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Small non-coding RNAs have been linked to different phenotypes in bovine sperm, however attempts to identify sperm-borne molecular biomarkers of male fertility have thus far failed to identify a robust profile of expressed miRNAs related to fertility. We hypothesized that some differences in bull fertility may be reflected in the levels of different miRNAs in sperm. To explore such differences in fertility that are not due to differences in visible metrics of sperm quality, we employed Next Generation Sequencing to compare the miRNA populations in Bos taurus sperm from bulls with comparable motility and morphology but varying Sire Conception Rates. We identified the most abundant miRNAs in both populations (miRs -34b-3p; -100-5p; -191-5p; -30d-4p; -21-5p) and evaluated differences in the overall levels and specific patterns of isomiR expression. We also explored correlations between specific pairs of miRNAs in each population and identified 10 distinct pairs of miRNAs that were positively correlated in bulls with higher fertility and negatively correlated in comparatively less fertile individuals. Furthermore, 8 additional miRNA pairs demonstrated the opposite trend; negatively correlated in high fertility animals and positively correlated in less fertile bulls. Finally, we performed pathway analysis to identify potential roles of miRNAs present in bull sperm in the regulation of specific genes that impact spermatogenesis and embryo development. Together, these results present a comprehensive picture of the bovine sperm miRNAome that suggests multiple potential roles in fertility.
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1 Introduction

The frequency of successful pregnancy per round of artificial insemination (AI) is approximately 38% in Ontario cattle (1). Improved fertility and conception yields significant economic advantages for producers and is therefore a significant focus of breeding strategies and a key criterion when selecting bulls for AI (2, 3). Currently, one of the major approaches to male fertility assessment is Computer Assisted Semen Analysis (CASA), which typically predicts approximately 50–60% of the variability in fertility (4, 5). However, these measurements are often inconsistent with manual semen analysis results (6) and fail to reflect all factors influencing fertilization success, as measured by Sire Conception Rate (SCR). SCR is a key metric of fertility performance. By way of example, semen from a bull with an SCR of +2.0 yields a pregnancy rate 2% higher than the herd average in contrast to an SCR of -2.0 which indicates a 2% lower than average pregnancy rate.

Several researchers have investigated biochemical methods of evaluating semen to better predict SCR. Studies have surveyed seminal protein composition (7–9), single nucleotide genetic polymorphisms (10, 11), and the expression of small noncoding RNAs (sncRNAs) (12, 13). Typically, sncRNA-based investigations seek to identify differentially expressed sequences that reflect fertility (14–18). Many have been identified in bovine semen and transcripts present in other species’ semen have been implicated in spermatogenesis (14), fertility (15), and embryogenesis (16, 17). However, investigations have yet to identify a robust biochemical approach capable of distinguishing idiopathic variations in fertility.

miRNAs are a specific class of sncRNA that are implicated in many diverse traits from reproductive development to cancer biology (19–21). Mature miRNAs are the result of a processing pathway beginning with larger pri-miRNAs that are transcribed from the genome. These are cleaved in the nucleus by Drosha and DGCR8 to form pre-miRNAs, which are exported to the cytoplasm, and further cleaved by Dicer to yield mature miRNAs approximately 20 nucleotides in length (22). Mature miRNA sequences associate with Argonaute proteins which are targeted to complementary sequences in mRNAs that are usually found in the 3’UTR. Targeted binding supresses gene expression through a multi-step process involving translation inhibition, deadenylation, and target degradation (23). Due to their stability and multiple potential roles in biological processes, miRNAs are often employed as biomarkers. They have been extensively evaluated in the fields of reproduction and fertility (12, 18–20, 24) and have been recently reviewed elsewhere (25).

Sperm-borne miRNAs may originate from several different sources. miRNAs are implicated in virtually every stage of spermatogenesis, from differentiation of male germline stem cells (26, 27) to morphological changes in spermiogenesis (14). Their presence in mature sperm may be residual from regulatory events during spermatogenesis, or they may have been acquired through fusion with epididysomes during post-testicular maturation (28). Epididymis-derived miRNAs appear to be vital for proper sperm development, and alterations in their delivery to sperm during epididymal transit is linked to reduced motility (29). Regardless of their origin, miRNAs in spermatozoa may have functional roles outside the sperm cell itself, as RNAs are delivered to the zygote along with the paternal genome (30), and have been reported to influence early embryonic development (31, 32).

Overall, miRNAs present in sperm likely reflect specific characteristics (and the overall success) of regulatory events in “upstream” processes such as spermatogenesis (14, 26, 27) and epididymal transit (28, 29). Subsequently, they are likely to participate in “downstream” post-fertilization events such as fertilization and cleavage (31, 32).

In attempts to understand their specific roles in fertility, several researchers have attempted to identify sperm-borne miRNAs differentially expressed between sperm with high or low in vitro blastocyst rates (12) and in vivo fertility (18). Interestingly, differentially expressed transcripts identified by those studies do not appear to overlap. However, both have relatively small sample sizes. To date, a robust and consistent list of miRNAs correlated with fertility has yet to be ascertained, likely due to the complex network of molecular interactions in which each miRNA may participate. Fertility is a highly complex polygenic trait with over 2700 implicated genes (33). The epistatic, synthetic, and suppressive interactions between these genes at a gene-gene level are further complicated by possible epistasis between miRNAs and genes (34), and miRNA-miRNA interactions (35, 36).

Specific miRNAs often have sequence variants, known as isomiRs, that are produced from the same locus but differentially processed to yield alternative sequences (37). IsomiRs sharing the same seed sequence were once thought to have identical gene targeting properties, but recent evidence has suggested that complementarity outside of the seed sequence likely adds complexity to these interactions (38). Therefore, simple analysis of differential miRNA expression is not likely to yield a complete picture of the dynamic roles that sperm-borne miRNAs play and more complex comparisons are likely necessary.

Previous research in humans has identified miRNA pairs with correlated expression in semen of fertile males, while these same correlations are absent in subfertile individuals (39). These correlations arise from various relationships between miRNAs. For example, miR-34b/c and miR-449a/b/c are known to be functionally redundant within sperm, thus the expression of both clusters is linked to the same phenotypic outcomes (14, 40). In the present study, we examined differential expression and isomiR differences between sperm samples from higher and lower fertility bulls. and extended previous correlation-based approaches to examine differentially correlated miRNA-miRNA relationships; in an attempt to more fully describe transcriptomic elements underlying small, but significant, variation in male bovine fertility.



2 Materials and Methods


2.1 Bull Selection

Bos taurus (Holstein) semen was provided through a collaboration with Semex (Guelph, Ontario, Canada) and separated into two groups based on SCR: high fertility (HF) bulls with SCR ≥ 1.0 (n = 7, mean: 2.1 ± 0.7), and low fertility (LF) with SCR ≤ –1.0 (n = 6, mean: –2.7 ± 1.1). All samples were of comparable age and exceeded acceptable parameters for sperm quality; no significant differences were present between groups with the exception of SCR (Table 1).


Table 1 | Motility metrics show no significant difference between high and low fertility bulls.





2.2 Sperm Isolation

Motile sperm from 500 µL of semen was separated by Percoll gradient as previously described (19). Briefly, 500 µL of cryopreserved semen was loaded onto a 2 mL Percoll gradient, consisting of a 45% Percoll solution layered atop an equal volume of 90% Percoll. After centrifugation at 1800 rpm for 30 minutes, the bottom 1.5 mL (consisting of highly motile sperm) was transferred to 5 mL of sperm HEPES/TALP and centrifuged for 10 minutes at 400 x g. The bottom 1.5 mL of the wash was then transferred to a 1.5 mL tube and centrifuged for 5 minutes at 700 x g at 4°C. Supernatant was discarded, samples were flash frozen in liquid nitrogen and stored at -80°C.



2.3 RNA Isolation

Total RNA was extracted using Macherey-Nagel NucleoSpin miRNA extraction kit. Sperm pellets were suspended in 300 µL Buffer ML, sonicated on ice for 20 seconds at setting 15 on a MICROSON XL 2000 Ultrasonic Liquid Processor, then incubated at room temperature for 15 minutes. Extraction continued according to the manufacturer’s protocol, eluting in 100 µL of 95°C nuclease-free water and immediate re-elution. Samples were concentrated by centrifugal evaporation to 20 µL and stored at -80°C.



