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Abstract

Despite growing interest in gut microbiomes of aculeate Hymenoptera, research so far focused on social bees, wasps, and ants, whereas
non-social taxa and their brood parasites have not received much attention. Brood parasitism, however, allows to distinguish between
microbiome components horizontally transmitted by spill-over from the host with such inherited through vertical transmission by
mothers. Here, we studied the bacterial gut microbiome of adults in seven aculeate species in four brood parasite–host systems:
two bee-mutillid (host–parasitoid) systems, one halictid bee–cuckoo bee system, and one wasp–chrysidid cuckoo wasp system. We
addressed the following questions: (1) Do closely related species possess a more similar gut microbiome? (2) Do brood parasites share
components of the microbiome with their host? (3) Do brood parasites have different diversity and specialization of microbiome
communities compared with the hosts? Our results indicate that the bacterial gut microbiome of the studied taxa was species-
specific, yet with a limited effect of host phylogenetic relatedness and a major contribution of shared microbes between hosts and
parasites. However, contrasting patterns emerged between bee–parasite systems and the wasp–parasite system. We conclude that
the gut microbiome in adult brood parasites is largely affected by their host–parasite relationships and the similarity of trophic food
sources between hosts and parasites.
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Introduction
Microbes have evolved successful strategies of host colonization
and they establish different types of symbioses with their insect
hosts. Bacterial symbionts of insects can either be vertically (e.g.
from the mother to the brood) or horizontally transmitted from
one host to another, e.g. nest mates (Moran et al. 2008, Engel
and Moran 2013, Heath et al. 1999, Haapaniemi and Pamilo 2015,
Fisher et al. 2017, Liberti et al. 2015). Additionally, bacteria can
be acquired from the environment and not directly from another
host (Engel et al. 2016, McFrederick et al. 2017, Voulgari-Kokota et
al. 2019a, Keller et al. 2021). Some of these symbionts are impor-
tant for host survival and development (Engel et al. 2012), while
others are not required for host survival, but can have still an
impact (either positive or negative) on the fitness of their host.
Further, several symbionts (e.g. Wolbachia, Spiroplasma, and Ar-
senophonus) are even capable to manipulate their hosts (Werren
et al. 2008, Darby et al. 2010, Xie et al. 2010).

Gut microorganisms can provide their hosts with both phys-
iological and ecological benefits, such as detoxification, diges-
tion, fermentation, nutrient availability and uptake, and protec-
tion from pathogens by producing antimicrobial compounds (Jang
and Kikuchi 2020). Some symbionts are also crucial for the host’s
development, reproduction, and hormonal signaling (Schroder et

al. 1996, Engel et al. 2012, McCutcheon and Moran 2012). As far
as currently investigated, insect gut bacteria usually belong to
few phyla, such as Proteobacteria, Firmicutes, Actinobacteria, and
Bacteroidetes (Yun et al. 2014, Jones et al. 2017). Such microbiome
profiles can be species-specific and more similar between closely
related host species, at least partially because of shared evolution-
ary history (Sanders et al. 2014, Ivens et al. 2018). Recently, an in-
terest in the gut microbiota in different lineages of the rich and di-
verse order Hymenoptera emerged, especially in the group of bees,
wasps, and ants, mainly because of their crucial role in ecosystem
services (e.g. pollination by bees, pest removal by wasps) and of
the intricate social evolution of some key taxa (LaSalle and Gauld
1993). While symbiotic microbial relationships are known to occur
with both social and solitary bee species (Lozo et al. 2015, Kwong
et al. 2017, Voulgari-Kokota et al. 2019a), today, most research is
focused on gut microbiomes of eusocial bees, such as honeybees
and bumblebees (Koch and Schmid-Hempel 2011, Moran et al.
2012, Engel et al. 2016). These studies have underlined how the so-
cial interactions lead to a conserved, quite simple, gut microbiome
(Kwong et al. 2017), which is actively transmitted by social contact
within colonies. In eusocial bees, the gut microbiome is conserved
due to the horizontal transmission of bacteria through social con-
tact and trophallaxis, which are considered at least directly absent

Received: July 28, 2022. Revised: November 5, 2022. Accepted: November 15, 2022
C© The Author(s) 2022. Published by Oxford University Press on behalf of FEMS. All rights reserved. For permissions, please e-mail:
journals.permissions@oup.com

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sec/article/98/12/fiac137/6832279 by U
niversità Studi M

ilano - D
ip. Studi Internazionali user on 02 January 2023

https://orcid.org/0000-0002-5827-1562
https://orcid.org/0000-0003-4834-0752
https://orcid.org/0000-0002-6719-8635
https://orcid.org/0000-0003-1359-3944
https://orcid.org/0000-0001-5716-3634
mailto:ronchetti.federicouniwurz@gmail.com
mailto:keller@bio.lmu.de
mailto:journals.permissions@oup.com


