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Simple Summary: Our study is one of the few comparative and within-a-species descriptions of

microbiomes in wild non-passerine birds. Particularly, it focuses on red-legged partridges, which are

medium-sized gamebirds inhabiting open dry countryside and low-intensity cultivations with a mix

of fallow and uncultivated areas in southwestern Europe. We wanted to study microbes living in their

gut as their occurrence and diversity may affect both survival and reproduction of these birds. We

collected fresh red-legged partridge fecal pellets at different sites located on both the western (two)

and eastern (one) sides of Elba Island (central Italy). Although most represented bacteria were the

same in all the three sites, we found differences between western and eastern Elban subpopulations

in terms of microbiome composition and diversity. This result might be related to locally diverging

individual physiological needs and/or to different intensities in past releases of captive-bred birds

between the two sides of Elba. Overall, we suggest that the two partridge subpopulations should be

managed separately to avoid any loss or significant variation in their microbiome structure.

Abstract: This research is one of the few comparative descriptions at an intraspecific level of wild non-

passerine microbiomes. We investigated for the first time the gut microbiome of red-legged partridges

(Alectoris rufa) using fecal pellets in order to provide a more informed management. We focused on

a small Italian population consisting of two demes (WEST, EAST) separated by about 20 km on the

opposite sides of Elba Island. Given the small spatial scale, we set up a sampling protocol to minimize

contamination from environmental bacteria, as well as differences due to variations in—among

others—habitat, season, and age of feces, that could possibly affect the investigation of the three

Elban sites. We found a significant divergence between the WEST and EAST Elban subpopulations

in terms of microbial composition and alpha diversity. Although most represented bacterial phyla

were the same in all the sites (Firmicutes, Actinobacteria, Proteobacteria, and Bacteroidetes), microbiomes

displayed a much higher diversity in western than in eastern partridges. This result might be related

to locally diverging individual physiological needs and/or to different intensities in past releases of

captive-bred birds between the two sides of Elba. We suggest that the two subpopulations should be

treated as distinct management units.

Keywords: host-microbiome associations; microbiome; non-invasive sampling; red-legged partridge;

16S rRNA metabarcoding

1. Introduction

The rapid development in cultivation-independent high-throughput sequencing tech-
niques allowed the outbreak of ground-breaking research on what Woese [1] referred to
as the ‘sleeping giant’ of biology: the microbial world. This process revealed the largely
unforeseen role that microorganisms play in development, growth, and health of virtually
all living beings since they harbor the so-called microbiome [2].
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Among the vertebrates, it is well known that the microbiome of the gastrointestinal
tract can affect survival and reproductive performance through its interactions not only
with nutrition but also with both the physiology and immune system of the host [3–5].
Symbiotic microbes can indeed play a pivotal role in herbivores’ digestion [6,7], in fulfilling
specific nutritional requirements (e.g., in whales [8]), and in protection against pathogens
(e.g., [9,10]). Perturbations or even disruption of microbial communities—most commonly
of the gastrointestinal tract, the so-called dysbiosis (sensu [11])—are often associated with
a health disorder and can potentially result in a significant decline of both survival rate and
fitness of the host [12,13]. Despite its role in nutritional uptake, detoxification, immune
function, and competitive exclusion of pathogens [14,15], the gut microbiome has been less
explored in wild birds than in mammals [16], with the non-passerine species being studied
very rarely [17,18]. Therefore, a better understanding of wild bird microbiomes necessarily
implies widening the range of investigated taxa.

The red-legged partridge (Alectoris rufa, Phasianidae) is a medium-sized gamebird
that inhabits open dry countryside and low-intensity cultivations with a mix of fallow
and uncultivated areas. In mainland Europe, it occurs from the Iberian Peninsula across
most of France to northwestern Italy. Three subspecies are recognized: A. r. rufa, native
to France and Italy, and A. r. hispanica and A. r. intercedens from northwestern Spain and
the remainder of the Iberian Peninsula, respectively. Nominated subspecies have also
been historically introduced into several islands, for instance, Corsica (VI c., [19]), Great
Britain (XVII c., [20]), and—to the easternmost edge of its range—Elba, in the Tuscan
Archipelago (Figure 1a). This latter consists of seven main islands, with Elba—the third
in Italy by size (223.5 km2)—hosting a small, protected red-legged partridge population,
which is the only natural (not from an ex situ facility), long-established (at least since the
late 1700s but likely much earlier [21]), and self-sustaining (no supplementation since the
mid-1990s, [22]) Italian resource of this species. Nonetheless, partridges have long been
hunted on Elba and despite the establishment of the Tuscan Archipelago National Park
(1996)—with the majority of the island territory set under strict protection—a demographic
collapse eventually took place by the end of 1990s, when the occurrence of only 30–50 pairs
was assessed (see [21] and references therein). Later, Chiatante and colleagues [23] could
not estimate any reliable population density value due to the paucity of individuals.

In a previous study based on the use of microsatellite DNA markers [22], we assessed
that western and eastern regions of the Island, which are separated by less than 20 km, host
genetically diverging subpopulations. In this study, we collected samples from western
(two) and eastern (one) sites of Elba Island to compare microbial communities associated
with the local red-legged partridges. On the one hand, we wanted to provide one of the
few comparative descriptions at an intraspecific level of wild non-passerine bird micro-
biomes. On the other hand, we sought to gain first microbial data that would be useful to
improve the management of either wild or farmed A. rufa using the Elban population as
a reference.



Animals 2023, 13, 3341 3 of 14

 

Figure 1. (a) The position of the island of Elba in Tuscany, central Italy; inset: a few red-legged

partridges in the wild (courtesy: J.J. Negro, Spain). (b) Land cover map of Elba (source: Tuscan

Region GEOscopio WMS: UCS10k 2019) obtained using QGIS v. 3.6 ‘Noosa’. The three sampling

localities (same land class, n. 323) are indicated: SBART, San Bartolomeo; PM, Pietra Murata; CDM,

Cima del Monte (see also Table 1).
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Table 1. Sample information including name, locality, subpopulation, date, and elevation.

