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Changes in semen microbiota are associated with alterations to sperm quality and
fertility. However, the microbiota from most livestock species has not yet been studied.
Goats are seasonal breeders, but semen microbiota has never been described in
this species, and it is unknown how seasonality affects it. Our study objective is
2-fold: to describe the microbiota in goat buck ejaculates and to determine if it
differs between breeding and non-breeding seasons. Semen from six males of the
Murciano-Granadina breed was collected during both seasons. Two replicates were
performed per male and season on different days. The microbiota was characterized
by genomic sequencing technology. Sperm quality was also evaluated. Repetition
was not significant for the studied variables. Sperm velocities were higher for the
breeding than for the non-breeding season. The ejaculates from both seasons also
differed in the proportion of apoptotic spermatozoa. The five dominant phyla were
Firmicutes, Proteobacteria, Fusobacteria, Actinobacteria, and Bacteroidetes during the
breeding season and Firmicutes, Proteobacteria, Actinobacteria, Bacteroidetes, and
Cyanobacteria during the non-breeding season. The dominant genus during both
seasons was Ureaplasma. Differences in microbial community structure (the beta
diversity) were found. A decrease in the relative abundance of the genus Faecalibacterium
and an increase in the genera Sphingomonas and Halomonas were observed in the
ejaculates collected during the breeding season. Sphingomonas and Faecalibacterium
abundance favorably and unfavorably correlated with sperm quality, respectively. In
conclusion, the semen microbiota from goat bucks varies between breeding and non-
breeding seasons, and the microbiota remains stable for 7 days within a season. In
addition, the genera Sphingomonas and Faecalibacterium could be possible biomarkers
of semen quality in goat bucks. These results contribute to an in-depth understanding of
the effects of reproductive seasonality on goat buck ejaculates.
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INTRODUCTION

Recent studies that applied advanced sequencing techniques
have suggested that, far from semen being sterile, it harbors
its microbial community, and changes in semen microbiota are
associated with alterations to semen quality and fertility status
in men (1-3). They indicate that the dominant phyla of the
seminal microbiota are Firmicutes (~50%) and Proteobacteria
(~25%), and the remaining ~25% are Actinobacteria and
Bacteroidetes (2).

In humans, the differential abundance of specific bacterial
genera in semen suggests that the microbiota might impact
sperm quality (4-8). Pseudomonas and Prevotella are
predominant in low-quality ejaculates (4, 7). Monteiro
et al. (6) observed that an increase in the Pseudomonas,
Neisseria, and Klebsiella pathogens correlates with seminal
hyperviscosity and oligoasthenoteratozoospermia. Lactobacillus-
predominant ejaculates have been associated with healthy
semen (4, 7), although there is some controversy between
studies because other authors have observed that this genus
is more abundant in oligoasthenospermic than in healthy
ejaculates (8).

In livestock species, very few papers have studied semen
microbiota by massive genome sequencing technologies. Thus,
it is difficult to conclude the effect of semen microbiota on
fertility. To the best of our knowledge, the microbiota in goat
buck semen has not yet been studied by these new technologies
with very few published papers on other species. Similar to
human semen, the dominant phyla in rams, rabbits, and pigs
are Proteobacteria and Firmicutes, although the relative amount
of these phyla varies (31.2-57.5%), depending on the species
[in rams, (9); in rabbits, (10); in pigs, (11, 12)]. Actinobacteria
phylum is also present in all the species (relative abundance
also varies between 3.4 and 22%). Bacteroidetes are the first,
third, and fourth most abundant phyla in stallions (13), pigs
(11), and rabbits (10), respectively. Other reported phyla are
Deinococcus-Thermus in rams (9), Fusobacteria in rabbits (10)
and stallions (13), and Spirochaetes in stallions (13). The
dominant genera are more variable between species. Hence, the
main genera in rams are Corynebacterium (11%), Pseudomonas
(10%), and Lactococcus (6%), while Cupriavidus, Thermus, and
Stenotrophomonas represent around 5% (9). In ewes, four genera
are found to play a significant role in artificial insemination
(AI) success, i.e., Mageebacillus, Histophilus, Actinobacilllus, and
Sneathia, because their high relative abundances in vaginal
samples have clearly been associated with AI failure. The
authors did not find any relation between semen microbiota
and reproductive success but observed that foreskin samples
of natural mating rams present these four genera. It seems
plausible that the venereal transmission of these bacteria occurs
during natural mating. In bulls, the most frequent genera are
Porphyromonas, Fusobacterium, and Ruminococcaceae UCG-
010, and the genera W5053 and Lawsonella are enriched
in the low-fertility group of bulls (14). In rabbits, the
genera Lysinibacillus and Flavobacterium can be potential
biomarkers of fertility (10). In stallions, the most frequently
seen genera are Porphyromonas spp., Corynebacterium spp.,

and Finegoldia spp. (15). In pigs, the genera Acinetobacter,
Stenotrophomonas, and Rhodobacter vary between ejaculates of
different qualities (12).

