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Abstract
The goal of this study was to provide quantitative data on the catechin contents and underlying molecular regulatory 
mechanisms in cucumber during fruit development. The dynamic changes in the total catechin contents and RNA-seq-based 
transcriptome profiling of the flesh and peel of the cucumber cultivar ‘YanBai’, which is strongly astringent, were examined 
at three key developmental stages 3, 6 and 9 days post-pollination. The total catechin content decreased as cucumber fruit 
developed and was significantly lower in the flesh than in the peel. In total, 5092 and 4004 genes were found to be differ-
ently expressed in the peel and flesh, respectively. Based on a functional annotation, eight structural genes encode enzymes 
involved in the catechin biosynthesis pathway. Three genes encoding 4-coumarate-CoA ligases, two genes encoding chalcone 
isomerases, two genes encoding dihydroflavonol-4-reductase and one gene each encoding a phenylalanine ammonia-lyase, 
flavanone 3-hydroxylase and cinnamate 4-hydroxylase were identified as affecting the catechin content of cucumber. The 
transcriptome data also revealed the significance of transcription factors, including WD40-repeat proteins, MYB and bHLH, 
in regulating catechin biosynthesis. These findings help increase our understanding of the molecular mechanisms controlling 
catechin biosynthesis and astringency development in cucumber fruit.
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Introduction

Cucumber (Cucumis sativus L.) is an important cultivated 
vegetable, which is typically harvested when immature and 
consumed as fleshy fruit in China (Ando et al. 2012). For 
consumers, the oral sensory properties (astringency, sweet-
ness, sourness, bitterness, spiciness and aroma) of the fleshy 
fruit greatly affect their consumption and acceptability 
(Troszyńska et al. 2011; He et al. 2015). Astringency is a 
key fruit oral sensory quality that produces a tactile sensa-
tion, which has been summarized as a feeling of dryness, as 
well as the puckering and tightening of the mouth, resulting 
from the interaction between polyphenolic compounds and 

salivary proteins (Soares et al. 2016). However, astringency 
can be irritating to consumers because of the unpleasant oral 
sensation it causes.

Catechins are main contributors to astringency (Li et al. 
2011; Xu et al. 2018). They are biosynthesized by glu-
cose metabolic pathways, including the shikimate, phe-
nylpropanoid and flavonoid pathways (Eungwanichayapant 
and Popluechai 2009). In recent decades, because of the 
potential antioxidant properties of catechins, their bio-
synthesis has been widely studied (Grzesik et al. 2018). 
Catechin biosynthesis enzyme-encoding genes have been 
previously cloned and analyzed in Polygonum hydropiper 
(Furukawa et al. 2002), grapevine (Castellarin et al. 2007), 
strawberry fruit (Severo et al. 2011) and tea plant (Rani 
et al. 2012; Xiong et al. 2013). The enzymes catalyzing 
the biosynthesis of catechins in plants include phenyla-
lanine ammonia-lyase (PAL, EC4.3.1.24), cinnamate 
4-hydroxylase (C4H, EC1.14.13.11), 4-coumarate-CoA 
ligase (4CL, EC6.2.1.12), chalcone synthase (CHS, 
EC2.3.1.74), chalcone isomerase (CHI, EC5.5.1.6), fla-
vonoid 3′-hydroxylase (F3′H, EC1.14.13.21), dihydrofla-
vonols 4-reductase (DFR, EC1.1.1.219), anthocyanidin 
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synthase (ANS, EC1.14.11.19), anthocyanidin reduc-
tase (ANR, EC1.3.1.77), leucocyanidin reductase (LAR, 
EC1.17.1.3) and flavan-3-ol gallate synthase (FGS, EC 
number not found) (Xiong et al. 2013; Liu et al. 2015). 
The traditional way of identifying key structural genes that 
contribute to catechin biosynthesis is through a correlation 
analysis of the transcript abundances of catechin biosyn-
thetic enzyme-encoding genes and the catechin contents 
(Rani et al. 2012; Zhang et al. 2018). Using such a cor-
relation study, Zhang et al. (2016) demonstrated that ANS 
may control earlier stages in the synthesis of tea catechin, 
while both ANR and LAR are critical for the conversion of 
galloylated catechins. However, in plant genomes, almost 
all of the enzymes that are responsible for the biosynthesis 
of catechins are encoded by multiple genes. Only some 
genes that encode catechin biosynthetic enzymes have 
been studied.

