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ABSTRACT： The ATP-binding cassette (ABC) transporter family is a large and diverse protein 13 
superfamily that plays various roles in plant growth and development. Although the ABC trans- 14 
porters are known to aid in the transport of a wide range of substrates across biological mem- 15 
branes, their role in anthocyanin transport remains elusive. In this study, we identified a total of 16 
132 putative ABC genes in the peach genome and they were phylogenetically classified into eight 17 
subfamilies. Variations in spatial and temporal gene expression levels resulted in differential ex- 18 
pression patterns of PpABC family members in various tissues of peach. PpABCC1 was identified 19 
as the most likely candidate gene essential for anthocyanin accumulation in peach. Transient over- 20 
expression of PpABCC1 caused a significant increase in anthocyanin accumulation in tobacco 21 
leaves and peach fruit, whereas, virus-induced gene silencing of PpABCC1 in the blood-fleshed 22 
peach resulted in a significant decrease in anthocyanin accumulation. The PpABCC1 promoter 23 
contained a MYB binding cis-element and it could be activated by anthocyanin-activator 24 
PpMYB10.1 based on yeast one-hybrid and dual luciferase assays. Thus, it seems that PpABCC1 25 
plays a crucial role in anthocyanin accumulation in peach. Our results provide a new insight into 26 
the vacuolar transport of anthocyanins in peach.  27 

Keywords: anthocyanin; ABC transporter; gene expression; PpABCC1; Prunus persica  28 
 29 

1. INTRODUCTION 30 

ATP Binding Cassette (ABC) proteins constitute one of the largest diverse super- 31 
families of transporters in cells of all species (Ofori et al., 2018; Trigui-Lahiani et al., 2021). 32 
These transporters function in the translocation of a wide range of substrates across 33 
membranes through ATP binding and hydrolysis and can be characterized as either im- 34 
porters or exporters depending on the direction of substrate transport (Verrier et al., 35 
2008). ABC transporters consist of four structural domains: two transmembrane domains 36 
(TMDs) and two cytoplasmic nucleotide-binding domains (NBDs) (Hollenstein et al., 37 
2007; Rees et al., 2009). TMDs are composed of several membrane-spanning α-helices 38 
that regulates substrate recognition and specificity (Higgins and Linton, 2004). NBDs 39 
consist of highly conserved motifs, including Walker A, Walker B, the ABC signature, 40 
the H loop and the Q loop (Rea, 2007; Verrier et al., 2008).  41 

Plant ABC transporter proteins consist of three different arrangements: full-sized 42 
transporters composed of two TMD and two NBD domains, half sized transporters con- 43 
taining a single TMD and NBD domain, and incomplete or divergent transporters char- 44 
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acterized by two NBD domains but lack of TMD (Martinoia et al., 2002; Shi et al., 2020; 45 
Verrier et al., 2008). ABC transporters in plants are clustered into eight subfamilies, 46 
ABCA –ABCG and ABCI, based on domain structural organization and functional char- 47 
acterization. The ABCH subfamily is exclusively present in animal genome (Kretzsch- 48 
mar et al., 2011; Verrier et al., 2008).  49 

ABCA subfamily comprises of one full sized transporter and several half-sized 50 
transporters. The transmembrane transporter is involved in different functions in ani- 51 
mals, including lipid metabolism, cholesterol modulation and lipoprotein transport. 52 
However, its physiological roles in plants still remains unclear (Kang et al., 2011; Pang et 53 
al., 2013). ABCB subfamily is classified into full-sized transporters known as multidrug 54 
resistance protein (MDR) or P-glycoprotein (PGP) and the half-sized transporters that 55 
are categorized into three groups, transporter associated with antigen processing (TAP), 56 
lipid A-like exporters, putative (LLP) and ABC transporters of the mitochondria (ATP). 57 
These proteins are mainly involved in transport of organic compounds across the plas- 58 
ma membrane (Noh et al., 2001; Sasaki et al., 2002). ABCD subfamily, also known as pe- 59 
roxisomal membrane proteins (PMPs), consists of both full and half-sized transporters 60 
and functions in peroxisomal transport of fatty acids across the plant membrane 61 
(Hayashi et al., 2002; Sanchez-Fernandez et al., 2001; Zolman et al., 2001). Soluble plant 62 
proteins are located in the ABCE, ABCF and ABCI subfamilies and comprise of two 63 
NBDs but lack the TMD domain. These proteins perform different functions in plants, 64 
such as RNA interference (RNAi), gene expression regulation and plastid lipid synthesis 65 
(Garcia et al., 2004; Kretzschmar et al., 2011). ABCG constitutes the largest subfamily 66 
with a reverse domain organization (NBD-TMD). It comprises of both full and half sized 67 
transporters that are known as pleiotropic drug resistance (PDR) and white-brown com- 68 
plex (WBC), respectively (Verrier et al., 2008). The ABCG-type transporters are localized 69 
in the plasma membrane and function in transport of phytohormones and pathogen de- 70 
fence (Borghi et al., 2015; Kretzschmar et al., 2011). 71 

ABCC subfamily is full sized transporters that are also known as multidrug re- 72 
sistance-associated proteins (MRP) due to their role in vacuolar sequestration of gluta- 73 
thione and glucuronide-conjugates (Verrier et al., 2008). ABCC subfamily has a similar 74 
domain organization to MDR proteins, but they differ in the N-terminal region where a 75 
hydrophobic N-terminal extension (NTE or TMD0) is present in the MRP proteins but 76 
absent in the MDR proteins (Klein et al., 2006). Additionally, ABCC subfamily has been 77 
shown to function in stomatal regulation, phytate transport, vacuolar folate transport, 78 
chlorophyll catabolite transport, heavy metal and cadmium stress tolerance (Wanke and 79 
Kolukisaoglu, 2010). 80 

