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Abstract
As for most of the life that inhabits our planet, microorganisms play an essential

Correspondence role in insect nutrition, reproduction, defence, and support their host in many other
Antonino Malacrino, Institute for
Evolution and Biodiversity, Westfélische
Wilhelms-Universitat Minster, Miinster,
Germany.

Email: antonino.malacrino@gmail.com

functions. More recently, we assisted to an exponential growth of studies describ-
ing the taxonomical composition of bacterial communities across insects' phylogeny.
However, there is still an outstanding question that needs to be answered: Which fac-

tors contribute most to shape insects' microbiomes? This study tries to find an answer
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to this question by taking advantage of publicly available sequencing data and reana-
lysing over 4000 samples of insect-associated bacterial communities under a common
framework. Results suggest that insect taxonomy has a wider impact on the structure
and diversity of their associated microbial communities than the other factors consid-
ered (diet, sex, life stage, sample origin and treatment). However, when specifically
testing for signatures of codiversification of insect species and their microbiota, anal-
yses found weak support for this, suggesting that while insect species strongly drive
the structure and diversity of insect microbiota, the diversification of those microbial
communities did not follow their host's phylogeny. Furthermore, a parallel survey of
the literature highlights several methodological limitations that need to be considered

in the future research endeavours.
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became aware that microbial communities—as a whole—can influ-

1 | INTRODUCTION

ence insects' lifestyle (Douglas, 2015). However, little is still known

Insects are one of the most successful and diverse groups of or-
ganisms. Most of the natural and agricultural systems depend on or
are heavily influenced by insects (Losey & Vaughan, 2006; Yang &
Gratton, 2014). At the same time, microorganisms play an essential
role in insect biology, development, fitness and lifestyle (Colman
et al,, 2012; Douglas, 2009, 2015; Jones et al., 2013; Malacrino,
2018; Yun et al., 2014). We have known for decades that microor-

ganisms are essential associates for their host, and more recently, we

about the factors that influence the structure and diversity of insect-
associated microbial communities, and their relative magnitude.
The influence of microorganisms on their host insects is strik-
ing, spanning from nutritional support to modifications of insects'
reproductive behaviour. Several recent reviews do an excellent job
in describing the span of such interactions and the readers can refer
to them for deeper insights (Dillon & Dillon, 2004; Douglas, 2015;
Gurung et al., 2019; Lewis & Lizé, 2015). Previous studies attempted
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to understand the drivers of insect-associated microbial communi-
ties. A first meta-analysis by Colman et al. (2012) compared the gut
microbial communities of 62 insect species using data from clone
library-based studies. Their major finding is that insect microbiota
is mostly shaped by insect taxonomy and secondarily by insect diet;
however, this study was limited in the sequencing depth for each
insect taxon. Using high-throughput sequencing, Jones et al. (2013)
tested the effect of insect taxonomy and diet on 39 insect species
(whole insects) collected focusing on a restricted timespan and geo-
graphic area to decrease the variability due to geography and sea-
sonality. Similarly to Colman et al. (2012), they found that both insect
taxonomy and diet have a significant influence on insect-associated
microbial communities, but the effect driven by insect taxonomy
was stronger. Yun et al. (2014) expended by analysing a wider set of
218 species across 21 insect orders and found that gut microbial di-
versity varies across insect taxa, diet and life stage, but they did not
test the contribution of each factor to the overall microbiota diver-
sity and structure. While there is a wide agreement between these
studies, there is still a need to synthesize the effect of a wider set
of factors on the diversity and structure of insect-associated micro-
bial communities. Furthermore, none of these studies on a large data
set tested whether a codiversification (phylosymbiosis) between the
host and their associated microbiota exists.

An advantage of the era of big data is the enormous amount of
publicly available information. This study takes advantage of public
data, reanalysing over 4000 samples of insect-associated bacterial
communities under a common framework and expanding on previ-
ous research to cover a wider set of insect taxa at a wider depth and
to test a larger set of factors that might influence insect-associated
microbial communities. First, this study provides a survey of the
current status of microbiota research in insect science to highlight
methodological issues and research biases that need to be addressed
for an in-depth understanding of insect microbial communities.
Second, the publicly available data are reanalysed and compared to
test which factor (phylogeny, diet, sex, life stage, sample origin or

treatment) has an impact on the structure and diversity of insect mi-
crobiota and to quantify the magnitude of these effects. Third, this
work tests the effect of each of those factors on the abundance of
different bacterial taxa. Then, on the basis of the wide effect driven
by insect taxonomy on insect microbial diversity (also supported by
Colman et al., 2012; Jones et al., 2013; Yun et al., 2014), this study
tests whether there is a relationship between the diversity of the

insect-associated bacterial community and the insect phylogeny.

