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Abstract

Background Semen collection is a crucial step in artificial insemination of geese,
directly affecting semen quality and fertilization success. To investigate the effects and
regulatory mechanisms of sustained semen collection on semen quality in ganders, 36-
week-old healthy ganders that pre-trained for semen collection were randomly allocated
to either a sustained semen collection (SC) group (semen collection every three days)
or a non-semen collection (NSC) group. At 66 weeks, we compared semen quality,
semen microbiota, and metabolites between the SC and NSC groups.

Results Compared with the NSC group, the SC group exhibited significantly higher
ejaculate volume, sperm density, viability, motility, and semen quality factor (SQF)
(P<0.01), along with higher sperm acrosomal integrity (P<0.05), and a lower sperm
deformity rate (P<0.05). 16S rRNA sequencing showed that Proteobacteria was the
most abundant phylum in gander semen, with Acinetobacter and Oceanivirga being the
predominant genera in the SC and NSC groups, respectively. The differential microbial
taxa in the SC group were Bacillales, Corynebacteriaceae, Corynebacteriuml,
Megamonas, Pasteurellaceae bacterium20215 4. Whereas those in NSC group were
Burkholderiaceae, Ralstonia, Hydrogenophaga, Sphingomonadales,
Sphingomonadaceae, Sphingomonas, Arthrobacter, and Escherichia Shigella.
Metabolome analysis revealed that the metabolites in gander semen were mainly lipids
and lipid-like molecules. Furthermore, 38 differential expressed metabolites (DEM)
were identified between the SC and NSC groups, especially the five metabolites,

including PG (16:0/20:4 (5Z,8Z2,11Z,14Z)), P1 40:6, 3-hydroxyoctanoyl carnitine,
2
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crotonic acid, and isobutyrylglycine, being the most significant. The online Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment analysis showed that the
DEM were significantly enriched in 20 metabolic pathways. Among these,
lipoarabinomannan (LAM) biosynthesis and glycerophospholipid metabolism were
associated with immunity and sperm motility, respectively. Integrated analysis further
showed that the differential microbial taxa in the SC group (Bacillales and Megamonas)
were significantly positively correlated with several lipids and amino acid derivatives.
In the NSC group, the differential microbial taxa (Escherichia Shigella,
Burkholderiaceae, and Hydrogenophaga) were significantly negatively correlated with
CARS:0

Conclusions In conclusion, sustained semen collection contributes to a stable seminal
milieu, alleviates oxidative stress, facilitates sperm metabolism, and consequently
improves semen quality. In contrast, extended periods without semen collection may
compromise spermatogenesis and sperm maturation.

Keywords: gander; sustained semen collection; semen quality; bacterial taxa;
metabolites

Background

Driven by the rapid development of the goose industry, the transformation of
rearing systems, and the widespread adoption of artificial insemination, goose farming
has undergone substantial scaling up. However, despite many conveniences brought

about by technological advances, the reproductive efficiency of breeder geese still faces
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certain bottlenecks, with poor semen quality of ganders being a key factor restricting
fertility [1]. Compared with other poultry, ganders have relatively lower semen volume,
semen viability, which is one of the reasons for the low fertilization rate in geese. In
roosters, the ejaculate volume typically ranges from 0.3-0.8 mL, with sperm viability
and motility reaching up to 96.8% and 86%, respectively [2]. However, the ejaculate
volume of ganders is only 0.14-0.5 mL, with sperm viability ranging from 30% to 80%
and sperm motility ranging from 20% to 60% [3, 4]. Therefore, in-depth studies and
further improvement in gander semen quality are of great significance for improving
reproductive efficiency and economic benefits in goose production.

Gander semen quality is influenced by multiple factors such as breed, age,
reproductive season, feeding practices, nutrition, libido, semen collection frequency, as
well as semen microbiota and metabolites [5-9]. Of them, the method and frequency of
semen collection, as an important part of artificial insemination, are particularly critical
in influencing semen quality. In several studies on camels and chickens, it has been
shown that higher frequency of semen collection has a significant effect on semen
quality, with a higher number of viable spermatozoa, higher sperm concentration,
higher sperm viability, but a lower semen volume [10-12]. However, studies on the
effects of semen collection frequency on semen quality in ganders are still lacking.

Semen is not a sterile environment but rather a complex microbial ecosystem
containing diverse microbiota that have complex biological functions, with the
presence of both harmful microbiota that may contribute to inflammation in the

reproductive tract and beneficial microbiota that maintain environmental homeostasis
4
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and defend against viruses and bacteria [13, 14]. Many studies have shown that male
infertility, hypospermia, and oligospermia are often closely associated with specific
potentially harmful microbial taxa in the reproductive tract. For example, some bacteria
such as FEscherichia coli, Chlamydia trachomatis, Mycoplasma hominis, and
Staphylococcus aureus have been reported to decrease semen quality and male fertility
in humans [15]. In contrast, a study in humans suggests that the relative abundance of
Prevotella was significantly higher in the abnormal semen group, whereas both the
relative abundance of Staphylococcus and Lactobacillus were significantly higher in
the normal semen group, and these three genera were associated with sperm viability
and morphological defects [16]. A previous study in rats showed a significant negative
correlation between the abundance of Prevotella and sperm motility [17]. In addition,
the Firmicutes and Actinobacteria are directly associated with asthenozoospermia and
infertility in humans, and isoprene produced by Actinobacteria causes sperm DNA
fragmentation, which is a straightforward factor of the decline in semen quality [18,
19]. In male poultry, semen quality is a crucial factor affecting the efficiency of artificial
insemination. However, bacteria naturally interact with semen in the male reproductive
tract, and the process of semen collection and storage may alter this interaction, leading
to changes in sperm structure and motility [20]. Also, not all bacteria in semen are
harmful, but there are also some beneficial bacteria that inhibit harmful bacteria and
increase sperm viability and motility through the metabolites they produce. For
example, Lactobacillus, commonly present in semen, produces lactic acid which may

