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Abstract

Background Over the last decade, numerous studies have implicated sperm-borne small non-coding RNAs
(sncRNAs) in fertility and transgenerational inheritance. Spermatozoa contain a variety of small RNAs; however, inter-
individual and inter-population variations in the human sperm sncRNA content (sncRNAome) have not yet been
ascertained.

Methods We performed sncRNA sequencing in 54 normozoospermic proven fertile Indian donors. We also
obtained a second semen sample from 13 donors and a third semen sample from eight donors and repeated
sncRNA sequencing. To better understand sperm sncRNAome similarities and variations, sncRNA sequencing data
for eligible Chinese (n=87), US (n=14), and Spanish (n=2) normozoospermic (fertile or presumptive fertile) samples
were downloaded and analyzed in a uniform manner. sncRNA data were compared within and across populations to
identify similarities and differences.

Results In Indian samples, rsRNAs (13.71-78.76%), YsRNAs (0.64-76.53%) and tsRNAs (5.63-35.16%) constituted

the major fraction and miRNAs, piRNAs, mt-tsRNAs, and other sncRNAs constituted the minor fraction. Across three
other populations, rsRNAs (11-80%) and tsRNAs (10-60%) constituted the major fraction, and YsRNAs (0.62-4.28%),
miRNAs (0.41-7.37%), piRNAs (1.37-4.36%), mt-tsRNAs (0.14-4.33%), and other sncRNAs constituted the minor
fraction. Only 47 miRNAs were consistent across the Indian samples, and only 17 miRNAs were consistent across the
four populations. Interestingly, all piRNAs detected in Indian samples were derived from the chromosome 15 piRNA
cluster, which were also predominantly present in other populations. tRNA-Gly-GCC contributed approximately 50%
of the tsRNA pool across all populations. The mt-tsRNAs also originated majorly from one mt-tRNA that differed across
populations. Among the rsRNAs, the maximum number of reads belonged to 28S, followed by 18S, 5S, 5.85, and 455
in decreasing order. Y4AsRNAs were the most abundant YsRNAs, while the second most common contributor differed
across populations.

Conclusions The human sperm sncRNAome has a‘core component’that shows small variations and a ‘peripheral
component’that shows significant variations across individuals and populations. The availability of the normal human
sperm sncRNAome would help delineate biologically meaningful variations from sample-to-sample natural/random
variations.
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Introduction

Spermatozoa were discovered to possess minor quan-
tities of RNA in 1962 [1]; however, their significance
remained unknown for more than five decades. Early
studies on sperm RNAs suggested that they are rem-
nants of past activity without any significance in mature
sperm. Later, direct evidence of the massive makeover
of the sperm RNA repertoire during epididymal matu-
ration of spermatozoa [2—4] and their actual delivery to
the oocyte [5, 6] suggested their biological significance.
Some studies provided direct evidence for the role of cer-
tain small RNAs in sperm fertility and early embryonic
development. For example, Liu et al., (2012) showed that
sperm-borne miR-34c was required for the first cleavage
division in mice following fertilization [7]. Considering
the presence of small and regular RNAs in sperm and
their relationship with sperm fertility and early embry-
onic development, some investigators proposed exploit-
ing them as fertility biomarkers. A number of studies in
the last decade have tested the suitability of sperm RNAs,
particularly small RNAs, as sperm fertility biomark-
ers [8—11]. We performed a cross-comparison across all
these studies and found that close to 400 sperm miRNAs
have been considered as fertility biomarkers [12].

On a different note, Lamarck proposed the theory of
inheritance in 1809, stating that the characters acquired
during an organism’s life could be inherited by way of use
and disuse in his lifetime. He supported his theory by cit-
ing examples, the most famous of which was the stretch-
ing and elongation of the giraffe neck, among others.
However, neither Lamarck nor others could explain such
inheritance, which was applicable to certain characters,
but not to all. A notable study in 2005 exposed pregnant
rats to endocrine disruptors and observed a transgen-
erational phenotype of reduced spermatogenic potential
that could be linked with DNA methylation changes [13].
This study set the stage for future studies that would dis-
cover an equivalent role for sperm RNAs in transgener-
ational inheritance. In the first study implicating sperm
RNAs in transgenerational inheritance, homozygous
wild-type progeny of the null mutant Kit gene showed a
phenotype that was driven by changes in sperm RNAs
[14]. In an early study on environmental exposure, Gapp
et al., (2014) subjected mice to trauma early in life, lead-
ing to behavioural issues in a transgenerational manner
that were linked to alterations in sperm and brain miR-
NAs [15].

The above studies sparked investigations into the role
of sperm RNAs in transgenerational inheritance. Later,
several other animal studies provided strong evidence
of how paternal environment/experiences, such as stress

[16-18], diet [19, 20], and exercise [21, 22] can influ-
ence the sperm RNA profile and affect the upcoming
generations in an intergenerational or transgenerational
manner. For example, a high fat diet in mice resulted in
increased levels of 5'tsRNA-Gly-GCC in mature sperm,
resulting in enhanced gluconeogenesis in offspring [20].
A recent study in mice showed that paternal exposure to
a high fat diet resulted in upregulation of the 5’ fragmen-
tation of mt-tRNAs in spermatozoa, which were trans-
ferred to the oocyte and altered gene expression [23].
Following animal studies, human studies have corrobo-
rated the effects of diverse environmental factors, such
as smoking, obesity, stress, and diet on the sperm small
non-coding RNAs (sncRNAs) profile [24, 25]. A study
on human sperm from lean and obese men found that
the expressions of specific microRNAs (miRNAs), piwi-
interacting RNAs (piRNAs), tRNA derived small RNAs
(tsRNAs), and small nuclear RNAs (snRNAs) were sig-
nificantly altered in the obese group [26]. An analysis of
sncRNAs in young, healthy Finnish men showed a major
change in mitochondrial tRNA derived small RNAs (mt-
tsRNAs) with continuous variation in BMI [23]. Simi-
larly, studies on human sperm also showed that dietary
changes result in significant changes in mt-sRNAs in
human sperm [27].

These findings suggest that the biological significance
of sperm sncRNAs is now well understood and is gain-
ing deeper insights rapidly with their growing link-
age with food habbits, diet, exercise, stress, well-being,
nutrition, ageing, fertility, infertility, IVF outcomes, and
their potential applications in RNA therapeutics. A num-
ber of human studies have compared sperm sncRNAs
between various comparison groups and identified and
emphasized differences in their levels. Notwithstanding
the significance of sperm-borne sncRNAs, the composi-
tion of the small non-coding RNA repertoire in normal
human sperm (snRNAome) and the degree of natural
variation across individuals and populations have not
yet been elucidated. Some studies have attempted to
determine the normal human sperm sncRNAome [28];
however, concrete efforts in this direction are lacking
[29]. Considering the significance of sperm sncRNAs in
transgenerational inheritance, their potential as sperm
fertility/quality biomarkers, and enormous research
interest in sperm sncRNAs, it is critical to study their
composition, diversity, and variability in human sperm
across individuals and populations. We hypothesize that
sperm sncRNAome has ‘core transcripts’ with least varia-
tions and ‘peripheral transcripts’ with high variations.
To address this, we analyzed the sperm sncRNA profiles
in 54 normozoospermic fertile Indian men, including
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repeated sampling from a few donors to address inter-
and intra-individual variability. In addition, we also
downloaded sncRNA data for fertile/presumptive fertile
men from other populations and performed comparisons
to understand population-wise similarities and differ-
ences in an attempt to define the normal human sperm
sncRNAome.

Materials and methods

Ethical approval

This study was approved by the Institutional Human
Ethics Committee of the Central Drug Research Insti-
tute, Lucknow (CDRI/IEC/2015/A1). The study was con-
ducted in accordance with the declaration of Helsinki
guidelines. Written informed consent was obtained from
all the participants.

