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Abstract

Background: As a major stored-product pest insect, Liposcelis entomophila has developed high levels of resistance to
various insecticides in grain storage systems. However, the molecular mechanisms underlying resistance and environmental
stress have not been characterized. To date, there is a lack of genomic information for this species. Therefore, studies aimed
at profiling the L. entomophila transcriptome would provide a better understanding of the biological functions at the
molecular levels.

Methodology/Principal Findings: We applied lllumina sequencing technology to sequence the transcriptome of L.
entomophila. A total of 54,406,328 clean reads were obtained and that de novo assembled into 54,220 unigenes, with an
average length of 571 bp. Through a similarity search, 33,404 (61.61%) unigenes were matched to known proteins in the
NCBI non-redundant (Nr) protein database. These unigenes were further functionally annotated with gene ontology (GO),
cluster of orthologous groups of proteins (COG), and Kyoto Encyclopedia of Genes and Genomes (KEGG) databases. A large
number of genes potentially involved in insecticide resistance were manually curated, including 68 putative cytochrome
P450 genes, 37 putative glutathione S-transferase (GST) genes, 19 putative carboxyl/cholinesterase (CCE) genes, and other
126 transcripts to contain target site sequences or encoding detoxification genes representing eight types of resistance
enzymes. Furthermore, to gain insight into the molecular basis of the L. entomophila toward thermal stresses, 25 heat shock
protein (Hsp) genes were identified. In addition, 1,100 SSRs and 57,757 SNPs were detected and 231 pairs of SSR primes
were designed for investigating the genetic diversity in future.

Conclusions/Significance: We developed a comprehensive transcriptomic database for L. entomophila. These sequences
and putative molecular markers would further promote our understanding of the molecular mechanisms underlying
insecticide resistance or environmental stress, and will facilitate studies on population genetics for psocids, as well as
providing useful information for functional genomic research in the future.
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Introduction as fenitrothion, chlorpyrifos-methyl, deltamethrin, bioresmethrin,
and carbaryl [7]. Moreover, this species was also tolerant to
permethrin and pirimiphos-methyl applied as structural treat-
ments and to spinosad applied as a grain protectant [8,9].
However, the regulatory molecular mechanisms of insecticides

During the last two decades, several species of psocids from the
genus Liposcelis  (booklice) (Psocoptera: Liposcelididae) have
emerged as serious pest insects of stored commodities in China
and worldwide [1,2]. As a new risk for global food security and
safety, there is a growing awareness of the important pest status of
psocids due to their economic impact on stored grains, contam-
ination of food, and their role in the transmission of harmful

resistance in this species remain largely unknown. In insects,
insecticide resistance commonly arises by two main mechanisms:
metabolism or sequestration of insecticides or changes in the
sensitivities of the target proteins. The first mechanism involves
enhanced metabolism enzymes [10], such as carboxyl/cholines-
terases (CCLEs), glutathione S-transferases (GST's), and cytochrome
P450 (P450s). The other mechanism occurs through target
mutation by reducing binding of the insecticide to its target
[11], e.g. ryanodine receptors (RyRs) for phthalic acid diamides
and anthranilic diamides, voltage-gated sodium channels (VGSCs)

microorganisms [3-5]. As a representation of psocids, Liposcelis
entomophila (Enderlein) was the most commonly occurring species
and had been proved difficult to control because they do not
respond to management tactics that have been developed for other
stored-product pests [6]. Recent studies have shown L. entomophila
to be quite tolerant to some of the currently used insecticides, such
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for pyrethroid, acetylcholinesterase (AChE) for organophosphates
and carbamates, the GABA receptors for avermectins.

The small, soft-bodied and wingless L. entomophila showed a
considerable degree of morphological and physiological variation
both between and within clones [12]. Based on analysis of
mitochondrial and nuclear DNA sequences of L. entomophila, it
revealed that this psocid displayed high genetic diversity and
widespread population genetic differentiation, and it implied that
L. entomophila displayed considerable adaptability to deal with local
or temporary situations [1]. Meanwhile, carbon dioxide-enriched
atmospheres and heat treatments were also ineffective for
managing this pest [13]. Recent study suggested that greater heat
tolerance in L. entomophila might lead to its more common
occurrence in grain stored in warmer regions of the world [14].
Thus, the greater heat tolerance and higher heterogeneity of
response to heat shock in L. entomophila might facilitate its
development of thermal tolerance or resistance to heat treatments
in the grain storage facilities [14]. At present, a few studies have
been conducted mainly focus on the ecology, molecular identifi-
cation, and physiology and biochemistry of L. entomophila [4,15—
17]. However, discovery of the underlying biochemical and
physiological mechanisms of L. entomophila to insecticides resistance
and adaptability to adverse environments remains challenging.
Indeed, existing genetic resources for L. entomophila are scarce, with
less than 160 entries in the public database (NCBI) until on 6th
August 2013 (available at http://www.ncbi.nlm.nih.gov). Among
these 160 sequences, only 45 sequences are protein-coding genes,
including two acetylcholinesterase, three cytochrome oxidase
subunit I (COI) genes, one beta-actin, and 39 haplotypes of
cytochrome b gene. Therefore, the lack of molecular and
genomics data for this species has hampered characterization of
the molecular mechanisms underlying insecticide resistance and
environmental stress.

Fortunately, new high-throughput sequencing technologies
referred to as ‘Next-generation Sequencing’, such as Solexa/
Illumina, SOLID/ABI, 454/Roche platform, enable the genera-
tion of large amounts of sequence data on a far smaller timescale
[18]. It is well known that the generation of large-scale expressed
sequences tags (ESTs) is a very useful approach to describe the
gene expression profile and sequences of mRNA from a specific
organism and stage (especially in non-model species). ESTs
represent a valuable sequences resource for research, due to they
can provide comprehensive information regarding the transcrip-
tome [19]. They play significant roles in functional genomics
research for discovery of interesting genes, developing molecular
markers, allowing large-scale expression analysis and improving
genome annotation [20-23]. By generating sufficiently sequences
reads, Illumina sequencing technology makes it possible to
assemble high quality of transcriptomic sequences database. So
far, a large number of insects have been successtully performed for
transcriptome analyses by de novo assembly of Illumina sequences
[19,24-27]. In the present work, we used Illumina sequencing
technology to generate a substantial EST dataset of L. entomophila,
a species that has been the focus of extensive study but has lacked
genomic resources and then characterized genes encoding
detoxification enzymes, insecticide target proteins, and environ-
mental stress related genes as well as putative molecular markers.
This study dramatically provides a foundation and increases the
significant promise for further functional genomics studies of L.
entomophila and other Liposcelis species.
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Materials and Methods

Ethics Statement

No specific permits were required for the insects collected in this
study. No specific permissions were required for these locations/
activities which the insect specimens were collected. We confirm
that these locations are not privately-owned or protected in any
way and the species collections did not involve endangered or
protected species.

Insect samples

Liposcelis entomophila were collected at grain storage facilities from
three locations in three provinces (Chongqing, Hubei, and
Hainan) of China from 2008-2010. The insects were cultured in
the laboratory with artificial diet consisting of whole wheat flour,
skim milk, and yeast powder (10:1:1) in an incubator at 27+0.5°C
and 75-80% relative humidity and a scotoperiod of 24 h. We
mitiated the insect culture with the uniform eggs to obtain the
msects in different but uniform developmental stages including
eggs, nymphs, and adults (male:female =1:1). The experiments
were replicated three times (each time for one population) for each
developmental stage, and each stage was taken as one sample for
total RNA extraction, respectively.

RNA isolation, library construction and Illlumina
sequencing

Total RNA for each sample was isolated using the RNeasy Plus
Micro Kit (Qiagen, Hilden, Germany) according to the manufac-
turer’s instructions. For each sample, RNA quantities were
assessed at an absorbance ratio of ODygp,080 with NanoVue
spectrophotometer (GE Healthcare Bio-Science, Uppsala, Swe-
den). The purity and degradation of RNA was also checked on 1%
agarose gel electrophoresis. The mixture of RNA from all
developmental stages of three populations with equal ratio pooled
as one sample for constructing cDNA library.

