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Summary (max 250 words) 

Piwi-interacting RNAs (piRNAs) are a class of non-coding RNAs 

that are essential in the transcriptional silencing of transposable 

elements and warrant genome stability in mammalian germline. In 

this study we have identified piRNAs in porcine sperm using male 

germline and zygote datasets from human, mice, cow and pig, and 

evaluated the relation between their abundances and sperm quality 

traits. In our analysis, we identified 283,382 piRNAs, 1,355 of 

which correlated with P  0.01 to at least one semen quality trait. 

Fifty-seven percent of the correlated piRNAs mapped less than 50kb 

apart from any other piRNA in the pig genome. Furthermore, 

piRNA location was significantly enriched near Long Interspersed 

Nuclear Elements (LINEs). Moreover, some of the significant 

piRNAs mapped within or close to genes relevant for fertility or 

spermatogenesis such as CSNK1G2 and PSMF1. 

Key words: (3 to 10) 

Piwi-interacting RNAs, Repeat Elements, RNA-seq, swine, sperm, 

semen quality  



4 

 

Main text 

Fertility is of paramount importance in livestock production as it 

influences its efficiency and thus the sustainability of the sector. Pig 

production highly depends on the genetic merit of elite boars used 

for artificial insemination (AI) and on their sperm quality, which is 

ultimately used to spread the pigs’ genetic material (Zak et al. 2017). 

Several independent studies have shown the functional relevance of 

small non-coding RNAs (sncRNAs) on the molecular mechanisms 

behind spermatogenesis, testis development (He et al. 2009; Gebert 

et al. 2015; Goh et al. 2015) and fertility (Salas-Huetos et al. 2015). 

Piwi-interacting RNAs (piRNAs) are a class of sncRNAs that are 

highly abundant in sperm and that have a size that ranges between 

26 and 32 nucleotides long with slight differences reported between 

studies (Aravin et al. 2006; Gebert et al., 2015). piRNAs are crucial 

for transposon silencing and genome stability during 

spermatogenesis (Aravin et al. 2008; Yan 2017). Research in mutant 

Piwi proteins has confirmed their role in spermatogenesis and 

fertility (Fu and Wang 2014; Gòdia et al. 2018a). Few studies have 

evaluated the relationship between piRNA abundance and semen 

quality in human (Cui et al. 2018,) and cattle (Capra et al. 2017) but 

this remains unchecked in pigs. To shed light into the relevance of 



5 

 

piRNAs on sperm quality in swine, we have characterised the 

piRNA composition of the porcine sperm and evaluated the 

correlation between piRNA abundance and semen quality 

parameters. 

Thirty-four fresh sperm ejaculates, each from a different boar, were 

obtained by specialised professionals and spermatozoa were directly 

purified from the ejaculate by density gradient centrifugation (Gòdia 

et al. 2018b). RNA extraction and short RNA-seq analysis were 

performed as described by Gòdia et al. (2018b) and Gòdia et al. 

(2019). The fastq files can be found at the SRA (accession number 

PRJNA520978). This dataset has been previously analysed under 

the scope of other studies (Gòdia et al. 2020a; Gòdia et al. 2020b) 

that allowed us quantifying that 15.6% of this short RNA fraction 

corresponded to putative piRNAs. We also detected other RNA 

types including mitochondrial transfer RNAs (46.9%), nuclear 

transfer RNAs (9.4%), micro-RNAs (8.6%), small nuclear RNAs 

(8.1%), mitochondrial ribosomal RNAs (8.1%), nuclear ribosomal 

RNAs (3.1%) and small nucleolar RNAs (0.1%) (Table S1). 

