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SUMMARY

Pepino (Solanum muricatum, 2n = 2x = 24), a member of the Solanaceae family, is an important globally
grown fruit. Herein, we report high-quality, chromosome-level pepino genomes. The 91.67% genome
sequence is anchored to 12 chromosomes, with a total length of 1.20 Gb and scaffold N50 of 87.03 Mb.
More than half the genome comprises repetitive sequences. In addition to the shared ancient whole-
genome triplication (WGT) event in eudicots, an additional new WGT event was present in the pepino. Our
findings suggest that pepinos experienced chromosome rearrangements, fusions, and gene loss after a
WGT event. The large number of gene removals indicated the instability of Solanaceae genomes, providing
opportunities for species divergence and natural selection. The paucity of disease-resistance genes (NBS) in
pepino and eggplant has been explained by extensive loss and limited generation of genes after WGT
events in Solanaceae. The outbreak of NBS genes was not synchronized in Solanaceae species, which
occurred before the Solanaceae WGT event in pepino, tomato, and tobacco, whereas it was almost synchro-
nized with WGT events in the other four Solanaceae species. Transcriptome and comparative genomic anal-
yses revealed several key genes involved in anthocyanin biosynthesis. Although an extra WGT event
occurred in Solanaceae, CHS genes related to anthocyanin biosynthesis in grapes were still significantly
expanded compared with those in Solanaceae species. Proximal and tandem duplications contributed to
the expansion of CHS genes. In conclusion, the pepino genome and annotation facilitate further research
into important gene functions and comparative genomic analysis in Solanaceae.

Keywords: pepino genome, whole-genome triplication, genome evolution, resistance genes, anthocyanin
biosynthesis genes, Solanaceae.

INTRODUCTION

extract of pepino can ameliorate oxidative stress and lipid
accumulation in alcoholic fatty liver disease (Hsu
et al., 2018).

The pepino belongs to the Solanaceae family, which
contains approximately 95 genera and 2300 species (Cao
et al., 2021). The genomes of several species in this family
have been reported, including tomato (Solanum pennellii,

Pepino, or sweet cucumber (Solanum muricatum,
2n = 2x = 24), is an herbaceous domesticated crop origi-
nating from the Andean region, and is now cultivated
worldwide (Anderson & Kim, 1996). The fruit of pepino is
popular because of its attractive appearance, with yellow
skin covered by purple stripes (Herraiz, Blanca,
et al., 2016). Furthermore, it is highly nutritious and is

gradually being used as a potential new horticultural plant
(Rodriguez-Burruezo et al., 2011; VYalgin, 2012). Recent
studies have shown that the pepino is rich in phenols and
flavonoids as antioxidants, which can lower total choles-
terol and benefit patients with type 2 diabetes (Hsu
et al., 2020; Virani et al., 2020). In addition, the aqueous

Solanum lycopersicum, and Solanum pimpinellifolium)
(Bolger et al.,, 2014; International Tomato Genome
Sequencing Consortium, 2012; Schmidt et al., 2017; Takei
et al.,, 2021; Wang et al., 2020), potato (Solanum tubero-
sum, Solanum phureja) (Pham et al., 2020; Xu et al., 2011;
Zhou et al., 2020), pepper (Capsicum baccatum, Capsicum
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chinense, and Capsicum annuum) (Kim et al., 2014; Kim,
Park, et al., 2017; Qin et al., 2014), eggplant (Solanum mel-
ongena) (Barchi et al., 2019, 2021; Hirakawa et al., 2014;
Wei et al., 2020), tobacco (Nicotiana tabacum, Nicotiana
attenuate, Nicotiana sylvestris, Nicotiana tomentosiformis)
(Sierro et al., 2013; Sierro et al., 2014; Xu et al., 2017),
wolfberry (Lycium barbarum, Lycium ruthenicum) (Cao
et al., 2021), and Petunia species (Petunia axillaris, Petunia
inflata) (Bombarely et al., 2016). However, the pepino gen-
ome has not been analyzed until now.

The most important characteristic is that the pepino is
closely related to the tomato and potato phylogenetically,
and they have the same chromosome number (x = 12)
(Herraiz, Blanca, et al., 2016; Sarkinen et al., 2013). This
close relationship may allow the use of the pepino as a
genetic source for potato and tomato breeding to improve
disease resistance and flavor (Rodriguez-Burruezo
et al.,, 2011; Trognitz & Trognitz, 2005). The introgression
of pepino traits into tomatoes has been obtained based on
the construction of tomato-pepino somatic hybrids (Sako-
moto & Taguchi, 1991). Therefore, pepino is a part of the
tertiary gene pool for both tomato and potato breeding.

Research on pepino has primarily focused on pest and
disease control (Hu et al., 2016; Ishikawa & Takahata, 2019;
Kim, Ishikawa, et al., 2017), fruit composition and process-
ing (Herraiz, Raigon, et al, 2016; Herraiz, Villano,
et al., 2016; Ozcan et al., 2020), mosaic virus isolates (Fri-
bourg etal, 2019; Ge etal,2012; Kim, Ishikawa,
et al., 2017), transcriptomes (Herraiz, Blanca, et al., 2016),
and development of molecular markers (Anderson &
Kim, 1996; Blanca et al., 2007; Herraiz et al., 2015; Nadeem
& Muhammad, 2014). Although it is an important crop and
a new potential species in many areas, there have been
limited molecular and physiological studies. Furthermore,
no genomic research has been conducted on pepino. To
clarify Solanaceae biology and evolution, we produced a
high-quality assembly pepino genome in this study and
performed comprehensive comparative genomic analyses
of Solanaceae. Here, we report a chromosomal-level
pepino genome that integrates PacBio, lllumina, and Hi-C
technologies. This study aims to deduce the evolutionary
trajectories of Solanaceae genomes and explore important
genes regulating disease resistance and anthocyanin
biosynthesis.

