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ABSTRACT. Placusa pinearum, a newly described beetle species 
found living in pine shoot tunnels bored by the pine tip moth, Dioryctria 
rubella (Pyralidae), has potential as a vector to transport biological 
agents for controlling this moth pest of pine trees because of the high 
degree of niche overlap (co-occurrence) between them. In order to help 
determine the suitability of potential biological control vectors, it is useful 
to obtain knowledge concerning the intraspecific variation of the vector. 
We examined P. pinearum collected from 14 different geographical 
populations in China using morphological and molecular markers. 
An UPGMA dendrogram based on morphological characters showed 
divergence of populations of P. pinearum in a comparison of beetles 
from southwestern and 3 other geographic regions (central, northwestern, 
and eastern regions). We also compared 965-nucleotide sequences of the 
mitochondrial cytochrome oxidase subunit I gene from 56 individuals; 19 
haplotypes were identified based on 28 polymorphic sites in this region. 
A Bayesian phylogenetic tree showed significant genetic divergence 
among the different populations in eastern China. In addition, absence of 
shared haplotypes, coupled with high pairwise FST values, demonstrated 
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significant genetic divergence between the populations from the southwest 
and the other 4 main geographical regions (eastern, southern, central, and 
northwestern regions). Generally, we found the morphological divergence 
to be congruent with genetic divergence in these P. pinearum populations. 
This information should be useful for selection of suitable source materials 
in the species gene pool for future biological control programs.

Key words: Placusa pinearum; Morphological variation; COI; 
Genetic structure; Intraspecific divergence; Biological control

INTRODUCTION

One hundred and forty-three species of the genus Placusa, belonging to the subfamily 
Aleocharinae (Coleoptera: Staphylinidae), have been described globally, 9 of which can be found 
in China (Newton et al., 2005; Gao et al., 2011). The genus is characterized by the 4-4-5 tarsal 
formula and occupation of the subcortical habitat of trees. We recently reported that a new spe-
cies, Placusa pinearum, which also belongs to the subfamily Aleocharinae, lives in the pine shoot 
tunnels bored by the larva of the pine shoot moth Dioryctria rubella Hampson (Gao et al., 2011).

D. rubella, a well-known major borer pest on the shoots of young pine trees, causes 
great economic damage in pine tree nurseries in China. The host pine trees of D. rubella include 
Masson’s pine (Pinus massoniana Lambert), loblolly pine (P. taeda Linnaeus), Chinese white 
pine (P. armandii Franchet), Chinese red pine (P. tabulaeformis Carrière), Korean pine (P. ko-
raiensis Siebold and Zuccarini), Yunnan pine (P. yunnanensis Franchet), Scots pine (P. sylvesti-
ris Linnaeus var. mongolica Litvinov), black pine (P. thunbergii Parlatore), slash pine (P. elliottii 
Engelmannii), and dragon spruce (Picea asperata Masters) (Ji et al., 2008).

Controlling the pine shoot moth D. rubella is difficult due to its concealed habitat. 
Studies on the fauna of arthropods inside pine shoot tunnels have revealed that many arthropod 
species live in the tunnels; among them, the beetle P. pinearum has been found most frequently. In 
addition, a high degree of niche overlap (co-occurrence) between the pine shoot moth D. rubella 
and the beetle P. pinearum has been previously reported (Gao et al., 2010), which triggered our 
interest as to whether this beetle species can be used as an effective carrier to transport biological 
control agents for controlling pine shoot moths. Previously, Gross et al. (1994) used honeybees 
to deliver nuclear polyhedrosis virus and successfully controlled the corn earworm, and Peng 
et al. (1998) reported that Trichogramma dendrolimi Matsumura used as a vector carrying 
cytoplasmic polyhedrosis virus controlled the forest pest insect Dendrolimus punctatus Walker.

To develop biological control programs, laboratory artificial mass production of bio-
logical control agents needs to consider first the selection of a suitable source colony from 
field-collected materials, abundant genetic variation, which has been considered an important 
factor for successful colonization, and establishment of exotic biological control agents (Kraf-
sur et al., 2005). To avoid genetic decay in laboratory stocks, Mackauer (1980) mentioned 
that a sufficient number of founding individuals (less than 50) was needed in mass production 
procedures to avoid bottlenecks. In other words, those well-adapted biotypes can expand their 
geographic ranges or be matched to local climate conditions for successful colonization in 
a new habitat. Therefore, more attention shoud be focused on the genetic diversity, genetic 
structure of a candidate wild population of biological control agents. Especially if genetic 
divergence of biological control agents from different geographical regions is very weak, we 
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can select any source colony in the species gene pool. Conversely, if the genetic divergence is 
distinct, the selection of a local source colony may then be appropriate.