Subject recruitment

Semen samples were collected from healthy, normozoo-
spermic fertile volunteers. The inclusion criteria were as
follows: (1) Proven fertility with at least one child, (2) age
group 20-55 years, and (3) normal seminogram as per
the WHO 2021 criteria. The exclusion criteria consisted
of the following: (1) history of a major medical illness, (2)
individuals under any kind of medication (antipsychotics,
antidepressants etc.), and (3) alcohol/cigarette/tobacco
addiction. The subjects were requested to observe absti-
nence for three days before sample donation. Using this
set of inclusion and exclusion criteria, we recruited 54
normozoospermic individuals in the study. All these
individuals had a BMI in the 20-25 range and none of
them was diabetic. We did not record their dietary hab-
its, which are likely to be significantly different among
the participants. To address intra-individual variations in
sperm RNAs, we collected repeated samples from some
donors after a gap of one month. For the first repeat,
only 13 individuals turned up, and for the second repeat
only 8 individuals turned up. This way, we collected one
sample each from 54 individuals, of whom 13 donated a
second semen sample and eight donated a third semen
sample as well.

Sample preparation, RNA isolation, and quality analysis

Semen samples were allowed to liquify at 37 °C for
15 min. After liquefaction, the samples were analyzed
under a microscope according to the 6th edition of the
WHO manual 2021 (https://www.who.int/publications/
i/item/9789240030787). The samples were washed with
1X PBS and the cells were collected by centrifugation
at 200 g for 15 min in an Eppendorf centrifuge (5804,
Benchtop Centrifuge with A-4-44 Rotor). One ml of the
somatic cell lysis buffer (SCLB) was added to the pellet,
which was resuspended by proper mixing. The SCLB vol-
ume was raised to 13 ml, and the tube was incubated on
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ice for 30 min. The samples were checked under a micro-
scope to ensure the removal of somatic cells, and a final
centrifugation at 200 g for 15 min was performed. The
MasterPure Complete DNA and RNA Purification Kit
(Lucigen, USA) was used for RNA isolation. We followed
the instructions given in the kit manual for processing
semen samples. Briefly, the sperm pellet was resuspended
in 150 pl of the tissue and cell lysis buffer with one ul of
proteinase K (50 pug/ml) and incubated in a dry bath at
65 °C for 15 min with repeated vortexing every 5 min.
The samples were placed on ice for three minutes, and
MPC solution was added for protein precipitation, fol-
lowed by vortexing for 10 s and centrifugation at 14,000 g
for 10 min. The supernatant was aspirated in another
Eppendorf tube, and total nucleic acids were precipitated.
Total nucleic acids were treated with DNase I enzyme
for 15-20 min at 37 °C, followed by the reprecipitation
of proteins and RNA precipitation from the supernatant
by adding chilled isopropanol. We ran a 2% agarose gel
to ensure the complete removal of DNA and performed a
bioanalyzer check for RNA quality (Agilent, USA). Since
sperm do not have intact ribosomal RNA, a formal RIN
calculation was not performed.

Analysis for purity of sperm RNAs

RNA preparation was quantified using a nanodrop
spectrophotometer and cDNA was prepared using the
high-capacity reverse transcription kit (Applied Biosys-
tems, USA). We checked for the presence of three cell-
specific marker transcripts: PRM1 for sperm, CD45 for
leukocytes, and CDH1 for immature germ cells. Primer
sequences used for these reactions are listed in Supple-
mentary Table 1.

Small RNA library preparation and sequencing

The NEBNext Multiplex small RNA library prep kit (New
England Biolabs, USA) was used for library preparation
with the total RNA as input (~50 ng per reaction). We
followed the protocol provided in the manual. Briefly, the
first step was to ligate the 3’ adaptor to the RNAs. The
adapters were preheated at 70 °C along with 50 ng of total
RNA, and a 3’ ligation mix was added to the reaction. The
reaction was incubated at 16 °C for 18 h to increase the
ligation efficiency of modified RNAs (e.g. piRNAs). The
next day, RT primers were added to carry out 5 adap-
tor ligation perfectly to the 5’ end. They hybridize with
the ligated and free 3’ adaptors. dsDNAs are not sub-
strates for the next step ligation enzyme, i.e.,, T4 RNA
ligase 1. The 5" adaptor ligation reaction was incubated
for one hour at 25 °C, followed by a reverse transcrip-
tion reaction. The libraries were amplified over 15 PCR
cycles, using index-specific primers for each sample. For
size selection of specific small RNA libraries, we ran the
libraries on a 6% polyacrylamide gel, and the specific
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band corresponding to 140—150 bp size was excised from
the gel. The excised band was crushed with RNase-free
disposable pestles, and 250 pl of DNA gel elution buf-
fer was added. The tube was rotated overnight at room
temperature. The gel debris fluid was passed through cel-
lulose acetate filters (Millipore Sigma, USA) and centri-
fuged at 16,000 rpm for two minutes. The flow-through
was collected, and one pl of linear acrylamide, 60 pl of
sodium acetate (pH-5.5), and 750 pl of chilled ethanol
were added, followed by overnight incubation at -80 °C
for library precipitation. The next day, the tube was spun
at 14,000 g for 30 min at 4 °C, and the pellet was air dried
and resuspended in TE buffer. The prepared libraries
were checked on a 2100 bioanalyzer using a high sensi-
tivity DNA chip (Agilent, USA). Small RNA sequencing
was performed using Novaseq 6000 (Illumina, USA) in
single end mode with a read length of 60 bp and a depth
of 15-30 million reads.

Screening and SRA data download for various populations
We searched PubMed using a combination of keywords
such as “human sperm” AND “small RNA’, “fertile sam-
ples” AND “sperm RNA’, “human spermatozoa RNA” to
identify studies on normal human sperm sncRNA data
from other populations. After screening all outcomes
individually, we identified only four small RNA sequenc-
ing studies for which raw data were available; two from
the USA [28, 30]) and one each from Spain [31] and
China [32]. We collected the methodology and demo-
graphic details from all studies and summarized them in
Supplementary Fig. 1 and Supplementary Table 2, respec-
tively. Raw files were downloaded from the GEO Omni-
bus database (Krawetz et al., 2011-GSE21191; Pantano et
al,, 2015, SRP029517; Hua et al., 2019-GSE110190; Mor-
gan et al., 2020-GSE159155), and the data were re-ana-
lyzed in the same manner as our samples. We could not
get adapter information for Illumina’s Small RNA DGE
v1.0 kit used in Krawetz et al., (2011) study; therefore, we
excluded this study from further analysis.

Small RNA data analysis

The data generated in our lab for Indian samples, as well
as the downloaded datasets, were quality checked using
the FastQC tool (https://www.bioinformatics.babraham
.ac.uk/projects/fastqc/). Trimgalore was used for quality
filtering (q>28), adaptor trimming (3’ adaptor sequence
given), and read length selection (19-35nt) (https://ww
w.bioinformatics.babraham.ac.uk/projects/trim_galore
/). The trimmed files were used for small RNA analysis
using the SPORTS1.1 package [33]. The SPORTS1.1 pipe-
line performs sequential mapping to identify each class of
small RNA for both the mapped and unmapped reads in
the human reference genome. We considered only hg38
mapped reads (with zero mismatch) and further mapped
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them sequentially onto database-specific files for each
small RNA (downloaded from https://github.com/junc
haoshi/sports1.1?tab=readme-ov-file#pre-compile). The
sRNA mapping to various biotypes was performed in a
sequential manner, as shown in Fig. 1A. The piRNAdb
reference file instead of the piRBase file was used for the
identification of piRNAs.

