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Abstract: Microbe–microbe interactions within a host drive shifts in the host’s microbiota
composition, profoundly influencing host physiology, ecology, and evolution. Among these
microbes, the maternally inherited endosymbiont Wolbachia is widespread in the invasive
pest Liriomyza huidorbrensis (Diptera: Agromyzidae). However, its influence on the host
microbiota remains largely unexplored. In the study presented herein, we investigated
the bacterial communities of Wolbachia wLhui-infected (wLhui+) and -uninfected lines
(wLhui−) of L. huidorbrensis using 16S rRNA gene high-throughput sequencing. For both
leaf-miner lines, Bacteroidota was the dominant phylum (relative abundance: 59.18%),
followed by Pseudomonadota (36.63%), Actinomycetota (2.42%), and Bacillota (0.93%). We
found no significant differences in alpha-diversity indices between the wLhui+ and wLhui−
lines (p > 0.05). However, principal coordinates analysis revealed significant differences in
microbiota composition between the wLhui+ and wLhui− lines (PERMANOVA: p < 0.001),
explaining 76.70% of the variance in microbiota composition. Correlation network analysis
identified robust negative and positive associations between Wolbachia and several genera,
suggesting that Wolbachia shapes microbial composition through competitive or cooperative
interactions with specific taxa. Overall, our study suggests that Wolbachia plays a key role
in shaping the leaf-miner microbiome, potentially affecting host fitness.

Keywords: endosymbiont; Wolbachia; invasive pest; microbiome

1. Introduction
Insects often harbor a variety of microbes that can influence key host traits, exerting ei-

ther beneficial or harmful effects on their hosts [1–3]. The microbial communities associated
with insects are typically highly diverse and variable [4]. Understanding the underlying
factors shaping the insect microbiota is therefore essential for advancing insect microbial
ecology and developing effective pest control strategies [5–7].

Both deterministic and stochastic factors contribute to the assembly of microbiota in
many insect species [8–11]. Several studies have identified key deterministic drivers of
the bacterial communities in insects, including host characteristics such as species [12,13],
developmental stage [14], sex [15], and genetic background [16], as well as environmental
factors like diet [14,17], temperature [18,19], and habitat [20]. All of these factors signifi-
cantly influence the host microbiota. Emerging evidence also highlights the importance of
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microbe–microbe interactions in determining microbiota flexibility [4,21,22], where resi-
dent or intrinsic species can shape the overall diversity of the microbial community [21].
For example, the endosymbionts Cardinium affects microbial diversity and changes host
phenotypes in the planthopper Nilaparvata lugens [23,24] and the whitefly Bemisia tabaci [25].
Similarly, Wolbachia and Spiroplasma have been shown to influence the bacterial community
in the spider mite Tetranychus truncatus [26,27].

Wolbachia is a widespread, maternally inherited, facultative endosymbionts found in
a wide range of insect and mite species [28–30]. It plays multiple roles in manipulating
host reproduction, fitness, and other traits [7,31–36]. Previous studies have demonstrated
that Wolbachia can influence the diversity and composition of bacterial communities in
various insects, including planthoppers [37,38], mosquitoes [39], fruit flies [40,41], cabbage
root flies [42], isopods [43], and spider mites [26,27]. However, some comparative studies
have suggested that certain Wolbachia strains have no significant effect on the diversity or
composition of the microbiota in mosquitoes [44] and flies [45]. One possible explanation
is that the subtle effects of certain Wolbachia strains on the host microbiota may be due to
these strains exhibiting reduced competition for resources and space with other microbes
in the host [44,45]. Overall, these discrepancies across studies may arise from differences in
host species or Wolbachia strains.

The leaf-miner Liriomyza huidobrensis (Blanchard) is a polyphagous invasive pest
that threatens a wide range of vegetable and flower crops, posing significant risks to
agricultural and natural ecosystems worldwide [46–48]. The microbiota of invasive species
can facilitate host adaptation and expansion in various ways [49–51]. Concomitantly, their
microbiome is also influenced by the novel environmental factors encountered during
these invasions [52]. Wolbachia is prevalent in leaf-miners and has potential as a biological
control agent [52–54]. Our research on the microbiota of L. huidobrensis has shown that the
endosymbiont Wolbachia is the dominant bacterial taxon within the microbiota [52,55], and
the assembly of this microbiota is strongly influenced by environmental factors [52,55].
However, there is still limited understanding of how the heritable endosymbiont Wolbachia
affects the host microbiota.

In this work, we surveyed the bacterial community of L. huidobrensis infected with Wol-
bachia wLhui (wLhui+) and antibiotic-cured (wLhui−) individuals using high-throughput
16S rRNA amplicon sequencing. Our aim was to assess the influence of Wolbachia on the
diversity and structure of the bacterial communities in L. huidobrensis. Ultimately, these
findings provide valuable insights into the internal drivers of the host microbiota and offer
promising avenues for improving invasive species management strategies.

2. Materials and Methods
2.1. Leaf-Miner Lines

The wild-type L. huidobrensis, naturally infected with Wolbachia, was originally col-
lected in March 2023 from cowpea plants in Yunnan, China [55]. Upon arrival at the
laboratory, we first established an isofemale line and maintained it on organic red bean
(Phaseolus vulgaris) seedlings at the 2 expanded leaf stage. From the offspring of this
isofemale line, 20 individuals were randomly selected to establish an L. huidobrensis line
with 100% prevalence of the Wolbachia strain wLhui (denoted wLhui+). Another set of
20 individuals from the same generation was reared on bean seedlings soaked in tetracy-
cline solution (1 mg/mL) for three generations to completely eliminate Wolbachia strain
wLhui. This Wolbachia-free line (named wLhui−) was then reared without tetracycline
treatment for more than 10 generations to allow for recovery and reduce the potential
effects of tetracycline on the host microbiota. The Wolbachia infection status of each line was
confirmed by qPCR, as previously described [56]. Both wLhui+ and wLhui− lines were
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maintained on organic red bean seedlings under the same laboratory conditions (25 ± 1 ◦C,
60% relative humidity, 16 h light: 8 h dark cycle). Newly emerged adult females and males
from both lines were starved for 2 h to ensure that any food in their guts was egested, and
then they were frozen at −80 ◦C in September 2024. Prior to experimentation, the Wolbachia
infection status of the newly emerged adult individual was screened by PCR (Figure S1).
Each individual sample was cleaned with 75% ethanol followed by sterile water before
DNA extraction.

