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Halogeton glomeratus is a succulent annual herbaceous halophyte belonging to the
Chenopodiaceae family, has attracted wide attention as a promising candidate for
phytoremediation and as an oilseed crop and noodle-improver. More importantly,
H. glomeratus has important medicinal value in traditional Chinese medicine.
However, there are few comprehensive studies on the nutrients, particularly secondary
metabolites. Here, we adopted untargeted metabolomics to compare the differences in
metabolites of different tissues (root, stem, leaf, and seed) and identify the compounds
related to pharmacological effects and response to abiotic stress in H. glomeratus. A
total of 2,152 metabolites were identified, and the metabolic profiles of root, stem, leaf,
and seed samples were clearly separated. More than 50% of the metabolites showed
significant differences among root, stem, leaf, and seed. The Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment analysis of differential metabolites
suggested an extensive alteration in the metabolome among the different organs.
Furthermore, the identified metabolites related to pharmacological effects and response
to abiotic stress included flavones, flavonols, flavandiols, glucosinolates, isoquinolines,
pyridines, indoles, amino acids, lipids, carbohydrates, and ATP-binding cassette
transporters. These metabolites have application in treating human cardiovascular
diseases, cancers, diabetes, and heart disease, induce sleeping and have nutritive
value. In plants, they are related to osmotic adjustment, alleviating cell damage, adjusting
membrane lipid action and avoiding toxins. To the best of our knowledge, this is the first
metabolomics-based report to overview the metabolite compounds in H. glomeratus
and provide a reference for future development and utilization of H. glomeratus.
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INTRODUCTION

Metabolomics, a rapidly developing science and technology
system of comprehensive and simultaneous analysis of biological
sample metabolite profiles, has become routinely applicable
across plants, humans, animals, and bacteria (Schauer and
Fernie, 2006; Okada et al,, 2010). In the plant research field,
metabolite profiling was first applied as a diagnostic tool to
determine barley seedling response to herbicides (Sauter et al.,
1991). It has gradually provided a deep understanding of the
classification of plant genotypes (Fiehn et al, 2000; Matsuda
et al., 2012), crop breeding (Fernie and Schauer, 2009; Alseekh
et al., 2018), phytochemical genomics (Okazaki and Saito, 2016),
and deciphering gene function (Quanbeck et al., 2012; Li and
Song, 2019; Szymanski et al., 2020) and responses related to
environmental (Shulaev et al., 2008; Feng et al., 2019) and/or
genetic perturbations (Dixon et al., 2006; Fraser et al., 2020).

Plant metabolites involve a wide variety of chemical
compounds with diverse biological functions, and the number
is estimated to exceed 200,000 (van der Kooy et al, 2009).
Specialized secondary metabolites from plants serve as rich
resources for drug, food and nutraceutical development.
Plant bioactive compounds such as polyphenols, carotenoids,
glucosinolates, alkaloids, and terpenes are known to have
important health benefits (Cicero and Colletti, 2017).
Polyphenols can effectively prevent cardiovascular diseases,
cancers, neurodegenerative diseases, diabetes, osteoporosis, and
oral disease due to high antioxidant or anti-inflammatory activity
(Scalbert et al., 2005; Ferrazzano et al., 2011). The classification
of polyphenols in plants mainly includes chalcones, flavones,
flavonols, flavandiols, anthocyanins, proanthocyanidins, and
aurones (Winkel-Shirley, 2001). Acetylsalicylic acid, known
as aspirin, is the major salicylate in the willow tree (Salix sp.)
(Mahdi et al., 2006). Tropane alkaloids, commonly used as
anticolic and spasmolytic drugs, are secondary metabolites
enriched in Solanaceae plants (Sramska et al., 2017). Many
coloring, flavoring, texturizing, preservative and anti-browning
agents are secondary metabolites produced in plants (Kallscheuer
et al,, 2019). Several plant flavonoids, alkaloids, terpenoids,
lignins, tannins, and tocopherols have gained scientific interest
due to their health effects in helping to prevent diseases,
improve immune response and provide antioxidant activity
(Nirmala et al., 2020).

Halophytes, plants that exhibit efficient salt-tolerance
mechanisms to cope with salt stress, constitute about 1% of the
world’s flora (Flowers and Colmer, 2008). Potential applications
of halophytes have been recognized for phytoremediation,
desalination, vegetables, forage, oilseed crops, secondary
metabolite production, medicine, and saline agriculture
(Glenn et al, 2013; Nikalje et al, 2018). In recent years,
metabolite profiling has been performed on a diverse array of
halophytes including analysis of tolerance to osmotic stress
(Lugan et al., 2010), response to salt stress (Wang et al., 2021),
toxicological effects of environmentally relevant concentrations
of heavy metals (Liu et al,, 2011; Wu et al,, 2012), and plant
nutritional potential (Mishra et al., 2015; Li and Song, 2019).
The untargeted metabolomics approach has a great advantage

in the identification of known or unknown chemically diverse
metabolites, which is more suitable for the assessment of
potential biomarkers or metabolic mechanisms of plants
(Hasanpour et al., 2020).

Halogeton glomeratus, a succulent annual herbaceous
halophyte belonging to the Chenopodiaceae family, is widely
distributed in Central Asia and arid regions of northwestern
China due to its robust tolerance to drought and salt stress
(Khan et al., 2001; Wang et al., 2015). This species is a promising
candidate for phytoremediation of salt-affected and heavy
metal-contaminated soils and as an oilseed crop (Abideen et al.,
2015; Li et al.,, 2019). Its succulent leaves can hyperaccumulate
salts and heavy metals, such as Na, K, Ni, Cu, Zn, and As (Li
et al., 2019). The oil content of seeds is 19.2% and includes 91.8%
unsaturated fatty acids, especially rich in linoleic and oleic acids
(Li et al., 2019), and can effectively prevent the development of
cardiovascular diseases, reduce body fat, modulate immune and
inflammatory responses, and improve bone mass (Kim et al.,
2016; Hasanpour et al., 2020). Furthermore, the salt extraction
of H. glomeratus can improve the stretching quality of noodles,
which is an important raw material source for additives in
traditional Lanzhou beef noodles (Yan, 2015). More importantly,
H. glomeratus has been prescribed in traditional medicine for
the pharmacological functions of diaphoresis, relieving cough
and asthma and dispelling dampness in oriental countries since
ancient times. Therefore, H. glomeratus is undoubtedly an
important plant resource with many uses. However, relevant
research has only involved seed characteristics (Williams, 1960;
Khan et al.,, 2001, 2009), species invasion (Duda et al., 2003),
poisoning in livestock (James and Butcher, 1972; Lincoln and
Black, 1980), heavy metal (Yan et al, 2011) and salt stress
responses (Wang et al., 2015, 2018), and phytoremediation (Li
et al,, 2019). There have been few comprehensive analyses of
metabolites in this species, especially secondary metabolites
and its difference in different tissues, are not detailed. The
poisonous nature of H. glomeratus to sheep grazing due to
a large amounts of oxalic acid in plants (James and Butcher,
1972). Kudekova et al. (2017) provided a description on some
biologically active compounds of this species using roots and
aerial parts of H. glomeratus, including vitamin, amino- and
fatty-acid compositions. In the present study, we adopted
untargeted metabolomics to identify the compounds and
compared the metabolite compositions of different H. glomeratus
tissues (root, stem, leaf, and seed) to provide basic data for the
future development and utilization of this species as a source of
medicinal products and genes of resistance to abiotic stress.

