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Abstract
Nineteen canonical and two Knirps-like family nuclear receptors (NRs) were identified in the
genome of Tribolium castaneum. The current study was conducted to determine the function of
these NRs in regulation of female reproduction and embryogenesis. RNA interference (RNAi)-
aided knock-down in the expression of genes coding for 21 NRs showed that seven NRs E75,
hormone receptor 3 (HR3), ecdysone receptor (EcR), ultraspiracle (USP), seven-up (SVP), FTZ
transcription factor 1 (FTZ-F1) and hormone receptor 4 (HR4) are required for successful
vitellogenesis and oogenesis. Knocking down the expression of genes coding for these seven NRs
affected egg production by reducing the levels of vitellogenin mRNAs as well as by affecting the
oocyte maturation. Expression of seven additional NRs hormone receptor 96 (HR96), hormone
receptor 51 (HR51), hormone receptor 38 (HR38), hormone receptor 39 (HR39), Tailless (Tll),
Dissatisfaction (Dsf) and Knirps-like is required for successful embryogenesis. The knock-down
in the expression of genes coding for three other NRs (E78, hepatocyte nuclear factor 4, HNF4 and
Eagle) partially blocked embryogenesis. This study showed that at least 17 out of the 21 NRs
identified in T. castaneum play key roles in female reproduction and embryogenesis.
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INTRODUCTION
Nuclear receptors (NRs) are a group of transcription factors that play key roles in the major
biological processes including development (King-Jones and Thummel, 2005), cell growth
(Parthasarathy and Palli, 2008), metabolic homeostasis (Alenghat et al., 2008; Palanker et
al., 2009), reproduction and embryogenesis (Allen and Spradling, 2008; Moran and Jimenez,
2006; Niakan et al., 2006). All the NRs share common domain architecture, including a
highly conserved DNA-binding domain (DBD) and a structurally conserved ligand-binding
domain (LBD) (Bain et al., 2007). Due to this unique structure, NRs harbor a receptor
function with DNA-binding capacity, ligand-binding ability and a transcriptional activation
all combined in the same molecule, allowing a one-step response to a signal that results in a
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direct regulation of transcription of the target genes (King-Jones and Thummel, 2005).
Based on the structures and the functions they carried out, the nuclear receptor super family
is subdivided into three classes, the steroid receptor family including the progesterone
receptor (PR), estrogen receptor (ER), glucocorticoid receptor (GR), androgen receptor
(AR), and mineralocorticoid receptor; the thyroid/retinoid family including the thyroid
receptor and the orphan receptor family, most of which can function as a ligand-independent
fashion (Bain et al., 2007).

Nuclear receptors are switched on and off by small molecule ligands with properties similar
to drugs. Therefore, NRs are attractive targets for developing new drugs against diseases like
diabetes, cancer and heart disease (Chawla et al., 2001; Tsuchida et al., 2005). Nuclear
receptors could also serve as great targets for development of insecticides. Four insecticides
that target ecdysone receptor (EcR) have been commercialized to date (Palli et al., 2005).
However, the other 20 NRs, which also harbor important functions, have not been exploited
for development of insecticides. Several NRs including EcR, PR, GR and ER are being used
for development of gene switches for use in medicine and agriculture (Palli et al, 2005).
Knowledge in function of NRs in insects will aid in development of both insecticides and
gene switches.

Some insect nuclear receptors are known to regulate female reproduction and
embryogenesis. Nuclear receptor, HR39 was shown to regulate the female reproductive tract
development and function in Drosophila melanogaster (Allen and Spradling, 2008). The
NR, ultraspiracle (USP), is required for development of germ line tissues after fertilization,
eggshell morphogenesis and embryonic development in D. melanogaster (Oro et al., 1992);
some NRs affect sexual or reproduction behaviors. For example, estrogen receptor-α plays a
key role in reproduction-related behaviors in female mice (Ogawa et al., 1998). The
dissatisfaction (Dsf) gene of D. melanogaster codes for a tailless –like NR that regulates
sexual behavior (Finley et al., 1998).

