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Abstract

To reveal the molecular mechanism in the accumulation of chlorogenic acids (CGAs) in peach (Prunus persica) fruit
during growth and development, CGA contents in the flesh of the three peach cultivars ‘Ruiguang 18’, ‘Heiyoutao’, and
‘Beijingyixianhong’ were determined. The expression levels of CGA metabolism-related genes were analyzed based on
transcriptome data (RNA-seq). These candidate genes were then screened and real-time fluorescent quantitative PCR (qRT-
PCR) was performed to verify their expression. The results showed that the content of total CGAs, 5-O-caffeoylquinic acid
and 3-O-caffeoylquinic acid, in the flesh of ‘Ruiguang 18’ exhibited a decreasing trend during fruit development, and there
was a great drop at maturity stage (P <0.05). The three contents in ‘Heiyoutao’ increased first at stage S2 (P <0.05) and
then decreased significantly (P <0.05). In ‘Beijingyixianhong’, they stayed stable in the early stages, then total CGAs and
3-0O-caffeoylquinic acid decreased significantly at the maturity stage (P <0.05). RNA-seq transcriptome data analysis and
gRT-PCR expression analysis showed that the accumulation of CGAs in fruit flesh was mainly affected by the expression
of Prupe.3G100800 (PpHCT) and Prupe.3G107300 (Pp4CL), and their expression levels were highly consistent with total
CGA content. Thus, we concluded that Prupe.3G100800 (PpHCT) and Prupe.3G107300 (Pp4CL) are the key genes for
CGAs synthesis in peach flesh.
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1 Introduction

Chlorogenic acids (CGAs) have a variety of physiological
functions such as free radical scavenging, anti-oxidation, and
anti-inflammation (Abdelghafar et al. 2018). They have been
proven to have preventive and therapeutic effects on type II
diabetes, cardiovascular diseases, and metabolic syndrome
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(Naveed et al. 2018). They are also closely related to the bio-
logical and non-biological resistance of plants to low tem-
perature, ultraviolet radiation, pests, and diseases and can
effectively inhibit the infection and spread of various fungi
and bacteria (Hammerschmidt 2014; Martinez et al. 2017).

The most abundant phenolic acids in peach fruit are
CGAs, existing in two isomers, 3-O-caffeoylquinic acid and
5-O-caffeoylquinic acid (Villarino et al. 2011). There are
many tests and comparisons of the content of CGAs in the
fruit of different peach cultivars (Chang et al. 2000; Tomas-
Barberan et al. 2001; Yan et al. 2014a; Lu et al. 2017) and
some preliminary studies on the accumulation of CGAs
in different peach fruit development stages (Zhang et al.
2018a). Contents of CGAs in fruit flesh of different peach
cultivars varied from a few mg/kg FW to a few hundred mg/
kg FW (Yan et al. 2014a). In some cultivars, CGAs dropped
as the fruit ripened (Zhang et al. 2018a). Some cultivars have
fluctuant CGA content in their fruit. For example, CGAs in
‘Redhaven’ reached the peak concentration at 94 days after
full bloom (DAFB), decreased at 100 DAFB, and increased
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again at fruit ripening (Orazem et al. 2013). There have been
many reports on the functions of CGAs (Villarino et al.
2011; Zhang et al. 2018b; Jiao et al. 2018; Vitus et al. 2019).
For instance, Zhang et al. (2018b) confirmed that the main
antioxidant ingredient in peach fruit was 5-O-caffeoylquinic
acid rather than other phenolic substances such as catechins
and ferulic acid. Peach fruits with higher CGA content show
a higher resistance against pathogens causing brown rot
(Villarino et al. 2011; Vitus et al. 2019). In addition, CGAs
could inhibit the expansion of penicillium by activating the
jasmonic acid signaling pathway to prevent the spoilage of
peach fruit (Jiao et al. 2018). It can be concluded that the
content of CGAs is closely associated with the quality of
peach fruit. Therefore, a biosynthesis study of CGAs can
provide some guidance for the improvement of peach nutri-
tion and resistance to diseases.

