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Abstract

Trophic networks are composed of many organisms hosting microbiota that interact with their hosts and with each other.
Yet, our knowledge of the factors driving variation in microbiota and their interactions in wild communities is limited. To
investigate the relation among host microbiota across a trophic network, we studied the bacterial microbiota of two species
of primary producers (downy and holm oaks), a primary consumer (caterpillars), and a secondary consumer (blue tits) at nine
sites in Corsica. To quantify bacterial microbiota, we amplified 16S rRNA gene sequences in blue tit feces, caterpillars, and
leaf samples. Our results showed that hosts from adjacent trophic levels had a more similar bacterial microbiota than hosts
separated by two trophic levels. Our results also revealed a difference between bacterial microbiota present on the two oak
species, and among leaves from different sites. The main drivers of bacterial microbiota variation within each trophic level
differed across spatial scales, and sharing the same tree or nest box increased similarity in bacterial microbiota for caterpillars
and blue tits. This study quantifies host microbiota interactions across a three-level trophic network and illustrates how the

factors shaping bacterial microbiota composition vary among different hosts.

Introduction

Host-associated microbes play key roles in host digestion [1],
immune response [2, 3], growth [4, 5], pathogen defense [6],
and behavior [7]. The vast majority of studies on animal-
associated microbiota focus on humans, livestock, and lab-
reared animals [8]. However, it is known that captivity
modifies host microbiota and that comparisons between cap-
tive host and natural host microbiota are difficult [9]. There is
a need for microbiota studies in the wild because of the direct
link between microbiota and host evolution and fitness [8].
Among studies in wild animal populations and communities,
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the gut microbiota is often investigated and to a lesser extent,
skin microbiota and oral microbiota. Host species seems to be
the most important factor determining gut microbiota com-
position [10, 11]. Studies have also shown the important role
of multiple environmental factors at different scales [12, 13]
and host diet in shaping microbiota [14, 15]. A host diet can
affect its microbiota due to its nutritional or chemical com-
position, but also through the ingestion of the bacteria that it
contains. Few studies, however, have compared the micro-
biota of a predator and its prey to evaluate the potential for
transmission between trophic levels. Some bacteria may be
transferred from cabbage root fly to its parasitoids [16] while
some insects acquire a large part of their microbiota from the
plants they feed on [17, 18]. To our knowledge, no study has
investigated the microbiota of multiple hosts along a trophic
network composed of primary producers, primary consumers,
and secondary consumers, which may help us evaluate the
potential for bacterial transfer and dilution along that network.
Evaluating the potential for transfer of microbes between
species is important for several reasons. For example, the
microbiota affects many features of its hosts (see above), and
transmission along a network may thus help us explain dif-
ferences in the ecology of communities or populations of the
same species. It may also be important to examine the
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probability of transfer of a microbe along several levels of a
trophic network to evaluate to what extent the structure of that
network is permeable to the transmission of diseases [19].

In this study, we analyzed the bacterial microbiota of
three types of hosts along a simple trophic network: leaves
of two tree species, folivorous caterpillars on these trees,
and blue tits preying upon these caterpillars and using them
to feed their nestlings.

Trees host microbiota in and on their roots, stems, and
leaves [20]. Leaves are densely populated by bacteria [21]
although ultraviolet radiation exposure, temperature fluc-
tuations, and low water and nutrient availability make
leaves a challenging environment for bacteria [22]. Leaf
microbiota composition varies strongly among tree species
[23-26] and to a lesser extent along spatial and environ-
mental gradients [24, 25].

Lepidopteran caterpillars host microbiota on their skin, in
their body, and in their guts. The caterpillar gut has a low pH,
simple morphology, and fast transit time [27] and bacterial
growth is minimal or absent in caterpillar gut [28-30]. Thus, it
has been suggested that caterpillar gut microbiota mainly
come from their diet [31, 32]. Furthermore, it can vary
strongly between individuals [18, 33, 34]. Caterpillar gut
microbiota also vary among host species and locations
[32, 34]. Hannula et al. [18] found that caterpillars feeding on
plants that are still in the soil have a more complex and
diverse microbiota than caterpillars feeding on detached
leaves that have grown in the same soil. Thus, beyond the diet
caterpillars may acquire bacteria directly from the environ-
ment. Taken together, these results suggest that caterpillar gut
microbiota may not contain many host-associated microbes
and may be more subject to variation due to external factors
than other host types [33].

