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Abstract

Background The factors that maintain phenotypic and genetic variation within a population have received long-
term attention in evolutionary biology. Here the genetic basis and evolution of the geographically widespread vari-
ation in twig trichome color (from red to white) in a shrub Melastoma normale was investigated using Pool-seq and
evolutionary analyses.

Results The results show that the twig trichome coloration is under selection in different light environments and
that a 6-kb region containing an R2R3 MYB transcription factor gene is the major region of divergence between the
extreme red and white morphs. This gene has two highly divergent groups of alleles, one of which likely originated
from introgression from another species in this genus and has risen to high frequency (> 0.6) within each of the three
populations under investigation. In contrast, polymorphisms in other regions of the genome show no sign of differen-
tiation between the two morphs, suggesting that genomic patterns of diversity have been shaped by homogenizing
gene flow. Population genetics analysis reveals signals of balancing selection acting on this gene, and it is suggested
that spatially varying selection is the most likely mechanism of balancing selection in this case.

Conclusions This study demonstrate that polymorphisms on a single transcription factor gene largely confer the
twig trichome color variation in M. normale, while also explaining how adaptive divergence can occur and be main-
tained in the face of gene flow.
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Background

Both phenotypic and genetic variations are critical for
organismal survival, evolution, and adaptation [1, 2]. The
factors that maintain phenotypic and genetic variation
within a population have received long-term attention in
evolutionary biology [3]. While positive directional selec-
tion, negative selection, and genetic drift are all expected
to eventually reduce genetic variation [4, 5], balancing
selection, on the other hand, is often considered a possi-
ble mechanism for maintaining variation [4, 6]. Balancing
selection can result from spatially or temporally varying
selection, heterozygote advantage, or negative frequency
dependent selection (reviewed in [6—8]). Examples of all
three forms of balancing selection have been reported
before [9-13].

Dissecting the genetic basis of variable traits may pro-
vide insight into fundamental questions about the origin,
evolution, and maintenance of variation within popula-
tions [12, 14]. However, finding suitable candidate genes
for studying balancing selection is difficult, because
genetic basis of traits of interest is usually poorly char-
acterized [6, 15]. Genomic scans are now increasingly
used to detect balancing selection for inferring its role
in the maintenance of genetic variation and this kind of
analysis has been conducted in humans [16-21], bacte-
ria [22, 23], Drosophila [24], human malaria parasite [25],
and plants [26, 27]. In plants, well known examples of
balancing selection are disease resistance genes [28—30],
self-incompatibility genes [31, 32], and genes related to
response to biotic and abiotic stresses [11, 13, 26].

Melastoma, a shrub genus consisting of 80—100 species
in tropical Asia and Oceania [33, 34], has experienced
rapid species radiation in the past one million years [35].
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Trichomes on leaf, twig, and hypanthium are the most
important morphological traits for species delimitation
in Melastoma [34, 36]. Most species in this genus pos-
sess appressed scales on twigs, while a few species exhibit
spreading hairs or bristles on twigs [34, 36]. Species of
Melastoma show differential adaptation to heterogene-
ous environments with respect to light, temperature,
water, and soil conditions [34], offering an excellent sys-
tem to study the genetic basis of adaptation. The genome
sequence of Melastoma candidum, a common species
in southern China and northern Vietnam, has recently
become available, facilitating the identification and char-
acterization of genes and genomic regions underlying
adaptation and speciation in this genus.

Melastoma normale is one of the most widespread
species in this genus, ranging from the edges of the
Himalaya (Nepal, Bhutan, and India) across northern
Southeastern Asia (northern Thailand, Laos, and Viet-
nam) to southern China [33, 36]. It displays continu-
ous twig trichome color variation from red to white
within populations (Fig. 1). In the wild, individuals
with red twig trichomes prefer open habitats with high
sunlight intensity, those with white twig trichomes are
mostly found in slightly shady habitats with relatively
low sunlight intensity, and those with twig trichomes
of intermediate colors are mostly seen in the interme-
diate habitats. Hereafter, individuals with extreme red
and white twig trichomes were called as Red morph
and White morph, respectively. The two morphs of
M. normale are widespread within populations and
can be observed throughout its geographic range. Tri-
chomes in plants play numerous adaptive roles, includ-
ing defense against biotic attack (e.g., insect herbivores

1. L i

Fig. 1 Trichomes on twigs of Melastoma normale. Shown on the left and right panels are the red and white morphs of M. normale, respectively.
Only red and white morphs are shown here. Details of twig trichomes of the red (upper) and white (lower) morphs are shown on the middle panel
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and fungal pathogens) and mitigation of abiotic stress
(e.g., water evaporation and UV radiation) [14, 37].
Given that anthocyanin and other flavonoids play
important roles in plant photoprotection [38], red tri-
chomes of M. normale might be more tolerant to high
light conditions and have a selective advantage in open
habitats, whereas white trichomes may have a selec-
tive advantage in slightly shady habitats as it will not
invest additional energy to synthesize anthocyanins to
ensure more investment on growth and reproduction.
Thus, red and white trichomes on the twigs of M. nor-
male may be a plausible adaptation to UV radiation
associated with their exposed or slightly shady habitats,
respectively. It is possible that twig trichome coloration
in M. normale is a phenotypically plastic trait, as vege-
tative organs of many plants can accumulate anthocya-
nin at high light conditions (e.g., [39, 40]). However, the
common garden experiment (see below) suggests that
twig trichome color variation in M. normale is largely
genetically controlled.

To date, both the genetic basis of trichome color vari-
ation in M. normale, and the evolutionary processes
involved in its origin and maintenance have remained
unknown. The wide accessibility of high-throughput
sequencing technology makes it possible to identify
genomic regions underlying traits of interest in natural
populations using population genomic scan approaches
(e.g., [12, 14]). These approaches require low lev-
els of neutral differentiation between populations (or
ecotypes) in order to distinguish signal from back-
ground differentiation [41]. The microhabitat diver-
gence of the two morphs of M. normale in the face of
gene flow is fairly suitable for genomic scan approaches
because local differentiation with substantial gene
flow should proceed primarily through mutations of
major effect [42]. In this study, it is hypothesized that
twig trichome coloration of M. normale is under selec-
tion in different light conditions and that the under-
lying gene(s) is(are) under balancing selection to
maintain the twig trichome color variation. To this end,
a common garden experiment was done to test the first
hypothesis, a Pool-seq approach was used to dissect
the genetic basis of twig trichome color variation, and
some evolutionary analyses were performed to infer the
origin of genetic variation underlying this phenotypic
variation, and to test if balancing selection maintains
this variation. The results show that the widespread
twig trichome color variation in M. normale is under
selection in different light environments and involves
largely a R2R3 MYB transcription factor under balanc-
ing selection. The gene has two highly divergent groups
of alleles, one of which likely originated from introgres-
sion from another species.
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Results

Twig trichome coloration in M. normale is under selection
in different light environments

A common garden experiment was used to test if twig tri-
chome coloration of M. normale is under selection in dif-
ferent light environments (see “Methods” for details). For
each of the Red and White morphs, plant dry weights were
measured for 30 one-year-old individuals each at high and
low sunlight intensities. Because there was a statistically
significant interaction between the effect of morph and
sunlight intensity (two-way ANOVA tests, F; ;,,=21.90,
p=8.70x107°), pairwise comparison for the two morphs
was made at high and low sunlight intensities, respec-
tively. As shown in Fig. 2, plants of the Red morph had
significantly higher dry weight at high sunlight intensity
than at low sunlight intensity. In contrast, plants of the
White morph showed significantly higher dry weight at
low sunlight intensity than at high sunlight intensity. At
low sunlight intensity, plants of the White morph had sig-
nificantly higher dry weight than plants of the Red morph.
By contrast, at high sunlight intensity, plants of the Red
morph had significantly higher dry weight than plants of
the White morph. The contrast in biomass accumulation
between the Red and White morphs suggests that twig tri-
chome coloration in M. normale is under selection in dif-
ferent light environments. Meanwhile, it was found that
white twig trichomes would not change to red twig tri-
chomes at high sunlight condition, and red twig trichomes

O Red morph 0 White morph
3+ P =8.96x104
I 1
P=1.70%10*
_ ) 1
2 P =1.03%10
£ 5. P=1.10%102
=) T
o | T
2 T - \
> T
o T T
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1 -
0 =

L] L]
Low light intensity High light intensity
Fig. 2 Pairwise comparison of plant dry weight for two morphs
of Melastoma normale. Plant dry weight was measured for 30
one-year-old individuals each at high and low sunlight intensities of
each morph in a common garden experiment. Statistical significance
was determined with the LSD test using SPSS UNIANOVA
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would not change to white twig trichomes at low sunlight
condition, suggesting that twig trichome color variation
in M. normale is largely, if not completely, genetically
controlled.

An MYB transcription factor is the major gene associated
with twig trichome color variation in M. normale

To identify the genetic basis of twig trichome color vari-
ation in M. normale, 24-30 individuals for each morph
with the extreme trichome colors were sampled from
each of the two locations of Guangzhou, Dishuiyan
(Panyu District), and Maofengshan (Baiyun District),
with a distance of about 70 km between them (Additional
file 1: Table S1). The samples of each morph from each
sampling location were pooled and sequenced on an Illu-
mina Hiseq 2500 platform. After quality filtering, 226.6—
246.7 million paired end reads (~126-137Xxin depth)
were obtained for the four pooled samples and more
than 95% of these reads were mapped onto the reference
genome of M. candidum, a closely related species of M.
normale (Additional file 1: Table S2).

Using a 5-kb sliding window analysis, the average
nucleotide diversity (i) and nucleotide polymorphism
(@,) is highly similar among the four pooled samples
(Additional file 1: Figs. S1 and S2), and the two morphs
in the same sampling location had nearly identical aver-
age nucleotide diversity (0.0082 and 0.0083 in Dishui-
yan; 0.0093 and 0.0094 in Maofengshan; Additional
file 1: Table S3). The average Tajima’s D values were all
below 0 in the four samples, and again, the two morphs
in the same sampling location had nearly identical values
(Additional file 1: Table S3, Fig. S3).

A very low level of genetic differentiation was detected
between the White and Red morphs from both sampling
locations (Fig. 3A and B). The average Fst values between
the two morphs in Maofengshan and Dishuiyan were
0.017 and 0.016 (Additional file 1: Table S4), respectively,
suggesting substantial gene flow between the two morphs
in each of the sampling locations. In contrast, signifi-
cantly higher genetic differentiation (Fst=0.064 for both
cases) were observed between the same morphs sampled
from Maofengshan and Dishuiyan (Wilcoxon rank sum
test, P<2.2x 107'% Additional file 1: Fig. S4), suggesting
that geographic isolation might play a role in restricting
gene flow.

