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Abstract
The oviduct provides optimum physiological and biochemical milieu essential for successful fertilization, early embryo 
development and facilitates functional maturation of spermatozoa. A study has revealed that spermatozoa alters the gene 
expression in bovine oviductal epithelial cells (BOECs) remotely via bio-active particles, thus acting as a cue to the oviduct 
prior to their arrival. However, very little attention has been paid to the question of whether spermatozoa could alter the 
cargo of extracellular vesicles (EVs) derived from BOECs. Therefore, the aim of this study was to investigate the alterations 
in small non-coding RNAs in EVs cargo derived from BOECs when incubated with spermatozoa in contact and non-contact 
co-culture models. After 4 h of incubation the EVs were isolated from the conditioned media, followed by small non-coding 
sequencing of the BOEC derived EVs. Our results revealed that EVs from both co-culture models contained distinct cargo in 
form of miRNA, fragmented mRNA versus control. The pathway enrichment analysis revealed that EV miRNA from direct 
co-culture were involved in the biological processes associated with phagocytosis, macroautophagy, placenta development, 
cellular responses to TNF and FGF. The mRNA fragments also varied within the different groups and mapped to the exonic 
regions of the transcriptome providing vital insights regarding the changes in cellular transcriptome on the arrival of sper-
matozoa. The findings of this study suggest that spermatozoa, in contact as well as remotely, alter the EV cargo of female 
reproductive tract epithelial cells which might be playing an essential role in pre and post-fertilization events.
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Introduction

In-vivo fertilization occurs in the oviduct of the female 
reproductive tract, which makes the oviduct a pivotal organ 
for the early embryo development (Dissanayake et al. 2021b; 
Li and Winuthayanon 2017). After the process of copulation, 
male gametes (spermatozoa) must travel across the female 
reproductive tract to reach oviducts for a successful fertiliza-
tion to occur. Previous research has suggested that sperma-
tozoa, while interacting with the oviduct, have the potential 
to alter the transcriptome of the oviductal epithelium (Dissa-
nayake et al. 2021b; Fazeli et al. 2004; Kodithuwakku et al. 
2007). Moreover, our recent study suggests that spermatozoa 
can communicate with oviductal epithelial cells remotely 
and alter the transcriptome of the oviductal epithelial cells 
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(Reshi et al. 2020). This implies the existence of a cross-
talk between oviduct and spermatozoa via some intercellular 
mediators, to maintain the optimal physiochemical milieu in 
the oviduct during which the fertilization may occur.

Extracellular vesicles (EVs) are one category of these 
intercellular communication mediators. EVs mediate inter-
cellular communication in different reproductive events 
including pre and post-fertilization processes (Zhou et al. 
2021). EVs are nano-sized, semi spherical biological vesi-
cles enclosed with a lipid bilayer. They are secreted by all 
known types of cells and have a diameter of 30–5000 nm. 
EVs contain diverse cargo such as proteins, DNA, RNA and 
lipids (Bazzan et al. 2021; Foster et al. 2016). The three sub-
types of EVs include exosomes, microvesicles and apoptotic 
bodies which are differentiated based on their size, function, 
and biogenesis (Margolis and Sadovsky 2019). EVs shuttle 
the cargo from one cell to another, influencing the physiol-
ogy of the recipient cell. EVs are especially enriched with 
non-coding RNA cargo such as miRNAs, piRNAs and frag-
mented tRNAs which are important mediators of cell–cell 
communication (Artuyants et al. 2020; Chettimada et al. 
2020; Gámbaro et al. 2020; O’Brien et al. 2020). Several 
studies have reported that the type, composition and char-
acteristic features of the cargo within these EVs may be 
altered in various pathophysiological disorders (Anderson 
et al. 2016; Jabalee et al. 2018; Rooda et al. 2020).

Moreover, it is reported that EVs play an intricate role in 
enhancing the functional aspects of spermatozoa including 
capacitation, chemotactic motility, survival of spermatozoa 
in female reproductive tract and acrosome reaction in cat-
tle (Franchi et al. 2020; Hasan et al. 2021) as well as in 
humans (Wang et al. 2022). Different investigations have 
also shown that EVs play an essential role in oocyte matura-
tion, fertilization and embryo implantation (da Silveira et al. 
2012; Machtinger et al. 2016; Sohel et al. 2013). The EVs 
derived from trophoblast and follicular fluid were found to 
alter the gene expression of the endometrium and oviductal 
epithelial cells respectively (Godakumara et al. 2021; Hasan 
et al. 2020). Research has also been carried out to examine 
the effects of EV-derived cargo on the various functions 
of the target cells to understand the role of these cargos in 
cell–cell communication. A recent study has reported that 
the presence of several EV-miRNAs released from oviductal 
epithelial cells in pregnant cows have the potential to initiate 
a dialogue between the mother and embryo, helping them in 
their interactions (Mazzarella et al. 2021). Even though mul-
tiple studies have revealed the importance of EVs in cellular 
communications, it remains unexplored whether spermato-
zoa affect the EV production in oviductal epithelial cells or 
the composition of the EV cargo produced by the oviductal 
cells.

Spermatozoa interact extensively with the oviduct epithe-
lial cells and have been found to alter oviductal physiological 

responses (Camara Pirez et al. 2020; Rath et al. 2008). A 
study in dogs has found that incubation of oviduct derived 
EVs with oviductal epithelial cells induced maturation of 
oocyte especially in metaphase II phase of the cell cycle 
(Lange-Consiglio et al. 2017). There is a possibility that 
presence of thousands of spermatozoa at the fertilization site 
in-vivo would send biochemical signals to the oviductal epi-
thelial cells and these cells in turn could respond by releas-
ing EVs with distinct cargo types. Furthermore, Lange-Con-
siglio et al. have discovered that the cargo content of EVs 
recovered from canine oviducts contain miRNAs including 
miR-503, miR-30b and miR-375. All these miRNAs were 
implicated in follicular growth as well as oocyte matura-
tion (Lange-Consiglio et al. 2017). As described above, 
several types of biomolecules from spermatozoa could alter 
the gene expression in oviductal cells (Reshi et al. 2020), 
however, it is not yet known whether spermatozoa could 
also modulate the EVs production and release from these 
cells as well as changes in their cargos. The expected results 
could provide important insights regarding the epigenetic 
landmarks involved in the success of fertilization events. 
Hence, the current investigation, was aimed to investigate 
the non-coding RNAs of EVs isolated from oviductal epi-
thelial cells after incubation with spermatozoa in different 
co-culture models.

Materials and methods

Cell culture of bovine oviductal epithelial cells 
BOECs

The primary oviductal epithelial cells as described in a 
previous study (Reshi et al. 2020) were also used in these 
experiments. The cells were already proven to have epithe-
lial cell markers and the cell-culture was carried out in the 
same way as previously. Briefly, the BOEC monolayer were 
cultured with DMEM/F12 media supplemented with 10% 
FBS, Amphotericin B (1 μl/ml) and Penicillin/Streptomy-
cin (10 μl/ml). Once the cells attained 80% confluency the 
cells were washed by 1X PBS followed by pre-warmed EV 
depleted Sperm-TALP media prior to co-culture with sper-
matozoa. The cells had been passaged four times before they 
were co-cultured with spermatozoa.

Spermatozoa washing and co‑culture with BOECs

The co-culture experiments (oviductal epithelial cells + sper-
matozoa) were repeated three different times and each time 
ejaculates from the different bulls were used. On each day 
of the experiment cryopreserved semen straws were thawed 
for 30 s in 37 °C water bath. The constituents of three straws 
(225 μl of semen in each straw) were pooled and deposited 
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onto 4 ml of 60% isosmotic  Percoll® solution (GE Health-
care, 17-0891-02, Sweden). The further washing of sperma-
tozoa was carried out according to the previously described 
protocol (Reshi et al. 2020). Taking in consideration the 
number of particles contributed by the BSA (AppliChem, 
A1391, 0050, Germany) and its presence in the sperm-TALP 
media, EV depletion of the media was done. In order to 
minimize the number of BSA-derived particles the media 
was filtered through a 100 kDa  Amicon® Ultra-15 Centrifu-
gal Filter Unit (R9CA01172, Ireland) (Kornilov et al. 2018). 
The concentration of washed spermatozoa was adjusted to 
1 ×  106/ml and the motility was analysed in five different 
fields under the microscope with 40X magnification. The 
EV depleted Sperm-TALP media was used for co-culture of 
spermatozoa and oviductal epithelial cells. The spermatozoa 
and BOECs were incubated for 4 h and post incubation the 
spermatozoa motility had reduced. All the mentioned pro-
cedures were performed under aseptic conditions and the 
washed spermatozoa were forthwith used for co-culturing 
with BOECs.

Isolation of EVs

Bovine Oviductal epithelial cells conditioned media was 
differentially centrifuged to get rid of cells, cell debris and 
apoptotic bodies. To begin with the first step of centrifuga-
tion was done at 500 × g for 10 min to pellet down all the 
cells. The resultant supernatant was taken ahead and centri-
fuged further at 2000 × g for 15 min, while maintaining the 
temperature of the centrifuge at 4 °C. Afterwards, the super-
natant was again centrifuged at 10,000 × g for another 15 min 
to remove apoptotic bodies. The supernatant was transferred 
into Amicon filter units (10 kDa) and was concentrated until 
the volume reached up to 150–200 µl approximately.

Extracellular vesicles were isolated using qEVsingle size 
Exclusion Chromatography columns (qEVsingle/70 nm by 
Izon sciences, UK) and the protocol described by the Izon 
Science Ltd. was adopted for isolation of EVs. A recent 
study published has benchmarked these columns, utilizing 
the same protocol for isolation of EVs (Dissanayake et al. 
2020). Briefly, after washing the columns with DPBS, the 
sample was layered on the filter and the fraction collection 
was started immediately (each fraction 200 μl). After the 
sample was absorbed by the column filter DPBS was added 
and the first five fractions were discarded as void volume. 
The fractions 6–9, containing EVs, were pooled together 
(total 800 μl) and concentrated using 10 KDa  Amicon® 
Ultra-15 centrifugal units.

Nanoparticle tracking analysis (NTA)

The size profile and the concentrations of the EVs elute were 
determined using nanoparticle tracking analyzer-ZetaView® 

(Particle Metrix GmbH, Germany) as described in the lit-
erature (Dissanayake et al. 2021a). The machine was stand-
ardized using a known suspension of 100 nm Polystyrene 
beads (Applied Microspheres B.V., Netherlands). These 
beads were diluted using Milli-Q water (1:250,000) and 
the EV samples were diluted in DPBS. The samples were 
measured in triplicate, and the following parameters were 
set in the machine while measuring: sensitivity 85, shutter 
speed 70, and frame rate 30 fps. Inter sample contamination 
was avoided by injecting DPBS in the cell before measuring 
another sample and the data was analysed using custom-
made software.

Transmission electron microscopy (TEM)

The morphological evaluation of EVs was carried out using 
a formvar/carbon coated 200 mesh grid (Agar Scientific, 
Stansted, UK) which was placed onto a 20 µl of concentrated 
EV droplet for 20 min. Afterwards, to obtain contrasted EVs, 
the same grid was incubated with 2% uranyl acetate (Poly-
sciences, Warrington, PA, USA) for 5 min. The samples 
were air-dried and the EVs were imaged using JEM 1400 
TEM (JEOL Ltd. Tokyo, Japan, with Morada TEM CCD 
camera, Olympus, Germany) at 80 kV. The digital images 
of EVs were acquired with a numeric camera (Morada TEM 
CCD camera, Olympus, Germany).