MATERIALS AND METHODS

Plant Material and Sample Preparation

As a traditional Chinese medicine, the whole plant of
H. glomeratus is usually collected in August to October. Here,
in mid-August and October 2020, a total of 24 whole robust
plants of flowering period and mature seeds of H. glomeratus
were randomly collected from Zhongchuan town, Lanzhou
New District, in Gansu Province of Northwestern China

Frontiers in Plant Science | www.frontiersin.org

July 2021 | Volume 12 | Article 703255


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Wang et al.

Metabolomics Analyses in Halogeton glomeratus

PC2(22.8%)

40

o

,,,,,,

-

fffff

PC2(27.2%)

o

)
i

S

_______

2 leaf
- e Jeaf - )
(%> =)
© 7
-50 0 50 100 -50

PC1(28%)

negative ionization modes.

FIGURE 1 | (A) Phenotype of H. glomeratus plant, leaf, stem, root and seed, and overall score plots of the PCA model with quality control in (B) positive and (C)

PC1(33.4%)

(36°65'95.3"N,103°64°79.4”E), respectively. The town has a
mid-temperate semiarid continental climate with annual mean
rainfall of 300-350 mm, annual mean evaporation of 1,880 mm
and annual mean air temperature of 6.9°C, as well as frequent
drought. The soil is mostly loess and total salt concentration
is 1.0% with pH of 8.1 at 0-40 cm depth in the soil profile.
Furthermore, the organic matter is 19.2 g kg~! and total
nitrogen (N), phosphorus (P), potassium (K) are 1.25, 0.94, and
14.7 g kg™ !, respectively. The available N, P, and K are 42.4, 14.8,
and 205 mg kg™ !, respectively.

To better understand the metabolites composition and
compare its differences in different tissues of H. glomeratus, the
plants were taken to the laboratory and cleaned with distilled
water and then divided into roots, stem, leaves, and seeds. The
roots, stem, leaves, and seeds of four individuals were blended
to form a composite sample with six replicates (Figure 1A). All
samples were frozen in liquid nitrogen immediately and stored at
—80°C until needed.

Sample Extraction
The metabolites were extracted from the samples according to
Ying et al. (2020). Firstly, freeze-dried samples were ground to

powder using a grinder at 30 Hz for 1.5 min. Then 1 mL of
pre-chilled methanol (—20°C) was transferred into 100 mg of
lyophilized powder and vortexed for 1 min. Then, the sample was
centrifuged at 20,000 g for 10 min at 4°C and the supernatant was
absorbed and concentrated to dryness by vacuum concentrator
(5305, Eppendorf, Germany). Samples were dissolved in
2-chlorobenzalanine (4 ppm) 80% methanol solution (—20°C)
and the supernatant filtered through 0.22-pm micropores before
liquid chromatography-tandem mass spectrometry (MS/MS)
analysis. The quality control (QC) sample was prepared by
taking 20 WL from each sample extract and used to monitor the
reproducibility of the samples from the same organ.

Detection of Metabolites

All steps of the ultra-performance liquid chromatography
(UPLC) (Thermo UltiMate 3000) and MS/MS (Thermo Q
Exactive) analyses were performed as described previously
(Sanchez-Arcos et al, 2019). Briefly, 5 mL of each sample
extract was injected into an ACQUITY UPLC® HSS T3
(150 mm x 2.1 mm, 1.8 wm, Waters) column maintained at
40°C. The temperature of the autosampler was 8°C. Gradient
elution of analytes was carried out with 0.1% formic acid in
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FIGURE 2 | Circular diagram of all metabolites in H. glomeratus. Metabolites are classified into 137 categories and details are shown in Supplementary Table 2.
From the outer to the inner circle are the metabolites of leaf, stem, root, and seed in each category, respectively. Color represents abundance of metabolites and the
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water (C) and 0.1% formic acid in acetonitrile (D) or 5 mM
ammonium formate in water (A) and acetonitrile (B) at a flow
rate of 0.25 mL/min. Injection of 2 uL of each sample was done
after equilibration. An increasing linear gradient of solvent B
(v/v) was used as follows: 0-1 min, 2% B/D; 1-9 min, 2-50% B/D;
9-12 min, 50-98% B/D; 12-13.5 min, 98% B/D; 13.5-14 min,
98%-2% B/D; and 14-20 min, 2% D-positive model (14-17 min,
2% B-negative model).

Mass spectrometry experiments were executed on a Thermo Q
Exactive mass spectrometer with spray voltage of 3.8 and —2.5kV
in positive and negative modes, respectively. Sheath gas and
auxiliary gas were set at 30 and 10 arbitrary units, respectively.

The capillary temperature was 325°C. The analyzer scanned a
mass range of m/z 81-1,000 for full scan at a mass resolution
of 70,000. Data dependent acquisition MS/MS experiments were
performed with HCD scan. The normalized collision energy was
30 eV. Dynamic exclusion was implemented to remove some
unnecessary information in MS/MS spectra.

Identification of Metabolites

Raw data files were converted to mzXMLformat using
Proteowizard (v3.0.8789) and then the R statistical package
XCMS (v3.1.3) was employed for data formatting, peak
identification, filtration and alignment as described by

Frontiers in Plant Science | www.frontiersin.org

July 2021 | Volume 12 | Article 703255


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Wang et al.

Metabolomics Analyses in Halogeton glomeratus

A

Positive ionization mode

® Negative ionization mode

PO DDYOODDDIDIDILLRDDOL DD DO DDYOODDDDIDIDILLRLDDNL DD
29228 032333323 sasacasa33383¢8 2 222 e 233353333030 asa8s33388
22 8gggeeeeeee3 33333 R0 A DA 2888889 °c992933333g2ne 2D
A G N A A G A A S el ol S e S OSOR SO A Al - Sl S R S S )
C o
Lo
o
0 2

=3

c ©

=]
= S
o
© o @
3 3
< <}
& s
© ey
> o @
g =
H “—
£ o
= o=
© Jt3 LS @
Q 4 g o
3 £
O @ 5
N
(O] =
w b3 o
©° =]
X - & 2 &
- -
~
Iﬂ [~ o
~ © © @ ©
© -
~ - © ©

o

Metabolism

metabolites according to log, fold-change expression value, respectively.

FIGURE 3 | (A,B) Hierarchical cluster analysis and (C) KEGG pathway enrichment analysis of all identified metabolites. The heat map shows differential expression of
metabolites between root, stem, leaf, and seed in (A) positive and (B) negative ionization modes. Red and blue color represent up-regulated and down-regulated

Translation I 24

ansductic

mbran
al tr

Genetic Information Processing
Folding, sorting and degradation
Environmental Information Processing
Human Diseases

Tautenhahn et al. (2012). Metabolites were analyzed by spectrum
match to databases, including the Human Metabolome Database
(HMDB),! METLIN,* Massbank,’ LipidMaps,* and mzClound.’

'http://www.hmdb.ca
Zhttp://metlin.scripps.edu
*http://www.massbank.jp/
*http://www.lipidmaps.org
>https://www.mzcloud.org

Statistical Analysis

To determine how the metabolic profiles differed among root,
stem, leaf and seed, the identified metabolites were subjected
to principal component analysis (PCA), partial least squares
discriminant analysis (PLS-DA), and orthogonal projection to
latent structures-discriminant analysis (OPLS-DA) using the
corresponding R package models.® The variable importance for

Chttp://www.r-project.org/
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projection (VIP) score from the (O)PLS model was applied to
rank the metabolites that best distinguished between organs.
Metabolites between two organs with VIP > 1 and t-test
P < 0.05 were used as a univariate analysis to identify for
differential metabolites and then mapped to Kyoto Encyclopedia
of Genes and Genomes (KEGG) metabolic pathways for
pathway enrichment analysis (FDR < 0.05). Hierarchical cluster
analysis (HCA) was performed on the accumulation patterns of
metabolites between different tissues using Pearson correlation
distance matrix.

