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Abstract

Koinobiont endoparasitoids regulate the physiology of their hosts through altering host immuno-metabolic responses, pro-
cesses which function in tandem to shape the composition of the microbiota of these hosts. Here, we employed 16S rRNA
and ITS amplicon sequencing to investigate whether parasitization by the parasitoid wasps, Diachasmimorpha longicaudata
(Ashmaed) (Hymenoptera: Braconidae) and Psyttalia cosyrae (Wilkinson) (Hymenoptera: Braconidae), induces gut dysbiosis
and differentially alter the gut microbial (bacteria and fungi) communities of an important horticultural pest, Bactrocera
dorsalis (Hendel) (Diptera: Tephritidae). We further investigated the composition of bacterial communities of adult D. lon-
gicaudata and P. cosyrae to ascertain whether the adult parasitoids and parasitized host larvae share microbial taxa through
transmission. We demonstrated that parasitism by D. longicaudata induced significant gut perturbations, resulting in the
colonization and increased relative abundance of pathogenic gut bacteria. Some pathogenic bacteria like Stenotrophomonas
and Morganella were detected in both the guts of D. longicaudata-parasitized B. dorsalis larvae and adult D. longicaudata
wasps, suggesting a horizontal transfer of microbes from the parasitoid to the host. The bacterial community of P. cosyrae
adult wasps was dominated by Arsenophonus nasoniae, whereas that of D. longicaudata adults was dominated by Pauci-
bater spp. and Pseudomonas spp. Parasitization by either parasitoid wasp was associated with an overall reduction in fungal
diversity and evenness. These findings indicate that unlike P. cosyrae which is avirulent to B. dorsalis, parasitization by D.
longicaudata induces shifts in the gut bacteriome of B. dorsalis larvae to a pathobiont-dominated community. This mecha-
nism possibly enhances its virulence against the pest, further supporting its candidacy as an effective biocontrol agent of
this frugivorous tephritid fruit fly pest.
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Introduction

Microbes have emerged as key drivers of host-natural enemy
interactions of several horticultural insect pests, often shap-
ing the evolutionary aspects of these bi-partite models. This
is primarily through regulating semiochemical production
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and release, nutrient metabolism, immune function, develop-
ment, adult size, and other host fitness traits [1-4]. Hence,
understanding the dynamics and regulatory patterns of
microbial communities is crucial to deciphering the ecologi-
cal functioning of insect pests, especially with their natural
enemies, such as parasitoid wasps.

Insect microbial homeostasis is regulated by several fac-
tors including host diet, immune function, sex, developmen-
tal stage, geographical location, and biotic stressors includ-
ing parasitoids [5—10]. Parasitoids are insects that lay eggs
in or on other insects (the hosts) eventually killing the hosts.
The immature stages of some parasitoid wasps, the endo-
parasitoids, develop inside and entirely depend on their hosts
for sustenance [8, 11]. As such, they evolved mechanisms
to tightly regulate their hosts’ immune defenses and nutrient
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utilization as they develop and feed on their host tissues or
hemolymph [8, 12].

Consequently, depending on their nutritional require-
ments and immunomodulation tactics, parasitoids could
alter the microbiota of their hosts to a community that is
nutritionally beneficial and/or synergistic with their immu-
noregulatory strategies. In turn, shifts in microbial compo-
sition impact host-parasitoid interactions, posing signifi-
cant consequences for host-microbe-parasitoid evolution
[13]. For instance, parasitism may favor the proliferation of
opportunistic pathogenic microbes that weaken host immune
defenses [10, 13, 14], facilitating the development of the
immature parasitoid.

Conversely, parasitism could trigger the proliferation of
defensive microbes which, via resource competition and/
or upregulation of host immune defense, protect the host
against the invading parasitoid [2, 4, 14]. Parasitoids may
also transfer their own microbes to their host insects such
that the hosts acquire entirely new microbe(s) [1, 8, 15] that
can contribute to the immune and metabolic homeostasis
of the hosts as well as their interactions with other trophic
levels [1]. Moreover, when injected into the host, parasitoid
viral symbionts disrupt host immune and hormonal func-
tioning and development among others, inevitably shifting
the resident microbiome of the parasitized host [11]. These
parasitoid-mediated modulations of host physiology and
microbial community strongly impact gut microbial homeo-
stasis in the host [8]. However, far less is known about host
gut microbial homeostasis in insects as a function of parasit-
ism, leaving a paucity of knowledge about the mechanisms
underlying insect-microbe-parasitoid interactions.

Bactrocera dorsalis (Hendel) (Diptera: Tephritidae) is
a major pest of global horticultural production [16]. This
pest is associated with a diverse microbial community [3,
17-19] which contributes to its eco-physiological roles such
as oviposition behavior, development, immunity, nutritional
profiles [3, 20-22], and defense against parasitoids of this
pest [23].

The larval-prepupal parasitoids, Diachasmimorpha lon-
gicaudata (Ashmead) and Psyttalia cosyrae (Wilkinson)
(both Hymenoptera: Braconidae), have been investigated
for use as biocontrol agents of B. dorsalis. Notably, they
exhibit distinct virulence against this pest with the former
successfully parasitizing B. dorsalis and the latter fail-
ing to develop [24, 25]. This is despite the similarities
in their development styles as koinobiont endoparasitoids
known to manipulate their hosts’ immunity and nutri-
ent metabolism for the successful development of their
immatures. This disparity in virulence has largely been
attributed to host-parasitoid evolutionary history and to
some extent, differences in B. dorsalis immune responses
to the two parasitoids [24, 26]. Moreover, viruses includ-
ing the entomopox virus, DIEPV [27, 28], a rabdho virus,
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DIRhv [29], and a rod-shaped virus [30] are reported to
be associated with D. longicaudata. The DIEPV has been
shown to replicate inside its host [31] and to alter host
immune responses by inducing cytopathic effects in host
hemocytes [32]. With regard to Psyttalia cosyrae, nothing
is known about its venom constituents and its host regula-
tory mechanisms. However, studies show that it does not
successfully develop in hosts like B. dorsalis due to its
inability to overcome the immune defenses of this pest
[24, 25].

Since these parasitoids exhibit varying immunoregulatory
mechanisms and most certainly, distinct parasitism abilities
in B. dorsalis, it is possible that they differentially alter the
structure and diversity of the microbial communities of this
frugivorous pest. However, the impact of these parasitoids
on the composition of the gut microbiota of B. dorsalis
remains unexplored. Hence, in this study, we investigated
the hypothesis that parasitization by the virulent parasi-
toid wasp, D. longicaudata and its avirulent counterpart,
P. cosyrae differentially alters the composition of the gut
microbiota of B. dorsalis. We further explored the bacte-
rial communities of these parasitoids to unravel the interde-
pendence between the host and parasitoid microbiomes to
investigate possible horizontal transmission of bacteria taxa
between the parasitoids and their hosts, B. dorsalis larvae.

Methods
Bactrocera Dorsalis and Parasitoid Rearing

Bactrocera dorsalis used in this study were obtained from a
sample of infested mangoes collected from the field in Embu
(S 0° 28" 56.6"E 37° 34’ 55.5"), Eastern Kenya, and incu-
bated at the insectary of the International Centre of Insect
Physiology and Ecology (icipe). The emerged flies were
identified and a culture of B. dorsalis was initiated and main-
tained as previously described [33] on a larval liquid diet
[34] modified by excluding streptomycin and nipagin. The
rearing conditions were set at a temperature range of 25-27
°C, 60-70% relative humidity, and a 12:12 day:night pho-
toperiod. Enclosed adult flies were fed on yeast and water
ad libitum [25]. Bactrocera dorsalis flies were maintained
for three generations prior the experiments.