Mass spectrometry

1 µg of protein was injected to an Easy-nLC 1000 system 
(Thermo Scientific). The sample was eluted at 250 nl/min 
from the trap to a 75 µm ID × 50 cm emitter-column (New 
Objective) packed with C18 material (3 µm, 300 Å parti-
cles, Dr Maisch). The separating gradient was 2–35% B 
60 min and 40–100% B 5 min (A: 0.1% formic acid (FA), 
B: 80% ACN + 0.1% FA). Eluted peptides were sprayed to 
a Q Exactive Plus (Thermo Fisher Scientific) quadrupole-
orbitrap mass spectrometer (MS) using nano-electrospray 
ionization at 2.4 kV (applied through liquid-junction). The 
MS was operated with a top-5 data-dependent acquisition 
strategy. Briefly, one 350–1400 m/z MS scan at a resolution 
setting of R = 70,000 at 200 m/z was followed by five higher-
energy collisional dissociation fragmentation (normalized 
collision energy of 26) of 5 most intense ions (z: + 2 to + 6) 
at R = 17 500. MS and MS/MS ion target values were 3e6 
and 5e4 with 50 ms injection time. Dynamic exclusion was 
limited to 40 s.

RNA extraction from EVs

The RNA extraction from the EV elute was done using 
 QIAzol® Reagent (Qiagen, 79,306, USA) and isopro-
panol precipitation method. Briefly, 250 µl of guanidinium 
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thiocyanate  (QIAzol® reagent) was added to 100 µl of con-
centrated EV elute and left at room temperature for 5 min. 
The contents were thoroughly homologized and 100 µl of 
chloroform was added and was incubated again for 5 min. 
Once the samples were vortexed for 15 s, they were imme-
diately centrifuged at 12,000 × g for 15 min at 4 °C for phase 
separation. The aqueous phase containing RNA was trans-
ferred to a new tube and RNA was precipitated by adding 
200 µl of Isopropanol and 1 µl of glycogen (UltraPure™ 
Glycogen, Cat. no. 10814-010, Thermo Fisher Scientific, 
Bleiswijk, Netherlands). The samples were incubated over-
night at 4 °C and the following day samples were centrifuged 
for 1 h at 18,000 × g at 4 °C. The RNA pellet was washed 
thrice in 500 µl of 75% ethanol. The final RNA pellet was air 
dried, resuspended in 10 µl of nuclease free water and heated 
at 60 °C for 10 min. The quality of RNA was assessed with 
Agilent RNA 6000 Pico kit and the amount was quantified 
pre-library preparation using Qubit™ RNA High Sensitivity 
(HS) kit (Q32852, ThermoFisher Scientific) with spiked in 
RNA to extend the range. EV derived RNA is very different 
from cellular RNA and does not have the requisite ratio of 
ribosomal RNA to provide a RIN number when analysed 
with bioanalyzer. Therefore, the quality of EV RNA was 
not quantified using conventional methods. The amount of 
input RNA was determined using the range extender method 
described by Li et al. (2015).

Small RNA library preparation

The small RNA libraries were prepared using a 
 RealSeq®-AC miRNA Library Kit (Cat no 500-00012), fol-
lowing the manufacturers protocol. In order to amplify the 
reverse transcription product, twenty cycles of PCR were 
performed. The quality of the libraries was accessed using 
Qubit dsDNA HS Assay Kit (ThermoFisher cat Q32851) and 
Agilent DNA 1000 Kit.

RNA Sequencing of oviductal epithelial cells derived 
EVs

The libraries were quantified by Qubit (High sensitivity 
dsDNA kit, protocol as per manufacturer instructions) and 
ran on Tapestation 2200 (D1000 kit, protocol as per manu-
facturer instructions). The molarity of libraries were cal-
culated from Qubit concentration and Tapestation sizing. 
The Sequencing carried out on an Illumina HiSeq 2500 in 
rapid mode, using on-board clustering, single read cluster 
kit and Flow Cell, 50 cycle SBS kit. The read length was 
1 × 50 bp, 6 bp single index read. Each library was run on 
two sequencing lanes, producing two output FASTQ files 
for each sample.

Read quality control, alignment, and counting

Read trimming was performed using cutadapt v2.5 (REF) 
using the parameters ‘-u 1 -q 20—trim-n -m 15 -a TGG 
AAT TCT CGG GTG CCA AGG’ to clip the first base (rec-
ommended for RealSeq-AC libraries), remove reads with 
average phred33 base quality lower than 20, trim N bases 
from the 3’ end, remove reads shorter than 15nt, and remove 
the adapter sequence, respectively. The two trimmed FASTQ 
files for each sample were then concatenated together. For 
subsequent analyses, we kept reads with a maximum length 
of 30nt.

Read alignment to genome

Reads were aligned to the Bos taurus assembly ARS-
UCD-1.2 using STAR version 2.7.9a (Dobin et al. 2013). 
Alignment parameters were chosen depending on the length 
of reads to be aligned. Reads in the 16-48nt range were 
aligned in EndToEnd mode using the following additional 
nondefault parameters:—outFilterMultimapScoreRange 
0—outFilterMatchNmin 16—outFilterScoreMinOverL-
read 0—outFilterMatchNminOverLread 0.8—alignSJD-
BoverhangMin 1000—alignIntronMax 1. These parameters 
permitted alignments with a minimum of 16 matches while 
allowing the number of permitted mismatches to vary with 
read length and did not permit spliced alignments (no more 
than 20% of the read length). Reads in the 49-50nt range 
were aligned in EndToEnd mode with following additional 
nondefault parameters:—outFilterMultimapScoreRange 
0,—outFilterScoreMinOverLread 0—outFilterMatchNmi-
nOverLread 0. These parameters permitted alignments with 
the default minimum of 10 mismatches (approx. 20% of the 
read length), while permitting spliced alignments. Sequence 
length histograms of aligned reads were derived using sam-
tools version 1.15.1 (Danecek et al. 2021).

Characterising RNA composition of BOEC EVs 
by alignments to genomic annotations

To derive a broad characterisation the small RNA landscape 
of BOEC EVs, alignments to various genomic features (spe-
cifically different RNA classes) were quantified from the 
pooled genome alignments of all samples, using a custom 
annotation file. Briefly, ENSEMBL gene annotations (ARS-
UCD1.2.105), which include protein-coding gene coordi-
nates in addition to several noncoding RNAs, were aug-
mented with coordinates of piRNA clusters obtained from 
the piRNA cluster database (Rosenkranz 2016) and tRNA 
gene coordinates obtained from the genomic tRNA database 
(Chan and Lowe 2009). Coordinates of intron regions were 
obtained by subtracting exon regions from complete genes 
using bedtools subtract (bedools version 2.29.2, Quinlan and 
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Hall 2010). As an appreciable proportion of miRNA genes 
are known to reside within introns (Steiman-Shimony et al. 
2018), the intron coordinates were filtered to remove miRNA 
genes (included in ENSEMBL annotation), such that align-
ments would not be classed as ambiguous due to overlap-
ping with both intron and miRNA annotations. Indeed, 517 
out of 951 miRNA annotations were found to overlap with 
introns. All features in the augmented annotation (includ-
ing individual introns and exons) were classed as ‘gene’ for 
the purpose of counting alignments at gene-level with fea-
tureCounts (from Subread version 2.0.1, Liao et al. 2014) 
using parameters: -t 'gene'—fracOverlap 0.6—largestOver-
lap—extraAttributes 'gene_biotype'. Alignments of both 
uniquely-mapping and multimapping reads were counted, 
the latter by supplying the ‘-M’ option to featureCounts. 
Subsequent pie charts showing percentages of alignments to 
different annotated features were generated using the ggplot2 
package in R (Wickham 2011). As well as examining fea-
tures linked to uniquely mapping and multimapping reads 
separately, we also examined three ranges of read length 
separately: (1) reads in the 16–30 nt range, known to harbour 
the best known classes of small noncoding RNAs (miRNA 
and piRNA), (2) reads in the 31–48 nt range which may 
comprise other small RNAs of intermediate size (including 
tRNA-derived small RNAs), and (3) reads in the 49–50 nt 
range which may have derived from transcripts longer than 
the maximum read length of 50 nt. Features were included 
in a given pie chart if they comprised at least 1% of the 
total alignments within a given category; features compris-
ing < 1% were represented in the category ‘other’.

Read counting for gene‑level differential expression 
of mRNA

Alignments in the 16–48 nt range that overlapped with 
protein-coding gene annotations were counted separately 
for differential expression analysis given that the former 
likely derive from fragmented mRNA while the latter may 
be more likely to derive from full-length transcripts. Non-
multimapping alignments were counted to either exons or 
introns and summarised at the gene level, such that dif-
ferentially expressed genes could be identified separately 
from reads aligning to exons and introns. To count reads 
aligned to exons, we used a subset of the Bos_taurus.ARS-
UCD1.2.105.gtf annotation file that had been filtered to 
include only protein-coding gene coordinates. To count 
reads aligned to introns, we derived an annotation file con-
taining coordinates of individual introns using code from 
the CRIES repository (https:// github. com/ csglab/ CRIES). 
In each case, featureCounts was run with parameters—fra-
cOverlap 0.6—largestOverlap. Either ‘-t exon’ or ‘-t intron’ 
was specified depending on whether alignments to exons or 
introns were to be counted.

miRNA alignment and counting

For alignment and quantification of miRNAs, the trimmed 
reads were aligned directly to Bos taurus mature miRNA 
sequences from miRbase using bowtie2/2.4.1 with default 
settings thus removing the possibility of alignments to 
immature miRNA. High quality primary alignments (SAM 
flag 0 × 904, MAPQ = / > 10) to each transcript were counted 
using samtools version 1.9. These transcript-level counts 
were then used as input for differential expression analysis.

Protein‑coding gene expression quantification

To examine the expression of protein-coding genes, we used 
the whole-genome alignments obtained using STAR and 
used htseq-count to count alignments of non-multimapping 
reads against ENSEMBL Bos taurus protein-coding gene 
annotations at the gene level, considering only alignments 
to exons (htseq-count parameters: ‘-t exon -i gene_id—
stranded = no’). These gene-level counts were then used as 
input for differential expression analysis.

Differential expression analysis (miRNA and mRNA 
fragments)

Differential expression (DE) analysis was carried out in R 
version 4.1 using the edgeR package version 3.36.0 (Chen 
et al. 2016; McCarthy et al. 2012; Robinson et al. 2010). 
Tagwise dispersion estimates were obtained based on the 
trended dispersions, and statistical comparisons were 
performed using a generalized linear model followed by 
likelihood ratio tests, also accounting for the experiment 
batch. We considered the differential expression of genes 
with a false discovery rate (FDR) ≤ 0.05 to be statistically 
significant.