In temperate regions, reproduction in goats is described as
seasonal with major differences in seasonality between breeds and
locations (16, 17). Reproductive seasonality timing is controlled
by the photoperiod (18). However, the production of semen
doses in goat breeding is important for the deseasonalization
of meat and milk production so that supply and prices remain
constant all year long (19). Many studies have confirmed that
season can affect the quality characteristics of goat semen (20—
24), but variation in microbiota in goat semen for different
seasons has not yet been studied. A recent study published
on a nonseasonal species has shown the importance of season
for semen microbiota. Thus, semen microbiota in boars differs
between summer and winter by presenting higher bacterial
diversity in winter than in summer. Indeed, the highly abundant
Lactobacillus genus in winter samples is positively associated
with sperm quality and reproductive performance, and the highly
abundant Pseudomonas genus in summer samples is negatively
associated with sperm quality and reproductive potential (11). If
season affects microbiota in nonseasonal species, it seems likely
that seasonality will affect semen microbiota in seasonal breeders,
and microbiota will differ in breeding and non-breeding seasons.

This study aims to characterize, for the first time, the semen
microbiota in goat bucks from the Murciano-Granadina breed
by the amplification and sequencing of hypervariable regions V3
and V4 of the 16S rRNA subunit gene. It studies the bacterial
composition in the semen collected during the breeding and non-
breeding seasons to determine whether bacterial communities
can be influenced by seasonal variation.

MATERIALS AND METHODS

Experimental Design

For the analyses of the semen microbiota and sperm quality
during breeding and non-breeding seasons, the ejaculates from
the same males were collected in both seasons. Two replicates per
male and season were performed on different days. The semen
collection during the breeding season was performed between
November 26 and December 3 in 2020. During the non-breeding
season, ejaculates were collected at the end of March (from 24 to
31) 2021.

Materials, Animals, Semen Collection, and Sample
Preparation

All the chemicals were reagent grade and purchased from
Sigma-Aldrich (Madrid, Spain), except for Mitotracker deep
red FM, which was supplied by Invitrogen (Barcelona, Spain).
Tris-citrate-glucose (TCG) diluent and TCG supplemented with
bovine serum albumin (3 mg/mL; TCG-BSA) were employed to
dilute semen and to perform analyses in the laboratory; NaCl
solution was used to determine sperm concentration. A skimmed
milk-based diluent (SM) was utilized to dilute ejaculates until
they were analyzed. Their composition is described in Mocé
et al. (25).
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Six adult goat bucks from the Murciano-Granadina breed,
housed in the Centro de Tecnologia Animal, Instituto Valenciano
de Investigaciones Agrarias (CITA-IVIA), were used as donors.
This center is located in the Spanish town of Segorbe (Castellon;
coordinates 39.86 N, 0.50 W), which belongs to the Valencian
Community (east Spain). This breed presents low reproductive
seasonality, and its non-breeding season goes from February to
May (26). The animals were housed in pens. They were fed straw
and lucerne, and a daily complement of 1 kg concentrated feed
(17% crude protein, 4.5% crude oils and fat, and 11.6% crude
fiber) per male. Freshwater was provided ad libitum. The animal
housing, care, and protocols for semen collection were approved
by the Animal Care and Use Committee of the IVIA and met
European regulations for the care and use of animals for scientific
purposes (27).

Semen was collected between 8:30a.m. and 9:30a.m.,,
following the recommendations of Silvestre et al. (28). Semen
collections were performed two times weekly all year long. The
ejaculates were transferred to a water bath at 25°C until further
processing took place. Semen volume and concentration were
measured following the protocol described by Mocé et al. (25).

For the semen microbiota analyses, 0.25 mL of each ejaculate
was taken and loaded into 0.25mL plastic straws (IMV
Technologies, LAigle, France), which were sealed with polyvinyl
alcohol (PVA, IMV Technologies, LAigle, France). The straws
were immediately stored in a freezer at —80°C until the
microbiota analyses were performed. In the remaining ejaculate,
the concentration was adjusted to 560 x 10® sperm/mL with SM
(~22°C). These samples were subsequently used to perform the
sperm quality analyses.

Sperm Quality Evaluation

Motility, sperm plasma membrane integrity (PMI), acrosomal
membrane integrity, and mitochondrial functionality were
evaluated in fresh samples to determine sperm quality. These
analyses were performed according to the protocols described
in detail in Mocé et al. (25). Briefly, all the manipulations were
done at room temperature (~22°C). Motility was determined by
a computer-assisted sperm analysis system (CASA; ISAS, version
1.0.17, Proiser, Valencia, Spain). Sperm motility was assessed
at 37°C, with a 10 X negative phase contrast objective on a
Nikon Eclipse 90i microscope (Nikon Corporation Instruments
Company, IZASA, Barcelona, Spain) connected to a computer
by a monochrome Basler A312f video camera (Basler Vision
Technologies, Proiser, Paterna, Valencia, Spain). For each sample,
the sperm concentration was adjusted with Tris-BSA (0.3%)
to 6 x 10° sperm/mL. The samples were incubated at 37°C
for 10 min prior to evaluations. Subsamples of 7.5 pL were
placed inside a Makler chamber (Counting Chamber Makler,
Sefi-Medical Instruments, Haifa, Israel), prewarmed at 37°C on
a thermal plate. The data from a minimum of 200 sperm from
three different fields were collected. Individual sperm tracks
were visually assessed to eliminate possible debris and wrong
tracks. The following variables were considered in the results:
proportions of total (TM; %) and progressively motile (PM; %)
sperm, average path velocity (VAP; wm/s), curvilinear velocity
(VCL, pm/s), straight-line velocity (VSL; pwm/s), straightness

index (STR; %), linearity (LIN; %), wobble (WOB; %), the
amplitude of the lateral movement of the head (ALH, pm), and
beat cross frequency (BCF; Hz).

