
mdpi.com/journal/animals

Special Issue Reprint

New Tools for Monitoring 
Genetic Diversity in Animals

Edited by 

Giovanni Forcina, Qian Tang and M. Pilar Cabezas



New Tools for Monitoring Genetic
Diversity in Animals





New Tools for Monitoring Genetic
Diversity in Animals

Guest Editors

Giovanni Forcina

Qian Tang

M. Pilar Cabezas

Basel • Beijing • Wuhan • Barcelona • Belgrade • Novi Sad • Cluj • Manchester



Guest Editors

Giovanni Forcina

Department of Life Sciences

University of Alcalá
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Assessing the Seasonal and Spatial Dynamics of Zooplankton
through DNA Metabarcoding in a Temperate Estuary
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Simple Summary: The routine monitoring of zooplankton is difficult due to their small size and
morphological ambiguity. Also, the eggs and larva of meroplankton resemble one another, and
therefore it is challenging to identify their species. Alternatively, DNA-based tools can provide
precise species identifications, regardless of the size or the developmental stage of a specimen. We
developed a protocol for testing the potential of DNA metabarcoding for assessing the seasonal and
spatial dynamics of zooplankton in a temperate estuary. Both the seasonal and spatial gradients
influenced recovered richness, composition, and taxonomic distinctness, confirming the great aptitude
of DNA metabarcoding for providing higher density monitoring and shedding new light on the
composition and dynamics of complex zooplankton.

Abstract: Zooplankton are key components of estuarine trophic networks. However, routine moni-
toring is hindered by the difficulty of morphology-based identification. DNA-based methods allow
us to circumvent some of these hurdles, providing precise species identifications regardless of the
taxonomic expertise of the investigator or the developmental stage of the specimens. However, the
process is dependent on the completeness of the reference libraries. In this study, we sought to
evaluate the potential of DNA metabarcoding to assess the seasonal (summer, autumn, and early
spring) and spatial dynamics of zooplankton (four locations spanning ca. 6 km) in the Lima estuary
(NW Portugal). Two genetic markers were used: the cytochrome c oxidase subunit I and the V4
hypervariable region of the ribosomal 18S rRNA genes. Overall, 327 species were recovered, and
both markers displayed minute overlap (7% were detected with both markers). Species richness,
composition, and taxonomic distinctness were majorly influenced by the season, with a declining
tendency from summer (highest number of exclusive species, n = 74) to spring. Second to season,
the taxa composition was influenced by spatial variation where the most downstream site displayed
the highest number of exclusive species, n = 53. A total of 16 non-indigenous species were detected
using metabarcoding, but only one (Austrominus modestus) has been documented out in the estuary.
In conclusion, both the seasonal and spatial gradients influenced the recovered richness, composition,
and taxonomic distinctness, confirming the great aptitude of DNA metabarcoding for providing
higher density monitoring and shedding new light on the composition and dynamics of complex
zooplankton communities.

Keywords: DNA metabarcoding; cytochrome c oxidase subunit I; hypervariable region V4 18S;
zooplankton; biomonitoring; coastal ecosystems; Lima River estuary; non-indigenous species

1. Introduction

Monitoring zooplankton diversity is crucial to assessing ecosystem health and the
impacts of environmental changes. Most biomonitoring studies have documented the

Animals 2023, 13, 3876. https://doi.org/10.3390/ani13243876 https://www.mdpi.com/journal/animals1
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responses of macro-eukaryotes to environmental alterations [1–3], while mostly neglecting
small zooplankton [4].

Zooplankton play a significant role in the dispersion and distribution of energy be-
tween lower trophic levels, such as bacteria and eukaryotic phytoplankton, and higher
trophic levels (macrofauna); this is known as bottom-up control; thus, they play a key role
in the carbon biogeochemical cycle of coastal ecosystems [5–9]. Because zooplankton are a
key component within aquatic trophic networks, monitoring their community will provide
important information including the composition of holoplankton and meroplankton (eggs
and larvae of benthic and nektonic organisms). From that information, we can assess the
trophic state of the zooplankton community as it undergoes seasonal changes. Ultimately,
we will improve our understanding of how climate change impacts marine and coastal
ecosystems [10–14]. For instance, these communities have been reported to be sensitive to
changes in water levels of reservoirs, trophic changes, and water quality, where commonly
used WFD metrics were found to be insufficient for comprehensive quality assessments
in these locations [15]. Similarly, in several estuarine systems, zooplankton were found to
quickly respond to environmental conditions and anthropogenic pressures [16–19]. In addi-
tion, meroplankton often represent a significant component of the zooplankton community;
thus, they can influence the location and potential yield of pelagic fisheries, either as food
or nurseries [20], which can be associated with estuaries and other transitional waters.
Furthermore, an analysis of the meroplankton community may represent an indirect way
to assess the benthic invertebrate and fish communities and their reproductive cycles [21],
providing a unique dataset that is otherwise difficult to obtain.

Researchers have recognized that the zooplankton’s taxonomic composition is impor-
tant to achieving an understanding of the links between the physical environment and
higher trophic levels [14]. However, the morphological ambiguity of the early develop-
mental stages (i.e., eggs, larvae, and juvenile stages) and the small size of zooplankton
are serious challenges to the identification of their species based on morphology alone.
Thus, the high phylogenetic diversity inherent in zooplankton samples, coupled with the
effort needed to identify the specimens’ species, limits research. On the other hand, DNA
metabarcoding and high-throughput sequencing [22,23] have revolutionized the way that
researchers characterize biodiversity in different types of ecosystems [23]. Indeed, it can
greatly improve zooplankton identification by discriminating between morphologically
similar species, the morphological plasticity of certain taxa, and overcoming the ambiguity
of the early development stages. Further, DNA metabarcoding is a powerful tool that can
be used to respond quickly to the needs of environmental managers; indeed, it already has
been realized as a tool for large-scale biodiversity analysis [24,25], including the analysis of
zooplankton [26,27]. Yet certain pitfalls are still present in metabarcoding schema: e.g., the
lack of identification of individual life stages and the relative abundances of species [25,28].
Nevertheless, metabarcoding can display a high discrimination of spatial and temporal
patterns in metazoan planktonic assemblages [27,29,30], and it can resolve hidden diversity:
e.g., rare, low-abundant, and newly introduced taxa, as well as hard-to-identify meroplank-
ton [31–35]. More recently, the potential of using the metabarcoding approach to provide
biomass estimates has been used with several taxonomic groups, albeit with different
degrees of success [34,36–38]. Most metabarcoding studies on zooplankton biodiversity use
a single molecular marker to recover diversity [31,32]; this limits taxonomic scope [39]. Still,
several studies have employed multiple molecular markers and multiple primer sets, which
have displayed their marker complementarity for screening zooplankton taxa [30,40,41].

Here we report a study that used multi-marker DNA metabarcoding to monitor
zooplankton in the Lima River estuary, a coastal ecosystem located in northwest Portugal.
Specifically, we assessed both the seasonal and spatial variations of zooplankton and
identified non-indigenous species.
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2. Materials and Methods

2.1. Description of the Study Area

The Lima River estuary is temperate and drains into the Atlantic Ocean in the vicinity
of the city of Viana do Castelo, in the northwest of Portugal (41◦40′ N and 8◦50′ W). It is
characterized by a semidiurnal and mesotidal regime (3.7 m), with an average flushing
rate of 0.40 m s−1, river flow of 70 m3 s−1, and hydraulic residence of nine days [16,42,43].
Due to the human presence on the shores, it has a quite consistent width of around 400 m;
however, the upstream part is shallower and wider, reaching a maximum of 1 km in
width [44]. The present study was conducted throughout the estuary and four sites were
selected: LMZ1, LMZ2, LMZ3, and LMZ4 (Figure 1, Table S1). LMZ1 was the most
upstream site. Located at the mouth of the river, LMZ4 was the most downstream. These
two sites are ~6 km apart. In between the upper and lower reaches are two sites that have
been highly modified by human intervention (LMZ3 and LMZ4). The lowermost part of
the estuary encompasses several man-made structures and is subjected to the continuous
dredging of the navigation channel [45]. Upstream from the Eiffel Bridge (close to LMZ3),
the estuary has retained most of its natural banks, with shallow saltmarshes and tidal
sandy islands (Figure 1). In general, the estuary receives industrial, agricultural, and urban
discharges of nutrients and other materials [46].

 

Figure 1. Sampling sites located in the Lima estuary, in the vicinity of Viana do Castelo, in the
northwest of Portugal. On the map, saltmarshes are represented in grey and both bridges crossing
the estuary are represented as dashed lines.

2.2. Sampling Strategy

Sample collection took place during high tide in two different points of the estu-
ary characterized by more predominant human activity (LMZ4: river mouth and LMZ3:
recreational marina) and in two additional points located upstream of the saltmarshes
(LMZ1 and LMZ2), where dredging activity is null, which limits boat traffic (Figure 1).
Zooplankton was sampled using oblique tows and a standard plankton net with a 50 cm
opening diameter, 150 cm length, and a mesh size of 153 μm. At each sampling location,
three separate tows were performed, after which the end-cup content was poured into
a storage bottle, previously washed with bleach (10%) and MilliQ water. Any consid-
erable residual content inside the end-cup was washed into the bottle with water from
the respective site. This process was conducted across three different seasons: summer
(27 July 2021), autumn (17 November 2021), and spring (24 May 2022), resulting in a total
of 36 zooplankton samples. The salinity, conductivity, and pH parameters were measured
with a WTW Multiline F/set 3 no. 400327 (WTW, Weilheim, Germany) from superficial
water samples (Table S1, Supplementary Material). The wave and wind conditions did not
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provide the right conditions to measure the water parameters from the river mouth during
summer sampling.

All measured physical parameters displayed a decreasing tendency during the
summer–spring period and throughout all sampled locations, although there were a few
exceptions for LMZ3 and LMZ4. At the most downstream location (LMZ4), the salinity,
conductivity, and pH increased considerably from autumn to spring. The highest val-
ues were attained at LMZ2 during the summer and autumn for all parameters, while in
spring, the maximum values were found at LMZ4, the most downstream location (Table
S1, Supplementary Material).

The zooplankton samples were stored in sterilized plastic flasks with water from their
respective sampling site. The flasks were kept in a large container filled with ice until they
reached the lab (2–3 h). When returned to the lab, we processed the samples immediately.
Filtration was done through Merck-Millipore membranes (47 mm diameter, pore size of
45 μm) using an EZ-Fit™ Manifold filtration ramp equipped with three Microfil® funnels
attached to an EZ-Stream Vacuum Filtration Pump (Merck-Millipore, Darmstadt, Germany).
All removable parts were submerged in bleach (10%) and rinsed with MilliQ water, and all
surfaces of the working station were cleaned with bleach (10%) and ethanol (96%). To limit
additional possibilities of cross-contamination between samples, we flamed the porous
stone of the funnel base, which had previously been immersed in 96% ethanol. The filter
membranes were then preserved at −20 ◦C until DNA extraction.

2.3. DNA Extraction, PCR Amplification, and High-Throughput Sequencing (HTS)

DNA was extracted from filtered samples using the DNeasy PowerSoil Kit, from
Qiagen (Hilden, Germany), following the manufacturer’s protocol with minor changes.
Two technical replicates were considered for each sample, consisting of 1

4 of the scraped-off
zooplankton from the filters. After extraction, and for each sample, the two technical
replicates were pooled together (30 μL of each). Negative controls were introduced during
this step using exactly the same procedure but with new filters for checking for any
contamination of the solutions of the DNA extraction kits and labware materials used.
These negative controls were further used during PCR reactions. DNA concentrations
were quantified using a NanodropTM 1000 spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA) (Table S2, Supplementary Material) and stored at −20 ◦C until PCR
amplification and high-throughput sequencing.

Samples were prepared for Illumina MiSeq sequencing by targeting the eukaryotic
communities through the amplification of the 18S rRNA and COI genes at Genoinseq
(Biocant, Cantanhede, Portugal). Two different sets of primers were used: the forward primer
mICOIintF 5′-GGWACWGGWTGAACWGTWTAYCCYCC-3′ [47] with the reverse primer
LoboR1 5′-TAAACYTCWGGRTGWCCRAARAAYCA-3′ [48], which targets the 3′ region of
COI (~313 bp); and the forward primer TAReuk454FWD1 5′-CCAGCASCYGCGGTAATTCC-
3′ with the reverse primer TAReukREV3 5′-CTTTCGTTCTTGATYRA-3′ [49], which targets
the hypervariable region V4 (~380 bp) of the eukaryotic 18S rRNA gene. Both primers were
selected based on previous marine invertebrate analysis [50,51], where the use of a 3′ COI
fragment (hereafter mentioned as COI) provided more resolved and reliable species-level
identifications, which were even greater and had higher success rates than the versatile
primer sets traditionally used for DNA barcoding (i.e., LCO149/HCO2198) [47,48,50–52],
whereas the hypervariable region V4 of the 18S rRNA gene (hereafter mentioned as 18S)
provided a broader scope on the recovered biodiversity. Still, the 18S species-level identi-
fications should be considered with caution, since species-level resolution can be poor in
some groups [53,54]. Although the herein-employed primers have been rarely mentioned in
metabarcoding-based assessments of zooplankton diversity, both markers have been widely
employed in metabarcoding-based zooplankton assessments [47,48,51,55].

For both markers, PCR reactions were performed for each sample using a KAPA HiFi
HotStart PCR Kit according to manufacturer suggestions, 0.3 μM of each PCR primer, and 5 μL
(COI) and 2.5 μL of template DNA in a total volume of 25 μL. For the COI, PCR conditions
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involved a 3 min denaturation at 95 ◦C, followed by 35 cycles of 98 ◦C for 20 s, 60 ◦C for 30 s,
and 72 ◦C for 30 s, as well as a final extension at 72 ◦C for 5 min. For the 18S, PCR conditions
involved a 3 min denaturation at 95 ◦C, followed by 10 cycles of 98 ◦C for 20 s, 57 ◦C for
30 s, and 72 ◦C for 30 s, 25 cycles of 98 ◦C for 20 s, 47 ◦C for 30 s, and 72 ◦C for 30s, and a
final extension at 72 ◦C for 5 min. Negative PCR controls were included for all amplification
procedures. The negative control samples did not amplify for any primer pair.

The DNA was further reamplified in a limited-cycle PCR reaction to add sequencing
adapters and dual indexes to both ends of the amplified target region according to the
manufacturer’s recommendations (Illumina, San Diego, CA, USA). PCR products were then
one-step purified and normalized using the SequalPrep 96-well plate kit (ThermoFisher
Scientific, Waltham, MA, USA) [56], pooled and 250 bp paired-end sequenced in the
Illumina MiSeq® (50,000 sequencing depth) sequencer with the MiSeq reagent Kit v3
(600 cycles), according to manufacturer’s instructions (Illumina, San Diego, CA, USA) at
Genoinseq (Cantanhede, Portugal). For further information regarding the amplification
and sequencing steps, see Info S1 (Supplementary Material).

2.4. Bioinformatic Processing and Taxonomic Assignment

Quality filtration was performed on Illumina reads (fastq files) using PRINSEQ
v0.20.4 [57] to remove sequencing adapters, trim bases with an average quality lower
than Q25 in a window of 5 bases, and remove reads with less than 100 bases for 18S and
150 bases for COI. This initial processing was performed at Genoinseq.

Prior to taxonomic assignment, the filtered forward and reverse reads provided by the
sequencing facility were merged by overlapping paired-end reads in mothur (make.contigs
function, default) [58,59]. The resulting reads were then processed in two pipelines from
public databases: the COI reads were submitted to the mBrave—Multiplex Barcode Research
and Visualization Environment (www.mbrave.net; [60]; accessed on 19 December 2022) and
the 18S reads were submitted to SILVAngs (ngs.arb-silva.de/silvangs/; [61]; accessed on
6 December 2022). In mBrave, the COI reads were trimmed by length (maximum 313 bp)
and those with a minimum quality value (QV) higher than 10 were kept, which allowed
for a maximum of 25% nucleotides with <20 QV and a maximum of 25% nucleotides with
<10 QV. Reads were then taxonomically assigned using a similarity threshold of 97% against
all the system’s reference libraries, the personally curated and Iberia Peninsula-specific ref-
erence libraries, as well as taxa-specific reference libraries (December 2022)—all from the
BOLD database [62] (see Info S2 (Supplementary Material) for the list of the COI reference
sequence libraries).

The 18S reads were processed by the amplicon analysis pipeline of the SILVA project
(SILVAngs 1.4) [61]. Each read was aligned using the SILVA Incremental Aligner (SINA
v1.2.10 for ARB SVN (revision 21008)) [63], against the SILVA SSU rRNA SEED, and
quality controlled [61]. Reads shorter than 200 aligned nucleotides and reads with more
than 1% ambiguities or 2% homopolymers, respectively, were excluded from further
processing. Putative contaminations and artifacts, and reads with a low alignment quality
(80 alignment identity, 40 alignment score reported by SINA) were identified and excluded
from downstream analysis. After these initial steps of quality control, identical reads were
identified (dereplication), the unique reads (100%) were clustered (OTUs) on a per-sample
basis, and the reference read of each OTU was classified. Dereplication and clustering were
done using VSEARCH (version 2.17.0; https://github.com/torognes/vsearch; accessed
on 6 December 2022) [64], applying identity criteria of 1.00 and 0.99, respectively. The
classification was performed by BLASTn (2.11.0+; http://blast.ncbi.nlm.nih.gov/Blast.cgi;
accessed on 6 December 2022) [65], with standard settings using the non-redundant version
of the SILVA SSU Ref dataset as classification reference (release 138.1; http://www.arb-
silva.de; accessed on 6 December 2022). The classification of each OTU reference read was
mapped onto all reads that were assigned to the respective OTU using a 99% similarity
threshold (December 2022). For further detailed information regarding both bioinformatic
pipelines (mBrave and SILVAngs), see Info S1 (Supplementary Material).
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Any read assigned to a non-metazoan taxon was discarded. The nomenclature of
detected taxa was confirmed using the World Register of Marine Species database (WoRMS;
www.marinespecies.org, accessed on January of 2023). Additionally, all BINs (Barcode
Index Numbers) to which COI reads were assigned were thoroughly curated (identification
of misidentifications and synonymized species names associated with the same BIN, as
well as ambiguous groupings) to attain the most reliable identifications, particularly at
the species-level. Regarding the 18S dataset, sequences were blasted against the NCBI’s
database to assess the reliability of the taxonomic assignment provided by the SILVAngs
curated database [66]. Throughout further analysis and discussion, only species-level
identifications were considered, due to the taxonomic uncertainty that can be associated
with OTUs, while displaying more than 8 reads on each dataset [50,67].

2.5. Data Processing and Analysis

All statistics and graphics were performed with the Paleontological Statistics soft-
ware (PAST, v4.09) and in the R environment (version 4.1.2.) using the Vegan package
(version 2.6.4) [68], unless otherwise stated. Only presence/absence data was considered
due to the putative amplification associated bias. Treemap was performed using the func-
tion treemap from the package of the same name [69] in order to present and determine
the most relevant taxonomic groups recovered from the sampled zooplankton and further
analyze the complementary effect of the multi-marker approach herein employed.

Beyond this point, we only considered the merged COI and 18S datasets due to the
complementarity of both markers in their species detection. Both taxonomic diversity and
distinctness were determined using the PAST software, which determines both taxonomic
metrics based on Clarke & Warwick [70]’s definition and the author’s own 1000 random
replicates test, and can be represented by the following formula:

Δ =
∑ ∑i<j wijxixj

∑ ∑i<j xixj
,

where wij are weights varying if concurrent species (0) or different species (1), and x are
the abundances. Due to the nature of this study, both the taxonomic diversity and distinct-
ness were represented with the same values (hereafter represented solely as taxonomic
distinctness). Species richness and taxonomic distinctness fluctuations were assessed using
a 2-way ANOVA, followed by post-hoc (Tukey’s HSD) analysis to assess the differences
among the levels of each factor (season and location) using the aov and TukeyHSD func-
tions, respectively. Non-metrical Multidimensional Scaling (nMDS) ordination was used to
examine recovered community composition similarities among samples using Jaccard’s
dissimilarity index. The influence of spatial/seasonal sampling was tested using the adonis2
function (2-way PERMANOVA; 999 permutations). Prior to all multivariable analysis, the
decostand function was used to transform read datasets into presence/absence, since the
metaMDS (function used to perform nMDS) determines Jaccard’s dissimilarity based on
Bray-Curtis [68]. The cor function was used to determine Pearson’s correlation of each
species recovered with the dimensions used for the nMDS (n = 2), which was then used to
determine the taxa that better fit the attained clustering, based on p value, using the envfit
function. Furthermore, a presence–absence heatmap and clustering was performed—with
the number of samples in which each taxon was recovered—using the pheatmap function of
an R package of the same name [71], in order to assess the species-level clustering through-
out the spatial and seasonal gradient. All previous analyses were repeated to analyze the
most relevant taxonomic groups determined by the previous treemap analysis.

All Venn diagrams, used for the visual representation of the partitioning of the recov-
ered zooplankton diversity, were developed using the InteractiVenn platform [72].
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3. Results

3.1. HTS Data Initial Processing and the General Taxonomic Composition Recovered by Each Marker

The high-throughput sequencing of the 36 samples resulted in a total of 2,096,992
and 1,548,889 recovered COI and 18S reads, respectively, from which, after filtration and
quality checking, around 72% of COI reads were eligible for taxonomic assignment, but
for 18S, less than half of the reads were eligible for taxonomic assignment (42%) (Table S3,
Supplementary Material). Indeed, this was particularly observed in samples from the
spring season collected at the most downstream location (LMZ4).

Around 36.4 and 21.2% of COI and 18S reads, respectively, were taxonomically as-
signed to the aquatic metazoan. However, for a large portion of these, obtaining species-
level assignments was not possible, resulting in their classification at higher taxonomic
ranks. A total of 15 metazoan phyla were recovered (Figure 2A), from which Hemichor-
data was specifically recovered with COI, while Entoprocta, Chaetognatha, Nematoda,
Platyhelminthes, and Phoronida were 18S-exclusive records (Figure 2B). Consequently,
18S dominated in the number of exclusive detections throughout the whole taxonomic
spectrum (except for class and species ranks), particularly at the order level (almost
two times greater than COI; Figure 2A). The 18S:COI ratio of exclusive taxonomic as-
signments was found to be lower the greater the taxonomic resolution obtained. On the
other hand, markers’ complementarity was shown to be greater the higher the resolved
taxonomic assignment (Figure 2A). Indeed, only 466,724 of the COI reads (ca. 22.3%) and
306,648 of the 18S reads (ca. 19.8%) were taxonomically assigned to species level, resulting
in the detection of 175 species each, from which only 23 species (7%) were found to have
been recovered with both markers (Figure 2A; for further details see Table S4, Supplemen-
tary Material), which represented less than half of the overlap observed at the genus level
(Figure 2A).

From the total of 327 recovered species, 85% belonged to five different phyla: 49 and
55 species to Mollusca, 44 and 42 species to Arthropoda, 27 and 29 species to Annelida,
18 and 13 to Cnidaria, and 11 and 14 species to Chordata (for COI and 18S, respectively)
(Figure 2B). The remaining recovered taxa represented 10 phyla, namely Bryozoa, Echin-
odermata, Nematoda, Nemertea, and Porifera, recovered with both markers, as well as
Chaetognatha, Platyhelminthes, Phoronida, and Entoprocta 18S-exclusive, and Hemi-
chordata COI-exclusive. The latter three phyla were solely represented by a singular
species each. Arthropoda diversity was dominated by Copepoda (39%), followed by
Decapoda (23%) and Thecostraca (15%). The 18S displayed greater taxonomic coverage
of Copepoda than COI—18S recovered six different Copepoda orders (three exclusive:
Monstrilloida, Polyartha, and Siphonostomatoida), as opposed to the three recovered with
COI (Calanoida, Cyclopoida, and Harpacticoida). Both markers displayed greater rep-
resentations of Calanoida during the study (61% and 69% of the Copepoda, for 18S and
COI), followed by Harpacticoida (two 18S and three COI exclusive species) and Cyclopoida
(two 18S and a COI exclusive species). Gastropoda (74% with COI and 34% with 18S) and
Polychaeta (similar recovered richness with both markers) encompassed around 71.2%
and 94.3% of the Mollusca and Annelida, respectively. Ascidiacea represented a fourth of
the herein Chordata recovered, but most were detected by 18S. The remaining 10 phyla
encompassed no more than a total of 10 species each (12.2%).

Because the two markers were complementary in species and taxonomic group de-
tection, we opted to conduct the remaining analyses using the species-level dataset where
data recovered with both markers were joined together, which allowed us to see more
clearly the spatial and seasonal patterns of zooplankton in the Lima estuary.

Overall, around 32.4% of the recovered species consisted of single-sample recoveries,
which included a greater representation of the overall Chordata and Porifera (72% and
60%), as well as half of the recovered Platyhelminthes, Nematoda, and Nemertea species.
The only recovered Hemichordata species, Balanoglossus clavigerus (Delle Chiaje, 1829),
was also detected in a single sample. On the other hand, only 28 species (ca. 8.6%)
were recovered in more than 50% of the samples, with the majority being composed of
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Arthropoda (13 species) and Mollusca (9 species); however, only 13 species were recovered
in the majority of samples (herein 75%), which accounted for nine Arthropoda species:
the Calanoida Temora longicornis (Müller O.F., 1785) and Pseudocalanus elongatus (Brady,
1865), and the Thecostraca Austrobalanus imperator (Darwin, 1854), Verruca stroemia (O.F.
Müller, 1776), Austrominius modestus (Darwin, 1854), Chthamalus montagui (Southward,
1976), Amphibalanus improvisus (Darwin, 1854), Balanus trigonus (Darwin, 1854), and Sacculina
carcini (Thompson, 1836); three Mollusca species: the Gastropoda Peringia ulvae (Pennant,
1777), the Bivalvia Hiatella arctica (Linnaeus, 1767) and Mytilus sp., and the Hydrozoa Obelia
dichotoma (Linnaeus, 1758).

Figure 2. Partitioning of recovered taxa with COI and 18S (>97% and >99% similarity, respec-
tively), depicted in all major taxonomic ranks (phylum, class, order, family, genus, and species)
(A). Zooplankton composition, recovered through HTS using COI and 18S primers (B). The latter
is color-coded based on recovered phyla. For further details, see the list of recovered taxa found in
Table S4 (Supplementary Material).
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3.2. Non-Indigenous Species Detection

DNA metabarcoding allowed the detection of 16 NIS, which accounted for around
4.9% of the recovered zooplankton biodiversity (Table S4, Supplementary Material). The
bulk of recovered NIS were Arthropoda (7 species—Amphibalanus eburneus (Gould, 1841),
A. improvisus, A. modestus, B. trigonus, Eriocheir sinensis (H. Milne Edwards, 1853), Oithona
davisae (Ferrari F. D. & Orsi, 1984), and Pseudodiaptomus marinus (Sato, 1913)), followed by
Ascidiacea (Ciona intestinalis (Linnaeus, 1767), Microcosmus squamiger (Michaelsen, 1927)
and Styela plicata (Lesueur, 1823)), Mollusca (the gastropod Crepidula fornicata (Linnaeus,
1758), and the bivalves Mercenaria mercenaria (Linnaeus, 1758) and Ruditapes philippinarum
(A. Adams & Reeve, 1850)). The remaining NIS included the polychaete Pseudopolydora
paucibranchiata (Okuda, 1937), the bryozoan Tricellaria inopinata (d’Hondt & Occhipinti
Ambrogi, 1985), and the hydrozoan Cordylophora caspia (Pallas, 1771). Overall, every
recovered NIS consisted of exclusive detections by either the COI or the 18S (8 and
6 exclusive NIS recovered, respectively), except the copepod P. marinus, which was detected
with both markers. For further details, see Table S4 (Supplementary Material).

3.3. Seasonal and Spatial Dynamic Effects on Species Richness, Taxonomic Composition,
and Distinctness

Overall, average species richness displayed a decreasing tendency through all the
study periods (ANOVA, F = 27.9, p < 0.01), but, at LMZ2 and LMZ3, species richness
displayed a different response to seasonal variation compared to that of LMZ1 and LMZ4,
which declined through all seasons (Figure 3A). The trending decline in species richness
attained was indeed observed at the intermediate sites: at LMZ2, a strong decline in species
richness was observed from summer to autumn, but not from autumn to spring; while at
LMZ3, the opposite pattern was observed: species richness slightly increased from summer
to autumn but decreased in spring. Spatially, the recovered species richness showed an
overall increment toward downstream peaking at LMZ3, followed by a steep decline at
LMZ4, supported by Tukey’s post-hoc (p < 0.05, comparison between LMZ3 and LMZ4),
which was a pattern observed more particularly in autumn and spring samples (Figure 3A).

Figure 3. Seasonal and spatial influences on recovered zooplankton species richness (A) and tax-
onomic composition of the species recovered at all sites throughout the study duration (B). N = 3.
In (B), data obtained in all replicates were joined together before analysis.

Furthermore, the effect of seasonal and spatial variation diverged between different
taxonomic groups, particularly those encompassing meroplankton. For instance, Poly-
chaeta (Annelida) were more well represented during the summer and spring (in the latter
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at LMZ2 and LMZ3), while Mollusca were better represented in the summer, in particular
Gastropoda (Figure 3B). Hydrozoa (Cnidaria) were recovered throughout the study dura-
tion; however, a greater number of species was observed in the LMZ4-autumn, which was
characterized by the recovery of 19 species, of which 13 were exclusive to these samples
(coincided with the 3 exclusive Pycnogonida records).

On the other hand, the taxonomic distinctness demonstrated, in general, a differ-
ent pattern from that observed for species richness. For instance, throughout the spa-
tial gradient of the study area, a trending increase in taxonomic distinctness was ob-
served from the upstream to downstream sites during all three sampled seasons (ANOVA,
F = 3.16, p < 0.05) (Figure 4A), although no influence was found from season. Indeed, at
every site, the taxonomic distinctness was maintained stably throughout the study duration.
Nevertheless, the taxonomic distinctness was, in general, fairly stable, ranging from 5.39
(at LMZ1-summer) to 5.63 (at LMZ3-spring).

Figure 4. Seasonal and spatial influences on recovered zooplankton taxonomic distinctness (A), and
group-specific taxonomic distinctness of the most relevant phyla based on species richness (Mollusca,
Arthropoda and Annelida) (B).

The taxa-specific taxonomic distinctness also demonstrated divergent patterns com-
pared to the general analysis of zooplankton diversity (Figure 4B). Annelida and Arthro-
poda taxonomic distinctness was demonstrated to be more influenced by seasonal variation
(ANOVA, F = 32.98, p < 0.01; F = 4.95, p < 0.05, respectively), but not by the estuary’s
spatial gradient. However, both the Annelida and Arthropoda demonstrated diverging
patterns from each other: the former displayed much lower values in the summer than
in the remaining seasons, while the latter revealed a decreasing tendency throughout the
study’s duration (from summer, autumn, and spring) (Figure 4B). Moreover, the Mol-
lusca taxonomic distinctness revealed an opposite trend compared to that of the general
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zooplankton diversity, decreasing from LMZ1 toward LMZ4, but no significant differ-
ences were found in such variation nor from a seasonal effect (ANOVA, F = 0.18, p > 0.05;
F = 0.64, p > 0.05, respectively). The taxonomic distinctness was indeed highly dependent
on the taxonomic group analyzed, and varied differently for different taxonomic groups,
e.g., for Annelida, the minimum and maximum taxonomic distinctness scored higher than
1, while for Arthropoda and Mollusca such an interval was much lower (Figure 4B).

The partitioning of the species across all seasons (in general and for each site, sepa-
rately, Figure 5) and across all sites (in all seasons and for each season separately, Figure 6)
is displayed in Venn diagrams. In general, only 53 species were recovered in all seasons
and the highest number of exclusive species was detected in summer (78 species). The
highest number of species was shared between summer and autumn (41 species), while
the lowest number was shared between autumn and spring (13 species), and this pattern
was observed throughout the estuary, at all sampled sites (Figure 5). In addition, the
highest number of exclusive species was detected in summer (66, 47, and 83 species for
LMZ1, LMZ2, and LMZ4) at all analyzed sites, with the exception of LMZ3, where the
highest number of exclusive species was detected in spring (44 species). On the other hand,
92 species were detected at all sampled estuarine sites (60 in summer, 33 in autumn, and
20 in spring). The highest number of exclusive species was recovered at LMZ4 (53 species,
approx. 16%), while the lowest was at LMZ1 (21 species) (Figure 6). The highest number of
shared species was found between LMZ3 and LMZ4 in the summer and autumn (9 and
8 species, respectively); while in spring, the highest number of species (9 species) was
shared between the most upstream sites (LMZ1 and LMZ2) (Figure 6).

Figure 5. Seasonal partitioning of zooplankton diversity recovered with metabarcoding throughout
the whole sampled spatial extension and for each sampling site: LMZ1, LMZ2, LMZ3, and LMZ4.
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Figure 6. Spatial partitioning of zooplankton species recovered with metabarcoding throughout the
study duration and for summer, autumn, and spring samples. From the most upstream site (LMZ1)
to the most downstream (LMZ4).

3.4. Seasonal and Spatial Dynamics of Zooplankton Structure Composition

A non-metric multidimensional scaling analysis indicated that the zooplankton re-
covered from the Lima estuary were mostly structured by season, but considerable spatial
turnover was also observed (Figure 7 and Table 1). Both the summer and spring samples
displayed closer relations to the autumn cluster (NMDS2 and NMDS1, respectively) than
with each other (pairwise PERMANOVA, p < 0.01), but still maintain their own character-
istic compositions (pairwise PERMANOVA, p < 0.01 for both). LMZ4 was demonstrated
to be the most species-level composition divergent site from the estuary, forming distinct
clusters in all seasons (Figure 7), except in spring, where LMZ4 clustered with LMZ3
samples, thereby dividing the estuary into two different clusters (Figure 7). Still, in autumn,
the most downstream location displayed the most divergent zooplankton composition
from the study. Indeed, a high number of exclusive Hydrozoa and Pycnogonida were
recovered, while Annelida contribution was lower in these samples (Figure 3B); however,
the recovery of the Hydrozoa Clytia gracilis (Sars, 1851), Clytia paulensis (Vanhöffen, 1910),
Obelia longissima (Pallas, 1766) and Orthopyxis integra (MacGillivray, 1842), the Pycnogonida
Achelia echinata (Hodge, 1864), the Gastropoda Trinchesia caerulea (Montagu, 1804), the An-
nelida Malacoceros fuliginosus (Claparède, 1868), and the Chaetognatha Parasagitta friderici
(Ritter-Záhony, 1911) were found to be significantly correlated to this ordination (p < 0.01)
and better explained such a distribution (Table S5, Supplementary Material).

Furthermore, the species-level composition throughout the study differed between the
taxonomic groups, with the exception of the Mollusca, for which the observed seasonal and
spatial patterns were, indeed, very similar to those found for general zooplankton (Figure 7
and Table 1). Although summer and autumn samples displayed their own clustering
(NMDS2), both were more related to each other than to the spring Mollusca zooplankton
composition (NMDS1), though Mollusca composition along the estuary spatial gradient
varied less. In both the autumn and spring clusters, the LMZ4 samples were closer to those
from the remaining sites.