RESULTS AND DISCUSSION
Pepino genome sequencing, assembly, and assessment

The pepino genome was sequenced using PacBio and Illu-
mina technologies (Figure 1a; Table 1). First, we initially
estimated the pepino genome using kmer=17 by
91.48 Gb lllumina sequencing data (Table 1, Tables S1 and
S2). The estimated genome size was 1.195 Gb, and the
heterozygosity rate was 0.83% (Figure S1; Table S2).
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PacBio was used to generate 161.32 Gb data with an aver-
age 135.00x coverage depth (Table 1). The PacBio reads
were of high quality and long with an N50 length of
38 015 bp and average length of 22 440 bp (Table S3). In
total, 252.80 Gb (211.55x) pepino DNA sequences obtained
from PacBio and the lllumina platform were used for pre-
liminary de novo assembly. The results showed that the
cumulative scaffold length was 1.20 Gb and scaffold N50
was 6.41 Mb (Tables S4-S6).

We further performed Hi-C analysis to improve the
pepino genome assembly and obtained 73.04 Gb (61.12x)
high-quality sequences (Table 1). The Hi-C contact map
was used to separate distinct regions of the different chro-
mosomes (Figure 1b). Finally, the revised genome size was
1.20 Gb, with contig N50 length reaching 6.34 Mb, and
scaffold N50 of 87.03 Mb (Table S7). In total, 1.10 Gb
sequences, accounting for 91.67% of the revised assem-
bled genome, were anchored to 12 chromosomes in the
pepino (Figure 1c; Table S8). The mapping rate reads were
over 99.35%; therefore, we generated a relatively complete
pepino genome (Table S9). BUSCO analysis indicated that
98.1% of 1641 complete genes were detected in pepino
(Table S10). CEGMA analysis showed that 97.18% (241)
of the core eukaryotic genes were found in pepino
(Table S11).

Genome annotation

We found that 61.92% of the estimated pepino genome
was composed of repetitive sequences (Figure 1c;
Table S12). Most transposable elements were long-
terminal repeats, with a total length of over 640.93 Gb,
accounting for 53.28% of the pepino genome (Figure S2;
Table S12). Long interspersed nuclear elements (LINE),
DNA transposons, and simple repeat sequences only
accounted for 4.00%, 2.36%, and 1.86% of the pepino gen-
ome, respectively (Table S12). The genes were primarily
located in the terminal chromosomal regions, which were
also confirmed by the expression data (Figure 1c). The dis-
tribution of genes was consistent with that of DNA trans-
posable elements, while retrotransposons (primarily copia
and gypsy) were nearly inversely distributed on chromo-
somes. In addition, we found that the distribution of tan-
dem repeats, simple sequence repeats, and long
interspersed nuclear elements on chromosomes showed a
similar trend (Figure 1c).

Among the 33 734 annotated pepino genes (Figures S3
and S4; Tables S13 and S14), Swiss-Prot, non-redundant
protein, InterPro, and Kyoto Encyclopedia of Genes and
Genomes (KEGG) databases provided evidence of function
for 33 339 (98.83%) genes, with 19 569 annotated by four
databases (Figure S5; Table S15). In addition, 370 miRNAs,
2713 rRNAs, 1275 tRNAs, and 696 snRNAs were detected,
accounting for 0.18% of the pepino genome (Figure S6;
Table S16).
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Figure 1. Morphology, Hi-C contact map, and genome assembly of pepino genome.

(a) Morphology of the seedlings and fruit of pepino. Scale bars, 2 cm.

(b) Genome-wide all-by-all interactions among 12 pepino chromosomes obtained by Hi-C.

(c) i, Distribution of TRF genes (non-overlapping, window size, 50 kb); ii, distribution of simple sequence repeats; iii, distribution of SINE; iv, distribution of LINE;
v, density of DNA repeats (non-overlapping, window size, 1 Mb); vi, density of copia-type transposons (non-overlapping window size is 1 Mb); vii, density of
gypsy-type transposons (non-overlapping, window size, 1 Mb). viii, Gene density. The statistics of various repeat sequences and gene density from i to viii were
performed in the non-overlapping regions, and the window size was set as 500 kb. ix, Gene expression levels (Log2FPKM) in pepino, and the colors from white
to orange represent the expression level from low to high. x, 12 pepino chromosomes. The inner curve lines indicated collinear gene blocks. The gray, blue, and
red colors represent 5-20, 20-50, and >50 gene pairs in collinear blocks, respectively.

Table 1 Summary of pepino genome sequencing data

Paired-end Insert size Total data Read Coverage

libraries (bp) (Gb) length (bp)  (x)

lllumina 350 91.48 150 76.55
reads

PacBio reads - 161.32 249 738/ 135.00

22 440°

Sub-total - 252.80 - 211.55

Hi-C - 73.04 - 61.12

Total - 325.84 - 272.67

Maximum and average length of the PacBio reads.

Gene family cluster and expansion analysis

First, members of gene families and family size were
detected in the pepino and other nine species (Figure 2a).
In total, 29 250 gene families were detected in 10 species,
including 2309 single-copy gene families and 7469 com-
mon gene families. Furthermore, we selected six related

Solanaceae species for gene family identification to ana-
lyze pepino better. The results showed that pepino has 575
species-specific gene families, fewer than the tobacco
(1064), eggplant (872), pepper (743), potato (590), and more
than tomato (428) (Figure S7). Notably, pepino, tomato,
potato, and eggplant shared 349 Solanum-specific gene
families.

Gene family contraction and expansion were detected in
pepino and nine other representative species. In total,
29 250 gene families were inferred from their most recent
common ancestor (Figure 2b). In pepino, we detected 1003
gene family expansions, fewer than in potato (1219), but
more than in all other examined species. However, only
143 gene family contractions were detected in pepino,
fewer than in tomato (1863) and potato (1156), whereas
more than in other species. Finally, we performed func-
tional enrichment analysis of 4262 genes from 1003
expanded and 348 genes from 143 contracted gene fami-
lies. The most expanded gene families were related to mis-
match repair, DNA replication, and homologous
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Figure 2. Gene family and evolutionary dating analyses.

