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Comparative metabolomics of two nettle
species unveils distinct high-altitude
adaptation mechanisms on the Tibetan
Plateau
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Abstract

Background The extreme high-altitude conditions of the Tibetan Plateau, characterized by intense solar radiation,
low temperatures, and reduced oxygen levels, poses significant challenges to plant survival. Plants inhabiting this
region have evolved specialized mechanisms to adapt to high-altitude environments. While most studies have
focused on genomic and ecological perspectives, few have explored adaptive mechanisms in a metabolic context. In
particular, comparative studies examining similarities and differences in the metabolomes of closely related species
are exceedingly rare. As sister species, the nettle species Urtica hyperborea and U. dioica are distributed above 4000 m
above sea level, with a sympatric distribution on the Tibetan Plateau, they provide an ideal system to investigate the
aforementioned question.

Results In this study, we conducted non-targeted metabolic profiling of the leaves from U. hyperborea and U. dioica
collected at three sympatric sites on the Tibetan Plateau. A total of 2906 annotated metabolites were detected.
Differential metabolites at Sites 1 (4697 m) and 3 (4465 m) were enriched in pathways for flavonoid, flavone and
flavonol, and phenylpropanoid biosynthesis. In contrast, Site 2, located at the highest altitude (5007 m), primarily
exhibited enrichment in carbon metabolism pathways. Regarding the altitudinal variation of the same species,
common metabolic pathways between the two groups included fructose and mannose metabolism, a-linolenic acid
metabolism, and glycerophospholipid metabolism. The metabolic pathways enriched only inU. hyperboreaincluded
starch and sucrose metabolism, galactose metabolism, and phenylpropanoid biosynthesis. The metabolically
enriched pathways specific toU. dioicaincluded pantothenate and coenzyme A biosynthesis, as well as glutathione
metabolism.

Conclusions We found that the metabolic differences between the two sympatric species are primarily in
carbohydrate and phenylpropanoid contents. The differential metabolites of the same species across different
altitudes were enriched mainly in carbon metabolism pathways and lipid metabolism pathways. Thus, our study
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revealed that the high-altitude adaptation mechanisms of sympatric species are not identical. Moreover, adaptation
strategies within the same species were generally consistent across altitudes, exhibiting only slight variations. This
study provide novel insights into the adaptive metabolic strategies of U. hyperborea and U. dioica, contributing to a
deeper understanding of the mechanisms underlying plant adaptation to extreme high-altitude conditions.

Keywords Tibetan Plateau, Urtica hyperborea, U. dioica, High-altitude adaptation, Metabolomics, Environmental stress

Introduction

The Tibetan Plateau, recognized as the highest and largest
plateau on Earth [1, 2], presents a distinctive set of envi-
ronmental challenges for plants and other life, including
intense solar radiation, low temperatures, reduced levels
of oxygen and carbon dioxide, and variable humidity and
precipitation patterns. Native plant species have evolved
various morphological adaptations to thrive in this harsh
environment. For example, species such as Rheum nobile
and Saussurea involucrata [3, 4] have developed bracts
that minimize UV penetration, whereas Eriophyton wal-
lichii [5] features pubescent leaves that not only retain
heat but also mitigate pollen damage caused by high
temperatures under intense light. Despite these challeng-
ing conditions, the Tibetan Plateau and adjacent moun-
tain regions rank among the most biodiverse regions on
the planet [6]. However, from a metabolic perspective,
it remains unclear whether closely related plants adopt
similar evolutionary strategies or develop unique adap-
tive mechanisms when confronted with analogous envi-
ronmental pressures.

Urtica hyperborea Jacq. ex Wedd. is a perennial herba-
ceous plant of the Urtica genus, primarily distributed in
and around the Tibetan Plateau (i.e., the Third Pole) [2],
occurring between 3000 and 5200 m a.s.l [7]. It features
lignified, thick underground stems and reaches a height
of 15-50 cm, with its entire structure densely armed with
stinging hairs [7]. As a sister specie to U. hyperborean [8,
9], U. dioica L. is a cosmopolitan plant. It is also a peren-
nial herb of the Urtica genus, fully covered with stinging
hairs, and grows to a height of 40-100 cm [7, 10]. Based
on our fieldwork observation, U. hyperborea and U. dio-
ica often exhibit sympatric distribution patterns on the
Tibetan Plateau. Therefore, U. hyperborea and U. dioica
provide an ideal model for investigating the similarities
and differences in the mechanisms of plant adaptation to
high-altitude environments in closely related sympatric
species.