2.2. DNA Extraction and PCR Amplification

The total DNA was extracted from a single individual in October 2024 using the
QIAGEN DNeasy Kit (Hilden, Germany), following the manufacturer’s specifications.
The bacterial 16S rRNA V3-V4 region was amplified by PCR using the primers 341F
(5′-CCTAYGGGRBGCASCAG-3′) and 806R (5′-GGACTACNNGGGTATCTAAT-3′) [11].
The PCR conditions were as follows: initial denaturation at 95 ◦C for 2 min, followed by
25 cycles of denaturation at 95 ◦C for 30 s, annealing at 55 ◦C for 30 s, extension at 72 ◦C for
30 s, and a final extension at 72 ◦C for 5 min. PCR reactions were performed in triplicate in
20 µL mixture containing 4 µL of 5 × FastPfu Buffer, 2 µL of 2.5 mM dNTPs, 0.8 µL of each
primer (5 µM), 0.4 µL of FastPfu Polymerase, and 10 ng of template DNA. Amplicons were
extracted from 2% agarose gels and purified using the AxyPrep DNA Gel Extraction Kit
(Axygen Biosciences, Union City, CA, USA), following the manufacturer’s instructions.

2.3. Library Construction and Sequencing

Purified PCR products were pooled in equimolar concentrations before sequencing
analysis. Sequencing libraries were constructed using the TruSeq DNA PCR-Free Library
Preparation Kit, and paired-end sequencing (2 × 250) was performed on an Illumina MiSeq
platform (Shanghai BIOZERON Co., Ltd., Shanghai, China), following standard protocols.

2.4. Bioinformatic Processing

Paired-end reads were merged and quality-filtered using QIIME 2 with default settings
as described previously [11]. Quality-filtered reads were denoised and clustered into
amplicon sequence variants (ASVs) using CD_HIT v4.5.7. After quality filtering and
chimera removal, a total of 628,143 raw reads were obtained from 18 samples, with each
sample containing between 29,713 and 38,001 reads. Taxonomic assignment of bacteria was
performed using the uclust algorithm v1.2.22 against the SILVA database (Release138.2).
Rarefaction curves indicated near-saturation of community coverage (good coverage > 99%
for all samples; Table S1). To analyze alpha-diversity, the samples were rarefied to the same
normalized sequencing depth (19,381 sequences) to ensure a random subset of ASVs for
all samples.

2.5. Microbial Community Analysis

Statistical analyses and data visualizations were performed using MicrobiomeAnalyst
2.0 (https://www.microbiomeanalyst.ca/, accessed on 17 December 2024) [57] or GraphPad
Prism version 10.00.

To compare significant differences in each alpha diversity index (e.g., observed ASVs,
Shannon, Chao1, ACE, Simpson, and Fisher) between the wLhui+ and wLhui− lines, we
employed Mann–Whitney U tests.

To assess variation in overall bacterial community composition between wLhui+
and wLhui− lines, we conducted a principal coordinates analysis (PCoA) based on a
Bray–Curtis dissimilarity matrix. A permutational multivariate analysis of variance (PER-
MANOVA) was performed using 999 permutations to assess significant differences in
bacterial community composition between the two lines.

https://www.microbiomeanalyst.ca/
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For comparison of the bacterial composition between lines, the average relative abun-
dance of the nine most abundant genera (average relative abundance > 1%) in individuals
was determined and visualized in bar plots. Additionally, genera present in at least 50% of
the samples within each line were considered as core genera. Significant differences in the
abundance of specific microbes at the genus level between the wLhui+ and wLhui− lines
were assessed using DESeq2, heat tree analysis, and linear discriminant analysis effect size
(LEfSe) with default parameters in MicrobiomeAnalyst 2.0.

Finally, to investigate relationships between the relative abundance of bacterial genera,
we performed correlation analysis. A correlation was considered statistically significant
when p < 0.05, and the Spearman correlation coefficient (ρ) was >0.6 or ρ < −0.6.

3. Results
3.1. Overview of Sequencing Results

A total of 348,858 high-quality bacterial clean reads were obtained from 18 samples
(9 wLhui+ and 9 wLhui−) of leaf-miners. After assembling and quality filtering, the
dataset comprised 631 amplicon sequence variants (ASVs), which were classified into
6 phyla, 7 classes, 16 orders, 26 families, and 38 genera. In terms of relative abundance,
Bacteroidota was the dominant phylum (59.18%), followed by Pseudomonadota (36.63%),
Actinomycetota (2.42%), and Bacillota (0.93%) (Figure S2).

3.2. Effect of Wolbachia Infection on Microbial Community Diversity

The average number of observed ASVs in wLhui+ (n = 581.9) was slightly higher than
in the wLhui− lines (n = 567.8) (Table S1). However, there were no significant differences
in bacterial diversity between the two lines across all tested alpha-diversity indices (Mann–
Whitney U test: ASV observed richness, Z = 30.50, p = 0.39; Shannon index, Z = 31.00,
p = 0.42; Chao 1 index: Z = 33.00, p = 0.54; ACE index, Z = 28.00, p = 0.29; Simpson index,
Z = 21.00, p = 0.07; Fisher index: Z = 28.00, p = 0.29) (Figure 1, and Table S1). These results
suggest that Wolbachia infection does not significantly affect the alpha-diversity of the
leaf-miner microbiome.

Principal coordinates analysis (PCoA) based on Bray–Curtis dissimilarities explained
76.7% of the variance in microbiota composition of the two leaf-miner lines, with PC1 ac-
counting for 65.8% and PC2 accounting for 10.9% of the variance (Figure 2). PCoA revealed
a distinct separation between the wLhui+ and wLhui− lines, suggesting a significant differ-
ence in microbial community structure between the two leaf-miner lines (PERMANOVA:
F = 6.22, R2 = 0.28, p < 0.001) (Figure 2).