2 | FEMS Microbiology Ecology, 2022, Vol. 98, No. 12

in solitary species (Voulgari-Kokota et al. 2019b). Indeed, solitary
bees largely lack direct intraspecific contacts between adults and
between adults and offspring, but they can uptake bacteria able
to colonize their gut from the environment (e.g. flowers or po-
tentially inoculated pollen provisions, e.g. Voulgari-Kokota et al.
2019a). This can consequently lead to more diverse microbiomes
both within and between species in comparison with social taxa
(Keller et al. 2013, Lozo et al. 2015, Graystock et al. 2017, Voulgari-
Kokota et al. 2019c). Pollen-related microbes are found to be cen-
tral to bee health (Dharampal et al. 2019). For example, the pres-
ence of pectate lyase in some gut bacteria suggests an important
role for wild bee nutrition, as nearly all female bees digest pollen
(Vuong and McFrederick 2019), and pollen-derived bacteria may
play an important role in fatty acid—essential for bee nutrition—
provisioning (Leonhardt et al. 2022).

Transmission of microbes through diet also plays an impor-
tant role in carnivorous aculeate hymenopterans (e.g. from prey
to predators; Suenami et al. 2019), though aculeate wasps are
even less investigated than solitary bees. To our knowledge no
investigations were so far carried out on kleptoparasitic (cuckoo,
offspring fed with food resources of the host) or parasitoid (de-
vouring the immature stage of the host) aculeate Hymenoptera.
Both strategies may be referred to as brood parasitism (O’Neill
2001). Thus, it is not clear whether microbiomes of parasites are
more phylogenetically determined by vertical transmission via
eggs, or by transmission from hosts to brood parasites. Potential
host–parasite transmission has been identified in dipteran−ant,
beetle−ant, and socially parasitic ant−ant systems (Liberti et al.
2015, Kaczmarczyk-Ziemba et al. 2020, Scarparo et al. 2021), indi-
cating very variable overlap in microbiome composition between
the species for immature stages of the parasites.

Here, we carried out an investigation on the gut microbiome
of adult females of seven aculeate hymenopteran species which
form four host–brood parasite systems occurring in sympatry at
our study site: (1) the parasitoid wasp Myrmilla capitata (Lucas;
Mutillidae) and its ground-nesting eusocial bee host Lasioglossum
malachurum (Kirby; Halictidae); (2) the cuckoo bee Sphecodes monil-
icornis (Kirby; Halictidae), which also parasitizes L. malachurum;
(3) the parasitoid wasp Myrmilla erythrocephala (Latreille; Mutilli-
dae) and its ground-nesting eusocial bee host Halictus scabiosae
(Rossi; Halictidae); and (4) the parasitoid–kleptoparasite wasp Stil-
bum cyanura (Forster; Chrysididae) and its mud-nesting solitary
wasp host Sceliphron spirifex (Linnaeus; Sphecidae). The brood par-
asitic species span three distantly related aculeate clades (Chrysi-
doidea, Pompiloidea, and Apoidea), while all host species are
within Apoidea. Details on the biology of the studied species can
be found in Supplementary material S4.

We used this variability in the ecological relationships in the
studied systems, together with the wide covered taxonomic spec-
trum of the studies species, to address the following research
questions: (1) Do closely related species possess a more simi-
lar gut microbiome? Correlations between microbiome and phy-
logeny would indicate that microbe–host coevolution is a ma-
jor driver of microbiome assembly, even when larvae coexist in
the same nesting environment. (2) Do brood parasites share com-
ponents of the microbiome with their host? Independent of co-
evolution as a main driver or not, microbes may be shared be-
tween hosts and parasites given the shared nesting environment
and feeding on larvae or same forage. This horizontal micro-
bial transfer corresponds to ecological processes as a driver of
microbiome assembly. (3) Do brood parasites have different di-
versity and specialization (i.e. partitioning among two parties in
the entire network, modularity and host overlap) of microbiome

communities compared with the hosts? In case coevolution and
microbe sharing both hold true, we expect that microbiomes in
parasites accumulate microbial taxa coevolved with the parasite
themselves, and additionally such coevolved with their hosts. We
expect this to ultimately increase microbial diversity and special-
ization of microbe-associations in parasites compared with their
hosts. Overall, we thus aim to identify the contribution of evolu-
tionary or ecological components for assembly processes, diver-
sity, and specialization of microbiomes in aculeate brood para-
sites.