Although the average genetic differentiation between
the two morphs in both sampling locations was very
low, in each sampling location, two highly differenti-
ated genomic regions with the highest Fst values were
observed (Fig. 3A, B). One of these genomic regions
was shared between the two sampling locations, while
the other genomic region was private for each sampling
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location. When using combined sequence data of each
morph from the two sampling locations for analysis,
only one genomic region showing very high genetic
differentiation was detected between the two morphs
compared with a very low level of genomic differ-
entiation (Fig. 3C). This region was the same as the
shared highly differentiated region mentioned above.
This analysis suggests that other highly differentiated
regions between the two morphs observed in each
location are location-specific and may contain modi-
fier loci of the major locus or simply represent spuri-
ous peaks in divergence. This highly differentiated
genomic region was then considered as the candidate
locus. It corresponds to a region on scaffold27 of the
reference genome of M. candidum, where high-den-
sity SNPs with much elevated Fst values within a 6-kb
interval (503000-509000) were found. Site by site Fst
values across the genome were also calculated between
the two morphs in each sampling location and all 50
SNPs with the highest Fst values (0.640<Fst<0.916)
across the genome from Dishuiyan, and 46 of 50 SNPs
with the highest Fst values (0.367 <Fst<0.668) from
Maofengshan were located in this interval (Additional
file 1: Tables S5 and S6). The reliability of high-level
differentiation at this region between the White and
Red morphs in M. normale was verified using Sanger
sequencing of all 109 individuals used for Pool-seq.
The genic region of myb114 (~ 1 kb in length), the only
gene annotated in this 6-kb region (see below), was
then the focus of subsequent analysis. High-level differ-
entiation at this gene was confirmed between the two
morphs from both sampling locations (Additional file 1:
Table S7). Moreover, low genetic differentiation at this
gene between the same morphs from the two sampling
locations was also consistent with the Pool-seq analysis.

By searching genomic annotation of the reference
genome of M. candidum, only one annotated gene
(Mc_07625), which encodes a R2R3 MYB transcrip-
tion factor in the 6-kb interval, was found. This R2R3
MYB transcription factor of M. candidum has homol-
ogy to the MYB114/MYB75 subfamily in Arabidopsis
thaliana, with 64% identity in amino acid sequence.
It was designated as mybl14 hereafter. Gene annota-
tion showed that mybi114 of M. candidum is 1059 bp
in length from the start codon to the stop codon (scaf-
fold27: 505966-507024), containing three exons and
two introns. Along with the known roles of myb114 in
regulating gene expression of anthocyanin biosynthesis
pathway in plants [43], myb114 should be a major gene
associated with the twig trichome color variation in M.
normale (see haplogroup and twig trichome color asso-
ciation analysis below).
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Two copies of myb114 were detected in M. candidum

but only one in M. normale

To test whether closely related paralogs exist in the
genomes of M. candidum and M. normale as this can
cause errors in read mapping and thus Fst calculation,
the reference genome of M. candidum was first searched
using Blast with the 6-kb sequence as a query and a 2.3-
kb area (scaffold27: 516172-518520) having a 96% iden-
tity with an area (scaffold27: 505542-507861) was found
within the 6-kb interval. In M. candidum, this 2.3-kb
area is about 10 kb away from the 6-kb region and also

contains an annotated R2R3 MYB transcription fac-
tor gene (Mc_07626) (Fig. 4A). A Blast search against
the draft genome assembly of M. normale just available
very recently was then done and only one area of 6.3 kb
in pseudochromosome8 of M. normale (pseudochromo-
some8: 4658357-4664644), which has a 96% identity with
the 6-kb interval, was found. This strongly suggests that
there has been either a gene duplication in M. candidum
or a gene deletion in M. normale. These two areas were
called as copyl and copy2 and, as each area contains a
mybl14 gene, the two genes were denoted as myb114-1
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and mybl114-2 in M. candidum. Genome resequencing
of one individual each of M. candidum and M. normale
showed that read depth of copyl and copy2 in M. can-
didum was similar to the genome average, while in M.
normale, read depth of copyl is similar to the genome
average, but that of copy2 is zero or extremely low at
most nucleotide sites (Additional file 1: Fig. S5). Read
depth of copyl and copy?2 in the Pool-seq data of M. nor-
male was very similar to that in the M. normale individual
(Additional file 1: Fig. S5). PCR amplification and Sanger
sequencing showed that most of the copy2 region in M.
candidum has no corresponding sequence in M. normale
due to the deletion of a 6-kb region in the latter (Addi-
tional file 1: SI text 1). Thus, unlike M. candidum which

has two highly similar copies of mybl14 in the genome,
M. normale has only one copy, mybl14-1 (mybli4 for
short in M. normale hereafter since it has only one copy).
In conjunction with the mybl14 copy number informa-
tion in other species of Melastoma (two copies in M.
candidum, M. sanguineum, and M. penicillatum, and
one copy in M. dodecandrum and M. malabathricum;
SI text 1) and chloroplast genome-based phylogeny of
these species (Fig. 4B), the common ancestor of Mel-
astoma appears to have a single copy of mybl14 and
gene duplication of myb114 occurred later in the com-
mon ancestor of M. candidum, M. sanguineum, and M.
penicillatum. Moreover, sequence divergence between
mybl14-1 and myb114-2 of M. candidum (Ks=0.0591;
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Kimura-two-parameter distance (d)=0.0247) is much
lower than that of myb114-1 between M. candidum and
M. dodecandrum (Ks=0.1117; d=0.0385), also support-
ing the duplication of mybli4 after divergence from
M. dodecandrum.

Two haplotype groups of myb114 are highly divergent

and geographically widespread in M. normale

Sanger sequencing of mybl14 in all 109 individuals used
for Pool-seq showed that there was introgression from M.
candidum in 17 individuals of M. normale because one
of the two haplotypes for each of these individuals had
the same sequence as M. candidum after clonal sequenc-
ing (Fig. 5). M. candidum has brown appressed scales on
its twigs and it seems that introgression from M. candi-
dum has little influence on this trait of the 17 individu-
als of M. normale. Introgression from M. candidum is
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not surprising because M. normale coexists with M.
candidum in the two sampling locations and many other
regions in South China. Although M. normale flowers
primarily from March to April in Guangzhou, much ear-
lier than M. candidum which flowers in June to August,
occasional secondary flowering in M. normale may cause
hybridization and introgression. The introgression expla-
nation was also supported by sequence analysis in an
allopatric M. normale population sampled from Zigong,
Sichuan, where no other species of Melastoma exist and
no haplotypes of M. candidum were detected. The individuals
possessing haplotypes introgressed from M. candidum
were removed for later analysis.

Haplotype analysis of myb114 in M. normale revealed
two highly divergent haplogroups with 37 differentially
fixed nucleotide substitutions and indels between them
(Fig. 6A). The two haplogroups were denoted as W-group

Osbeckia

M. malabathricum

M. normale

M. penicillatum

M. candidum

M. sangui

M. dodecandrum

Hypothesized relative
of M. dodecandrum

Fig. 5 Phylogenetic analysis of the myb114 genes of six species of Melastoma in China. The tree was constructed using the maximum parsimony
algorithm. The twig trichome trait of each species was shown with a photo. The W-group and R-group haplotypes of M. normale are indicated in
the boxes with dotted lines. Nodes with bootstrap value less than 40% are collapsed. * indicates the haplotype introgressed from M. candidum. The
myb114 introgression events are shown on the chloroplast genome tree of these species, with the blue dotted arrow representing introgression
from an unsampled/extinct relative of M. dodecandrum to M. normale, and the green dotted arrow representing very recent or ongoing

introgression from M. candidum to M. normale
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or two mutation steps. See the main text for the definition of the R-group and W-group. The same codes were used for shared haplotype between
panels A and B
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(haplotypes in this group are predominantly from the
White morph) and R-group (haplotypes in this group
are predominantly from the Red morph). The haplo-
groups showed strong association with the twig trichome
color (Additional file 1: Table S8). The most frequent
haplotypes within the W- and R-groups are H6 and H1,
respectively (Fig. 6A). The frequencies of H6 in the White
morph of the two sampling locations are both higher
than 0.6, while those of H1 are lower than 0.2 (Addi-
tional file 1: Table S9). By contrast, the frequencies of H1
in the Red morph of the two sampling locations are both
higher than 0.6, while those of H6 are both lower than 0.1
(Additional file 1: Table S9). At the amino acid level, there
were 14 amino acid (aa) substitutions and two 1-aa indels
between H1 and H6. Notably, no WW genotypes (both
alleles are from the W-group) in the sampled individu-
als of the Red morph were found in both Dishuiyan and
Maofengshan, and no RR genotypes (both alleles are from
the R-group) in the sampled individuals of the White
morph were observed in Dishuiyan. However, three indi-
viduals of the White morph in Maofengshan were found
to have RR genotypes (H1H1 for all three individuals). It
was speculated that recent loss-of-function mutation in
the regulatory region of myb114 or in other gene(s) inter-
acting with it causes the failure of anthocyanin synthesis
in their twig trichomes.

To exclude the potential influence of non-random sam-
pling in the Pool-seq analysis and to conduct the follow-
ing population genetics analysis, the myb114 gene of 50
randomly sampled individuals each from Maofengshan
and Dishuiyan, regardless of the twig trichome color, was
sequenced. Again, the individuals possessing haplotypes
introgressed from M. candidum were removed from later
analysis. Because this introgression event is not associ-
ated with the twig trichome variation in M. normale,
it will not be mentioned hereafter to avoid confusion.
Fourteen haplotypes of M. normale from the two sam-
pling locations were detected (Fig. 6B), and again, they
formed two highly divergent haplogroups, W-group and
R-group, as mentioned above. For each haplogroup, the
same major haplotypes, that is, H6 in the W-group and
H1 in the R-group, were found. The two highly divergent
haplogroups at a considerable and similar frequency were
also detected in a population sampled from Jianshan,
Zigong, Sichuan, which is more than 1000 km away from
Guangzhou (Fig. 5B). Therefore, the two highly divergent
haplogroups should be geographically widespread in
M. normale.

The high level of sequence divergence among the two
haplogroups suggests that they have coexisted for a long
time to build up genetic divergence or that one of the
haplogroups was introgressed from other species. To
infer how the two highly divergent haplogroups of this
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gene in M. normale formed, phylogenetic relationships
of six species of Melastoma from China were recon-
structed based on haplotype sequences of this gene. Hap-
lotypes of M. normale were from 50 randomly sampled
individuals each from Maofengshan and Dishuiyan, and
20 individuals from Jianshan. Haplotypes of other spe-
cies were from five individuals for each species. Because
some species have two copies of myb114, myb114-1-spe-
cific primers were designed for PCR amplification. As
shown in the maximum parsimony tree (Fig. 5), which
had some differences from the chloroplast genome tree,
W-group haplotypes of M. normale were sister to those
of M. malabathricum, consistent with their close rela-
tionships (The two species were once treated as two
subspecies of the same species [36]), while the R-group
haplotypes of M. normale were closely related to those
of M. dodecandrum, the mostly diverged species in Mel-
astoma. This suggests that the highly divergent R-group
haplotypes may have originated from introgression from
M. dodecandrum or other unsampled/extinct species
closely related to M. dodecandrum. Considering that M.
dodecandrum has no red, dense and spreading twig tri-
chomes, introgression from other unsampled/extinct
species closely related to M. dodecandrum seems more
likely. This introgression event is unlikely to be very
recent, given the observations of geographically wide-
spread range of this variation and a short, highly differen-
tiated region (6 kb) between the two morphs.

Balancing selection maintains the two highly divergent
haplogroups in M. normale

The geographically widespread, strong divergence at the
6-kb region contrasts with the extremely low genetic
differentiation across the genome between the Red and
White morphs of M. normale, suggesting that selection
may maintain this divergence despite populations of the
two morphs experiencing substantial homogenizing gene
flow. An alternative explanation is that this strong diver-
gence at the 6-kb region resulted from only neutral intro-
gression. To determine which explanation holds in this
case, the following analyses were conducted.