Raw reads quality was evaluated with FastQC 0.11.9 

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). 
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Low-quality reads, sequence adaptors and reads with length < 26 

and > 32 bp were removed with Cutadapt 2.8 (Martin 2011). Filtered 

reads were then mapped to the pig genome (Sscrofa11.1) with 

Bowtie 1 (Langmead 2010), using the “--best--strata” option and 

allowing for 1 mismatch. Previously annotated piRNAs in relevant 

tissues (sperm, testis and zygote) in Sus scrofa, Bos taurus, Homo 

sapiens and Mus musculus were retrieved from the piRBase 

database v.2.0 (Wang et al. 2019). piRNA abundance was quantified 

using FeatureCounts v.1.6.4 (Liao et al. 2014) and read counts were 

normalised by sequencing depth as counts per million (CPM). Only 

piRNAs with CPM > 1 in at least 75% (N = 26) of the samples were 

kept. piRNA abundances were then stabilised with a log2 

transformation. Thirteen semen quality parameters were assessed 

and corrected for the farm, year and season and age effects (Table 

S2) as detailed by Gòdia et al. (2020a) and Gòdia et al. (2020b). 

Pearson correlations between piRNA abundances and these semen 

quality parameters were calculated and only suggestive correlations 

with P ≤ 0.01 were considered for further analysis. We also applied 

an FDR correction for multiple testing with q-value ≤ 0.10. 

Statistical overrepresentation of biological processes of genes 

mapping within a ± 2.5kb window from significant piRNAs was 
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conducted with PANTHER 14.0 (http://pantherdb.org) using 

Human as reference and by setting the level of significance to q-

value ≤ 0.01. There are some technical aspects that should be 

mentioned. First, the piRNA size range between 21 and 32 

nucleotide with slight variations between studies. One of the 

landmark articles on piRNA research provided a size range of 26-31 

nucleotide long (Aravin et al. 2006). Also, research in porcine testis 

showed that about 97% of the piRNAs fall within the 26-32 

nucleotide range (Gebert et al., 2015). Moreover, microRNAs range 

between 18 and 24 nucleotides long (Fang et al. 2013). We chose a 

minimum piRNA size of 26 nucleotides as this should include most 

piRNAs while exclude at the same time, miRNAs. Second, we based 

our analysis on previously identified piRNAs in swine, human, 

mouse and cattle as piRNAs identified by independent studies and 

samples are more likely to be real. Human, mouse and cattle were 

included under the assumption that functional elements of the 

genome tend to be evolutionarily conserved across species 

(Hardison, 2003). Third, although there are some tools and 

databases to search for messenger RNA targets of piRNAs (Wu et 

al. 2018; Wu et al. 2019), these are species-specific, or they are still 

subjected to limited specificity and sensitivity. For this reason, we 
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did not search for piRNA targets in our piRNA dataset. 

On average, 2.8 M reads passed the quality control and length filters 

and were used for piRNA characterisation. Overall, 283,382 

piRNAs were successfully mapped to the swine genome (Table S3) 

and 6,729 piRNAs had CPM > 1 in more than 75% of the samples. 

Two piRNA biogenesis mechanisms have been proposed in animals. 

These are the primary processing resulting in piRNAs with a 5’ 

uracil enrichment signature and the so-called ping pong 

amplification loop which produce piRNAs with an adenine at the 

tenth position (Fu and Wang 2014). 51.2% of the piRNAs in pig 

sperm started with an uracil (Figure S1) but no preference for 

adenine at position 10 was observed (Figure S1), thus indicating a 

preponderance for the primary processing pathway (Fu and Wang, 

2014). These results are similar to the previously reported results in 

swine testes (Gebert et al. 2015), with a clear enrichment of an uracil 

in position 1 and no predominance of adenine at position 10. In the 

spermatogenic lineage, the primary processing is involved 

specifically in the biogenesis of the so-called pachytene piRNAs, 

which are thought to play a role in transposon silencing and 

spermiogenesis (Fu and Wang, 2014).  
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 A total of 1,355 piRNAs showed correlation between their 

abundance and at least one phenotype at P ≤ 0.01 (Table S4). These 

correlations ranged between -0.72 and 0.64 and the number of 

associated piRNAs varied considerably across phenotypes and 

chromosomes (Figure S2; Figure 1a). Two piRNA : phenotype 

correlations reached a q-value ≤ 0.10 (Table S4). These were piR-

ssc-1201188 (q-value = 0.08) and piR-ssc-120840 (q-value=0.008). 

piR-ssc-1201188, located within the DAB2IP gene, showed 

negative correlation with tail abnormalities (TABN), neck 

abnormalities (NABN) and proximal droplets (PDROP) with corr. 

