
mdpi.com/journal/ijms

Special Issue Reprint

Advances in Research for 
Horticultural Crops Breeding 
and Genetics

Edited by 

Ai-Sheng Xiong and Mengyao Li



Advances in Research for Horticultural
Crops Breeding and Genetics





Advances in Research for Horticultural
Crops Breeding and Genetics

Guest Editors

Ai-Sheng Xiong

Mengyao Li

Basel • Beijing • Wuhan • Barcelona • Belgrade • Novi Sad • Cluj • Manchester



Guest Editors

Ai-Sheng Xiong

State Key Laboratory of Crop

Genetics and Germplasm

Enhancement and Utilization

Nanjing Agricultural

University

Nanjing

China

Mengyao Li

College of Horticulture

Sichuan Agricultural

University

Chengdu

China

Editorial Office

MDPI AG

Grosspeteranlage 5

4052 Basel, Switzerland

This is a reprint of the Special Issue, published open access by the journal

International Journal of Molecular Sciences (ISSN 1422-0067), freely accessible at: https://www.

mdpi.com/journal/ijms/special_issues/0401486299.

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

Lastname, A.A.; Lastname, B.B. Article Title. Journal Name Year, Volume Number, Page Range.

ISBN 978-3-7258-5855-2 (Hbk)

ISBN 978-3-7258-5856-9 (PDF)

https://doi.org/10.3390/books978-3-7258-5856-9

© 2025 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license. The book as a whole is distributed by MDPI under the terms

and conditions of the Creative Commons Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

license (https://creativecommons.org/licenses/by-nc-nd/4.0/).



Contents

Shuangjuan Yang, Hao Tang, Xiaochun Wei, Yanyan Zhao, Zhiyong Wang, Henan Su, et al.

BrWAX3, Encoding a β-ketoacyl-CoA Synthase, Plays an Essential Role in Cuticular Wax
Biosynthesis in Chinese Cabbage
Reprinted from: Int. J. Mol. Sci. 2022, 23, 10938, https://doi.org/10.3390/ijms231810938 . . . . . 1

Ao-Qi Duan, Shan-Shan Tan, Yuan-Jie Deng, Zhi-Sheng Xu and Ai-Sheng Xiong

Genome-Wide Identification and Evolution Analysis of R2R3-MYB Gene Family Reveals S6
Subfamily R2R3-MYB Transcription Factors Involved in Anthocyanin Biosynthesis in Carrot
Reprinted from: Int. J. Mol. Sci. 2022, 23, 11859, https://doi.org/10.3390/ijms231911859 . . . . . 17

Yan Wang, Zhiyi Wang, Jing Zhang, Zhenshan Liu, Hao Wang, Hongxia Tu, et al.

Integrated Transcriptome and Metabolome Analyses Provide Insights into the Coloring
Mechanism of Dark-red and Yellow Fruits in Chinese Cherry [Cerasus pseudocerasus
(Lindl.) G. Don]
Reprinted from: Int. J. Mol. Sci. 2023, 24, 3471, https://doi.org/10.3390/ijms24043471 . . . . . . 34

Hao Zhou, Wei Zhou, Xinzhuan Yao, Qi Zhao and Litang Lu

Genome-Wide Investigation and Functional Analysis Reveal That CsGeBP4 Is Required for Tea
Plant Trichome Formation
Reprinted from: Int. J. Mol. Sci. 2023, 24, 5207, https://doi.org/10.3390/ijms24065207 . . . . . . 54

Weijuan Han, Yiru Wang, Huawei Li, Songfeng Diao, Yujing Suo, Taishan Li, et al.

Transcriptome and Metabolome Reveal Distinct Sugar Accumulation Pattern between PCNA
and PCA Mature Persimmon Fruit
Reprinted from: Int. J. Mol. Sci. 2023, 24, 8599, https://doi.org/10.3390/ijms24108599 . . . . . . 74

Lianxi Zhang, Yiping Wang, Maolan Yue, Leiyu Jiang, Nating Zhang, Ya Luo, et al.

FaMYB5 Interacts with FaBBX24 to Regulate Anthocyanin and Proanthocyanidin Biosynthesis in
Strawberry (Fragaria × ananassa)
Reprinted from: Int. J. Mol. Sci. 2023, 24, 12185, https://doi.org/10.3390/ijms241512185 . . . . . 87

Zheng Jiang, Lihui Du, Lei Shen, Jie He, Xin Xia, Longhao Zhang and Xu Yang

Genome-Wide Exploration and Expression Analysis of the CNGC Gene Family in Eggplant
(Solanum melongena L.) under Cold Stress, with Functional Characterization of SmCNGC1a
Reprinted from: Int. J. Mol. Sci. 2023, 24, 13049, https://doi.org/10.3390/ijms241713049 . . . . . 101

Yuanxiu Lin, Hao He, Yanling Wen, Shuaipeng Cao, Zisen Wang, Ziqing Sun, et al.

Comprehensive Analysis of the Pectate Lyase Gene Family and the Role of FaPL1 in Strawberry
Softening
Reprinted from: Int. J. Mol. Sci. 2023, 24, 13217, https://doi.org/10.3390/ijms241713217 . . . . . 122

Lei Shen, Xin Xia, Longhao Zhang, Shixin Yang and Xu Yang

Genome-Wide Identification of Catalase Gene Family and the Function of SmCAT4 in Eggplant
Response to Salt Stress
Reprinted from: Int. J. Mol. Sci. 2023, 24, 16979, https://doi.org/10.3390/ijms242316979 . . . . . 136
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BrWAX3, Encoding a β-ketoacyl-CoA Synthase, Plays an
Essential Role in Cuticular Wax Biosynthesis in
Chinese Cabbage
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Abstract: In this study, we identified a novel glossy mutant from Chinese cabbage, named SD369, and
all wax monomers longer than 26 carbons were significantly decreased. Inheritance analysis revealed
that the glossy trait of SD369 was controlled by a single recessive locus, BrWAX3. We fine-mapped the
BrWAX3 locus to an interval of 161.82 kb on chromosome A09. According to the annotated genome
of Brassica rapa, Bra024749 (BrCER60.A09), encoding a β-ketoacyl-CoA synthase, was identified as the
candidate gene. Expression analysis showed that BrCER60.A09 was significantly downregulated in
all aerial organs of glossy plants. Subcellular localization indicated that the BrCER60.A09 protein
functions in the endoplasmic reticulum. A 5567-bp insertion was identified in exon 1 of BrCER60.A09
in SD369, which lead to a premature stop codon, thus causing a loss of function of the BrCER60.A09
enzyme. Moreover, comparative transcriptome analysis revealed that the ‘cutin, suberine, and wax
biosynthesis’ pathway was significantly enriched, and genes involved in this pathway were almost
upregulated in glossy plants. Further, two functional markers, BrWAX3-InDel and BrWAX3-KASP1,
were developed and validated. Overall, these results provide a new information for the cuticular wax
biosynthesis and provide applicable markers for marker-assisted selection (MAS)-based breeding of
Brassica rapa.

Keywords: Brassica rapa; β-ketoacyl-CoA synthase; wax synthesis; map-based cloning

1. Introduction

The lipidic cuticle exists on the aerial surface of many land plants, working as a
physical barrier to prevent nonstomatal water loss [1,2]. The main components of cuticles
are cutin and cuticular wax. Cutin is a cross-linked polymer of modified long-chain fatty
acids (C16 and C18 hydroxy and epoxy fatty acids) and glycerol, which provides mechanical
strength to the surface layer [3,4]. Cuticular wax is a mixture of very-long-chain fatty acids
(VLCFAs) and their derivatives [5,6]. Cuticles also protect plants from various biotic and
abiotic stresses [7,8], profoundly affect plant-insect interactions [9], affect the pollen-stigma
signaling [10], and prevent epidermal fusions [11].

Wax biosynthesis begins with de novo C16 and C18 fatty acid biosynthesis in the
plastids of epidermal cells, and further elongates into VLCFAs in the endoplasmic reticu-
lum (ER). The VLCFAs are then modified via two pathways: the alkane-forming pathway
and the alcohol-forming pathway. The former generates aldehydes, alkanes, secondary
alcohols, and ketones, while the latter produces primary alcohols and wax esters [2,5,6].
As the essential precursors of wax, VLCFAs are synthesized under the consecutive cat-
alyzes of four different enzymes, namely, β-ketoacyl-CoA synthase (KCS), β-ketoacyl-CoA
reductase (KCR), β-hydroxyacyl-CoA dehydratase (PAS2/HCD), and enoyl-CoA reduc-
tase (ECR/CER10), which formed a fatty acid elongase (FAE) complex [5,6,12]. Among
the enzymes, KCSs determine substrate specificity, and are key rate-limiting condensing
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enzymes. In Arabidopsis, a large family of 21 KCS genes has been annotated [13]. To date,
several KCSs have been reported. FAE1/KCS18 encodes a seed-specific condensing enzyme
that catalyzes the elongation of C18 to C20 and C22 [14]. KCS2 and KCS20 are responsible
for the elongation of C20 to C22 and are functionally redundant [15]. KCS9 is involved in
the elongation of C22 to C24 fatty acids, which play multiple roles in the production of
suberins, cuticular waxes, and membrane lipids [16]. KCS1 is required for the elongation of
C24 VLCFAs [17]. KCS5/CER60 and KCS6/CER6 play redundant roles in the elongation of
C26 to C28 during wax biosynthesis, among which KCS6 (CER6) plays a major role [10,18–
20]. Together with KCS5/CER60 or KCS6/CER6, three BAHD acyltransferases members,
CER2, CER2-like1, and CER2-like2, participate in the synthesis of VLCFAs longer than
C28 [9,21,22].

For economically important leafy vegetables in Brassica species, such as Brassica rapa
(A genome) and Brassica oleracea (C genome), the waxless and glossy phenotype is an
important commodity trait in breeding [23,24]. Therefore, identifying genes responsible
for the glossy phenotype facilitates the breeding of new varieties with a glossy green
phenotype. In Brassica oleracea, Bol018504 (CER1) is responsible for the glossy trait of
four materials, in which the alkane-forming pathway of wax biosynthesis is significantly
affected [4,25,26]. Bol013612 (CER4) is the candidate gene in two glossy materials, in
which the primary alcohols and wax esters from the alcohol-forming pathway are severely
reduced [27,28]. Recently, Ji et al. (2021) identified a new glossy cabbage genotype and
found that Bo1g039030 (BoCER2) was the candidate gene, in which wax monomers longer
than C28 were significantly decreased [23]. In Brassica rapa, only two wax biosynthesis-
related genes have been identified. BrWax1 was first reported and Bra013809 (CER2) was the
candidate gene [29]. Bra032670 (CER1), with different sequence variations, was responsible
for the glossy trait in three B.rapa materials [24,30,31].

In this study, we characterized a novel glossy green Chinese cabbage mutant, SD369,
which showed a significant reduction of wax monomers longer than C26. Genetic analysis
suggested that the glossy trait was controlled by a single recessive gene. Map-based cloning
revealed that the Bra024749 gene, which is homologous to CER60 (KCS5) in Arabidopsis,
was the candidate gene, which has never been reported in Brassica species. Furthermore,
sequence analysis and expression analysis showed that a 5567-bp insertion blocked VLCFA
elongation from C26 to C28 in SD369, thus causing a wax deficiency. Additionally, we
developed and validated two functional markers. These findings will provide new insight
into the plant cuticular wax metabolic networks and will promote molecular marker-
assisted breeding in B.rapa.

2. Results

2.1. Phenotypic Characterization and Genetic Analysis of Glossy Trait in SD369

SD369 is a spontaneous wax-deficient mutant found in the Chinese cabbage field. In
contrast to the typical waxy appearance of R16-11 (P2), all aerial organs of SD369 (P1), such
as the leaves (Figure 1a), stems (Figure 1b), flower buds (Figure 1c), and seedpods, were
glossy green. Cryo-SEM analysis revealed many more wax crystals on R16-11 (Figure 1h)
than on the SD369 (Figure 1d). The wax crystals on R16-11 were mainly flaky and columnar.
However, the leaves of SD369 were covered with only a few wax crystals (Figure 1d), and
the wax crystal shape was granular.

F1, F2, BC1P1, and BC1P2 populations were generated to investigate the SD369 glossy
trait inheritance. The F1 plants were all waxy, indicating that the waxy phenotype was
dominant in the glossy phenotype. In a small F2 population, 102 plants were waxy and 40
were glossy, corresponding to a segregation ratio of 3:1 by the chi-square test (Table 1). A
larger F2 population showed similar results (3026 waxy: 954 glossy, χ2 = 2.25 < χ2

0.05 = 3.84).
A ratio of 1:1 (540 waxy:494 glossy, χ2 = 2.05 < χ2

0.05 = 3.84) was obtained in the BC1 P1
population, while in the BC1 P2 population, all 200 individuals were waxy (Table 1). These
results indicated that the glossy phenotype of SD369 is controlled by a single recessive gene
(Table 1). We tentatively named this locus BrWAX3.
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Figure 1. Phenotypic characterization of cuticular waxes in the two parent lines (SD369 and R16-11).
The stem (a), leaf (b), and flower buds (c) of SD369 showed glossy phenotype at the bolting stage, as
compared to the waxy appearance of R16-11 stem (e), leaf (f), and flower buds (g). Cryo-scanning
electron microscopy images of leaves from SD369 (d) and R16-11 (h). Bar = 10 μm in (d,h).

Table 1. Genetic analysis of the glossy trait in crosses between SD369 and R16-11.

Population Total Waxy Glossy Expected ratio χ2 χ2
0.05

P1 (SD369) 10 10 0 - - -
P2 (R16-11) 10 0 10 - - -

F1 15 15 0 - - -
F2-small 142 102 40 3:1 0.76 3.84
F2-large 3980 3026 954 3:1 2.25 3.84

BC1P1 (F1 × SD369) 1020 540 494 1:1 2.05 3.84
BC1P2 (F1 × R16-11) 300 300 0 - - -

2.2. Cuticular Wax Analysis via GC-MS

To investigate the reason of wax depletion in SD369, cuticular wax from W-bulk and
G-bulk was examined by GC-MS. The wax load on waxy leaves reached, on average,
149.67 μg per g fresh weight, whereas wax loads on glossy leaves were severely reduced,
with an average of 48.56 μg/g fresh weight, which reduced 68% of the wax load when
compared to W-bulk (Figure 2b, Table S1). Wax composition analysis revealed that most
products from alkane-forming pathways decreased severely in G-bulk. For instance, the
C29 alkane, C30 aldehyde, and C29 ketones in G-bulk reached only 2.5, 0, and 4.4%,
respectively, of the levels found on the leaves of W-bulk (Figure 2a, Table S1). However,
the C25 alkane and C26 aldehyde were significantly increased in G-bulk than in W-bulk
(Figure 2a, Table S1). Considering the products from the alcohol-forming pathway, the
amount of C28 primary alcohol decreased by 62% in G-bulk, whereas the amount of C26
primary alcohol increased approximately 2.8-fold in G-bulk. Similarly, the amounts of
C28 and C30 fatty acids decreased significantly, whereas the amount of C26 fatty acids
increased significantly in G-bulk (Figure 2a, Table S1). Overall, wax components with chain
lengths beyond C26 decreased severely in glossy plants, while shorter chains increased
several-fold compared with those in the waxy plants. These findings suggested that the
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glossy phenotype of SD369 might be caused by the interruption in VLCFA carbon-chain
elongation from C26 to C28 during cuticular wax biosynthesis.

 
Figure 2. Cuticular wax composition in leaves from W-bulk and G-bulk. (a) Wax composition
of W-bulk and G-bulk. (b) Total wax load of W-bulk and G-bulk. Error bars indicate SD (n = 3).
** p-value < 0.01.

2.3. Fine Mapping of the BrWAX3 Gene

To identify candidates of the BrWAX3 gene, 50 waxy (W-pool) and 50 glossy (G-pool)
individuals were selected from the F2 population and used to construct two extreme pools
for Bulked Segregant Analysis (BSA). In total, we obtained 168 and 173 million raw reads
for the W-pool and G-pool (Table S2), and 1418,060 SNPs and 201,519 InDels were identified
between the two DNA pools. Through sliding window analysis with the absolute value of
Δ(SNP-index), a 6.5-Mb candidate region from 19.65 to 26.15 Mb on chromosome A09 was
identified at a 0.01 confidence level (Figure 3a).

Figure 3. Cont.
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Figure 3. Map-based cloning of BrWAX3 gene in Chinese cabbage. (a) BSA-seq analysis for BrWAX3.
The Δ(SNP-index) was calculated at 1-Mb intervals with a 50-kb sliding window. One candidate
region was identified on chromosome A09. (b) Initial mapping of BrWAX3. The genetic map of
BrWAX3 was showed with cM as the unit. (c) Fine mapping of BrWAX3. The BrWAX3 gene was
delimited to an interval between LF3-seq8 and LF3-K60 on chromosome A09, with an estimated
physical length of 161.82 kb, and 16 genes were annotated in this region based on the reference genome
sequence. The genetic structure of each recombinant type is depicted as white for homozygous glossy
phenotype, black for heterozygous alleles, respectively. The number of each recombinant type is
indicated in the brackets.

Based on BSA-seq analysis results, 56 KASP markers were developed, and 20 markers
(Table S3) were polymorphic between the parents. Using these 20 KASP markers, 93 F2
plants were genotyped for linkage analysis (Table S4). As shown in Figure 3b, the BrWAX3
locus was initially mapped to a region on chromosome A09 between KASP markers LF3-
K47 and LF3-K56, with a physical interval of 232 kb. The genetic distances between the
BrWAX3 locus and LF3-K47 and LF3-K56 were 0.1 and 0.5 cM, respectively (Figure 3b).

To further finely map the BrWAX3 locus, 954 glossy F2 plants were screened using
flanking markers, LF3-K33 and LF3-K51, and a total of 115 recombinants (type 1 and
type 10) were identified (Figure 3c). All the 115 recombinants were further genotyped
using LF3-K36, LF3-K37, LF3-K40, LF3-K42, LF3-K46, LF3-K47, LF3-K56, and LF3-4K9,
based on which 6 recombinants (type 6 and type 8) were identified (Figure 3c). Then,
4 KASP markers and 7 sequencing markers were further developed to genotype the
6 recombinants. The results delimited the BrWAX3 gene to a 161.82-kb interval between
markers LF3-seq8 and LF3-K60 (type 7 and type 8) (Figure 3c), with 1 recombinant between
BrWAX3 and LF3-seq8 and 3 recombinants between BrWAX3 and LF3-K60. Five markers,
namely, LF3-seq7, LF3-seq2, LF3-seq3, LF3-seq5, and LF3-seq9, co-segregated with the
BrWAX3 gene in the fine-mapping population (Figure 3c).

2.4. Candidate Gene Analysis

According to the annotation of B.rapa reference genome (V1.5), a total of 16 annotated
or predicted genes were found within the 161.82-kb candidate interval (Table 2). Among
these 16 genes, only the Bra024749 gene, which is homologous to CER60 in Arabidopsis,
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could be the candidate gene (Table 2). CER60 encodes a β-ketoacyl-CoA synthase that is
involved in the biosynthesis of very long-chain fatty acids (VLCFAs) during cuticular wax
biosynthesis.

Table 2. Annotated genes in the candidate interval of the BrWAX3 locus.

Gene Name Gene Position on A09 Arabidopsis Homolog Gene Function

Bra024763 24151883-24153849 AT1G25280 Member of TLP family
Bra024762 24164515-24164946 AT5G05020 Pollen Ole e 1 allergen and extension family protein
Bra024761 24171584-24174217 AT1G25320 Leucine-rich repeat protein kinase family protein
Bra024760 24179389-24180542 AT1G25340 putative transcription factor (MYB116)

Bra024759 24185650-24190615 AT1G25350 glutamine-tRNA ligase, putative/glutaminyl-tRNA
synthetase

Bra024758 24192301-24193325 AT1G25370 hypothetical protein (DUF1639)

Bra024757 24197064-24199869 AT1G25375 Metallo-hydrolase/oxidoreductase superfamily
protein

Bra024756 24207077-24209333 AT1G25380
Encodes a mitochondrial-localized NAD+ transporter

that transports NAD+ in a counter exchange mode
with ADP and AMP in vitro

Bra024755 24210118-24212198 AT1G25390 Protein kinase superfamily protein
Bra024754 24226168-24227349 AT2G05970 F-box protein (DUF295)
Bra024753 24253251-24253559 AT1G25422 hypothetical protein

Bra024752 24279278-24280968 AT1G29470 S-adenosyl-L-methionine-dependent
methyltransferases superfamily protein

Bra024751 24285640-24285933 AT1G25425 CLAVATA3/ESR-RELATED 43

Bra024750 24299524-24301114 AT1G25440 B-box type zinc finger protein with CCT
domain-containing protein

Bra024749 24304800-24306911 AT1G25450
Encodes KCS5, a member of the β-ketoacyl-CoA
synthase family involved in the biosynthesis of

VLCFA (very long chain fatty acids); CER60

Bra024748 24311235-24312823 AT1G69710 Regulator of chromosome condensation (RCC1) family
with FYVE zinc finger domain-containing protein

The genomic sequence (gDNA) and coding sequence (CDS) of Bra024749 in the
parental lines were amplified and sequenced using the primer pairs BrWAX3-Ful-F and
BrWAX3-Ful-R1 (Table S5). The results showed that the Bra024749 gene in the waxy parent
R16-11 was 2112 bp in length and contained 2 exons and 1 intron (Figure 4a). The CDS of
the Bra024749 gene in R16-11 was 1494 bp in length, which shares 87% identity with CER60
(KCS5) in Arabidopsis. Therefore, Bra024749 was also designated BrCER60.A09 in this study.
However, in the glossy parent SD369, the Bra024749 gene was 7679 bp in length, which was
caused by a 5567-bp insertion at 590 bp in the first exon (Figure 4a,c). The large fragment
insertion disrupted the normal transcription and translation of Bra024749 in SD369. As
shown in Figure 4a, no CDS products were detected in glossy SD369 using full-length
primer pairs BrWAX3-Ful-F and BrWAX3-Ful-R1. Five primer pairs (P2-P6) (Figures 4b
and S1, Table S5) spanning the full length of Bra024749 in SD369 were further designed.
Two of the five cDNA products, amplified using primers BrWAX3-P3 and BrWAX3-P5
(Figure 4b), could not be detected, which explained why the full-length CDS of Bra024749 in
SD369 could not be detected when the full-length primer pairs were used. We also mapped
the RNA sequencing (RNA-seq) reads from G-bulk to the Bra024749 gDNA sequence of
SD369, and the results showed that very few reads were mapped to the 3200–3450 bp
region and the 5500–5650 bp region (Figures S2 and S3), among the amplified regions of
primers BrWAX3-P3 and BrWAX3-P5, respectively, which supported that transcription
of Bra024749 in SD369 was interrupted. Most importantly, the 5567-bp insertion caused
premature translation termination at the 205 amino acid position, which caused the loss of
function of BrWAX3 (Figure 4c,d).
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Figure 4. Candidate gene analysis of BrWAX3. (a) Amplification products of the full length primer
using DNA and cDNA from SD369 and R16-11. The full length CDS of glossy SD369 could not be
detected. (b) Amplification products of each fragmental primer using cDNA from SD369. (c) BrWAX3
includes 2 exons and 1 intron. (d) A 5567-bp insertion in glossy SD369 caused a premature stop codon.
(e) Validation of the functional marker BrWAX3-InDel in F2 individuals. (f,g) Validation of the functional
marker BrWAX3-KASP1 in BC1P1 population (f) and in (SD369 × SD2135)-F2 population (g).

Based on the 5567-bp insertion, a functional marker BrWAX3-InDel (primer pairs
BrWAX3-InDel-F and BrWAX3-InDel-R, Table S5), which could amplify a 222-bp and 5789-
bp product from lines R16-11 and SD369, respectively, was developed. When Phanta®

High-Fidelity DNA Polymerase (5 s/kb amplification rate) (Vazyme, Nanjing, China) with
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30 s PCR extension time was used, all glossy F2 individuals showed 5789-bp products, and
waxy F2 individuals presented either a homozygous 222-bp band or both bands (Figure 4e),
which revealed that BrWAX3-InDel co-segregated with the cuticular wax phenotype in
the F2 population. We also assayed the BrWAX3-InDel marker in the BC1P1 population
and another F2 population (SD369 × SD2135)-F2 via EasyTaq DNA Polymerase (1 min/kb
amplification rate) (Trans, Beijing, China) in conjunction with a 30 s PCR extension time.
The results also showed 100% consistency between the cuticular wax phenotype and
genotype (Figures S4 and S5) with no band in glossy individuals and a 222-bp band
in waxy individuals, as the 30 s PCR extension time (1 min/kb amplification rate) was
not enough for the 5789-bp product in glossy plants but was sufficient for the 222-bp
product in waxy plants. We also developed and validated a KASP marker BrWAX3-KASP1
based on the 5567-bp insertion (Figure 4f,g), which could be used for high-throughput
genotyping systems.

Taken together, the above findings suggest that the Bra024749 gene is the candidate
gene for the cuticular wax gene BrWAX3.

2.5. Expression Pattern Analysis and Subcellular Localization of BrWAX3

The expression levels of Bra024749 (BrCER60.A09) in different tissues of the two parent
lines were examined by qRT-PCR analysis using primer pairs BrWAX3-qF and BrWAX3-qR
(Table S5). The results suggested that the Bra024749 transcript was found in various tissues,
including the stems, leaves, sepals, petals, stamens, and pistils, but not in the roots, with
the highest level in leaves (Figure 5a). The expression of Bra024749 was much lower in
SD369 than in the waxy parent R16-11 in any of the tissues we examined (Figure 5a).

Figure 5. Gene expression data analysis. Quantitative RT-PCR of BrWAX3 (BrCER60.A09) (a) and
Bra004034 (BrCER6.A07) (b) in different tissues of the two parents. The BrGAPDH was used as an
internal control. Error bars indicate SE (n = 3). * p < 0.05. ** p < 0.01.

To evaluate the subcellular localization, a fusion protein of BrCER60-GFP under the
drive of 35 S CaMV promoter was transiently expressed in tobacco leaf epidermal cells.
The results showed that the green fluorescent signals from BrCER60-GFP were found in
the ER (Figure 6a), exactly overlapping with the red fluorescent signals from the ER marker
(Figure 6b–d), indicating that Bra024749 (BrCER60.A09) was localized to the ER.
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Figure 6. Subcellular localization analysis of BrWAX3 (BrCER60.A09). (a,e) The fusion construct
BrWAX3-GFP (a) and the construct control (e) were transiently introduced into the tobacco leaf
epidermal cells. (b,f) Fluorescence signals of an ER marker protein AtPIN5 fused with RFP.
(c,g) Bright-field image. (d,h) Merged image of bright field and fluorescence.

2.6. Sequence and Expression Pattern Analysis of BrCER6.A07

In Arabidopsis, CER6 (AT1G68530) is a paralog of CER60 (AT1G25450) [18]. Therefore,
we blasted the coding sequence of CER6 (AT1G68530) against the B.rapa genome, and
found that the best-hit gene was Bra004034 (BrCER6.A07), which shared 82.2% identity
with the candidate Bra024749 (BrCER60.A09) at the coding sequence level. We designed a
gene-specific primer pair, BrCER6.A07-ful-F and BrCER6.A07-ful-R (Table S5), to amplify
the full-length CDS of BrCER6.A07 in SD369 and R16-11. The CDSs of BrCER6.A07 from
SD369 and R16-11 were submitted to GeneBank under accession numbers OPO46432 and
OPO46431. Eight SNPs were identified between the coding sequences of R16-11 and SD369
(Figure S6, Table S6). Even though two SNPs caused nonsynonymous mutations, they did
not affect protein function (Figure S7, Table S6). We also compared the expression level
of BrCER6.A07 in the parental lines using primer pairs BrCER6.A07-qF and BrCER6.A07-
qR (Table S5). As shown in Figure 5b, the stamen showed the highest expression levels,
whereas much lower levels were found in stems and leaves. Furthermore, BrCER6.A07
showed a comparable level in stems between SD369 and R16-11 and was lower in leaves
of waxy R16-11, which suggested that the BrCER6.A07 gene was not responsible for
glossy phenotype.

2.7. Transcriptome Analysis in Waxy and Glossy Stems

We performed comparative transcriptome analysis between the W-bulk and G-bulk to
identify the gene regulatory networks involved in cuticular wax biosynthesis. We obtained
approximately 261 million raw reads for the six cDNA libraries, ranging from 42.3 to
44.4 million reads per library (Table S7). The raw data were submitted to SRA database
under accession number PRJNA860219 (accessed on 19 July 2022). Among the clean reads,
75.1–79.7% were uniquely mapped to the reference genome (Table S7). In total, we identified
5314 differentially expressed genes (DEGs) between the W-bulk and G-bulk, among which
2513 genes were upregulated and 2801 were downregulated in the G-bulk compared with
the W-bulk.

KEGG pathway enrichment analysis revealed that ‘cutin, suberine, and wax biosyn-
thesis’ was significantly enriched (Figure 7a). In accordance with the reduced amount of
cuticular wax in glossy plants, the candidate gene Bra024749 (BrCER60.A09) was signifi-
cantly downregulated in G-bulk, but most of the other genes involved in wax biosynthesis
and its regulation were upregulated (Figure 7b, Table S8). For example, the genes LACS2
(Bra032284), ECR (Bra007154), CER2 (Bra013809), KCS2 (Bra015296), and KCS20 (Bra033694),
which participate in fatty acid elongation, were upregulated in G-bulk (Figure 7b, Table S8). Most
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of the genes in alkane-forming pathways, such as CER3 (Bra002692), MAH1 (Bra027907,
Bra027906, Bra027904, Bra027898 and Bra027897), and genes in alcohol-forming pathway,
such as CER4 (Bra011470) and WSD1 (Bra000019), were all upregulated in glossy plants
(Figure 7b, Table S8). Additionally, the SHINE1 (Bra026140), SHINE3 (Bra009837 and
Bra036543), MYB30 (Bra033067, Bra039040 and Bra025361) and MYB106 (Bra039140) genes,
which participate in transcriptional regulation of cutin and wax biosynthesis, were also
upregulated in G-bulk (Figure 7b, Table S8). Our qRT-PCR analysis of wax metabolism-
related genes was consistent with the RNA-seq results (Figure S8). Cuticular waxes contain
not only VLCFAs and their derivatives, but also other secondary metabolites, such as ter-
penoids, sterols, and flavonoids [6,24,32]. As expected, pathways of ‘flavonoid biosynthe-
sis’, ‘phenylalanine metabolism’, ‘glucosinolate biosynthesis’, ‘stilbenoid, diarylheptanoid
and gingerol biosynthesis’ were significantly enriched (Figure 7a), and most genes in these
pathways were downregulated in G-bulk (Table S8), which was consistent with the reduced
number of waxes in glossy plants.

Figure 7. Transcriptome analysis in waxy and glossy stems. (a) Scatter plot of top 20 enriched KEGG
pathways. Rich factor is the ratio of the DEG number to the background number in a certain pathway.
The size of the dots represents the number of genes, and the color of the dots represents the range of
the p-value. (b) Differentially expressed genes involved in cuticular wax metabolism. The heatmap
colors are shown in log2(FPKM + 1). Three biological replicates of the W-bulk and G-bulk are shown.
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3. Discussion

In the present study, the BrWAX3 gene, which confers wax biosynthesis, was suc-
cessfully and finely mapped to a physical interval of 161.82 kb. Several lines of evidence
indicate that Bra024749 (BrCER60.A09) is the candidate gene for BrWAX3. (1) Among
the 16 annotated genes within the 161.82 kb interval, only one gene, Bra024749, which is
homologous to CER60/KCS5 in Arabidopsis, might be involved in cuticular wax biosynthesis.
(2) The expression level of BrCER60.A09 in all aerial organs was much lower in glossy
plants than in waxy plants. (3) A 5567-bp insertion was found in glossy plants, which
resulted in a premature stop codon and loss of function of the CER60 enzyme. (4) Two
functional markers for BrCER60.A09 co-segregated with the wax phenotype. (5) Subcellular
localization analysis showed that the BrCER60.A09 was localized to the ER, which is the
site of wax biosynthesis. (6) Cuticular wax composition analysis showed a reduction of
wax monomers with chain lengths beyond C26 and an increased proportion of shorter
chains, which was in agreement with the CER60 function in Arabidopsis [19]. Overall, the
5567-bp insertion of BrCER60.A09 in SD369 was the main cause of the glossy phenotype.

Studies in Arabidopsis showed that several cer mutants (cer1, cer2, cer3, and cer6)
are male sterile due to defective pollen recognition or failed pollen hydration [18,33,34].
CER6/KCS6 is involved in VLCFA elongation of C26 to C28 during cuticular wax biosyn-
thesis. The cer6 mutant showed a substantial reduction of derivatives beyond C26, nearly
abolished stem wax accumulation, and exhibited conditional male sterility [10,18–20].
CER60/KCS5, a paralog of CER6/KCS6, plays a redundant role with CER6/KCS6 in wax
biosynthesis, but CER6/KCS6 plays a major role [19]. The mutation in CER60/KCS5 caused
only a slight reduction in total wax amounts in leaves and flowers, and the wax amounts
in stems barely changed [19]. In our study, the mutation of BrWAX3 (BrCER60.A09) in
SD369 caused a significant reduction of wax monomers with chain lengths beyond C26 and
an increased number of shorter chains, which was the same as CER60/KCS5 in Arabidop-
sis [19]. However, BrWAX3 (BrCER60.A09) showed a higher expression level in stems and
leaves than Bra004034 (BrCER6.A07) did (Figures 5a and S9), and the mutation of BrWAX3
(BrCER60.A09) in SD369 caused an obvious glossy appearance of its stems, leaves, and
flower buds, reflecting the predominant role of BrWAX3 (BrCER60.A09) in wax biosyn-
thesis on aerial organs in Chinese cabbage. These results were different from those for
CER60/KCS5 in Arabidopsis, which is transcribed at a low level in all the mature shoot
tissues [20] and plays a minor role in wax biosynthesis [19]. However, another study
revealed that GUS expression driven by the AtKCS5 promoter was much higher than that
driven by AtKCS6 [35], which is consistent with the results of our study. Additionally,
we obtained many seeds after self-pollination of SD369, suggesting that the mutation of
BrWAX3 (BrCER60.A09) in glossy SD369 did not cause male sterility, which was different
from the male sterility that occurred for the cer6 mutant [10,18]. We speculated that the
higher expression of BrCER6.A07 in stamens might compensate for the loss of function of
BrWAX3 (BrCER60.A09) in stamens of SD369 and restore the fertility. Further studies, such
as those involving the generation of BrWAX3 (BrCER60.A09) and BrCER6.A07 single and
double mutants, the identification of their possible roles in wax biosynthesis, and functional
analysis of these two genes, are needed to provide more evidence for the involvement of
these genes in wax formation and pollen development in B.rapa.

The SD369 mutant and the cloned BrWAX3 gene are important for breeding B.rapa
varieties. B.rapa includes a variety of vegetables, such as Chinese cabbage, Pakchoi, Cai-
xin, and purple cai-tai. The edible parts of Cai-xin and purple cai-tai are tender stems,
for which the glossy appearance is preferred by customers [30]. Therefore, breeders can
introduce the locus from SD369 to Cai-xin and purple cai-tai, which would create new
varieties with glossy phenotype but does not influence male fertility (unlike the cer1
mutant in B.rapa). We also developed two functional markers, BrWAX3-InDel and BrWAX3-
KASP1, for BrWAX3 (BrCER60.A09) based on the 5567-bp insertion, which could be used
for molecular marker-assisted breeding either through agarose gel electrophoresis or by
high-throughput genotyping platforms.
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The global effect of BrWAX3 (BrCER60.A09) mutation on gene expression in Chinese
cabbage was also investigated via comparative transcriptome analysis. In contrast to the
lower expression level of BrWAX3 (BrCER60.A09) in glossy plants, most genes in the fatty
acid elongation, alkane-forming, and alcohol-forming pathways of wax biosynthesis, and
in the transcriptional and posttranscriptional regulation of wax biosynthesis, were upreg-
ulated in glossy plants, indicating that a feedback mechanism occurred in glossy plants,
which was consistent with the feedback observed in nwgl glossy cabbage [25]. However,
we could not confirm it was the downregulation of BrWAX3 (BrCER60.A09) or the reduced
amount of wax that caused the feedback. Additionally, genes involved in cutin biosynthesis,
such as CYP77A6 (Bra029852) and CYP86A4 (Bra032642), were also upregulated in glossy
plants (Table S8), which are similar to those in our previous studies [24].

4. Materials and Methods

4.1. Plant Materials

SD369 (P1), a doubled haploid (DH) line of Chinese cabbage with glossy phenotype,
and R16-11 (P2), a DH line with wax phenotype, were used as the parents to construct the
F1, F2, and BC1 populations for inheritance analysis and map-based cloning. Additionally,
another F2 population, (SD369 × SD2135)-F2, was generated for marker validation by
crossing the glossy line SD369 with the waxy line SD2135. All generations were grown in
open fields at Henan Academy of Agricultural Sciences. At the bolting stage, the glossy
and waxy phenotypes were assessed visually. Chi-square test (χ2) was used to examine the
phenotype segregation ratios.

4.2. Cryo-Scanning Electron Microscopy (cryo-SEM) and Gas Chromatography-Mass
Mpectrometry (GC-MS)

A Hitachi SU3500 (Japan) scanning electron microscope was used to observe the
abundance and morphology of wax of leaves from SD369 and R16-11. The method for
cryo-SEM was followed as in our previous study [24].

W-bulk and G-bulk were constructed by mixing equal amounts of leaves from
10 waxy or 10 glossy F2 plants, respectively. In total, three biological replicates of W-
bulk and G-bulk were constructed. The cuticular wax composition and components in
W-bulk and G-bulk were assessed via GC-MS at Shanghai Jiao Tong University, which was
performed as described in our previous study [24].

4.3. Identification of Candidate Genes via Bulked-Segregant Analysis Sequencing (BSA-Seq) and
Kompetitive Allele-Specific PCR (KASP) Assays

Candidate genes were identified according to the BSA-seq method [36]. Two DNA
pools were constructed by mixing equal amounts of DNA from 50 waxy F2 individuals
(W-pool) and 50 glossy F2 individuals (G-pool). The two DNA pools were resequenced by
Anoroad Biotech Co., Ltd. (Beijing, China) using 150-bp PE strategy. The raw data were
deposited in the Sequence Read Archive (SRA) in NCBI as PRJNA859942. The Burrows-
Wheeler Aligner (BWA) [37] was used to map the clean reads to the B.rapa reference genome
V1.5 [38]. The SAMtools software (V1.3.1) [39] was used to detect the single-nucleotide
polymorphism (SNP) and insertion/deletion (InDel) variants between the W-pool and
G-pool. Then, we calculated the SNP-index and Δ(SNP-index) for all genomic positions in
the W-pool and G-pool, which was performed as in our previous studies [24,40]. Finally,
the absolute value of Δ(SNP-index) was calculated for sliding window analysis, with a
1-Mb window width and a 50-kb sliding window step.

We used KASP assay to conduct the initial linkage analysis of the BrWAX3 gene, which
was performed as our previous studies [24,40,41]. First, SNPs showing polymorphism
between the two DNA pools and nearing the candidate BSA-seq region were selected
for KASP marker development [40]. Then, KASP markers (Table S3), showing polymor-
phism between the two parents, were employed to genotype the F2 population containing
93 individuals. The genetic linkage map was constructed using JoinMap 4.0 software [42],
and followed as in our previous studies [24,40].
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954 individuals with glossy phenotypes were used for fine mapping of the candidate gene.

4.4. Gene Cloning and Sequence Analysis

BrCER60.A09, the candidate gene of BrWAX3, and its homologue BrCER6.A07, were
cloned using Phanta® High-Fidelity enzyme Mix (Vazyme, Nanjing, China) in a total
volume of 50 μL reaction: 3 μL DNA template, 3 μL of both forward and reverse primers,
25 μL enzyme mix, and 16 μL ddH2O. The PCR conditions were performed as in the
manuals. The PCR products were sequenced by Sunya Biotech Co., Ltd. (Zhengzhou,
China). The sequences of SD369 and R16 were aligned using DNAMAN.

4.5. RNA Extraction and Expression Analysis

Various tissue samples (root, stem, leaf, sepal, petal, stamen, and pistil) of SD369 and
R16-11 were collected. The total RNA of each sample was extracted using RNAiso Plus
reagent (TaKaRa, Japan), and the first-strand cDNA was synthesized using the TransScript
One-Step gDNA Removal and cDNA Synthesis Kit (Trans, Beijing, China). Quantitative
real-time PCR (qRT-PCR) was performed with SYBR Premix Ex TaqTM II (TaKaRa, Japan).
The analysis of gene relative expression data was performed using the 2-ΔΔCt method [43].
BrGAPDH was employed as the reference gene [24,40]. The primers are listed in Table S5.

4.6. Subcellular Localization

The coding sequences of BrCER60.A09 without the stop codon were amplified from
waxy R16-11 using the primer pairs BrWAX3-fulF and BrWAX3-fulR2 (Table S5). The
amplified cDNA fragments were subsequently inserted into the modified pBWA(V)HS
vector under the control of the 35 S promoter. The resultant binary plasmid was referred
to as pBrCER60-GFP. A pAtPIN5-RFP construct was used as an ER marker [44]. Vector of
pBrCER60-GFP, pAtPIN5-RFP, and the blank control vector were infiltrated into epidermal
cells of tobacco leaves through Agrobacterium-mediated transformation. Fluorescence
signals were observed with a confocal laser scanning microscope (Nikon C1, Japan).

4.7. Transcriptome Analysis

The W-bulk and G-bulk each with three replicates were subjected to mRNA sequencing
by BioMarker Tech Co., Ltd. (Beijing, China). The clean reads of each sample were aligned
to the B.rapa reference genome (V1.5) using HISAT2 software (V2.1.0) [45]. Then, the
fragments per kilobase of transcript per million mapped reads (FPKM) value of each
gene were calculated to estimate gene expression levels. Genes with a q-value ≤ 0.05 and
|log2(fold change)| ≥ 1 identified by DESeq2 (V1.6.3) [46] were recognized as differentially
expressed genes (DEGs). Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis was implemented using TBtools [47].

5. Conclusions

The present study showed the molecular mechanism of wax deficiency in SD369. The
BrWAX3 locus was fine-mapped to an interval of 161.82 kb, and Bra024749 (BrCER60.A09),
which encodes a β-ketoacyl-CoA synthase, was the most likely candidate gene for BrWAX3.
A 5567-bp insertion of BrWAX3 (BrCER60.A09) in glossy SD369 caused a loss of protein
function, thus blocking the VLCFA elongation of C26 to C28, and ultimately resulting in
the glossy phenotype. The loss of function of BrWAX3 (BrCER60.A09) in glossy plants also
caused feedback of genes involved in cutin and wax biosynthesis pathways. Besides, two
functional markers for BrWAX3 were developed and validated. Our research will promote
molecular research on wax synthesis in Brassica rapa.
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Abstract: The taproot of purple carrot accumulated rich anthocyanin, but non-purple carrot did
not. MYB transcription factors (TFs) condition anthocyanin biosynthesis in many plants. Currently,
genome-wide identification and evolution analysis of R2R3-MYB gene family and their roles involved
in conditioning anthocyanin biosynthesis in carrot is still limited. In this study, a total of 146 carrot
R2R3-MYB TFs were identified based on the carrot transcriptome and genome database and were
classified into 19 subfamilies on the basis of R2R3-MYB domain. These R2R3-MYB genes were
unevenly distributed among nine chromosomes, and Ka/Ks analysis suggested that they evolved
under a purified selection. The anthocyanin-related S6 subfamily, which contains 7 MYB TFs, was
isolated from R2R3-MYB TFs. The anthocyanin content of rhizodermis, cortex, and secondary phloem
in ‘Black nebula’ cultivar reached the highest among the 3 solid purple carrot cultivars at 110 days
after sowing, which was approximately 4.20- and 3.72-fold higher than that in the ‘Deep purple’
and ‘Ziwei’ cultivars, respectively. The expression level of 7 MYB genes in purple carrot was higher
than that in non-purple carrot. Among them, DcMYB113 (DCAR_008994) was specifically expressed
in rhizodermis, cortex, and secondary phloem tissues of ‘Purple haze’ cultivar, with the highest
expression level of 10,223.77 compared with the control ‘DPP’ cultivar at 70 days after sowing.
DcMYB7 (DCAR_010745) was detected in purple root tissue of ‘DPP’ cultivar and its expression level
in rhizodermis, cortex, and secondary phloem was 3.23-fold higher than that of secondary xylem at
110 days after sowing. Our results should be useful for determining the precise role of S6 subfamily
R2R3-MYB TFs participating in anthocyanin biosynthesis in carrot.

Keywords: carrot; R2R3-MYB family; transcription factor; anthocyanin; evolution; expression profile

1. Introduction

Carrot (Daucus carota L.), an annual or biennial herb vegetable crops, is one of the 10
vegetable crops grown worldwide, and has a long history of cultivation. According to its
taproot color, they can be divided into five types: white, yellow, orange, red and purple
carrot [1–4]. Non-purple carrot is produced by a mutation of purple carrot. Non-purple
carrots are well known for their orange pigmentation and carotenoid accumulation [5].
Purple carrot can be divided into solid purple carrot type and tissue-specific purple carrot
types [6–9]. Nowadays, purple carrots are popular among consumers because they are an
excellent source of anthocyanins. As the anthocyanin group, they accumulate in fleshy roots,
as well as in flowers, petioles and fruits. Carrots can be used to produce anthocyanin-rich
concentrate for the pigment industry [10,11].

MYB transcription factors, as one of the largest transcription factor families in plants,
are characterized at most four repetitive sequences (R), each of which is about 53 amino
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acids, forming H1, H2 and H3 α-helices [12]. In each repeat, H2 and H3 helices form
helix-turn-helix structure respond for the DNA interaction of MYB domain [13]. According
to the repeat number, MYB TFs were divided into four types: 1R-MYB, R2R3-MYB, 3R-
MYB and 4R-MYB [14]. Among the four types, R2R3-MYB transcription factor is the most
common one, including two tandem repeats [15]. R2R3-MYB usually forms a complex with
bHLH and WD40 proteins, which directly acts on structural genes of anthocyanin synthesis
pathway in plants, thus affecting anthocyanin synthesis and accumulation [16–18]. MYB
and MYB-related sequences are available in the Plant Transcription Factor Database [19].
The classification of R2R3-MYB TF members and the anthocyanins accumulation have been
reported in many species. The whole genome sequences of R2R3-MYB TFs in different
species have also been identified, such as Arabidopsis thaliana (126 R2R3-MYB proteins) [20],
Gossypium raimondii (205 R2R3-MYB proteins) [21], soybean (244 R2R3-MYB proteins) [22],
Oryza sativa (88 R2R3-MYB proteins) [23], apple (222 apple typical R2R3 MYB proteins) [24],
Chinese Pear (105 R2R3-MYB proteins) [25] and tea plants (122 CsR2R3-MYB proteins) [26].

Anthocyanins are water-soluble natural pigments widely distributed in fruits and
vegetables, with pH-dependent color changing from red to purple and then to blue. They
are important secondary metabolites of plants, are synthesized in the cytosol and stored
in vacuoles. Anthocyanins mainly contain six common aglycones and various types of
glycosylations and acylations [27]. Over 600 kinds of anthocyanins have been identified,
and the edible anthocyanins in nature include colored fruits and vegetables, such as apples,
cherries, grapes, carrots, eggplant, celery, water dropwort and purple cabbage [28–34].
Anthocyanins are usually used as food colorants, which are beneficial to human health
and have anti-cancer and anti-oxidation properties [29,35]. As a natural colorant, it is
enjoying increasing loved by producers and consumers [30]. Among plants, pigments play
an important role in attracting insects for seed transmission and pollination and improving
the ability to resist abiotic and biological stresses.

In this study, to obtain further understanding in differences of anthocyanin synthesis
between purple and non-purple carrot, we obtained the R2R3-MYB TFs members based on
the carrot transcriptome and genome database, which are related to anthocyanin synthesis
in carrot. Then, phylogenetic relationships, physicochemical properties, and anthocyanin
contents of different color carrots were detected and analyzed. Expression patterns of
seven selected DcMYB genes of the S6 subfamily in the taproots of six purple and three
non-purple carrot cultivars were determined. This study will help establish the regulatory
molecular mechanism of R2R3-MYB gene and pave the way for future functional research
on anthocyanin in carrot.

2. Results

2.1. Evolution of MYB TFs of Carrot in Different Species

As shown in the Figure 1, the number of MYB TFs varies from several to several
hundred in different species. The number of MYB family transcription factors in higher
plants is generally higher than that in lower algae, which may be due to the replication
and expansion of MYB TFs during the evolution of plants. The number of MYB family
transcription factors in Musa acuminata, Gossypium raimondii, Glycine max, Brassica rapa and
Populus trichocarpa was greater than 200. Compared with celery (3.33 Gb) [34,36], carrot has
a smaller genome (~0.5 Gb) [37], but a similar number of MYB transcription factors.
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Figure 1. Summary of MYB TFs among plants. Daucus carota was highlighted with purple box.

2.2. Classification and Phylogenetic Analysis of R2R3-MYB TFs in D. carota and A. thaliana and
Analyses of Chromosomal Locations

Results showed that 146 R2R3-MYB TFs were identified based on carrot genome. The
amino acid sequences of R2R3-MYB TFs in carrot and A. thaliana were aligned to draw a
phylogenetic tree (Figure 2 and Supplementary Table S1). According to the evolutionary
relationship of R2R3-MYB TFs between carrot and A. thaliana, MYB TFs of carrot were
divided into 19 subfamilies (Figure 3). The number of MYB TFs in S14 and S20 subfamilies
was the largest, with 9 in each subfamily. The second is the S6 subfamily, which has 7 TFs.
In A. thaliana, the functions of R2R3-MYB in different subfamilies are widely different
than in plants. A. thaliana S6 subfamily members include AtMYB75, AtMYB90, AtMYB113
and AtMYB114, which plays a regulatory role in anthocyanin biosynthesis [13,38,39].
Similarly, R2R3-MYB TFs in the S6 subfamily of carrot related to anthocyanin biosynthesis,
including DcMYB6 (DCAR_000385), DcMYB7 (DCAR_010745), DcMYB8 (DCAR_010746),
DcMYB9 (DCAR_010747), DcMYB11 (DCAR_010751), DcMYB113 (DCAR_008994) and
DcMYB016 (DCAR_016451). According to the starting position of the R2R3-MYB gene
in chromosomes, it was found that DcMYB genes were unevenly distributed among 9
carrot chromosomes (Figure 2B). Some DcMYB genes cannot eventually be mapped on
any chromosome. Chromosome 3 contained the most DcMYB genes (20), followed by
chromosome 1 (17), and the lowest numbers were found on chromosome 7 (10). More
genes were observed at the bottom of chromosomes 1, 2, 3 and 6, and the genes on
chromosomes 7 and 8 were evenly distributed.

19



Int. J. Mol. Sci. 2022, 23, 11859

Figure 2. Phylogenetic tree of R2R3-MYB TFs of Arabidopsis and carrot and chromosomal determi-
nation and collinearity analysis of R2R3-MYB genes in carrot. Phylogenetic trees were constructed
from the R2R3-MYB protein sequence of carrot and Arabidopsis (A). The phylogenetic trees were
established by the neighbor-joining (NJ) method. (B,C) represent the carrot chromosomes. The black
lines represent collinear gene pairs. The genes were mapped onto different chromosomes and the
numbers along the chromosome boxes represent sequence lengths in megabases.
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Figure 3. Distribution of carrot R2R3-MYB TFs subfamilies. R2R3-MYB TFs subfamilies represented
on the Abscissa. Ordinate represents the number of each subfamily member.

2.3. Conserved Motifs of R2R3-MYB Proteins Based on the Analysis of MEME

According to the evolutionary relationship of R2R3-MYB TFs in carrot and A. thaliana,
R2R3-MYB TFs in carrot were divided into different subfamilies. The conserved domains
of all class members were analyzed by online software MEME. Through online analysis,
a total of 10 conserved motifs were obtained, and the distribution of conserved motifs in
different subfamilies is shown in the Figure 4. Closely related genes had the same motif
compositions, suggesting that there were functional similarities between MYB proteins.
Motifs 7 only exists in the S6 subfamily. Motif 9 only exists in the S20 subfamily, and the
S20 subfamily contained the most motifs. Reports on the regulatory mechanism of DcMYBs
in different subfamilies of carrot are still limited. Based on the homology with Arabidopsis
thaliana, we infer the possible functions of DcMYBs subfamilies. Subfamilies S1 and S4
may participate in the response to biotic and abiotic stresses [40,41]. Subfamily S2 may
control the biosynthesis of proanthocyanidins (PAs) [42,43]. Subfamily S3 and subfamily
S21 may be involved in cell wall biosynthesis [13,44]. Subfamily S6 controls anthocyanin
biosynthesis in plant tissues [13]. Subfamily S7 may control flavonol biosynthesis [45].
Subfamily S13 may play a role in influencing lignin deposition and stomatal aperture [46].
Subfamily S22 was proposed to regulate lateral root formation [13] and subfamily S25 was
proposed to play roles in embryogenesis [47].
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Figure 4. Sequence logos of conserved domains of R2R3-MYB proteins in carrot.

2.4. Selection Pressure in Carrot

The collinearity relationships of the MYB genes in carrot chromosomes are presented
in Supplementary Tables S2 and S3. Positive selection promotes the evolution of animals
and plants by accumulating favorable mutations, while purified selection promotes the
evolution of animals and plants by eliminating harmful mutations. To determine which
selection pressure promoted the evolution of R2R3-MYB gene in carrot, we used the CDS
sequence of R2R3-MYB gene to calculate Ka, Ks value and Ka/Ks ratio (Figure 5 and
Supplementary Table S2). The Ks value for a clear majority of R2R3-MYB paralog gene
pairs in carrot is higher than Ka, and the Ka/Ks value of paralog gene pairs is mostly less
than 1, indicating that the evolution of the R2R3-MYB gene in-species is mainly performed
via purified selection. The Ka/Ks ratio is mostly concentrated in the range of 0.1–0.4,
indicating strong purified selection.
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Figure 5. Ka/Ks density distribution in carrot.

2.5. Anthocyanin Content in Different Root Tissues of Nine Carrot Cultivars at Different
Development Stages

Anthocyanins were distributed in different parts of carrot taproots, and it made
the taproot appear purple and dark purple color (Figure 6). The anthocyanins of PPHZ
taproots only accumulated in the rhizodermis, cortex, and secondary phloem, and the
purple area increased with the development stage. Anthocyanins accumulated in the
rhizodermis and cortex of CPP and ZL but did not exist in secondary phloem and secondary
xylem (Figure 6). No purple or dark purple coloring was detected in KRD, MGH, SHBC
taproots. Anthocyanins accumulated in rhizodermis, cortex, and secondary phloem and
secondary xylem of DPP, BN and ZW carrot taproots in 70 and 110 days after sowing. Total
anthocyanin content in different parts of six purple carrot cultivars taproots (DPP, BN, ZW,
PPHZ, CPP, ZL) increased significantly with development process, and the anthocyanin-
increased efficiency of taproot in solid purple carrots was higher than others (Figure 7).
Among these six purple carrot cultivars, the anthocyanin accumulation of BN in the
taproot was the highest at the two periods. At the 70 and 110 days after sowing, total
anthocyanin accumulation in rhizodermis, cortex, and secondary phloem reached 71.00
and 128.47 mg/100 g fresh weight (fw) respectively, while that in the secondary xylem
reached 25.78 and 38.04 mg/100 g fw respectively (Figure 7). No anthocyanin accumulation
was detected in MGH, KRD and SHBC taproots. There was no significant difference in the
anthocyanin accumulation between the rhizodermis and cortex of CPP and ZL, and the
increase efficiency in the two development stages was lower. At the 70 days after sowing,
the anthocyanin contents in the rhizodermis and cortex of CPP and ZL were 4.11 and 3.23
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mg/100 g fw respectively, while 110-day-old rhizodermis and cortex’ anthocyanin values
were 4.50 and 5.04 mg/100 g fw, respectively.

Figure 6. The color of cross-sections and the taproots of nine purple and non-purple carrots cultivars
at two different stages. (A) represents the purple and nonpurple carrots grown for 70 days. (B) rep-
resents the purple and nonpurple carrots grown for 110 days. Cultivar abbreviations: DPP, Deep
purple; BN, Black nebula; ZW, Ziwei; PPHZ, Purple haze; CPP, Cosmic purple; ZL, Zilong; KRD,
Kurodagosun; SHBC, Sanhongbacun; MGH, Meiguihong. White bar represents 5 cm.

Figure 7. Total anthocyanin contents in the taproot of nine carrot cultivars at two. different stages.
Error bars represent standard deviation (SD) of three replicates and are computed as cyanidin
3-O-galactoside equivalents.
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2.6. Expression Profiles of DcMYB TFs in S6 Subfamily of Different Carrot Cultivars and Position
of DcMYB Genes in S6 Subfamily on Chromosome

We selected 7 DcMYB genes in S6 subfamily and mapped their location onto chromo-
somes (Figure 8A). DcMYB016 (DCAR_016451) was located on chromosome 5 and the rest
on chromosome 3. DcMYB113 (DCAR_008994) on chromosome 3 was far away from the
other five transcription factors. Based on the carrot transcriptome data with different colors,
transcripts of R2R3-MYB TFs in S6 subfamily were analyzed. The heat map relying on
log2 (RPKM + 1) transformation value was constructed (Figure 8B). Yellow represents high
expression level and blue represents low expression level. The results of transcriptome
analysis showed that these DcMYB genes of S6 subfamily expression levels were different
in carrot cultivars. DcMYB7 (DCAR_010745) was highly expressed in purple tissues, but
hardly expressed in non-purple carrot. DcMYB6 (DCAR_000385) had the higher taproot
mRNA levels in purple carrot cultivars than non-purple carrot. DcMYB113 (DCAR_008994)
was highly expressed in rhizodermis, cortex, and secondary phloem of PPHZ, but less
expressed in other cultivars.

Figure 8. Site of MYB TFs in S6 subfamily on chromosome and transcript abundances of DcMYB
genes in four different tissue parts of D. carota cvs. DPP, PPHZ, CPP and KRD. (A) represents the site
of MYB TFs. Heat map was constructed based on the log2 (RPKM + 1) transformation values (B),
and bar notes represent different expression levels. Yellow represents high expression level, and blue
represents little expression level.

2.7. Relative Transcript Levels of S6 Subfamily DcMYBs in Different Root Tissues of Nine
Carrot Cultivars

To better analyze the response of S6 subfamily members in root tissue of carrot culti-
vars, we sampled different parts in taproots of 9 purple and non-purple carrot cultivars
(Figure 9). For RT-qPCR assay, 7 DcMYB genes (DcMYB6 (DCAR_000385),
DcMYB7 (DCAR_010745), DcMYB8 (DCAR_010746), DcMYB9 (DCAR_010747), DcMYB11
(DCAR_010751), DcMYB113 (DCAR_008994) and DcMYB016 (DCAR_016451)) from S6
subfamily were selected to determine the expression profiles of different root tissue dur-
ing two development stages. At 70 days after sowing, the expression levels of DcMYB6
(DCAR_000385) and DcMYB7 (DCAR_010745) were higher in all purple carrot root tis-
sue, and the transcripts of secondary xylem were lower than those of rhizodermis, cor-
tex, and secondary phloem tissues. In ZL and CPP, the two gene transcripts, DcMYB6
(DCAR_000385) and DcMYB7 (DCAR_010745), were detected in the rhizodermis and cortex.
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DcMYB113 (DCAR_008994) and DcMYB016 (DCAR_016451) had the highest expression in
the rhizodermis, cortex, and secondary phloem of PPHZ, which was consistent with the
gene expression at 110 days after sowing.

Figure 9. Expression profiles of S6 subfamily DcMYB genes (DcMYB6 (DCAR_000385), DcMYB7
(DCAR_010745), DcMYB8 (DCAR_010746), DcMYB9 (DCAR_010747), DcMYB11 (DCAR_010751),
DcMYB016 (DCAR_016451) and DcMYB113 (DCAR_008994)) in different root tissues of carrot at
two growth stages. (A) represents expression profiles of DcMYB genes in purple and nonpurple
carrots at 70 days after sowing. (B) represents expression profiles of DcMYB genes in purple and
nonpurple carrots at 110 days after sowing. The relative gene expression was calculated with the
2−ΔΔCT method. Error bars represent standard deviation (SD) of three replicates.

3. Discussion

Carrot is an important vegetable crop of Apiaceae family. In addition, celery and water
dropwort and coriander also belong to common Apiaceae plants [4,48,49]. In addition to hav-
ing rich anthocyanins [7,11,50], carrot has many active compounds, including carotenoids,
volatile oil, vitamins, dietary fiber [4,48] and other nutrients.

Anthocyanins are very important secondary metabolites in many plants with functions
on providing antioxidant protection and scavenging free radical. Anthocyanins are one of
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the most health-protective ingredients in the human diet. Eating fruits and vegetables rich
in anthocyanins is conducive to improving human health, and also can effectively prevent
cardiovascular diseases and improve blood sugar balance [30]. The high expression of MYB
gene in fruits and vegetables plays an important role in anthocyanin biosynthesis of plants.
There are few studies on the genome-wide classification of R2R3-MYB gene family and
its transcription in different root tissues of carrot. RT-qPCR was used to analyze the gene
expression of S6 subfamily in purple and non-purple carrot at different developmental
stages, which is helpful to further understand the molecular regulation mechanism of
DcMYB transcription factor on carrot root development. These R2R3-MYB gene transcript
levels were normalized to DcActin1 [51].

MYB gene is widely distributed in plants and constitutes one of the largest transcrip-
tion factor families. It acts a significant role in color accumulation, growth metabolism and
stress response of plant organs. Since the first MYB transcription factor C1 was found in
maize, with the development of genome sequencing and bioinformatics, more and more
MYB-functional genes have been studied in different species [20,52–55]. In this study, we
identified 146 R2R3-MYB factors, analyzed their phylogeny with 126 R2R3-MYB genes
from A. thaliana, and divided them into 19 subfamilies. According to homology alignment,
DcMYB TFs with similar motifs were divided into the same branch. The sequence structure
of R2R3-MYB protein in different subfamilies is usually connected to biological func-
tion, and R2R3-MYB protein in S4-S7 subfamilies is related to phenylalanine metabolism
regulating plant metabolite synthesis [38,39,42,56]. Consistent with sequence alignment
and phylogenetic tree analysis, MEME analysis showed that the conserved domains of
R2R3-MYB transcription factors in the same subfamilies were similar, indicating that these
conserved motifs were associated with the regulatory functions of different subfamilies [39].
The number of R2R3-MYB transcription factors in higher plants is higher than that in lower
plants, which may be due to the replication of plant genome during evolution. Besides,
some DcMYBs could not be mapped to any chromosome, which might be due to the qual-
ity of the carrot genome sequence or a high level of heterozygosity [25]. High levels of
heterozygosity within an individual might be an indication of low sample quality. The
Ka/Ks ratios of clear R2R3-MYB genes in carrot indicated that the R2R3-MYB gene family
in Apiaceae has generally undergone purifying selection and highly conserved evolution.
Parts of the CDS of R2R3-MYBs have undergone positive selection, indicating that new
gene functions might have been acquired. Such genes are rapidly evolving genes recently,
which may be of great significance to the evolution of species.

Tandem and segmental duplication events had been hypothesized as the leading
driving mechanism for the expansion and chromosomal organization into clusters of MYB
gene families [57]. R2R3-MYB family members had been commonly found in gene clusters
in genomes of many plant species. The S6 cluster is related to anthocyanin accumulation in
A. thaliana and is the main subfamily of anthocyanin accumulation in A. thaliana, which
primarily includes AtMYB75, AtMYB90, AtMYB113 and AtMYB114 [16,58]. Similar to
Arabidopsis, MYB members classified as S6-MYB type in Petunia and tomato regulated
anthocyanin biosynthesis [38,39]. Phylogenetic tree analysis of R2R3-MYB transcription
factors in carrot and A. thaliana showed that 7 MYB TFs and A. thaliana S6 subfamily
clustered together. DcMYB proteins in the same branch are highly correlated and may
have similar functions. In all subfamilies, there were 9 MYBs in the subfamilies S14 and
S20 that contained the most MYBs. The S14 subfamily is related to the formation of
meristem in A. thaliana, among them, three R2R3-MYBs (RAX genes) were designated as
regulators of axillary meristem. The Rax gene controls the early stage in the initiation of
axillary meristem [59]. S20 subfamily AtMYB62 was involved in response to phosphate
starvation [60]. There were no R2R3-MYB members found in the S8, S10, S12, S15, S17 and
S23 R2R3-MYB subfamilies. These results may imply the special characteristics R2R3-MYB
genes in carrot species.

