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Abstract: Shading and drought are considered crucial abiotic stress factors that limit the normal
growth of plants. Under natural conditions, the quality of Bletilla striata pseudobulbs (BP), a Chinese
traditional medicinal crop, is often affected by the dual stresses of shading and drought. However,
the relationship and mechanism of the interaction between the two stress factors in B. striata remain
unclear. In this study, we examined the changes in photosynthetic properties and active ingredients
of B. striata under shading (L), drought (W), and shading-drought dual stresses (LW). We aimed
to explore the metabolite mechanism that led to these changes using GC-MS-based non-targeted
metabolomics techniques. The results indicated a significant reduction in the polysaccharide content
of BP under W and LW treatments compared to the control (CK). The total phenol content was
significantly reduced under L treatment, while the total flavonoid content did not change significantly
under the three stresses. The significant increase in militarine content under all three stresses implies
that B. striata may modulate its biosynthesis in response to different environmental stresses. Transpi-
ration rate and stomatal conductance were reduced, amino acid expression was up-regulated, and
carbohydrate expression was down-regulated in B. striata under L treatment. The net photosynthesis
rate, stomatal conductance, and transpiration rate exhibited significant reductions, and the tuber
metabolic disorder marker Homocysteine increased and organic acid content as well under W treat-
ment. The net photosynthetic rate, transpiration rate, stomatal conductance, and water use efficiency
of B. striata were further reduced under LW compared with single stress, which is in agreement
with the “trade-off theory”. Pseudobulb metabolite changes, in combination with the results of
the two single stresses, showed an up-regulation of amino acids and disaccharide compounds and
a down-regulation of monosaccharide compounds. A support vector machine model (SVM) was
used to screen 10 marker metabolites and accurately predict the changes in active ingredient content
through an artificial neural network model (ANN). The results suggest that an appropriate stress
environment can enhance the content of the target active ingredients based on cultivation goals.

Keywords: Bletilla striata; shading; drought; dual stresses; metabolomics; ANN

1. Introduction

Bletilla striata (Thunb.) Rchb. f. (Orchidaceae) is a perennial herb renowned for its
medicinal and ornamental properties. It boasts white, triangular, oblate, or irregular rhom-
bic pseudobulbs, typically bifurcated into two to four forks, accompanied by fibrous roots.
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The plant produces white flowers arranged in unbranched racemes of 3 to 11, blooming
from April to June. These blooms exhibit a spectrum of colors, ranging from purple, pink,
and yellow to white, occasionally even featuring shades of blue. The species is predomi-
nantly found in eastern Asia, including the Yangtze River basin, the Qinling Mountains in
China, Japan, Korea, and northern Myanmar [1,2]. B. striata is a shade-tolerant plant, and
both high light intensity and excessive shade are detrimental to its growth and development.
Under natural conditions, it thrives in deciduous evergreen forests, dong forests, coniferous
forests, roadside bushes, or rock crevices [3]. A growing body of modern chemical and
pharmacological research indicates that B. striata possesses various medicinal values, such
as wound healing, hemostasis, antioxidant properties, anti-inflammatory actions, antifi-
brotic effects, and modulation of in vitro immune activity [2]. These pharmacologic effects
are attributed to its diverse functional constituents, including polysaccharides, saponins,
flavonoids, terpenoids, trace elements, and other chemical substances. As a traditional
Chinese medicine (TCM), militarine in Bletilla striata pseudobulbs (BP) is recognized for its
beneficial effects in slowing down the aging process and preventing dementia. The Chinese
Pharmacopoeia sets the content of militarine at not less than 2% as a crucial indicator for
the quality control of BP [4]. Due to overexploitation, habitat destruction, and changes in
atmospheric conditions, the wild resources of B. striata have declined significantly, leading
to increased reliance on cultivation. Its growth and development processes and medicinal
values are influenced by various environmental factors. However, fewer studies have
been conducted on the growth and accumulation of active compounds under artificial
cultivation conditions.

