reserves (Galmés et al.
2007). The result is an imbalance in the accumulation and utilization of photoassimilates (Abid et al. 2016). Several studies have demonstrated that
plants under dehydration produce significantly more fructose, glucose, and sucrose than they do under normal conditions (Fàbregas and Fernie
2019; Krasensky and Jonak 2012; Urano et al. 2009) to optimize osmotic potential and minimize the risk of oxidative stress damage. Moreover,
several tree species reduce transpiration rates by closing their stomata, resulting in a reduced diffusion rate of CO2, and this in turn reduces growth
(Cowan 1978; Vesala et al. 2017). Additionally, the stress effect is also dependent on the plant's ability to increase water uptake with minimal loss
(Chaves et al. 2003). This can be accomplished by developing deeper roots, reducing leaf area and/or stomatal conductance, enhancing osmolyte
concentration, and implementing other physiological modifications (Munné-Bosch and Alegre 2004; Tariq et al. 2017, 2022).

Plants produce excessive reactive oxygen species (ROS) such as superoxide anions (O2
− ) and hydrogen peroxide (H2O2) during periods of water

shortage, resulting in oxidative stress damage (Nahar et al. 2015; Zhang et al. 2020). Several studies have shown that plant species have evolved
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antioxidative defense systems and osmolyte accumulation strategies in response to water deficits to reduce the effects of cellular damage and
improve osmotic adjustment (Liu et al. 2015; Tariq et al. 2019a). Nevertheless, shifting assimilatory products from growth to stress acclimation or
tolerance explains why drought tolerance has an adverse effect on growth and biomass. As a result, alternative strategies must be developed to
minimize this metabolic cost as much as possible by improving the tolerance mechanisms of economically and ecologically important species to
ensure vegetation restoration.

Nitrogen is an important component of proteins and nucleic acids, where it plays a variety of functions, such as assisting in photosynthesis,
respiration, storing and converting assimilated substances, and other functions (Vrede et al. 2004). In arid and hyper-arid regions, where water
scarcity further restricts their availability and uptake, it is the primary factor limiting tree and shrub growth and productivity (Tariq et al. 2022).
Drought conditions can severely reduce nitrogen mobility, resulting in a nitrogen deficiency that ultimately limits tree growth (Mahieu et al. 2009).
Drought can also hinder plants' ability to metabolize nitrogen by disrupting enzyme activities that are involved in N metabolism. It is clear from this
scenario that there is a strong correlation between nitrogen availability and drought since drought severely restricts nitrogen access and
mineralization. Studies suggest that exogenous nitrogen can play a significant role in plants experiencing water deficiency (Tariq et al. 2019a; Zhang
et al. 2021, 2020; Zhou et al. 2011) by upregulating antioxidant potentials, regulation of photoassimilates and osmolyte productions (Li et al. 2020;
Tariq et al. 2019a). Yet, little attention has been paid to how nitrogen supplementation affects drought resistance functions and metabolic changes
in xerophytic shrubs such as C. mongolicum.

C. mongolicum (Family Polygonaceae) is a perennial sand-fixing pioneer native to the arid deserts of central Asia. It is commonly utilized in
programs for stabilizing dunes and ameliorating salinity in degraded soils, including areas of the hyperarid Taklimakan Desert in northwestern China
that is experiencing agricultural expansion, overgrazing, overharvesting, and vegetation due to rapidly increasing populations. Consequently,
revegetation and restoration of this species are urgently needed. Nevertheless, water availability is crucial to xerophytes' growth and establishment
(Gui et al. 2013). As a result, it is extremely difficult to plant and establish seedlings for revegetation and restoration in hyper-arid conditions (Tariq et
al. 2022). In this regard, it is imperative to improve their drought stress tolerance to establish successful seedling plantations.

As previously reported, C. mongolicum has been studied in terms of its resilience under P supplementation (Ullah et al. 2022b), biomass and NP
allocation patterns, and few physiological indicators following drought, and N application (Zhang et al. 2020). Considering that plant adaptation is a
complex process, data derived from a limited set of indicators may not be reliable. Consequently, it is imperative to evaluate multiple comprehensive
indices to understand plant adaptation strategies. For instance, the ability of plants to cope with abiotic stresses is largely associated with the
upregulation of anti-oxidant potential (Hasanuzzaman et al. 2012), phytohormones (Fleta-Soriano et al. 2015; Fleta-Soriano and Munné-Bosch 2016;
Iqbal et al. 2022; Neves et al. 2017), osmolytes (Fang and Xiong 2015; Sami et al. 2016), and regulation of sugar metabolism in above- and
belowground plant parts (Du et al. 2020). Further, drought resistance is a complex trait influenced by the inherent strategies of species regarding
drought severity and duration, which reflect the multifaceted nature of plant responses to drought. The physiological adaptation mechanisms of C.
mongolicum seedlings based on their regulation of anti-oxidant potential, hormones, and sugar metabolism in above- and belowground parts have
not yet been assessed under different drought stress levels and nitrogen supplementation. This study unraveled (a) the effects of well-watered and
drought stress levels [medium (MD), and severe drought (SD)] on assimilating shoot relative water content, biomass and regulation of physiological
metabolism viz. photosynthetic pigments, phytohormones, anti-oxidant potential and sugar metabolism in C. mongolicum roots and assimilating
shoot, and (b) to decipher how nitrogen supplementation regulate these physiological responses under water deficit conditions.

2. Materials and Methods

2.1.1 Seedling establishment
We conducted this study at Cele National Station of Observation and Research for Desert-Grasslands Ecosystem, located on the southern fringes of
the saline, hyperarid Taklimakan Desert (37°00′N, 80°43′E). Within the nearby oases, there is sparse vegetation, with mostly shrubs and subshrubs
such as Calligonum mongolicum, Alhagi sparsifolia, Tamarix ramosissima, and Karelinia caspica. A pot experiment was conducted from May to
September 2022 in an outdoor nursery. Healthy seeds of Calligonum mongolicum were collected from the nearby desert and sown in plastic pots
(42-liter, 35- and 30 cm in diameter at the top and bottom respectively, with a bottom small hole) containing approximately 38 kg of homogenized
topsoil (0–30 cm depth; aeolian loamy sand with the following properties: organic C, 2.99 g kg− 1; total N, 0.23 g kg− 1; total P, 0.60 g kg− 1) and total
K, 23.11 g kg− 1. Within the first 30 days of the experiment, water was supplied on a three-day cycle to each pot (n = 1 seedling) to the field capacity
(18% w/w).

2.1.2. Drought-stress and nitrogen application
One-month-old seedlings with uniform height were exposed to three different levels of water deficit and nitrogen supplementation: (controlled,
medium-drought (MD), and severe-drought (SD)] and nitrogen supplementation (0- and 4.0 gN⋅m− 2 yr− 1). Each treatment was repeated 12 times.
There were 12 replications of each treatment. Based on the following equation, pots were maintained at a soil-relative water content (the ratio of soil
water to water at water-holding capacity) of 70–75% (well-watered, CK), 45–50% (medium drought), and 25–30% (severe drought) (Xu et al. 2009).

SRWC = ([(Wsoil − Wpot − DWsoil)/ (WFC − Wpot − DWsoil)] ∗ 100)
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In this equation Wsoil represents the current soil weight (soil + pot + water), Wpot is the weight of the empty pot, DWsoil represents the weight of dry
soil, and WFC is the weight of soil at field capacity (soil + pot + water).

To minimize the effect of potential environmental heterogeneity, the pots were rearranged randomly. When it rained, transparent plastic film was
used as a canopy to protect the pots. The application of N (solid urea) was made once per month to the upper surface of the pots after watering.
Each harvested fresh plant was separated into roots and leaves, which were wrapped in tinfoil, immediately immersed in liquid nitrogen, and stored
at − 80°C for physiological analysis.

2.2. Measurements of assimilating shoot relative water content (ASRWC), height,
and biomass
We measured the fresh weights (FW) of the assimilating shoots, and then immersed the samples in distilled water at 4°C for 4 hours in the dark, to
obtain their turgid weights (TW). Next, all the samples were placed in an oven at 70°C for 24 hours to obtain their dry weights (DW). For each sample,
the ASRWC values were determined using the following equation:

ASRWC = [(FW − DW)/(TW − DW)] × 100% (Eq. 1)

We then separated each plant into above-ground (shoot) and below-ground (root) parts and dried them for 24 hours at 70°C before calculating their
dry weight (g).

2.3. Estimation of concentrations of photosynthetic pigments
We determined chlorophyll a (Chl a), and chlorophyll b (Chl b) concentrations using 80% acetone extracts of fresh assimilating shoots (0.1–0.3 g)
following A standard method (Lichtenthaler and Wellburn 1983). A spectrophotometer was used to measure the absorbance of the filtrate at 663
and 646 (Chl a and Chl b, respectively) (Hitachi, Tokyo, Japan). Based on the following equations, chlorophyll content was calculated as mg g-1 FW.

Chl a = 13.98 A665 – 6.88 A649 (Eq. 2)

Chl b = 24.96 A649 – 7.32 A665 (Eq. 2)

2.4. Determination of metabolites and enzymes of sugar metabolism
All biochemical parameters were determined using fresh samples of assimilating shoots and roots. We measured the concentrations of glucose and
fructose in fresh samples using a previous method (Johnson et al. 1964). Furthermore, van Handel's (1968) method was used to determine sucrose
concentration (van Handel 1968). For the determination of citric acid, approximately 0.5 g of samples were ground in 10 ml of 0.6 M perchloric acid.
A solution of 2 ml of 2 N KOH was added to the supernatant following centrifugation and kept on ice for 15 minutes. The reaction solution contained
2 ml of 0.1 M triethanolamine, 0.01 ml of 0.03 M ZnCl, 0.01 ml of 0.01 M NADH, and 0.1 ml of the extraction solution. Finally, the absorbance was
monitored for five minutes at 366 nm (Moellering and Gruber 1966). Following the calorimetric analysis, the starch concentration of the samples
was determined with a slightly modified anthrone method at 620 nm (Hansen and Møller 1975).

In leaf and root extracts, enzymatic activities of sugar metabolism were assessed using appropriate ELISA kits according to the manufacturer's
instructions (Shanghai Enzyme-linked Biotechnology Co., Ltd., Shanghai, China): sucrose phosphate phosphatase (SPP; YJ550955), Sucrose
synthase (SS; YJ302947), sucrose phosphate synthase (SPS; YJ302949), α-amylase (AMY; YJ190046), β-amylase (BAM; YJ190047), 6-
phosphogluconate dehydrogenase (6-PGDH; YJ241016), glucose-6-phosphate dehydrogenase (G6PDH; YJ513908), glucose-6-phosphate (G6P;
YJ550940), Hexokinase (HK, YJ530492), Fructokinase (FK; YJ364900), invertase (Inv; YJ306942) and phosphoenolpyruvate carboxylase (PEPC;
YJ224906).

