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Abstract

Culex pipiens form pipiens and Cx. pipiens form molestus differ in their ability to produce eggs
without a bloodmeal. Autogenous mosquitoes, such as the molestus bioform of Cx. pipiens,
depend on nutrition acquired as larvae instead of a bloodmeal to fuel the energy intensive
process of vitellogenesis, which requires abundant production of yolk proteins. In
anautogenous mosquito systems, ovary ecdysteroidogenic hormone (OEH) and insulin-like
peptides (ILPs) transduce nutritional signals and trigger egg maturation in response to a
bloodmeal. It is unclear to what extent the process is conserved in autogenous mosquitoes and
how the bloodmeal trigger has been replaced by teneral reserves. Here, we measured the
effects of a series of nutritional regimens on autogeny, time to pupation, and survival in Cx.
pipiens form molestus and form pipiens. We find that abundant nutrients never result in
autogenous form pipiens and extremely poor food availability rarely eliminates autogeny from
form molestus. However, the number of autogenous eggs generated increases with nutrient
availability. Similarly, using gPCR to quantify gene expression, we find several differences in the
expression levels of ilps between bioforms that are reduced and delayed by poor nutrition, but
not extinguished. Changes in OEH expression do not explain bioform-specific differences in
autogeny. Surprisingly, the source of most of the gene expression differences correlated with
autogeny is the abdomen, not the brain. Overall, our results suggest that autogeny is
modulated by nutritional availability, but the trait is encoded by genetic differences between

forms and these impact the expression of ILPs.
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Introduction

Blood is a requirement for egg production in most mosquito vectors of disease, and
acquisition of blood drives pathogen transmission. This reproductive strategy is known as
anautogeny. Yet egg production in the absence of a blood meal, or autogeny, has been
described in dozens of mosquito species (Vinogradova, 2000). Autogeny can be obligatory,
where females always lay their first (and, in some species, subsequent) batches of eggs without
a blood meal, or facultative, where females may lay an autogenous egg raft dependent on their
larval environmental conditions (Attardo et al., 2005; Provost-Javier et al., 2010; Tsuji et al.,
1990). While it is well-established that autogenous reproduction is under genetic control
(Aslamkhan and Laven, 1970; Krishnamurthy and Laven, 1961; Mori et al., 2008; O’Meara et
al., 1969; Spielman, 1957; Trpis, 1978), the molecular basis for this unique reproductive
strategy remains unknown. Comparing the molecular and physiological tradeoffs underlying
autogenous and anautogenous reproduction has strong potential to elucidate the key genetic
changes that led to multiple instances of reproductive divergence within and among mosquito
species (O’Meara, 1985).

Due to its epidemiological relevance, the reproductive physiology of anautogenous
mosquitoes has been investigated extensively. Egg development requires that yolk proteins
produced by the fat body are deposited into developing oocytes, a process known as
vitellogenesis. In anautogenous mosquitoes, vitellogenesis is tightly suppressed until a blood
meal is obtained (reviewed in Attardo et al., 2005; Hansen et al., 2014). Four key signaling
pathways, juvenile hormone Il (JH), ecdysone, insulin-signaling, and target of rapamycin
(TOR), interact to regulate the expression of yolk protein precursors (YPPSs) in the fat body,
vitellogenesis, and ovarian maturation (reviewed in Attardo et al., 2005; Hansen et al., 2014).
JH acts on the fat body and ovaries during maturation, influencing the ability of a female to
activate YPP genes (Noriega, 2004; Zou et al., 2013). Once a female obtains a blood meal, the

steroid hormone ecdysone is the major hormone that regulates egg maturation via activation of
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target genes, such as the predominant YPP gene, vitellogenin (Vg) (reviewed in Roy et al.,
2016). Ecdysone is regulated synergistically by ovary ecdysteroidogenic hormone (OEH) and
insulin-signaling. After feeding, stretch receptors in the gut trigger the release of OEH from the
brain into the hemolymph, which stimulates the production and release of ecdysone by follicle
cells of the ovary (Dhara et al., 2013; Hagedorn et al., 1979, 1975). Insulin-like peptides (ILPs),
a group of evolutionarily conserved peptide hormones, may also influence YPP gene expression
both directly and indirectly (Hansen et al., 2014).Together, insulin pathway and ecdysone
signaling activate YPP expression in the fat body (Roy et al., 2007). In Aedes aegypti, one
member of the insulin-like peptide family, ILP3, has been demonstrated to be essential for the
production of ecdysone, providing indirect reinforcement of YPP expression (Brown et al., 2008,
Dhara et al. 2013, Vogel et al. 2015). ILP3 also stimulates serine protease activity in the midgut
for blood meal digestion, contributing to the availability of amino acids required to produce YPPs
(Gulia-Nuss et al., 2012). The TOR signaling pathway detects these increases in amino acid
levels and contributes to the activation of YPP gene expression (Hansen et al., 2004).
Ultimately, vitellogenesis is not initiated in anautogenous females until these nutrient sensing
pathways signal the availability of yolk building blocks after a blood meal.

In contrast to anautogenous reproduction, the physiology of ovarian maturation in
autogenous mosquitoes has received less attention (Gulia-Nuss et al., 2015, 2012; Kassim et
al., 2012; Provost-Javier et al., 2010). One of the most well-studied autogenous species is the
rockpool mosquito, Georgecraigius atropalpus (formerly Aedes and Ochlerotatus)(Gulia-Nuss et
al., 2015, 2012; Telang et al., 2013, 2006). G. atropalpus females that are decapitated within 6
hours of pupal emergence fail to initiate vitellogenesis, demonstrating that hormones secreted
from the brain are critical to autogenous reproduction in this species. When injected, OEH fully
restores and ILP3 partially restores reproductive maturation in these decapitated females

