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Abstract
The camellia weevil, Curculio chinensis (Coleoptera: Curculionidae), is a host-speciﬁc parasite of Camellia
seeds that causes huge economic losses in China. Despite its economic impact, little is known about the species’ genetic structure and current distribution status, which are important to provide critical insights into
establishing a control strategy for this pest. Here, genetic diversity and the phylogenetic structure of
C. chinensis were inferred using the sequences of COI and EF1-α among different geographical populations. Twenty-two haplotypes for the COI gene and 26 haplotypes for EF1-α in 215 individuals from
16 sample regions in China were found. A phylogenetic analysis revealed four distinct clades within
C. chinensis. The AMOVA analysis showed signiﬁcant genetic differentiation among all the populations sampled, however, the genetic differentiation among the residual populations was not signiﬁcant when JX
(Jiangxi) and TC (Tengchong) populations were excluded. The M (M = Nm for haploid data, M = 2 Nm
for diploid data) value analysis suggested that JX and TC populations were signiﬁcantly different from
other populations. Thus, these results imply that human activity and host plant could have a signiﬁcant
impact on C. chinensis population diversity and the current geographical population pattern.
Key words: COI, Coleoptera, Curculio chinensis, EF1-α, gene ﬂow, genetic diversity, phylogenetic analysis.

INTRODUCTION
Distribution of genetic variation in natural loci is a
product of its demographic history as well as interactions between mutation, natural selection, genetic drift,
and gene ﬂow. In phytophagous insects, several possible factors including climate change, geographic distance, physical barriers, habitat fragmentation, host
plant availability and migratory ability likely play roles
in structuring genetic differentiation of populations
(Ortego et al. 2010; Sanford & Kelly 2011; Fan et al.
2014; Maixner et al. 2014). Climate change, geological
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accident or anthropogenic activity also affects population genetic divergence, but their inﬂuences were not
evident from the distribution of genetic variation in
species (Kassen & Rainey 2004; Fan et al. 2014; Miyakawa et al. 2018). In migratory insects, geographic distance is considered the dominant factor that inﬂuences
the genetic diversity in species and the population phylogenetic structure (Roderick 1996; Zheng et al. 2006;
Meng et al. 2008; Fan et al. 2014; Ohwaki et al.
2017). Nevertheless, some of these insects with high
host speciﬁcity, especially ﬂightless or non-migratory
species separated by space and possessing reduced gene
ﬂow, have a greater likelihood of diverging, such that
new species optimize their performance on the preferred hosts to increase their relative ﬁtness (Schluter
2009; Xue et al. 2009, 2014; Nakadai & Kawakita
2016). Particularly, the population genetic information
of phytophagous insects on plants can provide critical
insights into evolutionary potential of insects to adapt
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to environmental impacts generated by host shift and
agricultural management (Toju & Sota 2006; Thrall
et al. 2011; Bonal et al. 2016; Ekesi et al. 2016; Miyakawa et al. 2018).
The camellia weevil, Curculio chinensis Chevrolat
(Coleoptera: Curculionidae), is a host-speciﬁc predator
of the seeds of Camellia oleifera Abel. and Camellia
sinensis (L.) O. Ktze., which have been widely cultivated as an important economic tree. The Camellia
seeds are used for cooking oil manufacture, and the
tea-oil is called “eastern olive oil” in China because it
contains abundant unsaturated fatty acids and various
antioxidant factors which are proved to be helpful for
health (Lee & Yen 2006). It is also traditionally applied
as a medicine for stomachache and burn injury in
China (Lee & Yen 2006). The camellia weevil is one of
the most serious pests of Camellia spp. in China and
huge economic losses are associated with this host each
year (Shu et al. 2013; Li et al. 2015, 2017). The economic importance of this insect species has resulted in
intensive studies on its biology. Adult camellia weevils
typically emerge from the soil during late April to May,
and feed on young fruits for supplemental nutrition.
After successful mating, female beetles lay eggs in the
seeds of Camellia trees and the newly hatched larvae
feed on seeds before leaving the host plant. Under normal conditions, larvae emerge from the seed during
early July to late September and overwinter in the soil,
where they pupate, and emerge as adults after 2 years
(Lin et al. 1998).
To our knowledge, despite detailed knowledge of its
life history and economic impact, little is known concerning the genetics of camellia weevil. Genetic divergence is often found in insect populations with wide
geographic and host distributions (Roderick 1996;
Mynhardt et al. 2007). Genetic variation among camellia weevil populations is expected because of wide geographic and host distribution of the insect. The
camellia weevils prefer to oviposit in the thin pericarp
of certain Camellia cultivars (Li et al. 2017), and the
differences in vegetative traits may inﬂuence genetic
diversity in the camellia weevil. In addition, ﬂight activity of Curculio weevils is limited, as is gene ﬂow
between local populations (Toju & Sota 2006), and the
movement of the camellia weevil might also affect population genetic patterns. For example, the commercial
trade of fresh seeds are thought to result in recent serious damage of the camellia weevils in China (Shu et al.
2013). The aforementioned ﬁndings suggest a potential
for genetic variation among camellia weevil
populations.
Genetic data among camellia weevil populations will
increase knowledge of weevil biology and can be used
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to understand the current and historical patterns, predict potential future migration of this destructive pest,
provide critical insights into range expansion, and evolutionary potential to adapt to environmental changes,
such as host shift and agricultural management changes
(Toju & Sota 2006; Mynhardt et al. 2007; Bonal et al.
2016). Moreover, the data could provide insights to
develop better integrated pest management strategies
for the control of the camellia weevils.
Mitochondrial genes (such as COI) and nuclear
genes (such as EF1-α) are particularly useful for intraspeciﬁc studies in insects (Drummond et al. 2009; Jinbo
et al. 2011; Chen et al. 2016). The intent of this study
is to provide a foundation for future research on the
camellia weevil to better understand camellia weevil
biology and distribution and the inﬂuence of contemporary factors on the evolution of camellia weevil using
sequence analysis of COI and EF1-α genes. We ﬁrst
sought to determine relationships among individuals
and populations of camellia weevil. Second, we aimed
to quantify the genetic diversity and assess gene ﬂow
among and within camellia weevil populations. Finally,
we estimated genetic and ecological factors molding the
present distribution of genetic diversity of camellia weevil, C. chinensis, in China.

