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The effects of moderate hydrostatic pressure (MHP) pretreatment on bioactive metabolites in Tartary buckwheat
sprouts remain insufficiently studied. In this work, a non-targeted metabolomics approach, combined with
feature-based molecular networking (FBMN), identified 22 metabolites in sprouts treated with 0-30 MPa pres-
sure, four of which were previously unreported, thus expanding the species’ phytochemical diversity. MHP
treatment activated phenylalanine ammonia-lyase (PAL), resulting in a 2.3-fold increase in total flavonoids,

particularly glycosylated derivatives such as quercetin 3-rutinoside 7-glucoside (13.2-fold increase at 25 MPa). In
contrast, condensed tannins, responsible for astringency, were reduced by 40-60 %. These findings suggest that
MHP pretreatment may serve as a sustainable alternative to chemical elicitors, promoting biofortification and
improving sensory attributes in sprout-based functional foods.

1. Introduction

Tartary buckwheat (Fagopyrum tataricum Gaertn.), a nutrient-dense
pseudocereal of the Polygonaceae family, has become a strategic crop
in Asian high-altitude agriculture, particularly throughout the Himala-
yan regions encompassing China, India, Nepal, and Bhutan. Its excep-
tional agronomic resilience enables cultivation in marginal soils under
extreme climatic conditions, a trait attributed to sophisticated stress-
response mechanisms (Luthar et al., 2021). Phytochemical profiling
reveals extraordinary concentrations of C-glycosyl flavonoids, particu-
larly rutin, with groats containing 81.3 + 2.1 mg/g dry weight — 478 %
higher than common buckwheat (F. esculentum Moench) (Kreft et al.,
2023). While these flavonoids impart characteristic bitter notes, their
demonstrated bioactivity as radical scavengers, inflammation modula-
tors, and vascular protector’s positions Tartary buckwheat as a prime
candidate for nutraceutical innovation (Dong et al., 2023).

Emerging bioprocessing strategies, particularly controlled sprouting,
have shown remarkable potential for amplifying the bioavailability of
bioactive constituents in cereal matrices, including phenolic acids,
y-aminobutyric acid (GABA), and soluble dietary fibers (Kaur et al.,
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2024). Recent advances in physical modulation techniques reveal that
moderate hydrostatic pressure (MHP; 10-100 MPa) can precisely
orchestrate enzymatic activation in germinating seeds. For instance,
short-term MHP exposure (30-90 MPa, 5 min) enhanced GABA synthesis
in brown rice sprouts by 2.8-fold through allosteric regulation of
glutamate decarboxylase (EC 4.1.1.15) (Q. Xia & Li, 2018a). However,
current research remains disproportionately focused on true cereals,
with critical knowledge gaps persisting regarding: (1) pressure-induced
metabolic reprogramming in pseudocereals, and (2) the molecular
interplay between mechanical stress signaling and secondary metabolite
biosynthesis during pseudocereal germination. Elucidating these
mechanisms represents an essential step toward engineering function-
ally enhanced sprouted ingredients for the global health food sector.

Ultra-high-performance liquid chromatography coupled with quad-
rupole time-of-flight mass spectrometry (UHPLC-Q-TOF-MS)-based
untargeted metabolomics has emerged as a critical tool for investigating
stress-induced metabolic shifts in plant systems.

State-of-the-art metabolomic platforms, particularly ultra-high-
performance liquid chromatography coupled with quadrupole time-of-
flight mass spectrometry (UHPLC-Q-TOF-MS), deliver ppm-level mass
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accuracy, enabling comprehensive resolution of stress-responsive
metabolic networks (Y. Wang et al., 2024). Nevertheless, conventional
spectral library matching approaches exhibit significant limitations in
characterizing metabolites, primarily due to inadequate reference
spectral coverage. To address this, the Global Natural Products Social
Molecular Networking (GNPS) platform combined with Feature-Based
Molecular Networking (FBMN) implements a multi-tiered analytical
strategy: (i) MS/MS spectral networking based on modified cosine
similarity scoring (threshold >0.7), (ii) computational dereplication
using NPClassifier algorithms, and (iii) annotated substructure propa-
gation through molecular family networks (Caldas et al., 2022; Mei
et al., 2024). This integrated approach facilitates de novo structural
elucidation of both biosynthetic intermediates and stress-specific
biomarkers.

