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Intestinal commensal bacteria promote 
Bactrocera dorsalis larval development 
through the vitamin B6 synthesis pathway
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Abstract 

Background  The gut microbiota can facilitate host growth under nutrient-constrained conditions. However, 
whether this effect is limited to certain bacterial species remains largely unclear, and the relevant underlying mecha-
nisms remain to be thoroughly investigated.

Results  We found that the microbiota was required for Bactrocera dorsalis larval growth under poor dietary condi-
tions. Monoassociation experiments revealed that Enterobacteriaceae and some Lactobacilli promoted larval growth. 
Among the 27 bacterial strains tested, 14 significantly promoted larval development, and the Enterobacteriaceae cloa-
cae isolate exhibited the most obvious promoting effect. A bacterial genome-wide association study (GWAS) revealed 
that the vitamin B6 synthesis pathway was critical for the promotion of E. cloacae growth. Deletion of pdxA, which 
is responsible for vitamin B6 biosynthesis, deprived the mutant strains of larval growth-promoting function, indicating 
that the 4-hydroxythreonine-4-phosphate dehydrogenase(pdxA) gene was crucial for promoting larval growth in E. 
cloacae. Importantly, supplementation of a poor diet with vitamin B6 successfully rescued the axenic larval growth 
phenotype of B. dorsalis.

Conclusion  Our results suggest that gut microbes promote insect larval growth by providing vitamin B6 under nutri-
ent scarcity conditions in B. dorsalis.
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Introduction
Insects, like other animals, are closely associated with 
microorganisms. Microorganisms have strong effects on 
the physiological, ecological, and evolutionary functions 
of insects [1, 2]. Microorganisms, including bacteria, 
archaea, fungi, viruses, and others, may have enduring or 
transient interrelationships with their insect hosts, which 
may be beneficial or detrimental to insect health [1]. 
Although microorganisms may be pathogenic to insects, 
thus reducing host viability and increasing morbidity [3], 
commensal microorganisms within insects can be helpful 
or even essential for host survival.

Commensal microorganisms provide protection to 
the host against various stresses, such as temperature, 
drought, and heavy metal stresses, as well as biological 
stresses from nematodes, fungi, and parasites [4]. The 
greater wax moth Galleria mellonella can digest poly-
ethylene with the aid of the intestinal microbiome [5]. 
The endosymbiont Buchnera increases the thermotoler-
ance of its host aphid, and this effect is associated with 
the inclusion of body-associated protein A (ibpA) gene in 
aphids [6]. The bacterium Hamiltonella defensa can pro-
vide protection against parasitoids in pea aphids [7–11]. 
Another symbiont, Regiella insecticola, can offer protec-
tion against fungal infection and enhance resistance to 
parasitoids, thus promoting pea aphid survival [12, 13]. 
This protection is also common in other insects. The gut 
symbiotic bacterium Burkholderia increases the resist-
ance of its host bean bug Riptortus pedestris to the pes-
ticide fenitrothion [14]. In Oryzaephilus surinamensis 
insects, symbionts affect cuticle thickness, thus promot-
ing desiccation resistance under dry conditions [15]. Two 
core microbes, Snodgrassella alvi and Lactobacillus bom-
bicola, in bumble bees increase host survival when the 
host is exposed to selenate [16]. The bacterial communi-
ties in the eggs and larvae of chironomids play a role in 
protecting hosts from toxicants [17]. These findings illus-
trate the contribution of the microbiota to host fitness by 
supplementing host metabolic pathways or increasing the 
resistance of hosts to stresses [1].

Many insects live in nutrient-limited environments, 
which significantly impacts their physiological activ-
ity. Under these nutrient-constrained conditions, insect 
microbes can provide nutrients to their hosts. A case in 
point is that aphids live by sucking plant phloem sap, 
but the essential amino acid tryptophan is not present 
in phloem sap [18, 19], and this amino acid is supplied 
by the aphid’s primary symbiotic bacterium, Buch-
nera aphidicola [20–23]. Another example is that the 
nutrient supply of the glassy-winged leafhopper Hom-
alodisca coagulate is dependent on two symbiotic bac-
teria, Baumannia cicadellinicola and Sulcia muelleri, of 

which B. cicadellinicola provides the host with vitamins 
and coenzymes, while S. muelleri provides some essen-
tial amino acids, thus ensuring the metabolic functions 
of the host [24]. In Hemiptera insects that feed on bast 
sap, the symbiotic bacterium Sulcia sp. has evolved a 
dual symbiotic relationship with the host and a variety 
of endosymbiotic bacteria, and the reduced genome of 
Sulcia sp. makes it dependent on other symbiotic bac-
teria to synthesize all essential amino acids [25, 26]. 
The symbiotic bacterium Candidatus Erwinia dacicola 
in the olive fruit fly Bactrocera oleae can extract nitro-
gen from environmental wastes such as bird droppings, 
thus providing adult flies with essential amino acids 
and increasing their reproductive capacity [27]. Many 
studies have highlighted the role of the microbiota in 
providing the host with choline, thiamine, and amino 
acids in the model organism Drosophila melanogaster 
[28–30]. Several studies have indicated that the pres-
ence of symbiotic bacteria promotes the growth of 
Drosophila larvae [31–33]. An integrated nutritional 
network established based on a systematic nutritional 
screening method revealed the complex interactions 
between the host Drosophila and its microbiota species 
[34].

Previous research has focused on the identification 
of a single microbiota species that alters host traits. 
However, insect microbiomes are often composed of 
various bacteria from different orders and families that 
work jointly to affect the host. Here, we analyzed the 
collective function of the gut microbiomes of the inva-
sive horticultural pest Bactrocera dorsalis in altering or 
promoting host adaptability. B. dorsalis is a fruit fly that 
causes damage to over 350 different fruits and vegeta-
bles, and the microbiota in B. dorsalis plays multiple 
roles in the host’s physiological processes, including 
cold adaptation, survival after irradiation, reproductive 
behaviour, and invasion [35–38].

