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ABSTRACT

Pepper (Capsicum spp.) is an important vegetable crop that provides a unique pungent sensation when

eaten. Through construction of a pepper variome map, we examined the main groups that emerged during

domestication and breeding ofC. annuum, their relationships and temporal succession, and the molecular

events underlying the main transitions. The results showed that the initial differentiation in fruit shape and

pungency, increase in fruit weight, and transition from erect to pendent fruits, as well as the recent appear-

ance of large, blocky, sweet fruits (bell peppers), were accompanied by strong selection/fixation of key

alleles and introgressions in two large genomic regions. Furthermore, we identified Up, which encodes a

BIG GRAIN protein involved in auxin transport, as a key domestication gene that controls erect vs pendent

fruit orientation. The upmutation gained increased expression especially in the fruit pedicel through a 579-

bp sequence deletion in its 50 upstream region, resulting in the phenotype of pendent fruit. The function of

Upwas confirmedby virus-induced gene silencing. Taken together, these findings constitute a cornerstone

for understanding the domestication and differentiation of a key horticultural crop.

Key words:Capsicum, variome, domestication, fruit orientation, pungency, fruit shape, sweet pepper, blocky fruit

pepper, narrow fruit pepper
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INTRODUCTION

With $10.73 billion of gross production value in 2019 (http://

www.fao.org/faostat/), pepper (Capsicum spp.) is the third

most produced vegetable crop and a major component of spicy

food, highly appreciated in the Americas, the Mediterranean
1744 Molecular Plant 15, 1744–1758, November 7 2022 ª 2022 The Au
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area, east Asia, south Asia, and southeast Asia. Its pungency

is conferred by capsaicinoids, primarily capsaicin and
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dihydrocapsaicin (Srinivasan, 2016), and is sensed by a

vanilloid receptor also involved in heat and pain perception

(Jordt and Julius, 2002). The fruits of wild peppers are mainly

pungent, small, nearly round, brightly colored, and erect,

discouraging mammalian herbivores, which are sensitive to

pungency, and favoring seed dispersal by birds, which have

good color vision and an impaired capacity to sense

pungency (Tewksbury and Nabhan, 2001; Jordt and Julius,

2002).

About 42 species have been described in the Capsicum genus,

including five domesticated species: Capsicum annuum L.,

Capsicum frutescens L., Capsicum chinense Jacq., Capsicum

baccatum L., and Capsicum pubescens Ruiz & Pavon (Carrizo

Garcı́a et al., 2016; Barboza et al., 2020). C. annuum is the most

widely cultivated of the domesticated species. Archeological

microfossil evidence (Perry et al., 2007) indicates that cultivated

pepper species underwent distinct domestication events as

early as 6000 years ago in primary diversity centers in South and

Meso-America (Andrews, 1995; Perry et al., 2007; Aguilar-

Melendez et al., 2009; Bosland and Votava, 2012; Carrizo

Garcı́a et al., 2016). Pepper was introduced from the West

Indies into Europe in the late 15th and early 16th centuries, and

it was then rapidly distributed to Africa and Asia, including

China, where the earliest written record of pepper dates back to

1591 (Ming Period) (Andrews, 1995; Bosland and Votava, 2012;

Zou et al., 2020; Tripodi et al., 2021). During domestication and

breeding, non-deciduous peppers emerged with diverse fruit

shapes, sizes, weights, pendent fruit orientation, and a range of

pungency levels (Paran and van der Knaap, 2007). The change

in fruit position from erect to pendent was selected during early

domestication and provides an adaptation to increased fruit

size and better protection from sun exposure and bird

predation. It is thus a key agronomic trait in different fruit-

bearing crops (Paran and van der Knaap, 2007). A more recent

product of selection was the emergence of very large, blocky,

non-pungent fruits (sweet bell peppers), whose earliest record

dates to the 1700s (Bosland and Votava, 2012).

Studies exploiting the natural variability of pepper enabled the

identification of several quantitative trait loci (QTLs) and candi-

date genes controlling capsaicinoid levels, such as Pun1,

pAMT, CaKR1, and Pun3 (Stewart et al., 2005; Han et al., 2018;

Arce-Rodrı́guez and Ochoa-Alejo, 2019; Zhu et al., 2019), and

fruit shape/size (longifolia 1-like) (Chaim et al., 2001; Colonna

et al., 2019; Lee et al., 2020). By contrast, the molecular basis

of other key fruit traits, such as narrow versus blocky pepper

types, has not yet been described.

The large variations in fruit size, shape, weight, orientation, and

pungency found in pepper germplasm offer an opportunity to

explore the genomic events that underlie the diversification of

these important agronomic traits and the temporal sequence in

which they appeared. In spite of the availability of high-quality

genomic sequences of several pepper species and accessions

(Kim et al., 2014; Qin et al., 2014; Ou et al., 2018), the

understanding of the molecular evolution of this crop is lagging

behind that of its close relative, tomato. To fill this gap, we

resequenced 347 accessions of 12 Capsicum species,

characterized the major fruit traits in these accessions, and

uncovered the genomic variations associated with these traits.
Molecula
Our findings reveal the major genomic events and key genes or

loci that have shaped the present-day diversity of this important

horticultural species.
RESULTS AND DISCUSSION

The main trajectories of C. annuum domestication and
improvement

A total of 347 accessions from 12 species ofCapsicum, collected

from gene banks in Asia, the Americas, Africa, and Europe, 311 of

whichwereC. annuum, were resequenced to an average depth of

�93, generating 10.11 Tb of sequencing data (Supplemental

Table 1). Because a reference genome with good contiguity

was critical for efficient identification of the genetic variations in

the analyzed samples, we updated the Zunla-1 reference

genome by closing assembly gaps with the assistance of approx-

imately 103 PacBio HiFi reads. The total size of the gaps was

reduced from 83.37 Mb to 14.14 Mb, and 92.27% (97 082) of

the gaps in 12 chromosomes were successfully closed. A total

of 40 155 protein-coding genes were then predicted in the up-

dated genome. Benchmarking Universal Single-Copy Orthologs

(BUSCO) evaluation of the protein predictions achieved a score

of 96.10%, indicating a significant improvement compared with

the previous genome version (84.08%). Based on the updated

genome, a variome map was obtained, including 18 372 022 sin-

gle nucleotide polymorphisms (SNPs) and 802 875 insertions/de-

letions (InDels), with an accuracy of >95%, verified by Kompeti-

tive Allele-Specific PCR (KASP) (Supplemental Table 2).