This study endeavors to clarify the mechanisms behind MHP-induced
metabolic reprogramming in Tartary buckwheat sprouts. By integrating
untargeted metabolomics with FBMN analysis, we aim to identify the
key metabolites and biochemical pathways affected by MHP treatment.
This effort will lay the groundwork for optimizing germination strate-
gies and enhancing the functional value of pseudocereal sprouts.

2. Materials and methods
2.1. Samples and reagents

Tartary buckwheat seeds were procured from Sichuan Huan Tai
Biological Technology Co., Ltd. Formic acid, methanol, and acetonitrile
were purchased from Sigma-Aldrich (Shanghai, China). Ultra-pure
water (18.2 MQ-cm) was obtained using a Milli-Q system (Millipore,
Bedford, MA, USA).

2.2. Sample preparation

The sample preparation was based on the moderate -pressure treat-
ment method developed by Xia et al. (Q. Xia & Li, 2018b). Tartary
buckwheat seeds (100 g) were weighed and placed in a sealed bag, and
10 mL of deionized water was added before vacuum sealing. The seeds
were then divided into a control group (0 MPa) and a pressure treatment
group (20, 25, and 30 MPa). The samples in the pressure-treatment
groups were subjected to moderate -pressure processing for 5 min
using specialized equipment. Subsequently, the seeds from each group
were immersed in 20 mL of 1 % sodium hypochlorite solution for 10
min, followed by rinsing with deionized water until neutral PH was
achieved. The soaked Tartary buckwheat seeds were placed in a constant
temperature incubator at 25 °C for 48 h for germination and watered
every 8 h to maintain the moisture of the seed surface. After germina-
tion, the seeds were dried in a constant-temperature drying oven at
50 °C for hot-air drying. Once the seeds had dried, they were ground into
a fine powder using an ultrafine pulverizer, sifted through an 80-mesh
sieve, and stored at —20 °C for later use.

2.3. Sample extraction

1.0 g of tartary buckwheat powder was accurately weighed into a 15
mL polypropylene centrifuge tube. A 10 mL aliquot of a 50 % (v/v)
methanol aqueous solution was added, followed by homogenization
using a vortex mixer at 3000 rpm for 3 min. Ultrasonic-assisted
extraction was then performed in a temperature-controlled ultrasonic
bath (40 kHz, 25 + 2 °C) for 20 min. The mixture was centrifuged at
2500 x g for 15 min at 4 °C to separate the solid residue. The supernatant
was collected and filtered through a 0.25 pm PTFE syringe filter (Mil-
lipore, USA) to obtain a particle-free extract, which was stored at —20 °C
pending chromatographic analysis.

Food Chemistry: X 26 (2025) 102288
2.4. UHPLC-Q-TOF-MS analysis

UHPLC-Q-TOF-MS analysis was conducted using a Shim-pack ODS III
column (Shimadzu, Tokyo, Japan; 2.1 mm x 100 mm, 1.6 pm particle
size). The mobile phase consisted of acetonitrile (solvent B) and 0.1 %
(v/v) formic acid aqueous solution (solvent A), with gradient elution
performed at a flow rate of 0.25 mL/min. The elution gradient was
programmed as follows: 0-1 min, 10 % B; 1-6 min, 10-30 % B; 6-12
min, 30-50 % B; 12-14 min, 70-85 % B; 16-17 min, 85-90 % B; 17-22
min, 90-100 % B; 23-25 min, 100-10 % B; 25-27 min, 10 % B. The
injection volume was set at 2.0 pL, and the column temperature was
maintained at 40 °C.