MATERIALS AND METHODS
Sample collection
A total of 215 C. chinensis larvae were collected in the
ﬁeld from 16 locations including 11 provinces
(Zhejiang, Jiangxi, Henan, Hubei, Hunan, Chongqing,
Guizhou, Yunnan, Guangxi, Guangdong and Anhui) in
South China during 2015 and 2016, and the sampling
localities covered nearly all species-distributed regions
(Fig. 1). All larval beetle specimens were collected from
the host plant, Camellia oleifera, except the samples
collected from Tengchong (TC), for which the host
plant species was Cam. sinensis. All samples were preserved in 99.5% ethanol and stored at −80 C until
further use.

DNA extraction, ampliﬁcation and sequencing
Total genomic DNA was extracted from whole larvae
after puncturing and soaking the specimen overnight
(for obtaining enough DNA while keeping the insect’s
external shape) in extraction buffer (Juradorivera et al.
2009) using the Tianamp Genomic DNA Kit (Tiangen,
Shanghai, China) following the manufacturer’s instructions. Both nuclear and mitochondrial DNA sequences
were extracted from each specimen (as Xue et al.
2014). All extracted DNA samples were stored as
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Figure 1 Locations of Curculio chinensis populations sampled for molecular analysis in China. Zhejiang province (LS, SY, SC
and YH), Henan province (XX), Hubei province (MC), Jiangxi province (JX), Guangdong province (GD), Hunan province (YY),
Chongqing city (PS), Guizhou province (BS, GZ), Guangxi province (YX) and Yunnan province (TC, GN).

vouchers in the Research Institute of Subtropical Forestry, Chinese Academy of Forestry (Fuyang, China).
Gene fragments were sequenced from two different
genes: mitochondrial cytochrome oxidase gene (COI,
~650 bp) (Folmer et al. 1994) and elongation factor 1-α
(EF1-α, ~1000 bp), a nuclear protein-coding gene
(Saarma et al. 2009). All the haplotype gene sequences
were deposited in GenBank under accession numbers
MF409661–MF409708 (COI, MF409661–MF409682;
EF1-α, MF409683–MF409708; see Table S1).
COI was ampliﬁed with a primer pair reported by
Folmer et al. (1994). Polymerase chain reaction (PCR)
cycling was an initial 5 min at 95 C, then 40 cycles at
94 C for 1 min, 48 C for 88 s, 72 C for 2 min, followed by a ﬁnal extension at 72 C for 10 min. All samples were then stored at 12 C until further analysis.
EF1-α was ampliﬁed with a primer pair reported by
Normark et al. (1999) using a modiﬁed touchdown
PCR protocol using the following reaction conditions:
94 C for 4 min, 19 cycles at 94 C for 30 s followed by
decreasing the annealing temperature from 62 C to
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43 C (this annealing process lasted for 1 min), 72 C for
1 min, 26 cycles at 94 C for 30 s, 42 C for 1 min, 72 C
for 1 min plus a ﬁnal extension at 72 C for 7 min. The
primers used in PCR ampliﬁcations are listed in Table 1.
All PCR products were sequenced from both directions
by Shanghai Biosune Biotechnology Company
(Shanghai, China). After all sequences were aligned and
edited using BioEdit (Carlsbad, CA, USA) and Codon
Code Aligner 3.7.1 (CodonCode, Dedham, MA, USA),
successful PCR ampliﬁcation and sequences of target
genes were conﬁrmed by aligning the resulting sequences
to another closely related species in Curculionidae, in
the National Center for Biotechnology Information
(NCBI) database, which was selected as the outgroup.