Sample Locality Subpopulation Date Elevation

SBART 13

San Bartolomeo WEST 17 February 2019 402 m

SBART 14
SBART 19
SBART 20
SBART 21
SBART 22

PM 26

Pietra Murata WEST 8 February 2020 547 m

PM 41
PM 43
PM 44
PM 45
PM 46

CDM 3A

Cima del Monte EAST 15 December 2018 428 m

CDM 3B
CDM 3C

CDM 3MIX
CDM 4A
CDM 4B

2. Materials and Methods

2.1. Biological Sampling

We selected three study sites within the limits of the National Park: two in the west
(San Bartolomeo, 42◦45′23.35′′ lat. N and 10◦07′31.56′′ long. E, SBART; Pietra Murata,
42◦45′15.03′′ lat. N and 10◦11′01.67′′ long. E, PM) and one in the east (Cima del Monte,
42◦47′51.74′′ lat. N and 10◦23′27.95′′ long. E, CDM) Elba (Table 1). Located at a similar
elevation (SBART, 402 m a.s.l.; PM, 547 m; CDM, 428 m) and holding the same exposure to
the sun (open 360◦ view), these sites were assigned to the same land class (Figure 1b), which
is dominated by herbaceous plants with garrigue and sclerophyllous vegetation among
small grassland patches. They are largely characterized by Brachypodium retusum (Poaceae)
and Foeniculum vulgare (Apiaceae), with Phagnalon saxatile (Asteraceae) and Micromeria
graeca (Lamiaceae) occurring mainly in the CDM site. The lower herbaceous layer and the
open spaces with meadows include Poa annua (Poaceae), Trifolium subterraneum (Fabaceae),
Hypochaeris achyrophorus (Asteraceae), Polycarpon tetraphyllum (Caryophyllaceae), and Plan-
tago bellardii (Plantaginaceae), whereas Lavandula stoechas (Lamiaceae) and Cistus monspelien-
sis (Cistaceae) are mainly found in the bushy areas, with C. salviifolius being more abundant
on the western side of Elba [24,25]. Fresh (no more than 2–3 h old, to minimize contamina-
tion from environmental bacteria) and well-spaced fecal pellets were individually collected
in winter (SBART, February 2019; PM, February 2020; CDM, December 2018) at least three
days after the last rainfall, from 8.00 to 10.00 a.m., and with an air temperature ranging −2
to 4 ◦C. Separately kept in plastic vials (no chemicals added), samples were transported
according to a strict cold chain until the final storage (−40 ◦C) at the University of Pisa.
Six pellets for each site were randomly selected and used for the analyses (total sample
size, 18).

2.2. DNA Extraction

Sample manipulations and DNA extractions were carried out under a dedicated sterile
cabinet (Polaris 48, Steril Spa) and all materials and disposables were sterilized with UV
light for 2 h. After the removal of a white layer (urine) that can be typically found on the top,
genomic DNA was extracted using 200 mg of feces from a single pellet and the QIAamp®

Fast DNA Stool Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s
instructions with minor changes. We added 1 mL of InhibitEX® buffer, then we heated
5 min at 95 ◦C to improve the lysis, and the final elution was in 120 µL of Buffer ATE.
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A blank extraction (no sample) was included in each session. DNA concentration was
assessed with a Qubit 2.0 fluorometer and Qubit dsDNA HS Assay Kit (Thermo Fisher
Scientific, Waltham, MA, USA).

2.3. 16S rRNA Gene Amplification and Sequencing

Amplifications were carried out under a different sterile cabinet (Top Safe 1.2, BioAir),
with all materials, disposables, and the surface sterilized with UV light for 2 h before
the setup of reactions. The V3–V4 regions of the 16S rRNA gene were amplified us-
ing the (5′-3′) primers (forward) 341F-CCTACGGGNGGCWGCAG and (reverse) 785R-
GACTACHVGGGTATCTAATCC of [26]. The Illumina overhang adapter sequences added
to the forward and reverse primers were TCGTCGGCAGCGTC AGATGTGTATAAGA-
GACAG and GTCTCGTG GGCTCGGAGATGTGTA TAAGAGACAG, respectively. Each
PCR was performed in 50 µL using the KAPA HiFi HotStart Ready Mix (Roche Diagnostics,
Pleasanton, CA, USA), 8 ng of DNA, 0.2 µM of each primer, and adding 0.3 µg/µL of
Ultrapure BSA (Bovine Serum Albumin, Invitrogen, Waltham, MA, USA). The thermal
profile comprised 5 min at 95 ◦C, followed by 40 cycles of 30 s at 95 ◦C, 30 s at 55 ◦C, and 30 s
at 72 ◦C, and a final extension at 72 ◦C for 5 min. The concentration of the amplicons was
quantified using a Qubit fluorometer. Then, amplicons were barcoded and a sequencing
library from each sample with an average concentration of 27.38 ng/µL was obtained.
All 18 amplicons were sequenced on the Illumina MiSeq platform (sequencing depth of
2 × 100,000 paired-end reads) by IGATech (Udine, Italy).

2.4. Analysis of the Sequences

Raw reads of prokaryotic V3–V4 regions were analyzed using the QUANTITATIVE

INSIGHTS INTO MICROBIAL ECOLOGY version 2 (QIIME2, https://qiime2.org, accessed
on 1 March 2023) software package [27]. Reads were truncated at 260 bp length to remove
the lower-quality last base calls. After that, quality filtering, primer trimming, pair-end
read merging, and de novo chimera removal were performed with the divisive amplicon
denoising algorithm (DADA2) plugin [28]. The resulting sequences were then used to
generate amplicon sequence variants (ASVs). ASVs displaying a total abundance lower
than 10 were discarded before proceeding with downstream analyses. ASV sequences
were aligned with MAFFT [29] and a phylogenetic tree was inferred with FASTTREE [30].
This latter was manually inspected and no further chimeric sequence was disclosed. Taxo-
nomic assignment of sequence variants was carried out using the release 132 of the Silva
database [31]. A Naive Bayes classifier was trained extracting the regions of interest from
SSU rRNA representative sequences (99% similarity clustered Operational Taxonomic Unit)
as in [32]. Sequence variants identified as mitochondria, chloroplasts, unassigned, as well
as all non-bacteria were removed before further data processing.

2.5. Statistical Analyses

All statistical analyses were performed using QIIME2 either for the three populations
(SBART, PM, and CDM) and the western (WEST) and eastern (EAST) subpopulation. Taxa
bar plots were produced at the phylum and genus level. Alpha and beta diversity were then
estimated using ASVs. Rarefaction curves for each individual were obtained with a depth
of 7701. Alpha diversity was assessed by calculating three different indexes: number of
sequence variants (ASVs), Shannon’s index (quantitative, non-phylogeny based index)
for richness, and Pielou’s Evenness for evenness. Comparison among index values for
different communities was performed by the Kruskal–Wallis non-parametric test. Different
metrics—Bray–Curtis and Jaccard for quantitative and qualitative data, respectively, and
both weighted and unweighted Uni-Frac distances to assess the impact of phylogeny—
were used for calculating beta diversity by means of a multivariate Principal Coordinates
Analysis (PCoA) and Permanova (pairwise comparisons, 999 permutations).

https://qiime2.org
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3. Results

3.1. Sequencing Outcome

High-quality 16S rRNA gene sequences (2,092,950) were obtained from 18 fecal sam-
ples. The number of reads ranged 61,270–187,344 (116,275 ± 32,324, on average). After
filtering all non-bacterial and unassigned sequences, the final dataset comprised 1,386,402
high-quality reads (77,022 ± 20,804, on average). The rarefaction curves reported in Figure
S1 reached a plateau, thus confirming that the sequencing depth was sufficient to sample
all variants in the libraries.