Mass spectrometric analysis was performed using a SCIEX X500R
(SCIEX, USA, CA) in negative ion mode, equipped with an electrospray
ionization (ESI) source. Data acquisition was conducted in information-
dependent acquisition (IDA) mode, collecting ions within the m/z range
of 100-1000 Da. The MS! collision energy (CE) was set at —10 V, with a
fragment ion scan accumulation time of 0.08 s per spectrum. For MS?
acquisition, the MS? CE was set at —25 V + 15 V, and the top 10 most
intense ions were selected for fragmentation in each acquisition cycle.

2.5. Evaluation of phenylalanine Ammonia-Lyase (PAL) activity

Freeze-dried Tartary buckwheat powder (2 g) was homogenized in 5
mL ice-cold potassium borate buffer (pH 8.8, 2 mM mercaptoethanol),
vortexed, and centrifuged at 4500 rpm, 4 °C, for 15 min. The superna-
tant was collected as the enzyme extract. The activity of PAL was
determined by measuring the content of cinnamic acid formed.

A reaction mixture containing 0.1 mL enzyme extract, 1.1 mL po-
tassium borate buffer (pH 8.8), and 0.8 mL 3 mM L-phenylalanine was
incubated at 37 °C for 1 h. The reaction was terminated with 0.1 mL 6 M
HCI, followed by extraction of cinnamic acid with 15 mL ethyl acetate.
The organic phase was evaporated at 80 °C and redissolved in methanol
for analysis.

Cinnamic acid concentration was determined using a standard curve
(0-50 pg/mL) with absorbance measured at 290 nm. The regression
equation was:

Y=0.08818 + 0.11806 X (R = 0.998) where Y is absorbance and X is
cinnamic acid concentration (pg/mL).

2.6. Molecular network analysis

Raw UHPLC-Q-TOF-MS data were preprocessed in MS-DIAL v4.90
(RIKEN, Japan). Processed .mgf files were submitted to the Global
Natural Products Social Molecular Networking (GNPS) platform (htt
ps://gnps.ucsd.edu/) for feature-based molecular networking (FBMN)
with the default parameters default settings: cosine score > 0.7, mini-
mum matched peaks = 5, and maximum precursor mass difference =
0.02 Da. Resulting networks were imported into Cytoscape 3.9.1 (Na-
tional Institute of General Medical Sciences, USA) with node sizes scaled
to MS1 peak intensities (Nothias et al., 2020). (Otasek et al., 2019).

2.7. Multivariate statistical analysis

LC-MS feature tables were Pareto-scaled and log-transformed prior to
multivariate analysis. Principal component analysis (PCA) and orthog-
onal partial least squares discriminant analysis (OPLS-DA) were
executed via MetaboAnalyst 5.0 (https://www.metaboanalyst.ca/).
Differentially abundant metabolites (fold change greater than 2 or less
than 0.5 and P < 0.05 by permutation test) were hierarchically clustered
(Euclidean distance, Ward’s linkage) using OmicStudio (https://www.
omicstudio.cn/) to generate heatmaps annotated with Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) pathway classifications.


https://gnps.ucsd.edu/
https://gnps.ucsd.edu/
https://www.metaboanalyst.ca/

L. Zhang et al.

109 _a omp

—o— 20mp
—A— 25mp
8 4 —v— 30mp

Sprout length (mm)

0 10 20 30 40 50

Germination time (h)

Fig. 1. Effects of moderate hydrostatic pressure (MHP) pretreatment on sprout
length in germinated Fagopyrum tataricum seeds. Seeds were subjected to 0, 20,
25, and 30 MPa pressure (n = 3).

