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Small RNA in sperm–Paternal contributions
to human embryo development

Signe Isacson 1, Kajsa Karlsson 1,2, Stefan Zalavary 2, Anna Asratian 1,
Unn Kugelberg1, Susanne Liffner2 & Anita Öst 1

Spermnot only delivers the paternal genome to the oocyte but also regulatory
small RNA (sRNA). However, the role of sRNA in fertilisation and human
embryo development remains poorly understood. Here, couples undergoing
IVF are recruited, and sperm sRNA analysed to investigate their role in IVF
treatment. Differential expression of mitochondrial sRNA and Y-RNA are
observed in relation to spermconcentration. For fertilisation rate, sRNA froma
single locus are significantly changed. Expression of microRNA (miRNA) and
ribosomal sRNA correlates positively and negatively, respectively, to high-
quality embryos. Notably, the top miRNA have an area under ROC of >0.8.
Predicted targets of these miRNA are relevant for development, suggesting a
role for sperm-borne miRNA in embryo development. In conclusion, sperm-
borne sRNA are biomarkers for sperm concentration and embryo quality in
IVF. These findings may contribute to clinical strategies improving embryo
quality, lowering costs and reducing the need for additional treatment cycles.

Infertility is increasing globally, affecting one in six couples of repro-
ductive age1. To address this issue, researchers have developed assis-
ted reproductive technologies, such as In Vitro Fertilisation (IVF),
resulting in about 12 million babies being born2. Despite being well-
established, IVF is only successful in ~30% of cases3. Onemajor limiting
factor in modern IVF treatments is embryo development. IVF clinics
often aim to have 30% of fertilised oocytes develop into high-quality
embryos, although this success rate is not reached consistently4.
Often, couples need several rounds of treatments to receive a baby5. In
this context, the potential formale contributing factors to increase IVF
success has remained unexplored.

Accumulating evidence suggests that the sperm delivers not only
geneticmaterial but also small RNA (sRNA) to the oocyte. By definition,
sRNA are short RNAmolecules ranging from tens to a few hundreds of
nucleotides. sRNA include microRNA (miRNA), originally discovered
for their regulatory role in embryogenesis, as well as tRNA-derived
fragments (tsRNA), ribosomal RNA-derived fragments (rsRNA),
mitochondrial-derivedRNA (mitosRNA), Piwi-interactingRNA (piRNA),
and fragments from ribonucleoprotein associated RNA (ribonucleo-
protein associated sRNA) such as Y-RNA and small nucleolar RNA6.

Here, we show that by analysing sRNA in sperm samples retrieved
during ongoing IVF treatment, we find subpopulations of sRNA to be
biomarkers for sperm concentration, fertilisation rate, and embryo
quality. Our work highlights the paternal role in IVF success and
establishes a foundation for a new era in reproductive medicine.

Results
Characteristics of the population studied
Couples undergoing IVF were recruited between the 18 November
2022 and 8 June 2023 at the Centre of Reproductive Medicine at Uni-
versity Hospital in Linköping, Sweden. Of the 84 couples assessed for
eligibility, 72 were recruited and pseudonymized. One couple had an
inadequate sperm count for sRNA sequencing and was excluded after
sample collection. Two couples did not retrieve any oocytes and were
excluded from further analysis. One couple provided two samples
because they underwent two IVF treatments; both samples were
included. Thus, 70 treatments from 69 couples were studied, with
sperm samples sequenced from each of these treatments (Fig. 1). The
median age of themenwas 34 years, and theirmedian BMI was 27. The
medianageof thewomenwas 33, and theirmedianBMIwas25.Median
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sperm concentration and progressive motility were 28 million sperm/
mL and 50%, respectively (Table 1).

Sperm-borne sRNA is differentially expressed in IVF sperm
samples
To investigate whether there are molecular markers capable of pre-
dicting IVF outcome, leftover sperm was collected and sequenced. In
total, 70 samples from 69 couples were sequenced for sRNA. Analysis
of this data confirms previous findings that sperm contains a large and
diverse repertoire of sRNA7,8 (Supplementary Data 1, and Supplemen-
tary Fig. 1).

