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Effects of different flowering
stages on secondary metabolites
in Bletilla striata flowers analyzed
by GC-MS and LC-MS
Lin Yang1,2, Xue Han1,2,3, Hai Liu1,2, Yaya Chen1,2,
Mingkai Wu1,2* and Longyan Tan1,2,3*

1Guizhou Institute of Crop Germplasm Resources, Guizhou Academy of Agricultural Sciences,
Guiyang, China, 2Guizhou Engineering Research Center for the Cultivation and Planting of Chinese
Medicine Bletilla Striata, Guiyang, China, 3School of Pharmacy, Guizhou University of Traditional
Chinese Medicine, Guiyang, China
Bletilla striata, a precious traditional Chinese medicinal herb, has long lacked

systematic investigation into the dynamic patterns of secondary metabolites in

its flowers and their resource utilization potential. This study employed gas

chromatography-mass spectrometry (GC-MS) and liquid chromatography-mass

spectrometry (LC-MS) to comprehensively analyze the spatiotemporal distribution

and regulatory mechanisms of secondary metabolites in buds (B) and flowers (F) of

the geo-authentic cultivar B.striata ‘Gui Ji 1’ across four critical developmental

stages (P1-P4). Volatile components were dominated by esters (e.g., ethyl acetate

and ethyl propionate), with peak diversity (81 types) observed at the P3 stage,

where total ester content in flowers significantly exceeded that in buds (ethyl

acetate in P3-F reached 357.76 mg/g). Non-volatile components prominently

featured glycosides like Militarine, Dactylorhin E and organic acids, with P3-stage

floral organs exhibiting maximal accumulation of bioactive compounds (Militarine:

37.28 mg/g in P3-F; total polysaccharides: 115.58 mg/g; total flavonoids: 26.56

mg/g in P3-B). Principal component analysis (PCA) and orthogonal partial least

squares discriminant analysis (OPLS-DA) demonstrated that P3-stage flowers (P3-

F), enriched with both high-value bioactive components and characteristic

aromatic compounds, represent the optimal harvest window for medicinal and

fragrance product development, while buds (P3-B) serve as supplementary

sources for flavonoid-derived functional ingredients. This study pioneers the

construction of a metabolic dynamic atlas for B.striata flowers, revealing

coordinated regulatory mechanisms between floral organ development and

secondary metabolite accumulation. By shifting focus from traditional rhizome-

centric research to floral metabolic profiling, it provides scientific foundations for

holistic industrial chain development, precision harvesting strategies, and high-
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value product design. This study provides a scientific foundation for understanding

the dynamic changes of keymetabolites, thereby optimizing the harvesting time of

B.striata flowers. The findings suggest that the bud stage represents the optimal

period for extracting medicinal components.
KEYWORDS

Bletilla striata flower, gas chromatography-mass spectrometry (GC-MS), liquid
chromatography-mass spectrometry (LC-MS), volatile compounds, secondary metabolites
1 Introduction

Bletilla striata (Thunb.) Reichb.f., a renowned traditional

Chinese medicinal herb, has been widely utilized in traditional

medicine and health food industries for its therapeutic effects,

including reducing swelling, stopping bleeding, removing blood

stasis, and promoting tissue regeneration (He et al., 2017; Zhu et al.,

2023). The rhizome of B.striata is rich in bioactive compounds such

as bibenzyls, phenanthrenes, and polysaccharides, which exhibit

pharmacological activities like hemostasis, anti-inflammatory, and

antioxidant properties and have been applied in clinical

formulations for wound healing, hemostatic drugs, and functional

food additives as natural antioxidants, making it a critical resource

for clinical applications and health product development (Zhang

et al., 2019; Wu et al., 2024; Wu et al., 2025). Beyond the rhizome,

the flowers of B.striata, as reproductive organs of the orchid family,

not only possess ornamental value but also contain volatile

components, flavonoids, and glycosides, highlighting their

potential for medicinal and edible applications (Xu et al., 2019;

Fang et al., 2022; Han et al., 2023). However, current research on

B.striata flowers has predominantly focused on the extraction of

active constituents, while systematic investigations into the dynamic

accumulation patterns of secondary metabolites in floral organs and

the regulatory mechanisms during flowering remain scarce, limiting

the rational development of floral resources for industrial

applications. Elucidating these mechanisms would facilitate

optimized cultivation practices, enhance medicinal efficacy

evaluation, and unlock new avenues for diversified product

development inpharmaceutics, food science, and horticulture.

The natural flowering period of B.striata spans from April to

June, during which buds and flowers on the inflorescence axis

undergo gradient developmental stages accompanied by intricate

metabolic regulation. Studies have shown that metabolic profiles in

petals and buds shift significantly during plant flowering due to

physiological functional transitions, such as anthocyanin

accumulation for pollinator attraction and the synthesis of

defensive flavonoids for tissue protection (Yang et al., 2019;

Penfield, 2024). For B.striata , floral organs at different

developmental stages may exhibit distinct chemical compositions

and bioactivities, with these dynamic variations directly influencing
02
harvest timing and product quality. Nevertheless, systematic studies

on the metabolic changes in B.striata flowers across flowering stages

are lacking, resulting in a scientific gap that hinders evidence-based

resource utilization.

Advances in modern analytical technologies have provided

robust tools for investigating the bioactive components and quality

of B.striata flowers. Gas chromatography-mass spectrometry (GC-

MS) and liquid chromatography-mass spectrometry (LC-MS), two

high-efficiency analytical techniques, are widely applied in

pharmaceutical and phytochemical analyses (Borghi et al., 2022).

GC-MS is primarily used for volatile compound profiling, while LC-

MS excels in non-volatile component characterization. The

integration of these methods enables comprehensive coverage of

plant secondary metabolite diversity (Li et al., 2022). In this study,

we employed GC-MS and LC-MS for the first time to analyze buds

and flowers of B.striata across four critical flowering stages (P1–P4),

aiming to elucidate the dynamic patterns of volatile and non-volatile

components, clarify metabolic differences between buds and flowers,

and establish a theoretical foundation for determining optimal

harvest windows and enhancing value-added utilization.

Using the geo-authentic cultivar B.striata ‘Gui Ji 1’ from

Guizhou Province as the study material (Zhang et al., 2022), we

systematically characterized metabolites from the initial flowering

to senescence stages through GC-MS and LC-MS, combined with

principal component analysis (PCA) and orthogonal partial least

squares discriminant analysis (OPLS-DA) to identify key

differential components. The findings not only fill the research

gap in understanding metabolic dynamics during B.striata

flowering but also provide scientific support for developing

functional products derived from its flowers. This work holds

significant implications for extending the industrial chain of

B.striata and promoting efficient resource utilization.
2 Materials and methods

2.1 Materials and reagents

Fresh flowers of the B.striata cultivar ‘Gui Ji 1’ were collected

from the medicinal plant germplasm nursery of the Guizhou Crop
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Variety Resources Institute. All plants were cultivated under semi-

wild conditions beneath secondary forest canopy (50-60% density)

without fertilizer application, with nutrient supply relying

exclusively on natural litter mineralization. Throughout the

cultivation period, no significant occurrence of diseases or pests

was observed, and biotic stress remained at an extremely low level.

Meanwhile, through measures such as deploying hail nets during

risk periods and improving drainage systems, the impact of abiotic

stress was effectively avoided, providing a stable environment for

plant growth. All reagents and reference standards, including

glucose, rutin, and proanthocyanidin (purity >99%, Wuhan

Zhongbiao Technology Co., Ltd., China), met analytical

requirements, and organic solvents were of analytical or

chromatographic grade.
2.2 Instruments and equipment

Instrumentation included an Agilent 7890A-5975C GC-MS

system (Agilent Technologies, USA), a manual solid-phase

microextraction (SPME) device with a PDMS/CAR/DVB fiber (50/

30 mm, 2 cm; Supelco, USA), an HP8453 UV-Vis spectrophotometer

(Aoyi Instruments, Shanghai), a BSA2202S-CW electronic balance

(Youke Instrument, Shanghai), and a CTFD-18S freeze dryer

(Qingdao Yonghe Chuangxin Electronics, China).
2.3 Experimental procedures

2.3.1 Flower collection and processing
Fresh flowers of the B.striata cultivar ‘Gui Ji 1’ (a biennial plant)

were collected from Guizhou Academy of Agricultural Sciences.

