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(One of the two Rhodopsin-like receptors), TC012297/5-HT1A (Serotonin receptor 1A-like), and TC007170/
CapaR (capa receptor-like) result in ~75% reduction in the egg production (Fig. 1A, Table S1).

In T. castaneum, dsRNA delivered into female beetles can result in knockdown of zygotic genes in off-
spring embryos (called ‘parental RNAi’)31. This allowed us to further investigate the potential roles of GPCRs 
in the regulation of embryonic development. About 29% of GPCR dsRNAs injected to female beetles led to a 
strong reduction in larva hatch rate (p <​ 0.01) (Fig. 1B,D, Table S2). Interestingly, some GPCRs are specifically 
involved in embryonic development but play less or no roles in female fecundity. For example, TC013945/CcapR 
(Crustacean cardioactive peptide receptor), TC007536 (Sulfakinin receptor, TC007104 (Diuretic hormone recep-
tor), TC010656 (Methuselah-like receptor), and TC009370 (Methuselah-like receptor).

Figure 1.  RNAi screen identified GPCRs involved in female fecundity and larva hatch rate in T. castaneum. 
(A) Fecundity of females injected with dsRNAs targeting 112 GPCRs and malE control. Fecundity is presented 
as egg number per female per week. (B) Larval hatch rate from eggs laid by RNAi females. Hatch rate is 
calculated as the percentage of the number of hatched larvae versus the total number of the eggs laid. Each bar 
represents mean ±​ SE of 4~10 cohorts, 12~20 pairs of beetles. Statistical significance between the mean value 
of GPCR RNAi versus that of malE control is assessed by one-way ANOVA analysis, followed by Dunnett’s 
multiple comparisons (***​p <​ 0.001, **​p <​ 0.01, *p <​ 0.05). malE data were marked as blue bars. (C) The pie 
chart to show the percentage of RNAi effects on fecundity. (D) The pie chart to show the percentage of RNAi 
effects on larva hatch rate. (Strong effect p <​ 0.01, Mild effect p <​ 0.05, No effect p >​ 0.05).
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RNAi screen to identify GPCRs involved in Vg uptake.  To directly examine the role of candidate 
GPCRs in the regulation of Vg uptake, a polyclonal antibody was generated against one of the two Vg genes 
of T. castaneum (as reported in our recent study)29. The specificity of the antibody is relatively high and the 
antibody only recognized two bands (~200 kDa and ~170 kDa) corresponding to two subunits of Vg protein 
(Fig. 2B–D and data from the previous study29) in both hemolymph and ovary samples. Using this antibody, we 
observed a sharp increase of Vg content presented in the hemolymph and the isolated ovaries on day 4 post adult 
eclosion (PAE), which is correlated to the timing of ovarian development and vitellogenesis in vivo (Fig. 3B,E). 
Accordingly, in the Vg uptake screen, hemolymph and ovary samples were collected on day 5 PAE when the 
majority of ovaries (82.4%) showed yolk deposition in the ovaries in control insects.

We selected 27 GPCR candidates whose RNAi resulted in a strong reduction (p <​ 0.01) in female fecundity 
based our first screen (Fig. 1A, Table S1) to screen for GPCRs that are involved in Vg uptake. Out of 27 GPCRs 
tested, RNAi against half of the GPCRs led to a decrease in either circulating or ovarian Vg levels (Fig. 2A). In 
some cases, GPCR knockdown resulted in a reduction of Vg levels in both hemolymph and ovaries, such as RNAi 
against TC001872/Cirl, TC007170/capaR and TC003150/sNPFR. Knockdown of two GPCRs (TC003331 and 
TC001056) led to a decrease in circulating Vg, but not ovarian Vg content, suggesting these GPCRs are involved 
in Vg synthesis, instead of Vg uptake.

Only two GPCRs (TC007490/D2R and TC000118/Rh2) were identified as promising candidates for Vg 
uptake, as RNAi against these GPCRs results in a significant decrease in ovarian Vg content when compared to 
the effects on circulating Vg level (Fig. 2A). As mentioned earlier, Vg uptake (as well as Vg synthesis) increases 
dramatically with the age of the beetles. We, therefore, examined the age-dependent Vg level in TcRh2 and TcD2R 
RNAi insects. Interestingly, we observed a delay of Vg accumulation in ovaries of both GPCR knockdown beetles, 
especially in TcD2R RNAi beetles (Fig. 2B–D). It should be noted that RNAi against TcRh2 and TcD2R also led to 
a delay in Vg release into the hemolymph. However, it is clear that TcD2R RNAi blocks Vg uptake on day 5 PAE 
when circulating Vg in TcD2R RNAi insects has almost reached the control levels (Fig. 2D).