2.4 Library Preparation and Illumina Sequencing

Small RNA libraries were prepared using NEXTflex Small RNA-Seq Kit v3 (PerkinElmer) according to the manufacturer’s instructions with the following approaches: adapters diluted 1:4, 3’ ligation performed for 18h, samples amplified for 23 PCR cycles, then gel-free size selected according to optional step H1 in the instructions. Libraries were size selected to 140–170 bp using the SAGE Pippin Prep system and repurified by gel-free size selection H1. Sequencing of 1 x 75 bp was performed with an Illumina NextSeq high output kit, resulting in 81,250,738 total reads.



2.5 Bioinformatic Analysis


2.5.1 Sequence Annotation

Small non-coding RNA sequencing data processing and analysis was performed as described previously (41). Briefly, raw sequence QC and processing was performed with the FASTX Toolkit (42) and command line tools available at http://www.smallrnagroup.uni-mainz.de/software.html. Reads were filtered for lengths above 18 nt and Phred scores above 30. Small RNAs were annotated with Unitas v1.7.0 using the latest available public small RNA databases to annotate input sequences (43) and aligned to small RNA databases (44–48).



2.5.2 Differential Expression Analyses

Per-sample normalized read counts were collapsed by annotation, then filtered for miRNAs. The remaining sequences were analyzed using the DEseq2 pipeline for differential expression (49).

For isomiR differential expression analysis, non-collapsed data were used to perform unpaired 2-tailed t-tests between fertility conditions for each isomiR sequence. Benjamini-Hochberg correction was performed with respect to the number of isomiRs contributing to each miRNA annotation, an intentionally permissive threshold as the analysis was exploratory in nature.



2.5.3 Correlational Analysis

Normalized miRNA expression levels, as described above, were analyzed in R [Version 4.0.2 (50)] by first extracting all records where expression levels (eg. normalized read counts) for specific miRNAs were known. miRNAs with mean read counts < 100, or lacking reads in two or more samples were excluded, yielding 247 uniquely annotated pairs. The relative levels of any two miRNAs (nominally miRNA-A, and miRNA-B) were then examined, resulting in 30381 unique two-way comparisons. Two correlation coefficients were then determined: the first considering the relationship between miRNA-A and miRNA-B expression levels within the high fertility group, and the second considering the relationship between miRNA-A and miRNA-B expression within the low fertility group. Comparisons with a statistically significant (p<0.05) Spearman correlation coefficient for both fertility groups independently were retained, leading to 140 comparisons. For each comparison a linear model was created: miRNA(A) = beta0 + beta1 ∗ miRNA − B + beta2 ∗ LOW  + beta3 ∗ LOW ∗ miRNA   B , where miRNA(A) and miRNA(B) represent expression of miRNA(A) and miRNA(B), respectively. Betas represent the parameters of the linear model, and LOW is an indicator variable which is set to 1 if the gene expression values are specific to the low fertility group, and 0 if the gene expression values are specific to the high fertility group. Parameter estimates for beta0, beta1, beta2, and beta3 and their associated p-values were extracted. Significant values for beta3 would indicate a significant difference in the slopes, representing a difference in the levels of candidate miRNAs in enhanced and lower fertility bulls. Of the 140 linear models explored, the 23 with statistically significant estimates for beta1 and beta3 (and therefore showing different slopes) were retained. To control the false discovery rate, the Benjamini-Hochberg procedure was used, yielding 18 statistically significant comparisons (51).




2.6 Gene Set Enrichment Analysis

Given the limited availability of interaction data for bovine miRNA sequences, miRNAs were converted to their human homologs for gene set enrichment and targeting analysis (Supplementary Table S1). DIANA-miRPath v3.0 was used to identify gene union results from Tarbase v7.0, with p < 0.05. The 20 most significant terms were plotted for KEGG and each GO category.

For gene targeting analysis, a more comprehensive search was performed to identify miRNA-gene interactions from several databases of validated interactions: miRecords, miRTarBase, and TarBase. When investigating correlated pairs, resulting gene targets were filtered to select only those shared by both miRNAs. Results were further filtered to identify targets with documented expression in relevant cellular contexts: mature testis by cross-referencing with findings from Gao et al. (52), or early embryos by cross referencing the EmbryoGENE database for expression at the GV, MII, 1-cell, 2-cells, 4-cells, 8-cells-early, or 8-cells-late stage (53).




3 Results


3.1 Small Non-Coding RNA

81,250,738 reads were generated by Illumina NextSeq analysis of 13 samples: 6 “low fertility” with SCR ≤ –1 and 7 “high fertility” with SCR ≥ +2. (Figure 1A). Fertility groups do not form independent clusters when sncRNA populations are explored by principal component analysis (Figure 1B). The most abundant biotypes by relative proportion of annotated sequences were tRNAs (33.5%), piRNAs (27.3%), miRNAs (18.2), rRNAs (14.2%), miscellaneous RNAs (3.0%), mRNAs, (2.1%), lncRNAs (1.1%), and other biotypes comprising less than 1% of expressed sncRNAs (ribozymes, snRNAs, snoRNAs, scaRNAs, lincRNAs). Abundance of all biotypes is consistent across fertility groups, FDR = 0.891 (Figure 1C). Unsupervised hierarchical clustering of the most abundant individual sequences does not group samples by their fertility condition (Figure 1D). This suggests that the population of sncRNA sequences in bovine sperm does not exhibit large-scale systemic variation related to idiopathic fertility variation.




Figure 1 | sncRNA populations are broadly similar across fertility groups. (A) Principal component analysis does not show significant clustering correlated with fertility. Mean read count/sample (B) and biotype composition (C) show no significant difference by 2-tailed T-test, error bars are ± SD. (D) Hierarchical clustering of 1000 most expressed sncRNAs does not associate by fertility conditions. (E) Significantly differentially expressed sncRNAs below significance threshold of FDR ≤ 0.05.



Some individual sncRNA sequences displayed statistically significant differential expression between fertility conditions, (Figure 1E), however the majority of these were of very low abundance, and any statistical significance is likely driven by high expression in a limited number of animals. Filtering to remove sequences with fewer than 100 reads revealed no significantly differentially expressed non-miRNA sncRNAs.



3.2 miRNAs


3.2.1 Population Characteristics

Sperm miRNA profiles did not show significant differences between low and high fertility animals. Principal component analysis revealed no clustering with respect to fertility and hierarchical clustering displays showed only minimal association of some sequences overexpressed in high fertility animals (Figures 2A, B). Sequence annotation revealed 1431 distinct miRNAs. Of these, the most abundant 5 contributed 60% of the total miRNA reads. Expression of these abundant sequences is consistent between bulls with high or low fertility (Figure 2C). Full annotated read counts are available in Supplementary Table S2.




Figure 2 | miRNA populations are broadly similar across fertility groups. (A) Principal component analysis does not show significant clustering correlated with fertility. (B) Heatmap of top 1000 expressed miRNAs shows minimal association between samples of like fertility conditions. (C) The 5 most abundant miRNAs exhibit no significant differences and are ranked the same in enhanced and standard fertility animals. Error bars are ± SD.



Of the 1431 miRNAs, only 5 sequences with very low read counts exhibited differential expression, with an FDR ≤ 0.05 (Table 2). While the statistical analysis supports unequivocal differences between these miRNAs in the two groups, 3 of these miRNAs are absent in the low fertility group and present at very low read counts in the high group, which led us to eliminate these 3 from further analysis. The results are included here for completeness, but based on the low read counts, we cannot implicate them in the fertility differences under study.


Table 2 | Differentially expressed miRNAs.





3.2.2 IsomiR Composition

IsomiRs are minor variation in sequences of a given miRNA that are associated with differences in processing and potential targeting as described above. Investigating the sequences of expressed miRNAs revealed that high isomiR diversity exists in bovine sperm, and a small subset of isomiRs is often responsible for the majority of a given miRNA’s reads. Interestingly, the most abundant isomiR sequence was often different from the consensus sequence found in miRBase (46). Of the five most abundant miRNAs in sperm, no miRBase sequence represented more than 5% of the total reads (46). The most abundant isomiRs of these abundant miRNAs (miR-34b-3p, miR-100-5p, miR-191-5p, miR-30d-4p, and miR-21-5p) are presented in Figure 3. No individual isomiR was found to have significant (FDR <0.05) differential expression between fertility conditions.