Variants were uniformly distributed along the 12 chromosomes,

with the exception of a genomic region of chromosome 9 that

contained substantially more variants (Figure 1A), and they

were about twice as abundant in intergenic regions as in gene

bodies (Supplemental Figure 1A). The median heterozygosity of

the accessions was 1.11% (Supplemental Figure 1B), and

56 182 SNPs and 3080 InDels caused changes in the protein

sequences of coding genes (Supplemental Table 3). We also

identified presence/absence variations (PAVs) and copy

number variations (CNVs) (methods). A total of 20 563 PAVs

and 229 CNVs were obtained, with median lengths of 7.30 kb

and 4.20 kb, respectively (Supplemental Figure 2A and 2B). On

average, 487 genes and �84.14 Mb of sequences were

affected by PAV/CNVs in each accession (Supplemental

Figure 2C and 2D). Owing to limitations of the short-read

mapping, these PAVs and CNVs may not represent the full

spectrum of such variations in the pepper population.

We used 165 864 synonymous SNPs located in genes to investi-

gate the phylogenetic relationships among the accessions.

Different Capsicum species formed distinct branches

(Figure 1B), and the 311 annuum accessions formed nine

groups (Figure 1C): (I) the wild/ancestral group, which included

two wild C. annuum var. glabriusculum and 10 ancestral

accessions and was located immediately next to non-annuum

species; (II) a group composed mainly of old landraces; (III)

cultivars with diverse geographic origins; (IV) and (VI) blocky

fruit peppers; (V) cultivars with diverse fruit types and origins;

(VII) accessions from the northwest and north of China; (VIII)

accessions from central China; and (IX) accessions from

southwest China collected from high-altitude areas in Yunnan,

Guizhou, Sichuan, and Tibet (Supplemental Figure 3).
r Plant 15, 1744–1758, November 7 2022 ª 2022 The Author. 1745
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Figure 1. The pepper variome.
(A) Distribution of the variants in the pepper genome; red shading marks a region on chromosome 9 with an extremely high variant density.

(B) Phylogenetic tree of 347 resequenced accessions from 12 Capsicum species.

(C) Phylogenetic tree of the 311 C. annuum accessions. Different colored branches indicate the nine groups discussed in the text.

(D) Genetic admixture analysis of the nine C. annuum groups. Representative fruit types are shown below each group.
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Table 1. Genetic differentiation (estimated by FST) between pairs of the nine pepper groups and genetic diversity (estimated byp) within
each pepper group
Dark and medium orange colors denote the main origins (first column) of each pepper group (first row); light orange indicates partially mixed origins.
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Groups I to IX represent themain domestication and breeding tra-

jectories of pepper worldwide. The evolutionary relationships

(Figure 1C and 1D) and genetic diversity (p) within each group

and the genetic differentiation (FST) between groups (Table 1)

both suggest the following scenario: group I is the ancestral

group containing the early domesticates, as suggested by its

position near the root of the tree and its high genetic diversity

(p = 0.2939); group II represents old landraces, being closest to

group I (FST = 0.1546), whereas group III represents later

cultivars, being among the closest to group II (FST = 0.1184);

both groups II and III exhibit a high genetic diversity (p = 0.2860

and 0.2935, respectively), suggesting the existence of either

minor genetic bottlenecks or diversifying selection during the

early steps of C. annuum domestication. The evolutionary

relationships of groups I, II, and III were further supported by

the genotypic compositions, with more ancestral alleles present

in group I and more derived alleles from selection in group III

(Supplemental Figure 4A). Groups II and III gave rise, directly or

indirectly, to all other groups (Figure 1C and 1D and Table 1):

directly to groups IV (blocky), V, VII, and VIII; and indirectly to

groups VI (large fruited, blocky, derived from group IV) and IX

(high-altitude Chinese peppers, derived from group VII).

Compared with groups IV and VI, all other groups exhibit relatively

large p values, indicating the inheritance of a large variety of

different alleles, or the action of diversifying selection, during their

formation. GroupV exhibits large variations in fruit shape and likely

represents a transition group between traditional and blocky fruit

peppers (Figure 1D). All groups present relatively high levels of

genetic admixture (Figure 1D), confirming the absence of major

genetic bottlenecks during domestication and subsequent

breeding, with the exception of groups VI (large fruited, blocky

peppers) and VIII (central China). Among the three Chinese

groups (VII to IX), group IX exhibited the highest genetic diversity

(p = 0.2831) (Table 1) and a predominant genetic component

(represented by dark green in Figure 1D) present at significant

levels in ancestral groups I and II, which may have been re-

introduced in group IX to favor adaptation to high altitudes. The

large genetic variation in group IX resulted in large fruit length var-

iations, including a specific slim fruit type (Figure 1D).
Molecula
Genomic signatures of the evolution of narrow fruit
peppers

The two wild accessions (C. annuum var. glabriusculum) have

short, very small, waterdrop-shaped, erect fruits with high cap-

saicinoid content (839–1146 mg/kg dry weight [DW]). Compared

with the wild accessions, the early domesticates of group I

exhibit a significant increase in fruit size, a large variation in fruit

shape (olivary, short, conical), the appearance of pendent fruits

(8 of 10), and very large variation in capsaicinoid content (0–

1972 mg/kg DW), indicating strong diversifying selection ex-

erted on these traits during early domestication (Supplemental

Table 1).

The average fruit length increased further, from around 5.0 cm in

group I to 8.0 cm in group II and 11.0 cm in group III, without a

corresponding increase in fruit diameter, resulting in increas-

ingly elongated fruit types (Figure 2A). The Chinese peppers in

groups VII, VIII, and IX showed fruit lengths comparable to

those of group III. The increase in length, which resulted in

increased surface-to-volume ratio, probably served a dual pur-

pose: making the early domesticates distinguishable from their

wild ancestors, and facilitating air drying, a common technique

still used to this day to conserve chili peppers. By contrast,

capsaicinoid levels, after initial diversifying selection in the early

domesticates, showed a multi-phasic trend with a slight in-

crease in group II and a clear reduction in group III

(Figure 2B). Pungency increased again later in groups VII, VIII,

and IX, consistent with secondary selection for increased

capsaicinoid levels in China, where spicy food is popular.