2 | METHODS

2.1 | Data selection and collection

The search of the term “insect AND (microbiota OR microbiome)”
on Web of Science Core Collection (year range 2010-2020) pro-
vided 1,169 records (April, 11 2020). This was implemented with a
search on Google Scholar using the keywords “[insect order] (micro-
biota OR microbiome)” to guarantee the completeness of the data
set, yielding further 26 studies. All records were further filtered to
keep only research articles and remove all those papers not per-
forming high-throughput sequencing on 16S rRNA amplicons from
insect specimens, yielding 246 studies. This group was further fil-
tered in an effort to create a reliable data set to be analysed, fo-
cusing on studies: (i) with publicly available data deposited on SRA
databases, providing an easily replicable pipeline; (ii) that used
the Illumina sequencing technology, avoiding the issues related
to comparing data from different sequencing platforms; (iii) that
used the V3-V4 portions of 16S rRNA gene as a marker, ensuring
unbiased OTU clustering. Studies not reporting the used primer
pairs, with an unclear distinction between samples when multi-
ple markers were used, without at least 3 biological replicates and
with nondemultiplexed data, were discarded from the analysis.
This process yielded 91 studies and 7079 samples (Figure 1). Each
study and sample was assigned a specific ID number to allow to

Literature First Second
search screening® screening®
(n=1,195) (n=246) (n=91)
Whole Whole
insects insects
(n=2,619) (n=2,442)
Samples Third — Fourth —
(n=7,079) screening® screening?
Insect guts Insect guts
(n=1,993) (n=1,872)

FIGURE 1 Flow chart showing the selection workflow. The upper row (red) shows the selection of studies, which were screened (a)

to consider those relevant for this meta-analysis and (b) to remove those with data not uploaded on SRA, not generated using Illumina
technology, not using the V3-V4 portion of the 16S rRNA gene as marker, or with other issues (see Methods). The lower row (blue) shows the
selection of samples, which were screened (c) to discard those with <5000 reads and with insect tissues analysed in less than 3 studies. This
leads to consider only two categories: whole insects (both surface-sterilized or not) and insect guts. These two groups were further filtered
(d) to discard samples with less than 3 species within each order. In the upper row, n represent the number of studies, while in the lower row

n represent the number of samples



MALACRINO

725
MOLECULAR ECOLOGY VA LEYJ—

trace back information: the BioProject nr. was used as study ID, the
SRA sample nr. was used as sample ID. Each study was searched
to collect the following metadata: DNA extraction method, ampli-
fied region of the 16S rRNA gene, primer pairs used, sequencing
technology and platform, database where the data were depos-
ited, insect species (single OR multiple). The following metadata
was collected for each sample: insect species ID, sex, life stage,
sample origin (field OR laboratory), diet, tissue, sample treatment
(control OR treatment, regardless of the nature of the treatment).
Data were then downloaded using SRA Toolkit 2.10.4. A list of all
studies included in the meta-analysis is reported in Appendix S1,
and a summary is reported in Appendices S2 and S3.

2.2 | Data processing and analysis

Paired-end reads were merged using FLASH 1.2.11 (Mago¢ &
Salzberg, 2011), and data were processed using VSEARCH 2.14.2
(Rognes et al., 2016) with default parameters (including quality fil-
tering, OTU binning and chimera detection). Taxonomy for repre-
sentative sequences was determined by querying against the SILVA
database v132 (Quast et al., 2012). Data analysis was performed
using R statistical software 3.5 (R Core Team, 2020) with the pack-
ages phyloseq (McMurdie & Holmes, 2013) and vegan (Dixon, 2003).
In order to test whether our results are influenced by computing
OTUs instead of ASVs, all the analyses below have been repeated
after processing the data with the DADA2 pipeline (Callahan et al.,
2016) and using SILVA v138 for taxonomic assignment, showing that
the main results still hold regardless the approach used (Appendix
S4).

The initial bulk of 7079 samples was filtered (Figure 1) to re-
move those with <5000 reads and the OTUs identified in less
than 50 samples (~1% of total samples). Reads identified as chlo-
roplast were removed. A summary of all samples included in the
meta-analysis is reported in Appendix S3. According to Table S3.7
(Appendix S3), most of the studies focused on whole insects or
their guts, and just a few analysed other organs. Thus, discarding
those tissues analysed in less than 3 studies, this work focuses
on broad categories: whole insects (surface-sterilized or not, 43
studies and 2619 samples) and insect guts (41 studies, 1993 sam-
ples). These samples were further filtered to exclude those insect
orders with less than 3 different species, yielding 2442 samples
for the group of whole insects (36 studies, 135 species, 5 orders:
Hemiptera, Coleoptera, Lepidoptera, Diptera and Hymenoptera)
and 1872 samples for the group of insect guts (36 studies, 90
species, 7 orders: Odonata, Blattodea, Hemiptera, Coleoptera,
Lepidoptera, Diptera and Hymenoptera). As first step, this study
tested the influence of different factors (i.e. insect species, sex,
life stage, sample origin, diet and treatment) on the structure and
diversity of insect microbiota. Below, "structure" refers to the mul-
tivariate composition of microbial communities considering both
their taxonomical composition and the abundance of the different
taxa, while "diversity" refers to a univariate metric (i.e. Shannon

index) that summarizes the within-sample diversity of that specific
microbial community.

A multivariate approach was used to explore the effects of insect
species, sex, life stage, sample origin, diet and treatment on the struc-
ture of insect microbiota. Distances between pairs of samples were
calculated separately for whole insects and insect guts in two ways:
using a Bray-Curtis distance matrix to account for the relative abun-
dance of each OTU, and a Jaccard distance matrix to account only for
presence/absence. Each matrix was then tested using PERMANOVA
(999 permutations stratified at the level of single study, function
adonis2) to infer the impact of each factor on the structure of insect
microbiota and to estimate the amount of variation explained (for-
mula: insect_species + sex + life_stage + diet + treatment + origin).