Statistical analysis
Genetic diversity
After comparing the assembled sequences, the number
of haplotypes (H), haplotypic diversity (Hd), average
number of nucleotide differences (K) (Tajima 1989) as
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Table 1 Sequences of primers used to amplify the gene fragments
Gene

Primer name

Primer sequence (50 –30 )

COI

LCO1490
HCO2198
EFS149
EFA1106
EF1a-SN
EF1a-AN

GGTCAACAAATCATAAAGATATTGG
TAAACTTCAGGGTGACCAAAAAATCA
GARAARGARGCNCARGARATGGG
GTATATCCATTGGAAATTTGACCNGGRTGRTT
TGGGAAAAGGYYCCTTCAAATATGC
CRTRACCACGACGYAATTCTTTGACAG

EF1-α

well as nucleotide diversity (p) (Nei 1987) were analyzed using DNaSP version 5.10 (Librado & Rozas
2009). To characterize genetic variation in species and
populations, we also assessed molecular variance
(locus-by-locus AMOVA, with 1000 permutations) and
calculated Fst and the π (Phi) value for between-species
comparisons using Arlequin 3.547 (Excofﬁer &
Lischer 2010).

Gene tree estimation
Gene trees were estimated using the gene sequences of
COI and EF1-α. The best-ﬁt model of nucleotide substitution for both genes was selected using TIM2 + G by
the jModeltest (Posada et al. 2002). The sequences of
Melanterius acaciae Lea (Cucujiformia: Curculioninae)
(COI, KP774435 and KP774436) and Amorphocerus
setosus Boheman (Cucujiformia: Molytinae) (EF1-α,
EU310617 and EU310654) were downloaded from
NCBI and used as outgroups. Maximum likelihood
(ML) analyses were carried out with 1000 bootstrap replications to obtain a set of trees, and the bootstrap consensus tree was constructed with RAxML online (www.
phylo.org). Bayesian analyses were carried out with the
program MrBayes version 3.152 (Huelsenbeck et al.
2001; Ronquist & Huelsenbeck 2003). The program was
set with two simultaneous runs (each with two Markov
chains) of the Markov chain Monte Carlo (MCMC) for
10,000,000–15,000,000 generations (making sure the
average SD of split frequencies was less than or
approaching 0.01) with sampling every 100 generations.
The ﬁrst 25% of the generations were discarded as
the burn-in. Log likelihood plots of trees from the Markov chain samples were examined in Tracer version 1.5
to determine convergence to a stable log likelihood
value (Danforth et al. 1999). Posterior probability
(PP) values represent the proportion of MCMC samples that contain a particular node. The default branch
length priors in MrBayes could lead to unreasonable
estimates of substitution rates and the bias of PPs; thus,
empirical priors for this parameter were deﬁned based
on the mean branch lengths recovered from ML topologies inferred using Garli 2.0 (Drummond et al. 2009).
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Population structure analysis
For estimating genetic divergence within and between
species, we analyzed the genetic distances between all
sequences using MEGA 4.0 (Tamura et al. 2007;
Porrashurtado et al. 2013). Based on each geographic
population’s latitude and longitude data, geographic
distance data were acquired using the Geographic Distance Matrix Generator version 1.2.3 (Ersts 2009). To
evaluate the isolation-by-distance effect, matrices of
genetic distance data and the logarithms of geographical distance data (in km) between all sampling sites
were constructed. These matrices were analyzed for
their degree of correlation using the Mantel test in the
PASSaGE software (Bonnet & Van de Peer 2002;
Rosenberg & Anderson 2011).
To explore the phylogeographical history of
C. chinensis, we constructed a haplotype network of
each of the two genes, COI and EF1-α, based on statistical parsimony (Templeton et al. 1992) in the program
TCS version 1.21 (Clement et al. 2000; Rousset et al.
2017). Our choice to use network approaches was due
to their inherent advantage over traditional phylogenetic methods in representing genealogical relationships
at a population level because they account for several
features associated with intraspeciﬁc gene evolution,
including the persistence of ancestral haplotypes, existence of multiple descendant haplotypes and the low
levels of sequence variation (Posada et al. 2002).

Demographic history and gene ﬂow
Demographic history was initially explored using two
different approaches. First, Tajima’s D (Tajima 1989)
and Fu’s FS (Fu 1997) were calculated to test for neutrality. Tajima’s D test can distinguish factors such as
population expansion, bottlenecks and selection based
on the comparison of two mutation indices (Tajima
1989). Fu’s Fs was sensitive to population demographic
expansion, which generally gave rise to large negative
FS values (Fu 1997). The sequences of the two genes
were tested for background selection using Tajima’s
D (Tajima 1989) and Fu’s Fs statistics (Fu 1997). The
computation above was undertaken both in Arlequin
3.547 (Excofﬁer & Lischer 2010) and DNaSP version
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5.10 (Librado & Rozas 2009). The actual observation
model was consistent with expectations of an assumption and then group status in line with an expectations
assumption model, however, if the assumption showed a
deviation from the expected value model, population
expansion (as unimodal curve) was assumed. Additionally, all included sequences were analyzed by segregating
sites relying on population growth-decline to rebuild
population size change (Maruyama & Fuerst 1985).
The gene ﬂow among the different geographic
groups was calculated with DNaSP version 5.10
(Librado & Rozas 2009) to obtain the M values. To
verify if there was asymmetrical dynamic group history,
we used Mismatch distribution in DNaSP version 5.10
(Librado & Rozas 2009).

