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Hot pepper is a member of the Solanaceae family. It is a diploid,  
facultative, self-pollinating crop and is closely related to potato, 
tomato, eggplant, tobacco and petunia. Solanaceae plants belong to 
the asterid clade of eudicots, which includes more than 3,000 diverse 
species worldwide. Many members of the Solanacea family have 
the same number of chromosomes (n = 12) yet differ drastically in 
genome size. Hot pepper is one of the oldest domesticated crops in 

the Western Hemisphere1, is the most widely grown spice in the world 
and is a major ingredient in most global cuisines2. Hot pepper has a 
wide variety of uses, including in pharmaceuticals, natural coloring 
agents and cosmetics, as an ornamental plant and as the active ingre-
dient in most defense repellents. Hot pepper provides many essential  
vitamins, minerals and nutrients that have great importance for  
human health3–6. In 2011, the top 20 pepper-producing countries grew 
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Hot pepper (Capsicum annuum), one of the oldest domesticated crops in the Americas, is the most widely grown spice crop in the 
world. We report whole-genome sequencing and assembly of the hot pepper (Mexican landrace of Capsicum annuum cv. CM334) 
at 186.6× coverage. We also report resequencing of two cultivated peppers and de novo sequencing of the wild species Capsicum 
chinense. The genome size of the hot pepper was approximately fourfold larger than that of its close relative tomato, and the 
genome showed an accumulation of Gypsy and Caulimoviridae family elements. Integrative genomic and transcriptomic analyses 
suggested that change in gene expression and neofunctionalization of capsaicin synthase have shaped capsaicinoid biosynthesis. 
We found differential molecular patterns of ripening regulators and ethylene synthesis in hot pepper and tomato. The reference 
genome will serve as a platform for improving the nutritional and medicinal values of Capsicum species.
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33.3 million tons of hot pepper planted on 3.8 Mha (United Nations 
Food and Agriculture Organization (FAO) statistics; see URLs). In  
the last decade, world production of hot pepper increased by 40%.

The pungency of hot pepper is due to the accumulation of capsai-
cinoids, a group of alkaloids that are unique to the Capsicum genus. 
The heat sensation created by these capsaicinoids is such a defining 
aspect of this crop that the genus name Capsicum comes from the 
Greek kapto, which means ‘to bite’. Capsaicin, dihydrocapsaicin and 
nordihydrocapsaicin constitute the primary capsaicinoids, which 
are produced exclusively in glands on the placenta of the fruit. The 
organoleptic sensation of heat caused when capsaicin binds to the 
mammalian transient receptor potential vanilloid 1 (TRPV1) recep-
tor in the pain pathway7 can be argued to be a sixth taste along with 
sweet, sour, bitter, salty and umami (savory). Many enzymes involved 
in capsaicinoid biosynthesis are not well characterized, and regula-
tion of the pathway is not fully understood. With more than 22 cap-
saicinoids isolated from hot pepper, this genus provides an excellent  
example for exploring the evolution of secondary metabolites in 
plants2. Capsaicinoids have been found in nature to have antifungal 
and antibacterial properties, to act as a deterrent to animal predation 
when ingested and to have inherent properties that aid in avian seed 
dispersal. Capsaicinoids have many health benefits for humans: they 
are effective at inhibiting the growth of several forms of cancer8–10, are 
an analgesic for arthritis and other pain11, reduce appetite and pro-
mote weight loss12–14. It is surprising that a complete understanding 
of the capsaicinoid pathway at the molecular level is lacking, consider-
ing the economic and cultural importance of capsaicinoids.

Here we report a high-quality genome sequence for hot pepper.  
C. annuum cv. CM334 (Criollo de Morelos 334), a landrace collected 
from the Mexican state of Morelos, has consistently exhibited high 
levels of resistance to diverse pathogens, including Phytophthora cap-
sici, pepper mottle virus and root-knot nematodes. This landrace has 
been extensively used in hot pepper research and cultivar breeding. 
We also provide resequencing data for two cultivated peppers and for 
a wild species, C. chinense. Comparative genomics of members of the 
Solanaceae family, which includes hot pepper, provides an evolutionary 
view into the genome expansion, origin of pungency, distinct ripening 
process and disease resistance of hot pepper. This high-quality refer-
ence genome of hot pepper will serve as a platform for improving the 
horticultural, nutritional and medicinal values of Capsicum species.