3.3. Impact of Wolbachia Infection on Microbiota Composition

We next investigated the core microbial taxa within the wLhui+ and wLhui− lines.
In the wLhui+ line, ten core genera (prevalence of >50%) accounted for more than 91% of
the total abundance of the bacterial community (Figure S3). Dominant genera included
Vibrionimonas (mean relative abundance of 63.52%), Bradyrhizobium (9.08%), Wolbachia
(4.49%), Mesorhizobium (3.75%), Methylovirgula (3.53%), Rhodanobacter (2.97%), Mycobac-
terium (2.45%), and Variovorax (1.39%) (Figures 3 and S3). For the wLhui− line, eleven core
genera were identified, constituting more than 94% of the total community composition
(Figures 3 and S3). High-abundance genera in the wLhui− line included Vibrionimonas
(50.2%), Burkholderia (14.83%), Bradyrhizobium (9.85%), Methylovirgula (5.37%), Mesorhizo-
bium (3.7%), Rhodanobacter (3.59%), Mycobacterium (2.24%), Ralstonia (1.48%), and Variovorax
(1.39%) (Figures 3 and S3). Seven core genera including Bradyrhizobium, Mesorhizobium,
Methylovirgula, Mycobacterium, Rhodanobacter, Vibrionimonas, and Variovorax were shared be-
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tween the two lines (Figure S3). However, heat tree analysis revealed significant differences
in the relative abundance of some taxa between the two lines (Figure S4).
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To further explore these differences, we used DESeq2 to identify bacterial taxa that
exhibited significant changes in relative abundance between the wLhui+ and wLhui− lines.
A total of eight genera displayed significant differences in relative abundance (Figure 4,
Table S2). Notably, Wolbachia (p < 0.001, log2FC = 3.74), Halomonas (p < 0.001, log2FC = 1.51),
and Aquabacterium (p < 0.001, log2FC = 3.09) were significantly more abundant in the wLhui+
line (Figure 4, Table S2). Conversely, Ralstonia (p < 0.001, log2FC = −4.53), Stenotrophomonas
(p < 0.001, log2FC =−6.68), Serratia (p < 0.001, log2FC = −3.23), Burkholderia (p < 0.001,
log2FC = −3.61), and Brevibacterium (p < 0.001, log2FC = −4.18) were significantly more
abundant in wLhui− line (Figure 4, Table S2). LEfSe analysis confirmed these findings,
showing higher abundance of Wolbachia, Halomonas, and Aquabacterium in the wLhui+ line
compared to the wLhui− line (Figure S5).

3.4. Microbial Correlation Analysis

Correlation network analysis revealed 77 significant microbial connections, including
56 positive and 21 negative correlations (p < 0.05, Spearman’s ρ > 0.6 or <–0.6) (Figure 5,
Table S3). Specifically, in Wolbachia, the dominant endosymbiont in the wLhui+ line,
showed a negative correlation with several genera, including Serratia (ρ = −0.729, p < 0.001),
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Ralstonia (ρ = −0.739, p < 0.001), Stenotrophomonas (ρ = −0.815, p < 0.001), Burkholderia
(ρ = −0.709, p < 0.01), and Brevibacterium (ρ = −0.750, p < 0.001). On the other hand,
Wolbachia exhibited strong positive correlations with Halomonas (ρ = 0.664, p < 0.01) and
Aquabacterium (ρ = 0.758, p < 0.01) (Figure 5, Table S3).
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fold change, while downward-facing triangles represent a negative fold change.
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Figure 5. Correlation network of bacterial taxa (at the genus level) in both Wolbachia wLhui-infected
(wLhui+) and wLhui-uninfected (wLhui−) leaf-miners. Pairwise microbe–microbe correlations were
assessed using Spearman rank correlation, with a threshold of p < 0.05 and |ρ| > 0.6. The size of
nodes represents the number of connections associated with each taxon. Green and orange shading
within the nodes reflects the relative abundance of each genus in the wLhui+ or wLhui− lines,
respectively. Positive correlations are represented by red edges, while negative correlations are
indicated by blue edges. The thickness of the edges corresponds to the strength of the correlation.
Statistical details are provided in Table S3.
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4. Discussion
Uncovering the key drivers shaping microbial communities is pivotal for insect micro-

bial ecology [4] as it offers valuable insights into the role of microbiota in the adaptation
and spread of invasive species [49]. In this study, we observed a significant difference in
the bacterial community structure between Wolbachia wLhui-infected and -uninfected leaf-
miner lines. Notable shifts in the relative abundance of several dominant bacterial genera
suggest that Wolbachia plays an important role in shaping the microbiota of leaf-miners,
with potential yet-undetermined consequences for host fitness.

4.1. Core Microbe in the Leaf-Miner

We identified several core genera, including Vibrionimonas, Bradyrhizobium, Mesorhizo-
bium, and Methylovirgula, which were highly abundant in both wLhui+ and wLhui− lines.
These genera are commonly found across diverse environments such as insects, plants,
water, and soil [58,59]. Our previous research, based on source tracking analysis, indicated
that the leaf-miner likely acquires microbes from host plants or soil [52]. This stochastic
acquisition may alter microbial composition [4,52,55]. However, vertically transmitted
microbes like Wolbachia can exert priority effects, either facilitating or constraining changes
in the microbiota [60]. Indeed, our findings here highlight complex interactions between
Wolbachia and other microbes, evidenced by its positive and negative correlations with
specific taxa. This underscores the importance of understanding how microbes are trans-
mitted from the environment in unraveling the mechanisms driving bacterial community
assembly in the leaf-miner.

4.2. Pervasive Effects of Wolbachia on the Host Microbiota

Our study revealed that the alpha-diversity of bacterial communities did not signifi-
cantly differ between Wolbachia wLhui-infected and uninfected leaf-miner lines, aligning
with previous studies in Aedes aegypti in which Wolbachia infection did not impact species
diversity [61]. This may suggest that, despite the elimination of certain dominant microbes,
such as Wolbachia, the bacterial diversity in the specific insect remains relatively stable.
This finding may have important implications for maintaining host–microbe interactions,
though further research is needed. In contrast, studies on other insect species, including
Delia radicum [42], Laodelphax striatellus [37], Drosophila melanogaster [62], and Sogatella fur-
cifera [38], have shown that Wolbachia infection significantly reduces microbial diversity.
Given the differences among Wolbachia strains and their interactions with specific hosts,
we speculated that the strength of Wolbachia’s effect on microbial diversity likely varies
depending on the host species and Wolbachia strain, warranting further research across
different taxa.

Despite the lack of significant changes in alpha-diversity, our results show that Wol-
bachia infection significantly modified bacterial community structure in L. huidorbrensis.
This is consistent with controlled experiments and observational studies on other in-
sects [37,38,40,41,61,62]. Notably, the extent to which Wolbachia alters the host microbiota
varies across these systems, which may depend on the abundance of Wolbachia in the host
and its ability to compete for nutrients with other bacterial species [61]. Additionally,
some studies have reported negligible effects of Wolbachia on gut microbiota composition
in Drosophila melanogaster [45] and Anopheles stephensi [44], suggesting that the impact of
Wolbachia may be closely associated with host genotype and Wolbachia strain.

4.3. Underlying Mechanisms of Wolbachia’s Impact on the Host Microbiota

Three main hypotheses could explain how Wolbachia affects the microbiota in insects.
First, coexisting microbes compete for limited resources and space within the host body,
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which could lead to the exclusion of less competitive microbes [21,22,30]. Our data suggest
negative correlations between Wolbachia and genera such as Serratia, Ralstonia, and Burkholde-
ria, indicating competitive interactions. Second, Wolbachia alters host metabolism and
physiology, potentially suppressing the growth of specific bacterial taxa [37,63]. Changes
in the intracellular environment, such as pH and reactive oxygen levels [40], might favor
the survival of certain microbes. Our recent study demonstrated that Wolbachia wLhui
modifies host cell metabolite profiles [56] and influences the expression of metabolism
genes [37]. Third, some studies have suggested that Wolbachia may modulate host immune
response [61,64], thus affecting microbial composition [65,66]. However, Wolbachia did not
appear to alter immune responses in the small brown planthopper [37]. Currently, the
precise mechanisms by which Wolbachia impacts the host microbiota remain unclear and
warrant further investigation.