Oligo (dT) magnetic beads were used to isolate poly (A) mRNA,
which was then fragmented to 200-700 bp. These short fragments
were used for the first-strand cDNAs synthesis using random
hexamer primers. The cDNA synthesis of the second-strand was
performed using DNA polymerase I (New England BioLabs,
Ipswich, MA) and RNase H (Invitrogen, Carlsbad, CA). These
cDNA fragments were purified and resolved with ethidium
bromide buffer for end reparation and single nucleotide A
(adenine) addition and then ligated to adaptors. These ligation
products were subjected to agarose gel electrophoresis and the
suitable fragments were amplified by PCR to create the final
cDNA library. The ¢cDNA library was sequenced on the channels
of an Tllumina HiSeq™ 2000 instrument for four gigabase in-
depth, which was used to obtain more detailed information about
expressed genes.

De novo assembly of sequencing reads and
bioinformatics analysis

Raw reads produced from sequencing machines were filtered to
remove reads with adaptors, low-quality sequences (reads with
unknown sequences ‘N’), reads with more than 20% low quality
(base quality <10) bases and empty sequences (sequences with
only adaptor but no reads). The clean read data has been
deposited in the NIH Short Read Archive (SRA) database
(Accession No. SRP028706). The de novo assembly of the clean
reads was carried out with short reads assembling program Trinity
[28]. Briefly, clean reads with a certain overlap length were
combined to form longer contiguous sequences (contigs) and
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mapped back onto the contigs. The contigs were processed by
Trinity and could not be extended on either end, and the result
sequences were called unigenes. Due to multiple samples from the
same species were sequenced, these unigenes assembly should be
taken into further process of sequences splicing and redundancy
removing. Thus, the unigenes were divided into two classes. One
was clusters, which were several unigenes that had more than 70%
similarity between them and the other was singletons.

All assembled unigenes were determined by BLASTx against
NCBI non-redundant (Nr) protein database, Swiss-Prot, the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database and
Cluster of Orthologous Groups (COG). The E-value cut-off was
set at 1.0E™°. Genes were tentatively identified according to the
best hits against known sequences. If the alignment results of
different databases conflicted with each other, the priority order of
Nr, Swiss-Prot, KEGG, and COG were followed when deciding
sequence direction of unigenes. Sequences with BLASTx hits were
annotated according to Gene Ontology (GO) terms using
Blast2GO software [29].

Manual curation of interesting gene and phylogenetic
analysis

Interesting sequences that related to insecticide detoxification,
the target sites of the most important insecticides, as well as
unigenes that corresponded to the thermal stress were searched by
BLAST results against the Nr database with a cut-off E-value
<1.0E™°. The unigenes found in the same BLAST results or with
high homology to one another were eliminated selectively as allelic
variants or as different parts of the same gene. The coding region
was determined by the ORF finder (http://www.ncbi.nlm.nih.
gov/gorf/gorfhtml) and further checked by protein BLAST
results. Statistics of the number of genes from major detoxification
families were investigated across different insect species. Some of
these insects have a close relationship with psocids (the
hemipteroid assemblage, include insects from Hemiptera and
Phthiraptera order) or those model insects which have the detailed
information of detoxification genes through genomic or transcrip-
tomic sequencing. The family genes of P450s, GSTs, CCEs, and
Hsps were aligned at the amino acid level using the default settings
in ClustalW (as implemented in MEGA 5 [30]) and then to
construct consensus phylogenetic trees using Neighbour-Joining
(NJ) method to make a prediction of their classification. N]J
phylogenetic trees were estimated using the bootstrap test with
1,000 replicates.

Molecular marker detection

All the unigenes were used to screen for microsatellites. The
screening was performed in MicroSAtellite (MISA) (http://pgre.
ipk-gatersleben.de/misa/) [31], which could identify the micro-
satellites and simultaneously design the PCR primers using the
inbuilt program PRIMER v. 3 [32]. The parameters were
adjusted for identification of perfect di-, tri-, tetra-, penta-, and
hexa-nucleotide motifs with a threshold of 6, 5, 5, 4, and 4 repeats,
respectively. Only the length of the both ends on the unigene are
more than 150 bp were adopted to design primers. The target
amplicon size was set as 100-300 bp, with optimal annealing
primer temperature of 58°C (range 55-62°C) and optimal primer
length as 22 bp (range 18-26). The potential single nucleotide
polymorphisms (SNPs) in L. entomophila Illumina data were
predicted using the program SOAPsnp (http://seqanswers.com/
wiki/SOAPsnp) [33]. The assembled unigene sequences were used
as templates to BLAST the original sequencing reads.
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Results and Discussion

lllumina sequencing and de novo assembly

To obtain a more comprehensive understanding of gene
expression profile at different developmental stages in L.
entomophila, a pooled ¢cDNA sample from three populations,
representing eggs, nymphs, and adults (females and males), was
sequenced using the Illumina sequencing platform. Sequencing
generated 62,698,056 raw reads, encompassing about 4.14 Gb
sequencing data. After initial adaptor trimming and quality
filtering, 54,406,328 clean reads were assembled into 106,774
contigs longer than 100 bp with a mean length of 317 bp (Table 1).
Although the majority of the contigs were between 100 and
200 bp (60.73%), 19,407 (18.18%) were longer than 400 bp
(Figure S1 B). Using paired-end joining and gap-filling methods,
the contigs were further assembled into 54,220 unigenes (11,126
distinct clusters and 43,094 distinct singletons) with an average
length of 571 bp (Table 1). Among the all total unigenes, 6,846
(12.63%) unigenes were longer than 1,000 bp, and 34,696
(63.99%) unigenes were less than 500 bp (Figure S1 A).

The number of reads in the unigenes was also calculated, and it
varied from 1 to 3,263,623 with a mean of 837. About 83.62% of
the unigenes have the number of reads less than 500, whereas the
unigenes with number of reads more than 5,000 only accounted
for 2.13% of the total unigenes. The unigenes with reads more
than two times of average (1,674 reads) were considered as highly
expressed transcripts [34], and 3,320 highly expressed unigenes
were found, accounting for 6.12% of the total unigenes. Here, the
13 wunigenes with most abundant reads (>250,000 reads)
represented four vitellogenin, two hexamerin, two elongation
factor genes, one hypothetical protein, one actin, one glutathione
S-transferase, one heat shock protein, and one chymotrypsin.

Table 1. Summary statistics for the lllumina sequencing from
Liposcelis entomophila transcriptome.

Sequencing

Total number of reads 62,698,056
Total number of clean reads 54,406,328
Total clean nucleotides (bp) 4,896,569,520
Q20 percentage (%) 97.09

N percentage (%) 0.01

GC percentage (%) 44.89
Number of contigs 106,774
Length of contigs (bp) 33,864,263
Mean length of contigs (bp) 317
Number of unigenes 54,220
Length of unigenes (bp) 30,953,334
Mean length of unigenes (bp) 571
Cluster of unigenes 11,126
Singleton of unigenes 43,094
Unigenes annotations against nr 33,404
Unigenes annotations against Swiss-Prot 25,637
Unigenes annotations against KEGG 23,068
Unigenes annotations against COG 11,773
Unigenes annotations against GO 19,355
doi:10.1371/journal.pone.0080046.t001
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Figure 1. Homology analysis of unigenes for Liposcelis entomophila. A, E-value distribution of BLAST hits for each unigenes with a cut-off E-
value of 1.0E"> B, Similarity distribution of the top BLAST hits for each sequence; C, Species distribution.
doi:10.1371/journal.pone.0080046.g001
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Figure 2. Gene Ontology (GO) terms for the transcriptomic sequences of Liposcelis entomophila.

doi:10.1371/journal.pone.0080046.g002

Homology searches

To annotate L. entomophila unigenes, all of the assembled
sequences were subjected to BLASTx similarity search against the
NCBI non-redundant (Nr) protein database to determine their
putative functions. A total of 33,404 unigenes (61.61%) had hit in
the Nr protein database (Table 1). The remaining 20,816
sequences (38.39%) failed to acquire annotation information with
cut-off E-value of 1.0E ™, suggesting that they may be specifically
expressed in L. entomophila or due to these sequences correspond to
untranslated regions (orphan UTRs) as well as errors in unigene
assembly. Compared to the previous studies of insect transcrip-
tome which were profiled by Illumina sequencing, the percentage
of unigene sequences with homology to known proteins in our
result is higher than that reported for oriental fruit fly (Bactrocera
dorsalis) (55%) [27], the whitefly (Bemisia tabact) (16.2%) [19], the
brown planthopper (Nilaparvata lugens) (40%) [35], the diamond-
back moth (Plutella xylostella) (22.3%) [21], and the pine shoot beetle
(Tomicus yunnanensis) (57.81%) [25]. Therefore, our results succeed-
ed in annotating a significant proportion of putative genes in L.
entomophila transcripts and given abundance genomic information
for this pest.

