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Comparative metabolomics provides novel insights into the basis of
petiole color differences in celery (Apium graveolens L.)
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Abstract: Plant metabolites are important for plant development and human health. Plants of celery (4pium graveolens L.) with
different-colored petioles have been formed in the course of long-term evolution. However, the composition, content
distribution, and mechanisms of accumulation of metabolites in different-colored petioles remain elusive. Using ultra-high
performance liquid chromatography-tandem mass spectrometry (UHPLC-MS/MS), 1159 metabolites, including 100 lipids, 72
organic acids and derivatives, 83 phenylpropanoids and polyketides, and several alkaloids and terpenoids, were quantified in
four celery cultivars, each with a different petiole color. There were significant differences in the types and contents of
metabolites in celery with different-colored petioles, with the most striking difference between green celery and purple celery,
followed by white celery and green celery. Annotated analysis of metabolic pathways showed that the metabolites of the
different-colored petioles were significantly enriched in biosynthetic pathways such as anthocyanin, flavonoid, and chlorophyll
pathways, suggesting that these metabolic pathways may play a key role in determining petiole color in celery. The content of
chlorophyll in green celery was significantly higher than that in other celery cultivars, yellow celery was rich in carotenoids,
and the content of anthocyanin in purple celery was significantly higher than that in the other celery cultivars. The color of the
celery petioles was significantly correlated with the content of related metabolites. Among the four celery cultivars, the
metabolites of the anthocyanin biosynthesis pathway were enriched in purple celery. The results of quantitative real-time
polymerase chain reaction (QRT-PCR) suggested that the differential expression of the chalcone synthase (CHS) gene in the
anthocyanin biosynthesis pathway might affect the biosynthesis of anthocyanin in celery. In addition, HPLC analysis revealed
that cyanidin is the main pigment in purple celery. This study explored the differences in the types and contents of metabolites
in celery cultivars with different-colored petioles and identified key substances for color formation. The results provide a
theoretical basis and technical support for genetic improvement of celery petiole color.
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1 Introduction

Celery (Apium graveolens L.), a biennial herb in
the Family Apiaceae, is widely cultivated in the world.
It is rich in protein, vitamins, dietary fiber, and other
nutrients. It also contains numerous biologically ac-
tive ingredients, such as apigenin, coumarin, anthocy-
anin, and volatile oil (Li et al., 2018). Apigenin is
abundant in celery and has diverse pharmacological
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properties, including anti-inflammatory, antioxidative,
and anti-bacterial properties, and the ability to lower
blood pressure (Tan et al., 2017). Coumarin, another
antioxidant in celery, can reduce cell canceration, and
coumarin compounds can lower blood pressure and
enhance the vascular system (Sowbhagya, 2014). Pre-
vious studies also found that celery is rich in volatile
oil, which has potent effects on immunotoxicity and
antioxidant activity (Nagella et al., 2012; Patil et al.,
2015). Celery has high nutritional and medical values
and is widely used in the food industry, medicine, and
other fields.

Plant color is affected mainly by the content and
distribution of pigments such as chlorophyll, carot-
enoids, and anthocyanins. Chlorophyll is composed of
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chlorophyll a and chlorophyll b, providing green pig-
ment (Wu et al., 2020). Carotenoids are the pigments
responsible mainly for the yellow, red, and orange
colors of diverse plants, such as carrots, corn, tomatoes,
and pumpkins (Grotewold, 2006). Anthocyanins are a
group of water-soluble plant pigments belonging to a
flavonoid class of secondary metabolites synthesized
by plants (Shi et al., 2020). For example, the purple
sweet potato has a high content of anthocyanins that
provide the characteristic purple color (Fenger et al.,
2021). Carotenoids and anthocyanins are also crucial
in plant growth and development, playing important
roles in biological processes such as endogenous hor-
mone biosynthesis (Xia et al., 2021), and enhancing
tolerance to oxidation and drought stress (Nakabayashi
et al., 2014). Plant pigments not only have the advan-
tages of high safety and non-toxic side effects, but also
have good health functions, including antioxidation
and anti-aging properties and the ability to lower blood
lipids, which are important factors for food quality
(Ma et al., 2020).