4.4. Limitations of the Study and Future Perspectives

It should be noted that antibiotics, commonly used to eliminate Wolbachia from in-
sect systems, may also disrupt the host’s microbiome composition [67–69]. Although our
antibiotic-treated leaf-miners were reared without antibiotics for over ten generations,
allowing some microbes acquired from the environment to recover [52,55], which partially
mitigates the impact of antibiotics on the host microbiota, the potential effects of antibiotics
on certain microbes, especially those that cannot be acquired from the environment, cannot
be entirely ruled out. To address this issue, further studies investigating the effect of
Wolbachia on the host microbiota should focus on selecting Wolbachia-infected and unin-
fected leaf-miners from the same natural population. Additionally, 16S rRNA amplicon
sequencing, the method we used for microbiome profiling, has limitations in distinguishing
closely related species within genera and providing functional insights [69]. Future studies
employing metagenomic or genomic approaches will address these limitations and provide
a more comprehensive understanding of microbiome dynamics and functions of the specific
microbe.

Moreover, the mutual influence of Wolbachia and microbiota and their combined impact
on host phenotypes are often overlooked [70,71]. Our findings highlight the importance of
considering microbiota composition when studying Wolbachia-induced phenotypic changes
and in the design of microbe-based pest management strategies [5,6,72].

5. Conclusions
In summary, our study demonstrates that Wolbachia infection significantly alters the

microbial community structure in L. huidobrensis but does not significantly affect microbial
species diversity. We suggest that Wolbachia is the internal driver shaping the microbiota
composition in leaf-miners, likely due to its interactions with other microbes. Future studies
using metagenomic and genomic approaches are essential to elucidate the functional roles
of Wolbachia and other microbes in the adaptation and invasiveness of the leaf-miner
L. huidobrensis.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/microorganisms13020302/s1. Table S1: Alpha-diversity indices of
microbiota in the Wolbachia wLhui-infected and -uninfected leaf-miner lines; Table S2: Statistical
outputs of taxa abundance changes between wLhui+ and wLhui− lines; Table S3: Pairwise microbe–
microbe correlation analysis in all samples; Figure S1. PCR detection of Wolbachia in the wLhui+ and
wLhui− lines. M: DNA marker; ck+: positive control; ck-: negative control; Figure S2: Pie chart of the
relative abundance of each phylum across all samples; Figure S3: Core genera taxa of the microbiome
in the wLhui+ and wLhui− lines; Figure S4: Heat trees comparing the relative abundance of taxa
between wLhui+ and wLhui− lines. Taxa colored in green and red are enriched in wLhui− and
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wLhui+ lines, respectively; Figure S5: The linear discriminant analysis effect size (LEfSe) analysis of
differential genus abundance in the wLhui+ line compared to the wLhui− line.

Author Contributions: Y.-Z.D. and Y.-X.Z. conceptualized and designed research. Y.-X.D., Y.-H.Z.,
Y.-X.W., T.-W.H., Z.-R.S. and Y.-X.Z. collected and analyzed the data. Y.-X.Z., Z.-R.S. and Y.-Z.D. wrote
the manuscript. All authors read, reviewed, and edited the manuscript. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported in part by the Natural Science Foundation of Jiangsu Province
(BK20231330) and the 2024 College Student Innovation and Entrepreneurship Training Program of
Yangzhou University (XCX20240707).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All sequencing data are available at the Sequence Read Archive (SRA)
under BioProject number PRJNA1187679.

Acknowledgments: We thank Cheng-Jin Han of Yangzhou University, China, for assisting with the
collection of samples and the anonymous reviewers for their valuable comments.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Douglas, A.E. Multiorganismal insects: Diversity and function of resident microorganisms. Annu. Rev. Entomol. 2015, 60, 17–34.

[CrossRef] [PubMed]
2. Serrato-Salas, J.; Gendrin, M. Involvement of microbiota in insect physiology: Focus on B Vitamins. mBio 2023, 14, e02225-22.

[CrossRef] [PubMed]
3. Zhang, N.; Qian, Z.; He, J.; Shen, X.; Lei, X.; Sun, C.; Fan, J.; Felton, G.W.; Shao, Y. Gut bacteria of lepidopteran herbivores facilitate

digestion of plant toxins. Proc. Natl. Acad. Sci. USA 2024, 121, e2412165121. [CrossRef]
4. Adair, K.L.; Douglas, A.E. Making a microbiome: The many determinants of host-associated microbial community composition.

Curr. Opin. Microbiol. 2017, 35, 23–29. [CrossRef] [PubMed]
5. Gong, J.T.; Li, T.P.; Wang, M.K.; Hong, X.Y. Wolbachia-based strategies for control of agricultural pests. Curr. Opin. Insect Sci. 2023,

57, 101039. [CrossRef] [PubMed]
6. Gong, J.T.; Li, Y.; Li, T.P.; Liang, Y.; Hu, L.; Zhang, D.; Zhou, C.Y.; Yang, C.; Zhang, X.; Zha, S.S.; et al. Stable introduction of

plant-virus-inhibiting Wolbachia into planthoppers for rice protection. Curr. Biol. 2020, 30, 4837–4845. [CrossRef]
7. Hedges, L.M.; Brownlie, J.C.; O’Neill, S.L.; Johnson, K.N. Wolbachia and virus protection in insects. Science 2008, 322, 702.

