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A shut-down in expression of an insulin-like peptide, ILP-1, halts
ovarian maturation during the overwintering diapause of the
mosquito Culex pipiens

C. Sim and D. L. Denlinger
Department of Entomology, Ohio State University, Columbus, OH, USA

Abstract

Short day-length is used to programme adult diapause in the mosquito, Culex pipiens. The
downstream endocrine event that halts ovarian maturation is a shutdown in juvenile hormone (JH)
production, and recent evidence suggests that the insulin signalling pathway may be a key
upstream player in executing this developmental arrest. Genes encoding insulin-like peptides-1, -2
and -5 were identified in C. pipiens, and we report that transcript levels of insulin-like peptides-1
and -5 were significantly lower in diapausing females than in their nondiapausing counterparts.
Genes encoding both insulin-like peptides-1 and -5 were suppressed using RNA interference in
mosquitoes programmed for nondiapause, and ovarian maturation was monitored. Knocking down
insulin-like peptide-1 with RNAI in nondiapausing mosquitoes resulted in a cessation of ovarian
development akin to diapause, and this arrest in development could be reversed with an
application of JH. Knocking down insulin-like peptide-5 did not alter ovarian development. These
results are consistent with a role for insulin-like peptide-1 in the signalling pathway leading from
the perception of short day-lengths to the shut-down in JH production that characterizes adult
diapause in C. pipiens.
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Introduction

Insulin signalling is emerging as an important pathway regulating growth, development and
reproduction in insects (Riehle & Brown, 1999; Nijhout, 2003; Riehle ef a/., 2006; Wu &
Brown, 2006; Brown et al., 2008). Several insulin-like peptides (ILPs) are known from
insects (Riehle & Brown, 2002; Riehle ef a/., 2006), but thus far, unlike vertebrates, only a
single insulin-like receptor has been identified (Wu & Brown, 2006, but see Brown et al.,
2008).

Diapause may be amongst the key developmental pathways mediated by insulin signalling,
as suggested by experiments on organisms as diverse as the nematode Caenorhabditis
elegans (Lee et al., 2001), Drosophila melanogaster (Tatar et al., 2001; Williams et al.,
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2006) and the mosquito Culex pipiens (Sim & Denlinger, 2008). In each of these examples,
a shut-down in insulin signalling is proposed to lead to developmental arrest.

In the case of C. pipiens, several lines of evidence point to insulin signalling as a component
of the cascade regulating adult diapause (Sim & Denlinger, 2008). Knocking down the
insulin-like receptor in long-day reared mosquitoes (i.e. those not programmed for diapause)
halts ovarian development in a stage indistinguishable from diapause. This arrest in
development, like the diapause of C. pipiens (Spielman, 1974; Meola & Petralia, 1980;
Readio et al., 1999), can be reversed by application of a juvenile hormone (JH) analogue
(Sim & Denlinger, 2008), thus suggesting that insulin signalling may be involved in the
pathway leading to JH synthesis, an idea also consistent with observations in D.
melanogaster (Tatar et al., 2001) and the honey bee (Corona et al., 2007). A role for insulin
signalling in the diapause of C. pipiens is further supported by knock-down experiments
focusing on a downstream gene, forkhead transcription factor (FOXO). When the insulin
signalling pathway is activated, FOXO is normally suppressed (Lee ef a/., 2001; Junger et
al., 2003), thus the likely scenario is that expression of FOXOis suppressed in long-day
reared mosquitoes that develop without entering diapause. By contrast, when the insulin
signalling pathway is not activated, the proposed situation in short-day reared mosquitoes
programmed for diapause, the repression of FOXOis lifted, potentially leading to features of
the diapause syndrome such as the lipid accumulation that characterizes diapause in C.
pipiens. This scenario is consistent with the effect observed when diapause-programmed
females are injected with double-strand RNA (dsSRNA) directed against FOXO. Such
females fail to accumulate the huge lipid reserves normally associated with diapause (Sim &
Denlinger, 2008). Together, these results suggest a model that short days lead to a shut-
down in the insulin signalling pathway and thereby release the repression of FOXO, leading
to the diapause phenotype.