Recent studies suggest that the ABCC subfamily plays important roles in the accu- 81 
mulation of anthocyanin in plants. In cereals, the maize ZmMrp3 gene and the rice Os- 82 
MRP15 gene both have been reported to transport anthocyanins and flavonoids into the 83 
vacuole (Goodman et al., 2004; Zhu et al., 2013). In grapes, the VvABCC1 gene acts as an 84 
anthocyanidin 3-O-glucosides transporter and is GSH dependent without the formation 85 
of an anthocyanin-GSH conjugates (Francisco et al., 2013). Transcriptome analysis of 86 
black and white spine grapes (Vitis davidii) revealed that both ABCC1 and ABCC2 were 87 
essential for anthocyanin accumulation with higher expression observed in black berry 88 
grapes (Sun et al., 2016). In Arabidopsis thaliana, the AtABCC2 gene has been reported 89 
to be involved in the transport of anthocyanins and various flavonoids compounds in 90 
the vegetative tissues (Behrens et al., 2019). AtABCC1 and AtABCC14 have recently been 91 
reported to aid in the uptake of acylated anthocyanins in vitro and are not dependent on 92 
glutathione conjugation as previously seen with other ABCC transporters for anthocya- 93 
nidin 3-O-monoglucosides (Dean et al., 2022). 94 

Despite recent advances in genome-wide analysis of the ABC transporters in vari- 95 
ous crops such as Arabidopsis (Sanchez-Fernandez et al., 2001), rice (Garcia et al., 2004), 96 
maize (Pang et al., 2013), soybean (Huang et al., 2021), pineapple (Chen et al., 2017), pep- 97 
per (Lopez-Ortiz et al., 2019), rapeseed (Zhang et al., 2018; Yan et al., 2017), tomato (Ofori 98 
et al., 2018), strawberry (Shi et al., 2020) and grape (Francisco et al., 2013), little is known 99 
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about the ABC transporters in peach. Peach [Prunus persica L. (Batsch)] belongs to the 100 
Rosacea family and is an important economical fruit tree cultivated worldwide. Due to 101 
its relatively small genome size (~230Mb), peach is deemed as a model fruit species for 102 
comparative and functional genomics in the deciduous woody perennial trees (Verde et 103 
al., 2013). Anthocyanin pigmentation is an essential factor determining peach fruit quali- 104 
ty. Previous studies have reported that multidrug and toxic extrusion (MATE), glutathi- 105 
one S-transferases (GSTs) and ABC proteins mediate vacuolar sequestration of anthocy- 106 
anins in perennial fruit crops (Gomez et al., 2009; Goodman et al., 2004; Marinova et al., 107 
2007; Zhao and Dixon, 2009; Zhao et al., 2020). Due to the significance of anthocyanin ac- 108 
cumulation in determining fruit quality in peach, we here investigated the role of ABC 109 
transporters in anthocyanin accumulation. A total of 132 members of the ABC superfam- 110 
ily were identified in the peach genome, and one member PpABCC1 was found to be a 111 
candidate gene involved in anthocyanin vacuolar sequestration in peach fruit. Our re- 112 
sults will provide valuable information that contributes to a better understanding of the 113 
ABC family and the molecular mechanisms underlying anthocyanin accumulation in 114 
peach fruit.  115 

2. MATERIALS AND METHODS 116 

2.1. Plant Materials 117 

All peach accessions used in this study are maintained at Wuhan Botanical Garden 118 
of the Chinese Academy of Sciences, Wuhan, China. Two peach cultivars, a blood- 119 
fleshed peach ‘Dahongpao’ and yellow-fleshed peach ‘Jinxiang’, were selected for gene 120 
expression profiling and RNA-seq analysis. Fruit samples were collected at two devel- 121 
opmental stages, green stage (S1) at 65 days after full blossom (DAFB) and color break 122 
stage (S2) at 85 DAFB. Flesh samples were cut into small pieces, immediately frozen in 123 
liquid nitrogen and stored at -80 °C until use. For each sample, three biological replicates 124 
were conducted, with at least four fruits in each replicate. Additionally, peach fruits 125 
used for transient overexpression and virus-induced gene silencing (VIGS) assays were 126 
collected at colour break stage.  127 

2.2. Identification and Sequence Analysis of the ABC Gene Family in Peach 128 

Peach ABCs were identified by running basic local alignment search tool (BLAST) 129 
search against the protein sequence database of peach (https://www.rosaceae.org/) using 130 
Arabidopsis ABC protein sequences as query sequences. The length, molecular weight 131 
(Mw), theoretical pI, total number of negatively/positively charged amino acids, grand 132 
average of hydropathicity (GRAVY), aliphatic and instability index of the peach ABC 133 
family were calculated by ExPASy (https://web.expasy.org/protparam/). Subcellular lo- 134 
calization was predicted by CELLO (http://cello.life.nctu.edu.tw/). Chromosomal distri- 135 
bution of the ABC transporter genes was visualized using MapChart (Voorrips, 2002). 136 
Advanced Circos from TBtools software (Chen et al., 2020) was used to perform a collin- 137 
earity analysis on the ABC genes to identify the duplicated genes. All parameters were 138 
set to the software's default values. 139 

2.3. Phylogenetic, Conserved Motifs and gene structure analysis 140 

Sequence alignment of the ABC protein sequences in peach was performed using 141 
ClustalX (1.81). Phylogenetic tree was constructed using the neighbour-joining algo- 142 
rithm in MEGA 6.0 with 1,000 bootstrap replicates (Tamura et al., 2013). The conserved 143 
motifs of the putative peach ABC proteins were determined using the online MEME 144 
suite (http://meme-suite.org/tools/meme). The MEME results were visualized using 145 
TBtools. Gene structural analysis of the exon-intron organization was identified using 146 
the online Gene Structure Display Server (GSDS 2.0; http://gsds.cbi.pku.edu.cn) program 147 
(Hu et al., 2015). All parameters were set as the default value of the software. 148 