P. pinearum is widely distributed in an area of 1900 km ranging from the east to the 
west of China and from 23° to 33°N latitude. Although the P. pinearum populations in dif-
ferent geographical regions live in the same microhabitat, they prefer habitation in different 
pine tree species. For example, in eastern China, P. pinearum prefers living inside the shoot 
tunnels of Masson’s and loblolly pine, whereas in southwestern China, it prefers those of Yun-
nan pine. Moreover, while the beetle specimens collected from different geographical regions 
share morphological similarities in genitalia, tergite 8, tarsal formula, and mouthpart struc-
tures, those collected from the Provinces of Jiangsu, Anhui, Hunan, Guangdong, and Shanxi 
have yellow elytra and those from the Provinces of Sichuan and Yunnan have black elytra.

Previous reports have shown that morphological polymorphism is a response to the 
host nutritional, chemical, and physical structures (Heard, 2012). Host preference may allow 
insects to feed more effectively on the host plants, which in turn results in restriction of gene 
flow between populations and promotes host race formation of the feeding insects (Magalhães 
et al., 2007). Studies have also suggested that morphological divergence between populations 
is a result of widespread reproductive isolation and local adaptation (Sota et al., 2007) and 
may be a starting point of a speciation process (Rudh et al., 2007).

Considering the potential use of P. pinearum as a carrier of microbial control agents 
against pine shoot moth, it is essential to understand the intraspecific differentiation between 
populations of such a biocontrol vector insect. The objective of our study was to assess the 
morphological divergence as well as genetic diversity and genetic divergence between differ-
ent P. pinearum populations in China and analyze the relationship between their morphologi-
cal and genetic divergence.

MATERIAL AND METHODS

Specimen collection and identification

P. pinearum beetles were collected over a 4-year period (2008-2011) from 14 geo-
graphical locations across a latitudinal range of 1900 km in China (Figure 1). Information 
regarding sampling sites, collection dates, and host pine trees is provided in Table 1.

Figure 1. Geographical map showing locations and abbreviated names of Placusa pinearum samples from China. 
For abbreviations, see Table 1.
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Geographical region	 GPS coordinates	 Sampling site	 Host species	 Collected by	 Collection date	 Haplotype code
(No. of samples)		  (code)				    (No. of individuals)

Eastern region	 N = 31°39'01.79''	 Jiangsu Lishui	 P. taeda	 Ji Baozhong; 	 June 2008	 HAP-6 (2)
   (N = 41)	 E = 118°59'29.26''	 (JSLS)	 Linnaeus	 Gao Jiangyong		  HAP-9 (4)
						      HAP-10 (2)
	 N = 31°22'17.12''	 Jiangsu Gaochun	 P. massoniana	 Ji Baozhong; 	 August 2008	 HAP-2 (5)
	 E = 119°03'39.52''	 (JSGC)	 Lambert	 Gao Jiangyong		  HAP-9 (1)
						      HAP-11 (1)
						      HAP-12 (1)
						      HAP-13 (1)
	 N = 32°07'19.79''	 Jiangsu Xiashu	 P. taeda	 Gao Jiangyong	 August 2008	 HAP-2 (2)
	 E = 119°11'51.49''	 (JSXS)	 Linnaeus			   HAP-6 (1)
						      HAP-9 (3)
						      HAP-10 (1)
	 N = 32°03'36.34''	 Jiangsu Nanjing	 P. thunbergii	 Ji Baozhong; 	 April 2009	 HAP-6 (1)
	 E = 118°49'40.48''	 (JSNJ)	 Parlatore	 Gao Jiangyong		  HAP-14 (1)
	 N = 32°08'26.89''	 Jiangsu Baohua	 P. massoniana	 Gao Jiangyong	 October 2011	 HAP-2 (1)
	 E = 118°58'25.76''	 (JSBH)	 Lambert			   HAP-15 (1)
						      HAP-16 (1)
	 N = 31°16'32.89''	 Jiangsu Suzhou	 P. massoniana	 Gao Jiangyong;	 September 2010	 HAP-3 (1)
	 E = 120°25'14.31''	 (JSSZ)	 Lambert	 Sun Zhenjun		  HAP-9 (1)
	 N = 31°39'00.54''	 Anhui Maanzhan	 P. thunbergii	 Gao Jiangyong	 June 2010	 HAP-9 (2)
	 E = 118°33'33.07''	 (AHMAS)	 Parlatore	
	 N = 32°03'46.40''	 Anhui Quanjiao	 P. massoniana	 Wang Guoxing	 August 2010	 HAP-2 (5)
	 E = 118°00'54.68''	 (AHQJ)	 Lambert			   HAP-9 (1)
	 N = 31°46'55.85''	 Anhui Hexian	 P. massoniana	 Zhang Kai;	 May 2011	 HAP-17 (1)
	 E = 118°07'23.04''	 (AHHX)	 Lambert	 Gao Jiangyong		  HAP-18 (1)
Central region	 N = 28°24'24.96''	 Hunan Changsha	 P. massoniana	 Wang Guoxing;	 August 2009	 HAP-1 (1)
   (N = 4)	 E = 113°01'48.01''	 (HNCS)	 Lambert	 Gao Jiangyong		  HAP-2 (1)
						      HAP-3 (2)
Southern region	 N = 23°49'10.29''	 Guangdong	 P. massoniana	 Liu Jianfeng	 September 2009	 HAP-3 (2)
   (N = 4)	 E = 113°11'10.88''	 Qingyuan	 Lambert			   HAP-5 (1)
		  (GDQY)				    HAP-6 (1)
Southwestern region	 N = 25°07'04.50''	 Yunnan Kunming	 P. armandii	 Zhao Jiejun	 September 2009	 HAP-8 (2)
   (N = 5)	 E = 102°41'09.29''	 (YNKM)	 Franchet
	 N = 27°49'17.03''	 Sichuan Liangshan	 P. armandii	 Sun Chongde	 May 2009	 HAP-4 (3)
	 E = 102°23'15.49''	 (SCLS)	 Franchet
Northwestern region	 N = 33°47'26.87''	 Shanxi Yingpan	 P. tabuliformis	 Gao Jiangyong	 October 2010	 HAP-7 (1)
   (N = 2)	 E = 109°01'50.58''	 (SXYP)	 Carrière			   HAP-19 (1)