Plasma membrane integrity, acrosomal membrane integrity,
and mitochondria functionality were determined in each sample
using flow cytometry and quadruple staining with Hoechst
33342, propidium iodide (PI), fluorescein isothiocyanate-
conjugated peanut agglutinin (FITC-PNA), and Mitotracker
deep red FM. The samples were stained for the flow cytometric
analysis by transferring 0.1 mL aliquots with 3 x 10 sperm
to tubes, containing 25 pL of TCG diluent, 5 pL of Hoechst
(0.1 mg/mL stock solution in Milli-Q water), and 0.25 pL of
Mitotracker (25-uM stock solution in DMSO). The samples
were incubated for 20 min at room temperature in the dark.
Then, a solution containing 25 WL of TCG diluent with 0.25
nL of PI (1 mg/mL stock solution in Milli-Q water) and 0.5 nL
of FITC-PNA (1 mg/mL stock solution in Milli-Q water) was
added. The samples were incubated for another 10 min period
before being diluted with 0.40 mL of TCG and analyzed by a
CytoFLEX S flow cytometer (Beckman Coulter Life Sciences,
L'Hospitalet de Llobregat, Barcelona, Spain), equipped with three
lasers (a 50 mW 488 nm blue laser, a 50 mW 638 nm red
diode laser, and an 80 mW 405 nm violet laser) and the
CytExpert software (Beckman Coulter Life Sciences, CHospitalet
de Llobregat, Barcelona, Spain). Hoechst was excited with the
violet laser, and its fluorescence was detected using a 450/45 nm
avalanche photodiode (APD). Mitotracker was excited with the
red laser, and its fluorescence was detected, employing a 660/20
nm APD. PI and FITC-PNA were excited with the blue laser. The
red fluorescence of PI was detected using a 690/50 nm APD, and
the green fluorescence of FITC-PNA was detected, employing a
525/40 nm APD. Next, 50,000 events per sample were analyzed.
The compensation between PI-FITC-PNA was 0.93% and was
1.39% between PI-Mitotracker. NonDNA-containing events
(Hoechst negative) were excluded, and the sperm population
was gated based on the expected forward and side scatter
signals (29). The PI penetrated non-viable cells to distinguish
three populations: PI- (plasma membrane intact sperm), and
PI+ with high (dead sperm) or low fluorescence intensity
(apoptotic sperm). Only the sperm with damaged acrosomes
stained with FITC-PNA and two populations were distinguished
(FITC-PNA+ and FITC-PNA-). Finally, all the sperm stained
with Mitotracker and two populations were distinguished: one
with low-intensity corresponding to the sperm with a low
mitochondria membrane potential (MMP) and another with
high intensity corresponding to the sperm with high MMP (30).
First spermatozoa were categorized according to stains PI and
FITC-PNA as plasma membrane intact with acrosome intact (PI-
/FITC-PNA-), reacted (PI-/FITC-PNA+) or plasma membrane
damaged with acrosome intact (PI4/FITC-PNA-) or reacted
(PI+/FITC-PNA+) sperm. The sperm populations that exhibited
intact plasma membrane (PMI; PI-), apoptotic sperm (PI+ with
low intensity), acrosome-reacted sperm (AR; FITC-PNA+), and
PMI acrosome-intact sperm (PMI-AI; PI-/FITC-PNA-) were
reported. PI and Mitotracker were also plotted on another chart,
and four sperm populations were obtained: plasma membrane
intact with low MMP (PI-/low MMP) or high MMP (PI-/high
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MMP) or plasma membrane damaged with low MMP (PI4/low
MMP) or high MMP (PI+4/high MMP). From this chart, the
sperm populations that exhibited high MMP and PMI (PI-)
with high or low MMP were reported. Finally, only for the
population of plasma membrane intact with acrosome intact (PI-
/FITC-PNA-) were the proportions of sperm with low or high
MMP calculated.

