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Introduction: Sow mortality in the U.S. swine industry has increased in recent years, for which pelvic organ prolapse (POP) is a major contributor, accounting for 21% of all sow mortality. Dysbiosis of microbial communities has been associated with disease and reproductive dysfunction in several species, and previous studies have shown changes in vaginal microbiota in sows with increased risk for POP during late gestation. However, there is insufficient knowledge surrounding the potential relationship between fecal microbiota and POP in sows. Therefore, the study objective was to identify differences in sow fecal microbiota and determine if fecal and vaginal microbial communities are correlated in relation to POP risk.

Methods: Sows were evaluated for POP risk using an established perineal scoring system, with a perineal score (PS) of 1 (PS1) presuming little to no risk of POP to a PS of 3 (PS3) presuming high risk of POP. In the current study, 2,864 sows were scored during gestation week 15, and 1.0%, 2.7%, and 23.4% of PS1, PS2, and PS3 sows, respectively, subsequently experienced POP. Fecal swabs (n = 215) were collected between gestation days 108-115, DNA was extracted, and 16S rRNA gene amplicon sequencing libraries were analyzed using mothur, phyloseq and SAS in reference to PS and POP outcome. Additionally, co-occurrence networks were constructed using CoNet to compare fecal and vaginal microbiota from the same cohort of sows and identify correlations between different taxa.

Results: Differences in fecal community composition (PERMANOVA; P < 0.05), structure (alpha diversity measurements; P < 0.05), and 13 individual operational taxonomic units (OTUs) were revealed between PS1 and PS3 assigned sows. No differences in fecal microbiota were detected as a result of POP outcome. However, the abundances of several taxa were correlated across sample collection sites, suggesting the fecal and vaginal microbial communities may be related to one another.

Discussion: Collectively, fewer differences in the fecal microbiota exist in sows with differing risk for POP compared to the vaginal microbiota, suggesting the vaginal microbiome may be more relevant in relation to POP outcome, although correlations between fecal and vaginal communities may provide insight for strategies to combat POP.
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Introduction

Over the last 50 years, substantial progress has been made in efficiency of swine production, including improvements in reproduction. Despite these improvements, sow mortality has increased throughout the last decade with up to 21% (Ross, 2019) due to pelvic organ prolapse (POP). Typically considered an anatomical disorder, POP is characterized by one or more of the pelvic organs pressing up against or out of the vagina (Jelovsek et al., 2007), and sows most commonly experience POP during late gestation or shortly after farrowing (Supakorn et al., 2014). Although recent work has begun to elucidate potential underlying mechanisms contributing to POP, a definitive understanding of the biological causes of POP is lacking. As POP is not only an economic issue but also an animal welfare concern, further investigation is needed to develop mitigation strategies that effectively reduce prevalence of POP in the U.S. sow herd.

Microbial communities of a host can influence host health, and dysbiosis in these microbial communities can indicate dysfunction at a particular site within a host (Petersen and Round, 2014). In recent years, studies have begun to explore associations between gut, fecal, and vaginal microbiota in relation to swine growth, health, and reproduction (Kamada et al., 2012; Hermann-Bank et al., 2015; Yuliaxis et al., 2016; Wang et al., 2017; Yang et al., 2018; Wang et al., 2019; He et al., 2020; Sanglard et al., 2020a,b; Zhong et al., 2021; Kiefer et al., 2021a,b). However, due to a lack of understanding and research in this area, it is difficult to differentiate a healthy sow vaginal microbiome from one experiencing dysbiosis. Previous studies have demonstrated that sows with differing risk for POP have notable differences in the vaginal microbiota, and several relevant microbial taxa have been identified as potential biomarkers for disease (Kiefer et al., 2021a,b). To our knowledge, the relationship between POP and fecal microbiota has not yet been analyzed in late gestation sows, therefore further investigation is warranted.