Principal components were calculated using prcomp 
function from the Stats package and visualized using the 
ggplot2 package (Wickham 2016). The pheatmap package 
(“pheatmap”) was used for heatmap visualization with hier-
archical clustering based on Euclidean distance.

miRNA targets and functional enrichment analyses

For differentially expressed miRNAs, we obtained a list of 
all predicted target transcripts from miRDB (Chen and Wang 
2020). These were filtered to retain only high-confidence 
targets (those with a target score of ≥ 90). Using the R pack-
age AnnotationDbi (Nie et al. 2009), REFSEQ transcript IDs 
were converted to ENSEMBL gene IDs to obtain the list of 
predicted miR targets at the gene level. We were thus able 
to identify putative high confidence miRNA targets of the 
miRNA identified in EVs.

https://github.com/csglab/CRIES
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To derive putative functional insight into differentially 
expressed protein-coding genes and predicted targets of dif-
ferentially expressed miRNAs, gene set enrichment analyses 
(GSEA) were performed using the enricher function (for 
predicted targets) and gseGO function (for the ranked list 
of differentially expressed exonic mRNA fragments) from 
the clusterProfiler package (Yu et al. 2012) to identify over-
represented Gene Ontology (GO) terms. GO term annota-
tions for Bos taurus genes were obtained from ENSEMBL 
Biomart using the biomaRt package (REF). Transcriptomic 
data collected from unaltered bovine embryos deposited 
in the National Center for Biotechnology Information 
(NCBI) Gene Expression Omnibus (GEO) database (https:// 
www. ncbi. nlm. nih. gov/ gds) under the accession number 
GSE192908 were used as the background dataset (Sidi et al. 
2022).

Mass spectrometry data analysis

Mass spectrometric raw files were processed with the Max-
Quant software package (versions 1.6.15.0 and 2.0.3.0). 
Methionine oxidation, asparagine and glutamine deamida-
tion and protein N-terminal acetylation were set as variable 
modifications, while cysteine carbamidomethylation was 
defined as a fixed modification. Label-free protein quantifi-
cation (LFQ) was enabled with LFQ and protein minimum 
ratio count set to 1. Search was performed against Bos taurus 
reference proteomes, using the tryptic digestion rule. Pep-
tide-spectrum match and protein false discovery rate (FDR) 
were kept below 1% using a target-decoy approach. All other 
parameters were default. The log transformed intensity val-
ues (not LFQ values, as it did not yield adequate number 
of positive hits), which are considered to correlate with the 
abundance of proteins, were visualized in a heatmap for 
30 selected proteins based on MISEV 2018 (Théry et al. 
2018) using R. The overlap of top 100 proteins reported 
in the Vesiclepedia (“Vesiclepedia: Home—Extracellular 
vesicles database,” n.d.) and Exocarta databases (Keerthi-
kumar et al. 2016) and the proteins reported in the EVs in 
the current study were visualized in a Venn diagram using 
InteractiveVenn (Heberle et al. 2015).

Experimental design

During the course of experiments, the cargo of the BOECs 
derived EVs when incubated with spermatozoa in a con-
tact and a non-contact co-culture model was compared with 
BOECs derived EVs (control). The following illustration 
(Fig. 1) demonstrates our experimental set up. During this 
experiment, the frozen thawed BOECs from three differ-
ent cows were cultured separately until they attained 80% 
confluency. Afterwards the cells from three different ovi-
ducts were mixed and seeded in 12 well culture plates 

(100,000 cells/well). When the cells attained confluency, 
the direct contact (DC) and non-contact (NC) co-culture 
with spermatozoa was performed. This experiment was done 
three times on three different days using different aliquots of 
the same batch of primary cells each time. In contact co-cul-
ture model, the spermatozoa (1 ×  106 spermatozoa/ml) were 
directly added onto the BOECs where as in non-contact co-
culture model an insert (Thincert cell culture insert, Greiner 
Bio-one GmbH, Kremsmunster, Austria) of 0.4 µm pore 
size was placed between spermatozoa and BOECs. Insert 
made of inert materials were used during experiments to 
avoid interference with the experiments conducted. In case 
of non-contact co-culture the spermatozoa was added onto 
the top of the insert and the spermatozoa concentration was 
same as that of contact co-culture (1 ×  106 spermatozoa/ml). 
On each experimental day, spermatozoa of a different bull 
was prepared (as mentioned earlier) and co-incubated for 
4 h with bovine oviductal epithelial cells in EV depleted 
Sperm-TALP media. After the incubation period was over, 
the conditioned media was collected from all the groups 
separately, followed by isolation of EVs. After isolating the 
EVs by employing SEC the size and concentration of EV 
elute was determined by NTA, morphology was determined 
by TEM and biochemical characterization for EV markers 
was performed by mass spectrometry. The mass spectrom-
etry was performed on EVs isolated from the control sam-
ple but not from the contact/non-contact co-cultures. Since 
the aim of mass spectrometry was to perform a qualitative 
analysis to show the presence of EVs in our study samples, 
we used single replicates from each category. i.e. 1 replicate 
for BOEC EV group (enriched EV elute) and 1 replicate for 
BOEC culture media (unpurified sample/neat). In order to 
analyze the cargo of EVs from each group, the RNA was 
extracted from the EVs followed by library preparation and 
small RNA sequencing.

Results

Characterization of EVs

EVs size in all the three groups was in range of 75–105 nm 
(Fig. 2A). The total particle concentration from contact co-
culture, non-contact co-culture system and control were 
2.19 ×  1010/ml ± 5.08 ×  109, 1.55 ×  1011/ml ± 2.01 ×  109 and 
5.64 ×  109/ml ± 1.64 ×  1010 (mean ± SEM; n = 3) respec-
tively (Fig. 2B). Furthermore, the concentration of EVs in 
the contact (p < 0.0001) and non-contact co-culture system 
(p = 0.0062) were found to be statistically significant in com-
parison to the control. There were a higher number of EVs 
in the contact and non-contact co-culture groups compared 
to the control samples which implies that in the presence of 
spermatozoa, oviductal cells release more EVs.

https://www.ncbi.nlm.nih.gov/gds
https://www.ncbi.nlm.nih.gov/gds
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Transmission electron microscopy

The analysis made with Transmission electron microscopy 
(TEM) revealed that EVs isolated from contact (Fig. 2C) and 
non-contact (Fig. 2D) co-culture systems were cup-shaped 
which has been described as the typical shape of the EVs 
in the literature (Es-Haghi et al. 2019; Hasan et al. 2020).

Mass spectrometry

The mass-spectrometry comparison between the neat/unpu-
rified conditioned media and enriched EVs elute confirmed 
that the enriched fractions contained exosomal proteins and 
EV markers. However, it was observed that even after SEC, 
the expected depletion of negative protein markers such as 
albumin and APO A1 was not evident. However there was a 
drop in the intensity of albumin, and we were able to obtain 
the enrichment of the EVs. Overall, label-free quantification 
analysis of BOEC EV and BOEC conditioned media samples 
detected 589 proteins. Of the top 100 proteins in the Vesi-
clepedia protein list, 76 were reported in the BOEC EVs. 
The enrichment of proteins in the BOEC EVs compared to 
the conditioned media in selected proteins is illustrated in 
figure (Fig. 3A). The list of 589 proteins reported from the 

mass-spectrometry analysis was cross-referenced with the 
top 100 reported proteins lists of the public EV proteome 
databases Exocarta and Vesiclepedia. Out of the top 100 
EV protein list in Vesiclepedia database, 76 proteins were 
detected in the BOEC EV protein sample, whereas from 
Exocarta database among top 100 EV proteins, 90 proteins 
were detected in the BOEC EVs sample (Fig. 3B). The com-
plete list of proteins in BOEC neat versus enriched BOEC 
EVs can be found in supplementary material (Table S1). The 
mass spectrometry proteomics data have been deposited to 
the ProteomeXchange Consortium via the PRIDE (Perez-
Riverol et al. 2022) partner repository with the dataset iden-
tifier PXD038106. In addition we also have added the raw 
values of the mass-spectrometry max-quant raw data file in 
the supplementary data.

Fig. 1  Overall layout of the experimental design used in the study. 
The EVs obtained from conditioned media of all the three groups 
were characterized by NTA, TEM and Mass spectrometry. The RNA 

obtained from EVs was sequenced and the comparisons within the 
three groups (direct contact (DC), non-contact (NC), control (C)) 
were made based on the changes in the cargo
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The EVs derived from oviductal epithelial carry 
miRNAs and fragmented mRNAs which are 
differentially expressed in both co‑culture groups 
versus control

Small RNA composition of EVs

The vast majority of reads that aligned to the genome were 
observed in the range of 16–30nt, the range known to har-
bour miRNAs and piRNAs (Fig. 4A). However, neither of 
these classes made a substantial contribution to alignments 
of uniquely mapping or multimapping reads. Alignments to 
miRNA genes comprised approx. 0.3% of unique alignments 
and around 1% of alignments among multimappers. The 
most commonly assigned feature among 16–30nt reads was 
intron, comprising 32% of alignments of uniquely mapped 
reads and 27% of alignments of multimappers (Fig. 4B). 
The second most common feature in both cases was exon. 
Among alignments of longer reads (31–48 nt and 49–50 nt), 
the proportion of alignments assigned to features markedly 
dropped amongst uniquely mapping reads. The dominant 
feature assigned amongst longer reads was rRNA, with the 

exception of multimapping alignments of 31–48 nt reads, 
among which tRNA was the most common feature identified. 
Interestingly, miRNA genes were also represented amongst 
multimapping alignments of longer reads, suggesting that a 
fraction of reads derive from pre-miRNAs that have not yet 
undergone cleavage by Dicer.

(II) Differential expression of mRNA fragments derived 
from BOECs EVs

There was drastic differential enrichment in EV RNA frag-
ments (16–48 nt) originating from exonic regions of protein 
coding RNA. The three groups (direct contact, non-contact, 
and control) showed very little intragroup variation while 
exhibiting very high intergroup variation in principal com-
ponent analysis (Fig. 5 A and B). In direct-contact versus 
control comparison, there were 960 significantly enriched 
fragments and 917 significantly depleted fragments. 882 
significantly enriched exonic mRNA fragments and 812 sig-
nificantly depleted mRNA fragments were observed in non-
contact vs control comparison. Between direct-contact and 
non-contact groups there were 878 significant enrichments 

Fig. 2  Characterization of oviductal epithelial cells derived EVs (A) 
The size profile of the EVs where most of them lie in the range of 
70–105 nm which is the typical size of EVs (B) The total concentra-
tion of the EVs measured by NTA in all the three groups. C Mor-

phological evaluation of EVs derived from contact co-culture of ovi-
ductal epithelial cells and spermatozoa. D Morphological evaluation 
of EVs derived from non-contact co-culture of oviductal epithelial 
cells and spermatozoa
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and 1000 significant depletions. Only measurement of sig-
nificance was FDR < 0.05 (Fig. 5C–E). mRNA fragments 
were considered enriched or depleted when they exhibited a 
log fold change of 1 or − 1 respectively.

The Gene set enrichment analysis (GSEA) of the differen-
tially enriched mRNA fragments were performed based on 
the gene ontology (GO) annotations for Bos Taurus. GSEA 
revealed activation of microvesicular body associated path-
ways in contact cell culture versus control whereas most of 
the pathways were found to be suppressed (Fig. 6A). Some 
of the suppressed biological processes, molecular function 
and cellular components include focal adhesion, collagen 
metabolism, actin cytoskeleton organization and cytoskel-
eton protein binding. Interestingly the pathways linked with 
regulation and suppression of innate immune responses, 
defense against another organism were observed to be sup-
pressed in case of non-contact co-culture versus control 
(Fig. 6B). The activated pathways in non-contact co-culture 
were lipid localization and endosome recycling as compared 
to control. Figure 6C illustrates pathways suppressed and 
activated in direct versus non-contact co-cultures.