Microbiota Analyses

DNA Extraction, PCR Amplification, Library
Preparation, and Sequencing

Total DNA was extracted using the DNeasy PowerLyzer

PowerSoil Kit (Qiagen, Hilden, Germany), following
the  manufacturer’s instructions. Mock  community
DNA was included as a positive control for library
preparation (Zymobiomics Microbial Community DNA,
ZymoResearch, Irvine, CA, USA). PCR amplification
of the bacterial 16S rRNA gene V3-V4 regions was

performed with the forward and the reverse primers
(5'-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTA
CGGGNGGCWGCAG-3) and  (5-GTCTCGTGGGCTC
GGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAA
TCC-3'). The PCR conditions consisted of an initial 95°C for
3 min (initial denaturation), followed by 30 cycles: 30's at 95°C,
30s at 55°C, and 30s at 72°C, and a final extension step of
5min at 72°C. Libraries were normalized using the SequalPrep
Normalization Plate Kit (Applied Biosystems, ThermoFisher
Scientific, Waltham, MA, USA) and then pooled. The final pools
were purified with AMPure XP beads (Beckman Coulter, Nyon,
Switzerland) and quantified with the KAPA library quantification
kit for Illumina Platforms (Kapa Biosystems, SigmaAldrich, Saint
Louis, MO, USA) on an ABI 7900HT real-time cycler (Applied
Biosystems, ThermoFisher Scientific, Waltham, MA, USA).
Sequencing was carried out using the Illumina MiSeq platform
with 2 x 300 bp reads. Negative controls were analyzed to detect
any environmental/kit-derived contaminant amplicons.

Bacterial 16S rRNA Sequences Processing

The raw demultiplexed forward and reverse reads were processed
using the Quantitative Insights into Microbial Ecology (QIIME2,
version 2019.4) software (31). Quality filtering, denoizing, pair-
end merging, and amplicon sequence variant calling (ASV, i.e.,
phylotypes or Operational Taxonomic Units, OTUs) were carried
out with the DADA2 pipeline incorporated into QIIME2 (32).

The reads were truncated at the position when the 75th
percentile Phred score fell below Q20: 300 bp for the forward
reads and 251 bp for the reverse reads.

Alpha diversity metrics, measured as observed OTUs (i.e.,
community richness), Pielou’s evenness index (community
evenness), and Shannon’s diversity index (community richness),
were analyzed to investigate semen microbiota diversity. Beta
diversity analysis was carried out to study the structural variation
of microbial communities across samples using unweighted
and weighted Unifrac distances. The visualization of microbial
communities’ structure was done with principal coordinate
analysis (PCoA) plots.

Statistical Analyses

The statistical model used to analyze the sperm quality variables
included the fixed effects of replicate (two levels), season
(breeding and non-breeding seasons), and the interaction
between both factors. Male was included as a random
effect. For those variables not following normal probability
distribution (LIN, STR, WOB, BCE AR, PMI- low MMP,
and PMI-AI with high MMP), a nonparametric test was used
(Wilcoxon test) to first test the differences between replicates
and then to test the differences between seasons. Statistical
analyses were run using SPSS® 27.0 (IBM Corporation,
New York, NY, USA). The level of significance was set
at p < 0.05.

Alpha diversity comparisons were made by a robust two-way
ANOVA (33). Differences in beta diversity were assessed by the
PERMANOVA test. The differential relative abundance of taxa
was tested by a robust two-way ANOVA analysis. The model used
to analyze alpha and beta diversity and the differential relative
abundance of taxa included the fixed effects of the replicate
(two levels), season (breeding and non-breeding seasons), and
the interaction between both factors. Spearman correlation
coefficients were calculated to study the relationship between the
semen quality parameters that differed between seasons (VCL,
VSL, VAP, LIN, STR, WOB, ALH, apoptotic sperm, plasma
membrane intact sperm with a low mitochondria membrane
potential; plasma membrane and acrosome-intact sperm with a
high mitochondria membrane potential) and the mean relative
abundance of those bacteria that differed between seasons at
the genus level (Sphingomonas, Halomonas, Methanobrevibacter,
and Faecalibacterium). Statistical analyses were run using R
Packages (BiodiversityR version 2.11-1, PMCMR version 4.3,
RVAideMemoire version.9-7, vegan version 2.5-5 packages, and
WRS2 version 1.1-3). The level of significance was set at p < 0.05.

RESULTS
Sperm Quality

The replicate and interaction effects were not significant for any
studied variable. Table 1 shows the values for the goat buck’ fresh
sperm quality variables during the breeding and non-breeding
seasons. No differences were found for total motile sperm or
progressively motile sperm between seasons. The concentration
was higher (p < 0.05) for the non-breeding than for the breeding
season, but semen production was similar during both seasons
(3,059 and 2,685 x 10° sperm). Seasons affected mainly sperm
movement quality. The ejaculates collected during the breeding
season exhibited higher velocities (VCL, VSL, and VAP) and
velocity indices (LIN, STR, and WOB), and lower ALH values
than the ejaculates collected during the non-breeding season
(p < 0.05). The ejaculates from both seasons also differed in
the proportions of both apoptotic spermatozoa and the plasma
membrane intact sperm with low MMP, which were higher
during the non-breeding season, and also in the proportion of
plasma membrane and acrosome-intact sperm with high MMP,
which was lower for the non-breeding than for the breeding
season (p < 0.05).
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TABLE 1 | Quality of the fresh goat buck ejaculates collected during the
non-breeding and breeding seasons.