help maintain an acidic environment that inhibits pathogenic growth [21, 22]. Therefore,
5
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the semen microbiota is complex and its impact on sperm quality depends on microbial
species, diversity and quantity [23, 24].

Semen metabolites are considered relevant biomarkers of semen quality, playing
important roles in sperm motility and sperm capacitation, helping maintain the
structural integrity and normal function of sperm, and reflecting the composition and
function of seminal microbiota [23, 25]. To date, few studies have investigated the
effects of semen collection, especially prolonged abstinence from collection, on semen
quality, seminal microbiota, and seminal metabolites in poultry. Therefore, this study
took ganders as the experimental subjects and integrated 16S rRNA sequencing and
metabolomic analysis to reveal the differences in semen between sustained collection
and non-collection regimes. The aim was to identify key microbiota and metabolites,
thereby providing a scientific basis and technical support for optimizing semen
collection methods and improving reproductive efficiency in geese.

Materials and Methods

Experimental Animals and Sample Collection

A total of 100 healthy newly hatched ganders from Tianfu Meat geese II, which
were hatched at the same batch and provided by the Waterfowl Breeding Experimental
Farm of Sichuan Agricultural University (Ya'an, Sichuan, China), were used as our
experimental subjects. They were reared under similar environmental and feeding
conditions. In detail, the ganders were reared in indoor net brooders from 0~3 weeks of

age and subsequently shifted to the net-floor mixed rearing system, where they were
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reared in indoor floor pens with a size of 13 m length x 6 m width, consisting of a 60
m? plastic net at a height of 1 m above the ground level and an 18 m? deep litter floor.
Thereafter, the ganders at 10 weeks of age were kept in single cages, with a size of 350
mm width X 550 mm length x 700 mm height. After reaching sexual maturation (around
32 weeks of age), the ganders showing normal body condition and external genital
development were artificially trained by an experienced technician for semen collection
according to the methods introduced in our previously published studies [26, 27]. At 36
weeks of age, the ganders that had been artificially massaged to be able to ejaculate
were randomly divided into two experimental groups, including the sustained semen
collection group (SC) and the non-semen collection group (NSC). During the period
from 37 to 66 weeks of age (corresponding to the annual laying period of the same
batched female geese), ganders in the SC group underwent semen collection every three
days for artificial insemination, whereas those in the NSC group received no semen
collection at all. Starting from the end of 66 weeks of age, semen samples were
collected from the SC (n=16) and NSC (n=26) groups of ganders for 5 times at an
interval of three days. At each sampling time point, part of the freshly collected semen
from each gander was used for semen quality analysis, and the remaining was stored at
-80°C after rapidly frozen in liquid nitrogen until 16S rRNA sequencing and
metabolome analysis.

Semen Quality Analysis

After collecting fresh semen from the ganders, several indices of semen quality,
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namely ejaculate volume, sperm density, sperm viability, sperm motility, sperm
deformity rate, and acrosomal integrity were assessed according to the previously
introduced methods [26]. In detail, the volume of ejaculate was measured using a
syringe with a range of 0.1~1 ml, while the sperm density, sperm viability, sperm
motility, and sperm deformity rate were measured using a computer-assisted sperm
analysis system (Mailang, Guangxi, China). Then, sperm acrosomal integrity (%) was
defined as the ratio of sperms with intact acrosomes to the total sperm counts, where
the Aniline blue staining solution (Sangon Biotech, Shanghai, China) allowed
discrimination between sperm with preserved versus disrupted acrosomes, visualized
under a phase contrast microscope (Olympus, Tokyo, Japan). Lastly, the semen quality
factor (SQF) value was computed as follows: SQF = ejaculate volume (mL) % sperm
density (x10%/mL) x sperm viability (%) x (1 - sperm deformity rate (%)).
DNA Extraction and 16S rRNA Sequencing

For 16S rRNA sequencing, four ganders were randomly selected from each of the
SC and NSC groups, and semen sample for each gander were mixed by pooling equal
volumes of semen collected from 5 times. The semen microbial DNA was obtained
using the Bacterial Genome DNA Extraction Kit (DP302-02, Tiangen, China)
according to the manufacturer's instructions. The total DNA was quantified using a
Qubit Fluorometer (Invitrogen, USA) and was amplified by PCR using the following
universal primer 341F/805R (341F: 5'-CCTACGGGGNGGCWGCAG-3'; 805R: 5'-
GACTACHVGGGGTATCTAATCC-3"). The PCR amplification conditions were: pre-

denaturation at 98 °C for 30 s, followed by 32 cycles of denaturation at 98 °C for 10 s,
8