We recently identified nineteen canonical and two Knirps-like family NRs in the genome of
T. castaneum (Tan and Palli, 2008). RNAi analysis showed that 10 out of the 19 canonical
NRs, (E75, hormone receptor 3 (HR3), EcR, USP, seven-up (SVP), FTZ transcription factor
1 (FTZ-F1) and hormone receptor 4 (HR4) hormone receptor 51 (HR51), hormone receptor
38 (HR38), hormone receptor 39 (HR39) are important for metamorphosis. In addition,
knocking down the expression of four NRs, tailless (Tll), Dsf, hepatocyte nuclear factor 4
(HNF4) and hormone receptor 78 (HR78) did not affect metamorphosis but caused defects
in production of offspring. Also, knocking down the expression of non-canonical NR
Knirps-like affected adults and caused reduction in egg production. To further understand
the function of NRs in female reproduction, we used RNAi to knock-down the expression of
gene coding for each NR during the adult stage and monitored progression in oogenesis,
vitellogenesis, oviposition, embryogenesis and hatching. Seven NRs E75, HR3, EcR, USP,
SVP, FTZ-F1 and hormone receptor 4 (HR4) are required for vitellogenesis and oogenesis
because these seven NRs affected egg production by reducing the expression of vitellogenin
genes, as well as by affecting the oocyte maturation. An additional seven NRs (hormone
receptor 96 (HR96), HR51, HR38, HR39, Tll, Dsf and Knirps-like) are required for
successful embryogenesis and hatching.

MATERIALS AND METHODS
Tribolium castaneum rearing and staging

Strain GA-1 of T. castaneum was reared on organic wheat flour containing 10% yeast at
30±1 °C under standard conditions (Beeman and Stuat, 1990). New adults were separated
within 6 h post emergence.
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RNA isolation and cDNA synthesis
Total RNA was isolated using the TRI reagent (Molecular Research Center Inc., Cincinnati,
OH). The RNA was treated with DNase I (Ambion Inc., Austin, TX) and cDNA synthesis
was performed using 2 μg of total RNA.

Double-stranded RNA (dsRNA) synthesis
Genomic DNA was used as a template to amplify regions of NRs and the PCR product was
used for dsRNA synthesis. Genomic DNA was extracted from T. castaneum adults and
purified using the DNeasy Tissue Kit (QIAGEN). All the primers used for dsRNA synthesis
were reported by Tan and Palli (2008). The sequences for the rest of the primers used in real
time PCR are shown in Table 1. The MEGA script RNAi Kit (Ambion Inc., Austin, TX)
was used for dsRNA synthesis. For annealing dsRNA, the reaction products were incubated
at 75°C for 5 min and cooled to room temperature over a period of 60 min. After the
treatment with DNase, dsRNA was purified by phenol/chloroform extraction followed by
ethanol precipitation and the dsRNA concentration was determined using Nanodrop 2000
spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA).

Microinjection
The newly hatched adult (within 6 h after emergence) were anesthetized with ether vapor for
4–5 min and lined on a glass slide covered with 2-sided tape. The dsRNA was injected into
the dorsal side of the first or second abdominal segment using an injection needle pulled out
from a glass capillary tube using a needle puller (Idaho technology). 0.8–1 μg (0.1 μl)
dsRNA was injected into each new adult (within 6 h post emergence). The dsRNA prepared
with 800 bp bacterial malE gene as a template was employed as a control. The injected
beetles were removed from the slide and raised in whole wheat flour at 30±1 °C.

NR effects on egg laying, embryogenesis and oocyte maturation
Healthy females developed from adults injected with dsRNA were mated with uninjected
virgin males. The beetles were removed from the flour at two weeks after beginning of
matting. The number of eggs laid and larvae developed from eggs laid by each pair were
recorded after incubation of eggs for one additional week. The ovaries were dissected
following the methods described in Trauner and Büning (2007) and processed for scanning
electron microscopy. The dissected ovaries were dehydrated in a series of ethanol (25%,
50%, 75%, 90% and 100%) by incubating in each concentration for 1 h with shaking. The
ovaries were then immersed in HDMS (1,1,1,3,3,3 hexadimethyldisilazane) for 5 min, and
air dried at room temperature. The ovaries were mounted on stainless steel stubs with sticky
tape under dust free conditions. The ovaries were then sputtered with gold using Hummer VI
Sputtering System (Technics) at plasma discharge rate of 10 mA for 180 s. Scans were
performed with a Hitachi S-800 Scanning Electron Microscope set at 10 kV and 10 mA.
Images were documented using Evex Nanoanalysis and Digital Imaging software (Evex
Analytical version 2.0.1192). The oocytes were staged as described previously (Ullmann,
1973).

