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Non-structural carbohydrates (NSC) are an important “buffer” for maintaining plant physiological functions under drought conditions; however, our understanding of the dynamics of NSC at the organ level during sustained drought of varying intensities and re-watering remains poor. In this study, two-year-old Pinus yunnanensis seedlings were subjected to drought and re-watering trials. Plants were subjected to three drought intensities (light drought, moderate drought, and severe drought) as well as control conditions (suitable moisture) for 51 days, including 30 days of drought followed by 21 days of re-watering for drought-treated seedlings, to study the dynamics of NSC in the leaves, stems, coarse roots, and fine roots. Changes in the distribution of NSC concentrations in the organ of P. yunnanensis seedlings under drought stress varied; in the early drought stages, the drought resistance of P. yunnanensis seedlings was enhanced by increasing soluble sugar concentrations; in later stages of drought, the stored starch in organs, stems, and coarse roots was consumed. Drought inhibited the growth of P. yunnanensis seedlings, but the maximum limit of drought tolerance was not reached under the different drought treatments after 30 days. P. yunnanensis seedlings in all treatment groups resumed growth after re-watering, and the growth of seedlings was actually promoted during re-watering in the moderate drought treatment group, indicating that drought induced the compensatory growth of seedlings. The growth of P. yunnanensis seedlings during re-watering was inhibited in the severe drought treatment group, and NSC continued to be regulated in seedlings in this group. Given that P. yunnanensis seedlings maintain growth through the consumption of coarse root starch in the late stages of drought, seedlings with a larger root-to-shoot ratio should be selected for cultivation in actual production. Based on our findings, exposure to moderate drought stress can enhance the drought tolerance of P. yunnanensis seedlings and promote the compensatory growth of seedlings.
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1 Introduction

Water is one of the most common factors affecting the physiological state and growth and development of plants (Kaldenhoff and Fischer, 2006; Abit, 2008). The gradual increase in global temperature in recent years has accelerated the evaporation rates of surface moisture, reduced surface runoff, and decreased the soil water storage capacity, which has altered the intensity, frequency, and seasonality of precipitation in some regions and induced an increase in the frequency of severe and extreme drought events (Qin et al., 2007; Allen et al., 2010; Yu et al., 2014; Mishra, 2019; Li et al., 2021). The effects of drought alone are likely to be greater than those of all other environmental stresses and result in a severe reduction in global forest ecosystem services (Field and Raupach, 2004; Ma et al., 2012). An increase in drought events will also alter the positive feedback regulation of “carbon–climate feedbacks,” producing more severe droughts, leading to the massive loss of vegetation, the conversion of forest carbon sinks to carbon sources, and irreversible ecosystem degradation (Knapp and Smith, 2001; Zhao and Running, 2010; Ma et al., 2012; Ivits et al., 2014; He et al., 2020).

Carbohydrates are the main products of plant photosynthesis and can be further divided into structural carbohydrates (SC) and non-structural carbohydrates (NSC). Structural carbohydrates include lignin and cellulose, etc., and non-structural carbohydrates contain soluble sugars and starches (Hoch et al., 2002). NSC play key roles in plant metabolic activities during the growth and developmental stages of forest trees not only by mitigating the effects of external environmental stress on plants but also by facilitating the reconstruction, repair, and recovery of plant tissues after a disaster (Niinemets, 2010).

Soluble sugars are an important component of NSC and play a role in regulating osmotic pressure; starch is a storage form of NSC, and the conversion of sugars to starch is regulated by changes in environmental factors (Salleo et al., 2009). These changes are regulated by the relationship between carbon use and storage by plants; this is the reason why a balance between plant carbon fixation, assimilation, and consumption needs to be reached (Furze et al., 2019). When plants experience drought stress, cell expansion pressure decreases, and this causes a decline in plant growth before photosynthesis, preventing the consumption of photosynthetic products and resulting in a surplus of NSC stores (Ayub et al., 2011). However, as drought stress persists, plants consume stored NSC when the carbohydrates produced by photosynthesis do not meet the energy required for respiration (McDowell et al., 2011). When the stored NSC can no longer meet the energy requirements of cellular metabolism, “carbon starvation” occurs (McDowell et al., 2008), and this poses a risk to the survival of plants.

Under drought stress, plants increase water uptake and maintain a stable osmotic pressure by regulating the concentration and distribution of NSC. For example, drought stress causes a decrease in the concentrations of NSC in Picea abies roots but does not affect NSC concentrations in the stems and leaves (Hartmann et al., 2013a). After drought stress in Robinia pseudoacacia, NSC concentrations in the stems and coarse roots are significantly reduced, whereas NSC concentrations in the leaves and fine roots do not change significantly (Zhang et al., 2016). The coarse roots have carbon storage and regeneration functions, and stem soluble sugars can be transferred to the coarse roots. When the environment is suitable, the coarse roots can re-sprout using stored energy material. Given that the leaves are organs that provide a source of carbon, drought stress has a weaker effect on the concentration of NSC in the leaves than on the concentration of NSC in other plant organs (Sala et al., 2012).