The number of unique sequences mapped to each
sncRNA biotype is presented in the supplementary data
(Supplementary data 1). We collected the read count
data generated for all samples, corresponding to the
small RNA annotated and unannotated sequences. We
removed all unannotated sequences and generated a read
count matrix file for all the annotated sequences in each
population. We used annotated reads as the total count
for each sample and calculated the count per million
(CPM) values. Furthermore, the CPM matrix files were
used for in-depth analysis of each small RNA type. Prin-
cipal component analysis was carried out using ‘prcomp’
function in R, which showed almost perfect clustering of
samples in Indian and Chinese studies, while samples in
the US and Spain studies were scattered (Supplementary
Fig. 2). In addition to SPORTS1.1, we also used the tRNA
analysis of Expression (tRAX) tool for the analysis of
tRNA derived fragments [34, 35]. The tRAX pipeline was
specifically designed to cover the special characteristics
of tRNAs, such as the 3’CCA tail and RNA modifications
(https://trna.ucsc.edu/tRAXY/).

sncRNA characterization in sperm

In small RNA sequencing studies, a ladder pattern is
generally observed, where sequences usually differ by
1-5nt from either the 5" or the 3’ end. As a result, there
is more than one sequence for a particular small RNA.
We considered such reads only in the case of miRNAs
and summed up all those reads that had the same annota-
tion and their 3’end differed by 1-3 nucleotides in length.
We did not perform this exercise for other small RNAs
because in the case of piRNAs, different annotations
are available for reads differing in length even by one
nucleotide, and the nomenclature of the remaining small
RNAs as per their fragmentation pattern is not very well
defined.

Software and packages used

The software used for small RNA analysis have been
described in detail in their respective sections. In addi-
tion to this, we used graph pad prism and ‘R’ packages
(version 4.4.0) [36] for data processing and plotting. We
used ggplot2 [37], dplyr [38], GenomicAlignments [39],
GenomicFeatures [39], Rsamtools [40], and BSgenome.
Hsapiens.UCSC.hg38 [41].
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Fig. 1 Sequential mapping of small RNAs to various databases (A). Stacked bar chart showing the proportion of various sncRNAs in sperm samples from

India, China, USA and Spain (B)

Statistical analysis

Descriptive statistics were used to plot the data. The
mean values were calculated using Microsoft Excel.
Box plots were generated for each miRNA and piRNA
to compare their expression levels. The box plots were
arranged according to their inter-quartile range for ease
of comparison. For comparison of expression, CPM
were plotted for various sncRNAs. Log2CPM was occa-
sionally used to plot data over a wide range for ease of
presentation. Statistical analysis to compute the level of
significance was not performed for any of the sncRNAs
analyzed in this study.

Results

Demographic details of the participants

We recruited 54 normozoospermic fertile individuals
from Uttar Pradesh, India. The participants represented
Indo-European, Dravidian, and Indo Asiatic ethnici-
ties. Each individual had fathered at least one child (time
length not recorded), with an average of two children per
subject in the pool. The mean age and semen parameters
of the participants are shown in Supplementary Table 2.
The samples varied in age (21-55 years), and the sperm
concentration was between 15 and 150 million/ml. We
also collected a second semen sample from 13 subjects
(others did not come for repeated donation) and a third
semen sample from eight individuals (others did not turn
up for the third time), after an interval of approximately
one month from the first and second time points.

High purity of sperm RNAs

Somatic cell lysis buffer (SCLB) treated samples were
examined under a microscope to ensure the complete
removal of somatic cells. PCR amplification from the
sperm cDNA preparation showed the presence of PRMI
and the absence of CD45 and CDHI, suggesting high
purity of the sperm preparation (Supplementary Fig. 3).

Ribosomal RNA-derived small RNAs (rsRNAs) are most
abundant in spermatozoa

All samples were screened for the composition of sperm
sncRNAs. Sequencing data were mapped to all known
possible classes of small RNAs, including rsRNA, YsRNA,
tsRNA, miRNA, and piRNA in a sequential manner
(Fig. 1A). rsRNA were the most frequent biotype in the
Indian, US and Spanish samples, but tsRNA constituted
the highest proportion in Chinese samples (Fig. 1B). The
proportion of other biotypes varied significantly from
one population to the other with tsRNA taking the sec-
ond spot in the US and Spanish samples and YsRNAs tak-
ing the second spot in Indian samples (Fig. 1B).

Consistent miRNAs differ across populations

The miRNA reads comprised 2.42% in Indian, 7.37%
in Chinese, 1.99% in US, and 0.41% in Spanish samples
(Fig. 1B). miRNA analysis showed peaks between 19
and 23nt with 20-22nt being the most prominent peaks
across the populations. There were slight differences
across populations with the predominant peak at 21nt in
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Indian, 22nt in Chinese and US, and 19-23nt in Spanish
samples (Fig. 2A). The miRNAs detected in at least 80%
of the samples were 47, 128, 38, and 59 in Indian, Chi-
nese, US, and Spanish samples, respectively (Fig. 2B-E).
The most and least abundant miRNAs varied across pop-
ulations (Fig. 2B-E).

Next, we investigated whether repeated sampling
from the same individual showed the same set of miR-
NAs. To address the intra-individual variability in sperm
RNAs, we collected a second (#=13) and a third (n=8)
semen sample from some of the donors. We found that
out of 47, 20 miRNAs replicated the second and third
times perfectly with some variations in their levels (per-
fect category), five miRNAs replicated in the second
and third semen samples almost perfectly with an occa-
sional absence (almost perfect category), and the remain-
ing 22 miRNAs failed to show up quite frequently (poor
replication category) upon repeated sampling (Fig. 3A
and B). The reasons behind the occasional or frequent
absence of some of these miRNAs is an interesting ques-
tion; however, the perfect replication of a good number
of them suggests their high potential as sperm fertility
biomarkers.

Although approximately 500 miRNAs have been
detected in human sperm across various studies, the
number of consistent miRNAs in each population is
much smaller (47, 128, 38, and 59 miRNAs in Indian,
Chinese, US, and Spanish samples, respectively). The
comparison of sperm miRNAs across the four popula-
tions identified the consistent presence of only 17 miR-
NAs (detected in at least 80% of individuals), which, in
addition to suggesting similarities, also suggests large dif-
ferences in miRNAs that are present at significant con-
centrations (Fig. 3C). We checked these 17 miRNAs for
their classification into the replication categories (per-
fect, almost perfect, or poor) as defined above for Indian
samples. Fourteen out of the 17 miRNAs belonged to the
perfect or almost perfect replication category (Fig. 3C).
The replication of these miRNAs across populations
and upon repeated sampling (from Indian donors) sug-
gests their strong potential as biomarkers of sperm fertil-
ity. Out of these 17 miRNAs, 15 have been shown to be
altered in oligozoospermic infertility across one or more
studies [12, 42—-48].

Sperm piRNAs are chromosome 15 cluster derived

The piRNA reads comprised 0.65% in Indian, 2.73% in
Chinese, 1.37% in US, and 4.36% in Spanish samples. For
further analysis, we focused on piRNAs that were con-
sistently present in 80% of the samples. Sperm piRNAs
across all four populations were in the 19-35nt range, with
major peaks at 28-30nt in Indian, 28-31nt in Chinese,
29-31nt in US, and 29-30nt in Spanish samples (Fig. 4A).
The expression of various piRNAs differed within and
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across populations (Fig. 4B-D), affecting the position of
piRNAs in the expression plots. Because piRNAs exist in
the form of clusters, we looked for clusters of sperm piR-
NAs. Interestingly, in Indian samples, almost all piRNAs
(except one sequence) belonged to one cluster on chro-
mosome 15 (chromosomel5:101752465-101774324)
(Fig. 5A). For repeated samples from Indian donors, we
aligned the piRNA sequences with the human genome
and plotted the chromosome 15 cluster. This analysis
showed the same pattern of piRNAs, demonstrating
reproducibility and mapping to the chromosome 15 clus-
ter (Fig. 5B).