RESULTS
Genetic diversity
Using DNaSP version 5.10, we detected 132 polymorphic sites (S) for COI (Table 2), accounting for
22.997% of the sequence length. The polymorphic sites
(S) were between 0 and 87 among different geographic
populations with GN having the highest polymorphic
sites. The EF1-α fragments contained 39 polymorphic
sites (S) and accounted for 22.997% of the sequence
length. However, this percentage was much lower than
that for the COI gene. Among different geographic
groups, the S value was maintained between 0 and
16 with YH having the largest S value, however, the
S values signiﬁcantly differed between the two gene
fragments (Table 2). Arlequin analysis showed that the
COI fragment from C. chinensis had the same pattern
of basic directivity, which was between 67.56% and
69.65%, and had an obvious A and T basic directivity.
EF1-α maintained AT bias between 57.02% and
57.99%; the A and T basic directivity was not obvious.
Summary statistics for molecular variation of all
samples based on COI and EF1-α gene sequences suggested a signiﬁcant genetic diversity (COI: H = 22,
Hd = 0.847, K = 19.08, π = 0.038; EF1-α: H = 26,
Hd = 0.816, K = 3.83, π = 0.0062). The average nucleotide diversity (π) of COI and EF1-α among all groups
was 0.03797 and 0.00622, respectively (Table 2).
Among the different populations, nucleotide diversity
(π) clearly differed from each other. For the EF1-α
gene, the highest (0.00982) was in the PS population,
whereas the lowest (0) was in the JX population. The
average number of nucleotide differences (K) among
the total COI sequences was 19.08. The K value was
maintained between 0 and 28.17 among the different
geographical populations. For the EF1-α gene, the
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average K value was 3.83, similar to π, and was much
lower than COI gene.
Further analysis of the COI gene using TCS and
DNaSP version 5.10 divided the 215 individuals into
22 haplotypes, with an Hd of 0.847 (SD of haplotype
diversity (k) was 0.024) Table 2. Among the 22 haplotypes, 8 were shared and 14 were unique. The main
haplotype contained 40 samples, and both GN and PS
groups had more haplotypes than others. Among the
populations, the mean haplotype diversity was
0.001–0.917 (Table 2). The results using EF1-α gene
sequences revealed that nuclear genomes contained
26 haplotypes, which is more than the mitochondrial
genomes, with an Hd of 0.816 (SD of haplotype diversity (k) was 0.032) (Table 3). Among these haplotypes,
4 were shared and 22 were unique and 45 samples
(approximately 39.13%) assembled into the main haplotype. The GD population had the highest Hd value
(0.972), and the overall k value among the populations
varied from 0.001 to 0.2229 (Table 2).

Parsimony network analysis and gene tree
estimation
The parsimony network for the COI gene sequence
(Fig. 2a) showed that individuals from JX and those
from TC were represented by unique haplotypes, and
other haplotypes could be clustered into ﬁve branches
with the distance between the main haplotype ranging
from 1 to 63 median vectors. In contrast, the parsimony network based on the EF1-α gene sequence
(Fig. 2b) revealed that JX could be clustered into one
branch, whereas TC can be divided into two adjacent
haplotypes. The remaining haplotypes could be clustered into four branches connected radially with the
main haplotype. The distances between the main haplotype and others were 1–17 median vectors.
Results of the ML phylogenetic analysis based on the
COI gene showed clustering of all the individuals into
four well-supported clades, and 14 geographical populations were clustered into two clades except JX and
TC. None of the populations formed a geographical
pattern reﬂecting geographical locations (Fig. 3). Similar results from the Bayesian tree supported that all
sequence data could be clustered into four clades
(Fig. 3). The ML tree based on EF1-α showed that all
individuals could be clustered into four clades as well.
Furthermore, most of the samples were clustered into
clade 1 except TC, whereas several samples were classiﬁed into clade 3 (Fig. 3). According to the host information, all the samples except the TC group, which
were collected from the host plant Cam. sinensis (clade
4), are feeding on Cam. oleifera (Fig. 3).
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Total
BS
MC
GD
GN
LS
GZ
PS
SC
SY
JX
TC
XX
YH
YX
YY
Total
BS
MC
GD
GN
LS
GZ
PS
SC
JX
SY
TC
XX
YH
YX
YY

Geographical
population

215
11
18
21
20
10
1
19
19
20
14
20
20
20
1
1
215
11
18
21
20
10
1
19
19
20
14
20
20
20
1
1

Sample
size

23 540 07.7800
31 100 23.9900
23 350 53.8200
24 020 47.2200
28 280 01.9200
27 160 37.0100
29 170 37.5400
28 350 31.6700
28 260 58.0900
27 470 38.6500
25 010 13.9100
35 180 11.6300
28 060 57.2800
27 440 17.3500
28 230 38.7200