First, a population genetic analysis was done on the
sequence data of myb114 from 50 randomly sampled
individuals each from Maofengshan and Dishuiyan. At
the mybl114 gene, Tajima’s D were significantly larger
than 0 for both Maofengshan (D=2.82, P<0.01) and
Dishuiyan (D =2.08, P<0.05) populations. Site frequency
spectrum analysis also showed that there were exces-
sive moderate and even high-frequency mutations but
much fewer low-frequency mutations in both popula-
tions, remarkably different from the expected distribu-
tions under neutrality (Additional file 1: Fig. S6). The
nucleotide diversity at this gene in Maofengshan and
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Dishuiyan populations was 0.018 and 0.014, respectively,
much higher than the genomic average (0.008—0.009). In
addition, the level of linkage disequilibrium (r*) between
segregating sites at the myb114 gene was measured. 7 is
close to 1 for many sites throughout the mybl114 gene,
suggesting that most nucleotide sites are completely
correlated (Additional file 1: Fig. S7). No recombination
between the two highly divergent haplogroups and within
each haplogroup was detected in the Dishuiyan popu-
lation, and in the Maofengshan population, evidence of
recombination was found only within the W-group, with
the minimum number of recombination events being
eight. Hence, the absence of recombination between the
two haplogroups is not due to a reduction in crossovers
in this region. Instead, recombination appears to be sup-
pressed between haplogroups, but not within. All these
results are in line with balancing selection, which can
result in an excess of intermediate-frequency variants
in the site frequency spectrum, increased diversity [4]
and elevated levels of LD around the target of balancing
selection [44—46]. Although severe population shrinkage
can also cause an excess of intermediate-frequency vari-
ants and elevated levels of LD, that the genomic average
of Tajima’s D is lower than 0 (Additional file 1: Fig. S3)
suggests that it is unlikely. However, these patterns are
also consistent with the explanation of neutral introgres-
sion if the introgressed alleles are at a considerable fre-
quency in these populations.

Second, two recently developed, more powerful and
robust summary statistics, * and Non-central Devia-
tion (NCD2) [20, 21, 47], were used to scan the genomes
of each of the three populations for signatures of balanc-
ing selection. The results showed that myb114 had signif-
icantly stronger signatures of balancing selection than the
whole genome in all three populations whether using %
or NCD2 (Table 1; Additional file 1: Fig. S8). Mean 5?
scores at mybl14 were 24.98, 16.41 and 12.03 in Jianshan,
Dishuiyan, and Maofengshan populations, respectively,
significantly greater than the genome-wide averages,
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which were 7.72, 6.55, and 6.53, respectively. When using
NCD2, there was a significant reduction in NCD2 scores
(indicating stronger signatures of balancing selection) in
all three populations.

In a complementary manner, 15, 11, and 4 SNPs at
myb114 were in the top 5% of the f? distributions in
Jianshan, Dishuiyan, and Maofengshan populations,
respectively, and 6 and17 SNPs at mybl14 were in the
bottom 5% of the NCD2 distributions in Jianshan and
Dishuiyan populations, respectively. No SNPs at myb114
were in the bottom 5% of the NCD2 distributions in
Maofengshan population, and 4 SNPs with the lowest
NCD2 scores were in the bottom 20% of the NCD2 dis-
tributions, which might be caused by more introgression
from M. candidum in this population.

Third, the frequency of the introgressed alleles in each
population was calculated. For this analysis, the Jian-
shan population in which no other Melastoma species
exist was also included. Based on the results mentioned
above, alleles from the R-group stem from introgression.
The frequencies of the introgressed alleles in Maofeng-
shan, Dishuiyan, and Zigong populations are 0.622,
0.714, and 0.719, respectively. Because the frequency of
introgressed alleles is expected to decrease due to the
continuous backcross to the recipient species (M. nor-
male in this case), the high frequency of introgressed
alleles is unusual if they are not favored by selection. In
this case, the frequency of introgressed alleles is expected
to decrease more because the donor species cannot be
found in China or even may be extinct. At least for the
population from Jianshan, the highest frequency of the
introgressed alleles is opposite to the expectation under
neutral introgression.

Fourth, the nucleotide diversity and polymorphism
of mybl14 versus surrounding regions were compared.
For this comparison, the individuals of M. normale from
Maofengshan population were classified according to
mybl14 genotype. There are 14 individuals with RR gen-
otype (both alleles are from the R-group), and 12 with

Table 1 Signatures of balancing selection in myb114 in three populations of Melastoma normale. This is detected for the myb114 gene
relative to the whole genome using the B and NCD2 scores. N in the third and fourth columns refers to the number of SNPs used in
the comparison. SE refers to standard error. One-sided Wilcoxon rank sum tests were performed in the R package

Quantity tested Population SNPs of myb114 mean=+SE (N) SNPs of the whole genome P value
mean = SE (N)

B? score Dishuiyan 16.41+1.70 (29) 6.55 +0.0050 (2105786) 1.15E-07
Maofengshan 12.03+£0.69 (47) 6.53 +0.0043 (2580849) 1.08E—11
Jianshan 24.98 +1.46 (26) 7.72+0.0071 (2213379) 2.09E-12

NCD2 score Dishuiyan 0.25+0.0025 (29) 0.35+0.000038 (2105786) 2.20E-16
Maofengshan 0.33+0.00082 (47) 0.36+0.000029 (2580849) 1.33E-09
Jianshan 0.20 +0.0066 (26) 0.35+0.000046 (2213379) 2.20E-16
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WW (both alleles are from the W-group). Six single-copy
segments (800-900 bp per segment) distributed across
a ~60-kb region centered on myb114 were sequenced in
the 26 individuals. For the individuals with RR genotype,
the nucleotide diversity and polymorphism of the six sur-
rounding segments ranges from 0.00334 to 0.00811, and
from 0.00269 to 0.00951, respectively; for the individuals
with WW genotype, the nucleotide diversity and poly-
morphism of the six surrounding segments ranges from
0.00307 to 0.00863, and from 0.00419 to 0.00892, respec-
tively (Additional file 1: Table S10, Fig. S9). The nucleo-
tide diversity and polymorphism of the six surrounding
segments are significantly higher than those of myb114,
which are 0.000470 and 0.00123 for the individuals with
RR genotype, and 0.00229 and 0.00300 for the individu-
als with WW genotype, respectively (Additional file 1:
Fig. S9, Table S11). The trend is especially obvious for the
individuals with RR genotype. For both RR- and WW-
genotype bearing samples, the low diversity at mybl14
relative to surrounding regions suggests that both R and
W alleles exhibit a molecular signature of positive selec-
tion rather than being neutral. Taken as a whole, myb114
should be under balancing selection in M. normale.

To further investigate the mechanisms of balanc-
ing selection acting on this gene, these individuals were
classified as homozygotes or heterozygotes of the two
haplogroups “R” and “W” Based on sequence data of
mybl114 in Maofengshan and Dishuiyan populations,
genotype frequencies of WW, RR, and WR (one allele
from the W-group and the other from the R-group)
were obtained. Although both populations have a con-
siderable fraction of WR genotype (0.593 and 0.561 in
Maofengshan and Dishuiyan populations, respectively),
no significant deviation from Hardy-Weinberg equilib-
rium was detected (X*>=1.526, p>0.05 for Maofengshan
population; X?>=1.395, p>0.05 for Dishuiyan popula-
tion). This indicates that heterozygote advantage may not
be the mechanism of balancing selection on mybl14 in
M. normale. Instead, considering that there is substan-
tial variation in light intensity within most populations of
M. normale, for example, from open roadsides with full
sunlight to understory habitats with much less sunlight,
the two morphs appear to differentially adapt to habitats
with high and low sunlight intensity and that both R and
W alleles of mybl14 have been under positive selection,
spatially varying selection is a more likely mechanism of
balancing selection in this case.

Discussion

The geographically widespread twig color variation
within populations of M. normale and the availability of
a reference genome facilitates genetic dissection of this
trait. More interestingly, the common garden experiment
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indicates that the Red and White morphs display differ-
ential adaptation to heterogeneous microhabitats. With
available reference genomes, Pool-seq has the advantage
of efficiently identifying the genomic regions associated
with phenotypic variations [48]. Using this approach, the
twig trichome color variation in M. normale is found to
be largely associated with a R2R3 MYB transcription fac-
tor, which is highly divergent between the two morphs
despite a very low level of background genomic differen-
tiation. MYB transcription factor gene family has a large
number of members in flowering plants, with important
regulatory roles in plant development and responses to
biotic and abiotic stress [49, 50]. Among MYB genes,
the two-domain R2R3 MYB genes often exhibit tissue-
specific patterns of expression and have been implicated
in trichome development (e.g., [14, 51]) and pigmenta-
tion variation in many tissues of plants (e.g., [52-55]).
For example, an R2R3 MYB gene of the MYB48/MYB59
subfamily is largely associated with leaf trichome den-
sity divergence (glabrous versus densely hairy) in Mimu-
lus guttatus [14]. The members in the MYB114/MYB75
subfamily (including MYB75, MYB90, MYB113, and
MYB114) can regulate the anthocyanin biosynthesis
genes later in the pathway, leading to the synthesis of
pro-anthocyanidins and anthocyanins [43, 56]. To date,
no studies have found any functional connection of R2R3
MYB transcription factors to trichome color in other
plants. This study indicates that R2R3 MYB transcrip-
tion factors are also implicated in trichome pigmenta-
tion variation. Further work is required to figure out
whether the coding or cis-regulatory regions of mybl14
carry the causal mutations. However, the large number of
amino acid differences differentially fixed in the two hap-
logroups makes it difficult to point to any single amino
acid change as the causal mutations. It seems likely that
the two groups of alleles differ functionally, perhaps
reinforced by additional differences in the cis-regulatory
region.

In M. normale, twig trichome color variation appears
to be associated with a locus of large effect. A similar
genetic basis has also been found for pigment trait diver-
gence of multiple plants and animals (e.g., [12, 57-60]). It
is expected that single-locus architecture or tight linkage
between the loci involved (or a supergene) is responsi-
ble for traits under balancing selection [61]. Yeaman and
Whitlock also predicted that genetic architecture of local
adaptation in the face of gene flow should be due to few
large-effect loci or multiple tightly linked small-effect loci
[42]. Previous studies [12, 14] and this study are consist-
ent with these predictions.

Phylogenetic analyses indicate that one of the two
highly divergent haplogroups at mybl114 in M. nor-
male arose from introgression from unsampled/extinct
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species closely related to M. dodecandrum, and that the
introgression event is not very recent and the forces
of balancing selection should be strong and continu-
ous over time to prevent the loss of this polymorphism.
Introgression from related species is an important
mode of adaptation (e.g., [62, 63]). The long-term per-
sistence of polymorphisms has also been seen in other
species, such as Drosophila [46], ruff [64] and Gouldian
finch [60]. The number of segregating sites, haplotype
diversity, and nucleotide diversity in the R-group are all
lower than those in the W-group, which may be caused
by stronger selection on this haplogroup. However,
this pattern is also consistent with there being multiple
knock-out mutations in the regulatory regions possible
to create the white phenotype but only one way to have
a functional red copy.

Interspecific hybridization is common in Melas-
toma (e.g., [65—67]). However, except for M. normale,
no any other instances of introgression of the R-group
haplotypes into Melastoma species in China have been
observed. Different adaptive traits or different eco-
logical requirements in other species may be the main
reason. For M. candidum and M. malabathricum, over-
lapping appressed scales on their twigs may offer effec-
tive protection for twigs from intense sunlight. For
M. sanguineum and M. penicillatum with their twigs
being covered by hard and soft bristles, respectively,
they occur in slightly shady or shady habitats, where
light intensity is relatively weak. Considering that the
number of species of Melastoma in China takes up only
1/10 of the whole genus, it is possible that the R-group
haplotypes of mybll4 might have introgressed into
some species in Southeast Asia. This is an interesting
venue for future investigation.