2.5. Estimation of ROS and malonaldehyde concentrations
The production of superoxide anion (O2

•–) was estimated by monitoring the formation of nitrite from hydroxylamine was monitored in the presence

of O2
•–. Fresh samples were homogenized in phosphate buffer solution (pH 7.8) and centrifuged for 10 minutes at 5000 × g (Elstner & Heupel 1976)

(Elstner and Heupel 1976). The incubation mixture consisted of 65 mM phosphate buffer (pH 7.8), 0.1 ml of hydroxylammonium chloride (10 mM),
and 1 ml of supernatant. The incubation mixture was added to 17 mM sulfanilamide and 7 mM a-naphthylamine and incubated at 25°C for 20
minutes. Following this, ethyl ether was added to the same volume and centrifuged for 5 minutes at 1,500 × g and measured the absorbance at 530
nm.

Hydrogen peroxide (H2O2) was measured by monitoring the titanium-peroxide complex absorbance at 410 nm (Patterson et al. 1984). We
homogenized the fresh samples in acetone (5 ml) and centrifuged at 3000 × g for 10 minutes. The reaction mixture, which contained 1 ml of
supernatant, 0.1 ml of titanium reagent, and 0.2 ml of ammonia, was centrifuged for 10 minutes at 3000 × g. The precipitate was then washed five
times with acetone and centrifuged for five minutes at 10 000 × g. Using 1-M H2SO4 (3 ml), the precipitate was dissolved, and the absorbance was
determined at 410 nm.
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Malonaldehyde (MDA) content was determined in fresh root and assimilating shoot samples following a standard procedure (Zhou et al. 2007). The
MDA assay is conducted on 0.25 grams of fresh samples that have been ground in 5 mL of 1% trichloroacetic acid (TCA) and centrifuged at 3,000 ×
g for 10 minutes in a refrigerator centrifuge. In 4 ml of a 20% TCA solution (containing 0.5% TBA), 1 ml of the supernatant was added. The mixture
was then boiled for 30 min in a water bath at 95°C. Afterward, the reaction mixture was quickly cooled in an ice bath, and MDA content was
determined by reading the absorbances at 450, 532, and 600 nm using a spectrophotometer. MDA concentration was calculated using the following
equation.

MDA (mol g− 1 FW) = 6.45(OD532 − OD600) – 0.56OD450

2.6. Determination of reduced and oxidized ascorbate and glutathione and
antioxidant enzyme activities
To determine the concentrations of reduced and oxidized ascorbate-glutathione and the enzymatic activities of anti0xidant enzymes, approximately
1.0 grams of fresh samples of assimilating shoots and roots were rinsed, frozen in liquid nitrogen, ground to powder, and mixed with 0.1 moles of
phosphate-buffered saline (PBS) (pH 7.0). We then centrifuged the extracts at 10 000 × g at 4°C for 20 minutes to obtain supernatants for analysis
using appropriate ELISA kits by the instructions of the manufacturer (Shanghai Enzyme-linked Biotechnology Co., Ltd., Shanghai, China): ascorbate
(mlsh0046), glutathione (YJ299073), dehydroascorbate (YJ880342), oxidized glutathione (YJ302944), ascorbate peroxidase (YJ320415),
monodehydroascorbate reductase (YJ103677), glutathione reductase (YJ203471), dehydroascorbate reductase (YJ803460), glutathione peroxidase
(YJ203440), catalase (YJ203416), peroxidase (YJ203419), superoxide dismutase (YJ203409) and polyphenol peroxidase (YJ203490).

2.7. Determination of concentrations of endogenous phytohormones
We measured phytohormone concentration in fresh samples using ELISA kits. We ground frozen roots and leaves into powders with liquid nitrogen
and mixed them with 5 mL of 0.1 mol L− 1 PBS (pH 7.0). The concentration of jasmonic acid (JA; YJ803408), strigolactones (SLs; YJ803429),
abscisic acid (ABA; YJ803413), salicylic acid (SA; YJ803461), cytokinin (CTK; YJ803406GA), zeatin riboside (ZR; YJ803411), gibberellic acid (GA;
YJ803421), indole acetic acid (IAA; YJ803465), and brassinosteroids (BR; YJ803463) were measured using appropriate ELISA kits by the instructions
of the manufacturer (Shanghai Enzyme-linked Biotechnology Co., Ltd. Shanghai, China), respectively (Wu et al. 2020).

Statistical analysis
SPSS (Chicago, IL, United States) was used to analyze variance (ANOVA) test to examine the differences between treatments in terms of biomass,
photosynthetic pigments, sugar metabolism, and antioxidant mechanisms. Duncan's multiple range tests were used to compare the means (p > 
0.05). Figure graphics were created using GraphPad Prism 8. We conducted Pearson correlation analyses on the growth and physiology of roots and
leaves separately using OriginPro (Version 2024, OriginLab Corporation, Northampton, MA, USA). To determine the overall complexity of drought and
nitrogen response, and to identify traits showing similar trends, principal component analysis (PCA) of standardized data was conducted using
OriginPro (Version 2024, OriginLab Corporation, Northampton, Ma, USA). The results of this analysis provided us with an insight into the
physiological response to stress and the integration of all responses to drought stress and nitrogen treatment in leaves and roots.

3. Results

3.1 Changes in growth and chlorophyll concentration under drought and N
fertilization
We observed that C. mongolicum seedlings significant reductions in growth metrics including shoot dry weight (SDW), root dry weight (RDW), and
assimilating shoot relative water content (ASRWC) by 46, 30, and 14% in MD stressed seedlings and 70, 58 and 25% in SD seedlings, compared to
CK. Moreover, the concentrations of Chl a and Chl b showed a reduction of 25, and 36% under MD stress, and 39, and 44% under SD stress. In
contrast, the Chl-a/Chl-b ratio and root/shoot ratio (RSR) increased up to 1.17 and 1.30-fold under MD and 1.10 and 1.42-fold under SD stress,
respectively.

However, N application considerably decreased the negative impact of both stress levels by improving ASRWC, SDW, and RDW i.e. up to 1.16, 1.76,
and 1.52 under MD and up to 1.19, 1.52, and 1.79-fold under SD stress. Moreover, Chl-a and Chl-b displayed significant upregulation following N
addition under either stress level. Nevertheless, the N application reduced Chl-a/Chl-b ratio (18%) and RSR (14%) under MD whereas significantly
increased RSR under SD stress (Table 1). In comparison to non-fertilized seedlings, N application significantly improved SDW (1.44-fold), ASRWC
(1.08-fold), and RDW (1.30-fold) of CK seedlings, while there was no significant impact on Chl-a and Chl-b ratio and RSR (Table 1).
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Table 1
Changes in growth metrics and chlorophyll pigments in fresh assimilating shoots of Calligonum mongolicum seedlings in response

to different drought regimes and nitrogen (N) application.
Parameters Well-watered MD stress SD stress

- N +N - N +N - N +N

Shoot dry weight (g) 13.01 ± 0.26b 18.78 ± 0.94a 7.03 ± 0.41d 12.39 ± 0.17b 3.86 ± 0.28d 5.89 ± 0.47e

Assimilating shoot RWC (%) 80.48 ± 0.99b 86.71 ± 0.95a 69.24 ± 1.11c 80.60 ± 2.06b 60.13 ± 1.38d 71.36 ± 1.07c

Root dry weight (g) 14.60 ± 0.25b 19.00 ± 0.81a 10.23 ± 0.58c 15.53 ± 1.08b 6.15 ± 0.82d 10.99 ± 0.66c

Root/shoot ratio 1.12 ± 0.05d 1.01 ± 0.06d 1.46 ± 0.17bc 1.25 ± 0.10cd 1.60 ± 0.25b 1.87 ± 0.09a

Chl- a (mg/g) 1.80 ± 0.04b 2.15 ± 0.07a 1.36 ± 0.07d 1.69 ± 0.07c 1.10 ± 0.03e 1.42 ± 0.02d

Chl- b (mg/g) 0.97 ± 0.02b 1.23 ± 0.04a 0.62 ± 0.03c 0.95 ± 0.01b 0.54 ± 0.05d 0.66 ± 0.05c

Chl-a/ Chl-b ratio 1.86 ± 0.03bc 1.76 ± 0.08c 2.18 ± 0.18a 1.78 ± 0.05c 2.05 ± 0.18ab 2.15 ± 0.16a

Data are presented as means ± SD (n = 3). different letters indicate treatment differences at p < 0.05 (Duncan’s method).

3.2. Responses of sugar metabolism to drought stress and N addition
In our study, starch levels decreased but fructose and sucrose increased in leaves and roots under either stress; while glucose increased in leaves
under MD and in roots under SD stress (Tables 2 and 3). Moreover, G6P significantly increased in leaves under either water stress, or in roots under
MD stress. Furthermore, SD stress significantly increased CA in leaves but decreased in roots. The concentration of F6P increased in leaves and
roots, but it was statistically significant only in leaves under MD stress (Tables 2 and 3). Moreover, N fertilization significantly increased F6P and CA
in leaves under either stress and F6P in roots under MD stress. In addition, fructose, glucose, and sucrose in leaves while starch in roots increased
significantly following either water stress level compared to their unfertilized peers. In roots N-mediated improvements in starch in leaves while
glucose, sucrose, and fructose in roots were statistically significant under MD stress. As compared to CK, the enzymatic activities of AMY, BAM, SPP,
and G6PDH significantly increased in both leaves and roots while SuSy and Frk in leaves under either stress level. Further MD stress caused a
significant elevation in SPS and HK in leaves, whereas PEPC in roots. Moreover, SD stress increases SuSy and decreases Frk and HK in roots. While
in leaves SD stress increased 6PGDH compared to CK. Under either water stress regime, N fertilization significantly increased INV, SPP, and PEPC
activity in leaves, while HK activity in roots, compared to non-fertilized seedlings (Tables 2 and 3). In addition, HK in leaves while FRK in leaves and
roots increased significantly under MD stress following N fertilization. In roots, SPP and SPS increased under MD and SD stress respectively.
Following N supply, leaves displayed lower AMY, G6PDH, and 6PGDH under either stress, while SuSy and BAM were lower under MD stress. In roots,
it decreased AMY under either stress, while BAM under MD and SuSy under SD stress (Tables 2 and 3). However, the root displayed higher G6PDG
and 6PGDH under MD stress following N fertilization.
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Table 2
Changes in metabolites and enzymatic activities of sugar metabolism in fresh leaf samples of Calligonum mongolicum seedlings in response to

different drought regimes and nitrogen (N) application.
Parameters Well-watered MD stress SD stress

