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Abstract
To elucidate the endocrine regulation of vitellogenin (Vg) synthesis in the red flour beetle, Tribolium
castaneum, the titers of juvenile hormone (JH) and ecdysteroids in the whole body of female beetles
were measured and compared with Vg mRNA levels. Juvenile hormone levels remained high while
the ecdysteroid levels declined steadily during 1–5 days post adult emergence (PAE). The Vg mRNA
levels began to increase by the end of 3rd day PAE and peaked by the 4th–5th day PAE. Gene
expression profiling by microarray and quantitative real-time PCR analyses of RNA isolated from
1–5 days PAE beetles revealed that the genes coding for proteins involved in JH biosynthesis and
action, but not those involved in 20-hydroxyecdysone (20E) biosynthesis and action had similar
expression patterns as the genes coding for Vg. RNA interference (RNAi)-aided knock-down in the
expression of these genes showed that both JH and 20E were required for Vg gene expression.
However, Vg mRNA was induced by the application of JH III but not by the injection of 20E into
the previtellogenic females. These data suggest that JH is required for Vg synthesis in the fat body
and 20E influences Vg synthesis through its action on oocyte maturation.
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1. Introduction
Endocrine regulation of insect vitellogenesis has been investigated for many years (Engelmann,
1968). During vitellogenesis, female-specific proteins, vitellogenins (Vg), are synthesized in
the fat body, secreted into the hemolymph and taken up by the developing oocyte. Ecdysteroids
(20-hydroxyecdysone, 20E, is the most active form) and juvenile hormones (JH) assume a
gonadotrophic role in the adult female insects and regulate vitellogenesis (Hagedorn, 1985;
Engelmann, 1986; Bownes, 1989; Bownes et. al., 1996). The hormonal control of vitellogenesis
varies widely among insect species, either one of these hormones alone or both together are
known to regulate this process (Hegedorn and Kunkel, 1979; Raikhel and Dhadialla, 1992).

In locusts and cockroaches, the hemolymph concentration of JH is a critical factor in the
stimulation of the transcription of Vg genes (Engelmann, 1983; Wyatt and Davey, 1996).
Moreover, the exogenous JH application can induce Vg production in the fat body of these
insects (Keeley and Mckercher, 1985; Zhang et al. 1993; Glinka and Wyatt, 1996; Comas et
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al. 1999). In the fruit fly, Drosophila melanogaster, ecdysteroids as well as JH control yolk
protein production (Bownes, 1989; Richard et al. 2001). In the mosquito, Aedes aegypti, JH
plays a priming role in preparing the fat body for Vg synthesis and ecdysteroids regulate
expression of Vg gene after a blood meal (Raikhel et al. 2005). Both JH and ecdysteroids
regulate reproduction in most of the insects belonging to order Hymenoptera, except for the
social insects such as honey bees where the roles of JH and 20E still remain controversial
(Pinto et al. 2000; Amdam, et al. 2004; Brent et al. 2006). The lepidopteran insects require
either JH or 20E for the initiation of Vg synthesis in the fat body (Ramaswamy et al. 1997).
Not much is known about the mechanisms of JH action in the regulation of vitellogenesis.
Availability of the complete genome sequence and functioning of systemic RNAi in the red
flour beetle, Tribolium castaneum could help in understanding the molecular mechanisms
involved in beetle reproduction. As an initial step to study the hormonal regulation of
vitellogenesis in T. castaneum, we have determined the titers of JH and 20E and analyzed the
expression of a repertoire of genes involved in JH and 20E signaling pathways in the
previtellogenic and vitellogenic virgin female beetles by microarray and qRT-PCR. RNAi
analysis on genes coding for proteins involved in JH and 20E biosynthesis and action showed
that both JH and 20E are required for Vg synthesis. However, topical application of JH but not
injection of 20E induced Vg gene expression. These studies suggest that JH regulates Vg
synthesis in the fat body and 20E influences Vg synthesis through its action on oocyte
maturation.

2. Materials and Methods
2.1. Rearing and staging

Strain GA-1 of T. castaneum was reared on organic wheat flour containing 10% yeast at 30oC
under standard conditions (Parthasarathy et al. 2008). The pupae were separated by sex based
on the structural differences of genital papillae according to Tribolium rearing protocol
(http://bru.gmprc.ksu.edu/proj/tribolium/wrangle.asp). Adult beetles were staged soon after
emergence; the adults with untanned cuticle (teneral adults) were designated as 0 h and staged
thereafter. The male and female beetles were kept separately under above conditions and only
virgin beetles were used for experiments.

2.2. Estimation of JH and ecdysteroid levels
Juvenile hormone levels were estimated following the methods described in Parthasarathy et
al. (2009). Juvenile hormone from unknown samples was quantified based on the peak area of
internal standard, methoprene (Wellmark International, Dallas, TX). An enzyme immunoassay
(EIA) was used to estimate ecdysteroid levels as previously described (Parthasarathy et al.
2009).