152  annealing at 54 °C for 30 s, and extension at 72 °C for 45 s, and a final extension at 72 °C
153  for 10 min. The PCR product was purified using AMPure XT beads (Beckman Coulter
154  Genomics, Danvers, MA, USA) and accurately quantified for concentration using a
155  Qubit Fluorometer (Invitrogen, USA). The fragment size distribution of the purified
156  products was assessed on an Agilent 2100 Bioanalyzer (Agilent, USA), and the
157  concentration of the effective library fragments containing intact adapters was
158  determined using Illumina library quantitative kits (Kapa Biosciences, Woburn, MA,
159  USA), which were further pooled and sequenced on an Illumina NovaSeq 6000 (PE250)
160  (LC-Bio Technology Co., Ltd., Hangzhou, China).

161  Quality Control and Analysis of Microbial Sequencing Data

162 After removing adapter and barcode sequence from the paired-end sequencing
163  data, DADA2 was called for length filtering and denoising via qiime2 dada2 denoise-
164  paired to obtain the amplicon sequence variants (ASV) features sequences and ASV
165  abundance tables [18, 28]. The filtering criteria were as follows: 1) sequences with
166  feature less than 30 were removed; 2) low abundance sequences were removed at 0.005%
167  oftotal frequency; 3) singletons ASV were removed [29]. The ASV sequence files were
168  annotated with species according to the Silva database (https://www.arb-silva.de, v138)
169  using the classify-sklearn algorithm of the feature classifier plugin, and the abundance
170  of each stratum of species in each sample was counted according to the ASV abundance
171  table [30]. Based on the obtained ASV feature sequences and ASV abundance tables,
172  alpha and beta diversity analyses were conducted. Alpha diversity was evaluated by

173 four indices: shannon, simpson, chaol, and Pielou [13]. Principal coordinate analysis
9
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(PCoA) based on the Bray-Curtis distance matrix was performed using the cmdscale
function and ggplot (version 3.5.1) in R (v4.2.2) [31]. Wilcoxon rank-sum test was
performed to compare the differences to identify the differentially abundant bacteria,
and statistical differences were calculated using linear discriminant analysis effect size
(LEfSe) analysis, with a linear discriminant analysis (LDA) score of > 3 and a filtering
threshold of P <0.05 [32].
Metabolite Extraction and LC-MS/MS Analysis
Semen samples of 5 ganders were randomly selected for metabolomic sequencing
from each of the SC and NSC groups, and semen sample for each gander consisted
of equal volumes of semen collected for 5 times. The collected samples were thawed
on ice, and metabolites were extracted with 80% methanol buffer. Briefly, 100 pL of
sample was extracted with 400 pL of precooled methanol. The extraction mixture
was then stored in 30 min at -20°C. After centrifugation at 20,000 g for 15 min, the
supernatants were transferred into new tubes and dried under vacuum. The samples
were redissolved with 100uL 80% methanol and stored at -80°C prior to the liquid
chromatography-tandem mass spectrometry/mass spectrometry (LC-MS/MS)
analysis. All chromatographic separations were performed using an UltiMate 3000
UPLC System (Thermo Fisher Scientific, Bremen, Germany). An ACQUITY UPLC
T3 column (Waters, Milford, MA, USA) was used for the reversed phase separation.
Separation was performed with the column oven at 45°C and a flow rate of 0.3
mL/min. The mobile phase consisted of solvent A (5 mM ammonium acetate and

SmM acetic acid) and solvent B (acetonitrile). A high-resolution tandem mass
10
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spectrometer Q-Exactive (Thermo Fisher Scientific, Bremen, Germany) was used to
detect metabolites eluted form the column. The Q Exactive was operated in both
positive and negative ion modes. Precursor spectra (70—1050 m/z) were collected at
70,000 resolution with an automatic gain control (AGC) target of 3e6 and a maximum
injection time of 100 ms. A top 3 configuration to acquire data was set in data-
dependent acquisition mode. Fragment spectra were collected at 17,500 resolution to
reach an AGC target of 1e5 with a maximum injection time of 80 ms.
Analysis of Metabolomic Data
The acquired mass spectrometry data were preprocessed using XCMS software
for peak picking, peak grouping, retention time (RT) correction, secondary peak
grouping, and annotation of isotopes and adducts [33]. LC-MS/MS raw data files were
converted to mzXML format and then processed by the XCMS, CAMERA, and metaX
toolboxes implemented with the R software [34, 35]. Each ion was identified by
combining RT and m/z data. The intensity of each peak was recorded and a three-
dimensional matrix containing arbitrarily assigned peak indices (retention time-m/z
pairs), sample names (observations) and ion intensity information (variables) was
generated [36]. The online Kyoto Encyclopedia of Genes and Genomes (KEGG) and
Human Metabolome Database (HMDB) were used to annotate the metabolites by
matching the exact molecular mass data (m/z) of samples with those from database [37].
If a mass difference between the observed and database value was less than 10 ppm,
the metabolite would be annotated and the molecular formula of the metabolite would

further be identified and validated by isotopic distribution measurements [38, 39]. The
11
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three conditions of P < 0.05, fold change (FC) >1.2 obtained by ¢ test and variable
important for the projection (VIP) calculated by partial least squares discriminant
analysis (PLS-DA) simultaneously met the screening of the differential expressed
metabolites (DEM). Hypergeometric-based enrichment analysis with KEGG Pathway
was performed to identify significantly enriched metabolic pathways.
Statistical analysis