= -0.67, -0.50 and -0.48, respectively. DAB2IP is involved in 

multiple processes including cell cycle checkpoint control but no 

direct link with the piRNA pathway has been suggested. piR-ssc-

120840, located within the EIF4H gene, showed negative 

correlation with PDROP (corr.=-0.72). EIF4H is expressed in the 

mouse testis and knock-out mice exhibited reduced fertility 

(Capossela et al., 2012). 

The whole catalogue of piRNAs associated to semen quality with 

significance level of P ≤ 0.01 mapped, on average, less than 500 bp 

away from a Repetitive Element (RE). Nearly 34%, 25.3% and 

21.3% of these piRNAs were less than 500 bp from Short 
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Interspersed Nuclear Elements (SINEs), simple repeats and Long 

Interspersed Nuclear Elements (LINEs), respectively (Table S5). 

Interestingly, the piRNAs associated to semen quality traits tended 

to be closer to LINEs (Wilcoxon rank sum test, P = 0.007) compared 

to the list of piRNAs not correlated with semen quality (Figure 1b). 

These findings go in line with the potential role of piRNAs in 

transposon silencing and germline genome stability as reported in 

several mammalian species (O’Donnell and Boeke 2007) (Figure 

S3). Di Giacomo et al. (2013) demonstrated that Piwi proteins and 

the piRNA pathway play a role in the silencing of LINE1 during 

spermatogenesis. Moreover, several independent studies have 

reported associations between the disruption of LINE silencing and 

spermatogenesis aberrations (reviewed by Gòdia et al. 2018a). 

Previous studies have shown that piRNAs tend to cluster in the 

genome (Brennecke et al. 2007; Capra et al. 2017). We evaluated 

the distance between contiguous piRNAs showing significant 

phenotypic associations and identified that 57% of these were less 

than 50kb apart (Figure 1c). Five-hundred twenty-seven of the 1,355 

significant piRNAs gathered within 50 clusters with a mean length 

of 18kb and an average of 10.5 piRNAs per cluster. These results 

are in agreement with the data presented by Liu et al. (2012) in 
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porcine testes and Li et al. (2019) in the testes of horse. 

The piRNA : trait correlations were also analysed with a hierarchical 

clustering algorithm. In general, semen quality correlations showed 

that the abundance of individual piRNAs has a beneficial impact on 

semen quality (Figure 1d). Noteworthy, this trend was also found 

when considering the total piRNA abundance, defined as the sum of 

the RNA abundance of all individual piRNAs, and the semen quality 

parameters (e.g. tail abnormalities -TABN- with corr.= -0.32 and 

head abnormalities -HABN-, with corr.= -0.31, both with P = 0.07), 

although none of the correlations reached significance levels (Table 

S6). Overall, these results indicate that RE silencing and genome 

stability impacts on spermatogenesis and semen quality as 

previously suggested (Ernst et al. 2017; Ge et al. 2017). 

A total of 541 protein-coding genes were located within a 5kb region 

centred at each piRNA displaying significant correlation with semen 

traits. Gene ontology analysis showed enrichment for 11 biological 

processes, including reproduction or positive regulation of cell 

projection organisation (Table S7). Some of these genes, 

CATSPER2, CATSPERG, OAZ3, ODF1, ODF2, PRM1, TEX14, 

TSSK2, TSSK3 and TSSK6 are known to play key roles in 

spermatogenesis, sperm hyperactivation, sperm morphology, and 
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male fertility (Tokuhiro et al. 2009; Waclawska and Kurpisz 2012; 

Yang et al. 2012; Zhang et al. 2012; Savadi-Shiraz et al. 2015; Cai 

et al. 2017; Sun et al. 2017).  

