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ABSTRACT 

In insects, the insulin receptor (InR) pathway is involved in regulat ing key physiological 

processes, including juvenile hormone (JH) synthesis, vitellogenin production, and 

oocyte growth. This raises the question about which ligand (or ligands) binds to InR to 

trigger the above effects. We have cloned seven insulin-like peptides (BgILP1 to 7) from 

female Blattella germanica cockroaches and found that the brain expresses BgILP1 to 6, 

the fat body BgILP7, and the ovary BgILP2. Starvation induces the reduction of BgILP3, 

5, and 6 mRNA levels in the brain, and the various BgILPs are differentially expressed 

during the gonadotrophic cycle. In addition, by knocking down the BgILPs we were able 

to identify compensatory regulation at transcriptional level between the different BgILPs, 

although none of the BgILP knockdown assays, including the knockdown of the seven 

BgILPs, produced the same phenotypes that we achieved by depleting InR. Taken 

together, the results indicate that B. germanica ILPs are differentially expressed in tissues 

and in response to physiological conditions, and that they are affected by compensatory 

regulation. 
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Introduction 

The insulin/insulin-like growth factor signaling (IIS) pathway is involved in key 

physiological processes, such as growth, cell proliferation, metabolism, longevity, 

reproduction, and insect caste determination (Claeys et al., 2002; Wu and Brown, 2006). Its 

activity is triggered by binding a ligand (insulin or related molecules) to a membrane 

receptor (insulin receptor (InR) or insulin-like growth factor-1 (IGF-1) receptor) together with 

the molecular response this binding induces in the cells (Claeys et al., 2002; Wu and 

Brown, 2006). Thus, the activity of the InR pathway can be modified by modulating the 

synthesis and release of the ligands in the endocrine organs that synthetize them and by 

regulating the pathway in the target cell.  

In insects, the first insulin orthologue was purified from the silkworm, Bombyx mori 

(Nagasawa et al., 1984), and, since then, insulin-like peptides (ILPs) have been identified in 

many insect species from different orders. The number of ILPs varies greatly depending on 

the species, ranging between one peptide in locusts (Badisco et al., 2008; Lagueux et al., 

1990) and 37 peptides in B. mori (Aslam et al., 2011). ILPs are the putative ligands of 

insect InR, although at least Drosophila melanogaster dilp8 binds to the leucine-rich repeat-

containing G protein-coupled receptor Lgr3 (Colombani et al., 2015; Garelli et al., 2015; 

Vallejo et al., 2015) 

With regard to the function of the InR pathway in reproduction, in D. melanogaster, 

a hypomorphic mutation of InR induces reduced juvenile hormone (JH) synthesis in adult 

females, and the ovaries remain immature (Tatar et al., 2001). In the mosquito Aedes 

aegypti, activating the InR pathway with bovine insulin promotes an increase in JH 

synthesis and vitellogenin (Vg) expression, whereas decreased activity of the InR pathway 

produces reduced JH synthesis, together with lower levels of the enzymes of the JH 

biosynthesis pathway and less Vg (Gulia-Nuss et al., 2011; Perez-Hedo et al., 2014; Pérez-

Hedo et al., 2013; Roy et al., 2007).  

In the German cockroach, Blattella germanica, RNAi-triggered knockdown of InR 

and starvation produce, in both cases, reduced JH synthesis, concomitant with a decrease 

in 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) synthase-1 and -2, HMG-CoA 

reductase, JH acid methyltransferase (JHAMT), and methyl farnesoate epoxidase 

(Abrisqueta et al., 2014; Dominguez and Maestro, 2018). In addition, the treatments induce 

decreased Vg expression, at least in part independent of JH action, and less yolk is 

deposited in the developing follicle (Abrisqueta et al., 2014). 

In this work we identified the putative InR ligands (ILPs) from B. germanica, studied 

their expression and, by knocking them down, either individually or collectively, we tried to 

recover a similar phenotype as we found with InR knockdown. The results showed 

differential expression of the seven B. germanica ILPs (BgILPs) identified, both at temporal 
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and tissue levels, as well as in response to starvation. In addition, we identified 

compensatory transcriptional regulation between different BgILPs. However, none of the 

BgILP knockdown assays, including the knockdown of the seven BgILPs, produced the 

same phenotypes in terms of expression of JH biosynthesis enzymes, Vg, or ovary 

development, that we achieved by depleting InR. 

 

Material and Methods 

Insects 

Specimens of B. germanica were obtained from a colony reared on dog food and 

water at 30 ± 1 °C and 60-70 % relative humidity. Dissections of brains, corpora allata-

corpora cardiaca (CC-CA), fat bodies and ovaries from adult females were carried out in 

Ringer’s saline on carbon dioxide-anesthetized specimens. For the starvation assays, 

animals received only water after the imaginal moult. In the case of the quantification of the 

ILPs expressions in the different tissues and in fed vs. starved animals, 5-day old females 

in the first gonadotrophic cycle were used. For the RNAi treatments, females in the fifth day 

of the second gonadotropic cycle were used. 

RNA extraction, cDNA synthesis and quantitative real-time PCR analysis 

cDNAs were synthetized from total RNA as previously described (Abrisqueta et al., 

2017; Maestro et al., 2009). In the case of fat bodies or ovaries, 1 µg of total RNA was 

used, whereas in the case of brain or CC-CA, the whole RNA amount extracted from the 

sample was used. The absence of genomic contamination was confirmed using a control 

without reverse transcription. Quantitative real-time PCR analysis were carried out as 

described previously (Maestro et al., 2009). Primer sequences to amplify the different 

BgILPs and HMG-CoA reductase are provided in Table S1. The primers used to amplify 

HMG-CoA synthase-1, JHAMT, Vg, InR. Actin 5C (used as a reference) have been 

reported elsewhere (Abrisqueta et al., 2014; Dominguez and Maestro, 2018; Ons et al., 

2015; Süren-Castillo et al., 2012). GenBank accession numbers for all the genes analyzed 

in the present work are indicated in Table S2. The total reaction volume was 20 μL. All 

reactions were run in duplicate or triplicate. The results are expressed as copies of a 

specific mRNA per copies of Actin 5C. 

