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ABSTRACT

Here, we sequenced the faecal microbiome of a local pig breed by using whole-metagenome
sequencing. Metagenomic data revealed that the faecal microbiome consists of a complex and
intricate admixture of microbes belonging to all domains of life, including viruses. Most of
sequencing reads were mapped to multiple reference sequences of Bacteria (99.35%) whereas
the remaining reads (0.65%) were assigned to different microbes belonging to Archaea, Eukarya,
and viruses. The predominant bacterial phylum was Firmicutes (~86%), whereas Ascomycota div-
ision (fungi) was the most abundant eukaryotic phyla found. BLAST homology search showed
that viral reads could be assigned to a total of 13 viral families of which 7 were present in all
metagenomes. Bioinformatics analysis identified a catalogue of microbial genes encoding
231,428 unique proteins grouped in 3,169 functional groups and involved in 275 biochemical
pathways. This study represents a first attempt to explore the faecal microbiome of a local pig
breed in order to expand our knowledge about the taxonomic and functional profiles of
microbes associated with this rare and endangered-maintained pig breed.
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HIGHLIGHTS

e Sequenced the faecal
nome sequencing.

e Bioinformatics analysis identified a catalogue of microbial genes.

e The predominant bacterial phylum was Firmicutes (~86%), whereas Ascomycota division
(fungi) was the most abundant eukaryotic phyla found.

microbiome of a local pig breed by using whole-metage-

Introduction (Crespo-Piazuelo et al. 2018), the number of those
relying on shotgun metagenomics is still low (Xiao
et al. 2016; Yang et al. 2017; Wang et al. 2019; Fenske
et al. 2020), especially considering the hundreds of pig
breeds existing worldwide. In fact, globally, there are
more than 700 pig breeds of which 97 are considered
as endangered or threatened (FAO 2015). One of these
is known as ‘Nero Siciliano’ pig, an autochthonous

genetic type that lives in the woods of the Nebrodi

Domestic pig is one of the most important livestock
species worldwide not only for historical, and socio-
economic reasons (Pappas 2013), but also because it
plays a fundamental role in many biomedical fields as
an experimental model for basic and translational
research (Hryhorowicz et al. 2020). Knowing the taxo-
nomic structure and functions of pig microbiomes is

important for commercial breeding, as clarifying how
microbial taxa influence host fitness can provide rich
information to promote animal health and improve
feed efficiency in swine industry (Yang et al. 2017;
Wang et al. 2019). Unfortunately, although the number
of metagenomic studies based on 16S rRNA gene
sequencing has grown exponentially in recent years

and Madonie mountains in Sicily (Italy) (D'Alessandro
et al. 2019a). This pig is reared in extensive and semi-
extensive farming systems using pasture and other
natural resources for feeding, according to the usual
traditional methods employed in this geographical
region.  Genetically, it is  well-characterised
(D'Alessandro et al. 2019b; D’Alessandro et al. 2020;
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Sutera et al. 2020), and recent findings on six Chinese
pig breeds suggested that host genetics could play an
important role in shaping the composition of the gut
microbiome (Xiao et al. 2016). It is clear, therefore,
that determining the microbiome profile of other pig
breeds, including host traits, dietary and other envir-
onmental factors that shape microbiome composition,
could be of great interest given the potentially enor-
mous impact of this relatively modern field of research
on pig health (Ramayo-Caldas et al. 2016; Lu et al.
2018; Gonzalez-Prendes et al. 2019; Le Sciellour et al.
2019a; 2019b). In this study, we explore the faecal
microbiome of a local pig breed pig by using whole-
metagenome shotgun sequencing (WMS) and report a
detailed taxonomic and functional profiling of the
microbial community associated with this rare and
endangered-maintained pig breed.

Materials and methods

Animals, faecal sampling, DNA extraction
and WMS

The study was carried out on three healthy Nero
Siciliano pigs bred in three different farms located in
the same geographical area (Messina, Sicily, Italy). All
pigs were reared using a single pens with nipples
waterer and stainless-steels feeder.

Pigs were homogeneous for sex (female), age
(8months) and body weight (85kg + 0.75), and were
fed with a pelleted complete feed (Leone Mangimi SPA,
Italy) (Liotta et al. 2015), rationed on the basis of 3% of
the live weight, supplemented either with acorn, (PIG1),
citrus pulp (PIG2), pasture and other natural plant
resources following the traditional practices used in this
area (PIG3). A total of three stool samples were collected
directly from the rectal ampoule of the animals.

