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Pear is one of the main fruits with thousands of
years of cultivation history in China. There are more
than 2000 varieties of pear cultivars around the world,
including more than 1200 varieties or cultivars in China
(Legrand et al., 2016). Xinjiang Uygur Autonomous
Region is an important pear production region in China
with 30 of varieties or cultivars. Pyrus sinkiangensis
is the most popular variety, which is mainly distributed
in Xinjiang (Zhou et al., 2018). Chlorogenic acid
(CGA), p-coumaric acid, and arbutin are the main
polyphenols in pear fruit, and their levels show great
differences among different varieties (Li et al., 2014).
CGA is a potential chemo-preventive agent, which
possesses many important bioactivities including anti‐
oxidant, diabetes attenuating, and anti-obesity (Wang
et al., 2021). Therefore, the specific CGA content of a
variety is considered the embodiment of the functional
nutritional value of pears.

Transcriptome analysis is an effective method to
study the relationship between plant growth and gene
expression (Covington et al., 2008). In 2013, Chinese
scientists sequenced the first pear genome in the world,
the whole genome of the Pyrus bretschneideri pear
cultivar. A high-quality genome map with a size of
512 MB encoding 42 812 proteins was obtained (Wu
et al., 2013). The transcriptomic analysis of “Suli”
pear (Pyrus pyrifolia of white pear group) buds during

the dormancy was implemented (Liu et al., 2012).
Moreover, the high-quality genome map of Pyrus
betuleafolia (size of 532.7 MB encoding 59 552 pro‐
teins), globally the first wild pear species to be se‐
quenced, was reported lately (Dong et al., 2020),
which provided an important guarantee for transcrip‐
tome research and functional pear breeding.

Previous studies have shown that CGA is synthe‐
sized by three routes in plants, with the starting point
of L-phenylalanine. The first and second routes are
divided into upstream and downstream parts. The up‐
stream part that is catalyzed by phenylalanine ammo‐
nia lyase includes phenylalanine (PAL) (MacLean
et al., 2007), PAL/tyrosine ammonia lyase (PTAL) to
produce trans-cinnamic acid, and p-coumaric acid
through cinnamic acid-4-hydroxylase (C4H). Sub‐
sequently, p-coumaroyl coenzyme A (CoA) is cata‐
lyzed by 4-coumaroyl CoA ligase (4CL) (Dixon and
Paiva, 1995). In the downstream part, caffeic acid and
shikimic acid are involved in the CGA biosynthesis in
the first pathway, while only quinic acid is present in
the second pathway (Hoffmann et al., 2004). At the
same time, the downstream enzymatic reaction is com‐
pleted by shikimic acid/quinic acid hydroxycinnamoyl
transferase (HCT) and p-coumaric acid 3'-hydroxylase
(C3'H). Different from the top two routes, the third
route has only been found in a few plant species such
as sweet potato root (Villegas and Kojima, 1986).
Therefore, the first and second routes are considered
as the main pathways of plants for CGA biosynthesis.

In order to excavate the key genes involved in
CGA biosynthesis during the development of pear
fruit, the transcriptome analysis of three Xinjiang
characteristic pear (XCP) varieties, Yali pear (YL; P.
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bretschneideri Rehd.), Korla fragrant pear (XL; Pyrus
sinkiangenensis Yü), and Yuanhuang pear (YH; Pyrus
pyrifolia (Burm. F.) Nakai cv. Starkrimson), was con‐
ducted (Fig. S1). The pear fruit samples were collected
at Luntai Plant Germplasm Resources Garden, Xin‐
jiang Academy of Agricultural Sciences (Urumqi,
China) from June to September in 2019 (Fig. 1a).
CGA and arbutin contents in the pears were deter‐
mined by high-performance liquid chromatography
(HPLC) analysis (Fig. S2). The typical samples col‐
lected at three key development stages, the young stage
(T1), the expanding stage (T2), and the mature stage
(T3), were chosen for RNA-sequencing (RNA-seq) ac‐
cording to single fruit weight (Fig. 1a and Table S1)
and the change of CGA content (Fig. 1b).

Through de novo transcriptome assembly using
Trinity software (k-mer=25), a total of 1 356 382 096
raw reads were obtained. After the quality control of
the original readings by relevant software, 1343719214
clean reads including bases of 200.63 GB in total were
obtained. For all 27 samples, the rate of sequencing
error was 2.40‰–2.68‰ and the Phred quality score
DNA sequencing of 30 (Q30) was 92.40%–95.15%,
which indicated that at least 92.40% of the samples
had a base sequencing error rate of less than 0.1%
with a high quality of RNA-seq (Table S2). Trinity as‐
sembly was performed on all clean reads to yield a
total of 119 340 transcripts. Finally, a total of 77 130
unigenes were obtained. The results showed that the
N50 (50% of total scaffold length) of unigenes was
1496 bp, and the average length was 926 bp. The aver‐
age alignment rate of clean reads with assembled se‐
quences was 73.42%, and this was 74.60% for the P.
bretschneideri reference genome (Table S2). The re‐
sults met the requirements of annotation analysis.