RNA interference in vivo 

Systemic RNAi treatments were performed as previously described (Dominguez 

and Maestro, 2018; Maestro et al., 2009), with some modifications. The primers used to 

generate the different dsRNAs for the RNAi treatments against the different BgILPs are 

described in Table S3. For avoiding the possible effects of protein depletion during nymphal 

development, we decided to treat adult females. In the case of a single dsRNA treatment, 2 
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µg were injected into the abdomen of adult females in the first day of ootheca transport, 

and the treatment was repeated 7 days later. In the case of the triple treatment, this 

consists on the injection of 2 µg of dsILP3 the first day of oothecal transport, 2 µg dsILP5 

on day 4
th
 and 2 µg dsILP6 on day 7

th
. In the case of the treatment designed for knocking 

down all seven BgILPs, the treatment was 2 µg of dsILP2 and dsILP3 on the first day, 2 µg 

dsILP1 and dsILP5 on day 4
th

, 2 µg dsILP7 on day 6
th

 and 2 µg dsILP4 and dsILP6 on day 

8
th

. In all cases, oothecae were removed on the twelfth day of its transport, which induced 

the onset of the second gonadotrophic cycle, and dissections were made at the fifth day of 

the second gonadotrophic cycle which is, in all aspects, perfectly comparable to the first 

gonadotrophic cycle. A heterologous 307 bp fragment from the gene sequence of the 

polyhedrin of Autographa californica nucleopolyhedrovirus was used as negative control 

and injected following the same treatment protocols. Mortality induced by RNAi treatments 

was totally negligible. 

Immunohistochemistry 

To generate antisera specific for BgILP5, a peptide corresponding to the amino 

acids 52-62 of BgILP5 sequence (CNGRYYTPDED) localized in the B-chain, was used as 

immunogen. The peptide was conjugated with horseshoe crab hemocyanin. The 

preparation of the antisera was performed by the Custom Antibody Service (CAbS), a 

platform of CIBER-BBN (Biomedical Research Networking center in Bioengineering, 

Biomaterials and Nanomedicine), which forms part of the Spanish Research Council 

(IQAC-CSIC), with the support of the ICTS NANBIOSIS.  

Adult female brains were dissected, fixed in paraformaldehyde (4% in PBS) for 1 h 

at room temperature, washed three times with PBT (PBS, 1% Triton-X100) and blocked 

with PBTBN (PBT, 1% BSA and 10% normal goat serum) for 1 h at room temperature. 

They were then incubated overnight at 4ºC with the primary anti-BgILP5 antiserum diluted 

1:20000 in PBTBN. After PBT washing, tissues were incubated for 2 h with Alexa-Fluor 647 

conjugated donkey anti-rabbit (Life Technologies) at 1:400 in PBTBN. In addition, tissues 

were incubated at room temperature for 5 min in 1 µg/ml DAPI (Sigma) in PBT. After PBT 

washing, tissues were mounted in Mowiol (Calbiochem, Madison, WI, USA) and observed 

using a Zeiss AxioImager Z1 microscope (Apotome) (Carl Zeiss MicroImaging). 

The specificity of the antiserum was checked by comparing total signal with the 

signal produced with the antiserum blocked overnight with an excess of the immunogenic 

peptide (5 µl peptide at 1mg/ml + 5 µl undiluted antiserum). In addition, we compared the 

signal obtained by the anti-BgILP5 antiserum in brains from control and dsILP5-treated 

females. 

Statistical analysis 
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Statistical analyses were performed using IBM SPSS Statistics 24. In the case of 

the analysis of expression through the gonadotrophic cycle, one-way ANOVA with HSD 

(honestly-significant-difference) Tukey’s test was performed. For the remaining 

experiments, comparison of results from control and treated animals was performed using 

Student’s t-test. 

 

Results 

B. germanica has seven ILP genes 

Combining a BLAST search of B. germanica transcriptomes (Ylla et al., 2018) with 

the analysis of a draft version of this cockroach’s genome (Harrison et al., 2018) 

(https://www.hgsc.bcm.edu/arthropods/german-cockroach-genome-project) and PCR 

strategies, we obtained the sequences of 7 independent cDNAs showing the characteristic 

ILP structure: signal peptide-B chain-C peptide-A chain, and the conserved amino acids, 

particularly cysteines, that provide the “insulin-like” structure. After extensive searching, no 

further sequences were identified, for which reason we assume these 7 represent the ILP 

orthologues in B. germanica. Due to the difficulty of identifying orthologies between the 

different ILPs that do not belong to closely related species (Antonova et al., 2012; our own 

results, not shown), the BgILPs were numbered according to the order they were identified 

in, without taking into account the names of ILPs described for other species.  

 The BgILP1, 2, 3, 4, 5 and 6 sequences were obtained from the transcriptomes, 

and then the full-length cDNA sequences were identified (Fig. 1). In the case of BgILP7, the 

whole open reading frame sequence was retrieved from the genome, and the 5’-UTR was 

obtained by 5’-RACE. For all the sequences, at least the open reading frames were verified 

through PCR, cloning, and sequencing. The corresponding GenBank accession numbers 

are indicated in Table S2. All seven sequences code for a signal peptide (identified by 

SignalP 4.1 (Petersen et al., 2011)), which indicates that they will be secreted, and for the 

characteristic cysteines that facilitate the folded insulin structure. For BgILP1 to BgILP6, we 

identified mono- and dibasic sites that show a high probability of being proteolytic enzyme 

targets (Veenstra, 2000), thus producing a final molecule consisting of two different 

peptides bound by disulfide bonds. For the site after the C-peptide in BgILP1 and BgILP2, 

we chose the single Arg, instead of the Arg-Arg site, because this dipeptide is not always 

used in insects, whereas a single Arg with another Arg in the -4 position is prone to be used 

as a cleavage site (Veenstra, 2000). Although the cleavage site Lys-Lys is quite rare 

(Veenstra, 2000), we counted it as an active site because the same dipeptide in the same 

position is used in locust insulin-related peptide (IRP) (Badisco et al., 2008). In the case of 

BgILP7, the presence of an aliphatic amino acid (Val) after the Arg-Arg dipeptide at the end 

of the B-chain could inactivate this dibasic site and make the cleavage less probable 
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(Veenstra, 2000). For this reason, we consider that BgILP7 could be released as a single 

chain.  

