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SUMMARY

Rubus chingii Hu (Fu-Pen-Zi), a perennial woody plant in the Rosaceae family, is a characteristic traditional

Chinese medicinal plant because of its unique pharmacological effects. There are abundant hydrolyzable

tannin (HT) components in R. chingii that provide health benefits. Here, an R. chingii chromosome-scale

genome and related functional analysis provide insights into the biosynthetic pathway of HTs. In total,

sequence data of 231.21 Mb (155 scaffolds with an N50 of 8.2 Mb) were assembled into seven chromosomes

with an average length of 31.4 Mb, and 33 130 protein-coding genes were predicted, 89.28% of which were

functionally annotated. Evolutionary analysis showed that R. chingii was most closely related to Rubus occi-

dentalis, from which it was predicted to have diverged 22.46 million years ago (Table S8). Comparative

genomic analysis showed that there was a tandem gene cluster of UGT, carboxylesterase (CXE) and SCPL

genes on chromosome 02 of R. chingii, including 11 CXE, eight UGT, and six SCPL genes, which may be crit-

ical for the synthesis of HTs. In vitro enzyme assays indicated that the proteins encoded by the CXE

(LG02.4273) and UGT (LG02.4102) genes have tannin hydrolase and gallic acid glycosyltransferase functions,

respectively. The genomic sequence of R. chingii will be a valuable resource for comparative genomic analy-

sis within the Rosaceae family and will be useful for understanding the biosynthesis of HTs.

Keywords: Rubus chingii Hu, chromosome-scale genome, Rosaceae, evolutionary analysis, hydrolyzable

tannins, tandem gene cluster.

INTRODUCTION

Rosaceae is a family with approximately 3000 species and

an extraordinary spectrum of distinctive fruits, including

apple (Malus domestica), pear (Pyrus bretschneideri),

cherry (Prunus avium), strawberry (Fragaria ananassa), and

raspberry (Rubus) (Xiang et al., 2017). The genus Rubus,

one of the most diverse Rosaceae genera with 740 species,

produces aggregate drupetum fruits that are acclaimed for

their tender flesh and pleasant flavor (Janick and Moore,

1996; Jennings, 1988). Among them, red raspberry (Rubus

idaeus L.), black raspberry (Rubus occidentalis L.), and

blackberry (Rubus fruticosus L.) are the most popular vari-

eties with the largest cultivated area. Raspberries are

botanically classified in the Rubus subgenus Idseobatus

(Hummer and Janick, 2007), whereas blackberries belong

to the subgenus Rubus (Tutin et al., 1980).

Modern uses of Rubus plants include mainly consump-

tion as fresh fruits and the production of juices and dairy

products. These delicious fruits are rich in polyphenols,

vitamins, sugars, and minerals and have a high antioxidant

capacity. Rubus plants were not originally used as food

according to ancient traditional literature; rather, they were

considered to be medicinal, with a wide range of pharma-

cological uses. For instance, Hippocrates recommended

blackberry stems and leaves soaked in white wine as an

astringent poultice for difficulties during childbirth (Hum-

mer and Janick, 2007). More recently, Rubus plants were

found to be very high in secondary metabolites such as
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hydrolyzable tannins (HTs), condensed tannins, flavonols,

and anthocyanins, which function as antioxidants and pro-

vide other health benefits (Kaume et al., 2012; Moyer et al.,

2002). China is regarded as the center of origin and distribu-

tion for the genus Rubus. There are 210 species of Rubus in

China, particularly in the southeast. Rubus chingii is one of

the “magical” raspberry species in China. The dried fruitlet

fruits of R. chingii, referred to as “Fu-Pen-Zi” in Chinese, are

used in traditional Chinese medicine. Fu-Pen-Zi means

“overturned bowl” in Chinese and may refer to the shape of

an upside-down raspberry fruit or to the diuretic effects of

this herb. Its effect is recorded in the Compendium of Mate-

ria Medica, which states that Fu-Pen-Zi has sour and warm

properties and is associated with the liver and kidney

meridians. Modern medicine has shown that this herbal

medicine can help to prevent frequent urination, reduce

lower back soreness, improve eyesight, and prevent cancer

(Yu et al., 2019; Zeng et al., 2018; Zhang et al., 2015). Tan-

nins, particularly HTs, are reported to be its bioactive con-

stituents (Han et al., 2012; Zhang et al., 2019). However,

relatively little is understood about the genetic mechanisms

that control the biosynthesis and accumulation of HTs, and

few genetic resources are available for R. chingii.