(Gulia-Nuss et al., 2012), demonstrating that the roles of these hormones in G. atropalpus are
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94  analogous to what has been found in the primarily anautogenous Ae. aegypti after they have
95 acquired a blood meal.
96 In G. atropalpus and other autogenous mosquitoes, nutritional status interacts with
97  genetic factors, including those underlying hormonal secretion from the brain, to influence
98 autogenous egg production. Females emerging from crowded, or nutrient poor larval habitats
99 may fail to reproduce autogenously or have low fecundity (Kassim et al., 2012; Krishnamurthy
100 and Laven, 1961; Lounibos et al., 1982; O’Meara and Krasnick, 1970; Trpis, 1978). Such
101 nutritional control of trait expression is observed in other insect species (Casasa and Moczek,
102  2018; Chandra et al., 2018; Wheeler and Frederik Nijhout, 1983), and in some cases, the
103  molecular mechanism underlying this nutritional regulation is known. For example, horn size in
104  taurus scarab beetles (Onthophagus taurus) is dependent on nutritional state, which is
105 transduced by insulin signaling (Casasa and Moczek, 2018). In ants, upregulation of insulin-like
106  peptide 2 (ilp2) occurs in reproductive as opposed to non-reproductive individuals and larval
107  nutrition can influence adult ILP2 expression levels (Chandra et al., 2018). In these and other
108 examples, an emerging theme is that insulin signaling is a critical component of the mechanism
109 that ties phenotype to nutritional status (reviewed in Nijhout and McKenna, 2018). In
110 autogenous mosquitoes, it is unclear how and whether the nutritional state of females impacts
111 the expression of ILPs and other genes underlying induction of vitellogenesis and ovarian
112 maturation.
113 Here, we examine the interaction between nutrition, gene expression, and ovarian
114  maturation in a species of mosquito which is polymorphic for autogeny, Culex pipiens. Within
115 the species, there are two interfertile and morphologically indistinguishable bioforms that exhibit
116  divergent reproductive strategies (Culex pipiens form pipiens and form molestus, hereafter
117  pipiens and molestus) (Harbach et al., 1984; Spielman, 2001; Spielman and Wong, 1973). The
118 form molestus is thought to be facultatively autogenous, while the form pipiens is anautogenous

119 (Roubaud, 1929). Although these populations are genetically distinct (Fonseca et al., 2004,
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Kent et al., 2007; Yurchenko et al., 2020), the molecular mechanisms underlying their divergent
reproductive strategies have not been identified.

We begin to address this knowledge gap by quantifying changes in expression of key
nutrient-sensing pathway genes for the autogenous molestus, as compared to the
anautogenous pipiens. Multiple genes previously demonstrated to play a critical role in ovarian
maturation, including oeh, the full suite of ilps, their downstream effector foxo, as well as Vglb,
were examined for expression level differences in female heads and abdomens for four days
following adult emergence. We also measured gene expression in females that experienced
nutrient rich and poor larval conditions, which produced dramatic changes in time spent as
larvae and fecundity in autogenous molestus. Expression patterns for several of these genes
differed temporally, by form, and in a body segment specific way. Interestingly, insulin-signaling
pathway genes whose expression differed by form also show delayed or dampened expression
in poorly-fed molestus individuals, but never matched the expression levels observed in well-fed
pipiens. This demonstrates the relatively greater importance of genotype over nutrition in
autogenous egg production for Cx. pipiens. Furthermore, this work establishes a system that
will allow investigation of the key genetic variants which halt ovarian maturation in some females
yet facilitate it in others. Such variants would make attractive targets for novel genetic control

measures that limit ovarian maturation, egg production, and ultimately vector population growth.

Results and Discussion
Bioinformatic and phylogenetic analyses reveal six Culex ilp orthologs

At the start of this work, three ilps had been identified in Cx. pipiens (named ilp1, ilp2,
and ilp5)(Sim and Denlinger, 2009), but based on the numbers in Aedes aegypti (n = 8; (Riehle
et al., 2006)), Anopheles gambiae (n = 5; (Riehle et al., 2002)), Anopheles stephensi (n = 5;
(Marquez et al., 2011)), and Drosophila melanogaster (n = 8; Brogiolo et al., 2001; Colombani et

al., 2012; Garelli et al., 2012; Gronke et al., 2010), it was predicted that more remained to be
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146  discovered (Sharma et al., 2019; Sim and Denlinger, 2009). We identified six Culex ilp genes
147 by performing a HMMR analysis in Vectorbase using an alignment of all eight Drosophila and
148  Aedes ilps against the CpipJ2.4 geneset. A phylogenetic analysis of these six Culex ILPs

149  determined their orthology to established sequences from Drosophila, Aedes, and Anopheles
150 (Fig. 1). We confirmed the identity of previously isolated Cpip-ilp1 and -ilp5 genes, as well as
151 those from the Culex quinquefasciatus Johannesburg genome that were included in other’s
152  phylogenetic analyses (Marquez et al., 2011; Sim and Denlinger, 2009). One gene previously
153 named Cpip-ilp2 (Genbank accession ACM66967.1) was orthologous to ilp3 in other mosquito
154  species. Comparison of “Cpip-ilp2” to Cqui-ilp2 and Cqui-ilp3 further supports its orthology with
155  ilp3 (Fig. S1). Therefore, we refer to this sequence as Cpip-ilp3 in this work.

156 One new ilp gene was identified and had likely been overlooked in previous work

157  because it is unique to Culex (XP_001868260.1). We named this gene ilp4 because it is

158  syntenic with ilps 1-3, as is the case in other Dipteran genomes (Fig. S2). It is not a clear

159  ortholog of any other Dipteran ilp4, however, and likely arose by a lineage-specific gene

160 duplication event. All of the genes in this syntenic cluster have sequence features that define
161 them as “insulin-like peptides”, such as a long, cleavable C peptide (Okamoto and Yamanaka,
162  2015). Cpip-ilp5 and other mosquito ilp5 orthologs are not syntenic in the genome with other ilps
163  and contain distinct sequence features that define them as orthologs of Dmel-ilp7 (Krieger et al.,
164  2004; Okamoto and Yamanaka, 2015; Riehle et al., 2006). Our phylogenetic analysis upholds
165 this grouping (Fig. 1). Similarly, Cqui-ilp6 is in a clade with Aaeg-ilp6 in our analysis and both
166 are located elsewhere in the genome, not in a syntenic cluster with other ILP genes. This is
167  also true for Dmel-ilp6, which is considered “IGF-like” based on sequence features such as its
168  short C peptide. Although our phylogeny does not group mosquito ilp6 genes with Dmel-ilp6,
169 the short C peptides, extended C-terminus following the A domain, and genomic locations

170  suggest that they can also be considered “IGF-like” genes (Riehle et al., 2006). In sum, there
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are six ilp genes in Cx. pipiens assemblage species: ilps1-4 are true insulin-like peptides, ilp5 is

similar to Drosophila’s atypical ilp7, and ilp6 is best described as an IGF-like peptide.