In contrast to the relatively well-studied mammal micro-
biota, there are fewer studies focusing on the factors struc-
turing the avian gut microbiota. The environment around the
nest [13, 35] and in the nest [36, 37] can affect the avian
microbiota. Several studies have highlighted the importance
of diet in shaping the avian microbiota, especially the gut
microbiota [11, 38-40]. Long-term habits and nutritional
contents are more important for determining microbial com-
position than short-term variation in diet [15]. Some short-
term variation, however, has also been observed [41]. Birds
can also transfer bacteria to each other through direct contact
[19, 42]. Avian microbiota are more influenced by extrinsic
factors such as environment and diet than by intrinsic factors
such as host genetics and evolutionary history [11, 13].
However, these extrinsic factors could be considered part of
the extended phenotype of the host [43, 44]. Nest materials,
for example, are chosen by the parents and nest material
preferences can be partly genetic [45].

In a trophic network framework, we studied the bacterial
microbiota of (1) leaves from two oak species, (2) leaf-

feeding caterpillars, and (3) blue tit feces, in nine study sites
in Corsica. During their breeding period, blue tits feed their
young and themselves mainly on leaf-eating lepidopteran
caterpillars, specifically the abundant green oak tortrix
(Tordix viridana) [46]. The important and well-known
relation between oaks, caterpillars and titmice [47, 48]
makes this study system ideal for the study of microbiota
along a trophic network.

We investigated the spatial structure of the bacterial
microbiota in this trophic network at the forest stand, the
site, and the nest box scales. The similarity of the micro-
biota between two host types could be driven by bacterial
transfer through diet [18] and through the shared environ-
ment. Due to the potential for microbiota transfer through
diet, we predicted that bacterial microbiota would be more
similar between predators and prey of adjacent trophic
levels (i.e., leaves-caterpillars and caterpillars-blue tits) than
bacterial microbiota from hosts separated by two trophic
levels (i.e., leaves-blue tits).

Our spatially structured study design gave us the
opportunity to compare environmental effects at different
spatial scales for the bacterial microbiota of each host type.
Because tree species are the main driver affecting leaf
microbiota [23-26], we expected a difference between
bacterial microbiota found on deciduous downy oaks and
on evergreen holm oaks. Also, because of the shared
environment and the diet transfer along the trophic net-
works, we expected differences in caterpillar and blue tit
bacterial microbiota between deciduous and evergreen
habitats. We thought that environmental factors associated
with site and nest box location might also affect microbiota.
Thus, we expected that the bacterial microbiota composition
of individuals of each host type would be more similar
within a site or a nest box than with the individuals sampled
in other sites or nest boxes.

Materials and methods
Study species and sites

This study was conducted at nine study sites (between
22,000 m? and 500,000 m?) situated in two valleys (Regino
and Fango) near Calvi, island of Corsica, France where
artificial nest boxes were installed for long-term monitoring
of Corsican blue tit (Cyanistes caeruleus oligastra) repro-
duction. Blue tits are small (9-13 g) cavity-nesting, socially
monogamous passerines commonly found in wooded
habitats of the western Palearctic [49]. Three sites (Pirio,
Tuarelli, and Mont-Estremo) in the Fango valley (42°34'N,
08°44'E; 200 m elevation; 205 nest boxes) and three sites
(Grassa, Arinelle, and Filagna) in the Regino valley (42°35'
N, 08°57’E; 100 m elevation; 75 nest boxes) are dominated
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by evergreen holm oak (Quercus ilex). Three sites (Muro,
Avapessa, and Feliceto) in the Regino valley (42°32'N, 08°
55’E; 350 m elevation; 110 nest boxes) are dominated by
deciduous downy oak (Quercus pubescens). The Regino
valley and the Fango valley are separated by 24.2 km. The
leafing process of deciduous oaks occurs in mid-April and
about three weeks later for evergreen oaks [47]. Spring peak
abundance of leaf-eating -caterpillars, specifically the
abundant Tortix viridana, is higher and earlier in deciduous
habitats, and occurs about 2 weeks after bud burst, while it
occurs 3 to 4 weeks after bud burst and shows lower
caterpillar abundance in evergreen habitats [47]. These
differences in habitat and food availability have been
identified as a major driver for the phenotypic differences in
morphological, life history, ornamental, and behavior traits
observed among blue tit populations [50-52].