Metabolomics involves mainly the global analysis
of the dynamic regulation of small metabolic mole-
cules and metabolic networks in organisms (Fiehn,
2002; Liu et al., 2020). Compared with traditional
methods, metabolomics can rapidly screen out different
substances among different samples, to better under-
stand the mechanisms of biological phenomena. This
novel technology has been widely used in nutrition,
life sciences, and other fields. Metabolomics analysis
was used to delineate the biochemical regulation un-
derlying desiccation tolerance in Sporobolus stapfianus
and reveal adaptive metabolic responses to dehydration
(Oliver et al., 2011). At least 16 kinds of anthocyanins
were identified in asparagus using metabolomics, re-
vealing different mechanisms of stem color change
(Dong et al., 2019). Zhang et al. (2020) found that dif-
ferent metabolic mechanisms in three maize cultivars
resulted in different characteristics and quality.

The abundant metabolites in plants not only play
an important role in their growth and development, but
also are closely related to human health. In recent years,
celery breeding research has developed rapidly, and
important progress has been made in quality breeding,
stress resistance breeding, and germplasm innovation.
In particular, the breeding of celery cultivars with
richer colors has attracted the attention of consumers.
Although some metabolites in celery have been

J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2022 23(4):300-314 | 301

identified, systematic studies exploring the molecular
mechanisms underlying differential metabolite accu-
mulation in different celery cultivars are scarce. Herein,
four celery cultivars with conspicuous colors (white,
yellow, green, and purple) were used as plant materials
to explore the metabolite components of petioles using
untargeted metabolomics profile analysis. Differential
metabolites were mined and metabolic pathways
were clarified. Furthermore, anthocyanin accumula-
tion and molecular analysis of correlated genes were
investigated. This study provides information on the
mechanisms of petiole color development in celery
and promotes further improvement of celery quality
or other characteristics through the analysis of spe-
cific metabolites.

2 Materials and methods

2.1 Plant materials and growing conditions

In this study, four celery cultivars, each with a
different petiole color, were selected: “Baigu Huang-
xingin” (HXQ, yellow petiole; Caiyuan Seed Shop,
Guangzhou, China), “Gengyun Ziqin” (ZQ, purple
petiole; Tianjin Gengyun Seed Industry Co., Ltd., Tian-
jin, China), “Gengyun Baoqin” (BQ, green petiole; Tian-
jin Gengyun Seed Industry Co., Ltd.), and “Xuebaiqin”
(XBQ, white petiole; Shandong Fengpei Agricultural
Technology Co., Ltd., Weifang, China). Seeds of each
of the four celery cultivars were sown in a hole plate
and put in an incubator at 20 °C and humidity of 80%
to raise seedlings. When the seedlings grew 2—3 true
leaves, they were moved into pots containing a nutrient
soil/vermiculite/perlite mixture (3:1:1, volume ratio)
for routine management. About 60 d later, each petiole
sample was harvested, quick-frozen in liquid nitrogen,
and stored in an ultra-low temperature refrigerator at
-80 °C for later use.

2.2 Determination of chlorophyll and carotenoid
contents

A solution of acetone-ethanol mixture (1:1, volume
ratio) was used to extract chlorophyll and carotenoids.
About 0.5 g of sample was added to 10 mL of extract-
ing solution, placed at room temperature in darkness
for 24 h, and shaken every hour until the material
turned white. After centrifugation at 8000g at 25 °C
for 5 min, the absorbance was measured at 470 (4,,,),
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645 (4,,;), and 663 nm (4,,,) wavelengths. The content
(C, mg/g fresh weight (FW)) of each pigment in the ma-
terial was calculated using the modified Armon formulae:

Ctorophynia = 13.95 X A3 — 6.88 X A, D
Cch]orophyllb =24.96 x Ags — 732 X Agg, ()
Cchlorophyl] =20.20 x Ags + 8.02 X Ay, (3)

Cearotenoia = 1000 % A ;0 — 3.27 x Cchlomphylla -
104 % Cpiorophyir- (4)

2.3 Determination of total anthocyanins

Total anthocyanin was extracted from the sam-
ples and analyzed as previously described (Wei et al.,
2016). About 0.5 g of sample was added to 5 mL of
1% (volume fraction) hydrochloric acid (HCI) and
methanol solution in a 15-mL centrifuge tube. After
shaking, samples were placed in the dark at 4 °C for
over 20 h, followed by ultrasonic treatment for 30 min
at 4 °C. After centrifugation at 8000g at 4 °C for
5 min, the absorbance of each sample was measured
at 530, 620, and 650 nm.