RESULTS

Difference in Constitutive Metabolic
Profiles of Root, Stem, Leaf, and Seed
Samples

We conducted PCA to monitor the accuracy and reproducibility
of the analysis process of root, stem, leaf, seed, and QC samples.
Biological replicates of each sample were always grouped together
with small confidence intervals. The first principal component
(PC1) and the second principal component (PC2) explained 28
and 22.8% of the total variability for positive ionization mode
(PI) datasets, respectively (Figure 1B). Similarly, PC1 and PC2
explained 33.4 and 27.2% of the total variability for negative
ionization mode (NT) datasets, respectively. For both ionization
modes, the metabolic profiles of root, stem, leaf, and seed samples
were separated distinctly along both PC1 and PC2 (Figure 1C).

Qualitative and Quantitative Metabolites
A total of 2,152 known metabolites were identified based
on widely targeted metabolites method, including 1,364 and

788 for PI and NI, respectively (Supplementary Table 1).
It was necessary to note that 10,393 unknown metabolites
were identified. All known metabolites were classified into
137 categories, with the dominant categories being carboxylic
acids and derivatives, benzene and substituted derivatives,
fatty acyls, organooxygen compounds, prenol lipids, steroids
and steroid derivatives, glycerophospholipids, phenols, indoles
and derivatives, and pyridines and derivatives (Figure 2 and
Supplementary Table 2).

Hierarchical cluster analysis was used to evaluate differences
in accumulation patterns of metabolites between different
H. glomeratus tissue samples. The sample classes were
separated into four non-overlapping clusters, based on organs
(Figures 3A,B), indicating that metabolite accumulation was
organ-specific. The production of metabolites was mainly
enriched in global and overview maps (885 metabolites),
amino acid metabolism (335), biosynthesis of other secondary
metabolites (260), carbohydrate metabolism (154), lipid
metabolism (126), and metabolism of cofactors and vitamins
(119) (Figure 3C).

Identification of Differential Metabolites

Among Organs

The PCA revealed that the metabolites of these organ samples
were well separated along PC1, thus organ-specific metabolism
of H. glomeratus was clear (Figure 4). Compared with PCA,
OPLS-DA can maximize the distinction between treatments and
is more advantageous in identifying differential metabolites due
to incorporating an orthogonal signal correction filter into a
PLS model. Here, the R* and Q? values all exceeded 0.99 for
root vs. stem, root vs. leaf, root vs. seed, stem vs. leaf, stem
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vs. seed, and leaf vs. seed (Figure 5). Furthermore, the OPLS-
DA model was verified by permutation test using 200 alignment
experiments. The R? and Q? values after replacement were less
than the corresponding R? and Q? values of the original model
(Figure 5). These results verify that the model could be used to
screen differential metabolites with VIP > 1 and t-test P < 0.05
between two organs.

Compared to root, a total of 1,346 (634 up-regulated;
712 down-regulated), 1,373 (716 up-regulated; 657 down-
regulated) and 1,431 (727 up-regulated; 704 down-regulated)
differential metabolites were identified in stem, leaf, and
seed, respectively. Analogously, compared to stem, there were
1,149 (581 up-regulated; 568 down-regulated) and 1,274 (660
up-regulated; 614 down-regulated) differential metabolites in
leaf and seed, respectively. Furthermore, there were 1,415
differential metabolites in the seed, when compared with leaf,

with 722 up-regulated and 693 down-regulated (Figure 6
and Supplementary Table 3). Venn diagram analysis showed
188 common and 35, 56, 45, 158, 17, and 75 specific
differential metabolites between root vs. stem, root vs. leaf,
root vs. seed, stem vs. leaf, stem vs. seed, and leaf vs. seed,
respectively (Figure 6).

Analysis of Differential Metabolites

Among Organs

The KEGG pathway enrichment analysis was conducted
to reveal the most important pathways associated with the
different organs of H. glomeratus at P < 0.05 (Figure 7).
Compared to root, differential metabolites in stem, leaf, and
seed were mainly involved in 2-oxocarboxylic acid metabolism,
aminoacyl-tRNA biosynthesis, ATP-binding cassette (ABC)
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transporters, glucosinolate biosynthesis, alanine, aspartate
and glutamate metabolism, phenylpropanoid biosynthesis,
and beta-alanine metabolism. Compared to stem, differential
metabolites in leaf and seed were mainly involved in aminoacyl-
tRNA biosynthesis, ABC transporters, 2-oxocarboxylic acid
metabolism, and C5-branched dibasic acid metabolism.
Compared to leaf, differential metabolites in seed were
mainly involved in aminoacyl-tRNA biosynthesis, ABC
transporters and 2-oxocarboxylic acid metabolism (Figure 7
and Supplementary Table 4). Based on the properties of
H. glomeratus, differential metabolites among organs mainly
correlated to the pharmacological effects and response to abiotic
stress were further analyzed.

DISCUSSION

Halophytes can grow on marginal land, withstand high
soil salinity and saline water irrigation and are being
extensively utilized to identify the genes of salt tolerance,
for phytoremediation of soil contaminants and in retrieval
of value-added products (Nikalje et al, 2018). There is
high interest in the potential applications of halophytes in
secondary metabolite production, medicine, food, nutraceuticals,
and Dbioactive compounds. Although H. glomeratus has
been traditionally used since ancient times as a source of
medicinal products and its seeds are rich in unsaturated
fatty acids, little is known regarding its nutraceutical or
biochemical uses of this species. Metabolomics provides
a more comprehensive view of the hundreds of bioactive
compounds in plants and for evaluation of their potential
value (Banu et al, 2018). In our study, metabolic profiling
was carried out in H. glomeratus root, stem, leaf, and seed
samples using an untargeted GC/MS-based metabolomics
approach. To the best of our knowledge, this is the first
metabolomics-based report to overview secondary metabolite
profiles in H. glomeratus. These data represent a potentially
valuable data source for the development and utilization
of this species.

Metabolites With Pharmacological

Effects Detected in Plants

In the present study, a total of 35, 25, and 22 metabolites involved
in flavonoid, flavone and flavonol and isoflavonoid biosyntheses
were detected, respectively (Supplementary Table 3). Of these,
the flavone and flavonol biosynthesis pathway was significantly
enriched in root vs. leaf (12 metabolites), root vs. seed (9
metabolites), stem vs. leaf (9 metabolites), and leaf vs. seed
(10 metabolites), respectively (Supplementary Table 3). Venn
diagram analysis showed that seven metabolites overlapped
between root vs. leaf and root vs. seed (Figure 8A). The
content of quercetin 3-O-glucoside, apiin, rutin and isovitexin
increased in leaf and seed, while kaempferide and 3-O-
methylquercetin decreased. Myricetin, laricitrin, kaempferol-3-
O-rutinoside, kaempferol, and myricetin specifically increased
in leaf, while vitexin 2-O-beta-D-glucoside specifically increased
in seed. These substances have specific functions in prevention
of human diseases. For example, quercetin-3-O-glucoside is a
potential antitumor agent against cancer that acts by inhibiting
cell migration induced by tumor-deteriorated growth factors
(Lee et al., 2015, 2016). Rutin has demonstrated a number
of excellent beneficial health properties, such as prevention
and treatment of diseases of the central nervous system,
endocrine system, cardiovascular system, cardiovascular system,
respiratory system, and excretory system as well as analgesic
and antiarthritic activities (Ganeshpurkar and Saluja, 2017).
Isovitexin was found to be effective against various cancers
through inducing apoptosis and autophagy in liver cancer cells
(Ganesan and Xu, 2017).

