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ABSTRACT

Since their discovery approximately three decades ago,
sperm-borne RNAs, both large/small and coding/noncoding,
have been reported in multiple organisms, and some have been
implicated in spermatogenesis, early development, and epige-
netic inheritance. Despite these advances, isolation, quantifica-
tion, and annotation of sperm-borne RNAs remain nontrivial.
The yields and subspecies of sperm-borne RNAs isolated from
sperm can vary drastically depending on the methods used, and
no cross-species analyses of sperm RNA contents have ever been
conducted using a standardized sperm RNA isolation protocol.
To address these issues, we developed a simple RNA isolation
method that is applicable to sperm of various species, thus
allowing for reliable interspecies comparisons. Based on RNA-
Seq analyses, we established SpermBase (www.spermbase.org),
a database dedicated to sperm-borne RNA profiling of multiple
species. Currently, SpermBase contains large and small RNA
expression data for mouse, rat, rabbit, and human total sperm
and sperm heads. By analyzing large and small RNAs for
conserved features, we found that many sperm-borne RNA
species were conserved across all four species analyzed, and
among the conserved small RNAs, sperm-borne tRNA-derived
small noncoding RNAs and miRNAs can target a large number of
genes known to be critical for early development.

early development, epigenetics, noncoding RNA, reprogramming,
sperm

INTRODUCTION

Despite the cessation of transcription and shedding of the
cytoplasm at the final stages of spermiogenesis, mature
spermatozoa have been shown to possess diverse populations
of both small and large RNAs [1–5]. These RNA populations,
along with the paternal genome, can be delivered into the
oocyte during fertilization, where they can persist beyond
zygotic genome activation [5, 6]. Since their discovery in 1989,

sperm-borne RNAs have been shown to function in spermato-
genesis and during fertilization and early embryonic develop-
ment, suggesting that they are not merely the remnants of
sperm development [4, 7–10]. Sperm with aberrant miRNA
contents display compromised fertilization rate and preimplan-
tation embryonic development when injected into wild-type
oocytes [5]. Additionally, sperm small RNAs have been found
to play a role in epigenetic inheritance [11–17].

The study of sperm RNAs has been challenging, in part,
because of the difficulties associated with sperm RNA
isolation. Compared to other cell types, sperm contain fewer
RNAs, and some RNAs appear to be localized to the nucleus
and associated protamine-packed chromatin highly enriched in
disulfide bonds resistant to lysis by detergents [4, 18, 19].
Therefore, it is no surprise that different RNA extraction
procedures have been shown to lead to highly variable sperm-
borne RNA contents; this issue is compounded by the inherent
heterogeneity of RNA populations among individual sperm
samples [20–24]. Additionally, a sperm RNA isolation protocol
that works for one species does not necessarily work for
another, because of interspecies differences in sperm morphol-
ogy and chromatin condensation [25–27]. The aforementioned
issues surrounding the study of sperm-borne RNAs render the
comparative analyses of data obtained using different exper-
imental approaches unreliable. Therefore, it is necessary that a
broadly applicable methodology be established for studying the
sperm RNA contents across species. To this end, we developed
a simple and effective protocol for sperm RNA isolation, which
can be applied to multiple species with only minor modifica-
tions. Based on sperm RNA-Seq data, we established
SpermBase (www.spermbase.org), a database dedicated to
sperm RNA expression profiling for various species. Currently,
SpermBase contains expression data of both large and small
RNAs in sperm of four mammalian species (rat, mouse,
human, and rabbit), with plans to expand to more species in the
future. To demonstrate the utility of SpermBase, we compared
the sperm RNA-Seq data and identified highly conserved
mammalian sperm-borne RNAs among the four mammalian
species.

MATERIALS AND METHODS

Sperm Collection

The Institutional Animal Care and Use Committee of the University of
Nevada, Reno, approved the use of mice and rats (Protocol #00494), as well as
rabbits (Protocol #00536) in this study. A summary of the sperm processing
procedures is shown in Table 1.

Mouse (C57BL/6J; JAX) total sperm and sperm head collection were
conducted as follows: Epididymides from a mouse were placed in 378C
HEPES-buffered human tubule fluid (HEPES-HTF) and dissected into smaller
fragments. The sperm were allowed to escape from the epididymis during a 30-
min incubation at 378C. The sperm-containing supernatants were collected and
centrifuged for 5 min at 700 3 g. After removing the supernatants, fresh
HEPES-HTF was added gently on top of the sperm pellet. During a 30-min
incubation at 378C, sperm were allowed to swim up from the pellet. The swim-
up sperm were collected with the supernatant. After pelleting the sperm at 700
3 g for 5 min, the sperm were washed three times with 13 Dulbecco PBS and

1Supported, in part, by grants from the NIH (HD060858, HD071736
and HD085506 to W.Y.) and the Templeton Foundation (PID: 50183 to
W.Y.). Sequencing was conducted in the Single Cell Genomics Core
supported, in part, by a NIH grant (1P30GM110767). RNA-Seq datasets
have been deposited into the NCBI GEO database with the accession
number of GSE81216.
2Correspondence: Wei Yan, University of Nevada, Reno School of
Medicine, Center for Molecular Medicine, Room 207B, 1664 North
Virginia Street, MS/0575, Reno, NV 89557.
E-mail: wyan@medicine.nevada.edu
3These authors contributed equally to this work.

Received: 24 May 2016.
First decision: 25 June 2016.
Accepted: 7 September 2016.
� 2016 by the Society for the Study of Reproduction, Inc. This article is
available under a Creative Commons License 4.0 (Attribution-Non-
Commercial), as described at http://creativecommons.org/licenses/by-nc/
4.0
eISSN: 1529-7268 http://www.biolreprod.org
ISSN: 0006-3363

1 Article 99



centrifugation at the same speed. During the third wash, a small aliquot of
sperm suspension was examined under a phase-contrast microscope to
determine the purity. The purity was .98% in all samples used for this study.
For total sperm isolation, we performed the procedure individually for each
mouse, and the total sperm of three mice were pooled for total RNA isolation.
Two biological replicates (each with pooled total sperm RNA from three mice)
were used for large or small RNA sequencing. For sperm head isolation, total
sperm from five mice were sonicated (Bioruptor UCD-200; Diagenode) in PBS
for 3 min and subsequently pelleted at 700 3 g for 5 min. The sonicated sperm
(consisting now of separated sperm heads and tails) was then added to a 4.5-ml
83.5% sucrose cushion and centrifuged at 100 000 3 g for 1 h (SW41Ti rotor;
Beckman); afterwards, the sperm head pellet was collected. Because sonication
broke all contaminating somatic cells, the sperm head purity was close to
100%. We used sperm heads purified from five mice for RNA isolation and the
subsequent sequencing with two biological replicates.