2.4 Determination of anthocyanin components

About 2.0 g liquid nitrogen for grinding was
added into 10 mL of extraction solution (95% ethanol:
1.5 mol/L HCI=85:15, volume ratio) and ultrasoni-
cally extracted for 30 min at 4 °C. The samples were
centrifuged at 5000g at 4 °C for 5 min. The super-
natant was retained and the pellet was extracted
again, and the supernatants were combined. About
5 mL of concentrated HCI was added to each sample,
and the solution was incubated at 90 °C for 40 min.
Acetonitrile (Thermo fisher, Shanghai, China) solu-
tion at a constant volume of 25 mL, 0.22-um filtra-
tion membrane, and high-performance liquid chroma-
tography (HPLC) were used for detection. The condi-
tions for HPLC are as follows: chromatographic col-
umn was Poroshell 120 SB-C18 reversed-phase col-
umn (2.1 mmx150 mm, 2.7 um; Agilent, Shanghai,
China); chromatograph was Agilent 1260 II (Shanghai,
China); reference standards include cyanidin (Solarbio,
Beijing, China) and pelargonidin (Solarbio); column
temperature was 35 °C; mobile phase included solvent
A water/0.1% formic acid (Kelong, Chengdu, China)
and solvent B acetonitrile (A:B=3:7, elution volume
ratio); elution gradient was equal gradient; the volume
of elution injection was 2 pL.

2.5 Metabolomics analysis
2.5.1 Sample preparation

About 100 mg of each celery sample was ground
in liquid nitrogen and about 500 pL of 80% (volume
fraction) methanol aqueous solution was added, fol-
lowed by vortexing and incubation in an ice bath for
5 min and centrifugation at 5000g and 4 °C for 20 min.
The sample was diluted with mass spectrometry (MS)-
grade water to a methanol concentration of 53% (vol-
ume fraction). The supernatant was collected after cen-
trifugation and then analyzed using ultra-HPLC-tandem
MS (UHPLC-MS/MS) (Want et al., 2013). The quality
control (QC) sample consisted of samples of equal vol-
ume taken from each experimental sample and pooled
to check the repeatability of the experiment.

2.5.2 Chromatographic and mass spectrometric
conditions

UHPLC-MS/MS analysis was performed using a
Vanquish UHPLC system (Thermo Fisher, Germany)
coupled with an Orbitrap Q Exactive™ HF-X mass
spectrometer (Thermo Fisher, Germany). Samples were
injected into the C18 column (Hypesil Gold column,
100 mmx2.1 mm, 1.9 um; Thermo Fisher, USA) using
a 17-min linear gradient at a flow rate of 0.2 mL/min.
The column temperature was set as 40 °C. The elu-
ents for the positive polarity mode were eluent A (0.1%
formic acid in water) and eluent B (methanol), and the
eluents for the negative polarity mode were eluent A
(5 mmol/L ammonium acetate, pH=9.0) and eluent B
(methanol). The gradient elution procedure was as fol-
lows: 0 min, 98% A+2% B; 1.5 min, 98% A+2% B,;
12 min, 100% B; 14 min, 100% B; 14.1 min, 98% A+
2% B; 17 min, 98% A+2% B. The mass spectrum
scanning range was selected as mass-to-charge ratio
(m/z) of 100—1500. The electrospray ionization (ESI)
source was set as follows: spray voltage 3.2 kV; sheath
gas flow rate 40 arb. (arb.=arbitrary units); auxiliary
gas flow rate 10 arb.; capillary temperature 320 °C.
Polarity: positive; negative; MS/MS secondary scan-
ning was data-dependent.

2.5.3 Data preprocessing

The original file (.raw) obtained from the spec-
trum detection was imported into Compound Dis-
coverer 3.1 (CD3.1, Thermo Fisher Scientific, Texas,
USA) search software for simple screening of parameters



such as retention time and m/z. Peak extraction was
then performed according to the actual mass tolerance
of 5 ppm (parts per million, x10°), signal intensity
tolerance of 30%, signal/noise ratio of 3, minimum
intensity of 100 000, and retention time tolerance of
0.2 min. After obtaining the area of each characteristic
peak, accurate qualitative and relative quantitative
results were obtained using mzCloud (https://www.
mzcloud.org), mzVault (Thermo Fisher Scientific), and
MassList (http://www. maldi-msi.org/mass) databases.
Statistical analyses were performed using the statistical
software R (Version 3.4.3), Python (Version 2.7.6), and
CentOS (Version 6.6).