Presently, there are limited reports on cucumber catechins 
and their underlying molecular regulatory mechanisms. To 
increase the daily cucumber consumption and understand 
the potential health benefits, it is necessary to evaluate the 
catechin contents in cucumber fruit. Recent breakthroughs 
in high-throughput RNA sequencing technology has made 
the rapid detection of gene expression levels possible on a 
genome-wide scale (Xu et al. 2015). Transcriptome anal-
yses will allow us to uncover key structure genes respon-
sible for catechin biosynthesis and provide information 
regarding their roles during cucumber fruit development. 
Consequently, we analyzed the transcriptomic changes in 
cucumber fruit during three key development stages at 3, 
6 and 9 days post-pollination (dpp). The results shed light 
on the molecular mechanisms regulating cucumber catechin 
biosynthesis.

Materials and methods

Plant materials and sampling

The strongly astringent cucumber variety ‘YanBai’ was used 
to analyze the catechins content and perform RNA-seq. The 
seedlings were cultivated in a greenhouse of Yangzhou 
University (Yangzhou, China). All the female flowers were 
manually self-pollinated. To avoid competition for nutri-
ents and to ensure the full growth of the fruit, we retained 
one well-shaped ovary per 5–10 plant nodes and removed 
all the other ovaries before pollination. Peel (exocarp) and 
flesh (mesocarp) samples at 3, 6, and 9 dpp were collected 
separately using a razor blade. Independent samples from at 
least ten fruits were pooled and then separated into two por-
tions: one for the high-performance liquid chromatography 
(HPLC) analysis and the other for the RNA-seq study.

Total catechin extraction and HPLC quantification

The total catechin was extracted according to Liu et al. 
(2015) with some modifications. In total, 5 g of fresh 
materials was ground in a pestle and extracted with 4 mL 
of 40% (v/v) methanol for 20 min at 60 °C. The mixture 
was centrifuged at 13,000×g for 12  min at 4  °C. The 
supernatant was further filtered through a 0.22-μm organic 
membrane and then subjected to the HPLC analysis. The 
HPLC-grade standard solutions of gallocatechin (GC), cat-
echin (C), epigallocatechin, epicatechin, epigallocatechin 
gallate (EGCG) and epicatechin gallate (Sigma, St Louis, 
MO, USA), were prepared by dissolving the appropriate 
amount of each standard in 40% (v/v) methanol to gener-
ate stock solutions containing the six catechins at 100 mg/
mL, 50 mg/mL, 25 mg/mL, 12.5 mg/mL and 6.25 mg/mL, 
respectively. Samples (extracted and standard) were stored 
at 0 °C and protected from light until quantification.

The HPLC analysis was performed using a Trace DSQII 
detector (Thermo Scientific, Waltham, MN, USA) with a 
C18 ODS column (4.6 mm × 250 mm, 5 μm) maintained in 
an oven at 35 °C. Mobile phases A and B were methanol 
and 0.1% formic acid in water, respectively. The gradient 
elution procedure was set from 20% mobile phase B to 
65% mobile phase B by a linear gradient that increased 
during the first 30 min and then decreased to 20% mobile 
phase B for an additional 5 min. The samples were eluted 
at a flow rate of 1 mL/min. The detector wavelength was 
set as 280 nm. The sample injection volume was 10 mL. 
The peaks were identified by comparing the retention 
times for the extracted samples to those of standard solu-
tions. The total catechin contents (TCs) were calculated 
by the summation of the six individual catechin fractions.

RNA extraction and sequencing

Flesh and peel samples were independently ground 
to a fine powder in liquid nitrogen, and total RNA was 
extracted using RNAiso Plus (Takara, Dalian, China). 
We assessed the RNA quality using a 2100 Bioanalyzer 
(Agilent Technologies, PaloAlto, CA, USA). The con-
centration of the total RNA was measured using a Qubit 
2.0 fluorometer (Life Technologies, Carlsbad, CA, USA). 
Transcriptome libraries were prepared from each sample 
(100 ng of total RNA) using a TruSeq RNA Sample Prep 
Kit V2 (Illumina, San Diego, CA, USA) according to the 
manufacturer’s instructions. The transcriptome libraries 
were sequenced on an Illumina HiSeq 4000 platform. 
After removing the low overall quality reads containing 
sequencing primers or exhibiting a low mass, the clean 
sequence reads were subjected to a BLAST analyses using 
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TopHat v2 (Trapnell et al. 2012). The 9930 draft genome 
assembly (version 2, http://www.icugi .org/cgi-bin/ICuGI 
/index .cgi) was used as the cucumber reference genome. 
Cufflinks was applied to assembly mapped reads and cal-
culate the fragments per kilobase of exon model per mil-
lion mapped reads (FPKM) of each transcript (Trapnell 
et al. 2010, 2012).

