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Abstract
Bursicon is an insect neuropeptide hormone that is secreted from the central nervous system into
the hemolymph and initiates cuticle tanning. The receptor for bursicon is encoded by the rickets
(rk) gene and belongs to the G protein-coupled receptor (GPCR) superfamily. The bursicon and its
receptor regulate cuticle tanning as well as wing expansion after adult eclosion. However, the
molecular action of bursicon signaling remains unclear. We utilized RNA interference (RNAi) and
microarray to study the function of the bursicon receptor (Tcrk) in the model insect, Tribolium
castaneum. The data included here showed that in addition to cuticle tanning and wing expansion
reported previously, Tcrk is also required for development and expansion of integumentary
structures and adult eclosion. Using custom microarrays, we identified 24 genes that are
differentially expressed between Tcrk RNAi and control insects. Knockdown in the expression of
one of these genes, TC004091, resulted in the arrest of adult eclosion. Identification of genes that
are involved in bursicon receptor mediated biological processes will provide tools for future
studies on mechanisms of bursicon action.
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Introduction
During the postembryonic development, insects shed their old exoskeletons through
stereotyped ecdysis behavior to accommodate growth or change in shape. Immediately after
each ecdysis, the new and soft cuticles undergo tanning (sclerotization and melanization)
processes to resume their protection functions. More than four decades ago, a blood-borne
tanning hormone was discovered in blowflies and was named bursicon (Cottrell, 1962;
Fraenkel and Hsiao, 1962; Honegger et al., 2008). However, many attempts to purify and
identify this hormone failed until the first bursicon gene was cloned from the fruit fly,
Drosophila melanogaster in 2004 (Dewey et al., 2004). In a molecular genetics study, Baker
and Truman (2002) discovered that bursicon regulated cuticle tanning and wing expansion
through a leucine-rich repeats containing G protein-coupled receptor 2 (LGR2) encoded by
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the gene rickets (rk) in D. melanogaster. Recently, two parallel studies discovered that the
active form of bursicon consists of a heterodimer of two cystine knot peptides encoded by
CG13419 (named burs) and CG15284 (named pburs) (Luo et al., 2005; Mendive et al.,
2005). Recombinant bursicon binds to the bursicon receptor (rk) with high affinity (Kd = 2.5
× 10−9 M) (Luo et al., 2005). Heterodimeric burs and pburs stimulated intracellular cAMP
levels in rk-expressing cells, while burs or pburs alone have no effect on cAMP levels (Luo
et al., 2005; Mendive et al., 2005). The discovery of bursicon (hereafter bursicon will be
used to refer to the heterodimer of burs and pburs) and its receptor has been reviewed
recently (Honegger et al., 2008).

In several insects, bursicon and the bursicon receptor were found to be involved in cuticle
tanning, wing expansion and maturation after adult eclosion (Baker and Truman, 2002; Dai
et al., 2008; Dewey et al., 2004; Huang et al., 2007). The rk and burs mutant flies are not
able to expand their wings after adult eclosion suggesting that bursicon may regulate the
wing expansion motor program (Baker and Truman, 2002; Dewey et al., 2004). RNAi-aided
knockdown in the expression of burs in Bombyx mori pupae also led to the defects in wing
expansion (Huang et al., 2007). It has been suggested that bursicon initiates wing epithelial
cell death leading to the fusion of the ventral and dorsal layers of cuticle (Kimura et al.,
2004). Bursicon signaling also triggers epithelial–mesenchymal transition (EMT) leading to
the removal of the epithelial cells from the wing (Natzle et al., 2008).

Studies on the expression of bursicon showed that the burs gene is expressed in a subset of
crustacean cardioactive peptide (CCAP) neurons in D. melanogaster. Targeted ablation of
the CCAP neurons eliminated bursicon bioactivity (Dewey et al., 2004). Crustacean
cardioactive peptide is one of the major neuropeptide hormones involved in ecdysis
behavior and CCAP-cell ablation resulted in deficiencies in both pupal and adult ecdysis
(Park et al., 2003). Recently, Arakane et al. (2008) reported that the knockdown in the
expression of genes coding for bursicon and its receptor (Tcrk) in Tribolium castaneum by
injecting dsRNA into the pharate pupae caused the wrinkled elytra phenotype, but showed
no effect on cuticle tanning. Interestingly, when we injected Tcrk dsRNA into the early
stage last instar larvae, cuticle tanning, development and expansion of integumentary
structures and the adult eclosion were affected in RNAi insects. Furthermore, we performed
microarray analysis to study the molecular mechanism of bursicon action and identified 24
genes that are differentially expressed between Tcrk RNAi and control insects. Knockdown
in expression of one of these genes (TC004091) resulted in the arrest of adult eclosion,
suggesting TC004091 may play an important role in bursicon receptor mediated biological
processes such as adult eclosion in T. castaneum.

Materials and Methods
Beetle rearing and staging

Strain GA-1 of T. castaneum was reared on organic wheat flour containing 10 % yeast at
30°C. The final instar larvae were staged based on untanned white head phenotypes
observed immediately after molting.