Interestingly, studies have recently revealed that gut microbial communities play a role in estrogen metabolism, and changes in these communities can affect steroid hormone levels (Adlercreutz et al., 1984; Cotton et al., 2023). Additionally, studies conducted in humans have demonstrated that the composition of the gut microbiota has an effect on circulating estrogens and estrogen metabolite levels (Flores et al., 2012; Baker et al., 2017). Similarly, studies conducted in female mice have reported that sex hormones may affect the gut microbial communities (Acharya et al., 2019). Previously, we have identified differences in steroid hormone levels in sows with differing risk for POP (Kiefer et al., 2021c), but the relationship between these hormone levels and the fecal microbiota has not been studied. Similarly, the relationship and potential interaction between these communities in relation to POP risk has yet to be explored.

Furthermore, studies have begun to evaluate correlations between microbiomes at different body sites (Xu et al., 2021) and their relationship to reproductive health (Deng et al., 2019; Zhang et al., 2021; Gu et al., 2022). Given the close physical proximity of the external genitalia (anus and vulva) and shared urogenital tract in female pigs, the inherent anatomical structure of the sow may enable a connection between the fecal and vaginal microbial communities. Therefore, the potential influence these communities have on one another is understudied despite the evidence linking both vaginal and fecal microbiota to reproductive health.

Previously, alterations in vaginal microbiota and circulating hormone levels between sows differing in POP risk have been observed (Kiefer et al., 2021c). These observations, in addition to the new developments surrounding the relationship between microbial communities and reproductive hormone levels, warrants additional research to investigate if alterations in fecal microbiota contribute to risk for experiencing POP. One aim of the study was to identify whether or not the fecal microbiota could be utilized as an indicator of POP risk. Thus, the objective of this study was to identify differences in fecal microbiota of late gestation sows, determine if the fecal and vaginal microbial communities are related, and determine if these differences or correlations are associated with POP risk. To accomplish this, the current study tested the hypothesis that fecal microbiota differs between sows at variable risk for POP. Additionally, we aimed to identify correlations in microbial taxa between the vaginal and fecal microbiota to provide a deeper understanding of the similarities between these two communities in swine.



Materials and methods


Animals

A total of 2,864 sows during late gestation (days 108–115) were included in this trial. All experiments involving animals were approved by the Iowa State University (ISU) Institutional Animal Care and Use Committee. This work was conducted on two commercial sow farms, designated farm A and farm B, from the same production system. These farms were in close proximity to one another and shared the same genetics, feed, and housing type. Within each farm, sows were housed in individual gestation stalls in the same room, with sows grouped by date of first service. Additionally, the farms had a similar health status being porcine reproductive and respiratory syndrome naïve, Mycoplasma hyopneumoniae stable, porcine epidemic disease naïve, and influenza A virus stable.



Perineal scoring system

Three perineal score (PS) classes, varying from presumed low to high risk, were used to classify the late gestation sows for POP risk, and has been described previously (Kiefer et al., 2021a). Sows were only assigned a PS while lying down. In brief, to assign the PS, the perineal region was visually evaluated for swelling, redness, and protrusion. A sow lacking swelling, redness, and protrusion was assigned a PS1 and considered low risk for POP. Sows with moderate swelling, redness, and protrusion of the perineal area were assigned a PS2, assuming moderate risk for POP. Sows assigned PS3 demonstrated all the characteristics of severe swelling, redness, and protrusion of the perineal area and were considered high risk for POP. Scores were assigned over 7 consecutive weeks during Spring of 2019 during gestation days 108–115, with sows on each farm being scored once each week on subsequent days as previously documented (Kiefer et al., 2021b).



Statistical analysis of perineal score

The main effects of PS and Farm, both of which are considered categorical, and the interaction between PS and Farm, Parity, and the interaction between PS and Parity were assessed in SAS 9.4 (Cary, NC) utilizing a PROC MIXED analysis. Data are considered significant if p ≤ 0.05 and indicate a tendency for biological meaning if 0.05 < p < 0.10.