(a) Distribution of gene numbers and family sizes in pepino and nine other representative species.

(b) Gene family expansion/contraction analyses and divergence time estimation. The numbers on the nodes indicated the divergence time of the species (Mya,
million years ago), with the confidence range in brackets. The blue and red pies indicate the expansion and contraction number of gene families. MRCA, most
recent common ancestor; WGD, whole-genome duplication; WGT, whole-genome triplication.

(c) Density of several synonymous substitutions per synonymous site (Ks) among collinear genes. The continuous and dashed lines represent the K; values of

genes within and between species, respectively.
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recombination, whereas contracted gene families were pri-
marily related to plant-pathogen interactions, endocytosis,
sesquiterpenoid, and triterpenoid biosynthesis (Tables S17
and S18). The plant-pathogen interaction gene family con-
traction might be related to reduced resistance genes in
pepino, which was similar to that of the eggplant (Wei
et al., 2020).

Evolution and polyploidization of pepino genome

Based on 2309 single-copy gene families, we conducted a
phylogenetic analysis and divergence time estimation (Fig-
ure 2b). The results showed that pepino diverged from the
common ancestor of tomato and potato from 10.0 to
11.8 Ma. The tomato and potato had a close relationship,
and their divergence time was 5.9-8.2 Ma. The group of
four Solanum species (pepino, tomato, potato, and egg-
plant) is sister to pepper, diverging 17.1-18.8 Ma. Further-
more, we explored the evolution of pepino according to
the rate of synonymous nucleotide substitution (K;) of syn-
tenic blocks (Figure 2c). Among Solanaceae crops, pepino
first diverged from tobacco at approximately 20.32 Ma
(Ks = 0.31), followed by pepper at approximately 16.39 Ma
(Ks = 0.25), eggplant at 12.45 Ma (K =0.19), and then
tomato and potato at approximately 9.83 Ma (K = 0.15)
(Table S19). K peaks of collinear genes indicated diver-
gent evolutionary rates among Solanum species, with
pepino evolving the slowest, followed by potato and egg-
plant, and tomato had the fastest evolutionary rate (Fig-
ure 2c; Table S19). All these conclusions were approved
by the phylogenetically inferred divergence time using
Mcmctree (Figure 2b).

The polyploidization events in the pepino were detected
based on the K; density plot. Both pepino and other Solana-
ceae species had two peaks, indicating that two polyploidiza-
tion events occurred in Solanaceae. Combining dot plots and
K density plot analysis, we found that Solanaceae experi-
enced two rounds of WGT events. The ancient WGT event
was shared with grapes and most eudicots (Jaillon
et al., 2007), and the recent WGT event occurred in Solana-
ceae species. The recent WGT event had occurred during
45.37-51.28 Ma (K = 0.70-0.77) (Figure 2c; Table S19).

Genome organization in Solanaceae plants

The WGT event that occurred in Solanaceae led to the
pepino genome organization (Figure 2c). We identified
1003 collinear blocks within the pepino genome, involving
15 732 collinear gene pairs. We mapped the pepino
sequences on to other Solanaceae to infer their collinearity
(Figures S8-S13). In total, 312 collinear blocks were
detected between pepino and grape, and the largest one
contained 782 gene pairs. Among Solanaceae species, the
most collinear blocks occurred between pepino and pepper
(203), followed by eggplant (156), tomato (125), potato
(104), and tobacco (90) (Figure 3a, Figure S14). However,

there were only five large collinear blocks (collinear gene
pairs >500) between pepino and pepper, and no large colli-
near blocks were found between pepino and tobacco.
These results indicated that these species underwent chro-
mosome rearrangements after their divergence, which was
consistent with the composition of chromosome fragments
between pepino and other examined species (Figures S15-
S20).

The ratio of collinear regions between pepino and grape
was 1:3, and the ratio between pepino and five Solanaceae
species (tobacco, pepper, eggplant, potato, tomato) was
1:1 because of the two rounds of WGT events in pepino
(Figure 3b,c; Table S20). For example, chromosome (Chr)9
was aligned to pepino Chr3, 6, and 12, and they were fur-
ther aligned to the corresponding tomato chromosomes
(Figure 4a,b). The microsynteny analysis also showed a 1:1
ratio between pepino and other Solanaceae. For example,
the 0.99-1.92 Mb of Chr9 in pepino was perfectly collinear
with tobacco (Chr7: 113.58-114.72 Mb), pepper (Chr9:
237.33-238.70 Mb), eggplant (Chr9: 0.71-1.61 Mb), potato
(Chr9: 2.42-3.28 Mb), and tomato (Chr9: 2.89-3.56 Mb)
(Figure 3c). In collinear regions, we found several chromo-
somal rearrangements and fusion between the pepino and
other Solanaceae species. Using tomato as a reference,
chromosome fusion and exchange occurred between Chr4
and Chr11 in pepino. In addition, the end of Chr11 in
pepino underwent inversion (Figure 4c,d). A similar phe-
nomenon occurred in pepino and other Solanaceae spe-
cies, which is consistent with previous reports in other
species (Wei et al., 2020).

Randomness of gene loss and gradual genome
fractionation in pepino

The pepino collinear regions were divided into three
groups using grapes as a reference. The three groups of
duplicated regions, containing only 7183, 2362, and 1593
collinear genes in pepino, cover 21.29%, 7.00%, and 4.72%
of the total genes, respectively (Table S20). Therefore, the
majority of duplicated genes produced by WGTs have
been lost.

