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Abstract
Background The high invasiveness of phytophagous insects is related to their adaptability to various environments, 
that can be influenced by their associated microbial community. Microbial symbionts are known to play a key role 
in the biology, ecology, and evolution of phytophagous insects, but their abundance and diversity are suggested 
to be influenced by environmental stressors. In this work, using 16 S rRNA metabarcoding we aim to verify (1) if 
laboratory rearing affects microbial symbiont communities of Zeugodacus cucurbitae females, a cosmopolitan pest of 
cucurbitaceous crops (2) if temperature, diet quality, and antibiotic treatments affect microbial symbiont communities 
of both laboratory and wild populations, and (3) if changes in microbial symbiont communities due to temperature, 
diet and antibiotic affect longevity and fecundity of Z. cucurbitae.

Results The results showed that microbial diversity, particularly the β-diversity was significantly affected by insect 
origin, temperature, diet quality, and antibiotic treatment. The alteration of gut microbial symbionts, specifically 
Enterobacteriaceae, was associated with low fecundity and longevity of Z. cucurbitae females feeding on optimal 
diet only. Fecundity reduction in antibiotic treated females was more pronounced when flies were fed on a poor diet 
without protein.

Conclusions our study proves the relationship between gut microbiome and host fitness under thermal and diet 
fluctuation highlighting the importance of microbial community in the adaptation of Z. cucurbitae to environmental 
stress.
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Background
Biological invasions are recognized to pose substantial 
threats to species distributions, global biodiversity and 
ecosystem functioning [1, 2], leading to enormous eco-
nomic and ecological costs [3, 4]. Insect pest invasions 
have dramatically increased in the past decades posing 
significant biosecurity threats to natural and agroeco-
systems [5, 6], and it is expected that the ranges of the 
top insect invaders are set to increase substantially in the 
future with climate change, land-use change, and global-
ization [5, 7]. Exotic species released from their native 
ecological area are forced to cope with new major envi-
ronmental stressors and species that do not adjust to 
these changes are likely to suffer population declines and 
failure of establishment in the new environment.

Multiple factors and mechanisms have been proposed 
to explain the success or failure of biological invasions 
[8, 9]. Exotic species often respond to novel environ-
ments stressors with adaptive phenotypic divergence as 
a result of complex interactions between their genomes 
(local adaptation) and the environment (adaptive pheno-
typic plasticity). Phenotypic plasticity is the capacity of a 
given genotype to express different phenotypes accord-
ing to the environment stressor they experience [10–12] 
over a very short timescale (intra-generational). Exotic 
pests with stronger adaptability to environmental condi-
tions could easily persist under extreme biotic and abiotic 
stressors through adjusting their behavior, physiology, 
morphology, biochemistry, or life history [13, 14], facili-
tating the successful establishment of a species in unpre-
dictable, heterogeneous or novel environments [15, 16].

Insect symbionts often accompany invading species to 
the new environment and may play a major role in facili-
tating pest invasions [17–19], because they can represent 
an important source of adaptability in insects toward new 
or stresfull environments [20]. Insect physiology, behav-
iour, biology, and ecology are influenced by individual 
variations in the microbial communities [21–23]. Insect 
symbionts consist mostly of primary and secondary that 
interact intimately with their insect host and can be 
located in different insect tissues like the gut, reproduc-
tive organs, and the bacteriome [24]. Obligate or primary 
symbionts are known to be essential for the survival and 
reproduction of their hosts and usually have an ancient 
stable host association through vertical transmission. 
Facultative or secondary symbionts are typically diverse 
and are not required for growth or reproduction but can 
affect adaptive host traits and can be horizontally trans-
mitted and acquired from the environment [25, 26]. Once 
the transmission of microbes has occurred, different fac-
tors and environments in which the insects live affect the 
maintenance, diversity and assemblage of symbiont com-
munities [20].

In phytophagous insects, diet is often suggested as one 
of the main external environmental factors that affect 
symbiont diversity via two ways [27–29]. The diet can act 
as a source of novel symbionts or affect the already exist-
ing symbionts via their nutritional properties [27, 29]. For 
example, host shifts and the ability to exploit new hosts 
have been associated with microbial community changes 
in many phytophagous insects [30–33]. So, the essential 
metabolic services provided by symbionts make plant tis-
sues edible for phytophagous insects and promote host 
adaptation and expansion into previously uninhabitable 
environments [34, 35]. Environmental factors that can 
greatly affect insects’ microbiota diversity are tempera-
ture and humidity [36, 37]. Increase in temperature, as 
the major consequence of climate change, plays a key role 
in the life of insects and can lead to changes in microbial 
diversity [38, 39]. It has been demonstrated in Diptera 
including Drosophila [19, 40] and Tephritidae [41], but 
also in several other insect species, such as hemipteran 
stink bugs [42–44], damselflies [45], or Sarcophagidae 
[46, 47]. But, the impact of temperature stress on insect 
gut microbiomes is still being elucidated and the existing 
literature lends support to diverse, yet important interac-
tions on the host. In this respect, microbiome variation 
may be considered as an adaptive trait, subject to natural 
selection, increasing fitness and enabling insect adapta-
tion in changing environments [20, 48].