On the other hand, zooplankton’s Arthropoda and Annelida composition revealed dif-
fering patterns compared to the general zooplankton and Mollusca compositions
(Figure 7). Arthropoda displayed distinct seasonal clustering, where summer and spring
were highly similar to each other; however, a particular spring cluster was formed for
NMDS1, encompassing the LMZ1-LMZ3 samples, and separating autumn from summer.
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An opposite pattern was observed for Annelida, where the autumn and spring clusters
were more closely related to one another than to summer samples, although to a lesser ex-
tent. The LMZ4 species-level composition formed distinct clusters for both the Arthropoda
and the Annelida, although within the latter a greater variation was displayed (Figure 7).

Figure 7. nMDS ordination of Lima estuary’s zooplankton recovered through metabarcoding employ-
ing a multi-marker approach (A; Stress = 0.13), and the most relevant phyla (Mollusca: Stress = 0.16;
Arthropoda: Stress = 0.17; Annelida: Stress = 0.14). All similarity matrices used were based on
presence–absence data (Jaccard’s dissimilarity index).

Table 1. Permutational analysis of variance (PERMANOVA) results of the most relevant taxonomic
groups from the recovered zooplankton with DNA metabarcoding (999 permutations, based on
Jaccard’s dissimilarity index).

Taxonomic Group
Season Site

F p F p

Zooplankton 9.57 <0.01 2.54 <0.01
Mollusca 10.91 <0.01 1.91 <0.01

Arthropoda 7.26 <0.01 3.97 <0.01
Annelida 11.18 <0.01 2.08 <0.01

Considering the relative abundance (number of samples recovered), species-level
clustering generated consistent results with the nMDS for the whole dataset. The set of
327 zooplankton species revealed clustering in seven groups (G1-7), ranging from 6 to
233 species, that appeared to better explain the stronger seasonal variation over spatial
influence on the Lima estuary’s zooplankton (Figure 8). Indeed, the G4 (27 species), G5
(14 species), and G7 (20 species) clustered species with greater representation in summer,
autumn, and spring, respectively—although a G4-subgroup included summer/autumn re-
lated species—and G3 (8 species) better represented summer/autumn, while species found
throughout the whole seasonal and spatial gradient, with a remarkable representation in
all samples, were clustered within G1 (6 species) and G2 (19 species). G6 was the broadest
cluster, which included 233 species, where sample-specific species and species with lower
representation were clustered together.
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Figure 8. Species-level (y-axis) and sampling event (x-axis) clustering associated with a heatmap
color-coded based on the number of replicates where each taxon was detected on each sampling event
(0–3, with 0 indicating absence in all replicates and 3 presence in all replicates). Both dendrograms
are color-coded based on each taxa phylum for the y-axis and based on the sampled seasons for the
x-axis (blue = summer, green = spring, red = autumn).
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Spatial variation also had an effect on species clustering. For instance, the two-part
division of the estuary observed in the spring was particularly found to be explained by
G5 sub-groups and G1, while G6 sub-groups may have also had a small influence. In
the summer, LMZ4 was displayed as the outgroup (similarly seen in Figure 7), but not
as far as observed in the autumn samples. Such was not shown to be associated with
species shift, but in fact with variations in the relative abundance, more particularly in the
G1 and G4 clusters. The high dissimilarity of LMZ4 in the autumn from the remaining
sites above-mentioned further supported the influence of the exclusive recovery of several
Hydrozoa and the Pycnogonida composing the G6 subgroup, as well as the loss and lower
representation of several taxa throughout G1, G2, G4, and G7. For further details regarding
clustering of species, see Table S6 and Figure S1 (Supplementary Material).

4. Discussion

Our study had three main outcomes: (i) We confirm the great utility of DNA metabar-
coding for assessing the seasonal and spatial dynamics of zooplankton in a temperate
estuary. (ii) The multi-marker approach allowed for a broader characterization of zooplank-
ton diversity and allowed for the species-level identification of taxa that would otherwise
be assigned to higher taxonomic ranks. (iii) We detected several NIS for the first time in
the Lima estuary, demonstrating the utility of zooplankton metabarcoding for the early
detection of NIS.

4.1. DNA Metabarcoding Performance in the Assessment of Zooplankton Species in the Lima Estuary

For conducting our analyses, we opted to use species-level assignments, which are
crucial for mapping species occurrence and distribution and to compare to what has been
found so far in the estuary. Although we are highly aware of the issues pertaining the
completeness and reliability of current DNA barcode reference libraries [73], that can have
a strong impact on the taxonomic characterization of using species-level assignments on
DNA metabarcoding, we point out several reasons for our choice: (i) a strong effort has
been conducted in filling DNA barcode reference libraries for the studied region [74–77],
in developing informatic tools for auditing COI reference records that were used in the
current study (BAGS; see [78]), and in curating reference libraries [76,79,80]; (ii) gap-
analyses of compiled lists of historic zooplankton and macrozoobenthos species in the
study indicated very acceptable COI and 18S coverage in both BOLD and GenBank (97%,
for zooplankton species and 85.2% for macrozoobenthos) [81]; and (iii) the reliability of
species-level taxonomic assignments has been a posteriori verified based on currently
available data (66% of the detected species are considered reliable).

Zooplankton assessments in the Lima estuary have been scarce and generally lacking
in thorough and species-level taxonomic characterization. In fact, to the best of our knowl-
edge, only one study had previously characterized the zooplankton community’s structure
in the Lima estuary, but with an emphasis on Copepoda diversity [16], while the remain-
ing studies focused on either ichthyoplankton [42,82–84] or functional holoplankton and
meroplankton abundance and biomass [85–87]. Thus, meroplankton characterization has
been typically less resolved and overlooked through morphology-based analysis. Herein,
metabarcoding-derived data revealed a greater diversity of planktonic metazoans occurring
in the Lima estuary than what has been previously described from morphology-based
historical reports [16,42,82,83,85–87]. A higher performance in biodiversity recovery was
expected with DNA metabarcoding since its potential for uncovering unreported biodiver-
sity, including that of meroplankton screening efficacy, has been shown in several other
studies [31,33,88]. In addition, the recovered zooplankton from the Lima estuary have
indeed improved the species-level identifications of meroplankton, such as Bivalvia, Gas-
tropoda, Polychaeta, and Hydrozoa (Figure 2B), compared to previous morphology-based
surveys, and further allowed the detection of additional occurring planktonic forms of taxa
not yet reported in the estuary, such as Porifera [16,85] (Table S7, Supplementary Material).
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However, the discordance between the herein-recovered taxa and historical records
is indeed considerable. For instance, sampling effort (spatially and temporally) is one of
the pivotal considerations taken into account in zooplankton characterization and it is
likely that it may have influenced the resulting characterization—both spatial and temporal
profiles of the current study did not fully overlap those from previous studies (i.e., the
most recent study was six to seven years apart from sample collection in the current study).
Species list compilation may also have influenced results, as only published studies were
considered, whereas no input was considered from other sources, such as the Global
Biodiversity Information Facility (GBIF) database, nor WoRMS. Furthermore, communities’
fluctuations may have also played a role in the observed gap with species’ introduction
into/extinctions in the estuary. For instance, plankton periodically produce resting stages
that sink and accumulate in the sediment. These diapausing stages are prevalent in
estuaries and lagoons [89] and remain dormant for long periods of time before hatching.
Thus, they may have played a role in the differences between results of our study and
historical records. That is, the diversity of resting stages may be richer than the expressed
one [90,91], including those of historical surveys and the current assessment through DNA
metabarcoding. For instance, Rubino & Belmonte [91] reported 80 species in sediment
samples, which were absent from plankton sampled from the water column.

Thus far, the uncovering of a high meroplankton diversity further supports the nursery
role of the Lima estuary for several macrozoobenthos species. In fact, earlier zooplankton
assessments demonstrated high meroplankton abundance/biomass in certain regions
within the Lima estuary [85–87]. The hydrodynamics of the estuary may indeed play a
larger role than what has been documented in previous assessments, despite the different
sampling and identification methodologies employed [16,92]. In addition, the residence
time and the semidiurnal and mesotidal regime of the Lima estuary generate highly suitable
conditions for the development of a dominant stationary wave [84,93], which may allow
enough time for the development of meroplankton inside the estuary [94]. Indeed, a higher
abundance of several meroplankton groups in the Lima estuary has been reported than in
the neighboring Minho estuary (average flushing rate of 300 m s−1), [16], which may have
accounted for the considerably high meroplankton diversity found at the Lima estuary
through metabarcoding. Furthermore, some studies have been pointing out that the Lima
estuary supports several fish species, relevant to local fisheries, as a nursery zone [42,84,95].
However, herein ichthyoplankton recovery resulted in 20 fish species from which some
assignments might be questionable, particularly in the 18S dataset, since the 18S rRNA
gene is too conserved across a broad range of fish species [22].

4.2. COI and 18S rRNA Gene Markers Displayed Minute Overlap in Zooplankton Species Detection

The taxa-overlap between both molecular markers was strong when considering the
higher taxonomic ranks, but the more specific the identification the greater the complemen-
tarity found between both markers. Indeed, the proportion of exclusive detections with
both markers was remarkably high, and only 23 species were taxonomically assigned in si-
multaneous COI and 18S reads. The high complementarity between the employed markers
was expected, since previous studies have demonstrated a considerable range of exclusive
detections for the species-level identification of marine zooplankton [30,41,52,88]. Gener-
ally, the mitochondrial COI has been used for more reliable species-level assignments of
recovered reads and is the standard DNA barcode for the molecular-based identification of
metazoans [96]—although at the cost of, e.g., the high prevalence of primers–templates mis-
match leading to PCR associated bias [97,98]—while the nuclear 18S rRNA gene has been
traditionally used in aquatic microbial eukaryote assessments [99,100], since it displays a
broader taxonomic scope—hence, it has an extensive reference database. However, 18S
sequences can be too conserved to discriminate organisms at low taxonomic levels, so it is
usually used for broad-range high-rank taxonomic assignments [30,41,52,88]. In the present
study, species-level assignments were not possible for 26,188 of the 18S reads; however,
the COI allowed for greater resolution with species-level identifications of several 18S taxa
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that were only assigned to genus level, namely, Balanus, Bougainvillia, Eubranchus, Diopatra,
Harpacticus, Hydractinia, Polygordius, and Tomopteris. Still, species-level identifications with
18S should be considered with caution [101,102].

4.3. DNA Metabarcoding Performance in the Detection of Non-Indigenous Species (NIS) in
Zooplankton Samples

The complementarity of COI and 18S in species recovery was crucial for the detec-
tion of NIS. A high number of NIS (16 species, representing 4.9% of the total detected
species) were recovered from multi-spatial and -seasonal sampling in the Lima estuary,
where only Pseudodiaptomus marinus was detected with both markers. Most of the NIS
previously reported, based on historical records, were not detected in the current study,
namely Acartia (Acanthacartia) tonsa (Dansa, 1849), Corbicula fluminea (Müller, 1774), or Mya
arenaria (Linnaeus, 1758). Austrominius modestus was the only NIS previously reported
to occur in the Lima estuary (Table S7, Supplementary Material) and recovered through
DNA metabarcoding in the current study. Therefore, DNA metabarcoding allowed for
the detection of several NIS which appear to be new reports in the Lima estuary, all of
which were documented in Portugal, in addition to those already reported from previous
metabarcoding-based assessments in a more enclosed site of the estuary: the recreational
marina of Viana do Castelo [103–105].

Additionally, several reads recovered from a singular sample were assigned as
Heniochus acuminatus (Linnaeus, 1758), an Indo-Pacific fish and putative first introduc-
tion in the European Atlantic coast. However, morphological records are required for
confirmation, but this species has been already documented as a non-indigenous species in
both the southwestern Atlantic coast and in the Ukrainian coast of the Black Sea [106–108],
and has been more recently reported in Spanish territory (Canary Islands) [109]. On the
other hand, the Bryozoa Watersipora spp. was detected with COI, and this genus includes
the Watersipora subtorquata (d’Orbigny, 1852) that has been reported as a NIS in Portugal,
as well as the Watersipora subatra (Ortmann, 1890) which is a NIS in European waters,
but species-level identifications were not possible with any of the genetic markers here
employed. Hence, it is possible that either species was herein detected; however, further
confirmation is required with, i.e., morphological assessments. The 18S reads further
recovered Balanus sp. which COI resolved as B. trigonus. Furthermore, Musculus lateralis
(Say, 1822) assigned reads were recovered with 18S, and a further revision posed it as a
reliable identification based on current available data. This species is native to the Atlantic
coast of North America and, to our knowledge, it has not yet been recognized as a NIS on
European coasts, but a recent 18S-based metabarcoding assessment has also reported its
presence on the coast of Sweeden; however, further morphological evidence is required to
confirm its occurrence on European coasts [110].

Although Mytilus sp. COI and 18S reads here recovered were assigned as being Mytilus
edulis (Linnaeus, 1758), both markers are unable to discriminate Mytilus spp. due to the
unusual hybridization and biparental mtDNA inheritance [111,112]. Still, although it is
not possible to confirm or deny the occurrence of M. edulis, such detections may in fact be
considered the congener Mytilus galloprovincialis (Lamarck, 1819), since the distribution of
both species has been well stipulated [113,114].

However, 18S NIS detections must be considered with caution. For further details on
the reliability of the herein NIS detections, see Table S8 (Supplementary Material). Indeed,
an assignment with an identity percent higher than 97% with COI leads, in general, to
correct species identification (with a few exceptions, i.e., Mytilus sp.); whereas, in many
cases, the assignment of 18S (even at 100% identity) may yield taxa not present in the
studied areas due to the fact that related species included in the reference database may
share exactly the same sequence for the 18S fragment used [115]. In the current study,
three 18S-recovered NIS were considered unreliable assignments, namely the Bivalvia
M. mercenaria and both Stolidobranchia (Ascidiacea) M. squamiger and S. plicata (Table S8,
Supplementary Material); however, all of them have been reported on the Portuguese
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coast [116]. So, further effort is crucial in surveying the estuary, which, coupled with
morphology-based assessment, would further improve the confirmation of the introduction
and establishment of such species.

4.4. Species Richness, Taxonomic Distinctness, and Species Composition Influenced Primarly by
Season and Secondarily by Within-Estuary Location

Complementarity between the markers was apparent throughout the study (Figure 2A)
and consistent across the seasonal and spatial patterns of the recovered taxa, thus allowing
us to attain a more complete picture of the Lima estuary’s zooplankton dynamics. Spatial
patterns of zooplankton diversity were less evident than seasonal effects (Figures 6 and 7),
which are yet to be documented in the Lima estuary. However, similar conclusions were
attained when considering abundance/biomass quantification [16,42,82,83].

The zooplankton spatial distribution is primarily associated with the geomorphology of
the estuary (i.e., length, width, depth) that influences the hydrodynamics and concurrently
physical/chemical and biological factors, which by itself promotes remarkable influence over
zooplankton diversity disparity through the spatial gradient. However, seasonal changes are
much more dynamic and relevant over zooplankton taxa by further having an effect over
spatial parameters. Therefore, zooplankton richness distribution and composition were more
strongly modulated by seasonal variation, while also presenting a considerable spatial shifting
specific to sampled seasons throughout the estuary. A zooplankton survey downstream
of Eiffel’s bridge, from 2010 to 2011, has shown abundance peaks during summer and a
secondary peak during autumn [16], similar to zooplankton assessments from other sites
at the Lima estuary [85–87], which are characteristic of temperate systems [16,117]. Such
findings were comparable to those herein: higher zooplankton richness was observed in
the summer and next autumn seasons (Figures 3A and 5), as well as a greater zooplankton
diversity and taxonomic representation at the river mouth (Figures 3A and 6) [16]. However,
the water parameters we measured also displayed considerable salinity and conductivity
changes throughout the spatial gradient of the estuary (Table S1, Supplementary Material).
This result was not that apparent in the community’s analysis; it is probably related to the fact
that our water parameter measures were taken on the superficial portion of the water column,
whereas the samples for the community analysis were from deeper layers.

Nevertheless, zooplankton richness peaking in summer is usually associated with
previous winter floods with higher nutrients and sediment flows into the estuary [16] and
accumulates in seasons of lower water currents, such as in the summer, which promote
primary production and facilitate nursery areas [118], particularly as observed for mero-
plankton (e.g., gastropods and polychaetas) (Figure 3) [87]. Summer conditions have also
been associated with greater ichthyoplankton representation [42], but our metabarcoding
data showed higher richness in the spring. Autumn and spring patterns were demonstrated
to be similar to previous abundance/biomass arrangements [85–87]. However, seasonal
variation influenced several taxonomic groups differently, which shows that the taxa from
different phyla responded differently to seasonal variation, but the majority highlighted
the high dissimilarity of LMZ4 communities’ composition in comparison to remaining
locations. Indeed, this study highlighted particular seasonal divergences between Arthro-
poda and Annelida and Mollusca and the general zooplankton patterns, indicating similar
species-level compositions between summer/spring and autumn/spring for the former
two taxonomic groups while the latter two shared higher similarity. For annelids, the
taxonomic distinctness appeared to have supported species-level clustering (Figure 6),
since the most related seasons demonstrated similar taxonomic distinctness as well. Still,
the available data on the Lima estuary’s zooplankton is scarce, and partially and/or does
not represent our sampling sites.

5. Conclusions

Overall, the present study provided a more resolved analysis of zooplankton occurring
seasonally, spanning approximately 6 km of the Lima estuary, using a multi-marker DNA
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metabarcoding approach. Both the composition and species richness were demonstrated to
be differently distributed due to seasonal variation and over the spatial gradient, although
with a greater influence from the former. The autumn-occurring zooplankton from the
most downstream site (LMZ4) of the estuary displayed the most unique composition, with
several relevant species and high Hydrozoa and Pycnogonida richness; however, several
dominant phyla responded differently to seasonal and spatial variation. Furthermore,
the results demonstrated a high relevance of meroplankton in the zooplankton of the
Lima estuary, something that has been also highlighted in previous studies, but with
low taxonomic resolution. In addition, several NIS were detected which were not yet
reported in previous morphology-based surveys of the Lima estuary, although already
reported to occur in Portugal. These findings highlight the need for more studies on
zooplankton composition in the estuary and surrounding areas. Such studies are crucial for
the improvement of models and ecological quality assessments, supporting conservation
and more sustainable ecosystem service management, and mitigating climate change’s
effects on highly dynamic ecosystems, such as coastal ecosystems.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
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indigenous species are marked with *;Table S5: Significant (p > 0.05) correlated species to both axis in
the nMDS (NMDS1 and NMDS2) for the whole zooplankton recovered data; Table S6: Species list that
clustered into 7 groups (G1-7); Table S7: Compiled list of zooplankton (Z) and macrozoobenthos (M)
species reported from previous morphology-based studies, as well as markers which detected them in
the current study; Table S8. List of the species detected in the current study, with associated marker
recovery, and notes on the reliability of the detection; Figure S1: Species-level (y-axis) and sampling
events (x-axis) clustering associated with a heatmap color-coded based on the number of replicates
where each taxon was detected on each sampling event (0–3, with 0 indicating absence in all replicates
and 3 presence in all replicates). Both dendrograms are color-coded based on each taxa phylum for the
y-axis and based on the sampled seasons for the x-axis (blue = summer, green = spring, red = autumn).
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88. Stefanni, S.; Stanković, D.; Borme, D.; de Olazabal, A.; Juretić, T.; Pallavicini, A.; Tirelli, V. Multi-Marker Metabarcoding Approach
to Study Mesozooplankton at Basin Scale. Sci. Rep. 2018, 8, 12085. [CrossRef]

89. Belmonte, G.; Rubino, F. Resting Cysts from Coastal Marine Plankton. In Oceanography and Marine Biology an Annual Review;
Hawkins, S.J., Allcock, A.L., Bates, A.E., Firth, L.B., Smith, I.P., Swearer, S.E., Todd, P.A., Eds.; CRC Press: Boca Raton, FL, USA;
Taylor & Francis Group: Milton Park, UK, 2019; Volume 57, pp. 1–88.

90. Belmonte, G.; Vaglio, I.; Rubino, F.; Alabiso, G. Zooplankton Composition along the Confinement Gradient of the Taranto Sea
System (Ionian Sea, South-Eastern Italy). J. Mar. Syst. 2013, 128, 222–238. [CrossRef]

91. Rubino, F.; Belmonte, G. Habitat Shift for Plankton: The Living Side of Benthic-Pelagic Coupling in the Mar Piccolo of Taranto
(Southern Italy, Ionian Sea). Water 2021, 13, 3619. [CrossRef]

92. Intxausti, L.; Villate, F.; Uriarte, I.; Iriarte, A.; Ameztoy, I. Size-Related Response of Zooplankton to Hydroclimatic Variability and
Water-Quality in an Organically Polluted Estuary of the Basque Coast (Bay of Biscay). J. Mar. Syst. 2012, 94, 87–96. [CrossRef]

93. Sousa, R. Estrutura Das Comunidades de Macroinvertebrados Bentónicos Presentes No Estuário Do Rio Lima; University of Porto: Porto,
Portugal, 2003.

94. Largier, J.; Delgadillo, F.; Grierson, P. Seasonally Hypersaline Estuaries in Mediterranean-Climate Regions. Estuar. Coast. Shelf Sci.
1997, 45, 789–797. [CrossRef]

95. Valente, A.C.N.; Alexandrino, P.J.B. Ecological Study of the Estuary of River Lima. IV. The Ichthyofauna in the Darque Channels
(River Lima Estuary) with Special Reference to the Biology of the Sand-Melt, Atherina presbyter Cuvier, 1829 (Pisces: Atherinidae).
Publicações do Instituto de Zoologia “Dr. Augusto Nobre” 1988, 202, 1–17.

96. Hebert, P.D.N.; Ratnasingham, S.; DeWaard, J.R. Barcoding Animal Life: Cytochrome c Oxidase Subunit 1 Divergences among
Closely Related Species. Proc. R. Soc. B Biol. Sci. 2003, 270, S96–S99. [CrossRef] [PubMed]

97. Capra, E.; Giannico, R.; Montagna, M.; Turri, F.; Cremonesi, P.; Strozzi, F.; Leone, P.; Gandini, G.; Pizzi, F. A New Primer Set for
DNA Metabarcoding of Soil Metazoa. Eur. J. Soil Biol. 2016, 77, 53–59. [CrossRef]

98. Mueller, R.L. Evolutionary Rates, Divergence Dates, and the Performance of Mitochondrial Genes in Bayesian Phylogenetic
Analysis. Syst. Biol. 2006, 55, 289–300. [CrossRef]

99. Gouy, M.; Li, W.H. Molecular Phylogeny of the Kingdoms Animalia, Plantae, and Fungi. Mol. Biol. Evol. 1989, 6, 109–122.
[CrossRef]

100. Amaral-Zettler, L.A.; McCliment, E.A.; Ducklow, H.W.; Huse, S.M. A Method for Studying Protistan Diversity Using Massively
Parallel Sequencing of V9 Hypervariable Regions of Small-Subunit Ribosomal RNA Genes. PLoS ONE 2009, 4, e6372. [CrossRef]

101. Tang, C.Q.; Leasi, F.; Obertegger, U.; Kieneke, A.; Barraclough, T.G.; Fontaneto, D. The Widely Used Small Subunit 18S RDNA
Molecule Greatly Underestimates True Diversity in Biodiversity Surveys of the Meiofauna. Proc. Natl. Acad. Sci. USA 2012, 109,
16208–16212. [CrossRef]

102. Questel, J.M.; Hopcroft, R.R.; DeHart, H.M.; Smoot, C.A.; Kosobokova, K.N.; Bucklin, A. Metabarcoding of Zooplankton
Diversity within the Chukchi Borderland, Arctic Ocean: Improved Resolution from Multi-Gene Markers and Region-Specific
DNA Databases. Mar. Biodivers. 2021, 51, 1–19. [CrossRef]

23



Animals 2023, 13, 3876

103. Moutinho, J.; Lavrador, A.S.; Vieira, P.E.; Costa, F.O.; Duarte, S. Assessing the Seasonal Dynamics of Zooplankton in a Recreational
Marina of the Northwest of Portugal through Multi-Marker DNA Metabarcoding. In Proceedings of the ARPHA Conference Abstracts;
Pensoft Publishers: Sofia, Bulgaria, 2022; Volume 5.

104. Lavrador, A.S.; Amaral, F.G.; Moutinho, J.; Vieira, P.E.; Costa, F.O.; Duarte, S. Detection and Monitoring of Non-Indigenous
Invertebrate Species in Recreational Marinas through DNA Metabarcoding of Zooplankton Communities in the North of
Portugal. In Proceedings of the MetaZooGene Symposium: New Insights into Biodiversity, Biogeography, Ecology, and
Evolution of Marine Zooplankton Based on Molecular Approaches, Dublin, Ireland, 23 September 2022. Available online:
https://metazoogene.org/symposium2022 (accessed on 12 December 2023).

105. Lavrador, A.; Amaral, F.; Vieira, P.E.; Costa, F.; Duarte, S. Surveillance of Non-Indigenous Invertebrate Species through DNA
Metabarcoding in Recreational Marinas in the North and Center of Portugal. In Proceedings of the ARPHA Conference Abstracts;
Pensoft Publishers: Sofia, Bulgaria, 2021; Volume 4.

106. Katsanevakis, S.; Bogucarskis, K.; Gatto, F.; Vandekerkhove, J.; Deriu, I.; Cardoso, A.C. Building the European Alien Species Information
Network (EASIN): A Novel Approach for the Exploration of Distributed Alien Species Data. Bioinvasions Rec. 2012, 1, 235–245. [CrossRef]

107. Luiz, O.J.; Comin, E.J.; Madin, J.S. Far Away from Home: The Occurrence of the Indo-Pacific Bannerfish Heniochus Acuminatus
(Pisces: Chaetodontidae) in the Atlantic. Bull. Mar. Sci. 2014, 90, 741–744. [CrossRef]

108. Adelir-Alves, J.; Soeth, M.; Braga, R.R.; Spach, H.L. Non-Native Reef Fishes in the Southwest Atlantic Ocean: A Recent Record of
Heniochus Acuminatus (Linnaeus, 1758) (Perciformes, Chaetodontidae) and Biological Aspects of Chromis Limbata (Valenciennes,
1833) (Perciformes, Pomacentridae). Check List 2018, 14, 379–385. [CrossRef]

109. Png-Gonzalez, L.; Comas-González, R.; Calvo-Manazza, M.; Follana-Berná, G.; Ballesteros, E.; Díaz-Tapia, P.; Falcón, J.M.;
García Raso, J.E.; Gofas, S.; González-Porto, M.; et al. Updating the National Baseline of Non-Indigenous Species in Spanish
Marine Waters. Diversity 2023, 15, 630. [CrossRef]

110. Obst, M. 18S Metabarcoding Genetic Observations of Marine Species in the Port of Wallhamn, Sweden (2022); University of Gothenburg:
Göteborg, Sweden, 2023.

111. Hoeh, W.R.; Blakley, K.H.; Brown, W.M. Heteroplasmy Suggests Limited Biparental Inheritance of Mytilus Mitochondrial DNA.
Science (1979) 1991, 251, 1488–1490. [CrossRef] [PubMed]
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Simple Summary: Wildlife crossings are often constructed to enhance genetic connectivity among
populations divided by roads (including highways). However, few studies have demonstrated the
efficacy of viaducts in counteracting the barrier effects imposed by roads. We measured genetic
diversity and divergence in four small mammal species commonly found in rainforests in Malaysia—
Tupaia glis, Maxomys rajah, M. whiteheadi, and Niviventer cremoriventer—across three treatment types:
(1) viaduct sites, at which sampling locations were separated by a highway but connected by a
vegetated viaduct; (2) non-viaduct sites, at which sampling locations were separated by a highway
and not connected by a viaduct; and (3) control sites, at which there was no road or highway
fragmenting the forest. We found that viaducts facilitated movement in small ground-dwelling
species such as M. whiteheadi and also when existing highways were relatively wide. However,
despite the potential for viaducts to facilitate movement and therefore increase genetic connectivity
in M. whiteheadi, the genetic distance in populations at viaduct sites was still greater than at control
and/or non-viaduct sites for the other three species. Our findings highlight the importance of
maintaining intact forests rather than relying solely on the construction of viaducts to connect
fragmented populations.

Abstract: Wildlife crossings are implemented in many countries to facilitate the dispersal of animals
among habitats fragmented by roads. However, the efficacy of different types of habitat corridors
remains poorly understood. We used a comprehensive sampling regime in two lowland dipterocarp
forest areas in peninsular Malaysia to sample pairs of small mammal individuals in three treatment
types: (1) viaduct sites, at which sampling locations were separated by a highway but connected by a
vegetated viaduct; (2) non-viaduct sites, at which sampling locations were separated by a highway
and not connected by a viaduct; and (3) control sites, at which there was no highway fragmenting the
forest. For four small mammal species, the common tree shrew Tupaia glis, Rajah’s spiny rat Maxomys
rajah, Whitehead’s spiny rat Maxomys whiteheadi and dark-tailed tree rat Niviventer cremoriventer,
we used genome-wide markers to assess genetic diversity, gene flow and genetic structure. The
differences in genetic distance across sampling settings among the four species indicate that they
respond differently to the presence of highways and viaducts. Viaducts connecting forests separated
by highways appear to maintain higher population connectivity than forest fragments without
viaducts, at least in M. whiteheadi, but apparently not in the other species.

Keywords: ddRADseq; genetic connectivity; fragmentation; Southeast Asia; local population
extinction
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1. Introduction

Habitat fragmentation, degradation, and loss pose the most significant threats to the
structure and persistence of animal populations and communities [1,2]. Fragmentation is
most rapid in developing countries where the expansion of road networks is increasing due
to competing land uses such as farming, manufacturing and housing [3]. Barriers that bisect
continuous habitat, particularly roads (including highways), initiate the process of habitat
fragmentation and can restrict or eliminate animal movement through a landscape [4], with
concomitant consequences for connectivity and gene flow [5]. The reduced connectivity
may lead to a decrease in viability and persistence of isolated populations [6]. However,
the extent to which habitat fragmentation has a negative effect on the genetic structure and
persistence of animal populations remains debated. While some studies have demonstrated
a negative impact of habitat fragmentation on species’ population genetic structure [5,7],
others have failed to detect these effects [8].

Wildlife corridors are widely understood to connect habitat fragments and mediate
the effects of fragmentation [9]. They include naturally occurring linear habitats such as
riparian reserves and hedgerows, purpose-built structures such as wildlife overpasses and
underpasses, and incidental structures such as drainage culverts. Corridors have been
widely advocated as essential components of reserve design because they can connect
isolated areas of suitable habitat and thus minimise the harmful effects of habitat frag-
mentation on animal movement [10–13]. Corridors are predicted to benefit populations
in patchy habitats by promoting movement, which increases population densities, gene
flow, and recolonisation of extinct patch populations [14]. However, the efficacy of such
passages remains largely untested [15–17], and there has been much debate about their
effectiveness in connecting isolated populations [18,19]. Corridors have been shown to
increase connectivity, maintain biodiversity [20], increase population sizes [21–23], facilitate
movement between fragmented patches [10,18,20,24–30] and promote gene flow [28,31,32].
Other studies, however, have found no significant effects of corridors or even negative
impacts [33–35].

To demonstrate the effectiveness of wildlife corridors in increasing connectivity be-
tween populations, studies of genetic relatedness are recommended. Molecular techniques
such as next-generation sequencing, which has recently been used to reveal fine-scale pop-
ulation structure [36,37], offer new promise in investigating the influence of fragmentation
and barriers on population connectivity [38,39]. Genetic methods allow us to measure
average migration rates over time, which reveals the effects of fragmentation over several
generations and is not as sensitive to current population sizes as mark-recapture studies
are (e.g., when populations are extremely low, mark-recapture studies may be impossi-
ble) [40]. In addition, molecular techniques measure effective dispersal, the amount of gene
flow between populations [41]. As genetic techniques use a single temporal sample per
population to estimate migration rather than multiple samples, these techniques require
less field effort than mark-recapture [28].

The consequences of habitat fragmentation on dispersal and genetic diversity are
still largely unknown for non-volant small mammals, especially in some of the world’s
equatorial rainforest areas, such as peninsular Malaysia in Southeast Asia. The relative
scarcity of data on the effects of fragmentation on small mammals in Southeast Asia is
alarming, as these animals provide important ecosystem functions and services for their
natural habitats [42]. They are important seed dispersers, pollinators, invertebrate and
seed predators, as well as prey for larger predators. Small mammal communities provide
a good model for studying such impacts because species in these communities generally
use a wide variety of resources, have short generation times that allow for quick detection
of environmental change, may be permanent residents of a site, and usually respond to
disturbances in a perceptible and measurable way [43]. Smaller mammals are thought to
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be particularly susceptible to fragmentation due to their limited ability to travel over long
distances through exposed habitats [44]. They are thus likely to suffer severe impacts of
fragmentation and would benefit from any increases in connectivity brought about by the
construction of wildlife corridors.

In this study, we assessed the constraints in migration and gene flow due to habitat
fragmentation caused by the construction of highways, and the effectiveness of wildlife
underpasses, known in Malaysia as eco-viaducts, in facilitating movement and genetic
connectivity in small mammals by comparing genetic distances (a measure of genetic
differences, computed by using allele frequency data from many different loci) between
individuals at viaduct sites, non-viaduct sites and control sites. We assumed that genetic
relationships at all sites would have been at similar levels of divergence prior to fragmenta-
tion. We hypothesized that: (1) for forest species, the genetic distance between individuals
should be lowest for populations in intact forest and highest for populations fragmented by
highways; (2) if eco-viaducts are effective in maintaining population connectivity, the ge-
netic distance between individuals connected by an eco-viaduct will more closely resemble
the distance between individuals in intact forest; (3) alternatively, if eco-viaducts are not
effective, then pairwise genetic distances should be similar to those in pairs separated by
highways. By examining the population genetic structure of small mammal species across
different spatial settings in this study, we aim to determine the effectiveness of eco-viaducts
across highways in maintaining genetic linkage in a fragmented landscape.