Embryo collection, fixing and staining with DAPI
Eggs were collected within 24 h after egg laying and incubated at 28°C for an additional
three days. Then the eggs were dechlorinated by placing the strainer containing the eggs for
2 min into a Petri dish filled with 25% bleach. After washing, the embryos were fixed and
stained following the procedure described by Bitra and Palli (2010).
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Quantitative real-time PCR (qRT-PCR)
Relative mRNA levels of selected NRs after injection of dsRNA were determined by qRT-
PCR. cDNA prepared using RNA isolated from control malE dsRNA or NR dsRNA injected
female adults, primers designed based on NR sequences and MyiQ single color real-time
PCR detection system (Bio-Rad Laboratories, Hercules, CA) were used to perform qRT-
PCR. Some of the primers used in qRT-PCR were reported by Tan and Palli (2008) and the
primers used for qRT-PCR of vitellogenin genes, vg1 and vg2 were reported by
Parthasarathy et al. (2010b), and the rest of the primers used in qRT-PCR are shown in
Table. 1. All the primers for qRT-PCR were designed based on the sequence from the NR
regions that are outside the dsRNA target regions. qRT-PCR reactions were performed using
a common program as follows: initial incubation of 95 °C for 3 min was followed by 40
cycles of 95 °C for 10 s, 60 °C for 20 s, 72 °C for 30 s. Standard curves were obtained using
a 10-fold serial dilution of pooled cDNA. Quantitative mRNA measurements were
performed in triplicate and normalized to an internal control of T. castaneum ribosomal
protein 49 (RP49) mRNA.

Statistical analysis
The following linear models were used for analyzing the expression of each NR, yij = μ + ti
+ sj + tsij + eijk where yijl is an observed expression level of each NR, μ is the overall mean,
ti is the ith (i=1,2,3) tissues effect (ovary, fat body or the whole body), sk is the kth (k=1,2…
7) days effect after emergence (from d0 to d7), tsij, is the interaction between tissues and
days effect, and eijk is the residual error, as described previously by Xu et al (2009).

The number of eggs laid by each pair, larvae hatched from eggs laid and expression levels of
Vg1 and Vg2 in beetles injected with dsRNA were analyzed using the one way ANOVA
program. Knock-down efficiency was analyzed by student-t test on the expression level
between RNAi beetles and control. Multiple comparisons for Knockdown specificity were
tested by Bonferroni option. The analysis was performed using SPSS version 13.0.

RESULTS
NRs expression in the whole body, fat body and ovary

Quantitative real-time PCR was employed to determine mRNA levels of all 21 NRs in the
whole body (Day 0 to Day 7), as well as in the fat body (Day 0 to Day 7) and the ovary
tissues (Day 3 to Day 7). Six NRs (Eagle, HR78, Tll, HR51, HR83 and PNR) showed very
low levels of mRNA in the whole body, as well as in the fat body and ovary tissues on all
the days tested (data not shown). Therefore, the expression profiles of these six NRs were
not included in further analyses. In the whole body samples, USP, EcR, HR96, FTZ-F1,
E75, HR39, HR38, SVP, HR4, E78 and HR3 showed higher levels of expression when
compared to expression of the other four NRs, Tll, Dsf, Knirps-like and HR51 (Fig. 1A).
Fairly constant levels of HR96 and FTZ-F1 mRNA were detected in the whole body
samples of adults between 0–7 days post adult emergence (PAE). The USP mRNA levels
were lower in adults soon after emergence and then increased gradually between 1–7 days
PAE. The mRNA levels of EcR, E75, HR39, HR38, HR4 and HR3 were higher in adult
female beetles soon after emergence and then the mRNA levels gradually decreased during
1–7 days PAE. In contrast, Tll mRNA levels were lower soon after adult emergence then
increased gradually during 1–7 days PAE.