BgILPs are differentially expressed in tissues and through the gonadotrophic cycle 

The mRNA levels of the seven BgILPs were checked in the brain, corpora cardiaca 

(CC), corpora allata (CA), fat body, ovary, and midgut of 5-day-old adult females of B. 

germanica (Fig. 2). The results show that whereas BgILP1 to BgILP6 are expressed in the 

brain, BgILP7 mRNA levels were much lower in this organ, close to the detection limit. 

BgILP1 mRNA and also BgILP2 mRNA (although at lower levels), were found in the CC 

and CA. The fat body expresses mainly BgILP7 and, to a lesser extent, BgILP2. BgILP2 is 

the only mRNA found in the ovaries, whereas none of the seven BgILP mRNAs were found 

in the midgut. 

Using a polyclonal antibody designed against a peptide corresponding to the amino 

acids 52-62 located in the B chain of the BgILP5 protein sequence, we localized a group of 

5-6 immunoreactive insulin-producing cells (IPCs) found in each brain hemisphere, in the 

pars intercerebralis of the protocerebrum (Fig. 3A). This signal disappeared when we 

utilized the antisera blocked with an excess of the peptide used for the immunization 

(results not shown). IPC staining disappears in the brains of females treated with dsRNA 

against BgILP5 (Fig. 3B). 

In addition, BgILP mRNA levels were measured in the various tissues on different 

days throughout the first gonadotrophic cycle. The days were selected as representative of 

diverse physiological and gonadotrophic conditions, as follows: day 1 - previtellogenesis; 

day 3 - early vitellogenesis; days 5 and 6 - full vitellogenesis; day 7 - end of vitellogenesis. 

In the case of the brain, whereas BgILP3 and BgILP5 (and to a lesser extent BgILP6) follow 

an expression pattern approximately parallel to that of vitellogenesis, those of BgILP1, 

BgILP2 and BgILP4 present flatter profiles (Fig. 4). BgILP2 mRNA levels in the ovary and 

BgILP7 mRNA levels in the fat body decrease and increase, respectively, throughout the 

gonadotrophic cycle (Fig. S1).  

Starvation differentially regulates BgILP expression 

 To elucidate the effect of nutrition on BgILP expression we compared BgILP mRNA 

levels between 5-day-old control-fed females and females of the same age that had been 

starved since the imaginal molt. Starvation did not affect mRNA levels of BgILP1, BgILP2 

and BgILP4 in the brain, but did produce a 53% reduction in BgILP6 mRNA levels and a 

90% reduction in BgILP3 and BgILP5 mRNA levels (Fig. 5A). BgILP7 mRNA levels in the 

fat body showed an 88% decrease in starved females (Fig. 5B), whereas ovary BgILP2 

mRNA levels showed a ca. 7-fold increase in starved, compared to fed females (Fig. 5C). 

Effect of BgILP knockdown on BgILP expression, JH synthesis and vitellogenesis 
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To elucidate the BgILP (or BgILPs) responsible for activating JH synthesis and 

vitellogenesis in response to adequate nutrition, we performed a dsRNA-triggered 

knockdown of each BgILP and analyzed BgILP mRNA levels as well as the expression of 

key enzymes in the JH biosynthetic pathway in CA and Vg in the fat body. 

Single RNAi knockdown of each BgILP (dsILP1 to dsILP7) produced a specific 

reduction in mRNA levels of the targeted BgILP (greater than 90% in the case of the brain 

and ca. 66% for fat body BgILP7), without affecting the expression levels of the other 

BgILPs, except in the case of the dsILP5 treatment and, to a certain extent, the dsILP3 

treatment (Figs. 6A, 7A, S2A, S3A, S5A, S7A, and S8A). Thus, treatment with a dsRNA 

targeting BgILP5 (dsILP5) produced a 75% increase in the mRNA levels of BgILP3 (Fig. 

7A). In addition, dsILP3 treatment produced a 76% increase in BgILP5 mRNA levels, 

although the increase was not statistically significant (Fig. 6A). Nevertheless, none of the 

treatments reduced the expression of the key enzymes in JH biosynthesis, HMG-CoA 

synthase-1, HMG-CoA reductase, or JHAMT, in the CA, and just a 1.7-fold increase in 

JHAMT mRNA for dsILP3 was observed (Figs S2 to S8). In addition, none of the 

treatments produced modifications of Vg expression or changes in the growth of developing 

follicles, with the exception of a low, although statistically significant, reduction in basal 

follicle length in the case of dsILP5 (Figs 7 and S2 to S8). 

Once we checked that single BgILP depletion did not affect the tested reproductive 

parameters, we wondered whether the different BgILPs might have redundant functions. 

We therefore checked the effect of depleting the brain BgILPs, whose expression was 

lower in starved vs. fed females (BgILP3, BgILP5 and BgILP6), under the hypothesis that 

these low levels could cause the reduced expression of JH biosynthesis enzymes and Vg 

observed during starvation (Dominguez and Maestro, 2018; Maestro et al., 2009). The 

triple knockdown produced a greater than 95% depletion of the targeted BgILP mRNAs, 

without affecting the expression of the other BgILPs (Fig. S9). Nevertheless, the 

expressions of HMG-CoA synthase 1, HMG-CoA reductase, and JHAMT in the CA, and Vg 

in the fat body were unaffected (Fig. S9). 