As the most basic biochemical reaction in the plant, photosynthesis provides the
material and energy base for the plant’s life activities and influences the plant’s growth
and material accumulation. Light intensity directly affects the amount of photosynthesis a
plant can perform. Shading can lower soil and canopy temperatures, increase humidity,
affect plant photosynthesis and nutrient uptake, alter plant physiological and biochemical
characteristics, and ultimately result in differences in yield and active ingredient content [5].
Too high or too low a light intensity has no beneficial effect on plant growth or the accumu-
lation of photosynthetic products, while moderate shading can promote plant growth [6].
The production of secondary metabolites as effective active ingredients in most plants is
closely related to their physiological metabolic processes. In addition to the genetic control
of the physiological and metabolic processes, the external environment also affects the
physiological and metabolic processes in the plant [7]. Photosynthesis provides precursors
for secondary metabolites and also inhibits their decomposition. The study of plant sec-
ondary metabolism enables a better understanding of the process of plant adaptation to
environmental changes.

Moisture is another external environmental factor that is critical to plant growth. To
prevent water loss from the body, plants produce a variety of responses to adapt to dry
environments, balancing optimal water supply to all vital organs while maintaining cellular
water content. From a molecular biology perspective, cellular water loss marks the onset of
drought stress. As drought stress gradually intensifies, the plant’s net photosynthesis rate
decreases. Plants with strong drought resistance may be less affected by drought. Under
drought stress, photosynthesis is reduced by three effects: stomatal closure, decreased
photosynthetic enzyme activity, and slowed permeability to CO; at the cell wall site of
the cuticle [8]. At the cellular level, drought signaling promotes the production of stress-
protective metabolites, such as proline and alginate, by a variety of peroxidases, triggering
an antioxidant system that maintains the dynamic redox balance and prevents acute cellular
damage and reduced membrane integrity. Specific signaling responses are also triggered
by the level of drought stress and the plant organs experiencing the stress, including
the abscisic acid, oleuropein steroid, and ethylene phytohormone pathways [9-11]. As
drought stress-related metabolites broadly affect other metabolic activities, the synthesis
and accumulation of secondary metabolites can also be affected. When exposed to drought
stress, plants produce a number of low-molecular-weight osmotic solutions, including
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glycine, glutamate, proline, and a variety of other amino acids, organic acids, sugars,
and sugar alcohols, which play an important role in maintaining cellular functions under
drought. Drought stress can reduce the growth of most plants [12]. However, plants
exposed to drought stress can accumulate higher concentrations of secondary metabolites.
The changes occur in some phenolic and terpenoid compounds, which may be due to
stress-induced changes in biomass associated with a constant rate of biosynthesis of natural
products or to a true increase in total content. Under natural conditions, light and water
stress often occur simultaneously, and there are different views on the effects of dual
light and water stresses on the photosynthetic properties of plants. The “trade-off theory”
indicates that shading will aggravate the impact of drought on plants. In order to cope with
the impact of insufficient light in a shading environment, plants will increase the growth
of aboveground parts to improve light capture capabilities and light energy utilization,
reducing the ability to utilize soil water and aggravating the effects of drought [13]. In
contrast, the “facilitation theory” suggests that shading can reduce the negative effects
of drought on plants [14]. The “interaction theory” proposes that either too much or too
little light will exacerbate the negative effects of drought on plants and that the effects of
drought are mitigated in moderate shade [15]. The “independent effects theory” states that
there is no interaction between drought and shade and that they are independent of each
other [16].

Plants contain 100 thousand to 1 million metabolites, making the plant metabolome
highly diverse [17]. Primary metabolites (i.e., sugars, sugar alcohols, amino acids, etc.)
and secondary metabolites (i.e., terpenoids, phenols, nitrogenous compounds, etc.) act as
“phytochemicals” in response to biotic and abiotic stresses on plants [18,19]. The study of
plant metabolomics is critical to understanding plant adaptation and defense responses
to environmental stress and greatly enhances our knowledge of plant growth, develop-
mental metabolism, and signaling pathways. Moreover, militarine is used in the Chinese
Pharmacopoeia as the only indicator to identify the quality of BP. Given the abundance
of active ingredients in B. striata, however, it is difficult to comprehensively evaluate the
quality of BP using only a single chemical index. Therefore, we comprehensively selected
polysaccharides, total flavonoids, total phenols, and militarine as indicators for quality
evaluation of B. striata and used two-year-old B. striata to reveal its quality changes under
stress environments by simulating shading and drought stresses. We hope to reveal the
response pattern and adaptive mechanism of B. striata growth and metabolism to drought
and shading environments through metabolomics and to provide a theoretical basis for the
efficient compound management and bionic cultivation of B. striata.