Over four developmental stages (P1–P4), collections were

conducted at 7-day intervals, encompassing a total sampling

period of 21 days. For each sampling event, 500 g fresh weight

was harvested for both flower buds and fully opened flowers, with

the former labeled as B and the latter as F (see Table 1 for detailed

sampling criteria). Based on the team’s previous research findings,

the following method was used for sample processing: The collected

flowers were gently rinsed under running water for 15 seconds, then

flash-frozen at -80 °C for 12 hours, and subsequently lyophilized for

24 hours to obtain dried samples. Finally, the samples were

aliquoted into sealed containers and stored at 4 °C (Han et al.,

2023). Collected flowers were rinsed under running water for 15 s,
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flash-frozen at -80 °C for 12 h, and lyophilized for 24 h to obtain

dried samples, which were then stored at 4 °C in sealed containers.

2.3.2 Determination of total polysaccharides,
total flavonoids, and anthocyanins

Lyophilized samples were equilibrated to room temperature,

pulverized, and sieved (200-mesh). A 1.0 g aliquot was mixed with

20 mL of deionized water (for polysaccharides) or anhydrous

ethanol (for flavonoids and anthocyanins), followed by ultrasonic

extraction (30 min), centrifugation, and filtration to obtain test

solutions. Total polysaccharides were quantified using the phenol-

sulfuric acid method (SN/T 4260-2015), total flavonoids via

spectrophotometry (SN/T 4592-2016), and anthocyanins by HPLC

(NY/T 3164-2017), adhering to export food testing standards.

2.3.3 GC-MS analysis
2.3.3.1 Experimental procedure

Refrigerated samples were equilibrated at room temperature for

2 hours, pulverized, and sieved through a 200-mesh sieve. An

aliquot of the powdered sample was transferred to a 15 mL

extraction vial and sealed immediately. The SPME fiber was

conditioned in the GC-MS inlet at 240 °C until no contaminant

peaks were detected. The vial was placed on a solid-phase

microextraction (SPME) device set to 60 °C with a stirring speed

of 500 rpm. After preheating the vial for 15 minutes, the SPME fiber

was inserted through the vial cap into the headspace, positioned

approximately 1.0 cm above the sample surface, and exposed for 50

minutes. The fiber was then retracted, removed from the vial, and

inserted into the GC-MS inlet, where it was desorbed at 240 °C for 3

minutes before analysis.

2.3.3.2 Chromatographic conditions, column

DB-WAX (30.0 m × 250 mm, 0.25 mm). Temperature Program:

Initial: 40 °C (held for 2 minutes). Ramp 1: 3 °C/min to 85 °C (held

for 2 minutes).Ramp 2: 2 °C/min to 110 °C (held for 2 minutes).

Ramp 3: 5 °C/min to 160 °C (held for 1 minute). Ramp 4: 5 °C/min

to 220 °C (held for 5 minutes). Inlet: 240 °C. Transfer Line: 230 °C.

Carrier Gas: Helium at 1 mL/min (splitless mode).

2.3.3.3 Mass spectrometry conditions

Ionization: Electron Ionization (EI) source with 70 eV electron

energy. Temperatures: Ion Source: 230 °C. Quadrupole: 150 °C.

Scan Mode: Full scan with a mass range of 35–500 u.
TABLE 1 Developmental stages and grouping criteria for B.striata flower samples.

Periods Periods 1 (3 April) Periods 2 (10 April) Periods 3 (17 April) Periods 4 (24 April)

Classification Bud Flower Bud Flower Bud Flower Bud Flower

No. P1-F P1-B P2-F P2-B P3-F P3-B P4-F P4-B

Descriptions

On the inflorescence axis,
only one white flower is in
full bloom, while others are
still in bud.

Above half of the inflorescence axis
are all flower buds, while below half
are fully bloomed white flowers,
without any faded white flowers.

The inflorescence axis only has
flower buds at the top, while
above three-fourths of it are fully
bloomed white flowers.

The inflorescence axis has only
1flower buds at the top, with faded or
fallen white flowers below half, while
the rest are fully bloomed white
flowers.
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2.3.3.4 Qualitative analysis

Detected components were identified by matching mass spectra

against the NIST11 database and retention times. Column bleed

peaks were excluded during database screening to ensure accurate

compound identification.

Using n-decanol (mass concentration: 100 mg/mL) as the

internal standard, the mass concentration of each component was

calculated by multiplying the ratio of its peak area to the internal

standard’s peak area by the internal standard’s concentration. The

formula is expressed as

Mass concentration of volatile components(mg=g)

=
Compositional peak area �Mass concentration of internal standard material(mg=g)

Internal standard peak area
2.3.4 LC-MS analysis
The UPLC system was a Dionex Ultimate 3000 (Thermo Fisher

Scientific, CA, USA) with Orbitrap Exploris™ 240 mass

spectrometer (Thermo Scientific, San Jose, USA) equipped with a

heat electrospray ionization (HESI) source in positive mode. The

capillary voltage setting was set to +3.5 kV during the operation of

the instrument. The flow rate of the gas in the sheath was 30

arbitrary units. The auxiliary as was 10 arbitrary units, and the

temperature was 350 °C. The capillary temperature was 320 °C. The

full MS scan was in the range of 50–500 m/z. and obtained using a

mass resolution of 60000 (full width at half maximum). The

maximal injection time was 50 ms, and the automatic-gain

controlled objective setting was normal. All individual

degradation-product extracted-ion chromatograms were rebuilt

from full scan data with a mass tolerance of 5 ppm (adequate for

minimizing the background noise and distinguishing the interfering

and analyte signals). In MS2 mode, the resolution was 17500, and

samples were analyzed at 10, 30, and 60 normalized collisional

energy. The spectra were analyzed using Xcalibur 4.0 software

(Thermo Fisher Scientific). Metabolites product identifications

were carried on Compound Discovery 3.0 (Thermo Fisher

Scientific., CA, USA).

Metabolites product was separated using a T3 column (1.7 mm

× 150 mm, 1.8 μm, Waters, Ireland). The mobile phase consisted of

solvent A, water with 0.1% formic acid, and solvent B, acetonitrile.

The injection volume was 2 μL. The gradient was 1%B for 1.5 min

and was linearly increased to 99% in 11.5 min and kept for 3.5 min.

The gradients were at a flow rate of 0.3mL/min, and the column

temperatures were 25°C.
2.4 Statistical analysis

All experiments were performed in triplicate. Data were collated

and summarized using Microsoft Excel. Statistical analyses,

including ANOVA or one-way ANOVA, were conducted with

SPSS 22.0 software. Multivariate analyses (PCA and OPLS-DA)

were performed using SIMCA 14.1. Graphical representations were

generated with GraphPad Prism 8.0. All experiments were

conducted in triplicate (n=3).
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3 Results and analysis

3.1 Morphological characteristics of
B.striata across flowering stages

Floral samples were collected according to the stages defined in

the Methods section (Figure 1). At the initial flowering stage (P1),

when the first flower began to bloom, both flowers and buds were

sparse and concentrated at the apex of the short inflorescence axis.