2.3. Hormone and hormone analog treatments
Juvenile hormone III (Sigma Chemical Co. St Louis, MO) and its analog hydroprene
(Wellmark International, Dallas, TX) were dissolved in acetone. One microliter of 1.0 μg/μl
or 10.0 μg/μl JH III was applied topically to day 2 PAE female beetles. One microliter of 10.0
μg/μl hydroprene was applied topically to day 2 PAE female beetles.. The equivalent volume
of acetone was applied to control beetles. Twenty hydroxyecdysone (20E, Sigma Chemical
Co. St Louis, MO) was dissolved in distilled water. 0.25 μl of 10 mM or 100 mM was injected
into each female beetle on day 2 PAE to achieve a final concentration of approximately 1.0
μg and 10.0 μg per insect. The same volume of distilled water was injected into the control
beetles.
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2.4. Microarray analysis
Total RNA was isolated from the whole body/fat body of staged insects using spin columns
(RNeasy, Qiagen, Valencia, CA). The integrity of RNA was verified using an Agilent 2100
Bioanalyzer (Agilent Technologies). 200 ng of total RNA pooled from three beetles in each
time-point of 24 h interval from 1 to 4 days PAE was labeled using Agilent Low RNA Input
Fluorescent Linear Amplification Kit (Agilent) following the manufacturer’s instructions.
Labeled cRNA were purified using RNeasy Mini Elute Kit (Qiagen Valencia, CA). 600 ng of
fluorescently labeled cRNA were used for hybridization. The 60-mer-oligonucleotides
designed based on 15,208 genes selected from the 16,000 genes predicted by T. castaneum
genome annotations. 736 control probe sets were also printed onto glass slides (8 grids of 15K)
at Agilent Technologies. The labeling of probes, hybridization, washings, and normalization
of the data were performed as described in Parthasarathy et al. (2009). The normalized data
were finally subjected to the “t”-test, Bonferroni and Benjamini & Hochberg false discovery
rate multiple testing corrections using GeneSpring GX v.9.0.1 software. As Vg gene expression
peaked after 3 days PAE, the fold changes in expression levels between day 1 and day 4 were
taken into consideration. The differentially-expressed genes of significance were evaluated
with the aid of the Volcano plots (p-value versus fold-change).

2.5. Double-stranded RNA (dsRNA) synthesis and injection
The genes for RNAi were selected based on their important roles in hormonal biosynthesis and
action. The genes coding for enzymes involved in the biosynthesis of JH (JHAMT, Minakuchi
et al, 2008a), biosynthesis of ecdysteroids (Phantom and Shade, Petryk et al. 2003; Niwa et al.
2004; Warren et al. 2004), genes coding for proteins involved in JH action (Met and Kr-h1,
Konopova and Jindra, 2007; Minakuchi et al. 2008b) and ecdysteroid action (EcR and USP,
Tan and Palli, 2008) were selected.

dsRNAs were synthesized using the Ambion MEGAscript transcription kit (Ambion, Austin,
TX). Cognate primers designed based on the sequences available in the Beetlebase (Table 1)
with T7 polymerase promoter sequence added at their 5′ ends were used in PCR reactions to
amplify 300–500 bp fragments of each gene. The resultant PCR products were used in
transcription reaction using the kit following the methods described in the instruction manual.
The dsRNAs were injected into the pupae/adult on the ventral side of the first abdominal
segment using a aspirator tube assembly (Sigma Chemical Co. St. Louis, MO) fitted with 3.5″
glass capillary tube, pulled by a needle puller (Model P-2000, Sutter Instruments Co.). Injected
pupae/adults were reared under standard conditions until use. dsRNA injection of all the
candidate genes, except for the genes coding for proteins involved in ecdysteroid biosynthesis
and action, were injected into the two-day-old pupae. Since injection of dsRNA of genes coding
for proteins involved in ecdysteroid biosynthesis and action blocked pupal-adult
metamorphosis, these dsRNAs were injected into adults less than 24 h old. The dsRNA of
Escherichia coli malE gene was used as the control.