We performed gene retention analysis in homologous
regions by comparing it with other species. The chromoso-
mal regions duplicated by WGTs had divergent gene reten-
tion levels (Figure 5a,b; Table S21). Overall, the average
retention rates of collinear pepino genes were 57.77%,
50.30%, 34.44%, 36.37%, and 37.17% using tomato, egg-
plant, potato, pepper, and tobacco, respectively
(Table S21). The average retention rates of collinear
pepino genes in the three groups were 14.48%, 5.43%, and
3.38% using grape as a reference (Figure 5a; Table S21).
The pattern of syntenic depth was 4:2 between grape and
pepino due to gene loss or variation in pepinos (Figure 5c).
Similarly, the pattern was 2:1 between pepino and pepper
or tobacco (Figures S21 and S22). This phenomenon
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Figure 3. Global and microsynteny alignment of genomes.
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(a) Syntenic comparison between pepino and other Solanaceae species, including tomato, potato, eggplant, pepper, and tobacco. Syntenic blocks were linked
by gray lines, and the large syntenic blocks (>500 gene pairs) were highlighted in orange.

(b) Global alignment of homologous regions in pepino and five other Solanaceae genomes with the grape as a reference. Each Solanaceae genome was further
divided into three subgenomes due to an additional whole-genome triplication event occurred in their genomes after divergence from the grape. Colinear genes
between each subgenome of Solanaceae species and grape were shown in each circle, colored as to grape chromosome number according to their respective
homologous with grape, as shown in the inset color scheme. The curved lines in the inner circle were formed by 19 grape chromosome colors corresponding to
the seven ancestral chromosomes before the ancient core-eudicot common hexaploid ancestor (y event).

(c) Microsynteny alignment of genes between pepino and other Solanaceae species. The representative synteny relationship indicated that one pepino region
matched one region in tobacco, pepper, eggplant, potato, and tomato. Rectangles represent annotated genes with orientation on the reverse strand (green) and

same strand (blue). The gray lines connected collinear gene pairs, with two regions highlighted in purple and orange colors.

indicated the large-scale genome fractionation and instabil-
ity of pepino after its split from these species. However,
the syntenic depth was still 1:1 between the pepino and
eggplant, tomato, or potato because of their close relation-
ship (Figures S23-S25).

Significant reduction of disease resistance genes after
WGT event in pepino

In total, 22 855 genes from 63 families were identified in
the pepino and other nine species (Figure 6a; Table S22).
The nucleotide-binding site (NBS, 2625) gene family was
the largest among all examined families. In pepino, 2303
genes from 63 families were detected, with the most
being members of the MYB (264), APETALAZ/ethylene
response factor (AP2/ERF, 176), basic helix-loop-helix
(bHLH, 139), and NBS (138) gene families (Table S22).
Compared with the other nine species, the number of
most (51 of 63, 80.95%) gene families was not notably
different in pepino (Figure 6a; Table S23). However, the

gene number of six gene families (NBS, Whirly, CPP, NF-
X1, STAT, and S1Fa-like) in pepino was less than that in
other species, and four gene families (TCP, GeBP, EIL,
and Alfin) in pepino were higher than in the other spe-
cies (Figure 6a; Table S23).

Among the gene families with significant differences in
number, the NBS family contained more genes in each
species. The pepino had 138 NBS genes, which were far
fewer than potato (414), pepper (283), grape (436), and rice
(466) (Table S22). Based on the K density plot of NBS fam-
ily genes, the time of NBS burst in pepino (K" = 1.215)
was approximately 79.64 Ma, which was the earliest
among all the examined Solanaceae species (Figure 6b).
The NBS burst times of pepino were similar to those of
tomato  (K,”*®™ =1.174, T=76.95Ma) and tobacco
(K;Pe2% = 1,125, T =73.74 Ma), but far earlier than that in
the other four Solanaceae species, including P. axillaris
(KPe®k = 0.787, T=5 159), potato (K %% =10.773,
T = 50.67), eggplant (K;"°® = 0.734, T = 48.11), and pepper
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Figure 4. Syntenic comparisons and homologous dot plots between pepino and grape or tomato.

(a) Syntenic comparison revealed that pepino and other Solanaceae species had additional whole-genome triplication after the shared whole-genome triplica-
tion in the common ancestor of all angiosperms. Three examples for syntenic relationships of three regions in pepino matching a single genomic region in
grape were highlighted in green (Vvi9 versus Smu3, 6, and 12), pink (Vvi15 versus Smu1, 5, and 10), and orange (Vvi19 versus Smu1, 7, and 10), respectively.

(b) Homologous dot plot between selected grape chromosomes (9, 15, and 19) and corresponding pepino chromosomes. Red, blue, and gray dots represent the
best, secondary, and other homologous genes, respectively. Three homologous regions were marked out by rectangles numbered by 1, 2, and 3 in circles.

(c) Syntenic comparison revealed that chromosome arrangement and inversion between several chromosomes in pepino and tomato.

(d) Homologous dot plot between selected tomato chromosomes (4 and 11) and corresponding pepino chromosomes. Dashed-line with arrow showed comple-

ment correspondence generated by chromosome breakages in the evolution.

(K,Pe3 = 0,719, T=47.13). This result indicated that the
outbreak of NBS genes was not synchronized in different
Solanaceae species. Among them, the NBS gene outbreak
in pepino, tomato, and tobacco occurred before the WGT
event in Solanaceae, whereas the NBS outbreak in P. axil-
laris, potato, pepper, and eggplant was almost synchro-
nized with the WGT event of Solanaceae species
(Figure 6b). In addition to studying the early outbreak of
NBS family genes, we also investigated the recent evolu-
tion of NBS genes in the genomes of pepino and other

species (Figure 6¢-f, Figure S26). Only 86 pairs of pepino
NBS genes had K < 0.3 (i.e., diverged in the past approxi-
mately 20 million years), which was far less than that in
potato (1777), grape (1044), and pepper (443) (Figure 6¢-f;
Table S24). This phenomenon indicated that the NBS fam-
ily genes in pepino had more gene loss than the other
Solanaceae species after the WGT event.