2.5.4 Identification and screening of metabolites

metaX software (Wen et al., 2017) was used to
reveal differences in metabolic patterns of different
groups by principal component analysis (PCA) and
partial least square-discriminant analysis (PLS-DA).
The PLS-DA model is a model evaluation parameter
obtained by 7-fold cross-validation (when the number
of sample biological repetitions n<3, it is k-fold cross-
validation, £=2n), which refers to the variable import-
ance in the projection (VIP) of the first principal
component of the PLS-DA model. Hierarchical clus-
ter analysis (HCA, Euclidean distance) and metabo-
lite correlation analysis were used to annotate the
function and classification of the identified metab-
olites. The Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) (Masoudi-Nejad et al., 2007), Hu-
man Metabolome Database (HMDB) (Wishart et al.,
2007), and Lipid Metabolites and Pathways Strategy
(LIPID MAPS) (Cotter et al., 2006) databases were
used to reveal the relationship between samples and
between metabolites. Differentially accumulated me-
tabolites were screened out with selection criteria set
as VIP>1.000, fold change (FC)>1.500 or <0.667, and
P<0.05.

; )

where N is the background metabolite set, n is the
differential metabolite set, M is the metabolites of a
certain pathway, j is the differential metabolites of a
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certain pathway, and X is the number of differential
metabolites enriched in a KEGG pathway.

2.5.5 Metabolic pathway analysis

The main biological functions of different metab-
olites were determined using the KEGG pathway en-
richment analysis. The P-value of pathway enrichment
was obtained using the hypergeometric test method. A
P-value of <0.05 was used as the threshold value to
define a KEGG pathway that was significantly en-
riched in different metabolites.

2.6 qRT-PCR analysis

Quantitative real-time polymerase chain reaction
(qRT-PCR) was performed using a CFX96TM real-
time system (Bio-Rad, California, USA) with SYBR
gPCR Master Mix Kit (Vazyme Biotech Co., Nanjing,
China). Primers were designed by Primer Premier 6.0
software, and the primer sequences were listed in
Table S1. TUB was used as an internal reference to
normalize gene expression (Feng et al., 2019), and
the relative gene expression was calculated by 27**“
(Pfaftl, 2001).

3 Results

3.1 Phenotypes and pigment contents of celery cultivars

Visual inspection of celery cultivars showed that
HXQ, ZQ, BQ, and XBQ were significantly different
in petiole color, with yellow, white, green, and purple
colors, respectively (Figs. 1a and 1b). The contents of
chlorophyll, carotenoids, and total anthocyanins in the
four celery cultivars were determined (Fig. 1c). The
results showed that the contents of chlorophyll and ca-
rotenoids in BQ and HXQ were significantly higher
than those in ZQ and XBQ. The chlorophyll content
was the highest in BQ, which has a deep green petiole.
Chlorophyll and carotenoids were found in HXQ, but
their contents were significantly lower than those in
BQ. The highest level of anthocyanin accumulation
was detected in ZQ, while the content of each of the
three pigments was very low in XBQ.

3.2 Metabolomic profiles and statistical analysis

In the positive and negative ion modes, there
was no drift in the total ion chromatogram of the QC
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Fig. 1 Phenotypes (a, b) and pigment contents (¢) in celery cultivars XBQ, HXQ, BQ, and ZQ. The contents of total
chlorophylls, carotenoids, and total anthocyanins in petioles from the four cultivars are shown as mean+SD (n=3).
Different letters on the vertical bars indicate a significant difference at P=0.05. BQ: Gengyun Baoqin, green petiole;
HXQ: Baigu Huangxinqin, yellow petiole; XBQ: Xuebaiqin, white petiole; ZQ: Gengyun Ziqin, purple petiole; SD:

standard deviation; FW: fresh weight.

sample (Fig. S1). Therefore, the metabolites and
quantitative analysis results obtained were accurate
and reliable. PCA was used to analyze the data in the
positive and negative ion modes (Fig. S2). The QC
samples were used for quality control detection. The
distribution of QC samples in the PCA analysis map
gathered together and the metabolites of the four
groups showed a trend of separation and aggregation
among groups, indicating that the data had good re-
producibility during the experiment, and there were
significant differences among the four celery cultivars.