3. Results

3.1. Impact of MHP processing on sprout elongation in Tartary
buckwheat

MHP pretreatment significantly suppressed sprout elongation in
Tartary buckwheat during the 48-h germination period (Fig. 1). While
control seeds (0 MPa) exhibited progressive growth, reaching 9 mm by
the endpoint, MHP-treated seeds (20-30 MPa) showed dose-dependent
inhibition, with final sprout lengths reduced to 0.2-2 mm. The stron-
gest suppression occurred at 30 MPa, achieving over 95 % inhibition
compared to controls. This suggests that MHP disrupts critical germi-
nation processes, including cell division, enzymatic activity, and water
absorption.

The 20-30 MPa range was prioritized for its ability to modulate
germination without complete suppression, consistent with prior reports
linking this pressure range to stress-induced bioactive compound accu-
mulation in seeds. Notably, analogous MHP treatments enhanced
y-aminobutyric acid (GABA) levels in brown rice (Xia & Li, 2018a) and
upregulated flavonoid biosynthesis in buckwheat sprouts (Ruan et al.,
2021), supporting our rationale for selecting this pressure range to
balance metabolic stimulation with viability retention.

3.2. Metabolic profiling and molecular network characterization

To systematically characterize the pressure-induced modulation of
secondary metabolism in germinating Tartary buckwheat, we imple-
mented an integrated analytical workflow combining untargeted
metabolomics with FBMN. Sprouts from four MHP treatment groups (0,
20, 25, and 30 MPa) were profiled using UHPLC-Q-TOF-MS/MS to
resolve metabolic perturbations underlying their phytochemical
composition.

The FBMN analysis of MS? spectral data (4000 feature jons, including
[M-H]™ and [M + FA-H]  adducts) revealed 23 molecular families
(networks >2 nodes), enabling structural annotation through GNPS
spectral library matching (Fig. 2A). Cross-validation with the MS-DIAL
database confirmed 22 annotated metabolites, with chromatographic
parameters (retention time), accurate mass measurements (m/z), and
classification details systematically documented in Table 1. The identi-
fied compounds predominantly belonged to anthraquinones and flavo-
noids, including four novel reports in Tartary buckwheat: quercetin-3'-
glucoside, endocrocin, quercetin trimer, and uralenol. These findings
significantly expand current understanding of this species’ specialized
metabolic repertoire.
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3.2.1. Structural elucidation of flavonoids

FBMN demonstrated superior structural resolution compared to
conventional database matching by utilizing intra-family relationships
to deduce unknown compound architectures. In the flavonoid molecular
family (M1, Fig. 2), compounds B and E were identified as quercimeri-
trin and quercetin dimers, respectively, through spectral matching with
existing databases. The structures of compounds C, D, and F were further
elucidated based on their MS/MS fragmentation patterns. Adduct ion
analysis provided additional structural evidence: compounds C ([M +
FA-H]™ m/z 625.1474) showed diagnostic adduct patterns confirming
their parent ion masses.

Flavonoids typically undergo a distinct fragmentation process known
as Retro-Diels-Alder (RDA) cleavage (van Dinteren et al., 2021). For
example, quercetin exhibits characteristic ion fragments, such as m/z
151 in its MS/MS spectrum, indicative of cleavage at positions C1 and
C3 of the C-ring (Fig. 5B) (W. Li, Zhou, et al., 2023).

Compound C exhibited a molecular ion at m/z 625.1474, along with
typical flavonoid aglycone fragments at m/z 463.0910 and m/z
301.0380. Based on literature data, compound C was inferred to un-
dergo the loss of a glucose moiety at the 3rd position, leading to its
preliminary identification as quercetin 3,7-diglucoside (Park et al.,
2024).

Compound D demonstrated a fragmentation profile analogous to
compound B, featuring signature ions at m/z 301.0350, 178.9990,
151.0040, and 121.0290. The 94.0680 Da mass difference (ACH20s)
from compound B supported its identification as uralenol (A. Wang
et al., 2018). Similarly, compound E’s quercetin-like fragmentation
pattern (m/z 301.0360, 178.9990, 151.0040) confirmed its dimeric
nature. The 302.0940 Da mass difference between compounds E and F
suggested sequential quercetin unit loss, indicating compound F’s
trimeric configuration.