Rat (Sprague Dawley; Charles River) total sperm were isolated as follows:
Rat epididymides were dissected and minced in F12 culture medium containing
0.1% bovine serum albumin followed by a 30-min incubation at 378C. The
sperm-containing supernatants were collected and washed with PBS by
centrifugation (800–1000 3 g for 5 min). Sperm pellets were resuspended in
200 ll NIM medium (121.6 mM KCl, 7.8 mM Na

2
HPO

4
, 1.4 mM KH

2
PO

4
,

0.1% polyvinyl alcohol, and 10 mM EDTA), 100 ll collagenase (200 U/ml;
Sigma), and 100 ll hyaluronidase (100 U/ml; Sigma) followed by an
incubation at 378C for 1 h, with occasional mixing. Rat total sperm were
then washed three times using 500 ll NIM though centrifugation (4000 3 g for

3 min) and the purity was .95%, as determined by phase-contrast microscopic
observation. The rat sperm pellets were snap frozen in liquid nitrogen followed
by storage at �808C until RNA isolation. For total sperm isolation, we
performed the procedure individually for each rat, and the total sperm of three
rats was pooled for total RNA isolation and sequencing. Three biological
replicates (each with pooled total sperm RNA from three rats) were used for
large or small RNA sequencing.

Rabbit (New Zealand White; Charles River) ejaculates were collected using
the artificial vagina method, as described [28]. Rabbit sperm were washed three
times with HEPES-HTF medium and the purity was .98% based on phase-
contrast microscopy. The rabbit sperm pellets were snap frozen in liquid
nitrogen followed by storage at�808C until RNA isolation. Three rabbits were
used for collecting ejaculates, and sperm from the three were individually
processed for RNA isolation, library construction, and sequencing.

Human sperm samples used in this study were deidentified human donor
sperm samples purchased from California CryoBank Inc. Three donors were all
healthy adult men (19–38 yr old) who underwent rigorous health screening and
met all the criteria for a qualified sperm donor, as described in the company’s
website (https://cryobank.com/uploadedFiles/Cryobankcom/_forms/pdf/
brochures/DonorPyramid.pdf). The use of purchased, deidentified human
sperm for RNA isolation required no institutional review board approval, as
determined by the University of Nevada, Reno (documents available upon
request). The cryopreserved human sperm were thawed by incubation in a
water bath at 378C followed by three washes with HEPES-HTF, and the purity
of the human sperm was .0.01% (fewer than 1 round cell per 10 000 sperm)

TABLE 1. Summary of sperm RNA isolation procedures.

Procedure Mouse Rat Rabbit Human

Sperm collection Whole epididymis Whole epididymis Ejaculate (artificial vagina
method)

Ejaculate (masturbation)

Sperm processing Sperm release from the
epididymis ! one wash
followed by swim-up !
three washes of the
swim-up sperm !
microscopic examination
for purity ! snap
freezing the sperm pellet
in LN2! storage at
�808C until RNA
isolation

Sperm release from the
epididymis ! light
digestion using
collagenase and
hyaluronidase ! three
washes ! microscopic
examination for purity !
snap freezing the sperm
pellet in LN2 ! storage
at �808C until RNA
isolation

Three washes !
microscopic examination
for purity ! snap
freezing the sperm pellet
in LN2 ! storage at
�808C until RNA
isolation

Three washes !
microscopic examination
for purity ! snap
freezing the sperm pellet
in LN2 ! storage at
�808C until RNA
isolation

Sperm lysis using the buffer
from the mirVana miRNA
isolation kit, or a lysis buffer
for RNA isolation containing
detergent (SDS or SLS) and a
reducing agent (DTT or b-
mercaptoethanol)

Add the lysis buffer and
homogenize on a low
setting for 1 min on ice
! microscopic
observation to ensure a
complete lysis of sperm
! repeat, if necessary,
until all sperm heads get
dissolved completely.

Add the lysis buffer and
homogenize on a low
setting for 90 sec on ice,
followed by a 5-min
incubation at 658C. !
microscopic observation
to ensure a complete
lysis of sperm ! repeat,
if necessary, until all
sperm heads get
dissolved completely.

Add the lysis buffer and
pipet the sperm gently
up and down on ice
until sperm pellet
dissolves ! microscopic
observation to ensure a
complete lysis of sperm
! repeat, if necessary,
until all sperm heads get
dissolved completely.

Add the lysis buffer and
pipet the sperm gently
up and down on ice
until sperm pellet
dissolves ! microscopic
observation to ensure a
complete lysis of sperm
! repeat, if necessary,
until all sperm heads get
dissolved completely.

Total RNA isolation using the
mirVana miRNA isolation kit

Follow the default
protocol.

Follow the default
protocol.

Follow the default
protocol.

Follow the default
protocol.

RNA quality control using the
RNA 6000 Nano chips on
an Agilent 2100 Bioanalyzer

RIN ¼ 2–4: good sperm
RNA quality.

RIN ¼ 2–4: good sperm
RNA quality.

RIN ¼ 2–4: good sperm
RNA quality.

RIN ¼ 2–4: good sperm
RNA quality.

RINs ,2: suggestive of
excessive RNA
degradation.

RINs ,2: suggestive of
excessive RNA
degradation.

RINs ,2: suggestive of
excessive RNA
degradation.

RINs ,2: suggestive of
excessive RNA
degradation.

RINs .4: indicative of
somatic cell
contamination.

RINs .4: indicative of
somatic cell
contamination.

RINs .4: indicative of
somatic cell
contamination.

RINs .4: indicative of
somatic cell
contamination.

Yield ;35–50 ng per million
swim-up epididymal
total sperm, and ;25–40
ng per million
sonication-resistant
sperm heads. ;10
million swim-up sperm
can be obtained from
one male mouse (two
epididymides), yielding
;350–500 ng total RNA.

;35–65 ng per million
epididymal total sperm.
;20 million sperm can
be obtained from one
adult male rat, yielding
;700–1300 ng total
RNA.

;40–55 ng per million
ejaculated total sperm,
and ;25–40 ng per
million sonication-
resistant sperm heads. 20
million sperm can be
obtained after washes,
yielding 800–1100 ng
total RNA.

;45–60 ng per million
ejaculated sperm. An
average of ;10 million
sperm can be obtained
from 1 ml donor semen,
leading to 450–600 ng
total RNA.
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based on phase-contrast microscopic observation. The sperm pellets were
subjected to RNA isolation using the method described below. Three human
sperm samples were processed and sequenced individually.