2.4. Cis-acting regulatory element analysis 149 
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To predict putative cis-acting elements in the ABC family genes, the promoter se- 150 
quences 1.5 kb upstream of the ATG start codon were extracted from peach genome. The 151 
cis-acting elements were then predicted using the online Plant Cis-acting Regulatory 152 
DNA Elements (PlantCARE) database 153 
(http://bioinformatics.psb.ugent.be/webtools/plantcare/html/).  154 

2.5. RNA extraction and quantitative real-time PCR 155 

Total RNA was extracted from peach fruit samples using the Total RNA Rapid Ex- 156 
traction Kit (Magen, Guangzhou, China). Removal of genomic DNA contamination and 157 
first strand cDNA synthesis were carried out using PrimeScriptTM RT reagent Kit with 158 
gDNA Eraser (Takara, Dalian, China). Quantitative real-time PCR (qRT-PCR) was con- 159 
ducted using SYBR®  Premix Ex Taq™ II (Takara, Dalian, China), with the following am- 160 
plification program: one cycle of 30 s at 95 °C, followed by 40 cycles of 5 s at 95 °C and 30 161 
s at 60 °C. The peach PpTEF2 gene encoding a translation elongation factor was used as 162 
an internal control to normalize expression of all target genes (Tong et al., 2009). All 163 
analyses were repeated using three biological replicates. The quantification of gene ex- 164 
pression level was calculated using the 2-ΔΔCT method (Livak and Schmittgen, 2001). Pri- 165 
mer sequences used for gene expression are listed in Table S1.  166 

2.6. Transcriptome data analysis 167 

The transcriptome data of two cultivars, ‘Dahongpao’ and ‘Jinxiang’, were used to 168 
investigate expression profiles of the PpABC genes at two developmental stages. The 169 
RNA-seq data was extracted from our previous study (Zhou et al., 2015). Gene expres- 170 
sion levels were estimated based on the expected number of fragments per kilobase of 171 
transcript sequence per millions base pairs sequenced (FPKM). DESEQ2 was used to 172 
identify differentially expressed genes (DEGs) (Love et al., 2014). Genes with a minimum 173 
log2 fold change (FC) cut off of ± 1 and a false discovery rate (FDR) ≤ 0.05 were deemed 174 
to be significant. In addition, expression patterns of the PpABC genes in the leaf, callus, 175 
root and stem tissues were investigated using the transcriptome data of peach cultivar 176 
‘Zaoyoutao’. Gene expression levels were estimated based on the FPKM values, which 177 
were used to generate a heatmap using TBtools.  178 

2.7. Extraction and quantification of anthocyanin content 179 

Extraction and quantification of anthocyanin content was carried out using the 180 
Plant Anthocyanin Assay Kit (Solarbio, Beijing, China). The absorbance of the samples 181 
was determined at 530 and 700 nm. Total anthocyanin (TA) content was calculated using 182 
the following formula: TA = ([(A1-A1’)-(A2-A2’)÷(ԑ×d)×103×F]×V÷W). Three biological 183 
replicates were performed for each sample.  184 

2.8. Yeast one-Hybrid assay (Y1H) 185 

The yeast one-hybrid assay (Y1H) was conducted using the Matchmaker®  Gold 186 
Yeast One-Hybrid Library Screening System User Manual (Clontech, Palo Alto, CA, 187 
USA) kit. The promoter sequence of PpABCC1, 2 kb upstream of the start codon, was 188 
amplified and inserted into the reporter vector pAbAi to generate pBait-pAbAis con- 189 
structs. Full-length coding sequence of the PpMYB10.1 was inserted into the effector 190 
plasmid of pGADT7 to generate pGADT7-PpMYB10.1 construct. Positive yeast cells 191 
were used to determine the activity of the pGADT7-TF with pBait-pAbAis on SD/- 192 
Ura/AbA* medium (*, the minimal inhibitory concentration of AbA). Primer sequences 193 
used for Y1H are listed in Table S2. 194 

2.9. Dual luciferase reporter assay  195 

Dual-luciferase reporter assay in Nicotiana benthamiana leaves was conducted ac- 196 
cording to a previously described protocol (Zhou et al., 2019). Promoter sequences 2kb 197 
upstream of the ATG start codon were inserted into the pGreen II 0800-LUC vector. The 198 
constructs were individually transformed into the Agrobacterium strain GV3101 contain- 199 
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ing the pSoup helper plasmid. Agrobacterium cultures carrying the constructs were then 200 
resuspended in infiltration buffer (10 mM MES, 10 mM MgCl2, 200 μM acetosyringone, 201 
pH 5.7) to an optimal density of (A600 = 0.75) and incubated at 25 °C without shaking 202 
for 2 h before infiltration. The mixture of Agrobacterium containing the transcription fac- 203 
tor (1 mL) and the promoter (100 μL) were injected into N. benthamiana leaves. After 204 
three days of infiltration, the ratio of firefly luciferase (LUC) to renilla luciferase (REN) 205 
activity was measured using the Dual-Glo®  Luciferase Assay System (Promega, MI, 206 
USA). Four biological replicates were performed for each treatment. Primers sequences 207 
used for vector construction are listed in Table S2. 208 