Sample collection

This study is an expansion of prior work investigating differences in blood parameters (Kiefer et al., 2021c) and vaginal microbiota (Kiefer et al., 2021b) between PS1 and PS3 sows. At both farms, fecal swabs were collected in tandem with the vaginal swabs from the previous study (Kiefer et al., 2021b) during gestation week 15 (days 108–115). All sows classified as PS3 (n = 117) were swabbed along with parity-matched PS1 (n = 96) assigned sows. Of the 117 PS3 assigned sows, 28 of them experienced POP with 9 being from Farm A and 19 being from Farm B. None of the PS1 sows evaluated experienced POP. Because some sows are moved from gestation to farrowing rooms during the late stages of gestation (approximately day 112 to 113 of gestation), some collections occurred in the farrowing room. However, PS1 sow sample collection was matched for parity and day of gestation, making fecal swab collections balanced across room locations for each PS. Fecal swabs were collected by aseptically inserting a 7-inch histology brush (2199, Puritan Medical Products) into the rectum and brushing the orifice for approximately 15 s. Swabs were removed, immediately placed in sterile 1X phosphate buffered saline (PBS), and maintained on wet ice for 12–24 h before being transported to the lab for processing. Due to biosecurity measures on the farms, limited supplies were able to brought onto site during sample collection, for which the authors acknowledge the potential of bias by storage on ice as opposed to immediately freezing, however, all samples were consistently collected and stored until processing (Tedjo et al., 2015; Bassis et al., 2017). Sample processing involved vortexing swabs for 5 min to detach cells, followed by centrifugation at 5,000 × g for 15 min at room temperature to form a pellet. Supernatant was discarded and pellets were stored at −80°C until used for DNA extraction.



DNA extraction

Fecal microbiota pellets were thawed and DNA was extracted using the Qiagen DNeasy Powerlyzer Powersoil kit (Qiagen, Germantown, MD) per manufacturer’s protocol. Mechanical cell lysis was performed using a Beadmill 24 (Fisher Scientific, Hampton NH). Concentration of isolated DNA was determined using a Qubit® 3.0 Fluorometer (Fisher Scientific, Hampton NH).



16S rRNA gene sequencing

16S rRNA gene sequences were amplified from fecal samples of individual sows. DNA was diluted in sterile water to a concentration between 25–75 ng/μL and sent to the ISU DNA facility for sequencing using the Illumina MiSeq platform (Illumina, San Diego, CA, United States). Briefly, the genomic DNA from each sample was amplified using Platinum™ Taq DNA Polymerase (Thermo Fisher Scientific, Waltham, MA, United States) with one replicate per sample using universal 16S rRNA gene bacterial primers [515F (5′-GTGYCAGCMGCCGCGGTAA-3′; 26) and 806R (5′-GGACT ACNVGGGTWTCTAAT-3′; 27)] amplifying the variable region V4, as previously described (Kozich et al., 2013). All samples underwent PCR with an initial denaturation step at 94°C for 3 min, followed by 45 s of denaturing at 94°C, 20 s of annealing at 50°C, and 90 s of extension at 72°C. This was repeated for 35 total PCR cycles and finished with a 10-min extension at 72°C. All PCR products were then purified with the QIAquick 96 PCR Purification Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. PCR bar-coded amplicons were mixed at equal molar ratios and used for Illumina MiSeq paired-end sequencing with 250 bp read length and cluster generation with 10% PhiX control DNA.



Quality control and clustering of sequences into OTUs

Sequence analysis was performed with mothur V1.43.0 following the mothur MiSeq Standard Operating Procedure (Kozich et al., 2013). Barcode sequences, primers and low-quality sequences were trimmed using a minimum average quality score of 35, with a sliding window size of 50 bp. Chimeric sequences were removed using the “Chimera.vsearch” command. For alignment and taxonomic classification of OTUs, the Silva SSU NR reference database (v138) provided by the mothur website was used. Sequences were clustered into OTUs with a cutoff of 99% 16S rRNA gene similarity (= 0.01 distance) and were ordered from most to least abundant. Representative sequences for the 50 most abundant OTUs were additionally classified using NCBI BLAST (Altschul et al., 1990) to improve classification accuracy.



Microbial sequence analysis

Samples were assigned a Bray–Curtis dissimilarity value and means were compared using the permutational analysis of variance (PERMANOVA) package built in to Phyloseq. Bray–Curtis dissimilarity was selected based on the ability to compare closely-related samples (Bray and Curtis, 1957).

