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Growth and non-structural
carbohydrates response patterns
of Eucommia ulmoides under
salt and drought stress
Xuejie Zhang1,2, Hao Qin1, Zhenchao Kan1, Dan Liu3,
Bingxin Wang4, Shoujin Fan1,2* and Peipei Jiang1,2*

1Key Lab of Plant Stress Research, College of Life Sciences, Shandong Normal University,
Ji’nan, China, 2Dongying Key Laboratory of Salt Tolerance Mechanism and Application of Halophytes,
Dongying Institute, Shandong Normal University, Dongying, China, 3Shandong Provincial Center of
Forest and Grass Germplasm Resources, Ji’nan, China, 4Dalin Eucommia planting company of Gaomi
County, Weifang, China
Introduction: Salinity and droughts are severe abiotic stress factors that limit plant

growth and development. However, the differences and similarities of non-structural

carbohydrates (NSCs) responses patterns of trees under the two stress conditions

remain unclear.

Methods: We determined and compared the growth, physiology, and NSCs

response patterns and tested the relationships between growth and NSCs

concentrations (or pool size) of Eucommia ulmoides seedlings planted in field

under drought and salt stress with different intensities and durations.

Results and discussion: We found that drought and salt stress can inhibit the

growth of E. ulmoides, and E. ulmoides tended to enhance its stress resistance by

increasing proline concentration and leaf thickness or density but decreasing

investment in belowground biomass in short-term stress. During short-term

drought and salt stress, the aboveground organs showed different NSCs

response characteristics, while belowground organs showed similar change

characteristics: the starch (ST) and NSCs concentrations in the coarse roots

decreased, while the ST and soluble sugar (SS) concentrations in the fine roots

increased to enhance stress resistance and maintain water absorption function.

As salt and drought stress prolonged, the belowground organs represented

different NSCs response patterns: the concentrations of ST and SS in fine roots

decreased as salt stress prolonged; while ST in fine roots could still be converted

into SS to maintain water absorption as drought prolonged, resulting in an

increase of SS and a decrease of ST. Significant positive relationships were

found between growth and the SS and total NSCs concentrations in leaves and

branches, however, no significant correlations were found between growth and

below-ground organs. Moreover, relationships between growth and NSCs pool

size across organs could be contrast.
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Conclusion: Our results provide important insights into the mechanisms of

carbon balance and carbon starvation and the relationship between tree

growth and carbon storage under stress, which were of great significance in

guiding for the management of artificial forest ecosystem under the context of

global change.
KEYWORDS
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1 Introduction

Drought would become more frequent, intense, and long-

lasting under climate change, and has become a major factor

affecting global forest mortality (Carnicer et al., 2011; Trenberth

et al., 2014; Cramer et al., 2018). Salinity is another major abiotic

stress limiting plant growth and development (Aragüés et al., 2015;

Wang et al., 2021). Increasing irrigation under climate change could

lead to further salinization, since the dissolved salts in irrigation

water can be transported back to surface through water uptake and

evaporation (Polle and Chen, 2015; Xu et al., 2022). Salinity,

similarly to droughts, represents physiological dryness and results

in osmotic stress in plants (Munns, 2002; Li et al., 2016; Wang et al.,

2021). Also, salt stress destroys the ion balance in plants, and its

harm will be more severe than low osmotic stress alone (Chaves

et al., 2009; Zhang et al., 2010). Most researches focused on plant

response to droughts or salinity alone, however, researches

conducted to compare plants’ response differences under the two

stress conditions simultaneously are still lacking.

Non-structural carbohydrates (NSCs), primarily composed of

soluble sugar (SS) and starch (ST), are necessary energy sources for

the growth and metabolism in plants, and are also major

contributors to plant structure construction (Chapin et al., 1990;

Hoch et al., 2003). A lot of researches showed that NSCs support

multiple functions in metabolism, osmoregulation and defense and

therefore play critical roles in stress resistance and resilience

(Bartlett et al., 2012; Dietze et al., 2014; Piper et al., 2022;