Zeugodacus cucurbitae (Coquillett) (Diptera: Tephriti-
dae) is a major pest of Cucurbitaceae and fruits belonging 
to other families. It is an invasive species, originated from 
Central Asia and it has successfully established into trop-
ical and sub-tropical areas of Africa, the Indian Ocean 
islands, Australia (Queensland) and the Pacific Islands, 
including Hawaii during the past century [49]. This teph-
ritid species harboured a gut microbiome community 
that is in part transmitted vertically between generations 
[50, 51], and in part acquired from the environment, 
varying between individuals raised under similar condi-
tions. This species was used as a model to investigate the 
role of gut microbial community in insect adaptability to 
diet quality and temperature stressors. Beyond bacterial 
community characterization, we addressed the follow-
ing questions: (1) Do gut microbial symbiont communi-
ties vary between wild and laboratory populations of the 
same host species (Z. cucurbitae)? (2) Do temperature 
and diet quality affect microbial symbiont communities, 
and are laboratory populations more affected by these 
stressors than wild population? (3) Do changes in micro-
bial symbiont communities due to temperature and food 
availability affect the longevity and fecundity of Z. cucur-
bitae? (4) Do manipulation of the microbiome by antibi-
otic treatment affect fitness of laboratory and wild strain 
of Z. cucurbitae?
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Materials and methods
Flies rearing
For our experiments, we used laboratory and wild 
strains of Zeugodacus cucurbitae. The laboratory strain 
of Z. cucurbitae was obtained from laboratory stocks 
at the UMR PVBMT (La Réunion), which were reared 
from specimens originally obtained from wild cucur-
bit fruits on La Réunion island. Larvae were subse-
quently reared on uninfested zucchini (Cucurbita pepo) 
for generations F56-F61 under constant environmental 
conditions (25 ± 1  °C; 70% relative humidity; L:D 12:12 
photoperiod supplemented with natural light to main-
tain twilight conditions). Adult flies of the wild popula-
tion of Z. cucurbitae used, were collected in January 2020 
from bitter gourd (Momordica charantia) in La Réunion 
Island. Infested fruits were brought to the laboratory and 
batches of 40–50 fruits from each fruit were placed in a 
box with sterile sand to allow pupation. Within one day 
after pupation, the pupae were collected and placed in 
rearing cages (30 × 30 × 30 cm) for emergence under con-
stant laboratory conditions of 25 ± 1 °C, 65 ± 70% RH, and 
a photoperiod of L12:D12. Emerged wild and laboratory 
flies were reared on a protein: sugar mix (3:1) media and 
water was provided ad libitum for 3 days.

Experimental design and gut-microbial diversity
For each treatment group, 3-day-old adult flies were 
starved for at least 12 h. This period allowed the estab-
lishment of the natural microbiota in the gut [52]. For 
each tephritid species, thirty pairs of females and males 
were transferred to individual 1-L plastic vials to be used 
as our experimental unit for all assays, each vial repre-
sents one replication. Vials were kept in environmental 
chambers (Luminincube II, Analis, Belgium; MLR-350, 
Sanyo, Japan) under conditions of L12:D12 photoperiod, 
70 ± 10% relative humidity.

Strain effect assay
To assess the difference on the gut microbial community 
between laboratory and wild strains of Z. cucurbitae, 
vials were kept at 25 °C ± 1 °C and adult flies were reared 
on an optimal diet containing sugar and protein (protein 
hydrolysate) at a ratio of 1:3. Six replicates were per-
formed for each strain of Z. cucurbitae.

Temperature effect assay
To assess the effect of extremely high (35  °C) and low 
(10 °C) temperatures on the gut microbial community of 
laboratory and wild strains of Z. cucurbitae, experiments 
were conducted at the following constant temperatures: 
10, 25, 35 °C (± 1 °C), with 25 °C representing the optimal 
temperature for the development of this tephritid spe-
cies. Adult flies were reared on an optimal diet containing 

sugar and protein (protein hydrolysate) at a ratio of 1:3. 
Six replicates were performed for each temperature.

Diet quality assay
To assess the effect of diet quality on the gut microbial 
community of laboratory and wild strains of Z. cucur-
bitae, vials were kept in environmental chambers at 
25 °C ± 1 °C. Adult flies were subjected to one of the three 
dietary treatments: (1) sugar and protein at a ratio of 1:3 
(optimal diet), (2) no protein but sucrose solution at 10% 
(poor diet with restricted protein), (3) protein mix but 
no sucrose (poor diet with restricted carbohydrates). In 
the three dietary treatments, adult flies were given water 
ad libitum. Diets were provisioned twice a week in 5 mL 
sterile plastic cups and the treatment period lasted until 
100% of the flies died. Six replicates were performed for 
each treatment group. Because adult flies were unable to 
survive more than 48 h when kept on poor diet with only 
protein, only the optimal diet and restricted carbohydrate 
diet (without protein source) experiments were included 
in the analysis.