qRT‑PCR analysis

The expression levels of genes related to astringency devel-
opment were validated using qRT-PCR. Total RNA was 
extracted from each sample using a TaKaRa MiniBEST 
Plant RNA Extraction Kit (TaKaRa, Dalian, China), and 
first-strand cDNA was synthesized using total RNA and a 
PrimeScript RT reagent kit (TaKaRa). The primers were 
designed with Primer 3 (http://bioin fo.ut.ee/prime r3-0.4.0/; 
Online Resource 1). qRT-PCR was performed using a SYBR 
PrimeScript RT-PCR kit (TaKaRa) under the following con-
ditions: 30 s at 95 °C, 35 cycles of 5 s at 95 °C and 1 min 
at 60 °C, and a final step of 30 s at 72 °C. The relative tran-
scriptional levels were calculated using the  2−ΔΔCt method. 
The specificity levels of the PCR products were verified 
using a melting curve analysis.

Results

TCs in the peel and flesh of cucumber fruits

In our previous work, the astringency substances in differ-
ent cucumber accessions were investigated, and the main 
astringency substances in cucumber fruit were determined 
to be catechins (Tian 2015). Thus, to evaluate the dynamic 
changes of astringency during cucumber fruit development 
and the differences in various fruit parts, we analyzed the 
TCs in the cucumber fruit peel and flesh harvested at 3, 6 
and 9 dpp by HPLC. A typical chromatogram of the six 
individual catechins separated under the described settings 
are shown in Online Resource 2a. The separation of the six 
components was completed within 18.5 min. A total of three 

peaks, representing GC, C and EGCG, were detected when 
using cucumber samples (Online Resource 2b). Among 
these, GC was the dominant component (Table 1; Online 
Resource 2b). We calculated the TC through the summation 
of GG, C and EGCG. As shown in Table 1, the TCs were 
significantly higher than in the peels than in the flesh at 3, 6 
and 9 dpp, suggesting that the flesh was less astringent than 
the peel. We also found that the TCs decreased with time in 
both the peel and flesh after pollination, indicating that the 
degree of astringency decreased with fruit development. To 
investigate the molecular details that occurred during astrin-
gency changes, the peel and flesh of ‘YanBai’ at 3, 6 and 
9 dpp were dissected separately for the RNA-seq analysis.

Extensive transcriptomic reprogramming 
during astringency changes

At least 35.1 million clean reads per sample were obtained 
after removal of the low-quality reads (Table 2). These clean 
reads were then mapped to the 9930 reference genome, and 
the mapping ratios ranged from 88.70 to 89.39%. Hierar-
chical clustering revealed differential expression profiles 
of genes in cucumber peels and flesh at different develop-
mental stages (Fig. 1). The heat map patterns for the peel 
and flesh transcripts were different from each other at all 
of the examined time points during fruit development. The 
expression profiles of peel harvested at 6 dpp (P-6) and (peel 
harvested at 3 dpp (P-3) were in the same cluster, but that of 
peel harvested at 9 dpp (P-9) was in a different subgroup. A 
similar trend also existed for expression profiles of the flesh 
samples. Those of flesh harvested at 6 dpp (F-6) and flesh 
harvested at 3 dpp (F-3) were in the same cluster, while the 
profile of flesh harvested at 9 dpp (F-9) was distinctly differ-
ent. The results suggested an alteration in gene expression 
patterns during the late cucumber fruit enlargement process.