If this scenario is true, we would predict that levels of expression, synthesis and/or release of
ILPs may preside over this developmental decision. In this study, we test the hypothesis that
differences in expression of the genes encoding the ILPs affect the programming of diapause
by cloning three ILPs from C. pipiens (ILP-1,-2 and -5) and evaluating expression of the
genes encoding these ILPs under short-day (diapause) and long-day (nondiapause)
conditions. RNA interference (RNAI) is then used to functionally evaluate the response
when selected ILPs are knocked down. Our results suggest that suppression of ILP-1 is
particularly important for evoking the diapause response.

Culex pipiens ILP-1, -2 and -5

We identified ILPs from C. pipiens by performing Buast searches on the C. pipiens genomic
database using sequences of ILPs from Aedes aegypti. The cDNA fragments of C. pipiens
ILP-1 (488 bp) and ILP-2 (438 bp) shared the highest identities, 70 and 78%, respectively,
with ILP-1 and ILP-2 from a closely related mosquito, Ae. aegypti. The 504-bp cDNA
fragment of C. pipiens ILP-5 shared 68% identity with ILP-5 from Ae. aegypti and 82%
identity to ILP-5 sequences from Angpheles gambiae. The deduced amino acid sequences of
ILP-1, -2 and -5, based on a pfam search, belong to an insulin/insulin-like growth factor/
relaxin family (IPR004825) with a predicted biological role in the regulation of normal
glucose homeostasis, as well as other specific physiological functions including Ca. elegans
dauer formation (Lee et al., 2001).

A phylogenetic analysis of known mosquito ILPs was performed to infer relationships of the
Culex ILPs with those identified in An. gambiae and Ae. aegypti. All ILPs of C. pipiens (1,
2 and 5) had significant matches to the respective ILPs of Culex quinquefasciatusand Ae.
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aegypti (Fig. 1). The close relationship of ILP-1 and ILP-5 amongst mosquitoes was noted
previously (Riehle et al., 2006). ILP-1, -2 and -5 are highly conserved between Culex
species and Ae. aegypti, but these ILPs in An. gambiae are evolutionarily more distant, a
result which is consistent with reported speciation patterns within the family Culicidae
(Krzywinski et al., 2006).

Transcript levels of ILP-1, -2 and -5 in diapausing and nondiapausing females of C. pipiens

Expression patterns of the ILP-1, -2 and -5 genes in nondiapausing and diapausing C.
pipiens were obtained using quantitative real-time PCR (qRT-PCR). The mRNA expression
patterns of ILP-1 and -5 showed that both genes were upregulated in nondiapausing
mosquitoes one week after eclosion but were down-regulated in diapausing mosquitoes
reared at short day-length (Fig. 2). mRNA expression patterns of ILP-2 were similar in
nondiapausing and diapausing females (Fig. 2). Reduced expression of the ILP-1 and -5
genes in mosquitoes in response to short day-length (destined to diapause) suggested the
possibility that these genes may be involved in dictating the diapause phenotype.

Double-strand RNA of ILP-1 halts ovarian development in nondiapausing females

dsRNA.I efficiency was first assessed by qRT-PCR. In contrast to the relatively high
induction of ILP-1 and ILP-5 in double-strand RNA of B-galactosidase (dsp-gal) injected
mosquitoes, only traces of ILP-1 and ILP-5 mRNA were detected in double-strand RNA of
ILP-1 (dsILP-1) and -5 injected, nondiapausing mosquitoes, using gRT-PCR and primers
corresponding to the ILP-1 and ILP-5 genes (Fig. 3A), thus indicating that injection of
dsILP-1 and dsILP-5 successfully inhibited induction of the ILP-1 and ILP-5 genes.
Ribosomal protein L19 (RpL19), the loading control used to normalize transcript levels,
showed no difference in expression three and six days postinjection (Fig. 2), thus indicating
that the low expression levels observed for the ILP-1 and ILP-5 genes were related to the
knock-down effect of dsRNA. rather than variation in sample loading.

Ten days after injection, primary follicles in untreated nondiapausing females and dsf-gal
injected controls were nearly 50% larger than follicles in diapausing females reared at short
day-length (Fig. 3B). By contrast, when dsILP-1 was injected into nondiapausing females,
follicle length was greatly reduced and was not significantly different from that observed in
diapausing females, thus this treatment mimicked the diapause response.

