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Abstract

Bactrocera minax is a major citrus pest distributed in China, Bhutan and India. The long pupal di-
apause duration of this fly is a major bottleneck for artificial rearing and underlying mechanisms
remain unknown. Genetic information on B. minax transcriptome and gene expression profiles are
needed to understand its pupal diapause. High-throughput RNA-seq technology was used to
characterize the B. minax transcriptome and to identify differentially expressed genes during pupal
diapause development. A total number of 52,519,948 reads were generated and assembled into
47,217 unigenes. 26,843 unigenes matched to proteins in the NCBI database using the BLAST
search. Four digital gene expression (DGE) libraries were constructed for pupae at early diapause,
late diapause, post-diapause and diapause terminated developmental status. 4,355 unigenes
showing the differences expressed across four libraries revealed major shifts in cellular functions of
cell proliferation, protein processing and export, metabolism and stress response in pupal diapause.
When diapause was terminated by 20-hydroxyecdysone (20E), many genes involved in ribosome
and metabolism were differentially expressed which may mediate diapause transition. The gene
sets involved in protein and energy metabolisms varied throughout early-, late- and post-diapause.
A total of |5 genes were selected to verify the DGE results through quantitative real-time PCR
(qRT-PCR); gqRT-PCR expression levels strongly correlated with the DGE data. The results pro-
vided the extensive sequence resources available for B. minax and increased our knowledge on its
pupal diapause development and they shed new light on the possible mechanisms involved in pupal
diapause in this species.
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Background

Dormancy occurs widely in organisms in order
to deal with harsh environments, including flat
worms, crustaceans, rotifers, tardigrades, insects, kil-
lifish and mammals, which is a status of develop-
mental metabolic depression [1]. It is not a static but
dynamic process consisting of several successive
phases, including a diapause induction and prepara-
tory period, initiation and maintenance of develop-
mental arrest as well as termination and transition

into active development [2]. Regulatory mechanisms
responsible for diapause entry and termination are
decisive in dodging stressful conditions and seasonal
fruiting synchronization [3]. In recent years, interest
has been increasingly focusing on comparative stud-
ies with regard to global differences in transcript
abundance across diapausing-, nondiapausing- and
diapause-terminated individuals within facultative
[4-7] and obligatory diapause species [8]. Several im-
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portant components including endocrine regulation,
clock mechanism, metabolism depression and stress
tolerance were involved in programmed diapause
development on insects [8-12]. Studies on molecular
regulation events of diapause facilitate better under-
standing of their physiological responses to physical
environmental cues, as well as elusive seasonal adap-
tion.

Winter in temperate zones imposes significant
environmental stress on arthropods [13, 14], even
challenging Chinese citrus fly Bactrocera minax
(Enderlein), a univoltine citrus pest distributed in
Asia temperate areas, including China, north-west
India and Bhutan [15, 16]. B. minax, like many other
species [17-19], mitigates the stresses due to unfa-
vourable seasons and synchronizes with favourable
seasons by means of diapause [16, 20, 21]. Within the
Tephritidae family, pupal diapause is common in
other univoltine insect species in response to harsh
environment e.g., Rhagoletis pomonella [22], Rhagoletis
cerasi [23], Rhagoletis mendax [24] and Dacus tsuneonis
[25]. In most overwintering diapause species, dia-
pause terminates in midwinter rather than in spring
[26]. Most diapausing B. minax individuals in the field
end their diapause and enter a phase of “quiescence”
due to the prolonged winter [20]. The mechanisms
governing diapause transitions diverge in univoltine
tephritids that are characterized by varying diapause
intensity in different ontogenetic trajectories [22, 27,
28]. The diapause developmental transition control-
ling system manages harnessed nutrient reserves and
schedules when diapause will end, as well as com-
plete post-diapause challenges and metamorphosis
[29]. However, its underlying molecular mechanism
remains poorly understood.

Although B. minax is a biologically interesting
and economically important pest, genomic sequence
information has not been widely documented. Up to
April 18th, 2014, there have been about 20,255 Nucle-
otide sequences including 186 ESTs deposited in
NCBI (http:/ /www.ncbi.nlm.nih.gov/) for Bactrocera
genus. The lack of genomic resources still remains a
barrier for further study of this fly species.
Next-generation DNA sequencing technologies are
currently dramatically improving the efficiency of
genetic and biological research [30], and will facilitate
the study of important biological processes by means
of mass expression profile analyses for non-model
tephritids that lack genome database [31-33].