The expression pattern of R2R3-MYB genes in different developmental stages of car-
rot was studied by transcriptome analysis [61]. A total of 7 R2R3-MYB genes related to
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anthocyanin accumulation were tested. Significant changes in the expression levels of
all of the members in S6 subfamily were detected. Similarly, these data agree with the
previous analysis described above, suggesting that several genes in S6 subfamily had been
confirmed to be participants in the anthocyanin biosynthesis of carrot. Research showed
that DcMYB6 (DCAR_000385) had high transcript levels in the anthocyanin-pigmented
carrot tissues with purple color, and it was detectable in the non-purple carrot cultivars.
DcMYB6 (DCAR_000385) can induce anthocyanin biosynthesis of A. thaliana [9]. DcMYB7
(DCAR_010745), designated as the DcMYB113-like gene in the carrot genome, was al-
ways associated with purple root pigmentation of all purple carrots [6,7,11,17,58,62,63].
This corresponds to our transcriptional and heatmap values. In addition, DcMYB016
(DCAR_016451) and DcMYB113 (DCAR_008994) in the rhizodermis, cortex, and secondary
phloem of PPHZ were significantly higher than that in other root tissues, suggesting that
they may be a key gene regulating anthocyanin synthesis in rhizodermis, cortex, and
secondary phloem. Previous studies on anthocyanin accumulation of carrot R2R3-MYB TFs
have been reported, but there is no systematic classification of R2R3-MYB TF family. Sys-
tematic classification and transcriptional studies will provide us valuable tools to explore
its potential application in carrot molecular breeding.

4. Materials and Methods

4.1. Plant Materials and Growth Conditions

Three solid purple root types (‘Deep purple’ (DPP), ‘Black nebula’ (BN) and ‘Ziwei’
(ZW)), three partial purple root types (‘Purple haze’ (PPHZ), ‘Cosmic purple’ (CPP) and
‘Zilong’ (ZL)) and three non-purple carrot cultivars (‘Kurodagosun’ (KRD), ‘Sanhongbacun’
(SHBC) and ‘Meiguihong’ (MGH)) were used as experimental materials and planted in the
artificial climate room of Nanjing Agricultural University (32◦04′ N, 118◦85′ E, Nanjing,
China). Organic soil, vermiculite and perlite (2:2:1, v/v) were used as substrates. The
artificial climate chamber was set at 25 ◦C for 16 h in the daytime and 16 ◦C for 8 h in the
evening, and the light intensity was 320 μmol m−2 s−1, and the relative humidity was set
at 75%. After 70 and 110 days after sowing plant growth, different tissues (rhizodermis,
cortex, secondary phloem and secondary xylem) of carrot taproot were sampled. One part
was used to extract RNA, and the other part was used to determine anthocyanin content.
Three independent biological replicates of each carrot plant sample were prepared.

4.2. Identification of R2R3-MYB TFs in Carrot

The sequences of R2R3-MYB TFs in carrot were extracted based on the carrot genome
database [64] and plant genome database (https://phytozome.jgi.doe.gov/pz/portal.html)
(accessed on 1 May 2021) [52]. A total of 126 R2R3-MYB TFs sequences from A. thaliana
were downloaded from the website TAIR (http://www.arabidopsis.org/) (accessed on 1
May 2021) [65]. The MYB TFs of other species are derived from Plant Transcription Factor
Database [19]. The obtained candidate sequences are identified through Hmmer and Pfam
number (PF00249), and the parameters were the default value.

4.3. Constructions of Phylogenetic Tree, Evolutionary Analysis and Sequence Features Analysis

Homologous genes were further analyzed by BLASTp search. Multiple sequences
of R2R3-MYB protein from A. thaliana and carrot were aligned by Cluster W [66]. Then a
phylogenetic tree was constructed by neighbor-joining method (bootstrap value of 1000)
with MEGA 7 [67]. Position of MYB TFs in S6 subfamily on chromosome was anchored
to a physical map with Mapchart v2.32. The conserved domains of R2R3-MYB TFs were
analyzed by MEME search. Evolutionary relationship was obtained via online software
(http://www.ncbi.nlm.nih.gov/Taxonomy/CommonTree/wwwcmt.cgi) (accessed on 1
May 2021). The species evolution diagram was drawn by online software (http://itol.
embl.de/upload.cgi) (accessed on 1 May 2021). The heat map of DcMYBs candidate gene
expression in carrot was established by HemI 1.0 software (http://hemi.biocuckoo.org/
faq.php) (accessed on 1 May 2021) [68].
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4.4. Collinearity and Non-Synonymous Substitution Rate (Ka)/Synonymous Substitution Rate
(Ks) Analyses

To further understand the structural information of R2R3-MYB gene family in carrot
family, we analyzed the chromosomal localization and collinearity of R2R3-MYB gene
family in carrot. MCScanX software was used to analyze collinearity of carrot R2R3-MYB
gene family. In addition, the homologous gene pairs of R2R3-MYB gene were extracted
and visualized with TBtools software.

In order to identify the selection pressure on R2R3-MYB genes in the process of
evolution, we calculated the Ka and Ks. The ratio of Ka and Ks can be used to measure
the selection pressure. Firstly, the coding sequence and nucleotide sequence of R2R3-MYB
gene of carrot were compared with ParaAT2.0 software [69], and then Ka, Ks and Ka/Ks
values were calculated by KaKs_calculator2.0 software [70,71]. When Ka/Ks > 1, it indicates
positive selection. When Ka/Ks < 1, it indicates purified selection. When Ka/Ks = 1, it
indicates neutral evolution.

4.5. Anthocyanin Measurement

Total anthocyanins were extracted from different tissues of carrot root by methanol–
HCl method [3,9]. The fresh weight of different tissues of carrot root was determined
after sampling, and then ground to powder in liquid nitrogen. The milled sample was
transferred to the extract (50 % methanol, 49.9 % double distilled water, 0.1 % HCl, V/V)
for the whole night. The 200 μL supernatant was absorbed to determine the absorbance
for quantitative analysis at 530 nm, 620 nm and 650 nm. Optical density of anthocyanin
ODλ = (OD530 − OD620) − 0.1 × (OD650 − OD620). The total anthocyanin content was
expressed by the weight of cyanidin 3-O-galactoside per 100 g plant fresh weight [33].
Three biological replicates and three technical replicates were set for the extraction and
determination of anthocyanin.

4.6. RT-qPCR Analysis

A total of 7 DcMYB genes of S6 subfamily were used for RT-qPCR analysis (Table 1).
The specific primers were designed by Primer Premier 6.0 and synthesized by Genscript
Inc. (Nanjing, China). Real-time quantitative PCR was performed using the instructions
of the SYBR Premix Ex Taq kit (TaKaRa, Dalian, China). Using a 20 μL system, each PCR
reaction system contained 2.0 μL of cDNA, 0.4 μL of forward and reverse quantification
primers, 10 μL of SYBR Premix Ex Taq, and 7.2 μL of ddH2O. The relative gene transcript
levels were normalized to DcActin1 [51] and calculated by the formula 2−ΔΔCT [72]. Each
PCR reaction were performed with three independent biological replicates.

Table 1. The primer sequences used for RT-qPCR of S6 subfamily DcMYB genes.

Gene ID Forward Primer (5’→3’) Reverse Primer (5’→3’)

DCAR_000385 AGTGGCATCCTCAAGTGGTTCA CCCAAATGTCACTCCAGCAACT
DCAR_010745 AGCGGCAACGACATTAACAACA TTCATCTGGTAAGGCGGTGGTT
DCAR_010746 GCAGCAGCAACATCAACAACGA TTCATCTGGTAAGGCGGTGGTT
DCAR_010747 TGCCACTACTTGTACCGCTACC TCCTCCACCACTCGTTTCCATC
DCAR_010751 AAGCCTGTTCCGCAGACCTTAA GGACGCCACTTGAGGACACAT
DCAR_008994 AGTGGCACCTTGTTCCTCAGAG GCTGGCAATGATGGCTTCTTGT
DCAR_016451 GTGGCACCTTGTTCCTCAGAGA TCGTCATTCAGTGGCAGTGTTG

DcActin1 CGGTATTGTGTTGGACTCTGGTGAT CAGCAAGGTCAAGACGGAGTATGG

4.7. Statistical Analysis

The column charts were drawn with Graphpad Prism 6.0 software. Bars represent the
mean values of three biological replicates ± standard deviation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms231911859/s1. Table S1. The sequence information of R2R3-
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MYB TFs in carrot and A. thaliana identified in this study. Table S2. Information of Ka/Ks of the
MYB genes in carrot chromosomes. Table S3. Information of collinear MYB gene pair in carrot
chromosomes.
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Abstract: Chinese cherry [Cerasus pseudocerasus (Lindl.) G. Don] is an important fruit tree from China
that has excellent ornamental, economic, and nutritional values with various colors. The dark-red
or red coloration of fruit, an attractive trait for consumers, is determined by anthocyanin pigmenta-
tion. In this study, the coloring patterns during fruit development in dark-red and yellow Chinese
cherry fruits were firstly illustrated by integrated transcriptome and widely-targeted metabolome
analyses. Anthocyanin accumulation in dark-red fruits was significantly higher compared with
yellow fruits from the color conversion period, being positively correlated to the color ratio. Based
on transcriptome analysis, eight structural genes (CpCHS, CpCHI, CpF3H, CpF3’H, CpDFR, CpANS,
CpUFGT, and CpGST) were significantly upregulated in dark-red fruits from the color conversion
period, especially CpANS, CpUFGT, and CpGST. On contrary, the expression level of CpLAR were
considerably higher in yellow fruits than in dark-red fruits, especially at the early stage. Eight regula-
tory genes (CpMYB4, CpMYB10, CpMYB20, CpMYB306, bHLH1, CpNAC10, CpERF106, and CpbZIP4)
were also identified as determinants of fruit color in Chinese cherry. Liquid chromatography-tandem
mass spectrometry identified 33 and 3 differential expressed metabolites related to anthocyanins
and procyanidins between mature dark-red and yellow fruits. Cyanidin-3-O-rutinoside was the
predominant anthocyanin compound in both fruits, while it was 6.23-fold higher in dark-red than
in yellow fruits. More accumulated flavanol and procyanidin contents resulted in less anthocyanin
content in flavonoid pathway in yellow fruits due to the higher expression level of CpLAR. These
findings can help understand the coloring mechanism of dark-red and yellow fruits in Chinese cherry,
and provide genetic basis for breeding new cultivars.

Keywords: Cerasus pseudocerasus (Lindl.) G. Don; transcriptome; metabolome; anthocyanin; candidate
gene; transcription factor

1. Introduction

Anthocyanins and proanthocyanidins (PAs), known as flavonoids, belong to the group
of the ubiquitous secondary metabolites. Anthocyanins are a group of important natural
water-soluble pigments that commonly produce red/purple/blue colors to flowers and
fruits of plants [1,2]. They have shown health-promoting properties, including antioxi-
dant activity, cholesterol decomposition, visual acuity, and prevention of cardiovascular
disease in humans [3]. In nature, anthocyanins existed as glycosides of polyhydroxy and
polymethoxy derivatives mainly including cyanidin, pelargonidin, peonidin, delphinidin,
malvidin, and petunidin [1,4]. The composition and proportion of anthocyanins determine
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the coloration of plant tissues. PAs are essential taste factors affecting astringency and
bitterness of fruits, which are also considered as important determinants of fruit quality [5].

Anthocyanins and PAs are synthesized by multiple enzyme-encoding structural genes
via the flavonoid pathway. The phenylalanine forms anthocyanins, being catalyzed by pheny-
lalanine ammonia-lyase (PAL), cinnamate 4-hydroxylase (C4H), 4-coumarate-CoA ligase (4CL),
early biosynthesis genes (EBGs) (chalcone synthase (CHS), chalcone isomerase (CHI), fla-
vanone 3-hydroxylase (F3H), flavonoid 3′-hydroxylase (F3′H), flavonoid 3′,5′-hydroxylase
(F3′5′H)), and late biosynthesis genes (LBGs) (dihydroflavonol-4-reductase (DFR), anthocyani-
din synthase/leucoanthocyanidin dioxygenase (ANS/LDOX), UDP-glucose: flavonoid-3-O-
glucosyl-transferase (UFGT), and glutathione S-transferase (GST)) [1,6–9]. Leucoanthocyani-
dins and anthocyanins are further catalyzed by leucoanthocyanidin reductase (LAR) and
anthocyanidin reductase (ANR) to form catechin and epicatechin, finally forming PAs [5]. In
addition, all these structural genes are regulated by a MYB-bHLH-WD40 (MBW) complex at
the transcriptional level [6,10–12].

Chinese cherry [Cerasus pseudocerasus (Lindl.) G.Don], belonging to the genus Cerasus of
the family Rosaceae, is an economically important tetraploid fruiting cherry species [13,14]. It
is native to China and has been widely cultivated across China as an important deciduous
fruit with high economic and ornamental values [15]. Recently, cherry cultivation has been
developing rapidly in China and has increasingly contributed to poverty alleviation and rural
revitalization. Because of its diverse adaptability to various environments, Chinese cherry
has not only been widely used as rootstock for cherry varieties, but it is also an excellent
gene donor for intraspecific hybridization breeding program [16–18]. The fruits possess many
valuable traits, including their various colors, unique taste, and abundant vitamins, fiber,
minerals, and antioxidant compounds for healthy diets [15,19]. The majority of Chinese cherry
germplasms have red, dark-red or orange-red fruit color, with a small number of accessions
with black purple or yellow fruit color [20].

In cherry fruits, the difference between red and yellow color of the fruit peel and
flesh is mainly dependent on the accumulation of anthocyanins. However, the compo-
nent and content of specific anthocyanins vary with different cherry varieties [21]. Seven
anthocyanins have been detected in four cherry species [22]. Cyanidin 3-rutinoside and
cyanidin 3-glucosyl-rutinoside were the major components in both C. pseudocerasus and
C. vulgaris [22], and cyanidin 3-rutinoside was predominant in C. avium [22–25]. Pelargoni-
din 3-O-glucoside, cyanidin 3-O-rutinoside, and pelargonidin 3-O-rutinoside were the
chief compounds in the red C. tomentosa compared with the white fruit [26]. In C. avium
and C. tomentosa, a large number of structural and regulatory genes involved in antho-
cyanin biosynthesis, transport and degradation pathway, have been identified by previous
studies [26–29]. It is worth noting that the major anthocyanin component and the related
genes/transcription factors (TFs) regulating anthocyanin biosynthesis varied from dif-
ferent cherry species. Therefore, it is necessary to explore the key candidate genes and
potential molecular mechanism regulating anthocyanin levels of Chinese cherry fruit with
different colors.

With the recent advancements in transcriptome and metabolome, the integrative anal-
ysis has provide an effective approach to illustrate the metabolic pathways and regulatory
genes in fruit crops, such as sweet cherry [30], tomentosa cherry [26], strawberry [11], and
longan [31]. In this study, integrative analysis of transcriptome and metabolome data were
conducted to (i) analyze the color differences between dark-red and yellow Chinese cherry
fruits, (ii) identify the differential expressed genes associated with anthocyanin biosynthe-
sis during fruit development, and (iii) identify the key differential expressed metabolites
related to anthocyanins and proanthocyanidins between mature dark-red and yellow fruits.
These results provide insights for the identification of metabolites and candidate genes
involved in anthocyanin formation and color change between dark-red and yellow Chinese
cherry fruits, which lays a molecular foundation for color improvement and breeding
program in the future.
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2. Results

2.1. Color Phenotypic Characterization of Chinese Cherry during Fruit Development

Phenotypic observation at various developmental stages revealed significant differ-
ences in fruit peel color among the four Chinese cherry accessions. ‘HP31’, ‘HF’, and ‘HP5’
turned pink blush at S3 stage and the whole fruit (peel and flesh) color became dark-red,
red, or light-red at S5 stage; whereas ‘PZB’ remained yellow throughout the corresponding
developmental stage (Figure 1A). The a*, b*, and a*/b* ratio were also considered as in-
dicators of fruit color (Figure 1B–D). The a*/b* ratio was significantly higher in dark-red
fruits than in yellow fruits from the S3 stage, reaching the most significant differences at
S5 stage compared with yellow fruits (Figure 1D). Consistent with the color change in the
fruit, anthocyanin biosynthesis started at S2 stage, significant differences in anthocyanin
content among the four accessions appeared at S3 stage, and anthocyanins accumulated in
large quantities by S5 stage (Figure 1E). The total anthocyanin content was 23-fold higher
in ‘HP31’ (75.96 mg/kg FW) than in ‘PZB’ (3.31 mg/kg FW) fruits at mature stage (S5),
indicating that the anthocyanin accumulation was enhanced in the dark-red Chinese cherry
fruits. Significant higher anthocyanin content was also detected in red fruits ‘HF’ and ‘HP5’
than that in ‘PZB’ (Figure 1E). The green fruits (S1) showed the highest total flavonoids con-
tent for the all four accessions, and decreased to at red stage (S4) for ‘HP31’ and increased
to 6.08 mg/g at dark-red stage (S5) (Figure 1F). At mature stage, the highest and the lowest
contents of flavonoids were detected in ‘HP31’ and ‘HP5’, respectively (Figure 1F).

2.2. Differentially Expressed Genes Analysis between Dark-red and Yellow Fruits

To identify the genes related to the fruit color formation between dark-red and yellow
fruits, the fruits at S1-S5 stage for four accessions were subjected to RNA-seq. The raw
transcriptome sequences from 60 samples have been submitted to the CNGB database
under project number CNP0003682. After filtering the raw data, 2,800,020,582 clean reads
were obtained, ranging from 41,582,094 to 48,104,774 per sample. The GC content was
more than 46.54%, and the Q20 values ranged from 93.86% to 97.36%. The comparison rate
exceeded 85.65% with the genome of Chinese cherry (unpublished data) as the reference
genome (Supplementary Table S1).

We compared the transcriptome profiles of dark-red and yellow fruits to identify
differentially expressed genes (DEGs) during fruit development. There were more DEGs
between dark-red and yellow fruits than that during fruit development of the same ac-
cession (Supplementary Figure S1A). For each developmental stage between dark-red
and yellow fruits, the down-regulated DEGs were more abundant than the up-regulated
DEGs at S1, S2, and S4 stages, but the up-regulated DEGs were more abundant than the
down-regulated DEGs at S3 and S5 stages (Supplementary Figure S1A). At total of 477, 591,
1146, 1682, and 1022 common DEGs were identified between dark-red and yellow fruits
at S1-S5 stages, respectively (Supplementary Figure S1B). Within each accession, the gene
expressions differences were the most significant from stage S2 to S4. A total of 102, 243,
578, and 115 common DEGs were identified in the S1 vs. S2, S2 vs. S3, S3 vs. S4, S4 vs. S5
comparison groups within dark-red fruits (Supplementary Figure S1C). A total of 1047,
2833, 2027, and 1936 DEGs were identified in the S1 vs. S2, S2 vs. S3, S3 vs. S4, S4 vs. S5
comparison groups in yellow fruits (Supplementary Figure S1A).

Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis provided additional
information about the enriched biological pathways, including “metabolism”, “biosyn-
thesis of other secondary metabolites”, “starch and sucrose metabolism”, “amino acid
metabolism”, and “flavonoid biosynthesis”, and so on (Supplementary Figure S2). Based
on the statistical significance criterion for multiple testing correlation (correlated p-value),
“metabolism”, “biosynthesis of other secondary metabolites”, “flavonoid biosynthesis”,
and “transporters” were significantly enriched at S1-S5 stages between dark-red and yellow
fruits (Supplementary Figure S3). Among them, structural genes such as CHS, CHI, DFR,
LAR, and ANR were screened between dark-red and yellow fruits. During developmental
stage S2-S4 within dark-red fruits, C4H, CHS, CHI, F3’H, DFR, and UFGT were enriched in
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the flavonoid biosynthesis pathway (Supplementary Figure S4). In yellow fruits, C4H, FLS,
DFR, LAR, ANR, and UFGT were enriched in S2 vs. S3 comparison, and CHI, LAR, and
UFGT were identified in S3 vs. S4 comparison (Supplementary Figure S5). These results
suggested obvious difference in anthocyanin biosynthesis between dark-red and yellow
fruits, especially during color conversion period.

Figure 1. Color phenotypic characterization of Chinese cherry during fruit development. (A) Fruit
phenotypes during development in dark-red and yellow fruits. (B) The a* values. (C) The b* values.
(D) Color ratio (a*/b*). The a* coordinate represents the red (positive)-to-green (negative) scale, the
b* coordinate represents the yellow (positive)-to-blue (negative) scale. Color ratio (a*/b*) represents
the comprehensive color index [32]. (E) Total anthocyanin content. (F) Total flavonoids content. Error
bars indicate ± standard deviation (SD) from three independent biological replicates. The lower case
letters indicate significant difference at 0.05 level.

2.3. Weight Gene Co-Expression Network Association Analysis

The weighted co-expression network analysis (WGCNA) was conducted based on the
normalized expression data for 46,058 genes from all 60 samples. After filtering, 11,515 genes
were retained and classified into 12 distinct gene modules (Supplementary Figure S6). Module–
trait relationship analysis revealed that six, two and six modules were significantly
(p < 0.01) correlated with color ratio, anthocyanin content and flavonoid content, respectively
(Figure 2A). Among these modules, the MEblack module of 80 genes were highly posi-
tively correlated with both color ratio (r2 = 0.88, p = 1 × 10−20) and anthocyanin content
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(r2 = 0.70, p = 6 × 10−10) (Figure 2A). The KEGG pathway enrichment analysis revealed
that the MEblack module genes were significantly enriched in “flavonoid biosynthesis”
(ko00941) and “biosynthesis of other secondary metabolites” (ko09110) (Figure 2B). Gene
ontology (GO) enrichment analysis showed that they were significantly enriched in molec-
ular function and biological process category, mainly involved in “flavonoid metabolic
process” (GO: 0009812) and “flavonoid biosynthetic process” (GO: 0009813) (Figure 2C).

The hierarchical clustering heatmap was constructed based on FPKM (fragments per
kilobase per million fragments) values in each sample, which illustrated the expression pat-
terns of 80 genes in MEblack module among four accessions at five developmental stages
(Figure 2D). This module harbored most of structural genes involved in anthocyanin biosyn-
thesis and transport pathway, such as CHS, CHI, F3’H, DFR, ANS, UFGT, and GST. Moreover,
we annotated two reported MYB homologs involved in anthocyanin biosynthesis in other
species. MSTRG.6844 and MSTRG.18742 encode TFs homologous to MYB4-like and MYB10
from Prunus avium, and they are related to anthocyanin biosynthesis [29,33]. As an important
part of the MBW transcription factor complex regulating the anthocyanin biosynthesis, a
bHLH1 gene (MSTRG.42352), homologous to bHLH from Arabidopsis thaliana [34] was also
identified (Figure 2D). Hub genes were screened in the MEblack module (Figure 2E), including
a protein detoxification 33 (MSTRG.7465), D-xylose-proton symporter-like 2 (MSTRG.15909),
MSTRG.28943, ubiquitin-conjugating enzyme E2 22 (MSTRG.34925), probable E3 ubiquitin-
protein ligase ARI2 (MSTRG.7464) (Supplementary Table S2).

2.4. Expression of Genes and TFs Related to Anthocyanins Biosynthesis

To further investigate the regulatory mechanism underlying anthocyanin accumulation
in Chinese cherry fruit, we focused on the 80 MEblack module genes and other structural
genes involved in the flavonoid biosynthesis pathway (Figure 3A, Supplementary Table S3).
As for the expression levels, no significant differences were detected in the three genes (PAL,
C4H, and 4CL) involved in phenylpropanoid pathway between dark-red and yellow fruits.
The EBGs (CHS, CHI, F3H, and F3’H) and LBGs (DFR, ANS, and UFGT) were significantly
up-regulated in the dark-red fruits, especially from S3 to S5 stages (Figure 3A), consistent with
the high anthocyanin content in dark-red fruits (Figure 1). GST genes was proposed to be
involved in the anthocyanin transport, which showed 3.33~4.75-fold higher log2fold change
values at mature stage in dark-red fruits, being the most significant DEG in the anthocyanin
accumulation process (Supplementary Table S3). Interestingly, the expression of LAR was
up-regulated in yellow fruits especially at the early stage (S1–S2), although their levels were
relatively low compared with other genes (Supplementary Table S3). This might imply that
more procyanidin content was accumulated in yellow fruits.

It is widely known that anthocyanin biosynthesis was primarily regulated by the
MBW protein complex and other TFs. Two TFs, MYB10 and bHLH1, selected from both
DEGs and WGCNA, were significantly up-regulated in the dark-red fruits, especially at the
later stages (Figure 3B). In addition to them, we also obtained 6 MYB, 5 bHLH, and 1 WD40
in Chinese cherry fruits (Figure 3B, Supplementary Table S3). According to transcriptional
levels of candidate genes, 5 MYB and 3 bHLH were upregulated, while MYB4, bHLH148,
bHLH10, and WD40 were down-regulated in dark-red fruits. Consistent with previous
studies [35–41], other TFs including 6 NAC, 5 MADS, 8 ERF, 9 WRKY, and 3 bZIP were also
selected from the DEGs (Figure 3B). These TFs may also exert an effect on or participate in
the regulation of structural and regulatory genes in anthocyanin biosynthesis.
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Figure 2. WGCNA recognized gene networks and key candidate genes associated with anthocyanin
biosynthesis during fruit development of Chinese cherry. (A) Module–trait relationships based on
Pearson correlations. The color key from blue to red represents r2 values from −1 to 1. (B) KEGG
enrichment analysis of with the top 20 KEGG pathways in the genes in the MEblack module. (C) GO
enrichment analysis of genes in the MEblack module. (D) Heatmap of the expression level of genes in
the MEblack module. The color scale of the heatmap represents expression levels as log2(FPKM + 1).
(E) Genes whose expression was highly correlated in the MEblack module.
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Figure 3. Expression heatmap of structural genes (A) and transcription factors (B) associated with
anthocyanin biosynthesis. The heatmap represents the expression of corresponding genes in Chinese
cherry fruits, and from blue to red in the heatmap indicates the expression levels of genes ranging
from low to high. The color scale of the heatmap represents expression levels as log2(FPKM + 1).

2.5. RT-qPCR Validation

To verify the reliability of RNA-seq data, real-time PCR was performed to determine
the expression levels of seventeen genes (Figure 4). During fruit development, their expres-
sion levels gradually upregulated from S1 to S2 stage and dramatically increased from S3
stage, then reached the highest at S5 stage in dark-red fruits. On the contrary, the expres-
sion levels slightly up-regulated from S1 to S2 stage, while significantly down-regulated
at S3 stage and recovered slightly at S4 and S5 stages in yellow fruits. CpGST and CpANS
showed the highest expression level at the later stages for dark-red fruits (Figure 4). At
mature stage, the most significantly different genes were CpGST, CpF3H, and CpUFGT,
with about 8.14-, 6.08-, and 5.50-fold log2fold change values in the ‘PZB’ vs. ‘HP31’ com-
parison, respectively. However, CpLAR revealed distinct expression profile, which was
continuously decreasing during the fruit development in dark-red fruits, while it kept
significant higher level in yellow fruits especially at the early stage (Figure 4). The TFs,
CpMYB10, CpMYB20, CpMYB306, CpbHLH1, CpNAC10, and CpERF106 revealed signifi-
cantly higher expression levels in dark-red than in yellow fruits, especially at S4 and S5
stages (Figure 4). By contrast, the expression level of CpMYB4 was significant lower in
dark-red than in yellow fruits, suggesting its negative role in anthocyanin biosynthesis
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(Figure 4). In addition, the expression levels of TFs in different tissues illustrated that
these TFs revealed much higher expression levels in fruits and red flower bud than that
in root, stem and leaf (Supplementary Figure S7). Finally, the correlation analyses exhib-
ited significant correlation coefficients ranging from 0.7221 to 0.9964 (except for CpF3H,
R2 = 0.5378; CpMYB4, R2 = 0.1187) between RNA-seq and RT-qPCR (Figure 4), supporting
the accuracy of the transcriptome data.

Figure 4. Expression patterns of candidate genes related to anthocyanin accumulation in Chinese
cherry during fruit development. Error bars indicated ± SD from three independent replicates. The
lower case letter indicated significant difference at 0.05 level for the relative expression level. The
expression levels of these genes in ‘HF’ and ‘HP5’ were not shown in this figure.
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2.6. Comparison of Metabolites between Dark-red and Yellow Fruits

To further confirm the key differential expressed metabolites (DEMs) in anthocyanin
biosynthesis pathway between dark-red and yellow fruits, we obtained the metabolic pro-
filing of ‘HP31’ and ‘PZB’ fruits at mature stage (S5) using liquid chromatography tandem
mass spectrometry (LC-MS/MS). The raw data has been deposited to the MetaboLights
database under accession number MTBLS6752. The principal component analysis (PCA)
results revealed significant differences between them (Supplementary Figure S8). The two
principal components, PC1 and PC2, were 44.35% and 11.50% in the fruits, respectively.
Based on orthogonal partial least squares discriminant analysis (OPLS-DA), the Q2Y value
was 1, supporting the reliability of the metabolomic data (Figure 5A).

Figure 5. Overall analysis of the metabolomics data between dark-red and yellow fruits of Chinese
cherry. (A) OPLS-DA. (B) Volcano plots of the metabolic profile in dark-red and yellow fruits.
(C,D) Type and number of up-regulated and down-regulated metabolites. The TOP 19 types of DEMs
were shown here. (E) TOP 20 of KEGG enrichment in the differential metabolites.
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A total of 1460 metabolites in the fruits were identified by using UPLC-MS/MS
(Supplementary Figure S8). The most abundant metabolites were flavonoids (380, 26.03%),
followed by phenolic acids (243, 16.64%), others (142, 9.73%), amino acids and their deriva-
tives (123, 8.42%), and terpenoids (113, 7.74%) (Supplementary Figure S9). Five antho-
cyanins and three flavonols existed only in dark-red fruits, and three anthocyanins and
five flavonols were specifically detected in yellow fruits (Supplementary Table S4). Based
on thresholds (|log2fold change| ≥ 1, variable importance in projection (VIP) ≥ 1), we
obtained 477 DEMs between dark-red and yellow fruits (Figure 5B). Among them, 264
metabolites were up-regulated and 213 metabolites were down-regulated in dark-red fruits.
Notably, anthocyanidins, flavones, and flavanones were up-regulated, whereas flavanols
were down-regulated in dark-red fruits (Figure 5C,D). The KEGG enrichment analysis re-
vealed that “flavonoid biosynthesis” (19 metabolites, ko00941), “anthocyanin biosynthesis”
(11 metabolites, ko00942), and “biosynthesis of secondary metabolites” (54 metabolites,
ko01110) were significant (Figure 5E).

2.7. Identification and Comparison of Anthocyanin and Procyanidin Compounds

A total of 52 anthocyanin compounds and 11 procyanidin compounds were identi-
fied from dark-red and yellow fruits (Supplementary Table S5). Among them, 36 DEMs
were identified, including 33 anthocyanins (15 cyanidins, 6 delphinidins, 5 pelargonidins,
3 peonidins, 2 malvidins, and 2 petunidins), and 3 procyanidins (Figure 6A). The dark-red
fruits accumulated more anthocyanin than yellow fruits, being 6.50-fold greater accumu-
lation (Figure 6B). On the contrary, yellow fruits showed 1.84 times of total procyanidin
in comparison to dark-red fruits (Figure 6B), among which procyanidin B2 (46.9928% in
dark-red, 58.0467% in yellow) and B3 (35.5550% in dark-red, 25.2852% in yellow) were the
major procyanidin compounds in both of them (Figure 6C).

In both dark-red and yellow Chinese cherry, cyanidin-3-O-rutinoside was the high-
est accumulated anthocyanin, accounting for 81.7369% and 85.3393% of the total antho-
cyanins, respectively, while it was 6.23-fold higher in dark-red than in yellow fruit (Figure 6C,
Supplementary Table S5). Cyanidin-3-O-(2′ ′-O-glucosyl)glucoside, pelargonidin-3-O-rutinoside,
and peonidin-3-O-rutinoside were also the major anthocyanin compounds (2.4323%~3.6232%)
in dark-red fruits, while delphinidin-3-O-rutinoside-7-O-glucoside (4.8844%) and delphinidin-
3-O-(6′′-O-p-coumaroyl)glucoside (3.2979%) were the second and third largest compounds in
yellow fruit (Figure 6C). In the comparison, the greatest different metabolite was pelargonidin-
3-O-rutinoside, being 1.05×107-fold higher in dark-red than in yellow fruits (Figure 6C,
Supplementary Table S5). The heatmap based on relative expression levels of the 36 DEMs
showed that 23 anthocyanins were up-regulated, while 10 anthocyanins and 3 procyanidins
were down-regulated in dark-red compared with yellow fruits (Figure 6D). Procyanidin B2
was 2.27 times in yellow fruits than that in dark-red fruits (Figure 6C). Therefore, it was
obvious that the fruit color differences between dark-red and yellow fruits were not only
determined by their total anthocyanin contents, but also by their anthocyanin components
and percentages, especially cyanidin, pelargonidin, and peonidin derivatives, as well as the
total procyanidin contents.

2.8. Comparison of Other Flavonoid Compounds in Flavonoid Pathway

To better understand the difference in flavonoid pathway between dark-red and yellow
fruits, we further compared the type and number of other flavonoid compounds. The
largest three sub-classes of flavonoids were flavonols (132, 34.74%), flavones (96, 25.26%),
and flavanones (34, 8.95%) (Supplementary Table S5). In addition to anthocyanins, a total
of 163 DEMs belonging to flavonoids were detected in the yellow vs. dark-red comparison,
with 107 up-regulated and 56 down-regulated metabolites (Supplementary Figure S10).
Among them, flavanones, flavanonols, and other flavonoids were all up-regulated, and the
majority of DEMs from flavonols, flavones, and chalcones were up-regulated in dark-red
fruits. Interestingly, 13 flavanol compounds were down-regulated among 17 differential
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expressed flavanols in dark-red fruits, suggesting that the accumulation of flavanol content
was much higher in yellow fruits than in dark-red fruits (Supplementary Figure S10).

Figure 6. Comparison of anthocyanin and procyanidin compounds between dark-red and yellow fruits of
Chinese cherry. (A) Type and number of differentially expressed metabolites. (B) The relative contents (peak
area) of total anthocyanin and total procyanidin. (C) The relative contents and percentage of anthocyanin
(upper) and procyanidin (lower) components in dark-red and yellow fruits of Chinese cherry. The blue font
indicates the no-DEMs of procyanidins, and other colorful font indicates the 36 DEMs. Red asterisk indicates
the predominant anthocyanin and procyanidin compounds. Abbreviations: Cy, cyanidin; Dp, delphinidin; Pg,
pelargonidin; Pn, peonidin; Mv, malvidin; Pt, petunidin; PA, procyanidin. (D) Heatmap of the 36 DEMs. The
color key from blue to red represents the relative content from −1.5 to 2.0. Red and blue font color indicates the
top three up-regulated and down-regulated anthocyanins in the yellow vs. dark-red comparison.
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3. Discussion

3.1. Comparison of Anthocyanin and Procyanidin Compounds in Dark-red and Yellow Chinese
Cherry Fruits

The fruit color is largely dependent on anthocyanins classes and their concentrations.
Generally, pelargonidin is reportedly as indicating an orange-red color, while cyanidin and
peonidin indicate a deep red or purplish-red color [42]. Cyanidin and its glycoside deriva-
tives have been reported as the primary anthocyanins in red-colored cherries [21,26,43].
Cyanidin 3-O-rutinoside and cyanidin 3-O-glucoside are the major anthocyanin compo-
nents in sweet cherry [24,44,45] and sour cherry fruits [46,47]. Pelargonidin 3-O-glucoside,
cyanidin 3-O-rutinoside, and pelargonidin 3-O-rutinoside were the three dominant antho-
cyanin compounds in red tomentosa cherry [22,26]. Cyanidin-3-O-glucoside was the
most abundant anthocyanin in Chinese dwarf cherry, followed by pelargonidin-3-O-
glucoside [48,49]. In Chinese cherry, four cyanidin-based anthocyanins were detected,
and cyanidin 3-rutinoside and cyanidin 3-glucosyl-rutinoside were the two major com-
pounds for red fruits [22]. In the present study, a total of 52 anthocyanins belonging to
6 types were firstly isolated in both dark-red and yellow fruits, although their contents
of major types were much lower in yellow fruits (Figure 6B,C). Cyanidin-3-O-rutinoside
was the largest anthocyanin compound in both of them (>80%), generally similar to previ-
ous report [22], but it was 6.23-fold higher in dark-red than in yellow fruits. Meanwhile,
two pelargonidins, one peonidin, and one cyanidin were also up-regulated in dark-red
fruits, although their proportions were relatively low within total anthocyanin content
(Figure 6C). Two delphinidin derivatives were also the important compounds in yellow
fruits, accounting for 4.88% and 3.30% (Figure 6C). These results indicated that the color
difference between dark-red and yellow Chinese cherry was not only dependent on the
total anthocyanin content, but also on the anthocyanin components and proportion. In
addition, our results further supported that the predominant anthocyanin compounds
were similar among Chinese cherry, sweet cherry and sour cherry [22–25,44,46], while it
was obvious different from tomentosa cherry [26] and Chinese dwarf cherry [48,49]. This
was generally consistent with their traditional taxonomy classifications, being assigned
into subgenus Cerasus and Microcerasus of genus Cerasus, respectively [15].

Procyanidin B type was predominant in cherry fruits as described by previous re-
ports [25,26,50,51]. Procyanidin B2 and B4 accumulated from large green stage, decreasing
their accumulation as the fruits ripened in sweet cherry cultivar ‘Lapins’ [52]. Procyanidin
B2 was the major procyanidin (about 95%) in both red and white tomentosa cherry, while no
significant difference was detected in total procyanidins between them [26]. The most abun-
dant compounds in Chinese dwarf cherry genotypes were procyanidin B1 (24.54~48.79%)
and B2 (4.90~20.35%) [50]. In this study, procyanidin B2 was the largest compound among
11 detected procyanidins in Chinese cherry, accounting for about half, followed by pro-
cyanidin B3 and C1 (Figure 6C). All the relative contents of procyanidin compounds were
higher in yellow than dark-red fruits, with three up-regulated compounds (Figure 6B,C).
Therefore, the greater procyanidins accumulation was also responsible for the light color
of yellow fruits, strongly supported by the higher content of flavanol (the precursor of
procyanidin) in yellow fruits (Supplementary Figure S10).

3.2. Key Candidate Genes Involved in Anthocyanin Biosynthesis of Chinese Cherry

It has been widely reported that a series of structural genes, including PAL, C4H, 4CL,
CHS, CHI, F3H, F3’H, DFR, ANS/LDOX, and UFGT, co-regulated anthocyanin biosynthesis
in many fruit crops. In the present study, a regulatory network of gene expression regulating
anthocyanin biosynthesis and transport and the key differential expressed metabolites in
Chinese cherry fruit was summarized, as shown in Figure 7. Combining the transcriptome
data and RT-qPCR results, the up-regulation of structural genes (CpCHS, CpCHI, CpF3H,
CpF3’H, CpDFR, CpANS, and CpUFGT) in (dark-red fruits enhanced flux in anthocyanin
pathways. However, the low expression levels of these genes in yellow fruits generated a
lack of stable anthocyanin synthesis. The DFR enzyme can selectively catalyze three kinds
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of substrates to synthesize three specific products: leucodelphinidin, leucopelargonidin,
and leucocyanidin. The expression of F3’H promoted the synthesis of dihydroquercetin
through DFR and UFGT, further forming cyanidin-3-O-rutinoside. Both the cyanidin and
pelargonidin contents of dark-red fruits are considerably higher than that of yellow fruits
(Figure 6C). Thus, the high expression of CpF3’H and CpDFR determined the synthesis of
specific anthocyanin component, which is consistent with the anthocyanin biosynthesis in
grape [53]. Among these genes, CpANS showed the highest expression level, and CpF3H
and CpUFGT exhibited the biggest difference (Figure 4). This suggested that the above
seven genes are potential key genes regulating anthocyanin biosynthesis in Chinese cherry,
especially CpF3H, CpANS, and CpUFGT. This was largely consistent with the results in
many other Rosaceae fruit crops such as sweet cherry [27,28], tomentosa cherry [26], and
peach [54].

Figure 7. Regulatory network of anthocyanin biosynthesis in dark-red and yellow fruits of Chinese
cherry. Grids represent the gene expression levels (log2(FPKM + 1) values): S1, S2, S3, S4, and
S5, left to right. The red and yellow font represents the key up-regulated and down-regulated
metabolites (log2fold change (PZB vs. HP31)). The black dotted line represents that the direct
correlation was uncertain.

GSTs are known to participate in the anthocyanin transport and accumulation, while
the absence of GSTs often results in an anthocyanin-less phenotype with reduced pigmen-

46



Int. J. Mol. Sci. 2023, 24, 3471

tation [7,8]. Here, four GST genes significantly increased in dark-red fruits compared to
those in yellow fruits (Figure 3). Therefore, the upregulation of CpGST played a vital role
in anthocyanin transport and resulted in the accumulation in vacuoles. Interestingly, the
expression level of CpGST was about 8.91-fold greater at S5 than S4 stage in yellow fruits
(Figure 4), which generated yellow with blush at mature stage (Figure 1A). This suggested
that the anthocyanin biosynthesis pathway was fluent in yellow fruits, but the reduction
in precursors finally resulted in the less accumulation of anthocyanins due to the lower
expression levels of EBGs (CpCHS, CpCHI, CpF3H, and CpF3’H).

LAR and ANR are regarded as two key enzymes in procyanidin biosynthesis. As
reported in Medicago truncatula, The loss of function of LAR in seed coats decreased the
levels of procyanidins [55]. The higher expression level of CpLAR in yellow fruits (Figure 4)
probably contribute to the more accumulated flavanols from the early stage, finally forming
more procyanidins at mature stage (Figure 6B,C). It has been reported that competition
existed between anthocyanins and flavonols biosynthesis in red apple fruits during fruit
ripening [56], and apple flowers [57]. Higher amount flavonols were detected for all stages
of white flower development than red flower in peach [58]. However, this study exhibited
a different branch to flavanols and procyanidins rather than flavonols in bicolored (yellow)
fruits in Rosaceae family.

3.3. Transcription Factors Involved in Anthocyanin Biosynthesis of Chinese Cherry

Anthocyanin metabolism is also regulated by a series of transcription factors, such
as MBW (MYB-bHLH-WD40) protein complex, NAC, WRKY, ERF, and bZIP families.
MYB TFs are reportedly associated with the regulation of anthocyanin biosynthesis and
accumulation in sweet cherry [29], apple [7], and blackberry [59]. bHLH commonly in-
teracts with MYB and WD40 to regulate anthocyanin biosynthesis jointly [60]. Based on
to the expression levels, we identified seven MYB and six bHLH TFs (Figure 3B). An-
thocyanin biosynthesis has been proven to be positively regulated by MYB TFs, such as
MYB10 [29,61,62], MYB20 [63], and MYB306 [64], by bounding to the promoter of structural
genes or interacting with bHLH genes. MYB4, a repressor activated by bHLH3, prevents
the formation of the MBW through competitive binding with bHLH3 to inhibit the accumu-
lation of anthocyanins by down-regulation of CHS, ANS, and DFR in mulberry [65], and
bananas [66]. In addition, bHLH148 and bHLH10 were specifically expressed in yellow Chi-
nese cherry (Figure 3B), suggesting their possible negative role in regulating anthocyanin
biosynthesis. A WD40 protein, homologous to Arabidopsis TTG1 [67], was identified,
which has also been characterized from apple [68] and strawberry [69]. The expression
level of WD40 was significantly higher in yellow than dark-red fruits (Figure 3B), indicating
its negative regulating role. Therefore, the anthocyanin biosynthesis in Chinese cherry fruit
is regulated by the relevant MBW protein complex (Figure 7).

We also obtained two NAC, two WRKY, one ERF, and two bZIP that were significantly
upregulated in dark-red fruits. These TFs have been proven to directly or indirectly
regulate anthocyanin biosynthesis by binding to an MYB promoter or through protein-
protein interactions in other fruits [35,37–39]. For example, MdNAC52 can bind to the
promoters of MdMYB9 and MdMYB11 to increase the anthocyanin content by regulating
MdLAR in apple [70]. The interaction of PyWRKY26 and PybHLH3 could co-target the
PyMYB114 promoter, which resulted in anthocyanin accumulation in red-skinned pear [41].
MdbZIP44 enhances MdMYB1 binding to downstream target gene promoters to promote
anthocyanin biosynthesis in apple [39]. Overall, eight regulatory genes were confirmed as
determinants of fruit color in Chinese cherry. Our findings can enrich the key candidate
genes and metabolites involved in the anthocyanins biosynthesis in Chinese cherry fruits,
which are of great importance for molecular marker-assisted breeding.
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4. Materials and Methods

4.1. Plant Materials

A total of four Chinese cherry accessions including ‘HP31’ (dark-red), ‘HF’ (red), ‘HP5’
(light-red) and ‘PZB’ (yellow) were grown under field conditions at the cherry germplasm
resources of Sichuan Province (Chengdu City), China. Full flowering was set at 0 days
after full bloom (DAFB) when 50% of flowers were open in the trees. Fruit samples were
collected based on fruit phenology (Table 1). For ‘HP31’, the sampling was: green (S1),
37 DAFB; light green (S2), 41 DAFB; pink blush (S3), 46 DAFB; red (S4), 51 DAFB; dark red
(S5), 55 DAFB. For ‘HF’, the sampling was: green (S1), 37 DAFB; light green (S2), 43 DAFB;
pink blush (S3), 46 DAFB; light red (S4), 49 D AFB; red (S5), 53 DAFB. For ‘HP5’, the
sampling was: green (S1), 36 DAFB; light green (S2), 40 DAFB; pink blush (S3), 45 DAFB;
orange red (S4), 50 DAFB; light red (S5), 54 DAFB. For ‘PZB’, the sampling was: green (S1),
37 DAFB; light green (S2), 43 DAFB; straw yellow (S3), 48 DAFB; yellow (S4), 52 DAFB;
yellow with blush (S5), 58 DAFB (Supplementary Table S6). Fruits were collected for their
uniform size, same appearance, and no defects. Ten cherries were analyzed to measure
their color parameter, and the other thirty fruits were immediately frozen in liquid nitrogen
and stored at −80°C for subsequent analysis.

Table 1. Division of fruit phenology of Chinese cherry with different fruit color.

Fruit Phenology Stage Color Difference
Fruit Color

Dark-Red Red/Light-Red Yellow

Green ripening period S1
a* −11.34~−7.74 −10.56~−6.77 −10.00
b* 43.13~44.35 40.11~45.75 37.63

a*/b* −0.26~−0.17 −0.26~−0.14 −0.27

Color conversion period

S2
a* −7.98~−5.85 −8.21~1.08 −9.62
b* 46.24~46.85 42.32~47.66 38.32

a*/b* −0.17~−0.12 −0.19~0.15 −0.25

S3
a* 5.27~16.74 2.25~10.29 −1.66
b* 33.80~40.28 31.02~43.00 35.72

a*/b* 0.13~0.52 0.05~0.26 −0.05

Fruit ripening period

S4
a* 26.54~28.82 24.43~27.09 6.31
b* 21.91~23.48 12.27~26.70 24.07

a*/b* 1.22~1.23 0.93~2.20 0.26

S5
a* 20.43~21.13 22.16~23.22 8.95
b* 7.27~8.24 8.82~16.58 20.57

a*/b* 2.55~2.98 1.68~2.53 0.43

Note: The standard was summarized based on eight representative Chinese cherry accessions with different
fruit color.

4.2. Fruit Color Assessment

The fruit peel color was measured using a HunterLab chromameter (Konica Minolta,
Inc., Tokyo, Japan) according to the CIE system. Positive a* values indicated red and
purple, and negative values indicated green and blue. Positive b* values represented
yellow, and negative values represented blue. Three sets of a* and b* values were measured
for the equatorial part of each fruit and used to calculate the color ratio (a*/b*) [32]. Three
biological replicates per sample point were analyzed, with ten cherries for each replicate.

4.3. Total Anthocyanin and Flavonoid Content Measurement

The extraction and measurement of total anthocyanin content was conducted using
a pH differential method [71]. About 1.5 g fruit was extracted with 15 mL of extraction
solution (acetone:methanol:water:acetic acid = 2:2:1:0.5), after a water bath at 40 ◦C, the
mixture was centrifuged at 8,000 g for 25 min, and the supernatant was used for determi-
nation. Two buffer systems were employed, with 0.4 M potassium chloride (pH 1.0) and
0.4 M dibasic sodium (pH 4.5). Total anthocyanin content was calculated according to the
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equation: A = [(A510 − A700) pH 1.0 − (A510 − A700) pH 4.5], which was converted into mg
cyanidin 3-glucoside per 1,000 g fresh weight (FW). Three independent biological replicates
per sample point were analyzed.

Aluminum chloride method was utilized for measurement of the total flavonoid
content [72]. Stock solution was prepared by dissolving 50 mg quercetin in 50 mL of
methanol. About 5 mg fruit extracts were mixed in 5 mL of distilled water and 0.3 mL of
5% NaNO2. 0.6 mL of 10% AlCl3 and 2 mL of 1.0 M NaOH were combined in the above
solution after 5 min. The absorbance of the reaction mixture was measured at 510 nm
using a spectrophotometer. Total flavonoid content was calculated as quercetin equivalents
(mg/g FW), and performed in triplicates.

4.4. Transcriptome Analysis

Three biological replicates with mixed three fruits each, including fruit peel and flesh,
were used for RNA-seq. A total of 1 μg RNA per sample was used for RNA preparations.
The mRNA molecules were purified using oligo(dT)-attached magnetic beads and then
were fragmented into small pieces using fragmentation reagent. The first-strand and second-
strand cDNAs were synthesized using random hexamer-primed reverse transcription.
End repair, polyadenylation, adapter ligation, PCR amplification, and library quality
control were carried out following the DNABSEQ RNA-Seq library preparation protocol.
A total of 60 libraries were sequences on an MGI2000 platform to generate raw 150 bp
paired-end reads. For downstream analyses, high-quality clean reads were obtained by
filtering low-quality reads and those containing adapters or poly-N in SOAPnuke software
(−n 0.01–1.20, −q 0.4–A 0.25-cutAdaptor).

The reference genome database and gene annotation files were extracted from Chinese
cherry (unpublished data). Clean reads were mapped onto the reference genome using
Hisat2 v.2.1.0. The read counts and FPKM values for each gene were calculated in StringTie
v.1.3.5. The DEGs were identified using EdegR package with the screening conditions
|log2fold change| ≥ 2 and DFR ≤ 0.01. Structural and regulatory genes involved in
anthocyanin biosynthesis pathway were screened from DEGs.

WGCNA was conducted using the WGCNA R package with default settings (v1.4.1717).
All genes were imported into WGCNA to construct co-expression modules using the auto-
matic network construction function block-wise Modules. Correlations between modules
and color ratio, and anthocyanin and flavonoid content at each developmental stage were
analyzed with respect to all genes in each module. Significant trait-related modules were
identified based on high correlation values. Using default settings, genes from the MEblack
module were exported for Cytoscape software (v.3.9.1) [73].

4.5. Real-Time PCR Analysis

The expression levels of nine structural genes and eight transcriptional factors in
the anthocyanin biosynthesis pathway were determined by RT-qPCR. The gene-specific
primers were designed by Primer 5.0 and shown in Supplementary Table S7. Total RNA
was extracted from the fruits at different developmental stages using the Plant Total RNA
Isolation Kit (SK8631; Sangon Biotech, Shanghai, China). The cDNA was synthesized from
RNA using the PrimeScriptTM RT-PCR Kit (RR047A; TaKaRa Bio, Kusatsu, Japan). The
RT-qPCR was performed in a 20 μL reaction volume using the TransStart® Green qPCR
SuperMix (TransGen Biotech Co., Ltd., Beijing, China) on a CFX96 TouchTM Real-Time
PCR detection system (Bio-Rad, Hercules, CA, USA). The reaction procedure is as follows:
95 ◦C for 30 s, followed by 40 cycles of 95 ◦C for 5 s, 60 ◦C for 30 s, and 72 ◦C for 30 s. The
2−ΔΔCT method was used to calculate the gene expression levels with the geometric mean
of the two housekeeping genes (cherry actin and ubiquitin). Three independent biological
replicates were analyzed for each sample point.
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4.6. Metabolome Analysis

The freeze-dried matured cherry samples with mixed peel and flesh were crushed
using a mill (MM400, Retsch, Germany) with a zirconia bread at 30 Hz for 1.5 min. Approx-
imately 50 mg of samples was extracted overnight at 4 ◦C with 1.2 mL of 70% methanol
before performing centrifugation at 12,000 rpm for 3 min. The supernatants were pooled
and filtered with a microporous membrane (0.22 μm). The relative quantification of widely
targeted metabolites in Chinese cherry fruit using an UPLC-ESI-MS/MS system (UPLC,
ExionLCTM AD; MS, Applied Biosystems 6500 Q TRAP, https://sciex.com.cn/, accessed on
21 October 2022). Quantification of metabolites was carried out using a scheduled multiple
reaction monitoring method. Metabolite profiling and metabolomics data analyses were
conducted by Metware Biotechnology Co., Ltd. (Wuhan, China).

PCA and OPLS-DA were conducted to verify the differences and reliability of metabo-
lites. DEMs were determined by a VIP ≥ 1 and absolute log2fold change (≥1). Then the
DEMs were mapped to the KEGG database and their significance was determined by
hypergeometric test’s p-values.

4.7. Statistical Analysis

The data was analyzed using IBM SPSS Statistics software (v25.0). The results were
expressed as mean ± standard deviation (SD). A p ≤ 0.05 was considered a statistically
significant difference (Tukey’s test).

5. Conclusions

In summary, this is the first study to investigate the coloring patterns and the cor-
responding accumulation of anthocyanin between dark-red and yellow Chinese cherry
fruits. Based on LC-MS/MS, we identified 33 and 3 differential expressed metabolites
related to anthocyanins and proanthocyanidins between mature dark-red and yellow fruits.
The anthocyanins were mainly up-regulated, while the proanthocyanidins were all down-
regulated in dark-red fruits. By transcriptome analysis, eight biosynthesis genes (CpCHS,
CpCHI, CpF3H, CpF3’H, CpDFR, CpANS, CpUFGT, and CpGST) were significantly more
highly expressed in dark-red fruits, especially CpANS, CpUFGT, and CpGST. CpLAR was
higher in yellow fruits than dark-red fruits, especially at the early stage. Eight regulatory
genes (CpMYB4, CpMYB10, CpMYB20, CpMYB306, bHLH1, CpNAC10, CpERF106, and Cp-
bZIP4) were also identified as determinants of fruit color in Chinese cherry. These findings
can enrich the key genes and metabolites involved in the anthocyanins biosynthesis in
Chinese cherry, which are of great importance for molecular marker-assisted breeding.
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Abstract: Tea plant trichomes not only contribute to the unique flavor and high quality of tea products
but also provide physical and biochemical defenses for tea plants. Transcription factors play crucial
roles in regulating plant trichome formation. However, limited information about the regulatory
mechanism of transcription factors underlying tea plant trichome formation is available. Here, the
investigation of trichome phenotypes among 108 cultivars of Yunwu Tribute Tea, integrated with a
transcriptomics analysis of both hairy and hairless cultivars, revealed the potential involvement of
CsGeBPs in tea trichome formation. In total, six CsGeBPs were identified from the tea plant genome,
and their phylogenetic relationships, as well as the structural features of the genes and proteins, were
analyzed to further understand their biological functions. The expression analysis of CsGeBPs in
different tissues and in response to environmental stresses indicated their potential roles in regulating
tea plant development and defense. Moreover, the expression level of CsGeBP4 was closely associated
with a high-density trichome phenotype. The silencing of CsGeBP4 via the newly developed virus-
induced gene silencing strategy in tea plants inhibited trichome formation, indicating that CsGeBP4
was required for this process. Our results shed light on the molecular regulatory mechanisms of tea
trichome formation and provide new candidate target genes for further research. This should lead to
an improvement in tea flavor and quality and help in breeding stress-tolerant tea plant cultivars.

Keywords: Camellia sinensis; trichome formation; CsGeBP; transcriptional regulation

1. Introduction

The tea plant (Camellia sinensis (L.) O. Kuntze) is one of the most popular nonalcoholic
beverage crops worldwide. Tea trichomes, also referred to as ‘Cha Hao’, greatly contribute
to the unique flavor and health benefits of tea products since they are rich in secondary
metabolites, such as catechins, theanine, caffeine, flavonols, and various volatiles [1].
Generally, the distribution of tea trichomes is associated with the degree of tissue tenderness
and varies significantly among different tea plant varieties and cultivars [2–5]. Apical buds
and young leaves are the main materials processed for tea products and are usually enriched
with trichomes, which is an important feature associated with superior tea quality for many
brands of commodity teas, such as white teas, high-quality black teas, and green teas [1,6].
Therefore, trichome density is considered one of the most important criteria for tea quality
evaluation. Moreover, tea plant trichomes also act as protective barriers against abiotic
and biotic stresses via divergent strategies, such as the reflection of ultraviolet and high
lights, reduction in water loss under high temperatures, prevention of leaf freezing in
response to cold stress, and resistance to pathogen and herbivore attacks [1,6–12]. Due to
the importance of trichomes for both tea quality and defense, insights into the molecular
bases of trichome initiation, growth, and development are needed to improve tea quality
and the breeding of stress-resistant tea cultivars.
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The formation of plant trichomes is regulated by numerous factors, including environ-
mental cues, hormones, and regulatory genes [13]. Among them, a series of transcription
factors playing vital regulatory roles in trichome initialization, growth, and development
have been identified in a number of plant species, such as Arabidopsis [4,14–18], cucum-
ber (Cucumis sativus) [19], tomato (Solanum lycopersicum) [20], Brassica campestris [21] and
B. napus [22], and the functions of some genes have been explored in depth. Among these,
positive regulatory factors have been proven to enhance the development of trichomes by
forming an MYB-bHLH-WD40 protein (MBW) transcriptional complex and subsequently
activating the downstream homeodomain–leucine zipper (HD-Zip) transcription factor
GLABRA2 (GL2) and other effectors [7,23–25]. The components of the MBW complex are
functionally redundant and mainly include (i) R2R3 MYB-related transcription factors,
GLABRA1 (GL1), MYB23, and MYB5; (ii) bHLH-like transcription factors, GLABRA3 (GL3),
ENHANCER OF GLABRA3 (EGL3), TRANSPARENT TESTA 8 (TT8), and MYC-1; and
(iii) a WD40-repeat protein, TRANSPARENT TESTA GLABRA1 (TTG1) [13,25–34]. More-
over, SAD2 was also identified as a positive regulator due to its function in maintaining the
stability of the MBW complex [35]. In addition, CAPRICE (CPC), TRIPTY CHON (TRY),
ENHANCER OF TRY AND CPC1 (ETC1), and ETC2 were identified as negative regulators
of the formation of trichomes via interactions with GL3, EGL3, and TTG1 [13,36].

Tea trichomes are differentiated from epidermal cells and belong to the unicellular,
unbranched, and non-glandular type of surface hairs, which are similar to those of Arabidop-
sis [1,37]. However, unlike the model plant Arabidopsis, the lack of a stable transgenic system
in tea plants constrained the progress of studies on the transcription-factor-regulated mech-
anisms of tea trichome formation conducted in recent decades. Until recently, an R2R3
MYB transcription factor CsMYB1 was confirmed to regulate trichome formation in tea
plants by forming an MBW complex with CsGL3 and CsWD40, thereby activating the
trichome regulator genes CsGL2 and CsCPC, and the galloylated cis-catechins biosynthesis
genes anthocyanidin reductase and serine carboxypeptidase-like 1A [4,38]. In addition, compara-
tive transcriptomics research was conducted between hairless ‘Chuyeqi’ (CYQ) and hairy
‘Budiaomao’ (BDM) tea plants, and a total of 208 transcription factors were differentially
expressed [5]. Among them, CsMYB75, CsNOK, and CsATML1 might enhance trichome
development by up-regulating their expression levels, while CsSPL6 and CsSPL12 were
regarded as negative regulators in trichome formation due to their higher expression levels
in the hairless cultivar ‘CYQ’ than those in the hairy ‘BDM’ [5]. Another comparative
transcriptomic study was carried out between the hairless ‘Rongchunzao’ and hairy ‘Fud-
ingdabai’ tea plant cultivars, which provided several candidate regulatory transcription
factors associated with trichome development, including gene members of the HD-Zip,
ZEP, SPL, MADS-box, TCP, and GRF families [2]. Additionally, several transcription fac-
tor gene families, such as bHLHs and CPC-like genes, were identified from the tea plant
genomes and were thought to play roles in tea trichome formation [3,39]. However, the
specific mechanisms associated with tea trichome formation regulated by genes identified
using comparative transcriptomics and genome-wide research are still elusive. Recently,
virus-induced gene silencing (VIGS) technology has been successfully established in tea
plants, enabling the efficient and accurate analysis of gene functions in tea plants [40].
Mutants can be easily obtained without genetic transformation in tea plants using VIGS
technology, and the resulting silencing of targeted genes can be maintained for a relatively
long time. This newly developed VIGS technology introduces a new method of conducting
functional studies on regulatory genes involved in tea plant trichome formation.

The glabrous-enhancer-binding protein (GeBP) family members are plant-specific
transcription factors whose members share a central DNA-binding domain. They were
proven to play critical regulatory roles in cell expansion in Arabidopsis [41]. Another
study revealed that AtGeBP interacted with the trichome-formation-related gene AtGL1 in
yeast and in vitro, and its expression was regulated by KNAT1, a meristem establishment
gene [42,43]. These findings suggest that AtGeBP might participate in plant trichome forma-
tion. In addition, it was reported that GeBP family genes were involved in plant responses
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to phytohormones such as gibberellin [18,42,44,45], cytokinin [45–48], and auxin [45]. Fur-
thermore, their roles in plant responses to environmental stresses such as heavy metals and
pathogens were also reported [38,45,49]. For example, GeBP-like 4 (GPL4) was induced in
response to cadmium, copper, and zinc stresses in Arabidopsis [49]. Thus far, the genome-
wide identification and characterization of the GeBP gene family have been conducted in
soybean [50], mango (Mangifera indica) [38], moso bamboo (Phyllostachys edulis) [51], tomato
(Solanum lycopersicum) [52] and nine Gramineae crops (Brachypodium distachyon, Hordeum
vulgare, Oryza sativa ssp. Indica, Oryza sativa ssp. japonica, Oryza rufipogon, Sorghum bicolor,
Setaria italica, Triticum aestivum, Zea mays) [45]. However, the specific biological functions
of most GeBPs have not been characterized. Furthermore, the function and regulatory
mechanism of CsGeBPs in tea plant trichome formation are also elusive.

In this study, we integrated the investigations of trichome phenotypes and transcrip-
tome profiling of different tea plant cultivars. The CsGeBP family members were screened
out as candidate regulatory genes regulating tea plant trichome formation. The phyloge-
netic relationship, gene, protein structural features, and tissue-specific and environmental-
responsive expression patterns of CsGeBP family members were characterized. The subse-
quent correlation analysis revealed a close relationship between the gene expressions of
CsGeBP4 and a high-density trichome phenotype, and the indispensable regulatory role of
CsGeBP4 in trichome formation was further verified by the VIGS strategy performed in tea
plants, indicating that GeBP4 is required for regulating tea plant trichome growth and de-
velopment. This study provides reliable in vivo evidence for the involvement of the GeBP
family member in plant trichome formation and proposes a new perspective on the poten-
tial transcriptional regulation mechanism involving CsGeBP4 during tea plant trichome
formation. This establishes a theoretical framework and valuable foundation for future
research to improve tea flavor and quality, as well as to continue to breed stress-tolerant tea
plant cultivars.