RESULTS
Sequencing, assembly and genetic variation
We generated 650.2 Gb (186.6× genome coverage) of whole-genome 
shotgun sequence from C. annuum cv. CM334 (hereafter, CM334) 

by Illumina sequencing of genomic libraries with insert sizes rang-
ing from 180 bp to 20 kb (Supplementary Figs. 1–6, Supplementary 
Tables 1–5 and Supplementary Note). On the basis of 19-mer analy-
sis, we estimated the size of the genome to be 3.48 Gb (Supplementary 
Fig. 2). For each library, we confirmed that raw data were unbi-
ased by measuring the distribution of insert sizes (Supplementary  
Fig. 3). After filtering, we assembled 3.06 Gb (87.9% of the 3.48-Gb 
total) into 37,989 scaffolds (N50 = 2.47 Mb) using SOAPdenovo15 
and SSPACE16, and 90% of the genome assembly was contained in 
1,276 scaffolds (Table 1 and Supplementary Tables 3 and 4). We 
validated the genome assembly using 27 BAC sequences from CM334: 
26 BAC sequences were fully covered by a single or multiple scaf-
folds and showed identities of greater than 99.9% (Supplementary 
Fig. 4 and Supplementary Table 5). To construct pseudomolecules, 
we established a high-density genetic map with 6,281 markers using 
120 recombinant inbred lines derived from C. annuum cv. Perennial 
and C. annuum cv. Dempsey (hereafter, Perennial and Dempsey) 
(Supplementary Tables 6–9 and Supplementary Note). We anchored 
scaffolds to the high-density genetic map (4,562 markers) and to the 
previously reported genetic map17. Overall, we anchored 86.0% of the 
assembly (2.63 Gb; 1,357 scaffolds) as 12 chromosome pseudomole-
cules and ordered them (75.6%; 1,048 scaffolds) on the basis of genetic 
distance (Supplementary Fig. 7 and Supplementary Table 8).

We performed resequencing of two pepper cultivars (Perennial 
and Dempsey) and de novo sequencing of a wild species (C. chinense 
PI159236; hereafter, C. chinense) to provide a comprehensive over-
view of genetic variation and differences in genome structure among 
pepper cultivars (Supplementary Figs. 8 and 9, Supplementary 
Tables 2 and 10–19, and Supplementary Note). The proportion of 
the genome that was divergent between CM334 and the three other 
pepper genomes was 0.35, 0.39 and 1.85% (10.9, 11.9 and 56.6 million  
SNPs for Perennial, Dempsey and C. chinense, respectively) 
(Supplementary Table 11). Divergent sequences were widely dis-
persed along the pepper chromosomes (Fig. 1 and Supplementary 
Tables 12 and 13). The number of low-coverage blocks (190 with 
500-kb windows) that were divergent between C. annuum and  
C. chinense shows the genomic variation in the two species (Fig. 1 and 
Supplementary Table 16).

Transposable elements (TEs) have multiple roles in driving genome 
evolution in eukaryotes18. In total, we identified 2.34 and 2.35 Gb (76.4 
and 79.6%, respectively) of sequence in the assembled CM334 and  
C. chinense genomes as TEs (Table 1 and Supplementary Table 20). 
The predominant type of TE was long terminal repeat (LTR) elements, 
which represented approximately 1.7 Gb (more than 70%) of the total 
number of TEs in the two genomes. Most of the LTRs were Gypsy 
elements, which accounted for 67.0 and 62.1% of TEs in CM334 and 
C. chinense, respectively. A large number of Caulimoviridae elements 
were unique to either pepper genome (Supplementary Table 20). The 
TEs were widely dispersed throughout the pepper genome and often 
led to the conversion of euchromatin into heterochromatin. The dis-
tribution of TEs was inversely correlated with gene density (Fig. 1).

Gene prediction, gene annotation and RNA sequencing
A total of 34,903 protein-coding genes were predicted in the PGA pipe-
line (Pepper Genome Annotation v. 1.5) (Supplementary Figs. 10–12,  
Supplementary Tables 21–28 and Supplementary Note). This gene 
number is approximately the same as for tomato (International Tomato 
Annotation Group (iTAG) v2.3; 34,771 genes)19 and potato (Potato 
Genome Sequencing Consortium (PGSC) v3.4; 39,031 genes)20, which 
suggests a similar gene number in Solanaceae plants (Supplementary 
Figs. 13 and 14). We evaluated consensus gene models using 19.8 Gb 

Table 1  Statistics for the hot pepper genome and gene annotation
Number of scaffolds 37,989

Total length of scaffolds 3.06 Gb

Anchored scaffolds 2.63 Gb (86.0%)

N50 of scaffolds 2.47 Mb

Longest (shortest) scaffolds 18.6 Mb (264 bp)

Number of contigs 337,328

Total length of contigs 2.96 Gb

N50 of contigs 30.0 kb (24,618th)

