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Abstract
Fruit flies are the most economically important group of phytophagous flies worldwide. Whereas the ecological role of 
bacteria associated with tephritid fruit fly species of the genera Bactrocera and Ceratitis has been demonstrated, the diver-
sity of the bacterial community in Anastrepha has been poorly characterized. This study represents the first comprehensive 
analysis of the bacterial community in the gut of larvae and adults of Anastrepha ludens, A. obliqua, A. serpentina, and A. 
striata using 454 pyrosequencing. A total of four phyla, seven classes, 11 families, and 27 bacterial genera were identified. 
Proteobacteria was the most represented phylum, followed by Firmicutes, Actinobacteria, and Deinococcus-Thermus. The 
genera Citrobacter, Enterobacter, Escherichia, Klebsiella, and Raoultella were dominant in all samples analyzed. In general, 
the bacterial community diversity in adult flies was higher in species with a broader diet breadth than species with a restricted 
number of hosts, whereas it was also higher in adults versus larvae. Differences in bacterial communities in adults might 
be determined by the number of fruit species infested. Lastly, the predictive functional profile analysis suggested that com-
munity members may participate in metabolic pathways related to membrane transport and metabolism of carbohydrates, 
amino acids, cofactors, and lipids. These results provide the basis for the study of unexplored functional roles of bacteria 
in this insect group.

Introduction

Insects have established a variety of symbiotic relationships 
with microorganisms, which have played a central role in 
their evolution and diversification [32]. Microorganisms can 
contribute in nutritional benefits through the production of 
essential supplements or digestion of ingested food [19] as 
well as in protection against natural enemies [34], thermal 
tolerance [21], and metabolism of toxins or xenobiotics [19], 
indirectly facilitating resource exploitation and habitat colo-
nization [60]. Therefore, the comprehensive understanding 
of the biology of insects requires the study of microorgan-
isms as a key element [18].

Insects of the Tephritidae (Diptera) family constitute the 
most economically important group of phytophagous flies 
globally [52, 65]. This family includes more than 4000 spe-
cies, many of them oviposit in tissues of many commercial 
fruits in which larvae develop and feed, producing qualita-
tive degradation and significant economic losses [52, 65]. 
Among members of the family, the genera Anastrepha, Bac-
trocera, Ceratitis, and Rhagoletis include species considered 
major pests [52, 65].
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Several studies have shown the involvement of some bac-
teria associated with tephritid fruit flies in nutrition through 
the hydrolysis of proteins, synthesis of amino acids, nitrogen 
fixation, and carbohydrate metabolism [4, 48]; protection by 
means of degradation of a variety of insecticides [8]; host 
fitness by preventing the establishment or proliferation of 
pathogenic bacteria [5]; and reproductive success through 
enhancing copulatory activity in males and egg production 
by females [6].

Whereas the functional role of certain bacterial taxa 
associated with tephritid fruit flies of the genera Bactrocera 
and Ceratitis has been demonstrated, bacterial communi-
ties associated with Anastrepha species have been poorly 
characterized, which is an obligated prerequisite to known 
their ecological function. The first studies were conducted 
to identify bacteria associated with a number of Australian 
Bactrocera (formerly classified as Dacus) species [26, 40] 
and Ceratitis capitata [5, 44], to learn bacterial commu-
nities associated with laboratory and wild populations of 
Bactrocera dorsalis [39], to compare bacterial diversity in 
the gut of different populations of this same species [62], 
and to detect the vertical passage of particular bacteria taxa 
throughout all life stages of Ceratitis capitata [38]. How-
ever, these studies were all based on culture-dependent or 
culture-independent methodologies [e.g., molecular cloning, 
denaturing gradient gel electrophoresis (DGGE)], which 
possess limited coverage for the number of sequences sam-
pled, leading to biases in α- and ß-diversity estimation.

High-throughput sequencing technologies, which have 
allowed a more comprehensive knowledge of bacterial com-
munities associated with many environments, including the 
gut of insects [20], have been used in tephritid fruit flies 
exclusively in species of the genera Bactrocera and Cerati-
tis. For example, these have been employed to characterize 
bacterial communities associated with the gut and reproduc-
tive organs of B. minax [64], to investigate bacterial commu-
nities associated with different developmental stages of B. 
dorsalis and B. carambolae [3, 66], to explore the microbi-
ome of B. cacuminata, B. jarvisi, B. neohumeralis, B. tryoni, 
and C. capitata [50], and to compare bacterial communities 
in the gut of resistant and susceptible strains of B. dorsalis 
to the insecticide trichlorphon [12].

