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The genetic architecture of quantitative traits is determined by
both Mendelian and polygenic factors, yet classic examples of
plant domestication focused on selective sweep of newly mutated
Mendelian genes. Here we report the chromosome-level genome
assembly and the genomic investigation of a nonclassic domesti-
cation example, bitter gourd (Momordica charantia), an important
Asian vegetable and medicinal plant of the family Cucurbitaceae.
Population resequencing revealed the divergence between wild
and South Asian cultivars about 6,000 y ago, followed by the sep-
aration of the Southeast Asian cultivars about 800 y ago, with the
latter exhibiting more extreme trait divergence from wild progen-
itors and stronger signs of selection on fruit traits. Unlike some
crops where the largest phenotypic changes and traces of selec-
tion happened between wild and cultivar groups, in bitter gourd
large differences exist between two regional cultivar groups,
likely reflecting the distinct consumer preferences in different
countries. Despite breeding efforts toward increasing female
flower proportion, a gynoecy locus exhibits complex patterns of
balanced polymorphism among haplogroups, with potential signs
of selective sweep within haplogroups likely reflecting artificial
selection and introgression from cultivars back to wild accessions.
Our study highlights the importance to investigate such nonclassic
example of domestication showing signs of balancing selection
and polygenic trait architecture in addition to classic selective
sweep in Mendelian factors.

Momordica charantia | genome assembly | domestication | artificial
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Domestication involves human actively modifying organismal
traits and is considered a good model to study the process
of evolution (1). Classic examples include the TEOSINTE
BRANCHED 1 (TBI) gene generating nonbranching of maize
(2), the QTL of seed shattering in chromosome 1 (qSHI) gene for
nonshattering in both Asian and African rice (3, 4), as well as
many others. Intriguingly, these classic examples involve strong
directional selection on novel mutations of Mendelian traits,
which left strong signatures of hard selective sweep. On the other
hand, in many plants, domestication inevitably involves the en-
largement of seeds or fruits, likely highly polygenic traits where
selection may only slightly alter the allele frequencies of standing
variations. In some plants, the domesticated forms, semiwild
forms, and wild progenitors were all utilized by humans, and the
continuum of phenotypic divergence is not as discrete as in many
other crops. The situation may be further complicated by the
parallel selection in different countries, resulting in different sets
of “domestication genes” for the same phenotype in cultivars of
diverse genetic backgrounds. Therefore, to understand the pro-
cess of domestication and how human might have shaped the
genomes of plants, studies on these nonclassic cases are necessary.

www.pnas.org/cgi/doi/10.1073/pnas.1921016117

Here we focus on bitter gourd (Mormordica charantia, 2n =
2x = 22) (5).

Bitter gourd is a vegetable and medicinal plant of the family
Cucurbitaceae, cultivated in tropical and subtropical Asia and
characterized by its spiny skin pattern and bitter taste. Bitter
gourd fruits are rich in vitamin C, minerals, and carotenes (6).
The pharmacological effect of bitter gourd has been widely in-
vestigated (7), especially in type 2 diabetes. Bitter gourd fruits
contain substances with the antidiabetic effect such as charatin,
vicine, and polypeptide-p, which may improve insulin sensitivity
and decrease blood glucose level (8). Furthermore, bitter gourd
resides in a distinct clade far from all other assembled Cucur-
bitaceae genomes (9), providing a valuable resource for in-
vestigating genome evolution in Cucurbitaceae. While a good
reference genome is strongly needed, the chromosome-level
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genome of M. charantia based on long-read sequencing is not yet
available. The most recent publicly available M. charantia ge-
nome is a short-read scaffold-level assembly (6) as well as an-
other short-read based assembly connected by linkage map
(European nucleotide archive PRJEB24032).

Previous studies have investigated the patterns of genetic
variation of M. charantia: Five clusters were identified in the
collection of India cultivars (10), and three clusters were found
using accessions from east and southeast Asia and 160 SSR
markers (11). The most recent study, using 50 SSR markers and
114 accessions, identified three major subgroups: India, Philip-
pines, and Thailand (12). However, all population genetics study
available to date used low-density markers. To fully investigate
the demographic history of domestication as well as the genetic
architecture underlying domestication traits and their patterns of
selection, a population genomics study from resequencing di-
verse genomes is needed.

Here we report the long-read genome assembly of M. char-
antia, currently one of the most complete assemblies among
publicly available genomes in Cucurbitaceae. With population
resequencing, we also investigated the genetic structure, de-
mographic history, genomewide patterns of selection, as well as
the traces of selection on specific fruit traits.