2.6. cDNA synthesis and Quantitative real-time reverse-transcriptase PCR (qRT-PCR)
Total RNA was extracted from the whole body of staged adults and from the insects injected
with dsRNA for specific genes using TRI reagent (Molecular Research Center Inc., Cincinnati,
OH). cDNA was synthesized using 2 μg of DNAse1 (Ambion, Austin, TX) – treated RNA and
iScript cDNA synthesis kit (Biorad Laboratories, Hercules, CA) in a 20 μl reaction volume as
per the manufacturer’s instructions. Real-time quantitative reverse-transcriptase PCR was
performed using MyiQ single-color real-time PCR detection system (Biorad Laboratories).
PCR reaction components were: 1 μl of cDNA, 1 μl each of forward and reverse sequence
specific primers (Table 1), 7 μl of H2O and 10 μl of supermix (Biorad Laboratories, Hercules,
CA). PCR conditions were: 95°C for 3 min followed by 45 cycles of 95°C for 10 seconds, 60°
C for 20 seconds, and 72°C for 30 seconds. Both the PCR efficiency and R2 (correlation
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coefficient) values were taken into account prior to estimating the relative quantities. Relative
expression levels of each gene were quantified using ribosomal protein (rp49) mRNA levels
as an internal control.

2.7. Statistical analysis
JMP® Start Statistics (SAS institute Inc.) version 5.1 was used for statistical analysis. The
mean values of treatments versus mean values of control were compared using one way
ANOVA analysis. For comparison of means between two variables, Student’s t-test was used.
p-value less than 0.05 is regarded as significant. For comparison of the multiple means, Tukey-
Kramer Honestly Significant Difference (HSD) adjustment’s mean separation test was
included.

3. Results
3.1. Microarray analysis

Total RNA samples isolated from the whole body of the female beetles between 1–4 days PAE
at 24 h intervals were labeled and hybridized to T. castaneum custom microarrays. Three
biological replicates were included for each time-point. Out of the 15,208 probe sets screened,
hybridization to 11,534 probe sets was detected. The fold differences in expression (calculated
by dividing the mean normalized values for day 1 and day 4 PAE samples) and the significance
of difference among means of three replicates (p-value from t-test) for 11,534 probe sets are
shown as a volcano plot (Fig. 1). When compared to their expression on day 1 PAE, the
expression levels of 866 genes increased on day 4 PAE by 3-fold or more with a p value of
<0.01 (Table 2). Upon filtering by false discovery rate multiple testing corrections, the
Bonferroni test with high stringency identified 158 genes and the Benjamini-Hochberg test
with medium stringency showed 838 genes that showed an increase by 3-fold or more with a
p-value of <0.01 on day 4 PAE when compared to their expression on day 1 PAE (Table 2).
Among these 838 genes filtered by the Benjamini-Hochberg test, the expression levels of
several genes known to be involved in vitellogenesis, JH, and 20E pathways during 1–4 days
PAE were compared (Table 3). Some of the genes known to be involved in these pathways
with a p-value of 0.01–0.05 filtered by the Benjamini-Hochberg test were also included. The
expression of vitellogenin genes (Vg1 represented by TC013602; similar to vitellogenin-1, and
Vg2 represented by TC010839; similar to vitellogenin-6, the Beetlebase,
http://beetlebase.org) increased by 350–2000-fold from day 1 to day 4 PAE. The genes coding
for JHAMT and JH-inducible proteins (TC007665, TC014078); predicted as genes coding for
JHIPs based on the sequence homology to JHIPs of Ae. aegypti (XP_001652117.1, 5e-38;
XP_001652116.1, 5e-41 respectively) were significantly higher on day 4 PAE, when compared
to their expression on day 1 PAE. The genes coding for enzymes known to be involved in
ecdysteroid biosynthesis (Phantom) and the genes coding for proteins known to be involved
in 20E action (EcR, USP, HR3, HR38, HR4, FTZ-F1) did not show significant increase from
day 1 to day 4 PAE. Some of the genes that showed significant changes in their expression
from day 1 to day 4 PAE by microarray analysis were selected for confirmation by quantitative
real-time qRT-PCR. Besides, the 838 genes filtered by the Benjamini-Hochberg test that
showed an increase by 3-fold or more with a p-value of <0.01 on day 4 PAE when compared
to their expression on day 1 PAE, were categorized into 12 functional groups based on their
annotations on molecular functions (Fig. 2A). The important categories included protein
binding (17%), signal transduction (6%), and transporter activities (2%) that might be related
to active Vg synthesis.

Total RNA samples isolated from the fat body tissues of the female beetles on day 4 PAE were
labeled and hybridized to T. castaneum custom microarrays. Three biological replicates were
included. Out of the 15,208 probe sets screened, hybridization to 12,233 probe sets was
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detected. Out of 12,233 genes, 6108 genes showed a normalized value of 1.0 or higher. These
genes were categorized using the Blast2go (http://www.blast2go.org) software based on their
annotated molecular functions. These genes were grouped into 16 molecular functional
categories (Fig. 2B). Interestingly, on day 4 PAE, in the fat body, the largest numbers of genes
were grouped into those coding for protein binding (1,974) and nucleic acid binding (1,171)
activities, indicating the peak activity of the machinery involved in Vg synthesis. Also, 198
genes were grouped into those coding for proteins with the function of transcription factor
activity in the fat body of beetles on day 4 PAE.