Compared with potato and pepper, the NBS genes in
pepino showed extreme paucity, which is consistent with
the trend of eggplant and tobacco (Table S22). Based on

© 2022 Society for Experimental Biology and John Wiley & Sons Ltd.,
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Figure 5. Gene retention analysis of three subgenomes in pepino compared with that of grapes.
(a) Retention of duplicated genes residing in three subgenomes of pepino along with each chromosome of the grape.

(b) Homologous dot plot between pepino and grape genome.
(c) Syntenic depth analysis between pepino and grape.

inferred collinearity, a group of 51 NBS genes on potato
Chr4 corresponded to only 11 NBS genes at the ortholo-
gous region on pepino Chr4, implying loss of at least 40
pepino NBS genes at this location, with similar losses
inferred on several other chromosomes (Figure 6¢,d). Phy-
logenetic analysis of NBS genes also showed large-scale
gene loss, many branches with only a singleton pepino
gene, and some with no comparison with potato, pepper,
grape, and rice (Figure 6g).

Exploration of key genes in the anthocyanin biosynthesis
pathway

As a wild relative of domesticated pepino, Solanum cari-
pense (wild pepino) provides a rich resource of variation to
improve the cultivated species. Here, we tried to detect dif-
ferentially expressed genes between pepino and wild
pepino using the RNA-sequencing (RNA-seq) dataset.
Compared with wild pepino, a total of 1105 upregulated
and 1061 downregulated genes were identified in pepino.
Functional enrichment analysis indicated that the

upregulated genes in pepino were involved in anthocyanin
biosynthesis (Figure S27; Table S25).

The sequences of 29 Arabidopsis genes encoding 11
enzymes implicated in anthocyanin biosynthesis were used
as seeds to identify homologs in pepino and other species
(Figure 7a; Table S26). Most nodes in the pathway had one
or more gene copies among the 10 species. There were
four chalcone isomerase (CHI) genes in pepino, more than
in the other Solanaceae species (Figure 7a; Tables S26 and
S27). Five genes (Sm05G02138, SmUnG137G00010,
Sm02G02175, Sm08G01977, and Sm09G02395) were
upregulated in pepino, which encoded CHS, CHI, DFR,
ANS, and UGT enzymes, respectively (Table S28). One
gene (Sm09G00505) encoding PAL and two genes
(Sm09G00151 and Sm09G00152) encoding CHI enzymes
were downregulated in pepino. Furthermore, we also
detected 17 regulatory genes involved in anthocyanin
biosynthesis in pepino using homologous and phyloge-
netic analyses (Figure 7b; Table S28). Most of these genes
belonged to MYB, bHLH, and later organ boundary

© 2022 Society for Experimental Biology and John Wiley & Sons Ltd.,
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Figure 6. Comparative analysis of the gene families of pepino and nine representative plants.
(a) Heatmap of the fold change (FC) of the gene family number between pepino and other species. The purple and light green circle represent the fold change

>2.0 and <0.5, respectively.
(b) Ks density plot of NBS family genes in pepino and other nine species.

(c) Distribution of nucleotide-binding site (NBS) genes on each chromosome of pepino and three other species, including potato (d), pepper (e), and grape (f).
Curve lines represent K; values of NBS gene pairs that were <0.1 (green); or >0.1 but <0.3 (red).
(g) Maximum-likelihood trees of NBS family genes that were constructed using the amino acid sequences with 1000 bootstrap repeats in pepino, potato, pepper,

grape, and rice.

domain-containing protein (LBD). Among the 17 genes,
SmMYB111, SmMYBL2, SmTT8, SmTT19, and SmCPC
were upregulated, whereas SmLBD39 was downregulated
in pepino (Figure 7b, Figures S28 and S29; Table S28).
Furthermore, we conducted a comparative analysis of
genes involved in anthocyanin biosynthesis in pepino and
nine other species (Figure 8a). Interestingly, we found that
42 genes encoding CHS enzyme were identified in grapes,
indicating that it was significantly expanded in grapes
compared with other species (Figure 8a,b; Tables S26 and
S27). Phylogenetic analysis showed that most of the CHS
genes in grapes cluster together (Figure 8b). The chromo-
somal distribution showed that most CHS genes (34;
80.95%) in grapes located on Chr16, and were divided into
two clusters (Figure 8c,d, Figure S30; Table S29). Further
analysis revealed that two duplicated types contributed to
the expansion of CHS genes in grapes. Twenty-one
(50.00%) of CHS genes belonged to proximal duplication
genes, and 18 (42.86%) genes were tandem duplication
genes in grapes (Figure 8d). However, all three CHS genes

of pepino belonged to the dispersed duplicated type (Fig-
ure 8c).

CONCLUSIONS

The first pepino genome sequences, together with compar-
ative genomic analysis, will provide rich resources for both
fundamental and applied research in Solanaceae species.
The sequence consistency and integrity assessment by
CEGMA and BUSCO reflected the high-quality, chromo-
some level of the assembled pepino genome. In addition
to the shared ancient WGT event that occurred in most
eudicots (Jaillon et al., 2007), additional WGT events
occurred in pepino and other Solanaceae species. Our find-
ings suggested that the pepino genome undergoes chro-
mosome rearrangements, fusions, and gene removal after
the WGT event. Several gene removals indicated the insta-
bility of the Solanaceae genomes, providing opportunities
for species divergence and natural selection. Interestingly,
we found large-scale removal of NBS family genes in the
pepino genome and limited production of new NBS

© 2022 Society for Experimental Biology and John Wiley & Sons Ltd.,
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Figure 7. Inferred pepino anthocyanin biosynthesis genes.

(a) Identification of structural anthocyanin biosynthesis genes in pepino, including biosynthetic genes in phenylpropanoid pathway (background with green
color), early biosynthetic genes (background with red color), and late biosynthetic genes (background with blue color). Gene expression was detected in the
pepino and wild pepino. The green and purple colors indicated low and high expression levels, respectively. Purple and red asterisks represent the up- and

downregulated genes in pepino.