The E-value distribution of these annotated unigenes showed
that 38.71% of the mapped sequences had significant homology
(<LOE™*), whereas 61.29% of the homolog sequences ranged
between 1.0E™ to 1.0E™>° (Figure 1A). Further analysis of the
BLAST data indicated that 6,561 (19.64%) annotated sequences
had a similarity higher than 80%), and 26,842 (80.36%) of the hits
had a similarity ranging from 16% to 80% (Figure 1B). According
to the best hit in the Nr database, more than half of annotated
unigenes (20,017 unigenes, 59.93%) had strong homology with
human body louse (Pediculus humanus), while a relative low
proportion (<40.70%) of them matched to other insects or
organisms (Figure 1C). The species distribution was in our
expectation. Recently, the genome of human body louse was fully
sequenced [36], and L. entomophila, as the booklouse had a close
relationship (the booklice in the genus Liposcelis are the sister-group
to the species of Phthiraptera order) with the parasitic lice [37,38].
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Function annotations

GO is widely used to standardize representation of genes across
species and provides a structured and controlled vocabulary for
describing gene products [39]. A total of 19,355 unigenes were
assigned at least one GO term based on their similarity to
sequences with previously known functions (Table 1). These GO
terms were summarized into the three main categories (biological
process, cellular component, and molecular function) and 61
subcategories (Figure 2). Due to several unigenes were assigned to
more than one GO term, the total number of GO terms (116,096)
in our dataset was greater than the total number of unigenes. This
result was consistent with other insect transcriptomes [40], and it
implied that many putative genes in L. entomophila could be
involved in a series of different physiological and biochemical
processes. Among these unigene GO terms, the biological process
(including 25 subcategories; 55,288, 47.62%) made up the
majority, followed by cellular component (including 18 subcate-
gories; 34,588, 29.79%) and molecular function (including 18
subcategories; 26,220, 22.58%) (Table S1). The distribution of GO
terms within the ontology is consistent with many previous insect
transcriptome studies [22,25,41]. Under the biological process, the
major subcategories were cellular process (10,355, 8.92%) and
metabolic process (8,663, 7.46%). For cellular component, the cell
(8,011, 6.90%) and cell part (8,011, 6.90%) were most abundant.
Within category of molecular function, binding (10,894, 9.38%)
and catalytic activity (10,026, 8.64%) were highly represented.
The high percentage of genes were assigned for binding,
predominantly heat shock proteins (Hsps) and cellular processes
such as proteolysis, carbohydrate metabolic processes and
oxidation reduction utilization, suggesting that these proteins
may play an important role under environment stress.

To further evaluate the effectiveness of the annotated unigenes,
we aligned the unigenes to the COG database for functional
prediction and classification. In total, 11,773 unigene sequences
had a COG functional classification and these sequences were
classified into 25 COG categories (Figure 3). Among these
categories, ‘General function prediction’ represent the most
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Figure 3. Clusters of orthologous group (COG) function classification of the Liposcelis entomophila transcriptome.

doi:10.1371/journal.pone.0080046.g003

common category (4,336, 36.83%), followed by ‘translation,
ribosomal structure and biogenesis’ (2,236, 18.99%), and ‘replica-
tion, recombination and repair’ (1,873, 15.91%). ‘Extracellular
structures’ (23, 0.2%) and ‘nuclear structure’ (13, 0.11%) were the
two smallest groups.

In addition, KEGG pathway mapping based on enzyme
commission numbers for assignments was carried out for all
assembled unigenes, which is an alternative approach to categorize
genes functions with emphasis on biochemical pathways [42]. In
total, 23,068 L. entomophila unigenes were mapped on to 258
KEGG pathways. The most abundant pathways were involved in
‘metabolic pathways’ (3,132, 13.58%), followed by ‘Pathways in
cancer’ (770, 3.34%) and ‘RNA transport’ (740, 3.21%) (Figure
S2). The KEGG pathway analyses here are helpful for prediction
potential genes and their functions at a whole transcriptome level
and useful for further research of metabolic pathways, functions,
and complicated biological behaviors of L. entomophila genes.

Discovery of genes related to insecticides resistance

In the last two decades, the insect pest, L. entomophila has become
a serious problem in grain storage systems, due to their economic
impact on stored grains and developing high level of resistance to a
wide range of synthetic insecticides [1,8,9,43]. In this study, we
have mined the current transcriptomic database to obtain genes
potentially involved in insecticide resistance of L. entomophila
(Table 2). The transcripts encoding genes involved in insecticide
detoxification including P450 (266 unigenes), carboxylesterase

PLOS ONE | www.plosone.org

(CarE, 100 unigenes), and GSTs (73 unigenes). The insecticide
targets included acetylcholinesterase (AChE, 13 unigenes), nico-
tinic acetylcholine receptor (nAChRs, 28 unigenes), and the

Table 2. Unigene sequences were potentially involved in

insecticide resistance in Liposcelis entomophila.
Number of unigenes hit

Gene names with Nr database

Cytochrome P450 266

Glutathione S-transferases 73

Carboxylesterase 100

Acetylcholinesterase 13

Superoxide dismutase 6

Acetyl-CoA carboxylase 13

Catalase 1

Ryanodine receptor 20

Sodium channel 13

Chloride channel 36

Nicotinic acetylcholine receptor 28

GABA receptor 9

doi:10.1371/journal.pone.0080046.t002
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Figure 4. Phylogenetic analysis of putative cytochrome P450 genes in Liposcelis entomophila with other insects. Numbers above the
branches show support for the phylogenies from amino acid sequences and only values above 50% are shown.

doi:10.1371/journal.pone.0080046.g004

voltage-gated sodium channel (VGSC, 13 unigenes) (Table 2). As
our understanding of the regulation of mechanisms underlying
insecticide resistance increase, new chemicals, compounds or other
strategies could be devised for the development of more efficient,
eco-friendly and species-specific strategies for this pest control.
Cytochrome P450 (P450). P450s (mixed function oxidases)
are one of the largest families of genes with representatives in all
living organisms and play a critical role in plant-insect interactions
and 1insecticide/xenobiotic metabolism in pscoids and other insects
[44,45]. After manually removing the unigenes that have short
open reading frames (ORFs) or have similarity with non-insect
organisms, the remaining 68 putative P450 genes were identified
(Table S2). The length of these P450 genes varied from 738
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to1,626 bp with an average length of 1,124 bp. Based on
phylogenetic analysis with other known insect P450s or the best
BLAST hits against the Nr database, the L. entomophila P450 genes
were assigned well to appropriate P450 clades and families
(Figure 4). The majority of these P450 genes belonged to CYP3
clade (35/68) and CYP4 clade (18/38) compared to CYP2 clade
(9/38) and Mitochondrial (6/38), which is in agreement with other
insect systems [40,46-48] (Figure 4 and Table 3).