In the present study, we have performed de novo
transcriptome analysis using short read sequencing
technology. A library pool containing all of the de-
velopmental stages, i.e., eggs, larvae, pupae and adult
flies, was established and sequenced. More than 52
million reads with 4.7 billion nucleotides (nt) were

assembled into 47,217 unigenes. Using the transcrip-
tome background, we selected and analysed pupae
collected in November (early diapause, ED), January
(late diapause, LD), April (post-diapause, PD) and
diapause pupae treated with 20-hydroxyecdysone
(diapause terminated, DT) for gene expression to
evaluate global differences in transcript abundance
across different stages. Large amounts of differen-
tially expressed gene sets in the six pairwise compar-
isons of samples were analysed. Here we have pre-
sented comprehensive transcriptome and digital gene
expression (DGE) expression profile data that provide
sequences of 47,217 unigenes and yield novel insight
into the molecular regulation mechanisms on pupal
diapause development of an economically important
agricultural pest, the Chinese citrus fly.

Methods

Preparation of materials

To obtain an overview of B. minax genetic data, a
mixed cDNA sample from different developmental
stages was prepared and sequenced using the Illu-
mina sequencing platform, including eggs, larvae,
pupae and adults (Additional File 1: Table S1). Sam-
ples were field-collected periodically at Sandouping
(Latitude: 30.821, Longitude: 111.051) in Yichang,
Hubei province, China. Adults were reared on su-
crose and brewer’s yeast at ~25°C with a long photo-
period of 14L:10D [34]. As opposed to the facultative
diapause species (e.g. S. crassipalpis) [35], pupal dia-
pause in B. minax is obligatory and cannot be termi-
nated if directly exposed to high temperature or if
organic chemicals are topically applied [20]. However,
diapause individuals can be rescued from develop-
mental arrest with a topical application of
20-hydroxyecdysone, an endocrine trigger known to
terminate insect diapause [36], and discriminated
from diapause destined individuals by comparing the
metabolic rate using a flow-through respirometry
system with Expadata data logging software (Sable
Systems International Inc. USA) [22]. All the samples
were snap frozen in liquid nitrogen and immersed in
RNAIater RNA Stabilization Reagent (Qiagen, Hilden)
at -80°C for RNA extraction.

RNA isolation and library preparation for
RNA-seq

Each sample was ground in liquid nitrogen and
total RNA was isolated using RNeasy RNA Purifica-
tion Kit (Qiagen, Hilden) according to the manufac-
turer’s protocol. To obtain complete gene expression
information, a pooled RNA sample was prepared for
transcriptome analysis. cDNA synthesis and libraries
construction was performed following Illumina
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manufacturer’s recommendations. In brief, poly (A)*
RNA was purified from 20ug total RNA using oligo
(dT) magnetic beads and fragmented in presence of
divalent cations under elevated temperature. Those
fragmented poly (A)* RNA were transcribed using
random hexamer primers and this was followed by
second strand cDNA synthesis using Rnase H and
DNA polymerase I. The small fragments were puri-
fied using QiaQuick PCR Purification Kit. After that
the purified fragments were washed with ethidium
bromide buffer for the end-repair, poly (A)* addition
and ligation of sequencing adaptors. Suitable frag-
ments (~200bp) were selected using agarose gel elec-
trophoresis and amplified by PCR to construct a
cDNA library.

Illumina sequencing and bioinformatics
analysis

The cDNA library was sequenced on Illumina
HiSeq™ 2000 using paired-end technology in a single
run (2x91bp). The raw reads from the images were
generated by Illumina GA Pipeline v 1.6. After filter-
ing raw reads, transcriptome de novo assembly was
performed with the transcriptome assembly software
Trinity [37]. After assembly, we then aligned those
unigenes to database NR, Swiss-Prot, KEGG, and
COG using BLASTX (E-value < 0.00001). We per-
formed GO annotation using Blast2GO program, a
universal tool for annotation and analysis in func-
tional genomics research [38]. To further study genes’
biological functions, KEGG annotation was also con-
ducted [39].

DGE library preparation and sequencing

Total RNA was extracted from four types of
pupae including ED, LD, PD and DT using RNeasy
RNA Purification Kit (Qiagen, Hilden) following the
manufacturer’s protocol (Figure 1). DGE libraries

Diapause intensity (DI)

were prepared using [llumina Gene Expression Sam-
ple Prep Kit. Briefly, poly (A)* RNA was purified from
6ug total RNA using oligo (dT) magnetic beads. The
bound poly (A)* RNA served as templates and dou-
ble-stranded cDNA synthesis ensued on the beads.
The products were digested with the restriction en-
zyme Nlalll that cleaves at the CTAG site and the
fragments containing 3" ends were deposited by the
magnetic beads. The first llumina adaptor containing
the recognition site of Mmel, a type Il endonuclease
that specially cleaves at 21 bp from CTAG site, was
ligated to those cDNA containing 5" ends. As a result,
a large number of 21 bp tags were produced after
Mmel enzyme digestion and the second Illumina
adaptor ligation to the 3" ends. The libraries contain-
ing 21 bp tags were linearly amplified in presence of
adaptor primers [40] by PCR for 15 cycles. The PCR
products were purified by 6% TBE PAGE gel elec-
trophoresis and single-stranded products were added
to flowcell for sequencing by synthesis on Illumina
Cluster Station and Illumina HiSeq™ 2000.