Longest (shortest) contigs 442.1 kb (71 bp)

GC content 35.03%

Number of genes 34,903

Average/total coding sequence length 1,009.9/35.2 Mb

Average exon/intron length 286.5 bp/541.6 bp

Total length of transposable elements 2.34 Gb (76.4%)
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of Illumina RNA sequencing (RNA-seq) data. Overall, 93.2% of the 
predicted coding sequences were supported by Illumina data, demon-
strating the high accuracy of gene prediction by PGA. To validate and 
improve gene models, we manually curated inaccurately annotated 
genes: 335 genes were manually added, and 86 genes were reclassified 
as pseudogenes. This manual inspection and curation resulted in the 
replacement of 1,789 genes with better gene models.

We performed genome-wide analysis of small RNAs and iden-
tified 177 microRNAs corresponding to 37 microRNA families 
(Supplementary Table 26). The distribution of small RNAs correlated 
well with gene density in the hot pepper genome (Supplementary 
Fig. 11), similar to in tomato20 but in contrast to what is observed in 
Arabidopsis thaliana.

In total, we identified 17,397 orthologous gene sets by comparison 
of the pepper and tomato genomes. To compare gene expression in 
the pepper and tomato genomes, we performed RNA-seq analyses 
of the placenta and pericarp at seven crucial stages of fruit develop
ment and compared gene expression in other tissues from these two 
species (Supplementary Fig. 10 and Supplementary Table 22).  

This tissue-by-tissue analysis showed that a significant change in gene 
expression patterns of orthologous genes (adjusted P value < 0.01) 
occurred in 8.8% of the orthologous gene sets in leaf tissue and in 
46.4% of the orthologous gene sets in pericarp tissue at 35 d post-
anthesis (d.p.a.) (Supplementary Fig. 15).

Genome expansion
The hot pepper genome shared highly conserved syntenic blocks with 
the genome of tomato, its closest relative within the Solanaceae fam-
ily (Fig. 2a and Supplementary Fig. 16). However, the hot pepper 
genome was approximately fourfold larger than the tomato genome, 
owing to a greater accumulation of repetitive sequences in both hetero
chromatic and euchromatic regions (Fig. 2b and Supplementary  
Fig. 17). The most common repeats in the hot pepper genome were 
LTR retrotransposons, as in many other plant genomes18,21–23. 
However, the composition of LTR retrotransposons in the hot pep-
per genome was distinct from that for other plants. We estimated 
the total number of LTR retrotransposons by counting the reverse-
transcriptase (RT) domains encoded by the hot pepper and tomato 
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genomes (Fig. 2c). Of the RT domains encoded by the hot pepper 
genome, there were 12-fold more from the Gypsy family than from the 
Copia family, in contrast to the relative numbers observed for other 
plant genomes such as tomato, maize and barley19,21,22. Therefore,  
substantial proliferation of the Gypsy family was the main cause of 
expansion of the hot pepper genome.

Of the Gypsy family elements, 83.5% were from the Del subgroup, and 
these elements accumulated primarily in heterochromatic regions of 
the hot pepper genome (Fig. 2d and Supplementary Figs. 18 and 19). 
Del elements are known to selectively accumulate in heterochromatic 
regions owing to the function of the encoded chromodomain24. 
However, we often found these Del elements in the collinear regions of 
the hot pepper genome that correlated with tomato euchromatin, with 
the insertion of these elements resulting in the formation of hetero-
chromatic gene islands in the hot pepper genome (Fig. 2b). The inser-
tion pattern of Del elements may indicate that the hot pepper genome 
expanded by increasing the size of the existing heterochromatin and 
converting euchromatin into heterochromatin. We also observed that 
the Tat subgroup of the Gypsy family had selectively accumulated in 
euchromatic regions (Fig. 2d). The accumulation of Copia and Tat 
elements resulted in the expansion of hot pepper euchromatin.

We estimated the times of insertion for Gypsy and Copia ele-
ments using the method described by SanMiguel et al.25 (Fig. 2e and 
Supplementary Fig. 20). The speciation time of pepper and tomato 
was reported as 19.1 million years ago26. Speciation time can be esti-
mated from the peak value in frequency analysis of the synonymous 
substitution rate (Ks) of orthologous gene sets27. Therefore, we ana-
lyzed a histogram of Ks values from 17,397 orthologous gene sets in 
hot pepper and tomato. The peak value of the Ks frequency used to 
determined the speciation time point was observed at 0.3 (19.1 million  
years ago) (Supplementary Fig. 20). Gypsy elements in the hot pepper 
genome were gradually accumulated before speciation and peaked 
in frequency at a substitution value of 0.2 (12.7 million years ago) 
(Fig. 2e). Copia elements showed relatively recent insertion during 
the period corresponding to substitution values of between 0 and 0.2, 
which coincides with the insertion of Gypsy and Copia elements in the 
tomato genome (Fig. 2e). Variations in heterochromatin can create 
species barriers28. Thus, the unequal accumulation of Gypsy elements 
in heterochromatic regions of the progenitor species may have had a 
role in the speciation of hot pepper.