2. Materials and Methods

2.1. Study Sites

We conducted this study in Kenyir, Terengganu (Figure 1a, elevation 100–300 m) and
Sungai Yu, Pahang (Figure 1b, elevation 130–210 m), Peninsular Malaysia. Terrain is hilly
and consists mostly of lowland dipterocarp forest. Rainfall averages 3000 mm per year with
a pronounced wet season from November to March. Flooding is common during this period.
The study areas are gazetted as forest reserves and can be logged under permit. Kenyir and
Sungai Yu adjoin the Taman Negara National Park, Malaysia’s first national park, to the
north and west, respectively (Figure 1c). Kenyir and Sungai Yu have rich biodiversity, but
are prone to illegal logging, conversion to plantations, and poaching as they do not have
the same protection status as a national park. Kenyir forest is bisected by federal route 185
(henceforth highway 185) (Figure 1a) while Sungai Yu forest is bisected by federal route 34
(henceforth highway 34) (Figure 1b). Highway 185 is a two-lane single carriageway (one
lane in each direction) with a width of about 8 m and shoulder width of 2 m on either side.
Highway 34 is a four-lane dual carriageway (two lanes in each direction) with a width of
about 20 m and shoulder width of about 1–2 m on either side. There was no fencing along
these highways, although vehicle guard rails were present in certain sections. The speed
limit was 90 km/h on highway 185 and 110 km/h on highway 34. Average (±s.e.) vehicular
traffic (counted at two different points on each highway between 0700 and 2300 h on six
separate days) was 23 ± 5 cars, 16 ± 5 motorcycles and 10 ± 4 heavy vehicles per hour on
highway 185; and 52 ± 11 cars, 24 ± 8 motorcycles and 20 ± 6 heavy vehicles per hour on
highway 34. Many wildlife crossings, primarily eco-viaducts, have been constructed across
Malaysia to restore connectivity between highway-bisected forest fragments, including
forests in Kenyir and Sungai Yu. Eco-viaducts are bridge-like elevated roads (and highways)
that allow passageway beneath for wildlife to safely cross between forests on either side
of the highway (Figure 1d,e). Three eco-viaducts have been constructed across highway
185 in Kenyir and another three across highway 34 in Sungai Yu. The Kenyir eco-viaducts
measuring 245 m, 140 m and 245 m in length were completed in 2008 (Figure 1a), while
the Sungai Yu eco-viaducts measuring 80 m, 300 m and 1000 m were completed in 2014
(Figure 1b).
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Figure 1. Sampling sites in (a) Kenyir, (b) Sungai Yu. Sites situated away from highways, along high-
ways and adjacent to eco-viaducts are named “Control”, “Non-viaduct” and “Viaduct”, respectively.
(c) Locations of study areas in Peninsular Malaysia (yellow: Kenyir; pink: Sungai Yu). Pictures of
eco-viaducts (wildlife crossings) at (d) Kenyir and (e) Sungai Yu (photos by Tabitha Hui).

2.2. Small Mammal Trapping

Eighteen sites, six of them being non-viaduct highway-side sites, another six viaduct
sites and six control sites (>500 m from any roads and highways), were selected for this
study (Figure 1a,b). Both Kenyir and Sungai Yu had a set of nine sites each (Figure 1a,b).
Each site was characterized by a pair of grids with 20 traps, each grid within a pair on
opposite sides of the highway. The 20 traps within a grid were composed of ten Elliott
sheet metal traps (32 × 10 × 10 cm) and ten Tomahawk wire cage traps (48 × 15 × 15 cm)
(Figure S1) (except the 80 m wide viaduct in Sungai Yu which had only ten traps as there
was not enough width across the viaduct to place 20 traps 10 m apart). Alternating Elliott
and cage traps were set in parallel grids, with 10 m between traps (Figure 2). Paired grids
were 50 m apart from each other, separated by the highway. The distance between grids
was roughly chosen to be identical to the distance required for a crossing of the highway
and its verges and ditches to confirm whether the highway accounts for any inhibition of
movement. To avoid pseudoreplication issues, pairs of grids were at least 500 m apart,
which is more than the home range of the small mammals in our study [45]. Trapping was
conducted four times at Kenyir in 2017 and four times at Sungai Yu in 2018 from March
to November, during the drier inter-monsoon and southwest monsoon seasons. Traps
were set, checked and rebaited with bananas and peanut butter (cage traps) and vanilla
scented oats (Elliott traps) [46] during five consecutive mornings and evenings to assess the
diversity and abundance of both nocturnal and diurnal mammals. Captured individuals
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were identified to species, sex, age class and reproductive condition, weighed, measured
and ear tagged before being released at the trap site. We collected ear clips for DNA tissue
sampling from all animals trapped and tagged during live trapping using a 2 mm ear
punch. Tissue samples were stored in absolute ethanol.

Figure 2. Schematic diagram of sampling design. The expanded grid box shows the layout of traps.
Blue boxes: viaduct sites, red boxes: non-viaduct sites, green boxes: control sites.

In total, we trapped 448 individuals from 17 species. The species Whitehead’s spiny rat
Maxomys whiteheadi (Figure 3a), Rajah’s spiny rat Maxomys rajah (Figure 3b), dark-tailed tree
rat Niviventer cremoriventer (Figure 3c) and common tree shrew Tupaia glis (Figure 3d) were
included in this study to capture a wide variety of biological and ecological characteristics.
These four small mammal species are found in tall lowland forests and forest edge, and feed
on insects and plant matter such as fruits and seeds. M. rajah and T. glis are similar in size
and weight (100–200 g), while M. whiteheadi (35–80 g) and N. cremoriventer (50–100 g) are
smaller. M. whiteheadi and M. rajah are both nocturnal ground dwelling rats; N. cremoriventer
is a nocturnal tree rat which is a good climber and lives both arboreally and on the ground,
T. glis is a diurnal treeshrew active on the ground and in the understory. Samples from
32 individuals (7 in Kenyir, 25 in Sungai Yu) of M. rajah, 39 (16 in Kenyir, 23 in Sungai Yu)
of M. whiteheadi, 22 (20 in Kenyir, 2 in Sungai Yu) of N. cremoriventer and 45 (25 in Kenyir, 20
in Sungai Yu) of T. glis were selected based on their occurrences in pairs of sites (Table S1).
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Figure 3. The four study species: (a) Maxomys whiteheadi, (b) Maxomys rajah, (c) Niviventer cremoriventer
and (d) Tupaia glis. Photos by Tabitha Hui.

2.3. DNA Extraction and ddRAD-Seq Library Preparation

DNA extractions were performed using the DNeasy Blood & Tissue Kit (QIAGEN,
Hilden, Germany) following the manufacturer’s protocol for tissue. We prepared two
libraries following Ng et al.’s [47] double-digest restriction-associated DNA sequencing
(ddRADseq) protocol using EcoRI and MspI. To select for 250–600 bp fragments, as well as
for the clean-up steps, we used Sera-Mag magnetic beads (Thermo Scientific, Waltham, MA,
USA). DNA quantifications were performed with a Qubit 2.0 High Sensitivity DNA Assay
(Invitrogen, Waltham, MA, USA). Before pooling samples, we checked DNA fragment size
using a Fragment Analyser (Advanced Analytical Technologies, Inc., Ames, IA, USA). The
two libraries were then spiked with 5% PhiX to prevent low nucleotide diversity issues
from affecting the quality of the data, and were subsequently sequenced on an Illumina
HiSeq 4000 platform (150 bp paired-end run).

Reads were demultiplexed and trimmed to 145 bp with process_radtags in STACKS
1.42 [48]. Reads with one or more uncalled bases were removed. For reference-based
identification of ddRAD loci, we first aligned the demultiplexed reads of T. glis to the
closely related Tupaia chinensis (GCA_000334495.1) [49], using the Burrows-Wheeler Aligner
(BWA) [50] to index this reference genome. We used samtools 1.3.1 to convert the sam files
to bam files, sort the aligned reads according to coordinates and filter files with a minimum
required mapping quality score (MAPQ) score of 20 [51]. To call and filter single nucleotide
polymorphisms (SNPs), we used ref_map.pl and population in STACKS 1.42 [48] for T. glis. In
population, we set stack depth to 10 and the percentage of individuals represented at each
locus to 0.9 and admitted only one random SNP per locus to preclude analysis of linked
SNPs. For the other three species, there was no suitable reference genome, so SNPs were
called de novo. In ustacks, we set the maximum distance (in nucleotides) allowed between
stacks to 2, minimum depth of coverage required to create a stack to 3 and maximum
distance allowed to align secondary reads to primary stacks to 4. We checked for SNPs
under selection using BayeScan 2.1 [52] and used Plink 1.90 to remove linked loci and
to calculate the level of missing data [53]. We allowed a variety of filters (0% or 10%
missingness, including or excluding linked loci of r2 > 0.5, and including or excluding
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minor allele frequency < 5%) to generate eight datasets for the preliminary testing to rule
out potential sampling artefacts (e.g., non-random distribution of genotypes) (Table S2).

2.4. Statistical Analyses

To visualise genetic differentiation amongst individuals and identify potential popula-
tion subdivision, we performed principal component analysis (PCA) using the R package
SNPRelate 1.6.6 [54] for all eight datasets (four species at two study areas). We carried out
sensitivity analysis, checking across various settings of missingness, linkage and minor
allele frequencies by confirming the consistency of PCAs across eight datasets for all four
species. As a consequence of this sensitivity analysis, we selected the dataset with 10%
missingness, in which we excluded linked loci but included minor alleles for all subsequent
analyses (Table S2). To understand the genetic differentiation between the two study areas,
we calculated the Weir-Cockerham’s FST between the two study areas using VCFtools
v4.1 [55] and individual-pairwise relatedness using maximum likelihood estimation as
implemented in SNPRelate.

We calculated pairwise genetic distances between all individuals within a species with
the R package poppr [56]. To evaluate the efficacy of viaducts in facilitating the dispersal
of small mammals and test the barrier effects of highways, Kruskal–Wallis tests were
conducted on the genetic distances of individuals between pairs of grids within a site for
each species across the three treatment types (viaduct, non-viaduct and control) and two
study areas. This means that every individual of one species on one side of the highway
or pair (in the case of control sites) is compared with every other individual of the same
species on the other side of the highway or pair in the same pair of grids (site).

We also compared pairwise genetic distances among all individuals within a species
in relation to different spatial distances to determine how resistance to dispersal changes
in different landscape types. Using the Least Cost Path function in ArcGIS 10.6.1, we
modeled three types of spatial distances, namely Euclidean distance (for examining the
effects of isolation by distance (IBD)), least cost distance considering roads (and highways)
as agents of resistance (not considering the potential effects of viaducts), and least cost
distance considering roads as agents of resistance and with viaducts facilitating movement.
The resistance value for non-road areas and viaducts was set at 0 to represent low-cost
distance, and for roads and water bodies set at 1 to represent the high cost of crossing roads
and water bodies in the least-cost distance calculations. We calculated the correlations
between genetic and spatial distances for each species at each treatment grid using Mantel
tests with 99 permutations (default value) and Monte-Carlo corrected p values, using the
R package ade4 [57]. One-tailed tests were used as the IBD model predicts that genetic
differentiation will be positively correlated with increasing geographic distance [58]. All
statistical analyses were conducted in R version 4.0.2 (R Core Team, 2020). Significance was
considered at the α = 0.05 level.

3. Results

We obtained ~9000 SNPs using STACKS for the complete data set consisting of all four
species and retained ~5000 SNPs, after removing SNPs under selection and disequilibrium
(Table S2). For each species, PCAs across different datasets were generally consistent,
therefore, we chose the SNP dataset filtering 10% missingness and absolute linkage (>0.95)
for all subsequent analyses.

PCA did not reveal any clear patterns of clustering in genetic variation amongst
viaduct, non-viaduct and control sites (Figure 4, Figures S2 and S3). However, PCA re-
vealed slight genomic differentiation in M. whiteheadi between study areas along principal
component 1 (Figure 5). All four species exhibited low genetic differentiation (FST) be-
tween the two study areas (M. whiteheadi FST = 0.022113378, M. rajah FST = 0.055480442, N.
cremoriventer FST = 0.069197229, T. glis FST = 0.015547675). We found related individuals
(relatedness > 0.1) between the two study areas in M. rajah and T. glis, suggesting occasional
exchange of individuals between the two study areas.

31



Animals 2024, 14, 426

Figure 4. Principal component analysis (axes PC1 and PC2) of genetic differentiation among sampled
individuals. (a) Maxomys whiteheadi, (b) Maxomys rajah, (c) Niviventer cremoriventer and (d) Tupaia glis.
Blue: viaduct sites, red: non-viaduct sites, green: control sites. Same shape: same pair, filled/open
shapes: opposite sides of the road of the same pair.

Figure 5. Principal component analysis (axes PC1 and PC2) of genetic differentiation among sam-
pled individuals of Maxomys whiteheadi showing slight separation between Sungai Yu and Kenyir
populations.
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Kruskal–Wallis tests revealed that there were differences in the ranking of treatment
types by genetic distance for M. whiteheadi (χ2

2,79 = 28.22, p < 0.0001, Figure 6a) and M.
rajah (χ2

2,87 = 39.01, p < 0.0001, Figure 6b). Genetic distances between individuals were
lowest at viaduct sites for M. whiteheadi. For M. rajah, genetic distances were highest at
viaduct sites and lowest at non-viaduct sites, with control sites in between. There were no
significant differences in genetic distances between treatment types for N. cremoriventer
(χ2

2,27 = 5.38, p = 0.068, Figure 6c) and T. glis (χ2
2,101 = 3.39, p = 0.18, Figure 6d).

Figure 6. Comparisons of genetic distances between non-viaduct, viaduct and control sites. (a) Max-
omys whiteheadi, (b) Maxomys rajah, (c) Niviventer cremoriventer and (d) Tupaia glis. The boxes, lines in
the middle, whiskers and dots represent the interquartile range, median, minimum and maximum
values (no more than 1.5 times the interquartile range) and outliers, respectively.

Study area was also a significant factor influencing genetic distances between indi-
viduals within a site for M. whiteheadi (χ2

1,79 = 7.18, p < 0.01, Figure 7a), with individuals
from Sungai Yu showing more genetic differentiation than at Kenyir. Likewise, T. glis also
showed significantly more genetic differentiation at Sungai Yu (χ2

1,101 = 37.35, p < 0.0001,
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Figure 7d). M. rajah (χ2
1,87 = 0.72, p = 0.40, Figure 7b) did not show differences in genetic

distances between study areas. Due to low sample sizes at Sungai Yu, only N. cremoriventer
samples from Kenyir were included in the analysis (Figure 7c).

Figure 7. Comparisons of genetic distances between study areas. (a) Maxomys whiteheadi, (b) Maxomys
rajah, (c) Niviventer cremoriventer and (d) Tupaia glis. The boxes, lines in the middle, whiskers and dots
represent the interquartile range, median, minimum and maximum values (no more than 1.5 times
the interquartile range) and outliers, respectively.

The dispersal of M. whiteheadi was found to be most consistent with isolation by
distance (IBD) (highest correlation with Euclidean distance), indicating genetic and spatial
distances between individuals were significantly positively correlated in both Kenyir and
Sungai Yu, with minimal barrier effects of roads or facilitation effects of viaducts (Table 1).
In Sungai Yu, the dispersal of M. rajah and T. glis correlated best with least cost distance,
considering roads as resistance and viaducts as corridors facilitating movement, showing
that they apparently prefer using viaducts to cross road barriers. No significant correlation
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with spatial distances were found in Kenyir for M. rajah, T. glis and N. cremoriventer. The
paired samples of N. cremoriventer in Sungai Yu were insufficient for comparisons (Table 1).

Table 1. Mantel’s r correlations between the genetic distances of each species and each spatial distance
model (Euclidean: Euclidean distance; Road: least cost distance considering roads; Viaduct: least
cost distance considering roads as resistance and viaducts facilitating movement). Results in bold
are the spatial distance models with the highest correlation for the species in each study area, where
multiple spatial distance models were significant.

Kenyir Sungai Yu

Spatial Distance
Model

Mantel r Simulated
p-Value

Mantel r Simulated p-Value

Euclidean 0.118 0.15 0.355 0.01
Maxomys

rajah Road 0.117 0.16 0.373 0.01

Viaduct 0.117 0.14 0.506 0.01

Euclidean 0.245 0.01 0.082 0.02
Maxomys whiteheadi Road 0.237 0.01 0.124 0.19

Viaduct 0.237 0.01 0.126 0.22

Euclidean 0.096 0.1
Niviventer cremoriventer Road 0.112 0.12

Viaduct 0.117 0.1

Euclidean 0.121 0.17 0.113 0.17
Tupaia glis Road 0.102 0.19 0.204 0.09

Viaduct 0.101 0.23 0.207 0.05

4. Discussion

Our study showed that eco-viaducts may facilitate movement and the maintenance
of gene flow in a landscape bisected by roads at least in some species such as M. white-
headi. Presumably, the higher genetic similarity of individuals at viaduct sites in these
species, relative to that at non-viaduct sites, is due to movement of individuals through the
viaducts [59], thus reducing population subdivision caused by habitat fragmentation.

Highways did not seem to pose a barrier to gene flow in M. rajah (Figure 6b). Surpris-
ingly, the greatest genetic differentiation amongst the three treatment types for M. rajah was
at viaduct sites. All spatial distance model correlations were significant as well, indicating
that viaducts were not essential for M. rajah to cross roads. This differential impact of roads
is likely because for a less agile ground dwelling small mammal such as M. rajah, the effort
taken to cross natural structures in forests such as dense vegetation and uneven ground, or
a longer route to reach a viaduct and go through it, could be similar to crossing artificial
structures such as roads (Figure 6b). Perhaps M. rajah only uses the viaducts for dispersal
to other more favourable habitats, as viaducts may also facilitate the movements of its
predators such as civets and leopard cats [60].

Movement and gene flow in M. whiteheadi were influenced by road barriers as well as
the study area. The M. whiteheadi population in Kenyir was slightly differentiated from the
population in Sungai Yu. Their dispersal was also most aligned with the Euclidean distance
model in both study areas, pointing to IBD. A distinction between populations was not
observed in the other three species. A lack of differentiation between the two study areas
for the other three species is not surprising as the study areas are relatively near, there are
no severe breaks in forest cover at a landscape scale, and genetic differentiation is not only
the result of isolation by distance. This is why we chose to use individual-based spatial
analyses to investigate the subtle differentiation.

Greater genetic connectivity was observed for both M. whiteheadi and T. glis at Kenyir
than at Sungai Yu. The highway at Sungai Yu is more than double the width of the highway
at Kenyir and it is probably more of a barrier to movement than the narrower Kenyir
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highway. Thus, the significance of viaducts in facilitating movement and increasing genetic
connectivity across wider roads such as at Sungai Yu would be greater than at Kenyir. This
was probably the case for M. whiteheadi as it also showed the lowest genetic differentiation
in viaduct sites. Captures of M. whiteheadi individuals within the viaducts themselves
suggest that M. whiteheadi does use viaducts to cross roads and may even have part of
their home ranges overlapping the viaducts. Of interest was the observation that for T. glis,
individuals at viaduct sites were still genetically more dissimilar than those at control sites.
This shows that despite the addition of viaducts to connect fragmented populations, they
will not be able to restore genetic connectivity to match that of the original intact forest.

In Kenyir, the dispersal of M. rajah, N. cremoriventer and T. glis did not correlate
significantly with any of the least cost distance models (Table 1), suggesting that the
dispersal ability of these three species goes beyond the spatial scale of the study in this
area. The highway bisecting the forest in Kenyir is much narrower than the highway in
Sungai Yu, likely presenting itself as less of a barrier to movement. M. rajah has been found
as road kills in Kenyir, evidence that it does cross roads directly if narrow enough [59]. T.
glis is a relatively mobile species, able to disperse >4 km [61]; one individual in this study
was trapped in two viaducts, a distance separation of >5 km.

There was no clear pattern of clustering in genetic variation amongst viaduct, non-
viaduct and control sites in intact forest (Figure 4, Figures S2 and S3), suggesting that there
are no significant differences in genetic composition of small mammal species amongst the
three habitats. However, there was slight genetic differentiation between the M. whiteheadi
populations at Kenyir and Sungai Yu (Figure 5). As the smallest species in this study, it is
expected to have the least dispersal ability and may be starting to show genetic divergence
between populations separated by greater distances.

The upgrading of the highways and construction of the viaducts in this study were
relatively recent; therefore, population genetic data may not fully reflect the evolutionary
change if the generation time is long. It is possible that not enough time has passed to allow
the vegetation in the viaducts to grow and establish stable corridors or habitats. Mills and
Allendorf [62] suggested that only one migrant per generation is sufficient to maintain ge-
netic diversity while allowing some divergence between populations. Rosenberg et al. [24]
also argue that corridors are more effective at maintaining movement between populations
for habitat specialists rather than for habitat generalists. All four species in this study are
tolerant to disturbed forests and forest edge, and their diets are varied, consisting of insects,
fruit and seeds. This may explain why the viaducts did not increase genetic connectivity as
much as expected.

Our study shows that viaducts can increase genetic connectivity, but are not effective
across all species and roads or highways. The effectiveness of the viaducts in reducing the
barrier effects of roads depends on the target species’ dispersal abilities, generation time,
perception of landscape characteristics, road width, viaduct age and vegetation structural
maturity. Viaducts work better when they have a structure which is more conducive for
movement than a direct crossing across the road. However, from this study we observed
that viaducts were not able to restore genetic connectivity to match that of the original
intact forest and should therefore only be used as a last resort if it is not possible to keep
the forest intact.

5. Conclusions

Our study shows that wildlife crossings such as viaducts may assist in maintaining
gene flow within populations of certain small mammals in areas with relatively wider roads.
In a managed landscape, there must be a balance between the economic benefits of building
roads and the ecological benefits to species in maintaining connectivity. We have shown
that one of the benefits of constructing and maintaining viaducts is an increase in gene
flow within populations in some species, which may result in an increase in population
persistence and a decrease in inbreeding.
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//www.mdpi.com/article/10.3390/ani14030426/s1, Figure S1: Photos of trap types used in this
study; Figure S2: Principal component analysis of genetic differentiation among sampled individuals
(PC3 and PC4); Figure S3: Principal component analysis of genetic differentiation among sampled
individuals (PC5 and PC6); Table S1: Individual species samples and sites at which they were
captured; Table S2: Number of SNPs at each stage of filtering.
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Simple Summary: For this paper, we investigated the differences in adipose tissue deposition
between sheep breeds with fat and thin tails, relying on advanced techniques like meta-analyses
and machine learning to analyze gene expression data. Our findings revealed key genes associated
with fat metabolism, shedding light on the genetic factors influencing tail fat in sheep. Notably, three
specific genes (POSTN, K35, and SETD4) were identified as significant biosignatures related to fat
deposition. This innovative approach (combining data analysis and machine learning) enhances our
understanding of how to optimize fat deposition in sheep breeds, which holds potential for more
efficient animal breeding strategies and carcass fat reduction.

Abstract: It has been shown that tail fat content varies significantly among sheep breeds and plays
a significant role in meat quality. Recently, significant efforts have been made to understand the
physiological, biochemical, and genomic regulation of fat deposition in sheep tails in order to unravel
the mechanisms underlying energy storage and adipose tissue lipid metabolism. RNA-seq has
enabled us to provide a high-resolution snapshot of differential gene expression between fat- and
thin-tailed sheep breeds. Therefore, three RNA-seq datasets were meta-analyzed for the current work
to elucidate the transcriptome profile differences between them. Specifically, we identified hub genes,
performed gene ontology (GO) analysis, carried out enrichment analyses of the Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathways, and validated hub genes using machine learning algorithms.
This approach revealed a total of 136 meta-genes, 39 of which were not significant in any of the
individual studies, indicating the higher statistical power of the meta-analysis. Furthermore, the
results derived from the use of machine learning revealed POSTN, K35, SETD4, USP29, ANKRD37,
RTN2, PRG4, and LRRC4C as substantial genes that were assigned a higher weight (0.7) than other
meta-genes. Among the decision tree models, the Random Forest ones surpassed the others in
adipose tissue predictive power fat deposition in fat- and thin-tailed breeds (accuracy > 0.85%). In
this regard, combining meta-analyses and machine learning approaches allowed for the identification
of three important genes (POSTN, K35, SETD4) related to lipid metabolism, and our findings could
help animal breeding strategies optimize fat-tailed breeds’ tail sizes.

Keywords: fat deposition; fat-tailed sheep; machine learning; RNA-seq

1. Introduction

Sheep are the leading meat and wool producers [1,2], with 20–25% of their world
population being fat-tailed [3,4]. These sheep were first recorded on an Uruk III stone vessel
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about 5000 years ago [5]. These breeds are used in the different lamb production systems
that are currently adopted around the world, reflecting different breeders’ economic con-
ditions, consumers’ preferences, resources, and production aims. However, traditionally,
sheep breeding is chiefly based on dairy breeds for both milk and meat production [2], with
lamb being considered a high-quality product and even a delicacy in many countries [6].

In several breeds, artificial and natural selection have indirectly led to the development
of adaptation to varying environmental conditions in different geographic regions. Within
this spectrum, fat-tailed sheep are a noteworthy category of the world sheep population [7].
These sheep are primarily found in the Middle East, North and East Africa, and Central
Asia. As highlighted by Xu et al. [8], fat tails serve as vital energy reserves that are crucial
for survival in the wake of challenging conditions like droughts and food scarcity. This
notion was further affirmed by Mwacharo et al. [9], who underscored that fat-tailed sheep
predominate in the deserts and highlands of northern Africa, as well as in the semi-arid
and arid regions of eastern and southern Africa.

The level of lipid storage in the carcass influences meat quality [10,11]. Moreover, fat
affects many physical and chemical properties (e.g., color, water holding capacity) that are
fundamental in the purchasing decision process [12–15]. Also, considering the increase
in human living standards, people prefer tasty and healthy meat. Hence, increasing at-
tention has been paid to provide leaner meat and to produce meat with intermuscular fat
characterized by a lower saturation and higher unsaturation of fatty acids [16]. Adipose
tissue is an important storage location for excess energy [10], with tail and subcutaneous fat
being domestic animals’ major fat storage sites [11]. The number of sheep breeds that have
evolved worldwide is very high, with many being found specifically in northern Africa, the
Middle East, Central Asia, and Western China [17]. It is assumed that the first home sheep
were thin, but over time, due to the need to store energy for harsh environmental conditions,
fat-tailed breeds gradually appeared [18]. However, in modern sheep industry systems,
thin-tailed breeds are more desirable, while tail tissue has lost its importance in fat-tailed
sheep. There are several logical reasons behind this trend: 1. in modern sheep breeding
systems, there is no need for energy from tail tissue because intensive or semi-intensive
feeding systems are preferred; 2. feed efficiency is decreased due to the higher energy
requirement of fat anabolism as compared to the generation of protein or other molecules
3. today, the health of consumers is threatened by the consumption of high-fat foods;
4. a large tail can cause problems for mating and animal welfare. Therefore, raising thin-
tailed sheep is cost-effective for both producers and consumers, and one of the sheep
industry’s primary goals is to study lean meat. In this context, disentangling the molec-
ular mechanism of fat accumulation is critical to reduce its content in the carcass, as the
manipulation of fat deposition is crucial to produce lean meat.

To date, various genomic- [19–25] and transcriptomic-based studies [26–30] have
aimed to pinpoint the wide range of genes responsible for fat deposition. Most studies have
addressed the mechanism of fat deposition in the tail of fat-tailed sheep breeds [3,24,31–34],
with the majority of them focusing on one gene, especially Leptin (LEP) [35–37], Fatty Acid
Banding Protein4 (FABP4) [38–40], Adiponectin, C1Q And Collagen Domain Containing
(ADIPOQ) [11,30], and Stearoyl-CoA Desaturase (SCD) [41,42]. Nowadays, instead of ex-
amining single genes, the whole genome of animals can be examined using next-generation
sequencing (NGS) technologies. Using this approach, the whole transcriptomes of single
cells can be examined using RNA sequencing (RNA-Seq). This method makes it possible to
measure the expression of countless genes simultaneously and gives us a lot of information
about the genome, even if there is little consensus on the obtained results, with the differen-
tially expressed genes (DEGs) of one study not being supported by the results of another.
The observed differences in the identified DEGs among studies requires a meta-analysis
to uncover the genes that are responsible for fat deposition. Indeed, this method, through
the use of rigorous statistical tests, can disclose patterns hidden in individual studies
and allows one to draw conclusions with a high degree of reliability. For this study, by
employing meta-analysis and machine learning approaches, we re-analyzed data from
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three recently conducted whole transcriptome RNA-seq studies of Guangling Large-Tailed
and Small-Tailed Han sheep [11], Lori-Bakhtiari (fat-tailed) and Zel (thin-tailed) sheep [43],
and Ghezel (fat-tailed) and Zel (thin-tailed) sheep [29]. The primary purpose of the current
study was to identify differential meta-genes in male individuals of fat- and thin-tailed
sheep breeds as transcriptomic signatures of fat deposition.

2. Materials and Methods

An overview of the process followed in this study is shown in Figure 1.

Figure 1. Flowchart of meta-analysis of the present study.

2.1. Dataset Collection

The keywords that were used were “Ovis aries”, “Fat-tailed”, “Thin-tailed”, “Fat
deposition” and “Lipid metabolism”. We used PubMed Central (https://www.ncbi.nlm.
nih.gov/pubmed accessed on 11 June 2021) and Google Scholar (https://scholar.google.
com accessed on 11 June 2021). After identifying suitable RNA-seq studies of tail-fat
deposition in the relevant fat- and thin-tailed sheep breeds, the related data were retrieved
from either EMBL_EBI (https://www.ebi.ac.uk/arrayexpress accessed on 11 June 2021) or
Gene Expression Omnibus (GEO) of NCBI (https://www.ncbi.nlm.nih.gov/gds accessed
on 11 June 2021) databases. Two studies were excluded from our studies because the type
of tissue examined or the type of RNA examined, or the sex of the samples were different.
Finally, a set of sequencing data were collected from the fat tail tissue of male individuals
from different sheep breeds.

2.2. Quality Control, Mapping, and Differential Gene Expression Analysis

Raw sequencing reads were subjected to quality control using FastQC (v0.11.5) [44]
and trimmed using Trimmomatic software (v0.35); raw reads with adapter contamination
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and more than 10% of unknown bases, as well as with more than 50% of low-quality bases
were trimmed out. Moreover, undesirable reads after trimming were filtered out [45]. The
clean reads were mapped to the sheep reference genome v4.0 (ftp://ftp.ncbi.nlm.nih.gov/
genomes/Ovis_aries/ accessed on 11 June 2021) using TopHat (v2.1.1) [46]. Sorted Binary
Alignment Map (BAM) files were converted to Sequence Alignment Map (SAM) files, and
count matrices were generated using htseq-count [47]. Then, the expression of the genes
was normalized for library size and gene length to determine gene abundances using
Fragment Per Kilo bases per Million (FPKM) [48], and the differentially expressed genes
between the fat- and thin-tailed samples were identified using the DEseq2 package of R
software [49]. For every dataset, each of these steps was carried out separately.

2.3. Meta-Analysis

The results of multiple scientific studies can be combined via a meta-analysis [50].
In addition to providing estimates of unknown effect sizes, meta-analyses can identify
interesting and otherwise undetected relationships based on these results [51]. A set of
p-values was computed for all three individual study datasets and later combined using
the Fisher method of the meta RNAseq package [52]. Significance was set at p < 0.05. We
named the final set of DEGs identified via our meta-analysis meta-genes.

2.4. GO Classification and KEGG Pathway Analysis

Gene ontology analysis is used to describe the function of genes in organisms. The
Database for Annotation, Visualization, and Integrated Discovery (DAVID) (https://david.
ncifcrf.gov/ accessed on 11 June 2021) was utilized to identify the category of meta-genes
in the Gene Ontology (GO) based on Biological Processes (BP), Cellular Components
(CC), and Molecular Functions (MF). Furthermore, the Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis tool (http://www.genome.jp/kegg/ accessed on 11
June 2021) was used to detect the metabolic pathways that are enriched by the meta-genes.
For the enrichment analysis, terms with p < 0.05 generated using the modified Fisher Exact
test were set as the cutoff thresholds.

2.5. Protein–Protein Network and Module Analysis

Protein functional interactions and their systematic properties help to provide context
in molecular biology systems. The STRING database (http://string-db.org accessed on
11 June 2021) integrates protein–protein interactions that include direct (physical) and
indirect (functional) interactions [53]. To predict protein–protein interactions, the iden-
tified meta-genes were imported into the STRING database (v11.0) [54]. The functional
modules were detected via clustering using the K-means algorithm. Also, the Cytoscape
plugin cytoHubba (v3.7.2) was utilized to identify hub genes using the Maximal Clique
Centrality (MCC) method [55]. The PPI networks were constructed based on co-expression,
neighborhood interactions, text mining, gene fusion, and databases as interaction sources.
Functional modules were defined in the constructed networks by clustering the K-means
algorithm into three modules [56].

2.6. Validation of Hub Genes Using Machine Learning Algorithms

Machine learning (ML) is a subset of artificial intelligence (AI) that uses algorithms
to automatically learn insights and identify patterns from data to make better decisions.
Decision Tree (DT) is one of the simplest and best models in machine learning, the main
purpose of which is to predict the value of the target variable by using learning simple
decision rules deduced from data features [57]. To assess the effectiveness of hub genes in
distinguishing between fat-tailed and thin-tailed sheep, meta-genes and their correspond-
ing expression values were identified and subjected to gene selection using seven different
weighting algorithms. Normalized data were used for the attribute weighting algorithms
(AWs). A range between 0 and 1 was considered for all weights, with values closer to 1
indicating important attributes for one meta-gene. These algorithms include Uncertainty,
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Relief, Gain Ratio, Information Gain, Gini Index, Chi-square, and Rule [58]. Only meta-
genes with a weighting value greater than 0.7 were selected for DT construction using
four criteria—Information Gain, Information Gain ratio, Gini index, and Accuracy—along
with the leave-one-out cross-validation (LOOCV) method. During this process, the initial
dataset was divided into training and testing sets. One sample at a time was removed from
the initial dataset and added to the testing set, while all the others remained in the training
set [59].

3. Results

3.1. Sequencing Data Collection

For this study, a total of approximately 200 Giga bases of RNA-seq from three datasets
were utilized, comprising 19 samples in total. Each of the three datasets was sequenced
using the Illumina HiSeq 2000 platform, and information pertaining to the three datasets is
listed in Table 1.

Table 1. Summary information of three RNA-seq datasets sourced from sheep tail fat tissue.

GEO Accession
Number

Number of Samples Tissue
Sample

Age of Slaughter
(Month)

Read Length Reference
Thin-Tailed Fat-Tailed

PRJNA432669 3 3 Tail 6 150 bp [11]

PRJNA508203 3 3 Tail 6 150 bp [43]

PRJNA598581 4 3 Tail 6 150 bp [29]

3.2. Meta-Analysis of RNA-Seq Data

A total of 136 meta-genes were identified. Fisher’s method of differential analysis
identified 20 meta-genes in PRJNA432669, 2 in PRJNA598581, and 75 in PRJA508203, along
with 39 that had not been previously identified in the individual analyses.

3.3. Functional Enrichment Analysis of Meta-Genes

The top 10 BP terms are shown in Table 2.

Table 2. Top 10 Biological Process terms enriched by meta-genes.