(b) Identification and expression analysis of the regulatory genes of the anthocyanin biosynthesis pathway in pepino.

duplicates after the Solanaceae WGT event. Further analy-
sis indicated that the outbreak of NBS family genes was
not synchronized in Solanaceae species. The NBS burst in
pepino was the earliest among all the examined Solana-
ceae species. NBS family gene outbreaks in pepino,
tomato, and tobacco occurred before the Solanaceae WGT
event, whereas it was almost synchronized with the WGT
event in P. axillaris, potato, pepper, and eggplant.
Comparative genomic studies and transcriptome analy-
sis contributed to understanding the evolutionary and
gene functions of pepino. The copy number of genes
involved in the anthocyanin biosynthesis pathway was
comprehensively studied in pepino and compared with
that in other Solanaceae. Several key genes were identified
in pepino and their expression levels were explored

between different species. In conclusion, this study will lay
a solid foundation for studying the gene functions and
genome evolution of pepino, and other Solanaceae spe-
cies.

EXPERIMENTAL PROCEDURES
Genome sequencing and Hi-C technology

Solanum muricatum leaf samples were collected for genomic
DNA extraction and library construction. Three sequencing strate-
gies were used in this study: (i) two paired-end libraries were con-
structed with 350 bp fragments and sequenced using lllumina
technology (lllumina Inc., San Diego, CA, USA); (ii) libraries were
constructed and sequenced using the PacBio pipeline (Pacific Bio-
sciences, Menlo Park, CA, USA); and (iii) Illumina sequencing data
were used to assist assembly according to Hi-C technology. The

© 2022 Society for Experimental Biology and John Wiley & Sons Ltd.,
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Figure 8. Chromosomal distribution, duplication type, and phylogenetic analyses of the anthocyanin biosynthesis genes.
(a) Heatmap of the structural anthocyanin biosynthesis genes number in pepino and other nine species.

(b) Maximum-likelihood trees of CHS family genes that were
species.

constructed using the amino acid sequences with 1000 bootstrap repeats in pepino and other nine

(c) Distribution of CHS genes on each chromosome in pepino. The gene name with different colors represents various duplication types identified by the

MCScanX program.
(d) Distribution of CHS genes on each chromosome in grape.
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17-nt k-mers were used to estimate genome size (Marcais & Kings-
ford, 2011).

Genome assembly and assessment

We conducted genome assembly using different software,
such as Canu (Koren et al., 2017), Falcon (https:/github.com/
PacificBiosciences/FALCON), and Nextdenovo (https://github.com/
Nextomics/NextDenovo). After evaluating the effects of different
software assemblies, we chose Nextdenovo for genome assem-
bly. Nextdenovo contains three modules: NextCorrect, NextGraph,
and NextPolish. Based on the string graph algorithm, we used
NextCorrect to conduct error correction of the original sequencing
data. Then, NextGraph was used to assemble the genome based
on the corrected data. Finally, we corrected the assembled gen-
ome using NextPolish to obtain an accurate and high-quality
pepino genome. LACHESIS was used to assist genome assembly
based on Hi-C technology (Belaghzal et al., 2017; Burton
et al., 2013). The CEGMA and BUSCO programs were used to
assess the assembled genome further (Manni et al., 2021; Parra
et al., 2007).

Genome annotation

We performed pepino genome annotation, which primarily con-
tained repeated sequence annotation, gene annotation, and non-
coding RNA annotation.

(i) De novo prediction and homologous sequence alignment
were used to annotate the repeated sequences. First, we con-
structed a repeat sequence database using RepeatModeler,
LTR_FINDER (Xu & Wang, 2007), Piler (Edgar & Myers, 2005),
and RepeatScout programs (Price et al., 2005). Repeatmasker
was used to perform repeat sequence prediction. Homolo-
gous sequence alignment was performed using repeatpro-
teinmask and Repeatmasker software by searching the
RepBase database (Bao et al., 2015; Tarailo-Graovac &
Chen, 2009). TRF software was used to predict tandem repeat
sequences (Benson, 1999).

Gene annotation was performed using several protein data-
bases, including SwissProt, TrEMBL, KEGG, and InterPro.

The non-coding miRNAs and snRNAs were predicted using
INFERNAL software (Nawrocki & Eddy, 2013). rRNA and tRNA
were predicted using BLAST and tRNAscan-SE software,
respectively (Chan & Lowe, 2019). The distribution of repeat
sequences, gene density, and non-coding genes on chromo-
somes was determined using TBtools (Chen et al., 2020).

(iii

Gene prediction

We conducted gene prediction using homologous and de novo
prediction. Homologous prediction was performed using Gene-
wise and BLAST programs (Birney et al., 2004; Camacho
et al., 2009). De novo gene prediction was primarily performed
using GlimmerHMM (Stanke & Morgenstern, 2005), Augustus
(http://bioinf.uni-greifswald.de/augustus/), and SNAP software
(Korf, 2004). The IntegrationModeler (EVM) pipeline was then
used to integrate the above results (Haas et al., 2008). Finally, we
used pPasa software to correct EVM gene prediction results by com-
bining transcriptome data (Haas et al., 2003).

Gene family detection and expansion analysis

The identification of gene families among pepino and the other
nine representative species was conducted using the OrthoFinder
program (Emms & Kelly, 2019). First, we filtered the gene
sequences with alternative splicing and retained only the longest
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transcript. Second, we removed the gene that encoded a protein
with a length of <50 amino acids. Third, an all-vs-all BLAST was
conducted using the protein sequences of all species to obtain
similarity relationships (E-value <1e-5). Finally, multi- and single-
copy gene families were obtained by conducting cluster analysis
using the MCL graph clustering algorithm. The contraction and
amplification of gene families was conducted using the CAFE pro-
gram (De Bie et al., 2006).