Among the RT domains encoded by the hot pepper genome, the 
RT domains of Caulimoviridae were unusually abundant (4.9%) 
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(Supplementary Fig. 21). The number of Caulimoviridae RT domains 
in hot pepper was 4,304, 9.2-fold more than that observed in tomato. 
Caulimoviridae is a DNA pararetrovirus of ~8-kb unit length that 
evolved from a Gypsy element and replicates via an RNA intermediate 
without LTR sequences29. So far, Caulimoviridae elements have not 
been reported in repeat classification in other plant genome sequences, 
except for a small copy number in the banana genome30. We identified 
three subgroups of Caulimoviridae including Petuvirus, Caulimovirus 
and Cavemovirus in the hot pepper genome, but only Cavemovirus 
was identified in the tomato genome (Fig. 2f). This finding indi-
cates that the proliferation of Petuvirus and Caulimovirus elements 
resulted in the high abundance of Caulimoviridae in the hot pepper  

genome with random distribution (Fig. 2d and Supplementary  
Fig. 19). Therefore, the accumulation of these elements might also 
have had a role in the expansion of the hot pepper genome in both 
heterochromatic and euchromatic regions.

Evolution of the capsaicin biosynthetic pathway
Capsaicinoids are the determinants of pepper pungency. They are 
specialized secondary metabolites found only in Capsicum species. 
Capsaicinoids are synthesized by capsaicin synthase (CS and Pun1), 
which condenses vanillylamine from the phenylpropanoid pathway 
with 8-methyl-6-nonenoyl-CoA from the branched-chain fatty-acid 
pathway31,32 (Fig. 3a). Although the biosynthetic genes have been 
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tree is proportional to the synonymous substitution rate. The vertical gray bar on each tree indicates speciation time. α and β indicate the ancestral 
genes of the paralogs. β with serial numbers indicate duplicated ancestral genes. Reconstructed duplication events for the paralogs are shown to  
the right of each tree. Black and red boxes indicate different origins for the paralogs. Solid and dashed lines indicate duplication and translocation 
events, respectively.
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partly elucidated33–35, the biochemical reactions, evolution and regu-
lation of capsaicinoid biosynthesis are still largely unknown.

Using homology, microsynteny and previous reports35, we identi-
fied all orthologous genes of the capsaicinoid pathway in the tomato 
genome (Supplementary Fig. 22). In a comparative transcriptome 
analysis, several genes in the pathway clearly showed differential 
expression in pepper and tomato fruits (Fig. 3b, Supplementary Fig. 23  
and Supplementary Tables 29–31). Fruit-specific expression of CS, 
encoding a homolog of acyltransferase, primarily occurred during 
pepper placenta development (at 16 d.p.a., 25 d.p.a. and mature green 
(MG)). All other genes in the pathway were also expressed at this 
stage, and capsaicinoids were synthesized in the placenta throughout 
this period36. In contrast, the orthologous genes in the tomato path-
way (BCAT, Kas and CS) were rarely expressed at this stage, and we  
obtained a similar result for the potato genome (Supplementary  
Fig. 24 and Supplementary Tables 32 and 33). These results may 
indicate that changes in the gene expression of BCAT, Kas and CS 
enabled capsaicinoid synthesis in hot pepper fruits.

Genome-wide or local gene duplication is crucial for the origin of 
new gene functions37. Microsynteny analysis of the genomic regions 
surrounding CS in hot pepper (~436 kb) and tomato (~183 kb) identi-
fied acyltransferase gene clusters in both species (Fig. 3c). Phylogenetic 
analysis of the acyltransferase gene family within these regions in 
hot pepper (seven copies) and tomato (four copies) showed that CS 
appeared after speciation through multiple gene duplications. The 
seven copies of CS in hot pepper underwent five rounds of unequal 
tandem duplication events, whereas the four copies of CS in tomato 
experienced two rounds of duplication events from the ancestral genes 
(Fig. 3d,e). CS likely emerged only after the final round of gene dupli-
cation in the hot pepper genome. Two other genes (Kas and COMT) 
in the capsaicinoid biosynthetic pathway also underwent unequal gene 
duplication events similar to those for the orthologous genes in tomato 
(Supplementary Fig. 22). The biochemical functions of the acyltrans-
ferases within both clusters have not been addressed; however, it seems 
that neofunctionalization occurred with respect to both gene expres-
sion and protein function, conferring a role for CS in capsaicinoid syn-
thesis after recent gene duplication. These results provide substantial 
new insight into the origin of pungency in hot pepper.