Blumstein et al., 2023). Moreover, SS can not only repair the

xylem embolism to maintain efficient water transport (Secchi and

Zwieniecki, 2011; Trifilò et al., 2019), but also help detoxify by

serving as a chelating agent to capture Na+ within starch granules

(Kanai et al., 2007). Moreover, the allocation of SS and ST in trees is

dynamic and a mutual conversion relationship was found between

them under certain conditions (Latt et al., 2001; Gibon et al., 2009;

Jiao et al., 2020), and thus NSCs can act as an index to evaluate the

level of available substances in plants and the balance between

carbon sources and sinks (Iglesias et al., 2002; Kannenberg et al.,

2018; Furze et al., 2019). Therefore, it is important to study

the changes of NSCs and its composition and distribution

patterns in trees under stress conditions to reveal the ecological
02
adaptation strategies and stress resistance mechanisms of trees to

changing environments.

A lot of studies found that plants would increase the

concentrations of NSCs under environmental stress (Anderegg

et al., 2012; Piper et al., 2017; Zhou et al., 2021). This may be

because higher concentrations of NSCs can better meet plants’

osmotic demands under environmental stress (Dietze et al., 2014;

Guo et al., 2020; Sapes et al., 2021). Also, trees with higher

concentrations of NSCs could maintain higher stem water potential

and therefore could survive longer under droughts (O’Brien et al.,

2014). Moreover, it is assumed that the higher demands of NSCs for

sapling survival might be evolutionarily more favorable in the event

of recurrent cavitation risk (Sala et al., 2012; Piper et al., 2022).

However, some studies showed that NSCs concentrations remained

unchanged (Gruber et al., 2012; Dickman et al., 2019) or declined

under droughts (Galiano et al., 2012; Adams et al., 2013; Dickman

et al., 2015). The reason for these contrast conclusions might because

differences in the intensity and duration of droughts (McDowell,

2011; Rosas et al., 2013; He et al., 2020). Second, this might also be

related to plant characteristics, e.g. plant size and water use strategies

(Mitchell et al., 2013; Garcia-Forner et al., 2017; Zhang et al., 2020). In

addition, different plant organs also have different response strategies

to environmental stress. For example, studies have shown that

droughts significantly decreased the concentration of root NSCs,

while the concentration of NSCs in the aboveground part remained

unchanged (Hartmann et al., 2013; Li W. et al., 2018). In contrast, in

some tree species, although the distribution of newly synthesized

carbohydrates to the belowground part was significantly decreased,

the storage of NSCs in belowground part increased (Galvez et al.,

2011; Hagedorn et al., 2016). Most of these researches are focused on

drought, shade or low temperature stress experiments, however, the

allocation mechanism of NSCs under salt stress is seriously

insufficient. Therefore, it is desirable to research the distribution

patterns of NSCs and its composition across plant organs under salt

stress conditions of different intensities and duration.

Allocation of NSCs to storage allows plants to maintain a

carbon pool to cope with stress, however, the priority allocation

to storage could compete with growth and thus created a trade-off

between them (McDowell, 2011; Wiley and Helliker, 2012;

Stefaniak et al., 2024). This has been confirmed by the negative
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correlation between growth and NSCs storage in many studies (Silpi

et al., 2007; Chantuma et al., 2009; Genet et al., 2010). However,

others studies showed the opposite results (Poorter and Kitajima,

2007; Imaji and Seiwa, 2010). Also, a recent study showed radial

growth was decoupled with NSCs concentrations and pool sizes in

broadleaf temperate tree species (Piper, 2020). These results

indicate that there are still many uncertainties in the relationship

between growth and storage, and further studies are needed.

Eucommia ulmoides Oliver (E. ulmoides) is the sole species of the

genus Eucommia and is a precious medicinal and economic tree species

indigenous to China (He et al., 2014; Zhu and Sun, 2018). E. ulmoides

contains a specific white filamentous material, gutta-percha gum, which

is extensively used in various fields of life (Liu et al., 2022; Zhao et al.,

2023). Under the global climate change situation, the growth and

development of trees are increasingly threatened by drought and salt

stress (Polle and Chen, 2015; Choat et al., 2018;McDowell et al., 2020; Yu

et al., 2023). Recent researches on the response of E. ulmoides to salt and

drought stress mainly focus on the morphology, physiology and

molecular biology (Wang et al., 2018; Li et al., 2019; Zuo et al., 2022),

however, its response patterns of NSCs and its composition under stress

is still not clear. As well as we known, no study has been conducted to

compare the similarities and differences of its NSCs response patterns

under both salt and drought stress simultaneously. Therefore, we

measured the relative growth rate, leaf mass area, root/shoot ratio, leaf

proline and chlorophyll concentrations, and the NSCs and its

compositions concentrations and pool size across different organs of E.