In recent years, the whole genome sequencing of Rosa-

ceae plants has proceeded rapidly with the development of

sequencing technology. More than 20 Rosaceae plants

have had their entire genomes sequenced, including apple

(Malus 9 domestica Borkh.) (Velasco et al., 2010), pear

(Pyrus bretschneideri Rehd.) (Wu et al., 2013), woodland

strawberry (Fragaria vesca) (Shulaev et al., 2011), black

raspberry (Jibran et al., 2018; VanBuren et al., 2016; VanBu-

ren et al., 2018), and other Rosaceae crops. Rubus chingii

is diploid (2n = 2x = 14) and belongs to the same sub-

genus (Idaeobatus) as red raspberry (R. idaeus L.), with

which it can be crossed (Thompson and Zhao, 1993). Evo-

lutionary analysis of Rosaceae genomes from different

orders provides evidence for the phylogenetic position of

Rubus. Here, we report a high-quality draft genome of R.

chingii assembled by integrating Nanopore long-read

sequencing, BioNano DLS optical mapping, and Hi-C map-

ping technologies. In addition, transcriptomics, phenolic

metabolomics, and gene functional analyses were used to

characterize an aggregation gene cluster associated with

the biosynthesis of HTs. The R. chingii genomic resources

provided here will be valuable for biological and agro-

nomic research on Rubus species and will provide new

tools for Rosaceae geneticists and breeders.

RESULTS

Botanical and horticultural characteristics of Rubus chingii

A hand-painted illustration of R. chingii was created for

this paper based on the botanical and horticultural charac-

teristics of the species (Figure 1). Stems of R. chingii are

semi-woody and biennial with a few thorns, and its root

system is perennial. Leaves tend to be divided into five or

seven palmatilobate segments towards the base. The flow-

ers of R. chingii have five white petals and multiple sta-

mens. After the petals have fallen, the fruit develops as an

aggregate of drupelets that change during ripening from

green to red. Flowers and fruits hang like an upside-down

bowl on the branches of the previous year’s primocane.

Sequencing, assembly, and annotation of the Rubus

chingii genome

A wild-collected specimen of R. chingii, cv. Wanfu 1,

planted in the botanical garden of Anhui Agricultural

University was selected for sequencing. First, an initial k-

mer analysis showed that its genome size was about

239.4 Mb. Its heterozygosity was 0.80%, making it a highly

heterozygous genome (Table S1). The count distribution of

17-mers followed a Poisson distribution, with the highest

peak occurring at a depth of 32 (Figure S1). The genome

had an average GC content of 36%; its unimodal GC con-

tent distribution and GC depth, as well as the sequencing

depth of the genome assembly, suggested that there was

no contamination from other species (Figures S2, S3). Sec-

ond, integrated Oxford Nanopore technologies were used

to assemble the genome. We obtained 24.8 Gb of data that

comprised 1 328 395 clean reads with an average length of

18.7 kb, an N50 of 26.2 kb, and a maximum read length of

200.9 kb (Table S2). This version of the genome assembly

was approximately 233.9 Mb in size with a scaffold N50 of

8.2 Mb (Table S3). Based on BUSCO predictions of the

assembled sequence, about 97.1% of the complete gene

elements were found in the R. chingii genome, indicating

that most conserved genes were relatively complete and

that the assembly was of high quality (Table S4). Finally,

using Hi-C technology, 94.09% (220.05 Mb) of the assem-

bled scaffold sequences (231.21 Mb) were anchored on to

seven chromosomes with a maximum and average length

of 37.2 and 31.4 Mb, respectively. The number of corre-

sponding scaffold cut bins was 2383, accounting for

98.76% (Table 1, Tables S5, S6). A Hi-C interaction heat-

map of the chromosomes was created based on the signal

intensities of the interactions between the scaffold

sequences that determined order and direction (Figure 2a).

There was no obvious noise (strong interaction intensity)

outside the diagonal, again confirming the quality of the

assembly.

Simple sequence repeat (SSR) sequences in the genome

were analyzed using MISA, and 1 817 604 such sequences

were found in the genome (Tables S9, S10). In total,

36.47% of the R. chingii genome consisted of repetitive

sequences (Table S11). This level of repetitive sequence is

greater than that in some sequenced Rosaceae species,

including strawberry (22.0%) (Shulaev et al., 2011) and

peach (29.6%) (International Peach Genome et al., 2013),
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The Plant Journal, (2021), doi: 10.1111/tpj.15394

2 Longji Wang et al.



but lower than that of apple (42.4%) (Velasco et al., 2010)

and black raspberry (56.6%) (VanBuren et al., 2016). These

differences may be partly due to the sensitivity and thor-

oughness of repeat identification and the integrity of the

respective genome assemblies. Similar to most plant

genomes, the predominant type of transposable ele-

ments (TEs) were long terminal repeat retrotransposons

(LTRs), which accounted for 17.70% of the genome and

included LTR/Gypsy (7.64%) and LTR/Copia retroelements

(4.38%) (Table S12, Figure S4). DNA transposons com-

prised 6.05% of the genome, among which MULE-MuDR

transposons were the most abundant, with 18 739 ele-

ments accounting for 1.57% of the genome. In addition,

618 non-coding RNAs, 488 transfer (t)RNAs, 90 ribosomal

(r)RNAs, and 10 regulatory RNAs were also identified

(Table S12).

Evolutionary analysis of Rubus chingii

To reveal the genomic foundation of species adaptation

during evolution, we compared the R. chingii proteome with

those of 15 representative plant species (Table S13). In total,

21 686 orthologous gene families containing 470 865 genes

were obtained. Of these, 252 357 genes from 6976 families

were shared among all 16 species, representing a core set

of ancestral clusters (Figure 3a). On the other hand, 4736

genes in 19 different families were specific to R. chingii,

suggesting that they may contribute to the unique biologi-

cal and phytochemical properties of this sublineage.