The parasitoids, D. longicaudata (183rd generation) and
P. cosyrae (177th generation) used in this study, were also
reared in the insectary at icipe under the same conditions
described above. Psyttalia cosyrae was reared on a labora-
tory colony of Ceratitis cosyra Walker (Diptera: Tephriti-
dae), while D. longicaudata was reared on B. dorsalis as
described by Mohamed et al. [35] and Mohamed et al. [26],
respectively.
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Exposure of B. dorsalis Larvae to Parasitoids

Freshly cut mango domes (mango cut into half and seed
and pulp scooped out) were exposed to gravid 7-day old B.
dorsalis females, as an oviposition substrate. Subsequently,
the eggs were harvested from the mango domes and reared
on a liquid diet as described above. Using soft forceps, a set
of 100 2nd instar larvae were randomly selected and trans-
ferred to larval oviposition units containing a semi-solid car-
rot diet [34] modified as in Gwokyalya et al. [23] by omitting
nipagin and streptomycin. The oviposition units containing
the larvae were offered to either D. longicaudata (n = 10
7-day old females) or P. cosyrae (10 7-day old females) held
in separate Perspex cages (12 X 12 X 12 cm). The females
of the former were allowed to oviposit for 2 h, while for
the latter, 6 h. Thereafter, larvae were retrieved from the
oviposition units and transferred to carrot diet held in 2-L
transparent lunch boxes (18 X 11 X 15 cm) covered with a
cotton mesh for subsequent bioassays.

Dissection of B. dorsalis, D. longicaudata, and P.
cosyrae Guts

Forty-eight hours after exposure to the parasitoids, B. dor-
salis larvae were dissected under a stereomicroscope (Zeiss
Stemi 508, Zeiss, Oberkochen, Germany), to ascertain para-
sitism (presence of a parasitoid larva and/or egg). Once para-
sitism was confirmed, the guts of the larvae were extracted
as described [3]. Briefly, the larvae were surface sterilized
in 2% sodium hypochlorite solution, 70% ethanol, and in
distilled water, sequentially. The sterilized larvae were trans-
ferred to a drop of phosphate-buffered saline (PBS) solution
on a sterile Petri dish. Then the larval guts were dissected
under a stereomicroscope and transferred to autoclaved 1.5-
mL Eppendorf tubes. From each biological replicate para-
sitized by each parasitoid species, a total of 10 larval guts
were pooled in one tube and this was replicated six times.
Guts from unexposed early 3rd instar B. dorsalis larvae were
extracted in the same manner described for their parasitized
counterparts and used as a control.

In a separate bioassay, guts of 3-day old female wasps
of D. longicaudata and P. cosyrae reared on their respec-
tive host insect were extracted using the same procedure
described for the parasitized larvae. Guts from 10 adult
female parasitoids of each species were separately pooled
in one Eppendorf tube for consequent bacteriome analyses.
The guts of B. dorsalis larvae as well as that of the two para-
sitoid species were stored at — 20 °C until DNA extraction.

DNA Extraction and Sequencing

Genomic DNA (gDNA) for microbiome analysis (bacteria
and fungi) was extracted from the guts of B. dorsalis larvae,

D. longicaudata, and P. cosyrae using the Bioline genomic
DNA kit (Meridian Biosciences, Cincinnati, OH, USA) fol-
lowing the manufacturer’s instructions. The extracted DNA
was quality checked using a NanoDrop spectrophotometer
(NanoDrop™ 2000, Thermo Scientific, DE, USA). Samples
with DNA concentrations of at least 50 ng were shipped for
sequencing using the Illumina MiSeq, 2 X 300 bp amplicon
sequencing at Macrogen Inc. (Seoul, South Korea). Bacte-
rial amplicon sequencing was done using primers target-
ing the V3—V4 region (5§18F CCAGCAGCCGCGGTAATA
CG, 800R TACCAGGGTATCTAATCC), whereas fungal
sequencing was done using primers targeting the ITS2
region (ITS3 GCATCGATGAAGAACGCAGC, ITS4 TCC
TCCGCTTATTGATATGC) for B. dorsalis larval guts only.

Bioinformatic Analysis

Metagenomic analysis of the demultiplexed raw reads was
done using the DADA?2 pipeline (version 1.18.0) [36] in R
studio (version 4.2.2) [37]. Firstly, reads were trimmed using
the following parameters: filterAndTrim (250, 230) function,
truncQ = 2, maxEE = 2, 5, rm.phix set to TRUE, and maxN
set to 0. The resultant reads were dereplicated and merged,
after which chimeric sequences were removed, generating
amplicon sequence variants (ASVs). Taxonomy assignment
of the bacterial and fungal ASVs was done using the Silva
138 [38] and UNITE general FASTA release for fungi from
the UNITE (version 16.10.2022) [39] databases, respec-
tively. The generated ASV count matrix, taxa assignment
tables, and the sample metadata file were merged into a phy-
loseq object using the phyloseq package (version 1.34) [40].

The relative abundance of the bacterial and fungal com-
munities was analyzed based on the relative abundances of
the genera and species using the metagMisc package (v 0.04)
[41] and visualized as stacked bar plots. To assess species
alpha and beta diversity of the 16S and ITS communities,
the ASV read counts were rarefied to assess adequate sam-
pling of the microbial communities. The rarefied reads were
then used to compute microbial alpha diversity, which was
inferred from and depicted in the Chaol, Pielou, and Shannon
indices using the MicrobiotaProcess package (v1.9.3) [42].
Beta diversity analysis was conducted using the weighted
Uni-frac index and the dissimilarity among the treatments
was depicted in a principal coordinates analysis (PCoA).
Core taxa (defined as ASVs present in 90% of the samples
at a 75% prevalence) shared between the B. dorsalis larval
treatments were identified and visualized as Venn diagrams
using the microbiome [43] and eulerr [44] packages.

The interaction between the bacterial community (genus
level) and the B. dorsalis (control, D. longicaudata para-
sitized, and P. cosyrae parasitized) larvae as well as the
parasitoids was assessed using the Bipartite package (ver-
sion 2.18) [45]. A parasitoid/B. dorsalis-bacteria matrix
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integrating the relative abundance data (quantitative) of the
bacteria was used to generate a bipartite web plot linking the
nodes of B. dorsalis larvae as well as those of the parasitoids
to the bacteria genera detected in each group. We proceeded
to analyze the overall web topography indices from which
we inferred the network C. score and the degree of nested-
ness. However, since nestedness is subject to biases arising
from the matrix size, we compared the nestedness values
from the network-level output to null models using 1000
simulated replicates. Network modularity was analyzed and
visualized in R (version 4.2.1).

Statistical Analysis

To investigate the impact of parasitization on the abundance
of bacterial genera in B. dorsalis, differential abundance
analysis of bacterial ASVs was done using the negative
binomial log-linear model in DESeq2 [46]. Based on the
outcome of DESeq?2, differentially abundant ASVs (P <
0.05) were selected for further pairwise comparison using
total sum scaling log2 linear regression analysis at the
genus level in microViz package [47]. For alpha diversity,
significant differences recorded in any of the indices were
further investigated using Kruskal-Wallis pairwise compari-
son test to ascertain the differences in microbial diversity
due to parasitization by either parasitoid species. The effect
of parasitization on microbiome beta diversity was tested
by permutational multivariate analysis of variance (PER-
MANOVA) [48] using the adonis2 function in the vegan
package (version 2.5.7) [49]. Additionally, a beta-dispersion
test was conducted to infer statistical differences between
the variances of the microbial communities of B. dorsalis
larval treatments (betadisper function in vegan). Where
significant differences were identified, Tukey’s “honest sig-
nificant difference” (HSD) post-hoc tests were performed
to identify significant differences between the B. dorsalis
larval treatments.

Results

Effect of Parasitization on the Bacterial
Communities of B. dorsalis

Out of 3,278,394 reads (average per sample 182,133 reads,
min 70,200, max 283,610 reads) we recorded 3021 bacterial
ASVs assigned to 18 phyla, 143 families, and 321 genera.
Overall, the main phyla were Pseudomonadota (66.93%)
and Bacillota (21.13%). Additional data is given in Online
Resource 1.