Sample collection

Adult blue tits were captured in their nest during the breeding
period. After manipulations to measure their morphology, we
placed them in a sterilized plastic box for a maximum of 30's.
Out of 522 captures, 165 adults produced a fecal sample in
the box. Once we obtained a fecal sample from one or two
adults of a nest, we collected fecal samples from their nest-
lings when they were 8-16 days old. We placed a sterile
surface under the nestlings during manipulations to collect
fecal samples if a nestling defecated. 179 nestlings out of 742
attempts produced a fecal sample. Once we obtained fecal
samples from adults and nestlings, we collected three cater-
pillars by shaking the trees in a 10 m radius around the nest
box. To represent the blue tit diet which varies according to
prey availability [53], the first three caterpillars found,
regardless of species, were collected. Adult and nestling fecal
samples and caterpillars were collected with sterilized tools
and stored in 90% ethanol on ice immediately after sampling.
Finally, we collected ten oak leaves from the trees where the
caterpillars were collected. The leaves were stored in sterile
plastic bags on ice immediately after sampling. For each
sample type, a negative control was collected in the field as
follows. For adults and nestlings, we washed the tools and the
box or the surface with 90% ethanol as for actual sample
collection and we collected some of the residual ethanol as a
sample. For leaves, we opened a sterile plastic bag for the
same amount of time as for actual sample collection and
sealed. All samples were stored at —20 °C upon returning to
the laboratory (0-5 h after sampling).

DNA extraction
We prepared fecal and caterpillar samples by washing the
samples with PBS buffer three times to neutralize the uric

acid from the fecal sample and to remove ethanol [54-56].

SPRINGER NATURE

Leaves sampled around the same nest box were pooled
together for the extraction, but caterpillars and feces were
extracted individually. The leaves and the pre-wash cater-
pillar samples were cut into 4—10 mm? pieces. We extracted
DNA from the prepared samples using the PowerSoil
DNAeasy Extraction Kit (Qiagen, Hilden, Germany)
according to the manufacturer protocol.

DNA library preparation and sequencing

The microbial compositions of the samples were determined
by PCR amplification of the V5-V6 regions of the bacterial
16S rRNA gene using chloroplast-excluding 799F/1115R
primers [57]. For each sample, the PCR was performed in a
25 uL mixture containing 10 uL. of DNA extract, 0.2 uM of
each primer, 0.5 U of Phusion Hot Start II High-Fidelity DNA
Polymerase (Thermo Fisher Scientific, Waltham, Massachu-
setts, United States), 1X of Phusion HF Buffer, 0.2 mM of
dNTPs, 3% DMSO and following this programme:
initial denaturation at 98 °C for 30 s, 35 cycles of denaturation
at 98 °C for 15 s, annealing at 64 °C for 30 s and elongation at
72 °C for 30 s and an extension step of 72 °C for 10 min. For
PCR negative controls, DNA was replaced by sterile water
and for PCR positive controls we used ZymoBIOMICS
Microbial Community DNA Standard (Zymo Research,
Irvine, California, United States). The sample order was
randomized on the PCR plate. All PCR products were
visualized on 2% agarose gel and were normalized using
SequalPrep Normalization Plate Kit following the manu-
facturer protocol (Thermo Fisher Scientific). A pool of sam-
ples with low-intensity bands on the gels and a pool of
samples with high-intensity bands were made for all types of
samples (leaves, caterpillars, and fecal samples). The pools
were purified with a ratio of 0.7 of AMPure XP using the
manufacturer protocol (Beckman Coulter, Brea, California,
United States). Quality control of the libraries was assessed as
follows: libraries were quantified using the Qubit™ dsDNA
HS Assay Kit (Invitrogen, Carlsbad, California, United
States) and the NEBNext® Library Quant Kit for Illumina®
(New England BioLabs, Ipswich, Massachusetts, United
States) and average fragment size was determined using a
Bioanalyzer instrument (Agilent Technologies, Santa Clara,
California, United States). Before sequencing, the PhiX con-
trol library (Illumina, San Diego, California, United States)
was spiked into the amplicon pool to improve the unbalanced
base composition. Sequencing reaction was performed on an
[lumina Miseq at the UQAM CERMO-FC Genomics Plat-
form using the MiSeq reagent kit v3 (2 x 300 cycles; Illu-
mina). The fecal samples were sequenced in three runs and
caterpillars and leaves in one run. Sequence data and sample
metadata have been deposited in a public data repository
(https://figshare.com/projects/Bacterial_microbiota_
sequences_from_a_blue_tit_trophic_network/80594).
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Data processing