In the present study, we investigated the role of the 
microbiota in larval development of B. dorsalis. Use of 
16 s rRNA sequencing revealed that as larvae grew and 
developed, the richness and diversity of the gut micro-
bial communities of B. dorsalis gradually decreased. 
The microbiota is required for fly growth under poor-
nutrient dietary conditions. A monoassociation experi-
ment indicated that, of 27 tested bacterial species, at 
least 14 promoted larval growth on a poor diet. A bac-
terial genome-wide association study (GWAS) dem-
onstrated that 23 pathways in bacteria were positively 
associated with host larval growth (indicated by body 
length). Further analysis revealed that the vitamin B6 
synthesis pathway in symbiotic bacteria was the key 
pathway regulating larval growth.
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Results
Microbial diversity decreases during B. dorsalis larval 
development
We first investigated the gut microbiota diversity of 
3-instar larvae of B. dorsalis, including first-third 
instars (Supplementary Figure S1) [39]. We performed 
16S rRNA sequencing of the samples of these 3 differ-
ent instars collected from the laboratory. The results 
revealed that the number of OTUs shared by all three 

instars was 700 out of the total 2002 OTUs, indicat-
ing that approximately 35% of the OTUs were rela-
tively stable in the larval guts of 3 different instars and 
that the guts of the first instars had a greater number 
of OTUs than did those of the other 2 instars (Fig. 1a). 
The results of the UniFrac nonmetric multidimensional 
scaling (NMDS) analysis also revealed differences in the 
intestinal microbial communities among the 3 different 
instars. Unweighted UniFrac NMDS analysis revealed 

Fig. 1  Diversity analysis of the intestinal microbial community in larvae of 3 different instars.  a  Distribution of the common OTUs shared by 3 
different instars and the unique OTUs specific to certain instars.  b  NMDS analysis based on unweighted UniFrac distance.  c  NMDS analysis 
based on weighted UniFrac distance.  d  Chao1 diversity index, ACE diversity index, Shannon diversity index. Simpson diversity index. L1, Instar 1 
larva; L2, Instar 2 larva; L3, Instar 3 larva. Multiple comparisons were performed for each of the two groups. Letters indicate significant differences 
among groups ( p  < 0.05, one-way ANOVA, Tukey’s post hoc test)
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that the gut microbiota of the first- and third-instar 
larvae belonged to two different clusters (Fig. 1b). The 
weighted UniFrac NMDS analysis suggested that the 
first- and second-instar samples were separated, but 
the third instar samples were not clearly distinguished 
from the other two samples (Fig.  1c). Taken together, 
these results indicated that low-abundance microbial 
communities were instar specific. However, high-abun-
dance species tended to be found in all three instars, 
suggesting a relatively high stability.

Next, we analyzed the alpha diversity of the gut 
microbial communities of larvae at three different 
instars. The results revealed that microbial diversity, as 
indicated by the Chao1, ACE, Shannon, and Simpson 
metrics, tended to decrease from L1 to L3, but there 
were no significant differences among the 3 instars 
(Fig. 1d).

Composition of the gut microbial community in B. dorsalis 
larvae
Furthermore, we examined the composition of the gut 
microbial community in the larvae of B. dorsalis and 
found that the larval gut microbiota was mainly com-
posed of Proteobacteria, Firmicutes, Bacteroidetes, and 
Actinobacteria at the phylum level (Fig.  2a). We also 
analyzed the relative abundance of bacteria at the fam-
ily level. The results revealed that Enterobacteriaceae and 
Streptococcaceae presented high relative abundances in 
the larval gut of all three instars (Instar 1, L1; Instar 2, 
L2; and Instar 3,L3), indicating their stability (Fig.  2b). 
Further analysis revealed that the relative abundance of 
Enterobacteriaceae was significantly greater in the sec-
ond-instar larvae (52.70% ± 2.541) than in the first-instar 
larvae (28.55% ± 3.716) (Fig.  2c). The relative abundance 
of Leuconostocaceae in the gut also increased signifi-
cantly during development, with its relative abundance 
in the third-instar larvae being significantly greater than 
that in the first-instar larvae (Fig. 2c).

In contrast, some microbiota families exhibited a clear 
decreasing trend with larval development. The relative 
abundances of the Streptococcaceae, Bacillaceae, Oxalo-
bacteraceae, and Carnobacteriaceae families were signifi-
cantly lower in the L3 than in the L1 larvae (Fig. 2d). The 
relative abundances of Brucellaceae, Acetobacteracea, 
Pseudomonadaceae, Moraxellaceae, and Pseudonocar-
diaceae were not significantly different in the gut during 
larval development but still clearly decreased (Supple-
mentary Figure  S2d). In general, our results indicated 
that the abundances of Enterobacteriaceae and Leucon-
ostocaceae did not strongly decrease during B. dorsalis 
larval development, suggesting their important role in 
larval growth and development of B. dorsalis.

Composition of cultivable bacterial communities in larvae 
of B. dorsalis
To further verify the above results, we cultured and iso-
lated cultivable bacterial species using NA (a nonselective 
medium), VRBG (a selective medium for Enterobacte-
riaceae), and MRS (a selective medium for Lactobacilli) 
(Supplementary Figures S2a–c). We obtained 246 strains 
from NA medium (L1:96, L2:65, and L3:85) (Supplemen-
tary Table  S1), 266 strains from VRBG medium (L1:72, 
L2:97, andL3:97) (Supplementary Table  S2), and 158 
strains from MRS medium (L1:71, L2:26, and L3:61) 
(Supplementary Table  S3). To monitor changes in the 
intestinal bacterial composition at different instars, 
we monitored bacterial counts on a specific bacterial 
medium plate. In L1-NA, Providencia rettgeri and Mor-
ganella morganii subsp. sibonii accounted for 52.08% and 
43.75% of the intestinal bacterial composition (Fig.  2e), 
respectively. In L2-NA, M. morganii subsp. sibonii was 
a relatively high-abundance species (58.46%) (Fig.  2f ). 
Notably, the abundance of Providencia alcalifaciens 
increased from 1.04% (at L1 to 29.23% [at L2]). In L3-NA, 
P. rettgeri accounted for 32.94%, E. cloacae accounted 
for 24.71%, and M. morganii subsp. sibonii accounted for 
24.71% of the intestinal bacterial composition (Fig.  2g). 
These findings were in accordance with the alpha diver-
sity analysis results, which revealed that high-abundance 
species were relatively stable, whereas low-abundance 
species were less stable.

We observed similar results in the VRBG medium. 
In L1-VRBG, we identified M. morganii subsp. sibonii 
(55.56%) and P. rettgeri (44.44%) (Fig.  2h). In L2-VRBG, 
we observed M. morganii subsp. sibonii (77.73%) and P. 
alcalifaciens (22.68%) (Fig. 2i). In L3-VRBG, we detected 
P. rettgeri (43.30%), M. morganii subsp. Sibonii (24.74%), 
and P. alcalifaciens (11.34%) (Fig.  2j). Collectively, these 
data indicated that Enterobacteriaceae were relatively 
stable during B. dorsalis larval development, supporting 
their important role in mediating larval growth.