Autogenic ovarian maturation is enhanced by a nutrient rich larval environment

Prior to quantifying gene expression, we confirmed that the timing and degree of Culex
ovarian maturation was consistent with previous observations of autogenous and anautogenous
mosquito populations. Dissections of adult molestus and pipiens females conducted over 96h
post emergence (PE) showed that ovarian maturation in molestus progressed beyond that of
pipiens by 48h PE and was complete by 96h PE, regardless of mating status (Fig. 2). Failure of
mating status to impact autogenous ovarian maturation agreed well with previous studies of
another molestus population and G. atropalpus (Gulia-Nuss et al., 2012; Kassim et al., 2012;
Spielman, 1957). Furthermore, our time course of ovarian maturation was consistent with
studies showing molestus follicle length reaches its maximum between 80-105h post-
emergence (Spielman, 1957), and egg deposition begins at 120h (Kassim et al., 2012).

Nutrient rich and poor aquatic environments are known to impact body size, larval
development, mortality, and egg production in autogenous mosquitoes (Kassim et al., 2012;
Lounibos et al., 1982; O’Meara and Krasnick, 1970; Telang and Wells, 2004). Here, we
examined both anautogenous pipiens and autogenous molestus for these traits in a
comparative framework under identical environmental conditions. Rather than rearing larvae
together in the same environment, as was previously done (Kassim et al., 2012; Spielman,
1957), we reared each larva in a single well of cell culture plate to avoid the confounding effects
of competition on trait expression. Each larva was consistently fed one of four diet treatments
ranging from 0.25mg desiccated liver powder (LP) + 0.14mg dry yeast (DY) per larva (extra-low)
to 1.07mg LP + 0.53mg DY (high) every other day. For both forms, larval survivorship was high
(> 85%) and did not differ by diet treatment (Fig. S3; Tables S1 & S2). Wing length, which

serves as a proxy measure of female body size and teneral reserves (Telang et al., 2006) was
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positively correlated with larval nutrient availability, however (Table 1; Tables S3 & S4).
Together, this indicated that our diet treatments effectively manipulated larval nutrition without
inducing mortality.

As expected based on previous work (Attardo et al., 2005), larval development time was
negatively correlated with nutrient availability for both forms (Fig. S4; Tables S5 & S6). When
fed the highest diet treatment, form pipiens and molestus larvae developed at similar rates
(Tables S5 & S7), where mean days to pupation were 7.2 (s.d. = 0.8, n = 208) and 7.8 (s.d. 1.1,
n = 222), respectively. At the lowest diet treatments, larval development times lengthened to
10.2 (s.d. = 1.9, n = 202) and 13.1 (s.d. 2.6, n = 200) days, respectively, and there was higher
variation in development time for molestus. We reasoned that sex-specific differences in
nutrient acquisition, particularly for molestus, could account for this additional variation. In a
separate experiment, we quantified male and female development times for both molestus and
pipiens, and our results revealed a three-way interaction between sex, form, and diet treatment
(Fig. 3; Table S8 & S9). Female molestus larvae compensated for very low nutrient availability
by lengthening their development time beyond what we observed for pipiens females and males
of both forms (Fig. 3). This was consistent with previous studies of autogenous mosquitoes
(Lounibos et al. 1982, Kassim et al. 2012), but unlike our results, molestus larvae from previous
studies suffered increased mortality (up to 38.7%), likely due to the more severe starvation
conditions imposed for the lowest diet treatments (Kassim et al., 2012).

Ovarian dissections revealed that larval nutrition was positively correlated with the
numbers of elongated follicles produced by each molestus female (Tables S10 & S11), while
pipiens females never showed signs of ovarian maturation (Table S12). Form molestus females
raised at the highest diet treatment matured, on average, 47.6 (s.d. = 14.3, n = 62) follicles
whereas those from the lowest diet treatment matured only 14.3 (s.d. = 9.6, n = 51; Table S12,
Fig. S4). We also quantified the probability that molestus females failed to produce any mature

follicles according to diet treatment. From the highest to lowest diet treatment, 1.6 %, 3.2%,
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223  2.8% and 19.6% of molestus females showed no signs of ovarian maturation. Our statistical
224  analysis indicated that the lowest diet treatment had greater potential to halt ovarian maturation
225 in molestus females than did the other diet treatments (Tables S13 & S14), confirming that

226  expression of autogeny is the result of a genotype by environment interaction. Finally, our

227  observation that poorly nourished molestus females lengthened larval development time led us
228  to quantify the relationship between time spent as larvae and the numbers of elongated follicles
229 produced. We tested for a positive correlation between development time and numbers of

230 elongated follicles produced by females reared under the low and extra low diet treatments but
231  found little evidence of this (Fig. S5; Tables S15 & S16).

232 Altogether, these results support and add to previous work, showing that autogenic

233 follicle development in Culex is a form-specific trait that is quantitatively impacted and

234  sometimes eliminated by larval diet (Fig. S4). Poor nutritional conditions lengthen larval

235 development in a pronounced, sex-specific way for autogenous female molestus, compared to
236  anautogenous pipiens reared under identical conditions (Fig. 3; Table S8). Yet increased larval
237  development time does not necessarily result in strong increases in the numbers of elongated
238 follicles produced by poorly nourished females. These results suggest there is a threshold level
239  of nutrient acquisition that must be met prior to pupation in autogenous molestus females. In
240  our hands, when nutritional requirements were met and female molestus pupated, most initiated
241  follicle maturation upon eclosion. Extended larval development times observed for molestus
242  females appeared to be more important for progression from larva to pupa than for increasing
243  reproductive output, however (Fig. S5).