2. Results

2.1. Association of Trichome Phenotype with Transcription Factor CsGeBPs

To understand the trichome morphological variations in different tea plant cultivars
and the underlying genetic factors regulating trichome formation, we investigated the
trichome phenotypes on the apical buds of 108 cultivars of Yunwu Tribute Tea (Camellia
sinensis (L.) Kuntze var. niaowangensis Q. H. Chen), whose tender leaves are used as raw
materials for producing one of the internationally famous teas, Guiding Snow Bud [53].
The trichome density index (TDI), analyzed using ImageJ software (https://imagej.en.
softonic.com/, accessed on 15 May 2022), was used to evaluate and quantify the trichome
phenotypes in tea plants. TDIs were continuously distributed in 108 tea plant cultivars
(Figure 1A). Six tea plant cultivars showing significant variations of TDIs were selected to
present typical trichome phenotypes with TDIs ranging from high to low levels among
the whole population (Figure 1B,C). The apical buds of cultivar No. 43 were covered with
the densest trichomes among the six cultivars, and its TDI was 3.3-fold higher than that
of cultivar No. 36, which showed the lowest trichome density compared with the other
cultivars (Figure 1B,C).
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Figure 1. Trichome phenotypes among different tea plant cultivars. (A) Normal distribution test
of the tea trichome density phenotype among the 108 cultivars of Yunwu Tribute Tea. The normal
curves are shown in red. (B) Trichome phenotypes in the apical buds of selected tea plant cultivars
(No. 43, No.54, No. 52, No. 87, No. 101, and No. 36). (C) Trichome density index of the apical
buds of selected tea plant cultivars. Lowercase letters indicate significant differences among different
samples.

The RNA-seq transcriptome profiling on apical buds of tea plant cultivars No. 43
and No. 36 was further compared to search for the key regulators affecting trichome
formation in tea plants. The top 30 up-regulated transcription factor genes with the
highest fold changes in expression levels in the hairy cultivar No. 43 compared with the
hairless cultivar No. 36 were extracted from the transcriptome data (Figure 2). These
genes belong to 13 gene families, and members from bHLH, bZIP, C2H2, ERF, GRAS, MYB,
NAC, Trihelix, and WARK families were identified as differentially expressed genes in
previous comparative transcriptome studies conducted between hairy and hairless tea
plant varieties [2,4,5]. Among the rest four gene families, only GeBPs were reported to be
involved in plant trichome formation in previous studies [42,43,50], while their regulatory
functions in tea plant trichome formation have not yet been studied. In the present study,
a candidate GeBP gene (gene ID: CSS0010019.1; CsGeBP4) was expressed at higher levels in
the hairy cultivar than in the hairless cultivar (Figure 2), indicating that members of the
GeBP family might also be related to trichome formation in tea plants. Therefore, we further
investigated the structural features of genes and proteins, phylogenetic relationships, and
expression variations, as well as the functional patterns of GeBP family members, aiming
to specify their regulatory roles in trichome growth and development in tea plants.
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Figure 2. Heatmap of expression changes in putative transcription factors involved in trichome
formation. Red indicates up-regulation, and blue indicates genes expressed at background levels.
The scale bar represents the log2-based fold changes among two cultivars (hairless No. 36 and hairy
No. 43) of Yunwu Tribute Tea. The gene ID of CsGeBP4 is indicated with a red box.

2.2. Identification and Phylogenetic Analysis of GeBP Family in Tea Plants

A total of six GeBP genes were identified in the tea plant genome and named CsGeBP1
to CsGeBP6 based on their chromosomal localization order (Table 1). The biophysical and
chemical properties of GeBPs are shown in Table 1. The genomic DNA size of GeBPs varied
from 673 bp (CsGeBP2) to 2624 bp (CsGeBP4). The sequence lengths of GeBP proteins were
between 221 (CsGeBP2) and 410 (CsGeBP4) amino acids. Their molecular weights and
theoretical isoelectric points varied from 24.6 kDa (CsGeBP2) to 45.0 kDa (CsGeBP4) and
4.63 (CsGeBP3) to 9.85 (CsGeBP2), respectively. Furthermore, all of the CsGeBP members
were localized to the nucleus based on the bioinformatics prediction.

Table 1. Physical and molecular properties of CsGeBPs identified in tea plant genome.

Gene ID
Gene
Name

Chromosome
No.

Length
(bp)

Intron Exon
Amino

Acid (aa)
Molecular

Weight (Da)
Isoelectric

Point
Subcellular
Localization

CSS0047893.1 CsGeBP1 Chr1 1363 0 1 370 40,951.80 8.28 Nucleus
CSS0008596.1 CsGeBP2 Chr1 673 1 2 221 24,638.69 9.85 Nucleus
CSS0012610.1 CsGeBP3 Chr6 1675 1 2 384 42,104.87 4.63 Nucleus
CSS0010019.1 CsGeBP4 Chr6 2624 1 2 410 45,031.43 4.65 Nucleus
CSS0022087.1 CsGeBP5 Chr7 881 1 2 283 31,931.65 9.40 Nucleus
CSS0046322.1 CsGeBP6 Chr14 1325 0 1 330 36,379.28 5.41 Nucleus

To explore the evolutionary relationships of GeBPs in tea plants with their homologs in
other plant species, a multi-species phylogenetic tree of GeBPs from tea plants, Arabidopsis,
rice, and soybean was constructed using the neighbor-joining method (Figure 3; Table S1).
A total of 44 GeBPs were divided into four major groups. The six CsGeBPs only appeared
in two groups, and close homology was found in three pairs of CsGeBPs (CsGeBP1 and
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CsGeBP2; CsGeBP3 and CsGeBP4; CsGeBP5 and CsGeBP6). Group I contained the largest
numbers of GeBPs, including six GmGeBP, four CsGeBPs, four OsGeBPs, and two AtGeBPs,
accounting for 36% of the total GeBPs. Fifteen GeBPs were classified into Group II, with ten,
three, and two GeBPs from Arabidopsis, soybean, and tea plants, respectively. None of the
OsGeBPs were included in this group, indicating that GeBP family members in Group II
might be specific to dicots. Group III and IV consisted of four AtGeBPs and nine OsGeBPs,
respectively, suggesting that unequal loss and expansion of GeBPs might appear during
species differentiation.

Figure 3. Phylogenetic relationships and classifications of GeBP proteins from tea plants (Camellia
sinensis), Arabidopsis thaliana, rice (Oryza sativa), and soybean (Glycine max). The phylogenetic tree
was constructed via MEGA X, using the neighbor-joining (NJ) method and 1000 bootstrap replicates.
All of the GeBPs are divided into four groups. Gene IDs are indicated in different colors representing
proteins from different plant species. Red represents tea plants, green represents Arabidopsis, blue
indicates rice, and orange represents soybean.

2.3. Chromosomal Distribution and Gene Structure of CsGeBPs

The CsGeBP gene sequences were mapped onto the tea plant genome to investigate
their chromosomal localization. The physical position of each CsGeBP gene on the tea plant
chromosome is marked in Figure 4. The six CsGeBP genes were unevenly distributed on four
out of fifteen chromosomes. In detail, CsGeBP1 and CsGeBP2 were localized on chromosome
1, while CsGeBP3 and CsGeBP4 were distributed on chromosome 6. In addition, CsGeBP5
and CsGeBP6 were mapped on chromosomes 7 and 14, respectively. These data provided
extra evidence for the analysis of phylogenetic relationships among CsGeBPs.
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Figure 4. Distribution of CsGeBP genes on the tea plant chromosomes. All of the six CsGeBP genes
were localized to tea chromosomal regions.

The analysis of exon–intron organization was performed to understand the gene
structural features of the CsGeBP family genes (Figure 5). CsGeBP1, CsGeBP4, and CsGeBP6
possessed one exon, while CsGeBP2, CsGeBP3, and CsGeBP5 contained two exons. Further-
more, CsGeBP1 and CsGeBP6 were found to be without introns, and the other four CsGeBPs
contained only one intron, indicating that the gene structure of CsGeBPs might be stable
and not prone to being alternatively spliced in the process of gene replication.

Figure 5. Exon–intron structure of CsGeBPs. Green boxes indicate untranslated 5′—and 3′—regions,
blue boxes represent exons, and black lines indicate introns.
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2.4. Conserved Motif Analysis of the CsGeBP Proteins

A total of fifteen distinct motifs were predicted in the CsGeBP family using the MEME
program (Figure 6). The number of motifs contained in each CsGeBP ranged from 5 to
10. Both CsGeBP3 and CsGeBP4 contained ten conserved motifs; CsGeBP1 contained nine
conserved motifs; and CsGeBP2, CsGeBP5, and CsGeBP6 contained five conserved motifs,
respectively. Motif 1 was the most conservative motif due to its presence in all CsGeBPs,
and Motifs 2, 3, 6, and 9 were widespread in at least four of the CsGeBPs, indicating these
motifs were conserved during the evolution of gene families. CsGeBP3 and CsGeBP4
shared nine common motifs, and CsGeBP1 and CsGeBP2 contained five common motifs,
which was highly consistent with their close phylogenetic relationships.

Figure 6. Conserved protein motif analysis of the CsGeBPs. Motifs 1 to 10 displayed by different
colors represent different conserved protein motifs. The order of the motifs corresponds to their
position within an individual protein sequence.

2.5. Cis-Regulatory Elements: Analysis of CsGeBP Gene Promoters

The modular composition of cis-regulatory elements in gene promoter regions plays
key roles in regulating gene expression patterns in response to both internal signals and
environmental factors. The promoter sequences of CsGeBP genes were analyzed to iden-
tify cis-regulatory elements (Figure 7; Table S2). A total of 161 cis-regulatory elements
representing 29 non-redundant elements were found in the promoter regions of CsGeBP
genes, and they were divided into four main groups: light response (39.8%), stress response
(34.8%), hormone response (21.7%) and plant developmental regulation (3.7%) (Figure 7A).
In the hormone-responsive group, elements associated with MeJA response were highly en-
riched in CsGeBP promoters, followed by ABA- and auxin-responsive elements (Figure 7B).
Among all the environmental factors, light might be the most influential factor in the
expression of CsGeBPs, followed by anoxic stress (Figure 7A,C). In addition, three ele-
ments involved in meristem expression, circadian control, and photosynthesis, respectively,
were also found in CsGeBP promoters (Figure 7D). These results were consistent with the
multiple roles of GeBPs in plant responses to phytohormones and environmental factors,
as well as in plant growth reported by previous studies [38,41–43,45–49]. Furthermore,
the composition modes of cis-regulatory elements were similar between CsGeBP1 and
CsGeBP2, as well as CsGeBP3 and CsGeBP4, respectively, which was consistent with their
corresponding phylogenetic relationships (Table S2).
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Figure 7. Analysis of the cis-regulatory elements in the promoter regions of CsGeBP genes. (A) The
percentage of light-responsive elements, hormone-responsive elements, environment-responsive
elements, and plant-growth-related elements in all CsGeBP family members. (B) Different hormone
(ABA, MeJA, auxin, salicylic acid)-responsive elements in the cis-element regions of CsGeBP genes.
(C) Different environmental stress (drought, low temperature, and anoxic stress)-responsive elements
in cis-element regions of CsGeBP genes. (D) Different plant development-related elements in cis-
element regions of CsGeBP genes.

2.6. Expression Pattern Analysis of CsGeBP Gene in Tea Plants

The expression patterns of the CsGeBP genes identified using publicly available RNA-
Seq data from eight tissues (apical bud, young, mature, and old leaves, stem root, flower,
and fruit) of the tea plant ‘Shuchazao’ were analyzed (Figure 8) [54,55]. CsGeBP4 and
CsGeBP5 were expressed at higher levels in almost all tissues compared with other gene
members (Figure 8). CsGeBP3 was highly enriched in old leaf, root, flower, and fruit,
while the expression levels of CsGeBP1, CsGeBP2, and CsGeBP6 were lower in most tested
tissues in comparison with other genes (Figure 8). These findings suggested that CsGeBP3,
CsGeBP4, and CsGeBP5 might play critical regulatory roles during tea plant growth and
development. However, the expression patterns of these genes were not well-correlated to
the tender degree of leaves, as well as the general distribution patterns of tea trichomes,
indicating that the regulatory roles of CsGeBP genes in tea trichome formation might be
distinct among different tea plant varieties.
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Figure 8. Expression profiles of CeGeBPs in different tissues of tea plants. Log2-based fold changes
were used to create the heatmap based on the RNA-seq data downloaded from TPIA (http://tpia.
teaplant.org, accessed on 13 June 2022). The gene expression level is displayed in different colors on
the map, as shown in the bar at the upper right corner.

To elucidate the expression profiles of the CsGeBP genes that are responsive to
environmental factors, their expression levels in response to drought and cold treat-
ments were analyzed using the downloaded abiotic stress-responsive transcriptome data
(Figure 9) [54,56–58]. CsGeB2, CsGeB3, and CsGeBP4 showed similar change patterns, being
slightly induced in response to drought stress for 72 h, although the expression level of
CsGeB2 was lower than the expression levels of CsGeB3 and CsGeBP4 under both control
and treatment conditions (Figure 9A). CsGeB5 displayed a slight decrease after treatment
with drought stress for 72 h, while CsGeB1 and CsGeBP6 showed no significant changes
in response to drought stress and were expressed at low levels in both control and stress-
treated plants (Figure 9A). Furthermore, CsGeB2, CsGeB3, CsGeB4, and CsGeBP5 were all
induced by cold stress, while the expression level of CsGeB2 was lower than the other three
genes in both control and stressed plants (Figure 9B). Moreover, the expression levels of
CsGeB1 and CsGeBP6 were not significantly affected by cold treatments (Figure 9B). These
results suggest that CsGeBP family members might play critical roles in tea plant defense
against environmental stresses.
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Figure 9. Expression profiles of CsGeBPs under drought (A) and cold (B) stresses. Log2-based
fold changes were used to create the heatmap based on the RNA-seq data downloaded from TPIA
(http://tpia.teaplant.org, accessed on 13 June 2022). The gene expression levels are displayed in
different colors on the map, as shown in the bar at the upper right corner. Drought treatments
were conducted by applying 25% polyethylene glycol (PEG) treatment for 0, 24, 48, and 72 h [56].
Cold treatments included non-acclimated (CK), fully acclimated (CA1), and de-acclimated stages
(CA3) [57].

2.7. CsGeBP4 was Highly Related to the High-Dense Trichome Phenotype of Tea Plants

To confirm the regulatory roles of CsGeBPs in the trichome formation, the expression
levels of CsGeBPs in the apical buds of different cultivars of Yunwu Tribute Tea were verified
using qRT-PCR (Figure 10A). CsGeBP1, CsGeBP3, and CsGeBP4 were highly expressed in
tea plant cultivars with relatively higher TDIs (Figures 10A and 1B,C). Among them, the
expression level of CsGeBP4 showed the highest correlation with the high-density trichome
phenotype (r = 0.98, p = 0.001) (Figure 10B). We further tested the tissue expression patterns
of CsGeBP4 by using apical buds, the first and the second leaves of three representative
cultivars. The transcript level of CsGeBP4 in each tea plant cultivar was higher on the
apical buds, where trichomes are mostly present, than those on the first and second leaves,
although the expression level of CsGeBP4 was similar between the first and the second
leaves (Figure 10C). These results strongly indicate that CsGeBP4 could be a critical regulator
involved in trichome formation in tea plants.
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Figure 10. Expression profiles of CsGeBPs and their correlation with the tea plant trichome pheno-
types. (A) Expression levels of CsGeBPs in the apical buds of different cultivars of Yunwu Tribute Tea.
(B) Pearson correlation analysis of the expression of CsGeBPs and the trichome density index of tea
plants. “**” represents a significantly high degree of correlation (p < 0.01). Red indicates a positive,
and blue represents a negative correlation. (C) The expression level of CsGeBP4 in the apical buds,
the first and the second leaves of different cultivars of Yunwu Tribute Tea. Lowercase letters indicate
significant differences among different samples (p < 0.05).

2.8. Silencing of CsGeBP4 Inhibited Trichome Development in Tea Plants

The in vivo function of CsGeBP4 in trichome formation was further verified using
the newly developed VIGS technology in the tea plants [40]. The apical buds of CsGeBP4-
silenced tea plants displayed defective in trichome development, and their TDIs were sig-
nificantly reduced by 2.3-fold compared with wild-type and control plants (Figure 11A,B).
The transcript level of CsGeBP4 was significantly repressed in CsGeBP4-silenced tea plants
compared with wild-type and control plants, as verified using qRT-PCR (Figure 11C). These
results strongly suggest that CsGeBP4 was required for tea trichome formation.
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Figure 11. TRV-mediated gene silencing of the CsGeBP4 in the apical buds of tea plants. Trichome
phenotype (A), trichome density index (B), and the expression level of CsGeBP4 in the tea cuttings
from apical buds of tea plant variety, ‘Fudingdabai’ (C). WT, wild-type tea cuttings; pTRV2, tea
cuttings infected by pTRV1 + pTRV2 Agrobacterium; pTRV2-CsGeBP4, tea cuttings infected by pTRV1
+ pTRV2-CsGeBP4 Agrobacterium. Lowercase letters indicate significant differences among different
samples. TRV, tobacco rattle virus; WT, wild type.

3. Discussion

Tea plant trichomes contribute to the unique flavor and nutritional quality of tea and
protect tea plants from various environmental stresses by producing numerous metabolites,
such as catechins, theanine, caffeine, flavonoids, and volatiles [1]. However, the regulatory
mechanism underlying trichome initiation, growth, and development in tea plants is not
fully understood. By integrating morphological, transcriptomic, bioinformatics, as well as
qRT-PCR- and VIGS-mediated gene silencing strategies, we identified and characterized
the CsGeBP gene family potentially involved in trichome formation and further specified
the regulatory role of CsGeBP4 during trichome growth and development.

3.1. Association of CsGeBP Gene Family with High-Dense Trichome Phenotypes in Tea Plants

Tea trichomes are a unicellular, unbranched, and non-glandular type of surface
hairs [1,37]. Many studies have demonstrated that fresh buds and tender leaves had
higher trichome density than older leaves [1,6,37]. Apart from the impact of tenderness
degree, tea plant variety and cultivar also affected tea trichome density [4]. Most mod-
ern tea plant cultivars, including both assamica and sinensis types of C. sinensis, have a
higher density of trichomes than many wild tea relative plants in Section Thea, such as
C. tachangensis, C. taliensis, and C. angustifolia, most of which have glabrous leaves or low tri-
chome density [1,4,59]. Therefore, densely spaced trichomes on the apical buds and young
leaves were considered to be one of the most important domestication traits for better tea
flavor and plant development during the millennia-long history of tea plant cultivation.
In the present study, a morphological investigation showed that the density index of tea
trichomes was continuously distributed among 108 different cultivars of Yunwu Tribute
Tea (Figure 1A). The trichome density was much higher in the hairy cultivars in comparison
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with hairless cultivars (Figure 1B,C), indicating the cultivar-specific trichome phenotypes
existed within Yunwu Tribute Tea, and they are considered to be suitable materials for
functional studies on tea plant trichome formation.

Tea plant trichome initiation, growth, and development are regulated by numerous
genes, especially transcription factors. The previous comparative transcriptomics studies
conducted in hairy and hairless tea plants revealed that a wide array of transcription factors
display differential expression patterns and are thought to participate in the regulation of
tea trichome formation [2,5]. These transcription factors belong to various gene families,
mainly AP2/ERF, bHLH, bZIP, C2H2, GRAS, GRF, HB, MYB, NAC, SPL, TCP, Trihelix,
WD40, WRKY, etc. [2,5]. Among these, the regulatory functions of transcription factors
from MYB, bHLH, and WD40 gene families have been widely studied. Some members of
these families can form an MYB-bHLH-WD40 protein complex to activate the downstream
regulator genes GL2, CPC, and other effectors, thereby regulating trichome growth and
development [4,5,23]. In this study, a comparative transcriptomics analysis was conducted
for two cultivars of Yunwu Tribute Tea. Great differences in trichome density revealed that
CsGeBP4 was among the top 30 up-regulated transcription factor genes with the highest
fold changes in expression levels in the hairy tea cultivar compared with the hairless
cultivar (Figure 2). The potential relationship between the GeBP family and plant trichome
formation has been reported in other plants, such as Arabidopsis and soybean [42,43,50].
However, the function of CsGeBPs in tea trichome growth and development is still elusive.
Therefore, further analysis of CsGeBP gene family characteristics is necessary for uncovering
the regulatory functions in tea plant trichome formation.

3.2. Genome-Wide Analysis of GeBP Gene Family and Their Involvement in Tea Plant Growth and
Environmental Responses

GeBP gene family has been identified and characterized in soybean [50], mango [38],
moso bamboo [51], tomato [52], and nine Gramineae crops [45]. However, so far, the
systematic analysis of GeBPs has not been reported in tea plants. Herein, the genome-wide
identification and characterization of GeBP family members were performed to provide
clues about their potential functions in tea trichome formation. A total of six CsGeBPs
distributed in four out of fifteen chromosomes were classified into two main phylogenetic
groups (Figures 3 and 4). The multi-species phylogenetic analysis showed that the number
of GeBPs found in the genomes of different plant species varied in each group. GeBPs in
Group I were expected to be conserved across all four species due to the findings that
this group included GeBPs from all the tested species (Figure 3). GeBPs in Group II, III,
and VI exhibited dicot-, Arabidopsis-, and rice-specific phylogenetic clustering patterns,
indicating that the GeBP gene family evolved in multiple directions among these species
(Figure 3). The investigation of gene structure features revealed that the number of introns
in CsGeBPs ranged from zero to one (Figure 5). It was reported that GeBPs in soybean also
contained no more than one intron [50]. Our results indicate that the gene structure of
GeBPs was relatively stable and not prone to experience alternative splicing during gene
replication. In addition, the analysis of conserved protein motifs revealed that closely
related CsGeBP proteins on adjoining branches of the phylogenetic tree had similar motif
constituent (Figure 6), which was consistent with the findings in soybean [50] and moso
bamboo [51].

The cis-regulatory elements in the gene promoters may provide valuable information
for further investigating the function of the CsGeBP gene family due to their critical roles in
the regulation of developmental- and environmental-related gene expression patterns. In
this study, the cis-regulatory elements of CsGeBPs were found to participate in the responses
to various environmental factors, including light, drought, low temperature, and anoxic
induction (Figure 7A,C). Moreover, the analysis of phytohormone-responsive elements
indicated that MeJA, ABA, auxin, and salicylic acid could also impact the expression
patterns of CsGeBPs (Figure 7B). In addition, the presence of tea-plant-development-related
elements in the CsGeBPs promoters indicated their potential roles in the regulation of
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tea plant growth and development (Figure 7D). The tissue-specific and environmental-
responsive expression patterns of CsGeBP genes revealed using RNA-seq data provided
further evidence for these speculations (Figures 8 and 9). CsGeBP3 and CsGeBP4 were
up-regulated in response to both drought and cold treatments and showed relatively high
levels in almost all tested tissues, which could be partially attributed to drought- and
cold-responsive cis-elements, as well as development-related cis-elements in their gene
promoters (Figures 7–9, Table S2). These results facilitate a further understanding of the
regulatory roles of CsGeBPs in tea trichome formation and stress responses.

3.3. CsGeBP4 Is Required for Tea Plant Trichome Formation

Previous studies reported that an AtGeBP could bind to the cis-regulatory elements
in the promoter of trichome-formation-related gene AtGL1 in yeast and in vitro, and was
regulated by the meristem establishment gene, KNAT1 [42,43], suggesting its possible
regulatory roles in plant trichome formation. In order to further verify the involvement of
CsGeBPs in tea plant trichome formation, the association analyses of expression patterns
of all CsGeBP genes in the tea plant genome with trichome phenotypes among different
cultivars of Yunwu Tribute Tea revealed that CsGeBP4, with the highest positive correlation
efficiency, was strongly related to the high-density trichome phenotype (Figure 10A,B).
Moreover, the expression level of CsGeBP4 was much higher in the apical buds than that
in the first and second leaves, which was well-supported by previous findings that apical
buds in tea plants had more trichomes than older leaves (Figure 10C) [1,6,37]. These results
indicate that CsGeBP4 might play a critical and potential positive regulatory role in tea
trichome growth and development. To verify this speculation, the gene expression of Cs-
GeBP4 was silenced in the tea plants via the newly developed VIGS strategy [40]. Silencing
of CsGeBP4 led to the repressed gene expression and defect trichome development, as well
as the significantly decreased trichome density in the CsGeBP4-silenced tea plants, which
accurately supported our previous hypothesis and further demonstrated that CsGeBP4 was
required for tea trichome formation. However, the expression of GmGeBP4 identified in
soybean was found to be induced in abnormal trichome soybean with fewer trichomes in
comparison to control plants [50], suggesting that the regulatory patterns of GeBP genes
were distinct across plant species. Therefore, more functional investigations are needed to
identify the upstream and downstream genes and/or proteins associated with GeBPs and
uncover the specific regulatory mechanisms in both tea plants and other plant species.

4. Materials and Methods

4.1. Plant Materials and Morphological Observations

Yunwu Tribute Tea (Camellia sinensis (L.) Kuntze var. niaowangensis Q. H. Chen) plants
were grown under standard field conditions at a tea plantation in Yunwu town in Guizhou
Province in China (latitude 26◦17′ N, longitude 107◦03′ E, and altitude 1200 m above mean
sea level). Tea plant variety ‘Fudingdabai’ were grown under standard field conditions at
the experimental farm of Guizhou Academy of Agricultural Sciences (latitude 26◦11′ N,
longitude 106◦27′ E, and altitude 1185 m above mean sea level, Guiyang, China). Apical
buds, first leaves, and second leaves of five plants were sampled as one biological replicate
in early spring of 2022. Three biological replicates of different tissues were either used fresh
or immediately frozen in liquid nitrogen and stored at −80 ◦C. The trichome phenotype
of apical buds of the selected cultivars was observed using a digital microscope system
(VHX-6000, KEYENCE, Osaka, Japan). The density index of trichomes was further analyzed
using ImageJ software (https://imagej.en.softonic.com/, accessed on 10 April 2022).

4.2. Identification of GeBP Family Genes in the Tea Plant Genome

To identify the GeBP gene family in tea plants, we used Arabidopsis AtGeBP amino acid
sequences to search against tea proteomes downloaded from Tea Plant Information Archive
(TPIA) (http://tpia.teaplant.org/, accessed on 13 June 2022) using a Basic Local Alignment
Search Tool (BLAST-P) (E-value < 10−5) and deleting redundant sequences. Candidate
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CsGeBP protein sequences were submitted to the online bioinformatics tool, the National
Center of Biotechnology Information Conserved Domain-Search Tool (NCBI CD-Search
Tool) (https://www.ncbi.nlm.nih.gov/Structure/index.shtml, accessed on 13 June 2022)
(E-value < 10−2) to verify their conserved domains. The number of amino acid residues,
gene structure (exon/intron arrangement), and start-to-end position of each gene in the
genome were analyzed based on the annotated information downloaded from the tea plant
genome database. Physical parameters of each gene product, such as molecular weight
and isoelectric point, were predicted using ExPASy (http://web.expasy.org/compute_pi/,
accessed on 15 June 2022). The subcellular localization of each CsGeBP was predicted by
WoLF PSORT (https://wolfpsort.hgc.jp/, accessed on 15 June 2022).

4.3. Phylogenetic Analysis of GeBPs among Different Plant Species

An evolutionary relationships analysis of GeBP proteins from tea plants, Arabidop-
sis, rice, and soybean was carried out using MEGA X (Mega Limited, Auckland, New
Zealand) [60] based on the neighbor-joining method [61]. Bootstrap test replicates were set
to 1000 times [62]. The phylogenetic tree was displayed using FigTree software (version
1.4.2). Protein sequences of Arabidopsis, rice, and soybean were obtained from The Arabidop-
sis Information Resource (TAIR) (https://www.arabidopsis.org/, accessed on 13 June 2022),
Rice Genome Annotation Project (RGAP) (http://rice.plantbiology.msu.edu/index.shtml,
accessed on 13 June 2022), and SoyBase (http://www.soybase.org/, accessed on 13 June
2022), respectively.

4.4. Chromosomal Distribution, Gene Structure, and Conserved Motif Analysis

The chromosomal localization information (including chromosomal distribution,
length, as well as the start and end positions) of CsGeBP genes was downloaded from TPIA
(http://tpia.teaplant.org/, accessed on 13 June 2022) and visualized by TBtools. The exon–
intron structures of the CsGeBP genes based on the genome annotations were visualized
using TBtools software. The conserved protein motifs of CsGeBP proteins were analyzed
through the Multiple Em for Motif Elicitation (MEME) program (http://meme-suite.org/,
accessed on 14 June 2022) and visualized using TBtools.

4.5. Identification of Putative Cis-Regulatory Elements in the Promoters of CsGeBPs

The promoter sequences (2000 bp upstream of the start codon) of all CsGeBP genes
were obtained from TPIA (http://tpia.teaplant.org/, accessed on 13 June 2022), analyzed
by using the PlantCARE (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/,
accessed on 14 June 2022), and visualized by TBtools.

4.6. Expression Analysis of CsGeBPs in Different Tissues and in Response to
Environmental Stresses

The transcriptome data (TPM value) of CsGeBPs in eight tissues (apical bud, young
leaf, mature leaf, old leaf, stem, root, flower, and fruit) of tea plant cultivar ‘Shuchazao’
and transcriptome data in ‘Longjing43′ and ‘Tieguanyin’ in response to drought and cold
stresses, respectively, were downloaded from TPIA (http://tpia.teaplant.org, accessed on
13 June 2022). The log2-based fold changes were used to create heatmaps by TBtools.

4.7. RNA Extraction and qRT-PCR Analysis

Primers for CsGeBP gene cloning were designed using the online program Integrated
DNA Technologies (IDT) (https://sg.idtdna.com/pages, accessed on 5 July 2022) (Supple-
mentary Table S3), and the primer sequences were synthesized by Beijing Qingke Biotech-
nology limited company. Total RNA was extracted from apical buds, and the second leaves
were extracted using a cetyltrimethylammonium bromide (CTAB) method [63]. The RNA
was reverse transcribed into first-strand cDNA using the PrimeScriptTM II first-strand
cDNA Synthesis Kit (Solarbio Technology, Beijing, China). The cDNA was subsequently
employed as a template for qRT-PCR analysis using SYBR Green qPCR Mix (Genenode,
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Wuhan, China) reagent. Each reaction system contained 10 μL SYBR Green qPCR Mix,
0.8 μL primers, 1.5 μL cDNA template, 7.7 μL H2O. The reaction process is as follows:
95 ◦C for 3 min; 40 cycles of 95 ◦C for 10 s and 60 ◦C for 20 s; 72 ◦C for 30 s. CsGAPDH was
used as the reference gene. The relative expression level was calculated using the 2−ΔΔCT

method [64].

4.8. Differentially Expressed Gene Analysis by Transcriptome Sequencing

Total RNA was extracted from apical buds of two cultivars (No. 43 and No. 36) of
Yunwu Tribute Tea using the RNeasy Plus Mini kit (Qiagen, Valencia, CA, USA). Three
independent biological replicates were used for RNA sequencing. RNA integrity was
evaluated using the Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA). The
samples with RNA integrity number (RIN) ≥ 7 were submitted to enrich mRNA and
construct cDNA libraries using TruSeq Stranded mRNA LTSample Prep Kit (Illumina, San
Diego, USA) according to the manufacturer’s instructions. The libraries were sequenced
using the Illumina HiSeq™ 2000 platform (Illumina, San Diego, USA). In order to obtain
high-quality clean reads, adaptor sequences, empty reads, and low-quality bases (Q < 30)
were removed. The resulting clean reads were subsequently used for transcriptome de
novo assembly by mapping to the tea plant reference genome (http://tpia.teaplant.org/,
accessed on 20 May 2022) [54,58]. Fragments per kilobase of transcript per million (FPKM)
of each gene and read counts value of each transcript (protein_coding) were calculated
using bowtie2 and eXpress. The differential expressions of genes between the two tea plant
cultivars were analyzed using the DESeq (2012) R package. The FPKM values between
two cultivars were compared using a threshold of FDR < 0.001 and |log2ratio| > 1 to
investigate differentially expressed genes.

4.9. VIGS-Based Gene Silencing in Tea Plants

Gene silencing of CsGeBP4 using VIGS technology was performed in the tea plant
variety ‘Fudingdabai’ as described previously [40]. Briefly, a 292 bp fragment of CsGeBP4
used for VIGS was assembled into the pTRV2 virus vector to construct the pTRV2-CsGeBP4
vector. Then, pTRV1, pTRV2, and pTRV2-CsGeBP4 were transformed into Agrobacterium
tumefaciens strain GV3101, respectively. After cultivation and resuspension, Agrobacterium
harboring pTRV1 were mixed with those harboring pTRV2 or pTRV2-CsGeBP4, respectively,
and they were both infiltrated into tea plant cuttings via vacuum infiltration, respectively.
The inoculated tea cuttings were kept in the dark for three days and then grown in a
greenhouse at 25 ◦C under a 16 h/8 h light/dark cycle.

4.10. Statistical Analysis

All results are presented as means ± standard deviation of at least three biological
replicates. The data were subjected to one-way analysis of variance using SPSS software
(version 26.0). p-values less than 0.05 were considered statistically significant.

5. Conclusions

In this study, we reported the association of CsGeBP family members with high-
density trichome phenotypes in tea plants. Our genome-wide analysis of the CsGeBP gene
family in tea plants and the expression patterns of CsGeBPs in multiple tissues in response
to environmental factors revealed valuable information for understanding the potential
biological roles of CsGeBPs in tea trichome formation. More importantly, we demonstrated
that CsGeBP4 was required for tea trichome formation, potentially for positive regulation.
This study provides new insights into the understanding of tea trichome formation and
lays a foundation for future research to improve the flavor and quality of tea products and
breed stress-tolerant tea plant cultivars.
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Abstract: Persimmon (Diospyros kaki) fruit have significant variation between pollination-constant
non-astringent (PCNA) and pollination-constant astringent (PCA) persimmons. The astringency
type affects not only the soluble tannin concentration but also the accumulation of individual sugars.
Thus, we comprehensively investigate the gene expression and metabolite profiles of individual
sugars to resolve the formation of flavor differences in PCNA and PCA persimmon fruit. The results
showed that soluble sugar, starch content, sucrose synthase, and sucrose invertase were significantly
different between PCNA and PCA persimmon fruit. The sucrose and starch metabolism pathway
was considerably enriched, and six sugar metabolites involving this pathway were significantly
differentially accumulated. In addition, the expression patterns of diferentially expressed genes
(such as bglX, eglC, Cel, TPS, SUS, and TREH genes) were significantly correlated with the content
of deferentially accumulated metabolites (such as starch, sucrose, and trehalose) in the sucrose
and starch metabolism pathway. These results indicated that the sucrose and starch metabolism
pathway maintained a central position of sugar metabolism between PCNA and PCA persimmon fruit.
Our results provide a theoretical basis for exploring functional genes related to sugar metabolism
and provide useful resources for future studies on the flavor differences between PCNA and PCA
persimmon fruit.

Keywords: persimmon; soluble sugar; starch and sucrose metabolism; transcriptome; metabolome

1. Introduction

The persimmon (Diospyros kaki), a plant of the family Ebenaceae, has a long history
of cultivation [1]. The persimmon, as a major fruit variety, has a high commercial value
in Asian countries. In China, the production of persimmon fruit was approximately
3,429,438 tonnes in 2021, which accounted for 79.16% of the total production around the
world. The genetic characteristics of fruit de-astringency allow for the categorization of
persimmon into PCNA (pollination-constant non-astringent), PCA (pollination-constant
astringent), pollination-variant non-astringent (PVNA), and pollination-variant astringent
(PVA) types [2]. More than 950 cultivars are now recognized in China, practically all of
which belong to the PCA type; no PVA and PVNA varieties have been identified [3].

Soluble sugars mainly comprise fructose, sucrose, and glucose in fruit [4]. Fruit can be
categorized into the hexose-accumulating type, sucrose-accumulating type, and interme-
diate type according to the sugar composition in mature fruit [5,6]. Fruit sugar metabolic
processes are complex [7]; according to the different substrates, sugar metabolic processes
can be divided into sorbitol, sucrose, hexose-type sugar, and starch metabolism [8]. Sucrose
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metabolism is the basis of the fruit sugar metabolism; it directly affects fruit sugar accu-
mulation [4] and is vital in forming fruit quality [9]. In the fruit of Rosaceae trees, sorbitol
is important in translocating photosynthate [10]. Sucrose and sorbitol can be converted
to glucose, fructose, and starch after entering the fruit, catalyzed by a range of enzymes
implicated within sugar metabolic processes [4,11]. An essential enzyme in sucrose pro-
duction, sucrose phosphate synthase (SPS), transforms fructose-6-phosphate into sucrose
phosphate [12]. Sucrose synthase (SS) is a bifunctional enzyme that synthesizes/hydrolyzes
sucrose [13]. The enzymes are classified according to their optimum pH into neutral in-
vertase (NI) and acid invertase (AI) [14], which catalyze the sucrose decomposition into
fructose and glucose [15].

Persimmon fruit have significant variation between PCNA and PCA types [16,17]. The
astringency type influences flavonoid metabolite content, soluble tannin concentration, indi-
vidual sugar accumulation, and antioxidant capacity [17,18]. Thus, the differences in sugar
metabolism are crucial for resolving flavor formation between PCNA and PCA persimmon
fruit. This investigation probed sugar accumulation variation across PCNA/PCA fully
matured fruit by analyzing sugar content and enzyme activities between mature PCNA
varieties (‘Yohou’ and ‘Jiro’) and PCA fruit varieties (‘Zhongshi5’). We also examined the
gene expression patterns and the metabolites’ accumulation patterns in the sucrose and
starch metabolism pathway through transcriptomic and metabolomic analyses. The find-
ings of this study may provide basic information on the sugar accumulation of persimmons
and facilitate a flavor formation analysis between PCNA and PCA persimmons.

2. Results

2.1. Soluble Sugar Content, Starch Content, and Sucrose Synthase and Invertase Activity

For evaluating the differences in sugar accumulation between PCNA and PCA persim-
mons, soluble sugar fructose and glucose concentration, starch concentration, and sucrose
synthase (SPS and SS) and invertase (SS-I, AI, and NI) activities were compared in mature
PCNA (varieties ‘Jiro’ and ‘Youhou’) and PCA (variety ‘Zhongshi No.5’) persimmon fruit
(Figure 1). The fructose, glucose, SS-I, and AI activity levels in the PCNA persimmon fruit
were markedly lower than those in the PCA persimmon fruit. The SS activity was 3.2-fold
and ~3.4-fold higher within PCNA persimmon fruit compared to PCA persimmon fruit.
The starch content was slightly higher within PCNA persimmon fruit compared to PCA
fruit. Overall, the soluble sugar, starch content, and sucrose synthase and invertase of
PCNA and PCA persimmon fruit were significantly different; thus, soluble sugar accumu-
lation may be one of the important reasons for the flavor differences between PCNA and
PCA persimmon fruit.

2.2. RNA-Seq of PCNA and PCA Persimmon Mature Fruit

‘Jiro’, ‘Youhou’, and ‘Zhongshi No.5’ matured persimmon fruit transcriptome sequenc-
ing produced 62.88 GB of raw data. Each sample had 6.99 GB of high-quality data with a
Q30 score at 92.52% after the low-quality reads were removed. A total of 4417 new unique
transcripts were also discovered, and 86.05% of reads could be mapped onto the reference
D. kaki genome. This demonstrates that the sequencing data’s precision and quality were
good enough for further investigation. The samples were segregated into three distinct
groups using PCA depending upon FPKM values, with each sample creating a separate
group with its replicates. This revealed strong correlations within sample replicates and
variations among different samples (Figure 2a).

To examine expression-profile differences linked to sugar accumulation between
PCNA and PCA persimmons, the genes in nine libraries (Jiro vs. Zhongshi No.5 and
Youhou vs. Zhongshi No.5) were compared. A total of 11,088 genes were substantially
different in pairwise comparisons, with 9507 DEGs in Jiro vs. Zhongshi No.5 and 9439 DEGs
in Youhou vs. Zhongshi No.5. A total of 7858 DEGs were differently expressed in both
comparisons, according to the Venn diagram (Figure 2b–d). By comparing the RT-qPCR
assessment of nine sugar-accumulation-associated DEGs together with transcriptomic
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FPKM datasets, a gene expression pattern consistent with the transcriptomic data was
shown (Figure S1).

Figure 1. Soluble sugar content, starch content, and key enzymes within sugar metabolism in mature
PCNA (‘Jiro’ and ‘Youhou’) and PCA (‘Zhongshi No.5’) persimmon fruit. (a–h) Fructose, glucose,
starch, SPS, SS, SS-I, AI, and NI, accordingly. Significant variations (p < 0.05) are represented as
lowercase letters. All error bars illustrate SD for the mean (n = 3).
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Figure 2. PCNA and PCA persimmon mature fruit transcriptome. (a) Venn diagram of
unique/common DEGs between Jiro vs. Zhongshi No.5 and Youhou vs. Zhongshi No.5. (b) Principal
component analysis (PCA) of Jiro vs. Zhongshi No.5 and Youhou vs. Zhongshi No.5. The samples
from the same varieties were grouped. (c) The volcano plot shows the number of DEGs in Jiro vs.
Zhongshi No.5 (|log2-fold change| > 1 and padj < 0.05). (d) DEG number in Youhou vs. Zhongshi
No.5 was shown by the volcano plot (|log2-fold change| > 1 and padj < 0.05).

2.3. GO and KEGG Enrichment Analysis for DEGs

Further analysis of DEGs in the comparison groups Jiro vs. Zhongshi No.5 and Youhou
vs. Zhongshi No.5 was performed using the GO and KEGG databases; padj < 0.05 represented
a significant difference. The DEGs in the comparison of Jiro vs. Zhongshi No.5 were mainly
enriched in two GO terms: DNA-binding transcription regulator activity (GO:0140110) and
transcription factor activity (GO:0003700). The DEGs in the comparison of Youhou vs. Zhong-
shi No.5 were mainly enriched in several different terms, such as the glucan metabolic
process (GO:0044042), cellular glucan metabolic process (GO:0006073), cellular polysaccharide
metabolic process (GO:0044264), cellular carbohydrate metabolic process (GO:0044262), and
carbohydrate metabolic process (GO:0005975) (Figure 3a,b).
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Figure 3. DEGs in PCNA and PCA. DEG enrichment GO enrichment scatter plot for (a) Jiro vs.
Zhongshi No.5 and (b) Youhou vs. Zhongshi No.5. DEG enrichment KEGG scatter plot for (c) Jiro vs.
Zhongshi No.5 and (d) Youhou vs. Zhongshi No.5.

Furthermore, KEGG enrichment analysis showed that the DEGs in Jiro vs. Zhongshi
No.5 were significantly enriched in transcription factors, transporters, plant hormone
signal transduction, carotenoid biosynthesis, and sucrose and starch metabolism. The
DEGs in the comparison between Youhou and Zhongshi No.5 were significantly enriched
in transporters, plant hormone signal transduction, carotenoid biosynthesis, carbon fixation
in photosynthetic organisms, starch and sucrose metabolism, and biological processes
(Figure 3c,d). Though the enrichment analysis, sucrose and starch metabolic processes
were highly enriched between the two combinations. To understand the differences in
sugar accumulation between PCNA and PCA persimmon fruit, the starch and sucrose
metabolism were considered for downstream analysis (Figure 3).

2.4. Metabolic Features of Starch and Sucrose Metabolism

A total of 728 compounds were identified throughout quasi-targeted metabolome anal-
ysis, allowing us to characterize metabolic changes in mature PCNA (‘Jiro’ and ‘Youhou’)
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and PCA (‘Zhongshi No.5’) persimmon fruit (Table S2). Organic acids and derivatives (197);
phenylpropanoids and polyketides (126); lipids and lipid-like molecules (119); organic
oxygen compounds (93); organic heterocyclic compounds (79); nucleosides, nucleotides,
and analogs (60); benzenoids (34); and organic nitrogen compounds (13) were all included
in the eight major categories of metabolites (Figure 4a). There were apparent similari-
ties within sample replicates and differences between the samples, as shown by the PCA
analysis results based on intensity values for metabolites, which clustered samples into
three groups (Figure 4b).

Figure 4. Analysis of metabolites: (a) statistics on the types of metabolites; (b) PCA of Jiro vs.
Zhongshi No.5 and Youhou vs. Zhongshi No.5. The samples from the same varieties were grouped.

For starch and sucrose metabolism, 11 metabolites were identified, including UDP-
D-glucose, GDP-α-D-glucose, sucrose, isomaltose, maltose, D-glucose 1-phosphate, α,α-
trehalose, trehalose 6-phosphate, D-glucose 6-phosphate, D-(+)-Cellobiose, D-glucopyranose,
and D-glucose (Table S3). PCNA (‘Jiro’ and ‘Youhou’) persimmon fruit differed from
PCA (‘Zhongshi No.5’) persimmon fruit in sucrose, maltose, D-(+)-Cellobiose, D-glucose
1-phosphate, α,α-trehalose, and trehalose 6-phosphate content. The contents of sucrose,
maltose, and trehalose 6-phosphate in PCA persimmon fruit were markedly higher than
compared to the two PCNA varieties of fruit, while D-glucose 1-phosphate contents were
markedly reduced compared to PCNA fruit. Most of these differentially expressed su-
crose metabolites were related to trehalose synthesis, a module of the starch and sucrose
metabolism pathway, indicating that the trehalose synthesis pathway might influence the
sugar accumulation between PCNA and PCA persimmon fruit.

2.5. Expression of Genes Implicated within Sucrose and Starch Metabolic Pathway

Fifty-eight DEGs related to the starch and sucrose metabolic pathway that encode
11 key enzymes were identified (Figure 5). These enzymes include granule-bound starch
synthase (EC:2.4.1.242), 1,4-alpha-glucan branching enzyme (EC:2.4.1.18), trehalose
6-phosphate synthase (2.4.1.15), Alpha-amylase and beta amylase (EC:3.2.1.1; 3.2.1.2),
beta-glucosidase (EC:3.2.1.21), glucan endo-1,3-beta-Dglucosidase (EC:3.2.1.39), sucrose
synthetase (EC 2.4.1.13), alpha,alpha-trehalase (EC:3.2.1.28), trehalose 6-phosphate phos-
phatase (EC:3.1.3.12), and 4-alpha-glucanotransferase (EC:2.4.1.25). Out of 58 genes,
42 were differentially expressed in both comparison groups, Jiro vs. Zhongshi No.5
and Youhou vs. Zhongshi No.5. Ten bglX, five eglC, four Cel, four TPS, one GBE1, one
GYG1, one malQ, one SUS, and one TREH genes were upregulated in Jiro and Youhou
in comparison with Zhongshi No.5, though the other genes had reduced expression
levels. Differing transcripts from identical genes were dysregulated, suggesting that
intermediate products may be being converted between each other (Figure 5a). Sugar
accumulation may be facilitated by gene expression implicated within the sucrose and
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starch metabolic pathway since there was a robust association between their expression
and metabolite levels in PCNA and PCA persimmon fruit (Figure 5b).

Figure 5. DEG analysis of sucrose and starch metabolic processes between PCNA and PCA:
(a) diagram of DEGs implicated within sucrose and starch metabolic processes between PCNA and
PCA; (b) correlation analysis between sucrose and starch metabolic pathway DEGs and metabolite
content in PCNA and PCA persimmon fruit.

Combined KEGG analysis and gene expression patterns showed that widespread
shifts within sucrose and starch metabolic processes mainly concentrated on converting
sucrose into glucose. These changes indicate that converting sucrose into glucose might
influence sugar accumulation between PCNA and PCA persimmon fruit.

3. Discussion

Quality improvement and efficiency are currently important issues for the persimmon
industry, and flavor is the most important component of persimmon fruit quality, which
has an important impact on both the fresh and processed quality of persimmon fruit. The
fruit flavor quality varies greatly among different types and varieties, and there are few
germplasm resources with excellent flavor. In this study, we analyzed the differences in
the accumulation of various sugars and the differences in gene expression and enzyme
activities related to sugar metabolism in different PCNA and PCA types of persimmon
varieties, to further provide basic information on the sugar accumulation between PCA
and PCNA persimmon fruit and facilitate a flavor formation analysis between PCNA and
PCA persimmons.

Glucose and fructose are generally considered the main sugars, while sucrose is
present as a minor component in mature persimmon fruits [19,20]. The HPLC method is
less sensitive and has a higher detection limit, while the ultra-performance liquid chro-
matography coupled with triple quadrupole mass spectrometer has a lower detection limit
and can detect compounds generally greater than 10 ng/mL, allowing a broad-spectrum de-
termination of compounds in plant samples. Thus, the fructose and glucose contents were
determined by HPLC, and the sucrose was determined by LC/MS-MS due to its low con-
tent in this study. The fructose and glucose levels of PCNA cultivars were lower than those
of non-PCNA cultivars in tree maturity, which agrees with the work by Yildiz et al. [17].
Changes in the content of soluble sugars in fruits were closely related to their metabolic
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enzyme activities. By measuring the content of sugar fractions and enzyme activities
related to sucrose metabolism during fruit ripening in different astringent-type persimmon
varieties, it was shown that SS, SS-I, and AI activities differed significantly in PCNA and
PCA persimmons. Sucrose metabolism in red Fuji apple fruit was mainly regulated by AI
and SS enzyme activities [21]. Studies on ‘Malaysia 1’ pineapple honey found that sucrose
accumulation was significantly negatively correlated with AI activity and significantly pos-
itively correlated with SS and SPS activities [22], in agreement with studies on grapes [23].
Bubba et al. [24] showed that sucrose content peaked at the beginning of October and
then gradually decreased, while glucose and fructose content showed an increasing trend
throughout development. The above studies suggest that sucrose synthesis decreases and
catabolism increases in PCNA and PCA persimmons before ripening, which results in an
increase in soluble sugar content in ripe persimmon fruit. In addition, the difference in
resource enzyme activity changes between PCNA and PCA persimmons eventually led to
a lower soluble sugar content in PCNA persimmon fruit than in PCA persimmons.

The post-harvest conversion of starch to sugar improves fruit quality and flavor [25–28].
KEGG analysis showed that the two comparative combinations of sweet and astringent
persimmons were significantly enriched in starch and sucrose metabolism. Therefore,
analysis for differences in metabolites on the starch and sucrose pathways revealed that
PCNA (‘Jiro’ and ‘Youhou’) persimmon fruits differed from PCA (‘Zhongshi No.5’) per-
simmon fruit in trehalose and tre6p content. The trehalose metabolic pathway is involved
in processes such as cell wall cellulose synthesis, energy release from respiration, and the
carbon skeleton composition of amino acids and fatty acids, and it is central to cellular
metabolism [29]. Tre6P is a precursor of trehalose metabolism, employing UDP-glucose and
glucose-6-phosphate as substrates, which TPS catalyzes to produce Tre6P; subsequently,
Tre6P is dephosphorylated by TPP to produce trehalose [30]. Tre6P regulates various
vital activities of tissues by effectively regulating the content of UDPG and G6P, reflects a
vital signal for controlling plant growth and development [31], and is implicated within
metabolic/genomic expression regulation within plants [32]. Tre6P acts as a signaling
metabolite for sucrose; its content exists in proportion to sucrose content and affects starch
synthesis [33,34]. Tao et al. [35] found that the possible reasons for the increase in sugar
content during apple fruit development were related to the synthesis of Tre6P and trehalose.
In this study, we found that Trehalose and Tre6P were both significantly higher in mature
PCA persimmons than in PCNA persimmons, that Tre6P may act in key signaling to regu-
late the metabolic pathways of sucrose and starch in persimmon fruit, and that trehalose
can be degraded to produce large amounts of glucose under the catalysis of Treh.

RNA-seq data showed that the gene expressions encoding the starch synthesis en-
zymes (i.e., AGPase and GBE1) in PCNA and PCA persimmon mature fruits were sig-
nificantly differentially expressed. From the summary of differential genes, it can be
concluded that the conversion from sucrose to glucose may be the main difference in sugar
metabolism between PCNA and PCA mature fruits by means of the trehalose pathway,
cellulose degradation, β-D-glucosidase conversion, and glucose hydrolysis. β-glucosidase
is a hydrolytic enzyme and is the rate-limiting enzyme in the cellulose degradation pro-
cess [36]. During the metabolism of starch and sucrose in dragon fruit pulp, β-glucosidase
mainly catalyzes the generation of cellobiose from fibrous dextrin, and cellobiose generates
glucose under the catalysis of β-glucosidase [37]; in addition, β-glucosidase also catalyzes
the generation of glucose from β-D-glucoside [38]. The number of downregulated genes
encoding bglX (10 DEGs) was obviously higher than the number of upregulated genes
(3 DEGs) between PCNA and PCA persimmons; In addition, glucan hydrolysis may play
a role in the difference between PCNA and PCA persimmons. The eglC gene encodes
an endoglucanase, and the expressions of the eglC gene were also upregulated in PCNA
persimmons; starch degraded to dextrin, and then dextrin was converted to maltose and
glucose [39]. The expression of GYG1, GBE1, ISA, and malQ se in PCNA persimmons was
obviously downregulated (Figure 5b). Taken together, gene expressions that related to
sucrose and starch metabolism (sucrose hydrolyses) in PCNA persimmon were significantly
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upregulated compared to PCA persimmons, and the results confirmed the downregulation
of sucrose content. Interestingly, we found that PCNA persimmon glucose content was
not higher than that of PCA under sucrose hydrolysis, probably because sucrose content
is very low even if hydrolysis is not the main pathway of glucose synthesis, but this still
needs further investigation. In conclusion, we suggest that sucrose catabolism in the starch
and sucrose metabolic pathways may be the main difference in sugar metabolism between
PCNA and PCA persimmons.

4. Materials and Methods

4.1. Plant Material

PCNA (varieties ‘Jiro’ and ‘Youhou’) and PCA (variety ‘Zhongshi No.5’) persimmons
were planted in the forest planting base managed by the Research Institute of Non-timber
Forestry (34◦55′18′′–34◦56′27′′ N, 113◦46′14′′–113◦47′35′′ E), Yuanyang County, Henan
Province, China. These 10-year-old cultivars were managed using conventional cultivation
measures, with a row spacing of 3 × 4 m. Persimmon fruit without astringency were col-
lected during the matured-fruit phase. To ensure sample consistency, completely matured
PCA persimmons on the trees were collected when they lost enough astringency to be
eaten. The fruits of three varieties were randomly collected from the three clones with each
replicate consisting of ten fruits. Until they could be processed for metabolic detection and
RNA extraction, the flesh in the equatorial plane was flash-frozen within liquid nitrogen
and kept at −80 ◦C in a refrigerator.

4.2. Soluble Sugar, Starch, and Sucrose Synthase and Invertase Activity Measurement

The soluble sugar content in persimmon fruit was measured according to previous
studies with some modifications [40]. Approximately 1 g of fruit was grounded into
powder and then extracted in 80 ◦C water using 4.5 mL of Milli-Q® ultrapure water for
30 min. After being chilled, the sample was centrifuged at 10,000 rpm for 20 min. The pellet
extraction was performed once again, and the supernatant was saved. After combining
the supernatants, the final volume was 10 mL. High-performance liquid chromatography
(HPLC) with a CNW Athena NH2-RP column (4.6 × 250 mm, 5 μm) was used to determine
the concentration of glucose and fructose together with the following parameters: injection
volume = 10 μL, mobile phase = 75% acetonitrile, flow rate = 1.0 μL/min, and column
heater temperature = 40 ◦C. An external reference fructose and glucose solution acquired
from Beijing Solarbio Science & Technology Co., Ltd. (Beijing, China) was employed for
determining the total amount of sugar in all samples. By comparing each sample’s peak
area and retention duration to that of a calibrated sugar solution, we could determine each
sample’s concentration. Each experiment had four independent replications.

Starch content was estimated using anthrone colorimetry by Cao et al. [41]. A fruit
sample of approximately 1.0 g was placed in a prechilled mortar, ground into a homogenate
with 80% (v/v) ethanol on an ice bath and transferred into a stoppered test tube. Then,
9 mL of 80% (v/v) ethanol was added, and the mixture was boiled in a boiling water bath
for 30 min. Afterwards, it was removed and cooled in ice water, then it was centrifuged
at a low temperature of 8000 r/min for 20 min, and the supernatant was discarded. An
amount of 9 mL of 80% (v/v) ethanol was added again and the above steps were repeated
once. The residue was dried, then 2 mL of distilled water was added. It was boiled in a
boiling water bath for 15 min and cooled in ice-cold water. Then, 2 mL of cold 9.2 mol/L
perchloric acid (HClO4) was added for 15 min, followed by an addition of 6 mL of distilled
water, mixing and centrifuging at a low temperature of 8000 r/min for 10 min, and the
transference of the supernatant to a 25 mL volumetric flask. An amount of 2 mL of cold
4.6 mol/L HClO4 was added to the filter residue for 15 min, then 6 mL of distilled water
was added, followed by centrifugation for 20 min and the transference of the supernatant
to a 25 mL volumetric flask. The precipitate was washed twice with 2 mL of distilled
water, followed by centrifugation and the transference of the supernatant to the volumetric
flask. Finally, the volumetric flask was filled with distilled water to 25 mL, resulting in the
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starch extraction solution. The detection of starch was performed at 620 nm with a visible
ultraviolet spectrophotometer UV. Starch content was determined according to an external
sucrose standard solution (Beijing Solarbio Science & Technology Co., Ltd.).

The enzyme activities of NI, AI, sucrose synthase-invertase (SS-I), SS, and SPS were
determined by using the kit purchased from Beijing Solarbio Science & Technology Co., Ltd.
(BC0565, BC0575, BC0585, BC0605, and BC4315). These assays were conducted according
to the protocol of the correlated kit.

4.3. Transcriptome Sequencing

Total RNA was isolated with TRIzol Reagent (B511321; Sangon, Shanghai, China).
Paired-end sequencing libraries were prepared with three biological replicates for each
sample and subsequently placed for sequencing through the Illumina™ NovaSeq® plat-
form (Illumina™, San Diego, CA, USA). We used the hexaploid persimmon genome (D.
kaki (variety ‘Xiaoguo-tianshi’, unpublished) as a reference sequence for alignment and sub-
sequent analysis. Sequencing reads and read alignments were compared using HISAT2 [42]
and assembled using StringTie. To determine how many reads were mapped to each gene,
we utilized FeatureCounts® v1.5.0-p3 to further predict new transcripts [43]. The Frag-
ments Per Kilobase of Transcript per Million Mapping Reads (FPKM) was then calculated
by multiplying its length by the number of mapped reads. We used DESeq2 (1.18.0) to
compare the expression levels of two distinct groups [44]. Genes that had a padj ≤0.05 and
|log2-fold change| ≥ 1 were considered DEGs.

4.4. Metabolite Profiling Analysis

Extracts of 100 mg of persimmon fruit powder were made by vortexing 500 μL of
80% (v/v) prechilled methanol. There were 3 biological replicates for each sample. Then,
500 μL of the supernatant from centrifugation (15,000× g, 4 ◦C/20 min) was diluted
into 53% methanol using Milli-Q® ultrapure water. After that, the samples were filtered
(0.22 μm membrane filter) and subjected to centrifuging (15,000× g for 20 min at 4 ◦C).
The persimmon fruit extract samples were separated through the ExionLCTM AD system
(SCIEX™) connected to a QTRAP®6500+ mass spectrometer (SCIEX™) and fitted with
an Xselect HSS T3 column (2.1 × 150 mm, 2.5 μm). The column temperature was 50
◦C, the injection volume was 1.5 μL, and the flow rate was 0.4 mL/min; these were the
settings used for the analysis. Water was the mobile phase. The gradient program for phase
A/phase B was 98:2 (v/v) at 0 min, 98:2 (v/v) at 2 min, 0:100 (v/v) at 15 min, 0:100 (v/v) at
17 min, 98:2 (v/v) at 17.1 min, and 98:2 (v/v) at 20 min.

To check the system’s consistency and the experimental data’s accuracy, samples
were placed into quality control (QC) within a queue mode. Electrospray ionization
(ESI) source settings allowed each sample to be run in both negative and positive ion
modes. Mass spectrum databases from the MRM (Multiple Reaction Monitoring) of the
Novogene in-house database were consulted to compare the spectra and the retention
index (RI) with the reference compounds previously examined with the same system.
KEGG (http://www.genome.jp/kegg/) [45], HMDB (http://www.hmdb.ca/) [46], and
Lipidmaps databases (http://www.lipidmaps.org/) [47] were used for metabolite anno-
tation. Principal components analysis (PCA) was performed at metaX [48]. Differential
metabolites were defined as those with a p-value < 0.05 and fold change ≥ 2.

4.5. Quantitative RT-PCR Assessments

The cDNA used in the RNA-seq study was converted from total RNA through a TRUE-
script First-Strand® cDNA Synthesis Kit (Kemix™, Beijing, China). RT-qPCR runs were
conducted with the LightCycler 480 II (Roche), using 96-well plates. Each gene underwent
a three-minute reaction at 95 ◦C, with 45 subsequent cycles of 5 s at that temperature and
30 cycles at 55–60 ◦C. Using glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a
reference gene [49], the 2−ΔΔCt technique determined the relative expression for each gene,
and three replicates of each reaction were performed. A Pearson’s correlation assessment
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was conducted through SPSS® (v 24.0; SPSS Inc.™, Chicago, IL, USA). The RT-qPCR
primers are listed in Table S1.

4.6. Statistical Analysis

ANOVA and the post hoc test were performed using Excel 2019 and SPSS 24.0 software.
The Pearson correlation analysis was carried out through Hiplot [50].

5. Conclusions

In conclusion, a comprehensive transcriptomic and metabolomic analysis of PCNA
(‘Jiro’ and ‘Yohou’) and PCA (‘Zhongshi No.5’) persimmon fruit was conducted. The
concentration of soluble sugar, starch content, and sucrose synthase and invertase of PCNA
and PCA persimmons were significantly different. For example, the fructose, glucose, SS-I,
and AI activity levels in the PCNA persimmon fruit were markedly lower than those in
the PCA persimmon fruit. Through the KEGG enrichment analysis, it was found that
the sucrose and starch metabolic pathways were highly enriched in the PCNA and PCA
fruit. For the starch and sucrose metabolism pathway, 11 metabolites were identified.
Moreover, most of these differentially accumulated sucrose metabolites were related to
trehalose synthesis, indicating that the trehalose synthesis pathway might influence the
sugar variation between PCNA and PCA persimmons. In addition, the expression patterns
of deferentially expressed genes (such as bglX, eglC, Cel, TPS, SUS, and TREH genes)
were significantly correlated with the content of deferentially accumulated metabolites
(such as starch, sucrose, and trehalose). These results showed that the sucrose and starch
metabolism pathway maintained a central position of sugar variation between PCNA
and PCA fruit. This study provides basic information and useful resources for future
studies on the influence of astringency types on sugar differences between PCNA and PCA
persimmon fruit.
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Abstract: MYB and BBX transcription factors play important roles in flavonoid biosynthesis. Here,
we obtained transgenic woodland strawberry with stable overexpression of FaMYB5, demonstrating
that FaMYB5 can increase anthocyanin and proanthocyanidin content in roots, stems and leaves
of woodland strawberry. In addition, bimolecular fluorescence complementation assays and yeast
two-hybridization demonstrated that the N-terminal (1-99aa) of FaBBX24 interacts with FaMYB5.
Transient co-expression of FaBBX24 and FaMYB5 in cultivated strawberry ‘Xiaobai’ showed that
co-expression strongly promoted the expression of F3′H, 4CL-2, TT12, AHA10 and ANR and then
increased the content of anthocyanin and proanthocyanidin in strawberry fruits. We also determined
that FaBBX24 is also a positive regulator of anthocyanin and proanthocyanidin biosynthesis in straw-
berry. The results reveal a novel mechanism by which the FaMYB5–FaBBX24 module collaboratively
regulates anthocyanin and proanthocyanidin in strawberry fruit.