Glucosinolates and their products play important roles
in reducing the risk of carcinogenesis and heart disease
(Traka and Mithen, 2009). The KEGG enrichment analyses
showed that 14 metabolites were enriched in glucosinolate
biosynthesis. Furthermore, the glucosinolate biosynthesis
pathway showed significant enrichment in root vs. leaf
(seven metabolites), root vs. stem (seven), root vs. seed
(six), and stem vs. seed (five) (Supplementary Table 4).
Of these differential metabolites, six overlapped among
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root vs. leaf, root vs. stem and root vs. seed, which were
all down-regulated compared to root except for L-tyrosine
(Figure 8B).

More than 12,000 alkaloids have been identified in plants
and include pyrrolidine, isoquinoline, pyridine, quinoline, indole,
and quinazoline (Maione et al., 2016; Rehman and Khan, 2017).
Here, a total of 38, 35, and 11 metabolites were identified
as involved in isoquinoline alkaloid biosynthesis; tropane,
piperidine, and pyridine alkaloid biosynthesis; and indole
alkaloid biosynthesis, respectively. However, these metabolic
pathways were not significant (P > 0.05) enriched in the
different comparisons. For isoquinoline alkaloid biosynthesis,
five, seven and six metabolites showed significant differences in
the root vs. stem, root vs. leaf and root vs. seed comparisons,
respectively (Supplementary Table 4). Venn diagram analysis
showed that four metabolites overlapped among root vs. stem,
root vs. leaf and root vs. seed: 4-hydroxycinnamic acid, 4’-O-
methylnorbelladine, berberine and L-tyrosine (Figure 8C). The
4’-O-methylnorbelladine is regarded as the common biosynthetic
precursor for alkaloids in the Amaryllidaceae (Saliba et al,
2015). Berberine plays an important role in traditional Chinese
medicine to control blood glucose in type 2 diabetes and
treat dysentery and infectious diarrhea (Lau et al, 2001; Yin
et al., 2008). Similarly, four metabolites (piperidine, pipecolic
acid, L-isoleucine, and lysine) belong to the piperidine and
pyridine alkaloid biosynthesis pathway, and overlapped among
root vs. stem, root vs. leaf and root vs. seed (Figure 8D).
Pipecolic acid is a major metabolic intermediate of L-lysine
in the brain, can inhibit food intake and induce sleeping-like
behavior in neonatal chicks (Takagi et al., 2001). Furthermore,
three metabolites related to the indole alkaloid biosynthesis
pathway overlapped among root vs. stem, root vs. leaf and
root vs. seed, and were all down-regulated in leaf, stem
and seed compared with root (Figure 8E). Vinblastine and
vincristine are widely used as potent anticancer drugs and perturb
microtubule dynamics by directly binding to tubulin subunits
to suppress the self-assembly process of dynamic instability
(Castle et al., 2017).

Metabolites With Response to Abiotic
Stress in Plants

Adjusting metabolic status is one important strategy to survive
under salt stress. Previous studies indicated that abundance
of amino acids and carbohydrates in halophytes may be
associated with stress tolerance, especially the accumulation of
specific amino acids (Kumari and Parida, 2018; Ravi et al,
2020). Metabolite KEGG pathway enrichment analyses showed
that pathways of amino acid metabolism were significantly
enriched (Supplementary Table 3). Of these, we found that the
arginine and proline, phenylalanine and alanine, aspartate and
glutamate metabolism pathways were enriched, which involve
free amino acid biosyntheses. Accumulation of free amino acids,
such as proline, asparagine and glutamine, has been reported
in many studies of plants exposed to salt stress, and these
amino acids may contribute to osmotic adjustment (Martino
et al., 2003; Keutgen and Pawelzik, 2008; Hildebrandt, 2018).

Moreover, the alanine, aspartate and glutamate metabolism
pathway were significantly enriched in stem, leaf and seed
compared to root; metabolites of carboxylic acids and derivatives
and keto acids and derivatives were down-regulated (Figure 8F
and Supplementary Table 3). Of course, its rich amino
acid composition increases the potential of H. glomeratus for
supplying pharmaceutical products.

In general, salt stress induces a large increase in carbohydrate
pools to deal with osmotic adjustment (Tiago et al, 2016).
In this study, many metabolites belonging to carbohydrate
metabolism were identified, with the starch and sucrose
metabolism pathway enriched in leaf and stem compared to
root (Supplementary Table 3). However, D-glucose, cellobiose,
trehalose and sucrose were increased in root but not glucose
6-phosphate (Figure 8G). The accumulation of sucrose in
xerohalophyte Atriplex halimus leaves under high salinity has
been attributed to photoprotection of photosystem II (Bendaly
et al., 2016). Exogenous application of salicylic acid strongly
stimulated the biosynthesis of glucose, mannose, fructose, and
cellobiose to alleviate damage due to drought (Zhou et al,
2017). Our data indicate that carbohydrate metabolism may
have crucial functions in response to salt and drought stress in
H. glomeratus.

Lipids are the major component of the cell plasma membrane,
and alterations in membrane lipids have crucial roles in
response to salinity stress (Hou et al., 2016; Guo et al., 2019).
Metabolites involved in lipid metabolism were enriched
in KEGG pathway analyses of this species, including in
arachidonic acid metabolism (37 metabolites), linoleic acid
metabolism (21), biosynthesis of unsaturated fatty acids (20),
and glycerophospholipid metabolism (37). However, significant
differential expression of lipid metabolites in root, stem, leaf
and seed was not detected in our metabolism analysis. This
result not only is consistent with H. glomeratus being rich
in unsaturated fatty acids, especially linoleic acid (Li et al,
2019), but also indicates that lipids acting as very important
biomolecules are widely distributed in all tissues of H. glomeratus
in response to salt stress.

In plants, ABC transporters play an important role
in coping with salt stress processes because they can
act as exporters as well as importers for transporting a
myriad of substrates across biological membranes (Hwang

et al., 2016). Our results showed metabolites related to
ABC transporters were significantly enriched in root
vs. stem (20 metabolites), root vs. leaf (19), root vs.

seed (19), stem vs. leaf (12), and stem vs. seed (12) in
H. glomeratus (Supplementary Table 1). These different
metabolites may enhance the ability of H. glomeratus to
avoid toxins by transporting toxic compounds under salinity
and drought stress.

CONCLUSION

We investigated the variability of the metabolites of root, stem,
leaf, and seed in halophyte H. glomeratus using an untargeted
metabolomics approach. The results showed that differential
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metabolites in stem, leaf, and seed were mainly involved in 2-
oxocarboxylic acid metabolism, aminoacyl-tRNA biosynthesis,
ABC transporters, glucosinolate biosynthesis, phenylpropanoid
biosynthesis, beta-alanine metabolism and alanine, aspartate and
glutamate metabolism compared to root. Notably, important
metabolites with pharmacological effects and that respond to
abiotic stress were successfully identified in H. glomeratus
(Figure 9). However, it should be emphasized that the molecular
features of 10,393 metabolites were still unknown. These results
provide reference for evaluating the medical utilization value
and understanding the salt-tolerance mechanism of this species.
Future studies should confirm the results obtained in this
work and compare different classes of metabolites presented
in the same tissue by analyzing H. glomeratus plants collected
from different regions of China. Then, a number of candidate
metabolites with pharmacological effects will be extracted and
characterized through a series of pharmacological experiments.
We hope that our findings will open a new field to accelerate the
future development of H. glomeratus.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author/s.