The most commonly members of the CYP3 clade (includes
CYP3, CYP6, CYP9 members) in booklice and other insect
species are due to their important functions against xeniobiotics
and phytotoxins. According to Table 3, L. entomophila harbored a
lot of P450 genes in CYP3 clade and this was quite different from
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cholinesterases (CCEs) in different insect species.
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Table 3. Class/clade and number distribution of the cytochrome P450s, glutathione S-transferases (GSTs) and carboxyl/

Enzymes/Class Le Ph Ap Mp Tv Tc Am Nv Aa Ag Bo Dm
P450s

CYP2 9 8 10 3 3 8 8 7 12 10 2 6
CYP3 35 12 33 63 34 72 28 48 82 40 28 36
CYP4 18 9 32 48 13 45 4 30 57 46 17 32
Mitochondrial 6 8 8 1 7 9 6 7 9 9 13 1
Subtotal 68 37 83 115 57 134 46 92 160 105 60 85
GSTs

Delta 17 4 10 8 9 3 1 5 8 12 8 1
Epsilon 0 0 0 1 19 0 0 8 8 12 14
Omega 1 1 0 0 0 4 1 2 1 1 3 5
Sigma 13 4 6 8 5 7 4 8 1 1 1 1
Theta 3 1 2 2 0 1 1 3 4 2 4 4
Zeta 1 1 0 0 1 1 1 1 1 1 3 2
Microsomal 2 2 2 2 1 0 2 0 0 3 0 1
Other 0 0 - - - 0 0 0 3 3 2 0
Subtotal 37 13 22 20 17 35 10 19 26 31 33 38
CCEs

Dietary class

A clade 5 3 5 5 1 0 8 8 0 0 0 0
B clade 0 0 0 0 0 14 0 5 22 14 0 2
C clade 0 0 0 0 1 12 0 0 0 2 7 11
Hormones and

Pheromone

D clade 5 0 0 0 0 2 1 4 0 0 2 3
E clade 3 1 18 12 6 7 3 11 2 4 1 3
F clade 1 0 0 0 0 2 0 2 6 4 0 2
G clade 0 0 0 0 0 0 1 0 6 4 0 0
H clade 3 1 1 0 1 1 0 1 7 9 2 4
Neurodevelopmental

| clade 0 1 0 1 1 1 2 1 1 2 3 2
J clade 2 2 2 3 2 2 2 2 2 2 0 1
K clade 0 1 1 1 1 1 1 1 1 1 0 1

L clade 0 5 3 0 3 5 5 5 5 5 0 4
M clade 0 3 0 0 1 2 1 1 2 2 0 2
Subtotal 19 17 29 22 27 49 24 41 54 51 15 35

not available.
doi:10.1371/journal.pone.0080046.t003

its closest relatives, P. humanus, which lost most of this clade P450
genes. This implied that L. entomophila could quickly developed
high level of insecticide resistance. However, when we screened
these 68 P450 genes against the KEGG database annotations and
found most of genes belonged to CYP4 and CYP3 did not map in
KEGG database (Table S2). By family, ‘Insect hormone biosyn-
thesis’ (ko00981) was the major pathway for CYP2, while ‘Drug
metabolism - other enzymes’ (ko00983), ‘Drug metabolism -
cytochrome P450° (ko00982), ‘Metabolism of xenobiotics by
cytochrome P450° (ko00980), were the pathways for only two
CYP3 genes (LeU17618 and LeU17618). In addition, these two
CYP3 genes have the number of reads more than 1,674 (4,189 and

PLOS ONE | www.plosone.org

Le, Liposcelis entomophila; Ph, Pediculus humanus; Ap, Acyrthosiphon pisum; Mp, Myzus persicae; Tv, Trialeurodes vaporariorum; Tc, Tribolium castaneum; Am, Apis
mellifera; Nv, Nasonia vitripennis; Aa, Aedes aegypti; Ag, Anopheles gambiae; Bo, Bactrocera oleae; Dm, Drosophila melanogaster. The dash ‘-’ indicated that the data were

3,671) and both of them were considered as highly expressed
transcripts. We propose that these two genes can expressed at a
high level under the normal conditions for L. entomophila, and the
other P450 genes might have basic biochemical function in
metabolic pathways. Therefore, the future studies of L. entomophila
P450 genes should pay more attentions to these two P450 genes,
and which will advance our understanding of the role of P450s in
psocids.

Glutathione S-transferases (GSTs). A total of 73 GSTs
transcripts were identified from Nr annotation of L. entomophila
transcriptomic sequences, and 37 putative GSTs genes were
manually curated after removing short unigenes. The GST's super-
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family members are proved to be involved in the resistance to
phytotoxins and insecticide [49]. Insect GSTs can be divided into
seven classes (Delta, Epsilon, Omega, Sigma, Theta, Zeta, and
Microsomal), and Delta and Epsilon are two unique classes to
insects and are thought to contribute to the environmental
variation [10]. In this study, 37 GSTs-specific genes were assigned
to six classes, including Delta (17), Omega (1), Sigma (13), Theta
(3), Zeta (1), and Microsomal (2) (Figure 5). No GSTs belonging to
Epsilon class was identified, as is the cases for other insects such as
P. humanus, Acyrthosiphon pisum, Myzus persicae, and Apis mellifera
(Table 3). Furthermore, the number of GSTs genes from Sigma
class in L. entomophila was far greater than other insects (Table 3),
and this greater diversification of Sigma GSTs in L. entomophila and
other insects was mainly a result of local gene duplication events
[46]. On the other hand, evidence exists that insect Sigma GST's
play protective roles against oxidative stress [50] and metabolic
roles in processing endogenous substrates as well as xenobiotics
[51,52]. Therefore, the Sigma GST's in L. entomophila are likely to
play general defensive roles in a broad sense and this corollary was
further demonstrated by KEGG pathway analysis. In Sigma GST's
genes, the major pathway were ‘Prostate cancer’ (ko05215),
‘Glutathione metabolism’ (ko00480), ‘Drug metabolism - cyto-
chrome P450° (ko00982), ‘Metabolism of xenobiotics by cyto-
chrome P450° (ko00980) and ‘Arachidonic acid metabolism’
(ko00590) (Table S3). In fact, the pathway ‘Prostate cancer’
(ko05215), ‘Glutathione metabolism’ (ko00480), ‘Drug metabolism
- cytochrome P450” (ko00982), ‘Metabolism of xenobiotics by
cytochrome P450’ (ko00980) were also the majority of pathways
for other class GSTs (Delta, Theta and Omega) (Table S3).
Meanwhile, the relatively similar distribution of genes in classes of
GSTs (Delta, Theta, Omega and Zeta) across different insect
species (Table 3), suggests that they have more common conserved
functions in physiological processes, including the metabolism of
endogenous substrate and cellular defense against oxidative stress.
Moreover, it is worth to note that almost all of GST's genes had the
pathways ‘Drug metabolism - cytochrome P450” and ‘Metabolism
of xenobiotics by cytochrome P450°, which suggested their
involvement in xenobiotics detoxification. Intriguingly, these two
pathways were not identified in most of P450 genes, and this
implied that GSTs might play more important defensive role
against environmental stress than P450s in L. entomophila.
Carboxyl/cholinesterases (CCEs). In insects, CCEs can
be categorized into three classes including 13 clades: the first class
(clades A-C) contains primarily intracellular esterases with dietary
detoxification functions; the second class (clades D-H) contains
secreted and catalytically active esterases, including juvenile
hormone esterases (JHEs); and the third class (clades I-M) contains
esterases with neuro/developmental function, including acetyl-
cholinesterases [53]. CCEs have shown to be involved in the
detoxification of insecticides as well as metabolism of plant derived
allelochemicals [54]. In L. entomophila transcriptomic database, 19
putative CCE genes were manually identified after removing short
sequences or allelic variants. These CCEs genes have a length of
range from 1,116-1,914 bp and with an average of 1,427 bp
(Table S4). Based on phylogenetic analysis with other known insect
CCEs, these CCEs were assigned to six clades (5 belong to A clade,
5 to D clade, 3 to E clade, 1 to F clade, 3 to H clade and 2 to J
clade) (Figure 6). The number of CCEs from L. entomophila is less
than most of other insect CCEs and no CCEs were identified
belong to B, C, G, I, K-M clades (Table 3). Though the number of
CCEs in the L. entomophila transcriptome is within the range of
CCEs identified in other insect species (15-54) (Table 3),
additional CCEs may wait to discovery due to their absence from
the current transcriptomic database. A search against the KEGG
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annotation database showed that the majority of CCE genes were
involved in the ‘Drug metabolism - other enzymes’ (ko00983) and
‘Insect hormone biosynthesis’ (ko00981) pathways.

Other candidate genes related to resistance. In addition,
other unigenes were also identified in the L. entomophila
transcriptome for encoding insecticide target or with a high
sequence similarity to important insecticide metabolism genes. As
shown in Table 2, a number of unigenes annotated as enzymes
related to resistance, such as acetyl-CoA carboxylase (ACCase, 13
unigenes), superoxide dismutase (SOD, 6 unigenes), catalase (1
unigene), gamma-aminobutyric acid receptor (GABA, 9 unigenes),
chloride channel (36 unigenes), and ryanodine receptors (RyRs, 20
unigenes), The average length of these unigenes was 629 bp
(ACCase), 801 bp (SOD), 543 bp (GABA), and 879 bp (chloride
channel). The only one unigene encoding catalase enzyme has a
length of 1,573 bp. Although most of these unigenes are not fully
length, they will facilitate a further characterization of these targets
by RACE to retrieve the full length cDNAs.