Eight of the 10 piRNAs most significantly correlated with semen 

quality traits, presented negative correlation values (Table 1a). Once 

more, this suggests that a reduction of piRNA abundance leads to a 

decrease of semen quality. This could be due to a deficient silencing 

of REs and the consequent increase of genome instability which 

could impact on germ cell development (Di Giacomo et al. 2013; 

Gunes and Kulac 2014). Some of these 10 piRNAs are located near 

genes with functions related to spermatogenesis. A positive 

correlation was found between piR-ssc-112967 and the Osmotic 

Resistance Test trait (ORT) (corr. = 0.62). This piRNA maps within 

the CSNK1G2 gene. CSNK1G2 has been linked to sperm surface 

modifications, sperm maturation and sperm–egg communication in 

bull sperm (Byrne et al. 2012). piR-ssc-113649, which correlated 

with the percentage of viable cells (VIAB), abnormal acrosomes 

(ACRO) and TABN (corr. = 0.64, -0.51 and -0.50, respectively), 

maps within PSMF1, a gene suggested to be a key regulator of 

spermatogenesis in humans (Cui et al. 2008). 

The majority of these piRNAs were significantly correlated to only 
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one phenotype (75.7%). On the other side, the abundance of 8 

piRNAs correlated with 4 phenotypes each (Table 1b). Among 

these, piR-bta-16647898 and piR-ssc-109407 were of great interest. 

piR-bta-16647898 showed negative correlation with average 

curvilinear velocity (VCL), average path velocity (VAP), PDROP 

and distal droplets (DDROP) and it is located within the ACE gene 

(Table 1b). ACE regulates sperm development and functions in 

human, mice and bull (Fuchs et al. 2005; Fujihara et al. 2013; Ojaghi 

et al. 2018). piR-ssc-109407, which was positively correlated with 

VIAB and concentration (CON) and negatively correlated with 

TABN and PDROP, is located within the SIL1 gene. Interestingly, 

previous research by another group found that the levels of SIL1 

protein in seminal plasma were negatively correlated with fertility 

in bulls (Viana et al. 2018).  

In conclusion, we characterised the piRNA composition of the 

porcine sperm and identified several piRNAs that could impact 

semen quality traits. These results indicate that piRNAs may hold 

potential as markers of sperm quality in swine. 

[Figure 1 here] 
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Figure and table 

 

Figure 1. Characteristics of the sperm piRNAs associated to 

semen quality. 

a) Genome wide location of the piRNAs with suggestive association 
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(P ≤ 0.01) with sperm quality traits. b) Violin plot comparing the 

distance between correlated and non-correlated piRNAs with 

Repetitive Elements (RE) for the phenotype-correlated and the non-

correlated piRNAs. c) Distance distribution of significant piRNAs 

across 50kb window size. d) Heatmap of the piRNA correlations for 

the 13 phenotypes. The cells in the plot are coloured according to 

the Pearson correlation coefficient values with more intense colours 

indicating higher positive (red) or negative (blue) correlations. 