2. Materials and Methods
2.1. Growth Conditions, Experimental Design, and Sampling

On 15 August 2021, 100 2-year-old B. striata plants with consistent height and growth
(average height of approximately 35 cm) were selected for the control test. The soil cul-
ture potting method was used to cultivate individual plants per pot with a mixed sub-
strate of m (garden soil)/m (peat soil)/m (perlite) = 1:1:1. The size of the pot used is
11.6 cm x 10.5 cm x 8.8 cm, with a substrate of 220 g. The maximum field water holding
capacity is 1181.82 g kg~!. During the seedling slowing process, regular weighing is used
to calculate the moisture content to ensure that the substrate moisture content is uniform
and sufficient (up to 75% of the maximum field water-holding capacity). The experiment
started on 30 September 2021. After the seedlings slowed, the pots were placed in an
artificial climate incubator (CLIMACELL, maximum light intensity 13,000 Lux, MMM
Medcenter, Munich, Germany). The diurnal temperature control varied at 26 °C/24 °C
(day/night), with 12 h of light time, 60% air humidity, and 60% maximum light intensity in
the incubator. A two-factor split-zone experimental design was used, with the main factor
being light intensity. Based on field observations, the incubator was set up with light at
20% maximal light intensity (shading treatment) and 60% maximal light intensity (control).
The secondary factor is soil moisture control, which is achieved by using the moisture
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control gradient proposed by Hsiao [20] as follows: 30% (drought treatment, 78 g of water
per pot, and subsequently maintaining a total weight of 298 g) and 75% (control, 195 g of
water per pot, and subsequently maintaining a total weight of 415 g) of the maximum field
water holding capacity (replenish water and weigh every 3 days to maintain the set soil
moisture). Six replicates of each treatment were set up, and the length of the experiment
was 60 d. At the end of the experiment, the photosynthetic parameters of B. striata plants
were measured. BP were freeze-dried, ground into powder, and sieved through a 60-mesh
sieve for metabolomics determination. The contents of polysaccharides, total flavonoids,
total phenols, and militarine were determined.

2.2. Determination of Photosynthetic Gas Exchange Parameters

From 9:00 a.m. to 11:00 a.m., the middle sections of the second and third functional
leaves of B. striata were selected, and their photosynthetic parameters were determined us-
ing a CIRAS-3 portable photosynthesis meter (PP-Systems, Amesbury, Massachusetts, USA).
The parameters for the measurements were set to a light intensity of 600 umol m—2s~1,
a leaf chamber temperature of 25 °C, a humidity of 60%, and a CO, concentration of
500 pmol mol ~!. The parameters measured included net photosynthetic rate (A), intercellu-
lar CO; concentration (C;), transpiration rate (E), stomatal conductance (gs), and water use
efficiency (WUE). The stomatal limiting value (L) was also calculated as: Ly =1 — C;/C,

(Cy is the atmospheric CO, concentration).

2.3. Determination of Polysaccharides, Total Flavonoids, and Total Phenol Content

The polysaccharide content of BP was determined according to the method of
Lu et al. [17]. The polysaccharide content was determined using the phenol-sulfuric
acid method. BP samples (50 mg) were homogenized in 1 mL of distilled water, extracted
at 100 °C for 2 h, and centrifuged at 10,000 g for 10 min. Then, 0.2 mL of the supernatant
was mixed with 0.8 mL of anhydrous ethanol, left overnight at 4 °C, and centrifuged again.
The resulting supernatant was discarded, and the precipitate was dissolved in 1 mL of
distilled water. The next 400 uL of the solution was mixed with 200 puL of phenol and 1 mL
of 98% sulfuric acid. After incubating at 90 °C for 20 min and rapid cooling, a 1 mL aliquot
was taken for further analysis. The absorbance was measured at 760 nm with a UV-visible
spectrophotometer (Lambda 750s, PerkinElmer, Waltham, MA, USA). The standard curve
was prepared using glucose as the x-axis and absorbance as the y-axis. The linear regression
equation obtained was y = 0.0641x + 0.0126 with an R? value of 0.997.