Results

Genome Architecture. We used PacBio contigs and two linkage
maps to construct the chromosome-level genome of M. char-
antia. In total, 2,366,274 subreads with 10,725-bp read on aver-
age, equivalent to 25.3 Gb, were acquired. The genome was
assembled into 302.99 Mb in 221 contigs with 96.4% BUSCO
completeness (13-15). The previous Illumina RNA-sequencing
(RNA-seq) data have close to 97% of reads mapped to this
reference genome with 90% properly paired, and the average
read mapping rate for diverse accessions (used for population
genetics analyses below) is higher than 99% with 97% properly
paired.

For chromosome map development, two independent linkage
maps were reconstructed using previously analyzed restriction-
site associated DNA sequence (RAD-seq) data of two F, pop-
ulations (6, 16). After imputing missing marker genotypes in F,
populations, we identified 12 linkage groups from the OHB61-5 X
OHB95-1A cross (6) and 10 linkage groups from the K44 x Dali-11
cross (16). The final set of 11 chromosomes was identified by
comparison between the two linkage maps. By mapping de novo
assembly against this chromosome map, 96.27% of the sequences
(291.7 Mb, including 39 long contigs) can be anchored on chro-
mosomes, with 28 gaps in total.

Comparing among all published Cucurbitaceae genomes (in-
cluding a recent Illumina-based M. charantia assembly of the
Dali-11 accession, European nucleotide archive PRIEB24032),
our assembly has the highest contig N50 (close to 10 Mb), in-
cluding a recently improved watermelon genome (17) (SI Ap-
pendix, Table S1). Comparison between our long-read and the
recent short-read assemblies revealed that much of the centro-
meric regions in the long-read assembly is absent from the short-
read assembly (Fig. 1 and SI Appendix, Fig. S1).

We identified 159-Mb repetitive elements (REs), representing
52.52% of the genome (SI Appendix, Table S2). Using the same
repeat annotation pipeline, we found the repeat coverage in our
assembly is higher than the Dali-11 M. charantia assembly
(45.43%), demonstrating the better assembly of repetitive re-
gions. Compared to Dali-11, long-terminal repeats (LTRs),
representing about 24% of the genome and 46% of all REs, are
largely responsible for the higher RE proportion in our assembly
(81 Appendix, Table S3). Gypsy and Copia subfamilies constitute
most of the LTRs (25.6% and 15.8% of REs).

We further plotted the genome-wide distribution of each type
of repeats. LTR, DNA transposons, and unknown repeats are
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Fig. 1.
Dali-11 assembly, Fsr, reduction of diversity (ROD), composite likelihood ratio
(CLR), and cross-population composite likelihood ratio (XP-CLR) test results.

Features of the Goya v2 assembly. Shown are regions missed in the

enriched near the centromeric regions, representing the major
improvement of long-read over the short-read assembly (S
Appendix, Fig. S2 A-C). For other repeat categories, short in-
terspersed nuclear elements (SINEs) and simple repeats have
similar distribution patterns to genes (SI Appendix, Fig. S2 D and
E), and rRNAs had six unique clusters in the genome (SI Ap-
pendix, Fig. S2F). Interestingly, while LTRs are concentrated
near the centromere, DNA transposons and long interspersed
nuclear elements (LINEs) have a more pericentromeric distri-
bution pattern (SI Appendix, Fig. S2 B and G).

Our genome assembly also allows the synteny comparison
between M. charantia and six other Cucurbitaceae species (S/
Appendix, Fig. S3). Between the bitter gourd and other cucurbit
genomes, in general there is not a one-to-one relationship in
chromosomes, indicating that these Cucurbitaceae species do
not have similar karyotype to bitter gourd, consistent with the
fact that the genus Momordica is in a different clade from most
published Cucurbitaceae genomes (9). It is worth noting that in
our assembly, the repeat-rich pericentromeric regions often have
little match on other genomes, again demonstrating we have
assembled regions that were previously difficult for short-read
genomes. Highly conserved synteny between bitter gourd and
melon (Cucumis melo) could be observed in two pairs of chro-
mosomes (chrs) (M. charantia chrl to C. melo chr8, M. charantia
chr3 to C. melo chrl2, SI Appendix, Fig. S3). Particularly,
according to dotplots (SI Appendix, Fig. S4), more than 8 Mb of
euchromatic region in the end of bitter gourd chrl showed
conserved synteny with chromosomes in all analyzed Cucurbi-
taceae plants, while inversions were sometimes observed. In
Cucurbita maxima and Cucurbita moschata, bitter gourd chrl is
in syntenic to their chr3 and chr7, reflecting a known allo-
tetraploidization event specific to Cucurbita species (18) but
not in other Cucurbitaceae species (19).