Inhibition of ovarian development in TcD2R RNAi beetles.  To further investigate in vivo functions 
of two identified GPCRs and their potential roles in ovarian development, we examined the morphology of ova-
ries isolated from RNAi beetles at various times after dsRNA injection. The ovaries of T. castaneum contain 

Figure 2.  RNAi screen identified GPCRs involved Vg uptake in T. castaneum. (A) Vg content measured by 
ELISA from hemolymph and ovary samples in 27 GPCR RNAi beetles. Each bar represents mean ±​ SE of 3~9 
independent trials. Statistical significance is assessed by two-way ANOVA analysis followed by uncorrected 
Fisher’s LSD multiple comparison (***​p <​ 0.001, **p <​ 0.01, *​p <​ 0.05). (B–D) Western blots showed Vg protein 
levels in hemolymph and ovary samples isolated from females injected with dsRNAs for malE, TcRh2 and 
TcD2R. Four ages of females were examined, day 3~6 PAE. Two distinct bands (~200 kDa and ~170 kDa) are 
observed. Vg levels increase with age, which are blocked (or delayed) by knocking down TcRh2 and TcD2R.
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7–8 telotrophic finger-like ovarioles. Each ovariole is composed of two distinct structures: the germarium that 
contains nurse cells and developing follicle cells; the vitellarium that contains the primary oocytes surrounded 
by mature follicle cells (Fig. 3A). Unlike polytrophic type ovaries found in fruit flies and mosquitoes, ovarian 
development is asynchronous in T. castaneum. Although each ovary contains ovarioles at different developmental 

Figure 3.  Inhibition of ovarian development in TcD2R RNAi beetles. (A) Schematic representation to show 
ovarian growth and two distinct ovarian stages at various ages. (B) Measurement of primary follicle length of 
ovaries dissected from malE females. (C) Comparison of the primary follicle length between malE and TcRh2 
RNAi females. (D) Comparison of the primary follicle length between malE and TcD2R RNAi females. Each bar 
represents mean ±​ SE of 7~19 isolated ovaries. Statistical significance is assessed by one-way ANOVA analysis, 
followed by Dunnett’s multiple comparisons (***p <​ 0.001, **p <​ 0.01, *p <​ 0.05). (E–G) The percentage of two 
ovarian stages (previtellogenic and vitellogenic) Characterization of the ovarian stage in females injected with 
dsRNAs for malE, TcRh2 and TcD2R. (H–J) Light microscope images to show the ovaries isolated from females 
injected with dsRNAs for malE, TcRh2 and TcD2R on day 5 PAE. The dark arrow indicates oocytes that contain 
yolk and lipid droplets.
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stages, the majority of the basal oocytes in ovarioles develop in a similar fashion. Therefore, the most developed 
oocyte in each ovariole was used for staging and measurements.

As shown in Fig. 3B, the length of primary oocytes steadily increases during the ovarian maturation and reach 
the maximum size of 600–700 μ​m by day 6 PAE. In the meantime, yolk and lipid droplets begin to appear on day 
3 PAE and accumulation of yolk or Vg in the primary oocytes reach the maximum levels by day 6 PAE (data not 
shown). However, if only a few primary oocytes reach maximum yolk deposition, it is hard to use western blot to 
differentiate them from those with many oocytes that have mid-level of yolk deposition, due to the asynchronous 
development of each ovariole within the same ovary. Interestingly, a slow growth of primary follicle was observed 
in both TcRh2 and TcD2R RNAi females (Fig. 3C,D). Notably, on day 5 PAE the follicle length in malE control 
females was increased by 4.7-fold in two days, while there was only a 2.7-fold increase in TcD2R knockdown 
females (Fig. 3D).