Aposymbiotic conditions assay
Because we wanted to observe the effect of the gut micro-
biome on the fitness of Z. cucurbitae under diet quality 
and temperature stressors, experiments were repeated 
using aposymbiotic (diet with antibiotic) flies. In the case 
of aposymbiotic condition, a mixture of 200 µg/ml strep-
tomycin, 45  µg/ml kanamycin, and 15  µg /ml of genta-
mycin antibiotics were added to the food consisting of 
protein: sugar mix (3:1) in the case of optimal diet (1) and 
to the sucrose (2) in the case of poor diet with restricted 
carbohydrate. The antibiotic mixture was used based 
on the result of published experiments on Tephritidae 
groups in order to reduce the diversity of gut bacteria as 
much as possible [53, 54]. In the case of symbiotic condi-
tion, flies were not exposed to the antibiotic treatments.

Fitness measures
The vials were monitored every two days in each treat-
ment, the number of dead female flies was recorded, and 
dead ones were removed from the vials. Ten days after 
adult emergence, oviposition dishes were placed in each 
vial for females to lay eggs in. The oviposition devices 
were circular plastic cups with a volume of 5 mL contain-
ing a sheet of tissue paper sprayed with distilled water 
with 2 mL of mango concentrate. The opening of the 
plastic container was covered with a double layer of labo-
ratory foil, which was then pierced 10 − 15 times with an 
entomological pin. Eggs laid by females were rinsed and 
counted. Female fecundity was estimated by counting the 
number of eggs produced by females in each vial during 
the treatment period.
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For each Z. cucurbitae strain, female survival was 
analyzed using a general linear model (GLM) with a 
binomial error (logit link) as function of Z. cucurbitae 
strain, or temperature, or diet. To analyze female lon-
gevity, we compared the survivorship curves describing 
changes in number of female survivorship over time for 
the Z. cucurbitae strains, or temperature, or diet qual-
ity by calculating area under the disease progress curve 
(AUDPC) values, which were then analyzed using analy-
sis of variance (ANOVA). The mean number of eggs laid 
per female and per day, were analyzed using a generalized 
linear model (GLM) with Poisson error (Log link) as a 
function of Z. cucurbitae strain, or temperature, or diet 
quality.

Gut dissection and DNA extraction
Live flies were starved for at least 8  h in order to clear 
the insect gut of allochthonous species before gut dis-
section [55]. At least three samples of tephritid females 
from each experimental treatment group were randomly 
selected for gut dissection at 10, 50, and 70% of fly mor-
tality. Flies were collected and anaesthetized with carbon 
dioxide for 1  min. The flies were then surface sterilized 
by sequential immersion for 1 min in 70% ethanol, ster-
ile distilled water, 0.05% sodium hypochlorite and lastly, 
sterile distilled water before individuals were placed on a 
sterile concave glass slide that had been surface treated 
by wiping with 70% ethanol and 0.05% sodium hypochlo-
rite. The glass slide was placed on top of ice in a plastic 
Petri dish, then viewed under a stereomicroscope. Two 
pipette drops of sterile phosphate-buffered saline (PBS) 
were placed on top of the insect before dissection with 
sterile forceps. The individual surface-sterilized flies 
were dissected aseptically under laminar airflow. Dissec-
tion consisting of first removing the wings, the legs and 
the exoskeleton after softening by immersion in PBS for 
1 min. The intact gut (excluding the Malpighian tubules) 
of the flies was then carefully removed and placed in 
a clean 1.5 mL microcentrifuge tube and immediately 
transferred to a freezer (-20  °C) for a maximum of 1  h. 
Samples were then stored at -80 °C until required.

Total genomic DNA was extracted from each gut 
homogenate using the DNeasy Blood and Tissue Kit 
(Qiagen), according to the manufacturer’s instructions. 
The quantity and quality of the extracted DNA was mea-
sured in each sample using a NanoDrop 1000 (Thermo 
Fisher Scientific, Wilmington, NC, United States). A 
quantity of 30 ng of DNA per sample was used as a 
template to generate amplicons corresponding to the 
V3-V4 hypervariable region of the bacterial 16  S rRNA 
gene. All PCR products were purified using Agencourt 
AMPure XP beads, dissolved in the elution buffer and 
finally labelled to complete library construction. Library 
size and concentration were obtained by Agilent 2100 

Bioanalyzer. Qualified libraries were sequenced on HiSeq 
platform according to their insert size. The Illumina 
Hiseq 2500 sequencing was performed by BGI Genomics 
(Wuhan, China) (https://en.genomics.cn/).