Measurements of Chao species richness, Shannon Diversity, and Simpson evenness were conducted to compare community structures (alpha diversity) between experimental groups. The means of the experimental group alpha diversity measures were analyzed using the PROC MIXED procedure in SAS. To compare overall microbial community composition (beta diversity), Bray–Curtis dissimilarity measurements between experimental groups were analyzed using the Adonis command (PERMANOVA) and BetaDisp command (BetaDispersr) provided within the VEGAN v2.5-5 package (Oksanen et al., 2020). Overall variation in bacterial communities was visualized using principal coordinate analysis (PCoA). Canonical analysis of principal coordinates (CAP) (Anderson and Willis, 2003) was used to visualize the variation capture by PS, Farm, and the interaction between the two. This information was generated with the Phyloseq v1.34.0 (McMurdie and Holmes, 2013) and Vegan. All plotting was completed using ggplot2, v2_3.1.1 graphing package in R 4.1.0.

The absolute abundances of the 100 most abundant OTUs among samples were analyzed using a negative binomial distribution in GLIMMIX procedure of SAS (Version 9.4, SAS Inst., Cary, NC), and were offset by the total library count for a given sample. Corresponding p-values were corrected for false discovery rates (FDR) using the FDR correction of the MULTITEST procedure within SAS. For all comparisons, p (or Q) values were considered significant if <0.05, and trending towards significance if 0.05 < p (or Q) < 0.10. For the top 100 OTUs with a Q value of ≤0.05, the Log2-fold changes (log2FC) between groups were calculated using R and plotted using ggplot2. Three analyses were conducted; (1) PS1 (n = 96) sows compared to PS3 (n = 117) sows, (2) comparison between all sows that did (Yes; n = 28) or did not (No; n = 185) subsequently experience POP, and (3) comparison between PS3 sows that did (Yes; n = 28) or did not (No; n = 89) subsequently experience POP.

Additionally, the vaginal microbial sequencing data from Kiefer et al. (2021b) and the current study were combined and processed together in mothur and phyloseq, using the pipeline described above, to determine shared microbial populations. These studies were conducted in parallel on the same sow farms utilizing the same cohort of sows for sample collection. Shared OTUs between studies were calculated and visualized using the VennDiagram package in R. Overall community structure was visualized using PCoA plots generated in phyloseq (see above) and overall community differences were tested using PERMANOVA. Finally, co-occurrence network analysis was conducted using the 100 most abundant OTUs to identify correlations between fecal and vaginal microbiota using CoNet v.1.1.1 in Cytoscape (Faust and Raes, 2016). In these networks, the nodes represent microbial species and the edges represent significant (p < 0.05) relationships in abundance patterns. Networks for within and between body sites were created, evaluating both negative (red) and positive (green) correlations, and were only considered significant if correlations existed between at least two tests.




Results


Changes in perineal score throughout late gestation

All data involving PS and POP incidence has been previously described in Kiefer et al. (2021b,c). In total, 2,864 sows were scored across both farms during gestation week 15. A difference (p < 0.01) in POP incidence was observed between PS1, PS2, and PS3 sows, with 1.0% of PS1, 2.7% of PS2, and 23.4% of PS3 scored sows, subsequently experiencing POP. Additionally, Farm A had a 1.6% POP rate while Farm B had a 3.7% POP rate during the duration of this study. Of all sows scored at both farms, PS was affected (p < 0.01) by parity with sows assigned PS1 having an average parity of 1.9 ± 0.1 compared to 3.3 ± 0.2 for PS3 scored sows, which has been previously described in Kiefer et al. (2021b). To account for differences due to parity, samples were collected from PS3 sows along with parity matched PS1 sows to be used for microbiota sequencing. In this subset of sows, the average parity of PS1 sows was 3.0 ± 0.2 while the average parity of PS3 sows was 3.3 ± 0.2.