ulmoides seedlings planted in the field under different drought and salt

stress intensities and durations. We aimed to: (i) clarify the variation

patterns of growth and physiological indicators in E. ulmoides under salt

and drought stress; (ii) elucidate the allocation patterns of NSCs and its

compositions across different organs in E. ulmoides under salt and

drought stress; (iii) compare the similarities and differences of

morphological and physiological indicators and NSCs response

patterns under salt and drought stress; (iv) determine the relationship

between the relative growth rate and NSCs concentration and pool size

under stress.
2 Materials and methods

2.1 Site description

This research was carried out at the south side of Shandong

Normal University at the foot of Shuanglong Mountain (36°31′N,
116°49′E), located in the Shandong Province of eastern China.

Affected by a warm temperate continental monsoon, the study area

has four distinct seasons. The annual average rainfall is 623.1 mm,

and the annual average temperature is 13.8°C. The main soil types

are yellow brown soil and brown soil.
2.2 Experimental design

In March 2022, 18 quadrats (2 ×0.75 m) were set in our

experimental plot. The horizontal interval between these quadrats

was 1 m, and the longitudinal interval is 0.5 m. Each quadrate was
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excavated to a depth of 0.75 m and surrounded with a 12 mm thick

plastic cloth (including the sides and bottom), and then the

excavated soil was mixed and filled back. Annual seedlings of E.

ulmoides with relatively consistent basal diameter and height were

selected in Dalin Forest Farm of Weifang City in Shandong

Province (36°18′N, 119°37′E), and then transplanted in our

experimental plot. Twelve saplings were evenly planted in each

quadrat. Then, water these seedlings normally for three months to

ensure their healthy growth and development. In June 2022, three

quadrats were selected for natural drought stress: the experiment

started by stopping watering the plants until harvest. Meanwhile,

five salt concentration gradients were set: 0 mM (control check,

CK), 50 mM, 100 mM, 150 mM, 200 mM. Three quadrats were set

for each salt concentration treatment. Each salt concentration

treatment was irrigated with the same volume of corresponding

concentration of salt solution per irrigation, and the control check

group was irrigated with the same volume of tap water. Then

irrigate the field according to the soil water content until harvest.

Prepare a rain shelter for each quadrat, remove it on sunny days to

keep the seedlings in natural light, and build it on rainy days to

avoid the potential effect of precipitation on our experiments. By

observing phenotype changes in these seedlings, we carried out two

harvest sampling on day 30 and day 60 after drought (D1 and D2

period) and salt (S1 and S2 period) treatments. Each indicator was

measured for at least five individuals in each treatment.
2.2 Measurement of relative growth rate

We determined the base diameter with vernier caliper at the

beginning of the drought and salt stress treatment and at two

sampling time. Relative growth rate (RGR) of the E. ulmoides

seedlings was calculated as:

RGR =
ln (BD2=BD1)

T2 − T1

where BD1 and BD2 represent base diameters determined at

time T1 and T2, respectively (Li Y. et al., 2018).
2.3 Measurements of leaf mass area, and
the concentrations of proline
and chlorophyll

In July and August 2022, 15 healthy leaves were collected per

treatment to determine the leaf mass area (LMA). After scanning

the leaves, the leaf areas were obtained by ImageJ software (1.46r,

Bethesda, USA). Then, dry these leaves at 65°C in an oven to

constant and weighed. LMA was then calculated as the ratio of leaf

dry weight to its area. For biochemical parameters measurement,

enough fresh leaves of each treatment were collected in July and

August 2022, respectively. The proline concentration was

determined by sulfosalicylic acid method (Yang et al., 1999).