The metabolism pathway of CGAs is unclear even in
model plants like Arabidopsis thaliana. No research on
how many pathways there are in peach or which one is the
main pathway has been done so far. CGAs are formed by
trans-hydroxycinnamic acid (such as coumarin, caffeic
acid, ferulic acid, etc.) and quinic acid, existing in various
structural forms such as derivatives and isomers (Jaiswal
et al. 2014). Among them, most attention has been paid to
caffeoylquinic acid because of its wide existence in plants.
CGAs are synthesized via phenylpropanoid metabolism,
and three possible pathways have been proposed, as shown
in Fig. 1: (1) the trans-esterification of caffeoyl-CoA and
quinic acid via hydroxycinnamoyl-CoA:quinate hydroxycin-
namoyl transferase (HQT) activity; (2) the hydroxylation of
p-coumaroyl quinate to CGA; and (3) the hydroxylation of
p-coumaroyl shikimate to caffeoyl shikimic acid, which
is then converted to caffeoyl-CoA, a substrate of hydrox-
ycinnamoyl-CoA:shikimate hydroxycinnamoyl transferase
HCT. Hence, phenylalanine ammonia lyase (PAL), cinna-
mate 4-hydroxylase (C4H), 4-hydroxycinnamoyl-CoA ligase
(4CL), p-coumaroyl ester 3'-hydroxylase (C3'H), and HCT/
HQT are important enzymes related to CGA biosynthesis
(Naveed et al. 2018; Comino et al. 2007, 2009; Sonnante
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et al. 2010; Mudau et al. 2018). Their activities and func-
tions are different among Arabidopsis thaliana, artichoke,
tobacco, tomato, and honeysuckle (Mudau et al. 2018; Chen
et al. 2017; Niggeweg et al. 2004; Sonnante et al. 2010).
Although CGAs were found to exist widely in apples, pears,
and peaches and their contents were high (Awad and Jager
2001; Cui et al. 2005; Yan et al. 2014b), there are few stud-
ies on the regulation of CGA synthesis in fruit, except for a
report on pear (He et al. 2017). The study of CGA metabo-
lism and gene expression regulation of related enzymes dur-
ing peach fruit development is of great significance to reveal
the mechanism of CGA metabolism.

We found that some red flesh peach cultivars not only had
much higher CGA content than those with white and yel-
low flesh but also showed differences in the accumulation of
CGAs during fruit ripening (Zhang et al. 2018a). Based on
this finding, one yellow flesh peach cultivar ‘Ruiguang 18’
and two red flesh peach cultivars ‘Heiyoutao’ and ‘Beijin-
gyixianhong’ were chosen as test materials to determine the
content of CGAs in their flesh during the fruit development
stages and analyze the differences in the expression of genes
related to CGA metabolism so that the key genes regulating
CGA metabolism could be found.

2 Materials and methods
2.1 Plant material

The experiment was conducted at the National Peach Fruit
Germplasm Repository of Nanjing (32° 2" N, 118° 52" E,
11 m above sea level) in 2020. Mature trees of peach culti-
vars ‘Ruiguang 18’, ‘Heiyoutao’, and ‘Beijingyixianhong’
were selected as the test materials. The trees were of natural
open center shape, with a row spacing of 5 mx3 m, and the
conventional cultivation measures were taken. Fruit devel-
opment of the three cultivars can be divided into four stages
(pit hardening, second exponential growth, enlargement,
and maturity). The maturity stage refers to the time when
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Fig.1 A simplified diagram of enzymes and major products in the
synthesis of CGAs in plants (Naveed et al. 2018; Comino et al. 2009).
Enzymes involved in this pathway are as follows: PAL, phenylalanine
ammonia lyase; C4H, cinnamate 4-hydroxylase; 4CL, 4-hydroxycin-
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the background color of the fruit is changed. The sampling
time was strictly chosen (at the beginning of each stage)
according to the growth and development curve of peach
fruit. Sampling was conducted according to the method used
by Yan et al. (2018) and Lombardo et al. (2011). Fruits of
‘Ruiguang 18’ were harvested at 45, 78, 93, and 101 DAFB;
‘Heiyoutao’ at 50, 95, 109, and 126 DAFB; and ‘Beijingyixi-
anhong’ at 40, 72, 85, and 92 DAFB. Ten disease-and-pest-
free peaches with uniform size and maturity from two trees
of each cultivar were collected. They were put in the icebox,
quickly brought to the laboratory, and peeled with a peeler.
Flesh on both sides of the fruit suture were chopped, mixed
well, frozen immediately in liquid nitrogen, and stored at
— 80 °C. Procedures were conducted in triplicates, and 30
fruits of each cultivar were collected in total.