Functional enrichment analysis based on Gene Ontology

(GO) annotation revealed that the specific genes in R. chingii

tended to be placed in the “cellular process” biological pro-

cess and “catalytic activity” molecular function categories as

summarized at level 2 (Figure 3b). Among the GO terms

enriched in the R. chingii-specific genes were terms related to

the biosynthesis of major characteristic secondary metabolites

(e.g., HTs). These enriched GO terms included “UDP-glucose:

glycoprotein glucosyltransferase activity” (GO:0003980,

P < 0.05), “superoxide metabolic process” (GO:0006801,

P < 0.01), “methyltransferase activity” (GO:0008168,

P < 0.001), and “oxidoreductase activity, acting on the CH-CH

group of donors” (GO:0016627, P < 0.001) (Table S14).

The expansion and/or contraction of gene families have

been well documented as a crucial driving force in lineage

splitting and functional diversification of flowering plants

(Chen et al., 2013). Here, we characterized gene families

that appeared to have undergone discernible changes in

adaptive evolution on divergent branches, with a particular

emphasis on gene families involved in traits and fruit qual-

ities of R. chingii. A phylogenetic analysis was performed

Table 1 Major indicators of the Rubus chingii Hu genome

Assembly feature Statistics

Estimated genome size (by k-mer analysis) (Mb) 239.44
Number of scaffolds 155
Scaffold N50 (Mb) 8.2
Assembled genome size (Mb) 231.21
Assembly rate of genome (%) 96.56
Anchoring size on chromosomes (Mb) 220.05
Anchoring rate on chromosomes (%) 95.17
Number of chromosomes 7
Average length of chromosomes (Mb) 31.4
Repeat region of assembly (%) 36.5
Number of predicted protein-coding genes 33 130
Average coding sequence length (bp) 2803
Average exons per gene 4.7

Figure 1. Plant, dried fruitlet, and ripe fruits of Fu-Pen-Zi (Rubus chingii Hu).

Image was hand-painted by Rongqing Yang and the calligraphy was created by Yuncai Tang.

© 2021 Society for Experimental Biology and John Wiley & Sons Ltd.,
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to investigate the evolutionary relationships among spe-

cies, as well as their estimated divergence times (Fig-

ure 3c). Our results showed that, among the 21 620 gene

families inferred to be present in the most recent common

ancestor of the 16 representative plant species, 1594 fami-

lies contracted in R. chingii genome, and 1538 families

gained new gene copies (Figure 3c). The GO annotation of

7414 genes from the 1423 families with significant expan-

sions (P < 0.05) demonstrated that they were mainly

enriched in functional categories related to “oxidation-

reduction process” (GO:0055114, P < 0.001), “chitin cata-

bolic process” (GO:0006032, P < 0.001), “terpene synthase

activity” (GO:0010333, P < 0.001), and “heme binding”

(GO:0020037, P < 0.001) (Table S15).

Previous studies of multiple sequenced plant genomes

have shown that polyploidization is a prominent feature in

the evolutionary history of angiosperms and that whole

genome duplication (WGD) events, in particular, have had

profound effects on crop gene amplification and genome

evolution (Salman-Minkov et al., 2016; Yue et al., 2020).

Here, we identified 18 578 duplicated genes encompassing

56.1% of the putative protein-coding genes in the R. chingii

genome (Table S16). We took advantage of these pairwise

paralogs to calculate the age distribution of synonymous

substitution rates (Ks) that peaked at approximately 1.48,

providing clear evidence of one round of WGD in R. chingii

(Figure 3d). We compared this result with corresponding

Ks distribution values derived from paralogous pairs in

three other representative dicot genomes (Arabidopsis

thaliana, F. vesca, and R. occidentalis). Our results con-

firmed that this WGD event was shared by the Rosaceae

family, as it was observed in F. vesca and R. occidentalis

but not in A. thaliana.

Identification of HT compounds and related genes

Quadrupole time-of-flight liquid chromatography/mass

spectroscopy (Q-TOF LC/MS) was used to identify qualita-

tively the polyphenols in different tissues of R. chingii

based on data from the published literature and standard

compounds (Chen et al., 2019; Regueiro et al., 2014; Sanz

et al., 2010; Staszowska-Karkut and Materska, 2020). The

relationship between the theoretical m/z values and the

measured values was also used to identify individual com-

ponents with high precision. In total, 61 polyphenols were

identified (Figure 4a,b and Table S17): 29 HTs, 15 flavo-

nols, 11 phenolic acids, five condensed tannins, and one

anthocyanin. All substances except the anthocyanin were

detected in negative ionization mode. HTs are the most

abundant polyphenols in R. chingii; some are found

throughout the plant, and others accumulate only in speci-

fic tissues. Up to 20 kinds of HTs were present in leaves,

whereas only 10 different HTs were found in the stem (Fig-

ure 4c). In addition, tetra- or penta-galloyl glucose was

only detected in leaves, whereas tri-galloyl HHDP glucose

and methylated/acylated ellagic acids were only found in

fruits and roots, respectively. The specificity of HT accumu-

lation in R. chingii reflects the complexity of the underlying

biosynthetic pathways.