Weperformeddifferential expression analysis on sequenced sRNA
and identified sRNAdifferingby spermconcentration, fertility rate, and
rate of high-quality embryos. Specifically, differential expression ana-
lysis comparing samples with high ( >16 million sperm/mL) and low
( ≤16 million sperm/mL) sperm concentration (Supplementary Data 2)
identified 563 (1.89%) significantly upregulated sRNA in samples of high
concentration (Fig. 2a, Supplementary Data 3). Conversely, 640 (2.15%)
sRNA were significantly downregulated. Of the identified upregulated
sRNA, 72% were mitosRNA; of the downregulated sRNA, 48% were
ribonucleoprotein associated sRNA (Fig. 2a). As sperm concentration
and motility are used to determine sperm quality, we performed dif-
ferential expression analysis of these two parameters. We identified a
great overlap between significant sRNA in sperm concentration and
sperm motility ( ≥5 million progressively motile sperm as high and <5
million sperm as lowmotility), where 48%of all differentially expressed

sRNA were identical between the two parameters (Supplementary
Fig. 2a–c).

Next, comparing sRNA from sperm associated with high ( ≥70%)
and low ( <70%) fertilisation rates (Supplementary Data 4), we identi-
fied 34 sequences (0.11%) to be downregulated in samples of high
fertilisation rate (Fig. 2b, and Supplementary Data 5). Of these, 39%
were piRNA, 34% unannotated, and 27% tsRNA (Fig. 2b). We found that
no sRNA were significantly associated with high fertilisation rate.
Lastly, when comparing sperm producing high ( ≥20%) respectively
low ( <20%) rates of high-quality embryos (Supplementary Data 6),
60 sRNA (0.20%) were upregulated and 104 sRNA (0.35%) were
downregulated (Fig. 2c; andSupplementaryData 7).Upregulated sRNA
consisted of 66% miRNA, and downregulated sRNA consisted of 73%
rsRNA (Fig. 2c). Thus, differential expression analysis of sperm-borne
sRNA identified unique RNA profiles associated with sperm con-
centration, fertilisation, and embryo quality.

MitosRNA and Y-RNA are important for sperm concentration
and motility
Next, we investigated sRNA differentially expressed in sperm con-
centration. Therefore, we mapped differentially expressed sRNA to
their genes of origin and will hereafter name sRNA according to their
annotation. Since the most prominent sRNA biotype upregulated in
sperm concentration originated from the mitochondrial genome
(Fig. 2a), we investigated these mitosRNA further. All upregulated
mitosRNA originated frommitochondrial tRNA genes (Supplementary

84 Couples were assessed for 
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72 Couples were recruited 
and underwent IVF
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participate
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inclusion criteria
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sperm count for further 
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72 Sperm samples were 
collected for sRNA-
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IVF treatments and 
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Fig. 1 | Study flow chart. IVF In vitro fertilisation. sRNA small RNA.
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Fig. 3). Of these genes, the threemost significant wereMT-TQ-Glu,MT-
TH-His, and MT-TS1-Ser1 (Fig. 3a); MT-TS1-Ser1 was the most sig-
nificant. Further examination with linear regression of sperm con-
centration to levels of sRNAmapping toMT-TS1-Ser1 showed apositive
significant correlation (R2 = 0.208, P ≤0.0001) (Fig. 3b). Additionally,
the potential of MT-TS1-Ser1 to differentiate a low or high sperm
concentration was assessed by performing a receiver operating char-
acteristic (ROC) analysis, where the area under curve (AUC) was
0.891 (Fig. 3c).

In contrast, downregulated sRNA was mostly ribonucleoprotein
associated sRNA (Supplementary Fig. 3b). The top three most sig-
nificant all mapped to Y-RNA (Fig. 3d). Of these, sRNA mapping to
RNY4 was the most significantly changed. Linear regression of sperm
concentration and sRNA mapping to RNY4 showed a significant
negative correlation (R2 = 0.238, P ≤0.0001, Fig. 3e). The AUC was
0.845 in this ROC analysis (Fig. 3f). Thus, we identified mitosRNA and
ribonucleoprotein associated sRNA from Y-RNA as biomarkers that
differentiate between sperm samples with high or low sperm
concentrations.