3.2. Composition of the Microbial Communities

The composition of the gut microbiome was reported for each partridge from the
three study sites in the bar plots provided in Figure 2, in which differences between the
WEST and EAST subpopulations concerning both the number of phyla and their relative
abundance are visible. The western partridges (SBART and PM) showed a higher number
of phyla and a more homogeneous distribution of the most represented ones (Firmicutes,
Actinobacteria, Proteobacteria, and Bacteroidetes). On the other hand, Firmicutes was dominant
in the EAST subpopulation with a relative abundance ranging 81–98% (Figure 2). The
structure of the microbiome did not change when the relative abundance of taxa was
investigated at the level of genus (Figure S2). The western partridges were characterized by
a higher number and/or a more homogeneous distribution of taxa compared to the EAST
subpopulation. In this, we found a lower number of genera along with a larger relative
abundance of one (e.g., Lactobacillus in three out of six CDM samples) or of very few taxa
than in the two western sites.

ffi

ff

Figure 2. Relative abundances of bacterial phyla in the libraries as obtained for the three sampling

sites. Each bar corresponds to one sample (single red-legged partridge).
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3.3. Comparative Analyses of Microbial Diversity

Comparative estimates of alpha diversity (number of ASVs, Shannon, and Evenness
indexes) for the three sites (SBART, PM, and CDM) and for the two subpopulations (WEST,
EAST) were reported in Figure 3. The total number of ASVs was 3743, 3935, and 889 for
SBART, PM, and CDM sites, respectively. The average number of ASVs was four times
lower in CDM (148.17 ± 85.83) than in the other two localities (SBART, 623.83 ± 341.63;
PM, 655.83 ± 216.47) (Figure 3). As far as the other two indexes are concerned, the average
values obtained for SBART and PM were double than those of CDM (Shannon: SBART,
7.46 ± 1.10; PM, 7.67 ± 0.83; CDM, 3.03 ± 1.49; Pielou’s Evenness: SBART 0.84 ± 0.06;
PM, 0.83 ± 0.07; CDM, 0.42 ± 0.16; Figure 3). The Kruskal–Wallis tests (Table S1) returned
highly significant differences (p < 0.01) for all alpha diversity indexes between each of the
western sites (SBART and PM) and the eastern one (CDM) but not between SBART and
PM within the WEST subpopulation (p > 0.05: Table S1). Likewise, the Kruskal–Wallis test
indicated the occurrence of highly significant differences between WEST and EAST for all
indexes (p < 0.01; Table S1).

ff

ff

 

Figure 3. Measures of alpha diversity for the three sampling sites (SBART, PM, and CDM) and for

each subpopulation (WEST and EAST) are reported as number of sequence variants, ASVs (a,b),

Shannon (c,d), and Pielou’s Evenness indexes (e,f). Error bars indicate the Standard Error (SE).

Results of Kruskal–Wallis tests are reported in Table S1. Statistically significant comparisons (p < 0.05)

are reported with an asterisk (*).
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The PCoA of microbial communities as computed for all individuals using weighted
Uni-Frac distances was reported in Figure 4 (similar results were obtained with Bray–
Curtis, Jaccard, and unweighted Uni-Frac). Axes 1, 2, and 3 explained 84.13% of the
total variability and a separation between the microbiomes from CDM and those from
the two sites on the western side of Elba was disclosed. Permanova tests carried out for
SBART, PM, CDM as well as for the two subpopulations (WEST, EAST) were reported
in Table S2. All comparisons were statistically significant (p < 0.01) when Jaccard and
Bray–Curtis distances were used—the two western sampling sites (SBART versus PM:
p = 0.011) included—whereas with both weighted and unweighted Uni-Frac distances,
SBART and PM were the only two sites that did not significantly diverge from each other
(p = 0.206).

 

tt

ff

tt tt
ff

Figure 4. Principal Coordinates Analysis of microbial communities computed using weighted Uni-

Frac distances and all available samples. Legend: green, SBART; blue, PM; red, CDM.

4. Discussion

Environmental conditions and diet are among the main factors shaping gut micro-
biome in wild passerine [33,34] and non-passerine [17,18] birds as well as in mammals. As
to these latter, variation in the microbiome composition in wild populations, for instance,
can be significantly driven by seasonal shifts in the diet [35–37]. Therefore, in the present
work, consistency of habitat, foraging sources, and season among the sampling sites was
deemed as a priority to mitigate the effects of exogenous factors. We investigated for
the first time the gut microbiome of a non-model avian species: the red-legged partridge.
According to the study of Turjeman and colleagues [38] in wild common cranes (Grus grus),
non-invasive samples can even better represent host fecal microbial matter than those
obtained from invasive ones as, for instance, there are no effects on the physiology of
individuals due to the trapping. Hence, we used fecal pellets collected in localities within
areas historically inhabited by A. rufa on the opposite sides of Elba Island [39] in herbaceous
habitats—the preferred ones by partridges—that were highly consistent in terms of species’
assembly (see Materials and Methods). Also, sites held a similar elevation, with this being
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another environmental parameter potentially influencing gut microbiome composition [40]
(Table 1). Whereas partridges feed mainly—but not exclusively—on insects in the early
stages of their life to meet protein requirements, they become increasingly herbivorous as
soon as they become adults at 1 year of age [41]. The sampling was carried out in winter;
hence, we most likely sampled adult partridges—after post-breeding dispersal—feeding
mainly on fruits and seeds and secondarily on herbaceous plants (e.g., leathery leaves from
evergreen species). Therefore, given the alleged age of host individuals and the high similar-
ity in plant coverage (see Materials and Methods and Figure 1) of the sampled habitats, we
made our very best to ensure the highest possible consistency in accordance with the aims
of the work, which did not include the analysis of the diet of birds (see also the last part
of Discussion). Considering another aspect, the fecal microbiome of birds is also known
to be contributed to by different segments of the gastrointestinal tract. For instance, the
cecum turned out to be one of the most important sources in the Japanese quail (Coturnix
japonica, [42]). Although the domestic chicken (Gallus gallus) can expel the cecum content
two or three times per day, there is little temporal continuity in the fecal microbiome growth
and very poor is known about the involvement of other gastrointestinal regions in this
as well as in other avian species [43]. Furthermore, the fecal microbial community is also
dynamic over time once released in the field [44]. Therefore, we selected a strict time frame
(8.00–10.00 a.m.) for the sampling at each site, so as to standardize any possible influence of
different gastrointestinal tracts, and we collected only fresh pellets, namely those defecated
no more than 2–3 h before—according to the experience of one of us (F.B.)—to minimize
any possible contamination. Overall, this protocol represents a promising avenue to set up
future similar investigations as comparative studies are important to provide knowledge
of mechanisms affecting host–microbe relationships in the wild [45].

We reported microbiome composition and spatial structure in a wild A. rufa island
population. We identified either conserved bacterial phyla or differences between sub-
populations in terms of the microbial community across the Elban territory. The most
common phyla were Firmicutes (53.8%), Actinobacteria (16.3%), Proteobacteria (15.1%), and
Bacteroidetes (8.1%), which is a result in agreement with [16,33], where these four taxa were
referred to as the ‘core microbiome’ of wild avian species, as well as with [46], where non-
passerine captive birds were investigated. Within Phasianidae, Firmicutes, Bacteroidetes, and
Proteobacteria—with Tenericutes as the fourth taxon in order of abundance—were the most
represented phyla occurring in the microbial community of farmed Japanese quails [42].
Likewise, Actinobacteria, Firmicutes, Proteobacteria, and Synergistetes were the main microbial
groups identified in wild ptarmigans (Lagopus muta, [18]). Overall, the composition of the
Elban A. rufa microbiome, having Firmicutes, Actinobacteria, Proteobacteria, and Bacteroidetes
as dominant phyla, was strongly consistent with the previous findings.