In high-altitude regions, extreme environmental con-
ditions such as low temperatures, drought, and intense
radiation pose significant challenge to plant survival
Under low-temperature stress, plants mitigate freezing
injury by accumulating soluble sugars and unsaturated
fatty acids [11-14]. UV radiation damages chloroplasts
and DNA [15], howevwe alpine plants counteract this
damage by producing UV-absorbing compounds such as
flavonoids and anthocyanin glycosides, which mitigate

UV-B damage by scavenging reactive oxygen species
[16-18]. Drought stress further exacerbates the survival
challenges for plateau plants. Drought-tolerant species
such as quinoa and chickpeas accumulate proline, histi-
dine, unsaturated fatty acids, and phospholipids as pro-
tective strategies [19, 20]. Similarly,tomatoes enhance
drought resistance via the synthesis of phenylamide and
the upregulation of antioxidant enzyme activity [21].

In addition to controlled experiments examining the
effects of abiotic stress on plants, many studies have
also utilized wild-collected materials to investigate plant
adaptation mechanisms to high-altitude environments.
For instance, the chemical composition of Dendrobium
officinale varies with altitude, with plants from higher
altitudes containning higher levels of polysaccharides
and exhibiting elevated expression of amino acids and
their derivatives [22]. Similarly, Fritillariae cirrhosae
from higher altitudes accumulate more steroidal alkaloids
than those from lower elevations [23]. In Draba oreades,
metabolic pathways related to flavonoid biosynthesis
were found to be upregulated in high-altitude popula-
tions, with flavonoid content increasing along the altitu-
dinal gradient [24]. Likewise, Codonopsis pilosula tends
to accumulate more triterpenes at higher altitudes, which
is associated with the upregulation of key enzyme genes
[25]. A study on Zanthoxylum planispinum also revealed
that plants from high altitudes accumulated greater
amounts terpenoids, aldehydes, and esters, whereas
those from lower elevations are richer in flavonoids and
polyphenols [26].

In the study of high-altitude plants, advanced tech-
niques such as metabolomics, transcriptomics, and
genomics are increasingly employed to gain deeper
insights into plant adaptive mechanisms. However, com-
parative studies on the adaptive mechanisms of closely
related plants remain particularly scarce and warrant fur-
ther investigation.

In this study, a non-targeted metabolomics approach
was used to analyse metabolic diversity in the leaves of
U. hyperborea and U. dioica collected from three sites
at different altitudes on the Tibetan Plateau. By identify-
ing differential metabolites and conducting KEGG path-
way enrichment analysis, we aimed to: (1) investigate the
variations in metabolites between two species within the
same site; (2) explore the metabolic variations in the same
species across different elavations. Our findings contrib-
ute to a better understanding of the metabolic changes
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and regulatory mechanisms underlying plant adaptation
to high-altitude environments.

Methods

Study sites and field sampling

In August 2023, leaf samples of Urtica hyperborea, and U.
dioica were collected from three sites where both species
co-occur: Comai County, Shannan City, Tibet (Site 1; alti-
tude: 4697 m; coordinates: 91°31’54.97"E, 28°26'42.2"N);
Mount Qomolangma, Tingri County, Xigazé City, Tibet
(Site 2; altitude: 5007 m; coordinates: 86°49’45.92"E,
28°11’37.09"N); and Nyalam County, Xigazé City, Tibet
(Site 3; altitude: 4465 m; coordinates: 86°1029.96"E,
28°45'2.9"N) (Fig. 1). The specific information for each
sample can be found in Table S1.

Samples of U. hyperborea from sites 1 to 3 were labeled
as 1 H, 2 H, and 3 H, respectively, whereas samples of L.
dioica were labelled as 1D, 2D, and 3D. At each site, three
individuals of each species were collected within a 20 m
x 20 m area, resulting in a total of 36 individuals. Follow-
ing collection, the samples were thoroughly rinsed with
distilled water, immediately frozen in liquid nitrogen, and
subsequently stored at -80 °C pending for metabolites
analysis.