Material and methods
Study species and samples collection
The specimens were collected nearby Alberese, a small town
inside the Maremma Regional Park (Tuscany, Italy: 42◦40′5′′N,
11◦6′23′′E; permit of 9 June 2020 from Parco Regionale della
Maremma and Terre Regionali Toscane). We collected females of
M. capitata, Sp. monilicornis, and L. malachurum (workers in the host
species) at one nesting site (Polidori et al. 2010). A total of 2 km
away we collected St. cyanura, its host Sc. Spirifex, M. erythrocephala,
and H. scabiosae. Sampling took place between 1 and 22 July 2020
on sunny days. Insects were collected with an entomological net
while approaching or exiting their nests, or with plastic tubes di-
rectly on the ground (mutillids) and then frozen at −20◦C in situ.
Individuals were later morphologically taxonomically confirmed
and sexed with a stereomicroscope. A total of 10 individuals of M.
capitata, 4 of Sp. monilicornis, 10 of L. malachurum, 10 of H. scabiosae,
3 of M. erythrocephala, 9 of St. cyanura, and 10 of Sc. spirifex were an-
alyzed. The phylogenetic relationships among the studied species
are depicted in Fig. 1(A), and it is based on Peters et al. (2017; for
relationships among families) and Hedtke et al. (2013; for relation-
ships within Halictidae).

DNA extraction, PCR amplification, and
next-generation sequencing
We extracted the gut microbial DNA by dissecting the abdomens
using flame-sterilized forceps and scalpels. We used a stereomi-
croscope to be sure to take the entire gut out from the abdomen.
Guts were placed individually in 1.5 ml microcentrifuge tubes
containing 200 μl of DNA/RNA stabilization buffer (DNA/RNA
Shield™; Zymo Research, Irvine, CA, USA) and frozen at −20◦C.
Still frozen samples were completely homogenized using a sterile
and DNAase/RNase free pestles and DNA extracted using Zymo-
BIOMICS™ DNA Miniprep Kit (Zymo Research) according to the
manufacturer’s protocol. In total, two control blanks were added
to detect possible contaminants.

For sequencing library generation, we strictly followed the
dual-indexing strategy suggested by Kozich et al. (2013) to gen-
erate a pooled amplicon library based on the V4 variable region of
the 16S rRNA gene. Details on used primers and protocol can be
found in Supplementary material S4.

We applied the SequalPrep Plate Normalization Kit (Ther-
moFisher Scientific, Life Technologies, Carlsbad, CA, USA) for nor-
malization of DNA amounts between samples. We used the Bio-
Analyzer 2200 (Agilent, Santa Clara, USA) with High Sensitivity
DNA Chips to measure the fragment length distributions. The
Qubit II Flurometer and the dsDNA High-Sensitivity Assay Kit
(ThermoFisher Scientific, Life Technologies) was used to quantify
the final pool. We then loaded the library pools (supplemented
with 5% PhiXv3; Illumina 2016b; for sequence diversity) into 500
cycle reagent Illumina MiSeq cartridges (500 cycle, v2) along with
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Figure 1. (A) Phylogenetic relationships of the studied species, hand-depicted based on Peters et al. (2017; for relationships among families) and
Hedtke et al. (2013; for relationships within Halictidae). Black-circled P indicate brood parasitic species. Dashed grey lines connect brood parasites and
their hosts. Pictures of the studied species are shown above the tree (from left to right: St. cyanura emerged in a mud nest of Sceliphron; M. capitata
inspecting a nest entrance of L. malachurum; M. erythrocephala at the nesting site of H. scabiosae; Sc. spirifex while collecting mud on a pond; Sp.
monilicornis while entering a nest of L. malachurum; L. malachurum while exiting from its nest; H. scabiosae while protruding from its nest). (B) and (C),
Relative abundance (%) of the ASVs detected in the gut microbiome of the studied species, pooled in (B) phyla and (C) classes. Brood parasites are in
grey and the host are in black. In (C), the classes belonging to the four most abundant phyla (Firmicutes, Tenericutes, Actinobacteria, and
Proteobacteria, all averaging > 2% across species) are kept separated, while all minor classes are pooled as ‘others’. Each bar represents an individual
pool (sums) of the ASVs falling in a given phylum or class, then averaged across individuals, and rescaled to 0%–100%. Dashed grey boxes indicate
species trophically related (brood parasites and their hosts).
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the respective read 1 and read 2 sequencing primers. All samples
were sequenced in-house on a MiSeq platform in the Department
of Human Genetics at the University of Würzburg, Germany.

We used VSEARCH v2.14.2 for bioinformatic processing (Rognes
et al. 2016). First, FASTQ forward and reverse sequences were
joined (maximum sequence differences of 10 base pairs of each
sequence). After quality filtering (max EE < 1.0, read length > 250
and < 300 bp), dereplication, singleton exclusion, and chimera
removal, sequences were denoised and dereplicated into ampli-
con sequence variants (ASVs) using the Unoise3 algorithm (Edgar
2016a). The following taxonomy assignment was conducted using
the hierarchical SINTAX classifier implementation of VSEARCH
based on the RDP v16 reference database (Cole et al. 2014) us-
ing a threshold of 0.8 (Edgar 2016b). Further data analysis was
conducted in R v3.5.2 (R Foundation, Vienna, Austria) using the
package ‘phyloseq’ (McMurdie and Holmes 2013). ASVs that were
assigned as chloroplasts or mitochondria and the 10 most abun-
dant ASVs that were present in the negative controls were filtered
from the dataset.