Firmicutes are Gram-positive bacteria producing short-chain fatty acids (butyrate) as
byproducts of fermentation that can be directly absorbed by the host as a source of energy.
Interestingly, they were very abundant in the CDM subpopulation, with Lactobacillaceae and
Erysipelotrichaceae as the most widespread families. On the one hand, Lactobacillus salivarius
can be used as a probiotic in the diet of captive-bred birds to improve nutrient absorption
and increase growth performance (in domestic chickens and ducks, [47–49]). On the other
hand, Erysipelotrichaceae are plentiful in domestic chickens converting feed to mass in an
efficient manner [50]. Although it may be plausible that divergent physiological needs
can account for the difference in the abundance of Firmicutes between EAST and WEST
subpopulations, richness in lactobacilli might be (also) related to massive restocking with
captive-bred individuals carried out on Elba especially between the 1960s and mid-1990s,
with a higher intensity on the eastern than on the western side of the island [21,39]. This
consideration might also explain the lower degree of microbiome diversity observed in the
eastern subpopulation, as lots of evidence indicates that variability is usually lower in ex situ
than in situ facilities. Nevertheless, this pattern is not straightforward as there are numerous
study cases where the occurrence of no significant difference between captive and wild
individuals was recorded as well, with even a few ones—focusing also on mammals and
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birds—where captive populations beneficiated instead from a higher microbiome diversity
than wild ones [51]. Although the microbiome of farmed individuals usually changes in
a short time after their release in the wild (e.g., [52–54]), we cannot exclude that some
adaptation in the gut microbiome of EAST partridges may have been selected in captive-
bred birds of various geographical origin—also imported from abroad [39]—during intense
restocking. It is worth noting, indeed, that the eastern side of Elba is characterized by a dry
Thermo-Mediterranean bioclimate, whereas a superior Meso-Mediterranean—shifting to
humid Supra-Mediterranean—occurs on the western side, where less garrigue and rocky
outcrops and more wooded patches can be comparatively found [22]. Unfortunately, birds
employed for supplementation on Elba were obtained from farms that no longer exist
today [39]; hence, there is no chance to carry out any ad hoc comparative study of captive
versus wild bird microbiomes.

Despite the small spatial scale, a significant divergence was found between western
(SBART and PM) and eastern (CDM) Elban A. rufa subpopulations, as shown by taxonomic
assemblages as well as both alpha and beta diversity analyses. Partridges from SBART and
PM sites displayed a higher number of taxa and a more homogeneous distribution of their
relative dominances compared to those from CDM. Indeed, values of all alpha diversity
indexes in the WEST sites were significantly higher than those recorded in the EAST
subpopulation (Figures 2 and 3; Table S1). On the contrary, microbiomes of partridges
sampled in SBART and PM sites accounted for a large homogeneity within the WEST
subpopulation. This was also certified by Permanova tests and PCoA (Figure 4 and
Table S2), thus pointing to the occurrence of distinct local adaptations by the two Elban
A. rufa subpopulations.

The gut microbial communities turned out to be more closely related to each sub-
population (WEST, EAST: c. 20 km away one another) than to the sampling sites (SBART
and PM within WEST). Interestingly, the same overall pattern was inferred by genotyping
A. rufa partridges at a panel of 11 loci of the microsatellite DNA [22]. In this latter study, we
investigated the partition of the genetic diversity among and within western and eastern
Elban subpopulations and the results pointed to the occurrence of a well-established A. rufa
spatial structure across the island. We found that the Elban population actually consisted
of two demographically largely independent and genetically diverging groups resident
in the opposite sides of the island. Overall, nuclear DNA diversity was high in the whole
population—see also the lack of runs of homozygosity as inferred by [55]—and no signifi-
cant difference in terms of allelic richness, Index of Nei, and observed heterozygosis was
detected between the two subpopulations [22]. However, conventional wisdom suggests
that the more the variables are controlled, the higher accuracy and precision of the survey
will result. In the present study, we tried our very best to investigate the microbiomes of
wild partridges in comparable conditions across the different sampling sites. However, an
analysis of the diet of the sampled individuals (e.g., by mitochondrial metabarcoding of
fecal pellets) was beyond the purposes of this study; hence, we are aware that we cannot
assume that environmental factors were fully equivalent. Likewise, we cannot exclude
that individual physiology (differences in the level of hormones, disease dynamics, level of
carotenoids, etc., e.g., [56]) and sex may have also played some important role. Although
39 out of the 90 Elban samples investigated by Tanini and colleagues [22] were collected
in the same three localities of the present study, regrettably, genetic and microbiome data
were not obtained for the same individuals in the two studies. Altogether, these reasons
can explain why the gut microbial communities of the two Elban subpopulations did not
mirror host genetics (e.g., nuclear diversity estimates) for what concerns similarity in alpha
diversity levels, even if they displayed very different community structures, thus reflecting
the genetic divergence of the two A. rufa island demes.

Among many extrinsic and intrinsic factors [16], environment and host genetics are
the main drivers shaping the gut microbiome composition in wild populations, with either
of the two being prevalent according to different situations and organisms [40,45,57,58].
Several studies investigated the role played by host genetics, which appears to be stronger
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in mammals than in birds [59,60]. Nevertheless, most research focused on differences
among distinct bird species [61,62], while microbiome shaping at a within-species level
received much less attention so far. For example, Fleischer and collaborators [61] found little
support for a large-scale control of the microbiome by host genetics, suggesting this would
not necessarily imply the same at lower scales. In the present study, the correspondence we
found between the spatial genetic and microbiome structure in the Elban partridges seems
to point toward this direction, although further, specifically designed studies are needed to
better investigate this issue.

The first investigation of the gut microbiome in wild A. rufa lays the foundations to
improve some aspects in the management of this species. The Elban population—the only
natural, long-established, and self-sustaining [22] of Italy—can work, indeed, as a reference
in studies aimed at exploring the gut microbiome of A. rufa. A comparison with the most
important farmed populations of Italy would be valuable for ex situ managers, for instance,
to better understand the effect of the preventive supply of antimicrobials and coccidiostatics
to captive birds until their release in nature [63]. Likewise, a comparison between the gut
microbiome of native and introduced A. rufa should be pursued as well as the occurrence of
red-legged partridges imported from abroad is a matter of fact across the species’ range [64].
In particular, we agree with Lavretsky and co-authors [65], who successfully reported over
a heavily managed and worldwide translocated gamebird, the mallard (Anas platyrhynchos),
that reciprocal interactions between natural and captive-bred individuals—we add, also
those occurring at the microbial scale—will ever increasingly lead to the rise of admixed
populations in light of ongoing rapid habitat transformation and climate changes. Indeed,
as in the mallard, introduced A. rufa populations are capable to adapt locally even within
a few decades since farm releases (e.g., [66]).