244

245  Gene expression changes associated with autogeny are frequently observed in abdominal

246  tissue samples and are damped or delayed under poor nutritional conditions

247 After observing significant, yet non-lethal impacts of diet on larval development and

248  reproduction in our Culex forms, we compared the expression patterns of nine genes involved in
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nutrient-sensing and ovarian maturation for females raised under nutrient rich and poor
conditions using our previous experimental design. These gene candidates included ilps 1-6,
foxo, Vglb, and oeh. Autogenous molestus and anautogenous pipiens were reared individually
under the highest or lowest diet treatments as described above, and non-bloodfed females were
collected at 24-hour intervals PE in groups of ten, according to form and diet treatment. Heads
and abdomens were divided into pooled tissue samples for RNA extraction, cDNA synthesis,
and gPCR analysis. Relative fold changes in gene expression are reported with respect to 0-
24h PE well-fed form pipiens (Fig. 4-6). Statistical significance of fold change differences
between forms for each time point were always examined by two-way ANOVA corrected for
multiple comparisons. This also allowed us to assess significance of fold change differences
between nutritional regimens within a bioform. With two discussed exceptions, we found no
significant differences associated with diet treatment.

Previous work suggested that insulin signaling is an attractive candidate pathway for
understanding the regulation of autogeny. For example, ilpl and ilp5 are downregulated in
diapausing Cx. pipiens females, which shuts down their ovarian maturation (Sim and Denlinger,
2009). RNAI knock-down of ilp1 also results in cessation of ovarian development in females not
programmed for diapause (Sim and Denlinger, 2009). Furthermore, ILP3 promotes ovarian
maturation in both the autogenous G. atropalpus (Gulia-Nuss et al., 2012), as well as
anautogenous Ae. aegypti following a blood meal (Brown et al., 2008). Brain medial
neurosecretory cells are the dominant source of ILP expression not only in mosquitoes, but in
insects in general (reviewed by Okamoto and Yamanaka, 2015). While ILP activity is controlled
primarily by the release of these neuropeptides into the hemolymph, we predicted that
genetically encoded regulatory changes between Culex bioforms could affect transcription
levels, and subsequently, ILP activity. Therefore, we expected to see upregulation of ilps,
especially ilp3, in the heads of molestus females, with the strongest upregulation occurring in

those that were well-fed.
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Females of both bioforms expressed ilpl, ilp2, ilp3, ilp4 and ilp6 in the head tissues,
regardless of larval feeding conditions (Fig. 4A-E, Fig. 6). ilp5 was the only insulin-like peptide
that was undetectable in the head (data not shown). Expression of ilpl and ilp6 increased over
time but did so to the same extent in all groups, showing no correlation with autogenous egg
production (Fig. 4A and E). Expression levels of ilpl, ilp3, ilp4, and ilp6 did not differ between
bioforms or feeding conditions in head tissues (Fig. 4A-E), even though ILP3 release from the
brain is associated with mosquito reproduction in other systems (Brown et al., 2008). One
exception was that ilp1 expression was significantly different between well-fed and poorly-fed
molestus at 48-72h PE (log2 = -0.57 vs. 0.5, p = 0.018)(Fig. 4A). This likely reflects a slight
delay initiating upregulation of ilp1l in poorly-fed molestus, which is ultimately upregulated in
both diet treatments at 72-96h PE (log2 = 1.67 vs. 1.94). Interestingly, ilp2 experienced a ten-
fold downregulation in well-fed molestus at 24-48h PE vs. well-fed pipiens at the same time
point (log2 = -3.03 vs. log2 = 0.33, p = 0.014), and more modest downregulation in poorly-fed
molestus (log2 = -1.64)(Fig. 4B). The downstream effector of ILP signaling, foxo, was also
detected in all head samples (Fig. 4F). Well-fed molestus downregulated foxo by nine-fold at
24-48h PE with respect to equivalently staged pipiens (log2 = -2.7 vs. 0.47, p = 0.021) and at
48-72h PE (log2 =-1.81 vs. 1.31, p = 0.023). Weaker downregulation of foxo was observed in
poorly-fed molestus at those same time points (log2 = -1.57 and -0.52).

We also screened abdominal tissues as a potential alternative source of ilp expression.
While not as well-known, there is a precedent for ilp expression originating from ovaries, fat
body, and other abdominal tissues in many diverse insects (Okada et al., 2019; Okamoto et al.,
2009a, 2009b). Insects can express ILPs directly from their fat bodies to signal nutritional
conditions in a post-feeding stage. For example, in the beetle Gnatocerus cornutus, instead of
the fat body signaling to the brain to synthesize and release ILPs in response to nutritional input,
the fat body directly produces ILP to stimulate post-feeding growth (Okada et al., 2019). In

mosquitoes, ILP expression of abdominal origin has also been characterized. For example,


https://www.zotero.org/google-docs/?0hVc5Q
https://www.zotero.org/google-docs/?N5ZWm0
https://www.zotero.org/google-docs/?N5ZWm0
https://www.zotero.org/google-docs/?nvTyfa
https://doi.org/10.1101/2021.06.20.449144

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.20.449144; this version posted July 12, 2021. The copyright holder for this preprint (which