Figure 3 | Most abundant isomiRs of five most abundant miRNAs in bovine sperm. IsomiRs ranked by proportion of reads contributed by each sequence for given miRNA. The relative abundance of miRBase consensus sequences (indicated by *) are: miR-34b-3p, 4.13%; miR-100-5p, 4.53%; miR-191-5p, 0.41%; miR-30d-5p, 0.91%; miR-21-5p, 0.44%.





3.2.3 Differential Correlation

In an attempt to more accurately model complex transcriptomic interactions in which miRNAs present in sperm may participate, a correlation-based analysis was performed to identify differences in miRNA-miRNA relationships. Analysis of 30381 unique two-way comparisons between miRNAs with robust expression revealed 18 miRNA pairs with significant Spearman correlations in both high and low fertility bulls. Our interpretation of the functional significance of these correlations is outlined in Figure 4. Of these pairs, 10 demonstrate “cooperative” characteristics in higher fertility bulls (CH): they are positively correlated in enhanced fertility bulls and negatively correlated in lower fertility individuals (Figure 5A). The remaining 8 pairs were “cooperative in lower fertility” (CL): negatively correlated in high fertility bulls and positively correlated in low fertility animals (Figure 5B).




Figure 4 | Proposed dynamics of miRNA correlations. In this correlation-based analysis, we assume miRNAs influence the same direct phenotype related to some aspect of fertility. Note that this mechanism may manifest by the correlated pairs targeting the same gene (as depicted), or different aspects of a functional pathway. (A) Two miRNAs whose expression is not correlated may result in variable expression of the shared target. (B) Cooperating miRNAs effectively regulate knockdown: low levels of both permits high expression, high levels of both silence it. (C) Antagonistic miRNAs have inverse expression patterns; high levels of one are associated with low levels of the other. The relationship ensures moderated expression of the target, as the overall abundance of both miRNAs is balanced.






Figure 5 | Significantly differentially correlated miRNAs. Difference in Spearman correlations between miRNA pairs in enhanced and standard fertility bulls. (A) CH pairs, positively correlated in high fertility animals and negatively correlated in low fertility. (B) CL pairs, positively correlated in low fertility animals, negatively correlated in high fertility.





3.2.4 Target Analysis

Validated targeting interactions by both miRNAs of a correlated pair was reported for several genes for both CH (Supplementary Table S3) and CL (Supplementary Table S4) pairs. Target genes actively expressed in mature bovine testis (52), and presumed to be involved in spermatogenesis, are presented in Supplementary Tables S5 and S6.

Targets expressed in the early embryo were similarly identified using the embryoGene database (53), shown in Supplementary Tables S7 and S8. Expression of targets shared by both members of several CH or CL pairs is significantly lower post-compaction (Figure 6).




Figure 6 | Relative expression of genes co-targeted by the most correlated miRNA pairs is highest in early embryonic stages. Relative abundance of genes targeted by both members of 3+ CH pairs or 4+ CL pairs declines in early embryos from pre-cleavage (GV, MII, 1-cell) and pre-compaction (2-cells, 4-cells, 8-cells-early, 8-cells-late) to post-compaction (morula, blastocyst-early, blastocyst-late). Expression data from EmbryoGENE Profiler (53). *indicates a significant difference in mean.







4 Discussion


4.1 Small Non-Coding RNA Population

In the present study, no statistically-significant differences in overall biotype composition of sncRNA populations were evident between higher and low fertility bulls. Each subtype of small RNA examined has been linked to one or more specific roles in essential sperm developmental stages or in conferring observable traits such as motility and morphology (14, 19, 54, 55) so this is not surprising. Large-scale sncRNA population changes would likely result in non-viable sperm, and samples from an animal demonstrating such a phenotype would be rapidly eliminated by quality control at the collection or management stage. Rather, differences are expected to be observed between a minor subset of influential sequences. Specific seminal tRNA fragments have been linked to in vitro success (56), while piRNA processing has been associated with creation of viable sperm (57), however, functionally relevant differential expression of individual sncRNA sequences was not observed in our model of idiopathic subfertility, so we elected to focus on further interrogating the miRNA population.



4.2 miRNAs


4.2.1 Population Characteristics and Functional Analysis of Targets

miRNAs present in mature sperm are likely to reflect spermatogenic developmental or maturation processes (27, 28, 52). They may also represent functional post-transcriptional regulators with the potential to influence gene expression in the developing embryo (30, 31). No significant differences in the levels of these miRNA was evident between HF and LF bulls. Nevertheless, because miRNA abundance is highly relevant to the targeting and overall effect on gene expression in both contexts, we examined the most abundant miRNAs present to gain further insight into their potential roles in fertility. Validated target genes of the 5 most abundant miRNAs, representing 60% of all miRNA reads, were investigated by gene set enrichment analysis (KEGG and GO) to identify associated functional pathways (Figure 7A). The most significantly enriched KEGG term among the target RNAs was “fatty acid metabolism”. Regulation of membrane integrity is strongly linked to fertility (58), so the present findings suggest sperm-borne miRNAs have strong potential to participate in this pathway. By way of example, miR-191-5p and miR-30d target CLDND1 which shows increased expression in subfertile bulls (58). The reported interactions between these sequences and others (57), in light of the present findings, may suggest functional mechanisms by which these miRNAs influence membrane biology in developing sperm.




Figure 7 | Gene set enrichment analysis of differentially correlated miRNAs. (A) GO and KEGG results for (A) the 5 most abundant miRNAs: miR-34b-3p; miR-100-5p; miR-191-5p; miR-30d-4p; miR-21-5p), (B) differentially expressed miRNAs with mean read count > 40: miR-409a-3p; miR-543), (C) differentially correlated sequences with positive correlations in enhanced fertility bulls, (D) differentially correlated sequences with positive correlations in standard fertility bulls. The top 20 most significantly enriched terms are shown.



Several other abundant miRNAs from this study (and their targets) have been broadly linked to sperm viability, and many also play significant roles in female gametes. The miR-34 family is essential to spermatogenesis in bovine and mouse (14, 19). While other members are common in both spermatozoa and oocytes, miR-34b is less abundant in oocytes (19), and reduced expression in sperm is associated with reduced fertility in humans (59). Both miR-34b and miR-30d-5p are associated with sperm motility in Bos taurus (54). miR-21-5p is tightly linked to female gamete development and environmental responses (20, 60) and renewal of spermatogonial stem cells (61). All five miRNAs identified in this study have been previously reported in sperm from several species, including bovine, murine, and human (18, 62, 63), indicating conserved functional significance.

A small set of miRNAs were found to be differentially expressed with FDR < 0.05. These putative biomarkers exhibited higher expression in animals with higher fertility. Further investigation with greater sensitivity and an expanded sample size would be necessary to confirm the significance of these markers, due to their low levels of expression. Several of these sequences do not have human homologs available to allow thorough gene targeting analysis as performed for other homologous miRNAs. However, for 2 DE sequences that have human homologues, miR-409a-3p and miR-543, gene set enrichment investigation for specific targets was performed (Figure 7B). Six gene targets are shared by the two miRNAs: TNRC6A, MED10, CSDE1, FOXP1, MTA1, and SRP54. As stated in the results, based on the low levels of expression for all differentially-expressed miRNAs, no definitive statements can be made regarding their potential roles in fertility differences.



4.2.2 IsomiR Expression

The results presented here suggest that differential expression of individual isomiRs within sperm samples does not appear to correlate with idiopathic subfertility in Holsteins. Interestingly, isomiR composition is known to vary between species and in response to different environmental stimuli (64). This suggests that the relatively consistent proportion of individual isomiRs present in the sperm samples examined, may be a result of the similarities in housing, management and collection procedures for high quality bulls. Our observation that the most highly expressed isomiRs for the most abundant miRNAs are distinct from the miRBase consensus sequence suggests that there may be testis-specific processing of miRNA sequences, though the implications of this remain unclear (Figure 3).

