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Sex-specific effects of the microbiota on adult 

carbohydrate intake and body composition in a 

polyphagous fly

Abstract

The microbiota influences hosts’ health and fitness. However, the extent to which the microbiota affects 

host’ foraging decisions and related life history traits remains to be fully understood. Our study explored the 

effects of microbiota manipulation on foraging preference and phenotypic traits of larval and adult stages of 

the polyphagous fruit fly Bactrocera tryoni, one of the main horticultural pests in Australia. We generated 

three treatments: control (non-treated microbiota), axenic (removed microbiota), and reinoculation 

(individuals which had their microbiota removed then re-introduced). Our results confirmed that axenic 

larvae and immature (i.e., newly emerged 0 day-old, sexually-immature) adults were lighter than control and 

reinoculated individuals. Interestingly, we found a sex-specific effect of the microbiota manipulation on 

carbohydrate intake and body composition of 10 day-old mature adults. Axenic males ate less carbohydrate, 

and had lower body weight and total body fat relative to control and reinoculated males. Conversely, axenic 

females ate more carbohydrate than control and reinoculated ones, although body weight and lipid reserves 

were similar across treatments. Axenic females produced fewer eggs than control and reinoculated females. 

Our findings corroborate the far-reaching effects of microbiota in insects found in previous studies and 

show, for the first time, a sex-specific effect of microbiota on feeding behaviour in flies. Our results 

underscore the dynamic relationship between the microbiota and the host with the reinoculation of microbes 

restoring some traits that were affected in axenic individuals.

1 Introduction

The microbiota is structured by a large diversity of microorganisms that can be beneficial, neutral or pathogenic to the 

host depending on the physiological and environmental conditions (Bing et al., 2018; Buchon et al., 2013; Lewis and 

Lizé, 2015). Some microbes can be, for instance, mutualists/commensals or parasites in response to changes in the host 

diet (De Vries et al., 2004). A growing body of evidence has shown multiple effects of the commensal (i.e., balanced) 

microbiota on insect development, physiology and reproduction (Douglas, 2018; Engel and Moran, 2013; Lindsay et 

al., 2020; Raza et al., 2020; Strand, 2018). In the honey bee Apis mellifera, manipulation of the microbiota has 

profound impacts on metabolism and disease resistance via effects on host weight, metabolic pathways, hormonal 

signaling and immune gene expression (Raymann and Moran, 2018). In Drosophila melanogaster, the presence of the 

microbiota promotes larval growth rate in poor nutritional conditions whereby germ-free larvae exhibit reduced growth 

and slower development compared to larvae with an intact microbiota when raised on nutritionally imbalanced diets 

(i.e., low yeast concentration) (Shin et al., 2011; Storelli et al., 2011). The microbiota also modulates the expression of 

multiple adult traits in D. melanogaster including food choice (Leitão-Gonçalves et al., 2017; Wong et al., 2017), kin 

detection (Lizé et al., 2014), mating duration, reproductive output (Morimoto et al., 2017) and even mating selection, 

although with conflicting findings (Leftwich et al., 2017; Sharon et al., 2010).

The microbiota, and more particularly the gut microbiota, impacts host development and fitness through its involvement 

in nutrient acquisition and allocation (Ben-Yosef et al., 2015, 2014; Bing et al., 2018; Consuegra et al., 2020; Leitão-
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Gonçalves et al., 2017; Sannino et al., 2018). For instance, Enterobacteriaceae, commensal bacteria of the olive fly 

Bactrocera oleae, enable larvae to digest and develop in unripe olive fruits containing toxic chemicals and provide 

adults with amino acids to facilitate protein synthesis and egg production (Ben-Yosef et al., 2015, 2014). Similarly, 

studies in D. melanogaster and D. suzukii have revealed that the microbiota can buffer for the absence of essential 

amino acids in artificial diets (Leitão-Gonçalves et al., 2017) or provides key proteins involved in the development of 

flies reared on fresh fruits (Bing et al., 2018). The microbiota can also provide to its host different vitamins such as 

thiamine (Sannino et al., 2018), riboflavin (Fridmann-Sirkis et al., 2014; Wong et al., 2014), and folate (Blatch et al., 

2010; Piper et al., 2014). Further investigations have shown that supplement of Acetobacter pomorum , a common gut 

bacterium of D. melanogaster, could rescue the development of larvae grown in no-thiamine diet through its ability to 

produce and supply the micronutrient to the host (Sannino et al., 2018). Manipulations of microbiota-based diets have 

also been proposed as means to enhance insect performance in insect pest control programs such as the sterile insect 

technique (SIT), whereby mass-reared sterile individuals are released in the field for competing with the wild 

population (Ami et al., 2010; Augustinos et al., 2015; Deutscher et al., 2019). The addition of microbiota-enriched diets 

has shown potential in enhancing performance of larvae and adults in SIT programs [reviewed in (Deutscher et al., 

2019)].