Metabolite extraction and detection

Approximately 20 mg of liquid nitrogen preserved leaves
from each sample were lyophilized and mixed with beads
and 1000 pL of extraction solution (MeOH: ACN: water,
2:2:1 v/v) containing deuterated internal standards. The
mixture was vortexed for 30 s, homogenized at 35 Hz
for 4 min, and sonicated for 5 min in a 4 °C water bath.
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This process was repeated three times. The samples were
then incubated at -40 °C for 1 h to precipitate proteins,
followed by centrifugation at 12,000 rpm (RCF =13,800 x
g, R=8.6 cm) for 15 min at 4 °C. The resulting superna-
tant was transferred to a fresh glass vial for analysis. The
quality control samples were prepared by mixing equal
aliquots of the supernatants from all the samples.

For the analysis of non-polar metabolites, LC-MS/MS
was conducted using a UHPLC system (Thermo Fisher
Scientific, Waltham, MA, USA) equipped with a Phe-
nomenex Kinetex C18 column (2.1 mm x 50 mm, 2.6 pm)
coupled to an Orbitrap Exploris 120 mass spectrometer
(Thermo Fisher Scientific, Waltham, MA, USA). The
mobile phase consisted of 5 mmol/L ammonium acetate
and 5 mmol/L acetic acid in water (solvent A) and ace-
tonitrile (solvent B). The auto-sampler was maintained
at 4 °C, with an injection volume of 2 pL. The Orbitrap
Exploris 120 was operated in information-dependent
acquisition mode using Xcalibur software, which contin-
uously evaluated the full scan MS spectrum. Electrospray
Ionization source conditions were set as follows: sheath
gas flow rate at 50 Arb, auxiliary gas flow rate at 15 Arb,
capillary temperature at 320 °C, full MS resolution at
60,000, MS/MS resolution at 15,000, collision energy at
SNCE 20/30/40, and spray voltage at 3.8 kV (positive) or
-3.4 kV (negative).

Metabolomics data analysis

The raw data were converted to mzXML format via Pro-
teoWizard. The XCMS software [27] is used for peak
detection, peak extraction, peak alignment, and integra-
tion processing. An In-house MS2 database BiotreeDB
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Fig. 1 Sampling sites and species photographs. (A) Map of the three sampling sites on the Tibetan Plateau, each represented by different symbols. (B)

Habit and habitat of U. hyperborea. (C) Habit and habitat of U. dioica
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(V3.0) was applied to metabolite annotation [28].The
detected metabolite signals were classified according to
the Metabolomics Standards Initiative [29], and Level 4
metabolites were excluded from further analysis.

The data obtained from the LC-ESI-MS/MS system
were normalized via log2 transformation, standardized
with z-scores, and subsequently exported to SIMCA soft-
ware (v16.0.2) [30] for differential metabolite analysis.
Quality control (QC) samples, consisting of a mixture of
all sample extracts, were included in the analysis queue
to monitor method stability. The number of differential
metabolites is depicted via a volcano plot constructed
with ggplot (v3.3.5) (https://cran.r-project.org/web/pa
ckages/ggplot2/index.html), alongside a Venn diagram
created via VennDiagram (v1.7.3) [31]. Pathway enrich-
ment analysis of these metabolites was conducted using
the Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway database (http://www.kegg.jp/kegg/pathway.ht
ml) [32].

Statistical analysis

OPLS-DA and PLS-DA were performed using SIMCA
(v16.0.2). Differential metabolites between groups were
identified based on variable importance in projection
(VIP) values, p-values, and fold change (FC) criteria
(VIP>1, p<0.05, FC22 or <0.5). One-way ANOVA or
two-tailed Student’s t-tests were conducted to deter-
mine significant differences between the two species and
among different sites.