Analysis and mapping of DGE tags

The tags were obtained after removing 3’ adap-
tor sequence, empty tags (no tag sequence detected
except 3’ adaptor), low quality tags (tag sequence
containing  unknown nucleotide ‘N’), and
over-long/short tags and tags with only one copy
number (perhaps generated by sequencing errors)
from the raw data. All tags with CTAG and 17 bp tag
sequence were mapped to our transcriptome refer-
ence database with no nucleotide mismatch. The
unambiguous tags were annotated and calculated for
the number of copies which were normalized to TPM
(Transcript Per Million tags) following the normaliza-
tion methods in AC't Hoen P et al. [41].

Pupal survival > 50%
after transfer to 25 °C

High Low
Early diapause (ED) 1 ]
Late diapause (LD) Post-diapause (PD)

Diapause terminated (DT) |

Larva Pupa Adult
1
1

October November December January February : March April May June

Figure |. Schema of sampling for digital gene expression analysis. Four DGE libraries, including early diapause pupae (ED), late diapause pupae(LD) and post-diapause
pupae (PD) and diapause pupae terminated by 20-Hydroxyecdysone (DT) were selected for digital gene expression analysis during pupal stage. Pupal survival rate under constant

25 ° C temperature was set as an indicator of diapause intensity [20].
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Evaluation of DGE libraries

The frequency of each DGE library was handled
by means of statistics following the rigorous algo-
rithm represented in Audic et al. to identify the dif-
ferentially expressed genes [42].The false discovery
rate (FDR) was used to determine the threshold of P
value in multiple tests by manipulating the FDR val-
ue. Gene expressions were considered significantly
different with a cut-off value FDR < 0.001 and |log2
ratio| > 1. GO and KO enrichment analyses were
performed according to a method described by Xue et
al [40]. In the GO/KO enrichment analyses, all the P
values were rectified by Bonferroni. The corrected P
value < 0.05 was set as a threshold to determine sig-
nificantly enriched GO/KO terms. The cluster analy-
sis was performed using cluster [43] and Java Tree
view [44].

Validation of gene expression by qRT-PCR

Total RNA of four types of pupae (ED, LD, PD
and DT) were extracted. The concentration of RNA
samples were determined using NanoDrop and di-
luted to 1 pg/ul with Rnase free water. Thereafter,
2pg of total RNA was used for reverse transcription
using PrimeScript RT reagent Kit (Takara, Dalian).
The specific primers of selected genes were listed in
Additional File 2: Table S2. The alpha-tubulin gene
was used as an internal gene. qRT-PCR was per-
formed using SYBR Premix EX Tag Kit (Takara, Da-
lian) following the manufacturer’s protocol on a 7300
real-time PCR system (Applied Biosystems, USA). A
relative quantitative method (AACt) was used to
evaluate the relative gene expression data. All
qRT-PCR were performed in three biological and
three technical replications.

Results

Illumina sequencing and data processing

A total number of 58,334,980 raw reads was
generated from the cDNA library (Table 1). The raw
trancriptome data were deposited in the GenBank
Sequence Read Archive (Accession: SRR1238396).
After filtering raw reads, a total of 52,519,948 reads
were assembled into 100,498 contigs with an average
length of 363 bp. The contigs were then assembled
into 47,217 unigenes including 8,981 distinct clusters
and 38,236 distinct singletons after paired-end reads
and realignment which showed an average length of
815 bp. This Transcriptome Shotgun Assembly project
has been deposited at DDBJ/EMBL/GenBank under
the accession GBIT00000000. The version described in
this paper is the first version, GBIT01000000. To check
the quality of sequencing data, we selected 14 uni-
genes and amplified their partial sequences by PCR

using 14 pairs of primers. The PCR products were
consistent between RNA-Seq data and Sanger se-
quencing (Additional File 3: Table S3).

Table I. Summary statistics of transcriptome of Bactrocera minax.