Semen quality parameters were compared between the two groups by independent
samples #-test (SAS 9.4, SAS Institute Inc., Cary, NC). The P value < 0.05 was
considered statistically significant, and the results were visualized using the GraphPad
Prism 8.0 software (GraphPad Software, San Diego, CA). Visualization of microbial
taxonomic profiles was performed using the R package ggplot2 (version 3.5.1), vegan
(version 2.6.10), ggforce (version 0.4.2), readxl (version 1.4.3), reshape2 (version
1.4.4), agricolae (version 1.3.7), ggsci (version 3.2.0), ggprism (version 1.0.5), scales
(version 1.3.0). Differential abundance analysis of metabolites was performed using the
DESeq2 Bioconductor package (version 1.44.0) [40], and the differential metabolite
results were visualized using the ggplot2, ggrepel (version 0.9.5), RColorBrewer
(version 1.1.3), and tidyverse (version 2.0.0) packages in R. Heatmap analysis was
conducted using Spearman's correlation coefficient, and the heatmap was generated
using the ComplexHeatmap (version 2.20.0), circlize (0.4.16), and RColorBrewer R
package.
Results

Differences in the Gander Semen Quality between SC and NSC
12
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As shown in Fig 1 and Supplementary Table S1, compared with the NSC, ejaculate
volume (A), sperm density (B), sperm viability, sperm motility (C), and SQF (D) was
significantly higher in the SC (P<0.01), acrosomal integrity (E) was also higher in the
SC (P<0.05). While, sperm deformity rate (F) was significantly lower in the SC
(P<0.05).

Differences in the Gander Semen Microbial Compositions between SC and NSC

Atotal 0f 496 ASV were identified from the eight samples, which were categorized
into 12 phyla, 19 classes, 35 orders, 65 families, and 109 genera. The 12 phyla and the
top 20 genera with the highest relative abundance were selected to plot the species
composition stacked map. As shown in Fig 2A and Table 1, these 12 phyla included
Actinobacteria, Bacteroidetes, Epsilonbacteracota, Firmicutes, Fusobacteria,
Kiritimatiellaeota, Patescibacteria, Planctomycetes, Proteobacteria, Synergistetes,
Tenericutes, and Verrucomicrobia. In the SC, the most abundant phylum was
Proteobacteria (39.68%), similarly to the NSC where Proteobacteria accounted for
35.69%. As shown in Fig 2B, these 20 genera included Acinetobacter, Bacteroides,
Campylobacter, Erysipelothrix, Fastidiosipila, Fusobacterium, Gallibacterium,
Hydrogenophaga, Jeotgalibaca, Lachnoclostridium 12, Neisseria, Oceanivirga,
Pasteurellaceae  bacterium  19987/1,  Pasteurellaceae  bacterium  20215/4,
Phreatobacter, Porphyromonas, Psychrobacter, Sphingomonas, Streptobacillus, and
Varibaculum. In the SC, the most abundant genus was Acinetobacter (14.93%), whereas
in the NSC, the most abundant genus was Oceanivirga (10.61%) (Supplementary Table

S2). The results of alpha diversity showed that there were no significant difference
13
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between the SC and the NSC in terms of Chaol, Shannon, Simpson, and Pielou indices
(Fig 2C and Supplementary Table S3). The result of PCoA indicated that there were
differences in the semen microbial communities between NSC and SC, which
distinguished the microbial community of the two groups. However, the samples were
more dispersed in both groups, and the intra-group differences were greater in the SC
than in the NSC (Fig 2D).
Differences in the Gander Semen Microbial Abundance between SC and NSC

LEFSe analyses were performed to confirm unique taxonomic biomarkers on
semen of ganders in SC and NSC groups. As shown in Fig 3A, there were differences
in evolutionary branching of microbial taxa in SC and NSC groups, with a relative
concentration in the NSC and a relative dispersion in the SC. As shown in Fig 3B and
Table 2, compared with the NSC, Pasteurellaceaebacterium20215 4, Megamonas,
Corynebacteriaceae, Corynebacteriuml, and Bacillales were significantly higher in the
SC; Escherichia_Shigella, Ralstonia, Arthrobacter, Hydrogenophaga, Sphingomonas,,
Sphingomonadales, Sphingomonadaceae, and Burkholderiaceae were significantly
lower in the SC (LDA > 3, P <0.05).
Differences in the Gander Semen Metabolic Compositions between the SC and
NSC