AUTHOR CONTRIBUTIONS

JW and KY carried out the metabolomic analysis and drafted the
manuscript. LY, ZM, ES, BL, and XM participated in material
culture and performed the statistical analysis. XS and HW
conceived of the study and participated in its design. HW, CL,

REFERENCES

Abideen, Z., Qasim, M., Rizvi, R. F., Gul, B., Ansari, R., and Khan, M. (2015).
Oilseed halophytes: a potential source of biodiesel using saline degraded lands.
Biofuels 6, 241-248. doi: 10.1080/17597269.2015.1090812

Alseekh, S., Bermudez, L., de Haro, L., Fernie, A., and Carrari, F. (2018). Crop
metabolomics: from diagnostics to assisted breeding. Metabolomics 14:148. doi:
10.1007/s11306-018-1446-5

Banu, B., Antonio, G. S., Geoffrey, I, Mar, G. A., Christine, M., Kieran,
T, et al. (2018). Breakthroughs in the health effects of plant food
bioactives: a perspective on microbiomics, nutri(epi)genomics, and
metabolomics. J. Agric. Food Chem. 66, 10686-10692. doi: 10.1021/acs.jafc.8b
03385

Bendaly, A., Messedi, D., Smaoui, A., Ksouri, R., Bouchereau, A., and Abdelly, C.
(2016). Physiological and leaf metabolome changes in the xerohalophyte species
Atriplex halimus induced by salinity. Plant Physiol. Biochem. 103, 208-218.
doi: 10.1016/j.plaphy.2016.02.037

Castle, B. T., Mccubbin, S., Prahl, L. S., Bernens, J. N, Sept, D., and Odde,
D. J. (2017). Mechanisms of kinetic stabilization by the drugs paclitaxel and
vinblastine. Mol. Biol. Cell 28, 1238-1257. doi: 10.1091/mbc.E16-08-0567

Cicero, A., and Colletti, A. (2017). Food and plant bioactives for reducing
cardiometabolic disease: how does the evidence stack up? Trends Food Sci.
Technol. 69, 192-202. doi: 10.1016/].tifs.2017.04.001

and YM helped to draft the manuscript. All authors read and
approved the final manuscript.

ACKNOWLEDGMENTS

This work was supported by the National Natural Science
Foundation of China (31960072 and 32001514); China
Agriculture Research System of MOF and MARA (Grant
CARS-05-04B-2); Industrial Support Project of Colleges and
Universities in Gansu Province; National Basic Research Program
of China (Grant 2014CB160313); Key Projects of Natural
Science Foundation of Gansu Province (20JR1I0RA507); Gansu
Provincial Key Laboratory of Aridland Crop Science, Gansu
Agricultural University (No. GSCS-2019-1; -7); Fuxi Talent
Project of Gansu Agricultural University (Ganfx-03Y06) and
Scientific Rresearch Start-up Funds for Openly-recuited Doctors
of Gansu Agricultural University (GAU-KYQD-2018-02, 022).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpls.2021.
703255/full#supplementary- material

Supplementary Table 1 | Summary of all metabolites detected in H. glomeratus.

Supplementary Table 2 | Category summary of all identified metabolites in
H. glomeratus.

Supplementary Table 3 | Summary of differential metabolites in root vs. stem,
root vs. leaf, root vs. seed, stem vs. leaf, stem vs. seed and leaf vs.
seed comparisons.

Supplementary Table 4 | Detailed information of KEGG pathway enrichment
analysis of differential metabolites in root vs. stem, root vs. leaf, root vs. seed,
stem vs. leaf, stem vs. seed and leaf vs. seed comparisons.

Dixon, R. A., Gang, D. R, Charlton, A., Fiehn, O., Kuiper, H. A., Reynolds, T., et al.
(2006). Applications of metabolomics in agriculture. J. Agric. Food Chem. 54,
8984-8994. doi: 10.1021/jf061218t

Duda, J. J., Freeman, D. C., Emlen, J. M., Belnap, J., Kitchen, S. G., Zak, J. C,,
et al. (2003). Differences in native soil ecology associated with invasion of the
exotic annual chenopod, Halogeton glomeratus. Biol. Fertil. Soils 38, 72-77.
doi: 10.1007/s00374-003-0638-x

Feng, Z., Ding, C, Li, W., Wang, D., and Cui, D. (2019). Applications of
metabolomics in the research of soybean plant under abiotic stress. Food Chem.
310:125914. doi: 10.1016/j.foodchem.2019.125914

Fernie, A. R, and Schauer, N. (2009). Metabolomics-assisted breeding: a viable
option for crop improvement? Trends Genet. 25, 39-48. doi: 10.1016/j.tig.2008.
10.010

Ferrazzano, G. F., Amato, I, Ingenito, A., Zarrelli, A, Pinto, G., and Pollio,
A. (2011). Plant polyphenols and their anti-cariogenic properties: a review.
Molecules 16, 1486-1507. doi: 10.3390/molecules16021486

Fiehn, O., Kopka, J., Dérmann, P., Altmann, T., Trethewey, R. N., and Willmitzer,
L. (2000). Metabolite profiling for plant functional genomics. Nat. Biotechnol.
18, 1157-1161. doi: 10.1038/81137

Flowers, T. J., and Colmer, T. D. (2008). Salinity tolerance in halophytes. N. Phytol.
179, 945-963. doi: 10.1111/j.1469-8137.2008.02531.x

Fraser, P. D., Aharoni, A., Hall, R. D., Huang, S. W., Giovannoni, J. ., Sonnewald,
U., et al. (2020). Metabolomics should be deployed in the identification and

Frontiers in Plant Science | www.frontiersin.org

July 2021 | Volume 12 | Article 703255


https://www.frontiersin.org/articles/10.3389/fpls.2021.703255/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2021.703255/full#supplementary-material
https://doi.org/10.1080/17597269.2015.1090812
https://doi.org/10.1007/s11306-018-1446-5
https://doi.org/10.1007/s11306-018-1446-5
https://doi.org/10.1021/acs.jafc.8b03385
https://doi.org/10.1021/acs.jafc.8b03385
https://doi.org/10.1016/j.plaphy.2016.02.037
https://doi.org/10.1091/mbc.E16-08-0567
https://doi.org/10.1016/j.tifs.2017.04.001
https://doi.org/10.1021/jf061218t
https://doi.org/10.1007/s00374-003-0638-x
https://doi.org/10.1016/j.foodchem.2019.125914
https://doi.org/10.1016/j.tig.2008.10.010
https://doi.org/10.1016/j.tig.2008.10.010
https://doi.org/10.3390/molecules16021486
https://doi.org/10.1038/81137
https://doi.org/10.1111/j.1469-8137.2008.02531.x
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Wang et al.