In general, drought inhibits plant growth, which leads to dwarfing and eventually yield loss (Kamara et al., 2003; Dickin and Wright, 2008) there is also a lag in the growth of plants during water stress, but the same re-watering effect is observed during the physiological recovery of plants after re-watering (Schäffner, 1998). The re-watering effect refers to the phenomenon in which the small supplementation of a resource, which causes an increase in the total amount of resources used by the plant for which it is needed, ultimately leads to an increase in its resource use efficiency and yield (Melchior and Steudle, 1993). Therefore, the final yield of a plant under drought is not only related to its ability to resist and tolerate drought during drought stress but also to the ability of the normal growth of damaged plants to be restored after water conditions improve (Xu et al., 2010). The effects of drought stress and post-drought re-watering on plants are complex, and both stages can directly or indirectly induce a series of adaptive changes in growth metabolism, physiology, and biochemistry; these growth and physiological responses of plants reflect their ability to resist drought and recover after re-watering (Rosenthal et al., 1987; Irigoyen et al., 1992; Pinheiro et al., 2004; Yamada et al., 2005; Zhuang and Chen, 2006).

In a study by Zhang and Kirkham (1994), the regulatory mechanisms and compensatory growth following different levels of water stress and re-watering varied among plants. After re-watering following light water stress, the photosynthetic rate of Cerasus humilis recovered rapidly and was higher than that of the control; optimal values were attained for other photosynthetic physiological indicators (Chu et al., 2008). Gupta et al. (2012) found that all gas exchange parameters of Camellia sinensis were significantly higher after 15 days of re-watering treatment following drought stress, but still less than that in the control treatment. The recovery of plants from water stress depends on its duration and intensity, and the level of water stress should be within the tolerance range of the plant for it to have a growth-promoting effect after re-watering (Mackay and Barber, 1987). The effects of drought on the changes in NSC in trees vary depending on its intensity, and re-watering after different levels of drought may also affect the degree of re-opening of leaf stomata and photosynthesis in leaves, in addition to the recovery of phloem transport functions (He et al., 2020). When Cunninghamia lanceolata was subjected to drought stress, the total NSC concentration in the aboveground part significantly increased or was maintained, and drought reduced the total NSC concentration in the root system of seedlings; after re-watering, the concentration of NSC and its components decreased, and the NSC concentration decreased more significantly in the roots than in the aboveground parts (Yang et al., 2016). Therefore, carbon transport and distribution between different organs of plants under drought and rehydration conditions are interrelated, but the specific mechanisms of their impact are still unclear. This may provide new ideas for the study of the drought resistance mechanism of plants.

Pinus yunnanensis is a native tree species in southwest China, a pioneer tree species for the reforestation of barren mountains in southwest China, and a major forest-building species in Yunnan Province; it covers approximately 52% of the forest area in Yunnan Province (Sun et al., 2008). However, global climate change in recent years has led to an extended dry season in Yunnan, and the prolongation of the dry season has gradually constrained the growth and development of P. yunnanensis communities, especially at the seedling growth stage, where seedling mortality increases exponentially with decreasing rainfall because the seedling root system is still underdeveloped and sensitive to surface soil moisture (Poorter and Hayashida-Oliver, 2000; Marod et al., 2004). Several studies have examined drought stress and NSC, and these studies have examined the effects of drought stress on Robinia pseudoacacia (Yang et al., 2019), Pinus massoniana (Deng et al., 2019), Cunninghamia lanceolata (Yang et al., 2016), Pinus sylvestris, and Picea asperata (Ivanov et al., 2019). Since the 1980s, some scholars have conducted systematic research on P. yunnanensis from the aspects of morphology and growth changes, water physiology and metabolism physiological regulation, osmoregulation, and reactive oxygen species scavenging mechanism (Guo et al., 2016; Sun et al., 2016; Fan et al., 2018). In addition, P. yunnanensis seedlings can adapt to the drought environment by adjusting the interconversion and partitioning of soluble sugars and starch in the body, and at the same time by accumulating growth-inhibiting ABA and decreasing growth-promoting GA, IAA, and ZR, and then adjusting the IAA/ABA, GA/ABA, and ZR/ABA ratios of the needles (Liu et al., 2024). However, no studies have examined the response of the NSC of P. yunnanensis seedlings to rehydration after drought stress. Here, we examined the effects of drought and re-watering on the biomass and NSC of P. yunnanensis seedlings to enhance our understanding of the physiological mechanisms of drought resistance in P. yunnanensis seedlings.