[CrossRef] [PubMed]
8. Zhou, J.; Ning, D. Stochastic community assembly: Does it matter in microbial ecology? Microbiol. Mol. Biol. Rev. 2017, 81,

e00002-17. [CrossRef]
9. Zhu, Y.X.; Yang, T.Y.; Deng, J.H.; Yin, Y.; Song, Z.R.; Du, Y.Z. Stochastic processes drive divergence of bacterial and fungal

communities in sympatric wild insect species despite sharing a common diet. mSphere 2024, 9, e00386-24. [CrossRef] [PubMed]
10. Zhu, Y.X.; Huo, Q.B.; Wen, T.; Wang, X.Y.; Zhao, M.Y.; Du, Y.Z. Mechanisms of fungal community assembly in wild stoneflies

moderated by host characteristics and local environment. npj Biofilms Microbi. 2022, 8, 31. [CrossRef] [PubMed]
11. Zhu, Y.X.; Yang, R.; Wang, X.Y.; Wen, T.; Gong, M.H.; Shen, Y.; Xu, J.Y.; Zhao, D.S.; Du, Y.Z. Gut microbiota composition in the

sympatric and diet-sharing Drosophila simulans and Dicranocephalus wallichii bowringi shaped largely by community assembly
processes rather than regional species pool. iMeta 2022, 1, e57. [CrossRef] [PubMed]

12. Adair, K.L.; Bost, A.; Bueno, E.; Kaunisto, S.; Kortet, R.; Peters-Schulze, G.; Martinson, V.G.; Douglas, A.E. Host determinants of
among-species variation in microbiome composition in drosophilid flies. ISME J. 2020, 14, 217–229. [CrossRef] [PubMed]

13. Malacrinò, A. Host species identity shapes the diversity and structure of insect microbiota. Mol. Ecol. 2022, 31, 723–735. [CrossRef]
[PubMed]

14. Li, D.D.; Li, J.Y.; Hu, Z.Q.; Liu, T.X.; Zhang, S.Z. Fall armyworm gut bacterial diversity associated with different developmental
stages, environmental habitats, and diets. Insects 2022, 13, 762. [CrossRef] [PubMed]

15. Shu, R.; Hahn, D.A.; Jurkevitch, E.; Liburd, O.E.; Yuval, B.; Wong, A.C.N. Sex-dependent effects of the microbiome on foraging
and locomotion in Drosophila suzukii. Front. Microbiol. 2021, 12, 656406. [CrossRef] [PubMed]

https://doi.org/10.1146/annurev-ento-010814-020822
https://www.ncbi.nlm.nih.gov/pubmed/25341109
https://doi.org/10.1128/mbio.02225-22
https://www.ncbi.nlm.nih.gov/pubmed/36511683
https://doi.org/10.1073/pnas.2412165121
https://doi.org/10.1016/j.mib.2016.11.002
https://www.ncbi.nlm.nih.gov/pubmed/27907842
https://doi.org/10.1016/j.cois.2023.101039
https://www.ncbi.nlm.nih.gov/pubmed/37105498
https://doi.org/10.1016/j.cub.2020.09.033
https://doi.org/10.1126/science.1162418
https://www.ncbi.nlm.nih.gov/pubmed/18974344
https://doi.org/10.1128/MMBR.00002-17
https://doi.org/10.1128/msphere.00386-24
https://www.ncbi.nlm.nih.gov/pubmed/39105581
https://doi.org/10.1038/s41522-022-00298-9
https://www.ncbi.nlm.nih.gov/pubmed/35477734
https://doi.org/10.1002/imt2.57
https://www.ncbi.nlm.nih.gov/pubmed/38867909
https://doi.org/10.1038/s41396-019-0532-7
https://www.ncbi.nlm.nih.gov/pubmed/31624341
https://doi.org/10.1111/mec.16285
https://www.ncbi.nlm.nih.gov/pubmed/34837439
https://doi.org/10.3390/insects13090762
https://www.ncbi.nlm.nih.gov/pubmed/36135463
https://doi.org/10.3389/fmicb.2021.656406
https://www.ncbi.nlm.nih.gov/pubmed/34040592


Microorganisms 2025, 13, 302 11 of 13

16. Greenwood, M.P.; Hull, K.L.; Brink-Hull, M.; Lloyd, M.; Rhode, C. Feed and host genetics drive microbiome diversity with
resultant consequences for production traits in mass-reared black soldier fly (Hermetia illucens) larvae. Insects 2021, 12, 1082.
[CrossRef]

17. Santos-Garcia, D.; Mestre-Rincon, N.; Zchori-Fein, E.; Morin, S. Inside out: Microbiota dynamics during host-plant adaptation of
whiteflies. ISME J. 2020, 14, 847–856. [CrossRef]

18. Hague, M.T.; Shropshire, J.D.; Caldwell, C.N.; Statz, J.P.; Stanek, K.A.; Conner, W.R.; Cooper, B.S. Temperature effects on cellular
host-microbe interactions explain continent-wide endosymbiont prevalence. Curr. Biol. 2022, 32, 878–888. [CrossRef]

19. Jiang, R.X.; Shang, F.; Jiang, H.B.; Dou, W.; Cernava, T.; Wang, J.J. The Influence of temperature and host gender on bacterial
communities in the Asian citrus psyllid. Insects 2021, 12, 1054. [CrossRef]

20. Yang, Z.W.; Luo, J.Y.; Men, Y.; Liu, Z.H.; Zheng, Z.K.; Wang, Y.H.; Xie, Q. Different roles of host and habitat in determining the
microbial communities of plant-feeding true bugs. Microbiome 2023, 11, 244. [CrossRef]

21. Itoh, H.; Jang, S.; Takeshita, K.; Ohbayashi, T.; Ohnishi, N.; Meng, X.Y.; Mitani, Y.; Kikuchi, Y. Host–symbiont specificity
determined by microbe–microbe competition in an insect gut. Proc. Natl. Acad. Sci. USA 2019, 116, 22673–22682. [CrossRef]
[PubMed]

22. Ortiz, A.; Vega, N.M.; Ratzke, C.; Gore, J. Interspecies bacterial competition regulates community assembly in the C. elegans
intestine. ISME J. 2021, 15, 2131–2145. [CrossRef] [PubMed]

23. Li, T.P.; Zha, S.S.; Zhou, C.Y.; Gong, J.T.; Zhu, Y.X.; Zhang, X.; Xi, Z.; Hong, X.Y. Newly introduced Cardinium endosymbiont
reduces microbial diversity in the rice brown planthopper Nilaparvata lugens. FEMS Microbiol. Ecol. 2020, 96, fiaa194. [CrossRef]

24. Li, T.P.; Zhou, C.Y.; Wang, M.K.; Zha, S.S.; Chen, J.; Bing, X.L.; Hoffmann, A.A.; Hong, X.Y. Endosymbionts reduce microbiome
diversity and modify host metabolism and fecundity in the planthopper Sogatella furcifera. mSystems 2022, 7, e01516-21. [CrossRef]
[PubMed]

25. Yang, K.; Qin, P.H.; Yuan, M.Y.; Chen, L.; Zhang, Y.J.; Chu, D. Infection density pattern of Cardinium affects the responses of
bacterial communities in an invasive whitefly under heat conditions. Insect Sci. 2023, 30, 1149–1164. [CrossRef] [PubMed]

26. Yang, K.; Chen, H.; Bing, X.L.; Xia, X.; Zhu, Y.X.; Hong, X.Y. Wolbachia and Spiroplasma could influence bacterial communities of
the spider mite Tetranychus truncatus. Exp. Appl. Acarol. 2021, 83, 197–210. [CrossRef]