We compared expression of the capsaicinoid biosynthetic genes 
in the placentas of pungent and non-pungent peppers. Non-pungent 
peppers have a large deletion in CS that spans the region from the 
promoter to the first exon33. During placenta development, CS was 
highly expressed only in pungent pepper and was barely expressed 
in non-pungent pepper (Fig. 3b). All other genes in the capsaici-
noid biosynthetic pathway showed similar expression, except for 
BCAT, COMT and FatA at 6 d.p.a. This result indicates that non-
pungent pepper species appeared because of loss of CS expression 
without substantial changes in the expression of other genes in the  
biosynthetic pathway.

Gene family analysis
The distribution of orthologous gene families in hot pepper, tomato, 
potato, Arabidopsis, grape and rice was defined using OrthoMCL38. We 
identified 23,245 hot pepper genes in 16,345 families, with 7,826 fami-
lies shared by all 6 species (Supplementary Fig. 25, Supplementary 
Tables 34–37 and Supplementary Note). A total of 2,139 gene families 
were unique to Solanaceae plants, and 756 gene families were unique to 
hot pepper. The hot pepper genome shared 27, 51 and 20 gene families  
with Arabidopsis, grape and rice, respectively. Variations in family size 
were found in many hot pepper gene families. We found that gene 
families involved in disease resistance and cellular functions, such as 

cytochrome P450 and heat shock protein 70 genes, were significantly 
expanded in the hot pepper genome (Supplementary Figs. 26–45,  
Supplementary Tables 38–52 and Supplementary Note).

We identified 2,153 transcription factors (6.25% of the total genes) 
and transcriptional regulators in 80 gene families. Some transcrip-
tion factors included Solanaceae-specific subclasses, specifically in 
the ARF, AP2/ERF, WRKY and NAC families. These transcription 
factors may have unique functions in Solanaceae, such as defense 
responses. Nine transcription factor families had fewer genes (includ-
ing the AP2/ERF family) compared with other plant genomes, and 
no transcription factor of the DBP family was found in the hot  
pepper genome (Supplementary Table 43).

A total of 684 genes from the nucleotide-binding site–leucine-rich 
repeat (NBS-LRR) family were significantly expanded in the pepper 
genome compared with the other plant genomes (Supplementary 
Tables 38, 39 and 41). NBS-LRR proteins are identified primarily as 
disease-resistance genes39. The hot pepper genome contained 636 
non-TIR (Toll/interleukin-1 receptor)-type NBS-LRRs, a number 
significantly higher than the 525 non-TIR NBS-LRRs in rice40. The 
number of TIR-type proteins in the hot pepper genome (48) was simi-
lar to that in potato (47) (Supplementary Table 39). More than half 
of the NBS-LRR subclasses in each Solanaceae genome were classi-
fied into 37 subclasses (Supplementary Table 41). Notably, the Bs2  
(bacterial spot resistance gene)41-containing subclass (82 genes) 
exhibited explosive expansion in the hot pepper genome compared 
to the tomato (3 genes) and potato (1 gene) genomes. This expansion 
might be a consequence of evolutionary events of tandem duplication 
resulting in preferential clustering of the genes on chromosome 9 
(Supplementary Fig. 26 and Supplementary Table 42). Expansion 
of NBS-coding genes in the hot pepper genome resulted in the loss 
of collinearity with tomato or potato in NBS-coding regions, whereas 
higher synteny was maintained between the NBS-coding regions of 
tomato and potato (Supplementary Fig. 27). Comparisons of hot 
pepper R genes among Solanaceae plants suggested that expansion 
and diversification of R genes have been involved in lineage-specific 
parallel evolution through unequal gene-duplication events, resulting 
in different gene repertoires even in closely related species.