Sperm RNA Isolation

Total RNA was isolated using the mirVana miRNA Isolation Kit (Life
Technologies) following the manufacturer’s instructions with modifications at
the lysis step. The same procedures were used for total sperm and sperm heads
of each species. Differences in the lysis step of the sperm RNA isolation
procedures for the four species are summarized in Table 1. For mouse sperm,
after the addition of the lysis buffer containing guanidine thiocyanate and b-
mercaptoethanol (a reducing agent required for a complete lysis of the sperm
heads), the frozen sperm pellets were homogenized using a homogenizer
(BenchMark) at low settings for 1 min on ice. For human and rabbit samples,
after the addition of the lysis buffer, the frozen sperm pellets were pipetted up
and down using a handheld pipette (Eppendorf) on ice, until the pellet
dissolved. For rat samples, after the addition of the lysis buffer, the frozen
sperm pellets were homogenized using a homogenizer (BenchMark) at low
settings for 90 sec, followed by a 5-min incubation at 658C. After lysis, a small
aliquot (;5–10 ll) was placed on a glass slide followed by covering with a
coverslip for microscopic examination to ensure sperm nuclei were completely
lysed. The completely lysed sperm samples were subjected to the remaining
default protocol for RNA isolation. For RNA quality control, sperm RNA
samples were analyzed using the RNA 6000 Nano chips on an Agilent 2100
Bioanalyzer (Agilent). The RNA integrity number (RIN) was measured to
estimate the sperm RNA quality.

RNA-Seq

Library preparation was performed using the Ion Total RNA-Seq Kit v2
(Life Technologies). Large RNA libraries were prepared using the whole
transcriptome protocol provided with the kit, and small RNA libraries were
prepared using the small RNA protocol. Large and small RNA libraries were
barcoded using Ion Xpress Barcode Adapters (Life Technologies). Quality
control was performed using Agilent High Sensitivity chips (Agilent) and
Experion DNA 1K kits (Bio-Rad). Libraries were loaded onto Ion PI chips via
the Ion PI Template OT2 200 v3 (for small RNAs) or v2 (for large RNAs), and
Ion PI Sequencing 200 v3 (for small RNAs) or v2 (for large RNAs) Kits, and
sequenced on an Ion Proton Sequencer (Life Technologies).

Bioinformatics

RNA-Seq datasets have been deposited into the NCBI GEO database with
the accession number of GSE81216. The large RNA-Seq data were annotated
as follows: Reads were trimmed using fastx_trimmer and fastq_quality_trim-
mer (t ¼ 30), and the resulting trimmed reads were mapped to the genome of
each respective species (mouse, mm10; rat, rn5; human, hg19; rabbit, oryCun2)
with TopHat (v2.09; default settings plus -b2-very-sensitive -r 200 and -mate-
std-dev to 100) [29]. Illumina iGenome references (ENSEMBL) were used for
rat, mouse, and human and generated via TopHat for rabbit (ENSEMBL,
release 76) [29, 30]. The aligned reads were then assembled using Cufflinks
(v2.1.1; default settings plus -frag-bias-correct, -max-bundle-length 1e7, and
-multi-read-correct) using the same genome reference versions and mask GTF
files containing all known RNA for each species (ENSEMBL) [30]. Expressed
genes in the data with the ‘‘protein_coding’’ biotype (ENSEMBL) were
extracted for further study and are housed on SpermBase. The percentage of
exon coverage for each coding transcript identified in our RNA-Seq data, for
each species and sample type, was calculated using Bedtools (bedtools
coverage -s -a -b -sorted) and the results for each replicate were averaged [31].
general feature format (GFF) files (mm10, mouse; rn5, rat; oryCun2, rabbit;
hg19, human) were obtained from UCSC [32].

The small noncoding (snc) RNA-Seq data were annotated as follows: reads
,15 nt and .50 nt were discarded. The remaining reads were matched to
known sncRNAs, consisting of, when available for each species, mature
miRNAs (miRBase release 21), tRNAs (Genomic tRNA Database; mm10,
mouse; rn5, rat; oryCun2, rabbit; hg19, human), Piwi-interacting RNAs
(piRNAs) (piRNABank), rRNA (ENSEMBL, release 76), small nucleolar
RNAs (snoRNAs) (ENSEMBL, release 76), small nuclear RNAs (snRNAs)
(ENSEMBL, release 76), and mtRNA (ENSEMBL, release 76), using Sequery
(zero to two mismatches allowed) [30, 33–36]. Unmatched reads were matched
to mouse testis [37] and sperm endo-siRNA [5] with Sequery (zero mismatches
allowed). The remaining unmatched reads were aligned to the genome of each
respective species (human, hg19; mouse, mm10; rat, rn5; rabbit, oryCun2) via
Bowtie (settings -n 2 -k 3 -best -S -al -q) [38]. Aligned reads were matched to
the genomic coordinates of known mature miRNA, tRNA, rRNA, snRNA,

snoRNA, and mtRNA, when available for each species (same databases used
previously). Additional annotation of the rabbit sncRNA-Seq data was
performed because of the incomplete annotation of the rabbit sncRNA
transcriptome. Unmatched, aligned reads 18–25 nt in length were matched to
known rat, human, and mouse mature miRNA (miRBase release 21) via
Sequery (zero to two mismatches allowed) [33, 36]. Unmatched, aligned reads
26–32 nt in length were matched to known rat, human, and mouse piRNA
(piRNABank) via Sequery (zero to two mismatches allowed) [35, 36].
Remaining unmatched, aligned reads 26–32 nt in length were analyzed by
piRNA Predictor to detect novel rabbit piRNA [39]. The remaining unmatched,
aligned reads 26–32 nt in length were then matched to the novel rabbit piRNA
via Sequery (zero to two mismatches) [36]. Read counts were obtained by in-
house Python scripts. Reads were normalized as reads per 100 000 aligned
reads (RPK). Genes with fewer than 1 RPK were not included in the expression
tables of SpermBase; when a gene had greater than 1 RPK in one sample type
(e.g., total sperm), but not the other (e.g., sperm head), the expression of the
gene was included for both sample types. The sncRNA-Seq reads that initially
matched to tRNA genes were extracted and matched to the 50 and 30 halves of
the full length tRNA (split at the 30 end of the anticodon), via Sequery (zero to
two mismatches allowed) [36]. Reads �27 nt and �26 nt were named halves
and tRFs, respectively, and further classified as 50 halves, tRF-50s, 30 halves,
and tRF-30s based on whether the read aligned to the 50 or 30 half of the tRNA.