Non-breeding Breeding P
season season

Concentration (x10° sperm/mL) 3,214 £ 193 2,609 £+ 193 *
Volume (mL) 0.9+0.13 1.0+ 0.18
Production (x10° sperm) 3,059 &+ 493 2,685 + 493
CASA system
™ (%) 60 + 4.6 66 + 4.6
PM (%) 41 +4.2 54 +4.2
VCL (um/s) 119+26 128 +2.6 *
VSL (um/s) 85+ 4.6 110 £ 4.6 *
VAP (um/s) 98 + 3.8 119+ 3.8 *
ALH (um) 2.6+ 0.11 1.9 4 0.1 *
LIN (%) 6927 82427 *
STR (%)? 80+1.9 88+ 1.9 *
WOB (%)? 82+1.7 91 +1.7 *
BCF (Hz)? 11.2+0.23 109+ 0.23
Cytometer
PMI (%) 56 + 3.7 57 £ 3.7
Apoptotic sperm (%) 9.7 +£0.68 6.9 + 0.68 *
AR (%)? 12 +2.0 13+2.0
PMI-Al (%) 56 + 3.7 57 £ 3.7
High MMP (%) 69 + 4.1 72 + 441
PMI- high MMP (%) 55+ 3.6 56 + 3.6
PMI- low MMP (%)? 1.4 +0.23 0.6 £0.23 *
PMI-Al with high MMP (%)? 97.2+0.48 98.7 +£0.48 *

Indicates that variables were analyzed by a nonparametric test.

*Indicates significant differences (p < 0.05).

TM, total motile sperm; PM, progressively motile sperm; \V/CL, curvilinear velocity; VSL,
straight line velocity; VAR, average path velocity; ALH, amplitude of the lateral head
movement; LIN, linearity index; STR, straightness index; WOB, wobble; BCF, beat
cross frequency; PMI, plasma membrane intact sperm [propidium iodide negative (PI-)];
apoptotic sperm, Pl+ with low intensity; AR, acrosome-reacted sperm (FITC-PNA+); PMI-
Al, plasma membrane and acrosome intact sperm (PI-/FITC-PNA-); high MMF, sperm
with a high mitochondria membrane potential (high intensity of Mitotracker deep red FM);
PMI- high MMP, plasma membrane intact sperm (PI-) with a high mitochondria membrane
potential; PMI- a low MMP, plasma membrane intact sperm (PI-) with a low mitochondria
membrane potential; PMI-Al with high MMP (%), plasma membrane and acrosome-intact
sperm (PI-/FITC-PNA-) with a high mitochondria membrane potential.

Semen Microbiota

To describe the microbiota in goat buck ejaculates and
to determine if it differed during the breeding and non-
breeding seasons, microbial genomic DNA was isolated from
24 ejaculates.

Sequencing Overview

In all, 3,785,779 pair-end reads were obtained, and 3,045,948
reads remained after the quality filtering, trimming, and
denoizing steps. Paired-end reads were merged. After chimera
removal, 2,066,478 merged reads were used for phylotype calling
with DADA2 (32). After quality control, 1,688 phylotypes were
detected. Singletons and doubletons were removed before the
diversity analysis.

Diversity Analysis

Alpha Diversity

Rarefaction curves showed that the depth of sequencing and the
achieved subsampling size were sufficient to observe the complete
diversity present in the sampled microbial communities. A
plateau was reached for all the calculated alpha diversity metrics
(Supplementary Figure 1). The alpha diversity metrics were
measured as observed OTUs (i.e., community richness), Pielou’s
evenness index (community evenness), and Shannon’s diversity
index (community richness). They showed no significant
difference between the ejaculates collected during the breeding
and non-breeding season (Figure 1), or between replicates within
a season.

Beta Diversity

The results of the PERMANOVA test using unweighted and
weighted UniFrac distances showed significant differences in
the microbial community structure (p < 0.05) between the
breeding and non-breeding season (Figure 2). The replicate and
the interaction between replicate and seasons did not affect
beta diversity.

Taxonomic Composition of Goat Buck Semen
Microbiota During the Breeding and Non-breeding
Seasons

Archaeal communities were detected in 58% (14/24) of the
semen samples at low mean relative abundance (0.21%).
Three phyla were detected (Euryarchaeota, Halobacterota, and
Thermoplasmatota). Of the three, the phyla Halobacterota and
Thermoplasmatota were detected only in one sample and two
samples, respectively.

Regarding bacterial communities, 19 bacterial phyla in
the ejaculates from the breeding season and 23 bacterial
phyla from the non-breeding season were identified from
the 24 detected phyla. This means that 18 phyla were
coincident during both seasons; one appeared only during
the breeding season and five only during the non-breeding
season. The phyla that appeared only during one of the
seasons were observed at the most in one or two of the
sampled animals. Figure3 shows that the five dominant
phyla in the ejaculates collected during the breeding season
were Firmicutes (59.98%), Proteobacteria (16.97%), Fusobacteria
(14.34%), Actinobacteria (3.34%), and Bacteroidetes (4.22%).
The most abundant phyla during the non-breeding season were
Firmicutes (72.81%) Proteobacteria (12.05%), Actinobacteria
(5.24%), Bacteroidetes (3.75%), and Cyanobacteria (2.48%). The
composition of microbial communities was variable between
animals. Firmicutes were the most abundant phylum but
ranged between 92% (measure M6.1) and 9% (measure M1.2).
For the phylum Fusobacteria, two males presented higher
proportions (28% for Male 1 and 55% for Male 4). A
robust two-way ANOVA analysis showed decreased relative
abundance for phyla Planctomycetota and Cyanobacteria during
the breeding season (0.05% vs. 0.66% for Planctomycetota and
0.03 vs. 2.48 for Cyanobacteria; p < 0.05) and an increase
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in the domain Archaea phylum Euryarchaeota (0.28 vs. 0.09;
p < 0.05).