Phylogenetic tree construction and divergence time
estimation

The genes of each single-copy family were separately used to con-
duct multiple sequence alignments using muscLe (Edgar, 2004).
Then, all alignments of each family were combined to form a
super alignment matrix, which was further used to construct a
phylogenetic tree. Trees of 10 species were constructed using
RAXML with the maximum likelihood model (Stamatakis, 2014).
The single-copy gene families were used to calculate the diver-
gence time using the MCMC tree program (Yang, 2007). The Time-
Tree database (http://www.timetree.org) was used to obtain time
correction points (Kumar et al., 2017). The parameters of the
MCMC tree program were the sample number = 1 000 000, burn-
in =5 000 000, and sample frequency = 50.

Transcriptome analysis

The raw reads of RNA-seq datasets were downloaded from NCBI
with accession numbers SRS1052501 for pepino and SRS1054035
for S. caripense (Herraiz, Blanca, et al., 2016). The tissues of
young leaves, flowers, and mature fruits were sampled for each
species. After filtering, the clean reads were mapped to the pepino
genome using the HISAT program (Kim et al., 2015). Gene expres-
sion was normalized as fragments per kilobase of transcript
sequence per million base pairs (FPKM) (Trapnell et al., 2010). The
DESeq program was used to perform differentially expressed
gene analysis with the following parameters: |log2(fold-change),
>1 and P,g; < 0.05 (Anders & Huber, 2010).

Gene collinearity detection and visualization

A collinearity analysis was performed using the whole-genome
duplication integrated analysis (WGDI), which contained an
improved version of ColinearScan (“-icl” model) (Sun et al., 2021;
Wang et al., 2006). Specifically, the Blastp program was used to
detect homologous genes within one genome or between two
genomes (E-value <1e-5, Score > 100). Then, the “-icl” model was
used to run the improved version of ColinearScan for collinearity
analysis. The maximal gap length between two neighboring genes
in collinearity was set to 50 genes. The gene families with the
number of over 30 genes were removed before running “-icl”
model. Dot plots were used to identify homologous blocks gener-
ated by various polyploidization events. Dot plots of homologous
genes were produced using the WGDI toolkit (Sun et al., 2021).
Lastly, we constructed collinear gene alignments for each Sola-
naceae species using grape as a reference. Generally, every grape
gene might have two additional collinear genes due to the WGT
event (Jaillon et al., 2007). For each gene in grape, a gene ID was
filled in the cell of a related column when a collinear gene was
present. Otherwise, the cell marked a dot when a collinear gene
was absent due to gene translocation or loss. For pepino and
other Solanaceae species, we assigned them four columns
because their genomes underwent additional WGT events. There-
fore, the alignment had 18 columns for six Solanaceae species,
reflecting layers of two tripled homologies due to recursive
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polyploidies across Solanaceae genomes. Finally, the alignment
was visualized as a circos plot, which was drawn using the -ci
module of WGDI (Sun et al., 2021). Synteny and microsynteny
among Solanaceae species were illustrated using the Python ver-
sion of MCscan (Tang et al., 2008). The duplicate_gene_classifier
program in MCScanX was adopted to infer duplicated types
(Wang et al., 2012).

K; calculation and distribution fitting

First, muscLe was used to perform alignment based on homolo-
gous protein sequences (Edgar, 2004). The program PAL2NAL
was used to convert protein alignment into codon alignment
based on the coding sequences (Suyama et al., 2006). Finally, the
yn00 program in PAML was used to calculate K, and K using the
Nei-Gojobori approach (Yang, 2007). In each collinear block, the
median K of homologous genes was used to classify the blocks
generated by each duplication event. The K values were marked
on a collinear block with different colors using the WGDI program
(Sun et al., 2021). The density distribution of Ks was determined
using three modules in WGDI. First, the Ks density distribution
curve was obtained using K peaks. Then, the multi-peak fitting of
the curves was conducted using PeaksFit. Finally, K figures were
used to integrate multiple fitted density curves into one graph.

Anthocyanin biosynthetic and resistance genes
identification

Arabidopsis genes related to anthocyanin biosynthesis were
retrieved from the KEGG database (Mao et al., 2005). These genes
were then used to search for homologous genes in pepino and
other examined species using Blastp (E-value <1e-5, identify
>60%, score > 150) according to previous reports with slight modi-
fications (Duan et al., 2016; Song et al., 2020). The chromosomal
distribution of anthocyanin biosynthetic genes was determined
using TBtools (Chen et al., 2020). The NBS genes were detected
using the number “PF00931” with an E-value <1e-5.
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Figure S1. k-mer distribution of the pepino genome. (a) kmer = 17
Depth and k-mer number frequency distribution. (b) k-mer = 17
depth and k-mer type frequency distribution.

Figure S2. The frequency and the length of the major types of
repetitive sequences in pepino genome, including DNA, LINE,
LTR, and SINE type repeats.

Figure S3. Comparative analysis of CDS length, exon length, exon
number, gene length, and intron length among pepino and other
representative species.

Figure S4. The statistics of gene set evidence supports in pepino
genome. De novo, EVM integrates genes supported by de novo
prediction; homolog, genes supported by homologous prediction
when EVM integration; RNA, genes supported by RNA-seq during
EVM integration. The gene overlap is <60% as a standard, and the
number indicates the number of genes.

Figure S5. The Venn diagram of gene function annotations in
pepino obtained using four databases, including InterPro, Swiss-
Prot, NR, and KEGG.

Figure S6. The chromosomal distribution of pepino ncRNAs,
including miRNA, rRNA, snRNA, and tRNA.

Figure S7. Common and lineage-specific gene families in pepino
and other five Solanaceae species.

Figure $8. The homologous dotplot between pepino (smu) and
grape (vvi) genome.

Figure S9. The homologous dotplot between pepino (smu) and
tobacco (nat) genome.

Figure $10. The homologous dotplot between pepino (smu) and
pepper (can) genome.

Figure S11. The homologous dotplot between pepino (smu) and
pepper (can) genome.