Summary statistics

Total raw reads 58,334,980
Total reads 52,519,948
Total nucleotides (nt) 4,726,795,320
Q20 percentage 97.43%

GC percentage 43.26%

Total number of contigs/ unigenes 100,498/47,217
Mean length of contigs/ unigenes 363/815

N50 of contigs/unigenes 708/1,422
Distinct clusters/ singletons 8,981/38,236

Sequences with E-value < 105 against NR/NT database 26,843/16,368

Function Annotation and classification of
assembled transcripts

For the unigene annotation, we aligned the
transcript sequences using BLASTX against the
non-redundant (nr) NCBI protein database with a
cut-off E-value of 105. A total of 26,843 (56.85% of all
unigenes) sequences provided a BLASTX result (Ad-
ditional File 4: Table S4). The E-value, similarity and
species distribution of the best hits in NR database are
shown in Additional File 13: Figure S1. More than
50% mapped sequences have strong homology with
E-value less than 1.0 X10%° whereas the remaining
homological sequences ranged from 1.0 X10- to 1.0 X
10-%0 (Figure S1A). The percentage of high similarity
sequences i.e., higher than 80% is 18.39% while the
other matched sequences (81.61%) showed a similar-
ity ranging from 17% to 80% (Figure S1B). Most
matched sequences (60.06%) showed strong homolo-
gy with Drosophila (Figure S1C).

We performed functional annotations of gene
ontology (GO) and of clusters of orthologous groups
(COQG) to classify the potential functions of the pre-
dicted genes. Among 47,217 unigenes, approximately
16.51% and 22.84% of the unigenes were categorized
into 50 functional GO groups and 25 COG categories,
respectively (Additional File 13: Figure S2). In each of
the three main categories of GO classification, i.e.,
molecular function, biological process and cellular
component, the terms “binding and catalytic activity”,
“cellular process and metabolic process” and “cell and
cell part” were dominant, respectively (Figure S2A,
Additional File 5: Table S5). For COG classification,
the cluster of ‘general function prediction only” cate-
gory stood for the largest group (3,792, 35.16%) fol-
lowed by ‘Transcription” (1,782, 16.52%), ‘Carbohy-
drate transport and metabolism” (1,774, 16.45%) and
‘Translation, ribosomal structure and biogenesis’
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(1,754, 16.26%) (Figure S2B).

Unigene metabolic pathway analysis

To further understand the gene functions on the
biological pathways involved, the assembled uni-
genes were subjected to the canonical pathways ref-
erenced in the Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) for pathway analysis. Based on the
comparison with the KEGG database using BLASTX
with an E-value cut-off of <10, a total of 18,711 uni-
genes with pathway annotation were assembled into
240 KEGG pathways. The majority of unigenes were
clustered in the “Metabolic pathways’ (2,929, 15.65%)
followed by ‘Pathways in cancer’ (746, 3.99%) and

genes were reported to be structurally and function-
ally conserved through insect evolution [49]. These
unigenes from B. minax were observed to share de-
scent with Drosophila melanogaster and Bombyx mori by
orthologous relationship analysis based on protein
sequences alignment (Figure 3). These genes involved
in PTTH and steroid hormone biosynthesis provide
broad perspectives in the insect diapause [3, 36, 50,
51].

Table 2. Unigenes annotated to prothoracicotropic hormone
(PTTH) receptor signalling transduction and steroid hormone
biosynthesis pathways.

‘Regulation of actin cytoskeleton” (666, 3.56%) (Addi-  Pathway All;nigenes with  Pathway ID
. . . . . i pathway annotation
tional File 6: Table S6.). Seve.ral unigenes identified {5 signalling pathway 103 Ko0a010
belonged to prothoracicotropic hormone (PTTH) re-  wnsignalling pathway 382 Ko04310
ceptor signalling transduction [45] and steroid hor-  MAPKsignalling pathway - fly 120 Ko04013
mone biosynthesis pathways (Table 2) [46], as well as ~ MTOR signalling pathway 155 Ko04150
. di hvth 471.S . id ified Calcium signalling pathway 334 Ko04020
circadian rhythm [47]. Some unigenes were identifie Steroid biosynthesis 47 Ko00100
in the insulin signalling pathway which is a conserved  steroid hormone biosynthesis 70 Ko00140
pathway in insect diapause controlling (Figure 2) [48].  Terpenoid backbone biosynthesis 40 Ko00900
o I . Insect h iosynthesi Ko00981
The putative identified genes required for ecdyster- ~ msecthormone biosynthesis » 0008
. . . P , Insulin signalling pathway 348 Ko04910
oidogenesis, i.e.,, ‘Halloween’ genes and Neverland,
were tabulated in Table 3, which encode the enzymes
needed to convert cholesterol to 20E. Halloween P450
I INSULIN SIGNALING PATHWAY I
Glucose
’J_LI,—,—‘ Translocation homeostasis
Flotillin CAP Crkll el Exo70| o ..__E'EM__ _ J
[(aps —{ cb1 —— GRFZ]| LICI0 § CIP4/2 (" TH| GLUT4 vesicle > GLUTI—0 ~* Glucose uptake
Glucose

+p »
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+ps : serine phosphorylation
+py : tryosine phosphorylation
-py : tyrosine dephosphorylation

PK signali
pathway

+p L.