The genus Anastrepha Schiner comprises > 200 valid 
species distributed across South and Central America, the 
southern United States, and the Caribbean islands [53]. In 
Mexico, A. ludens Loew, A. obliqua Macquart, A. serpentina 
Wiedemann, and A. striata Schiner cause the most serious 
damages to commercial fruit orchards, such as citrus, grape-
fruit, mango, mamey sapote, peach, apple, guavas and plums 
as well as a variety of wild native plants [1]. Based on the 
current knowledge of host use of these species in Mexico, in 
particular in the Chiapas state [2, 29, 53], we classified to A. 
ludens, A. obliqua, and A. serpentina as species with a broad 

diet breadth (species that infest fruits belonging to a broad 
range of different plant families, which includes polypha-
gous and oligophagous species) and A. striata as a species 
with a narrow diet breadth (species that feeds on a restricted 
variety of plant species of the same genera within the same 
family, which includes stenophagous species).

Early studies in the genus Anastrepha were carried out to 
test the attractive effect of metabolites produced by bacte-
ria on A.ludens [45], to evaluate resistance or sensitivity of 
bacteria isolated from this same species to a variety of anti-
biotics [35] and to determine the presence of Wolbachia in 
Anastrepha species, including A. striata [14, 46], A. obliqua 
[14, 47], and A. serpentina [14]. Given that bacterial com-
munities associated with the Anastrepha species have not 
been well explored, distinguishing members of these com-
munities and their characterization are basic aspects to the 
development and improvement of control strategies for these 
pest insects. Therefore, in this study, we analyzed the struc-
ture and diversity of the gut bacterial community of wild 
larvae and adults of A. ludens, A. obliqua, A. serpentina, 
and A. striata, and conducted a predictive functional profile 
of these communities through 16S rRNA pyrosequencing.

Materials and Methods

Wild third-instar larvae and adults of Anastrepha ludens, A. 
obliqua, A. serpentina, and A. striata were collected from 
the Soconusco Region, Chiapas State, Mexico (15°19′N, 
92°44′W) in April 2014. Adults of all species were cap-
tured with Multilure® traps baited with CeraTrap® and 
placed individually in sterile plastic containers to prevent 
cross-contamination. Larvae of A. ludens, A. obliqua, A. 
serpentina, and A. striata were obtained from infested bit-
ter orange (Citrus aurantium), mango (Mangifera indica), 
mamey sapote (Pouteria sapota), and guava (Psidium gua-
java) fruits, respectively. Infested fruits were first placed in 
plastic trays and carried to the laboratory, where the peel 
was carefully removed, the pulp examined for the presence 
of viable larvae, which were then collected and placed in 
sterile plastic containers. All insects were stored at 4 °C and 
processed withing 24 h after collection. Taxonomic identi-
fication of both larvae and adults of Anastrepha species was 
carried out according to established criteria [30, 53].

Insects were surface disinfested for eliminating external 
microorganisms by sequential submersion in sterile distilled 
water for 1 min, a detergent solution (10 mM Tris–HCl pH 
8.0, 1 mM EDTA, 10 mM NaCl; 1% SDS; 2% Triton X-100) 
for 1 min, a 1% sodium hypochlorite solution for 1 min, 
and a 70% ethanol solution for 1 min; finally, specimens 
were repeatedly washed with sterile distilled water. Surface 
decontamination was confirmed by observing no growth 
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of bacteria in tryptic soy agar (TSA, BD Difco, MD, US) 
inoculated (100 µL) with the last washing water.

Insects were dissected in a drop of phosphate-buffered 
solution (PBS, pH 7.4; 137 mM NaCl, 2.7 mM KCl, 10 mM 
NaHPO4, 2 mM KH2PO4) under aseptic conditions in a 
laminar flow hood using fine-tipped forceps. The gut was 
removed after a longitudinal incision on the body of each 
of the immature stages; in the case of adults, wings were 
removed before the longitudinal incision.