Keywords: strawberry; transcription factor; anthocyanin; proanthocyanidin

1. Introduction

Strawberry (Fragaria × ananassa Duch.) is full of macronutrients and bioactive ingre-
dients, such as vitamins, minerals and flavonoids. It has high nutritional and healthcare
value, especially its health effect of preventing cardiovascular disease, cancer and other
diseases [1], which makes it popular with consumers. The flesh of the strawberry is actually
enlarged from the receptacle, and the real fruit (achene) is the seed-like object on the surface,
so we often say that the strawberry fruit actually refers to the edible fleshy part of the
strawberry. Flavonoid compounds are one of the important secondary metabolites of plants
and are widely distributed in the plantae. Because of flavonoids’ strong biological activity,
they often act as an antioxidant or signaling molecule to regulate cell function [2]. At
present, there have been extensive studies on flavonoid synthesis pathways in horticultural
crops [3,4]. There are two main types of genes involved in flavonoid metabolism. One
is structural genes that are involved in flavonoid synthesis by directly encoding various
biosynthetic enzymes. These include PAL (phenylalanine lyase), 4CL (4-cinnamate-CoA lig-
ase), CHS (Chalcone synthase), CHI (Chalcone isomerase), F3H (flavanone 3-hydroxylase),
F3′H (flavonoid 3′-hydroxylase), DFR (dihydroflavonol 4-reductase), ANS (anthocyanin
synthase), ANR (Anthocyanidin reductase), LAR (leucoanthocyanidin reductase) and UFGT
(UDP-glucose: flavonoid 3-o-glucosyltransferase) [5], some genes that control transport and
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modify enzymes such as TT10 (laccase 15), TT12 (MATE transporter), TT19 (glutathione-S-
transferase) and AHA10 (H+-ATPase) [6]. The other type of gene is transcription factors
(TFs) which regulate flavonoid metabolism by regulating structural genes [7].

V-myb myeloblastosis viral oncogene homolog (MYB) proteins are one of the largest
families of plant transcription factors [8]. MYB transcription factors have regulatory ef-
fects on metabolic pathways such as anthocyanin and proanthocyanidin in flavonoids
and can affect flower organ development and fruit coloring in plants [9]. Anthocyanin
synthesis in plants is mainly regulated by the transcription complex (MBW complex) com-
posed of MYB, basic helical loop helix (bHLH) and WD-repeat (WDR) proteins [10]. Since
the discovery of ZmC1 [11], the first MYB transcription factor regulating anthocyanin in
maize, regulation of anthocyanin by MYB transcription factors has been reported in many
plants. The expression level of anthocyanin biosynthesis structural gene in transgenic
Arabidopsis thaliana overexpressed AgMYB2, which was significantly up-regulated [12];
carrot DcMYB6 can directly activate DcUCGXT1 and DcSAT1 to regulate the glycosylation
and acylation of anthocyanin [13]. Apple MdMYBA specifically bound to the MdANS
promoter, increasing anthocyanin accumulation in apple [14]; MdMYB3, MdMYB9, Md-
MYB10 and MdMYB114 can promote apple fruit coloring by interacting with bHLH3 and
WD40 [15–17]; MdMYB306 interacted with MdbHLH33 to regulate structural genes F3H,
DFR and UFGT to regulate anthocyanin synthesis [18]. The complex formed by pear
PyMYB10, PybHLH and PyWD40 transcription factors positively regulates pear antho-
cyanin synthesis [19]. Peach PpMYB10.1 and PpMYB10.3 interacted with PpbHLH proteins
to activate the expression of CHS, F3′H and UFGT, thereby promoting the synthesis of
anthocyanin [20]. In strawberry, FaMYB5/FaMYB10-FaEGL3 (bHLH)-FaLWD1/FaLWD1-
like (WD40) formed an ‘MBW’ complex to positively regulate anthocyanin synthesis in
strawberry fruit [21,22], FaMYB10 promotes anthocyanin synthesis in strawberry, and
FaMYB10 mutation is the main cause of color difference between yellow woodland straw-
berry ‘Yellow wonder’ and red woodland strawberry ‘Ruegen’ [23,24]. The interaction
between FaMYB123 and FabHLH3 in strawberry regulates anthocyanin synthesis by regu-
lating late biosynthetic genes (LBGs) [25]. FaMYB1 inhibited anthocyanin synthesis, while
FaMYB9 and FaMYB11 promoted proanthocyanidin synthesis [26].

The B-BOX protein family plays an important role in plant photomorphogenesis [27,28],
the flowering cycle [29,30] and stress of adversity [31–33]. In recent years, many stud-
ies on the regulation of plant anthocyanin metabolism by B-BOX proteins have been
reported. Strawberry FaBBX22 can promote the expression of anthocyanin structural genes,
and the interaction between FaHY5 and FaBBX22 can enhance this effect [34]. In apple,
MdBBX1 regulated anthocyanin accumulation by regulating MdMYB10 and DFR [35],
and MdBBX21 interacted with MdHY5 to promote MdMYB1 and thus regulated antho-
cyanin synthesis [36]. PpBBX18 formed a heterodimer with PpHY5 to regulate anthocyanin
accumulation in pear fruit [37]. Overexpression of PpBBX16 promoted anthocyanin ac-
cumulation in pear callus and was a positive regulator of photoinduced anthocyanin
accumulation, and the presence of PpHY5 was required to activate its full function [38];
overexpression of VvBBX44 inhibited UFGT expression and anthocyanin accumulation
in grapes callus [39]; and PavBBX6 and PavBBX9 positively regulate light-induced an-
thocyanin and ABA biosynthesis by promoting PavUFGT and PavNCED1 expression in
sweet cherry [40]. Overexpression of PtrBBX23 in poplar activated expression of MYB
TFs and structural genes in the flavonoid pathway, thereby promoting the accumulation
of proanthocyanidin and anthocyanin in poplar [41]. Although the functions of some
transcription factors have been clearly defined, their interaction networks and mechanisms
remain unclear.

In previous studies, we evaluated FaMYB5 as playing an important role in anthocyanin
and proanthocyanidin metabolism through transcriptomics and metabolomics [21,22]. In
this study, FaMYB5 was stably overexpressed in woodland strawberry to confirm that
FaMYB5 can promote anthocyanin and proanthocyanidin accumulation in strawberry
plants. We found that FaBBX24, a member of the strawberry BBX family, interacts with
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FaMYB5 to synergistically regulate anthocyanin accumulation. The aim of this study
is to improve the flavonoid metabolic network regulated by FaMYB5 and enrich the
understanding of the flavonoid metabolic regulatory network in strawberry.

2. Results

2.1. Overexpression of FaMYB5 Promoted the Accumulation of Anthocyanin and
Proanthocyanidin in Woodland Strawberry

In our previous studies, transient overexpression of cultivated strawberries showed
that FaMYB5 positively regulates flavonoid metabolism in strawberry fruits [21]. To reveal
the regulatory role of FaMYB5 in the whole life cycle of strawberry, the pCAMBIA1301-
FaMYB5-3XFlag vector was constructed, and the cotyledon of diploid strawberry ‘Ruegen’
was infected with Agrobacterium tumefaciens. Three independent transgenic lines #2, #3 and
#5, with high expression levels were identified using GUS staining (Figure 1A), PCR
identification (Figure 1B) and RT–qPCR identification (Figure 1C) detection. Anthocyanin
and proanthocyanidin in roots, stems and leaves of transgenic plants were measured, and
wild-type woodland strawberry with similar growth was used as a control (Figure 1D).
The results showed that overexpression of FaMYB5 increased the anthocyanin content in
stems (Figure 1E) and the proanthocyanidin content in roots, stems and leaves (Figure 1F)
of woodland strawberry.

Figure 1. Transgenic woodland strawberry with stable overexpression of FaMYB5. (A) FaMYB5
was expressed in roots, stems and leaves with GUS staining; roots and leaves of wild-type woodland
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strawberries, which could not be stained by GUS, were used as negative controls. (B) Compared
with the wild-type, the transgenic plants could amplify the special bands of FaMYB5-3XFLag.
(C) The relative expression levels of FaMYB5 in transgenic lines using RT–qPCR. (D) The wild-
type and FaMYB5-overexpressed plants with the same growth status were selected to determine
the content of anthocyanin and proanthocyanidin in leaves, stems and roots; with three biological
replicates, bar = 10 cm. (E,F) Overexpression of FaMYB5 significantly increased the anthocyanin
content in stems and proanthocyanidin in roots, stems and leaves compared with wild-type. The
red color of the solution indicates the content of anthocyanins; blue solution indicates the content of
proanthocyanidin. The proanthocyanidin solution was diluted 20× at the time of determination, and
the color was light. Error bars are SEs for three replicates. Significant differences with wild-type were
compared using Student’s t test (** p < 0.01; * p < 0.05).

2.2. B-BOX Protein FaBBX24 Interacts with FaMYB5

The yeast two-hybrid screening library was used to search for proteins that can interact
with FaMYB5. Full-length FaMYB5 showed strong trans-acting activity; then, the FaMYB5
sequence was cut and a longer fragment FaMYB5−615 was selected for further library
screening (Figure 2A). A total of 189 potential interacting proteins were screened (Table S1).
The potential protein FaBBX24 was inserted into pGBKT7, and BD-FaBBX24 has trans-
acting activity. According to the B-BOX domains, FaBBX24 is divided into FaBBX24N99 and
FaBBX24C139 for yeast two-hybrid (Figure 2B). The results show that BD-FaBBX24N99 inter-
acts with AD-FaMYB5 (Figure 2C). BiFC assay also demonstrated that FaBBX24 interacts
with FaMYB5 in vivo (Figure 2D).

Figure 2. FaMYB5 interacts with FaBBX24. (A) FaMYB5 trans-acting activity verification. SD/-T, SD/-
Trp medium, SD/-T/-H/-A, SD/-Trp/-His/-Ade medium. n yeast cell. The yeast cells transformed
with pGBKT7-Lam vector were used as a negative control. (B) The 4-47aa of FaBBX24 belong to
B-BOX domain 1, and the 52-99aa belong to B-BOX domain 2, both of which constitute the N terminus
of FaBBX24. (C) BD-FaBBX24N99 interacted with AD-FaMYB5 using yeast two-hybrid, SD/-TL,
SD/-Trp/-Leu medium, SD/−TLAHX, SD/-Trp/-Leu/-Ade/-His/X-α-gal. (D) Physical association
between FaMYB5 and FaBBX24 confirmed with BiFC assay. FaBBX24-nEYFP/ FaMYB5-cEYFP co-
transformed tobacco leaves, with FaBBX24-nEYFP/cEYFP and FaMYB5-cEYFP/nEYFP as negative
controls; bars = 20 μm.
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2.3. Bioinformatics Analysis and Tissue Expression Pattern of FaBBX24

FaBBX24 was cloned from cultivated strawberry ‘Benihoppe’. FaBBX24 contains a
717 bp open reading frame (ORF) encoding 238 amino acids, with a predicted protein size
of 26.2 kDa and an average isoelectric point (PI) of 4.624. Phylogenetic tree analysis showed
that FaBBX24 was closely related to FvBBX24 and clustered with RcBBX24 and PaBBX24
(Figure 3A). Multiple protein sequence alignment showed that FaBBX24 was similar to Ara-
bidopsis thaliana AtBBX24, containing B-BOX domain 1 and B-BOX domain 2 and belonging
to Group IV B-BOX proteins [42] (Figure 3B). The temporal and spatial expression patterns
of FaBBX24 in different tissues of strawberry ‘Benihoppe’ and ‘Xiaobai’ were determined
with RT–qPCR (Figure 3C,D). The results showed that FaBBX24 was expressed in both
the fruit development stages and vegetative organs of cultivated strawberry ‘Benihoppe’,
with the highest expression level in the white stage and functional leaf and the lowest
expression level in the root and stem. In cultivated strawberry ‘Xiaobai’, the expression
level of FaBBX24 gradually increased with fruit ripening and reached the maximum in the
full red stage, while the expression level was low in the root, stem, leaf and flower.

Figure 3. Bioinformatics analysis and spatiotemporal expression patterns in strawberry tissues of
FaBBX24. (A) Phylogenetic analysis of FaBBX24 with its homologous proteins from other species. The
phylogenetic tree was constructed using the Neighbor-Joining Tree Method in MEGA6, and the boot-
strap was 1000 replicates. (B) Multiple protein sequence alignment of FaBBX24 with other BBX24 pro-
teins. The black line marks the B-BOX domain. The gene accession numbers that have appeared above
are as follows: FvBBX24(XM_004309761.2), PaBBX25(XM_050517417.1), RcBBX24(XM_024337817.2),
PbBBX24-like(XM_048579829.1), MdBBX24-like(NM_001328919.1), PaBBX24-like(XM_021967653.1),
PpBBX24(XM_007223749.2), RhBBX24(OL690502.1), VcBBX24(OP957064.1), LbBBX24(MH813941.1)
and AtBBX24(NM_100484.4). (C,D) Expression pattern of FaBBX24 in different tissues of culti-
vated strawberry ‘Benihoppe’ and ‘Xiaobai’. Rt—root; St—stem; Ru—runner; YL—young leaf;
FL—functional leaf; Fw—flower; SG—small green; BG—big green; Wt—white; IR—initially red;
PR—partially red; FR—full red. Error bars are SEs for three replicates. Different letters above the bars
indicate significantly different values (p < 0.05) according to a Least Significant Difference (LSD) test.
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2.4. FaMYB5 Interacted with FaBBX24 to Promote Anthocyanin and Proanthocyanidin
Accumulation in Strawberry Fruits

In previous studies, we found that FaMYB5 can up-regulate structural genes PAL, C4H,
F3′H and LAR and can directly regulate F3′H and LAR promoters to participate in anthocyanin
and proanthocyanidin metabolism [21]. In this study, FaMYB5, FaBBX24 and co-expression
of FaMYB5 and FaBBX24 were transiently overexpressed in cultivated strawberry ‘Xiaobai’
(Figure 4A). Transient overexpression of FaBBX24 was able to induce anthocyanin accumu-
lation in strawberry fruits (Figure 4A). RT–qPCR results show that FaBBX24 was able to
significantly up-regulate the anthocyanin structural gene ANS (Figure 4D). Co-expression of
FaMYB5 and FaBBX24 significantly increased anthocyanin and proanthocyanidin content in
fruit (Figure 4B,C); moreover, co-expression significantly increased the expression levels of
structural genes F3′H, 4CL-2, TT12 and AHA10 (Figure 4D,E).

Figure 4. Co-expression of FaMYB5 and FaBBX24 in strawberry fruits. (A) Transient overexpression
of FaMYB5 and FaBBX24 in cultivated strawberry ‘Xiaobai’. Bars = 1 cm. (B,C) Anthocyanin and
proanthocyanidin content in strawberry fruits with overexpression of FaBBX24 and FaMYB5. The
red color of the solution indicates the content of anthocyanins; blue solution indicates the content
of proanthocyanidin. (D,E) The relative expression levels of anthocyanin and proanthocyanidin
structural genes in strawberry fruits overexpressing FaMYB5 and FaBBX24 were determined with
RT–qPCR. Error bars are SEs for three replicates. Different letters above the bars indicate significantly
different values (p < 0.05) compared to 35SN according to a Least Significant Difference (LSD) test.
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3. Discussion

In previous studies, transient overexpression of FaMYB5 in strawberry fruits has
been shown to promote anthocyanin and proanthocyanidin accumulation in strawberry
fruit. In this study, we obtained stable FaMYB5 overexpression plants and measured the
anthocyanin content in each organ. The results show that compared with wild-type, over-
expression of FaMYB5 promoted the accumulation of anthocyanin and proanthocyanidin
in roots, stems and leaves, which may help plants resist adversity [43].

The MYB protein family plays an important role in plant phenylpropane metabo-
lism [44]. According to the number and position of its domains, it has been divided into four
subclasses: 1R (R1/R2, R3-MYB), 2R (R2R3-MYB), 3R (R1R2R3-MYB) and 4R (containing
four similar R1/R2 repeats) [45], with the 2R protein being the largest class of MYB factors
in plants. They are grouped into 22 subgroups on the basis of the conserved amino acid
sequence motifs present in their most C-terminal MYB domain [46], which are involved
in primary and secondary metabolism and determine cell life and properties, hormone
signaling, developmental regulation and responses to biological and abiotic stresses [47–
49]. In recent years, more and more studies on the regulation of flavonoid metabolism
by R2R3-MYB have been reported, including studies on PtMYB6 [50], NtMYB330 [51],
AN2like [52] and CaMYB39 [53]. The lack of R2 motif in FaMYB5 suggests that FaMYB5 is
a potential negative regulator of anthocyanin synthesis [26]. In previous studies [21,22]
and this study, we have demonstrated that FaMYB5 is a typical R2R3-MYB protein and
positively regulates anthocyanin and proanthocyanidin biosynthesis in strawberry.

Flavonoids such as anthocyanin and proanthocyanidin are important products of phenyl-
propanoid metabolism. In addition to directly regulating structural genes of flavonoid bio-
logical metabolism, MYB proteins usually form complexes with other proteins to perform
functions, such as the MYB-bHLH-WD40 complex [54,55]. It has also been reported that
proteins other than bHLH protein interact with MYB transcription factors to regulate
flavonoid metabolism. For example, Pp4ERF24 and Pp12ERF96 in pear were able to en-
hance the expression of PpUFGT and promoted anthocyanin synthesis through interaction
with PpMYB114 [56], and PyERF3-PyMYB114-PybHLH3 complex promoted anthocyanin
accumulation in pear peel by regulating target gene ANS [57]. Jasmonic acid domain
protein interacted with AtMYB75 and bHLH protein TT8/GL3/EGL3, suggesting that it
may promote anthocyanin synthesis and trichome initiation by regulating MBW complex
and activating downstream signaling cascade [58]. The GARP-type transcription factor
GLK1 regulated anthocyanin biosynthesis in Arabidopsis thaliana by interacting with MYB75,
MYB90 and MYB113 [59]. COP1/SPA interacted with PAP1 and PAP2, which can affect
their functions at the transcription and translation levels, and then regulated anthocyanin
synthesis in Arabidopsis thaliana [60]. MYB75 interacted with MPK4, which regulates phos-
phorylation of MYB75 through photoinduction to maintain its stability, and played an
important role in photoinduced anthocyanin synthesis in Arabidopsis thaliana [61]. In ap-
ples, MdBT2 interacted with MdMYB1 and target ubiquitination to degrade MdMYB1 and
regulated the biological metabolism of anthocyanin [62]. MdNAC42-MdMYB10 was an
important component of the regulatory network controlling anthocyanin accumulation in
red-flesh apples [63]. MdbZIP44 and MdERF78 partnered with MdMYB1 to activate down-
stream target genes and promoted anthocyanin accumulation [64,65]. Here, we reveal the
BBX protein and MYB protein interaction module and speculate that FaBBX24 interacted
with FaMYB5 to enhance the transcriptional activation of FaMYB5 on F3′H, TT12, AHA10
and 4CL-1 and promoted anthocyanin accumulation in strawberry fruits.

In this study, we screened the B-BOX protein FaBBX24, whose N-terminal contains
two B-BOX domains that are involved in protein–protein interactions [66]. B-BOX proteins,
as an important participant in the plant light-signaling pathway, have been shown to
play an important role in light-mediated anthocyanin accumulation [67,68]. Among them,
AtBBX20 [69], AtBBX21 [70], MdBBX20 [71], MdBBX21 [36], MdBBX22 [72], PpBBX16 [38],
PpBBX18 [37], PavBBX6/9 [40] and FaBBX22 [34] have been proven to be positive reg-
ulators of anthocyanin, and AtBBX19 [73], AtBBX24 [74], AtBBX25 [75], AtBBX32 [76],
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PpBBX21 [77], PpBBX24 [78], MdBBX37 [79], MdCOL4 [80] and VvBBX44 inhibit antho-
cyanin biosynthesis. The same transcription factor in different species may perform op-
posite functions. MdMYB1 plays a central role in promoting anthocyanin accumulation
and directly regulates anthocyanin structural genes [81,82], while MYB1 in strawberry is
a repressor of flavonoid metabolism [26,83,84]. It has been reported that PpBBX24 causes
the red skin of ‘Zaosured’ due to the deletion of 14 nucleotides [78], and these results
indicated that PpBBX24 negatively regulated anthocyanin in pear. The amino acid se-
quence of FaBBX24 and PpBBX24 is highly similar (80.91%), but this study showed that
FaBBX24 plays a role in promoting anthocyanin accumulation in strawberry fruits. Previ-
ous studies have found that FaMYB5 can promote the biosynthesis of proanthocyanidin in
strawberry fruits by combining with LAR promoter. This research proves that the interac-
tion between FaMYB5 and FaBBX24 did not further increase the LAR expression level. It is
speculated that the increase in proanthocyanidin content after co-expression was due to the
regulation of proanthocyanidin structural gene ANR by FaBBX24. Therefore, FaBBX24 is a
positive regulator of anthocyanin and proanthocyanidin biosynthesis in strawberry fruits.

B-BOX proteins usually interact with HY5 and act as upstream MYB transcription
factors such as MYB1 or MYB10 to regulate anthocyanin biosynthesis [28,79]. FaMYB5 has
been proven to be a key transcription factor for anthocyanin metabolism in strawberry.
However, RT–qPCR data showed that the expression level of FaMYB5 did not change in
strawberry fruits with FaBBX24 overexpression. Therefore, whether FaBBX24 can directly
regulate FaMYB5 remains to be further explored.

4. Materials and Methods

4.1. Plant Materials and Growth Conditions

The plant materials were woodland strawberry (Fragaria vesca) ‘Ruegen’ and its aseptic
tissue culture seedlings; tobacco (Nicotiana benthamiana), which was grown in a greenhouse
of the Horticulture College of Sichuan Agricultural University; and the cultivated straw-
berry (Fragaria × ananassa) ‘Benihoppe’ and ‘Xiaobai’ fruits which were picked from Xin
Yue Strawberry Garden (Chengdu, China). Environmental conditions were controlled at
22 ± 2 ◦C, 80–90% relative humidity and 16/8 h light–dark cycle with 220 μmol m−2 s−1.
The developmental stages of fruit are defined as small green, big green, white, partially red
and full red [21]. All collected samples were immediately snap-frozen with liquid nitrogen
and stored at −80 ◦C for further use.

4.2. Gene Clone and RT–qPCR Analysis

The total RNA of fruit samples was extracted using the improved CTAB method [85]
and then reversed using RT EasyTM II (with gDNase) (Foregene, Chengdu, China). cDNA
was diluted tenfold and used as a template for gene cloning. The FaBBX24 sequences are
shown in Figure S1. Cloning primers were designed using SnapGene software, as shown
in Table S2 (all primers used in this article are in this table).

RT–qPCR was performed by a CFX Connect real-time system ((Bio-rad, Hercules, CA,
USA), and the interspace 26S-18S RNA was used as a reference gene [86]. Primers were
designed in NCBI (https://www.ncbi.nlm.nih.gov/) [Accessed on 20 April 2020], and the
relative expression level was analyzed using the 2−ΔΔCt method [87]. Hieff® qPCR SYBR
Green Master Mix (No Rox) (Yeasen Biotechnology Co., Ltd., Shanghai, China) was used
for detecting the PCR products on a CFX96 Real-time reaction system (Bio-Rad, Hercules,
CA, USA). Three biological replicates were set, and each biological replicate was set with
three technical replicates.

4.3. Strawberry Genetic Transformation

FaMYB5 coding sequence (previously cloned in the laboratory) was inserted into
pCAMBIA1301-Chip (with 3X Flag tag), and strawberry leaf rounds were infected with
Agrobacterium-mediated genetic transformation. The specific method is as follows: straw-
berry leaf rounds were infected with Agrobacterium tumefaciens GV3101 containing pCAMB-
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IA1301-FaMYB5-Chip (with 3X Flag tag); then, the leaf rounds were placed in 25 mL
medium (MS salts + B5 vitamins +6-BA 3.0 mg·L−1 + IBA 0.2 mg·L−1 + 2% Sucrose +
1% Glucose + 0.25% Phytagel + 100 μM Acetosyringone, pH 5.5) in a petri dish for dark
culture at 25 ◦C for 2 days. The leaf rounds were transferred to fresh culture bottles (MS
salts + B5 vitamins + 6-BA 3.0 mg/L + IBA 0.2 mg/L + 3% Sucrose + 0.25% Phytagel +
250 mg/L Timentin + 250 mg/L Carbenicillin + 5 mg/L Hygromycin B, pH 5.8), 22 ◦C,
16 h (light) /8 h (dark), light intensity of 40 μmol·m−2·s−1 (about 2200 lx) for 15 days. The
culture medium was then transferred every 20 days, during which the necrotic tissue was
carefully excised and part of the green callus was transferred to a new screening medium
until adventitious buds developed. When the indeterminate bud grew to 0.5–1 cm, it was
removed from the base and transferred to a secondary medium (MS + 6-BA 0.2 mg/L +
GA3 0.2 mg/L + 5 mg/L Hygromycin B + 3% Sucrose + 0.7% Agar, pH 5.8) for further
culture. After identification of positive plants, 2–3 cm adventitive buds were cut off and
transferred to rooting medium (1/2 MS +5 mg/L Hygromycin B + 3% Sucrose + 0.7% Agar,
pH 5.8) under the same culture conditions as above to obtain intact plants.

4.4. Yeast Two-Hybrid Assay

The yeast two-hybrid assays were performed, according to the manufacturer’s instruc-
tions using the Matchmaker Gold Yeast Two-Hybrid System kit (Takara, Beijing, China).
The coding sequence encoding the N-terminal of FaBBX24 (amino acids 1–99) and the C-
terminal of FaBBX24 (amino acids 100–238) was cloned into pGBKT7 (Clontech) to generate
the bait vector (BD-FaBBX24N99, BD-FaBBX24C139) containing the GAL4 DNA-BD sequence.
The full-length coding sequence of FaMYB5 was individually cloned into pGADT7 vector
(Clontech) to produce the prey vectors (AD-FaMYB5) containing the sequence encoding the
GAL4 activation domain (AD). Yeast strain AH109 was co-transformed with the bait and
prey vectors, and then protein interactions were evaluated on the basis of the ability of the
cells to grow on synthetic defined (SD) medium lacking Leu, Trp, His, Ade and +X-α-gal
after 4 days of growth at 28 ◦C.

4.5. BiFC Assay

The candidate genes were amplified with PCR using primers with restriction sites,
and the fluorescent complementary vectors pXY104-cEYFP-FaMYB5 and pXY103-nEYFP-
FaBBX24 were constructed. The recombinant plasmids were transformed into Agrobacterium
tumefaciens GV3101, and the transformed positive and negative plasmids were used as
control plasmids and then injected into tobacco leaves. Next, 48 h later, Laser Scanning
Confocal Microscope (FV3000, OLYMPUS, Tokyo, Japan) was used to observe fluorescence
signals in tobacco cells.

4.6. Transient Overexpression in Strawberry Fruit

The CDS of FaBBX24 and FaMYB5 were inserted into pCAMBIA1301 vector and
transferred into Agrobacterium tumefaciens GV3101. A 1 mL sterile microsyringe was used
to inject 300–500 μL subcutaneously into the fruit pedicles of strawberries at white stage.
The strawberries after injection were dark cultured overnight at 18 ◦C and then transferred
to normal material culture conditions; the steps of transfection are described in detail
elsewhere [88].

4.7. Anthocyanin and Proanthocyanidin Content Measurement

The measurement of anthocyanin has been reported previously [89]. Specifically, 0.2 g
plant material (extract: fresh weight of plant = 10:1) was ground with liquid nitrogen,
and 2 mL anthocyanin extract (methanol:H2O:formic acid:trifluoroacetic acid, 70:27:2:1)
was placed in a 40 ◦C water bath to avoid light for 4 h, followed by centrifugal collection
of supernatants with UV spectrophotometer (UV-530pc, MAPADA, Shanghai, China) to
measure the absorbance of A530, A657. The calculation formula is total anthocyanin = [A530
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− (0.25 × A657)]/M, where A530 and A657 are absorbance at corresponding wavelengths,
and M is fresh weight of plants.

Proanthocyanidin content measurement was described previously [90]. Specifically,
0.15 g of the sample was weighed (fully ground with liquid nitrogen), and 3 mL of proan-
thocyanidin extract (acetone:water:glacial acetic acid = 150:49:1) was added and shaken at
150 rpm for 1 h at 20 ◦C. The samples were centrifuged at 12 ◦C for 20 min at 10,000 rpm,
and the supernatant was retained as the proanthocyanidin extract. After the extraction so-
lution, 80% ethanol and 1% DMACA solution were mixed at 1:9:30, substance. Varioskan™
LUX (Thermo Fisher Scientific, Waltham, MA, USA) was used to determine OD value at
640 nm. Proanthocyanidin B2 is the standard.

4.8. Statistical Analysis

All the experimental data are expressed as the mean ± standard deviation from the
mean (SD). The statistical analysis was performed using Student’s t test (** p < 0.01) and
Least Significant Difference (LSD) test in IBM SPSS Statistics software, version 28.0 (IBM,
Chicago, IL, USA).

5. Conclusions

In summary, by obtaining FaMYB5 overexpression plants and transient overexpression
of FaMYB5 and FaBBX24, we determined that FaMYB5 and FaBBX24 are promoting factors
for anthocyanin and proanthocyanidin biosynthesis of strawberry. It was also proven that
FaMYB5 can further promote the expression of anthocyanin and proanthocyanidin struc-
tural genes F3′H, TT12, AHA10, 4CL-2 and ANR by forming a complex with FaBBX24 and
can regulate the biosynthesis of anthocyanidin and proanthocyanidin in strawberry fruit.
This study provides new insight into the transcriptional regulation of anthocyanin and
proanthocyanidin by FaMYB5 and FaBBX24 in strawberry.
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Abstract: Eggplant (Solanum melongena L.) is an important economic crop, and to date, there has
been no genome-wide identification and analysis of the cyclic nucleotide-gated channel (CNGC)
gene family in eggplant. In this study, we identified the CNGC gene family in eggplant, and the
results showed that 29 SmCNGC genes were classified into five groups, unevenly distributed across
the 12 chromosomes of eggplant. The gene structure and motif analysis indicated that the SmCNGC
family proteins may exhibit apparent preferences during evolution. Furthermore, our study revealed
the presence of numerous light-responsive elements, hormone-responsive elements, and transcription
factor binding sites in the promoter regions of SmCNGC genes, suggesting their significant role in
environmental adaptability regulation. Finally, we analyzed the expression patterns of all SmCNGC
genes under cold stress and found that SmCNGC1a was significantly upregulated under cold stress.
Subcellular localization experiments indicated that this gene is located on the plasma membrane.
Subsequently, its importance in the low-temperature response of eggplant was validated through
virus-induced gene silencing (VIGS), and its protein interactome was predicted. In summary, our
study provides a comprehensive understanding of the function and regulatory mechanisms of
the CNGC gene family in eggplant, laying an important foundation for further research on cold
adaptation in eggplant.

Keywords: eggplant; gene family; cold stress; expression pattern; functional analysis

1. Introduction

Eggplant (Solanum melongena L.), a thermophilic vegetable belonging to the Solanaceae
family, is extensively cultivated on a global scale. It is an important vegetable variety during
the off season and is also one of the most popular and widely consumed vegetables [1].
Eggplant contains rich nutritional components, such as vitamins, minerals, and especially
high levels of vitamin E, P, and iron. It also contains various bioactive compounds, of-
fering health benefits and medicinal value [2]. Calcium ions (Ca2+) are indispensable for
upholding the integrity of plant cell architecture [3]. They assume a pivotal role as both
a critical cellular signal and a secondary messenger in numerous pathways, governing
various responses to environmental stimuli, including plant hormones, temperature fluctu-
ations, light exposure, and salt stress [4,5]. Cyclic nucleotide-gated channels (CNGCs) are
non-selective cation channels situated on the cytoplasmic membrane. They play a crucial
role in facilitating the transmembrane transport of monovalent cations, such as sodium
and potassium, as well as divalent cations, like calcium and magnesium [6]. CNGCs
in plants were first discovered in 1998 during the screening of a barley calcium-binding
transporter (Hordeum vulgare CaM-binding transporter, HvCBT1), which revealed the
existence of this non-selective cation channel [7]. CNGCs are widely distributed in animals
and plants, serving as universal calcium ion channels in eukaryotes [8]. Prior research has
substantiated the existence of CNGCs in both monocotyledonous and dicotyledonous plant
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species [9]. Preliminary investigations have suggested that CNGCs function as ligand-gated
ion channels, facilitating the passage of calcium ions. These channels can be activated
by cyclic nucleotides (cNMP) and their activity can be inhibited through binding with
Ca2+/calmodulin (CaM) [10,11]. Structurally, CNGCs consist of six transmembrane do-
mains (S1–S6), a pore region (P) located between the fifth and sixth domains, a C-terminal
CaM-binding domain (CaMB), and a cyclic nucleotide-binding domain (CNBD) [12]. The
CNBD, which represents a highly conserved region within CNGCs, is characterized by the
presence of a cyclic nucleotide-binding cassette (PBC) and an adjacent unique “hinge” re-
gion. The PBC specifically interacts with the sugar and phosphate groups of the nucleotide
ligand, while the adjacent “hinge” region contributes to the efficiency and selectivity of
ligand binding [13]. Previous investigations have demonstrated that the carboxyl-terminal
tails of specific plant CNGCs exhibit a Ca2+-dependent interaction with CaM [14–16]. In
plants, CNGCs contain a conserved cNMP-binding domain that is considered a specific do-
main for identifying CNGCs [17]. Early studies proposed that plant CNGCs are regulated
by cNMP gating. However, as research on calcium signaling has progressed, many scholars
have questioned whether cNMP activation is necessary for CNGCs [18]. Recent studies
have found that in Xenopus laevis oocyte cells, cAMP and cGMP can hyperpolarize activate
calcium channels through heterologous assembly, without requiring an increase in cNMP
levels [19]. Therefore, cNMP may only act as an auxiliary factor for CNGC subunits or exert
its effects by modulating the membrane voltage or other regulators [19]. Furthermore, with
further research, an increasing number of experimental findings indicate that the activation
and regulation of CNGC channels rely more on phosphorylation modifications and the
binding of CaM. The mechanisms underlying cNMP regulation of CNGCs require further
investigation [20].

CNGCs regulate the growth of root tips in plants. Recent studies have shown that
CNGC5, CNGC6, CNGC9, and CNGC14 in Arabidopsis thaliana are involved in regulating the
growth of root hairs [21]. CNGC14 plays a role in maintaining cell integrity during polar
growth of root hairs, and its mutation leads to abnormal growth of root hairs, including
swelling, branching, and bursting at the tip [22]. Additionally, CNGC5, CNGC6, CNGC9,
and CNGC14 are also involved in maintaining the stability of unidirectional cell prolifera-
tion and cytoplasmic Ca2+ oscillations. In CNGC14 mutants, the stability of cytoplasmic
Ca2+ oscillations are severely impaired, and cngc14/cngc6 and cngc14/cngc9 double mutants
lose the typical 30 s Ca2+ oscillation cycle [22]. In the double mutants of cngc6 and cngc9,
as well as in the single mutants of cngc9, this oscillation cycle still exists but with reduced
stability [23]. These findings indicate that CNGC14 plays a crucial role in these processes.
Another study found that CNGC5, CNGC6, and CNGC9 are essential Ca2+ channels in the
structural growth of root hairs and auxin signal transduction in Arabidopsis. Mutations
in these three genes lead to root hair growth defects, including shorter and defective root
hairs. However, expressing any one of the CNGC subtypes individually or providing a
high concentration of exogenous Ca2+ can restore this growth defect, whereas the supply of
exogenous K+ cannot [24]. These three genes also exhibit Ca2+ permeation channel function
in HEK293T cells. Cytosolic Ca2+ imaging and patch clamp data in root hairs indicate a
significant reduction in the Ca2+ gradient and oscillation at the tip when CNGC5, CNGC6,
and CNGC9 are absent [24].

CNGCs play important roles in the growth and development of plant pollen tubes.
The CNGC family in Arabidopsis comprises a total of 20 members [25]. Studies have shown
that AtCNGC16 contributes to the development of pollen grains in Arabidopsis under high-
temperature conditions [26]. AtCNGC7 and AtCNGC8 share high amino acid sequence
homology, and both have overlapping functions in the germination and development
of pollen as the cngc7/cngc8 double mutation leads to pollen sterility, confirming their
roles in plant pollen development [27]. Further research has revealed that CNGC7 or
CNGC8 interacts with CNGC18 to form an inactive heterotetramer. However, when the
Ca2+ concentration reaches its peak level, CaM dissociates from the CNGC18-CNGC8
heterotetramer, relieving the inhibition of CNGC18 by CNGC8. This pathway, regulated by
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Ca2+-CaM interaction with CNGC channels, facilitates autoregulatory feedback in calcium
oscillations while facilitating pollen tube growth and plays an important role in fine-tuning
the growth of pollen tubes [28]. Moreover, CNGC18 exhibits asymmetric distribution on the
plasma membrane at the growing tip of pollen tubes and possesses Ca2+ channel activity,
which is crucial for pollen tube tip growth and guidance [29,30].

In recent years, with the increasing demand for year-round vegetables, particularly
the rising requirements for eggplant production during the winter and spring seasons,
eggplants frequently encounter cold stress during protected cultivation in winter and early
spring, leading to cold damage, blossom and fruit drop, as well as poor fruit coloration.
These phenomena severely affect the yield and quality of eggplants. Additionally, low-
temperature stress hampers the growth and development of eggplants, resulting in stunted
growth, yellowing and withering of leaves, and even plant death [31]. These occurrences
not only directly impact the yield and quality of eggplants, but also cause economic losses
and agricultural production instability for growers. Cold damage during the winter and
spring seasons has become a bottleneck factor restraining the development of the eggplant
industry, thereby imposing higher demands on the cold tolerance of eggplant cultivars
during these seasons. Therefore, conducting research on the cold-tolerance mechanism of
eggplants, exploring cultivation techniques to enhance their cold tolerance, and breeding
new cold-tolerant eggplant varieties hold significant importance. In this study, we ana-
lyzed the genomic data of the eggplant CNGC gene family, identified 29 members of the
SmCNGCs gene family, and conducted physicochemical property analysis, promoter analy-
sis, phylogenetic tree construction, gene structure analysis, motif analysis, chromosome
localization analysis, and collinearity analysis. We also investigated the expression patterns
of SmCNGCs under different cold-stress conditions at different time points. Expression
pattern analysis and subcellular localization were performed for the cold-stress-responsive
gene SmCNGC1a in different tissues. Furthermore, the functionality of SmCNGC1a was
validated using VIGS (virus-induced gene silencing) technology, and protein interaction
networks were analyzed to explore the role of this gene under low-temperature stress
in eggplants.

2. Results

2.1. Identification of the CNGC Genes in Eggplant

Based on the HMM file of the CNGC gene family, a search was conducted on the
reference genome of eggplant. After manual screening and removal of redundant genes,
a total of 29 SmCNGC genes were identified. Following the nomenclature guidelines for
CNGC genes in Arabidopsis and referring to the information in the eggplant database,
the identified 29 eggplant CNGC genes were named as SmCNGC1a-SmCNGC24 (Table 1).
The predicted lengths of SmCNGC proteins ranged from 482 amino acids (SmCNGC9) to
1074 amino acids (SmCNGC7). The majority of SmCNGC proteins had lengths concentrated
in the range of 600–800 amino acids, with molecular weights varying from 55.40 kDa
(SmCNGC9) to 122.28 kDa (SmCNGC7). The significant differences in amino acid length and
molecular weight suggest potential structural variations among members of the SmCNGC
gene family. Among the 29 SmCNGC proteins, seven had a theoretical pI value below
7, indicating a potential negative charge within the alkaline pH range. The remaining
22 SmCNGC proteins had theoretical pI values above 7, suggesting a positive charge within
the acidic pH range. Additionally, 8 SmCNGC proteins had an instability index value below
40, indicating relative stability, while the remaining 21 proteins were relatively unstable.
The predicted aliphatic index for SmCNGC proteins ranged from 88.78 (SmCNGC18) to
99.63 (SmCNGC22). The grand average of hydropathicity predicted that, with the exception
of SmCNGC13, the remaining proteins were hydrophilic. The prediction of subcellular
localization results indicated that the majority of SmCNGC proteins were located in the
cell membrane (plasma membrane), consistent with their primary function as channel
proteins. However, there were some special cases: SmCNGC22 was found in the nucleus,
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SmCNGC10 and SmCNGC9 were located in the cytoplasm, and SmCNGC23 was present in
the chloroplast, suggesting potential diverse biological functions for these proteins.

Table 1. Identification and Physicochemical Analysis of SmCNGC Proteins.

Gene Name Gene ID
Number of

Amino
Acid/aa

Molecular
Weight

Theoretical pI
Instability

Index
Aliphatic

Index

Grand
Average of

Hydropathic-
ity

Prediction of
Subcellular
Localization

SmCNGC1a Smechr0500088.1 714 82,462.57 9.51 53.73 90.17 −0.208 cytomembrane
SmCNGC1b Smechr0101357.1 708 81,926.22 9.32 48.72 93.4 −0.071 cytomembrane
SmCNGC1c Smechr0302178.1 710 81,869.6 8.9 50.11 92.46 −0.132 cytomembrane
SmCNGC2 Smechr0202893.1 708 81,371.83 9.65 53.34 92.78 −0.034 cytomembrane
SmCNGC3 Smechr0400998.1 838 96,160.87 7.32 32.86 93.05 −0.198 cytomembrane
SmCNGC4a Smechr1000491.1 685 80,107.48 8.28 46.96 90.31 −0.169 cytomembrane
SmCNGC4b Smechr0400207.1 665 77,317.03 8.98 45.03 92.77 −0.075 cytomembrane
SmCNGC5 Smechr1200261.1 692 78,774.97 9.19 51.32 92.76 −0.114 cytomembrane
SmCNGC6 Smechr1100117.1 823 94,278.62 6.38 40.34 98.54 −0.131 cytomembrane
SmCNGC7 Smechr0700086.1 1074 122,281.25 9.3 53.27 90.8 −0.079 cytomembrane
SmCNGC8 Smechr0303133.1 689 79,669.91 8.78 43.35 91.13 −0.183 cytomembrane
SmCNGC9 Smechr0801568.1 482 55,399.66 8.21 37.08 96.24 −0.188 cytoplasm
SmCNGC10 Smechr0800622.1 714 82,222.56 5.82 38.97 95.03 −0.123 cytoplasm
SmCNGC11 Smechr0801458.1 859 96,677.4 6.6 40.65 98.43 −0.055 cytomembrane
SmCNGC12 Smechr0201396.1 655 75,003.7 7.84 39.83 93.45 −0.092 cytomembrane
SmCNGC13 Smechr0900702.1 612 69,109.84 7.32 46.02 99.1 0.033 cytomembrane
SmCNGC14 Smechr0801673.1 634 72,997.99 8.67 47.05 91.85 −0.097 cytomembrane
SmCNGC15a Smechr0900248.1 659 76,020.09 8.73 49.81 93.38 −0.033 cytomembrane
SmCNGC15b Smechr0600577.1 696 80,257.66 9.24 50.58 91.18 −0.19 cytomembrane
SmCNGC15c Smechr1201893.1 704 80,655.83 9.26 53.81 88.82 −0.217 cytomembrane
SmCNGC16 Smechr0302884.1 674 77,929.8 8.31 47.48 89.39 −0.157 cytomembrane
SmCNGC17 Smechr0700014.1 720 83,011.82 9.32 41.97 93.74 −0.174 cytomembrane
SmCNGC18 Smechr0203033.1 689 79,438.12 7.17 49.98 88.78 −0.15 cytomembrane
SmCNGC19 Smechr0302451.1 840 95,490.13 6.12 39.05 97.96 −0.151 cytomembrane
SmCNGC20 Smechr0302478.1 771 88,894.76 9.32 49.87 89.29 −0.191 cytomembrane
SmCNGC21 Smechr0500154.1 827 94,588.85 6.62 39.78 94.79 −0.13 cytomembrane
SmCNGC22 Smechr0103753.1 629 72,010.19 8.16 44.82 99.63 −0.018 nucleus
SmCNGC23 Smechr1200076.1 884 99,814.77 6.47 39.65 96.24 −0.111 chloroplast
SmCNGC24 Smechr0100701.1 837 95,413.1 6.61 33.24 95.97 −0.13 cytomembrane

2.2. Phylogenetic Analysis of SmCNGC Proteins

To investigate the evolutionary relationships of the SmCNGC gene family, we con-
structed a phylogenetic tree of the CNGC protein family, including eggplant, Arabidopsis,
and tomato (Solanum lycopersicum L.). The maximum likelihood (ML) method was em-
ployed to generate the phylogenetic tree with five groups (Figure 1). Group 1 consists
of 6 eggplant CNGC proteins, 11 Arabidopsis CNGC proteins, and 9 tomato CNGC pro-
teins. Group 2 comprises seven eggplant CNGC proteins, five Arabidopsis CNGC proteins,
and five tomato CNGC proteins. Group 3 contains three eggplant CNGC proteins, two
Arabidopsis CNGC proteins, and three tomato CNGC proteins. Group 4 consists of one
eggplant CNGC protein, two Arabidopsis CNGC proteins, and one tomato CNGC protein.
Group 5 exclusively includes 12 eggplant CNGC proteins, indicating a relatively distant
evolutionary relationship with Arabidopsis and tomato. Based on the evolutionary analysis
results, it can be inferred that CNGC maintains a high degree of stability throughout the
process of species evolution, suggesting its conserved and indispensable role in organisms.

2.3. SmCNGC Gene Structures and the Conserved Motifs Analyses

Motif analysis was conducted on the CNGC gene family in eggplant. The results
revealed that the encoded proteins of this family possess 10 conserved motifs (motif 1–10,
Figure 2A). Members within the same subfamily exhibited similar distribution patterns
of these conserved motifs. Motif 10 was identified as a shared motif among 28 SmCNGC
members, while motif 1 was absent in SmCNGC9. Furthermore, it was observed that
CNGC members in group 5 displayed unique regularity in the motifs they contained, with
motif 6 being exclusive to this group (Figure 2B). Structural domain analysis indicated that
most of the genes contained the PLN03192 superfamily domain. However, SmCNGC1a
lacked this domain, which suggests that there might be functional differences associated
with this gene (Figure 2C). Gene structure analysis, as shown in the diagram on the right,
revealed that the number of coding sequences (CDSs) and untranslated regions (UTRs)
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were similar within the same subfamily. Additionally, SmCNGC13 displayed significant
structural differences compared to other members, indicating possible variations in gene
structure during the process of evolution (Figure 2D).

 

Figure 1. Phylogenetic relationships among the SmCNGCs, AtCNGCs, and SlCNGCs. The amino
acid sequences of CNGC gene families in Arabidopsis, tomato, and eggplant were aligned using
MEGA v7.0. After removing non-conserved gaps, the aligned sequences were used to construct a
phylogenetic tree using the maximum likelihood (ML) method. Bootstrap values were set to 1000.
Sm: eggplant; At: Arabidopsis; Sl: tomato. Different colors represent different groups.

Figure 2. Cont.
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Figure 2. SmCNGC gene structures and the conserved motifs analyses. (A) Amino acid composition
of each motif. (B) Motif compositions. (C) Conserved domains. (D) Gene structure. The motif
logos were generated using the MEME Suite web server, while the remaining figures were generated
using Tbtools.

2.4. Chromosome Localization and Cis-Acting Elements Prediction of SmCNGCs

Chromosomal localization analysis revealed that members of the SmCNGC gene family
are distributed across all 12 chromosomes of eggplant. Most of these genes are located
at the ends of the chromosomes. Chromosome 3 harbors the highest number of CNGC
gene family members, with five genes. Chromosome 8 contains four CNGC gene family
members. Chromosomes 1, 2, and 12 have three members each, while chromosomes 4, 5,
7, and 9 have two members each. Chromosomes 6, 10, and 11 have only one member of
the CNGC gene family (Figure 3A). Promoter analysis predicted the presence of numerous
cis-regulatory elements. The results indicate that the promoters of SmCNGC genes contain
a substantial number of light-responsive elements, anaerobic-induction elements, hormone-
responsive elements, and MYB transcription factor binding sites. All SmCNGC gene
promoters contain light-responsive elements, suggesting their potential involvement in
light signal regulation. Additionally, we found that a significant portion of SmCNGC genes
contain methyl jasmonate, salicylic acid, or abscisic-acid-responsive elements, indicating
their potential role in responding to these hormones and regulating plant growth and
development. Nearly half of the SmCNGC genes contain MYB transcription factor binding
sites, suggesting that SmCNGC may be directly regulated by MYB transcription factors,
thus modulating ion channel activity and signal transduction (Figure 3B).

2.5. Collinearity Analysis of SmCNGCs

To elucidate the origin and evolutionary relationship of the SmCNGC gene family, we
analyzed the gene duplication events of SmCNGC. The results showed that the SmCNGC
gene family has a total of nine pairs of gene sequence duplication events, namely SmC-
NGC13/SmCNGC15c, SmCNGC7/SmCNGC23/SmCNGC17, and SmCNGC15b/SmCNGC15c,
etc. (Figure 4A). This indicates that the SmCNGC genes have undergone multiple dupli-
cation events during the evolutionary process, which facilitated the rapid expansion of
the SmCNGC gene family. In addition, we performed collinearity analysis of the genomes
of eggplant, Arabidopsis, and tomato using MCScanX v1.5.1. The results showed that
there are 22 pairs of collinearity relationships between eggplant and Arabidopsis CNGC
genes, and 34 pairs of collinearity relationships between eggplant and tomato. It is note-
worthy that eggplant’s chromosome 3 (E03) has the highest number of collinear gene pairs
(Figure 4B).
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Figure 3. Analysis of Chromosomal Location and Cis-Regulatory Elements of the SmCNGC Gene.
(A) Chromosomal localization of SmCNGCs. The blue bars represent the length of each chromosome,
reflecting their relative sizes. The SmCNGCs are indicated on the chromosomes using their respective
gene names. The placement of gene names along the chromosomes signifies their positions within the
genome of eggplant. (B) Prediction of cis-regulatory elements in the upstream regions of SmCNGC
genes. Different colors represent different cis-regulatory elements, with each color corresponding to
a specific functional motif. The genes are arranged on the left side of the figure according to their
evolutionary relationships. The color legend on the right side of the figure indicates the different
cis-regulatory elements, with the colors arranged in descending order of their occurrence frequency
in SmCNGCs. 107
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Figure 4. Collinearity analysis of SmCNGCs. (A) Chromosome locations and inter-chromosomal
associations of SmCNGC genes. The colored lines represent different sets of collinear genes. The gene
density in the chromosome is also depicted in the graph, with red indicating high density and blue
indicating low density. (B) Collinearity analysis of CNGC genes between eggplant and the other two
representative plants. The syntenic gene pairs were linked by blue lines.

2.6. Expression Patterns of SmCNGC Genes in Cold Stress

To investigate the expression patterns of the SmCNGC genes under cold stress in
eggplant and evaluate their roles during cold stress, we employed qRT-PCR to detect the
expression levels of SmCNGC genes at different time points (0, 0.25, 0.5, 1, 2, and 4 h) of cold
stress. The results revealed that the SmCNGC genes exhibited distinct expression patterns
in response to cold stress at different time intervals. Specifically, the expression levels
of SmCNGC1a, SmCNGC1c, SmCNGC7, SmCNGC12, and SmCNGC20 showed an initial
increase followed by a decrease, suggesting their potential importance in the response
to cold stress. This initial upregulation of expression might be associated with the rapid
adaptation to environmental changes induced by cold stress and could be involved in
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the regulation of ion channels and signal transduction within the cells. As the duration
of cold stress continued, the expression levels of these genes gradually decreased, which
could indicate cellular acclimation to the cold-stress conditions or involvement of nega-
tive feedback regulatory mechanisms. Furthermore, the expression levels of SmCNGC4a,
SmCNGC6, SmCNGC18, and SmCNGC24 decreased with prolonged cold stress, indicating
their negative regulatory roles in eggplant’s adaptation to cold stress. Interestingly, we
observed a trend: initially decreased expression levels followed by increased expression
levels for SmCNGC2 and SmCNGC21 (Figure 5). These experimental findings suggest that
the SmCNGC genes may exhibit temporal specificity during the plant’s response to cold
stress. Of note, we observed a significant upregulation of SmCNGC1a at 0.5 h of cold stress,
indicating its potential crucial role in the response of young eggplant seedlings to cold
stress. Subsequent experiments will be conducted to further investigate this gene.

 

Figure 5. Expression patterns of SmCNGC genes under different time points of 4 ◦C cold stress. The
bar graph represents the expression patterns of SmCNGC genes under different time points of cold
stress. The y-axis represents the relative expression levels, and the x-axis represents the time points
of cold stress. Data are means ± standard deviation from four biological replicates. Different capital
letters between samples denote significant differences according to one-way ANOVA and Tukey’s
test (p < 0.01). The error bars represent the standard deviation.
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2.7. Expression Patterns of SmCNGC1a under Various Stress Conditions

To comprehensively investigate the expression patterns of SmCNGC1a under various
stress conditions, we conducted analyses of its response to cold stress, heat stress, and salt
stress. The qPCR results revealed distinct expression profiles of SmCNGC1a under these
diverse stress scenarios. Under cold stress, the transcription level of SmCNGC1a rapidly
increased during the initial phase of exposure to cold stress, reaching a significant level
after 0.5 h, followed by a gradual decline during sustained cold stress. This transient nature
implies that SmCNGC1a may be involved in the early perception and response phases of
cold stress. Under heat stress, the transcription level of SmCNGC1a showed a sustained
upregulation, maintaining a significant elevation compared to the untreated control. This
sustained upregulation suggests that SmCNGC1a could potentially play a role in mediating
eggplant’s response to heat stress. In contrast to cold and heat stress, the response of
SmCNGC1a to salt stress exhibited a different expression pattern. Although there was
a slight increase in gene expression, it was not statistically significant. This indicates a
potential subtle role of SmCNGC1a in the regulation of salt-stress response (Figure 6).

Figure 6. Expression patterns of SmCNGC1a under different stresses. Gene expression was analyzed
using qPCR, with 0 h as the control. The blue columns represent cold stress, the red columns
represent heat stress, and the yellow columns represent salt stress. Data are means ± standard
deviation from four biological replicates. Different capital letters between samples denote significant
differences according to one-way ANOVA and Tukey’s test (p < 0.01). The error bars represent the
standard deviation.

2.8. Subcellular Localization and Tissue-Specific Expression Patterns of SmCNGC1a

To investigate the subcellular localization and expression patterns of SmCNGC1a
in different plant tissues, we cloned SmCNGC1a into the pCambia1300-35S-EGFP plant
expression vector containing the 35S promoter and GFP reporter gene (Figure 7A). The
recombinant constructs, 35S:SmCNGC1a-GFP and 35S:GFP (control), were transformed
into N. benthamiana epidermal cells using Agrobacterium-mediated transformation and
injected. After 48 h, the fluorescence signals of the genes in the leaves were observed using
a laser scanning confocal microscope. The results indicate that the fluorescence signal of
SmCNGC1a-GFP was localized to the plasma membrane of the cells, while the control group
(GFP) exhibited a fluorescence signal distributed throughout the entire cell, suggesting that
SmCNGC1a is localized to the plasma membrane (Figure 7B). Furthermore, we performed
qRT-PCR to detect the expression patterns of SmCNGC1a in different tissues of eggplant
(root, stem, leaf, and flower). The results revealed that SmCNGC1a exhibited relatively
higher expression levels in the root and leaf, and relatively lower expression levels in the
stem and flower, suggesting its possible association with environmental adaptation in roots
and leaves (Figure 8).
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Figure 7. Subcellular localization of SmCNGC1a. (A) Construction of the SmCNGC1a vector.
(B) 35S:SmCNGC1a-GFP and 35S:GFP (control) were transformed into N. benthamiana epidermal
cells using Agrobacterium-mediated transformation and injected. Results were observed using confo-
cal microscopy 48 h after transformation. Scale bars = 50 μm.

 

Figure 8. Expression levels of SmCNGC1a in different tissues of eggplant. Data are means ± standard
deviation from four biological replicates. Different capital letters between samples denote significant differences
according to one-way ANOVA and Tukey’s test (p < 0.01), The error bars represent the standard deviation.
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2.9. Silencing of SmCNGC1a Reduced Eggplant Tolerance to Cold Stress

To further investigate the function of SmCNGC1a in the cold-stress response of egg-
plant, we employed the VIGS method to silence SmCNGC1a. Agrobacterium infiltration
solution was injected into the leaves of “JS221” seedlings, and 21 days later, the JS221
leaves injected with TRV:SmPDS exhibited pronounced chlorosis symptoms (Figure 9A),
while no significant phenotype was observed in the control plants. Subsequently, we used
qRT-PCR to examine the expression levels of the SmCNGC1a gene in the roots of silenced
and control plants under cold stress to calculate the silencing efficiency. The results showed
that the relative expression level of SmCNGC1a was significantly lower in the silenced
plants compared to the control plants. In the control group, the expression of SmCNGC1a
in the leaves was significantly upregulated under cold stress, while the expression level
of SmCNGC1a in the silenced plants was suppressed (Figure 9B). These findings indicate
successful silencing of SmCNGC1a. Furthermore, after 2 h of cold stress, the silenced plants
exhibited more severe leaf wilting, stem bending, and loss of turgidity (Figure 9C), and
the survival rate of the plants also significantly decreased (Figure 9D), suggesting that the
silencing of SmCNGC1a reduced the cold tolerance of JS221, thus preliminarily confirming
its positive regulatory role in the cold-stress response of eggplant. We also monitored the
contents of chlorophyll a, chlorophyll b, carotenoids, proline, and malondialdehyde in the
leaves of plants before and after silencing. The results revealed a significant decrease in
the levels of photosynthetic pigments (chlorophyll a and chlorophyll b) compared to the
control, accompanied by a substantial increase in proline and malondialdehyde content
(Figure 9E). This suggests that the silencing of SmCNGC1a significantly affects the accumu-
lation of proline and malondialdehyde in eggplant leaves, leading to a more pronounced
degradation of chlorophyll a and chlorophyll b when compared to non-silenced plants.

 

 

Figure 9. Cont.
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Figure 9. Effects of SmCNGC1a silencing on eggplant responses to cold stress (A) TRV: the albino
phenotype of SmPDS indicates the success of the silencing system. (B) Silencing efficiency of SmC-
NGC1a in plants under cold stress based on a qRT-PCR assay. (C) Phenotype of SmCNGC1a-silenced
and control plants challenged with cold stress at 2 h post-treatment. RT: 25 ◦C; LT: 4 ◦C. (D) Survival
frequencies of SmCNGC1a-silenced and control plants subjected to cold stress at 2 h post-treatment.
(E) Contents of chlorophyll a, chlorophyll b, carotenoids, proline, and malondialdehyde in SmC-
NGC1a-silenced and control plants after 2 h of cold stress. Chl-a: chlorophyll a; Chl-b: chlorophyll b;
PRO: proline; MDA: malondialdehyde; FW: fresh weight. Different capital letters between samples
denote significant differences according to one-way ANOVA and Tukey’s test (p < 0.01).

2.10. Analysis Interaction Network of SmCNGC1a in Eggplant

To further investigate the function of SmCNGC1a, we utilized STEING v11.5 to predict
and analyze its interaction network in eggplant. The results revealed that SmCNGC1a interacts
with proteins related to defense response by callose deposition in the cell wall, regulation of an-
ion channel activity, and receptor-mediated endocytosis (Smechr0201361.1, Smechr0201358.1,
Smechr0201356.1, Smechr0201360.1). Additionally, it interacts with proteins associated with
protein serine/threonine kinase activity, adenyl ribonucleotide binding, and ATP binding
(Smechr0201224.1, Smechr0801839.1, Smechr0201360.1, Smechr0103284.1, Smechr0201226.1,
Smechr0201225.1). The predicted interacting proteins’ KEGG pathways indicate their potential
involvement in the plant MAPK signaling pathway and plant–pathogen interaction. The
results of STEING local network cluster analysis suggest that these proteins may participate in
cGMP-binding defense response by cell wall thickening and plant MAPK signaling pathway
(Figure 10).
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Figure 10. Interaction network analysis of SmCNGC1a. Nodes represent different proteins, with
colored nodes indicating proteins that may have first shell of interactions with SmCNGC1a, and
uncolored nodes indicating proteins that may have second shell of interactions with SmCNGC1a.
Lines represent known or predicted protein–protein interactions, with blue lines indicating inter-
actions predicted from homologous genes in other species, red lines indicating interactions that
have been experimentally validated, green lines indicating interactions predicted using text mining
methods, and purple lines indicating the presence of homology between the connected proteins. The
“Smechr0500088.1” referred to by the red arrow is identified as SmCNGC1a.

3. Discussion

With the increasing exploration of reference genomes in various plant species, many
gene families have been identified; however, the CNGC gene family in eggplant remains
unknown. In this study, we identified the CNGC gene family in eggplant and conducted
comprehensive bioinformatics analyses of its physicochemical properties, phylogenetic
evolutionary relationships, chromosome localization, gene structure, cis-acting elements,
and gene duplication events. Subsequently, we analyzed the expression patterns of the
CNGC gene family under cold stress and identified a significantly upregulated gene, Sm-
CNGC1a, in response to cold stress. We further analyzed its subcellular localization and
tissue-specific expression patterns. Finally, we employed VIGS technology to validate the
function of this gene and analyzed its protein interaction network. Our physicochemical
property analysis revealed that most members of the SmCNGC family are hydrophilic pro-
teins localized in the plasma membrane, which confirms their role as ion channel proteins.
Phylogenetic evolutionary analysis showed that the SmCNGC family has relatively more
members compared to Arabidopsis and tomato, with a distinct branch exhibiting a distant
evolutionary relationship with other species. This indicates that CNGC proteins in eggplant
may have undergone unique evolutionary processes, possibly due to differences in the
environmental conditions for eggplant survival during natural evolution compared to Ara-
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bidopsis and tomato, leading to adaptive evolution of the genes. Motif analysis identified
a total of 10 motifs, among which the majority of SmCNGC proteins exhibit 8 conserved
motifs characterized by similar sequences. However, a unique motif 6 is present in another
branch, while motif 5 is absent, suggesting that this subset of SmCNGC proteins may have
distinct preferences and potentially exert specialized functions during evolution.

According to reports, Ca2+ channels play a crucial role in plant responses to temper-
ature stress [32]. Studies conducted on rice (Oryza sativa L.), cabbage (Brassica oleracea
L.), tobacco (Nicotiana benthamiana), and mango (Mangifera indica L.) have shown that the
expression of CNGC gene family undergoes changes under cold-stress conditions. For
instance, 10 OsCNGCs in rice [33], 13 BoCNGCs in cabbage [34], 10 NtabcCNGCs in to-
bacco [35], and the genes MiCNGC15 and MiCNGC15II in mango fruit peel [36] were found
to be upregulated under cold stress. Additionally, a study in 2020 identified 15 ZjCNGCs
in the jujube (Ziziphus zizyphus) genome, where ZjCNGC2, 8, 10, and ZjCNGC15 showed
downregulation within 24 h of cold-stress treatment, while the expression levels of ZjC-
NGC4 and ZjCNGC12 increased approximately four-fold and two-fold, respectively, after
1 h of cold treatment [37]. According to the research on temperature-stress treatment in
Chinese cabbage (Brassica rapa pekinensis), it was found that the expression of BrCNGC1,
2, 3, 10, 17, 22, 23, 27, and BrCNGC29 was upregulated under low-temperature stress [38].
Apart from cold stress, CNGCs have also been found to be involved in regulating heat
stress. Specifically, the genes AtCNGC6 and AtCNGC2 are involved in plant response to
heat stress and are closely associated with plant thermotolerance. Under high-temperature
induction, AtCNGC6 triggers Ca2+ influx and the adaptive expression of heat-shock pro-
teins. Mutants of AtCNGC2, namely cngc2-1 and cngc2-2, exhibit enhanced tolerance to heat
stress and accumulate more heat-responsive proteins [39,40]. Conversely, interference with
CNGCb (a homologous gene of AtCNGC2) from the moss Physcomitrella patens leads to a
super-thermosensitive phenotype in plants [41]. In rice, OsCNGC14 and OsCNGC16 also
play important roles in plant thermotolerance. Mutants cngc14 and cngc16 show lower sur-
vival rates under high and low-temperature stress, and the extent of heat-stress induction
and inhibition of certain genes is altered in the cngc16 mutant. Furthermore, the absence
of OsCNGC14 or OsCNGC16 reduces or eliminates the cytosolic Ca2+ signals induced
by temperature stress [42]. In this study, we found numerous light-responsive elements,
hormone-responsive elements, and transcription factor binding sites in the promoter region
of the SmCNGC gene, indicating that this gene family may respond to environmental
signals and stress, potentially playing an important role in regulating eggplant’s envi-
ronmental adaptation. The expression pattern analysis of SmCNGC genes under cold
stress also suggests that many genes in this family can respond to low-temperature signals.
Specifically, we observed significant upregulation of SmCNGC1a under cold stress, and this
finding was further validated through VIGS experiments, highlighting its importance in
eggplant’s response to low temperatures.