The conserved sperm miRNA gene targets were predicted using
RNAhybrid (settings -n 50 -m 50 000 -c -d xi,h -p 0.05 -e -20) and miRanda
(default settings; score �140 and energy �-20) against the 30 untranslated
region (UTR) of their respective species (ENSEMBL, release 76), discarding
predictions not made by both programs [30, 40–42]. Human miRNAs were
used to match against rabbit 30 UTR, because of the lack of confirmed mature
miRNA sequences for the conserved miRNA identified. The 50 half gene
targets were predicted using RNAhybrid (settings -n 50 -m 50 000 -c -d xi,h -p
0.01 -e -20) against the 50 UTR, coding DNA sequence (CDS), and 30 UTR
sequences of their respective species (ENSEMBL, release 76). The xi and h
values for each analysis were determined by RNAcalibrate (settings -n 50 -m
50 000 -s), using randomly selected mature miRNA (miRBase, release 21) and
known 50 half sequences (tRFDB, human and mouse) (Supplemental Table S1;
Supplemental Data are available online at www.biolreprod.org) [33, 40, 43].

Gene ontology (GO) term enrichment analysis was performed using the
g:Profiler suite [44, 45]. Input gene lists were ordered by the number of miRNA
or 50 halves that targeted each gene (highest to lowest), then by the average P
value (lowest to highest). The top 2000 and 4000 genes of the miRNA and 50

half ordered lists, respectively, were analyzed in g:GOST (settings: significant
only, ordered query, no sorting, or hierarchical sorting—moderate, functional
categories with 3–1000 terms only) [44, 45]. Word clouds were generated using
Genes2WordCloud (http://www.maayanlab.net/G2W/) using the biological
process (BP) terms found to be significantly enriched (P � 0.05) using the
above settings (no sorting), and the aforementioned ordered lists (miRNA and
50 half putative gene targets) or the total sperm coding genes (reads per kilobase
of transcript per million mapped reads [RPKM] � 3) found to be conserved
across species [46].

The significance of the number of observed matches between the predicted
conserved miRNA and 50 tRNA half gene targets and genes present in early
development (�5 fragments per kilobase of exons per million reads mapped)
was determined using a chi-square test. Early development gene expression was
obtained from the Database of Transcriptome in Mouse Early Embryos
(DBTMEE) [47]. The observed number of matches was compared to the
number of expected random matches, which was defined as the number of early
development genes for each stage multiplied by the percentage of all known
mouse coding genes that was targeted by the conserved miRNA or 50 tRNA
halves.

RESULTS

Complete Lysis of Sperm Nuclei is Key to Maximal Sperm
RNA Yields

Trizol, one of the most commonly used lysis solutions for
RNA isolation, was used in several sperm RNA profiling
studies [26, 27, 48–51]. However, Trizol is optimal for RNA
isolation from somatic cells, but does not work efficiently for
sperm RNA isolation, as revealed in our tests (Fig. 1A). After
incubation of the mouse sperm (at a concentration of 5000–
10 000 sperm/ll) at 378C for 20 min, the number of sperm
decreased by ;15%–20%. In contrast, mouse sperm in the
mirVana lysis buffer were almost completely dissolved after 20
min of incubation at room temperature (Fig. 1A). This was not
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surprising given that Trizol solution contains neither detergents
nor reducing agents, whereas the sperm chromatin is well
known for the enriched disulfide bonds, which can only be
broken down by both detergents (SDS or sodium lauryl sulfate
[SLS]) and reducing agents (e.g., dithiothreitol [DTT] or b-
mercaptoethanol). Given that a large number of sperm RNAs
are embedded inside sperm nuclei [4, 18, 19], it is critical to
lyse sperm heads completely so that sperm RNAs can be fully
released. To this end, we attempted to establish a ‘‘modular’’
RNA isolation protocol so that it is applicable to RNA isolation
from sperm of any species. We adopted the mirVana Total
RNA Isolation Kit because it uses a lysis buffer containing
both 0.5% N-lauroyl sarcosine (a detergent) and 0.1 M b-
mercaptoethanol (a reducing agent), which are required for the
complete lysis of the sperm heads. It should be noted that other
similar kits with both detergents and reducing agents in their
lysis solutions (e.g., the RNeasy Kit by Qiagen, as used
previously [18]) can be as efficacious as the mirVana Kit for
sperm RNA extraction. As outlined in Table 1, human and
rabbit sperm heads could be easily lysed by pipetting up and
down in the lysis buffer, whereas mouse sperm required
mechanical homogenization and rat sperm even needed heating
in addition to homogenization.

Electropherograms of the extracted sperm-borne RNAs
were used to assess sperm RNA quality (Fig. 1). A lack of
intact 18S and 28S rRNAs in sperm renders the traditional RIN
conventions inappropriate for assessing sperm RNA quality
[23, 52]. Instead of a RIN of ;10 being ideal for other cell
types, we observed that a RIN of ;3 is indicative of high-
quality sperm RNA, consistent with a previous report [53].
Lower RINs (,2) typically represent excessive RNA degra-
dation, whereas higher RINs (.4) may indicate somatic cell
RNA contamination. We also observed that, in addition to a

RIN of 2–4, sperm RNA electrophoretic profiles across species
are characterized by a large population of RNA ,200 nt in
length (Fig. 1), consistent with previous observation in mouse
[50], human [52], horse [26], bull [54], and domestic swine
[55].

Epididymal sperm collected from one adult male mouse
routinely yielded ;350–500 ng total RNA using our method
(Table 1), which is sufficient for RNA-Seq analyses of both
large and small RNAs. Similarly, a comparable amount of total
RNA was obtained from sperm collected from one adult male
rat, one ejaculate from one male rabbit, or a man (Table 1).
Consistent with previous reports showing sperm nuclei/heads
contain higher concentration of RNAs [4, 7, 18, 19, 56], our
data suggest that sperm heads contain ;60%–80% of all
sperm-borne RNAs, at least in mice and rabbits (Table 1).
Therefore, it is critical to completely lyse the sperm heads in
order to obtain the maximal RNA yields. This may also explain
why ;70–80 mice were used to obtain enough RNA for
constructing one library for RNA-Seq in an earlier study using
Trizol [50].

The numbers of small RNA sequencing reads in two
biological replicates of the mouse and human total sperm as
well as mouse sperm heads were analyzed, and excellent
correlations between replicates (R2¼ 0.88–0.98) demonstrated
a high degree of reproducibility of our sperm RNA isolation
method (Fig. 1C). By comparing our mouse total sperm small
RNA dataset with that of a previous report [50] where Trizol
was used for sperm RNA isolation, we found that the alignment
rate (i.e., percentage of sequencing reads aligned to the
genome) of our data is much greater than that of their data
(;30% of ours vs. ;13% of theirs) (Supplemental Fig. S1).
Moreover, 24 303 unique small RNAs were identified from our
dataset, whereas 18 915 were annotated from their dataset using

FIG. 1. Quality and reproducibility of the sperm RNA isolation procedure reported. A) Comparison of the capability of Trizol and the mirVana lysis buffer
to dissolve the mouse sperm heads. Bar¼ 10 lm. B) Representative electropherograms of total RNA isolated from mouse and rat epididymal sperm and
rabbit and human ejaculated sperm along with their respective RINs, as determined using an Agilent Bioanalyzer 2100. C) Scatter plots showing the
distribution of the number of normalized small RNA sequencing reads (log2 values) in two biological replicates of mouse and human total sperm and
mouse sperm heads. R2 values represent Pearson correlation coefficients.
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exactly the same annotation pipeline (Supplemental Fig. S1).
Although 13 318 small RNAs were common in both datasets,
our dataset yielded more unique small RNAs (10 985 vs. 5597)
compared to theirs (Supplemental Fig. S1). These data further
support that our sperm RNA isolation method can lead to better
sequencing results, which allows for identification of more
sperm-borne RNA species.