Finally, we decided to try to deplete the expression of all seven BgILPs identified, 

with the idea of replicating the phenotype observed when depleting InR. To do this, we 

injected the corresponding dsRNAs targeting the seven BgILPs (dsILP1-7), and measured 

their expressions. The results revealed a significant and substantial reduction in the mRNA 

levels of all seven BgILPs (around 90% in the case of brain BgILPs (Fig. 8A) and 80% in fat 

body BgILP7 (Fig. 8C)), but again no changes were observed in the JH biosynthesis 

enzymes in CA, or Vg in the fat body (Fig. 8B and C). This result led us to consider the 

hypothesis that depleting the BgILPs would result in increased InR expression in the CA, as 

a compensatory feedback. Nevertheless, no changes were observed in CA InR mRNA 

levels in treated compared to control females (Fig. 8B).  
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Discussion 

In B. germanica, starvation and RNAi-triggered knockdown of InR dramatically 

reduces adult female JH and Vg synthesis (Abrisqueta et al., 2014; Dominguez and 

Maestro, 2018). Furthermore, knockdown of the transcription factor FoxO, the main 

transcriptional effector of the InR pathway, partially reverts the reduction of JH and Vg in 

starved females (Süren-Castillo et al., 2012). These results suggest that, in a situation 

involving adequate nutritional input, the InR pathway would be activated and, in turn, this 

would activate JH synthesis and Vg production. InR is a membrane receptor that must, 

presumably, be activated by the binding of its ligands (Claeys et al., 2002). The next 

question is which InR ligand (or ligands) is involved in activating InR and the reproductive 

processes in the adult female in response to nutrition? The search for InR ligands provided 

the sequences of seven B. germanica ILPs (BgILP1 to BgILP7) with the characteristic 

insulin structure. 

The amino acid sequences of the BgILP1, 2, 3, 4, 5, and 6 propeptides suggest that 

these would cleave between the B-chain and C-peptide and between the C-peptide and the 

A-chain, whereas BgILP7 would be released as a single chain (Veenstra, 2000). This would 

make BgILP7 more similar to IGF than to insulin. In addition, BgILP7 is the BgILP with the 

shortest C-peptide and the longest C-terminal sequence, these two facts being more 

characteristic of IGFs than of insulins (Humbel, 1990). In the silkworm, B. mori, one peptide 

(BIGFLP), mainly synthesized in the fat body and purified from the hemolymph as a single 

chain, is considered similar to IGF (Okamoto et al., 2009a). Also, in D. melanogaster, dilp6, 

mainly expressed in the fat body, is considered to be the fly’s IGF (Okamoto et al., 2009b; 

Slaidina et al., 2009). Interestingly, the tissue that predominantly expresses BgILP7 is also 

the fat body. None of the BgILPs show the two Arg (or Arg + Lys) in N and N + 4 positions 

between the two Cys of the B-chain, characteristic of relaxin-type peptides (Patil et al., 

2017). 

BgILP2, BgILP3, and BgILP4 show a sequence between the signal peptide and the 

B-chain that has certain similarities with an IRP copeptide identified from locust CC, located 

in the same position in the locust prepropeptide for insulin-related peptide (IRP), and which 

has been demonstrated to cause a decrease in glycogen phosphorylase activity in locusts 

(Clynen et al., 2003). The occurrence of these peptides in B. germanica, and their effect on 

glycogenolysis is worth pursuing in subsequent studies. Similarly, the occurrence of the B. 

germanica C-peptides and assaying their possible activity (Bermudez et al., 1991) is 

beyond the scope of this work. 

With regard to tissue expression, the adult female brain expresses BgILP1, 2, 3, 4, 

5, and 6, whereas in fat bodies we mainly found BgILP7 mRNA. The ovaries only express 
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BgILP2 and we found no BgILP expression in the midgut. BgILP1 mRNA was also detected 

in CC and CA. Although we cannot totally rule out the possibility that these mRNAs were 

synthesized in CC or CA cells, we consider that the BgILP mRNAs present in these organs 

must be synthetized in brain cells and transported along their axons to their release areas, 

as, to date, the synthesis of ILP in the glandular part of the CC or in the CA has not been 

described in any species. CC and CA function as neurohemal releasing areas and the 

occurrence of ILPs in axons terminating in these glands have been described in various 

species from different insect orders, including D. melanogaster (Géminard et al., 2009; 

Rulifson et al., 2002), A. aegypti (Riehle et al., 2006), Anopheles gambiae (Krieger et al., 

2004), Spodoptera littoralis (Van de Velde et al., 2007), and Schistocerca gregaria (Badisco 

et al., 2008). Differential ILP expression in tissues and in developmental stages has been 

reported in several species, including D. melanogaster (Brogiolo et al., 2001; Broughton et 

al., 2008; Ikeya et al., 2002; Okamoto et al., 2009b; Slaidina et al., 2009; Veenstra et al., 

2008), A. aegypti (Riehle et al., 2006), and Nilaparvata lugens (Lu et al., 2018). 

In order to determine the sites of synthesis of the BgILPs in the brain, we carried 

out an immunohistochemical study using an antiserum against BgILP5. This analysis led to 

the identification of 5-6 immunoreactive cells (IPCs) in each lobe of the pars intercerebralis 

of the brain in adult B. germanica females. This labelling appears to be specific, since it 

disappears when the antiserum is blocked with the antigen and in dsILP5-treated animals. 

This group of IPCs has been identified in all the insects in which it has been sought 

(Badisco et al., 2008; Broughton et al., 2005; Riehle et al., 2006; Van de Velde et al., 

2007). Although we did not follow the complete path of the immunoreactive axons emerging 

from B. germanica IPCs, we assume that these would reach the neurohemal areas of CC 

and CA to release the peptides to the hemolymph. In addition, this result indicates the 

effectiveness of dsRNA, not just at mRNA but also peptide level, at least in the case of 

BgILP5. 