A very high level of linkage disequilibrium (LD) at the
mybl14 gene was observed in each population of
M. normale. Increased LD in this gene indicates that effec-
tive recombination was reduced in this genomic region.
This is consistent with balancing selection acting on this
gene in these populations. Alternatively, this can also be
caused by a selectively neutral inversion polymorphism.
However, no signal of inversion in the 6-kb region was
detected after checking read mapping of the two Pool-seq
samples from Dishuiyan. Unlike many other cases caused
by recent selective sweeps, in which high differentiation
can extend over larger genomic regions, the region of
high differentiation between the two morphs of M. nor-
male is only about 6 kb. This is unsurprising because LD
is expected to decay with increasing physical distance
from single selected locus over tens to thousands of gen-
erations by recombination [68-70]. Balancing selection
on myb114 over a relatively long time in M. normale and
short generation time of Melastoma species (two years)
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can account for this. A small, highly differentiated region
is consistent with the observations in humans, where sig-
natures of long-term balancing selection are confined to
regions of at most a few kilobases [71].

Elucidating the selective mechanisms for maintaining
variations in natural populations has been a fundamental
topic in evolutionary biology. Population genetics analy-
ses in this study suggest that balancing selection could
contribute to maintaining the twig trichome color varia-
tion in M. normale. Divergent natural selection occurring
between populations (or ecotypes) in different habitats
is an important cause of phenotypic variation in spe-
cies [72-74]. Microhabitat heterogeneity and divergent
natural selection, that is, spatially varying selection, likely
supports the maintenance of the two morphs of M. nor-
male. The heterogeneous microhabitats with high and
relatively low sunlight intensity can have opposing selec-
tive advantages for the Red and White morphs, respec-
tively. Individuals of the Red morph may have a selective
advantage in open habitats as red twig trichomes may
resist strong UV radiation to protect twigs. Anthocyanins
play a key role as “light filters” against high light stress
(especially UV) in protecting the photosynthetic machin-
ery and thus preventing photoinhibition [75, 76]. Individ-
uals of the White morph may have a selective advantage
in slightly shady habitats as it will not invest additional
energy to synthesize anthocyanins in twig trichomes to
ensure more investment on growth and reproduction.
Anthocyanin production is an energy-demanding pro-
cess and therefore strong selection against its accumula-
tion in relatively low light intensity is expected.

Conclusions

The main findings in this study include as follows: (1)
Twig trichome coloration in M. normale is under selec-
tion in different light environments; (2) An R2R3 MYB
transcription factor gene is the major locus associated
with twig trichome color variation in M. normale; (3)
This transcription factor gene has two highly divergent
groups of alleles, one of which likely originated from
introgression from another species of this genus; (4)
This gene is under balancing selection and spatially vary-
ing selection is the most likely mechanism of balancing
selection. Moreover, this study also explains how adap-
tive divergence can occur and be maintained in the face
of gene flow.

Methods

Common garden experiments

One ripe fruit (several hundred seeds per fruit) was ran-
domly collected from each of 20 individuals of M. nor-
male from Jianshan, Zigong, Sichuan. These individuals
were randomly selected regardless of their twig trichome
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colors. The seeds were harvested, pooled, and sowed in a
plastic tray filled with the peat soil mix 933 (Klasmann-
Deilmann, Germany). After 3 months, 60 seedlings with
the extreme red twig trichomes and 60 seedlings with
the extreme white twig trichomes were screened by eye.
Three-month-old seedlings of M. normale were planted
in 10 cmXx 10 cm plastic pots filled with the same soil,
with one seedling in each pot. For each morph, 30 seed-
lings each were grown in the full sunlight (high light
intensity) and a sunshade net with a shading rate of 40%
(low light intensity) in the greenhouse of Sun Yat-sen
University. The temperature in the greenhouse was 30 °C
during the day and 20 °C during the night. The plants
were watered to maintain soil moisture at about 70%.
After 9 months of growth, all plants (aboveground bio-
mass) were harvested and then dried at 75 °C in an oven
for 48 h to measure their dry weight. Above ground bio-
mass was used to represent the fitness because the life-
time fitness could not be measured, given that the life
time of this species is more than 10 years. A two-way
ANOVA test was performed to analyze the effect of
morph and sunlight intensity on dry weight using SPSS
UNIANOVA. Because there is a significant interaction
between morph and sunlight intensity, pairwise signifi-
cant differences in plant dry weight at high and low light
intensities for the two morphs were determined with
LSD tests using the same subprogram UNIANOVA.

Plant sampling

For Pool-seq, the individuals of M. normale were sampled
from two locations in Guangzhou: Maofengshan For-
est Park in Baiyun District, and Dishuiyan Forest Park in
Panyu District. For short, the two locations were named
as Maofengshan and Dishuiyan hereafter. Geographical
distance between them is about 70 km. For each location,
150 individuals were randomly sampled regardless of
their twig trichome colors. One branch of each individual
was collected. When these fresh materials were taken to
the lab, 40 individuals with the extreme twig trichome
colors (red and white) were first screened by eye for each
morph from each location, and of the 80 individuals 24
and 25 individuals with the extreme twig trichome colors
(red and white) from Maofengshan, respectively, and 30
and 30 from Dishuiyan, respectively, were then selected
with a stereo microscope.

For population genetics analyses of the mybl14 gene,
50 individuals of M. normale each from Maofengshan
and Dishuiyan, and 20 individuals from a distant popu-
lation from Jianshan, Zigong, Sichuan, were also ran-
domly sampled regardless of the twig trichome color.
Fifteen of the 20 individuals of M. normale were used
for genome resequencing to calculate f¥ and NCD2
described below. To characterize the copy number of the
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identified highly differentiated region in M. candidum,
M. normale, and M. dodecandrum, one individual each
of the three species was also sampled from Wenchang in
Hainan, Guangzhou, and Nanping in Fujian, respectively,
which were used for genome resequencing. In addition,
five individuals each of four other species of Melastoma
in China were sampled for phylogenetic analysis of the
mybl14 gene.

Leaves of all samples mentioned above were collected
and dried with silica gels. The sampling details were
shown in Additional file 1: Table S1.

DNA isolation

The CTAB method [77] was used for DNA isolation. For
Pool-seq samples, the dried leaf tissues of all the indi-
viduals were equally pooled, as conducted by Zhou et al.
[78], after screening by the stereo microscope for each
morph from each location. DNA of each individual used
for Pool-seq was also isolated for subsequent validation
experiment. For other samples, DNA was isolated for
each individual separately.

lllumina sequencing

Genomic DNA libraries with 400 bp insert size were
constructed for the four pooled samples of M. normale,
one sample each of M. candidum and M. dodecandrum,
and 15 of 20 individuals of M. normale sampled from
Jianshan using the Illumina TruSeq Library Prepara-
tion Kit following the manufacturer’s protocol. These
libraries were sequenced on an Illumina Hiseq X10
platform in Berry Genomics, Beijing, and more than 30
Gbp paired end (150-bp) reads were obtained for each
library. About 8 Gbp reads were obtained for one sam-
ple each of M. candidum, M. normale, and M. dodecan-
drum. All these short reads were deposited in GenBank
with accession numbers SRR8892966-SRR8892971 and
SRR19183013-SRR19183030.

PCR amplification and Sanger sequencing

In this study, PCR amplification and Sanger sequenc-
ing were conducted for multiple purposes: (1) to verify
the highly differentiated region in M. normale identi-
fied by Pool-seq, (2) to determine the copy number of
the mybl114 gene in M. normale and other Melastoma
species, (3) to carry out population genetics analyses of
mybl14 and six surrounding segments in M. normale,
and (4) to reconstruct the phylogenetic tree of Melas-
toma species in China based on sequences of the myb114
gene. All the primers were designed based on the refer-
ence genome of M. candidum, and primer sequences are
listed in Table S12. PCR was conducted in a total volume
of 25 pL with KOD FX DNA polymerase (TOYOBO,
Osaka, Japan). The purified PCR amplification products
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were then directly sequenced on an ABI 3730 DNA auto-
mated sequencer with the BigDye chemistry (Applied
Biosystems, Foster City, CA, USA). For sequences that
contained multiple polymorphic sites, clonal sequencing
was performed using the pMD-18 T Vector Kit (Takara,
Dalian, China). Eight positive clones were sequenced to
phase the haplotypes of each sample in DNASP. These
sequences have been deposited in GenBank with the
accession numbers MK618466-MK618508, MT010136-
MTO010215, and ON565433.

Pool-seq data analysis

Trimmomatic version 0.33 [79] was used to trim adaptors
and remove low-quality reads. The perl script IluQC_
PRLL.pl in the NGSQCToolkit version 2.3.3 [80] was
further used to trim low-quality bases at both ends of
the reads with the parameters -1 60 -s 13. FastUniq ver-
sion 1.1 [81] with default parameters was used to remove
PCR duplicates. The filtered reads of the four pooled
samples were then separately mapped onto the M. can-
didum reference genome (GenBank accession number
JARUPX000000000) [82] with BWA-MEM with default
parameters (https://github.com/lh3/bwa). The filtered
reads of the pooled samples of the same morph from
the two locations were also combined and then mapped
onto the M. candidum reference genome. The generated
sam files were then converted to sort bam files through
samtools view and samtools sort in Samtools version 1.4
[83]. Qualimap [84] was then used to check the mapping
results of each sample onto the reference genome of M.
candidum, including read depth and mapping quality.
SNP information for each pooled sample and the two
combined samples was extracted using Samtools mpileup
with the minimal base quality 20 and minimal mapping
quality 20. The pileup files of the four pooled samples
and two combined samples were used for subsequent
analyses.

POPOOLATION version 1.2.2 [85] was used to calcu-
late nucleotide diversity (i), nucleotide polymorphism
(0,), and Tajima’s D for each morph from each of the
two locations, Maofengshan and Dishuiyan. Indels were
detected and removed for subsequent analysis using
the perl scripts identify-genomic-indel-regions.pl and
filter-pileup-by-gtf.pl. The new pileup file after indel fil-
tering was used as input to calculate 7, 8, and Tajima’s
D using variance-sliding.pl. Six parameters were set: (1)
site sequencing coverage (1/2Xmean genomic cover-
age <coverage<2Xmean genomic coverage); (2) mini-
mum base quality (min-base-quality=20); (3) pool
size (pool size=the number of individuals used in the
Pool-seq); (4) minimal minor-allele count (min-allele-
count=4); (5) sliding window size and step size (window
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size =5 kb, step size=1 kb); and (6) minimal fraction cov-
ering the window size (min-covered-fraction =50%).

POPOOLATION2 version 1.201 [86] was further
used to calculate genetic differentiation (Fst) between
the two morphs. The parameters are the same as those
mentioned above except for min-allele-count =8 when
the combined data were analyzed. Fst between the two
morphs was also calculated using 10- and 20-kb slid-
ing windows (step size=2 and 4 kb, respectively) and
similar results were obtained: the region containing
myb114 was always the highest differentiated one for all
these window sizes (data not shown). Moreover, Fst was
also calculated for each SNP site across the genome. To
delimit the size of the highly differentiated region, Fst
between the two morphs was calculated with a non-
overlapping sliding window size of 1 kb. The size of the
region was determined when the region contains con-
secutive windows with Fst values much higher than
those of adjacent windows.