In the case of the Chinese samples, because of the
very high number of piRNAs, we used the proTRAC
cluster prediction tool [49], which suggested four clus-
ters, of which the major cluster was on chromosome
15 (101752465-101774324), followed by chromosome
X (9405386-9414248), chromosome 11 (45683725-
45704710), and chromosome 22 (37358565—-37369113).
In the US samples, we observed only 15 piRNA
sequences, of which 8 mapped to the chromosome 15
cluster; the rest of the sequences mapped to diverse
regions. In Spanish samples, we observed a very high
number of piRNAs, due to which we again used pro-
TRAC for cluster prediction, observing 15 piRNA clus-
ters, including chromosome 15 (101752476-101776323),
chromosome X (9405387-9414248), chromosome 22
(37356389-37369214), chromosome 21 (44483822-
44490808), chromosome 19 (16037007-16039258),
chromosome 18 (11657816-11670763), chromosome
15 (92573335-92609735), chromosome 15 (62219903—
62262234), chromosome 15 (51288043-51302890),
chromosome 14 (88142904—88155115), chromosome
12 (9327135-9335865), chromosome 12 (3467798—
3476185), chromosome 11 (45676547-45719877), chro-
mosome 9 (79865203-79870210), and chromosome
6 (33871622-33914736). Comparison across the four
populations showed the consistent presence of piRNAs
originating from the chromosome 15 cluster, making it
the most important cluster to investigate further with
regard to its importance in spermatogenesis, fertility, and
embryonic development.

Sperm tsRNAs are majorly contributed by tRNA-Gly-GCC

The tsRNA reads comprised 15.87% in Indian, 59.93% in
Chinese, 9.35% in US, and 34.53% in Spanish samples.
The majority of sperm tsRNAs-5" were in the range of
30-32nt in Indian, 32-33nt in Chinese, 32-33nt in US, and
29-30nt in Spanish samples (Fig. 6A). The tsRNA-3’ were,
in general, much lower in frequency (< 2%) in comparison
to 5" tsRNAs, which could be due to inadequate coverage
of these fragments owing to the 3’ modifications in these
molecules as suggested previously [50] and/or due to
their natural occurrence at relatively low frequencies. The
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Fig. 2 miRNA sizes across the four tested populations (A). The levels of various miRNAs observed in each population (consistent in at least 80% samples)
are plotted using box plots and arranged according to the inter-quartile range (B-E). A maximum of 50 entities are plotted (remaining miRNAs are listed
in supplementary data 1)
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A. Samples with two replicates C. miRNA expression replication across populations
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Fig. 3 The level of various miRNAs (log2CPM) across Indian samples with two replicates (A) and three replicates (B), and the replication of each of the
47 miRNAs observed in Indian samples upon repeated sampling (R1 and R2) and their presence in other populations (C). miRNAs in the yellow font have
been reported as biomarkers of sperm fertility by previous studies

major peaks for tsRNA-3" were in the range 34-35nt in  might have missed longer lengths, as we had applied a
India and China; however, these peaks were not observed  cut-off of 35 during data analysis. In contrast to tsRNA-
in the USA and Spain. Thus, the major tsRNA peak in the 5] different tsSRNA-3’ sizes were more homogeneous in
case of tsRNA-5" was slightly shorter than that of tsRNA-  frequency.

3}, which is supported by previous observations [51]. We
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A. piRNA sizes B. piRNA level
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Fig. 4 piRNA sizes across the four tested populations (A). The levels of various piRNAs observed in each population (consistent in at least 80% of samples)
are plotted using box plots and arranged according to the interquartile range (B-E). A maximum of 50 entities are plotted (remaining piRNAs are listed
in supplementary data 1)
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A. Chromosome 15 piRNA cluster across Indian samples
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B. Chromosome 15 piRNA cluster across repeated samples
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Fig. 5 Almost all piRNAs observed in Indian samples mapped to the chromosome 15 piRNA cluster (A) even during repeated sampling for the second

and the third time (B)

Next, the relative contribution of each tRNA to the
total tsRNA pool was examined. We observed that the
majority of tsRNAs were contributed by tRNA-Gly-
GCC, which consistently accounted for approximately
50% of the total tsRNA pool across all the populations
(Fig. 6B). However, the second and the third most sig-
nificant contributors differed significantly across popu-
lations. For example, tRNA-Glu-CTC was the second
most common contributor in Indian and Spanish sam-
ples, whereas tRNA-Glu-TTC and tRNA-Val-CAC were
the second most common contributors in Chinese and
US samples, respectively. The next step was to assess
the sample-to-sample variations in the tsRNA pool. We
observed that tRNA-Gly-GCC remained the top con-
tributor across most of the samples; however, occasion-
ally tRNA-Gly-GCC was taken over by other tRNAs in a
few samples (Fig. 6C). These sample to sample variations
were observed across all the four populations tested in
this study.

Another question was whether all tRNAs were frag-
mented in all possible ways, i.e., 5’ half, 3’ half, i-tRF, and
5 and 3’ fragments. We observed three major fragmen-
tation characteristics; 1) not all tRNAs fragmented in
all possible ways, some fragmented preferentially into 5’
half, 5" fragments, and i-tRFs, while others fragmented
preferentially into 3" half or 3’ fragments, 2) some tRNAs

showed specific fragmentation patterns irrespective of
the population, 3) some tRNAs fragmented differently
across populations. For example, tRNA-Asn-GTT frag-
mented into specific fragments irrespective of the popu-
lation, whereas tRNA-Arg-ACG and tRNA-Arg-TCG
differed in their fragmentation patterns across popula-
tions (Supplementary Fig. 4). tRNA-Gly-GCC and tRNA-
Glu-CTC gave rise mostly to 5" halves, 5" fragments, and
i-tRFs (Fig. 7). While, tRNA-Glu-CTC did not give rise to
3 halves, tRNA-Glu-TTC gave rise to 3’ halves in addi-
tion to 5" halves and 5 fragments but did not produce
i-tRFs (Fig. 7). This showed a consistent pattern of frag-
mentation for a particular tRNA, which differed from
that of other tRNAs. This consistency in the fragmenta-
tion patterns was maintained across populations. For
example, tRNA-Glu-TTC gave rise to 3’ and 5 halves,
but not to i-tRFs, irrespective of the population tested
(Fig. 7).

Mito-tsRNAs in sperm are significantly different from
nuclear tsRNAs

Mitochondria have their own tRNAs, and similar to
nuclear tRNAs, they produce tsRNAs (mt-tsRNAs). Mt-
tsRNA reads comprised 0% (consistent in 80% of sam-
ples) in Indian, 4.33% in Chinese, 3.13% in the US, and
0.14% in Spanish samples (Fig. 8A). Mt-tsRNAs showed
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C. Population-wise tsRNA contribution by tRNAs
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D. Sample-wise tsRNA contribution in each population
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Fig.6 tRNAs-5'(A) and tRNAs-3'(B) fragments observed across the four populations. The average percent contribution of various tRNAs to the tsRNA pool
in each population (C), and the contribution of each tRNA to the tsRNA pool in each sample across the four populations (D)
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Fig. 7 Representative fragmentation pattern of a few tRNAs showing the generation of various fragments along with their frequencies. This highlights
the similarities and differences in the fragmentation pattern of tRNAs. Yellow highlight represents the D loop, turquoise highlight represents the antico-
don loop, light green highlight represents the T loop, and purple highlight represents the CCA tail

fragments in the 19-35nt range, but the major peaks were
more widely distributed than those of nuclear tsRNAs.
In Indian samples, no mt-tsRNA was shared across 80%
of the samples; therefore, a percentage cut-off was not

applied. mt-tsRNA-5" showed major peaks at 19-25nt in
Indian, at 28-33nt in Chinese, at 29-33nt in the US, and
were wide-spread (23-35nt) in Spanish samples. How-
ever, these data did not show a consistent pattern across
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C. Population-wise mt-tsRNA contribution by tRNAs
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Fig. 8 mt-tRNAs-5'(A) and mt-tRNAs-3" (B) fragments observed across the four populations. The average percent contribution of various mt-tRNAs to
the mt-tsRNA pool in each population (C), and the contribution of each mt-tRNA to the mt-tsRNA pool in each sample across the four populations (D)

populations, which may be due to the inadequate cov-
erage of mt-tsRNAs as a result of technical differences.
In the case of mt-tsRNA-3; the range was 19-31nt, with
major peaks at 28-31nt in Indian, at 30-31nt in Chinese,
at 28-33nt in US, and at 31nt in Spanish samples.