2.10. Subcellular localization assay  209 

Subcellular localization was examined by transiently expressing the PpABCC1-YFP 210 
in N. benthamiana leaves using Agrobacterium (GV3101), similar to the protocol described 211 
for the dual-luciferase assay above. Tonoplast marker and transgenic N. benthamiana 212 
plants containing a red fluorescent nuclear marker (Nucleus-RFP) were used for the 213 
identification of the subcellular structures (Nelson et al., 2007). Fluorescence was detect- 214 
ed three days after infiltration using the confocal microscope (TCS SP8, Leica, Microsys- 215 
tems, Wetzlar, Germany). Primer sequences used for vector construction are listed in 216 
Table S2. 217 

2.11. Transient overexpression and virus-induced gene silencing (VIGS) in tobacco and peach 218 
fruit 219 

Transient overexpression was carried out by inserting full-length coding sequences 220 
of PpABCC1 into pSAK277 vector, which was then transformed into the Agrobacterium 221 
strain GV3101. Agrobacterium cultures were then resuspended in infiltration buffer using 222 
the same protocol as described above for the dual-luciferase assay. The infiltrated tobac- 223 
co (Nicotiana tabacum) leaves and peach fruits of ‘Huangjinmi’ were placed in a growth 224 
chamber (25 °C under 16-h light and 8-h dark photoperiod). Five days after infiltration, 225 
digital photographs were taken. For the VIGS system, Agrobacterium cultures containing 226 
pTRV1 and pTRV2 or pTRV2-PpABCC1 were mixed in a ratio 1:1 and infiltrated into the 227 
blood-fleshed peach fruit. The injected fruits were placed in a growth chamber (25 °C 228 
under 16 h light and 8 h dark photoperiod). Digital photographs were taken one week 229 
after infiltration. Each treatment was performed with three biological replicates with at 230 
least ten fruits per replicate. Primer sequences used for vector construction are listed in 231 
Table S2.  232 
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3. RESULTS 233 

3.1. Identification of ABC transporters in peach  234 

A total of 132 ABC genes were identified in the peach genome. Detailed information 235 
of the chemical characterization, including the length, Mw, theoretical pI, total number 236 
of negatively/positively charged amino acids, GRAVY, aliphatic and instability index of 237 
the identified 132 ABC gene family were analysed (Table S3). The protein length of the 238 
132 PpABC proteins ranged from 71 (Prupe.1G250300) amino acids (aa) to 2524 239 
(Prupe.1G103900) aa with an average of 949.61 aa. The predicted Mws of the ABC pro- 240 
teins ranged from 8188.53 (Prupe.1G250300) to 271552.51 (Prupe.1G103900) kDA with an 241 
average of 105449.96 kDA, while the pIs ranged from 5.05 (Prupe.I000500) to 10.48 242 
(Prupe.5G155100) with an average of 7.94. Number of negatively/positively charged 243 
amino acids ranged from 6 (Prupe.5G155100) to 256 (Prupe.1G103900) and from 8 244 
(Prupe.1G250300) to 242 (Prupe.1G103900), respectively. A total of 44 PpABC proteins 245 
were predicted to be hydrophilic proteins due to their relatively low hydropathy score 246 
of GRAVY (value < 0). The aliphatic index of the PpABC proteins ranged from 69.96 247 
(Prupe.3G046700) to 118 (Prupe.1G148500). Most of the PpABC proteins (89), were 248 
deemed stable due to their instability index being less than 40 (Table S3). Subcellular lo- 249 
calization predictions showed that the majority of the PpABC proteins (103) were locat- 250 
ed in the plasma membrane, while 11, 8, 5 and 4 were located in cytoplasmic membrane, 251 
nucleus, mitochondria and chloroplast, respectively. Only one ABC (Prupe.5G155200) 252 
was predicted to be located in the extracellular. Several PpABC proteins (11) were found 253 
located in multiple positions (Table S4; Figure S1C). 254 

3.2. Phylogenetic analysis of PpABCs 255 

To explore the evolutionary relationship of the ABC transporters, a phylogenetic 256 
tree was constructed using the amino acid sequences of PpABCs (Figure 1). The 132 257 
PpABC genes were divided into eight subfamilies (A-G and I). In our analysis, ABCG 258 
had the largest members with 43 homologous genes. ABCB was the second largest sub- 259 
group comprising of 29 members, followed by the ABCC which had 26 members. Sub- 260 
family ABCI had 13 members, while subfamilies ABCA, ABCE, ABCF and ABCD had 9, 261 
5, 3 and 2 members, respectively (Table S4, Figure S1A). 262 
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 263 

Figure 1. Phylogenetic analysis of ABC proteins from peach. The phylogenetic tree was construct- 264 
ed using the neighbor-joining method in MEGA 6.0. Different colors highlight the eight subfami- 265 
lies. 266 

Evolutionary history and relationship of the ABC gene family in plants was ana- 267 
lysed by comparing the ABC distribution in twelve different species (Figure S1B). The 268 
number of each subfamily showed great variations among plant species. In general, we 269 
discovered that ABCA, ABCB, ABCC, ABCG and ABCI appeared to have expanded 270 
more than the other groups and contained highest number of members, while ABCD, 271 
ABCE and ABCF constituted the least number of members in all the studied species. In 272 
peach, the proportion of ABCB, ABCC, ABCG and ABCI were much higher as compared 273 
to the other subfamily members. 274 

3.3. Gene structure and conserved motifs of PpABC gene family 275 

Since gene structural analysis is important in understanding the functional and evo- 276 
lutionary relationships between homologous genes, we examined the exon-intron struc- 277 
ture of PpABC gene family (Figure S2). The exon-intron distribution showed the number 278 
of exons in PpABC genes ranged from one to forty. The highest number of exons was ob- 279 
served in the ABCA gene Prupe.7G058100. By contrast, the least number of exons was 280 
identified in five ABCG genes, Prupe.4G168100, Prupe.4G272400, Prupe.4G266200, 281 
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Prupe.2G303100 and Prupe.2G224800, and one ABCC gene Prupe.7G259900, all of which 282 
had only one exon and lacked introns.  283 