Finally, pendent fruit types, which were already prevalent in

groups I and II, became almost exclusive in groups III to IX

(Supplemental Table 1).
Selective pressure generates genomic selection signals,

measured as a reduction of nucleotide diversity (ROD) (Xu

et al., 2012). Several genomic selection signals were detected

in the pepper genome during early domestication (group I to

group II), in particular on chromosomes 4, 8, 9, and 11

(Figure 2C and Supplemental Table 4). Three previously
r Plant 15, 1744–1758, November 7 2022 ª 2022 The Author. 1747
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Figure 2. Selection for fruit shape and pungency in narrow fruit peppers.
Box plots of fruit diameter, length, and weight (A) and capsaicinoid content (B) in the nine C. annuum groups. Genomic selection signals detected by p

(colored in blue) and ROD (colored in green) in the group I/II (C), group II/III (D), and group II/VII–IX (E) transitions.

(F) Genetic loci controlling fruit shape and pungency under selection during the main evolutionary transitions in narrow fruit peppers.
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reported QTLs for fruit shape and length (Yarnes et al., 2012; Han

et al., 2016) and four capsaicinoid biosynthesis genes (PDH_E2-

P3, PDH_E2-D1, CM1-D2, and a-CT-D1) (Qin et al., 2014) are

located in these genomic regions. There were 348 genes under

selection in the transition from group I to group II, including the

A-class flower homeotic gene AP2-A (Capana04g002188)

(Supplemental Tables 5 and 6).
1748 Molecular Plant 15, 1744–1758, November 7 2022 ª 2022 The Au
Genomic regions of five chromosomes were found to be under

selection in the second transition (group II to group III)

(Figure 2D and Supplemental Table 4). Two previously reported

fruit shape QTLs (fs4.1R and fs10.1B), one fruit weight-related

gene (fw/CA05g10770), and seven capsaicinoid biosynthesis

genes (BCKDH_E3-D2, PDH_E3-D2, GS2-D3, ACS2-D4, ACS2-

D1, CPR-D2, and pAMT-P5) are located in these regions,
thor.
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Figure 3. Genomic selection and introgression in blocky fruit peppers.
Selection signals detected by p and ROD (A) or by Tajima’s D and XP-EHH (B) in blocky fruit pepper groups IV and VI compared with group III. Dashed

lines indicate genomic regions under selection, identified as the top 5%outliers of ROD and XP-EHH or the bottom 5%outliers of Tajima’s D. Genetic loci

for fruit shape (colored in black) and pungency (purple) that overlap with genomic regions under selection are labeled at the corresponding positions.

Major haplotype sharing (MHS) scores on chromosomes 9 (C) and 11 (D) of blocky and non-blocky fruit peppers, using blocky haplotypes as the

reference.

(E) Differences in the numbers of coding SNPs in genes located in the F9 and F11 introgressed regions compared with all other genomic regions.
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including a second A-class gene, AP2-A (Capana02g000700)

(Supplemental Tables 5 and 6).

Thus, it appears that early evolutionary transitions in narrow fruit

peppers (group I to II and group II to III) involved selection on large

groups of candidate genes for fruit pungency and/or shape, prob-

ably relying on the vast genetic diversity for these traits that is pre-

sent in these groups and on the absence of genetic bottlenecks.

By contrast, transition from group II to the Chinese groups VII–IX

involved selection on a narrower group of genes (Figure 2E and

2F, Supplemental Tables 5 and 6), consistent with the

hypothesis that a genetic bottleneck was active during this

transition, probably due to transport of a subset of the group II

gene pool via sea or land (the silk road) to east Asia.
Recent emergence of sweet, blocky fruit peppers

Blocky fruit peppers (groups IV and VI) exhibit distinctive pheno-

types, such as large increases in fruit diameter and weight,
Molecula
decreased variation in fruit shape, reduction of capsaicinoid

levels to almost zero, and pendent fruit orientation, which is

necessary to support the large fruit (Figure 2A and

Supplemental Table 1). As mentioned above, they also exhibit

very low genetic diversity (Table 1), consistent with their recent

emergence (Bosland and Votava, 2012), and a higher fraction of

fixed alleles, either ancestral or derived, compared with the

other groups (Supplemental Figure 4A). Of the two groups,

group VI was probably selected later, as suggested by its

higher FST value with respect to group III, lower p value, higher

proportion of fixed alleles, and also larger fruits. The linkage

disequilibrium (LD) values of groups IV and VI are the highest in

the whole C. annuum population, further confirming their recent

emergence (Supplemental Figure 4B).

By comparing groups IV and VI with group III, several genomic se-

lection signals were identified using the ROD measure (Figure 3A

and Supplemental Table 4), overlapping with previously

described QTLs for fruit shape, length, or weight (fs-8, fs10.1B,
r Plant 15, 1744–1758, November 7 2022 ª 2022 The Author. 1749
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fs11.4, fl-8, fd-11, and fw4.1) (Zygier et al., 2005; Borovsky and

Paran, 2011; Yarnes et al., 2012; Han et al., 2016) and with two

capsaicinoid biosynthesis genes (ACS2-D1 and pAMT-P5) (Qin

et al., 2014). Given the recent emergence of blocky fruit

peppers, cross population extended haplotype homozygosity

(XP-EHH) (Sabeti et al., 2007) and Tajima’s D (Tajima, 1989)

were used to find additional genomic selection signals

(Figure 3B), which overlapped with the QTLs fd-3.1 for fruit diam-

eter, SAP for flower and ovule development, and qcap6.1 for

pungency.Capana07g001005, an Agamous family gene that reg-

ulates ovule development, Capana10g000984 and Capa-

na10g001014, which encode cyclin-dependent protein kinase

regulators of the cell cycle, and Capana05g000060, a member

of the IQD family that includes SUN, which regulates fruit shape

in tomato (Xiao et al., 2008), were located in these genomic

regions and found to be under strong selection (Supplemental

Tables 5 and 6).