One week after the first flower opened (P2), the inflorescence axis

elongated, with fully bloomed flowers at the base and continued bud

differentiation at the apex. By the second week (P3), the

inflorescence axis reached its maximum length; flowers at the

base transitioned from full bloom to senescence, while the apex

still produced new buds. By the third week (P4), the inflorescence

axis ceased elongation, with basal flowers showing advanced

senescence or abscission, and minimal bud differentiation

observed at the apex.
3.2 Analysis of total polysaccharides,
anthocyanins, and total flavonoids

Analyzing the contents of total polysaccharides, anthocyanins,

and total flavonoids in buds and flowers across different

developmental stages revealed a shared trend of initial increase

followed by decline for all three components (Figure 2). Results

revealed a shared trend of initial increase followed by decline for all

three components. Total polysaccharides and anthocyanins peaked

at stage P3, while total flavonoids reached their maximum at stage

P2. Notably, total flavonoid content in buds consistently exceeded

that in flowers during stages P2–P4, suggesting that flavonoids may

serve as key regulators of bud development (Pei et al., 2023). In

contrast, polysaccharides and anthocyanins likely accumulate to

meet functional demands during full bloom (e.g., nectar production,

pigmentation) and are subsequently recycled during floral

senescence (Tremlová et al., 2021). These dynamic shifts in

bioactive compound levels between buds and flowers may reflect

distinct physiological strategies: bud-specific flavonoid enrichment

could protect immature tissues, while post-anthesis fluctuations in

polysaccharides and anthocyanins may align with pollinator

attraction and energy reallocation (Castaldo et al., 2023). These

findings provide a theoretical basis for optimizing harvest timing

(targeting peak bioactive compound levels) and selecting

appropriate floral organs (buds vs. flowers) for specific applications.
3.3 GC-MS analysis

GC-MS analysis of eight sample groups (Table 2) identified 86

volatile components. The highest compositional diversity was

observed in P2-F (flowers at stage P2) and P3-B (buds at stage

P3), while P1-F (flowers at stage P1) and P4-B (buds at stage P4)

exhibited the lowest diversity. Notably, flowers contained a broader

range of volatile compounds than buds across all stages except P2.
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In terms of abundance, esters dominated the volatile profile, with

ethyl acetate and ethyl propionate as the most abundant

components, followed by butyl acetate. These ester compounds

constitute the primary source of the characteristic fragrance in

B.striata flowers. Additional high-abundance volatiles included

alkanes such as 2,4-dimethylheptane, 10-methylnonadecane, and

derivatives of palmitic acid (e.g. , palmitamide), which

synergistically contribute to the unique aromatic signature of

the flowers.
Frontiers in Ecology and Evolution 05
Buds of B.striata contained fewer volatile components compared

to flowers, with only 5.6% of shared components between the two

organs, indicating significant divergence in volatile profiles (Figure 3).

Across developmental stages, 17 common components were detected

in all four stages, while stage P3 exhibited the highest number of

unique components (40 species). Notably, P3 also showed the

greatest diversity of volatile compounds (81 components),

suggesting that stage P3 may represent the period of most

distinctive fragrance in B.striata flowers.
FIGURE 2

Content of bioactive components (total polysaccharides, flavonoids, and anthocyanins) in B.striata flowers across developmental stages (P1–P4).
*P<0.05; **,P<0.01; ns, P>0.05.
FIGURE 1

Morphology of B.striata flowers and buds across developmental stages (P1–P4).
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TABLE 2 Content of volatile components (mg/g) in B.striata flowers across developmental stages (P1–P4).

No. Name RT [min] P1-B P1-F P2-B P2-F P3-B P3-F P4-B P4-F

1 Heptane, 2,4-dimethyl- 2.38 40.01 16.24 24.17 14.47 15.81 15.04 18.97 17.76

2 Ethyl Acetate 2.62 271.82 233.00 100.00 286.72 136.67 357.76 180.75 204.12

3 Propanoic acid, ethyl ester 3.23 280.04 244.87 296.50 277.94 299.25 288.74 282.74 276.96

4 n-Propyl acetate 3.39 34.35 27.18 31.39 32.85 34.73 34.56 36.69 32.59

5 sec-Butyl acetate 3.53 71.42 61.78 78.85 67.65 77.01 73.70 70.33 67.57

6 Decane, 2,4-dimethyl- 3.72 6.16 5.63 8.21 – 6.10 – 6.76 5.76

7 Nonane 3.8 – 2.70 3.98 – – – – –

8 Decane, 4-methyl- 3.85 13.37 10.77 16.30 9.29 12.17 12.72 12.88 10.44

9 Butanoic acid, ethyl ester 4.16 6.34 6.33 8.27 6.40 7.87 7.57 7.78 6.71

10 Dodecane 4.21 21.01 23.02 39.27 16.16 22.07 19.97 19.62 21.48

11 Nonadecane 4.28 3.26 – – 2.28 3.67 3.31 3.73 3.72

12 Undecane, 4,7-dimethyl- 4.29 – 3.89 – – – – – –

13 Sulfurous acid, isohexyl 2-pentyl ester 4.29 – – 7.21 – – – – –

14 Acetic acid, butyl ester 4.74 106.93 93.07 118.58 100.07 1115.58 106.19 100.52 100.88

15 Undecane, 5,7-dimethyl- 5.08 2.30 3.35 6.25 – 2.76 2.65 2.59 –

16 1-Butanol 6.14 32.23 – – – – 35.56 33.03 –

17 Naphthalene, decahydro-, trans- 6.3 – – – – – 8.70 – –

18 Undecane, 3,5-dimethyl- 6.48 – – 3.48 – – – – 1.32

19 3-Heptanone, 2-methyl- 6.61 internal standard

20 9-methylheptadecane 7.71 – – 3.08 – – – – 1.13

21 Naphthalene, decahydro-, cis- 7.79 – – – – – 8.24 – –

22 Sulfurous acid, butyl decyl ester 7.92 – 1.61 – – – 1.51 1.39 1.54

23 Hexadecane 8.24 – 1.09 2.48 – – 1.99 – –

24 Sulfurous acid, decyl hexyl ester 8.51 4.72 6.83 13.25 3.12 5.47 5.49 5.15 5.46

25 10-Methylnonadecane 8.6 14.01 17.27 32.71 9.65 15.08 14.81 13.14 14.47

26 Undecane, 5-ethyl- 9.87 – 3.00 6.08 – 2.63 3.80 2.17 2.27

27 Oxalic acid, 6-ethyloct-3-yl heptyl ester 11.9 – – 1.94 – – – – –

28 Tetradecane 12.34 – – – – – 6.10 – –

29 Acetic acid 13.4 – – – – 26.77 – – –

30 Heptacosane 13.61 8.61 11.42 21.90 5.91 10.52 10.20 8.65 9.28

31 Heptadecane 13.84 1.78 2.60 6.13 – 2.04 2.33 1.97 1.94

32 Decane, 3-ethyl-3-methyl- 14.82 – 1.44 3.10 – – 2.17 – –

33
1,6-Octadien-3-ol, 3,7-dimethyl-, 2-
aminobenzoate

15.99 – – – – – 13.71 – –

34 1-Octanol 16.16 – – – – – 9.06 – –

35 Terpinen-4-ol 17.04 – – – – – 7.32 – –

36
Cyclohexanol, 5-methyl-2-(1-methylethyl)-,
(1.alpha.,2.beta.,5.alpha.)-(.+/-.)-

17.82 – – – – – 4.93 – –

37 Sulfurous acid, hexyl undecyl ester 17.94 – – 2.99 – – – – –

(Continued)
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TABLE 2 Continued