IsomiR variation occurs most commonly at the 3’ end, and does not typically involve variation in the seed sequence (nucleotides 2-8), which determines gene targeting (37). However, in some cases isomiRs sequences impact miRNA function (38). Specifically, 3’ editing may alter miRNA stability (65) or, rarely, targeting through 3’ supplementary interactions (66). Importantly 3’ sequence variation between isomiRs presents a technical challenge when attempting to validate next-generation sequencing results by RT-qPCR or RT-ddPCR, as specificity at the 3’ end is essential to the design of high quality primer sequences (67).



4.2.3 Differential Correlation

The absence of significant patterns of differential miRNA expression between the two fertility groups led us to explore more complex associations in the miRNAome of our sequenced sperm samples that might be associated with fertility. Specifically, we interrogated our sequence data to identify specific correlated pairs of miRNAs with different relationships between the groups. Investigation of miRNA pairs in human sperm has been performed previously (39, 68), however the analysis in these studies focused on identifying pairs tightly correlated in fertile humans and uncorrelated in subfertile men (39, 63). This approach may be biased towards miRNAs for which expression is influenced by a common transcription factor, making the results more reflective of that specific regulatory factor, rather than the transcriptomic environment as a whole.

The novel approach taken in this study imposes more restrictive conditions for identifying significant correlations, as it requires an inverse trend to exist between fertility conditions. These conditions should ideally increase the specificity to capture important transcriptomic shifts and significant relationships between miRNAs that are correlated with specific miRNA functions and larger patterns of expression. Correlated miRNAs have previously been shown to regulate a single gene through synergistic interactions (69–71). The analysis described here identifies several cases where a cooperative relationship is observed in one fertility condition, while the opposite pattern of miRNAs in the other fertility condition, which suggests antagonistic effects at the level of target gene expression. For miRNAs that appear “cooperative,” a positive correlation between two miRNAs is associated with a given fertility condition, suggesting that both sequences likely function to maximally inhibit the expression of common RNA targets that influence fertility. The shared targets of the CH pairs are listed in Supplementary Table S3 and include: TNPO1, MED13, SLC7A2, TM9SF3, PLAG2, and IL6ST. In contrast, pairs cooperative in low fertility animals are presented in Supplementary Table S4 and include: UHMK1, APP, VCPIP1, TNP01, QKI, etc. It should be noted that the positively correlated “cooperative” relationships are only half of the observed trends. The negative correlations between paired miRNAs in the opposing fertility condition present a more complex and potentially interesting relationship from a functional perspective. If these correlated miRNAs do in fact cooperate functionally, they may act to selectively suppress specific gene expression, while permitting the expression of others to simultaneously regulate different components of a larger pathway. Alternatively, both miRNAs may target a single gene. In this case, the “net” activity of negatively correlated miRNAs would cooperatively regulate overall transcript abundance in a titratable manner. Dose-dependent interactions have been observed for several factors influencing female fertility (72, 73), and could contribute to optimal male fertility, either during spermatogenesis or within the newly-formed zygote. A model proposing the potential actions of such interactions is presented in Figure 4. Note that this model relies on “canonical” interactions of miRNAs downregulating genes, however non-canonical interactions such as upregulation are known to occur (74).

GO and KEGG analyses were performed to identify pathways implicated for CH (Figure 7C) or CL correlated miRNA pairs (Figure 7D). Notable pathways targeted by these pairs include cell motility in enhanced fertility samples, suggesting that some aspects of sperm transport may be altered between samples despite comparable macroscopic motility parameters. In addition, negative regulation of cell proliferation is a targeted process in CL pairs, suggesting that embryogenesis may be comparatively hindered in lower fertility bulls.

To explore these relationships further, we investigated several individual gene targets of both CH and CL pairs (Supplementary Tables S3, S4). Results were filtered to identify targets that are expressed in the testis (52) (Supplementary Tables S5, S6) or early embryo, up to the 8-cell stage (53) (Supplementary Tables S7, S8). Targets expressed in the testis are likely to interact with miRNAs during spermatogenesis to influence sperm development (75). Genes in the early embryo may be targeted by sperm-borne miRNAs to influence development (16, 30). To identify relevant potential target genes/transcripts we focused on embryos at the 8-cell stage and earlier which contain maternally-derived transcripts, since bovine embryonic genome activation begins at the 8-16 cell stage (76). Given that miRNAs typically degrade within a few days, these sequences are the most likely to act as targets for any sperm-borne RNAs present.

In silico analysis of our miRNAs against a report of bovine testis-expressed genes (52), revealed that predicted target transcripts of CH miRNAs are expressed in the testis (Supplementary Table S5). These include RHOA (involved in capacitation and the acrosome reaction) (77) and Cdc7, associated with arrested DNA synthesis during spermatogenesis (78). Using Cdc7 as an example gene in our proposed model of correlated miRNA function, cooperative miRNA interactions in a CH model would selectively permit or suppress Cdc7 expression as appropriate for the stage of spermatogenesis, effectively regulating the DNA damage checkpoint. In contrast, if the pair is regulated in a direction that results in antagonistic miRNA expression, only partial suppression would be expected, theoretically allowing continued development of sperm with higher levels of DNA damage and lower fertility.

A second potential site of action of sperm-borne miRNAs is in the zygote following fertilization. Rapid changes in gene expression, including the decay of maternal transcripts, are known to occur at this time, and small RNAs have been implicated in this process (41, 79, 80). As identified in Figure 6, genes targeted by several of the implicated miRNAs exhibit their highest relative expression in the pre-compaction stages of embryogenesis. High expression is thought to reflect their importance in early development, making these potentially interesting functional targets of the miRNA pairs. We therefore interrogated the EmbryoGENE (53) database for CH target sequences expressed prior to the 8-cell embryo stage. Several validated CH targets are expressed in the early embryo, such as: TNPO1, which is linked to bovine fertility (81) and equine pregnancy recognition (82); MED13, which is linked to zygotic genome activation and post-implantation development (83); and the murine Plag1 family (to which PLAGL2 belongs), which is implicated in timing of zygotic genome activation (84). Differences in miRNA-dependent targeting of these post-fertilization processes could contribute to subtle fertility differences, by altering the timing and extent of gene expression in this critical developmental window. These miRNAs may work in parallel to endocrine factors regulating early development, suppressing genes until their optimal period of expression. For example: TNPO1 is linked to regulation of estrogen receptor-α (85), IL6ST is regulated by progesterone and interferon tau during early pregnancy (86), and PLAG2 proteins are activated in the placenta in response to TGFα and leptin (87). We postulate that sperm-borne RNAs may cooperate to regulate these processes, facilitating precise, temporally-appropriate, alterations in key developmental steps. A complete list of CH pair targets expressed in the embryo is presented in Supplementary Table S7.

Target genes of miRNA pairs correlated in lower fertility bulls (CL) and expressed in the testis (Supplementary Table S6) include the PKD1 family, which has been associated with sperm movement in the female tract (88), and has a sperm-specific receptor expressed in humans (89). Also present is ID2, which is implicated in progression through pachytene during spermatogenic meiosis (90), and suppression of ID2 causes spermatogenesis failure in mice (91). Embryo-expressed targets include LARP1, a poly-A binding protein shown to be essential for male fertility and early embryogenesis in a Drosophila model (92) and MAP1B, for which SNPs have been implicated in altered SCR and fertilization rates in vitro (11). Our findings predict that miRNA-mediated MAP1B suppression may also impact fertility. Another target of CL miRNA pairs, MATR3, is known to be more abundant in males with low motility (93). Because gross assessment of motility appears comparable between the lower and enhanced fertility samples used in this study, it is possible that miRNAs contribute to MATR3-dependent motility characteristics which are not apparent in standard approaches, but which still impact fertility. These and many other target genes of the miRNA correlated pairs described are expressed in both sperm and early embryos, so it is plausible that the correlated pairs actually regulate gene expression in both contexts.