DNA/hAT: hAT DNA transposon; LINE: Long interspersed nuclear 

element; LTR: Long Terminal Repeat; SINE: Short interspersed 

nuclear element. 
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Table 1. List of piRNAs with most significant (a) or largest number of (b) correlations with semen quality parameters.
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  piRNA 

piRNA genomic 

location             

(chr:start-end) 

Phenotype Corr. P 
Adjusted 

P (FDR) 

5kb genomic 

window 

(chr:start-end) 

 

Genomic 

context 

Genes 

within 

the 5kb 

window 

(a
) 

p
iR

N
A

s 
w

it
h

 m
o
st

 s
ig

n
if

ic
a

n
t 

a
ss

o
ci

a
ti

o
n

s 

piR-ssc-

120840 

3:11,346,365-

11,346,391 
PDROP -0.72 1.33E-06 0.008 

3:11,343,865-

11,348,891 

exonic 

piRNA 
EIF4H 

piR-ssc-

1201188 

1:261,796,921-

261,796,949 
TABN -0.67 1.21E-05 0.081 

1:261,794,421-

261,799,449 

intronic 

piRNA 
DAB2IP 

piR-ssc-

117286 

5:4,191,151-

4,191,180 
PDROP -0.64 4.01E-05 0.135 

5:4,188,651-

4,193,680 

exonic 

piRNA 

KIAA093

0 

piR-ssc-

127298* 

2:76,577,902-

76,577,934 
TABN -0.64 4.77E-05 0.140 

2:76,575,402-

76,580,434 

intronic 

piRNA 

CSNK1G

2 

piR-ssc-

114575 

4:99,453,520-

99,453,546 
DDROP -0.65 2.89E-05 0.194 

4:99,451,020-

99,456,046 

exonic 

piRNA 

ANKRD3

5 

piR-ssc-

1272746 

5:66,796,437-

66,796,467 
HABN -0.63 5.45E-05 0.228 

5:66,793,937-

66,798,967 

intronic 

piRNA 
PRMT8 
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piR-ssc-

887100 

2:38,231,083-

38,231,114 
DDROP -0.62 7.94E-05 0.267 

2:38,228,583-

38,233,614 

intronic 

piRNA 
NELL1 

piR-ssc-

113649 

17:34,118,505-

34,118,534 
VIAB 0.64 4.91E-05 0.330 

17:34,116,005-

34,121,034 

exonic 

piRNA 
PSMF1 

piR-ssc-

1133701 
MT:8,958-8,990 VLC -0.64 4.94E-05 0.333 

MT:6,458-

11,490 

exonic 

piRNA 

 ND3, 

ND4, 

ND4L, 

ND5, 

ND6, 

COX1, 

COX2, 

COX3, 

ATP6, 

ATP8, 

CYTB 

piR-ssc-

112967 

2:5,745,472-

5,745,503 
ORT 0.62 9.69E-05 0.422 

2:5,742,972-

5,748,003 

exonic 

piRNA 
RBM4B 

(b
) 

p
iR

N
A

s 

a
ss

o
ci

a
te

d
 t

o
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se
m

en
 

q
u

a
li

ty
 

tr
a
it

s piR-ssc-

96498 

2:59,064,952-

59,064,981 
HABN -0.58 3.59E-04 0.228 

2:59,062,452-

59,067,481 

exonic 

piRNA 
COMP 
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MOT 0.42 1.12E-02 1.000 

VAP 0.44 8.37E-03 0.557 

VCL 0.52 1.62E-03 0.545 

piR-ssc-

127298* 

2:76,577,902-

76,577,934 

TABN -0.64 4.77E-05 0.140 

2:76,575,402-

76,580,434 

intronic 

piRNA 

CSNK1G

2 

PDROP -0.46 6.41E-03 0.331 

HABN -0.43 1.01E-02 0.369 

VIAB 0.43 1.01E-02 0.712 
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piR-ssc-