No. Name RT [min] P1-B P1-F P2-B P2-F P3-B P3-F P4-B P4-F

38 Hexatriacontane 18 5.17 5.42 11.16 2.99 5.00 5.18 4.21 4.93

39 Octadecane, 1-chloro- 18.12 – 2.24 5.53 – – 2.48 – 1.66

40 Octadecane 18.31 – 0.67 2.83 22.82 – 10.39 – –

41 Tetradecane, 2,6,10-trimethyl- 18.8 – – 2.18 – – 1.34 – –

42
Silane, [[4-[1,2-bis[(trimethylsilyl)oxy]ethyl]-
1,2-phenylene]bis(oxy)]bis[trimethyl-

19.03 – – – 1.40 – – – –

43 Hexadecane, 2,6,10,14-tetramethyl- 20.07 – – 2.65 – – 7.43 – –

44 Octadecane, 1-iodo- 20.87 4.34 4.43 9.08 – 4.63 5.53 3.41 3.70

45 1-Nonadecene 20.97 – – – – 8.51 – – –

46 Undecane, 5-ethyl-5-propyl- 20.99 – – 4.40 – – – – –

47 Tetracosane 21.13 3.42 4.10 8.77 – – 4.33 2.72 3.15

48 1-Hexanol, 5-methyl-2-(1-methylethyl)- 21.21 – – – – – 3.48 – –

49 Dodecane, 2-methyl-6-propyl- 21.45 – 1.58 – – – – – –

50 Cyclodecane 22.39 – – – – 3.48 13.37 – –

51
Phosphonofluoridic acid, (1-methylethyl)-,
propyl ester

22.61 – – – – – – – 2.27

52 Borane, diethyl(decyloxy)- 23.05 – 1.25 – – – – – –

53 Hexadecane, 2-methyl- 23.14 – 1.64 4.24 – – – – –

54 Triacontane 23.26 – 3.18 7.14 – – 4.30 – 2.05

55 Phenol, 2-methyl- 23.54 6.17 4.98 10.14 4.26 9.69 7.00 5.85 4.40

56 Octacosane 24.79 – 2.08 – – – 29.24 – –

57 Hexadecanoic acid, methyl ester 24.95 – – – – 5.59 2.64 – –

58 Decane, 3,8-dimethyl- 25.18 – – 4.35 – – – – –

59 Oxalic acid, dodecyl isobutyl ester 25.22 – – – – – 4.99 – –

60
6,7-Dihydro-2-methylamino-4H-oxazolo[3,2-a]-
1,3,5-triazin-4-one

25.41 – – – – – 3.42 – –

61 Tricosane 25.72 5.70 9.26 12.67 4.93 7.48 29.28 5.27 5.89

62 Benzofuran, 2,3-dihydro- 26.46 – – – 3.14 4.06 4.90 3.96 –

63 Eicosane 26.94 – – 6.68 – – – – –

64 9-Octadecenoic acid, methyl ester, (E)- 27 – – – – 19.55 – – –

65 Octadecanamide 27.2 – – – 22.82 – 16.91 – –

66 10,13-Octadecadienoic acid, methyl ester 27.41 – 4.77 4.39 2.93 5.30 15.15 – 2.69

67
Carbonic acid, octadecyl 2,2,2-trichloroethyl
ester

27.49 – 3.46 4.15 1.99 2.50 3.75 – 2.66

68 3,6-Octadien-1-ol, 3,7-dimethyl-, (Z)- 27.69 – – – – – 4.94 – –

69 Phthalic acid, isobutyl 4-methylpent-2-yl ester 27.81 – – – – – 6.08 – –

70 Ditetradecyl ether 28.12 – – 4.03 – – – – –

71 Ethanol, 2-(hexadecyloxy)- 28.25 3.50 4.44 3.86 2.73 4.22 13.82 3.54 3.18

72 Tetratetracontane 28.42 – – 3.97 – 1.31 2.71 – 2.89

73 Sulfurous acid, butyl tetradecyl ester 28.49 – – – – – – – 4.23

(Continued)
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3.4 Principal component analysis and
orthogonal partial least squares
discriminant analysis of major volatile
components

Volatile components with concentrations exceeding 10 mg/mL

were summarized in Table 3, comprising a total of 10 compounds

labeled as X1–X10. These components were predominantly

lipid derivatives.

PCA and OPLS-DA were performed on these components. The

results are as follows: The cumulative R²X value of the first two

principal components reached approximately 0.8, indicating strong

overall model fitness to the data (Figure 4A). Distinct separation
Frontiers in Ecology and Evolution 08
trends were observed in the principal component space, with samples

P2-F, P1-B, and P3-F being markedly distant from other groups,

while P2-B, P3-B, P4-B clustered closer to P1-F and P4-F (Figure 4B).

This suggests that the volatile profiles of buds (e.g., P1-B) resemble

those of early- or late-stage flowers, whereas flowers at stages P2 and

P3 exhibit greater compositional complexity. The isolation of P1-B

may stem from its limited or oversimplified volatile composition.

PCA analysis further confirmed that stages P2 and P3 are

characterized by the richest diversity of major volatile components

in B.striata flowers, signifying these periods as optimal for harvesting.

The OPLS-DA analysis yielded results consistent with PCA. As

shown in Figure 5A, the cumulative R²X value of the first two

components reached approximately 0.8, demonstrating strong
TABLE 2 Continued

No. Name RT [min] P1-B P1-F P2-B P2-F P3-B P3-F P4-B P4-F

74 1-Chloroeicosane 28.54 – – – – – 15.99 – –

75 Hentriacontane 29.14 6.89 7.31 8.09 6.49 9.85 22.84 8.68 6.42

76 Heptafluorobutyric acid, pentadecyl ester 29.27 – 1.53 1.98 – – – – –

77 Ethanol, 2-(dodecyloxy)- 30.17 – 4.30 8.16 – – – – –

78 trans-Cinnamic acid 30.86 – – 20.05 – 21.49 12.20 – –

79 2-Propenoic acid, 3-phenyl- 30.89 13.31 2.55 – 6.08 – – 17.37 –

80 n-Hexadecanoic acid 31.45 46.80 53.42 94.85 45.73 58.98 47.77 37.04 46.00

81 1-Heptacosanol 31.85 10.77 5.35 10.56 7.31 11.28 9.70 9.92 6.69

82 Benzaldehyde, 2-hydroxy- 32.15 7.16 – 7.46 3.68 4.13 3.51 – –

83 Benzenemethanol, 3-hydroxy- 32.27 10.13 4.33 4.00 6.45 14.69 10.38 10.20 6.34

84 Octadecanoic acid 35.12 9.11 13.67 33.93 10.82 – – 7.42 –

85 Bis(2-ethylhexyl) phthalate 36.36 – – 18.06 – – 131.85 – –

86 9,12-Octadecadienoic acid (Z,Z)- 37.15 – – – – 15.35 – – –

87 Hexadecanamide 37.26 54.16 80.75 88.44 58.95 78.39 72.04 61.01 67.22
fron
Bold indicates standard samples.
FIGURE 3

Venn diagram of shared and unique volatile components in B.striata flowers and buds.
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overall model fitness. A negative intercept was observed for the

permutation Q² value (R² = 0.558), with the original model’s Q²

exceeding permuted values—this confirms the model’s reliability

without overfitting and validates its classification capability

(Figure 5B). Buds and flowers exhibited clear separation in the

score plot, indicating significant inter-group differences (high

discriminative power) (Figure 5C). Distinct clustering patterns were

observed across flowering stages in the score plot: P3 and P4 groups

displayed intra-group homogeneity (tight clustering) and inter-group

heterogeneity, suggesting stage-specific metabolic signatures

(Figure 5D). Further analysis (Figures 5E, F) identified X3, X4, X5,

and X7 as core discriminatory variables with VIP values >1,

highlighting their significant contributions to group classification.

Except for X3, these components showed positive correlations,

suggesting that X4, X5, and X7 may serve as key signature volatiles

responsible for the characteristic fragrance of B.striata flowers.

3.4.1 LC-MS analysis
LC-MS analysis of eight sample groups (Table 4) identified and

annotated 115 secondary metabolites, with glycosides and esters as the
Frontiers in Ecology and Evolution 09
dominant classes, followed by organic acids. Notably, compounds such

as DactylorhinE, 6-O-[(2E)-3-(3,4-Dihydroxyphenyl)-2-propenoyl]-

D-glucopyranose, 1-O-(4-coumaroyl)-beta-D-glucose, Militarine, and

Ethyl [(5-amino-1H-1,2,4-triazol-3-yl)sulfanyl]acetate exhibited

significantly higher concentrations compared to other components.

Militarine, a quality marker for B.striata specified in the Chinese

Pharmacopoeia, is synthesized via the phenylpropanoid pathway.

The other highlighted compounds are critical intermediates in

the biosynthetic or glycoside metabolic pathways of B.striata

(Li et al., 2024).

While these components were abundant across all stages, their

levels varied temporally. In P1-B (buds at stageP1), 1-O-(4-

coumaroyl)-beta-D-glucose and Militarine were relatively low,

whereas Dactylorhin E reached its highest concentration among

all groups. P2-B (buds at stage P2) showed reduced levels of 1-O-(4-

coumaroyl)-beta-D-glucose, with overall lower abundances of these

compounds, potentially linked to environmental factors and the

physiological state offlowers during harvesting. In contrast, stage P3

exhibited peak accumulations: total concentrations of these four

components reached 278.96 mg/g in P3-B (buds) and 252.19 mg/g
TABLE 3 Major volatile components identified in B.striata flowers.