- N +N - N   - N +N

Sucrose (mg/g) 4.17±0.09e 5.74±0.13d 7.06±0.01c 8.15±0.22a 6.90±0.06c 7.82±0.03b

Glucose (mg/g) 13.32±0.22de 13.56±0.07d 15.23±0.13c 19.37±0.23a 13.14±0.25d 15.69±0.08b

Fructose (mg/g) 19.63±0.38e 22.56±0.28d 31.41±0.17b 32.94±0.38a 26.88±0.24c 31.00±0.68b

Sucrose phosphate synthase (U/L) 88.58±2.26d 105.37±0.28b 106.86±1.20b 113.10±1.49a 88.03±1.76d 87.70±1.80d

Sucrose synthase (U/L) 173.84±4.24c 163.22±4.66d 208.59±2.69a 197.25±3.53b 208.40±4.59a 208.44±1.42a

Sucrose phosphate phosphatase (U/L) 79.01±3.40e 83.73±0.57d 89.09±2.32c 107.96±0.81a 87.15±1.02c 96.01±0.90b

Starch (mg/g) 10.86±0.12b 12.12±0.15a 8.24±0.20d 10.33±0.10c 7.86±0.20e 7.94±0.18e

α-Amylase (U/L) 3.94±0.02d 3.63±0.08e 4.92±0.03b 4.08±0.06c 5.10±0.07a 4.89±0.08b

β-Amylase (U/L) 2.49±0.01d 2.76±0.02c 3.52±0.14a 2.79±0.06c 3.18±0.04b 3.14±0.04b

Hexokinase (U/L) 183.80±3.06d 203.66±2.89c 212.30±3.33b 245.47±1.87a 184.56±2.88d 185.55±3.83d

Invertase (U/L) 93.46±0.18de 91.95±0.58e 94.60±0.60c 112.08±2.29a 95.40±1.63c 105.29±1.56b

Glucose-6-phosphate (ng/L) 34.73±0.91c 35.02±0.91c 44.67±0.92a 44.40±0.99a 42.48±0.65b 44.26±0.42a

Glucose-6-phosphate dehydrogenase
(U/L)

188.41±4.36c 179.94±4.58d 229.47±3.95a 208.86±5.55b 224.62±3.12a 201.69±2.42b

6-Phosphogluconate dehydrogenase
(U/L)

247.17±2.56d 226.87±3.29e 249.48±3.50d 258.42±0.75c 278.74±2.05a 267.11±4.30b

Fructose-6-phosphate (ng/L) 86.05±2.87d 117.55±1.54a 89.70±1.47c 98.73±1.38b 88.95±2.53cd 101.73±1.38b

Fructokinase (U/L) 41.27±0.50e 44.17±0.47c 46.50±0.67b 49.17±0.31a 42.70±1.17d 43.82±0.70cd

Phosphoenolpyruvate carboxylase
(U/L)

25.01±0.38c 25.20±0.40c 28.93±0.34b 33.91±1.54a 26.83±0.44c 30.29±2.02b

Citrate acid (µg /g) 225.29±6.59de 222.59±8.05e 234.34±3.64d 297.14±3.28a 249.60±3.11c 272.24±4.76b

Data are presented as means ± SD (n = 3). different letters indicate treatment differences at p < 0.05 (Duncan’s method).
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Table 3
Changes in metabolites and enzymatic activities of sugar metabolism in fresh root samples of C. mongolicum seedlings in response to different

drought regimes and nitrogen (N) application.
Parameters Well-watered MD stress SD stress

- N +N - N +N - N +N

Sucrose (mg/g) 5.43±0.16c 5.42±0.21c 6.58±0.39b 7.30±0.75a 6.43±0.22b 6.75±0.16ab

Glucose (mg/g) 8.91±0.36b 9.22±0.9b 9.33±0.58b 12.47±0.92a 12.96±0.74a 13.46±0.11a

Fructose (mg/g) 14.60±0.97c 17.00±0.95b 18.37±0.93ab 14.21±1.27c 19.48±0.56a 19.27±1.09a

Sucrose phosphate synthase
(U/L)

75.52±1.08d 74.09±1.02d 87.20±2.35c 89.10±2.22c 105.90±2.84b 120.05±2.33a

Sucrose synthase (U/L) 145.66±6.02c 149.00±3.45c 147.00±3.34c 145.86±2.60c 162.23±1.61a 155.46±2.58b

Sucrose phosphate phosphatase
(U/L)

86.12±3.94d 115.45±3.99a 96.55±3.15c 110.79±1.68a 102.86±2.19b 101.56±3.66bc

Starch (mg/g) 12.68±0.37b 10.94±0.66cd 10.00±0.85d 14.43±1.00a 9.59±1.27d 11.73±0.71bc

α-Amylase (U/L) 4.28±0.18c 4.55±0.20c 5.81±0.22b 4.35±0.16c 6.42±0.42a 5.73±0.09b

β-Amylase (U/L) 2.99±0.21d 2.82±0.17d 4.47±0.31b 3.82±0.51c 5.03±0.18a 4.87±0.10ab

Hexokinase (U/L) 201.61±5.39c 207.63±0.81b 197.28±0.92c 229.96±2.59a 167.22±3.41e 173.87±2.52d

Invertase (U/L) 77.11±2.58d 78.68±3.72d 96.22±1.90c 97.91±5.26bc 103.46±0.97b 114.98±3.45a

Glucose-6-phosphate (ng/L) 27.57±1.31c 35.50±1.05a 32.46±0.76b 34.32±1.81ab 20.56±1.64d 21.41±1.32d

Glucose-6-phosphate
dehydrogenase (U/L)

159.45±2.27c 160.55±1.69c 193.63±3.23b 211.80±7.39a 191.82±3.69b 190.63±3.57b

6-Phosphogluconate
dehydrogenase (U/L)

217.15±1.96c 195.31±3.03d 218.08±1.48c 232.68±2.17a 222.12±2.68bc 226.60±5.71b

Fructose-6-phosphate (ng/L) 81.29±1.91b 91.17±3.41a 83.88±1.20b 95.58±1.03a 86.03±1.76b 84.20±4.78b

Fructokinase (U/L) 55.03±4.50b 57.80±1.00ab 55.87±0.66b 61.30±4.03a 46.18±2.60c 46.90±1.74c

Phosphoenolpyruvate carboxylase
(U/L)

31.32±2.78b 31.40±1.12bb 38.85±2.23a 37.10±1.07a 31.68±0.71b 32.80±0.69b

Citrate acid (µg /g) 217.37±4.49bc 229.94±2.77a 226.30±3.21ab 228.11±3.75ab 202.26±13.43d 207.60±3.09cd

Data are presented as means ± SD (n = 3). different letters indicate treatment differences at p < 0.05 (Duncan’s method).

3.3. Responses of oxidative stress indicators and anti-oxidant enzymes under
drought and N application
In our study, the levels of O2

−, H2O2, and MDA, showed an up-regulation of 1.24, 1.29, and 1.68-fold in leaves, while 1.27, 1.38, and 1.13-fold in roots
under MD, whereas 1.31, 1.38 and 1.80-fold in leaves and 1.32, 1.62 and 1.54-fold in roots of C mongolicum seedlings under SD stress, respectively
(Fig. 1a-c). However, the nitrogen supplementation significantly reduced their concentration in leaves up to 12, 27, and 32% following MD stress, and
9, 18, and 7% under SD stress. A similar pattern was observed in roots under MD stress, whereas in SD stress downregulation was only observed in
MDA levels, compared to their unfertilized peers (Fig. 1a-c). Moreover, N fertilization significantly reduced O2

− in the leaves and MDA in the roots of
CK seedlings, while it had no significant effect on H2O2 levels in both leaves and roots. The enzyme activity of SOD, CAT, and GPX increased in
leaves up to 1.25, 1.57, and 1.34 under MD and up to 1.21, 1.30, and 1.43-fold under SD, compared to CK (Fig. 1d-f). In roots, SOD decreased under
either stress (26 and 33%) while CAT and GPX increased (1.66-fold 1.44-fold) following MD and SD stress. Furthermore, both MD and SD stress
reduced POD (27 and 22%) and PPO (11 and 9%) in leaves, whereas increased PPO in roots (Fig. 1gh). Nitrogen application resulted in improved
SOD and CAT in leaves and roots under both stresses, while GPX was improved in leaves under MD and in roots under SD. Moreover, N-induced
upregulation of POD and PPO was significant in leaves under both stress and in roots under MD stress, compared to their unfertilized peers. N
supply significantly improved CAT and PPO in the leaves of CK seedlings, but did not affect them in the roots. Furthermore, it had no impact on POD
but increased GPX in leaves and roots and SOD in roots, when compared with unfertilized seedlings (Fig. 1ah).

3.4. Responses of the ascorbate-glutathione cycle to drought stress and N addition
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The concentration of AsA and GSH decreased by 15, and 18% in leaves, while 24, and 15% in roots under MD, whereas 35, and 31% in leaves and 31
and 35% in roots under SD stress, respectively (Fig. 2ab). Moreover, DHA and GSSG significantly increased in both leaves and roots, leading to
reduced ratios of AsA-DHA and GSH/GSSH compared to CK (Fig. 2c-f). APX activity was upregulated (1.23 and 1.20-fold) in leaves under either
stress level (Fig. 3a). However, APX in roots and MDHAR, DHAR, and GR in both leaves and roots displayed downregulation following either stress
(Fig. 3a-d). N fertilization-induced reduction in GSSG and DHA led to improvement in AsA and GSH levels. This resulted in an improved ratio of
GSH/GSSG in leaves and roots and that of AsA/DHA in leaves under both stress levels compared to their untreated counterparts; whereas in roots
AsA/DHA ratio increased only under MD stress following N fertilization (Fig. a-f). Under both MD and SD, N application improved enzymatic activity
of APX and MDHAR in leaves and roots; and those of DHAR and GR in leaves under both stress levels, compared to the unfertilized seedlings.
Moreover, N addition also upregulated GR and DHAR in roots only under MD stress but had no significant effect on under SD stress (Fig. a-d).