Recent studies have suggested that the microbiota can influence foraging behaviour (Akami et al., 2019; Leitão-

Gonçalves et al., 2017; Qiao et al., 2019; Wong et al., 2017). Acetobacter and Lactobacilli are key modulators of 

foraging decisions in D. melanogaster (Leitão-Gonçalves et al., 2017; Qiao et al., 2019; Wong et al., 2017). 

Manipulation of these bacteria modifies host foraging with flies that were experimentally infected with a specific 

bacterium showing an attraction towards foods seeded with the same species (Qiao et al., 2019; Wong et al., 2017). 

One question that has however not been fully addressed is if the microbiota affects host nutrient intake similarly in both 

sexes and what are the consequences on the expression of fitness-related traits. Sex can influence the microbiota 

composition [(Han et al., 2017; Kim et al., 2020; Minard et al., 2018) but see (Augustinos et al., 2019; Koskinioti et al., 

2019)] as well as foraging behaviour (Bates et al., 1999; Morimoto and Wigby, 2016). Studies in human and mice have 

shown that alterations in host metabolism mediated by changes in the gut microbiota can be gender-specific (Kim et al., 

2020). In insects, particularly in Drosophila, the microbiota-dependent responses of the host to the diet are different 

between males and females (Wong et al., 2014) with the body mass and some nutritional indices of males being more 

affected by variation in diet composition compared to that of females (Wong et al., 2014); yet, the mechanisms are not 

fully understood.

Here, we investigated the effects of manipulating the microbiota on foraging preference and life-history traits of the fruit 

fly Bactrocera tryoni (i.e., Queensland fruit fly, Diptera: Tephritidae). This fly is a devastating horticultural pest in 

Australia, which infests a large diversity of fruits and vegetable crops (Sutherst et al., 2000). Because the microbiota is 

an important determinant of insect fitness, better understanding the ubiquitous relationship between insects and 

microbes can help to promote the development of pest management methods such as SIT. In SIT, millions of fruit flies 

are mass-reared and sterilised before adults being released. Mass-rearing and sterilisation can negatively impact insect 

quality and threaten the effectiveness of SIT (Woruba et al., 2019). In this context, the development of microbiota-

based methodologies to improve the performance of mass-reared insects has been proposed and has shown positive 

outcomes on host performance in tephritid fruit flies though substantial changes are not always observed [see for 

example (Aharon et al., 2013; Ami et al., 2010; Augustinos et al., 2019, 2015; Gavriel et al., 2011; Hamden et al., 

2013; Rempoulakis et al., 2018; Shuttleworth et al., 2019); reviewed in (Deutscher et al., 2019)].

In this study, we developed a protocol to generate and maintain individuals, from eggs to adults, in axenic condition 

(i.e., germ-free) using antibiotic-free diet (axenic treatment). In parallel, we generated conventionally reared individuals 

that hosted a non-modified microbiota (control treatment) and individuals with removed then re-introduced microbiota 

(reinoculation treatment) to test whether the microbiota reintroduction can rescue fly performance. By comparing the 

performance of flies from these treatments, we measured the effects of manipulating the microbiota on i) developmental 

time, body weight and lipid reserves of juveniles and immature adults, ii) nutrient intake and body composition of 

mature (e.g., 10 day-old, sexually mature) adults, and iii) female fecundity. Because the microbiota is a key modulator 

of host development and metabolism (Jing et al., 2020; Pernice et al., 2014; Strand, 2018) and can be a direct source of 

nutrition to the larvae (Drew et al., 1983), we predicted a negative impact of the microbiota absence on the 

development and body composition of larvae and adults, and on female fecundity (prediction 1). If prediction 1 was 

confirmed, and due to previous research which has shown that the microbiota can modulate host feeding behaviour in 

both larvae (Morimoto et al., 2019; Wong et al., 2017) and adults (Akami et al., 2019; Qiao et al., 2019; Wong et al., 

2017), we predicted individuals from the axenic treatment to show higher food consumption compared to the 

individuals from the control and reinoculation treatments (prediction 2). Our study investigates the interplay between 

the microbiota and the insect host, providing for the first time data on how the microbiota influences male and female 

food choice, nutritional status and reproductive output in B. tryoni.

2 Methods

2.1 Fly stock



B. tryoni lab-adapted colony was established in 2015 and has been maintained in non-overlapping generations since 

then at Macquarie University (New South Wales, Australia). Adults were provided with a free-choice diet of 

hydrolysed yeast (MP Biomedicals cat no. 02103304), sugar (Woolworths CSR® White Sugar, Australia), and water 

soaked in cotton balls while larvae were maintained on a gel-based diet (Moadeli et al., 2017). The colony and all 

experiments hereinafter were maintained in the same control environment room at 25 ± 0.5 °C, 65 ±  5% relative 

humidity and 12: 0.5: 11: 0.5 light/dusk/dark/dawn photoperiod.