Two genomic regions, named F9 and F11, on chromosomes 9

and 11 showed very low XP-EHH values (Figure 3B). The two

regions exhibited clear differences between blocky and

non-blocky types in the depth of reads mapped to the reference

genome, which is derived from a non-blocky pepper

(Supplemental Figure 5A and 5B), suggesting that these two

regions may derive from distant introgressions. To confirm this

hypothesis, we determined the major haplotypes in the

genomes of blocky fruit peppers and estimated their similarity

to the total C. annuum population by calculating the major

haplotype sharing score (MHS). Two regions with consistently

lower MHS scores co-localized with F9 and F11 (Supplemental

Figure 5C). In F9, all blocky types except three, as well as five

conical fruit accessions from group V, were highly homologous

to each other, whereas most (92.46%) of the other non-blocky

types diverged (Figure 3C). In F11, all but four blocky types

showed high homologies to each other, as well as to four

conical fruit peppers from group V and two wild and five

ancestral peppers from group I, whereas most (91.06%) of the

other non-blocky types diverged (Figure 3D). These data, taken

together, suggest that F11 probably originated from an

introgression from a wild C. annuum that occurred in ancestral

peppers of group I, persisted at low frequency in groups II and

III, and was almost fixed in blocky fruit peppers. F9 is more

divergent from the reference fragment than is F11, as the

former has a higher frequency of coding SNPs compared with

the rest of the pepper genome (Figures 1A and 3E). We further

compared genotypes of loci in F9 with the released sequences

of C. annuum var. glabriusculum (Qin et al., 2014) and built a

phylogenetic tree to trace their evolutionary relationships.

These results support the conclusion that F9 was introgressed

from this wild C. annuum (Supplemental Figure 6). We also

checked gene contents in the two introgressed fragments, and

no enrichment of disease resistance gene clusters was found,

indicating that the introgressions were not driven by gain of

disease resistance.
Selection at a few key loci controls main transitions in
pepper fruit evolution

We performed a genome-wide association study (GWAS) to

locate genomic loci that were responsible for major traits

during domestication and breeding selection of C. annuum,
1750 Molecular Plant 15, 1744–1758, November 7 2022 ª 2022 The Au
including fruit orientation, fruit shape, and pungency, using a

linear mixed model (LMM) implemented in GEMMA with the

genotype and phenotype datasets of the 311 C. annuum ac-

cessions. The LD values of the C. annuum population are

greater than 500 kb (Supplemental Figure 4B), which makes it

difficult to perform fine mapping of genes using population

data alone.

Fruit orientation is an important agricultural trait in both vegetable

crops and fruit trees, but its molecular basis is unknown. As

mentioned above, fruit orientation transitioned from erect (up) in

wild peppers to pendent (down) in domesticated large-fruited

peppers. The up locus controls fruit orientation in pepper

(Figure 4A), but the gene underlying this variation is unknown,

although recent studies have further narrowed down the gene

candidates (Hu et al., 2021; Solomon et al., 2021). We

performed GWAS analysis for this trait and found a strong

association signal on chromosome 12, where the up

locus resides (Lefebvre et al., 1995) (Figure 4B). The most

significant signal was in the promoter region of the gene

Capana12g000954, which is expressed in the flower pedicel

and the placenta of pepper fruit (Supplemental Figure 7A).

Capana12g000954 encodes a BIG GRAIN 1-like (BGL)

protein whose rice ortholog is expressed in vascular tissues

and mediates auxin transport (Liu et al., 2015). This gene was

one of two genes previously considered as candidates for the

control of pepper fruit orientation (Lee et al., 2020). A 579-bp

deletion was detected in the 50 upstream region of this gene in

the pendent accessions; it showed an extremely significant

association with the fruit orientation trait (p = 6.00 3 10�175)

and was confirmed in a test population of 241 samples

(Figure 4C, Supplemental Figure 7B and 7C). RNA sequencing

(RNA-seq) and quantitative Real Time PCR (qRT-PCR) analyses

found that this deletion was associated with high expression

levels of the gene in pedicels of pendent fruits, but accessions

with erect fruits exhibited low expression levels of the gene

(Figure 4D). BG1-like genes have been implicated primarily in

the control of organ size and yield in rice, Arabidopsis, and maize

(Liu et al., 2015; Simmons et al., 2020). Additional growth-related

traits such as plant height, tiller angle, and gravitropism, as well

as stress tolerance, are affected by down- or upregulation of

these genes. The function of BG1-like genes has not yet been

determined in fruit crops. The novel putative role of BG1-like in

control of fruit orientation in pepper may be mediated by differen-

tial distribution of auxin and by the level of gravitropism response

in the pedicel.

We crossed a wild pepper accession (erect) with a blocky pepper

accession (pendent) and obtained an F2 population of �360 indi-

vidual plants. Bulked segregant analysis with whole genome

resequencing (BSA-seq) identified a single significant signal on

chromosome 12 (methods). Inspection of the genomic position

of the peak DSNP-index signal found that it overlapped with the

GWAS signal associated with Capana12g000954 (Figure 4E).

We further verified the function of the BG1-like gene through

virus-induced gene silencing (VIGS) in an accession that pro-

duces pendent fruits (methods). Plants infected with the

TRV2::up vector showed erect fruits compared with the

pendent fruits of the wild-type accession and of the same acces-

sion infected with the empty TRV2 vector (Figure 4F and

Supplemental Figure 8). The results of qRT-PCR showed that
thor.
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Figure 4. Identification of the Up gene that controls pepper fruit orientation.
(A) C. annuum plants segregating for the up mutation, which controls fruit orientation.

(B)GWAS association signal of the 579-bp deletion in the promoter region ofCapana12g000954 (up); (C) frequencies of the deletion in the GWAS and test

populations.

(D) qRT-PCR analysis of Up expression in young fruit pedicels with different fruit orientations (pendent versus erect). Vertical bars: standard error.

(E) BSA-seq DSNP-index signal based on the F2 population of pendent and erect accessions.

(F) The wild-type pendent fruit of the pepper accession ‘‘Changyang chili’’ and the erect fruit of ‘‘Changyang chili’’ after VIGS treatment with TRV2:up; (G)

qRT-PCR analysis of Up expression in fruit pedicels of wild-type and VIGS samples showing pendent and erect fruits. Vertical bars: standard error.

