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Abstract

Tsetse flies are viviparous insects that nurture a single intrauterine progeny per gonotrophic cycle. 

The developing larva is nourished by the lipid-rich, milk-like secretions from a modified female 

accessory gland (milk gland). An essential feature of the lactation process involves lipid 

mobilization for incorporation into the milk. In this study, we examined roles for juvenile 

hormone (JH) and insulin/IGF-like (IIS) signaling pathways during tsetse pregnancy. In particular, 

we examined the roles for these pathways in regulating lipid homeostasis during transitions 

between non-lactating (dry) and lactating periods. The dry period occurs over the course of 

oogenesis and embryogenesis, while the lactation period spans intrauterine larvigenesis. Genes 

involved in the JH and IIS pathways were upregulated during dry periods, correlating with lipid 

accumulation between bouts of lactation. RNAi suppression of Forkhead Box Sub Group O 

(FOXO) expression impaired lipolysis during tsetse lactation and reduced fecundity. Similar 

reduction of the JH receptor Methoprene tolerant (Met), but not its paralog germ cell expressed 

(gce), reduced lipid accumulation during dry periods, indicating functional divergence between 

Met and gce during tsetse reproduction. Reduced lipid levels following Met knockdown led to 

impaired fecundity due to inadequate fat reserves at the initiation of milk production. Both the 
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application of the JH analog (JHA) methoprene and injection of insulin into lactating females 

increased stored lipids by suppressing lipolysis and reduced transcripts of lactation-specific genes, 

leading to elevated rates of larval abortion. To our knowledge, this study is the first to address the 

molecular physiology of JH and IIS in a viviparous insect, and specifically to provide a role for JH 

signaling through Met in the regulation of lipid metabolism.
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1. Introduction

Tsetse flies (Glossina spp.) are the sole insect vectors responsible for cyclical transmission 

of African trypanosomes, parasites responsible for Human African Trypanosomiasis (HAT)/

sleeping sickness and for African Animal Trypanosomiasis (AAT)/Nagana. While most 

insects are oviparous and produce multiple eggs during each gonotrophic cycle, tsetse flies 

represent an intriguing instance of viviparous reproduction in insects (Meier et al., 1999) and 

produce only 8–12 progeny per lifetime (Tobe and Langley, 1978). Females have reduced 

ovarian capacity, generating a single oocyte in the left or right ovary during each 

gonotrophic cycle (Tobe and Langley, 1978). In addition, the reproductive tract expands to 

accommodate embryonic and larval development, which proceeds through growth to the 

third instar. At parturition (birth), the larval mass is almost equivalent to that of the mother 

(Denlinger and Ma, 1974; Attardo et al., 2012). Shortly after parturition, the third instar 

larva burrows into the ground and pupariates.

To accommodate viviparity, the tsetse female accessory gland has been expanded into a 

specialized milk secreting organ (milk gland) that provides the nutritional components 

necessary for larval and pupal growth and development (Tobe and Langley, 1978; Denlinger 

and Ma, 1974; Denlinger and Ma, 1975). During the four to six day larvigenesis period, the 

milk gland secretes 20–30 mg of milk, which consists of various carbohydrates, lipids, and 

proteins (Cmelik et al., 1969). The protein constituents of the milk include a lipocalin (milk 

gland protein, MGP1; Attard et al., 2006), several novel, tsetse-specific proteins called milk 

gland proteins (MGP2 and MGP3, Yang et al., 2010; Transferrin, Guz et al. 2007; Acid 

sphingomyelinase 1, aSMase1, Benoit et al. 2012) and Peptidoglycan Recognition Protein-

LB (Wang et al., 2012). The lipids present in the milk originate directly from the digestion 

products of the blood meal and from lipolysis of stored lipids in the fat body (Attardo et al., 

2012; Langley et al., 1981; Pimley et al., 1981; 1982). The rapid incorporation of lipids into 

the milk reduces total maternal lipid content by nearly 50% during lactation. Recovery of 

maternal lipid reserves occurs in the dry periods during oogenesis and embryogenesis 

(Attardo et al., 2012; Langley et al., 1981; Pimley et al., 1981; 1982). Previously we showed 

that the massive lipid breakdown required for milk production is coordinated by the 

Brummer lipase (Bmm, insect adipose triglyceride lipase) and adipokinetic hormone (AKH) 

signaling pathways (Attardo et al., 2012). Interference with these two lipolytic pathways 

hinders utilization of lipid reserves, which in turn extends the pregnancy cycle and decreases 

fecundity, indicating that regulation of stored lipid levels is a critical facet of tsetse 
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pregnancy (Attardo et al., 2012). Currently, factors that control the lipid content in tsetse 

mothers, specifically hormones that regulate the drastic physiological changes associated 

with lactation and dry periods, are unknown.

One candidate regulatory mechanism for modulating lipid content during tsetse fly 

pregnancy is the insulin/insulin-like signaling (IIS) pathway. In Drosophila melanogaster, 

this pathway mediates nutrient storage/metabolism and is critical for reproduction, growth 

and development (Teleman, 2010). D. melanogaster has eight insulin-like peptides (ILP1-8) 

that share amino acid sequence identity with mammalian insulin (Brogiolo et al., 2001; 

Garelli et al. 2012; Colombani et al., 2012). Distinct temporal and spatial expression profiles 

are characteristics of each of the Drosophila ILPs according to the physiological state of the 

fly (Teleman, 2010; Brogiolo et al., 2001; Ikeya et al., 2002; Broughton et al., 2005). Upon 

ligand binding, constituent genes in the IIS pathway direct the uptake of hemolymph 

carbohydrates and lipids by the fat body and other storage locations, but the specific 

physiological response depends on the type or combination of types of ILPs that bind the 

insulin receptor (Teleman, 2010; Brogiolo et al. 2001; Belgacem et al., 2006; Zhang et al., 

2009; Grönke et al., 2010). In D. melanogaster, knockdown of genes in the IIS pathway 

yields insulin insensitivity, resulting in high circulating carbohydrates, altered whole body 

lipid levels, behavioral changes and reduced fecundity (Teleman, 2010 and references 

within). In addition, insulin insensitivity in D. melanogaster promotes longevity, increases 

survival during periods of starvation, and promotes oxidative stress tolerance [24–26] 

(Kapahi et al., 2004; Tatar et al., 2001; Clancy et al., 2001). Recent studies show that insulin 

signaling acts through a Ser/Thr kinase (SIK3) and a class II deacetylase, histone 

deacetylase 4 (HDAC4), to control lipolysis (Wang et al., 2011). During periods of 

starvation, SIK3 remains inactive, resulting in the dephosphorylation and subsequent nuclear 

translocation of HDAC4, which in turn promotes a Forkhead Box Subgroup O (FOXO)-

dependent increase in the expression of bmm (Wang et al, 2011). In addition, the Acyl Co-A 

synthetase (ACS) Pudgy has been identified as a key regulator of lipid levels in Drosophila 

is under positive control by FOXO and is repressed by insulin (Xu et al., 2012). Until now, 

no studies have investigated the role(s) for the IIS pathway in tsetse reproductive 

physiology.