2 Research content and methods



2.1 Experimental materials and research methods

The experimental site was located in the Arboretum of Southwest Forestry University (Kunming, Yunnan, 25°03′N, 102°46′E) in the subtropical plateau monsoon climate zone at an altitude of 1964 m. The climate is mild, with an average annual temperature of 16.5°C, an average annual precipitation of 1035 mm, and an average annual relative humidity of 67%; the soil is classified as a red loam. The temperature inside the shed ranges from 18.5°C to 37.0°C, and the relative humidity of the air ranges from 22.3% to 48.0%.

A potted plant was used to simulate natural early drought conditions. Two-year-old P. yunnanensis seedlings grown in Yiliang Garden Forestry were used in experiments, and the soil was a 3:2 mixture of local red loam and humus; its field water-holding capacity was determined to be 25.94% using the ring-knife method. Seedlings of uniform growth were selected from the available seedlings and transplanted for establishment; each pot had an equal weight of soil and a tray at the bottom. After transplanting, the seedlings were placed in a well-ventilated and well-lit experimental shed lined with ground cover and watered regularly.

When the transplanted seedlings became established and there were no significant differences in height or ground diameter, they were marked for hanging. Four moisture treatments were established: suitable moisture (CK), light drought stress (LD), moderate drought stress (MD), and severe drought stress (SD). The soil moisture content of each treatment was 80% ± 5%, 65% ± 5%, 50% ± 5%, and 35% ± 5% of the field water-holding capacity, and the actual moisture content was maintained at 19.45–22.05%, 15.56–18.16%, 11.67–17.27%, and 7.78–10.38% for the CK, LD, MD, and SD treatments, respectively (Wu et al., 2014; Pan et al., 2014). After initiating the treatments, plants stopped being watered to allow the soil moisture content to fall naturally to a predetermined range, and the soil was weighed and sampled to determine background values. The drought re-watering trial began on 14 March 2021 with 30 days of drought stress, followed by 21 days of re-watering. The actual soil water content was determined using a soil moisture meter and calculated by the weighing method, and all pots were weighed daily and watered according to the target weight.

24 seedlings from each treatment, samples were taken on days 0, 15, and 30 after the drought stress treatment, and on days 7, 14, and 21 of the re-watering treatment, with four plants per treatment and 16 plants at each sampling event. Plants were divided into the leaves, stems, coarse roots greater than 2 mm in diameter, and fine roots less than 2 mm in diameter; they were then placed into envelopes, labeled, and placed into ovens to kill and dry the plant materials. The biomass of each organ was weighed; the plant materials were then crushed, sieved, and stored for the subsequent determination of NSC (soluble sugars and starch). The concentration of soluble sugars and starch in each organ of Pinus sylvestris was determined by the improved phenol-concentrated sulphuric acid method (Buysse and Merckx, 1993; Wang and Huang, 2018), and the sum of the two concentrations was the NSC concentration.

Phenol-concentrated sulphuric acid method:

1) Preparation of Sucrose Standard Solution: Bake pure analytical sucrose in a constant temperature oven at 80 °C until constant amount, weigh 0.1 g of sample (accurate to 0.0001g), add a small amount of distilled water to dissolve and transfer to 100 ml volumetric flasks, and use distilled water to make the concentration of sucrose standard solution of 20, 40, 60, 80, 100 g-L-1, and measure the absorbance value at 485 nm by UV spectrophotometer to make a standard curve. The absorbance value was measured at 485 nm by UV spectrophotometer, and the standard curve was made.

2) Extraction of soluble sugar: Weigh 0.1g of the crushed dry sample, add 10ml of distilled water, extract at 100°C for 30min, cool down and centrifuge at 4000 r-min-1 for 10 min, then pour the centrifuged supernatant into a 100ml volumetric flask; add 10ml of distilled water into the residual precipitate and continue the above steps to obtain the supernatant; after the centrifugation, it can be used for the determination of soluble sugar concentration. The supernatant was then used for the determination of soluble sugar concentration.

3) Extraction of starch: Add 10 ml of distilled water to the above extracted residue, extract at 100°C for 15 min, add 2 ml of 9.2 mol/L perchloric acid while hot, shake well and leave to extract for 15 min, then centrifuge to obtain the supernatant and fix the volume, which can be used for the determination of starch content.

4) Determination of soluble sugar and starch concentration: Take 1 ml of the solution, transfer it to a centrifuge tube, add 1 ml of distilled water, 1 ml of 9% phenol solution, then immediately add 5 ml of concentrated sulphuric acid to the surface of the liquid, shake the centrifuge tube for 1 min, let it stand for 30 min, determine the absorbance value at 485 nm by UV-visible spectrophotometry, and then calculate the concentration of soluble sugar and starch according to the standard curve of sucrose.