At the genus and species levels, the bacterial com-
munity of the unexposed controls mainly comprised
Acetobacter (55.3%, mainly Acetobacter thailandicus),
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Anoxybacillus (8.4%, especially Anoxybacillus flavith-
ermus), and Acinetobacter (5.0%, mainly Acinetobacter
guillouiae) genera (Fig. 1a, b). Exposure to parasitoids
shifted the relative abundance of the gut bacterial com-
munities of B. dorsalis, especially among D. longicau-
data-parasitized larvae, which predominantly comprised
Stenotrophomonas, Anoxybacillus, and Morganella genera
at 14.4%, 9.6%, and 11.1%, respectively (Fig. 1a). Also, D.
longicaudata-parasitized larvae harbored unique bacterial
species: Erwinia rhaphontici (1.9%), Myroides profundi
(3.5%), Rahnella spp. (8.3%), and Morganella morganii
(9.2%), which were present in neither the unparasitized
larvae nor in those parasitized by P. cosyrae (Fig. 1b).

The gut bacterial community of larvae parasitized by
P. cosyrae was more similar to that of the unparasitized
larvae and was largely composed of species belonging
to Acetobacter (24.9%), Anoxybacillus (24.6%), Acine-
tobacter (4.9%), and Masillia (4.1%) genera (Fig. la,
b). Bacteria species belonging to Pantoea and Weisella
genera were only found in the guts of larvae parasitized
by both parasitoids but not in those of the un-parasitized
controls (Fig. 1a, b). Additional data is provided in Online
Resource 2.

Bray-Curtis dissimilarity index-based PCoA results
depicted a distinct clustering of the unparasitized larvae
from the D. longicaudata-parasitized larvae and shared
clustering of the microbiota of P. cosyrae-parasitized lar-
vae with these two treatments (Fig. 2e). Psyttalia cosyrae
and D. longicaudata-parasitized larvae had the lowest and
highest numbers of core ASVs, respectively (Fig. 2d).
Psyttalia cosyrae-parasitized larvae and the unparasitized
controls shared many bacterial ASVs (almost as many as
the core ASVs in the individual). Diachasmimorpha longi-
caudata-parasitized larvae shared no ASVs with the other
two treatments individually but had 11 ASVs which were
common among all the treatments (Fig. 2d).

The PERMANOVA analysis identified significant
compositional dissimilarity in the bacterial communities
across the B. dorsalis larval treatments post-parasitization
(P<0.001) and revealed that parasitization explains 27%
of this variance (R* = 0.270). The beta dispersion analy-
sis revealed homogenous dispersion across the B. dorsalis
larval treatments (ANOVA, P = 0.148, F = 2.173, df =
2). There were neither significant differences between the
bacterial community of the control larvae and that of P.
cosyrae-parasitized larvae (Tukey’s HSD post hoc P adj
= 0.385) nor between the controls and the D. longicau-
data-parasitized larvae (Tukey’s HSD post hoc P adj =
0.186) nor between the bacterial communities of larvae
parasitized by either parasitoid (Tukey’s HSD post hoc P
adj = 0.875). There were no significant differences in the
bacterial alpha diversity due to parasitization as revealed
by the Shannon, Chao 1, and Pielou indices.
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Fig. 1 Relative abundances of the top 30 gut bacteria of Bactrocera dorsalis larvae at the genus (a) and species (b) levels post-parasitization by

Diachasmimorpha longicaudata and Psyttalia cosyrae

Influence of Parasitization
on the Differential Abundance of Bacterial
Communities of B. dorsalis

By identifying differentially abundant bacterial ASVs from
the relative abundance analysis, we were able to detect indi-
vidual taxa that were significantly influenced by parasitiza-
tion in B. dorsalis larvae. Parasitization by D. longicaudata
significantly influenced the abundance of several genera
(461 ASVs; additional data is provided in Online Resource
3). Notably, the relative abundances of some genera like
Morganella, Stenotrophomonas, Pantoea, and Serratia

significantly increased, whereas the relative abundance of
Acetobacter reduced relative to the unparasitized control
(Fig. 3a; additional data are given in Online Resources 3
and 4). On the other hand, the relative abundances of 340
bacteria ASVs were significantly affected post-parasitiza-
tion by P. cosyrae. Relative abundances of bacteria ASVs
belonging to genera such as Pseudomonas, Weissella, and
Massilia were higher while those of Streptococcus and Ser-
ratia decreased in larvae parasitized by this wasp compared
to the control (Fig. 3b; additional data are given in Online
Resources 3 and 5). Comparing the relative abundances of
the bacterial ASVs of B. dorsalis larvae parasitized by either
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Fig.2 Diversity of the bacteria of Bactrocera dorsalis larvae guts
post-parasitization by Diachasmimorpha longicaudata and Psyttalia
cosyrae. Alpha diversity as depicted by the (a) Chaol’s richness, (b)
Pielou’s evenness, and (c¢) Shannon’s diversity indices. The numbers
on the boxplots are pairwise comparisons between the respective B.
dorsalis larval treatments (treatments are statistically significant if

parasitoid revealed significant differences in 526 ASVs. The
relative abundances of ASVs belonging to bacteria genera
like Acetobacter, Anoxybacillus, Providencia, and Weissella
were higher, whereas those of bacteria genera such as Serra-
tia, Morganella, Myroides, and Rahnella were significantly
lower in P. cosyrae-parasitized larvae compared to those
parasitized by D. longicaudata (Fig. 3c; additional data are
given in Online Resources 3 and 6).
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P < 0.05, Kruskal-Wallis test). Venn diagram indicating the number
of shared core bacterial amplicon sequence variants in the gut of the
unparasitized larvae and those parasitized by the wasps (d) and beta
diversity as a function of the principal component analysis based on
the Bray-Curtis (e)

Variation in the Bacterial communities of Adult
Parasitoids

There were notable variations in the relative abundances of
the bacterial communities of the two parasitoid species, D.
longicaudata and P. cosyrae (Fig. 4a, b). The bacterial com-
munity of D. longicaudata was dominated by Paucibacter
spp. (17.8%), Pseudomonas spp. (11.3%), Serratia marcescens
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Fig.3 Bubble plot showing taxon level effect of parasitization on B.
dorsalis bacterial community. Differentially abundant ASVs in (a)
Diachasmimorpha longicaudata-parasitized larvae compared to
the control, (b) Psyttalia cosyrae-parasitized larvae compared to
the control, and (¢) P. cosyrae-parasitized larvae compared to those
parasitized by D. longicaudata. Each bubble represents an individ-
ual ASV. ASVs with a log2-fold change significantly different from
0 (padj. < 0.05) and classified at the genus level are shown. In the

(5.8%), Anoxybacillus tepidamans (5.0%), and Acinetobacter
johnsonii (3.7%). On the other hand, the microbiota of P.
cosyrae mainly comprised Arsenophonus nasoniae (99.9%)
(Fig. 4a, b; additional data are given in Online Resource 7).

Bacteria-B. dorsalis Larvae/Parasitoid Network
Analysis

The bipartite network revealed complex interactions between
the bacterial communities and the respective B. dorsalis
larvae and parasitoid species. Some bacteria genera, i.e.,
Enterobacter, Anoxybacillus, and Acinetobacter, were pre-
sent in majority of B. dorsalis larval groups and the adult
parasitoids, whereas others such as Arsenophonous, Mor-
ganella, Neisseria, and Rahnella were only present in one
or two B. dorsalis larval groups or in the parasitoids only.
Psyttalia cosyrae adults had the least number of associations
with bacteria genera, whereas B. dorsalis larvae parasitized
by D. longicaudata had the highest number of interactions
(Fig. 5a). The interaction matrix showed high levels of nest-
edness and modularity across the individual larvae/parasi-
toid-bacteria networks (nestedness = 27.348, modularity Q
score = 0.571, C. score 0.256, P = 0.016, Fig. 5b). The
unparasitized and P. cosyrae-parasitized B. dorsalis larvae
clustered together, whereas P. cosyrae adults, D. longicau-
data adults, and D. longicaudata-parasitized B. dorsalis
larvae clustered independently (Fig. Sb).