(I) Differential expression of miRNA

The sequencing results revealed that the miRNAs carried by 
EVs in contact co-culture varies from the control group. The 
PCA plot (Fig. 7A) represents the segregation of the sam-
ples within different groups. Three miRNAs (bta-miR-100, 
bta-miR-191, bta-miR-2478) were significantly enriched and 
two miRNAs were significantly depleted (bta-miR-11987, 
bta-miR-11980) in direct-contact co-culture group compared 
to control. We did not obtain any significantly differentially 
expressed miRNAs in non-contact co-culture group versus 
control (Fig. 7B–E). Due to the high intragroup variation, a 
FDR less than 0.1 was considered to determine the statisti-
cal significance instead of the more commonly used 0.05 
threshold.

In addition, we performed GSEA based on GO of target 
genes associated with enriched miRNAs. There was only one 
pathway enriched in non-contact versus control which was 
associated with inner cell mass proliferation. The biological 
processes, molecular function and cellular components of 
pathways linked with direct contact versus control and direct 
contact versus non-contact are depicted in figure (Fig. 8A, 
B).

Fig. 3  Mass spectrometry analysis of EV associated marker pro-
teins A Heatmap illustrates proteins enrichment in EVs compared 
to BOEC conditioned media samples based on their relative abun-
dances. The reported proteins in the heat map (30 proteins) are 
selected from the Vesiclepedia top 100 proteins list as the most 

reported proteins. B The overlap of proteins detected in BOEC EVs 
and the top 100 proteins reported in the Vesiclepedia and Exocarta 
databases are shown in Vendiagram. The Vendiagram was created 
using InteractiveVenn
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Discussion

Previous studies have established the importance of EVs in 
mediating cell–cell communication in diverse events asso-
ciated with reproduction including attainment of functional 
maturation by spermatozoa, fertilization, implantation, 

and maintenance of pregnancy (Hasan et al. 2021; Li and 
Winuthayanon 2017). Investigations have reported the role 
of oviductal extracellular vesicles in enhancing the fertiliz-
ing ability of spermatozoa (Al-Dossary et al. 2013; Bathala 
et al. 2018), improving embryo development and cryoresist-
ance (Almiñana et al. 2017; Lopera-Vásquez et al. 2016) 

Fig. 4  Small RNA composition of BOEC-derived EVs. A Num-
bers of trimmed reads successfully aligned to the genome (ARS-
UCD1.2.105) across the range of read lengths, where each line 
represents reads from one sample. Dashed lines divide the three 
sub-ranges considered for detailed compositional analysis (16–30 nt, 
31–48 nt, and 49–50 nt). Overlaid pie charts show the proportions of 
aligned reads in each aforementioned sub-range that either had one 
unique best alignment (uniquely mapped) or multiple equally valid 
alignments (multimapped). B Proportions of alignments of uniquely 

mapped (top) and multimapping reads (bottom) from three sub-
ranges (16–30 nt, 31–48 nt, and 49–50 nt) assigned to various anno-
tated genomic features. Only features to which at least 1% of align-
ments were assigned are shown, with features to which less than 1% 
of alignments were assigned are represented in the 'other' category. 
'Ambiguous' refers to an alignment that overlapped with more than 
one genomic feature and therefore cannot be assigned to a single fea-
ture
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Fig. 5  The profile of EV RNA fragments (16–48  nt) originating 
from exonic regions of protein coding RNA. A Principal component 
analysis (PCA) plot depicting inter and intra sample distances based 
on log2 fold changes in EV mRNA fragments derived from contact 
(green circle), direct contact (orange circle), non-contact (blue circle) 
co-culture of oviductal epithelial cells and spermatozoa. The samples 
in the same group are overlapping owing to the huge intergroup vari-
ation and less intragroup variation B Heatmap illustrating differen-
tial mRNA expression in co-culture models versus control. The blue 
shade denotes the depletion and the red shade denotes enrichment. C 

The contrast between the mRNA fragments derived from oviductal 
epithelial cell EVs in response to co-incubation with spermatozoa 
in a direct contact and non-contact versus control. In each plot the 
orange circles refer to enrichment and blue circles refer to signifi-
cant depletion. D The volcano plot depicts the EVs mRNA fragments 
from non-contact co-culture of oviductal epithelial cells versus con-
trol. E This volcano plot demonstrates the contrast in mRNA frag-
ments between direct contact co-culture EVs and EVs derived from 
non-contact co-culture of oviductal epithelial cells and spermatozoa

Fig. 6  Biological pathways represented by EV derived exonic mRNA 
fragments A GO terms that are overrepresented in oviductal epithe-
lial cells when spermatozoa is in direct contact B GO terms that are 
overrepresented in oviductal epithelial cells when the spermatozoa 

interacts remotely (non-contact co-culture). C GO terms that are 
overrepresented in oviductal epithelial cells direct versus non-contact 
co-cultures
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and increasing the efficacy of embryo transfer by increasing 
the birth rate (Qu et al. 2019). The presence of spermatozoa 
influencing the transcriptomic profile of the oviduct is very 

well documented, but the impact of spermatozoa on EVs 
derived from oviductal extracellular vesicles is not much 
studied. A recent study by our group has demonstrated 

Fig. 7  The miRNA profile of EVs derived from oviductal epithe-
lial cells when incubated with spermatozoa in a direct and non 
contact co-culture models. A Principal component analysis (PCA) 
plot depicting inter and intra sample distances based on log2 fold 
changes in EVs miRNAs derived from contact (green circle), direct 
contact (orange circle), non-contact (blue circle) co-culture of ovi-
ductal epithelial cells and spermatozoa. B Heatmap illustrating dif-
ferential miRNA expression in co-culture models versus control. The 
blue shade denotes the depletion, and the red shade denotes enriched 
miRNAs. The orange-colored circles refer to enrichment and blue 

coloured circles refer to significant depletion C The volcano plot rep-
resenting the distinct miRNAs carried by EVs from direct contact co-
culture of oviductal epithelial cells and spermatozoa versus control 
D Volcano Plot demontrating no significant differences in miRNAs 
obtained from non-contact co-culture versus control E This volcano 
plot demonstrates the contrast in miRNAs between direct contact 
co-culture EVs and EVs derived from non-contact co-culture of ovi-
ductal epithelial cells and spermatozoa. miRNAs were considered 
significantly enriched or depleted when they expressed a log fold 
change of either 1 or − 1 respectively and a FDR of less than 0.1
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that bio-active particles released from spermatozoa caused 
changes in the transcriptomic profile of the oviductal epi-
thelial cells in cattle (Reshi et al. 2020) implying a remote 
cross-talk between oviduct and spermatozoa. The current 
study sought to determine the changes in the EVs produc-
tion and RNA cargo of EVs derived from bovine oviductal 
epithelial cells when incubated with spermatozoa in a direct 
and non-contact co-culture model. Our results suggested that 
there is a rise in the number of EVs released from oviductal 
epithelial cells, thus it seems oviductal cells are responding 
to the presence of spermatozoa in co-culture by increasing 
the production/release of EVs to the periconception envi-
ronment. In addition, distinct cargoes in form of miRNAs 
were present in the EVs derived from BOECs in response 
to spermatozoa. Surprisingly, the differences were observed 
in cargo obtained from BOECs EVs from direct contact ver-
sus non-contact co-culture of spermatozoa and BOECs. This 
implies that spermatozoa non-contact and direct contact with 
oviductal epithelial cells stimulates different reactions which 
impacts the release of specific cargo via EVs.

As already mentioned transcriptomic profile of oviductal 
epithelial cells is altered while interacting with spermatozoa 
(Almiñana et al. 2014; Fazeli et al. 2004; Kodithuwakku 
et al. 2007; Li et al. 2010; Reshi et al. 2020) but very little 
is known concerning whether the release of EVs is affected 
after sperm arrival in the oviduct. The NTA analysis from 
our data suggests a significant rise in the number of EVs in 
co-culture models of oviductal epithelium and spermatozoa 
when compared to control. This implies that the oviductal 
epithelium responds to arrival of spermatozoa by increasing 

the production of EVs. Although the number of EVs were 
higher in contact co-culture, the striking observation was 
that spermatozoa without having a direct contact with ovi-
ductal cells, still increased the number of EVs production/
release from the oviductal cells. The increase in the num-
ber of EVs in co-culture models can be linked with specific 
cargo being packed in them versus the EVs derived from 
control.

Recent reports suggest that miRNAs, in addition to act-
ing inside the cells, can be even released by cells via EVs 
into the extracellular matrix facilitating vital cell signalling 
events as well as other aspects of intercellular communica-
tion in normal as well as pathophysiological events (Liang 
et al. 2017). In case of direct contact versus control, the 
GSEA with Bos taurus GO term annotations revealed the 
role of the miRNAs in the biological processes associated 
with phagocytosis, positive regulation of macro autophagy, 
cellular responses to tumour necrosis factor (TNF) and fibro-
blast growth factor (FGF), placenta development. A study 
has demonstrated that the autophagy pathways remain active 
throughout the early embryogenesis in humans and play 
essential role in its development (Song et al. 2022). Fur-
thermore, another study conducted in mice revealed that post 
fertilization macroautophagic is immediately activated and 
is important for the development of pre implanted embryo 
(Tsukamoto et al. 2008; Yamamoto et al. 2014). Moreover, 
another study revealed the localization of FGF in rat oviduct 
during early pregnancy (Alan and Liman 2021). During the 
process of embryonic development FGFs serve a crucial 
role by regulating cellular proliferation, differentiation, and 

Fig. 8  The GO pathway enrichment analysis A The plot represents 
the GO terms that are overrepresented amongst targets of differen-
tially expressed EV miRNAs when spermatozoa are in direct contact 

with the oviductal epithelial cells B The plot represents the GO terms 
that are overrepresented amongst targets of differentially expressed 
EV miRNAs in non-contact versus direct contact co-cultures
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migration (Cotton et al. 2008). A study in bovine shows the 
spermatozoa on interacting with oviductal epithelial cells 
regulates TNF expression and phagocytosis, which aids its 
survival in the oviduct (Yousef et al. 2016). In addition, the 
miRNAs in the case of non-contact versus control were also 
found to regulate pathways associated with inner cell mass 
proliferation. The collective notion from these results sug-
gests that spermatozoa not only support its own survival 
but stimulates oviduct to pass information regarding the 
aforementioned processes onto early embryo via oviductal 
EVs. While only one spermatozoon is required to fertilize 
the oocyte, it seems the presence of other spermatozoa is 
required to establish a suitable environment for the semi 
allogenic embryo to survive. This also reflects the existence 
of a symbiotic association between spermatozoa and the ovi-
duct, where the oviduct supports the viability of spermato-
zoa and the later prepares the oviduct for the arrival of the 
embryo (Li and Winuthayanon 2017). Additionally, studies 
report that epigenetic reprogramming of the early embryo 
occurs in the oviduct (Ferraz et al. 2018; Pérez-Cerezales 
et al. 2018). As already mentioned EVs are uptaken by the 
embryo and this eventually leads to alteration in the embry-
onic transcriptome (Bauersachs et al. 2020) and based on 
our results the collective notion suggests that spermatozoa 
induce the oviduct to produce EVs that act as the main play-
ers of the cross talk between oviduct-spermatozoa-early 
embryo.