Table 1. List of sampling sites, dates, and host plants of Placusa pinearum investigated in this study as well as 
GenBank accession number for each haplotype defined.

All adult specimens were carefully examined for external and internal characteristics 
(Gao et al., 2011) under a stereoscopic microscope (MZ 16; Leica Microsystems, Switzer-
land). Identification of specimens was based on the shape of tergite 8, the aedeagus, and the 
median portion of the spermathecal stem.

Morphometric variables and analysis

Seven measurements were obtained from 87 individuals of P. pinearum with an ocular 
micrometer under a stereomicroscope at a magnification of 40 or 100X. These measurements 
included head width (HW), head length (HL), pronotum width (PW), pronotum length (PL), 
elytral width (EW), elytra length (EL), and body length (BL). To eliminate size variation 
among individuals, data (Table 2) were log-normalized (Audisio et al., 2001). The measure-
ments were then used to calculate 6 log-transformed ratios, that is, head length by head width 
(HL/HW), pronotum length by pronotum width (PL/PW), elytra length by elytra width (EL/
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EW), head length by body length (HL/BL), pronotum length by body length (PL/BL), and 
elytra length by body length (EL/BL) (Klimaszewski et al., 2008). Elytral color (EC) was also 
used as a categorical variable, with the value “1” indicating black and “0” indicating yellow 
(Stapel et al., 2008). Cluster analysis of the ratios and categorical variables was subsequently 
performed by the SPSS12.0 software, as described by Ribera and Nilsson (1995).

DNA extraction, PCR amplification, and sequencing

Total genomic DNA was extracted from the forebody (head and thorax) of specimens 
using the DNeasy Tissue kit (Qiagen, Bio Basic Inc., Markham City, ON, Canada) following 
the manufacturer protocol. A fragment of the mitochondrial cytochrome oxidase subunit I 
(mtDNA COI) gene was amplified using the primer pair: TY-J-1460 (5'-TACAATTTATCGCC
TAAACTTCAGCC-3') and C1-2416ra (5'-GCTAATCATCTAAAAATTTTAATTCC-3') (El-
ven et al., 2010). All PCR amplifications were set up in 50-μL reaction mixtures containing 1.7 
μL DNA extract as the template, 0.3 μL 25 μM dNTP mixture, 5 μL 10X PCR buffer, 1 μL 10 
μM of each primer, 1 μL 5 U/μL DNA Taq polymerase, and 40 μL ddH2O. PCR was performed 
in a thermal cycler (Eppendorf AG 22331, Hamburg, Germany), with an initial denaturation 
step at 95°C for 5 min, followed by 35 cycles at 94°C for 30 s, annealing temperature at 56°C 
for 30 s, and 72°C for 1 min, and a final extension step at 72°C for 10 min. PCR products 
subjected to electrophoresis on a 1.5% agarose gel were stained with ethidium bromide and vi-
sualized by UV transillumination. PCR products purified using the EZ-10 Spin Column DNA 
Gel Extraction kit (Bio Basic Inc.) were sequenced on an ABI 3730 automated sequencer with 
the BigDye Terminator version 3.1 Cycle Sequencing kit (Applied Biosystems, Foster City, 
CA, USA), following manufacturer instructions.

