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ABSTRACT

Bulbil germination is crucial to the survival of Chinese yam plants, the preservation of germplasm resources
and the worldwide supply of food and natural medicine. There are still some unknowns regarding bulbil
biochemical variations associated with germination. The metabolic changes during the germination of Chi-
nese yam (Dioscorea polystachya Turczaninow) bulbils were studied using ultrahigh-performance liquid
chromatography coupled with quadrupole time-of-flight mass spectrometry (UPLC-Q-TOF-MS) at eight-
-time points covering all four phases of germination. It was determined that 27 metabolites, including organic
acids, amino acids, sugars, lipid metabolites, phenolics and steroids, were responsible for the variation in the
Chinese yam bulbil groups. A metabolomics pathway was proposed based on the identified metabolites. The
main processes affected during germination were those related to carbohydrate metabolism, the TCA cycle,
lipid metabolism, nitrogen metabolism, lipid metabolism and polyphenol metabolism. It is one of the earliest
reports on the metabolite identification and profiling of Chinese yam bulbils at different germination stages.

Key words: Chinese yam bulbils, germination, metabolomics, UPLC-Q-TOF-MS, multivariate statistical
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INTRODUCTION

Chinese yam (Dioscorea polystachya Turczani-
now) grows in temperate forests, scrub forests, herb
communities, on mountain slopes, and along rivers and
roadsides in China, Korea and Japan [Zhang 2014].
The species is widely cultivated in China, and its tu-
bers are used as food and natural medicine [Padhan
and Panda 2020]. Chinese yam is a monocotyledon
genus and dioecious species. True seeds are produced
when male and female plants grow in close proximity,
but vegetative reproduction is far more common in the
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actual production of yam [Mizuki et al. 2010]. Bulbils
and tuber heads are the most commonly used propaga-
tion organs [Kim et al. 2010]. Tuber heads are bulky to
transport, and the multiplication rate in the field is very
low [Dessalegn 2016]. Agronomic and quality char-
acteristics will also decline with increasing planting
years [Yu et al. 2021]. The bulbil propagation strategy,
however, possesses the advantages of high reproduc-
tive efficiency and better retention of maternal genetic
characteristics [Walck et al. 2010].
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Chinese yam bulbils, similar to buds, are generated
from axillary meristems at the axil, which are some-
times referred to as aerial tubers [Murty and Purnima
1983]. Bulbils have chemical compositions and nutri-
ent substances similar to those of the tuber, such as
essential amino acids, polysaccharides, flavonoids,
phenolic acids and diosgenin [Choi et al. 2012, Naru-
la et al. 2003]. It also provides a valuable food and
medicinal ingredient source in people’s everyday lives
[Zhang et al. 2018]. The physiological structure of bul-
bils is distinct from that of seeds, but bulbils could be
considered analogous to seeds from a dispersal view-
point. Seeds and bulbils showed similar dormancy and
germination characteristics [Okagami 1986].

At present, research on Chinese yam bulbils has
mainly focused on their nutritional components
[Zhang et al. 2018] and pharmacological effects [Cha-
niad et al. 2020]. Wu et al. [2019] performed a tran-
scriptome study together with phytohormone analyses
on critical developmental stages. They showed that
auxin, CKs, ABA, and sucrose work together to pro-
vide forward signalling to transcription factors (from
Aux/IAA, E2F, MYB, and bHLH families) that con-
tribute to triggering bulbil formation and growth [Wu et
al. 2019]. However, due to the complicated physiolog-
ical metabolism and energy regulation of the germina-
tion process, the global metabolic response of energy-
-regulated germination of Chinese yam bulbils remains
a mystery.

Metabolites represent the final product of gene
expression, so they are usually considered the bio-
chemical phenotype of an organism [Drummond
and Renner 2022, Hill et al. 2014]. The use of me-
tabolomics makes it easier to obtain comprehensive
metabolic profiles during physiological processes in
plants. Metabolomic analyses rely on research meth-
ods, such as gas chromatography—mass spectrome-
try, liquid chromatography—mass spectrometry, and
nuclear magnetic resonance. Liquid chromatogra-
phy—mass spectrometry, gas chromatography—mass
spectrometry, and nuclear magnetic resonance were
used to study the metabolic changes in brown rice
[Kim H. et al. 2020], mung bean [Chen et al. 2019,
Wu et al. 2020], soybean [Gu et al. 2017], and poplar
seeds [Qu et al. 2019] during germination. Neverthe-
less, bulbils may have a different germination pro-
cess than seeds due to their anatomical differences.

