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Abstract

The sweet potato weevil, Cylas formicarius (F.) (Coleoptera: Brentidae), is an important pest of sweet potato

worldwide. However, there is limited knowledge on the molecular mechanisms underlying growth and differen-

tiation of C. formicarius. The transcriptomes of the eggs, second instar larvae, third instar larvae (L3), pupae, fe-

males, and males of C. formicarius were sequenced using Illumina sequencing technology for obtaining global

insights into developing transcriptome characteristics and elucidating the relative functional genes. A total of

54,255,544 high-quality reads were produced, trimmed, and de novo assembled into 115,281 contigs. 61,686

unigenes were obtained, with an average length of 1,009 nt. Among these unigenes, 17,348 were annotated into

59 Gene Ontology (GO) terms and 12,660 were assigned to 25 Cluster of Orthologous Groups classes, whereas

24,796 unigenes were mapped to 258 pathways. Differentially expressed unigenes between various develop-

mental stages of C. formicarius were detected. Higher numbers of differentially expressed genes (DEGs) were

recorded in the eggs versus L3 and eggs versus male samples (2,141 and 2,058 unigenes, respectively) than the

others. Genes preferentially expressed in each stage were also identified. GO and pathway-based enrichment

analysis were used to further investigate the functions of the DEGs. In addition, the expression profiles of ten

DEGs were validated by quantitative real-time PCR. The transcriptome profiles presented in this study and these

DEGs detected by comparative analysis of different developed stages of C. formicarius will facilitate the under-

standing of the molecular mechanism of various living process and will contribute to further genome-wide

research.

Key words: different stages, differentially expressed genes, sweet potato weevil, transcriptome

Sweet potato (Ipomoea batatas (L.) Lam., Convolvulaceae) pos-

sesses remarkable importance in energy production, and the utiliza-

tion as food, feed, and industrial products in China and worldwide.

The sweet potato weevil, Cylas formicarius (F.) (Coleoptera:

Brentidae) is one of the most destructive pest of sweet potato in the

tropical and temperate growing areas, including China (Kuriwada

et al. 2010, Prentice et al. 2015, Reddy and Chi 2015). This pest not

only causes huge production losses, but also seriously affects the

quality of sweet potato, both in the field and in the storage. C.

formicarius infests all plant parts: roots, stems, foliage, and flowers

seeds (Edison et al. 2009). Damage caused by the weevils is often

worse during dry times (Reddy et al. 2014). In addition to damage

caused directly by tunneling, larvae also cause indirect damage by

facilitating entry of soil-borne pathogens (Uritani et al. 1975), which

renders the product unsuitable for consumption. China accounts for

the highest sweet potato production in the world (FAOSTAT 2016).

However, its productivity is severely constrained by insect feeding

during the production and storage processes, especially by the sweet

potato weevil. The yield losses caused by sweet potato weevil dam-

age range from 5 to 50%, and can even lead to a complete loss under

heavy infestations (Wang et al. 2014). Reddy and Chi (2015) col-

lected life table data for C. formicarius grown on I. batatas, and

showed that the weevil could survive more than 4 mo; the mean of

total preoviposition period was 50.1 d and female adults did not

contribute to the population growth after 92 d. In southern China,

C. formicarius could produce several generations per year, and over-

winter in storage or in open fields (Wang et al. 2014). Eggs of C. for-

micarius are laid in cavities just below the skin of the root, and then

larvae feed and pupate in the roots. The peak period of adult occur-

rence was from the beginning of August to October (Wang et al.
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2014, Ye 2015). Control of the pest remains difficult. Efficacy of

chemical insecticides to the weevils was limited by the cryptic nature

of the larvae, the nocturnal activities of the adults, and increasingly

pesticide resistance. Effective crop rotations could reduce the tuber

damage compared to monoculture of sweet potato (Pillai et al.

1996, Ehisianya et al. 2013). Sweet potato weevils have the capacity

to adapt and develop resistance to active proteins and compounds

found or introduced into new sweet potato varieties (Mwanga et al.

2011). Currently, there are few superior varieties with high level of

resistance against C. formicarius.

The high throughput sequencing technology is a powerful and

cost-efficient tool for advanced research in many areas, including

microRNA expression profiling, DNA methylation, especially

de novo transcriptome sequencing for non-model organisms

(Varshney et al. 2009, Parchman et al. 2010, Wang et al. 2010b, Sun

et al. 2012, Zhang et al. 2015c). Illumina sequencing of transcrip-

tome for organisms with completed genomes confirmed that the rela-

tively short reads produced could be effectively assembled and used

for gene discovery and gene expression analysis (Marioni et al. 2008,

Heged}us et al. 2009, Wang et al. 2011). The development of next-

generation sequencing technologies and the de novo analysis of the

transcriptome data could provide a clear insight into the molecular

mechanism of different life process. Heyland et al. (2011) analyzed

temporal and spatial gene expression changes during embryogenesis,

larval development, and metamorphic stages of Aplysia californica

(Cooper) using microarrays and in situ hybridization, revealed novel

molecular components associated with life history transitions.