The effects of insect species, sex, life stage, sample origin, diet
and treatment on the diversity of insect microbiota were studied
using the Shannon diversity index. A linear mixed-effects model was
fit separately for whole insects and insect guts including all groups
above as fixed factors and the study ID as a random factor (formula:
insect_species + sex + life_stage + diet + treatment + origin + (1|study_ID).
Models were fit using the Imer() function under the Ime4 package
(Bates et al., 2014), the package emmeans was used to infer pairwise
contrasts (corrected using False Discovery Rate), and the package
MuMIin was used to estimate the R? values (Barton, 2009) individu-
ally for each factor.

When testing the influence of different factors on the diver-
sity and structure of insect microbiota, results suggest that insect
species is the one explaining most of the variation (see Results
below). To further dissect this result, microbial data were further
processed together with an ultrametric phylogenetic tree of in-
sect species obtained from TimeTree (Kumar et al., 2017, accessed
on 25 May 2021). Given that phylogenetic information was not
available for all insect species, this analysis was run on a subset
of 42 species and just focusing on insect guts. The influence of
host phylogeny on the diversity and structure of insect-associated
microbial communities was tested using two different approaches.
First, Pagel's 1 (function pgls() within the package caper) and
Blomberg's K (function phylosignal() within the package picante,
9999 permutations) were used to test whether bacterial diver-
sity (Shannon index, averaged across replicated samples within
the same host species) is phylogenetically conserved. Second, a
Mantel test (9999 permutations) was used to test the correlation
between a Bray-Curtis matrix of the distance between insect
host species calculated considering the composition of microbial
communities (thus, averaged across replicated samples within the
same host species) and a matrix of phylogenetic distance between
insect species obtained using the function cophenetic.phylo() from
the ape R package (Paradis & Schliep, 2019).

The relative abundance of each bacterial genus (n = 18
for whole insects and n = 22 for guts) was fit using the Imer()
function to test the effect of insect order, sex, life stage, sam-
ple origin, diet and treatment. Data were merged according
to the bacterial genus and filtered to remove those taxa that
were representing <1% of the whole data set. Analyses were
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run separately for whole insects and insect gut, and also in
this case, study ID was included as a random factor (formula:
insect_order + sex + life_stage + diet + treatment + origin + (1|study_ID)).
The package emmeans was used to infer pairwise contrasts (cor-
rected using false discovery rate).

3 | RESULTS

3.1 | Anoverview of the studies included in the
meta-analysis

Across the 246 studies included in this meta-analysis (and before
filtering for the criteria indicated above), this survey identified 63
different DNA extraction methods, 44 primer pairs spanning all the
9 variable regions of the 16S rRNA and 3 different sequencing tech-
nologies (Appendix S2). The majority of studies used the QIAGEN
DNeasy Blood and Tissue Kit (n = 58), MOBIO PowerSoil kit (n = 28)
and phenol:chloroform procedures (n = 23). The primer pair 515F-
806R was the most widely used (n = 76), and amplicons were prefer-
entially sequenced on Illumina technology (n = 181) using the MiSeq
(nh = 156) platform. Data were mostly submitted to SRA databases
(n = 168). Most of the studies focused on single species (n = 142)
rather than multiple species (n = 104).

On a negative note, several studies failed to report important
information to ensure repeatability (e.g. DNA extraction method,
primer pairs, sequencing platform, see Appendix S2). These data
were neither reported in the paper nor the SRA. Thus, the initial
bulk of 246 studies was filtered to ensure high-quality standards
for our data set. First, studies were discarded if data were not pub-
licly available, or if linked, it was not available anyway (e.g. broken
link) (n = 67, 27.24%), or not viable (i.e. non demultiplexed or not
replicated, n = 16). To increase the comparability between studies
in this meta-analysis, studies not focusing on the 16S rRNA (n = 2)
and the V3-V4 region (n = 11), failing to report the primer pair
they used (n = 16) or sequencing amplicons on platforms other
than lllumina MiSeq (n = 47) were excluded. To ensure the easy
repeatability of analysis, we also excluded those studies where
data were made publicly available on a platform different than
SRA (n = 14). This left a total of 72 studies to be included in the
meta-analysis.

These 72 studies associate with 98 SRA BioProjects and, after
QC on the sequencing data (see above), resulted in 5212 unique sam-
ples. Most of the projects focused on the orders: Diptera (n = 15),
Hymenoptera (n = 14), Coleoptera (n = 13), Hemiptera (n = 13) and
Lepidoptera (n = 11), although the vast majority of samples belong
to Hymenoptera (n = 1525). Several projects focused on adult spec-
imens (n = 60), collected in the field (n = 54), and specimen sex was
often not reported (n = 61). Similarly, diet was often not reported
(n = 29), or insects fed on plants (n = 32) or artificial diet (n = 21).
Most projects focused on insect guts or gut's sections (n = 52), and
the majority of samples were obtained from whole insects (n = 2442)
or insect guts (n = 1872).

3.2 | Which factors influence the structure and
diversity of insect microbiota?

The analysis of the factors influencing the structure and the diver-
sity of insect microbiota was performed on a subset of 2442 samples
for the group of whole insects and 1872 samples for the group of
insect guts, as explained above.