Demographic History. We sampled 42 cultivars, 18 wild accessions,
and an outgroup (Momordica cochinchinensis) (20). Population
genetic analyses from ADMIXTURE (Fig. 24), phylogenetic
tree (Fig. 2B), and principal component analysis (PCA, Fig. 2C)
consistently identified four genetic groups, including two cultivar
groups from South Asia (SA) and Southeast Asia (SEA) as
well as wild genetic groups from Taiwan (TAI) and Thailand
(THAI). These methods give largely consistent results, with
ADMIXTURE K = 2 first separated wild and cultivar groups,
followed by K = 3 separating the two cultivar groups. Under K = 5,
the two wild groups as well as a small subgroup, Bangladesh

Matsumura et al.
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within the SA group, were further separated. Correspondingly, the
ADMIXTURE models had lower cross-validation errors under
K =3 or 5 (8] Appendix, Fig. S5). We did not observe any admixed
individual between TAI and THAI wild groups probably due to the
discontinuous spatial sampling, and the cultivar-wild admixture
accessions (admix-wild) consistently possess introgressions from
wild groups of the same geographic area.

As expected, the wild group has the most rapid decay of
linkage disequilibrium (LD) among the unadmixed groups,
reaching low LD (#* = 0.25) at about 10 kb. The pattern is
seconded by SA (at about 670 kb) and SEA cultivars (about 1
Mb) (SI Appendix, Fig. S6). Consistent with the patterns of LD
decay, the wild group has highest mean pairwise nucleotide
distance and number of heterozygous sites among all three
groups while SEA has the lowest (S Appendix, Figs. S7 and S8),
suggesting the SEA cultivars represent a more recent split from
the SA cultivars. Finally, the admix-wild group consisting of
admixed accessions between wild and cultivars contains the
highest variation and heterozygosity, consistent with their hybrid
origin.

\%Ve used SMC++ (21) to infer the divergence time among
these groups. Assuming one generation per year, the cultivars
diverged from the wild groups at about 6,100 y ago, and the
divergence between SA and SEA cultivars happened much more
recently, roughly 800 y ago (Fig. 2D and SI Appendix, Fig. S9).

Genetic Architecture of Fruit Traits. From wild to SA to SEA
groups, in general the fruits became lighter in color, larger, and
less spiny (Fig. 34). Despite both being widely consumed cultivar
groups, SA has higher genetic variation and more rapid linkage
disequilibrium decay (SI Appendix, Figs. S6 and S7) than SEA
and phenotypic characteristics more similar to wild accessions,
while SEA appears to be a relatively recently derived population
with extreme trait values.

Matsumura et al.

To test whether the extreme trait differences of the SEA group
were caused by selection or consequences of genetic drift and to
investigate their genetic architecture, we calculated the associa-
tion between single-nucleotide polymorphisms (SNPs) and fruit
color, fruit length, and skin pattern while controlling for pop-
ulation structure. While we recognize the relatively lower sample
size may not allow a formal genome-wide association study
(GWAS), here we do not aim to identify specific GWAS peaks
but instead focus on the broad patterns of SNPs’ trait association
and magnitude of differentiation among populations, aiming to
deduce the evolutionary pattern of these traits in different cul-
tivar groups. We first show that, as we focused on the top 0.1%),
1%, 5%, and 10% SNPs with highest trait association (smallest P
values), their mean effect sizes decline gradually as expected but
are still significantly larger than the 95% range of genomic
background (Fig. 3C, following a novel method in ref. 22)
(Materials and Methods). In other words, even with 10% of SNPs
(pruned for linkage disequilibrium), their relatively small effect
sizes are still significantly larger than those possibly confounded
by population structure, suggesting these traits were not con-
trolled by only a few genomic locations with large effect sizes.

Following the same resampling method (22), we investigated
the magnitude of divergence (Fsr) of trait-associated SNPs be-
tween wild and cultivar groups. If strong selection was driving the
divergence of fruit-related traits, we expect to observe higher
wild-cultivar Fgr in trait-associated SNPs than background SNPs.
In general, after controlling for genomic background, trait-
associated SNPs have significant divergence between SEA and
WILD but not much so between SA and WILD (Fig. 3D),
consistent with SEA’s higher magnitude of trait divergence from
WILD and suggesting they were under stronger selection despite
only differentiated from the SA cultivars less than 1,000 y ago
(Fig. 2D). We further made the same comparison between the
SA and SEA cultivars, and the results are highly consistent with
those between WILD and SEA (Fig. 3E), demonstrating that the
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Fig. 3. Genetic architecture of selection in bitter gourd fruit traits. (A) Pictures (not to scale) showing the typical phenotypes of wild (Left, short, green, and
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signals of selection between WILD and SEA mainly resulted
from the selection during the SA-SEA divergence stage, not
caused by the gradual and cumulative changes from WILD to SA
to SEA.