Data analysis
Prior to statistical analysis, we transformed read counts to relative
(%) abundances of gut ASVs for each individual and removed ASVs
representing less than 1% abundance within each sample. How-
ever, results with untrimmed data are available in Supplementary
material S5 for comparison.

Do closely related species have similar gut microbiota?
To test our first hypothesis, about whether closely related species
possess a more similar gut microbiome, we first explored the over-
all profile of gut microbiomes of the studied insect species with
accumulated bar charts on bacterial phyla and class level, as well
as for Firmicutes and Tenericutes (relevant phyla in our sam-
ples, see ‘Results’), on order and family level. Then, we performed
multivariate analysis based on a Bray–Curtis dissimilarity ma-
trix as a suitable distance measure zero-inflated datasets (Leyer
and Wesch 2007), nonmetric multidimensional scaling ordination
(NMDS; McCune et al. 2002). Then, pairwise analysis of similari-
ties between insect species (ANOSIM) with computed by permuta-
tion of group (species) membership (9999 replicates, Clarke 1993)
was performed. Similarity percentages (SIMPER) were calculated
to identify the ASVs that predominantly contributed to the dis-
similarities among host–parasite pairs of species (Clarke 1993).
These analyses were carried out in PAST 4.03. In all results and
tables, mean values are expressed ± standard error. If this hy-
pothesis is true, we should obtain shorter Bray–Curtis distances
between species of the same family than between species from
different species of families and similar microbes in closely re-
lated host taxa.

Do hosts and parasites share microbes?
Co-occurrence and abundance similarity of certain bacterial taxa
between hosts and parasites indicate taxa-sharing and spill-over
from hosts to brood parasites. For this, we observed and illustrated
how the most abundant taxa of the hosts are also represented in
the brood parasites. For these taxa, we analyzed the differences
in % abundance of the most abundant phyla, classes, orders, and
families shared between hosts and parasitoids and performed
Mann–Whitney U tests. Further through the NMDS analysis to-
gether with pairwise ANOSIM, as described above, we compared
dissimilarities among insect taxa. In particular, if this hypothesis
is true, we should obtain shorter Bray–Curtis distances between

hosts and parasites living in the same nest environments than
within closely related hosts and within closely related parasites.

Do brood parasites have different diversity and specializa-
tion of microbiomes compared with their hosts?
We tested whether brood parasites show differences in bacterial
diversity compared with respective hosts. To do so, we calculated
the bacterial richness and the Shannon–Weaver diversity index
of gut bacterial ASVs community for each studied individual with
PAST 4.03 (Hammer et al. 2001). Then, we compared the differ-
ences in richness and diversity between hosts and parasitoids
with the Mann–Whitney test. To test the difference in the spe-
cialization of microbiome communities between brood parasites
and their hosts we used the package ‘bipartite’ (Dormann et al.
2008) in R v 3.5.2 (R Core Team 2015), through RStudio v 1.1.453
(RStudio Team 2015). Here, we calculated the standardized net-
work index H2’ (Blüthgen et al. 2006) that characterizes the de-
gree of complementary specialization. We further calculated net-
work modularity, i.e. the appearance of densely connected groups
of vertices (Newman 2006). Finally, we calculated the Horn’s in-
dex (Horn 1966), a measure of microbiome’s overlap among in-
sects. We tested if overall network metrics differed from those ob-
tained from null models based on random networks (Patefield’s
algorithm) with permutation tests (Blüthgen et al. 2006). As an in-
sect species-level measure of partner diversity (i.e. specialization),
we used the normalized Kullback–Leibler distance (d’) (Blüthgen et
al. 2006). In order to account for individual variation of this param-
eter, (d’) was calculated. We tested for differences d’ in between
hosts and parasitoids with the Mann–Whitney test. We visualized
webs of microbiome–host associations as bipartite networks. Fur-
ther details on the calculated metrics and indices can be found in
Supplementary material S4.

Results
Sequencing resulted in 831 512 quality filter reads for the overal
project and an average number of 14 848 reads per sample (±
SD 3523.3 reads). Overall, Firmicutes, Proteobacteria, and Tener-
icutes were the most abundant phyla, followed by Actinobacteria.
Remaining phyla (Acidobacteria, Bacteroidetes, Thaumarchaeota,
and Verrucomicrobia) were less abundant (Fig. 1B; Table S1, Sup-
porting Information). However, important differences are visible
among species in the relative abundances of these phyla (Fig. 1B;
Table S1 and Figure S1, Supporting Information). Among the most
abundant phyla, for Tenericutes the most abundant genus was
Spiroplasma (Mean + SD = 29.79% ± 39.07). For Firmicutes, Api-
lactobacillus was the most representative genus (23.20% ± 33.41)
followed by Lactococcus (1.60% ± 4.51). Proteobacteria were in gen-
eral dominated by Wolbachia (4.87% ± 17.82), Saccharibacter (3.36%
± 7.66), Gilliamella (3.53% ±10.21), and other minor genera.