DNA was extracted as reported by Tang et al.
(2008), following the pre-treatment B. For each sam-
ple, a shotgun metagenomic library was prepared by
using lllumina Nextera DNA kit (lllumina, Italy) and
then paired-end sequenced (2 x 150bp; 20 million
reads per sample) on an Illumina NextSeg500 plat-
form. Raw reads were deposited into Sequence Reads
Archive (SRA) database (BioProject: PRINA677897).

Bioinformatics analysis

Quality analysis and taxonomic
assignment methods

Low-quality reads (Phred-score: <20), including
adapter sequences, were filtered out using the BBDuk

tool (https://sourceforge.net/projects/bbmap). Cleaned
reads were subsequently merged using the PEAR soft-
ware (https://bio.tools/pear). Taxonomic assignment of
the reads was performed by BLASTn, searching the
non-redundant NCBI nucleotide database (filter used:
in animal identity >60%; p-value <1e °®). Using the
BLAST results, the lowest common ancestor was calcu-
lated using the Krona software (Ondov et al. 2011),
and all classified bacterial reads showing a relative
abundance <0.01% were filtered out. Unclassified
reads were assembled with metaSPAdes software
(Nurk et al. 2017) and longer contigs (>1kb) were
mapped against 154,884 non-chordata genomes
retrieved from the RefSeq database (Pasolli et al,
2019). Results were filtered for p-value <0.05, and
Mash distance was used to perform a hierarchical clus-
ter analysis including a phylogenetic tree that was
built with hclust, limma (Ritchie et al. 2015) and ape
(Paradis and Schliep 2019) programs. Mash distance
values <0.05 and <0.35 were applied to classify the
bins at species and genus level respectively (Pasolli
et al. 2019; Ondov et al. 2016; Nayfach et al. 2019).

Functioning profiling of pigs microbiome

The functional potential of microbial communities was
evaluated by aligning all cleaned reads against the
UniRef90  database  (www.uniprot.org/uniref) by
DIAMOND (Buchfink et al. 2015), with post-alignment
filtering using FAMLI algorithm (Golob and Minot
2018). The resulting UnirRef90 protein IDs were used
to retrieve the Gene Ontology (GO) and Kegg
Orthology (KO) terms from the respective databases
(http://geneontology.org; www.genome.jp/kegg/ko.
html). Microbial resistance genes were identified from
assembled reads by using metaSPAdes, and resulting
contigs were processed by the RGI software (https://
github.com/arpcard/rgi) and the CARD database
(Alcock et al. 2020).

Results

lllumina WMS produced a total of 76,489,348 raw
reads, of which 64,536,618 (~84.4%) passed quality
analysis used in this study. After BLAST-based taxo-
nomic assignment, a total of 12,604,688 (19.53%) reads
had at least one hit in Genbank database with a min-
imum identity score of 60% and p-value <le %,
Using two different sequence identity thresholds (97%
and 99%) we identified several unique taxonomic
groups (Table 1).
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Table 1. Overall and individual taxonomic groups detected at
two identity thresholds (97 and 99%) in pig metagenomic
faecal samples.

Level of sequence similarity

>97% >99%

All samples Phylum Genus Species Phylum Genus Species
Metagenomic samples
Bacteria 23 190 328 20 138 249
Archea 7 87 231 4 64 153
Eukarya 7 196 386 7 149 259
Viruses 1 38 147 1 21 76
Undefines 1 1 4 1 1 4
Total 39 512 1.101 33 373 741
PIG 1
Bacteria 13 120 105 7 48 74
Archea 5 63 134 4 34 63
Eukarya 5 66 189 5 73 106
Viruses 1 13 42 1 5 21
Undefined 1 1 4 1 1 4
Total 25 262 474 18 161 268
PIG 2
Bacteria 20 163 237 17 105 177
Archea 5 71 175 4 50 103
Eukarya 7 157 273 7 111 172
Viruses 1 29 84 1 17 45
Undefined 1 1 3 1 1 3
Total 34 420 772 30 284 500
PIG 3
Bacteria 22 164 261 19 115 200
Archea 6 66 135 4 37 74
Eukarya 6 125 214 6 78 107
Viruses 1 15 64 1 8 31
Undefined 1 1 3 1 1 3
Total 36 371 677 31 239 415

Notably, almost all the reads mapped to multiple ref-
erence sequences belonging to Bacteria (99.35%)
whereas the remaining reads (0.65%) were assigned to
different Archaea (~0.18%) and Eukarya (~0.12%) species
and to a much lesser extent to viruses (0.02%). However,
a large fraction of reads (~0.33%) was unclassifiable and
therefore their taxonomic origin remained undefined. In
all sequenced samples, the predominant bacterial phylum
was Firmicutes (averaged relative abundance 86%), fol-
lowed by Actinobacteria (3.0%), Proteobacteria (~3.0%),
and Bacteroidetes (1.3%) (Figure 1).