Double-stranded RNA (dsRNA) synthesis
For preparing dsRNA, primers containing gene-specific sequences and T7 polymerase
promoter (TAATACGACTCACTATAGGG) at the 5′-end of both the forward primer and
reverse primer were used to amplify a 200–600 bp region of genes (Table S3). The PCR
products were used as templates for dsRNA synthesis using the Ambion MEGAscript
transcription kit (Ambion, Austin, TX). DsRNAs were treated with DNase I (Ambion,
Austin, TX) and purified using a phenol/chloroform extraction followed by ethanol
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precipitation. DsRNAs were then dissolved in nuclease-free water to a concentration of 3–5
μg/μl. The quality of dsRNAs was checked by running on an agarose gel and the
concentration of dsRNAs was measured using a NanoDrop1000 spectrophotometer (Thermo
Fisher Scientific Inc., Waltham, MA).

DsRNA Microinjection
One-day-old final instar larvae were anaesthetized using ether vapors for 5 min, and then
placed on double-sided sticky tape over a glass slide. 200–500 ng of dsRNA was injected
into each larva on the lateral side of the second or third abdominal segments using a
aspirator tube assembly (Sigma) fitted with 3.5″ glass capillary tube (Drummond) pulled by
a needle puller (Model P-2000, Sutter Instruments Co.). Injected larvae were allowed to
recover for one hour at room temperature, and then transferred to 30°C incubator. Control
larvae were injected with dsRNA for the malE gene from Escherichia coli.

Imaging and documentation
RNAi phenotypes were photographed using the modular zoom system (Leica Z16 APO,
Germany) fitted with JVC 3CCD Digital Camera KY-F75U. The images were documented
using Cartograph version 6.1.0 (GT Vision Demonstration) and processed using Archimed
version 5.2.2 (Microvision Instruments).

Wing length and pronotum width measurement
Elytras or pronotums from ten two-day-old pupae were dissected in 1 × PBS. Elytras and
pronotums were then photographed as described above and the length and width of these
structures were measured using NIH ImageJ program (http://rsbweb.nih.gov/ij/). The elytra
length refers to the distance from the distal end of the elytra to the base of the elytra along
the proximal-distal axis. The pronotum width refers to the maximal distance cross the pupal
pronotum.

Behavioral studies
Eclosion behavior was video recorded at 25 °C using a Panasonic digital camera GP-KR222
and JVC SR-DVM70 video recorder. Images were exported from video files at various time
points during the adult eclosion. Six to seven individuals from Tcrk RNAi and control
groups were analyzed.

Microarray analysis
Total RNA was isolated from pooled wings, legs and abdominal epidermis tissues dissected
from 6–7 Tcrk RNAi or control pupae per replicate using RNeasy Kit (Qiagen). Abdominal
epidermis was prepared by removing the alimentary canal followed by cleaning of fat body
and muscles from the abdomen. The final preparation contains epidermis and some
contaminating muscle, trachea and fat body tissues. Two hundred nanograms of total RNA
samples from three replicates for each treatment were labeled using Agilent Low RNA input
fluorescent linear amplification kit. Labeled cDNAs were purified using RNeasy mini
purification columns (Qiagen). Fifteen picomoles of labeled cDNAs were used for
hybridization. The 60-mer-oligonucleotide chips were designed based on 15,008 predicted
genes and 736 control probe sets (Agilent Technologies). The hybridizations were
performed according to the manufacturer’s instructions (Agilent Technologies). The
microarray slides were scanned using Typhoon 9410 scanner (GE HealthCare) and the
images were analyzed using ArrayVision v.8.0 software (Imaging Research Inc.). The
normalization and statistical analysis were done using GeneSpring GX v.9.0.1 software.
Normalization was performed using a per-chip 50th percentile method that normalizes each
chip on its median, allowing comparison among chips. The expression of each gene was
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normalized on its median among samples. The differentially expressed genes of significance
were evaluated with the aid of volcano plots (p-value vs. fold change). Pair-wise comparison
between experimental and control groups used the data derived from the volcano plots. The
false discovery rate calculations were performed using Bonferroni or Benjamini-Hochberg
multiple testing correction to adjust p-value. The cut-off of differential gene expression
between treatments was set as p-value ≤ 0.05 and fold change ≥ 1.2.

Bioinformatics
Hierarchical cluster analysis of gene expression was used to group genes with similar
expression pattern. Genes with differential expression pattern between malE control and
Tcrk RNAi beetles were selected from the microarray data. The expression data were
logarithm transformed and grouped using hierarchical clustering algorithm in Gene Cluster
3.0 program (de Hoon et al., 2004). Heat-map was generated using Java Treeview program
(Saldanha, 2004).