30

Currently, there is a lack of research on the metabolic
mechanism of bulbil germination.

The objective of this work was to study the overall
metabolic changes during the germination of Chinese
yam bulbils using ultrahigh-performance liquid chro-
matography coupled with quadrupole time-of-flight
mass spectrometry (UPLC-Q-TOF-MS). Differences
in the samples were visualised by a principal compo-
nent analysis (PCA) model and an orthogonal partial
least squares discriminant analysis (OPLS-DA) model.
Next, we identified the significant metabolites respon-
sible for these differences and described a metabolom-
ic pathway for energy production during germination.

MATERIALS AND METHODS

Materials. Chinese yam bulbils were collected in
Jiaozhuo (China) in October 2022 and belonged to the
same genotype. Analytical grade chemicals, including
acetonitrile and formic acid (chromatographic puri-
ty), were purchased from Thermo Fisher Company
(Waltham, MA, USA). NaClO was purchased from
McLean Biochemical Technology Company Limit-
ed (Shanghai). Ultra-pure water was prepared using
a Millipore Milli-Q purification system (Millipore
Corp., Bedford, Mass., USA).

Germination treatment of Chinese yam bulbils.
Three hundred Chinese yam bulbils with uniform size
and plumps without pathological conditions were se-
lected, each weighing approximately 1.5 g. All Chi-
nese yam bulbils were sterilised in 3% (v/v) NaClO
for 15 min and soaked in double distilled water for
12 h. After that, the soaked bulbils were placed in
Petri dishes with sterilised absorbent cotton with dou-
ble distilled water every 24 h and sprouted at 26°C in
the dark with 75% relative humidity. Bulbils capable
of germination were collected at 1, 2, 3, 5, 7, 10 and
15 days post imbibition. For each sample, nine bio-
logical replicates were independently analysed. All
samples were snap-frozen in liquid nitrogen once col-
lected and stored at —80°C until further analysis. Un-
germinated soaked Chinese yam bulbils were used as
a control (0 days).

Determination of moisture content, germination
rate, and bud length. The moisture content of 80 Chi-
nese yam bulbils during germination was determined
using a moisture analyser (WL-70Y, Guanya, Shen-
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zhen, China). The germination rate of 80 Chinese yam
bulbils during germination was evaluated by visually
counting the number. The bud length of the germi-
nated bulbils was measured using a Vernier calliper
(TWIN-CAL 1P40, TESA, Renens, Switzerland) for
80 bulbils.

Sample preparation for UPLC-Q-TOF-MS analysis.
Each frozen bulbil sample (300 mg) from the differ-
ent germination stages was ground into fine powder
in liquid nitrogen. Samples were then mixed with
1.5 mL prechilled solvent (85% aqueous methanol)
and ultrasonically extracted for 30 min. Following
centrifugation at 12,000 rpm for 10 min, the extracts
were filtered through a 0.22 mm PTFE membrane fil-
ter before UPLC-Q-TOF-MS analysis.

Ultra-performance liquid chromatography-quad-
rupole-time-of-flight (UPLC-Q-TOF-MS) analysis.
Metabolites extracted from Chinese yam bulbils by
85% aqueous methanol were analysed using an Ac-
quity UPLC system (Waters, Milford, MA) connected
to Xevo G2 Q-TOF MS equipped with an electros-
pray ionisation source (Waters, Milford, MA, USA).
A gradient elution method was used for separating
compounds by liquid chromatography. ACQUITY
UPLC BEH C18 columns were used (2.1 mm by 100
mm by 1.7 m). The column temperature was main-
tained at 35°C, and the flow was set to 0.3 mL/min.
The mobile phase consisted of solution A (water with
0.1% formic acid) and solution B (acetonitrile with
0.1% formic acid). From 1 to 18 minutes, elution was
increased linearly from 5% B to 100% B. The injec-
tion volume was 5 pL. The eluted metabolites were
analysed using the Q-TOF MS system with negative
electrospray ionisation mode in the mass range of
50-2000 Da. The temperatures of the source and de-
solvation were set at 130°C and 350°C, respectively,
and the desolvation flow rate was 700 L/h. Capillary,
sampling and extraction cone voltages of 2.5 kV, 21 V
and 4 eV, respectively, and a collision energy of 15 eV
were used. Leucine-enkephalin ([M — H] = 554.2615)
was used as a lock mass to ensure accuracy, which
was detected during the run at a concentration of
500 pg/uL. All samples were mixed to prepare a qual-
ity control sample that was analysed before analysis
began and after every ten analyses.