The juvenile hormone (JH) signaling pathway, which directs numerous aspects of insect 

growth/development, metamorphosis (Goodman and Cusson, 2012) and reproduction 

(Wyatt and Davey, 1996; Bownes, 2004), interacts with the IIS pathway in several insect 

species (Parthasarathy and Palli, 2011; Sheng et al., 2011; Richard et al., 2005; Tu et al., 

2005; Riddiford, 2012). However, the molecular basis of JH/IIS interaction remains poorly 

characterized. Recent studies show that the JH signaling may intersect with the IIS pathway 

through the Chico (an adaptor protein that interacts with the insulin-like peptide receptor) 

and/or FOXO (the downstream transcriptional regulator of the insulin pathway) proteins or 

may even directly alter the expression of specific ILPs (Parthasarathy and Palli, 2011; Sheng 

et al., 2011). Genetic suppression of chico or FOXO reduces or increases JH biosynthesis, 

respectively (Tu et al., 2005; Suren-Castillo et al., 2012). Unlike the IIS pathway, JH 

signaling is unique to insects. Elucidation of the complete JH pathway and its role in insect 

physiology has been a fundamental problem to insect biology for decades (Riddiford, 2008). 
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Recent advances in our understanding of JH signaling implicate the Methoprene tolerant 

(Met) protein as a bona fide JH receptor in beetles (Konopova and Jindra, 2007; Charles et 

al., 2011) and in lower Diptera, including mosquitoes (Zhu et al., 2010; Li et al., 2011; 

Wang et al., 2007). In contrast, higher Diptera (Brachycera) including Drosophila possesses 

two genes, Met and its paralog germ cell expressed (gce),that have an intimate and 

stoichiometric relationship with JH signal transduction (Baumann et al., 2010). Met was first 

identified in a mutagenesis screen for D. melanogaster resistance to the toxic and 

morphogenetic effects incurred by exposure to the JH analog (JHA) insecticide methoprene 

(Wilson and Fabian, 1986). The Met27 null allele confers high-level resistance to 

methoprene and other JHAs, but not to other classes of insecticides (Baumann et al., 2010; 

Wilson and Ashok, 1998; Riddiford et al., 2010). Met27 mutants display severe reproductive 

phenotypes (Wilson and Ashok, 1998) but are otherwise viable due to the presence of the 

functionally redundant paralog gce (Abdou et al., 2011). Met/gce double mutants fail to 

complete the pupal-adult transition, displaying similar morphogenetic defects observed 

following genetic ablation of the corpus allatum (CA; the primary JH biosynthetic organ) 

(Liu et al., 2009). It has been recently demonstrated that this phenotype results from reduced 

expression of the JH response gene Kr-h1 and the subsequent precocious expression of the 

early 20E response gene Broad (Abdou et al., 2011), which acts to drive pupal development 

in holometabolous insects (Zhou and Riddiford, 2008; Suzuki et al., 2008). Early studies on 

JH/JHA application (Denlinger, 1975; Langley et al., 1988; Langley et al., 1990) or removal 

of JH producing organs in tsetse (Ejezie and Davey, 1976) demonstrated reproductive 

impairment, implicating JH as critical for tsetse reproduction. However, little is known 

about the molecular genetics underlying JH signaling in tsetse, in particular with respect to 

tsetse's viviparous reproductive biology.

In this study, we examined the roles of JH and IIS pathways during tsetse fly reproduction, 

paying particular attention to the regulation of maternal lipid accumulation and decline 

during pregnancy. Our results suggest both JH (mediated primarily by Met) and IIS 

pathways play a critical role in regulating lipolysis/lipogenesis during the lactation and dry 

periods of tsetse pregnancy. We propose that both of these pathways promote lipid 

accumulation during the dry periods separating bouts of lactation; perturbation of either 

pathway leads to rapid lipolysis associated with the lactation period. This study is the first to 

address the molecular mechanisms of the JH and IIS pathways in a viviparous insect.

2. Materials and Methods

2.1. Flies

The Glossina morsitans morsitans colony originated from populations in Zimbabwe. Flies 

were maintained at 24°C and 50–60% RH and received defibrinated bovine blood through 

an artificial feeding system three times per week [83]. Female flies were mated 3d after 

emergence and stored in groups of 15 flies. Female flies were collected for analysis 

according to developmental markers based on the progeny developmental state which were 

established to analyze pregnancy according to previous studies (Attardo et al., 2006; Benoit 

et al., 2012).
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2.2. Quantitative PCR analysis

Expression profiles for the following genes were obtained via quantitative reverse 

transcription PCR (RT-PCR): FOXO (JX291116), chico (JX291117), InR (JX291127), Met 

(JX291118), Kr-h1 (JX291126), gce (JX291119), E75 (JX291125), JHAMT (JX291120), 

bmm (AEV59505), midway (AD19427), tg lipase (JX291121), mogat (JX291122), mgp 

(CAY49913.1), HDAC4 (JX291128), pudgy (JX291124) and asmase1 (AFJ68090.1). 

Transcript expression was monitored using the CFX96 real-time PCR detection system (Bio-

Rad, Hercules, CA) using gene specific primers (Supplemental Table 1). The data were 

obtained in triplicate and were normalized to tsetse tubulin (tub, DQ377071.1) expression 

and analyzed with software version 3.1 (Bio-Rad).