Genes related to the catechin biosynthetic pathway

We found 2528 down-regulated genes that had FPKM 
values greater than 5 and were highest in P-3, but low-
est in P-9; (P-3 > P-6 > P-9) and 2562 up-regulated genes 

Table 1  Total catechin contents of the peel and flesh of ‘YanBai’ fruit at 3, 6 and 9 days post-pollination (dpp)

Error bars represent ± SD of three biological replicates. Only three catechin fractions, gallocatechin (GC), catechin (C) and epigallocatechin gal-
late (EGCG) were detected; therefore, the total catechin contents (TC) were calculated by the summation of the GC, EGCG and C fractions

3 dpp 6 dpp 9 dpp

Peel (mg/g FW) Flesh (mg/g FW) Peel (mg/g FW) Flesh (mg/g FW) Peel (mg/g FW) Flesh (mg/g FW)

GC 0.284 ± 0.023 0.075 ± 0.014 0.143 ± 0.032 0.041 ± 0.005 0.075 ± 0.011 0.022 ± 0.004
EGCG 0.043 ± 0.002 0.057 ± 0.008 0.028 ± 0.003 0.032 ± 0.008 0.023 ± 0.003 0.023 ± 0.002
C 0.031 ± 0.003 0.017 ± 0.003 0.022 ± 0.004 0.014 ± 0.003 0.019 ± 0.005 0.013 ± 0.001
TC 0.358 ± 0.017 0.149 ± 0.013 0.193 ± 0.018 0.087 ± 0.006 0.117 ± 0.012 0.058 ± 0.004

http://www.icugi.org/cgi-bin/ICuGI/index.cgi
http://www.icugi.org/cgi-bin/ICuGI/index.cgi
http://bioinfo.ut.ee/primer3-0.4.0/
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that had FPKM values greater than 5 and were highest in 
P-9, but lowest in P-3 (P-3 < P-6 < P-9) in the peel (Online 
Resource 3). However, there were only 1646 down-reg-
ulated genes that had FPKM values greater than 5 and 
were highest in F-3, but lowest in F-9 (F-3 > F-6 > F-9) 
and 2358 up-regulated genes that had FPKM values 
greater than 5 and were highest in F-9, but lowest in F-3 
(F-3 < F-6 < F-9) in the flesh (Online Resource 4). In total, 
1723 genes (776 up-regulated and 947 down-regulated) 
were commonly regulated in the two organs. In addition, 
2930 genes (1477 up-regulated and 1453 down-regulated) 
were only identified in the peel, and 1844 genes (707 up-
regulated and 1137 down-regulated) were only found in 
the flesh. In total, 274 genes were up-regulated in the peel 
but down-regulated in the flesh, while 162 genes were 
up-regulated in the flesh but down-regulated in the peel 
(Fig. 2).

Table 2  Sequencing and assembly statistics for the six samples from YanBai cucumber at the three examined developmental stages

P-3 peel harvested at 3 days post-pollination (dpp), P-6 peel harvested at 6 dpp, P-9 peel harvested at 9 dpp, F-3 flesh harvested at 3 dpp, F-6 
flesh harvested at 6 dpp, F-9 flesh harvested at 9 dpp

Sample ID Total reads Mapped reads Mapped paired Reads Mapped unique reads Mapped multi-reads Mapping 
ratio (%)

P-3 54,327,636 48,336,925 46,795,704 46,946,106 1,390,819 88.97
F-3 60,826,806 53,955,227 52,225,786 52,529,414 1,425,813 88.70
P-6 50,530,048 45,045,315 43,614,748 43,761,856 1,283,459 89.15
F-6 59,933,106 53,576,530 51,846,688 52,054,172 1,522,358 89.39
P-9 40,847,258 36,233,269 34,988,548 35,118,367 1,114,902 88.70
F-9 50,766,798 45,360,755 43,877,166 44,216,247 1,144,508 89.35

Fig. 1  Hierarchical cluster analysis of peel and flesh transcripts in 
cucumber fruits at 3, 6 and 9 days post-pollination (dpp). The maps 
were drawn by Cluster 3.0 and Java tree view software. P-3: peel har-
vested at 3 dpp; P-6: peel harvested at 6 dpp; P-9: peel harvested at 9 
dpp; F-3: flesh harvested at 3 dpp; F-6: flesh harvested at 6 dpp; F-9: 
flesh harvested at 9 dpp