109407 

2:140,888,219-

140,888,247 

CON 0.45 8.02E-03 0.898 

2:140,885,719-

140,890,747 

exonic 

piRNA 
SIL1 

TABN -0.50 2.32E-03 0.252 

PDROP -0.46 6.12E-03 0.331 

VIAB 0.42 1.12E-02 0.712 

piR-bta-

16289189 

4:42,395,010-

42,395,037 

ACRO -0.51 2.25E-03 0.978 

4:42,392,510-

42,397,537 

intronic 

piRNA 
GEM CON 0.44 9.91E-03 0.898 

VCL 0.45 8.14E-03 0.596 
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VIAB 0.50 2.78E-03 0.573 

piR-ssc-

121829 

8:121,868,455-

121,868,487 

ACRO -0.42 1.08E-02 0.979 

8:121,865,955-

121,870,987 

exonic 

piRNA 

RAP1GD

S1 

VAP 0.43 1.07E-02 0.557 

VIAB 0.43 1.04E-02 0.712 

VSL 0.48 4.42E-03 0.754 

piR-bta-

16647898 

12:15,398,756-

15,398,782 

VCL -0.53 7.32E-03 0.545 

12:15,396,256-

15,401,282 

exonic 

piRNA 
ACE 

PDROP -0.51 1.85E-03 0.300 
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DDROP -0.50 2.59E-03 0.378 

VAP -0.45 1.23E-03 0.557 

piR-ssc-

1211950 

14:42,767,163-

42,767,192 

TABN -0.53 1.27E-03 0.221 

14:42,764,663-

42,769,692 

intergenic 

piRNA 

there are 

no genes 

in this 

window 

NABN -0.42 1.07E-02 1.000 

VAP 0.42 1.01E-02 0.557 

VSL 0.47 4.60E-03 0.754 

piR-bta-

13353933 

14:71,977,746-

71,977,776 
DDROP -0.49 2.91E-03 0.384 

14:71,975,246-

71,980,276 

exonic 

piRNA 
STOX1 
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*: piR-ssc-127298 is present in (a) and in (b). ACRO = Abnormal Acrosomes; CON = Concentration; DDROP = Distal 

droplets; HABN = Head abnormalities; MT = Motility;  NABN = Neck abnormalities; ORT = Osmotic Resistance 

Test;  PDROP = Proximal droplets; TABN = Tail abnormalities;  VAP = Average Path Velocity; VCL = Curvilinear 

Velocity;  VIAB = Viability; VSL = Straight Line Velocity. Genes: genes located within ± 2.5kb distance from the 

corresponding piRNA.  



34 

 

Supporting information 

Table S1. Percentage of reads mapping to different RNA biotypes. Average and Standard 

Deviation (SD) for the dataset of 34 ejaculates. The proportion of these biotypes were assessed 

based on the proportion of mapped reads without prior filtering of read length.  

Table S2. Phenotypic values of the 13 semen quality parameters in the 34 samples including the 

mean value and Standard Deviation (SD). 

Table S3. Number of human, mouse and swine piRNAs from the piRBase database retrieved, 

mapped, present in the boar sperm and associated to semen quality. 

Table S4. Genomic coordinates of the phenotype-associated piRNAs, species of origin and 

correlated phenotypes. Chr = chromosome; Corr = correlation. 

Table S5. Distance between the phenotype-associated piRNAs and Repetitive Element (RE) 

classes and number of piRNAs in the vicinity of each RE class. SINE = Short interspersed nuclear 

element; LINE = Long interspersed nuclear element; DNA/hAT = hAT DNA transposon; LTR = 

Long terminal repeats.   

Table S6. Correlation between total piRNA abundance and the 13 phenotypes. Acronym 

phenotypes can be found in Table S1. 

Table S7. Biological processes (gene ontology GO term) significantly overrepresented within the 

set of genes located in the ± 2.5kb window centred at the phenotype associated piRNAs. 

Figure S1. Relative nucleotide composition of the 6,729 piRNAs with CPM > 1 in more than 75% 

of the samples from position 1 to position 10. 

Figure S2. Number of significantly associated piRNAs for each of the 13 phenotypes. 

Figure S3. Violin plots of piRNA distribution within each Repetitive Element class. SINE = Short 

interspersed nuclear element; LINE = Long interspersed nuclear element; DNA/hAT = hAT DNA 

transposon; LTR = Long Terminal Repeat. 