The metabolomic analysis showed that a total of 14447 features were generated in
positive (7449) and negative (6998) ion modes. Secondary mass spectrometry (MS2)
analysis showed that a total of 1088 metabolites were matched against the HMDB, of

which 635 metabolites were confirmed in positive ion mode and 454 metabolites in
14
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negative ion mode. Of all annotated metabolites, 1086 metabolites were shared between
the SC and NSC groups, while only two metabolites (2,6-Dimethylpyridine and 2,4-
Dimethylpyridine) were exclusively detected in the SC group. Among the annotated
metabolites, lipids and lipid-like molecules, organic acids and derivatives, and
organoheterocyclic compounds were the top three superclass in the HMDB-based
metabolite classification (Fig 4A). The identified metabolites were performed KEGG
pathway annotation, a total of 241 pathways were annotated in both the SC and NSC
groups, and the top 20 pathways with the highest number of metabolites were selected
for display, and the results were shown in Fig 4B. The metabolism pathway (KEGG
level 1) and the metabolic pathways (KEGG level 3) both exhibited the highest numbers
of enriched metabolites.
Differences in the Gander Semen Metabolic Expression between the SC and NSC
DEM were screened by using FC values of metabolites between groups, p-values
obtained by logstransformation of metabolite abundance followed by t tests, and the
VIP values of each metabolite obtained by multivariate statistical PLS-DA analysis,
with the DEM satisfying the following criteria: FC >= 1.2 or FC <= 0.83, P value <
0.05, and VIP > 1. The results were shown in Fig 5A, 30 metabolites were significantly
up-regulated and 8 metabolites were significantly down-regulated in the SC group
compared with the NSC. The PLS-DA plot was shown in Fig 5B, which indicated
differences in the semen metabolomes between the SC and NSC groups. Samples 1 and
5 in the SC group were relatively dispersed, while samples 1 and 3 in the NSC group

showed greater dispersion. Heat maps of the DEM were presented (Fig 5C), 30
15
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metabolites highly expressed in the SC group: PC(18:1(9Z)/18:1(9Z)), crotonic acid, 3-
Methyl-L-Histidine, Isobutyrylglycine, N-(2-Hydroxyethyl)acrylamide, Proline, D-
chiro-Inositol, CAR 8:0, 3-hydroxyoctanoyl carnitine, SM 31:1;20/5:0,
hydroxyphenyllactate, LPS 18:1, LysoPC(22:5(72,10Z,13Z,16Z,197)/0:0),
LysoPC(22:4(7Z,10Z2,13Z,167)/0:0), PG(16:0/20:4(52,8Z2,11Z,14Z7)), Niranthin, 5-O-
Methylvisammioside, sphingosin C16 (Artifact)-emf, b-Guanidinopropionate,
Carbamoyl-DL-Aspartic acid, Propionylcarnitine, 3-Hydroxyisovaleryl carnitine,
Methyl nicotinate, 2,3,4,5-Tetrahydro-2-pyridinecarboxylic acid,
Methylenecyclopropylglycine, 2-(4-Methyl-5-thiazolyl)ethyl formate, 4-
Aminosalicylic Acid, PI 38:5, PI 38:4, and PI 40:6 were highly expressed in the SC
group. Eight metabolites highly expressed in the SC group: taurohyodeoxycholic acid,
Trideca-7,9,11-trienoylcarnitine, 2-Acetyl-3-ethylpyrazine, Methyl jasmonate, N-
Dodecanoyl-N-methylglycine, 8-methyl-5-propyl-1,2,3,5,8,8a-hexahydroindolizine,
Molybdenum, and PC 16:0_18:1.
Functional Enrichment Analysis of the Identified DEM in Gander Semen

DEM were used for differential enrichment analysis, and the results of KEGG
enrichment analysis showed that a total of 31 metabolic pathways were enriched
(Supplementary Table S4), of which 5 belonged to cellular processes, 2 belonged to
environmental information processing, 3 belonged to human diseases, 20 belonged to
metabolism, and 1 belonged to organismal systems. Among these, 20 pathways showed
significant enrichment (P < 0.05) and were drawn as the KEGG bar graph (Fig 6A). 31

pathways were taken for the bubble graphs, and the results are shown in Fig 6B. DEM
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were highly significantly enriched into the pathways lipoarabinomannan (LAM)
biosynthesis (rich factor=1.5, P < 0.001), glycerophospholipid metabolism (rich
factor=0.16, P < 0.001), choline metabolism in cancer (rich factor=0.36, P < 0.001).
Correlation Analysis between the DEM and Differentially Abundant Microbiota
in Gander Semen

The results of correlation analysis between the 38 DEM and differential microbiota
are presented in Supplementary Table S5, and the top 15 DEM with the lowest P values
were selected for heatmap presentation. As shown in Fig 7, Bacillales was significantly
and strongly positively correlated with PG (16:0/20:4(5Z,82,11Z,14Z)) (r = 0.74, P =
0.0364), PI 40:6 (r = 0.75, P = 0.032), Methylenecyclopropylglycine(r = 0.77, P =
0.027), Isobutyrylglycine(r =0.81 , P = 0.0144), Proline (= 0.72, P = 0.0425), SM
31:1;20/5:0 (r=0.99, P <0.001) and LPS 18:1(r = 0.88, P = 0.004). Hydrogenophaga
was significantly and strongly negatively correlated with CAR 8:0(r = -0.72, P =
0.0445). Megamonas was significantly and strongly positively correlated with P140:6(r
=0.83 , P = 0.0108), Methylenecyclopropylglycine( = 0.85, P = 0.0069),
Isobutyrylglycine(r =0.91, P=0.0015), PC(18:1(92)/18:1(9Z)) (r=0.75, P=0.0331),
Proline(r = 0.78, P = 0.0232), SM 31:1;20/5:0(» = 0.92, P = 0.0011), and LPS 18:1(r
=0.95, P=0.0003). Pasteurellaceaebacterium20215 4 was significantly and strongly
positively correlated with PI 40:6 (» = 0.79, P = 0.0193), crotonic acid (r = 0.91, P =
0.0018), and 3-Hydroxyisovalerylcarnitine (» = 0.89, P = 0.0029). Burkholderiaceae
was significantly and strongly negatively correlated with CAR 8:0 (r = -0.72, P =