Since Lactobacillus plays a crucial role in the growth of 
Drosophila and other animals [31–34], we cultured and 
isolated Lactobacillales using MRS selective medium, 
which is a selective medium for Lactobacilli and other 
species in the Lactobacillales. In L1-MRS, Leuconostoc 
holzapfelii accounted for 30.99%, Fructobacillus duri-
onis accounted for 28.17%, Leuconostoc pseudomesenter-
oides accounted for 11.27%, and Fructobacillus fructosus 
and L. pseudomesenteroides accounted for 25.35% and 
11.27%, respectively, of the Lactobacillales (Fig.  2k). 
We also observed a change in the Lactobacillus bacte-
rial composition in L2 larvae (Fig.  2l), with F. fructosus 
and L. holzapfelii making up the two dominant species 
accounting for more than 88% of the total culturable 
Lactobacillus bacteria. In L3-MRS medium (Fig.  2m), 
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L. pseudomesenteroides accounted for 24.59% and L. 
holzapfelii accounted for 22.95% of the total culturable 
Lactobacillus bacteria. In general, Providencia and Mor-
ganella, which belong to the Enterobacteriaceaer, and 
Leuconostoc, a member of the Leuconostocaceae, were the 
dominant cultivable bacteria that were stably present in 
the gut of B. dorsalis larvae. In summary, an investigation 
of the intestinal bacterial abundance of B. dorsalis larvae 

revealed that Enterobacteriaceae and Leuconostoc might 
play important roles in the growth and development of B. 
dorsalis larvae.

Single bacterium replenishment promotes larval growth
We raised axenic larvae (AX group) and conventional lar-
vae (CK group) on an artificial diet supplemented with 
0.4% yeast. The results revealed that larvae in the AX 

Fig. 2  Composition of the gut culturable microbiota in different instar larvae.  a  Gut microbiota composition at the phylum level in different 
instar larvae.  b  Gut microbiota composition at the family level in different instar larvae. L1-1, L1-2, L1-3, L1-4, and L1-5 represent the 5 biological 
replicates of instar-1 larvae; L2-1, L2-2, L2-3, L2-4, and L2-5 represent the 5 biological replicates of instar-2 larvae; and L3-1, L3-2, L3-3, L3-4, 
and L3-5 denote the 5 biological replicates of instar-3 larvae.  c  Relative abundance increases with increasing number of larval instars.  d  Relative 
abundance decreases with increasing number of larval instars.  e-g  Gut culturable microbiota composition of L1, L2, L3 on NA medium.  h-j  Gut 
culturable microbiota composition of L1, L2, L3 on VRBG medium.  k-m  Gut culturable microbiota composition of L1, L2, L3 on MRS medium. 
Multiple comparisons were performed for each of the two groups. Different letters indicate significant differences among groups at different instars 
( p  < 0.05, one-way ANOVA, Tukey’s post hoc test)
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group presented significantly shorter body lengths and 
body weights than those in the CK group fed a diet with 
0.4% yeast. Replenishment with culturable microbiota 
(AXA) partially rescued the axenic larval body lengths 
and body weights (Fig. 3b, c; Supplementary Figure S3).

Next, we performed monoassociation experiments to 
decipher the mechanism by which the microbiota pro-
moted larval growth (Fig.  3a). We selected a total of 27 
bacterial strains, including 21 B. dorsalis gut bacterial 
strains (isolated in this study and those from the labo-
ratory stock) and 6 strains from the B. dorsalis habitat 
(previous laboratory stock) (Table  1). The larvae were 
raised on a 0.4% yeast diet, and their length was meas-
ured on Day 6. The results revealed that the average lar-
val length in the AX group was 3.79 ± 0.10 mm and that 
in the AXA group was 6.71 ± 0.16 mm, which was signifi-
cantly greater than that in the AX group. A monoassocia-
tion experiment revealed that 14 out of 27 tested strains 

significantly promoted AX larval body length (Fig.  3b; 
Supplementary Figure  S3), and 16 strains significantly 
promoted AX larval body weight (Fig. 3c). Among these 
14 strains, AX larvae monoassociated with E. cloacae 
(N29), M. morganii (V41), P. alcalifaciens (V29), and E. 
hormaechei (EH) (larvae fed diets supplemented with 
one single strain) were significantly longer than AXA 
larvae supplemented with total gut bacteria, indicating 
that these strains had a greater impact on larval growth 
(Fig. 3b). E. cloacae (N29) had the most prominent effect, 
and the AX larvae monoassociated with this bacterium 
were more than twice the length of those in the AX group 
without strain replenishment and significantly pro-
moted weight gain of larvae compared those in the AX 
group (Fig. 3c). Moreover, the symbiotic bacterium Lac-
tobacillis L. plantarum (M96) significantly promoted the 
growth of larvae (Fig. 3b, c), and the nonsymbiotic bac-
terium Escherichia coli (EC) also significantly promoted 

Fig. 3  Effects of 27 bacterial strains monoassociated with larvae on larval growth.  a  Schematic diagram of bacterial strains associated with larvae.  
b  Larval longitudinal length after inoculation with AX (n  = 161), CK (n  = 17), AXA (n  = 95), N29 (n  = 18), V41 (n  = 17), V29 (n  = 9), EH (n  = 25), 
EA (n  = 10), V2 (n  = 18), N83 (n  = 35), N94 (n  = 65), N46 (n  = 19), BD195 (n  = 17), BD177 (n  = 18), km700324 (n  = 29), CF2 (n  = 47), EC (n  = 18), 
M96 (n  = 15), M58 (n  = 27), SM (n  = 65), PS1 (n  = 18), EF (n  = 13), LB (n  = 12), LS (n  = 24), N28 (n  = 40), G2 (n  = 26), BT69 (n  = 21), ECC15 (n  = 27), 
and N105 (n  = 14). c Larval longitudinal weight after inoculation with AX (n  = 29), CK (n  = 23), AXA (n  = 35), N29 (n  = 44), V41 (n  = 28), V29 (n  = 22), 
EH (n  = 26), EA (n  = 23), V2 (n  = 21), N83 (n  = 24), N94 (n  = 21), N46 (n  = 23), BD195 (n  = 30), BD177 (n  = 22), km700324 (n  = 23), CF2 (n  = 22), EC 
(n  = 24), M96 (n  = 22), M58 (n  = 27), SM (n  = 21), PS1 (n  = 34), EF (n  = 27), LB (n  = 20), LS (n  = 24), N28 (n  = 24), G2 (n  = 24), BT69 (n  = 18), ECC15 
(n  = 21), and N105 (n  = 22). AXA, Axenic larvae on a diet supplemented with the total gut microbiota; AX, Axenic larvae; CK, control group (refers 
to flies with a 0.4% yeast diet). Multiple comparisons were performed for each of the two groups. Different letters indicate significant differences 
among groups at different instars (p  < 0.05, one-way ANOVA, Tukey’s post hoc test)
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the body weight of larvae (Fig. 3b). The pathogenic bac-
teria Serratia marcescens (PS1), Providencia stuartii 
(BT69), Erwinia carotovora Ecc15, and Psychrobacillus 
soli (N105) had no significant effect on larval growth. In 
general, all the Enterobacteriaceae strains and Lactoba-
cillus strain L. plantarum (M96) isolated from the intes-
tine of B. dorsalis promoted larval growth, whereas other 
symbiotic bacteria and pathogenic bacteria had no effect 
on larval growth.