W

Lipids and
lipid-like
molecules,
20%
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Results

Untargeted metabolite profiling of Urtica hyperborea and
U. dioica

Using an untargeted metabolomics approach, a total
0f2,906 high-quality annotated metabolites were iden-
tified from 7,436 ion features (Table S2). The total ion
chromatograms (TIC) for all samples demonstrated a
high degree of overlap, indicating the reliability and con-
sistency of the collected MS data. Analyses of m/z width
and retention time width further confirmed that both
sample preparation and instrument conditions met the
required quality standards (Fig S1, Fig S2).

Metabolite annotations revealed a total of 13 metabolic
superclasses. The top five superclasses were Lipids and
lipid-like molecules (459 metabolites), Organoheterocy-
clic compounds (406 metabolites), Phenylpropanoids and
polyketides (301 metabolites), Benzenoids (288 metabo-
lites), and Terpenoids (198 metabolites) (Fig. 2).

OPLS-DA analysis of Urtica hyperborea versus U. dioica

Orthogonal projections to latent structures-discriminant
analysis (OPLS-DA) was employed to enhance classifi-
cation and better interpret intergroup differences [33].
The analysis yielded significant differences between the
two species at each of the three sites, in each case with
all samples falling within the 95% confidence inter-
val (Hotelling’s T-squared ellipse), indicating notable
metabolic phenotypic differences (Fig. 3A, B and C).To
assess the reliability of the OPLS-DA model and to avoid
overfitting, a permutation test was performed, with the
results shown in Fig S3. The statistical parameters of the

Lipids and lipid-like molecules

M Organocheterocyclic compounds

l Phenylpropanoids and polyketides

[l Benzenoids

M Terpenoids

l Amino acids, peptides, and analogues
Carbohydrates and carbohydrate conjugates
Organic oxygen compounds

M Organic acids and derivatives

M Nucleosides, nucleotides, and analogues

M Lighans, neclignans and related compounds

M Alkaloids and derivatives

M Others

Fig. 2 Composition of identified metabolites in Urtica hyperborea and U. dioica. Thirteen superclasses of metabolites were annotated, with each color in
the right-hand legend representing a different superclass. The proportion of the top five superclasses are prominently highlighted
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Fig. 3 Orthogonal Partial Least Squares Discriminant Analysis (OPLS-DA) and KEGG pathway enrichment analysis of Urtica hyperborea (H) and U. dioica (D)
across different sites. (A-C) OPLS-DA score plots comparing the metabolic profiles of U. hyperborea (H) and U. dioica (D) at three sites: (A) Site 1 (1H vs. 1D),
(B) Site 2 (2H vs. 2D), and (C) Site 3 (3H vs. 3D). (D-F) KEGG pathway enrichment analyses of differentially expressed metabolites between the two species
at each site: (D) Site 1 (1H vs. 1D), (E) Site 2 (2H vs. 2D), and (F) Site 3 (3H vs. 3D)

original model were significantly higher than those of
the permuted models, indicating strong discriminative
power and the absence of overfitting.

Different metabolites screenings for Urtica hyperborea
versus U. dioica

In pairwise comparisons, differential metabolites (DMs)
were identified based on criteria of VIP>1 and FC>2
or <0.5. As shown in Fig. 4A, a total of 355 DMs were

identified in the comparison between 1 H and 1D(Site
1), including 70 up-regulated and 285 down-regulated
metabolites. At Site 2, 76 DMs were identified, with equal
counts of up-regulated and down-regulated metabolites
(Fig. 4B). At Site 3, 373 DMs were identified, with 166 up-
regulated and 207 down-regulated metabolites (Fig. 4C).
To visually illustrate the differences in relative metabo-
lite abundance among groups, a hierarchical clustering
heatmap was generated. Heatmap analysis illustrated the



Deng et al. BMC Plant Biology (2025) 25:640

A T D
6 . Up:70
| Down:285 Status
E | © down-regulated
< 44 ® not significant
& e up-regulated
[
o VIP
2 - 0.0
R ® 1.6
0_
-10 -5 0 5 10
Log2 Fold Change
B [
44 Up:38
I Down:38 Status
I
£ 34 | dﬁ ® down-regulated
5] ° ® not significant
o 5 ® up-regulated
= VIP
g L - - *+ 00
"l ®20
L4 L]
04
10 5 0 5 10
Log2 Fold Change
C [l
61 Up:166
'l Down:207 Status
b
E kl * down-regulated
g * not significant
a e up-regulated
<
= VIP
E’.ﬂ « 00
' ® 17
-15-10 -5 0 5 10 15
Log2 Fold Change
E Group 2H  Group 2D