Metabolomics Analyses in Halogeton glomeratus

characterization of gene-edited crops. Plant J. 102, 897-902. doi: 10.1111/tpj.
14679

Ganesan, K., and Xu, B. J. (2017). Molecular targets of vitexin and isovitexin in
cancer therapy: a critical review. Ann. N. Y. Acad. Sci. 1401, 102-113. doi:
10.1111/nyas.13446

Ganeshpurkar, A., and Saluja, A. K. (2017). The pharmacological potential of rutin.
Saudi Pharm. J. 25, 149-164. doi: 10.1016/j.jsps.2016.04.025

Glenn, E. P., Brown, J. J.,, and Blumwald, E. (2013). Salt tolerance and crop
potential of halophytes. Crit. Rev. Plant Sci. 18, 227-255. doi: 10.1080/
07352689991309207

Guo, Q., Liu, L., and Barkla, B. J. (2019). Membrane lipid remodeling in response
to salinity. Int. J. Mol. Sci. 20:4264. doi: 10.3390/ijms20174264

Hasanpour, M., Iranshahy, M., and Iranshahi, M. (2020). The application
of metabolomics in investigating anti-diabetic activity of medicinal plants.
Biomed. Pharmacother. 128:110263. doi: 10.1016/j.biopha.2020.110263

Hildebrandt, T. M. (2018). Synthesis versus degradation: directions of amino acid
metabolism during Arabidopsis abiotic stress response. Plant Mol. Biol. 98,
121-135. doi: 10.1007/s11103-018-0767-0

Hou, Q. C,, Ufer, G. D., and Bartels, D. (2016). Lipid signalling in plant responses
to abiotic stress. Plant Cell Environ. 39, 1029-1048. doi: 10.1111/pce.12666

Hwang, J. U., Song, W. Y., Hong, D., Ko, D., Yamaoka, Y., Jang, S., et al. (2016).
Plant ABC transporters enable many unique aspects of a terrestrial plant’s
lifestyle. Mol. Plant 9, 338-355. doi: 10.1016/j.molp.2016.02.003

James, L. F.,, and Butcher, J. E. (1972). Halogeton poisoning of sheep: effect of
high level oxalate intake. J. Anim. Sci. 35, 1233-1238. doi: 10.2527/jas1972.356
1233x

Kallscheuer, N., Classen, T., Drepper, T., and Marienhagen, J. (2019). Production
of plant metabolites with applications in the food industry using engineered
microorganisms. Curr. Opin. Biotech. 56, 7-17. doi: 10.1016/j.copbio.2018.07.
008

Keutgen, A. J., and Pawelzik, E. (2008). Contribution of amino acids to strawberry
fruit quality and their relevance as stress indicators under NaCl salinity. Food
Chem. 111, 642-647. doi: 10.1016/j.foodchem.2008.04.032

Khan, M. A,, Gul, B., and Weber, D. J. (2001). Seed germination characteristics of
Halogeton glomeratus. Can. J. Bot. 79, 1189-1194. doi: 10.1139/cjb-79-10-1189

Khan, M. A, Gul, B, and Weber, D. J. (2009). Effect of germination
regulating chemicals on seed germination of Halogeton glomeratus
for alleviation of salinity stress. Pak. J. Bot. 41, 1205-1212. doi:
10.1111/§.1467-9590.2009.00459.x

Kim, J., Kim, Y., Kim, Y., and Park, Y. (2016). Conjugated linoleic acid: potential
health benefits as a functional food ingredient. Annu. Rev. Food Sci. Technol.
7:221. doi: 10.1146/annurev-food-041715-033028

Kudekova, A. B., Umbetova, A. K., Gemedzhieva, N. G., Abilov, Z. A., Sultanova,
N. A., and Burasheva, G. S. (2017). Biologically active compounds from
Halogeton glomeratus. Chem. Nat. Compd. 53, 935-936. doi: 10.1007/s10600-
017-2159-0

Kumari, A., and Parida, A. (2018). Metabolomics and network analysis reveal the
potential metabolites and biological pathways involved in salinity tolerance of
the halophyte Salvadora persica. Environ. Exp. Bot. 148, 85-99. doi: 10.1016/j.
envexpbot.2017.12.021

Lau, C. W,, Yao, X. Q.,, Chen, Z. Y., Ko, W. H,, and Huang, Y. (2001).
Cardiovascular actions of berberine. Cardiovasc. Ther. 19, 234-244. doi: 10.
1111/j.1527-3466.2001.tb00068.x

Lee, J., Han, S. I, Yun, J. H, and Kim, J. H. (2015). Quercetin 3-O-glucoside
suppresses epidermal growth factor-induced migration by inhibiting EGFR
signaling in pancreatic cancer cells. Tumour Biol. 36, 9385-9393. doi: 10.1007/
s13277-015-3682-x

Lee, J., Lee, J., Kim, S., and Kim, J. H. (2016). Quercetin-3-O-glucoside suppresses
pancreatic cancer cell migration induced by tumor-deteriorated growth factors
in vitro. Oncol. Rep. 35, 2473-2479. doi: 10.3892/0r.2016.4598

Li, B., Wang, J., Yao, L., Meng, Y., Ma, X., Wang, H,, et al. (2019). Halophyte
Halogeton glomeratus, a promising candidate for phytoremediation of heavy
metal-contaminated saline soils. Plant Soil 442, 323-331. doi: 10.1007/s11104-
019-04152-4

Li, Q, and Song, J. (2019). Analysis of widely targeted metabolites of the
euhalophyte Suaeda salsa under saline conditions provides new insights into
salt tolerance and nutritional value in halophytic species. BMC Plant Biol.
19:388. doi: 10.1186/s12870-019-2006-5

Lincoln, S. D., and Black, B. (1980). Halogeton poisoning in range cattle. . Am. Vet.
Med. Assoc. 176, 717-718. doi: 10.1111/j.1748-5827.1980.tb05961.x

Liu, X, Yang, C., Zhang, L., Li, L., Liu, S., Wu, H., et al. (2011). Metabolic profiling
of cadmium-induced effects in one pioneer intertidal halophyte Suaeda salsa by
NMR-based metabolomics. Ecotoxicology 20, 1422-1431. doi: 10.1007/s10646-
011-0699-9

Lugan, R, Niogret, M. F., Leport, L., Guégan, J. P., Larher, F. R., Bouchereau,
A, et al. (2010). Metabolome and water homeostasis analysis of Thellungiella
salsuginea suggests that dehydration tolerance is a key response to osmotic
stress in this halophyte. Plant J. 64, 215-229. doi: 10.1111/j.1365-313x.2010.
04323.x

Mahdi, J. G., Mahdi, A. J., Mahdi, A. J., and Bowen, 1. D. (2006). The historical
analysis of aspirin discovery, its relation to the willow tree and antiproliferative
and anticancer potential. Cell Proliferat. 39, 147-155. doi: 10.1111/j.1365-2184.
2006.00377.x

Maione, F., Russo, R., Khan, H., and Mascolo, N. (2016). Medicinal plants with
anti-inflammatory activities. Nat. Prod. Res. 30, 1343-1352. doi: 10.1080/
14786419.2015.1062761

Martino, C. D., Delfine, S., Pizzuto, R., Loreto, F., and Fuggi, A. (2003). Free
amino acids and glycine betaine in leaf osmoregulation of spinach responding
to increasing salt stress. N. Phytol. 158, 455-463. doi: 10.1046/j.1469-8137.2003.
00770.x

Matsuda, F., Okazaki, Y., Oikawa, A., Kusano, M., Nakabayashi, R., Saito, K.,
etal. (2012). Dissection of genotype-phenotype associations in rice grains using
metabolome quantitative trait loci analysis. Plant J. 70, 624-636. doi: 10.1111/j.
1365-313X.2012.04903.x

Mishra, A., Patel, M. K., and Jha, B. (2015). Non-targeted metabolomics and
scavenging activity of reactive oxygen species reveal the potential of Salicornia
brachiata as a functional food. J. Funct. Foods 13, 21-31. doi: 10.1016/j.j{£.2014.
12.027