Characterization of the fecal microbiota of late gestation sows

A total of 137,933 OTUs were obtained from 213 fecal samples of which 8,224 OTUs remained after removal of OTUs represented by less than 10 sequence reads. The average sequencing depth per sample was 36,788 sequences with a standard deviation of 10,654 sequences. Bacterial reads made up 99.05% of the total reads while 0.95% were archaeal. Across the 8,224 OTUs used in this dataset, 26 and 457 unique phyla and genera, respectively, were represented. The 50 most abundant fecal OTUs are reported in Supplementary Table S1.



Differences in fecal microbiota exist between farms and sows at varying risk of POP during week 15 of gestation

When evaluating fecal microbiota on a whole-community level at gestation week 15, differences (p ≤ 0.01) were detected between PS and Farm, and the interaction of PS and Farm had a tendency (p = 0.07) to be different. When evaluating community separation using CAP, a difference (p < 0.01) was observed between PS and Farm (Figure 1). Alpha diversity estimators revealed differences (p ≤ 0.01) in community structure between samples regarding Chao species richness and total number of observed species (Figure 2A). When evaluating the 100 most abundant OTUs, differences (p < 0.05, Q < 0.05) in abundance of 13 OTUs were observed (Table 1). Increases in Turicibacter (OTU 1), Clostridium_sensu_stricto_1 (OTU 2, 3, and 5), Anaerococcus (OTU 7), Treponema (OTU 20), Actinobacillus (OTU 38), Firmicutes_unclassified (OTU 40), Streptococcus (OTU 51), Helicobacter (OTU 59), and Oscillospiraceae (OTU 76) were observed in PS3 sows compared to PS1 sows. In the fecal microbiota of PS1 sows, both Ezakiella (OTU 46) and Anaerococcus (OTU 94) were increased (p < 0.01) compared to PS3 sows.
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FIGURE 1
 Fecal microbial community comparisons. Canonical analysis of principal coordinates (CAP) demonstrating the maximum variation of beta-diversity between fecal microbiota communities. The CAP from sows with assumed low (PS1, n = 96) or high (PS3, n = 117) risk for pelvic organ prolapse (POP) during gestation week 15 (days 108–115) from two separate farms (A and B). Farm A, PS1 (APS1; light blue), Farm A, PS3 (APS3; dark blue); Farm B, PS1 (BPS1; light red) and Farm B, PS3 (BPS3; dark red). Statistical differences (p < 0.01) were detected in overall microbial communities between perineal score (PS) and Farm using PERMANOVA.


[image: Figure 2]

FIGURE 2
 Alpha diversity of fecal microbiota in late gestation sows. Comparison of alpha diversity measurements species evenness (Simpson), richness (number of species observed, Chao1), and diversity (Shannon) across the variables within this study. (A) Alpha diversity measurements for fecal microbiota of sows with low (PS1; grey, n = 96) or high (PS3; black, n = 117) risk for pelvic organ prolapse (POP) at gestation week 15 (days 108–115) revealed significant differences (p ≤ 0.01) in community structure between samples regarding Chao species richness and the number of observed species. (B) Alpha diversity measurements from sows that subsequently did (Yes; black, n = 28) or did not (No; grey, n = 185) experience POP revealed no differences (p ≥ 0.66) in community structure. (C) Alpha diversity measurements for PS3 sows that subsequently did (Yes; black, n = 28) or did not (No; grey, n = 89) experience POP revealed no differences (p ≥ 0.14) in community structure. (D) Alpha diversity measurements for fecal microbiota compared to vaginal microbiota of all sows at gestation week 15. Species evenness (Simpson), richness (number of species observed, Chao1), and diversity (Shannon) were different (p < 0.01) between body sites. Significance is noted by ***p ≤ 0.05.




TABLE 1 Differences in OTUs between fecal microbiota of PS1 and PS3 sows during gestation week 15.
[image: Table1]



Differences in fecal microbiota were not observed between sows that subsequently did or did not experience POP

Whole-community level analysis of the fecal microbiota at gestation week 15 revealed no differences (p ≥ 0.42) between POP outcome or the interaction between POP outcome and Farm. Alpha diversity estimators revealed no differences (p ≥ 0.66) in community structure between fecal samples regarding Chao species richness and Observed species (Figure 2B). When evaluating the 100 most abundant OTUs no differences in abundance (p > 0.05, Q > 0.05) were observed. Additionally, whole community level analysis of the fecal microbiota from PS3 sows that subsequently did or did not experience POP revealed no differences (p ≥ 0.81) between POP outcome or the interaction between POP outcome and Farm. Alpha diversity estimators revealed no differences (p ≥ 0.14) in community structure between samples regarding Chao species richness and total number of observed species (Figure 2C). When comparing the 100 most abundant OTUs no differences in abundance (p > 0.05, Q > 0.05) were observed. The five most abundant OTUs when evaluating POP included Turicibacter and three different Clostridium, and Romboutsia.