Sperm-Borne mRNAs

RNA-Seq was performed using total RNA isolated from
both sperm heads (for rabbit and mouse) and total sperm (for
rat, rabbit, mouse and human) to determine the expression of
coding genes. Previous investigations into the mRNA content
of mammalian sperm have found diverse populations of coding
genes within both mouse and human sperm [2, 57]. Similarly,
we observed several thousand coding genes present in the total
sperm and sperm head samples (Fig. 2, A and B). The sperm
coding transcriptome was previously shown to consist of many
fragmented mRNAs [2]. We investigated the transcript
integrity in each of our samples and found that the degree of
‘‘intactness’’ (i.e., the percentage of the mature transcript
represented by sequencing reads in the data) varied consider-
ably among the mRNA identified in our data (Supplemental
Table S2). Next, we assessed the degree to which sperm-borne
mRNAs are conserved across mammals. After removing any
genes with expression levels below 3 RPKM from consider-
ation, we identified 587 unique mRNAs present in the total
sperm of all four species (Fig. 2A and Supplemental Table
S3A). Using the same cutoff, we observed 3506 unique
mRNAs that were commonly expressed in the mouse and
rabbit sperm heads (Fig. 2B and Supplemental Table S3B). GO
term enrichment analyses were performed on the conserved

total sperm mRNAs identified (Fig. 2C and Supplemental
Table S4). ‘‘Morphogenesis’’ and other development-related
terms were the most prevalent amongst the significantly
enriched BP terms (Fig. 2C and Supplemental Table S4A).

Sperm-Borne Small RNAs

In addition to mRNAs, we sequenced sncRNA in human,
rat, rabbit, and mouse total sperm, as well as rabbit and mouse
sperm heads. Consistent with previous reports, we observed
diverse sncRNA populations in the sperm of each species
surveyed [3, 50, 51, 58]. The most abundant classes of
sncRNA in sperm were miRNA, tRNA-derived sncRNA
(tsRNA), piRNA, and mitochondrial genome-encoded small
RNA (mitosRNA) (Fig. 3 and Supplemental Table S5).
Interestingly, significant differences were observed in RNA
contents between total sperm and sperm heads (Fig. 3). The
tsRNAs were much more abundant in sperm heads than in total
sperm, suggesting that tsRNAs are mainly localized to the
sperm heads. Reduced proportions of mitosRNAs and miRNAs
in sperm heads suggest that these two types of small RNAs, in
addition to tsRNAs, are the major small RNA constituents in
other compartments of the total sperm. Similarly, in rabbit
sperm heads, tsRNAs were the predominant small RNA
species, followed by mitosRNAs and miRNAs; mitosRNAs
were much more abundant in the total sperm compared to
sperm heads, suggesting that mitosRNAs are mainly localized
to the nonhead regions of the total sperm. Considering their
consistent abundance in both total sperm and sperm heads, we
focused on four small RNA classes (piRNAs, mitosRNAs,
miRNAs, and tsRNAs) while investigating the sncRNA
conservation in mammalian sperm.

FIG. 3. Sperm small RNA contents. Pie charts showing the proportional
distribution of each of the eight sncRNA populations in total sperm (TS) or
sperm heads (SH) based on sncRNA datasets currently available in
SpermBase. The original data can be found in Supplemental Table S5.

FIG. 2. Sperm-borne mRNA fragments. A) Venn diagram showing the
number of sperm-borne mRNA fragments conserved among four
mammalian species (mouse, rat, rabbit, and human). B) Venn diagram
showing conserved mRNA fragments between rabbit and mouse sperm
heads. Only genes with common names were considered to be conserved
ones. C) Word cloud showing the BP terms significantly enriched (P �
0.05) among the conserved coding genes in total sperm of four species
(mouse, rat, rabbit, and human) analyzed in this study. The size of each
word is based on its frequency within the enriched BP terms, and the
original data can be found in Supplemental Table S4A (no filtering).
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piRNAs. Previous work has demonstrated that piRNAs are
highly expressed in male germ cells and play an essential role
during spermatogenesis [59]. However, little is known about
the purpose of their presence in mature sperm [1]. Unlike
miRNAs, piRNAs are poorly conserved in their sequences
across species [60]. Therefore, we investigated the general
features of the piRNA populations in each species. In
pachytene spermatocytes, there is a burst in piRNA expres-
sion—the piRNAs expressed in the meiotic phase of
spermatogenesis are called ‘‘pachytene piRNAs,’’ whereas
the piRNAs expressed in spermatogonia are referred to as the
‘‘prepachytene piRNAs’’ [59, 61]. Prepachytene piRNAs are
typically 26–28 nt in length and have a strong preference
towards uracil and adenine at their first and 10th nucleotide
positions, respectively. In contrast, pachytene piRNAs are
typically 30 nt in length and only possess a preference for
adenine at their first nucleotide [62]. Based on these
characteristics, we assessed whether the piRNAs found in total
sperm samples were prepachytene or pachytene in origin. The
majority of piRNAs in total sperm samples were 29–32 nt in
length across species (Supplemental Fig. S2A), and our
analyses of nucleotide preferences showed a strong bias
towards uracil for the first nucleotide (Supplemental Fig.
S2B) and only a slight preference towards adenine at the 10th
nucleotide (Supplemental Fig. S2C). These data suggest that
the majority of the rabbit, human, rat, and mouse sperm-borne
piRNAs are pachytene piRNAs.