2.2 Data processing

All statistical analyseswere performed with SPSS 19.0 (IBM). Values are expressed as mean ± standard deviation, with 4-6 replicates per treatment. The data were tested for normality and homogeneity of variance prior to analysis of variance. Two factor analysis of variance (ANOVA) was used to analyze the effects of drought intensity (CK, LD, MD and SD) and duration of drought (day 0, 15, 30), and time of rehydration treatments (day 7, 14, 21) on the NSC (sugar and starch) content of each tissue. Thedifferences in soluble sugars, starch, NSC content and biomass were examined by one-way ANOVA with different water treatment levels and different treatment times, and Duncan’s method was used for multiple comparisons, at a 0.05 level of significance. The graphs were plotted using Origin (2021 Edition, Origin Lab Company, US), Graphpad prism 8.0.





3 Results



3.1 Effect of drought and re-watering on the biomass of different organs of P. yunnanensis seedlings

During the experiment, the biomass of leaves and stems increased significantly, especially that of the leaves, under all treatments except for the severe drought treatment group (Table 1, P<0.05). At 30 days, the biomass of leaves was significantly smaller under the moderate and severe drought treatments than under the control and light drought treatments; the biomass of the coarse roots was significantly lower under the severe drought treatment than in the light and moderate drought treatments (Table 1, P<0.05). At 51 days, leaf biomass significantly decreased in the light, moderate, and severe drought treatments, and the magnitude of the decrease increased with the drought intensity (Table 1, P<0.05); the total biomass of P. yunnanensis seedlings was significantly lower under the severe drought treatment than under the light, moderate drought, and control treatments (Table 1, P<0.05).


Table 1 | Biomass of the leaves, stems, coarse roots, and fine roots under different treatments.



Leaf biomass significantly increased with time on days 0, 30, and 51 under the moderate drought treatment; stem biomass was significantly higher on days 30 and 51 than on day 0 under moderate drought treatment (Table 1, P<0.05). The biomass of the fine roots was significantly higher on day 51 than on days 0 and 30 under moderate and severe drought treatments (Table 1, P<0.05). The biomass of the coarse roots was significantly higher on day 0 than on days 30 and 51 under severe drought treatment (Table 1, P<0.05).

The total biomass of P. yunnanensis seedlings was significantly greater on day 51 than on days 0 and 30 under the light drought treatment; under the moderate drought treatment, the total biomass increased significantly with time on days 0, 30, and 51 (Table 1, P<0.05); and under the severe drought treatment, there was no significant difference in total biomass on days 0, 30, and 51.




3.2 Changes in the NSC concentration in the leaves during drought and re-watering

Leaf soluble sugar concentrations increased and then decreased under light and moderate drought and continued to decrease under severe drought. Soluble sugar concentrations at 15 and 30 days were significantly higher in each drought treatment than in the control; soluble sugar concentrations were significantly higher at day 15 than at day 0 under the light and moderate drought treatments (Figure 1, P<0.05). The leaf starch concentration tended to decrease under each drought treatment during drought; the leaf starch concentration was significantly higher than that of the control under each drought treatment group at 30 days (Figure 1, P<0.05). The NSC concentration of the leaves increased and then decreased in each drought treatment. The leaf NSC concentration was significantly higher at 30 days than in the control under all drought treatment groups and increased significantly with the intensity of drought (Figure 1, P<0.05). The soluble sugar-to-starch ratio at 15 days was significantly higher in the moderate drought treatment than in the other treatment groups; the soluble sugar-to-starch ratio at 30 days was significantly higher in the severe drought treatment than in the light drought and control treatments.




Figure 1 | Changes in soluble sugars, starch, NSC (Nonstructural carbohydrates), and ss/st (soluble sugars/starch) in the leaves during drought and re-watering. Values in the graphs are mean ± standard deviation (n=4). Different capital letters indicate significant differences between the four treatments (including the control) on the same sampling day and different lowercase letters indicate significant differences between sampling days under the same treatment; the same applies to the lower graphs.



After re-watering, the soluble sugar concentration of the leaves increased and then decreased under light and severe drought and continued to decrease under moderate drought; at day 44, the soluble sugar concentration of the leaves was significantly higher under the light and severe drought treatments than at day 30. At day 51, there was no significant difference in the soluble sugar concentration between treatments. The starch concentration tended to decrease in all drought treatment groups after re-watering; the leaf starch concentration increased and then decreased under light and severe drought, and then decreased and increased under moderate drought. The leaf starch concentration on day 44 was significantly higher under the light and severe drought treatments than on day 30 and significantly higher in the severe drought treatment than in the other treatment groups; the leaf starch concentration on day 51 was significantly higher in the moderate drought treatment than in the other treatments (Figure 1, P<0.05). The NSC concentration in the leaves after re-watering increased and then decreased under the light and severe drought treatments but continued to decrease under the moderate drought treatment; the leaf NSC concentration at 51 days was significantly higher under the moderate drought treatment than under the severe drought and control treatments (Figure 1, P<0.05). At 51 days, the ratio of soluble sugars to starch in the leaves was significantly higher under the severe drought treatment than under the other treatments (Figure 1, P<0.05).