The total flavonoid content was measured by a slightly modified version of the pre-
vious method [21]. The absorbance was measured at 510 nm using a UV-visible spec-
trophotometer, with the linear regression equation obtained as y = 869.02x 4 77.28 and
an R? value of 0.999, where Rutin was the x-axis and absorbance was the y-axis. The
lyophilized BP samples (100 mg) were dissolved in 60% ethanol at a liquid-to-material ratio
of 1:25. Extraction was performed by shaking at 60 °C for 2 h, centrifugation at 10,000x g
and 25 °C for 10 min, and then the supernatant was collected, and the extraction was
repeated and combined once. The extract was fixed with 60% ethanol in 10 mL. The total
flavonoid content was calculated using a standard curve by taking 1 mL of the extract.

The total phenols were determined by the Folin-Ciocalteu method [22]. The absorbance
was measured at 760 nm with a UV-visible spectrophotometer, with the linear regression
equation obtained as y = 0.003884x + 0.041138 and an R? value of 0.999, where gallic acid
was the x-axis and absorbance was the y-axis. The extraction method for total phenol was
the same as that for total flavonoids, and the total phenol content was calculated using the
standard curve.

2.4. Determination of Militarine Content

Referring to the method in the Pharmacopoeia [4], six 20-mg samples were weighed
for each treatment, added to 1.5 mL of 50% ethanol, mixed, and extracted by ultrasonication
for 30 min. The militarine content was measured using HPLC (Agilent Technologies 1260 In-
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finity II, Santa Clara, California, USA). The chromatographic separation conditions were a
column temperature of 40 °C, a flow rate of 0.25 mL min~!, a mobile phase A of ultrapure
water containing 0.1% acetic acid, and a mobile phase B of acetonitrile solution containing
0.1% formic acid. The sample was injected into 5 pL, and the absorption peak area at
223 nm was determined. The method was feasible after verification. The measured peak
area was substituted into the militarine standard curve (y = 30199x + 354.08, R? =0.9961,
where x is the militarine content (mg mL~!) and y is the peak area of the sample absorbed
at 223 nm). The militarine contents were calculated in samples for each treatment.

2.5. GC-MS-Based Metabolite Analysis
2.5.1. Metabolite Extraction and Derivatization

A 50 mg powder sample was put in a 2 mL centrifuge tube, to which 1 mL of
methanol/water = 3:1 extract was added, followed by the addition of 40 uL of adonitol
solution (0.2 mg mL~!) as an internal standard. This was further transferred to a plant
tissue grinder, ground at 35 Hz for 4 min, and centrifuged at 10,000 r min~! for 20 min.
The supernatant was filtered through a 0.22 pm membrane. Then, 0.25 mL of the filtrate
was pipetted into a 2 mL centrifuge tube, and the solvent was evaporated to dryness by
placing the extract into a centrifugal concentrator. Moreover, 60 uL of methoxylamine
hydrochloride solution (20 mg mL~!) was added and vortexed for 30 s, and the reaction
was held at 80 °C for 30 min, followed by the addition of 63 uL of the derivatization reagent,
BSTFA (99% BSTFA + 1% TMCS; Supelco, Bellefonte, PA, USA). The sample was held at
88 °C for 96 min. The aspirate was transferred to the injection vial, stored at 4 °C, and
assayed within 48 h. The sample was then analyzed by the analyzer.

2.5.2. GC-MS Detection Conditions

Metabolite analysis using Thermo triple quadrupole tandem MS (TRACE1310 and
TSQ8000, Thermo Scientific, Waltham, MA, USA). The GC separations were carried out
using a DB-5 MS (Thermo Scientific, USA) capillary column (15 m x 0.25 mm X 0.25 pm).
The sample injection volume was 1 pL; the determination was performed in split mode
with a split ratio of 1:80; the inlet temperature was 280 °C; the initial temperature of the
split-mode column was 40 °C for five minutes, and then it was warmed up to 200 °C at
8 °C min~! for 3 min, followed by 280 °C at 4 °C min~! for 5 min; the MS transmission
line was 280 °C; and the ion source was 270 °C. All mass spectra were acquired in electron
impact ionization (EI) mode (70 eV) with a full-scan range of 50-550 m1/z at 9 scans per
second after a solvent delay of 630 s.