Except for a few minor differences, the expression of patterns of NRs in the fat body are
similar to those described above for the whole body suggesting that the mRNA levels in the
fat body influence the mRNA levels in the whole body as fat body constitutes the majority
of cells synthesizing RNA in the whole body (Fig 1B). One notable exception is the
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expression pattern of Tll, which is significantly different between the whole body and the fat
body. While the Tll mRNA levels gradually decreased in the whole body samples of 1–7
day-old adults, the Tll mRNA levels gradually increased in the fat body dissected from 1–7
day-old adults. The mRNA levels of USP, EcR, HR96 and FTZ-F1 were high in the ovaries
dissected from 3–7 day-old adult females (Fig. 1C). HR3, HR4 and HR38 mRNA levels
were high on day 3 PAE, and then the mRNA levels decreased during days 4–7 PAE. Unlike
in the whole body and fat body, the E75 mRNAs were present in the ovary during all days
tested with slightly higher expression on days 5 and 6. Higher levels of HR39 were detected
on day 3 and day 7 when compared to the other three days tested. These data showed that 15
NRs were expressed well in the adult females suggesting that they may play important roles
in regulation of reproduction and embryogenesis.

Function of NRs in reproduction
To determine the function of NRs in reproduction of T. castaneum female adults, we
prepared dsRNAs for 19 canonical and 2 Knirps-family NRs and injected them into newly
eclosed adult female beetles. Knock-down in the expression of genes coding for all the NRs
except Tll caused a 14–100% decrease in egg production when compared to eggs produced
by control females injected with malE dsRNA. Knock-down in the expression of genes
coding for seven NRs (E75, HR3, EcR, USP, SVP, FTZ-F1 and HR4) caused complete
block in egg production (Fig. 2A). The eggs laid by females injected with Knirps-like,
HR96, Tll, HR51, Dsf, HR38 and HR39 dsRNA produced no offspring (Fig. 2B). In
addition, eggs laid by females injected with E78, HNF4 and Eagle dsRNA showed 45–75%
reduction in hatching (Fig. 2B). These data from RNAi experiments showed that seven NRs
are required for reproduction and an additional seven NRs are required for embryogenesis.

Knock-down efficiency and specificity
Out of the all NRs tested, Eagle, HNF4, HR78, HR83, PNR and ERR showed the least effect
on female reproduction and embryogenesis. To determine whether the lack of this effect on
reproduction was due to inefficient knock-down in gene expression, we performed qRT-
PCR to quantify mRNA levels of these genes in RNAi beetles. As shown in Figure 3A, the
mRNA levels of these six NRs tested decreased by 44–81% in RNAi beetles when
compared to their expression in malE dsRNA injected control beetles. The expression of
genes coding for these NRs was reduced in dsRNA injected beetles yet no effect on
reproduction and embryogenesis was observed suggesting that these NRs may not have a
significant role in female reproduction or embryogenesis.

The dsRNA for each NR was designed in the region that is not well conserved among the 21
nuclear receptors. Therefore, the dsRNA prepared for each NR is expected to knock-down
the expression of its own target NR but not the other receptors. As shown in Figure 1A,
injection of dsRNA of seven nuclear receptors E75, HR3, EcR, USP, SVP, FTZ-F1 and HR4
blocked egg production completely. To determine the specificity of dsRNA in knocking-
down the expression of these seven NRs, we injected dsRNA of these seven NRs and
quantified mRNA levels of USP in RNAi animals. As shown in Figure 3B, the mRNA levels
of USP were significantly reduced in beetles injected with USP dsRNA but not in the beetles
injected with dsRNA for the other six NRs. Also, more than 60% knock-down in the
expression of target gene was achieved in beetles injected with each of the seven NRs (data
not shown). These data demonstrate the specificity of dsRNA in knocking-down the
expression of target NRs.