In addition, we predict complex interactions between SmCNGC1a and various proteins
in eggplant, including cell wall defense response proteins, anion channel activity regula-
tory proteins, and serine/threonine-kinase-related proteins. Cell wall defense response
proteins participate in the synthesis and deposition of pectin, enhancing the defensive
capacity of plant cell walls. They are important mechanisms for plants to resist stress and
adversity [43]. Anion channel activity regulatory proteins, similar to CNGCs, constitute a
class of membrane protein channels that can regulate intracellular ion balance and signal
transduction [44]. During stress and adversity, these proteins may interact synergistically
with CNGCs to resist stress. Serine/threonine kinases are a class of enzyme proteins that
phosphorylate serine (Ser) or threonine (Thr) residues in target proteins and participate in
the regulation of various signal transduction pathways [45]. We speculate that SmCNGC1a
may interact with the aforementioned proteins to transmit cold-stress signals and activate
cold-stress-defense-related genes. However, this speculation requires further experimental
validation. It is worth noting that although our study confirms the positive regulatory role
of SmCNGC1a in cold tolerance in eggplant, there are still many unresolved questions that
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require further investigation. For example, a deeper understanding of the process by which
SmCNGC1a transmits cold-stress signals and clarification of its regulatory relationships with
other genes, as well as the detailed mechanisms of the regulatory pathways, are needed.
Our study provides a reference for further research on cold-tolerance genes in eggplant.

4. Materials and Methods

4.1. Identification of CNGC Gene Family in Eggplant Genome

The reference genome, coding sequences (CDS), and protein sequences of eggplant
were obtained from the Eggplant Genome Database (Table 2). Hidden Markov model
(HMM) profiles for the cyclic nucleotide-binding domain (cNMP, PF00027) and the ion
transport protein domain (iTP, PF00520) used by the eggplant CNGC gene family were
obtained from the InterPro protein family database (Table 2). The HMM profiles were
searched using HMMER v3.0 software to identify genes containing both cNMP and iTP
domains. These genes were then extracted, and further manual verification was performed
using the NCBI CDD (Table 2) to ensure the inclusion of genes with both conserved domains
and to remove pseudogenes. The final set of SmCNGC gene family members was obtained.
The molecular weight, theoretical isoelectric point, instability index, aliphatic index, and
average hydrophilicity of all the genes in the family were predicted using the Expasy
ProtParam tool (Table 2). Additionally, the subcellular localization of the SmCNGCs was
predicted using the WoLF PSORT subcellular localization prediction tool (Table 2).

Table 2. Online Analysis Websites and URLs.

Website URL

Eggplant Genome Database http://eggplant-hq.cn/Eggplant/home/index (accessed on 3 March 2023)
InterPro protein family database https://www.ebi.ac.uk/interpro/ (accessed on 3 March 2023)

NCBI CDD https://www.ncbi.nlm.nih.gov/cdd/ (accessed on 3 March 2023)
Expasy ProtParam tool https://web.expasy.org/protparam/ (accessed on 7 April 2023)

WoLF PSORT subcellular localization
prediction tool https://wolfpsort.hgc.jp/ (accessed on 7 April 2023)

TAIR https://www.arabidopsis.org/ (accessed on 16 March 2023)
Tomato genome database https://solgenomics.net/ (accessed on 16 March 2023)

Evolview v3 https://www.evolgenius.info/evolview/ (accessed on 16 March 2023)
MEME http://memesuite.org/tools/meme/ (accessed on 30 March 2023)

MapGene2Chromosome v2.1 http://mg2c.iask.in/mg2c_v2.1/ (accessed on 30 March 2023)
PlantCARE http://bioinformatics.psb.ugent.be/webtools/plantcare/html/ (accessed on 30 March 2023)

4.2. Multiple Sequence Alignment and Phylogenetic Analysis

The protein sequence information of the Arabidopsis CNGC gene family was ob-
tained from TAIR (Table 2). The protein sequences of the tomato CNGC gene family were
referenced based on the identification results from previous studies conducted by other
researchers [17] and obtained from the tomato genome database (Table 2). The amino
acid sequences of CNGC gene families in Arabidopsis, tomato, and eggplant were aligned
using MEGA v7.0. After removing non-conserved gaps, the alignment results were used to
construct a phylogenetic tree using the maximum likelihood (ML) method with a bootstrap
value set at 1000. The generated phylogenetic tree file was imported into Evolview v3
(Table 2) for visualization.

4.3. Gene Structures and Conserved Motifs Analysis

The genomic annotation file (.gff) for eggplant was obtained from the Eggplant
Genome Database. The software TBtools v1.120 was used to extract gene length and
positional information from the genomic annotation file of SmCNGCs. The extracted data
were then visualized. The amino acid sequence motifs of SmCNGCs were analyzed using
MEME (Table 2), with the search model set as “anr” and a minimum motif length of 6 and
a maximum motif length of 50. Only the top 10 most reliable pieces of motif information
were retained. The analysis results were visualized using MEME and Tbtools software [46].
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4.4. Gene Distribution and Cis-Acting Elements Prediction

After extracting the chromosome position information of SmCNGCs using TBtools, the
extracted results were imported into MapGene2Chromosome v2.1 (Table 2) to generate a
chromosome location map of the gene family members. The promoter sequences of the
SmCNGCs family were obtained using TBtools, specifically the 1500bp upstream of the
gene’s start codon. These promoter sequences were then analyzed using the PlantCARE
website (Table 2) to identify and retain regulatory elements associated with environmental
response, hormone response, and transcription factor binding sites that occur frequently.
The retained elements were visualized using TBtools [46].

4.5. Collinearity Analysis

To uncover intraspecies microsynteny groups in eggplant, we utilized the MCScanX
plugin integrated within the TBtools software to perform collinearity analysis. Subse-
quently, the Circos plugin in TBtools was employed to generate circos plots depicting the
microsynteny groups. Additionally, we employed MCScanX to analyze the co-occurrence
relationships between the CNGC gene family in eggplant and those in Arabidopsis thaliana
and tomato. Visualization was carried out using TBtools [46].

4.6. Plant Materials and Treatments

The plant materials used in this experiment were eggplant variety “JS221” and N.
benthamiana. Seeds were germinated by placing them on moist filter paper in Petri dishes,
followed by cultivation in a growth chamber. The growth chamber was kept at a constant
temperature of 25 ◦C, with a relative humidity of 60–70% and a photoperiod of 16 h of
light (800 μmol m−2 s−1) followed by 8 h of darkness. After germination, the seedlings
were transplanted into seedling trays and subsequently transferred to small pots once the
cotyledons had expanded, allowing for further growth. The plants were cultivated at a
temperature of 25 ◦C and a photoperiod of 16 h of light (800 μmol m−2 s−1) followed by 8 h
of darkness until they reached the 4–6 leaf stage for subsequent experiments. Cold-stress
treatment was conducted in the growth chamber at a temperature of 4 ◦C and heat-stress
treatment was conducted in the growth chamber at 42 ◦C, while the other conditions
remained unchanged. After the treatment, the eggplant leaves were washed with ddH2O.
Salt-stress treatment was conducted following the methods described in previous studies,
with sampling focused on the root [47]. The samples were cryogenically preserved by
immersing them in liquid nitrogen and then stored at a temperature of −80 ◦C to facilitate
further analysis.

4.7. Subcellular Localization

SmCNGC1a was constructed into the pCambia1300-35S-EGFP plant overexpression
vector to generate a fusion vector containing 35S: SmCNGC1a-GFP, which was then trans-
formed into Agrobacterium strain GV3101. The composition of Agrobacterium suspension
culture medium refers to previous studies in the field [47]. Healthy N. benthamiana were
selected as the experimental material. Using a sterile syringe, the leaf surface of N. benthami-
ana was injected with OD600 = 0.8 suspension of pCambia1300-35S-EGFP empty vector
and pCambia1300-SmCNGC1a-GFP separately, avoiding the leaf veins. This process was
repeated three times. Subsequently, the injected N. benthamiana were cultivated in a growth
chamber under appropriate lighting conditions for 48 h. The N. benthamiana leaves were
then cut into suitable sizes, rinsed with sterile water, and mounted on glass slides. The
fluorescence signals of the genes in the leaves were observed using a laser scanning confo-
cal microscope (LSM 880NLO; Leica Microsystems, Wetzlar, Germany) to determine the
cellular localization of SmCNGC1a.

4.8. Functional Analysis of SmCNGC1a Based on VIGS Method

The VIGS method referred to in previous studies [47] was employed. RNA was
isolated from the leaves of pTRV2-SmCNGC1a-silenced plants and pTRV2 negative control
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plants, followed by qRT-PCR analysis to assess the silencing efficiency of SmCNGC1a.
Cold-stress treatment was conducted according to the procedure outlined in Section 2.6.
After 2 h treatment, the phenotypes of eggplant seedlings were observed under different
experimental conditions, and the survival rates were calculated.

4.9. Gene Expression Analysis by qPCR

To analyze the transcriptional expression levels of the target gene, qPCR was per-
formed following the method established by previous studies [47]. Four biological repli-
cates were used to detect the transcript expression levels of the target gene. The primers
used in this study are listed in Table 3.

Table 3. Primers used in this study.

Gene Name Gene ID Forward Primer (5’ –> 3’) Reverse Primer (5’ –> 3’)

SmCNGC1a Smechr0500088.1 AACCAACGTTTAGCTCGTTGA TAGAGGATGCATGCGAATTG
SmCNGC1b Smechr0101357.1 AAAGCCACCAATCTGCTCAT AGGAAAGGGATGCACATTGA
SmCNGC1c Smechr0302178.1 CGGCAAATTTGGAGTGTTCT TTTGGCCAGAAGGCAACTTA
SmCNGC2 Smechr0202893.1 CAACCTGATAACAGCGACGA TCACAACTGGTGGAATGGAA
SmCNGC3 Smechr0400998.1 GGAAGTGAAATATTCATCATATGGTTT CCACCTCTCTCACCGTACCT

SmCNGC4a Smechr1000491.1 GGACAAGGATGTGGATGAGG ACACGACCACGACCACTACA
SmCNGC4b Smechr0400207.1 GCTCGAGTGATCTGATTGTTGA TCCAAAATAAGTGATACCGATCC
SmCNGC5 Smechr1200261.1 TTGTTGATCTTTTGAGCTTTGC TTTACACAATCGGTGTATATAAAACTC
SmCNGC6 Smechr1100117.1 TGGAGGTCGAGCAGAGTATG TTTGCCGGCTAATTTTTCTC
SmCNGC7 Smechr0700086.1 GAGTCGAGTTTGAGGGCTTG TCGCAGTCTTGCTGATGAAC
SmCNGC8 Smechr0303133.1 TTGGAGGGCAAAAAGAAAAG TGGTTACATGCCCACCAGTA
SmCNGC9 Smechr0801568.1 CTGAAGGATCTGGATTCTTTGC TCATCTTGACATCTTAACTTATGGA

SmCNGC10 Smechr0800622.1 GGACATGGAAAGCAAACCAA CGTCCACAACTTTCACCTTC
SmCNGC11 Smechr0801458.1 ATTGCTTGTGGACAATGGTG TCACCTCCATACCGGATGAT
SmCNGC12 Smechr0201396.1 GGGATTTGGAGGTTTTGGTT TGTCCATCACCTTTCTCTTGC
SmCNGC13 Smechr0900702.1 TTTCAGAAATGTATCTGATTGACC CTCAATGACTAGAATTCCGCTGT
SmCNGC14 Smechr0801673.1 AGCTGGCCAAAGAACTTTACA TGTTGATCATCCTCGGGTTC
SmCNGC15a Smechr0900248.1 CCTCGAGGAGGTCCTATAAACA CCATGGGATAACTTGCATCC
SmCNGC15b Smechr0600577.1 CAGTTGTAACTTGTAAGATAAGATGGA ATGGCACAAAAGCTGCAGTA
SmCNGC15c Smechr1201893.1 CAAATGTGGAAGGGTGTTTT GTTTCTCTTCCCCCTCTTGC
SmCNGC16 Smechr0302884.1 CAGGGAAAGTCGTTTTGGAA GGAAGCAGCAAAAACAGAGG
SmCNGC17 Smechr0700014.1 TGGGAGGAAAAGCAGACAGT CCTTTTTAGGCCTCCCAAAC
SmCNGC18 Smechr0203033.1 GGTGGCGTCAGATTTTTGAT TGACGAAAGGGACGAAGAAG
SmCNGC19 Smechr0302451.1 GCCAAAGAAGTTCAGGCAGA AGTAATTCCGCAGCCATTTG
SmCNGC20 Smechr0302478.1 TTGGTCGAGAGCCTGAGAAT TACGCCAACCATTTCGTTCT
SmCNGC21 Smechr0500154.1 AATCGTCGAGAAGCAGCAGT GAGGCCATTGATGACGTTTT
SmCNGC22 Smechr0103753.1 AAAAACAGAGGAAACAAATATAATGAA TGCTATCATGTTCATCTCATTACCA
SmCNGC23 Smechr1200076.1 TGGAGCAGCACAAGAAATTG TTGCCGATCATAAGGTGAAA
SmCNGC24 Smechr0100701.1 TGCAAATGAGCCATTCATACA TGCTACTCCCATGGCTATCA

4.10. Physiological Parameter Determination

The determination method of photosynthetic pigments is as follows: Firstly, 0.2 g
of leaf samples were weighed into a mortar, and 12 mL of 95% ethanol was added. The
samples were ground until the tissue turned white and left to stand for 3–5 min. Then, the
mixture was filtered into a 25 mL brown volumetric flask using filter paper. The filter paper
and residue were rinsed several times until no residues remained. Finally, the volume was
adjusted to a fixed volume with ethanol and shaken well. The absorbance values (A665,
A649, and A470) of the chlorophyll extract were measured at wavelengths of 665 nm, 649 nm,
and 470 nm, respectively. The concentrations (mg/L) of chlorophyll a, chlorophyll b, and
carotenoids were calculated using the following formulas: Ca = 13.95 × A6656.88 × A649;
Cb = 24.96 × A649 − 0.32 × A665; Cx·c = (1000 × A − 2.05 × Ca − 114.8 × Cb)/245.
Subsequently, the pigment content in the tissue (mg/g) was calculated using the following
formula: Pigment content = Pigment concentration (calculated as above) × Extract volume
× Dilution factor/FW (fresh weight) [48]. Proline content was determined using the
Proline (Pro) Content Assay Kit (AKAM003C) provided by BoxBio (Beijing BoxBio Science
& Technology Co., Ltd., Beijing, China). Malondialdehyde (MDA) content was determined
using the Malondialdehyde (MDA) Content Assay Kit (AKFA013C) provided by BoxBio
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(Beijing BoxBio Science & Technology Co., Ltd.). The experimental procedures for these
assays were performed according to the respective kit instructions. All experiments were
conducted with three biological replicates to ensure reproducibility.

4.11. Statistic Analysis

The statistical analysis data were analyzed utilizing Microsoft Office Excel 2019 and
IBM SPSS Statistics 26. To assess the variations among the samples, one-way analysis of vari-
ance (ANOVA) was conducted, followed by Tukey’s test (p < 0.01) for post hoc comparisons.

5. Conclusions

In general, we identified the CNGC gene family in eggplant and analyzed its ex-
pression patterns under cold stress. Finally, functional analysis was performed on the
cold-responsive gene SmCNGC1a. These studies provide valuable information for the
research on cold tolerance in eggplant. Further investigations can be based on these find-
ings to explore the function of SmCNGC and the regulatory mechanisms of SmCNGC1a
in cold tolerance in eggplant. This will provide a theoretical basis for the development of
cold-tolerant eggplant varieties and breeding strategies aimed at enhancing cold tolerance
in eggplant.
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Abstract: Fruit softening is a crucial factor that controls shelf life and commercial value. Pectate lyase
(PL) has a major role in strawberry fruit softening. However, the PL gene family in strawberry has
not been comprehensively analyzed. In this study, 65 FaPL genes were identified in the octoploid
strawberry genome. Subcellular localization prediction indicated that FaPLs are mostly localized to
the extracellular and cytoplasmic spaces. Duplication event analysis suggested that FaPL gene family
expansion is mainly driven by whole genome or segmental duplication. The FaPL family members
were classified into six groups according to the phylogenetic analysis. Among them, FaPL1, 3, 5, 20,
25, 42, and 57 had gradually increased expressions during strawberry fruit development and ripening
and higher expression levels in the fruits with less firmness than that in firmer fruit. This result
suggested that these members are involved in strawberry softening. Furthermore, overexpression of
FaPL1 significantly reduced the fruit firmness, ascorbic acid (AsA), and malondialdehyde (MDA)
content but obviously increased the anthocyanins, soluble proteins, and titratable acidity (TA), while
it had no apparent effects on flavonoids, phenolics, and soluble sugar content. These findings provide
basic information on the FaPL gene family for further functional research and indicate that FaPL1
plays a vital role in strawberry fruit softening.

Keywords: pectate lyase; strawberry; fruit softening; fruit firmness

1. Introduction

Due to its rich nutrients (such as vitamin C, vitamin A, anthocyanins, etc.), unique
flavor, sweetness, and bright color, the strawberry (Fragaria × ananassa Duch.) is cultivated
and consumed worldwide. However, the extreme soft texture of strawberry brings a very
short shelf life and poor fruit quality, thus leading to enormous marketing and economic
losses. Therefore, the mechanisms underlying fruit softening and its manipulation are of
great interest for both consumers and breeders.

Softening, a typical characteristic of ripening in most fleshy fruits, is a crucial factor
that controls shelf life and commercial value. In certain species and cultivar, some degree
of softening is desirable to consumers. However, during fruit ripening, excessive softening
often leads to postharvest damage or infection decay that results in diminished fruit quality
and significant economic losses. Although softening has been shown to be regulated by
endogenous phytohormones (e.g., ethylene and abscisic acid) [1,2] and degradation of
starch [3], it is mainly caused by modification or remodeling of the cell wall (CW) [4].
The plant CW comprises the primary CW, secondary CW, and middle lamella (ML). The
primary CW consists of of cellulose, hemicellulose, and pectin; however, the weakening and
disassembly of the CW are predominantly due to the solubilization and depolymerization
of hemicellulose and pectin.

Pectin is the most complex polysaccharide and is also an important component of plant
primary CW and ML. It plays an important role in intercellular adhesion, maintaining the
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stability, strength, and integrity of the CW. Accompanied with pectin degradation, the CW
dissociates, and the fruit softens. The degradation of pectin is the result of the joint action
of several metabolic enzymes, including pectin methylesterase (PME), polygalacturonase
(PG), and pectate lyase (PL). PG is one of the most studied enzymes, which can hydrolyze
homogalacturonan (HG), leading to the degradation of pectin. However, silencing of the
ripening-related PG genes has a relatively small effect on slowing down the rate of fruit
softening, and PG enzyme activity is relatively low in strawberries [5]. Hence, it is generally
believed that the role of PG genes in strawberry fruit softening is relatively small. Recent
studies have shown that there are a total of 82 PG genes in the strawberry genome of
which FaPG1 and FaPG2 are highly expressed in the fruit. Silencing FaPG1 and FaPG2
significantly increases the firmness of strawberry fruit [6–8], indicating that these two
genes play an important role in strawberry fruit softening. Similarly, PME has also been
screened and identified in strawberry. In total, 54 PME genes have been identified in the
strawberry genome of which FvPME38 and FvPME39 are involved in fruit softening and
are regulated by MYB transcription factors [9,10]. However, the screening of the PL gene
family in strawberry and the identification of its members related to fruit softening have
not been reported yet.

Pectate lyase (PL) belongs to polysaccharide lyase family 1 (PL1), can randomly breaks
the β-1,4 glycosidic bond, producing unsaturated C4-C5 bond oligomeric galactose uronic
acid, thereby degrading pectin. PL exists in many plant species and has been identified in
tomato [11], Arabidopsis [12], peach [13], and grape [14]. Its important role in fruit softening
has also been confirmed in several species, such as banana [15], tomato [16], mango [17],
and grape [18]. Previous studies have shown that silencing of the PL gene in tomatoes
reduces the content of water-soluble pectin, which significantly improves fruit firmness
and prolongs the storage period of the fruit [19]. In strawberry, it has been previously
reported that the expression levels of three members of the PL family (FaPLa, FaPLb,
and FaPLc) increased along with fruit maturation, indicating these genes are associated
with fruit ripening and softening [20,21]. Meanwhile, by antisense inhibition of FaPLc
gene expression, the fruit firmness was significantly increased [22,23], confirming the
involvement of the PL gene in strawberry fruit softening.

Although a few softening-related PL genes in strawberry have been reported, the
genome-wide systematic examination is still missing. In this study, we identified all the
PL family members in strawberry; the basic information and expression profiles were
obtained during fruit ripening. In addition, transient overexpression was used to clarify
the function of FaPL1 in strawberry fruit softening. The findings provide a foundation for
further investigation of the function of PL family members in strawberry fruit softening,
aimed to better reveal the molecular mechanism underlying strawberry fruit softening.

2. Results

2.1. Identification of PL Genes in Strawberry

A total of 65 FaPL genes were identified by searching and confirming the conserved PL
domains (PF00544) in the genome of cultivated strawberry. According to their distribution
order on chromosomes, all the 65 FaPL genes were renamed as FaPL1 to FaPL65 (Figure 1).
The sixty-five FaPL genes were unevenly distributed across the twenty-eight chromosomes
in the four subgenomes of cultivated strawberry, with an apparent concentration on the
chromosome 6. A maximum of seven FaPL genes were located on chromosome 6 from
the first, second, and third subgenomes (Fvb6-1, Fvb6-2, Fvb6-3), while the minimum
number was 1 on chromosomes Fvb3-1, Fvb2-2, Fvb3-2, Fvb2-4, and Fvb7-4. However,
there were no FaPL genes on chromosomes 1 and 2 from the first subgenome (Fvb1-1,
Fvb2-1), chromosome 2 from the second subgenome (Fvb2-2), chromosomes 1, 2, and 3
from the third genome (Fvb1-3, Fvb2-3 and Fvb3-3), and chromosomes 1 and 3 from the
fourth subgenome (Fvb1-4 and Fvb3-4), which is not shown.
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Figure 1. Chromosomal distribution and location of FaPLs in strawberry. Different colors indicate the
chromosomes from different subgenomes of cultivated strawberry.

The characteristics and physicochemical properties of the deduced 65 FaPL proteins is
shown in Supplementary Table S1. The number of amino acids varied from 91 to 500 aa,
most of them (46) were concentrated from 400 to 500 aa. There were only two FaPL
proteins comprising amino acids below 100 aa. The molecular weights (MW) were from
10.282 to 53.933 KDa. Only 21 FaPL proteins had isoelectric points (pI) below 7, while
the others were all above or equal to 7 and three of which had pI above 10. Furthermore,
based on the subcellular localization prediction results (Supplementary Table S1), most
FaPL proteins were predicted to be located in the extracellular space (21), suggesting
they might be secreted proteins. Several FaPL proteins were located in the cytoplasm
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(13), plasma membrane (9), and vacuolar (8); some FaPLs were localized in mitochondria,
chloroplast, and peroxisome. Interestingly, a few FaPLs were predicted to be dual-localized,
as examples, FaPL24 was located in both chloroplast and nuclear, while FaPL25 and FaPL57
were located in chloroplast or vacuolar (Supplementary Table S1). Subsequently, the origins
of duplication events of FaPLs in strawberry were detected using MCScanX package. As a
result, three types of duplication events were found, including whole genome duplication
or segmental (WGD/segmental), dispersed, and proximal (Supplementary Table S1). Most
FaPLs were duplicated by WGD/segmental, only seven and two FaPLs were duplicated
from dispersed and proximal duplication events separately.

2.2. Phylogenetic and Gene Structure Analysis for FaPL Genes

According to the result (Figure 2), all the sixty-five FaPL genes were classified into
six clusters. Among them, group I is the largest group containing 16 members, followed by
groups II and III, which had 14 and 12 members of FaPL genes, respectively. Both groups
IV and V had ten FaPL members, whereas there were only two FaPLs included in group VI.

 

Figure 2. Phylogenetic tree of FaPLs from strawberry and Arabidopsis. Different branch colors
represent the different groups. PL family members from strawberry identified in this study are
marked with blue stars. The red dots indicate the previously reported FaPLs.

To better elucidate the structural characteristics of the FaPL genes, their intron/exon
distributions were analyzed and visualized (Figure 3). Overall, six FaPLs, including in
Group II, had no intron, and other members displayed discontinuous sequences due to
the distribution of different number of introns. The exons numbers ranged from 1 to 7.
Specifically, all members belonging to group V had four exons. It was noted that six FaPLs
members (FaPL1, 20, 3, 25, 57, and 42) in Group II contained the most exons, while the other
eight members of FaPLs only had one or two exons. The exons ranged from three to five
of FaPLs divided into other groups. Meanwhile, the conserved motifs of FaPL proteins
were analyzed using MEME Suite online software (version 5.5.3). The motifs number
and distribution order were similar in FaPL members, most of which contained 10 motifs.
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However, FaPL15, 31, and 39 only contained two conserved motifs, FaPL50 had five motifs,
and most members classed into group IV had six motifs (Figure 3). As shown (Figure 3),
all the FaPL proteins contained the core motifs 1, 2, 6, or 10, which were annotated as PL
domains. Motif 3 encoded a zinc finger domain, while the others were unknown.

Figure 3. Conserved motifs and gene structure analysis of FaPLs. Left part indicated an unroot tree of
strawberry FaPLs, middle part displayed the distribution of conserved motifs on each FaPL protein,
and the right part showed the exon–intron distribution of FaPLs.

2.3. Collinearity Analysis

The collinearity analysis among Arabidopsis, woodland strawberry (Fragaria vesca), and
cultivated strawberry (Fragaria × ananassa) was carried out to explore the evolutionary
relationship of FaPLs. According to the result, 57 FaPLs, 18 AtPLs, and 16 FvPLs were
involved to form 129 collinear pairs (Supplementary Table S2). In particular, 52 pairs
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between Arabidopsis and cultivated strawberry and 57 between woodland strawberry and
cultivated strawberry are highlighted in Figure 4.

 

Figure 4. Collinearity analysis of PL genes among Arabidopsis thaliana, Fragaria × ananassa, and
Fragaria vesca genomes. Grey lines indicate collinear blocks within the three genomes, while the
blue lines represent collinear PL gene pairs. The purple, yellow, and blue columns indicate the
chromosomes from Arabidopsis thaliana, Fragaria × ananassa, and Fragaria vesca genomes, respectively.
Chromosome numbers are displayed at the side of chromosomes.

2.4. Expression Profiles of FaPLs during Fruit Development and Ripening

To identify the FaPLs related to strawberry fruit ripening, their expression patterns dur-
ing fruit development were examined based on transcriptome data. As shown in Figure 5A,
52 out of 65 FaPLs distinctly expressed during the fruit development. Interestingly, most
FaPL genes were highly expressed in the large green (LG) stage, while barely expressed
in the partial red (PR) and full red (FR) stages. On the contrary, there were seven FaPLs
(FaPL1, FaPL3, FaPL5, FaPL20, FaPL25, FaPL42, FaPL57) that exhibited lower expressions
in the LG stage and gradually increased as the fruit ripened, indicating that they may be
associated with strawberry fruit ripening. Subsequently, the expressions of these seven
FaPLs were further assessed in fruit in comparison with firmness. As a result (Figure 5B),
all of them had much higher expression levels in fruit with weak firmness than that in
fruit with strong firmness, confirming their potential role in strawberry fruit softening. The
transcriptome FPKM values are listed in Supplementary Table S3.

2.5. Functional Analysis of FaPL1 in Strawberry Fruit Softening

Among all the seven potential softening related FaPLs, FaPL3, FaPL25, FaPL42, and
FaPL57 were close to the previously reported FaPLa, FaPL20 was close to the previously
reported FaPLb (Figure 2), while FaPL5 had the lowest expression (Figure 5B and Table S3).
Therefore, the FaPL1 was selected for further expression and functional analysis. The
temporal and spatial expression analysis result (Figure 6A) revealed that FaPL1 expressed
in various tissues, with the lowest level in functional leaves (the fully expanded leaf) and
the highest level in fruit. In addition, the expression of FaPL1 gradually increased along
with fruit development and ripening, which showed a complete negative correlation with
fruit firmness (Figure 6B). These findings suggested that the FaPL1 may play a vital role in
strawberry fruit softening. Furthermore, FaPL1 was transiently overexpressed in strawberry
fruit to validate its function in softening. The phenotypic result showed that overexpression
of FaPL1 did not apparently affect the fruit skin color (Figure 6C). qRT-PCR analysis of FaPL1
expression indicated a seven times higher level in the overexpressed sample compared
to the control (Figure 6D), suggesting FaPL1 was successfully overexpressed. Moreover,
the fruit firmness was significantly decreased by overexpression of FaPL1 (Figure 6E),
confirming the important role of FaPL1 in strawberry softening.
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Figure 5. Heat maps showing the transcriptome-based expression of FaPLs. (A) The RNAseq retrieved
expression during fruit development and ripening. A three-color scale was used with blue, white,
and red indicating lowly, intermediately, and highly expressed genes, respectively. (B) Transcript
abundance of FaPL genes in fruit with contrasting firmness. The color scale indicated the expression
levels in FPKM value. LG, large green; PR, partial red; FR, full red. Red box indicates the seven FaPL
members comprising gradual increases of expression during fruit development and ripening.

Figure 6. qRT-PCR based expression analysis and overexpression of FaPL1 in strawberry. (A) The
expression patterns of FaPL1 in different tissues and during fruit development and ripening. (B) The
change of fruit firmness of strawberry. (C) The phenotype of strawberry injected with empty (control)
and FaPL1-overexpressing recombinant plasmid. (D) The relative expression of FaPL1 in the full red
FaPL1-overexpressed fruit and control fruit. (E) The firmness of full red FaPL1-overexpressed fruit
and control fruit. OE, overexpressing. Triple asterisk indicated statistical difference at p ≤ 0.001 level.

2.6. The Effects of FaPL1 Overexpression on Fruit-Ripening-Related Traits

According to the result, the content of total anthocyanins, titratable acidity (TA), and
soluble protein was remarkable higher in FaPL1-overexpressed fruit than that in the control
fruit (Figure 7A,C,E). By contrast, AsA and malondialdeehyde (MDA) contents exhibited
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significantly lower levels in the FaPL1-overexpressed fruit compared to the control fruit
(Figure 7D,H). However, the contents of soluble sugar, total flavonoid, and phenolic were
similar in FaPL1-overexpressed fruit and the control fruit, which showed no obvious
differences (Figure 7B,F,G).

 

Figure 7. The effects of FaPL1 overexpressing on the ripening-related traits. (A–H) indicate total
anthocyanins content, soluble sugar, titratable acidity, AsA, soluble protein, total flavonoid, phenolic,
and MDA content, respectively. Single, double, and triple asterisks indicate statistical differences at
p ≤ 0.05, 0.01, and 0.001 levels. ns, no significant difference was found.

3. Discussion

Due to their important roles in a broad range of physiological processes associated
with pectin degradation, such as plant growth, development, fruit softening and ripening,
PL genes have been identified in various plant species. It has been reported that a total of
26, 20, 12, 46, 22, and 16 PL family members were identified in Arabidopsis [24], peach [13],
rice [25], Brassica rapa [26], tomato [19], and grape [14], respectively. In strawberry, several
FaPL genes were obtained from multiple varieties, including FaPLa, FaPLb, and FaPLc,
from ‘Chandler’, FaSCPL from ‘Sweet Charlie’, FaTPL from ‘Toyonoka’, and five subtype
sequences from ‘Elsanta’ [20,21,27]. However, to our knowledge, the genome-wide analysis
of this family remains limited. In this study, 65 FaPL genes were identified in strawberry
based on a genome-wide investigation, which is more than the numbers in the above-
mentioned species. It is possibly because the cultivated strawberry has undergone a whole
genome duplication during the evolutionary process [28]. Segmental and tandem are two
main duplication events driving the expansion of gene families [29]. For example, PpePL5,
6, 7, and 8 have been regarded as arising from tandem repeats [13], while the GhPELs in
cotton seemed likely to be driven by segmental duplication [30]. Here, we have found that
most (55 out of 65) FaPL genes were duplicated from segmental events (Table S1), which
may contribute to the gene family expansion and their diverse structures and functions.
These results indicated different expansion mechanisms of the PL gene family among
different species. Moreover, the unrooted tree separated the FaPL genes into six different
groups (Figure 3), which is different from the five groups from peach [13], tomato, [19] and
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cotton [30]. This may be caused by the larger number of PL genes in strawberry. Except for
Group II, the FaPL genes involved in the same group have similar exon–intron structures.
Whereas, in Group II, a multiplicity of exon numbers was found (Figure 3), suggesting their
probable functional differentiation.

Fruit ripening is a complex process that involves substantive alterations in gene ex-
pression resulting in changes in flavor, aroma, and texture. Being one of the important cell
wall modification genes, the PL expression has been found to be related to fruit ripening
in various species. For instance, the PL gene is mainly expressed in ripe fruit but not the
unripe fruit of banana [31], the expression of five peach PpePL genes, and three strawberry
FaPL genes accumulated during fruit ripening [13,20,22]. Consistent with the previous
studies, we found that there were seven FaPL genes (FaPL1, 3, 5, 20, 25, 42, and 57) that have
gradually increased expression patterns during fruit development and ripening (Figure 5).
The predominant and high expression of FaPL1 in fruit during ripening was also confirmed
by a qRT-PCR experiment (Figure 6A), revealing these genes are associated with strawberry
ripening. Additionally, it has been well documented that PL genes play a central role in
fruit softening [13,14,19]. FaPLa, FaPLb, and FaPLc have been suggested to participate in
strawberry softening. Silencing FaPLc resulted in 30% firmer fruit than the control [22].
Here, according to the phylogenetic tree (Figure 2), it was found that among the seven
ripening related FaPLs, FaPL3, 25, 42, and 57 were classified into the same clade with FaPLa,
FaPL20 was clustered with FaPLb, and FaPL1 was close to FaPLc. This result demonstrated
these genes may have similar functions in strawberry softening. Furthermore, we found
that all of the seven ripening related FaPL genes apparently had higher expression levels in
the fruit with weak firmness, compared to the fruit with strong firmness (Figure 5B). Tran-
sient overexpression of FaPL1 significantly decreased the strawberry firmness (Figure 6E),
confirming its key role in strawberry softening. Notably, FaPL5 was clustered with AtPLL19
in Group I, which is different from the other six ripening related FaPLs (Figure 2). AtPLL19
was identified by its xylem-specific expression in Arabidopsis [32]. Combined with the fact
that FaPL5 had the lowest expression among the seven ripening related FaPLs (Figure 5B),
it can be speculated that FaPL5 may mainly function in xylem vascular development rather
than fruit softening, which needs further research.

Developing methods without influencing the edible and appealing aspects of fruit,
including color, aroma, or nutritional value, has currently become the major goal for con-
trolling softening [4]. It has been suggested that the antisense expression of the FaPLc gene
in strawberry did not affect the fruit color [22]; while overexpression of VvPL15 in tomato
accelerated the fruit ripening and coloring [14]. In the present study, we found that overex-
pression of FaPL1 significantly increased anthocyanin content (Figure 7A). The possible
explanation is that FaPL1 may have a similar function with VvPL15 in promoting fruit
ripening and coloring. This may also explain the decrease of AsA in FaPL1-overexpressed
fruit (Figure 7D). Because it has been suggested that the AsA decreased during strawberry
storage and senescence [33], the facilitation of ripening by overexpression of FaPL1 may
lead to fruit senescence faster than the control and thus contained a lower AsA content.
In addition, we have also found that FaPL1 overexpression increased that soluble protein
content in strawberry (Figure 7E). This is probably because the overexpression of FaPL1
caused the degradation of the cell wall, resulting in the release of proteins. Moreover, it has
been reported that acidic pH can cause cell wall loosening by inducing PL expression [34];
however, how the overexpression of the PL gene increases the content of titratable acidity
(Figure 7C) is still to be studied in the future.

4. Materials and Methods

4.1. Identification and Comprehensive Analysis of FaPL Genes

The genome of cultivated strawberry was downloaded from the GDR (Genome
Database for Rosaceae) (https://www.rosaceae.org, accessed on 23 August 2023) [35].
The specific Hidden Markov Model (HMM) file for the PL conserved domain (PF00544)
was downloaded from the Pfam database (https://www.ebi.ac.uk/interpro/, accessed
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on 23 August 2023) [36] and used as a query to search the candidate FaPL genes by the
HMMsearch program. The e value was set to 10−5, and the other parameters were set as
default. The sequences with complete PL domain were further confirmed by searching
the NCBI conserved domain database [37]. The deduced amino acid number, molecu-
lar weight (MW), and isoelectric point (pI) of putative proteins were obtained using a
perl script. The chromosome locations of FaPLs were retrieved from the genome anno-
tation file; the conserved motifs were analyzed using the MEME suite online program
(version 5.5.3) and visualized together with the gene structure using TBtoos software
(version 2.001). The subcellular localization prediction was performed by WOLF PSORT
program (https://wolfpsort.hgc.jp, accessed on 23 August 2023).

4.2. Phylogenetic and Evolutionary Analysis of FaPL Genes in Strawberry

Based on the multiple alignment of FaPL proteins obtained by the MUSCLE program, a
phylogenetic tree was constructed by MEGA X software (version 10.1.8) using the maximum
likelihood method [38]. The beautification of the tree was subsequently carried out using the
iTol online tool (https://itol.embl.de/about.cgi, accessed on 23 August 2023) [39]. Duplication
events and the collinear gene pairs were determined using MCScanX software (http://chibba.
pgml.uga.edu/mcscan2/, accessed on 23 August 2023). All the analysis was conducted using
the default parameters of specific software according to the user instructions.

4.3. Expression Analysis

The RNAseq-based expression profiles of FaPLs in different fruit developmental stages
and in strawberry fruits with contrasting firmness were retrieved from the previously
published transcriptome data PRJNA838938 (https://www.ncbi.nlm.nih.gov/sra/?term=
PRJNA838938, accessed on 23 August 2023) and PRJNA662854 (https://www.ncbi.nlm.nih.
gov/sra/?term=PRJNA662854, accessed on 23 August 2023), respectively. The expression
level was represented by the FPKM values. The heatmap was created using “pheatmap”
package of R software (version 4.2.2) with a normalization in row.

RT-qPCR-based expression analysis were carried out using SYBR Green Premix Ex
TaqTM (Takara, Tokyo, Japan) on a CFX96 RT-qPCR system (Bio-Rad, Hercules, CA, USA).
The total RNA was extracted from the plant sample using the improved cetyltrimethy-
lammonium bromide (CTAB) method. The strawberry tissues and fruit at different de-
velopmental stages were collected in the previous study [40]. The first strand cDNA was
synthesized following the operating manual of PrimeScriptTM RT reagent Kit with gDNA
Eraser (Takara, Tokyo, Japan). The relative expression was calculated using the 2−ΔΔCt

method [41]. The 26-18S interspacer RNA sequence [42] was used as the internal reference.
Expression data was reflected by mean± standard deviation (SD) of three independent
biological replicates. Specific primers used for RT-qPCR were designed using the NCBI
online tools. All the primer sequences are listed in Supplementary Table S4.

4.4. Transient Overexpression of FaPL1 Gene

The full length of FaPL1 CDS was amplified using the primers PL1-TF and PL1-TR
(Supplementary Table S4) according to the sequence retrieved from the strawberry genome
and was substantially homologous recombined into a modified overexpression vector
pCAMBIA1301 [42]. The recombinant plasmid was transformed into the strawberry cv.
‘Benihoppe’ fruit at the white stage using the previous agrobacterium-mediated transforma-
tion method [42]. The agrobacterium GV3101 strain was cultured at 28 ◦C until the OD600
reached 0.8. Each fruit was injected with 500 μL of bacterial solution and placed into a
cultivation incubator. The fruit injected with empty vector was used as the control. At least
20 fruits were injected for overexpression and the control group separately. The injection
fruit side was samples after 7 days for further measurement.
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4.5. Determination of Fruit Firmness, Soluble Sugar and TA

Fruit firmness was determined two times on each injection part side of the fruit by
a Texture Analyzer TA XT2i (Stable Micro systems, Godalming, Surrey, UK) with a 5 mm
diameter cylinder needle and a penetration depth of 10 mm. Firmness was expressed as
newton (N). Soluble sugar content was measured by the previously described colorimetric
method [43]. Around 0.1 g of frozen stored fruit was completely extracted in 1 mL distilled
water. After that, the 250 μL of the extract was diluted into 750 μL distilled water and
250 μL 2% (w/v) anthrone-ethyl acetate. The mixed solution was subsequently added to
2.5 mL concentrated sulfuric acid and put in a boiled water bath for 1 min. After cooling
it down to room temperature, the absorbance of the extraction solution was recorded
at 620 nm using a spectrophotometer, and the soluble sugars content was quantified by
comparison to an external standard. The TA content was estimated by titrating the fruit
extract against 0.1 N sodium hydroxide (NaOH) to the end point of pH 8.2 (faint pink) and
represented as citric acid percentage.

4.6. MDA and Soluble Proteins

The MDA was assayed according to the formerly described procedure with slight
modification [43]. Briefly, 0.5 g of frozen fruit sample was completely homogenized with
10% trichloroacetic acid. After a 10 min centrifugation at 4 ◦C, the clear solution was mixed
with 0.67% 2-thiobarbituric acid. The mixture was then placed into a water bath at 100 ◦C
for 10 min and immediately cooled on ice. The absorption values at 450 nm, 523 nm, and
600 nm were read separately. The results were represented as μmol per g FW.

The soluble protein content was measured according to the previous study. In brief,
0.5 g of fruit sample was homogenized in 5 mL of distilled water. The upper phase was
collected and added with CBBG. After centrifugation, the absorbance of the mixture was
tested at 595 nm. The content of soluble protein was quantified by a standard curve
constructed using bovine serum albumin (BSA) protein.

4.7. Total Flavonoid, Phenolic, Anthocyanin, and AsA Content

Based on the previously described procedure [44], approximately 3 g of fruit were
extracted in 5 mL of 80% acetone for 1 h at room temperature. After centrifugation
for 10 min at 4500 rpm, the supernatant was collected for total flavonoids and phenolic
content measurement. The photographic densities of 415 nm and 650 nm were read for the
calculations of total flavonoids and phenolic content, respectively. The quercetin and gallic
acid were used as external standards to construct the calibration curves separately. The
total flavonoid content was presented as mg quercetin per kg of FW, and the total phenolic
content was expressed as g gallic acid per kg of FW.

The determination of total anthocyanins was performed by pH differential method [45].
As previously demonstrated, the fruit sample was extracted in an acetic acid: water: acetone:
methanol (1:2:4:4) solution. The mixture was incubated at room temperature for 30 min
and then placed into a 40 ◦C water bath for 4 h. The clear extract was added with KCl
(0.025 M, pH 1.0) and sodium acetate and then detected by recording the absorption values
of 496 and 700 nm. The content of total anthocyanins was expressed as g pelargonidin
3-glucoside (Pg3G) per kg of FW.

AsA content was detected following the procedure described by Jiang et al. [43]. The
content of AsA was calculated using the photographic density of the fruit extract at 534 nm
and expressed as g AsA per kg of FW.

4.8. Statistical Analysis

All experiments were carried out in three independent biological replicates. Experi-
mental data were expressed as mean values ± SD. The statistical differences were analyzed
using Prism 9 software. The differences between the overexpression and control groups
were determined using t-test. The results with p value below 0.05 were considered as
statistically significantly different.
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5. Conclusions

To summarize, 65 FaPLs gene family members were identified in strawberry and
characterized. Among those, FaPL1, 3, 5, 20, 25, 42, and 57 are likely to function in
strawberry softening due to their increasing expression during fruit development and
ripening and higher expression in weak firmness fruit. Transient overexpression of FaPL1
significantly reduced the fruit firmness, confirming its role in strawberry softening. This
work provides a basis for better understanding the function of the FaPL gene family in fruit
ripening and softening.
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Abstract: Salinity is an important abiotic stress, damaging plant tissues by causing a burst of reactive
oxygen species (ROS). Catalase (CAT) enzyme coded by Catalase (CAT) genes are potent in reducing
harmful ROS and hydrogen peroxide (H2O2) produced. Herein, we performed bioinformatics and
functional characterization of four SmCAT genes, retrieved from the eggplant genome database. Evolu-
tionary analysis CAT genes revealed that they are divided into subgroups I and II. The RT-qPCR analysis
of SmCAT displayed a differential expression pattern in response to abiotic stresses. All the CAT proteins
of eggplant were localized in the peroxisome, except for SmCAT4, which localized in the cytomembrane
and nucleus. Silencing of SmCAT4 compromised the tolerance of eggplant to salt stress. Suppressed
expression levels of salt stress defense related genes SmTAS14 and SmDHN1, as well as increase of H2O2

content and decrease of CAT enzyme activity was observed in the SmCAT4 silenced eggplants. Our data
provided insightful knowledge of CAT gene family in eggplant. Positive regulation of eggplant response
to salinity by SmCAT4 provides resource for future breeding programs.

Keywords: eggplant (Solanum melongena); catalase; SmCAT4; salt stress

1. Introduction

Due to their sessile nature, plants must endure various kinds of stresses such as
heat [1,2], cold [3–5], salt [6,7], drought [8], heavy metal [9], insect infestation [10,11],
and pathogens [12,13]. Reactive oxygen species (ROS) including hydrogen peroxide
(H2O2), oxygen free radical or superoxide (O2−), hydrogen free radical (·OH), and non-
radical singlet oxygen (1O2) act as signaling molecules that modulate plant homeostatic
mechanism [14,15]. However, excessive accumulation of ROS can damage cells, even-
tually affect growth, development, or, in severe cases, plant death. Plant have evolved
sophisticated mechanisms such as enzymatic or non-enzymatic detoxification systems to
alleviate the damage of ROS. The antioxidant enzyme machinery including peroxidase
(POD), catalase (CAT), superoxide dismutase, ascorbate peroxidase (APX), glutathione S
transferase (GST), glutathione peroxide (GPX), dehydroascorbate reductase (DHAR), and
glutathione reductase (GR) [16–19]. The POD, CAT, APX, and SOD act as a protector by
scavenging H2O2, and enhance plant immunity against abiotic and biotic stresses [16].

CAT converging with other components of antioxidant machinery is key in plant stress
biology [20]. CAT can effectively scavenge H2O2, further relieving the damaging effects
of oxidative stress. CAT is a tetrameric heme protein composed of four subunits. They
are mainly distributed in the peroxisome, glyoxylate circulator, and cytoplasm Apart from
that, a small amount of distribution in mitochondria and chloroplast was also recorded [21].
CATs are encoded by multiple genes with numbers varying across different species. For
instance, 3 CATs in Arabidopsis thaliana [22], 3 CATs in rice (Oryza sativa) [23], 7 CATs in
cotton (Gossypium hirsutum) [24], 10 CATs in wheat (Triticum aestivum) [20], and 14 CATs in
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Brassica napus [25] were mapped. CATs regulated all aspects of plant growth and devel-
opment by maintaining intracellular redox homeostasis [26]. ABA INSENSITIVE 5 (ABI5)
activated AtCAT1 expression by the directly binding to the promoter of AtCAT1 to affect the
ROS homeostasis, and then promoted the seed germination in Arabidopsis [27]. The hot
pepper (Capsicum annuum) CaCAT1 and CaCAT2 were involved in the modulation of circa-
dian rhythms and their expression was tightly organ-specific [28]. In maize, the P31 protein
of chlorotic mottle virus (MCMV) interacts with ZmCAT1 and the P31-ZmCAT1 cascade
further suppresses the expression of PR1 gene thus enhancing the accumulation of viral
load. Similarly, the interaction of Phytophthora sojae effector PsAvh113 with transcription
factor GmDPB decreases the expression level of GmCAT1, thereby decreasing plant resis-
tance to Phytophthora [29]. In rice, E3 ligase APIP6 degraded catalase OsCATC to negatively
regulate rice innate immunity against blast fungus Magnaporthe oryzae [30]. These findings
indicate that CATs play important roles in plants against various pathogenic microorgan-
ism. CAT facilitation of plant immunity against abiotic stresses are well studied. Induced
expression of MeCu/ZnSOD and MeCAT1 enhanced the tolerance of cassava against cold
and drought stresses [31]. WD40 protein TaWD40-4b.1C interacts with TaCAT1A and
TaCAT3A, promote their oligomerization and enzyme activities. This interaction amplifies
the wheat response to drought stress by reducing H2O2 level [32]. Although many studies
reported that CATs play an important role in plant response to abiotic stresses, the functions
and regulatory mechanism of CATs remain unclear.

Eggplant (Solanum melongena) is a popular Solanaceae vegetable cultivated all around
the world [33]. The growth, development, and yield of eggplant were vulnerable to various
environmental stresses such as salt, drought, high temperature, and cold stress. The
continuous environmental shift encourages the breeding of new eggplant varieties with
high tolerance to multiple abiotic stresses. In the present study, a comprehensive genome-
wide analysis of eggplant CAT gene family was performed. A total of four CAT genes were
isolated from the eggplant genome database. A detailed transcript expression analysis of
CATs in eggplant was carried out. Virus induced gene silencing (VIGS) assay showed that
SmCAT4 plays a positive role in eggplant response to salt stress.

2. Results

2.1. Identification and Physicochemical Property Analysis of Catalase Proteins in Eggplant

According to the amino acid sequences of Arabidopsis CAT gene family members,
we identified four CAT genes (SmCAT1, SmCAT2, SmCAT3, and SmCAT4) in the egg-
plant genome by using TBtools software (version 2.019) and the NCBI website. We fur-
ther analyzed the physicochemical properties of SmCATs (Table 1). SmCAT1-3 encoded
492 amino acids with 1479 bp, while SmCAT4 encoded 491 amino acids with 1476 bp.
The molecular weight, instability index, aliphatic index, and average hydropathicity of
SmCAT1-4 are 56,545~56,996 Da, 38.18~40.25, 68.94~71.91, and −0.582~−0.515, respectively.
We also found that the theoretical pI and grand average of hydropathicity of SmCAT1-4 pro-
teins are 6.80~7.31 and −0.582~−0.515, respectively, implying that SmCAT1-4 proteins are
hydrophilic non-transmembrane proteins. In addition, the prediction results of subcellular
localization showed that SmCAT1-4 proteins are located in the peroxisome.

Table 1. Physicochemical properties of CAT proteins of Solanum melongena.

Gene
Name

Base
Number

Amino
Acid

Number

Molecular
Weight

Instability
Index

Aliphatic
Index

Grand Average
of

Hydropathicity

Average of
Hydropathicity

Theoretical
pI

Subcellular
Localization

SmCAT1 1479 492 56,594.07 39.78 71.91 −0.515 −0.515 6.86 Peroxisome
SmCAT2 1479 492 56,996.23 40.25 68.94 −0.582 −0.582 6.88 Peroxisome
SmCAT3 1479 492 56,934.43 38.18 70.35 −0.552 −0.552 6.80 Peroxisome
SmCAT4 1476 491 56,545.00 38.37 71.87 −0.575 −0.575 7.31 Peroxisome
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2.2. Phylogenic Analysis of Catalase Proteins

We constructed the phylogenetic tree by using MEGA 7.0 software (version 7.0.26)
to investigate the phylogenetic relationships of the CAT gene family members in egg-
plant with their homologs from Arabidopsis, tomato (Solanum lycopersicum), and soybean
(Glycine max). All CAT genes in the phylogenetic tree are divided into subgroups I and II
(Figure 1). The subgroup I consists of four CATs (OsCATA-D) of rice, AtCAT3, and three
SmCATs (SmCAT1, SmCAT2, SmCAT4). The subgroup II consists of four CATs (GmCAT1/2-5)
of soybean, SmCAT3, and AtCAT1 and AtCAT2. In subgroup I, four soybean CATs were
grouped into the same subgroup as the two members AtCAT1 and AtCAT2 of Arabidopsis,
implying that their protein sequences have high similarity. Similarly, four OsCATs were
divided into subgroup II with three SmCATs, suggesting that the protein sequences of
OsCATs have high similarity with the SmCATs.

Figure 1. Analysis of phylogenetic relationship of CAT gene family members. Phylogenetic tree was
generated to analyze the phylogenetic relationship between eggplant CAT gene family members and
the CAT members from Arabidopsis thaliana, rice (Oryza sativa), and soybean (Glycine max) by MEGA
7.0 software.

2.3. Sequence Analysis of CAT Genes in Eggplant

The visualization of the chromosome location of eggplant CATs was performed using
TBtools software (version 2.019) [34]. The SmCAT genes are scattered over chromosomes 02,
04, and 05. We also found that SmCAT1 and SmCAT4 were located very close to each other
on chromosome 5 (Figure 2a). We next investigated the gene structures of CATs in eggplant
by identifying their exon-intron orientation. SmCAT1-3 has eight exons, one unique 5′-UTR
and 3′-UTR regions, while SmCAT4 has seven exons but no 5′-UTR and 3′-UTR regions.
The size of SmCTAs is about 4~5 kb except for SmCAT4, which is close to 2 kb (Figure 2b).
The conserved domain of SmCATs was predicted by the SMART website and visualized by
DOG 2.0 software. All SmCAT proteins have one Catalase and Catalase-rel (catalase-related
immune response) domain, and the locations of these two domains within four SmCAT
proteins are very close to each other (Figure 2c). The motifs in SmCAT proteins were
analyzed by searching the MEME website. The result showed that all SmCAT proteins
contain 10 identical motifs. The majority of them are at least 50 amino acids in length,
except for motifs 9 and 10, which have lower sizes (Figure 2d). We further predicted the
cis-elements within the promoters of SmCATs by searching the PlantCARE website and
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visualizing by TBtools software. The observed cis-elements include light responsiveness or
unknown functions. Multiple phytohormone responsive cis-elements, such as ethylene (ET)
response element (ERE), salicylic acid (SA) response element (TCA-element), jasmonic acid
methyl ester (MeJA) response element (TGACG-motif), and ABA response element (ABRE)
were identified. Important transcription factor binding sites such as WRKY transcription
factor binding site (W-box), MYB binding site (MYB), MYC binding site (MYC), and bZIP
binding site (A-box and G-box) as well as stress responsive cis-elements including low-
temperature response element (LTR) and anaerobic induction element (ARE) were harbored
in the promoter of these four SmCATs (Figure 2e). In addition, the tertiary structures of
four SmCAT proteins were analyzed by searching the SWISS-MODEL website. We found
similarities between SmCAT1, SmCAT3, SmCAT4, and A0A5J5B3V7.1.A catalase model
of 80.08, 90.85, and 77%, respectively. The similarity between SmCAT2 and B9S6U0.1.A
catalase model is 90.2% (Figure 2f).

 

Figure 2. Analysis of chromosomal assignment, gene structures, conserved domain and motifs,
cis-elements, and tertiary structure of catalase gene family members in eggplant. (a) Distribution of
eggplant CAT genes on chromosomes. (b) The gene structure of eggplant CAT genes predicted by
TBtools software. UTR, untranslated region; CDS, coding sequence. (c) The conserved domains of
eggplant CAT proteins predicted by SMART website. (d) Analysis of conserved motifs of eggplant CAT
proteins predicted by MEME website. (e) Analysis of cis elements within the promoters of eggplant CTA
genes by searching PlantCARE website. (f) The tertiary structure of eggplant CAT proteins including
SmCAT1, SmCAT2, SmCAT3, and SmCAT4 by searching the SWISS-MODEL website.
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2.4. Collinearity Analysis of Eggplant CAT Genes and Their Homologs from Arabidopsis and Tomato

Tandem duplications and segmental duplications significantly contributed to the
expansion of gene families [35]. So, we analyzed the gene collinearity relationship of
SmCAT genes and their homologs from Arabidopsis and tomato by using TBtools software.
Two duplicated segments (SmCAT4 and SmCAT3, SmCAT3, and SmCAT2) were identified
in the eggplant genome (Figure 3a). Additionally, we found that tandem duplication events
of CAT gene family members did not occur in the eggplant genome. To further explore the
evolutionary relationship of the CAT genes between eggplant, Arabidopsis, and tomato,
we investigated the collinearity of SmCATs with that of Arabidopsis and tomato. We found
that SmCAT2 showed a synteny relationship with AtCAT1 of Arabidopsis and SlCAT2
and SlCAT3 of tomato, respectively. Meanwhile, both SmCAT3 and SmCAT4 exhibited a
synteny relationship with AtCAT1 of Arabidopsis and SlCAT1, SlCAT2, and SlCAT3 of
tomato, respectively (Figure 3b).

 
Figure 3. The collinearity analysis among the eggplant CAT genes (a) and of eggplant CAT genes
with Arabidopsis thaliana CAT genes and tomato CAT genes (b). In (a), the gray lines represent all
co-linear gene pairs in eggplant, and the green and pinkish red lines respectively indicate co-linear
gene pairs SmCAT3 and SmCAT4 as well as SmCAT2 and SmCAT3. In (b), the gray lines represent all
co-linear gene pairs in eggplant, Arabidopsis thaliana, and tomato, and the pinkish red, green, and red
lines respectively represent the collinear gene pairs of SmCAT2, SmCAT3, and SmCAT4 in eggplant,
Arabidopsis thaliana, and tomato, respectively.

2.5. Expression Analysis of Eggplant CATs under Abiotic Stress Treatment and in Different Tissues

We analyzed the expression of SmCATs under various abiotic stresses, including
dehydration, salt, high temperature (HT), low temperature (LT), H2O2, and ABA by real-
time quantitative PCR (RT-qPCR) assay (Figure 4). In response to dehydration stress,
the expression levels of four eggplant CATs were significantly up-regulated (Figure 4a).
Under salt stress, the expression levels of SmCAT3 and SmCAT4 were significantly up-
regulated, whereas SmCAT1 expression level was significantly down-regulated. On the
other hand, the expression levels of SmCAT2 displayed no obvious change (Figure 4b).
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To HT treatment, the expression levels of SmCAT1 and SmCAT2 were significantly down-
regulated while SmCAT4 were significantly up-regulated (Figure 4c). The expression levels
of SmCAT1, SmCAT2, and SmCAT4 showed a trend of significant up-regulation and then
down, while the SmCAT3 were significantly down-regulated in response to LT treatment
(Figure 4d). Under H2O2 treatment, SmCAT1, SmCAT2, and SmCAT3 showed a significant
up-regulation expression trajectory, but SmCAT4 were down-regulated (Figure 4e). ABA
treatment could induce the expression levels of SmCAT1, SmCAT2, and SmCAT3—but not
SmCAT4 (Figure 4f).

 

Figure 4. Analysis of the relative transcript expression levels of SmCAT1, SmCAT2, SmCAT3, and
SmCAT4 under the condition of dehydration (a), 200 mM NaCl (b), high temperature (HT, 43 ◦C) (c),
low temperature (LT, 4 ◦C) (d), H2O2 (e), and 100 μM abscisic acid (ABA) (f) treatment. Data indicate
the means ± SD from three biological repeats. Different upper letters indicate significant differences,
as determined by Fisher’s protected LSD test (p < 0.01).
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We further investigated the expression levels of eggplant CATs in the different tissues
of seedlings and mature plants (Figure 5). The expression levels of SmCAT1, SmCAT2,
SmCAT3, and SmCAT4 were highest in the young leaf (YL), root (RT), and stem (ST) of
seedlings. All four SmCATs showed high expressions in the sepal (SE), fully expanded leaf
(FEL), flower (FL), and ST of mature eggplant.

 

Figure 5. Analysis of the relative transcript expression levels of four eggplant CAT genes in various
organs of eggplant seedlings and mature plants. RT, root; ST, stem; YL, young leaf; FL, flower; FRT,
fruit; LR, lateral root; FEL, fully expanded leaf; CA, carpopodium; PT, petiole; TR, tap root; SE, sepal.
Data indicate the means ± SD from three biological repeats.

2.6. Subcellular Localization of Eggplant CAT Proteins

The subcellular location was predicted using an online server and it revealed that all
SmCATs are resided in the peroxisomes (Table 1). To test this result, we performed the
transient expression of SmCATs in the leaves of Nicotiana benthamiana via Agrobacterium-
mediated transformation. The full-length ORF of eggplant SmCATs were cloned into plant
overexpression vector pBinGFP2 (Figure 6a). After 48 h infiltration, we observed the
fluorescence signal by using a laser scanning confocal microscope. We found that the green
fluorescence signal of all eggplant CAT proteins appears in the peroxisome, except for
SmCAT4-GFP whose green fluorescence signal appeared in the cytomembrane and nucleus,
while the green fluorescence signal of GFP exists in the whole cells (Figure 6b).
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Figure 6. Analysis of subcellular localization of eggplant CAT proteins. (a) The schematic diagrams of
35S:GFP (empty vector), 35S:AtH2B-RFP (a subcellular localization marker of nucleus), and 35S:GFP-
SmCATs structures. (b) Subcellular localization of eggplant CAT proteins in the epidermic cells of
Nicotiana benthamiana leaves. Bar = 25 μm.

2.7. Recombinant SmCAT4 Enzyme Activity Analysis

We found that the expression of SmCAT4 was up-regulated by dehydration, salt,
HT, and LT treatment (Figure 4), indicating that SmCAT4 may play an essential role in
eggplant response to the above abiotic stresses. Hence, we selected SmCAT4 to explore its
functions in eggplant response to salt stress. We first analyzed SmCAT4 enzyme activity by
recombinant CAT enzyme assay in vitro. The recombinant SmCAT4-GST proteins or GST
proteins were expressed by prokaryotic expression assay and purified by GST magnetic
beads and then verified by SDS-PAGE assay (Figure 7a). To detect the CAT enzyme activity
of SmCAT4, we tested the capacity of recombinant SmCAT4-GST proteins to increase H2O2
scavenging. Compared to the control (GST proteins), SmCAT4-GST exhibited distinctly
H2O2 scavenging capacity (Figure 7b). These data indicate that SmCAT4 exhibits CAT
enzyme activity to scavenge H2O2.
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Figure 7. Analysis of CAT enzyme activity of SmCAT4-GST in vitro. (a) Analysis of purification
of recombinant protein SmCAT4-GST and GST. The recombinant protein SmCAT4-GST and GST
were separated by SDS-PAGE assay and the gel was then stained by Coomassie brilliant blue (CBB)
solution and de-stained by a destainer. Red arrows indicate SmCAT4-GST protein, and yellow arrow
represent GST protein. (b) Detection of CAT enzyme activity of SmCAT4-GST and GST protein
in vitro. Data indicate the means ± SD from three biological repeats. Different upper letters indicate
significant differences, as determined by Student’s t-test (p < 0.01).