A total of 1159 metabolites were detected in the
four celery samples (Table S2), and were annotated
using HMDB and LIPID MAPS classifications. Based
on the HMDB, 420 metabolites were classified into
12 classes. The most frequently represented classes
included “lipids and lipid-like molecules” (100 metab-
olites), “phenylpropanoids and polyketides” (83 me-
tabolites), and “organic acids and derivatives” (72 me-
tabolites) (Fig. 2a). Of the metabolites listed in Fig. 2b,
“glycerophospholipids (GP)” represents one of the
largest lipid families, but “flavonoids” was the main

class with the most metabolites in the LIPID MAPS
database.

3.3
metabolites

Identification of differentially accumulated

To identify the metabolites associated with peti-
ole color, a threshold for VIP of >1.0, FC>1.500
or <0.667, and a P-value of <0.05 were used to screen
significant differences in metabolite accumulation. A
total of 647 metabolites were differentially accumulated
at least on pairwise comparisons, and the metabolites
of the four celery cultivars were significantly different
(Fig. 3a). The number of differentially accumulated
metabolites was highest in BQ vs. ZQ with 335 me-
tabolites (221 up-regulated and 114 down-regulated),
followed by XBQ vs. BQ with 304 metabolites, and
XBQ vs. ZQ with 233 metabolites. Except for HXQ
vs. BQ, more metabolites were up-regulated in all
pairwise comparisons, suggesting that most meta-
bolites exhibited higher levels in BQ and XBQ. The ten
most differentially up-regulated and down-regulated
metabolites in each pairwise comparison are shown
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Fig. 3 Identification of differentially accumulated metabolites among four celery cultivars. (a) The number of
differentially accumulated metabolites in any two celery cultivar. Up stands for up-regulation of metabolites and Down
stands for down-regulation of metabolites. (b) Venn diagram of differentially accumulated metabolites shared or
uniquely expressed in two or more comparisons. (¢) Hierarchical clustering analysis of differential metabolite expression
for all samples. The logarithmic quantitative results of metabolites are row scale. BQ: Gengyun Baoqin, green petiole;
HXQ: Baigu Huangxingin, yellow petiole; XBQ: Xuebaiqin, white petiole; ZQ: Gengyun Ziqin, purple petiole.

in Table S3. Some bioactive constituents such as
quercetin, apigenin, and catechin were significantly
different among the four cultivars. The highest apigen-
in content was found in HXQ, which was about 30
times higher than that in ZQ. BQ and XBQ had a

high catechin content, whereas ZQ and HXQ main-
tained lower levels.

Four pairwise comparisons (HXQ vs. BQ, XBQ
vs. ZQ, BQ vs. ZQ, and HXQ vs. ZQ) were further
selected to analyze metabolites shared or uniquely
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expressed in two or more comparisons (Fig. 3b). Some
metabolites were significantly different only in one
pairwise comparison, with 121 differentially accumu-
lated metabolites exclusively present in BQ vs. ZQ,
followed by 67 in XBQ vs. ZQ. A total of 89 differen-
tially accumulated metabolites overlapped in HXQ vs.
BQ and BQ vs. ZQ, while 82 were common in BQ
vs. ZQ and HXQ vs. ZQ. The hierarchical clustering
analysis of 647 different metabolites in the four celery
cultivars showed a clear grouping pattern (Fig. 3c and
Table S4), and all these metabolites were divided into
three clusters. The trend observed in Fig. 3a was con-
firmed when the expression levels of metabolites were
clustered: the most significantly up-regulated metabo-
lites (red) were observed in BQ and XBQ, while the

J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2022 23(4):300-314

most down-regulated metabolites (blue) were observed
in ZQ. However, the metabolites related to the anthocy-
anin biosynthesis pathway, such as quercetin, coumarin,
cyanidin, kaempferide, and cinnamic acid, gathered in
the third cluster and exhibited higher levels.

3.4 Metabolite-metabolite correlation analysis

To understand the correlation between metabo-
lites of different samples, Pearson’s correlation coeffi-
cients of all metabolites in each combination were cal-
culated. A P-value of <0.05 was chosen as the thresh-
old for significant correlation. Metabolites correlated
with the 20 smallest P-values are shown in Fig. 4. Most
correlations between metabolites in HXQ vs. BQ and
HXQ vs. ZQ were positive, while most in the other four
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pairwise comparisons were negative. Flavonoids and
lipids were mostly negatively correlated, while organic
acids were mostly positively correlated. For example,
catechin was negatively correlated with several lipids
such as protectin D1, 16(R)-hydroxyeicosatetraenoic
acid (HETE), and B-caryophyllene, and positively cor-
related with L-saccharopine and pipecolic acid. Curc-
umenol was significantly negatively correlated with
lauric acid and significantly positively correlated with
proline. In addition, apigenin, a flavonoid with good
health effects, was significantly positively correlated
with organic acids such as citric acid, a-ketoglutaric
acid, and levodopa.