Comparative fruit ripening
Fleshy fruits are physiologically classified into two groups: climacteric 
and non-climacteric. Climacteric fruits such as tomato and banana 
display increases in respiration rate and ethylene synthesis during 
ripening. Non-climacteric fruits such as pepper and strawberry 
exhibit neither a respiratory burst nor elevated ethylene produc-
tion during ripening42. Thus, pepper and tomato provide suitable 
models for comparisons of fruit ripening processes. Gene repertories 
related to fruit ripening in hot pepper and tomato are well conserved 
(Supplementary Table 53), which suggests that a gene regulatory 
mechanism likely causes differentiation in fruit ripening. To iden-
tify conserved and differential regulatory mechanisms in hot pepper 
and tomato, we investigated orthologous regulatory genes previously 
identified in tomato ripening. Expression of transcription factor genes 
(RIN43, TAGL1 (ref. 44) and NOR45) and genes involved in ethyl-
ene signaling pathways (NR46, ETR4 (ref. 47), EIN2 (ref. 48) and EIL 
families49) was conserved during fruit ripening (Fig. 4). In contrast, 
CNR50, Uniform (Golden-like 2)51 and HB-1 (ref. 52) showed distinct 
expression patterns in hot pepper and tomato (Fig. 4). CNR was 
expressed at very low levels during pepper ripening, whereas it was 
expressed at high levels during tomato ripening. The major ethylene 
biosynthetic genes for tomato ripening, including ACS2, ACS4 and 
ACO1 (ref. 53), were expressed at very low levels during hot pepper  
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ripening (Fig. 4). Thus, the conservation and divergence of the tran-
scription of these genes and their interactions may lead to qualita-
tive and quantitative differences in the physiological phenomena  
underlying ripening.

The major pigments in pepper fruits are capsanthin and capsorubin, 
which are pepper-specific carotenoids synthesized by capsanthin-
capsorubin synthase (CCS)54. CCS exhibits lycopene β-cyclase activ-
ity54 and has an orthologous relationship with chromoplast-specific 
lycopene β-cyclase (CYC-B)55, which exhibits ethylene-dependent 
repression44 during tomato ripening. CCS expression was extremely 
high during pepper ripening (Fig. 4 and Supplementary Table 22),  
which suggests that ethylene-dependent regulation may be pre-
served in both types of fruit ripening and lead to distinct out-
comes. Therefore, these developmental and hormonal regulatory 
networks might be the main components that distinguish different  
ripening patterns.

One of the ripening characteristics distinguishing pepper and 
tomato is fruit softening, in which polygalacturonase (PG) has a 
central role. The hot pepper PG gene encoded a partial deletion 
of ~90 amino acids in the C-terminal region of the protein com-
pared to tomato PG (LePG2a, Solyc10g080210) (Supplementary 
Fig. 46). In comparative sequencing analysis of PG (CA10g18920) 
from wild-type pepper and the Soft flesh56 mutant, we found that 
a point mutation in the 3′ splice acceptor site at intron VIII gener-
ated a premature stop codon in the PG gene from wild-type pep-
per. The SNP in PG genetically cosegregated with the fruit softening 
phenotype and distinguished normal and soft-fleshed fruits among 
pepper germplasms (Supplementary Fig. 47 and Supplementary 
Table 54). The levels of water-soluble pectin in the red fruit from the 
Soft flesh mutant were much higher than in the fruit from wild-type 
pepper (Supplementary Fig. 48). The differential levels of water-
soluble pectin likely supported PG-mediated pectin degradation and 
resultant fruit softening. Therefore, the impaired PG gene in wild-
type hot pepper may have a pivotal role in the non-softening of fruit 
in coordination with transcriptional regulation of cell wall–related 
genes (Supplementary Table 55).

Ascorbate (vitamin C) is an essential nutrient for humans and 
acts as an antioxidant57. Pepper fruit is one of the richest sources of 
ascorbate. The concentration of ascorbate in pepper is up to tenfold 
higher than in tomato58. Most of the pepper genes in the l-galactose  
pathway showed expression similar to or higher than in tomato 
(Supplementary Table 56). GGP1, which catalyzes the committed 
steps for l-galactose synthesis, was highly expressed in all stages of 
pepper fruit development compared to in pepper vegetative tissues. 
The expression of pepper GGP1 was two- to threefold higher during 
the green-fruit stages (at 6, 16 and 25 d.p.a.) compared to in tomato 
(Supplementary Fig. 49). These data indicate that the l-galactose 
pathway may be the predominant biosynthetic pathway for ascor-
bate in hot pepper. Recycling is another factor that controls ascorbate 
content59. Ascorbate oxidases (APXs) generate dehydroascorbate; 
ascorbate can be regenerated by monodehydroascorbate reductase 
(MDHAR) and dehydroascorbate reductase (DHAR). APX2 expres-
sion in tomato breaker fruits was 20-fold higher than in hot pepper. 
In contrast, DHAR was highly expressed during hot pepper ripening, 
with the highest expression observed at 16 d.p.a. for pepper fruits, at 
a level 5-fold higher than in tomato. These differentially expressed 
genes involved in ascorbate biosynthesis and recycling further explain 
the greater accumulation of ascorbate in pepper fruit.