Sperm’s ability to fertilise oocytes relate to sRNA from a
specific locus
We identified 34 sequences of sperm-borne sRNA to be associated
with low fertilisation rate (Fig. 2b, Supplementary Data 5). A closer
analysis of these sequences revealed that they all originate from the
same genomic region (Fig. 4a). Sequences from this region can be
annotated as both tRNA and piRNA depending on database. It is
therefore not possible to precisely classify the differentially expres-
sed sequences found here. Comparing the sum of normalised
sequences in samples with high or low fertilisation rate did not show
a statistically significant difference (Fig. 4b, c). In addition, ROC
analysis showed an AUC of 0.5817 (Fig. 4d). In all, our data suggests
that sequences from this specified region may be relevant for the
sperm’s capability of fertilisation, but more data would be needed to
strengthen this finding.

Embryo quality is affected by sperm-borne miRNA
Concerning the rate of high-quality embryos, miRNA was the most
prominent biotype of upregulated sRNA. Specifically, 16 miRNA were
found (Supplementary Fig. 4a); the three most statistically significant
were hsa-let-7g, hsa-miR-30d, and hsa-miR-320b/a (Fig. 5a, and Sup-
plementaryData 8). GeneOntology (GO) termanalysis of thepredicted
targets for these threemiRNAs showed several biological processes to
be involved. Interestingly, nine of the top GO terms were related to
embryogenesis, development, or cell proliferation (Supplementary
Fig. 5; Supplementary Data 9). This finding suggests that these miRNA
play important roles in developmental processes. Further investiga-
tion of the miRNA revealed that hsa-let-7g had the lowest P value
(P = 0.000000005.4, Fig. 5a), making it an interesting candidate for
further investigation. Comparing hsa-let-7g expression against the rate
of high-quality embryos showed no significant regression (R2 = 0.001,
p =0.79, Fig. 5b). However, exclusionof one samplewith an expression
12 times above mean, resulted in a significant regression (Supple-
mentary Fig. 4c).Moreover, anAUCof 0.812 for the ROCcurve (Fig. 5c)
supports the notion that hsa-let-7g affects embryo quality outcomes.
Additionally, we studied linear regression and ROC analysis for hsa-
miR-30d (Supplementary Fig. 4d) to address the sensitivity of miRNA
for embryo quality. Regression was significantly positive (R2 = 0.065,
p =0.04), and AUC was 0.712, suggesting that these miRNA are robust
biomarkers of the ability of the sperm to produce high-quality
embryos.

Additionally, downregulated sRNA were identified as mostly
rsRNA. RsRNA originating from ribosomal genes 28S, 5S, 5.8S, and 12S
were associated with sperm giving rise to low rates of high-quality
embryos (Fig. 5d; and Supplementary Fig. 4b). Of these, rsRNA from
the 28S gene were the most significantly changed between the high
and low rate of high-quality embryos. Linear regression against sRNA
mapping to 28S rRNA and rate of high-quality embryos showed a sig-
nificant negative correlation (R2 = 0.084, P = 0.02), and AUC was 0.79
(Fig. 5e, f). We found that miRNAs and sRNA from 28S were sperm-
borne biomarkers that predict embryo quality in IVF treatment.

Table 1 | Demographic and clinical characteristics of the couples

N Median Minimum Maximum

Age male (years) 69 34 25 50

Age female (years) 69 33 26 39

BMI male (kg m²) 69 26.5 18.4 48.4

BMI female (kg m²) 69 24.6 18 33.9

Sperm concentration before gradient (million/mL) 70 27.8 4 100

Sperm concentration progressively motile sperm before gradient (million/mL) 70 15 2 50