The overall goal of the present study was to characterize miRNA populations present in bovine sperm samples that were normal with respect to standard metrics of quality (motility, morphology etc.), but varied with respect to fertility. Previous work investigating differentially expressed miRNAs linked to motility implicated few members of the correlated pairs identified here (let-7a, let-7c, and miR-103), which were more highly expressed in the high motility fraction, while the rest showed no association (54). The absence of such differences in the present work was expected, as bulls with sperm showing abnormal motility are typically eliminated from potential breeding stock. This work has identified the most prevalent miRNAs in the sperm of Holstein bulls and characterized molecular variation (isomiRs) and validated targets of those miRNAs that are potentially relevant to spermatogenesis, fertilization and early embryo development. Importantly, correlations involving specific miRNAs were identified that may therefore be reflective of specific interactions in the control of gene expression related to bull fertility. This observation of correlation-based associations may reflect more subtle differences in sperm transcriptome the dynamics of the sperm transcriptome and provides an opportunity for a more detailed investigation into the contribution of miRNAs to fertility.





Data Availability Statement

The original contributions presented in the study are publicly available. This data can be found here: BioProject, PRJNA777266.



Author Contributions

Conceptualization, NW, SR, CL, SM, and JL; methodology, NW, SR, and JL; formal analysis, NW, SR, and DG; investigation, NW; resources, KH, SM, SL, and ML; data curation, NW and SR; writing—original draft preparation, NW; writing—review and editing, NW, SR, SM, CL, and JL; visualization, NW; supervision, JL and CL; funding acquisition, JL and CL. All authors have read and agreed to the published version of the manuscript.



Funding

This research was funded by the Natural Sciences and Engineering Research Council (NSERC Discovery: RGPIN 04396) (JL) and the Ontario Ministry of Agriculture and Food (OMAFRA: UG-T1-2020-100265) (JL). NW is the recipient of an OMAFRA HQP Scholarship and a Scholarship from the Ontario Veterinary College.



Acknowledgments

The authors would like to thank Jing Zhang at the University of Guelph Advanced Analysis Centre for her assistance with quality control on the sequencing samples, Dr. Monica Antenos for technical troubleshooting and support and Dr. Patrick Blondin for helpful discussion.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fendo.2022.874371/full#supplementary-material



References

1. Ribeiro, ES. Symposium Review: Lipids as Regulators of Conceptus Development: Implications for Metabolic Regulation of Reproduction in Dairy Cattle. J Dair Sci (2018) 101:3630–41. doi: 10.3168/jds.2017-13469

2. Inchaisri, C, Jorritsma, R, Vos, PLAM, van der Weijden, GC, and Hogeveen, H. Economic Consequences of Reproductive Performance in Dairy Cattle. Theriogenology (2010) 74:835–46. doi: 10.1016/j.theriogenology.2010.04.008

3. Berry, DP, Wall, E, and Pryce, JE. Genetics and Genomics of Reproductive Performance in Dairy and Beef Cattle. Animal (2014) 8:105–21. doi: 10.1017/S1751731114000743

4. Saacke, RG. Sperm Morphology: Its Relevance to Compensable and Uncompensable Traits in Semen. Theriogenology (2008) 70:473–8. doi: 10.1016/j.theriogenology.2008.04.012

5. Utt, MD. Prediction of Bull Fertility. Anim Reprod Sci (2016) 169:37–44. doi: 10.1016/j.anireprosci.2015.12.011

6. Talarczyk-Desole, J, Berger, A, Taszarek-Hauke, G, Hauke, J, Pawelczyk, L, and Jedrzejczak, P. Manual vs. Computer-Assisted Sperm Analysis: Can CASA Replace Manual Assessment of Human Semen in Clinical Practice? Ginekol Pol (2017) 88:56–60. doi: 10.5603/GP.a2017.0012

7. Bellin, ME, Hawkins, HE, and Ax, RL. Fertility of Range Beef Bulls Grouped According to Presence or Absence of Heparin-Binding Proteins in Sperm Membranes and Seminal Fluid. J Anim Sci (1994) 72:2441–8. doi: 10.2527/1994.7292441x

8. Killian, GJ, Chapman, DA, and Rogowski, LA. Fertility-Associated Proteins in Holstein Bull Seminal Plasma. Biol Reprod (1993) 49:1202–7. doi: 10.1095/biolreprod49.6.1202

9. Peddinti, D, Nanduri, B, Kaya, A, Feugang, JM, Burgess, SC, and Memili, E. Comprehensive Proteomic Analysis of Bovine Spermatozoa of Varying Fertility Rates and Identification of Biomarkers Associated With Fertility. BMC Syst Biol (2008) 2:19. doi: 10.1186/1752-0509-2-19

10. Nani, JP, Rezende, FM, and Peñagaricano, F. Predicting Male Fertility in Dairy Cattle Using Markers With Large Effect and Functional Annotation Data. BMC Genomics (2019) 20:1–10. doi: 10.1186/s12864-019-5644-y

11. Li, G, Peñagaricano, F, Weigel, KA, Zhang, Y, Rosa, G, and Khatib, H. Comparative Genomics Between Fly, Mouse, and Cattle Identifies Genes Associated With Sire Conception Rate. J Dair Sci (2012) 95:6122–9. doi: 10.3168/jds.2012-5591

12. da Silva, RT, de Gomes, MS, Fujimura, PT, Ueira-Vieira, C, do Amaral, LR, and Beletti, ME. Micro-RNAs Differentially Expressed in Comparative Analysis of Sperm Samples With High and Low Efficiency in the In Vitro Production of Bovine (Bos Taurus) Embryos. Biosci J (2019) 35:260–6. doi: 10.14393/BJ-v35n1a2019-42257

13. Fagerlind, M, Stålhammar, H, Olsson, B, and Klinga-Levan, K. Expression of miRNAs in Bull Spermatozoa Correlates With Fertility Rates. Reprod Domest Anim (2015) 50:587–94. doi: 10.1111/rda.12531

14. Yuan, S, Tang, C, Zhang, Y, Wu, J, Bao, J, Zheng, H, et al. Mir-34b/C and Mir-449a/B/C Are Required for Spermatogenesis, But Not for the First Cleavage Division in Mice. Biol Open (2015) 4:212–23. doi: 10.1242/bio.201410959

15. Hong, Y, Wang, C, Fu, Z, Liang, H, Zhang, S, Lu, M, et al. Systematic Characterization of Seminal Plasma piRNAs as Molecular Biomarkers for Male Infertility. Sci Rep (2016) 6:1–10. doi: 10.1038/srep24229

16. Yuan, S, Schuster, A, Tang, C, Yu, T, Ortogero, N, Bao, J, et al. Sperm-Borne miRNAs and endo-siRNAs Are Important for Fertilization and Preimplantation Embryonic Development. Development (2016) 143:635–47. doi: 10.1242/dev.131755

17. Liu, W-M, Pang, RTK, Chiu, PCN, Wong, BPC, Lao, K, Lee, K-F, et al. Sperm-Borne microRNA-34c Is Required for the First Cleavage Division in Mouse. Proc Natl Acad Sci (2012) 109:490–4. doi: 10.1073/pnas.1110368109

18. Govindaraju, A, Uzun, A, Robertson, L, Atli, MO, Kaya, A, Topper, E, et al. Dynamics of microRNAs in Bull Spermatozoa. Reprod Biol Endocrinol (2012) 10:1–10. doi: 10.1186/1477-7827-10-82

19. Tscherner, A, Gilchrist, G, Smith, N, Blondin, P, Gillis, D, and LaMarre, J. MicroRNA-34 Family Expression in Bovine Gametes and Preimplantation Embryos. Reprod Biol Endocrinol (2014) 12:85. doi: 10.1186/1477-7827-12-85

20. Gilchrist, G, Tscherner, A, Nalpathamkalam, T, Merico, D, and LaMarre, J. MicroRNA Expression During Bovine Oocyte Maturation and Fertilization. Int J Mol Sci (2016) 17:396. doi: 10.3390/ijms17030396

21. Simpson, K, Conquer-van Heumen, G, Watson, KL, Roth, M, Martin, CJ, and Moorehead, RA. Re-Expression of miR-200s in Claudin-Low Mammary Tumor Cells Alters Cell Shape and Reduces Proliferation and Invasion Potentially Through Modulating Other miRNAs and SUZ12 Regulated Genes. Cancer Cell Int (2021) 21:1–16. doi: 10.1186/s12935-021-01784-4