3.2. Hormone titers in young adult females
Reverse Phase HPLC/MS/MS Tandem mass spectrometry was used to determine JH titer in
the hemolymph of female beetles during 1–5 days PAE (Fig. 3). On day 1 PAE, 0.5 ng of JH
III per μl of hemolymph was detected. The JH III levels gradually increased during 2–3 days
PAE and reached the maximum of 1.2 ng/μl of hemolymph by day 3 PAE. Then the JH III
levels declined to 0.6 ng/μl of hemolymph by day 4 PAE. The JH III levels further declined
on day 5 PAE.

An enzyme immunoassay (EIA) was used to determine ecdysteroid levels in the female beetles
during 0 to 5 days PAE (Fig. 4). Ecdysteroid levels were high (350 pg per insect) on day 0
PAE, which might be the remnants of ecdysteroid surge during the pupal-adult metamorphosis.
The ecdysteroid levels gradually decreased during 1–3 days PAE and reached the low levels
by 4–5 days PAE.

3.3. Expression profiles of genes coding for proteins involved in JH and 20E biosynthesis
and action in adult females

The mRNA levels of genes selected from the microarray analysis were determined in the total
RNA isolated from 0–5 days-old adult females tissues collected at 24 h interval by qRT-PCR.
Low levels of JHAMT mRNA were detected at the beginning of the adult stage and the mRNA
levels started to increase after day 1 PAE and reached the maximum by day 3 PAE (Fig. 3).
The JHAMT mRNA levels then decreased to low levels by day 4 PAE, followed by a small
increase on day 5 PAE. High levels of Met mRNA were detected at the beginning of the adult
stage and the mRNA levels started to decrease after day 2 PAE and reached the minimum levels
by day 2 PAE (Fig. 3). In contrast, the mRNA levels of Kr-h1 were low during the first two
days PAE. Then the Kr-h1 mRNA levels gradually increased and reached the maximum levels
by day 4 PAE. The Kr-h1 mRNA levels showed a small decline on day 5 PAE (Fig. 3). The
expression levels of both JH-inducible genes (TC007665 and TC014078) tested were low at
beginning of the adult stage and the mRNA levels started to increase after day 1 PAE and
reached the maximum by day 3 or day 4 PAE (Fig. 3). The mRNA of Vg1 and Vg 2 were
undetectable until 3 days PAE. Both Vg1 and Vg2 mRNA levels began to increase on day 3
PAE and reached the maximum by day 5 PAE (Fig. 3). Since the Vg2 mRNA levels were
higher than the Vg1 mRNA levels, only the Vg2 mRNA levels were quantified in all subsequent
experiments.

The mRNA levels of ecdysteroid biosynthesis gene, Phantom were high soon after adult
eclosion and declined significantly to low levels by day 1 PAE (Fig. 4). The Phantom mRNA
levels remained low until 4 days PAE followed by a small increase on day 5 PAE. The mRNA
levels of another ecdysteroid biosynthesis gene, Shade showed a significant increase on day 2
PAE and declined to low levels by day 5 PAE. The expression levels of EcR and USP remained
the same without significant differences among the time-points tested during 0–5 days PAE
(Fig. 4).
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3.4. Effect of RNAi-aided knock-down in the expression of select genes on the vitellogenesis
3.4.1. Knock-down efficiency—To determine the efficiency of dsRNA in knocking-down
the expression of select genes, the mRNA levels of these genes were determined in insects
injected with malE or select gene dsRNA. Knock-down efficiency was calculated by
comparing the mRNA levels of select genes in these two groups of insects. The expression of
genes coding for transcription factors (Met, Kr-h1) and receptor (EcR) were knock-down by
50–70%, while the expression of genes coding for JHAMT, Phantom, Shade, and USP were
knock-down by 80–95% (Fig. 5A).

3.4.2. RNAi effect on vitellogenin gene expression—Knocking-down the expression
of gene coding for JHAMT or Met caused a drastic reduction in the Vg2 mRNA levels (80–
90%). In contrast, knocking-down the expression of gene coding for transcription factor known
to be involved in JH action, Kr-h1, caused only 30% reduction in the Vg2 mRNA levels (Fig.
5B). These data suggest that JH biosynthesis and action are required for Vg gene expression.
Knocking-down the expression of gene coding for Phantom did not affect the Vg2 mRNA
levels. In contrast, knocking-down the expression of gene coding for Shade lowered the Vg2
mRNA levels by 75%. Also, knocking-down the expression of genes coding for ecdysone
receptors, EcR and USP showed 80–90% reduction in the Vg2 mRNA levels (Fig. 5B). These
data suggest that ecdysteroid biosynthesis is not required but the conversion of ecdysteroids
to 20E as well as 20E action are required for Vg synthesis.