3.5 Metabolic pathway analyses of the differen-
tially accumulated metabolites

The metabolic pathways of the differentially ac-
cumulated metabolites were analyzed based on the
KEGG database. The results showed that the pathways
enriched among different combinations were signifi-
cantly different (Fig. 5). “Biosynthesis of secondary
metabolites” was one of the most enriched pathways
observed in all comparisons, especially in XBQ vs.
BQ and HXQ vs. BQ. Except for XBQ vs. HXQ,
most metabolites were significantly enriched in “fla-
vonoid biosynthesis,” while “phenylpropanoid biosyn-
thesis” was found in five comparisons, except in
HXQ vs. ZQ. Several metabolic pathways related to
“isoflavonoid biosynthesis,” “flavone and flavonol
biosynthesis,” and “stilbenoid, diarylheptanoid and
gingerol biosynthesis” were also found to be signifi-
cantly enriched. “Porphyrin and chlorophyll metabo-
lism” was highly enriched in XBQ vs. BQ and BQ
vs. ZQ, suggesting that chlorophyll may be related
to the green color of celery. In addition, metabolites
associated with anthocyanin synthesis were highly
enriched in BQ vs. ZQ and HXQ vs. ZQ, which sug-
gested that anthocyanins may be related to the purple
color of celery.

3.6 Analyses of the expression of metabolites related
to the chlorophyll biosynthesis pathway and qRT-
PCR validation

By analyzing the metabolic pathways related
to chlorophyll, we found that the metabolite contribut-
ing to the green color might be chlorophyll. By ana-
lyzing the chlorophyll pathway (Fig. 6a and Table S5),
four metabolites related to chlorophyll synthesis and
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degradation were differentially expressed in the four
celery cultivars. In particular, the accumulation of
chlorophyll a and pheophorbide a in BQ was about
twice that of HXQ and more than 20 times that of
XBQ and ZQ. This result was roughly consistent with
that of Fig. 1. Related enzyme encoding genes were
found according to the chlorophyll synthesis pathway.
qRT-PCR analysis showed that glutamyl-transfer
RNA (tRNA) reductase (HEMA), chlorophyll a syn-
thase (CHLG), pheophytinase (PPH), and pheophor-
bide a oxygenase (P40) were expressed in all four
celery cultivars (Fig. 6b); however, as anticipated, the
expression levels of these genes in the green cultivar
were significantly higher than those in the other three
cultivars. The accumulation of metabolites was con-
sistent with the genes, confirming that the greenish
compound was chlorophyll.

3.7 Analysis of metabolite accumulation associated
with the anthocyanin biosynthesis pathway

Because the anthocyanin synthesis pathway was
enriched in differentially accumulated metabolites,
the levels of accumulation of anthocyanin metabolites
were estimated. A total of 20 metabolites were found
to be related to anthocyanin synthesis (Fig. 7 and
Table S5), and the expression levels of 14 metabolites
were significantly different in the four celery culti-
vars. Among them, five metabolites (cinnamic acid,
esculetin, naringenin, eriodictyol, and cyanidin) accu-
mulated significantly in purple celery. As one of the
main components of anthocyanin, the accumulation
of cyanidin in ZQ was more than 10 times that of
XBQ and HXQ, and about 6 times that of BQ. We
speculated that cyanidin may be the main coloring
substance of purple celery. In addition, several metab-
olites, including apigenin, coumarin, quercetin, and
catechin, were highly expressed in different celery
cultivars, which may be related to their participation
in the synthesis of other substances. For example, api-
genin was highly expressed in HXQ and BQ.