Data processing and multivariate statistical ana-
lysis. The mass chromatographic data acquisition and
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analyses of data were controlled by MassLynx v4.1
software (Waters Corp.), Progenesis QI v2.4 software
(Waters Corporation, MA, USA) and UNIFI v1.8.2
software (Waters Corp.). All obtained chromatograph-
ic data were preprocessed and normalised to remove
systematic as well as replicate variation within the
samples. Then, the resultant data matrices were in-
troduced into SIMCA-P v13.0.3 software (Umetrics,
Umea, Sweden) for multivariate pattern recognition
analysis, including principal component analysis
(PCA) and orthogonal partial least squares discrimi-
nant analysis (OPLS-DA). The predictive parameters
of the PCA model are R2X and Q2, while the predic-
tive parameters of the OPLS-DA model are R2X, R2Y,
and Q2. R2X and R2Y represent the interpretation rate
of the model to the X and Y matrix, respectively, and
Q2 indicates the prediction ability of the model. The
closer these three indexes are to 1, the more stable and
reliable the model is. Q2 > 0.5 can be regarded as an
adequate model, and Q2 > 0.9 is an excellent model
[Gao et al. 2020]. Based on the results of OPLS-DA,
the metabolites with a VIP (variable importance in the
project) value >0.8 were used to identify differential
metabolites. VIP value (Variable Importance in Pro-
jection) is an indicator used to evaluate the correlation
between a metabolite and sample classification. The
higher the VIP value, the more significant the con-
tribution of the metabolite to sample classification.
Using SPSS 17.0 (SPSS Inc., Chicago, IL, USA),
a one-way analysis of variance with Duncan’s test
(p-value < 0.05) was performed statistically on the
discovered metabolites, moisture content, germination
ratio, and bud length. Differences were considered to
be statistically significant at p-value < 0.05.

RESULTS AND DISCUSSION

Germination-associated macroscopic phenotype
changes for germinated Chinese yam bulbils. The
morphologies of germinated Chinese yam bulbils
are shown in Figure 1. Germination of bulbils begins
with imbibition and ends with the appearance of dis-
tinct embryonic roots on the epidermis. According
to the morphological changes in the bulbil germina-
tion process, it is mainly divided into four stages: dry
(0 days), imbibition (1 day), emergence of shoots
(2-5 days) and emergence of roots (7-10 days).
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Fig. 1. Morphology of germinated Chinese yam bulbils according to the germination period
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Fig. 2. Moisture content, germination ratio, and bud length of the Chinese yam bulbils according to the germi-
nation period. Moisture content increased from 38.8% to 71.0%, and germination ratio increased to 96.5% on
day 7, bud length increased to 4.8 mm on day 15. Error bars are from 10 biological replicates

The general characteristics in terms of germination
ratio, bud length, and moisture content are shown in
Figure 2. The moisture content increased during ger-
mination by approximately 1.7 times on day 3 com-
pared to day 0 (38.8%) and then gradually grew by
71.0% by 15 days. The germination ratio increased
from 34.5% on day 2 to approximately 96.5% on day
7, and no further growth was observed after that. Bud
length increased continuously, and the length on day
15 was approximately 4.8 mm.

Metabolomic analysis of germinated Chinese
yam bulbils by UPLC-Q-TOF MS. The metabolite pro-
files of Chinese yam bulbils according to germination
period (0, 1, 2, 3, 5, 7, 10 and 15 days) were charac-
terised by UPLC-Q-TOF MS in negative ion mode.
Figure 3 presents the based peak intensity chromato-
grams obtained from 0 days and 15 days of germinated
Chinese yam bulbils.