AMPK! ACC \,— — —» Lipogenesis -~ N
FAS -7 '
— _- Fatty acid H

—=————»SREBP-1¢| — — — — — — > K f
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o ]| i
-la | 1
== =" Glycolysis -~ H
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Figure 2 . Metabolic pathway of insulin signalling pathway for unigenes by KEGG annotation.
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Figure 3. Phylogenetic orthologous relationship of putative Halloween genes from Bactrocera minax with Drosophila melanogaster and Bombyx mori. A neighbour-joining tree was
constructed based on P450 protein sequences encoded by Halloween genes of B. minax, D. melanogaster, and B. mori. The complete sequences of D. melanogaster and B. mori were
provided in KF Rewitz, MB O’Connor and LI Gilbert [57]. Bootstrap values less than 1000 (for 1000 bootstrap trails) were shown.

Table 3. The genes required for ecdysteroidogenesis identified in insect molting hormone synthesis pathway.

Gene symbol Unigene ID Length (bp) Accession Evalue Species

Neverland Unigene21710 560 XP_002070225.1 5.00E-46 Drosophila willistoni
Spook Unigene20374 594 XP_001353744.2 7.00E-74 Drosophila pseudoobscura
Phantom Unigene18345 688 XP_002071819.1 2.00E-53 Drosophila willistoni
Disembodied Unigene7801 673 XP_002047767.1 4.00E-61 Drosophila virilis

Shadow Unigene19056 297 AEO53064.1 3.00E-34 Bactrocera dorsalis

Shade CL2279.Contigl 1980 XP_001956409.1 0 Drosophila ananassae

Digital gene expression (DGE) libraries
sequencing

Four DGE libraries were sequenced and gener-
ated approximately 6 million raw tags in each library.
Four raw DGE data (ED, LD, PD and DT) were de-
posited in GenBank Sequence Read Archive (Acces-
sion: SRR1238397). After removing low quantity tags,
the number of tags for each sample ranged from 5.78
to 6.02 million (Additional File 13: Figure S3 and Ad-
ditional File 7: Table S7). Among those tags, the total
number of all tags mapped to genes distributed from
4.87 million to 5.34 million, and the proportion of
these tags ranged from 83.27% to 88.60% in libraries.
The distribution of total tags and distinct tags with
different abundance categories, i.e., different count
numbers, were analysed to evaluate DGE data (Addi-
tional File 13: Figure S4). The proportion of
high-expression tags (with count numbers > 100) ex-
ceeded 80% in total tags whereas their percentage in
all distinct tags amounted to approximately 6%. By
contrast, those low-expression tags (with count

numbers < 5) represented a dominant ratio (no less
than 53%) in all distinct tags in spite of the fact that
they showed a smaller proportion in total tags (less
than 3%).

Gene expression variations among different
developmental stages

To identify gene expression during pupal dia-
pause developmental stages, the number of tags for
each gene was calculated and the differentially ex-
pressed genes were identified using an algorithm
developed by S Audic and JM Claverie [42]. A total of
15,096 genes were expressed differentially in six
pairwise comparisons: DT vs ED, PD vs ED, LD vs ED,
DT vs PD, DT vs LT and PD vs LD (Additional File 13:
Figure S5). Among these genes, 28.85% (4,355) had
significant differences in transcriptional expression
level across libraries filtered by the absolute value of
logoRatio > 1 based on the FDR < 0.001 (Figure 4, Ad-
ditional File 8: Table S8). It was shown that global
changes in transcript abundance firstly decreased and
then increased with pupal diapause development.
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However, more differentially expressed transcripts
were found in pupae treated by 20-hydroxyecdysone
(DT) compared to pupae in diapause status (ED, LD
and PD).

20004 B Up-regulated

1800 [ Down-regulated

1600

1400

1200

1000

800

Number of DGEs

600

400

200

) ) % ) % %
% % 4 % %
S S

K ©

S <

= < 2

o o
Figure 4. Changes in gene expression profile in comparison of different
types of pupae. The numbers of upregulated and downregulated genes in different
comparisons are summarized. ED: early diapause; LD: late diapause; PD:
post-diapause; DT: diapause terminated.