Structural diversity of PpABC genes was further investigated using the conserved 284 
motif analysis (Figure S2, S3). A total of fifteen conserved motifs were identified in the 285 
PpABC proteins. Closely related ABC members showed similarity in motif alignment 286 
and position, suggesting that ABC proteins clustered together in the same group might 287 
perform similar biological functions. Motif 9 was found to be unique to the ABCG 288 
group, while motifs 2 and 3 were present in most of the eight subfamilies displaying the 289 
structural divergence of the PpABCs proteins. 290 

3.3. Chromosomal distribution and collinearity analysis of PpABC genes 291 

Chromosomal distribution analysis indicated uneven distribution of 132 ABC genes 292 
on eight chromosomes in the peach genome, with three PpABC genes (Prupe.I000500, 293 
Prupe.I000600 and Prupe.I000700) mapped under unassembled scaffolds (Table S6, Fig- 294 
ure 2). The hierarchical chromosomal distribution of the PpABC genes from highest to 295 
lowest were as follows; Chromosome (Chr) 1 and 3 (25 members each), Chr 4 (16 mem- 296 
bers), Chr 6 (15 members), Chr 5 (14 members), Chr 2 (13 members), Chr 8 (11 members) 297 
and Chr 7 (10 members). The PpABCA genes were located on Chr 5 (6 members), 6 (2 298 
members) and 7 (1 member). The 29 PpABCB genes occurred on 7 chromosomes and 299 
were absent on Chr 8. The 26 PpABCC genes existed on 7 chromosomes and were miss- 300 
ing on Chr 6. The PpABCD genes were detected on Chr 2 and 8 with each comprising of 301 
a single member. The PpABCE genes were present on Chr 1 (1 member) and 3 (4 mem- 302 
bers). The PpABCF genes were located on Chr 1, 5 and 6 consisting of one member each. 303 
The PpABCG genes with the most members (43 members) were randomly distributed 304 
across all 8 chromosomes. The PpABCI genes (13 members) were found on 6 chromo- 305 
somes and absent on Chr 3 and 7. To further understand the evolutionary and collineari- 306 
ty relationship of the PpABC gene family, we performed the syntenic collinearity analy- 307 
sis of the ABC family in peach. A total of 3, 4 and 2 collinear gene pairs were identified 308 
in ABCC, ABCG and ABCI subgroups, respectively (Figure S4). These results suggested 309 
that ABC syntenic gene pairs mainly occurred in the ABCG subgroup, indicating a pos- 310 
sible evolutionary relationship among the subgroup members. 311 

 312 
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Figure 2. Chromosomal distribution of PpABC genes. The chromosomes were visualized using 313 
MapChart program. The chromosome number is indicated at the top of each chromosome, and the 314 
number of PpABC genes in each chromosome is indicated at the bottom of each chromosome. The 315 
scale bar describes the relative lengths of the chromosomes in megabases (Mb). 316 

3.4. Expression pattern of PpABC genes in different tissues of peach  317 

To further explore the expression pattern of PpABC genes in peach, transcription 318 
levels of PpABC genes in different tissues such as leaf, stem, root and callus were ana- 319 
lysed. A total of 119, 109, 105 and 100 PpABC genes were expressed in leaf, stem, root 320 
and callus, respectively (Figure 3). A total of 123 PpABC genes (accounting for 93.2 % of 321 
total PpABCs) were expressed in all analysed tissues. Among these, sixteen PpABC genes 322 
showed high expressions (FPKM > 15) in all tested tissues, suggesting their essential 323 
roles in tissue development in peach. In addition, some PpABC genes presented tissues- 324 
specific expression, with 42 PpABC genes (0.35 %), 29 PpABC genes (0.24 %), 27 PpABC 325 
genes (0.23 %) and 22 PpABC genes (0.18 %) specifically expressed in leaf, callus, root 326 
and stem, respectively. The expression of nine PpABC genes was not detected in any tis- 327 
sue, which might be attributed to variations in spatial and temporal gene expression lev- 328 
els. Overall, these results provide a baseline in the identification of various functional 329 
genes in peach. 330 

 331 
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Figure 3. Expression profile of PpABC genes in different tissues of peach. The FPKM values were 332 
used to generate a heatmap with hierarchical clustering analysis. The color scale displaying the 333 
expression levels (-1.5 to 1.5) is indicated. 334 

The role of PpABC genes in regulating fruit development was also investigated. The 335 
expression profiles of PpABC genes during fruit development were estimated using fruit 336 
samples of two peach cultivars, ‘Dahongpao’ and ‘Jinxiang’, which were collected at 337 
green stage (S1) and color break stage (S2). A heatmap representing the transcript ex- 338 
pressions of the detected PpABC genes was constructed (Figure 4). A total of 102 PpABC 339 
genes had transcription in fruit, and 67 showed the expression level over 1 (FPKM) at 340 
both developmental stages. A total of 23 PpABC genes all showed higher expression 341 
(FPKM > 15) in the S2 stage of both cultivars, indicating that they may be involved in 342 
regulating fruit development. Among the 23 PpABC genes, 2, 4, 6, 1, 3, 3, 1 and 3 be- 343 
longed to subgroups A, B, C, D, E, F, G and I, respectively. Six PpABCC members had 344 
higher expression profiles in fruits of ‘Dahongpao’ at the S2 stage. Given that the ABCC 345 
members are reported to be related to flavonoid biosynthesis (Zhao et al., 2020), these six 346 
PpABCC genes may play critical roles in anthocyanin accumulation.  347 