Name RT [min] P1-B P1-F P2-F P2-B P3-B P3-F P4-B P4-F

Heptane, 2,4-dimethyl(X1) 2.38 40.01 16.24 24.17 14.47 15.81 15.04 18.97 17.76

Ethyl Acetate(X2) 2.62 271.82 233.00 100.00 286.72 136.67 357.76 180.75 204.12

Propanoic acid, ethyl ester
(X3)

3.23 280.04 244.87 296.50 277.94 299.25 288.74 282.74 276.96

n-Propyl acetate(X4) 3.39 34.35 27.18 31.39 32.85 34.73 34.56 36.69 32.59

sec-Butyl acetate(X5) 3.53 71.42 61.78 78.85 67.65 77.01 73.70 70.33 67.57

Dodecane(X6) 4.21 21.01 23.02 39.27 16.16 22.07 19.97 19.62 21.48

Acetic acid, butyl ester(X7) 4.74 106.93 93.07 118.58 100.07 115.58 106.19 100.52 100.88

10-Methylnonadecane(X8) 8.6 14.01 17.27 32.71 9.65 15.08 14.81 13.14 14.47

n-Hexadecanoic acid(X9) 31.45 46.80 53.42 94.85 45.73 58.98 47.77 37.04 46.00

Hexadecanamide(X10) 37.26 54.16 80.75 88.44 58.95 78.39 72.04 61.01 67.22
fro
FIGURE 4

PCA analysis of major volatile components in B.striata flowers. (A) Explained variance plot of PCA, (B) PCA score plot.
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in P3-F (flowers). This suggests an initial metabolic investment in

Militarine storage to support flowering, followed by rapid

consumption during bloom initiation and subsequent

upregulation of synthesis in both buds and flowers at P3. Post-P3,

metabolic activity declined, with components either degraded or

translocated to rhizomes for future physiological needs.

These findings imply that timely removal of flowers during the

flowering period may preserve bioactive compounds in the

rhizomes. For harvesting flowers as byproducts, stage P3 is

optimal: buds (P3-B) maximize retention of active ingredients,

while flowers (P3-F) balance slightly reduced bioactive levels with

peak volatile diversity. Thus, P3-F represents the optimal harvest

window for applications requiring both medicinal and

aromatic properties.
Frontiers in Ecology and Evolution 10
3.4.2 Principal component analysis and
orthogonal partial least squares discriminant
analysis of major components in LC-MS

Components with concentrations exceeding 10 mg/mL in the

LC-MS analysis were compiled into Table 5, totaling 12 compounds

labeled as Y1–Y12. These were predominantly glycosides and ethyl

[(5-amino-1H-1,2,4-triazol-3-yl)sulfanyl]acetate, with Militarine—

a quality marker for B.striata pharmacopeial standards—being

abundantly present in the flowers.

PCA and OPLS-DAwere applied to these components. As shown

in Figure 6A, the cumulative R²X value of the first two principal

components exceeded 0.75, indicating strong overall model fitness.

Figure 6B demonstrates distinct separation trends in the principal

component space: buds and flowers were significantly differentiated
FIGURE 5

Orthogonal partial least squares discriminant analysis (OPLS-DA) of major volatile components in B.striata flowers. (A) R² and Q² bar plot of OPLS-DA
model, (B) Permutation test plot of OPLS-DA model, (C, D) OPLS-DA score plots grouped by organ (flowers vs. buds) and developmental stage,
(E) variable importance in projection (VIP) values bar plot from OPLS-DA, (F) variable contribution plot of OPLS-DA.
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TABLE 4 Content of non-volatile components (mg/g) in B.striata flowers across developmental stages (P1–P4).

No. Name RT [min] P1-B P1-F P2-B P2-F P3-B P3-F P4-B P4-F

1
3,4-Dihydroxy-6-(hydroxymethyl)-5-
methoxytetrahydro-2H-pyran-2-one

1.472 0.16 0.97 0.71 1.02 0.70 0.72 0.94 1.16

2 Tetrolic Acid 1.654 1.56 1.26 2.69 2.20 1.58 2.39 2.93 1.79

3 Pyruvic acid 1.664 5.14 5.80 8.35 9.51 7.39 6.54 7.25 8.44

4 5-Hydroxymethyl-2-furaldehyde 1.671 0.92 0.81 1.17 1.74 1.09 2.31 1.47 1.18

5 4-Hydroxy-2-butynoic acid 1.679 0.89 1.42 2.33 2.75 1.18 2.46 2.38 1.39

6 L-Tyrosine 2.168 0.16 0.18 0.11 0.78 0.38 0.83 0.61 0.44

7 L-Isoleucine 2.199 0.82 1.31 1.07 1.27 0.90 1.21 0.80 0.96

8 Piperidine 2.202 0.34 0.48 0.44 0.52 0.48 0.51 0.35 0.45

9 NPYR 2.312 5.37 6.34 6.00 7.19 6.84 6.25 4.98 4.60

10 1-Amino-3-isopropoxy-2-propanol 2.591 0.40 0.60 0.56 0.45 0.40 0.39 0.33 0.40

11 Deanol 2.596 1.96 2.01 2.96 2.71 2.45 2.03 1.76 1.90

12 Ala-Tyr 2.660 1.36 0.22 0.30 0.36 0.25 0.21 0.57 0.35

13
N-[(3S)-1-Amino-4-methyl-1-oxo-3-pentanyl]-
6-(cyclopropylmethoxy)-5-(3,3-difluoro-1-
azetidinyl)-2-pyrazinecarboxamide

4.017 1.58 0.88 1.40 0.47 0.87 0.45 2.25 1.34

14 2-Hydroxypropyl methacrylate 4.020 3.88 1.39 2.01 1.12 1.53 0.94 3.54 1.45

15 Adenosine 4.062 21.00 6.50 1.47 1.04 1.92 6.72 11.84 9.08

16
(2E)-1-(3,4-Dimethoxyphenyl)-3-
(dimethylamino)-2-propen-1-one

4.119 0.85 0.58 0.09 0.15 0.33 1.18 1.18 0.97

17
N-[4-(1,3-Dimethyl-1H-pyrazol-4-yl)-2-
pyrimidinyl]-N’-methyl-1,2-ethanediamine

4.181 1.55 1.12 2.67 1.81 1.36 1.20 1.09 1.11

18
N-sec-Butyl-5-methyl (He et al., 2017; Zhu
et al., 2023; Wu et al., 2024) triazolo[1,5-a]
pyrimidin-7-amine

4.207 1.55 1.12 2.67 1.81 1.36 1.22 1.09 1.11

19
(3S,4R,5R)-3,4,5-Trihydroxy-1-(2-
propoxyethyl)-2-piperidinone

4.289 0.65 0.23 0.51 0.09 0.35 0.11 0.62 0.32

20 4,6-Heptadiyn-3-one 4.319 5.30 1.07 1.71 1.78 2.07 0.85 2.64 2.00

21

(6R)-5-Acetamido-2,6-anhydro-6-[(1R,2R)-1-(2-
azidoethoxy)-2,3-dihydroxypropyl]-3,4,5-
trideoxy-4-[(diaminomethylene)amino]-L-
threo-hex-2-enonic acid

4.371 0.02 0.61 0.07 1.15 0.13 1.37 0.15 0.44

22 Dactylorhin E 4.381 55.98 181.83 46.44 79.89 145.17 155.07 57.26 99.70

23 D-(+)-Tryptophan 4.503 2.28 0.05 1.41 0.18 1.89 1.65 3.02 1.19

24
(5-Methyl-1H-pyrazol-4-yl){3-[5-
(trifluoromethyl)-1H-pyrazol-3-yl]-1-
piperidinyl}methanone

4.527 0.91 1.29 0.68 1.28 1.00 0.73 1.10 0.89

25
1,2,3,4,5-Pentamethoxy-6-[(E)-2-nitrovinyl]
benzene

4.530 15.13 18.00 6.98 20.67 14.97 13.47 22.07 15.61

26
4-Hydroxy-1-methyl-N-phenyl-1H-thieno[3,2-
c] (He et al., 2017; Zhu et al., 2023) thiazine-3-
carboxamide 2,2-dioxide