Daines et al. (2011) provided interesting insights into the extent of

alternate splicing in Drosophila melanogaster (Meigen) by the tran-

scriptome of ten developmental stages of D. melanogaster. Zheng

et al. (2015) sequenced the transcriptome of the early parasitic

second-stage juveniles of Heterodera avenae (Wollenweber) and re-

vealed the genes and molecular mechanisms of the incompatible in-

teraction between H. avenae and the host plant Aegilops variabilis.

Prentice et al. (2015) reported the transcriptome analysis of the sec-

ond instar larvae of Cylas puncticollis (Boheman) and demonstrated

that C. puncticollis exhibits a strong and systemic RNAi effect, sug-

gesting the potential of RNAi as a future strategy to control C. for-

micarius. Though transcriptome sequencing has been broadly

applied to illustrate gene expression patterns in many species, geno-

mic, and transcriptomic details about C. formicarius, especially its

biosynthetic pathways and gene expression in different stages, have

remained largely unknown. Genomic resources available in public

databases for C. formicarius were limited to a few sequences. Due to

the limitations of information on its genetic basis, it is necessary to

carry out an extensive transcriptome study to systematically gauge

molecular differences associated with the development of different

stages of C. formicarius.

The management of the weevils is vital for sweet potato produc-

tion. Understanding the gene expression changes at various develop-

mental stages of the sweet potato weevil will provide important

insight into mechanisms underlying growth, differentiation, stage

structure, and this will be useful for the management programs. In

this study, in order to establish a useful database of transcriptome

sequences as well as of differentially expressed genes (DEGs) at

different developmental stages of C. formicarius, we performed

de novo transcriptome sequencing by the Illumina Hiseq2000 se-

quencing platform. A comprehensive analysis of the transcriptome

data for eggs, larvae, pupae, and adults of C. formicarius were pre-

sent. 61,686 distinct sequences including hundreds of stage specific

and metabolism genes were identified. A total of 35,789 unigenes

could be annotated with known biological functions; enrichment

analysis and pathway analysis were applied to find interesting bio-

logical processes. We expect these new dataset will provide genomic

resource and new leads for future studies of this species.

Materials and Methods

Insect Rearing and Sample Preparation

A laboratory colony of the C. formicarius was established using the

insects collected from Fujian province, China in 2011 and main-

tained on sweet potato storage roots at 28 6 1�C, 75 6 10% relative

humidity. For this experiment, 100–150 virgin females and virgin

males were collected separately at 2–8 d post eclosion to ensure they

were actively feeding and sexually mature. Eggs and pupae were

randomly picked out from the sweet potato with a brush. 100–

150 second instar larvae (L2) and third instar larvae (L3) were col-

lected �11 and 15 d post hatch, respectively. Different instars of

C. formicarius were sampled from different generations and the

total weight of each life stage (pooled whole body samples) is

�500 mg. All samples were washed with diethyl pyrocarbonate

treated water, then snap-frozen immediately in liquid nitrogen and

stored at �80�C until further processing.

RNA Extraction and Library Construction

Total RNA form the five different developmental stages of C. formi-

carius (mixed sex of eggs, second instar and third instar larvae,

pupae; adult females and adult males) were extracted individually

using Trizol reagent (Invitrogen, Beijing, China) according to the

manufacturer’s protocol. The RNA samples were treated with

DNase I (Takara Biotech Co., Dalian, China) for purification from

DNA contamination. RNA quality and purity were assessed using

Nanodrop2000 spectrophotometer (Thermo Fisher Scientific, MA,

USA) based on absorbance ratios at 260/280 and 260/230 nm. The

integrity of the RNA preparation was verified using Agilent 2100

Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA) with a min-

imum integrity number value of 8.0. RNA samples with high purity

(OD260/280 between 1.9 and 2.0) and high integrity were selected

and used for cDNA library construction. Poly(A) mRNA was puri-

fied from total RNA using oligo (dT) magnetic beads. Following

purification, the mRNA is fragmented to small pieces using frag-

mentation buffer under elevated temperature and the cleaved RNA

fragments were transcribed into first strand cDNA using reverse

transcriptase and random primers. This was followed by second

strand cDNA synthesis using DNA polymerase I and RNaseH. Then

the high-throughput RNA-sequencing libraries (RNA-seq) were pre-

pared following Illumina’s protocols and were sequenced on the

Illumina Hiseq 2000 platform (Illumina, San Diego, USA) at the

Beijing Genomics Institute (BGI; Shenzhen, China). The datasets

were deposited in NCBI Sequence Read Archive (SRA, http://www.

ncbi.nlm.nih.gov/sra) under the accession number SRP067907. This

transcriptome shotgun assembly project has been deposited at

DDBJ/EMBL/GenBank under the accession GEOI00000000.