3.5. Responses of phytohormones production to drought stress and N addition
In our study, the concentration of ABA, JA, and SA in leaves and roots and SLs in roots displayed significant elevations under MD and SD stress,
compared to CK (Fig. 4a-c). In leaves, SLs only increased under MD stress. Further, we observed significant reductions in IAA, CTK, and ZR
concentrations in leaves and roots, as well as GA and BR concentrations in leaves following MD and SD stress compared to CK (Fig. 4d-e and
Fig. 5a-c). In roots, BR did not demonstrate significant changes, while GA decreased under SD stress. Compared to their unfertilized counterparts, N
fertilization significantly improved ABA in leaves under either stress whereas ABA and SA in roots under MD. In both leaves and roots, N fertilization
increased SLs under SD, while IAAs and BR under MD. Moreover, Moreover, the N-mediated improvement in CTK and GA levels was significant in
leaves under MD and in roots under SD. While, ZR improved in leaves under either stress and roots under SD stress (Fig. 4a-e and Fig. 5a-c).

3.6. Relationships between growth and physiology
We performed a Pearson correlation analysis on growth metrics and physio-biochemical metabolism of Calligonum seedlings (Fig. 6a-d). We
observed that ASRWC, GR, MDHAR, DHAR, and ASA had a significant positive correlation (p ≤ 0.05) with the phytohormones (ZR, BR, CTK, GA, and
IAA). On the other hand, reactive oxygen species (H2O2, and O2

−) and antioxidant enzymes (CAT and SOD) showed a negative correlation with GSH,

GSH/GSSG, while a positive correlation with ABA, JA, and SA (Fig. a). However, the correlation of root analysis showed that RSR, O2
−, MDA, and

H2O2 showed a negative correlation (p ≤ 0.05) with the phytohormones (ZR, BR, CTK, GA, and IAA) (Fig. B). The correlation analyses displayed that,
ASRWC, F6P, and SPS showed a strong negative correlation (p ≤ 0.05) with SuSy, AMY, BAM, G6P, and G6PDH (Fig. C). A positive relation can be
seen among the SPS, SuSy, AMY, BAM, sucrose, glucose, and fructose (Fig D).

3.7. Principle component analysis
The principal component analysis (PCA) was executed to explore the response of shoot and root sugar metabolism including phytohormones and
osmolytes (Fig. 7a and b) respectively, and stress tolerance (hormones and antioxidant enzymes; Fig. 7c and c, respectively) under different nitrogen
and drought conditions. The first two principal components (PCs) described 72% of the phytohormones and osmolytes variations in shoot under
WW + N and SD + N (Fig. 6a). However, the PCA results of roots were 53% of the first two axis displaying that, SPP and FRK were negatively
associated with BAM and AMY under SD (severe drought) condition (Fig. 6c). On the other hand, the PCA of antioxidants and hormones showed
77% of the first two axis in shoot and in root 47% under different nitrogen and drought treatments. The results described that phytohormones were
closely correlated with each other under WW + N conditions and antioxidant activities were positively correlated under SD + N conditions in shoot
(Fig. 7b). However, in roots the phytochromes had a positive correlation with antioxidant activities under SD + N and WW + N conditions, while under
SD condition antioxidants (MDA, DHA, GSSG, O2

−, and H2O2 depicted negative correlation with DHAR, GSH, IAA, and GA (Fig. 7d).

4. Discussion

4.2. Responses of chlorophyll concentration to drought and N fertilization
The concentrations of chlorophyll a (Chl a), and chlorophyll b (Chl b) were significantly reduced under both drought conditions, irrespective of N
availability, underscoring their sensitivity to drought conditions in xerophytic shrubs (Ullah et al. 2022b; Zhang et al. 2021, 2020). Photosynthetic
pigments exhibit high sensitivity to water deficits, and their concentrations are directly linked to N availability because it is an integral structural
component of photosynthetic machinery (Farooq et al. 2009). In response to drought, pigment concentrations may be reduced due to oxidative
stress, chlorophyll degradation, reduced pigment synthesis, or nutrient availability, particularly N; all of which negatively impact photosynthesis and
inhibit plant growth (Table 1). Chl-a and Chl-b levels were significantly improved by nitrogen fertilization under drought and well-watered conditions
compared to non-fertilized peers (Table 1). According to previous research, nitrogen (N) promotes the formation of photosynthetic pigments by
elevating protein levels in the stroma and thylakoids (Cooke et al. 2005) as well as chlorophyll synthesis during leaf development (Li et al. 2012)
which subsequently increases net photosynthesis (Tariq et al. 2019a).
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4.3. Responses of sugar metabolism to drought stress and N addition
In normal and stressful conditions, plant growth and development are dependent on coordinated carbon supply and utilization (Muller et al. 2011;
Sami et al. 2016). Drought stress inhibits photoassimilates production and disrupts the carbon balance, resulting in physiological and metabolic
alterations and biomass reduction (Du et al. 2020). In our study, the changes in carbohydrate composition, with enhanced fructose and sucrose and
reduced starch, indicate a dynamic response of the Calligonum seedling's carbohydrate metabolism to either drought stress regime. Moreover,
glucose increased in leaves under MD and in roots under SD may point to distinct regulatory mechanisms operating in leaves and roots under
different stress intensities. Reduced starch levels may indicate mobilization of stored energy reserves to raise soluble sugar levels, possibly acting as
osmoprotectants or energy sources (Rosa et al. 2009; Sami et al. 2016). Moreover, soluble sugar accumulation can protect cells by replacing the OH
group with water, maintaining hydrophilic interactions between proteins and membranes, and preventing membrane damage under water deficit
conditions (Hoekstra et al. 2001).

Moreover, it has been suggested that soluble sugar accumulation by plants (primarily sucrose) is associated with greater resistance to abiotic
stresses (Van den Ende and Valluru 2009). Increased soluble sugar levels in our study may be the result of increased enzyme activities involved in
sugar metabolism. For instance, the activities of AMY, BAM, and SPP upregulated in both leaves and roots while SuSy and Frk in leaves and INV in
roots under either water stress (Table 3, 4). The upregulation of starch-degrading genes and the subsequent acceleration of starch degradation has
been reported in Arabidopsis thaliana (Thalmann et al. 2016) and Glycine max (Du et al. 2020), which supports our findings. The observed changes
in starch and soluble sugar levels (fructose, sucrose, glucose) and the corresponding alterations in the activity of sugar metabolism enzymes
indicate a dynamic metabolic adjustment of Calligonum seedlings in response to water deficit conditions. The addition of N fertilization not only
enhanced soluble sugar but also increased the accumulation of starch in Calligonum seedlings. This could be attributed to their metabolizing
enzymes (Tables 2 and 3). Our results demonstrate that Calligonum seedlings are dependent on soluble sugar accumulation for osmotic balance,
regardless of nitrogen availability.

HK and FRK further facilitate the phosphorylation of hexoses through additional enzymatic processes (Renz and Stitt 1993). According to a recent
study, HK and FRK activity is reduced following drought stress (Shokat et al. 2020). In our study, FrK activity was significantly higher in leaves under
either stress and HK under MD. In roots, their activities significantly decreased under SD stress compared to CK. This implies that the assimilating
shoot and root demonstrate distinct responses in hexose phosphorylation under drought stress, reflecting the tissue-specific adaptation strategy of
Calligonum to meet its metabolic needs during drought stress. Moreover, FRK in leaves and roots under MD, as well as HK in leaves under MD and in
roots under either stress, exhibit significant upregulation following N supply. Fulda et al. (Fulda et al. 2011) suggested that drought-tolerant
sunflower plants upregulated SlFRK3, an essential protein involved in FrK activity, under water deficit conditions. However, Whittaker et al., (Whittaker
et al. 2001) reported that the higher activity of HK in Sporobolus stapfianus might confer drought tolerance. Hence, the observed increase in FrK and
HK following N supplementation seems to play a role in conferring drought resistance to Calligonum seedlings.

As compared to CK, the enzymatic activity of G6PDH significantly increased in leaves and roots under either stress while that of 6PGDH leaves under
SD. Upregulation of cytosolic G6PDH activity and transcripts has been suggested to be a cellular response to enhance NADPH production. This
enzyme is responsible for controlling carbon flow in the pentose phosphate pathway and generating NADPH, a reducing equivalent that functions as
an antioxidant to manage reactive oxygen species (ROS) and maintain redox balance and stress tolerance mechanisms (Dal Santo et al. 2012;
Naliwajski and Skłodowska 2018) (Fig. 8). Moreover, it is clear that the leaves of stressed plants exhibit a high demand for the reduced form of
NADPH; a demand that has been reduced under N fertilization in the form of decreased activity of G6PDH under either stress and 6PGDH under SD
stress. Contrary to this, N-addition increased G6PDH and 6PGDH in roots under MD, thus satisfying the need for this nucleotide. Such responses of
these enzymes to N addition might be associated with the N-induced alleviation of physiological responses.

4.4. Changes in oxidative indicators and antioxidant enzymes to drought and N
fertilization
The measurement of MDA levels serves as a reliable biomarker for oxidative stress-induced damage to cell membranes in plants. In our study, both
leaves and roots of Calligonum seedlings exhibited higher MDA levels under either stress, due to an increased accumulation of ROS (H2O2, and O2

−)
in both leaves and roots. Excessive ROS levels result in the degradation of proteins, lipids, and DNA, resulting in the death of cells (Apel and Hirt
2004). In addition to oxidizing the pigments, they may also elevate the concentrations of ABA which induces stomatal closure and therefore
compromises photosynthesis and ultimately reduces biomass production (Carvalho 2008; Tariq et al. 2018). Both ASA and GSH are integral
components of the cellular antioxidant system. They work together with enzymes of the AsA-GSH cycle to neutralize ROS and maintain cellular
health (Shan et al. 2020). The redox buffering functions of AsA and GSH can trigger stress adaptation (Apel and Hirt 2004). In our study, DHA and
GSSG led to reduced AsA and GSH in leaves and roots under either stress. Previous studies suggest that drought causes the AsA and GSH pools to
decrease and become more oxidized (Jiang et al. 2022; Sarker and Oba 2018). Plants produce antioxidant enzymes in response to various
environmental factors, including drought, to combat oxidative stress (Sunil et al. 2013; Tariq et al. 2019b; Ullah et al. 2022a).
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The induction of antioxidant enzymes is a crucial process that plants employ to eliminate excessive ROS maintain cellular redox balance and reduce
oxidative stress. The dynamic regulation of antioxidant enzyme activities in response to drought stress is a complex and highly fine-tuned process.
In our study, both stress levels increased SOD, APX, CAT, and GPX in leaves under either stress and PPO in roots. Moreover, MD stress elevated CAT
and GPX in roots, and POD in leaves. Previous studies reported that water deficit increases antioxidant defense mechanisms in trees and shrubs
(Tariq et al. 2018, 2019a; Ullah et al. 2022b; Zhang et al. 2020), which is consistent with our findings. Under stress, antioxidant enzymes may
decrease or increase, depending on the nature and duration of the stress exposure and the specific tissue of the plant. The variations observed
between roots and assimilating shoots in our study suggest tissue-specific regulatory mechanisms. For example, APX and SOD decreased in roots
but increased in assimilating shoot tissues; whereas PPO and POD decreased in assimilating shoots whereas in roots PPO enhanced but POD
remained unchanged. This suggests that assimilating shoots and roots of Calligonum seedlings may imply a different strategy or reliance on
alternative antioxidant systems to cope with oxidative stress.