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

expression of ILP4 and ILP7 are detectable in ovary tissue in Aedes (Riehle et al., 2006).
Furthermore, in female Anopheles gambiae, an antibody against ILP1/3/4 detected expression
in abdominal ganglia that run along the body wall (Marquez et al., 2011). This same study
identified ILP1/3/4 immunoreactivity in neuronal axons along the midgut and observed changes
in the expression of several ILPs in the abdomen and midgut in response to sugar deprivation
and exposure to human insulin via a bloodmeal. We reasoned that ilps of similar abdominal or
neural origin may be expressed in molestus prior to bloodfeeding and quantified gene
expression in whole abdomens (Fig. 5). ilpl was significantly upregulated at 72-96h PE in both
well and poorly-nourished molestus (log2 = 1.5 and 1.37 respectively) with respect to well-fed
pipiens of the same age (log2 = -1.78) (p = 0.0014 vs. p = 0.02) (Fig. 5A). ilp3 expression
increased 53-fold in well-fed molestus compared to well-fed pipiens at 48-72h PE (log2 = 1.91
vs. -3.83, p = 0.003). The ilp3 expression level differences between well-fed molestus and
pipiens gradually rose to 97-fold by 72-96h PE (log2 = 3.39 vs. -3.21, p = 0.0002) (Fig. 5C).
Poorly-nourished molestus significantly upregulated ilp3 starting at 48-72h PE (16-fold, log2 =
0.24, p = 0.048), but expression levels did not reach those of well-fed molestus until 72h PE
(60-fold, log2 = 2.71, p = 0.002). Oddly, the expression of ilp3 in molestus was not significantly
different when compared to poorly nourished pipiens. No differences in ilp2, ilp4 or ilp6
expression were observed between bioforms or feeding conditions (Fig. 5B-F). Finally, as was
the case for head tissues, foxo expression was also briefly downregulated in the abdomens of
well-fed molestus. We observed over three-fold lower expression in well-fed molestus vs. well-
fed pipiens at 0-24h PE (log2 = -1.86 vs. 0, p = 0.040) (Fig. 5G).

Interestingly, ilp5 was only expressed in abdominal tissues, and primarily by the pipiens
bioform (Fig. 5E). Predominantly abdominal expression is conserved in Aedes and Anopheles
mosquitoes (Krieger et al., 2004; Riehle et al., 2006), so it was unsurprising that ilp5 was not
detectable in head tissues. At any given time, expression was three to five times lower in

molestus than well-fed pipiens of the same stage (log2 on average was approximately -2 vs 0, p
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< 0.05 in each case). While expression was equally low in molestus irrespective of nutritional
regimen, in pipiens, poor nutrition was associated with modest, but not significant, upregulation
of ilp5. These form and dietary differences in ilp5 expression are especially intriguing. Previous
work found that the expression of ilp5 was associated with a non-diapause state in Culex
pipiens (Sim and Denlinger, 2009). Indeed, one of the primary differences between the pipiens
and molestus bioforms is the ability to undergo diapause (Denlinger and Armbruster, 2014;
Vinogradova, 2000), although it is notable that knock-down of ILP5 had no effect on diapause
phenotypes in previous work (Sim and Denlinger, 2009). Currently, the functional role of ilp5 in
pipiens is not well understood, but clues from Aedes suggest it is critical to acquisition of teneral
reserves. For example, CRISPR-Cas9 ablation of ilp5 in Aedes resulted in bigger mosquitoes
with larger stores of lipids accumulated during larval stages (Ling and Raikhel, 2018). Because
increases in female size and teneral reserves are critical for autogeny (Chambers and Klowden,
1994; Gulia-Nuss et al., 2015; Telang et al., 2006), the significant reduction in ilp5 expression
that we observed in the molestus bioform is potentially important for explaining a gain of
autogenic ability.

To summarize our major findings for insulin signaling pathway genes, we observed brief
downregulation of ilp2 and foxo in the heads of females beginning at 24h PE. Upregulation of
ilpl and ilp3 occurred in the abdomens of molestus females after 48h PE, the latter of which
experienced more dramatic upregulation. Abdominal expression of foxo was mildly
downregulated in well-fed molestus females. Interestingly, ilp5, whose function is currently not
well understood in Cx. pipiens, was only detected in the abdominal tissue, and strongly
downregulated in molestus throughout the course of our experiment.

We then determined the time course of Vglb expression to determine whether insulin-
signaling pathway genes could be regulators of its expression. In anautogenous systems, Vg
expression is repressed until a bloodmeal is acquired (Hansen et al., 2014). FOXO is the

downstream effector of insulin signaling. It is a forkhead box transcription factor that represses
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the expression of Vg in many insects until the insulin signaling pathway is activated (Sheng et
al., 2011). Insulin signaling triggers phosphorylation of FOXO and deportation from the nucleus
to the cytoplasm, relieving the repression of Vg genes. In molestus, Vglb was strongly
upregulated (p < 0.0001) in abdominal tissues immediately upon eclosion in well-nourished
samples and by 24-48h PE in poorly-nourished samples (Fig. 5H). Well-fed and poorly-fed
molestus were significantly different at 0-24h PE (p = 0.011), owing to the delayed onset of
upregulation that occurs in the poorly-fed sample. This agreed well with previous work in Cx.
tarsalis which demonstrated robust upregulation of this gene within a day of emergence in
autogenous females (Provost-Javier et al., 2010). Both well- and poorly-nourished molestus
samples ultimately attained changes in expression greater than 65,000 times that of newly
eclosed pipiens. It is notable that Vglb expression peaked at 24-48h PE (log2 = 15.29) in well-
fed molestus but was delayed until 48-72h PE (log2 = 16) in poorly-fed molestus. No
upregulation occurs in pipiens in any feeding condition or at any time point (Fig. 5H).
Interestingly, Vglb is detected before adulthood in Cx. tarsalis, and in Ae. albopictus, Vg has an
additional role in repressing blood-seeking behavior in young, sugar-fed females (Dittmer et al.,
2019; Provost-Javier et al., 2010). We can infer that peak Vg transcription must occur before
48h PE because ovary maturation is visible by this point (Fig. 2). It may also be that very early
upregulation of Vglb serves to block blood-seeking behavior prior to or in addition to egg-
producing functions.

We next examined expression patterns of insulin-signaling pathway genes in light of
Vglb’s temporal dynamics. An early-acting difference of potential importance for rapid Vglb
activation was the downregulation of foxo in 0-24h PE well-fed molestus abdomens.
Downregulation of this conserved repressor of vitellogenesis genes could make it easier to
activate Vglb expression without bloodmeal-induced activation, even though it is typically
regulated at the post-transcriptional level. However, the difference was only seen in well-fed

molestus while autogeny occurred in both feeding regimens. Downregulation of ilp5 also
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379  occurred early in molestus, but was observed in both diets tested, making it a better candidate
380 regulator of Vglb. While significantly upregulated in the abdomens of molestus females, ilp1
381 and ilp3 are not likely to be involved in upregulation of Vglb. We did not observe form-specific
382  expression differences at these genes until after autogenic egg production was in progress (Fig.
383 5A, 5C, Fig. 6). ilp3 was not significantly upregulated until 48h PE in well-fed molestus and did
384  not achieve a similar fold increase until 72h PE in poorly-fed molestus. By this point, Vglb

385  expression had passed its peak in both feeding conditions. Likewise, upregulation of ilp1

386  specific to molestus did not occur until 72h PE. It may still reinforce the process once itis in
387  progress since this ilp gene has already been shown to regulate ovarian development in Culex
388 mosquitoes. Knock-down of expression of ILP1 has been demonstrated to halt ovarian

389 development in non-diapausing pipiens and lower endogenous expression levels are observed
390 in diapausing females (Sim and Denlinger, 2009). It is possible that changes in ilpl and ilp3
391  expression have some important function in autogeny unrelated to Vglb activation that will be
392  determined by additional functional studies.