2.2 Fly rearing and microbiota manipulation

The axenic treatment was generated by eliminating microbes from the egg surface, the diet, and the air. We removed 

microbes from the egg surface through dechorionation as described in (Koyle et al., 2016) and optimized for B. tryoni 

(see information in ). The procedure included two washes in 0.5% sodium hypochlorite (White 

King ®) for 3 min, followed by one wash in 70% ethanol (Sigma, cat no. 64175) for 1 min, and three washes in sterile 

water. This protocol allowed to totally remove microbes from the egg surface without affecting egg hatching rate (see 

, A&B). Eggs (collected for 2 h from our lab-adapted colony) were treated following 

this protocol and batches of 100 eggs were aseptically transferred using a fine paintbrush to 25 mL of a sterile gel-based 

diet. The diet recipe contains 204 g brewer’s yeast (SF Health foods), 121.8 g white sugar (Woolworths CSR® White 

Sugar, Australia), 10 g agar (MP Biomedicals), 2 mL wheat germ oil (Melrose laboratories, Australia), and 23 g citric 

acid, 2 g nipagin, and 2 g sodium benzoate (Sigma Australia) in 1000 mL water. We prepared the diet aseptically in a 

biosafety cabinet by mixing the brewer’s yeast with nipagin and a freshly autoclaved solution made of the rest 

ingredients then poured in a triple vented petri dish (90 mm; Techno Plas, cat no. S6014S10). Brewer’s yeast was 

irradiated at 10 kGy for 21 h by cobalt-60 instead of autoclaving to maintain its physical and chemical properties. The 

control treatment consisted of the same egg washing procedure using the same batch of eggs but all chemicals were 

replaced by sterile milliQ water. The reinoculation treatment was generated by reintroducing microbes collected from 

control eggs to axenic eggs. Briefly, 100 control eggs were homogenised in 50 µL sterile Milli-Q water for 2 min using 

a hand-holding pestle cordless motor (Sigma, cat no. Z359971). This solution was then pipetted onto a pool of 100 

axenic eggs that had been deposited on gel diet. The petri dishes that contained these eggs were left open for 5 min for 

water evaporation. Manipulation of the control and reinoculation treatments were conducted in non-sterile environment. 

For each treatment, we generated 10 replicates (i.e., 10 petri dishes).

Larvae of all treatments developed inside petri dishes (90  mm; Techno Plas, cat no. S6014S10). One day before 

pupation, petri dishes that contained third instar larvae of the axenic treatment were surface sterilized using ethanol 70% 

and aseptically placed in 1.125L cages (Decor Tellfresh, cat no. 136000) containing ca. 20 g of autoclaved vermiculite 

(Ausperl®). The lids of the petri dishes were removed to let the larvae pupate in the vermiculite. Cages were housed in a 

laminar flow workstation (Gelman Science, HLF120, serial no. 3176/90) during pupation to avoid air contamination. 

Pupae were then sieved from vermiculite and transferred to 1.125L sterile cages one day before adult emergence. The 

control and reinoculation treatments were manipulated in the non-sterile condition using the same steps.

2.3 Microbial status assessment by culture and nonculture-dependent method

We sampled eggs, third instar larvae, and newly emerged males and females for each treatment (N = 3 replicates per 

treatment). 100 µL of a solution of eggs and sterilised water (contains ca. 1500 eggs) was collected, as well as groups 

of 20 larvae and individual male and female adults. Larvae and adults were freeze-killed for 2 h before being treated 

with surface sterilization by the same steps as in the egg washing procedure. We then homogenised the eggs, larvae, 

and adult samples in 0.4, 0.1, and 1 mL PBS buffer, respectively. After that, 25 µL of each homogenate was plated on 

a petri dish containing 25 mL of either Luria Bertani agar (LB, Life technologies, cat no. 22700–025), or de Man-

Rogosa-Sharpe agar (MRS Oxoid®, cat no. CM0361), or Potato-Dextrose agar (PDA Oxoid®, cat no. CM0139) using 

single-use L-shape spreaders (Sigma, cat no. Z723193). The homogenate leftover was stored in −20 °C. We incubated 

LB dishes at 28 °C for 24–48 h, MRS and PDA dishes at 28˚C for 48–72 h then counted the number of colony-

forming unit (CFU) per dish. The CFU count per sample replicate, denoted as E , was estimated using the equation

whereby C  is the sum of CFU that grew on LB, MRS, PDA media divided by three, P  is the volume plated (i.e., 

25 µL), and V  is the total volume of the homogenate (Koyle et al., 2016).