The differential response between leaves and roots illustrates the complexity of the plant's overall stress adaptation strategy. The priorities of
different organs may vary according to their specific functions and stress exposure (Du et al. 2020). The different responses of antioxidant enzymes
to drought stress suggest a differential resource allocation or regulatory mechanisms of Calligonum seedlings to cope with oxidative stress. In
challenging conditions, this organ-specific adaptation contributes to the plant's overall resilience and survival. In the AsA-GSH cycle, MDHAR, DHAR,
and GR play pivotal roles in recycling and maintaining AsA and GSH pools. In our study, the reduced enzymatic activities of these enzymes suggest
a compromised ability of Calligonum seedlings to regenerate and sustain the optimal concentration of AsA and GSH under drought conditions
(Jiang et al. 2022).

In plants, an adequate nutrient supply is necessary for maintaining optimal enzyme activity, ensuring that essential metabolic pathways continue to
function even under drought conditions (Li et al. 2020). Nitrogen application significantly upregulated SOD and CAT in leaves and roots, while POD
and PPO in leaves under either stress. Moreover, PPO and POD in roots and GPX in leaves were significantly elevated by N addition upregulated MD
stress. Our findings suggest that N supply improves the O2- and H2O2-scavenging ability of Calligonum seedlings by improving their enzymatic
antioxidant mechanism, which helps the plants better cope with the oxidative stress associated with elevated levels of reactive oxygen species. Our
findings are in line with previous studies on trees (Tariq et al. 2019a) and xerophytic shrubs (Zhou et al. 2011; Zhang et al. 2020). Studies have
shown that high activities of APX, MDHAR, and DHAR are associated with greater tolerance to stress (Jiang et al. 2022). In contrast, their low activity
leads to a greater degree of membrane lipid peroxidation (Shao et al. 2008).

A higher AsA/DHA ratio generally indicates a more reduced state and a better capacity for ROS scavenging. The N-mediated enhanced MDHAR and
DHAR activities suggest an enhanced capacity of Calligonum seedlings to regenerate AsA from DHA, contributing to a higher AsA/DHA ratio,
compared to unfertilized seedlings. In addition, GSH is critical for regenerating AsA and metabolizing H2O2 during the AsA-GSH cycle under normal
and stressful conditions (Hojati et al. 2011). In stressful conditions, increased GR activity promotes the removal of H2O2, thereby maintaining a high
GSH/GSSG ratio (Verma et al. 2015), which contradicts our findings. However, N supplementation restored the GSH concentration in Calligonum,
which resulted in a high GSH/GSSG ratio. This could be attributed to increased GR activity which increases GSH biosynthesis and reduces its
degradation (Szalai et al. 2009). High GSH/GSSG ratios indicate stress tolerance in plants. A transformation of GSSG into GSH enhances the ability
of plants to resist environmental stresses (Verma et al. 2015).

Moreover, N addition has been reported to upregulate the APX activity for maintaining adequate H2O2 balance (Chang et al. 2016), which is in line
with our results. Therefore, N fertilization contributes to the balancing of the ASA-GSH redox balance. This balance is crucial for maintaining the
antioxidant defense system in plants, and its enhancement suggests an improved ability to counteract oxidative stress. Several studies have
demonstrated that N fertilization significantly reduces the concentrations of O2

•− and H2O2 as a result of the upregulation of both enzymatic and
nonenzymatic antioxidant mechanisms in trees and xerophytes (Tariq et al. 2019a; Zhang et al. 2021, 2020), which results in lower oxidative stress
and greater membrane stability. The coordinated mechanism observed in response to N fertilization suggests an adaptive response, enabling
Calligonum seedlings to better cope with the oxidative stress associated with water deficit conditions.

3.6. Responses of phytohormones production to drought stress and N addition
As compared to CK, we observed significant increases in the concentration of ABA, JA, SA, and leaves and roots while SLs in roots under either
stress. Furthermore, drought stress levels reduced IAA, CTK, and ZR in leaves and roots, as well as GA and BR in leaves. Phytohormones play crucial
roles as signaling molecules, influencing various physiological mechanisms, growth, and development under normal and stressful conditions. Thus,
the imbalance in hormone regulation might have resulted in a marked reduction in growth and biomass in our study (Li et al. 2018). Since hormone
regulation is closely related to drought stress, our results may also be interpreted as a strategy to cope with drought through differential hormone
regulation (Li et al. 2018). Additionally, phytohormones affect plant responses to oxidative stress through their interactions with ROS, resulting in
distinct transcriptomic and physiological responses. This interaction is mediated by respiratory burst oxidase homologs (RBOHs) in plants. Multiple
mechanisms have been demonstrated to influence the production of ROS and RBOH by stress (Devireddy et al. 2021) (Fig. 8). JA levels increase
under drought conditions, modulating antioxidant mechanisms and osmolyte production, contributing to drought tolerance (Dhakarey et al. 2017).
There is evidence that JA concentrations increase rapidly in Citrus (de Ollas et al. 2013) and Arabidopsis plants (Balbi and Devoto 2008), which
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supports our findings. Our study revealed that drought exposure increased ABA, which is involved in a wide variety of mechanisms for coping with
stress, including antioxidant activity and the prevention of oxidative stress (Iqbal et al. 2022).

Compared to their unfertilized peers, N fertilization significantly improved ABA in leaves under either stress and in roots under MD stress. An increase
in ABA concentration regulates several stress-related mechanisms (Danquah et al. 2014), including regulation of turgor pressure (Iqbal et al. 2022),
protection of xanthophyll cycle and photosynthetic machinery (Du et al. 2010; Zhu et al. 2011), modulation antioxidant and osmotic potentials (Iqbal
et al. 2022) leading to improved drought tolerance and growth responses.

Moreover, SA increased in leaves and roots under either stress. The SA accumulation improves drought resistance in plants by modulating several
physiological responses including stomatal regulation, activation of defense responses, protection of photosynthetic machinery, and prevention of
electron leakage (Iqbal et al. 2022). An increasing body of evidence suggests that SLs, which are carotenoid-derived phytohormones, can play a
critical role in regulating plant response to stress conditions (Tariq et al. 2023). In our study, SLs increased in leaves under MD and in roots under
either stress. The dry lands experience nutrient limitations, especially P and N availability, and the drought further aggravated the situation (Gao et al.
2022; Tariq et al. 2022). Indeed, there is evidence suggesting that SLs play a crucial role in modulating shoot-and-shoot architecture in response to
nutrient limitations, which promotes the accumulation of SLs (Yoneyama et al. 2012; Andreo-Jimenez et al. 2015). Ruyter-Spira et al. (Ruyter-Spira et
al. 2011) suggested that increasing SLs promotes lateral roots in a P-limited environment by facilitating P uptake. Hence, the upregulation of
strigolactones in Calligonum seedlings appears to be a part of a multifaceted strategy to improve drought resilience, facilitate root growth, and
improve nutrient uptake in the challenging conditions of the hyper-arid Taklamakan Desert. The increase in SL levels in response to N fertilization
under SD conditions suggests a dynamic and adaptive response of Calligonum seedlings. SD conditions may have prevented seedlings from
absorbing N optimally, which could have triggered the upregulation of SL biosynthesis.

Drought interaction with other hormones can also affect IAA activity, synthesis, metabolism, and transport in a variety of plants (Iqbal et al. 2022).
Furthermore, GA has been reported to alter the regulation functions of several genes in tomato plants exposed to drought, resulting in smaller cells,
fewer internodes, shorter shoots, and lower biomass (Litvin et al. 2016). Furthermore, CTK concentrations may increase or decrease in response to
drought conditions. In addition to regulating cell division, CTK is involved in apical meristem support, and several physiological responses, which
allow plants to adapt to rapid changes in the environment (Yadav et al. 2021). The observed decrease in the concentrations of IAA, GA, and CTK
under drought stress in our study suggests that these hormonal imbalances could contribute to the sensitivity and severe reduction in shoot and root
growth and biomass in Calligonum seedlings. In both leaves and roots, N fertilization increased IAAs and BR under MD while CTK and GA in leaves
under MD and roots under SD. Moreover, ZR improved in leaves under either stress or roots under SD stress. Since these hormones play a role in
stimulating plant growth (Tiwari et al. 2017); their increased concentration following N supplementation under drought might result in improved
biomass of Calligonum seedlings compared to their non-fertilized peers.

5. Conclusion
In our study, both medium and severe drought stress levels reduced biomass and impaired metabolism, compared to control. Drought-induced
overproduction of soluble sugar resulted in lower starch which could be the result of increased enzymatic activities of sugar metabolism. Moreover,
the enzymes and G6PDH and 6PGDH increased following drought stress, which indicates the potential role of the pentose phosphate pathway in
satisfying the demand for NADPH; the antioxidant-reducing equivalent. Moreover, drought-stressed seedlings exhibited reduced enzymatic activities
of SOD and APX in roots, and PPO in shoots whereas MDHAR, DHAR, and GR in shoots and roots following either stress, suggesting the sensitivity
of anti-oxidant mechanism. This phenomenon resulted in a higher accumulation of oxidized ascorbate (DHA) and glutathione (GSSG), indicating the
overall failure of the ascorbate-glutathione cycle to properly eliminate the H2O2. In contrast, N-supplemented drought-stressed seedlings upregulated
their H2O2 and O2-scavenging mechanisms, resulting in reduced levels of ROS and lipid peroxidation and improved AsA and GSH redox status. They
also displayed higher growth hormone production, and soluble sugars which may account for their improved biomass and water status. Moreover,
starch degradation was reduced in drought-stressed seedlings supplemented with N which led to increased starch levels. Consequently, our findings
emphasize the intricate and flexible nature of Calligonum seedling adaptive mechanisms, as well as the positive effect of N-supplementation on
changing the physiological responses of the shoot and root dynamically, resulting in improved drought resistance. Our study reveals physiological
stress adaptation strategies of phreatophyte seedlings to water deficits and nutrient availability before their roots reach groundwater resources and
have practical implications for vegetation restoration and management in hyperarid and nutrient-deficient ecosystems.