After preprocessing with Progenesis QI software,
which included the retention time (RT), m/z value,

32

and normalised peak intensity, a data matrix was pro-
duced. A total of 1682 variables in the peak list were
observed. SIMCA-P Software was used to perform
multivariate statistical analysis on the peak list, which
contained the retention time, m/z, and ion intensity of
each sample. PCA was then used to analyse the peak
list to distinguish between all samples from various
germinated Chinese yam bulbils. Figure 2 displays the
data plots of PCA scores. PCA was performed with
UV scaling. R2X = 0.751 and Q2 = 0.523 indicated
that the model made a reasonably good prediction.
Based on the changes in their global chemical profiles,
the PCA score plots (Fig. 4A) revealed that 72 samples
of Chinese yam bulbils that had undergone germina-
tion could be divided into eight different clusters, each
representing a different stage of germination. Nota-
bly, the groups were clearly divided between the non-
-germinated (0 days) and the germinated (15 days)
groups. However, samples of 1, 2, 3, 5, 7, and 10 days
of germinated Chinese yam bulbils were gathered
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in their respective regions. It suggests that their me-
tabolite variation may not be significant during these
periods.

To obtain better discrimination among differ-
ent germination stages of Chinese yam bulbils, the
OPLS-DA approach was applied to enhance the sep-
aration among the groups in PCA. OPLS-DA was
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performed with Par scaling. As illustrated in the
OPLS-DA score plot (Fig. 4B), the sample groups were
clearly distinguished from one another with statisti-
cally acceptable quality parameters (R2X = 0.86 R2X
=0.829 Q2 =0.581).

Identification of major metabolites. Prior to iden-
tifying the compounds, UNIFI v1.8.2 was used to add
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Fig. 3. Typical Based Peak Intensity chromatograms from UPLC-
-Q-TOF-MS of Chinese yam bulbils. The extracts of 0-day ungermi-

nated bulbils (day 0) (A) and day
analysed in negative ion mode
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Fig. 4. The PCA score plot (A) and OPLS-DA score plot (B) show the germination-associated dynamic metabolomic pheno-

type changes for the Chinese yam bulbils
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to an internal library that contained the compounds
from Chinese yam based on the literature. Then, the
m/z of ions from the raw data of Chinese yam was
automatically matched to the library compounds. As
a result, 27 metabolites, including amino acids (as-
partic acid, glutamic acid, and tryptophan), organic
acids (malic acid, citric acid, lactic acid, and p-cou-
maric acid), sugars (sucrose, raffinose, and glucose),
lipid metabolites (linolenic acid, linoleic acid, palmit-
ic acid, and oleic acid), steroid metabolites (protodi-
oscin, desgalactotigonin, dioscin, and B-caucosterol),
polyphenols (3.4°,5-trihydroxy-3’,7-dimethoxyflavone,
apiin, 2,5-dihydroxy-3,4-dimethoxyphenanthrene, kae-
mpferol-3-O-rutinoside,  3,3’,5-trimethoxybibenzyl,
batatasin I, and quercetin-3’-O-glucoside) and other
metabolites (allantoin and hypoxanthine) (Tab. 1),
were detected in the 85% aqueous methanol extract of
Chinese yam bulbil. Based on the results of OPLS-DA
and one-way analysis of variance, VIP and p-value of
these metabolites were also recorded in Table 1. These
metabolites with VIP > 0.8 and p-value < 0.05 were
identified as the major contributors to the differences
in the groups on the OPLS-DA score plot. Metabo-
lites such as sugars, organic acids and lipids were also
found during the germination of mung beans [Wu et
al. 2020] and potato tubers [Dai et al. 2016].

Relative abundance of identified metabolites and
proposed metabolomic pathway. The metabolomics
pathway linked to the germination of Chinese yam
bulbils was proposed, and a quantitative comparison
of the normalised intensities of all detected com-
pounds was performed (Fig. 5). The normalised inten-
sities of all identified metabolites were quantitatively
compared, and the metabolomics pathway associated
with the germination of Chinese yam bulbils was pro-
posed (Fig. 5). Carbohydrate metabolism, the TCA cy-
cle, nitrogen metabolism, lipid metabolism, polyphe-
nol metabolism, and phytosterol metabolism exhibit-
ed germination-associated dynamic changes. Bulbils
serve as a means of vegetative reproduction for plants
and contain large amounts of starch, lipids and pro-
teins that make them analogous to starch-containing
seeds such as mung bean [Chen et al. 2019] and brown
rice [Kim et al. 2020]. Okagami [1986] found that the
dormancy and germination characteristics of bulbils
and seeds were similar. At the same time, the germina-
tion of Chinese yam bulbils may differ from seeds due
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to dissimilar anatomical structures and perhaps envi-
ronmental cue perception [Walck and Cofer 2010].
Similar to starch-containing seeds, bulbils break down
stored macromolecules, including starch, lipids, and
proteins, into monosaccharides, fatty acids, and amino
acids by many enzymes to produce the energy needed
for successful germination under certain environmen-
tal growth conditions. In addition, endogenous phe-
nolic compounds are associated with germination in
Chinese yam bulbils.