4.533 0.18 0.55 0.20 0.58 0.45 0.45 0.48 0.31

27
3,4-Diethoxy-N-(5-isopropyl-1,3,4-thiadiazol-2-
yl)benzamide

4.562 0.06 0.21 0.15 0.12 0.39 0.06 0.64 0.25

28 peniisocoumarin I 4.595 5.67 3.58 6.59 2.06 5.82 4.10 4.28 6.57

29 fraxinol 4.600 19.40 12.62 22.51 7.08 19.63 13.95 14.48 21.51

(Continued)
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TABLE 4 Continued

No. Name RT [min] P1-B P1-F P2-B P2-F P3-B P3-F P4-B P4-F

30 coniferyl aldehyde 4.601 0.68 0.44 0.74 0.18 0.61 0.40 0.55 0.52

31 Phenol 4.604 0.89 0.66 1.04 0.34 0.74 0.58 0.67 1.04

32
N’1-(3,4,5-trimethoxybenzylidene)-3-(4-
hydroxyphenyl)propanohydrazide

4.613 0.54 0.11 0.13 0.08 0.08 0.02 0.08 0.13

33 Chavicol I²̂-D-glucoside 4.640 1.98 0.42 1.01 1.07 1.63 0.47 1.89 1.16

34 Luteolin-3’,7-Diglucoside 4.746 1.69 4.47 3.09 5.91 4.09 5.53 3.91 4.19

35
6-O-[(2E)-3-(3,4-Dihydroxyphenyl)-2-
propenoyl]-D-glucopyranose

4.825 54.67 11.15 54.73 27.26 58.52 46.17 82.18 73.78

36 Heptaethylene Glycol 4.870 0.66 0.57 1.04 1.58 0.55 0.92 0.55 0.61

37 4-Coumaric acid 4.999 0.15 1.53 0.47 1.86 0.96 3.56 3.66 1.61

38
(2E)-3-(4-{[(2S,3R,4S,5S,6R)-3,4,5-trihydroxy-6-
(hydroxymethyl)oxan-2-yl]oxy}phenyl)prop-2-
enoic acid

5.002 0.33 4.22 1.31 4.85 2.71 7.69 4.21 3.60

39
2-O-Acetyl-1,3,5-trideoxy-3-nitro-4-O-[(4,7,7-
trimethyl-3-oxo-2-oxabicyclo[2.2.1]hept-1-yl)
carbonyl]pentitol

5.160 0.04 0.31 0.07 0.37 0.14 0.79 0.23 0.26

40
(2E)-3-(2-{[(2S,3R,4S,5S,6R)-3,4,5-trihydroxy-6-
(hydroxymethyl)oxan-2-yl]oxy}phenyl)prop-2-
enoic acid

5.165 0.29 4.14 0.97 5.55 1.90 10.68 3.69 3.15

41 2-Hydroxycinnamic acid 5.166 0.35 2.03 0.52 2.50 1.02 5.00 2.07 1.87

42
3,5-Dihydroxy-2-(4-hydroxyphenyl)-4-oxo-3,4-
dihydro-2H-chromen-7-yl hexopyranoside

5.221 1.30 0.04 1.42 0.75 1.11 0.84 1.69 1.07

43 1-O-(4-coumaroyl)-beta-D-glucose 5.236 35.48 2.49 31.32 6.09 26.56 13.67 58.50 25.82

44 Isoferulic acid 5.298 0.25 0.58 0.25 0.97 0.42 1.59 0.60 0.65

45 Benzyl a-D-mannopyranoside 5.358 2.49 0.10 2.73 0.25 3.25 0.55 5.52 0.75

46
{4-Fluoro-1-[6-(6-fluoro-5-isopropoxy-1H-
indazol-3-yl)-4-pyrimidinyl]-4-piperidinyl}
methanol

5.557 0.05 0.15 0.05 0.34 0.30 0.42 0.26 0.23

47 Geoside 5.933 13.06 6.74 7.97 5.39 9.50 9.29 9.65 12.59

48
2-(2-Methoxyethyl)-7-methyl-1’-propyl-2H-
spiro[chromeno[2,3-c]pyrrole-1,3’-indole]-2’,3,9
(1’H)-trione

6.187 0.11 0.35 0.15 0.72 0.53 0.86 0.81 0.49

49 4-Hydroxybenzaldehyde 6.407 11.02 48.47 15.35 39.17 5.74 6.62 7.15 9.30

50 Trifolin 6.619 5.69 1.85 3.45 2.06 4.21 1.29 5.42 3.62

51 Kaempferol 6.621 2.15 0.64 1.24 0.76 1.54 0.46 2.02 1.17

52 Astragalin 6.658 21.29 33.74 11.68 17.63 9.04 24.46 5.90 29.28

53
(2S,3R,4S,5S,6R)-3,4,5-trihydroxy-6-
(hydroxymethyl)oxan-2-yl (2E)-3-phenylprop-
2-enoate

6.775 0.26 1.24 1.24 1.35 2.06 1.66 2.16 1.29

54

(3aR,5S,5aR,8aS,8bR)-N-(3-Acetylphenyl)-
2,2,7,7-tetramethyltetrahydro-3aH-bis (He et al.,
2017; Zhang et al., 2019) dioxolo[4,5-b:4’,5’-d]
pyran-5-carboxamide

7.351 0.08 0.05 0.05 0.08 0.12 0.24 0.14 0.23

55 Militarine 7.464 65.52 8.73 68.49 35.02 48.70 37.28 62.19 46.29

56 Sanguinine 7.615 3.49 5.56 3.26 5.10 6.82 1.52 5.68 4.10

(Continued)
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TABLE 4 Continued

No. Name RT [min] P1-B P1-F P2-B P2-F P3-B P3-F P4-B P4-F

57
2,4,6-Trihydroxy-2-(4-hydroxybenzyl)-1-
benzofuran-3(2H)-one

7.751 1.89 0.71 1.09 1.24 1.47 2.08 1.03 3.98

58
{3-[2-{[1-(4-Fluorophenyl)-2-methyl-2-
propanyl]carbamoyl}-4-(propionylamino)
phenoxy]-4-methoxyphenyl}acetic acid

7.777 2.59 1.38 2.07 0.39 0.84 0.44 1.45 1.26

59

(1R,2S,3S,4S,4aR,11bS)-1,7-Dihydroxy-6-oxo-
1,2,3,4,4a,5,6,11b-octahydro (He et al., 2017;
Zhang et al., 2019) dioxolo[4,5-j]
phenanthridine-2,3,4-triyl triacetate

7.814 0.49 0.98 0.64 0.78 0.06 0.29 0.01 0.95

60 ACETAMINOTADALAFIL 7.816 1.53 1.02 1.65 1.19 1.32 1.31 1.86 1.53

61
N-(tert-butoxycarbonyl)-L-tryptophyl-L-alanyl-
L-alpha-asparagine

8.079 0.15 1.72 0.68 3.22 1.67 3.00 2.37 1.83

62
N-[(4-Oxo-4H-chromen-3-yl)carbonyl]-L-
leucyl-L-alpha-aspartyl-L-threoninamide

8.111 2.07 0.02 1.47 0.44 1.91 1.26 2.06 1.84

63 hexafluoro-2,2-propanediol 8.201 1.73 1.53 1.88 1.83 1.59 1.33 1.43 1.69

64 4-Methoxybenzeneethanol 8.663 13.42 23.58 11.77 16.29 11.50 25.15 6.37 24.90

65 3-Hydroxybenzyl alcohol 8.663 1.10 2.12 1.23 1.37 1.13 1.72 0.54 2.04

66
2-{7-[2-(Diethylamino)ethyl]-3-methyl-2,6-
dioxo-2,3,6,7-tetrahydro-1H-purin-1-yl}ethyl
3,4,5-trimethoxybenzoate

8.817 0.07 1.20 0.31 2.09 0.86 3.55 0.91 1.27

67 4-Tetradecanoyl-2,6-piperazinedione 9.111 0.63 0.42 1.60 1.34 0.49 1.02 0.52 0.48