Interestingly, these traits differ in their genetic architecture of
selection. For example, SEA fruits mostly have smooth surface,
and SNPs ranging from high (top 0.1%) to moderate association
(top 10%) all have significantly higher differentiation with
WILD than neutral expectation. On the other hand, the much
lighter fruit color of SEA seems to be driven mainly by larger-
effect variants (up to top 1%) while SNPs with more moderate
trait association have no significant allele frequency difference
from WILD or SA accessions. For fruit size, while trait di-
vergence appears to be associated with SNPs having moderate
effects (top 1%, 5%, and 10%), the top 0.1% SNPs do not have
significantly higher Fgr than genomic background, suggesting
alleles with large and opposite effects are still segregating within
both cultivar populations. This pattern may partly explain why
heterosis was often observed in crosses between the SEA and SA
cultivars.

While further studies are required to validate the SNP-trait
association, we identified potential candidate genes enriched for
the top 0.1% SNPs with highest trait association (SI Appendix,
Table S4). For example, for fruit length we found ANT, an
ethylene-responsive transcription factor required for the devel-
opment of female gametophyte, ovule integument, and gynoe-
cium marginal tissues (23-25). For the presence of spines, we
identified TRN2, a protein related with auxin transportation and
involved in shoot apical meristem patterning in the peripheral
zone as well as leaf patterning process (26, 27). For fruit color,
APRR?2 was identified, which was shown to be associated with
fruit pigmentation in several species (28-30).

Signatures of Selection in the Gynoecy Locus. We employed four
methods to investigate signatures of selection during domesti-
cation: the composite likelihood ratio test (CLR) within the
cultivars and the fixation index (Fsr), reduction of diversity
(ROD), and cross-population composite likelihood ratio test
(XP-CLR) between wild accessions and cultivars (Fig. 1). While
these methods have individually identified putative regions with
signatures of directional selection, in general we did not observe
strong agreements among these methods in most regions. From
each method we further chose the top 1% regions and investigated
the enrichment of gene ontology (GO) functional groups. GO terms
associated with metabolic processes, especially for macromolecule
and organonitrogen compounds, are enriched in the genomic
regions with top scores of these selection tests, suggesting the wild
and cultivar groups may be differentiated in metabolism-related
traits, likely associated with the unique tastes of bitter gourd fruits
(81 Appendix, Fig. S10).

Given the high divergence between wild and cultivar groups,
the baseline Fg7 is too high to show obvious peaks. On the other
hand, we observed two regions with exceptionally low Fg7, one
near the end of chromosome 1 and the other at the beginning of
chromosome 4 (Fig. 1), suggesting forces preventing the di-
vergence between wild and cultivar groups in these regions. In-
terestingly, the end of chromosome 1 harbors a locus for
gynoecy, affecting the ratio of male to female flowers in this
monoecious species. The locus was identified in a cross between
Japanese accessions OHB61-5 and OHB95-1A (31), and our
reanalyses identified two closely linked quantitative trait loci
(QTL) in this region, where the QTL with larger effect (with
logarithm of the odds [LOD] score >30) completely overlapped
this low-Fgr region (Fig. 44). QTL in the same region were also
identified in an independent cross between Chinese accessions
Dali-11 and K44 (16), demonstrating the polymorphism confer-
ring different flower sex ratios was shared among populations.
While increasing the proportion of female flowers is the focus of
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continuous breeding efforts in the accession level, in the pop-
ulation level this locus might be under negative frequency de-
pendent selection as either the fixation or loss of female-biased
allele results in overall lower population fitness. As expected
from balancing selection, levels of polymorphism in this low-Fsr
region are high in both wild and cultivar groups (Fig. 44). Under
the high-polymorphism peak in cultivars we identified a gene
NUA (NUCLEAR PORE ANCHOR) (Fig. 4B). Most of this
60-kb gene is intron, and the coding sequence constitutes 6,240
bp. Given that BLAST search identified full-length NUA genes
in many other dicots and its homolog in Arabidopsis thaliana
(AT1G79280) has a 6,345 bp coding sequence, we do not con-
sider this exceptionally long gene as annotation error. In A.
thaliana, mutants of NUA and ESD4 (EARLY IN SHORT DAYS
4) greatly reduce stamen length and anther size (32), suggesting
NUA’s potential role in bitter gourd flower sex ratio.