Due to the nature of the library preparation, which was 
focused on the small RNA, we cannot expect to detect full 
length mRNA in the sequencing data. A significant number 
of reads aligned to the protein coding genes. However, the 
majority of these mapped reads were from 16 to 48 bases 
in length implying a rather fragmented population of “EV 
derived mRNA”. The phenomenon of fragmented RNA in 
EVs is not a novel one. There have been multiple reports 
on the level of fragmentation in EV RNA and their pos-
sible functionality (O’Brien et al. 2020; Prieto-Vila et al. 
2021). Assuming that EV derived RNA is representative of 
the transcriptome of the cells that produce the EVs, in this 
case oviductal epithelium, we hypothesize that the EV RNA 
can be used as an analogue for the cellular transcriptome. 
Even in the highly fragmented state, EV derived RNA can be 
useful to convey a “snapshot” of the EV source’s transcrip-
tome and the physiological state. Thus, we have conducted 
differential enrichment analysis and network analysis on EV 
RNA reads that uniquely mapped to the exonic regions of the 
bovine transcriptome. Only the EV RNA reads that uniquely 
mapped to the exonic regions were selected for the analysis 
to increase the accuracy of transcriptomic representation.

In the case of the non-contact co-culture the mRNA 
fragments found in EVs were linked with the genes that 
were mostly involved in suppressing and regulating the 
immune system. Several studies in cattle have found that 

spermatozoa-oviduct binding generates anti-inflammatory 
responses that favour spermatozoa survival (Marey et al. 
2016; Talukder et al. 2020). Therefore, our present study 
provides vital insights regarding the role that EVs might 
play in such immune system activation during sperm-oviduct 
interactions. Some studies also revealed a comparable sys-
tem at work in the female reproductive tract to protect the 
embryo. The semi-allogenic embryo, to avoid the mater-
nal immune system, releases biomolecules that decrease 
the inflammation in the bovine oviduct (Maillo et al. 2015; 
Talukder et al. 2018). The spermatozoa retains its motility 
for up to 3–4 days in the mammalian oviduct, and this time-
line also overlaps with the presence of the early embryo in 
the oviduct (Camara Pirez et al. 2020; Li and Winuthayanon 
2017). Hence there is a possibility that suppression of the 
immune system is a repercussion of synergistic effects of 
the early embryo and spermatozoa stimulating the oviduct 
to release EVs containing cargoes that mediate the pro-
cesses related to immune responses. These findings point to 
the possibility that in order to evade the maternal immune 
attack, the suppression of immunity takes place before sper-
matozoa establish the direct contact with oviductal epithelial 
cells.

The gene set enrichment analysis revealed certain path-
ways that were suppressed or activated in both the co-culture 
models. The pathway enrichment analysis revealed that EV 
mRNA from direct co-culture was associated with genes 
that were involved in the activation of multivesicular body 
(MVB) pathway. Interestingly the suppressed pathways 
included focal adhesion and collagen metabolism. The 
requirement for successful implantation is attachment of 
the embryo to the endometrium and adhesion molecules are 
necessary to initiate this process. A series of cytoskeletal 
reorganization events and expression of adhesion molecules 
takes place in the endometrium to initiate the process of 
attachment to the embryo (Achache and Revel 2006). The 
possible explanation of this pathway being suppressed in 
the oviduct can be avoiding the occurrence of ectopic preg-
nancy as the oviduct is not the site where the embryo has 
to attach. Furthermore, the cell adhesion molecule binding 
pathway and the actin cytoskeleton organization pathway are 
suppressed which are essential for embryo attachment (Mad-
awala et al. 2016; Singh and Aplin 2009). It can therefore 
be assumed that spermatozoa interact with the oviduct and 
induces it to suppress the collagen metabolism pathways. 
This plays a pivotal role in remodelling extracellular matrix 
in the endometrium during pregnancy (Shi et al. 2020). This 
also can be an explanation for extremely rare incidences of 
ectopic pregnancies in cows (Corpa 2006). Hence, it is rea-
sonable to speculate an increase in the EV numbers in the 
oviduct occurs after the arrival of spermatozoa, because 
spermatozoa stimulate the oviduct to a physiological state 
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that is conducive to embryo development, but not oviductal 
implantation.

We showed that the small RNA composition of BOEC 
EVs was variable and depended on read length, with a high 
proportion of the RNA comprising intron-derived tran-
scripts. While it is likely that many such intronic transcripts 
comprise transcriptional waste, intron-derived transcripts 
may also comprise functional noncoding RNA. Indeed, 
a high proportion of human miRNAs are produced from 
introns (Steiman-Shimony et al. 2018), as are most small 
nucleolar RNAs (snoRNA) (Hubé et al. 2017). It is therefore 
possible that some intron-derived transcripts found within 
the BOEC EVs comprise novel small RNAs which are not 
yet annotated. The abundances of these intron-derived tran-
scripts differed sufficiently between treatment groups to 
result in differential expression of their host genes. While 
such differential expression does not necessarily indicate a 
functional role of these transcripts, it nevertheless betray 
information about the physiological state of the cells that 
produced them. Such material, even if it has no functional 
role in recipient cells, may therefore comprise a rich pool of 
biomarkers. Furthermore, we acknowledge the fact that that 
spermatozoa retains some bioactive particles post percoll 
washing which also might influence the results obtained. 
However, the number of these nanoparticles is of miniscule 
amounts and their RNA cargo is below the detection limit. 
Moreover, this study gives a general idea regarding the phys-
iological state of the BOECs based on BOEC derived EVs in 
response to spermatozoa. However, the downstream effects 
of these EVs on embryo, spermatozoa and oviduct has not 
been addressed experimentally by this study which therefore 
can be taken into consideration for further experiments. In 
addition, we would like to emphasize that the purification 
protocol used to isolate EVs allows for EV enrichment and 
mostly get rid of the contaminants. Although we did get rid 
of the contaminants from the EVs but not completely as to 
best of our knowledge, currently, no EV purification system 
is effective at removing contaminants completely. Hence the 
enriched EV elute analysed in this study have retained some 
of the contaminants and might have influenced the results.

It also would be intriguing to study if the spermatozoa 
from bulls with low fertility index would be able to gener-
ate these responses from the oviduct. Several scientists in 
the past have argued that the function of oviduct and sper-
matozoa is not confined to just fertilization, yet a precise 
oviduct-spermatozoa dialogue is required for the successful 
pregnancy (Li and Winuthayanon 2017; Pérez-Cerezales 
et al. 2018). Our present data also implies that male gametes 
extensively alter and prime the female reproductive tract and 
these interactions might take part in pre and post-fertiliza-
tion events aiding a successful implantation process as well 
as for supporting embryo quality. Our findings could add 
valuable insights for a better understanding of the potential 

role that EVs could play as modulators as well as facilita-
tors of sperm-oviduct and embryo-maternal interactions and 
their implications for better fertility treatments in the future 
in modulating infertility issues faced by mankind.

Conclusion

In conclusion, our results suggested that spermatozoa 
through contact or remotely, alter the cargo of EV secreted 
by female reproductive tract epithelial cells. Therefore, the 
oviduct is not merely a passageway for spermatozoa or the 
site of fertilization but a dynamic organ where gametes and 
oviduct communicate in a well-orchestrated series of events 
leading to the initiation of new life. Over the years, aware-
ness regarding the pre-conception environment has remained 
limited as the role of oviduct in the pregnancy establishment 
has been under-investigated. The interaction between sper-
matozoa and oviduct during pre-conception is the epoch-
making step that determines the fate of early embryo devel-
opment. EVs could be the missing link that play an essential 
role in mediating the communication during these events at 
early stages of pregnancy and offspring production.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s12079- 022- 00715-w.

Acknowledgements The authors would like to thank Dimitrios Rizos, 
Carlos O. Hidalgo, Carolina Tamargo for providing bovine semen 
straws for the experiments. In addition, we would also thank Ülle 
Jaakma for helping with obtaining ovaries from the slaughter houses. 
Calculations were performed on UBELIX (http:// www. id. unibe. ch/ 
hpc), the HPC cluster at the University of Bern.

Author contributions Developed the concept: QR, AF Obtained fund-
ing: AF; Designed the experiment: QR, KG, MMH, AF Methodology: 
QR, KG, MMH, PH, AA Data analysis: QR, KG, JO, KD Writing-
original draft: QR. All authors read and approved the final manuscript.

Funding This work was supported by the European Union’s Hori-
zon 2020 research and COMBIVET ERA Chair grant agreement no. 
857418.

Data availability The sequencing data has been uploaded to NCBI 
SRA repository (www. ncbi. nlm. nih. gov/ sra) under the accession no. 
PRJNA842680. The proteomics data has been uploaded in the PRIDE 
(Proteomics Identification Database) repository under the accession 
number PXD038106.

Declarations 

Conflict of interest The authors declare no conflict of interest.

Ethical approval The oviducts were obtained from slaughter houses 
from animals used for human consumption and semen straws were 
commercially available for artificial insemination. Hence no ethical 
approval was required to obtain these materials.

Open Access This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 

https://doi.org/10.1007/s12079-022-00715-w
http://www.id.unibe.ch/hpc
http://www.id.unibe.ch/hpc
http://www.ncbi.nlm.nih.gov/sra


Spermatozoa, acts as an external cue and alters the cargo and production of the extracellular…

1 3

adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article's Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article's Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit http:// creat iveco mmons. 
org/ licen ses/ by/4. 0/.

References

Achache H, Revel A (2006) Endometrial receptivity markers, the 
journey to successful embryo implantation. Hum Reprod Update 
12:731–746. https:// doi. org/ 10. 1093/ humupd/ dml004

Alan E, Liman N (2021) The distribution and immunolocalization of 
fibroblast growth factors (FGFs) in the rat oviduct during early 
pregnancy and the post-partum period. Anat Histol Embryol 
50:645–657. https:// doi. org/ 10. 1111/ ahe. 12672

Al-Dossary AA, Strehler EE, Martin-DeLeon PA (2013) Expression 
and secretion of plasma membrane Ca2+-ATPase 4a (PMCA4a) 
during murine estrus: association with oviductal exosomes and 
uptake in sperm. PLoS ONE 8:e80181. https:// doi. org/ 10. 1371/ 
journ al. pone. 00801 81

Almiñana C, Caballero I, Heath PR, Maleki-Dizaji S, Parrilla I, 
Cuello C, Gil MA, Vazquez JL, Vazquez JM, Roca J, Martinez 
EA, Holt WV, Fazeli A (2014) The battle of the sexes starts in 
the oviduct: modulation of oviductal transcriptome by X and 
Y-bearing spermatozoa. BMC Genomics. https:// doi. org/ 10. 1186/ 
1471- 2164- 15- 293

Almiñana C, Corbin E, Tsikis G, Alcântara-Neto AS, Labas V, Rey-
naud K, Galio L, Uzbekov R, Garanina AS, Druart X, Mermil-
lod P (2017) Oviduct extracellular vesicles protein content and 
their role during oviduct-embryo cross-talk. Reprod Camb Engl 
154:153–168. https:// doi. org/ 10. 1530/ REP- 17- 0054