2.3. Lipid content analysis

Analyses of total lipid contents were conducted using a standard vanillin assay developed 

for mosquitoes (Van Handel, 1985) and modified for tsetse flies (Attardo et al., 2012). Flies 

were dried at 0% RH and 60°C until their mass was constant and then homogenized in 2 ml 

of chloroform:methanol (2:1). The supernatant was removed from the 5 ml glass tube and 

the solvent was evaporated at 90°C. The lipids were heated in 0.4 ml of concentrated 

sulfuric acid at 90°C for 12 minutes. Acid/lipid mixture (40 μl) was then added to 4 ml 

vanillin reagent. Samples were measured spectrophotometrically at 525 nm, and total lipid 

content was calculated against a canola oil lipid standard.

2.4. RNA interference of juvenile hormone and insulin signaling genes

Short interfering RNA (siRNA) constructs consisting of two Duplex sequences (Table S2) 

were purchased commercially (IDT, Coralville, IA) to target Met, gce, JHAMT, and FOXO. 

siRNA for bmm was generated according to previous studies on tsetse fly lipid metabolism 

studies. Control siRNA molecules were designed as complementary to green fluorescent 

protein (GFP) mRNA (IDT, Cordville, IA). The siRNA concentration was determined 

spectrophotmetrically, adjusted to 1–1.5 μg/μl in PBS, and individual flies were injected 

with 1.5μl siRNA. For determination of the knockdown phenotypes, flies were injected 

either 1–2d after adult emergence with siRNAs targeting genes expressed early in pregnancy 

(Met, gce and JHAMT) or 7–9d after adult emergence to target genes expressed late in 

pregnancy (bmm and FOXO). Previous studies have shown that siRNA injection into the 

mother has no discernible effect on larval transcript levels (Attardo et al., 2012; Benoit et al., 

2012). Three to five days after siRNA injection, expression levels of target and downstream 

genes were determined by qPCR (as described) and normalized to tub after removal of the 

larva. Total lipid content in female flies was measured following removal of the developing 

intrauterine larva 5d after injection. Fecundity was measured for 40d (the first two 

gonotrophic cycles). For flies that deposited larvae, the duration of the first gonotrophic 

cycle was determined as the time between adult emergence and parturition.

2.5. Methoprene application and insulin injection

Methoprene (juvenile hormone analog, JHA) application studies were conducted according 

to those previously developed for tsetse flies (Langley et al., 1988; Denlinger, 1975). Mated 

female flies, 12–14d after adult emergence, were given a topical application of either 10 μg 
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(low dose) or 25 μg (high dose) of methoprene dissolved in 2μl of acetone. This time point 

was chosen to test for potential reversal of lactation-associated lipolysis, which is highest at 

this time based on our previous studies (Attardo et al. 2012). Following methoprene 

application, the flies were stored in groups of five and transcript levels were measured by 

qPCR (as described) after 12–16h and following removal of the larva. Total lipid content in 

female flies was measured following removal of the intrauterine larva 72–76h after 

methoprene exposure. Fecundity and duration of the gonotrophic cycle were determined as 

previously described over 40d.

Insulin injection experiments were conducted based on those developed for D. melanogaster 

(Belgacem et al., 2006), but scaled up to accommodate the larger size of tsetse flies. Flies 

received two injections of 1μl bovine insulin (Sigma) at a concentration of 0.05mg/μl 12d 

and 14d after adult emergence. Transcript levels were measured 6h after the first insulin 

injection. Total lipid content in females was measured following removal of the developing 

intrauterine larva 72h after the second injection. Fecundity and duration of the gonotrophic 

cycle were determined as previously described.

For combined methoprene and insulin treatments, flies were treated with 25μg of 

methoprene at 12d and injected with insulin 12h later. Gene transcript levels were measured 

6–8h after insulin treatment and 18–20h after methoprene application. Total lipid content in 

female flies was measured following removal of the developing intrauterine larva 72h after 

the insulin injection. Fecundity and duration of the gonotrophic cycle were determined as 

previously described.

3. Results

3.1. Lipid metabolism and insulin signaling during tsetse pregnancy

During the viviparous reproductive process, large quantities of milk secretions are 

transferred from the mother to her intrauterine progeny in each gonotrophic cycle. We 

analyzed the lipid levels and the expression of genes involved in lipid metabolism and 

insulin signaling during the 1st and 2nd gonotrophic cycles in pregnant females following 

removal of their intrauterine larva. During the course of pregnancy there was a substantial 

fluctuation in total body lipid content, which increased by about 3-fold during the dry 

periods and peaked toward the end of embryogenesis (Figure 1a). Lipid levels then declined 

over the course of larval development, during which time lactation occurs. This alternating 

pattern of lipogenesis and lipolysis was then repeated in subsequent gonotrophic cycles 

(Figure 1a; Figure S1a). Notably, this drastic, temporal fluctuation in lipid levels correlated 

with the expression of genes involved in lipid accumulation (midway and monoacylglycerol 

O-acyltransferase, mogat) and breakdown (bmm, tg lipase (triacylglycerol lipase) and 

pudgy) as shown in Figure 1b and Figure S1b, c. In contrast, lactation-specific genes 

including mgp and asmase1 increased during lactation and declined during dry periods 

(Figure 1c; Figure S1d). These results indicate that lipids accumulate during the dry periods 

between lactation-associated lipolysis and milk protein synthesis.

In addition to lipid metabolism and accumulation during larvigenesis, we measured 

transcript levels of genes involved in the IIS pathway. Although not significant, an inverse 
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trend for chico and FOXO expression was observed, with maximal FOXO and minimal 

chico transcript levels detected during lactation (Figure 1d; Figure S1e). InR showed no 

significant change during pregnancy (Figure 1d; Figure S1f). In contrast, transcript levels for 

the tsetse ortholog of DmHDAC4 varied substantially throughout pregnancy, reaching 

maximal levels during the transition between dry and lactating periods (Figure 1d; Figure 

S1f). These results, in combination with the observed temporal fluctuation in lipid levels, 

suggest an increase in IIS-induced lipid accumulation during the dry period.