Phylogenetic reconstruction of this 1.77-Mb low-Fgr region
and the coding region of NUA show distinct patterns. The 1.77-
Mb low-Fsr region (Fig. 4C) generally follows the genomewide
pattern of neutral divergence (Fig. 2B), with the exception that
some wild accessions obviously harbor the allele recently intro-
gressed from cultivars. In this region, the relative divergence
between the two cultivar haplogroups versus the divergence be-
tween cultivar and original wild haplogroups (Fig. 4C, D,, be-
tween clade A and B/D,, between clade AB and C = 0.149) is
similar to genomewide average (Fig. 2B, D,, between SA and
SEA cultivars/D,, between cultivar and wild groups = 0.151). For
the NUA gene, we observed two highly diverged haplogroups,
both containing accessions belonging to the SA cultivars, SEA
cultivar, and wild accessions (Fig. 4D). The relative divergence
between the haplogroups is roughly equal to their divergence to
the true wild haplogroup (Fig. 4D, D,, between clade A and B/
D,, between clade AB and C = 1.072), suggesting these were
highly balanced alleles that existed at least since the split be-
tween wild and cultivar groups. In the coding region of this gene,
very low variation within haplogroup B and part of haplogroup A
was also observed (Fig. 4D), and many cultivars and the wild
accessions possess identical coding region sequences, suggesting
a rapid expansion of these alleles in the cultivars and in-
trogression back to some wild accessions. Finally, given the
abrupt change of Fgr at the boundaries of this 1.77-Mb segment
(Fig. 4A4) instead of a typical valley reflecting continuous re-
combination, we hypothesize this could be a structural rear-
rangement between wild and cultivar groups, where a new
structural variant was introgressed from cultivars into wild ac-
cessions, elevating the polymorphism of the whole 1.77-Mb re-
gion in wild accessions. As a support, the 500-Kb flanking regions
immediately upstream and downstream of this region have
phylogenetic trees reflecting the genomewide pattern (Fig. 4 E
and F).

In summary, we observed complex patterns in the candidate
gene NUA: The balanced distribution of highly differentiated
haplogroups among populations is consistent with patterns of
balancing selection, and the exceptionally low variation within
haplogroups suggests recent selective sweep. Introgressions from
cultivars back to wild accessions were also observed, which rap-
idly increased the frequency of a linked 1.77-Mb chromosomal
segment, causing the high variation within wild accessions and
low differentiation between wild and cultivar accessions. While
most studies reported how domestication efforts left strong sig-
natures of directional selection in the genome, here we report a
more complicated case likely involving balancing selection, se-
lective sweep, and introgression of a chromosomal segment from
cultivars back to wild progenitors.

Discussion

Unlike classic examples of domestication where progressive
evolution of key traits have been observed from wild progenitors
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Fig. 4. The region with low differentiation between and high polymorphism within wild and cultivar groups in chromosome 1. (4) This region in chro-
mosome 1 is labeled in shade, showing low Fs7, high P, and the colocalization with the gynoecy QTL. The left half of chromosome 1 is repeat-rich centromeric
regions, and the red asterisk labels the region enlarged for (B). (B) The high-polymorphism region in cultivars contains a candidate gene NUA likely affecting
flower sex ratio. (C) Phylogenetic tree of the 1.77-Mb shaded area in A. The phylogeny is mostly consistent with genomewide phylogeny, except some wild
accessions have obvious introgression from cultivars. (D) Phylogenetic tree of the NUA coding region, showing several balanced allelic groups with very low
diversity within and high difference between groups. (E and F) Phylogenetic trees of 500-kb flanking regions upstream and downstream of the 1.77-Mb low-
Fsr region. For C to D, tip label colors represent the population assigned based on genomewide SNPs. Red, wild accessions; gray, wild-cultivar admixed ac-

cessions; blue, South Asian cultivars; and cyan, Southeast Asian cultivars.