Genome‑wide association study of intestinal bacterial 
strains of B. dorsalis
To investigate the effects of bacteria on host larval 
growth, we performed genome sequencing of these 27 
strains. The phylogenetic tree constructed using the 
maximum likelihood method revealed that Klebsiella, 
Providencia, Morganella, Citrobacter, Serratia, Erwinia, 
and Escherichia were closely related to each other and 
belonged to the Enterobacteriaceae (Fig.  4a). Psychro-
bacter, Paenibacillus, and Agrobacterium were clustered 
together, and they belonged to the lactobacilli (lactic 
acid-producing bacteria), but they were far from the 
Enterobacteriaceae. The above evolutionary relationships 
might explain the differences in the ability to promote 
larval growth in B. dorsalis.

Next, we analyzed the associations between bacterial 
genome sequences and larval growth-promoting ability 
under poor dietary conditions. Our bacterial genome-
wide association study (GWAS) results revealed that 
5512 orthologous genes were significantly associated 
with body length. Among these genes, 3417 were posi-
tively associated with larval body length. GO enrich-
ment analysis revealed that these 3417 orthologous genes 

Table 1  Candidate bacterium strains of mono-associated axenic 
larvae

Strain Resource Classification level

BD177 Bactrocera dorsalis Klebsiella michiganensis

BD195 Bactrocera dorsalis Citrobacter koseri

BT68 Zelugodacus tau Providencia stuartii

CF2 Zelugodacus tau Citrobacter portucalensis

EA Bactrocera dorsalis Enterobacter soli

EC DH5α strain Escherichia coli

ECC15 Drosophila melanogaster Erwinia carotovora

EF Bactrocera dorsalis Enterococcus faecalis

EH Bactrocera dorsalis Enterobacter hormaechei

FF Bactrocera dorsalis Fructobacillus fructosus

G2 Bactrocera dorsalis Agrobacterium fabrum

km700324 ATCC​ Klebsiella michiganensis

LB Bactrocera dorsalis Lactobacillus brevis

LS Bactrocera dorsalis Lactobacillus spicheri

M58 Bactrocera dorsalis Leuconostoc citreum

M96 Bactrocera dorsalis Lactobacillus plantarum

N105 Bactrocera dorsalis Psychrobacillus soli

N28 Bactrocera dorsalis Paenibacillus pabuli

N29 Bactrocera dorsalis Enterobacter cloacae

N46 Bactrocera dorsalis Klebsiella quasipneumoniae

N83 Bactrocera dorsalis Providencia stuartii

N94 Bactrocera dorsalis Morganella morganii

PS1 Phyllotreta striolata Serratia marcescens

SM Bactrocera dorsalis Serratia nematodiphila

V2 Bactrocera dorsalis Providencia rettgeri

V29 Bactrocera dorsalis Providencia alcalifaciens

V41 Bactrocera dorsalis Morganella morganii

Fig. 4  Bioinformatics analysis of the intestinal bacterial genomes of B. dorsalis larvae. a  Phylogenetic tree of 27 strains. A total of 1904 single-copy 
genes in the 27 strain genomes were concatenated, and the total length of the amino acid sequence was 15,742.  b  KEGG functional enrichment 
analysis of 3417 directly homologous genes that were significantly and positively associated with larval growth
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were associated with GO terms such as ion transport 
and binding, amino acid metabolism, membrane struc-
ture composition, redox reactions, and the respiratory 
chain, and these GO terms were related mainly to amino 
acids, micronutrients, and energy metabolism, which are 
required for larval growth and development (Supplemen-
tary Figure S4).

KEGG pathway enrichment analysis revealed that 
all 3417 genes were enriched in 23 pathways, such as 
tyrosine metabolism, vitamin B6 synthesis, valine, leu-
cine, isoleucine biosynthesis, and folate biosynthesis 
(Fig.  4b). The five KEGG pathways associated with the 
largest number of genes were the amino acid biosynthe-
sis pathway, biofilm formation by Vibrio cholerae, bio-
film formation by Escherichia coli, the lipopolysaccharide 
biosynthesis pathway, and the oxidative phosphorylation 
pathway (Fig. 4b). Notably, some pathways, such as bio-
film formation and lipopolysaccharide biosynthesis, were 
highly enriched, suggesting that successful colonization 
or the formation of microbiota were important for host-
microbe interactions.

E. cloacae N29 promotes larval growth by producing 
vitamin B6
Our data showed that E. cloacae N29 had the most sig-
nificant promoting effect on larval growth under lim-
ited yeast diet conditions. From the host perspective, 
the essential nutrients provided by the microbiota could 
be a more direct way to affect larval growth. Since yeast 
powders are rich in amino acids, vitamin B, and trace ele-
ments, we investigated 4 biosynthesis pathways, includ-
ing valine, leucine and isoleucine, vitamin B6, and folate 
biosynthesis pathways, in E. cloacae N29. A total of A 
total responsible for the abovementioned 4 biosynthesis 
pathways were screened via the R package ClusterPro-
filer [40] in the E. cloacae N29 genome, and 8 E. cloacae 
N29 single mutants were generated by deleting each of 
these genes (Table 2). To further reveal the roles of each 

of these four pathways in larval growth and development, 
we performed monoassociation experiments with these 
8 mutant strains. The results revealed that axenic larvae 
fed diets supplemented with the ∆YcgM, ∆trpE, ∆pdxA2, 
∆IlvA, ∆TdcB, ∆pabB, and ∆hpcE mutant strains suc-
cessfully recovered body length and weight (Fig.  5a, b; 
Supplementary Figure  S5a). However, supplementa-
tion with the ∆pdxA mutant strains in the axenic larval 
diet resulted in no significant difference in larval body 
length or weight, indicating that the E. cloacae N29 pdxA 
knockout strain lost the ability to promote larval growth 
(Fig.  5a, b; Supplementary Figure  S5a). Since the pdxA 
gene belongs to the vitamin B6 biosynthesis pathway, our 
findings showed that vitamin B6 biosynthesis played an 
important role in promoting B. dorsalis larval growth.

