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ABSTRACT. Procecidochares utilis is a tephritid gall fly, which is
known to be an effective biological agent that can be used to control
the notoriously widespread crofton weed Eupatorium adenophorum.
Despite its importance, genetic resources for P utilis remain scarce.
In this study, 1.2 Gb sequences were generated using [llumina paired-
end sequencing technology. De novo assemblies yielded 491,760
contigs, 90,474 scaffolds, and 58,562 unigenes. Among the unigenes,
34,809 (59.44%) had a homologous match against the National Center
for Biotechnology Information non-redundant protein database by
translated Basic Local Alignment Search Tool (BlastX) with a cut-
off E-value of 10°. Among the unigenes, 57,627 were classified in
the Gene Ontology database, 15,910 were assigned to Clusters of
Orthologous Groups, and 38,565 were found in Kyoto Encyclopedia of
Genes and Genomes. In addition, 5723 simple sequence repeats (SSRs)
were discovered based on the unigene sequences. The transcriptome
sequences and SSRs obtained represent a major molecular resource
for P, utilis, which will extend our knowledge of the comparative and
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functional genomics of this organism and enable population genomic
and gene-based association studies of the gall fly.
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Simple sequence repeat marker; Illumina sequencing

INTRODUCTION

Procecidochares utilis (Diptera: Trypetidae) is a tephritid stem gall-forming fly, which
is restricted to a single host plant, the composite Eupatorium adenophorum known as crofton
weed belonging to the Asteraceae family (Haseler, 1965). Both P, utilis and its host are natives of
Central America, mainly Mexico. However, E. adenophorum, a hazardous invading species, has
successfully invaded many regions on the globe in a wide variety of natural and anthropogenic
ecosystems that range from forest and grassland to farmland (Sang et al., 2010) and is now one of
the most noxious invasive plants worldwide, causing serious economic losses and environmental
damages. Since P, utilis was first introduced in Hawaii in 1945 to combat E. adenophorum, it has
been highly successful in the control of this plant in some localities (Bess and Frank, 1959). Much
attention has been paid to manage E. adenophorum using this biological control method because
it often grew in inaccessible areas. This fly was subsequently used in many other countries such
as New Zealand, Australia, and China, and was proposed to be a suitable agent for the control of
E. adenophorum (Erasmus et al., 1992; Ma et al., 2012). With respect to its prominence as a bio-
control agent, a great deal of research has been conducted on the basic ecological and biological
characteristics of P. utilis (Li et al., 2006), while the mechanisms behind molecular regulations
in this species remain poorly understood. At present, only 28 nucleotide sequences are available
in the National Center for Biotechnology Information (NCBI) database (prior to October 2012).
Obviously, these genetic data are scarce and insufficient for elucidating the molecular mechanism
of P, utilis in ecological systems.

Over the past several years, the introduction of novel next-generation high-throughput
sequencing, such as 454 and Illumina pyrosequencing, has been an efficient means to gain
functional genomic level data for non-model organisms, has provided fascinating opportunities
in the life sciences, and has dramatically improved the efficiency and speed of gene and genetic
marker discovery (Xue et al., 2010; Seal et al., 2012; Zhu et al., 2012). In light of its advantages,
the transcriptome data (over one billion bases of high-quality DNA sequence) of P. utilis were
generated with the Illumina technology in this study. Additionally, a great number of simple
sequence repeats (SSRs) (or microsatellites) were obtained. The large-scale transcriptome se-
quence data and genetic markers are undoubtedly valuable for molecular studies of the gall fly.

MATERIAL AND METHODS
Insects

Galls of E. adenophorum were collected in the suburbs of Kunming, China. All galls were
kept in a cage, were covered with gauze, and were maintained at 25°C with 75% relative humidity

and a 14/10-light/dark cycle. After emergence, P. utilis adults were fed a 20% honeydew solution.
Then, the E. adenophorum that was cultured in the laboratory was used as the host to rear P, utilis.
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c¢DNA preparation and sequencing

The total RNA of P. utilis was extracted using Trizol reagent (Invitrogen, USA). The
RNA quality and quantity were verified by the 2100 Bioanalyzer (Agilent Technologies, USA)
with a minimum RNA integrity number value of 8. According to the Illumina manufacturer
instructions, mRNA was purified from 20 pg total RNA using oligo (dT) magnetic beads and
fragmented into short sequences in the presence of divalent cations at 94°C for 5 min. The
cleaved RNA fragments were used for first-strand cDNA synthesis using reverse transcriptase
and random primers. Then, double-stranded cDNA was synthesized using DNA polymerase |
and RNaseH. After end repair and ligation of adaptors, the products were amplified by poly-
merase chain reaction (PCR) and purified using the QIAquick PCR Purification Kit to cre-
ate a cDNA library. The cDNA library was sequenced on the Illumina sequencing platform
(HiSeq2000) according to manufacturer instructions. The raw data have been deposited in the
Sequence Read Archive (DRA) of DNA Data Bank of Japan (DDBJ).