Do closely related species have similar gut
microbiota?
Overall, closely related species exhibited similarities in their gut
microbiomes. Firmicutes were dominant in the two studied bee
species (L. malachurum, H. scabiosae), while Proteobacteria covered
high proportions in mutillids (M. capitata, M. erythrocephala), the
cuckoo bee (Sp. monilicornis), and the cuckoo wasp (St. cyanura;
Figs 1B and 2). Proteobacteria were the only phylum occurring in
all studied species (Fig. 1B).

The NMDS revealed a mostly species-specific microbial profile
(ANOSIM: R = 0.58, P = .0001, Fig. 3A and B) and similarity be-
tween hosts of the same genus, e.g. nonparasitic bees clustered
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Figure 2. Difference in relative abundance of the ASVs detected in the gut microbiome between brood parasites and hosts (parasites minus hosts) in
the four studied systems. Only the ASVs with > 1% abundance are shown, in decreasing overall abundance (i.e. across all species). Bars on the right of
the zero-axis thus represent ASVs more abundant in parasites, while those on the left represent ASVs more abundant in hosts. Silhouettes of the
studies species are shown in the graphs (in grey: parasite; in black: host). (A) M. erythrocephala vs. H. scabiosae; (B) M. capitata vs. L. malachurum; (C) Sp.
monilicornis vs. L. malachurum; and (D) St. cyanura vs. Sc. spirifex.
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Figure 3. (A) Multivariate representations of bacterial community composition in the microbiome of the studied species, using NMDS with Bray–Curtis
distances. The stress is 0.19. Light trasparent grey arrows link the brood parasites to their hosts. Silhouettes of the studies species are shown in the
graph (in grey: parasite; in black: host). (B) Ranked Bray–Curtis distances between and within the studied species as calculated by the ANOSIM. The
Box-and-whisker plots show medians (horizontal lines within boxes), 1◦ and 3◦ quartiles (horizontal lines closing the boxes), maximum and minimum
values (ends of the whiskers), and outliers (◦). Brood parasites are in grey and the host are in black.

together as well as mutilids. The parasitic bee Sp. monilicornis rep-
resented an exception showed less differences to M. capitata (P
= .027) than to the other bees (P < .0017). The SIMPER analysis
confirmed that Spiroplasma and Apilactobacillus were bacteria with
strongest contribution to dissimilarity within the studied host–
parasite systems (Figs 2 and 4). Other relevant bacterial ASVs ac-
counting for within-system microbiome dissimilarity were Proteus
and Acinetobacter (Figure S3, Supporting Information). The former
was dominant in mutillids and Sphecodes, but lacked in their host

bees, and it was more abundant in Sc. spirifex than in its cuckoo
wasp (Fig. 2). The latter was more abundant in all brood parasites
(except in M. erythrocephala) compared to their hosts (Fig. 2). For an
extended overview of ASV contribution to dissimilarity see Figure
S3 (Supporting Information).

Do hosts and parasites share microbes?
However, there are some different trends of gut microbes, which
might be related to the host–parasite association type considered.
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Figure 4. Bipartite graph of the quantitative brood parasite–host network, based on the relative abundance of the ASVs detected in the gut microbiome
of the studied species. In the graph, insect species were linked to ASVs by lines of varying thickness, which represent interaction frequency.The ASVs
are arranged from top to bottom in decreasing order of abundance, with names of minor taxa with < 5% omitted. Silhouettes of the studies species are
shown in the graph.

For example, the proportion of Firmicutes in the parasites of bees
was greater than in the parasite of the wasps, suggesting a trans-
mission of the most abundant phylum from the host to the para-
site. In the same way, Tenericutes represented the most abundant
phylum in the wasp host and, interestingly, also in the wasp para-
site. On the other hand, Firmicutes were nearly absent in the wasp
host and not present at all in its wasp parasite.

The NMDS above revealed also high similarity within host–
parasite systems than between closely related host taxa (Fig. 3A).
Pairwise differences were all significant (post hoc pairwise
ANOSIM: 0.0001 < P < .038) with exception of the two nonpara-
sitic bee species (P = .10) and the two mutillid species (P = .30).
Mutillids and their host bees formed two overlapping clusters of
microbiome profiles.

Distances between the brood parasites of bees and their hosts
tended to be a greater (0.0001 < P < .0042) than distances between
the brood parasites of wasps and their hosts (P = .0052; Fig. 3A).
The wasp–wasp system, also showed a species-specific gut micro-
biome, but also a shorter distance to each other than to phyloge-
netically more closely related species (Sc. spirifex is a member of
Apoidea, as the host bees; pairwise differences: P < .0002), reflect-
ing their trophic association.