De Novo Transcriptome Assembly and Annotation

The raw reads were cleaned by removing adaptor sequence, low-

quality sequences (tags with ambiguous sequences ‘N’), empty tags

(sequence with only adaptor sequences but no tags), low complexity,

and tags with a copy number of 1 (probably sequencing error) ahead

of assembly. The quality reads were de novo assembled with Trinity

software (Pertea et al. 2003). The TGI clustering tool (Iseli et al.

1999) is used to assemble all the unigenes from different samples to

form a single set of non-redundant unigenes. The unigenes were
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annotated by aligning with the deposited ones in diverse protein

databases including NCBI non-redundant protein (NR), UniProt/

Swiss-Prot, Kyoto Encyclopedia of Genes and Genomes (KEGG)

database, Gene Ontology (GO) and Cluster of Orthologous Groups

(COG) database using BLASTX (E-value �1e�5). Sequence orienta-

tions and the coding sequence (CDS) of unigenes were determined

according to the best hit in these databases. ESTScan (Iseli et al.

1999) was used to predict the sequence direction and the CDS when

unigenes were unaligned to any of the databases. With NR annota-

tion, Blast2GO program (Conesa et al. 2005) was used to get GO

annotation of the unigenes. After getting GO annotation for every

unigene, WEGO software (Ye et al. 2006) were used to do func-

tional classification for all unigenes and to decipher the distribution

of gene functions at the macro level. Then we used the blast infor-

mation to extract CDS from unigene sequences and translated them

into peptide sequences.

Differentially Expressed Genes

For gene expression analysis, the number of expressed unigenes was

calculated and then normalized to TPM (number of transcripts per

million tags). A rigorous algorithm was developed to identify DEGs

between two samples (Audic and Claverie 1997, Zhang et al.

2015b). The false discovery rate (FDR) was used to determine the

threshold of P value in multiple tests (Benjamini and Yekutieli

2001). Fold changes (log2 Ratio) were estimated according to the

normalized gene expression level in each sample (Wang et al.

2010a). “FDR �0.001 and the absolute value of log2 Ratio �1”

were used as the threshold to judge the significance of gene expres-

sion difference. Pairwise and multi-condition analyses were used to

detect DEGs between two samples and among the five development

stages of C. formicarius. For the functional and pathway enrichment

analysis, the DEGs were then mapped into GO terms and the KEGG

databases, significantly enriched GO and KEGG terms were deter-

mined by P value �0.05. Cluster analysis of gene expression pat-

terns were performed with “cluster” software (Eisen et al. 1998).

Quantitative Real-Time PCR Analysis of Gene Expression

To validate the data obtained by the transcriptome sequencing, the

relative expression levels of ten DEGs were analyzed by real-time

quantitative PCR (qPCR) with three biological replicates. Specific

primers of selected genes were designed by Primer Premier 5.0

(Premier Biosoft International, CA, USA) (Table 1). Total RNA

from �150 mg of the eggs, L2, L3, pupae, females, and males of C.

formicarius was extracted separately as described above. First-

strand cDNA was synthesized using AMV first strand cDNA synthe-

sis kit (Sangon, Shanghai, China). The SYBR Green real-time PCR

assay was performed on a LightCycler 480 real-time PCR instru-

ment (Roche Diagnostics, Mannheim, Germany) using the SG fast

qPCR master mix (BBI Life Science, Ontario, Canada) according to

the manufacturer’s protocol in a total volume of 20 ml, containing

2 ll of cDNA, 0.4 ll of 10 lM of each primer, and 10 ml Master

mix. The PCR was performed at 95�C for 3 min, followed by 40

cycles of 95�C for 7 s, 57�C for 10 s and 72�C for 20 s. The experi-

ments were repeated three times. The melting curve analysis was

conducted from 60 to 95�C. Each of the two primer pairs for the

tested genes and endogenous references produced a single peak in

melting curve analyses. RPS11 and b-actin were observed to be sta-

ble among different stages of C. formicarius and used as an endoge-

nous control. Relative gene expression was calculated by the 2�DDCt

method (Pfaffl 2001). Means and standard errors were calculated

and analyzed by analysis of variance followed by the Tukey–Kramer

test, using SPSS 16.0 (SPSS, Chicago, IL).

Results and Discussion

Sequencing and Assembly of the C. formicarius Transcriptome

In this study, to obtain an overview of gene expression profile at dif-

ferent developmental stages of C. formicarius, total RNA were

extracted from the eggs, second and third instar larvae, pupa,

females, and males separately. Six cDNA libraries were constructed

and sequenced using the Illumina Hiseq 2000 sequencing platform.