To check that the axenic samples were free from unculturable microbes, we quantified the amount of 16S rRNA gene 

and the internal transcribed spacer (ITS) DNA in the leftover homogenates of the axenic treatment (N total = 12) by 

PCR amplification. Corresponding leftover homogenates of the control treatment (N total = 12) were used as positive 

control and washing solutions (bleach, ethanol, and sterile water, N total = 9) as negative controls. The initial PCR 

amplicons were generated using the AmpliTaq Gold 360 mastermix (Life Technologies, Australia). The PCR 

conditions and primers are outlined in the , table S1. A secondary PCR to index the amplicons 

was performed with the TaKaRa Taq DNA Polymerase (Clontech). The resulting amplicons were measured by 
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florometry (Invitrogen Picogreen, cat no. P11496) and normalised. The pool of equal molar concentration was then 

measured by qPCR (KAPA).

2.4 Developmental time

Fly developmental time (N total = 30, 10 replicates per treatment) was estimated as i) the number of days from egg to 

larval pupation (egg-larval duration) and ii) the number of days from egg to adult emergence [egg-pupal duration, (

Moadeli et al., 2017)].

2.5 Body weight and lipid reserves

We measured individual body wet weight of third instar larvae (N total  =  75, 25 individuals per treatment) and 

immature (i.e., newly emerged 0 day-old, sexually-immature) males and females (N total =  120, 20 males and 20 

females per treatment). Larvae were sampled randomly after “jumping” out of the diet into vermiculite for pupation. 

Adults were collected 24 h after emergence. Samples were freeze-killed in −20 °C for 24 h before thawing for 1 h then 

weighing using a precision weighing balance (Sartorius® ME5 scale, d = 0.0001 g).

Body fat percentage of the same larvae and adults (N total = 75 and N total  =  120 respectively) were measured 

following the protocol described in (Ponton et al., 2015). Briefly, samples were dried in an oven at 55 °C for 48 h, then 

body dry mass was weighed individually using a Sartorius® ME5 scale, followed by lipid-extraction in three 24  h 

changes of chloroform (Sigma, cat no. 650498). After the third chloroform wash, samples were left in the fume 

cupboard (Dynaflow, unit no. FC100316) for 48 h for chloroform evaporation before re-drying and re-weighing to 

determine the fat-free body mass. Body fat mass was the offset of body mass and fat-free body mass. Body fat 

percentage was calculated as body fat mass divided by body mass, multiplied by 100.

2.6 Food consumption

We used a Capillary Feeder (CAFE) assay to investigate macronutrient consumption of adult flies for 10 days. The 

method has been previously described in (Dinh et al., 2019) and graphically illustrated in  (

). In brief, newly emerged males and females from all treatments (N total = 138, 23 males and 23 females per 

treatment) were housed individually on the same day in a 70  mL clear plastic chamber (Thermofisher, Cat. 

LBS30005YI). The chamber had 6 holes (d < 2 mm) on the top, one filled with 50 µL of water through a pipette tip, 

two filled with 30 µL glass capillaries (Drummond Microcaps®, Cat no. 1–000-0300), and the rest were left open for air 

ventilation. We filled capillaries with either a hydrolysed yeast solution (‘protein diet’) or a sugar solution (‘carbohydrate 

diet’), both at the concentration of 120 g/L. These solutions were prepared aseptically by mixing sterile hydrolysed 

yeast and sugar with autoclaved milli-Q water in a biosafety cabinet. Hydrolysed yeast and sugar were sterilized by 

irradiation for 21 h at 10 kGy; this irradiation dose has been confirmed to totally eliminate microbes from food products 

without affecting their nutritional quality (Hewitt and Leelawardana, 2014; Ley et al., 1969). Milli-Q water was 

supplemented with a commercial blue food dye (final dilution 1:10,000, Queen® brand) prior autoclaving to facilitate 

the measurement of food consumption in each capillary. The dye has no nutritional value. Mixed solutions were 

aliquoted and stored at 4 °C. We used fresh aliquots to feed flies daily. Flies had ad libitum  access to water during the 

experiment.

The axenic treatment was maintained in the laminar flow workstation and fed aseptically using fresh autoclaved 

capillaries daily. Maintenance of the control and reinoculation treatments were conducted in parallel in non-sterile 

environment. All treatments were in the same control environment room at 25 ± 0.5 °C and 65 ± 5% relative humidity. 