Fig. 2  Venn diagram analyses of the differentially expressed genes 
that were identified in this study. Peel_up: FPKM values were highest 
in the peel at 9 days-post pollination (dpp), but lowest at 3 dpp; Peel_
down: FPKM values were highest in the peel at 3 dpp, but lowest at 
9 dpp; Flesh_up: FPKM values were highest in the flesh at 9 dpp, but 
lowest at 3 dpp; Flesh_down: FPKM values were highest in the flesh 
at 3 dpp, but lowest at 9 dpp
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Based on functional annotation, eight genes, three 
down-regulated (Csa1G050290, Csa6G077400 and 
Csa7G388440) and five up-regulated (Csa1G050280, 
Csa1G590300, Csa4G622760, Csa6G108510 and 
Csa6G133710) in the peel were determined to be involved 
in catechin biosynthesis (Table 3). However, only two up-
regulated genes (Csa6G133710 and Csa7G388440) and two 
down-regulated genes (Csa6G133710 and Csa7G388440) 
in the flesh were related to catechin biosynthesis (Table 3). 
Csa1G050280, Csa1G050290 and Csa1G108800 encode 
4CL; Csa7G388440 and Csa4G622760 encode CHI; 
Csa1G590300 encodes PAL; Csa6G108510 encodes 
F3′H; Csa6G133710 encodes C4H; and Csa6G077400 and 
Csa3G098550 encode DFR. Considering the continuous 
decrease in the TC content at the three tested time points 
(Table 2) in peel and flesh, these genes may be critical for 
the de-astringency process, which makes them candidates 
for further studies.

Detection of transcription factors (TFs) related 
to catechin biosynthesis

Transcription factors play important roles in the regulation 
of secondary metabolism (Xu et al. 2014). In total, 449 TFs 
were identified and divided into 52 gene families (Online 
Resource 5). Of these, 99 TFs were commonly regulated 
in peel and flesh, while 164 TFs were regulated in peel 
only (P-3 > P-6 > P-9 or P-3 < P-6 < P-9), and 86 TFs were 
regulated in flesh only (F-3 > F-6 > F-9 or F-3 < F-6 < F-9). 
WD40 proteins (100), MYB (37), bHLH (27) and WRKY 
(23) were the most frequently identified TFs (Fig. 3). Some 
TFs, such as GRAS (14), Trihelix (10), SBP (6) and WOX 
(3) family members, which were not previously reported 
to regulate catechin biosynthesis, were also continuously 
induced or repressed. R2R3MYB, bHLH and WD40 pro-
teins are generally thought to be involved in catechin 

biosynthesis (Guo et al. 2017). We found 17 MYB genes, 
11 bHLH genes and 8 WD40 protein-encoding genes were 
up-regulated in both the peel (P-3 < P-6 < P-9) and flesh 
(F-3 < F-6 < F-9), and 14 MYB genes, 9 bHLH genes and 
10 WD40 protein-encoding genes were down-regulated in 
both the peel (P-3 > P-6 > P-9) and flesh (F-3 > F-6 > F-9).

Validation of gene expression associated 
with catechin biosynthesis as assessed by qRT‑PCR

To validate the expression patterns obtained from RNA-seq, 
six catechin synthetic genes (Csa1G050290, Csa7G388440, 
Csa1G590300, Csa6G108510, Csa6G133710 and 
Csa6G077400) and three TFs (Csa2G080170, Csa5G579040 
and Csa1G071910) were selected and verified by qPCR in 

Table 3  Comparisons of the 
fragments per kilobase of exon 
model per million mapped 
reads (FPKM) values of 
genes involved in the catechin 
biosynthetic pathway

P-3 peel harvested at 3 days post-pollination (dpp), P-6 peel harvested at 6 dpp, P-9 peel harvested at 9 
dpp, F-3 flesh harvested at 3 dpp, F-6 flesh harvested at 6 dpp, F-9 flesh harvested at 9 dpp

Gene ID Function annotation P-3
FPKM

P-6
FPKM

P-9
FPKM

F-3
FPKM

F-6
FPKM

F-9
FPKM

Csa1G050280 4-Coumarate-CoA ligase 17.9 22.4 88.4 19.3 24.7 15.7
Csa1G050290 4-Coumarate-CoA ligase 37.3 19.3 9.1 5.6 12.6 8.2
Csa1G108800 4-Coumarate-CoA ligase 25.2 21.9 26.0 12.4 16.9 22.2
Csa7G388440 Chalcone isomerase 41.7 31.7 18.7 32.2 23.4 18.0
Csa4G622760 Chalcone isomerase 23.0 27.7 35.7 21.5 19.2 21.9
Csa1G590300 Phenylalanine ammonia-lyase 8.7 9.0 12.6 8.2 8.7 7.7
Csa6G108510 Flavanone 3-hydroxylase 13.0 19.6 29.8 18.7 15.8 26.7
Csa6G133710 Cinnamate 4-hydroxylase 17.4 19.3 163.5 43.4 33.2 14.0
Csa6G077400 Dihydroflavonol-4-reductase 21.8 18.1 6.8 37.3 55.2 28.8
Csa3G098550 Dihydroflavonol-4-reductase 30.7 90.2 31.2 27.2 34.0 46.3