Declarations
Acknowledgments The present work was supported by the National Natural Science Foundation of China (No. 32250410301, 42271071, 41977050);
the Ministry of Science and Technology, China (No. QN2022045005); and the National Key Research and Development Project of China (No.
2022YFF1302504). Josep Peñuelas and Jordi Sardans were funded by the Spanish Government grants PID2020115770RB-I, TED2021-132627 B–
I00, and PID2022-140808NB-I00, funded by MCIN, AEI/10.13039/ 501100011033 European Union Next Generation EU/PRTR, the Fundación Ramón
Areces grant CIVP20A6621, and the Catalan Government grant SGR 2021–1333.



Page 13/24

Author Contributions AU, and AT conceived and designed the research; AU conducted the experiments; AU, AT, JN, JP, and JS analyzed the data and
prepared the figures; AU wrote the first draft; JP, JS, ZF, JN, AT, and MAA helped edit and review the manuscript; ZF supervised the research. All
authors read and approved the manuscript. 

The authors declare no conflicts of interest.

References
1. Abid M, Tian Z, Ata-Ul-Karim ST, Liu Y, Cui Y, Zahoor R, Jiang D, Dai T (2016) Improved tolerance to post-anthesis drought stress by pre-drought

priming at vegetative stages in drought-tolerant and sensitive wheat cultivars. Plant Physiology and Biochemistry 106:218–227

2. Andreo-Jimenez B, Ruyter-Spira C, Bouwmeester HJ, Lopez-Raez JA (2015) Ecological relevance of strigolactones in nutrient uptake and other
abiotic stresses, and in plant-microbe interactions below-ground. Plant and Soil 394:1–19

3. Apel K, Hirt H (2004) Reactive oxygen species: metabolism, oxidative stress, and signaling transduction. Annual review of plant biology 55:373

4. Arndt SK, Arampatsis C, Foetzki A, Li X, Zeng F, Zhang X (2004) Contrasting patterns of leaf solute accumulation and salt adaptation in four
phreatophytic desert plants in a hyperarid desert with saline groundwater. Journal of Arid Environments 59:259–270

5. Balbi V, Devoto A (2008) Jasmonate signaling network in Arabidopsis thaliana: crucial regulatory nodes and new physiological scenarios. New
Phytologist 177:301–318

6. Canham CA, Froend RH, Stock WD (2015) Rapid root elongation by phreatophyte seedlings does not imply tolerance of water table decline.
Trees 29:815–824

7. Carvalho M de (2008) Drought stress and reactive oxygen species. Plant Signal Behav 3:156–165

8. Chang Z, Liu Y, Dong H, Teng K, Han L, Zhang X (2016) Effects of cytokinin and nitrogen on drought tolerance of creeping bentgrass. PloS one
11:e0154005

9. Chaves MM, Maroco JP, Pereira JS (2003) Understanding plant responses to drought—from genes to the whole plant. Functional plant biology
30:239–264

10. Chaves MM, Pereira JS, Maroco J, Rodrigues ML, Ricardo CPP, Osório ML, Carvalho I, Faria T, Pinheiro C (2002) How plants cope with water
stress in the field? Photosynthesis and growth. Annals of botany 89:907–916

11. Cooke JE, Martin TA, Davis JM (2005) Short‐term physiological and developmental responses to nitrogen availability in hybrid poplar. New
Phytologist 167:41–52

12. Cowan IR (1978) Stomatal behaviour and environment. In: Advances in botanical research. Elsevier, pp 117–228

13. Dal Santo S, Stampfl H, Krasensky J, Kempa S, Gibon Y, Petutschnig E, Rozhon W, Heuck A, Clausen T, Jonak C (2012) Stress-induced GSK3
regulates the redox stress response by phosphorylating glucose-6-phosphate dehydrogenase in Arabidopsis. The Plant Cell 24:3380–3392

14. Danquah A, De Zélicourt A, Colcombet J, Hirt H (2014) The role of ABA and MAPK signaling pathways in plant abiotic stress responses.
Biotechnology advances 32:40–52

15. de Ollas C, Hernando B, Arbona V, Gómez‐Cadenas A (2013) Jasmonic acid transient accumulation is needed for abscisic acid increase in citrus
roots under drought stress conditions. Physiologia plantarum 147:296–306

16. Devireddy AR, Zandalinas SI, Fichman Y, Mittler R (2021) Integration of reactive oxygen species and hormone signaling during abiotic stress.
The Plant Journal 105:459–476

17. Dhakarey R, Raorane ML, Treumann A, Peethambaran PK, Schendel RR, Sahi VP, Hause B, Bunzel M, Henry A, Kohli A (2017) Physiological and
proteomic analysis of the rice mutant cpm2 suggests a negative regulatory role of jasmonic acid in drought tolerance. Frontiers in plant science
8:1903

18. Du H, Wang N, Cui F, Li X, Xiao J, Xiong L (2010) Characterization of the β-carotene hydroxylase gene DSM2 conferring drought and oxidative
stress resistance by increasing xanthophylls and abscisic acid synthesis in rice. Plant physiology 154:1304–1318

19. Du Y, Zhao Q, Chen L, Yao X, Zhang W, Zhang B, Xie F (2020) Effect of drought stress on sugar metabolism in leaves and roots of soybean
seedlings. Plant physiology and biochemistry 146:1–12

20. Elstner EF, Heupel A (1976) Formation of hydrogen peroxide by isolated cell walls from horseradish (Armoracia lapathifolia Gilib.). Planta
130:175–180

21. Fàbregas N, Fernie AR (2019) The metabolic response to drought. Journal of Experimental Botany 70:1077–1085

22. Fahad S, Nie L, Chen Y, Wu C, Xiong D, Saud S, Hongyan L, Cui K, Huang J (2015) Crop plant hormones and environmental stress. Sustainable
Agriculture Reviews: Volume 15 371–400

23. Fahad S, Sonmez O, Saud S, Wang D, Wu C, Adnan M, Turan V (2021) Plant growth regulators for climate-smart agriculture. CRC Press

24. Fang Y, Xiong L (2015) General mechanisms of drought response and their application in drought resistance improvement in plants. Cellular
and molecular life sciences 72:673–689



Page 14/24

25. Farooq M, Wahid A, Kobayashi N, Fujita D, Basra SMA (2009) Plant drought stress: effects, mechanisms and management. Agron Sustain Dev
29: 185–212

26. Fleta-Soriano E, Munné-Bosch S (2016) Stress memory and the inevitable effects of drought: a physiological perspective. Frontiers in Plant
Science 7:143

27. Fleta-Soriano E, Pinto-Marijuan M, Munné-Bosch S (2015) Evidence of drought stress memory in the facultative CAM, Aptenia cordifolia:
possible role of phytohormones. PLoS One 10:e0135391

28. Fulda S, Mikkat S, Stegmann H, Horn R (2011) Physiology and proteomics of drought stress acclimation in sunflower (Helianthus annuus L.).
Plant Biology 13:632–642

29. Galmés J, Flexas J, Savé R, Medrano H (2007) Water relations and stomatal characteristics of Mediterranean plants with different growth forms
and leaf habits: responses to water stress and recovery. Plant Soil 290:139–155. https://doi.org/10.1007/s11104-006-9148-6

30. Gao Y, Tariq A, Zeng F, Graciano C, Zhang Z, Sardans J, Peñuelas J (2022) Allocation of foliar-P fractions of Alhagi sparsifolia and its
relationship with soil-P fractions and soil properties in a hyperarid desert ecosystem. Geoderma 407:115546

31. Gui D, Zeng F, Liu Z, Zhang B (2013) Characteristics of the clonal propagation of Alhagi sparsifolia Shap.(Fabaceae) under different
groundwater depths in Xinjiang, China. The Rangeland Journal 35:355–362

32. Hansen J, Møller IB (1975) Percolation of starch and soluble carbohydrates from plant tissue for quantitative determination with anthrone.
Analytical biochemistry 68:87–94

33. Hasanuzzaman M, Hossain MA, da Silva JAT, Fujita M (2012) Plant response and tolerance to abiotic oxidative stress: antioxidant defense is a
key factor. Crop stress and its management: perspectives and strategies 261–315

34. Hoekstra FA, Golovina EA, Buitink J (2001) Mechanisms of plant desiccation tolerance. Trends in plant science 6:431–438

35. Hojati M, Modarres-Sanavy SAM, Karimi M, Ghanati F (2011) Responses of growth and antioxidant systems in Carthamus tinctorius L. under
water deficit stress. Acta physiologiae plantarum 33:105–112

36. Iqbal S, Wang X, Mubeen I, Kamran M, Kanwal I, Díaz GA, Abbas A, Parveen A, Atiq MN, Alshaya H (2022) Phytohormones trigger drought
tolerance in crop plants: outlook and future perspectives. Frontiers in Plant Science 12:3378

37. Jiang K, Asami T (2018) Chemical regulators of plant hormones and their applications in basic research and agriculture. Bioscience,
biotechnology, and biochemistry 82:1265–1300

38. Jiang Z, Zhu H, Zhu H, Tao Y, Liu C, Liu J, Yang F, Li M (2022) Exogenous ABA enhances the antioxidant defense system of maize by regulating
the AsA-GSH cycle under drought stress. Sustainability 14:3071

39. Johnson G, Lambert C, Johnson DK, Sunderwirth SG (1964) Plant tissue analysis, colorimetric determination of glucose, fructose, and sucrose
in plant materials using a combination of enzymatic and chemical methods. Journal of Agricultural and Food Chemistry 12:216–219

40. Krasensky J, Jonak C (2012) Drought, salt, and temperature stress-induced metabolic rearrangements and regulatory networks. Journal of
experimental botany 63:1593–1608

41. Li H, Li M, Luo J, Cao X, Qu L, Gai Y, Jiang X, Liu T, Bai H, Janz D (2012) N-fertilization has different effects on the growth, carbon and nitrogen
physiology, and wood properties of slow-and fast-growing Populus species. Journal of experimental botany 63:6173–6185

42. Li L, Gu W, Li J, Li C, Xie T, Qu D, Meng Y, Li C, Wei S (2018) Exogenously applied spermidine alleviates photosynthetic inhibition under drought
stress in maize (Zea mays L.) seedlings associated with changes in endogenous polyamines and phytohormones. Plant Physiology and
Biochemistry 129:35–55

43. Li S, Zhou L, Addo-Danso SD, Ding G, Sun M, Wu S, Lin S (2020) Nitrogen supply enhances the physiological resistance of Chinese fir plantlets
under polyethylene glycol (PEG)-induced drought stress. Scientific reports 10:7509

44. Lichtenthaler HK, Wellburn AR (1983) Determinations of total carotenoids and chlorophylls a and b of leaf extracts in different solvents.
Portland Press Ltd.