In contrast to nuclear tsRNAs, which predominantly
originate from tRNA-Gly-GCC across all populations,
the top contributor to mt-tsRNAs differed across popula-
tions (Fig. 8B). For example, the top contributors to mt-
tsRNA were tRNA-Glu-TTC in Indian, tRNA-GIn-TTG
in Chinese, tRNA-Met-CAT in US, and tRNA-GIn-TTG
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in Spanish samples. Similarly, the second most common
contributor also differed among the four populations.
The top contributors to mt-tsRNAs were completely
different from those of the nuclear tsRNAs. Regard-
ing similarity, both nuclear and mitochondrial tsRNAs
had a significant contribution from tRNA-Glu-TTC,
whereas all other tsSRNAs differed significantly between
the nucleus and the mitochondria. In addition, the mt-
tsRNA pool composition differed across individuals, with
the top contributor making up to 90% of the mt-tsRNAs
in certain samples, which were occasionally replaced
by other mt-tsRNAs (Fig. 8C). For example, tRNA-Glu-
TTC contributed more than 90% of the tsRNA pool in
most Indian samples and less than 10% in a few samples,
whereas tRNA-GIn-TTG contributed up to 60% in cer-
tain Chinese samples and less than 20% in a few samples
(Fig. 8C). Similar sample to sample variations were also
observed in the US and Spanish samples as well.

Further investigation on the origin of mt-tsRNAs sug-
gested that not all mt-tRNAs gave rise to 5-tRF, 3’-tRFs,
or i-tRFs. Instead, different mt-tRNAs preferentially pro-
duce certain types of mt-tsRNAs (Fig. 9). Only rarely, did
a particular mt-tRNA give rise to all three major types of
tsRNAs, including 5’-tRF, 3’-tRF, and i-tRF. With regard
to differences, mt-tRNA-GIn-TTG-1-1 gave rise to
5’-halves, 5’ fragments, i-tRFs, and 3’ fragments in Indian
samples, but in Chinese samples, it gave rise to 5" halves
and 5’ fragments only. Regarding similarities, mt-tRNA-
Glu-TTC-1-1 produces only i-tRFs across all populations
tested.

rsRNAs in sperm are largely derived from 28S and 18S
rRNAs

The rsRNA reads comprised 44.97% in Indian, 11.37% in
Chinese, 79.72% in US, and 45.52% in Spanish samples
(Fig. 1). Depending on their origin, rsSRNAs can be clas-
sified into five types; 5S, 5.8S, 18S, 28S, and 45S [33].
Since we extracted the library band of 140-160nt for our
samples, we observed rsRNAs 19-35nt long that origi-
nated from all five types of rRNAs (5S, 5.8S, 18S, 28S,
and 45S). Across all the populations, the most abundant
rsRNAs were generated from 28S, followed by 18S, 5S,
5.8S, and 45S-derived rsRNAs (Fig. 10A). Previous stud-
ies have also shown that rsRNAs derived from 18S to 28S
are most abundant in human sperm [24]. We observed
different fragmentation patterns across all rRNA types,
with 18S and 28S rRNAs fragmented into all sizes (19-
35nt) across all populations with a decreasing frequency
of longer fragments (Fig. 10B). In contrast, 5S rRNA, 5.8S
rRNA, 45S rRNA, and occasionally 28S rRNA showed
a fragmentation pattern in the form of certain peaks
(Fig. 10B). Interestingly, the fragmentation peaks origi-
nating from these rRNAs differed across populations. For
example, 28S-derived rsRNAs showed peaks at 19nt and
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34nt in Indian, at 21nt, 31nt and 35nt in Chinese, no spe-
cific peak in the USA, and at 19-21nt in Spanish samples
(Fig. 10B). Similarly, 5.8S-derived rsRNAs showed peaks
at 27nt in Indian, at 22nt, 26nt, 27nt, 31nt in Chinese,
at 19nt, 25nt, 27nt, 35nt in the USA, and at 25-27nt in
Spanish samples. The 5S-derived rsRNAs showed peaks
at 32-35nt in India, at 31nt in China, at 23-24nt in the
USA, and at 31nt in Spain. 45S-dervied rsRNAs showed
peaks at 22nt, 23nt, 35nt in Indian, at 19nt, 20nt, 23nt,
32nt in Chinese, at 29-31nt and 35nt in the USA, and at
19nt, 21nt, 29-31nt in Spanish samples (Fig. 10B). The
contribution of various rRNAs to rsRNAs varied from
sample to sample in each population (Fig. 10C). Mito-
chondrial origin rsRNAs (12S and 16S) represented a
minor proportion. The minor representation of 12S and
16S rsRNAs in human sperm has been reported previ-
ously [24].

YsRNA in sperm are largely YARNA derived

The YsRNA reads comprised 34.19% in Indian, 4.28%
in Chinese, 2.72% in US, and 0.62% in Spanish samples
(Fig. 1). Among all the YsSRNAs, Ys4RNAs were the most
frequent, followed by other YsRNAs, the percentage of
which differed significantly across populations (Fig. 11A).
For example, YsIRNAs were the second most frequent
in India and the USA, but Ys3RNAs were the second
most frequent in China, and Ys5RNAs were the second
most frequent in Spain (Fig. 11A), although the fraction
of each type of YsRNA differed significantly across the
populations. Regarding the order of the YsSRNA frequen-
cies, India and USA showed the same pattern (Fig. 11A).
Regarding the size of YSRNAs, YsIRNAs showed peaks at
31nt in Indian, at 32nt in Chinese, at 30-33nt in the US,
and at 31nt in Spanish samples (Fig. 11B). In the case
of Ys3RNAs, peaks were observed at 29-30nt in Indian,
at 30-32nt in Chinese, at 30nt in Spanish samples, but
the US samples did not show a specific peak. For Ys4R-
NAs, Indians showed peaks at 30-31nt, Chinese and US
showed peaks at 31-32nt, and Spanish showed a peak
at 31nt. Ys5RNAs showed a wide fragmentation pattern
with peaks spread in the 19-34nt range across all popu-
lations, with two major groups of peaks, one around
20-23nt and the second around 29-33nt (Fig. 11B). The
contribution of various YRNAs to YsRNAs varied from
sample to sample in each population (Fig. 11C).

Discussion

sncRNAome composition in normal human sperm

Almost all sncRNA biotypes were observed across all
populations. rsSRNAs were the most frequent biotype
in Indian, US and Spanish samples, whereas tsRNAs
were the major biotype in Chinese samples. In an inde-
pendent study, Nitt et al., (2019) reported rsRNA as the
major biotype in human sperm. It has been emphasized
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C. Sample-wise rsRNAs

Percent

Percent

25

0

ki

ﬂchnﬂ

~
o

Percent
g
Percent

25

U 100
75
50

USA

Category

| RES
| ES
B s

588
58

'Spain

Fig. 10 The average contribution of various rRNAs to rsRNAs in the four populations tested (A), fragmentation pattern of various rRNAs into rsRNAs (B),
the relative contribution of each rRNA to rsRNAs in each sample across the four populations (C)

that various modifications to their parental RNAs affect
the fragmentation pattern and the generation and func-
tions of sncRNAs [52]. The proportion of each sncRNA
biotype in the sperm sncRNAome differed significantly
across individuals and populations, which could be due

to technical, environmental or biological factors. Tech-
nical issues include sperm preparation, RNA isolation,
library preparation, and other experimental variables.
Recent studies have shown rapid and significant changes
in sperm sncRNAs owing to dietary changes [12], making
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environmental factors significant contributors to these
variations. Among biological factors, natural biologi-
cal variations as seen in most biological variables could
account for certain variations. With changes in technol-
ogy and sequencing methods, sncRNA biotypes may see
further changes in their relative abundance in the normal
human sperm sncRNAome in the future.