Assembly and annotation

The raw reads from the images were generated by Illumina Genome Analyzer Pipeline
1.3. Prior to data analysis, raw reads were first cleaned by removing adaptor sequences and low-
quality sequences (reads with unknown sequences). After the removal of low-quality reads, the
processed reads were assembled using the SOAP de novo software and clustered with TGI Clus-
tering tools (Pertea et al., 2003; Li et al., 2009). All assembled unigenes were annotated based on
the protein sequences in the NCBI non-redundant (Nr) protein database by translated Basic Lo-
cal Alignment Search Tool (BlastX) with an E-value of 1E-5. The BLAST2GO software (Apari-
cio etal., 2006) was employed to deal with the BlastX results in XML format and then to perform
the functional annotation by Gene Ontology (GO), Cluster of Orthologous Groups (COG), and
Kyoto Encyclopedia of Genes and Genomes (KEGG) metabolism pathways.

Marker identification

SSRs were identified with the microsatellite identification tool (MISA) (http://pgrc.
ipk-gatersleben.de/misa/). The analysis was run with the length of the repeat motifs to be
searched set between 1 and 6 and the minimum number of repeats set equal to 6. Minimum
repeat numbers of 12, 6, 5, 4, 4, and 4 were set for mono-, di-, tri-, tetra-, penta-, and hexa-
nucleotide microsatellites, respectively. Primer3 v2.2.2 (http://primer3.sourceforge.net) was
used to design the primer pairs with default settings. Then, the following selection criteria
were applied: primers cannot contain an SSR (2-6 bases repeated more than 4 times), and
primers have only 1 matched unigene when mapped against all unigenes (allow 3-base mis-
match at the 5'-end and 1-base mismatch at the 3'-end) (Wang et al., 2012).

RESULTS AND DISCUSSION
Illumina sequencing and assembly

In a single run, 13,333,334 raw reads with an average sequence length of 90 bp were
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generated from the library, which encompassed 1.2 Gb of sequence data (Table 1). The GC
content was 39.21%, which is similar to that of insects from previous transcriptome studies
(Price et al., 2011). After quality filtering, assembly and clustering, a total of 491,760 contigs
and 90,474 scaffolds were obtained, representing 58,562 unigenes. The average length of con-
tigs, scaffolds, and unigenes were 128, 328, and 427 bp, respectively. Their length distribu-
tions are shown in Figures S1 and S2 and Figure 1. Their distribution patterns were similar.
These results suggested that the transcriptome sequencing data from P, utilis were effectively
assembled. The majority of them were between 75 and 500 bp in length. The short length
resulted from the sequencing capacity of the Illumina technology or the low coverage of the
transcriptome that was represented in this dataset (Yang et al., 2010; Zhu et al., 2012).

Table 1. Summary of the short reads and the assemblies.

Reads Contigs Scaffolds Unigenes
Number of sequences 13,333,334 491,760 90,474 58,562
Mean length (bp) 90 128 328 427
Total length (bp) 1,200,000,060 62,710,986 29,660,670 25,013,511
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Figure 1. Length distribution of unigenes.