Gene Ontology (GO) information of each gene was retrieved using Blast2go program (Gotz
et al., 2008). To identify T. castaneum ortholog for each gene identified in D. melanogaster
microarray analysis (An et al. 2008), we retrieved the amino acid sequences encoded by
bursicon regulated genes identified in D. melanogaster from Flybase (http://flybase.org/).
Retrieved D. melanogaster sequences were then used as queries in a BLASTP search
program against T. castaneum peptide database (Glean prediction, 05-19-2006 version). The
T. castaneum hits with an E value less than 1 × 10−25 and amino acid sequence identity
more than 30 % were considered as D. melanogaster ortholog.

cDNA synthesis and quantitative real-time reverse-transcriptase polymerase chain
reaction (qRT-PCR)

Total RNA was extracted from the whole bodies, or tissues dissected from the staged larvae
and pupae using TRI reagent (Molecular Research Center Inc., Cincinnati, OH). Total RNA
was then treated with DNase I (Ambion, Austin, TX) in a 50 μl total reaction volume
following the manufacturer’s protocol. cDNA synthesis by reverse transcription was
performed using 2 μg of DNase I treated RNA and iScript cDNA synthesis kit (Biorad
Laboratories, Hercules, CA) in a 20 μl reaction volume. QRT-PCR was performed using
MyiQ single color real-time PCR detection system (Biorad Laboratories, Hercules, CA).
qRT-PCR was performed in a 20 μl total reaction volume containing 1 μl of cDNA, 1 μl 10
mM each of forward and reverse gene specific primers (Table S4), 7 μl of H2O and 10 μl of
supermix (Biorad Laboratories, Hercules, CA). Standard curve was obtained using a ten-fold
serial dilution of pooled cDNAs. Ribosomal protein, Tcrp49 was used as an internal control.
The mRNA abundance of each gene was obtained relative to Tcrp49 mRNA by a standard-
curve based method (Larionov et al., 2005;Rutledge and Cote, 2003). Mean and standard
errors for each time point were obtained from the averages of three independent biological
replicates.

In vitro tissue culture assay
The wings were dissected from staged pupae under aseptic conditions and cultured in
Grace’s medium (Invitrogen, Grand Island, NY) for 3 hours. The entire medium was
replaced with fresh medium containing 1 μM 20-hydroxyecdysone (20E, Sigma chemical
company) and incubated for an additional 6 hours. Then, the total RNA was extracted from
the wing tissues and used to quantify Tcrk mRNA levels by qRT-PCR.
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Statistical analysis
Student’s t-Test and analysis of variance were performed using JMP 8.0 (SAS Institute Inc.,
Cary, NC) to test for statistical differences among treatments (α = 0.05). Pair-wise
comparisons were performed using the Tukey-Kramer HSD method.

Results
Bursicon receptor is required for pupal cuticle tanning

The gene coding for bursicon receptor (Tcrk) of T. castaneum (GenBank accession no.
XP_975514) was recently identified (Arakane et al., 2008). However, RNAi-mediated Tcrk
gene silencing showed no effect on cuticle tanning. Since the primary function of bursicon
and its receptor is the regulation of cuticle tanning, we reexamined whether the Tcrk is
involved in the tanning process. The difference between our experiments and the previous
study is the time of dsRNA delivery. We injected the Tcrk dsRNA into one-day-old final
instar larvae. Tcrk dsRNA was injected into the pharate pupae in the previous study. As
shown in Figure 1, the cuticle tanning was delayed in the pupae developed from Tcrk
dsRNA injected larvae. The pupae developed from the control larvae injected with malE
dsRNA initiated tanning by 8 h after ecdysis into the pupal stage (AEP). The cuticle
sclerotization of the posterior edge of each abdominal segment was evident in the control
pupae (Fig. 1E). In contrast, very little tanning was observed by 8 h AEP in the pupae
developed from the larvae injected with Tcrk dsRNA (Fig. 1F). Although the cuticle tanning
gradually increased by 24 h AEP, the overall tanning in the Tcrk RNAi pupae was less than
that observed in the control pupae (Fig. 1D, 1D′). These results suggest that Tcrk is required
for complete cuticle tanning during the pupal stage.

Knockdown in the expression of bursicon receptor affects the development and expansion
of integumentary structures and adult eclosion

Pupae developed from the larvae injected with the Tcrk dsRNA showed shortened wings
and elongated abdomens (Fig. 2A′). The hind wings (Fig. 2B′) as well as the elytra (data not
shown) dissected from the Tcrk RNAi pupae were not fully expanded. Interestingly, the
expansion of other integumentary structures such as gin traps, legs and pronotum was also
affected in the Tcrk RNAi insects (Fig. 2C′, 2D′, 2E′). As shown in Figure 2F, elytra length
and pronotum width were significantly reduced in Tcrk RNAi beetles when compared to the
elytra length and pronotum width in the control beetles. The gin trap is a pupal-specific
integumentary structure that is formed during the quiescent stage (a stage when final instar
larvae stop feeding and change to a “C” like shape prior to pupal ecdysis). The gin traps
formed in the Tcrk RNAi pupae were shorter than those in the control pupae. These data
suggest that the Tcrk is required for development and expansion of integumentary structures
during the pupal stage in T. castaneum.