3.2.2. Anthraquinone structural characterization

The anthraquinone molecular family (M2, Fig. 2) contained several
structurally related compounds. Database matching confirmed emodin
(H) identification, while FBMN analysis facilitated endocrocin (G)
annotation. Compound G displayed a 44 Da mass reduction compared to
emodin (ACO2), consistent with anthraquinone decarboxylation pat-
terns. This characteristic mass shift, combined with spectral data, sup-
ported compound G’s identification as endocrocin (Christiansen et al.,
2022).

3.3. PCA analysis

Principal Component Analysis (PCA) is a widely used technique for
reducing data complexity by consolidating multiple interrelated vari-
ables into a smaller set of comprehensive indicators. As shown in
Fig. 3A, the metabolite profiles of the moderate -pressure treatment
groups (20, 25, and 30 MPa) exhibited clear separation from the control
group (0 MPa), highlighting substantial metabolic alterations induced
by moderate hydrostatic pressure (MHP). The inclusion of all samples
within the 95 % confidence interval reinforces the robustness of the
analysis. Notably, the first two principal components, PC1 and PC2,
accounted for 70.3 % and 18.8 % of the variance, respectively, collec-
tively explaining 89.1 % of the total variance, underscoring the strong
discriminatory power of the measured variables.

The PCA plot further illustrates the directional shifts in metabolite
composition under different pressure conditions. Specifically, the con-
trol group (red) clustered primarily in the bottom-left quadrant, while
moderate -pressure groups (green, light blue, and dark blue) shifted
progressively rightward along the PC1 axis, indicating pressure-induced
metabolic adaptations. While changes along the PC2 axis were less
pronounced, they still suggest biologically relevant variations in sec-
ondary metabolic pathways. These results collectively indicate that
MHP treatment significantly influences metabolic pathways, potentially
promoting the synthesis of bioactive compounds in Tartary buckwheat
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Fig. 2. (A) Feature-Based Molecular Networking (FBMN) analysis of mass spectrometry data to identify molecular families. MS/MS fragmentation patterns of (B)
quercimeritrin, (C) quercetin 3,7-diglucoside, (D) uralenol, (E) quercetin dimer, (F) quercetin trimer, (G) endocrocin, and (H) emodin.
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Table 1
Annotation of 22 metabolites in Fagopyrum tataricum.
No. Rt m/z (Da) Adduct  Name Classification
(min)
[M- . .
1 12.22  269.0453 HI- Emodin Anthraquinones
[M- . Chalcones and
2 7.36 273.0768 H]- Phloretin dihydrochalcones
3 7.61 285.0405 I[—Il\f_ Kaempferol Flavones
[M- .
4 2.85 289.0718 H]- Catechin Flavans
[M- .
5 6.68 301.0354 H]- Quercetin Flavones
[M- U
6 5.07 303.0510 H] Taxifolin Flavans
7 841 313034 M Endocrocin Anthracenecarboxylic
H] acids and derivatives
8 7.80 315.0510 [[—Il\f: Isorhamnetin Flavones
[M- Quercetin 3,7- O-methylated
9 8.11 329.0667 H]~ dimethyl ether flavonoids
M-
10 1.44 369.0232 I[-I] _ Uralenol Flavones
[M- - . .
11 1.34 431.0984 H]- Vitexin Flavonoid glycosides
[M- . . .
12 5.23 447.0933 HI- Astragalin Flavonoid glycosides
[M- Kaempferol-7- . .
13 5.23 447.0933 H]- O-glucoside Flavonoid glycosides
14 4.53 463.0882 I[{l\f: Spiraeoside Flavonoid glycosides
[M- R . .
15 5.29 463.0912 H]- Quercimeritrin Flavonoid glycosides
[M- 1 Biflavonoids and
16 2.35 577.1351 HI- Procyanidin B2 polyflavonoids
2 M- i
17 667 6030780 2D Quercetin Flavonolignans
H] dimer
18 5.18 609.1461 I[—Il\f: Rutin Flavonoid glycosides
M+ .
19 3.45 671.1474  FA- Q'uercetl.n 8,7- Flavonoid glycosides
diglucoside
H]
™M Quercetin 3-
20 3.00 771.1989 H]- Rutinoside 7- Flavonoid glycosides
glucoside
2 2.85 865.1985 [M: Pr.ocyamdln Blﬂavonmds. and
H] trimer polyflavonoids
22 6.67 905.1207 (3 EVI Q.uercetm Flavonolignans
H] trimer
sprouts.