Recent studies have shown that the carboxylesterase (CXE)

(Dai et al., 2020), UDP glycosyltransferase (UGT) (Cui et al.,

2016; Niemetz and Gross, 2005), serine carboxypeptidase-like

protein (SCPL) (Liu et al., 2012), and polyphenol oxidase

(PPO) (Grundhofer et al., 2001) families may be involved in

pathways of HT synthesis or degradation. Based on previ-

ously published protein sequences of CXE, UGT, SCPL, and

PPO genes from Arabidopsis and other plants, in total, 39

Figure 2. Landscape of the Rubus chingii genome.

(a) Genome-wide Hi-C map.

(b) Global view. a) Circular representation of the pseudomolecules. b–h) Gene expression supported by transcriptome data (tracks, from outside to inside: leaf,

adultoid, ripe fruit, fruitlet, stem, flower, and root). i–k) Distributions of gene density, repeat density, and GC density, respectively, with densities calculated in

100-kb windows. l) Locations of genes mapped to the flavonoid (brown line), lignin (red line), and polyphenol (green line) metabolic pathways and to the UDP

glycosyltransferase family (gray line). m) Syntenic blocks. Band width is proportional to the syntenic block size.

© 2021 Society for Experimental Biology and John Wiley & Sons Ltd.,
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CXEs, 139 UGTs, 56 SCPLs, and 57 PPOs were identified in

the genome of R. chingii (Table S19). These genes are widely

distributed on different chromosomes, and there are several

UGT or CXE gene clusters on chromosomes 04 and 06 (Fig-

ure S5).

Interestingly, a tandem cluster consisting of CXE, UGT,

and SCPL genes was found of R. chingii, which clustered

between 27.30 and 29.22 Mb on chromosome 02. In terms

of distribution, the three gene clusters were arranged in

tandem, with 11 CXE genes in front, followed by eight

UGT genes and six SCPL genes. Collinearity analysis

revealed that the length of the homologous segment from

R. occidentalis was 2.18 Mb; it may therefore have

expanded relative to that of R. chingii. This segment of R.

occidentalis consisted of seven CXE genes, 12 UGT genes,

and six SCPL genes. Similarly, there were also homolo-

gous segments in the F. 9 ananassa (strawberry) and Rosa

rugosa Thunb. (rose) genomes (Figure S6). However, in

the M. 9 domestica (apple) genome, the related syntenic

region has expanded to different chromosomes and now

exists on chromosomes 5, 8, 10, and 15.

To investigate the functions of genes in this syntenic

region, we analyzed relevant gene expression levels in dif-

ferent tissues and organs (root, stem, leaf, flower, fruitlet,

and ripe fruit) (Figure 5b, Table S22). As shown in Figure 5b,

16 genes in this gene cluster had the highest expression

level in ripe fruits, including six CXE genes, four UGT

genes, and six SCPL genes. Meanwhile, four genes had the

highest expression levels in the root (R), including three

CXE genes and one UGT gene. Moreover, a low expression

level was detected for three genes including, LG02.4108,

4182, and 4199, in different tissues and organs. To evaluate

the relationship further between the content of HTs and

expression levels of the genes in this segment, correlative

matrix analyses were investigated (Figure S7, Table S21).

The results showed that the expression of several CXE

Figure 3. Comparative analysis of genome evolution and gene families in Rubus chingii.

(a) Venn diagram showing the shared and specific gene families in R. chingii and 15 representative plant species. Values in parentheses indicate the number of

genes within the corresponding families. Three-letter acronyms are used as abbreviations for species names.

(b) Specific genes in R. chingiiwere assigned to biological process and molecular function Gene Ontology categories based on their Gene Ontology annotations.

(c) Expansion and contraction of gene families among the 16 plant species. A phylogenetic tree was constructed based on high-quality single-copy and multi-

copy orthologous genes, using Amborella trichopoda as an outgroup. Numerical values in the box denote the estimated divergence times of each node (MYA,

million years ago).

(d) Whole-genome duplication events detected in R. chingii, Arabidopsis thaliana, Fragaria vesca, and Rubus occidentalis.

© 2021 Society for Experimental Biology and John Wiley & Sons Ltd.,
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genes (LG2.4101, 4102, 4104, 4108, 4113, 4117, 4120, and

4123) and UGT genes (LG02.4207, 4211, and 4273) were

highly or moderately positive correlation with the content

of HTs (1 > P>0.8 or 0.8 > P>0.4). Functional prediction

analysis indicated that three CXE genes (LG02.4101, 4102,

and 4108) and one UGT gene (LG02.4273) may be involved

in the biosynthetic pathway of HTs (Figure S8). In vitro

enzyme assays were performed on the protein products of

the highly expressed genes LG02.4102 (a CXE gene) and

LG02.4273 (a UGT gene) in Escherichia coli. The LG02.4273

recombinant protein exhibited glycosyltransferase activity

and could catalyze the formation of b-glucogallin (penta-O-

galloyl-b-D-glucose [bG]) from gallic acid. LG02.4102

exhibited tannin hydrolase activity and could catalyze the

formation of several hydrolytic products from 1,2,3,4,6-O-

pentagalloylglucose.