Page 6 of 13

Group 1H  Group 1D F

Group 3H  Group 3D

1] F

it

o ik

H\ \ﬂ“ﬂl |

Fig. 4 Metabolite Differences Between Urtica hyperborea and U. dioica. (A-C) Volcano plots highlighting differentially abundant metabolites (DAMs)
between U. hyperborea (H) and U. dioica (D) at three sites: (A) Site 1 (1H vs. 1D), (B) Site 2 (2H vs. 2D), and (C) Site 3 (3H vs. 3D). (D-F) Heatmaps illustrating
the DAMs for each comparison group: (D) 1H vs. 1D, (E) 2H vs. 2D, and (F) 3H vs. 3D

relative abundances of DMs among groups 1 H and 1D,
2 H and 2D, and 3 H and 3D. In all three comparisons, the
red and blue sections representing the H and D groups,
respectively, were clearly separated, indicating significant
differences in relative metabolite abundances(Fig. 4D-F).

KEGG annotation and metabolic pathway analysis of DMs
for Urtica hyperborea versus U. dioica

In biological systems, metabolites do not function in iso-
lation; instead, diverse metabolites interact within com-
plex metabolic networks to regulate life processes [34].
Metabolic pathway enrichment analysis of DMs can

provide deeper insights into the regulatory mechanisms
underlying biological processes. At Site 1, the metabolic
pathways of the DMs are primarily focused on coumarin
biosynthesis, tryptophan metabolism, and flavonoid and
flavonol biosynthesis (Fig. 3D). At Site 2, the metabolic
pathways of the DMs are mainly centered around phenyl-
alanine, tyrosine, and tryptophan biosynthesis, galactose
metabolism, starch and sucrose metabolism, fructose
and mannose metabolism, and the pentose phosphate
pathway (Fig. 3E). At Site 3, the metabolic pathways
of the DMs are predominantly involved in glutathione



Deng et al. BMC Plant Biology (2025) 25:640

metabolism, indole alkaloid biosynthesis, and flavonoid
and flavonol biosynthesis (Fig. 3F).

DMs screening of the same species at different altitudes
Partial Least Squares Discriminant Analysis (PLS-DA), a
supervised method incorporating group labels, was used
to better distinguish metabolic differences between sam-
ple groups. Compared to PCA, PLS-DA offers stronger
discriminative power, especially when intergroup differ-
ences are subtle. PLS-DA analysis of the distribution of
the relative abundances of metabolites indicated clear
separation between groups, with no significant within-
group separation, confirming representativeness (Fig. 5A
and B).

In the U. dioica group(1 H vs. 2 H vs. 3 H), the stan-
dard for screening DMs was p<0.05. The screening cri-
teria for the U. dioica group (1D vs. 2D vs. 3D) are the
same as above. In the U. hyperborea group, 1,121 DMs
were identified; in the U. dioica group, 727 DMs were
identified. Venn analysis revealed 95 and 21 metabolites
whose abundances differed across all three of the sites for
U. hyperborea and U. dioica, respectively (Fig. 5C, D).
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Trend of DMs with altitude

To investigate the potential relationship between altitude
and metabolite profiles, K-Means clustering analysis was
applied. This method partitions the dataset into distinct
clusters, where samples within the same cluster exhibit
greater similarity, while those in different clusters show
greater dissimilarity.

K-Means clustering analysis categorized the DMs of the
U. hyperborea group into six distinct clusters based on
their patterns of occurrence (Fig. 6A). Cluster 2 included
303 metabolites, which generally increased in abundance
as altitude increased. In Cluster 2, the main metabolites
included 51 phenylpropanoids and polyketides, 27 lipids
and lipid-like molecules, and 18 carbohydrates and car-
bohydrate conjugates (Fig. 6C). In contrast, Cluster 6 (174
metabolites) displayed a decreasing trend, dominated by
39 lipids and lipid-like molecules, 16 amino acids, pep-
tides, and analogues, and 16 terpenoids (Fig. 6C).