3.5. Effect of application of JH and 20E on Vg gene expression
As knocking-down the expression of genes coding for proteins involved in both JH and 20E
signaling affected Vg gene expression, we determined the roles of JH and 20E in the regulation
of Vg gene expression by exogenous application of JH III or 20E during the previllogenic
stage. Application of 10 μg JH III induced Vg2 mRNA levels by 9-fold, while the application
of 1.0 μg JH III showed an induction of Vg2 mRNA levels by 2-fold when compared to the
Vg2 mRNA levels in the acetone applied beetles (Fig. 6A). As a positive control for JH
induction, the known JH inducible gene coding for juvenile hormone esterase (JHE) was used.
The JHE mRNA levels were induced by 5- and 3-folds in beetles applied with 1.0- and 10.0
μg JH III respectively, when compared to the JHE mRNA levels in the acetone applied beetles
(Fig. 6A).

Injection of 1.0 μg of 20E did not cause a significant change in the Vg2 mRNA levels while
the injection of 10.0 μg of 20E caused a significant decrease (4-fold) in theVg2 mRNA levels
when compared to its levels in control beetles injected with water alone (Fig. 6A). As a positive
control for 20E response, a known ecdysone inducible gene, HR3, was used. Injection of 1.0-
and 10.0 μg of 20E induced the HR3 mRNA levels by 6- and 9-fold respectively when
compared to the HR3 mRNA levels in the control beetles injected with water alone (Fig. 6A).

We also tested JH analog hydroprene to determine whether it is able to induce Vg gene
expression. Preliminary studies showed that hydroprene induces Vg gene expression and it
works much better than the natural JH III, most likely due to its stability in vivo. Therefore,
we used hydroprene to determine whether it could induce Vg gene expression in the absence
of endogenous JH. JHAMT dsRNA was used for injections to create JH deficient conditions.
JHAMT or malE (control) dsRNA was injected into the two-day-old female pupae and the
adults emerged from these pupae were treated with hydroprene on day 2 PAE.

As shown in Figure 6B, the expression of gene coding for JHAMT was knock-down by more
than 90% in the beetles injected with JHAMT dsRNA when compared to its expression in
malE dsRNA injected beetles. Interestingly, application of hydroprene suppressed the
expression of gene coding for JHAMT by 2-fold in malE dsRNA injected beetles (Fig. 6B).
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In contrast, the Vg2 mRNA levels increased by 49-fold in beetles injected with malE dsRNA
and treated with hydroprene when compared to its expression in beetles injected with malE
dsRNA and treated with acetone. Hydroprene treatment induced Vg2 mRNA levels in JHAMT
RNAi beetles by 8–37-fold when compared to its expression in acetone treated JHAMT RNAi
beetles. Control genes coding for JH inducible proteins, JHE and TC007765 were also induced
by hydroprene in both malE and JHAMT RNAi beetles (Fig. 6B). These data suggest that
hydroprene could induce the expression of genes coding for Vg and other JH inducible proteins
in the absence of endogenous JH.

4. Discussion
The microarray analysis of gene expression in the whole body of female beetles during 1–4
days PAE showed up-regulation of several genes. Among them, Vg mRNA levels increased
dramatically after day 3 PAE, indicating that the previtellogenic phase covers 0–3 days PAE
and the vitellogenic cycle starts after day 3 PAE. Also, the microarray analysis showed up-
regulation of several genes coding for proteins such as JHAMT, Kr-h1, JHE, JHEH, and JHIPs
involved in the JH biosynthesis, metabolism and signaling. However, the expression levels of
genes coding for proteins involved in ecdysteroid signaling did not change significantly during
this stage. Based on the data from the microarray and qRT-PCR analyses and measurement of
hormone titers the following conclusions could be drawn: 1) JH levels are high during the
previtellogenic stage in the female beetles while ecdysteroid titers decline to low levels; 2) the
expression of genes involved in JH biosynthesis and action increase during the previtellogenic
stage while the expression of genes involved in ecdysteroid biosynthesis and action decrease
or do not change during 1–5 days PAE; and 3) the expression levels of the selected genes
determined by qRT-PCR confirmed the changes among the time-points observed in the
microarray analysis. Hormone titers and expression profiles of genes involved in biosynthesis
and action of these two hormones showed that JH but not ecdysteroids plays key roles in
preparing the fat body for Vg synthesis.