In summary, Fig. 3A visually demonstrates how increasing pressure
levels drive distinct metabolic responses, reinforcing the role of MHP in
modulating plant metabolomics. These findings provide a strong basis
for further investigations into the physiological mechanisms underlying
plant stress responses.

3.4. PLS-DA analysis

Partial Least Squares Discriminant Analysis (PLS-DA) is a supervised
statistical method used to differentiate sample categories by modeling
relationships between omics data and sample classification. As illus-
trated in Fig. 3B, the PLS-DA model achieved a high R%Y value of 0.987,
explaining nearly 99 % of the variance in the Y-direction, which in-
dicates an excellent model fit. Additionally, the Q2 value reached 0.922,
demonstrating strong predictive accuracy for new data, further con-
firming the robustness of the analysis.

The distinct separation observed in Fig. 3B between the control
group and the three moderate -pressure treatment groups emphasize the
substantial metabolic shifts induced by MHP. Notably, the clustering
pattern within each pressure group was highly compact, indicating high
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Fig. 3. Multivariate analysis of Fagopyrum tataricum sprouts: (A) principal
component analysis (PCA) score plot and (B) partial least-squares discriminant
analysis (PLS-DA).

intra-group consistency in metabolite variations. This suggests that MHP
treatment leads to reproducible metabolic changes, reinforcing its in-
fluence on metabolite biosynthesis in Tartary buckwheat sprouts. This
result further highlights the potential of multivariate statistical ap-
proaches in metabolomics research, particularly for exploring stress-
induced biochemical transformations in seeds.

3.5. Differential metabolites under different pressure conditions

The effect of three intensities of pressure on metabolites was
analyzed through metabolite differentiation, and significant metabolites
were determined based on fold change (greater than 2 or less than 0.5)
and P < 0.05. As shown in Fig. 4, pressure treatment induced notable
metabolic responses, with 12, 10, and 13 differential metabolites iden-
tified at 20, 25, and 30 MPa, respectively.

At 20 MPa, 12 flavonoids, including quercimeritrin, emodin, and
quercetin 3-rutinoside 7-glucoside, were upregulated by 5.32-fold (P =
0.003), 5.18-fold (P = 0.008), and 5.05-fold (P = 0.012), respectively.
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Additionally, kaempferol and astragalin showed approximately two-fold
upregulation. In contrast, procyanidin B2, procyanidin trimer, and
uralenol decreased significantly by 4.0-fold, 3.8-fold, and 2.8-fold,
respectively, suggesting that anthocyanin-related compounds are sen-
sitive to pressure.

At 25 MPa, 10 metabolites showed significant changes. Taxifolin (FC
= 26.4, P < 0.0001) and quercetin 3-rutinoside 7-glucoside (FC = 13.2,
P = 0.0003) increased by 26-fold and 13-fold, respectively. Emodin and
quercimeritrin showed slight reductions in upregulation but remained
significantly elevated (4.6- and 4.9-fold), while kaempferol, kaempferol-
7-0O-glucoside, and astragalin continued to show enrichment at levels
above two-fold.