For U. dioica, Cluster 3 (198 metabolites) increased
significantly with altitude, primarily including 30 phen-
ylpropanoids and polyketides, 20 lipids and lipid-like
molecules, and 16 carbohydrates and carbohydrate

B 200
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© 51D
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o~ 13D
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-100

-200

-100 100
PC 1 (31.1%)

2Dvs3D

Fig. 5 Metabolite differences within the same species across three sites. (A-B) Partial Least Squares Discriminant Analysis (PLS-DA) score plots comparing
metabolite profiles across the three sites: (A) Urtica hyperborea (1 H vs. 2 H vs. 3 H) and (B) U. dioica (1D vs. 2D vs. 3D). (C-D) Venn diagrams showing the
differentially abundant metabolites across the three regions for (C) U. hyperborea and (D) U. dioica.
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conjugates. Conversely, Cluster 4 (141 metabolites)
exhibited an decreasing trend, with key metabolites being
27 lipids and lipid-like molecules, 17 terpenoids, 7 amino
acids, peptides, and analogues, and 7 phenylpropanoids
and polyketides (Fig. 6C).

KEGG annotation and metabolic pathway analysis of DMs
at different altitudes

After performing KEGG enrichment analysis on the
1121 DMs of the U. hyperborea group (1 H, 2 H, 3 H),
we obtained 23 significant enrichment pathways with
p<0.05 and selected the top 15 pathways to plot by rank-
ing the p-values from low to high, as shown in Fig. 7A.
For U. hyperborea, the key metabolic pathways included
D-amino acid metabolism, lysine biosynthesis, and
nucleotide metabolism. Similarly, KEGG enrichment
analysis was conducted on the 727 DMs of the U. dioica
group (1D, 2D, 3D). The key metabolic pathways were
primarily focused on tyrosine metabolism, 2-Oxocarbox-
ylic acid metabolism, and glyoxylate and dicarboxylate
metabolism (Fig. 7B).

Discussion

Metabolite differences between species in the same site
Significant metabolic differences were observed between
U. hyperborea and U. dioica, across three different sites
on the Tibetan Plateau. These differences indicate that
the two species deal with environmental conditions asso-
ciated with high-altitude in different ways.

In the comparison of the three locations, U. hyperborea
presented significantly higher levels of phenylpropanoids
and polyketides, lipids and lipid-like molecules, and car-
bohydrates and carbohydrate conjugates compared to UL
dioica. Only at Site 2 (5007 m) did the metabolic differ-
ences between the two species appear relatively small,
with U. dioica exhibiting a specific upregulation of car-
bohydrates and carbohydrate conjugates. Compounds

such as flavonoids, flavonols, and cinnamic acid, which
are phenylpropanoids and polyketides, help high-altitude
plants resist UV-B radiation and cold stress [15, 35, 36].
These substances have been found to increase with alti-
tude in studies of Rhodiola and Taxus [37, 38]. In high-
altitude environments, plants often present increased
lipids and lipid-like molecules, as well as carbohydrates
and carbohydrate conjugates [39, 40]. Lipids and lipid-
like molecules primarily assist plants in maintaining
normal cell membrane function in low-temperature
environments, while the increase in carbohydrates and
carbohydrate conjugates reflects the heightened energy
demands of high-altitude plants [36, 41].

Through KEGG pathway enrichment analysis, we can
draw the following conclusions. At Site 1 and Site 3, the
DMs of the two species are concentrated in the pathways
of flavonoid biosynthesis, flavone and flavonol biosyn-
thesis, and phenylpropanoid biosynthesis. At the high-
est altitude Site 2, the metabolic differences between U.
dioica and U. hyperborea are minimal, mainly focused on
carbon metabolism pathways such as galactose metabo-
lism, glycolysis/gluconeogenesis, starch and sucrose
metabolism, and fructose and mannose metabolism.