PERMANOVA was used to test the amount of variance explained
by each factor on the structure of insect microbiota using two dif-
ferent distance matrices to account for the relative abundance
(Bray-Curtis distance matrix) or the presence/absence (Jaccard
matrix). Results are very similar for both Bray-Curtis and Jaccard
matrices, and whole insects and insect guts. While all considered
factors (insect species, sex, life stage, diet, treatment and origin)
resulted to have a significant effect on the structure of insect mi-
crobiota (Table 1), insect species explained most of the variation
(32.9-43.9%) while the other factors explained <1.5% (Table 1). The
analysis of the effect of each factor on the Shannon diversity for
each sample using a linear mixed-effects model showed that insect
species was the factor still explaining most of the variation in the di-
versity of microbial communities in whole insects (35.1%) and insect
guts (62.6%). Also, diet was an important factor explaining variation
in bacterial community diversity, especially in guts. There was no ef-
fect of sample treatment on bacterial community diversity in whole

insect specimens or guts.

3.3 | Isthere arelationship between microbial
diversity and insect phylogeny?

The results above suggest a strong influence of host species identity
on the diversity and structure of insect-associated microbial com-
munities, although the strength and direction of this effect remain
unknown. This was further dissected by testing for a phylogenetic
signal in the microbial community diversity (Shannon index) and
structure (Bray-Curtis distance). This analysis just focused on insect
guts (n = 42) because the sample size for whole insects was not big
enough to run any inference. A phylogeny of the included insect
species is available as in Appendix S5. Results (1 = 0.735) suggest
that bacterial diversity in insect guts is nonrandom (A # 0, p < .001)
but shows a weak phylogenetic signal (1 # 1, p < .001). These results
were confirmed by Blomberg's K test (K = 0.17, p = .16). Similarly,
Mantel's test shows a weak correlation between the structure of mi-

crobiota and the host phylogenetic distance (r = .09, p = .015).

3.4 | Response of bacterial taxa to different factors
To gain further insights on the variation of insect-associated bacte-
rial communities, the factors insect order, sex, life stage, sample ori-
gin, diet and treatment were tested against the relative abundance
of each bacterial genus separately for whole insects and insect gut.
Results are more extensively reported as Appendix Sé.
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TABLE 1 Analysis of the effect of insect species, sex, life stage, diet, sample treatment and sample origin on the structure and diversity of

insect-associated bacterial communities

Bray-Curtis
df R? F p

Factors (whole insect)

Insect species 134 428 13.2 <.001

Sex 2 .001 21 <.001

Life stage 4 .006 6.5 <.001

Diet 4 .008 8.5 <.001

Treatment 1 .0004 1.9 .01

Origin 1 .001 6.6 <.001
Factors (guts)

Insect species 89 439 16.5 <.001

Sex 2 .003 5.5 <.001

Life stage 3 .003 3.9 <.001

Diet 3 .006 7.4 <.001

Treatment 1 .001 82 <.001

Origin 1 .015 50.1 <.001

Jaccard Shannon

R? F p R? 7 [
.335 8.8 <.001 .351 1064.1 <.001
.001 1.8 <.001 .007 14.8 <.001
.005 4.8 <.001 .038 40.4 <.001
.006 5.8 <.001 .034 27.2 <.001
.0004 1.6 .008 .001 0.2 .648
.001 5.1 <.001 .007 14.8 <.001
.329 10.1 <.001 .626 343.9 <.001
.002 4.05 <.001 .001 4.8 .089
.003 2.9 <.001 .006 10.6 .014
.005 5.2 <.001 .036 29.55 <.001
.001 2.7 .008 .0001 0.8 367
.012 33.4 <.001 .087 96.1 <.001

Note: The effect of each factor on the structure of microbial communities was tested using a PERMANOVA on a Bray-Curtis (accounting for relative
abundance) or Jaccard (accounting for presence/absence) distance matrix. The effect of factors on microbial diversity was tested using a linear
mixed-effects model on Shannon diversity index. Results are grouped by whole insect specimens (upper) or insect guts (lower).

3.4.1 | Wholeinsects

When testing the effect of insect phylogenetic order on the rela-
tive abundance of the major bacterial genera identified in this
meta-analysis, differences were found for the genus Acinetobacter,
Lactobacillus and Saccharibacter. Specifically, Lactobacillus was more
abundant in Hymenoptera when compared to Coleoptera, Diptera,
Hemiptera and Lepidoptera. While we observed a significant effect
of insect order on the relative abundance of Acinetobacter (p = .02)
and Saccharibacter (p = .02), the post hoc analysis clarified that
this was due to a marginal higher abundance of Acinetobacter in
Coleoptera compared to Hemiptera (p = .05) and a marginal higher
abundance of Saccharibacter in Hymenoptera when compared to
Coleoptera (p = .06) and Diptera (p = .05).

The sex of the insect specimen influenced the relative abun-
dance of Arsenophonus, Salinibacter and Wolbachia. Although this
observation was the result of differences between males/females
towards samples with “unknown” sex (see above), Arsenophonus re-
sulted to be more abundant in males than females (p = .01). When
testing the effect of life stage, Enterococcus showed a higher abun-
dance in pupae when compared to juveniles (p < .001) and adults
(p < .001), while it was found a higher abundance of Leucobacter in
juveniles than any other stage (p < .01) and of Escherichia-Shigella in
juveniles compared to adults (p < .001).