Anderson MR, Kashanchi F, Jacobson S (2016) Exosomes in viral 
disease. Neurotherapeutics 13:535–546. https:// doi. org/ 10. 1007/ 
s13311- 016- 0450-6

Artuyants A, Campos TL, Rai AK, Johnson PJ, Dauros-Singorenko 
P, Phillips A, Simoes-Barbosa A (2020) Extracellular vesicles 
produced by the protozoan parasite Trichomonas vaginalis contain 
a preferential cargo of tRNA-derived small RNAs. Int J Parasitol 
50:1145–1155. https:// doi. org/ 10. 1016/j. ijpara. 2020. 07. 003

Bathala P, Fereshteh Z, Li K, Al-Dossary AA, Galileo DS, Martin-
DeLeon PA (2018) Oviductal extracellular vesicles (oviducto-
somes, OVS) are conserved in humans: murine OVS play a piv-
otal role in sperm capacitation and fertility. Mol Hum Reprod 
24:143–157. https:// doi. org/ 10. 1093/ molehr/ gay003

Bauersachs S, Mermillod P, Almiñana C (2020) The oviductal extracel-
lular vesicles’ RNA cargo regulates the bovine embryonic tran-
scriptome. Int J Mol Sci 21:1303. https:// doi. org/ 10. 3390/ ijms2 
10413 03

Bazzan E, Tinè M, Casara A, Biondini D, Semenzato U, Cocconcelli 
E, Balestro E, Damin M, Radu CM, Turato G, Baraldo S, Simioni 
P, Spagnolo P, Saetta M, Cosio MG (2021) Critical review of the 
evolution of extracellular vesicles’ knowledge: from 1946 to today. 
Int J Mol Sci 22:6417. https:// doi. org/ 10. 3390/ ijms2 21264 17

Camara Pirez M, Steele H, Reese S, Kölle S (2020) Bovine sperm-
oviduct interactions are characterized by specific sperm behav-
iour, ultrastructure and tubal reactions which are impacted 
by sex sorting. Sci Rep 10:16522. https:// doi. org/ 10. 1038/ 
s41598- 020- 73592-1

Chan and Lowe (2009) GtRNAdb: a database of transfer RNA genes 
detected in genomic sequence. https:// doi. org/ 10. 1093/ nar/ gkn787

Chen Y, Wang X (2020) miRDB: an online database for prediction of 
functional microRNA targets. Nucleic Acids Res 48:D127–D131. 
https:// doi. org/ 10. 1093/ nar/ gkz757

Chen Y, Lun ATL, Smyth GK (2016) From reads to genes to pathways: 
differential expression analysis of RNA-Seq experiments using 
Rsubread and the edgeR quasi-likelihood pipeline. F1000Research 
5:1438. https:// doi. org/ 10. 12688/ f1000 resea rch. 8987.2

Chettimada S, Lorenz DR, Misra V, Wolinsky SM, Gabuzda D (2020) 
Small RNA sequencing of extracellular vesicles identifies cir-
culating miRNAs related to inflammation and oxidative stress 
in HIV patients. BMC Immunol 21:57. https:// doi. org/ 10. 1186/ 
s12865- 020- 00386-5

Corpa JM (2006) Ectopic pregnancy in animals and humans. Reproduc-
tion 131:631–640. https:// doi. org/ 10. 1530/ rep.1. 00606

Cotton LM, O’Bryan MK, Hinton BT (2008) Cellular signaling by 
fibroblast growth factors (FGFs) and their receptors (FGFRs) in 
male reproduction. Endocr Rev 29:193–216. https:// doi. org/ 10. 
1210/ er. 2007- 0028

da Silveira JC, Veeramachaneni DNR, Winger QA, Carnevale EM, 
Bouma GJ (2012) Cell-secreted vesicles in equine ovarian fol-
licular fluid contain miRNAs and proteins: a possible new form 
of cell communication within the ovarian follicle1. Biol Reprod 
86(71):1–10. https:// doi. org/ 10. 1095/ biolr eprod. 111. 093252

Danecek P, Bonfield JK, Liddle J, Marshall J, Ohan V, Pollard 
MO, Whitwham A, Keane T, McCarthy SA, Davies RM, Li H 
(2021) Twelve years of SAMtools and BCFtools. GigaScience 
10:giab008. https:// doi. org/ 10. 1093/ gigas cience/ giab0 08

Dissanayake K, Nõmm M, Lättekivi F, Ressaissi Y, Godakumara K, 
Lavrits A, Midekessa G, Viil J, Bæk R, Jørgensen MM, Bhat-
tacharjee S, Andronowska A, Salumets A, Jaakma Ü, Fazeli A 
(2020) Individually cultured bovine embryos produce extracel-
lular vesicles that have the potential to be used as non-invasive 
embryo quality markers. Theriogenology 149:104–116. https:// 
doi. org/ 10. 1016/j. theri ogeno logy. 2020. 03. 008

Dissanayake K, Midekessa G, Lättekivi F, Fazeli A (2021) Measure-
ment of the size and concentration and zeta potential of extracel-
lular vesicles using nanoparticle tracking analyzer. In: Brevini 
TAL, Fazeli A, Turksen K (eds) Next generation culture platforms 
for reliable in vitro models: methods and protocols, methods in 
molecular biology. Springer US, New York, pp 207–218. https:// 
doi. org/ 10. 1007/ 978-1- 0716- 1246-0_ 15

Dissanayake K, Nõmm M, Lättekivi F, Ord J, Ressaissi Y, Godakumara 
K, Reshi QUA, Viil J, Jääger K, Velthut-Meikas A, Salumets A, 
Jaakma Ü, Fazeli A (2021b) Oviduct as a sensor of embryo qual-
ity: deciphering the extracellular vesicle (EV)-mediated embryo-
maternal dialogue. J Mol Med Berl Ger 99:685–697. https:// doi. 
org/ 10. 1007/ s00109- 021- 02042-w

Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, Batut 
P, Chaisson M, Gingeras TR (2013) STAR: ultrafast universal 
RNA-seq aligner. Bioinformatics 29:15–21. https:// doi. org/ 10. 
1093/ bioin forma tics/ bts635

Es-Haghi M, Godakumara K, Häling A, Lättekivi F, Lavrits A, Viil J, 
Andronowska A, Nafee T, James V, Jaakma Ü, Salumets A, Fazeli 
A (2019) Specific trophoblast transcripts transferred by extracel-
lular vesicles affect gene expression in endometrial epithelial cells 
and may have a role in embryo-maternal crosstalk. Cell Commun 
Signal 17:146. https:// doi. org/ 10. 1186/ s12964- 019- 0448-x

Fazeli A, Affara NA, Hubank M, Holt WV (2004) Sperm-induced 
modification of the oviductal gene expression profile after natural 
insemination in mice. Biol Reprod 71:60–65. https:// doi. org/ 10. 
1095/ biolr eprod. 103. 026815

Ferraz MAMM, Rho HS, Hemerich D, Henning HHW, van Tol 
HTA, Hölker M, Besenfelder U, Mokry M, Vos PLAM, Stout 
TAE, Le Gac S, Gadella BM (2018) An oviduct-on-a-chip 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/humupd/dml004
https://doi.org/10.1111/ahe.12672
https://doi.org/10.1371/journal.pone.0080181
https://doi.org/10.1371/journal.pone.0080181
https://doi.org/10.1186/1471-2164-15-293
https://doi.org/10.1186/1471-2164-15-293
https://doi.org/10.1530/REP-17-0054
https://doi.org/10.1007/s13311-016-0450-6
https://doi.org/10.1007/s13311-016-0450-6
https://doi.org/10.1016/j.ijpara.2020.07.003
https://doi.org/10.1093/molehr/gay003
https://doi.org/10.3390/ijms21041303
https://doi.org/10.3390/ijms21041303
https://doi.org/10.3390/ijms22126417
https://doi.org/10.1038/s41598-020-73592-1
https://doi.org/10.1038/s41598-020-73592-1
https://doi.org/10.1093/nar/gkn787
https://doi.org/10.1093/nar/gkz757
https://doi.org/10.12688/f1000research.8987.2
https://doi.org/10.1186/s12865-020-00386-5
https://doi.org/10.1186/s12865-020-00386-5
https://doi.org/10.1530/rep.1.00606
https://doi.org/10.1210/er.2007-0028
https://doi.org/10.1210/er.2007-0028
https://doi.org/10.1095/biolreprod.111.093252
https://doi.org/10.1093/gigascience/giab008
https://doi.org/10.1016/j.theriogenology.2020.03.008
https://doi.org/10.1016/j.theriogenology.2020.03.008
https://doi.org/10.1007/978-1-0716-1246-0_15
https://doi.org/10.1007/978-1-0716-1246-0_15
https://doi.org/10.1007/s00109-021-02042-w
https://doi.org/10.1007/s00109-021-02042-w
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1186/s12964-019-0448-x
https://doi.org/10.1095/biolreprod.103.026815
https://doi.org/10.1095/biolreprod.103.026815


 Q. U. A. Reshi et al.

1 3

provides an enhanced in vitro environment for zygote genome 
reprogramming. Nat Commun 9:4934. https:// doi. org/ 10. 1038/ 
s41467- 018- 07119-8

Foster BP, Balassa T, Benen TD, Dominovic M, Elmadjian GK, Flo-
rova V, Fransolet MD, Kestlerova A, Kmiecik G, Kostadinova IA, 
Kyvelidou C, Meggyes M, Mincheva MN, Moro L, Pastuschek J, 
Spoldi V, Wandernoth P, Weber M, Toth B, Markert UR (2016) 
Extracellular vesicles in blood, milk and body fluids of the female 
and male urogenital tract and with special regard to reproduction. 
Crit Rev Clin Lab Sci 53:379–395. https:// doi. org/ 10. 1080/ 10408 
363. 2016. 11906 82

Franchi A, Moreno-Irusta A, Domínguez EM, Adre AJ, Giojalas LC 
(2020) Extracellular vesicles from oviductal isthmus and ampulla 
stimulate the induced acrosome reaction and signaling events 
associated with capacitation in bovine spermatozoa. J Cell Bio-
chem 121:2877–2888. https:// doi. org/ 10. 1002/ jcb. 29522

Gámbaro F, Li Calzi M, Fagúndez P, Costa B, Greif G, Mallick E, 
Lyons S, Ivanov P, Witwer K, Cayota A, Tosar JP (2020) Sta-
ble tRNA halves can be sorted into extracellular vesicles and 
delivered to recipient cells in a concentration-dependent manner. 
RNA Biol 17:1168–1182. https:// doi. org/ 10. 1080/ 15476 286. 2019. 
17085 48

Godakumara K, Ord J, Lättekivi F, Dissanayake K, Viil J, Boggavarapu 
NR, Faridani OR, Jääger K, Velthut-Meikas A, Jaakma Ü, Salu-
mets A, Fazeli A (2021) Trophoblast derived extracellular vesicles 
specifically alter the transcriptome of endometrial cells and may 
constitute a critical component of embryo-maternal communi-
cation. Reprod Biol Endocrinol 19:115. https:// doi. org/ 10. 1186/ 
s12958- 021- 00801-5

Hasan MM, Viil J, Lättekivi F, Ord J, Reshi QUA, Jääger K, Velthut-
Meikas A, Andronowska A, Jaakma Ü, Salumets A, Fazeli A 
(2020) Bovine follicular fluid and extracellular vesicles derived 
from follicular fluid alter the bovine oviductal epithelial cells tran-
scriptome. Int J Mol Sci 21:5365. https:// doi. org/ 10. 3390/ ijms2 
11553 65