45. Litvin AG, van Iersel MW, Malladi A (2016) Drought stress reduces stem elongation and alters gibberellin-related gene expression during
vegetative growth of tomato. Journal of the American Society for Horticultural Science 141:591–597

46. Liu C, Wang Y, Pan K, Jin Y, Li W, Zhang L (2015) Effects of phosphorus application on photosynthetic carbon and nitrogen metabolism, water
use efficiency and growth of dwarf bamboo (Fargesia rufa) subjected to water deficit. Plant Physiology and Biochemistry 96:20–28

47. Liu L, Cao X, Zhai Z, Ma S, Tian Y, Cheng J (2022) Direct evidence of drought stress memory in mulberry from a physiological perspective:
Antioxidative, osmotic and phytohormonal regulations. Plant Physiology and Biochemistry 186:76–87

48. Mahieu S, Germon F, Aveline A, Hauggaard-Nielsen H, Ambus P, Jensen ES (2009) The influence of water stress on biomass and N
accumulation, N partitioning between above and below ground parts and on N rhizodeposition during reproductive growth of pea (Pisum
sativum L.). Soil Biology and biochemistry 41:380–387

49. McDowell N, Pockman WT, Allen CD, Breshears DD, Cobb N, Kolb T, Plaut J, Sperry J, West A, Williams DG (2008) Mechanisms of plant survival
and mortality during drought: why do some plants survive while others succumb to drought? New phytologist 178:719–739

50. Moellering H, Gruber W (1966) Determination of citrate with citrate lyase. Analytical biochemistry 17:369–376



Page 15/24

51. Muller B, Pantin F, Génard M, Turc O, Freixes S, Piques M, Gibon Y (2011) Water deficits uncouple growth from photosynthesis, increase C
content, and modify the relationships between C and growth in sink organs. Journal of experimental botany 62:1715–1729

52. Munné-Bosch S, Alegre L (2004) Die and let live: leaf senescence contributes to plant survival under drought stress. Functional Plant Biology
31:203–216

53. Nahar K, Hasanuzzaman M, Alam MM, Fujita M (2015) Glutathione-induced drought stress tolerance in mung bean: coordinated roles of the
antioxidant defence and methylglyoxal detoxification systems. AoB Plants 7:plv069

54. Naliwajski MR, Skłodowska M (2018) The relationship between carbon and nitrogen metabolism in cucumber leaves acclimated to salt stress.
PeerJ 6:e6043

55. Navarro L, Bari R, Achard P, Lisón P, Nemri A, Harberd NP, Jones JD (2008) DELLAs control plant immune responses by modulating the balance
of jasmonic acid and salicylic acid signaling. Current Biology 18:650–655

56. Neves DM, Almeida LA da H, Santana-Vieira DDS, Freschi L, Ferreira CF, Soares Filho W dos S, Costa MGC, Micheli F, Coelho Filho MA, Gesteira A
da S (2017) Recurrent water deficit causes epigenetic and hormonal changes in citrus plants. Scientific reports 7:13684

57. Ohashi Y, Nakayama N, Saneoka H, Fujita K (2006) Effects of drought stress on photosynthetic gas exchange, chlorophyll fluorescence and
stem diameter of soybean plants. Biologia plantarum 50:138–141

58. Patterson BD, MacRae EA, Ferguson IB (1984) Estimation of hydrogen peroxide in plant extracts using titanium (IV). Analytical biochemistry
139:487–492

59. Rai GK, Kumar P, Choudhary SM, Singh H, Adab K, Kosser R, Magotra I, Kumar RR, Singh M, Sharma R (2023) Antioxidant Potential of
Glutathione and Crosstalk with Phytohormones in Enhancing Abiotic Stress Tolerance in Crop Plants. Plants 12:1133

60. Renz A, Stitt M (1993) Substrate specificity and product inhibition of different forms of fructokinases and hexokinases in developing potato
tubers. Planta 190:166–175

61. Rosa M, Prado C, Podazza G, Interdonato R, González JA, Hilal M, Prado FE (2009) Soluble sugars: Metabolism, sensing and abiotic stress: A
complex network in the life of plants. Plant signaling & behavior 4:388–393

62. Ruyter-Spira C, Kohlen W, Charnikhova T, van Zeijl A, van Bezouwen L, De Ruijter N, Cardoso C, Lopez-Raez JA, Matusova R, Bours R (2011)
Physiological effects of the synthetic strigolactone analog GR24 on root system architecture in Arabidopsis: another belowground role for
strigolactones? Plant physiology 155:721–734

63. Sami F, Yusuf M, Faizan M, Faraz A, Hayat S (2016) Role of sugars under abiotic stress. Plant Physiology and Biochemistry 109:54–61

64. Sarker U, Oba S (2018) Catalase, superoxide dismutase and ascorbate-glutathione cycle enzymes confer drought tolerance of Amaranthus
tricolor. Scientific reports 8:16496

65. Shan C, Wang B, Sun H, Gao S, Li H (2020) H 2 S induces NO in the regulation of AsA-GSH cycle in wheat seedlings by water stress.
Protoplasma 257:1487–1493

66. Shao H-B, Chu L-Y, Lu Z-H, Kang C-M (2008) Primary antioxidant free radical scavenging and redox signaling pathways in higher plant cells.
International journal of biological sciences 4:8

67. Shokat S, Großkinsky DK, Roitsch T, Liu F (2020) Activities of leaf and spike carbohydrate-metabolic and antioxidant enzymes are linked with
yield performance in three spring wheat genotypes grown under well-watered and drought conditions. BMC Plant Biology 20:1–19

68. Sunil B, Talla SK, Aswani V, Raghavendra AS (2013) Optimization of photosynthesis by multiple metabolic pathways involving interorganelle
interactions: resource sharing and ROS maintenance as the bases. Photosynthesis Research 117:61–71

69. Szalai G, Kellős T, Galiba G, Kocsy G (2009) Glutathione as an antioxidant and regulatory molecule in plants under abiotic stress conditions.
Journal of Plant Growth Regulation 28:66–80

70. Tariq A, Pan K, Olatunji OA, Graciano C, Li N, Li Z, Song D, Sun F, Justine MF, Huang D (2019a) Role of nitrogen supplementation in alleviating
drought‐associated growth and metabolic impairments in Phoebe zhennan seedlings. Journal of Plant Nutrition and Soil Science 182:586–596

71. Tariq A, Pan K, Olatunji OA, Graciano C, Li Z, Li N, Song D, Sun F, Wu X, Dakhil MA (2019b) Impact of phosphorus application on drought
resistant responses of Eucalyptus grandis seedlings. Physiologia plantarum 166:894–908

72. Tariq A, Pan K, Olatunji OA, Graciano C, Li Z, Sun F, Sun X, Song D, Chen W, Zhang A (2017) Phosphorous application improves drought
tolerance of Phoebe zhennan. Frontiers in plant science 8:1561

73. Tariq A, Pan K, Olatunji OA, Graciano C, Li Z, Sun F, Zhang L, Wu X, Chen W, Song D (2018) Phosphorous fertilization alleviates drought effects
on Alnus cremastogyne by regulating its antioxidant and osmotic potential. Scientific reports 8:1–11

74. Tariq A, Ullah A, Sardans J, Zeng F, Graciano C, Li X, Wang W, Ahmed Z, Ali S, Zhang Z (2022) Alhagi sparsifolia: An ideal phreatophyte for
combating desertification and land degradation. Science of The Total Environment 157228

75. Tariq A, Ullah I, Sardans J, Graciano C, Mussarat S, Ullah A, Zeng F, Wang W, Al-Bakre DA, Ahmed Z (2023) Strigolactones can be a potential tool
to fight environmental stresses in arid lands. Environmental Research 115966

76. Thalmann M, Pazmino D, Seung D, Horrer D, Nigro A, Meier T, Kölling K, Pfeifhofer HW, Zeeman SC, Santelia D (2016) Regulation of leaf starch
degradation by abscisic acid is important for osmotic stress tolerance in plants. The Plant Cell 28:1860–1878



Page 16/24

77. Tiwari S, Lata C, Singh Chauhan P, Prasad V, Prasad M (2017) A functional genomic perspective on drought signalling and its crosstalk with
phytohormone-mediated signalling pathways in plants. Current genomics 18:469–482

78. Ullah A, Ali I, Noor J, Zeng F, Bawazeer S, Eldin SM, Asghar MA, Javed HH, Saleem K, Ullah S (2022a) Exogenous γ-aminobutyric acid (GABA)
mitigated salinity-induced impairments in mungbean plants by regulating their nitrogen metabolism and antioxidant potential. Frontiers in Plant
Science 13:

79. Ullah A, Tariq A, Zeng F, Sardans J, Graciano C, Ullah S, Chai X, Zhang Z, Keyimu M, Asghar MA (2022b) Phosphorous Supplementation
Alleviates Drought-Induced Physio-Biochemical Damages in Calligonum mongolicum. Plants 11:3054

80. Urano K, Maruyama K, Ogata Y, Morishita Y, Takeda M, Sakurai N, Suzuki H, Saito K, Shibata D, Kobayashi M (2009) Characterization of the
ABA‐regulated global responses to dehydration in Arabidopsis by metabolomics. The Plant Journal 57:1065–1078

81. Valliyodan B, Nguyen HT (2006) Understanding regulatory networks and engineering for enhanced drought tolerance in plants. Current opinion
in plant biology 9:189–195

82. Van den Ende W, Valluru R (2009) Sucrose, sucrosyl oligosaccharides, and oxidative stress: scavenging and salvaging? Journal of experimental
botany 60:9–18

83. van Handel E (1968) Direct microdetermination of sucrose. Analytical biochemistry 22:280–283

84. Verma G, Mishra S, Sangwan N, Sharma S (2015) Reactive oxygen species mediate axis-cotyledon signaling to induce reserve mobilization
during germination and seedling establishment in Vigna radiata. Journal of Plant Physiology 184:79–88

85. Vesala T, Sevanto S, Grönholm T, Salmon Y, Nikinmaa E, Hari P, Hölttä T (2017) Effect of leaf water potential on internal humidity and CO2
dissolution: reverse transpiration and improved water use efficiency under negative pressure. Frontiers in plant science 8:54

86. Vrede T, Dobberfuhl DR, Kooijman S, Elser JJ (2004) Fundamental connections among organism C: N: P stoichiometry, macromolecular
composition, and growth. Ecology 85:1217–1229