When ovarian status was monitored using the standard classification for diapause (Spielman
& Wong, 1973), the proportion of nondiapausing females that fell into the diapause category
10 days following injection was low for untreated mosquitoes and those injected with dsp-
gal, but diapause-like status was high in nondiapausing mosquitoes injected with dsILP-1
and reached a level similar to that typically observed in diapausing mosquitoes (Table 1).

JH rescues the halt in ovarian development caused by dsILP-1

As demonstrated above, ovaries of dsILP-1 injected nondiapausing females halted
development in a state simulating diapause. This was evident not only in differences of
follicle length but also by distinctions in oocyte morphology. By day 10, the primary
follicles in untreated nondiapausing females were robust, and secondary follicles had
already formed (Fig. 4A), whereas ovarian development was halted in untreated diapausing
females (Fig. 4B). Primary follicles in dsILP-1 injected nondiapausing females were arrested
in a state indistinguishable from diapause (Fig. 4C). This arrest, however, could be rescued
in dsILP-1 mosquitoes with a topical application of JH 111 (Fig. 4D). Primary follicle length
in dsILP-1 injected mosquitoes increased in direct proportion to the concentration of JH 111
applied (Fig. 4E). In addition, JH dramatically decreased the incidence of diapause in the
dsILP-1 injected mosquitoes in a dose-dependent manner (Table 1).
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Discussion

In our previous study of C. pipiens (Sim & Denlinger, 2008), we knocked down expression
of the insulin receptor in nondiapausing females and simulated a diapause-like state. This
study builds on our previous work on insulin signalling in C. pipiens by testing the
hypothesis that the shut-down in insulin signalling during diapause may be reflected in
differences in expression of one or more of the genes encoding ILPs. Genes encoding ILP-1,
ILP-3 and ILP-5 were identified, and both ILP-1 and ILP-5 were expressed at significantly
lower levels in diapausing than nondiapausing females. Although both ILP-1 and ILP-5
were expressed at lower levels during diapause, knocking down ILP-5 expression using
RNAI had no effect in arresting ovarian development. By contrast, dsILP-1 arrested ovarian
development in the previtellogenic (diapause-like) stage in mosquitoes programmed by long
day-length for continuous (nondiapausing) development, and we thus propose that the shut-
down in insulin signalling during diapause may be the consequence of a shut-down in the
synthesis of ILP-1. Although one often thinks of neuropeptides exerting their influence
through regulation of their release rather than synthesis, our results presented here suggest
that regulation of synthesis is important in this case, as is also true for diapause hormone and
prothoracicotropic hormone in the regulation of pupal diapause in species of the Heliothis/
Helicoverpa complex (Xu & Denlinger, 2003; Xu et al., 2003) and in Manduca sexta (Xu &
Denlinger, 2004).

Although we detected only three ILPs in females of C. pipiens one week after adult eclosion,
additional ILPs are likely to exist in different developmental stages or in adult males of C.
pipiens, as suggested by previous mosquito ILP expression studies (Krieger et al., 2004;
Riehle et al., 2006). It is also possible that certain ILPs may have evolved faster than the
three ILPs identified in this study, thus making them difficult to identify using the current
cloning strategy based on ILP sequences from Ae. aegypti. The phylogenetic tree of
mosquito ILPs that we have produced differs from the tree previously presented by Riehle et
al. (2006). The previous tree suggested that Aedes ILP-2 is phylogenetically most closely
related to An. gambiae ILP-2 (Riehle et al., 2006), but our phylogenetic tree suggests that
Ae. aegypti ILP-2 is more closely related to An. gambiae ILP-3/6 and C. pipiens ILP-2. This
discrepancy is most likely to be a result of the updated sequence information that is now
available for Ae. aegyptiand An. gambiae. This issue may be further resolved with progress
in annotating the Culex genome.