Furthermore, we explored whether E. cloacae N29 
could promote larval growth by producing vitamin B6 
(Fig. 5c). Moreover, the growth of E. cloacae N29 and the 
∆pdxA mutant were similar in the LB medium, indicating 
that the inability of the ∆pdxA mutant to increase larval 
size was not due to its own growth defect (Fig. 5d). We 
subsequently attempted to rescue the phenotype of larval 
body length and weight by co-feeding B. dorsalis axenic 
larvae with the E. cloacae N29 ∆pdxA mutant and vita-
min B6. The results showed that the addition of vitamin 
B6 successfully restored the ability of the E. cloacae N29 
∆pdxA mutant to rescue larval body length and weight, 
indicating that E. cloacae N29 promoted larval growth by 
increasing vitamin B6 synthesis via pdxA (Fig. 5e, f; Sup-
plementary Figure S5b).

Discussion
Here, we found that intestinal commensal bacteria pro-
moted B. dorsalis larval growth under poor nutritional 
conditions and that this promotion effect was not limited 
to a single bacterial species. Our GWAS revealed that 
microbiota genes positively associated with host larval 
growth were enriched in several physiological pathways. 

Table 2  Candidate KEGG pathways and probiotic genes in N29 strain

KEGG ID Description P value Orthogroup ID N29_gene
ID

annotation

map00290 Valine, leucine and iso-
leucine biosynthesis

0.000761 OG0000271 N29_01495 L-threonine dehydratase catabolic TdcB

N29_04636 L-threonine dehydratase biosynthetic IlvA

map00350 Tyrosine metabolism 0.019887 OG0000095 N29_00056 putative protein YcgM

N29_03535 Homoprotocatechuate catabolism bifunctional isomer-
ase/decarboxylase hpcE

map00750 Vitamin B6 biosynthesis 0.029715 OG0000499 N29_01801 D-threonate 4-phosphate dehydrogenase pdxA2

N29_03442 4-hydroxythreonine-4-phosphate dehydrogenase pdxA

map00790 Folate biosynthesis 0.0052 OG0000186 N29_00068 Aminodeoxychorismate synthase component 1 pabB

N29_02137 Anthranilate synthase component 1 trpE
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We further demonstrated that E. cloacae N29 promoted 
host larval growth by regulating pdxA-mediated vita-
min B6 biosynthesis. In summary, our data revealed the 
important role of the gut microbiota in the larval growth 
of B. dorsalis.

We found that B. dorsalis larvae harbored many 
stage-specific low-abundance microbial communities. 
In contrast, high-abundance microbial communities 
were relatively stable in different larval stages. Our data 
revealed that Enterobacteriaceae and Leuconostocaceae 
were the most dominant species present in the B. dorsa-
lis larval gut. Similarly, a previous study also found that 
Enterobacteriaceae was the dominant bacterial species in 
the B. dorsalis larval gut in different geographic popula-
tions and under different rearing conditions [41]. Vertical 
transmission of insect microorganisms is a well-adapted 
strategy for the environment. Like B. dorsalis larvae, 
Enterobacteriaceae are also the main dominant species in 

adult B. dorsalis, including some Citrobacter, Klebsiella, 
Providencia, and Enterobacter species [36, 42–44], and 
they are known to be transmitted vertically by paren-
tal deposition of the bacteria on the egg surface. There-
fore, although B. dorsalis larvae presented a decreased 
microbiota diversity, this feature may be rescued by 
adult development, allowing the successful passage of 
the microbiota to the progeny. In B. minax, the increase 
in abundance of Leuconostocaceae during development 
has been reported to be associated with fructose and 
mannose metabolic activities in the intestinal tract [45]. 
In many insects, Enterobacteriaceae is a common bacte-
rial species that affects host metabolism, immunity, and 
reproduction [46–51].

Therefore, we speculated that this gene might play an 
important role in B. dorsalis larval development.

We found that multiple microbial species rather than 
a single species were required for larval growth on a 

Fig. 5  Effects of the deletion of 8 genes in the N29 mutant strain on larval growth.  a  Body length of 6-day-old larvae mono-associated 
with different N29 mutant strains. Larval longitudinal length after inoculation with AX (n  = 41), N29_WT (n  = 21), N29_∆TdcB (n  = 42), N29_∆IlvA 
(n  = 43), N29_∆YcgM (n  = 54), N29_∆hpcE (n  = 44), N29_∆pdxA2 (n  = 39), N29_∆pdxA (n  = 27), N29_∆pabB (n  = 47), and N29_∆trpE (n  = 42).  
b  Larval weight after inoculation with AX (n  = 30), N29_WT (n  = 28), N29_∆TdcB (n  = 33), N29_∆IlvA (n  = 39), N29_∆YcgM (n  = 34), N29_∆hpcE 
(n  = 35), N29_∆pdxA2 (n  = 41), N29_∆pdxA (n  = 32), N29_∆pabB (n  = 32), and N29_∆trpE ( n  = 26); each data point represents the total weight 
of the three larvae.  c  Relative vitamin B6 content of N29_WT and N29_∆pdxA. The values are normalized ratios of the relative vitamin B6 content 
(with one sample in N29_WT set as one, and all other values are displayed as normalized ratios).  d  Growth curves of the N29_WT and N29_∆pdxA 
strains.  e  Body length of 6-day-old larvae in 4 groups: AX larvae (n  = 33), AX + N29_WT (n  = 42), AX + N29_∆ pdxA (n  = 35), and AX + N29_∆ 
pdxA + vitamin B6 (n  = 33).  f  Larval weight after inoculation with AX larvae (n  = 65), AX + N29_WT (n  = 62), AX + N29_∆ pdxA (n  = 65) 
and AX + N29_∆ pdxA + Vitamin B6 (n  = 77). Each data point represents the total weight of three larvae. The differences in mean body length 
of the larvae were compared between the treatment groups and the AX group using the Student’s  t  test. *,  P < 0.05; **,  P  0.001; ****,  P < 0.0001; 
ns, not statistically significant
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poor diet. Indeed, many studies have shown that the 
microbiota can facilitate insect growth under nutrient-
deficient conditions. Germ-free Drosophila larvae grow 
more slowly and are smaller in size when fed a poor diet. 
Monoassociation with either one of two commensal bac-
teria, Acetobacter pomorum or Lactobacillus plantarum, 
promotes larval growth through the TOR and insulin 
pathways [32, 33, 52]. It has been widely reported that the 
microbiota produces numerous growth-promoting fac-
tors in Drosophila models [31, 34, 53, 54]. Similar phe-
notypes have also been observed in other insects, such as 
A. mellifera [55] and Ceratitis capitate [56]. In the bee-
tle Holotrichia parallela, the microbiota participates in 
host metabolism and provides nutrients for the host by 
degrading cellulose and hemicellulose [57–60]. Our pre-
vious study reported that gut fungi also have a probiotic 
function in B. dorsalis [61]. However, existing studies 
have focused on only a few microbiota species and their 
functions in larval development. In this study, we found 
that at least a dozen microbiota species promoted lar-
val development in B. dorsalis. Our GWAS results also 
suggested that multiple bacterial physiological pathways 
might be responsible for host development under nutri-
ent deficiency conditions. For example, two biofilm for-
mation pathways among the top five enriched pathways 
were positively associated with larval growth, suggest-
ing that biofilm formation by the microbiota could be 
the key factor regulating this host-microbe relationship 
in B. dorsalis. Several studies have confirmed the neces-
sity for biofilm formation in gut microbiota colonization 
[62–66]. Interestingly, a recent study reported that outer 
membrane vesicle (OMV) biogenesis and biofilm-like 
aggregates enhance mosquito commensal bacterium col-
onization and the resistance of the host to Plasmodium 
[67].