Interestingly, Tcrk RNAi in T. castaneum also caused a lethal arrest during adult eclosion.
The adults eclosed from the pupae developed from the larvae injected with the Tcrk dsRNA,
showed the exuviae that remained attached to the end of the abdomen (Fig. 3G), while the
pupal cuticle covering the head and the thoracic regions was partially shed (Fig. 3H). To
further investigate the role of the Tcrk in the ecdysis behavior, we placed 6–7 four-day-old
pupae developed from the larvae injected with the Tcrk or malE dsRNA under the
microscope with a video camera attached. Live video was recorded throughout the ecdysis
process. In both Tcrk and malE RNAi pupae, the normal ecdysis behavior was initiated (Fig.
3A, 3A′) and the wings were inverted to the dorsal side of the body (Fig. 3B, 3B′). However,
the adult head and thoracic region were not able to escape from the old cuticle in the Tcrk
RNAi insects (Fig. 3D′), while in the control insects shedding of the exuviae was completed
by 15 min after the initiation of the ecdysis (Fig. 3D). The expansion of the adult wing was
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observed at 45 min after the beginning of the ecdysis in control insects (Fig. 3E). In contrast,
the insects injected with Tcrk dsRNA were still struggling to shed the old cuticle through the
anterior-posterior contractions at 45 min after initiation of ecdysis behavior (Fig. 3E′).
Eventually, Tcrk RNAi insects died with an incompletely shed cuticle attached to the body
(Fig. 3G, 3H). When Tcrk dsRNA was injected into the newly molted pupae, no shortened
wing and eclosion arrest phenotypes were observed and only the wrinkled adult elytra was
detected in the RNAi adults (Fig. S1). The wrinkled elytra phenotype observed in the adults
is similar to the wrinkled elytra phenotype reported by Arakane et al., 2008. These data
suggest that the effects of Tcrk RNAi are stage-dependent and the defects in adult eclosion
observed in the Tcrk RNAi insects may be a consequence of the defects in development and
expansion of integumentary structure caused by reduced levels of Tcrk.

To confirm whether the phenotypes shown above are caused by knockdown in the mRNA
levels of the Tcrk gene, we performed qRT-PCR to check the knockdown efficiency of Tcrk
RNAi (see supporting material for detail). Injection of Tcrk dsRNA caused about an 81%
reduction in the Tcrk mRNA levels (Fig. S2) and the Tcrk RNAi showed dose-dependent
effects on wing expansion and adult eclosion defects (Tables S1 and S2). To test the
specificity of Tcrk RNAi, a new dsRNA targeting a different region of Tcrk gene was
produced (named Tcrk-2 dsRNA) and tested. Injection of Tcrk-2 dsRNA caused similar
phenotypes observed in Tcrk-1 dsRNA injected insects (see supporting materials section for
detail).

Stage- and tissue-specific expression of bursicon receptor
The Tcrk mRNA levels were low at the beginning of the final instar larval stage (0–2 days),
then the Tcrk mRNA levels increased by three days after ecdysis into the final instar larval
stage (AEFL) (Fig. 4A). These higher levels of Tcrk mRNA were maintained until one day
after pupation. Then the Tcrk mRNA levels decreased and the lower levels were detected on
the 2nd day after pupation. The Tcrk mRNA levels increased again and reached the
maximum levels by the end of the pupal stage. Interestingly, the levels of Tcrk mRNA were
higher in the female tissues when compared to their levels in the male tissues. Also, the
abdominal epidermis and wing tissues showed the higher levels of Tcrk mRNA in
comparison to those in the midgut dissected from the pupae (Fig. 4B). The stage- and tissue-
specific expression patterns of Tcrk gene support its roles in the regulation of the
development and expansion of integumentary structures.

Bursicon receptor is an ecdysone-inducible gene
Ecdysteroids (20-hydroxyecdysone, 20E is the most active form) are one of the important
hormones involved in insect molting and metamorphosis. In D. melanogaster, 20E regulates
the formation of pupal and adult integumentary structures by up-regulating the expression of
the pupal cuticle genes such as Edg78E and Pcp (Zhou and Riddiford, 2002). In vitro
experiments showed that the Tcrk mRNA levels in the wing tissues dissected from the
newly molted pupae were induced by 1 μM 20E treatment (Fig. 5A). Furthermore, the Tcrk
mRNA levels were lower in insects injected with ecdysone receptor (EcR) dsRNA when
compared to the Tcrk mRNA levels in control insects injected with malE dsRNA (Fig. 5B).
These data suggest that the expression of the Tcrk gene is regulated by ecdysteroids.