5. Conclusions

We investigated for the first time the microbiome of A. rufa, focusing on a wild
protected island population, and we found that both its composition and genetic diversity
varied at a small spatial scale. The divergence between the microbes associated with
birds living on the opposite sides of Elba Island agreed with the known spatial genetic
structure of the same A. rufa population. As we already suggested in this previous study,
we advise the National Park that the two subpopulations should be managed separately
also to avoid any loss and/or significant homogenization in the microbiome structure of
the Elban population.

Supplementary Materials: The following supporting information can be downloaded at: https://

www.mdpi.com/article/10.3390/ani13213341/s1, Table S1. Kruskal–Wallis tests for alpha diversity

indexes among the three sampling sites (SBART, PM, and CDM) and the two subpopulations (WEST,

EAST). Statistically significant comparisons are reported in bold (p < 0.05, see also Figure 3). Table S2.

Permanova tests among the three sampling sites (SBART, PM, and CDM) and the two subpopulations

(WEST, EAST) carried out with different metrics (999 permutations). Statistically significant compar-

isons are reported in bold (p < 0.05). Figure S1. Rarefaction curves of alpha diversity approaching the

saturation plateau (sampling depth, 7701). Each sample with relative color is reported in the box to

the right side. Presence and abundance of the genus Faecalicatea is indicated by an asterisk. Figure S2.

Relative abundances of bacterial genera in the libraries as obtained for the three sampling sites. Each

bar corresponds to one sample (single red-legged partridge).

Author Contributions: C.V. and F.B. conceived and designed the study. Sampling was carried out

by F.B. Data collection and analysis were performed by M.G., C.V., and D.T. The first draft of the

manuscript was written by M.G. and F.B. and all authors commented on previous versions of the

manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by Fondazione Isola d’Elba Onlus (Portoferraio, Livorno) with

a research grant to F.B. (16 September 2020).

https://www.mdpi.com/article/10.3390/ani13213341/s1
https://www.mdpi.com/article/10.3390/ani13213341/s1


Animals 2023, 13, 3341 12 of 14

Institutional Review Board Statement: This research relied on non-invasively collected bird fecal

pellets and, as such, procedures employed did not require approval from the Animal Welfare Body

(‘Organismo preposto al Benessere Animale’, in Italian) of the University of Pisa.

Informed Consent Statement: Not applicable.

Data Availability Statement: Sequences (raw reads) were deposited in the European Nucleotide

Archive (ENA) at EMBL-EBI under study accession number PRJEB59418.

Acknowledgments: The authors are also grateful to Fabrizio Erra and Francesco Paolo Frontini

(Dipartimento di Biologia, Università di Pisa) for their collaboration in preparing line drawings and

laboratory work, respectively. The authors also thank Angelino Carta (Dipartimento di Biologia,

Università di Pisa) for the productive discussions on the vegetation and land use of Elba Island.

Conflicts of Interest: The authors have no relevant financial or non-financial interest to disclose.

References

1. Woese, C.R. Default taxonomy: Ernst Mayr’s view of the microbial world. Proc. Natl. Acad. Sci. USA 1998, 95, 1043–11046.

[CrossRef]

2. Shropshire, J.D.; Bordenstein, S.R. Speciation by symbiosis: The microbiome and behavior. mBio 2016, 7, e01785-15. [CrossRef]

3. Lee, W.J.; Hase, K. Gut microbiota-generated metabolites in animal health and disease. Nat. Chem. Biol. 2014, 10, 416–424.

[CrossRef]

4. Amato, K.R.; Metcalf, J.L.; Song, S.J.; Hale, V.L.; Clayton, J.; Ackermann, G.; Humphrey, G.; Niu, K.; Cui, D.; Zhao, H.; et al. Using

the gut microbiota as a novel tool for examining colobine primate GI health. Glob. Ecol. Conserv. 2016, 7, 225–237. [CrossRef]

5. Petrelli, S.; Buglione, M.; Rivieccio, E.; Ricca, E.; Baccigalupi, L.; Scala, G.; Fulgione, D. Reprogramming of the gut microbiota

following feralization in Sus scrofa. Anim. Microbiome 2023, 5, 14. [CrossRef]

6. Dehority, B.A. Rumen Microbiology; Nottingham University Press: Nottingham, UK, 2003.

7. Kartzinel, T.R.; Hsing, J.C.; Musili, P.M.; Brown, B.R.P.; Pringle, R.M. Covariation of diet and gut microbiome in African megafauna.

Proc. Natl. Acad. Sci. USA 2019, 116, 23588–23593. [CrossRef]

8. Olsen, M.A.; Blix, A.S.; Utsi, T.H.A.; Sørmo, W.; Mathiesen, S.D. Chitinolytic bacteria in the minke whale forestomach. Can. J.

Microbiol. 2000, 46, 85–94. [CrossRef]

9. Silva, A.M.; Barbosa, F.H.; Duarte, R.; Vieira, L.Q.; Arantes, R.M.; Nicoli, J.R. Effect of Bifidobacterium longum ingestion on

experimental salmonellosis in mice. J. Appl. Microbiol. 2004, 97, 29–37. [CrossRef]

10. Ley, R.; Turnbaugh, P.; Klein, S.; Gordon, J.I. Human gut microbes associated with obesity. Nature 2006, 444, 1022–1023. [CrossRef]

11. West, A.G.; Waite, D.W.; Deines, P.; Bourne, D.G.; Digby, A.; McKenzie, V.J.; Taylor, M.W. The microbiome in threatened species

conservation. Biol. Conserv. 2019, 229, 85–98. [CrossRef]

12. Gilbert, J.A.; Quinn, R.A.; Debelius, J.; Xu, Z.Z.; Morton, J.; Garg, N.; Kansson, J.K.; Dorrestein, P.C.; Knight, R. Microbiome-wide

association studies link dynamic microbial consortia to disease. Nature 2016, 535, 94–103. [CrossRef] [PubMed]

13. McKenzie, V.J.; Kueneman, J.G.; Harris, R.N. Probiotics as a tool for disease mitigation in wildlife: Insights from food production

and medicine. Ann. N. Y. Acad. Sci. 2018, 1429, 18–30. [CrossRef]

14. Kimura, N.; Yoshikane, M.; Kobayashi, A. Microflora of the bursa of Fabricius of chickens. Poult. Sci. 1986, 65, 1801–1807.

[CrossRef] [PubMed]

15. Godoy-Vitorino, F.; Ley, R.E.; Gao, Z.; Pei, Z.; Ortiz-Zuazaga, H.; Pericchi, L.R.; Garcia-Amado, M.A.; Michelangeli, F.; Blaser, M.J.;

Gordon, J.I.; et al. Bacterial community in the crop of the hoatzin, a neotropical folivorous flying bird. Appl. Environ. Microbiol.