With regard to BgILP expression in the brain throughout the gonadotrophic cycle, 

BgILP3 and BgILP5 show the greatest variations, with expression profiles paralleling that of 

JH synthesis (Maestro et al., 1994). The BgILP1, 2, 4 and 6 expression profiles show lesser 

variations. Fat body BgILP7 expression shows a profile approximately parallel to Vg 

expression (Martín et al., 1998), whereas ovarian BgILP2 expression decreases during 

ovary maturation. Also, in S. gregaria, the expression of IRP in the fat body is higher in 

vitellogenic than in previtellogenic stages (Badisco et al., 2008). However, it should be 

taken into account that mRNA levels may not reflect peptide content and, even less so, the 

amount of peptide released to the hemolymph, which could be regulated by a different 

process to the expression. In fact, specific regulation of the release of ILPs synthesized in 

the brain has been demonstrated in D. melanogaster (Park et al., 2014). 
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The expression of BgILP3, 5 and 6 in the brain, and BgILP7 in the fat body, is 

reduced in starved females. Also, in D. melanogaster, starvation reduces larval brain dilp3 

and dilp5 expression and dilp2 release (Ikeya et al., 2002). Thus, in both species, some of 

the ILPs seem to be responsible for transducing nutritional signals. In the ovary, by 

contrast, BgILP2 expression is increased in starved females. One possible explanation for 

this result is that ovaries from starved females remain in a physiologically and anatomically 

previtellogenic condition, and we have shown that previtellogenic ovaries have higher 

BgILP2 mRNA levels than vitellogenic ones. 

Although the RNAi treatment of each single BgILP induced an important depletion 

in the mRNA levels of the targeted BgILP, we recorded no reduced expression of either the 

enzymes analyzed for JH biosynthesis or Vg. However, the results did show increased 

BgILP3 mRNA levels in dsILP5-treated females and a possible increase in BgILP5 mRNA 

levels in ds-ILP3 treated females; this indicates some kind of compensatory effect at the 

transcriptional level between the two peptides. Comparable results have been reported for 

D. melanogaster, for example, dilp2 mutants show greater dilp3 and dilp5 expression 

(Broughton et al., 2008; Grönke et al., 2010; Liu et al., 2016). In some cases the effect is 

produced even among different tissues, as dilp6 overexpression in the fat body reduces 

brain dilp2 and dilp5 expression (Bai et al., 2012). In some other cases, a synergistic effect 

has been reported, as dilp3 mutants show reduced dilp2 and dilp5 expression (Grönke et 

al., 2010). 

Neither the knockdown of the three BgILPs that reduce their expression in starved 

insects (BgILP3, 5 and 6) nor the knockdown of all seven BgILPs produced the same 

phenotypes in terms of expression of JH biosynthesis enzymes, Vg, or ovary development, 

that we achieved by depleting InR. With regard to other insects, in the beetle Leptinotarsa 

decemlineata, RNAi-triggered depletion of ILP2, one of its five ILPs, produces a reduction 

in JHAMT mRNA and JH titer (Fu et al., 2016). Also in the coleopteran Tribolium 

castaneum, ILP depletion reduces Vg mRNA levels (Sheng et al., 2011). In S. gregaria, 

depletion of the only IRP induces a slight reduction of the Vg1, but not Vg2, mRNAs 

(Badisco et al., 2011). In D. melanogaster, the genetic ablation of IPCs or dilp1 mutation 

reduces the number of eggs laid (Ikeya et al., 2002; Liu et al., 2016), whereas in the 

mosquito, A. aegypti, ilp7 and ilp8 mutations impair ovarian development (Ling et al., 2017).  

The question remains as to why we were unable to achieve the same phenotypes 

by depleting all seven BgILPs as depleting InR. There are several possibilities. It is possible 

that there were further BgILPs that we did not detect in our analysis of the transcriptomes 

and genome, although we consider this improbable because the search was systematic 

and exhaustive. Interestingly, the recently published genome sequence of the American 

cockroach, Periplaneta americana (Li et al., 2018), revealed the occurrence of 7 ILP genes, 

despite it being larger (3.38 Gb) than that of B. germanica (2.5 Gb) (Harrison et al., 2018). 
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Another explanation involves the fact that the knockdown induced by RNAi does not 

completely eliminate the expression, and that the remaining ILPs, considering some 

possible redundancies in their effects, could be enough to facilitate the required functions. 

Nevertheless, at least in the case of BgILP5, we were unable to detect the peptide in our 

immunohistochemical analysis in the IPCs from dsILP5-treated animals. A further possible 

explanation could be that, although in different insect species it has been demonstrated 

that InR binds ILPs and that InR occurrence is necessary for ILP activity (Brown et al., 

2008; Roy et al., 2007; Rulifson et al., 2002), InR has a function that is independent of 

ILPs. Finally, we cannot rule out the possibility of greater availability of InR in the cell 

membranes of dsILP1-7 animals, considering the proposed recycling of membrane 

receptors in general and that of InR in particular (Knutson, 1991). 

In conclusion, we have identified seven ILPs in the cockroach B. germanica and 

have demonstrated that they are differentially expressed in tissues, during the 

gonadotrophic cycle and in response to starvation. In addition, by knocking down the 

BgILPs we were able to identify compensatory regulation at the transcriptional level 

between different BgILPs. The next challenges include defining the role of BgILPs in 

certain other functions regulated by the IIS pathway, such as, for example, growth. It 

would also be interesting to determine the functions of the two other InR genes recently 

described in cockroaches (Kremer et al., 2018) and their respective relationships with 

BgILPs. 
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Figure legends 

Figure 1. Blattella germanica ILP sequences. Amino acid sequences of B. germanica 

insulin-like peptides 1 to 7 (BgILP1-7). The signal peptide for each ILP is underlined. B-
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chains, C-peptides, and A-chains are highlighted in blue, yellow, and pink, respectively. 

The characteristic cysteines of insulin-like sequences are in red. The single or pair basic 

amino acids that provide the cleavage sites for producing the final mature protein are in 

green. 

Figure 2. BgILP expression in B. germanica tissues. BgILP mRNA levels were 

quantified in different tissues of 5-day-old adult females. CC = corpora cardiaca, CA = 

corpora allata, FB = fat body. Y-axes indicate copies per copy of Actin 5C. The results are 

expressed as the mean ± S.E. (n = 3). 