Microarray analysis to identify genes whose mRNA levels change in the bursicon receptor
RNAi beetles

Microarray analyses were performed to compare the expression of genes in the
integumentary tissues between the Tcrk RNAi beetles and the control beetles injected with
malE dsRNA. Total RNA samples were isolated from the pool of pupal tissues including
wings, legs and abdominal epidermis dissected from the pupae at 0 h AEP and 24 h AEP. T.
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castaneum custom microarrays containing 15,208 probe sets were hybridized with the
probes prepared from these RNA samples. 11,928 probe sets were detected in at least one of
the RNA samples tested. Pair-wise comparison analysis applying highly stringent
Bonferroni correction to the microarray data identified 43 genes that were differentially
expressed between 0 h and 24 h AEP in insects injected with malE (control) dsRNA (Table
1). In contrast, in Tcrk RNAi pupae only five genes were expressed differentially between 0
h and 24 h AEP stages. The microarray data analysis after applying a less stringent
Benjamini-Hochberg correction identified 5410 genes that were differentially expressed
between 0 h and 24 h AEP in insects injected with malE dsRNA (Table 1). In contrast, this
correction identified only 418 genes that were differentially expressed between 0 h and 24 h
AEP stages in Tcrk RNAi pupae. These data suggest that global changes in gene expression
occur in integumentary tissues between 0 h and 24 h AEP and the presence of Tcrk is
required for changes in the expression of at least some of the genes.

Pair-wise comparison of microarray data identified 496 genes whose mRNA levels changed
by more than 1.2-fold with a p-value of less than 0.05 between control and Tcrk RNAi
beetles at 0 h AEP. Similar analysis identified 625 genes whose mRNA levels changed by
more that 1.2-fold with a p-value of less than 0.05 between control and Tcrk RNAi beetles at
24 h AEP. Among these genes, 18 genes were down-regulated and 6 genes were up-
regulated by Tcrk RNAi at both 0 h and 24 h AEP stages (Table S5). Using a hierarchical
cluster analysis, the 18 genes that were down-regulated by Tcrk RNAi were grouped into
two clusters (clusters 1 and 2), while 6 genes up-regulated by Tcrk RNAi were grouped into
one cluster (cluster 3, Fig. 6). The expression of cluster 1 genes is similar between 0 h and
24 h AEP, which is close to the expression pattern of Tcrk. In contrast, the expression of
cluster 2 genes is much higher at 0 h AEP when compared to their expression at 24 h AEP.
The expression patterns of three genes (TC004091, TC016332 and TC013400) showed the
closest relationship to the expression pattern of Tcrk. TC016332 encodes for a gag-pol
protein, while no known function or protein motifs were identified in TC004091 and
TC013400. The differential expression patterns of these genes in integumentary tissues
suggest that these genes may be associated with integumentary defects seen in Tcrk RNAi
beetles.

The expression of most of the sclerotization related genes (e.g. laccase 1 and tyrosine
hydroxylase) except for laccase 2 (TcLac2, TC010489) are similar in Tcrk RNAi and
control beetles. The TcLac2 mRNA levels were lower in Tcrk RNAi beetles than in the
control insects at 0 h AEP (Fig. S3). The reduction in the expression of TcLac2 in Tcrk
RNAi beetles suggests that Tcrk may influence pupal cuticle tanning by regulating the
expression of TcLac2 in T. castaneum.

We also compared the list of genes that are identified in our microarray analysis as those
that require the presence of Tcrk for their expression with the list of bursicon regulated
genes identified in D. melanogaster (An et al. 2008). We retrieved the amino acid sequences
encoded by bursicon regulated genes identified in D. melanogaster from Flybase
(http://flybase.org/). We used these sequences to perform a BLASTP search against T.
castaneum peptide database (Glean prediction, 05-19-2006 version). The hits with E value
less than 1 × 10−25 and amino acid sequence identity more than 30 % were considered as D.
melanogaster orthologs. Then, we searched our microarray data for T. castaneum orthologs
of bursicon regulated genes identified in D. melanogaster. These analyses identified five T.
castaneum genes (TC008773, TC015214, TC011227, TC016226 and TC006706, Table 2).
The results from these analyses suggest that these five genes that required bursicon or its
receptor for their expression in two different insects may play important roles in bursicon
regulated physiological processes.
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Twenty-four genes were randomly selected for the validation of microarray data using the
qRT-PCR method (Fig. S4, S5). The fold change in expression between Tcrk RNAi and
control insects for 21 out of 24 genes tested showed high correlation between results
obtained by microarray and qRT-PCR (Fig. S6). However, the fold changes of three genes
(TC010625, TC007060 and TC011804) observed in microarray analysis were not validated
by qRT-PCR.