ILPs in humans and other mammals are categorized as insulins, insulin-like growth factors
and relaxins, based on structural domains and functions, and distinct receptors are involved
with these different neuropeptides (De Meyts & Whittaker, 2002). Although it was thought
that insects possessed only a single insulin receptor (Wu & Brown, 2006), a recent study
with Ae. aegypti suggests this may not be the case: ILP-3 binds with high affinity to insulin
receptor, but other ILP family members may use a relaxinrelated G-protein coupled receptor
(Brown et al., 2008). Such a divergence in receptors probably suggests functional
differences in ILPs of insects, a possibility that is supported by the distinct differences we
have observed in ILP gene expression and in the different results we observed when we
knocked down different ILPs in C. pipiens.

In our previous work with C. pipiens, we demonstrated that a JH analogue, methoprene,
could be used to counter the developmental arrest induced by dsRNA. of the insulin receptor
in nondiapausing females (Sim & Denlinger, 2008). A shut-down in JH synthesis is well
known to be one of the final steps leading to diapause in C. pipiens (Spielman, 1974; Readio
et al., 1999), as well as in other insects that enter diapause as adults (Denlinger et al., 2004).
In this study, we demonstrate that JH can also rescue the shut-down in development caused
by knocking down expression of the gene encoding ILP-1. The current experiments used the
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authentic mosquito hormone, JH-111, rather than the JH analogue used previously, but the
result was the same, demonstrating a dose-dependent rescue of the developmental arrest. A
higher dose of JH-111 was needed to elicit the effect than when the JH analogue was used, a
result that is consistent with the known higher potency of methoprene than the natural
hormone (Wilson, 2004). We thus suspect that insulin signalling is involved in the
regulatory cascade leading to JH synthesis. A similar link between insulin signalling and JH
synthesis has also been proposed for D. melanogaster (Tatar et al., 2001) and the honey bee
(Corona et al.,, 2007). There is evidence for ILP localization in the corpora allata, the
endocrine site of JH synthesis, in females of An. gambiae (Krieger et al., 2004), but exactly
how insulin signalling regulates JH synthesis remains to be resolved in all of these cases.

We have also proposed that the shut-down of insulin signalling during diapause in C. pipiens
activates the downstream FOXO, thus leading to the conspicuous hypertrophy of the fat
body that is associated with the advent of diapause (Sim & Denlinger, 2008). Knocking
down expression of FOXO in diapausing females with RNAi blocked the dramatic fat
accumulation normally associated with diapause. Based on our current experiments we
propose that the halt in ILP-1 synthesis, initiated by the short-day programming of diapause,
leads to the translocation of the FOXO protein into the nucleus where it initiates
transcription of downstream genes ultimately involved in fat accumulation and possibly
other physiological responses associated with diapause.

Many components of the pathway leading from perception of short day-length to the halt in
JH synthesis that results in diapause remain to be resolved, but our current working
hypothesis is that insulin signalling is a vital intermediate in this pathway. Might the ILP-
containing cells noted in the protocerebrum and optic lobes of Ae. aegypti (Riehle et al.,
2006) and other flies (Cao & Brown, 2001) be the target or site for integration of the
photoperiodic signal? The clock operating system resides in distinct lateral neurones of the
central brain (Ewer et al., 1992; Renn et al., 1999; Goto et al., 2009), but whether there are
direct connections between these two potential components is not yet known.

A similar shut-down in insulin signalling appears to regulate the adult diapause of D.
melanogaster (\Williams et al., 2006) and dauer formation in the nematode Ca. efegans (Lee
et al., 2001), thus suggesting some commonality to these diverse forms of arrested
development that is based on insulin signalling. Yet, an interesting dichotomy exists.
Although we propose a model that links a shut-down in insulin signalling to the expression
of diapause and associated lipid accumulation, insulin signalling has been linked to
sequestration of nutrient reserves following a bloodmeal in nondiapausing females of Ae.
aegypti (Roy et al., 2007; Brown et al., 2008). Is this a diapause/nondiapause distinction,
perhaps related to nectar vs. blood feeding? Are different ILPs involved? Answers to these
questions are not yet clear, but the common reliance on insulin signalling for so many
diverse physiological responses (Riehle & Brown, 1999; Luckhart & Riehle, 2007; Roy ef
al., 2007) perhaps suggests that insulin signalling is used in very different ways by stages as
distinct as diapause and nondiapause.