B vitamins are growth-promoting factors that are 
critical to the main metabolism of animals [53]. How-
ever, vitamin B cannot be synthesized by animals; it is 
obtained from the environment or synthesized by the 
microbiota [68]. The microbiota of Drosophila can pro-
vide larvae with riboflavin, thiamine, and pantothenate 
to promote growth [28, 34, 54, 69]. In addition, riboflavin 
biosynthesis is an important function of the gut micro-
biota in A. aegypti larvae [70]. Vitamin B provided by 
the microbiota is involved in promoting Glossina devel-
opment and reproduction [71]. Our study revealed that 
vitamin B6 biosynthesis by the microbiota was essential 
for promoting larval growth in B. dorsalis. The pdxA 
gene is mainly responsible for the biosynthesis of vita-
min B6. The pdxA-deleted E. cloacae N29 mutant could 
not biosynthesize vitamin B6; thus, this mutant lost its 
ability to promote host larval growth. Vitamin B6 exists 
in six main forms, and pyridoxal-5’-phosphate, as one 

of the main active forms of vitamin B6, is an important 
cofactor for more than 140 enzymes [71]. Similar to our 
observations, many bacteria, such as A. pomorum, L. 
plantarum, E. coli, and Rhodococcus rhodnii, are pre-
dicted to have a complete vitamin B6 biosynthesis path-
way in their genomes [71]. In tsetse flies, vitamin B6 
produced by the symbiotic bacteria Wigglesworthia gloss-
inidia is important for maintaining host proline homeo-
stasis and fecundity [72]. In other insects, such as aphids, 
bedbugs, kissing bugs, and ticks, dietary supplementation 
with vitamin B6 partially rescues the phenotype defects 
associated with larval development [71]. In this study, we 
found that of the 14 strains that promoted larval growth, 
E. cloacae N29 exhibited the most prominent promoting 
effect on larval growth in B. dorsalis. We speculated that 
the growth-promoting effects of the 13 others bacterial 
species could also rely on vitamin B6 synthesis, suggest-
ing a potentially redundant role of the microbiota in sup-
porting larval growth.

In summary, our data demonstrate that multiple micro-
biota species can promote larval development in the fruit 
fly B. dorsalis and reveal the key role of vitamin B6 bio-
synthesis in promoting B. dorsalis larval growth. KEGG 
analysis revealed that multiple pathways, especially the 
amino acid, lipopolysaccharide, fatty acid, and oxidative 
phosphorylation pathways, potentially promoted larval 
growth in B. dorsalis. Our work provides a foundation 
for further functional studies focusing on insect‒microbe 
relationships in more complex scenarios with multiple 
bacteria species‒host interactions.

Materials and methods
Insect rearing
The experimental insects were collected from Guang-
dong Province, China, using protein bait, and they were 
maintained at the Institute of Urban and Horticultural 
Insects, Huazhong Agricultural University, Wuhan, 
Hubei, China. The photoperiod of the insect-rearing 
room was 12-h light:12-h dark. The room’s relative 
humidity was 70–80%, and the temperature was main-
tained at 28 ± 1  °C. Larvae were fed larval food (wheat 
bran, 80 g; corn flour, 40 g; sucrose, 40 g; yeast powder, 
15 g; water, 200 ml). After eclosion, the adult flies were 
moved to 30 cm × 30 cm × 30 cm cages. Adult flies were 
raised on a mixture of sucrose and yeast at a ratio of 3:1.

Preparation of larval gut samples
The larvae were subsequently rinsed in 75% alcohol for 
3 min, followed by three rinses in sterile water. An appro-
priate amount of sterile PBS buffer was added to a sterile 
Petri dish. The larvae were dissected with sterile forceps 
under a stereopicroscope to obtain gut samples. The 
resulting gut samples were used for total DNA extraction 
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and the detection and isolation of culturable bacteria. 
There were 5 biological replicates for each instar lar-
val gut sample, with 30 larval gut tissues per biological 
replicate.

Bacterial DNA extraction and 16S rDNA amplicon 
sequencing
Bacterial DNA was extracted from each instar larval gut 
sample using an E.Z.N.A.® Soil DNA Kit (Omega, Nor-
cross, GA, USA) according to the manufacturer’s instruc-
tions, with five biological replicates. The variable region 
V3 + V4 of the 16S rRNA gene was amplified via a broad-
range primer pair (338F: 5′—ACT​CCT​ACG​GGA​GGC​
AGC​A-3′, 806R:5′-GGA​CTA​CHVGGG​TWT​CTAAT-
3′) using Phusionâ High-Fidelity PCR Master Mix (New 
England Biolabs, Beverley, MA, USA). The PCR amplifi-
cation program was as follows: preincubation at 95 °C for 
5 min; 35 cycles at 56 °C for 45 s, at 72 °C for 1 min, and 
at 94 °C for 45 s; and a final extension at 72 °C for 10 min. 
The PCR products were subjected to PE300 double-end 
sequencing on the Illumina MiSeq sequencing platform.