To correct for the evaporation rate of solutions in capillaries, we included five empty feeding cages (i.e., without fly) in 

sterile condition and five in non-sterile condition. The volume (µL) of solutions consumed by individual flies was 

measured daily using a digital calliper (serial no. 110833) and corrected by evaporation rate of the corresponding 

conditions. At the end of this experiment, three males and three females from each treatment (N total =  18) were 

randomly picked for microbial status assessment by culture-dependent method (Koyle et al., 2016). The rest (N 

total = 120, 20 males and 20 females per treatment) were freeze-killed at −20 °C and their body wet weight and total 

body fat were measured as described above. Cumulative intakes of carbohydrate and protein for 10 days (in µg, N 

total = 120, 20 males and 20 females per treatment) were calculated.

2.7 Fecundity

Ten newly emerged (0- to 24 h-old) females and males were housed in equal sex ratio within a 1.125L cage with ad 

libitum  food (autoclaved water, irradiated hydrolysed yeast and sugar). We set up 7 replicate cages per treatment (N 

total  =  21) whereby axenic treatment was maintained aseptically in the laminar flow workstation and non-axenic 

treatments were maintained in non-sterile condition. As an egg collection device, we used the bottom of a petri dish 

(d = 35 mm, Corning®, cat no. CLS430165) covered by a thin layer of parafilm (M laboratory®) that had numerous 

perforations of d < 1 mm for females to insert their ovipositor and lay eggs. The device contained 1 mL of sterile water 

flavoured by natural apple essence (Foodie flavours™ UK, 1 mL L−1
) to stimulate egg deposition. We placed one 

device per cage. The number of eggs deposited per cage was counted daily during 8 days, starting from day 14th post-
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emergence. The number of dead females was also recorded and taken into account into our statistical models by 

dividing the number of eggs collected by the daily number of females in each cage. The final outcome was the average 

number of eggs produced daily by one female during the collection period (i.e., eggs per female per day).

2.8 Statistical analysis

All analyses were performed in R [version 3.5.2, (R Core Team, 2018)] and figures were plotted using the R package 

‘ggplot2’ (Wickham, 2009) and Excel. Plots are of the raw data. To test for the effect of treatment on the outcome 

variable, a Generalized Linear Model (GLM) with Gaussian error distribution (identify link function) was applied for 

larval and adult body weight, adult food intake and fecundity. A GLM with Binomial error distribution (logit link 

function) and quasi extension was applied for body fat percentage of larva and adult. Sex, and the interaction between 

treatment and sex, were included in the statistical models applied to adult data (i.e., body weight, body fat percentage, 

and food intake). Data for protein intake were square root transformed prior to analyse to reduce heteroscedasticity. 

Student-Newman-Keuls (SNK) post hoc tests with p ≤ 0.05 were applied to identify treatments that differ from each 

other. A non-parametric Kruskal-Wallis test was applied to test for the effects of treatment on data that did not fulfil the 

assumptions of parametric models such as CFU counts, PCR quantifications of 16S and ITS, and developmental time. 

Dunn post hoc tests with p ≤ 0.05 (adjusted with the Benjamini-Hochberg method) were then applied to identify 

treatments that differ from each other.

3 Results

3.1 Microbial status

Manipulation of the microbiota influenced CFU count (Kruskal Wallis, 
2 = 33.52, df = 2, p < 0.001). CFU counts in 

egg, larval and adult stages were significantly higher in the control and reinoculation treatments compared to the axenic 

treatment ( ,  and table S2). CFU count and PCR quantification of 16S and ITS 

supported the sterile status of axenic samples while control samples hosted bacteria and fungi; ITS quantification, 

however, was very low in control groups and was not significantly different to axenic groups (16S rRNA , 

2 = 18.612, df = 1, p < 0.01; ITS, 
2 = 2.087, df = 1, p = 0.149, , ). Both 16S and ITS 

were undetected in all the replicates of the washing solutions ( , table S3).

3.2 Microbiota manipulation affects larval and immature adult body weight

Manipulation of the microbiota affected larval weight with control and reinoculated larvae weighing about 1 mg more 

than the axenic larvae (control: 14  0.178  mg; reinoculation: 13.76  0.255, axenic: 13  0.177  mg; GLM, 

F
2,72

 = 5.706, p = 0.005, Fig. 1A). Likewise, the body weight of immature adults of the control (7.56  0.3 mg) and 

reinoculation treatments (7.79  0.32  mg) were about 1.2 and 1.4  mg greater compared to that of their axenic 

counterparts (6.36 0.33 mg; GLM, F
2,117

 = 9.302, p < 0.001, Fig. 1B). Females were larger than males (8.49  

0.23 mg versus 5.98 0.21  mg; GLM, F
1,116

  =  75.109, p  <  0.001, Fig. 1B); however, there was no significant 

interaction between sex and treatment (GLM, F
2,114

 = 0.018, p = 0.982). Treatment did not affect the lipid reserves of 

either the larvae (GLM, F
2,72

 = 1.67, p = 0.195, on average 30%) or immature adults (GLM, F
2,117

 = 2.333, p = 0.102, 

on average 16%). There was also no effect of sex (GLM, F
1,116

  =  0.803, p  =  0.372) and of the treatment-sex 

interaction (GLM, F
2,114

 = 0.082, p = 0.921) on lipid reserves of immature adults. Microbiota manipulation did not 

affect fly developmental time (Egg-larval duration: Kruskal Wallis, χ2 = 2.522, df = 2, p = 0.283; Egg-pupal duration: 