When comparing samples from the field towards laboratory-
reared insects, Enterococcus (p < .001) and Pseudomonas (p < .001)
showed to be more abundant in insects grown in laboratory settings
compared to those collected in the field. Diet was also an important
factor that impacted several taxa. Wolbachia was more abundant in

carnivores and insects feeding on artificial diet than herbivores and
those feeding on fungi (p < .001). Pseudomonas was more abundant
in insect feeding on fungi or artificial diet than carnivores and her-
bivores (p < .02), while the opposite was observed for Escherichia-
Shigella (p < .001). Buchnera was more abundant on carnivores
(p < .001) while Enterococcus was least abundant on carnivores com-
pared to all the other groups (p < .03). When considering sample
treatment as a factor, Salinibacter (p = .002) was more abundant in
samples subjected to treatment while Leucobacter (p = .01) was more

abundant in control samples.

3.4.2 | Insectguts

When focusing only on insect guts, Alistipes, Bacteroides,
Desulfovibrio, Christensenellaceae R-7 group were consistently more
abundant (p <.05) in Blattodea than Coleoptera, Diptera, Hemiptera,
Hymenoptera and Lepidoptera. On the other hand, Providencia was
consistently more abundant (p < .01) in Diptera than Coleoptera,
Blattodea, Hemiptera, Hymenoptera and Lepidoptera. Similarly,
Snodgrassella was more abundant in Hymenoptera (p < .05) than
Coleoptera, Hemiptera, Hymenoptera and Lepidoptera. The signifi-
cant effect of insect order on Lactobacillus was probably driven from
amarginal higher abundance of this genus in Hymenoptera compared
to Coleoptera (p = .08), Diptera (p = .05) and Lepidoptera (p = .06).
Similarly, Gilliamella was marginally more abundant in Hymenoptera
compared to Coleoptera (p = .06) and Diptera (p = .05). Wolbachia
was marginally more abundant in Hemiptera than Coleoptera and

Diptera (p = .05).
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Contrasting male and female specimens, Lactobacillus (p = .006)
and Blattabacterium (p = .006) were more abundant in females, while
Enterobacter (p = .02) and Christensenellaceae R-7 group (p = .009)
were more abundant in male specimens. Comparing life stages, re-
sults suggest a consistent lower abundance of Providencia in eggs
compared to all other instars (p < .01) and in pupae when compared
to juveniles (p = .01). Pseudomonas was consistently more abun-
dant in juveniles compared to adults (p = .01). Acinetobacter and
Enterobacter were more abundant in adults than juveniles (p < .001),
while Klebsiella was more abundant in juveniles compared to adults
and pupae (p < .001).

The comparison between samples collected in the field and spec-
imens coming from laboratory cultures highlighted that Lactobacillus,
Enterococcus, Providencia and Blattabacterium were more abun-
dant in specimens from the laboratory (p < .05), while Alistipes,
Acinetobacter, Desulfovibrio, Bacteroides and Christensenellaceae R-7
group were more abundant in specimens from the field (p < .003).
When focusing on the diet, results suggest that Providencia was
more abundant in insects fed with artificial diet than herbivores
or carnivores (p < .001), and Wolbachia was more abundant in car-
nivores than herbivores (p < .001). Several other groups did show
differential abundance according to the diet, but the post hoc con-
trasts highlighted differences towards a group of samples which diet
was not specified in the study. Snodgrassella was more abundant
(p < .001) in control groups than treated insects, while those sub-
jected to treatment showed an increase of Acinetobacter (p < .004)
and Gilliamella (p < .004).

4 | DISCUSSION

This is the first study that provides a comprehensive analysis of
insect-associated bacterial communities by screening 246 stud-
ies and analysing >4000 samples under the same framework. This
analysis reveals a wide range of approaches that have been used to
study insect microbiota, which leads to issues when attempting a
comparison across studies. Also, insect species was identified as the
factor most impacting the structure and diversity of insect bacterial
communities. However, this study finds weak support for insect-

microbiota codiversification.

4.1 | Methodological considerations

This meta-analysis screened 246 studies that focused on the analy-
sis of insect-associated bacterial communities using 16S-amplicon
HTS, identifying several DNA extraction techniques (63) and primer
pairs (44).

DNA extraction has been identified as one of the factors that
influence the outcome of metabarcoding analyses (McOrist et al.,
2002; Walker et al., 2015; Vasselon et al., 2017; Hallmaier-Wacker
etal, 2018; Dopheide et al., 2019; Maillet et al., 2021, but see Fouhy
et al., 2016). The fact that different methods have a different impact

on the final reconstruction of the microbial community might reside
on the efficiency of DNA recovery or on the ability of different pro-
tocols to isolate the DNA from cells of specific groups (e.g. gram+
bacteria). Also, different DNA extraction procedures might perform
differently in purifying nucleic acids from PCR inhibitors, which can
be an important factor influencing the quality of the amplicon li-
brary. Unfortunately, there is no accurate study that links specific
DNA extraction methods to the presence/absence of specific bacte-
rial groups; thus, we are still not able to predict which taxa might be
over-/under-represented when using different protocols.