 348 

Figure 4. Expression profile of PpABC genes during fruit development of peach. Transcript ex- 349 
pression levels were determined during two developmental stages, S1 (green stage at 65 DAFB) 350 
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and S2 (color break stage at 85 DAFB). The FPKM values were used to generate a heatmap with 351 
hierarchical clustering analysis. The color scale displaying the expression levels (-1.5 to 1.5) is indi- 352 
cated. 353 

3.5. Analysis of cis-elements in the PpABCC promoter 354 

The putative cis-acting elements in the promoter region were identified for all the 355 
PpABC genes except Prupe.I000500 due to lack of its promoter sequence in the database. 356 
The cis-acting regulatory elements of PpABCC subfamily members were classified into 357 
three groups based on their functional annotation: plant growth and development, phy- 358 
tohormone responsive, and abiotic and biotic stress (Figure 5). The majority of the ele- 359 
ments (27) in the PpABCC subgroup members were related to the abiotic and biotic 360 
stress, suggesting their important roles in stress response. However, the number of 361 
stress-related regulatory elements varied between the PpABCC subgroup members. The 362 
wide distributed regulatory elements related to abiotic stress included ARE that acts as 363 
an oxidative stress responsive element required for anaerobic induction, and MRE, G- 364 
Box and Box-4 that are all involved in light responsiveness. 365 
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 366 

Figure 5. Cis-elements in the 1.5-kb upstream region of PpABCC genes. The bars on the top repre- 367 
sent the total number of cis-elements in each gene promoter region. Different colors indicate dif- 368 
ferent types of cis-elements. The color intensity and number in the cells indicated the numbers of 369 
cis-element in these PpABCC genes. 370 

The second group is the phytohormone response group, which consisted of twelve 371 
elements, with ABRE, ERE, TGACG, and CGTCA-motifs being widely distributed 372 
among PpABCC subfamily members. They are involved in abscisic acid (ABA), ethylene, 373 
and methyl jasmonate (MeJA) responsiveness in plants, respectively. The third group 374 
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was related to plant growth and development and had nine elements, such as the 375 
GCN4-motif, O2 site, and MBSI involved in endosperm expression, zein metabolism, and 376 
flavonoid biosynthetic gene regulation, respectively. In addition, a MYB binding site el- 377 
ement (MBSI) was found in the promoter region of PpABCC1 (Prupe.4G088500). These 378 
results suggested that ABCC genes play important roles in a variety of developmental 379 
and physiological processes including flavonoid biosynthesis in peach.  380 

3.6. Identification of PpABCC genes regulating anthocyanin accumulation in peach 381 

To identify the ABCC genes involved in anthocyanin accumulation in peach, a phy- 382 
logenetic tree was constructed based on Arabidopsis C-subgroup and PpABCC members 383 
(Figure S5). Among the 26 candidate ABCC members in peach, PpABCC1 was found to 384 
be clustered in the same group with the Arabidopsis gene AtABCC2 which was responsi- 385 
ble for flavonoid transport in Arabidopsis (Behrens et al., 2019). The PpABCC1 gene was 386 
highly expressed in fruits of blood peach ‘Dahongpao’ at the S2 stage when anthocyanin 387 
accumulation occurred, but had very weak expression in fruits of yellow peach 388 
‘Jinxiang’ at both S1 and S2 stages (Figure 4). This suggested that the PpABCC1 gene 389 
could be in involved in fruit anthocyanin accumulation in peach. To verify this hypothe- 390 
sis, we carried out correlation analysis between anthocyanin content and the PpABCC1 391 
transcript abundance in mature fruits of twenty peach cultivars (Figure 6A). Both the 392 
PpABCC1 expression and anthocyanin content varied among cultivars, with the highest 393 
expression of PpABCC1 observed in the ‘97-8-1’ cultivar that contained the highest 394 
amount of anthocyanins. Linear regression analysis showed a strong positive correlation 395 
of the PpABCC1 expression with anthocyanin content among different cultivars (R2 = 396 
0.95, P < 0.001). In addition, subcellular localization assay showed that PpABCC1 was lo- 397 
calized in the nuclei and the tonoplast (Figure 6B). Taken together, these results suggest- 398 
ed that PpABCC1 is the most likely candidate gene involved in anthocyanin accumula- 399 
tion in peach.  400 
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 401 

Figure 6. Expression and subcellular location for the PpABCC1 gene. (A) Expression of PpABCC1 402 
and anthocyanin content in ripe fruits of 20 peach cultivars and the correlation analysis between 403 
the PpABCC1 expression and anthocyanin content. Data represent means (± SE) of three biological 404 
replicates. (B) Subcellular localization assay of PpABCC1 in tobacco leaves. Scale bars indicated 50 405 
μm. 406 

3.7. Functional analysis of PpABCC1 using transient transformation assay 407 

To validate the role of PpABCC1 in anthocyanin coloration in vivo, its transient 408 
overexpression was performed in tobacco leaves and peach fruits. Tobacco leaves were 409 
infiltrated with the combination of PpMYB10.1, PpbHLH3 and PpABCC1 and the infil- 410 
tration of PpMYB10.1+PpbHLH3 was used as the control. Five days after injection, deep 411 
purple color patches were observed around the sites infiltrated with either 412 
PpMYB10.1/PpbHLH3/PpABCC1 or PpMYB10.1/PpbHLH3 (Figure 7A). However, leaf 413 
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tissues around the site infiltrated with PpMYB10.1/PpbHLH3/PpABCC1 had a stronger 414 
pigmentation compared to those infiltrated with PpMYB10.1/PpbHLH3 which only 415 
showed a slight change in coloration. Anthocyanin content in leave tissues infiltrated 416 
with PpMYB10.1/PpbHLH3/PpABCC1 was 1.6-fold higher than that in leave tissues in- 417 
filtrated with PpMYB10.1/PpbHLH3 (Figure 7A). PpABCC1-overexpression significantly 418 
increased the expression of NtANS by 1.8-fold, which was well consistent with the in- 419 
creased anthocyanin accumulation in the tobacco leaves (Figure 7A). 420 