3.3 Changes in the NSC concentration in the stems during drought and re-watering

The soluble sugar concentration of stems increased and then decreased under each drought treatment group. The soluble sugar concentration of stems at 15 days was significantly higher under moderate and severe drought treatments than under control conditions and at day 0. The soluble sugar concentration was significantly higher in the severe drought treatment than in the light and moderate drought treatments; the soluble sugar concentration of the severe drought treatment at 30 days was significantly higher than that in the light drought and control treatments (Figure 2, P<0.05). The stem starch concentration during drought decreased and then increased under the light and moderate drought treatments; at 30 days, the concentration of starch in the stem was significantly higher than that in the control under each drought treatment (Figure 2, P<0.05). Stem NSC concentrations during drought increased and then decreased under moderate and severe drought treatments but continued to fall under light drought treatment; stem NSC concentrations at 30 days were significantly higher under all drought treatment groups than in the control (Figure 2, P<0.05). The ratio of soluble sugars to starch in stems during drought increased before decreasing in all treatments, and the ratio of soluble sugars to starch in stems at 30 days was significantly lower under the light drought treatment than in the control.




Figure 2 | Changes in soluble sugars, starch, NSC (Nonstructural carbohydrates), and ss/st (soluble sugars/starch) in the stems during drought and re-watering. Values in the graph are mean ± standard deviation (n=4). Different capital letters indicate significant differences between the four treatments (including control) on the same sampling day, and different lowercase letters indicate significant differences between sampling days under the same treatment; the same applies to the lower panel.



The soluble sugar concentration of the stems all tended to increase after re-watering compared with the drought period, but the changes were variable; the soluble sugar concentration of the stems tended to increase under the moderate drought treatment but increased then decreased under the light drought treatment and decreased then increased under the severe drought treatment. Soluble sugar concentrations in the stems were significantly higher at day 44 than at day 30 under the light drought treatment (Figure 2, P<0.05); at day 51, there were no significant differences in soluble sugar concentrations in stems across treatments. Stem starch concentrations increased and then decreased in all treatments after re-watering. The stem starch concentration was significantly higher on day 4 under the moderate and severe drought treatments than on day 30, and the concentration of the starch in the stem was significantly higher under the moderate drought treatment than in the control (Figure 2, P<0.05). The stem starch concentration at day 51 did not significantly differ. The NSC concentration of stems increased and then decreased under each drought treatment group after re-watering, and the NSC concentration of stems at 51 days was not significantly different among the treatments. The ratio of soluble sugars to starch in stems decreased and then increased after re-watering, and the ratio of soluble sugars to starch in stems at 51 days was significantly higher under the moderate drought treatment than in the other drought treatments (Figure 2, P<0.05).




3.4 Changes in the NSC concentration in the coarse roots during drought and re-watering

The soluble sugar concentration of the coarse roots continued to decrease in each drought treatment. The soluble sugar concentration of the coarse roots was significantly lower at 15 days in the moderate and severe drought treatments than at day 0, and the soluble sugar concentration of the coarse roots was significantly higher in the severe drought treatment than in the light drought and control treatments; at 30 days, the soluble sugar concentration of the coarse roots was significantly higher in the severe drought treatment than in the light drought treatment (Figure 3, P<0.05). The starch concentration of coarse roots during drought increased and then decreased in each drought treatment group, and the starch concentration of the coarse roots at 30 days did not significantly differ among treatments. The NSC concentration of the coarse roots during drought continuously decreased in each drought treatment, and the NSC concentration of the coarse roots at 30 days was significantly higher under the severe drought treatment than in the other treatments (Figure 3, P<0.05). The ratio of soluble sugars to starch in the coarse roots during drought decreased and then increased in all treatments.




Figure 3 | Changes in soluble sugars, starch, NSC (Nonstructural carbohydrates), and ss/st (soluble sugars/starch) in coarse roots during drought re-watering. Values in the graph are mean ± standard deviation (n=4). Different capital letters indicate significant differences between the four treatments (including the control) on the same sampling day, and different lowercase letters indicate significant differences between sampling days under the same treatment; the same applies to the lower panels.



The soluble sugar concentration of the coarse roots after re-watering increased and then decreased under the light and moderate drought treatments but continued to increase under severe drought; the soluble sugar concentration of the coarse roots was significantly higher at day 44 under the light drought treatment than at day 30 (Figure 3, P<0.05); at day 51, the soluble sugar concentration of the coarse roots did not significantly differ among treatments. After re-watering, the starch concentration of the coarse roots increased and then decreased under the light and severe drought treatments. At day 44, the starch concentration of the coarse roots was significantly higher under the light and severe drought treatments than at day 30; the starch concentration of the coarse roots was also significantly higher under the severe drought treatment than in the other treatments. At day 51, the starch concentration of the coarse roots did not significantly differ under the light, moderate drought, and control treatments; the starch concentration was significantly lower under the severe drought treatment than under the light drought treatment (Figure 3, P<0.05). The NSC concentration of the coarse roots after re-watering increased and then decreased under each drought treatment group, and the NSC concentration of the coarse roots at 51 days did not significantly differ among treatments. The ratio of soluble sugars to starch of the coarse roots after re-watering continued to increase under the light and moderate drought treatments, and the ratio of soluble sugars to starch of the coarse roots at 51 days was significantly higher under the severe drought treatment than under the light drought treatment (Figure 3, P<0.05).