Experimental procedures

Insect rearing

The stock colony of C. pipiens (Buckeye Strain) was reared at 25 °C and 75% relative
humidity (RH) under a 15 h light : 9 h dark (L : D) photoperiod, as previously described
(Robich & Denlinger, 2005). When larvae reached the second instar, rearing containers were
placed under one of two environmental conditions: nondiapausing (ND) adults were
generated by rearing at 18 °C, 75% RH and 15: 9 L : D. To induce diapause (D),
mosquitoes were reared at 18 °C, 75% RH and 9:15 L : D. To confirm diapause status,
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primary follicle and germarium lengths were measured, and the stage of ovarian
development was determined according to described methods (Christophers, 1911).

Identification and bioinformatic analysis of Culex insulin sequences

To retrieve sequences of C. pipiens ILPs, sequences of Ae. aegypti ILPs were utilized in
discontinuous Meca—Buasr Searches on trace archives of genome data from the NCBI

database (http://www.ncbi.nlm.nih.gov/blast/tracemb.shtml), and identities of the retrieved
ILPs were confirmed by blasting against the C. quinquefasciatus genome database (http://
cpipiens.vectorbase.org/Tools/BLAST/). cDNAs containing ILP coding regions were
amplified by using the following primers (5'-3"): ILP-1, GCGTGGTGTTCATACTGTGC
and TCGGCACAGTACTGCTTGAG; ILP-2, CTGGCGCTTAC-GATCCTC and
GCATTCACCGTCTTGCAGTA,; ILP-5, GCCATCT TGCTGGTCCAC and
GTACCGGTTGATCCGCTTGT. Protein domains were identified by searching the pfam
database (http://pfam.sanger.ac.uk/). The evolutionary history was inferred using the
maximum likelihood (ML) method (Guindon & Gascuel, 2003; Guindon et a/., 2005). The
bootstrap consensus tree inferred from 500 replicates was taken to represent the evolutionary
history of the mosquito ILPs analysed (Fig. 1). The percentage of replicate trees in which the
associated ILPs clustered together in the bootstrap test (500 replicates) is shown next to the
branches. The tree was drawn to scale, with branch lengths in the same units as those of the
evolutionary distances used to infer the phylogenetic tree.

Transcript levels in diapausing and nondiapausing mosquitoes using gRT-PCR

To compare transcript levels of ILP-1 (FJ266014), -2 (FJ266015) and -5 (FJ266016) in early
diapause and in nondiapausing mosquitoes, total RNA samples were extracted with Trizol
(Invitrogen, Carlsbad, CA, USA) from three batches of 15 adult female mosquitoes, 7-10
days after eclosion. To remove genomic DNA contamination, RNA samples were treated
with 1.0 ul DNase | following the manufacturer’s instructions (50-375 units/ul; Invitrogen).
For reverse transcription, 5 g total RNA was reverse transcribed with Superscript 111 RNase
H-reverse transcriptase (Invitrogen). gRT-PCR was performed using an iQ5 real-time PCR
detection system (Bio-Rad, Hercules, CA, USA), as described previously (Sim et al., 2005,
2007). Briefly, standard curves were generated for each transcript tested using tenfold serial
dilutions of plasmids which included each ILP fragment, ranging from 100 to 0.01 pg per
reaction. All reactions were performed in triplicate in a total volume of 20 ul containing 10
ul of SYBR Green PCR Master Mix and 300 nmol of each primer at the following
conditions: 95 °C for 10 min followed by 45 cycles of denaturation at 95 °C for 15s,
annealing at 55 °C for 30 s and extension at 72 °C for 30 s. Ribosomal protein L19 (RpL19)
(FJ266017) was used as an internal control. Sequences of gene-specific gRT-PCR primer
sets are listed accordingly (5'-3"): qILP-1, CTACTG TGGC AAGGTGCTGA and CCATC-
GACTTCTTCCTCCAC,; gILP-2, ATCATCGAGTCC ACCGAGTT and
GACTACCCGGTTGACGACTG; qlLP-5, GATCCGAACATGGA GGTCAC and
CAGTACATGTGCCGGATGAG; qRpL19, CGCT-TTGTTTGATCGT GTGT and
CCAATCCAGGAGTGCTTTTG. Statistical significance of differences in the expression of
individual genes was determined by using a Student’s #test between the relative transcript
values derived from the diapause and nondiapause mosquitoes across three replicates for
each gene, and a P-value less than 0.05 was considered to be a significant transcript level
change.