 421 

Figure 7. Transient overexpression of PpMYB10.1+PpbHLH3 with or without PpABCC1 in tobac- 422 
co leaves (A) and peach (cv. ‘Huangjinmi’) fruit (B, C). Relative expression of PpABCC1 and antho- 423 
cyanin biosynthetic genes, changes in anthocyanin contents in tobacco leaves (A) and peach fruit 424 
(B, C). Data were means (± SE) from three biological replicates. 425 
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Similarly, intense red color patches appeared one week after infiltration in both the 426 
flesh and peel infiltrated with PpMYB10.1/PpbHLH3/PpABCC1 compared to these infil- 427 
trated with PpMYB10.1/PpbHLH3 (Figure 7B, 7C). Anthocyanin content in the flesh 428 
around the sites infiltrated with PpMYB10.1/PpbHLH3/PpABCC1 showed 1.5-fold high- 429 
er as compared to that in the flesh around the sites infiltrated with 430 
PpMYB10.1/PpbHLH3. PpABCC1-overexpression significantly increased the expression 431 
of PpANS and PpUFGT by 2.9-fold and 1.9-fold higher, respectively, which correlated 432 
well with the color change in the flesh. For transient overexpression assay in the peel, 433 
anthocyanin content around the site infiltrated with PpMYB10.1/PpbHLH3/PpABCC1 434 
showed a 1.5-fold increase compared to that around the site infiltrated with 435 
PpMYB10.1/PpbHLH3. The expression of PpANS in the peel around the site infiltrated 436 
with PpMYB10.1/PpbHLH3/PpABCC1 was 1.7-fold higher than that in the peel around 437 
the site infiltrated with PpMYB10.1/PpbHLH3, but no significant difference was ob- 438 
served in the expression of PpUFGT (Figure 7C). These results suggested the role of 439 
PpABCC1 in promoting anthocyanin accumulation in peach fruit.  440 

The virus-induced gene silencing (VIGS) system was used to further validate the 441 
role of PpABCC1 in anthocyanin accumulation in peach fruit. Agrobacterium cultures con- 442 
taining pTRV1/pTRV2 or pTRV1/pTRV2-PpABCC1 constructs were transiently infiltrat- 443 
ed into the fruits of blood-fleshed peach ‘Dahongpao’ at color break stage. One week af- 444 
ter infiltration, a decreased pigmentation was observed in the flesh tissues around the 445 
site infiltrated with pTRV1/pTRV2-PpABCC1 as compared to the flesh tissues around the 446 
site infiltrated with pTRV1/pTRV2 (Figure 8A). Consistently, anthocyanin content (0.039 447 
mg/100g FW) in the flesh around the site infiltrated with pTRV1/pTRV2-PpABCC1 was 448 
significantly lower than that in the flesh around the site infiltrated with pTRV1/pTRV2 449 
(0.064 mg/100g FW). Silencing of the PpABCC1 resulted in a significant decrease in the 450 
expression of PpANS (Figure 8A). These results demonstrated that silencing of PpABCC1 451 
reduced anthocyanin accumulation in peach fruit.  452 
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 453 

Figure 8. Functional analysis of the PpABCC1 gene. (A) Transient silencing of PpABCC1 in the fruit 454 
of blood peach ‘Dahongpao’ at S2 using virus induced gene silencing (VIGS) system. Expression of 455 
PpABCC1 and anthocyanin biosynthetic genes and anthocyanin content were measured in the 456 
flesh tissues around the infiltration sites. (B) Assay of the interaction between PpMYB10.1 and the 457 
promoter of PpABCC1 using yeast one-hybrid (Y1H). (C) Assay of the activation activity of 458 
PpMYB10.1 on the promoter of PpABCC1 using dual luciferase reporter system. Data represent 459 
means (± SE) of three independent biological replicates. 460 

3.8. Transcriptional activation of PpABCC1 by PpMYB10.1 461 

To verify whether the anthocyanin-related TFs had the ability to regulate the pro- 462 
moter of PpABCC1, Y1H and dual luciferase assays were carried out. Since PpMYB10.1 463 
has been previously reported to be the master regulator of anthocyanin accumulation in 464 
peach fruits (Zhou et al., 2019; Zhou et al., 2015), we investigated whether it could acti- 465 
vate the transcription of PpABCC1. Y1H assay indicated that yeast cells harboring the 466 
PpMYB10.1 gene and the PpABCC1 promoter could grow on SD/Ura-Leu medium con- 467 
taining 50 ng/ml AbA (Figure 8B). Dual luciferase assay further showed that PpMYB10.1 468 
had a strong activation activity on the promoter of PpABCC1 (Figure 8C). These results 469 
suggested that PpMYB10.1 could activate the transcription of PpABCC1.  470 

4. DISCUSSION 471 

ABC proteins constitute one of the largest and most diverse transporter families 472 
ubiquitously present in different species. ABCs are involved in the transport of a wide 473 
range of substrates such as secondary metabolites, phytohormones and heavy metals 474 
(Ofori et al., 2018; Trigui-Lahiani et al., 2021; Verrier et al., 2008). To date, ABC transport- 475 
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ers have been identified and reported in a variety of plant species, including 130 mem- 476 
bers in Arabidopsis (Sanchez-Fernandez et al., 2001), 127 members in rice (Gar- 477 
cia et al., 2004), 130 members in maize (Pang et al., 2013), 271 members in soy- 478 
bean (Huang et al., 2021), 100 members in pineapple (Chen et al., 2017), 200 479 
members in pepper (Lopez-Ortiz et al., 2019), 314 members in rapeseed (Zhang 480 
et al., 2018), 179 members in Brassica rapa (Yan et al., 2017), 154 members in to- 481 
mato (Ofori et al., 2018), 115 members in strawberry (Shi et al., 2020) and 133 482 
members in grape (Francisco et al., 2013). In this study, a total of 132 PpABC genes 483 
were identified in the peach genome, which were divided into eight subfamilies and un- 484 
evenly located on eight chromosomes.  485 