27. Zhu, Y.X.; Song, Z.R.; Huo, S.M.; Yang, K.; Hong, X.Y. Variation in the microbiome of the spider mite Tetranychus truncatus with
sex, instar and endosymbiont infection. FEMS Microbiol. Ecol. 2020, 96, fiaa004. [CrossRef] [PubMed]

28. Kaur, R.; Shropshire, J.D.; Cross, K.L.; Leigh, B.; Mansueto, A.J.; Stewart, V.; Bordenstein, S.R.; Bordenstein, S.R. Living in the
endosymbiotic world of Wolbachia: A centennial review. Cell Host Microbe 2021, 29, 879–893. [CrossRef] [PubMed]

29. Porter, J.; Sullivan, W. The cellular lives of Wolbachia. Nat. Rev. Microbiol. 2023, 21, 750–766. [CrossRef] [PubMed]
30. Zhu, Y.X.; Song, Y.L.; Zhang, Y.K.; Hoffmann, A.A.; Zhou, J.C.; Sun, J.T.; Hong, X.Y. Incidence of facultative bacterial endosym-

bionts in spider mites associated with local environments and host plants. Appl. Environ. Microb. 2018, 84, e02546-17. [CrossRef]
[PubMed]

31. Werren, J.H.; Baldo, L.; Clark, M.E. Wolbachia: Master manipulators of invertebrate biology. Nat. Rev. Microbiol. 2008, 6, 741–751.
[CrossRef] [PubMed]

32. Adams, K.L.; Abernathy, D.G.; Willett, B.C.; Selland, E.K.; Itoe, M.A.; Catteruccia, F. Wolbachia cifB induces cytoplasmic
incompatibility in the malaria mosquito vector. Nat. Microbiol. 2021, 6, 1575–1582. [CrossRef] [PubMed]

33. Hosokawa, T.; Koga, R.; Kikuchi, Y.; Meng, X.Y.; Fukatsu, T. Wolbachia as a bacteriocyte-associated nutritional mutualist. Proc.
Natl. Acad. Sci. USA 2010, 107, 769–774. [CrossRef]

34. Ferguson, L.F.; Ross, P.A.; van Heerwaarden, B. Wolbachia infection negatively impacts Drosophila simulans heat tolerance in a
strain-and trait-specific manner. Environ. Microbiol. 2024, 26, e16609. [CrossRef]

35. Zhang, Y.; Cai, T.; Ren, Z.; Liu, Y.; Yuan, M.; Cai, Y.; Yu, C.; Shu, R.; He, S.; Li, J.; et al. Decline in symbiont-dependent host
detoxification metabolism contributes to increased insecticide susceptibility of insects under high temperature. ISME J. 2021, 15,
3693–3703. [CrossRef] [PubMed]

36. Luan, J.B. Insect bacteriocytes: Adaptation, development, and evolution. Annu. Rev. Entomol. 2024, 69, 81–98. [CrossRef]
37. Duan, X.Z.; Sun, J.T.; Wang, L.T.; Shu, X.H.; Guo, Y.; Keiichiro, M.; Zhu, Y.X.; Bing, X.L.; Hoffmann, A.A.; Hong, X.Y. Recent

infection by Wolbachia alters microbial communities in wild Laodelphax striatellus populations. Microbiome 2020, 8, 104. [CrossRef]
38. Li, T.P.; Zhou, C.Y.; Gong, J.T.; Xi, Z.; Hong, X.Y. Recently introduced Wolbachia reduces bacterial species richness and reshapes

bacterial community structure in Nilaparvata lugens. Pest Manag. Sci. 2022, 78, 1881–1894. [CrossRef] [PubMed]
39. Balaji, S.; Deepthi, K.N.G.; Prabagaran, S.R. Native Wolbachia influence bacterial composition in the major vector mosquito Aedes

aegypti. Arch. Microbiol. 2021, 203, 5225–5240. [CrossRef]
40. Simhadri, R.K.; Fast, E.M.; Guo, R.; Schultz, M.J.; Vaisman, N.; Ortiz, L.; Bybee, J.; Slatko, B.E.; Frydman, H.M. The gut commensal

microbiome of Drosophila melanogaster is modified by the endosymbiont Wolbachia. mSphere 2017, 2, e00287-17. [CrossRef]
[PubMed]

https://doi.org/10.3390/insects12121082
https://doi.org/10.1038/s41396-019-0576-8
https://doi.org/10.1016/j.cub.2021.11.065
https://doi.org/10.3390/insects12121054
https://doi.org/10.1186/s40168-023-01702-y
https://doi.org/10.1073/pnas.1912397116
https://www.ncbi.nlm.nih.gov/pubmed/31636183
https://doi.org/10.1038/s41396-021-00910-4
https://www.ncbi.nlm.nih.gov/pubmed/33589765
https://doi.org/10.1093/femsec/fiaa194
https://doi.org/10.1128/msystems.01516-21
https://www.ncbi.nlm.nih.gov/pubmed/35353007
https://doi.org/10.1111/1744-7917.13141
https://www.ncbi.nlm.nih.gov/pubmed/36331043
https://doi.org/10.1007/s10493-021-00589-4
https://doi.org/10.1093/femsec/fiaa004
https://www.ncbi.nlm.nih.gov/pubmed/31942975
https://doi.org/10.1016/j.chom.2021.03.006
https://www.ncbi.nlm.nih.gov/pubmed/33945798
https://doi.org/10.1038/s41579-023-00918-x
https://www.ncbi.nlm.nih.gov/pubmed/37430172
https://doi.org/10.1128/AEM.02546-17
https://www.ncbi.nlm.nih.gov/pubmed/29330177
https://doi.org/10.1038/nrmicro1969
https://www.ncbi.nlm.nih.gov/pubmed/18794912
https://doi.org/10.1038/s41564-021-00998-6
https://www.ncbi.nlm.nih.gov/pubmed/34819638
https://doi.org/10.1073/pnas.0911476107
https://doi.org/10.1111/1462-2920.16609
https://doi.org/10.1038/s41396-021-01046-1
https://www.ncbi.nlm.nih.gov/pubmed/34188180
https://doi.org/10.1146/annurev-ento-010323-124159
https://doi.org/10.1186/s40168-020-00878-x
https://doi.org/10.1002/ps.6806
https://www.ncbi.nlm.nih.gov/pubmed/35064627
https://doi.org/10.1007/s00203-021-02506-0
https://doi.org/10.1128/mSphere.00287-17
https://www.ncbi.nlm.nih.gov/pubmed/28932814