Bioinformatics analysis for the highly differentiated region
Gene annotation information was searched based on
the gff3 file of the reference genome of M. candidum.
Only one annotated gene, a R2R3 MYB transcription
factor, was found within the 6 kb highly differentiated
region. Blastp was further used to search against Gen-
Bank to identify the most similar gene in the Arabidopsis
genome. To characterize the copy number of this region
containing the myb114 gene in the M. candidum genome,
Local Blast in BioEdit v.7.1.3.0 [87] was used to search
highly similar genomic regions. A 2.3-kb area, which is
about 10 kb away from, and highly similar to, the highly
differentiated region, was found. The two duplicates were
called as copyl and copy2. The copy2 area also contains
an myb114 gene. In addition, the copy number of myb114
in M. normale, M. sanguineum, and M. dodecandrum
was characterized by the same Blast analysis with their
recently available genome sequences (GenBank accession
numbers: JARUQA000000000, JARUPW000000000, and
JARUPY000000000) [88-90].

To further determine if M. normale has the same two
copies as M. candidum, the read depths of copyl and
copy2 areas were compared between M. candidum and
M. normale. To detect potential structural variations
(including large-fragment insertions, deletions, and
inversions) in copyl and copy2 areas relative to M. can-
didum, mapping information of read pairs with only one
read successfully mapped onto the reference genome
was checked from the sam files. Based on the mapping
information, read pairs of this kind were extracted using
Linux commands grep and awk, and then de novo assem-
bled into contigs in SeqMan v.7.1.0 (Dnastar, Lasergene,
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Madison, WI, USA). Potential structural variation
regions with specific PCR primers (Table S12) were then
amplified and sequenced to identify structural varia-
tion and to see if M. normale has the same two copies as
observed in M. candidum.

Validation of the highly differentiated region identified

by Pool-seq and association analysis between haplogroup
and twig trichome color

To confirm the reliability of the highly differentiated
region identified by Pool-seq, the mybll4 gene was
amplified and then sequenced for all the individuals used
in Pool-seq. PCR amplification and sequencing primers
are shown in Table S12. DNA of each individual used
for Pool-seq was separately amplified and sequenced.
DNASP v. 5.10 [91] was used to calculate genetic differ-
entiation (Fst) between the two morphs. The association
between haplogroups and twig trichome colors was ana-
lyzed using Fisher’s exact test.

Inference of the origin of the R-group haplotypes in M.
normale

To figure out the origin of the R-group haplotypes
in M. normale, the mybl14 gene was amplified and
sequenced for five individuals each of five other spe-
cies of Melastoma (M. candidum, M. sanguineum, M.
dodecandrum, M. malabathricum, and M. penicillatum)
in China. Osbeckia stellata was used as an outgroup
because Osbeckia is sister to Melastoma [92]. Haplo-
type sequences of all species were aligned using MAFFT
v.7.307 [93], and phylogenetic analysis was performed
using maximum parsimony method in PAUP*v.4.0 [94].
The reliability of the phylogenetic tree was estimated by
bootstrapping with 1000 replicates. Because myb114 is
under selection (see “Results” for details), the chloroplast
genome sequences were used to reconstruct the spe-
cies phylogeny using the same method. The chloroplast
genome sequences of these species were downloaded
from GenBank with accession numbers 0Q595234-
0Q595240 [95-101].

Population genetics analysis of the myb114 gene in M.
normale

Fifty randomly sampled individuals of M. normale each
from Maofengshan and Dishuiyan, and 20 individu-
als from a distant population in Zigong, Sichuan, were
amplified and sequenced, regardless of twig trichome
color. Again, clonal sequencing was used for haplotype
phasing for samples with multiple heterozygous sites at
this gene. Nucleotide diversity of each population was
calculated in DnaSP. Tajima’s D test was conducted on
the myb114 gene for Maofengshan and Dishuiyan pop-
ulations separately. Site frequency spectrum (SES) of

Page 15 of 19

polymorphic sites at the myb114 gene was plotted for the
two populations separately. Linkage disequilibrium (r%)
between paired polymorphic sites was computed using
Haploview software version 4.2 (http://www.broadinsti
tute.org/haploview). The minimum number of recombi-
nation events was calculated with DnaSP.

Furthermore, two recently developed summary sta-
tistics, B(z) and Non-central Deviation (NCD2) [20, 21,
47], were used to scan the genomes of each of the three
populations for signatures of balancing selection. These
methods have been shown to be more powerful and
robust than traditional tests in avoiding the influence of
non-equilibrium demographic histories. High B scores
suggest an excess of SNPs at similar frequencies [20, 47],
while low NCD2 scores suggest a build-up of SNPs near
a specified intermediate frequency [21]. For resequenc-
ing data for Jianshan population, mapping-generated
bam file was converted into formats suitable for p® and
NCD2 score calculations using vcftools [102], glactools
[103] and a python script (baypass2betascan2.py [104]).
For Pool-seq data from Dishuiyan and Maofengshan
populations, mapping-generated pileup files were com-
bined according to location and then converted into for-
mats suitable for ¥ and NCD2 score calculations using
popololation2, poolfstat (https://cran.r-project.org/web/
packages/poolfstat/index.html) and the python script
baypass2betascan2.py. At the genome level, all SNPs
with a MAF >0.05 in each population were used for the
B? and NCD2 statistics. SNP frequencies were polarized
and substitutions were called using M. dodecandrum as
the outgroup. B® scores were calculated using Betas-
can2 [47] with DivTime set to 2 and window size set to
1 kb. NCD2 scores were calculated using a python script
(NCD_snpwise.py [104]) with window size set to 1 kb
and target frequency set to 0.5. B® and NCD2 scores for
mybl14 in each of the three population were extracted
according to its genomic position from its start codon to
stop codon. Statistical significance in the $® and NCD2
scores between the genome averages and mybl14 was
carried out using the Wilcoxon test. The results were
plotted using geom_density2d function in the R package

ggplot2.

Nucleotide diversity and polymorphism analysis of myb114
and surrounding regions

To compare the nucleotide diversity and polymorphism
of myb114 versus surrounding regions, six single-copy
segments distributed across a ~60-kb region centered
on mybl14 were amplified and sequenced with specific
primers (Table S12). The randomly sampled individuals
of M. normale from Maofengshan population were par-
titioned according to mybl14 genotype. Fourteen indi-
viduals with RR genotype and 12 individuals with WW
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genotype (see the “Results” section for genotype assign-
ment) were used for calculating nucleotide diversity and
polymorphism for each of the six segments and myb114
in DnaSP. Statistical significance on nucleotide diversity
and polymorphism between myb114 and six surrounding
segments was conducted using one sample ¢ test.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512915-023-01611-4.

Additional file 1: Table S1. Sampling information in this study. Table S2.
Sequencing and mapping statistics of four pooled population samples
of M. normale. Table S3. Population genetic statistics for four pooled
population samples of M. mormale with a 5-Kb sliding window analysis.
Table S4. Pairwise genetic differentiationacross the genome for four
pooled population samples of M. mormale with a 5-Kb sliding window
analysis. Table S5. SNP sites with the top 50 Fst values in the genome
between the Wite and Red morphs of M. normale in Dishuiyan. Table S6.
SNP sites with the top 50 Fst values in the genome between the Wite and
Red morphs of M. normale in Maofengshan. Table S7. Pairwise genetic
differentiationat the myb114 gene for four pooled population samples of
M. mormale using Sanger sequencing. Table S8. Genotype counts and
Fisher's exact tests for association between haplogroup and twig trichome
color in Dishuiyan and Maofengshan populationsof Melastoma normale.
Table S9. The frequency of two main haplotypes of the myb114 gene in
different morphs of M. normale in Maofengshan and Dishuiyan popula-
tions. Table S10. Nucleotide diversityand polymorphismof the myb114
gene and six surrounding segments in M. normale in the Maofengshan
population. Table S11. Statistical significance on nucleotide diversityand
polymorphismbetween the myb114 gene and six surrounding segments
in M. normale in the Maofengshan population. Table $12. Specific primers
for Melastoma species used in this paper. Fig. S1. The nucleotide diversi-
tyof four pooled population samples of M. normale across the genome.
Fig. S2. The nucleotide polymorphismof four pooled population samples
of M. normale across the genome. Fig. $3. Tajima'’s D of four pooled
population samples of M. normale across the genome. Fig. S4. Genetic
differentiationbetween the same morphs sampled from Maofengshan
and Dishuiyan based on a sliding window analysis of Pool-seq data. Fig.
S5. The mapping depth of nucleotide positions 500000-525000 on scaf-
fold27 for three species of Melastoma, namely, M. candidum, M. normale
and M. dodecandrum. Fig. S6. Site frequency spectrum of the myb gene
in Dishuiyanand Maofengshanpopulations of M. normale. Fig. S7. Hap-
loview plot depicting the haplotype block structure of the myb114 gene
for Dishuiyanand Maofengshanpopulations of M. normale. Fig. S8. 3 and
NCD2 score density plot for three populations of Melastoma normale. Fig.
S9. Nucleotide diversity and polymorphism of myb174 and surrounding
regions in the Maofengshan population of Melastoma normale. Fig. S10.
The mapping depth of nucleotide positions 500000-520000 on scaffold27
for one sample of M. candidum and two pooled population samples of M.
normale from Dishuiyan. Fig. S11. Structural variation of the regions con-
taining the myb114 gene observed in M. normale relative to M. candidum.
Sl text 1. Characterization of copy number of myb114 in six species of
Melastoma.

Acknowledgements
Not applicable.

Authors’ contributions

R.Z.and K.Z. designed the study; G.H,, Y.C, and ZN. collected the samples;
GH,WW, Y.C, XZ PZ,and S.D. performed the lab work; GH., WW, QF, and
Y.L. conducted the analyses; R.Z. and G. H. prepared the manuscript; WW., Y.C,
XZ,PZ,ZN,QF,YL,SD., and KZ. contributed to writing. All authors read and
approved the final manuscript.

Page 16 of 19

Funding

This study was supported by the National Natural Science Foundation of
China (32170217, 31670210 and 31811530297), Science and Technology
Program of Guangzhou (201707010090), Science and Technology Program
of Sichuan Province (2018JY0487), Guangdong Provincial Key Laboratory of
Applied Botany, South China Botanical Garden, Chinese Academy of Sciences
(AB2018014), and the Talent Introduction Project of Sichuan University of Sci-
ence and Engineering (2015RC22).

Availability of data and materials

The datasets supporting the conclusions of this article are available in
the GenBank repository [MK618466 - MK618508, MTO10136 - MT010215,
SRR8892966 - SRR8892971 and SRR19183013 - SRR19183030]. Genome
sequence data of four Melastoma species are available in GenBank
under accession numbers JARUQA000000000, JARUPX000000000,
JARUPY000000000, and JARUPW000000000.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 1 August 2022 Accepted: 3 May 2023
Published online: 24 May 2023

References

1. KaweckiTJ, Ebert D. Conceptual issues in local adaptation. Ecol Lett.
2004;7:1225-41. https://doi.org/10.1111/j.1461-0248.2004.00684 x.

2. Bombliesa K, Peichelb CL. Genetics of adaptation. Proc Natl Acad Sci
USA. 2022;119:2122152119. https://doi.org/10.1073/pnas.2122152119.

3. Dobzhansky T. Genetics and the origin of species. New York: Columbia
University Press; 1951.

4. Charlesworth D. Balancing selection and its effects on sequences in
nearby genome regions. PLoS Genet. 2006;2:e64. https://doi.org/10.
1371/journal.pgen.0020064.