Mitochondrial genome-encoded small RNAs. The ma-
jority of the sncRNA-Seq reads aligned to mitochondrial
genome were much shorter than their matching full-length
transcripts. Many of the sequences aligned to an mtRNA were
a consistent length, suggesting that they are not derived from
the degradation of intact transcripts, but rather are mitosRNAs
that were purposefully produced, as reported previously [63]
(Supplemental Figs. S3–S7). The lack of a consensus sequence
length for mitosRNAs has been observed previously [63]. We
also found that sperm-borne mitosRNAs varied in length
depending on the origin of their mitochondrial genes, and this
feature was conserved across all four species surveyed
(Supplemental Figs. S4–S7). The mitosRNAs ranked second
in terms of relative abundance among all four major sperm-
borne small RNA species, i.e., tsRNAs . mitosRNAs .
miRNAs . piRNAs (Fig. 3).

miRNAs. Several groups have previously investigated the
miRNA contents in sperm, for a variety of organisms such as
mouse [50, 64], human [2, 4], bull [58, 65–67], and pig [68].
Despite this cache of sperm miRNA expression information,
cross-species comparisons using these existing data would be,
as discussed previously, intrinsically unreliable because of
differences in methodology [20, 21, 23–27]. Using the
standardized miRNA expression data available in SpermBase,
we were able to identify 67 miRNAs that were present in the
total sperm samples of all four species (Fig. 4A and
Supplemental Table S6A). These miRNAs accounted for the
majority of all miRNA expression in every species surveyed
(Supplemental Table S6B). Many of the conserved miRNAs
were members of the same clusters (i.e., their genes were
within 10 kb of one another); for example, one of these clusters
contains the miR-34b/c family, which, along with miR-449a/b/
c, is known to be involved in the regulation of spermatogenesis
and male fertility in mice [10]. Three (miR-34c-3p, miR-19b-
3p, and miR-148b-3p) of the seven miRNAs that were, in
another study, found to be differentially expressed when
comparing bulls of moderate and high fertility were also
members of the 67 conserved miRNAs [65].

To assess whether the conservation of these miRNAs across
species held any functional significance, we predicted the gene
targets for all 67 miRNAs in silico using both RNAhybrid and
miRanda to compare the miRNAs to 30 UTR sequences,
discarding the gene target predictions not made by both programs
[40, 42]. The predicted gene targets of each conserved miRNA
can be found in Supplemental Table S7. Several of these
predicted targets, such as Dnmt3a, Ezh2, and Gata4, are known
for their important role in early development (Fig. 4B) [69–76].
Many miRNAs are functionally redundant, a phenomenon that is
commonly observed in single miRNA knockout mouse models,
the majority of which lack any aberrant phenotype [9, 77].
Because of this, we used genes that were targeted by at least 2 of
the 67 conserved miRNAs for our subsequent studies. In order to
gauge whether the putative functions of these miRNAs are
conserved, we performed a GO term enrichment analysis for
every species on the top 2000 redundantly targeted genes, ranked
by the number of matching conserved miRNAs, then by the
average P value of each predicted gene target. The results of the
GO term enrichment analysis are summarized in Supplemental
Table S8. Interestingly, ‘‘morphogenesis’’ and development-
related terms were the most prevalent terms for every species
surveyed (Fig. 4C and Supplemental Table S8). Likewise, of the
top 20 BP terms identified in our interspecies comparison, 6 were
related to development (Supplemental Table S8G). These data
suggest that these 67 miRNAs night have a regulatory role during
early development, and this role is conserved across mammalian
species.

To further assess whether the conserved sperm miRNAs are
active during early development, we compared the list of
redundantly targeted (i.e., targeted by at least two miRNAs)
murine genes to genes known to be expressed in the very early
stages of development (e.g., oocyte to four-cell). We found that
the numbers of predicted gene targets that matched to early
development genes were significantly higher than the expected
number of random matches (Table 2), supporting the putative
role of the 67 conserved sperm miRNAs as regulators of gene
expression during early development.

tRNA-derived sncRNAs. While annotating the sncRNA-
Seq data for SpermBase, we observed that tRNAs accounted
for more reads than any other sncRNAs, with the exception of
human total sperm, in which mitosRNAs were more abundant
(Fig. 3 and Supplemental Table S5). A closer look at these
tRNA-aligned reads revealed that the majority of them were
;30 nt, indicating that they actually represented tsRNAs and
not intact mature tRNA species (Supplemental Fig. S8). These
tsRNAs have previously been identified in a myriad of
organisms and cell types, including sperm, where they were
found to be highly abundant [51, 78]. Similar to piRNAs,
tsRNAs are divided into further subgroups based on their
length as well as their origins. The tsRNA species of 27 nt or
longer were classified as 50 or 30 tRNA halves depending on
whether they were derived from the 50 or 30 half of the mature
tRNA (split at the anticodon), whereas those 19–26 nt in length
were classified as tRF-50s or tRF-3 0s depending on their half
preference [79]. We found that 50 tRNA halves were the most
abundant tsRNAs in every species and sample type surveyed,
especially sperm heads, consistent with previous findings in
mouse sperm (Fig. 5A) [51]. The predominance of 50 halves in
sperm-borne small RNA populations, in addition to speculation
that they may play an important role in epigenetic inheritance,
led us to focus our attention on this particular class of tsRNAs
[16, 17, 51, 80–82].

To assess the similarity of the 50 tRNA halves between the
species on SpermBase, we sorted the total sperm 50 tRNA
halves by the amino acid of their precursor tRNAs. In every
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organism, tRNAGly species accounted for the most 50 tRNA

halves, followed by tRNAGlu, tRNAVal, tRNAMet, and tRNALys

(Fig. 5B). This finding is in agreement with previous studies on

murine sperm-borne 50 tRNA halves, which found that 50

tRNA halves from tRNAGly and tRNAGlu were the most

abundant tsRNAs in sperm [51]. The observation that the

majority of the 50 tRNA halves in each species surveyed are

derived from the same group of tRNAs also indicates that the

production and retention of these sncRNAs is conserved across

mammalian sperm, similar to miRNAs (Fig. 4A).

FIG. 4. Sperm-borne miRNAs. A) Venn diagram showing sperm miRNAs conserved among four mammalian species (mouse, rat, rabbit, and human). B)
Examples of critical early development genes predicted to be targeted by conserved sperm-borne miRNAs. C) Word cloud showing the BP terms
significantly enriched (P � 0.05) in the predicted targets of conserved sperm miRNAs among the four mammalian species analyzed in this study (mouse,
rat, rabbit, and human). The size of each word is based on its frequency within the enriched BP terms and the original data can be found in Supplemental
Table S8 (no filtering).