Biological Process Terms Adjusted p-Value

Positive regulation of T cell cytokine production 0.002

Extracellular matrix organization 0.004

Stress-activated MAPK cascade 0.008

ERK1 and ERK2 cascade 0.008

Positive regulation of interleukin-10 production 0.009

Positive regulation of interleukin-1 secretion 0.016

Positive regulation of interleukin-6 production 0.034

Positive regulation of interleukin-8 production 0.036

Positive regulation of interferon-gamma (IFN)secretion 0.04

Positive regulation of tumor necrosis factor (TNF) production 0.04

The CC terms of “lipid droplet”, “Golgi lumen”, “endoplasmic reticulum lumen”, and
MF terms of “lipoprotein lipase activity”, “dipeptidyl-peptidase activity”, “phospholipase
activity”, “interleukin-17 receptor activity”, and “cAMP response element binding” were
significantly enriched (p < 0.05). Several BP terms related to lipolysis, such as the “positive
regulation of interleukin-1 beta secretion”, “positive regulation of interleukin-6 produc-
tion”, “positive regulation of interleukin-8 production, “positive regulation of interleukin-
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10 production”, “regulation of interleukin-12 secretion”, “regulation of interleukin-13
secretion”, “positive regulation of interferon-gamma secretion”, and “positive regulation
of tumor necrosis factor production” were enriched by meta-genes. The meta-genes were
also mapped onto the KEGG pathway database to identify the pathways related to fat
deposition (Figure 2).

Figure 2. Top ten Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways enriched by
meta-genes.

3.4. Protein–Protein Interaction (PPI) Network and Module Analysis

The PPI network of meta-genes revealed that 88% of the identified meta-genes had
considerable interaction with the primary functional modules based on the confidence
score of the interaction (confidence score < 0.7). In contrast, other disconnected nodes had
no interaction in PPI networks (Figure 3). Also, TNF Receptor Associated Factor 6 (TRAF6)
and Collagen, type I, Alpha 1 (COL1A1) meta-genes were identified as hub genes in PPI
networks’ green and red modules, respectively.

3.5. Feature Selection for Machine Learning

The meta-analysis resulted in the identification of 136 differentially expressed genes
between the fat- and thin-tailed sheep breeds. Ten meta-genes, including Periostin (POSTN),
Keratin 35 (K35), SET Domain Containing 4 (SETD4), Ubiquitin Specific Peptidase 29 (USP29),
Ankyrin Repeat Domain 37 (ANKRD37), ENSOARG00000001454, Reticulon (RTN2), Pro-
teoglycan (PRG4), and Leucine Rich Repeat Containing 4C (LRRC4C), were detected by
the majority of the attribute weighting algorithms (with weight above 0.7) as the most
informative genes. The top ten meta-genes in the discrimination of fat- and thin-tailed
samples, confirmed by the majority of AWs (with an average weight above 0.7), are reported
in Table 3. These meta-genes gained higher importance than the remaining meta-genes
and were believed to be more effective in distinguishing the two breeds. According to
Figure 4, a mean expression comparison between two types of breeds was carried out
using a two-sample t-test. The expression of POSTN, K35, and SETD4 meta-genes showed
significant differences between the two sheep breeds.
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Figure 3. Protein–protein interaction (PPI) network and functional module analysis of meta-genes.

Table 3. Top 10 out of the 136 meta-genes according to seven attribute weighting algorithms (AWs).

Attribute
Weight_Info
Gain Ratio

Weight_
Rule

Weight_Chi
Squared

Weight_Gini
Index

Weight_
Uncertainty

Weight_
Relief

Weight_Info
Gain

Average_
Weight

POSTN 1 1 0.5 0.8 0.6 0.6 0.8 0.8

K35 0.8 0.9 0.6 0.6 0.7 1 0.6 0.8

SETD4 0.8 1.0 0.7 0.7 0.6 0.9 0.6 0.8

USP29 0.7 0.8 0.8 0.5 0.7 1.0 0.5 0.7

ANKRD37 0.7 0.9 0.8 0.5 0.7 0.9 0.5 0.7

ENSOARG
00000001454 0.8 1 0.5 0.6 0.4 0.7 0.6 0.7

RTN2 0.7 1 0.6 0.5 0.6 0.8 0.5 0.7

PRG4 0.8 1 0.3 0.6 0.4 0.9 0.6 0.7

LRRC4C 0.7 0.8 0.6 0.5 0.5 1 0.5 0.7
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Figure 4. Three meta-genes with attribute weighting above 0.8. A two-sample t-test was used for the
mean comparisons.

The performances of the eight decision tree models are presented in Table 4. According
to Table 4, among the decision tree models, the Random Forest with accuracy criterion and
the Random Forest with gain_ratio criterion models surpassed the others in predicting fat
deposition in both fat- and thin-tailed sheep breeds. These models had higher accuracy
(above 0.85%).

Table 4. Performances of machine learning models in the distinction of fat- and thin-tailed sheep
breeds via ten-fold cross validation.

Model Accuracy

Random Forest with accuracy criterion 90% +/− 22.36%

Random Forest with gain_ratio criterion 85% +/− 13.69%

Decision Tree with gain_ratio criterion 58.33% +/− 37.27%

Decision Tree with accuracy criterion 75% +/− 35.36%

Deep Learning with Tanh parameter 85% +/− 22.36%

Deep Learning with Rectifier parameter 75% +/− 25.00%

Deep Learning with Maxout parameter 56.67% +/− 18.07%

Naïve Bayes 78.33% +/− 21.73%

Also, the machine learning results show that the two meta-genes with the highest
weight (K35 and SETD4) were down-regulated, and POSTN was up-regulated in the
thin-tailed sheep breeds compared to the fat-tailed sheep breeds (Figure 5).
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Figure 5. Decision tree induced by the Random Forest algorithm with gain_ratio criterion and
accuracy criterion in distinguishing the fat-tailed sheep breeds from the thin-tailed sheep breeds in
three meta-genes with attribute weighting above 0.8.

4. Discussion

The current study identified genes that are informative in terms of the tail fat deposi-
tion of fat-tailed sheep breeds through using, for the first time in the literature, a machine
learning approach. “ERK1 and ERK2 cascade” and “stress-activated MAPK cascade” terms
are related to lipid metabolism. The two extracellular signal-regulated kinases (ERKs),
ERK1 and ERK2, are members of the mitogen-activated protein kinase (MAPK) pathway
and participate in both cell differentiation and proliferation, as well as the regulation of
lipolysis [60]. ERK activation leads to the fast stimulation of hormone-sensitive lipase
(HSL) activity and contributes to increased lipolysis. Documented pieces of evidence show
that, as a stimulator of lipolysis, catecholamines cannot only activate cAMP-dependent
protein kinase (PKA) but also activate ERKs of the MAPK pathway [61]. Five genes were
enriched in the “ERK1 and ERK2 cascade”, including Kinase Insert Domain Receptor
(KDR) or Vascular Endothelial Growth Factor Receptor 2 (VEGFR2), Galectin-9 (LGALS9),
TRAF6, Nucleotide Binding Oligomerization Domain Containing 2 (NOD2), and Vascular
Endothelial Growth Factor Receptor 3 (VEGFR3). Three of them (i.e., KDR, NOD2, and
LGALS9) are closely related to lipid metabolism. A recent study showed that the KDR
gene protects mice from obesity via fat burning and progressing lipolysis and enhancing
basal metabolic rate [62]. In addition, it has been shown that galectin-9 enhances the pro-
duction of microglial Tumor Necrosis Factor (TNF), which is the main lipolytic factor [63].
NOD2 has also been shown to protect mice against diet-induced obesity and metabolic
dysfunction, with obese mice lacking the NOD2 gene suffering from metabolic dysfunction,
including blood lipids, hyperglycemia, and steatosis, and the mass of adipose tissue and
large fat droplets in liver cells increases [64]. These results were consistent with those of a
recent study on the difference in adipose tissue metabolic pathways in fat- and thin-tailed
sheep breeds [34].

There is a direct connection between lipid metabolism and terms such as Interleukin-1
(IL-1) [65], Interleukin-6 (IL-6) [29], Interleukin-8 (IL-8) [66], Interleukin-10 (IL-10) [67],
Interleukin-12 (IL-12) [68]. The “positive regulation of tumor necrosis” factor production is
also one of the BP terms closely related to lipolysis. It has been reported that, in human
adipocytes, TNF-α stimulates lipolysis via the elevation of intracellular cAMP, MAPK, and
extracellular signal-related kinase (ERK) [69,70]. All the inflammatory pathways and the
lipolytic ERK/MAPK/TNF pathways enhance lipolysis. In other words, these pathways
improve pro-inflammatory cytokine expression and increase lipolytic activity. Finally, these
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results suggest that some essential lipolytic pathways (e.g., “MAPK signaling pathway”
and “TNF signaling pathway”) and inflammatory pathways (e.g., “positive regulation
of IL-1 secretion”, “positive regulation of IL-6 production”, “positive regulation of IL-8
production”, and “positive regulation of IL-10 production”) are active in thin-tailed sheep
breeds. There have been reports that IL-1 and interferon-gamma (IFN) stimulate lipolysis
in cultured adipocytes [71]. In addition, inflammatory cytokine IL-6 and IL-8 mRNA
expressions are involved in lipopolysaccharide-induced lipolysis in human adipocytes [67].
Another study introduced IL-6 as a hub gene in the fat lipolysis of thin-tailed sheep
breeds [29]. This gene is well known to be a lipolytic factor that stimulates fat lipolysis
and fatty acid oxidation in humans [72,73], dairy cows [74], rats [75], mice [76,77], and
sheep [29]. Thus, the up-regulation of the aforementioned genes in thin-tailed sheep might
be closely related to lipolysis.

Our KEGG pathway analysis of the meta-genes revealed significant pathways (ad-
justed p-value < 0.05). Recent findings show that a set of pathways, such as lipid metabolism,
extracellular matrix (ECM) remodeling, molecular transport, and inflammatory response,
are enriched by a set of functional genes that maintain lipid homeostasis in response to
extreme environments in tailed animals [34]. In the present study, some pathways, includ-
ing “fatty acid degradation”, “NF-kappa B signaling pathway”, “NOD-like receptors”, and
“Toll-like receptors”, were all related to fat metabolism as an inflammatory response. One
of the significant terms in thin-tailed sheep breeds compared with fat-tailed sheep breeds is
the “fatty acid degradation” pathway, the pathway known for the lipolysis of adipocytes.
Another considerable term is “NF-kappa B signaling pathway”. NF-κB is important for
TNF-α-induced lipolysis of adipose tissue. Tumor necrosis factor-α (TNF-α) increases
lipolysis in adipose tissue via the MAPK pathway. Several meta-genes, including Myeloid
Differentiation Primary Response 88 (MYD88), TGF-Beta Activated Kinase 1 (MAP3K7)
Binding Protein 2 (TAB2), Interleukin-1 Receptor-associated Kinase 1 (IRAK1), Phospho-
lipase C Gamma 2 (PLCG2), and TRAF6, were found to be enriched in the “NF-kappa B
signaling pathway”, which is closely related to lipid metabolism.

“ECM-receptor interaction” is another significant pathway that is central to adipogen-
esis and fat tissue architecture [78]. Fat accumulation is an inflammatory condition related
to increased extracellular matrix gene expression [34,79]. However, a direct connection be-
tween ECM gene expression and fat tissue inflammation has not been reported. In a recent
study, transcriptome analysis of two broiler chickens showed that the extracellular matrix
receptor interaction signaling pathway is crucial to chicken meat quality. This pathway
might change intramuscular fat content, affecting broiler meat flavor [80]. In another study,
comparative transcriptome analysis of three adipose tissues (i.e., subcutaneous, intramus-
cular, and omental adipose tissue) showed that the interactions between transmembrane
receptors of fat cells and ECM components depend on depot-specific adipogenesis [81].
Cell adhesion receptors and ECM components interact with each other, creating a complex
network. According to one study, cell surface receptors receive signals from the ECM that
influence growth, survival, migration, differentiation, and proliferation in maintaining cell
homeostasis [82]. All enriched meta-genes in this pathway are up-regulated in thin-tailed
sheep breeds, possibly due to the interaction between ECM components. This result is in
accordance with a recent study that showed that fat-tailed sheep are less responsive to
seasonal changes in inflammation and fat cell size, ECM regeneration, and lipid metabolism,
which indicates the improvement of homeostasis [34].

“NOD-like receptors” (NLR) and “Toll-like receptors” (TLR) are two pattern recogni-
tion receptors that have severe roles in the inflammation of adipocytes and the immune
response [83]. Both of the mentioned KEGG pathways were significantly enriched in the
current study. The activation of a sub-family of these receptors [84–86] has been shown
to stimulate lipolysis from adipose tissue or adipocytes. Therefore, all these pathways
maintain fat homeostasis in response to extreme environments in sheep breeds.

The meta-analysis results revealed 39 meta-genes that were insignificant in each of
the individual studies, indicating the higher statistical power of the meta-analysis in the
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discovery of biosignatures. In addition, the results derived from using machine learning
showed that three significant genes (POSTN, K35, and SETD4) gained higher weights (>0.8)
than others, according to the AW algorithms. Interestingly, these meta-genes, along with
other genes with a weight >0.8, are associated with lipid metabolism. The decision tree
induced by the Random Forest Model shows that POSTN, K35, and SETD4 meta-genes
directly affect lipid metabolism. Interestingly, the SETD4 gene is one of the 39 meta-genes
that were insignificant in the individual studies. Currently, the role of the K35 gene in fat
metabolism has not been identified, but two other genes have been shown to be related to
fat metabolism. There have been reports that the SETD4 gene has considerable potential for
tumorigenesis. It is thought that the SETD4 gene has proliferation potential in fat cells [87].
Thus, lipogenesis might be associated with the up-regulation of the SETD4 gene in fat-tailed
sheep. Moreover, the loss of POSTN attenuates lipid metabolism in adipose tissue [88].
Among the decision tree models, both the Random Forest with accuracy criterion and the
Random Forest with gain_ratio criterion models outperformed others in the prediction of
fat deposition in sheep breeds. These high-performance models enabled us to detect the
POSTN, K35, and SETD4 meta-genes as biosignatures or biomarkers for fat metabolism.
Therefore, the combination of meta-analysis and machine learning approaches employed
in the current study improved the power of discovering informative genes that may aid
the progress of animal breeding strategies to optimize tail fat in fat-tailed breeds.

5. Conclusions

Fat deposition is a complex trait that requires comprehensive research to be elucidated.
However, the integration of machine learning and meta-analyses approaches, as carried out
for the current work, may help to better understand the most critical causal genes that can
be exploited as strong biomarkers of fat deposition; in our study, three meta-genes, namely,
POSTN, K35, and SETD4, were identified as strong biosignatures of fat deposition. Our
findings may provide a base for strategies to optimize fat deposition in the tail of fat-tailed
breeds, thus decreasing the fat content of carcasses.

Author Contributions: Conceptualization, S.F., K.H. and J.S.G.; methodology, K.H. and J.S.G.; soft-
ware, S.F., K.H. and J.S.G.; validation, V.L., A.M. and V.P.; formal analysis, S.F. and K.H.; investigation,
S.F., K.H. and J.S.G.; resources, J.S.G. and S.F.; data curation, S.F. and J.S.G.; writing—original draft
preparation, S.F., K.H. and J.S.G.; writing—review and editing, A.M., V.P. and V.L.; visualization, V.P.
and A.M.; supervision, V.P. and V.L.; project administration, S.F. and J.S.G.; funding acquisition, A.M.
and V.P. All authors have read and agreed to the published version of the manuscript.

Funding: This study was carried out within the Agritech National Research Center via a grant
from the European Union Next-GenerationEU (PIANO NAZIONALE DI RIPRESA E RESILIENZA
(PNRR)—MISSIONE 4 COMPONENTE 2, INVESTIMENTO 1.4—D.D. 1032 17/06/2022, CN00000022).
This manuscript reflects only the authors’ views and opinions; neither the European Union nor the
European Commission can be considered responsible for them.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All used data are publically available. The accession numbers have
been reported in Table 1.

Acknowledgments: We are grateful to Mohammad Farhadian for his kind help. The authors express
their sincere gratitude to Selim Esen for his valuable cooperation and technical assistance.

Conflicts of Interest: The authors declare no conflict of interest.

50



Animals 2023, 13, 3475

References

1. Maggiolino, A.; Bragaglio, A.; Salzano, A.; Rufrano, D.; Claps, S.; Sepe, L.; Damiano, S.; Ciarcia, R.; Dinardo, F.R.; Hopkins, D.L.;
et al. Dietary supplementation of suckling lambs with anthocyanins: Effects on growth, carcass, oxidative and meat quality traits.
Anim. Feed Sci. Technol. 2021, 276, 114925. [CrossRef]

2. De Palo, P.; Maggiolino, A.; Centoducati, P.; Calzaretti, G.; Ceci, E.; Tateo, A. An assessment of sire-breed effects on carcass and
meat quality traits of lambs at the ages of 40 and 100 days from Comisana ewes crossed with Suffolk or Bergamasca rams. J. Anim.
Prod. Sci. 2018, 58, 1794–1801. [CrossRef]

3. Mohapatra, A.; Shinde, A. Fat-tailed sheep-an important sheep genetic resource for meat production in tropical countries: An
overview. Indian. J. Small Rumin. 2018, 24, 1–17. [CrossRef]

4. Zhou, G.; Wang, X.; Yuan, C.; Kang, D.; Xu, X.; Zhou, J.; Geng, R.; Yang, Y.; Yang, Z.; Chen, Y. Integrating miRNA and mRNA
expression profiling uncovers miRNAs underlying fat deposition in sheep. BioMed Res. Int. 2017, 2017, 1857580. [CrossRef]
[PubMed]

5. Ryder, M.L. Sheep and Man; Gerald Duckworth & Co., Ltd.: London, UK, 1983.
6. Vieira, C.; Fernández, A.M. Effect of ageing time on suckling lamb meat quality resulting from different carcass chilling regimes.

Meat Sci. 2014, 96, 682–687. [CrossRef]
7. Moradi, M.H.; Nejati-Javaremi, A.; Moradi-Shahrbabak, M.; Dodds, K.G.; McEwan, J.C. Genomic scan of selective sweeps in thin

and fat tail sheep breeds for identifying of candidate regions associated with fat deposition. BMC Genet. 2012, 13, 10. [CrossRef]
[PubMed]

8. Xu, S.-S.; Ren, X.; Yang, G.-L.; Xie, X.-L.; Zhao, Y.-X.; Zhang, M.; Shen, Z.-Q.; Ren, Y.-L.; Gao, L.; Shen, M.; et al. Genome-wide
association analysis identifies the genetic basis of fat deposition in the tails of sheep (Ovis aries). Anim. Genet. 2017, 48, 560–569.
[CrossRef] [PubMed]

9. Mwacharo, J.M.; Kim, E.-S.; Elbeltagy, A.R.; Aboul-Naga, A.M.; Rischkowsky, B.A.; Rothschild, M.F. Genomic footprints of
dryland stress adaptation in Egyptian fat-tail sheep and their divergence from East African and western Asia cohorts. Sci. Rep.
2017, 7, 17647. [CrossRef]

10. Braissant, O.; Foufelle, F.; Scotto, C.; Dauça, M.; Wahli, W. Differential expression of peroxisome proliferator-activated receptors
(PPARs): Tissue distribution of PPAR-alpha,-beta, and-gamma in the adult rat. Endocrinology 1996, 137, 354–366. [CrossRef]

11. Li, B.; Qiao, L.; An, L.; Wang, W.; Liu, J.; Ren, Y.; Pan, Y.; Jing, J.; Liu, W. Transcriptome analysis of adipose tissues from two
fat-tailed sheep breeds reveals key genes involved in fat deposition. BMC Genom. 2018, 19, 338. [CrossRef]

12. Quiñones, J.; Maggiolino, A.; Bravo, S.; Muñoz, E.; Lorenzo, J.M.; Cancino, D.; Díaz, R.; Saenz, C.; Sepúlveda, N.; De Palo, P. Effect
of canola oil on meat quality and fatty acid profile of Araucano creole lambs during fattening period. Anim. Feed Sci. Technol.
2019, 248, 20–26. [CrossRef]

13. De Palo, P.; Tateo, A.; Maggiolino, A.; Marino, R.; Ceci, E.; Nisi, A.; Lorenzo, J.M. Martina Franca donkey meat quality: Influence
of slaughter age and suckling technique. Meat Sci. 2017, 134, 128–134. [CrossRef] [PubMed]

14. Tateo, A.; Maggiolino, A.; Domínguez, R.; Lorenzo, J.M.; Dinardo, F.R.; Ceci, E.; Marino, R.; Della Malva, A.; Bragaglio, A.;
De Palo, P. Volatile Organic Compounds, Oxidative and Sensory Patterns of Vacuum Aged Foal Meat. Animals 2020, 10, 1495.
[CrossRef] [PubMed]

15. Serrano, M.P.; Maggiolino, A.; Lorenzo, J.M.; De Palo, P.; García, A.; Landete-Castillejos, T.; Gambín, P.; Cappelli, J.; Domínguez,
R.; Pérez-Barbería, F.J.; et al. Meat quality of farmed red deer fed a balanced diet: Effects of supplementation with copper bolus
on different muscles. Animal 2019, 13, 888–896. [CrossRef]

16. Dong, L.; Jin, Y.; Cui, H.; Yu, L.; Luo, Y.; Wang, S.; Wang, H. Effects of diet supplementation with rumen-protected betaine on
carcass characteristics and fat deposition in growing lambs. Meat Sci. 2020, 166, 108154. [CrossRef] [PubMed]

17. Pourlis, A.F. A review of morphological characteristics relating to the production and reproduction of fat-tailed sheep breeds.
Trop. Anim. Health Prod. 2011, 43, 1267–1287. [CrossRef]

18. Kalds, P.; Luo, Q.; Sun, K.; Zhou, S.; Chen, Y.; Wang, X. Trends towards revealing the genetic architecture of sheep tail patterning:
Promising genes and investigatory pathways. Anim. Genet. 2021, 52, 799–812. [CrossRef]

19. Ornaghi, M.G.; Guerrero, A.; Vital, A.C.P.; de Souza, K.A.; Passetti, R.A.C.; Mottin, C.; de Araújo Castilho, R.; Sañudo, C.; do
Prado, I.N. Improvements in the quality of meat from beef cattle fed natural additives. Meat Sci. 2020, 163, 108059. [CrossRef]

20. Luo, R.; Zhang, X.; Wang, L.; Zhang, L.; Li, G.; Zheng, Z. GLIS1, a potential candidate gene affect fat deposition in sheep tail. Mol.
Biol. Rep. 2021, 48, 4925–4931. [CrossRef]

21. Shao, J.; He, S.; Pan, X.; Yang, Z.; Nanaei, H.A.; Chen, L.; Li, R.; Wang, Y.; Gao, S.; Xu, H. Allele-specific expression reveals the
phenotypic differences between thin-and fat-tailed sheep. J. Genet. Genom. 2020, 49, 583–586.

22. Moioli, B.; Pilla, F.; Ciani, E. Signatures of selection identify loci associated with fat tail in sheep. J. Anim. Sci. 2015, 93, 4660–4669.
[CrossRef] [PubMed]

23. Wei, C.; Wang, H.; Liu, G.; Wu, M.; Cao, J.; Liu, Z.; Liu, R.; Zhao, F.; Zhang, L.; Lu, J. Genome-wide analysis reveals population
structure and selection in Chinese indigenous sheep breeds. BMC Genom. 2015, 16, 194. [CrossRef]

24. Dong, K.; Yang, M.; Han, J.; Ma, Q.; Han, J.; Song, Z.; Luosang, C.; Gorkhali, N.A.; Yang, B.; He, X. Genomic analysis of worldwide
sheep breeds reveals PDGFD as a major target of fat-tail selection in sheep. BMC Genom. 2020, 21, 800. [CrossRef] [PubMed]

51



Animals 2023, 13, 3475

25. Pan, Z.; Li, S.; Liu, Q.; Wang, Z.; Zhou, Z.; Di, R.; An, X.; Miao, B.; Wang, X.; Hu, W. Rapid evolution of a retro-transposable
hotspot of ovine genome underlies the alteration of BMP2 expression and development of fat tails. BMC Genom. 2019, 20, 261.
[CrossRef] [PubMed]

26. Wang, X.; Zhou, G.; Xu, X.; Geng, R.; Zhou, J.; Yang, Y.; Yang, Z.; Chen, Y. Transcriptome profile analysis of adipose tissues from
fat and short-tailed sheep. Gene 2014, 549, 252–257. [CrossRef]

27. Ma, L.; Li, Z.; Cai, Y.; Xu, H.; Yang, R.; Lan, X. Genetic variants in fat-and short-tailed sheep from high-throughput RNA-
sequencing data. Anim. Genet. 2018, 49, 483–487. [CrossRef]

28. Bakhtiarizadeh, M.R.; Alamouti, A.A. RNA-Seq based genetic variant discovery provides new insights into controlling fat
deposition in the tail of sheep. Sci. Rep. 2020, 10, 13525. [CrossRef]

29. Farhadi, S.; Shodja Ghias, J.; Hasanpur, K.; Mohammadi, S.A.; Ebrahimie, E. Molecular mechanisms of fat deposition: IL-6 is a
hub gene in fat lipolysis, comparing thin-tailed with fat-tailed sheep breeds. Arch. Anim. Breed. 2021, 64, 53–68. [CrossRef]

30. Zhang, W.; Xu, M.; Wang, J.; Wang, S.; Wang, X.; Yang, J.; Gao, L.; Gan, S. Comparative transcriptome analysis of key genes and
pathways activated in response to fat deposition in two sheep breeds with distinct tail phenotype. Front. Genet. 2021, 12, 639030.
[CrossRef]

31. Ibrahim, A.; Baliarti, E.; Budisatria, I.; Artama, W.T.; Widayanti, R.; Maharani, D.; Tavares, L.; Margawati, E.T. Genetic diversity
and relationship among Indonesian local sheep breeds on Java Island based on mitochondrial cytochrome b gene sequences. J.
Genet. Eng. Biotechnol. 2023, 21, 34. [CrossRef]

32. Deribe, B.; Beyene, D.; Dagne, K.; Getachew, T.; Gizaw, S.; Abebe, A. Morphological diversity of northeastern fat-tailed and
northwestern thin-tailed indigenous sheep breeds of Ethiopia. Heliyon 2021, 7, e07472. [CrossRef]

33. Yazdani, H.; Gholizadeh, M.; Farhadi, A.; Moradi, M.H. Study of the copy number variation on the sex chromosome in some
Iranian sheep breeds. Iran. J. Anim. Sci. 2023, 54, 253–266.

34. Xu, Y.-X.; Wang, B.; Jing, J.-N.; Ma, R.; Luo, Y.-H.; Li, X.; Yan, Z.; Liu, Y.-J.; Gao, L.; Ren, Y.-L. Whole-body adipose tissue
multi-omic analyses in sheep reveal molecular mechanisms underlying local adaptation to extreme environments. Commun. Biol.
2023, 6, 159. [CrossRef] [PubMed]

35. Mohammadabadi, M.; Kord, M.; Nazari, M. Studying expression of leptin gene in different tissues of Kermani Sheep using Real
Time PCR. Agric. Biotechnol. J. 2018, 10, 111–123.
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Simple Summary: Artificial selection has been applied to domesticated birds for many decades.
More recently, this selection has made use of so-called single-nucleotide polymorphism (SNP)
markers—simple variants in a DNA sequence. These SNPs can be used for whole-genome screening
to detect the unique traces of areas of the genome that are subject to selection. Doing this may help
to shed light on the evolutionary and family history (phylogeny) of domestic Japanese quails of
different breeds and utility types (e.g., egg, meat or dual-purpose breeds). In this study, 99 birds were
used, representing eight breeds (11% of the world’s quail gene pool) and various purposes of use
to gather genetic (whole-genome) data in the first-ever analysis of its kind performed on domestic
quails. We thereby uncovered evolutionary relationships and points of divergence of individual quail
breeds, gleaning important insights into the genetic diversity of domestic quail breeds and their
future breeding potential.

Abstract: Traces of long-term artificial selection can be detected in genomes of domesticated birds
via whole-genome screening using single-nucleotide polymorphism (SNP) markers. This study
thus examined putative genomic regions under selection that are relevant to the development
history, divergence and phylogeny among Japanese quails of various breeds and utility types. We
sampled 99 birds from eight breeds (11% of the global gene pool) of egg (Japanese, English White,
English Black, Tuxedo and Manchurian Golden), meat (Texas White and Pharaoh) and dual-purpose
(Estonian) types. The genotyping-by-sequencing analysis was performed for the first time in domestic
quails, providing 62,935 SNPs. Using principal component analysis, Neighbor-Net and Admixture
algorithms, the studied breeds were characterized according to their genomic architecture, ancestry
and direction of selective breeding. Japanese and Pharaoh breeds had the smallest number and
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length of homozygous segments indicating a lower selective pressure. Tuxedo and Texas White
breeds showed the highest values of these indicators and genomic inbreeding suggesting a greater
homozygosity. We revealed evidence for the integration of genomic and performance data, and our
findings are applicable for elucidating the history of creation and genomic variability in quail breeds
that, in turn, will be useful for future breeding improvement strategies.

Keywords: genotyping-by-sequencing; genetic diversity; genomic structure; phylogeny; perfor-
mance; Japanese quail; breeds; utility types

1. Introduction

The study of molecular genetic principles that determine the degree of manifestation
of economically significant traits is of crucial importance for increasing agricultural. In so
doing, it can be applied to produce the most effective and cost-efficient agricultural products
for domestic and world consumption. The poultry industry is one of the key sectors of
agricultural production, and its important products are meat and eggs. Poultry meat
accounts for 45% of the total global meat production [1] and virtually all egg production.
In Russia, the growing market demand for poultry products led, by 2020, to an elevation
from 4 to 10% in the share of food products from non-traditional poultry species [2].
An increasing proportion of the world’s egg and meat supply are provided from species of
the Phasianidae (pheasant) family [3,4]. Hereby, quail breeding industry products are in
special demand worldwide because of the palatability of quail eggs and meat, as well as
the early onset of sexual maturity. Because of this, the establishment and growth of large
quail farms mean that quail eggs and meat are becoming everyday products [3–7].

The progenitor of contemporary quail breeds, the Japanese quail (Coturnix japonica
Temminck & Schlegel, 1848), is a migratory bird native to East Asia. Domesticated Japanese
quail are a common poultry type used for meat and eggs in Europe, Asia and throughout
the world. Quails have been used in genetic research since 1940 [8] and, over time, they
have become an increasingly important biological model for developmental, behavioral
and biomedical studies [3,4]. Belonging to the same Phasianidae family as chickens, quails
have a number of advantages as a research model. They are small, fast growing, and have
a short life cycle, reaching sexual maturity in 7–8 weeks after hatching [9]. In comparative
biological studies of galliforms, quails show key differences from chickens and some other
poultry species, e.g., immune status, migratory and seasonal behavior [3].

Worldwide, there are about 70 domestic Japanese quail breeds or strains, including
commercial and laboratory quails [10]. The first Japanese quails were imported into Russia
in 1964 for breeding and production purposes. The adult quail population in the former
USSR grew steadily year after year, peaking at around 200,000 individual birds [11]. A large
collection of quail breeds was first created at the Moscow Timiryazev Agricultural Academy
(MTAA) and involved the Pharaoh (PHA), English White (ENW), British Range, Tuxedo
(TUX) and Marbled breeds [12] plus a wild-type colored strain developed in the Scientific
and Production Association “Complex” (SPAC; Moscow, Russia) by crossing the Marbled
and PHA quails. The Marbled breed was created at the MTAA in collaboration with
the N.I. Vavilov Institute of General Genetics by subjecting a group of quails to X-rays.
A relatively novel dual-purpose Estonian (EST) breed was produced in 1988 by mating
the Japanese (JAP), ENW and PHA breeds. According to a cytogenetic analysis, the EST
quails can be distinguished from JAP quails by the presence of a centromeric band in
autosome 1 that is G-positive and can be utilized as a chromosomal marker for EST (as
reviewed in [11]). Another large collection of quail breeds currently exists in the Zagorsk
Experimental Breeding Farm, All-Russian Poultry Research and Technological Institute
(ZEBF/ARPRTI), and embraces JAP, ENW, English Black (ENB), TUX, Manchurian Golden
(MAG), EST, PHA, Texas White (TEW) and a few other quail breeds and strains [13].
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To create a competitive breeder stock for quails, it is necessary to use modern method-
ologies of genetic and genomic analysis aimed at increasing the efficiency of selection
and breeding work. For instance, identified sex-linked genes for phenotypic traits, e.g.,
recessive genes for imperfect albinism (al) and brown (br), can be employed for autosexing
(sex sorting) of newly hatched chicks [10,11,14,15].

The integration of high-throughput, next-generation sequencing-based genomic tech-
nologies into practical quail breeding should therefore be carried out, at the initial stage,
by assessing the genomic architecture characteristic of a particular breed. A subsequent
comparison of the genomic structure of quail breeds of different origin and direction of
selective breeding is necessary. This can prove to be an effective approach to identify
specific genomic regions that are either related to recent divergence and/or earlier breeding
differentiation. In addition, such an investigation facilitates a genome-wide assessment
and refinement of the diversity and phylogeny amongst various quail breeds. Genotyping
by sequencing (GBS), one of the restriction enzyme-based enrichment approaches designed
initially for plants [16], is a promising strategy for reducing the financial burden of selec-
tion strategies via high sample multiplexing, focusing the sequenced genome areas on
randomly distributed read tags [17]. Being a relatively affordable and widely applicable
substitute for concurrent single-nucleotide polymorphism (SNP) mining and genotyping
in plants (e.g., [16,18,19]), GBS is also increasingly being used in animals (e.g., [17,19–22]).
Indeed, there was a recent report that GBS has been utilized for evaluating demographic his-
tory and genetic divergence in wild African harlequin quail (Coturnix delegorguei delegorguei)
populations of Kenya [22]. Ravagni et al. [23] employed GBS to explore the evolutionary his-
tory of an island endemic, the common quail (Coturnix coturnix) in the Azores archipelago.
To the best of our knowledge, however, there have been no studies using this technique to
characterize the genomic architecture and diversity in the divergently selected breeds of
the domesticated Japanese quail.

In the current investigation, we thus aimed to examine and compare the variability
and phylogeny among the genomes of eight divergently selected breeds of egg-type, meat-
type and dual-purpose quails that represented a significant portion (~11%) of the global
gene pool of quail breeds. In accordance with this goal, the GBS approach was applied to
characterize the genetic structure of these quail populations. This information is essential
for maintaining their genomic diversity and facilitating efficient breeding in the future.

2. Materials and Methods

2.1. Experimental Birds and Performance Data

Quails were hatched from fertile eggs purchased from the Genofond LLC (ZEBF/
ARPRTI; [13]), grown at the L. K. Ernst Federal Research Centre for Animal Husbandry
(LKEFRCAH) [24], and sampled for DNA. The following eight quail breeds were used in
this experiment (Table 1): JAP, ENW, ENB, TUX, and MAG (of egg type); TEW and PHA
(of meat type); and EST (of dual purpose).

Table 1. Eight quail breeds involved in this study.

Breed Code n 1 Origin Refs

Egg type

Japanese

JAP 19

Japan; domesticated in
Japan and China in

12th century or earlier;
selected in the 1st half

of the 20th century,
brought to the USSR

from Japan in the
mid-20th century

and/or from
Yugoslavia in 1964

[10–13,25–27]
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Table 1. Cont.