Carbohydrate metabolism is one of the critical
metabolic routes that trigger and control germination
and sprouting processes. Starch, sucrose, glucose, and
raffinose metabolism took part in the germination and
sprouting processes. These sugar molecules act as en-
ergy sources, signal transduction factors, and in phy-
tohormone and stress responses during germination
[Rolland et al. 2001]. The amounts of sucrose increased
first and then decreased with the germination period.
The levels of glucose slightly decreased until 3 days of
germination, and after that, a significant increase in glu-
cose levels was observed. The decrease in the relative
content of glucose was caused by the consumption and
conversion of sugar and the subsequent increase in the
content was caused by the further hydrolysis of starch.
Raffinose decreased with an increase in the germination
period. Compared to the ungerminated bulbils (0 days),
raffinose decreased by 9.8-fold in 15 days of germinat-
ed bulbils. These results were in accordance with the re-
sults of previous studies on mung bean seeds [Wu et al.
2020] and potato tubers [Dai et al. 2016]. Lactic acid,
a product of anaerobic metabolism in seeds with hard
seed coats [Sherwin and Simon 1969], is also present
in the bulbils, probably because the bulbils also have
a thicker cortex where hypoxia is expected. The best
metabolic changes in lactic acid occurred after imbi-
bition (1-15 days). These metabolites are involved in
glycolysis and anaerobic respiration, and glycolysis
may become the primary energy source for plant ger-
mination.

Malic acid and citric acid are essential intermedi-
ary products in the TCA cycle, and significantly larg-
er relative concentrations in bulbils indicated higher
TCA rates. The amount of malic acid increased con-
stantly during the germination phase in the TCA cycle,
and its levels on day 15 were 2.29 times larger than
those in ungerminated bulbils (day 0), whereas citric
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Fig 5. Metabolic map of the proposed association with energy production of Chinese yam bulbils during germination and the
relative quantitative analysis of identified metabolites. The vertical axis of the bars represents the normalised chromatogram
intensity, and the horizontal axis represents the germination period

acid declined for up to 3 days and then increased. Mal-
ic acid and citric acid also contributed indirectly to the
increase in energy generation during germination.
Nitrogen metabolism is one of the primary meta-
bolic pathways that triggers and governs germination
processes. The development of plants depends on the
associated physiological processes of synthesis, trans-
formation, and degradation of proteins and amino
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acids [Osunaetal. 2015]. TCA cycle intermediates form
glutamic acid, which is converted to glutamine and de
novo synthesised to hypoxanthine and subsequently
oxidised to allantoin. Allantoin is an essential bioac-
tive compound in Chinese yam that improves diabetic
symptoms [Ma et al. 2020], protects stomach tissues,
and inhibits tumour growth [Lebot et al. 2019]. At the
same time, allantoin has been the subject of investiga-
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tion recently due to its triple function in nitrogen re-
cycling, abiotic stress response and seed germination
in plants [Ninomiya et al. 2008, Nourimand and Todd
2019, Wang et al. 2012]. Allantoin and glutamic acid
levels were the highest at day 0 and then decreased.
Our results suggest that the depletion of allantoin is
a critical step of nitrogen metabolism in the germina-
tion of Chinese yam bulbils for nitrogen recycling and
mobilisation. Moreover, crosstalk between nitrogen
and carbohydrate metabolism helps to maintain the
C/N balance, which in turn affects the germination and
sprouting processes [Osuna et al. 2015]. The future re-
search goal is to elucidate the molecular mechanisms
of C and N-dependent signalling pathways in bulbil
germination and plant development of Chinese yam
through the implementation of “omics” science.