Sequence alignment and analysis

Sequences were aligned using ClustalW (Thompson et al., 1994), as implemented by 
the BioEdit (2.0) software. The sequences were subjected to Basic Local Alignment Search 
Tool (BLAST) analysis for sequence similarity searches. The DnaSp (5.1) software was used 
to calculate the number of both mitochondrial haplotypes and polymorphic sites and to per-
form the Fu and Li D neutrality test (Rozas et al., 2003). A median-joining network analy-
sis was also performed using NETWORK 4.5 (Bandelt et al., 1999). Edited sequences of 
each haplotype were deposited in GenBank (JQ837822, JQ765747, JQ805146-JQ805147, 
JQ815556-JQ815564, and JQ82229-JQ822234) (Table 3). Haplotype diversity (h) and nu-
cleotide diversity (π) (Nei, 1987) were determined using ARLEQUIN (3.1) (Schneider et al., 
1997), and the significance of the fixation index (FST) was also assessed by a nonparametric 
analysis with 1000 permutations using ARLEQUIN (3.1) (Excoffier et al., 1992).

The genetic structure of population subdivision was examined by analysis of molecu-
lar variance (AMOVA) using ARLEQUIN (3.1) (Excoffier et al., 1992). The populations were 
grouped either by geographic locations or by host species. For the geography-based analysis, 
populations were categorized into eastern, southern, central, northwestern, and southwestern 
groups. Genetic variation was also partitioned into 4 groups on the basis of the host plant: lob-
lolly pine, Masson’s pine, black pine, and Chinese white pine. Samples from Shanxi province 
(SXYP) were excluded from both the geographical and host species analyses due to the small 
sample size.
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Furthermore, the correlation between genetic and geographical distances was 
determined using a Mantel test (1000 permutations) with ARLEQUIN (3.1) (Schneider et 
al., 2000). The demographic history of P. pinearum populations was also inferred from the 
mtDNA COI data using the coalescent Bayesian skyline plot model (Drummond et al., 2005), 
as implemented by the BEAST (1.5.3) program and visualized using the Tracer (1.5) program. 
The Bayesian tree and divergence time among P. pinearum populations were generated using 
the Bayesian relaxed clock method in BEAST (1.5.3) (Drummond and Rambaut, 2007).

RESULTS

Morphological variation

BL ranged from 1.71 in YNKM to 2.45 mm in AHMAS (Table 2), averaging 2.22 mm. 
The head, pronotum, and elytra were all transverse and usually less than twice as wide as long. 
The ranges of the measurements were as follows: HL, 0.19-0.31 mm; HW, 0.27-0.34 mm; 
PL, 0.21-0.29 mm; PW, 0.32-0.41 mm; EL, 0.29-0.42 mm; and EW, 0.39-0.56 mm. These 
observations indicated that the specimens from different geographical regions had similar size 
variations. In contrast, their EC was polymorphic. The EC of the specimens collected from 
YNKM (N = 3) and SCLS (N = 4) was black, whereas that of specimens collected from other 
sampling sites (N = 80) was unanimously bronze yellow (Table 2).

Morphology-based tree

The dendrogram (Figure 2) constructed with unweighted pair group method with 
arithmetic averages using Euclidean distances indicated that 14 populations of P. pinearum 
could be divided into 3 geographically distinct groups: Group 1, populations from the JSXS, 
JSLS, AHMAS, SXYP, AHQJ, JSBH, JSNJ, HNCS, AHHX, and JSGC regions; Group 2, 
populations from the GDQY, JSSZ and SCLS regions; and Group 3, populations from YNKM. 

Haplotypes	 N	 Regions	 Variable sites	 GenBank accession No.