3. Results
3.1. Effects of Different Stresses on the Photosynthetic Properties of B. striata

The response of B. striata leaf net photosynthetic rate (A) to shading stress did not
exhibit significant changes (Figure 1). However, it was significantly reduced under the
dual stresses of shading and drought (p < 0.05). A was significantly reduced by 32.80%
(p < 0.05) under drought treatment (W) and by 67.20% (p < 0.05) under shading-drought
dual stresses (LW) treatment compared to the control (CK). Transpiration rate I was signifi-
cantly reduced by 51.71% (p < 0.05) under W treatment and by 59.77% under LW treatment
compared to CK. Shading stress aggravated the effect of drought stress on leaf E. All stress
treatments reduced leaf intercellular CO, concentration (C;), but C; was higher under LW
treatment than under shading treatment (L) and W treatments. The stomatal conductance
(gs) was significantly reduced by 44.88%, 54.06%, and 74.20% (p < 0.05) under L, W, and
LW treatments, respectively, compared with CK. The g; was lower under dual stresses
than under single-stress treatment, indicating that shading aggravated the reduction of
stomatal conductance by drought. WUE was significantly (p < 0.05) reduced by 30.15%
under LW treatment, indicating that the dual stresses of shading and drought aggravated
the reduction of water use efficiency (WUE). The Ls did not change significantly under the
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different treatments and showed L > W > LW > CK, and all stress treatments increased leaf
stomatal limiting values (Ls).
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Figure 1. Differences in photosynthetic parameters between groups: (A) net photosynthesis rate;
(B) transpiration rate; (C) intracellular carbon dioxide concentration; (D) stomatal Conductance;
(E) water use efficiency; and (F) stomatal limitation. CK: the control; L: shading treatment; W: drought
treatment; LW: shading-drought dual stresses. The different letters in the same column indicate a
significant difference among groups by one-way ANOVA (LSD, p < 0.05). Each value represents the
mean =+ SE of six replicates.
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3.2. Effect of Different Stresses on the Active Components of BP

The polysaccharide, total flavonoids, and total phenol contents of BP were reduced
under all three stress treatments (Figure 2). Compared with CK, the total phenol content in
L treatment was significantly reduced by 40.11% (p < 0.05), and the polysaccharide content
in W treatment was significantly reduced by 24.02% (p < 0.05). The polysaccharide and total
flavonoid contents in LW treatment were significantly decreased by 19.16% and 26.22%,

respectively (p < 0.05).
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Figure 2. Differences in effective components in BP under different stresses: (A) total polysaccharide;
(B) total flavonoids; (C) total phenols; and (D) militarine. Each value represents the mean + SE of
six replicates. The different letters in the same column indicate a significant difference among groups
by one-way ANOVA (LSD, p < 0.05). Each value represents the mean =+ SE of six replicates.

Compared to CK, militarine content was significantly increased (LW > L > W > CK)
by 58.16%, 37.53%, and 85.03% in the L, W, and LW treatments, respectively. These find-
ings confirm that the content of active ingredients in BP varies greatly under different
environmental conditions.
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3.3. Metabolic Profiling Based on Meteorological Chromatography-Mass Spectrometry

Based on the results above, in order to investigate the causes of changes in the active
ingredients of BP and to elucidate the metabolic fluctuation mechanism of B. striata un-
der various stresses, we carried out non-targeted metabolomic analysis using a GC-MS
platform to reveal the metabolic mechanisms in response to the environmental stresses
in B. striata. The results indicated that the principal component analysis (PCA) model
achieved R?X = 0.528 and Q? = 0.104. All samples fell within the 95% confidence interval
(Hotelling T?), and the quality control (QC) distribution exhibited centralization, signify-
ing the robust instrumental stability and reproducibility of both the experiment and the
applied methodology (Figure 3). We further used the OPLS-DA model to identify the
metabolites responsible for the segregation that occurred in CK and treatments. The results
demonstrated that data from all treatment groups exhibited significant separation within
the 95% Hotelling T ellipse, indicating substantial differences in the metabolites detected
by GC-MS between the groups (Figure A1, Table Al). Additionally, a rigorous assessment
involving 7-fold internal cross-validation and 200 replacement tests was conducted to
evaluate the predictive accuracy and statistical significance of these models. The R>X and
R2Y values for all five model groups surpassed 0.5, with minimal divergence from Q?,
affirming the reliability of these models for identifying differential metabolites between
groups (Figure A2).
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Figure 3. Scatterplot of PCA scores between groups derived from SIMCA-P analysis, with different
colored points representing different treatments. The control (CK); the shading treatment (L); the
drought treatment (W); and the shading-drought dual stresses (LW); and the quality control (QC).
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3.4. Changes in Metabolites of BP under Different Stresses