Sequence data processing
Sequence data analysis was performed based on the 
DADA2 pipeline [56]. Paired forward and reverse reads 
from raw sequencing data files were trimmed and filtered 
by quality. Sequences with lengths greater than 200pb 
and mean quality value ≥ 20 were retained. These filtered 
files were subjected to several steps, starting with derepli-
cation, followed by sequence variant inference and finally 
forward and reverse reads merging. A table of amplicon 
sequence variants (ASVs a higher analog of operational 
taxonomic units-OTUs) was created, recording the num-
ber of times each ASV was observed in each sample. 
Chimeras were removed. Taxonomic classification of the 
representative sequence for each ASV (What is the per-
centage of identity that is used in the classification? Given 
that it is based on my pipeline it probably is percentage 
of identity = 97% similarity, p-min‐ consensus = 0.51) was 
performed using the most recent SILVA taxonomic data-
base (SILVA SSU ref 32 NR, September 2022). Chloro-
plast and mitochondrial sequences were removed using 
the R package decontam [57]. Prior to statistical analysis, 
a 0.025% relative abundance filter was applied based on 
[58] to remove spurious sequences.

The microbial community structure was characterized 
by measuring alpha-diversity (within samples) and beta-
diversity (between samples). Alpha-diversity was esti-
mated using the Abundance coverage estimator (ACE) 
to assess the ASV richness and the Inverse Simpson 
index to assess the ASV evenness. Differences in micro-
bial α-diversity between groups was assessed by two-way 
ANOVAs. To ensure homoscedasticity, a log transforma-
tion was applied to the ACE and Inverse Simpson index. 
Microbial β-diversity variation between groups was 
examined by subjecting Bray-Curtis distances to a per-
mutation analysis of variance (PERMANOVA, permuta-
tion = 1000) using the Adonis function of the VEGAN R 
package. Differences in β-diversity of microbial commu-
nity between groups were visualized using a nonmetric 
multidimensional scaling (nMDS) analysis.

For each tephritid origin, we used ALDEx2 to test for 
a differential abundance of microbial genera (i.e., genera 
with relatively more sequences assigned to them) among 
adults reared at different temperatures and on different 
diets with and without antibiotic treatments. For the six 
most abundant genera, we constructed boxplots with 
ggplot2.

https://en.genomics.cn/
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Relationship between tephritid ecology (survival and 
fitness) and gut microbial community
Multiple Factor Analysis (MFA) [59, 60] was used to 
study the relationship between gut microbial community 
of both tephritid species and adult longevity and female 
fecundity from laboratory and wild colonies reared under 
stressfull conditions (temperature or diet quality) using 
the function MFAshiny created within the package “Fac-
toshiny” [61]. The MFA analysis consists of carrying out 
first principal component analysis (PCA) on each data 
set (gut microbial community, ecological data, stress-
full conditions) which is then “normalized” by dividing 
all its elements by the square root of the first eigenvalue 
obtained from of its PCA. Then, the normalized data sets 
are merged to form a unique matrix and a second global 
PCA is performed on this matrix. The individual data 
sets are then projected onto the global analysis to analyze 
communalities and discrepancies [59, 60].

Results
Our dataset had a total of 216 Z. cucurbitae gut samples, 
which yielded 27.1 × 106 raw reads with an average of 
129,142.7 (± 38,059.24) reads per gut sample. After fil-
tering, demultiplexing, merging, and chimera removal, 
21.0 × 106 reads were kept, then identified, and assigned 
to 826 ASVs. Rarefaction curves showed adequate satu-
ration levels of sequencing across most samples (Supple-
mentary figures S1). Taxonomic assignments of ASVs 
revealed that Z. cucurbitae gut microbiome comprised 

bacteria belonging to 25 unique phyla, 190 families and 
400 genera.

Strains effect
Bacteria belonging to the phylum Proteobacteria were 
dominant in females of both laboratory and wild strains 
of Z. cucurbitae (Supplementary figures S2). At the fam-
ily levels, the most abundant taxa were Enterobacte-
riaceae, Enterococcaceae, and Flavobacteriaceae, where 
their relative abundance was different between laboratory 
and wild strain (Supplementary figures S3). At the genus 
levels (Fig. 1A), Klebsiella and Raoultella were the most 
abundant in the laboratory strain. Providencia, Citrobac-
ter, Klebsiella, and Enterobacter were the most abundant 
genera in the wild strain. The gut-microbiota diversity 
was significantly more abundant in the wild strain than 
in the laboratory strain (Fig.  1A, anova, P < 0.001). No 
significant difference was observed between laboratory 
and wild strains using ASV richness (Table  1a, anova, 
P = 0.612) or Inverse Simpson alpha-diversity (Table  1a, 
anova, P = 0.605). A significant difference in the beta-
diversity (Table  1b) was observed on the Bray-Curtis 
distances between laboratory and wild strains reared 
at 25  °C with optimal diet (PERMANOVA, F1,10 = 6.24; 
P = 0.008).