2.2 Extraction and determination of CGAs

Ground frozen fruit tissues (0.5 g) were homogenized in
2 mL methanol solution containing 0.1% (v/v) H;PO, and
incubated in an ultrasonic oscillator for 10 min. After cen-
trifugation at 10,000 rpm for 10 min at 4 °C, the supernatant
was collected and filtered through a 0.22-mm organic mem-
brane, and the filtrate was used to determine CGAs. An Agi-
lent ZORBAX SB-C18 column (5 pm, 250 mm X 4.6 mm)
was used in an Agilent 1260 Infinity I HPLC System (Agi-
lent, USA) equipped with a DAD detector at 30 °C, and elu-
tion was performed with a mobile phase gradient (A: metha-
nol solution containing 0.1% H;PO,, v/v, B: 0.1% H;PO,
water solution) at a flow rate of 1.0 mL/min. The gradient
for buffer B was 95-29% for 22 min, 29-95% for 8 min,
and 95% for 5 min. Dose-dependent calibration curves of
3-0O-caffeoylquinic acid and 5-O-caffeoylquinic acid stand-
ards (Sigma-Aldrich Corporation, St. Louis, USA) and inter-
nal standards were used to determine the concentrations of
the components.

2.3 Transcriptome sequencing

The Plant RNA Extraction Kit (Bio Te Ke, Beijing) was
used to extract total RNA from peach flesh, and a NanoDrop
ultra-micro spectrophotometer (Thermo Fisher Scientific,
USA), Qubit2.0 fluorometer (Invitrogen, USA), and Agi-
lent 2100 bioanalyzer (Agilent Technologies, China) were
used to detect the purity, concentration, integrity, and other
parameters of RNA samples. The library construction and
sequencing were performed by Nanjing Genepioneer Bio-
technologies Co., Ltd. with transcriptome sequencing on
the Illumina high-throughput sequencing platform (HiSeq/
MiSeq) using Peach Genome v2.0 as the reference genome
(Jung et al. 2019).

2.4 The search for genes related to CGA metabolism

The amino acid sequences of PAL, C4H, 4CL, HQT, C3'H,
and HCT gene families related to CGA metabolism in spe-
cies such as Arabidopsis thaliana, Nicotiana tabacum,
Solanum lycopersicum, Pyrus bretschneideri, and Coffea
canephora were found in the NCBI gene database, and simi-
lar peach genes were searched via BLAST. The peach genes
found were compared with the genes in the transcriptome
data, using the FPKM method (fragments per kilobase per
million fragments) to calculate the gene expression level
(Trapnell et al. 2010; Florea et al. 2013). The candidate
genes related to CGA metabolism were obtained by com-
paring and analyzing the correlation with the accumulation
trend of CGAs in the peach cultivars based on the changes
of the FPKM value of each gene.

2.5 gRT-PCR analysis of candidate genes

Specific primers for candidate genes were designed using
Primer 5.0 to perform real-time fluorescence quantitative
analysis. The plant RNA kit (Bio Te Ke, Beijing, China)
was used to extract total RNA from peach fruit samples
used for expression verification, and reverse transcription
was performed in a Goldenstar RT6 cDNA Synthesis Kit
Ver 2 (Qingke Gold, Nanjing, China). The cDNA product
obtained by reverse transcription was appropriately diluted
and used as a qPCR template, and amplified with 2 X T5 Fast
gPCR Mix (SYBR Green I) (Qingke, Nanjing, China). The
reaction system (20 pL) included 0.8 pL of the upstream
and downstream primers, 1 pL of the cDNA template, 7.4
uL of ddH,0, and 10 uL 2xT5 Fast qPCR Mix (SYBR
Green I). The fluorescence quantitative PCR instrument
FQD-96A (Hangzhou Bioer Technology Co. Ltd., Hang-
zhou, China) was used for gPCR. Reaction conditions were
as follows: pre-denaturation stage under 95 °C for 60 s; cycle
stage under 95 °C for 15 s, 60 °C for 15 s, 72 °C for 30 s,
40 cycles; dissolution stage under 95 °C for 5 s, 60 °C for
60s, 95 °C and 0.11 °C /s increasing, 50 °C for 30 s. TEF2
was used as the reference gene in gene expression analy-
sis (Tong et al. 2009), and the 27AACT method was used to
calculate expression difference based on the Ct value with
the amplification efficiency of 100% (Livak and Schmittgen
2001). Results were the average of three biological repli-
cates + standard deviation (SD).