Pigments in leaves were extracted by using 95% (v/v) ethanol and

determined by an ultraviolet spectrophotometer (UV-330,

Cambridge, UK). See Zhu et al. (2021) for the details.
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2.4 Measurement of the root to shoot ratio
and non-structural
carbohydrates concentration

In July and August 2022, seedlings of each treatment were

harvested. Each individual was divided into five parts: leaf, branch,

stem, coarse root, and fine root (< 2 mm). All plant samples were

oven-dried at 105°C for 1 h to stop all enzymatic activity, then dry

them at 65°C to constant. The root to shoot (R/S) ratio was

calculated as the weight of the belowground part (coarse root and

fine root) divided by that the weight of the aboveground part (leaf,

branch, and stem). Then, plant samples were ground into a fine

powder for NSCs analysis. SS in plant samples were extracted three

times by centrifugation using 80% v/v ethanol. Following sugar

extraction, the remaining tissue was firstly solubilized and then

hydrolyzed to glucose using enzymes, and then the supernatants

were used to assay the starch concentration. SS and ST

determinations were measured at 620 nm by an ultraviolet

spectrophotometer (UV-330, Cambridge, UK). Total NSCs

concentration was defined as the total concentrations of SS and

ST on the percentage of dry matter basis.
2.5 Data analysis

The SS/ST/NSCs pool size of each organ was calculated as the

product of SS/ST/NSCs concentration of each organ and its dry

mass, and the SS/ST/NSCs pool size at the whole plant level was

calculated as the sum of pool size across organs. One-way ANOVA

was conducted to determine the differences in RGR, LMA, R/S ratio,

chlorophyll and proline concentrations, and the concentrations of

total NSCs and its component across plant organs amongst different

stress treatments in SPSS (v.19.0, Chicago, USA). The independent

sample t-test was conducted to determine the differences in above

indicators between the same stress treatment in SPSS. The

significance of above tests was at the 0.05 level. Pearson’s

correlation was used to determine the relationships between RGR
Frontiers in Plant Science 04
and the concentrations of SS/ST/NSCs concentration and their pool

size across organs and the whole plant level in SPSS. During the

Pearson correlation, highly significant and moderately significant

were defined as P< 0.05 and 0.10, respectively.
3 Results

3.1 Response patterns of growth and
physiological indicators under drought and
salt stress

The RGR decreased with the increase of stress intensities and

durations (Figure 1). The LMA increased with salt concentration in

the early period of salt stress (S1 period), but it remained unchanged

in the late period of salt stress (S2 period) (Figure 2A). The R/S ratio

decreased with salt concentration in the S1 period, but it increased

with salt concentration in the S2 period (Figure 2B). Similarly, the

LMA increased in the early stage of drought stress (D1 period), but

no significant differences were found between that in the late period

of drought (D2 period) and CK (Figure 2A). The R/S ratio

decreased in the D1 period, but it increased as drought stress

prolonged (Figure 2B).

In both the S1 and S2 periods, the chlorophyll concentration

decreased, while the proline concentration increased with the increase

of salt concentration (Figures 2C, D). As salt stress prolonged, no

significant differences were found in chlorophyll concentration

between the S1 and S2 period except for in salt concentration of

200 mM (Figure 2C), while the proline concentration was higher in

the S2 period than that in the S1 period in each salt concentration

(Figure 2D). Compared with those in CK, there was no significant

change in chlorophyll concentration in the D1 period, but

chlorophyll concentration decreased significantly in D2 period

(Figure 2C). Compared with those in CK, the proline concentration

increased significantly in both the D1 and D2 period (Figure 2D). As

drought stress prolonged, the chlorophyll concentration decreased

and the proline concentration increased (Figures 2C, D).
FIGURE 1

Variation patterns of the relative growth rate (RGR) in response to salt and drought stress. Different lowercase letters indicate significant differences
amongst different treatments (P<0.05). Different uppercase letters indicate significant differences between the early and late stage of different
treatments (P<0.05).
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3.2 Response patterns of non-structural
carbohydrates under drought and
salt stress