TC004091 is required for adult eclosion
Five genes (TC002663, TC004091, TC016332, TC009457 and TC13657) that showed
similar expression patterns as the Tcrk expression pattern and their mRNA levels were lower
(fold change > 2, p < 0.05) in Tcrk RNAi pupae at both 0 h and 24 h AEP when compared to
their mRNA levels in the control pupae, were chosen for further functional analysis.
Injection of TC002663 or TC004091 dsRNA into the larvae caused high mortality, 70.00%
and 90.91% respectively, during the pupal stage (Table 3). Nearly half of the larvae injected
with TC002663 dsRNA died during the pupal stage, but no defects in integumentary
structures were detected. Interestingly, 12 out of 22 larvae injected with TC004091 dsRNA
died during the adult eclosion (Fig. 7B). Unlike, Tcrk RNAi insects, the integumentary
structures of TC004091 RNAi insects developed well and are similar to those in control
insects. Only a few pupae developed from TC004091 dsRNA injected larvae showed
malformed wings (Fig. 7A). These results suggest that TC004091 expression is required for
adult eclosion. However, it is not clear whether TC004091 regulates the expansion of
integumentary structures.

Discussion
The data reported here clearly showed that Tcrk is required for pupal cuticle tanning,
development and expansion of integumentary structures and adult eclosion. Previous studies
showed that the bursicon receptor is involved in cuticle tanning and wing expansion after
adult eclosion in D. melanogaster (Baker and Truman, 2002). Bursicon also regulates adult
wing expansion in B. mori (Huang et al., 2007) and Manduca sexta (Dai et al., 2008). In a
recent study in T. castaneum, injection of dsRNA for bursicon and its receptor into pharate
pupae caused a wrinkled elytra phenotype, but showed no effect on cuticle tanning. In the
current study, knockdown in the Tcrk mRNA levels during final instar larval and pupal
stages by injecting dsRNA into the final instar larvae delayed and reduced cuticle tanning.
Tcrk RNAi also affected development and expansion of integumentary structures and
blocked adult eclosion. In addition, our qRT-PCR analysis showed higher Tcrk mRNA
levels in the epidermis and wing when compared to their levels in the midgut during the
pupal stage. Higher levels of Tcrk mRNA were also detected during the prepupal and pupal
stage. Taken together, these data suggest the Tcrk functions during the prepupal and pupal
stages to facilitate development and expansion of integumentary structures in T. castaneum.
Furthermore, complete development and expansion of integumentary structures during the
pupal stage is probably required for successful adult eclosion. Therefore, the block in adult
eclosion observed in the Tcrk RNAi insects could be caused by defects in the development
and expansion of integumentary structures in these insects. These results indicate that
bursicon functions not only during the adult stage but also during the late larval and pupal
stages. The expression of Dmrk during the larval and pupal stages was reported previously
(Luo et al., 2005), these data suggest that Dmrk may function prior to adult eclosion in D.
melanogaster as well (Luo et al., 2005). It is intriguing why the bursicon receptor mutants in
D. melanogaster do not exhibit defects in development and expansion of integumentary
structures and adult eclosion. Alternative loss-of-function approaches such as transgenic
RNAi should be used to address this question.
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To understand the molecular basis of bursicon action through its receptor in regulation of
tanning and wing expansion, several studies have been conducted using fly genetics as a
tool. Kimura et al. (2004) reported that the wing epithelial cell death during the wing
maturation was inhibited in Dmrk mutant flies. In contrast, a recent study suggests that
Dmrk regulates the epithelial-mesenchymal transition (EMT) mediated by armadillo/β-
catenin signal pathway (Natzle et al., 2008). Epithelial-mesenchymal transition helps the
wing cells change shape and migrate to the wing hinge. In D. melanogaster rk mutant, the
wing epidermis was retained and the GFP-tagged armadillo/β-catenin remained longer in
these mutant flies when compared to the wild-type flies. A recent study suggests that the
bursicon-immunoreactive neurons located in the subesophageal ganglion are essential for
the wing expansion behavior in D. melanogaster (Peabody et al., 2008). Furthermore, a
genome-wide screen using microarray analysis identified 87 genes whose mRNA levels
were affected by the injection of a recombinant bursicon protein into neck-ligated flies (An
et al., 2008). In the current study, we used microarray analysis to identify genes that require
Tcrk for their expression. A number of genes that showed differences in their mRNA levels
between Tcrk RNAi and control insects at 0 h AEP and 24 h AEP were identified by
microarray analysis. Interestingly, six genes coding for leucine-rich repeat proteins showed
reduced levels of mRNA in Tcrk RNAi pupae when compared to their levels in control
pupae at 0 h AEP (data not shown). Two of them, TC002663 and TC009457, showed lower
mRNA levels in Tcrk RNAi pupae when compared to their levels in control pupae at both 0
h AEP and 24 h AEP. Leucine-rich repeat domains are known to be involved in protein-
protein interactions that are important for ligand binding, cell adhesion and extracellular
matrix-binding (Eriksen et al., 2000). The bursicon receptor itself contains a leucine-rich
repeat domain at the N-terminal region. These data suggest that the leucine-rich repeat
protein family may play important roles in bursicon function. It is possible that the
knockdown in the expression of Tcrk disrupts the communication between wing epithelial
cells and causes the persistence of cell adhesion and extracellular matrix-binding resulting in
blocking of the wing expansion. Nearly half of the larvae injected with TC002663 dsRNA
died during the pupal stage. However, we did not observe any defects in integumentary
structures. It is possible that TC002663 may regulate other functions critical for survival of
pupae. Out of five genes selected for functional analysis, knockdown in the expression of
TC004091 resulted in the arrest of adult eclosion but caused no effect on the expansion of
integumentary structures. These data suggest that TC004091 may be involved Tcrk-
mediated biological processes other than the development and expansion of integumentary
structures. Further experiments are required to elucidate the underlying mechanism by
which Tcrk regulates the development and expansion of integumentary structures and adult
eclosion.