dsRNA preparation and injection into adult female mosquitoes

dsRNA for C. pipiens ILP-1 (dsILP-1), ILP-5 (dsILP-5) and dsp-gal genes were prepared
using the MEGAscript T7 transcription kit (Ambion, Foster City, CA, USA), as previously
described (Sim et al., 2007), and T7 primers are listed accordingly (5'-3"): dsILP-1,
TAATACGACTCACTATAGGGGCGTGGTGTTCATA CTGTGC and
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TAATACGACTCACTATAGGGTCGGCACAGTACTGCTTGAG; dslILP-5,
TAATACGACTCACTATAGGGGCCATCTTGCTGGTCCAC and TAATACG
ACTCACTATAGGGGTACCGGTTGATCCGCTTGT,; dsp-gal, TAATACGACTCACT
ATAGGGGTCGCCAGCGGCACCG-CGCCTTTC and TAATACGACTCACTATAGG
GCCGGTAGCC-AGCGCGGATCATCGG. Each PCR-derived fragment was sequenced
and blasted against the C. quinquefasciatus genome database (http://cpipiens.vectorbase.
org/Tools/BLASTY/) to validate redundancy of the sequence and to confirm unique
sequences. In knock-down experiments with ND mosquitoes, ~0.5 pul dsSRNA of Culex
ILP-1, ILP-5 (1.5 pg/ul) or ~0.5 pl dsp-gal (1.5 pg/pl) were injected into the thorax of cold-
anaesthetized females using a microinjector (Tritech Research, Los Angeles, CA, USA).
Thus, ND females were injected with ~0.7 pg of dsILP-1 and dsILP-5.

RNAI efficiency evaluation using gRT-PCR

gRT-PCR of the dSRNA injected mosquitoes was carried out as above and as previously
described (Sim & Denlinger, 2008). To evaluate RNAI efficiency, primers were used to
amplify endogenous ILP-1 and ILP-5. Ribosomal protein large subunit 19 (RpL19) from C.
pipiens was used as a loading control.

Follicle assay following dslILP-1 and dslILP-5

ND females, within a day after adult eclosion, were injected in the thorax with dsILP-1,
dsILP-5 or dsB-gal (control). Each treated cohort was kept in a 8 cm diameter x 12 cm cage.
Cotton soaked in a 10% sucrose solution was provided 1 h after the dsSRNA injection. Cages
were placed at 18 °C, 75% RH, 15: 9 h L : D, and ovaries were assessed 10 days after
injection. Ovaries were dissected in a drop of saline solution, disrupted with a needle and
examined at 200 and 400-fold magnifications (Zeiss Axioskop, Thornwood, NY, USA).
Mean follicle length for each female was calculated from measurements of 10 follicles, and
data were collected from 20-37 individuals. An avova test was used to distinguish differences
in follicle sizes amongst dsRNA and control groups.

JH treatment

JH 11 (Sigma-Aldrich, St Louis, MO, USA) was used to evaluate the mosquito’s response to
JH. ND females, within a day after adult eclosion, were injected with dsILP-1 and then
topically treated the same day with serial dilutions of JH 11 (5, 50, 500 ng/ ¢) diluted in 0.5
ul acetone. Ovaries were dissected and measured as described above. An avova test was used
to distinguish differences in follicle sizes.
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Figure 1.

Phylogenetic tree of mosquito insulin-like peptides (ILPs) generated with the maximum
likelihood method and bootstrap analysis. Bootstrap values are shown at the base of the
branches and represent the percentage of times that grouping was supported. Cqu-ILPs from
the Culex genome are the putative ILP operons. Cpi-ILP-1, Culex pipiens, F3266014; Cpi-
ILP-2, FJ266015; Cpi-ILP-5, FJ266016; Cqu-ILP-1, Culex quinquefasciatus, CP1J018051;
Cqu-ILP-2, CP1J018050; Cqu-ILP-5, CP1J001698; Ae-1LP-1, Aedes aegypti, DQ845750;
Ae-ILP-2, DQ845752; Ae-ILP-3, DQ845751; Ae-ILP-4, DQ845753; Ae-ILP-5, DQ845758;
Ae-ILP-6A, DQ845755; Ae-1LP-6B, DQ845756; Ae-ILP-7, DQ845757; Ae-ILP-8,
DQ845754; Ag-ILP-1, Anopheles gambiae, AY 324307; Ag-ILP-2, AY324308; Ag-ILP-3,
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AY324309; Ag-ILP-4, AY324310; Ag-ILP-5, AY324311-12 ; Ag-ILP-6, AY324313; Ag-
ILP-7, AY324314-15.
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Figure2.