P. cosyrae vs Control [
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P. cosyrae vs D. longicaudata
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D. longicaudata vs. control and the P. cosyrae vs. D. longicaudata
comparisons, the most abundant 250 ASVs fulfilling these criteria
are shown, whereas in the P. cosyrae vs. control comparison, the
topmost 150 ASVs are shown. The size of each bubble indicates the
abundance of the individual ASVs in the respective B. dorsalis lar-
vae comparison. Complete indicator ASV lists are provided in Online
Resources 3, 4, and 6

Effect of Parasitization on the Fungal Communities
of B. dorsalis Larvae

Out of 3,991,032 reads (average per sample 221,724 reads,
min 173,586, max 271,674 reads), we recorded 123 fungal
ASVs belonging to 3 phyla, 24 families, and 86 genera. Over-
all, Ascomycota (98.9%) was the dominant phylum followed
by Basidiomycota (0.9%) and unclassified fungi (0.2%) as
illustrated in Online Resource 8). The unexposed larvae were
largely composed of Saccharomyces (79.0%), Zygosacchharo-
myces (14.9%), and Candida (2.3%) genera (Fig. 6). How-
ever, this compositional trend changed after parasitization;
the relative abundance of all fungal genera except Saccharo-
myces reduced after parasitization by either parasitoid species
(Fig. 6; additional data is provided in Online Resource 9).

Beta diversity analysis results showed significant differ-
ences in the alpha diversity of the gut fungal communities of B.
dorsalis due to parasitization as indicated by the Chao 1, Pie-
lou, and Shannon indices (Fig. 7a, b, c) that revealed evidently
lower diversity and evenness in the fungal communities of the
larvae parasitized by either parasitoid species. Furthermore,
PCoA results showed distinct clustering of the gut mycobiome
of the control larvae while the mycobiomes of those parasitized
by either parasitoid clustered together (Fig. 7e). Moreover, the
control larvae had the highest number of core fungi, whereas
those parasitized by either D. longicaudata or P. cosyrae had
less core fungal ASVs relative to the control (Fig. 7d).
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Fig.4 The relative abundance of the top 30 gut bacteria of adult female Diachasmimorpha longicaudata and Psyttalia cosyrae wasps at the
genus (a) and species (b) levels

The PERMANOVA results revealed significant compo-
sitional dissimilarity across the B. dorsalis larval treatments
post-parasitization (P =0.001) and revealed that parasitiza-
tion explained 79.2% of this variance (R*> =0.792). However,
beta dispersion analysis revealed non-homogenous disper-
sion across the B. dorsalis larval treatments (ANOVA, P <
0.001, F = 14.854, df = 2). Tukey’s HSD post hoc analysis
indicated that the mycobiome of the control larvae was sig-
nificantly different from that of larvae parasitized by either
parasitoid (P adj = 0.002 and P adj < 0.001 for D. longi-
caudata and P. cosyrae, respectively). However, there were
no significant differences in the fungal communities of the
larvae parasitized by D. longicaudata and those parasitized
by P. cosyrae (P adj = 0.644).
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Discussion

Parasitoids have important consequences for host physiolog-
ical and ecological function. They influence the interaction
of their hosts with their immediate surroundings, includ-
ing host-microbiota associations [8, 10, 13, 15], potentially
shaping host-microbe evolutionary functions. The same
could apply in B. dorsalis, which is permissive to some
parasitoids and not permissive to others [24, 25]. Here we
demonstrate that virulent and avirulent parasitoids of B. dor-
salis alter the gut mycobiome and differentially shape the
composition of the gut bacterial communities of this pest.
Similar to earlier microbiota reports from tephritids [3,
5, 6], we found that Pseudomonadota and Bacillota were
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Fig.5 Bipartite network of bacterial communities-Bactrocera dor-
salis and parasitoid (Diachasmimorpha longicaudata and Psyttalia
cosyrae) associations. (a) Bipartite graph showing patterns of inter-
action between bacteria genera present across the different B. dorsa-
lis larval groups and the adult parasitoids. The upper nodes represent
B. dorsalis larvae and parasitoid species while the lower nodes rep-
resent the bacteria genera. The length of each node is scaled to the
total number of interactions for each object (i.e., the bacteria genus,
B. dorsalis larval group, or parasitoid species). The links (gray lines)

the most abundant bacterial phyla in B. dorsalis larvae.
This finding suggests the intimate association between B.
dorsalis and these phyla, and that they could be contrib-
uting to the physiological functioning of this pest such as
development and nutrient digestion among others. Earlier

H
£3y

j‘ Unparasitised larvae (?;& D. longicaudata parasitised larvae |
L.

v/

] |
}3 P. cosyrae parasitised larvae
3

connecting two nodes represent the interaction between the bacterial
genera and the B. dorsalis larvae or parasitoid species. The widths of
the links are scaled to the number of interactions between each pair
of nodes (each bacteria genus and the respective B. dorsalis larval
group/parasitoid species). (b) Modular bipartite matrix of identified
modules based on the bipartite network analysis of shared bacte-
ria genera among the B. dorsalis larvae and parasitoid species. The
intensity of the color in each box indicates the number of interactions
identified between the modules

studies [3, 20, 23] investigating Pseudomonadota and
Bacillota bacterial strains and their roles in the eco-physi-
ological functions of B. dorsalis confirm this phenomenon.

Acetobacter species, Acinetobacter species, as well as
Anoxybacillus species were highly abundant in the control
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Fig.6 Relative abundance of the gut fungal genera of Bactrocera dorsalis larvae post-parasitization by Diachasmimorpha longicaudata and

Psyttalia cosyrae

and the P. cosyrae-parasitized larvae. Species of the genus
Anoxybacillus have been linked to the digestion of sugars,
cellulose, fats, and proteins [50, 51]. On the other hand,
Acetobacter thailandicus, like other acetic acid bacteria
(see [52] and references therein) could also be involved in
the breakdown of sugar in the guts of frugivorous insects
such as B. dorsalis. Therefore, the high relative abundance
of these bacteria across these treatments could be due to
their metabolic roles in B. dorsalis larvae. However, Ace-
tobacter was detected at low abundances in D. longicau-
data-parasitized larvae, and this could explain the pest
control effect on this parasitoid on B. dorsalis due to lack
of sugar metabolism.

Earlier reports suggested that less diverse microbial com-
munities are prone to colonization by pathogenic microbes
via reduced niche and nutritional competition as well as sup-
pressed immuno-competence [53]. While the alpha diversity
did not change, pathogenic bacteria like Serratia marcescens
and Stenotrophomonas maltophilia were more abundant in
D. longicaudata-parasitized larval guts. Serratia marcescens
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is a commensal symbiont with mild to no effects on its hosts.
However, its proliferation and subsequent translocation to
the hemocoel has been shown to be detrimental, rendering it
pathogenic rather than commensalistic to its hosts [54, 55].
Indeed, a high load of S. marcescens has been reported to
induce gut epithelia bloating and thinning in its hosts, which
enhances its translocation into the hemocoel and interference
with host immune function [55, 56]. As such, this bacte-
rium has been explored for its potential use in the control
of arthropod pests and management of disease vectors due
to its ability to alter the vector competence of some insects
of human health importance such as mosquitoes [56, 57].
Stenotrophomonas maltophilia is a common gut bac-
terium in insects [10, 58] associated with bacteremia in
immune-suppressed and immunocompetent systems [59].
We, therefore, postulate that the increased relative abun-
dance of these bacteria could be a result of D. longicaudata-
induced gut dysbiosis, which shifts the B. dorsalis larval gut
bacteriome to a pathogen-dominated community. Our other
studies have found that parasitization by D. longicaudata
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Fig.7 Diversity of the fungi of Bactrocera dorsalis larval guts
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richness, (b) Pielou’s evenness, and (¢) Shannon’s diversity indices.
Venn diagram comparing the number of shared core fungal amplicon

downregulates anti-oxidative genes like glutathione trans-
ferases as well as cecropins and lysozyme B, genes responsi-
ble for antimicrobial defense in B. dorsalis [Gwokyalya et al.
unpublished]. It is, therefore, plausible that parasitization by
D. longicaudata increases the relative abundance of patho-
genic gut microbes via suppression of antimicrobial defenses
and activation of oxidative stress, interactive processes that
advance its virulence against B. dorsalis. This finding war-
rants further investigation of the ecological significance of
these bacteria and their implications for parasitoid virulence
and pest control.