Functional analysis of differentially expressed
genes

To fully understand the functions of DGEs in-
volved in pupal diapause development, all the DGEs
were mapped to the whole transcriptome background
and given GO/KO annotations. GO/KO enrichment
analysis results in each comparison were summarized
as P value < 0.05 (LD/ED; PD/ED; DT/ED; PD/LD;
DT/LD and DT/PD in Additional File 9: Table S9,
Additional File 10: Table S10). To simplify the signif-
icantly enriched KEGG pathways among comparisons,
we concluded KEGG gene sets by limiting corrected P
value < 0.01 and removing pathways reported in
connection to human diseases (Table 4). GO and KO
annotations suggested that transcripts in DT were
enriched in stress response, cellular structure, meta-
bolic process and cell proliferation. Metabolic process
including protein biosynthesis, endocrine biosynthe-
sis and carbohydrate metabolism was activated for
individual development after diapause terminated.

Table 4. Enrichment of gene set representing KEGG biochemical pathways among different comparisons.

Comparison KEGG gene set Comparison KEGG gene set
DT vs ED Ribosome DT vs LD Ribosome
Oxidative phosphorylation Metabolic pathways
Metabolic pathways Protein processing in endoplasmic reticulum
Proteasome Phagosome
Antigen processing and presentation Antigen processing and presentation
Protein processing in endoplasmic reticulum Proteasome
Primary bile acid biosynthesis * Steroid biosynthesis
Steroid biosynthesis * Lysosome *
Glyoxylate and dicarboxylate metabolism * Collecting duct acid secretion *
Renin-angiotensin system * Oxidative phosphorylation *
Phototransduction - fly * Butanoate metabolism *
Phagosome * Phototransduction - fly *
Cardiac muscle contraction * Focal adhesion *
Linoleic acid metabolism * Arachidonic acid metabolism *
Valine, leucine and isoleucine degradation * Fructose and mannose metabolism *
Cysteine and methionine metabolism * ECM-receptor interaction *
Glyoxylate and dicarboxylate metabolism *
DT vs PD Ribosome PD vs ED Renin-angiotensin system
Protein processing in endoplasmic reticulum Protein processing in endoplasmic reticulum *
Metabolic pathways ECM-receptor interaction *
Antigen processing and presentation Protein export *
Complement and coagulation cascades Complement and coagulation cascades *
Cysteine and methionine metabolism * Tyrosine metabolism *
Glycolysis/Gluconeogenesis * PD vs LD ECM-receptor interaction
Proteasome * Phagosome
Phagosome * Protein export
Steroid biosynthesis * Complement and coagulation cascades
Oxidative phosphorylation * Riboflavin metabolism *
Butanoate metabolism * Protein processing in endoplasmic reticulum *
Primary bile acid biosynthesis * LD vs ED Proteasome *

Collecting duct acid secretion *

Glyoxylate and dicarboxylate metabolism *
Protein digestion and absorption *

Pentose phosphate pathway *

Linoleic acid metabolism *

Spliceosome *

Valine, leucine and isoleucine degradation *
Phototransduction - fly *

ECM-receptor interaction *
Oxidative phosphorylation *
Galactose metabolism *

All P-values<0.001 except for those with an asterisk (*P<0.01)
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A total of 12,713 genes were detected during B.
minax pupal diapause development, i.e., ED, LD and
PD. Among these, 2,659 differentially expressed genes
were filtered according to the absolute value of
log>Ratio > 1 based on the FDR < 0.001 (Additional
File 11: Table S11). These genes were divided into
three groups using Genesis based on K-means meth-
od (Figure 5) [52]. Apart from few stress-associated
transcripts, e.g., binding, structure molecular activity,
molecular transducer activity and enzyme regulator
activity, over-expressed in late diapause clustered
together, clusters 1 and 3 represented two reverse
expression patterns for catalytic, transporter, tran-
scription regulator, translation regulator and antiox-
idant activities, which related to diapause entry and
preparation to resume development. Moreover, 24
unigenes classified as heat shock proteins (HSPs, an-
notated in Additional File 12: Table S12) contributed
to cold hardiness and dehydration tolerance which
showed diverse responsive expression patterns to
diapause (Figure 6).

Validation of gene expression profile

To validate the gene expression profiles, 15
genes were examined using qRT-PCR. The results of

ED LD

qRT-PCR expression strongly correlated with the
DGE data (Pearson’s r correlation coefficient > 0.80,
Figure 7). Therefore, DGE profiling can be used as a
tool to investigate specific diapause associated genes
which show comparative expression levels among the
different stages of pupae.