23 540 07.7800
31 100 23.9900
23 350 53.8200
24 020 47.2200
28 280 01.9200
27 160 37.0100
29 170 37.5400
28 350 31.6700
28 260 58.0900
27 470 38.6500
25 010 13.9100
35 180 11.6300
28 060 57.2800
27 440 17.3500
28 230 38.7200

North
latitude

106 370 06.1700
115 00 31.2800
112 240 50.3900
105 030 18.5800
119 550 22.5500
107 540 08.2200
108 090 55.9800
119 160 33.6700
119 280 55.2700
114 210 06.5000
98 290 27.4900
113 550 36.3000
119 340 24.2400
114 390 33.3800
112 190 48.2900

106 370 06.1700
115 00 31.2800
112 240 50.3900
105 030 18.5800
119 550 22.5500
107 540 08.2200
108 090 55.9800
119 160 33.6700
119 280 55.2700
114 210 06.5000
98 290 27.4900
113 550 36.3000
119 340 24.2400
114 390 33.3800
112 190 48.2900

East
longitude
22
4
3
2
6
3
1
6
4
3
1
1
2
3
1
1
26
5
3
8
7
5
1
3
2
1
6
2
4
4
1
1

H
132
63
1
2
87
4
—
66
5
62
0
0
1
56
—
—
39
15
2
9
19
5
—
15
1
0
15
1
4
16
—
—

S
0.847
0.6
0.25
0.182
0.889
0.417
—
0.917
0.694
0.378
<0.001
<0.001
0.2
0.511
—
—
0.816
0.806
0.046
0.972
0.911
0.806
—
0.833
0.2
<0.001
0.889
0.222
0.711
0.533
—
—

Hd
0.024
0.154
0.18
0.144
0.075
0.191
—
0.073
0.147
0.181
<0.001
<0.001
0.154
0.164
—
—
0.032
0.12
0.2
0.064
0.077
0.12
—
0.222
0.154
<0.001
0.075
0.166
0.117
0.18
—
—

k
0.038
0.0382
0.0004
0.0006
0.0568
0.0016
—
0.0446
0.0022
0.0216
0
0
0.0035
0.021
—
—
0.0062
0.0052
0.0006
0.0029
0.0089
0.0018
—
0.0098
0.0003
0
0.0051
0.0003
0.0014
0.0042
—
—

Π

7.83
0.2
0
4.02
0.22
1.13
3.36
—
—

19.08
19.09
0.25
0.18
28.17
0.67
—
21.5
1.06
10.6
0
0
0.2
10.67
—
—
3.83
4.11
0.5
2.33
7.67
1.44

K

Loci
—
63
1
2
82
4
—
60
5
57
0
0
1
56
—
—
—
15
2
9
20
5
0
15
1
0
15
1
4
16
—
—

A + T%
—
68.21
67.8
67.67
68.92
68.01
68.01
67.56
68.01
67.84
68.92
69.65
67.81
67.82
67.83
67.64
57.2
57.15
57.16
57.04
57.16
57.02
57.52
57.16
57.99
57.26
57.67
57.2
57.22
57.02
57.14

−1.02
−0.0901
−1.0548
−1.1285
0.1085
−1.513
—
0.2222
−1.1494
−2.1256*
0
0
−1.1117
−2.0534*
—
—
−1.12
−1.231
−1.3101
−1.3594
0.256
−0.91
—
−0.433
−1.1117
0
−1.112
−1.0882
−0.762
−1.8827*
—
—

D(p)

12.53
12.809
−0.182
−0.41
7.924
−0.38
—
3.574
−0.928
8.363*
0
0
−0.339
8.397*
—
—
−5.55
0.751
−0.999
−5.289
0.08
−1.593
—
2.22
−0.122
0
−0.122
−0.263
−0.616
1.837*
—
—

Fs(p)

*P < 0.05, signiﬁcant differences between different groups.
-: Not data xxxxx. π, nucleotide diversity; H, number of haplotypes; Hd, haplotype diversity; k, SD of haplotype diversity; K, average number of nucleotide differences; S, number of polymorphic
sites.

EF1-α

COI

Gene

Table 2 Summary statistics of molecular variations in COI and EF1-α
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Table 3 Analysis of molecular variation for COI and EF1-α among different geographical populations of Curculio chinensis in
China, excluding JX and TC

COI

EF1-α

Source of variation

d.f.