Nikalje, C., Srivastava, K., Pandey, K., and Suprasanna, P. (2018). Halophytes in
biosaline agriculture: mechanism, utilization, and value addition. Land Degrad.
Dev. 29, 1081-1095. doi: 10.1002/1dr.2819

Nirmala, L., Padmini Amma, Z. D. P., and Jalaj, A. V. (2020). “Plant secondary
metabolites as nutraceuticals,” in Plant Metabolites: Methods, Applications and
Prospects, eds S. T. Sukumaran, S. Sugathan, and S. Abdulhameed (Singapore:
Springer), 239-253. doi: 10.1007/978-981-15-5136-9_11

Okada, T., Afendi, F. M., Altaf-Ul-Amin, A., Takahashi, H., Nakamura, K.,
and Kanaya, S. (2010). Metabolomics of medicinal plants: the importance of
multivariate analysis of analytical chemistry data. Curr. Comput Aided Drug
Des. 6, 179-196. doi: 10.2174/157340910791760055

Okazaki, Y., and Saito, K. (2016). Integrated metabolomics and phytochemical
genomics approaches for studies on rice. Gigascience 5, s13716-s13742. doi:
10.1186/s13742-016-0116-7

Quanbeck, S. M., Brachova, L., Campbell, A. A., Guan, X., Perera, A., He, K., et al.
(2012). Metabolomics as a hypothesis-generating functional genomics tool for
the annotation of Arabidopsis thaliana genes of "unknown function". Front.
Plant Sci. 3:15. doi: 10.3389/fpls.2012.00015

Ravi, S., Young, T., Macinnis-Ng, C., Nguyen, T. V., and Leuzinger, S. (2020).
Untargeted metabolomics in halophytes: the role of different metabolites
in New Zealand mangroves under multi-factorial abiotic stress conditions.
Environ. Exp. Bot. 173:103993. doi: 10.1016/j.envexpbot.2020.103993

Rehman, S., and Khan, H. (2017). Advances in antioxidant potential of
natural alkaloids. Curr. Bioact. Compd. 13, 101-108. doi: 10.2174/
1573407212666160614075157

Saliba, S., Ptak, A., and Laurain-Mattar, D. (2015). 4’-O-Methylnorbelladine
feeding enhances galanthamine and lycorine production by Leucojum aestivum
L. shoot cultures. Eng. Life Sci. 15, 640-645. doi: 10.1002/elsc.201500008

Sanchez-Arcos, C., Kai, M., Svato, A., Gershenzon, J., and Kunert, G. (2019).
Untargeted metabolomics approach reveals differences in host plant chemistry
before and after infestation with different pea aphid host races. Front. Plant Sci.
10:188. doi: 10.3389/fpls.2019.00188

Sauter, H., Lauer, M., and Fritsch, H. (1991). Metabolic profiling of plants. - a
new diagnostic-technique. ACS Symp. Ser. 443, 288-299. doi: 10.1021/bk-1991-
0443.ch024

Scalbert, A., Manach, C., Morand, C., Rémésy, C., and Jiménez, L. (2005). Dietary
polyphenols and the prevention of diseases. Crit. Rev. Food Sci. 45, 287-306.
doi: 10.1080/1040869059096

Frontiers in Plant Science | www.frontiersin.org

July 2021 | Volume 12 | Article 703255


https://doi.org/10.1111/tpj.14679
https://doi.org/10.1111/tpj.14679
https://doi.org/10.1111/nyas.13446
https://doi.org/10.1111/nyas.13446
https://doi.org/10.1016/j.jsps.2016.04.025
https://doi.org/10.1080/07352689991309207
https://doi.org/10.1080/07352689991309207
https://doi.org/10.3390/ijms20174264
https://doi.org/10.1016/j.biopha.2020.110263
https://doi.org/10.1007/s11103-018-0767-0
https://doi.org/10.1111/pce.12666
https://doi.org/10.1016/j.molp.2016.02.003
https://doi.org/10.2527/jas1972.3561233x
https://doi.org/10.2527/jas1972.3561233x
https://doi.org/10.1016/j.copbio.2018.07.008
https://doi.org/10.1016/j.copbio.2018.07.008
https://doi.org/10.1016/j.foodchem.2008.04.032
https://doi.org/10.1139/cjb-79-10-1189
https://doi.org/10.1111/j.1467-9590.2009.00459.x
https://doi.org/10.1111/j.1467-9590.2009.00459.x
https://doi.org/10.1146/annurev-food-041715-033028
https://doi.org/10.1007/s10600-017-2159-0
https://doi.org/10.1007/s10600-017-2159-0
https://doi.org/10.1016/j.envexpbot.2017.12.021
https://doi.org/10.1016/j.envexpbot.2017.12.021
https://doi.org/10.1111/j.1527-3466.2001.tb00068.x
https://doi.org/10.1111/j.1527-3466.2001.tb00068.x
https://doi.org/10.1007/s13277-015-3682-x
https://doi.org/10.1007/s13277-015-3682-x
https://doi.org/10.3892/or.2016.4598
https://doi.org/10.1007/s11104-019-04152-4
https://doi.org/10.1007/s11104-019-04152-4
https://doi.org/10.1186/s12870-019-2006-5
https://doi.org/10.1111/j.1748-5827.1980.tb05961.x
https://doi.org/10.1007/s10646-011-0699-9
https://doi.org/10.1007/s10646-011-0699-9
https://doi.org/10.1111/j.1365-313x.2010.04323.x
https://doi.org/10.1111/j.1365-313x.2010.04323.x
https://doi.org/10.1111/j.1365-2184.2006.00377.x
https://doi.org/10.1111/j.1365-2184.2006.00377.x
https://doi.org/10.1080/14786419.2015.1062761
https://doi.org/10.1080/14786419.2015.1062761
https://doi.org/10.1046/j.1469-8137.2003.00770.x
https://doi.org/10.1046/j.1469-8137.2003.00770.x
https://doi.org/10.1111/j.1365-313X.2012.04903.x
https://doi.org/10.1111/j.1365-313X.2012.04903.x
https://doi.org/10.1016/j.jff.2014.12.027
https://doi.org/10.1016/j.jff.2014.12.027
https://doi.org/10.1002/ldr.2819
https://doi.org/10.1007/978-981-15-5136-9_11
https://doi.org/10.2174/157340910791760055
https://doi.org/10.1186/s13742-016-0116-7
https://doi.org/10.1186/s13742-016-0116-7
https://doi.org/10.3389/fpls.2012.00015
https://doi.org/10.1016/j.envexpbot.2020.103993
https://doi.org/10.2174/1573407212666160614075157
https://doi.org/10.2174/1573407212666160614075157
https://doi.org/10.1002/elsc.201500008
https://doi.org/10.3389/fpls.2019.00188
https://doi.org/10.1021/bk-1991-0443.ch024
https://doi.org/10.1021/bk-1991-0443.ch024
https://doi.org/10.1080/1040869059096
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Wang et al.