2.8. Silencing of SmCAT4 Enhanced Susceptibility of Eggplant to Salt Stress

To investigate the function of SmCAT4 in eggplant, we assessed the effect of SmCAT4
silencing on the tolerance of eggplant to salt stress using VIGS assay. We first detected the
silencing efficiency of SmCAT4 by RT-qPCR assay. Compared to the control plants (TRV:00),
the expression level of SmCAT4 in the roots of SmCAT4-silenced (TRV:SmCAT4) plants
was significantly reduced by approximately 70% under salt stress treatment (Figure 8a).
Silencing of SmCAT4 enhanced the susceptibility of eggplant to salt stress and exhibiting
a lower survival rate compared to the control plants at 48 h post salt stress treatment
(Figure 8b,c). In addition, we also found that silencing of SmCAT4 significantly down-
regulated the expression levels of salt stress defense-related marker genes SmATS14 and
SmDHN1 (Figure 8d), accompanied by an increase of H2O2 content and a decrease of CAT
enzyme activity (Figure 8e). These data imply that SmCAT4 positively functions in eggplant
response to salt stress.
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Figure 8. Silencing of SmCAT4 enhanced susceptibility of eggplant against salt stress. (a) Analysis
of silencing efficiency of SmCAT4 by performing RT-qPCR assay. (b) Enhanced salt sensitivity of
SmCAT4-silenced eggplants. The roots of the control and SmCAT4-silenced plants were soaked into
200 mM NaCl solution or ddH2O for 2 days. (c) Calculation of survival rate of the control and
SmCAT4-silenced plants treated with 200 mM NaCl solution at 48 h post treatment. (d) Analysis of
transcript expression levels of salt stress defense related marker genes SmTAS14 and SmDHN1 in the
roots of SmCAT4-silenced or control plants at 24 h post salt stress treatment. (e) Measurement of CAT
enzyme activity and H2O2 content in the roots of SmCAT4-silenced or control plants at 24 h post salt
stress treatment. In (a,c–e), the data indicate the means ± SD from three biological repeats. Different
upper letters indicate significant differences, as determined by Student’s t-test (p < 0.01).

3. Discussion

Excessive accumulation of ROS caused serious damage to the stability of the plasma
membrane in plant cells. The ROS scavenging system, comprising enzymatic and non-
enzymatic components [36], is key to plant survival under adverse conditions. CATs, one
of the most important ROS scavenging enzymes, has been involved in regulating plant
response to abiotic stresses such as salt [37,38], drought [31,39–41], cold [31], heat [42,43], os-
motic stress [37], and biotic stresses including pathogenic microorganisms attack [30,44–50],
and insect invasion [51]. In addition, growth and development [27,52] and senescence [53]
are also regulated by CATs in conjunction with growth-related hormones. However, the
underlying mechanisms of CATs in plants involved in the regulation of salt stress resis-
tance largely remain unclear. In this study, we identified four CAT genes in the eggplant
genome, analyzed their sequences and structures and explored their expressions under
NaCl, dehydration, LT, HT, H2O2, and ABA treatment. We further provided evidence that
SmCAT4 positively functions in eggplant response to salt stress.

ROS has dual functions, and the causal link between ROS production and stress toler-
ance is not as straightforward as one may expect [54]. Upon normal circumstances, ROS
acts as a second messenger to integrate signaling pathways involved in the regulation of
growth, development, gravitropism, phytohormone signal transduction, defense response,
and many other physiological processes [55–59]. When ROS production is excessive, un-
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controlled oxidation ultimately leads to cellular damage and even cell death. To avoid
excessive cell damage, excessive accumulation of ROS should be scavenged, and the an-
tioxidant defenses must keep ROS under control. Therefore, analyzing ROS scavenging is
beneficial for a better understanding of the functions and mechanisms of ROS in various
physiological processes in plants. CATs act as the essential ROS scavenging enzyme and
play an important role in plant response to salt stress [37,38]. However, to date, the informa-
tion and functions of CAT genes in eggplant remain indistinct. Herein, we identified four
CAT genes in the eggplant genome, which exhibited similar physicochemical properties
(Table 1). By generating a phylogenetic tree, the CAT genes of eggplant mainly clustered
with four rice CAT genes and AtCAT3 apart from SmCAT3, while SmCAT3 exhibited the
closest phylogenetic relationship with AtCAT1, AtCAT2, and four soybean CAT genes
(Figure 1), implying that there is likely a functional differentiation between SmCAT3 and
the three other CAT genes in eggplant. We analyzed sequences and structures of CAT genes
in eggplant and found that four eggplant CAT genes were located in chromosomes 02, 04,
and 05 (Figure 2a). Notably, SmCAT1 and SmCAT4 were located very close to each other in
chromosome 05, which was similar to AtCAT1 and AtCAT3 [14], suggesting that SmCAT1
and SmCAT4 most likely evolved from a common ancestral gene and had similar functions.
We analyzed the gene structures of eggplant CAT genes and found that SmCAT1-3 has eight
exons, while SmCAT4 has seven exons (Figure 2b). Each of the four eggplant CAT proteins
has conserved Catalase and Catalase-rel domain as well as 10 identical conservative motifs
(Figure 2c,d) but did not have a PP-Binding domain such as Arabidopsis CAT proteins [14].
Apart from the cis-elements related to light response, we counted the cis-elements related
to phytohormone response, transcription factors binding, and stress response within the
promoters of four eggplant CAT genes by searching the PlantCARE website and found
the phytohormone response-related cis-elements including SA response-related element
CAT-element, ET response-related element ERE, ABA response-related element ABRE, and
MeJA response-related element TGACG-motif, and transcription factors binding elements
such as HD-Zip I, W-box, MYB, MYC, G-box, and A-box, as well as stress response-related
elements LTR, ARE, and STRE within the promoters of these four CAT genes (Figure 2e).
Abundant cis-elements within the eggplant CAT gene promoters implied that CAT genes
may be involved in multiple physiological processes. Gene duplication events act as a
primary contributor to gene expansion, leading to the evolution and diversification of
genes in plants [60]. In general, the functional relationships of homologs within the same
species or in interspecific species reveal their conserved functions and the co-evolutionary
origins of members within subgroups [61]. In eggplant, there are two tandem gene clus-
ters, including SmCAT3 and SmCAT2 as well as SmCAT3 and SmCAT4, but segmentally
duplicated gene pairs do not exist (Figure 3a), indicating that CAT genes of eggplant have
not been duplicated in large fragments during the evolutionary process, and this may be
the reason that the eggplant CAT family has fewer members. The collinear analysis dis-
played that three CAT genes (SmCAT2-4) from eggplant were orthologous to Arabidopsis
(AtCAT1) and tomato (SlCAT2-4), respectively (Figure 3b), suggesting that these genes may
be functionally similar.

Accumulating pieces of evidence demonstrated that CAT genes have functions in
plant response to abiotic stresses [31,38,39]. We detected the transcript expression levels
of four eggplant CAT genes under stress, dehydration, LT, HT, H2O2, and ABA treatment
and found that the transcript expression levels of the four CAT genes from eggplant
were up- or down-regulated to different extents, and some CAT genes expression did not
have obvious change (Figure 4). Notably, transcript expression levels of SmCAT4 were
significantly up-regulated by salt, dehydration, LT, HT, and H2O2 treatment, suggesting
that SmCAT4 may play an important role in eggplant against salt, dehydration, LT, and
HT stresses. In addition, we tested the transcript expression levels of SmCAT1-4 in the
different tissues of seedlings or mature plants, and in seedlings, the expression of SmCAT1
and SmCAT3 was higher than that of in stem and young leaf (YL), while SmCAT2 and
SmCAT4 were highly expressed in stem (ST) and root (RT), respectively. In mature plants,
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SmCAT1-4, respectively, were highly expressed in sepal (SE), fully expanded leaf (FEL),
flower (FL), and stem (ST) (Figure 5). Previous studies showed that CAT proteins are
mainly located in the peroxisome, glyoxylate circulator and cytoplasm [21,62]. Although
we predicted the subcellular localization of these four CAT proteins, which localized
in the peroxisome, we provided evidence that eggplant CAT1-3 proteins located in the
peroxisome and SmCAT4 localized in the cytomembrane and nucleus (Figure 6). Similar
studies revealed that Pinellia ternata catalase protein PtCAT2 localized in the cytoplasm and
membrane [63]. Sugarcane catalase protein ScCAT2 is distributed in the nucleus, plasma
membrane, and cytoplasm in the epidermal cells of Nicotiana benthamiana leaves [47].
These reports imply that not all CAT proteins function in peroxisomes. To explore the
functions of CAT genes in eggplant’s response to abiotic stresses, we selected SmCAT4
to further analyze its function in eggplant’s response to salt stress. Silencing of SmCAT4
decreased the tolerance of eggplant to salt stress (Figure 8b) and significantly down-
regulated the transcript expression levels of salt stress defense-related genes SmATS14 and
SmDNH1 (Figure 8d), accompanied by an increase of H2O2 content and a decrease of the
enzyme activities of CAT (Figure 8e). In addition, we tested the CAT enzyme activity of
SmCAT4 in vitro and found that SmCAT4 could scavenge H2O2 in vitro, indicating that
SmCAT4 exhibits CAT enzyme activity. Likewise, the OsCAT3 protein has an obvious
ability to remove H2O2 in vitro [23]. These data indicate that SmCAT4 positively functions
in eggplant response to salt stress via scavenging H2O2. Previous studies showed that
Arabidopsis CAT2 promotes LAP2 hydrolysis activity with leucine-4-methylcoumaryl-7-
amides as a substrate by interacting with LAP2 in vivo and in vitro to confer Arabidopsis
salt and osmotic stress tolerance [37].

In conclusion, we identified four CAT genes in the eggplant genome, analyzed their
sequences, structures and expressions, and provided evidence that SmCAT4 has an obvious
ability to remove H2O2 in vitro and positively functions in eggplant response to salt stress.

4. Material and Methods

4.1. Identification of CAT Genes in Solanum melongena Genome

The amino acid sequences of three Arabidopsis CAT obtained from The Arabidopsis
Information Resource database (https://www.arabidopsis.org/, accessed on 10 September
2023) were acted as reference sequences [22], and the members of CAT genes in eggplant
genome were identified by combining TBtools software [34], National Center for Biotech-
nology Information (https://www.ncbi.nlm.nih.gov/, accessed on 10 September 2023)
website, and Eggplant Genome Database (http://eggplant-hq.cn/Eggplant/home/index,
accessed on 10 September 2023).

4.2. Physicochemical Properties Analysis of CAT Proteins in Eggplant

The physicochemical properties of eggplant CATs protein amino acid sequences, in-
cluding total number of atoms, instability index, aliphatic index, average of hydropathicity,
and theoretical pI, were analyzed by searching the ProtParam Expasy
(https://web.expasy.org/protparam/, accessed on 11 September 2023) website [64]. The
subcellular localization prediction of eggplant CATs was carried out by searching the
Plant-mPLoc website (http://www.csbio.sjtu.edu.cn/bioinf/plant-multi/, accessed on 11
September 2023) with their amino acid sequences.

4.3. Multiple Sequence Alignment and Phylogenetic Analysis

The amino acid sequences of CAT members in soybean (Glycine max) and rice were
respectively downloaded from SoyBase (https://soybase.org/, accessed on 10 September
2023) database [29] and The Rice Annotation Project (RAP) (https://rapdb.dna.affrc.go.jp/,
accessed on 10 September 2023) database [14]. Multiple sequence alignment and phylogenetic
analysis were carried out by using MEGA 7 (version. 7.0.26) software. The evolutionary tree
was constructed by MEGA 7 using the neighbor-joining (NJ) method with 1000 bootstrap
replications [65].
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4.4. Analysis of Chromosomal Location, Gene Structure, Conserved Domain and Motif, cis-Elements,
and Tertiary Structure of Eggplant CATs

The chromosomal locations and gene structures of eggplant CATs were visualized
by using TBtools software with Gene Location Visualize from the GTF/GFF functional
module and Visualize Gene Structure (Basic), respectively. The conserved domain of
eggplant CATs was predicted by searching the SMART (http://smart.embl-heidelberg.
de/, accessed on 11 September 2023) website and visualized by DOG 2.0 software [66].
The conserved motifs of eggplant CATs were predicted by searching Multiple Em for
Motif Elicitation (MEME, Version 5.5.3) website (https://meme-suite.org/meme/tools/
meme, accessed on 11 September 2023) with eggplant CATs amino acid sequences. The
prediction of the cis elements within the promoters of eggplant CAT genes was performed
by searching PlantCARE (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/,
accessed on 11 September 2023) website and then visualized by using TBtools software. The
tertiary structure of eggplant CATs was predicted by searching the SWISS-MODEL website
(https://swissmodel.expasy.org/interactive, accessed on 11 September 2023) with the build
model function.

4.5. Collinearity Analysis

The collinearity relationships of eggplant CATs were analyzed and visualized by
using TBtools software with the Multiple Collinearity Scan toolkit (MCScanX) functional
modules [67]. The duplicated genes of eggplant CTAs with their homologs in tomato
and Arabidopsis were performed by using TBtools software with the Advanced Circos
functional module.

4.6. Plant Materials and Growth Conditions

The seeds of cultivated eggplant ML41 were packaged with clean gauze and incubated
in the 55 ◦C water bath for 15 min, and then were socked in the ddH2O at room temperature
overnight. The seeds were sowed in the nutrient soil [peat moss: perlite, 2:1 (v/v)] and
placed in the illumination incubator for germination. The eggplant seedlings were transmit-
ted into plastic pots (7 cm × 7 cm) with nutrient soil. The Nicotiana benthamiana seeds were
sowed on wet filter paper and placed in the illumination incubator for germination. The
seedlings of Nicotiana benthamiana were transmitted in the plastic pot (7 cm × 7 cm) with
nutrient soil. Both the seedlings of eggplant and Nicotiana benthamiana were grown in the
illumination incubator with 25 ◦C, 60% relative humidity, 16 h light/8 h dark photoperiod.

4.7. Salt Stress, Dehydration, High Temperature, Low Temperature, ABA, and H2O2 Treatment

The 4-to-6 leaf-stage eggplants were pulled out gently from the soil, and the eggplant
roots were washed with clean tap water. The eggplant roots were soaked into the Hoagland
nutrient solution for 2 days, and then the roots were respectively soaked in 200 mM NaCl,
100 μM ABA, or 1 mM H2O2 solution. The treated roots were harvested at the time points
of 0, 2, 6, 12, 24, and 48 h post-treatment and frozen in liquid nitrogen. For dehydration
stress treatment, the cleaned eggplant roots were dried with filter paper and placed on the
bench. The roots were harvested at the time points of 0, 0.5, 1, 3, 6, and 9 h post treatment.
For HT or LT stress treatment, the eggplants were respectively placed in the illumination
incubator with 43 ◦C or 4 ◦C. The treated leaves were harvested in the 2 mL centrifuge tube
with 3 small steel balls at the time points of 0, 0.5, 1, 3, 6, and 12 h post-treatment.

4.8. Plant Total RNA Extraction, cDNA Synthesis and RT-qPCR Analysis

The treated roots or leaves were ground into powder by a plant tissue crusher under
low-temperature conditions, and the total RNA was extracted by using FastPure Universal
Plant Total RNA Isolation Kit (RC411-01, Vazyme, Nanjing city, China). The mRNA was
reversely transcribed into cDNA by using HiScript III RT SuperMix for qPCR (+gDNA
wiper) (R323-01, Vazyme, China). For real-time quantitative PCR (RT-qPCR) analysis, the
ChamQ Universal SYBR qPCR Master Mix (Q711-02, Vazyme, China) and the specific
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primer pairs listed in Table S1 were used to carry out the RT-qPCR assay to detect the
relative transcript expression levels of target genes. SmActin (Smechr1100649) was used
as the reference gene to normalize the transcript expression levels of target genes. Three
biological replications were used, and the relative transcript expression levels of target
genes were analyzed by the 2−ΔΔCT method [68].

4.9. Vector Construction

For subcellular localization, the full-length open reading frames (ORF) of SmCAT1,
SmCAT2, SmCAT3, and SmCAT4 were respectively amplified by PCR assay with the specific
primer pairs and then cloned into the plant overexpression vector pBinGFP2 linearized by
DNA restriction endonuclease Sma I using ClonExpress II One Step Cloning Kit (C112-01,
Vazyme, China). For prokaryotic expression, the full-length ORF of SmCAT4 was amplified
by PCR with the specific primer pairs and then cloned into the multiple clone site Sma I
in the pGEX-6P-1 vector by using ClonExpress II One Step Cloning Kit (C112-01, Vazyme,
Nanjing city, China). For the VIGS assay, the 300 bp specific DNA fragment of SmCAT4
was amplified by PCR and then cloned into entry pDONR207 vector by BP reaction, and
then transmitted into the destination vector pTRV2 by LR reaction. The primer pairs used
for vector construction in this study were listed in Table S1.

4.10. Agrobacterium tumefaciens Cultivation and Infiltration and Subcellular Localization Analysis

Agrobacterium tumefaciens strain GV3101 containing 35S:SmCAT1-GFP, 35S:SmCAT2-
GFP, 35S:SmCAT3-GFP, or 35S:SmCAT4-GFP constructs were cultivated in the liquid Luria-
Bertani (LB) medium with 50 μg/mL kanamycin and 50 μg/mL rifampicin antibiotics at the
conditions of 28 ◦C, 200 rpm, overnight. The bacteria solution was centrifuged at 6000 rpm
for 5 min at room temperature, and then the bacterial cells were resuspended by infiltration
buffer (10 mM MES, 10 mM MgCl2, 200 mM acetosyringone, pH = 5.4) to adjust OD600 to
0.8. The bacterial solution was infiltrated into the leaves of Nicotiana benthamiana using a
disposable sterilized syringe without a needle. The infiltrated plants were cultivated in the
illumination incubator. After 48 h, the signaling in the epidemic cells of Nicotiana benthamiana
leaves was observed by laser scanning confocal microscope (TCS SP8, Leica Microsystems,
Weztlar, Germany).

4.11. VIGS Assay

The Agrobacterium tumefaciens GV3101 cells harboring pTRV1, pTRV2:00, pTRV2:SmPDS,
or pTRV2:SmCAT4 constructs were cultivated in liquid LB medium overnight and then
adjusted OD600 into 0.8 by infiltration buffer. The bacterial cells containing the pTRV1 vector
were mixed with the GV3101 cells carrying pTRV2:00, pTRV2:SmPDS, or pTRV2:SmCAT4
constructs at 1:1 ratio, and the mixtures were tenderly incubated in the 28 ◦C shaker at
60 rpm for 3 h. The Agrobacterium solution was infiltrated into the cotyledon of 2-to-3 leaf-
stage eggplants. The infiltrated eggplant seedlings were placed in the illumination incubator
without light at 20 ◦C for 48 h. The treated seedlings grew in the illumination incubator for
3 weeks until the leaves of TRV:SmPDS plants turned white.

4.12. Prokaryotic Expression and Purification of Recombinant Protein

The Escherichia coli strain BL21 (DE3) harboring pGEX-6P-1:SmCAT4 (containing a
GST protein tag) constructs or empty vector pGEX-6P-1 were cultivated in the liquid LB
medium with 100 μg/mL ampicillin at 37 ◦C, 200 rpm until the OD600 of the bacterial
solution to 0.6, and then added 2 mM isopropyl-β-d-thiogalactoside into the bacterial
solution. The bacterium was cultivated at 18 ◦C, 200 rpm overnight. Sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and Coomassie bright blue stain-
ing assays were performed to detect the target proteins, whether they were expressed
or not. For the purification of recombinant proteins, the bacterium cells were broken
by an ultrasonic cell crusher. The supernatant was incubated with the magnetic beads
of BeaverBeads™ GSH kit (70601-5, Suzhou Beaver Biomedical Engineering Co., LTD,
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Suzhou city, China) at 4 ◦C for 1 h, and the target proteins on the magnetic beads were
eluted by elution buffer after washing.

4.13. Recombinant CAT Enzyme Assay

The detection of the purified recombinant SmCAT4-GST or GST proteins was per-
formed following a previously described study [69].

4.14. Physiological Index Measurement

The eggplant roots of TRV:00 or TRV:SmCAT4 plants treated with salt stress were
harvested, and the physiological index measurement of CAT enzyme activity and H2O2
content were performed following previously described studies [69,70].

5. Conclusions

In this study, we identified four CAT genes in the eggplant genome and further ana-
lyzed their sequences, structures, and expressions in eggplant. Phylogenetic classification
divided CAT proteins into subgroups I and II. Further sequences and structure analysis of
CAT genes revealed a high degree of conservation among the CAT gene family members in
eggplant. Based on the result of different gene expressions of CAT genes under abiotic stress
such as salt, drought, cold, and high temperature stress, we found that CAT genes may
play an important role in eggplant response to these abiotic stresses. Moreover, eggplant
SmCAT1-3 proteins were localized in the peroxisome, and SmCAT4 was localized in the
cytomembrane and nucleus. SmCAT4 expression was induced by salt, dehydration, LT,
and HT treatment. VIGS assay revealed that silencing of SmCAT4 could compromise the
tolerance level of eggplant to salt stress. Our data provide new insight into a comprehensive
understanding of the CAT gene family and help further explore the functions of CAT family
members in eggplant response to various abiotic stresses.
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Abstract: In vitro culture allows the production of numerous plants with both desirable and unde-
sirable traits. To investigate the impact of the propagation method on highbush blueberry plants,
an analysis was performed on four groups of differentially propagated plants: in vitro with axillary
(TC-Ax) or adventitious shoots (TC-Ad), conventionally (SC) and using a mixed method (TC/SC).
The analysis included plant features (shoot length and branching, chlorophyll and fluorescence
and DNA methylation) and fruit properties (antioxidant compounds). The data obtained indicated
significant differences between plants propagated conventionally and in vitro, as well as variations
among plants derived from in vitro cultures with different types of explants. SC plants generally
exhibited the lowest values of morphological and physiological parameters but produced fruits rich-
est in antioxidant compounds. TC/SC plants were dominant in length, branching and fluorescence.
Conversely, TC-Ax plants produced fruits with the lowest levels of antioxidant compounds. The
methylation-sensitive amplified polymorphism (MSAP) technique was employed to detect molecular
differences. TC-Ad plants showed the highest methylation level, whereas SC plants had the lowest.
The overall methylation level varied among differentially propagated plants. It can be speculated
that the differences among the analysed plants may be attributed to variations in DNA methylation.

Keywords: plant in vitro culture; somaclonal variation; Vaccinium sp.; DNA methylation; antioxidant

1. Introduction

Blueberries are referred to as ‘superfruits’ due to their health-promoting effects. Fruits
of highbush blueberries contain high levels of water (84%) and carbohydrates (9.7%) and
low concentrations of proteins (0.6%) and fats (0.4%). Moreover, they are also characterised
by high vitamin C content at approx. 10 mg/100 g fresh weight, corresponding to one-third
of the recommended daily intake [1]. Vaccinium corymbosum L. is one of the fruits with the
highest antioxidant potential due to its high level of polyphenols [2]. The main group of
phenolic compounds in blueberries is flavonoids. This group includes anthocyanins, proan-
thocyanidins, as well as flavonols (mainly quercetin derivatives). The present phenolic
acids mainly include chlorogenic, coumaric and ellagic acids [3,4]. The content of polyphe-
nols in berry plants ranges from 48 to 304 mg per 100 g fresh weight. It strictly depends on
the variety, growing conditions and fruit ripening. The most common anthocyanins are
malvidin, delphinidin, petunidin, cyanidin and peonidin, and they occur in combination
with glucose, galactose and arabinose sugar molecules. The content of anthocyanins in the
fruits of Vaccinium plants ranges from 25 to 495 mg/100 g of fresh fruit [1]. Metabolites
contained in the fruits of Vaccinium sp. exhibit health-promoting [5–8], anti-inflammatory
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and anticancer effects [5,9–11]. Regular consumption of blueberries is known to contribute
to disease prevention [1,7,9,12].

Due to the taste and attractiveness of berries, the highbush blueberry quickly became
an object of widespread interest among consumers, growers and fruit nurserymen [13].
Propagation of blueberries by conventional means can be performed by generative or vege-
tative methods. Generative reproduction has not been widely used in the cultivation of Vac-
cinium plants due to low seed yield, poor germination and low quality of seedlings [14,15]
Vegetative propagation of blueberry plants relies on the use of semi-woody shoots collected
from the donor plant, which are subsequently rooted under high-humidity conditions [16].
Technological progress and the development of in vitro culture techniques resulted in
the production of berry plants, including highbush blueberries, under laboratory condi-
tions [15,16]. The first in vitro cultures of highbush blueberry were initiated in 1979–1980
by Cohen and Elliot [17] and Zimmerman and Broome [18]. Currently, the in vitro culture
method is the most widely used technique in plant biotechnology [19].

Both micropropagation and conventional plant propagation exhibit advantages and
disadvantages. The main advantage of conventional methods of vegetative propagation
of blueberry plants is the possibility of obtaining plant seedlings that are homogeneous
with the mother plants. However, this method is slow and labour-intensive [15,19]. Other
drawbacks include dependence on weather and a limited supply of seedlings dependent
on the number of mother plants. These disadvantages render the conventional method
insufficient to meet the growing demand for highbush blueberry plants [20]. The solution
to the limitations of conventional highbush blueberry seedling production lies in the
in vitro technique. In vitro propagation allows for the efficient multiplication of plants,
enabling the generation of a substantial number of seedlings in a relatively short time.
In vitro cultures carried out in laboratory conditions are independent of weather conditions
and seasons, facilitating seedling production throughout the year. The main goal of
micropropagation is to produce multiple plant clones with the same characteristics as the
donor plants [19,21–23] Micropropagation, despite many advantages, is associated with
obtaining plants that are heterogeneous compared to the mother plants. This manifested
itself in various phenotypes and (epi)genetic properties [24–28], a phenomenon known
as somaclonal variation [25–27,29–31]. Somaclonal variation occurring during in vitro
cultures may be caused by pre-existing variability (explant-specific variability) or variability
induced by in vitro culture [32–34]. The in vitro culture environment may therefore have
a mutagenic effect. Plants obtained from in vitro culture of callus and protoplasts and
through somatic embryogenesis may also show phenotypic changes caused by alterations
at the DNA level [29]. Moreover, genetic stability during in vitro culture depends on
numerous factors, including the type of medium [35], type and concentration of growth
regulators [36,37], culture conditions (temperature, light, etc.) [28,38], culture duration
and the number of passages [37,39]. The origin of the explants also influences somaclonal
variation [40,41]. According to De Klerk [42], plants developed from adventitious shoots by
indirect organogenesis are the most common carriers of somaclonal variation. It is worth
noting that the appearance of adventitious shoots during in vitro cultures of many plants,
including highbush blueberries, is a common, difficult-to-control phenomenon [18,43,44].
Adventitious shoots develop concurrently with axillary shoots and are often in close
proximity. Some of them reach the size of axillary shoots at the end of the passage, making
them difficult to distinguish [44]. According to Litwińczuk [44], tolerating adventitious
shoots may lead to the uncontrolled selection of mutated or epigenetically altered cultures.
The effect of somaclonal variation occurring during micropropagation of blueberry plants
leads to both undesirable and desirable traits. Scientific reports [15,44,45] suggest that
micropropagated Vaccinium plants may exhibit delayed entry into the fruiting period, lower
yield in the first years, smaller fruit size and reduced fruit mass. Other studies indicated a
smaller number of flowers in the inflorescences and fewer inflorescences themselves, but
these features may also depend on species and variety [15,46–48]. On the other hand, other
studies [15,44] indicated that blueberry plants originating from in vitro cultures exhibited
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increased root production, more vigorous growth and enhanced branching compared to
traditionally propagated plants.

To identify true-to-type plants obtained after in vitro propagation, it is essential to
use methods for evaluating somaclonal variation [27]. A growing number of studies
indicate that the variability observed in plants regenerated through in vitro cultures is not
solely attributed to genetic alteration but also to epigenetic changes. Additionally, not all
genetic variations in somaclones are phenotypically expressed. These modifications can
either occur in non-coding sequences or may not significantly alter the gene product [27].
To detect somaclonal variation at the epigenetic level, characterised by alterations in
DNA methylation, the methylation-sensitive amplification length polymorphism technique
(MSAP) is most commonly applied [27,49–53]. This method is based on the different
sensitivities of restriction enzymes to cytosine methylation at their cleavage sites [49,54]. It
permits the comparison of the DNA methylation status of different organisms based on
their differential digestion patterns. A frequently employed method involves HpaII and
MspI isoschizomers, both recognising the same 5′-CCGG sequence. Although HpaII cleaves
hemimethylated sequences (only one DNA strand is methylated), it is most sensitive when
one or both cytosines are fully methylated (both strands are methylated). In contrast, MspI
cleaves at the C5mCGG site, whether hemimethylated or with both strands methylated,
but does not cleave at the 5mC5mCGG or 5mCCGG sites [53]

Previous studies on the impact of micropropagation on plants of the genus Vaccinium
have mainly focused on lowbush blueberries, with fewer investigations conducted on high-
bush blueberries. These studies focused on the comparison of conventionally propagated
plants with plants derived from in vitro cultures, without taking into account the type of
culture [15,45–47]. Furthermore, existing research did not analyse comprehensively the im-
pact of propagation methods on plants and fruits, focusing on morphological [15,44–47,55]
differences mainly, or less, on physiological [56], biochemical [15,46,48] or epigenetic dif-
ferences [57]. Moreover, there are no scientific reports presenting analyses conducted on
a wide group of differentially propagated plants. Therefore, the present study aimed
to demonstrate the differences between highbush blueberry plants (‘Brigitta’ cultivar)
and their fruits, propagated conventionally, in vitro (with different types of explants) and
using a combination of these methods (in vitro and conventional). Differences between
plants were determined at the morphological, physiological and epigenetic levels, whereas
differences between fruits were determined based on analyses of bioactive compounds.

2. Results

The analysis demonstrated that the propagation method (in vitro or conventional) of
the highbush blueberry cultivar ‘Brigitta Blue’ (Vaccinium × corymbosum L.) significantly
influenced both the plants and the fruits. Differences were detected at the morphological,
physiological, epigenetic and biochemical levels.

2.1. Plant Analysis
Morphological Measurements

The studied group of blueberry plants displayed significant differences in growth
strength and branching. Variations were observed in the number of shoots (both main
and lateral), the average length of main shoots and the maximum length of main shoots.
Plants propagated in vitro (TC-Ax and TC-Ad) and those propagated in vitro first and then
conventionally (TC/SC) showed higher values of the examined parameters compared to
plants propagated only conventionally (SC) (Table 1).

The highest values of the analysed features were mainly recorded in TC/SC plants,
including the maximum length of shoots, the number of main and lateral shoots and
the total number of shoots. In contrast, SC plants consistently demonstrated the lowest
values (Table 1), whereas plants obtained directly from in vitro culture (TC-Ax and TC-Ad)
showed a similar number of shoots. However, TC-Ax plants surpassed TC-Ad and other
groups in terms of the average length of main shoots (Table 1).
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Table 1. Shoot measurements of highbush blueberry plants propagated by in vitro and conven-
tional methods.

Parameters TC-Ax TC-Ad TC/SC SC

Average length of main shoots (cm) 39.4 a 33.6 c 37.8 ab 34.5 bc

Maximum length of main shoots (cm) 61.5 b 57.2 bc 67.3 a 53.3 c

Number of main shoots 5.5 a 6.1 a 6.1 a 3.8 b

Number of lateral shoots 11.9 b 11.5 b 16.0 a 11.0 b

Total number of shoots 17.5 b 17.6 b 22.1 a 14.8 c

The mean value marked with different lowercase letters differs significantly at p ≤ 0.05.

2.2. Chlorophyll Content and Fluorescence

The physiological measurements of chlorophyll (a and b) content and the efficiency
of the light phase of photosynthesis revealed differences between individual groups of
highbush blueberry plants (Figures 1 and 2). Fluorometric analyses confirmed different
efficiencies of the light phase of photosynthesis between the plant groups studied. Statisti-
cally significant differences were observed in minimum (F0), maximum (Fm) and variable
fluorescence (Fv), as well as in the efficiency of the PSII photosystem (Fv/Fm) (Figure 1).

Figure 1. Fluorescence parameters. The mean value marked with different lowercase letters differs
significantly at p ≤ 0.05.

The collected data indicated that TC/SC highbush blueberry plants exhibited the
highest fluorescence values: minimum (F0), maximum (Fm) and variable (Fv) fluorescence.
Conventionally propagated blueberry plants (SC) displayed significantly lower fluores-
cence parameters, except for Fv/Fm. However, blueberry plants derived directly from
in vitro (TC-Ax and TC-Ad) cultures demonstrated similar values of these parameters
(F0, Fm and Fv). Nonetheless, TC-Ad plants indicated the lowest efficiency of the PSII
photosystem (Fv/Fm) compared to TC-Ax plants, as well as other groups (TC/SC and SC).
Measurements of chlorophyll a and b content revealed statistically significant differences
between plants propagated using different methods (Figure 2). Plants directly derived
from in vitro cultures (TC-Ax and TC-Ad) and those propagated using combined methods
(TC/SC) showed similar levels of chlorophyll a, b and a + b. SC plants, on the other hand,
had significantly lower chlorophyll a and a + b contents (Figure 2).
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Figure 2. Chlorophyll content. The mean value of chlorophyll marked with different lowercase letters
differs significantly at p ≤ 0.05.

2.3. Fruit Analysis

Fruits were picked up from propagated in vitro and conventionally 5-year-old blue-
berry plants and stored at −80 ◦C. Homogenised fruits were used for analyses of their
antioxidant potential. The result indicated differences in some parameters between in vitro
and conventionally propagated blueberry plants.

2.3.1. Antioxidant Activity

The value of the antioxidant activity varied between blueberry plants propagated
using different methods. The highest DPPH value was observed in SC (18, 57) and TC-Ad
plants (18, 35), whereas the ABTS value was higher in TC-Ad and TC/SC plants. However,
a lower level of antioxidant activity (DPPH and ABTS) was recorded for TC-Ax plants
(Figure 3).

2.3.2. Polyphenols and Anthocyanins

The determination of polyphenol and anthocyanin contents also showed that SC
plants had the highest concentrations of these compounds, while TC-Ax plants (as well as
TC/SC) had their lowest concentrations (Figure 4).

2.3.3. Ascorbic Acid

The ascorbic acid content varied in blueberry fruits from plants obtained directly
from in vitro culture, propagated with different types of explants (axillary or adventitious
shoots). TC-Ad plants had the highest level of ascorbic acid, while TC-Ax had the lowest
level. These values differed significantly from each other as well as from other groups of
plants (TC/SC and SC). The analysis of the ascorbic acid levels indicated similar values of
this parameter for plants propagated conventionally (SC) or using combined methodologies
(in vitro propagation followed by conventional cultures) (TC/SC) (Figure 5).
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Figure 3. Results of antioxidant activity. The mean value marked with different lowercase letters
differs significantly at p ≤ 0.05.

Figure 4. Total anthocyanins and total polyphenol contents. The mean value marked with different
lowercase letters differs significantly at p ≤ 0.05.

2.3.4. DNA Methylation

Molecular analyses were performed using MSAP markers. This method utilises
EcoRI/HpaII and EcoRI/MspI restriction enzymes with different sensitivity to cytosine
methylation within the recognised 5′CCGG3′ DNA sequence. MSAP analysis produced
polymorphic DNA fragments, distinguishing individual plant groups from each other
(Figure 6). Notably, polymorphisms in DNA band patterns were also detected between
plants derived from in vitro culture propagated by axillary (TC-Ax) or adventitious shoots
(TC-Ad) (Figure 6B,C).

DNA fragments characterising M-type (fully/symmetric methylation of the 5′CCmGG3′
sequence) and H-type (hemimethylation of the 5′CmCGG3′ sequence) methylation events
were identified according to the procedure described by Xiong et al. [54] and Walder
et al. [58]. For all analysed groups of blueberry plants, MSAP analysis yielded a significantly
higher number of amplification products, indicating M-type methylation sites compared to
H-type methylation events (Table 2).

159



Int. J. Mol. Sci. 2024, 25, 544

Figure 5. Ascorbic acid content. The mean value marked with different lowercase letters differs
significantly at p ≤ 0.05.

Figure 6. Differences in DNA band patterns—products of selective amplification as part of MSAP
analysis. Red arrows indicate the lack of specific DNA bands for in vitro-derived plants (TC-Ax and
TC-Ad) (A) or for TC-Ax plants only (B,C).

Table 2. Methylation frequency based on MSAP analysis.

Type of Propagation TC-Ax TC-Ad TC/SC SC

Types of Methylation Methylation Frequency (%)

M 13.2 14.3 14.0 13.0
H 10.6 10.5 10.5 10.6

M + H 23.8 24.8 24.5 23.6

Methylation frequency analysis showed different levels of methylation between blue-
berry plants propagated conventionally or in vitro, as well as using a combination of these
methods. The highest methylation frequency was recorded for TC-Ad plants, while TC/SC
plants had slightly lower levels of methylation. On the other hand, the lowest occurrence of
methylation events was found in traditionally propagated SC plants and in vitro-derived
plants (TC-Ax) (Table 2). Interestingly, plants from in vitro culture, propagated through
axillary or adventitious shoots, demonstrated different methylation frequencies (Table 2).
These findings underscore the presence of somaclonal variation during in vitro culture.
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3. Discussion

Historically, the primary objective of micropropagation was to obtain true-to-type
plants faithfully replicating the characteristics of the donor plant in a relatively short time.
In scientific terms, in vitro culture methods for plants were generally regarded as a means of
cloning a specific genotype [23,28,57]. Consequently, in breeding programmes, plants with
desirable agronomic traits were selected for micropropagation to quickly obtain clones with
the same properties (i.e., plants morphologically and genetically identical to the mother
plant) [22,23,59].

Compared to the conventional propagation method, micropropagation is a more effec-
tive, reproducible and season-independent approach [21,23]. As a result, micropropagation
has rapidly become, if not the primary technique, a prominent method for propagating
large numbers of plants, including those belonging to the genus Vaccinium sp. [43,57].

For most nurserymen and cultivators, using the vegetative propagation method is
important to preserve key agronomic features that characterise an elite variety [22,59].
However, the occurrence of somaclonal variation makes it difficult to meet this requirement.
Uncontrolled changes during in vitro cultures can result in different phenotypes with both
undesirable and improved features [30]. Nevertheless, when in vitro cultures are used
to clone true-to-type plants with specific and selected characteristics, any changes at the
morphological and/or molecular level are not desirable [29]. Regarding micropropagated
blueberry plants, it has been proven so far that emerging undesirable traits include lower
yield, delayed fruiting, smaller fruit size and fewer flowers on the inflorescence [15,45].

The present study has confirmed the hypothesis that the method of plant propaga-
tion affects both the plants and the fruits of highbush blueberries. The results indicated
differences among plants propagated conventionally (by semi-woody cuttings; SC plants)
and those propagated through the in vitro method using various explants (axillary shoots,
TC-Ax, or adventitious shoots, TC-Ad), as well as plants propagated through a combined
approaches (in vitro followed by conventional propagation; TC/SC plants). Variations
between the analysed plant groups were detected at the morphological, physiological,
epigenetic and biochemical levels. Specifically, SC plants exhibited notably lower val-
ues in terms of the number of main and total shoots (Table 1) and chlorophyll a and
a + b contents (Figure 2) compared to other groups. Conversely, TC/SC plants displayed
the highest values for parameters such as the maximum length of main shoots and the
number of total and lateral shoots (Table 1). TC-Ax plants demonstrated the statistically
significantly highest value for the average length of main shoots. Highbush blueberry
plants directly originating from in vitro cultures (propagated by axillary or adventitious
shoots) generally displayed intermediate values of the analysed parameters when com-
pared to SC and TC/SC plants. Notably, differences between plants propagated through
in vitro culture and those propagated conventionally were also previously observed by
Goali et al. [46] and Litwińczuk [44]. Goyali et al. [46] highlighted a significant interaction
between the propagation method, plant branching and chlorophyll content in lowbush
blueberries. Similar observations were reported by Litwińczuk et al. [55]. The latter authors
noted that highbush blueberry plants derived from softwood cuttings exhibited slower
growth, produced significantly fewer and shorter shoots and showed greater variability
compared to micropropagated plants. Such differences between cutting-derived and micro-
propagated blueberry plants were also observed earlier by Grout et al. [60] and El-Shiekh
et al. [61]. The aforementioned differences could be the result of the juvenile characteristics
of micropropagated plants [43,57], which may persist in the long term and may facilitate
rapid establishment of micropropagated highbush blueberry plants in a new planting area.
According to El-Shiekh et al. [61], the enhanced branching and spreading characteristics
of tissue culture-derived blueberry plants can persist for up to 10 years. Scientific reports
indicate that plants obtained by micropropagation manifested juvenile features, including
high rooting capacity of shoots and intensive vegetative growth [43,57]. Research per-
formed on Vaccinium sp. plants has validated these phenomena in highbush and lowbush
blueberries [15,43–47,55], lingonberries [48,62,63] and cranberries [64,65]. However, most
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authors of the cited studies did not consider the origin of the cultures (derived from axillary
or adventitious shoots) and focused solely on comparing plants from in vitro cultures to
conventionally propagated ones.

In the present study, we demonstrated variations in chlorophyll content and fluores-
cence between plants derived from in vitro cultures and those propagated conventionally.
Differences were also observed in the reaction to stress conditions of highbush blueberry
plants subjected to diverse propagation methods [56]. Many authors [66–68] have indicated
that in vitro culture conditions may affect photosynthetic processes. Some researchers have
observed that in vitro conditions induce alterations in the shape of chloroplasts, starch
accumulation or irregular orientation of the thylakoid system [68,69]. Therefore, such
abnormalities are believed to be responsible for the reduced photosynthetic efficiency of
regenerated plants [70]. The diverse fluorescence values obtained in this study for micro-
propagated plants and traditionally propagated plants may be due to the application of
growth regulators during in vitro cultures [57]. This notion is supported by the studies of
Stefanova et al. [68] and Dobránszki and Drienyovszki [66], who demonstrated that growth
regulators could modify the morphology and anatomy as well as the functioning of the
photosynthetic apparatus.

Analysis of antioxidant parameters of fruits, such as antioxidant activity and levels
of ascorbic acid, total polyphenols and anthocyanins, also revealed differences between
highbush blueberry plants propagated conventionally and by using in vitro methods
(Figures 3–5). Interestingly, conventionally propagated blueberry plants (SC) frequently
demonstrated superior values of the analysed parameters (total polyphenolics and an-
thocyanins and antioxidant activity—DPPH activity) (Figures 3 and 4) compared to other
groups of plants. Equally high (total anthocyanins and antioxidant activity—DPPH ac-
tivity) or even higher values (ascorbic acid level—ABTS activity) were recorded for blue-
berry plants derived from in vitro cultures using adventitious shoots as explants (TC-Ad)
(Figures 3 and 4). It is noteworthy that plants propagated in vitro by axillary shoots (TC-Ax)
as explants demonstrated the lowest values in almost all analysed parameters (antioxi-
dant activity, total polyphenol and anthocyanin contents, as well as ascorbic acid levels)
(Figures 3–5). Goyali and colleagues published two reports in 2013 [46] and 2015 [15],
providing evidence for a strong and positive correlation between total phenolic and antho-
cyanin contents and antioxidant activity in blueberries.

There are numerous literature reports highlighting the influence of various factors on
the quality of blueberry fruit. For Vaccinium plants, the content of bioactive compounds,
such as vitamin C, sugars and other components like minerals, depends on geographical
location, soil, climatic and habitat conditions, crop care and harvest date [16]. However,
there is limited scientific literature addressing the impact of the propagation methods
of blueberry plants on the content of bioactive compounds. Goyali et al. [46] indicated
that the propagation method exerted a significant effect on total polyphenols in lowbush
blueberries. However, the next detailed analyses performed by the same group [15] demon-
strated that micropropagated lowbush blueberry plants were characterised by a higher
content of polyphenols and flavonoids compared to traditionally propagated plants [28,71].
The latter findings contradict the results obtained in the presented research for highbush
blueberry plants, which can be attributed to different combinations and concentrations of
plant growth regulators (PGR) applied during in vitro cultures. Various types and concen-
trations of PGRs have been reported to exert diverse regulatory effects on developmental
processes and concentrations of secondary metabolites in plants [72,73]. Hormone con-
centration is the major factor in secondary product accumulation, such as phenolics and
flavonoids [74–76]. Plant hormones are chemical compounds and a group of key signal
molecules that are actively involved in the synthesis of plant secondary metabolites and
also in regulating development and plant growth [74–76]. According to Baskaran et al. [73],
a combination of glutamine and N6-benzyladenine significantly increased the accumu-
lation of phenolics and flavonoids in vitro compared to the separate application of these
compounds. In our study, only cytokinins, specifically 2iP (6-γ,γ-dimethylallylamine) at a
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concentration of 10 mg/L, were used in the medium. Research performed by Al-Khayri
et al. [74] indicated that cell suspension cultures of date palm (Phoenix dactylifera L.), con-
taining 2,4-D and 2iP, yielded the maximum accumulation of phenolics only in the case
when 2iP is combined with 2,5-D at a concentration of 2.5 mg/L (2iP) and 5 mg/L (2,4-D).
Whereas the cell suspension culture medium supplemented with a higher concentration of
auxin/cytokinin (10 mg/L 2,4-D + 5 mg/L 2iP) led to the accumulation of the least concen-
tration of the total phenolic content and flavonoids of date palm. On the other hand, Bairu
et al. [29] and Vitamvas et al. [77] have documented a clear association between culture
type, in vitro morphogenesis and the incidence of somaclonal variation. Leva et al. [31]
categorised cultures based on genetic stability, ranking those established by explants with
pre-formed apical and lateral meristems, that is, growth tips and nodal shoot sections, as
the most stable. Following these were adventitious shoot cultures started from de novo
meristems, particularly through direct organogenesis, somatic embryo cultures developed
by direct embryogenesis, organ cultures regenerated from callus (direct morphogenesis),
suspension cultures (of cells) and protoplast cultures. The appearance of callus and adven-
titious shoots during blueberry in vitro cultures is usually considered a potential source of
somaclonal variation [44]. Comparing TC-Ax plants to TC-Ad ones, we showed statistically
significant differences for parameters such as PSII photosystem efficiency (Fv/Fm) and the
average length of main shoots. These parameters reached higher values for TC-Ax plants
compared to TC-Ad and SC plants (average main shoot length).

The conducted research revealed that plants derived from tissue cultures and propa-
gated by axillary shoots (TC-Ax plants) exhibited more significant differences from con-
ventionally propagated plants (SC) than those propagated by adventitious shoots (TC-Ad).
This observation is intriguing, as adventitious shoot cultures are commonly considered to
be a source of somaclonal variation. Perhaps the researchers’ focus on finding evidence of
somaclonal variability in plants obtained from adventitious shoots, generally considered as
a source of somaclonal variation, was misplaced. Debnath [78], in his molecular analyses
of plants obtained from adventitious shoots, did not include plants obtained from axillary
shoots (commonly regarded as being genetically stable). Soneji et al. [79], on the other
hand, observed phenotypic differences in pineapple micropropagation using axillary buds,
particularly in fruit colour and thorn generation [79]. According to the aforementioned
authors, cultures derived from axillary shoots are the source of somaclonal variation. The
reason for differences between plants propagated in in vitro cultures may be attributed to
changes occurring at the genetic and/or epigenetic level.

Molecular analyses conducted by researchers focusing on determining the clonal
identity of plants of the genus Vaccinium confirmed the absence of differences between
clones of adventitious origin of lowbush blueberry [78], as well as between cultures and
mother plants of highbush blueberry [80]. However, it is crucial to note that these analyses
applied EST-PCR [78] and RAPD [80] molecular markers. These techniques are applied to
detect alterations in DNA sequence; epigenetic analyses, on the other hand, are designed
to detect changes in DNA structure, encompassing mechanisms such as gene silencing or
activation, often influenced by changes in DNA methylation patterns [28,49,81]. Therefore,
the methylation process plays a pivotal role in gene expression in eukaryotes, influencing
various aspects of plant growth and development as well as responses to stress [28,50,81].
In vitro cultures create conditions conducive to changes in gene expression. Hence, it can
be inferred that obtaining micropropagated plants different from the initial plant may
not necessarily involve mutations but could result from a modified DNA methylation
profile [57].

Epigenetic analyses based on the determination of DNA methylation using MSAP
markers showed different methylation levels among the analysed groups of differentially
propagated highbush blueberry plants (Table 2). A prevalence of symmetric or fully methy-
lated 5′CmCGG 3′ DNA sequence (Type M) over hemimethylated 5′mCCGG 3′ DNA
sequence (Type H) was found in all plant groups (Table 2). This predominance of total
(symmetric) cytosine methylation over hemimethylation has been previously confirmed in
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other scientific reports [51–53]. Goyali et al. [51] showed a higher frequency of symmet-
ric methylation events compared to hemimethylated events in both conventionally and
in vitro propagated lowbush blueberry plants. However, the highest degree of methylation
(frequency) was found in TC-Ad plants, slightly lower in TC/SC plants and lowest in SC
plants and TC-Ax (Table 2).

DNA methylation has been recognised as a major regulatory epigenetic mechanism,
closely associated with diverse gene functions [51]. Epigenetic control of gene expression
plays a fundamental role in cell division and differentiation, influencing various func-
tions [51,82]. This regulatory system of gene expression is related to developmental stage,
tissue type, environmental conditions and vigour [83]. Changes in methylation patterns
are therefore fundamental to plant development processes [84]. Consequently, it can be
hypothesised that the observed differences between the plants propagated conventionally
(SC), using in vitro techniques (TC-Ad and TC-Ax), as well as by a combination of these
approaches (TC/SC), at the morphological, physiological and biochemical levels, may be
attributed to variations in DNA methylation levels.

4. Materials and Methods

The experiments included four groups of nursery plants of the highbush blueberry
(Vaccinium × corymbosum L.) cv. ‘Brigitta Blue’. Two groups were obtained from in vitro
cultures propagated through axillary (TC-Ax) or adventitious shoots (TC-Ad). The control
group of plants (SC) was obtained by rooting semi-woody cuttings derived from contin-
uously conventionally propagated plants. An additional fourth group (TC/SC) was also
included, consisting of plants obtained by rooting semi-woody cuttings from convention-
ally propagated plants originally derived from in vitro cultures. All groups contained
approximately 40 plants.

4.1. In Vitro Conditions

For micropropagation, a modified ZB medium (Z-2) [18] was used with the addition
of L-cysteine (5 mg/L), vitamin C (100 mg/L), sucrose (25 g/L) and fructose (5 g/L). The
medium was supplemented with the following growth regulators: cytokinins (10 mg/L 2iP;
6-γ,γ-dimethylallylamine), adenine sulphate (80 mg/L) and auxin (4 mg/L IAA; indolyl-
3-acetic acid). Stabilised highbush blueberry cultures, maintained in in vitro culture for
3 years, were used as the starting material for TC-Ax and TC-AD in vitro cultures. The
donor plant material for the initiation of the in vitro stabilised culture consisted of one-
year-old nursery pot plants grown in a glasshouse. They were obtained conventionally by
rooting cuttings collected from mother plants in the previous year. The mother plants were
propagated in the same manner for at least 2 generations. The explants for in vitro culture
initiation were prepared from new shoots/accretions taken from mother plants grown in a
glasshouse. Two types of in vitro cultures were established from 2-node shoot explants of
different origins. For the TC-Ax in vitro culture, a 2-node axillary shoot fragment, strongly
connected with the donor culture (by vascular bundles), was used as an explant. Axillary
shoots were developed from a bud formed in the leaf axils. For the TC-Ad in vitro culture,
a 2-node adventitious shoot fragment that had developed from a callus or was weakly
connected with the donor culture (without vascular bundles) was used as an explant.
Examples of explants and in vitro cultures are included in supplementary material. The
highbush blueberry cultures were maintained for 10–12 weeks and then passaged to fresh
ZB medium. Four passages were performed. Plant cultures were maintained under a 16-h
photoperiod, with light provided by cool-white fluorescent lamps (photosynthetic photon
flux density (PPF) of approximately 12 μmol m−2 s−1) at 24 ± 2 ◦C.

4.2. In Vivo and Field Conditions

All plant groups were obtained by in vivo rooting of 3-node shoot fragments derived
from donor plants (SC and TC/SC) or in vitro cultures (TC-Ax and TC-Ad). Rooting was
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carried out in ‘mini-greenhouses’ under high relative air humidity at 26 ◦C. The substrate
used for rooting was a mixture of peat and perlite in a ratio of 3:1 (v/v).

The rooted shoots were placed in pots (9 x9 cm, initially with a capacity of 0.5 L and
1.5 L afterwards). After three years, the plants were transplanted into the ground. The
blueberry plants grew in a substrate prepared from a mixture of high peat with a pH
of 3.5–4.0 and sand in a ratio of 2:1 (v/v). The plants were watered at 1–3 day intervals
(depending on climatic conditions) and fertilised from April to September with a 0.3%
solution of ‘Florovit’ (IncoVeritas, Góra Kalwaria, Poland) containing the macronutrients
(N, K and P (4:6:6)) and micronutrients( B, Cu, Fe, Mn and Zn). The plants grew under
field conditions in a sunny location protected from the wind in south-eastern Poland, in
Karolówka, Podkarpackie Voivodeship.

The analyses were performed in the following periods: 2014—obtaining two types of
in vitro culture of highbush blueberries, TC-Ax and TC-AD, and passaging to fresh medium;
2015—rooting of blueberry shoots derived from donor plants; 2018—morphological, physio-
logical and epigenetic analyses; 2020—fruit collection; 2023—analysis of bioactive compounds.

4.3. Plant Analysis
4.3.1. Morphological Measurements

Morphological analysis was performed on 3-year-old seedlings before transplanting
them from pots to the ground. Measurements included the length of each shoot and
the total number of shoots, with only those exceeding a minimum length of 3 cm taken
into account.

4.3.2. Chlorophyll Content and Fluorescence

An IMAGING-PAM M-Series Chlorophyll Fluorometer (MINI version) (Waltz GmbH
Eichenring, 6 91090 Effeltrich, Germany) was used to record chlorophyll fluorescence
parameters. The leaves were kept in the dark for at least 20 min before measurements.
The analyses were performed in 4 replicates for 20 leaves from randomly selected plants
from each group. The following parameters were determined: minimum fluorescence (F0)
and maximum fluorescence (Fm). Based on these measurements, the variable fluorescence
(Fv = Fm − F0) and PSII photosystem efficiency (Fv/Fm) were calculated.

The content of photosynthetic pigments (chlorophyll a, chlorophyll b and total a + b)
was determined on 20 leaves sampled from randomly selected plants of different origins.
Pigments were extracted from 50 mg of leaf tissues with 2.5 mL of DMSO (dimethyl
sulfoxide, Toruń, Poland). Absorbance measurements were performed at 665 and 649 nm
using a Specol Aquamate VIS device (Thermo Scientific, Waltham, MA, USA). The content
of individual pigments was calculated according to the formulas given below and described
earlier by [85]:

- chlorophyll a = [(12.9 · A663) − (3.45 · A649)].
- Chlorophyll b = [(21.91 · A649) – (5.32 · A663).]

where A is absorbance at a specific wavelength.

4.4. DNA Methylation

DNA methylation was determined in young, fully developed leaves of highbush
blueberry plants collected from 40 plants in each analysed group. DNA was isolated
from pooled samples according to the protocol of Doyle and Doyle [86]. The methylation-
sensitive amplification polymorphism (MSAP) technique, based on the protocols described
in [49,54], was used. The set of primers utilised for MSAP analysis is listed in Table 3.

DNA (50 ng) from each sample was digested with EcoRI/MspI (Thermo Scientific,
Waltham, MA, USA) and EcoRI/HpaII (Thermo Scientific, Waltham, MA, USA) restriction
enzymes and ligated with EcoRI- and MspI- or HpaII-specific adapters (Genomed, Warsaw,
Poland) at 37 ◦C for six hours. The ligated DNA was diluted 10 times and pre-amplified
using EcoRI and MspI or HpaII primers (Genomed, Warsaw, Poland). The PCR conditions
were as follows: 94 ◦C—1 min, 65 ◦C—1 min and 72 ◦C—1 min for 35 cycles, with a
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final extension at 72 ◦C for 7 min. The pre-amplified product was diluted ten times with
Tris-EDTA (TE) buffer and selectively amplified with different combinations of EcoRI and
MspI or HpaII MSAP primers (Genomed, Warsaw, Poland) (Table 3), each with two to three
selective nucleotides.

Table 3. Sequences of primers and adapters used in MSAP analysis.

MSAP Stage Primer/Adapter Sequence

Ligation
EcoRI-Adapter

MspI-HpaII-Adapter

5′CTCGTAGACTGCGTACC 3′
3′CATCTGACGCATGGTTAA 5′

5′CGACTCAGGACTCAT3′
3′TGAGTCCTGAGTAGCAG5′

Preamplification Pre-EcoRI 5′GACTGCGTACCAATTC 3′
Pre-MspI-HpaII 5′GATGAGTCCTGAGTCGG 3′

Selective amplification

EcoRI-ACT 5′GACTGCGTACCAATTCACT 3′
EcoRI-AG 5′GACTGCGTACCAATTCAG3′
EcoRI-AC 5′GACTGCGTACCAATTCAC 3′
EcoRI-AT 5′GACTGCGTACCAATTCAT 3′

MspI/HpaII-ATG 5′GATGAGTCCTGAGTCGGATG3′
MspI/HpaII-CTA 5′GATGAGTCCTGAGTCGGCTA3′
MspI/HpaII-CTC 5′GATGAGTCCTGAGTCGGCTC3′
MspI/HpaII-CAT 5′GATGAGTCCTGAGTCGGCAT3′
MspI/HpaII-CT 5′GATGAGTCCTGAGTCGGCT3′
MspI/HpaII-GT 5′GATGAGTCCTGAGTCGGGT3′
MspI/HpaII-CA 5′GATGAGTCCTGAGTCGGCA3′

For selective amplification, PCR conditions were as follows: 94 ◦C—1 min,
65 ◦C—1 min (temperature was reduced by 0.7 ◦C in each successive cycle) and 72 ◦C—
1 min for 11 cycles, and 94 ◦C—1 min, 56 ◦C—1 min and 72 ◦C—1 min for 23 cycles, with
a final extension at 72 ◦C for 7 min. An equal volume of formamide dye was added to
the PCR products, which were subjected to electrophoretic separation on a 6% denaturing
polyacrylamide gel. Gels were stained with silver nitrate (Avantor Performance Mate-
rials Poland S.A., Gliwice, Poland (according to the method described by Bassam and
Gresshoff [87]) and subsequently scanned for data recording.

Methylation Analysis

Methylation analysis was performed according to the method outlined by Walder [58]
and Xiong et al. [54]. The presence of bands from the EcoRI + MspI (M) primer mixture and
their simultaneous absence in the EcoR I + HpaII (H) reaction indicated DNA methylation.
The internal cytosine of the 5′CCGG 3′ sequence was methylated (5′CmCGG 3′). This is
referred to as ‘symmetric or full methylation’. The absence of bands from the EcoRI + MspI
(M) reaction and their simultaneous presence in the EcoR I + HpaII (H) reaction primer
mixture indicated DNA methylation, specifically the methylation of the external cytosine
of one DNA strand (5′mCCGG 3′). This phenomenon is referred to as the ‘hemimethylated
state’. Methylation frequency was calculated following the method described by Li et al. [53]
as follows:

Methylation (%) = (number of methylated bands)/total number of bands) × 100.

4.5. Fruit Analysis

Fruits were harvested from each group of 5-year-old blueberry plants and stored at
−80 ◦C until analysis. The analyses were conducted on ten fruits with similar shapes
and weights in 3 replicates. Homogenised fruits were used for analyses of basic quality
parameters and antioxidant potential.
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4.5.1. Antioxidant Activity

The sample for determining antiradical activity (AA) was prepared by homogenising
the tissue (5 g) with 15 mL of 75% methanol solution and centrifuging the homogenate at
10,000× g for 30 min.

The antiradical activity (AA) of fruits was assayed using synthetic ABTS•+ and DPPH•
radicals, following the method described by Piechowiak et al. [3]. The results of AA were
expressed as Trolox equivalents (mg TE/g FW).

Ascorbic acid content was analysed using the 2,6-dichlorophenolindophenol/
spectrophotometric method as outlined by Piechowiak et al. [4]. Ascorbic acid from
the fruits was extracted by homogenising the fruit tissue (5 g) with 15 mL of 2% oxalic acid
and centrifuging at 10,000× g for 30 min. The supernatant was used to detect the ascorbic
acid content. The absorbance of the reaction mixture was measured at 500 nm, and the
results were presented as ascorbic acid per 100 g fresh weight (FW) of fruit tissue.

4.5.2. Total Polyphenol and Anthocyanin Contents

Approximately 8 g of frozen berries of equal size were homogenised in an ice-cooled
mortar with 20 mL of cold extraction solution EtOH/formic acid/H2O (25/2/73). The
homogenate was placed in an ultrasonic bath for 15 min. The suspension was centrifuged at
10,000× g for 20 min at 4 ◦C, and the supernatant was collected. The pellet was resuspended
in 10 mL of extraction solution and treated as described above. Then, the supernatants were
combined, and the volume was adjusted to 40 mL using the extraction solution. All extracts
were stored at −80 ◦C before spectrophotometric analysis. For each group of plants, 3 pools
of berries were extracted, yielding 3 biological replicates.

The total polyphenol content was determined following the Folin-Ciocalteau
method [88]. To 0.05 mL of the extract in a 10 mL volumetric flask, 0.05 mL of Folin-
Ciocalteau reagent, 4.45 mL of distilled water, and 2 mL of 10% Na2CO3 were added and
immediately diluted with distilled water. The optical density was measured after 90 min
at 700 nm using a 10S UV–vis spectrophotometer (Thermoscientific, Waltham, MA, USA).
Results were expressed as milligrams of gallic acid per 1 g fresh weight (FW).

The total anthocyanin content was determined using a 10S UV–vis spectrophotometer
(Thermoscientific, Waltham, MA, USA) by measuring the absorption peak of anthocyanin
pigments at 530 nm. The total anthocyanin content was expressed as cyanidin 3-glucoside
equivalent using a molar extinction coefficient of 26.9 L mol−1 cm−1 and reported as
milligrams per 1 g FW.

4.6. Statistical Analysis

Statistical analysis was performed using Statistica (Stat Soft, Krakow, Poland, 13.1 ver-
sion). An ANOVA test was used to identify significant differences between groups. Tukey’s
HSD post hoc test was performed to determine and verify differences at a significance level
of p ≤ 0.05.

5. Conclusions

In summary, the result indicated that the method of blueberry plant propagation (con-
ventional and in vitro) influenced plant seedlings, including shoot length and branching,
chlorophyll content and fluorescence, as well as DNA methylation. Additionally, differ-
ences were observed in the concentrations of fruit antioxidant compounds, including total
polyphenols and anthocyanins, ascorbic acid and antioxidant activity. These differences
were primarily observed between conventionally propagated highbush blueberry plants
and those propagated in vitro. However, some differences were also recorded between
plants derived from in vitro cultures with axillary (Tc-Ax) or adventitious shoots (TC-Ad)
used as explants. The differences between the analysed groups of plants may be the result
of somaclonal variation occurring during the micropropagation process. The underlying
factor for somaclonal variation could be attributed to changes in DNA methylation levels
detected in the analysed plant groups. It can be hypothesised that the detected differences
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between conventionally and in vitro propagated highbush blueberry plants may be the
result of differences in DNA methylation levels. Nevertheless, further analyses should be
performed to confirm the present results for other varieties of highbush blueberry plants.
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Abstract: The circadian clock refers to the formation of a certain rule in the long-term evolution of an
organism, which is an invisible ‘clock’ in the body of an organism. As one of the largest TF families
in higher plants, the MYB transcription factor is involved in plant growth and development. MYB is
also inextricably correlated with the circadian rhythm. In this study, the transcriptome data of the tea
plant ‘Baiyeyihao’ were measured at a photoperiod interval of 4 h (24 h). A total of 25,306 unigenes
were obtained, including 14,615 unigenes that were annotated across 20 functional categories within
the GO classification. Additionally, 10,443 single-gene clusters were annotated to 11 sublevels of
metabolic pathways using KEGG. Based on the results of gene annotation and differential gene
transcript analysis, 22 genes encoding MYB transcription factors were identified. The G10 group in
the phylogenetic tree had 13 members, of which 5 were related to the circadian rhythm, accounting
for 39%. The G1, G2, G8, G9, G15, G16, G18, G19, G20, G21 and G23 groups had no members
associated with the circadian rhythm. Among the 22 differentially expressed MYB transcription
factors, 3 members of LHY, RVE1 and RVE8 were core circadian rhythm genes belonging to the G10,
G12 and G10 groups, respectively. Real-time fluorescence quantitative PCR was used to detect and
validate the expression of the gene transcripts encoding MYB transcription factors associated with
the circadian rhythm.