Discussion

Transcriptome data analysis and genes
identified in diapause related pathway

From Illumina sequencing, we obtained
58,334,980 reads and assembled into 47,217 unigenes
in B. minax. Among them, 56.85% (26,843) unigenes
were found homologous to functional genes encoding
specific proteins in GenBank. As a member of Diptera,
B. minax showed a close relationship with Drosophila, a
model Diptera species whose genomic data is well
documented [53]. A similar distribution was found in
another Tephritidae fruit fly B. dorsalis [31]. From our
research results, only 11 unigene sequences were an-
notated with recorded sequences of B. minax in Gen-
Bank, which suggested that the transcriptome se-
quences provided a meaningful contribution to ge-
netic data on B. minax.
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Figure 5. Differential expression genes were filtered with the absolute value of log2Ratio = | based on the FDR < 0.001 among ED, LD and PD. Each column stands for an
experimental sample i.e., ED, LD, and PD for early, late, and post-diapause respectively, and each row represents a gene. Red stands for high expression while green stands for

low expression.
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Figure 6. Differential expression genes of identified heat shock proteins related to diapause development in Bactrocera minax early, late, and post-diapause stage. Each column
stands for an experimental sample i.e., ED, LD, and PD for early, late, and post-diapause respectively, and each row represents a gene. Red stands for high expression while green

stands for low expression (Grey denotes undetected expression).
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Figure 7. Correlation analysis of qRT-PCR results and digital gene expression data
for selected genes among different developmental stages

Many genes linked to insect diapause regulation
were identified in reported pathways. Crosstalk be-
tween insulin signalling and FOXO i.., forkhead
transcription factor, mediated the diapause response
in Diptera and Lepidoptera [7, 48, 54]. Wnt and TOR
(target of rapamycin) signalling were considered as
candidates for early regulation of diapause termina-
tion in the apple maggot [8]. It is well known that

1 EEeo Lo PO DT

log, (Relative Quantitation)

Figure 8. qRT-PCR analysis for selected genes among different develop-
mental stages. Gene relative expression levels are calculated by real-time PCR
using alpha-tubulin as the standard and are shown on ordinate axis. Early diapause, ED;
late diapause, LD; post-diapause, PD; diapause terminated, DT.

induction and termination of diapause are controlled
by endocrine hormones secreted by endocrine glands
and mediated by environment stimuli [36]. Endocrine
signalling and hormone biosynthesis cascades, in-
cluding PTTH receptor signalling transduction [6, 50,
51, 55] and ecdysone biosynthesis [49, 56], are closely
linked to insect diapause termination. Halloween
gene family, encoding cytochrome P450 enzymes that
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mediated the biosynthesis of 20E from cholesterol,
have been structurally and functionally conserved for
400 million years throughout insect evolution [49].
Spook (CYP307Al), a rate-limiting enzyme for 20E
biosynthesis [45], is required for 20E biosynthesis in
Drosophila melanogaster [57], which is involved in step
catalysing 7-dehydrocholesterol to diketol and was
named the “Black Box”. Moreover, these sequences
classified in ERK/MAPK pathway cascades also pro-
vided an insightful perspective on signal transduction
for further gene mining [58-60]. Therefore, de novo
transcriptome sequencing provided comprehensive
genetic data that substantially improved the genomic
background for this Tephritid fly species.

Different genes expressed in DT compared to
ED, LD and PD

Compared to the different diapause status (ED,
LD and PD), diapause terminated (DT) individuals
shifted largely to aerobic metabolism which mainly
focused on protein processing, carbohydrate and lipid
metabolism favouring the developmental resumption.
Numerous genes were selectively upregulated and
downregulated in global transcript expression level
(Figure 4). The GO/KO enrichment analysis revealed
that large-scale gene sets were enhanced in metabo-
lism and oxidative phosphorylation pathways in
transcript abundance of DT compared to the other
landmarks, i.e., ED, LD and PD (Table S9, Table S10).
The KO enrichment in DT vs ED indicated that pupae
treated with 20-hydroxyecdysone significantly clus-
tered into amino acid and carbohydrate metabolism,
as well as lipid metabolism (Table 4, Table 510). This
points to large scale protein remodelling and energy
preparation for the resumption of development re-
leasing from metabolism depression. Linoleic acid,
which is necessary for emergence and normal for-
mation of the scales on the wings [61], was upregu-
lated in its biosynthesis pathway in DT vs ED/LD
(Table 4, Table S10). Four top pathways were identical
when comparing DT to ED/LD/PD with P value <
0.001, “Ribosome”, “Protein processing in endoplas-
mic reticulum”, “Metabolic pathways”, “Antigen
processing and presentation”. Ribosome which
served as the primary site of biological synthesis with
regard to protein rearrangement and enzyme bio-
synthesis was involved in the top enriched pathway
when diapause terminated. The sequences highly
enriched in ribosome showed its significant role in
diapause transition when diapause terminated, de-
spite the fact it appeared to slightly lag after upstream
regulatory genes expression. These genes especially
expressed in DT were presumably associated with
diapause switching mechanism and not solely for
metabolic machinery. The phosphorylation of the ri-