393 In Aedes, OEH, a neuroparsin type neuropeptide, activates the insulin signaling pathway
394  inresponse to a bloodmeal, but bypasses the insulin receptor to do so (Dhara et al., 2013).

395  More recent work demonstrated ecdysone signaling influences ilp expression in response to a
396 bloodmeal, suggesting that it could also be important during autogeny (Ling and Raikhel, 2021).
397 Based on previous predictions, we expected that OEH stimulation of egg production would be a
398 conserved feature of mosquito reproduction (Vogel et al., 2015). We measured expression of
399 OEH in the heads of females from both forms for 0-96h PE, with the expectation that it would be
400  uniquely upregulated in molestus females. We did not detect expression in abdomens during
401  pilot experiments. Although it was implicated in autogenous reproduction in other mosquito
402  species (Brown et al., 2008; Dhara et al., 2013; Gulia-Nuss et al., 2015, 2012), OEH underwent
403  very modest upregulation in the heads of molestus females throughout our time course relative

404  to equivalently-staged pipiens (Fig. 4G, Fig. 6). OEH upregulation in the heads of molestus
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females preparing for autogenous egg production occurred after Vg1lb upregulation and was not
statistically significant compared to expression in equivalent-staged pipiens females (Fig. 4G,
Fig. 6). In G. atropalpus, ecdysteroid is secreted by the ovaries immediately upon eclosion and
peaks during the first day of emergence under high-food conditions, and experience a ~12 hour
delay of peak secretion under low-food conditions (Telang et al., 2006). This is controlled by
OEH from the brain released within 6 hours of eclosion and produced during pupation and the
first few hours post-eclosion (Fuchs et al., 1980; Gulia-Nuss et al., 2012). It is possible that our
wide 0-24 hour sampling window prevented detection of this early peak in OEH expression, or
that OEH peak expression occurs during pupation for molestus. It may also be that OEH
activity is predominantly regulated by release of peptide, and that transcriptional regulation is
not a good indicator of its potential role in molestus autogeny.

Here, we characterized the effects of nutrition on time to pupation, autogenous egg
production, and expression of genes connected to sensing of nutritional state in Cx. pipiens.
We confirmed that genetic factors interacted with nutritional status to regulate autogenous egg
production in molestus, while even well-fed pipiens never produced eggs autogenously. In
agreement with this trait expression data, we observed strong and significant bioform-specific
gene expression differences, which were only mildly influenced by nutrition. The comparison
between autogenous molestus and anautogenous pipiens revealed changes in gene expression
patterns in the abdomen (ilpl, ilp3, ilp5), head (ilp2), or both (foxo) (Fig. 6). Some of these
coincided with dramatic upregulation of Vgl1b (ex. foxo, ilp5), while others occurred afterward
(ex. ilpl, ilp3). Gene expression differences in well- vs. poorly-nourished molestus could be
characterized as dampened or delayed rather than statistically significant changes in
expression, in agreement with incomplete loss of autogeny in our lowest diet treatment. Future
work on the functional consequences of these gene expression differences, especially that of
ilp5, will enhance our understanding of the evolution of autogeny and loss of diapause as

bioform-specific traits.
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Data Availability
Scripts and data used to examine expression of autogeny under different dietary conditions can

be found at https://github.com/mcadamme/Culex Nutrition Exp. Data from gene expression

analysis can be found at: link to be added following acceptance.

Experimental Procedures
Gene identification and orthology

We identified six Culex ilp genes by performing a HMMR analysis in Vectorbase
(https://legacy.vectorbase.org/hmmer) using an alignment of all eight Drosophila and Aedes ilps
against the CpipJ2.4 geneset (Arensburger et al., 2010; Giraldo-Calderén et al., 2015). We next
constructed phylogenetic trees to establish gene orthology. Putative Culex ILPs plus previously
characterized insect ILP sequences were aligned in MUSCLE
(https:/lwww.ebi.ac.uk/Tools/msa/muscle/)(Edgar, 2004). Tree topology was determined by
TOPALI v2.5 using both a MrBayes algorithm (Model: JTT + G, Runs: 2 Generations: 500000,
Sample Freq.: 10, Burnin: 25%) and maximum PhyML algorithm (Model: JTT + G, 100
bootstrap runs)(Anisimova and Gascuel, 2006; Milne et al., 2004; Ronquist and Huelsenbeck,
2003). Synteny of ilp genes was examined using Genomicus Metazoa (web-code version: 2014-
07-06, database version: 30.01, https://www.genomicus.biologie.ens.fr/genomicus-metazoa-

30.01/cgi-bin/search.pl)(Louis et al., 2013).

Mosquitoes

A below-ground population (form molestus) of Cx. pipiens was obtained from Calumet,
IL, and has been in colony since 2009 (Mutebi and Savage, 2009) and maintained following
Fritz et al. (Fritz et al., 2015, 2014). An above-ground population (form pipiens) of Cx. pipiens

was obtained from Evanston, IL, and has been in colony since 2016 (Noreuil and Fritz 2021).
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Our laboratory-reared molestus had been cultured for 8 years without requiring a blood meal,
but our pipiens never produced egg rafts prior to blood feeding during its 2 years in culture. All
adults and larvae were maintained in an environmental chamber with a L:D photo period of
16h:8h, temperature of 25+£1-C, and humidity of 50+£10%. Adults for each form were kept in
separate 60 x 60 x 60 cm white BugDorm-2 insect rearing cages (Megaview Science Education

Services Co., Taichung, Taiwan) and were provided with a 10% sucrose solution at all times.