Kruskal Wallis, χ2 = 0.360, df = 2, p = 0.835). Egg-larval duration was on average 7.4  0.02 days while egg-pupal 

duration took approximately 17.4  0.02 days.
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Fig. 1

Effects of the microbiota manipulation on body weight of (A) larvae and (B) immature (i.e., newly emerged 0 day-old, sexually 

immature) adults. Different letters indicate a significant difference between the treatments (SNK post hoc  test, p ≤ 0.05).



3.3 Sex-specific effects of the microbiota on carbohydrate intake and body fat reserves of mature 

flies

There was a significant interaction between microbiota manipulation and sex on the consumption of carbohydrate 

(Treatment*sex: GLM, F
2,114

 = 5.776, p < 0.01, , table S4). Control and reinoculated females 

ingested on average 370 and 750 µg less carbohydrate than axenic females and the absolute intake was significantly 

different between axenic and reinoculated individuals (control: 6457 216 µg, reinoculation: 6073 173 µg, axenic: 

6826 242 µg; GLM, F
2,57

 = 3.167, p = 0.049, Fig. 2A). Conversely, the carbohydrate consumption of control males 

(5885 155 µg) was higher than that of reinoculated (5364   214 µg) and axenic males (5028  173  µg; GLM, 

F
2,57

 = 5.586, p < 0.01, Fig. 2A). Protein intake was higher in females than males (2535  68 µg versus 1410 39 µg; 

GLM, F
1,116

 = 213.4, p < 0.01) but there was no significant effect of the treatment (GLM, F
2,117

 = 0.143, p = 0.867) 

or the treatment-sex interaction (GLM, F
2,114

 = 0.562, p = 0.571) on protein intake.

Body composition analysis after the feeding experiment showed that body fat percentage was substantially affected by 

the treatment (GLM, F
2,117

  =  4.466, p  <  0.05), sex (GLM, F
1,116

  =  18.331, p  <  0.001), and the treatment-sex 

interaction (GLM, F
2,114

 = 5.080, p < 0.01). Mature males of the control and reinoculation treatments had respectively 

3.16 and 2.33 % more total body fat than males of the axenic counterparts (GLM, F
2,57

 = 9.534, p < 0.001, control: 

14.53 %, reinoculation: 13.7 %, axenic: 11.37 %, Fig. 2B). In females, however, body fat percentage was not 

significantly different between treatments (GLM, F
2,57

 = 0.806, p = 0.452, Fig. 2B). Body weight of mature adults was 

affected by treatment (GLM, F
2,117

 = 6.235, p < 0.01) and sex (GLM, F
1,116

 = 341.7, p < 0.001) but not the treatment-

sex interaction (GLM, F
2,114

 = 0.317, p = 0.729). Males of the control and reinoculation treatments were about 1 mg 

heavier than males of the axenic siblings (GLM, F
2,57

 = 5.217, p < 0.01, control:15 0.31 mg, reinoculation: 15 

0.21 mg, axenic: 13.98  0.29 mg, Fig. 2C). In females, body weight was slightly greater in non-axenic treatments 

compared with axenic treatment although no statistical significance was detected (GLM, F
2,57

 = 2.029, p = 0.141, Fig. 

2C).

3.4 Axenic treatment reduces egg production

Axenic flies produced on average fewer eggs per day than the control and reinoculated flies respectively over the 

period of the study (GLM, F
2,165

 = 5.915, p < 0.01; axenic: 40  2 eggs, control: 48  2 eggs, reinoculation: 51 3 

eggs per day, , A). Fecundity was also influenced by the time with the number of egg 

per female reaching a peak of 66  5 eggs on day 15th post-emergence (GLM, F
7,158

  =  5.698, p  <  0.001, 

, B); however, there was no significant effects of the treatment-time interaction (GLM, 

F
14,144

 = 1.379, p = 0.171).