Sum of
squares

Variance
components

Percentage
of variation

Fixation
index (Fst)

P-value

Among populations
Within populations
Total
Among populations
Within populations
Total

12
87
99
14
79
93

120.218
509.415
629.633
23.732
122.044
145.777

0.552
5.855
6.407
0.025
1.545
1.570

8.62
91.38

0.086

>0.05

1.57
98.43

0.016

>0.05

Population genetic structure and diversity
Arlequin analysis by AMOVA indicated a high level of
genetic differentiation among all different geographic
populations of camellia weevil, C. chinensis (Table 4),
with strong support for genetic variation among geographic groups (COI, Fst = 0.601, P < 0.001; EF1-α,
Fst = 0.550, P < 0.001). Speciﬁcally, the COI alignment showed a percentage of variation of 59.23%
among populations and 40.77% within populations.
For EF1-α alignments, the percentage of variations
among populations and within populations were
54.99% and 45.01%, respectively (Table 4). The
results changed signiﬁcantly if JX and TC populations

were excluded from the AMOVA analysis, and revealed
no signiﬁcant differences among populations (Table 3;
COI, Fst = 0.086, P > 0.05; EF1-α, Fst = 0.016,
P > 0.05). The percentage of variation was 8.62%
among populations and 91.38% within populations.
For EF1-α, the percentage of variations among populations and within populations were 1.57% and 98.43%,
respectively (Table 3). The AMOVA (Table 3) indicated
that most of the genetic variance was within rather
than among populations, suggesting that this is a panmictic population.
The Mantel test for all gene sequences suggested a
signiﬁcant correlation between genetic distance and
geographical distance (COI, r = 0.3224, P = 0.001;

Figure 2 Maximum parsimony networks for two genes of Curculio chinensis, COI (a) and EF1-α (b). Parsimony median-joining
network was constructed with the sizes of circles proportional to haplotype frequency. One circle represents a haplotype and circles are sized proportionally to the number of samples. Each color indicates an sampling location in China. Small black circles
designate non-sampled haplotypes. Each connecting line indicates one mutation step between haplotypes; straight lines and small
black dots reﬂect mutations and median vectors, respectively. The longest branches are contracted; the number of mutations is
indicated next to the connector.
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Figure 3 Maximum likelihood (ML) and Bayesian phylogenetic tree based on the COI and EF1-α sequences. Phylogenetic tree
was constructed using both ML and Bayesian inference (BI) approaches. Bootstrap supports of >0.70 for both ML and BI analysis
are indicated around branches as ML/BI.

EF1-α, r = 0.3922, P = 0.001), indicating a strong
isolation-by-distance effect among the populations
(Fig. 4). In a Mantel test without TC and JX, the
results were −0.102 (P = 0.00554) and −0.0986
(P = 0.00625), respectively.

Demographic history and gene ﬂow
Mismatch distributions of pairwise difference analysis
revealed a bimodal mismatch graph (Fig. 5) in C. chinensis, and the population size was constant with the

expected pattern after a sudden demographic expansion (Fig. 5). Population expansion was also supported
substantially by both Tajima’s D and Fu’s Fs tests
(COI, Tajima’s D = −1.02, P > 0.1; Fu’s Fs = 12.53,
P > 0.1; EF1-α, Tajima’s D = −1.12, P > 0.1; Fu’s Fs =
−5.55, P > 0.1) (Table 2).
M values (M = Nm for haploid data, M = 2 Nm for
diploid data) based on COI gene sequence analysis by
Arlequin showed that there was a signiﬁcant barrier to
gene ﬂow between the geographic populations of TC
and JX (all M values <1) caused by geographic

Table 4 Analysis of molecular variation for COI and EF1-α among different geographical populations of Curculio chinensis in
China

COI

EF1-α
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Source of variation

d.f.

Sum of
squares

Variance
components

Percentage
of variation

Fixation
index (Fst)

P-value

Among populations
Within populations
Total
Among populations
Within populations
Total

14
104
118
16
96
112

848.100
509.752
1357.853
181.411
121.671
303.082

7.120
4.902
12.0214
1.5483
1.267
2.816

59.23
40.77

0.601

<0.001

54.99
45.01

0.550

<0.001
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Figure 4 Correlation between geographical distance (ln) and
gene distance for Curculio chinensis based on the overall COI
gene sequence (r = 0.3224, P = 0.001).

restrictions, whereas the other geographical populations had higher levels of gene communication with M
values >2 (Tables 5,6).

DISCUSSION
The present phylogenetic analysis, based on COI and
EF1-α gene sequences, showed high genetic variation in
C. chinensis in China (Table 2). The results were similar
to those reported in C. sikkimensis (Heller) (π = 0.0465
based on COI) (Aoki et al. 2009), and different to the
results described in C. illinoinensis Koch. (0.0095)
(Mynhardt et al. 2007) and C. elephas Gyllenhal
(0.0016) (Avtzis & Cognato 2013). The study samples
formed four distinct clades based on COI and EF1-α
(Fig. 3), and the phylogenetic tree indicated that individuals from the same host species were likely to cluster
together (individuals in clade 4 were collected in Cam.
sinensis, others were from Cam. oleifera). Likewise,
maximum parsimony networks for COI and EF1-α