Figure 3. Immunolocalization of BgILP5 in the brains of control and dsILP5-treated 

adult B. germanica females. Adult B. germanica females were treated with dsRNA 

targeting BgILP5 (dsILP5) or a heterologous dsRNA (Control) during the oothecal transport 

period, and dissections and immunohistochemistry were performed on day 5 of the second 

gonadotrophic cycle (see Material and Methods). (A) Immunostained brain from a control 

female showing labeled insulin-producing cells (IPCs) in the pars intercerebralis. (B) The 

immunostained brain from a dsILP5-treated female shows no labeling in any IPC (arrow). 

The images are representative of at least 3 brains per treatment. BgILP5, pink; DAPI, blue. 

Scale bars: 100 μm. 

Figure 4. Brain BgILP expression throughout the B. germanica gonadotrophic cycle. 

Expression patterns of BgILP1-6 in female brains on selected days in the first 

gonadotrophic cycle. Y-axes indicate copies per copy of Actin 5C. The results are 

expressed as the mean ± S.E. (n = 3). The different letters (a-b) indicate groups with 

significant differences according to the ANOVA test (Tukey, p < 0.05). 

Figure 5. BgILP expression in fed and starved B. germanica females. Samples were 

obtained from 5-day-old adult females. (A) BgILP1-6 mRNA levels in brains (n = 4-5). (B) 

BgILP7 mRNA levels in fat bodies (n = 4). (C) BgILP2 mRNA levels in ovaries (n = 5). Y-

axes indicate copies per copy of Actin 5C. The results are expressed as the mean ± S.E. 

An asterisk represents significant differences between fed and starved subjects (Student’s 

t-test, *p < 0.05; **p < 0.001; ***p < 0.0001). 

Figure 6. Effect of BgILP3 RNAi on BgILP expression. Adult B. germanica females were 

treated with dsRNA targeting BgILP3 (dsILP3) or a heterologous dsRNA (Control) during 

the oothecal transport period, and dissections were performed on day 5 of the second 

gonadotrophic cycle (see Material and Methods). (A) BgILP1-6 mRNA levels in brains (n = 

5-7). (B) BgILP7 mRNA levels in fat bodies (n = 4-7). Y-axes indicate copies per copy of 

Actin 5C. The results are expressed as the mean ± S.E. An asterisk represents significant 

differences between control and dsILP3 subjects (Student’s t-test, ***p < 0.0001). 

Figure 7. Effect of BgILP5 RNAi on BgILP expression and ovarian growth. Adult B. 

germanica females were treated with dsRNA targeting BgILP5 (dsILP5) or a heterologous 
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dsRNA (Control) during the oothecal transport period, and dissections were performed on 

day 5 of the second gonadotrophic cycle (see Material and Methods). (A) BgILP1-6 mRNA 

levels in brains (n = 12). (B) BgILP7 mRNA levels in fat bodies (n = 9-10). (C) Basal follicle 

length (n = 22-25). In A and B, the Y-axes indicate copies per copy of Actin 5C. The results 

are expressed as the mean ± S.E. An asterisk represents significant differences between 

control and dsILP5 subjects (Student’s t-test, **p < 0.005; ***p < 0.0001). 

Figure 8. Effect of the knockdown of the seven BgILPs on the expression of BgILPs, 

JH biosynthesis enzymes and Vg, and ovarian growth. Adult B. germanica females 

were treated with dsRNA targeting all seven BgILPs (dsILP1-7) or a heterologous dsRNA 

(Control) during the oothecal transport period, and dissections were performed on day 5 of 

the second gonadotrophic cycle (see Material and Methods). (A) BgILP1-6 mRNA levels in 

brains (n = 7-8). (B) HMG-CoA synthase-1 (HMG-S1), HMG-CoA reductase (HMG-R), 

JHAMT and InR mRNA levels in CC-CA (n = 7). (C) BgILP7 and Vg mRNA levels in fat 

bodies (n = 6-7). (D) Basal follicle length (n = 8). In A, B and C, the Y-axes indicate copies 

per copy of Actin 5C. The results are expressed as the mean ± S.E. An asterisk represents 

significant differences between control and dsILP1-7 subjects (Student’s t-test, *p < 0.05; 

**p < 0.01; ***p < 0.0001). 



BgILP6:MKNAYLSLFLAAVTCFCLSDCQSETFQVDKRHASRKYCGHNLVLVMQLVCDSRYNSPRPSNPSKKSDTDDF

WQQLEVQSSEQEYRFPFRSLSNAFRLMKRGGGIADECCYNKGCTYVELRSYCST 

BgILP1:MVWKFCLCVMIVSIMCACALPENPSTMFQFVRKRETPHRYCGRHLVSILQLLCGSNYNGDIEKKRSSEIRD

SKPMQDADELPWLQSQPFEEGSEAEFPFRSRSVANSLRNRLFRRHSRDGGIVDECCIYKGCTTSELAEYCLDR 

BgILP2:MWRICLQLVAIAALCLCTLAQAQSDLFQFADKRNTNKYCGRNLANMLQLVCNGNYYPMFKKSSQDMDDMN

DSGFWIQPSTMEEQQLQYPFRSRSSASALVSGSFRRRTRGVYDECCRKSCSIQEMASYCGKR 

BgILP3:MWKVFLKLVVLMTICFSLSESQSDLIEFMEKRQSKRYCGNKLVDMVRLVCSSVYYTPSPKSTTTTTTTQIP

SLDKKSDDAGDDFWMQRLIQESEDQYYMFPFQSEARAHNILKRYPRGIANECCIYKGCTIEELMSYCGK 

BgILP4:MWQAFCRLLIIVTVCVSLSESQSDVYQMMDKRQTRRYCGSNLVEIMQFVCNGSYNGMSTHLSQKKSETDDD

FWMQLLQGEEQYKYPFRSRSSAHRIFKRYPGGIAYECCISKGCNIYELRSYCAPSSK 

BgILP5:MKMWKILLAIAIVGIVWSNALPKDSASKMHMIRKRQSTHRYCGPHLVSALRLLCNGRYYTPDEDEDDTTTE

KRSTTTNELEDIDNPILAKRKYSEESEKPQFPFRSREEANSLKPKFFRRKRRMIVEECCNLKGCSVNELMEYCAD 

BgILP7:MLKCGIVTALVLVTTMVSGAPTIRMQMCGSQLANTLAQICSAYGYHDPFSQTRRVNSPSSGVNTTPNRLRVRR

GVADECCKTGCTLDTMEQYCSAPLTPAQR 
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Supplementary figure legends 

Figure S1. Fat body and ovary BgILP expression throughout the B. germanica 

gonadotrophic cycle. Expression patterns of BgILP7 and BgILP2 in female fat bodies and 

ovaries, respectively, on selected days in the first gonadotrophic cycle. Y-axes indicate 

copies per copy of Actin 5C. The results are expressed as the mean ± S.E. (n = 3). The 

different letters (a-b) indicate groups with significant differences according to the ANOVA 

test (Tukey, p< 0.05). 