The assembled transcriptome sequences were com‐
pared with six databases including the non-redundant
protein sequence database (NR; https://ftp.ncbi.nlm.nih.
gov/blast/db/FASTA), an annotated protein sequence
database (Swiss-Prot; http://www.gpmaw.com/html/
swiss-prot.html), the Database of Clusters of Ortholo‐
gous Genes (COG; https://www.ncbi.nlm.nih.gov/
research/cog), a database of protein families (Pfam;
http://pfam.xfam.org), the Gene Ontology (GO; http://
geneontology.org), and the Kyoto Encyclopedia of
Genes and Genomes (KEGG; https://www.genome.jp/
kegg/pathway.html).A total of 47 579 unigenes account‐
ing for 61.69% of all unigenes were annotated (Table 1).

In this part, 46 160 unigenes were annotated into
the NR database (Fig. 1c). Among them, 19 822
unigenes of the total NR annotation shared a homology
with P. bretschneideri, accounting for 42.92%, fol‐
lowed by 18 548 unigenes of the total NR annotation
that shared a homology with Malus domestica, ac‐
counting for 40.18%. Unigenes sharing a homology
with the two varieties, accounted for 84.00% of the
total NR annotations, indicating that the assembly
sequence was closely related to the two varieties.

The results of GO annotation showed that 30 367
unigenes had a GO annotation, involving 52 Level 2
GO terms of three branches. In the “Molecular func‐
tion” branch, the two Level 2 GO terms of “binding
function” and “catalytic activity” with 15 879 and
15 329 unigenes, respectively, had the largest number
of unigenes annotated. In the “Cellular component”
branch with 10 242 unigenes and “Biological pro‐
cess” branch with 10 555 unigenes, the Level 2 GO
terms with the most annotations were “cellular part”
and “cell process” respectively (Fig. 1d).

The KEGG annotation resulted in a total of
19 226 annotated unigenes, of which 10 774 annota‐
tions were assigned to 146 pathways that were clas‐
sified into 6 first categories and 27 second categories;
5176 unigenes (48.04%) were annotated into the “Me‐
tabolism” category, including 11 second categories. In
the first category, 1648 and 1061 unigenes participated
in the second categories of “Carbohydrate metabolism”
and “Amino acid metabolism,” respectively (Fig. 1e).

In this study, P<0.05 and fold change (FC)>1.5
were used as the selection condition to screen differ‐
entially expressed genes (DEGs) between different
varieties in the same developmental stage. There were
8466, 13 978, 10 202, 13 723, 11 156, and 15 638
DEGs selected from the YL_T1 vs. XL_T1, YH_T1
vs. XL_T1, YL_T2 vs. XL_T2, YH_T2 vs. XL_T2,
YL_T3 vs. XL_T3, and YH_T3 vs. XL_T3 groups,
respectively (Fig. 1f). To further analyze the function
of DEGs in metabolic pathways, path enrichment
analysis was carried out. A total of 140 and 143 path‐
ways were found that were enriched in the YL_T1 vs.
XL_T1 and YH_T1 vs. XL_T1 groups. The “Phenyl‐
propanoid biosynthesis” pathway was highly enriched
in the two groups and contained more DEGs, which
was the key pathway for CGA biosynthesis (Fig. S3).

A total of 27 DEGs including 1 PAL, 5 C4H, 4
4CL, 2 C3'H, and 15 HCT genes involved in CGA
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biosynthesis were screened out from the two groups
of YL_T1 vs. XL_T1 and YH_T1 vs. XL_T1 in T1.
Among them, the expression patterns of 19 DEGs in‐
cluding 5 C4H, 4 4CL, 2 C3'H, and 8 HCT genes
were consistent with the differences in the content of
CGA between the pear varieties. In addition, a total of
31 DEGs including 2 PAL, 4 C4H, 4 4CL, 3 C3'H,
and 18 HCT genes involved in the CGA biosynthesis

were screened in the two groups of YL_T3 vs.
XL_T3 and YH_T3 vs. XL_T3 in T3. There were 20
DGEs including 1 C4H, 3 4CL, 3 C3'H, and 13 HCT
genes with the same expression pattern. After com‐
bining 19 DEGs of T1 with 20 DEGs of T3, 10 DEGs
including 2 4CL, 1 C4H, 2 C3'H, and 5 HCT genes
were found in both development stages. Therefore,
these DEGs are considered as the key regulatory genes

Fig. 1 Summary of comparative transcriptome analysis of candidate genes involved in CGA biosynthesis in fruits during
development of three pear varieties. (a) The single fruit weight change during development periods of three pear varieties
(data are expressed as mean±SD, n=10); (b) The content changes of CGA and arbutin in fruits during development of three
pear varieties (data are expressed as mean±SD, n=3); (c) Species distribution of the NR annotation; (d) Summary of the
GO annotation; (e) Pathway classification based on the KEGG annotation; (f) Statistical chart of DEGs in six different
groups. CGA: chlorogenic acid; SD: standard deviation; NR: non-redundant protein sequence database; GO: Gene
Ontology; KEGG: Kyoto Encyclopedia of Genes and Genomes; DEG: differentially expressed gene; YL: Yali pear;
XL: Korla fragrant pear; YH: Yuanhuang pear; DAFB: days after full bloom; DW: dry weight; FW: fresh weight; T1:
young fruit stage; T2: expanding stage; T3: mature stage.
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of CGA biosynthesis, and C3'H and HCT in the down‐
stream pathway of CGA biosynthesis are the key rate-
limiting enzymes (Fig. 2).