Proteobacteria were the second most abundant phy-
lum in both PIG1 (~1.35%) and PIG2 (3.65%) samples fol-
lowed by Actinobacteria which reached ~1.18% and
~235% respectively. In contrast, in PIG3 sample,
Actinobacteria (~5.60%) and Proteobacteria (~4.10%)
were the second and third most abundant phyla,
whereas Bacteroidetes was the fourth most abundant bac-
terial phylum in all pig metagenomes. Among non-bac-
terial phyla, the Ascomycota division of the fungal
Kingdom was the most abundant (~0.05%), followed by
Apicomplexa (~0.04%), a large phylum of parasitic pro-
tists belonging to the Alveolata group, and Basidiomycota
(~0.02%), another large and diverse group of eukar-
yotes (fungi).
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Taxonomically, the PIG2 sample showed the highest
number of microbial genera and species at both 97%
and 99% identity, followed by PIG3 and PIG1 samples
respectively (Table 1). Lactobacillus was the most
abundant genus across all samples (Figure 1).
Concerning the high number of clean reads
(51,931,930/64,536,618; ~80.5%) which did not display
any match in the reference database used, we
assembled this data set with metaSPAdes in 1,906,960
contigs, of which only 70,108 (~3.7%) were >1kb in
length. The binning produced a total of 46 bins, but
only 20 (~43.5%) showed an acceptable completeness
rate >50% associated with a low contamination level
(<5%). At phylum level, most of the high-quality taxo-
nomic bins formed bacterial clusters belonging to
Firmicutes (7/20; 35%), Bacteroidetes (5/20; 25%),
Proteobacteria  (3/20; 15%), Actinobacteria and
Tenericutes (1/20; 5% each), while the remaining three
bins (3/20; 15%) composed a cluster containing the
filamentous cyanobacteria Trichormus sp. and two
Eukaryotic (non-microbial) organisms. Moreover, we
found that two Prevotella reference genomes
(Genbank: GCA_002251365.1 and GCA_002251435.1)
clustered with 2 of the 5 Bacteroidetes bins found in
this study whereas other bins, with Mash distance val-
ues ranging from ~0.1 to ~0.26, clustered with differ-

ent  bacterial genera including  Clostridium,
Helicobacter, ~ Muricauda,  Bacillus, ~ Mycoplasma,
Butyrivibrio and Parvibacter.

Pig faecal mycobiome and virome

Three major divisions of fungi (Ascomycota,

Basidiomycota and Mucoromycota) were identified in
all metagenomic samples (Figure 2).

No evident variations were found in taxonomic pro-
files defined by the two identity thresholds used, and
although fungal abundance was in general signifi-
cantly lower (<0.07%), compared to bacteria, the
diversity of genera and species appeared to be
remarkably high (Figure 2).

WMS analysis of pig faecal virome revealed a multi-
faceted viral community consisting mainly of viruses
infecting Bacteria and Archaea. BLAST homology
search showed that viral reads could be assigned to a
total of 13 viral families of which 7 (Siphoviridae,
Mpyoviridae, Parvoviridae, Herelleviridae, Retroviridae,
Microviridae and Mimiviridae) were present in all sam-
ples, and 3 (Siphoviridae, Myoviridae and Parvoviridae)
predominated each faecal virome. However, a large
fraction of viral community remained unknown
(Figure 3).
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Figure 1. Relative abundances and diversity of bacterial phyla and genera detected in Nero Siciliano pig faecal samples.

identify 231,428 unique proteins from all sequencing
reads employed by the FAMLI algorithm.
To investigate the functional role and diversity of pro-  Approximately 28.5% (65,898) of these proteins were
teins encoded by microbial genes associated with pig shared among at least two metagenomes, but only
faecal microbiome, the Uniref90 database was used to ~8.6% (19,863) were shared by all. Exploratory gene

Functional annotation of pig metagenomes
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Figure 2. Relative abundances and diversity of fungal community (phyla and genera) detected in Nero Siciliano pig fae-

cal samples.

ontology analysis identified a total of 3,169 GO and
2,817 KO terms. The KEGG pathway related to
‘biosynthesis of secondary metabolites’ (map01110)
was overrepresented in all three pig metagenomes
(Figure 4).