Each sample yielded more than 3.5 million raw reads, and a total of

60,852,718 raw reads were obtained with cycle Q20 of 97.82%

(Table 2). After removing the adaptor sequences and the low-quality

reads, a total of 54,255,544 clean reads were obtained with an over-

all length of more than 4,882 megabase, which accounted for

89.16% of the raw data. The GC content of the transcriptome was

41.41%. Up to 46.55% of the sequences in the reference tag data-

base could be identified by unique tag (Table 2).The distribution of

tag expression was used to evaluate the normality of the transcrip-

tome data. In this study, the distribution of total clean tags and dis-

tinct clean tags over different tag abundance categories showed

similar patterns for all six samples. However, under the distribution

of total tags, high-expression tags with copy numbers larger than

100 are in absolute dominance whereas low-expression tags with

copy numbers smaller than 10 occupy the majority of distinct tag

distributions. A saturation analysis was performed to confirm

whether the sequencing depth was sufficient for the transcriptome

coverage. The number of detected unigenes increased with the total

number of tags. When the number of sequencing tags reaches 2 mil-

lion, the number of detected genes almost ceases to increase and

library capacity reached saturation (Supp Fig. 1 [online only]).

Quality reads were de novo assembled into 115,281 contigs, with

the average length of 349 nt and the median length value (N50) of

657. The contigs grouped into 61,686 unigenes, with an average

length of 1,009 nt and N50 of 1758. Total length of the unigenes

was 62,270,490 nt. The size distribution of the contigs and unigenes

was shown in Fig. 1. About 46% of all unigenes were smaller than

500 nucleotides, 20% had a size of up to 1,000 nt, 20% were

between 1,000 and 2,000 nt long, followed by �14% unigenes lon-

ger than 2,000 nt.

Unigene Annotation and Classification

For predict proteins and gene annotations, the unigene sequences of

sweet potato weevil were searched against protein databases using

BLASTX (E-value �0.00001) in the following order: NR,

SwissProt, KEGG, GO, and COG. Then the blast results were used

to extract CDS from unigene sequences and translate them into pep-

tide sequences. CDS of unigenes have no hit in blast were predicted

by ESTScan, and 2,131 unigenes obtained significant Blast hits. The

size distribution of the CDS and predicted proteins were shown in

Fig. 1. Function information of the unigenes could be predicted

from annotation of the most similar protein in the above databases.

In this study, a total of 35,789 unigenes could be annotated with

known biological functions, comprising 58% of all the unigenes in

the transcriptome libraries (Table 3). 35,172 (57%) unigenes were

annotated against NR database. The characteristics of the homology

search of Illumina sequences against the NR database were further

analyzed with the E-value distribution, identity distribution, and

species distribution (Fig. 2). For the E-value distribution of the pre-

dicted proteins, the top hits indicated that 55.5% of the mapped
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sequences had a significant similarity with a stringent threshold of

less than 1e�45, and 44.5% of the similar sequences ranged from

1e�5 to 1e�45 (Fig. 2a). For the similarity distribution of the pre-

dicted proteins, 47.6% of the sequences had a similarity higher than

60%, and 14.9% of the sequences had a similarity higher than 80%

(Fig. 2b). For the best-matched species distribution (Fig. 2c), 72.4%

of the distinct sequences mapped to the sequences of the red flour

beetle Tribolium castaneum (Herbst), which is a widely distributed

stored-product pest (Richards et al. 2008, Kim et al. 2010); 9.7%

mapped to the mountain pine beetle Dendroctonus ponderosae

(Hopkins) (Keeling et al. 2012) and 1.3% to the pea aphid

Acyrthosiphon pisum (Harris) sequences (IAGC 2010). Searching

against Swissprot database found 27,628 unigenes (44.8%) hit

deposited genes.

GO is an international standardized gene functional classifica-

tion system which offers a dynamic-updated controlled vocabulary

and a strictly defined concept to comprehensively describe proper-

ties of genes and their products in any organism (Botstein et al.

2000). GO functional annotation could be obtained by NR annota-

tion. In this study, according to the GO database, 17,348 sequences

were classified into 59 subcategories belonging to 3 main categories,

including biological process (27 subcategories), cellular component

(15 subcategories), and molecular function (17 subcategories) (Fig.

3). In the category of biological process, ‘cellular process’, ‘meta-

bolic process’, and ‘biological regulation’ comprised the largest pro-

portion of sequences, accounting for 60.7, 46.6, and 28.2% of the

total, respectively. Two sequences were categorized into the ‘carbon

utilization’ and three sequences were categorized into ‘cell killing’

subgroups. In the category of cellular components, ‘cell part’ and

‘intracellular’ comprised of 7,690 and 6,792 unigenes, and ‘cyto-

plasm’ comprised of 3,662 unigenes, and these three subgroups were

dominant over the others. In the category molecular function,

sequences with the functions of ‘binding’, ‘catalytic activity’, and

‘transporter’ comprised 8,566, 8,658, and 1,538 unigenes,

respectively.