0.0456). Corynebacteriuml was significantly and strongly positively correlated with 3-
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hydroxyoctanoyl carnitine (» = 0.73, P = 0.0388). Escherichia Shigella was
significantly and strongly negatively correlated with 3-hydroxyoctanoyl carnitine ( » =
-0.75, P=0.031) and CAR 8:0 (r =-0.81, P = 0.0148). Arthrobacter was significantly
and strongly positively correlated with 2-Acetyl-3-ethylpyrazine (7= 0.8, P =0.0184).
Discussion

Semen collection, as a key part of artificial insemination, has a significant impact
on reproductive efficiency of ganders. In this present study, sperm viability, sperm
motility, sperm density, SQF, acrosomal integrity and ejaculate volume were higher in
the SC compared with the NSC. Previous studies have shown that a reduction in the
frequency of semen collection is associated with a progressive increase in the single
ejaculation volume and sperm density, yet a decline in sperm motility and viability.
When the frequency of semen collection is once every 3 days, it has the best semen
quality in poultry [41, 42]. A study on turkeys found that semen collected once or twice
a week had higher semen volume, sperm progressive motility, sperm density, total
sperm per ejaculate and percentage of normal sperm compared with semen collected
three or four times a week [43]. Another study on broiler breeders demonstrated that a
prolonged interval between semen collection increases semen volume, but the
indicators of sperm viability and motility decreased [44]. This is somewhat similar to
the present study, in which the semen quality of ganders in the NSC was significantly
reduced after prolonged periods of no semen collection. The reason for this may lie in
the changes in the environment of the reproductive tract of ganders in terms of

microbial communities, metabolites, as well as the structure and function of testes and
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epididymides. It has been shown that semen collection leads to changes in protein and
ionic balance in epididymal fluid, which interferes with sperm maturation process and
may contribute to an increased rate of sperm malformations [45]. The above studies
suggest that prolonged absence of sperm collection in ganders can lead to a decrease in
semen quality.

Regarding microbial taxa, Actinobacteria, Bacteroidetes, Firmicutes, and
Proteobacteria are the four common phyla identified in avian semen [13, 46], with
Proteobacteria being the most abundant phylum, which is similar to the finding on
drakes [47]. And at the genus level, the common bacterial genera identified in semen
include Bacteroides, Fastidiosipila, Fusobacterium, Oceanivirga, and Porphyromonas,
which are also commonly found in bull semen [48]. Acinetobacter, which has a highest
abundance in the SC, it is associated with sperm DNA damage and is significantly more
abundant in human semen with high DNA fragmentation index [49]. Nevertheless, a
study has demonstrated that semen microbial communities harboring Acinetobacter in
humans achieve the highest success rates in vitro fertilization and the intracytoplasmic
sperm injection, relative to those without this bacterium [50]. A study of boars found
that higher relative abundance of Acinetobacter was associated with low sperm quality
and could be used as a biomarker for differences in semen quality [51]. Collectively,
these findings indicate that Acinetobacter exerts species-dependent effects on sperm
morphology, thereby potentially compromising reproductive fitness. While the highest
abundance of Oceanivirga in the NSC group, presented in the semen of goats during

the breeding season, as well as in bovine semen, whereas its specific function has not
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been previously reported and remains unlear [48, 52]. Surprisingly, Lactobacillus which
1s more common in the semen of other animals such as boars, cows and chickens, was
only present in the NSC with low abundance, and it has not been identified in semen of
drakes [53]. Lactobacillus in the human reproductive tract was positively correlated
with bacterial vaginosis- associated bacteria [50]. These studies suggest that prolonged
periods without semen collection may increase the risk of reproductive tract diseases in
waterfowl.

LEFSe analysis showed that Bacillales, Corynebacteriaceae, Corynebacteriuml,
Megamonas, and Pasteurellaceae bacterium20215 4 exhibited significantly higher
relative abundances in the SC compared with the NSC. Interestingly, Bacillales is an
estrus-related microorganism in bulls, with its abundance increasing significantly
during estrus and being notably higher in the testis than in semen [54, 55]. Megamonas
is highly abundant in the human prostate, and its abundance is positively correlated
with serum testosterone levels, suggesting that it may be involved in androgen
metabolism [56]. While in NSC group, Burkholderiaceae, Sphingomonadales,
Sphingomonadaceae, Ralstonia, Hydrogenophaga, Sphingomonas, Arthrobacter, and
Escherichia_Shigella exhibited significantly higher relative abundance compared with
the SC. Burkholderiaceae, which is considered a beneficial bacterial family, is
associated with high sperm density, sperm morphology and DNA adsorption; however,
Ralstonia, a genus under this classification, although positively correlated with semen
volume, is negatively correlated with sperm concentration and sperm motility, and its

presence has been detected in the rat testis, epididymis, vas deferens, seminal vesicles,
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and prostate, suggesting that it may be associated with the development of
asthenozoospermia [17, 57]. A higher abundance of Sphingomonadaceae, particularly
of its genus Sphingomonas, was significantly positively correlated with the extent of
sperm DNA damage in humans [57]. Escherichia_Shigella is considered to be a
deleterious bacterium causing DNA replication defects, which are negatively correlated
with sperm motility in humans [58]. From the above results, it can be seen that the
abundance of harmful bacteria was higher in the NSC ganders, which may be a direct
cause of their poor semen quality.