Sl
4%y D. longicaudata- parasitised

PC 1[97.4%]

f:j‘:i/i g’Q P. cosyrae-parasitised

sequence variants in the gut of the unparasitized larvae and those par-
asitized by the wasps (d) and beta diversity of B. dorsalis larvae gut
fungi as a function of the principal component analysis based on the
Bray-Curtis (e)

Previous studies reported increase in specific abundances
and/or acquisition of new host gut microbial members after
parasitization due to transfer of microbes from the parasitoid
to the host, [1, 8, 15]. In this study, we found a similar trend
in the parasitized larval guts which comprised Weisella and
Pantoea species, bacteria that were not present in the control
larvae. These two bacteria are ubiquitous in the environment
and parasitization might have facilitated the introduction into
the host larvae and the colonization of the host gut. More
interesting, however, was the finding that M. morganii was
only associated with D. longicaudata-parasitized larvae
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and D. longicaudata, so it was perhaps transferred from
the parasitoid female into the host larvae during parasiti-
zation. Morganella morganii is an opportunistic bacterium
linked to pathogenicity in tephritids [60, 61] and may have
an immune-suppressing function in B. dorsalis.

Contrary to the pathogen-dominated bacterial community
recorded in D. longicaudata-parasitized larvae, parasitiza-
tion by P. cosyrae mainly caused significant changes in the
abundances of acetic-acid digesting bacteria like Glucono-
bacter and Acinetobacter. The disparity in the modulatory
mechanisms of B. dorsalis larval bacterial community by
these two wasps could be attributed to variations in their host
regulation strategies. Psyttalia cosyrae is unable to surmount
the immune defenses of B. dorsalis [24, 25] and our prelimi-
nary data suggests that parasitization by this wasp increases
the expression of antimicrobial peptide (AMP)-related genes
such as cecropin and attacin in B. dorsalis [Gwokyalya et al.
unpublished]. Thus, it seems likely that it is these AMPs
that suppress the proliferation of the pathogenic microbes
leading to increased abundance of the metabolism-aiding
microbes. Diachasmimorpha longicaudata, on the other
hand, injects its symbiotic virus, DIEPV, into its parasitized
larvae which markedly disrupts the immune processes [31,
32]. It is likely that the injection of DIEPV contributed to the
changes in the composition of the bacterial community of
B. dorsalis. Moreover, the network module results depicted
similar module clustering of the control larvae and those
parasitized by P. cosyrae, suggesting an insignificant impact
of this parasitoid on B. dorsalis microbiota.

Regarding the parasitoid bacterial communities, the high
relative abundance of Anoxybacillus, Acinetobacter, and
Pseudomonas bacteria in D. longicaudata could be due to
their contribution to the nutritional and metabolic needs of
this parasitoid. In contrast, the gut bacterial community of
P. cosyrae was less diverse and was dominated by the bac-
terium Arsenophonous nasoniae, a widely distributed male
killing secondary symbiont [62, 63]. Although not reported
in other Opine species, the association of A. nasoniae with
P. cosyrae is not surprising since this symbiont has been
reported in other hymenopteran parasitoids [63]. Unex-
pectedly, we found no association of A. nasoniae with B.
dorsalis, a finding that deviates from the theory of shared
microbiota due to horizontal symbiont transmission between
parasitoids and their hosts [64]. While unclear, it is possible
that this could be a selective-association mechanism since
B. dorsalis and P. cosyrae do not share evolutionary history,
or that A. nasoniae is blocked from colonizing B. dorsalis
as the parasitoid is encapsulated at the egg stage alongside
the parasitoid venom cocktail [24]. These arguments, how-
ever, warrant further investigation to unravel the evolution-
ary aspects, transmission mechanisms, and eco-physiolog-
ical implications of harboring A. nasoniae by P. cosyrae.
This will elucidate the intricate mechanisms underlying
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host-parasitoid interactions in tephritids and the role of bac-
terial symbionts in these host-parasitoid bi-trophic models.

Bipartite network analysis revealed occurrence of bacteria
genera such as Pseudomonas, Enterobacter, Acinetobacter,
Anoxybacillus, and Corynebacterium which were present
across all B. dorsalis larvae and the parasitoids, suggesting
that these genera represent ubiquitous taxa in both the host
and the parasitoids.

The diversity of the fungal community of B. dorsalis
larvae declined significantly as a result of parasitization by
either parasitoid species, which further substantiates our
argument of parasitoid-induced gut dysbiosis. We postulate
that this negative effect of parasitization on B. dorsalis lar-
val gut mycobiome could be a consequence of parasitoid-
induced alteration of host immune responses which inad-
vertently impact the gut fungal commensals. Alternatively,
one could explain the reduced fungal community diversity
as a result of the increased relative abundance of some gut
bacteria. For example, S. maltophilia and Pantoea species,
which were highly abundant in the guts of the parasitized
larvae have been shown to inhibit fungal growth [65, 66].

Very few studies have explored the fungal communities
of tephritid fruit flies, and even fewer studies [67, 68] have
attempted to divulge the roles fungi play in these insects.
Nevertheless, available literature suggests that most fungi
are essential for nutrient acquisition and host development
[67, 69]. While this study presents the first report of Saccha-
romyces species in tephritids, it is not a surprising finding
since Saccharomyces species like S. cerevisiae have been
reported in other insect species [70]. Further investigation
is warranted to determine its contribution to the eco-physi-
ological functioning of B. dorsalis.

In conclusion, our study reveals that different parasitoid
species induce distinct changes in insect gut microbial com-
munities. While parasitization by the avirulent P. cosyrae
mainly affected the fungal diversity of B. dorsalis, parasiti-
zation by the virulent parasitoid, D. longicaudata altered
microbial composition and favored increased relative abun-
dance of pathogenic bacteria, which likely complement its
host immune-suppressing arsenals. These findings provide
critical insights on the drivers of host-parasitoid interactions
and establish a benchmark for further exploration of host-
parasitoid-symbiont interactions in frugivorous fruit flies.
We also provide baseline information on the mycobiome
assemblage of parasitized B. dorsalis, which presents poten-
tial for integration in pest management regimens against this
invasive pest. We suggest that future research investigates,
using culture-based methods, the influence of the bacterial
and fungal communities on the host-parasitoid interactions
of B. dorsalis.
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tary material available at https://doi.org/10.1007/s00248-024-02393-0.


https://doi.org/10.1007/s00248-024-02393-0

Shaping the Microbial Landscape: Parasitoid-Driven Modifications of Bactrocera dorsals. ...

Page130f 15 81

Author Contribution Rehemah Gwokyalya, Jeremy K. Herren, Shepard
Ndlela, and Samira A. Mohamed conceived and designed the study.
Experimental materials were collected and processed by Rehemah
Gwokyalya, Anne W. Wairimu, and Joseph Gichuhi. Data analysis was
done by Rehemah Gwokyalya, Christopher W. Weldon, and Nehemiah
Ongeso. The first draft of the manuscript was written by Rehemah
Gwokyalya and all authors commented on previous versions of the
manuscript, read and approved the final manuscript.

Funding Open access funding provided by University of Pretoria.
This work received financial support from the German Agency for
International Cooperation grant number 81298148; the International
Development Research Centre (IDRC) and the Australian Centre for
International Agricultural Research (ACIAR) grant number 109040;
the Norwegian Agency for Development Cooperation (NORAD), the
Section for Research, Innovation, and Higher Education grant number
RAF-3058 KEN-18/0005; the Swedish International Development
Cooperation Agency (Sida); the Swiss Agency for Development and
Cooperation (SDC); the Australian Centre for International Agricul-
tural Research (ACIAR); the Federal Democratic Republic of Ethiopia;
and the Government of the Republic of Kenya. Rehemah Gwokyalya
was sponsored by the German Academic Exchange Service (DAAD)
under the In-Regional Post-graduate scholarship through the African
Regional Postgraduate Programme in Insect Science (ARPPIS). The
views expressed herein do not necessarily reflect the official opinion
of the donors.

Data Availability The datasets generated during and/or analyzed during
the current study are available in the Sequence Read Archive (SRA) at
NCBI under Bioproject: PRINA1042921.

Declarations

Ethics Approval No approval of research ethics committees was
required to accomplish the goals of this study because experimental
work was conducted with unregulated invertebrate species.