Keywords: Camellia sinensis; MYB; circadian rhythm; transcription factor; transcriptome analysis

1. Introduction

The circadian rhythm is an endogenous timing mechanism that operates on a 24 h
cycle, reflecting the relative length of day and night [1]. The input, central oscillator and
output pathways are the three components that constitute the circadian rhythm system
in higher plants. Among them, the central oscillator, which is the central element of
the biological clock system, is essential for controlling plant growth [2,3]. Previous stud-
ies have identified core clock genes, such as the CIRCADIAN CLOCK ASSOCIATED 1
(CCA1), PSEUDO RESPONSE REGULATOR (PRR) family, TIMING OF CAB EXPRESSION
1 (TOC1), GIGANTEA (GI), REVEILLEs (RVEs), NIGHT LIGHT-INDUCIBLE AND CLOCK-
REGULATED (LNK) and EARLY FLOWERING (ELF) genes [4]. At present, research related
to the circadian rhythm mainly focuses on Arabidopsis, rice, tomato, etc. [5–7]. Huang et al.
investigated photosynthetic efficiency through the circadian clock network under different
light intensities in tomatoes [7]. The appearance of mutations in EID1 and LNK2 during do-
mestication delayed both the phase and period of its circadian rhythm [6]. Most clock genes
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in Arabidopsis have homologous genes in rice [8]. OsELF3 promotes flowering by repressing
Ghd7 at the transcriptional level and maintains circadian accumulation by interacting with
HAF1 under long-day conditions [9]. The photoperiodic control of flowering time and
photoregulation of growth are two examples of features that can be altered by clock gene
mutations [10,11]. When comparing the phenotypes of wild-type and mutant plants with
clock-changing functions, it can be found that different physiological characteristics (total
CO2 assimilation rate, sugar status and photosynthetic utilization efficiency) are affected
by the circadian rhythm [12,13]. The expression profiles of genes related to the circadian
rhythm show different patterns in the photoperiods of plants.

Transcription factors (TFs) are a group of proteins that specifically bind to upstream
sequences at the 5′ end of the genes, thereby ensuring targeted gene expression with
precise spatiotemporal control. MYBs are an important family of transcription factors in
higher plants [14,15]. In higher plants, there are four main types of MYB transcription
factors: 1R-MYB, R2R3-MYB, 3R-MYB and 4R-MYB [16–19]. Genome-wide descriptions
have been relatively detailed for model plants such as Arabidopsis, rice and carrot [20,21].
MYB transcription factors exhibit diverse functions in higher plants, including the regu-
lation of various subbiological metabolic synthesis and abiotic stress responses [22–25].
MYB transcription factors have also been reported in tea plants [26,27]. CsMYB4a is poten-
tially involved in the regulation of gene expression related to flavonoid biosynthesis [28].
CsMYB2 and CsMYB26 are two other regulatory genes involved in the biosynthesis of tea
flavonoids [27].

In higher plants, MYB transcription factors are associated with the circadian
rhythm [29–33]. The MYB transcription factors CCA1 and LHY (LATE ELONGATED
HYPOCOTYL) play crucial roles in maintaining the diurnal cycle of the central oscillator in
the biological rhythm system and in regulating the circadian rhythm in Arabidopsis [30,34].
REVEILLE1 (RVE1), a transcription factor that is similar to MYB, is homologous to LHY
and CCA1. As a node in the auxin network that connects elements of the circadian rhythm,
RVE1 provides a mechanistic link between two important signaling pathways [35]. Another
member of the RVE family, RVE8, is an MYB transcription factor. RVE8 interacts with the
transcriptional coactivators LNK1 and LNK2 to promote the expression of clock genes dur-
ing nighttime [36]. Duan et al. identified a novel MYB transcription factor in rice, CMYB1,
through transcriptome analysis and observed significant rhythmic expression profiles,
suggesting that CMYB1 plays a crucial role in cold tolerance via circadian regulation [32].
MYB-like transcription factors LUX (LUX ARRHYTHMO), ELF3 (EARLY FLOWERING 3)
and ELF4 constitute the Evening Complex (EC) [37]. In the morning, the EC was inhibited
by CCA1 and LHY, and in the evening, it was inhibited by TOC1. MYB112 can directly
bind to the promoter of the LUX gene (the core component of the central oscillator of the
biological clock) and inhibit its transcription, weakening the inhibitory effect of LUX on the
transcription of PIF4 and thus promoting its transcription of the PIF4 gene [38]. Circadian
rhythm gene expression and various regulatory relationships within the core oscillator are
critical for maintaining the circadian rhythm. The circadian rhythm core oscillator forms
a highly linked regulatory network with other circadian rhythm components, affecting a
wide range of plant signal transduction and metabolic pathways [39].

To date, studies of MYB transcription factors have mainly focused on anthocyanin
biosynthesis regulation [40,41], lignin biosynthesis regulation [42] and the abiotic stress
response [43]. To the best of our knowledge, there are few reports on the circadian rhythm
of tea plants. The response of MYB transcription factors to the circadian rhythm in tea
plants has also not been reported. Understanding the mechanism of MYB transcription
factors in regulating the circadian rhythm can enhance the adaptability and stress resistance
of tea plants, change the regional restriction of tea plants and improve tea quality.

The tea plant (Camellia sinensis (L.) O. Kuntze) has a history of over 5000 years and
boasts rich germplasm resources. As a natural, nonalcoholic beverage popular worldwide,
tea plays a significant role in the prevention of cancer and cardiovascular diseases [44,45].
Tea is derived from the leaves of tea plants. As the primary organs responsible for pho-

173



Int. J. Mol. Sci. 2024, 25, 657

tosynthesis and transpiration, plant leaves provide both the material and energy neces-
sary for growth and development [46]. With the development of the tea genome and
sequencing technology, omics studies of tea plants have been reported [47–49]. Here, the
high-throughput sequencing technology DNBSEQ was used to sequence the transcriptome
of the tea plant ‘Baiyeyihao’ at intervals of 4 h within one photoperiod (24 h). We identified
prospective genes involved in the circadian rhythm, and differentially expressed gene
transcripts with MYB transcription factor annotation information were further screened.
The selected candidate genes encoding MYB transcription factors were evaluated using
a heatmap to understand the response of the circadian rhythm in tea plants. Real-time
fluorescence quantitative PCR was used to identify and confirm the expression profiles of
circadian-rhythm-related MYB genes in tea plants. This is the first transcriptome analysis of
circadian rhythm transcription factors in tea plants. These results also provide a reference
for further research on the roles of MYB transcription factors in the circadian rhythm of
higher plants.

2. Results

2.1. Sequencing Quality Analysis

Through transcriptome sequencing analysis of tea leaves at a photoperiod interval
of 4 h (0 h, 4 h, 8 h, 12 h, 16 h, 20 h), 10.42~10.45 Gb of effective data was obtained. The
values of Q20 (error rate less than 1%) were above 96.21%, and the values of Q30 (error rate
less than 1%) were above 91.00%. The percentages of GC contents were 45.046%, 44.611%,
44.659%, 44.157%, 44.306% and 44.529%, respectively (Table 1).

Table 1. Tea plant sequencing data volume statistics in a photoperiod.

Sample Clean Reads (n) Clean Bases (bp)
Q20

Rate/%
Q30

Rate/%
GC Content/%

0 h 70,014,514 10,426,133,452 97.201 91.627 45.046
4 h 70,039,110 10,436,107,844 96.278 91.847 44.611
8 h 70,054,394 10,441,015,266 96.206 91.676 44.659

12 h 70,005,768 10,434,845,980 97.420 92.273 44.157
16 h 70,049,578 10,445,672,732 97.170 91.545 44.306
20 h 70,017,578 10,420,595,674 96.997 91.001 44.529

2.2. Analysis of Gene Transcripts

Adaptor sequences, duplicated sequences and low-quality reads were excluded. The
filtered data were qualitatively controlled using fastqc, and the StringTie software (Version:
2.1.4; Parameter: default) was used to assemble the transcripts. In total, 25,306 transcripts
were obtained. Among them, ‘o’ is other overlapped parts of the same chain with reference
exons, with a total of 694; ‘j’ is for multiple exons with at least one match, of which there
are 14,060; ‘x’ is exon overlap on the antichain; ‘i’ is completely contained in the intron of
the reference transcript; and ‘u’ is 9415 unknown new transcripts. TransDecoder was used
to predict the encoding region of a new transcript. The results showed that the length of
the unigenes was mainly between 100 and 1500 bp, and the length of the N50 was 1392 bp
(Figure 1).

2.3. Functional Annotation and Categorization

To obtain functional information on the transcripts, functional annotations were
drawn up for transcripts from seven databases: Nr (NCBI non-redundant) [50], Pfam [51],
Uniprot [52], KEGG (Kyoto Encyclopedia of Genes and Genomes) [53], GO (Gene On-
tology) [54], COG (Clusters of Orthologous Groups) [55] and PATHWAY [53]. A total of
19,872 unigenes were annotated in the Nr database, accounting for 78.53%. A total of
19,641 unigenes were annotated in the Uniport database, accounting for 77.61%. A total
of 48 unigenes were annotated in the KOG database, accounting for 0.19%. A total of
14,615 unigenes were annotated in the GO database, accounting for 57.75%. A total of
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5779 unigenes were annotated in the KEGG database, accounting for 22.84% (Supplemen-
tary Table S1).

Figure 1. Quantity and differential gene transcript (DET) length distribution of new transcript types
in C. sinensis within a photoperiod. (A): Quantity distribution of new transcript types in the sample;
‘o’: other overlapped parts of the same chain with reference exons; ‘j’: multiple exons with at least
one match; ‘x’: exon overlap on the antichain; ‘i’: completely contained in the intron of the reference
transcript; ‘u’: unknown new transcripts. (B): Differential gene transcript length distribution of new
transcripts. The abscissa indicates the length of reads. The ordinate indicates the number of reads in
that length range, where the red dotted line indicates the length of N50.

The 25,306 assembled unigenes were compared with the related databases. Among
these, 19,872 unigenes were annotated in the Nonredundant Collection of Nucleotide
Sequences (nr). According to the comparative annotation results of the Nr database
with Camellia sinensis as a reference, the top 10 species with the most comparisons were
determined to be as follows: Camellia sinensis (17,547), C. sinensis var. sinensis (1558),
Aactinidia chinensis var. chinensis (108), Rhododendron griersonianum (41), Actinidia rufa (41),
Vaccinium darrowii (37), Vitis vinifera (31), Nyssa sinensis (31), Rhodoendron simsii (22) and
Carya illinoinensis (15) (Figure 2).

2.4. GO Analysis

Gene Ontology (GO) is an international standard classification system of gene function.
The GO database was used to classify the annotated tea transcriptome data. A total
of 14,615 unigenes of C. sinensis had Gene Ontology (GO) annotations. GO describes
gene function from three aspects: cellular component (CC), molecular function (MF) and
biological process (BP). The top 20 most common GOslim secondary categories in each
category were selected for plotting (Figure 3). Among them, transcription regulation &
DNA—templated (351), defense response (273) and translation (241) involved the largest
number of differentially expressed gene transcripts (DETs). Among the cell components,
the integral components of the membrane (3857), nucleus (1395) and cytoplasm (697) were
involved in the most DETs. The most common terms in molecular functions were ATP
binding (2173), metal ion binding (1161) and RNA binding (727).
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Figure 2. Nr annotated species distribution map in C. sinensis. The top 10 species with the most
comparisons were counted, and the numbers represent the numbers of different species in the Nr
database, while different colors represent different species. The species distribution of BLAST hits for
each unigene was determined with a cut-off of 1 × 10−5.

2.5. KEGG Classification

After KEGG annotation of transcript sequences, they were classified according to
the KEGG metabolic pathways in which they participated, and the results are shown
in Figure 4. A total of 10,443 DETs were annotated. This classification is divided into
five levels: cellular processes, environmental information processing, genetic information
processing, metabolism and organismal systems. The largest level of these was metabolism,
which had 11 sublevels. Among the 11 sublevel metabolic pathways were global and
overview maps (2279), carbohydrate metabolism (657) and amino acid metabolism (471).
In the processing of genetic information, translation (n = 722) and folding, sorting and
degradation (n = 609) occupied large proportions.

2.6. Differential Gene Transcript Analysis

In our differential expression analysis, the expression levels of the gene transcripts
in each sample were obtained through expression quantitation of read count data. A total
of 772, 2411, 1731, 1434 and 393 differentially expressed gene transcripts were identified
in “0 h_vs._4 h”, “0 h_vs._8 h”, “0 h_vs._12 h”, “0 h_vs._16 h” and “0 h_vs._20 h.” In
“0 h_vs._4 h”, a total of 469 differentially expressed gene transcripts were upregulated and
303 were downregulated. In “0 h_vs._8 h”, a total of 1215 differentially expressed gene
transcripts were up- and 1196 downregulated. In “0 h_vs._12 h”, a total of 697 differentially
expressed gene transcripts were up- and 1034 downregulated. In “0 h_vs._16 h”, a total
of 532 differentially expressed gene transcripts were up- and 902 downregulated. In
“0 h_vs._20 h”, a total of 235 differentially expressed gene transcripts were up- and 158
downregulated (Figure 5).
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Figure 3. GO annotation of functional genes in C. sinensis. We selected the top 20 most annotated
GOslim under each classification, and each unigene was classified into at least one GO term. All
unigenes were grouped into three categories: molecular function, cellular component and biologi-
cal process.

2.7. Differential Expression of Gene Transcripts Encoding Transcription Factors

DETs encoding transcription factors were predicted using PlantTFDB [56]. The top
20 transcription factor families with differential expression were selected for plotting, and
the proportion statistics are shown in Figure 6. A total of 894 DETs encoding transcription
factors were detected, the most abundant of which were the B3 (71) and Nin-like (54)
transcription factor families. Twenty-three MYB transcription factors and thirty-three
MYB-related transcription factors were identified, accounting for 3.35% and 4.80% of
the total differentially expressed transcription factors (894), respectively. According to
the results of transcription factor annotation, DETs with transcription factor annotation
information were further screened, and duplicate transcription factors were removed.
A total of 22 transcripts of the MYB transcription factors were obtained for subsequent
analysis. We identified one upregulated and four downregulated unigenes in “0 h_vs._4 h”;
two upregulated and twelve downregulated unigenes in “0 h_vs._8 h”; one upregulated and
eight downregulated unigenes in “0 h_vs._12 h”; one upregulated and eight downregulated
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unigenes in “0 h_vs._16 h”; and one upregulated and zero downregulated unigenes in
“0 h_vs._20 h.”

Figure 4. KEGG metabolism pathway categories in C. sinensis. Different colors represent the five
classes involved in the KEGG metabolic pathway, and numbers represent the numbers of DETs in
different classes.

2.8. Distribution of the DETs Encoding MYB Transcription Factors

A total of 222 MYB transcription factors were retrieved from the TPIA database.
Multiple sequence alignment was performed on those, and an NJ phylogenetic tree was
generated based on the alignment results (Figure 7). The results showed that tea plant MYB
members can be divided into 23 subfamilies, named Groups 1 to 23. The 22 selected DETs
encoding MYB and MYB-related transcription factors related to the circadian rhythm of
tea plants were distributed among the different subfamilies. The numbers of DET MYB
transcription factors belonging to the G10, G11 and G12 groups were higher than those in
the other groups. Among them, the G10 group had the highest number of transcripts (a
total of five) associated with the circadian rhythm. In the G1, G2, G8, G9, G15, G16, G18,
G19, G20, G21 and G23 groups, no member was associated with the circadian rhythm.
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Figure 5. Volcano map of differentially expressed gene transcripts. Each point represents a transcript,
and the horizontal coordinate is logFC, which represents the base −2 pair value of the expression
difference multiple of a certain transcript in the two samples. The ordinate represents the base 10 pair
value of PValue (too few differential transcripts) or error detection rate FDR multiplied by −1.

2.9. Expression Analysis of MYB Transcription Factors in the Circadian Rhythm of Tea Plants

In studying the expression patterns of the 22 MYB transcription factors in the circadian
rhythm of tea plants, heatmap analysis showed the expression levels of the gene transcripts
within a photoperiod (Figure 8). The heatmap showed that the expression levels of MYB3,
MYB159 and MYB171 were high during the day and low at night, and the process from 0 h
treatment showed an obvious rise to fall. The expression levels of MYB15, MYB58, MYB140
and MYB168 were high at night and low during the day, showing a process of decline to
rise. The expression levels of MYB84, MYB85, MYB86 and MYB212 were the highest at
0 h and then began to decline, rise again, fall again and rise again at night, then reached
a peak, showing a zigzag pattern. The expression levels of MYB7, MYB95, MYB106 and
MYB107 were the highest at 0 h, then began to decline and then began to increase after 20 h
treatment. The daytime period is 0 h–12 h (9:00–21:00) on the horizontal coordinate, and
the nighttime period is 12 h–20 h (21:00–5:00) on the horizontal coordinate.

The 22 MYB gene transcripts showed differential responses in terms of tea plant
circadian rhythm based on the results of the RPKM method (Table S3). The expression levels
of MYB3, MYB7, MYB15, MYB40, MYB55, MYB58, MYB84, MYB85, MYB86, MYB95 (RVE8),
MYB106 (LHY), MYB107, MYB110, MYB111, MYB119, MYB140, MYB141, MYB159, MYB163
(RVE1), MYB168, MYB171 and MYB212 were measured and analyzed using RT-qPCR. The
results showed that the gene expression profiles of the 22 MYB transcription factors can be
divided into four patterns according to photoperiod: low expression level in a photoperiod,
high expression level during the day and low expression level at night, low expression
level during the day and high expression level at night, and irregularity. In general,
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the expression levels of the 22 DETs encoding MYB transcription factors in the tea plant
circadian rhythm were consistent with the trend of the transcriptome sequencing results.

Figure 6. Analysis of transcription factor families in C. sinensis. Different colors represent different
families of transcription factors, and the numbers in brackets indicate the proportions to the total
differential transcription factors.

2.10. The Expression Profiles of the MYB Gene Transcripts
2.10.1. High Expression Level in the Day and Low Expression Level at Night

When studying the RPKM (Figure 9A) and quantitative RT-PCR (Figure 9B) results, it
was found that the expression levels of MYB3, MYB159 and MYB171 gene transcripts were
high in the day and low at night. The MYB3 and MYB159 gene transcripts reached a peak
value at 8 h and the lowest value at 20 h. The expression levels of MYB3 and MYB159 at the
peak value were 2.78 and 5.17 times higher than that of the lowest value, respectively. The
MYB171 transcript reached its peak value at 4 h and reached its lowest value at 20 h, which
was 6.71 times higher. The expression level of MYB171 at the peak value was 6.71 times
higher than that at the lowest value. The transcript levels of MYB3, MYB159 and MYB171
first increased and then decreased, which had a certain regularity (Figure 10A).

2.10.2. Low Expression Level in the Day and High Expression Level at Night

The expression levels of MYB7, MYB15, MYB40, MYB55, MYB106 (LHY), MYB107,
MYB119, MYB140, MYB163 (RVE1) and MYB168 were high at night and low in the day
based on the results of the RPKM method (Figure 11A). MYB106 (LHY) and MYB163 (RVE1)
are the core genes of the circadian rhythm. The expression level of the LHY transcript was
the highest at 0 h and 20 h, when the expression level was up to 207.57 and 63.57 times that
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at 8 h, respectively. The expression level of the RVE1 transcript increased gradually from
12 h to 20 h, while the expression level was low during the day. The expression level of the
RVE1 transcript decreased gradually from 0 h to 8 h. The peak expression levels were more
than 200 times higher than the trough levels (Figure 11B). The expression levels of these
MYB gene transcripts showed a trend of first decreasing and then increasing (Figure 10B).

Figure 7. Evolutionary tree analysis of MYB transcription factor family in C. sinensis. Arrows
represent 22 differentially expressed MYB transcription factors associated with circadian rhythm.
Different colors indicate different subfamilies, and red circles indicate similarity.
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Figure 8. Heatmap of expression profiles of MYB transcription factors within a photoperiod. Color
scores were normalized by the counts of RPKM values. Red represents high expression. Blue
represents low expression.

2.10.3. The Expression Level Irregularity and Little Change

A total of 222 MYB transcription factor transcripts were found in the tea plant database.
Through transcriptome identification and screening, it was estimated that the expression
levels of the other 200 MYB gene transcripts showed little change during the photope-
riod (24 h) (Figure 10C). The genes of MYB84, MYB85, MYB86 and MYB141 were highly
expressed during both the day and night (Figure 12A,B).
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Figure 9. The expression levels of CsMYB gene transcripts in C. sinensis within a photoperiod, with
profiles that are high in the day and low at night. (A): Reads per kilobase per million mapped reads.
(B): Real-time PCR. The standard deviation (SD) is represented by the error bars. Different lowercase
letters indicate significant differences at the 0.05 level.

 

Figure 10. Dynamic behavior of MYB transcription factor in C. sinensis within a photoperiod. (A). Dy-
namic behavior of high expression level during the day and low expression level at night. (B). Dy-
namic behavior of low expression level during the day and high expression level at night. (C). Dy-
namic behavior of the expression level irregularity and little change. The gray bands denote dark,
and the white bands represent light.
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Figure 11. The expression levels of CsMYB gene transcripts in C. sinensis within a photoperiod, with
profiles that are low in the day and high at night. (A): Reads per kilobase per million mapped reads.
(B): Real-time PCR. The standard deviation (SD) is represented by the error bars; different lowercase
letters indicate significant differences at the 0.05 level.

Figure 12. The expression levels of CsMYB gene transcripts with irregular expression profiles in C.
sinensis within a photoperiod. (A): Reads per kilobase per million mapped reads. (B): Real-time PCR.
The standard deviation (SD) is represented by the error bars. Different lowercase letters indicate
significant differences at the 0.05 level.
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3. Discussion

Tea plants are typically woody crops with rich genetic diversity during long-term
natural growth [57]. In tea plants, the accumulation of secondary metabolites is inconsis-
tent during the day and night and is affected by various factors, including the circadian
rhythm [58]. At present, research on the circadian rhythm is mainly concentrated on Ara-
bidopsis model plants, which are also the most in-depth plants in terms of photoperiod
regulatory mechanisms [5,6]. Research of the circadian rhythm of horticultural plants has
just started, mainly involving tomatoes [6], garlic [59], cabbage [60], etc.

At present, 58 transcription factor families have been identified in plants, among which
AP2/ERF, MYB, GRAS, WRKY and NAC are the transcription factor families studied in-
depth [61,62]. The MYB family of genes exhibits differential expression patterns in plant
tissues and performs specific physiological regulatory functions [63]. The MYB family
is one of the largest families of transcription factors in plants and plays a crucial role
in the regulation of plant biochemical and physiological processes. Syntenic analysis
demonstrated that tandem duplication contributed to its evolution. It has also been shown
that the main drivers of peanut R2R3-MYB gene amplification are polyploidy and tandem
and single repetition [64,65]. Chen et al. identified a total of 122 CsR2R3-MYB genes
based on the chromosome-level genome of tea plants. CsMYB12, CsMYB17, CsMYB25 and
CsMYB47 genes exhibited high expression in the tea plant leaves under PEG stress, but
low expression under cold stress. At the same time, they found that CsMYB17 enhanced
anthocyanin accumulation in tea plants [43]. CsMYB42 played a crucial role in activating
the expression of CsGS1c and might be involved in the biosynthesis of theanine in albino
tea leaves [66]. Li et al. predicted that CsMYB8 and CsMYB99 were involved in the
biosynthesis of flavonoids (including catechins, anthocyanins and flavanols), while CsMYB9
and CsMYB49 were associated with theanine synthesis, as well as the MYB TFs that
were likely involved in hormone-signaling-mediated environmental stress and defense
responses [58]. A total of 222 transcripts of the MYB transcription factor are found in tea
plants [57]. MYB transcription factors also play key roles in the regulation of the growth
and development of tea plants [16]. In this study, information about MYB transcription
factors was based on data provided by Li et al. [58]. According to the TPIA database, MYB
transcription factors were systematically named CsMYB1–CsMYB221. The corresponding
MYB transcription factor names were obtained through BLAST comparison (Table S4).
RT-qPCR primers were designed using Primer Premier 6.0 software.

Nearly one-third of Arabidopsis genes are regulated by the circadian rhythm, with their
expression peaking at different times of the photoperiod [67,68]. In plants, the proteins
encoded by CCA1 and LHY are important components in maintaining the diurnal cycle
in the central oscillator of the biological clock system of higher plants and regulating the
circadian rhythm [30,34]. The LCL5 (RVE8) and CCA1 gene sequences were homologous.
However, these two transcription factors have opposite regulatory effects on the circadian
rhythm expression of the Arabidopsis TOC1 gene [69]. CCA1 and its closely related homolog
LHY encode a single MYB transcription factor that regulates the circadian rhythm of genes
expressed in the morning and evening. The morning cycle is composed of CCA1, LHY, PRR7
(PSEUDO-RESPONSE REGULATOR 7) and PRR9 (PSEUDO-RESPONSE REGULATOR 9),
in which CCA1 and LHY can promote the transcription and expression of PRR7 and PRR9.
However, PRR7 and PRR9 can reverse the inhibition of CCA1 and LHY [70]. The abundance
of CCA1 and LHY mRNA transcripts oscillates rhythmically, with peak expression at dawn
and trough expression at dusk [71,72]. Similar to the expression patterns of CCA1 and
LHY, the expression of RVE1, RVE2 and RVE7 is clock-regulated, with peak transcriptional
abundance near subjective dawn, suggesting that these genes may play an important role
in clock regulation during the morning phase [73], which is also consistent with the results
of this study. In addition, CCA1 and LHY play crucial roles in flowering. Flowering marks
the transition from vegetative to reproductive growth, and proper flowering timing is
critical for reproduction [74]. CCA1 and LHY participate in the regulation of photoperiodic
flowering by regulating the GI-CO-FT pathway [75].
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The MYB transcription factor is closely related to the circadian rhythm. By screening
the DETs with transcription factor annotation information, a total of 22 MYB and MYB-
related transcription factors related to the circadian rhythm of tea plants were obtained,
including the typical circadian rhythm genes LHY (MYB106), RVE1 (MYB163) and RVE8
(MYB95). REVEILLE1 (RVE1), which is homologous to LHY and CCA1, is an MYB-like
transcription factor. Another member of the RVE family, RVE8, is an MYB transcription
factor. RVE8 interacts with the transcriptional coactivators LNK1 and LNK2 to promote the
expression of night clock genes [36]. RVE1 regulates auxin biosynthetic genes to connect
the circadian clock and auxin pathways [35]. RVE8 regulates anthocyanin biosynthesis
by promoting the expression of anthocyanin genes [76]. GmMYB133 is a soybean RVE
homologous gene involved in the biosynthesis of soybean isoflavones [77]. Transient over-
expression of PbRVE1b can increase the anthocyanin content in birch peels [78]. These
results support the importance of the RVE protein in plant development. All PbRVE genes
in Pyrus bretschneideri leaves under a light/dark cycle exhibited a circadian rhythm. The
four PbRVE genes also exhibited robust rhythms under constant light conditions [79]. In
plants, Arabidopsis and Oenanthe javanica grow under various photoperiodic conditions,
and the expression of the clock gene Lhcb always decreases from peak levels before dusk
and increases from trough levels before dawn. This also suggests that the significance of
circadian clock adaptation may be partly due to its regulation of light responses to photo-
synthesis and photoprotection mechanisms [80–82]. The circadian oscillator may contain
multiple circuits that mediate positive and negative feedback, respectively. Interlocked
feedback loops have been described in the circadian rhythm in Drosophila, tomatoes, fungi,
etc. [7,83,84].

PbRVE expression patterns differed in different tissues of P. bretschneideri, suggesting
that PbRVEs may have a potential function in plant development. PbLHY and PbRVE8
are highly expressed in leaves, which is consistent with the previously reported cognates
of poplar [85] and rice [86]. In addition, transcripts of RVE genes, such as PbRVE3b and
PbREVE6b, show higher levels in the root of P. bretschneideri. Recently, transcriptome
analysis of walnuts and alfalfa revealed that RVE genes may be involved in nitrogen
metabolic pathways.

We measured expression patterns in different tissues of tea plants and further explored
the function of MYB transcription factors in the following directions. Since the circadian
rhythm in tea plants has not yet been reported, we are still in the preliminary stage of
research. Changing the circadian rhythm of the tea plants and determining whether the
growth state of the tea plant can be changed is also a good research direction.

4. Materials and Methods

4.1. Plant Materials

Cutting seedlings of two-year-old ‘Baiyeyihao’ (C. sinensis cv. Baiyeyihao) were
planted in the growth chamber at the Tea Science Research Institute of Nanjing Agri-
cultural University (Nanjing, China, 188.84◦ E, 32.04◦ N). Tea seedlings were planted in
sandy loam with good drainage, an organic matter content over 1–2% and a pH value of
6.0. Tea seedlings with healthy growth were selected and cultured in a light incubator
(temperature 25 ± 2 ◦C, photocycle 12 h light/12 h dark, light intensity 240 μmol·m−2·s−1,
humidity 70 ± 10%) for one week. Plants were adjusted daily to ensure well-rounded
lighting and watered daily early and late in the day. According to literature reports, the
circadian rhythm time scheme was experimentally assessed with 4 h intervals [87]. A
photocycle of 12 h/12 h is the normal growth time of the plant. Therefore, in order to
better understand the influence of the circadian rhythm on the tea plants, we divided
24 h into 6 segments. At 9:00, the illumination began (the initial time was denoted as 0 h)
and the first sample was taken. Then, healthy tea seedlings were selected at 4, 8, 12, 16
and 20 h, respectively. Horizontal coordinates 0 h, 4 h and 8 h belonged to the daytime
period (9:00~17:00), while 12 h, 16 h and 20 h belonged to the night period (21:00~5:00).
An individual sample containing one bud and two leaves was picked from one tea plant,
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quickly frozen with liquid nitrogen and stored at −80 ◦C. Three biological replicates were
performed for each sample.

4.2. RNA Extraction

Extraction of total RNA from tea leaves was performed using a reference RNA ex-
traction kit (RNA simple total RNA Kit, Beijing Tiangen Company, Beijing, China). The
concentration of RNA samples was determined using micro ultraviolet detector Nanodrop
ND-1000 (Shanghai Spectrometer, Shanghai, China). The RNA quality was detected via
1.2% agarose gel electrophoresis.

4.3. cDNA Library Construction and High-Throughput Sequencing

Six groups of RNA samples were sent to Bena Technology Co., Ltd. (Wuhan, China)
for construction and sequencing of the cDNA library. mRNA was enriched using oligo
(dT) magnetic beads. Interrupt reagent was added to the enriched mRNA to fragment the
mRNA. The interrupted mRNA was synthesized into one-strand cDNA and two-strand
cDNA according to the corresponding procedure. After terminal repair, adding an A tail,
adding a sequencing joint, purification, PCR amplification and product cyclization were
among the steps were followed to complete the preparation of the library. We did so using
the MGIEasy RNA Library Prep Kit (Huada intelligent manufacturing Technology Co.,
Ltd., Shenzhen, China). After qualified library detection, the high-throughput sequencing
platform DNBSEQ was used for sequencing.

4.4. RNA-Seq Data and Enrichment Analysis of Differentially Expressed Transcripts

The transcription factors were predicted through the database, and the top 20 tran-
scription factors were selected for analysis. In this study, we focused on MYB transcription
factors involved in the response to the circadian rhythm. According to the transcription
factor annotation results, after removing duplicate transcription factors, 22 transcripts
of the MYB transcription factor were obtained. Since the original sequencing data may
contain low-quality sequences, joint sequences, etc., in order to ensure the reliability of
the information analysis results, the original sequencing data should be filtered to obtain
clean reads. After quality control in FastQC (version: 0.11.9; Parameter: default) [88], the
transcriptome samples were trimmed using Trim Galore [89]. The sequenced reads were
mapped to the reference genome of tea plants using HISAT2 [90]. The reads for each gene
were counted using Subread-featureCounts with default parameters [91]. The number of
reads from each sample to each transcript was obtained using RSEM (RNA-Seq by Ex-
pectation Maximization) and converted using FPKM (Fragments Per Kilobase per Million
bases) [92]. Paired-end reads from the same fragment were counted as one fragment to
obtain the gene and transcript expression levels. Furthermore, differentially expressed
gene transcripts (DETs) were identified using the edgeR package with FDR < 0.05 and
|logFC| > 1.5. If the number of significantly different transcripts is too small, the screen-
ing threshold is p-value < 0.05 and |logFC| > 1.5. FDR values were used for significant
difference filtering in this analysis [93]. This code is provided in Supplementary File S2.

4.5. Functional Annotation

In order to obtain comprehensive functional information of the new transcripts, the
obtained Unigene sequences were BLAST analyzed against Nr, SwissProt, GO, KEGG,
COG and other databases for protein functional annotation and classification of tea plant
genes. KEGG annotations were associated with KEGG ORTHOLOGY and PATHWAY using
KOBAS (version: 3.0). The Uniprot [52] database records the correspondence between
each protein family and functional nodes in Gene Ontology [54]. This system predicts the
biological functions of the protein sequence encoded by a transcript.
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4.6. Differential Genes Were Verified Using qRT-PCR

Real-time quantitative PCR (qRT-PCR) was used to detect the expression levels of the
22 selected MYB gene transcripts related to the circadian rhythm in tea plants. Detection
primers were designed using Primer Premier 5.0 software. The SYBR Premix Ex Taq kit
(TaKaRa, Dalian, China) was used for qRT-PCR on the Bio-Rad IQ5 fluorescence quantita-
tive PCR platform. The total RNA extracted from tea leaves was reverse-transcribed into
cDNA using a reverse transcription kit (TaKaRa Biotech Co., Ltd., Dalian, China). The
cDNA was diluted 18-fold with nuclease-free deionized water, and 2 μL of each sample
was extracted as a template added to the reaction mixture (20 μL). Each cDNA required 1
μg of RNA. In this study, the CsGAPDH gene was selected as the internal reference gene in
qRT-PCR analysis, and the amplification primers were CsGAPDH-F and CsGAPDH-R [48].
It has been reported that the stability of the GAPDH gene is high in Coffea arabica [94]. Wu
et al. showed that CsGAPDH has a reasonable expression abundance (19 < Cq < 30) and
can be used in the calculation of gene standardization in tea plants [48]. The cDNA of
‘Baiyeyihao’ was selected at intervals of 4 h within one photoperiod (24 h). The systems
used for amplification were 20 μL: 10 μL SYBR Green I mix, 0.4 μL forward and reverse
fluorescent quantitative primers, 2.0 μL cDNA, 7.2 μL ddH2O [95]. The amplification
program was set at 95 ◦C for 5 min, denatured at 95 ◦C for 10 s, annealed at 54 ◦C for 30 s
and extended at 65 ◦C for 15 s, for a total of 40 cycles. The final concentration of primers in
the reaction mix was 0.2 μM. Three biological replicates were performed, and 2−ΔΔCT was
used to calculate relative gene expression levels [96]. Primers for RT-qPCR of MYB gene
transcripts and the internal reference gene are listed in Table S2.

4.7. Data Processing and Analysis

Microsoft Excel 2019 software was used for data sorting. The significance of differ-
ences was analyzed using IBM SPSS Statistics 25.0, and Origin 8.0 software was used to
complete the graph production. Heat maps were perpared using TBtools software (Version:
1.045) [97].

5. Conclusions

In this study, to explore the differential response of MYB transcription factors to
the circadian rhythm of tea plants, the transcriptome of the tea plant ‘Baiyeyihao’ was
sequenced at intervals of 4 h within one photoperiod (24 h). Then, 22 DETs encoding MYB
and MYB-related transcription factors were identified, including three core oscillator genes
(LHY, RVE1 and RVE8). There are four types of circadian expression patterns of MYB
transcription factors within a photoperiod in tea plants. Among them, the expression levels
of the core oscillator genes LHY and RVE1 were high at night and low during the day.
The regulatory mechanism of the tea plant circadian rhythm is complex and is affected by
various environmental factors. This study provides potential basic data for further research
on the relevant regulatory mechanism of MYB gene transcripts in response to the circadian
rhythm in tea plants.
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Abstract: Oil palm, a tropical woody oil crop, is widely used in food, cosmetics, and pharmaceu-
ticals due to its high production efficiency and economic value. Palm oil is rich in free fatty acids,
polyphenols, vitamin E, and other nutrients, which are beneficial for human health when consumed
appropriately. Therefore, investigating the dynamic changes in free fatty acid content at differ-
ent stages of development and hypothesizing the influence of regulatory genes on free fatty acid
metabolism is crucial for improving palm oil quality and accelerating industry growth. LC-MS/MS
is used to analyze the composition and content of free fatty acids in the flesh after 95 days (MS1
and MT1), 125 days (MS2 and MT2), and 185 days (MS3 and MT3) of Seedless (MS) and Tenera
(MT) oil palm species fruit pollination. RNA-Seq was used to analyze the expression of genes
regulating free fatty acid synthesis and accumulation, with differences in genes and metabolites
mapped to the KEGG pathway map using the KEGG (Kyoto encyclopedia of genes and genomes)
enrichment analysis method. A metabolomics study identified 17 types of saturated and 13 types
of unsaturated free fatty acids during the development of MS and MT. Transcriptomic research
revealed that 10,804 significantly different expression genes were acquired in the set differential gene
threshold between MS and MT. The results showed that FabB was positively correlated with the
contents of three main free fatty acids (stearic acid, myristate acid, and palmitic acid) and negatively
correlated with the contents of free palmitic acid in the flesh of MS and MT. ACSL and FATB were
positively correlated with the contents of three main free fatty acids and negatively correlated with
free myristate acid. The study reveals that the expression of key enzyme genes, FabB and FabF, may
improve the synthesis of free myristate in oil palm flesh, while FabF, ACSL, and FATB genes may
facilitate the production of free palmitoleic acid. These genes may also promote the synthesis of free
stearic acid and palmitoleic acid in oil palm flesh. However, the FabB gene may inhibit stearic acid
synthesis, while ACSL and FATB genes may hinder myristate acid production. This study provides a
theoretical basis for improving palm oil quality.

Keywords: oil palm; metabolomics; transcriptomics; lipid synthesis; free fatty acid

1. Introduction

Oil palm, a highly versatile crop, can be categorized into two primary resource types:
African oil palm (Elaeis guineensis Jacq.) and American oil palm (E. oleifera, previously E.
melanococca). African oil palm is the most widely cultivated and commercially significant
variety, known for its high oil yield and adaptability to different climatic conditions. On
the other hand, American oil palm is less commonly grown and is mainly utilized for
breeding purposes to develop new hybrid varieties with improved traits [1]. Oil palm
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is widely cultivated in Malaysia, Indonesia, Nigeria, and other countries has brought
substantial commercial value. The large-scale cultivation of oil palm has proven to be
highly profitable due to its high oil yield and versatility in various industries. However, at
present, some countries in Southeast Asia expand the planting area of oil palm by reducing
the area of forest, which directly poses a certain threat to biodiversity, reduces the habitat
of organisms, and affects the formation of the greenhouse effect. Therefore, it is very
important to maintain a good balance between the planting area of oil palm and the forest
cover area, which is related to whether to maximize the economic value of oil palm under
the premise of protecting the environment and biodiversity [2–4]. The classification of oil
palm is based on the thickness of the fruit shell, which can be divided into three types: Dura,
Pisifera, and Tenera. This categorization helps in understanding the different characteristics
and uses of each type. In addition to the mentioned matrilineal varieties, there are also
paternal varieties of certain crops. For instance, in the case of certain crops like Deli dura
and Bamenda, they are primarily matrilineal varieties. On the other hand, Ekona and
Nigeria are examples of paternal varieties. These different varieties have their own distinct
characteristics, including traits such as yield, resistance to diseases, and adaptability to
specific environmental conditions.

China’s decision to import oil palm in the 1920s was a significant move that involved
importing a substantial amount of germplasm from countries like Indonesia. This decision
had far-reaching implications for China’s agricultural landscape and economy. By import-
ing oil palm, China was able to diversify its crop production and tap into the economic
benefits associated with this versatile plant. Currently, the oil palm has been introduced
and cultivated in various provinces in China, including Hainan, Yunnan, Guangdong,
Guangxi, and Fujian [5]. The seedless oil palm variety mentioned in this study is a result of
hybridization between O×G Amazon species and contains higher unsaturated fatty acids.
The Tenera oil palm is a variety produced by Deli×Ghana hybridization and has a higher
oil content in its fruits. Therefore, both varieties are good experimental materials and can
be used for correlation analysis of their fatty acids.

Oil palm is one of the most productive tropical crops globally, with the highest oil
production [6]. The oil is extracted from the fruit, known as Crude Palm Oil (CPO) [7]. CPO,
or Crude Palm CPO, is not only edible, but also plays an important role in various industries.
It is utilized in the production of cosmetics, detergents, chemicals, and pharmaceuticals [8,9].
CPO is mainly composed of saturated fatty acids with a significant portion of palmitic
acid and oleic acid and unsaturated fatty acids, with oleic acid and linoleic acid being the
most prominent ones. In addition to fatty acids, it also contains vitamins, fatty alcohols,
carotenoids, and other nutrients [10]. The content of fatty acids in flesh and the content
ratio of different components directly affect the yield and quality of CPO. The current focus
of oil palm biotechnology research is to enhance the levels of unsaturated fatty acids such
as oleic acid and linoleic acid in flesh [11], so as to improve the oil yield of oil palm fruit
and the quality of CPO. In addition, the content of free fatty acids in palm oil serves as a
crucial quality indicator for various aspects of its storage, marketing, and production time,
as well as the price of palm oil products [12], and the high content of free fatty acids leads
to poor fat quality [13]. Therefore, the quality of palm oil is closely related to the content of
free fatty acids.

The synthesis of oil palm fatty acids is the most important phase in oil formation and
serves as the basis for yield formation. Improving palm oil yield can be achieved by mining
genes and transcription factors related to oil palm fatty acid synthesis and analyzing their
regulatory effects [14–16]. At present, the genes related to fatty acid synthesis of oil palm
have been studied. For instance, Cytochrome P450 is a superfamily of genes involved
in various biochemical reactions [17,18], and plays an important role in plant fatty acid
metabolism. According to Liang et al. [19], the concentration of fatty acids in the peel of
oil palm increases consistently throughout its development, reaching its highest point at
maturity. This similarity in expression pattern P450 genes in the same tissue, indicating
that cytochrome P450 expression impacts the metabolism of oil palm fatty acids (oxidation,
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epoxidation, hydrocarbylation, etc.), thereby influences the composition and content of
oil palm fatty acids. During the rapid accumulation of fatty acids in African oil palms, a
recent study found a significant increase in the expression levels of EgSAD1 and EgSAD2.
Meanwhile, the hybrid oil palms exhibited a notably higher content of unsaturated fatty
acids than the African oil palms. The differential expression of OeSADs in hybrid oil palms
may contribute to the increased unsaturated fatty acids in these palms. This suggests that
the high expression of SAD genes could potentially influence the fatty acid composition
of hybrid oil palms [20]. The overexpression of EgFatB1, EgFatB2, and EgFatB3 in oil
palm was successfully transferred to wild Arabidopsis Thaliana. This transfer revealed
that the overexpression of these genes resulted in an increased palmitic acid content in
transgenic seeds. EgFatB3 is an important enzyme that positively regulates medium-chain
fatty acid synthesis. This enzyme is responsible for the production of new fatty acids,
specifically lauric acid and myristate acid. Interestingly, out of the two, myristate acid
tends to accumulate the most. It is speculated that EgFatB1, EgFatB2, and EgFatB3 in
oil palm regulate the synthesis of palmitic acid, and EgFatB3 promotes the synthesis of
medium-chain fatty acids [21].

The study aims to analyze the changes in free fatty acid content and key enzyme
gene expression in Seedless (O×G Amazon) and Tenera (Deli×Ghana) oil palm fruits after
pollination. The changes in free fatty acid content of two fruit varieties were examined at
different time points after postharvest. The study reported on the levels of free fatty acids
at 0 h, 24 h, and 36 h., Additionally, candidate genes that may play a role in regulating
these changes in free fatty acid content were identified [22]. By combining metabolomics
and transcriptomics analysis of changes in free fatty acids during the development stage of
oil palm fruits is crucial in understanding the metabolic processes that occur during this
period., By identifying the key genes involved in the production of free fatty acids, valuable
insights into the factors that influence oil accumulation in oil palm fruits can be gained.
This knowledge can then be utilized to improve oil palm breeding programs and enhance
oil production in these two varieties. Therefore, understanding the dynamic changes of free
fatty acids during the fruit development stage is an important step towards maximizing
the potential of oil palm cultivation and meeting the growing demand for palm oil.

2. Results

2.1. Analysis of Dynamic Changes in Metabolites of Free Fatty Acids in the Flesh of Seedless and
Tenera Oil Palm Species at Different Developmental Stages

After pollination, the mesocarp of oil palm fruits at different stages, namely 95d (MS1
and MT1), 125d (MS2 and MT2), and 185d (MS3 and MT3), were selected for metabolomic
analysis. Three biological replicates were performed at each stage to ensure the reliability
and accuracy of the results. Qualitative mass spectrometric analysis of sample metabolites
was performed based on information obtained from a local lipid database, after which mass
spectrometric peaks observed in different samples for each substance were corrected to
ensure accurate quantification. The quantitative analysis of a randomly selected substance
in different samples was integrated with the correction results (Figure S1). By performing
overlapping display analysis on the total ion flow chromatogram (TIC) of mass spectrom-
etry detection and analysis of the same quality control sample (Figure S2), the total ion
flow chromatogram (TIC) of mass spectrometry detection and analysis of QC samples
showed significant overlap. The CV value distribution map of the QC samples reveals that
more than 75% of substances have CV values less than 0.3 (Figure S3), exhibiting that the
metabolomics data are relatively stable and reliable. Principal component analysis (PCA)
was used to segregate the six sets of data, namely MS1, MS2, MS3, MT1, MT2, and MT3,
including quality control samples (Figure S4). The first principle component (PC1) and
second principal component (PC2) were reported to account for 57.35% and 13.1% of the
total variables, respectively.

The research on the free fatty acid metabolites in the flesh of Seedless and Tenera
varieties at different development stages revealed that the main constituents were saturated
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free fatty acids. In fact, the study identified a total of 17 different types of saturated free
fatty acids, such as palmitic acid (C16:0), stearic acid (C18:0), decanoic acid (C10:0), and
unsaturated free fatty acids, such as oleic acid (C18:1), linoleic acid (C18:2), linolenic acid
(C18:3), and 13 other components (Table 1). As shown in Table 1, the total free fatty acid
content of both the Seedless and Tenera varieties experienced a gradual increase as the flesh
grew and developed. However, it is worth noting that there was a significant spike in the
early to middle stages of growth. The oleic acid content in the flesh undergoes significant
changes as it matures, with the highest level of free fatty acid content in ripe flesh. The data
show a significant increase in the concentration of the substance from MS1 to MS3, with a
rise from 277.30 nmol/g to 32,992.80 nmol/g. Similarly, in the MT group, the concentration
increased from 4549.25 nmol/g in MT1 to 30,396.86 nmol/g in MT3. These findings suggest
a substantial increase in the amount of the substance over time in both the MS and MT
groups. According to the results, the linoleic acid content in Seedless oil palm pulp was
found to be the least in MS1, the highest in MS3, and the next-highest in terms of free fatty
acid content. However, Tenera oil palm pulp had the least amount of palmitic acid in MT1,
the most in MT3, and the second highest amount in term of its free fatty acid content. As
the Seedless oil palm fruit ripens from MS1 to MS3 and MT1 to MT2, the levels of palmitic
acid in the flesh increase significantly. In fact, the palmitic acid content reaches its peak
during this stage, making it one of the highest levels of free fatty acids found in the fruit.
During the ripening stage, the Teneral oil palm’s flesh experiences a significant increase in
the amount of linoleic acid.

Table 1. Dynamic changes in the accumulation of respective free lipid metabolites in the mesocarp of
Seedless and Tenera oil palm during different developmental periods (nmol/g).

Free Lipid Metabolites

Different Developmental Periods

Seedless Tenera

MS1 MS2 MS3 MT1 MT2 MT3

C10:0 Decanoic acid 375.30 266.61 206.91 428.91 253.11 239.25
C12:0 Lauric acid 6.52 9.45 8.91 15.32 3.47 7.54

C14:0 Myristic acid 20.10 112.27 101.73 44.33 225.33 371.80
C15:0 Pentadecanoic acid 6.49 26.89 36.51 17.39 21.18 40.47

C16:0 Palmitic acid 401.84 9126.63 8060.21 1401.43 9585.10 14,345.15
C17:0 Heptadecanoic acid 14.20 96.47 103.22 48.70 68.62 137.42

C18:0 Stearic acid 320.25 1684.93 1756.83 451.25 1922.86 2988.75
C20:0 Arachidic acid \ 133.86 75.33 \ 65.60 178.70

C22:0 Docosanoic acid 35.44 47.38 42.29 39.38 54.47 104.06
C24:0 Lignoceric acid 53.07 69.62 63.93 110.51 49.04 128.63

C28:0 Octacosanoic acid 42.90 65.53 78.27 26.15 121.22 102.38
C30:0Triacontanoic acid 51.42 57.87 11.78 13.10 9.59 3.52

C32:0 Lacceroic acid 12.25 37.60 7.80 9.84 5.54 2.13
C33:0 Psyllic acid 2.25 12.34 9.23 4.32 6.86 6.87

C34:0 Gheddic acid \ 7.89 7.88 \ 5.13 7.68
C35:0 Tripentacontanoic acid \ 37.46 33.83 \ 32.80 34.80
C36:0 Trihexadecanoic acid \ 30.67 29.48 \ 29.70 30.63

Total of saturated free fatty acid 1342.05 11,823.46 10,634.14 2610.62 12,460.62 18,729.78
C16:1 Palmitoleic acid 3.22 182.91 247.14 25.22 80.37 118.02

C17:1 Heptadecenoic acid \ 54.57 125.01 \ 30.06 41.74
C18:1 Oleic acid 277.30 31,536.14 32,992.80 4549.25 26,021.06 30,396.86

C18:2 Linoleic acid 88.94 9508.93 13,475.84 1586.44 6680.46 10,188.00
C18:3 Linolenic acid 50.36 107.42 237.34 452.89 121.90 189.08

C19:1 Nonadecenoic acid \ 16.40 29.67 \ 8.45 12.10
C20:1 Eicosenoic acid \ 301.53 395.73 47.56 260.78 392.81

C20:2 Eicosadienoic acid \ 2.07 3.67 \ 1.38 3.96
C22:3 Docosatrienoic acid \ 19.36 19.44 \ 16.65 22.56

C22:4 Docosatetraenoic acid \ 6.05 5.60 \ 5.02 6.14
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Table 1. Cont.

Free Lipid Metabolites

Different Developmental Periods

Seedless Tenera

MS1 MS2 MS3 MT1 MT2 MT3

C22:6 Docosahexaenoic acid \ 10.09 9.55 \ 4.56 7.15
C24:5 Tactosapentaenoic acid \ 9.49 9.76 \ 8.60 10.66
C24:6 Tacosahexaenoic acid 11.23 47.89 45.71 41.35 47.22 55.90

Total of unsaturated free fatty acid 431.06 41,802.85 47,597.27 6702.71 33,286.52 41,444.97
Total of free fatty acid 1773.11 53,626.311 58,231.41 9313.33 45,746.14 60,174.75

Note: “\” indicate there are no or very little free fatty acid content in this period here; MS1 and MT1: early fruit
development; MS2 and MT2: middle fruit development; MS3 and MT3: late stage of fruit development. Cluster
analysis of all the free fatty acids in the flesh of Seedless and Tenera oil palm seeds at three different development
stages. It showed that the overall clustering of 30 free fatty acids treated by Z-score normalization fell into 2
categories (Figure 1). In Group 1, there were 24 different kinds of free fatty acids. In the beginning, they were
minimal and then surged rapidly, reaching their peak at the end of the development phase. The contents of
heptadecenoic acid, nonadecenoic acid and palmitoleic acid in Seedless oil palm changed most obviously in
MS1-MS3, but the contents of docosahexaenoic acid, tridecanoic acid, and arachidonic acid in MS1-MS3 increased
first and then decreased in MS1-MS3, with the highest value in the middle stage of development (MS2). The
contents of docosanic acid, myristic acid, and arachidic acid in Tenera oil palm changed particularly in MT1-MT3,
but the contents of octacosanoic acid in MT1-MT3 increased first and then decreased, peaking in the middle stage
of development (MT2), and the contents of tridecanoic acid in MT2-MT3 showed a stable trend. Its content reaches
its highest value in MT3. In Group 2, the six free fatty acids changed in diverse ways. The content of decanoic
acid in Seedless oil palm decreased continuously, while the quantity of linolenic acid in MS1-MS3 increased.
In MS1-MS3, the levels of triaconic acid, lauric acid, tetracosanoic acid, and triededecanoic acid exhibited a
decreasing trend followed by an increase, reaching their highest levels in MT3.

Figure 1. Heat map of metabolites clustering in the mesocarp of Seedless and Tenera oil palm during
different developmental periods. The 6 columns in each heatmap represent the fruits development
stages (MS1, MS2, MS3, MT1, MT2, and MT3).

The research findings indicate that Seedless oil palm has a distinct advantage over
MS2 and MS3 in terms of its lower total free fatty acid content. Additionally, Seedless oil
palm showcases a significantly higher percentage of saturated free fatty acid, reaching an
impressive 75.69%. These results suggest that Seedless oil palm may be a more desirable
option due to its reduced levels of free fatty acid and its higher proportion of saturated
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free fatty acid when compared to MS2 and MS3. The unsaturated to saturated free fatty
acid (UFFA/SFFA) ratio of 0.33 was found to be lower than MS2 and MS3. MT1 exhibited
a lower total free fatty acid level compared to MT2 and MT3. Furthermore, the ratio of
unsaturated to saturated free fatty acid content (UFFA/SFFA) in MT1 was 2.57, which was
lower than that of MT2 but higher than MT3. The data presented in Figure 2 show a gradual
accumulation of palm oil in both the Seedless and Tenera palm species. The concentration
of free fatty acids in the Seedless oil palm has experienced a significant increase. It was
30.24 times the total content of all kinds of free fatty acids in the MS1 stage. Moreover, the
percentage of unsaturated free fatty acids in the total content reached 77.96%. Additionally,
the ratio of unsaturated to saturated free fatty acid (UFFA/SFFA) was recorded at 3.54,
further highlighting the dominance of unsaturated fatty acids in the MS1 stage. The total
content of free fatty acids in Tenera oil palm significantly increased to 45746.14 nmol/g.
This was found to be 4.91 times higher than the total content of all kinds of free fatty
acids observed in the MT1 stage. The percentage of unsaturated free fatty acids reached
its peak at 72.70%. Additionally the ratio of unsaturated and saturated free fatty acids
(UFFA/SFFA) reached the maximum at 2.67. The total content of free fatty acids in Seedless
oil palm showed a significant increase, reaching 58,231.41 nmol/g, which was 32.84 times
higher than the total content of all kinds of free fatty acids in MS1 and 1.09 times higher
than in MS2. The ratio of unsaturated to saturated free fatty acids (UFFA/SFFA) reached
its maximum (4.48). The total content of free fatty acids in Tenera oil palm increased to
60,174.75 nmol/g, which was 6.46 times higher than the total content of various free fatty
acids in MT1 and 1.32 times higher than in MT2. The percentage of saturated free fatty acids
reached its peak at 31.23%, surpassing the levels found in MT1 and MT2. The unsaturated
free fatty acid content of MT3 is 2.21 times higher than the saturated free fatty acid content.
The results indicated that unsaturated free fatty acids were the main sources of oil synthesis
in the flesh of the soon-to-mature Seedless and Tenera oil palms.

Figure 2. Dynamic changes of free fatty acid content in the mesocarp of Seedless and Tenera oil palm
during different development periods. (A) changes in content of saturated fatty acids; (B) changes in
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content of unsaturated fatty acids; (C) changes in the content ratio of unsaturated fatty acids to
saturated fatty acids. Seedless and Tenera oil palm during different developmental periods In
summary, the study focused on analyzing the dynamic changes in fatty acid content in the flesh of
two varieties of oil palm seeds. The result revealed substantial changes in fatty acid levels as the seeds
developed from the early growth stage to maturity (MS1 to MS3 and MT1 to MT3). The proportion of
total unsaturated free fatty acids in the flesh of Seedless and Tenera oil palm was found to be 81.74%
and 68.87%, respectively, indicating that the total unsaturated free fatty acids in Seedless oil palm were
found to be relatively high, with a higher degree of unsaturated palm oil compared to Tenera oil palms.

The contents of decanoic acid, linolenic acid, lauric acid, triaconic acid, and tridecanoic
acid in MT1-MT3 showed a continuous decrease and reached the highest value at MT1,
while the contents of tetracosanoic acid in MT1-MT3 initially showed a decrease followed
by an increase. Analyzing the dynamic changes in the metabolites of free fatty acids in
three different developmental periods, namely, slow accumulation (MS1, MT1), rapid
accumulation (MS2, MT2), and stable accumulation (MS3, MT3), provides valuable insights
into the metabolic processes occurring at each stage. By studying the fluctuations of these
metabolites, researchers can gain a better understanding into how free fatty acids are
synthesized and utilized during different developmental periods.

2.2. Analysis of Differential Metabolites of Free Fatty Acids in the Flesh of Oil Palm from Seedless
Species and Tenera Species

The quantity of different metabolites in pairwise groups was studied by comparing
the early, middle, and late stages of oil palm development. According to the variable
importance in projection (VIP) ≥ 1, Fold Change ≥ 2 or Fold Change ≤ 0.5. A total of
19 metabolites of free fatty acids with significant differences were obtained. According to the
comparison of differential metabolites in Seedless and Tenera oil palm species at different
stages of pulp development (Figure 3A), there were 11 up-regulated metabolites and
1 down-regulated metabolite in the early stage (MS1 vs. MT1), 1 up-regulated metabolite
and 6 down-regulated metabolites in the middle stage (MS2 vs. MT2), and 4 up-regulated
metabolites and 5 down-regulated metabolites in the late stage (MS3 vs. MT3). The
results show that there are notable differences in the levels of metabolites between MS1
vs. MT1 as well as MS3 vs. MT3. On the other hand, the comparison between MS2 and
MT2 reveals a relatively low number of significantly different metabolites. Through Venn
diagram analysis, it was observed that MS2 vs. MT2 and MS3 vs. MT3 exhibited the
highest frequency of distinct metabolites, as depicted in Figure 3B. The results showed
that the proportion of up-regulated metabolites was significantly higher than that of down-
regulated metabolites, indicating that the content of most of the differential metabolites
increased with the development days of flesh. In fact, it reached its maximum value in the
late stage of flesh development.

(A) 

Figure 3. Cont.
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(B) 

Figure 3. Oil palm differentially expressed metabolites statistics of MS and MT. (A) Venn diagram of
differentially expressed metabolites; (B) histogram of significantly differentially expressed metabolites.

2.3. Analysis of Differential Genes in the Flesh of Oil Palm from Seedless Species and Tenera Species

We compared samples of Seedless and Tenera oil palm pulp at the same stage of
growth (MS1 vs. MT1, MS2 vs. MT2, MS3 vs. MT3). The study focused on analyzing the
relationship between specific genes and their functions in the synthesis and utilization
of fatty acids to uncover the essential genetic factors involved. In this study, a total
of 10804 significantly differentially expressed genes were identified in oil palm pulp.
These genes were obtained based on the set differential gene threshold. The differential
genes in Seedless and Tenera oil palm species were analyzed at different stages of pulp
development (Figure 4A). The comparison of gene expression in the early stage (MS1 vs.
MT1) revealed 3159 up-regulated genes and 3981 down-regulated genes. Similarly, during
pulp development (MS2 vs. MT2), there were 2395 up-regulated genes and 2486 down-
regulated genes. During the later stage of the experiment, it was observed that there were
2567 up-regulated genes and 2119 down-regulated genes when comparing MS3 to MT3.
Therefore, MS1 vs. MT1 had the most significantly different genes, followed by MS2 vs.
MT2, whereas MS3 vs. MT3 had the least number of significantly different genes. The
number of differential genes in the three comparison groups gradually decreased with
the increase in flesh development days, indicating that the expression of genes regulating
the growth and development of oil palm flesh in Seedless and Tenera species tended to
be stable. According to Venn diagram analysis (Figure 4B), there were 1401 common
differential genes among the three comparison groups.

2.4. Enrichment Analysis of Significantly Differentially Expressed Genes

According to the KEGG analysis, the MS1 vs. MT1 group showed enrichment in
136 pathways. Interestingly, a total of 134 pathways were found to be enriched in both the
MS2 vs. MT2 and MS3 vs. MT3 groups. The findings indicated that the distinct genes in MS
and MT during various growth phases primarily occur in metabolic pathways, the biosyn-
thensis of secondary metabolites, and plant-pathogen interactions. “Metabolic pathways”
and “biosynthensis of secondary metabolites” are the main metabolic pathways in plant
synthesis and metabolism, and are widely involved in the biosynthesis of plant metabolites.

The enrichment degree of fatty acid synthesis pathways in the three groups of com-
parison follows the pattern of MS3 vs. MT3 > MS1 vs. MT1 > MS2 vs. MT2, indicating that
a large number of genes are expressed in the early to middle stages of MS and MT fruit
development, as well as in the mature fruit to stimulate fatty acid synthesis. Therefore,
exploring the expression patterns of genes involved in the fatty acid synthesis pathway is
beneficial for the further exploration of oleic acid, stearic acid, palmitic acid. The synthesis
and accumulation of fatty acids such as palmitoleic acid (Figure 5).
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(A) 

(B) 

Figure 4. Oil palm differentially expressed genes statistics of MS and MT. (A) Venn diagram of
differentially expressed genes; (B) histogram of significantly differentially expressed genes.

 
Figure 5. Cont.
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Figure 5. Top 20 of KEGG enrichment classification scatter chart for the pairwise comparisons of MS1
vs. MT1, MS2 vs. MT2, MS3 vs. MT3.

2.5. Metabolomics and Transcriptomic Association Analysis

KEGG is a comprehensive database that enables the systematic analysis of metabolism
and gene function [23]. The lipid metabolome and the transcriptome data were examined
together using the metabolic pathway information provided by KEGG. The study revealed
that 30 types of free fatty acids, including palmitoleic acid, myristate acid, arachidonic acid,
tridedecanoic acid, triacsanic acid, tetracosanoic acid, docosanic acid, eicosadienoic acid,
stearic acid, octadecanoic acid, palmitoic acid, and docosahexaenoic acid were enriched
in nine metabolic pathways related to lipid metabolism in oil palm (Figure 6). It was
shown that seven sorts of saturated free fatty acids were significantly different in the
unsaturated fatty acid biosynthesis pathway between Seedless species and Tenera species,
including triacontane acid, tetracosanoic acid, arachidonic acid, tridedecanoic acid, and
triacontane acid, and seven corresponding differentially expressed genes. Two free fatty
acids with significant differences in the fatty acid biosynthesis pathway are myristic acid
and palmitoleic acid. There are two non-significant differences in saturated free fatty acids,
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stearic acid, and palmitoleic acid, and nineteen significantly different expression genes
corresponding to these acids (Table 2).

Figure 6. KEGG enrichment pathway statistics of lipid metabolites and genes related to lipid
metabolism in the mesocarp of Seedless and Tenera oil palm during different developmental periods.

Table 2. Lipid metabolites and genes related to lipid metabolism statistics of the fatty acid biosynthesis
(ko00061) pathway in the mesocarp of Seedless and Tenera oil palm during different developmen-
tal periods.