RyRs are huge ion channels that are responsible for the release
of Ca”" from the sarco/endoplasmic reticulum and are the targets
of two new novel classes of synthetic insecticidal chemicals,
phthalic acid diamides and anthranilic diamides [55]. Recently,
resistance to diamide has been reported in the diamondback moth,
P. xylostella (Lepidoptera: Plutellidae) [56], and ¢cDNAs encoding
novel insect RyRs were cloned from the diamondback moth, the
rice leaffolder, Cnaphalocrocis medinalis and the fruit fly, D.
melanogaster [57-59]. In L. entomophila transcriptomic database, a
total of 20 unigene sequences (with an average length of 715 bp)
were identified as putative fragments of RyRs, and each of them
were able to translate into amino acid sequence (Figure 7, A-T).
According to the protein sequences of ryanodine receptor of the
human body louse, P. humanus (XP_002424547), all of 20 amino
acid sequences could be mapped well onto almost all of the
location of the human body louse RyR, including most of RyRs
domain structure (Figure 7). Our results here will facilitate cDNA
cloning and provided the basis for further structural and functional
characterization of L. entomophila RyR.

GABA receptors are prevalent in the nervous systems of insects
and they are the targets of naturally occurring as well as man-
made insecticides (e.g., picrotoxinin, dieldrin and fipronil). The
GABA receptor consists of five subunits, each subunit containing a
large extracellular agonist-binding N-terminal domain, and four
transmembrane domains (M1-M4) [60]. The positions of muta-
tions located in domains M3-M4 have been reported to associate
with cyclodiene resistance in various insect species [61]. In this
study, the M1, M2 and M3 regions of the GABA receptor amino
acid sequences in L. entomophila and other insect species were
aligned and it reveals the conserved sequence of amino acid
residues in these regions (Figure S3). No SNPs were detected in
these amino acid sequences, might due to the populations of L.
entomophila studied here are susceptible strains or a very low level of
frequency of amino acid mutations associate with insecticide
resistance. For VGSC, alignments of some parts of deduced amino
acid sequences from L. entomophila and other insect species were
also conducted (domain II were not included due to the absence of
this domain in our present transcriptomic database). These
alignment blocks were reported with amino acid substitutions in
resistant insect strains [62,63]. Many SNPs were detected in these
regions and those specificity of substitutions might potentially be
associated with knockdown insecticide resistance in this pest
(Figure S4). However, these mutations need to be investigated and
confirmed in pyrethrins-resistant L. entomophila, which was selecting
by laboratory selection, and will be conducted in our future
researches.
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Figure 5. Phylogenetic analysis of putative glutathione S-transferase (GST) genes in Liposcelis entomophila with other insects.
Numbers above the branches show support for the phylogenies from amino acid sequences and only values above 60% are shown.

doi:10.1371/journal.pone.0080046.g005
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Detection of heat shock proteins

The heat shock proteins (Hsps) that are abundantly expressed in
insects are important modulators of insect survival, and usually act
as molecular chaperones, promoting correct refolding and
preventing aggregation of denatured proteins [64]. They are key
elements of the stress response system at the cellular level and will
be up-regulated in cells exposed to a wide variety of abiotic
stressors, such as heat shock, osmotic stress, and environmental
contaminants (heavy metals, pesticides and polycyclic aromatic
hydrocarbons), and biotic (bacteria and virus) factors [65]. Hsps
represent a super gene family and can be divided into several
families, including Hsp90, Hsp70, Hsp60, Hsp40, Hspl0, and
small Hsps (12 to 43 kDa) based on the molecular weight (MW)
and homology [66]. Recently, Hsps have been shown to increase
markedly the resistance to thermal and oxidative stress in insects
[67-69]. In this study, a total of 104 unigenes related to Hsps were
identified. After manually removing short sequences, allelic
variants or these have similarity with non-insect organisms, 25
putative Hsp genes remained for further analysis. Phylogenetic
analysis of these Hsps revealed that the L. entomophila Hsps were
divided into six Hsp families: Hsp90, Hsp70, Hsp60, Hsp40,
Hspl0, and sHsps (Figure 8).

Hsp90 is an abundant protein under normal physiological
conditions, and which play a role in contributing to the folding,
maintenance of structural integrity and proper regulation of a
subset of cytosolic protein [70]. In L. entomophila transcriptome,
three Hsp90 genes were identified and all of these genes were
highly expressed unigenes (reads >1,674), with an average length
of 1,695 bp (Table S5). The KEGG analysis indicated that Hsp90
assigned to the pathway Protein processing in endoplasmic
reticulum’ (ko04141), ‘Progesterone-mediated oocyte maturation’
(ko04914), and ‘Antigen processing and presentation’ (ko04612).

A total of 11 Hsp70 genes (1,138 bp in average length) were
identified from L. entomophila transcriptome (Table S5). Hsp70
family, the most studied in Hsps, is structurally and functionally
conserved group of chaperon protein, and under stressed
conditions they prevent indiscriminant protein aggregation by
tightly binding denatured proteins [69]. Two of these 11 Hsp70
genes, LeU33836 and LeU33835, exhibit extremely high express
level (with 287,707 and 181,722 reads, respectively) (Table S5).
According to our KEGG annotation database, the majority of
pathways of these Hsp70 genes were ‘Antigen processing and
presentation’ (ko04612), ‘Prion diseases’ (ko05020), ‘Protein
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processing in endoplasmic reticulum’ (ko04141), and ‘Legionello-
sis” (ko05134).

Hsp60 family is a major group of Hsps, and includes stress
inducible and constitutively expressed members. The two of highly
expressed Hsp60 gene LeU25471 (1,269 bp) and LeU31737
(1,633 bp) were isolated from L. entomophila (Table S5). These
two Hsp60 genes are expressed at a high level under the normal
conditions in L. entomophila and only LeU25471 was mapped in
KEGG database with four pathways: “Tuberculosis’ (ko05152);
‘RNA degradation’ (ko03018); ‘Legionellosis’ (ko05134) and “T'ype
I diabetes mellitus’ (ko04940).

Members of Hsp40s (also called DnaJs) have been conserved
throughout evolution and are important for protein homeostasis,
where they stimulate the ATPase activity of the Hsp70s that are
involved in protein translation, folding, unfolding, translocation,
and degradation [71]. In this study, three L. entomophila Hsp40
genes (with an average length of 1,003 bp) were discovered and all
of them participate in the pathways ‘Influenza A’ (ko05164) and
‘Protein processing in endoplasmic reticulum’ (ko04141) (Table
S5).

Hspl0 is a near 10 kDa conserved chaperone protein, which
functions as a co-chaperone with Hsp60. Here, two unigenes were
identified putatively encoded complete Hspl0 ORFs (LeU6949,
318 bp and LeU8512, 330 bp) (Table S5). However, both of these
genes were not mapped in KEGG pathway database. Actually, the
role of Hspl0 in insects has not been as clearly defined.

Small Hsps are a family of molecular chaperones, which
involved in cellular defense under environmental stress conditions
[64,68]. Recently, small Hsps were extensively studied in insect,
and they have been showed overexpression against environmental
stress [72—74]. In this study, we identified four putative sHsp genes
(with an average length of 533 bp) from L. entomophila transcrip-
tome (Table S5). Most of them have high level of expression under
the normal conditions, and KEGG analysis revealed that the
major pathways for these genes were ‘Protein processing in
endoplasmic reticulum’ (ko04141) and “VEGF signaling pathway’
(ko04370). Previous study showed higher variability and tolerance
to heat stress in L. entomophila. The sHsp were seemed to played
important role in protecting against acute thermal stress and
Hsp70 family did not been detected in the same heat shock stress
[14]. However, in L. entomophila transcriptomic database, Hsp70
genes were the major Hsp genes and all of them were mapped in
KEGG database. These findings lead us to believe that Hsp70 also
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Figure 8. Phylogenetic analysis of putative heat shock protein (Hsp) genes in Liposcelis entomophila with other insects. Numbers
above the branches show support for the phylogenies from amino acid sequences and only values above 70% are shown.

doi:10.1371/journal.pone.0080046.9008

might be involved as chaperones providing protection against
acute thermal stress in the psocid species. Therefore, further
molecular studies are necessary to confirm the heat inducible

proteins identified in previous study [14].

