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Bird gut microbiota shows large variation among geographical populations of the
same species – probably because, differently from mammals, gut microbiota of birds is
largely affected by extrinsic factors such as diet and environmental conditions. We
analysed the cloacal microbiota (CM) of 12 barn swallows (Hirundo rustica) from a
colony in Northern Italy by high-throughput DNA sequencing of the 16S rRNA gene.
The CMs, dominated by bacteria of the phyla Proteobacteria, Actinobacteria, Firmicutes
and Bacteroidetes, did not significantly differ between adult females, adult males and
fledglings. This first description of barn swallow CM in Italy, together with two previous
studies fromEurope, suggests that CMs of geographically different barn swallow popula-
tions are dominated by bacteria belonging to the same phyla but different genera. The
intra-colony similarity of the CMsmay be due to the exposure of individuals to the same
local environmental conditions while on their breeding grounds.

KEY WORDS: barn swallow, gut microbiota, Hirundo rustica, Illumina sequencing,
microbiome.

INTRODUCTION

Recent studies have demonstrated that the gut microbiota can influence the
physiology and behaviour of vertebrate species (Fraune & Bosch 2010) by affecting
host physiology, improving nutrient assimilation, promoting detoxification and sup-
porting immunological responses with consequences on host growth and survival
(Mead 1997; Fraune & Bosch 2010). Moreover, the composition of the gut microbiota
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seems to influence host behaviour, particularly by influencing mate choice and repro-
duction (Kokko et al. 2002; Sharon et al. 2010). Alteration of gut microbiota may also
exert negative effects, determining physiological disorders of the host, increasing its
susceptibility to pathogens, and ultimately reducing its fitness (Muegge et al. 2011; Bik
et al. 2016).

Little is currently known about the factors that shape the structure of intestinal
bacterial communities. A recent review by Colston and Jackson (2016) highlighted that
the host genetics and phylogeny influence the structure of bacterial communities in the
gut of mammals, fishes and reptiles. In contrast, diet and geography seem the main
factors affecting avian gut microbiome (Waite & Taylor 2014; see Colston & Jackson
2016 and references therein). Studies on birds also suggest that nestlings acquire their
microbiota from the nest environment immediately after hatching or through the bolus
regurgitated by parents, providing an example of vertical transmission of bacteria
through generations (Lucas & Heeb 2005; Van Dongen et al. 2013). Bacteria can be
transferred also between adult birds during copulation (White et al. 2010; Kreisinger
et al. 2015). This horizontal transfer of gut bacteria is favoured by the anatomy of the
reproductive system of birds. Indeed, the avian cloaca serves both for defecation and for
gamete transfer, creating the condition for sexual transmission of intestinal bacteria
(Sheldon 1993; Lombardo 1998; White et al. 2010). These features suggest that birds
could be a valuable model for investigating the processes that shape the bacterial
communities of the intestinal trait (White et al. 2010).

We studied the cloacal microbiota (CM) of 12 barn swallows (Hirundo rustica) from
a colony in Northern Italy during the breeding season 2015. To date, only two published
studies from the Czech Republic have investigated barn swallow CM (Kreisinger et al.
2015, 2017). In light of the large variability in the microbiota of bird populations from
different geographical areas (Colston & Jackson 2016), our aim was to provide a descrip-
tion of the CM of a geographically different population. In addition, we investigated
whether the structure of the bacterial communities of the CM differed among age classes
(adults or fledglings) and sexes (adult males or adult females). CM is a subset of intestinal
microbiota, and it is directly communicating with both the urogenital tract and the
external environment. This makes it more susceptible to horizontal transfer of bacteria
between individuals. Moreover, CM sampling is easily feasible by swabs (see Methods),
while the study of bacterial communities of more internal tracts of the gastrointestinal
apparatus would require the sacrifice of some individuals, which is ethically not accep-
table for a protected species like the barn swallow.

METHODS

Study species and field procedures

The barn swallow is a small, aerially insectivorous, long-distance migratory bird that breeds
semi-colonially mostly in rural buildings (Turner 2006). Socially monogamous breeding pairs have
one to three broods of one to seven nestlings per breeding season. Offspring are altricial and are
attended by both parents for approximately 20 days. Adult barn swallows can be easily sexed
during the breeding season from presence (females) or absence (males) of brood patch (Møller
1994; Turner 2006), while fledglings are monomorphic and cannot be sexed in the field until their
first moult (Møller 1994; Turner 2006).