DISCUSSION

Rubus chingii (Fu-Pen-Zi) is a characteristic Rosaceae spe-

cies in China. Its dried fruitlets are used in traditional Chi-

nese medicines, and its ripe fruit provides valuable health

benefits. Previous studies have indicated that HTs are key

functional components of Rosaceae species (Chen et al.,

2019; Zhang et al., 2015). In this study, 29 kinds of HTs

were detected in different tissues of R. chingii using the Q-

TOF LC/MS method. We also assembled a chromosome-

Figure 4. Identification of hydrolyzable tannins in Rubus chingii.

(a) Liquid chromatography–time-of-flight–mass spectroscopy chromatogram of phenolic compounds in R. chingii leaves. Pink, yellow, and blue boxes represent

hydrolyzable tannins, flavonols, and phenolic acids, respectively.

(b) Numbers of phenolic compounds in R. chingii.

(c) Biosynthetic pathway and relative quantities of hydrolyzable tannins in different organs of R. chingii. All data reflect those in Table S18. CXE, car-

boxylesterase; F, flower; FL, fruitlet; L, leaf; PPO, polyphenol oxidase; R, root; RF, ripe fruit; S, stem; SCPL, serine carboxypeptidase-like protein; UGT, uridine

diphosphate glycosyltransferase.

© 2021 Society for Experimental Biology and John Wiley & Sons Ltd.,
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level reference genome sequence of R. chingii using multi-

ple types of sequencing data and assembly technologies.

The sequencing data enabled whole-genome analysis for

the identification of key genes in the HT biosynthetic path-

way of R. chingii.

The size of the assembled genome was 231.21 Mb, cov-

ering 96.6% of the estimated genome size (Table 1).

Ninety-four percent of the assembled sequences were

anchored on seven chromosomes (average length

31.4 Mb) using Hi-C technology. The estimated genome

sizes of other diploid species in the Rosaceae are 243 Mb

in black raspberry (VanBuren et al., 2016), 240 Mb in straw-

berry, 257 Mb in Japanese apricot (Prunus yedoensis)

(Baek et al., 2018), 512 Mb in pear (Wu et al., 2013), and

651 Mb in apple (Daccord et al., 2017), all of which are

greater than that of R. chingii. There were 33 130 predicted

gene locations in the R. chingii genome, similar to other

Rosaceae species such as strawberry (N = 33 387) (Shulaev

et al., 2011) and black raspberry (N = 33 253) (Tables S7,

S8) (VanBuren et al., 2016). In total, 85.31 Mb (36.5%) of

repetitive sequences were identified, similar to the amount

found in black raspberry (32.6%) (VanBuren et al., 2018)

and lower than that in pear (53.1%), apple (57.3%), persim-

mon (65.0%) (Zhu et al., 2019), and cotton (69.83%) (Wang

et al., 2019). Thus, the R. chingii genome can be used to

understand better the genome evolution and the character-

istic secondary metabolites of Rosaceae plants, given its

small size and moderate level of repetitive content.

We studied the potential genetic basis for HT biosynthesis

by comparative genome and metabolite analysis (Figure 4).

Figure 5. Identification of hydrolyzable tannin-related gene clusters in Rubus chingii.

(a) Collinearity analysis of hydrolyzable tannin-related gene clusters on pseudochromosome 02 of R. chingii. Yellow, red, and blue boxes or blocks represent

CXE, UGT, and SCPL gene clusters, respectively.

(b) Expression patterns of CXE, UGT, and SCPL genes in the hydrolyzable tannin-related clusters. Gene information is given in Table S15. CXE, carboxylesterase;

F, flower; FL, fruitlet; L, leaf; R, root; RF, ripe fruit; S, stem; SCPL, serine carboxypeptidase-like; UGT, uridine diphosphate glycosyltransferase.

(c,d) High-performance liquid chromatography chromatograms of the enzymatic products of LG02.4102 (CXE) and LG02.4273 (UGT) recombinant proteins

obtained using PGG or GA as the substrate, respectively. bG, b-glucogallin; GA, gallic acid; DGG, di-O-b-D-glucose; PGG, penta-O-galloyl-b-D-glucose; TGG, tri-O-

galloyl-b-D-glucose.