showed the unique, divergent haplotype found in the TC
population collected from the Cam. sinensis host. This
suggested high-level genetic variation among samples of
camellia weevil, C. chinensis, from different hosts. Similar situations have been reported in Prodoxus coloradensis Riley (Drummond et al. 2009) and Zeugodacus
cucurbitae (Coquillett) (Kunprom & Pramual 2017).
Haplotype phylogenetic relationship analysis can
also explain the species level relationships. In our work,
22 haplotypes for COI and 26 haplotypes for EF1-α
were analyzed (Fig. 2), and there were only eight and
four shared haplotypes, indicating that C. chinensis
showed a strong population differentiation. From COI,
approximately 27 substitutions were observed between
JX and the main haplotype, and approximately 53 substitutions between TC and the main haplotype; these
results indicate substantial differentiation. Similar to
some migratory species (Gandon & Michalakis 2002;
Meng et al. 2008; Manrique-Poyato et al. 2015), mutations between adjacent haplotypes were more frequent
in the present study and ranged from one step mutation
to 65 (Fig. 2). Among the multiple stellate radiations,
the evolutionary relationship between all the geographical populations showed that local expansion might
have occurred many times in history. The mismatch
distribution supported this (Fig. 5).
The AMOVA analysis (Table 4) suggested that there
was high genetic differentiation within and among the
populations sampled, which could also be seen in the
haplotype map (Fig. 2). In particular, two populations
(JX and TC) showing very low haplotype and nucleotide diversity were signiﬁcantly genetically differentiated from the populations from other regions (Fig. 2;
Tables 2–6). This could be due to the limitation of gene
ﬂow (Nm < 1.0) by physical barriers (e.g. mountains
and fragmented habitat) or by other crucial factors

Figure 5 Mismatch distribution for COI (a) and EF1-α (b) sequences of Curculio chinensis Chevrolat indicating observed (Obs)
and expected (Exp) pairwise differences based on the predictions of a sudden population expansion model.

Entomological Science (2018) 21, 447–460
© 2018 The Entomological Society of Japan

455

456

3.2640
1.9383
inf
inf
6.4022
8.9428
6.7744
23.1378
0.1251
2.5532
23.5640
inf
inf
0.2125

BS

0.0601
2.4443
0.1429
0.3821
2.1710
0.5001
3.8278
0.0010
inf
3.5738
0.0667
0.0435
0.0018

MC

1.7485
0.1250
0.1818
1.9393
0.2300
1.6551
0.0018
0.0543
1.6009
0.0741
inf
0.0030

GD

inf
3.0129
7.4406
3.1244
5.7467
0.1899
1.9511
5.9278
inf
inf
0.3075

GN

inf
inf
inf
inf
0.0000
0.1111
inf
0.0000
0.0000
0.0000

GZ

3.0640
inf
inf
0.0041
0.3352
inf
1.3333
0.2857
0.0070

LS

3.1486
inf
0.1234
1.7323
inf
inf
inf
0.2039

PS

inf
0.0059
0.4355
inf
inf
0.4600
0.0101

SC

0.0597
2.9000
inf
inf
inf
0.1029

SY

0.0010
0.0605
0.0000
0.0000
0.0000

TC

2.7344
0.0526
0.0345
0.0016

XX

inf
inf
0.1032

YH

0.0000
0.0000

YX

0.0000

YY

MC

GD

DN

GZ

SG

LS

PS

SC

SY

46.8409
inf
inf
inf
3.4267 4.7804
inf
0.5000
inf
inf
inf
0.1667 2.6250
inf
0.0000
inf
inf
inf
4.0905 6.5000 0.6500
37.3929 1.1134 2.5556 13.8092
inf
inf
1.8255
7.3194 41.5686 25.4420 2.5000 0.1111 0.0526 21.3121 0.7788
inf
15.5896
inf
6.5496
inf
inf
inf
inf
5.0485
0.0846 0.0188 0.0475 0.1556 0.0210 0.0199 0.0332 0.1008
0.0133 0.0924
inf
inf
inf
2.8982 1.5455 0.4146 49.4444 1.6308
2.9412
inf
inf
inf
inf
7.4925
inf
40.0000
inf
11.3846 422.5000
inf
inf
0.5000
inf
inf
inf
0.0000 6.5000
inf
0.1111
inf
inf
inf
inf
inf
0.0000 0.0000
inf
inf
inf
inf
inf
inf
inf
inf
0.0000 0.0000
inf
inf
inf
inf
0.0702 0.0073 0.0370 0.1250 0.0000 0.0000 0.0229 0.0654
0.0033 0.0753

BS

inf, high-level gene ﬂow (inﬁnite).

BS
MC
GD
DN
GZ
SG
LS
PS
SC
SY
TC
XX
YH
YX
PN
YY
JX

Population

XX

YH

YX

PN

YY

0.0296
0.0738
inf
0.0210 1.5455
inf
0.0220
inf
inf
0.0000
0.0220
inf
inf
0.0000
inf
0.0059 0.0190 0.0608 0.0000 0.0000 0.0000

TC

Table 6 Matrix of M values (M = Nm for haploid data, M = 2 Nm for diploid data) based on the EF1-α gene sequence in Chinese populations of Curculio chinensis

inf, high-level gene ﬂow (inﬁnite).