Imaging of ovarian development

Pupae were picked from respective larval rearing pans, placed in individual tubes until
eclosion, then moved to cages containing a 10% sucrose resource where females were allowed
to age with or without males for one to four days. Ovaries were dissected under a
stereomicroscope (Olympus Corporation, model SZ61, Center Valley, PA, USA) at 3.0-4.5 X
magnification on a petri dish filled with 70% ethanol. Images were made using the Olympus

cellSens Entry microscope-mounted imaging system.

Impacts of genotype and nutrition on survivorship, larval development and ovarian maturation
To produce sufficient mosquitoes for experimentation, each colony was blood fed at 12-
14 days of age using an artificial membrane feeder. Goose blood (Na-heparinated, obtained
from Lampire Biological) sweetened with 50% sucrose solution (8:1 ratio) was provided through
a pork sausage casing for a minimum of 1 hour. Approximately 72 hours after blood feeding
females were provided with a cup of dechlorinated tap water and allowed to lay eggs for 48
hours. For each colony, the resulting egg rafts were placed in 27.0 x 19.4 x 9.5 cm plastic pans
with 800ml of dechlorinated tap water and were supplied with 0.16g of liver powder (BD
DifcoTM Desiccated, Powdered Beef Liver) and 0.08g of powdered inactive dry yeast (Genesee
Scientific) suspended in 8ml of RO water. After 48 hours, 60 individuals from each colony were

placed in one of four diet treatments using a 3mL plastic transfer pipette. Those treatments were
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as follows: extra low (0.25mg desiccated liver powder (LP), 0.14mg dry yeast (DY), 4ml RO
water per larva), low (0.53mg LP, 0.27mg DY, 4ml RO water per larva), medium (0.80mg LP,
0.40mg DY, 4ml RO water per larva), and high (1.07mg LP, 0.53mg DY, 4ml RO water per
larva). To avoid competition between individuals, larvae were placed in a single well of a 12-well
culture plate. This resulted in 5 plates (12 x 5 = 60 individuals) per treatment, per form. Plates
were held in an environmental chamber with the same conditions as described above.
Individuals were fed every other day. Diet fed on days subsequent to the initial loading of the
plates contained the same mass of food as described above but was suspended in 100ul of RO
water instead of 4ml. Water was changed completely, and the diet was re-loaded as initially
described at day 8 or 10 of the experiment to avoid build-up of waste within each well. The
number of pupae present was recorded daily, and mortality was recorded every other day
during feeding. Pupae were removed from the well and placed in a small plastic cup within a 30
x 30 x 30 white Bugdorm-2 cage. Adults were provided with a 10% sucrose solution and held
under the previously described environmental conditions. Wing and ovarian dissections were
performed on adult females, beginning at 4 days PE. A single wing was removed from each of
3 females per diet treatment, per form and photographed using an Olympus cellSens Entry
microscope-mounted imaging system. Wing length measurements were made from the allular
notch to the tip of the wing using ImageJ software (Schneider et al., 2012). Ovaries were also
removed from at least 20 molestus females and 5 pipiens females per diet treatment, and the
numbers of follicles advanced beyond Christopher’s stage IlIb present were recorded (O’Meara
and Krasnick, 1970). This experiment was repeated four times.

In a separate experiment, we measured the impacts of diet, form, and sex on larval
development time. For each bioform and diet treatment (high or extra low), 60 larvae were
placed into wells of the five 12-well cell culture plates and allowed to develop as described

above. Upon pupation, individuals were transferred to a 2ml clear plastic lysis tube plugged
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with cotton wool. We monitored emergence every 48h and scored both larval development time

and sex of the emerged adult. This experiment was repeated three times.

Statistical analysis of mortality, pupation, and ovarian maturation

Bayesian generalized linear models (GLMs) were always fit using the package BRMS (v.
2.12.0 (Burkner, 2017)) in R (R Core Team, 2016). Posterior probability distributions of model
parameters were estimated using Markov Chain Monte Carlo (MCMC). For each model, we ran
4 chains with 6,000 steps, a burn-in of 2,000 steps, and saved every other step resulting in a
total of 8,000 samples drawn from the posterior probability distribution. To ensure a stable
sampling distribution had been reached, we visually examined trace plots, estimated effective
sample size, and calculated Gelman and Rubin’s convergence diagnostic (Gelman and Rubin,
1992). Details of the models and their underlying distributions can be found in Tables S1-6, S8-

11, and S13-16.

RNA isolation and gPCR

To compare gene expression levels between species, developmental time points, and
nutritional states, we first extracted total RNA from pools of tissue derived from ten like
individuals using TRIzol Reagent (Invitrogen, Carlsbad, CA) according to the manufacturer’s
instructions. Larvae from each bioform were reared individually in 12-well cell culture plates and
fed either high or extra-low diet treatments. Pupae were placed in individual 2mL lysis tubes,
allowed to emerge, and adult females were collected every 24 hours. From these females,
replicate pools of ten heads (bearing intact chemosensory appendages) and ten abdomens
were separately dissected on a small petri dish filled with dry ice for each diet treatment. Pooled
tissue was stored in sterile 1.5 mL microcentrifuge tubes containing TRIzol Reagent at -80°C
until RNA isolation was performed. One minor modification to this is that we back-extracted the

aqueous RNA-containing layer with chloroform an additional time to remove trace amounts of
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534  TRIzol components that interfered with downstream steps. Once the resultant RNA pellet was
535 dissolved in 20 pL of nuclease-free water, the RNA was treated to remove residual genomic
536  DNA contamination with the Turbo DNA-free kit (Invitrogen, Carlsbad, CA) according to the

537  manufacturer’s protocol. RNA yield was assessed following genomic DNA removal using a