For staging purpose, we defined the primary oocyte without yolk as the previtellogenic oocyte and the oocyte 
with yolk as the vitellogenic oocyte. About 17.6% of primary oocytes in the ovaries dissected from day 3 PAE 
control insects contained yolk protein. With time more and more ovaries contained vitellogenic oocytes and by 
day 6 PAE all of the ovaries isolated from control females contained vitellogenic oocytes (Fig. 3E,H). The trend of 
ovarian development in TcRh2 RNAi females is very similar to the control (Fig. 3F,I). However, there were more 
ovaries dissected from TcD2R RNAi females with undeveloped, previtellogenic oocytes (Fig. 3G,J). These results 
suggest that a block in Vg uptake by TcD2R RNAi may have caused a delay in ovarian growth and development.

In vitro functional assay links TcD2R to JH signaling.  JH is one of the major insect hormones that 
regulate vitellogenesis and Vg uptake. It has been speculated that JH acts on a membrane receptor to control the 
remodeling of the follicular epithelium to allow Vg enter maturing oocytes. Since JH-regulated patency has not 
yet been investigated in T. castaneum, we first tested whether JH can induce patency in isolated ovaries in this 
insect. Using a scanning electronic microscope (SEM), we observed that the gaps between the follicular epithelial 
cells (patency) became apparent on day 4 PAE and continued increase with time (Fig. 4A). Interestingly, patency 
was induced by JH III (but not 20-hydroxy ecdysone, another key insect hormone) in a dose-dependent manner 
(Fig. 4B,C). These results showed that similar to many other insect species, JH-triggered patency occurs in T. 
castaneum.

To examine the direct interaction between JH and two GPCRs identified in our screens, complete ORFs of 
TcRh2 and TcD2R were cloned into pCDNA3.1 expression vector and the constructs were transiently transfected 
into HEK 293 cells together with a 6 ×​ CRE-luciferase reporter construct, which was used to monitor intracel-
lular cAMP levels. Treating these cells with JH III or expressing TcD2R alone showed no effect on cAMP levels. 
Incubation with 1 μ​M of forskolin led to ~6-fold increase of cAMP levels, which was partially blocked by adding 
JH III to TcD2R expressing HEK293 cells (Fig. 4D). In addition, we observed a dose-dependent repression of 
forskolin-induced cAMP levels by JH III in HEK 293 cells expressing TcD2R but not TcRh2 (Fig. 4E,F). Dopamine 
also showed similar dose-dependent inhibition of forskolin-induced cAMP in TcD2R expressing HEK293 cells 
(Fig. 4G). These results suggest that TcD2R is likely a D2 type of dopamine receptor in T. castaneum, and it could 
also mediate the nongenomic action of JH.

Discussion
The action of JH through a second messenger cascade and membrane receptors (especially during the vitello-
genesis and Vg uptake) was proposed a couple of decades ago1. However, the proteins that mediate this action 
remain unknown. The GPCR family, one of the largest membrane receptor protein families, has been suggested 
as the candidate for mediating the nongenomic action of JH. In the present study, we carried out a series of RNAi 
screens and functional characterization to identify candidate GPCRs that are involved in female reproduction 
and Vg uptake in T. castaneum. Out of 112 GPCRs examined, we identified two candidates (TcRh2 and TcD2R) 
that are involved in female fecundity and Vg uptake. Intriguingly, we observed a dose-dependent JH response 
in TcD2R-expressing HEK293 cells, suggesting that JH could trigger nongenomic actions through a Dopamine 
D2-like receptor (D2R).

Dopamine D2-like receptor (D2R) belongs to dopamine receptor family, which is prominently expressed in 
the vertebrate central nervous system. Dopamine receptors are involved in regulation of many biological pro-
cesses such as motivation, memory, locomotor activity and modulation of neuroendocrine signaling32. D2R 
typically transduces second-messenger signaling via inhibitory G proteins (Gαi/o), which leads to inhibition 
of adenylate cyclase and modulation of ion channels33. D2R is an alternatively spliced GPCR in mammals34. 
The short splice isoform of D2R receptors is expressed in presynaptic dopaminergic cells and functions as an 
autoreceptor that controls the release of dopamine. The long splice isoform, however, is mainly expressed in 
postsynaptic sites and regulates locomotor activities34,35. In D. melanogaster, D2R has been linked to feeding 
behavior (proboscis extension response)36 and D2R RNAi flies show significantly decreased locomotor activity37. 
Interestingly, a recent study suggests that there is a direct link between D2R and JH signaling. The study reported 
that D2R is expressed in the corpus allatum (CA) of female D. melanogaster and downregulation of D2R in CA 
led to decreased JH degradation38. Interestingly, the interaction of JH and dopamine was previously reported in 
the female reproduction of Drosophila virilis39. Treatment of octopamine, a biogenic amine that is closely related 
to noradrenaline with dopaminergic effects, inhibits JH III biosynthesis in isolated corpora allata in the cricket, 
Gryllus bimaculatus40.