Differences in the proportion of anthocyanin
among the different celery cultivars were further ana-
lyzed by the HPLC-MS/MS system. Reference stan-
dards of cyanidin and pelargonidin were used to
compare the peaks. The results showed that only
cyanidin was detected in ZQ (Fig. 8), whereas no
anthocyanin component was detected in other celery
samples.
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3.8 Identification of the genes associated with an- involved in anthocyanin accumulation. All 11 genes

thocyanin biosynthesis pathway

considerably correlated with anthocyanin synthesis
were expressed in the samples (Fig. 9). As anticipated,

gRT-PCR was performed to analyze the messen-  the expression of most of the genes in the purple cultivar
ger RNA (mRNA) levels to unveil the roles of genes  was significantly higher than that of those in the other
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three cultivars. As the first key enzyme gene in the an-
thocyanin biosynthesis pathway, the expression level
of phenylalanine ammonia-lyase (PAL) in purple celery
was about three times higher than that in the other
cultivars. Chalconeisomerise (CHI), anthocyanidin
synthase (4ANS), glutathione S-transferase (GST), and
flavonoid-3-O-glucosyl-transferase (3G7T) were most
abundant in the purple celery and showed the highest
expression, whereas they were lowly expressed in the
green celery. In addition, chalcone synthase (CHS),

flavanone-3-hydroxylase (#3H), dihydro fl avonol-4-
reductase (DFR), and flavanone-3'-hydroxylase (¥3'H)
were relatively highly expressed in purple celery. No-
tably, metabolites such as cinnamic acid, naringenin
chalcone, naringenin, eriodictyol, and cyanidin were
significantly accumulated in purple celery. Metabolite
accumulation was highly consistent with the expres-
sion trend of the genes, especially in the cyanidin syn-
thesis pathway, suggesting that cyanidin was responsible
for purple color of the celery petioles.



4 Discussion

Metabolites produced by organisms are generally
believed to confer signals reflecting genetic structure
and environmental adaptability (Jewett et al., 2006).
Metabolomics, which can effectively help explore a
series of metabolites produced by organisms in the
process of life, is viewed as a bridge between geno-
types and phenotypes (Fiehn, 2002; Zhang et al.,
2019). The biosynthesis and accumulation of some
plant metabolites, including chlorophyll, carotenoids,
anthocyanins, and betaine, have a decisive influence
on the color of plant tissues (Wang M et al., 2020; Jia
et al., 2021; Li XB et al., 2021). However, the regula-
tion of plant color is a complex process. Although
multiple techniques such as omics and molecular biol-
ogy have been used to study the mechanism of color
formation of celery (Tan et al., 2017; Song et al.,
2021), the synthesis and regulation mechanism of
small-molecule metabolites in pigment accumulation
in celery petioles remains elusive. In the present study,
four celery cultivars with distinct colors were selected
for comparative analysis. The contents of chlorophyll,
carotenoids, and anthocyanin were significantly differ-
ent. Green celery had a significantly higher chlorophyll
content. Although there are numerous carotenoids in
green celery, the green color of the chloroplast may
conceal the yellow color (Sun et al., 2018). Yellow
celery contains chlorophyll and carotenoids, but the
contents are significantly lower than those of the
green celery, which contributed to a phenotype with a
deficiency of chlorophyll. White celery had very low
contents of all three pigments, whereas the content of
total anthocyanin in the purple celery was the highest.
To explore the metabolites and related genes responsible
for color diversity, we performed a metabolomics anal-
ysis of the four celery cultivars with diverse colors. A
total of 1159 metabolites, including lipids, organic
acids, phenylpropanoids, polyketides, and sugars, were
detected in the petioles. Differentially accumulated
metabolites were identified by conducting pairwise
comparisons of the four celery cultivars. A total of
335 metabolites significantly differentiated between
purple and green celery. Enrichment analysis revealed
that these metabolites were enriched mainly in flavo-
noid biosynthesis, isoflavonoid biosynthesis, phenyl-
propanoid biosynthesis, anthocyanin biosynthesis, and
porphyrin and chlorophyll metabolism.
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Plant chlorophyll exists in several forms in vivo
(Jiang et al., 2010). Chlorophyll provides energy for
plants through photosynthesis, but excessive chloro-
phyll induces increased production of free radicals in
plants, which may cause injury to plant cells. Chloro-
phyll degradation products can maintain cell activity.
It is physiologically important for chlorophyll to be
degraded in a timely way (Eckhardt et al., 2004).
Pheophorbide is one of the main metabolites of chloro-
phyll degradation. In our study, chlorophyll a and
pheophorbide were significantly higher in green cel-
ery than in the other cultivars, suggesting that synthe-
sis and degradation of chlorophyll in the green celery
exist in equilibrium. HEMA is the first enzyme
of the chlorophyll biosynthesis pathway and catalyzes
the transformation of L-glutamic acid (Glu) to
d-aminolevulinic acid (ALA) (Beale, 2005). In rice
and grass, high expression of HEMA and CHLG pro-
motes green coloration by increasing the chlorophyll
content of the leaves (Zeng et al., 2020; Zhu et al.,
2020). Significant up-regulation of genes related to
chlorophyll metabolism was detected in the green cel-
ery compared with the other cultivars, suggesting that
chlorophyll metabolic pathways might be the main
pathways used to generate the green color pigments.