EST-SSR and SNPs discovery

SSRs are co-dominant, hyper variable, neutral and reproduc-
ible molecular markers [75], and for these reasons, they have
become the most widely used molecular markers in population
genetic and conservation studies, such as evaluating the level of
genetic variation in a species, performing QTL analysis and
constructing genetic linkage [76]. However, developing these
markers through microsatellite enrichment followed by cloning
and Sanger sequencing is time consuming and costly. Fortunately,
the recent advent of next generation sequencing has encouraged
quick and easy isolation of microsatellite markers [77]. In this

study, a total of 1,100 EST-SSRs were identified and a frequency
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of at least one EST-SSR per 28.14 Kb in the expressed fraction of
the L. entomophila transcriptome (Table 4). Meanwhile, most of
these EST-SSRs have the number of repeats under 10 times and
5-7 times were the most abundant. Of these SSRs, the largest of
fraction was trinucleotide (73.55%), followed by dinucleotide
(10.90%), hexanucleotide (5.91%), pentanucleotide (5.55%), and
tetranucleotide (4.09%) (Figure 9). Based on the distribution of
SSR motifs, AT accounted for 50.83% of the dinucleotide repeats.
In the 10 types of trinucleotide repeats, AGC (20.64%) was the
most common motif, followed by AGG (17.68%) and ATT
(15.57%) (Figure 9). Meanwhile, 230 SSR primer pairs were
designed under stringent criteria, including 14 for dinucleotide
repeats, 197 for trinucleotide repeats, 6 for pentanucleotide repeats
and 13 for hexanucleotide repeats (Table S6). Currently, only a
few genomic SSRs were isolated from L. entomophila genome in our
previous study [78]. Therefore, the detection of EST-SSRs for this
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entomophila.
doi:10.1371/journal.pone.0080046.9009

psocid is valuable for further study psocid intra- and inter-specific
differentiation and gene flow.

A total of 57,757 SNPs were identified from L. entomophila
transcriptome database (Table 5). The predicted SNPs included
40,187 putative transitions (I's) and 17,570 putative transversions
(Tv), which giving a mean Ts: Tv ratio of 2.29:1 across the
transcriptome of L. entomophila. The overall frequency of all types of
SNPs was one SNP per 540 bp in L. entomophila transcriptomic
sequences. Though a large amount of putative markers (SSRs and
SNPs) were acquired in this study, all of these predicted molecular
markers need to be validated to rule out false positives and
sequencing errors in future studies.

Conclusion

In this study, de novo transcriptome sequencing for the stored-
product pest insect L. entomophila using Tlumina HiSeq™ 2000

was performed for the first time. A total of 54,406,328 high-quality
transcriptomic reads were obtained, giving rise to an average of
571 bp for 54,220 unigenes. A significant number of functions
associated with unigenes and putative metabolic pathways were
identified. Many candidate genes that are potentially involved in
insecticide resistance and environmental stress, including those
detoxification-related genes, target proteins of insecticides and
heat shock protein were identified. In addition, the pathways
associated with these candidate genes yielded new insights to
better understand their functions and relations. Moreover, a large
number of SSRs and SNPs were predicted and can be used for
subsequent maker development and population genetic studies. All
of these valuable molecular resources are worthy of further
investigation. Our study provides the largest number of ESTs to
database and lays the initial groundwork for in-depth, functional
transcriptomic profiling of L. entomophila.

Table 4. Summary of EST-SSRs identified in Liposcelis entomophila transcriptome.

SSR motifs Number of repeats Frequency Mean distance
4 5 6 7 8 9 10 >10 Total (%) (Kb)

Dinucleotide - - 67 24 15 3 6 5 120 0.22 257.94
Trinucleotide - 487 171 128 17 0 2 4 809 1.49 38.26
Tetranucleotide - 30 14 0 0 0 0 1 45 0.08 687.85
Pentanucleotide 50 6 2 1 1 1 0 0 61 0.11 507.43
Hexanucleotide 47 5 6 0 1 1 0 5 65 0.12 476.21

Total 97 528 260 153 34 5 8 15 1,100 2.02 28.14

doi:10.1371/journal.pone.0080046.t004
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Note: Frequency = SSR number/total number of non-redundant sequences; Mean distance = Total size of non-redundant sequences/total SSR number.
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Table 5. Summary of SNPs identified from transcriptome of
Liposcelis entomophila.
Type Number of count Frequency per Kb
Transition A-G 20,229 1.53

CcT 19,958 1.55

Sub total 40,187 0.77
Transversion A-C 4,431 6.99

AT 5,011 6.18

C-G 3,587 8.63

G-T 4,541 6.82

Sub total 17,570 1.76
Total 57,757 0.54
doi:10.1371/journal.pone.0080046.t005
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Figure S1 Length distribution of Liposcelis entomophila transcrip-
tome sequences. A, Length distribution of unigene sequences; B,
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Figure 82 Distribution of Liposcelis entomophila unigene sequences
among KEGG (Kyoto Encyclopedia of Genes and Genomes)
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Figure 83 Alignment of the M1, M2 and M3 regions of the GABA
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(DOC)

References

1. Wei DD, Yuan ML, Wang BJ, Zhou AW, Dou W, et al. (2012) Population
genetics of two asexually and sexually reproducing psocids species inferred by
the analysis of mitochondrial and nuclear DNA sequences. PLoS ONE 7:
€33883.

2. Ahmedani MS, Shagufta N, Aslam M, Hussnain SA (2010) Psocid: A new risk
for global food security and safety. Appl Entomol Zool 45: 89-100.

3. Gautam SG, Opit GP, Giles KL, Adam B (2013) Weight loss and germination
failure caused by psocids in different wheat varieties. J Econ Entomol 106: 491—
498.

4. Wei DD, Yuan ML, Wang ZY, Wang D, Wang BJ, et al. (2011) Sequence
analysis of the ribosomal internal transcribed spacers region in psocids
(Psocoptera: Liposcelididae) for phylogenetic inference and species discrimina-
tion. J Econ Entomol 104: 1720-1729.

5. Behar A, McCormick L], Perlman SJ (2010) Ruckettsia felis infection in a common
houschold insect pest, Liposcelis bostrychophila (Psocoptera: Liposcelidac). Appl
Environ Microbiol 76: 2280-2285.

6. Opit GP, Arthur FH, Throne JE, Payton ME (2012) Susceptibility of stored-
product psocids to aerosol insecticides. ] Insect Sci 12: 1-14.

7. Nayak MK, Collins PJ, Reid SR (1998) Efficacy of grain protectants and
phosphine against Liposcelis bostrychophila, L. entomophila, and L. paeta (Psocoptera:
Liposcelidac). J Econ Entomol 91: 1208-1212.

8. Nayak MK, Collins PJ, Kopittke RA (2003) Residual toxicities and persistence of
organophosphorus insecticides mixed with carbaryl as structural treatments
against three liposcelidid psocid species (Psocoptera: Liposcelididae) infesting
stored grain. J Stored Prod Res 39: 343-353.

9. Nayak MK, Daglish GJ (2007) Combined treatments of spinosad and
chlorpyrifos-methyl for management of resistant psocid pests (Psocoptera:
Liposcelididac) of stored grain. Pest Manag Sci 63: 104-109.

. Ranson H, Claudianos C, Ortelli F, Abgrall C, Hemingway J, et al. (2002)
Evolution of supergene families associated with insecticide resistance. Science

298: 179-181.

PLOS ONE | www.plosone.org

15

Transcriptome Analysis of Liposcelis entomophila

Table S1 Statistics of GO categories from Liposcelis entomophila
transcriptomic sequences.

(DOC)

Table 82 Summary information for the manually curated
P450 genes and their potentially involved in putative
pathways.

(DOC)

Table S3 Summary information for the manually curated GST
genes and their potentially involved in putative pathways.

(DOC)

Table S4 Summary information for the manually curated
CCE genes and their potentially
pathways.