2.6 Statistical analysis

Data processing, significant difference analysis, and correla-
tion analysis were done using Excel 2003 and SPSS 16.0.
One-way analysis of variance and the least significant differ-
ence method (LSD) were used for the significance analysis
between the means, and the significant difference was at
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5% level. The Pearson correlation method was used for the
correlation analysis between CGA content and the FPKM
value of each gene.

3 Results

3.1 Variation in CGA content during fruit
development

It can be seen from Fig. 2 that the changes in CGA content
in the flesh of the three peach cultivars were different. In
the fruit of ‘Beijingyixianhong’, the contents of total CGAs
and 3-O-caffeoylquinic acid had a similar increasing trend
during fruit development (40DAFB-85DAFB) with no sig-
nificant difference, and both significantly decreased at the
fruit mature stage (85-92DAFB), while 5-O-caffeoylquinic
acid decreased gradually with the fruit development with
no significant difference. The content of total CGAs,
5-O-caffeoylquinic acid, and 3-O-caffeoylquinic acid in the
flesh of 'Ruiguang 18' exhibited a decreasing trend during
the fruit development and significantly decreased at the fruit
mature stage (P <0.05). The three contents in 'Heiyoutao'
increased at 95 DAFB (P <0.05) and then decreased sig-
nificantly (P <0.05). The proportions of 5-O-caffeoylquinic
acid to 3-O-caffeoylquinic acid in the three cultivars were
found to be different, in which the proportion in ‘Ruig-
uang 18 was higher and much lower in ‘Heiyoutao’ and
‘Beijingyixianhong’.

3.2 Screening of CGA metabolism-associated genes
in peach fruit

Sixteen peach genes with similar amino acid sequences
to the PAL, C4H, 4CL, HQT, C3'H, and HCT gene fami-
lies related to the CGA metabolism of other plants,

including Pyrus bretschneideri, Arabidopsis thali-
ana, Nicotiana tabacum, Cynara cardunculus, Lyco-
persicum esculentum, and Coffea canephora, were
screened using the NCBI gene database, in which
there was one PAL-related gene (Prupe.6G235400),
one C4H-related gene (Prupe.6G040400), three 4CL-
related genes (Prupe.l1G087900, Prupe.3G107300,
and Prupe.6G109000), two C3'H-related genes
(Prupe.1G580500 and Prupe.1G580200), nine HCT-
related genes (Prupe.3G100800, Prupe.3G101000,
Prupe.3G101400, Prupe.3G101500, Prupe.3G101600,
Prupe.3G101700, Prupe.3G101800, Prupe.31900,
Prupe.3G101800, and Prupe.6G286700). No genes with
high similarity to the HQT sequence were found in peach.

Transcriptome analysis showed that 4 HCT genes
(Prupe.3G101000, Prupe.3G101400, Prupe.3G101500,
and Prupe.6G286700) of the 16 genes had an expression
level of 0. The FPKM value of the other 12 genes was
analyzed by heat map, and the correlation analysis of those
genes and total CGAs is shown in Fig. 3 and Table 1. Dur-
ing the development of peach fruit, the total amount of
CGAs in the flesh of 'Ruiguang 18' was significantly posi-
tively correlated with the expression of Prupe.1G087900
(4CL), Prupe.3G107300 (4CL), and Prupe.3G100800
(HCT), while it was significantly positively corre-
lated with the expression of Prupe.3G107300 (4CL),
Prupe.1G580500 (C3'H), Prupe.3G100800 (HCT), and
Prupe.3G101900 (HCT) in ‘Heiyoutao’. The total CGA
content in the flesh of ‘Beijingyixianhong’ was signifi-
cantly positively correlated with Prupe.3G107300 (4CL)
and Prupe.3G100800 (HCT). Therefore, Prupe.1G087900
(4CL), Prupe.3G107300 (4CL), Prupe.3G100800 (HCT),
Prupe.1G580500 (C3'H), and Prupe.3G101900 (HCT)
were screened as the candidate genes related to CGA
metabolism in peach fruit.