In the S1 period, the SS concentration in leaves, branches, and

stem decreased with salt concentration, while the ST concentration

showed an increasing trend (Figures 3, 4). Therefore, the
Frontiers in Plant Science 05
concentration of the total NSCs remained unchanged with salt

concentration (Figure 5). The SS concentration in both coarse and

fine roots increased with salt concentration (Figure 3). The ST and

NSCs concentrations in coarse root decreased, while those in fine

root increased with salt concentration (Figures 4, 5). In the S2

period, the SS concentration in leaves decreased, the ST

concentration remained unchanged, and total NSCs concentration
B

C

D

A

FIGURE 2

Variation patterns of leaf mass area (A), root to shoot ratio (B), chlorophyll concentration (C), proline concentration (D) in response to salt and
drought stress. The sub-figure showed the variation pattern of the root to shoot ratio in the early stage of salt stress. Different lowercase letters
indicate significant differences amongst different treatments (P<0.05). Different uppercase letters indicate significant differences between the early
and late stage of differenttreatments (P<0.05).
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slightly decreased (though not significant) with salt concentration

(Figures 3–5). The SS and total NSCs concentrations in branches

decreased (Figures 3, 5), while ST concentration remained

unchanged with salt concentration (Figure 4). The SS

concentration in stem increased, while the ST concentration

decreased with salt concentration, and thus resulting in no

significant change in total NSCs (Figures 3–5). The SS

concentration in coarse root decreased, the ST concentration

increased with salt concentration, and therefore the concentration

of total NSCs remained unchanged (Figures 3–5). The SS, ST and

total NSCs concentrations in fine root all decreased with salt

concentration (Figures 3–5).

In the D1 period, the SS concentration in branch decreased,

while it showed no significant changes in other organs compared
Frontiers in Plant Science 06
with those in CK (Figure 3). The ST concentration in leaves and

branches remained stable, the ST concentration in stems and coarse

roots decreased, and the ST concentration in fine roots increased

compared with those in CK (Figure 4). As a result, leaf NSCs

concentration remained unchanged, those in branches, stems and

coarse roots decreased, and that in fine roots increased (Figure 5). In

the D2 period, the SS concentration in leaves, stems and fine roots

increased, while the ST concentration decreased compared

with those in CK (Figures 3, 4). The SS concentration in branches

and coarse roots decreased, while the ST concentration remained

unchanged compared with those in CK (Figures 3, 4).

The total NSCs concentration in leaves and stems remained

unchanged, while those in branches, coarse roots and fine roots

decreased (Figure 5).
B

C

D

E

A

FIGURE 3

Variation patterns of soluble sugar concentration across different organs (A, leaf; B, branch; C, stem; D, coarse root; E, fine root) in response to salt
and drought stress. The sub-figure showed the variation pattern of soluble sugar concentration in stem in the early stage of salt stress. Different
lowercase letters indicate significant differences amongst different treatments (P<0.05). Different uppercase letters indicate significant differences
between the early and late stage of different treatments (P<0.05).
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3.3 Relationships between relative growth
rate and non-structural carbohydrates
concentration and pool size

For NSCs and its composition concentration, RGR showed

significant positive correlations with SS and total NSCs

concentrations in leaves and branch, and a moderately positive

correlation with ST concentration in stem under drought and salt

stress (Figure 6). For NSCs and its composition pool size, RGR

showed significant and moderately significant correlations with SS

and total NSCs pool size in leaves, but a moderately negative

correlation with SS pool size in stem under drought and salt

stress (Figure 7). The relationships between RGR and ST/SS/NSCs

concentration and pool size under salt stress were similar with those

under drought and salt stress (Supplementary Figures S1, S2).

However, no significant correlations were found between growth
Frontiers in Plant Science 07
and ST/SS/NSCs concentration and pool size of below-ground

organs and the whole plant level (Supplementary Tables S1-S2).
4 Discussion

4.1 Comparisons of growth and
physiological indicators response patterns
under drought and salt stress

The R/S ratio can reflect the adjustment strategy of biomass in

the above- and belowground parts of plants under stress conditions,

reflecting the “functional balance” in resource allocation, which

helps plants maintain optimal growth status under environmental

changes (Moser et al., 2015; Bacher et al., 2022). Past studies showed

that some plants will decrease the proportion of root biomass,
B

C

D

E

A

FIGURE 4

Variation patterns of starch concentration across different organs (A, leaf; B, branch; C, stem; D, coarse root; E, fine root) in response to salt and
drought stress. Different lowercase letters indicate significant differences amongst different treatments (P<0.05). Different uppercase letters indicate
significant differences between the early and late stage of different treatments (P<0.05).
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thereby reducing the absorption of salt by roots, while other plants

reduce water loss by decreasing the accumulation of aboveground

biomass to maintain water and enhance their survival ability (Salter

et al., 2006). We found that the R/S ratio decreased with salt

concentration in the S1 period, while it increased with salt

concentration in the S2 period. This indicated that the allocations

of above- and belowground biomass in E. ulmoides showed a

transition between the above two strategies as salt stress

prolonged. This may be because the root system underwent ion

toxicity and withered under the action of salt solution during the S1

period, resulting in the decrease of root biomass and thus reducing

the salt absorption by roots (Jacqueline et al., 2006; Fan et al., 2011).