5. Charlesworth B, Charlesworth D. Elements of evolutionary genetics, vol.
42. Greenwood Village: Roberts and Company Publishers; 2010.

6. Fijarczyk A, Babik W. Detecting balancing selection in genomes: limits
and prospects. Mol Ecol. 2015;24:3529-45. https://doi.org/10.1111/mec.
13226.

7. Andrés AM. Balancing selection in the human genome. In: Encyclope-
dia of life sciences. Chichester: Wiley; 2011. p. 1-8.

8. Key FM, Teixeira JC, de Filippo C, Andrés AM. Advantageous diversity
maintained by balancing selection in humans. Curr Opin Genet Dev.
2014;29:45-51. https://doi.org/10.1016/j.9de.2014.08.001.

9. CastricV, Bechsgaard J, Schierup MH, Vekemans X. Repeated adaptive
introgression at a gene under multiallelic balancing selection. PLoS
Genet. 2008;4:21000168. https://doi.org/10.1371/journal.pgen.1000168.

10. Hohenlohe PA, Bassham S, Etter PD, Stiffler N, Johnson EA, Cresko WA.
Population genomics of parallel adaptation in threespine stickleback
using sequenced RAD tags. PLoS Genet. 2010;6:21000862. https://doi.
org/10.1371/journal.pgen.1000862.

11 Olsen KM, Kooyers NJ, Small LL. Recurrent gene deletions and the
evolution of adaptive cyanogenesis polymorphisms in white clover
(Trifolium repens L.). Mol Ecol. 2013;22:724-38. https://doi.org/10.1111/j.
1365-294x.2012.05667 X.

12. Lindtke D, Lucek K, Soria-Carrasco V, Villoutreix R, Farkas TE, Riesch
R, Dennis SR, Gompert Z, Nosil P. Long-term balancing selection on


https://doi.org/10.1186/s12915-023-01611-4
https://doi.org/10.1186/s12915-023-01611-4
https://doi.org/10.1111/j.1461-0248.2004.00684.x
https://doi.org/10.1073/pnas.2122152119
https://doi.org/10.1371/journal.pgen.0020064
https://doi.org/10.1371/journal.pgen.0020064
https://doi.org/10.1111/mec.13226
https://doi.org/10.1111/mec.13226
https://doi.org/10.1016/j.gde.2014.08.001
https://doi.org/10.1371/journal.pgen.1000168
https://doi.org/10.1371/journal.pgen.1000862
https://doi.org/10.1371/journal.pgen.1000862
https://doi.org/10.1111/j.1365-294x.2012.05667.x
https://doi.org/10.1111/j.1365-294x.2012.05667.x

Huang et al. BMC Biology

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

(2023) 21:122

chromosomal variants associated with crypsis in a stick insect. Mol Ecol.
2017;26:6189-205. https://doi.org/10.1111/mec.14280.

Nelson TC, Monnahan PJ, McIntosh MK, Anderson K, MacArthur-Waltz
E, Finseth FR, Kelly JK, Fishman L. Extreme copy number variation at a
tRNA ligase gene affecting phenology and fitness in yellow monkey-
flowers. Mol Ecol. 2019;28:1460-75. https://doi.org/10.1111/mec.14904.
Hendrick MF, Finseth FR, Mathiasson ME, Palmer KA, Broder EM,
Breigenzer P, Fishman L. The genetics of extreme microgeographic
adaptation: an integrated approach identifies a major gene underlying
leaf trichome divergence in Yellowstone Mimulus guttatus. Mol Ecol.
2016;25:5647-62. https://doi.org/10.1111/mec.13753.

Spurgin LG, Richardson DS. How pathogens drive genetic diversity:
MHC, mechanisms and misunderstandings. Proc Roy Soc Lond B Biol.
2010;277:979-88. https://doi.org/10.1098/rspb.2009.2084.

Andrés AM, Hubisz MJ, Indap A, Torgerson DG, Degenhardt JD, Boyko
AR, Gutenkunst RN, White TJ, Green ED, Bustamante CD. Targets of bal-
ancing selection in the human genome. Mol Biol Evol. 2009;26:2755-
64. https://doi.org/10.1093/molbev/msp190.

Leffler EM, Gao Z, Pfeifer S, Ségurel L, Auton A, Venn O, Bowden R, Bon-
trop R, Wall JD, Sella G. Multiple instances of ancient balancing selection
shared between humans and chimpanzees. Science. 2013;339:1578-82.
https://doi.org/10.1126/science.1234070.

DeGiorgio M, Lohmueller KE, Nielsen R. A model-based approach for
identifying signatures of ancient balancing selection in genetic data.
PLoS Genet. 2014;10:21004561. https://doi.org/10.1371/journal.pgen.
1004561.

Teixeira JC, de Filippo C, Weihmann A, Meneu JR, Racimo F, Danne-
mann M, Nickel B, Fischer A, Halbwax M, Andre C. Long-term balancing
selection in LAD1 maintains a missense trans-species polymorphism in
humans, chimpanzees, and bonobos. Mol Biol Evol. 2015;32:1186-96.
https://doi.org/10.1093/molbev/msv007.

Siewert KM, Voight BF. Detecting long-term balancing selection using
allele frequency correlation. Mol Biol Evol. 2017;34:2996-3005. https://
doi.org/10.1093/molbev/msx209.

Bitarello BD, de Filippo C, Teixeira JC, Schmidt JM, Kleinert P, Meyer D,
Andrés AM. Signatures of long-term balancing selection in human
genomes. Genome Biol Evol. 2018;10:939-55. https://doi.org/10.1093/
gbe/evy054.

Thomas JC, Godfrey PA, Feldgarden M, Robinson DA. Candidate targets
of balancing selection in the genome of Staphylococcus aureus. Mol Biol
Evol. 2012;29:1175-86. https://doi.org/10.1093/molbev/msr286.
Castillo JA, Agathos SN. A genome-wide scan for genes under balanc-
ing selection in the plant pathogen Ralstonia solanacearum. BMC Evol
Biol. 2019;19:123. https://doi.org/10.1186/512862-019-1456-6.

Croze M, Wollstein A, BozZicevi¢ V, Zivkovi¢ D, Stephan W, Hutter S. A
genome-wide scan for genes under balancing selection in Drosophila
melanogaster. BMC Evol Biol. 2017;17:15. https://doi.org/10.1186/
$12862-016-0857-z.

Amambua-Ngwa A, Tetteh KKA, Manske M, Gomez-Escobar N, Stewart
LB, Deerhake ME, et al. Population genomic scan for candidate
signatures of balancing selection to guide antigen characterization

in malaria parasites. PLoS Genet. 2012;8:21002992. https://doi.org/10.
1371/journal.pgen.1002992.

Wu Q, Han T-S, Chen X, Chen J-F, Zou Y-P, Li Z-W, Xu Y-C, Guo Y-L. Long-
term balancing selection contributes to adaptation in Arabidopsis

and its relatives. Genome Biol. 2017;18:217. https://doi.org/10.1186/
s13059-017-1342-8.

Koenig D, Hagmann J, Li R, Bemm F, Slotte T, Neuffer B, Wright SI, Weigel
D. Long-term balancing selection drives evolution of immunity genes
in Capsella. Elife. 2019;8:e43606. https://doi.org/10.7554/elife.43606.048.
Bakker EG, Toomajian C, Kreitman M, Bergelson J. A genome-wide sur-
vey of R gene polymorphisms in Arabidopsis. Plant Cell. 2006;18:1803-
18. https://doi.org/10.1105/tpc.106.042614.

Horger AC, llyas M, Stephan W, Tellier A, Van Der Hoorn RA, Rose

LE. Balancing selection at the tomato RCR3 guardee gene family
maintains variation in strength of pathogen defense. PLoS Genet.
2012;8:21002813. https://doi.org/10.1371/journal.pgen.1002813.
Karasov TL, Kniskern JM, Gao L, DeYoung BJ, Ding J, Dubiella U,

Lastra RO, Nallu S, Roux F, Innes RW. The long-term maintenance

of a resistance polymorphism through diffuse interactions. Nature.
2014;512:436-40. https://doi.org/10.1038/nature 13439,

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51

52.

Page 17 of 19

Castric V, Vekemans X. Plant self-incompatibility in natural populations:
a critical assessment of recent theoretical and empirical advances. Mol
Ecol. 2004;13:2873-89. https://doi.org/10.1111/j.1365-294x.2004.02267 x.
Goldberg EE, Kohn JR, Lande R, Robertson KA, Smith SA, Igi¢ B. Species
selection maintains self-incompatibility. Science. 2010,330:493-5.
https://doi.org/10.1126/science.1194513.

Chen J. Melastomataceae. In: Chen C, Chang H, Miau R, Hsu T, editors.
Flora Reipublicae Popularis Sinicae. Beijing: Science Press; 1984. p.
152-62.

Wong KM. The genus Melastoma in Borneo: including 31 new species.
Sabah: Natural History Publications; 2016.

Renner SS, Meyer K. Melastomeae come full circle: biogeographic
reconstruction and molecular clock dating. Evolution. 2001;55:1315-24.
https://doi.org/10.1111/j.0014-3820.2001.tb00654.x.

Meyer K. Revision of the southeast Asian genus Melastoma. Blumea.
2001;46:351-98.

Hauser M-T. Molecular basis of natural variation and environmental
control of trichome patterning. Front Plant Sci. 2014;5:320. https://doi.
0rg/10.3389/fpls.2014.00320.

Ferreyra MLF, Serra P, Casati P. Recent advances on the roles of flavo-
noids as plant protective molecules after UV and high light exposure.
Physiol Plant. 2021;173:736-49. https://doi.org/10.1111/ppl.13543.
Albert NW, Lewis DH, Zhang H, Irving LJ, Jameson PE, Davies KM. Light-
induced vegetative anthocyanin pigmentation in Petunia. J Exp Bot.
2009;60:2191-202. https://doi.org/10.1093/jxb/erp097.

Yu Z, Zhang Q, Zheng X, Huang X, Peng C. Anthocyanin accumulation
in juvenile Schima superba leaves is a growth trade-off by consum-

ing energy for adaptation to high light during summer. J Plant Ecol.
2019;12:507-18. https://doi.org/10.1093/jpe/rty043.

Tiffin P, Ross-Ibarra J. Advances and limits of using population genetics
to understand local adaptation. Trends Ecol Evol. 2014;29:673-80.
https://doi.org/10.1016/j.tree.2014.10.004.

Yeaman S, Whitlock MC. The genetic architecture of adaptation under
migration-selection balance. Evolution. 2011;65:1897-911. https://doi.
0rg/10.1111/}.1558-5646.2011.01269.x.

Gonzalez A, Zhao M, Leavitt JM, Lloyd AM. Regulation of the antho-
cyanin biosynthetic pathway by the TTG1/bHLH/Myb transcriptional
complex in Arabidopsis seedlings. Plant J. 2008;53:814-27. https://doi.
0rg/10.1111/j.1365-313x.2007.03373 x.

Charlesworth B, Nordborg M, Charlesworth D. The effects of local
selection, balanced polymorphism and background selection on equi-
librium patterns of genetic diversity in subdivided populations. Genet
Res. 1997;70:155-74. https://doi.org/10.1017/50016672397002954.
Storz JF, Kelly JK. Effects of geographically varying selection on nucleo-
tide diversity and linkage disequilibrium: Insights from deer mouse
globin genes. Genetics. 2008;180:367-79. https://doi.org/10.1534/
genetics.108.088732.