Beijingyixianhong Ruiguang 18 Heiyoutao
1000 1000 1000 ——
—e— 5-o-caffeoylquinic acid —e— 5-o-caffeoylquinic acid —e— 5-o-caffeoylquinic acid
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Fig.2 Changes in CGA contents in peach flesh at different fruit development stages
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Fig.3 Heat map of the expres-
sion of 12 CGA metabolism-
related enzyme genes in peach
flesh

3.3 Quantitative analysis of candidate genes
expression

Specific primers for the five selected candidate genes
(Prupe.1G087900 (4CL), Prupe.3G107300 (4CL),
Prupe.1G580500 (C3'H), Prupe.3G100800 (HCT), and
Prupe.3G101900 (HCT)) are listed in Table 2. Quantita-
tive analysis was done using qRT-PCR, and the results are
shown in Fig. 4. Throughout the growth and development
of peach fruit, the changing trend of the relative expres-
sion of each gene (Fig. 4) was consistent with the changing
trend of the gene expression level in the flesh as shown in
RNA-seq data, which proves the accuracy of the RNA-seq
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data. The expression of genes Prupe.3G100800 (HCT) and
Prupe.3G107300 (4CL) in the three cultivars showed a high
degree of consistency with the total content of CGAs, so
they are key genes for the synthesis of CGAs in peach flesh.

3.4 The family similarity and phylogenetic analysis
of PpHCT proteins in peach

The results of the phylogenetic analysis showed that the
nine HCTSs in peach and the reported HCT1 (JQ280303)
and HCT3 (JQ280305) in pear aggregated into a large inde-
pendent group, and the other group was composed of two
separate branches of HQT and HCT proteins from other
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Table 1 Correlation analysis of

; Gene ID Gene Name Ruiguang 18 Heiyoutao Beijingyixianhong

total CGA concentration and the

expression of CGA metabolism-  pyype 66235400 PpPAL - 0.837 0.608 0.443

related genes Prupe.6G040400 PpC4H 0.811 —0.094 0.608
Prupe.1G087900 Pp4CL 0.796* - 0.309 0.862
Prupe.3G107300 Pp4CL 0.991 % 0.954* 0.731%
Prupe.6G109000 Pp4CL 0.348 -0.715 - 0522
Prupe.1G580200 PpC3'H — 0511 - 0.363 0.639
Prupe.1G580500 PpC3'H 0.783 0.744% 0.159
Prupe.3G100800 PpHCT 0.862* 0.721% 0.731%
Prupe.3G101900 PpHCT 0.752 0.796* 0.866
Prupe.3G101600 PpHCT 0.862 0.138 0.291
Prupe.3G101700 PpHCT 0.114 0.496 0.011
Prupe.3G101800 PpHCT —0.645 —0.114 - 0.622

*Indicates significant differences at the 0.05 level

**Indicates greatly significant differences at the 0.01 level

Table 2 Primer sequences in real-time quantitative PCR

Gene ID Gene Name Forward primer sequences (5'-3’) Reverse primer sequences (5'-3")
Prupe.1G087900 Pp4CL ATACTGGTGCTTCGCTTCCC GTGCAACCAGCGCTCTTTAT
Prupe.3G107300 Pp4CL CATTTGCCAAGCAGCCCTTT ATGGTTGCCCTTGTGGACTC
Prupe.1G580500 PpC3’H CTCTCCCAAGAGGATCGAGG GCCTTGTTATGTTGTTGAAAGCC
Prupe.3G100800 PpHCT CACCATCGAGGATTTCGGCG CTACACGATGTTCCAGGCCA
Prupe.3G101900 PpHCT GCCGTTGATTACTCCGCTGG GATGAACGGCGGAAGTGTAATG
- PpTEF2 GGTGTGACGATGAAGAGTGATG TGAAGGAGAGGGAAGGTGAAAG

species (Fig. 5). The key enzyme gene Prupe.3G100800
(PpHCT) screened in this study is highly similar to the two
genes HCTI (JQ280303) and HCT3 (JQ280305) in pear
but different from the key enzyme genes HCT and HQT for
CGA synthesis in other species.