bosomal protein S6 can result in increased ecdysone
production [46]. RpS3a (Unigene15293) coding ribo-
somal protein S3a was found diapause-specifically
expressed only in DT and verified by qRT-PCR (Fig-
ure 8), which showed a consistent expression pattern
in C. pipiens diapause individuals [62]. Phenylalanine
and tyrosine, the crucial aromatic amino acids used to
produce the new adult cuticle that will form at the
onset of adult morphogenesis [8], were significantly
upregulated in biosynthesis in DT vs ED/LD. Ser-
ine/threonine-specific protein kinase (Akt,
Unigene21913), which is one of the major upstream
genes in insulin signalling pathway associated with
multiple cellular processes such as cell growth [8],
was specifically upregulated in the high expression
level in DT involved in controlling cell proliferation
(Figure 8). It was surprising that the
20-hydroxyecdysone application positively stimulat-
ed hormone precursor biosynthesis such as “steroid
biosynthesis” and “primary bile acid biosynthesis”.
Further testing is required to determine whether ex-
ogenous 20-hydroxyecdysone application acts on the
brain in the similar way tricarboxylic acid (TCA) in-
termediates mediated hormonal control [50] or just
replenishes the deficiency of ecdysteroids [63] to in-
terrupt diapause.

Gene expression pattern in ED-LD-PD

Various stress inducible sequences, coding heat
shock protein chaperones, were detected during dia-
pause development. Through diapause development
and termination in the natural environment, B. minax
was strongly influenced by low temperature [20].
HSPs are a group of highly conserved molecules that
play vital roles in insect diapause subjected to cold
stress [10, 64]. In Rhagoletis pomonella, HSPs specifi-
cally expressed during pupal diapause acted a pro-
tectant against low temperature injury [65]. In our
study, several putative identified HSPs exhibited a
diverse expression pattern through the ED-LD-PD
developmental axis (Figure 6), which was closely
linked to concurrent typical physiological character-
istics such as elevated stress tolerance and suppressed
metabolism. Two  HSPs  Unigenel4891  and
CL493.Contig2 expressions were verified by qRT-PCR
(Figure 8). A similar finding reported that the hardi-
ness of the onion maggot Delia antiqua to cold was
enhanced by HSP60 [66]. Suppressing the expression
of HSP23 and HSP70 did not change the diapause
transition or duration; it reduced overwintering cold
tolerance of S. crassipalpis [10]. Apart from the func-
tion of freeze-resistance, HSPs also played an im-
portant role in diapause development. HSP26 pre-
vented diapause termination and protected encysting
Artemia embryos from stress [67] and HSP23 was
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considered a normal component of the diapause syn-
drome and played an essential role during overwin-
tering development arrest [68].

Metabolisms, controlling protective molecules
conversion and substantial preparation for meta-
morphosis, responded and adapted to environmental
changes. Glycerol and sorbitol, as the most common
cryoprotectant molecules, lower the supercooling
points and protect against protein denaturation [69].
Glycerol kinase (CL3214.Contigl) is a rate-limiting
enzyme in glycerol utilization [70], increasingly ex-
pressed during diapause to promote glycerol biosyn-
thesis which was stress-induced and related to high
cold resistance (Figure 8) [71]. In a specific way, sor-
bitol dehydrogenase (CL3305.Contigl), related to dia-
pause termination in eggs of B. mori [72], was upreg-
ulated in LD (Figure 8). This gene was presumably
involved in catalyzing biological carbohydrate con-
version from sorbitol which inhibited the develop-
ment of the diapausing egg of B. mori [73]. Compared
to ED, genes involved in metabolism and hormone
biosynthesis in LD were largely suppressed except for
the enhanced ribosome pathway (Table S10) when
exposed to an intensive cold pressure. During the
post-diapause development, amino acid metabolism
and insect hormone biosynthesis were positively en-
hanced, in a similar way to that reported in the apple
maggot fly R. pomonella [8]. Tyrosine metabolism in-
creasingly expressed in PD suggested it had already
been prepared for new adult morphogenesis despite
the natural harsh environment imposed (Table 4, Ta-
ble S10).

Conclusions

In the present study, a transcriptome database
has been produced on a large scale for B. minax using
[Mlumina sequencing. Through our results, we have
gained new insights into the genomics of this uni-
voltine fruit fly and they can be used as a reference to
provide comparative studies within the tephritids.
Based on the transcriptome background, DGE analy-
sis has contributed significantly to speedy disclosure
diapause-specific candidate genes/pathways for this
organism without complete genome sequences or
other genetic tools/resources. It provides valuable
data with regard to further investigation on molecular
mechanism underlying the pupal diapause termina-
tion in B. minax. In addition, our data provides a sub-
stantial contribution to many other meaningful bio-
logical processes in molecular research on B. minax
and other related pests.
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