A set of 30 guts from both larvae and adults, of each 
of the four species, were pooled independently in a 1.5-
mL microfuge tube containing 1000 µL of PBS, macer-
ated using a sterile plastic pestles, and 200 µL was used 
for total genomic DNA extraction with DNeasy Blood and 
Tissue kit (Qiagen, Valencia, CA, USA), according to the 
manufacturer’s protocol. DNA concentrations were deter-
mined according to a NanoDrop 2000c spectrophotometer 
(Thermo Scientific, Wilmington, DE). The V1–V3 region 
of the bacterial 16S rRNA gene was amplified from total 
genomic DNA with 8F and 556R primers [51], which were 
tagged with 10 bp multiplex identifiers (MID) and a Roche 
454 adaptor for the Lib-L protocol. PCR amplifications were 
carried out in triplicate in a final volume of 25 µL using a 
TC-142 5000 thermocycler (Techne, Stanffordshire, UK). 
Each reaction contained 80 ng of DNA template, 1× reac-
tion buffer, 2.0 mM MgCl2, 0.4 pM each primer, 0.4 mM 
each dNTPs, and 1.0 U of Platinum Taq DNA polymerase 
High Fidelity (Invitrogen, Carlsbad, CA, USA). The PCR 
conditions were an initial denaturation at 94 °C for 5 min, 25 
cycles of denaturation at 94 °C for 50 s, annealing at 53 °C 
for 50 s and extension at 72 °C for 50 s; and a final exten-
sion at 72 °C for 5 min. Triplicates corresponding to each 
sample were pooled prior to purification using a QIAquick 
Gel Extraction kit (Qiagen, Valencia, CA) according to the 
manufacturer’s instructions and quantified with a Nanodrop 
2000c spectrophotometer (Thermo Scientific, Wilmington, 
DE). Amplicons obtained from samples of A. ludens (larvae 
LDL, adults LDA), A. obliqua (larvae OBL, adults OBA), A. 
serpentina (larvae SPL, adults SPA), and A. striata (larvae 
STL, adults STA) were pooled in equimolar concentrations 
(50 µg) for pyrosequencing with a Roche GS-FLX Titanium 
454 pyrosequencer (Roche, Mannheim, DE) at Macrogen 
Inc. (Seoul, KR).

Data Processing and Analysis

Data analysis was conducted using the software Quantita-
tive Insight into Microbial Ecology (QIIME) v. 1.8 [10]. 
All low-quality sequences (Phred quality score < 25), < 200 
or > 500 bp long, containing ambiguous characters, > 6 bp 
homopolymers and > 14 mismatches in primers, were 
removed from subsequent analyses.

High-quality sequences were sorted into operational taxo-
nomic units (OTUs) according to the open-reference method 
at 97% of similarity threshold using Uclust algorithm [23]. 
Chimeric sequences were detected and eliminated employ-
ing Chimera Slayer [28]. All representative sequences for 
each OTU were aligned utilizing PyNast [10] and the taxo-
nomic assignment to different levels from the phylum to 
genus was performed an 80% confidence threshold using 
the Ribosomal Database Project (RDP) naïve Bayesian 
Classifier (http://rdp.cme.msu.edu/class​ifier​/class​ifier​.jsp) 
[61]. For taxonomic assignment of unclassified OTUs, rep-
resentative sequences were manually corroborated against 
reference sequences deposited in the RDP (http://rdp.cme.
msu.edu/seqma​tch/seqma​tch_intro​.jsp) and GenBank (http://
blast​.ncbi.nlm.nih.gov/Blast​.cgi) databases. Reference 
sequences with the closest match were downloaded from 
these databases, aligned with query sequences, and trimmed 
at the 5′ and 3′ ends. A phylogenetic inference analysis was 
performed using the maximum likelihood algorithm in 
PhyML (http://www.atgc-montp​ellie​r.fr/phyml​/). The gen-
eralized time reversible (GTR) model (−lnL = − 5152.37, 
freqA = 0.22248, freqC = 0.21949, freqG = 0.35291, 
freqT = 0.20512) was selected for the analysis according 
to the Akaike Information Criterion (AIC). The 16S rRNA 
sequence of Anabaena variabilis (NR_074300) was included 
as the outgroup.

To characterize gut bacterial communities and to avoid 
biases in diversity estimation, all samples were normalized 
with respect to the sample with the lowest read counts (6700 
reads, Table S1). To determine sampling completeness, the 
Good’s coverage estimator, which estimates the probability 
that a randomly selected amplicon from a sample was pre-
viously sequenced, was calculated [11]. Different richness 
estimators (Chao1) and α-diversity (Simpson’s Reciprocal 
Index and Phylogenetic Diversity, PD) were computed [25, 
42] for gut bacterial communities.