Juvenile hormones are shown to regulate female reproduction including development of the
genital gland and vitellogenesis (Wigglesworth, 1970; Goodman and Granger, 2005). In this
study, we determined JH titers during the previtellogenic phase. We used JHAMT, a terminal
enzyme involved in the JH biosynthesis (Minakuchi et al. 2008a) and RNAi to create JH
deficient conditions. The over-expression of JHAMT caused pharate adult lethal phenotype
similar to that obtained with the application of JH analogs in D. melanogaster (Niwa et al.
2008). JHAMT RNAi studies in T. castaneum by Minakuchi et al. (2008a) showed a critical
role for this enzyme in JH biosynthesis. Our previous studies showed that JHAMT RNAi
caused JH deficiency in the male beetles of T. castaneum (Parthasarathy et al. 2009). In the
present study, JHAMT RNAi blocked the expression of the Vg gene. These data suggest that
JH plays a key role in Vg synthesis in this insect. RNAi effect of Met gene involved in JH
action confirmed this role of JH in Vg synthesis. However, RNAi effects of another gene known
to be involved in JH action, Kr-h1, did not yield conclusive results. This might be due to the
poor knock-down efficiency of the gene coding for this transcription factor, leaving sufficient
molecules to achieve its natural function. Interestingly, several JHIPs were up-regulated during
the Vg synthesis in the female beetle. These JHIPs are induced by JH analogues and are rescued
by hydroprene treatment in JH deficient insects. However, the knock-down in the expression
of genes coding for these JHIPs did not affect the Vg synthesis (data not shown). The precise
roles of Kr-h1 and JHIPs in the regulation of Vg synthesis needs further investigation.

We further confirmed the significant role of JH in Vg gene regulation by exogenous hormone
applications. We selected two- day-old female beetles when Vg mRNA levels are very low.
Application of JH III showed induction of Vg2 mRNA levels by nearly 10-fold, while the
injection of 20E reduced Vg2 mRNA levels (4-fold less) when compared to the Vg2 mRNA
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levels in the respective control beetles. Similar opposite action of 20E and JH has been reported
in an endoparasitic wasp, Pteromalus puparum (Dong et al. 2009). In this wasp, Vg gene
regulation is under the control of 20E; injection of 20E induced Vg gene expression while
exogenous application of JH III suppressed the Vg gene expression. In the present study, we
also used a JH analog, hydroprene, to confirm the effects of JH III. The application of
Hydroprene induced Vg2 expression levels and also partially rescued Vg2 mRNA levels in
hydroprene treated JHAMT RNAi beetles during the previtellogenic stage. The regulation of
Vg gene expression by JH or JH analogues has been described in many insect species including
some beetles (Wyatt and Davey, 1996; Belles 1998, 2004; Taub-Montemayor and Rankin,
1997; Zhai et al. 1984; Sakurai et al. 1987). However, hydroprene application to JHAMT RNAi
insects did not restore Vg2 mRNA levels similar to those observed in hydroprene-treated
control insects injected with malE dsRNA. This may be due to the function of JH during
previtellogenic stage to prepare fat body for Vg synthesis during vitellogenic stage. Since
JHAMT RNAi insects are depleted of JH during previtellogenic stage, the fat body would have
not become completely competent and therefore hydroprene was not able to induce Vg
synthesis to the maximum levels observed in control insects.

In the fat body of B. germanica, JH directly induces the synthesis of Vg (Belles, 2004), while
JH makes fat body competent in Ae. aegypti to synthesize Vg (Klowden, 1997). JH action on
beetle vitellogenesis could be direct or indirect. The direct effect of hormones demands in
vitro documentation of the effect of JH on Vg synthesis. This has been accomplished in only
a few systems (Wyatt et al. 1976; Bohm, et al., 1978; Raikhel et al., 1997). For direct effect,
it is thought that the transcription of the Vg gene depends on the binding of a hormone-receptor
complex to hormone response elements (HREs) which are usually located in the promoter
region of the genes (Segraves, 1994). Molecular characterization of insect vitellogenins showed
the presence of hormone response elements (HRE) in the Vg promoter regions of insects
(Raikhel et al. 2005, Locke et al. 1987; Wyatt, 1988; Tufail and Takeda, 2008). In T.
castaneum, the in vitro culture of abdominal fat bodies did increase the Vg mRNA levels but
not to the significant levels observed in vivo. de Loof and de Wilde (1970) showed that two
hormonal factors, a brain factor and JH are necessary for Vg synthesis in the Colorado potato
beetle. It is likely that such a brain factor is also required for Vg synthesis in T. castaneum.
Our data clearly show the requirement of JH and its action for synthesis of Vg in the fat body.
The role of other factors including the hormones released from the brain or ovary is under
investigation.