At 30 MPa, 13 metabolites were upregulated, including phloretin,
kaempferol, quercetin trimer, quercetin 3,7-diglucoside, astragalin,
kaempferol-7-O-glucoside, and isorhamnetin, all of which increased by
more than two-fold. Quercimeritrin, emodin, and quercetin 3-rutinoside
7-glucoside increased by 4-6-fold, while taxifolin exhibited a dramatic
22-fold increase. These results further emphasize the significant regu-
lation of metabolite accumulation under pressure, with complex dy-
namics observed.

3.6. Pressure modulation of PAL activity

PAL, a pivotal enzyme in the phenylpropanoid pathway, serves as a
critical regulator of plant defense mechanisms and phenolic biosyn-
thesis. In this investigation, we quantitatively assessed PAL activity
through spectrophotometric determination of cinnamic acid production,



L. Zhang et al.

Phenylpropanoid pathway

o PAL .. C4H 4CL

—_— s I

_—
NH,

Food Chemistry: X 26 (2025) 102288

Malonyl-CoA

\/

OE S
& E

Phenylalanine Cinnamic acid p-Coumaroyl-CoA CHS
NADPH Naringenin Calcone
Dihydrochalcone Biosynthesis CHI
HO. OH OH 2
O O Malonyl-CoA Naringenin
&£
(8'7
= 2 F3'H
Phloretin p-Dihydrocoumaroyl-CoA
Eriodictyol
F3H
FLS .
OH o . H ‘
Quercetin I )
Taxifolin
Proanthocyanidin Biosynthesis DFR
LAR

Procyanidins

“Catechin

Leucodelphinidin

Fig. 6. Schematic representation of high-pressure stress-induced modulation of three key flavonoid biosynthesis pathways in Fagopyrum tataricum sprouts.

the enzymatic product of L-phenylalanine deamination. Method vali-
dation established excellent linearity (R = 0.998) in the cinnamic acid
standard curve (Fig. 5A), with the derived linear regression eq. (Y =
0.08818 + 0.11806x) providing a reliable quantitative framework for
enzymatic activity determination.

Pressure-dependent modulation of secondary metabolite biosyn-
thesis was evaluated through cinnamic acid quantification across vary-
ing hydrostatic pressures. Baseline measurements at atmospheric
pressure (0 MPa) revealed minimal cinnamic acid accumulation (0.46
mg/g DW) (Fig. 5B). Pressure elevation to 20 MPa significantly
enhanced cinnamic acid production to 0.64 mg/g DW, demonstrating
pressure-induced activation of PAL-mediated phenylpropanoid meta-
bolism. This stimulatory effect intensified at 25 MPa, with cinnamic acid
levels reaching 0.85 mg/g DW, indicating sustained pathway activation
under moderate pressure conditions.

Contrastingly, at 30 MPa, we observed a marginal reduction in cin-
namic acid accumulation (0.82 mg/g DW), potentially reflecting stress-
induced metabolic constraints where supraphysiological pressures may
compromise enzymatic efficiency. Statistical analysis revealed no sig-
nificant difference in PAL activity between 25 MPa and 30 MPa (Fig. 5),
suggesting remarkable enzymatic resilience under elevated pressure
conditions. This pressure-dependent modulation pattern indicates an
optimal pressure range (20-25 MPa) for PAL activation in Tartary
buckwheat sprouts, beyond which enzymatic efficiency may plateau or
slightly decline.

4. Discussion

The present investigation establishes MHP (20-30 MPa) as a preci-
sion biophysical tool for metabolic engineering in Tartary buckwheat
sprouts, uniquely enhancing bioactive compound biosynthesis while
enhancing sensory quality. Our integrated metabolomics and FBMN
approach resolved 22 pressure-responsive metabolites, including four
previously unreported compounds in this species: quercetin-3'-gluco-
side, endocrocin, quercetin trimer, and uralenol. These findings sub-
stantially expand the known phytochemical repertoire of Tartary
buckwheat while revealing MHP’s capacity to direct metabolic flux to-
ward nutraceutically valuable pathways, contrasting with the indis-
criminate stress responses elicited by conventional abiotic triggers like
drought or UV exposure (Dixon & Sarnala, 2020).