68 Mikanin 3-galactoside 10.250 0.62 0.51 0.52 0.50 0.56 0.54 0.54 0.51

69
1-[6-(2-Hydroxypropyl)-1-methyl-1,2,3,6-
tetrahydro-2-pyridinyl]-2-butanol

11.521 3.90 2.72 3.69 4.14 3.15 3.10 3.60 3.12

70
2-(Methylsulfonyl)-3-(pyrazin-2-ylamino)
acrylonitrile

11.849 0.68 0.61 0.50 0.67 0.56 0.43 0.50 0.61

71 Ethyl (E,Z)-2,4-decadienoate 13.297 3.26 2.92 3.45 3.33 2.90 2.83 2.69 2.76

72 NORPROSTOL 13.303 10.42 9.50 10.99 10.78 9.32 9.29 8.82 9.06

73 Nonanoic acid 13.572 9.34 8.09 11.82 8.66 7.72 7.22 7.55 7.85

74
17,21-Dihydroxypregn-4-ene-3,11,20-trione 21-
(hydrogensuccinate)

13.633 1.46 0.33 0.45 0.70 0.56 0.60 0.52 0.37

75 Methyl Jasmonate 13.764 1.42 1.19 1.52 1.55 0.88 1.28 0.84 1.29

76 Decanoic acid 14.907 8.37 7.07 9.30 8.11 7.11 7.14 6.79 6.85

77

2-Methyl-2-propanyl (2S)-2-({(1R,2S)-1-
[(1R,2S)-2-(cyclohexylcarbamoyl)cyclopropyl]-
1,3-dihydroxy-2-propanyl}carbamoyl)-1-
pyrrolidinecarboxylate

15.623 0.54 4.38 4.24 0.59 1.34 0.37 0.64 1.27

78 Undecanoic acid 16.174 4.00 4.85 5.50 4.40 3.38 3.46 4.28 3.70

79 2-Amino-1,3,4-octadecanetriol 17.247 20.37 14.80 18.19 15.89 15.31 20.68 19.55 16.58

80 2,4-di-tert-Butylphenol 17.288 5.44 4.94 5.36 6.00 4.90 4.85 4.81 4.68

81 Coumarandione 17.326 2.03 1.53 1.82 1.80 1.66 1.75 1.63 1.90

82 Lauric acid 17.354 13.00 12.08 13.40 12.32 11.46 11.05 10.72 10.18

83 2,6-ditert-butyl-4-nitrophenol 17.608 1.37 1.17 1.28 1.32 1.13 1.12 0.27 1.16

84 Myristoleic acid 18.103 3.45 2.97 3.35 3.31 2.90 2.81 2.80 2.97

85 3-oxopalmitic acid 18.334 2.28 1.97 2.30 1.19 1.97 1.86 1.80 2.05

(Continued)
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across groups except for P2-B (buds at stage P2) and P3-F (flowers at

stage P3), which exhibited overlapping clustering due to their

temporal proximity in floral developmental progression. This

suggests marked compositional differences between buds and

flowers, with PCA effectively distinguishing floral organs at stages

P1, P2, and P4, thereby offering a robust method for quality
Frontiers in Ecology and Evolution 14
evaluation of B.striata flowers. However, at stage P3, the rapid

accumulation and peak levels of key bioactive components likely

reduced discriminative resolution, reflecting metabolic saturation

during this critical developmental phase.

The OPLS-DA results are as follows: In Figure 7A, the cumulative

R² values of the first two components exceeded 0.9, indicating strong
TABLE 4 Continued

No. Name RT [min] P1-B P1-F P2-B P2-F P3-B P3-F P4-B P4-F

86 Ethylamine, N,N-dinonyl-2-(2-thiophenyl)- 18.881 2.38 1.83 2.20 1.94 1.70 1.84 1.77 2.52

87 Cyclopentadecanolide 19.064 2.59 2.21 2.72 2.95 2.68 1.30 2.11 2.55

88 Oleic acid alkyne 19.156 18.33 18.57 13.93 19.53 17.67 30.43 13.01 22.52

89 Myristic acid 19.515 9.06 6.81 9.84 8.07 9.08 6.90 7.07 6.78

90
N-(2-Thienylmethyl)-N-undecyl-1-
undecanamine

19.708 4.49 3.88 4.60 4.43 3.59 3.67 2.94 3.34

91 D2-cis-Hexadecenoic acid 20.086 8.61 8.65 9.90 9.09 8.00 7.84 10.85 7.95

92 trans-10-Heptadecenoic acid 21.016 2.65 2.29 3.00 2.92 2.70 2.34 2.29 2.39

93 Palmitic acid 21.509 32.65 23.14 28.41 34.72 30.99 24.91 21.16 24.16

94 trans-Petroselinic acid 21.831 8.82 4.87 3.64 4.50 4.83 5.22 3.39 4.30

95 Di(2-ethylhexyl) phthalate 23.315 3.62 3.31 3.15 3.53 3.76 4.05 3.94 3.58

96 nonenenitrile 27.999 0.16 0.21 0.22 0.18 0.16 0.14 0.15 0.19

97 Ethephon 28.001 0.14 0.11 0.18 0.14 0.14 0.09 0.09 0.14

98 Triheptylamine 28.003 1.85 1.85 1.61 1.71 1.42 1.73 1.43 1.41

99 1,3-Dimethylbutylamine 28.004 5.47 6.00 5.92 5.58 5.07 5.31 4.91 4.15

100 DILAURYLMETHYLAMINE 28.004 0.49 0.48 0.43 0.43 0.35 0.43 0.33 0.36

101 Tridemorph 28.005 1.62 1.48 1.41 1.46 1.14 1.47 1.14 1.29

102 1-(Isopropylamino)-2-hexadecanol 28.005 0.84 0.95 0.89 0.95 0.76 0.85 0.80 0.76

103 spisulosine 28.011 0.17 0.21 0.40 0.64 0.61 0.53 0.41 0.44

104
(5Z)-3-Acetyl-5-(2-fluorobenzylidene)-2-thioxo-
1,3-thiazolidin-4-one

28.017 0.12 0.16 0.19 0.14 0.18 0.17 0.20 0.13

105 1-Butylpyrrolidine 28.023 0.07 0.08 0.08 0.07 0.07 0.07 0.06 0.06

106 Pteridine 28.041 1.37 2.99 1.56 1.24 1.68 1.44 1.04 1.10

107 N,N’-Dimethylsulfuric diamide 28.071 0.18 2.61 2.76 2.93 2.87 2.83 2.51 2.17

108 N,N’,N’’-Methanetriyltriformamide 28.074 13.63 13.54 14.46 14.67 12.82 11.97 12.40 10.25

109 Stearic Acid 28.082 2.24 1.85 2.14 1.86 1.94 1.58 1.72 1.55

110 cycloserine diketopiperazine 28.084 5.38 5.19 4.77 5.59 4.86 4.63 3.59 4.63

111
N-[4-(5-{(E)-[(5-Hydroxy-2,4-dioxo-1-
imidazolidinyl)imino]methyl}-2-furyl)phenyl]
acetamide

28.101 2.91 1.14 2.55 1.89 2.94 2.71 3.65 3.68

112
1,3,5-Trimethyl-4-[2-(1,3,5-trimethyl-1H-
pyrazol-4-yl)diaz-1-enyl]-1H-pyrazole

28.147 7.23 6.74 7.11 6.45 6.21 6.18 5.58 6.07

113 Triethylamine 28.235 11.20 10.55 10.64 10.19 9.69 9.00 8.78 10.38

114
Ethyl [(5-amino-1H-1,2,4-triazol-3-yl)sulfanyl]
acetate

28.393 131.05 112.46 136.02 154.99 121.03 107.54 112.99 107.41

115
(2Z)-11H-Indolo[1,2-b]indazol-11-
ylideneacetonitrile

28.398 12.40 11.32 12.54 12.42 12.11 10.36 10.11 10.30
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overall model fitness to the data. Figure 7B shows a negative intercept

for the permutation Q² value (R² = 0.695), with the original model’s Q²

surpassing permuted values, confirming the absence of overfitting and

validating the model’s reliability and classification capability. In

Figure 7C, samples from different developmental stages were

completely separated in the score plot, demonstrating significant

inter-group differences (high discriminative power), consistent with

PCA results. This highlights OPLS-DA’s superior separation efficacy

compared to PCA, suggesting its potential as a robust method for

quality assessment of B.striata floral organs. Figure 7D reveals distinct

clustering patterns across flowering stages: P1 and P2 groups exhibited

intra-group homogeneity, while P4-F (flowers at stage P4) emerged

as an outlier, likely due to advanced floral senescence. These

patterns collectively reflect intra-group homogeneity and inter-

group heterogeneity.