At the genus level (or the family level when genus could
not be assigned), 424 taxa were identified (235 for the breeding
season; 346 for the non-breeding season). Nine genera and one
family during the breeding season and 11 genera and two families
during the non-breeding season showed relative abundance >1%
(Figure 4 and Table 2). This means that the relative abundance
for most taxa was low. The dominant microbial genera were
Ureaplasma (36.71%), Oceanivirga (13.99%), and Mannheimia
(8.18%) during the breeding season and Ureaplasma (42.67%),
Lactobacillus (3.28%), and Bradyrhizobium (2.25%) during the
non-breeding season (Figure 3 and Table 2). A robust two-way
ANOVA analysis showed a decrease in the relative abundance of
the genus Faecalibacterium during the breeding season (0.20 vs.
1%, p < 0.05) and an increase in the genera Sphingomonas and
Halomonas (3.88 vs. 0.29% and 1.09 vs. 0.20% for Sphingomonas
and Halomonas, respectively, p < 0.05). Our results also showed
differences in the archaeal community, with an increase in the
Methanobrevibacter genus during the breeding season (0.27 vs.
0.09, p < 0.05). Spearman correlations (Table 3) showed that the
genus Sphingomonas correlated positively with VSL, LIN, WOB,
and the sperm population exhibiting plasma membrane and
acrosome intact and a high mitochondria membrane potential.
This genus also correlated negatively with ALH and the sperm
population presenting an intact plasma membrane and a low
mitochondrial membrane potential. The amplitude of lateral
head movement also correlated negatively with Halomonas
abundance. The genus Methanobrevibacter correlated negatively
with the proportion of plasma membrane intact sperm with a
low mitochondria membrane potential and positively with the
percentage of plasma membrane and acrosome-intact sperm with
a high MMP. The genus Faecalibacterium correlated negatively
with LIN, STR, and WOB, and positively with ALH.

DISCUSSION

Variations in the microbiota of ejaculated goat buck semen
during different seasons are currently unknown. This study
characterizes, for the first time, the semen microbiota in
Murciano-Granadina goat bucks by sequencing hypervariable
regions V3 and V4 of the 16S rRNA subunit gene and studying
bacterial semen diversity during different seasons. Unlike studies
based on culture-dependent methods, the studies based on
metagenomics allow microbiota complexity to be captured and
can identify large numbers of the bacteria present in a sample
(2,3, 14, 15).

Murciano-Granadina is a breed with low reproductive
seasonality. To confirm the differences in sperm quality between
the breeding and non-breeding seasons, we first evaluated the
differences in sperm motility, kinematics, and the status of the
plasma membrane, acrosome, and mitochondria functionality.
Seasonality mostly affected sperm movement quality (Table 1).
All the velocities (VCL, VSL, VAP) and the ratios of the three
velocities (LIN, STR, and WOB) were higher during the breeding
than during the non-breeding season. Moreover, the amplitude

TABLE 2 | Mean relative abundance (%) of the taxa at the genus level (or the
family level when the genus could not be assigned) in the goat buck ejaculates
collected during the breeding and non-breeding seasons.

Taxa Breeding Non-breeding
season season

Ureaplasma 36.71 42.67
Oceanivirga 13.99 0.04
Mannheimia 8.18 0.45
Fastidiosipila 4.63 0.00
Sphingomonas 3.88 0.29
Lactobacillus 0.00 3.28
f_Weeksellaceae 2.60 0.03
Bradyrhizobium 0.66 2.25
Chloroplast 0.02 2.18
Clostridium_sensu_stricto_1 0.47 2.13
Romboutsia 1.12 2.11
Salinicoccus 1.93 1.00
Parvimonas 1.92 0.03
f_Lachnospiraceae 0.75 1.72
Ralstonia 0.32 1.65
[Ruminococcus]_torques_group 0.00 1.61
f__Peptostreptococcaceae_ 0.74 1.42
Cutibacterium 0.84 1.20
Mitochondria 0.00 1.1
Halomonas 1.09 0.20
Other 23.95 35.86

Only the taxa with a mean relative abundance >1% for the breeding or non-breeding
seasons are shown. The other category includes those genera with a mean relative
abundance <1%.

of lateral head movement (ALH) was higher during the non-
breeding season. These results showed that the sperm collected
during the breeding season showed more regular and linear
trajectories with less lateral movement than the sperm collected
during the non-breeding season. In addition, the proportion
of apoptotic sperm was slightly higher for the non-breeding
season, as was the proportion of the plasma membrane intact
sperm with low mitochondrial membrane potential. Murciano-
Granadina is a Spanish goat breed that is well-adapted to
Mediterranean environmental conditions. Previous studies have
shown significant seasonal variation in semen quantity and
quality, but we can consider that it is a breed with low
reproductive seasonality (21, 22, 26, 34). Although the males
from this breed show a longer reaction time in spring (34),
and plasma testosterone concentrations display a well-defined
seasonal pattern (26, 35), the quality of ejaculates is good all year
long (21).