Lipids are also used as a compact energy source
for Chinese yam bulbil germination. In the process of
germination, free fatty acids are converted to acetyl—
CoA by B—oxidation, and then acetyl-CoA units are
converted to carbohydrates by the glyoxylate cycle in
peroxisomes. In the early germination process, when
the hydrolysis of starch is insufficient to supplement
the decomposed sugars effectively, storage oil will
be prematurely mobilised to convert lipids into sug-
ars [Keawkim et al. 2021]. The contents of linolenic
acid were the highest on day 2 and then significantly
decreased, followed by a slight increase. The increase
in linolenic acid at the beginning stage of the present
study was similar to that in sacha inchi [Chandraseka-
ran and Liu 2015]. A variety of reasons can cause this
phenomenon. On the one hand, they involve delays in
the biosynthesis or activation of the lipase involved
in this process, which is essential for fatty acid deg-
radation. On the other hand, they involve a temporary
inhibition of fatty acid breakdown under the action of
excess soluble carbohydrates [Sun et al. 2019]. The
amount of linoleic acid, palmitic acid and oleic acid
increased slowly with germination time and signifi-
cantly increased approximately 3, 1.8 and 1.3 times in
15-day germinated Chinese yam bulbils. The increase
in linoleic acid, palmitic acid, and oleic acid concen-
trations shows that fatty acids may be biosynthesised
during the later stages of germination, as observed for
Chinese yam bulbils.

Plant phenolic metabolites, including hydroxycin-
namic acids and flavonoids, are essential secondary
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metabolic substances during plant growth that play an-
timicrobial and antioxidant roles in the plant defence
system [Islam et al. 2018]. In polyphenol metabolism,
the amount of p-coumaric acid was higher in unger-
minated and germinated Chinese yam bulbils and was
not significantly changed by germination. Higher con-
tents of p-coumaric acid in the non-germination and
germination process of Chinese yam bulbils resulted
in higher contents of phenolic compounds because
p-coumaric acid is the precursor of many phenolics
[Wang et al. 2016]. Batatasin I, 2,5-dihydroxy-3,4-di-
methoxyphenanthrene and 3,4°,5-trihydroxy-3’,7-di-
methoxyflavone dropped steadily for the entire germi-
nation period, and batatasin I was barely detected in the
germination bulbil. Phenanthrene compounds, such as
batatasin I, are essential factors in the dormancy of
yam bulbils [Kim et al. 2010]. The contents of querce-
tin-3’-glucoside, kaempferol-3-O-rutinoside and api-
in showed the same variation tendency and reached
the highest amounts at the 10-day germinated bulbils,
which are known as important bioactive compounds
of flavonoids. PAL is an important and rate-limiting
enzyme for the biosynthesis of flavonoids. The varia-
tion tendency of flavonoids was related to the activity
of PAL during germination [Tomkova-Drabkova et
al. 2016].

In addition to the metabolites associated with ener-
gy generation, some steroidal secondary metabolites,
including B-daucosterol, dioscin, protodioscin, and
desgalactotigonin, were identified. B-daucosterol was
significantly increased with an increase in the germi-
nation period. Dioscin, protodioscin, and desgalacto-
tigonin belong to the steroidal saponin class and are
utilised as the main active ingredients of Chinese yam
for coronary heart disease, tumour, inflammation, an-
tioxidative, and tissue-protective properties [Cho et
al. 2013, Li et al. 2021, Song et al. 2019]. The con-
tents of dioscin, protodioscin, and desgalactotigonin
increased in the middle stage of germination and then
decreased. However, these three steroidal saponins did
not change significantly before and after germination.

CONCLUSIONS
The changes in the metabolite profiles of Chinese

yam bulbils during germination were analysed using
UPLC-Q-TOF-MS, and differences in the samples
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were visualised by PCA and OPLS-DA. Twenty-sev-
en metabolites, including primary derivatives linked
to energy production, such as organic acids, amino
acids, sugars, and lipids, as well as secondary metabo-
lites with different health advantages, such as phenolic
and steroidal compounds, were found to be involved
in the differences between the different groups on the
PCA and OPLS-DA score plots. A metabolomics path-
way was proposed based on the identified metabolites,
and it was determined that carbohydrate metabolism,
TCA cycle, nitrogen metabolism, lipid metabolism,
polyphenol metabolism, and phytosterol metabolism
were the main processes that changed during Chinese
yam bulbil germination. The rapid decrease in the
levels of allantoin, batatasin I, and raffinose could be
utilised as an indicator of Chinese yam bulbil germi-
nation. However, the regulation and control of various
metabolites throughout the entire germination process,
as well as the impact of these metabolites on bulbil
germination, are a series of highly complex prob-
lems. More research on joint sequential multi-omics
analyses is required to better understand the complex
physiological and biochemical mechanisms of bulbils
at different stages of germination. The above results
represent the first report on metabolite changes in ger-
minating bulbils of Chinese yam. This study provides
valuable information for the growth and development
of Chinese yam plants.
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