Insect cuticle tanning and sclerotization requires enzymatic reactions such as hydroxylation
of tyrosine to 3,4-dihydroxyphenylalanine (DOPA) (Andersen, 2005). Laccase 2 (one of the
tyrosinases in T. castaneum) and tyrosine hydroxylase (TH) are two key enzymes that
control cuticle sclerotization processes in T. castaneum (Arakane et al., 2005; Gorman and
Arakane, 2010). In our microarray analysis, we only detected a decrease in TcLac2 mRNA
levels in Tcrk RNAi insects, whereas the mRNA levels of TcLac1 and TcTH did not change
between Tcrk RNAi and control insects. Since it has been shown that TcLac2 is required for
the cuticle tanning during the pupal and adult stages (Arakane et al., 2005), it is possible that
Tcrk effects cuticle sclerotization by regulating the expression of the TcLac2 gene.
However, these data cannot exclude the possibility that Tcrk does not regulate transcription
of enzymes involved in tanning since most of the enzymes are laid down in the new cuticle
prior to ecdysis. In D. melanogaster, it has been shown that the mRNA levels of epidermal
TH did not change at eclosion, but the levels of TH enzyme increased rapidly following
eclosion (Davis et al., 2007). Although Dmrk mutants showed relatively normal mRNA
expression of epidermal TH after eclosion, they failed to phosphorylate TH. It has been
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suggested that post-translational modifications such as phosphorylation may play an
important role in regulation of cuticle tanning by the bursicon receptor (Honegger et al.,
2008).

Comparison of microarray data from D. melanogaster (An et al., 2008) and T. castaneum
(this study) identified five common genes that require bursicon or Tcrk for their expression.
One of them, TC006706, encodes an inwardly-rectifying potassium channel (Irk or Kir).
Sequence similarity and phylogenetic analysis showed that TC006706 belongs to human G
protein-coupled Kir3 and ATP-sensitive Kir6 subfamily. Both Kir3 and Kir6 channels are
activated by G protein subunits (Dascal, 1997; Kubo et al., 2005). In D. melanogaster, the
suppression of membrane excitability of CCAP-expressing neurons by overexpressing
human Kir2.1 channel in CCAP neurons resulted in head eversion defects, shortened
forewings and legs and high pupal lethality. Whereas, overexpression of a modified shaker
K+ channel in CCAP neurons blocked the release of bursicon into the hemolymph (Luan et
al., 2006). The wide distribution of G protein-coupled Kir in the central nervous system and
its regulation of neuronal excitability indicate its important role in neuron physiology
(Dascal, 1997). The functions of other genes identified in both D. melanogaster and T.
castaneum are not well understood. Further studies on these five common genes will help in
understanding the molecular mechanisms of bursicon signaling.