Combined with the results of DMs, the content of
phenylpropanoids and polyketides in U. hyperborea
is higher than in U. dioica, leading to the enrichment
of three related pathways in the KEGG analysis. The
enhancement of flavonoid biosynthesis, flavone and fla-
vonol biosynthesis, and phenylpropanoid biosynthesis
pathways can improve the antioxidant capacity of plants,
helping them resist damage caused by strong ultraviolet
radiation in high-altitude areas [42—44]. Phenylpropanoid
compounds can also increase the antioxidant capacity of
plants, assisting them in overcoming damage induced
by low temperatures and oxygen deficiency [16, 45, 46].
Plants in high-altitude environments further adapt by
adjusting their carbon metabolism pathways, thereby
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improving both their antioxidant capacity and energy uti-
lization efficiency [47]. Under drought stress, chickpeas
have been shown to exhibit increased levels of metabo-
lites related to glycolysis/gluconeogenesis and galac-
tose metabolism, helping plants maintain energy supply
[48]. Starch and sucrose metabolism are associated with
plants’ tolerance to, and sensitivity to, abiotic stress [49].
This study is consistent with previous research, enriching
four carbon metabolism pathways.

Metabolite differences in the same species at different
altitudes

In the comparison of samples from three different alti-
tudes, the overall metabolic changes in the U. hyperborea
group (1 H, 2 H, 3 H) and the U. dioica group (1D, 2D,
3D) were similar (Fig. 7C), although most of the sub-
stances that increase with altitude were more abundant
in U. hyperborea. The main upregulated compounds
include phenylpropanoids and polyketides, lipids and
lipid-like molecules, and carbohydrates and carbohydrate
conjugates. In contrast, the primary downregulated com-
pounds are lipids and lipid-like molecules, amino acids,
peptides, and analogues, and terpenoids.

In most high-altitude plant studies, amino acids, par-
ticularly proline, valine, and arginine, generally increase
with altitude [24, 37, 50]. However, a few studies report
that certain amino acids, such as hydroxyproline,
5-hydroxytryptophan, and carbamyl-aspartate, show a
negative correlation with altitude [51, 52]. This may indi-
cate that the decrease in these amino acids contributes
to the synthesis of proteins that repair damaged or mis-
folded structures. In our study, no significant altitudinal
trend was observed for amino acids, peptides, and ana-
logues in either U. hyperborea or U. dioica. This could
be due to the sampling points starting as low as 4465 m,
with the responses of amino acids, peptides, and ana-
logues to the environment nearing saturation, thus lead-
ing to no significant changes in these substances with
further increases in altitude.

The increase in phenylpropanoids and polyketides,
such as flavonoids, cinnamic acid, and coumarins, helps
plants resist strong UV-B radiation in high-altitude areas
[53, 54]. Additionally, cinnamic acid and coumarin com-
pounds can regulate gene expression related to oxidative
stress, similar to resveratrol, a polyphenolic compound
[55]. In both U. hyperborea and U. dioica, phenylpro-
panoids and polyketides increase with altitude, which is
consistent with previous research.

Carbohydrates and carbohydrate conjugates are con-
sidered positive regulators of plant adaptation to various
environmental stresses [56, 57]. The increase in pho-
tosynthetic rates along altitudinal gradients also leads
to higher sugar levels. For instance, Potentilla saunder-
siana has been reported to show increased sugar levels
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along altitudinal gradients [58]. In the present study, car-
bohydrates and carbohydrate conjugates in both spe-
cies exhibited a significant trend of enrichment at high
altitudes. This may reflect the plants’ increased energy
requirements to adjust their growth cycles and biosyn-
thetic pathways in response to the stresses of high-alti-
tude environments [52].

At high altitudes, plants achieve antibacterial and
insect-resistant effects through unsaturated fatty acids,
while also improving stress tolerance by enhancing intra-
cellular osmotic regulation through fatty acid deriva-
tives [59, 60]. Both species presented more than twenty
lipids and lipid-like molecules positively correlated with
altitude. However, in U. hyperborea, these were mainly
fatty acyls, while in U. dioica, they were primarily glyc-
erophospholipids. Fatty acyls are primarily involved
in energy storage and participate in plant signalling,
whereas glycerophospholipids form the basic structure of
cell membranes and can increase membrane fluidity, thus
maintaining normal function under low-temperature
stress [61]. The differences in these substances further
suggest that the adaptation mechanisms of the two spe-
cies to high-altitude environments differ.