Comparison of the vaginal and fecal microbial communities

One aim of the study was to compare the vaginal and fecal microbiota of sows in this trial. When evaluating the microbial communities of both vaginal [data from our previous study (Kiefer et al., 2021b)] and fecal communities on a whole community level at gestation week 15, differences (p < 0.01) in community composition were detected (Figure 3B). Vaginal and fecal microbial communities shared the majority of OTUs. However, some of these OTUs had different relative abundances depending on body site. Significant differences (p < 0.01) in alpha diversity measurements of species evenness, species richness and species diversity were detected between body sites with the vaginal microbiota showing lower alpha diversity than the fecal microbiota (Figure 2D). A total of 9,649 (87.6%) OTUs were shared across both vaginal and fecal samples, while vaginal samples had 234 (2.1%) unique OTUs and fecal samples had 1,126 (10.2%) unique OTUs (Figure 3A).
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FIGURE 3
 Microbial community comparison analyzing the fecal and vaginal microbiota of sows in relation to POP. (A) Venn diagram illustrating the similarities and differences between all vaginal microbiota (Kiefer et al., 2021b, purple) and all fecal microbiota (current study, grey). A total of 9,647 OTUs were shared across studies and an additional 234 were unique to the vaginal communities while 1,128 were unique to the fecal communities. (B) Principal coordinates analysis (PCoA) demonstrating differences in beta diversity of all vaginal microbial communities (purple dots) of sows compared to the fecal microbial communities (grey dots). All points represent Bray Curtis dissimilarity measures for each sample. Significant differences (p < 0.01) were detected based on sample type (vaginal or fecal).




Correlations exist between fecal and vaginal microbiota of late gestation sows may exist

Network analyses were performed to evaluate correlations between the fecal and vaginal microbiota. When comparing the fecal and vaginal communities, 145 nodes, representing 145 individual OTUs, were identified as significantly correlated (p < 0.05) and were connected by 485 edges representing correlations between nodes (Supplementary Figure S1 and Supplementary Table S2). Twelve of these edges were negative correlations and the remaining 473 were positive.

Correlations were then calculated between taxa within each environment, resulting in detection of 81 nodes connected by 309 edges, and 64 nodes connected by 160 edges within the fecal and vaginal environments, respectively. Numerous OTUs classified within specific genera of interest were identified as significantly (p < 0.05) correlated with several other genera. Some microbes of interest, in relation to PS, within both the fecal and vaginal communities include Clostridium, Treponema, and Streptococcus (associated with increased POP risk), and Veillonella (associated with decreased POP risk).

Lastly, correlations were evaluated between and within body sites. Within the genus Clostridium, 33 nodes were observed to be correlated, connected by 71 edges, 3 of which were negatively correlated (Figure 4A). Streptococcus had 8 nodes connected by 5 edges, 1 of which was negative (Figure 4B). Thirty nodes were observed within the genus Treponema, connected by 44 edges with 2 being negative (Figure 4C). Veillonella had 7 nodes connected by 5 edges, all of which were positive (Figure 4D).
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FIGURE 4
 Co-occurrence networks for the fecal and vaginal microbiota of late gestation sows. Co-occurrence networks created using the CoNet (v 1.1.1) application with Cytoscape showing the significant (p < 0.05) correlations between the top 100 most abundant OTUs from the fecal and vaginal microbiota of late gestation sows. Nodes represent each individual OTU, with the color representing taxonomy and the shape representing body site (Square = Vaginal, Diamond = Fecal). Edges in green are positive correlations while those in red are negative. (A) Evaluated correlations with Clostridium species, has 33 nodes correlated, connected by 71 edges. (B) 8 nodes were connected by 5 edges between Streptococcus species. (C) Treponema species were connected by 44 edges and included 30 nodes. (D) Veillonella taxa had only 7 nodes connected by 5 edges.