Hasan MM, Reshi QUA, Lättekivi F, Viil J, Godakumara K, Dissan-
ayake K, Andronowska A, Jaakma Ü, Fazeli A (2021) Bovine fol-
licular fluid derived extracellular vesicles modulate the viability, 
capacitation and acrosome reaction of bull spermatozoa. Biology 
10:1154. https:// doi. org/ 10. 3390/ biolo gy101 11154

Heberle H, Meirelles GV, da Silva FR, Telles GP, Minghim R (2015) 
InteractiVenn: a web-based tool for the analysis of sets through 
Venn diagrams. BMC Bioinformatics 16:169. https:// doi. org/ 10. 
1186/ s12859- 015- 0611-3

Hubé F, Ulveling D, Sureau A, Forveille S, Francastel C (2017) Short 
intron-derived ncRNAs. Nucleic Acids Res 45:4768–4781. https:// 
doi. org/ 10. 1093/ nar/ gkw13 41

Jabalee J, Towle R, Garnis C (2018) The role of extracellular vesicles in 
cancer: cargo, function, and therapeutic implications. Cells 7:93. 
https:// doi. org/ 10. 3390/ cells 70800 93

Keerthikumar S, Chisanga D, Ariyaratne D, Saffar HA, Anand S, Zhao 
K, Samuel M, Pathan M, Jois M, Chilamkurti N, Gangoda L, 
Mathivanan S (2016) ExoCarta: a web-based compendium of exo-
somal cargo. J Mol Biol 428:688–692. https:// doi. org/ 10. 1016/j. 
jmb. 2015. 09. 019

Kodithuwakku SP, Miyamoto A, Wijayagunawardane MPB (2007) 
Spermatozoa stimulate prostaglandin synthesis and secretion in 
bovine oviductal epithelial cells. Reprod Camb Engl 133:1087–
1094. https:// doi. org/ 10. 1530/ REP- 06- 0201

Kornilov R, Puhka M, Mannerström B, Hiidenmaa H, Peltoniemi H, 
Siljander P, Seppänen-Kaijansinkko R, Kaur S (2018) Efficient 
ultrafiltration-based protocol to deplete extracellular vesicles from 
fetal bovine serum. J Extracell Vesicles 7:1422674. https:// doi. org/ 
10. 1080/ 20013 078. 2017. 14226 74

Lange-Consiglio A, Perrini C, Albini G, Modina S, Lodde V, Orsini E, 
Esposti P, Cremonesi F (2017) Oviductal microvesicles and their 

effect on in vitro maturation of canine oocytes. Reprod Camb Engl 
154:167–180. https:// doi. org/ 10. 1530/ REP- 17- 0117

Li S, Winuthayanon W (2017) Oviduct: roles in fertilization and early 
embryo development. J Endocrinol 232:R1–R26. https:// doi. org/ 
10. 1530/ JOE- 16- 0302

Li HWR, Liao SB, Chiu PCN, Tam WW, Ho JC, Ng EHY, Ho PC, 
Yeung WSB, Tang F, O WS (2010) Expression of adrenomedullin 
in human oviduct, its regulation by the hormonal cycle and contact 
with spermatozoa, and its effect on ciliary beat frequency of the 
oviductal epithelium. J Clin Endocrinol Metab 95:E18-25. https:// 
doi. org/ 10. 1210/ jc. 2010- 0273

Li X, Ben-dov I, Mauro M, Williams Z (2015) Lowering the quantifi-
cation limit of the QubitTM RNA HS assay using RNA spike-in. 
BMC Mol Biol 16:9. https:// doi. org/ 10. 1186/ s12867- 015- 0039-3

Liang J, Wang S, Wang Z (2017) Role of microRNAs in embryo 
implantation. Reprod Biol Endocrinol RBE 15:90. https:// doi. 
org/ 10. 1186/ s12958- 017- 0309-7

Liao et al (2014) FeatureCounts: an efficient general purpose program 
for assigning sequence reads to genomic features. https:// doi. org/ 
10. 1093/ bioin forma tics/ btt656

Lopera-Vásquez R, Hamdi M, Fernandez-Fuertes B, Maillo V, Beltrán-
Breña P, Calle A, Redruello A, López-Martín S, Gutierrez-Adán 
A, Yañez-Mó M, Ramirez MÁ, Rizos D (2016) Extracellular 
vesicles from BOEC in in vitro embryo development and quality. 
PLoS ONE 11:e0148083. https:// doi. org/ 10. 1371/ journ al. pone. 
01480 83

Machtinger R, Laurent LC, Baccarelli AA (2016) Extracellular vesi-
cles: roles in gamete maturation, fertilization and embryo implan-
tation. Hum Reprod Update 22:182–193. https:// doi. org/ 10. 1093/ 
humupd/ dmv055

Madawala RJ, Poon CE, Dowland SN, Murphy CR (2016) Actin 
crosslinking protein filamin A during early pregnancy in the rat 
uterus. Reprod Fertil Dev 28:960–968. https:// doi. org/ 10. 1071/ 
RD142 40

Maillo V, Gaora PÓ, Forde N, Besenfelder U, Havlicek V, Burns GW, 
Spencer TE, Gutierrez-Adan A, Lonergan P, Rizos D (2015) Ovi-
duct-embryo interactions in cattle: two-way traffic or a one-way 
street? Biol Reprod 92(144):1–8. https:// doi. org/ 10. 1095/ biolr 
eprod. 115. 127969

Marey MA, Yousef MS, Kowsar R, Hambruch N, Shimizu T, Pfarrer 
C, Miyamoto A (2016) Local immune system in oviduct physi-
ology and pathophysiology: attack or tolerance? Domest Anim 
Endocrinol 56(Suppl):S204-211. https:// doi. org/ 10. 1016/j. doman 
iend. 2016. 02. 005

Margolis L, Sadovsky Y (2019) The biology of extracellular vesicles: 
the known unknowns. PLOS Biol 17:e3000363. https:// doi. org/ 
10. 1371/ journ al. pbio. 30003 63

Mazzarella R, Bastos NM, Bridi A, del Collado M, Andrade GM, Pin-
zon J, Prado CM, Silva LA, Meirelles FV, Pugliesi G, Perecin 
F, da Silveira JC (2021) Changes in oviductal cells and small 
extracellular vesicles miRNAs in pregnant cows. Front Vet Sci 
8:639752

McCarthy DJ, Chen Y, Smyth GK (2012) Differential expression analy-
sis of multifactor RNA-Seq experiments with respect to biological 
variation. Nucleic Acids Res 40:4288–4297. https:// doi. org/ 10. 
1093/ nar/ gks042

Nie H, Neerincx P, Poel J, Ferrari F, Bicciato S, Leunissen J, 
Groenen M (2009) Microarray data mining using bioconductor 
packages. BMC Proc 3(Suppl 4):S9. https:// doi. org/ 10. 1186/ 
1753- 6561-3- S4- S9

O’Brien K, Breyne K, Ughetto S, Laurent LC, Breakefield XO (2020) 
RNA delivery by extracellular vesicles in mammalian cells and 
its applications. Nat Rev Mol Cell Biol 21:585–606. https:// doi. 
org/ 10. 1038/ s41580- 020- 0251-y

Pérez-Cerezales S, Ramos-Ibeas P, Acuña OS, Avilés M, Coy P, Rizos 
D, Gutiérrez-Adán A (2018) The oviduct: from sperm selection 

https://doi.org/10.1038/s41467-018-07119-8
https://doi.org/10.1038/s41467-018-07119-8
https://doi.org/10.1080/10408363.2016.1190682
https://doi.org/10.1080/10408363.2016.1190682
https://doi.org/10.1002/jcb.29522
https://doi.org/10.1080/15476286.2019.1708548
https://doi.org/10.1080/15476286.2019.1708548
https://doi.org/10.1186/s12958-021-00801-5
https://doi.org/10.1186/s12958-021-00801-5
https://doi.org/10.3390/ijms21155365
https://doi.org/10.3390/ijms21155365
https://doi.org/10.3390/biology10111154
https://doi.org/10.1186/s12859-015-0611-3
https://doi.org/10.1186/s12859-015-0611-3
https://doi.org/10.1093/nar/gkw1341
https://doi.org/10.1093/nar/gkw1341
https://doi.org/10.3390/cells7080093
https://doi.org/10.1016/j.jmb.2015.09.019
https://doi.org/10.1016/j.jmb.2015.09.019
https://doi.org/10.1530/REP-06-0201
https://doi.org/10.1080/20013078.2017.1422674
https://doi.org/10.1080/20013078.2017.1422674
https://doi.org/10.1530/REP-17-0117
https://doi.org/10.1530/JOE-16-0302
https://doi.org/10.1530/JOE-16-0302
https://doi.org/10.1210/jc.2010-0273
https://doi.org/10.1210/jc.2010-0273
https://doi.org/10.1186/s12867-015-0039-3
https://doi.org/10.1186/s12958-017-0309-7
https://doi.org/10.1186/s12958-017-0309-7
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1371/journal.pone.0148083
https://doi.org/10.1371/journal.pone.0148083
https://doi.org/10.1093/humupd/dmv055
https://doi.org/10.1093/humupd/dmv055
https://doi.org/10.1071/RD14240
https://doi.org/10.1071/RD14240
https://doi.org/10.1095/biolreprod.115.127969
https://doi.org/10.1095/biolreprod.115.127969
https://doi.org/10.1016/j.domaniend.2016.02.005
https://doi.org/10.1016/j.domaniend.2016.02.005
https://doi.org/10.1371/journal.pbio.3000363
https://doi.org/10.1371/journal.pbio.3000363
https://doi.org/10.1093/nar/gks042
https://doi.org/10.1093/nar/gks042
https://doi.org/10.1186/1753-6561-3-S4-S9
https://doi.org/10.1186/1753-6561-3-S4-S9
https://doi.org/10.1038/s41580-020-0251-y
https://doi.org/10.1038/s41580-020-0251-y


Spermatozoa, acts as an external cue and alters the cargo and production of the extracellular…

1 3

to the epigenetic landscape of the embryo†. Biol Reprod 98:262–
276. https:// doi. org/ 10. 1093/ biolre/ iox173

Perez-Riverol Y, Bai J, Bandla C, García-Seisdedos D, Hewapathi-
rana S, Kamatchinathan S, Kundu DJ, Prakash A, Frericks-Zipper 
A, Eisenacher M, Walzer M, Wang S, Brazma A, Vizcaíno JA 
(2022) The PRIDE database resources in 2022: a hub for mass 
spectrometry-based proteomics evidences. Nucleic Acids Res 
50:D543–D552. https:// doi. org/ 10. 1093/ nar/ gkab1 038

pheatmap: Pretty Heatmaps version 1.0.12 from CRAN [WWW Docu-
ment], n.d. URL https:// rdrr. io/ cran/ pheat map/ (accessed 2.28.22).