to landraces to elite cultivars, the direction of selection in bitter
gourd is not ubiquitous: Consumers from different cultures have
their own preferences. South Asians like highly bitter fruits with
smaller size (although still larger than wild progenitors) and
spiny, dark green features. Southeast Asians like less bitter fruits
with light green (or white) and smooth skin (12). Considerable
phenotypic variations therefore exist for M. charantia cultivars.
Further, some cultures may also value and directly cultivate the
wild progenitors for consumption, increasing the chance of in-
trogression between wild and cultivar accessions, a situation also
observed in the pepper (Capsicum) species in Latin America
(33). Under such situation, it is therefore conceivable that it
would be difficult to identify classic signatures of selective sweep
and strong Mendelian genes, given that the most obvious target
of selection is fruit size, likely a polygenic trait, and even for fruit
size we did not identify strong signs of selection in the SA cul-
tivar group (Fig. 3D, the fruit-size-associated SNPs actually have
lower Fgr than neutral expectation between SA and WILD).
Therefore, the process of selection may be slower in bitter gourd,
with introgressions between wild and cultivar groups preventing
the strong and rapid fixation of domestication genes. Such situ-
ation, on the other hand, suggests potential for the further im-
provement of bitter gourd, as we have shown that the top 0.1%
SNPs associated with fruit size are not yet highly diverged be-
tween cultivar and wild accessions. The improvement of bitter
gourd cultivars is a current focus of the World Vegetable Center
to provide more nutritious and climate/pest/disease resistant
vegetables for the developing countries.
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Traditionally, bitter gourd was separated into two “varieties”
where M. charantia var. charantia refers to cultivars and M.
charantia var. muricata refers to wild accessions. Such distinction,
however, is mostly based on fruit size without much genetic in-
formation (34). While our samples collected from the wild en-
vironment all have muricata-type morphology, among the
“cultivar accessions” conserved by the stock center, THMC113,
THMCI153, and THMC170 (SI Appendix, Table S5) have the
typical muricata fruits and are genetically close to the wild
groups. These accessions therefore represent good examples
where people still directly cultivate and consume wild accessions
and treat them as “cultivars.” Of particular interest is accession
THMCI113, originally recorded as a cultivar collected in Belize
but is genetically close to the TAI wild group. As Central
America does not appear to be the native range of M. charantia,
this accession may be a more recent introduction of an old-world
wild progenitor into the new world as a cultivar. At the same
time, we recognize that our samples of wild accessions may only
cover a small portion of the native range, and a more thorough
expedition is required to investigate the global diversity of wild
M. charantia.

In bitter gourd, the SA and SEA cultivar groups exhibit very
different patterns: The SA cultivar group first diverged from wild
progenitors at about 6,000 y ago, with higher diversity, faster LD
decay, and phenotypes slightly closer to the wild progenitor. The
SEA group later separated at about 800 y ago, with much lower
diversity, slower LD decay, and highly distinct phenotypes. For
trait-associated SNPs, we also identified significantly higher Fsr
than background SNPs in SEA-WILD and SEA-SA but not
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much so in the SA-WILD comparison. Taken together, unlike
classic Mendelian examples such as the loss of branching in
maize (2) or the loss of shattering in rice (3, 4) where large
phenotypic and genetic changes occurred during the domesti-
cation process from wild progenitor to landraces, our results
suggest that the SA and SEA cultivar groups may represent two
different stages of domestication, with SA being relatively closer
to wild accessions and the SEA group further exhibiting low
diversity, extreme trait values, as well as highly differentiated
SNPs with trait association.

Interestingly, such two-stage patterns of quantitative trait
evolution have also been observed in maize (35), watermelon
(17), and tomato (36). In maize, the signatures of selection ap-
pear to be stronger in the domestication (from wild progenitor to
landrace) rather than the improvement (from landrace to mod-
ern inbred lines) stage (35). For the increase of fruit size and
sugar content in watermelon, the largest phenotypic changes and
signs of selection were also observed during the domestication
rather than the improvement stage (17). Different from these
examples, the larger magnitudes of phenotypic changes in bitter
gourd do not exist between wild progenitors and cultivars but
likely between two geographically distinct cultivar groups, partly
due to the aforementioned cultural preferences, providing an
interesting case in domestication studies.

In contrast to classic examples of selective sweep, we found
one region with very low divergence between wild and cultivar
groups colocalizing with the locus conferring gynoecy. Despite
being a continuous focus of breeding efforts (31), we observed
two highly diverged haplogroups balanced within the cultivars.
While we identified potential signs of rapid spread of alleles
within each haplogroup, this region did not show an overall sign
of selective sweep in most tests due to the existence of balanced
haplogroups in both cultivar groups as well as wild accessions.
Taken together, our investigations showed that the bitter gourd
may provide a valuable nonclassic model of domestication,
where the intermittent weaker selection with different directions
and polygenic genetic architecture precludes the identification of
strong single candidate genes, and the directional artificial se-
lection for gynoecy cannot overwhelm the force of balancing
selection in nature.