The effect of NR knock-down on Vg gene expression
As shown above, seven NRs (E75, HR3, EcR, USP, SVP, FTZ-F1 and HR4) are required for
egg production. To determine whether these seven NRs block egg production by affecting
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Vg gene expressions, Vg1 and Vg2 mRNA levels were quantified in insects injected with
dsRNA of these seven NRs. The mRNA levels of both Vg1 and Vg2 were significantly
reduced in beetles injected with dsRNA for these seven NRs when compared to their
expression in control insects injected with malE dsRNA (Figs 4A&B). The extent of the
effect on Vg gene expression was variable among the NRs tested. Knock-down in the
expression of gene coding for FTZ-F1 caused complete reduction in Vg gene expression.
Knock-down in the expression of the genes coding for the other six NRs tested caused 50–
75% reduction in Vg gene expressions. Some of the variability observed in the reduction of
Vg gene expression in NR RNAi beetles could be due to variability in the knock-down
efficiency among these seven NRs.

The effect of NRs knock-down on oocyte maturation
To determine whether the seven NRs block egg production by affecting the oocyte
maturation, the ovaries were dissected from insects injected with dsRNA for seven NRs on
the 4th day after injection and observed under a scanning electron microscope. The
developing oocytes were classified as described by Ullmann (1973). The primary oocyte in
the ovaries dissected from control beetles injected with malE dsRNA were well developed
and reached stage 8 by 4 days PAE (Fig. 5). In contrast, the primary oocytes in the ovaries
dissected from insects injected with EcR or USP were blocked at stages 2–3 (Fig. 5). The
ovaries dissected from insects injected with HR4, E75, HR3, FTZ-F1 and SVP dsRNA
contained primary oocytes that were blocked at stages 3–4 (Fig. 5).

The effect of NR knock-down on embryonic development
To determine the stages at which the embryonic development was blocked due to the lack of
nuclear receptor proteins, the eggs were collected within 24 h of egg laying and on the
fourth day after collection the embryos were fixed and stained with DAPI. Most of the eggs
laid by control beetles injected with malE dsRNA successfully completed embryonic
development and became first instar larvae. In contrast, more than 90% embryos in the eggs
laid by beetles injected with Knirps-like dsRNA were arrested at the early blastoderm stage
(Fig. 6). Similarly, the embryos developed from eggs laid by E78 dsRNA injected beetles
were arrested at the beginning of germ band growth (Fig. 6). The embryos developed in eggs
laid by beetles injected with HR96 dsRNA were blocked at the mid-stage of germ band
growth. Knock-down in expression of Tll, Dsf, HR38 and HR39 also affected
embryogenesis, these embryos were blocked near the stage of germ band growth
completion. Embryos in the eggs laid by HR51 dsRNA injected beetles were arrested at a
later stage of embryogenesis where in the formation of first instar larvae was completed but
none of the larvae were unable to hatch and remained in the egg shell (Fig. 6).

DISCUSSION
The first major contribution of this study is the identification of seven NRs (E75, HR3, EcR,
USP, SVP, FTZ-F1 and HR4) that play critical roles in female reproduction of the red flour
beetle, Tribolium castaneum. Out of the 21 NRs tested, knock-down in expression of seven
NRs (E75, HR3, EcR, USP, SVP, FTZ-F1 and HR4) completely blocked egg laying. Further
analysis showed that these seven NRs are required for both Vg production and oocyte
maturation because knock-down in expression of these seven NR genes caused significant
reduction in Vg synthesis, blocked oocyte maturation. It is interesting that all the seven NRs
identified as essential genes for female reproduction are known to play key roles in 20E
signal transduction (King-Jones and Thummel, 2005). Two of the identified NRs, EcR and
USP heterodimerize and bind to 20E. E75 is an early gene, HR3 and HR4 are delayed-early
genes and FTZ-F1 is a competent factor. All these five NRs are 20E induced transcription
factors that play key roles in expression and/or repression of genes in 20E signal
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transduction cascade. These data suggest that 20E regulates female reproduction including
oogenesis and vitellogenesis in T. castaneum. In a recent study Parthasarathy et al., (2010a)
reported that 20E directly regulates oocyte maturation in T. castaneum. Initiation of oocyte
maturation is a prerequisite for vitellogenin synthesis, hence 20E indirectly regulates
vitellogenin synthesis in the fat body (Parthasarathy et al., 2010b). Taken together, these
studies in T. castaneum suggest that the NRs that are involved in 20E action may directly
regulate oogenesis.