Further analysis (Figures 7E, F) identified Y1–Y5 and Y8–Y9 as core

discriminatory variables with VIP values >1, significantly contributing

to group classification. Among these, Y1–Y4 were glycosides, potentially
Frontiers in Ecology and Evolution 15
serving as stage-specific biomarkers. Notably, Y2–Y4 showed positive

correlations, underscoring glycosides as critical quality markers in

B.striata flowers. Y4, exhibiting the strongest positive correlation with

classification, aligns with the quality marker for B.striata rhizomes

specified in the Chinese Pharmacopoeia. This congruence suggests

shared bioactive components and pharmacological activities between

the flowers and rhizomes, providing a data-driven foundation for

further exploration of the flowers’ therapeutic potential.
4 Conclusions

This study systematically investigated the dynamic profiles of

secondary metabolites in buds (B) and flowers (F) of B.striata across

four developmental stages (P1–P4) using GC-MS and LC-MS. Stage P3

was identified as a critical metabolic phase, with distinct compositional

features in floral organs: flowers at P3 (P3-F) accumulated high levels of

Militarine and ester volatiles, synergistically addressing reproductive
TABLE 5 Content of major non-volatile components (mg/g) in B.striata flowers across developmental stages (P1–P4).

Name RT [min] P1-B P1-F P2-B P2-F P3-B P3-F P4-B P4-F

Dactylorhin E (Y1) 4.381 55.98 181.83 46.44 79.89 145.17 155.07 57.26 99.70

6-O-[(2E)-3-(3,4-Dihydroxyphenyl)-2-propenoyl]-
D-glucopyranose (Y2)

4.825 54.67 11.15 54.73 27.26 58.52 46.17 82.18 73.78

1-O-(4-coumaroyl)-beta-D-glucose (Y3) 5.236 35.48 2.49 31.32 6.09 26.56 13.67 58.50 25.82

Militarine (Y4) 7.464 65.52 8.73 68.49 35.02 48.70 37.28 62.19 46.29

4-Methoxybenzeneethanol (Y5) 8.663 13.42 23.58 11.77 16.29 11.50 25.15 6.37 24.90

2-Amino-1,3,4-octadecanetriol (Y6) 17.247 20.37 14.80 18.19 15.89 15.31 20.68 19.55 16.58

Lauric acid (Y7) 17.354 13.00 12.08 13.40 12.32 11.46 11.05 10.72 10.18

Oleic acid alkyne (Y8) 19.156 18.33 18.57 13.93 19.53 17.67 30.43 13.01 22.52

D2-cis-Hexadecenoic acid (Y9) 20.086 8.61 8.65 9.90 9.09 8.00 7.84 10.85 7.95

Palmitic acid (Y10) 21.509 32.65 23.14 28.41 34.72 30.99 24.91 21.16 24.16

N,N’,N’’-Methanetriyltriformamide (Y11) 28.074 13.63 13.54 14.46 14.67 12.82 11.97 12.40 10.25

Ethyl [(5-amino-1H-1,2,4-triazol-3-yl)sulfanyl] (Y12) 28.393 131.05 112.46 136.02 154.99 121.03 107.54 112.99 107.41
fron
FIGURE 6

Principal component analysis (PCA) of major non-volatile components in B.striata flowers, (A) explained variance contribution plot of PCA, (B) PCA score plot.
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needs and stress adaptation, while buds at P3 (P3-B) exhibited

sustained accumulation of flavonoid components (e.g., Y3), likely

contributing to the protection of immature tissues. For optimal

resource utilization, P3-F is recommended as the primary harvest

stage for rawmaterial processing due to its dual advantages of bioactive

richness (e.g., Militarine) and aromatic complexity. Although P3-B

showed slightly reduced bioactive content compared to P3-F, it

retained elevated glycoside levels (e.g., Y1), positioning it as a

valuable supplementary source for medicinal applications. These

insights provide a scientific basis for the efficient exploitation of

B.striata floral resources. Future studies should prioritize optimizing

drying techniques (e.g., freeze-drying vs. hot-air drying) to preserve

thermolabile metabolites such as Militarine and volatile esters, freeze-
Frontiers in Ecology and Evolution 16
drying is recommended for preserving heat-sensitive compounds like

flavonoids, whereas sun-drying may be suitable for volatile esters with

higher thermal stability, as demonstrated in prior studies examining

drying-induced metabolite changes in B.striata flowers (Han et al.,

2023). Industrial applications may require balancing energy efficiency

with metabolite stability, potentially through hybrid drying protocols.

The secondary metabolites Y1-Y4 (Dactylorhin E, 6-O-

acrylglucoside, 1-O-coumaroylglucose, and Millarine) in B.striata

flowers are biosynthesized through an intricate phenylpropanoid-

alkaloid hybrid metabolic network. This pathway utilizes

phenylalanine and glucose as primary precursors, undergoing a

series of enzymatic reactions to achieve structural diversification

and functional specialization.
FIGURE 7

Orthogonal partial least squares discriminant analysis (OPLS-DA) of major non-volatile components in B.striata flowers, (A) R² and Q² bar plot of
OPLS-DA model, (B) permutation test plot of OPLS-DA model, (C, D) OPLS-DA score plots grouped by organ (flowers vs. buds) and developmental
stage, (E) variable importance in projection (VIP) values bar plot from OPLS-DA, (F) variable contribution plot of OPLS-DA.
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The metabolic cascade initiates with phenylalanine ammonia-

lyase (PAL) catalyzing the deamination of phenylalanine to yield

trans-cinnamic acid, which is subsequently hydroxylated by

cinnamate-4-hydroxylase (C4H) to form 4-coumaric acid. The

activated intermediate, 4-coumaroyl-CoA, is then generated via 4-

coumaroyl-CoA ligase (4CL), serving as a critical branching point for

downstream metabolism. The carbon flux is precisely regulated by

glycosyltransferases (UGTs) and oxidative enzymes, directing

biosynthetic pathways toward distinct end products. In the

glycosylation branch, UGTs mediate the transfer of glucose

moieties to either the carboxyl or hydroxyl groups of 4-coumaric

acid, yielding 1-O-coumaroylglucose (Y3) and 6-O-acrylglucoside

(Y2), respectively. Glycosylation not only enhances the hydrophilicity

and stability of these compounds but also influences their subcellular

storage and transport. Further structural elaboration leads to the

formation of Dactylorhin E (Y1), likely derived from oxidative

coupling or condensation of Y2/Y3, potentially facilitated by

peroxidase (POD) or cytochrome P450-mediated reactions.

Notably, Millarine (Y4), an alkaloid, may originate independently

from tryptophan or ornithine via decarboxylation and cyclization.

However, if its structure incorporates an aromatic ring, it could form

hybrid metabolites through the conjugation of phenylpropanoid

derivatives (e.g., coumaric acid) with alkaloid precursors, involving

enzymes such as N-methyltransferases. The regulatory core of this

metabolic network hinges on the activities of PAL and 4CL, which

govern carbon allocation into the phenylpropanoid pathway, while

the substrate specificity of UGTs dictates structural diversity in end

products. Additionally, suppression of competing pathways (e.g.,

flavonoid biosynthesis) may enhance the accumulation of target

metabolites. Biologically, Y1-Y3 function as phenolic antioxidants

in plant stress responses, whereas Y4 may contribute to ecological

adaptability (Li et al., 2024; Xu et al., 2024; Huang et al., 2025).

For biotechnological applications, heterologous expression of key

enzymes (PAL, 4CL, and UGTs), coupled with metabolic flux

optimization and dynamic regulatory strategies, holds promise for

the scalable production of these high-value secondary metabolites,

offering potential for pharmaceutical and nutraceutical development.

Future studies should focus on elucidating the precise structures of Y1

and Y4, alongside kinetic and metabolomic analyses to validate the

proposed network and its regulatory mechanisms.
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