HAP-1	   1	 Central	 GGGGGTGTTCGTGCGCCTTTAATACAAT	 JQ765747
HAP-2	 14	 Central, Eastern	 A. . . . . . . . . . . . . . . . . . . . . . . . . . . 	 JQ815564
HAP-3	   5	 Central, Eastern, Southern	 A. . . AC. . . . . C. T. . . . . . . G. . . . TA	 JQ822229
HAP-4	   3	 Southwestern	 A. . . A. . . . . . C. T. . . . . . . . . . T . . . 	 JQ815557
HAP-5	   1	 Southern	 A. . . A. . C. . . C. T. . . . . . G. . GT. . . 	 JQ815558
HAP-6	   5	 Eastern, Southern	 A. . . A. . . . . . . . . . T. . . . . . . . . . . . 	 JQ815560
HAP-7	   1	 Northwestern	 A. . . A. . . . . . . . T. . T. . C. . . . . . . . 	 JQ805147
HAP-8	   2	 Southwestern	 A. . . A. . . . . . C. T. . . . . . . . . . . . . . 	 JQ815556
HAP-9	 12	 Eastern	 AA . .A. . . . TA. AT. . . . . . . . C. . . . . 	 JQ815559
HAP-10	   3	 Eastern	 A. . . A. . . . . . . . . . T. . . . . . . . . . . . 	 JQ822230
HAP-11	   1	 Eastern	 A. . . A. . . . . . . . . . . . A. . . . . . . . . . 	 JQ822231
HAP-12	   1	 Eastern	 A. A. A. . . . . . . . . . T. . . . . . . . . . . . 	 JQ822232
HAP-13	   1	 Eastern	 A. . AA. . . . TA. AT. . . . . . . . C. . G. . 	 JQ822233
HAP-14	   1	 Eastern	 A. . AAC. . . . . C. T. . . . . . . G. . . . TA	 JQ822234
HAP-15	   1	 Eastern	 A. . . . . . . . . A. . . A. . . . . . . . . . . . . 	 JQ805146
HAP-16	   1	 Eastern	 A. . . . . . . C. . . . . . . . . C. . . . . . . . . 	 JQ815563
HAP-17	   1	 Eastern	 A. . . A. A. . . . . . . . . . . . . . . . . . . . . 	 JQ815561
HAP-18	   1	 Eastern	 A. . . A. . . . . . . . . . . . G. . . . . . . . . . 	 JQ815562
HAP-19	   1	 Northwestern 	 A. . . . . . . . . . . . . . T. . . . . . . . . . . . 	 JQ837822

Table 3. Haplotype frequency (N) and distribution among Placusa pinearum populations in China.
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The populations in Groups 1 and 3 had yellow and black elytra, respectively, whereas Group 2 
included populations with both yellow and black elytra (Table 2). While Group 1 corresponded 
geographically to the eastern, central, and northwestern regions in China, Group 3 was from 
the southwestern regions and Group 2 contained a population from each of the southern, 
eastern, and southwestern regions.

Genetic diversity

A total of 56 mtDNA COI sequences (965 nucleotides) of P. pinearum were analyzed 
in this study. The data sets comprised 28 variable sites (14 parsimony informative sites and 
14 singleton variable sites), which accounted for 2.9% of all nucleotides. The average base 
composition of T, C, A, and G in the mtDNA COI sequence was 37, 16, 31, and 16%, respec-
tively, indicating that the sequence was predominantly AT-rich (A + T, 68%; G + C, 32%). In 
addition, no deletion or insertion of bases was observed.

These 56 mtDNA COI sequences yielded 19 haplotypes (Table 3), including 12 
unique ones (HAP-1, HAP-5, HAP-7, HAP-11, HAP-12, HAP-13, HAP-14, HAP-15, HAP-
16, HAP-17, HAP-18, and HAP-19) and 7 shared ones (HAP-2, HAP-3, HAP-4, HAP-6, 
HAP-8, HAP-9, and HAP-10), among which HAP-4 and HAP-8 were notably exclusively 
shared by individuals from the southwestern region. In contrast, 3 haplotypes (HAP-2, HAP-3, 
and HAP-6) were shared by the individuals from the eastern and south+central regions. HAP-
2 and HAP-9, the most common and the second most common haplotypes, were shared by 14 
and 12 individuals, respectively.

Among these 12 unique haplotypes, 8 were found in the populations from the eastern 
region (JSGC, JSNJ, JSBH, and AHHX), 2 were from the northwestern region (SXYP), 1 was 
from the southern region (GDQY), and 1 was from the central region (HNCS). In contrast, 
the populations from the southwestern region (SCLS and YNKM) had no unique haplotype.

Moreover, the populations from the southwestern region showed the lowest p 

Figure 2. UPGMA dendrogram of Euclidean distances calculated from 6 log-transformed ratio variables and 1 
categorical variable among Placusa pinearum populations.
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(0.000622) and h (0.600), whereas those from the southern region had the highest p (0.006390) 
and those from the northwestern region the highest h (1.000) (Table 4).

Regional grouping	 Sampling site	 No. of individuals	 No. of haplotypes	 Haplotype diversity	 Nucleotide diversity
of populations				    (h)	 (π; mean ± SD)

Eastern	 JSXS, JSNJ, JSBH, 	 41	 13	 0.8134 ± 0.0413	 0.004508 ± 0.002527
	 JSLS, JSGC, JSSZ, 
	 AHMAS, AHQJ, AHHX
Southern	 GDQY	   4	   3	 0.8333 ± 0.2224	 0.006390 ± 0.004590
Southwestern	 SCLS, YNKM	   5	   2	 0.6000 ± 0.1753	 0.000622 ± 0.000681
Northwestern	 SXYP	   2	   2	 1.0000 ± 0.5000	 0.005181 ± 0.005676
Central	 HNCS	   4	   3	 0.8333 ± 0.2224	 0.005354 ± 0.003910

Table 4. Statistics of population of Placusa pinearum variation in the COI gene sequences.