TRV2::00 and TRV2::up denote plants of ‘‘Changyang chili’’ subjected to VIGS with the empty vector and up gene (Capana12g000954), respectively.

(H) The expression of Capana12g000954 (qRT-PCR) in different tissues of pepper samples with pendent or erect fruits. The gene is expressed in flower-

related organs in both samples, but it is significantly upregulated in the pendent fruit sample, especially in the fruit pedicel.
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the expression of the BG1-like gene was suppressed in pedicels

of erect fruits infected with the TRV::up vector but not in pedicels

of uninfected pendent fruits or those infected with the empty
Molecula
TRV2 vector (Figure 4G). We performed RNA-seq of multiple

organs, including leaf, stem, root, flower, and fruit, from both

the erect and pendent fruit accessions carrying the Up and up
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genes, respectively, in an attempt to determine why the wild type

of Up showed no/low expression and likely no function, whereas

a deletion mutation in the 50 upstream region of up was

associated with activated expression and probably promoted

the development of pendent fruit. We found that Up exhibited a

high expression level only in the flowers of the erect fruit

accession (Supplemental Table 7), indicating that the wild-type

gene functions primarily in flowers. Because all peppers

develop downward- or lateral-facing flowers, this result also

suggests that the wild-type Up may play a role in regulating the

development of downward-facing flowers, which facilitates

self-crossing in pepper plants. The mutation-type up was

highly expressed in both the flowers and fruits of the pendent

fruit accession (Supplemental Table 7), implying that the

mutated up had gained additional function through increased

expression in fruit, thereby resulting in pendent fruits.

Moreover, qRT-PCR analyses on leaf, flower bud, flower, flower

pedicel, young fruit, and fruit pedicel (Figure 4H) showed that

wild-type Up was stably expressed in the flower-related

organs but decreased significantly in expression after the

flowers developed into fruits, consistent with downward-

facing flowers eventually growing into erect fruits after

pollination. However, the expression of the mutated up was

higher and increased continuously as the flowers developed

into fruits, reaching its highest level in the fruit pedicel,

corresponding to the maintenance or increase of downward

orientation as flowers developed into pendent fruits.

Interestingly, the 579-bp structure variation (SV) is located at

a LINE-type retrotransposon (Supplemental Figure 9A).

Transposable elements are known to be silenced through

methylation to suppress their transposition activity, a process

that will also suppress the expression of their adjacent genes—

the so-called position effect (Hollister and Gaut, 2009; Hirsch

and Springer, 2017). It is likely that the SV (sequence deletion)

in pendent accessions attenuated this suppression through

partial deletion of the methylated LINE sequence, thereby

promoting the expression of up in flowers and fruit (Figure 4H).

We thus assayed the methylation status of the SV sequence

(methods) and found that cytosines, especially at CpG and

CHG sites, were indeed heavily methylated (Supplemental

Figure 9B), supporting the scenario in which deletion mutation

of the SV upregulates the expression of the up gene by

removing a large portion of the methylated retrotransposon

sequence. These results indicate that the up gene has gained

functions, such as increased expression, especially in the fruit

pedicel, which have led to the novel phenotype of pendent

fruits in domesticated peppers.

Fruit shape is an important agronomic trait and is controlled by a

conserved network of interacting gene products in distantly

related plants (van der Knaap and Østergaard, 2018; Wu et al.,

2018). In pepper, fruit shape is extremely varied and serves the

dual purpose of distinguishing different cultivars from each

other and facilitating air drying for long-term storage of elon-

gated pepper types. We found strong, overlapping GWAS sig-

nals for fruit shape index, length, and diameter on chromosome

3 and named the associated locus fsi. The most significant SNP

of fsi overlapped with previously mapped QTLs for fruit shape

and length (fs-3.1, fl-3.2) and is consistent with a previously

mapped SNP (Colonna et al., 2019). This SNP caused a

nonsynonymous Ile340Thr mutation in the Capana03g002426
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(TRM25) gene (Figure 5A and 5B and Supplemental

Figure 10A), which encodes a TONNEAU 1 Recruiting Motif

(TRM) protein. TRM proteins are part of a protein complex that

interacts with microtubule arrays and controls cell division pat-

terns, and they are well-known regulators of fruit shape in to-

mato and cucumber (Wu et al., 2018). The candidate gene

TRM25 was expressed in the early stage of pepper fruit

development (Figure 5C and Supplemental Figure 10B).

Examination of TRM25 expression in accessions with different

fruit types revealed that its expression was not correlated with

specific fruit types. This result indicates that TRM25 may

regulate fruit shape through functional mutation rather than

transcriptional alteration (Supplemental Figure 10C), consistent

with the fact that the most strongly associated SNP caused an

amino acid change rather than a regulatory mutation in the

promoter region. An additional gene, Capana09g001401,

located in the chromosome 9 introgression in blocky fruit

types, was highly expressed in the pericarp of non-blocky fruit

peppers but not of blocky fruit peppers (Supplemental

Figure 11). Capana09g001401 encodes a glycine-rich cell wall

structural protein (GRP) that is associated with cell elongation/

expansion and differentiation in various tissues in rice (Xu

et al., 1995). The gene was found to be under selection in

blocky fruit types (Supplemental Table 6) and is thus a strong

candidate for the control of blocky fruit peppers.

Several genes that control pungency in pepper have been identi-

fied, encoding either structural genes in the capsaicin biosyn-

thesis pathway or, in one case, a transcriptional regulator

(Stewart et al., 2005; Han et al., 2018; Arce-Rodrı́guez and

Ochoa-Alejo, 2019; Zhu et al., 2019). A GWAS analysis based

on a binary classification of capsaicinoid presence or absence

in all the annuum pepper accessions identified a strong

association signal on chromosome 2 (p = 2.45 3 10�72)