2008, 74, 5905–5912. [CrossRef]

16. Grond, K.; Sandercock, B.K.; Jumpponen, A.; Zeglin, L.H. The avian gut microbiota: Community, physiology and function in

wild birds. J. Avian Biol. 2018, 49, e01788. [CrossRef]

17. Roggenbuck, M.; Bærholm Schnell, I.; Blom, N.; Bælum, J.; Bertelsen, M.F.; Sicheritz-Pontén, T.; Sørensen, S.J.; Gilbert, M.T.P.;

Graves, G.R.; Hansen, L.H. The microbiome of New World vultures. Nat. Commun. 2014, 5, 5498. [CrossRef] [PubMed]

18. Salgado-Flores, A.; Tveit, A.T.; Wright, A.-D.; Pope, P.B.; Sundset, M.A. Characterization of the cecum microbiome from wild and

captive rock ptarmigans indigenous to Arctic Norway. PLoS ONE 2019, 14, e0213503. [CrossRef] [PubMed]

19. Barbanera, F.; Forcina, G.; Guerrini, M.; Dini, F. Molecular phylogeny and diversity of Corsican red-legged partridge: Hybridiza-

tion and management issues. J. Zool. 2011, 285, 56–65. [CrossRef]

20. Barbanera, F.; Forcina, G.; Cappello, A.; Guerrini, M.; van Grouw, H.; Aebischer, N.J. Introductions over introductions: The

genomic adulteration of an early genetically valuable alien species in the United Kingdom. Biol. Invasions 2015, 17, 409–422.

[CrossRef]

21. Barbanera, F. On the origins and history of the red-legged partridge (Alectoris rufa) from Elba Island (Tuscan Archipelago, Italy).

Atti Soc. Toscana Sci. Nat. Mem. Serie B 2021, 128, 45–55. [CrossRef]

22. Tanini, D.; Guerrini, M.; Vannini, C.; Barbanera, F. Unexpected genetic integrity boosts hope for the conservation of the red-legged

partridge (Alectoris rufa, Galliformes) in Italy. Zoology 2022, 155, 126056. [CrossRef] [PubMed]

https://doi.org/10.1073/pnas.95.19.11043
https://doi.org/10.1128/mBio.01785-15
https://doi.org/10.1038/nchembio.1535
https://doi.org/10.1016/j.gecco.2016.06.004
https://doi.org/10.1186/s42523-023-00235-x
https://doi.org/10.1073/pnas.1905666116
https://doi.org/10.1139/cjm-46-1-85
https://doi.org/10.1111/j.1365-2672.2004.02265.x
https://doi.org/10.1038/4441022a
https://doi.org/10.1016/j.biocon.2018.11.016
https://doi.org/10.1038/nature18850
https://www.ncbi.nlm.nih.gov/pubmed/27383984
https://doi.org/10.1111/nyas.13617
https://doi.org/10.3382/ps.0651801
https://www.ncbi.nlm.nih.gov/pubmed/3774748
https://doi.org/10.1128/AEM.00574-08
https://doi.org/10.1111/jav.01788
https://doi.org/10.1038/ncomms6498
https://www.ncbi.nlm.nih.gov/pubmed/25423494
https://doi.org/10.1371/journal.pone.0213503
https://www.ncbi.nlm.nih.gov/pubmed/30856229
https://doi.org/10.1111/j.1469-7998.2011.00813.x
https://doi.org/10.1007/s10530-014-0739-5
https://doi.org/10.2424/ASTSN.M.2021.04
https://doi.org/10.1016/j.zool.2022.126056
https://www.ncbi.nlm.nih.gov/pubmed/36413830


Animals 2023, 13, 3341 13 of 14

23. Chiatante, G.; Meriggi, A.; Giustini, D.; Baldaccini, N.E. Density and habitat requirements of red-legged partridge on Elba Island

(Tuscan Archipelago, Italy). Ital. J. Zool. 2013, 80, 402–411. [CrossRef]

24. Foggi, B.; Cartei, L.; Pignotti, L.; Signorini, M.A.; Viciani, D. Il paesaggio vegetale dell’Isola d’Elba (Arcipelago toscano): Studio

fitosociologico e cartografico. Fitosociologia 2006, 43, 3–94. (In Italian)

25. Carta, A.; Taboada, T.; Müller, J.V. Diachronic analysis using aerial photographs across fifty years reveals significant land use and

vegetation changes on a Mediterranean island. Appl. Geogr. 2018, 98, 78–86. [CrossRef]

26. Klindworth, A.; Pruesse, E.; Schweer, T.; Peplies, J.; Quast, C.; Horn, M.; Glöckner, F.O. Evaluation of general 16S ribosomal RNA

gene PCR primers for classical and next-generation sequencing-based diversity studies. Nucleic Acids Res. 2013, 41, e1. [CrossRef]

27. Bolyen, E.; Rideout, J.R.; Dillon, M.R.; Bokulich, N.A.; Abnet, C.C.; Al-Ghalith, G.A.; Alexander, H.; Alm, E.J.; Arumugam, M.;

Asnicar, F.; et al. Reproducible, interactive, scalable and extensible microbiome data science using QIIME. Nat. Biotechnol. 2019,

37, 852–857. [CrossRef]

28. Callahan, B.J.; McMurdie, P.J.; Rosen, M.J.; Han, A.W.; Johnson, A.J.A.; Holmes, S.P. DADA2: High-resolution sample inference

from Illumina amplicon data. Nat. Methods 2016, 13, 581–583. [CrossRef]

29. Katoh, K.; Standley, D.M. MAFFT multiple sequence alignment software version 7: Improvements in performance and usability.

Mol. Biol. Evol. 2013, 30, 72–780. [CrossRef]

30. Price, M.N.; Dehal, P.S.; Arkin, A.P. FastTree 2—Approximately maximum-likelihood trees for large alignments. PLoS ONE 2010,

5, e9490. [CrossRef]

31. Quast, C.; Pruesse, E.; Yilmaz, P.; Gerken, J.; Schweer, T.; Yarza, P.; Peplies, J.; Glöckner, F.O. The SILVA ribosomal RNA gene

database project: Improved data processing and web-based tools. Nucleic Acids Res. 2013, 41, D590–D596. [CrossRef]

32. Werner, J.J.; Koren, O.; Hugenholtz, P.; DeSantis, T.Z.; Walters, W.A.; Caporaso, J.G.; Angenent, L.T.; Knight, R.; Ley, R.E. Impact

of training sets on classification of high-throughput bacterial 16S rRNA gene surveys. ISME J. 2012, 6, 94–103. [CrossRef]

33. Hird, S.M.; Sánchez, C.; Carstens, B.C.; Brumfield, R.T. Comparative Gut microbiota of 59 Neotropical Bird Species. Front.