Tlumina sequencing data were processed using DADA?2 ver-
sion 1.12.1 (ref. [58]) to produce an error-corrected table of
amplicon sequence variant (ASV) abundances in each sample.
We used default parameters for all DADA2 analyses except
where specified below. Sequences were trimmed to remove
forward and reverse primers and to a length of 201 nucleotides
(forward reads) and 264 nucleotides (reverse reads) before
ASV identification and merging of paired-end reads to a single
ASV sequence. We assigned a taxonomy for all ASVs using
the SILVA database [59] and removed all non-bacterial
sequences (e.g., chloroplasts, eukaryotes; 1% of sequences)
prior to further data processing. We used the decontam R
package [60] to remove probable contaminant ASVs that were
more abundant in negative controls than in experimental
samples. We performed the decontamination on two data
subsets: (1) blue tit feces samples and (2) leaf and caterpillar
samples (which came from the same sequencing run) and in
two steps: (1) using the PCR negative controls and (2) using
the extraction and field negative controls as references to
identify contaminants. The decontaminated ASV table was
rarefied to 4000 reads per sample using the R package phy-
loseq [61]. We used a rarefaction threshold of 4000 reads to
reach a plateau of ASV richness per sample while allowing the
inclusion of 70% of all samples. All negative controls were
excluded at the rarefaction step because they contained fewer
than 4000 sequences. All the positive controls had a similar
composition and contained the ASVs expected from the
known composition of the mock community. The final dataset
contained 37 leaf, 118 caterpillar, and 266 blue tit bacterial
microbiota samples from 77 males, 64 females, and 125
nestlings. For details about rarefaction curves and control
bacterial taxonomic composition, see the supplementary
information (Supplementary Figs. 1 and 2).

Data analysis

To test for differences in microbiota variance and compo-
sition between host types, we performed a multivariate
homogeneity test of group dispersions and a permutational
multivariate analysis of variance (PERMANOVA) [62] as
implemented in the adonis2 function of the vegan R pack-
age [63]. To determine if the microbiota composition of
leaves and caterpillars or caterpillars and blue tits were more
similar than the microbiota composition of leaves and blue
tits, we visualized the relative position of the samples from
each host type in a PCoA calculated on a chord distance
matrix between samples, and we calculated the proportion
of ASVs shared between host type bacterial microbiota and
visualized it in a Venn diagram.

To understand the spatial structure of each host type
microbiota, we analysed leaves, caterpillars, and blue tits

separately. For each host type, we quantified variation in
bacterial community composition among nest box nested
in site nested in forest stand using a nested PERMA-
NOVA on the chord distance matrix between the ASV
relative abundance data. To balance the design among
nest boxes, we kept only caterpillar samples associated
with nest boxes for which a minimum of three caterpillars
were available. For blue tit microbiota, we kept only the
samples associated with a nest for which adult and nest-
ling fecal samples were available. For details about sam-
ple sizes used in all analysis presented in the results, see
the supplementary information (Supplementary Table 1).
Before all PERMANOVAs, we tested the multivariate
homogeneity of group dispersions with the betadisper
function of the vegan R package [63] for all combinations
of communities and factors.