Breed Code n 1 Origin Refs

English (British) White

ENW 11

England; a mutant
from JAP quails;

imported to the USSR
from Hungary in 1987

[12,13,24,27]

English (British) Black

ENB 13

England; a mutant
from JAP quails;

imported to the USSR
from Hungary in 1971

[13,27]

Tuxedo

TUX 16 from crossing ENW
and ENB [12,13,27]

Manchurian (Manchu)
Golden (or Golden

Phoenix)

MAG 14

Marsh Farms, CA, USA,
1960s; bred by Albert

Marsh as a natural
mutant in a flock of

brown-colored quails

[12,13,27–29]

Dual purpose (or universal)

Estonian (or Kitevers)

EST 9

Estonia, 1988; from
crossing JAP (a

Moscow line), ENW
and Pharaoh

[11,13,27]

Meat type

Pharaoh

PHA 10

USA; wild-type
plumage; an imported
French fattening line

used in this study

[12,13,26,27,30]

Texas White (or Texas
Pharaoh, White

Pharaoh, Snowy)

TEW 7
Texas, USA; from
crossing PHA and

ENW
[27,30]

1 n, number of individuals after quality control.
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For each breed, the number of females (n) was taken into account, for which the
following performance indicators (as mean ± standard deviation) were collected: egg
number (EN) for 180 days from the start of lay; egg weight (EW) obtained at the age
of 180 to 210 days (for each female, mean was calculated over all eggs laid during a
given period); and body weight (BW) of females at the ages of 6 weeks and 6 months.
These data were subsequently assessed and compared with calculations of interbreed
genetic variability resulting from the GBS analysis. Herewith, we proposed a hypothesis
that a certain degree of “congruence” (or, in other words, integration) between phenotypic
and genomic data can take place for this sample of quail breeds. For this purpose, an
appropriate mathematical analysis was undertaken using a new index, Narushin’s IPI
(Integral Performance Index). The latter was recently established by Vakhrameev et al. [31]
to evaluate the main economically important traits (i.e., EN, EW and female BW) in various
chicken breeds and was originally designated as EY/W (where EY was the product of
mean EN and EW, and W was mean female BW). Here, we renamed this index after the
author of that study, Valeriy G. Narushin, who proposed this indicator, and calculated it
using the corresponding formula:

IPI =
EN·EW

BW

where EN is egg number, EW is egg weight (in g), and BW is female body weight at
6 months of age (in g), all values being calculated as breed means.

Statistical evaluation of raw performance data and means was performed using Mi-
crosoft Excel (version 16.66.1). Student’s t-test was implemented to compare the means of
breeds in pairwise mode and determine the significance of the differences between them
using Microsoft Excel’s T.TEST function and GraphPad online calculator [32].

2.2. Sampling and DNA Isolation

Feather samples containing pulp were obtained from 106 quails of all the breeds
studied. DNA extraction was performed using the Syntol kit for DNA isolation from
animal tissues (Syntol, Moscow, Russia). The DNA solution concentration was determined
using a Qubit 3.0 fluorimeter (Thermo Fisher Scientific, Wilmington, DE, USA). To check
the purity of the extracted DNA, the OD260/280 ratio was tested using a NanoDrop-2000
instrument (Thermo Fisher Scientific).

2.3. Sequencing, Genotyping and Quality Control of SNPs

Quail genotyping was performed using GBS analysis [16] that included the basic steps
of library construction, sequencing, sequence quality control (QC), SNP detection, and
construction of a genomic relationship matrix. In particular, the methods described in
Elshire et al. [16], with changes as in Dodds et al. [33], were implemented to build the
GBS libraries. A PstI–MspI double-digest was used to generate one GBS library that also
contained negative control samples devoid of DNA. Libraries were subjected to a Pippin
Prep (SAGE Science, Beverly, MA, USA) to choose fragments with a size between 220
and 340 bp (genomic sequence plus 148 bp adapters). We employed a set of 768 barcodes
designed by Integrated DNA Technologies, Inc. (Coralville, IA, USA) and Illumina (Illu-
mina, Inc., San Diego, CA, USA) that differed from each other by at least three mutational
steps. The corresponding adapter sequences were as follows: PstI_Common_F, AGATCG-
GAAGAGCACACGTCTGAACTCCAGTCAC; PstI_Common_R, GTGACTGGAGTTCA-
GACGTGTGCTCTTCCGATCTTGCA; MspI(Y)_Common_F, CGAGATCGGAAGAGCG-
GACTTTAAGC; and MspI_Common_R, GTGACTGGAGTTCAGACGTGTGCTCTTCC-
GATCT. Single-end sequencing (1 × 101 bp) was performed utilizing a NovaSeq 6000
instrument (Illumina, Inc.) and the appropriate v1.5 reagents. Raw fastq files were quality
checked using a custom QC pipeline, DECONVQC [19,34]. As one of the QC steps, raw
fastq files were quality tested using FastQC [35].
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As a reference genome, we used the Japanese quail genome assembly Coturnix japon-
ica 2.0 [36], along with the databases Ensembl 104 and Ensembl Genomes 51 (released
on 7 May 2021; [37]). Removal of adapter sequences and demultiplexing of the fastq file,
i.e., its separation by samples to produce individual fastq files using a list of barcodes,
were executed using the cutadapt program [38,39]. The QC of fastq files was carried out in
the FastQC program [35]. To call SNPs from the GBS data, the bioinformatics workflow
snpGBS [40,41] was employed. The bowtie2 package was used to align the individual fastq
files to the reference genome and index them [42], while sorting of bam files was performed
using samtools [43,44].

Joint genotyping of the resulting files was implemented using bcftools [44] generating
one multi sample VCF file. After filtering, 80,673 SNPs were used for subsequent analysis
steps. The data was generated into a file format acceptable for further analysis using the
R software package [45]. The PLINK 1.9 program [46] was employed to control the quality
of SNP detection. The obtained quail genotypes were filtered according to the genotyping
efficiency parameter (mind 0.25), and SNPs genotyped in less than 90% samples (geno 0.1)
were excluded from the analysis. The final dataset used for the genome-wide analyses
was 62,935 SNPs out of original 80,673 SNPs. A total of 106 individuals were initially
sequenced and genotyped. After removing two quails that did not belong to their respective
breeds according to genetic data, a matrix of 104 birds was subject to subsequent analysis.
After pulling out five more quails from the total number due to insufficient information
about them with regard to the studied SNPs, a total of 99 individuals was investigated in
the experiment.

For some types of analysis, e.g., principal component analysis (PCA), analysis of
genetic diversity and divergence, construction of phylogenetic networks, analysis of pop-
ulation structure and analysis of gene flow (migration events), an additional linkage
disequilibrium (LD) filter was applied to remove loci for which LD was identified within a
50 Kb sliding window with a step of 5. After using the LD filter, 27,171 SNPs were included
in the analysis.

2.4. Genetic Diversity Assessment

To determine within-population genetic diversity, PLINK 1.9 software package was
used. QC was performed at both the individual and SNP levels using PLINK 1.9. By im-
plementing various parameters of the R package diveRsity [47], we computed values of
observed heterozygosity (HO), expected heterozygosity (HE), unbiased expected heterozy-
gosity (UHE), rarefied allelic richness (AR; [48]), coefficient inbreeding (FIS) and coefficient
of inbreeding (UFIS) based on unbiased expected heterozygosity.

2.5. PCA, Neighbor-Net and Admixture Procedures

For breed clustering, PCA and calculation of identical-by-state (IBS) distances were
performed in PLINK1.9. The degree of genetic differentiation of the studied breeds was
estimated based on pairwise FST values. Visualization of PCA results was carried out in the
R ggplot2 package [49]. Dendrograms based on IBS distances and pairwise FST distances
were plotted using an agglomerative method for constructing phylogenetic networks, i.e.,
Neighbor-Net in SplitsTree 4 [50]. The software Admixture v1.3 [51] for model-based
clustering and computation of the related cross-validation (CV) errors was implemented
to analyze ancestral populations and genetic impurities, while the BITE R package [52]
was used to visualize these results. The Phantasus web program was also used to perform
PCA and hierarchical clustering procedures [53]. Using the online T-REX program [54], the
Neighbor-Joining [55] trees showing phylogenetic relationships between breeds were built.

Gene flow (migration) events were analyzed using the TreeMix 1.12 program [56].
The analysis considered from 0 to 5 migrations with 30 iterations per migration event.
The optimal number of migrations (1) was determined using the OptM R package [57].
The best maximum likelihood tree configuration was determined based on the minimum
mean standard error of the residual matrix among all iterations.
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The analysis of homozygous genomic segments (runs of homozygosity, ROH) was
performed using the detectRUNS R package [58] with the following settings: the minimum
number of SNPs was 30, and the minimum length was 0.5 Mb.

3. Results

3.1. Breed Performance

Information for the three major performance characteristics, according to which the IPI
index was computed, is given in Table 2. As can be seen, the two meat-type breeds, PHA
and TEW, had the lowest IPI values (roughly 5 if rounded up to integers), the dual-purpose
breed, EST, had a slightly higher value (~7), and the five egg-type breeds had greater
values (~8 to 12).

A matrix of interbreed Euclidean distances computed for breed IPI values is presented
in Supplementary Table S1. Using it, breed clustering was reconstructed in the form of
PCA plots and Neighbor-Joining trees (Figure 1). Notably, a largely similar configuration
of breeds was obtained using both clustering techniques, reflecting the breed subdivision
into three main types of utility and selection, as well as in accordance with the ranking of
IPI values as shown in Table 2.

3.2. Analysis of Genetic Diversity

Using around 100 DNA samples from quails of as many different phenotypes as
possible, we generated a GBS panel for genotyping the quail breeds. In terms of genetic
diversity values (Table 3), TUX quails were characterized by lower values of genetic
diversity, as measured by lower levels of expected heterozygosity (HE = 0.263 vs. the
maximum value of 0.310, p < 0.001) and allelic richness (AR = 1.730 vs. the maximum
value of 1.864, p < 0.001) as compared to the JAP breed. This can be explained by the
higher intensity of breeding work in TUX that was aimed at consolidating the desired breed
characteristics. The inbreeding coefficient (FIS) was represented by the maximum value for
the JAP population (0.020, with a 95% confidence interval being from 0.016 to 0.024), which
may be indicative of a likely growth in gene homozygosity in this population.

Due to the small number of birds in each breed, we also calculated unbiased measures
of expected heterozygosity (UHE) and expected inbreeding rate (UFIS) adjusted for small
samples. The former was highest in EST (0.313) and JAP (0.319). The latter coefficient was
represented by positive values for all breeds ranging from the minimum of 0.011 in TEW
to the maximum of 0.046 in JAP quails. High rates of UFIS were also found in EST (0.032)
and MAG (0.031), as well as in the PHA population (0.035). This enabled us to conclude
that there was a significantly higher homozygosity of genes in these four populations as
compared to other breeds.

3.3. Between-Breed Genetic Relationships and Model-Based Clustering

PCA plots for various eight quail breeds based on the individual nucleotide sequence
data as obtained using the GBS method are graphically presented in Figure 2.

The first component was responsible for 44.42% of genetic variability and differentiated
the cluster of ENW, ENB and TUX from the cluster of JAP, EST, PHA and TEW. The second
component conformed to 23.48% of genetic differences and showed the remote position of
MAG relative to the other quail breeds, i.e., demonstrated its isolation from them. In the
PC1–PC3 plane, TEW differentiated from the rest, and in the PC1–PC2 plane, the MAG
population was separated from the others.

A Neighbor-Net tree based on the matrix of pairwise IBS distances for different
quail population individuals revealed a clearcut breed differentiation judging from the
distribution of individuals relative to each other in Figure 3.
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Table 2. Performance indicators 1 of females from the eight quail breeds studied (mean ± SD).

Breed 2 n EN EW
BW

IPI
6 Weeks 6 Months

Egg type
JAP (a) 41 165.4 ± 14.7 a 11.0 ± 0.9 a 146.7 ± 13.6 a 149.0 ± 13.2 a 12.2 ± 1.2 a

ENW (b) 11 134.8 ± 8.5 a,b 10.2 ± 1.0 a,b 157.6 ± 12.7 a,b 166.6 ± 9.0 a,b 8.3 ± 1.2 a,b

ENB (c) 11 133.4 ± 8.0 a,c 10.4 ± 0.9 c 151.5 + 15.0 c 159.5 ± 14.0 a,c 8.8 ± 1.4 a,c

TUX (d) 11 131.1 ± 7.4 a,d 10.2 ± 0.9 a,d 141.4 ± 10.5 b,d 149.0 ± 12.6 b,d 9.0 ± 0.8 a,d

MAG (e) 12 147.5 ± 4.5 a,b,c,d,e 10.6 ± 1.6 e 168.2 ± 17.2 a,c,d,e 180.1 ± 18.9 a,b,c,d,e 8.8 ± 2.1 a,e

Dual purpose
EST (f) 18 148.9 ± 9.7 a,b,c,d,f 11.8 ± 1.4 a,b,c,d,e,f 248.2 ± 10.6 a,b,c,d,e,f 247.3 ± 15.4 a,b,c,d,e,f 7.1 ± 1.1 a,b,c,d,e,f

Meat type
PHA (g) 12 118.2 ± 8.2 a,b,c,d,e,f 12.6 ± 0.8 a,b,c,d,e,f 292.3 ± 16.2 a,b,c,d,e,f,g 294.3 ± 19.5 a,b,c,d,e,f,g 5.1 ± 0.6 a,b,c,d,e,f

TEW (h) 23 121.4 ± 18.7 a,b,c,d,e,f 12.7 ± 1.0 a,b,c,d,e,f 305.5 + 21.3 a.b,c,d,e,f,g 317.7 ± 25.9 a,b,c,d,e,f,g 4.9 ± 1.0 a,b,c,d,e,f

1 n, number of individuals; EN, egg number; EW, egg weight (g); BW, female body weight at 6 weeks and 6 months
of age (g); IPI, Integral Performance Index. 2 Quail breeds: JAP, Japanese; ENW, English White; ENB, English Black;
TUX, Tuxedo; MAG, Manchurian Golden; EST, Estonian; PHA, Pharaoh; TEW, Texas White. (a–h) Significant
pairwise differences for breeds with the corresponding same superscript (p < 0.05); the absence of a corresponding
common superscript indicates that the differences between the specific two breeds are insignificant.

(a) (b)

(c)

Figure 1. Clustering reconstruction of the eight breeds studied using the IPI-based pairwise Euclidean
distances. (a,b) PCA plots for first (PC1) and second (PC2) components (a), and for first (PC1) and
third (PC3) components (b) using the Phantasus web tool [53]. (c) A Neighbor-Joining rootless axial
tree built with no proportional edge length and using the Neighbor Joining method [55] and the
online T-REX tool [54]. Quail breeds: JAP, Japanese; ENW, English White; ENB, English Black; TUX,
Tuxedo; MAG, Manchurian Golden; EST, Estonian; PHA, Pharaoh; TEW, Texas White.
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Table 3. Characterization of the genetic diversity parameters 1 in the quail populations studied.

Breed 2 HO (M ± SE) HE (M ± SE) UHE (M ± SE) AR (M ± SE) FIS [CI 95%] UFIS [Cl 95%]

Egg type
JAP 0.303 ± 0.001 0.310 ± 0.001 0.319 ± 0.001 1.864 ± 0.001 0.020 [0.016; 0.024] 0.046 [0.043; 0.049]

ENW 0.281 ± 0.001 0.273 ± 0.001 0.287 ± 0.001 1.778 ± 0.002 −0.029 [−0.033; −0.025] 0.020 [0.016; 0.024]
ENB 0.282 ± 0.001 0.276 ± 0.001 0.287 ± 0.001 1.774 ± 0.002 −0.019 [−0.023; −0.015] 0.020 [0.016; 0.024]
TUX 0.265 ± 0.001 0.263 ± 0.001 0.271 ± 0.001 1.730 ± 0.002 −0.010 [−0.014; −0.006] 0.022 [0.018; 0.026]
MAG 0.286 ± 0.001 0.285 ± 0.001 0.295 ± 0.001 1.790 ± 0.002 −0.005 [−0.009; −0.001] 0.031 [0.027; 0.035]

Dual purpose
EST 0.302 ± 0.001 0.295 ± 0.001 0.313 ± 0.001 1.839 ± 0.002 −0.025 [−0.030; −0.020] 0.032 [0.028; 0.036]

Meat type
PHA 0.290 ± 0.001 0.286 ± 0.001 0.301 ± 0.001 1.815 ± 0.002 −0.017 [−0.021; −0.013] 0.035 [0.031; 0.039]
TEW 0.282 ± 0.002 0.264 ± 0.001 0.284 ± 0.001 1.757 ± 0.003 −0.067 [−0.072; −0.062] 0.011 [0.006; 0.016]

1 HO, observed heterozygosity; M, mean value; SE, standard error; HE, expected heterozygosity; UHE, unbiased
expected heterozygosity adjusted for small samples; AR, rarefied allelic richness; FIS, inbreeding coefficient
[CI 95%, range variation of FIS coefficient at a confidence interval of 95%]; UFIS, unbiased inbreeding coefficient
[CI 95%, range variation of UFIS coefficient at a confidence interval of 95%] adjusted for small samples. 2 Quail
breeds: JAP, Japanese; ENW, English White; ENB, English Black; TUX, Tuxedo; MAG, Manchurian Golden; EST,
Estonian; PHA, Pharaoh; TEW, Texas White.

(a)

(b) (c)

Figure 2. GBS-based PCA plots for the eight quail breeds studied. (a) View in 3D. (b) Plot composed
in the plane of the first (X-axis, PC1) and second (Y-axis, PC2) components. (c) Plot drawn in the
plane of the first (X-axis, PC1) and third (Y-axis, PC3) components. Quail breeds: JAP, Japanese;
ENW, English White; ENB, English Black; TUX, Tuxedo; MAG, Manchurian Golden; EST, Estonian;
PHA, Pharaoh; TEW, Texas White.
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Figure 3. Neighbor-Net tree based on pairwise IBS distances. Quail breeds: JAP, Japanese; ENW,
English White; ENB, English Black; TUX, Tuxedo; MAG, Manchurian Golden; EST, Estonian; PHA,
Pharaoh; TEW, Texas White.

During the Admixture-assisted analysis of ancestor populations and genetic impurities,
calculations of the CV error for a different number of clusters (from 1 to 9) showed that
the optimal number of clusters (K) was equal to 3 (Figure 4a,b). At K = 5, two groups of
populations were clearly distinguished from each other as follows: (1) ENB + ENW + TUX,
and (2) JAP + EST + PHA, while two single breeds, MAG and TEW, were genetically unique
and distinct (Figure 4b). Clustering in the Admixture program (Figure 4c) demonstrated
that MAG at K = 3 and TEW at K = 4 formed their own specific genomic pattern that was
not observed in the other breeds. At the maximum tested level of clustering (K = 9), it was
found that the genomic components predominantly represented in PHA were also present
in EST and JAP, although this was already pronounced to a much lesser extent when K
equaled 6 to 9. Shared genetic components were also observed in ENB (K = 4), ENW (K = 6
and K = 8), and TUX (K = 9).

The ENB, ENW and TUX breeds that formed a separate cluster partially overlapped
each other. This was consistent with the history of the TUX descent through crossbreeding
between ENW and English ENB, as well as the selection of these breeds for egg production.
The formation of a joint cluster of JAP, EST, TEW and PHA breeds also conformed to the
history of their origin and breeding. In particular, when creating EST, the PHA, JAP and
ENW breeds were involved, and when developing TEW, the PHA breed was used.

To visualize the genetic distances between the studied populations, a dendrogram of
phylogenetic networks were constructed based on pairwise FST genetic distances (Supple-
mentary Table S2) and using the Neighbor-Net algorithm (Figure 5a).
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(a)

(b)

(c)

Figure 4. Admixture-assisted ancestry cluster analysis. (a) CV error calculations for different number
of ancestral populations or clusters (from 1 to 9). (b) Horizontal view at K = 3 and 5 clusters.
(c) Circular view for K equaling 2 to 9 clusters. Quail breeds: JAP, Japanese; ENW, English White;
ENB, English Black; TUX, Tuxedo; MAG, Manchurian Golden; EST, Estonian; PHA, Pharaoh; TEW,
Texas White.
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(a)

(b)

Figure 5. Phylogenetic trees based on FST genetic distances characterizing the genetic relationships
between the studied quail populations. (a) A reconstructed Neighbor-Net network. (b) A Neighbor-
Joining rootless hierarchical horizontal tree built with proportional edge length and using the Neigh-
bor Joining method [55] and the online T-REX tool [54]. Quail breeds: JAP, Japanese; ENW, English
White; ENB, English Black; TUX, Tuxedo; MAG, Manchurian Golden; EST, Estonian; PHA, Pharaoh;
TEW, Texas White.

The Neighbor-Net tree based on the values of pairwise FST genetic distances showed
that the PHA, EST and JAP populations formed a juncture branch and were located close
to each other at the bottom edge of the graph (Figure 5a), indicating their close genetic
similarity. The neighboring branch localization of ENW, ENB, as well as TUX on the
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reconstructed network (Figure 5a) suggested a high genetic similarity of these quail breeds,
too. The positioning of the MAG population at the root of the branch suggested that the
improvement of this breed occurred mainly due to the selection of purebred quails with
a low contribution from other breeds. TEW was also very clearly differentiated from the
other breeds, although it was included in one large cluster along with JAP, EST and PHA.
The Neighbor-Joining tree had a similar topology (Figure 5b).

Additionally, we analyzed the number and lengths of extended homozygous segments,
i.e., ROHs (Table 4, Figure 6).

As can be seen from Figure 6, the greatest numbers of ROHs were within short
(0.5–2 Mb) fragments. No ROHs longer than 16 Mb were found in the studied quail
breeds. Those longer ROHs may be indicative of recent inbreeding events, and they were
discovered in many studies in chickens (e.g., [59–61]). The largest number of fragments of
medium length (2–4 and 4–8 Mb) was found in TEW and TUX, suggesting both ongoing
breeding work aimed at consolidating desirable traits and the accumulation of homozygous
fragments due to the small population size in these breeds. The smallest number and length
of ROHs were observed in JAP and PHA.

All variants of migration events obtained using the TreeMix program and different
number of iterations (from 1 to 30) are presented in Supplementary Figure S1. The analysis
of migration events revealed the presence of expectable gene flows (migrations) between
the breeds. In particular, a migration from PHA to TEW was determined for the best
number of iterations (29 and 30; mean SE = 0.39; Supplementary Table S3). The respective
dendrogram and residual matrix (heat map) are shown in Figure 7. When using other
iteration numbers, there were also eight additional observations for the gene flow events
between PHA and TEW (Supplementary Figure S1). This was fully confirmed by the known
fact of using PHA as one of the progenitor breeds in the creation of TEW. In addition, it can
be noted on the other graphs (with different number of iterations; Supplementary Figure S1)
that another migration was repeated most often (15 of 30 iteration variants) between ENB
and JAP. This also fits perfectly into the origin history of ENB as a mutation of JAP. Four
cases of migrations between the ancestor of ENB, ENW and TUX were also observed, which
is supported by the facts that ENB and ENW are mutants of JAP and TUX stemmed from
crossing ENW and ENB (Table 1).

Table 4. Runs of homozygosity (ROHs) descriptive statistics 1 for the studied breeds.

Breed 2
ROH Length, Mb (M ± SE) ROH No. (M ± SE) FROH (M ± SE)

Average Min Max Average Min Max Average Min Max

Egg type
JAP 99.04 ± 5.55 48.71 138.58 75.89 ± 3.38 49 104 0.119 ± 0.007 0.06 0.17

ENW 140.00 ± 16.88 8.43 216.10 96.82 ± 10.55 7 133 0.169 ± 0.020 0.01 0.26
ENB 142.92 ± 11.32 58.47 201.15 101.23 ± 6.37 54 137 0.172 ± 0.014 0.07 0.24
TUX 173.54 ± 13.36 36.79 237.00 122.50 ± 7.81 31 164 0.209 ± 0.016 0.04 0.29
MAG 132.63 ± 5.77 91.63 174.35 98.64 ± 3.93 69 121 0.160 ± 0.007 0.11 0.21

Dual purpose
EST 114.11 ± 8.23 56.47 137.53 83.11 ± 4.83 49 98 0.137 ± 0.010 0.07 0.17

Meat type
PHA 112.18 ± 7.86 62.22 157.96 85.80 ± 5.01 54 108 0.135 ± 0.009 0.07 0.19
TEW 150.66 ± 9.54 115.13 191.32 105.43 ± 4.74 87 122 0.181 ± 0.011 0.14 0.23

1 ROH No., number of ROHs in a genome; Mb, megabases; M, mean value; SE, standard error; ROH Length,
overall length of ROHs in a genome; FROH, inbreeding coefficient calculated based on ROHs. 2 Quail breeds:
JAP, Japanese; ENW, English White; ENB, English Black; TUX, Tuxedo; MAG, Manchurian Golden; EST, Estonian;
PHA, Pharaoh; TEW, Texas White.
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(a) (b)

Figure 6. Descriptive statistics of the runs of homozygosity (ROH) according to ROH length class.
(a) Overall mean length of ROHs (Y-axis) according to ROH length class (X-axis; 0.5–2, 2–4, 4–8 and
8–16 Mb) (b). Mean number of ROHs (Y-axis) according to ROH length class (X-axis; 0.5–2, 2–4, 4–8
and 8–16 Mb). Quail breeds: JAP, Japanese; ENW, English White; ENB, English Black; TUX, Tuxedo;
MAG, Manchurian Golden; EST, Estonian; PHA, Pharaoh; TEW, Texas White.

Figure 7. Assessed degree of divergence and the level of gene flow between the studied breeds
using 30 iterations. (a) Rooted maximum likelihood tree with one migration event. Cut length 10
s.e. corresponds to ten times the average standard error (s.e.) estimated from the sample covariance
matrix. Estimated gene flow is shown by an arrow pointing from a donor population (PHA) to a
recipient one (TEW) and is colored red in proportion to the intensity of the gene flow. (b) Residual
matrix derived from the TreeMix analysis for a single migration event expressed as the number of
standard error deviations for the observations in the respective breeds. (c) Plot representing the
proportion of variance (f -index) in the sample covariance matrix (¶W) accounted for by the model
covariance matrix (W) as a function of the number of migration events. Quail breeds: JAP, Japanese;
ENW, English White; ENB, English Black; TUX, Tuxedo; MAG, Manchurian Golden; EST, Estonian;
PHA, Pharaoh; TEW, Texas White.
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4. Discussion

In the era of integrative agriculture, there is a need, in the process of monitoring,
breeding and selection, to link genetic and genomic technologies to breeding regimes for
economically important traits (e.g., [24,62–65]). Performance traits are highest on the list
for analysis. Many crucial areas of agricultural production and research such as plant and
animal breeding and trait mapping call for reliable and scalable genotyping tools. One such
approach that is ideal for non-human organisms is GBS [66–70], which can be effective
for integrating genomic and performance data. In this regard, we made an attempt to
demonstrate how “congruent” interbreed patterns of genomic architecture are with those
for productivity traits in quails. In our GBS study, we, for the first time, collated and
compared eight breeds of domestic quail. These represent a large share (~11%) of the world
gene pool of quail breeds and three purposes of their use (in terms of productive traits), and
they also illustrate the evolutionary component of the selection of individuals in the process
of domestication and breeding of this bird species. Having assessed the performance traits
and using IPI, we quite accurately confirmed the initial (conventional) classification of
these breeds that has been established in the quail breeding practice depending on their
selection direction and utility type.

The revealed phylogeny pattern based on genomic data, however, had a lower con-
gruence with the breed configuration obtained from productivity traits using IPI. We note
that the egg-type breeds TUX, ENB and ENW, which form a single cluster according to
genomic data (see, for example, Figure 5), are located in Table 2 on three adjacent rows
(with IPI from 8.3 to 9.0). Similarly, it can be seen that the meat-type breeds PHA and TEW,
also located on two adjacent rows in Table 2 (IPI = ~5), were included in one large cluster
on the phylogenetic tree. No other similar patterns were observed. Apparently, genomic
data reflect not only the selection direction and utility type (due to specific breeding work
with breeds), but also other features of the breeds, e.g., the history of their development
(namely, the original breeds and populations), as well as genetic processes occurring in
individual populations (gene flow, genetic drift, random or purposeful crossbreeding, etc.).
Taking into account all of the above, we can confirm that, in a general sense and to a certain
degree, data on history, management and phenotype are congruent with the description of
the diversity between breeds/populations (e.g., [71]).

When analyzing genetic diversity of the eight breeds, we observed the difference
between inbreeding measures based on FIS and ROH metrics. Most likely, these different
estimates were a consequence of different approaches to calculating the two inbreeding
indices. The FIS score is calculated based on the observed and expected heterozygosities
and reflects a lack (or excess) of heterozygotes, while FROH conforms to the proportion of
homozygous regions in the genome. The latter estimate appears to be more accurate than
the former one because it directly assesses genomic homozygosity. These two indicators are
normally calculated and reported in similar studies (e.g., [59,61,70]) to describe different
aspects of the defined genomic diversity and homozygosity.

To date, there have been a number of investigations focusing on the genetic diversity
in quails. These studies were mainly related to the assessment of the genotypes of domes-
tic and wild quails in order to characterize the genetic structure of populations in these
species [22,72,73], as well as the issues of their hybridization in the wild [74–76]. Most of
the work in this area was executed using microsatellite and mtDNA markers [72–77]. How-
ever, the use of conventional molecular markers has drawbacks and limitations in the case
of both mtDNA (e.g., [78–80]) and microsatellite markers (e.g., [81,82]). SNP-assisted appli-
cations are more advantageous (e.g., [83,84], and as demonstrated herein). In this paper,
to explore the biology of different quail species, we employed a relatively new approach
through the use of SNPs obtained via whole-genome sequencing and subsequent GBS
analysis. The relevance and efficiency of implementing GBS for genome-wide genotyping
has also been demonstrated in other poultry, model and non-model, species, including
chickens [85], ducks [86,87] and geese [88]. For instance, Grzegorczyk et al. [88] studied
the genetic diversity and phylogenetic relationships of 12 Polish goose breeds using the
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GBS approach and identified SNPs associated with economic traits. Zhu et al. [86] devel-
oped and tested the GBS protocol for ducks, which resulted in 169,209 significant SNPs.
Using GBS in ducks, SNPs and genes associated with plumage color [87] and 18 carcass
traits [89] were also identified.

This approach can sometimes be employed in combination with traditional molecular
markers. For example, Mathur and DeWoody [90] examined the genetic diversity of three
populations of the wild Montezuma quail (Cyrtonyx montezumae) using whole-genome
sequencing data from 74 quails. Ogada et al. [22] utilized both mtDNA and GBS analyses to
investigate the genetic diversity and demographic history of wild African harlequin quail
populations of Siaya County. In the current study, we demonstrated the effectiveness of
SNPs, as the currently most used molecular markers, and the GBS approach for a genome-
wide comparative assessment of different breeds of domestic quail. At the same time, we
confirmed the high resolution and analytical power of the GBS-derived SNP scanning
method for solving problems in modern genetic research, as has been previously shown in
similar studies [83,91]. For instance, Weigend et al. [83] reported the evaluation of clustering
accuracy for 10 chicken populations into 10 cluster groups based on microsatellite markers
and SNPs. Given that the SNP data generally contained more alleles than microsatellites,
these two sets of data allowed a comparison between microsatellites and SNPs as genetic
markers for biodiversity research in favor of more informative genome-wide SNPs.

Using GBS analysis for the first time to analyze the genomes of different domestic
quail breeds, we observed a lower genetic diversity in TUX as compared to JAP quails
(UHE = 0.265 vs. 0.319; Table 3). A possible reason for this may be genetic drift in the TUX
population that is small in size (13 animals) and has been bred for a long time as a closed
population. At the same time, the higher level of genetic diversity in JAP may also reflect
the crossbred origin of the individuals used in this study. Our study confirmed that GBS
analysis can be considered an appropriate tool for investigating intraspecific differentiation.
Therefore, the discovered similarities/differences can be used as a marker of gene flow
among the studied breed samples as was shown by us here as a result of TreeMix-assisted
analysis of migration edges.

The results of PCA plotting, Neighbor-Net and Admixture clustering and other related
genomic analyses (Figures 3–7) clearly distinguished quail breeds and utility types in line
with their specific genetic origins and selection for economically important traits. This dif-
ferentiation can provide important information for the collection, conservation, research and
utilization of quail genetic resources as shown in other poultry breeds [26,92–96]. In particular,
using two genetically divergent breeds, JAP and TEW (e.g., Figures 2, 3 and 5), we recently
created a model resource F2 population to perform a GWAS analysis of growth dynamics in
quails [97]. As a result of crossing these two contrasting breeds (slow-growing egg-type JAP
and fast-growing meat-type TEW), the F2 population had a significant range of variability
in BW and other phenotypic traits and was instrumental in identifying a series of SNPs
associated with BW and a number of the respective candidate genes [97].

Collectively, based on SNP genotypes using GBS analysis, our findings illustrated
phylogenetic relationships for the eight quail breeds that represented the egg type, meat
type and dual purpose of use. The phylogenetic trees built on the basis of GBS data showed
that the JAP, PHA and EST breeds were genetically similar to a certain degree. In addition,
according to the obtained tree configuration, it can be argued that these three breeds can be
especially valuable sources of genetic variability since they were close to the root of the
phylogenetic tree. MAG and TEW can be classified as genetically more distant relative
to the other breeds studied and to one another. The clustering of ENB, ENW and TUX
into one group corresponded, in terms of their relatedness, to the historical records of
the development of these breeds. Overall, we were able to show that GBS analysis is an
efficient and useful instrument for elucidating genomic architecture and divergence across
different quail breeds.
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5. Conclusions

Using the GBS molecular method in the present investigation, we evaluated, for
the first time, the genetic diversity of the eight quail breeds (representing about 11% of
the global quail germplasm) and identified their evolutionary relationships suggesting
a possible relation to their performance. In particular, the respective genetic divergence
was shown for the egg (JAP, ENW, ENB, TUX and MAG), meat (TEW and PHA) and
dual-purpose (EST) utility types. This study contributes to the identification of genetic
differentiation and determination of relatedness between the studied breeds. In addition, it
was demonstrated for the first time that the GBS analysis method is instrumental in the
intra- and inter-breed assessment of genetic variation in domestic quails. The information
reported here facilitates a deeper understanding of the processes of breed formation and
selection in quails and can be further used to improve their economically important traits
by identifying significant SNPs and candidate genes associated with these traits.
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www.mdpi.com/article/10.3390/ani13223439/s1, Figure S1: Assessment of the degree of divergence
and the level of gene flow between the studied quail breeds; Table S1: Pairwise interbreed Euclidean
distances obtained for breed IPI values using the Phantasus program; Table S2: Pairwise FST-based
interbreed genetic distances; Table S3: Mean SE values according to iteration number when calculating
migration events obtained using the TreeMix program.
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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
microbiomes. 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.
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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).
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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.

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).

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).