Analysis of 16S rRNA gene amplicon data
To integrate the raw double-end sequencing data, 
FASTQ double-end sequences were filtered using the 
sliding window method, and the parameters were set 
as follows: the window size was 10 bp; the step size was 
1 bp; the average quality score of the sequence in the win-
dow was ≥ Q20; and the average sequencing accuracy of 
the base was ≥ 99%. Sequences with an average quality 
score lower than Q20 were truncated from the first win-
dow, and the truncated sequence length was ≥ 150  bp. 
The ambiguous base N was not allowed. After prelimi-
nary quality control, the paired-end sequences were 
connected pairwise on the basis of overlapping bases 
using FLASH software following the requirements that 
the overlapping base length between read 1 and read 2 
was ≥ 10 bp and that base mismatches were not allowed. 
Finally, valid sequences for each sample were obtained. 
Chimeric sequences were removed using USEARCH. The 
resulting qualified sequences were merged and divided 
into different (operational taxonomic units) OTUs based 
on 97% sequence similarity using QIIME software. The 
sequence with the highest abundance in each OTU was 
selected as the representative sequence of that OTU. 
Based on the number of sequences contained in each 
OTU in each sample, a matrix file of the OTU abundance 
in each sample was subsequently constructed. By aligning 
the OTU representative sequence with the sequence in 
the Greengenes database, the taxonomic information was 
obtained for the corresponding OTU. Diversity indices, 
such as the Simpson index, Chao1 index, ACE index, and 
Shannon index, were calculated for each sample using 

QIIME software. The relative abundance matrix at the 
genus level was submitted to the Galaxy online analysis 
platform for LEfSe analysis.

Isolation and identification of culturable bacteria 
from the larval gut
Each instar larval gut tissue sample was placed into a 
1.5-ml centrifuge tube, and 1  ml of sterile PBS and an 
appropriate amount of sterile glass sand were added. 
The 10 larval gut tissue samples of each instar were 
homogenized, and then 100  μl of the homogenate was 
subjected to gradient dilution (by 10 × −3, 10−4, 10−5, 
and 10−6). One hundred microlitres of the homogenate 
was coated onto nutrient agar (NA) medium and violet 
red bile glucose agar (VRBG) medium and cultured at 
30 °C for 24–48 h under aerobic conditions or incubated 
on DeMan-Rogosa-Sharpe (MRS) medium at 30  °C for 
24–48 h in an MGC-7L-sealed anaerobic incubator. Next, 
100 single colonies were randomly selected from each of 
the three medium plates of gut tissue homogenate cul-
ture at 3 different instars (first–third) and placed in the 
corresponding liquid media (NA, VRBG, and MRS). The 
colonies were incubated in NA and VRBG liquid media 
at 200 r/min for 24 h at 30 °C, whereas the colonies incu-
bated in MRS liquid media were incubated anaerobically 
for 24  h at 30  °C. After incubation, an equal volume of 
40% glycerol was added to the resulting bacterial mixture, 
which was stored at − 80 °C. Bacterial genomic DNA was 
extracted from the bacterial mixture using a HiPure Bac-
terial DNA Kit (Magen, Guangzhou, China).

Monoassociation experiment between bacteria and larvae
Preparation of related strains. Single colonies of isolated 
and identified strains were placed into the corresponding 
liquid media (NA, VRBG, and MRS) and cultured under 
appropriate conditions.

Quantification of bacteria in the bacterial mixture. 
After the bacterial mixture was diluted with a liquid 
medium at ratios of 1:1, 1:2, and 1:4, the OD600 value 
was measured. These diluted bacterial mixtures were 
coated onto solid media and cultured for 24  h, after 
which the number of colony-forming units (CFUs) was 
counted. The sterile water volume used to prepare the 
bacterial resuspension solution was calculated according 
to the following formula: E = ((O − B) × V × D)/C. where E 
is the volume of sterile water required for preparing the 
bacterial resuspension solution; O is the OD600 value of 
the cultured bacterial solution; B is the OD600 value of 
the blank culture solution; D is the dilution factor; and 
V is the volume of the bacterial suspension collected by 
centrifugation, and the above volume unit was expressed 
in microlitres (μl).
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Incubation of bacteria and larvae. One hundred micro-
liters of the bacterial mixture were added to a sterile tube 
containing irradiation-sterilized larval feed and sterilized 
eggs and incubated in a constant-temperature incubator 
at 27 °C and 70% humidity for 6 days.

Determination of larval growth and development. Spe-
cifically, the feeding tube was opened, and the feed and 
larvae were poured into a Petri dish.

Larval body length measurements. The larvae were 
collected into EP tubes containing 50% glycerol with 
forceps. The larvae were subsequently placed on ice for 
30 min and then laid freely on a black Petri dish and pho-
tographed with an Olympus stereoscope. The curved tool 
in ImageJ was used to draw the line in the middle of the 
larval body and measure its length.

Larval body weight measurements. The larvae were 
collected into centrifuge tubes and anesthetized by rapid 
freezing, with one replicate for every three total larval 
weights. Weighing was performed with an analytical 
balance.

Next‑generation library construction and sequencing
Quality control of the bacterial genomic DNA was per-
formed as follows. Agarose gel electrophoresis was used 
to analyze the purity and integrity of the DNA, and a 
NanoDrop 2000 Spectrophotometer (Thermo Fisher Sci-
entific, Inc.) was used to detect the purity of the DNA 
(OD 260/280 ratio). Qubit 2.0 was used to determine 
the DNA concentration. After quality control, the bac-
terial genomic DNA samples were randomly disrupted 
with a Covaris ultrasonic breaker. Afterwards, a 350-bp 
library was constructed according to the following steps: 
end repair, addition of the A-tail, addition of a sequenc-
ing adapter, purification, and PCR amplification. The 
library concentration was subsequently measured using 
a Qubit 2.0 instrument and diluted, and the fragments 
inserted into the library were detected with an Agilent 
2100 instrument. After the size of the inserted fragment 
met the requirements, the effective concentration of the 
library was quantified using the q-PCR method to ensure 
the library quality. Subsequently, the qualified library was 
subjected to PE150 sequencing on the Illumina NovaSeq 
6000 high-throughput sequencing platform.

De novo genome assembly and annotation
The main steps for de novo genome assembly and anno-
tation were as follows.

Illumina paired-end data were corrected and assem-
bled via SPAdes software, and the numbers of contigs and 
dead ends were minimized after assembly. The contigs 
were further constructed into a genome scaffold diagram. 
According to the depth of the reads and the connectivity 
between the assembly diagrams, single-copy contigs were 

distinguished from multicopy contigs using the greedy 
algorithm in the Unicycler software. The final genome 
assembly results for each strain were evaluated using 
QUAST software in terms of the number and length of 
contigs, the maximum contig number, and the N50 value 
in the assembled genome. The coding sequences, ribo-
somal RNA genes, transfer RNA genes, signal peptide 
genes, and noncoding RNA genes in the genome were 
annotated using Prokka software.

Whole‑genome phylogenetic analysis
The fasta files of 27 strain genomes were converted into 
Anvi’o files, which were further converted into a single 
Anvi’o contig database. A single-copy gene HMM file 
was subsequently constructed, and the single-copy gene 
amino acid sequences of the 27 genomes were extracted 
from the HMM file. These sequences were concatenated 
and aligned to generate a fasta file. The amino acid 
sequences of the aligned single-copy genes were used to 
construct a phylogenetic tree.