3.2. JH signaling gene identification and expression during tsetse pregnancy

Based on homology searches using D. melanogaster sequences as queries, we identified 

tsetse orthologs for several genes involved in JH pathways. Like D. melanogaster, the G. 

morsitans genome has distinct Met and gce orthologs (Figure S2), indicating that Met arose 

from a gce-like ancestor (Baumann et al. 2011) sometime before the origin of the dipteran 

infraorder Muscomorpha. Glossina is thus the second brachyceran genus identified with 

distinct Met/gce orthologs.

The JH titer during tsetse pregnancy is unknown. To make an indirect determination of the 

JH titer and to identify potential regulatory mechanisms for JH signaling during pregnancy, 

we measured the expression profiles for several key JH signaling genes including Met, gce, 

E75, Kr-h1, JHE and JHAMT. JHAMT catalyzes the penultimate step in JH III biosynthesis, 

converting JH acid to JH III, and its expression correlates with increased levels of JH 

(Daimon et al. 2012). Conversely, JHE clears circulating JH from the hemolymph at 

developmentally appropriate times, such as at the onset of metamorphosis in 

holometabolous insects. Kr-h1 induction requires the presence of JH with severe reduction 

as a results of allatectomy (removal of the corpus allatum, the JH biosynthetic organ; 

Konopova et al., 2011). Kr-h1 induction by JH is hampered by dsRNA targeting Met, 

comfirming that Kr-H1 is responsive to JH with Met as the receptor (Charles et al. 2011). 

Lastly, Met27/gce2.5k mutants fail to express Kr-h1(Abdou et al. 2011). Therefore, JH titer 

can be estimated by extrapolating from the combined expression of JHAMT, JHE, and Kr-

h1expression during pregnancy.

JHAMT/JHE expression suggests that an increase in maternal JH titer during dry periods is 

followed by a steep decline that immediately precedes lactation (Figure 1e; Figure S1g). As 

expected, expression of the JH response gene Kr-h1 increases during dry periods and 

declines during lactation (Figure S1h). In addition, Met expression closely mirrors the 

temporal profile of Kr-h1, suggesting that Met regulates Kr-h1 expression (Figure 1e; Figure 

S1h), consistent with the regulatory hierarchy observed in other insects (e.g. [Zhu et al., 

2010]). In contrast, gce expression shows an oscillatory pattern with a slight peak towards 

the end of lactation (Figure1e; Figure S1i). This pattern is mirrored by E75 expression 

(Figure 1e; Figure S1i), corroborating recent results in D. melanogaster S2 cells showing 

that gce rather than Met is critical for JH-mediated induction of E75A (Dubrovsky et al., 

2011). Overall, we show that expression profiles for several JH signaling genes correlate 

with those of genes involved in IIS pathway and with temporal patterns of lipid 

accumulation in dry flies.
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3.3. Methoprene application and insulin injection results

We next examined the effects of methoprene application on the expression of key genes in 

the JH and IIS pathways. We exposed pregnant females to two different concentrations (10 

and 25 μg) of methoprene. As expected, methorpene application caused Kr-h1 induction 

(Fig. S3). Methoprene application resulted in a dose-dependent increase in stored lipid 

content, with an observed increase of 32–36% following the high (25 μg) JHA treatment 

(Figure 2a). Methoprene treatment significantly elevated transcript levels of midway, a gene 

involved in triacylglycerol (TAG) biosynthesis, but downregulated the expression of bmm 

and pudgy, two genes involved in TAG catabolism (Figure 2b). In particular, bmm 

expression was sensitive even to low doses of methoprene. There was no significant change 

in FOXO transcript levels in response to methoprene treatment at either dosage. However, 

expression of the lactation-specific gene mgp1 was significantly reduced following 

treatment with a high dose of methoprene (Fig 2b). In addition, the gonotrophic cycle of 

flies exposed to a high dose of methoprene was extended by about 5–6 days, concomitant 

with a 30–40% reduction in fecundity over the 1st and 2nd gonotrophic cycles (Figure 2c; 

Figure S4). Insulin injection produced similar effects, including increased expression of Kr-

h1, elevated lipid levels, increased expression of the lipogenic gene midway, decreased 

expression of lipolytic genes including bmm and pudgy, reduced fecundity and extended 

larval gestation (Figure 2d–f; Figure S4,S4). Thus, insulin injection, like methoprene 

application, induces a heterochronic shift from lipid breakdown to accumulation, 

consequently extending larval gestation time and reducing fecundity.

Simultaneous treatment with insulin and methoprene did not significantly alter the 

transcription of lipolytic/lipogenic genes or lipid levels beyond treatment with insulin or 

methoprene alone (Figure 2g, h). The additional effects on fecundity and chronological 

extension of the gonotrophic cycle did not statistically differ in the combined treatment 

versus the individual treatments of methoprene or insulin alone (Figure 2i; Figure S4). This 

result suggests that insulin injection can only minimally enhance the transcriptional or 

physiological effects incurred by high dosage of methoprene. Given that in D. melanogaster, 

Kr-h1 expression is upregulated via JHA application to a saturable level [59], we asked what 

effect insulin injection, in combination with methoprene, might have on Kr-h1 levels in 

tsetse. As anticipated, methoprene application led to a substantial increase in Kr-h1 

transcripts in tsetse (Fig 2e), while a combined treatment with both methoprene and insulin 

failed to appreciably amplify Kr-h1 expression beyond levels obtained with methoprene 

alone (Figure 2h). These results suggest that Kr-h1 regulation by Met/JH occurs downstream 

of a potential intersection between IIS and JH pathways.

3.4. Knockdown by siRNA injection: transcriptional consequences

Our data show that similar temporal expression patterns for E75 and gce during tsetse 

pregnancy (Fig 1i). Accordingly, there was a significant decrease in E75 transcripts in flies 

treated with siRNA constructs targeting gce (Fig 3a). In contrast, siMet treatment had no 

effect on E75 expression, whereas Kr-h1 transcript levels were reduced substantially (Fig 

3b). Importantly, knockdown of Met, but not gce, resulted in upregulation of bmm and 

HDAC4 concomitant downregulation of midway expression (Figure3a, b). In addition, lipid 

levels were significantly reduced upon knockdown of Met, but not gce (Figure 3d). 
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Fecundity was reduced and the length of pregnancy was extended under Met knockdown 

and to a lesser extent by gce knockdown (Figure 3e, f). None of the transcriptional or 

physiological consequences of Met knockdown were amplified when Met and gce were 

simultaneously suppressed (Figure 3c–f). These results suggest that Met and Gce are 

functionally divergent in respect to lipid metabolism associated with tsetse reproduction, but 

both may contribute to fecundity.