87. Whittaker A, Bochicchio A, Vazzana C, Lindsey G, Farrant J (2001) Changes in leaf hexokinase activity and metabolite levels in response to
drying in the desiccation‐tolerant species Sporobolus stapfianus and Xerophyta viscosa. Journal of Experimental Botany 52:961–969

88. Wu L, Lan J, Xiang X, Xiang H, Jin Z, Khan S, Liu Y (2020) Transcriptome sequencing and endogenous phytohormone analysis reveal new
insights in CPPU controlling fruit development in kiwifruit (Actinidia chinensis). PLoS One 15:e0240355

89. Xu Z, Zhou G, Shimizu H (2009) Are plant growth and photosynthesis limited by pre-drought following rewatering in grass? Journal of
Experimental Botany 60:3737–3749

90. Yadav B, Jogawat A, Gnanasekaran P, Kumari P, Lakra N, Lal SK, Pawar J, Narayan OP (2021) An overview of recent advancement in
phytohormones-mediated stress management and drought tolerance in crop plants. Plant Gene 25:100264

91. Yoneyama K, Xie X, Kim HI, Kisugi T, Nomura T, Sekimoto H, Yokota T, Yoneyama K (2012) How do nitrogen and phosphorus deficiencies affect
strigolactone production and exudation? Planta 235:1197–1207

92. Zhang J, Jia W, Yang J, Ismail AM (2006) Role of ABA in integrating plant responses to drought and salt stresses. Field Crops Research 97:111–
119

93. Zhang Z, Tariq A, Zeng F, Chai X, Graciano C (2021) Involvement of soluble proteins in growth and metabolic adjustments of drought‐stressed
Calligonum mongolicum seedlings under nitrogen addition. Plant Biology 23:32–43

94. Zhang Z, Tariq A, Zeng F, Graciano C, Zhang B (2020) Nitrogen application mitigates drought-induced metabolic changes in Alhagi sparsifolia
seedlings by regulating nutrient and biomass allocation patterns. Plant Physiology and Biochemistry 155:828–841

95. Zhou X, Zhang Y, Ji X, Downing A, Serpe M (2011) Combined effects of nitrogen deposition and water stress on growth and physiological
responses of two annual desert plants in northwestern China. Environmental and Experimental Botany 74:1–8

96. Zhou Y, Lam HM, Zhang J (2007) Inhibition of photosynthesis and energy dissipation induced by water and high light stresses in rice. Journal
of Experimental Botany 58:1207–1217

97. Zhu S-Q, Chen M-W, Ji B-H, Jiao D-M, Liang J-S (2011) Roles of xanthophylls and exogenous ABA in protection against NaCl-induced
photodamage in rice (Oryza sativa L) and cabbage (Brassica campestris). Journal of experimental botany 62:4617–4625

Figures



Page 17/24

Figure 1

Changes in the concentration of (a) malondialdehyde (b) superoxide anion (c) hydrogen peroxide, and enzyme activity of (d) superoxide dismutase
(e) catalase (f) glutathione peroxidase (g) peroxidases and (h) polyphenol oxidase in assimilating shoots and roots of C. mongolicum seedlings in
response to different drought regimes and nitrogen (N) application. Bars represent means ± SD (n=3). different letters indicate treatment differences
at p< 0.05 (Duncan’s method). WW: well-watered; WW+N: well-watered + nitrogen; MD: medium drought; MD + N: medium drought + nitrogen; SD;
severe drought; SD+N: severe drought + nitrogen.
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Figure 2

Changes in the concentration of (a) ascorbic acid, (b) glutathione, (c) dehydroascorbic acid (d) oxidized glutathione (e) ascorbic
acid/dehydroascorbic acid ratio, and (f) glutathione/oxidized glutathione ratio in assimilating shoots and roots of C. mongolicum seedlings in
response to different drought regimes and nitrogen (N) application. Bars represent means ± SD (n=3). different letters indicate treatment differences
at p< 0.05 (Duncan’s method). WW: well-watered; WW+N: well-watered + nitrogen; MD: medium drought; MD + N: medium drought + nitrogen; SD;
severe drought; SD+N: severe drought + nitrogen.
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Figure 3

Changes in the enzyme activity of (a) ascorbate peroxidase (b) monodehydroascorbate reductase (c) glutathione reductase and (d)
dehydroascorbate reductase in assimilating shoots and roots of C. mongolicumseedlings in response to different drought regimes and nitrogen (N)
application. Bars represent means ± SD (n=3). different letters indicate treatment differences at p< 0.05 (Duncan’s method). WW: well-watered;
WW+N: well-watered + nitrogen; MD: medium drought; MD + N: medium drought + nitrogen; SD; severe drought; SD+N: severe drought + nitrogen.
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Figure 4

Changes in the concentration of (a) abscisic acid, (b) jasmonic acid (c) salicylic acid (d) strigolactones (e) indole acetic acid, and (h) gibberellic acid
in assimilating shoots and roots of C. mongolicumseedlings in response to different drought regimes and nitrogen (N) application. Bars represent
means ± SD (n=3). different letters indicate treatment differences at p< 0.05 (Duncan’s method). WW: well-watered; WW+N: well-watered + nitrogen;
MD: medium drought; MD + N: medium drought + nitrogen; SD; severe drought; SD+N: severe drought + nitrogen.
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Figure 5

Changes in the concentration of (a) cytokinin (b) zeatin riboside, and (c) brassinosteroids in assimilating shoots and roots of C. mongolicum
seedlings in response to different drought regimes and nitrogen (N) application. Bars represent means ± SD (n=3). different letters indicate treatment
differences at p< 0.05 (Duncan’s method). WW: well-watered; WW+N: well-watered + nitrogen; MD: medium drought; MD + N: medium drought +
nitrogen; SD; severe drought; SD+N: severe drought + nitrogen.
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Figure 6

Associations between growth metrics and stress and stress tolerance indicators in assimilating shoot (A, C) and roots (B, D). ASRWC: Assimilating
shoot relative water content SDM: shoot dry weight; RDW: root dry weight; RSR: Root/shoot ratio; JA: jasmonic acid; ZR: zeatin riboside; SLs:
strigolactones; GA: gibberellic acid; IAA: indole acetic acid; ABA: abscisic acid; CTK: cytokinin; BR: brassinosteroids; SA: Salicylic acid; AsA:
ascorbate; DHA: dehydroascorbate; GSH: glutathione; GSSG: oxidized glutathione; APX: ascorbate peroxidase; GR: glutathione reductase; MDHAR:
monodehydroascorbate reductase; DHAR: dehydroascorbate reductase; MDA: malondialdehyde; H2O2: hydrogen peroxide; O2

-:superoxide anion;
SOD: superoxide dismutase;  POD: peroxidases; GPX: glutathione peroxidase; CAT: catalase; and, PPO: polyphenol oxidase; SS: Sucrose synthase;
SPP: sucrose phosphate phosphatase; SPS: sucrose phosphate synthase; AMY: α-amylase; BAM: β-amylase; G6PDH: glucose-6-phosphate
dehydrogenase; 6PGDH; 6-phosphogluconate dehydrogenase; G6P: glucose-6-phosphate; FRK: Fructokinase; HK: Hexokinase; PEPC;
phosphoenolpyruvate carboxylase; INV; invertase.
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Figure 7

Principle component analysis (PCA) of responses of sugar metabolism in assimilating shoot (A) and root (B) and phytohormone and antioxidant
indicators of stress tolerance in assimilating shoot (C) and roots (D) in response to different drought regimes and nitrogen (N) application in C.
mongolicum seedlings. WW: well-watered; WW+N: well-watered + nitrogen; MD: medium drought; MD + N: medium drought + nitrogen; SD; severe
drought; SD+N: severe drought + nitrogen. JA: jasmonic acid; ZR: zeatin riboside; SLs: strigolactones; GA: gibberellic acid; IAA: indole acetic acid;
ABA: abscisic acid; CTK: cytokinin; BR: brassinosteroids; SA: Salicylic acid; AsA: ascorbate; DHA: dehydroascorbate; GSH: glutathione; GSSG:
oxidized glutathione; APX: ascorbate peroxidase; GR: glutathione reductase; MDHAR: monodehydroascorbate reductase; DHAR: dehydroascorbate
reductase; MDA: malondialdehyde; H2O2: hydrogen peroxide; O2

-:superoxide anion; SOD: superoxide dismutase;  POD: peroxidases; GPX: glutathione
peroxidase; CAT: catalase; and, PPO: polyphenol oxidase; SS: Sucrose synthase; SPP: sucrose phosphate phosphatase; SPS: sucrose phosphate
synthase; AMY: α-amylase; BAM: β-amylase; G6PDH: glucose-6-phosphate dehydrogenase; 6PGDH; 6-phosphogluconate dehydrogenase; G6P:
glucose-6-phosphate; FRK: Fructokinase; HK: Hexokinase; PEPC; phosphoenolpyruvate carboxylase; INV; invertase.
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Figure 8

Schematic representation of the interplay between assimilating shoot and root content of chlorophyll pigments, phytohormones, and sugar
metabolism and antioxidant mechanism in C. mongolicum seedlings under different drought regimes and nitrogen (N) application. WW: well-
watered; WW+N: well-watered + nitrogen; MD: medium drought; MD + N: medium drought + nitrogen; SD; severe drought; SD+N: severe drought +
nitrogen. RBOH: respiratory burst oxidase homolog; Chl-a: chlorophyll a; Chl-b: chlorophyll b; JA: jasmonic acid; ZR: zeatin riboside; SLs:
strigolactones; GA: gibberellic acid; IAA: indole acetic acid; ABA: abscisic acid; AsA: ascorbate; DHA: dehydroascorbate; GSH: glutathione; GSSG:
oxidized glutathione; APX: ascorbate peroxidase; GR: glutathione reductase; MDHAR: monodehydroascorbate reductase; DHAR: dehydroascorbate
reductase; MDA: malondialdehyde; H2O2: hydrogen peroxide; O2

-:superoxide anion; SOD: superoxide dismutase;  POD: peroxidases; GPX: glutathione
peroxidase; CAT: catalase; and, PPO: polyphenol oxidase; SS: Sucrose synthase; SPP: sucrose phosphate phosphatase; SPS: sucrose phosphate
synthase; AMY: α-amylase; BAM: β-amylase; G6PDH: glucose-6-phosphate dehydrogenase; 6PGDH; 6-phosphogluconate dehydrogenase; G6P:
glucose-6-phosphate; FRK: Fructokinase; HK: Hexokinase; PEPC; phosphoenolpyruvate carboxylase; INV; invertase.