E75 is an ecdysone induced transcription factor involved in the 20E pathway mediated by
EcR and USP heterodimer (Segraves and Hogness, 1990). It acts as an early gene to regulate
vitellogenesis and oogenesis. For example, in D. melanogaster it mediates egg chamber
maturation during mid-oogenesis (Buszczak et al., 1999). In Aedes aegypti, all three E75
isoforms are induced at the onset of vitellogenesis by a blood meal-activated hormonal
cascade, and highly expressed in the mosquito ovary (Pierceall et al., 1999). In the ovary of
the honey bee queen, E75 is expressed preferentially in the follicle cells that surround the
oocyte at the late stage (Paul et al., 2006).

HR3 and HR4 seem to have similar functions in regulation of development; they not only
repress early genes induced by 20E but also induce the downstream genes, such as FTZ-F1
(Kageyama et al., 1997; King-Jones et al.,, 2005). The entry into metamorphism depends on
the precise timing of both these functions (Gauhar et al., 2009). In the adult mosquito, HR3
is involved in 20E action during vitellogenesis as indicated by several findings such as
kinetics and dose response of HR3 to 20E in in vitro tissue culture experiments and
expression in vitellogenic tissues, the fat body and the ovary of the female mosquito, Ae.
aegypti (Kapitskaya et al., 2000).

FTZ-F1 is also a 20E induced gene, and was shown to play key roles in regulation of
vitellogenesis in the adult mosquito (Zhu et al., 2003). DHR3 binding sites were identified in
the promoter of FTZ-F1 gene (Kageyama et al., 1997). Also, Drosophila, DHR4 coordinates
growth and maturation by controlling the attainment of critical weight during larval
development (King-Jones et al., 2005). As identified by genome-wide mapping of binding
sites, HR4 is EcR and USP direct target and is required for cellular differentiation in
response to 20E (Gauhar et al., 2009). In vertebrates, GCNF (germ cell nuclear factor, a
HR4 homologue in the human) is required for the repression of pluripotency genes during
embryonic stem cell differentiation (Gu et al., 2005), during gamete regulation of female
fertility (Lan et al., 2003). However, the precise function of HR3 and HR4 in regulation of
female reproduction still remains unknown.

Seven-up (homolog of chicken ovalbumin upstream promoter transcription factor, COUP-
TF) is highly expressed in the fat body during vitellogenesis in T. castaneum (this study) as
well as in the mosquito (Miura et al., 2002). Moreover, the Drosophila SVP is important for
development of photoreceptor cells of the ommatidium (Kramer et al., 1995; Mlodzik et al.,
1990), fat body (Hoshizaki et al., 1994), Malpighian tubules (Kerber et al., 1998) and
neuronal tissues (Mlodzik et al., 1990).