DISCUSSION
In 2011, the value of global hot pepper production was  
$14.4 billion, 40-fold higher than in 1980 (FAO statistics; see URLs). 
Pepper consumption continues to grow because of this fruit’s high 
nutritional value. The pepper genome sequences described here 
can serve as an important genomic resource for improving the 
nutritional and pharmaceutical value derived from hot pepper 
and for supporting evolutionary and comparative genomic studies 
of Solanaceae, one of the world’s most diversified plant families. 
Capsicum is the only genus that evolved the biosynthesis of cap-
saicinoids, which consist of more than 20 related alkaloids that 
cause pungency in pepper fruit. The hot pepper genome sequence 
will provide an opportunity to gain a complete understanding of 

Figure 4  Transcriptional divergence and 
conservation of ripening-related genes in 
hot pepper and tomato. (a) Heat map of 
normalized RNA-seq data prepared from  
three biological replicates for genes involved 
in fruit ripening. SPL-CNR, SQUAMOSA 
promoter-binding protein-like–colorless  
non-ripening; GLK2, golden 2-like;  
HB-1, HD-Zip homeobox protein;  
ACS, ACC synthase; ACO, ACC oxidase;  
CCS, capsanthin-capsorubin synthase;  
CYC-B, chromoplast-specific lycopene  
β-cyclase; MADS-RIN, MADS-box transcription 
factor–ripening inhibitor; TAGL1, tomato  
AGAMOUS-like 1; NAC-NOR, NAC 
transcription factor–non-ripening;  
TDR4, tomato FRUITFULL homolog; NR,  
never ripe; ETR4, ethylene receptor homolog 4;  
EIN2, ethylene-insensitive; EIL, EIN-like; 
ERF6, ethylene responsive factor 6; PSY1, 
phytoene synthase 1. I, divergent gene 
expression; II, conserved gene expression. 
(b) Working model of the control of non-
climacteric ripening in pepper. Blue and red 
boxes represent genes that are downregulated 
and upregulated in pepper, respectively. Orange boxes represent genes that show similar expression in pepper and tomato. Double lines indicate an 
orthologous relationship between pepper and tomato genes.
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the capsaicinoid pathway and represents an excellent resource for 
exploring the evolution of secondary metabolites in plants. This 
study strongly suggests that pepper pungency originated through 
the evolution of new genes by unequal duplication of existing genes 
and owing to changes in gene expression in fruits after speciation. 
The hot pepper genome provides a strong foundation for further 
studies using comparative genomics, metabolic engineering and 
transgenic approaches to unveil the complete pathway of capsai-
cinoid biosynthesis in Capsicum species. In combination with the 
recently published tomato19 and potato20 genomes, the hot pepper 
genome will elucidate the evolution, diversification and adaptation 
of more than 3,000 Solanaceae species, which are adapted to a wide 
range of geoecological habitats ranging from the driest deserts to 
tropical rainforests. Resequencing of two cultivars and de novo 
sequencing of C. chinense provides a landscape of genomic diversity 
among Capsicum species. The hot pepper genome will enable the 
advancement of new breeding technologies through the explora-
tion of genome-wide associations and genomic selection studies on 
horticulturally important traits such as fruit size, yield, pungency, 
tolerance to abiotic stresses, nutritional content and resistance to 
multiple diseases.

URLs. Food and Agriculture Organization of the United Nations 
(FAO statistics), http://faostat.fao.org/.

Methods
Methods and any associated references are available in the online 
version of the paper.

Accession codes. Whole-genome sequences for the pepper have been 
deposited in GenBank under accession AYRZ00000000 (the version 
described in the manuscript is the first version, AYRZ01000000). 
Further information, including the CM334 genome assembly, pseudo-
molecules, annotations and C. chinense genome assembly are available 
through our website at http://peppergenome.snu.ac.kr.

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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ONLINE METHODS
De novo and resequencing of pepper genomes. A Mexican landrace,  
C. annuum cv. CM334, and a wild species, C. chinense PI159236, were used for 
de novo genome sequencing, and C. annuum cv. Perennial and C. annuum cv. 
Dempsey were resequenced. Paired-end and mate-pair libraries for sequencing 
were prepared with the corresponding kits (Illumina) following the manufac-
turer’s instructions and were validated with KAPA SYBR FAST Master Mix 
Universal 2× qPCR Master Mix (Kapa Biosystems). Constructed libraries were 
sequenced on Illumina platforms (Genome Analyzer IIx and HiSeq 2000) 
using standard protocols (Supplementary Note).