Discussion

Previous studies have demonstrated that vaginal microbiota differs between late gestation sows at high risk for POP compared to vaginal microbiota of low-risk sows (Kiefer et al., 2021a,b). Results from the current study suggest fewer differences exist in the fecal microbiota between sows at variable risk for POP. While the fecal microbiota appears to be less indicative of POP risk, correlations to the vaginal microbiota and differences in community structure were observed between these communities in the same cohort of animals. Collectively, these findings suggest vaginal microbiota may be more relevant to understanding POP than fecal microbiota.

Current literature regarding fecal microbiota in gestating sows is scarce, making it challenging to distinguish a healthy microbial population compared to a population in dysbiosis. Therefore, in addition to exploring fecal microbiota in relation to POP, this study provides novel characterization of the fecal microbiome in sows, and contributes to the growing, but limited, body of knowledge in this field. Overall, 8,224 unique OTUs were identified within the fecal communities of late gestation sows. This is substantially greater than the amount of OTUs previously identified in vaginal (Kiefer et al., 2021a,b) and gut (Wang et al., 2018) microbiota, indicating higher microbial diversity in fecal communities. Additional studies evaluating OTUs in fecal communities of swine have reported a wide range of observations (Kim et al., 2015; Wang et al., 2019), potentially due to low sample sizes, differences in breed and age of animals, or differences in analysis approaches.

Therefore, an objective of the current study was to determine if differences exist in the fecal microbiota of sows at low risk for POP compared to those at high risk. Identifying differences could provide a better understanding of the core fecal microbiota and the specific relationship to POP risk. From this study, 13 OTUs were identified as significantly different when comparing fecal microbiota of PS3 and PS1 sows, despite that the changes in abundance were relatively small. Of these 13 OTUs, 11 were more abundant in high-risk sows and 2 were more abundant in low-risk sows. Specifically, differences were observed in abundances of Clostridium, Anaerococcus, Treponema, Actinobacillus, Ezakiella, and Streptococcus, all of which have been previously identified in sow vaginal microbiota in relation to POP risk (Kiefer et al., 2021a,b). Redundancy of differentially abundant OTUs between the fecal and vaginal communities in relation to POP risk may suggest these specific OTUs are involved in the phenotypic manifestation of a sow with elevated risk of POP, although further research is needed to determine causation.

Recently, it has become widely accepted that the gut microbiome is associated with host health, and changes in this community have been linked to diet, diseases, and host genetics (Duncan et al., 2008). Fecal microbial communities also change depending on the physiological stage of the animal, with gestating or lactating sows having a different profile than other stages (Kim et al., 2015). Further, the gut microbiota of the sow changes throughout pregnancy based on metabolic state (Cheng et al., 2018; Liu et al., 2019). Studying these changes may help characterize a healthy microbial community versus one in dysbiosis, as well as potentially link the causes of dysbiosis to reproductive disorders.