Differences in metabolites may be responsible for the variations in the active ingre-
dients of pseudobulbs. Based on the VIP values of the OPLS-DA model (VIP > 1) and
the corrected p-value of the t-test (p < 0.05) [23], screening for differential metabolites
between L vs. CK, W vs. CK, LW vs. CK, LW vs. L, and LW vs. W (Figure 4). A total of
24 differential metabolites were identified in L vs. CK, of which 13 were up-regulated and
11 were down-regulated. Six differential metabolites were identified in W vs. CK, with four
up-regulated and two down-regulated. Nineteen differential metabolites were identified in
the LW vs. CK control, with 14 up-regulated and 5 down-regulated. Thirteen differential
metabolites were identified in LW vs. L, with 11 up-regulated and 2 down-regulated.
Twenty-seven differential metabolites were identified in LW vs. W, with 19 up-regulated
and 6 down-regulated. These differential metabolites are mainly carbohydrates, amino
acids, organic acids, fatty acids, alkaloids, terpenes, and total flavonoids.

3.5. KEGG-Based Differential Metabolic Pathway Analysis

The results of the pathway analysis module in MetaboAnalyst 5.0 showed the follow-
ing: 30 metabolic pathways were enriched in L vs. CK; 7 metabolic pathways in W vs. CK;
25 metabolic pathways in LW vs. CK; 16 metabolic pathways in LW vs. L; and 28 metabolic
pathways in LW vs. W (Figure 5). Among these difference-rich metabolic pathways,
L vs. CK had eight significant metabolic pathways (p < 0.01 or impact > 1), i.e., aminoacyl-
tRNA biosynthesis; alanine, aspartate, and glutamate metabolism; cyanoamino acid
metabolism; glyoxylate and dicarboxylate metabolism; glycine, serine, and threonine
metabolism; cysteine and methionine metabolism; sulfur metabolism; and arginine biosyn-
thesis. W vs. CK had two significant metabolic pathways, i.e., citrate cycle, glyoxylate
metabolism, and dicarboxylate metabolism. LW vs. CK had seven significant metabolic
pathways, i.e., aminoacyl-tRNA biosynthesis, alanine, aspartate metabolism, and gluta-
mate metabolism; cyanoamino acid metabolism; glyoxylate and dicarboxylate metabolism;
glycine, serine, and threonine metabolism; butanoate metabolism; and arginine biosynthe-
sis. LW vs. L has three significant metabolic pathways, i.e., glyoxylate and dicarboxylate
metabolism; citrate cycle; and biosynthesis of unsaturated fatty acids. There were six
significant metabolic pathways for LW vs. W, i.e., aminoacyl-tRNA biosynthesis; starch
and sucrose metabolism; alanine, aspartate, and glutamate metabolism; cyanoamino acid
metabolism; glyoxylate and dicarboxylate metabolism; and glycine, serine, and threo-
nine metabolism.

3.6. Relationship between Metabolic Changes and Active Ingredients

Traditional prediction methods, such as multiple linear regression, fail to produce
valid estimates in the presence of multicollinearity and a lack of linear correlation, but
artificial neural network (ANN) models do not require any link between input and output
variables [22]. Support vector machines (SVM) can effectively analyze the data used for
classification to find the characteristic metabolites that have a greater impact on the active
ingredient. We identified a total of 10 compounds that significantly influenced the contents
of active ingredients in BP, consisting of pyruvic acid, glyceric acid, alanine, anthocyanin,
propanedioic acid, L-serine, phosphoric acid, L-threonine, L-aspartic acid, and glutamic
acid. The ANN models were constructed using these 10 characterized metabolites to
assess how well these substances can predict changes in the active ingredient. The results
showed that the characterized metabolites provided reliable predictions of changes in
polysaccharide, total flavonoids, total phenols, and militarine contents with correlation
coefficients of 0.982, 0.996, 0.954, and 0.974 (Figure 6).
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4. Discussion
4.1. Relationship between Changes in Photosynthetic Properties and Active Ingredients in Plants