The present study provides further evidence for the cross-talk between JH and Dopamine D2-like receptor. 
Although we didn’t directly examine this interaction in vivo, our RNAi screen and in vitro functional assays sug-
gest that D2R may be one of the membrane receptors mediating JH action in ovaries. Several previous studies 
showed that GPCRs can be activated by steroid hormones in vitro. For example, progesterone binds to a novel 
GPCR cloned from the seatrout ovaries and activated mitogen-activated protein kinase (MAPK) activity and 
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Figure 4.  In vitro functional assay links TcD2R to JH is signaling. (A) Scanning electronic microscopy 
showing ovarian development and patency in female T. castaneum. Images on the right show the follicular 
epithelium without or with patency (arrow) at high magnification. (B) JH induces patency in isolated ovaries 
in a dose-dependent manner. (C) 20E shows no apparent induction on patency. Each bar represents mean ±​ SE 
of 3–5 ovarioles isolated from four female on day 3 PAE. Statistical significance is assessed by one-way ANOVA 
analysis, followed by Dunnett’s multiple comparisons (***​p<​0.001, **​p <​ 0.01, *​p <​ 0.05). (D) cAMP reporter 
assay shows that JH III inhibits forskolin-triggered cAMP levels in HEK293 cells expressing TcD2R.  
(E) Dose-response curves for the effect of JH III on forskolin-induced cAMP levels in HEK293 cells expressing 
TcD2R. (F) Dose-response curves for the effect of JH III on forskolin-induced cAMP levels in HEK293 cells 
expressing TcRh2. (G) Dose-response curves for the effect of dopamine (DA) on forskolin-induced cAMP levels 
in HEK293 cells expressing TcD2R. Base cAMP level induced by 4 hr of forskolin incubation with no ligand 
(DMSO control) is set as 100%. n =​ 6~12 for each dose. Statistical significance is assessed by one-way ANOVA 
analysis, followed by Dunnett’s multiple comparisons (***​p <​ 0.001, **p <​ 0.01, *p <​ 0.05). Dose-response 
curves are generated using nonlinear regression (curve fit) method in GraphPad.
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inhibits adenylyl cyclase in a mammalian cell line41. An adrenergic-like receptor cloned from D. melanogaster, 
named DmDopEcR, was found to be activated by both the catecholamine DA and ecdysteroids42. DmDopEcR is 
the only membrane receptor to date that is activated by insect ecdysteroids. Our study presents another example 
that membrane receptor GPCRs can be activated by insect hormone such as JH. However, to prove that JH is 
the ligand activating D2R, future works including ligand binding assays are required. Furthermore, we need to 
address whether JH interacts with D2R in vivo, especially at ovarian follicle epithelium to regulate Vg uptake. 
We also notice that in previous studies JH evoked patency mainly by activating Gs protein-coupled receptors11, 
instead of Gi protein-coupled receptors (inhibitory G protein linked receptor-like D2R). Future works are needed 
to examine the genetic interaction between JH signaling and D2R in the control of patency and Vg uptake, which 
will provide us more insights about nongenomic actions of JH in the regulation of insect physiology.

Besides of D2R, we have identified many interesting GPCR candidates that are involved in vitellogenesis and 
fecundity, for instance, TC011655 (Neuropeptide F receptor), TC001872 (Latrophilin-like receptor), TC000118/
Rh2 (Rhodopsin-like receptor), TC012297 (Serotonin receptor 1A-like), and TC007170 (capa receptor-like). 
Many of these receptors haven not yet been implicated in female reproduction. Taken together, our findings pro-
vide new insight into the mechanisms by which GPCRs modulate insect reproductive physiology.
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