Functional annotation

By BlastX search with a cut-off E-value of 107, 34,809 unigenes (59.44% of all
unigenes) returned above cut-off Blast results when searched against the Nr nucleotide da-
tabase (Table S1). However, the other 23,753 unigenes (40.56% of all unigenes) could not
be matched to known genes, which is relatively common in transcriptome sequence analysis.
This might be due to several possible factors, including the propensity of short read lengths to
hinder assembly, incomplete incidence of genes corresponding to low abundance transcripts
in current sequence databases, and very little sequence information from closely related spe-
cies (Kaur et al., 2011). The E-value distribution of the top hits in the Nr database showed
that 10.55% of the mapped sequences have strong homology (E-value was less than 1E-99),
whereas 20.41 and 69.03% of the homologous sequences ranged from 1E-50 to 1E-99 and
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1E-5 to 1E-49 (Figure 2A). For species distribution, 53.95% of the distinct sequences have top
matches (first hit) that were trained with sequences from the dipteran species fruit fly (Drosophi-
la), followed by Nasonia vitripennis (8.66%) and Apis mellifera (6.50%) (Figure 2B). This could
result because P, utilis and Drosophila belong to the same order and the Drosophila genome is
fully sequenced and currently represents the vast majority of dipteran sequences available in
GenBank, which is similar to that of Trialeurodes vaporariorum (Karatolos et al., 2011).
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Figure 2. Characteristics of homology search of unigenes against the Nr database. A. E-value distribution.
B. Species distribution. The first hit of each sequence with a cut-off E-value of 1.0E-5 was used for analysis.

The GO classification provides the ontology of defined terms that represent gene product
properties, such as biological processes, cellular components, and molecular functions (Xie et al.,
2012). Under the GO annotation, the unigenes mapped to 57,627 GO terms, which were catego-
rized into 48 functional groups (Table S2). Regarding the biological process classification, the
main groups were involved in cellular process (19.22%) and metabolic process (14.85%). Within
the cellular component category, the vast majority was cell (29.45%), cell part (29.45%), and or-
ganelle (16.23%). In the category of molecular function, binding (45.16%) and catalytic (35.01%)
showed the highest abundance. Among all of the terms, cell killing, viral reproduction, metal-
lochaperone, nutrient reservoir, proteasome regulator, and protein tag were lowly represented,
and no more than 5 unigenes were assigned to each term. To further evaluate the effectiveness of
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the annotation process, the COG assignments were used. Overall, 15,910 unigenes were classified
into 25 categories that involved different processes, suggesting that the assembled unigenes rep-
resented a wide diversity of transcripts in the P utilis genome (Figure S3). The terms of general
function prediction only (16.29%); translation, ribosomal structure and biogenesis, transcription,
and replication (9.05%); posttranslational modification, protein turnover, and chaperones (8.19%);
and recombination and repair (7.39%) were the most represented. Extracellular structures and
nuclear structure were the smallest groups. There were only 9 and 13 unigenes assigned to them,
respectively. To survey genes that were involved in important pathways, annotated unigenes were
mapped to KEGG pathways. In total, 38,565 unigenes were grouped into 202 known metabolic or
signaling pathways (Table S3). The major pathways were metabolic pathways (9.33%), spliceo-
some (2.19%), pathways in cancer (2.10%), focal adhesion (1.75%), purine metabolism (1.68%),
endocytosis (1.55%), ubiquitin-mediated proteolysis (1.55%), and regulation of actin cytoskeleton
(1.54%). Following the function of GO and COG terms and KEGG pathways, some categories
were of particular interest to help discover important genes for further investigation.

SSR discovery

Based on the unigene sequences, 5723 SSRs were identified within 58,562 unigenes. Of
the SSRs, 21.09, 31.71, and 42.53% were mononucleotide, dinucleotide, and trinucleotide repeats,
respectively (Figure 3). The results demonstrated that trinucleotide repeats were the most abundant
microsatellites in this transcriptome data set, which is consistent with other recent reports in insects
(Xuetal.,2012). Among all of the SSR types, AAC/GTT (21.58%) represented the dominant type,
followed by A/T (21.02%), AG/CT (14.29%), AT/AT (8.53%), and AC/GT (8.32%) (Table S4).
Of the 58,562 unigenes, 809 contained more than 1 SSR. Using Primer3 v2.2.2, 4666 primer pairs
were successfully designed according to the identified SSRs (Table S5). Molecular markers are
widely applied in the study of insect evolution and differentiation. The results would be helpful for
investigating the functional diversity in P. utilis natural populations.
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Figure 3. Summary statistics for the SSRs identified in the transcriptome.
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CONCLUSION

In this study, the generation of a substantial transcriptome dataset of P. utilis was de-
scribed. The 58,562 unigenes represent a major genomic level resource for P. utilis and will be
useful for comparative and functional genomic studies in the gall fly. We identified 5723 SSRs
from this dataset, which will be useful for future studies on biodiversity, molecular taxonomy,
population genetics, and genetic linkage mapping.
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