4 Discussion

Studies have shown that the content of CGAs in fruit was
very high in the young fruit stage of apple, decreased rap-
idly at the middle stage of fruit development, and then
decreased more slowly at the late stage (Zhou et al. 2013;
Awad and Jager 2001), while in the fruit of pear, CGA con-
tent decreased gradually (He et al. 2017).

It is already known that the CGA content in ripe fruit var-
ies significantly in different peach cultivars (Yan et al 2014a).
Some reports suggested that the relative content of the two
isomers 5-O-caffeoylquinic acid and 3-O-caffeoylquinic
acid may vary in different cultivars. Yan et al. (2014a) first
mentioned that the main CGA component in the fruit of
white and yellow flesh peach was 5-O-caffeoylquinic acid,
while 3-O-caffeoylquinic acid content in red flesh peach fruit
was higher. The same results were obtained in this study. In
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the ripe fruit of the yellow flesh peach 'Ruiguang 18', the
CGAs were significantly lower than those in the red flesh
peach 'Heiyoutao' and 'Beijingyixianhong'. The content of
5-O-caffeoylquinic acid in ‘Ruiguang 18' was slightly higher
than that of 3-O-caffeoylquinic acid, while in the other two
cultivars, the content of the latter was higher than the for-
mer. This may be caused by the difference of CGA isomer-
ase activity in peaches with different flesh colors. Further
research should be done in the future to determine this.
The accumulation of CGAs during the development of
peach fruit varied among cultivars, too. CGA content in
most of the tested peach cultivars gradually decreased as the
peach fruit developed. A few cultivars, such as 'Redhaven’,
had a fluctuating content of CGAs, which reached the high-
est at 94 DAFB, decreased at 100 DAFB, and then increased
again at maturity. Some red flesh peach cultivars showed
an increase in the early stage and a decline in the middle
and late stages (Orazem et al. 2013; Zhang et al. 2018a).
Similar results were obtained in this study when testing the
CGA content of three peach cultivars. Some reports sug-
gested that the stability of phenols is closely related to pH
value. Phenols may degrade due to pH value changes (Zhu
et al. 2016). Further research should be done by determin-
ing the pH value of fruit flesh from different cultivars while
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Fig.4 gRT-PCR validation of the candidate genes of CGA synthesis in peach flesh

measuring CGA content and recording the accumulation
trend to find out if pH value is one of the key factors.
There are few studies on the molecular mechanism of
CGAs metabolism in fruit. The results of the pear study
showed that the expression of nine genes, including POPALI,
PbPAL2, PbC3H, PbC4H, Pb4CLI1, Pb4CL2, Pb4CL6,
PbHCTI1, and PbHCT3, were related to the accumulation
and metabolism of CGAs, in which PbHCT1 (GenBank
accession: JQ280303) and PbHCT3 (GenBank accession:
JQ280305) were closely and positively related to the syn-
thesis of CGAs in pear (He et al. 2017). In our study, can-
didate genes were screened by combining bioinformatics
analysis and transcriptome data, and qRT-PCR analysis
was performed to verify that the expression patterns of
Prupe.3G100800 (PpHCT) and Prupe3G107300 (4CL) are
closely correlated with CGA content in peach, which might
play key roles in the synthesis of CGAs in peach flesh.
Both HCT and HQT are key enzymes for the synthesis of
CGAs in plants (Mudau et al. 2018). HQT genes positively
regulate the synthesis of CGAs in plants such as tobacco,
tomato, and honeysuckle (Chen et al. 2017; Niggeweg et al.
2004). HCT and HQT both play important roles in the syn-
thesis of CGAs in artichoke (Sonnante et al. 2010). HCT
has different affinities to organic acid substrates in differ-
ent plants. In Arabidopsis thaliana, tobacco, and tomato,

HCT has a higher affinity for shikimic acid than quinic acid.
Therefore, species that only contain this enzyme have low
CGA content (Hoffmann et al. 2004; Sonnante et al. 2010).
The sequence of the CcHCT gene in artichoke is similar to
that of HCT in tobacco, but its enzyme properties are similar
to those of HQT in tobacco and tomato; that is, the affinity
with quinic acid is higher than shikimic acid (Comino et al.
2007). The Prupe.3G 100800 (PpHCT) gene obtained in this
study is highly similar to the key CGA metabolism-related
genes HCT1 (JO280303) and HCT3 (JQO280305) in pear. It
may be a key gene for CGA synthesis in peach. The specific
enzymatic characteristics and mechanisms should be further
studied.