Differentially accumulated metabolites related to
anthocyanin synthesis were detected at higher levels
in the purple celery than in the other three celery culti-
vars, suggesting that differences in anthocyanin con-
tent are the main cause of purple celery color. Tan
et al. (2017) also reported that the phenotype of pur-
ple celery was related to the anthocyanin synthesis
pathway. Anthocyanin pigments such as cyanidin, pel-
argonidin, petunidin, and malvidin are responsible for
the purple, blue, pink, and other deep-colored pig-
ments of plant tissues (Liu et al., 2018; Han et al.,
2021). Anthocyanin biosynthesis depends on several
key enzymes encoded by early flavonoid biosynthe-
sis genes (such as PAL, CHS, CHI, and F3H) and
late biosynthetic genes (such as DFR, ANS, and
uridine diphosphate (UDP)-glucose:flavonoid 3-O-
glycosyltransferase (UFGT)). The structural genes en-
coding these enzymes have been studied in numerous
species, including kiwifruit, pear, and carrot (Liu
et al., 2019; Peng et al., 2019; Xu et al., 2020).

Tissue color is known to be correlated with the
expression of genes related to anthocyanin synthesis.
PAL and ANS genes play important roles in regulating
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the biosynthesis of anthocyanins (Zhou et al., 2020).
Of the 11 genes significantly correlated with anthocy-
anin content, eight were consistently up-regulated in
the purple celery, especially PAL and ANS. As one of
the key enzymes, the PAL gene was significantly ex-
pressed in the purple celery, which is conducive to the
accumulation of a large amount of cinnamic acid. Phe-
nylalanine, as the upstream reactant of anthocyanins
and other flavonoids, is first converted to cinnamic acid
under the catalysis of PAL (Ferreyra et al., 2012). Cin-
namic acid is transformed into naringenin under the
action of C4H, CHS, and CHI (Li SP et al., 2021).
Afterward, different enzymes (F3H, F3'H, FLS, ANS,
and other enzymes) catalyze naringenin via different
pathways that are responsible for the synthesis of
diverse classes of flavonoids (Jan et al., 2021). In the
current study, p-coumaric acid, naringin, cinnamic acid,
cyanidin, and other metabolites related to anthocyanin
synthesis in the purple celery accumulated significantly
and showed a strong positive correlation. The accu-
mulation of metabolites was consistent with the gene
expression results, suggesting that cyanidins were the
most abundant anthocyanin substances in the purple
celery.

Studies have shown that carotenoids are not the
only source of the yellow color, and the significant ex-
pression of related genes in the anthocyanin synthesis
pathway also makes plant tissues appear yellow. PAL
and CHS are the main genes regulating the upstream
of the yellow regulatory network in the cucumber
pericarp (Chen et al.,, 2021), and UFGT and F3H
were also found to be involved in the regulation of
yellow cucumber (Wang LY et al., 2020). Wu et al.
(2020) found that CHS and DFR genes were benefi-
cial to the formation of the yellow leaves of ginkgo.
Genes CHI, F3H, F3'H, FLS, and ANS were highly
expressed in the yellow celery, and hence might con-
tribute to the yellow color of celery.

Overall, the expression of abundant genes and
metabolites in pigment biosynthesis pathways can
directly influence pigment accumulation, thereby de-
termining the color of plant tissues. In addition, varia-
tion in metabolites contributes to the nutritional quality
of different cultivars. For example, metabolites with
promising health effects such as apigenin and cate-
chin were found to be significantly enriched in the
green celery. The most abundant metabolites identi-
fied in the present study not only provide information

for the enhancement of biological activities in celery,
but also offer a valuable reference for mining metabo-
lites in plants of different colors.
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