In the study of plant metabolism, the metabolic differ-
ences between different species across various geographi-
cal regions constitute a significant area of research. In the
U. hyperborea group (1 H, 2 H, 3 H) and the U. dioica
group (1D, 2D, 3D), commonly enriched metabolic path-
ways were observed, including fructose and mannose
metabolism, a-linolenic acid metabolism, glycerophos-
pholipid metabolism, and arachidonic acid metabolism.
High-altitude environments, such as the Tibetan Plateau,
are characterized by low annual average temperatures
and significant diurnal temperature fluctuations, which
often subject plants to cold stress. This stress can impact
the osmotic pressure of plant cells [62]. Fructose and
mannose metabolism help plants regulate osmotic pres-
sure and maintain normal cellular functions under such
conditions [63]. a-Linolenic acid and arachidonic acid,
as unsaturated fatty acids, play crucial roles in the for-
mation of plant cell membranes and in signal transduc-
tion pathways [64]. Metabolomic analysis of the roots of
winter rapeseed under low-temperature stress revealed
significant changes in glycerophospholipid metabolism,
particularly an increase in phosphatidylcholine content.
This is due to the close association between glycerophos-
pholipid metabolism and the synthesis and repair of cell
membranes [65].

In the comparison of the three groups of samples from
different altitudes, the metabolic pathways enriched only
in the U. hyperborea group include starch and sucrose
metabolism, galactose metabolism, and phenylpropanoid
biosynthesis. The enrichment of starch and sucrose
metabolism may be associated with the plant’s adaptation
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to energy storage and utilization in the high-altitude
environment [51, 66]. The enrichment of galactose
metabolism may be related to the synthesis and modifi-
cation of plant cell walls, which is crucial for the growth
and development of plants in high-altitude conditions
[47, 67]. The enrichment of phenylpropanoid biosynthe-
sis may be linked to the plant’s stress resistance and anti-
oxidant defense mechanisms [36].

The metabolically enriched pathways specific to U.
dioica included pantothenate and coenzyme A biosyn-
thesis, as well as glutathione metabolism. Pantothenate
and coenzyme A are crucial members of the vitamin B
complex, participating in numerous enzymatic reactions,
including those related to the metabolism of sugars, fats,
and proteins [68]. Glutathione, an essential antioxidant,
plays a role in the plant’s defense against oxidative stress
[69, 70]. This suggests U. dioica may adapt to its growth
environment and enhance its survival capabilities by reg-
ulating these metabolic pathways.

The differential enrichment of metabolites between
the two species in different geographical regions reflects
their adaptive strategies in specific environments. They
can optimize energy utilization, strengthen defense
mechanisms, and improve survival by modulating partic-
ular metabolic pathways, such as fructose and mannose
metabolism, and a-linolenic acid metabolism [39, 71].
Additionally, the enrichment of these metabolic path-
ways reveals the evolutionary diversity and adaptability
of plant secondary metabolic pathways.

Conclusion

In this study, a total of 2906 annotated metabolites were
detected through comparative metabolomic analyses
of U. hyperborea and U. dioica across three sites. In the
comparison of metabolite differences between sympatric
species, 355 differential metabolites (DMs) were identi-
fied at Site 1; 76 DMs at Site 2; and 373 DMs at Site 3.
At Sites 1 and 3, these DMs were primarily concentrated
in the pathways of flavonoid biosynthesis, flavone and fla-
vonol biosynthesis, and phenylpropanoid biosynthesis.
In contrast, at Site 2, the highest altitude, the DMs were
predominantly enriched in carbon metabolism pathways.
Furthermore, comparing metabolic changes of the same
species across different altitudes revealed commonly
enriched pathways, including fructose and mannose
metabolism, a-linolenic acid metabolism, glycerophos-
pholipid metabolism, and arachidonic acid metabolism.
Thus, our study reveals that the high-altitude adaptation
mechanisms of sympatric species are not identical. The
adaptation mechanisms of the same species at different
locations are largely similar, with slight variations. These
findings provide metabolic insights that contribute to
our understanding of plant adaptation mechanisms to
high-altitude environments. Moreover, by examining the
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unique adaptive strategies of closely related species, our
findings highlight the metabolic diversity that enables
plants to thrive under extreme environmental conditions.
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