Results

Taxonomic composition of leaf, caterpillar, and bird
bacterial microbiota

The sequences found in leaves were dominated by Pro-
teobacteria (45% of sequences), followed by Actino-
bacteria (26% of sequences), and Bacteroidetes (18% of
sequences) (Fig. 1). The most abundant bacteria families
found in leaves were Hymenobacteraceae (16% of
sequences), Burkholderiaceae (16% of sequences), Micro-
bacteriaceae (15% of sequences), Beijerinckiaceae (12% of
sequences), and Sphingomonadaceae (7% of sequences).
The ASVs found in caterpillars were dominated by Pro-
teobacteria (50% of sequences), Actinobacteria (26% of
sequences), Firmicutes (8% of sequences), and Bacter-
oidetes (6% of sequences) (Fig. 1). The most abundant
bacteria families in caterpillars were Burkholderiaceae
(20% of sequences), Anaplasmataceae (10% of sequences),
Corynebacteriaceae (8% of sequences), Enterobacteriaceae
(8% of sequences), and Microbacteriaceae (5% of
sequences). The ASVs found in blue tit feces were domi-
nated by Actinobacteria (60% of sequences), Proteo-
bacteria (16% of sequences), and Firmicutes (14% of
sequences) (Fig. 1). The most abundant bacteria families
found in Blue tits were Microbacteriaceae (8% of sequen-
ces), Pseudonocardiaceae (8% of sequences), and Micro-
monosporaceae (6%  of sequences) (details in
Supplementary Table 2 and Supplementary Fig. 3).

Bacterial microbiota comparisons among host types
There was a significant difference between bacterial micro-

biota of leaves, caterpillars, and blue tits (PERMANOVA;
Host type: R>=0.044, P=0.001). 227 ASVs, which
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Fig. 1 Taxonomic composition at the phylum level for bacterial
communities sampled from each host type in each site. Bar height
indicates relative abundance of ASVs from different taxa. The sites are
grouped by localisation. Avapessa, Feliceto, and Muro are situated in
the Regino valley and are dominated by deciduous oak (D-Regino).
Arinelle, Filagna, and Grassa are in the Regino valley and are domi-
nated by evergreen oak (E-Regino). Mont-Estremo, Pirio, and Tuarelli
are in the Fango valley and are dominated by evergreen oak (E-
Fango).

Table 1 Difference in variance between microbiota samples assessed
by a multivariate homogeneity test of group dispersions.

Difference in variance P
Caterpillars—Leaves 0.218 0.001
Blue tits—Caterpillars 0.003 0.292
Blue tits—Leaves 0.221 0.001

represent 2.9% of all ASVs found in the samples, were shared
among the three host types, but none was shared among all
samples. The among-individual variance in bacterial micro-
biota composition was significantly more important for
caterpillars and blue tits than for leaves (Table 1; Multivariate
homogeneity test of group dispersions; P =0.001). As pre-
dicted, leaf and caterpillar bacterial microbiota as well as
caterpillar and blue tit bacterial microbiota were more similar
than leaf and blue tit bacterial microbiota. Indeed, in the
PCoA (Fig. 2), samples from oak leaves were more similar to
those of caterpillars than to those of blue tits, as evidenced by
the overlap of confidence ellipses around caterpillar and blue
tit bacterial microbiota samples. The Venn diagram (Fig. 3)
showed the proportions of ASVs that were shared between
host types. Hosts of adjacent trophic levels (leaves-caterpillars
and caterpillars-blue tits) shared more common ASVs than
leaf and blue tit samples (Fig. 3). Here again, this was
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Fig. 3 Number of ASVs shared between blue tit, caterpillar and
leaf bacterial microbiota. The Venn Diagram shows the number
and the proportions in parentheses of ASVs shared between the three
host types.

consistent with our prediction. Furthermore, the host of higher
trophic level (i.e., blue tits) had more unique ASVs than the
two other host types. The proportion of ASVs per host type
that were shared with the other hosts are presented in Sup-
plementary Figure 4.