© 2021 Society for Experimental Biology and John Wiley & Sons Ltd.,
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Glycosylation catalyzed by UGTs is an important process

that influences the diverse functions of polyphenolic com-

pounds in plants (Yoshida et al., 2000). bG is the galloyl

acceptor in the biosynthesis of HTs, and UGT84 subfamily

genes are involved in plant bG synthesis (Cui et al., 2016;

Khater et al., 2012). The SCPL family may participate in the

acylation of HTs using bG as an acyl donor (Bontpart et al.,

2015). Plant-specific tannin acyl-hydrolase (TA) belongs to

the CXE family and is involved in the hydrolysis of HTs (Dai

et al., 2020). Members of theUGT, SCPL, and CXE gene fami-

lies were identified in the R. chingii genome; it contained 178

UGT, 55 SCPL, and 39 CXE genes. A tandem cluster of 11

CXE, eight UGT, and six SCPL genes was discovered on

chromosome 02. Functional prediction analysis showed that

there were three TA and one UGT homologs in this cluster.

Related transcriptome analysis and recombinant protein

activity assays further confirmed that this aggregation clus-

ter was involved in the biosynthesis of HTs.

Collinearity analysis indicated that this homologous seg-

ment also existed in the genomes of black raspberry,

strawberry, rose, apple, and pear. However, there was a

comparatively large amount of expansion of these syntenic

regions, particularly in the apple genome, in which the

region was scattered across different chromosomes.

In plants, HTs play an important role in the resistance to

biotic and abiotic stresses, and TA genes are important for

the hydrolysis and release of tannins (Dai et al., 2020).

However, the predicted key TA genes are missing from the

genomes of several Rosaceae species such as apple and

pear that have low HT concentrations in their fruit

(Table S20). The expansion of the homologous HT-related

segment, the loss of key TA genes, and the reduced fruit

HT accumulation in apple and pear indicate that this aggre-

gation cluster may be critical for HT synthesis. The path-

way and regulation of HT metabolism in Rosaceae species

will be studied further in our future research.

The R. chingii genome sequence provides an invaluable

new resource for biological research on Rubus. In this

study, a chromosome-scale genome and related transcrip-

tome analysis provide insights into the biosynthesis of HTs

in R. chingii. Additional genome-wide comparative studies

will provide insight and advance our understanding of gen-

ome evolution in the Rosaceae. The availability of this gen-

ome sequence will also enable the continued study of

comparative genomics among species, thereby shedding

new light on the evolution of gene families.

EXPERIMENTAL PROCEDURES

Sampling and sequencing

All samples from different developmental stages and tissues of
“Fu-Pen-Zi” (R. chingii) were collected at the Agricultural Innova-
tion Industrial Park of Anhui Agricultural University, Hefei, Anhui
Province, China (N31.94, E117.21). Leaf, stem, flower, root, fruitlet,

and ripe fruit samples were collected, placed directly in liquid
nitrogen and stored at �80°C for transcriptome sequencing and
polyphenol compound analyses (three replicates per tissue).

Genomic DNA was extracted from leaves of a single plant using
the Plant Genomic DNA kit (Qiagen, San Diego, CA, USA). The
genomic DNA sample was further purified for Oxford Nanopore
sequencing, and a genomic DNA library was constructed using
the ONT 1D ligation sequencing kit (SQK-LSK108) according to the
manufacturer’s instructions. Single-molecule real-time sequencing
of long reads was performed on a GridION X5 platform (Senol Cali
et al., 2019) (Oxford Nanopore Technology, Oxford, UK). Com-
pared with other sequencing platforms, the longer reads produced
by the Nanopore platform offer many advantages. A separate
paired-end (PE) DNA library with an insert size of 350 bp was con-
structed and sequenced on the HiSeq X Ten platform (Illumina,
San Diego, CA, USA).

For transcriptome sequencing, total RNA was extracted from dif-
ferent samples of R. chingii using the QIAGEN RNeasy Plant Mini
Kit (Qiagen, Hilden, Germany). cDNA libraries were prepared using
the TruSeq Sample Preparation Kit (Illumina), and PE sequencing
was performed on the NovaSeq 6000 platform (Illumina).

Genome size estimation and de novo assembly

The genome size of R. chingii was estimated by the k-mer method
using sequencing data from the Illumina DNA library. Quality-
filtered reads were subjected to 17-mer frequency distribution
analysis using the JELLYFISH program (Marcais and Kingsford,
2011). After removing adaptor contamination and filtering out
low-quality reads, we obtained clean reads for assembly. First,
NEXTDENOVO (https://github.com/Nextomics/Nextdenovo) was used
for read error correction with default parameters. Next, SMART
(Etherington et al., 2020) was used to assemble the corrected
reads independently. Finally, the Illumina short-read data were
compared with the Nanopolish-corrected genome using BWA with
default parameters, and three iterations of Pilon were used to cor-
rect the assembly (Loman et al., 2015; Walker et al., 2014). A
guanine-cytosine (GC) depth analysis was performed to assess
potential sequencing contamination and assembly coverage. We
then used Benchmarking Universal Single-Copy Orthologs
(BUSCO) to search the annotated genes (Simao et al., 2015).