Genetic structure

When populations were grouped by geographical location, AMOVA result showed 
that the majority of molecular variation (70.30%, FST = 0.29696, P < 0.0001) was within 
populations, whereas only a small part (10.83%, FCT = 0.10835, P > 0.05) was between groups 
(Table 5). When populations were grouped by host species, similar AMOVA results were ob-
tained (within populations, 71.94%, FST = 0.28064, P < 0.0001; between groups, 11.40%, FCT 
= 0.11397, P < 0.05). These results indicated that there was no distinct geographical structure 
of genetic variation between different groups of P. pinearum when 13 populations (not in-
cluding SXYP) were grouped by either host species or geographical location. Moreover, the 
Mantel test showed that there was no significant correlation between the FST values and geo-
graphical distances (km) (r = 0.372, P = 0.229 > 0.05; data not shown).

Source of variation	 d.f.	 SSD	 Percentage of total variance1	 Variance component2	 P value3

Geographical regions
   Among groups	   3	   3.124	 10.83	 FCT = 0.10835	 0.07331
   Among population within groups	   9	   6.317	 18.86	 FSC = 0.21153	 0.00000
   Within population	 41	 13.651	 70.30	 FST = 0.29696	 0.00000
Host species 
   Among groups	   3	   3.643	 11.40	 FCT = 0.11397	 0.01271
   Among population within groups	   9	   5.799	 16.67	 FSC = 0.18810	 0.00293
   Within population	 41	 13.651	 71.94	 FST = 0.28064	 0.00000

d.f. = degrees of freedom; SSD = sum of squared differences. 1Percentage of total variance contributed by each 
component; 2variance component estimates; 3probability of obtaining a more extreme component estimate by 
chance alone.

Table 5. Analysis of molecular variance (AMOVA) of Placusa pinearum populations in the context of different 
regions and host species.

However, significant population differences were found between the southwestern 
and the other regions. The pairwise FST values were 0.31136 (P < 0.05) between the popula-
tions from the southwestern and eastern regions, 0.38446 (P < 0.05) between the southwest 
and central regions, 0.21664 (P < 0.05) between the southwest and southern regions, and 
0.58567 (P < 0.05) between the southwest and northwest regions (Table 6). Thus, these find-
ings indicated that there was significant genetic divergence between the southwest and the 
other 4 main geographical regions.
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Genetic divergence and population demography

For the phylogenetic analyses, Placusa sp (from GenBank accession No. GQ980883) 
was selected as the outgroup. The Bayesian phylogenetic tree (Figure 3) shows that 19 haplotypes 
of P. pinearum among 56 individuals from 14 populations were clearly separated into 4 clades. 
Clade 1 comprised 2 haplotypes found among 13 individuals from 6 sampling sites (JSXS, JSLS, 
JSGC, JSSZ, AHMAS, and AHQJ) in the eastern region. The phylogenetic tree indicated that 
clade 1 was the most divergent group (100% node-supported), which was also supported by the 
haplotype network (Figure 4), in which the haplotypes HAP-9 and HAP-13 (in clade 1) with 5 
and 6 mutation steps, respectively, were significantly different from HAP-10 (in clade 3).

Geographical regions	 Central region	 Southwestern region	 Southern region	 Northwestern region	 Eastern region

Central	 -	 -	 -	 -	 -
Southwestern	    0.38446*	 -	 -	 -	 -
Southern	 -0.13333	 0.21664*	 -	 -	 -
Northwestern	  0.02671	 0.58567*	 0.07617	 -	 -
Eastern 	  0.19051	 0.31136*	   0.27681*	 0.01278	 -

*Significant FST value (P < 0.05).

Table 6. Pairwise FST values between 5 populations of Placusa pinearum.

Figure 3. Bayesian tree and the divergence time (years before the present time) of Placusa pinearum populations 
performed using BEAST (1.5.3). Branch values represent posterior probability support.