We found that goat semen contained a high diversity of
bacteria. The five observed dominant phyla (Firmicutes, 66.39%;
Proteobacteria, 14.51%; Fusobacteria, 7.47%; Actinobacteria,
4.29%; Bacteroidetes, 3.98%) coincided with those phyla usually
reported in other livestock species like rabbits (10), pigs
(11, 12), stallions (13), rams (9) and bovine (36), although
the relative abundance of the different taxa varied between
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TABLE 3 | Spearman’s rank correlation coefficients between the mean relative abundance of the genera Sphingomonas, Halomonas, Methanobrevibacter, and

Faecalibacterium and the sperm quality parameters of goat buck ejaculates.

Sphingomonas Halomonas Methanobrevibacter Faecalibacterium
VCL (rm/s) 0.189 0.003 0.102 0.003
VSL (um/s) 0.411* 0.244 0.197 —0.371
VAP (um/s) 0.375 0.206 0.195 —0.330
LIN (%) 0.459* 0.340 0.190 —0.555*
STR (%) 0.346 0.357 0.078 —0.482*
WOB (%) 0.442* 0.312 0.202 —0.551*
ALH (m) —0.464* -0.416* —0.194 0.567*
Apoptotic sperm (%) —0.261 —0.288 0.194 0.380
PMI- a low MMP (%) —0.637* —0.384 —0.681** 0.217
PMI-Al with a high MMP (%) 0.579* 0.356 0.734* —0.134

"Indicates that the correlation coefficient significantly differs from zero (o < 0.05).

VCL, curvilinear velocity; VSL, straight line velocity;, VAR average path velocity; LIN, linearity index; STR, straightness index; WOB, wobble; ALH, amplitude of lateral head movement;
apoptotic sperm, Pl+ with low intensity; PMI- low MMP: plasma membrane intact sperm (PI-) with a low mitochondria membrane potential; PMI-Al with a high MMR, plasma membrane
and acrosome-intact sperm (PI-/FITC-PNA-) with a high mitochondria membrane potential.

species. Thus, for example, the phylum Proteobacteria ranged
between 4.3% in stallions (13) and 57% in pigs (11), and the
phylum Fusobacteria went from 22% in rabbits (10) to 0.2%
in rams (9). In our study, Firmicutes was the most abundant
phylum, but a high diversity between the samples was observed
(Figure 3). For the phylum Fusobacteria, two males presented
a very high proportion, but this phylum was almost absent
in the other males. Several studies in humans and stallions
have shown that semen bacterial communities contain diverse
taxa, which vary considerably among individuals (4, 5, 7, 13).
Previous studies have sampled semen at a single time point,
but microbiota stability within a season has not been studied
(37). Our results demonstrate that, while microbiota varied
between seasons according to beta diversity, it remained stable
within a season (the microbiota composition of ejaculates was
similar in the two replicates of the same male for the same
season). The time between replicates ranged from 2 to 7 days,
which indicates that microbiota composition remained stable
for 7 days.

Regarding genera, the relative abundances of taxa at the genus
level in studies published to date are variable. Zhang et al. (11)
reported that the most abundant genera in pigs are Pseudomonas,
Lactobacillus, and Ralstonia with mean relative abundances of
34.41, 19.93, and 6.82%, respectively; Serrano et al. (9) indicated
that the most abundant genera in rams are Corynebacterium
(11%), Pseudomonas (10%), and Lactococcus (6%). The most
abundant genera in bulls are Porphyromonas, Fusobacterium,
Ruminococcaceae, and UCG-010 (14). In stallions, the most
frequently seen genera are Porphyromonas spp., Corynebacterium
spp.» and Finegoldia spp. (15).

In our study, Ureaplasma was the most abundant genus
for both seasons. In rams, this genus was among the 10
most abundant genera, but its abundance was lower (3%) (9).
Although Ureaplasma diversum has been associated with bovine
reproductive illnesses (38, 39), recent studies have reported that
Ureaplasma is the most abundant genus (~33%) in the vaginal

microbiota of healthy dairy heifers that do not exhibit visible
vulvar lesions, with mean fertility of 85% upon first insemination
(40). Moreover, in ovids, the Ureaplasma genus does not seem to
affect AI fertility (9). Thus, more studies are necessary to unravel
the effect of Ureaplasma on reproduction.

Pseudomonas and Corynebacterium, which were the two most
abundant genera in rams (9), were also present in all the males in
our study but in smaller quantities (0.55 and 0.73%, respectively).
Corynebacterium has also been observed in the semen of
bulls (14) and stallions (15). Corynebacterium is distributed
in soil and water and colonizes animal skin and mucous
membranes (14). Attention should be paid to the presence of
Pseudomonas because the venereal transmission of this bacterium
has been previously confirmed in horses (41) to provoke
uterine disease.