Prieto-Vila M, Yoshioka Y, Ochiya T (2021) Biological functions 
driven by mRNAs carried by extracellular vesicles in cancer. 
Front Cell Dev Biol 9:620498. https:// doi. org/ 10. 3389/ fcell. 2021. 
620498

Qu P, Zhao Y, Wang R, Zhang Y, Li L, Fan J, Liu E, Qu P, Zhao Y, 
Wang R, Zhang Y, Li L, Fan J, Liu E (2019) Extracellular vesi-
cles derived from donor oviduct fluid improved birth rates after 
embryo transfer in mice. Reprod Fertil Dev 31:324–332. https:// 
doi. org/ 10. 1071/ RD182 03

Quinlan AR, Hall IM (2010) BEDTools: a flexible suite of utilities for 
comparing genomic features. https:// doi. org/ 10. 1093/ bioin forma 
tics/ btq033

Rath D, Schuberth H, Coy P, Taylor U (2008) Sperm Interactions from 
Insemination to fertilization: sperm Interactions. Reprod Domest 
Anim 43:2–11. https:// doi. org/ 10. 1111/j. 1439- 0531. 2008. 01250.x

Reshi QUA, Viil J, Ord J, Lättekivi F, Godakumara K, Hasan MM, 
Nõmm M, Jääger K, Velthut-Meikas A, Jaakma Ü, Salumets A, 
Fazeli A (2020) Spermatozoa induce transcriptomic alterations 
in bovine oviductal epithelial cells prior to initial contact. J Cell 
Commun Signal. https:// doi. org/ 10. 1007/ s12079- 020- 00575-2

Robinson MD, McCarthy DJ, Smyth GK (2010) edgeR: a bioconduc-
tor package for differential expression analysis of digital gene 
expression data. Bioinformatics 26:139–140. https:// doi. org/ 10. 
1093/ bioin forma tics/ btp616

Rooda I, Hasan MM, Roos K, Viil J, Andronowska A, Smolander O-P, 
Jaakma Ü, Salumets A, Fazeli A, Velthut-Meikas A (2020) Cel-
lular, extracellular and extracellular vesicular miRNA profiles of 
pre-ovulatory follicles indicate signaling disturbances in polycys-
tic ovaries. Int J Mol Sci 21:9550. https:// doi. org/ 10. 3390/ ijms2 
12495 50

Rosenkranz D (2016) piRNA cluster database: a web resource for 
piRNA producing loci. Nucleic Acids Res 44:D223–D230. https:// 
doi. org/ 10. 1093/ nar/ gkv12 65

Shi J-W, Lai Z-Z, Yang H-L, Yang S-L, Wang C-J, Ao D, Ruan L-Y, 
Shen H-H, Zhou W-J, Mei J, Fu Q, Li M-Q (2020) Collagen at 
the maternal-fetal interface in human pregnancy. Int J Biol Sci 
16:2220–2234. https:// doi. org/ 10. 7150/ ijbs. 45586

Sidi S, Pascottini OB, Angel-Velez D, Azari-Dolatabad N, Pavani KC, 
Residiwati G, Meese T, Van Nieuwerburgh F, Kambai Bawa E, 
Alikidon Voh A, Olusegun Ayo J, Van Soom A (2022) Lycopene 
supplementation to serum-free maturation medium improves 
in vitro bovine embryo development and quality and modulates 
embryonic transcriptomic profile. Antioxidants 11:344. https:// 
doi. org/ 10. 3390/ antio x1102 0344

Singh H, Aplin JD (2009) Adhesion molecules in endometrial epithe-
lium: tissue integrity and embryo implantation. J Anat 215:3–13. 
https:// doi. org/ 10. 1111/j. 1469- 7580. 2008. 01034.x

Sohel MMH, Hoelker M, Noferesti SS, Salilew-Wondim D, Tholen E, 
Looft C, Rings F, Uddin MJ, Spencer TE, Schellander K, Tesfaye 
D (2013) Exosomal and non-exosomal transport of extra-cellular 
microRNAs in follicular fluid: implications for bovine oocyte 
developmental competence. PLoS ONE 8:e78505. https:// doi. 
org/ 10. 1371/ journ al. pone. 00785 05

Song S, Guo Q, Zhu Y, Yuan P, Yan Z, Yan L, Qiao J (2022) Exploring 
the role of autophagy during early human embryonic develop-
ment through single-cell transcriptome and methylome analy-
ses. Sci China Life Sci 65:940–952. https:// doi. org/ 10. 1007/ 
s11427- 021- 1948-1

Steiman-Shimony A, Shtrikman O, Margalit H (2018) Assessing the 
functional association of intronic miRNAs with their host genes. 
RNA 24:991–1004. https:// doi. org/ 10. 1261/ rna. 064386. 117

Talukder AK, Rashid MB, Yousef MS, Kusama K, Shimizu T, Shi-
mada M, Suarez SS, Imakawa K, Miyamoto A (2018) Oviduct 
epithelium induces interferon-tau in bovine Day-4 embryos, which 
generates an anti-inflammatory response in immune cells. Sci Rep 
8:7850. https:// doi. org/ 10. 1038/ s41598- 018- 26224-8

Talukder AK, Marey MA, Shirasuna K, Kusama K, Shimada M, 
Imakawa K, Miyamoto A (2020) Roadmap to pregnancy in the 
first 7 days post-insemination in the cow: immune crosstalk in 
the corpus luteum, oviduct, and uterus. In: Theriogenology. Pro-
ceedings of 19th international congress on animal reproduction 
(ICAR), vol 150, pp 313–320. https:// doi. org/ 10. 1016/j. theri ogeno 
logy. 2020. 01. 071

Théry et al (2018) Minimal information for studies of extracellular ves-
icles 2018 (MISEV2018): a position statement of the International 
Society for Extracellular Vesicles and update of the MISEV2014 
guidelines. https:// doi. org/ 10. 1080/ 20013 078. 2018. 15357 50

Tsukamoto S, Kuma A, Murakami M, Kishi C, Yamamoto A, Mizush-
ima N (2008) Autophagy is essential for preimplantation develop-
ment of mouse embryos. Science 321:117–120. https:// doi. org/ 10. 
1126/ scien ce. 11548 22

Vesiclepedia: Home - Extracellular vesicles database [WWW Docu-
ment], n.d. URL http:// micro vesic les. org/ (accessed 2.12.22).

Wang H, Zhu Y, Tang C, Zhou Z, Wang Z, Li Z, Zheng X, Chen S, 
Zhou Y, Liang A, Li Y, Lin Y, Sun F (2022) Reassessment of the 
proteomic composition and function of extracellular vesicles in 
the seminal plasma. Endocrinology 163:bqab214. https:// doi. org/ 
10. 1210/ endocr/ bqab2 14

Wickham H (2011) ggplot2. WIREs Comput Stat 3:180–185. https:// 
doi. org/ 10. 1002/ wics. 147

Wickham H (2016) ggplot2: elegant graphics for data analysis. 
Springer. https:// ggplo t2- book. org/

Yamamoto A, Mizushima N, Tsukamoto S (2014) Fertilization-induced 
autophagy in mouse embryos is independent of mTORC11. Biol 
Reprod 91(7):1–7. https:// doi. org/ 10. 1095/ biolr eprod. 113. 115816

Yousef MS, Marey MA, Hambruch N, Hayakawa H, Shimizu T, 
Hussien HA, Abdel-Razek A-RK, Pfarrer C, Miyamoto A (2016) 
Sperm binding to oviduct epithelial cells enhances TGFB1 
and IL10 expressions in epithelial cells as well as neutrophils 
in vitro: prostaglandin E2 as a main regulator of anti-inflammatory 
response in the bovine oviduct. PLoS ONE 11:e0162309. https:// 
doi. org/ 10. 1371/ journ al. pone. 01623 09

Yu G, Wang L-G, Han Y, He Q-Y (2012) clusterProfiler: an R package 
for comparing biological themes among gene clusters. OMICS J 
Integr Biol 16:284–287. https:// doi. org/ 10. 1089/ omi. 2011. 0118

Zhou G, Gu Y, Zhou F, Zhang M, Zhang G, Wu L, Hua K, Ding J 
(2021) The emerging roles and therapeutic potential of extracel-
lular vesicles in infertility. Front Endocrinol 12:758206

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1093/biolre/iox173
https://doi.org/10.1093/nar/gkab1038
https://rdrr.io/cran/pheatmap/
https://doi.org/10.3389/fcell.2021.620498
https://doi.org/10.3389/fcell.2021.620498
https://doi.org/10.1071/RD18203
https://doi.org/10.1071/RD18203
https://doi.org/10.1093/bioinformatics/btq033
https://doi.org/10.1093/bioinformatics/btq033
https://doi.org/10.1111/j.1439-0531.2008.01250.x
https://doi.org/10.1007/s12079-020-00575-2
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.3390/ijms21249550
https://doi.org/10.3390/ijms21249550
https://doi.org/10.1093/nar/gkv1265
https://doi.org/10.1093/nar/gkv1265
https://doi.org/10.7150/ijbs.45586
https://doi.org/10.3390/antiox11020344
https://doi.org/10.3390/antiox11020344
https://doi.org/10.1111/j.1469-7580.2008.01034.x
https://doi.org/10.1371/journal.pone.0078505
https://doi.org/10.1371/journal.pone.0078505
https://doi.org/10.1007/s11427-021-1948-1
https://doi.org/10.1007/s11427-021-1948-1
https://doi.org/10.1261/rna.064386.117
https://doi.org/10.1038/s41598-018-26224-8
https://doi.org/10.1016/j.theriogenology.2020.01.071
https://doi.org/10.1016/j.theriogenology.2020.01.071
https://doi.org/10.1080/20013078.2018.1535750
https://doi.org/10.1126/science.1154822
https://doi.org/10.1126/science.1154822
http://microvesicles.org/
https://doi.org/10.1210/endocr/bqab214
https://doi.org/10.1210/endocr/bqab214
https://doi.org/10.1002/wics.147
https://doi.org/10.1002/wics.147
https://ggplot2-book.org/
https://doi.org/10.1095/biolreprod.113.115816
https://doi.org/10.1371/journal.pone.0162309
https://doi.org/10.1371/journal.pone.0162309
https://doi.org/10.1089/omi.2011.0118

	Spermatozoa, acts as an external cue and alters the cargo and production of the extracellular vesicles derived from oviductal epithelial cells in vitro
	Abstract
	Graphical abstract

	Introduction
	Materials and methods
	Cell culture of bovine oviductal epithelial cells BOECs
	Spermatozoa washing and co-culture with BOECs
	Isolation of EVs
	Nanoparticle tracking analysis (NTA)
	Transmission electron microscopy (TEM)
	Mass spectrometry
	RNA extraction from EVs
	Small RNA library preparation
	RNA Sequencing of oviductal epithelial cells derived EVs
	Read quality control, alignment, and counting
	Read alignment to genome
	Characterising RNA composition of BOEC EVs by alignments to genomic annotations
	Read counting for gene-level differential expression of mRNA
	miRNA alignment and counting
	Protein-coding gene expression quantification
	Differential expression analysis (miRNA and mRNA fragments)
	miRNA targets and functional enrichment analyses
	Mass spectrometry data analysis
	Experimental design

	Results
	Characterization of EVs
	Transmission electron microscopy
	Mass spectrometry
	The EVs derived from oviductal epithelial carry miRNAs and fragmented mRNAs which are differentially expressed in both co-culture groups versus control
	Small RNA composition of EVs
	(II) Differential expression of mRNA fragments derived from BOECs EVs
	(I) Differential expression of miRNA


	Discussion
	Conclusion
	Acknowledgements 
	References