Chromosome assembly using Hi-C data

Hi-C technology is an efficient and low-cost strategy for clustering,
ordering, and orienting sequences for pseudomolecule construc-
tion; it enables the generation of genome-wide 3D proximity maps
(Burton et al., 2013). It has been successfully applied to recent
complex genome projects, including the genomes of goat (Bick-
hart et al., 2017), Tartary buckwheat (Bickhart et al., 2017), and
wild emmer (Avni et al., 2017). To obtain a chromosome-level
assembly of the R. chingii genome, Hi-C fragment libraries were
constructed following a previously published procedure (Belton
et al., 2012) with modifications. In brief, sample cells were fixed
with formaldehyde to crosslink DNA with proteins and/or proteins
with proteins. The DpnII restriction enzyme was used for chro-
matin digestion. After biotin labeling, blunt-end ligation, and DNA
purification, Hi-C fragments were prepared and sampled for DNA
quality testing. The Hi-C fragments were subjected to terminal bio-
tin removal, ultrasonic interruption, terminal repair, and base A
addition to form splice products. Polymerase chain reaction condi-
tions were selected, and the sequences were amplified to obtain
the library product. After quality control, the Hi-C libraries were
quantified and sequenced on the Illumina HiSeq platform (Illu-
mina). Quality control of the raw Hi-C data was performed as
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follows: (i) low-quality sequences (quality scores <15), adaptor
sequences, and sequences shorter than 30 bp were removed
using FASTP (Chen et al., 2018); and (ii) clean PE reads were
mapped to the draft genome assembly using BOWTIE 2 (Langmead
and Salzberg, 2012) to obtain uniquely mapped PE reads. Finally,
the LACHESIS de novo assembly pipeline was used to produce
chromosome-level scaffolds.

Genome annotation

Homology-based, de novo, and transcript-based gene prediction
methods were used to annotate protein-coding genes. For
homology-based predictions, protein sequences from eight species
(A. thaliana, P. yedoensis, F. vesca, M. 9 domestica, R. chinensis,
R. occidentalis, P. avium, and F. 9 ananassa) were mapped to the
R. chingii genome using GeMoMa (Keilwagen et al., 2016). For the
de novo predictions, AUGUSTUS (Stanke et al., 2004) was used to pre-
dict genes based on a training set. Rubus chingii RNA-sequencing
data were used for transcript-based gene prediction with TRANSDE-

CODER (Haas et al., 2008). Finally, EVIDENCEMODELER (Haas et al., 2008)
was used to integrate the predicted genes and generate a consen-
sus gene set. Genes with TEs were identified and discarded using
the TRANSPOSONPSI package (http://transposonpsi.sourceforge.net).
Low-quality genes that encoded fewer than 50 amino acids or con-
tained premature termination codons were also removed from the
gene set. Functional annotation of the predicted genes was per-
formed by BLASTP alignment of their protein sequences against
public protein databases (Camacho et al., 2009): SwissProt (Boeck-
mann et al., 2003), GO (Ashburner et al., 2000), and KEGG (Kane-
hisa and Goto, 2000). The INTERPROSCAN package (Quevillon et al.,
2005) was also used to annotate the predicted genes. After all the
above predictions, BUSCO (Simao et al., 2015) was used to evalu-
ate the integrity and completeness of the predicted gene set.

Homology-based non-coding RNA annotation was performed
by mapping plant rRNA, tRNA, and small nuclear RNA genes from
the Rfam database (Kalvari et al., 2018) to the R. chingii genome.
tRNAscan-SE (Lowe and Eddy, 1997) was used for tRNA annota-
tion, and RNAmmer (Lagesen et al., 2007) was used to predict
rRNAs and their subunits.

The repetitive sequences in the genome consisted of SSRs,
moderately repetitive sequences, and highly repetitive sequences.
The microsatellite identification tool MISA (Thiel et al., 2003) was
used with default parameters to search for SSR motifs in the R.
chingii genome. REPEATMASKER (Tarailo-Graovac and Chen, 2009)
was used to screen the assembled genome against Repbase (Bao
et al., 2015) to identify known TEs.

Analysis of gene families and genome evolution

The ORTHOFINDER package (Emms and Kelly, 2015) was used to identify
gene families in R. chingii and 15 representative plant species
(Table S1). Species-specific genes and the families to which they
belonged were determined based on the presence or absence in a
given species. We investigated the dynamic evolution (i.e., expansion
and contraction) of orthologous gene families using the latest version
of Computational Analysis of gene Family Evolution (De Bie et al.,
2006) with probabilistic graphical models. Evolutionary relationships
among the 16 plant species were resolved using the Randomized
Accelerated Maximum Likelihood (RAxML) package (Stamatakis,
2006) based on 75 single-copy and 400 multi-copy orthologous
genes. The resulting phylogenetic trees were visualized using MEGA
(Kumar et al., 2018), and estimated divergence times were retrieved
directly from the online TimeTree database (Kumar et al., 2017).

We detected WGD events in a given species using paralogous
gene pairs. In brief, we first identified paralogous gene pairs from

results produced by the ORTHOFINDER package (Emms and Kelly, 2015),
yielding, in total, 178 749, 85 766, 172 007, and 93 824 gene pairs in
the proteomes of R. chingii, A. thaliana, F. vesca, and R. occidentalis,
respectively. These represented approximately 56.1% (18 578 of
33 130), 58.5% (16 049 of 27 445), 56.4% (19 158 of 33 950), and
47.3% (15 733 of 33 286) of the total protein-coding genes in each
species. We then calculated the synonymous substitutions per syn-
onymous site (Ks) for these gene pairs using the NG (Nei & Gojoberi)
method implemented in PAML (for Phylogenetic Analysis by Maxi-
mum Likelihood) (Yang, 2007). Finally, the Ks distribution for each
species was visualized using the R statistical package (version 3.2.5).