Consent for Publication Not applicable.
Competing Interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Bourne ME, Gloder G, Weldegergis BT et al (2023) Parasitism
causes changes in caterpillar odours and associated bacterial com-
munities with consequences for host-location by a hyperparasi-
toid. PLOS Pathog 19:¢1011262. https://doi.org/10.1371/JOURN
AL.PPAT.1011262

10.

11.

12.

13.

14.

15.

16.

17.

18.

Fytrou A, Schofield PG, Kraaijeveld AR, Hubbard SF (2005)
Wolbachia infection suppresses both host defence and parasitoid
counter-defence. Proc R Soc B Biol Sci 273:791-796. https://doi.
org/10.1098/rspb.2005.3383

Gichuhi J, Khamis F, Van den Berg J et al (2020) Influence of
inoculated gut bacteria on the development of Bactrocera dor-
salis and on its susceptibility to the entomopathogenic fungus,
Metarhizium anisopliae. BMC Microbiol 20:321. https://doi.org/
10.1186/512866-020-02015-y

Paredes JC, Herren JK, Schiipfer F, Lemaitre B (2016) The role of
lipid competition for endosymbiont-mediated protection against
parasitoid wasps in Drosophila. MBio 7:1-8. https://doi.org/10.
1128/mBi0.01006-16

Augustinos AA, Tsiamis G, Caceres C et al (2019) Taxonomy,
diet, and developmental stage contribute to the structuring of gut-
associated bacterial communities in tephritid pest species. Front
Microbiol 10:2004. https://doi.org/10.3389/fmicb.2019.02004
De Cock M, Virgilio M, Vandamme P et al (2020) Comparative
microbiomics of Tephritid frugivorous pests (Diptera: Tephriti-
dae) from the field: a tale of high variability across and within
species. Front Microbiol 11:1890. https://doi.org/10.3389/fmicb.
2020.01890

Gao X, Niu R, Zhu X et al (2021) Characterization and compari-
son of the bacterial microbiota of Lysiphlebia japonica parasi-
tioid wasps and their aphid host Aphis gosypii. Pest Manag Sci
77:2710-2718. https://doi.org/10.1002/ps.6299

Gloder G, Bourne ME, Verreth C et al (2021) Parasitism by endo-
parasitoid wasps alters the internal but not the external microbi-
ome in host caterpillars. Anim Microbiome 3:73. https://doi.org/
10.1186/s42523-021-00135-y

Yuning L, Luyang L, Xueming C et al (2022) The bacterial and
fungal communities of the larval midgut of Spodoptera fru-
giperda (Lepidoptera: Noctuidae) varied by feeding on two cru-
ciferous vegetables. Sci Rep 12:13063. https://doi.org/10.1038/
$41598-022-17278-w

Zhou S, Lu Y, Chen J et al (2022) Parasite reliance on its host
gut microbiota for nutrition and survival. ISME J 16:2574-2586.
https://doi.org/10.1038/s41396-022-01301-z

Dicke M, Cusumano A, Poelman EH (2020) Microbial symbionts
of parasitoids. Annu Rev Entomol 65:171-190. https://doi.org/10.
1146/annurev-ento-011019-024939

Strand MR (2008) The insect cellular immune response. Insect
Sci 15:1-14. https://doi.org/10.1111/j.1744-7917.2008.00183.x
Polenogova OV, Kabilov MR, Tyurin MV et al (2019) Parasitoid
envenomation alters the Galleria mellonella midgut microbiota
and immunity, thereby promoting fungal infection. Sci Reports
9:4012. https://doi.org/10.1038/s41598-019-40301-6

Cavichiolli De Oliveira N, Consoli FL (2020) Beyond host regula-
tion: changes in gut microbiome of permissive and non-permissive
hosts following parasitization by the wasp Cotesia flavipes. FEMS
Microbiol Ecol 96:£iz206. https://doi.org/10.1093/femsec/fiz206
Towett-Kirui S, Morrow JL, Close S et al (2023) Bacterial com-
munities are less diverse in a Strepsipteran endoparasitoid than
in its fruit fly hosts and dominated by Wolbachia. Microb Ecol
86:2120-2132. https://doi.org/10.1007/s00248-023-02218-6
Jia QY, Krosch MN, Schutze MK et al (2018) Population struc-
ture of a global agricultural invasive pest, Bactrocera dorsalis
(Diptera: Tephritidae). Evol Appl 11:1990-2003. https://doi.
org/10.1111/eva.12701

Sen YH, Song SL, Chua KO, Lim PE (2017) Microbiota asso-
ciated with Bactrocera carambolae and B. dorsalis (Insecta:
Tephritidae) revealed by next-generation sequencing of 16S
rRNA gene. Meta Gene 11:189-196. https://doi.org/10.1016/j.
mgene.2016.10.009

Liu LJ, Martinez-Safiudo I, Mazzon L et al (2016) Bacterial
communities associated with invasive populations of Bactrocera

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1371/JOURNAL.PPAT.1011262
https://doi.org/10.1371/JOURNAL.PPAT.1011262
https://doi.org/10.1098/rspb.2005.3383
https://doi.org/10.1098/rspb.2005.3383
https://doi.org/10.1186/s12866-020-02015-y
https://doi.org/10.1186/s12866-020-02015-y
https://doi.org/10.1128/mBio.01006-16
https://doi.org/10.1128/mBio.01006-16
https://doi.org/10.3389/fmicb.2019.02004
https://doi.org/10.3389/fmicb.2020.01890
https://doi.org/10.3389/fmicb.2020.01890
https://doi.org/10.1002/ps.6299
https://doi.org/10.1186/s42523-021-00135-y
https://doi.org/10.1186/s42523-021-00135-y
https://doi.org/10.1038/s41598-022-17278-w
https://doi.org/10.1038/s41598-022-17278-w
https://doi.org/10.1038/s41396-022-01301-z
https://doi.org/10.1146/annurev-ento-011019-024939
https://doi.org/10.1146/annurev-ento-011019-024939
https://doi.org/10.1111/j.1744-7917.2008.00183.x
https://doi.org/10.1038/s41598-019-40301-6
https://doi.org/10.1093/femsec/fiz206
https://doi.org/10.1007/s00248-023-02218-6
https://doi.org/10.1111/eva.12701
https://doi.org/10.1111/eva.12701
https://doi.org/10.1016/j.mgene.2016.10.009
https://doi.org/10.1016/j.mgene.2016.10.009

81

Page 14 of 15

R. Gwokyalya et al.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

dorsalis (Diptera: Tephritidae) in China. Bull Entomol Res
106:718-728. https://doi.org/10.1017/S0007485316000390

. Hadapad AB, Shettigar SKG, Hire RS (2019) Bacterial communi-

ties in the gut of wild and mass-reared Zeugodacus cucurbitae and
Bactrocera dorsalis revealed by metagenomic sequencing. BMC
Microbiol 19:282. https://doi.org/10.1186/s12866-019-1647-8
Hassan B, Siddiqui JA, Xu Y (2020) Vertically transmitted gut
bacteria and nutrition influence the immunity and fitness of Bac-
trocera dorsalis larvae. Front Microbiol 11:2760. https://doi.org/
10.3389/fmicb.2020.596352

LiH, Ren L, Xie M et al (2020) Egg-surface bacteria are indirectly
associated with oviposition aversion in Bactrocera dorsalis. Curr
Biol 30:4432-4440. https://doi.org/10.1016/J.CUB.2020.08.080
Akami M, Andongma AA, Zhengzhong C et al (2019) Intes-
tinal bacteria modulate the foraging behavior of the oriental
fruit fly Bactrocera dorsalis (Diptera: Tephritidae). PLoS One
14:¢0210109. https://doi.org/10.1371/journal.pone.0210109
Gwokyalya R, Weldon CW, Herren JK et al (2023) Friend or foe:
symbiotic bacteria in Bactrocera dorsalis—parasitoid associations.
Biol 12:274. https://doi.org/10.3390/biology 12020274
Gwokyalya R, Herren JK, Weldon CW et al (2022) Differential
immune responses in new and old fruit fly-parasitoid associations:
Implications for their management. Front Physiol 13:945370.
https://doi.org/10.3389/fphys.2022.945370