3.5 Changes in the NSC concentration in the fine roots during drought and re-watering

The soluble sugar concentration of the fine roots was significantly higher in the light and moderate drought treatments at 15 days than at day 0; the soluble sugar concentration was also significantly higher in the light drought treatment than in the severe drought treatment. At 30 days, the soluble sugar concentration of the fine roots did not significantly differ among treatments. The starch concentration of the fine roots during drought increased and then decreased under the light and severe drought treatments. It continued to increase under the moderate drought treatment; at 30 days, the starch concentration of the fine roots was significantly higher under the moderate drought treatment than under the light, severe drought, and control treatments (Figure 4, P<0.05). The NSC concentration of the fine roots during drought increased and then decreased under the light and moderate drought treatments and continued to decrease under the severe drought treatment; there was no significant difference in the NSC concentration of the fine roots among treatments at 30 days. At 15 days, the ratio of soluble sugars to starch of the fine roots did not significantly differ among treatments; at 30 days, the ratio of soluble sugars to starch of the fine roots was significantly higher under the light and severe drought treatments than under the moderate drought treatment.




Figure 4 | Changes in soluble sugars, starch, NSC (Nonstructural carbohydrates), and ss/st (soluble sugars/starch) in the fine roots during drought re-watering. Values in the graph are mean ± standard deviation (n=4). Different capital letters indicate significant differences between the four treatments (including control) on the same sampling day, and different lowercase letters indicate significant differences between sampling days under the same treatment; the same applies to the lower panels.



The soluble sugar concentration of the fine roots after re-watering increased and then decreased under the moderate and severe drought treatments, but a sustained decrease in the soluble sugar concentration was observed under the light drought treatment. There was no significant difference in the soluble sugar concentration of the fine roots among treatments at 51 days. After re-watering, the starch concentration of the fine roots continued to decrease under the light and moderate drought treatments; it then increased and decreased under the severe drought treatment. At 44 days, the starch concentration of the fine roots was significantly higher under the severe drought treatment than in the other treatment groups. At 51 days, the starch concentration of the fine roots was not significantly different among treatments. The NSC concentration of the fine roots after re-watering increased and then decreased under the moderate and severe drought treatments but continued to decrease under the light drought treatment; the NSC concentration of the fine roots at 51 days did not significantly differ among treatments. The ratio of soluble sugars to starch of the fine roots at 51 days was significantly higher under the moderate drought treatment than under the severe drought treatment (Figure 4, P<0.05).




3.6 NSC distribution patterns

Leaf NSC storage during drought increased continuously under the light drought treatment; it increased and then decreased under the moderate drought treatment, and it decreased and then increased under the severe drought treatment. Leaf NSC storage increased by 23%, 3%, and 11% under the light, moderate, and severe drought treatments, respectively, on day 30 compared with day 0. Stem NSC storage decreased continuously under the light drought treatment and increased continuously under the moderate and severe drought treatments, with a 15% decrease under the light drought treatment and a 7% and 9% increase under the moderate and severe drought treatments, respectively, on day 30 compared with day 0. The NSC storage of the coarse roots mostly decreased, with the exception of the moderate drought treatment, and the NSC storage of the coarse roots was 6%, 9%, and 17% lower on day 30 than on day 0 under the light, moderate, and severe drought treatments, respectively. The NSC storage of the fine roots first increased and then decreased during drought (Figure 5). NSC storage in the leaves decreased by 1% and 11% on day 51 compared with day 30 after re-watering in the light and severe drought treatments; it increased by 1% in the moderate drought treatment. The NSC storage of stems mostly decreased; the NSC storage of the fine and coarse roots mostly decreased after re-watering (Figure 5).




Figure 5 | Effect of re-watering after continuous drought with different treatments on the distribution patterns of NSC (Nonstructural carbohydrates) in the leaves, stems, coarse roots, and fine roots of P. yunnanensis.







4 Discussion



4.1 Effect of drought on the biomass and NSC of P. yunnanensis seedlings

During the initial stages of drought, plants stop growing or show growth inhibition once they are stressed (Skirycz et al., 2010). The cessation or suppression of plant growth ultimately results in a reduction in biomass. Therefore, changes in plant biomass can reflect the extent of plant damage. Drought has been shown to significantly reduce root, stem, and leaf biomass as well as total biomass in Populus euphratica (Chen et al., 2014). In this experiment, leaf biomass decreased under water deficit in the moderate and severe drought treatments, and water deficit inhibited the biomass growth of leaves and coarse roots, especially under the severe drought treatment; P. yunnanensis stems had greater biomass under the moderate drought treatment than on day 0 and were not significantly affected by increases in the drought duration (Table 1).