Bacterial microbiota composition at different spatial
scales

The bacterial microbiota structure of each host type varied
at the forest stand, the site and the nest box spatial scale
(Table 2). Some of the differences in bacterial microbiota
composition between forest stands and sites were visible in
ordinations of the bacterial microbiota samples (Fig. 4;
PCoA). Tree species affected the bacterial microbiota
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Table 2 Effect of forest stand, site or nest box on the microbiota
composition of each host type. The table gives R> (P) assessed by
nested PERMANOVA (one for each host type).

Forest stand Site Nest box
Leaves 0.06 (0.005) 0.29 (0.001) N.D.
Caterpillars 0.02 (0.171) 0.08 (0.193) 0.22 (0.03)
Blue tits 0.01 (0.364) 0.08 (0.002) 0.14 (0.03)

composition of leaves, although the effect of the site was
more important than the effect of forest stand (Table 2;
PERMANOVA; Forest stand: R2:O.06, P =0.005; Site:
R*=029, P= 0.001). Forest stand and site did not affect
the caterpillar bacterial microbiota, but the -caterpillars
found around a nest box had a more similar bacterial
microbiota composition compared with caterpillars around
other nest boxes (R*> = 0.22, P = 0.03). The blue tit bacterial
microbiota did not vary between the two forest stands, while
the site explained a moderate proportion of variation and the
nest box explained an important proportion of variation in
blue tit bacterial microbiota (Table 2; Forest stand: R’ =
0.01, P =0.364; Site: R* = 0.08, P = 0.002; Nest box: R* =
0.14, P = 0.03). In other words, blue tits had a more similar
bacterial microbiota within than among sites and within
than among nest boxes. For each host type, all factors
passed the multivariate homogeneity test of groups disper-
sions except the caterpillar bacterial microbiota and the blue
tit bacterial microbiota for the factor “site”. Since the effect
of site was not significant for caterpillar bacterial micro-
biota, this was not an issue, but for the site effect on blue tit
bacterial microbiota, the effect may be due to differences in
variance and not in bacterial composition between samples
of different sites.

Discussion

Bacterial microbiota taxonomic composition varies
across trophic levels

We described the bacterial microbiota of three host types
along a trophic network using 16S rRNA gene amplicon
sequencing. The leaf bacterial microbiota of deciduous downy
oaks and evergreen holm oaks are dominated by Proteo-
bacteria, Actinobacteria, and Bacteroidetes, as found in other
studies of leaf microbiota [64—66]. The phyla Proteobacteria,
Actinobacteria, Firmicutes, and Bacteroidetes were dominant
in caterpillars, like other studies of caterpillar microbiota
[34, 67]. The taxonomic composition of blue tit fecal bacterial
microbiota was dominated by Actinobacteria, Proteobacteria,
and Firmicutes. Proteobacteria and Firmicutes have
been previously reported to dominate bird fecal microbiota
[68-70]. Interestingly, we found that Actinobacteria were

very abundant in bird feces, but this group was not typically
dominant in bird fecal microbiota in other studies. Blue tit gut
bacterial microbiota composition in our study was similar to
that of the closely related great tit (Parus major) [71]. In this
species the bacterial microbiota was dominated by Firmicutes,
Actinobacteria, and to a lower extent Proteobacteria [71].
Blue tits and caterpillars presented a higher among-individual
variance in their bacterial microbiota compared to leaves. This
was expected for caterpillars that were known to have highly
variable microbiota [18, 33, 34] but less expected for blue tits;
a previous study of gut microbiota across 59 bird species
found that about 20% of the described bacteria were found
across all samples [15], although in barn swallow microbiota
the most abundant bacteria were present in only half of the
samples [72]. Our complementary results on blue tits thus
suggested that the level of among-individual variance in
bacterial microbiota was variable across bird taxa and
populations.