(Figure 5D and 5E) in the vicinity of Pun1 (Capana02g002340),

which was previously reported as a major heat regulation gene

that mediates the last step in capsaicin biosynthesis (Stewart

et al., 2005). The expression of Pun1 was positively correlated

with capsaicinoid content (Supplemental Figure 12A). We

surveyed the nucleotide deletion reported to be associated

with Pun1 using read mapping information (Supplemental

Figure 12B), and a loss-of-function deletion associated with the

recessive allele pun1 was found. This structural variation has

the most significant association (p = 2.23 3 10�308) with the

heat trait (Figure 5D), thus supporting the conclusion that Pun1

is the causal gene of these local association signals. In

addition, GWAS analysis of narrow-fruited peppers showed

a strong association signal for pungency variation (named

punv) on chromosome 6, where the candidate gene

Capana06g001204 is located (Supplemental Figure 13A and

13B). Capana06g001204 encodes a phospholipid-flipping

ATPase (flippase) and is highly expressed in the pericarp and

placenta during the middle and late developmental stages of

pepper fruit (Supplemental Figure 13C). Flippases translocate

lipids (mainly phospholipids) across biological membranes

using the hydrolysis of ATP, and they are involved in a series of

physiological responses (Nintemann et al., 2019). The role of

this protein in the control of pungency may be directly related

to capsaicinoid transport across membranes, generation of

blisters to accumulate capsaicinoids in the placental tissue

of pungent peppers, or membrane protection against the
thor.
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Figure 5. Genomic loci and candidate genes associated with elongated fruit shape and the pungency trait.
(A) GWAS identified the locus fsi that showed an association signal with fruit shape index, and there was an Ile340Thr mutation in the candidate gene

Capana03g002426 (TRM25); a red dashed line denotes the threshold at 1 3 10�7.

(B) Differences in fruit shape index in genotypes carrying the nonsynonymous mutation in GWAS and test populations.

(C) The expression ofCapana03g002426 (qRT-PCR) in the pericarp of blocky fruit pepper (TT genotype) and screw fruit pepper (CC genotype) in different

stages of fruit development.

(D) GWAS identified the previously reported Pun1 gene that showed an association signal with pungency (binomial data).

(E) Linkage disequilibrium among SNP loci that had extremely significant association signals (p-value < 1.00 3 10�30) with the pungent trait.
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destabilizing effects of high capsaicin concentrations (Aranda

et al., 1995).
The key temporal sequence of pepper fruit
domestication and diversification

Analysis of the pepper variome enables temporal reconstruction

of the key events that have shaped the high diversity of today’s

peppers. Starting from fruit orientation, the 579-bp deletion in

the up promoter associated with pendent fruits was already pre-

sent in a high proportion of ancestral group I, increased in groups

III to IX, and reached complete fixation in blocky groups IV and VI

(Figure 6A). Interestingly, the genotype of the punv locus that

controls fruit pungency shows a very similar trend to up,

reaching 100% frequency in group III and remaining high

thereafter. In the analyzed population, the key variants of the

two genes show very high association (p = 2.32 3 10�11),
Molecula
which is not due to physical linkage, as the two genes map to

chromosomes 6 and 12, respectively. Similarly, the F9 and F11

introgressions associated with the blocky fruit type were found

at different frequencies (8.33% and 58.33%, respectively) in

group I, but thereafter they showed a very high association in

all groups (p = 1.12 3 10�21).

Strong associations between unlinked loci can be explained by a

number of different scenarios: (1) reduced gene flow of the pop-

ulations that contain the associated regions with respect to the

general gene pool; this hypothesis is unlikely in the present

case, as it would influence the LD of additional unlinked loci,

which does not seem to be the case; (2) simultaneous selection

for two different traits encoded by the associated loci; this seems

to be the case for up and punv during early domestication; and (3)

cooperative action of the associated unlinked loci in determining

a single phenotype; this seems to be the case for the F9 and F11
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Figure 6. Key events that have shaped pepper fruit domestication and diversification.
(A) Frequency distributions of the genotypes at the up and fsi loci, which control fruit orientation and shape, respectively, the punv and pun1 loci, which

control fruit pungency, and the F9 and F11 introgressions, which are associated with blocky fruit shape, in the nine C. annuum groups.

(B) Chronodiagram of the key genetic events that have affected fruit characteristics during pepper domestication and differentiation.
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introgressions, which are almost always found together in blocky

fruit types.

By contrast, the knockout pun1 allele that controls fruit pungency

was extremely rare in narrow pepper groups I to IX, and its fre-

quency increased progressively in groups IV and VI (blocky)

(Figure 6A). The most likely explanation is that early selection

for blocky fruits accidentally co-opted the pun1 sweet pepper

allele in a subset of group IV accessions and that the

associated ‘‘sweet’’ phenotype was subsequently selected and

reached complete fixation in group VI, which is the most recent

blocky fruit group and exhibits the largest fruits. This selection

probably accompanied a switch in the culinary uses of pepper,

from a spice in which small, elongated, easy-to-air-dry fruits

prevailed, to a large-fruited, fresh-market vegetable for con-

sumption in raw or cooked form.

On the basis of the above data, we present the following model for

pepper fruit domestication and diversification (Figure 6B): (1) all

alleles found in one or more later groups were pre-existing in the

ancestral group; (2) during early domestication (groups I/III),

the up allele frequency increased to almost complete fixation,

mediating the conversion from erect to pendent fruits; (3) the F9

and F11 introgressions were co-opted, leading to the appearance

of blocky fruit peppers (groups IV and VI), which also became

sweet through the increase and fixation of pun1. By contrast, the

genetic circuits controlling fruit elongation and pungency in narrow

fruit peppers appear to be more complex: (4) fruit elongation be-

tween groups in groups II and IX was primarily mediated by the

fsi genotype, whereas in other groups the primary contribution ap-

pears to be from additional genes (Figure 2F); (5) similarly, in spite

of the low frequency of pun1 in group III, this group has lower

capsaicinoid content than group II, which is associated with

complete fixation of punv and also probably accompanied by

selection at other loci that control capsaicinoid content (Figure 2F).
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In conclusion, the variome map of pepper described

here revealed the main genomic events underlying the initial tran-

sition from small, almost round, erect, pungent fruits, to larger,

more elongated fruits with a greater variation in capsaicinoid con-

tent, followed by further diversification in fruit shape, pungency

and the recent appearance of sweet, blocky peppers. These

findings greatly expand our understanding of pepper fruit domes-

tication and diversification and will contribute to further breeding

and improvement of this important crop.