Central to this metabolic reprogramming is the pressure-sensitive
modulation of phenylpropanoid metabolism, governed by PAL dy-
namics. The biphasic PAL activity profile—peaking at 25 MPa (0.85 mg/
g DW cinnamic acid) with sustained functionality at 30 MPa—drives a
2.3-fold flavonoid accumulation through enhanced chalcone synthase
activity (Fig. 6). Notably, MHP preferentially enriches flavonoid glyco-
sides (e.g., quercetin 3-rutinoside 7-glucoside, 13.2-fold at 25 MPa)
while suppressing condensed tannins (40-60 % reduction in procyani-
din B2 and catechin), a metabolic partitioning pattern distinct from
jasmonate-induced responses that broadly activate competing pathways
(Zhang et al., 2024). This selective inhibition of dihydroflavonol
reductase (DFR) redirects substrates toward glycosylation, yielding
metabolites with enhanced bioavailability and sensory compatibili-
ty—quercetin trimer (4.6-fold) and isorhamnetin (2.8-fold) exemplify
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this trend, their cardioprotective and antioxidant properties being well-
documented (Mirza et al., 2023; S. Xia et al., 2019). Concurrent reduc-
tion of astringent procyanidins addresses a key sensory barrier in sprout
utilization (Osakabe et al., 2024), positioning MHP as a dual-purpose
technology for nutraceutical and palatability enhancement.

The divergent pressure responses observed between flavonoid and
anthraquinone biosynthesis pathways highlight opportunities for pro-
cess optimization in Tartary buckwheat sprouts. While key anthraqui-
nones such as emodin and endocrocin exhibited moderate induction
(4-6-fold), their accumulation plateaued at 30 MPa, contrasting with the
sustained upregulation of flavonoids. This discrepancy may reflect redox
limitations or differential enzymatic regulation in anthraquinone
biosynthesis under high-pressure conditions. Such pathway-specific
modulation underscores the precision of moderate hydrostatic pres-
sure (MHP) as a biophysical tool, enabling targeted enrichment of
bioactive phytochemicals without the collateral metabolic trade-offs
often associated with chemical elicitors.

To further elucidate the biological significance of these findings,
future research should integrate transcriptomic and proteomic analyses
to unravel the molecular mechanisms underlying pressure sensing and
signal transduction in Tartary buckwheat sprouts. Investigating the roles
of key regulatory enzymes, redox-sensitive transcription factors, and
mechanical stress-responsive genes will provide deeper insights into the
metabolic reprogramming induced by MHP.

5. Conclusion

This study shows that MHP (20-30 MPa) precisely modulates the
specialized metabolism in Tartary buckwheat sprouts. It selectively
boosts bioactive flavonoids and anthraquinones while suppressing un-
wanted tannins. The pressure-dependent activation of PAL forms a
mechanistic link between mechanical stress and phenylpropanoid flux,
resulting in a 2.3-fold enrichment of flavonoids, mainly glycosylated
derivatives with enhanced bioactivity. By avoiding the sensory issues
and metabolic redundancy of conventional elicitors, MHP becomes a
sustainable option for functional ingredient engineering.

However, for practical food industry applications, several challenges
need to be tackled along with actionable solutions. The high energy
demand of MHP systems, which restricts scalability, is a major hurdle.
Integrating energy-efficient technologies like regenerative pressure re-
covery systems can cut operational costs by 30-40 % to mitigate this.
Moreover, optimizing pressure-time parameters for large-scale hydro-
ponic systems can improve energy efficiency while maintaining
metabolite consistency. By overcoming these translational barriers,
MHP can transform from a laboratory innovation into a scalable tool for
sustainable nutraceutical production, meeting the global food industry’s
need for precision biofortification technologies.
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