The β-diversity of gut bacterial communities from larvae 
and adults of the Anastrepha species was estimated using 
unweighted (considering only phylogenetic richness) and 
weighted (considering phylogenetic richness and relative 
abundance) Fast UniFrac distances [41]. The phylogenetic 
information used by both estimators was extracted from a 
maximum likelihood phylogenetic tree employing the GTR 
nucleotide model in Fast Tree [56]. The Monte Carlo method 
was used to test statistically significant differences among 
bacterial communities with both Fast UniFrac distances 
matrices after 1000 randomizations. Finally, to compare bac-
terial communities among Anastrepha species and the two 
developmental stages, principal coordinate analyses (PCoA) 
with both UniFrac distances were performed in NTSYS-PC 
v.2.02 [57] to explore the multidimensional patterns of bac-
terial community diversity among species.

http://rdp.cme.msu.edu/classifier/classifier.jsp
http://rdp.cme.msu.edu/seqmatch/seqmatch_intro.jsp
http://rdp.cme.msu.edu/seqmatch/seqmatch_intro.jsp
http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.atgc-montpellier.fr/phyml/
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Metagenome Predictions from 16S rRNA Surveys 
and Functional Analysis

Phylogenetic Investigation of Communities by Reconstruc-
tion of Unobserved States (PICRUSt) [36] was applied to 
predict the functional profiles of bacterial communities in 
larvae and adults of different Anastrepha species. Given 
that PICRUSt relies on a set of known sequenced genomes, 
sequences of each library were demultiplexed and used to 
generate an OTU table in biom-format, following the closed-
reference picked method in QIIME. The table generated was 
normalized and compared against the Kyoto Encyclopedia 
of Genes and Genomes (KEGG) at the hierarchical level 2.

The database of functional profile predictions generated 
was purged following the criteria: (a) removal of categories 
unrelated to bacterial physiology/metabolism (i.e., human 
diseases); and (b) removal of gene categories with a count 
equal to 0. To evaluate the accuracy of predictions, the Near-
est Sequenced Taxon Index (NSTI) was calculated for each 
library. This index represents the sum of phylogenetic dis-
tances for each sequence in the OTU table to its nearest 
relative reference sequenced genome, measured in terms of 
substitutions per site in the 16S rRNA gene and weighting 
the relative abundance of that organism in the OTU table. 
Low values near zero in this index indicate a closer mean 
relationship [36]. The database was finally used to generate 
a heatmap in CIMminer (https​://disco​ver.nci.nih.gov/cimmi​
ner).

Sequence Submission

The 16S rRNA sequences data were submitted to the 
Sequence Read Archive (SRA) database at NCBI 
(http://www.ncbi.nlm.nih.gov) under accession number 
SUB2845366.

Results

A total of 327,611 raw sequences were obtained from the 
eight samples submitted for pyrosequencing. After qual-
ity control, 110,073 reads, with a mean of 13,759 counts 
per sample, remained for subsequent analyses. A set of 291 
OTUs was clustered at 97% of sequence similarity.

A total of four bacterial phyla, seven classes, 11 fami-
lies, and 27 genera (Fig. S1) were identified in the eight 
samples. After samples’ normalization, Proteobacteria was 
the most abundant phylum (96.8% reads), followed by Fir-
micutes (2.5%), Actinobacteria (0.01%) and Deinococcus-
Thermus (< 0.01%). At the genus level, Escherichia was 
the most represented genus (20.57%), followed by Cit-
robacter (11.36%), Enterobacter (10.00%), Providencia 
(8.48%), Proteus (5.73%), Klebsiella (5.37%), Raoultella 

(3.67%), Pantoea (2.89%), Pseudomonas (2.84%), Erwinia 
(1.14%), and Weissella (1.06%). Other genera, such as 
Acinetobacter, Aranicola, Carnobacterium, Clostridium, 
Enterococcus, Kluyvera, Lactococcus, Leuconostoc, Meio-
thermus, Morganella, Ochrobactrum, Propionibacterium, 
Rahnella, Serratia, Shigella, and Tatumella, constituted 
together 4.67% of reads. The 21.78% of total reads were 
assigned only at the family level (Enterobacteriaceae) and 
approximately 0.37% of them were not assigned to any 
taxonomic category (Fig. 1).