DOC)

involved in putative

Table 85 Summary information for the manually curated heat
shock protein genes and their potentially involved in putative
pathways.

(DOC)

Table $6 Summary information for EST-SSR designed primers
in Liposcelis entomophila.
(XLS)

Acknowledgments

We thank the Beijing Genomics Institute at Shenzhen (BGI Shenzhen) for
help in sequencing. We also appreciate Chong-Yu Liao and Feng Shang
for performing the RNA extraction and Guang-Mao Shen for analyzing
the data. We also thank the two anonymous reviewers for their valuable
comments and suggestions.

Author Contributions

Conceived and designed the experiments: DDW JJW. Performed the
experiments: DDW EHC TBD SCC WD. Analyzed the data: DDW EHC
TBD. Contributed reagents/materials/analysis tools: DDW JJW. Wrote
the paper: DDW JJW.

11. Casida JE, Durkin KA (2013) Neuroactive insecticides: targets, selectivity,
resistance, and secondary effects. Annu Rev Entomol 58: 99-117.

. Yang Q, Kucerova Z, Li Z, Kalinovi¢ I, Stejskal V, et al. (2012) Diagnosis of
Liposcelis entomophila (Insecta: Psocodea: Liposcelididae) based on morphological
characteristics and DNA barcodes. J Stored Prod Res 48: 120-125.

. Ding W, Wang JJ, Zhao ZM, Tsai JH (2002) Effects of controlled atmosphere
and DDVP on population growth and resistance development by the psocid,
Liposcelis bostrychophila Badonnel (Psocoptera: Liposcelididae). J Stored Prod Res
38: 229-237.

. Guedes RNC, Zhu KY, Opit GP, Throne JE (2008) Differential heat shock
tolerance and expression of heat-inducible proteins in two stored-product
psocids. J Econ Entomol 101: 1974-1982.

. Opit G, Throne J, Flinn P (2009) Temporospatial distribution of the psocids
Liposcelis entomophila and L. decolor (Psocoptera: Liposcelididae) in steel bins
containing wheat. J Econ Entomol 102: 1369-1376.

. Dou W, Xiao LS, Niu JZ, Jiang HB, Wang JJ (2010) Characterization of the
purified glutathione S-transferases from two psocids Liposcelis bostrychophila and L.
entomophila. Agr Sci China 9: 1008-1016.

. Xiao LS, Dou W, Li Y, Wang JJ (2010) Comparative studies of acetylcholin-
esterase purified from three field populations of Liposcelis entomophila (enderlein)
(psocoptera: liposcelididae). Arch Insect Biochem Physiol 75: 158-173.

. Metzker ML (2010) Sequencing technologies — the next generation. Nat Rev
Genet 11: 31-46.

. Wang XW, Luan JB, Li JM, Bao YY, Zhang CX, et al. (2010) De novo

characterization of a whitefly transcriptome and analysis of its gene expression

during development. BMC Genomics 11: 400.

Yang N, Xie W, Yang X, Wang S, Wu Q, et al. (2013) Transcriptomic and

proteomic responses of sweetpotato whitefly, Bemisia tabact, to thiamethoxam.

PLoS ONE 8: ¢61820.

20.

November 2013 | Volume 8 | Issue 11 | e80046



21.

23.

24.

29.

30.

31.

32.

36.

37.

39.

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

He W, You M, Vasseur L, Yang G, Xie M, et al. (2012) Developmental and
insecticide-resistant insights from the de novo assembled transcriptome of the
diamondback moth, Plutella xylostella. Genomics 99: 169-177.

. Hull JJ, Geib SM, Fabrick JA, Brent CS (2013) Sequencing and de novo assembly

of the western tarnished plant bug (Lygus hesperus) Transcriptome. PLoS ONE 8:
€55105.

Mikheyev AS, Vo T, Wee B, Singer MC, Parmesan C (2010) Rapid
microsatellite isolation from a butterfly by de novo transcriptome sequencing:
performance and a comparison with AFLP-derived distances. PLoS ONE 5:
ell212.

Zhang M, Yu H, Yang Y, Song C, Hu X, et al. (2013) Analysis of the
transcriptome of blowfly Chrysomya megacephala (Fabricius) larvae in responses to
different edible oils. PLoS ONE 8: ¢63168.

. ZhuJY, Zhao N, Yang B (2012) Global transcriptome profiling of the pine shoot

beetle, Tomicus yunnanensis (Coleoptera: Scolytinae). PLoS ONE 7: e32291.

. Reid W, Zhang L, Liu F, Liu N (2012) The transcriptome profile of the mosquito

Culex quinquefasciatus following permethrin selection. PLoS ONE 7: e47163.
Shen G M, Dou W, Niu J Z, Jiang H B, Yang W], et al. (2011) Transcriptome
analysis of the oriental fruit fly (Bactrocera dorsalis). PLoS ONE 6: €29127.

. Grabherr MG, Haas BJ, Yassour M, Levin JZ, Thompson DA, et al. (2011) Full-

length transcriptome assembly from RNA-Seq data without a reference genome.
Nat Biotechnol 29: 644-652.

Conesa A, Gotz S, Garcia-Gomez JM, Terol J, Talon M, et al. (2005) Blast2GO:
a universal tool for annotation, visualization and analysis in functional genomics
research. Bioinformatics 21: 3674-3676.

Tamura K, Peterson D, Peterson N, Stecher G, Nei M, et al. (2011) MEGAS:
molecular evolutionary genetics analysis using maximum likelihood, evolution-
ary distance, and maximum parsimony methods. Mol Biol Evol 28: 2731-2739.
Sharma PC, Grover A, Kahl G (2007) Mining microsatellites in eukaryotic
genomes. TRENDS Biotechnol 25: 490-498.

Rozen S, Skaletsky H (1999) Primer3 on the WWW for general users and for
biologist programmers. Methods Mol Biol 132: 365-386.

. LiR, LiY, Fang X, Yang H, Wang J, et al. (2009) SNP detection for massively

parallel whole-genome resequencing. Genome Res 19: 1124-1132.

. Zou D, Chen X, Zou D (2013) Sequencing, de novo assembly, annotation and

SSR and SNP detection of sabaigrass (Eulaliopsis binata) transcriptome. Genomics
102: 57-62

. Bao YY, Wang Y, Wu WJ, Zhao D, Xue ], et al. (2012) De novo intestine-specific

transcriptome of the brown planthopper Nilaparvata lugens revealed potential
functions in digestion, detoxification and immune response. Genomics 99: 256
264.

Kirkness E, Haas B, Sun W, Braig H, Perotti M, et al. (2010) Genome sequences
of the human body louse and its primary endosymbiont provide insights into the
permanent parasitic lifestyle. Proc Natl Acad Sci USA 107: 12168-12173.
Lyal CHC (1985) Phylogeny and classification of the Psocodea, with particular
reference to the lice (Psocodea: Phthiraptera). Syst Entomol 10: 145-165.

. Wei DD, Shao R, Yuan ML, Dou W, Barker SC, et al. (2012) The multipartite

mitochondrial genome of Liposcelis bostrychophila: insights into the evolution of
mitochondrial genomes in bilateral animals. PLoS ONE 7: €¢33973.

Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, et al. (2000) Gene
Ontology: tool for the unification of biology. Nat Genet 25: 25-29.

Pavlidi N, Dermauw W, Rombauts S, Chrisargiris A, Leeuwen TV, et al. (2013)
Analysis of the olive fruit fly Bactrocera oleae transcriptome and phylogenetic
classification of the major detoxification gene families. PLoS ONE 8: ¢66533.
Bai X, Mamidala P, Rajarapu SP, Jones SC, Mittapalli O (2011) Transcrip-
tomics of the bed bug (Cimex lectularius). PLoS ONE 6: ¢16336.

Kanehisa M, Goto S (2000) KEGG: kyoto encyclopedia of genes and genomes.
Nucleic Acids Res 28: 27-30.

Nayak MK (2010) Potential of piperonyl butoxide-synergised pyrethrins against
psocids (Psocoptera: Liposcelididae) for stored-grain protection. Pest Manag Sci
66: 295-300.

Jiang HB, Dou W, Tang PA, Wang JJ (2012) Transcription and induction

profiles of three novel P450 genes in Liposcelis bostrychophila (Psocoptera:
Liposcelididae). ] Econ Entomol 105: 560-572.