TABLE 2. Predicted targets of highly conserved sperm-borne miRNAs and 50 tRNA halves compared to early development genes.*

Stage
No. early development

genes (�5 FPKM)

miRNA target genes Target genes of 50 tRNA halves

No. expected
random matches

No. actual
matches

No. expected
random matches

No. actual
matches

Oocyte 7374 1681 1818 6164 6476
1-Cell 7111 1621 1779 5944 6240
2-Cell 7309 1666 1818 6110 6446
4-Cell 7273 1658 1804 6080 6401

* Statistical analyses were conducted using chi-square test; predicted targets for both the sperm-borne miRNAs and 50 tRNA halves significantly matched
early development genes, with P values of 1.6E�11 and 3.2E�14, respectively.
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FIG. 5. Sperm-borne tsRNAs. A) Pie charts showing the proportional distribution of each of the five tsRNA subclasses in total sperm (TS) and sperm heads
(SH) in the four mammalian species analyzed in this study. ‘‘Other’’ refers to tRNA-aligned reads that were not classified as tsRNAs. B) Histogram showing
the origin of sperm-borne 50 tRNA halves in the four mammalian species. The tRNA genes from which the 5 0 tRNA halves were derived were grouped by
amino acid (AA) and ranked. ‘‘Misc’’ refers to amino acids not shown on the table. C) Example of potential binding of the 50 UTR of H1foo mRNA by a 50

tRNA half. D) Scatter plots showing the relative number of targeting sites for the 50 tRNA halves in different regions of the target genes (50 UTR, CDS and 30
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Several studies have found that 50 tRNA halves may possess
the ability to act as posttranscriptional gene regulators, similar
to miRNAs [83–86]. In order to evaluate whether the 50 tRNA
halves that we found in the SpermBase data were capable of
complementary sequence-based gene regulation, we performed
unbiased gene target prediction analyses, matching the 50

halves against the 30 UTR, as well as the 50 UTR and CDS
sequences available for each species. Instead of using both
miRanda and RNAhybrid as we did for the conserved sperm
miRNAs, we used solely RNAhybrid. This is because
RNAhybrid accounts for the length of the target sequence,
ensuring that the longer 30 UTR and CDS sequences would not
receive a higher number of random matches than the 50 UTR
[40]. The predicted gene targets for each species are provided
in Supplemental Table S9. We observed that, on average, the 50

UTR (Fig. 5C) was targeted the most, compared to the 30 UTR
and CDS sequences, and that this was true for all four species
(Fig. 5D and Supplemental Table S9). The proportion of genes
that were targeted by more than one 50 tRNA half was also
consistently higher on average for the 50 UTR-based analyses
(;88% targeted by at least two 50 tRNA halves) when
compared to the CDS- and 30 UTR-based analyses (;68% and
;78%, respectively), suggesting that there were fewer random
target predictions when the 50 UTR sequences were analyzed.
Based on these findings, we utilized the 50 UTR-based putative
gene targets for our subsequent analyses.

From the 50 UTR-based gene target predictions, we selected
the top 4000 redundantly targeted genes, which were ranked
according to the number of 50 tRNA halves that targeted each
gene, then by the average P value for each prediction, to
perform a GO term enrichment analyses for each species. The
results are summarized in Supplemental Table S10. Terms
relevant to development and morphogenesis were common in
the results for every species, similar to what was observed for
the conserved sperm miRNAs (Figs. 4C and 5E and
Supplemental Tables S7G and S9G). Of the top 20 BP terms
for the 5 0 tRNA halves, three were directly related to
development (Supplemental Table S10G). Interestingly, the
50 tRNA halves BP term ranked second on Supplemental Table
S10G was ‘‘WNT signaling pathway,’’ a pathway vital for
proper early embryonic development across the animal
kingdom [87]. Additionally, ‘‘catabolic’’ and ‘‘metabolic’’
were prevalent in the enriched terms (Fig. 5E). This is not
surprising, as sperm-borne 50 tRNA halves have previously
been linked to altered expression of metabolic genes in the
early embryo [16]. Overall, it seems that, like the conserved
sperm miRNAs, sperm-borne 50 tRNA halves might also play a
role in regulating gene expression during early development.
To investigate this further, we compared the redundantly
targeted murine genes (i.e., targeted by at least two 50 tRNA
halves) identified in the 50 UTR-based analyses to genes
known to be expressed throughout early development. As also
seen with the putative miRNA targets, the number of predicted
targets for 5 0 tRNA halves that matched these early
development genes was significantly higher than the number
of anticipated random matches, providing additional evidence
that 5 0 tRNA halves may play a functional role after
fertilization (Table 2). The 50 tRNA halves were predicted to
target a much larger percentage of the early development genes

(;88%) relative to the miRNAs (;25%) (Table 2). This
observation is consistent with another recent study, which
determined that sperm-borne 50 tRNA halves targeted ;80% of
the eight-cell embryo transcriptome [16].

SpermBase Is Easy to Use and Will Be Expanded to Cover
More Species

To share sperm RNA profiling data, we established
SpermBase, a publicly accessible database, which can be
found at www.spermbase.org. The website is separated into
five main pages: Home, Search, Method, Species, and FAQ &
Contact. The homepage (Supplemental Fig. S9) provides an
introduction to the database itself, touching on the topics
discussed above in the introduction of this article. Links can be
found throughout the introduction to other parts of the
SpermBase website.

At the Search page, users can search SpermBase for
expression data for their gene(s) of interest. Each RNA that
was found in our data is categorized by its original or, if it was
identified by the authors, its given name (‘‘Gene’’). As
discussed below, the reads aligned to tRNA genes were
classified as different subclasses (e.g., 50 tRNA halves, tRF-5)
of tsRNAs. The naming convention for these tsRNAs was to
add the subclass of tsRNAs after the original tRNA name, e.g.,
the 5 0 halves of ‘‘trna1000-PheGAA’’ would be named
‘‘trna1000-PheGAA-5halves.’’ Each RNA is also organized
by the species it was identified in (‘‘Species’’), the ‘‘Sample’’
type (i.e., total sperm or sperm head), the class of large or small
RNA, e.g., mRNA, piRNA (‘‘Class’’), and its expression
(‘‘Expression’’). The expression values shown in SpermBase
are the normalized read counts, given as RPK for sncRNA
genes and RPKM for mRNAs. The sequences (50 ! 30) of the
tsRNAs and novel rabbit piRNAs we identified in this study
are also provided under the ‘‘Sequence’’ column.

The Method page describes the methodology (discussed
previously) used for sperm RNA isolation followed RNA-Seq
analyses for building SpermBase. As SpermBase expands to
include additional species, we will update this page with the
lysis stage parameters used for the new species. Users who
employ our modular RNA isolation protocol on sperm from
animals not described in SpermBase are encouraged to send us
information on the lysis parameters that they found to be most
optimal for that species.

On the Species page, a list of each species currently
available on SpermBase is provided, along with planned future
additions to SpermBase. Users can obtain the expression data
for each individual species on the Download page; these data
are available in multiple formats (.txt, .csv, and Excel .xls). The
files can be downloaded by either left clicking the file or right
clicking to ‘‘Save link as. . .’’ if the user wishes to rename the
file prior to downloading.

The FAQ & Contact page provides answers to frequently
asked questions related to SpermBase and detailed contact
information. Users who have questions not addressed in the
FAQ are encouraged to email SpermBase. Troubleshooting
queries and comments about the design and functionality of
SpermBase are also welcome.