Metabolites produced by the gut microbiota are involved in regulation of host metabolism and health. Specifically, microbially-produced short-chain fatty acids (SCFA), including acetate, propionate, and butyrate, are involved in secretion and regulation of hormones (Ma et al., 2020). Microbes have the ability to degrade hormones, resulting in alterations to circulating estrogen levels and disruption of gut microbiome (Zhong et al., 2021; Cotton et al., 2023). Previously our group has reported differences in concentrations of circulating steroid hormones between sows at high or low risk for POP (Kiefer et al., 2021c). Estrogen has connections to both reproductive and gut health, as well as interactions with microbial communities (Baker et al., 2017). Microbially produced SCFAs have also been reported to regulate prolactin production (Wang et al., 2013), further establishing the involvement of gut microbiota in hormone metabolism. Additionally, production of butyrate by gut microbiota is essential for maintenance of intestinal barrier integrity, and decreases in butyrate production contribute to increased gut permeability and endotoxemia, ultimately triggering low grade inflammation and metabolic disorders (Koh et al., 2016; Cheng et al., 2018; Ma et al., 2020). Endotoxemia occurs when lipopolysaccharide (LPS) endotoxins leak into systemic circulation due to compromised intestinal barrier integrity. Increased LPS-binding protein (LBP) has been observed in circulation of sows at high risk for POP (Kiefer et al., 2021c). Previously we have identified increased abundance of 2-aminobutanoic acid, a butyric acid derivative associated with inflammation, in circulation of PS3 sows compared to PS1 (Kiefer et al., 2021a). In the current study, Firmicutes, a phylum containing many known butyrate producers, was increased within fecal microbiota of sows at higher risk for POP. While butyrate is thought to have a potentially protective effect on gut integrity, other confounding influences, such as presence of LPS or other factors, may collectively alter intestinal integrity affecting the ability of microbially produced metabolites to enter the bloodstream. These data support the importance of the gut microbiota and microbially produced metabolites, such as SCFAs, in hormone regulation and host metabolism. Further research is needed to better understand the hormone gut axis and the relationship to microbiota and POP incidence in sows.

In relation to POP outcome, no differences in fecal microbiota were observed in the current study, regardless of PS. The lack of differences could be explained by the concept that fecal microbiota is influenced by the diet and is often considered a relatively stable environment, with microbes having more functional redundancy. The direct comparison between the fecal and vaginal microbial communities in the current study indicates the fecal microbiome is a more diverse community. Therefore, the vaginal microbiota may potentially be more susceptible to dysbiosis due to the low diversity of this community, warranting additional investigation. Identifying shared OTUs between the fecal and vaginal communities may provide novel insights into any relationship between the microbiota at different body sites.

Being able to compare vaginal and fecal microbiota across the same cohort of sows presents a unique opportunity to evaluate the potential relationship between these communities. In contrast to the fecal microbiota which has direct interaction with nutrients from feed, the vaginal community is potentially influenced more by host-secretions which could explain differences in the microbiota between POP outcomes observed in previous studies (Kiefer et al., 2021b). Interestingly, many of the OTUs were observed to be present in both the fecal and vaginal communities. To our knowledge this is the first published work comparing the microbiota from different body sites in late gestation sows. Studies in other species, such as birds, have observed similar results with overlapping OTUs in various body sites, but at different abundances (Leclaire et al., 2023). Similar trends have been observed in the fecal microbiota and vaginal microbiota of sows at high risk for POP. Interestingly, the two OTUs (Anaerococcus and Ezakiella) with increased abundance in the fecal microbiota of high risk sows were decreased in vaginal microbiota of sows at high risk for POP in previous studies (Kiefer et al., 2021a,b). Some genera of interest with similar trends in high-risk sows include Clostridium, Treponema, and Streptococcus, all of which have significant co-occurrence networks between fecal and vaginal microbiota in the current study. All three genera have previously been linked with POP (Kiefer et al., 2021a,b) as well as other reproductive disorders (Sykes and Kalan, 1975; Rodrigues et al., 2015) and inflammation (Hughes et al., 1975). However, many of the correlations are within body sites and not between.

Investigation into the potential relationship between the vaginal and fecal communities may provide unique opportunities for POP mitigation strategies and sow reproductive health. Creating co-occurrence networks has become a popular tool for evaluating and comparing microbial populations (Williams et al., 2014; Kim et al., 2015; Cardona et al., 2016). Understanding the correlations between these communities may aid in developing prevention strategies and identifying targets for combatting POP, and the comparison of these communities provides a novel assessment of late gestation sow microbiota.



Conclusion

Collectively, this study further validates the phenotypic perineal scoring system to identify sows at higher risk for POP. Microbial candidates of interest were identified within the fecal communities, in addition to providing further characterization of fecal and vaginal microbial populations of gestating sows. Co-occurrence networks were created between the vaginal and fecal communities providing a novel evaluation of correlations between these microbial populations, demonstrating further research is needed to better understand this interaction. Finally, this work improves the understanding of biological associations with POP in the U.S. commercial swine herd.
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