. Hlavica P (2011) Insect cytochromes P450: Topology of structural elements

predicted to govern catalytic versatility. J Inorg Biochem 105: 1354-1364.

Lee SH, Kang JS, Min JS, Yoon KS, Strycharz JP, et al. (2010) Decreased
detoxification genes and genome size make the human body louse an efficient
model to study xenobiotic metabolism. Insect Mol Biol 19: 599-615.
Oakeshott JG, Johnson RM, Berenbaum MR, Ranson H, Cristino AS, et al.
(2010) Metabolic enzymes associated with xenobiotic and chemosensory
responses in Nasonia vitripennis. Insect Mol Biol 19: 147-163.

Karatolos N, Pauchet Y, Wilkinson P, Chauhan R, Denholm I, et al. (2011)
Pyrosequencing the transcriptome of the greenhouse whitefly, Trialeurodes
vaporariorum reveals multiple transcripts encoding insecticide targets and
detoxifying enzymes. BMC Genomics 12: 56.

Wu SA, Dou W, Wu JJ, Wang JJ (2009) Purification and partial characterization
of glutathione S-transferase from insecticide-resistant field populations of
Liposcelis paeta Pearman (Psocoptera: Liposcelididae). Arch Insect Biochem
Physiol 70: 136-150.

Singh SP, Coronella JA, Bene§ H, Cochrane BJ, Zimniak P (2001) Catalytic
function of Drosophila melanogaster glutathione S-transferase DmGSTS1-1 (GST-2)

PLOS ONE | www.plosone.org

51.

52.

56.

57.

58.

59.

60.

61.

62.

63.

64.

66.

67.

68.

69.

70.

71.

72.

74.

76.

77.

78.

Transcriptome Analysis of Liposcelis entomophila

in conjugation of lipid peroxidation end products. Eur J Biochem 268: 2912
2923.

Mittapalli O, Neal JJ, Shukle RH (2007) Tissue and life stage specificity of
glutathione S-transferase expression in the hessian fly, Mayetiola destructor:
implications for resistance to host allelochemicals. J Insect Sci 7: 20.
Yamamoto K, Fujii H, Aso Y, Banno Y, Koga K (2007) Expression and
characterization of a sigma-class glutathione S-transferase of the fall webworm,
Hyphantria cunea. Biosci Biotechnol Bioche 71: 553-560.

. Oakeshott J, Claudianos C, Campbell P, Newcomb R, Russell R (2010)

Biochemical genetics and genomics of insect esterases. In: Gilbert LI, Gill SS,
editors. Insect pharmacology: Channels, receptors, toxins and enzymes. London,

U.K.: Elsevier Ltd. pp. 229-301.

. Li X, Schuler MA, Berenbaum MR (2007) Molecular mechanisms of metabolic

resistance to synthetic and natural xenobiotics. Annu Rev Entomol 52: 231-253.

. Isaacs AK, Qi S, Sarpong R, Casida JE (2012) Insect ryanodine receptor:

distinct but coupled insecticide binding sites for [A“"—CSHAj]chloramraniliprole,
flubendiamide, and [BH]ryanodinﬁ Chem Res Toxicol 25: 1571-1573.
Troczka B, Zimmer CT, Elias ], Schorn C, Bass C, et al. (2012) Resistance to
diamide insecticides in diamondback moth, Plutella xylostella (Lepidoptera:
Plutellidae) is associated with a mutation in the membrane-spanning domain
of the ryanodine receptor. Insect Biochem Mol Biol 42: 873-880.

Guo L, Tang B, Dong W, Liang P, Gao X (2012) Cloning, characterisation and
expression profiling of the ¢cDNA encoding the ryanodine receptor in
diamondback moth, Plutella xylostella (L..) (Lepidoptera: Plutellidae). Pest Manag
Sci 68: 1605-1614.

Wang J, Li Y, Han Z, Zhu Y, Xie Z, et al. (2012) Molecular characterization of a
ryanodine receptor gene in the rice leaffolder, Cnaphalocrocis medinalis (Guenée).
PLoS ONE 7: e36623.

Tao Y, Gutteridge S, Benner EA, Wu L, Rhoades DF, et al. (2013) Identification
of a critical region in the Drosophila ryanodine receptor that confers sensitivity to
diamide insecticides. Insect Biochem Mol Biol 43: 820-828.

Buckingham SD, Biggin PC, Sattelle BM, Brown LA, Sattelle DB (2005) Insect
GABA receptors: splicing, editing, and targeting by antiparasitics and
insecticides. Mol Pharmacol 68: 942-951.

Nakao T, Hama M, Kawahara N, Hirase K (2012) Fipronil resistance in Sogatella
Jurcifera: molecular cloning and functional expression of wild-type and mutant
RDL GABA receptor subunits. J Pestic Sci 37: 37-44.

Davies TGE, Field LM, Usherwood PNR, Williamson MS (2007) DDT,
pyrethrins, pyrethroids and insect sodium channels. [UBMB Life 59: 151-162.
Dong K (2007) Insect sodium channels and insecticide resistance. Invert
Neurosci 7: 17-30.

Huang LH, Wang HS, Kang L (2008) Different evolutionary lineages of large
and small heat shock proteins in eukaryotes. Cell Res 18: 1074-1076.
Serensen JG, Kristensen TN, Loeschcke V (2003) The evolutionary and
ecological role of heat shock proteins. Ecol Lett 6: 1025-1037.

Feder ME, Hofmann GE (1999) Heat-shock proteins, molecular chaperones,
and the stress response: evolutionary and ecological physiology. Annu Rev
Physiol 61: 243-282.

Shi M, Wang YN, Zhu N, Chen XX (2013) Four heat shock protein genes of the
endoparasitoid wasp, Colesia vestalis, and their transcriptional profiles in relation
to developmental stages and temperature. PLoS ONE 8: €59721.

Zhao L, Jones WA (2012) Expression of heat shock protein genes in insect stress
responses. Invertebr Survival J 9: 93-101.

Chen B, Jia T, Ma R, Zhang B, Kang L (2011) Evolution of Hsp70 gene
expression: a role for changes in AT-richness within promoters. PLoS ONE 6:
€20308.

Picard D (2002) Heat-shock protein 90, a chaperone for folding and regulation.
Cell Mol Life Sci 59: 1640-1648.

Qiu XB, Shao YM, Miao S, Wang L (2006) The diversity of the DnaJ/Hsp40
family, the crucial partners for Hsp70 chaperones. Cell Mol Life Sci 63: 2560
2570.

Lu MX, Hua J, Cui YD, Du YZ (2013) Five small heat shock protein genes from
Chilo suppressalis: characteristics of gene, genomic organization, structural
analysis, and transcription profiles. Cell Stress Chaperones. DOI: 10.1007/
s12192-013-0437-8.

. Liu QN, Zhu BJ, Dai LS, Fu WW, Lin KZ, et al. (2013) Overexpression of small

heat shock protein 21 protects the Chinese oak silkworm Antheraea pernyi against
thermal stress. J Insect Physiol 59: 848-854.

Gu J, Huang LX, Shen Y, Huang LH, Feng QL (2012) Hsp70 and small Hsps
are the major heat shock protein members involved in midgut metamorphosis in
the common cutworm, Spodoptera litura. Insect Mol Biol 21: 535-543.

. Zane L, Bargelloni L, Patarnrllo T (2002) Strategies for microsatellite isolation: a

review. Mol Ecol 11: 1-16.

Selkoe KA, Toonen RJ (2006) Microsatellites for ecologists: a practical guide to
using and evaluating microsatellite markers. Ecol Lett 9: 615-629.
Fernandez-Silva I, Whitney J, Wainwright B, Andrews KR, Ylitalo-Ward H, et
al. (2013) Microsatellites for next-generation ecologists: a post-sequencing
bioinformatics pipeline. PLoS ONE 8: ¢55990.

Wei DD, Yuan ML, Wang BJ, Zhu LM, Wang JJ (2011) Construction and
comparative analysis of enriched microsatellite library from Liposcelis bostrychophila
and L. entomophila genome. Acta Ecologica Sinica 31: 4182-4189.

November 2013 | Volume 8 | Issue 11 | e80046