Evidence of bacterial transfer among hosts

When considering the whole study area, leaf and caterpillar
bacterial microbiota as well as caterpillar and blue tit bacterial
microbiota were more similar and shared more ASVs in
common than leaf and blue tit microbiota, which was con-
sistent with their position in the trophic network (Figs. 2 and
3). Indeed, our results confirm the prediction that hosts of
adjacent trophic levels had a more similar bacterial microbiota
than hosts separated by two trophic levels. Some bacteria
associated with one host type may have been horizontally
transferred to another host type in their diet or by direct
contact. It is also possible that some environmental variables
affected two host types independently resulting in a similar
microbiota composition for both. Future experiments will be
required to determine the processes that cause this pattern, but
our results did indicate clearly that living in spatial proximity
led to increased similarity in microbiota composition.

Variation in bacterial microbiota composition across
spatial scales differed among host types

As expected, the leaf bacterial microbiota was different
between the two tree species and across the sampled sites
(Table 2). Host taxonomy is known as the main factor
affecting leaf microbiota composition and the environ-
mental variables associated with location have also been
shown to affect bacterial composition [22-25]. One sur-
prising result was that variation in bacterial microbiota
composition depended more on the sampling site than on
tree species. The tree species in our study system belong to
the same genus and it has been shown that closely phylo-
genetically related host taxa are associated with more
similar microbiota [23]. Thus, this may be one of the
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reasons why in our study, tree taxonomy was not a major
driver of bacterial microbiota composition compared to the
sampling location.

We found no difference in caterpillar bacterial microbiota
composition among forest stands and among sites (Table 2).
At a finer scale, the caterpillars sampled around the same nest
box had similar bacterial microbiota and in fact nest box
location was identified as one of the main determinants of
bacterial microbiota diversity (Table 2). Thus, the micro-
environment (i.e. the immediate vicinity around a nest box)
might be important in shaping the caterpillar bacterial
microbiota. However, another study found no similarity in
microbiota of Melitaea cinxia caterpillars from the same
family nest and collected on the same Plantago lanceolata
host plant individual [73]. Empirical evidence is mixed and
more studies looking at the effects of the microenvironment
on insect microbiota are needed to resolve the question of
how insect microbiota vary across spatial scales.

Our prediction that blue tit microbiota were structured at
the three spatial scales was confirmed. Forest stand had a
small effect on the bird bacterial microbiota, while site had a
moderate effect and the nest box had an important effect on
their bacterial microbiota (Table 2). As expected, blue tits
from the same nest box (i.e. a breeding pair and their
nestlings) had similar gut microbiota. Although we could
not separate these causes, our results highlight that the
microenvironment was more important than large-scale
environment in shaping the blue tit bacterial microbiota.
While previous studies have found an effect of the macro-
environment [11, 13, 74] or microenvironment [71, 75] on
microbiota, to our knowledge, none has compared the
magnitude of these effects.

Conclusion

This study analysed the composition of the bacterial micro-
biota of three host types: oak leaves, caterpillars, and blue tits,
all part of the same trophic network. Our spatially structured
study design provided the opportunity to compare the rela-
tions between three host type bacterial microbiota from a
trophic network in the wild at different spatial scales. It
indicates that, for these three host types, living in spatial
proximity led to increased similarity in bacterial microbiota
composition. The result suggested a transfer of bacteria from
prey to predators in a trophic network composed of a primary
producer, a primary consumer, and a secondary consumer.
Further studies directly tracking microbial strains across the
three trophic levels would be necessary to confirm that a
bacterial transfer is occurring in this system. The importance
of diet in shaping animal microbiota has been highlighted
previously, and our findings add another dimension to our
understanding of this relation between host and diet. Our

results focused on the taxonomic composition of bacterial
microbial communities. Future studies that directly sequence
microbial functional genes (e.g., via metagenomic shotgun
sequencing) will be required to determine how functions
differ among these hosts and to reveal the link between
microbial and host functions. Our results also showed that the
microenvironment (i.e., the radius of 10 m around the sam-
pled organism) was more important in shaping bacterial
microbiota than the large-scale environment (i.e., the site or
forest stand sampled) for caterpillars and blue tits. Experi-
mental approaches will be needed to follow up on these
results to understand the variables affecting bacterial micro-
biota at a fine spatiotemporal scale, for example in a nest box.
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