22. Finnegan, EF, and Pasquinelli, AE. MicroRNA Biogenesis: Regulating the Regulators. Crit Rev Biochem Mol Biol (2013) 48:51–68. doi: 10.3109/10409238.2012.738643

23. Wilczynska, A, and Bushell, M. The Complexity of miRNA-Mediated Repression. Cell Death Differ (2015) 22:22–33. doi: 10.1038/cdd.2014.112

24. Tscherner, A, Brown, AC, Stalker, L, Kao, J, Dufort, I, Sirard, M-A, et al. STAT3 Signaling Stimulates miR-21 Expression in Bovine Cumulus Cells During In Vitro Oocyte Maturation. Sci Rep (2018) 8:1–15. doi: 10.1038/s41598-018-29874-w

25. Vashisht, A, and Gahlay, GK. Using miRNAs as Diagnostic Biomarkers for Male Infertility: Opportunities and Challenges. Mol Hum Reprod (2020) 26:199–214. doi: 10.1093/molehr/gaaa016

26. Gao, Y, Wu, F, Ren, Y, Zhou, Z, Chen, N, Huang, Y, et al. MiRNAs Expression Profiling of Bovine (Bos Taurus) Testes and Effect of bta-miR-146b on Proliferation and Apoptosis in Bovine Male Germline Stem Cells. Int J Mol Sci (2020) 21:3846. doi: 10.3390/ijms21113846

27. Xu, C, Shah, MA, Mipam, T, Wu, S, Yi, C, Luo, H, et al. Bovid microRNAs Involved in the Process of Spermatogonia Differentiation Into Spermatocytes. Int J Biol Sci (2020) 16:239–50. doi: 10.7150/ijbs.38232

28. Belleannée, C, Calvo, É, Caballero, J, and Sullivan, R. Epididymosomes Convey Different Repertoires of MicroRNAs Throughout the Bovine Epididymis. Biol Reprod (2013) 89:1–11. doi: 10.1095/biolreprod.113.110486

29. Qing, X, Shi, J, Dong, T, Wu, C, Hu, L, and Li, H. Dysregulation of an X-Linked Primate-Specific Epididymal microRNA Cluster in Unexplained Asthenozoospermia. Oncotarget (2017) 8:56839–49. doi: 10.18632/oncotarget.18076

30. Ostermeier, GC, Miller, D, Huntriss, JD, Diamond, MP, and Krawetz, SA. Delivering Spermatozoan RNA to the Oocyte. Nature (2004) 429:154. doi: 10.1038/428715a

31. Wang, M, Gao, Y, Qu, P, Qing, S, Qiao, F, Zhang, Y, et al. Sperm-Borne miR-449b Influences Cleavage, Epigenetic Reprogramming and Apoptosis of SCNT Embryos in Bovine. Sci Rep (2017) 7:1–12. doi: 10.1038/s41598-017-13899-8

32. Wang, M, Du, Y, Gao, S, Wang, Z, Qu, P, Gao, Y, et al. Sperm-Borne miR-202 Targets SEPT7 and Regulates First Cleavage of Bovine Embryos via Cytoskeletal Remodeling. Development (2021) 148:1–13. doi: 10.1242/dev.189670

33. Peñagaricano, F, Weigel, KA, Rosa, GJM, and Khatib, H. Inferring Quantitative Trait Pathways Associated With Bull Fertility From a Genome-Wide Association Study. Front Genet (2013) 3:307. doi: 10.3389/fgene.2012.00307

34. Bourgeois, A, Skums, P, Wan, X, and Zelikovsky, A. Bioinformatics Research and Applications: 12th International Symposium, ISBRA 2016, Minsk, Belarus, June 5–8, 2016, Proceedings. Cham: Springer International Publishing (2016). doi: 10.1007/978-3-319-38782-6

35. Guo, L, Zhao, Y, Yang, S, Zhang, H, and Chen, F. Integrative Analysis of miRNA-mRNA and miRNA-miRNA Interactions. BioMed Res Int (2014) 2014:1–8. doi: 10.1155/2014/907420

36. Cilek, EE, Ozturk, H, and Gur Dedeoglu, B. Construction of miRNA-miRNA Networks Revealing the Complexity of miRNA-Mediated Mechanisms in Trastuzumab Treated Breast Cancer Cell Lines. PloS One (2017) 12:e0185558. doi: 10.1371/journal.pone.0185558

37. Neilsen, CT, Goodall, GJ, and Bracken, CP. IsomiRs – the Overlooked Repertoire in the Dynamic Micrornaome. Trends Genet (2012) 28:544–9. doi: 10.1016/j.tig.2012.07.005

38. Geok Chin, T, and Nicholas, D. IsomiRs Have Functional Importance. Malays J Pathol (2015) 37:9.

39. Corral-Vazquez, C, Salas-Huetos, A, Blanco, J, Vidal, F, Sarrate, Z, and Anton, E. Sperm microRNA Pairs: New Perspectives in the Search for Male Fertility Biomarkers. Fertil Steril (2019) 112:831–41. doi: 10.1016/j.fertnstert.2019.07.006

40. Bao, J, Li, D, Wang, L, Wu, J, Hu, Y, Wang, Z, et al. MicroRNA-449 and MicroRNA-34b/C Function Redundantly in Murine Testes by Targeting E2F Transcription Factor-Retinoblastoma Protein (E2F-pRb) Pathway. J Biol Chem (2012) 287:21686–98. doi: 10.1074/jbc.M111.328054

41. Russell, S, Patel, M, Gilchrist, G, Stalker, L, Gillis, D, Rosenkranz, D, et al. Bovine piRNA-Like RNAs Are Associated With Both Transposable Elements and mRNAs. Reproduction (2017) 153:305–18. doi: 10.1530/REP-16-0620

42. Iyer, R, Stepanov, VG, and Iken, B. Isolation and Molecular Characterization of a Novel Pseudomonas Putida Strain Capable of Degrading Organophosphate and Aromatic Compounds. Adv Biol Chem (2013) 03:564–78. doi: 10.4236/abc.2013.36065

43. Gebert, D, Hewel, C, and Rosenkranz, D. Unitas: The Universal Tool for Annotation of Small RNAs. BMC Genomics (2017) 18:1–14. doi: 10.1186/s12864-017-4031-9

44. Yates, A, Akanni, W, Amode, MR, Barrell, D, Billis, K, Carvalho-Silva, D, et al. Ensembl 2016. Nucleic Acids Res (2016) 44:D710–6. doi: 10.1093/nar/gkv1157

45. Rosenkranz, D. piRNA Cluster Database: A Web Resource for piRNA Producing Loci. Nucleic Acids Res (2016) 44:D223–30. doi: 10.1093/nar/gkv1265

46. Kozomara, A, and Griffiths-Jones, S. Mirbase: Annotating High Confidence microRNAs Using Deep Sequencing Data. Nucleic Acids Res (2014) 42:D68–73. doi: 10.1093/nar/gkt1181

47. Chan, PP, and Lowe, TM. GtRNAdb: A Database of Transfer RNA Genes Detected in Genomic Sequence. Nucleic Acids Res (2009) 37:D93–7. doi: 10.1093/nar/gkn787

48. Quast, C, Pruesse, E, Yilmaz, P, Gerken, J, Schweer, T, Yarza, P, et al. The SILVA Ribosomal RNA Gene Database Project: Improved Data Processing and Web-Based Tools. Nucleic Acids Res (2012) 41:D590–6. doi: 10.1093/nar/gks1219

49. Love, MI, Huber, W, and Anders, S. Moderated Estimation of Fold Change and Dispersion for RNA-Seq Data With Deseq2. Genome Biol (2014) 15:550. doi: 10.1186/s13059-014-0550-8

50. R Core Team. R: A Language and Environment for Statistical Computing. Vienna, Austria: R Foundation for Statistical Computing (2013). Available at: http://www.R-project.org/.