As salt stress prolonged, the leaves of E. ulmoides fell off with the

increase of salt concentration, resulting in an increase in R/S ratio

(Cimato et al., 2010; Luo et al., 2011). Since fine root biomass could

decrease due to the decrease of root elongation and increase of root
Frontiers in Plant Science 08
cavitation in short-term droughts (Joslin et al., 2000; Nordborg and

Welander, 2001), the R/S ratio in our study decreased in the D1

period. Differences in LMA between species can reflect potential

variations in leaf anatomic traits, such as thickness and density of

cuticle and mesophyll cell, as well as stability of cellular structure

(John et al., 2017). Meanwhile, the LMA of E. ulmoides increased in

the D1 period. These evidences collectively indicated that E.

ulmoides tended to enhance its stress resistance by increasing leaf

thickness or density and decreasing investment in belowground

biomass in short-term drought (Fernández et al., 2002; Liu et al.,

2020; Sancho-Knapik et al., 2021). With the continuous progress of

droughts, LMA maintained at a high level to facilitate the resistance

to drought, and the roots tended to dig into deeper soil to more

effectively absorb water and thus leading to an increase of the R/S

ratio. Similarly, several studies suggested that woody species tended

to increase their belowground biomass allocation to increase deep
B

C

D

E

A

FIGURE 5

Variation patterns of the total NSCs concentration across different organs (A, leaf; B, branch; C, stem; D, coarse root; E, fine root) in response to salt
and drought stress. Different lowercase letters indicate significant differences amongst different treatments (P<0.05). Different uppercase letters
indicate significant differences between the early and late stage of different treatments (P<0.05).
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soil water utilization over the long-term droughts (Kir et al., 2013;

Aaltonen et al., 2017).

The chlorophyll concentration is directly correlated with the

photosynthesis rate of plants, and its changes can to some extent

reflect the level of photosynthesis (Gururani et al., 2015; Wang et al.,

2017). Under salt stress, the chloroplast thylakoid membrane would

be destroyed, which could cause a decrease in chlorophyll synthesis

and therefore a decrease in chlorophyll concentration (Acosta-

Motos et al., 2017; Yang et al., 2020). The chlorophyll

concentration remained unchanged in D1 period, but it decreased

in the D2 period, implying that short-term droughts had little effect

on the photosynthetic rate. As an important osmotic regulator,

proline concentration could increase significantly under

environmental stress, and it plays important roles in maintaining

cellular osmotic pressure, improving antioxidant capacity, storing
Frontiers in Plant Science 09
energy, and detoxifying ammonia (Mansour and Ali, 2017; Wang

et al., 2022). Therefore, the proline concentrations in E. ulmoides

leaves significantly increased under both the salt and drought

stress conditions.
4.2 Comparisons of non-structural
carbohydrates response patterns under
drought and salt stress

In this study, SS concentration in leaves, branches and stems

decreased, but the ST concentration increased with salt

concentration in the S1 period. This may be because salt stress

can increase the water column tension in xylem vessels and lead to

an increase in cavitation, and therefore plants consume more SS to
B

C

D

E

A

FIGURE 6

Relationships between relative growth rate (RGR) and soluble sugar and total NSCs concentrations in leaves (A, B) and branch (C, D), and starch in
stem under salt and drought stress (E).
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repair the xylem embolism (Nardini et al., 2011; Tomasella et al.,

2020). Meanwhile, past studies showed that an increase in ST can

enhance the resistance of plant (Tixier et al., 2018; Guo et al., 2020).