 
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 mam-
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mals and 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]. Unfor-
tunately, 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).
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Simple Summary: Limiting inbreeding rates in farmed populations is crucial to ensuring long-term
commercial viability. This task is particularly challenging in the aquaculture of mass communal
spawning species, such as the yellowtail kingfish (Seriola lalandi). This reproductive strategy often
results in a skewed parental genetic contribution while introducing additional complexities in
parentage determination (c.f., controlled matings). To overcome these issues, we developed a
marker panel based on genotyping-by-sequencing spanning 300 SNPs for parentage determination.
Panel performance was satisfactory, which advocates for its employment to increase the long-term
sustainability of this aquaculture resource when implementing breeding programs.

Abstract: Developing sound breeding programs for aquaculture species may be challenging when
matings cannot be controlled due to communal spawning. We developed a genotyping-by-sequencing
marker panel of 300 SNPs for parentage testing and sex determination by using data from an in-
house reference genome as well as a 90 K SNP genotyping array based on different populations
of yellowtail kingfish (Seriola lalandi). The minimum and maximum distance between adjacent
marker pairs were 0.7 Mb and 13 Mb, respectively, with an average marker spacing of 2 Mb. Weak
evidence of the linkage disequilibrium between adjacent marker pairs was found. The results
showed high panel performance for parental assignment, with probability exclusion values equaling
1. The rate of false positives when using cross-population data was null. A skewed distribution of
genetic contributions by dominant females was observed, thus increasing the risk of higher rates of
inbreeding in subsequent captive generations when no parentage data are used. All these results
are discussed in the context of breeding program design, using this marker panel to increase the
sustainability of this aquaculture resource.

Keywords: seriola; inbreeding; genotyping-by-sequencing

1. Introduction

The yellowtail kingfish (Seriola lalandi) is a pelagic carnivorous fish that inhabits trop-
ical and temperate waters of the Southern Hemisphere and the Northern Pacific, with
known populations in Australia, New Zealand, Japan [1], the Southeast China Sea [2], the
Mediterranean Sea [3], and the Pacific coast of South America [4–6]. As the demand for
yellowtail kingfish continuously grows and fishery quotas have reached maximum lev-
els [3], commercial aquaculture production of this species has been successfully established
in Australia [7], the Netherlands, and Denmark, while the establishment of new farms has
been planned in New Zealand [8] as well as North and South America [9,10].

The complete production cycle of S. lalandi has been successfully set up along the
northern coast of Chile [10]. However, relatively little attention has been paid to a proper
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understanding of the genetic structure and diversity of both natural and captive populations
of this species. In countries such as Germany, the Netherlands, and the USA, commercial
aquaculture has been established using juveniles from single farms (particularly from
Chile, Juan Lacamara, Pers. Comm.), where broodstock were initially sourced from natural
fisheries, often with little or no attention to genetic diversity [4]. Nevertheless, such
practices are not compatible with the long-term viability of the industry [11].

Traditional pedigree-based breeding programs for S. lalandi can also prove challenging.
Similar to many other species, S. lalandi is a communal broadcast spawner that readily
breeds in captivity without requiring hormonal inductions or gamete stripping for in-vitro
fertilization (IVF) [7]. While this trait is highly beneficial for practical husbandry and
production purposes, the absence of controlled matings prevents the holding of progeny by
family, which allows for simple (non-molecular method) pedigree tracking. Combined with
their high fecundity rate and propensity for skewed parental contribution [7], there is a
high risk that high inbreeding rates arise in breeding programs, leading to a rapid reduction
in effective population size (Ne) [12–17]. Furthermore, the difficulty in securing an even
representation of all the broodstock in single production batches adds complexity for
accurately assessing genetic parameters. For example, heritability and genetic correlations
for harvest traits estimated in a commercial population were in most cases not statistically
significant, which is likely due to the low number of parents (8 sires and 6 dams) used for
estimation of such parameters [18,19].

For this reason, it is necessary to develop accurate marker panels to assess parentage
while using pedigrees as a tool to control the rates of inbreeding and maintain genetic
diversity in sustainable breeding programs. Genetic studies for paternity testing have
so far been carried out using microsatellite markers developed from other species of the
same genus [4,20]. Using heterologous microsatellites can introduce biases when assessing
population variability; for instance, null alleles and homoplasy may falsify the genetic
structure and parentage testing.

The aim of this study is to develop a novel genotyping-by-sequencing (GBS) marker
panel for parentage testing using single nucleotide polymorphism (SNP) data obtained from
a genotyping array and a whole S. lalandi genome assembly, as presented elsewhere [21]. We
focused our attention on the performance of this panel under real experimental conditions,
considering the information of progeny data from two source populations, one native to
Chile and another to New Zealand (NZ). This information was used to calculate predicted
inbreeding rates using the genetic contribution theory and variation in family size. The
results are discussed from the perspective of developing breeding programs for “these
new” aquaculture species that are effective in increasing the genetic gain while constraining
the rates of inbreeding.

2. Materials and Methods

2.1. Production System and Data Sampling

Fish from Chile were sampled from a captive S. lalandi broodstock population held in
Acuinor S.A. Company’s facilities in Caldera City, located in the Atacama Region. These
fish were captured from a wild population at Punta Frodden as well as from different
locations near Caldera (27.0◦ S; 70.8◦ W) and kept to conform to the base population of
the national S. lalandi breeding programs (56 dams and 51 sires). The individuals were
arranged in four independent breeding units (R1, R2, R3, and R4 with about 20–30 fish per
tank). Hence, they were exposed to different photoperiods and temperature increases to
ensure the availability of larvae throughout the entire year. The progeny was reared under
standard farm conditions, and the fish were kept until harvest at about 3 Kg in different
Recirculating Aquaculture Systems (RAS) units. We sampled fin clips from all Chilean
broodstock and 161 randomly sampled progeny from the different breeding units (R1, R2,
and R3) produced by mass spawnings. All fish were anaesthetized before sampling using
MS-222 as part of the management plan to measure production variables.
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Fish from New Zealand (n = 31) were sampled from a captive broodstock originated
from the east coast of the Northland province (35◦ S, 174◦ E) North Island and was kept in
captivity for 2 to 8 years. The animals had been held at the NIWA Northland Aquaculture
Centre, located in Ruakaka.

Fin clips were kept frozen or in >70% ethanol before DNA extraction. Genomic DNA
was extracted using the NucleoSpin® Plant II kit (Macherey-Nagel®, Düren, Germany)
according to the manufacturer’s instructions. The samples were quantified using a Qubit
fluorometer (Thermo Fisher Scientific, Waltham, MA, USA) with the Qubit dsDNA BR
Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA). DNA was normalized to a final
concentration of 2 ng/μL.

2.2. Genotyping-By-Sequencing (GBS) Panel Construction

The marker panel was developed using the genomic resources within the national
breeding program of S. lalandi. To develop the genetic resources needed for its implementa-
tion, we first produced an in-house genome assembly for the species. This reference was
developed by sequencing a single male with a coverage of 70× using a mixture of single
and mate Illumina pair-ends reads. The draft genome was assembled using MaSuRCA [22]
with the default parameters. An additional 34 individuals (17 males and 17 females) were
sequenced at 10× coverage to discover SNPs using the scaffolds obtained by MASURCA
and the procedures explained below. These fish were also used to discover SNPs associated
with the sex determination gene, that appeared to be causal [23]. We used 90 K SNPS
selected (out of more than 5 million SNPs discovered) to develop the 90 K-SNP genotyping
array (constructed by ThermofisherTM, Waltham, MA, USA). Scaffolds were anchored to
linkage groups with CHROMONOMER [24] using the linkage distance between 90 K SNPs
markers as obtained from the genotyping array using LEP-MAP (we used information on
200 progeny from 10 full sibs families to generate the linkage map [25]). The assembled
genome comprised 24 linkage groups with a total genome size of about 657 Mb encompass-
ing 95% of the total expected genome. More detailed information will be provided in a
separate study (in preparation [23,26]).

Selected markers used for the construction of the GBS panel were obtained from
genotype data of the base (founder) population of the national Chilean breeding programme
of S. lalandi. In this case, a total of 300 SNPs were selected using genotype data obtained
from the 90 K-SNP-genotyping array of the S. lalandi broodstock population [23] as obtained
from data from the broodstock population genotyped with the 90 K-SNP-genotyping array.
The SNPs (280 markers) used for parentage assignment in the panel were evenly placed
across all 24 linkage groups. The markers were selected based on informativeness using
a minimum allele frequency (MAF) of 0.34. The average marker spacing is 2 Mb (the
minimum and maximum distances between pairs of markers were 0.7 Mb and 13 Mb,
respectively; see Figure 1). All the markers selected for the panel followed Hardy-Weinberg
equilibrium in the broodstock population and showed no linkage disequilibrium within
linkage groups. We included 20 markers in the vicinity of the diagnostic SNP used for
sex prediction (these markers were obtained from a genome-wide association analysis as
explained above and will be published in a separate study [23,26]).

For obtaining the actual genotypes of the progeny, a targeted GBS protocol was used. A
total of 300 primer pairs were developed based on proprietary software from Thermo Fisher
(https://www.thermofisher.com/cl/es/home/global/forms/agriseq-breeding.html (ac-
cessed on 20 January 2021); Thermo Fisher Scientific, Waltham, MA, USA). A total of
192 libraries were prepared using AgriSeq™ HTS Library Kit (Thermo Fisher Scientific).
Libraries were genotyped using the Ion 540 Chef kit along with the Ion 540 Chip (~80 mil-
lion reads) kit (Thermo Fisher Scientific). Sequences were mapped to the S. lalandi genome
assembly using BWA [27]. SAM files were sorted with SAMtools [28], and PCR dupli-
cates were removed using SAMBAMBA [29]. SNPs were identified using FreeBayes
(https://arxiv.org/abs/1207.3907v2 accessed on 30 March 2021) with default settings.
The initial set of SNPs identified was filtered using vcftools [30] based on the following
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criteria (derived from the FreeBayes output): (1) a Phred-scaled SNP quality score with
significance greater than 30; (2) minimum allele frequency of 0.49; (3) maximum percentage
of missing values of 0.20; and (4) the maximum number of alleles as 2.

 
(a) 

 
(b) 

Figure 1. (a) Number of markers per chromosome (Y-axis) versus chromosome (linkage group: LG)
size in Mb (assume 1cM equals Mb: X-axis). The linkage group 14 (LG14) included the markers for
sex determination. (b) Markers used for the GBS panel and MAF. The outer layer shows the genome,
the second layer (rectangle) shows the position of the markers, while the third, fourth, and fifth layers
the observed MAF for the New Zealand and Chilean populations.
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2.3. Genotype Detection and Parentage Analysis Using the GBS Panel

SNP variation statistics were obtained separately for the different datasets (New Zealand
(n = 31) and Chile (n = 161)) when using the GBS panel. We calculated minimum allele
frequency (MAF), Hardy-Weinberg χ2 statistics, and observed heterozygosity (He) using
PLINK [31]. The cumulative probability of exclusion (CPE) for single-parent (CPE-1) and
both-parent inference (CPE-2) were calculated using formulae of Jamieson and Taylor [32],
as well as the polymorphic information content (PIC) with equations obtained from [33].

Parentage assignment was carried out using data from the Chilean broodstock (which
was genotyped by the 90 K genotyping array) and progeny (161, as explained above) with
AlphaAssign [34]. This procedure relies on a maximum likelihood approach to infer parents
(sires or dams) using default parameters. In practice, sex is predicted at the progeny level
with the GBS marker panel, making it possible to independently assign sires or dams in
the next generation when selecting potential broodstock from the progeny available. This
is expected to increase the accuracy of the procedure by reducing the number of possible
single-parent (sire or dam) and progeny pairs when calculating the likelihood [35]. Since
we did not use the GBS panel for genotyping the parents, we obtained genotypes of the
parental generation by extracting the markers selected for the GBS panel from data obtained
from genotypes of broodstock using the 90 K-SNP-genotyping array.

The predicted rates of inbreeding were calculated using two different methods. The
first one uses genetic contribution theory, assuming random selection and discrete genera-
tions [36]. In this case, an estimate can be obtained by using the following approximation
(Equation (1)):

ΔF =
1
4

[
∑ r2

i

]
(1)

where ri is the mean parental genetic contribution for each parent calculated, from gen-
eration 0 to generation 1, using the predicted pedigree. The mean genetic contributions
were obtained from the additive relationship values between parents and progeny and
then averaged over the total number of progenies. The values of ri summed over each sex
(dam or sires) equal 0.5.

We also used the method derived by [37] for estimating inbreeding effective size that
incorporates the offspring contribution (Equation (6), without selfing from [37]), as:

Ne =
2S − 2

∑ (k2
i )

2S − 1
(2)

where S is the total number of progenies, and ki is the family size for each of the parents
(males and females). This method is subject to relatively large standard errors when the
number of parents is large and the number of offspring is small (giving an upward bias
to Ne, as obtained from simulations [37]). The estimates of the rates of inbreeding and
effective size were obtained as follows:

ΔF =
1

2Ne
(3)

The effective numbers of founders (ENF), was calculated as [38]:

ENF = 1/
[
∑ ri

]
(4)

All these calculations were carried out using PEDIG [38] and Excel spreadsheets,
using the pedigree predicted with AlphaAssign. Estimates of Ne and predicted rates of
inbreeding were obtained using information from all the breeding units together as well as
separately.
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3. Results

3.1. Genotyping-By-Sequencing (GBS) Marker Panel Assessment

We assessed the informativeness of the GBS marker panel across the different popula-
tions analyzed (New Zealand and Chile). After sequencing, a total of 188 out of 192 samples
passed with a minimum sample call rate of 97% (with an average of 98%). The average
coverage was 1152× per marker. Seven SNP markers did not pass the quality control since
they had a low call rate and were excluded. One additional marker showed a MAF equal
to 0 in the progeny. Therefore, a total of 272 markers were mapped to the 24 chromosomes
using BWA (Supplementary Table S1; Figure 1a). These markers were used in the final
parentage analysis based on the GBS panel, and 20 markers were used for sex prediction.
The list of SNPs and their detailed information is given in Supplementary Table S1.

When examining the 272 markers used for paternity testing, MAF values ranged from
0.11 to 0.50, with an average of 0.36 for the entire dataset (Figure 1b). The percentage of
SNPs with a MAF between 0.40 and 0.50 was 36% and 40%, respectively, for the Chilean
and New Zealand populations. In addition, the average polymorphic information content
(PIC) was 0.50 and 0.53 for the Chilean and New Zealand populations, respectively. The
realized average linkage disequilibrium (r2) between adjacent marker pairs within chromo-
somes was 0.05 and 0.04 for the Chilean and New Zealand populations, respectively. In
addition, the CPE for single-parent (CPE-1) and both-parent (CPE-2) inference were in all
the populations higher than 0.999.

3.2. Parentage Testing and Distribution of Genetic Contributions

The average likelihood difference between unrelated parents (sires or dams), which is
calculated to assign parentage, was substantially higher than in the case of chosen candidate
parents using all marker data (these values were calculated with AlphaAssign using default
parameters, Figure 2). The parents that were not assigned to offspring had values for the
likelihood difference near zero. We tested individuals from New Zealand (as progeny) with
putative parents from Chile. In this analysis, no putative sires or dams were assigned to the
individuals coming from the New Zealand sample population, so the rate of false positives
was negligible (data not shown).

 
Figure 2. Histogram of the likelihood difference between the chosen candidate (sires or dams)
and unrelated sires or dams for each progeny evaluated using all markers included in the panel
(272 SNPs).

We tested different scenarios to assess the effect of the number of markers and the
performance of the maximum likelihood approach for assessing parentage (Figure 3). This
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was achieved by randomly deleting markers used to infer parentage with PLINK using the
thin option. We found a linear trend between the number of markers and the difference
between the likelihood for a specific set of markers and the full set of markers (the ratio
of the average difference between the likelihood for a reduced set of markers and the full
set of markers was 20 to 100%). The linear regression coefficient was about 0.04 units per
marker (Figure 3a). The probability of non-assignment (using the number of parents not
assigned due to a reduced likelihood difference from the total number of parents assigned)
is highly dependent on the number of markers. The threshold for accurately assigning
parental data was about 150 markers. (See Figure 3b, in which the value of the proportion
of non-assignment remains at a maximum value of 5% after 150 markers).

 
(a) (b) 

Figure 3. (a) Ratio of the average difference between the likelihood (PL) of the chosen parent and
an unrelated individual for a different number of markers (expressed as a proportion when using
all markers); (b) Proportion of non-assignment (PNA) given a different number of markers used for
parentage testing.

The parental assignment revealed an extreme asymmetry in the parental contributions,
particularly concerning the females (Figure 4). In the more extreme case, a dam was
indicated as the single parent of almost all the progeny in one of the production batches
(see Figure 4 and Table 1). The mean number of offspring per dam (17 out of 55 dams were
assigned) was 12, with a very high variance (293). The males contributed more evenly to
the gene pool. The average offspring count of males (36 out of 51 males were assigned) was
6, but with a much lower variance (24).

 
(a) (b) 

Figure 4. Bubble graphs showing the mean genetic contributions of single dams (a) and sires
(b) across different breeding units. The Y-axis denotes the proportion of offspring per dam and sire.
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Table 1. Predicted rates of inbreeding and effective population size (Ne) for different production
batches. DF1 (Predicted rate of inbreeding: Wooliams and Thompson, 1991); Ne1 (Ne: Wooliams and
Thompson, 1991); DF2, (Predicted rate of inbreeding: Waples and Waples, 2005); Ne2 (Waples and
Waples, 2005); ONF (Observed number of females); ONM (Observed number of males); NF (Number
of contributing females); NM (Number of contributing males); ENF, (Effective number of founders);
Ekf (Average family size of females); Ekm (Average family size of males); Vkf (Variance of family size
of females); Vkm (Variance of family size of males). R3′ corresponds to a different production batch
from the breeding unit R3.

Breeding
Unit

ΔF1 Ne1 ΔF2 Ne2 ONF ONM NCF NCM ENF Ekf Ekm Vkf Vkm

R1 0.06 7.9 0.12 4.1 18 13 5 9 4 7 4 192 17
R2 0.06 8.6 0.09 5.8 15 9 5 10 4.9 12 3 292 6
R3 0.07 7.4 0.11 4.5 13 15 3 6 3.7 12 4 96 1
R3′ 0.04 12.7 0.06 9.2 13 15 7 14 7.1 9 3 115 21

Overall 0.02 23.8 0.03 15.1 46 35 17 41 13.3 12 6 293 25

The predicted rates of inbreeding varied significantly between methods, especially
when considering individual breeding units. Overall, it was lower when using the method
using genetic contributions (Table 1). Nonetheless, the predicted rates of inbreeding were
in general very high when considering specific production groups, which is not surprising
given the very low numbers of parents contributing within each batch, ranging between
ΔF1 4% and 7% and ΔF2 ranging between 6% and 12% (Table 1). When considering all the
groups together, the predicted rate of inbreeding was about 2.1% and 3.3% for DF1 and
DF2, respectively. This gave the values of the effective population sizes of about 23.8 and
15.1 for Ne1 and Ne2 (see Table 1). The effective number of founders was about one-third
the number of breeders contributing progeny in the next generation (Table 1).

4. Discussion

Molecular parentage testing in aquaculture has been traditionally carried out using
microsatellites [20]. However, the general lack of species-specific standardized panels pre-
vents efforts to automate the process, resulting in microsatellites not being routinely used
for parentage analyses as a tool to control inbreeding. Furthermore, many microsatellites
developed on congeners (e.g., S. quinqueradiata) are not usable due to their low informative-
ness and the presence of null alleles. Indeed, our research team showed that 10 out of 25
non-focal microsatellites are useless for parentage analysis [20]. Additionally, microsatellite
panels are not useful for sex determination, requiring a separate step of high-resolution
melt PCR [21]. For all these reasons, it is important to develop marker panels using SNPs,
which are faster to obtain, more accurate, and cheaper when compared with microsatellites.

In this study, the realized value for the cumulative probability of exclusion for a single
or both parents was 1, suggesting that the GBS marker panel of 272 markers can be used
very efficiently for parentage testing in captive S. lalandi populations. In fact, when using
only 150 SNPs as markers, there is enough power to perform parentage analysis (Figure 3),
with a rate of non-assignment lower than 5%. We also found that false positives are rare,
since when performing parentage testing on an unrelated population, no related parents
were obtained when more than 150 markers were used.

4.1. Predicted Rates of Inbreeding in S. lalandi

The predicted rates of inbreeding calculated in this study should be interpreted as
long-term estimates and not as forecasts of average inbreeding in the next generation.
Furthermore, these rates should be thought of as rough estimates as they only rely on
information from a relatively low number of single spawning events over limited time
spans. Therefore, the genetic contributions are not at their asymptotic values, leading
to an underestimation of the rates of inbreeding in the long term. This can be seen in
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Table 1, where values based on genetic contributions are smaller than estimates from
another study [37].

Some unintentional selection is likely ongoing in the population since, in large pro-
duction batches, individuals are graded to optimize feeding practices while decreasing
the rates of cannibalism [39]. This preselection phase may explain, to a certain degree,
the high variance of some of the parents assigned. Nevertheless, specific females seem
to dominate single spawning events since they appear in half-sib maternal families with
several males, which is in accordance with what had previously been observed in this
species [40]. Therefore, inbreeding is of concern in this species since, without intervention,
it will be extremely high within a short time, and strategies to control its rates are needed.

Overall, the predicted inbreeding rates in our breeding units were generally very high.
In all cases, values of the effective population size were much smaller than the ones required
to reduce the risk of extinction in species with high reproductive output [14,35,41]. In
practice, a cumulative number of spawnings should be used in order to secure a sustainable
breeding program (see below). This means that the generation interval will be higher when
compared with other species (i.e., salmonids), since multiple egg batches should be kept
over longer time spans.

There is some scope to constrain the rates of inbreeding by avoiding mating between
related individuals, at least in the short term. In our case, since the founders of the
population are the actual broodstock used for parentage testing, it is straightforward to
select replacements based on the minimum inbreeding (using the progeny candidates) using
a rotational mating scheme. This system has been devised in the classical paper by Kimura
& Crow [42] and applied to Coho salmon (Oncorhynchus kisutch) to replace broodstock [43].
Nevertheless, this methodology would only be useful for the short term, and a high rate
of inbreeding has been observed in the long term [14]. In this mating system, broodstock
was kept in a few separate groups, and males were transferred sequentially and circularly
between neighboring groups, which were kept isolated [44]. In the simplest system to
be considered, n males and n females were arranged alternately so that each potential
sire or dam mated with individuals of a neighboring reproduction unit. In this classical
system, the second generation is the product of a half-sib or full-sib mating (when dams
are also replaced). We have applied this replacement method by sequentially assigning
sires and dams to unrelated reproduction units (R1, R2, R3, and R4). This procedure
gave null inbreeding in the second generation, as expected since the co-ancestry between
breeders within tanks was still 0 (only unrelated founders are available in generation 0).
Further investigation is needed to understand the consequences of this type of mating in
the long term.

4.2. Low-Density Marker Panels, Genomic Prediction, and Two-Stage Selection Programmes

We have shown that specific progeny batches represent a reduced number of founders
from the previous generation, even though the number of progenies can be large (since
potentially millions of eggs are produced in each spawning event). This situation will
lead to a series of practical problems when implementing genomic breeding programs
in practice.

First, if a reduced number of batches are produced in each generation, it will be
difficult to predict accurate breeding values using SNPs since the associations between
markers and quantitative trait loci (QTL) would not represent associations at the population
level (most of the information will come from a small number of full-sib families). Secondly,
progeny from single spawning events are related to half-sib maternal families, and therefore
(when mated), they will produce inbred offspring. In the case of S. lalandi, several batches
are produced within a year, but the progeny of each batch [30] mostly originates from a
single dominant female (Figure 4 and [20,40]). For these reasons, it is important to include
selection candidates from as large a number of batches as practicable in order to represent
a significant proportion of the genomic variation at the population level.
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Secondly, one major issue in developing breeding programs for S. lalandi using ge-
nomic information is the genotyping cost of using, in particular, SNP-genotyping arrays.
The price of the GBS marker panel is about 10% of the cost of the full genotyping ar-
ray, giving some scope for implementing profitable selection programs, as we detailed
as follows.

We have previously found that in salmonids, a two-stage selection program gave the
most profitable breeding results at the expense of maximum genetic gains and constrained
rates of inbreeding [45]. Therefore, an essential part of the design should follow a procedure
for maintaining high levels of genetic variability by keeping a larger number of production
batches in the first stage of selection while selecting for the traits of interest in different
stages of the life cycle. This can be completed in the early stages, when the fish are still
comparatively small in size and, hence, easier to manage (when fish can be handled in large
batches from different spawnings at lower body weights, for example, at 10 months). At
this stage, a set of diverse production batches can be sampled based on the trait of interest
and then subjected to paternity testing for culling related individuals, based on a procedure
minimizing coancestry levels between chosen candidates. The parentage testing using the
GBS marker panel in this stage is essential to reconstruct the pedigree of the population
and secure enough individuals of each sex differing by some degree of sexual dimorphism
for body weight (females appear to be heavier than males during maturation) [46].

A second stage should be performed by selecting individuals based on the genomic
breeding values of the selected population while applying optimal contribution selec-
tion [47]. In this case, breeding values should be predicted for harvest weight (usually
3–5 kg.) using information from a reference population and a denser genotyping array or
a modification of a GBS genotyping incorporating SNP associated with traits of interest
or using imputation. The exact proportions of individuals to be used for either stage
require further investigation, as does the assessment of the optimum selection intensity to
maximize profit [45,48].

Another possibility is to use a smaller number of markers in genotyping panels for
selecting individuals in a single stage (usually 3–5 kg) using imputation. This will decrease
the genotyping costs while possibly maintaining the rates of gain, as has been suggested
before [49]. Nonetheless, it is difficult to constrain the inbreeding rate in these scenarios
while using a reduced number of production batches for selecting individuals as potential
selected broodstock candidates. Further research on this subject is required to disentangle
the factors enabling sustainable rates of genetic gain.

5. Conclusions

In this study, we developed a marker panel to perform parentage testing as well as
sex determination (“Martínez manuscript in prep.”) in S. lalandi. This resource is essential
when implementing breeding programs, since controlling inbreeding rates requires not
only parentage testing but also predicting candidate sex. We used markers spanning
all the linkage groups devised using recombination data from a reference genome. This
enabled us to select markers with high variability and minimal linkage disequilibrium. The
validation in two unrelated populations (New Zealand and Chile) suggests that only half
of the markers are required for parentage testing with sufficient power. No false positives
were detected when considering cross-parentage testing between populations. This panel
is key to developing sound breeding strategies that constrain the rates of inbreeding in
the short and long term. This is particularly important considering the difficulties in
carrying out breeding programs in species subjected to communal rearing and uncontrolled
reproduction. These achievements will increase the viability of this new aquaculture
resource and, as such, the success of the associated business activities.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ani13050913/s1, Table S1: Position and Minimum allele frequency
for each SNP used in paternity testing. The position was obtained by using [26].
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Simple Summary: Red wood ants are ecologically dominant ant species that play key roles in boreal
forest ecosystems, where they greatly influence the habitat dynamics with their predatory activity.
During the last century, they were largely employed as biocontrol agents in Italy against forest pests,
and thousands of nests were transplanted from the Alps to the Apennines for this aim. We compared
genetic variability and structure of native and introduced populations of F. paralugubris by AFLP
assay and found that it was higher in the introduced populations, while native ones showed a higher
diversity between nests. Overall, the genetic structure was dominated by among-worker variation
regardless of different grouping arrangement (Alps vs. Apennine, native vs. introduced).

Abstract: The Formica rufa group comprises several ant species which are collectively referred to as
“red wood ants” and play key roles in boreal forest ecosystems, where they are ecologically dominant
and greatly influence habitat dynamics. Owing to their intense predatory activity, some of these
species are used as biocontrol agents against several forest insect pests and for this aim in Italy, nearly
6000 ant nests were introduced from their native areas in the Alps to several Appeninic sites during
the last century. In this work, we assessed and compared the genetic variability and structure of native
and introduced populations of F. paralugubris, thus evaluating the extent of genetic drift that may
have occurred since the time of introduction, using amplified fragment length polymorphism (AFLP)
markers. PCR amplification with a fam_EcoRI-TAC/MseI-ATG primers combination produced a
total of 147 scorable bands, with 17 identified as outlier loci. The genetic variation was higher in
the introduced population compared to the native ones that, on the other hand, showed a higher
diversity between nests. AMOVA results clearly pointed out that the overall genetic structure was
dominated by among-worker variation, considering all populations, the Alpine vs. Apennine groups
and the comparison among native and related introduced populations (all ranging between 77.84%
and 79.84%). Genetic analyses unveiled the existence of six main different groups that do not entirely
mirror their geographic subdivision, pointing towards a wide admixture between populations, but,
at the same time, rapid diversification of some Apennine populations. Future studies based on
high-throughput genomic methods are needed to obtain a thorough understanding of the effects of
environmental pressure on the genetic structure and mating system of these populations.

Keywords: red wood ants; Foreste Casentinesi National Park; introduced species; AFLP; genetic diversity

1. Introduction

Red wood ants (RWA) are ecologically dominant species native of boreal forests of
Central and Northern Europe [1]. They belong to the Formica rufa Palearctic complex, which
in Western Europe comprises at least six species: F. rufa (Linneus, 1758), F. aquilonia (Yarrow,
1955), F. lugubris (Zetterstedt, 1838), F. paralugubris (Seifert, 1996), F. polyctena (Foerster,
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1850) and F. pratensis (Retzius, 1783). All these species are characterised by the ability to
build large aboveground nest mounds, and by the red and black coloration of their bodies.
From the ecological point of view, RWA are keystone species, and they deeply impact
the functioning of their forest ecosystems across multiple trophic levels [2]. These species
influence the dynamics of arthropod communities through predation and competition [3],
the structure of plant and lichen communities through their action on aphids, parasites
and herbivores or propagule dispersion [4,5] and, ultimately, they affect nutrient cycling
and soil functioning [6,7]. Despite the key role and abundance in most of their distribution
range, the conservation status of this species is raising increasing concerns as there is
evidence of local decline and even local extinction [8,9].

Owing to their intense predatory activity, some RWA species have been employed
as biocontrol agents against several forest insect pests [10]. For this purpose, in Italy and
Germany, nests of these species were transplanted from their original areas to other sites
where they were formerly absent [11]. Between 1958 and 1972, more than 6000 nests of
F. lugubris/paralugubris, F. polyctena and F. aquilonia were repeatedly transferred from the
Alps to the Apennines and other Italian mountainous areas [12]. These introductions were
carried out without considering the possible risks caused by the numerical reduction of the
native populations, nor their possible negative impact on the newly occupied ecosystems,
and it is worth mentioning that nowadays this practice is forbidden [13]. While in some
cases the introductions resulted in viable populations that started to expand, actively
preying upon the arthropod fauna in the newly occupied areas, other attempts failed [12,13].
The status of most of these introduced populations, similar to that of the native populations
in the Alps, is unknown, and certainly calls for further studies [9]. Studying the ecology
of these introduced populations is scientifically relevant, as they are a sort of a unique
long-term ecological experiment that can provide important information on community
dynamics, the effect of the introduction of dominant species, and population genetics.

Formica paralugubris was one of the most frequently introduced species in the Italian
peninsula, but also to Canada [14,15] and was described for the first time as a sibling species
of F. lugubris by Seifert [16]. Since its description, autochthonous populations of this species
were discovered in the Pyrenees, Alps and the Jura mountains, at elevations ranging from
600 m to 2200 m asl [17]. Formica paralugubris can form huge supercolonies, composed of
tens to hundreds of interconnected nests that may cover areas of over 0.5 km2 [18,19], where
they outcompete other ant species and affect other arthropod communities [20]. Each nest
may contain hundreds of reproductive queens and two different reproductive strategies
have been described. In one case, sexuals mate and remain within their natal colony, while
in the other they perform mating flights that ensure long-distance dispersal [21]. The
two strategies have a deep impact on the genetic structure of colonies, nest networks and
relatedness within the nest. In general, long-distance dispersal through mating flights
is rare, while budding is by far the most common colony reproduction mechanism. As
a consequence, nearby nests in a supercolony are usually genetically closer than distant
ones [22].

In the present study, we investigated the genetic variability in two native and four
introduced populations (two from each native population) of F. paralugubris, using amplified
fragment length polymorphism (AFLP) analysis. AFLPs are a PCR-based highly replicable
dominant marker that allows rapid screening of genetic diversity and intraspecific variation
without a priori sequence knowledge and at a low cost [23]. Our goal was to compare the
genetic structure of native and introduced populations and evaluate the extent of genetic
drift that may have occurred since the time of introduction 70 years ago. Furthermore,
these local populations are reproductively isolated from those in the Alps and subjected to
different selection pressures than those experienced by the native populations, given the
lower latitude and altitude of their habitats. Based on these premises, we hypothesised that
(i) the introduced populations show signatures of divergence from their native population
while retaining some similarity among them; that (ii) the genetic variability is higher in
the native Alpine populations than in those introduced in the Apennines. Our results will
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be a blueprint for future studies based on high-throughput genomic methods applied to
selected nest samples; this will provide sufficient power for a thorough understanding of
the effects of environmental pressure on the genetic structure, and mating system of these
ant populations.

2. Materials and Method

2.1. Sampling Site

Formica paralugubris ants were collected from six populations—two native from the
Alps and four introduced in the Apennine (Figure 1)—from June to August 2019. The
Alpine populations were from Giovetto di Paline Nature Reserve (abbreviated as GP,
45◦57′57′′ N, 10◦7′48′′ E) and Baradello (abbreviated BA, 46◦08′40′′ N, 10◦10′08′′ E). We
identified and sampled the populations located in the same areas reported as the origin of
the introduced nests, and we assumed they are the descendants of the original ones. The
introduced populations were from the Foreste Casentinesi, Monte Falterona and Campigna
National Park, where nests of this species had been repeatedly introduced between 1958 and
1964. These populations were from the following locations: Avorniolo Alto (abbreviated as
AA, 43◦52′03′′ N, 11◦44′15′′ E), Fosso Fresciaio (abbreviated FF, 43◦51′23′′ N, 11◦44′36′′ E),
Le Cullacce (abbreviated LC, 43◦51′42′′ N, 11◦45′50′′ E) and La Lama (abbreviated LM,
43◦49′36′′ N, 11◦48′24′′ E). Populations from AA and FF originated from nests collected
at GP, while the ones at LC and LM were from nests collected at BA. The Alpine sites
were characterised by mixed forest, composed of a dominant conifer species, the Norway
spruce (Picea abies, H.Karst., 1881), and beech (Fagus sylvatica, Linneaus, 1753). LC and
FF were also characterised by mixed forest, but the local dominant conifer species is the
silver fir (Abies alba, Miller, 1759), while AA and LM are covered by almost pure silver fir
stands. More details on the ecology of the introduced populations and the history of their
introduction can be found in [11,13].

Figure 1. Geographic location of F. paralugubris populations investigated in this study.