Sequence analysis revealed that the PpABC transporter family had notable differ- 486 
ences in length, Mw, theoretical pI, total number of negatively/positively charged amino 487 
acids, GRAVY, aliphatic and instability index. The analysis of subcellular localization 488 
showed majority of PpABC (103) genes were localized in the plasma membrane. The ex- 489 
on-intron structural diversity is essential in the evolution of gene families and supports 490 
phylogenetic classification of genes in an organism (Shiu and Bleecker, 2003; Wang et al., 491 
2014). In this study, closely related members showed similarity in structure and align- 492 
ment. A typical full-size ABC protein has over 1200 amino acids (Martinoia et al., 2002). 493 
The size of the 132 PpABC proteins ranged from 71 to 2524 amino acids. The number of 494 
exons in PpABC genes ranged from one to forty, which was largely consistent with the 495 
gene structure in Arabidopsis (Sanchez-Fernandez et al., 2001) and strawberry (Shi et al., 496 
2020). Motif structural analysis revealed a total of fifteen conserved motifs among the 497 
different subfamilies. Similar motif sequence pattern was also observed in closely related 498 
members, suggesting that these ABC proteins might perform similar functions.  499 

Whole genome duplication, segmental duplication and tandem duplication mecha- 500 
nisms are the major causes of rapid gene family expansion and evolution in plants (Can- 501 
non et al., 2004). Previous studies have identified duplication events in the ABC genes in 502 
different lineages, indicating the unending process of gene evolution (Rensing, 2014). 503 
Gene duplication events caused rapid expansion of ABC genes in different species (An- 504 
nilo et al., 2006; Moitra and Dean, 2011). Here, our results showed that ABCB, ABCC, 505 
ABCG and ABCI expanded more than other subgroups in peach, thus confirming the 506 
diverse nature of the ABC transporters genes and their potential for rapid gene expan- 507 
sion and evolution from their progenitors. To further understand the evolutionary and 508 
collinearity relationship of the PpABC gene family, we performed the syntenic collineari- 509 
ty analysis of the ABC family in peach. The results suggested that gene syntenic ABC 510 
gene pairs mainly occurred in the ABCG subgroup indicating a possible evolutionary re- 511 
lationship among the subgroup members. 512 

Expression pattern analysis of PpABC family genes was conducted in different tis- 513 
sues and fruits to investigate the function of the ABC genes in peach. Expression profiles 514 
in different tissues helps to improve our understanding of the tissue-specific and dy- 515 
namic molecular function of genes. Majority of the PpABC genes displayed high expres- 516 
sion levels in the leaf, while low expression levels were detected in the callus (Figure 3). 517 
Majority of the ABC genes, including PpABCC1, were expressed in all the four tissues 518 
tested suggesting their roles in the development of the vegetative and reproductive tis- 519 
sues in peach. Of the PpABC genes, 42, 29, 27 and 22 exhibited tissue-specific expression 520 
patterns in leaf, callus, root and stem, respectively, suggesting functional divergence of 521 
the PpABC gene family in peach.  522 

The analysis of fruit expression pattern revealed a high transcript expression level 523 
of PpABC genes in the ‘Dahongpao’ cultivar. The highest expression levels of six PpA- 524 
BCC gene members were observed at the S2 fruit stage, implying that these genes are 525 
potentially related to fruit ripening. However, functional redundancies between mem- 526 
bers are to be expected due to the presence of several PpABCC genes and their different 527 
expression levels during fruit development. Of the six PpABCC genes, PpABCC1 was 528 
phylogenetically closely related to Arabidopsis AtABCC2, a well-known gene for flavo- 529 
noid transport (Behrens et al., 2019). The expression of PpABCC1 showed a significant 530 
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correlation with anthocyanin content in fruits of different peach cultivars. The transcrip- 531 
tion of PpABCC1 could be activated by the master regulator of anthocyanin biosynthesis 532 
in peach (Tuan et al., 2015; Zhou et al., 2015). Transient silencing of the PpABCC1 gene 533 
caused a significant decrease in anthocyanin accumulation in peach fruit, while its tran- 534 
sient overexpression resulted in a deeper coloration in peach fruit. These results un- 535 
doubtedly indicated the essential role of PpABCC1 in anthocyanin pigmentation of fruits 536 
in peach. It is worth noting that the PpABCC1 gene was expressed in all four tissues ex- 537 
amined in this study. Thus, it is reasonable to speculate that the PpABCC1 gene plays an 538 
important role in anthocyanin accumulation in both vegetative and reproductive tissues.  539 

Anthocyanins are synthesized in the cytosolic surface of the endoplasmic reticulum 540 
(ER). After synthesis, they need to be transported into the vacuole for storage. In peach, 541 
loss-of-function mutation of a GST gene has been shown to affect anthocyanin coloration 542 
(Cheng et al., 2015). Similarly, silencing of PpABCC1 was found to inhibit anthocyanin 543 
accumulation in peach fruit. Therefore, the vacuolar transport of anthocyanins seems to 544 
be a crucial step for anthocyanin accumulation. Our results provide valuable infor- 545 
mation for further research into the molecular mechanisms underlying the transport of 546 
anthocyanins into the vacuole in peach and other fruit tree species.  547 
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