51. Benjamini, Y, and Hochberg, Y. Controlling the False Discovery Rate: A Practical and Powerful Approach to Multiple Testing. J R Stat Soc Ser B Methodol (1995) 57:289–300. doi: 10.1111/j.2517-6161.1995.tb02031.x

52. Gao, Y, Li, S, Lai, Z, Zhou, Z, Wu, F, Huang, Y, et al. Analysis of Long Non-Coding RNA and mRNA Expression Profiling in Immature and Mature Bovine (Bos Taurus) Testes. Front Genet (2019) 10:646. doi: 10.3389/fgene.2019.00646

53. Khan, DR, Fournier, É, Dufort, I, Richard, FJ, Singh, J, and Sirard, M-A. Meta-Analysis of Gene Expression Profiles in Granulosa Cells During Folliculogenesis. Reproduction (2016) 151:R103–10. doi: 10.1530/REP-15-0594

54. Capra, E, Turri, F, Lazzari, B, Cremonesi, P, Gliozzi, TM, Fojadelli, I, et al. Small RNA Sequencing of Cryopreserved Semen From Single Bull Revealed Altered miRNAs and piRNAs Expression Between High- and Low-Motile Sperm Populations. BMC Genomics (2017) 18:1–12. doi: 10.1186/s12864-016-3394-7

55. Curry, E, Safranski, TJ, and Pratt, SL. Differential Expression of Porcine Sperm microRNAs and Their Association With Sperm Morphology and Motility. Theriogenology (2011) 76:1532–9. doi: 10.1016/j.theriogenology.2011.06.025

56. Grosso, JB, Zoff, L, Calvo, KL, Maraval, MB, Perez, M, Carbonaro, M, et al. Levels of Seminal tRNA-Derived Fragments From Normozoospermic Men Correlate With the Success Rate of ART. Mol Hum Reprod (2021) 27:1–12. doi: 10.1093/molehr/gaab017

57. Nagirnaja, L, Mørup, N, Nielsen, JE, Stakaitis, R, Golubickaite, I, Oud, MS, et al. Variant PNLDC1, Defective piRNA Processing, and Azoospermia. N Engl J Med (2021) 385:707–19. doi: 10.1056/NEJMoa2028973

58. Selvaraju, S, Ramya, L, Parthipan, S, Swathi, D, Binsila, BK, and Kolte, AP. Deciphering the Complexity of Sperm Transcriptome Reveals Genes Governing Functional Membrane and Acrosome Integrities Potentially Influence Fertility. Cell Tissue Res (2021) 385:207–22. doi: 10.1007/s00441-021-03443-6

59. Abu-Halima, M, Backes, C, Leidinger, P, Keller, A, Lubbad, AM, Hammadeh, M, et al. MicroRNA Expression Profiles in Human Testicular Tissues of Infertile Men With Different Histopathologic Patterns. Fertil Steril (2014) 101:78–86. doi: 10.1016/j.fertnstert.2013.09.009

60. Sabry, R, Saleh, AC, Stalker, L, LaMarre, J, and Favetta, LA. Effects of Bisphenol A and Bisphenol S on microRNA Expression During Bovine (Bos Taurus) Oocyte Maturation and Early Embryo Development. Reprod Toxicol (2021) 99:96–108. doi: 10.1016/j.reprotox.2020.12.001

61. Niu, Z, Goodyear, SM, Rao, S, Wu, X, Tobias, JW, Avarbock, MR, et al. MicroRNA-21 Regulates the Self-Renewal of Mouse Spermatogonial Stem Cells. Proc Natl Acad Sci (2011) 108:12740–5. doi: 10.1073/pnas.1109987108

62. Nixon, B, Stanger, SJ, Mihalas, BP, Reilly, JN, Anderson, AL, Tyagi, S, et al. The MicroRNA Signature of Mouse Spermatozoa Is Substantially Modified During Epididymal Maturation. Biol Reprod (2015) 93:1–20. doi: 10.1095/biolreprod.115.132209

63. Salas-Huetos, A, Blanco, J, Vidal, F, Mercader, JM, Garrido, N, and Anton, E. New Insights Into the Expression Profile and Function of Micro-Ribonucleic Acid in Human Spermatozoa. Fertil Steril (2014) 102:213–22. doi: 10.1016/j.fertnstert.2014.03.040

64. Sellem, E, Marthey, S, Rau, A, Jouneau, L, Bonnet, A, Perrier, J-P, et al. A Comprehensive Overview of Bull Sperm-Borne Small Non-Coding RNAs and Their Diversity Across Breeds. Epigenet Chromatin (2020) 13:1–28. doi: 10.1186/s13072-020-00340-0

65. Lu, S, Sun, Y-H, and Chiang, VL. Adenylation of Plant miRNAs. Nucleic Acids Res (2009) 37:1878–85. doi: 10.1093/nar/gkp031

66. Bartel, DP. MicroRNAs: Target Recognition and Regulatory Functions. Cell (2009) 136:215–33. doi: 10.1016/j.cell.2009.01.002

67. Dieffenbach, CW, Lowe, TM, and Dveksler, GS. General Concepts for PCR Primer Design. Genome Res (1993) 3:S30–7. doi: 10.1101/gr.3.3.S30

68. Salas-Huetos, A, Blanco, J, Vidal, F, Godo, A, Grossmann, M, Pons, MC, et al. Spermatozoa From Patients With Seminal Alterations Exhibit a Differential Micro-Ribonucleic Acid Profile. Fertil Steril (2015) 104:591–601. doi: 10.1016/j.fertnstert.2015.06.015

69. Enright, AJ, John, B, Gaul, U, Tuschl, T, Sander, C, and Marks, DS. MicroRNA Targets in Drosophila. Genome Biol (2003) 14:1–14.

70. Krek, A, Grün, D, Poy, MN, Wolf, R, Rosenberg, L, Epstein, EJ, et al. Combinatorial microRNA Target Predictions. Nat Genet (2005) 37:495–500. doi: 10.1038/ng1536

71. Wu, S, Huang, S, Ding, J, Zhao, Y, Liang, L, Liu, T, et al. Multiple microRNAs Modulate p21Cip1/Waf1 Expression by Directly Targeting Its 3′ Untranslated Region. Oncogene (2010) 29:2302–8. doi: 10.1038/onc.2010.34

72. Park, S, Yoon, S, Zhao, Y, Park, S-E, Liao, L, Xu, J, et al. Uterine Development and Fertility Are Dependent on Gene Dosage of the Nuclear Receptor Coregulator REA. Endocrinology (2012) 153:3982–94. doi: 10.1210/en.2012-1044

73. Liu, X, Xiao, H, Jie, M, Dai, S, Wu, X, Li, M, et al. Amh Regulate Female Folliculogenesis and Fertility in a Dose-Dependent Manner Through Amhr2 in Nile Tilapia. Mol Cell Endocrinol (2020) 499:110593. doi: 10.1016/j.mce.2019.110593

74. Santiago, J, Silva, JV, Howl, J, Santos, MAS, and Fardilha, M. All You Need to Know About Sperm RNAs. Hum Reprod Update (2021) 28:67–91. doi: 10.1093/humupd/dmab034

75. Yao, C, Yuan, Q, Niu, M, Fu, H, Zhou, F, Zhang, W, et al. Distinct Expression Profiles and Novel Targets of MicroRNAs in Human Spermatogonia, Pachytene Spermatocytes, and Round Spermatids Between OA Patients and NOA Patients. Mol Ther - Nucleic Acids (2017) 9:182–94. doi: 10.1016/j.omtn.2017.09.007

76. Sirard, M-A. Factors Affecting Oocyte and Embryo Transcriptomes: Factors Affecting Oocyte and Embryo Transcriptomes. Reprod Domest Anim (2012) 47:148–55. doi: 10.1111/j.1439-0531.2012.02069.x

77. Fiedler, SE, Bajpai, M, and Carr, DW. Identification and Characterization of RHOA-Interacting Proteins in Bovine Spermatozoa1. Biol Reprod (2008) 78:184–92. doi: 10.1095/biolreprod.107.062943

78. Costanzo, V, Shechter, D, Lupardus, PJ, Cimprich, KA, Gottesman, M, and Gautier, J. An ATR- and Cdc7-Dependent DNA Damage Checkpoint That Inhibits Initiation of DNA Replication. Mol Cell (2003) 11:203–13. doi: 10.1016/S1097-2765(02)00799-2