Fig. 3  Graphical representations of transcription factors (TFs) 
related to catechin biosynthesis based on their assigned protein 
families. Peel special: TFs regulated in peel only (P-3 > P-6 > P-9 
or P-3 < P-6 < P-9); Flesh special: TFs regulated in flesh only 
(F-3 > F-6 > F-9 or F-3 < F-6 < F-9)
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all six samples. As shown in Fig. 4, all nine genes showed 
the same expression patterns in the RNA-seq data as in the 
qRT-PCR assay, indicating that the RNA-seq data were 
credible.

Discussion

A positive correlation between the TCs and age of tea leaves 
was found, with the new buds having the lowest concentra-
tion and the third leaves having the highest concentration 
(Pang et al. 2007). Contrary to tea, we found that the TCs 
decreased gradually during the maturation of cucumber fruit, 
being highest at 3 dpp (ovary stage) and lowest at 9 dpp 
(immature stage) (Table 1). In pear and apple, large quanti-
ties of catechins are generated in the early fruit and then 
decrease rapidly during the following progressive growth 
stages until the reach a steady level that is retained at matu-
rity (Mosel and Herrmann 1974). Catechins produced in 

strawberry leaves may act as protective agents against fungal 
infections (Yamamoto et al. 2000). However, Ghassempour 
et al. (2011) found that Puccinia triticina-infected wheat 
leaves had lower catechin contents than healthy leaves.

In plants, PAL and 4CL are two crucial enzymes in the 
phenylpropanoid pathway (Baldi et al. 2017). A significant 
correlation between catechin abundance and PAL expres-
sion was reported previously in tea leaves at maturity (Singh 
et al. 2009; Samanta et al. 2017). However, the correlation 
is not always positive. Xiong et al. (2013) found that PAL 
expression was negatively correlated with the catechin con-
tents in albino tea plants (AnJiBaiCha), but the PAL activity 
and TC concentration were positively correlated. Here, our 
RNA-seq results showed that PAL (Csa1G590300) expres-
sion was significant higher in peel than in fruit flesh at 3, 6 
and 9 dpp, but was negatively correlated with the TC content 
in the cucumber peel, which was similar to the findings in 
albino tea plants (AnJiBaiCha) (Table 3). The Arabidopsis 
genome has four PAL members (AtPAL1–4) (Huang et al. 

Fig. 4  Comparison of quantitative real-time reverse transcription-
PCR (qPCR) analyses of selected genes (left y-axis, histograms) 
and fragments per kilobase of exon model per million mapped reads 
(FPKM) values as assessed by RNA-seq (right y-axis, dotted lines). 

The cucumber β-actin gene (GenBank AB010922) was used as an 
internal control to normalize the expression data. Each value denotes 
the mean relative level of expression of three biological replicates
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2010). AtPAL1 and AtPAL2 are specialized to flavonoid 
synthesis, AtPAL4 is involved in lignin synthesis, and the 
relative expression of AtPAL3 is low (Huang et al. 2010). An 
in-depth functional analysis of these PAL family members 
is needed to reveal their exact roles in catechin synthesis. 
Multiple genes encoding 4CLs have been studied in several 
plant species, including Arabidopsis (Ehlting et al. 1999), 
soybean (Lindermayr et al. 2002), rice (Gui et al. 2011) and 
Plagiochasma appendiculatum (Gao 2015). The 4CL iso-
enzymes direct metabolic flux toward the biosynthesis of 
different compounds, including flavonoids, isoflavonoids, 
monolignols and coumarins (Baldi et al. 2017). Our RNA-
seq data suggested that at least three 4CLs (Csa1G050280, 
Csa1G050290 and Csa1G108800) may be involved 
in the fine-tuning of cucumber catechin biosynthesis. 
Csa1G050280 and Csa1G050290 are tandemly duplicated 
and show highly similar (84.7%) amino acid sequences, but 
they had opposite expression patterns during cucumber peel 
development (Table 3). The variations in gene expression 
patterns indicate the functional diversification of the 4CLs 
after divergence during the evolutionary process.