To further evaluate the completeness of the transcriptome library

and the effectiveness of annotations, all unigenes were aligned to the

COG database to predict and classify possible functions. COG is a

database where orthologous gene products are classified. Every pro-

tein in COG is assumed to be evolved from an ancestor protein, and

the whole database is built on coding proteins with complete

genome as well as system evolution relationships of bacteria, algae,

and eukaryotes (Tatusov et al. 2003). In total, 12,660 unigenes were

assigned to 25 functional categories (Fig. 4). The categories of ‘gen-

eral function prediction only’, ‘replication, recombination and

repair’, and ‘translation, ribosomal structure, and biogenesis’ were

the top three largest with 4,950, 2,142, and 1,812 unigenes,

respectively. The ‘RNA processing and modification’, ‘extracellular

structures’, and ‘nuclear structure’ were the smallest COG categories

with 124, 17, and 8 unigenes, respectively.

Pathway information of unigenes can be obtained from KEGG

pathway annotations. The KEGG pathway database records net-

works of molecular interactions in the cells and helps to further

understand genes’ biological functions (Kanehisa and Goto 2000).

In this study, KEGG pathway assignment was used to identify the

biological pathways that the putative genes are involved in. A total

of 24,796 (40.2%) sequences were grouped into 258 pathways

(Supp Table 1 [online only]). The most dominant clusters were met-

abolic pathways (3,619 unigenes), regulation of actin cytoskeleton

(942 unigenes), and focal adhesion (824 unigenes). In the metabo-

lism cluster, most abundant pathways involved in purine metabo-

lism, pyrimidine metabolism, glycerolipid metabolism (1.32%),

drug metabolism (1.48%) and glycerophospholipid metabolism (1.

86%). These functional annotations provide a basis for exploring

specific biological processes, functions, subcellular localization, and

pathways of gene products in C. formicarius research.

Changes in Gene Expression Profile Among the Different

Developmental Stages

The differentially expressed unigenes among the eggs, second instar,

and third instar larvae, pupae, female adults, and male adults of

C. formicarius were identified (FDR �0.001 and log2Ratio �1).

Differential expression analysis was conducted by comparing multi-

ple samples or two samples (pairwise analysis). A total of 11,258

unigenes showed differential expression across the five developmen-

tal stages. To identify genes showing a significant change in expres-

sion among the six samples, the DEGs among the five stages were

presented by heat-map (Supp Fig. 2 [online only]). The expression

profile suggested significant transcriptional complexities during

development of sweet potato weevil. The differential expression pat-

terns among libraries revealed that the number of DEGs between

eggs and other stages are larger than that of the others (Fig. 5). The

largest differences occurred between the egg and L3 libraries with

548 genes up-regulated and 1,593 genes down-regulated, followed

by the egg and the male libraries with 983 genes up-regulated and

1,075 genes down-regulated. These results revealed that greater

number of unique genes may be required for embryogenesis than for

post-embryonic development. The smallest difference was shown

between male and female, in which only 351 transcripts were identi-

fied with 182 genes up-regulated and 169 genes down-regulated.

388 DEGs were detected between the L2 and L3 libraries with 119

genes up-regulated and 269 genes down-regulated. The unique or

shared DEGs in the pairwise comparisons between the different

Table 1. Primer sequences for qRT-PCR

Gene Forward Reverse Length (bp)

PG297 CGGTGGGTAGTTTTACTGTTCC CCGTTCCATTCTTTATGAGCC 112

Lip17338 CATCCGAGCCGTTCAAAGT CGACCATTCCACCGACAAA 125

P450 TCACCCAAATCATCACCGAA CGCAGATGTTTCCAAGTCG 170

OBP3892 AATCATAATGTTGCGTCTGTGC GGATGTCTCCGCTAATTGCTT 188

GST9774 GGAAAGTAGTATCGGCGAGGTT GCACTGCCTAACAGCCAAAG 196

CYP4G27 ATTGGACCCAGGCTTCTCAT TCGGTATTCAGGCGATTTGT 96

H19735 AGCGAAACCCAAAAGAACG CTCTTTGCTAAGTTCTTCCCTGTAC 141

OBPs2 TGTGCTTCGCAAAATGTCTATC GGAAAAGTTTACCCATGTCGG 183

TH14530 GTTCGCCATCAAGAAGTCGT GGTCTACCTCGCTAGAGTCGTT 161

GH48 CTTCTTGGACTTGTTCGTAGGTG TTTGGAGGCTTTGGTGAGG 169
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developmental stages are shown in Fig. 6. 165, 274, 197, 184, and 216

genes were exclusively expressed in L2, L3, pupae, females, and males

compared with the eggs, respectively. 403 DEGs were commonly

expressed across all comparison groups (Supp Table 5 [online only]).