Eight NRs play essential roles in the embryogenesis of T. castaneum
The second major contribution of this study is the identification of eight NRs (Knirps-like,
HR96, Tll, HR51, Dsf, HR38, HR39 and E78) that are required for embryogenesis in T.
castaneum. To date, five of these eight NRs, Tll, Dsf, HR51, HR38 and Knirps-like have
been shown to have some function in reproduction and embryogenesis. The current study
identified three additional NRs (HR38, HR39 and E78) as those required for successful
completion of embryogenesis.
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Tll is required for formation of the terminal domains of Drosophila embryo (Steingrimsson
et al., 1991). In the previous study, we showed that eggs laid by T. castaneum females
developed from final instar larvae injected with Tll dsRNA fail to hatch (Tan and Palli,
2008). In this study, we found that the eggs laid by Tll dsRNA injected insects have
problems completing embryogenesis and stop at the germ band stage. DHR51 binds NO and
CO and may be either a gas or a heme sensor (de Rosny et al., 2008) and DHR51 mutant
flies show wing expansion failure and compromised fertility (Sung et al., 2009). Our studies
showed that the embryos developed from eggs laid by beetles injected with the HR51
dsRNA completed embryonic development but first instar larvae were not able to come out
of the egg shells. HR38 was shown to function as a negative regulator in the EcR-USP
mediated 20E pathway by competing with EcR for USP binding (Sutherland et al., 1995).
HR38 has no ligand binding pocket and coactivator binding site as shown by X-ray
crystallographic analysis (Baker et al., 2003). Fisk and Thummel (1995) reported that both
~4.0–kb and ~5.0 kb HR38 mRNA are highly abundant during the late embryonic stage (19–
23 hr post-egg laying) in D. melanogaster. Our results from nuclear staining of HR38 RNAi
embryos showed that the development in these embryos was blocked at the stage of germ
band growth completion suggesting that expression of HR38 during the late embryonic stage
of T. castaneum is required for successful embryogenesis.

In D. melanogaster Knirps-like NR is involved in the wing development during early
embryogenesis (Lunde et al., 1998), initially Knirps-like is expressed in three identical
regions of the blastoderm: in an anterior cap domain, in an anterior stripe and in a posterior
broad band linked to the kni gap gene function (Rothe, 1994). In a recent study, TcKnirps-
like was found to play a major role in head segmentation and a minor role in abdominal
patterning (Cerny et al., 2008). Taken together, these data suggest that expression of Knirps-
like NR is required during early stages of embryogenesis when blastoderm formation and
segmentation occur. DHR39 is related to fly FTZ-F1 and human liver receptor homologue 1
(LRH1) and steroidogenic factor 1. Horner et al.(1995) showed that DHR39 is induced by
20E and suggested that it may function together with the early regulatory gene to coordinate
20E action. DHR96 is also 20E inducible, and known to regulate xenobiotic responses in
Drosophila (Fisk and Thummel, 1995; King-Jones et al., 2006).