For each population, we selected ten nests located at least 50 m apart, and ten ants
were collected from the surface of each nest, for a total of 600 workers. The geographic
position of the sampled nests was recorded by a GPS locator (Garmin eTrex® 10, accuracy
~3 m, Garmin, Olathe, KS, USA). Ants were stored in plastic test tubes (8 mL volume) filled
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with pure reagent-grade ethanol. All samples were transferred to the laboratory within
24 h from collection and stored at −80 ◦C for genetic analysis.

One individual per nest at BA and LM was identified as F. paralugubris following
the molecular method developed by Bernasconi et al. [24], while species identity of ants
collected in the other sites had been corroborated in previous studies [15,25].

2.2. AFLP Fingerprinting

Genomic DNA was extracted from a single adult thorax (10 individuals per nest), with
a modified Chelex method [26]. Thorax without legs was ground into an Eppendorf plastic
tube (1.5 μL) filled with 100 μL of 5% Chelex (BioRad, Hercules, CA, USA) solution (5 mg
Chelex 100 resin in 50 mL ddH2O). The sample was gently stirred and incubated at 56 ◦C
for 4 h, adding 4 μL of Proteinase K. After centrifugation at 13,000 for 3 min, the upper
aqueous supernatant was precipitated with 100% ethanol and 3 M sodium acetate, pH 5.2.
This mixture was incubated at −20 ◦C for 20 min and then centrifuged at maximum speed
for 10 min. The resulting pellet was washed by adding 70% ethanol and then centrifuged
for 10 min at maximum speed. The supernatant was discarded and the pellet was airdried,
resuspended in 30 μL of DNase-free water (Invitrogen, Waltham, MA, USA) and used
as a template for PCR amplification. The extracted DNA was quantified using a Qubit 4
fluorometer (Invitrogen) with the dsDNA HS Assay kit (Invitrogen™ Q33231).

An analysis of AFLP divergence was performed following the procedure described
by Coppi et al. [27]. The quality of AFLP profiles, and hence of the DNA extraction
method, was preliminarily tested on 24 samples randomly selected from the 6 populations,
evaluating six primer pair combinations. The fam_EcoRI-CTA/MseI-TTA combination was
selected because of its highly comparable results across all the samples (in terms of good
PCR products as well as of the number and size of the peaks obtained). Analysis of the
AFLP profiles obtained by running capillary electrophoresis with the Applied Biosystems
3130xl platform was performed with GeneMarker v1.5 (SoftGenetics LLC, State College, PA,
USA). A cut-off value, fixed at 5% of the maximum profile showed in the chromatograms,
was determined after the analysis of replicate samples (reproducibility of the data was
assessed by replicating 20 samples that were marked as duplicated and compared with
the rest of the dataset in GeneMarker), considering only bands present in all the replicates.
AFLP loci under selection (outliers) were screened using a Bayesian probability approach
implemented in BayeScan v.2.01 [28]. The posterior probability of a given locus under
selection was estimated, assuming that the locus frequencies within a population follow a
multivariate β-distribution as a function of the multilocus fixation index value and of the
average of locus frequencies of each locus between populations [29,30]. The analysis was set
according to the software manual, considering 20 pilot runs with a length of 10,000 iterations
each. The mean number of outlier loci was determined for each population.

2.3. AFLP Analysis
2.3.1. Genetic Diversity

Since AFLP are dominant markers, the presence or absence of every single fragment
(100–2000 bp) was scored in each sample and coded by 1 or 0, creating a binary data matrix
used to evaluate the within-population genetic variation as percentage of polymorphic
loci (PL%), standard Nei’s measure of genetic diversity (“h”) as “average gene diversity
over loci” [31] and Shannon’s information index (“I”) [32] for all populations in POPGENE
v.1.32 [33].

The analysis of molecular variance (AMOVA) was performed using the ARLEQUIN v.
2.000 [34] to determine the partitioning of the overall genetic variation among all popula-
tions, between the Alpine and Apennine groups, and between the native populations and
their related introduced ones, considering different hierarchical levels: between popula-
tions, among nests within populations and among workers. The analyses were performed
separately, considering different hypothetical population groupings tested in terms of the
variance components and the percentage of total expressed variation. Genetic diversity
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among nests within each population was assessed evaluating the fixation index (FST-POP),
as difference in the allele frequency between nests.

2.3.2. Genetic Distance and Structure

A pairwise distances matrix among workers was computed following the Tamura–Nei
method [35] and then a clustering analysis among nests, based on unweighted pair-group
method with arithmetic means (UPGMA), was carried out in POPGENE and MEGA
v.10.2.4 [36].

The analysis of population structures was performed following a model-based Bayesian
clustering method implemented in STRUCTURE v.2.3.4 [37]. An admixture and shared
allele frequency model was used to determine the number of clusters (K), assumed to be
in the range between 2 and 12, with 10 replicate runs for each potential group. For each
run, the initial burn-in period was set to 20,000 with 200,000 MCMC (Markov chain Monte
Carlo) iterations, with no prior information on the origin of individuals. The best fit for
the number of clusters, K, was determined using the Evanno method [38], as implemented
in STRUCTURE HARVESTER [39]. STRUCTURE results were then elaborated using the
R\pophelper package to align cluster assignments across replicate analyses and produce
visual representations of cluster assignments.

3. Results

The AFLP dataset resulted from the analysis of 534 samples (Table 1), since the other
66 were lost (two whole nests at BA8 and LC10) because of bad quality amplification. The
selected primers fam_EcoRI-TAC/MseI-ATG produced a total of 147 scorable bands with
molecular weights ranging from approximately 40 to 550 base pairs. The BayeScan analysis
identified 17 outlier loci that had a posterior probability higher than 0.8 (at a threshold of
log10 PO ranging from 0.5 and 3), representing the 5% of all analysed loci. The highest
locus diversity was found in LC, LM and AA with a mean number of outlier loci of 6.88,
6.34 and 6.26, respectively, whereas the lowest number was found at BA (3.21). GP and
FF showed intermediate values amounting to 4.73 and 4.86, respectively. For the sake of
clarity, no locus was excluded in any of the analyses.

Table 1. Genetic diversity traits among populations: effective number of nests (NN) and of workers
(NW) analysed; number of polymorphic loci (NPL) percentage of polymorphic loci (PL%); Nei’s
genetic diversity (h, ±S.E.); fixation index (FST-POP ± S.E) calculated among nests of the same
population Shannon’s information index (I, ±S.E.).

Population locality NN Nw NPL PL(%) FST-POP h I

GP Native Alps, Giovetto Paline 10 100 99 67.35 0.207 ± 0.003 0.104 ± 0.007 0.160 ± 0.020
AA Transplanted Apennine, Avorniolo 10 100 115 78.23 0.157 ± 0.006 0.184 ± 0.014 0.235 ± 0.027
FF Transplanted Apennine, Fosso

Fresciaio 10 75 100 68.03 0.208 ± 0.005 0.104 ± 0.01 0.155 ± 0.023

BA Native Alps, Baradello 9 90 76 51.70 0.208 ± 0.002 0.102 ± 0.004 0.139 ± 0.021
LC Transplanted Apennine, Le Cullacce 9 87 133 90.48 0.147 ± 0.006 0.205 ± 0.011 0.231 ± 0.022
LM Transplanted Apennine, La Lama 10 82 118 80.71 0.183 ± 0.006 0.191 ± 0.012 0.199 ± 0.021

The percentage of polymorphic loci (PL%) among population ranged from a maximum
of 90.48% (LC) to a minimum of 51.7% (BA). A summary of all the diversity measured
is reported in Table 1. Genetic diversity (h) varied among populations and the highest
h values were observed in the two introduced populations, AA and LC. If populations
were divided according to a latitudinal gradient, the Apennine ones had higher values of
diversity compared to their Alpine counterpart. A comparable trend can be also observed
for either for PL%, and I values.

When we considered the population differentiation (measured by FST-POP, h and I),
it appeared that the two native populations had the lowest values of genetic diversity
(Table 1) but the highest among their nests. AMOVA showed significant differentiation
among all populations and between latitudinal (Alpine vs. Apennine) groups (FST = 0.206,
p < 0.001; FST = 0.221, p < 0.001, respectively). Nearly the same situation was found between
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the native populations and their related introduced ones (FST = 0.217, p < 0.001, FST = 0.218,
p < 0.001, respectively, for BA vs. LC + LM and GP vs. AA + FF). A genetic structure
dominated by among-worker variation (see Table 2) was evident at all levels and did not
correspond to comparable among-nets variations.

Table 2. Partitioning of genetic variation. AMOVA was performed, testing a four groupings scenario
to test the differentiation between 534 individual samples from 6 populations. The table shows:
degrees of freedom (df), sum of squared deviations, estimated variance components, percentages of
total variance contributed by each component, three different fixation indexes and the probability of
obtaining a more extreme component estimate by chance alone (P).

Source of Variation df
Sum of
Squares

Variance
Components

% Variation Fix.Index p-Values

All population
Among populations 5 728.16 1.56 12.15 FCT = 0.121 <0.001
Among nests within

populations 43 878.42 1.02 8.05 FSC = 0.091 <0.001

Among workers 435 4465.26 10.26 79.84 FST = 0.201 <0.001
Total 483 6071.87 12.85 100

Alpine vs. Apennine
Among groups 1 294.21 1.13 8.6 FCT = 0.085 <0.05

Among nests within groups 47 1312.33 1.78 13.56 FSC = 0.148 <0.05
Among workers 435 4465.22 10.26 77.84 FST = 0.221 <0.001

Total 483 6071.81 13.17 100
BA vs. (LC + LM)

Among groups 1 182.21 1.23 9.23 FCT = 0.092 <0.001
Among nests within groups 28 714.33 1.68 12.57 FSC = 0.138 <0.001

Among workers 239 2504.91 10.48 78.20 FST = 0.217 <0.001
Total 268 3401.45 100

GP vs. (AA + FF)
Among groups 1 144.39 0.94 7.65 FCT = 0.076 <0.001

Among nests within groups 28 701.93 1.75 14.20 FSC = 0.153 <0.001
Among workers 235 2269.92 9.65 78.15 FST = 0.218 <0.001

Total 264 3116.24 12.35 100

The UPGMA-based dendrogram (Figure 2) showed that the six populations clustered
into two major groups: one comprising the native Alpine populations and FF, and one
including the other Apenninic populations (LC, LM and AA). When looking at the second
cluster, the three Apennine populations clustered together, with LC and LM very close to
each other.

Figure 2. UPGMA dendrogram of investigated populations based. Studied populations: LC, Le
Cullacce; LM, La Lama; AA, Avorniolo Alto; BA, Baradello; GP, Giovetto di Paline; FF, Fosso Fresciaio.

The population genetic kinship obtained with the UPGMA-based tree was subse-
quently confirmed by STRUCTURE results (Figure 3). Worker genotypes were assigned
to a cluster with a probability >0.6. The optimum number of populations, K, estimated
(Figure S1) according to the Evanno method, was six. This suggests the occurrence of
six populations (i.e., gene pools) which were nonetheless clearly admixed and do not
correspond to the geographic origin of the samples. The two Alpine populations (GP and
BA) were highly similar and quite different from the others. FF population was relatively

109



Animals 2022, 12, 3165

close to the Alpine ones, due to the sharing of several alleles, especially with BA, but also
showed some distinctiveness compared to the other Apennine populations. AA and LC
seemed quite differentiated from their population of origin and similar to each other, while
LM showed all the six gene pools highly admixed.

Figure 3. STRUCTURE plot of the 534 worker genotypes. Each individual is represented by a vertical
line; the genetic clusters identified are numbered from 1 to 6 and marked with different colours.
Population affiliation is also indicated: LC, Le Cullacce; LM, La Lama; AA, Avorniolo Alto; BA,
Baradello; GP, Giovetto di Paline; FF, Fosso Fresciaio.

4. Discussion and Conclusions

This study assessed the variation of genetic diversity and structure across F. par-
alugubris populations translocated to the Apennines and as compared with their Alpine
populations of origin 70 years after the introduction. We successfully used an AFLP assay
for detecting overall differentiation among and within populations, on the basis of 147 loci.

About 5% of the identified loci can be considered outliers and although it was im-
possible to directly associate them specifically with any of the surveyed populations, it
is important to note that, overall, they were more numerous in the introduced ones. The
different pedoclimatic conditions, altitude, average temperature and vegetation between
Alps and Apennines may account for the observed difference in outlier frequency and
expression [40], although this finding certainly requires further study.

Our results also confirmed the existence of considerable genetic admixture in all the
surveyed populations, which was expected, based on the observations on the reproductive
behaviour reported by Frizzi et al. [41] and the findings on other European F. paralugubris
populations as well as other RWA species [19]. The low genetic variance among nests (8%
of total) suggests gene flow between them and is also consistent with budding reproductive
behaviour, characterised by mating occurring in close proximity or even within the natal
nest [20]. On the contrary, the high intra-nest genetic variance, which amounts to nearly
80% of the total observed variation, confirms that multiple unrelated or weakly unrelated
queens may inhabit the same nest [22]. Finally, the low among-populations variability (12%
of total variance) can be explained by considering that all the colonies belong to the same
native macro area in the Alps, and have been randomly separated nearly seven decades
ago, which is a short time in terms of natural selection [42]. If we compare the genetic
variance between Apennine and Alpine populations, we see nearly the same trend, with
the major proportion of variance being partitioned among workers within each population
(78%). However, we have to point out that, in this respect, the Alpine populations were
under-represented, since only 20 nests were analysed, as opposed to the 40 from the
Apennines. Another important point to consider is that we cannot be completely sure that
the colonies we sampled as native populations are really the direct descendants of the ants
transplanted 70 years ago. We sampled exactly the same areas, but we could not exclude
possible supercolony replacement events during the last decades.

Contrary to our expectation, the introduced LM, LC, and AA had the greatest genetic
diversity, while the lowest values were detected in the native Alpine populations. These
were characterised by a low number of polymorphic loci and the highest values of FST-POP
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genetic distance among nests. This finding suggests that the gene pool of these populations
might have undergone a reduction through the years, presumably as a consequence of
demographic decline [43]. This point deserves careful attention and cannot be overlooked.
Paradoxically, while the populations introduced to the Apennines are expanding [13],
the status of the populations in the Alps is poorly known, and there are no indications
of whether they are stable, increasing, or decreasing [9]. It is likely that the massive
collection of nests carried out during the last century for transplantation [12] could have
caused a non-negligible reduction of their size and, hence, genetic diversity [44]. However,
it should be kept in mind that we have no information on the genetic structure and
variability of the original Alpine populations at the time of nest collection, making further
speculations difficult.

As for the populations in the Apennines, there is no doubt that the new habitat differed
in many ways from that in the original locations in the Alps, both as composition of the
forest stands (i.e., presence of silver fir instead of Norway spruce) and, more importantly, in
climate, being located more than 250 km south of the Alps. The concurrent action of these
factors could have imposed local selective pressures underlying the observed changes.
Moreover, we also know that most of the original nest mounds introduced (20 at AA, 19
at FF, 27 and 20 at LM and LC, respectively) had disappeared a few years later, and in
nearly all areas the populations had reduced to three to six mounds [45]. We do not know
exactly whether this was due to colony death, followed by selection and bottleneck effect,
or it resulted from their fusion into few larger ones. The initial drastic reduction in nests
number may have affected the genetic pool of the new populations in two opposite ways.
If the reduction was due to nest aggregation, the initial genetic diversity should have been
retained, at least initially. Alternatively, if the reduction was due to colony death, genetic
drift would have occurred. The high genetic variability among Apennine populations
detected by our analyses suggests an initial aggregation dynamic. However, further studies
based on different genetic markers (e.g., single nucleotide polymorphisms, SNPs) able to
infer colony structure, mating system and overall diversity are needed to fully address all
these issues [46].

The population genetic makeup obtained with STRUCTURE suggests the existence of
six strongly admixed groups that do not correspond to the geographic origin. Admixture
included elements from both the Apennine and the Alps, though AA, LC, LM and FF were
seemingly different from their native ones. One point that needs to be carefully considered,
however, is that the populations introduced to the Apennines 70 years ago may represent
an important source of genetic diversity. Considering the low genetic variability of the
native populations and increasing evidence of local declines and extinction in several parts
of the species range, Alps included, these findings may have relevant implications for the
conservation of RWA. Further studies are needed to better assess the status of the Alpine
populations of F. paralugubris, while transplanted populations should be preserved through
specific conservation policies and plans.

Finally, AFLP analysis turned out to be an efficient and cost-effective tool for assessing
genetic diversity and variation in these populations, at least for a first screening based on
population genetic variance. Compared to other markers such as RAPD (random amplified
polymorphic DNA) and SSR (short sequence repeat) based on a polymerase chain reaction
(PCR) step, AFLP can rapidly generate a great number of polymorphisms with a high
number of assayed loci in virtually any organism, being often used for diversity and
population genetics studies in ants and other insects [47–49]. The recent sequencing of
the first RWA genome by Nouhaud et al. [50] opened up the prospect of using multiple
next generation sequencing (NGS) approaches based on SNPs detection for population and
phylogenetic studies of this ant group. For example, Portinha et al. [51] performed whole-
genome resequencing of several workers to infer divergence histories among heterospecific
populations of F. polyctena and F. aquilonia. As far as our populations are concerned, a
double-digest restriction-site-associated DNA sequencing (ddRADseq) approach could
be a powerful tool to compare the genetic variation, structure and mating system across
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populations [52,53] along with genome-wide association studies (GWAS) focused on the
identification of the genes that are actively selected by the environmental factors and
integrating phenotypic information [54].

In conclusion, this study provides the first information about variation in genetic diver-
sity of native and introduced populations of F. paralugubris in Italy. The results may not only
assist the conservation of native RWA populations but also better our understanding of the
dynamics experienced by ant species when transplanted outside their distribution range.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ani12223165/s1, Figure S1: Plot of Delta-K values according to
Evanno method for clusters identification.
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Simple Summary: Wolves and European wildcats are two iconic predator species that can live
in overlapping ecological contexts and also share their habitats with their domestic free-ranging
relatives, increasing the risk of anthropogenic hybridisation and its possible deleterious consequences.
By applying a multidisciplinary approach, we morphologically and molecularly analysed the cat
remains found in a canid faecal sample collected in a forested area of central Italy. Individual
multilocus genotypes of both predator and prey were identified turning out to be, respectively, a wolf
showing traces of dog ancestry at autosomal microsatellite loci and a domestic cat.

Abstract: Non-invasive genetic sampling is a practical tool to monitor pivotal ecological parameters
and population dynamic patterns of endangered species. It can be particularly suitable when applied
to elusive carnivores such as the Apennine wolf (Canis lupus italicus) and the European wildcat
(Felis silvestris silvestris), which can live in overlapping ecological contexts and sometimes share their
habitats with their domestic free-ranging relatives, increasing the risk of anthropogenic hybridisation.
In this case study, we exploited all the ecological and genetic information contained in a single
biological canid faecal sample, collected in a forested area of central Italy, to detect any sign of
trophic interactions between wolves and European wildcats or their domestic counterparts. Firstly,
the faecal finding was morphologically examined, showing the presence of felid hair and claw
fragment remains. Subsequently, total genomic DNA contained in the hair and claw samples was
extracted and genotyped, through a multiple-tube approach, at canid and felid diagnostic panels
of microsatellite loci. Finally, the obtained individual multilocus genotypes were analysed with
reference wild and domestic canid and felid populations to assess their correct taxonomic status
using Bayesian clustering procedures. Assignment analyses classified the genotype obtained from the
endothelial cells present on the hair sample as a wolf with slight signals of dog ancestry, showing a
qi = 0.954 (C.I. 0.780–1.000) to the wolf cluster, and the genotype obtained from the claw as a domestic
cat, showing a qi = 0.996 (95% C.I. = 0.982–1.000) to the domestic cat cluster. Our results clearly
show how a non-invasive multidisciplinary approach allows the cost-effective identification of both
prey and predator genetic profiles and their taxonomic status, contributing to the improvement of
our knowledge about feeding habits, predatory dynamics, and anthropogenic hybridisation risk in
threatened species.

Keywords: anthropogenic hybridisation; canid consumption; domestic cat; European wildcat; food
habits; multilocus genotypes; non-invasive genetic sampling; predation; wolf
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1. Introduction

Trophic relationships within ecosystems are key parameters in wildlife ecological
studies [1]. Feeding habits, behaviour and dynamics of animal species, mainly assessed
through diet analyses, can provide useful insights into intra- and inter-specific niche special-
isation [2]. Moreover, such approaches are particularly suitable for a better comprehension
of apex predator ecology, which plays a pivotal role in ecosystem equilibria [3].

During the last decades, diet analyses of vertebrate predators have been extensively
conducted through multidisciplinary approaches, mainly based on morphological and
molecular identifications of their prey remains contained in non-invasively collected faecal
materials [4,5]. In particular, most molecular studies on diet have been focused on a
simple taxonomic identification of the consumed species [6,7] using vertebrate broad
range markers, such as the cytochrome b and the 16S subunit of the mitochondrial DNA,
or applying metabarcoding techniques, to genotype prey DNA contained in predator
scats [7–9]. However, the recent spread of anthropogenic hybridisation, which originated
from the crossing between native and alien species or wild and domestic populations
of the same species, requires the application of more powerful molecular tools. The use
of panels of highly informative specific markers, such as microsatellite (STR) or single
nucleotide polymorphism (SNP) loci, permits reconstructing the multilocus genetic profiles
of both predator and prey when analysing faecal DNA for diet studies. Later on, unknown
multilocus genotypes can be assigned to well-representative parental populations through
statistical procedures to assess species, native populations or signs of admixture. Such data
can also provide key information on differences in food dynamics, hunting behaviours and
ecological relationships among taxa or between pure and admixed individuals of the same
species [10]. This would be particularly useful, especially for two iconic and notoriously
elusive Italian carnivores, the Apennine wolf (Canis lupus italicus) and the European wildcat
(Felis silvestris silvestris), which often share their natural habitats and individual territories
across the Italian Peninsula, and that can successfully mate with their domestic counterparts,
the domestic dog (C. l. familiaris) and the domestic cat (Felis catus) [11,12].

The wolf and the European wildcat experienced very similar demographic scenarios
in Italy, with protracted isolation south of the Alps and recurrent bottlenecks that made
them sharply genetically differentiated from any other wolf or wildcat population [13,14].
Nowadays, both species are geographically re-expanding and numerically increasing
trough the Peninsula, thanks to legal protection and their ecological plasticity [15,16], but
they are still threatened by habitat fragmentation [16,17], accidental or illegal killings [18,19]
and by anthropogenic hybridisation [20,21].

Even though distribution ranges and anthropogenic hybridisation, rates in Italy are
continuously studied in wolves and European wildcats, especially through non-invasive
genetic projects [16,17]. Interspecific relationships between the two species are poorly
known, with only a few wolf predations recorded on felids [22,23]. Likewise, differences in
behaviour, feeding strategies and diet composition between pure and admixed individuals
in both carnivores are still scarcely studied, with only a few available data on a local
scale [10].

In this case study, we analysed the DNA contained in the remains of a canid faecal
deposition collected in a forested area of central Italy to determine the individual multilocus
genetic profiles of both the predator and the prey. In particular, we exploited the availability
of reliable forensic genetic protocols [24], well-performing panels of canid [25] and felid [26]
unlinked autosomal STRs and robust statistical procedures [21] to genotype non-invasive
samples, assess their origin and clarify if they had wild, domestic or admixed ancestry.

2. Materials and Methods

On 9 February 2020, we collected a canid faecal sample containing the consumption
remains of a cat, consisting of hairs and claw fragments, in a wooded area of Tuscany in
central Italy. The sample was initially preserved at −20 ◦C, subsequently stored in an oven
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at 80 ◦C for four hours to deactivate possible pathogens, and then frozen again at −20 ◦C
until downstream morphological and molecular analyses.

After separating hairs from claw fragments with water and a 1 mm sieve, a preliminary
morphological identification of the hair sample was conducted by observing cuticle and
medulla patterns with a 100–400× zoom microscope [27].

Additionally, since stray dogs and cats, as well as wolf-dog and wildcat-domestic
cat hybrids, were recorded in the study area, we stored a tuft of hairs (n > 10) and the
claw fragment, respectively, in a paper envelope to search for possible canid intestinal
endothelial cells and in 40 mL of 96% ethanol to be genetically analysed, thus clarifying
the taxonomic status of both predator and prey. Total DNA contained in the hair or on
its surface (likely containing endothelial intestinal cells of the predator) and in the claw
samples was individually extracted using the Blood & Tissue Kit® (Qiagen), following the
manufacturer’s instructions.

Each DNA sample was amplified by Polymerase Chain Reaction (PCR) and genotyped
through a multiple-tube approach [28] at diagnostic wolf and cat molecular markers. In
particular, the diagnostic wolf marker panel included the following: (a) 39 unlinked auto-
somal microsatellite loci (STRs), discriminating among wolves, dogs, and their first three
generations of hybrids [12,17]; (b) the Amelogenin marker, to molecularly sex the extracted
DNA; (c) 4 Y-chromosome STRs (MS34A, MS34B, MSY41A and MS41B Sundqvist et al. 2001)
determining the paternal haplotype in male individuals; and (d) a dominant 3-bp deletion at
the β-defensin CBD103 gene (the K-locus) associated with black coat colour. The diagnostic cat
marker panel included 29 domestic cat-derived dinucleotide STRs, discriminating among
European wildcats, domestic cats, and their first two generations of hybrids [26,29,30].

All PCR reactions were performed in a total volume of 10 μL containing the following:
2 μL of DNA, 5 μL of MasterMix (Qiagen Multiplex Kit), 3 μL of Q-solution (Qiagen
Multiplex Kit), 0.15–0.30 μL of primers adjusted to the volume with RNAse-free water.
PCR products were analysed in an ABI 3130XL automated sequencer and allele sizes were
estimated using Genemapper v.5.0 (Applied Biosystems).

Hair and claw DNA samples were extracted, amplified, and genotyped in three separate
rooms dedicated to low-template DNA samples under sterile UV laminar flood hoods.
Negative (no biological sample during extraction and no DNA in PCR) and positive (a wolf
and a cat DNA sample of good quality and with known genotype) controls were included
in each step to check for possible contaminations and correct allelic weights, respectively.

Consensus genotypes, amplification success (AS) and error (allelic dropout, ADO,
false alleles, FA) rates were assessed from the four replicates per locus performed during
the multiple-tube approach, using Gimlet v.1.3.3 [31].

Genotype reliability was calculated by RelioType [32], considering an acceptance value
of R ≥ 95%.

Reliable genotypes were then assigned to their populations of origin (wolf or dog;
European wildcat or domestic cat) through a first explorative Principal Coordinate Anal-
ysis (PCoA) using GenAlEx v.6 [33] and Bayesian clustering procedures implemented in
Structure v.2.3.4 [34].

Structure was run with three repetitions of 5 × 105 iterations following a burn-in
period of 5 × 104 iterations, using the Admixture and Independent Allele Frequencies
models [35], and assuming K = 2. As reference parental populations, we selected—from the
ISPRA Canis database—the 39-STR genotypes of 190 unrelated wild individuals belonging
to the Italian wolf population and 89 wolf-sized dogs living in rural areas [21]. Based
on previous analyses performed on simulated wild, domestic, and hybrid genotypes, we
assigned the unknown canid genotype to the Italian wolf population if its wolf membership
proportion was qi ≥ 0.955, to the dog population if qi < 0.2, otherwise it was considered
as admixed for intermediate (0.2 < qi < 0.954) values (see Caniglia et al. [21] for further
information about reference population choice and threshold selection).

A similar approach was used for the felid genotype, using as reference parental
populations the 29-STR genotypes of 48 unrelated European wildcats, representative of
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the species distribution range in the central Apennines, and 65 free-ranging domestic
cats, selected from the ISPRA Felis database [26]. However, when using another specific
molecular marker set, such as the mentioned 29 domestic cat-derived STR panel [26,29,30],
simulated genotype analyses suggested the application of different dedicated detection
thresholds, assigning the unknown felid genotype to the European wildcat population if
its wildcat membership proportion was qi ≥ 0.8, to the domestic cat if qi < 0.2, whereas it
was considered as admixed for intermediate (0.2 < qi < 0.799) values [11].

3. Results

The analysis of cuticle and medulla patterns morphologically classified the hair sample
as belonging to Felis sp., suggesting it was a domestic cat, though genetic analyses on the same
specimen returned a reliable multilocus genotype (R > 95%) only at the wolf microsatellite panel
with an average rate of missing data of 0.154. Conversely, the claw DNA sample yielded a
reliable genotype (R > 95%) only at the felid microsatellite panel with an average rate of missing
data of 0.315. Mean rates of AS, ADO, and FA across loci were 0.846, 0, and 0 (standard errors:
0.056, 0, 0) for the hair sample and 0.638, 0.049 and 0.009 (standard errors: 0.083, 0.03, 0.009)
for the claw sample, respectively. In the PCoA including canid reference populations, the hair
genotype plotted marginally to reference wolves (Figure 1a), whereas in the PCoA including
felid reference populations the claw genotype completely overlapped with reference domestic
cats (Figure 1b). Assignment procedures clearly supported the outcomes from the PCoA,
classifying the canid genotype obtained from the hair sample as belonging to an individual
with slight genetic signs of dog ancestry, showing a proportion of posterior probability to
belong to the wolf cluster qi = 0.954 (95% confidential interval C.I. = 0.78–1, Figure 1c). The
Amelogenin analysis suggested it was a male (heterozygous genotype) individual with a
Y-chromosome haplotype typical of the Italian wolf population [17], whereas the absence
of the K-locus deletion theoretically indicated an animal with a wild-type coat colour. The
claw genotype was unambiguously assigned to the domestic cat group with a proportion of
posterior probability qi = 0.996 (95% C.I. = 0.982–1, Figure 1d).

Figure 1. Multivariate and Bayesian assignment of multilocus genotypes obtained from the hair and claw
samples to their respective belonging populations. Left side: graphical plotting of the Principal Coordinate
Analysis performed in GenAlEx assigning (a) the hair sample genotype (grey triangle) to the cluster of the
reference wolf (RW, blue) or dog (RD, orange) populations; (b) the claw sample genotype (grey triangle)
to the cluster of the reference wildcat (RF, blue) or domestic cat (RC, orange) populations. Right side:
Bayesian clustering histograms produced by Structure assuming K = 2 clusters and with the “admixture”
and “I” models of the (c) hair genotype determined at 39 microsatellite loci and assigned to the reference
wolf (RW, blue) or dog (RD, orange) populations and (d) claw genotype determined at 29 microsatellite loci
and assigned to the reference wildcat (RF, blue) or domestic cat (RC, orange) populations. Each individual
is represented by a vertical bar fragmented into the two-coloured sections, according to their proportion
of membership to the reference population clusters. For a better readability, only ten genotypes for each
reference population were shown as bar plots obtained from Bayesian assignment procedures.
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4. Discussion

Non-invasive genetic sampling can provide useful insights into trophic relationships
within ecosystems, clarifying fundamental ecological aspects such as feeding habits, pre-
dation behaviour, and dynamics of animal species, thus contributing to designing sound
and long-term conservation strategies [36–38]. This approach is particularly when applied
to elusive and threatened large or meso-carnivores such as the wolf and the European
wildcat [23,39]. These two iconic species can somewhat share their ecological niches and
sometimes their territories could overlap those of their domestic free-ranging relatives,
increasing the risk of anthropogenic hybridisation and its possible deleterious conse-
quences [40]. Such phenomenon, if widely spread, could undermine the gene pool integrity
of wild ancestors through the introgression of domestic artificially selected genetic variants,
which might potentially affect morphological, physiological, and behavioural traits of
natural populations [13,41].

In this case study, we used the ecological, morphological, and genetic information
contained in a biological canid faecal sample to detect any sign of trophic interactions
between wolf and European wildcat individuals or their domestic counterparts. Though
traditional molecular diet analyses are not able to identify with certainty the taxonomic
status of the involved taxa below the specific level [7], we overcame this limitation by
applying a multidisciplinary detection approach.

Firstly, we conducted traditional morphological analyses, which revealed the presence
of felid remains in the collected canid faecal sample. Then, we used reliable molecular tools
and highly discriminant canid and felid STR panels [12,26], which allowed us to reconstruct
both the predator and prey genetic profiles. Finally, we exploited the availability of well-
represented wild and domestic canid and felid reference populations to identify their
correct taxonomic status at the subspecies level through Bayesian clustering analyses.

Interestingly, despite the initial water treatment of the faecal sample to separate its
content, the few remaining canid intestinal cells on the hair sample allowed us to fully
reconstruct the predator genetic profile with very high amplification success rates and no
sign of ADO or FA across loci. Such a profile resulted in a wolf with traces of dog ancestry
at autosomal microsatellite loci, consistently with the presence of wolf-dog admixture cases,
repeatedly documented in this region using both video-trapping and genetic tools [13,42].
We were also able to reconstruct the genetic profile of the individual to which the claw
belonged but with lower amplification success and higher error rates, which were, however,
consistent with those reported in other non-invasive felid studies [16,20,43], probably due
to the partial intestinal digestion the claw was exposed to. Such a felid profile resulted in a
domestic cat and assessment of the problematic presence of free-ranging cat individuals in
rural areas. This might increase the risk of anthropogenic admixture with wild animals
as well as of predation on small vertebrates, thus bearing negative consequences for the
conservation of biodiversity.

Sporadic cat consumption by wolves has been reported [44] and our findings might
suggest a trophic interaction between admixed and domestic individuals into the wild.
However, the analysis of food remains from scats cannot rule out the post-mortem con-
sumption of a cat carcass. Although our results were obtained from a single case study,
future genetic identifications from faecal samples combined with accurate detections of
the consumed prey, if extensively applied, could provide additional useful data about
possible shifts in food habits and habitat use between wild predators and their domestic
counterparts. This is particularly useful in areas with a documented presence of wild
and domestic overlapping [10,45], though to date significant different foraging strategies
between wolf-dog admixed individuals and wolves have not been documented in the few
available studies [10], and no similar data are currently reported for European wildcats
and domestic cats.

Our multidisciplinary approach could also be applied to support future studies on pos-
sible behavioural alterations between wolves and wolf-dog hybrids in predatory strategies,
contributing to detect the presence of admixture on one of their main preys, the wild boar,
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which is also facing anthropogenic hybridisation with the domestic pig [46,47]. However,
results from this case study, although promising, are preliminary and should be confirmed
by further studies based on larger sample sizes to statistically support the reliability of the
applied method.

Our methodological procedures could be further improved by using highly performing
markers to genotype non-invasively collected samples such as metabarcoding or highly
informative and easily inter-lab comparable SNP panels, in cases of canid or felid predation
on wildlife or other domestic pets to establish the real taxonomic status of the predators
through a finer scale admixture identification and to provide a more reliable assessment of
their potential impact on other threatened species [20,47–49].