Analysis of gene families involved in the HT pathway

DNA-Tool software (Callaway, 2013) was used to construct a data-
base of R. chingii nucleic acids and proteins (https://www.ncbi.
nlm.nih.gov/sra/PRJNA666516). The published protein sequences
of UGT, CXE, and SCPL genes from Arabidopsis were used to
identify homologous genes in the local R. chingii protein database
with BLASTP. Corresponding proteins were also identified using
the Pfam (Finn et al., 2014) and SMART (Letunic and Bork, 2018)
databases. Finally, all the candidate protein sequences were ana-
lyzed using MEGA (Kumar et al., 2018), repetitive sequences were
removed manually, and gene family branch classification was per-
formed using related genes that shared a published function. MAP-

INSPECT (https://mapinspect.software.informer.com) was used to
map the chromosomal locations of UGT, SCPL, CXE, and related
genes in R. chingii.

The duplication patterns of UGT, SCPL, and CXE genes were
analyzed using MCSCANX (Wang et al., 2012). Then whole-genome
BLASTP analysis of R. chingii and other Rosaceae was performed
using local BLAST. Collinearity analysis files of all protein-coding
genes were imported into TBTOOLS software (https://github.com/CJ-
Chen/TBtools) to identify syntenic blocks and duplication patterns.

Protein purification and enzymatic reactions

The CXE gene (LG02.4102) and the UGT gene (LG02.4273) were
ligated into the PMAL-C2X vector, and prokaryotic expression was
carried out in E. coli, followed by MBP Bind resin purification to
obtain the recombinant proteins. The CXE reaction buffer included
100 mM phosphate-buffered saline (pH 7.5), 0.3 mM ascorbic acid,
0.2 mM bG, and 20 lg recombinant protein in 50 ll. The UGT buf-
fer contained 0.1 M Tris-HCL (pH 8.0), 1.5 mM UDPG, 2 mM gallic
acid, and 20 lg recombinant protein. The reaction mixtures were
incubated at 35°C and 30°C for 1 h, and the same amount of
methanol was added to terminate the reaction. The supernatants
from the two reactions were obtained by centrifugation and used
for high-performance liquid chromatography analysis, and ultravi-
olet detection wavelength at 280 nm.

A Thermo Scientific UltiMate 3000 system with a Phenomenex
Poroshell HPH-C18 column (2.6 lm, 100 mm 9 4.6 mm) was used
for high-performance liquid chromatography detection. The col-
umn oven temperature was set at 25°C, and the mobile phase con-
sisted of 1% acetic acid (A) and 100% acetonitrile (B). The elution
gradient increased linearly from 0 to 10% B (v/v) at 5 min and to
35% B at 20 min, then decreased from 35% to 10% B at 21 min
and 1% B at 23 min; it was then maintained at 1% B until 25 min.
The flow rate was 0.4 ml min�1.

Extraction and quantitative analysis of polyphenol

compounds from Rubus chingii

Samples were ground to a fine powder in liquid nitrogen. The
powdered samples (0.1 g) were extracted with 1 ml of extraction
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solution (80% methanol, 19% water, and 1% hydrochloric acid) in
an Eppendorf tube. The supernatant was collected following cen-
trifugation at 4000 g for 15 min. The residues were re-extracted
twice by this method, and the combined extracts were diluted 10-
fold for quantitative analysis using Q-TOF LC/MS.

An Agilent Infinity Lab instrument (Agilent Technologies, Palo
Alto, CA, USA) with a Poroshell HPH-C18 column (2.7 lm,
200 mm 9 4.6 mm) was used in this study. The column tempera-
ture was 25°C. The mobile phase consisted of 0.4% acetic acid (A)
and 100% acetonitrile (B). The elution gradient increased linearly
from 5% to 10% B (v/v) at 10 min, to 12.5% B at 22 min, to 30% B
at 42 min, and to 60% B at 45 min. It was maintained at 5% B to
47 min and then 5% B at 50 min. The flow rate was 0.4 ml min�1.
Polyphenol compounds were identified based on the data
obtained from standard substances or published literature.

ACCESSION CODES AND GENOME LINKS

Sequencing data from this study have been deposited at the

National Center for Biotechnology Information. The genome

sequence data are available under NCBI BioProject number

PRJNA666516 (Rubus chingii Hu raw sequence reads, https://

www.ncbi.nlm.nih.gov/sra/PRJNA666516). We have uploaded

the gene annotation, functional annotation and repeat

sequence to the GDR database in time (Sook et al., 2004). The

detailed links are as follows: the accession number was

tfGDR1051, the access link is https://www.rosaceae.org/publica

tion_datasets and the genome page below has links to various

pages was https://www.rosaceae.org/Analysis/11326199.
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