While standardizing the DNA extraction method for entire fields
represents a big challenge, it should be definitely proposed for PCR
primer pairs. The influence of primer pairs on the outcome of me-
tabarcoding analyses is not new to the literature (Bahram et al.,
2019; Parada et al., 2016; Tremblay et al., 2015). A recent study
compared the efficiency of primer pairs amplifying different regions
of the bacterial 16S rRNA on the correct reconstruction of complex
microbial communities (Abellan-Schneyder et al., 2021). They found
differences in the performance of different primer pairs in recon-
structing mock communities, with some of them failing to amplify
entire microbial groups. Thus, there is an increasing need to run
preliminary tests of different primer combinations when working
with new systems, while this limitation might be overcome by se-
quencing the full length of the 16S rRNA (e.g. using PacBio or Oxford
Nanopore sequencing technologies).

In addition, this study revealed even more concerning aspects.
About 30% of the considered studies did not publicly share the raw
data sets or totally failed to report important information that would
ensure repeatability and comparability (e.g. DNA extraction method,
amplified region, sequencing platform). While the benefits of Public
Data Archiving are clear and widely acknowledged, we are still very
far from seeing it as a common practice (Parr & Cummings, 2005;
Roche et al., 2015; Whitlock, 2011).

A caveat of this study is the limited power to correct the data for
possible contaminations, which may occur via instrument/reagents
or index hopping. Unfortunately, a careful account of contamination
was not possible because just a few studies included nontemplate
control samples and discarding those that do not include such sam-
ples in their design would completely hinder the feasibility of this
work. However, the workflow included a series of steps that helped
in accounting for possible contaminations, regardless their source.
First, "study ID" was included as random effect in most of the anal-
yses, and this helped to correct the results for study-specific ef-
fects, which also include study-specific contaminations. Second, this
analysis builds on a massive amount of data (>4000 samples), and
studies/samples were carefully selected to ensure that all the groups
had a sample size guaranteeing a solid statistical inference. Having
such sample size helped in counteracting contamination effects that
might have occurred for some studies/samples. Third, before testing
the influence of different factors on microbial taxa, those bacterial
genera that represented <1% of the whole community for each sam-
ple were discarded, further helping to remove the effect of minor
contaminations and index hopping, if any. Fourth, this meta-analysis
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acknowledges the limits of metabarcoding and—as a precaution—
analyses and discussions on bacterial taxa were not pushed beyond
the genus level, limiting the impact of possible contaminations on

the overall findings of this study.

4.2 | Factors influencing insect microbial
communities

This study suggests that insect species is the major factor that
shapes the structure and diversity of insect-associated bacterial
communities. The analysis considered also diet, sex, life stage, treat-
ment (control or treated group, regardless of the treatment) and
origin (laboratory or field sample) as factors, and all of them had a
significant effect on the structure and diversity of bacterial commu-
nities, except treatment which did not affect the diversity of insect
bacterial communities. However, looking at the variance explained
by each factor, it appears clearly that insect species represent the
most important factor in structuring insect microbial communities.
This is followed by diet, although at a much lower magnitude. This
result was consistent in both whole insects and insect guts. While all
the factors considered had a significant effect, this might be driven
by the very high sample size (>4000 samples) but with a scarce or
context-dependent functional meaning. This hypothesis is corrob-
orated by the results obtained when analysing the data using the
DADAZ2 pipeline (Appendix S4). In this case, the sample size was
lower (~2000 samples) due to more strict QC, and indeed, results
suggest that some factors do not significantly influence the diver-
sity/structure of insect microbiota (e.g. treatment), although the re-
sults still hold for those explaining a higher portion of the variance
(e.g. insect species, diet) which are more likely to have a functional
meaning.

Several previous studies tested whether different insect species
(mostly within the same genus or trophic niche) associate with dif-
ferent microbial communities. Differences between insect species
have been found in aphids (Fakhour et al., 2018; Gallo-Franco et al.,
2019; Mclean et al., 2019; Zepeda-Paulo et al., 2018), mealybugs
(Lin et al., 2019), reduviids (Rodriguez-Ruano et al., 2018), fruit flies
(Ventura et al., 2018; Yong et al., 2017), beetles (Hulcr et al., 2012;
Kolasa et al., 2019), silkworms (Chen et al., 2018), Lepidoptera (Liu
et al., 2020; van Schooten et al., 2018), mosquitoes (Mancini et al.,
2018), and bees and wasps (Skrodenyté-Arbaciauskiené et al., 2019;
Suenami et al., 2019). Conversely, other studies did not report dif-
ferences when comparing different insect species (Berasategui et al.,
2016; Meng et al., 2019; Ramalho et al., 2017). Together with the
result that host species explains most of the variability of insect-
associate microbial communities, this might suggest the existence of
a relationship between host phylogeny and the diversity/structure
of insect-associated microbiota.