In summary, our studies clearly showed that Tcrk presence during the pupal stage is required
for cuticle tanning, development and expansion of not only wing but also other
integumentary structures. The proper development and expansion of these integumentary
structures might be critical for successful adult eclosion. Some of the genes identified by
microarray analysis that showed changes in mRNA levels in Tcrk RNAi pupae may be
directly or indirectly involved in development and expansion of integumentary structures.
Identification of these genes should help future studies aimed at understanding the molecular
mechanisms of bursicon signaling.
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Fig. 1. Inhibition of cuticle tanning by Tcrk RNAi in T. castaneum
DsRNA for malE (A–D) or Tcrk (A′–D′) were injected into one-day-old final instar larvae.
The insects were photographed at various time points after pupation. The cuticle tanning of
pupae (at 8 h AEP) developed from larvae injected with malE (E) or Tcrk (F) dsRNA are
shown at higher magnification. White color arrow indicates the intersegmental region
between two abdominal segments. AEP: hours after ecdysis to the pupal stage. Scale bar: 1.0
mm.
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Fig. 2. Knockdown in the expression of Tcrk blocks the development and expansion of
integumentary structures in T. castaneum
Four-day-old pupae formed after injection of malE (A) or Tcrk (A′) dsRNA into one-day-old
final instar larvae were photographed. Hind wings were dissected from the beetles injected
with malE (B) or Tcrk (B′) dsRNA at 48 h AEP. Wings were not fully expanded in Tcrk
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RNAi beetles. In beetles inject with Tcrk dsRNA, gin traps (C′, arrow) and pronotum (D′)
are smaller, when comparing to gin traps (C, arrow) and pronotum (D) in malE control
insects. Similarly, the first pair of legs are shorter in Tcrk RNAi beetles (E′) than that in
malE control beetles (E). AEP: hours after ecdysis to the pupal stage. Scale bar: (A, A′) 1.0
mm; (B, B′, C, C′) 0.1 mm; (D, D′, E, E′) 0.5 mm. (F). Comparison of wing length and
pronotum width between malE and Tcrk RNAi beetles. Elytra and pronotum from 10 pupae
(1–2 day-old) were photographed and measured using NIH ImageJ program. Mean + SE are
shown. Asterisk indicates significant difference between treatments (p ≤ 0.01; Student t-
test).
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Fig. 3. Adult eclosion arrest by Tcrk RNAi in T. castaneum
Onset of the ecdysis behavior in beetles injected with dsRNA for malE (A) or Tcrk (A′).
Exuviae at the tip of abdomen is indicated with white arrow. Five minutes after onset of the
ecdysis behavior, wing inversion (white arrow) was observed in both malE (B) and Tcrk (B′)
RNAi beetles. Ten min after onset of the ecdysis behavior, the adult head and thoracic
region were free from the old cuticle in malE (C), but not in Tcrk RNAi beetles (C′). Fifteen
min after onset of the ecdysis behavior, exuviae (white arrow) was completely shed in malE
(D), while Tcrk RNAi beetles (D′) were still struggling to shed the exuviae by continuous
anterior-posterior contraction. Forty-five minutes after onset of the ecdysis behavior, fully
expanded wings (white arrow) were observed in malE (D), while Tcrk RNAi beetles (D′)
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continue to undergo anterior-posterior contractions. (F). Dorsal view of control beetles
injected with malE dsRNA after adult eclosion. (G). Ventral view of Tcrk RNAi beetles that
show the unshed exuviae (arrow) during the adult eclosion. (H). Dorsal view of Tcrk RNAi
beetles that show the attached old cuticle in the head region (arrow) during the adult
eclosion. Scale bar: 1.0 mm.
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Fig. 4. Stage and tissue-specific expression pattern of Tcrk in T. castaneum determined by qRT-
PCR
(A). Stage-specific expression pattern of Tcrk. The whole body samples were collected at
one-day intervals during the final instar larval and pupal stages, and 3-day-old male and
female (B). Tissue-specific expression pattern of Tcrk. The tissue samples were collected at
0 h after the pupation. Total RNA was extracted from pools of three larvae or pupae whole
bodies, or tissues dissected from 6–7 beetles per treatment. The expression levels of Tcrk
were normalized using Tcrp49 mRNA levels as an internal control. Mean + SE of three
independent experiments are shown. Means with the same letter are not significantly
different (α = 0.05; ANOVA).
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Fig. 5. Tcrk is a 20E-inducible gene
(A). The expression of Tcrk in wing tissues dissected from 0 h pupae was determined using
qRT-PCR after 6 and 12 hours incubation with 1 μM 20E in vitro. The expression of Tcrk
(B) and TcEcR (C) in whole body samples isolated from beetles injected with malE and
TcEcR dsRNA (The sequences of primers used for TcEcR dsRNA synthesis and qRT-PCR
were reported by Tan and Palli, 2008). The expression levels of Tcrk and TcEcR were
normalized using Tcrp49 mRNA levels as an internal control. Mean + SE of three
independent experiments are shown. Asterisk indicates significant difference between
treatments (p ≤ 0.05; Student t-test).

Bai and Palli Page 19

Dev Biol. Author manuscript; available in PMC 2011 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 6. Hierarchical cluster analysis of gene expression
Eighteen down-regulated genes and six up-regulated genes were selected from microarray
data for the hierarchical cluster analysis. The expression data were logarithm transformed
and grouped using hierarchical clustering algorithm in Gene Cluster 3.0 program. Heat-map
was generated using Java Treeview program. Genes down-regulated by Tcrk RNAi were
grouped into cluster 1 and 2, while genes up-regulated by Tcrk RNAi were grouped into
cluster 3. The expression of cluster 1 genes is similar between 0 h and 24 h AEP. In contrast,
the expression of cluster 2 genes is much higher at 0 h AEP stage when compared to the
expression at 24 h AEP stage. Three genes were clustered with Tcrk, which indicates that
they have similar expression pattern (enclosed in a square).
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Fig. 7. Knockdown in the expression of TC004091 results in pupal wing defects (A) and arrest of
adult eclosion (B) in T. castaneum
DsRNA for TC004091 was injected into one-day old final instar larvae and images of two-
day old pupae and pharate adults were photographed. Scale bar: 1.0 mm.
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Table 1

Number of genes differentially expressed among treatments with a p-value ≤ 0.05 and a fold change ≥ 1.2

Correction test
0 h AEP 24 h AEP malE Tcrk

malE vs. Tcrk malE vs. Tcrk 0 h vs. 24 h AEP 0 h vs. 24 h AEP

Bonferroni 0 0 43 5

Benjamini- Hochberg 0 0 5410 418

T-test only 496 625 6389 2377
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