Multiple antibiotics resistance genes, in particular
those conferring resistance to aminoglycoside, macro-
lide, and lincosamide were detected with high abun-
dance across all metagenomes. A total of 180
antibiotic resistant ontology (ARO) terms were shared
among our pigs.

Discussion

In recent years, hundreds and hundreds of metage-
nomic studies have appeared in the literature showing
convincing evidence that gut microbiome changes
play a crucial role in animal physiology, health and
disease (Pascoe et al. 2017; Patil et al. 2020). In pigs,
gut microbiome evaluation studies revealed a core
microbial signature resembling that found in humans
where Firmicutes and Bacteroidetes are generally the
most dominant phyla (Isaacson and Kim 2012; Roura
et al. 2016). This high level of identity, also highlights
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a clear functional overlap that has been firmly con-
firmed by recent faecal xenograft experiments show-
ing that human microbiomes can be efficiently
transplanted into pigs (Zhang et al. 2013). Moreover,
the recent publication of the reference gene catalogue
of the pig gut microbiome (Xiao et al. 2016) confirmed
the high level of functional relationships shared by
these two omnivorous species. Nevertheless, the glo-
bal microbiome gene catalogue was established by
investigating only 17 of the 709 (~2.4%) pig breeds
currently known (Xiao et al. 2016; FAO 2015), and
therefore further investigations are needed.

In this study, we provide the first metagenomic
analysis of faecal samples collected from Sicilian pigs
breed, whose meat is characterised by an average
intramuscular fat content of 4.6% and high levels of
‘good’ fats (Zumbo et al. 2020). Our data revealed that
microbial taxa associated with this local breed follow,
to some extent, the taxonomic pattern observed in
other pig breeds worldwide (Bergamaschi et al. 2020),
although the prevalence of some dominant bacterial
phyla (Firmicutes and Bacteroidetes) was clearly differ-
ent (Patil et al. 2020). In fact, in pigs analysed, the

phylum Firmicutes was largely over-represented, while
Bacteroidetes (Figure 1) was by far the least abundant
bacterial phylum compared to other well-known pig
breeds (Pajarillo et al. 2014). Members of the
Lactobacillaceae family, were highly enriched in all fae-
cal samples with L. amylovorus as the predominant
Latobacillus species. These data are in perfect agree-
ment with other studies in which L. amylovorus was
reported as the most dominant Lactobacillus species in
pigs (Aluthge et al. 2019).

Most microbiome studies to date have focussed
mainly on more abundant (bacterial) species, but an
increasing body of evidence suggests pointing
towards a better characterisation of microbial com-
munities that are extremely low in terms of abun-
dance (Pascoal et al. 2020). This less abundant, but
highly diversified, intrinsic component of the micro-
biome is commonly referred to as ‘rare biosphere’ and
includes a large variety of microbial taxa (Bhute et al.
2017; Jia et al. 2018), including fungi (Huffnagle and
Noverr 2013). In our study, the fungal community rep-
resented a tiny part of whole microbiome which is
consistent with previous reports. Nevertheless, its
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taxonomic composition was rather heterogeneous and
characterised by a high proportion of the species D.
hanseneii as previously reported in post-wean piglet
faeces (Arfken et al. 2020). Regarding the virome, our
data showed that it was dominated by three main
families (Siphoviridae, Myoviridae and Parvoviridae)
which have previously been reported in pigs (Kwok
et al. 2020). Most viruses were bacteriophages
(Sachsenroder et al. 2014; Kwok et al. 2020), but our
metagenomes also contained at least one BLAST-rec-
ognizable sequence belonging to a novel porcine
bocavirus which was first identified in 2009 in Swedish
pigs (Blomstrom et al. 2009).

This study is a first attempt to explore the whole
faecal microbiome of an ancient autochthonous pig
which genome has also been recently sequenced and
therefore future studies on the interaction between
gut microbiome and host genome will be useful in
order to understand the contribution of the genetic
background of this breed to the enrichment of benefi-
cial microbial phyla that promote intestinal health,
growth performance and feed efficiency.
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