4 Discussion

Supplementary material

Fig. 2

Sex-specific effects of the microbiota manipulation on (A) carbohydrate intake, (B) total body fat and (C) body weight of mature (ie., 

10 day-old) adults. Different letters indicate a significant difference between the treatments (capital letters indicate the difference in 

females, lower case letters indicate the difference in males, SNK post hoc  test, p ≤ 0.05).
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In the present study, we measured the effects of microbiota manipulation on B. tryoni feeding behaviour and fitness-

related traits. We found sex-specific effects of the microbiota on the total carbohydrate intake and body fat reserves of 

mature flies, which confirmed our prediction 2 (different amount of food consumed between treatments) and partly 

prediction 1 (microbiota removal negatively impacts host development, body composition, and fecundity). Our results 

also show that the positive effects of the microbiota on body weight and fecundity can be restored in germ-free 

individuals through reinoculation. A healthy microbiota is therefore important for feeding, body composition and 

fecundity of B. tryoni. These findings advance our understanding of the complex interplay between the insect and its 

microbiota, highlighting the important role of commensals on animal wellbeing.

Our results showed a positive effect of the microbiota on body weight gain of larvae and immature adults; however, 

lipid reserves were not significantly different for larvae and immature adults between the axenic and non-axenic 

treatments. Previous studies have shown that the microbiota increases body mass of several insect species including 

fruit flies [Ceratitis capitata (Hamden et al., 2013), Bactrocera dorsalis (Khaeso et al., 2018), Zeugodacus cucurbitae 

(Yao et al., 2017)], the honey bee A. mellifera (Zheng et al., 2017) and the palm weevil Rhynchophorus ferrugineus (

Habineza et al., 2019), through supplying nutrients, facilitating the digestion of food and modulating gut epithelial 

renewal (Ben-Yosef et al., 2015, 2014; Engel and Moran, 2013). Recently, a study on the honey bee A. millifera has 

also revealed a link between commensals, host weight gain and the insulin signaling pathway whereby the commensals 

may supply amino acids to the host to enhance the production and responsiveness of insulin and consequently increase 

host body mass (Zheng et al., 2017). Notably, reinoculating axenic eggs by exposing them to the microbiota of control 

eggs restored body weight as previously suggested in studies on the palm weevil (Habineza et al., 2019) and mice (

Bäckhed et al., 2004; Turnbaugh et al., 2006).

We also showed that the microbiota had a sex-specific effect on adult carbohydrate intake and body fat reserves. 

Axenic males consumed less carbohydrate and had lower body weight and lipid reserves than control males. In 

females, however, the trend was different with a greater carbohydrate consumption observed in axenic flies but body 

composition indices were similar across all treatments. Earlier studies have shown that the microbiota influences insect 

food choice (Akami et al., 2019; Leitão-Gonçalves et al., 2017; Lundgren and Lehman, 2010; Wong et al., 2017) and 

metabolism (Ben-Yosef et al., 2008; Wong et al., 2014). For instance, in D. melanogaster, an elevation of lipid content 

was observed in axenic flies of both sexes, even when host food intake was reduced (Wong et al., 2014). A similar 

effect has been reported in the beetle Harpalus pensylvanicus whereby germ-free adults consumed less food than 

counterparts that harbour Enterococcus faecalis, but no further investigation on the host nutritional state was conducted 

(Lundgren and Lehman, 2010). On the other hand, in B. dorsalis, when males and females were treated with 

antibiotics, both sexes responded faster to food drops in foraging arenas, spent more time feeding and ingested more 

food than control individuals (Akami et al., 2019). A growing body of evidence from mammals and insects suggests 

that the microbiota makes important contributions to harvesting and storing energy from the diet (Brune and Dietrich, 

2015; Chen et al., 2016a; Chen et al., 2016b; Fluitman et al., 2017; Heiss and Olofsson, 2018; Xiao and Kang, 2020). 

Our findings support this perspective. In females, non-axenic individuals consumed less carbohydrate but still reached 

similar body weight and body fat content than their axenic counterparts. Meanwhile, in males, the reinoculated flies had 

higher lipid reserves though they consumed an equal amount of carbohydrate compared to the axenic flies. Similar 

results have been reported in rodents for which germ-free males had to consume a higher caloric intake to reach the 

same weight as control individuals; however, body fat percentage of control mice was significantly higher than that of 

germ-free individuals (Bäckhed et al., 2004).

The different effects of the microbiota on feeding behaviour and nutritional state of males and females B. tryoni raise 

the possibility that the fly-microbe interactions are sex-dependent in some aspects. The microbial composition can differ 

between sexes in many species, including insects [for instance (Chen et al., 2016b; Fransen et al., 2017; Tang et al., 

2012)]. This might suggest different types of interactions between male and female hosts and their microbiota and, 

therefore, different effects of microbiota manipulation on host performance. However, in some tephritids such as C. 

capitata, Bactrocera oleae, Anastrepha ludens, Anastrepha fraterculus, and Anastrepha grandis, studies have shown 

that sex does not significantly influence the composition of the gut microbiota (Augustinos et al., 2019; Koskinioti et 

al., 2019; Martínez-Solís et al., 2020). We have yet to uncover the mechanism driving the sex-specific effects of the 

microbiota on carbohydrate intake and body composition in B. tryoni. It is possible that the signaling pathways 

regulating host metabolism in males and females react differently to the presence/absence of microbial products since 

several studies in mice have shown that changes in host metabolism mediated by diet-dependent alterations in the gut 

microbiome can be gender-specific (Bian et al., 2017; Suez et al., 2014). Conversely, the composition of the microbial 

community and its metabolic traits could be modulated by the physiological differences between males and females, 

especially during sexual maturity such as puberty in human and mice (Kim et al., 2020) or reproduction in insects (

Minard et al., 2018).