To examine the reproductive and transcriptional effects of JH titer, we knocked down the 

expression of JHAMT, a critical enzyme for JH biosynthesis (Fig. 4). Suppression of 

JHAMT resulted in concomitant reduction of Kr-h1, E75 and midway while Met and gce 

expression were unaffected and bmm and HDAC4 expression increased (Figure 4a). These 

results indicate that partial blockage of JH synthesis through suppression of JHAMT 

expression phenocopies Met deficiency with respect to Kr-h1, bmm, HDAC4 and midway 

expression, and gce deficiency with respect to E75 expression. Both fecundity and lipid 

content were reduced under JHAMT suppression to similar levels seen following Met/gce 

knockdown (Fig 4b, c). The first gonotrophic cycle of pregnancy was equally extended 

following either JHAMT or Met/gce knockdown (Figure 3f). Thus, reduction of JHAMT 

incurred similar transcriptional and physiological consequences as Met/gce reduction during 

tsetse pregnancy.

Next, we knocked down the expression of FOXO, since several recent studies have indicated 

that FOXO may act as a molecular bridge between IIS and JH pathways (Sheng et al., 2011; 

Suren-Castillo et al., 2010; Sim and Denlinger, 2008). Suppression of FOXO significantly 

increased JHAMT expression, while reducing bmm expression (Figure 5a). Therefore, 

FOXO reduction increases JH biosynthesis through upregulation of JHAMT, as predicted by 

Suren-Castillo et al (2012). Since the promoter region of bmm was reported to harbor several 

FOXO response elements in Drosophila (Wang et al., 2011), reduction of bmm expression 

following FOXO reduction is not unexpected. Lipid levels were elevated in mothers 

receiving siFOXO treatment (Figure 5b), consistent with the role of FOXO as a negative 

regulator of the IIS pathway and a positive regulator of bmm gene expression in the absence 

of insulin stimulation (Wang et al. 2011). In D. melanogaster, bmm mutants display an 

obese phenotype (Grönke et al., 2005; Grönke et al., 2007). This is in stark contrast to the 

results we obtained following Met/gce knockdown in tsetse, where lipid levels were 

significantly depressed in dry flies, consistent with our finding that Met reduction promotes 

increased bmm expression (Fig 5a). These results support previous work showing that JH 

counteracts FOXO activity (Sheng et al., 2011). Similar negative consequences to fecundity 

and on the duration of pregnancy were noted after FOXO and Met/gce knockdown (Fig 

5c,d). Although these results appear contradictory, this similarity results from the timing of 

each treatment; FOXO was reduced during lactation and Met/gce transcripts were reduced 

early in the dry period. Thus, similar negative phenotypes are observed due to prevention of 

lipid accumulation in dry flies by inhibiting JH signal transduction (Met/gce knockdown), or 

by the prevention of lipid metabolism along with increased JH biosynthesis in lactating flies 

(FOXO knockdown); both processes are critical for tsetse fecundity.
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3.5. Knockdown of bmm followed by methoprene application

Our methoprene application experiments with pregnant females showed increased lipid 

levels, which we reasoned could result from reduced expression of insulin-suppressed bmm. 

To test this hypothesis, we injected mothers with siBmm prior to methoprene application. 

Injection with siBmm resulted in a substantial reduction of bmm expression to similar levels 

as seen under methoprene treatment (JHA; Figure 6a). However, suppression of bmm 

followed by methoprene application led to a greater reduction in fecundity than that 

observed with either methoprene treatment or bmm knockdown alone (Figure 6b). This 

effect was not a general feature of siRNA injection, since siGFP treatment followed by 

methoprene application failed to reduce fecundity beyond methoprene treatment alone 

(Figure 6b). Flies receiving methoprene in combination with bmm knockdown showed 

increased lipid levels compared to untreated or siGFP-injected controls (Figure 6c). Lipid 

levels were not significantly increased in flies receiving a combination of methoprene 

application and siBmm injection compared to flies receiving methoprene or siBmm injection 

alone (Figure 6c). These results suggest that the observed methoprene-induced lipid 

reduction likely results from 1) a positive interaction with insulin signaling or 2) another 

mechanism through which methoprene suppresses the expression of bmm and other genes 

involved in lipolysis.

4. Discussion

In adult insects, JH primarily functions as a gonadotropic hormone whose action manifests 

in a species-specific manner. For example, in A. aegypti JH directs previtellogenic oocyte 

development and primes the fat body for competence to respond to 20E-directed oocyte 

maturation (Clements, 1992). Conversely, in D. melanogaster JH is necessary both for the 

synthesis and endocytotic uptake of vitellogenins into the developing oocyte (Soller et al., 

1999). It has been recognized for decades that JHA application to tsetse can induce larval 

abortion (Denlinger, 1975) or production of nonviable offspring (Langley et al., 1988; 

Langley et al., 1990). In G. austeni, JH was proposed as critical for tsetse reproduction 

based on experiments in which surgical allatectomy inhibited the production of viable 

offspring, a phenotype which was rescued in subsequent gonotrophic cycles by provision of 

exogenous JH III (Ejezie and Davey, 1976). In addition, insulin/IGF-like signaling (IIS) is 

necessary for growth, reproduction, and nutrient homeostasis in D. melanogaster and other 

insects (Teleman, 2010; Wu and Brown, 2006). Similarly, it is known that JH treatment of 

D. melanogaster adults leads to increased lipid content (Butterwood and Bodenste, 1969), 

but the mechanisms responsible for this phenotype are unknown. Until now, no studies have 

investigated the role of IIS in tsetse reproductive physiology. In this study, we show that like 

Drosophila spp., tsetse JH signal is transduced through functionally distinct Met and gce 

orthologs. Importantly, suppression of Met, but not its paralog gce, results in misexpression 

of genes in the IIS pathway, consequently leading to misexpression of genes involved in 

lipid homeostasis. This is the first study reporting on the molecular mechanisms of JH and 