Figure S12. The homologous dotplot between pepino (smu) and
potato (stu) genome.

Figure S13. The homologous dotplot between pepino (smu) and
tomato (sly) genome.

Figure S14. Syntenic comparison between pepino and other
Solanaceae species, including potato, eggplant, pepper, and
tobacco.

Figure S15. The chromosome representation of pepino using 19
grape chromosomes according to their collinear genes.

Figure S16. The chromosome representation of pepino using 12
tobacco chromosomes according to their collinear genes.

Figure S17. The chromosome representation of pepino using 12
tobacco chromosomes according to their collinear genes.

Figure $18. The chromosome representation of pepino using 12
eggplant chromosomes according to their collinear genes.

Figure $19. The chromosome representation of pepino using 12
potato chromosomes according to their collinear genes.

Figure S20. The chromosome representation of pepino using 12
tomato chromosomes according to their collinear genes.
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Figure S21. Gene retention analysis of pepino genome comparing
with tobacco. (a) The retention of duplicated genes residing in
pepino genome along with each chromosome of tobacco. (b) The
syntenic depth analysis between pepino and tobacco genome.
Figure S22. Gene retention analysis of pepino genome comparing
with pepper. (a) The retention of duplicated genes residing in
pepino genome along with each chromosome of pepper. (b) The
syntenic depth analysis between pepino and pepper genome.
Figure S23. Gene retention analysis of pepino genome comparing
with eggplant. (a) The retention of duplicated genes residing in
pepino genome along with each chromosome of eggplant. (b) The
syntenic depth analysis between pepino and eggplant genome.
Figure S24. Gene retention analysis of pepino genome comparing
with potato. (a) The retention of duplicated genes residing in
pepino genome along with each chromosome of potato. (b) The
syntenic depth analysis between pepino and potato genome.
Figure S25. Gene retention analysis of pepino genome comparing
with tomato. (a) The retention of duplicated genes residing
in pepino genome along with each chromosome of tomato.
(b) The syntenic depth analysis between pepino and tomato
genome.

Figure S26. The distribution of nucleotide-binding site (NBS)
genes on each chromosome of tomato (a), eggplant (b), tobacco
(c), Arabidopsis (d), and rice (e). Curve lines represent K; values of
NBS gene pairs that were <0.1 (green); or >0.1 but <0.3 (red).
Figure S27. The KEGG functional enrichment analysis of upregu-
lated genes in pepino.

Figure S$28. Maximum-likelihood trees of MYB family genes that
were constructed using the amino acid sequences with 1000 boot-
strap repeats in pepino (orange) and Arabidopsis (green). The red
five-pointed star represents genes related to anthocyanin biosyn-
thetic genes.

Figure S29. Maximum-likelihood trees of MYB family genes that
were constructed using the amino acid sequences with 1000 boot-
strap repeats in pepino. The red five-pointed star represents genes
related to anthocyanin biosynthetic genes.

Figure S30. The chromosomal distribution of the anthocyanin
biosynthesis genes in pepino and grape. (a) The distribution of
anthocyanin biosynthesis genes on each chromosome in pepino.
The gene name with different colors represents the various dupli-
cation types identified by MCScanX program. Rectangles with red
dashed-lines showed the CHS genes on chromosome. (b) The dis-
tribution of anthocyanin biosynthesis genes on each chromosome
in grape.

Table S1. Statistics of sequencing data obtained by Illumina Hiseq
platform for pepino genome survey.

Table S2. k-mer statistics of the genomic characteristics of pepino
obtained by genome survey analysis.

Table S3. Statistics of sequencing data of pepino by Pacbio sequel
platform.

Table S4. The summary of preliminary assembly of the pepino
genome using lllumina and Pacbio technology.

Table S5. Statistics on the base content of the pepino genome.
Table S6. The SNP statistics of the pepino genome.

Table S7. Statistics of pepino genome assembly quality.

Table S8. The assembled length and cluster number of each chro-
mosome of pepino genome.

Table S9. The read coverage statistics of the pepino genome.
Table $10. The summary of BUSCO assessment of the pepino
genome.
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Table S11. The summary of CEGMA assessment of the pepino
genome.

Table S12. The statistics of the repeat sequence classification in
pepino genome.

Table S13. The statistical of gene structure prediction in pepino
genome.

Table S14. Statistics of gene structure of pepino and other related
species.

Table S15. Statistics of gene functional annotations in pepino gen-
ome.

Table S16. The statistics of non-coding RNA in pepino genome.

Table S17. The KEGG enrichment analysis of genes from
expanded gene family in pepino (adjusted P-value <0.05).

Table S18. The KEGG enrichment analysis of genes from con-
tracted gene family in pepino (adjusted P-value <0.05).

Table S$19. Kernel function analysis of K distribution related to
duplication events within each genome and between two gen-
omes.

Table S20. The table listing the homologous gene sets between
grape and other Solanaceae species. A dot (.) is placed where no
homolog is identified in the respective genome.

Table S21. Retained genes in Pepino homologous regions com-
paring with other species.

Table S22. The number of various kinds of gene families in pepino
and other nine species.

Table S23. The fold change of each gene family in pepino compar-
ing with other nine species.

Table S24. The number NBS gene pairs of different Ks in pepino
and other nine species.

Table S25. The KEGG enrichment analysis of upregulated genes
in pepino comparing with wild pepino.

Table S26. The main enzymes and genes involved in anthocyanins
biosynthesis in Arabidopsis according to the KEGG. The candi-
dated anthocyanins biosynthesis related genes in pepino and
other species were identified by comparing with Arabidopsis.
Table S27. The number of anthocyanins biosynthesis genes in
pepino and other nine species.

Table S28. The differential gene expression analyses for the
anthocyanin biosynthesis-related genes in pepino and wild pepino
using RNA-seq data.

Table S29. The rename of anthocyanins biosynthesis related
genes in grape.
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