The chlorophyll concentration remained unchanged in the D1

period, implying that the photosynthesis rate of E. ulmoides was

less affected in short-term drought. Therefore, the ST and SS

concentrations in leaves remained unchanged, but the

concentration of NSCs in branches and stems decreased. The

supply of NSCs tends to give priority to the organs most in need

(Hartmann et al., 2013). As the most important NSCs source organ,
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leaves provide the carbon source required for growth and

metabolism of trees and should be supplied first. Meanwhile,

drought stress hinders the outward transport of photosynthetic

products in leaves, resulting in a decrease in stem and branch NSCs

(Dietze et al., 2014). Also, the SS concentration in branches

decreased, but that in stems remained unchanged, indicating that

xylem cavitation might occur in branches and SS was used to repair

the embolism (Blum, 2017; Trifilò et al., 2019). The SS

concentration in coarse roots and fine roots increased in the S1

period. This is consistent with past studies, implying that plants
B

C

A

FIGURE 7

Relationships between relative growth rate (RGR) and soluble sugar and total NSCs pool size in leaves (A, B) and soluble sugar pool size in stem
under salt and drought stress (C).
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could distribute more SS to belowground organs to enhance the

water uptake during stress (Galvez et al., 2011; Hagedorn et al.,

2016). Similarly, fine roots are also important in water absorption

under droughts and thus their NSCs is preferentially supplied,

leading to significantly higher NSCs concentration in drought

treatment groups than that in controls (Hartmann et al., 2013).

The ST and NSCs concentrations in coarse roots decreased, while

those in fine roots increased, indicating that ST in coarse roots was

transformed into SS and transferred to fine roots to maintain their

absorption function.

As the salt and drought stress prolonged, the response patterns

of each organ showed different variations. In the S2 period, the SS

concentration of leaves continued to decrease due to the continuous

decrease in chlorophyll concentration and thus the obstruction of

photosynthesis. Compare with those in CK, the ST in leaves was

converted into SS to maintain their water potential and

physiological function and thus leading to an increase of SS

concentration in the D2 period. As stress prolonged, the changes

of ST and SS concentrations in branches and stems were consistent

under two conditions of stress. For details, the SS concentration in

branches was low and the ST concentration remained unchanged.

This might because branches were prone to embolism, and then SS

were used for embolism repair, which leaded to a decrease in the SS

concentration (Savi et al., 2016; Blum, 2017). As the degree of the

two kinds of stress increased, SS concentration in stems increased,

ST concentration decreased, and therefore the total NSCs

concentration remained unchanged. This might because higher SS

and NSCs concentrations could maintain a higher stem water

potential under severe stress conditions and thus prolonging the

survival time of plants (O’Brien et al., 2014). Second, as a transport

channel, maintaining a high soluble sugar concentration in stem is

conducive to maintaining its nutrient transport function and

facilitating information transmission between the above- and

belowground parts to respond to stress more quickly (Smeekens,

2000; Rolland et al., 2006; Hartmann and Trumbore, 2016).

As drought prolonged, the ST concentration increased and SS

concentration decreased in coarse roots. This may be because the

increased path resistance and viscosity of phloem sap under stress,

as well as the longer distance from source to sink organs, which

hindered the transportation of SS from leaves to roots (Sala et al.,

2010; Klein et al., 2014). Second, as ST can serve as reserve carbon

pools and be used for tissue regeneration and growth, therefore a

portion of ST in the stem and fine roots was transferred to the

coarse roots to ensure that it could quickly recover in a favorable

environment (Trugman et al., 2018; Wiley, 2020). With the

prolongation of drought stress, SS in coarse root was transferred

to fine root to enhance its water uptake as soil moisture continued

to decrease, leading to a decrease in SS in coarse roots. Moreover, ST

in fine roots could convert into SS, resulting in an increase in SS and

a decrease of ST in fine roots, indicating that fine roots still maintain

good water absorption function in short-term drought. Meanwhile,

long-term droughts could cause some fine roots to die, and these

dead roots would transfer some carbohydrates to living roots before

falling off for future tissue regeneration and growth (Martıńez-

Vilalta et al., 2016; Trugman et al., 2018). In contrast, the

concentrations of ST and SS in fine roots decreased under
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prolonged salt stress. This may be because fine roots firstly

responded to salt stress, and their physiological activity was then

irreversibly damaged when the osmotic regulation of NSCs is no

longer able to offset damages induced by prolonged salt stress

(McDowell et al., 2008; Yoshimura et al., 2016). Therefore, plants

would transfer SS and ST from fine roots to coarse roots to improve

the survival opportunities under stress and aid in the recovery after

stress (Wiley, 2020). Meanwhile, the total NSCs concentrations in

coarse and fine roots began to decrease as drought prolonged. This

indicated that if the drought duration continues to increase, plants

can also suffer irreversible damage and may die from carbon

starvation in long-term drought. Overall, we compared the

similarities and differences of NSCs response patterns in E.