538 Nanodrop Lite spectrophotometer (Thermo Fisher Scientific, Waltham, MA). 250ng of RNA was
539 used to synthesize cDNA with the iScript kit (BioRad, Hercules, CA). cDNA was diluted five-fold
540 in nuclease-free water for use as a qPCR template, and total RNA was diluted to an equivalent
541  dilution factor (2ng/uL) for —RT controls. gPCR was performed on a LightCycler 480 real-time
542  PCR cycler (Roche, Basel, CH) using Luna Universal gPCR master mix (NEB, Ipswich, MA).
543  Primer sequences can be found in Table S17. Results were analyzed by the AACt method

544  (Livak and Schmittgen, 2001). Reference gene (EF1A) was selected using the Normfinder

545  algorithm (Andersen et al., 2004) from a panel of six candidate reference genes selected from
546  relevant literature (Ling and Salvaterra, 2011; Sim and Denlinger, 2009; Van Hiel et al., 2009).
547  Statistical significance of qPCR data determined by 2-way ANOVA of AACts with Tukey’s

548  multiple comparisons test using Graphpad software.
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819 Tables

820

821 Table 1: Mean wing length is positively correlated with nutrient availability in larval Cx.
822 pipiens. Means and standard deviations were calculated using one wing for 12 individuals per
823  form, per diet treatment. Correlations between wing length and larval nutrition were determined
824  using a Bayesian generalized linear model (Tables S3 & S4).

825

Form Diet Treatment  Mean Wing Standard
Length (mm) Deviation

Cx. pipiens form molestus High 3.43 0.21

Medium 3.22 0.10

Low 3.06 0.11

Extra Low 2.84 0.09

Cx. pipiens form pipiens High 3.66 0.15

Medium 3.51 0.16

Low 3.32 0.15

Extra Low 3.16 0.14

826
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829  Figure 1: Phylogenetic Tree of Dipteran ILPs establishes Culex ilp orthology. Six distinct
830 Culex ilp genes (bold) were assigned orthology based on clustering with their closest homologs

831 in other species, indicated by colored boxes around each clade. Cqui-ilp4 is a lineage-specific
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gene with no homology to other Dipteran ilp genes (orange box). Only Cqui-ilp5 has well
supported orthology to a Dmel-ilp gene (ilp7) (green box). Tree topology determined by TOPALI
v2.5 using a MrBayes algorithm. Posterior probabilities listed at nodes to indicate statistical
support. When the node was also supported by a maximum likelihood tree (>50) (TOPALI,
PhyML algorithm, JTT + G, 100 bootstrap runs), the bootstrap support is listed as the second

value at the node. Genbank accession numbers listed next to gene nhames.
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Figure 2: Ovarian development up to 96 hours post adult emergence in anautogenous
pipiens and autogenous molestus females. Panels A-D depict ovarian development in
anautogenous, form pipiens females in which follicles remain in resting stage (Christopher’s
Stage - 1lb) until a blood meal is taken. Panels E-H depict autogenous ovarian development for
form molestus females provided the opportunity to mate. Panels I-L show ovarian development
in autogenous molestus females denied a mating opportunity. A 0.1 mm scale is shown in

panels E and H for reference. ov, ovary; mg, midgut; fb, fatbody; mt, malpighian tubules; cr,
crop.
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847
848  Figure 3: Days until pupation, per treatment, for molestus and pipiens. Males and females
849  are shown separately. Unfilled points represent observations for individual larvae, while filled

850 points represent outlier observations (1.5X greater or less than the interquartile range).
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Figure 4: Downregulation of ilp2 and foxo in head tissues are correlated with autogeny
phenotype. gPCR was used to determine whether expression of ilp1 (A), ilp2 (B), ilp3 (C), ilp4
(D), ilp6 (E), foxo (F), and oeh (G), differ between bioforms and feeding conditions over the first
four days of adult development, when autogenous egg production occurs in molestus. Only ilp2
(B) and foxo (F) are significantly differentially expressed, as determined by a two-way ANOVA
of log2 fold change values. p values are indicated by *s as presented in the key. Fold change
gene expression determined by AACt method, normalizing first to housekeeping gene EF1a,
then to pipiens high food 0-24 hr reference sample. Data are shown on a log2 scale such that
“0” means no change vs. the reference sample. “High” and “low” indicate diet types used in
larval rearing. Error bars indicate SEM. Each data point is the mean of 3-4 biological

replicates.
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864  Figure 5: Multiple gene expression differences in the abdomen correlate with autogeny
865 phenotype when biotypes and feeding conditions are compared. qPCR was used to

866  determine whether expression of ilp1 (A), ilp2 (B), ilp3 (C), ilp4 (D), ilp5 (E), ilp6 (F), foxo (G),
867 and Vglb (H) differ between bioforms and feeding conditions over the first four days of adult
868 development, when autogenous egg production occurs in molestus. ilpl is upregulated in

869  molestus at 72-96 hrs post-eclosion (A). ilp2 expression is stable between bioforms, feeding
870  conditions and time points (B). ilp3 is upregulated in molestus from 48-96 hrs post-eclosion (C).
871 ilp4 expression is stable between bioforms, feeding conditions and time points (D). ilp5 is

872  significantly downregulated at all timepoints in molestus, irrespective of feeding condition (E).
873 ilp6 expression is stable between bioforms, feeding conditions and time points (F). foxo is

874 initially downregulated in well-fed molestus (G). Vglb is enormously upregulated in molestus,
875  but with a slight delay in onset in low-food conditions (H). p values are indicated by *s as

876  presented in the key. Fold change gene expression determined by AACt method, normalizing
877  first to housekeeping gene EF1a, then to pipiens high food 0-24 hr reference sample. Data are
878  shown on a log2 scale such that “0” means no change vs. the reference sample. “High” and
879  “low” indicate diet types used in larval rearing. Error bars indicate SEM. Each data point is the

880 mean of 3-4 biological replicates.
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Figure 6: Heat Map Summary of Fold Change Gene Expression. Data from Figures 4 and 5
shown as fold changes in expression (as opposed to log2 scale in original figures) and are
grouped to show genes that are up and downregulated during autogenic egg production (listed
first in each grouping) vs. those that remain stable across forms (listed last in each grouping).
*VVglb expression is shown as 1/100th of actual fold change values to allow for visualization on

the same scale as other measured genes.
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