Clade 2 comprised 5 haplotypes found among 12 individuals from 6 sampling sites 
(GDQY, HNCS, JSNJ, JSSZ, SCLS, and YNKM), which were widely spread in the southern, 
central, eastern, and southwestern regions. Clade 3 consisted of 2 haplotypes, which were 
found among only 4 individuals from 3 sampling sites in the eastern (JSXS and JSLS) and 
northwestern (SXYP) regions. Finally, clade 4, the most widespread clade, comprised 10 hap-
lotypes found among 27 individuals from 10 sampling sites (JSGC, JSBH, JSXS, JSLS, JSNJ, 
AHQJ, AHHX, GDQY, HNCS, and SXYP). Moreover, the haplotype network (Figure 4) sug-
gested that there were 4 mutation steps between HAP-3 and HAP-8 and 3 steps between HAP-
4 and HAP-5, indicating significant genetic divergence between the southwestern regions and 
east+south+central regions.
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The demographic history of P. pinearum was also inferred on the basis of the Bayesian 
skyline plot, without any assumption of a particular demographic model (Drummond, 2005). 
In the absence of a suitable intrinsic calibration, we could apply the approximate 2% per mil-
lion years divergence rate for insect mtDNA (Brower, 1994). The Bayesian skyline analysis 
demonstrated that the P. pinearum populations in China had undergone a major sudden popu-
lation expansion starting from approximately around 20,000 years ago (0.02 Mya) (Figure 5), 
which was also confirmed by the Fu and Li D test (-2.45378, P < 0.05; data not shown).

Figure 4. Ninety-five percent parsimony network of 19 haplotypes generated based on sequences of the 965-bp 
mtDNA COI fragment from 56 Placusa pinearum individuals. The node size is proportional to the number of 
individuals with the same haplotype. Red nodes represent median vectors (mv1). The numbers on branches indicate 
the number of mutations between 2 nearest nodes, and only those with larger than 1 mutation step are marked.

Figure 5. Bayesian skyline plot for Placusa pinearum. The x-axis measures time in years before the present and the 
y-axis is the scaled effective population size (units = Neτ, the product of effective population size and generation 
length in years). The 95% confidence interval is indicated in blue.
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DISCUSSION

Genetic diversity

The subfamily Aleocharinae, one of the largest lineages in the family Staphylinidae, 
is by far the most successful group of inquilines in the nests of social insects, especially in 
those of ants and termites (Seevers, 1965). However, little research has focused on the genetic 
structure and genetic divergence of the beetles in this subfamily, other than some studies on 
the phylogeny of a higher taxonomic unit of the family Staphylinidae (Maus et al., 2001; 
Chatzimanolis et al., 2010). Previously, Thomas (2009) reported a tribal-level phylogeny 
of the subfamily Aleocharinae by using partial sequences of the 12S and 16S mitochondrial 
genes, and Ahn et al. (2009) reported a phylogeny of 21 species in the tribe Liparocephalini by 
using partial sequences of mtDNA COI and COII as well as 12S and 18S rDNA. Notably, sev-
eral studies have suggested that mtDNA COI is an ideal marker for examining interspecific or 
intraspecific phylogenetic relationships among insects (Sole et al., 2008; Ahmed et al., 2009). 
However, to date, only 1 mtDNA COI gene sequence of Placusa sp can be found in GenBank 
(accession No. GQ980883; Elven et al., 2010), and the intraspecific phylogenetic relationship 
in the family Staphylinidae has not been previously reported.

Our recent study (to be published) showed that the gene sequences of either mito-
chondrial 18S rRNA or ITS2 in P. pinearum are not suitable for intraspecific phylogenetic 
analysis due to the lack of sufficient polymorphic sites. In contrast, mtDNA COI was found to 
have more polymorphic sites compared to 16S mitochondrial genes in P. pinearum. Therefore, 
mtDNA COI was used as a molecular marker in this study to investigate the intraspecific ge-
netic variation of P. pinearum collected from different geographical regions in China.

The analysis of 56 mtDNA COI sequences obtained from different P. pinearum indi-
viduals showed that the sequences are predominantly AT-rich (68%), which is a common fea-
ture of mitochondrial DNA in other coleopteran insects (Giannoulis et al., 2011). The average 
values of h and π were also calculated as 0.8784 and 0.0049, respectively. Overall, the entire 
data set of P. pinearum with relatively low π and high h was similar to that of other coleopteran 
insects (Anducho-Reyes et al., 2008).

Morphological and genetic divergence

As shown in Figure 2, all populations from the southern and northwestern region and 
the majority of populations from the eastern regions were clustered into Group 1, whereas the 
populations from the southwestern regions were clustered into Groups 2 and 3. This result 
showed that there was a morphological divergence of the populations in P. pinearum between 
the southwestern and the other 3 geographic regions (central, northwestern, and eastern re-
gions). The median-joining network analysis indicated the absence of shared haplotype be-
tween the southwestern and the other geographical regions. The pairwise FST value between 
the southwestern and the others was significantly high, indicative of weak gene flow between 
these regions. This suggests that morphological divergence is generally in congruence with 
genetic divergence in P. pinearum populations. Moreover, Group 2 contained populations 
from the southwestern (SCLS), southern (GDQY), and eastern (JSSZ) regions (Figure 1), 
which was also partially in congruence with the molecular-based tree because the HAP-5 
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haplotype from the southern region (GDQY) and the HAP-4 haplotype from the southwestern 
region (SCLS) were closely clustered together in clade 2 (88% node-supported) (Figure 3).