Quantitative real-time PCR showing expression of insulin-like peptide-1 (ILP-1), -2 and -5
in Culex pipiens females, one week after adult eclosion. ND (black), programmed by long
day-length for nondiapause; D (white), programmed by short day-length for diapause. Both
groups were maintained at 18 °C. Bars (mean + SD) with asterisks (*) indicate significant
differences at £=0.05, £test. Ribosomal protein large subunit 19 (RpL19) was used to
confirm equal loading.
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Figure 3.

RNA interference efficiency and the effect of double-strand RNA of insulin-like peptide-1
(dsILP-1) and -5 on ovarian follicle length in Culex pipiens. (A) ILP-1 and ILP-5 transcript
levels in females injected with dsILP-1 or ILP-5 (white bars) were compared with the
double-strand RNA of B-galactosidase (dsp-gal) controls (black bars). Expression levels
were measured by quantitative real-time PCR three and six days after RNA interference
injection, which was normalized using a RpL19 loading control. (B) Effects of dsILP-1 and
dsILP-5 knockdowns on ovarian development of females programmed for nondiapause.
Injections of dsILP-1 and dsILP-5 (~0.7 pg/ ¢) were made into the thorax of cold-
anesthetized mosquitoes within one day after eclosion (controls, dsp-gal), and females were
dissected 10 days later. ND, programmed by long day-length for nondiapause; D,
programmed by short day-length for diapause. Both groups were maintained at 18°C. d.p.i.,
days post injection. Bars (mean + SD) with the same letters are not significantly different at
P= 005, ANOVA.
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Figure 4.

Juvenile hormone (JH) rescue of ovarian development in insulin-like peptide-1 (ILP-1)
knocked-down mosquitoes that were programmed by long day-length for nondiapause. (A)
Primary (Z7o/) and secondary follicles (2fo/) from wild-type nondiapausing (ND) females,
prepared 10 days after eclosion (B) Primary follicles from diapausing (D) females, prepared
10 days after eclosion, showing the cessation of ovarian development. (C) Primary follicles
from double-strand RNA of ILP-1 (dsILP-1) + acetone ND treated females dissected 10
days after eclosion. These follicles were arrested in Christopher’s stage I, similar to the
ovarian arrest observed in diapause. (D) Primary follicles from dsILP-1 ND treated females
that received a 500 ng topical application of JH I11 in 0.5 pl acetone, showing nondiapause
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characteristics, including secondary follicles. Scale bar = 50 pM. (E) Mean + SD length of
ovarian follicles in dsILP-1 injected ND females that subsequently received graded doses of
JH 111. Each n=21-24 females. Bars with the same letters are not significantly different at P
=0.05, ANOVA.
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Table 1

Proportion of Culex pipiens with diapause-type ovarian follicles after injection of double-strand RNA of
insulin-like peptide-1 (dsILP-1) and application of juvenile hormone 111 (JH I11)

Females with diapause-
Double-strand RNA injection n typeovarioles (%)

Programmed for nondiapause

Untreated control 30 10.0
dsp-gal 35 8.6
dsILP-5 28 14.3
dsILP-1 37 838%

Programmed for diapause

Untreated control 24 92.9
dsILP-1 + acetone 24 875
dsILP-1+5ng JH Il 20 75.0%
dsILP-1+50 ng JH 111 23 391%
dsILP-1 + 500 ng JH 111 21 00~

dsp-gal, double-strand RNA of B-galactosidase.

*
Asterisks indicate significant difference from untreated controls

(xz—goodness of fit test at < 0.05 and d.f. = 1).
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