METHODS

Pepper sample collection

A total of 347 pepper accessions were used in this study, including the

core collection of the China Gene Bank (Gu et al., 2019; Wang et al.,

2018), core breeding inbred lines of the Institute of Vegetables and

Flowers, and international typical local varieties and wild species. In

total, 12 species were collected, including 309 C. annuum (cultivated

species), two C. annuum var. glabriusculum (wild species), 10 C.

frutescens (cultivated species), 10 C. chinense (cultivated species), five

C. baccatum (cultivated species), one C. baccatum var. baccatum (wild

species), two C. pubescens (cultivated species), one C. cardenasii (wild

species), two C. chacoense (wild species), one C. eximium (wild

species), one C. flexuosum (wild species), one C. galapagoense (wild

species), one C. minutiflorum (wild species), and one C. rhomboideum

(wild species). Samples originated from the Americas, Europe, Asia, and

Africa and were obtained from several gene banks.

Investigation of agricultural characteristics

The experimental materials were planted five times: in a greenhouse in

Langfang during spring 2016; in a greenhouse in Beijing, a plastic green-

house in Dehong, and an open field in Urumqi during spring 2017; and in

an open field in Urumqi during spring 2018. Three replicates were planted

in each experiment. In the Langfang and Beijing experiments, two to three

plants were planted, and two fruits weremeasured in each replicate; in the

Dehong and Urumqi experiments, 10 plants were planted, and 10 fruits

were measured in each replicate.
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The following mature fruit traits were measured: (1) fruit length: the dis-

tance from the pedicel attachment to the fruit apex; (2) fruit diameter:

the maximum width; (3) fruit shape index: the ratio of fruit length to

fruit diameter; (4) fruit orientation: if the fruit pointed upward, it was

recorded as erect, otherwise it was recorded as pendent; and (5) the

content of capsaicin and dihydrocapsaicin in dried fruits without seeds

and pedicels, as measured by ultra-performance liquid chromatog-

raphy (UPLC).

For measurements of capsaicin and dihydrocapsaicin, mature fruits

without seeds and pedicels were dried at 55 to 60�C for about 2 days,

then ground and processed according to an improved agricultural indus-

try standard (NY/T 1381-2007, Determination of Capsaicin by High-

Performance Liquid Chromatography [HPLC]). For each determination,

0.2 g (accurate to 0.0001 g) of sample powder was extracted with

25 ml of methanol–tetrahydrofuran (1:1) solution (HPLC grade; Sigma,

USA), shaken, extracted in an ultrasonic extractor for 30 min in a 60�C
water bath, and then filtered. The filter residue and filter paper were re-

extracted with 25 ml methanol–tetrahydrofuran solution in an ultrasonic

extractor for 10 min and filtered, and then the above operation was

repeated. The three collected filtrates were combined, concentrated on

a rotary evaporator (70–75�C water bath) to about 30 ml, and then trans-

ferred to a 50-ml volumetric flask, to which methanol was added to

produce the final volume. After filtration through a 0.22-mmorganic phase

filter membrane, chromatographic analysis was performed. The capsa-

icin content in the test solution was diluted to 0.13–160 mg/l, and the di-

hydrocapsaicin content was diluted to 0.04–160 mg/l. The filtrate was in-

jected into a UPLC system (Waters UPLC, USA) with an ACQUITY UPLC

BEHC18 column (1.7 mm, 2.13100mm;Waters, USA) and a Photo Diode

Array Detector. A mixture of methanol and distilled water (70:30) was

used as the mobile phase. The flow rate was 0.20 ml/min. The injection

volume was 2 ml, and the column temperature was 30�C. The detection

wavelength was 280 nm, and the retention times were 3.276 min for

capsaicin and 4.395 min for dihydrocapsaicin. Capsaicin and dihydro-

capsaicin external standards (Sigma, USA) were prepared as 200 mg/l

stocks in absolute methanol. The stock solution was diluted with meth-

anol to obtain a series of standard working solutions of 100 mg/l,

50 mg/l, 20 mg/l, 10 mg/l, 1 mg/l, and 0.2 mg/l, then measured under

the liquid chromatography conditions above. With the concentrations

of capsaicin and dihydrocapsaicin as the ordinates and the correspond-

ing peak area integrals as the abscissa, the standard curves and linear

regression equations were calculated. After the prepared test solution

was measured, it was calibrated at multiple points and quantified by

the peak area integral values. Finally, the capsaicin and dihydrocapsaicin

contents were converted into mg/kg DW.
Sequencing, variant calling, and annotation

DNA libraries for all pepper accessions were prepared according to the

manufacturer’s instructions of the NEBNext Ultra DNA Library Prep Kit

for Illumina. All the libraries (300-bp insert size) were sequenced on the Il-

lumina Solexa platform, and 150-bp paired-end reads were generated.

Trimmomatic v0.33 was used to trim the raw Illumina fastq reads and re-

move adapters based on the manufacturer’s adapter sequences to obtain

clean reads. Clean reads were mapped to the Zunla-1 2.0 genome (Qin

et al., 2014) using BWA 0.7.17 (Li and Durbin, 2009) with the following

parameters: mem -M -A 1 -B 4 -O 6 -E 1. SAMtools was used to

sort the sam files and convert them into bam files. The function

MarkDuplicates integrated into GATK (version 4.1.7) was used to dedupli-

cate the bam files. Variants were then called using the HaplotypeCaller

function of GATK with default parameters, and raw VCF files were gener-

ated. Variant loci that were not genotyped in more than 40% of the 311 C.

annuum accessions, as well as loci with a heterozygosity ratio >10%and a

minor allele frequency <5% in the C. annuum population, were further

filtered using an in-house Perl script. The genotype information for these

remaining reliable variant loci in the 311C. annuum accessions and 37 ac-

cessions of other Capsicum species were then obtained for further data
Molecula
analysis. By doing this, we reduced the bulk and biased variants resulting

from the large genetic differences between the genomes of C. annuum

and the other Capsicum species. ANNOVAR (Wang et al., 2010) was

used to annotate variant functions.

Phylogenetic and population analysis

To select neutral and reliable SNP variants for investigation of the phylo-

genetic relationships among the resequenced pepper accessions, genic

SNPs that were annotated as synonymous variations by ANNOVAR

were extracted (Wang et al., 2010). It was determined that 165 864 such

SNPs were present in the 347 resequenced pepper accessions.