The metabolites identified in gander semen were mainly lipids and lipid-like
molecules, which play an important role in protecting sperm plasma membrane integrity,
energy metabolism, spermatogenesis, and fertilization [59-61]. Studies have shown that
phosphatidylcholine (PC) and sphingomyelin (SM) are the most important components
of the sperm plasma membrane, serving as key indicators for assessing sperm
fertilization potential, and their abundance are associated with sperm motility and
viability; however, in chicken semen, high levels of PC lead to the decrease of chicken
fertility [62, 63]. Thirty-eight DEM were identified between the SC and NSC groups,
of which five metabolites, PG (16:0/20:4 (572,8Z,1172,147)), PI 40:6, 3-
hydroxyoctanoyl carnitine, crotonic acid and Isobutyrylglycine showed the most
significant  differences, all ~ with  higher abundance in the SC.
PG(16:0/20:4(52,82,1172,147)) and PI 40:6 are glycerophospholipids, which play
important roles in regulating sperm motility and semen preservation. Specifically,

phosphatidylinositol phosphate produced by phosphatidylinositol (PI) modification
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plays a key role in spermatogenesis, capacitation and fertilization, where
spermatogenesis has a clear role as a central regulator [64]. Studies in chickens have
shown that PI abundance is significantly increased in the high sperm viability group,
and its involvement in phosphatidylinositol signaling has been identified as essential
for sperm viability and sperm storage tubule metabolic processes in poultry [65, 66].
As a key carrier in mitochondrial fatty acid pf-oxidation, 3-hydroxyoctanoyl carnitine
has typically been detected at higher levels in groups of abnormal sperm motility and
poor semen quality in bulls [67, 68]. This finding is somewhat inconsistent with the
results of the present study, which showed that 3-hydroxyoctanoyl carnitine was higher
in semen of ganders in the SC group, where semen quality was superior, a discrepancy
that may be attributable to species differences. DEM were enriched for a total of 31
metabolic pathways, with highly significant enrichment for LAM biosynthesis and
glycerophospholipid metabolism. LAM is an important non-peptide factor regulating
host immune response, which is mainly produced by microbiota such as
Corynebacteriaceae and Corynebacteriuml, which can bind to macrophages and inhibit
their activation, thereby reducing local immune activity [69]. It is speculated that LAM
may regulate immune microenvironment homeostasis and immune privilege (a local
active tolerance mechanism that protects spermatozoa from inflammatory damage) in
the gander reproductive tract, alleviate local inflammatory response, reduce immune
clearance and oxidative damage of sperm, so as to maintain sperm motility. Meanwhile,
it helps to protect the structural integrity of seminiferous tubules, sustain the

physiological function of Sertoli cells and the normal secretion of testosterone [70]. On
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the other hand, susstained semen collection may change the reproductive tract
microecology of ganders, increase the abundance of LAM-producing microbiota in
semen, and further activate the LAM biosynthesis pathway.

Combined analysis of differential microbial taxa with the DEM, the differential
microbial taxa in the SC, Bacillales and Megamonas, both showed significant positive
correlations with the DEM, including lipids, amino acids, and their derivatives, such as
PG(16:0/20:4(52,82,11Z,147)), PC(18:1(92)/18:1(92)), PI 40:6, SM 31:1;20/5:0,
Isobutyrylglycine, LPS 18:1, and Proline. phosphatidylglycerol (PG), PC, and PI play
important roles in spermatogenesis and sperm energy metabolism. Proline, as an
antioxidant in semen cryopreservation, helps to improve sperm membrane integrity,
sperm motility, and ATP levels, effectively protecting sperm from oxidative stress.
Moreover, proline metabolism plays a key role in regulating sperm motility [71-73].
This suggests that the two microbial taxa, Bacillales and Megamonas, may indirectly
influence spermatogenesis, potentially through their associations with the levels of
metabolites such as PG, PI, PC, and proline, which are critical for maintaining sperm
plasma membrane integrity and providing energy for sperm. Isobutyrylglycine is an
acylglycine, a secondary metabolite of fatty acids, which is commonly used as a
biomarker of the immune response, reflecting the degree of tissues exposure to infection
[74]. LPS 18:1, a component of the outer membrane of Gram-negative bacteria, can
induce testicular inflammation, thereby impairing spermatogenesis and steroidogenesis
in rats [75]. Corynebacterium 1 and Pasteurellaceae bacterium 20215 4 showed a