Ndlela S, Mohamed SA, Azrag AGA et al (2020) Interactions
between two parasitoids of tephritidae: Diachasmimorpha lon-
gicaudata (Ashmead) and Psyttalia cosyrae (Wilkinson) (Hyme-
noptera: Braconidae), under laboratory conditions. Insects 11:671.
https://doi.org/10.3390/insects11100671

Mohamed SA, Ekesi S, Hanna R (2008) Evaluation of the impact
of Diachasmimorpha longicaudata on Bactrocera invadens and
five African fruit fly species. ] Appl Entomol 132:789-797.
https://doi.org/10.1111/J.1439-0418.2008.01350.X

Lawrence PO (2002) Purification and partial characterization of
an entomopoxvirus (DIEPV) from a parasitic wasp of tephritid
fruit flies. J Insect Sci 2:10. https://doi.org/10.1093/jis/2.1.10
Coffman KA, Hankinson QM, Burke GR (2022) A viral mutu-
alist employs posthatch transmission for vertical and horizon-
tal spread among parasitoid wasps. Proc Natl Acad Sci USA
119:€2120048119. https://doi.org/10.1073/pnas.2120048119
Lawrence PO, Matos LF (2005) Transmission of the Diachasmi-
morpha longicaudata rhabdovirus (DIRhV) to wasp offspring: an
ultrastructural analysis. J Insect Physiol 51:235-241. https://doi.
org/10.1016/j.jinsphys.2005.01.002

Luo L, Zeng L (2010) A new rod-shaped virus from parasitic wasp
Diachasmimorpha longicaudata (Hymenoptera: Braconidae). J
Invertebr Pathol 103:165-169. https://doi.org/10.1016/j.jip.2009.
08.008

Coftman KA, Harrell TC, Burke GR (2020) A mutualistic pox-
virus exhibits convergent evolution with other heritable viruses
in parasitoid wasps. J Virol 94:02059-02019. https://doi.org/10.
1128/jvi.02059-19

Lawrence PO (2005) Morphogenesis and cytopathic effects of the
Diachasmimorpha longicaudata entomopoxvirus in host haemo-
cytes. J Insect Physiol 51:221-233. https://doi.org/10.1016/j.jinsp
hys.2004.12.003

Ekesi S, Mohamed SA (2011) Mass rearing and quality control
parameters for Tephritid fruit flies of economic importance in
Africa. In: Akyar I (ed) Wide spectra of quality controllst edn.
IntechOpen, pp 387-410. https://doi.org/10.5772/21330

Chang CL (2009) Fruit fly liquid larval diet technology trans-
fer and update. J Appl Entomol 133:164—173. https://doi.org/10.
1111/J.1439-0418.2008.01345.X

Mohamed SA, Overholt WA, Wharton RA et al (2003) Host speci-
ficity of Psyttalia cosyrae (Hymenoptera: Braconidae) and the

Springer

36.

37.

38.

39.

40.

41.

42.

43.
44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

effect of different host species on parasitoid fitness. Biol Control
28:155-163. https://doi.org/10.1016/S1049-9644(03)00099-9
Callahan JB, McMurdie JP, Rosen JM et al (2016) DADA2: High-
resolution sample inference from Illumina amplicon data. Nat
Methods 13:581-583. https://doi.org/10.1038/nmeth.3869

R Core Team (2021) R: a language and environment for statisti-
cal computing. R Foundation for Statistical Computing, Vienna,
Austria https://www.R-project.org/

McLaren MR, Callahan BJ (2021) Silva 138.1 prokaryotic SSU
taxonomic training data formatted for DADA?2. Zenodo. https://
doi.org/10.5281/ZENODO.4587955

Abarenkov K, Zirk A, Piirmann T et al (2024) The UNITE data-
base for molecular identification and taxonomic communication
of fungi and other eukaryotes: sequences, taxa and classifications
reconsidered. Nucleic Acids Res 52:D791-D797. https://doi.org/
10.1093/nar/gkad1039

McMurdie PJ, Holmes S (2013) phyloseq: an R package for repro-
ducible interactive analysis and graphics of microbiome census
data. PLoS One 8:¢61217. https://doi.org/10.1371/journal.pone.
0061217

Mikryukov V (2023) metagMisc: miscellaneous functions for
metagenomic analysis. R-package version 0.5.0.

Xu S, Zhan L, Tang W et al (2023) MicrobiotaProcess: a compre-
hensive R package for deep mining microbiome. Innov 4:100388.
https://doi.org/10.1016/j.xinn.2023.100388

Lahti L, Shetty S (2012-2019) microbiome R package

Larsson J (2024) eulerr: area-proportional Euler and Venn dia-
grams with ellipses. R package version 7.0.1. https://CRAN.R-
project.org/package=eulerr. Accessed 16 June 2023

Dormann CF, Frund J, Bluthgen N, Gruber B (2009) Indices,
graphs and null models: analyzing bipartite ecological networks.
Open Ecol J 2:7-24. https://doi.org/10.2174/187421300090201
0007

Love MI, Huber W, Anders S (2014) Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2. Genome
Biol 15:550. https://doi.org/10.1186/s13059-014-0550-8
Barnett DJ, Arts IC, Penders J (2021) microViz: an R package for
microbiome data visualization and statistics. J] Open Source Softw
6:3201. https://doi.org/10.21105/joss.03201

Anderson MJ, Willis TJ (2003) Canonical analysis of princi-
pal coordinates: a useful method of constrained ordination for
ecology. Ecology 84:511-525. https://doi.org/10.1890/0012-
9658(2003)084[0511:CAOPCA]2.0.CO;2

Oksanen J, Simpson G, Blanchet F, et al (2022) vegan: community
ecology package. R Package Version 2.6-4. https://CRAN.R-proje
ct.org/package=vegan. Accessed 16 June 2023

Goh KM, Kahar UM, Chai YY et al (2013) Recent discoveries
and applications of Anoxybacillus. Appl Microbiol Biotechnol
97:1475-1488. https://doi.org/10.1007/S00253-012-4663-2
Schultz J, Parise MTD, Parise D et al (2022) Unraveling the
genomic potential of the thermophilic bacterium Anoxybacillus
flavithermus from an Antarctic geothermal environment. Microor-
ganisms 10:1673. https://doi.org/10.3390/microorganisms 100816
73

Crotti E, Rizzi A, Chouaia B et al (2010) Acetic acid bacteria,
newly emerging symbionts of insects. Appl Environ Microbiol
76:6963-6970. https://doi.org/10.1128/AEM.01336-10

Engel P, Moran NA (2013) The gut microbiota of insects - diver-
sity in structure and function. FEMS Microbiol Rev 37:699-735.
https://doi.org/10.1111/1574-6976.12025

Nehme NT, Liégeois S, Kele B et al (2007) A model of bacterial
intestinal infections in Drosophila melanogaster. PLOS Pathog
3:e173. https://doi.org/10.1371/journal.ppat.0030173