When plants are subjected to drought stress, they often respond by regulating the concentration of NSC to increase the osmotic pressure to enhance water uptake and use. This process often results in an increase in the soluble sugar concentration and a decrease in the starch concentration, which disrupts the stable changes in both soluble sugars and starch (Dietze et al., 2014), induces carbon use and storage in plants, and positively regulates carbon metabolism, the carbon supply, and carbon demand (Furze et al., 2019). During the drought stress phase, NSC concentrations in the leaves and stems of P. yunnanensis seedlings mostly increased, and this was followed by a decrease; only NSC concentrations in the stems continuously decreased under light drought treatment. Soluble sugars in the leaves and stems increased and then decreased, with the exception of the sustained decline in soluble sugars in heavily drought-stricken leaves (Figures 1, 2). The severe water deficit may have caused a hysteresis response (Schäffner, 1998), which caused a brief lag in soluble sugar transport, followed by a slow recovery. The continuous respiratory demand of the root system during drought may make it a powerful carbon reservoir (Hartmann et al., 2013b), and plants may allocate more NSC from the source (i.e., leaves) to the roots (Lemoine et al., 2013). During the drought stress stage, NSC concentrations in the fine and coarse roots of P. yunnanensis mostly decreased, and NSC concentrations in the fine roots increased and then decreased under light and moderate drought treatments, and the NSC concentration of the coarse roots was significantly higher under the severe drought treatment than under the other treatments (Figures 4,5). Drought had little effect on the NSC concentration in the fine roots, and NSC accumulated in the coarse roots under severe drought conditions. Fine and coarse roots can be adjusted to maintain normal growth by regulating NSC as the length and intensity of drought treatment increase.

P. yunnanensis seedlings that had access to more water under the light drought treatment than in the medium or heavy drought treatments might be able to transmit signals, respond to drought, and transport soluble sugars within the plant more rapidly (Feng et al., 2019). At the beginning of drought, all organs generally resist drought or maintain normal growth by regulating the concentration of soluble sugars, and starch tends to be stored in the coarse roots; as the duration of drought increases, the concentration of starch in leaves and stems increases, and the concentration of starch in the coarse and fine roots decreases. Thus, starch might be converted to soluble sugars in the leaves and stems to enhance resistance to drought. P. yunnanensis seedlings did not reach the maximum limit of their drought tolerance after 30 days of different drought treatments.




4.2 Effect of post-drought re-watering on the biomass and NSC of P. yunnanensis seedlings

The biomass of the leaves, stems, and coarse roots of re-watered plants is restored after light drought treatment; under moderate drought treatment, the biomass of the leaves, stems, and coarse roots increases; and under severe drought treatment, the growth in the biomass of the coarse roots is inhibited (Melchior and Steudle, 1993; Zhang and Kirkham, 1994; Li et al., 2024). The leaves and stems of P. yunnanensis seedlings in this experiment were more sensitive to changes in water availability, and these changes were more pronounced after re-watering; the growth in the biomass of the fine roots was normal, and the growth increased under the moderate and severe drought treatments. The biomass of the leaves and stems increased significantly, especially that of the leaves, during re-watering after drought, with the exception of the severe drought treatment group (Table 1). Under the moderate drought treatment, the total biomass increased significantly over time on days 0, 30, and 51 (Table 1). Therefore, the compensatory growth of P. yunnanensis was promoted during re-watering after exposure to moderate drought stress (Melchior and Steudle, 1993).

After drought stress mitigation, seedlings were affected differently by different drought intensities. Under drought conditions, the failure of photosynthesis recovery in P. yunnanensis seedlings consumed a huge amount of NSC, especially in roots (Li et al., 2024). NSC concentrations in needles, stems, coarse roots, and fine roots of P. yunnanensis seedlings roughly showed a trend of increasing and then decreasing after re-watering, but a continuous decrease in NSC appeared in needles with moderate drought and fine roots with mild drought (Figures 1–4). Seedlings that have experienced drought show a strong tendency to maintain and rebuild starch stores in multiple organs during re-watering (Olesinski et al., 2011; Anderegg et al., 2015). Among them, under severe drought conditions, the starch content in needles and coarse roots at 21 days of re-watering was significantly lower than that in other treatment groups; under moderate drought conditions, the starch content in stems and fine roots at 21 days of re-watering was significantly lower than that in other treatment groups.