Metabolomics Analyses in Halogeton glomeratus

Schauer, N., and Fernie, A. (2006). Plant metabolomics: towards biological function
and mechanism. Trends Plant Sci. 11, 508-516. doi: 10.1016/j.tplants.2006.
08.007

Shulaev, V., Cortes, D., Miller, G., and Mittler, R. (2008). Metabolomics for plant
stress response. Physiol. Plant. 132, 199-208. doi: 10.1111/j.1399-3054.2007.
01025.x

Sramska, P., Maciejka, A., Topolewska, A., Stepnowski, P., and Halinski, A. P.
(2017). Isolation of atropine and scopolamine from plant material using liquid-
liquid extraction and EXtrelut(R) columns. J. Chromatogr. B. 1043, 202-208.
doi: 10.1016/j.jchromb.2016.09.003

Szymanski, J., Bocobza, S., Panda, S., Sonawane, P., Cérdenas, P. D,
Lashbrooke, J., et al. (2020). Analysis of wild tomato introgression lines
elucidates the genetic basis of transcriptome and metabolome variation
underlying fruit traits and pathogen response. Nat. Genet. 52, 1111-
-1121. doi: 10.1038/541588-020-0690-6

Takagi, T., Ando, R., Ohgushi, A., Yamashita, T., Dobashi, E., Hussain-Yusuf, H.,
et al. (2001). Intracerebroventricular injection of pipecolic acid inhibits food
intake and induces sleeping-like behaviors in the neonatal chick. Neurosci. Lett.
310, 97-100. doi: 10.1016/S0304-3940(01)02059-6

Tautenhahn, R., Patti, G. J., Rinehart, D., and Siuzdak, G. (2012). XCMS Online: a
web-based platform to process untargeted metabolomic data. Anal. Chem. 84,
5035-5039. doi: 10.1021/ac300698¢

Tiago, F., Jorge, T. F., Rodrigues, J. A., Caldana, C., Schmidt, R., Antonio, C., et al.
(2016). Mass spectrometry-based plant metabolomics: metabolite responses to
abiotic stress. Mass Spectrom. Rev. 35, 620-649. doi: 10.1002/mas.21449

Traka, M., and Mithen, R. (2009). Glucosinolates, isothiocyanates and human
health. Phytochem. Rev. 8, 269-282. doi: 10.1007/s11101-008-9103-7

van der Kooy, F., Maltese, F., Choi, Y. H., Kim, H. K., and Verpoorte, R. (2009).
Quality control of herbal material and phytopharmaceuticals with MS and
NMR based metabolic fingerprinting. Planta Med. 75, 763-775. doi: 10.1055/
5-0029-1185450

Wang, J., Li, B., Yao, L., Meng, Y., Ma, X., Wang, H., et al. (2018). Comparative
transcriptome analysis of genes involved in Na™ transport in the leaves of
halophyte Halogeton glomeratus. Gene 678, 407-416. doi: 10.1016/j.gene.2018.
08.025

Wang, J., Meng, Y., Li, B., Ma, X, Lai, Y., Wang, H., et al. (2015). Physiological
and proteomic analyses of salt stress response in the halophyte Halogeton
glomeratus. Plant Cell Environ. 38, 655-669. doi: 10.1111/pce.12428

Wang, X., Bai, J., Wang, W., Zhang, G., Yin, S, and Wang, D. (2021).
A comparative metabolomics analysis of the halophyte Suaeda salsa and

Salicornia europaea. Environ. Geochem. Health. 43, 1109-1122. doi: 10.1007/
§10653-020-00569-4

Williams, M. C. (1960). Biochemical analyses, germination and production of
black and brown seed of Halogeton glomeratus. Weeds 8, 452-461. doi: 10.2307/
4040447

Winkel-Shirley, B. (2001). Flavonoid biosynthesis. a colorful model for genetics,
biochemistry, cell Biology, and biotechnology. Plant Physiol. 126, 485-493.
doi: 10.1104/pp.126.2.485

Wu, H., Liu, X., Zhao, J., Yu, J., Pang, Q., and Feng, J. (2012). Toxicological effects
of environmentally relevant lead and zinc in halophyte Suaeda salsa by NMR-
based metabolomics. Ecotoxicology 21, 2363-2371. doi: 10.1007/s10646-012-
0992-2

Yan, L. I. (2015). Mechanism and safety research of hand-pulled noodle agent in
Lanzhou beef noodle. Food Eng. 3, 53-56.

Yan, L. U, Li, X. R, He, M. Z,, Su, Y. G, and Zeng, F. J. (2011). Photosynthesis
and physiological characteristics in Halogeton glomeratus with heavy metal
treatments. Acta Bot. Boreali Occidentalia Sin. 31, 370-376. doi: 10.1016/j.actao.
2011.02.010

Yin, J., Gao, Z., Liu, D., Liu, Z., and Ye, J. (2008). Berberine improves glucose
metabolism through induction of glycolysis. Am. J. Physiol. Endocrinol. Metab.
294, 148-156. doi: 10.1152/ajpend0.00211.2007

Ying, S., Su, M., Wu, Y., Zhou, L., Fu, R, Zhang, Y., et al. (2020). Trichome
regulator SIMIXTA-like directly manipulates primary metabolism in tomato
fruit. Plant Biotechnol. ]. 18, 354-363. doi: 10.1111/pbi.13202

Zhou, L., Yu, J., Yan, P., and Huang, B. (2017). Metabolic pathways regulated
by abscisic acid, salicylic acid and y-aminobutyric acid in association with
improved drought tolerance in creeping bentgrass (Agrostis stolonifera). Physiol.
Plant. 159, 42-58. doi: 10.1111/ppl.12483

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Wang, Yang, Yao, Ma, Li, Si, Li, Meng, Ma, Shang and Wang.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Plant Science | www.frontiersin.org

14

July 2021 | Volume 12 | Article 703255


https://doi.org/10.1016/j.tplants.2006.08.007
https://doi.org/10.1016/j.tplants.2006.08.007
https://doi.org/10.1111/j.1399-3054.2007.01025.x
https://doi.org/10.1111/j.1399-3054.2007.01025.x
https://doi.org/10.1016/j.jchromb.2016.09.003
https://doi.org/10.1038/s41588-020-0690-6
https://doi.org/10.1016/S0304-3940(01)02059-6
https://doi.org/10.1021/ac300698c
https://doi.org/10.1002/mas.21449
https://doi.org/10.1007/s11101-008-9103-7
https://doi.org/10.1055/s-0029-1185450
https://doi.org/10.1055/s-0029-1185450
https://doi.org/10.1016/j.gene.2018.08.025
https://doi.org/10.1016/j.gene.2018.08.025
https://doi.org/10.1111/pce.12428
https://doi.org/10.1007/s10653-020-00569-4
https://doi.org/10.1007/s10653-020-00569-4
https://doi.org/10.2307/4040447
https://doi.org/10.2307/4040447
https://doi.org/10.1104/pp.126.2.485
https://doi.org/10.1007/s10646-012-0992-2
https://doi.org/10.1007/s10646-012-0992-2
https://doi.org/10.1016/j.actao.2011.02.010
https://doi.org/10.1016/j.actao.2011.02.010
https://doi.org/10.1152/ajpendo.00211.2007
https://doi.org/10.1111/pbi.13202
https://doi.org/10.1111/ppl.12483
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

	Metabolomics Analyses Provide Insights Into Nutritional Value and Abiotic Stress Tolerance in Halophyte Halogeton glomeratus
	Introduction
	Materials and Methods
	Plant Material and Sample Preparation
	Sample Extraction
	Detection of Metabolites
	Identification of Metabolites
	Statistical Analysis

	Results
	Difference in Constitutive Metabolic Profiles of Root, Stem, Leaf, and Seed Samples
	Qualitative and Quantitative Metabolites
	Identification of Differential Metabolites Among Organs
	Analysis of Differential Metabolites Among Organs

	Discussion
	Metabolites With Pharmacological Effects Detected in Plants
	Metabolites With Response to Abiotic Stress in Plants

	Conclusion
	Data Availability Statement
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