Consistent miRNAs in sperm are few

miRNAs constitute a minor fraction (0.41-7.37%, aver-
age: 3.04%) of the sncRNAome, but they have been inves-
tigated far more in-depth than other sncRNAs. miRNAs
showed major peaks at 20-22nt with slight variations
across populations; however, the biological significance of
these size variations in miRNAs (1-3nt) has not yet been
investigated. The different numbers of miRNAs detected
across the four populations suggest significant variations
in their levels across samples (Fig. 2). Out of more than
500 miRNAs reported in human sperm till date, less than
100 were consistent across samples in each of the four
populations and only 17 were consistent across popu-
lations, demonstrating high variability and a low level
of consistency (Fig. 3). Sperm miRNAs have long been
sought as biomarkers of fertility. The foremost require-
ment for this is their consistent presence in the sperm
across individuals and populations. We checked sperm
miRNA consistency by repeated sampling from Indian
donors and comparison across populations. We found
that out of 47 miRNAs, 25 showed perfect or almost per-
fect replication in repeated sampling. Further compari-
sons across populations showed that only 17 miRNAs
were consistently present in human sperm. A review of
the literature showed that close to 400 miRNAs have
been considered to have male fertility biomarker poten-
tial [8, 12, 53, 54]. Of the 47 miRNAs detected in Indian
samples, almost all have been reported as sperm fertility
biomarkers in various studies [7, 12, 4248, 55, 56]; how-
ever, we found that half of them are poorly reproducible
(Fig. 3). Further comparisons across populations showed
that only 17 were consistently present in sperm and
only 14 of these were reproducible upon repeated sam-
pling from the same individual. We believe that miRNAs
belonging to the reproducible categories have a higher
potential as sperm fertility/quality biomarkers than those
belonging to the less reproducible categories. Other miR-
NAs are present either at low levels or show high vari-
ability in response to environmental cues, making them
ideal for investigating in transgenerational inheritance.

Sperm miRNAs are important for spermatogenesis or
embryonic development

Seventeen miRNAs shared by sperm across populations
may be critical for spermatogenesis or sperm fertility. A
literature search showed that 11 of the 17 miRNAs are
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important for testis development, spermatogenesis, post-
fertilization development or to have value as biomark-
ers of sperm fertility. miR-375 participates in testicular
development [57], miR-10b is important for Sertoli cell
maturation [58], and miR-34c-5p [59] and miR-92a-3p
[60] play roles in spermatogenesis. Let-7 family mem-
bers are expressed in type B spermatogonia and primary
spermatocytes [61], and miR-30a-5p is known to pro-
mote spermatogonial stem cell differentiation [62]. miR-
21 is critical for the spermatogonial stem cell population
[63], plays a role in sperm capacitation [64], and regulates
spermatogonial to spermatocyte differentiation [61].
Let-7 g-5p is testosterone responsive [65] and regulates
apoptosis during heat shock [66]. miR-191 is expressed
in spermatocytes and round spermatids [59]. miR-186-5p
is present in most germ cells and is most abundant in
spermatozoa [67]. Although their participation in sper-
matogenesis is not surprising, their consistent presence
in human sperm may be linked with their roles in sperm
fertility or embryonic development, which is of signifi-
cant interest. Only two of these, miR-191-5p [68] and
miR-34c-5p [7], have been shown to affect embryo qual-
ity and development, respectively.

Sperm piRNAs are low but highly specific and mysterious

piRNAs constitute a minor fraction (0.65-4.36%; aver-
age: 2.28%) of the human sperm sncRNAome. piRNAs
showed major peaks at 28-31nt across all populations
with minor differences in size and frequency. piRNAs
were found to be the most abundant biotype in human
sperm in only one study [31]. Considering their per-
centage share, piRNAs cannot be the top contributors
to the human sperm sncRNAome. Many of these pseu-
dogene-derived piRNAs have been suggested to target
their parental genes in the testis, but their significance in
human sperm remains unknown [31]. piRNAs are mys-
terious with regard to their reduction in mouse caput
sperm and reappearance in caudal sperm [4, 69]; how-
ever, this definitely suggests their biological significance
in sperm. It has been postulated that sperm can produce
piRNAs in situ [69], the significance of which remains
unclear. We observed that almost all piRNAs in Indian
samples originated from the chromosome 15 cluster,
while sperm samples from other populations predomi-
nantly contained chromosome 15 cluster piRNAs. This
is a unistrand (+) pachytene spermatocyte cluster with
15-q26-7499.1 gene annotation having two exons [70]
and genomic annotation corresponding to dynamin 1
pseudogene 47 (DNM1P47). Previous studies have also
suggested that testicular piRNAs are pseudogene-derived
[31]. The origin of all sperm piRNAs from the chromo-
some 15 cluster suggests their specificity (non-random
nature) and biological significance that requires further
investigation. The first study investigating the functional
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importance of sperm piRNAs was recently conducted
in Drosophila, identifying distinct sperm piRNA car-
goes capable of altering gene expression in the offspring
to mediate intergenerational metabolic reprogramming
(IGMR), leading to obesity in their offspring [71]. Nev-
ertheless, it remains to be determined whether piRNAs
have similar effects in humans. The chromosome 15
piRNA cluster awaits further investigation for its poten-
tial significance in spermatogenesis, embryonic develop-
ment, or transgenerational inheritance.

tsRNAs correlate with sperm quality and mediate
transgenerational inheritance

tsRNAs constituted 10-60% (average: 30%) of the
sncRNAome and occupied the top spot in Chinese, the
second spot in USA and Spanish, and the third spot in
Indian samples. tsRNAs-5" showed certain peaks, but
tsRNA-3’ showed even spread across the 19-35nt range.
It would be interesting to investigate whether variations
of 1-3nt in tsRNAs exert significant biological effects. The
relatively lower frequency of tsRNA-3’ in comparison to
tsRNA-5" could be due to their lower coverage owing to
their 3’ modification [50], but it may be attributed to their
natural occurrence at a relatively lower frequency. Inter-
estingly, tsSRNA derived from tRNA-Gly-GCC accounted
for up to 50% of the tsRNA pool across all populations,
although the second major contributor was different.
While tRNA-Gly-GCC remained the major tRNA con-
tributor in most of the samples, its contribution varied
from sample to sample, with another tRNA becoming the
major contributor in a few samples. Studies on transgen-
erational inheritance have largely focussed on the total
level of tsRNAs in the sperm sncRNAome. Considering
the significant variations in the contribution of individ-
ual tRNAs to the tsRNA pool, future studies should also
investigate the changes in the composition of the total
tsRNA pool. tsRNA size differences across individuals
and populations could be due to various biological or
technical reasons; however, their significant presence in
human sperm suggests their biological significance. tRFs
are known to act as mediators of various significant bio-
logical processes, including translation, apoptosis, cell
survival, antiviral defence, response to starvation, nutri-
ent deficiency, and oxidative or other stresses [72]. The
significance of tsSRNAs in human sperm has been studied
by a few [32, 73]. Hua et al., (2019) reported the impact
of ten sperm tsRNAs on embryo quality in IVF [32].
Another study on human sperm reported that tRNA-
GIn-TTG derived tsRNAs were significantly associated
with sperm quality [73].

In addition to their significance in embryonic develop-
ment, tsRNAs have also been found to mediate trans-
generational inheritance. A study on human sperm from
lean and obese men found that the expressions of specific
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miRNAs, piRNAs, tsRNAs, and snRNAs were signifi-
cantly altered in the obese group [74]. These findings
have been corroborated by experiments in mice where
a high fat diet modified the levels of sperm tsRNAs,
which showed an intergenerational effect [75]. In a simi-
lar study, a high fat diet in mice resulted in an increased
level of 5'tsRNA-Gly-GCC in mature sperm, resulting
in enhanced gluconeogenesis in the offspring [20]. Stud-
ies on human sperm have shown significant changes in
sperm tsRNAs with age [76]. Similarly, studies in mice
have shown that advanced paternal age results in signifi-
cant changes in sperm tsRNAs, which contribute to neu-
ropsychiatric disorders that are intergenerational [77].
High inter-individual variability in the human sperm
tsRNA profile will facilitate accurate interpretation of
tsRNA data in studies on transgenerational and intergen-
erational inheritance.