Based on the system analyzed, we thus found different trends
about host–parasite shared gut microbes. In associations includ-
ing bees as hosts, the wasp parasites also showed dominant bee
microbes in their guts. The wasp–wasp parasites on the other
hand did not harbor any of these dominant bee microbes in
the gut.
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Lasioglossum bee—wasp parasitoid and bee—bee klep-
toparasite associations
Firmicutes (i.e. Bacilli) were significantly more relative abundant
in the host bee L. malachurum than in its parasitoid M. capitata and
kleptoparasite Sp. monilicornis (Mann–Whitney test: 1 ≤ U ≤ 9, 0.002
≤ P ≤ .05; Fig. 1C). Apilactobacillus as the most abundant genus was
more abundant in the host than in its parasites (Mann–Whitney
test: 1 ≤ U ≤ 4, 0.0005 ≤ P ≤ .03). Actinobacteria were more rela-
tively abundant in M. capitata than in the host bees L. malachurum
(Mann–Whitney test: 1 ≤ U ≤ 16.5, 0.005 ≤ P ≤ .01), but not be-
tween the cuckoo bee Sp. monilicornis and the host L. malachurum
(Mann–Whitney test: U = 18, P = .63). Proteobacteria were signif-
icantly more abundant in all parasites than in the host (Mann–
Whitney test: 0 ≤ U ≤ 11, 0.0001 ≤ P ≤ .005. Among Proteobacteria,
Gammaproteobacteria were the most abundant class and more
abundant in parasites than in their host (Mann–Whitney test: 0 ≤
U ≤ 12, 0.001 ≤ P ≤ .002; Fig. 1C).

By inspecting the difference (host—parasite) in mean relative
abundance of the most represented bacterial ASVs (>1% abun-
dance), we found a species-specific gut microbiome with a pos-
sible role of common ancestry both in case of mutillids and in
case of bees (Fig. 2A and B). However, Sp. monilicornis showed a gut
microbial community more similar to M. capitata, with which it
shared the same host (L. malachurum), but not exploited resources
(pollen stores vs. larvae, Fig. 2C).

Halictus bee—wasp parasitoid association
Also in this system, Firmicutes were significantly more abundant
in the host bee H. scabiosae than in the parasite M. erythrocephala
(Mann–Whitney test: 1 ≤ U ≤ 9, 0.002 ≤ P ≤ .05; Fig. 1C) Apilacto-
bacillus as most abundant genus (Mann–Whitney test: 1 ≤ U ≤ 4,
0.0005 ≤ P ≤ .03). Also here, Actinobacteria were more relatively
abundant in M. erythrocephala than its host bee H. scabiosae (Mann–
Whitney test: 1 ≤ U ≤ 16.5, 0.005 ≤ P ≤ .01). Proteobacteria were
more abundant in the parasite M. erythrocephala than in the host H.
scabiosae (Mann–Whitney test: U = 11, P = .55), with Gammapro-
teobacteria representing the most abundant class.

Sceliphron wasp—wasp parasitoid association
Stilbum cyanura, and its host Sc. spirifex completely lacked Acti-
nobacteria. Firmicutes were completely absent in the cuckoo
wasp St. cyanura and were scarce in the mud-dauber wasp Sc. spir-
ifex. On the other hand, Mollicutes (Tenericutes) were very abun-
dant in the cuckoo wasp and its host mud-dauber wasp (Fig. 1C),
and more abundant in the latter (Mann–Whitney test: U = 15, P
= .016). On a class level, Entomoplasmataces were very abundant
in both host and parasite. Overall, the mud-dauber wasp and its
cuckoo wasp appeared similar in their microbiome profile, despite
being phylogenetically distantly related (Fig. 2D). The most abun-
dant genus of Tenericutes was Spiroplasma and more abundant in
the mud-dauber wasp than in the cuckoo wasp (Mann–Whitney
test: U = 15, P = .015).

Do brood parasites have different diversity and
specialization of microbiomes compared with
their hosts?
The gut microbiome of bee parasites was overall characterized
by a higher richness, diversity, and specialization than hosts, but
such patterns were not found for the wasp parasite–host system.

The network analysis showed that the overall host–bacteria
web was specialized (permutation test, P < .001), modular (P <

.001) and with low overlap among host species in microbial com-

munity (permutation test, P > .05; Fig. 4, Table 1). Network spe-
cialization at the host-species level was always higher in brood
parasites than in their hosts, though only close to statistical sig-
nificance (0.07 ≤ P ≤ .09).

Lasioglossum bee—wasp parasitoid and bee—bee klep-
toparasite associations
We found lower richness in L. malachurum than in its brood para-
site M. capitata and the cuckoo bee Sp. monilicornis (Mann–Whitney
test: 0 ≤ U ≤ 12.5, 0.004 ≤ P ≤ .011). The Shannon–Weaver diversity
was significantly greater in M. capitata and the cuckoo bee than in
their host bee L. malachurum (Mann–Whitney test: 0 ≤ U ≤ 13, 0.005
≤ P ≤ .038).