3

UTR). For each species, the number of predicted gene targets for each 50 tRNA half when matched against 50 UTR, CDS, and 30 UTR sequences was
normalized to the number of 30 UTR-based gene targets observed. E) Word cloud showing the BP terms significantly enriched (P � 0.05) in the predicted
targets of conserved sperm-borne 50 tRNA halves among the four mammalian species analyzed in this study (mouse, rat, rabbit, and human). The size of
each word is based on its frequency within the enriched BP terms and the original data can be found in Supplemental Table S10 (no filtering).
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DISCUSSION

Currently, SpermBase contains sperm RNA-Seq data of four
mammalian species (human, mouse, rat, and rabbit). To ensure
the comparability of multispecies sperm RNA data in
SpermBase, we conducted RNA-Seq on sperm RNA samples
isolated using our standard sperm RNA isolation protocol. The
key to high yield of high-quality sperm RNAs is to dissolve the
sperm heads completely, which requires reducing agents,
mechanical disruptions, and increased temperature during lysis,
depending on the extent to which the sperm chromatins are
compacted. In general, the more compact the sperm heads are,
the more vigorous treatment is needed in the lysis step. In our
protocol, the rat sperm requires longer homogenization (90 sec)
plus heating (658C for 5 min) for a complete lysis of the sperm
chromatin, whereas human and rabbit sperm only need up and
down pipetting. Interestingly, rat sperm appear to be much
more compact than human and rabbit sperm.

Another interesting observation is the difference in RNA
contents between total sperm and sperm heads. The fact that
RNAs in sperm heads account for 60%–80% of the total
sperm-borne RNA contents suggests that numerous RNAs are
localized to the sperm nucleus and may be associated with
sperm chromatin, as suggested in previous reports [51].
Because of the considerable difference in RNA contents
between sperm heads and total sperm, it is critical to verify that
all sperm heads are completely lysed through microscopic
observation after the lysis step. It is our hope that, in addition to
using the data on SpermBase, other groups will utilize our
RNA extraction method and quality control metric (i.e., RIN of
2–4 as an indicator of ideal sperm RNA quality) for their own
sperm RNA profiling studies. Although we are confident in the
efficacy of our method, we do caution other groups to make
sure that they initially test and, if necessary, optimize the lysis
step for their own samples, to ensure the complete lysis of the
entire sperm cells. In the future, we hope to develop an RNA
extraction method that can be applied to sperm from any
species, without making any alterations to the protocol. Other
future improvements to SpermBase will include the addition of
more sperm head fraction data, as well as the inclusion of other
species, expanding the utility of SpermBase for the scientific
community. Currently, we are working on adding large and
small RNA expression data for the sperm of zebrafish, horse,
monkey, and bull.

Using SpermBase data, we investigated the conserved
general features of mammalian sperm mRNA and small RNA
populations. We limited our analyses of the conservation of
sperm-borne small RNAs to four classes, piRNAs, mitosRNAs,
miRNAs, and tsRNAs, because they represent the most
abundant small RNA species in both total sperm and sperm
heads. The piRNA populations in the total sperm of all four
mammals appeared to be pachytene in origin. As the sequences
of individual piRNAs are poorly conserved across species, it is
difficult at this time to say whether the piRNA present in sperm
serve some biological purpose or are just the random remnants
of the pachytene piRNA expression burst [59]. In every species
(with the exception of human), mitosRNAs appear to be the
second most abundant small RNA species in both total sperm
and sperm heads; however, their physiological role remains
unknown. A total of 67 conserved miRNAs account for the
majority of all miRNAs expressed in each of the four species
examined. The highly conserved sperm-borne miRNAs may
suggest a potential role in fertilization and early development.

Our analyses indicate that tsRNAs are the most abundant
sperm small RNAs in every species (with the exception of
human), with 50 tRNA halves as the most dominant subclass,

consistent with a previous report [51]. In every species
surveyed, the bulk of these 50 tRNA halves originated from

the same precursor mature tRNAs, namely tRNAGly, tRNAGlu,
tRNAVal, tRNAMet, and tRNALys. Unlike miRNAs, which
preferentially bind to the 30 UTR of their target genes [88],
sperm-borne 50 tRNA halves preferentially target the 50 UTR.
Interestingly, the genes that are targeted by these 50 tRNA
halves are mostly related to early development, suggesting the
sperm-borne tsRNAs may also have a role in regulating early
development. Previous studies have demonstrated that 50 tRNA
halves have the potential to act as posttranscriptional regulators
by binding to the 50 UTR in a reverse complementary manner
in cell lines [83–86]. In another study, 50 tRNA halves
inhibited translation via the displacement of eIF4G/eIF4A from
the 50 ends of mRNA [84]. In a recent report, Chen et al.
determined that putative 50 tRNA half target sites in the CDS
were less frequent than the number observed in promoter
regions (i.e., 2 kb upstream of the transcriptional start site)
[16]. The data housed at SpermBase will undoubtedly be a
boon to future investigations into the mechanism behind the
proposed regulatory functions of sperm-borne 50 halves.

Sperm-borne RNAs have been implicated as potential
mediators of epigenetic inheritance [11–17, 89]. Of particular
interest are the sperm-borne tsRNAs, as a methyltransferase
involved with tsRNA production, Dnmt2, was found to be
necessary for the transmission of two epigenetically inherited
phenotypes [81]. Although the effects of Dnmt2 deficiency on
the tsRNA populations in sperm have yet to be determined, in
other cell types, the production of 50 half species was found to
increase in the absence of Dnmt2 [90]. It is therefore possible
that changes in sperm-borne 50 half levels can have an effect on
the early embryo; this is in agreement with the results of our
analyses of the predicted gene targets of the 50 tRNA halves,
suggesting that 50 tRNA halves interact with genes related to
development. Recently, in three separate epigenetic inheritance
models, expression of sperm-borne 50 tRNA halves was
observed to be affected by an altered diet (i.e., high fat or
low protein) or vinclozolin (a common agricultural fungicide)
exposure [16, 17, 82]. Future investigations into other
examples of epigenetic inheritance could potentially benefit
from the tsRNA expression data and consensus sequences
housed in SpermBase.

Since their discovery, research on sperm-borne RNAs has
revealed that they are not simply the remnants of spermato-
genesis—to the contrary, the likelihood that sperm RNAs play
a functional role in many different contexts (e.g., posttran-
scriptional regulation during early development and epigenetic
inheritance) has only increased in recent years. The difficulties
associated with sperm RNA isolation and sperm RNA contents
in various species have no doubt slowed the advance of efforts
to elucidate additional functions and to assess the conservation
of these RNAs across evolution. These issues will be
alleviated, at least partially, by SpermBase, which provides
public expression data as well as a simple and effective RNA
extraction methodology, thereby making the study of sperm-
borne RNA more accessible to other labs. We hope that, with
this contribution, we will see an acceleration of our
understanding of the physiological roles of sperm-borne RNAs.
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