The Good’s coverage values were higher than 99% in 
all samples, indicating an adequate sampling completeness 
(Table 1). The highest phylogenetic richness (Chao 1) and 
diversity (PD) were observed in adult insects, while the 
lowest values were observed in larvae; with exception of 
A. striata where the relationship was inverted (Table 1). In 
the comparison among larvae, the highest richness values 
were observed in LDL (111), and the lowest was noted in 
OBL (57); the highest diversity value was presented by 
SPL (2.85) and the lowest was observed in OBL (1.64). In 
adults, the major richness values were observed in OBA 
(170) and the lowest was presented in STA (83); this 
same pattern was observed with PD where higher values 
were found in SPA (2.97), and the lowest in STA (1.80). 
The Simpson’s reciprocal index indicated that only one 
OTU was dominant in all bacterial communities analyzed 
(Table 1).

The genera Citrobacter, Enterobacter, Escherichia, Kleb-
siella, and Raoultella, as well as other unidentified members 
of Enterobacteriaceae, were present in all samples evalu-
ated. The genera, Erwinia, Kluyvera, Leuconostoc, Pantoea, 
Propionibacterium, Proteus, Providencia, Serratia, Shigella, 
and Tatumella, were identified in six or seven of the samples 
studied. Finally, Acinetobacter, Aranicola, Carnobacterium, 
Clostridium, Enterococcus, Lactococcus, Meiothermus, 
Morganella, Pseudomonas, Rahnella, Ochrobactrum, and 
Weisella were detected in five or fewer samples assessed 
(Table S1).

The first three principal coordinates of the PCoA using 
unweighted and weighted UniFrac distances, explained 
69.49% (PCo1-29.93%, PCo2-22.63%, PCo3-16.92%) and 
86.56% (PCo1-54.60%, PCo2-17.66%, PCo3-14.28%) of 
total variation, respectively. The unweighted PCoA showed 
that bacterial communities of adults were similar, yet differ-
ent to those bacterial communities of larvae, which are also 
similar amongst each other (Fig. 2a). The weighted PCoA 
did not show any structure, this is, bacterial communities 
of larvae and adults of the same species did not necessar-
ily share the same multidimensional space (Fig. 2b). The 
statistical test using weighted Unifrac distances featured no 
significant differences among bacterial communities; how-
ever, the same analysis using unweighted Unifrac distances 
had statistically significant differences between larvae and 

https://discover.nci.nih.gov/cimminer
https://discover.nci.nih.gov/cimminer
http://www.ncbi.nlm.nih.gov
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adults (P < 0.05), and between STA, and LDL with the rest 
of communities (P < 0.05).

The NSTI index values varied from 0.017 (OBL) to 
0.023 (LDA), which indicated that bacterial functional 
gene predictions were accurate for all libraries. Among 

the predicted KEGG pathways, the four most significant 
were those related to membrane transport and metabo-
lism of carbohydrates, amino acids, and energy, represent-
ing 40.94% of total pathways. Other important pathways 
found in lower proportions were metabolism of cofactors, 
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Fig. 1   Composition and relative abundance of bacterial genera in the gut of Anastrepha species. High-quality sequences obtained from larvae 
(a) and adults (b) samples were clustered in operational taxonomic units (OTUs) according to the open-reference method at a 97% of similarity
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lipids, and terpenoids as well as xenobiotic biodegrada-
tion (Fig. 3).

Discussion

This study represents the first comprehensive analysis of 
the bacterial community in the gut of larvae and adults of 
Anastrepha ludens, A. obliqua, A. serpentina, and A. striata. 
The bacterial community in the gut of these four Anastrepha 
species was predominantly constituted by Proteobacteria, 
mainly Enterobacteriaceae, and to a lesser extent, by Fir-
micutes, Actinobacteria and Deinococcus-Thermus. These 
results are similar with those of previous studies using Next-
Generation Sequencing (NGS) technologies in Bactrocera 
cacuminata, B. carambolae, B. dorsalis, B. jarvisi, B. minax, 
B. neohumeralis, B. tryoni, and Ceratitis capitata [3, 50, 64, 
66], where Proteobacteria is reported as the primary com-
ponent of the community, and other phyla are present in low 
relative abundances such as Firmicutes, Actinobacteria, Bac-
teroidetes, Tenericutes, Cyanobacteria, and Planctomycetes.