We sampled CM of four adult males, five adult females and three fledglings captured by mist
nets in a breeding colony (Milan, Italy; 45°28′48.8″N, 9°06′05.3”E) on 24 July 2015. CM samples
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were collected using sterile DNA-free microbiological nylon swabs (minitip FLOQSwabs 516CS01,
COPAN, Brescia, Italy) inserted ~ 10 mm inside the cloaca for ~ 20 sec and gently twisted by ~
360°. All samples were kept at + 4 °C while in the field and brought to the lab within 5 hr from
collection, where they were stored at − 20 °C until processing. Six samples were stored in 2 mL
aseptic microcentrifuge tubes (Eppendorf AG, Germany), while the others were stored in 1 mL of
eSwab™ preservative (484CE eSwab™, COPAN, Brescia, Italy).

The study was carried out under permission of the local authority (Regione Lombardia,
DGR 190 issued on 19 January 2015) responsible for authorizing animal studies in the wild. The
owner of the riding school where we collected samples gave us the permission to conduct this
work.

DNA extraction and sequencing

Total DNA was extracted from the swabs with FastDNA® Spin kit for Soil (MP Biomedicals,
Solon, OH, USA). Dry swabs were directly inserted into the LysingMatrix E tube. Microtubes contain-
ing the swabs stored in eSwab™ preservative were vortexed, and the whole content (~ 1 mL) of
each microtube was transferred to a Lysing Matrix E tube while adding 500 µL of sodium phosphate
buffer. Further steps of DNA extractionwere performed according tomanufacturer’s instructions. The
V5–V6 hypervariable regions of the bacterial 16S rRNA gene were PCR-amplified by preparing
2 × 75 µL volume PCR reactions for each sample and including a 6-bp barcode at the 5′ end of each
primer (Huber et al. 2007; Wang & Qian 2009) to allow sample pooling and sequence sorting.
Amplicons bearing different barcode pairs were pooled together to build libraries. Further library
preparationwith the addition of standardNextera indexes (Illumina, Inc., SanDiego, CA,USA; see also
Gandolfi et al. 2017 for further details) and sequencing were carried out at Parco Tecnologico Padano
(Lodi, Italy).

Reads from sequencing were demultiplexed according to the indices and the Uparse
pipeline was used for the following elaborations (Edgar 2013). Forward and reverse reads
were merged with perfect overlapping and quality filtered with default parameters. Chimera
checking was run on pooled unique reads before the OTU clustering, and allowed removing
6764 (10.5%) suspected chimera sequences. Singleton sequences (i.e. sequences appearing only
once in the whole data set) were also removed. Operational taxonomic units (OTUs) were
defined on the whole data set clustering the sequences at 97% of similarity and defining a
representative sequence for each cluster. Abundance of each OTU was estimated by mapping
the sequences of each sample against the representative sequence of each OTU at 97% of
similarity. Taxonomic classification of the OTU representative sequences was obtained by
RDP classifier (Wang et al. 2007).

Sequences were deposited to EBI-ENA database with the accession numbers ERS1835461-
72. Full datasets used in the present analyses are included in the Supplemental Material available
online.

Statistical analyses

Alpha diversity. The number of sequences was used as an estimate of abundance of each OTU in a
sample. We estimated the total OTU richness of each CM by the Chao1 index (Chao & Shen 2003)
because this index estimates the total OTU richness after accounting for unobserved OTUs and its
values can be compared among samples with different coverage. We then compared Chao1 indices
between adult males, adult females and fledglings by ANOVA followed by planned comparisons of
adult males and adult females (thus excluding fledglings), and adults (i.e. pooling adult males and
females) and fledglings.

Beta diversity. We compared CM structures of adult males, adult females and fledglings by redun-
dancy analysis (RDA). Abundance of each OTU was assessed on 12,000 randomly extracted
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sequences in order to give equal coverage to each CM. This number was slightly lower than the
minimum coverage of our CMs. Also in this case, we performed planned comparisons by re-
running RDAs on adult males and adult females only, and by comparing adults and fledglings
and adjusting significance according to the false discovery rate (FDR) procedure (Benjamini &
Yekutieli 2001). The Hellinger distance among CMs was used for all the analyses (De Cáceres et al.
2010; Legendre & Legendre 2012).

Rarefaction curves showed that bacteria diversity may be underestimated with 12,000
sequences (Fig. 1). We therefore re-ran these analyses on a random subsample of 50,000 sequences
for the eight samples with a larger coverage and by normalizing the coverage to 50,000 sequences
for the four samples with a lower coverage. The results never changed in that all significant tests
remained significant, and all non-significant ones remained non-significant (details not shown), so
we report only the results obtained with 12,000 sequences.