Sperm mt-tsRNAs correlate with motility and are highly
sensitive to diet
The mt-tsRNAs constitute a minor fraction (0-4.33%,
average: 1.90%) of the human sperm sncRNAome. Earlier
studies did not pay much attention to sperm mt-tsRNAs.
The comparison of mt-tsRNA-5" across other populations
suggested a different pattern of mt-tsRNAs in their sam-
ples, with 28-35nt representing the major peaks in the US
and Chinese samples and 23-27nt representing the major
peaks in Spanish samples. In Indian samples, the cov-
erage of mt-tsRNA-5" was poor in comparison to other
populations; therefore, we consider others data more
reliable in this case. The abundance of 5-derived mt-
tsRNAs was significantly higher than that of 3’-derived
mt-tsRNAs; however, the abundance of all mt-tsRNAs in
general was much lesser than that of the nuclear tsRNAs.
Mt-tsRNAs followed the rule of top contribution by one
tRNA; however, unlike nuclear tsRNAs, the top contribu-
tor differed across populations. Similar to the nuclear
tRNAs, different mt-tRNAs differ in their fragmentation
pattern. Mitochondria are specifically enriched in sper-
matozoa, making them important contributors to the
overall repertoire of sncRNAs in the sperm. Since mito-
chondria regulate critical processes such as apoptosis
and energy production, the role of mt-tsRNAs may be far
more important than understood. Furthermore, there is
the possibility of the leakage of mt-tsRNAs into the cyto-
plasm, which suggests their impact on cellular functions
at a much broader level [77]. mt-tRNAs are slightly dif-
ferent from nuclear tRNAs, and the mitochondrial envi-
ronment is more prone to oxidative stress and mutations,
which can affect mt-tRNA modifications and ultimately
their fragmentation. This suggests that mt-tsRNAs are
even more dynamic than nuclear tsRNAs.

Mt-tsRNAs appear to be highly sensitive to metabolism
and diet. A recent study showed that paternal exposure
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to a high-fat diet resulted in the upregulation of 5’ frag-
mentation of mt-tRNAs in mouse spermatozoa, which
were transferred to the oocyte and altered gene expres-
sion [23]. Previous studies on Drosophila [27] and human
[24] sperm have also reported upregulation of mt-tsR-
NAs in response to a short high-sugar diet. An analysis
of sncRNAs in young, healthy Finnish men showed little
variation in n-tsSRNAs with BMI, but a major change
in mt-tsRNAs with continuous variation in BMI [23].
Similarly, studies on human sperm have also shown that
dietary changes in humans result in significant altera-
tions in mitosRNAs [27], which positively correlates with
total sperm number and motility [27]. Re-analysis of
sncRNA data from Hua et al., (2019) [32] also showed a
significantly higher level of mt-tsRNAs in the high-qual-
ity embryo group [27]. A previous study on Drosophila
sperm found that the 5" halves of nuclear tRNA were the
dominant biotype, whereas in the case of mt-tsRNA,
i-tsRNAs were the most common [27]. In response to
dietary changes, i-tsRNAs change most significantly [27].
Specific fragmentation patterns of various mt-tRNAs and
differences in their relative contribution to mt-tsRNAs
suggest that such studies should also consider changes in
the fragmentation pattern of each mt-tRNA and changes
in the relative contribution of various tRNAs. The above
studies suggest that mt-tsRNAs can be used as sperm
quality biomarkers, in addition to their value as trans-
generational carriers. Notably, n-tsRNAs are acquired
by spermatozoa from epididymosomes or cytoplasmic
droplets carried by spermatozoa [4, 78, 79], whereas mt-
tsRNAs are generated inside the spermatozoa.

Sperm rsRNAs are abundant but least explored

rsRNAs constituted 11-80% (average: 45.39%) of the
human sperm sncRNAome. rsRNAs constituted the top
fraction of the sncRNAome in Indian, US and Spanish
samples and occupied the second position in Chinese
samples. Depending on their origin, rsSRNAs can be clas-
sified into five types: 5S, 5.8S, 18S, 28S, and 45S [33]. The
functional significance of miRNAs, piRNAs, and tsR-
NAs is somewhat known; however, the same remains to
be understood for rsRNAs. The rsRNAs derived from
all rRNA types were distributed in the 19-35nt range.
Among the rsRNAs, we observed that the maximum
reads belonged to 28S, followed by 5S, 5.8S, 18S, and
45S in decreasing order. The maximum contribution
of 28S RNA-derived rsRNA reads to human sperm was
previously established by the Chinese study included
in our population-wise comparison [32]. rsRNAs from
18S to 28S have been shown to be the most abundant
in human sperm [24]. A recent study on mouse sperm
also observed differential regulation of mt-rsRNAs in
response to a high-fat diet [23]. In addition to the stud-
ies included in the population-wise analysis presented
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herein, studies specifically on rsRNAs in human sperm
are scarce. In the only other study on human sperm rsR-
NAs, Chu et al,, (2017) compared rsRNA-28S between
leukocytospermia and normal human sperm samples
and identified that rsRNAs derived from 28S rRNA were
diminished or absent in the leukocytospermic infertile
group [80]. This study suggests that rsSRNAs may have
a functional significance in infertility. We observed a
minor proportion of mitochondrial rsSRNAs (12S and 16S
derived), which is supported by previous observations
[24]. Although rsRNAs in human sperm occupy the top
spot, they have been the least explored with regard to
their functional significance.

Sperm YsRNAs are unique and least explored

YsRNAs constitute a significant fraction (0.62—34.19%,
average: 10.45%) of the human sperm sncRNAome
but have been least explored. ‘Y” RNAs were originally
observed in ribonucleoprotein complex formation with
Ro and La proteins. Due to their presence in the cyto-
plasm, they were given the name Y’ RNAs [81]. Y-RNAs
are typically 83-112nt in length. In humans, there are
four YRNA loci, hY1, hY3, hY4, and hY5, located in a
cluster on chromosome 7 that encodes YRNAs. YRNAs
are thought to be involved in chromosomal DNA replica-
tion in response to UV damage [82, 83], but their exact
significance remains unknown. Although the functional
significance of YRNAs themselves remains unknown,
high-throughput sequencing studies have identified
YRNA fragments to be highly abundant in cells, tissues,
and body fluids and tumors in humans and mammals
[84—86]. A comparison across populations showed Ys4R-
NAs to be the most abundant, whereas the second most
common contributor differed. The highest frequency
of Ys4RNAs and Ys1RNAs was also reported in a pre-
vious study on German samples [87]. According to this
study, the length distribution of Ys1IRNAs peaks at 30nt
and that of Ys3RNAs peaks at 31nt [87]. 5’-YsRNAs were
observed in a significant proportion in sperm heads,
whereas 3’-YsRNAs were almost absent in sperm heads.
Interestingly, YsIRNAs were almost completely absent in
the oocytes, suggesting their major contribution to the
zygote by sperm [87].

YsRNAs have been least explored, and we found only
one study on YsRNAs in the human testes and sperm
[87]. This study included the analysis of both sperm
and all germ cell developmental stages in the testis and
observed that YsSRNAs were absent in testicular germ
cells and made a sudden appearance in sperm heads. This
study further investigated and observed that sperm YsR-
NAs were largely derived from the epididymis in the form
of semen exosomes. Therefore, YSRNAs are a part of the
soma-to-germline delivered cargo. They have been pro-
posed to play a role in early embryonic development [87];
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however, the functional significance of these sncRNAs
remains unknown. Considering the similarities in size
range and 3’ modifications, the study concluded that
YsRNAs are functional piRNAs that are not encoded by
piRNA clusters [87]. A previous study on human seminal
exosomes identified the presence of a significant propor-
tion of YRNAs and YsRNAs, which were suggested to be
delivered to sperm [86]. All four YRNAs were found to
give birth to YsSRNAs in a distinctive pattern, with >95%
of the Ys1, Ys3, and Ys5 mapped to the 5’ ends, and in the
case of Ys4RNA, approximately 80% mapped to the 5
end and 20% mapped to the 3’ end. This suggests a selec-
tive generation of YsRNAs [86], implying their biologi-
cal roles. Our study also showed a distinctive pattern in
Ys1, Ys3 and Ys4 compared to that in Ys5. It appears that
YsRNAs make up a significant proportion of the sperm
sncRNAome; however, their significance remains almost
entirely unknown.