MFA analysis, with the first eigenvalue explaining 
56.4% and the second one explaining 13.6% of the total 
variation, showed two distinct groups between labo-
ratory (first group) and wild (second group) strains 

Fig. 1 Variation in relative abundance (mean) at genus level (A) between laboratory and wild strains of Zeugodacus cucurbitae, and Multiple Factor Analy-
sis (MFA) plots (individuals (B), and quantitative variables (C) maps) showing relationship between gut microbiome community and fitness (longevity and 
fecundity) among laboratory and wild Zeugodacus cucurbitae strains reared at 25 °C and with optimal diet
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(Fig. 1B). Female longevity was positively associated with 
laboratory strain of Z. cucurbitae and was positively cor-
related with the abundance of Klebsiella and Raoultella 
gut-microbial genera (Fig.  1C). Female fecundity was 
positively associated with wild strain of Z. cucurbitae and 
was positively correlated with the abundance of Entero-
bacter and Citrobacter gut-microbial genera.

Temperature effect assay
Gut-microbiota number was significantly more higher 
at 25  °C for wild and laboratory strains than at 10 and 
35 °C (Fig. 2a and d, anova, P < 0.001 ). Bacteria belonging 
to the phylum Proteobacteria were dominant in females 
reared of both laboratory and wild strains for all tem-
peratures (Supplementary figures S4). At the family level, 
the most abundant taxa were Enterobacteriaceae, Entero-
coccaceae, and Flavobacteriaceae, where their relative 
abundance was different between tested temperatures 
for laboratory and wild strains (Supplementary figures 
S5). At the genus level (Fig.  2a and d), Citrobacter and 
Enterobacter were the most abundant in the laboratory 
and wild strain reared at optimal temperature (25  °C) 
and decreased when females were reared at extremely 
low and high temperatures. ACE richness and Inverse 
Simpson alpha-diversity showed no significant differ-
ence (Table 1a) between temperatures for the laboratory 
strain, but significant differences were observed for the 
wild strain on ACE index (Anova, P = 0.002). A significant 
difference between temperatures in the beta-diversity 
was observed for the laboratory strain (PERMANOVA, 
F2,15 = 6.99; P < 0.001) but not for wild (PERMANOVA, 
F2,15 = 1.33; P = 0.056) strain.

The first and second eigenvalues of MFA analysis 
explain 40.4 and 35.4%, and 33.8 and 26.8% of the total 
variation for laboratory and wild strains, respectively. 

MFA analysis (Fig. 2b + c, e + f ) showed that females were 
split into three distinct groups according to their rear-
ing temperatures. Female longevity and fecundity were 
positively correlated with the abundance of Enterobacter 
and Raoultella for both strains of Z. cucurbitae reared at 
25 °C.

Diet effect assay
The gut-microbiota number was significantly higher in 
females reared with optimal diet than in females reared 
with poor diet (Fig. 3a and d, anova, P < 0.001). Bacteria 
belonging to the phylum Proteobacteria were dominant 
in females reared on the two diets of both laboratory and 
wild strains (Supplementary figures S6). At the family 
level, the most abundant taxa were Enterobacteriaceae, 
Enterococcaceae, and Flavobacteriaceae, where their rel-
ative abundance was different between tested diet quality 
for laboratory and wild strains of Z. cucurbitae (Supple-
mentary figures S7). At the genus levels (Fig. 3a and d), 
the abundance of Enterobacter and Raoultella decrease 
and replaced by Myroides and Variovorax in famales of 
Z. cucurbitae (laboratory and wild strain) reared at poor 
diet ). ACE richness and Shannon alpha-diversity showed 
no significant difference (Table  1a, anova, P = 0.093; 
0.842, respectively) between females reared with optimal 
or poor diet for laboratory and wild strains. A signifi-
cant difference in the beta-diversity between diet condi-
tions was observed between laboratory reared females 
(PERMANOVA, F1,10 = 2.64; P = 0.016) and wild (PER-
MANOVA, F1,10 = 1.97; P = 0.012) strains.

The first eigenvalue explained respectively 62.3 and 
55.4 of the total variation of the MFA analysis on the gut-
microbiota community of laboratory and wild strains 
reared under optimal or poor diets. Z. cucurbitae popu-
lations were split into two distinct groups according to 

Table 1 Analysis of variance on α diversity metrics (abundance coverage estimator and inverse Simpson index) (a) and perrmutational 
analysis of variance on Bray-Curtis distances (β diversity) (b) calculated for Zeugodacus cucurbitae strains, and for Zeugodacus 
cucuribitae laboratory and wild strain reared at different temperature (10, 25, and 35 °C) and with different diet quality (poor diet and 
optimal diet). Asterisks indicate different significant levels: p < 0.001 = ‘***’, p < 0.01 = ‘**’ p < 0.05 = ‘*’
(a) Abundance coverage estimator Inverse Simpson index
Effect Z. cucurbiate strain df Mean squares Pseudo F pValue df Mean squares Pseudo F pValue
Z. cucucrbitae strain Z. cucurbitae 1 0.009 0.274 0.612 1 0.026 0.285 0.605
Temperature Z. cucurbitae laboratory strain 2 0.495 0.495 0.095 2 0.040 1.753 0.206

Z. cucurbitae wild strain 2 1.07 8.940 0.002 ** 2 3.020 2.660 0.102
Diet Z. cucurbitae laboratory strain 1 0.25 1.939 0.193 1 0.379 3.318 0.098