Halictus bee—wasp parasitoid association
In the system 2, the richness was lower in the bee host H. scabiosae
than in the parasite M. capitata (Mann–Whitney test: 0 ≤ U ≤
12.5, 0.004 ≤ P ≤ .011). Shannon–Weaver diversity was significantly
greater in M. erythrocephala than in the host bee H. scabiosae (Mann–
Whitney test: 0 ≤ U ≤ 13, 0.005 ≤ P ≤ .038).

Sceliphron wasp—wasp parasitoid association
Similar values for the richness were also found in the studied sys-
tem of St. cyanura and the host Sc. spirifex although not statistically
significant (Mann–Whitney test: U = 32, P = .28; Table 1). However,
there were no differences between St. cyanura and Sc. spirifex in
terms of diversity (Mann–Whitney test: U = 28, P = .17; Table 1).

Discussion
We took advantage of the variability in the ecological re-
lationships in the studied systems (host–parasitoid, pollen
kleptoparasite–host, and prey kleptoparasite–host) and of the
variable taxonomic proximity among the studied species within
systems (from members of a single family to members of distant
families) to address several hypotheses. First, we tested whether
closely related species possess a more similar gut microbiome
compared with more distant species. We found that this is true
within the narrow taxonomic rank (genus and tribe). Indeed, the
two species of Myrmilla had a more similar microbiome compared
with species outside Mutillidae, and the two species of Halictini
(Halictidae; L. malachurum and H. scabiosae) had a more similar mi-
crobiome compared with the kleptoparasitic bee from the same
family (Halictidae: Sphecodini).

The intimate relationships between the brood parasites and
their distantly related hosts seem to account for the results re-
lated to our second question, i.e. whether brood parasites share
components of the gut microbiome with their hosts due to hori-
zontal transmission. Our results show evidence for this transmis-
sion route to be reasonable. In terms of microbiome profiles, mu-
tillid wasps and the cuckoo bee were more similar to their bee
hosts than to the other studied species, while the cuckoo wasp was
more similar to its host wasp. The bees H. scabiosae and L. malachu-
rum are known to associate with Firmicutes, likely to support di-
gestion of pollens and assimilation of nutrients (Rubin et al. 2018).
This bacterial phylum was also abundant in their mutillid para-
sitoids. On the other hand, the solitary wasp Sc. spirifex showed
a simple gut microbiome with a predominance of Tenericutes,
which were also very abundant in the gut of its host cuckoo wasp
St. cyanura. Mutillids spin the cocoons inside the host bee cocoons.
When emerging as adults, mutillids may start rebuilding their
bacterial gut microbiome (essentially after voiding the gut dur-
ing metamorphosis) by chewing both their cocoons and the host
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bee cocoons (Brothers 1989). Additionally, newly emerged adults
of parasites can also ingest some nest material and/or food (prey
remains for Stylbum, pollen remains for Sphecodes) while egressing
from the host nests. This may contribute to bacterial microbiome
inoculation in the new gut, resulting in a partial overlap of micro-
biome community with the adult hosts.

Such scenarios seem plausible since diet is recognized as a
main driver in shaping microbiome composition in Hymenoptera
(D’Alvise et al. 2018, Huang et al. 2018, Voulgari-Kokota et al.
2019a). A component of the bacterial community can also be
taken up by adults (Cini et al. 2020, Kapheim et al. 2021) and
not only at immature stages during feeding activity (Voulgari-
Kokota et al. 2019b, Scarparo et al. 2021). For example, Liberti et
al. (2015) found that Megalomyrmex ant social parasites (Formici-
dae: Solenopsidini) and their distantly related fungus-growing ant
hosts (Formicidae: Attini) share a subset of bacterial symbionts.
Similarities are most pronounced for species pairs that perma-
nently share the same nest, feed on the same fungal food and are
exposed to the same microhabitat. Also, the social wasps Vespa
velutina, Vespa similina, and Vespa mandarina may acquire bacte-
rial genera typically associated with their honeybees via preda-
tion (Cini et al. 2020, Suenami et al. 2019). Diet as an important
driver of larval microbiome is particularly clear for solitary and
primitively social bees, such as Megachilidae and Halictidae, in
which the uptake of bacteria from flowers during foraging and
their consequent inclusion in the pollen/nectar pollen masses
was shown to be very important in shaping larval and adult mi-
crobiome (Voulgari-Kokota et al. 2019b, c, 2020, McFrederick et al.
2012, 2017, Keller et al. 2021, Mayr et al. 2021).