Both the C3'H and C4H enzymes are members
of the plant cytochrome P450 enzyme (CYP450)
superfamily, with the C3'H enzyme belonging to the
CYP98 subfamily (Sullivan and Zarnowski, 2010), and
the C4H enzyme belonging to the CYP73 subfamily
(Liu et al., 2018). In the process of plant growth and
development, CYP450 as an oxidase participates in
redox reactions including the biosynthesis and degra‐
dation of terpenes, plant hormones, signal molecules,
flavonoids, and other secondary metabolites of vari‐
ous substrates (Han et al., 2012; McLean et al., 2012).
HCT belongs to the BAHD acyltransferase family,

and uses acyl-CoA as a donor to catalyze the forma‐
tion of esters or amide compounds from a variety of
substrates (Tuominen et al., 2011).

In order to further explore the candidate genes
related to CGA biosynthesis, the weighted gene
co-expression network analysis (WGCNA) was used
to construct the co-expression gene network module
(Fig. 4S). The results showed that the co-expression
network constructed by 14 213 preprocessed DEGs
had ten modules in total. Among the ten DEGs related
to CGA biosynthesis, five DEGs were located in the
turquoise module and two DEGs in the pink module.
The related DEGs in these modules might play an im‐
portant role in CGA biosynthesis. WGCNA analysis
provides a lot of gene information for the future analy‐
sis of the co-expression of related genes in CGA bio‐
synthesis. Six unigenes encoding key enzymes were
randomly selected for quantitative real-time polymerase
chain reaction (qRT-PCR) to verify the accuracy of
RNA-seq (the designed primers were shown in Table
S3). The expression patterns were consistent with the
data of RNA-seq (Fig. 5S).

In summary, this study determined the contents
of CGA and arbutin in fruits during development of
three pear varieties. Ten typical DEGs including two
4CL, one C4H, two C3'H, and five HCT genes were
identified, which are regarded as the key regulatory

Table 1 Functional annotation of unigenes

Database

GO

KEGG

COG

NR

Swiss-Prot

Pfam

Unigene number (%)

30 338 (39.42)

19 212 (24.96)

27 420 (35.63)

46 118 (59.92)

29 251 (38.00)

26 382 (34.28)

GO: Gene Ontology; KEGG: Kyoto Encyclopedia of Genes and
Genomes; COG: Cluster of Orthologous Groups of proteins; NR:
non-redundant protein sequence; Swiss-Prot: annotated protein
sequence; Pfam: protein families.

Fig. 2 Schematic representation of CGA biosynthesis pathway and heatmap of DEGs in two developmental stages.
PAL: phenylalanine; PTAL: PAL/tyrosine ammonia lyase; CoA: coenzyme A; C4H: cinnamic acid-4-hydroxylase; 4CL:
4-coumaroyl CoA ligase; HCT: hydroxycinnamoyl transferase; C3'H: p-coumaric acid 3'-hydroxylase; YL: Yali pear;
XL: Korla fragrant pear; YH: Yuanhuang pear; T1: young fruit stage; T3: mature stage; 1 and 2: key limit enzymes 1
and 2.
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genes of CGA biosynthesis. The WGCNA analysis of
DEGs at different development stages showed that
C3'H and HCT in the downstream pathway of CGA
biosynthesis are the key rate-limiting enzymes. These
results revealed the potential mechanism of CGA
biosynthesis.

Advocating a well-balanced diet or promoting
healthy eating, especially increasing fruit intake, is
becoming the most important approach to prevent or
reduce diet-related non-communicable diseases, such
as obesity and diabetes in China (Li, 2019). Exploring
and understanding the activity and benefits of nutri‐
ents and bioactive compounds in food including fruits
and their applications is one aspect of nutritional sci‐
ence (Durazzo and Lucarini, 2019). Pear is one of the
more commonly consumed fruits in the world. The
varieties or cultivars of pear containing rich polyphe‐
nols, especially CGA and arbutin with important bio‐
activity, have been paid more attention. This new ten‐
dency will greatly impact the pear breeding research
in agriculture. Compared with previous reports, our
study systematically measured the contents of CGA
and arbutin, as well as their level changes during fruit
development in different varieties, which provides
important data for nutritional evaluation and guidance
in the future breeding of pear fruits in China.
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