IIS as mediators of the critical aspects of lipid metabolism underlying viviparous 

reproduction in tsetse flies. In relation to general insect physiology, these are to our 

knowledge the first results indicating that Met promotes lipid accumulation through 

synergism with IIS under conditions of high JH titer.
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Tsetse has distinct Met and gce orthologs

Our in silico analysis of the G. morsitans genome identified distinct Met and gce orthologs, 

which were previously only known from 12 members of the genus Drosophila. The 

genomes of several mosquito species (Wang et al., 2007) and the red flour beetle T. 

castaneum (Konopova and Jindra, 2007) each carry a single, gce-like ancestor from which 

Met originated via gene duplication, apparently during dipteran evolution (Baumann et al., 

2010). While the genome of the silk moth, Bombyx mori, carries two Met-like genes, Met1 

and Met2, Met1 protein is particular to Lepidoptera while Met2 appears to be a gce ancestor 

(Kayukawa et al., 2012). Therefore, the identification of both Met and gce in tsetse indicates 

that these genes predate the origin of the lineage leading to the dipteran infraorder 

Muscomorpha.

JH signaling changes associated with tsetse pregnancy

During tsetse pregnancy, suppression of Met, but not gce, resulted in concomitant reduction 

in expression of the JH-response gene Kr-h1. In both A. aegypti (Zhu et al., 2010) and T. 

castaneum (Zhang et al., 2011) Kr-h1 expression is mediated via the single Met-like (gce) 

ortholog. Similarly, in B. mori, the gce-like Met2 is required along with BmSRC for proper 

BmKr-h1 expression (Kayukawa et al., 2012). In D. melanogaster, RNAi mediated silencing 

of Met (and to a much lesser extent gce) results in decreased Kr-h1 transcript levels, whereas 

in the Met/gce double null mutant, Kr-h1 expression is blocked entirely. During tsetse 

pregnancy, our tandem suppression of Met and gce minimally enhanced the level of Kr-h1 

blockage beyond that seen upon Met suppression alone (Fig 3c). This difference could either 

be due to our inability to fully suppress both Met and gce by RNA interference or to 

dissimilarity in the gene regulatory hierarchies during D. melanogaster development versus 

those acting during tsetse reproduction. Concurrent reduction of both Met and gce during 

tsetse pregnancy did not result in appreciable enhancement of any transcriptional or 

physiological consequence incurred by Met reduction alone. Functional partitioning of Met 

and Gce across reproduction and development has been demonstrated in D. melanogaster. 

While Met and Gce share redundant function during preadult development (Abdou et al., 

2011), ectopically expressed gce cannot rescue the reproductive consequences of Met 

deficiency, namely a severe reduction in oogenesis (Baumann et al., 2010). This argues for 

divergent roles for Met and Gce during tsetse reproduction.

We additionally show that Gce but not Met, regulates E75 expression during tsetse 

pregnancy. Three E75 isoforms, E75A, B, and C, are transcribed from different promoters in 

D. melanogaster. Since individual E75 isoforms in G. morsitans have not yet been defined, 

we designed our primers using a pair wise alignment consisting of the core D. melanogaster 

E75 sequence and the tsetse ortholog predicted from assembled transcripts mapped against 

genomic scaffolds. Therefore, our results represent changes in regulation of whichever E75 

variants are expressed at the indicated time points during pregnancy. Recent studies show 

that intracellular expression of JHE in D. melanogaster S2 cells inhibits E75A transcription, 

indicating that JH must enter the cell, is necessary for E75A induction, and that JH III-

mediated transcription of E75A is blocked by suppression of gce or gce and Met expression, 

but not by Met suppression alone (Dubrovsky et al., 2011). While our data suggest E75 
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regulation through Gce as a conserved mechanism in higher Diptera, the importance of this 

regulatory mechanism during tsetse pregnancy remains unexplored.

Interestingly, tandem suppression of Met and gce in tsetse mothers resulted in elevated rates 

of adult mortality compared to siGFP-treated controls (50% mortality in Met/gce double 

knockdown vs. > 5% in the siGFP group). Roles for JH, Met and/or Gce in adult viability 

have not been described, but this result is not unprecedented. In a previous study, we drove 

expression of a gce RNAi construct from either a tubulin or actin promoter in D. 

melanogaster with a Met27 null genetic background. RNAi constructs expressed under the 

control of the tubulin promoter induced lethality during pupal development; gce knockdown 

driven by the slightly weaker actin promoter (Barry et al., 2008) allowed a subset of flies to 

survive to adulthood (Baumann et al., 2010). However, all adults that eclosed in this 

experiment died within two days of eclosion. The mechanism of mortality was not 

investigated, but induction of adult lethality through Met/gce suppression is a phenomenon 

that clearly warrants further study.

IIS and lipid accumulation during tsetse pregnancy

Our results indicate that IIS is critical for lipid homeostasis during pregnancy in tsetse flies. 

Previous studies in D. melanogaster have shown that manipulation of the IIS pathway via 

targeted gene knockdown results in insulin insensitivity and subsequent changes in lipid 

content (Teleman, 2010; Bohni et al., 1999; Werz et al., 2009; Shingleton et al., 2005). In 

addition to its role in maintaining lipid homeostasis, IIS is critical for growth, development 

and reproduction (Teleman, 2010; GrÄnke et al., 2010; Bohni et al., 1999). In tsetse, we 

show that genes in the IIS pathway exhibit an oscillatory expression pattern that is 

synchronized to alternating dry and lactation periods. Observed changes in the transcript 

abundance of insulin signaling genes correlated both with differences in total maternal lipid 

content and with the transcript abundance of genes involved in lipid metabolism, suggesting 

that IIS acts as a key regulator of lipid levels during tsetse pregnancy.

Predominantly, gene knockdown experiments, rather than gene overexpression or insulin 

injection, have been used to analyze the IIS pathway in insects (Teleman, 2010; Wu and 

Brown, 2006; Baker and Thummel, 2007). Experiments performed using D. melanogaster 

Kc cells demonstrated that insulin treatment increased glucose production via the pentose 

phosphate pathway, but no alteration of lipid levels was observed (Ceddia et al., 2003). 