significant positive correlation with 3-hydroxyoctanoyl carnitine. It is speculated that
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these two microbial taxa may be involved in the fatty acid B-oxidation process. On the
one hand, they may regulate carnitine content to provide acyl carriers for fatty acid
oxidation in organisms; on the other hand, this may also reflect dysregulation of the
fatty acid oxidation pathway, thereby leading to metabolic disturbances [76, 77]. This
indicates that sustained semen collection, while promoting beneficial microbiota and
their metabolites, also increases the risk of testicular or reproductive tract inflammation
and metabolic disorders. Interestingly, the differential microbial taxa in the NSC,
Hydrogenophaga Escherichia_Shigella, and Burkholderiaceae were significantly
negatively correlated with CARS:0. As a derivative of carnitine, acylcarnitine (CAR) is
a product of cellular energy and metabolism. It plays an important role in facilitating
the entry of long-chain fatty acids into mitochondria for B oxidation and in reducing
oxidative damage to sperm. On the other hand, carnitine is an essential substance for
sperm maturation, and the increased sperm motility in the epididymis is often
accompanied by an increase in carnitine levels [78, 79]. It is hypothesized that during
long-term abstinence from semen collection, some harmful microbiota suppress
carnitine production, which subsequently disrupts fatty acid B-oxidation. Consequently,
spermatogenesis is indirectly impaired, leading to decreased sperm motility.
Conclusion

This study elaborates on the differences between the SC and NSC ganders in
semen quality, semen microbiota, and metabolites. In terms of semen quality, the SC
group exhibited better semen quality compared with the NSC; in terms of semen

micobiota, most of the differential bacteria in SC group favored the stability of the
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semen environment, whereas some of the differential bacteria in NSC group negatively
affected the semen quality; in terms of metabolome, most of the DEM were up-
regulated in SC group, and the LAM pathway was an important metabolic pathway.
Integrated analysis further showed that the differential microbial taxa in the SC group
were significantly positively correlated with several lipids and amino acid derivatives,
suggesting that their potential roles in maintaining sperm plasma membrane integrity
and providing energy for spermatozoa. Yet in the NSC group, the differential microbial
taxa may suppress carnitine synthesis, thus impairing fatty acid B-oxidation and
spermatogenesis, and consequently reducing sperm motility and semen volume. In
conclusion, sustained semen collection contributes to a stable seminal milieu, alleviates
oxidative stress, facilitates sperm metabolism, and consequently improves semen
quality. In contrast, extended periods without semen collection may compromise
spermatogenesis and sperm maturation.
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807  Table 1. Mean relative abundance of bacterial phyla identified in the gander semen

808  between the SC and NSC.

Phylum SC (%) NSC (%)
Proteobacteria 39.68+4.22 35.69+7.94
Firmicutes 26.67+2.7 20.6+2.16
Actinobacteria 2.3+0.19 6.99+1.95
Patescibacteria 0.91+0.31 1.04+0.38
Bacteroidetes 13.62+1.38 15.37+2.34
Fusobacteria 13.45+2.94 17.45+3.89
Synergistetes 1.77+0.58 0.88+0.38
Epsilonbacteraeota 1.3£0.26 1.34+0.27
Kiritimatiellaeota 0.01+0.01 0+0
Tenericutes 0.28+0.12 0.51+£0.23
Planctomycetes 0+0 0.01+0
Verrucomicrobia 0+0 0.12+0.06

809 aSC: sustained semen collection; NSC: non-semen collection
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810

811

812

813

814

815  Table 2 Differential microbial taxa identified by LEFSe analysis and their relative

816  abundance in the gander semen from the SC and NSC.

Microbial taxa SC (%) NSC (%) LDA score P value

f Burkholderiaceae 1.17+£0.29 9.57£2.65 4.66 0.0433

g Hydrogenophaga 0.77+0.26 8.07£2.12 4.58 0.0433

g Sphingomonas 0.25+0.07 7.62+3.31 4.57 0.0433

g Ralstonia 0.09+0.02 1.35+0.51 3.82 0.0433

g Escherichia_Shigella 0.04=0.01 0.17+0.04 3.21 0.0433
o_ Bacillales 0.28+0.07 0.09+0.01 3.77 0.0209

g Arthrobacter 0+0 0.01+0 4.28 0.0472

g Corynebacteriuml 0-2120.07 0+£0 4.00 0.0180
g Megamonas 0.03+0.01 0+£0 4.22 0.0472

g Pasteurellaceaebacterium20215 4 6.79+£3.38 0+£0 4.68 0.0472

817  *SC: sustained semen collection; NSC: non-semen collection

818  Figures
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820  Fig 1. Comparison of the gander semen quality parameters between the sustained

821 semen collection (SC) and non-semen collection (NSC) groups. (A) Ejaculate
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Semen Quality Factor (SQF). (E) Sperm deformity rate. (F) Acrosomal integrity. “*”
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indicates an extremely significant difference between the two designated groups at
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Fig 7. A cluster heatmap showing correlations among the selected 10 differentially
abundant bacteria and the top 15 differentially expressed metabolites (DEM) in
the gander semen between the sustained semen collection (SC) and non-semen
collection (NSC) groups. The color of the lines indicates the positive and negative
correlations between microbiota and DEM, the thickness of the lines represents the
magnitude of the correlation coefficient between microbiota and DEM, and the color
and size of the squares denote the magnitude of the correlation coefficient of DEM.

“MT indicates microbial taxa.
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