If this would be the case, we should be able to observe a signal of
phylosymbiosis—the relationship between the host phylogeny and
the structure of their microbial communities (Lim & Bordenstein,
2020; Mazel et al., 2018). However, when specifically testing for

signatures of phylosymbiosis, results revealed a weak phylogenetic
signal on the diversity and structure of insect-associated microbiota.
This is not surprising, as similar results have been found in several
other lineages (Chiarello et al., 2018; Grond et al., 2020; Lutz et al.,
2019; Mazel et al., 2018; Trevelline et al., 2020). The fact that host
species identity is the most important factor in structuring insect-
associated microbial communities, while there is weak support for
phylosymbiosis, might suggest that each insect species represents
a unique combination of traits that support a unique microbiota.
This might have ecological consequences, as a microbiome that is
not tied to host phylogeny might also be important to colonize new
ecological niches. This idea, although needs to be tested more accu-
rately, might fit well with the diversity of insects. Indeed, insects are
pretty unique in this sense, as their morphology, diet, niche and be-
haviour greatly varies between closely related species (e.g. specialist
vs. generalist fruit flies) or even within the same species across de-
velopment (e.g. dragonflies, hoverflies) or between sexes (e.g. mos-
quitoes). This high intra- and interspecific variability can ultimately
result in weak or no phylosymbiosis. However, signals of phylosym-
biosis have been found when focusing on single insect genera, for
example, Nasonia, Drosophila, and few mosquitoes lineages (Brooks
et al., 2016). Thus, it is possible that phylosymbiosis cannot be de-
tected when working at a large phylogenetic scale, but rather in
specific subclades. Indeed, the patterns of microbiome acquisition
greatly vary across clades, and there is evidence that it can even
be acquired from the environment (Rassati et al., 2019). An alterna-
tive hypothesis might be that while phylosymbiosis does not broadly
happen in insects, perhaps the functionality of the microbiomes (i.e.
gene content) actually reconciles with the host phylogeny. Indeed,
previous studies found that an organism can interact with phyloge-
netically distinct microorganisms that provide similar core functions
(Parfrey et al., 2018; Roth-Schulze et al., 2018). This idea needs to be
further tested with the analyses enabled by meta'omics techniques
(Malacrino, 2018).

4.3 | Response of bacterial clades to factors
influencing insect microbial communities

While insect species was the strongest driver of structure and diver-
sity of bacterial communities in this study, diet also showed a signifi-
cative effect. Several previous studies showed that insect-associated
microbial communities are often shaped by their host's diet, for ex-
ample in termites (Mikaelyan et al., 2015), aphids (Holt et al., 2020;
Wau et al., 2018; Xu et al., 2019, 2020), bugs (Martinez et al., 2019),
beetles (Kim et al., 2017), fruit flies (Asimakis et al., 2019; Majumder
et al., 2019; Malacrino et al., 2018; Woruba et al., 2019), soldier flies
(Bruno et al., 2019) and ants (Russell et al., 2009). Interestingly, the
bacterial communities associated with Phtorimaea operculella varied
even according to the plant tissue insects were feeding on (Zheng
et al., 2020). In Agrilus mali, Zhang et al. (2018) found differences in
the insect-associated fungal community according to the host plant,
but not in the bacterial community. Diet-dependent microbiota has
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been reported for several species of Lepidoptera although, recently,
it has been suggested that Lepidoptera lack a resident microbiota,
and their gut microbiota resembles one of the host plants or is as-
sembled from the environmental microbiota (Hammer et al., 2017;
Liu et al., 2020; Minard et al., 2019; Montagna et al., 2016; Phalnikar
et al., 2018; Staudacher et al., 2016; Strano et al., 2018; Whitaker
et al., 2016). Furthermore, there is evidence showing that the bacte-
rial microbiota of cockroaches is very stable and is not influenced by
diet (Tinker & Ottesen, 2016; Lampert et al., 2019, but see Pérez-
Cobas et al., 2015). Similarly, no diet-mediated effect has been re-
ported in houseflies microbiota (Xue et al., 2019). Results suggest
a higher abundance of Wolbachia and Buchnera in carnivores com-
pared with other groups. This effect might be driven by the diet or, in
alternative, this can be explained by the fact that all carnivores in this
meta-analysis are hemipterans, which is an order where Wolbachia
and Buchnera represent major symbionts. The higher abundance of
Pseudomonas on insects feeding on an artificial diet might be due
to a dysbiosis driven by not feeding on their natural substrate, but
further tests are needed to test this hypothesis.

The life stage represented another factor that influences the
structure and diversity of insect microbial communities. Johnston
and Rolff (2015) suggest that both the insect and its symbionts mod-
ulate the gut microbiota during development. A very wide variety
of studies confirms that insect-associated bacterial community var-
ies across developmental species in dragonflies (Nobles & Jackson,
2020), cockroaches (Carrasco et al., 2014), thrips (Kaczmarczyk
et al., 2018), lacewings (Zhao et al., 2019), psyllids (Meng et al.,
2019), beetles (Ali et al., 2019; Briones-Roblero et al., 2017; Chouaia
et al,, 2019; Kim et al., 2017; Mason et al., 2019; Wang et al., 2018;
Wilches et al., 2018), fruit flies (Andongma et al., 2019; Gallo-Franco
& Toro-Perea, 2020; Huang et al., 2019; Malacrino et al., 2018; Yao
et al., 2019), mosquitoes (Pennington et al., 2016) and moths (Chen
et al., 2016; Gonzalez-Serrano et al., 2019). While there are some
reports of changes of insect bacterial communities across life stages
in Lepidoptera, Phalnikar et al. (2018) investigating twelve butter-
fly species found little changes in some species and wider changes
in others, with the wider impact driven by insect species. Similarly,
very limited changes in bacterial microbiota have been found across
different stages of Plodia interpunctella (Mereghetti et al., 2019)
and blow flies (Wohlfahrt et al., 2020). The higher abundance of
Enterococcus in pupae, as observed in this meta-analysis, might en-
hance the defences against pathogens during this vulnerable devel-
opmental stage (Grau et al., 2017; Johnston & Rolff, 2015).