Comparable
Group

Lipid
Metabolites ID

Lipid Metabolites Genes ID

MS1 vs. MT1

Lipid-B-N-0026 (FFA16:1)
Palmitoleic acid

LOC105034507;LOC105034511;LOC105035520;
LOC105039456;LOC105042279;LOC105061231;
LOC105035641;LOC105040698;LOC105040700;

LOC105044978;novel.3225;LOC105049274;
ElguCp049;LOC105058068;LOC105037839;

LOC105042027;LOC105056688;LOC105047747;
LOC109506086;PTE;LOC105050310;

LOC105048939

Lipid-B-N-0005
(FFA14:0)

Myristic acid

MS2 vs. MT2

Lipid-B-N-0007 (FFA16:1)
Palmitic acid

LOC105034507;LOC105034511;LOC105035520;
LOC105039456;LOC105042279;LOC105033685;
LOC105061231;LOC105056570;LOC105035641;

LOC105040698;novel.3225;LOC105050555;
ElguCp049;LOC105042027;LOC105056688;

LOC105040257;LOC105047747;LOC109506086;PTE;LOC105048939

Lipid-B-N-0009 (FFA18:0)
Stearic acid

Lipid-B-N-0005 (FFA14:0)
Myristic acid

MS3 vs. MT3

Lipid-B-N-0026
(FFA16:1)

Palmitoleic acid
LOC105034511;LOC105035520;LOC105058779;LOC105042279;
LOC105035641;LOC105036494;LOC105039221;LOC105040698;

LOC105032905;novel.3225;LOC105050555;ElguCp049;
LOC105058068;LOC105051936;LOC105040922;LOC105042027;
LOC105056688;LOC105040257;LOC105047747;LOC105050310;

LOC105048939;LOC105049664;LOC105041644

Lipid-B-N-0005 (FFA14:0)
Myristic acid

The Nr annotation results of 19 significantly differentially expressed genes in Seed-
less and Tenera oil palm, revealed that the enzymes during the flesh development were
3-oxoacyl-[acyl-carrier-protein] -synthase I, FabB), 3-oxoacyl-(acyl-carrier-protein) syntha-
seII (FabF), long-chain acyl-CoA synthetase (long-chain acyl-Coa synthetase), ACSL), and
palmitoyl-[acyl-carrier-protein] -Thioesterase (FATB).

The dynamic changes in gene expression levels of four key enzymes in Seedless and
Tenera oil palm species, as shown in Figure 7, revealed inconsistent patterns for the gene
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expression of FabB, FabF, ACSL, and FATB. The expression levels of the FabB and ACSL
genes in seedless oil palm pulp showed an interesting pattern throughout the growth
stages. Initially, at the beginning of flesh development, the expression of these genes was
low. However, as the process progressed, the expression levels gradually increased and
reached their highest point at the middle and late stage of flesh development. During
the development of Tenera palm pulp, the expression level of the FabB gene consistently
increased, indicating its active role in this process. On the other hand, the expression level
of the ACSL gene showed a sustained decrease, suggesting a potential downregulation.
Expression levels of the FabF gene and FATB gene in Seedless oil palm showed an initial
decrease followed by an increase during pulp development. In contrast, the expression
levels of the FabF gene and FATB gene in Tenera palm exhibited an opposite trend, with an
initial increase followed by a decrease during pulp development.

 

 

Figure 7. Dynamic changes in expression levels of key enzyme genes in the mesocarp of Seedless
and Tenera oil palm during different developmental periods.
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The study found that the contents of four major free fatty acids in oil palm pulp were
significantly correlated with the expression levels of four key enzyme genes. The contents of
FabB were found to have a positive correlation with the three main free fatty acids: stearic
acid, myristate acid, and palmitic acid. FabF, an enzyme involved in fatty acid biosynthesis,
has been found to have a positive correlation with the levels of four key free fatty acids: stearic
acid, myristate acid, palmitoleic acid, and palmitic acid. Oil palm pulp contains four main
free fatty acids, and correlation analysis showed that the content of these free fatty acids was
significantly related to the expression level of four major enzyme genes (Figure 7; Table 3).
The study found that ACSL and FATB showed a positive correlation with the levels of three
primary free fatty acids: stearic acid, palmitoleic acid, and palmitic acid. On the other hand,
there was a negative correlation between ACSL and FATB and the levels of free myristate
acid. These results indicate that the expression of FabB and FabF enzyme genes may enhance
the synthesis of free myristate in oil palm flesh, while FabF, ACSL, and FATB enzyme genes
may promote the synthesis of free palmitoleic acid. However, the expression of the FabB gene
may inhibit the synthesis of stearic acid, and the expression of the ACSL and FATB gene may
inhibit the synthesis of myristate acid in oil palm flesh.

Table 3. Correlation analysis between the expression levels of key enzyme genes regulating free fatty
acid synthesis and the contents of main free fatty acids in the mesocarp of Seedless and Tenera oil palm.

Gene ID
Enzyme
Name

Stearic Acid
Myristic

Acid
Palmitoleic

ACID
Palmitic

Acid

LOC105042027 FabB 0.75 ** 0.917 ** −0.059 0.717 **
LOC105056688 FabF 0.517 * 0.722 ** 0.252 0.490 *
LOC105040698 ACSL 0.060 −0.256 0.697 ** 0.123
LOC105047747 FATB 0.167 −0.106 0.723 ** 0.134

Note: “*” indicates significant correlation (p < 0.05), and “**”indicates extremely significant correlation (p < 0.01).

2.6. QRT-PCR of the Transcriptomic Data

To verify the accuracy of RNA-Seq expression profile sequencing, 10 differentially
expressed genes were randomly selected from related metabolic pathways and analyzed
by qRT-PCR (Figure 8). The results showed that the trend of qRT-PCR was consistent with
that of RNA-Seq, and the coefficient of determination (R2) was greater than 0.8.

 

Figure 8. Cont.
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Figure 8. Relative expression levels of 10 selected genes during different developmental periods
(MS1, MS2, MS3, MT1, MT2, and MT3). The 2−ΔΔCt method was used to determine the relative
expression levels of genes. The statistical differences were analyzed by ANOVA based on Duncan’s
multiple test (p < 0.05).

2.7. Analysis of Fatty Acid Synthesis Pathways in Oil Palm Flesh at Different Development Stages

The biosynthesis of fatty acids in oil palm fruit pulp is mainly enriched in the fatty
acid biological pathway (ko00061) (Figure 9; Table 2), which is composed of Acetyl CoA
as raw material and ultimately forms long-chain fatty acids through the action of some
enzyme genes. After the combined analysis of fatty acid transcriptome and metabolome, we
were able to identify the differential metabolites and genes related to the KEGG metabolic
pathway in the fatty acid biological pathway. Based on the comprehensive analysis of gene
FPKM values and correlation coefficients with stearic acid, myristic acid, palmitic acid,
and palmitoleic acid (Table 3), it was finally found that FATB and ACSL are significantly
positively correlated with palmitoleic acid; while FabB is significantly positively correlated
with stearic acid, myristic acid, and palmitic acid; FabF is significantly positively correlated
with myristic acid. By combining the specific positions of these enzyme genes on the
pathway, it can be concluded that FATB may promote the synthesis of palmitic acid during
the MS3 phase, ACSL may promote the synthesis of palmitic acid during the MS2 and MS3
phases, and FabB and FabF may promote the formation of stearic acid, myristic acid, and
palmitic acid upstream of the fatty acid synthesis pathway during the MT2 and MT3 phases.
In summary, the variation in gene expression patterns between the two varieties can explain
the disparities in total fatty acid content and composition. During the development process
of oil palm fruit, through the combined action of the aforementioned enzymes FATB, ACSL,
FabB, FabF, etc., long-chain fatty acids rich in oil palm such as stearic acid, myristic acid,
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palmitic acid, and palmitoleic acid are formed, thereby promoting the biosynthesis of oil
palm fatty acids.

Figure 9. The main pathways and key enzymes of fatty acid biosynthesis. The yellow rectangle
represents the enzyme. The rounded rectangle represents the connected channels. The white circle
represents the compound.

3. Discussions

In this study, the lipid metabolites of Seedless and Tenera oil palm pulp at three
developmental stages were analyzed by liquid chromatography-tandem mass spectrometry.
The results of the study reveal a significant change in the total free fatty acid content of oil
palm before and after the development of the flesh, and the total free fatty acid content in
the flesh gradually increases as the growth and development of the flesh progresses. In
particular, there is a sharp increase in the total free fatty acid content during the early to
middle stages of development. This is in line with the evolution of fatty acids in camellia
fruit as the oil, oleic, linoleic, and linolenic content increase as the fruit develops [24]. The
total free fatty acid content of seedless oil palm remains stable throughout its mid to late
development stage. This stability is crucial as it ensures that the oil extracted from the palm
retains its quality and does not degrade over time. However, the most significant changes
were observed in the contents of linolenic acid, linoleic acid, palmitic acid, and eicosenoic
acid in different development stages. The contents of these four free fatty acids increased
by 186.95, 13,386.90, 243.92, and 395.73 nmol/g. Significant changes were observed in the
flesh of Tenera seed oil palm, with an increase in the content of myristic acid, stearic acid,
palmitoleic acid, and linoleic acid by 327.47, 2537.50, 92.80, and 8601.56 nmol/g, respectively.
The total content of free fatty acids increased from 1733.11 nmol/g to 58,231.41 nmol/g
and 9313.33 nmol/g to 60,174.75 nmol/g. However, the increase in the total content of free
fatty acids in Seedless oil palm was even more substantial, with a remarkable elevation of
56,498.30 nmol/g.

FabB is a β-oxyacyl-ACP synthase that uses acyl-Coenzyme A as an intermediate to
catalyze the Claisen condensation reaction between acyl-ACP and malonyl-ACP [25,26]. It
is found in bacteria as part of the fatty acid synthesis II pathway and is a potential target
for antibiotics [27]. Enzymes encoded by the FabA and FabB genes have been found to
catalyze the introduction of double bonds in decane precursors that are elongated into
the 16:1Δ9 and 18:1Δ11 unsaturated fatty acyl chains required for functional membrane
phospholipids [28]. In this study the FabB enzyme gene (ID:LOC105050891) was expressed
in the flesh of Seedless and Tenera oil palm species, and positively correlated with the
contents of free stearic acid, myristate acid, and palmitic acid, while negatively correlated
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with the contents of free palmitic acid. The results indicated that the expression of the FabB
gene may promote the biosynthesis of free stearic acid, myristate acid, and palmitic acid in
oil palm flesh and inhibit the accumulation of free palmitic acid in oil palm flesh.

FabF is an essential enzyme for fatty acid synthesis and elongation. It plays a crucial
role in the production of phospholipid membranes, lipoproteins, and lipopolysaccha-
rides [29]. It plays a role in the FASII extension stage, where it converts malonyl ACP with
growing ACP to form carbon dioxide and beta-ketoacP. Labeling it with [13C6]-glucose
showed a significant decrease in the 13C flow to myristate and palmitic acid in the ΔFabB/F
strain [30]. The study found that the expression of the FabF gene positively correlated with
the content of free stearic acid, myristate acid, palmitic acid, and palmitic acid, suggesting
that their synthesis and accumulation were promoted.

ACS can be divided into very long-chain acyl-CoA synthases (ACSVL) and long-chain
acyl-Co synthases (ACSL), medium-chain acyl-Co synthases (AC-SM), and short-chain
acyl-Co synthases (ACSS). ACSLs are a family of enzymes that can convert saturated and
unsaturated FAs with a chain length of 8~22 into fatty acyl-CoA esters [31]. In this study,
the ACSL enzyme gene showed a positive correlation with the contents of free stearic
acid and palmitic acid, and a negative correlation with the contents of free myristate acid.
The expression of the ACSL enzyme gene was found to have a significant impact on the
fatty acid composition in the flesh of Seedless and Tenera varieties. It was speculated that
the expression of this gene could promote the accumulation of free stearic acid, palmitic
acid, and palmitic acid in the flesh of Seedless and Tenera varieties, and could inhibit the
synthesis of free myristate acid. These findings highlight the role of the ACSL enzyme gene
in influencing the fatty acid profile of these varieties and suggest its potential as a target for
manipulating the fatty acid composition in agricultural crops.

Fatty acyl-ACP thioesterases in higher plants can be categorized into FATA and
FATB based on amino acid sequence comparison and substrate specificity [32]. The C16:0-
ACP thioesterase is a common FATB. The highest thioesterase activity was found in crude
extracts of oil palm pulp [33]. Wang [34] cloned FATB from the seed kernel of LpFATB by the
homologous cloning method, and found that the contents of eicosenoic acid (20:1) and oleic
acid (18:1) in the seeds of LPFATB transformed strains with Col-0 as the backgrounds were
decreased to a certain extent, while the contents of palmitic acid (16:0) were significantly
increased. In this study, the FATB enzyme gene was highly expressed in the flesh of Seedless
and Tenera oil palm species and was positively correlated with the contents of free stearic
acid and palmitic acid, while negatively correlated with the contents of free myristate acid.
Dussert et al. [35] found that FATB in oil palm pulp can promote the synthesis of fatty acids,
and EgWRI1-1 and EgWRI1-2 can combine FATB1, FATB1, and FATB3 to further promote
the increase in fatty acid content in the TAG pathway. This result once again confirmed
that the FATB gene is the key gene for fatty acid synthesis in oil palm pulp.

4. Materials and Methods

4.1. Plant Materials

In this experiment, the fruits of Seedless and Tenera at different developmental stages
were selected from the experimental base of oil palm (19◦33′ N, 110◦47′ E) from the Insti-
tute of Coconut Research, Chinese Academy of Tropical Agricultural Sciences, Wenchang
City, China. The pulp of each group at 95 days (early development stage: MS1 and MT1),
125 days (middle development stage: MS2 and MT2), and 185 days (late development
stage: MS3 and MT3) after pollination were selected and frozen with liquid nitrogen
and stored at −80 ◦C for the detection of metabolome and transcriptome. For each bio-
logical replicate, three independent technical replicates were analyzed for each different
developmental stages.
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4.2. Methods
4.2.1. Metabolite Extraction

To determine the metabolite, 20 mg of sample was thawed into a centrifuge tube,
containing 1 mL of lipid extract (methyl tert-butyl ether: methanol = 3:1, v/v, including
internal standard mixture), and shaken for 30 min. Then, 300 μL of ultrapure water was
added, shaken for 1 min, and placed at 4 ◦C for 10 min. Then, the tube was centrifuged for
3 min (12,000 rpm, 4 ◦C) and 400 μL of supernatant was transferred into a new centrifuge
tube and concentrated at 20◦ C for 2 h, or until completely dry. Then, 200 μL of lipid
complex solution (acetonitrile: isopropanol = 1:1, v/v) was added to the solution, and the
solution was vortexed for 3 min and centrifuged for 10 min (12,000 rpm, 4 ◦C). Subsequently,
120 μl of the supernatant was transferred into the glass-lined tube until used.

4.2.2. Metabolomics Analysis and Data Processing

The instrument platform for LC-MS/MS analysis was composed of ExionLC ultra-
performance liquid chromatography in tandem with SCIEX QTRAP 6500+ mass spec-
trometer, and the chromatographic column was Thermo AccucoreC30 column (2.6 μm,
2.1 mm × 100 mm i.d.). The software Analyst 1.6.3 was used to process the mass spec-
tral data and combined with the information of the local lipid database, mass spectral
qualitative analysis was performed on the metabolites of the samples. The mass spectral
peaks detected for the same metabolite in different samples were corrected, and the inte-
grated peak areas of all samples detected were calculated to obtain the absolute content of
metabolites. The MRM model results are shown in Supplementary Figure S2. Differential
metabolites between groups were screened using a combination of orthogonal partial least
square discriminant analysis (OPLS-DA) and univariate analysis of p-value or Fold Change.
The screening criteria were variable importance in projection (VIP) ≥ 1, Fold Change ≥ 2,
or Fold Change ≤ 0.5 to obtain differential metabolites. The variation trend of different
differential metabolite content can be obtained by analyzing the clustering heat map of
differential metabolite content under Z-Score normalization treatment.

4.2.3. Total RNA Extraction and High-Throughput Sequencing

RNA from oil palm pulp was extracted using the Plant Total RNA Extraction Kit for
Tiangen Biota, and sequencing was performed using the Illumina HiSeq platform. Using
HISAT2 [36], Clean Reads were sequentially compared with the reference genome (Genome
assembly EG5 http://www.ncbi.nlm.nih.gov/assembly/GCA-000442705, (accessed on
27 January 2024)) to obtain location information on the reference genome or gene, as well as
specific sequence characteristics of the sequenced samples. Gene expression was calculated
using the FPKM (fragments per kilobase of transcript per million fragments mapped)
method [37]. The quality of RNA-seq is shown in Supplementary Table S1.

4.2.4. Transcriptome Data Processing and Differentially Expressed Genes Analysis

DESeq2/edgeR [38] was used to analyze the differentially expressed genes between
the groups at different developmental stages, including MS1 vs. MS2, MS1 vs. MS3, MS2 vs.
MS3, MT1 vs. MT2, MT1 vs. MT3, and MT2 vs. MT3; the screening threshold of the FDR
(False Discovery Rate) is less than 0.05 with log2-Fold Change|≥1. After that, the selected
differentially expressed genes were analyzed by Nr functional annotation, enrichment
analysis, and other bioinformatics.

4.2.5. Combined Metabolome and Transcriptome Analysis

Kyoto encyclopedia of genes and genomes (KEGG) enrichment analysis: This experi-
ment compares metabolite analysis results and genetic analysis results for the same gene,
comparing the differences between the groups of metabolites and mapped to the KEGG
pathway chart (https://www.genome.jp/kegg), can be found in the two groups to learn
common enrichment pathway. Correlation analysis: The Pearson correlation coefficient
was used to calculate the quantitative correlation between the absolute content of free fatty
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acid metabolites and the expression of related genes. Correlation results with a correlation
coefficient > 0.80 and p-value < 0.05 were selected.

4.2.6. Real-Time Fluorescence Quantitative PCR Verification

Ten genes with potential roles during anthocyanoside synthesis in oil palm pericarp
were selected for real-time fluorescence quantitative PCR reactions. qRT-PCR primers
were designed using NCBI (Supplementary Table S2) and Actin was used as an internal
reference gene [39], and the QuantStudioTM7 Real-Time PCR Instrument was used along
with the Real-Time Fluorescence Quantitative PCR Instrument to determine the relative
expression of selected genes in 96-well microtiter plates. The relative expression of the
selected genes was calculated using the 2−ΔΔCt method. The qRT-PCR reaction system
used in this study was 20 μL, consisting of SYBR® Select Master Mix (2X): 10 μL, cDNA
template: 1 uL, positive primer: 1 μL, water (without RNAase): 7 μL, and negative primer:
1uL. The reaction conditions were as follows: phase I UDG activation at 50 ◦C for 2 min;
phase II UP activation at 95 ◦C for 2 min; phase III denaturation at 95 ◦C for 15 s for a total
of 40 cycles; and phase IV annealing/extension at 60 ◦C for 1 min.

5. Conclusions

Oil palm fruit has the highest oil content at 185 days after pollination, which is the
optimum harvesting time. Total free fatty acid levels in oil palm fruit are divided into
three distinct phases: slow accumulation, rapid accumulation, and stable accumulation.
These phases indicate different stages of development. During the slow accumulation
phase, the levels of free fatty acids in the fruit gradually increase at a relatively slow pace.
This is followed by the rapid accumulation phase, where the levels of free fatty acids
increase rapidly, indicating a critical stage of development. Finally, the fruit enters the
stable accumulation phase, where the levels of free fatty acids stabilize, indicating the
fruit’s maturity. The expression patterns of key enzyme genes have a significant correlation
with the synthesis and accumulation of free fatty acids. FabB was positively correlated
with the contents of stearic acid, myristic acid, and palmitic acid and negatively correlated
with the contents of free palmitic acid. FabF, an enzyme involved in fatty acid biosynthesis,
has been found to exhibit a positive correlation with the levels of four main free fatty
acids: stearic acid, myristate acid, palmitoleic acid, and palmitic acid. ACSL and FATB
were positively correlated with the contents of three main free fatty acids (stearic acid,
palmitoleic acid, and palmitic acid), and negatively correlated with the contents of free
myristate acid. These results indicate that the expression of FabB and FabF enzyme genes
may promote the synthesis of free myristate in oil palm flesh. The expression of FabF,
ACSL, and FATB enzyme genes may promote the synthesis of free palmitoleic acid in oil
palm flesh, and the expression of these four key enzyme genes may promote the synthesis
of free stearic acid and palmitoleic acid in oil palm flesh. The expression of the FabB gene
may inhibit the synthesis of stearic acid in oil palm flesh and the expression of the ACSL
and FATB gene may inhibit the synthesis of myristate acid in oil palm flesh. The effects
of these genes on the synthesis pathway of free fatty acids in oil palm were thoroughly
examined. This research shed light on how these genes contribute to the production of free
fatty acids, which are crucial components of oil palm fruit. Additionally, the study also
investigated the dynamic evolution of free fatty acid contents in different stages of oil palm
fruit development. By analyzing the changes in free fatty acid levels, researchers were
able to gain a deeper understanding of the metabolic processes occurring during different
developmental stages of oil palm fruit. This knowledge can be valuable for optimizing oil
palm cultivation and improving the quality of oil palm products.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms25031686/s1.
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Abstract: The mottled leaf is one of the agronomic traits of zucchini and can be applied as a marker
trait in aggregation breeding. However, the genetic mechanism responsible for mottled leaf has yet
to be elucidated. In the present study, we used two inbred lines (line ‘19’: silver mottled leaf; line
‘113’: normal leaf) as parents for the physiological and genetic analysis of mottled leaf. The synthesis
and net photosynthetic rate of chlorophyll were not significantly affected in the mottled areas of
leaves. However, we detected a large space between the palisade parenchyma in the leaf mottle area
of line ‘19’, which may have caused the mottled leaf phenotype. Light also plays an important role in
the formation of mottled leaf, and receiving light during the early stages of leaf development is a
necessary factor. Genetic analysis has previously demonstrated that mottled leaf is a quantitative
trait that is controlled by multiple genes. Based on the strategy of quantitative trait locus sequencing
(QTL-seq), two QTLs were identified on chromosomes 1 and 17, named CpML1.1 and CpML17.1,
respectively. Two major loci were identified using R/qtl software version 1.66 under greenhouse
conditions in April 2019 (2019A) and April 2020 (2020A) and under open cultivation conditions in
May 2020 (2020M). The major QTL, CpML1.1, was located in a 925.2-kb interval on chromosome
1 and explained 10.51%-24.15% of the phenotypic variation. The CpML17.1 was located in a 719.7-kb
interval on chromosome 17 and explained 16.25%-38.68% of the phenotypic variation. Based on gene
annotation, gene sequence alignment, and qRT–PCR analysis, the Cp4.1LG01g23790 at the CpML1.1
locus encoding a protein of the TPX2 family (target protein of Xklp2) may be a candidate gene for
mottled leaf in zucchini. Our findings may provide a theoretical basis for the formation of mottled
leaf and provide a foundation for the fine mapping of genes associated with mottled leaf. Molecular
markers closely linked to mottled leaf can be used in molecular-assisted selection for the zucchini
mottled leaf breeding.

Keywords: Cucurbita pepo L.; QTL analysis; mottled leaf

1. Introduction

Leaf color arises from the dynamic balance of various photosynthetic pigments, includ-
ing chlorophyll and carotenoids, of which chlorophyll accounts for the largest proportion.
Therefore, the color of the leaves is mostly green. When the proportion of photosynthetic
pigments in plants changes, healthy leaves will appear in different colors. According to the
leaf color phenotype, the color of leaves can be divided into pale green, stripe, spotted leaf,
yellow-green, white-green, and other types [1]. According to their anatomical structure,
they can be divided into chlorophyll type, air space type, epidermis type, pigment type,
and appendage type [2]. Overall, the diversity of leaf colors is beneficial for enhancing the
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ornamental value of plants. Therefore, some plants intentionally cultivate different leaf
color varieties, but usually, only a portion of seeds can transmit traits.

At present, many leaf color mutants have been reported in Arabidopsis. The im mutant
exhibits white-green variation and possesses a small amount of carotenoids, abnormal
plastids, and palisade parenchyma in the white area. The IM gene encodes a plastid termi-
nal oxidase (PTOX), which participates in the synthesis of carotenoids. The formation of
white areas may be due to insufficient carotenoid synthesis in im mutants; this can lead to
chlorophyll photooxidation and influence the expression of chloroplast genes, ultimately
resulting in the formation of leaf variation [3–5]. Similar to the im mutant, the var3, msl-1,
and msl-2 mutants also exhibit abnormal palisade tissue [6,7]. Both var1 and var2 exhibit a
yellow-green-white mottled phenotype. VAR1 and VAR2 encode a similar chloroplast FtSH
protease, which plays an important role in the degradation of photodamage subunits in
photosystem II. VAR1 and VAR2 are known to exert synergistic effects. Furthermore, the
absence of VAR1 and VAR2 may damage the photoprotection mechanism and the develop-
ment of thylakoids, resulting in variegated leaves [8–11]. White-green leaf mutants have
also been reported in rice. Both zl16 and zebra524 exhibited a white-green leaf phenotype,
encoding β-hydroxyl ACP dehydratase (HAD) and lycopene β-cyclizing enzymes, respec-
tively, which play an important role in the synthesis of photosynthetic pigments [12,13].
The plastid ribosomal proteins (PRPs) and phosphate ribosamine glycine ligase (PurD)
are involved in regulating chloroplast development and chlorophyll metabolism during
leaf development to regulate rice leaf color [14,15]. RLK proteins also participate in the
whitening of rice leaves through other pathways [16]. Similar phenotypes have also been
reported in maize [17].

Among Cucurbitaceae crops, there are the most reports on the leaf color of cucumbers
and pumpkins. Yellow-green leaf mutants are commonly found in cucumbers. Both
mutants C777 and Ygl1 exhibited a yellow-green leaf phenotype. Their candidate genes are
involved in chloroplast development and chlorophyll metabolism pathways to regulate
cucumber leaf color [18,19]. Cucurbita pepo L. is an important commercial crop with good
nutritional and medicinal value. C. pepo is rich in resources; most germplasm resources
possess green leaves, although some plants have yellowing, albinism, or mottled leaves.
There are two types of silver mottle on leaves in zucchini; one is a hereditary form of
leaf mottle, and the other is caused by whitefly. Hereditary leaf mottle is regulated by a
dominant gene which shows an irregular shape and grows along the direction of the leaf
vein [20–22]. The lower epidermis of the mottled leaves remains green. The expression
of the leaf mottle is regulated by the M gene, the expression of which can be affected in
many ways. Firstly, the M gene is regulated by the modified gene, which can affect the
expression of M in terms of both time and degree. In addition, environmental factors and
expression positions play an important role in the expression of the M gene. The time at
which M is first expressed during plant development can also impact the expression levels
of the M gene [23–25]. Furthermore, the M gene can cause air space between the palisade
parenchyma and the upper epidermal cells, which causes changes in light refraction,
making the leaves appear silver. Light reflection from the leaf mottle area has been shown
to range from 400 to 700 nm, which is higher than that of the green area of leaves [26]. In
addition to hereditary leaf mottle, leaf mottle can also be caused by whitefly, which can
be affected by light, temperature, humidity, and insect density. Chloroplasts in palisade
cells and the plasma membrane around some vascular cells exhibited slight ultrastructural
damage, thereby affecting photosynthesis and the agronomic traits of plants [27,28]. The
structures of hereditary leaf mottle and the leaf mottle caused by whitefly are similar, with
spaces between the palisade cells and the upper epidermis. However, few studies have
investigated the location of mottled leaf in C. pepo. A genetic linkage map of C. pepo was
constructed using BC1 and showed that the dominant gene M was located in the linkage
group 6 [29]. Through a high-density genetic map of C. pepo using an RIL population, a
major QTL related to leaf mottle was located in a 0.29 Mb interval on chromosome 17 that
explained 23.3% of the phenotypic variation. Two minor QTLs were also found to be
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located on chromosome 1 (with a 0.18 Mb interval) and chromosome 13 (with a 1.67 Mb
interval); these explained 3.83% and 8.01% of the phenotypic variation, respectively [30].

In this study, we used lines ‘19’ and ‘113’ as materials to observe mottled leaf phe-
notype, constructed F2 populations for QTL analysis and stability analysis, and analyzed
the interaction of mottled leaf QTLs. Our findings indicate that molecular markers closely
linked to mottled leaf can be used for molecular marker-assisted selection breeding in zuc-
chini and provide a foundation for the fine mapping of genes and the molecular mechanistic
research of mottled leaf.

2. Results

2.1. Observation of the Phenotypes Associated with the Mottled Leaf Trait

We observed the mottled leaf traits of lines ‘19’ and ‘113’ during growth and observed
that leaf mottle appeared on the leaves of line ‘19’ during the 8-leaf stage. There was
no significant leaf mottle at this stage, although chlorosis began on the first and second
leaves under the growing tip. Subsequently, the area of chlorosis gradually turned silver,
and leaf mottle was formed until the fifth leaf stage under the growing tip. As the plant
grew, the leaf mottle became more prominent. Subsequently, all leaves were covered with
leaf mottle. No chlorosis and leaf mottle appeared in line ‘113’ during the growth period.
The appearance period of leaf mottle in the F1 generation was similar to that of line ‘19’,
although the grade of leaf mottle was lower compared to line ‘19’ (Figure 1). The mottled
leaf phenotype was most significant at the 20-leaf stage. Lines ‘19’ and ‘113’, and the F1
generation, were classified as grade 3, grade 0, and grade 2, respectively.

Figure 1. The phenotypes of ‘19’, ‘113’ and F1. (A) 19. (B) 113. (C) F1. Scale = 1 cm.

2.2. Determination of the Content of Photosynthetic Pigment in Leaves

In order to investigate the changes in pigment content, we selected the mottled area
and green area of parent ‘19’ and the corresponding position of ‘113’ at the 20-leaf-stage to
determine pigment content.

The first, second, third, and fifth leaves under the growing tip at the 20-leaf-stage were
selected for the determination of pigment content. The color of the first and second leaves
of parent ‘19’ was an inconspicuous chlorotic mottle. The pigment content of all the leaves
was measured collectively. Leaf mottle was evident on the third and fifth leaves, and the
pigment content was measured separately for the green and mottle areas. The content
of chlorophyll a in the two parents was always higher than that of chlorophyll b, with a
ratio between 4.1 and 5.7. The ratio of carotenoid to total chlorophyll was stable between
0.22 and 0.27. Due to the higher chlorophyll content of the two parents, the leaves were
predominantly green. Except for the significantly higher carotenoid content in the green
area of line ‘19’ of the third and fifth leaves when compared to the corresponding area of
line ‘113’, there was no significant difference in chlorophyll content and carotenoid content
between the two lines of plants (Figure 2). There was no significant difference in the levels
of chlorophyll a, chlorophyll b, carotenoid, and total chlorophyll in the first, second, third,
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and fifth leaves of the mottled area in line ‘19’ and the green area in line ‘19’. Moreover,
there was no significant difference in the chlorophyll content when comparing the mottle
area and the green area in line ‘19’, thereby indicating that the formation of leaf mottle did
not affect the synthesis of carotenoid and chlorophyll.

 

Figure 2. Photosynthetic pigment content of parent in different stages. Chl a: chlorophyll a, Chl b:
chlorophyll b, Caro: carotenoid, Chl: chlorophyll. Different letters indicate significant differences at
0.05 level. Columns are the mean values ± SD. Each column has been tested in three replicates.

2.3. Analysis of Photosynthetic Parameters in Leaves

Next, we determined the net photosynthetic rate (Pn), transpiration rate (Ti), stomatal
conductance (Cs), and intercellular CO2 concentration (Ci) of lines ‘19’ and ‘113’ at the 20-
leaf-stage. Analysis showed that there was no significant difference in net photosynthetic
rate between the two parents (Figure 3A). Compared with the green area of lines ‘19’
and ‘113’, the Ti, Cs, and Ci of the mottle area in line ‘19’ were all significantly reduced
(Figure 3B–D). The formation of leaf mottle, therefore, affects Ti, Cs, and Ci but has no
significant impact on Pn.
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Figure 3. Photosynthetic parameters in different leaf areas. (A) net photosynthetic rate of parents.
(B) Transpiration rate of parents. (C) Stomatal conductance rate of parents. (D) Intercellular CO2

concentration rate of parents. Different letters indicate significant differences at 0.05 level. Columns
are the mean values ± SD. Each column has been tested in three replicates.

2.4. Shading Analysis of Leaf

In order to investigate whether light exerts an impact on the formation of leaf mottle,
we applied shading treatment to the leaves of line ‘19’. We selected plants with the same
extent of growth, covered the first true leaf under the growing tip, and plants with all leaves
exposed to natural light acted as controls. Analysis showed that no leaf mottle appeared
on the leaves under the 5-days shading treatment. Subsequently, the cover was removed,
and all leaves were exposed to natural light. After 10-days, no mottle had appeared on the
leaves (Figure 4A–C). The control group maintains a mottled leaf phenotype during these
stages (Figure 4D–F). Our findings indicate that light is involved in the formation of leaf
mottle, and that receiving light during the early stages of leaf development is a necessary
factor for the formation of leaf mottle.
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Figure 4. Results of leaves under shading treatments. (A) The leaf without shading treatment. (B) The
leaf under 5-days of shading. (C) The leaf under 5-days of shading, then 10-days of light restoration.
(D–F) Leaves growing under light in the same periods as (A–C). Scale = 1 cm.

2.5. Analysis of Differences in the Microstructure of Leaves

In order to determine whether there was a structural difference between the mottled
area and the green area of leaves, we selected the fifth leaf (a mature and functional
leaf) under the growing tip at the 20-leaf-stage for analysis. At this time, leaf mottle had
developed obviously on the leaves. The green area and mottle area of line ‘19’ and the
corresponding area of line ‘113’ were selected to prepare paraffin-embedded sections. The
zucchini leaves were composed of an upper epidermal layer, a palisade parenchyma, a
sponge parenchyma, and a lower epidermal layer (Figure 5). In the green area of line ‘19’
and line ‘113’, the palisade parenchyma was closely arranged (Figure 5B,C), while the
palisade parenchyma in the mottled area of leaves from line ‘19’ was loosely arranged and
contained large air space between cells. The sponge parenchyma in the green area of the
leaves from line ‘19’ and line ‘113’ was tighter than in the mottled area on leaves from line
‘19’ (Figure 5). Next, we measured the leaf thickness and the cell thickness of each layer of
the two parents. Analysis showed that the thickness of cells in the upper epidermis cells
and the sponge parenchyma in line ‘19’ exhibited significant differences when compared
between the mottle area and green area (Table 1).

Figure 5. The cross-sectional structure of parental. (A) Silver area of ‘19’ (40×). (B) Green area of
‘19’ (40×). (C) ‘113’ (40×). UE: upper epidermis; PP: palisade parenchyma; SP: sponge parenchyma;
LE: Lower epidermis. Scale = 5 μm.
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Table 1. Microstructure analysis between ‘19’ and ‘113’.

Material
Leaf

Thickness

Thickness of
Upper

Epidermis

Thickness of
Palisade

Parenchyma

Thickness of
Sponge

Parenchyma

Thickness of
Lower

Epidermis
CTR (%) SR (%)

‘19’ mottle area 45.12 ± 0.09 a 4.64 ± 0.16 a 26.24 ± 0.10 a 8.69 ± 0.05 c 1.99 ± 0.10 a 58.15 ± 0.00 a 19.26 ± 0.00 c
‘19’ green area 45.09 ± 0.16 a 3.82 ± 0.08 b 26.22 ± 0.35 a 11.20 ± 0.06 a 2.32 ± 0.04 a 58.18 ± 0.01 a 24.83 ± 0.00 a

‘113’ 43.66 ± 0.14 b 3.80 ± 0.04 bB 22.26 ± 0.20 b 10.24 ± 0.24 b 2.32 ± 0.41 a 50.98 ± 0.01 b 23.45 ± 0.01 b

Note: Values are the average ± SD on three replicates. Different letters indicate significant differences at the
0.05 level.

2.6. Genetic Analysis of Mottled Leaf Trait

F1 populations derived by crossing lines ‘19’ and ‘113’ showed significant leaf mottle
on their leaves (grade 2) (Figure 1). An F2 generation was constructed by F1 self-crossing.
The leaf mottle grades of the F2 population planted in different environments were divided
into three grades (grade 0, grade 2, and grade 3) for 2019A and four grades (grade 0, grade
1, grade 2, and grade 3) for 2020A and 2020M. It was found that the absolute values of skew-
ness and kurtosis of mottled leaf traits in the F2 population under different environments
were <1 (Table S1), and the population phenotypic distribution conformed to a typical
normal distribution (Figure 6). Therefore, the mottled leaf trait was a quantitative trait.

Figure 6. Frequency histogram of leaf mottle grades in different F2 populations. The orange arrows
indicate mottled leaf phenotype in ‘19’, the green arrows indicate mottled leaf phenotype in ‘113’,
and the blue arrows indicate mottled leaf phenotype in F1.

2.7. QTL Analysis of the Mottled Leaf Trait

In total, 49,104,069 clean reads and 49,745,164 clean reads were obtained from the
M-pool (28× read depth with 97.21%) and the N-pool (28× read depth with 97.22%) using
QTL-seq. Q30 values reached 88.18% and 87.99%, respectively. These results indicated
that the sequencing results were reliable for gene mapping. A total of 979,650 SNPs and
324,752 InDels were identified on all 20 chromosomes. SNPs/InDels with multiple geno-
types, a read depth <4 in both pools, or consistent genotypes in both pools were removed,
thus leaving 617,314 high-quality SNPs, and then 191,073 high-quality InDels were ob-
tained. Next, the ED algorithm was employed to identify significantly different InDels
between the M-pool and N-pool based on sequencing data to predict candidate regions
of the mottled leaf. A 1.26-Mb region and a 4.30-Mb region were identified on chromo-
somes 1 and 17, respectively (Figure 7A). The ED algorithm was also employed to identify
significantly differential SNPs between the M-pool and N-pool based on sequencing data
to predict candidate regions of the mottled leaf. A 1.35-Mb region and a 4.35-Mb region
were identified on chromosomes 1 and 17, respectively (Figure 7B). The Δ(InDel-index)
and Δ(SNP-index) were calculated and plotted by comparing the results of the InDel-index
and SNP-index of the M-pool and N-pool in the genomic positions. The threshold of the
Δ(InDel-index) value was 0.45; only one region was found on chromosome 17 (total length
2.10 Mb) (Figure 7C). The threshold of the Δ(SNP-index) value was 0.44, and two regions
were found on chromosome 1 (total length 0.06 Mb) and chromosome 17 (total length:
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2.03 Mb), respectively (Figure 7D). Combining the results of these analyses, the candidate
regions associated with the mottled leaf trait were positioned within the 19.71–20.97 Mb
intervals on chromosome 1 and between the 3.83–6.14 Mb intervals on chromosome 17.
Therefore, we named these loci as CpML1.1 and CpML17.1, respectively.

Figure 7. The results of QTL-seq. (A) Distribution of the ED-based linkage value with InDels
on chromosomes. (B) Distribution of the ED-based linkage value with SNPs on chromosomes.
(C) Distribution of InDel-index correlation values on chromosomes. (D) Distribution of SNP-index
correlation values on chromosomes. In (A,B), the medians +3 SD of the fitted value of all sites were
defined as the linkage threshold and shown by red lines. In (C,D), the top panel is a distribution
map of the SNP-index (InDel-index) values of the M-pool, the middle panel is a distribution map of
the SNP-index (InDel-index) values of the N-pool, and the bottom panel is a distribution map of the
Δ(SNP-index)/Δ(InDel-index) values. The red line represents the confidence threshold line for the
99 percentile.

Based on the InDels in the candidate region between parental genomes, 25 polymor-
phic markers were developed on chromosomes 1 and 17 (Table S2). To test the stability of the
QTLs CpML1.1 and CpML17.1, we analyzed 580 F2 plants in 2019A, 580 F2 plants in 2020A,
and 480 F2 plants in 2020M. R/qtl analysis showed that a total of two QTLs associated with
the mottled leaf trait were detected on chromosomes 1 and 17 (Figure 8). In 2019A, 2020A,
and 2020M, CpML1.1 was located between markers Chr01_18713051 and Chr01_19638223,
Chr01_18590758 and Chr01_19419173, Chr01_18713051 and Chr01_19638223, respectively,
with LOD scores of 43.79, 31.18, and 14.02. These scores explained 24.15%, 23.82%, and
10.51% of the phenotypic variation. With regards to the intersection of associated re-
gions from QTL mapping, we used the CIM method in the three environments and QTL-
seq analysis and determined that CpML1.1 was located in a 925.2-kb region between
markers Chr01_18713051 and Chr01_19638223. CpML17.1 was located between markers
Chr17_5225091 and Chr17_5944838, Chr17_5225091 and Chr17_5944838, Chr17_5225091
and Chr17_5944838, respectively, with LOD scores of 38.70, 20.65 and 52.99, thereby ex-
plaining 20.80%, 16.25%, and 38.68% of phenotypic variation. Combining the mapping
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results of different populations, CpML17.1 was located in the 719.7-kb region between
markers Chr17_5225091 and Chr17_5944838 (Table 2).

 
Figure 8. Verification of QTL stability. The area between the red dashed lines represents the
QTL location.

Table 2. QTL mapping of the mottled leaf trait in the F2 population.

QTL Environment Position Interval Physical Distance (Kb) LOD Add Dom PVE (%)

CpML1.1

2019A CHr01_18713051-
CHr01_19638223 925.2 43.79 0.64 0.36 24.15

2020A CHr01_18590758-
CHr01_19419173 828.4 31.18 0.56 0.04 23.82

2020M CHr01_18713051-
CHr01_19638223 925.2 14.02 0.43 0.15 10.51

CpML17.1

2019A CHr17_5225091-
CHr17_5944838 719.7 38.70 0.63 0.03 20.80

2020A CHr17_5225091-
CHr17_5944838 719.7 20.65 0.47 -0.01 16.25

2020M CHr17_5225091-
CHr17_5944838 719.7 52.99 0.85 -0.19 38.68

2.8. QTL Interaction Analysis of Mottled Leaf Trait

Both CpML1.1 and CpML17.1 exhibited a positive additive effect on mottled leaf
traits. In order to study the interaction effect of CpML17.1 and CpML1.1, we analyzed the
genotype and phenotype of the two loci (Figure 9). When both loci carry homozygous
‘A’ (from mottled leaf material from line ‘19’), the grade of mottled leaf was the highest,
and when both loci carried the homozygous ‘B’ (from no-mottled-leaf material from line
‘113’), the grade of mottled leaf was the lowest. Under different environmental conditions,
in CpML1.1 BB plants (the CpML1.1 locus genotype was BB), the mottled leaf grade was
CpML1.1 AA > CpML1.1 AB > CpML1.1 BB. In CpML17.1 BB plants (the CpML17.1 locus
genotype was BB), the mottled leaf grade was CpML17.1 AA > CpML17.1 AB > CpML17.1 BB.
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These results showed that CpML1.1 and CpML17.1 exerted cumulative effects on mottled
leaf traits.

Figure 9. Interaction plots of the QTL pairs detected in the F2 and RIL populations for mottled leaf.

2.9. Candidate Gene Analysis of Major QTLs

According to the Cucurbit Genomics Database and SoftBerry, a total of 105 puta-
tive genes were identified in the CpML1.1 region (925.2 kb) and 41 putative genes in the
CpML17.1 region (719.7 kb). Of these, 12 genes in the CpML1.1 region and 15 genes in the
CpML17.1 region had non-synonymous changes in the CDS region and InDels/SNPs in the
promoter element when comparing lines ‘19’ and ‘113’ (Tables S3 and S4). In addition, we
found that changes in the arrangement of palisade cells were the main reason underlying
the mottled leaves. Therefore, candidate genes may be involved in the development of
palisade cells. In addition, previous research reported that E3 ubiquitin ligase also partici-
pates in the formation of air-space type leaf color mutants [31]. Therefore, we first selected
genes related to cell development and encoding E3 ubiquitin ligase for further validation.
Cp4.1LG17g08140 encodes an E3 ubiquitin ligase, while Cp4.1LG17g08260 encodes a TBL
protein that has been reported to participate in the growth and development of cell walls.
Cp4.1LG17g08300 encodes a beta-glucosidase, which represents one of the important com-
ponents of cellulase that is mainly involved in cell wall degradation. Cp4.1LG01g23790
encodes a TPX2 family protein (target protein of Xklp2), which is a microtubule-associated
protein. The functions of these three genes are all related to cellular development processes.
We compared the protein sequence differences of these four genes in the parents, and all
four genes have non-synonymous mutations (Figures S1–S4).
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We selected parental and F2 leaves for qRT-PCR. The expression levels of Cp4.1LG17g08260
in the first and second leaves of line ‘19’ were significantly lower than those of line ‘113’. An
opposite trend of expression was observed for Cp4.1LG17g08260 in the fifth and seventh leaves.
In the F2 population, the expression levels of the Cp4.1LG17g08260 only showed a significant
difference in the leaf mottle area and green area during the first leaf period (Figure 10A,E).
During the first to fifth leaf period, Cp4.1LG17g08300 was only expressed at a low expression
level in the leaf mottle area of line ‘19’ and was significantly lower than in line ‘113’. However,
during the seventh leaf period, the expression level of Cp4.1LG17g08300 suddenly increased
in the leaf mottle area of line ‘19’, significantly higher than the level detected in line ‘113’. In
the F2 population, the expression level of Cp4.1LG17g08300 in the leaf mottle area showed a
gradually decreasing trend, and the expression level in the leaf mottle area was higher than
that in the green area during the first and fifth leaf periods (Figure 10B,F). The expression
level of Cp4.1LG17g08140 was lower than line ‘113’ in the second and third leaves of line
‘19’ and significantly higher than line ‘113’ in the other periods. The trend in expression
levels of Cp4.1LG17g08140 in the F2 population was opposite to the parents in the third leaves
(Figure 10C,G). The expression level of Cp4.1LG01g23790 was significantly higher than line
‘113’ in the first and second leaf periods of line ‘19’ but significantly lower than line ‘113’ in the
third, fifth, and seventh leaf periods. In the F2 population, Cp4.1LG01g23790 was expressed at
higher levels in the leaf mottle area during the first leaf period and at lower levels during the
third and fifth leaf periods (Figure 10D,H).

Thus, our analysis revealed that the expression trends for Cp4.1LG17g08260,
Cp4.1LG17g08300, and Cp4.1LG17g08140 between the leaf mottle area and green area
in the F2 population were opposite to those of their parents. The expression trend for
Cp4.1LG01g23790 followed the same trend as their parents. Therefore, we speculated that
Cp4.1LG01g23790 is a possible candidate gene that plays a key role in the formation of
mottled leaves.

Figure 10. Cont.
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Figure 10. Relative expression levels of four candidate genes in the ‘19’ and ‘113’ and F2 populations.
(A) Relative expression levels of Cp4.1LG17g08260. (B) Relative expression levels of Cp4.1LG17g08300.
(C) Relative expression levels of Cp4.1LG17g08140. (D) Relative expression levels of Cp4.1LG01g23790.
(A–D) Relative expression levels of four candidate genes in ‘19’ and ‘113’. (E) Relative expression
levels of Cp4.1LG17g08260. (F) Relative expression levels of Cp4.1LG17g08300. (G) Relative expression
levels of Cp4.1LG17g08140. (H) Relative expression levels of Cp4.1LG01g23790. (E–H) Relative
expression levels of four candidate genes in the F2 populations. The relative expression levels of
four genes were quantified using the 2−ΔΔCT method. For the two parents, the relative expression
level at the 1-leaf-stage in ‘19’ was set to a value of 1 and used as a reference, respectively. For the
F2, the relative expression level at the 1-leaf-stage in mottled leaf area was set to a value of 1 and
used as a reference, respectively. ** indicates an extremely significant difference, p < 0.01; * indicates a
significant difference, p < 0.05.

3. Discussion

Various factors are responsible for leaf color variation and can be divided into the
pigment type and non-pigmented type. Most leaf color mutations are mainly caused by
changes in chlorophyll, carotenoid, and anthocyanin content. In the present study, we
found that silver mottle appeared on zucchini leaves. To determine whether the appearance
of the mottled leaf is related to chlorophyll and carotenoids, we measured the content
of the photosynthetic pigment in the leaves of zucchini. The chlorophyll contents of the
lines ‘19’ and ‘113’ were not significantly different. The differences in photosynthetic rate
between these three areas were not significant. Therefore, the formation of leaf mottle in
‘19’ does not affect chlorophyll content or chloroplast development. This indicates that
mottled leaf may not affect yield. In addition, we constructed nearly isogenic lines (NILs)
for the two QTL loci CpML1.1 and CpML17.1 identified in the article, using line ‘113’ as the
recurrent parent—both NIL-ML1.1 and NIL-ML17.1 exhibit mottled leaf phenotype. We
simultaneously planted NIL-ML1.1, NIL-ML17.1, and recurrent parent ‘113’ for unified
field management. Compared with ‘113’, the number of fruits and single fruit weight of
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NIL-ML1.1 and NIL-ML17.1 did not significantly decrease. This result further confirms
this speculation.

The morphology analysis of mottled leaves and green leaves showed that the palisade
tissue was closely arranged in the green area of line ‘19’ and ‘113’, but was loosely arranged
and featured air space between cells in the mottled area of leaves from line ‘19’. Therefore,
the air space between the palisade tissue in the leaf mottle area of line ‘19’ may be the
main reason for the mottled leaf phenotype. Our findings are similar to those of Scarchuk,
who previously reported the presence of air space between the palisade cells from the leaf
mottle area and that these cells were not tightly associated with epidermal cells. These air
spaces were found to be responsible for the silver leaf mottle phenotype [32]. A similar
phenomenon has also been reported in ornamental plants. Air spaces between the cells
were reported to cause leaf variegation, confirmed in Erythronium dens-canis L. and Egonia
rexPutz [33,34]. In the present study, we found that the formation of mottled leaf requires
the participation of light. However, the growth of leaf mottle varied between parental
materials grown in different environments. Therefore, the formation of mottled leaf may be
related to factors such as light quality, light intensity, and light duration. In Cucurbitaceae
crops, the formation of mottled leaves in cucumber is also light-dependent and is most
sensitive to ultraviolet light in sunlight [35]. In the future, we plan to investigate the effects
of different light qualities on the formation of mottled leaf in zucchini to explore the most
suitable light environment for the growth of mottled leaf in zucchini.

QTL-seq and the detection of molecular markers reveal that the silver leaf gene was
located at an interval of 287.15 kb on chromosome 4 in Cucurbita moschata. The segregation
ratio of green leaf to silver leaf was 3:1, showing that the silver leaf trait was inherited
in a completely recessive manner. The gene CmoCh04G023390 gene was located in the
candidate interval of chromosome 4 in C. moschata and can be mapped to chromosome
1 in zucchini at the physical position of 16561706 bp to 16565740 bp. A major QTL for
Cucurbita pepo L. silver leaf Sl12_1 was detected on chromosome 17 at a physical position
of 1.72 Mb-2.01 Mb. Two minor QTLs for silver leaf Sl1_1 and Sl16_1 were detected on
chromosome 1 and chromosome 13 at the physical locations of 0.54 Mb-0.72 Mb and
0.1 Mb-1.77 Mb, respectively [30]. In our present research, we found that the mottled leaf
trait was a quantitative trait. Two major QTLs were detected using composite interval
mapping. CpML1.1 was located on chromosome 1 at a physical position of 18.7 Mb-19.6
Mb. CpML17.1 was located on chromosome 17 at a physical position of 5.22 Mb-5.94 Mb.
Compared with previous results, Sl1_1 and CpML1.1 were both located on chromosome 1,
while Sl12_1 and CpML17.1 were both located on chromosome 17. However, the physical
positions of the two QTLs identified in this study were located far from Sl1_1 and Sl12_1.
Therefore, we hypothesize that CpML1.1 and CpML17.1 may represent two new QTLs that
control mottled leaf.

To verify the accuracy of the QTL-seq results, we developed InDel molecular markers
in the candidate regions to test the stability of the loci and narrow the location intervals. We
found that the inheritance of CpML1.1 and CpML17.1 were stable in different environments.
In different environments, when both loci carry a homozygous ‘A’, the mottled leaf is
classified as grade 2–3. When both loci carry a homozygous ‘B’, the grade of the mottled
leaf was 0–1 grade. When one of the two loci was homozygous for ‘A’, the phenotype of
the mottled leaf was grade 1–3, which indicates that the two loci have an additive effect
on the formation of leaf mottle. The more homozygote ‘A’ carried, the higher the grade
of the mottled leaf. In 2019A, the CpML1.1 and CpML17.1 explained 24.15% and 20.80%
of the phenotypic variation, respectively. When CpML1.1 and CpML17.1 carry different
homozygosity, the mottled leaf grade was concentrated in grade 2, and the influence
between the two loci is not significant. In 2020A, when CpML1.1 and CpML17.1 exhibited
different homozygosity, the highest grade of mottled leaf was grade 2. However, when
CpML1.1 was homozygous for ‘B’, and CpML17.1 was homozygous for ‘A’, there were more
plants that were grade 0. The phenotypic variation of CpML1.1 was also higher than that of
CpML17.1. Therefore, the effect of CpML1.1 was slightly stronger than that of CpML17.1.
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In 2020M, when CpML1.1 was homozygous for ‘A’ and CpML17.1 was homozygous for
‘B’, the mottled leaf grade was mainly concentrated in grades 0–1. When CpML1.1 was
homozygous for ‘B’, and CpML17.1 was homozygous for ‘A’, the mottled leaf grades were
mainly concentrated in grades 1–2. In this environment, the LOD score for CpML17.1
was as high as 52.99, explaining the phenotypic variation of 38.68%. CpML1.1 explained
10.51% of the phenotypic variation. This phenomenon indicates that CpML17.1 plays a
stronger role than CpML1.1 (Figure 11). Thus, the strength of CpML1.1 and CpML17.1 will
be affected in different environments, but both loci will exert their effectiveness. Due to
the limitations of F2 population mapping, it is impossible to locate a single QTL precisely.
Many quantitative traits are currently mapped by applying the NIL method. In order
to investigate the relationship between CpML1.1 and CpML17.1 further, it was necessary
to construct NILs for the two QTLs, respectively. These two NILs can be used for fine
mapping and provide a foundation for gene cloning.

 

Figure 11. Results of the mottled leaf grade when CpML1.1 and CpML17.1 carry different homozygotes.

Cell division is crucial for plant growth and development, and microtubules are essen-
tial for eukaryotic cell division, expansion, and differentiation [36,37]. Plants have unique
microtubule arrays that control the direction of cell division and expansion, mainly regu-
lated by microtubule-associated proteins (MAPs). There are various conserved microtubule-
related proteins in eukaryotes, such as augmin, TPX2, CLASP and EB1. By applying gene an-
notation, gene sequence alignment, and qRT-PCR analysis, we identified a Cp4.1LG01g23790
gene, which encodes a TPX2 family protein (target protein of Xklp2). TPX2 (target protein
Xklp2) is an evolutionarily conserved microtubule-associated protein and a key factor for
mitotic spindle assembly factor. To date, all plant TPX2-family proteins have been shown
to bind to microtubules and function in distinct processes such as cell division and the
regulation of hypocotyl cell elongation by hormones and light signals [38,39]. Thus far,
several TPX2 family proteins have been reported, including TPX2, WAVE DAMPENED 2
(WVD2), WAVE DAMPENED 2 LIKE (WDL) 1, 2, and 3 and MAP20. In Arabidopsis, WAVE-
DAMPENED2-LIKE5 (WDL5) is a microtubule-stabilizing protein that plays a positive role
in ethylene-regulated hypocotyl cell extension [40]. The overexpression of EgMAP20 and
EgWDL3L in Arabidopsis leads to changes in cell morphology and results in organ-twisting
phenotypes [41]. However, there have been no reports on how TPX2 could influence the
arrangement of leaf cells. It has been reported that the microtubule protein CLASP can
influence the arrangement of leaf cells. In Arabidopsis, the clasp-1 mutant exhibits defects
in cell-directed amplification [42]. The lack of microtubule-related protein CLSAP leads
to changes in cell division patterns, resulting in significant distortions in the topological
relationships between cells and intercellular spaces and changes in their relative abun-
dance [43]. In the present study, we detected a difference in the expression of TPX2 between
the mottled area and green area; this may influence cell division and lead to mottled leaf.
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4. Materials and Methods

4.1. Plant Material

The two C. pepo inbred lines ‘19’ and ‘113’ were originally developed by the Laboratory
of Pumpkin Molecular Genetic Breeding, Northeast Agricultural University, Harbin, China.
Inbred line ‘19’ showed significant silver mottle on leaves; there was no leaf mottle on
inbred line ‘113’. The F1 and F2 populations derived by crossing ‘19’ and ‘113’ were
constructed to analyze the inheritance and QTL analysis for mottled leaves. 40 ‘19’, 40 ‘113’,
40 F1, and 580 F2 were planted in a greenhouse in April 2019 (2019A). 40 ‘19’, 40 ‘113’,
40 F1, and 580 F2 were planted in a greenhouse in April 2020 (2020A). 40 ‘19’, 40 ‘113’,
40 F1, and 480 F2 were planted under open cultivation in May 2020 (2020M). All plants
were grown at the Xiangyang Base of Northeast Agricultural University, Harbin, China
(N45◦77′, E126◦92′).

4.2. Determination of Photosynthetic Pigments

The first, second, third, and fifth leaves from the growing tip were selected as the
material during the 20-leaf-stage. The mottle area and green area of ‘19’ and the green
leaves in the same area for ‘113’ were collected. The pigment in the leaves was extracted
using 80% acetone. The absorbance of the extract was measured at 663, 645, and 470 nm
using a microplate reader. The control was 80% acetone. Three biological repeats were
determined for each material, and technical repeats were performed three times in each
biological repeat. The formula for calculating pigment content is as follows:

Cchla (mg/g) = 12.21 × A663 − 2.81 × A645

Cchlb (mg/g) = 20.13 × A645 − 5.03 × A663

Ccaro (mg/g) = (1000 × A470 − 3.27 × Ca - 104 × Cb)/229

Total Chl = Cchla + Cchlb

4.3. Determination of Photosynthetic Parameters

The fifth true leaf from the growing tip of the 20-leaf-stage was selected to measure
the photosynthetic parameters. The mottle area and green area of ‘19’ and the green leaves
in the same area for ‘113’ were collected. Net photosynthetic rates (Pn; μmol CO2 m−2s−1),
stomatal conductance (Gs; mol H2O m−2s−1), intercellular carbon dioxide concentrations
(Ci; μmol CO2 mol−1), and transpiration rates (Ts; mmol H2O m−2s−1) were measured,
using CI-340. Three biological repeats were determined for each material, and technical
repeats were performed three times in each biological repeat.

4.4. Leaf Anatomy Assay

At the stage of twenty leaves, the fifth leaf under the growing tip is used for leaf
structure analysis. The mottle area and green area of ‘19’ and the green leaves in the same
area for ‘113’ were collected. Prepare FAA and different concentrations of alcohol to fix
and dehydrate the leaves and dye them with safranin-fast green. After taking photos, use
ImageJ to measure the thickness of the upper epidermis, palisade parenchyma, sponge
parenchyma, and lower epidermis of leaves.

CTR = (thickness of palisade parenchyma/leaf thickness) × 100%

SR = (thickness of sponge parenchyma /leaf thickness) × 100%
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4.5. Inheritance Analysis of the Mottled Leaf Trait

F2 population of ‘19’ and ‘113’ was constructed for inheritance analysis of the mottled
leaves. We conducted a survey on mottled leaf grade during the 20-leaf-stage. According
to the percentage of mottled area to total leaf area, the grade of mottled leaf was divided
into three grades in 2019 and four grades in 2020. The grade 0 plant showed no leaf mottle.
The leaf mottle area of grades 1 to 3 accounts for 20%, 50%, and 80% of the total leaf area,
respectively (Figure 12).

Figure 12. Grading standard of F2 mottled leaf. (A) 0 grade. (B) 1 grade. (C) 2 grade. (D) 3 grade.
Scale = 1 cm.

4.6. Pool Construction and QTL-seq Analysis

Genomic DNA was extracted from ‘19’, ‘113’, F1, and F2 using the modified cetyltrimethy-
lammonium bromide (CTAB) method. The mottled leaf pool (M-Pool) and no-mottled-leaf
pool (N-Pool) were constructed by mixing equal amounts of DNA from 30 extremely mottled
leaf plants (grade 3) and 30 extremely without mottled leaf plants (grade 0) from the 2019A
F2 population. The parental DNA pools were constructed by mixing equal amounts of DNA
from the 30 ‘19’ and 30 ‘113’ plants. DNA libraries were sequenced on the Illumina Hiseq
2000 platform in BioMaker (Peking, China). In order to ensure the quality of information
analysis, the Raw reads were filtered to obtain clean reads. The clean reads of all samples were
compared with the reference genome of zucchini (http://cucurbitgenomics.org/organism/14,
accessed on 2 July 2019) using the BWA software (https://bio-bwa.sourceforge.net/bwa.shtml,
accessed on 2 July 2019) for subsequent variance analysis [44,45]. The SNPs and InDels were
detected and filtered using GATK. The SNP/InDel index of the Euclidean distance (ED) and
Δ(SNP/InDel-index) were calculated for all positions to determine the region associated with
the mottled leaf.

4.7. QTL Analysis with Molecular Markers

Polymorphic InDel markers were developed in the candidate regions of mottled leaf
based on the parent resequencing. InDel markers were designed with Primer Premier
5.0 (Table S2). PCR was carried out using 10 μL samples containing ~40 ng of genomic
DNA, each primer at 0.5 μM, 200 μM dNTPs, 1× reaction buffer, and 0.5 U of Taq DNA
polymerase (Aidlab Biotechnologies, Beijing, China). PCR amplification was performed
using the following program: 94 ◦C for 5 min; 35 cycles of 94 ◦C for 30 s, 56 ◦C for 30 s,
and 72 ◦C for 30 s; and 72 ◦C for 5 min [46,47]. The primers used in this study were
synthesized using the BGI gene. Products were separated on an 8% polyacrylamide gel
by electrophoresis. After electrophoresis at 220 V for 2 h, the gel was stained with 0.3%
AgNO3 solution, and the silver-stained DNA bands were revealed.

4.8. Data Analysis

A, B, and H are homozygous ‘19’, homozygous ‘113’, and heterozygous F1 genotypes,
respectively. We used JoinMap 4.0 to perform genetic mapping of F2 individuals using
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InDel markers on target chromosomes and obtained genetic distances. In R/qtl software
(http://www.rqtl.org/, accessed on 2 July 2019), composite interval mapping (CIM) was
used to test the significance of QTL [48,49]. The significance of each QTL was tested
using LOD thresholds (p < 0.05), which were determined using 1000 permutations. For
each detected QTL, a 2-LOD-support interval was calculated and defined by left and
right markers. The QTLs were named according to chromosome locations and different
environments.

4.9. Prediction of Candidate Genes and qRT-PCR

The gene ID, function, and structure data were obtained from the gourd genome
database [44]. SoftBerry online software (http://linux1.softberry.com/, accessed on
22 November 2022) was used for gene structure prediction based on two family plants
(Arabidopsis). The first, second, third, fifth, and seventh leaves under the growing tip at
the 20-leaf stage of parents material and the first, third, and fifth leaves under the growing
tip at the 20-leaf stage in the F2 population were selected to determine the expression of
candidate genes. Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA,
USA). Three pairs of primers for candidate genes were designed in total. Taq SYBR Green
qPCR Premix (Yugong Biolabs, Inc., Jiangsu, China) was applied to perform qRT-PCR. The
program used in this assay was as follows: 96 ◦C for 1 min; 30 cycles of 95 ◦C for 15 s, 56 ◦C
for 15 s, and 72 ◦C for 45 s [50,51]. The Actin gene was used as the internal reference. Three
technical replicates were set for each sample, and relative expression levels were quantified
using the 2−ΔΔCT method.

5. Conclusions

In summary, our findings indicate that the formation of mottled leaves did not affect
the pigment content or photosynthesis in zucchini leaves. The large air space between cells
in the palisade parenchyma was identified as the main factor underlying the formation of
mottled leaf. During the early stages of leaf development, light is an important condition
for the appearance of the mottled leaf. Genetic analysis revealed that mottled leaf is an
inheritable quantitative trait and is controlled by multiple genes. Based on QTL-seq and the
development of InDel markers, two major QTLs, CpML1.1 and CpML17.1, were detected in
different environments. They were located in a 925.2-kb interval on chromosome 1 and a
719.7-kb interval on chromosome 17, respectively. By performing gene annotation, gene
sequence alignment, and qRT-PCR analysis, we found that the Cp4.1LG01g23790 gene may
be a candidate gene for mottled leaf in zucchini. Our results provide a suitable foundation
for the fine mapping and mechanistic research of mottled leaf traits.
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