The possible pathways for CGA synthesis can be inferred
based on the identification of key genes, their enzymatic
properties, and the metabolism of intermediate products,
substrates, and competitive products. The silencing of the
HQT gene in tobacco and tomato results in a 98% reduc-
tion in CGA level, but does not affect lignin formation, so
in these species at least, the first two of these routes (Fig. 1)
is probably responsible for the biosynthesis and accumula-
tion of CGAs (Niggeweg et al. 2004; Comino et al. 2009;
Naveed et al. 2018). By contrast, a lowered HCT expression
in tobacco and Medicago sativa changes lignin amount and
composition, thereby implicating the third pathway (Fig. 1)
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Fig.5 Phylogenetic analysis of PpHCT proteins from peach and
HQT/HCT proteins from other species. The tree was constructed by
the neighbour-joining method with 1000 bootstrap replicates. The
length of the lines indicates the relative distances between nodes.

PpHCT (Prunus persica, Prupe.3G100800, Prupe.3G101000,
Prupe.3G101400, Prupe.3G101500, Prupe.3G101600,
Prupe.3G101700, Prupe.3G101800, Prupe.3G101900, and

Prupe.6G286700); PbHCT (Pyrus bretschneideri, JQ280303 and
JQ280305); AtHCT (Arabidopsis thaliana, BT026488); NtHCT
(Nicotiana tabacum, AJ507825); CcaHCT(Coffea canephora,
EF137954); CcHCT (Cynara cardunculus, DQ104740 and
DQ104741); LeHQT (Lycopersicum esculentum, AJ582652); NtHQT
(Nicotiana tabacum, AJ582651); CcaHQT (Coffea canephora,
EF153930); CcHQT (Cynara cardunculus, DQ915589 and
DQ915590)

in lignin biosynthesis (Hoffmann et al. 2004; Shadle et al.
2007). No genes with high similarity to the HQT gene were
found in peach in this study. And according to previous
reports, the main component of organic acids in peach is
quinic acid instead of shikimic acid (Zheng et al. 2020). It
was deduced that PpHCT (Prupe.3G100800), a key enzyme
in peach flesh, may be more likely to have an affinity with
quinic acid, similar to HQT in tobacco and tomato. At the
same time, the synthesis pathway of CGAs in peach may be
the second pathway (Fig. 1); that is, p-coumarin-shikimic
acid might be synthesized under the action of PpHCT, with
p-coumarolyl coenzyme A and quinic acid as the substrates.
Then, p-coumarin-shikimic acid might be hydroxylated by
PpC3'H to form CGAs. This deduction needs to be verified
through research on substrates (such as quinic acid and shi-
kimic acid), accumulation of intermediate products (such as
p-coumarinic acid, p-coumaroyl shikimic acid, and caffeoyl
shikimic acid) or competing products (such as lignin),
and the zymologic functions of the key enzyme PpHCT
(Prupe.3G100800) during peach fruit development.

@ Springer

5 Conclusion

CGAs not only have a large impact on the taste of peach
fruit, which contribute a lot to the overall fruit quality, but
also have important physiological functions. The CGA
metabolism pathway is unclear in peach, and unraveling the
molecular mechanism(s) underlying it could be useful for
breeding purposes. This research describes changes in CGA
contents in peach fruit during development and their relation
with biosynthesis-related gene expression. Changes in CGA
content varied in different peach cultivars. Prupe.3G 100800
(PpHCT) and Prupe3G107300 (4CL) were probably the key
genes for the synthesis of CGAs in peach flesh. It could be
inferred that CGAs might be synthesized in peach fruit flesh
via the hydroxylation of p-coumarolylquinic acid.
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