This initial study identified 17 NRs play key roles in regulation of oogenesis, vitellogenesis
and embryogenesis. These studies could serve as solid foundation on future studies on
mechanism of action of these NRs in regulation of female reproduction and embryogenesis
in T. castaneum. Knock-down in the expression of genes coding for four NRs did not show
much effect on reproduction or embryogenesis. Comparison of knock-down efficiency of
the NRs with RNAi phenotypes (e.g. hatch rate, Fig. 2B) showed no correlation between
RNAi phenotype and knock-down efficiency. For example, the gene coding for ERR was
knocked-down by 81% but no detectable effect on reproduction or embryogenesis was
observed in the RNAi beetles. In contrast, the genes coding for Eagle and HNF4 were
knock-down by 44 and 54% respectively in dsRNA injected insects but only 50% of the
eggs laid by these RNAi beetles hatched successfully. These data suggest that knock-down
in the expression of genes coding for these NRs was achieved but these NRs did not show
any detectable effects on reproduction or embryogenesis therefore, they may not have a
major role in these processes. Since, we were not able to achieve 100% knock-down in the
expression some of these NRs, it is possible that the amount of these NRs required for
regulation of reproduction and embryogenesis may be present in the RNAi beetles.
Therefore, the function in female reproduction and embryogenesis for four NRs that did not
show any effect could not be excluded completely. Further studies are required to determine
whether or not these four NRs are required for female reproduction and embryogenesis.
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Figure 1.
mRNA levels of NRs in the whole body (A), fat body (B) and ovary (C). Total RNA isolated
from staged insects (whole body, fat body or ovary samples) and primers designed based on
NR sequences were used in qRT-PCR to quantify mRNA levels of all 21 NRs. Relative
mRNA levels were calculated by comparing the NR mRNA levels to internal standard RP49
mRNA levels. Three biological replicates were performed for each time point. The mean
normalized values are displayed using Cluster 3.0 program.
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Figure 2.
The effect of knock-down in the expression of genes coding for NRs on egg laying (A) and
the production of offspring from the eggs laid (B). The dsRNA of NRs were injected into
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newly eclosed adult females and the injected female beetles were mated with virgin
uninjected male beetles on the 4th day after injection. The eggs laid over a two week period
by each pair were counted. The larvae hatched from the eggs laid were counted after
incubating eggs for one additional week. The percent eggs laid and percent hatched were
calculated by comparing the number of eggs laid and hatch rate from control beetles injected
with malE dsRNA. Mean±S. E. (n=4) are shown.
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Figure 3.
Efficiency (A) and specificity (B) of knock-down in expression of target genes in beetles
injected with NR dsRNA. A. Knock-down efficiency test for 6 NRs including Eagle HR78,
HNF4, ERR, PNR and HR83. Nuclear receptors or malE dsRNA were injected into the
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newly emerged adults. qRT-PCR was carried out to quantify mRNA levels at 96 h after
injection. Relative expression was determined by comparing NR mRNA levels with the
mRNA levels of internal standard RP49. Knock-down efficiency was calculated by
comparing NR mRNA levels in NR dsRNA injected insects with the expression levels in
malE dsRNA injected insects. Mean±S.E (n=3) are shown.
B: Knock-down specificity among seven NRs E75, HR3, EcR, USP, SVP, FTZ-F1 and
HR4. The dsRNAs for these seven NRs were injected into newly eclosed females and USP
mRNA levels were quantified at 96 h after injection.
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Figure 4.
Effect of knock-down in the expression of genes coding for seven NRs (E75, HR3, EcR,
USP, SVP, FTZ-F1 and HR4) on the expression of Vg1 (A) and Vg2 (B) genes. Seven NRs
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or malE dsRNA were injected into the newly emerged adults. qRT-PCR was carried out to
quantify mRNA levels of Vg1 or Vg2 at 96 h after injection. The relative expression was
determined by comparing NR mRNA levels with the mRNA levels of internal standard
RP49. The mean relative expression compared to that in malE RNAi beetles was calculated
by comparing Vg1 or Vg2 mRNA levels in NR dsRNA injected insects with the expression
levels in malE dsRNA injected insects. Mean±S.E (n=3) are shown.
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Figure 5.
Effect of knock-down in the expression of genes coding for seven NRs (E75, HR3, EcR,
USP, SVP, FTZ-F1 and HR4) on oocyte maturation. dsRNA of seven NRs or malE was
injected into newly emerged females and ovaries were dissected at four days after injection,
processed and images were captured using a scanning electron microscope as described in
Materials and Methods section.
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Figure 6.
Nuclear staining of embryos of T. castaneum
Eggs were collected within 24 h after egg laying and stained after 4 days of egg laying to
observe the stage of arrest of embryogenesis. All the pictures were taken at 10×
magnification.
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Table 1

The primers used in qRT-PCR

gene Forward primer 5′-3′ Reverse primer 3′-5′

Knirps-like CCGACGTTTCTACCTCCTCA TTCAACTCCAGGGTTGTGGT

E75 CGGTCCTCAATGGAAGAAAA TGTGTGGTTTGTAGGCTTCG

HR3 CCGTGCAAAGTATGTGG GTCGGCAGTATTGACATC

EcR GATGGATGGCGAAGATCAGT ACTTCGCTGGAACATGCTTT

USP GATGCAAGCACAGGATGCTA CCGACTTTATCCCTCGAACA

Tll CACCAGGAAACGTCCTCAAT GACCTGTGGCAGTGGTAGGT

HR51 CTCAACCCACGAAACCATCT GCTTTCAAGCAGGCAAATTC

Seven up TATCGACCAACACCACAGGA TGTCCGTAAACTGGGGAGTC

HR38 CGCACCATTACGACTACCAA TCTTGGGAGATGAGGGTGTC

FTZ-F1 ACATTCGTGGTCGGATATGCTGGT AGTTCTTGCAGTTTGGCGGTGATG

HR39 CGACCGTCGACTGTACAAAA AGTCGACATGGAACGGAAAC

HR4 ACATTCGTGGTCGGATATGCTGG TCTTGCCGGAGCTGTTCTATCGTT
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