79. Giraldez, AJ. microRNAs, the Cell’s Nepenthe: Clearing the Past During the Maternal-to-Zygotic Transition and Cellular Reprogramming. Curr Opin Genet Dev (2010) 20:369–75. doi: 10.1016/j.gde.2010.04.003

80. Giraldez, AJ. Zebrafish MiR-430 Promotes Deadenylation and Clearance of Maternal mRNAs. Science (2006) 312:75–9. doi: 10.1126/science.1122689

81. Parker Gaddis, KL, Null, DJ, and Cole, JB. Explorations in Genome-Wide Association Studies and Network Analyses With Dairy Cattle Fertility Traits. J Dair Sci (2016) 99:6420–35. doi: 10.3168/jds.2015-10444

82. Klohonatz, KM, Coleman, SJ, Islas-Trejo, AD, Medrano, JF, Hess, AM, Kalbfleisch, T, et al. Coding RNA Sequencing of Equine Endometrium During Maternal Recognition of Pregnancy. Genes (2019) 10:749. doi: 10.3390/genes10100749

83. Miao, Y-L, Gambini, A, Zhang, Y, Padilla-Banks, E, Jefferson, WN, Bernhardt, ML, et al. Mediator Complex Component MED13 Regulates Zygotic Genome Activation and Is Required for Postimplantation Development in the Mouse. Biol Reprod (2018) 98:449–64. doi: 10.1093/biolre/ioy004

84. Madissoon, E, Damdimopoulos, A, Katayama, S, Krjutškov, K, Einarsdottir, E, Mamia, K, et al. Pleomorphic Adenoma Gene 1 Is Needed For Timely Zygotic Genome Activation and Early Embryo Development. Sci Rep (2019) 9:8411. doi: 10.1038/s41598-019-44882-0

85. Moriyama, T, Yoneda, Y, Oka, M, and Yamada, M. Transportin-2 Plays a Critical Role in Nucleocytoplasmic Shuttling of Oestrogen Receptor-α. Sci Rep (2020) 10:18640. doi: 10.1038/s41598-020-75631-3

86. Song, G, Satterfield, MC, Kim, J, Bazer, FW, and Spencer, TE. Progesterone and Interferon Tau Regulate Leukemia Inhibitory Factor Receptor and IL6ST in the Ovine Uterus During Early Pregnancy. REPRODUCTION (2009) 137:553–65. doi: 10.1530/REP-08-0437

87. Varastehpour, A, Radaelli, T, Minium, J, Ortega, H, Herrera, E, Catalano, P, et al. Activation of Phospholipase A2 Is Associated With Generation of Placental Lipid Signals and Fetal Obesity. J Clin Endocrinol Metab (2006) 91:248–55. doi: 10.1210/jc.2005-0873

88. Gao, Z, Ruden, DM, and Lu, X. PKD2 Cation Channel Is Required for Directional Sperm Movement and Male Fertility. Curr Biol (2003) 13:2175–8. doi: 10.1016/j.cub.2003.11.053

89. Hughes, J. Identification of a Human Homologue of the Sea Urchin Receptor for Egg Jelly: A Polycystic Kidney Disease-Like Protein. Hum Mol Genet (1999) 8:543–9. doi: 10.1093/hmg/8.3.543

90. Li, B, Nair, M, Mackay, DR, Bilanchone, V, Hu, M, Fallahi, M, et al. Ovol1 Regulates Meiotic Pachytene Progression During Spermatogenesis by Repressing Id2 Expression. Development (2005) 132:1463–73. doi: 10.1242/dev.01658

91. Yokota, Y. Id and Development. Oncogene (2001) 20:8290–8. doi: 10.1038/sj.onc.1205090

92. Blagden, SP, Gatt, MK, Archambault, V, Lada, K, Ichihara, K, Lilley, KS, et al. Drosophila Larp Associates With Poly(A)-Binding Protein and Is Required for Male Fertility and Syncytial Embryo Development. Dev Biol (2009) 334:186–97. doi: 10.1016/j.ydbio.2009.07.016

93. Long, JA. The ‘Omics’ Revolution: Use of Genomic, Transcriptomic, Proteomic and Metabolomic Tools to Predict Male Reproductive Traits That Impact Fertility in Livestock and Poultry. Anim Reprod Sci (2020) 220:106354. doi: 10.1016/j.anireprosci.2020.106354




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Werry, Russell, Gillis, Miller, Hickey, Larmer, Lohuis, Librach and LaMarre. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fendo-13-874371-g003.jpg





OEBPS/Images/fendo-13-874371-g005.jpg
Legenc
Values presented are normalzed read counts
O High Fertiity -+ Low Fertiity






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

 		Cover



     		

        Characteristics of miRNAs Present in Bovine Sperm and Associations With Differences in Fertility

      

        		

          1 Introduction

        



        		

          2 Materials and Methods

        

          		

            2.1 Bull Selection

          



          		

            2.2 Sperm Isolation

          



          		

            2.3 RNA Isolation

          



          		

            2.4 Library Preparation and Illumina Sequencing

          



          		

            2.5 Bioinformatic Analysis

          

            		

              2.5.1 Sequence Annotation

            



            		

              2.5.2 Differential Expression Analyses

            



            		

              2.5.3 Correlational Analysis

            



          



          



          		

            2.6 Gene Set Enrichment Analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Small Non-Coding RNA

          



          		

            3.2 miRNAs

          

            		

              3.2.1 Population Characteristics

            



            		

              3.2.2 IsomiR Composition

            



            		

              3.2.3 Differential Correlation

            



            		

              3.2.4 Target Analysis

            



          



          



        



        



        		

          4 Discussion

        

          		

            4.1 Small Non-Coding RNA Population

          



          		

            4.2 miRNAs

          

            		

              4.2.1 Population Characteristics and Functional Analysis of Targets

            



            		

              4.2.2 IsomiR Expression

            



            		

              4.2.3 Differential Correlation

            



          



          



        



        



        		

          Data Availability Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fendo-13-874371-g002.jpg





OEBPS/Images/table2.jpg
miRNA High Mean Low Mean Log2 FC SE FDR
bta-miR-2450c-3p 5.53 0 -30.00 3.45 4.441E-15
bta-miR-2311-5p 4.09 0 -30.00 3.54 1.59E-14
ppc-mir-2274-5p 1.61 0 -30.00 3.56 1.69E-14
bta-miR-409a-3p 60.32 23.70 -3.16 0.77 0.0137
bta-miR-543 135.97 51.85 -3.32 0.83 0.0177

[ 0g2 fold differences are maximum-likelihood estimates calculated with respect to high/low, sequences shown have FDR < 0.05.
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OEBPS/Images/table1.jpg
Metric High Low p-value
Sire conception rate 2.01 £0.25 -2.73 £ 0.40 *1.12e-05
Age at collection (days) 967 + 264 898 + 102 0.80
Total motility Oh post-thaw (%) 62.48 + 2.59 57.72 +1.97 0.21
Progressive motility Oh post-thaw (%) 32.156+3.12 28.68 + 1.49 0.38
Total motility 2h post-thaw (%) 56.87 + 2.08 50.04 + 2.75 0.10
Progressive motility 2h post-thaw (%) 2741 +1.59 22.02 +1.87 0.07
Curvilinear velocity (VCL) (um/s) 103.79 + 3.55 104.55 + 2.42 0.87
Average path velocity (VAP) (um/s) 84.1 +3.25 78.71 £3.07 0.29
Straight line velocity (VSL) (umv/s) 76.57 + 2.83 71.77 £ 2.78 0.29
Linear coefficient (LIN) (%) 73.68 +2.49 68.73 + 1.53 0.15
Straightness coefficient (STR) (%) 89.46 + 1.04 90.81 + 0.86 0.37
Wobble coefficient (WOB) (%) 8157 +2.42 75.36 +1.6 0.08
Lateral head displacement (ALH) (um) 3.31£0.25 3.63 +0.12 0.32
Beat cross efficiency (BCF) (Hz) 12.37 £ 0.36 12.53 £ 0.42 0.80

Data is presented as mean + SEM. p-values were calculated by 2 tailed unpaired t-test, no categories show significant difference below a threshold of 0.05. * indicates significant result.