5. Conclusions

Our results, although limited to the analysis of a single biological sample, clearly show
how a multidisciplinary approach allows the cost-effective identification of both predator
and prey multilocus genetic profiles and the accurate detection of their taxonomic status from
non-invasive DNA. This will contribute to improve our knowledge about feeding habits,
predatory dynamics, and anthropogenic hybridisation risk in threatened species, thus
collecting information which is key to plan adequate conservation management actions.
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Simple Summary: The relentless capacity of sequencing every bit of DNA at low cost has been fueling
major advances in several research areas. This also applies to the animal sciences, which witnessed
unprecedented progresses in fields such as animal nutrition, health, and breeding. Particular attention
has been paid to the gut microbiome, the community of microorganisms inhabiting the digestive
tract of livestock species, and unforeseen developments have arisen. Nonetheless, such efforts
have not been equal for the different livestock species, and the vast majority rely on widely-used
standard techniques through which taxonomically useful genetic data are generated rather than
more informative—yet computationally demanding—organismal genome-wide variation data. This
review offers a glimpse of the gut microbiome research on five emblematic livestock species touching
on the limitations regarding (i) the major methodological frameworks, (ii) species or breed, (iii) and
spatial reach of these studies, thus providing valuable indications to fill current knowledge gaps and
hopefully lay the basis for the planning of concerted research efforts. In this respect, we conclude that
future studies should extend shotgun sequencing and transcriptomic approaches primarily to largely
neglected ovicaprine and chicken breeds from rural areas of developing countries and microbial
groups other than bacteria.

Abstract: The variety and makeup of the gut microbiome are frequently regarded as the primary deter-
minants of health and production performances in domestic animals. High-throughput DNA/RNA
sequencing techniques (NGS) have recently gained popularity and permitted previously unheard-of
advancements in the study of gut microbiota, particularly for determining the taxonomic composition
of such complex communities. Here, we summarize the existing body of knowledge on livestock
gut microbiome, discuss the state-of-the-art in sequencing techniques, and offer predictions for
next research. We found that the enormous volumes of available data are biased toward a small
number of globally distributed and carefully chosen varieties, while local breeds (or populations) are
frequently overlooked despite their demonstrated resistance to harsh environmental circumstances.
Furthermore, the bulk of this research has mostly focused on bacteria, whereas other microbial
components such as protists, fungi, and viruses have received far less attention. The majority of these
data were gathered utilizing traditional metabarcoding techniques that taxonomically identify the
gut microbiota by analyzing small portions of their genome (less than 1000 base pairs). However,
to extend the coverage of microbial genomes for a more precise and thorough characterization of
microbial communities, a variety of increasingly practical and economical shotgun techniques are
currently available.
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1. Introduction

The massive decrease in sequencing costs associated with the generalization of high-
throughput or next-generation sequencing (NGS) techniques has enabled unprecedented
advances in microbiome studies spanning throughout the life sciences fields [1]. The
strong bond between public health and the economy has been propelling the interest in
microbiome research, which is deemed to hold a huge applicative potential under the One
Health strategy [2] and other similar initiatives. Most of such studies addressing health and
animal production have been mostly focused on gut microbiota, which is justified by the
crucial role of these microorganisms in nutrition, fitness, and performance traits [3–5]. It is
generally expected that advancing knowledge of the ruminant microbiome [6] bears a huge
potential in terms of boosting animal production and health while lessening environmental
pollution [7,8]. This promise seems of utmost importance when considering forecasts
predicting an almost two-fold increase in the current production and consumption of meat
in 30 years from now, with changes in dietary habits in developing countries—on top of
human population growth—which will boost the demand for dairy products [9].

Some terms will be used extensively in this review and, for the benefit of the readers,
their definition is provided as follows. The community of microorganisms inhabiting a
given environment is referred to as a microbiota, while the term microbiome is used to indi-
cate microbiota’s collective genomes [10]. On the other hand, the concept of metagenomics,
first defined as “the direct genetic analysis of genomes contained in an environmental sam-
ple” [11], has been elaborated further as the “study of the structure and function of entire
nucleotide sequences isolated and analyzed from all the organisms (typically microbes) in
a bulk sample” [12].

However, the fast-increasing body of research produced in the wake of the above-
mentioned compelling socioeconomic reasons has yet to cover much ground. Among
the main shortfalls of this kind of study is the almost exclusive focus on cosmopolitan
and highly selected breeds, which lacks representativeness both in terms of diversity and
functionality, as the most promising knowledge may come from locally adapted native
breeds. The role of microorganisms in the resilience and performance of livestock species is
of paramount interest for their potential commercial value, especially in a time of rampant
global change.

Another critical factor is the uneven attention being paid to bacteria, which include
taxa that cause significant economic losses in addition to being a serious hazard to public
health, e.g., [13]. On the other hand, the other microorganisms, such as fungi, archaea,
protozoa [14], and viruses, have received far less attention. Yet another weakness is that the
classical metabarcoding approach is still largely used, as opposed to increasingly feasible
and affordable shotgun approaches that are now available (although only for a low number
of samples) for a more precise and extensive characterization of microbial communities.

The goal of this review, which was prompted by the steadily increasing number of
articles devoted to the livestock gut microbiome, is to assess the primary body of research
in this subject, provide an overview of the state-of-the-art regarding sequencing approaches
and knowledge produced, and then offer suggestions for future studies.

2. Next-Generation Sequencing Techniques

2.1. Amplicon Metabarcoding

This technique, known as the large-scale taxonomic identification of biological samples
through the analysis of short DNA fragments of one or more genes (known as DNA
barcodes), has benefited significantly from the development of high-throughput sequencing,
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which made it possible to process complex environmental samples [https://metazoogene.
org/metabarcoding (accessed on 10 September 2022)].

According to the taxonomic group being targeted, different barcodes are preferred. For
example, the V2-V3 and V3-V4 16S rRNA hypervariable regions have being traditionally
used for bacteria [15,16], the V4 and V9 18S rRNA hypervariable regions for protists [17],
and the internal transcribed spacer (ITS) rRNA regions (ITS1 and ITS2) for fungi [18,19].
This PCR-based method relies on a dual indexing mechanism to simultaneously process
huge numbers of individual libraries (i.e., samples) covering many taxa at a low cost.

The operational taxonomic units (OTUs) characterized by means of these amplicon
libraries, however, are an underrepresentation of the true microbial diversity in the com-
munity of interest because DNA barcoding has lower sensitivity and limited resolution
when compared to metagenomic data (i.e., spanning entire genomes). Instead, PCR and
sequencing errors may result in its overrepresentation [20]. Nevertheless, since amplicon
metabarcoding has been widely used by the scientific community worldwide for almost
20 years, a large number of homologous sequences are available for free download from
GenBank as well as from other widely used public repositories, including Greengenes
v13_8 [21], SILVA 138 [22], and RDP18 (Ribosomal Database Project) [23].

However, it is important to note that these databases are not always regularly updated
(the most recent updates were made in 2013, 2019, and 2020, respectively), which can be
problematic for users. Another reason to rely on this locus over others is the accessibility of
user-friendly software such as the Quantitative Insights into Microbial Ecology pipeline
(QIIME) [24], which implements 16S-based tools for taxonomic assignment. This even in-
spired the development of software that predicts functional profiles of bacterial populations
based on their 16S sequences, such as Tax4Fun [25]. Overall, this locus has been used in
the majority of livestock microbiome investigations carried out until now, necessitating the
establishment of recommendations and best practices for the benefit of the animal science
community as a whole [26].

2.2. Shotgun Sequencing

This technique entails randomly shearing one or multiple genomes (for instance, in
the case of an environmental sample) into small DNA fragments that are then individually
sequenced, mapped to reference genomes and then reassembled in the proper order (for a
quick explanation, see [27]). Such a technique, which is not based on PCR, has the benefit of
avoiding the formation of amplification artifacts and, by being not reliant on taxon-specific
primers, may produce more thorough and reliable results in terms of the overall microbial
diversity associated with a given sample thanks to its high sensitivity and resolution power.

The provision of knowledge on the biological functions encoded by the genome(s)
being sequenced is another significant benefit [28]. However, because of its high sequencing
costs, this technique is not yet scalable for large-scale surveys based on high numbers
of samples, despite being simple and fast to execute [29]. The difficulties in recreating
the microbial composition in the case of complex and large communities and the high
computing expenses connected with data storage and processing are additional limitations
of this technique [28,29]. The rapidly expanding community of scientists using shotgun
sequencing is fortunate to have access to powerful bioinformatics tools that are being
made available, with some like BLAST+ [30] allowing the buildup of customized reference
databases based on the inclusion of freely available nucleotide and protein sequences from
public repositories.

2.3. Metatranscriptomics

Referred to as the study of genes that are transcribed in microbial communities at a
given moment and under certain environmental conditions as measured by the abundance
of collective RNA transcripts [31], this culture-independent approach has delivered major
insights into niche-specific transcript expression patterns and the ecological functions of
microbial taxa within their community [32]. Overall, a common drawback of this suite of
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techniques, especially RNASeq, is the high costs, which are nonetheless expected to drop in
the coming years in parallel with an increase in computational power and specific software
such as HISAT [33] or ABioTrans [34].

3. The Significance of Microbiome Studies in Livestock Species

Only five animal species—cows, chickens, goats, pigs, and sheep—produce the great
majority of the animal products that humans consume (meat, milk, eggs) [35–37]. Each of
these species has its own evolutionary history that can be very deep, as is the case of the
chicken—a bird—when compared with the other four, which are mammals. Even among
the latter, there are notable differences not only in their digestive tracts, but also in terms of
physiological aspects such as growth and lifespan as well as reproduction and behavior [38].
There are significant differences between ruminants, which possess a multi-chambered
stomach (consisting of reticulum, rumen, omasum and abomasum) used to digest plant
materials through fermentation, and monogastric animals, whose stomach is a simple
structure made of a single compartment. The advantages of the ruminants regarding
their capacity to obtain energy from poor-quality food and the limitations experienced in
maintaining a balanced and healthy ruminal flora do not apply to the monogastrics, which
are characterized by a faster development and a shorter lifespan.

Indeed, the digestive tract is the most structural factor in animal production as its
functionality and health determine most of the individual’s performance [39], and is
therefore the region that has been attracting the vast majority of microbiome research,
followed by the reproductive tract [40]. Yet, more recently, environmental and public health
concerns have also been the focus of a growing number of these studies, namely regarding
greenhouse gas emissions [41], the spread of food-borne pathogens [42], and the rise of
antibiotic resistance [43].

4. Microbiome Studies in Livestock Species

4.1. Ruminants
4.1.1. Cattle

The majority of gut microbiome studies in cattle have focused on the characterization
of microbial communities by 16S rRNA gene amplicon sequencing as a consequence of
different animal diet composition [44,45], gastrointestinal tract (GIT) location [46], feed
efficiency [47], breed-specificity [48], metabolic disturbs [49], changes over time [50] and
individual specificities [51,52], as well as across housing types and farms [53]. Interestingly,
special attention has been devoted to identifying individual-based differences irrespective
of age, sex, breed, or environment [54], with patterns of similarity and dissimilarities help-
ing to define the core microbiome in the bovine rumen [51] as well as other livestock [55].
At the same time, it was evidenced that differences in taxonomic composition and the
underlying community metabolic networks may still result in functional similarity [56], as
well as that the metabolic potential of the rumen microbiome may be diet-driven [57]. A
large-scale survey of dairy cows indicated that the core rumen microbiome composition
underlies not only animal productivity but also the nature of their emissions [58]. It was
only recently that shotgun metagenomics opened the door to a thorough exploration of
the rumen microbiome composition in cattle, enabling the assembly of entire bacterial
genomes (most of which belong to new taxa), and the identification of new enzymes [59].
This approach has also allowed for the elucidation of the interplay between the rumen
microbiome along with its metabolome and the host metabolome, shedding new light on
the finest mechanisms underlying production performances in dairy cows [60].

4.1.2. Cattle Microbiome Profiling

Compared to other ruminant livestock species, the cattle gut microbiome is probably
the one that has been explored more intensively, which provides an exhaustive picture of
the bacterial communities inhabiting different GIT locations. The most abundant phyla
are represented by Bacteroidetes and Firmicutes, which may account for more than 90%
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of the entire GIT bacterial community, with Actinobacteria, Proteobacteria, Spirochaetes,
and Tenericutes representing other major yet comparatively less abundant taxa [49,53,61–
65]. Bacteroidetes and Firmicutes are dominated, respectively, by classes Bacterioidia and
Clostridia along with Bacilli. Concerning the major orders (Figure 1), the former class mostly
consists of Bacteroidales, while the latter one of Clostridiales [59]. The most abundant
families include Bacteroidaceae, Clostridiaceae, Lachnospiraceae, Peptostreptococcaceae,
Rikenellaceae, and Ruminococcaceae [53,55], while dominant genera—not only in cattle but
in adult ruminants as a whole [55]—are Butyrivibrio, Prevotella and Ruminococcus [51,60,63,
64,66]. Genus Clostridium is also abundant in cattle rumen [65] along with Acetitomaculum,
Acinetobacter, Mogibacterium, Succiniclasticum, and Treponema [46]. Based on recent studies,
genera like Fibrobacter and Ruminococcus are among the core heritable bacteria transferred
vertically across generations in the light of their primary role in cellulolysis [58]. A detailed
list of the GIT-associated bacterial taxa and the pertinent bibliographic references in cattle is
reported in Table S1.

Figure 1. List of the most abundant bacterial orders found across the GITs of different ruminant
livestock species (see Table S1 for further details). For the sake of clarity, the intestine designation
may refer to both small and large intestines.

4.1.3. Sheep

The last decade has witnessed a mounting interest in sheep microbiome research. A
recent study based on bacterial 16S has confirmed that, similar to what was found in cows,
the microbial hosts may be responsible for alterations in terms of feed efficiency [67], while
other works have suggested that feeding strategies may promote a more or less diverse
microbial community [68,69]. Additionally, compositional changes in the microbiome
have been observed along the GIT [70,71] and as an effect of parasite infections [72]. In
sheep, however, the compositional changes of the archaeal rather than the eubacterial
community play a main role in feed efficiency, with the latter exerting its main influence in
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terms of the presence/absence pattern of only a few specific taxa [67]. Another recent 16S
study compared the microbiome composition in sheep and goats, finding no substantial
differences between the two taxa; however, variation did occur depending on age, with
older individuals hosting a higher microbial diversity [73], similar to what has been found
in Tibetan sheep [71]. Interestingly, differences in gut bacterial compositions have been
observed among different Chinese sheep breeds from the Tibetan Plateau [74], contradicting
what was found in a similar study on Italian sheep where microbiome differences were
mostly due to different husbandry practices [75]. Like in cattle, however, feed efficiency
turned out to be related to a higher abundance and diversity of rumen microbiomes [76].
Other studies have been carried out on local breeds of high socioeconomic relevance, often
revealing a fairly diverse composition, as in the case of the Chinese Mongolian sheep [77], or,
similar to what was found in cattle and goats [78], a marked heterogeneity across different
GIT locations as in the case of the Qinghai semi-fine wool sheep [71]. Notably, some recent
studies addressing a likely association between host genetics and rumen microbiota in
local sheep breeds have unveiled the modulating effect of ovine candidate genes on its
composition [79] and the interplay between this and host gene expression in maintaining
homeostasis in extreme environments [80]. Nevertheless, all the previous studies are based
on 16S metabarcoding, while applications of shotgun metagenomics to characterize the
gut microbial composition in sheep are still scant. In this respect, however, it is worth
mentioning a study combining the two approaches with metaproteomics to explore the
link between microbial communities and biochemical pathways [81].

4.1.4. Sheep Microbiome Profiling

The characterization of the sheep GIT microbiome has revealed its substantial sim-
ilarity in composition with that of cattle and other ruminants, with Bacteroidetes and
Firmicutes making up more than 80 to 90 percent of the gut microbial community [67,69],
followed by the phyla Actinobacteria, Proteobacteria, Spirochaetes, and Verrucomicro-
bia [68,74,82]. Bacterioidia and Clostridia are the dominant classes [75]. Moreover, Bac-
teroidales and Clostridiales figure among the most abundant orders (Figure 1), while,
similar to what is observed in cattle, Eubacteriales and Lactobacillales stand out among
Firmicutes. As far as the family-level is concerned, Ruminococcaceae and Lachnospiraceae
emerge [74] along with Prevotellaceae, Rikenellaceae, and Succinivibrionaceae [67,76,80].
Concerning the most prevalent genera, Prevotella outstands [80], followed by Acineto-
bacter [79], Campylobacter [75], Bacteroides, Desulfovibrio, Oscillospira, Ruminococcus, Tre-
ponema [77], Fibrobacter, and Succinivibrio [76]. A detailed list of the GIT-associated bacterial
taxa and the associated bibliographic references in sheep is provided in Table S1.

4.1.5. Goat

Molecular studies aimed at characterizing gut microbiome composition in this live-
stock species are still scarce in comparison to sheep, despite the economic relevance of
goat meat and dairy products. Interesting exceptions, however, do occur, such as a work
exploring the effects of dietary nitrate addition on microbial composition and ruminal
fermentation based on a combined metabarcoding approach employing 16S and 18S am-
plicon libraries to characterize bacteria and protists along with fungi, respectively [83].
Other studies have evidenced the role played by fat acid supplementation [84] and a
grain-rich diet [85] in shaping the bacterial and fungal diversity of rumen microbiome
based on 16S and ITS metabarcoding, respectively. Interestingly, a recent study based
on amplicon libraries of the three loci mentioned before evidenced the role played by
specific fungal and bacterial consortia in enabling lignocellulose breakdown by means
of the production and interaction of a suite of specific metabolites [86]. Consistently, the
16S-based methanogenic archaea diversity has turned out to be associated with a diet rich
in condensed tannin-containing pine bark [87]. Current investigations have evidenced
that, in goats as well, the microbial community varies throughout different GIT sectors [88]
and tends to increase with age in young individuals [89,90], improving their productive
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performances [88,91,92]. Concordantly, the inoculation of rumen fluids during early life
stages was found to boost the development of the rumen microbiome and even accelerate
weaning [93], while the occurrence of apicomplexan parasites in goat kids was found to
be associated with a decrease in the abundance of butyrate-producing bacteria, leading to
an increase in mucosal inflammation and tissue repair [94]. Contrarily, it was discovered
that antibiotic-induced gut microbiota dysbiosis likely worsened disease by encouraging
inflammatory immune responses. [95].

Differences in the microbial composition have emerged when comparing adults be-
longing to different goat breeds [96], even if diet and environment seem to be the more
important drivers of microbial diversity than genotype [97]. The occurrence of given
bacterial hosts, in turn, was found to be associated with the digestibility of dietary phos-
phorus [98]. However, the exploration of gut microbiome components other than bacteria
is quite limited in goats, with one of the few exceptions being represented by a study
employing 16S and 18S amplicon libraries to explore the bacterial and ciliate protozoal
diversity, respectively, in relation to the effects of antibacterial peptides on rumen fermenta-
tion function [99]. Moreover, the application of shotgun approaches to the characterization
of the gut microbiome in goats is still limited to a single recent study [78].

4.1.6. Goat Microbiome Profiling

Compared to other ruminant livestock species, goats are probably those that have
so far received less attention concerning gut microbiome studies. Bacteroidetes and Fir-
micutes are the dominant bacterial phyla (i.e., accounting for more than 80% of the GIT
bacterial community), followed by Proteobacteria [89,90,98] and Verrumicrobia [84,88]
along with Fibrobacteres, Spirochaetes, and Tenericutes [73,85]. As far as the most abun-
dant orders are concerned, Bacteroidales and Clostridiales—similar to what is observed
in cows and sheep—prevail over others (Figure 1) [96]. The dominant families include
Prevotellaceae, Veillonellaceae, and, to a lesser extent, Lachnospiraceae, Rikenellaceae,
and Ruminococcaceae [84,98]. Among the dominant genera, Prevotella stands out along
with Bacteroides, Butyrivibrio, Clostridium, Oscillospira, Ruminococcus, Succiniclasticum, and
Succinivibrio [73,84,85,88,90,92,96,100]. A list of the GIT-associated bacterial taxa and the
related literature in goat is reported in Table S1.

4.2. Monogastric
4.2.1. Pig

Microbiome research in the pig industry has been propelled by the need to reduce
animal stress that may otherwise turn into economic losses for farmers [101]. In this context,
weaning is a critical life stage in which the piglet diet undergoes a sharp change. Studies
on the swine gut microbiome have largely benefited from the establishment of a reference
gene catalogue by means of deep metagenome sequencing of fecal samples [102] and have
confirmed that also in this livestock species the interplay between diet and gut physiology
across different growth stages is intimately associated with animal health and production
performance [103], including fat deposition [104]. Other than varying on the basis of the
food provided [105–108], GIT location [109–111], behavior [112], parasite infections [113],
breed affiliation, and sex [114], the microbial diversity was found to correlate positively
with piglet weight [115] and age [116]. Likewise, studies combining 16S rRNA metabar-
coding and shotgun metagenomic sequencing revealed that the composition of the pig gut
microbiome varies considerably and predictably across the lifespan [117]. This is particu-
larly evident postweaning [118], when a higher microbial diversity underlies an increase in
the genes associated with oxidative stress and heat shock compared to nursing piglets [119].
Interestingly, some studies evidenced that the combination of culturomics and shotgun
metagenomics—an approach seldom applied to other livestock species—may deliver a
more exhaustive picture of gut [120,121] and antimicrobial resistance [122]. Investigations
based on the combination of 16S rRNA metabarcoding and shotgun metagenomics have
delivered insights into antimicrobial resistance dynamics in pig farms [108], while 18S
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rRNA metabarcoding of fecal samples allowed to draw up a detailed list of intestinal
protist parasites [123]. The combination of 18S and ITS amplicon libraries has been recently
used to characterize the pig gut microbial eukaryote community, finding the association
of some of its members with host body weight [124], while that of 16S amplicon data and
metagenomics has delivered unprecedented insights into the functional and taxonomic
diversity of the pig gut microbiome [123].

4.2.2. Pig Microbiome Profiling

Notwithstanding the pronounced GIT structural differences between ruminants and
monogastric animals such as pigs, the gut microbiome of the latter is also dominated
by phyla Bacteroidetes and Firmicutes [115], followed by Proteobacteria [103,112], with
Bacteroidia and Clostridia being the most abundant classes along with Bacilli [112,124].
Similar to what was observed in other livestock species, the dominant orders are Bac-
teroidales and Clostridiales (Figure 2), while the most abundant families are Bacteroidaceae,
Enterobacteriaceae, Lachnospiraceae, Lactobacillaceae, Prevotellaceae, and Ruminococ-
caceae [106,108,116]. The genera most commonly found in the GIT of adult pigs are
Alloprevotella, Bacteroides, Escherichia, Lactobacillus, and Prevotella [110,120,125,126] along
with Clostridium, Desulfovibrio, Enterococcus, Fusobacterium, and Streptococcus [127–129]. A
list of the GIT-associated bacterial taxa and the pertinent bibliographic references in pig is
provided in Table S2.

 

Figure 2. List of the most abundant bacterial orders found across the GITs of the two monogastric
livestock species presented in this study (see Table S2 for further details).

4.2.3. Chicken

Microbiome research in chicken has made great strides since the advent of NGS
techniques, as testified by the studies based on comparative metagenomic pyrosequencing
to characterize the cecal microbiome in pathogen-free and infected individuals [130] and to
explore the effect of antimicrobials on its communities as well as in relation to the abundance
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of antimicrobial resistance genes [131]. Nevertheless, most of these investigations are based
on 16S rRNA metabarcoding [132], while shotgun metagenomics is just taking its first
steps in the poultry sector, with comparative studies applying the two approaches pointing
to the much higher resolution power of the latter [133]. Shotgun metagenomics has also
recently been employed to assess the role of dietary supplementation in improving the
health status—and hence the productive performances—in broiler chickens by fostering the
diversity of their cecum microbiome [134], also in the form of in ovo supplementation [92],
as well as to characterize new bacterial, archaeal, and bacteriophage taxa of the chicken
gut microbiome [135], thus shedding light on their biological function [136]. However, 16S
rRNA metabarcoding alone is still widely used to compare the microbiome composition of
healthy versus unhealthy individuals as a consequence of viral, e.g., [137], or bacterial [138]
infections, of individuals subjected to different dietary treatments [139], as well as across
different indigenous breeds [140], GIT locations [141], rearing systems [142] and individual
lifetimes [143], with a special focus on improving growth performance by transplanting
cecal [144] or fecal [92] material between individuals of different age groups. However,
compared to other livestock species, the non-bacterial component of the gut microbiome
has been given more attention and most of the studies focus on possible pathogens such as
Cryptosporidium [145].

4.2.4. Chicken Microbiome Profiling

Similar to what occurs in the GIT of other livestock species, the most abundant micro-
bial phyla in chicken are Bacteroidetes and Firmicutes [136,146], even though sometimes
Proteobacteria are more abundant than the former [135,138,145], while Bacilli, Clostridia,
and Gammaproteobacteria are the dominant classes [134]. At the order level, Bacillales,
Enterobacteriales, Lactobacillales, and Campylobacterales are the most common groups
(Figure 2), while the most prevalent families include Enterobacteriaceae and Lactobacil-
laceae [139]. As far as the dominant genera are concerned, Alistipes, Bacteroides, Clostrid-
ium, Helicobacter, Lactobacillus, and Ruminococcus [133,143,144,146–149] stand out as well as
Flavobacterium [139], Campylobacter, and Veillonella [150]. A detailed list of the GIT-associated
bacterial taxa and the related bibliographic references in pig is reported in Table S2.

5. Resistome

The term “resistome” was introduced approximately two decades ago to indicate “the
resistance determinants present in the soil” associated with bacterial populations living
therein and showing multidrug resistance higher than expected [151]. The expression “bac-
terial resistome” has since become increasingly popular, while its meaning has evolved into
the suite of all antibiotic resistance genes (ARGs) and their precursors in both pathogenic
and nonpathogenic bacteria as well as antibiotic producers [152]. With a fast-growing
body of research published on this topic, the concept of resistome has further evolved to
incorporate different types of resistance and is now a key element in the framework of the
One Health approach [153].

The identification of antimicrobial ARGs in bacteria inhabiting livestock GITs is crucial
in animal science. An investigation specifically focused on the fecal bacterial resistome
used a combination of the two approaches, traditional 16S metabarcoding and shotgun
metagenomics, evidencing the strong link between diet and antimicrobial resistance [154].
Moreover, the specificity of the microbial hosts in different GIT locations has emerged in a
study on wild and domestic ungulates including cattle and goats [78]. This result serves as a
model for future association research by highlighting the significance of local physiological
changes along the GIT for various hosts. The advent of innovative nanopore technology,
which enables large-scale research to highlight the most abundant resistance genes that
may have a significant influence on animal, human, and environmental health, has spurred
the rapidly expanding interest in the cow resistome [155]. On the other hand, studies on the
bacterial resistome associated with the sheep gut microbiome are still scant when compared
to those carried out in cattle or other livestock [156], and no specific investigation has been
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carried out on goats, but a recent study flagged as many as 30 ARGs in the sheep rumen,
most of which related to daptomycin and colistin [157].

As far as non-ruminant livestock species are concerned, the scenario is even more
complex. Pigs have received special attention in terms of characterization of the gut
bacterial resistome, with recent studies demonstrating differential expression in humans,
chickens, and specifically pigs [158]. Yet in chickens, the investigation into the ARGs
associated with the gut microbiome has shown that the predominant classes are largely
the same as those detected in pigs, including tetracycline, aminoglycoside and macrolide–
lincosamide–streptogramin [159]. Of particular interest and utmost topicality is the risk of
the potential transmission of ARGs from poultry meat to humans [160].

6. Metagenome and Functional Profile Prediction

Over the last years, a plethora of bioinformatics tools, including PICRUSt (Phylo-
genetic Investigation of Communities by Reconstruction of Unobserved States [161]),
PICRUSt2 [162] along with FaproTax [163], the already mentioned Tax4Fun [25] and
Tax4fun2 [164], have been made available to the scientific community for the purpose
of predicting the functional profiles of the microbiota investigated in different studies.
Moreover, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis is often
used in combination with these software to predict their metagenomic contributions. Since
the vast majority of microbiome investigations have so far relied on 16S rRNA, the algo-
rithms of this type of program map the copies of this gene that were obtained in a given
study to its homologs in the phylogenetically closest taxa with fully sequenced genomes.
In other words, this approach allows predicting the functional metagenomic content with-
out sequencing the entire genomes of the taxa which are actually present in the sample
analyzed. Noteworthy, these software can work not only with amplicon metabarcoding
but also shotgun sequencing data, even though their accuracy largely relies on available
reference genomes and, as of now, it is still severely biased toward human datasets [165]. In
addition, it is worth mentioning that a recent soil microbiome study comparing amplicon
and shotgun sequencing functional profiling suggested that PICRUSt performs better than
Tax4Fun to detect omnipresent functions, whereas Tax4Fun predicted greater abundances
of functions from more specialized pathways [166]. Since the predictive tool used can lead
to making different inferences, the authors suggested to reap the benefits of combining
them rather than relying on either one or another [166].

The paucity of available reference genomes has been specifically invoked by some
authors as the reason preventing them from performing functional prediction, e.g., [53],
but others who nonetheless opted to perform it still detected significant differences in
the predicted metagenomic profiles among GIT locations in dairy cows [46], sheep [77],
goats [82], and pigs [126], thus pinpointing the most important metabolic pathways across
different gastrointestinal microbial ecosystems. Additionally, functional prediction and
KEGG analysis have been applied to unveil the differences in terms of metabolic pathways
in the rumen of sheep cohorts with different feed efficiency [76] as well as in the same
sheep sampled in different periods of the year [80], goats of different age [90], piglets with
different body conditions [115], adult pigs of different breed and sex [71], and chickens of
different age [167], breeds [140] or with a different health status [137]. It is conceivable that
with the fast-growing increase in reference genomes available, metagenome and functional
profile prediction tools will become more and more accurate in the next future, and their
employment should be envisaged in any gut microbiome study.

7. Gut Microbiome, Health, and Welfare in Livestock

The positive or negative roles played by gut microbial taxa on health, welfare, behav-
ior and performances in livestock exposed to different production conditions have been
extensively discussed in several studies, e.g., [168–174]. It is worth touching on here why
the studies addressing this topic are in such high demand nowadays and how crucial they
are in animal farming as well as to broader society. In this respect, it is pertinent to mention
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their contribution to the development of non-antibiotic microbial therapies based on probi-
otics [175] as well as in pinpointing biomarkers of feed efficiency to deploy strategies that
can notably improve livestock production performances [67,68,76,84,85,98,126,134,148,176]
and growth [69,93,115]. Additionally, gut microbial profiling is paramount to monitor
livestock health status and set up treatments to boost it, e.g., [113,125,139,144,165,177] as
well as to prevent the establishment or aggravation of pathologic states [64,137,138,150]
and evidence peculiar adaptations of local breeds to harsh environments [80].

8. Conclusions

The major advances in high-throughput sequencing technology have opened a new
era in the study of the livestock gut microbiome, the composition and function of which
are tightly associated with animal health and productive performance. The information
produced has a profound social and economic impact. Previous attempts to take stock of
available gut microbiome studies in livestock were mostly focused on cattle and chickens,
or on the microbial groups rather than their hosts. In cattle, microbiome composition
has been widely investigated in terms of feeding-related changes and their impacts on
production strategies or environmental issues associated with ruminal methane emissions.
We have expanded this review to other livestock animals, trying to make the point about
what has been mostly performed so far and what is still lacking. A first consideration
deals with the subjects of the microbiome studies carried out so far, in which priority
was given to some species (such as cattle and pigs) rather than others (such as goats).
Additionally, there is a clear bias in terms of the breeds investigated: expectedly, most
studies are focused on a few cosmopolitan and highly selected breeds, while local breeds
from rural areas are largely neglected, even though livestock research is a fundamental
component to boost development strategies and the socioeconomic level of associated
human communities. Characterizing the microbiome composition and its interaction
with the host in non-intensive husbandry systems might, for instance, provide useful
information on how to optimize livestock productivity through nutrient supplementation.
Furthermore, it should be noted that a considerable number of microbiome studies, also on
local breeds, have been carried out in China or Europe, while much less attention has been
devoted to Africa and the tropical and subtropical regions as a whole.

Overall, the body of literature examined in this review allows us to conclude that
livestock microbiome composition is affected by age, food, sex, and taxonomy, even if core
bacteria occur across the GITs of different species. Admittedly, however, knowledge of other
microbial groups is scant. As far as the methodological approach is concerned, shotgun
metagenomics is still insipid when compared to amplicon metabarcoding sequencing, even
though the few comparative studies employing both approaches on the same datasets
evidenced the tremendously higher detection power of the former one, which is much
more efficient in identifying underrepresented taxa whose detectability may be biased
by the failure of universal primers to hybridize all templates as well as by its reliance
on the number of hypervariable regions targeted, e.g., [133,178]. Conventional wisdom
suggests that comparisons between studies based on either amplicon metabarcoding or
shotgun sequencing on different datasets and with different experimental settings should
not be made, but in general it can be stated that the latter is more reliable when estimating
the absolute abundance of different microbial taxa. In addition, it is worth mentioning
that in an increasing number of studies the two approaches are combined to first obtain
a general picture of microbial diversity in the entire sample via amplicon metabarcoding
and then, on this basis, select samples for shotgun sequencing to carry out functional
analysis with higher accuracy, e.g., [108,127]. It is conceivable that with the fast-decreasing
sequencing cost and the increasing suite of powerful bioinformatic tools available, the
much more insightful shotgun sequencing will replace amplicon metabarcoding in most gut
microbiome studies. This will presumably translate into expanding not only the taxonomic
breadth and resolution but also the focus of the research. Indeed, bacteria is the most-
studied microbial group compared to the others, which are most often given some attention
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only when represented by parasites of commercial relevance, but having a large amount of
information encompassing other microbial groups as well may trigger interest in promoting
research on them.

Indeed, focus on commensal protozoa, which nonetheless may still play a major role
in regulating bacterial populations they feed on, is still limited, as is research on the fungal
component of the gut microbiome. To achieve a comprehensive knowledge of the function
of the microbiome and its underlying dynamics, the characterization of microbial groups
other than bacteria is of key importance and should be addressed in future studies. As far
as the NGS approach is concerned, it is important to note that the choice is often based
on, other than budgetary issues, the availability and accessibility of comparative data as
well as on the bioinformatics hurdles associated with the newest and most comprehensive
techniques, which may prevent some research groups from applying them due to their
limited computational resources and/or expertise. Enhancing the integration of meta-
transcriptomic studies—which are particularly scant for non-bacterial components—into
microbiome research would allow a better understanding of the functional role of different
microbial groups in the gastrointestinal tract. Having such valuable tools should not deter
researchers from embracing more exhaustive approaches such as those based on shotgun
genomics or metatranscriptomics, which, on the one hand, are less affordable and more
computationally intensive, yet, on the other hand, may deliver much larger and more
accurate amounts of information. These efforts are fully justifiable if we consider that a
major application of genomic data in relation to livestock studies is on animal and human
health, where epidemiological investigations are fueled by the prospect of threats to human
activity and public health with great impact on state wealth. Moreover, the integration of
metagenomics and metatranscriptomics with metabolomics and proteomics (multi-omics
sequencing) could provide more valuable information about the interaction of the complex
“host-microbiota-environment”, which could be useful for deploying future applications
and interventions. In this context, there is a pressing need to better our understanding of
the reciprocal influence of coexisting humans and livestock on each other’s gut microbiome
and resistome.
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