Microorganisms 2025, 13, 302 12 of 13

41. Detcharoen, M.; Jiggins, F.M.; Schlick-Steiner, B.C.; Steiner, F.M. Wolbachia endosymbiotic bacteria alter the gut microbiome in the
fly Drosophila nigrosparsa. J. Invertebr. Pathol. 2023, 198, 107915. [CrossRef] [PubMed]

42. Ourry, M.; Crosland, A.; Lopez, V.; Derocles, S.A.; Mougel, C.; Cortesero, A.M.; Poinsot, D. Influential insider: Wolbachia, an
intracellular symbiont, manipulates bacterial diversity in its insect host. Microorganisms 2021, 9, 1313. [CrossRef] [PubMed]

43. Dittmer, J.; Bouchon, D. Feminizing Wolbachia influence microbiota composition in the terrestrial isopod Armadillidium vulgare.
Sci. Rep. 2018, 8, 6998. [CrossRef] [PubMed]

44. Chen, S.; Zhao, J.; Joshi, D.; Xi, Z.; Norman, B.; Walker, E.D. Persistent infection by Wolbachia wAlbB has no effect on composition
of the gut microbiota in adult female Anopheles stephensi. Front. Microbiol. 2016, 7, 1485. [CrossRef] [PubMed]

45. Adair, K.L.; Wilson, M.; Bost, A.; Douglas, A.E. Microbial community assembly in wild populations of the fruit fly Drosophila
melanogaster. ISME J. 2018, 12, 959–972. [CrossRef] [PubMed]

46. Weintraub, P.G.; Scheffer, S.J.; Visser, D.; Valladares, G.; Soares Correa, A.; Shepard, B.M.; Rauf, A.; Murphy, S.T.; Mujica, N.;
MacVean, C.; et al. The invasive Liriomyza huidobrensis (Diptera: Agromyzidae): Understanding its pest status and management
globally. J. Insect Sci. 2017, 17, 28. [CrossRef]

47. Chen, B.; Kang, L. Variation in cold hardiness of Liriomyza huidobrensis (Diptera: Agromyzidae) along latitudinal gradients.
Environ. Entomol. 2004, 33, 155–164. [CrossRef]

48. Gao, Y.L.; Reitz, S.R.; Xing, Z.L.; Ferguson, S.; Lei, Z.R. A decade of a leafminer invasion in China: Lessons learned. Pest Manag.
Sci. 2017, 73, 1775–1779. [CrossRef] [PubMed]

49. Lu, M.; Hulcr, J.; Sun, J. The role of symbiotic microbes in insect invasions. Annu. Rev. Ecol. Evol. Syst. 2016, 47, 487–505.
[CrossRef]

50. Lemoine, M.M.; Engl, T.; Kaltenpoth, M. Microbial symbionts expanding or constraining abiotic niche space in insects. Curr. Opin.
Insect Sci. 2020, 39, 14–20. [CrossRef]

51. Hague, M.T.J.; Caldwell, C.N.; Cooper, B.S. Pervasive effects of Wolbachia on host temperature preference. mBio 2020, 11, e01768-20.
[CrossRef]

52. Zhu, Y.X.; Chang, Y.W.; Wen, T.; Yang, R.; Wang, Y.C.; Wang, X.Y.; Lu, M.M.; Du, Y.Z. Species identity dominates over environment
in driving bacterial community assembly in wild invasive leaf miners. Microbiol. Spectr. 2022, 10, e00266-22. [CrossRef] [PubMed]

53. Xu, X.; Ridland, P.M.; Umina, P.A.; Gill, A.; Ross, P.A.; Pirtle, E.; Hoffmann, A.A. High incidence of related Wolbachia across
unrelated leaf-mining Diptera. Insects 2021, 12, 788. [CrossRef] [PubMed]

54. Tagami, Y.; Doi, M.; Sugiyama, K.; Tatara, A.; Saito, T. Survey of leafminers and their parasitoids to find endosymbionts for
improvement of biological control. Biol. Control 2006, 38, 210–216. [CrossRef]

55. Zhu, Y.X.; Wang, X.Y.; Yang, T.Y.; Zhang, H.H.; Li, T.P.; Du, Y.Z. Mechanisms of bacterial and fungal community assembly in leaf
miners during transition from natural to laboratory environments. Front. Microbiol. 2024, 15, 1424568. [CrossRef] [PubMed]

56. Zhu, Y.X.; Zhang, Y.Y.; Wang, X.Y.; Yin, Y.; Du, Y.Z. Wolbachia modify host cell metabolite profiles in response to short-term
temperature stress. Env. Microbiol. Rep. 2024, 16, e70013. [CrossRef] [PubMed]

57. Lu, Y.; Zhou, G.; Ewald, J.; Pang, Z.; Shiri, T.; Xia, J. MicrobiomeAnalyst 2.0: Comprehensive statistical, functional and integrative
analysis of microbiome data. Nucleic Acids Res. 2023, 51, W310–W318. [CrossRef]

58. Lu, Q.C.; Yu, J.M.; Liu, H.L.; Wu, X.L.; Wei, S.J.; Lei, M.; Cai, P.; He, H.G.; Pu, D.Q. Stable composition of gut microbiome in the
Asian ladybeetle Coccinella septempunctata reared on natural and artificial diets. Sci. Rep. 2024, 14, 71. [CrossRef]

59. Mayhood, P.; Mirza, B.S. Soybean root nodule and rhizosphere microbiome: Distribution of rhizobial and nonrhizobial endophytes.
Appl. Environ. Microb. 2021, 87, e02884-20. [CrossRef]

60. Debray, R.; Herbert, R.A.; Jaffe, A.L.; Crits-Christoph, A.; Power, M.E.; Koskella, B. Priority effects in microbiome assembly. Nat.
Rev. Microbiol. 2022, 20, 109–121. [CrossRef] [PubMed]

61. Audsley, M.D.; Seleznev, A.; Joubert, D.A.; Woolfit, M.; O’Neill, S.L.; McGraw, E.A. Wolbachia infection alters the relative
abundance of resident bacteria in adult Aedes aegypti mosquitoes, but not larvae. Mol. Ecol. 2018, 27, 297–309. [CrossRef]
[PubMed]

62. Henry, L.P.; Fernandez, M.; Wolf, S.; Abhyankar, V.; Ayroles, J.F. Wolbachia impacts microbiome diversity and fitness-associated
traits for Drosophila melanogaster in a seasonally fluctuating environment. Ecol. Evol. 2024, 14, e70004. [CrossRef]