We found that removing the microbiota led to a lower fecundity, which is in agreement with our prediction 1. This 

result corroborates a previous finding in the same species where flies reared on sterile diet produced fewer eggs than the 

ones reared on non-sterile diet (Drew et al., 1983). In Drosophila, while antibiotic-based treatment did not reveal 

impacts of the microbiota on fecundity (Ridley et al., 2013; Ridley et al., 2012), eliminating the microbiota by egg 



dechorionation and then rear eggs on sterile food induced a strong reduction in egg production (Elgart et al., 2016). 

How the microbiota affects fecundity is not yet clear, however, insect reproduction is thought to be partly regulated by 

the nutrient-sensitive TOR (target of rapamycin) pathway (Arsic and Guerin, 2008; LaFever et al., 2010; Ribeiro and 

Dickson, 2010) and the microbiota can modulate this pathway (Storelli et al., 2011). Thus, it is possible that the 

microbiota modulates host fecundity by releasing metabolites that directly influence the host nutrient sensing (Leitão-

Gonçalves et al., 2017). Specific bacterial strains in the microbiota community may also play critical roles on egg 

formation. In D. melanogaster, for instance, absence of the gut bacteria Acetobacter (but not Lactobacillus) suppresses 

oogenesis through reducing the activity of Aldh, an enzyme responsible for the catabolism of aldehyde substrates in 

ovaries (Elgart et al., 2016). Likewise, in mosquitoes, Bacillus and Staphylococcus bacteria enhance host fecundity 

compare to other midgut bacteria, although the mechanisms underlying this effect are yet to be discovered (Fouda et al., 

2001).

Our study provides an antibiotic-free protocol to produce axenic individuals that can be used to investigate the 

physiological and behavioural effects of host-microbiota interactions across insects. We cannot completely rule out that 

our protocol for egg dechorionation and aseptic methods to eliminate the microbiota transmitted to eggshells could have 

had some effects on insect physiology, especially on larval development and pupation (Ridley et al., 2013). However, 

our results showed that egg hatching success and egg to larval developmental duration were identical across treatments, 

supporting the idea that egg dechorionation had minor effects on the viability and growth of individuals at the larval 

stage. We also minimised any further detrimental effects of our protocol by maintaining the axenic treatment in a clean 

air workstation while feeding flies with sterile, antibiotic-free food. This not only prevented flies from acquiring 

microbiota from the diets but also prevented non-specific effects of antibiotic feeding on fly’s traits expression (Blum et 

al., 2013; Nguyen et al., 2019; Ridley et al., 2013). We confirmed the success of this approach by culture-dependent 

and PCR quantification of the microbiota. Thus, it is unlikely that our findings are a result of our methodology. We 

have also shown that some fly traits can be “rescued” when egg were reinoculated with microbes. This result has 

implications for insect mass-rearing techniques used in pest control methods such as SIT. It has been shown, for 

instance, that artificial larval diet influences the microbiome and quality control measures of B. tryoni (Majumder et al., 

2020). Developing methods to re-establish a balanced microbiome might therefore be important to produce healthy and 

high quality individuals. Future studies should investigate the effects of microbiota manipulation on fitness-related traits 

of SIT flies and optimise microbiota manipulation methods to increase fly’s performance (e.g., fly ability, survival rate, 

male matting competitiveness).

In conclusion, our study revealed effects of the microbiota on foraging preference, body composition and fecundity of 

the fruit fly B. tryoni. The microbiota promoted body weight gain in juveniles and immature adults, supported 

fecundity and modulated food consumption as well as energetic reserves in mature adults. Particularly, we found that 

effects of the microbiota on host nutrient intake are sex-specific and the presence of the microbiota in females may 

support the host to efficiently harvest and store energy from the diet. These results enhance our understanding of the 

important role of the microbiota on life-history traits and behaviour of insects, highlighting the fitness implication of the 

host-microbe interactions.
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• The microbiota, especially the gut microbiota, modulates host feeding, growth and fitness.

• Removal of the microbiota (axenic) led to a sex-specific effect on host body weight, lipid reserves, and carbohydrate intake.
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• Axenic females had higher carbohydrate intake but lower fecundity than control and reinoculated females.

• Our results reveal a sex-specific dynamic relationship between gut microbiota and the host.
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