RESULTS

Composition of CM bacterial communities

We obtained 926,729 sequences clustered in 2482 OTUs, only 109 (4%) of which
were present in all samples, 675 (27%) in more than 50% of the samples and 629 (25%)

Fig. 1. — Rarefaction curves for the 12 CM samples. The vertical dotted lines represent 12,000 and 50,000
sequences. F: adult females, M: adult males, FL: fledglings.
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were exclusive of one sample. The number of OTUs in each sample ranged between 310
and 1214. CM of one adult female (#F1) was composed by a much smaller number of
OTUs (n = 310) than that of the other individuals (n ≥ 592).

OTUs were classified in 32 phyla and 138 orders. Proteobacteria, Firmicutes,
Actinobacteria and Bacteroidetes were the most abundant phyla, while
Burkholderiales, Chlamydiales, Bacillales and Actinomycetales were the most abun-
dant orders (Fig. 2). The CM of female #F1, which showed the lowest number of
OTUs, was dominated by Chlamydiales (86% of sequences; Fig. 2).

Fig. 2. — Relative OTU abundance classified at order level. F: adult females, M: adult males, FL:
fledglings.
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Alpha and beta diversity of CM communities

Values of Chao1 indices (Table 1) did not differ significantly between adult males,
adult females or fledglings (F2,9 = 3.096; P = 0.095). Planned comparisons also showed
that they did not differ significantly between adult males and females (t9 = 1.419;
P = 0.332) and between adults (males and females pooled) and fledglings (t9 = 1.963;
P = 0.149).

RDA indicated that the CM structure did not differ significantly between adult
females, adult males or fledglings (F2,9 = 1.265; P = 0.106; Fig. 3) nor between adult
males and adult females (F1,7 = 0.938; PFDR = 0. 888) or between adults (males and
females pooled) and fledglings (F1,10 = 1.479; PFDR = 0.306).

DISCUSSION

The phyla Proteobacteria, Actinobacteria, Firmicutes and Bacteroidetes dominated
barn swallow CMs, consistently with the results on populations from the Czech Republic,
which are ~ 580 km far from our study area, where a high abundance of the phylum
Tenericutes was also reported (Kreisinger et al. 2015, 2017). Proteobacteria and Firmicutes
are common in the gastrointestinal trait of birds (Godoy-Vitorino et al. 2012; Waite et al.
2012; Waite & Taylor 2015). A more detailed description of the bacterial community at a
lower taxonomic level showed that themost abundant genera differed from those observed
in previous studies: the generaRalstonia, Pseudomonas, Aeribacillus, and Arenimonaswere
abundant in our samples, while they were not found in the two previous studies in the
Czech Republic (Kreisinger et al. 2015, 2017). Ralstonia spp. and Pseudomonas spp. are
abundant microorganisms in many matrices such as soil and water, and they have been

Table 1.

Description of cloacal microbiome samples. For each sample, information about age (adult or fledgling)
and sex of adults, Chao1 (± SE) index and the number of reads before and after quality filtering is

reported.

ID sample Age/Sex Chao1 index (± SE) No. reads No. reads after quality filtering

F1 Adult female 520.34 (± 44.85) 201,604 170,169

F2 Adult female 784.12 (± 18.80) 48,413 42,803

F3 Adult female 753.07 (± 33.98) 128,489 108,879

F4 Adult female 999.46 (± 43.82) 78,069 55,912

F5 Adult female 973.89 (± 20.22) 139,840 102,020

M1 Adult male 1246.58 (± 10.47) 147,751 128,722

M2 Adult male 747.50 (± 20.41) 60,609 49,615

M3 Adult male 1245.33 (± 18.57) 50,157 44,738

M4 Adult male 788.23 (± 13.94) 224,544 188,257

FL1 Fledgling 1121.49 (± 31.19) 111,052 80,295

FL2 Fledgling 1128.57 (± 17.58) 21,906 17,383

FL3 Fledgling 1298.53 (± 22.22) 90,813 68,463
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found also in association with plants and animals (Brown 2014). Aeribacillus spp. are
endospore-forming thermophilic bacteria closely related to Geobacillus genus, which has
been described as ubiquitous in cold environments (Filippidou et al. 2015). Arenimonas
spp. are aerobic non-spore-forming bacteria whose presence has been documented in soils
and sediments. Interestingly, the two studies by Kreisinger and colleagues also found some
differences in the CM compositions even among barn swallow populations that bred at
short distance from one another. Indeed, in one paper (Kreisinger et al. 2015), the most
abundant genera were Candidatus Hamiltonella, Corynebacterium, Acinetobacter, and
Comamonas, while in the other one (Kreisinger et al. 2017), the most abundant genera
wereMycoplasma, Catellicoccus, Serratia, Lactobacillus, and Dysgonomonas, together with
some members of the family Enterobacteriaceae that were not classified at genus level.
These differences may be due, at least partly, to the different methods used in the two
studies. Indeed, Kreisinger et al. (2015) collected CM by using swabs as in the present
study, while Kreisinger et al. (2017) collected faeces to investigate faecal microbiota.
However, faecal microbiota is generally considered as a proxy of bacterial communities
of the lower intestine (Lewis et al. 2016). This difference in the methods therefore should