Sperm sncRNAome has a pattern and is biologically
meaningful

For all sncRNA biotypes, the consistent fragmentation
pattern suggests them to be non-random. The detected
numbers of small RNAs are much fewer than the theo-
retically possible number, suggesting that they are spe-
cifically generated that way. Further, sncRNAs are not
generated randomly from all the regions of their parental
RNAs. For example, some tsRNAs are specifically gener-
ated from the 5’ half, whereas others are generated from
the 3’ half. The selective retention of one strand to gen-
erate miRNAs and the selective retention of one half to
generate tsSRNA has been identified, which may apply
to other sncRNAs as well, further endorsing specific
mechanisms of their generation and linkage with their
biological significance. Thus, there is evidence coming
up to suggest that these sncRNAs are not randomly gen-
erated functionless entities on their way to elimination,
but have biological roles to serve depending on the cell/
tissue type. Interestingly, all functions of sncRNAs are
not sequence complementarity-dependent, but scaffold-
ing and aptamer-like functions have also been suggested
and established [52]. The breakage of larger RNA pieces
into smaller units unveils new possibilities of function
due to their size, three dimensional structure, loss of self-
complementarity of certain sequences, and breakage of
scaffolding domains, expanding the possibility of their
functions tremendously. Although immense possibilities
exist, their functional significance has just begun to be
uncovered. The amenability of these small RNAs to vari-
ous structures and their potential to bind to various pro-
teins provide them with immense avenues for exerting
their biological functions way beyond RNAi-dependent
mechanisms.
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Limitations and cautions

The primary aim of this study was to identify simi-
larities across samples and populations in the sperm
sncRNAome. The observed similarities that withstood
significant variations in population types and experi-
mental variables suggest the robustness of certain
sncRNAome features; nevertheless, we suggest inter-
preting the differences with caution. sncRNAs, such
as rsRNAs and tRFs carry a 2/, 3" cyclic phosphate, or a
3’ phosphate, which hinders capturing these sncRNAs
during library preparation [50]. Apart from the above
restriction in the representation of sncRNAs in library
preparation, other technical issues that can affect their
representation include variations in sperm collection
and RNA extraction methods, which vary significantly
across studies [4, 88, 89]. For example, treating sperm
with detergents for RNA extraction can affect the yield
of RNA by 2-3 folds due to the loss of outer membrane
and extra-nuclear components [89]. Further, since sperm
head and tail both carry small RNAs, differences in the
sperm lysis methods could differ in their ability to break
sperm heads and tails, further introducing variations.
The use of modern methods in comparison to the old
techniques of library preparation can ensure captur-
ing of more tRFs; for example, with the use of additional
T4 polynucleotide kinase [90, 91]. Even a simple factor,
such as the method of sperm preparation, may affect the
observed sncRNAs. Due to the well-defined nomencla-
ture in the case of miRNAs and the sufficient literature
available, we could figure out consistent and variable
miRNAs; however, similar analyses for other sncRNAs
await further advancements in their nomenclature and
specific identification. We also observed sample to sam-
ple and population-wise differences among all sncRNAs.
Both technical and environmental factors might contrib-
ute to these variations. We tried to reduce the contribu-
tion of technical variations by re-analyzing the raw data
for all included studies in a uniform way; however, other
technical variations introduced by steps involved in data
generation could still contribute to the population-wise
differences reported in this comparison.

Conclusions and future perspective

The primary focus of this study was to work out the
sperm sncRNAome composition by identifying simi-
larities across individuals and populations. We conclude
that in Indian samples, rsRNAs (13.71-78.76%), YsR-
NAs (0.64-76.53%) and tsRNAs (5.63—-35.16%) constitute
the major fraction, and miRNAs, piRNAs, mt-tsRNAs
and other sncRNAs constitute the minor fraction of the
sperm sncRNAome. Similarly, in three other popula-
tions, rsRNAs (11-80%) and tsRNAs (10-60%) con-
stitute the major fraction and YsRNAs (0.62-4.28%),
miRNAs (0.41-7.37%), piRNAs (1.37-4.36%), mt-tsRNAs
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(0.14—4.33%), and other sncRNAs constitute the minor
fraction of the sperm sncRNAome. Up to 50% of tsR-
NAs across all populations are contributed by tRNA-
Gly-GCC, but the second prominent contributor differs
across populations. mt-tsRNAs show a significantly dif-
ferent pattern than nuclear tsRNAs. Though the major-
ity of mt-tsRNAs are also derived from one mt-tRNA, the
dominant contributor differs across populations. Further,
the top contributing tRNAs to the nuclear and mito-
chondrial tsRNAs are also different. The majority of rsR-
NAs are derived from 28S rRNA across all populations.
Ys4RNAs constitute the top fraction in the YSRNA pool.
In addition to individual to individual variations within
a population, sperm sncRNA biotypes also show highly
significant population-wise variations. Among sperm
miRNAs, less than 100 were consistent in each popula-
tion and only 17 were consistent across populations,
demonstrating a very high level of inconsistency. The
most interesting finding is with regard to sperm piRNAs,
which consist entirely (in Indian samples) or chiefly (in
other populations) of the chromosome 15 cluster derived
piRNAs. We believe that the core (consistent) sncRNAs
may be critical to spermatogenesis or sperm fertility, and
the peripheral (highly variable) sncRNAs may be respon-
sive to environmental cues, which would differ individual
to individual even within the same population. Animal
studies can be conducted in a more controlled environ-
ment, but the human sperm sncRNAome is influenced by
a number of environmental factors, rendering its inter-
pretation far more complicated. Significant individual to
individual or population-wise variations in the human
sperm sncRNAome profile heightens the possibility of
misinterpretation of natural variations as biologically
meaningful. We believe that the data presented in this
study will serve to guide the analysis on human sperm
sncRNA data in the future.

Sperm RNAs, particularly, sncRNAs, once thought to
be a useless cargo, are in vogue today. From functions
in spermatogenesis and embryonic development to act-
ing as the carriers of transgenerational information, these
tiny molecules cater big functions, much of which still
remains to be comprehended. Defining the composition
of the sncRNAome for normozoospermic fertile human
sperm would serve six major purposes. First, this will
help us define the core sncRNAome composition for nor-
mal human sperm, which can identify fertility biomarkers
for assisted reproduction. Second, sncRNAs consistent
across populations can guide investigations into their
roles in spermatogenesis (past activity) and early embry-
onic development (future activity). Interestingly, all three
major sncRNAs; rsRNAs [32], tsRNAs [92, 93], and
miRNAs [10] have been shown to affect embryo quality.
Third, sncRNAs linked to poor diet, poor lifestyle, obe-
sity, high BMI, and other lifestyle disorders can be used

(2025) 23:36

Page 22 of 25

as sperm quality biomarkers for the evaluation of donor
sperm in assisted reproduction. Fourth, the extent of nat-
ural variations in the sncRNA levels and composition can
be used to better interpret the intergenerational or trans-
generational inheritance of certain acquired human life-
style disorders. Fifth, sncRNAome in-depth studies will
identify the sncRNAs with potential applications in RNA
therapeutics for male infertility treatment in the future.
Sixth and the most important, the present effort of defin-
ing the human sperm sncRNAome would help in delin-
eating biologically meaningful variations from sample to
sample or technical variations, particularly while com-
paring across studies.
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