Whole‑genome association analysis of bacteria
The genomes of the larval intestinal strains were sub-
jected to second-generation high-throughput sequenc-
ing, assembly, and annotation to obtain orthologous 
genes from the genomes of 27 strains. The statistical 
analyses of orthologous genes present in or absent from 
different strains and the larval body length data were 
performed using MAGNAMWAR in the R package. The 
orthologous genes significantly associated with the phe-
notype were screened by calculating the associations 
between the phenotype and the orthologous genes, with 
p < 0.05 as the screening threshold, to obtain an orthol-
ogous gene set. The orthologous gene sequences in all 
the larval intestinal strain genomes were functionally 
annotated using eggNOG-mapper software based on 
the eggNOG 5.0 database to obtain the GO and KEGG 
annotation information for the orthologous genes. GO 
and KEGG enrichment analyses of orthologous gene set 
that were significantly related to larval body length were 
performed using ClusterProfiler in the R package, with 
p < 0.05 as the enrichment analysis screening threshold.

Construction of bacterial mutant strains
We used the λ-Red homologous recombination system to 
knock out candidate bacterial genes. The specific proce-
dures were as follows.

Preparation of N29 electroporation competent cells. 
The N29 strain was cultivated at 37  °C at 200  rpm/min 
until the OD600 reached 0.4–0.6. The bacterial mix-
ture was centrifuged at a low temperature for 15  min. 
The strains were collected, resuspended in 30 ml of pre-
cooled 10% glycerol, and stored in a − 80 °C freezer. Fifty 
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nanograms of the pKD46 plasmid were added to 100 μl of 
N29 electroporation-competent cells and mixed gently, 
and the mixture was transferred to a precooled electro-
shock cup. The electroshock cup was placed in the Bio-
Rad electroporator for electroporation, with the voltage 
set to 1.8 kV. Then, 1 ml of LB was added to the culture, 
followed by shaking and recovery. The bacterial mixture 
was coated onto LB solid medium containing ampicil-
lin and cultured at 30 °C overnight. Single colonies were 
collected from solid LB medium supplemented with 
ampicillin and cultured in LB liquid medium with shak-
ing at 30  °C overnight. Lambda red induction reagent 
was added at a ratio of 1:200. The bacterial mixture was 
cultured with shaking until the OD600 reached approxi-
mately 0.4–0.6. The bacterial mixture was subsequently 
placed on ice for 30 min and centrifuged at low tempera-
ture for 15 min. The strains were collected, resuspended 
in 30 ml of precooled 10% glycerol, and stored in a − 80 °C 
freezer. A 70-bp homologous recombination primer pair 
was designed. Of the 70  bp, 50  bp of the upstream and 
downstream primer pair consisted of a homologous 
sequence complementary to the gene to be knocked 
out, and the remaining 20  bp was complementary to 
the sequence of pKD4. Then, 500  ng of PCR product 
was added to 100  μl of electroporation-competent cells 
and mixed gently, and the mixture was transferred to a 
precooled electroshock cup. The electroshock cup was 
placed in the Bio-Rad electroporator for electroporation, 
with the voltage set to 1.8  kV. One milliliter of LB was 
added to the culture for shaking and recovery, and then 
the bacterial mixture was coated onto LB solid medium 
containing kanamycin and cultured at 37  °C overnight. 
The genome of the mutant strain was extracted and PCR 
amplified using 20-bp primers (Supplementary Table S4).

Vitamin B6 content determination
One milliliter of bacterial culture medium was added to 
a 1.5-ml EP tube and centrifuged at 13,000 × g for 10 min. 
The 40  μl of supernatant was collected for vitamin B6 
content determination using a vitamin B6 content kit 
(Boxbio, Beijing, China) according to the manufacturer’s 
instructions.

Fed vitamin B6 assay
A total of 200  µl of 5  mg/ml vitamin B6 solution (San-
gon Biotech, Shanghai, China) and the pdxA-deleted N29 
mutant strain were co-fed to the larvae.

Data statistics and analysis
GraphPad Prism 9.0 software and R (3.6.3) were used 
for statistical analysis and visualization of the data. The 
differences between two independent samples were 
analyzed via a parametric Student’s t test. Multiple 

comparisons of multiple samples were performed using 
Tukey’s multiple comparison method with one-way 
ANOVA, and P < 0.05 was considered statistically 
significant.
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Supplementary Material 1: Supplementary Figure S1. Growth of larvae 
fed a banana diet. The body length of larva from day 3 to day 10 after egg 
laying. The data points represent the length of at least 20 larvae (mean ± 
SE). L1: first-instar larva; L2: second-instar larva; L3: third-instar larva. Sup-
plementary Figure S2. Changes in the microbiota in the gut of B. dorsalis 
larvae. (a) Colony morphology on NA medium. (b) Colony morphology 
on VRBG medium. (c) Colony morphology on MRS medium. (d) Relative 
abundance tended to decrease with increasing number of larval instars. 
Different letters indicate significant differences among groups at different 
instars (p < 0.05, one-way ANOVA, Tukey’s post hoc test). Supplementary 
Figure S3. Size of sterile larvae 6 days after inoculation with 27 strains. AXA, 
Axenic larvae on a diet supplemented with the total gut microbiota; AX, 
Axenic larvae; CK, control group (CK refers to flies with a 0.4% yeast diet). 
The red line is the scale (3 mm). Supplementary Figure S4. Enrichment 
bubble plots for GO function. (a) Bubble map of cellular component 
level enrichment. (b) Bubble map of 8 simplified cellular components. (c) 
Bubble map of 16 biological processes identified via GO functional enrich-
ment analysis. (d) Bubble map of simplified biological processes in the GO 
functional enrichment analysis. (e) Bubble map of 16 molecular function-
related genes identified via GO functional enrichment analysis. (f ) Bubble 
map of simplified molecular function levels from the GO functional 
enrichment analysis. Supplementary Figure S5. Size of sterile larvae 6 days 
after inoculation with N29 mutant strains. (a) Body size of 6-day-old larvae 
associated with different N29 mutant strains. (b) Body size of 6-day-old lar-
vae fed N29_WTΔPdxA or vitamin B6. The red line is the scale (3 mm). Sup-
plementaryTable S1. Proportion of intestinal microbiota of different instars 
in NA media. Supplementary Table S2. Proportion of intestinal microbiota 
of different instars in VRBG media. Supplementary Table S3. Proportion of 
intestinal microbiota of different instars in VRBG media. Supplementary 
Table S4. The primers used in the λ-red homologous recombination.
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