The wider literature on host-microbiota interactions often re-
ports that microbial communities associated with any other organ-
isms are subjected to shifts when an external input is applied. These
inputs can be physical (e.g. temperature), chemical (e.g. xenobiotics)
or biological (e.g. microorganisms), and they influence both the host
and its microbiota. This is also the case in insects, where literature
suggests an effect of antibiotics (Guégan et al., 2018; Hammer et al.,
2016; Koskinioti et al., 2019), agrochemicals (Akami et al., 2019;
Botina et al., 2019; Ding et al., 2019; Kakumanu et al., 2016; Li, Li,
Mao, et al., 2020; Raymann et al., 2018; Receveur et al., 2018; Zhang

& Yang, 2019), heavy metals (Li, Li, Lu, et al., 2020; Rothman et al.,
2019; Rothman et al., 2019; Zhu, Zheng, et al., 2018), land use (Zhu,
Chen, et al., 2018), pollutants (Cassone et al., 2020; Duguma et al.,
2017), other microorganisms (Billiet et al., 2017; Sun et al., 2018;
Vacheron et al., 2019; Zhang, Sun, et al., 2018) and irradiation (Cai
etal., 2018; Stathopoulou et al., 2019) on insect-associated microbial
communities. Interestingly, this study shows differences between
control and treatment (regardless of the nature of the treatment) in
the structure but not in the diversity of insect-associated microbial
communities. A possible explanation for this effect is that treatments
disrupt the equilibrium in the insect microbiota, resulting in shifts in
the community structure but not in the diversity of the members
that create the community. Unfortunately, the current knowledge
does not allow to speculate about the changes of Salinibacter and
Leucobacter as an effect of treatment.

While sex is often not considered when studying insect micro-
bial communities, there is evidence of differences in microbiota
composition between females and males in Leptocybe invasa (Guo
et al., 2020), Dendroctonus valens (Xu et al., 2016), Anopheles gambiae
and Anopheles coluzzii (Segata et al., 2016). It is not surprising that
Arsenophonus resulted to be differentially abundant between males
and females, as species of this bacterial clade are known for their
ability to manipulate sex ratios in various insect species (Kageyama
et al., 2012). Also, few studies tested whether rearing insects in lab-
oratory settings can have an influence on their microbial communi-
ties, and there is the suggestion that such differences exist (Gomes
et al., 2020; Hadapad et al., 2019; Hegde et al., 2018; Kakumanu
et al., 2018; Waltmann et al., 2019). Very likely these differences are
mainly a consequence of a diet effect, given that many insects are
grown on an artificial diet in the laboratory, as suggested by a higher
abundance of Enterococcus and Pseudomonas in laboratory-reared

samples overlapping the results of insects feeding on artificial diet.

5 | CONCLUSIONS

This study shows that host species is the most important driver of
the structure and diversity of insect-associated bacterial communi-
ties. While confirming previous reports (Colman et al., 2012; Jones
et al., 2013; Yun et al., 2014), this work expands by testing the ef-
fects of a wider set of factors on the insect-associated microbial as-
semblies, suggesting that their magnitude is marginal compared to
the host species-driven effect.

Importantly, this study found several gaps that need to be con-
sidered in the future research endeavours. Indeed, there is very
small consistency in several experimental procedures (e.g. DNA ex-
traction, PCR primers choice) that might lead to bias, artefacts and,
in particular, it might prevent the comparison between different ex-
periments. Also, the raw data were often improperly compiled or not
shared at all. Besides the impact on comparability and repeatability,
this has a huge cost. Data that are properly collected and shared
speeds up scientific research (i.e. no new experiments needed),
saves taxpayers' money (i.e. no experiment is needed if data to test
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that hypothesis already exist), has a lower environmental impact (i.e.
fewer experiments equals fewer consumables to dispose of) and
reduces inequality (i.e. allows to test hypotheses when there is no
sufficient funding to perform experiments).

Furthermore, there is an evident bias towards insect species
and orders with economical importance, and this leads to a low rep-
resentation of much of the insect diversity. There is much need to
investigate the microbial diversity of insects belonging to different
orders to increase our ability to understand microbial community
assembly. Also, most of the papers focused on the bacterial commu-
nity and, as often happened in other fields, other communities (e.g.
fungal) are not investigated although we are aware of their major
role in insect biology and fitness.

The fact the insect species is the most important driver of insect
microbiota, followed by a wide range of other factors, increases our
understanding of the biology of this clade of organisms so import-
ant for a variety of ecosystems. Also, a deep understanding of the
assembly and function of these microbial communities can have a
positive impact on insect conservation, pest management and bio-
surveillance (Malacrino, 2018; Trevelline et al., 2019). This study also
witnesses the efforts of the scientific community in understanding
the taxonomical structure and diversity of insect-associated micro-
bial communities. While this approach is powerful and helped to gain
awide understanding of the dynamics of insect-associated microbes,
it does not tell us the functional role of those microbial communities
leaving the question “what do they do?” still unanswered. Thus, it is
time to push our endeavours towards a deeper understanding of the
microbial gene content and expression using the variety of meta'om-
ics tools currently available.
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