Distance matrices with genotype data for all 347 pepper accessions

were generated. Within the 311 C. annuum accessions, the pairwise

allele sharing distance was calculated for each pair of accessions, and

the data in the distance matrix were used to construct a neighbor-

joining phylogenetic tree with PHYLIP 3.69 (Retief, 2000).

ADMIXTURE software (version 1.3.0) (Pritchard et al., 2000) was used to

perform genetic structure analyses using 160 000 randomly selected

SNPs from the 311 C. annuum accessions. ADMIXTURE was run with

k = 2–15 clusters and default parameters. Finally, k = 7 (seven major ge-

netic components, Figure 1D), which showed the smallest CV error, was

selected to represent the population genetic features of C. annuum.

Genome diversity and selection sweeps

Two measures were used to estimate the genomic diversity of the C. ann-

uum population:p and ROD.pmeasures genomic diversity (Tajima, 1983)

by computing the average difference per locus for each pair of acces-

sions, whereas ROD is a measure based on p that estimates the diversity

reduction of a sample group with respect to a control sample group (Xu

et al., 2012). In this study, ROD detected genomic regions under group-

specific selection compared with the parental group.

Akey’s FST was used to calculate the pairwise genomic differentiation be-

tween two groups of samples (Akey et al., 2002), thereby evaluating the

strength of genomic divergence between the two compared groups.

Values ranged from 0 (no differentiation) to 1 (complete or fixed

differentiation).

XP-EHH was used to detect signals of recent positive selection (group-

specific selection signatures) (Sabeti et al., 2007) in the blocky fruit

group of C. annuum using a combination of Beagle (version 5.1)

(Browning et al., 2018) and selscan (version v1.3.0) (Szpiech and

Hernandez, 2014) software with default parameters. Large XP-EHH values

indicate unusually long haplotypes in the derived group under selection

compared with the control group. Tajima’s D was used to estimate

genomic regions under negative selection/purifying selection, and outliers

were detected based on a threshold of less than �2 (Tajima, 1989).

To obtain the strongest selection signals from the large genome of pepper

(3.6 Gb), which is larger than most sequenced crop genomes, the calcu-

lated values of these population genomicmeasureswere further averaged

using a 10-Mb window with a 1-Mb increment sliding across the whole

pepper genome. An exception was Tajima’s D, which was calculated

directly in each sliding window. The top 5% of ROD and XP-EHH values

were considered to be outlier signals of genomic regions under selection.

If two outlier windows overlapped, they were thenmerged into one region.

MHS analysis

The major haplotypes in the blocky fruit groups were first determined us-

ing a 10-Mb window with a 1-Mb increment sliding across the 12 chromo-

somes of the pepper reference genome. In total, there were 548 such

windows. In each window, the major allele frequency of each SNP in the

blocky fruit pepper was calculated, and the SNP loci with a value R0.8

were counted and collected. If more than 80% of the SNPs in the window

were counted, then these major alleles comprised the major haplotype of
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the blocky fruit groups in the analyzed window. These major haplotypes

were kept and compared with all of the resequenced C. annuum acces-

sions. The average score of allele sharing between the major haplotype

and each of the 311 accessions in the analyzed window was calculated

and considered to be the MHS score. The MHS then estimated the rela-

tionship on the origin of the blocky fruit pepper-specific haplotype in the

pepper population.

GWAS analysis

GEMMA (Zhou and Stephens, 2012) was used to perform GWAS. The

relatedness (kinship) matrix was first calculated by GEMMA and used to

correct the pepper population stratification in the 311 accessions of C.

annuum. An LMM analyzed the correlation of the population, and p-values

of all SNPs to each trait were generated by GEMMA. The GWAS signals of

traits analyzed in this study were replicable in the five phenotypic trials,

and GWAS results on the averaged values of the five trials were used to

construct Manhattan plots.

Virus-induced gene silencing

VIGS was used to verify the function of the up gene Capana12g000954.

We selected a specific sequence region (4–303 bp) of 50 Capa-

na12g000954 to construct the VIGS vector. We confirmed the sequence

specificity by BLAST searching of the Zunla genome databases. A 300-

bp fragment of Capana12g000954 was cloned from a pepper cDNA

template using the gene-specific primers F-TGAGTAAGGTTACCGA

ATTCCAAGCTGGCCAAGAGAAGAA and R-GGAGGCCTTCTAGAGAAT

TCCCTCCAGGAGAAATCTGCTTA, containing an EcoRI site. The result-

ing product was inserted into the EcoRI site of pTRV2 to construct

TRV2::up. A fragment of about 100 bp of the CaPDS gene was inserted

into pTRV2 to construct the control vector TRV2::CaPDS. The tobacco

rattle virus (TRV)-based vectors TRV1 and TRV2::rec were transformed

into Agrobacterium tumefaciens (strain GV3101) for infiltration. Bacteria

were grown and resuspended in infiltration solution at an OD600 of about

4.0. After standing at room temperature for 3 h, the Agrobacterium sus-

pensions containing the TRV1 vector and one of the TRV2 vectors

(TRV1+TRV2; TRV1+TRV2::CaPDS; TRV1+TRV2::up) were mixed at a

1:1 ratio and infiltrated. Two-month-old plants of the accession ‘‘Chan-

gyang chili’’ (pendent fruit) were used for the VIGS experiments. The plant

growth environment was 23 ± 2�C, the relative humidity was 60%–80%,

and the light regime was 16 h/8 h (light/dark). After infiltration, the plants

were placed in the dark, cultured for 24 h, and then returned to a 16 h/

8 h (light/dark) regime. Five plants were used for each of the three groups

(non-infiltrated, TRV2::00, and TRV2::up). Only plants infiltrated with

TRV2::up showed fruits with an erect orientation 2months after infiltration.

To investigate the expression of the up gene, total RNA was isolated from

pendent fruit pedicels of wild-type and TRV2::00 plants and from erect

pedicels of TRV2::up plants. Gene expression analysis was performed

by qRT-PCR as described above. Four biological replicates (pedicels)

and four technical replicates were performed.

Data availability

The raw resequencing data from this study have been deposited in the

Genome Sequence Archive at the National Genomics Data Center, China

National Center for Bioinformation/Beijing Institute of Genomics, Chinese
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