The molecular-based tree showed that the HAP-9 and HAP-13 haplotypes from the 
eastern regions were clustered into clade 1, the most divergent group in the phylogenetic 
tree (Figure 3). Significant genetic divergence within the populations from eastern China was 
found partially congruent with morphological divergence. The HAP-9 haplotype was shared 
with an individual from JSSZ, whereas the unique HAP-13 haplotype corresponded geograph-
ically to JSGC. Moreover, the morphology-based tree clearly showed morphological diver-
gence between the populations from JSSZ or JSGC and the other regions in eastern China. All 
the evidence mentioned above suggests that morphological divergence is generally in congru-
ence with genetic divergence in P. pinearum populations.

Several studies have also suggested that geographical isolation or host specialization 
may be important factors that influence genetic structure and differentiation in insects (Abreu 
and Solferini, 2008; Craft et al., 2010). Therefore, it is possible that the current high level 
of genetic divergence between P. pinearum populations from the southwestern and other re-
gions might have resulted from geographical distance isolation or host preference. However, 
AMOVA results from our study showed that there was no distinct geographical structure of 
genetic variation among different P. pinearum groups. The results of the Mantel test showed 
that there was no significant correlation between the FST and geographic distance (km), even 
though the geographical distances between sampling sites in the southwestern regions and the 
other 4 main geographical regions were often greater than 1000 km. Therefore, we infer that 
genetic divergence between the southwestern and other region populations may be explained 
by the consequence of topographic barriers; that is, the southwestern sample sites (SCLS and 
YNKM) were in the Hengduan Mountains, the second largest mountain in China, in contrast 
to the hills or plateaus in the eastern, central, or southern regions.

The Bayesian skyline plot analysis suggested that the P. pinearum populations in 
China had undergone a major population expansion, starting approximately at the peak of the 
last glacial maximum (approximately 0.02 Mya). During the period between 0.018 and 0.02 
Mya, a large number of insects expanded northward from the southern refuges in China due 
to gradually increased temperature (Jia, 2010). From a historical perspective, the higher ge-
netic diversity in populations suggests that they could be ancestral populations, and the lower 
genetic diversity suggests that they were colonized more recently (Kodandaramaiah et al., 
2012) or underwent recent population declines resulting in population bottlenecks (Kim and 
Sappington, 2006). In this study, p and h were significantly higher in P. pinearum populations 
from the eastern, southern, central, and northwestern regions than in those from the southwest-
ern regions. Moreover, the HAP-2 and HAP-10 haplotypes, corresponding to the individu-
als mostly from the eastern and south+central regions in China, were located in the central 
position in the haplotype network, suggesting that HAP-2 and HAP-10 were most likely the 
ancestral haplotypes. Meanwhile, the P. pinearum haplotypes from eastern China scattered 
among different clades, suggesting that the eastern region was not only the main geographical 
distribution area but also the center of genetic diversity. In contrast, p and h were significantly 
lower in the southwestern populations than in other geographical populations. Specifically, 
the lowest value of p was found in the southwestern populations (0.00062), which was only 
approximately one-seventh of that (0.004508) in the eastern populations, approximately one-
ninth of that (0.005354) in central population and approximately one-tenth of that (0.006390) 
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in the southern population. The low genetic diversity of the southwestern populations suggests 
that they were colonized more recently and might have become isolated either through disper-
sal from the eastern or south+central regions or by undergoing bottlenecks due to population 
size fluctuations.

Since we obtained only small numbers of samples from the southwestern region (N = 
5) in this study, it is necessary to examine more samples to draw reliable conclusions in further 
studies.

Implications of genetic divergence

Overall, this study provides evidence that morphological divergence in P. pinearum 
is basically in congruence with its genetic divergence. These findings also suggest that pheno-
typic traits could serve as a valid criterion for selection of a suitable source colony from field-
collected materials, especially when molecular data are not available (García et al., 2008).

To date, a number of studies have reported the use of some species of the subfamily 
Aleocharinae as biocontrol agents. For example, Hagen et al. (1999) documented that several 
species of Aleochara introduced into North America from Europe were mass cultured and 
periodically released against dipteran rootworms. As a closely related species to those from 
the genus Aleochara, P. pinearum could potentially be used as a carrier to deliver microbial 
control agents against the pine shoot moth because of their high degree of niche overlap. The 
results presented here regarding the morphological and genetic divergence in P. pinearum can 
be helpful for selection of a suitable source colony in the species gene pool in future biological 
control programs.
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