Z. cucurbitae wild strain 1 0.007 0.041 0.842 1 0.043 0.346 0.569
(b) Β-diversity index
Effect Z. cucurbiatestrain df R² Pseudo F p Value
Z. cucucrbitae strain Z. cucurbitae 1 0.38 6.247 0.008 **
Temperature Z. cucurbitae laboratory strain 2 0.48 6.99 0.001 ***

Z. cucurbitae wild strain 2 0.15 1.33 0.065
Diet Z. cucurbitae laboratory strain 1 0.21 2.641 0.017 *

Z. cucurbitae wild strain 1 0.16 1.97 0.008 **
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the diet quality (MFA, Fig. 3b and e). Females reared with 
an optimal diet represented the first group and females 
reared with a poor diet represented the second group. 
Female longevity and fecundity were positively associ-
ated with wild strain and laboratory strains of Z. cucurbi-
tae reared on optimal diet and were positively correlated 
with the abundance of Raoultella, Enterobacter, and 
Citrobacter (MFA, Fig. 3c and f ).

Fitness measures
Bacteria belonging to the genus of Klebsiella and 
Raoultella are the most abundant genera in laboratory 
symbiotic strains that were disappeared under antibiotic 
treatments and replaced by other genera as Enterococcus 
and Providencia (Fig.  4a). Citrobacter and Providencia 
are the most abundant genera in wild symbiotic strain 
where their abundance was decreased under antibiotic 
treatment (Fig.  4b). This confirms that antibiotic treat-
ments significantly reduced the beta-diversity of gut-
microbiota of laboratory and wild strains (Table  2b, 
anova, P = 0.003, P = 0.023, respectively) but not the 
alpha-diversity (Table  2a). The same tendancy was 
observed when female flies were reared under tempera-
ture or diet stress and subjected to antibiotic treatment 

(Supplementary figures S8, S9). Analysis showed that 
antibiotic treatments significantly reduced the beta-
diversity of gut-microbiota of females reared under tem-
perature (Table  2b, anova, P < 0.001; P = 0.035) and diet 
stress (Table 2b, anova, P < 0.001; P < 0.001) of laboratory 
and wild strains, respectively.

MFA analysis, with the first eigenvalue explaining 58.2 
and 50.8% and the second one explaining 13 and 21.7% 
of the total variation, respectively, showed two distinct 
groups between symbiotic (first group) and aposym-
biotic (second group) Z. cucurbitae (Fig.  4c + d, e + f ). 
Female longevity and fecundity were positively associated 
with symbiotic Z. cucurbitae of both strains and were 
positively correlated with the abundance of Raoultella, 
Enterobacter, and Citrobacter.

Female survival rates and longevity differed signifi-
cantly (F1,3309 = 230.80; P < 0.001) between laboratory 
and wild strains (Fig.  5). For the laboratory strain, the 
survivorship of females significantly differed among tem-
peratures (AUDPC; F2, 60 = 6.43, P = 0.002) and antibiotic 
(F1, 60 = 30.74, P < 0.001) treatments, but not significantly 
differed between diet quality (F1, 60 = 0.0001, P = 0.992). 
Only the interaction between the three parameters (tem-
perature, antibiotic, and diet) was significant (F2, 60 = 

Fig. 2 Variation in relative abundance (mean) at genus level among tested temperature (10, 25, 35 °C) for laboratory (a) and wild (d) strains of Zeugodacus 
cucurbitae, and Multiple Factor Analysis (MFA) plots (individuals (b, e), and quantitative variables (c, f) maps) showing relationship between gut micro-
biome community and fitness (longevity and fecundity) for Zeugodacus cucurbitae laboratory and wild strains reared with optimal diet under different 
temperature
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10.64, P < 0.001). For the wild strain, Female survivorship 
was significantly different between antibiotic treated and 
non-treated (F1, 37 = 19.62, P < 0.001) populations, but not 
significantly different between temperatures (F2, 37 = 2.87, 
P = 0.069) nor between diets (F1, 37 = 0.053, P = 0.818). 
Only the interaction between temperatures and antibi-
otic treatment was significant (F2, 60 = 3.55, P = 0.038).

Female fecundities differed significantly (F1,3194 = 19.57; 
P < 0.001) between laboratory and wild strains (Fig.  6). 
For the laboratory strain, female fecundity differed signif-
icantly as a function of antibiotic treatments (Δdev 1, 2076= 
39686; P < 0.001), diets (Δdev 1, 2075 = 35755; P < 0.001), 
and temperatures (Δdev 2, 2077 = 41664; P < 0.001). For 
wild strain, female fecundity differed significantly as a 
function of antibiotic treatments (Δdev 1, 1112= 28176; 
P < 0.001), diets (Δdev 1, 1111 = 23219; P < 0.001), and tem-
peratures (Δdev 2, 1113 = 29266; P < 0.001).