With changes in the global climate and environment, more and more plants are affected
by a lack of light and water [24]. The physiological characteristics of plants respond to
changes in the external environment that affect their growth and development. It is
generally believed that in arid environments, plant growth and production may be limited
due to insufficient photosynthesis. Plants adapt to arid environments by absorbing large
amounts of water, reducing the number of stomata, and decreasing transpiration [25].
According to the photosynthetic control theory of Farquhar and Sharkey [26], stomatal
limitation of plants is characterized by a decrease in gs and C; and an increase in Ls, whereas
the effect of “non-stomatal limitation” indicated an increase in C; and a decrease in L;.
We found that A of B. striata decreased with the decrease in gs and C; and decreased
with the increase in Ls under drought stress. The main reason for the decrease in A may
be the stomatal limitation, which resulted in the reduction of raw materials needed for
photosynthesis. It has been shown that drought stress leads to stomatal closure in plants,
causing an increase in WUE with a decrease in E [27]. It is consistent with our results.
Shade-grown plants usually maintain higher photosynthetic rates under shady conditions.
In the present study, we found that gs decreased significantly under shading treatment,
and the leaf E of B. striata decreased with the decrease in g;, and C; also decreased with the
decrease in g;. However, A did not change significantly, indicating that the photosynthetic
assimilation capacity of B. striata remained relatively coordinated at this time. B. striata
employs strategies to reduce the net photosynthetic rate, transpiration rate, and stomatal
conductance in response to environmental stresses. This is consistent with the “trade-off
theory” proposed by Smith and Huston [13] that shading can aggravate the negative effects
of drought stress on plants. The changes in water use efficiency also support this theory.

The accumulation and transport of photosynthetic products in plants affect the for-
mation of yield and quality [28]. Drought stress is an important environmental factor
affecting the secondary metabolites in plants. Numerous studies have shown that plants ac-
cumulate higher concentrations of secondary metabolites under drought stress than under
well-watered conditions [29]. The results of a study on Scutellaria baicalensis showed that
appropriate drought could promote baicalin accumulation by stimulating the expression
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and activity of key enzymes involved in the biosynthesis of the compounds, while excessive
drought led to the degradation of baicalin [30]. This is similar to our finding that polysac-
charides, total flavonoids, and total phenolics were reduced in BP under severe drought.
This may be because the drought led to the blockage of the synthetic pathways of these com-
pounds. Hosseini et al. [31] found a similar result: mild drought increased liquiritigenin
content in Glycyrrhiza glabra L., while moderate and severe drought decreased it.

Both shading and drought reduced the contents of flavonoids, total phenols, and
polysaccharides in BP, but polysaccharides were the only ones with significant reductions
under the dual stresses of shading and drought (p < 0.05). Interestingly, militarine is the
only quality marker for BP specified in the Chinese Pharmacopoeia, and its content can
significantly increase when exposed to environmental stress (p < 0.05), especially under the
dual stresses of shading and drought. This confirms that environmental stress can increase
the secondary metabolites of TCM [32].

4.2. Differential Metabolites in Response to Stressful Environments

Plants have the ability to synthesize various secondary metabolites to cope with the
negative effects of stress [33]. The results showed that changes in the photosynthetic
properties induced by environmental stress are not linearly related to the content of active
ingredients in BP (unpublished data), indicating that the metabolite concentration of
B. striata shows more complex changes under environmental stress. Our metabolomics
results revealed significant up-regulation of citric acid, homocysteine (Hcy), malic acid, and
significant down-regulation of protopine and levoglucosan in W vs. CK. Hcy is a sulfur-
containing non-protein amino acid produced from redox-sensitive methionine metabolism;
its accumulation triggers oxidative stress and related lipid peroxidation processes in plants.
Sobieszczuk-Nowicka et al. [34] observed an increase in plant Hcy under stress conditions.
The high expression of organic acids in plant tissues is likely due to their important role as
photosynthetic intermediates, and organic acids can be used as metabolically active solutes
for osmoregulation and cation excess homeostasis [35]. Previous studies have shown that
the levels of both malic and citric acid in plants rise under water stress, resulting in an
overall increase in total organic acid content. [36,37]. In this study, the drought stress
induced a decrease in the photosynthetic capacity of B. striata, which led to an increase in
the organic acid content of the plant to regulate growth and osmotic pressure homeostasis.
The high expression of Hcy confirmed that B. striata was in a state of metabolic disorder at
this time, and the photosynthetic assimilation capacity was reduced, causing a decrease in
polysaccharides, total flavonoids, and total phenols. However, the reason for the change in
militarine is not yet understood. It is necessary to conduct further study.