The differential gene expression levels across different develop-

mental stages of C. formicarius were analyzed. The results showed

that a large number of genes were silent or uniquely expressed dur-

ing the development. Compared with other stages, males, and

females had notably higher expression levels for unigenes related to

endopolygalacturonase, odorant-binding protein, lipase, CRAL/

TRIO domain-containing protein, peritrophic membrane chitin

binding protein 2, regucalcin-like isoform 1, and some hypothetical

or unknown proteins (Supp Table 4 [online only]). The expression

level of endopolygalacturonase in male was the highest with 15,188

TPM, but this value for pupae, eggs, L2, and L3 was only 6.39, 1.

45, 1.96, and 0.82, respectively. It has been reported that polygalac-

turonase plays a key role in the insect feeding (Kirsch et al. 2012,

Walker and Allen 2010, Zhang et al. 2015a); odorant-binding

proteins are important for odor recognition, which allows insects to

find mates and perceive host plant odorants (Li et al. 2016); CRAL/

TRIO domain proteins play a conserved role in regulating the pro-

tein kinase Ras signaling (Johnson and Kornfeld 2010); peritrophic

membrane chitin-binding proteins may play an important role for

the protection of the insect midgut epithelium from mechanical

damage by food particles, bacterial damage, and parasite

invasion (Zhao et al. 2014). Compared with other stages, adults of

C. formicarius face more complicated external environment, the

high expression levels of these genes in adult may imply their roles

in insect adaptability and breeding. The second and third instar lar-

vae stages had high level expression transcripts related to cuticular

protein 49Ab, serine protease P40, cathepsin L-like proteinase,

filaggrin-2, lysosomal alpha-mannosidase and some hypothetical

or unknown proteins (Supp Table 4 [online only]). Serine

proteases play important roles during defense response or immune

reaction (Yu et al. 2015, He et al. 2016). Cathepsin L proteinase

are important in processing the major glutaminerich dietary proteins
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Fig. 1. Length distribution of C. formicarius (A) contigs, (B) unigenes, (C, E) CDS and (D, F) predicted proteins. The x-axis indicates the length range of the sequen-

ces. The y-axis denotes the sequences number in every range of length.
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in cereals (Goptar et al. 2012). However, further studies are still

needed to verify the functions of these genes in C. formicarius.

Genes preferentially expressed at each stage were also identified

(Supp Fig. 3 [online only]). After filtering low level expression unig-

enes (TPM <1), 67 unigenes were specifically expressed in males,

include unigenes encoding membrane alanyl aminopeptidase, pro-

tein kinase c alpha binding protein, calponin-homology and

microtubule-associated protein, odorant receptor 89. However, the

majority of the specifically expressed unigenes in the males are of

unknown function. 51 unigenes specifically expressed in the female

library, which annotated as omega subunit family protein, vitelloge-

nin, RNA-binding proteins, synaptotagmin, pdz domain protein arc,

serine protease P98, phosphatidylcholine transfer protein and func-

tional unknown proteins; a substantial number of the uniquely

expressed genes are related to reproductive and oviposition. 143

unigenes are specifically expressed in pupae, more than half of them

have no functional annotation and the others include cuticular pro-

tein, cytochrome P450 CYP49a1, hypothetical protein TcasGA2,

protein CLEC-199, oxoglutarate (alpha-ketoglutarate)

dehydrogenase (lipoamide), etc. 101 unigenes were specifically

detected in eggs library, include transcripts of body fluid secretion,

cytochrome P450 15A1, serine protease P144, alcohol dehydrogen-

ase, proteolysis proteins, etc.; a large portion of these genes may

play roles in embryonic development and hatching. 24 unigenes

were specifically expressed in the third instar stage, 18 unigenes

were preferentially expressed in the second instar stage, with

functional unknown unigenes made up a high proportion.

Understanding of the functions of the preferentially expressed genes

Table 2. Statistics of reads in the C. formicarius transcriptomes

Item Eggs L2 L3 Pupae Females Males

Total raw reads 3,506,028 3,628,506 3,691,650 3,515,889 3,675,722 3,655,575

Clean reads 3,440,924 3,575,823 3,641,125 3,441,973 3,606,789 3,589,984

Distinct Tag 51,585 42,343 41,807 57,638 53,008 52,399

Tags mapping to gene 3,112,632 3,315,991 3,395,530 3,147,847 3,270,395 3,259,878

Clean tag mapping to gene (%) 90.46 92.73 93.25 91.45 90.67 90.80

Distinct tag mapping to gene 36,209 30,638 29,311 40,437 36,318 35,537

All Tag-mapped Genes 26,822 25,104 25,125 28,715 27,477 27,469

Tag-mapped Genes (%) 43.48 40.70 40.73 46.55 44.55 44.53

Fig. 2. Characteristics of the homology search of illumina sequences against the non-redundant (NR) database. (A) E-value distribution of BLAST hits for each

sequence with an E-value cut-off of 1e�5. (B) Similarity distribution of the top BLAST hits for each unigenes. (C) Species distribution is shown as a percentage of

the total homologous unigenes.