Genome assembly. Before genome assembly, short-read sequences from each 
library were preprocessed using in-house preprocessing pipelines to increase 
the accuracy of genome assembly (Supplementary Note). Contamination 
from bacterial sequences, duplicated short reads and low-quality bases in 
each short-read sequence was removed. Preprocessed short reads were error 
corrected using Quake60. Remaining sequence was then assembled using 
SOAPdenovo15 with the optimal K-mer for each library (Supplementary 
Note). The assembled RCM334 genome sequence was validated with 27 BACs 
with insert size larger than 70 kb from euchromatic or heterochromatic regions 
(Supplementary Note). The C. chinense genome assembly was assessed using 
C. chinense ESTs and annotated CM334 genes (Supplementary Note).

Construction of genetic linkage map and pseudomolecules. A high-density 
genetic map for hot pepper was constructed with 120 recombinant inbred lines 
(RILs) derived from an intraspecific cross between Dempsey and Perennial 
using SNP markers (Supplementary Note). Markers were then aligned to the 
scaffolds using BLASTN (identity ≥ 98% and coverage ≥ 70%).

Analysis of genomic variations. Preprocessed raw data for Perennial, 
Dempsey and C. chinense were mapped to the CM334 reference genome using 
Bowtie 2 (ref. 61) (Supplementary Note). SAMtools62 was used to call DNA 
variations. Classification and annotation of DNA variations was performed 
using SnpEff63.

Transcriptome sequencing and analysis. CM334 plants were grown under 
standard conditions (day/night cycles, 27/19 °C, 16/8 h) in a greenhouse. 
Roots, leaves and stems were harvested from plants 6 weeks after sow-
ing. Pepper pericarp and placenta tissues from CM334, pepper placenta 
from ECW and tomato placenta from Solanum lycopersicum cv. Alisa 
Craig were harvested at 6 d.p.a., 16 d.p.a., 25 d.p.a., MG, B, B5 and B10. 
For transcriptome comparison, previously published RNA-seq data for 
tomato pericarp was used19. Three biological replicates from pooled tissues 
were prepared. Total RNA was isolated using TRIzol reagent (Invitrogen).  
A modified TruSeq method was used to construct a strand-specific RNA-seq 
library64 with different index primers, and libraries were sequenced on the 
Illumina HiSeq 2000 system. Resulting reads were aligned to pepper CM334 
sequences and tomato Heinz sequences using CLC Assembly Cell (CLC 
Bio). Counts for mapped reads were normalized by RPKM. Differentially 
expressed genes during pericarp development were identified using DESeq65  
(Supplementary Note).

Genome annotation. Genome annotation was performed using the PGA pipe-
line (Supplementary Note). This pipeline uses a combination of evidence-
based gene prediction (RNA-seq and proteins) and ab initio gene prediction. 
Consensus gene models were determined by EVM66, and these models were 
then updated with PASA assembly alignments. Gene functions were assigned 
according to the best alignment attained using BLASTP to the UniProt database 
(including SWISS-PROT and TrEMBL databases) and INTERPRO scan.

Analysis of differential gene expression. Orthologous gene sets were found by 
reciprocal BLAST with pepper and tomato coding sequences (Supplementary 
Note). Analysis of differential gene expression was carried out using DESeq65. 
Synonymous substitution rates for orthologous gene sets were calculated by 
codeml in PAML67.

Repeat annotation and genome expansion analysis. All TE-related repeats 
were characterized using RepeatMasker with a custom library for pep-
per. Synonymous substitution rates for LTRs were calculated by codeml in 
the PAML package67 (Supplementary Note). Visualization of comparative 
sequence analysis for pepper and tomato was performed with in-house Python 
scripts or the Circos program68. Phylogenetic trees were constructed using 
the MEGA5 package69.

OrthoMCL analysis. Orthologous gene clusters were assigned from 
OrthoMCL38 with its standard parameters of six species to identify gene fami-
lies enriched in the hot pepper genome. Gene sets from hot pepper (PGAv1.0), 
tomato (v2.3), Arabidopsis (TAIR10), grape (VvGDB v2.0), rice (MSU RGAP 7) 
and potato (PGSC v3.4) were used to infer putative orthologous gene families. 
Splice variants and incomplete gene models in the genomes were removed, and 
an all-by-all comparison was then performed using BLASTP with an E value 
of 1 × 10−5. A total of 161,775 protein sequences were clustered into 21,808 
gene families (Supplementary Note).
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