Wallace AG, Detweiler D, Schaeffer SW. Molecular population genet-
ics of inversion breakpoint regions in Drosophila pseudoobscura. G3.
2013;3:1151-63. https://doi.org/10.1534/93.113.006122.

Siewert KM, Voight BF. BetaScan2: standardized statistics to detect
balancing selection utilizing substitution data. Genome Biol Evol.
2020;12:3873-7. https://doi.org/10.1093/gbe/evaal13.

Schlétterer C, Tobler R, Kofler R, Nolte V. Sequencing pools of individuals
-mining genome-wide polymorphism data without big funding. Nat
Rev Genet. 2014;15:749-63. https://doi.org/10.1038/nrg3803.

Dubos C, Stracke R, Grotewold E, Weisshaar B, Martin C, Lepiniec L. MYB
transcription factors in Arabidopsis. Trends Plant Sci. 2010;15:573-81.
https://doi.org/10.1016/j.tplants.2010.06.005.

Pratyusha DS, Sarada DVL. MYB transcription factors—master regulators
of phenylpropanoid biosynthesis and diverse developmental and stress
responses. Plant Cell Rep. 2022;41:2245-60. https://doi.org/10.1007/
$00299-022-02927-1.

Scoville AG, Barnett LL, Bodbyl-Roels S, Kelly JK, Hileman LC. Differential
regulation of a MYB transcription factor is correlated with transgenera-
tional epigenetic inheritance of trichome density in Mimulus guttatus.
New Phytol. 2011;191:251-63. https://doi.org/10.1111/j.1469-8137.
2011.03656.X.

Cooley AM, Modliszewski JL, Rommel ML, Willis JH. Gene duplica-

tion in Mimulus underlies parallel floral evolution via independent


https://doi.org/10.1111/mec.14280
https://doi.org/10.1111/mec.14904
https://doi.org/10.1111/mec.13753
https://doi.org/10.1098/rspb.2009.2084
https://doi.org/10.1093/molbev/msp190
https://doi.org/10.1126/science.1234070
https://doi.org/10.1371/journal.pgen.1004561
https://doi.org/10.1371/journal.pgen.1004561
https://doi.org/10.1093/molbev/msv007
https://doi.org/10.1093/molbev/msx209
https://doi.org/10.1093/molbev/msx209
https://doi.org/10.1093/gbe/evy054
https://doi.org/10.1093/gbe/evy054
https://doi.org/10.1093/molbev/msr286
https://doi.org/10.1186/s12862-019-1456-6
https://doi.org/10.1186/s12862-016-0857-z
https://doi.org/10.1186/s12862-016-0857-z
https://doi.org/10.1371/journal.pgen.1002992
https://doi.org/10.1371/journal.pgen.1002992
https://doi.org/10.1186/s13059-017-1342-8
https://doi.org/10.1186/s13059-017-1342-8
https://doi.org/10.7554/elife.43606.048
https://doi.org/10.1105/tpc.106.042614
https://doi.org/10.1371/journal.pgen.1002813
https://doi.org/10.1038/nature13439
https://doi.org/10.1111/j.1365-294x.2004.02267.x
https://doi.org/10.1126/science.1194513
https://doi.org/10.1111/j.0014-3820.2001.tb00654.x
https://doi.org/10.3389/fpls.2014.00320
https://doi.org/10.3389/fpls.2014.00320
https://doi.org/10.1111/ppl.13543
https://doi.org/10.1093/jxb/erp097
https://doi.org/10.1093/jpe/rty043
https://doi.org/10.1016/j.tree.2014.10.004
https://doi.org/10.1111/j.1558-5646.2011.01269.x
https://doi.org/10.1111/j.1558-5646.2011.01269.x
https://doi.org/10.1111/j.1365-313x.2007.03373.x
https://doi.org/10.1111/j.1365-313x.2007.03373.x
https://doi.org/10.1017/s0016672397002954
https://doi.org/10.1534/genetics.108.088732
https://doi.org/10.1534/genetics.108.088732
https://doi.org/10.1534/g3.113.006122
https://doi.org/10.1093/gbe/evaa013
https://doi.org/10.1038/nrg3803
https://doi.org/10.1016/j.tplants.2010.06.005
https://doi.org/10.1007/s00299-022-02927-1
https://doi.org/10.1007/s00299-022-02927-1
https://doi.org/10.1111/j.1469-8137.2011.03656.x
https://doi.org/10.1111/j.1469-8137.2011.03656.x

Huang et al. BMC Biology

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

(2023) 21:122

trans-regulatory changes. Curr Biol. 2011;21:700-4. https://doi.org/10.
1016/j.cub.2011.03.028.

Lowry DB, Sheng CC, Lasky JR, Willis JH. Five anthocyanin polymorphisms
are associated with an R2R3-MYB cluster in Mimulus guttatus (Phry-
maceae). Am J Bot. 2012;99:82-91. https://doi.org/10.3732/ajb.1100285.
Sobel JM, Streisfeld MA. Flower color as a model system for studies of
plant evo-devo. Front Plant Sci. 2013;4:321. https://doi.org/10.3389/fpls.
2013.00321.

Sagawa JM, Stanley LE, LaFountain AM, Frank HA, Liu C, Yuan YW. An
R2R3-MYB transcription factor regulates carotenoid pigmentation in
Mimulus lewisii flowers. New Phytol. 2016,209:1049-57. https://doi.org/
10.1111/nph.13647.

Zimmermann IM, Heim MA, Weisshaar B, Uhrig JF. Comprehensive iden-
tification of Arabidopsis thaliana MYB transcription factors interacting
with R/B-like BHLH proteins. Plant J. 2004;40:22-34. https://doi.org/10.
1111/j.1365-313X.2004.02183 x.

Bradshaw HD, Schemske DW. Allele substitution at a flower colour locus
produces a pollinator shift in monkeyflowers. Nature. 2003;426:176-8.
https://doi.org/10.1038/nature02106.

Hoekstra HE, Hirschmann RJ, Bundey RA, Insel PA, Crossland JP. A single
amino acid mutation contributes to adaptive beach mouse color pat-
tern. Science. 2006;313:101-4. https://doi.org/10.1126/science.1126121.
Smith SD, Rausher MD. Gene loss and parallel evolution contribute

to species difference in flower color. Mol Biol Evol. 2011;28:2799-810.
https://doi.org/10.1093/molbev/msr109.

Kim K-W, Jackson BC, Zhang H, Toews DPL, Taylor SA, Greig El, Lovette
1J, Liu MM, Davison A, Griffith SC, et al. Genetics and evidence

for balancing selection of a sex-linked colour polymorphism in a
songbird. Nat Commun. 2019;10:1852. https://doi.org/10.1038/
$41467-019-09806-6.

Charlesworth D, Charlesworth B. Theoretical genetics of Batesian mim-
icry Il Evolution of supergenes. J Theor Biol. 1975;55:305-24. https://doi.
0rg/10.1016/50022-5193(75)80082-8.

Besansky N, Krzywinski J, Lehmann T, Simard F, Kern M, Mukabayire

O, Fontenille D, Toure Y, Sagnon NF. Semipermeable species bounda-
ries between Anopheles gambiae and Anopheles arabiensis: evidence
from multilocus DNA sequence variation. Proc Natl Acad Sci USA.
2003;100:10818-3. https://doi.org/10.1073/pnas.1434337100.
Anderson TM, Candille SI, Musiani M, Greco C, Stahler DR, Smith DW,
Padhukasahasram B, Randi E, Leonard JA, Bustamante CD. Molecu-
lar and evolutionary history of melanism in North American gray
wolves. Science. 2009;323:1339-43. https://doi.org/10.1126/science.
1165448.

Lamichhaney S, Fan G, Widemo F, Gunnarsson U, Thalmann DS, Hoepp-
ner MP, Kerje S, Gustafson U, Shi C, Zhang H. Structural genomic changes
underlie alternative reproductive strategies in the ruff (Philomachus
pugnax). Nat Genet. 2016;48:84-8. https://doi.org/10.1038/ng.3430.
LiuT, Chen, Chao L, Wang S, Wu W, Dai S, Wang F, Fan Q, Zhou R.
Extensive hybridization and introgression between Melastoma candi-
dum and M. sanguineum. PLoS One. 2014;9:e96680. https://doi.org/10.
1371/journal.pone.0096680.

Zou P,Ng WL, Wu W, Dai S, Ning Z, Wang S, Liu Y, Fan Q, Zhou R. Similar
morphologies but different origins: hybrid status of two more semi-
creeping taxa of Melastoma. Front Plant Sci. 2017;8:673. https://doi.org/
10.3389/fpls.2017.00673.

Wu R, Zou P Tan G, Hu Z, Wang Y, Ning Z, Wu W, Liu Y, He S, Zhou R.
Molecular identification of natural hybridization between Melastoma
malabathricum and Melastoama beccarianum in Sarawak, Malaysia. Ecol
Evol. 2019;9:5766-76. https://doi.org/10.1002/ece3.5160.

Garrigan D, Hedrick PW. Perspective: detecting adaptive molecular
polymorphism: lessons from the MHC. Evolution. 2003;57:1707-22.
https://doi.org/10.1111/}.0014-3820.2003.tb00580.x.

Slatkin M. Linkage disequilibrium-understanding the evolutionary

past and mapping the medical future. Nat Rev Genet. 2008,9:477-85.
https://doi.org/10.1038/nrg2361.

Hedrick PW. What is the evidence for heterozygote advantage selec-
tion? Trends Ecol Evol. 2012;27:698-704. https://doi.org/10.1016/j.tree.
2012.08.012.

Gao Z, Przeworski M, Sella G. Footprints of ancient balanced polymor-
phisms in genetic variation data from closely related species. Evolution.
2015;69:431-46. https://doi.org/10.1111/evo.12567.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91

92.

Page 18 of 19

Endler JA. Natural selection in the wild. Princeton: Princeton University
Press; 1986.

Schluter D. The ecology of adaptive radiation. Oxford: Oxford University
Press; 2000.

Grant PR, Grant BR. How and why species multiply: the radiation of
Darwin's finches. Princeton: Princeton University Press; 2011.

Hatier J-HB, Gould KS. Anthocyanin function in vegetative organs. In:
Winefield C, Davies K, Gould KS, editors. Anthocyanins: biosynthesis,
functions and applications. New York: Springer; 2009. p. 1-19. https:.//
doi.org/10.1007/978-0-387-77335-3_1.

Zhang K-M, Yu H-J, Shi K, Zhou Y-H, Yu J-Q, Xia X-J. Photoprotective roles
of anthocyanins in Begonia semperflorens. Plant Sci. 2010;179:202-8.
https://doi.org/10.1016/j.plantsci.2010.05.006.

Doyle J, Doyle J. Genomic plant DNA preparation from fresh tissue-
CTAB method. Phytochem Bull. 1987;19:11-5.

Zhou R, Ling S, Zhao W, Osada N, Chen S, Zhang M, He Z, Bao H, Zhong
C, Zhang B, Lu X, Turissini D, Duke NC, Lu J, Shi S, Wu Cl. Population
genetics in nonmodel organisms: II. Natural selection in marginal
habitats revealed by deep sequencing on dual platforms. Mol Biol Evol.
2011,28:2833-42. https://doi.org/10.1093/molbev/msr102.

Bolger AM, Lohse M, Usadel B. Timmomatic: a flexible trimmer for
lllumina sequence data. Bioinformatics. 2014,30:2114-20. https://doi.
org/10.1093/bioinformatics/btu170.