Table 3. The functional annotations of the C. formicarius

transcriptome

Annotated Databases Annotated Number Percentage (%)

Gene annotation against NR 35,172 57.0

Gene annotation against NT 13,845 22.4

Gene annotation against Swiss-Prot 27,628 44.8

Gene annotation against KEGG 24,796 40.2

Gene annotation against COG 12,660 20.5

GO annotation for NR protein hits 17,348 28.1

All annotated unigenes 35,789 58.02
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in further studies will be useful in the development of new pest con-

trol strategies.

Functional Annotation of Differentially Expressed Unigenes

An enrichment analysis based on GO terms was performed to inves-

tigate the protein function and associated biological process of the

DEGs that affect the development process. We compared the gene

expression differences occurred between the eggs and other stages of

C. formicarius. The results showed an overall similar distribution of

genes grouping into the respective terms. In the biological process

category, cellular process (71.43–76.42%), metabolic process

(60.82–66.79%), primary metabolic process (45.36–50%), cellular

Fig. 3. Functional annotation of assembled sequences of C. formicarius based on GO. 17,348 unigenes were annotated into three categories: cellular component,

molecular function, and biological process.
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metabolic process (44.95–49.47%), and macromolecule metabolic

process (31.07–38.48%) were the most significantly enriched GO

terms of DEGs. In the cellular component analysis, there were signif-

icantly high number of DEGs classified as cell (80.45–84.07%),

intracellular part (69.42–73.67%), organelle (60.61–64.82%), cyto-

plasm (48.21–52.87%), intracellular membrane-bounded organelle

(43.94–48.67%), cytoplasmic part (38.84–45.55%), and macromo-

lecular complex (39.12–44.21%). In the molecular function cate-

gory, the GO terms of DEGs were predominantly enriched in

catalytic activity (58.29–60.10%), binding (51.62–55.94%), hydro-

lase activity (25.11–28.25%), small molecule binding (17.21–

17.98%), and nucleotide binding (16.38–17.44%). However, we

also detected genes expression specific to a certain developmental

library at the molecular function level. The functional DEGs

involved in ‘carboxylic acid transmembrane transporter activity’,

‘L-lactate dehydrogenase activity’, and ‘lactate dehydrogenase activ-

ity’ were specially present in the eggs versus pupa libraries. When

compared the eggs and male libraries, GO analysis revealed specific

enrichment of DEGs involved in ‘carbohydrate kinase activity’, ‘car-

boxypeptidase activity’, and ‘copper ion binding’. Specific enrich-

ment of genes related to ‘cyclin binding’ and ‘enzyme inhibitor

activity’ were noticed between the eggs and L2 libraries. Two DEGs

in the term of ‘malic enzyme activity’ were specific expressed in eggs

versus female libraries. Interestingly, DEGs under the ‘C-acyltrans-

ferase activity’ term were enriched in L2 and L3, but not present in

the other stages. In contrast, unigenes involved in ‘cargo receptor

activity’ were expressed within female, male, and pupa, but not

present L2 and L3 libraries. Two genes in the GO term of ‘glyceral-

dehyde-3-phosphate dehydrogenase (NADþ) (phosphorylating)

activity’ were specific expressed in the eggs versus male and eggs

versus pupae samples (Supp Table 2 [online only]).

Biological functions of genes could be further understood by

pathway-based analysis. To gain a more detailed understanding of

the developmental mechanisms, all DEGs were mapped to KEGG

database terms and compared with the whole transcriptome data. By

comparing all other stages to the egg, metabolic pathways, pancre-

atic secretion and lysosome were the top three most abundant path-

ways of the DEGs. Notably, some pathways were only significantly

enriched (P value �0.05) in certain libraries (Supp Table 3 [online

only]). 972 differentially regulated unigenes with KEGG annotation

were identified between the egg and female samples, specific signifi-

cantly enrichment of genes were observed for pathways of photo-

transduction (0.93%), PPAR signaling pathway (1.44%) and

Fig. 5. Changes in gene expression profile among the eggs, second instar larvae, third instar larvae, pupae, females, and males of C. formicarius. Up-regulated

(gray) and down-regulated (white) genes between different stages were quantified.
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Fig. 7. Expression profiles of ecdysone-related genes (E22953–E514) and juve-

nile hormone-related genes (JH13050–JH18635) in eggs, second instar larvae,

third instar larvae, pupae, females and males of C. formicarius.Fig. 6. Venn diagrams showing the numbers of unique and shared DEGs dif-

ferentially expressed unigenes in pairwise analysis.
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selenocompound metabolism (0.31%). A total of 973 DEGs were

found between eggs and L2 samples and specific enrichment of

arachidonic acid metabolism (0.72), drug metabolism-cytochrome

P450 (0.92%), metabolism of xenobiotics by cytochrome P450 (1.