63. Ju, J.F.; Bing, X.L.; Zhao, D.S.; Guo, Y.; Xi, Z.; Hoffmann, A.A.; Zhang, K.J.; Huang, H.J.; Gong, J.T.; Zhang, X.; et al. Wolbachia
supplement biotin and riboflavin to enhance reproduction in planthoppers. ISME J. 2020, 14, 676–687. [CrossRef]

64. Pan, X.; Pike, A.; Joshi, D.; Bian, G.; McFadden, M.J.; Lu, P.; Liang, X.; Zhang, F.; Raikhel, A.S.; Xi, Z. The bacterium Wolbachia
exploits host innate immunity to establish a symbiotic relationship with the dengue vector mosquito Aedes aegypti. ISME J. 2018,
12, 277–288. [CrossRef] [PubMed]

65. Zug, R.; Hammerstein, P. Wolbachia and the insect immune system: What reactive oxygen species can tell us about the mechanisms
of Wolbachia–host interactions. Front. Microbiol. 2015, 6, 1201. [CrossRef] [PubMed]

66. Rajendran, D.; Vinayagam, S.; Sekar, K.; Bhowmick, I.P.; Sattu, K. Symbiotic Bacteria: Wolbachia, Midgut Microbiota in Mosquitoes
and Their Importance for Vector Prevention Strategies. Microb. Ecol. 2024, 87, 154. [CrossRef] [PubMed]

https://doi.org/10.1016/j.jip.2023.107915
https://www.ncbi.nlm.nih.gov/pubmed/36958642
https://doi.org/10.3390/microorganisms9061313
https://www.ncbi.nlm.nih.gov/pubmed/34208681
https://doi.org/10.1038/s41598-018-25450-4
https://www.ncbi.nlm.nih.gov/pubmed/29725059
https://doi.org/10.3389/fmicb.2016.01485
https://www.ncbi.nlm.nih.gov/pubmed/27708633
https://doi.org/10.1038/s41396-017-0020-x
https://www.ncbi.nlm.nih.gov/pubmed/29358735
https://doi.org/10.1093/jisesa/iew121
https://doi.org/10.1603/0046-225X-33.2.155
https://doi.org/10.1002/ps.4591
https://www.ncbi.nlm.nih.gov/pubmed/28422455
https://doi.org/10.1146/annurev-ecolsys-121415-032050
https://doi.org/10.1016/j.cois.2020.01.003
https://doi.org/10.1128/mBio.01768-20
https://doi.org/10.1128/spectrum.00266-22
https://www.ncbi.nlm.nih.gov/pubmed/35343791
https://doi.org/10.3390/insects12090788
https://www.ncbi.nlm.nih.gov/pubmed/34564228
https://doi.org/10.1016/j.biocontrol.2006.01.015
https://doi.org/10.3389/fmicb.2024.1424568
https://www.ncbi.nlm.nih.gov/pubmed/39091307
https://doi.org/10.1111/1758-2229.70013
https://www.ncbi.nlm.nih.gov/pubmed/39313916
https://doi.org/10.1093/nar/gkad407
https://doi.org/10.1038/s41598-023-49885-6
https://doi.org/10.1128/AEM.02884-20
https://doi.org/10.1038/s41579-021-00604-w
https://www.ncbi.nlm.nih.gov/pubmed/34453137
https://doi.org/10.1111/mec.14436
https://www.ncbi.nlm.nih.gov/pubmed/29165845
https://doi.org/10.1002/ece3.70004
https://doi.org/10.1038/s41396-019-0559-9
https://doi.org/10.1038/ismej.2017.174
https://www.ncbi.nlm.nih.gov/pubmed/29099491
https://doi.org/10.3389/fmicb.2015.01201
https://www.ncbi.nlm.nih.gov/pubmed/26579107
https://doi.org/10.1007/s00248-024-02444-6
https://www.ncbi.nlm.nih.gov/pubmed/39681734


Microorganisms 2025, 13, 302 13 of 13

67. Li, Y.Y.; Floate, K.D.; Fields, P.G.; Pang, B.P. Review of treatment methods to remove Wolbachia bacteria from arthropods. Symbiosis
2014, 62, 1–15. [CrossRef]

68. Zhu, Y.; Wang, X.; Wang, S.; Song, Z.; Du, Y. No Evidence for Wolbachia Effects on the Thermal Preference of the Invasive Pest
Liriomyza huidobrensis. Insects 2024, 15, 784. [CrossRef]

69. Odendaal, M.L.; de Steenhuijsen Piters, W.A.; Franz, E.; Chu, M.L.J.; Groot, J.A.; van Logchem, E.M.; Hasrat, R.; Kuiling, S.;
Pijnacker, R.; Mariman, R.; et al. Host and environmental factors shape upper airway microbiota and respiratory health across the
human lifespan. Cell 2024, 187, 4571–4585. [CrossRef] [PubMed]

70. Brinker, P.; Fontaine, M.C.; Beukeboom, L.W.; Salles, J.F. Host, symbionts, and the microbiome: The missing tripartite interaction.
Trends Microbiol. 2019, 27, 480–488. [CrossRef] [PubMed]

71. Stouthamer, R.; Breeuwer, J.A.; Hurst, G.D. Wolbachia pipientis: Microbial manipulator of arthropod reproduction. Annu. Rev.
Microbiol. 1999, 53, 71–102. [CrossRef] [PubMed]

72. Ross, P.A.; Turelli, M.; Hoffmann, A.A. Evolutionary ecology of Wolbachia releases for disease control. Annu. Rev. Genet. 2019, 53,
93–116. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s13199-014-0267-1
https://doi.org/10.3390/insects15100784
https://doi.org/10.1016/j.cell.2024.07.008
https://www.ncbi.nlm.nih.gov/pubmed/39094567
https://doi.org/10.1016/j.tim.2019.02.002
https://www.ncbi.nlm.nih.gov/pubmed/30857919
https://doi.org/10.1146/annurev.micro.53.1.71
https://www.ncbi.nlm.nih.gov/pubmed/10547686
https://doi.org/10.1146/annurev-genet-112618-043609
https://www.ncbi.nlm.nih.gov/pubmed/31505135

	Introduction 
	Materials and Methods 
	Leaf-Miner Lines 
	DNA Extraction and PCR Amplification 
	Library Construction and Sequencing 
	Bioinformatic Processing 
	Microbial Community Analysis 

	Results 
	Overview of Sequencing Results 
	Effect of Wolbachia Infection on Microbial Community Diversity 
	Impact of Wolbachia Infection on Microbiota Composition 
	Microbial Correlation Analysis 

	Discussion 
	Core Microbe in the Leaf-Miner 
	Pervasive Effects of Wolbachia on the Host Microbiota 
	Underlying Mechanisms of Wolbachia’s Impact on the Host Microbiota 
	Limitations of the Study and Future Perspectives 

	Conclusions 
	References