In our study, the Mannheimia genus was observed during the
breeding season with a mean relative abundance of 8.17%. This
genus has also been detected in the semen of one of the five rams,
and the vagina of 10 of the 50 ewes tested in the work of Serrano
et al. (9). In small ruminants, Mannheimia haemolytica appears
as natural flora in the upper respiratory system and is considered
an opportunistic pathogen in severe pleuropneumonias in cattle,
sheep, and goats (42). The presence of typical bacteria from
the respiratory tract in semen has been reported in previous
studies [Pseudomonas aeruginosa and Klebsiella pneumonia
in stallions; (15)]. It is unknown how the presence of
bacteria considered opportunistic can affect sperm quality and
fertility, especially in samples that need to be stored before
insemination (15).

The genus Oceanivirga appeared mostly in the goat ejaculates
collected during the breeding season and has also been detected
in mare vagina (43, 44) and bull semen (14). This genus
belongs to the Leptotrichiaceae family, which typically colonizes
human or animal oropharynx, respiratory, urogenital, and
gastrointestinal tracts (45, 46). The importance that these genera
may have for reproductive performance remains unknown.
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No significant differences were observed in the richness and
evenness between the samples collected during the breeding and
non-breeding seasons (Figure 2), but beta diversity significantly
differed between both groups (Figure 3), which, thus, indicates
that seasonality affected microbial community composition.
We found differences in taxonomic composition between
the breeding and non-breeding seasons. Our results revealed
that the relative abundance of the Faecalibacterium genus
significantly decreased during the breeding season, while
the proportion of the Sphingomonas and Halomonas genera
increased. Moreover, an increase in the Methanobrevibacter
genus in the archaeal community was observed during the
breeding season. According to our results, the ejaculates
collected during the breeding season were characterized by a
higher abundance of the genus Sphingomonas, and this bacterium
could positively impact sperm quality based on the observed
correlations (Table 3). Furthermore, the higher abundance of
the genus Faecalibacterium during the non-breeding season
could negatively impact sperm quality according to the detected
correlations (Table3). In humans, a significant reduction
in Sphingomonas has been reported in the asthenospermia
group (8), and seminal microbiota has been characterized in
the oligoasthenospermia group by the dominance of several
bacteria, including Faecalibacterium (8). Taken together, our
results suggest that Sphingomonas and Faecalibacterium could
be possible biomarkers of sperm quality in goat bucks. Both the
Faecalibacterium and Methanobrevibacter genera are typically
present in the digestive community of goats (47-49). Indeed,
Methanobrevibacter is the most abundant genus in the goat
rumen archaeal community (49). Halomonas has been organized
as a genus since 1980, is typically found in saline environments,
was originally seen as environmental contaminants (50), and
has been recently observed in 68% (17 out of 25) ram foreskin
samples (9). Bacterial ejaculate contamination is frequent
due to the inherent nature of the semen collection process
(51). Sources of bacterial contamination include, but are not
limited to, the normal microflora of foreskin, feces, skin,
and hair microorganisms (14, 15, 51, 52). Godia et al. (12)
reported that the predominant species contaminated Pietrain
boar semen after ejaculation, which came from the soil, feces,
and water sources (Bacillus megaterium, Brachybacterium
faecium, Bacillus coagulans). In bulls and stallions, most of
the detected bacteria originated from either the environment
or the mucosa of animals and humans [Porphyromonas,
Fusobacterium, Fastidiosipila, Cutibacterium, Corynebacterium;
(14, 15)]. The presence of Sphingomonas has been previously
reported in normal human semen (1, 8), detected in the colon
microbiota of goats and is among the 20 most abundant
OTUs in the colon (47). Although our semen collection was
performed under very hygienic conditions, likely, the presence
of the Faecalibacterium, Methanobrevibacter, Halomonas
and Sphingomonas genera originated from contamination by
environmental microorganisms.

However, the colonization of semen with these genera could
occur as a result of some male behavior. Male homosexual
behavior, as well as penis licking and masturbation, is common
in ruminant species, but these behaviors are more frequent in

goat bucks that are isolated from estrous females (53), which
is the case in Al centers. Such behavior can bring about semen
colonization with fecal and gut bacteria. Vaginal colonization
by fecal bacteria has been proposed in heifers and mares (43,
54, 55). Finally, evidence for a possible link between the gut
and seminal microbiomes has been reported in mice, where
significant changes in the seminal microbiome were observed in
the animals fed with a high-fat diet (56). All these phenomena
could explain the presence of the typical genera from the gut in
goat semen. However, the role that these genera could play in
semen quality remains to be elucidated.

In conclusion, our study describes, for the first time, the
semen microbiota of goat bucks by sequencing hypervariable
regions V3 and V4 of the 16S rRNA subunit gene. It also shows
that, while seasons affect microbial community composition,
microbioma remains stable within seasons for 7 days. In
addition, the genera Sphingomonas and Faecalibacterium could
be possible biomarkers of semen quality in goat bucks. These
results contribute to an in-depth understanding of the effects of
reproductive seasonality on goat buck ejaculates.
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