ulmoides under both salt and drought stress simultaneously, and

provided the first evidence that E. ulmoides has contrast NSCs

response strategies to these two abiotic stresses.
4.3 Relationships between relative growth
rate and non-structural carbohydrates
concentration and pool size

It was proved that carbon storage could take priority over growth

in trees under stress conditions, and thus creating a trade-off between

storage and growth (Chantuma et al., 2009; Genet et al., 2010; Wiley

and Helliker, 2012). However, we found that RGR showed positive

correlations with SS and NSCs concentrations in leaves and branches,

which is consistent with the research results of Poorter and Kitajima

(2007) and Imaji and Seiwa (2010). This indicated that faster growth

was associated with greater carbon remobilization or nutrient stores

(Piper, 2020). Myers and Kitajima (2007) found that total NSCs pool

size, instead of its concentration, was related to shade tolerance in a

neotropical forest. However, RGR was not more sensitive to NSCs

pool sizes than concentrations in our study. Moreover, the total SS

pool size in leaves was positively related to RGR, but there is a

marginal significant negative association between the SS pool size in

stems and RGR. This indicated that the relationships between NSCs

pool size and growth amongst organs are contrast. The reason for

these contrasting results might be that different plants have different

priorities for growth and storage under stress conditions: growth-

prioritizing plants switch from growth to storage later and completely

deplete their carbon storage, while storage-prioritizing plants either

do not grow or switch earlier during the stress period (Stefaniak et al.,

2024). Overall, the relationship between growth and storage are

species-specific, organ dependent, or vary through expressing as

concentration or pool size (Genet et al., 2010; Palacio et al., 2014).
5 Conclusions

Our study compared the growth, physiology, and NSCs

allocation patterns of E. ulmoides seedlings under drought and

salt stress conditions, which highlights the importance of intensity

and duration of stress on NSCs dynamic and thus forest carbon

cycling. We found that E. ulmoides tended to enhance its stress

resistance by increasing leaf thickness or density and decreasing
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investment in belowground biomass in short-term stress. As salt

and drought stress prolonged, LMA maintained at a high level to

facilitate drought resistance, and there was a shift in the allocation

ratio of above- and belowground biomass. In short-term salt stress,

the SS concentration in the leaves, branches, and stems decreased,

but the ST concentrations increased to enhance the resistance to

stress. However, the ST and SS concentrations in leaves remained

unchanged, but total NSCs concentrations in branches and stems

decreased in short-term droughts. In both the short-term salt and

drought stress, the ST and NSC concentrations in the coarse roots

decreased, while the ST and SS concentrations in the fine roots

increased to enhance stress resistance and maintain water

absorption function. As salt stress prolonged, the physiological

activity of fine roots might have suffered irreversible damage, and

the ST in fine roots was transferred to coarse roots to improve

survival opportunities under stress and assist in the recovery after

stress. As drought prolonged, SS in coarse roots were transferred to

fine roots and starch in fine roots was also converted into SS to

maintain effective water uptake of fine roots, and the total NSCs

concentrations in coarse and fine roots began to decrease. This

indicated that if the drought duration continues to increase, plants

can also suffer irreversible damage and may die from carbon

starvation in long-term drought. Significant positive relationships

were found between growth and the SS and total NSCs

concentrations in leaves and branches, however, no significant

correlations were found between growth and below-ground

organs. Moreover, relationships between growth and NSCs pool

size across organs could be contrast. However, our researches only

focused on the morphological and physiological aspects. Further

researches should be combined with the -omics technology from a

molecular perspective to comprehensively investigate the

physiological and carbon allocation mechanisms of trees under

environmental changes.
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