Discussion
Few studies have been performed to characterize and 
compare microbial symbiont communities of Z. cucurbi-
tae from natural and laboratory rearing strains [62–65]. 
Most of them suggest that Z. cucurbitae microbial sym-
biont community is mainly composed by Proteobacteria 
phylum, with Enterobacteriaceae being the most abun-
dant family [64, 65]. This is shown in our study for both 

wild and laboratory strains of Z. cucurbitae. Our study is 
in concordance with several other reports on the bacte-
rial community of phytophagous insects, including Teph-
ritidae [66].

Microbial symbiont communities of Z. cucurbitae were 
dominated by Klebsiella and Raoutella groups for labo-
ratory strain and by Citrobacter and Providencia species 
for wild strain. The difference in microbial community 
composition may be due to diverse factors related to the 
environments in which insects live [67, 68], such as mass-
rearing methods and host plant [69, 70]. As shown in 
previous studies in Tephritidae species [65, 71], the mass 
rearing under laboratory constant conditions that discon-
nect insects from their natural environment and natural 
diet can alter the structure of the microbial community of 
the laboratory strain of Z. cucurbitae, causing a reduction 
in bacterial symbiont richness and diversity, impacting all 
life stages [72, 73]. Also, given that the wild strain of Z. 
cucurbitae originated from bitter gourd and the labora-
tory strain is reared on zucchini, the difference could be 
due to host plant, particularly to the antibacterial action 
of bitter gourd. Similar results are found in another study 
on Z. cucurbitae originated from La Reunion island 
[31] showing that the majority of symbionts are usually 
acquired from the environment [74] The change in com-
munity composition and symbiont prevalence is a factor 

Fig. 3 Variation in relative abundance (mean) at genus level for laboratory (a) and wild (d) strains of Zeugodacus cucurbitae females reared with optimal 
or poor diet at 25 °C, and Multiple Factor Analysis (MFA) plots (individuals (b, e), and quantitative variables (c, f ) maps) showing relationship between gut 
microbiome community and fitness (longevity and fecundity) for Zeugodacus cucurbitae laboratory (b, c) and wild (e, f) strains reared under 25 °C and 
with different diet quality (poor diet and optimal diet)
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that could affect several aspects of host biology, physiol-
ogy, and ecology [75–77]. We found that the high abun-
dance of Raoultella and Klebsiella in laboratory strain 
were positively correlated with higher longevity, however, 
the high abundance of Citrobacter and Providencia were 
positively correlated with higher fecundity. This suggests 
that this difference provide ecological and fitness advan-
tages for insects, which can help the host to adapt to a 
specific environment like mass rearing or natural envi-
ronment. This study presented important findings for 
laboratory adaptation of this insect species.

Adaptation of phytophagous insects to stressors condi-
tions is improved by the variation in gut microbial com-
munities [20, 78]. Temperature is one of the important 
factors affecting both the host and its associated micro-
bial symbionts [79]. We found that the abundance and 
the association of gut microbial communities varied 
greatly across temperatures. Particularly, the abundance 
of Klebsiella, Enterobacter, and Citrobacter in the gut of 
Z. cucurbitae was affected negatively by high and low 
temperatures. These results are similar to those for other 
insect groups [42, 67, 77, 80], suggesting that tempera-
ture has an important role in maintaining gut microbial 
symbionts in phytophagous insects.

At optimal temperature of 25 °C, the highest Z. cucur-
bitae fitness was correlated with the high abundance of 
Enterobacteraceae genera, as Enterobacter and Klebsiella 
for laboratory strain and with the abundance of Entero-
bacter and Citobacter for wild strain. It is known that 
thermal variation has a strong impact on host metabo-
lism and physiology, and extreme temperatures threaten 
the host’s fitness [81–83], but also destabilize microbial 
symbiont communities that provide essential services to 
their host [39, 67, 84], leading to a survival and fecundity 
deterioration. We demonstrate that the gut microbial 
community does shift as results of increase or decrease 
of temperature, and in concert with adult fitness changes, 
suggesting that these changes may be linked to increase 
the resilience of this tephritid species to heat and cold 
temperature. The change in gut microbiome abundance 
and assemblage of insects and animals species according 
to seasonal change, particularly to temperature fluctua-
tion, has been shown [85, 86]. This confirms that insects 
are able to establish vital associations with symbiotic 
bacteria, which influences their adaptation to changing 
environments [20]. Therefore, the dynamic change of gut 
microbial composition can be also an important manifes-
tation of insect adaptation to the environment [87].