Microbiol. 2015, 6, 1403. [CrossRef]

34. Schmiedová, L.; Tomášek, O.; Pinkasová, H.; Albrecht, T.; Kreisinger, J. Variation in diet composition and its relation to gut

microbiota in a passerine bird. Sci. Rep. 2022, 12, 3787. [CrossRef] [PubMed]

35. Carey, H.V.; Walters, W.A.; Knight, R. Seasonal restructuring of the ground squirrel gut microbiota over the annual hibernation

cycle. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2013, 304, R33–R42. [CrossRef] [PubMed]

36. Maurice, C.F.; Knowles, S.C.; Ladau, J.; Pollard, K.S.; Fenton, A.; Pedersen, A.B.; Turnbaugh, P.J. Marked seasonal variation in the

wild mouse gut microbiota. ISME J. 2015, 9, 2423–2434. [CrossRef] [PubMed]

37. Xue, Z.; Zhang, W.; Wang, L.; Hou, R.; Zhang, M.; Fei, L.; Zhang, X.; Huang, H.; Bridgewater, L.; Jiang, Y.; et al. The bamboo-eating

giant panda harbors a carnivore-like gut microbiota, with excessive seasonal variations. mBio 2015, 6, e00022-15. [CrossRef]

[PubMed]

38. Turjeman, S.; Pekarsky, S.; Corl, A.; Kamath, P.L.; Getz, W.M.; Bowie, R.C.K.; Markin, Y.; Nathan, R. Comparing invasive and

noninvasive faecal sampling in wildlife microbiome studies: A case study on wild common cranes. Mol. Ecol. Res. 2023, 23,

359–367. [CrossRef]

39. Forcina, G.; Guerrini, M.; Barbanera, F. Non-native and hybrid in a changing environment: Conservation perspectives for the last

Italian red-legged partridge (Alectoris rufa) population with long natural history. Zoology 2020, 138, 125740. [CrossRef]

40. Suzuki, T.A.; Martins, F.M.; Nachman, M.W. Altitudinal variation of the gut microbiota in wild house mice. Mol. Ecol. 2018, 9,

2378–2390. [CrossRef]

41. Spanò, S. La Pernice Rossa; Edizioni Il Piviere: Gavi, Italy, 2010. (In Italian)

42. Wilkinson, N.; Hughes, R.J.; Aspden, W.J.; Chapman, J.; Moore, R.J.; Stanley, D. The gastrointestinal tract microbiota of the

Japanese quail, Coturnix japonica. Appl. Microbiol. Biotechnol. 2016, 100, 4201–4209. [CrossRef]

43. Sekelja, M.; Rud, I.; Knutsen, S.H.; Denstadli, V.; Westereng, B.; Næs, T.; Rudi, K. Abrupt Temporal Fluctuations in the Chicken

Fecal Microbiota Are Explained by Its Gastrointestinal Origin. Appl. Environ. Microbiol. 2012, 78, 2941–2948. [CrossRef] [PubMed]

44. Hale, V.L.; Tan, C.L.; Niu, K.; Yang, Y.; Cui, D.; Zhao, H.; Knight, R.; Amato, K.R. Effects of field conditions on fecal microbiota. J.

Microbiol. Methods 2016, 130, 180–188. [CrossRef] [PubMed]

45. Steury, R.A.; Currey, M.C.; Cresko, W.A.; Bohannan, B.J.M. Population Genetic Divergence and Environment Influence the Gut

Microbiome in Oregon Threespine Stickleback. Genes 2019, 10, 484. [CrossRef] [PubMed]

46. Xiao, K.; Fan, Y.; Zhang, Z.; Shen, X.; Li, X.; Liang, X.; Bi, R.; Wu, Y.; Zhai, J.; Dai, J.; et al. Covariation of the Fecal Microbiome

with Diet in Nonpasserine Birds. mSphere 2021, 6, e00308-21. [CrossRef]

47. Angelakis, E.; Raoult, D. The increase of Lactobacillus species in the gut flora of newborn broiler chicks and ducks is associated

with weight gain. PLoS ONE 2010, 5, e10463. [CrossRef]

48. Awad, W.A.; Ghareeb, K.; Böhm, J. Effect of addition of a probiotic micro-organism to broiler diet on intestinal mucosal architecture

and electrophysiological parameters. J. Anim. Physiol. Anim. Nutr. 2010, 94, 486–494. [CrossRef]

49. Garcia-Mazcorro, J.F.; Castillo-Carranza, S.A.; Guard, B.; Gomez-Vazquez, J.P.; Dowd, S.E.; Brigthsmith, D.J. Comprehensive

Molecular Characterization of Bacterial Communities in Feces of Pet Birds Using 16S Marker Sequencing. Microb. Ecol. 2017, 73,

224–235. [CrossRef]

https://doi.org/10.1080/11250003.2013.806601
https://doi.org/10.1016/j.apgeog.2018.07.010
https://doi.org/10.1093/nar/gks808
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1371/journal.pone.0009490
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1038/ismej.2011.82
https://doi.org/10.3389/fmicb.2015.01403
https://doi.org/10.1038/s41598-022-07672-9
https://www.ncbi.nlm.nih.gov/pubmed/35260644
https://doi.org/10.1152/ajpregu.00387.2012
https://www.ncbi.nlm.nih.gov/pubmed/23152108
https://doi.org/10.1038/ismej.2015.53
https://www.ncbi.nlm.nih.gov/pubmed/26023870
https://doi.org/10.1128/mBio.00022-15
https://www.ncbi.nlm.nih.gov/pubmed/25991678
https://doi.org/10.1111/1755-0998.13708
https://doi.org/10.1016/j.zool.2019.125740
https://doi.org/10.1111/mec.14905
https://doi.org/10.1007/s00253-015-7280-z
https://doi.org/10.1128/AEM.05391-11
https://www.ncbi.nlm.nih.gov/pubmed/22307311
https://doi.org/10.1016/j.mimet.2016.09.017
https://www.ncbi.nlm.nih.gov/pubmed/27686380
https://doi.org/10.3390/genes10070484
https://www.ncbi.nlm.nih.gov/pubmed/31248008
https://doi.org/10.1128/mSphere.00308-21
https://doi.org/10.1371/journal.pone.0010463
https://doi.org/10.1111/j.1439-0396.2009.00933.x
https://doi.org/10.1007/s00248-016-0840-7


Animals 2023, 13, 3341 14 of 14

50. Stanley, D.; Hughes, R.J.; Geier, M.S.; Moore, R.J. Bacteria within the Gastrointestinal Tract Microbiota Correlated with Improved

Growth and Feed Conversion: Challenges Presented for the Identification of Performance Enhancing Probiotic Bacteria. Front.

Microbiol. 2016, 7, 187. [CrossRef]

51. Hauffe, H.C.; Barelli, C. Conserve the germs: The gut microbiota and adaptive potential. Conserv. Genet. 2019, 20, 19–27.

[CrossRef]

52. Chong, R.; Grueber, C.E.; Fox, S.; Wise, P.; Barrs, V.R.; Hogg, C.J.; Belov, K. Looking like the locals—Gut microbiome changes

post-release in an endangered species. Anim. Microbiome 2019, 1, 8. [CrossRef]

53. Quiroga-González, C.; Cardenas, L.A.C.; Ramírez, M.; Reyes, A.; González, C.; Stevenson, P.R. Monitoring the variation in the

gut microbiota of captive woolly monkeys related to changes in diet during a reintroduction process. Sci. Rep. 2021, 11, 6522.