Overexpression of InR leads to increased body weight in D. melanogaster (Brogiolo et al., 

2001), and activation of the IIS pathway in the D. melanogaster fat body promotes 

triglyceride accumulation (DiAngelo and Birnbaum, 2009). Lactating tsetse flies receiving 

insulin injection showed reduced transcripts of genes associated with lipolysis and an 

increase in those associated with lipogenesis, a phenotype that is similar to the physiological 

state in dry flies. The insulin-induced decrease in lipolysis likely reduces fats available for 

incorporation into the milk, leading to reduced fecundity.

It is important to note that the physiological state during tsetse lactation, in which 

metabolism of storage lipids counteracts lipid shortages associated with lactation (Attardo et 

al., 2012), is analogous to starvation in D. melanogaster. Under starvation, knockout of 

FOXO in D. melanogaster leads to decreased levels of bmm (Wang et al., 2011), similar to 
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what we observed following siFOXO treatment in tsetse during lactation. This phenotype of 

decreased lipolysis and increased lipogenesis is similar to that seen in flies receiving insulin 

injection, consistent with the role of FOXO as a negative regulator of the IIS pathway. Thus, 

it is likely that insulin-suppressed lipolysis through bmm is governed by a conserved 

mechanism in tsetse and Drosophila. Furthermore, bmm suppression may result from 

reduced HDAC4 expression, since HDAC4 functions as a modulator of FOXO activity, 

which in turn regulates bmm transcription (Wang et al., 2011). Additional studies are 

necessary to confirm the effects of FOXO deacetylation by HDAC4 and the subsequent 

consequences on bmm levels in tsetse. Reduced expression of Pudgy following insulin 

treatment suggests that this ACS is likely a critical component for promoting FOXO-

mediated lipolysis during tsetse lactation. Taken together, our results suggest that the IIS 

pathway mediates changes in lipid metabolism during cyclical transitions between dry and 

lactating periods of tsetse pregnancy, whereby positive regulation of the IIS pathway 

promotes a shift toward lipid accumulation in the fat body, restricting lipid content available 

for incorporation into the milk.

Potential interaction of IIS and JH pathways

The IIS pathway is critical for various aspects of growth and development, reproduction 

(Sheng et al., 2011), diapause (Sim and Denlinger, 2008; 2009), and in the modulation of 

lifespan (Tatar et al., 2001). JH is a similarly pleiotropic hormone and JH/IIS interaction in 

diverse insect species has recently received considerable attention. For example, in C. 

pipiens, dsRNA suppression of CpILP-1 results in a physiological state mimicking diapause, 

which can be rescued by topical application of JH III in a dose-dependent manner (Sim and 

Denlinger, 2008). A similar state of arrest, obtained via suppression of InR expression, is 

rescued via provision of exogenous JH (Sim and Denlinger, 2008), suggesting that JH and 

upstream positive regulators of IIS pathway share some critical intersection to yield similar 

physiological outcomes. In contrast, in the imaginal discs of final instar Manduca sexta, IIS 

pathway counteracts JH signal by derepressing the induction of Broad, a gene in 

Holometabola whose expression is diagnostic for pupal commitment (Koyama et al., 2008). 

Therefore it appears that the underlying mechanisms of JH/IIS interaction may be species-, 

stage-, and tissue-specific. Here, we demonstrate that JH and IIS both act to increase lipid 

levels, likely through increased lipogenesis and decreased lipolysis through suppressed bmm 

expression. Similar to insulin treatment, we noted a 20–30% decline in HDAC4, 30–40% 

decline in bmm and 30–35% decline in pudgy transcripts following treatment with 

methoprene, indicating a JH-induced reduction in lipolysis likely occurs through cross talk 

with IIS. JH/IIS interaction in tsetse is further supported by the fact that knockdown of 

genes involved in JH synthesis reception, JHAMT and Met, leads to increased lipolysis, the 

opposite physiological effect as observed following methoprene treatment. Lastly, this 

interaction is corroborated by the observation that bmm reduction prior to methoprene 

treatment yields similar results to methoprene treatment alone, indicating that the lipid 

accumulation observed following methoprene application likely occurs through the 

suppression of bmm. Thus, lipid homeostasis in tsetse mothers is likely coordinated through 

the combined activities of IIS and JH pathways. Importantly, it appears that this interaction 

is mediated through JH-Met, not JH-Gce, supporting the notion that the paralogous proteins 

Met and Gce are functionally divergent in higher dipteran reproduction. Met is proposed as a 
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component of a complex molecular bridge that coordinates crosstalk between JH and 20E 

signaling pathways (Wilson et al., 2006; Li et al., 2007; Bitra and Palli, 2009). Perhaps this 

regulatory machinery also interacts directly with IIS and additional, unidentified factors to 

suppress lipolysis through IIS in a complex tissue- and stage-specific manner. Here, we 

implicate Met as a critical link between IIS and JH signaling in coordinating lipid 

metabolism during tsetse pregnancy.

Conclusions

We have demonstrated that both JH and IIS promote lipid accumulation during dry periods 

between bouts of lactation in tsetse. Based on our results, we have developed a model for 

these interacting endocrine pathways during tsetse pregnancy (Figure 7). In this model, 

positive effectors of the insulin signaling pathway, which we propose operates in a manner 

similar to D. melanogaster, stimulate an increase in lipid content in dry flies. Elevated JH 

titer acts in unison with the IIS pathway to promote an increase in lipid content, likely 

through interaction with IIS. When insulin and JH titers are depressed during lactation, 

lipolytic genes are upregulated, resulting in the mobilization of lipids necessary for 

incorporation into tsetse milk. Overall, this study demonstrates that changes in lipid 

metabolism, associated with lactation during tsetse intrauterine progeny development, are 

under JH/IIS control.
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Highlights

1. Tsetse flies possess two juvenile hormone receptors, Methoprene-tolerant and 

germ cell expressed, similar to Drosophila.

2. Juvenile hormone and insulin promote lipid accumulation in tsetse flies.

3. Juvenile hormone and insulin leads to increased fat storage during non-lactating 

periods.