Patel RK, Jain M. NGS QC Toolkit: a toolkit for quality control of next
generation sequencing data. PLoS One. 2012;7:¢30619. https://doi.org/
10.1371/journal.pone.0030619.

Xu H, Luo X, Qian J, Pang X, Song J, Qian G, Chen J, Chen S. FastUniq: a
fast de novo duplicates removal tool for paired short reads. PLoS One.
2012;7:€52249. https://doi.org/10.1371/journal.pone.0052249.

Huang G, Zhou R. Melastoma candidum voucher sysu_20190630_2
isolate Wenchang02, whole genome shotgun sequencing project.
GenBank; 2023. https://www.ncbi.nlm.nih.gov/nuccore/JARUPX0000
00000.1.

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, Marth G,
Abecasis G, Durbin R, 1000 Genome Project Data Processing Subgroup.
The Sequence Alignment/Map format and SAMtools. Bioinformatics.
2009;25:2078-9. https://doi.org/10.1093/bioinformatics/btp352.
Garcia-Alcalde F, Okonechnikov K, Carbonell J, Cruz LM, Gotz S, Tarazona
S, Dopazo J, Meyer TF, Conesa A. Qualimap: evaluating next-generation
sequencing alignment data. Bioinformatics. 2012;28:2678-9. https://doi.
org/10.1093/bioinformatics/bts503.

Kofler R, Orozco-terWengel P, De Maio N, Pandey RV, Nolte V, Futschik

A, Kosiol C, Schlotterer C. PoPoolation: a toolbox for population genetic
analysis of next generation sequencing data from pooled individuals.
PLoS One. 2011;6:215925. https://doi.org/10.1371/journal.pone.0015925.
Kofler R, Pandey RV, Scholtterer C. PoPoolation2: identifying differentia-
tion between populations using sequencing of pooled DNA samples
(Pool-Seq). Bioinformatics. 2011;27:3435-6. https://doi.org/10.1093/
bioinformatics/btr589.

Hall TA. BioEdit: an important software for molecular biology. GERF Bull
Biosci. 2011;2:60-1.

Huang G, Zhou R. Melastoma dodecandrum voucher sysu_20210301_4
isolate Guangzhou02, whole genome shotgun sequencing project.
GenBank; 2023. https://www.ncbi.nlm.nih.gov/nuccore/JARUPY0000
00000.

Huang G, Zhou R. Melastoma sanguineum voucher sysu_20210301_5
isolate Yangchun02, whole genome shotgun sequencing project.
GenBank; 2023. https://www.ncbi.nlm.nih.gov/nuccore/JARUPWO0000
00000.

Huang G, Zhou R. Melastoma malabathricum subsp. normale voucher
sysu_20210301_6 isolate Zigong02, whole genome shotgun sequenc-
ing project. GenBank; 2023. https://www.ncbi.nlm.nih.gov/nuccore/
JARUQA000000000.

Librado P, Rozas J. DnaSP v5: a software for comprehensive analysis of
DNA polymorphism data. Bioinformatics. 2009;25:1451-2. https://doi.
0rg/10.1093/bioinformatics/btp187.

Veranso-Libalah MC, Stone RD, Fongod AGN, Couvreur TLP, Kadereit G.
Phylogeny and systematics of African Melastomateae (Melastomata-
ceae). Taxon. 2017,66:584-614. https://doi.org/10.12705/663.5.


https://doi.org/10.1016/j.cub.2011.03.028
https://doi.org/10.1016/j.cub.2011.03.028
https://doi.org/10.3732/ajb.1100285
https://doi.org/10.3389/fpls.2013.00321
https://doi.org/10.3389/fpls.2013.00321
https://doi.org/10.1111/nph.13647
https://doi.org/10.1111/nph.13647
https://doi.org/10.1111/j.1365-313X.2004.02183.x
https://doi.org/10.1111/j.1365-313X.2004.02183.x
https://doi.org/10.1038/nature02106
https://doi.org/10.1126/science.1126121
https://doi.org/10.1093/molbev/msr109
https://doi.org/10.1038/s41467-019-09806-6
https://doi.org/10.1038/s41467-019-09806-6
https://doi.org/10.1016/s0022-5193(75)80082-8
https://doi.org/10.1016/s0022-5193(75)80082-8
https://doi.org/10.1073/pnas.1434337100
https://doi.org/10.1126/science.1165448
https://doi.org/10.1126/science.1165448
https://doi.org/10.1038/ng.3430
https://doi.org/10.1371/journal.pone.0096680
https://doi.org/10.1371/journal.pone.0096680
https://doi.org/10.3389/fpls.2017.00673
https://doi.org/10.3389/fpls.2017.00673
https://doi.org/10.1002/ece3.5160
https://doi.org/10.1111/j.0014-3820.2003.tb00580.x
https://doi.org/10.1038/nrg2361
https://doi.org/10.1016/j.tree.2012.08.012
https://doi.org/10.1016/j.tree.2012.08.012
https://doi.org/10.1111/evo.12567
https://doi.org/10.1007/978-0-387-77335-3_1
https://doi.org/10.1007/978-0-387-77335-3_1
https://doi.org/10.1016/j.plantsci.2010.05.006
https://doi.org/10.1093/molbev/msr102
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1371/journal.pone.0030619
https://doi.org/10.1371/journal.pone.0030619
https://doi.org/10.1371/journal.pone.0052249
https://www.ncbi.nlm.nih.gov/nuccore/JARUPX000000000.1
https://www.ncbi.nlm.nih.gov/nuccore/JARUPX000000000.1
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1093/bioinformatics/bts503
https://doi.org/10.1093/bioinformatics/bts503
https://doi.org/10.1371/journal.pone.0015925
https://doi.org/10.1093/bioinformatics/btr589
https://doi.org/10.1093/bioinformatics/btr589
https://www.ncbi.nlm.nih.gov/nuccore/JARUPY000000000
https://www.ncbi.nlm.nih.gov/nuccore/JARUPY000000000
https://www.ncbi.nlm.nih.gov/nuccore/JARUPW000000000
https://www.ncbi.nlm.nih.gov/nuccore/JARUPW000000000
https://www.ncbi.nlm.nih.gov/nuccore/JARUQA000000000
https://www.ncbi.nlm.nih.gov/nuccore/JARUQA000000000
https://doi.org/10.1093/bioinformatics/btp187
https://doi.org/10.1093/bioinformatics/btp187
https://doi.org/10.12705/663.5

Huang et al. BMC Biology =~ (2023) 21:122 Page 19 of 19

93. Katoh K, Misawa K, Kuma KI, Miyata T. MAFFT: a novel method for rapid
multiple sequence alignment based on fast Fourier transform. Nucleic
Acids Res. 2002;30:3059-66. https://doi.org/10.1093/nar/gkf436.

94 Swofford DL. PAUP*: phylogenetic analysis using parsimony (and other
methods). Sunderland: Sinauer Associates; 1998. https://doi.org/10.
1111/j.0014-3820.2002.tb00191 x.

95. Huang G, Zhou R. Melastoma dodecandrum chloroplast, complete
genome. GenBank; 2023. https://www.ncbi.nlm.nih.gov/nuccore/
0Q595234.

96. Huang G, Zhou R. Melastoma malabathricum chloroplast, complete
genome. GenBank; 2023. https://www.ncbi.nlm.nih.gov/nuccore/
00Q595235.

97. Huang G, Zhou R. Melastoma subsp. normale chloroplast, complete
genome. GenBank; 2023. https://www.ncbi.nlm.nih.gov/nuccore/
0Q595236.

98. Huang G, Zhou R. Melastoma penicillatum chloroplast, complete
genome. GenBank; 2023. https://www.ncbi.nlm.nih.gov/nuccore/
00Q595237.

99. Huang G, Zhou R. Melastoma sanguineum chloroplast, complete
genome. GenBank; 2023. https://www.ncbi.nlm.nih.gov/nuccore/
0Q595238.

100. Huang G, Zhou R. Melastoma candidum chloroplast, complete
genome. GenBank; 2023. https://www.ncbi.nlm.nih.gov/nuccore/
00Q595239.

101. Huang G, Zhou R. Osbeckia octandra chloroplast, complete genome.
GenBank; 2023. https://www.ncbi.nlm.nih.gov/nuccore/0Q595240.

102. Danecek P, Auton A, Abecasis G, Albers CA, Banks E, DePristo MA,
Handsaker RE, Lunter G, Marth GT, Sherry ST, McVean G, Durbin R, 1000
Genomes Project Analysis Group. The variant call format and VCFtools.
Bioinformatics. 2011;27:2156-8. https://doi.org/10.1093/bioinformatics/
btr330.

103. Renaud G. Glactools: a command-line toolset for the management of
genotype likelihoods and allele counts. Bioinformatics. 2018;8:1398—
400. https://doi.org/10.1093/bioinformatics/btx749.

104. Stern DB, Lee CE. Evolutionary origins of genomic adaptations in an
invasive copepod. Nat Ecol Evol. 2020;4:1084-94. https://doi.org/10.
1038/541559-020-1201-y.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://doi.org/10.1093/nar/gkf436
https://doi.org/10.1111/j.0014-3820.2002.tb00191.x
https://doi.org/10.1111/j.0014-3820.2002.tb00191.x
https://www.ncbi.nlm.nih.gov/nuccore/OQ595234
https://www.ncbi.nlm.nih.gov/nuccore/OQ595234
https://www.ncbi.nlm.nih.gov/nuccore/OQ595235
https://www.ncbi.nlm.nih.gov/nuccore/OQ595235
https://www.ncbi.nlm.nih.gov/nuccore/OQ595236
https://www.ncbi.nlm.nih.gov/nuccore/OQ595236
https://www.ncbi.nlm.nih.gov/nuccore/OQ595237
https://www.ncbi.nlm.nih.gov/nuccore/OQ595237
https://www.ncbi.nlm.nih.gov/nuccore/OQ595238
https://www.ncbi.nlm.nih.gov/nuccore/OQ595238
https://www.ncbi.nlm.nih.gov/nuccore/OQ595239
https://www.ncbi.nlm.nih.gov/nuccore/OQ595239
https://www.ncbi.nlm.nih.gov/nuccore/OQ595240
https://doi.org/10.1093/bioinformatics/btr330
https://doi.org/10.1093/bioinformatics/btr330
https://doi.org/10.1093/bioinformatics/btx749
https://doi.org/10.1038/s41559-020-1201-y
https://doi.org/10.1038/s41559-020-1201-y

	Balancing selection on an MYB transcription factor maintains the twig trichome color variation in Melastoma normale
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Results
	Twig trichome coloration in M. normale is under selection in different light environments
	An MYB transcription factor is the major gene associated with twig trichome color variation in M. normale
	Two copies of myb114 were detected in M. candidum but only one in M. normale
	Two haplotype groups of myb114 are highly divergent and geographically widespread in M. normale
	Balancing selection maintains the two highly divergent haplogroups in M. normale

	Discussion
	Conclusions
	Methods
	Common garden experiments
	Plant sampling
	DNA isolation
	Illumina sequencing
	PCR amplification and Sanger sequencing
	Pool-seq data analysis
	Bioinformatics analysis for the highly differentiated region
	Validation of the highly differentiated region identified by Pool-seq and association analysis between haplogroup and twig trichome color
	Inference of the origin of the R-group haplotypes in M. normale
	Population genetics analysis of the myb114 gene in M. normale
	Nucleotide diversity and polymorphism analysis of myb114 and surrounding regions

	Anchor 27
	Acknowledgements
	References


