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Abstract: Climate change has led to increased global surface temperatures and subsequently, an increase in
evapotranspiration rates in plants. This increase induces various physiological and morphological changes in plants.
The physiological changes induced by drought stress include reduced photosynthetic capacity and stomatal
conductance in the shoot system. Concurrently, alterations in the root-to-shoot and residual root ratios were observed
in the root system. In this study we investigated the growth, physiological changes (leaf gas exchange capacity),
morphological adaptations (stomatal size, trichome density, leaf microstructure), and pharmacological changes (saponin
and isoflavonoid contents) in Astragalus membranaceus in restricted soil water conditions. Soil water deficits signi-
ficantly reduced the photosynthesis rate and shoot biomass in 4. membranaceus, whereas the root biomass remained
relatively stable. Furthermore, trichome density increased and stomatal size decreased, indicating the emergence of
adaptive strategies to minimize water loss. Pharmacological analysis revealed that calycosin-7-O-glucoside levelsin-
creased with increasing drought intensity, whereas astragaloside I and IV levels decreased, suggesting a shift in meta-
bolic pathways. This study highlights the adaptive mechanisms of A. membranaceus for reallocating resources and
exhibiting physiological and morphological changes to survive extreme environmental conditions. This study provides
insights for optimizing cultivation strategies, identifying suitable growing areas, and enhancing the pharmacological
potential of A. membranaceus under drought stress. This information will support the development of sustainable
agriculture and forestry systems in a changing climate.
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Figure 1. Overview of the phytotron utilized showing water treatment conditions. Note: C represents field capacity;
T1 represents 50—55% of available soil water content; and T2 represents 20-25% of available soil water content.
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Figure 2. Chemical structures of major compounds identified from Astragalus membranaceus roots (Zheng et al., 2015; Salehi
et al.,, 2021; Wu et al., 2021; Zhang et al., 2022; Kwak et al., 2024). Note: (A) calycosin-7-O-glucoside (Molecular Formula:
C;H2,049, CAS no. 20633-67-4); (B) methylnissolin-3-O-p-d-glucopyranoside (Molecular Formula: Cy3HycOq9, CAS no.
94367-42-7); (C) calycosin (Molecular Formula: C;¢H;20s, CAS no. 20575-57-9); (D) astragaloside I (Molecular Formula:
CysH7,046, CAS no. 84680-75-1); (E) astragaloside IV (Molecular Formula: C4H¢sO14, CAS no. 84687-43-4).

Pn (pmol CO, m2s7)

Tr (mmol CO, m=2s7")

Figure 3. Photosynthetic parameters including net photosynthesis (Pn) (A), stomatal conductance (Gs) (B), transpiration rate
(Tr) (C), and water use efficiency (WUE) (D) of Astragalus membranaceus leaves exposed to different water conditions for
seven weeks. Data are presented as means = SD of 25 replicate plants. Different letters on bars indicate significant differences
(p < 0.05). Note: C, T1, and T2 represent the respective water treatment sections in the phytotron, as depicted in Figure 1.
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Figure 4. Growth and biomass responses of Astragalus membranaceus exposed to different water conditions for eight weeks.
(A) Aboveground growth, (B) Root system morphology, (C) Aboveground biomass weight, and (D) Belowground biomass weight
leaves. Data are presented as means+ SD of five replicate plants. Different letters on bars indicate significant differences (p
< 0.05). Note: C, T1, and T2 represent the respective water treatment sections in the phytotron, as depicted in Figure 1.
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Table 1. Variations in trichome density, stomatal pore size, and stomatal density of Astragalus membranaceus leaves subjected

to different water conditions over seven weeks.

Trichome Stomata
Treatments Density Pore size Density
(No./mm?) (um) (No./mm?)
C 151+ 82b 51+16a 301.9+595a
T1 367+ 60D 45+1.1b 252.0+47.3b
T2 303+169 a 35+08¢ 2346+422¢

Data were analyzed using Tukey’s HSD test. Values are expressed as mean + SD (n = 8 for trichomes and n = 20 for stomata).
Means sharing the same letters are not significantly different (p < 0.05). Note: C represents field capacity; T1 represents 50~55%
of available soil water content; and T2 represents 20~25% of available soil water content.
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Figure 5. Representative micromorphological variations on adaxial (A,B,C) and abaxial (D,E,F) leaf surfaces of Astragalus
membranaceus exposed to different water conditions for eight weeks. (A,D) field capacity; (B,E) 50-55% of available soil water
content, and (C,F) 20-25% of available soil water content. Scale bars represent 500 pm. Note: Zoomed-in circles are high-magnification
images of the surfaces, including surface structures, trichomes, epicuticular waxes, leaf roughness, and stomatal size. Circle images
are the same as the scale bars of the rectangle images and represent a length of 20 pm.
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Table 2. Influence of soil water restriction on contents of isoflavonoids (calycosin-7-O-glucoside, methylnissolin-3-O-f-d- glucopyranoside,
and calycosin) and saponins (astragaloside I and astragaloside 1V) accumulated in hairy roots of Astragalus membranaceus subjected

to different water conditions over seven weeks.

Marker compounds C T1 T2
of

Astragali radix extracts (mg/g DW)

calycosin-7-O-glucoside 0.12 + 0.01 ¢ 0.16 = 0.00 b 0.19 = 0.00 a

methylnissolin-3-O-§-d- 022 £ 0.00 ¢ 0.26 = 0.00 a 0.25 £ 0.00 b
glucopyranoside

calycosin ND 0.04 £+ 0.00 0.04 £ 0.00

astragalosidelV 0.20 £ 0.00 a 0.20 £ 0.00 a 0.18 £ 0.00 b
astragalosidel 544 £ 0.04 a 4.87 £ 0.10 b 4.07 £ 0.04 ¢

Data were analyzed using Tukey’s HSD test. Values are expressed as mean + SD of 5 replicates. Means sharing the same letters
are not significantly different (p < 0.05). ND indicates “Not Detected.” Treatments are defined as follows: C represents field
capacity; T1 corresponds to 50~55% of available soil water content; and T2 denotes 20~25% of available soil water content.
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