Figure S2. Effect of BgILP1 RNAi on the expression of BgILPs, JH biosynthesis 

enzymes and Vg, and on ovarian growth. Adult B. germanica females were treated with 

dsRNA targeting BgILP1 (dsILP1) or a heterologous dsRNA (Control) during the oothecal 

transport period, and dissections were performed on day 5 of the second gonadotrophic 

cycle (see Material and Methods). (A) BgILP1-6 mRNA levels in brains (n = 8). (B) BgILP1, 

HMG-CoA synthase-1 (HMG-S1), HMG-CoA reductase (HMG-R) and JHAMT mRNA levels 

in CC-CA (n = 4-6). (C) BgILP7 and Vg mRNA levels in fat bodies (n = 7-8). (D) Basal 

follicle length (n = 8). In A, B and C the Y-axes indicate copies per copy of Actin 5C. The 

results are expressed as the mean ± S.E. An asterisk represents significant differences 

between control and dsILP1 subjects (Student’s t-test, **p < 0.0005; ***p < 0.0001). 

Figure S3. Effect of BgILP2 RNAi on the expression of BgILPs, JH biosynthesis 

enzymes and Vg, and on ovarian growth. Adult B. germanica females were treated with 

dsRNA targeting BgILP2 (dsILP2) or a heterologous dsRNA (Control) during the oothecal 

transport period and dissections were performed on day 5 of the second gonadotrophic 

cycle (see Material and Methods). (A) BgILP1-6 mRNA levels in brains (n = 5-7). (B) HMG-

CoA synthase-1 (HMG-S1), HMG-CoA reductase (HMG-R) and JHAMT mRNA levels in 

CC-CA (n = 4-6). (C) BgILP7 and Vg mRNA levels in fat bodies (n = 4-6). (D) BgILP2 

mRNA levels in ovaries (n = 5). (E) Basal follicle length (n = 5-7). In A, B, C and D the Y-

axes indicate copies per copy of Actin 5C. The results are expressed as the mean ± S.E. 

An asterisk represents significant differences between control and dsILP2 subjects 

(Student’s t-test, **p < 0.0005; ***p < 0.0001). 

Figure S4. Effect of BgILP3 RNAi on the expression of JH biosynthesis enzymes and 

Vg, and on ovarian growth. Adult B. germanica females were treated with dsRNA 

targeting BgILP3 (dsILP3) or a heterologous dsRNA (Control) during the oothecal transport 

period and dissections were performed on day 5 of the second gonadotrophic cycle (see 

Material and Methods). (A) HMG-CoA synthase-1 (HMG-S1), HMG-CoA reductase (HMG-

R) and JHAMT mRNA levels in CC-CA (n = 4-6). (B) Vg mRNA levels in fat bodies (n = 4-

7). (C) Basal follicle length (n = 5-7). In A and B the Y-axes indicate copies per copy of 

Actin 5C. The results are expressed as the mean ± S.E. An asterisk represents significant 

differences between control and dsILP3 subjects (Student’s t-test, *p < 0.05). 

Figure S5. Effect of BgILP4 RNAi on the expression of BgILPs, JH biosynthesis 

enzymes and Vg, and on ovarian growth. Adult B. germanica females were treated with 

dsRNA targeting BgILP4 (dsILP4) or a heterologous dsRNA (Control) during the oothecal 

transport period and dissections were performed on day 5 of the second gonadotrophic 

cycle (see Material and Methods). (A) BgILP1-6 mRNA levels in brains (n = 7). (B) HMG-

CoA synthase-1 (HMG-S1), HMG-CoA reductase (HMG-R) and JHAMT mRNA levels in 

CC-CA (n = 4-6). (C) BgILP7 and Vg mRNA levels in fat bodies (n = 8-10). (D) Basal follicle 

length (n = 13-18). In A, B and C the Y-axes indicate copies per copy of Actin 5C. The 

results are expressed as the mean ± S.E. An asterisk represents significant differences 

between control and dsILP4 subjects (Student’s t-test, ***p< 0.0001). 



Figure S6. Effect of BgILP5 RNAi on the expression of JH biosynthesis enzymes and 

Vg. Adult B. germanica females were treated with dsRNA targeting BgILP5 (dsILP5) or a 

heterologous dsRNA (Control) during the oothecal transport period and dissections were 

performed on day 5 of the second gonadotrophic cycle (see Material and Methods). (A) 

HMG-CoA synthase-1 (HMG-S1), HMG-CoA reductase (HMG-R) and JHAMT mRNA levels 

in CC-CA (n = 6-8). (B) Vg mRNA levels in fat bodies (n = 9-10). Y-axes indicate copies per 

copy of Actin 5C. The results are expressed as the mean ± S.E. 

Figure S7. Effect of BgILP6 RNAi on the expression of BgILPs, JH biosynthesis 

enzymes and Vg, and on ovarian growth. Adult B. germanica females were treated with 

dsRNA targeting BgILP6 (dsILP6) or a heterologous dsRNA (Control) during the oothecal 

transport period and dissections were performed on day 5 of the second gonadotrophic 

cycle (see Material and Methods). (A) BgILP1-6 mRNA levels in brains (n = 4-5). (B) HMG-

CoA synthase-1 (HMG-S1), HMG-CoA reductase (HMG-R) and JHAMT mRNA levels in 

CC-CA (n = 5-6). (C) BgILP7 and Vg mRNA levels in fat bodies (n = 4-6). (D) Basal follicle 

length (n = 10-15). In A, B and C the Y-axes indicate copies per copy of Actin 5C. The 

results are expressed as the mean ± S.E. An asterisk represents significant differences 

between control and dsILP6 subjects (Student’s t-test, **p < 0.005). 