Fig. 4 Variation in relative abundance (mean) at genus level for lab (a) and wild (d) strains of Zeugodacus cucurbitae females reared with optimal and 
with or without antibiotic treatment at 25 °C for laboratory and wild strains, and Multiple Factor Analysis (MFA) plots (individuals (b, e), and quantitative 
variables (c, f) maps) showing relationship between gut microbiome community and fitness (longevity and fecundity) for Zeugodacus cucurbitae labora-
tory (b, c) and wild (e, f) strains reared at 25 °C with optimal diet with or without antibiotic treatment
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Fig. 6 Female daily fecundity (mean) of laboratory (lab) and wild Zeugodacus cucurbitae populations under different temperatures (10, 25, and 35 °C), 
diets (optimal diet and poor diet) and antibiotic treatments (with antibiotic and without antibiotic)

 

Fig. 5 Females survivorship (%) and longevity (days) of laboratory (lab) and wild Zeugodacus cucurbitae strains under different temperatures (10, 25, and 
35 °C), diets (optimal diet and poor diet) and antibiotic treatments (with antibiotic and without antibiotic)
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Zeugodacus cucurbitae females were reared at different 
diet quality, and results showed a significant decline in 
microbial symbiont diversity and abundance in poor arti-
ficial diet compared to optimal artificial diet, particularly 
in Enterobacter and Raoultella in both laboratory and 
wild strains. The decrease in gut microbial community 
under poor diet quality was accompanied by the coloni-
zation of other microbial species such as Variovorax and 
Myroides whose role in the fly’s biology is not fully known 
yet. Diet availability and quality have a significant impact 
on essential traits of host fitness and greatly influence the 
assemblage of microbial symbionts in the gut of phytoph-
agous insects [28, 88, 89]. Diet quality can act as a selec-
tive constraint favouring the establishment of microbial 
symbiont communities that meet specific host require-
ments for nutritional services [89]. Microbial symbiont 
taxa that persist under highly stressful dietary conditions, 
such as Klebsiella, may be involved in helping Z. cucur-
bitae to overcome poor diet quality. Other studies from 
all around the globe have indicated Klebsiella to be an 
important component of tephritid fruit flies’ microbiome 
[90] that plays a major role in host nutrition [91–93].

We observed a change in host fitness according to the 
alteration of gut microbial community of Z. cucurbi-
tae reared with poor diet which is well documented for 
Tephritidae [94–97]. This confirms that different diet 
quality may affects the composition of gut microbial 
community and thus influence the insect fitness [26, 28, 
87, 98]. These microbial symbionts groups likely repre-
sent a substantial source of variation that could enhance 
adaptation to different diet quality and they enable insect 
hosts to inhabit otherwise unsuitable hosts, and thus 
either by being a direct food source (ingestion) or provid-
ing new metabolic pathways [27, 72, 99]. So, the possible 
role of these microbial groups in affecting the metabolic 
pathways of Z. cucurbitae need to be confirmed with tar-
geted experimental support.

Symbiotic Z. cucurbitae females demonstrated signifi-
cantly higher fecundity and longevity compared to adults 
treated with antibiotics, and these two measures are 
positively correlated with the abundance of Citrobacter, 
Enterobacter, and Raoultella belonging to Enterobacte-
riaceae family. Enterobacteriaceae has been suggested 
to be involved in biochemical pathways related to mem-
brane transport and the metabolism of carbohydrates, 
amino acids, cofactors and lipids [100] and their sup-
pression alter egg production [93] and ovarian develop-
ment [101]. The alteration of gut microbial symbionts, 
specifically Enterobacteriaceae, was associated with low 
fecundity and longevity of Z. cucurbitae females feed-
ing in the optimal diet. Fecundity reduction in antibiotic 
treated females was more pronounced when feeding on 
a poor diet without protein. The contribution of bacte-
ria to fecundity has previously been demonstrated for 

Tephritidae species [93, 102, 103] and particularly this 
effect was diet-dependent [102]. This suggests that gut 
microbial symbionts can play important role to insect 
biology and particularly in enhancing female fecundity, 
either being a direct food source (ingestion) or provid-
ing new metabolic pathways [27, 72, 99]. Others studies 
showed that the ingestion of Klebsiella oxytoca satisfied 
the tephritid female requirements for egg maturation 
[99], supporting the idea of a functional contribution of 
microbial community to the host. It is also possible that 
the prevalence of specific microbial symbionts can be 
favoured by differences in the nutritional components 
of the two diets that require different types of bacteria 
in order to be processed [104], suggesting that beneficial 
microbial communities can increase adaptation of their 
insect host to unsuitable host plant range.

Conclusions
Our findings increase our knowledge about the responses 
of insect–gut microbial symbionts association to diet 
availability and temperature fluctuations in a climate 
change context. It is becoming increasingly clear that 
environmental factors (temperature and diet) not only 
directly impact the fitness of phytophagous insects, 
but also affect the abundance, diversity and assemblage 
of gut-associated microbial community with indirect 
implications for the host’s fitness. We speculate that 
the effect of temperature and diet on the beta-diversity 
of gut microbiota may be explained by Anna Karenina 
Principle (AKP) that can promote tephritid adaptation 
at micro and macroevolutionary scales as suggested by 
[48]. Mainly because the gut-symbionts community can 
expand the abiotic and trophic niches of their insect 
host by improving its adaptability to unsuitable host 
plant range and new climatic niche, facilitating thus their 
insect host establishment in the invasive ecosystem. We 
conclude that thermal and diet variability could play a 
key role in the ecology and evolution of insect-gut-sym-
biont associations.
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