BS
MC
GD
GN
GZ
LS
PS
SC
SY
TC
XX
YH
YX
YY
JX

Population

Table 5 Matrix of M values (M = Nm for haploid data, M = 2 Nm for diploid data) based on the COI gene sequence in Chinese populations of Curculio chinensis

JX

JX
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such as ﬂight activity and host plant availability
(Mopper 1996; Boecklen & Mopper 1998; Xue et al.
2014; Miyakawa et al. 2018).
Concerning its non-migratory character, C. chinensis
has a weak dispersal ability like C. camelliae Roelofs
(Toju & Sota 2006; Li et al. 2015), and long-distance
migration of the weevil has been rare, resulting in increasing the potential for allopatric or parapatric speciation.
The Mantel test supported that there was a strong
isolation-by-distance effect among the C. chinensis populations with large geographic spans (Fig. 4). The JX population was sampled from a natural, relatively isolated
Cam. oleifera forest, which was surround by the Wuyi
Mountains and the Luoxiao Mountains. The exchange of
seeds and plants did not occur with other regions, which
physically prevented gene ﬂow to and from JX (Tables 5,
6). Many phytophagous insects possess morphological,
behavioral and physicochemical traits that are speciﬁcally
adapted to the characteristics of their host plants (i.e. leaf
or seed morphology, physicochemical defenses) (Aoki
2008; Pearse & Hipp 2009; Yguel et al. 2011).
Host plant specialization is a critical mechanism for
the diversiﬁcation in phytophagous insects (Jaenike
1990; Drummond et al. 2009). Host shifts can result in
genetic differentiation and reduced gene ﬂow, ultimately leading to speciation (Drummond et al. 2009;
Peccoud et al. 2009; Yassin et al. 2016). Genetic differentiation would be more prone to occur between populations of an insect species utilizing different host
species which are chemically different, especially for the
specialists with poor dispersal ability (Kelley et al.
2000). This scenario of recent divergence between
populations is well represented by the results from
C. chinensis. The phylogenetic trees based on the COI
and EF1-α genes indicated that individuals from the
same host species were more likely to cluster together
(Fig. 3). The low level of gene ﬂow between TC with
others (Tables 5, 6) might be caused by host plant isolation because all TC samples were collected from
another host plant, Cam. sinensis. The evidence for
host-associated divergence and incipient speciation has
been found in the yucca moth, Prodoxus coloradensis
Riley (Drummond et al. 2009), the South American
fruit ﬂy, Anastrepha fraterculus Wiedemann (Oroño
et al. 2013) and in other Curculio species, such as
C. camelliae (Toju & Sota 2006; Toju et al. 2011). The
large differences in mitochondrial and nuclear DNA
sequences implied that there might be a cryptic species
in C. chinensis. Nonetheless, more detailed ecological
and biological studies of copulation and oviposition
are required.
Among the populations from different geographic
regions, nucleotide diversity (π) clearly differed from
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each other (Table 2). For the COI gene, π of the
populations collected in the Yunnan–Guizhou plateau
(BS, PS and GN) were 0.0382–0.0568 which were
much higher than that of populations distributed in
the Yangtze Plain, Middle and Lower (MC, GD, LS,
SC, SY, XX and YH, 0.0004–0.0216). The AMOVA
yielded a contradictory result in that the genetic differentiation among the residual populations was not
signiﬁcant when JX and TC populations were
excluded (Table 3). This result suggested that there
might be considerable gene ﬂow among these local
populations, and the genetic differentiation had been
caused by factors other than physical barriers and
migratory ability.
For many parasitic pests with the weak ability to ﬂy,
human activities, especially plant breeding activities
and commercial trades, can provide potentially high
genetic exchange pathways (Avtzis & Cognato 2013;
Bonal et al. 2016). In the case of camellia weevil, gene
ﬂow might have been increased due to the historical
cultivation of Cam. oleifera (Wang & Chen 2009). In
the 1960s, the Chinese government launched a transplanting project, and in 2006 another national project
to breed Cam. oleifera was established. To date, billions of Cam. oleifera plants had been transplanted in
China, especially in the Yangtze Plain. Considering the
technical requirements for transplantation and
C. chinensis staying in the seeds or the soil in larval
stage, it might be difﬁcult to prevent extraneous haplotypes from being introduced. The human-mediated
transport of camellia weevils quite likely affected the
current distribution of genetic diversity of C. chinensis.
This possible scenario was supported by the results of
the Mantel test without the JX and TC populations
(Table 3) and the M value analysis (Tables 5, 6).
Effects of human activities on population differentiation have been reported in other Curculio beetles, such
as C. elephas (Conedera et al. 2004) and C. caryae
Horn (Mynhardt et al. 2007).
This study is the ﬁrst to provide insight into the population genetic variation and current geographical distribution map of the specialist seed-feeding pest,
C. chinensis, on a large spatial scale in China and could
be used further to plan effective control strategies. Our
present ﬁndings have revealed that human activity and
host plants might have a signiﬁcant impact on the current pattern of intraspeciﬁc diversity of camellia weevil,
C. chinensis. Our future studies would aim to recognize
the evolutionary forces that produced the genetic structure and diversity of this species as well as to evaluate
the inﬂuence of the main host tree, Cam. sinensis, in
shaping this pattern. This will be helpful for further
monitoring and control of this species.
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