03%), and primary bile acid biosynthesis (0.31%) were noticed.

1,049 differentially regulated unigenes were identified between the

eggs and male libraries, transcription of genes associated with pen-

tose phosphate pathway (1.05%) was functionally significantly

enriched. 540 differentially regulated unigenes were identified

between the eggs and pupa libraries, specific enrichment of unigenes

was observed for pathways involved in cardiac muscle contraction

(2.41%), gastric acid secretion (2.41%), arginine and proline metab-

olism (1.67%), and citrate cycle (1.48%). These results indicate that

DEGs involved in these pathways may play an important role in the

development of different insect stages or instars.

We compared the developmental transcriptomes of C. formi-

carius and gained a first insight into interesting similarities and

differences among different stages. It was reported that the

growth of holometabolous insects such as molting, metamorpho-

sis and reproduction is regulated by the molting hormone (20-

Fig. 8. RNA-seq and qPCR analyses of expression levels of development related genes in eggs, second instar larvae, third instar larvae, pupae, females and males

of C. formicarius. Gene expression determined by qPCR was provided as mean of three replicates. Error bars represent the standard error of the calculated mean.
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hydroxyecdysone) and the status quo hormone (juvenile hormone,

JH) (Levine et al. 1991). The level of methyl farnesoate (MF),

which is a sesquiterpene compound and the crustacean homolog

of JH, varied with ovarian maturation; and qPCR results proved

the related enzymes in MF biosynthesis exhibited similar variation

trends to that of the level of MF in hemolymph (Xie et al. 2015).

RNA interference-mediated knockdown of LdTorso of D. mela-

nogaster delayed larval development, impaired pupation and

adult emergence, and induced the JH biosynthesis gene expression

(Zhu et al. 2015). Tan et al. (2015) demonstrated that the hormo-

nal receptor of ecdysteroids regulates the growth and develop-

ment in Apolygus lucorum. In this study, we compared the

relative expression level of three ecdysone-related genes (E22953–

E514) and five JH-related genes (JH13050–JH18635). The result

showed that the relative expression of ecdysone and JH related

genes differed among the C. formicarius stages (Fig. 7). Further

analysis will be needed to address their functions in our subse-

quent studies.

Functional annotations of DEGs make it possible to know

the molecular mechanisms underlying specific biological processes of

C. formicarius. However, these DEGs represented only a

small proportion of the total transcripts that were found in transcrip-

tome database. In addition to these annotated genes, some of the unig-

enes could not be matched with any existing ones. Further studies on

DEGs associated with the GO terms and pathways are needed. New

genes or molecular markers related to different stages formation might

be identified from this group in the future.

Validation of DEGs Data by qPCR

Ten DEGs were subjected to RT-qPCR analysis to validate the accu-

racy and reproducibility of the Illumina RNA-seq results due to the

lack of RNA-seq biological replicates. The candidate genes selected

for validation were differentially expressed at different developmen-

tal stages and associated with growth, metabolism and secondary

metabolites biosynthesis. b-actin and RPS11 were used as reference

gene for data normalization. No amplification in no-template con-

trols and single specific melt curves confirmed the specificity of the

RT-qPCR assays. Fold changes from qPCR were compared with the

RNA-seq expression profiles (Fig. 8). In general, genes showed simi-

lar expression patterns with the RNA-seq data, confirming the reli-

able of RNA-seq data analysis.

The sweet potato weevil C. formicarius is the most important

biological threat to productivity and marketability of sweet potato

in southern China. The basic molecular biology of the sweet potato

weevil is essential for developing new effective control technologies.

This study provides an overview of the transcriptome of different

developed stages of C. formicarius. More than 61,686 distinct

sequences were produced with 35,789 sequences having an above

cut-off blast result. Furthermore, we presented a relevant resource

for functional analysis of DEGs among different development stages

of C. formicarius. These findings provide a substantial contribution

to existing sequence resources of C. formicarius and will certainly

facilitate our understanding of this and other related species. The

annotated transcriptome sequences and gene expression profiles will

contribute to explorations of the molecular mechanisms of pest

adaptation, formation, development and are benefit to the control

of C. formicarius.

Supplementary Data

Supplementary data are available at Journal of Insect Science online.
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