[CrossRef]

54. Eliades, S.J.; Brown, J.C.; Colston, T.J.; Fisher, R.N.; Niukula, J.B.; Gray, K.; Vadada, J.; Rasalato, S.; Siler, C.D. Gut microbial ecology

of the Critically Endangered Fijian crested iguana (Brachylophus vitiensis): Effects of captivity status and host reintroduction on

endogenous microbiomes. Ecol. Evol. 2021, 11, 4731–4743. [CrossRef]

55. Chattopadhyay, B.; Forcina, G.; Garg, K.M.; Irestedt, M.; Guerrini, M.; Barbanera, F.; Rheindt, F.E. Novel genome reveals

susceptibility of popular gamebird, the red-legged partridge (Alectoris rufa, Phasianidae), to climate change. Genomics 2021, 113,

3430–3438. [CrossRef]

56. García, J.T.; Pérez-Rodríguez, L.; Calero-Riestra, M.; Sánchez-Barbudo, I.; Viñuela, J.; Casas, F. Sexual differences in blood parasite

infections, circulating carotenoids and body condition in free-living red-legged partridges. J. Zool. 2023, 320, 260–270. [CrossRef]

57. Ren, T.; Boutin, S.; Humphries, M.M.; Dantzer, B.; Gorrel, J.C.; Coltman, D.W.; McAdam, A.G.; Wu, M. Seasonal, spatial, and

maternal effects on gut microbiome in wild red squirrels. Microbiome 2017, 5, 163. [CrossRef]

58. Hicks, A.L.; Lee, K.J.; Couto-Rodriguez, M.; Patel, J.; Sinha, R.; Guo, C.; Olson, S.H.; Seimon, A.; Seimon, T.A.; Ondzie, A.U.; et al.

Gut microbiomes of wild great apes fluctuate seasonally in response to diet. Nat. Commun. 2018, 9, 1786. [CrossRef]

59. Song, S.J.; Sanders, J.G.; Delsuc, F. Comparative Analyses of Vertebrate Gut Microbiomes Reveal Convergence between Birds and

Bats. mBio 2020, 11, e02901-19. [CrossRef]

60. Trevelline, B.K.; Khol, K.D. The gut microbiome influences host diet selection behavior. Proc. Natl. Acad. Sci. USA 2020, 119,

2117537119. [CrossRef]

61. Fleischer, R.; Risely, A.; Hoeck, P.E.A.; Keller, L.F.; Sommer, S. Mechanisms governing avian phylosymbiosis: Genetic dissimilarity

based on neutral and MHC regions exhibits little relationship with gut microbiome distributions of Galápagos mockingbirds.

Ecol. Evol. 2020, 10, 13345–13354. [CrossRef]

62. Bodawatta, K.H.; Koane, B.; Maiah, G.; Sam, K.; Poulsen, M.; Jønsson, K.A. Species-specific but not phylosymbiotic gut

microbiomes of New Guinean passerine birds are shaped by diet and flight-associated gut modifications. Proc. R. Soc. B Biol. Sci.

2021, 288, 20210446. [CrossRef]

63. Díaz-Sánchez, S.; Höfle, U.; Villanúa, D.; Gortázar, C. Health Monitoring and Disease Control in Red-Legged Partridges. In

The Future of the Red-Legged Partridge. Science, Hunting and Conservation; Casas, F., García, J.T., Eds.; Springer Nature: Basel,

Switzerland, 2022. [CrossRef]

64. Forcina, G.; Tang, Q.; Cros, E.; Guerrini, M.; Rheindt, F.E.; Barbanera, F. Genome wide markers redeem the identity of a heavily

managed and doomed-too-early gamebird. Proc. R. Soc. B Biol. Sci. 2021, 288, 20210285. [CrossRef]

65. Lavretsky, P.; Mohl, J.E.; Söderquist, P.; Kraus, R.H.S.; Schummer, M.L.; Brown, J.I. The meaning of wild: Genetic and adaptive

consequences from large-scale releases of domestic mallards. Commun. Biol. 2023, 6, 819. [CrossRef]

66. Baratti, M.; Ammannati, M.; Magnelli, C.; Dessì-Fulgheri, F. Introgression of chukar genes into a reintroduced red-legged

partridge (Alectoris rufa) population in central Italy. Anim. Genet. 2004, 36, 29–35. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3389/fmicb.2016.00187
https://doi.org/10.1007/s10592-019-01150-y
https://doi.org/10.1186/s42523-019-0012-4
https://doi.org/10.1038/s41598-021-85990-0
https://doi.org/10.1002/ece3.7373
https://doi.org/10.1016/j.ygeno.2021.08.010
https://doi.org/10.1111/jzo.13071
https://doi.org/10.1186/s40168-017-0382-3
https://doi.org/10.1038/s41467-018-04204-w
https://doi.org/10.1128/mBio.02901-19
https://doi.org/10.1073/pnas.2117537119
https://doi.org/10.1002/ece3.6934
https://doi.org/10.1098/rspb.2021.0446
https://doi.org/10.1007/978-3-030-96341-5
https://doi.org/10.1098/rspb.2021.0285
https://doi.org/10.1038/s42003-023-05170-w
https://doi.org/10.1111/j.1365-2052.2004.01219.x


1 
 

Supplementary Materials 

 

Wild Avian Gut Microbiome at a Small Spatial Scale: A Study from a  
Mediterranean Island Population of Alectoris rufa 

 

Monica Guerrini, Dalia Tanini, Claudia Vannini, Filippo Barbanera 

 
 
 

Content  
  
Table S1 Page 2 
Table S2 Page 3 
Figure S1 Page 4 
Figure S2 Page 5 

 
 
 
 
 
 
 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



2 
 

 
 

Table S1.  Kruskal-Wallis tests for alpha diversity indexes among the three sampling sites (SBART, PM, 

and CDM) and the two subpopulations (WEST, EAST). Statistically significant comparisons are reported in 

bold (p < 0.05, see also Figure 3). 

 
 ASVs Shannon Pielou’s Evenness  

 p p p 

SBART-PM 0.584 0.749 0.749 

SBART-CDM 0.006 0.004 0.004 

PM-CDM 0.004 0.004 0.004 

WEST-EAST 0.003 0.001 0.001 
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Table S2.  Permanova tests among the three sampling sites (SBART, PM, and CDM) and the two 

subpopulations (WEST, EAST) carried out with different metrics (999 permutations). Statistically 

significant comparisons are reported in bold (p < 0.05). 

 
 Jaccard Bray-Curtis unweighted Uni-Frac weighted Uni-Frac 

 p p p  p  

SBART-PM 0.011 0.001 0.206  0.206  

SBART-CDM 0.004 0.004 0.024  0.002  

PM-CDM 0.002 0.001 0.001  0.002  

WEST-EAST 0.001 0.001 0.005  0.001  
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Figure S1. Rarefaction curves of alpha diversity approaching the saturation plateau (sampling depth, 7701). 

Each sample with relative color is reported in the box to the right side.  
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Figure S2. Relative abundances of bacterial genera in the libraries as obtained for the three sampling sites. 

Each bar corresponds to one sample (single red-legged partridge). Presence and abundance of the genus 

Faecalicatea is indicated by an asterisk. 
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