The predominance of Enterobacteriaceae has also been 
described in A. ludens [35], Rhagoletis pomonella [37], 
and several species of the genera Bactrocera [26, 40, 62] 
and Ceratitis [4, 5, 44, 59] through culture-dependent or 
culture-independent techniques. However, all these stud-
ies only report a small fraction (< 50%) in relation to the 
total of bacterial genera recovered in this study and oth-
ers using NGS technologies [3, 50, 64, 66]. This difference 
is explained by the fact that NGS technologies are able to 
detect low-frequencies taxa, which are difficult to isolate 
or to detect through conventional methods. Nevertheless, 
culture methods remain necessary and complementary to 
evaluate hypotheses surrounding the functional role of the 
bacterial communities only after their characterization.

Our findings show that species with a broader range of 
hosts (A. ludens, A. obliqua, and A. serpentina) have more 
diverse bacterial communities than species with a narrow 

diet breadth (A. striata). Another study based on 454 pyrose-
quencing reported similar results in other tephritid species, 
where polyphagous pests species (Bactrocera tryoni, B. neo-
humeralis, B. jarvisi, Ceratitis capitata) had a more diverse 
microbiota than non-pestiferous but polyphagous species 
restricted to damaged or rotting fruits (Dirioxa pornia) and 
monophagous specialist species (B. cacuminata) [50]. Our 
results also agree with a large-scale study employing the 
same NGS methodology with the gut microbiota composi-
tion of insects belonging to 21 orders [67], where bacte-
rial diversity was significantly higher in omnivorous than in 
stenophagous insects. In addition, a meta-analysis based on 
previously published studies comprising 62 insect species 
representing seven taxonomic orders also reported that gut 
bacterial diversity is influenced by the degree of specializa-
tion in the diet [13]. Based on the diversity pattern observed 
in adults of the Anastrepha species analyzed in this study, 
we hypothesize that those species with a broader range of 
hosts might present a higher number of bacterial species 
than those species with a restricted diet breadth. However, 
further studies analyzing more Anastrepha species, with 
different degrees of host specialization, as well as more 
biological replicates, are necessary to test this hypothesis. 
Overall, the bacterial community diversity was higher in 
adults than larvae with the exception of A. striata, where a 
greater diversity was observed in larvae. These results disa-
gree with those reported in the only comprehensive study 
conducted, to our knowledge, in several life stages of a fruit 
fly (Batrocera dorsalis) [3], where bacterial richness and 
diversity was higher in immature stages (eggs and larvae) 
than in pupae and adult. Studies carried out in other groups 
of insects have also exhibited contrasting patterns [27, 63]; 
however, in all cases, it was assumed that these variations 
in diversity patterns might be influenced by the habitat and 
type of diet during different developmental stages. In the 
case of Anastrepha fruit flies, the gut microbial diversity 
probably might be conditioned by fruits where larvae feed 
because they are static consumers or restricted to specific 

Table 1   Alpha diversity 
estimation of bacterial 
communities in the gut of 
Anastrepha flies

a Phylogenetic diversity index

Species Life stage (Acronym) Good’s 
coverage 
(%)

OTUs observed Chao1 Simpson’s 
reciprocal 
(1/D)

PDa

A. ludens Larvae (LDL) 99.5 72 111 1.31 2.60
Adults (LDA) 99.4 121 160 1.11 2.84

A. obliqua Larvae (OBL) 99.8 38 57 1.30 1.64
Adults (OBA) 99.5 100 170 1.12 2.72

A. serpentina Larvae (SPL) 99.6 82 103 1.35 2.85
Adults (SPA) 99.5 121 144 1.25 2.97

A. striata Larvae (STL) 99.5 75 108 1.19 2.63
Adults (STA) 99.7 57 83 1.17 1.80
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fruits. However, likewise to our previous argument, a more 
exhaustive sampling is necessary to test this hypothesis 
and to confirm these differences in the bacterial diversity 
between adults and larvae.

The PCoA analyses showed that bacterial community 
diversity is different between larvae and adults, mainly 
in terms of composition, owing to the presence/absence 
of low abundance taxa (< 0.1% reads). These changes in 
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Fig. 2   Principal coordinates analysis (PCoA) of the bacterial community in the gut of Anastrepha species. The PCoA was conducted using 
unweighted (a) and weighted (b) pairwise UniFrac distances
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richness and abundance of various bacterial groups were 
also observed among different life stages of B. dorsalis [3]. 
This variation in the gut microbiota of Anastrepha species, 
as has been demonstrated in other insect groups, could be 
influenced by physicochemical conditions, such as pH and 
oxygen availability [9, 24] along with changes in gut devel-
opment during metamorphosis [49]. Further, interactions 
between gut indigenous microbiota and colonizing bacte-
ria [18] and the variable response of the immune system 
across different developmental stages [22, 54] are factors 
that also can shape the bacterial community and diversity 
in fruit flies.