CHI, which catalyzes the cyclization of chalcone into 
flavanone in the cytoplasm of plant cells, is thought to be a 
key enzyme of catechin biosynthesis (Nishihara et al. 2005; 
Xiong et al. 2013). The overexpression of petunia CHI in 
tomato fruit resulted in a higher flavonol contents than the 
control, while the suppression of tobacco CHI (AB213651) 
by RNAi resulted in reduced pigmentation and a change 
in the flavonoid components of flower petals (Nishihara 
et  al. 2005). Of the two CHI genes Csa4G622760 and 
Csa7G388440 identified in our transcriptome data, the latter 
was commonly downregulated, but the expression level was 
higher in the peel than in the flesh, indicating the importance 
of the gene in cucumber catechin biosynthesis (Table 3). 
Therefore, in future studies, more attention should be paid 
to Csa7G388440.

DFR catalyzes the reduction of dihydroflavonols to leu-
coanthocyanins, which occurs at a later stage prior to the 
biosynthesis of catechin (Singh et al. 2009). DFR has been 
studied in several plant species mainly as a single gene (e.g. 
Arabidopsis thaliana, tomato, barley, rice and grape), but 
species with multiple genes (e.g. Populus trichocarpa and 
Medicago truncatula) also exist (Mayr et al. 1997; Khani-
zadeh et al. 2007; Singh et al. 2009; Huang et al. 2012). Our 
transcriptome-wide analysis showed that at least two DFRs 
(Csa6G077400 and Csa3G098550) exist in the cucum-
ber genome. Interestingly, we found that Csa6G077400 
was downregulated in the peel (P-3 > P-6 > P-9), and 
Csa3G098550 was upregulated in the flesh (F-3 < F-6 < F-9). 
Csa6G077400 and Csa3G098550 showed a low similarity 
(32.9%) between amino acid sequences. The amino acid 
residue 134 of DFR plays a critical role in substrate speci-
ficity and can be divided into three types: Asp-, Asn- and 

non-Asn/Asp-type DFRs (Johnson et al. 2001). By searching 
the cucumber genome database, we found that Csa6G077400 
(residue 134 is Met) and Csa3G098550 (residue 134 is Ser) 
are non-Asn/Asp-type DFRs. Lotus japonicus DFR1 belongs 
to the non-Asn/Asp-type, having a Ser residue at position 
134, but it has no DFR activity (Hua et al. 2013). Thus, we 
speculated that Csa3G098550 expression in cucumber flesh 
may not contribute to catechin biosynthesis.

In A. thaliana, the expression levels of the flavonoid 
biosynthetic genes are specifically induced by a ter-
nary MYB–bHLH–WD40 protein complex, compris-
ing an R2R3-MYB (AT5G35550), a bHLH (At4g09820) 
and a WD40 repeat protein (AT5G24520) (Baudry et al. 
2004). Conducting a correlation analysis between TFs 
and TCs is an effective method for identifying key candi-
date TFs (Fang et al. 2016; Guo et al. 2017). Using this 
strategy, we found two R2R3MYBs (Csa5G579040 and 
Csa7G452880), four bHLHs (Csa1G007910, Csa2G080170, 
Csa3G810530 and Csa6G516730) and 10 WD40-repeat 
proteins (Csa1G042240, Csa1G071910, Csa1G153530, 
Csa3G002310 ,  Csa3G088960 ,  Csa4G001690 , 
Csa4G638360, Csa4G643110, Csa6G524070 and 
Csa7G4529500) that were significantly correlated with 
the TC contents in the peel. In contrast, only one bHLH 
(Csa1G051760), six WD40-repeat proteins (Csa3G061010, 
Csa3G166250 ,  Csa3G416130 ,  Csa3G775290 , 
Csa4G325540 and Csa6G152320), and no R2R3MYBs were 
significantly correlated with the TC content in the flesh. 
These data suggested the basic transcriptional control of 
catechin biosynthesis was regulated by MYB–bHLH–WD40 
complexes.

Conclusion

A comparison between metabolite and transcriptional profiles 
revealed that PAL (Csa1G590300), 4CLs (Csa1G050280, 
Csa1G050290 and Csa1G108800), CHI (Csa7G388440), 
F3H (Csa6G108510), C4H (Csa6G133710) and DFRs 
(Csa6G077400 and Csa3G098550) may be critical for de-
astringency during cucumber fruit development. Further-
more, TFs, such as WD40-repeat proteins, MYB and bHLH, 
may be involved in the regulatory process.
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