Materials and Methods

Genome Assembly. High molecular weight genomic DNA was extracted from
the leaves of M. charantia OHB3-1 accession following the protocol provided
from Pacific Biosciences with modification. Briefly, genomic DNA was
extracted from the leaf tissue using Carlson lysis buffer containing cetyl
trimethyl ammonium bromide (CTAB) and precipitated by ethanol after
chloroform/isoamyl alcohol extraction. RNase- and proteinase-treated ge-
nomic DNA was purified using Genomic-tip (Qiagen). SMART library was
prepared from high molecular weight genomic DNA (>50 kbp) and applied
to sequencing by PacBio Sequel.

Subreads from PacBio sequencing were corrected and assembled using
Canu 1.7 with default settings for PacBio (13, 14). The obtained contigs were
polished by pilon 1.23 using paired-end Illumina HiSeq2500 reads (250b x 2)
from the same genomic DNA (15).

Restriction-site associated DNA sequence (RAD-seq) data were obtained
from two F, crosses: 97 F, individuals from a cross in Japan (6) and 423 F,
individuals from a cross in China (16). In order to solve the low coverage and
high missing-data problem in RAD-seq data, we employed a window-based
method to define marker genotypes (37). Briefly, the genome was cut into
100-kb windows, and the parental genotype of each F, individual within
each window was called based on the proportion of parental reads within
the window. SNPs with allele depth (AD) <3 and maternal allele pro-
portion >95% or <5% across all samples were excluded. For 100-kb windows
used for linkage map construction, if the depth of a sample in a window is
lower than 5, we called it missing, and a window was excluded if the pro-
portion of missing individuals is higher than 60%.

MSTmap (38) was used for constructing linkage maps, and filtering of
genotyping errors and data imputation were applied. We identified 12
linkage groups from the Japanese cross (6) and 10 linkage groups from the
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Chinese cross (16). The final set of 11 linkage groups was identified by
comparison between the two linkage maps. JCVI-ALLMAPS v0.8.12 (39) was
used to combine the two linkage maps and produce the chromosome-level
assembly. Scaffolds smaller than 10 kb were excluded from the construction.
We set the weight of Japan linkage map to 1.5 and Chinese map to 1 since
our genome accession was genetically closer to parents in the Japan cross.

Synteny blocks were identified between the genomes of bitter gourd and
other Cucurbitaceae species. Sequences of pseudomolecules and generic
feature format (GFF) files for the predicted genes in Cucumis melo (40),
Cucumis sativus (41), Citrullus lanatus (42), C. maxima, C. moschata (18), and
Lagenaria siceraria (19) were applied to the analysis by SYMAP 4.2 (43) with
default settings.

Gene Annotation. We performed repeat annotation by RepeatMasker 1.332
(44) with a de novo repeat library constructed by RepeatModeler 1.0.11 (45)
and Repbase (46). We used ab initio gene prediction and RNA-seq data for
gene annotation. RNA-seq data from three tissues, root (SRR3535149), leaf
(SRR3535138), and flower (SRR3535137) were mapped to the genome by
HISAT 2 2.1.0 (47) and subsequently assembled and merged by StringTie
1.3.5 (48). We used TransDecoder 5.5.0 (49) to predict the ORF based on
assembled transcripts, followed by the use of parameter “retain_blastp_hits”
to validate the result using blastp 2.8.1 (50) on UniProt (51) database. Ab initio
gene prediction by AUGUSTUS 3.3.2 (52) was performed with the repeat-
masked genome with “-species Arabidopsis” option. The species parame-
ters of AUGUSTUS were trained by genome mode BUSCO 3.0.2 (53) with
eudicotyledons_odb10 database.

The ab initio predictions, RNA-seq alignments, and ORF predictions were
submitted to Evidencemodeler 1.1.1 (EVM) (54) to identify consensus gene
model. The weight of ab initio and ORF prediction is 1, and the weight
of RNA-seq data is 10, based on the recommendation of EVM. The gene
set from EVM was sent to BUSCO for assessing the completeness with
eudicotyledons_odb10 database.

The complete gene set was loaded into blast2go 5.2.5 (55) and compared
with UniProtKB/Swiss-prot (51) database using local blastx. Blast E-expectation
value (E-value) cutoff was set to 0.001 and word size to 6. Moreover, we
mapped the genes annotated by blastx to the GO database. The mapped GO
terms were further evaluated by GO evidence codes, which indicated the ex-
perimental and computational evidence of GO terms. GO enrichment analysis
of genomic regions with signatures of selection was implemented with Fisher’s
exact test.