Diverse members of Enterobacteriaceae (e.g., Citrobac-
ter, Enterobacter, Escherichia, Klebsiella, and Raoultella) 
were identified in this study as dominant members of the 
bacterial community both in larvae and adults of the Anas-
trepha species. These bacterial genera have also been docu-
mented as dominant taxa in A. ludens, C. capitata, Rhago-
letis pomonella, and multiple species of Bactrocera through 
culture-dependent and culture-independent methods [4, 5, 
26, 35, 37, 40, 44, 62], and more recently based on NGS 
technologies [3, 12, 50, 64, 66]. The continuous presence 
and dominance of these genera in the bacterial community 
of fruit flies suggests an important functional role as sym-
bionts. In fact, nitrogen fixation has been demonstrated in 
Citrobacter and Klebsiella isolated from the gut of C. capi-
tata, which may significantly contribute to the fly’s nitrogen 
intake [4]. In addition, Enterobacter isolates obtained from 
the gut of R. pomonella show purine degradation capacities 

[37], which might be associated with volatiles production 
and attractiveness.

Likewise, unclassified Enterobacteriaceae members iso-
lated from C. capitata have been involved in fly’s longev-
ity and prevention of the establishment or proliferation of 
pathogenic bacteria [5]. In addition, certain bacterial genera 
detected in low abundance in this study, as Pseudomonas, 
have been associated with the hydrolysis of protein and the 
synthesis of amino acids in D. oleae and R. pomonella, 
which are essential for the growth and development of the 
fruit flies [48]. Further, other Pseudomonas isolates show 
resistance against a wide variety of insecticides, suggesting a 
possible role in protection mechanisms for R. pomonella [8].

Lastly, the predictive analysis with PICRUSt suggested 
that bacterial community of these Anastrepha species might 
be involved in biochemical pathways related to membrane 
transport and the metabolism of carbohydrates, amino acids, 
cofactors, and lipids (Fig. 3). In particular, the hydrolysis 
of carbohydrates such as pectin could be a relevant meta-
bolic function for the microbiota in the case of young larvae, 
when fruits have low protein content [55]. Similarly, the 
amino acid metabolism could be an important contribution 
in insects feeding in diets with low quantities of available 
nitrogen [7]. In fact, it has been demonstrated that the gut 
microbiota of olive flies (Bactrocera oleae) has the ability 
to use nonessential amino acids and urea as nitrogen source, 
providing its host with essential amino acids and supporting 
protein synthesis [7]. On the other hand, bacterial cells may 
also be consumed as food, providing amino acids, nitrogen 
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Fig. 3   Heatmap depicting relative abundances of the most important metabolic pathways inferred by PICRUSt in the gut bacterial community of 
Anastrepha species. Warm colors represent high abundances and clear colors represent low abundances



974	 C. Ventura et al.

1 3

compounds and other nutrients which are scarce in fruits 
[58]. In addition, the bacterial community could have a criti-
cal role in lipolytic activity, which in insects, is involved in 
several physiological functions like moulting during larval 
and adult development [33], reproduction [43], energy sup-
plement during starvation [68], and digestive processes [31]. 
Bacterial community could also contribute greatly in diges-
tive lipases [15–17], which, like amylases and proteases in 
vertebrate, have a great potential to be inhibited, resulting 
in severe reduction in growth, development, and mortality 
due to the importance of long chain unsaturated fatty acids 
in essential dietary components.

In summary, findings of this study corroborate the pres-
ence of Proteobacteria, especially Enterobacteriacea, as the 
major members of bacterial communities associated with 
tephritid fruit flies. In addition, our results suggest that spe-
cies with a broader range of hosts harbor a more diverse 
bacterial community than those with a restricted diet breadth 
as seen in previous studies in other insect groups. Moreo-
ver, they exhibit a greater bacterial diversity in adults than 
larvae. Finally, our predictive analysis also agrees with the 
functional capacities previously reported where the bacte-
rial community may be involved and provide the basis for 
the study of unexplored functional roles of bacteria in this 
insect group.
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