Partial overlap as reported here and in above studies of taxa
between the microbiomes of brood parasites and their hosts, was
however, not found in other parasitic associations. For example,
studies comparing the microbiome of the parasitic butterfly Mac-
ulinea alcon with that of its ant hosts, Myrmica scabrinodis (Di Salvo
et al. 2019) and Myrmica schencki (Szenteczki et al. 2019), as well
as of the parasitic syrphid fly Microdon myrmicae and its host ant
M. scabrinodis (Scarparo et al. 2021) showed heavily distinct mi-
crobial communities. Since in all these parasitic species early lar-
val stages are free-living and herbivorous while late larval stages
feed on ant brood in their colonies, the authors argued that such
pattern depends on the fact that during larval development, the
parasite microbiome undergoes important changes accordingly to
the diet shift (from plant to host ants), eventually diverging once
in the ant colonies. However, these host–parasite relations are be-
tween different order while in our study we are still within the
order of Hymenoptera. Thus, the partial overlap might also be ex-
plained by taxonomic relationship.

The joint role of species-specificity and uptake from host nest
environment, host resources, and or hosts themselves may ex-
plain the response to our third and final question, i.e. whether
brood parasites’ gut microbiomes have a different complexity
compared with that of their hosts. This was true, but apparently
only for bee–parasite systems. In fact, parasites of bees showed
higher ASV richness, bacterial diversity, and network specializa-
tion than in their bee hosts. We suggest that a greater richness oc-
curs because these brood parasites accumulate both host-specific
and wasp-specific microbiome components. This seems especially
clear for Mutillidae. These parasitoids in fact harbour relevant
abundances of Apilactobacillus (Zheng et al. 2020), as well as of
most of the other detected genera of Lactobacillaceae. These are
known to be strongly associated with bees from different families
(Martinson et al. 2011, McFrederick et al. 2012, 2017, Lozo et al.
2015, Graystock et al. 2017, McFrederick and Rehan 2019, Voulgari-
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Kokota et al. 2019b, Mayr et al. 2021). It is unclear whether mutil-
lid larvae acquire substantial quantities of Apilactobacillus while
feeding on the pollen-fed larvae of bees; for adults, it is possi-
ble that mutillids acquire such bacteria because they thrive in
the nutrient-rich nest environment with a dead larvae and pollen
loads (Voulgari Kokota et al. 2020). A direct feeding of adult mutil-
lids on bee pollen stores cannot be excluded, too. While this was
never reported in literature, adults of at least one species of Mu-
tillidae, Mutilla europea L., were observed to act as a kleptopara-
site of Polistes paper wasps, feeding on larval wasp saliva (Uboni
and Lorenzi 2013). Interestingly, other Lactobacillaceae found in
Mutillidae were absent from the host bees. Hence, it is also pos-
sible that adult mutillids obtain such bacteria by directly feeding
themselves from flowers outside the host nest (McFrederick et al.
2017). Again, a greater richness in Mutillidae compared with their
host bees could be due to accumulation of host-specific and wasp-
specific microbiome components.

Differences in richness, diversity, and network specialization,
on the other hand, lacked in the studied parasite–wasp host sys-
tem. This could be due to a more similar diet between parasites
and hosts in this case, which would provide more similar func-
tional properties of microbes and gut conditions. Spiroplasma—
that we found to be especially abundant in both host wasp and
its cuckoo wasp—is a widespread insect endosymbiont that can
be either vertically transmitted from mothers to offspring or hor-
izontally transmitted through coevolution (Haselkorn et al. 2009).
Both Sc. spirifex and St. cyanura larvae may acquire this bacterium
from the mother but also from the former’s spider prey, which is
also a resource exploited by the cuckoo wasp (together with the
host larva). However, the presence of Spiroplasma as the most rele-
vant endosymbiont, is likely due to the less dense gut microbiome
of the hosts. Spiroplasma is unlikely relevant for any food prediges-
tion and fermentation. The system wasp–wasp is characterized by
a carnivorous diet, so they may not need microbes that predigest
food. Pure meat sources are already a high trophic level and do
not need any processing. Thus, microbe colonization in wasp guts
may be less important. On the other hand, in all systems where
pollens are involved, microbes are more important to process (e.g.
cracking, preparation, and detoxification) the food to turn it into
a higher trophic level diet (Dharampal et al. 2019).

Conclusions
Although we did find species specificity in microbiomes, as ex-
pected for Hymenopteran microbiomes, we also found overlaps
with respective hosts. These overlaps are partially explained by
phylogenetic relationships or shared diets. For bee parasites, bee-
typical bacteria likely origin from nest environments, left-over
food and prey, and accumulate together with wasp-specific bac-
teria eventually to a richer, more diverse and more specialized
bacterial communities than their bee hosts. Such pattern did not
occur in the studied wasp–wasp system, probably because host
and antagonist species lack pollen-related bacteria. So, parasites
in the parasite–wasp system share already the same trophic level
with their host, thus not accumulating additional bacteria to such
extent.
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