Sina Rahme B, Lestradet M, Di Venanzio G et al (2022) The fliR
gene contributes to the virulence of S. marcescens in a Drosophila


https://doi.org/10.1017/S0007485316000390
https://doi.org/10.1186/s12866-019-1647-8
https://doi.org/10.3389/fmicb.2020.596352
https://doi.org/10.3389/fmicb.2020.596352
https://doi.org/10.1016/J.CUB.2020.08.080
https://doi.org/10.1371/journal.pone.0210109
https://doi.org/10.3390/biology12020274
https://doi.org/10.3389/fphys.2022.945370
https://doi.org/10.3390/insects11100671
https://doi.org/10.1111/J.1439-0418.2008.01350.X
https://doi.org/10.1093/jis/2.1.10
https://doi.org/10.1073/pnas.2120048119
https://doi.org/10.1016/j.jinsphys.2005.01.002
https://doi.org/10.1016/j.jinsphys.2005.01.002
https://doi.org/10.1016/j.jip.2009.08.008
https://doi.org/10.1016/j.jip.2009.08.008
https://doi.org/10.1128/jvi.02059-19
https://doi.org/10.1128/jvi.02059-19
https://doi.org/10.1016/j.jinsphys.2004.12.003
https://doi.org/10.1016/j.jinsphys.2004.12.003
https://doi.org/10.5772/21330
https://doi.org/10.1111/J.1439-0418.2008.01345.X
https://doi.org/10.1111/J.1439-0418.2008.01345.X
https://doi.org/10.1016/S1049-9644(03)00099-9
https://doi.org/10.1038/nmeth.3869
https://www.r-project.org/
https://doi.org/10.5281/ZENODO.4587955
https://doi.org/10.5281/ZENODO.4587955
https://doi.org/10.1093/nar/gkad1039
https://doi.org/10.1093/nar/gkad1039
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1016/j.xinn.2023.100388
https://CRAN.R-project.org/package=eulerr
https://CRAN.R-project.org/package=eulerr
https://doi.org/10.2174/1874213000902010007
https://doi.org/10.2174/1874213000902010007
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.21105/joss.03201
https://doi.org/10.1890/0012-9658(2003)084[0511:CAOPCA]2.0.CO;2
https://doi.org/10.1890/0012-9658(2003)084[0511:CAOPCA]2.0.CO;2
https://CRAN.R-project.org/package=vegan
https://CRAN.R-project.org/package=vegan
https://doi.org/10.1007/S00253-012-4663-2
https://doi.org/10.3390/microorganisms10081673
https://doi.org/10.3390/microorganisms10081673
https://doi.org/10.1128/AEM.01336-10
https://doi.org/10.1111/1574-6976.12025
https://doi.org/10.1371/journal.ppat.0030173

Shaping the Microbial Landscape: Parasitoid-Driven Modifications of Bactrocera dorsals. ...

Page150f15 81

56.

57.

58.

59.

60.

61.

62.

63.

intestinal infection model. Sci Reports 12:3068. https://doi.org/10.
1038/541598-022-06780-w

Wei G, Lai Y, Wang G et al (2017) Insect pathogenic fungus
interacts with the gut microbiota to accelerate mosquito mortality.
Proc Natl Acad Sci USA 114:5994-5999. https://doi.org/10.1073/
PNAS.1703546114

Tao A, Wang T, Pang F et al (2022) Characterization of a novel
chitinolytic Serratia marcescens strain TC-1 with broad insecti-
cidal spectrum. AMB Express 12:100. https://doi.org/10.1186/
s13568-022-01442-6

Jing T-ZZ, Qi F-HH, Wang Z-YY (2020) Most dominant roles
of insect gut bacteria: digestion, detoxification, or essential
nutrient provision? Microbiome 8:38. https://doi.org/10.1186/
s40168-020-00823-y

Adegoke AA, Stenstrom TA, Okoh Al (2017) Stenotrophomonas
maltophilia as an emerging ubiquitous pathogen: looking beyond
contemporary antibiotic therapy. Front Microbiol 8:2276. https://
doi.org/10.3389/fmicb.2017.02276

Salas B, Conway HE, Schuenzel EL et al (2017) Morganella mor-
ganii (Enterobacteriales: Enterobacteriaceae) is a lethal pathogen
of Mexican fruit fly (Diptera: Tephritidae) larvae. Florida Ento-
mol 100:743-751. https://doi.org/10.1653/024.100.0422

Zhang Q, Cai P, Wang B et al (2021) Manipulation of gut symbi-
onts for improving the sterile insect technique: quality parameters
of Bactrocera dorsalis (Diptera: Tephritidae) genetic sexing strain
males after feeding on bacteria-enriched diets. J Econ Entomol
114:560-570. https://doi.org/10.1093/jee/toaa294

Ferree PM, Avery A, Azpurua J et al (2008) A bacterium targets
maternally inherited centrosomes to kill males in Nasonia. Curr
Biol 18:1409-1414. https://doi.org/10.1016/J.CUB.2008.07.093
Taylor GP, Coghlin PC, Floate KD, Perlman SJ (2011) The host
range of the male-killing symbiont Arsenophonus nasoniae in filth

64.

65.

66.

67.

68.

69.

70.

fly parasitioids. J Invertebr Pathol 106:371-379. https://doi.org/
10.1016/J.J1P.2010.12.004

Chiel E, Zchori-Fein E, Inbar M et al (2009) Almost there: trans-
mission routes of bacterial symbionts between trophic levels.
PLoS One 4:e4767. https://doi.org/10.1371/journal.pone.00047
67

Dunne C, Crowley JJ, Moénne-Loccoz Y et al (1997) Biologi-
cal control of Pythium ultimum by Stenotrophomonas malt-
ophilia W81 is mediated by an extracellular proteolytic activity.
Microbiology 143:3921-3931. https://doi.org/10.1099/00221
287-143-12-3921

Xu S, Liu YX, Cernava T et al (2022) Fusarium fruiting body
microbiome member Pantoea agglomerans inhibits fungal patho-
genesis by targeting lipid rafts. Nat Microbiol 7:831-843. https://
doi.org/10.1038/541564-022-01131-x

Guo Q, Yao Z, Cai Z et al (2022) Gut fungal community and its
probiotic effect on Bactrocera dorsalis. Insect Sci 29:1145-1158.
https://doi.org/10.1111/1744-7917.12986

Majumder R, Sutcliffe B, Taylor PW, Chapman TA (2020) Fruit
host-dependent fungal communities in the microbiome of wild
Queensland fruit fly larvae. Sci Rep 10:16550. https://doi.org/10.
1038/S41598-020-73649-1

Vega FE, Dowd PF (2005) The role of yeasts as insect endosym-
bionts. In: Vega FE, Blackwell M (eds) Insect fungal associations:
Ecology and evolution. Oxford University Press, pp 211-243
Ramazzotti M, Stefanini I, Di Paola M et al (2019) Population
genomics reveals evolution and variation of Saccharomyces cer-
evisiae in the human and insects gut. Environ Microbiol 21:50-71.
https://doi.org/10.1111/1462-2920.14422

@ Springer


https://doi.org/10.1038/s41598-022-06780-w
https://doi.org/10.1038/s41598-022-06780-w
https://doi.org/10.1073/PNAS.1703546114
https://doi.org/10.1073/PNAS.1703546114
https://doi.org/10.1186/s13568-022-01442-6
https://doi.org/10.1186/s13568-022-01442-6
https://doi.org/10.1186/s40168-020-00823-y
https://doi.org/10.1186/s40168-020-00823-y
https://doi.org/10.3389/fmicb.2017.02276
https://doi.org/10.3389/fmicb.2017.02276
https://doi.org/10.1653/024.100.0422
https://doi.org/10.1093/jee/toaa294
https://doi.org/10.1016/J.CUB.2008.07.093
https://doi.org/10.1016/J.JIP.2010.12.004
https://doi.org/10.1016/J.JIP.2010.12.004
https://doi.org/10.1371/journal.pone.0004767
https://doi.org/10.1371/journal.pone.0004767
https://doi.org/10.1099/00221287-143-12-3921
https://doi.org/10.1099/00221287-143-12-3921
https://doi.org/10.1038/s41564-022-01131-x
https://doi.org/10.1038/s41564-022-01131-x
https://doi.org/10.1111/1744-7917.12986
https://doi.org/10.1038/S41598-020-73649-1
https://doi.org/10.1038/S41598-020-73649-1
https://doi.org/10.1111/1462-2920.14422

	Shaping the Microbial Landscape: Parasitoid-Driven Modifications of Bactrocera dorsalis Microbiota
	Abstract
	Introduction
	Methods
	Bactrocera Dorsalis and Parasitoid Rearing
	Exposure of B. dorsalis Larvae to Parasitoids
	Dissection of B. dorsalis, D. longicaudata, and P. cosyrae Guts
	DNA Extraction and Sequencing
	Bioinformatic Analysis
	Statistical Analysis

	Results
	Effect of Parasitization on the Bacterial Communities of B. dorsalis
	Influence of Parasitization on the Differential Abundance of Bacterial Communities of B. dorsalis
	Variation in the Bacterial communities of Adult Parasitoids
	Bacteria-B. dorsalis LarvaeParasitoid Network Analysis
	Effect of Parasitization on the Fungal Communities of B. dorsalis Larvae

	Discussion
	References