Plant Materials and Population Genetics Analyses. A total of 60 M. charantia
accessions were used for population genomics analyses (20). Our samples
consist of M. charantia var. muricata (small-fruit) type accessions collected
from wild environments (CRL and VI accessions in S/ Appendix, Table S5) as
well as cultivars with mixed fruit sizes from the World Vegetable Center
collections (AVBG and THMC accessions in S/ Appendix, Table S5). Many of
the accessions used here were collected by indigenous projects focusing on
landraces and wild accessions (56). As we have discussed, some people di-
rectly cultivate and consume wild accessions, and therefore some accessions
originally classified as cultivars by the stock center might actually be phe-
notypically and genetically close to wild accessions. The original wild-cultivar
distinction therefore does not necessarily agree with population genetics
results, and we chose to use the genetic groups separated by genetic data
for all following analyses. The phenotypic data were received from the
World Vegetable Center East and Southeast Asia, Thailand. All of them are
categorical and graded data (S/ Appendix, Table S5). The estimation method
of the phenotypes had been reported in a previous study (12). The outgroup,
M. cochinchinensis, were obtained from a horticulture market in Taiwan,
and its species identity was validated with chloroplast MaturaseK gene
(MatK) markers (S/ Appendix, Table S6) (57).

The genomic DNA was extracted from leaves using DNeasy Plant Mini Kit
(Qiagen) with 100 mg of leaf tissue, and DNA quality and concentration were
estimated with gel electrophoresis and Qubit. NEBNext Ultra Il DNA Library
Prep Kit was used to construct the illumina library, and the libraries were
sequenced with 150 bp paired-end using lllumina HiSeq X-ten.

Reads were trimmed base on sequence quality by SolexaQA++ v3.1.7.1
(58), and adaptor sequences were removed by cutadapt 1.14 (59). Reads
were mapped to the reference genome by BWA 0.7.15 (60). The duplicated
reads produced by PCR were marked with Picard Tools 2.9.0-1 (http:/
broadinstitute.github.io/picard). SNP genotypes were called following GATK
3.7 (61) best practice. Variant sites were then filtered with vcftools v0.1.13
(62) by keeping biallelic SNP sites only, QUAL >30, missing rate <10%, and
minor allele frequency (MAF) >1%. Sites with depth among all samples
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lower or higher than 3 SDs of genome-wide average were filtered out. The
first step of filtering resulted in 9,743,755 SNPs including the outgroup.

PLINK v1.90b4.5 (63) was used to perform SNP LD pruning in 50-kb win-
dows, 5 kb between each step, and 7 threshold of 0.5. This results in
1,159,323 SNPs for the following population structure analyses. The
neighbor-joining tree was reconstructed with TASSEL 5.0 (64). PCA was
performed by PLINK (63) with default settings. Ancestral proportion analysis
was performed by ADMIXTURE 1.3.0 (65), and the admixture Q matrix was
plotted by R package pophelper 2.2.5 (66).

For LD day, nucleotide diversity estimation, demography, and following
analyses testing for traces of selection, we used the original SNP dataset
without pruning for linkage disequilibrium nor filtering for minor allele
frequency. In total this dataset without the outgroup species contains
6,135,286 SNPs, with different number of SNPs being used for analyses
specific to each population. LD decay was calculated and plotted with
PopLDdecay 3.40 (67). We removed the admixed individuals identified by
ADMIXTURE before LD estimation within each genetic group. Nucleotide
diversity was calculated in 50-kb windows with 10-kb steps by vcftools.
Heterozygosity of each individual was counted by vcftools with “~het” op-
tion. We used SMC++ v1.15.2 (21) to estimate the demographic history of M.
charantia. SMC++ had two advantages: 1) It required only unphased ge-
nomes, which was suitable for nonmodel organisms; and 2) multiple samples
could be included in the analysis for constructing recent history. The
admixed individuals in each group were excluded before analyses. Historical
population sizes of four genetic groups, THAI, TAI, SA, and SEA were sep-
arately estimated with the “estimate” option, and their pairwise divergence
times were estimated by “split” option. After summarizing the mutation
rates frequently used for eudicots, the mutation rate per generation was set
as2x 1078,

The wild group we used in selection models was the Taiwan wild group
since it was genetically closer to the cultivars. The fixation index (Fs7) between
wild and cultivar populations was calculated in 50-kb windows with 10-kb
step size by vcftools. Reduction of diversity (ROD) was calculated in 50-kb
windows with 10-kb step size between the wild and cultivar populations.
The formula was: 10g;o (7wid/Zcurtivar)- CLR (68) was performed within culti-
vars by SweeD 3.0 (69), where each chromosome was separated into 2,000
bins. XP-CLR (70) was estimated between wild and cultivar populations in
50-kb windows with 10-kb step size.

To investigate the genetic architecture of fruit traits, we estimated the
association between SNPs and traits while controlling for the PCA values of
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