The changes in the differential metabolites were more complex under dual stresses
than under a single stress. Similar changes in amino acid and monosaccharide com-
pounds, observed under shade stress, were evident in the LW vs. CK comparison. Dur-
ing this period, there was an up-regulation in the expression of glutamate, L-aspartate,
L-serine, L-threonine, and asparagine, while the expression of D-allosterose, D-alanose,
and D-mannitol was down-regulated. Interestingly, in this study, the up-regulation of mal-
tose, endoetherose, and fibeditol occurred under double-shaded drought stress, different
from single-drought stress. This confirms the “interaction theory” mentioned above [15].
The changes in metabolites in BP under dual shading-drought stresses were more like a
composite of the changes under shade stress and drought stress.

Differential metabolic pathway analysis can be helpful for a deeper understanding of
metabolic processes and their regulatory mechanisms in cells or tissues, identifying changes
in specific metabolic pathways involved in adaptation to environmental constraints [38,39].
Our results showed significant differences in both glyoxylate and dicarboxylate metabolism
in different treatment groups. Glyoxylate and dicarboxylate metabolism is a metabolic
pathway in plant cells that allows plants to synthesize carbohydrates from two-carbon
compounds such as fatty acids or acetyl-CoA. This metabolic pathway plays an important
role in regulating plant growth by helping plants maintain energy and carbon balance
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under conditions of limited photosynthesis or a lack of carbon sources [40,41]. The growth
and development of B. striata can be affected to some extent by both single and dual stresses.
The secondary metabolites in B. striata are highly diverse, of which militarine is the most
important, according to a less in-depth study. Therefore, we combined SVM and ANN
models to characterize the major metabolites regulating the active ingredients in BP under
environmental stress. It was found that pyruvic acid, glyceric acid, alanine, anthocyanin,
propanedioic acid, L-serine, phosphoric acid, L-threonine, L-aspartic acid, and glutamic
acid were 10 compounds that highly regulated the contents of active ingredients in BP,
including five amino acids (alanine, L-serine, L-threonine, L-aspartic acid, and glutamic
acid) and three organic acids (pyruvic acid, glyceric acid, and propanedioic acid). Therefore,
we hypothesize that amino acids and organic acids strongly regulate the expression of
active compounds in BP.

5. Conclusions

In conclusion, environmental stresses significantly affected the content of active in-
gredients in BP. In this study, the results showed that B. striata could adopt a strategy of
increasing amino acid concentration and decreasing carbohydrate concentration to cope
with the shading stress, while using the strategy of decreasing photosynthetic rate and
increasing organic acid concentration under the drought stress. Under the dual stresses of
shading and drought, the strategic performance of B. striata is consistent with the “trade-off
theory”. The ANN model established could predict the relationship between characteristic
metabolites and active ingredients for the first time, laying the foundation for subsequent
ingredient research on B. striata. The contents of polysaccharides, total flavonoids, and
total phenols in BP decreased when subjected to environmental stress. However, militarine
increased significantly in shading and drought stresses. Our results indicate that it becomes
possible to efficiently obtain target components by regulating growth conditions based on
cultivation objectives.
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Appendix A

Table Al. OPLS-DA model parameters.

Comparison Group R2X R2Y Q?
Lvs. CK 0.803 0.999 0.8
Ws. CK 0.838 0.999 0.702

LW vs. CK 0.942 0.999 0.902
LWwvs. L 0.874 0.999 0.757

LW vs. W 0.902 0.999 0.954
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Figure A1. Plot of OPLS-DA scores between different comparison groups: (A) L vs. CK, (B) W vs. CK,
(C) LW vs. CK, (D) LW vs. L and (E) LW vs. W.
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