Regarding the role of ecdysteroids in the Vg synthesis, it is interesting that the expression
pattern of genes involved in 20E biosynthesis (Phantom) and action (EcR, USP, HR) did not
change significantly during 1–4 days PAE (microarray data). Since ecdysteroid levels decrease
from day 0 to day 5 PAE, it appears that the presence of ecdysteroid is not a requisite for Vg
synthesis in the fat body. Also, the knock-down in the expression of Phantom, an enzyme
involved in the biosynthesis of the ecdysteroids did not affect the Vg mRNA levels suggesting
that synthesis of ecdysteroids is not necessary for Vg gene expression. However, the role of
existing 20E action on the Vg regulation could not be ruled out, since Shade, EcR, and USP
RNAi insects showed complete block in Vg synthesis. Studies on the detailed analysis of 20E
signaling during previtellogenesis and vitellogenesis showed that the action of 20E on Vg gene
expression is an indirect effect caused by block in maturation of oocytes. Detailed discussion
on this subject is covered in a manuscript submitted for publication (Parthasarathy et al.,
2010). We hypothesize that Vg synthesis in the fat body is regulated by JH as well as hormones
released by brain or ovary after the maturing oocytes are ready for uptake of Vg. 20E regulates
maturation of oocytes and hence indirectly affects Vg synthesis in the fat body.

Taken together these studies suggest that: 1) JH is required for Vg gene expression in the fat
body; 2) 20E and its receptors are required for maturation of oocytes in the ovary, and matured
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oocytes likely signal the initiation of Vg gene expression in the fat body (Parthasarathy et al.,
2010 submitted). Though the molecular mechanisms of Vg gene expression need further
experimentation, the present study in conjunction with the study on ovarian growth and oocyte
maturation (Parthasarathy et al., 2010 submitted) provides the baseline data on tissue-specific
physiological roles of ecdysteroids and JH in the regulation of the less-explored coleopteran
insect reproduction.
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Fig. 1.
Volcano-plot of differentially-expressed genes identified by microarray analysis. The p-values
of the t-test were plotted against the fold-change in gene expression for all genes. The horizontal
lines in the plot represent the significance of 0.001–0.00000001 for the t-test, under the
assumption that each gene has a unique variance. The vertical bars represent the genes that are
a minimum of three-fold up- or down-regulated on day 4 PAE when compared to their
expression on day 1 PAE.
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Fig. 2.
Pie-chart showing the distribution of genes based on their annotations on molecular functions
using Blast2go software. A) the 838 genes filtered by the Benjamini-Hochberg test that showed
an increase by 3-fold or more with a p-value of <0.01 on day 4 PAE when compared to their
expression on day 1 PAE by the microarray analysis were categorized using the above software.
B) Microarray analysis was performed with RNA samples from day 4 PAE fat body.
Normalized data for genes with a value of 1.0 or higher was analyzed by Blast2go software to
identify functional classes of genes expressed in the fat body during Vg synthesis.
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Fig. 3.
JH titer and expression patterns of genes coding for enzymes involved in JH biosynthesis
(JHAMT), genes coding for proteins known to be involved in JH action (Met, Kr-h1), and
genes coding for JH inducible proteins (JHIP, TC007665, TC014078)) and vitellogenin genes
(Vg1 and Vg2) in the whole body of adult females determined by HPLC/MS/MS and qRT-
PCR respectively. JH titer is expressed as ng of JH III/μl of hemolymph using the JH analog,
methoprene as the standard. Each value is Mean ± S.E. of three replicates. For expression
profiles, the X-axis denotes the day-after adult emergence and the Y-axis denotes relative
expression with respect to the expression level of internal control, ribosomal protein (rp49).
Each time-point mean is the average of three independent biological replicates. Mean + S.E.
are shown. The mean expression levels marked with the same alphabetical letter do not differ
significantly at p<0.05 by the Tukey-Kramer HSD test.
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Fig. 4.
Ecdysteroid titer and mRNA levels of genes known to be involved in ecdysteroid biosynthesis
(Phantom and Shade) and ecdysteroid action (EcR and USP) in the whole body of the adult
females. Ecdysteroids were estimated by Enzyme immunoassay (EIA) in six independent
groups of staged beetles. The mRNA levels were quantified by qRT-PCR. Relative expression
in comparison to ribosomal protein (rp49) was determined. Mean ± S.E. of three independent
replicates are shown. The mean expression values marked with the same alphabetical letter do
not differ significantly at p<0.05 by the Tukey-Kramer HSD test.
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Fig. 5.
Fig. 5A. Knock-down efficiency of genes after injection of dsRNA. dsRNA for genes coding
for proteins involved in JH biosynthesis or action (JHAMT, Met, Kr-h1) and malE (control)
were injected into two-day-old female pupae. Genes coding for proteins involved in 20E
biosynthesis or action (Phantom, Shade, EcR, USP) and malE (control) dsRNA were injected
into female adults on day 0 PAE (within 24 h of emergence). At day 4 PAE, RNA was extracted
and the relative expression in comparison to ribosomal protein (rp49) was determined by qRT-
PCR. The expression levels of these respective genes in control insects were set to 1 and the
relative expression levels with respect to control was determined for each treatment. The
numbers above each bar show the percent knock-down efficiency for each gene. Mean ± S.E.
of three independent replicates are shown.
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Fig. 5B. Effect of RNAi on the expression of vitellogenin gene (Vg2). dsRNA were injected
as mentioned in figure legend 5. RNA was extracted on day 4 PAE. Relative expressions of
Vg2 mRNA levels for individual genes were determined in comparison to ribosomal protein
(rp49) expression levels by qRT-PCR. The expression ratio of Vg2 mRNA levels in each of
the RNAi insects was calculated by setting the respective control insect Vg2 mRNA levels at
1.0. Mean ± S.E. of three independent replicates are shown.
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Fig. 6.
Fig. 6A. Exogenous JH application induces Vg gene expression. JH III in 1 μl acetone (1.0 μg/
μl and 10.0 μg/μl) or acetone alone (1 μl, control) per insect were applied topically to day 2
female beetles and RNA was extracted from the whole body at 6 h after application. Vg2 and
JHE (positive control) mRNA levels were determined by qRT-PCR. In another experiment,
1.0 μg or 10.0 μg 20E in 0.25 μl of DDH2O per insect was injected. 0.25 μl of DDH2O alone
was injected into control beetles. RNA was extracted from the whole body at 6 h after injection.
Vg2 and HR3 (positive control) mRNA levels were determined by qRT-PCR. In both
experiments, five replications with two beetles in each replication were performed. Mean ±
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S.E. are shown. The mean expression levels of treatments marked with star differ significantly
from the mean expression levels of respective control at p<0.05 by the Student’s t-test.
Fig. 6B. Induction of vitellogenin gene expression by hydroprene in the presence and absence
of endogenous JH. dsRNA for JHAMT or malE (control) were injected into female pupae on
day 2 of the pupal stage. The adults were staged upon emergence. On day 2 PAE, 10.0 μg
hydroprene was topically applied per insect. Acetone treated insects served as a control. RNA
was extracted at 24 h after treatment. JHAMT, Vg2, JHIP (TC007665), and JHE mRNA levels
were determined by qRT-PCR. Relative expression in comparison to ribosomal protein (rp49)
expression was determined. Mean ± S.E. of three independent replicates are shown. The mean
expression levels of treatments marked with star differ significantly from the mean expression
levels of respective control at p<0.05 by the Student’s t-test.
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Table 1