4. Our results indicate the insulin and juvenile hormone are key to nutritional 

mobilization during tsetse lactation.
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Fig. 1. 
Lipid and transcript levels through two tsetse gonotrophic cycles. A. Total lipid levels in 

female flies throughout pregnancy. Each point represents the mean ± SE of three flies. B. 

Fold change of transcripts for lipid metabolism genes (bmm, tg lipase, pdgy, mdy and 

mogat). C. Fold change of transcripts for pregnancy-specific genes (mgp, asmase1). D. Fold 

change of transcripts for IIS genes (chico, FOXO, InR, and HDAC4). E. Fold change of 

transcripts for JH signaling genes (JHE, JHAMT, Met, Kr-h1, gce, and E75). Transcript 

levels were determined by qPCR using the iCycler iQ real-time PCR detection system (Bio-

Rad, Hercules). The data were normalized to tub transcript levels and each point represents 

the mean ± SE of three to five flies. Fold changes represent a summary of transcript levels in 

Figure S2. Right ovary, uterus, and left ovary denote the presence of a developing oocyte, 

embryo, or larva in these locations.
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Fig. 2. 
Methoprene and insulin treatments increase lipid levels, alter lipid metabolism gene 

expression, and reduce fecundity. A, D and G. Total lipid levels in female flies. Each point 

represents the mean ± SE of eight flies. B, E and H. Relative transcript levels of bmm, mdy, 

HDAC4, mgp, pdy, FOXO, and Kr-h1. Each point represents the mean ± SE of three flies. C, 

F, I. Number of pupae per female over 40d, mean ± SE of three groups of 30 flies. 

Significant differences (indicated by “a” at P < 0.01) were determined by ANOVA followed 

by Tukey's test compared to controls.

Baumann et al. Page 21

Mol Cell Endocrinol. Author manuscript; available in PMC 2014 November 06.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 3. 
Effect of Met and gce knockdown on tsetse lipid metabolism and fecundity. A. Relative 

transcript levels of Met, gce, Kr-h1, E75, bmm, mdy, and HDAC4 following injection of 

short interfering (si) RNA targeting GCE. Each point represents the mean ± SE of four to 

five flies. B. siMet injection and expression analysis of downstream target genes under same 

conditions as Figure 3a. C. siMet/siGCE injection and analysis as in Figure 3a. D. Total lipid 

levels in female flies after injection in siGFP, siMet, siGCE, or siMet/siGCE (both). Each 

point represents the mean ± SE of eight flies. E. Number of pupae deposited per female over 

40d after injection in siGFP, siMet, siGCE, or siMet/siGCE (both), mean ± SE of three 

groups of 30 flies. F. Duration of the first gonotrophic cycle after injection in siGFP, siMet, 

siGCE, or siMet/siGCE (both), mean ± SE of three groups of 15 flies. Significant 

differences (indicated by “a” at P < 0.01) were determined by ANOVA followed by Tukey's 

test compared to controls. siGFP, siRNA targeting green fluorescent protein.
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Fig. 4. 
Effect of JHAMT knockdown on tsetse lipid metabolism and fecundity. A. Relative 

transcript levels of JHAMT, Met, gce, Kr-h1, E75, bmm, mdy, and HDAC4 following 

injection of siJHAMT and siGFP. B. Total lipid levels in female flies after injection siGFP, 

siJHAMT, or siMet/siGCE (both). Each point represents the mean ± SE of eight flies. C. 

Number of pupae per female over 40d after injection siGFP, siJHAMT, or siMet/siGCE 

(Both), mean ± SE of three groups of 30 flies. D. Duration of the first gonotrophic cycle 

after injection siGFP, siJHAMT, or siMet/siGCE (both), mean ± SE of three groups of 15 

flies. Significant differences (indicated by “a” at P < 0.01) were determined by ANOVA 

followed by Tukey's test compared to controls. siGFP, short interfering RNA targeting green 

fluorescent protein.
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Fig. 5. 
Effects of knockdown of FOXO on juvenile hormone signaling and lipid metabolism. A. 

Relative transcript levels of Met, gce, bmm, mdy, Kr-h1, E75, JHAMT, and FOXO following 

injection of siFOXO. B. Total lipid levels in female flies after siGFP, siFOXO, or siMet/

siGCE treatments, respectively. Each point represents the mean ± SE of eight flies. C. 

Number of pupae deposited per female over 40d after siGFP, siFOXO, or siMet/siGCE 

treatments, respectively, mean ± SE of three groups of 30 flies. D. Duration of the first 

gonotrophic cycle after siGFP, siFOXO, or siMet/siGCE treatments, respectively, mean ± 

SE of three groups of 15 flies. Significant differences (indicated by “a” at P < 0.01) were 

determined by ANOVA followed by Tukey's test compared to controls. siGFP, short 

interfering green fluorescent protein.
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Fig. 6. 
Effect of methoprene application on bmm levels, fecundity, and lipid levels following 

knockdown of bmm. A. Relative bmm levels after treatment. Each point represents the mean 

± SE of three flies. B. Number of pupae deposited per female over 40d, mean ± SE of three 

groups of 30 flies. C. Total lipid levels in female flies. Each point represents the mean ± SE 

of eight flies. Significant differences (indicated by “a” at P < 0.01) were determined by 

ANOVA followed by Tukey's test compared to controls and siGFP-injected flies. Control, 

PBS-injected; siGFP, short interfering RNA targeting green fluorescent protein; JHA, 

juvenile hormone analog (methoprene). siGFP +JHA, siGFP injection followed by JHA. 

siBmm + JHA, siGFP injection followed by JHA.
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Fig. 7. 
Model for the role of JH/IIS signaling in mediating lipid level changes associated with tsetse 

pregnancy. Left, lipid accumulation during dry periods is promoted by elevation of insulin 

and JH titer. Right, lipid breakdown during lactation during periods results from reduced 

insulin and JH titer. JHAMT catalyzes the conversion of JH acid to JH III, increasing JH 

titer during dry periods. JH signal is transduced through the JH receptor Met; the JH and IIS 

pathways share a critical intersection to promote lipid accumulation in the mother (lipid 

content indicated by yellow circles). A decrease in JH and insulin levels during the lactation 

phase promotes a rapid breakdown of lipids for their incorporation into tsetse milk through 

the insulin-controlled genes Bmm and Pdgy.
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