Using isotope labeling techniques, Galiano et al. (2017) found that plants under drought stress preferentially use most of the newly absorbed carbon for storage and osmotic protection after re-watering, and the newly absorbed carbon is mainly used for the growth of well-watered seedlings. However, the storage of NSC in several organs of P. yunnanensis seedlings was reduced in the post-drought re-watering treatments (Figure 5), and post-drought re-watering might have increased the consumption of NSC (Li et al., 2024); P. yunnanensis seedlings were in better condition after re-watering after they had been exposed to light and moderate drought stress than during drought stress. There was an increase in the NSC concentration in all organs under different drought treatments in the pre-rewatering period (7 and 14 days after re-watering), and the recovery of water may have contributed to seedling NSC production. No significant differences in NSC concentrations were observed between the different drought treatments and the control for all organs at the late re-watering stage (21 days of re-watering), indicating that the increase in NSC ceased and slowly stabilized as water increased during the re-watering phase (Figure 5). Soluble sugar and starch concentrations in all organs were not significantly different from those of the control during the late re-watering period, but starch concentrations in the coarse roots were significantly higher under the light treatment than under the severe drought treatment (Figures 1–4).

P. yunnanensis seedlings may remain in a water deficit state after re-watering following a severe drought, and it is uncertain whether the seedlings will be able to regain growth with increased re-watering time. Drought might also induce irreversible hydraulic damage that severely jeopardizes the transport of sugars between the aboveground organs and the root system, which can result in embolism (Hartmann et al., 2013a; Hartmann et al., 2013b; Yang et al., 2016). Therefore, severe drought may cause P. yunnanensis seedlings to stop growing or delay growth, as the root system can only rely on the available NSC in the plant to carry out its metabolic activities until the root carbon reserves are depleted (Hartmann et al., 2013a; Hartmann et al., 2013b; Yang et al., 2016). Drought damage to the plant phloem and the depletion of root carbon stocks can lead to the death of plants. In our experiment, the growth of P. yunnanensis seedlings that were re-watered after severe drought was inhibited, but no death was observed; the concentration of NSC in the plant body continually changed. During the re-watering phase after severe drought, the ratio of soluble sugars to starch was significantly higher in the severe drought treatment than in the other treatments; thus, leaves during the late stage of re-watering that had been exposed to severe drought treatment might have resumed photosynthesis, began to produce soluble sugars, and altered the concentrations of NSC to maintain normal metabolism and repair damaged tissues, which ensured the survival of P. yunnanensis seedlings.





5 Conclusion

The NSC concentration in the leaves and stems of P. yunnanensis seedlings under drought stress tended to increase and then decrease, and the NSC concentration in the fine and coarse roots tended to decrease. With the prolongation of drought, P. yunnanensis seedlings gradually stopped regulating the concentration of soluble sugars and used starch in the coarse roots to cope with the drought stress. Drought also inhibited the biomass growth of P. yunnanensis seedlings, especially under severe drought conditions. P. yunnanensis seedlings did not die after exposure to different intensities of drought stress for 30 days, which indicates that P. yunnanensis seedlings are drought tolerant. The NSC concentrations in the leaves, stems, coarse roots, and fine roots of P. yunnanensis seedlings tended to increase and then decrease after re-watering. The biomass of the leaves and stems increased significantly after re-watering, especially in the moderate drought treatment group, which indicates that drought induced compensatory growth in P. yunnanensis seedlings. In the severe drought treatment group, the growth of P. yunnanensis seedlings was inhibited after re-watering, but seedlings were not killed. Because photosynthesis was not monitored in this experiment, the changes in soluble sugars and starch could only be used to speculate on how changes in NSC mediate adaptation to drought and re-watering in P. yunnanensis seedlings; if photosynthesis could be monitored, the whole process of carbon production to utilization in P. yunnanensis seedlings could be characterized from the source of carbon. Based on the characteristics of the P. yunnanensis seedlings that maintained their growth through the consumption of thick root starch in the late stages of drought, seedlings with relatively large root-to-shoot ratios should be used for cultivation in actual production; based on the effects of the re-watering phase in this experiment, exposure to an appropriate drought treatment can promote the adaptation of P. yunnanensis seedlings to drought and promote their compensatory growth.
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Control 12.62(2.11)*° 21.50(0.18)** 25.72(1.95)*

Light drought 15.87(0.63)*" 22.25(248)" 2832(227)™
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Moderate drought 7.38(1.04) 12.57(1.33)" 20.35(1.14)%

Severe drought 10.88(1.99)A 15.43(1.35)% 13.36(0.32)*

Control 11.57(0.89)A"" 13.32(1.54)A 17.68(2.08)**

Light drought 12.99(0.42)A° 10.95(0.84)*° 18.75(3.34)**

Stems

Moderate drought 5.20(0.53)° 11.85(0.52)* 16.46(2.65)™*

Severe drought 8.95(1.28)™ 14.39(2.45)™ 11.32(1.17)*
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Changes in biomass are expressed in terms of the dry weight, and values are means (standard deviations) (n=4). Different capital letters indicate significant differences between treatments at the
same sampling time, and different lowercase letters indicate significant differences between the same treatment at different sampling times.
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