Fig. 3. — Biplot of first and second components from RDA of CM bacterial communities of 12 barn
swallows. Each symbol represents the CM of one individual. Different symbols and colours represent sex
or age classes (pink dots = adult females, blue triangles = adult males, green squares = fledglings).
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not have largely affected the observed CM structure. Many genera that were abundant in
the Czech populations were among the least abundant or were even absent from our
samples. Only the genera Enterococcus, Staphylococcus, and Streptococcus were consis-
tently found among the 10 most abundant genera in at least two out of the three studies on
the species. These are all common and widespread bacteria. For instance, Enterococcus
spp. and related species are common, commensal members of gut communities in mam-
mals and birds and also opportunistic pathogens (Byappanahalli et al. 2012).

The observed low overlapping of barn swallow CMs is consistent with the hypoth-
esis that environmental features of the areas where individuals live are the main drivers
of avian microbiota diversification and that CMs may therefore largely differ among
geographical populations of the same species (Lucas & Heeb 2005; Waite & Taylor
2015). This confirms the importance of studies describing the microbiota of different
and distant geographical populations of the same species. In addition, the investigation
of the ecological and evolutionary consequences of such inter-population differences is
a promising research avenue.

The CM of one adult female barn swallow (#F1) was dominated by bacteria of the
orders Chlamydiales (86%) and Lactobacillales (13%). Despite the large abundance of
bacteria that are potential pathogens for vertebrates and a CM structure different from
that of the other individuals, this female was recaptured in the colony during the year
after the sampling (R. Ambrosini personal observation) and thus survived to the follow-
ing breeding season. We can hypothesize that the prevalence of Chlamydiales in the
distal part of the gut may have a less detrimental effect on bird survival than in other
parts of the digestive trait, or that these bacteria are less detrimental to birds than to
other vertebrates. This observation also confirms previous reports that gut microbiota
of migratory passerines can include potentially pathogenic species without apparent
effect on bird fitness (Lewis et al. 2016).

Most of the 2482 OTUs found in the CM of barn swallows had a low prevalence.
Indeed, 25% of OTUs was found in only one individual, 27% in more than half of the
individuals, and only 4% in all the birds. The prevalence of rare OTUs and the large
inter-individual variation in CM structure is consistent with the findings of previous
investigations of the gut bacterial communities of birds (e.g. Lucas & Heeb 2005; Hird
et al. 2014; Lewis et al. 2016) and of other vertebrate taxa (Burr et al. 2005; Lucas &
Heeb 2005; Ley et al. 2008; White et al. 2010). We did not observe significant differences
between the sexes in the CM structure, consistently with a previous investigation on the
barn swallow in the Czech Republic. This may result from the horizontal transfer of
bacteria among adults due to within-pair and extra-pair copulations (Kreisinger et al.
2015). We also did not observe a statistically significant difference in alpha or beta
diversity between fledglings and adults. Our findings therefore contrast with the results
of Kreisinger et al. (2017), who observed a higher alpha diversity of CM of adults than of
nestlings and hypothesized that this was due to the ongoing formation of gut bacterial
assemblage in nestlings.

Admittedly, the lack of significant differences in the structure of CMs among age
and sex classes may be due to the small number of CMs considered in the present study.
Indeed, our results show that males, females and fledglings form rather separate
clusters, and future investigations on a larger sample may disclose differences in CM
structures that were not revealed in the present study. Alternatively, it may be explained
by the fact that, in birds, exogenous and environmental factors seem to influence the
composition of the CM (Lucas & Heeb 2005; Waite & Taylor 2014) more than endo-
genous ones, and that barn swallows breeding in the same colony are exposed to the
same environmental conditions, including availability of insect prey. In addition, we
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sampled juveniles at a later age than Kreisinger et al. (2017), i.e. when they had already
fledged and may have had time to acquire a CM more similar to that of adults. Finally,
transfer of bacteria may occur not only among adults (see above), but also between
adults and nestlings. Indeed, parents may transfer bacteria to nestlings when feeding
them, but they can also acquire bacteria from them, e.g. when removing faecal sacs
(Turner 2006).

This first description of the CM of barn swallows in northern Italy and the third
ever performed on this species (Kreisinger et al. 2015, 2017), although based on a rather
small sample, thus suggests that CMs of geographically different barn swallow popula-
tions seem dominated by bacteria belonging to the same phyla, while differences can be
observed in the dominant genera.
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