List of primers used

Gene Real-time PCR Forward and Reverse 5′-3′ dsRNA Forward and Reverse 5′-3′

JHAMT CATCTCGCCCTATCACCATTCG ATGAACAAAGCCTCACTGTACTCAA

CCGCTGAAACCGATTTTGACAA CTCTGTTCCACCACCCAATGCAA

Met GGGAAAGCAAAGGATCATCA TAAGGCGGCAAACTC

AAGGCCTTCTTGCTCACTCA TGGCTCAACCGACTCGTC

Kr-h1 TGTGACGTTTGCTCGAAGAC AAGAGCATGGAAGCACACA

GCACGAGTAGGGCTTTTCAC CTTGGCGGAAGACTCAACTC

Phantom TGATCTCCGACGCCAAACTCATCA TGTCATCCAAGCGTTTCTTG

GCAAATCAGGCCGAAACCCTTCAT AGCAATTTCCAGCTCTTCCA

Shade TCGTACTCGAAAGCGTGCGTTACT CCGGCCTACAAAACACTCAT

GCTCCGGTTTGAACTTTGAAGCGT CAATCCCAAAGTGACACACG

EcR GATGGATGGCGAAGATCAGT GCCTCCGGTTACCACTACAA

ACTTCGCTGGAACATGCTTT CTGGTTCAACCTTGATGACG

USP GATGCAAGCACAGGATGCTA GAGGGATAAAGTCGGTGCAA

CCGACTTTATCCCTCGAACA GCCCTCCAACATCTCCATTA

TC007765 TAGCTGCTCTGACTGAAACTGCCA N/A

TGCTAGAAACACGTTCGCGGTAGT

TC14078 AGGAAATCAACGCTGCAATCACCG N/A

TATCACCGTGGCACACAACATTGC

Vg1 TTGCAAATGCTGGGTGGTGAAGAC N/A

AGCGTGTGCGTTGATAACTTGCTG

Vg2 AACGCACACGATTTCGACCAAGTG N/A

ACGGCAGCATTAACTTGGTTGCTC

HR3 CCGTGCAAAGTATGTGG N/A

GTCGGCAGTATTGACATC

JHE ACTTTACGTGGGGTGTGAGC N/A

TTGATGAGGATCGGGATTTC

rp49 TGACCGTTATGGCAAACTCA N/A

TAGCATGTGCTTCGTTTTGG
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