Figure S8. Effect of BgILP7 RNAi on the expression of BgILPs, JH biosynthesis 

enzymes and Vg, and on ovarian growth. Adult B. germanica females were treated with 

dsRNA targeting BgILP7 (dsILP7) or a heterologous dsRNA (Control) during the oothecal 

transport period and dissections were performed on day 5 of the second gonadotrophic 

cycle (see Material and Methods). (A) BgILP1-6 mRNA levels in brains (n = 5). (B) HMG-

CoA synthase-1 (HMG-S1), HMG-CoA reductase (HMG-R) and JHAMT mRNA levels in 

CC-CA (n = 5-6). (C) BgILP7 and Vg mRNA levels in fat bodies (n = 7-10). (D) Basal follicle 

length (n = 8-10). In A, B and C the Y-axes indicate copies per copy of Actin 5C. The 

results are expressed as the mean ± S.E. An asterisk represents significant differences 

between control and dsILP7 subjects (Student’s t-test, *p < 0.05). 

Figure S9. Effect of the knockdown of BgILP3, 5 and 6 on the expression of BgILPs, 

JH biosynthesis enzymes and Vg, and on ovarian growth. Adult B. germanica females 

were treated with dsRNA targeting BgILP3, BgILP5 and BgILP6 (dsILP3 + dsILP5 + 

dsILP6) or a heterologous dsRNA (Control) during the oothecal transport period and 

dissections were performed on day 5 of the second gonadotrophic cycle (see Material and 

Methods). (A) BgILP1-6 mRNA levels in brains (n = 5). (B) HMG-CoA synthase-1 (HMG-

S1), HMG-CoA reductase (HMG-R) and JHAMT mRNA levels in CC-CA (n = 5). (C) 

BgILP7 and Vg mRNA levels in fat bodies (n = 4-5). (D) Basal follicle length (n = 8-9). In A, 

B and C the Y-axes indicate copies per copy of Actin 5C. The results are expressed as the 

mean ± S.E. An asterisk represents significant differences between control and dsILP3 + 

dsILP5 + dsILP6 subjects (Student’s t-test, *p< 0.05; **p < 0.005; ***p < 0.0001). 
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Table S1. Primers used for qPCR. 

 

Primer Sequence 

BgILP1 Fw 5’-AGAAGCAGAATTCCCTTTCCG-3’ 

BgILP1 Rv 5’-TCATCGACAATGCCTCCGT-3’ 

BgILP2 Fw 5’-TGAATGACTCGGGCTTCTGG-3’ 

BgILP2 Rv 5’-AGAGCTGACGCACTTGATCTTG-3’ 

BgILP3 Fw 
5’-TGACGATTTGCTTCTCATTGTCA-
3’ 

BgILP3 Rv 5’-CCACCAGTTTATTCCCGCA-3’ 

BgILP4 Fw 5’-CACTGTCAGAATCCCAATCGG-3’ 

BgILP4 Rv 5’-CAAATTGCATGATCTCCACCAG-3’ 

BgILP5 Fw 5’-GGCAAATTCATTGAAACCCAA-3’ 

BgILP5 Rv 5’-TTCGTTGACGGAACATCCTTT-3’ 

BgILP6 Fw 5’-ACACGCCTCCCGGAAATACT-3’ 

BgILP6 Rv 5’-ATTGCTTGGCCTTGGTGAAT-3’ 

BgILP7 Fw 5’-CGCCGTCATCTGGAGTTAAT-3’ 

BgILP7 Rv 5’-TGTCCAGAGTGCAACCTGTC-3’ 

HMG-CoA reductase Fw 5’-TGTGGGCAGCAGTAATTGCA-3’ 

HMG-CoA reductase Rv 5’-CCATCTTCCCCCCAAGGTT-3’ 



Table S2. GenBank accession numbers (those of BgILPs correspond to the sequences 
identified in the present work). 

Gene Accession number 

BgILP1 LT984754 

BgILP2 LT971386 

BgILP3 LT984755 

BgILP4 LT984756 

BgILP5 LT984757 

BgILP6 LT984758 

BgILP7 LT984759 

HMG-CoA synthase-1 X73679 

HMG-CoA reductase X70034 

JHAMT LT716988 

Vg AJ005115 

InR HG518668 

Actin 5C AJ862721 



Table S3. Primers used for synthetizing dsRNA against the different BgILPs. 

 

Primer Sequence 

BgILP1 Fw 5’-ACGGTCACAACTCATATAGAAGAG-3’ 

BgILP1 Rv 5’-AATTCTGCTTCTGAACCTTCTTCAA -3’ 

BgILP2 Fw 5’-TACATGTCATCAATTTGTAAACGCAA-3’ 

BgILP2 Rv 5’-AGCCCGAGTCATTCATGTCATCCAT-3’ 

BgILP3 Fw 5’-TATCTACAAAGGTTGCACTATAGAAG-3’ 

BgILP3 Rv 5’-AGTTCGTACATTTGCAACAGAAA-3’ 

BgILP4 Fw 5’-AACAAGGCCTCCTAGTCCTCACA-3’ 

BgILP4 Rv 5’-CTCTGATTTTTTCTGACTCAAGTGT-3’ 

BgILP5 Fw 5’-AGAGAATCTCTCGGTTACAACTG-3’ 

BgILP5 Rv 5’-TTCGTTGACGGAACATCCTTT-3’ 

BgILP6 Fw 5’-ATGAAGAACGCCTACTTGAGCCT-3’ 

BgILP6 Rv 5’-CCGTATCTGACTTTTTACTGGGAT-3’ 

BgILP7 Fw 5’-ATCATTTCGCATCCTCGACGTCT-3’ 

BgILP7 Rv 5’-TTTGGCTGAAAGGATCATGGT-3’ 