Progressively motile sperm before gradient (%) 70 50 21 84

Motile sperm before gradient (%) 70 55 26 84

Progressively motile sperm after gradient (million) 70 10.5 0.5 60

Progressively motile sperm after gradient (million/mL) 70 10.5 1 60

Oocytes (n) 70 8 1 19

Total dose hormone (IU) 69 2050 875 5363

FSH:oocyte ratio 69 275 75 5363

Fertilised oocytes (n) 70 4.5 0 15

Fertilisation rate (%) 70 67 0 100

High-quality embryos (n) 65 1 0 6

Rate of high-quality embryos (%) 65 33 0 100

Live birth (n) 28

Gestational age (days) 28 277 245 292

Birthweight (grams) 28 3430 2770 4420

Note.BMIbodymass index.Gradient is referring to the PureSpermGradient for in vitro fertilisation spermpreparation (see “Methodssection”). IU international units. FSH follicle-stimulating hormone.
FSH:oocyte ratio = Total dose hormone (IU) / n oocytes. Fertilisation rate = n fertilised oocytes/n oocytes retrieved*100.High-quality embryos are defined in the “Method section”. Rate of high-quality
embryos = n high-quality embryos/ n fertilised oocytes*100. The couple with two treatments only contributes once to age and BMI. One female received hormonal treatment dosed in micrograms
and not IU, therefore she is excluded from the parameters Total dose hormone (IU) and FSH:oocyte ratio.
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Chance of live birth and size for gestational age may be influ-
enced by sperm sRNA
From the 65 treatments with successful fertilisation, 28 children were
born (Fig. 1). To investigate whether there are molecular markers
capable of predicting live birth, gestational age, and size for gesta-
tional age, we performed differential expression of sperm sRNA and
these parameters (Supplementary Fig. 6a–c, and Supplementary
Data 10). We identified a few sRNA to be upregulated in sperm asso-
ciated with live birth (Supplementary Fig. 6a). These sequences origi-
nated from the snRNA U6 (Supplementary Fig. 6d). Regarding
gestational age, there was no association with sperm-borne sRNA
(Supplementary Fig. 6b). Next, looking at size for gestational age, we
identified a subset of tsRNA (Supplementary Fig. 6c). These sequences
mapped to four tRNA, Arg-CCT-3−1, iMet-CAT−1−1, Glu-TTC−14−1 and
Lys-CTT-2−1 (Supplementary Fig. 6e–h, left panels). Sequences align-
ing to the same tRNAwas summed and plotted as a function of size for
gestational age. Three of these tRNA showed a negative correlation to
size for gestational age (R2 between 0.05811 and 0.1879), suggesting
that these sequences relate to foetal growth (Supplementary Fig. 6e–h,
middle panels). When grouping the samples in sperm giving rise to
babies small for gestational age (SGA), average for gestational age
(AGA), large for gestational age (LGA) and performing a non-
parametric Kruskal-Wallis, there was no significant difference
between the groups (Supplementary Fig. 6e–h, right panels). While the
negative correlation between tsRNA and size for gestational age is an
interesting observation, the few data points in SGA (n = 2) and LGA
(n = 5), indicate that more data is needed to support this observation.

Discussion
Weprovide evidence that sperm-borne sRNAarebiomarkers for sperm
quality, fertility rate, as well as embryo quality in an IVF setting. Our
data reveal specific subpopulations that are relevant throughout IVF
treatment. These findings provide intriguing new insights into the
contributions of sperm in embryo development.

We identifiedmitosRNA to bemarkers of spermquality in couples
undergoing IVF (Fig. 3a; and Supplementary Fig. 3). In a previous study,
we found that sperm-borne mitosRNA is affected by a short-term diet
intervention7 and directly related to human spermquality9. Thus, there
is accumulating evidence that mitosRNA are markers for high sperm
concentration and motility. A recent investigation has shown that
sperm-borne mitosRNA in mice, as in humans, are sensitive to a short-
term diet intervention, suggesting that there are evolutionary con-
served mechanisms in nutrient sensing capabilities10. Moreover, these
sperm-borne mitosRNA appear capable of programming the metabo-
lism in the developing embryo, suggesting that even though the
mitochondrial genome is exclusively inherited from the mother, the
father transmits mitochondrial regulation via the sperm. Further pro-
spective studies, such as IVF cohorts, are needed to investigate whe-
ther a similarmechanism is involved in humans.Notably,we found that
high levels of mitosRNA correlate with sperm concentration but not
with fertilisation rate and embryo quality. This finding suggests that in
an IVF setting sperm-bornemitosRNAarenot important for embryonic
development or fertilisation. However, sperm-borne mitosRNA may
have functional relevance in in vivo fertilisation, where progressive
motility in sperm is required to fertilise the egg.
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Fig. 2 | Differential expression analysis of sRNA in sperm concentration, ferti-
lisation rate and rate of high-quality embryos. a Comparison of high and low
sperm concentration (>/≤16 million sperm/mL). Pie charts represent up and down-
regulated sequences respectively, where the percentage of normalised sequences per
biotype is shown. bComparison of high and low fertilisation rate (≥/< 70%). Pie charts
represent up and downregulated sequences respectively, where the percentage of
normalised sequences per biotype is shown. c Comparison of high and low rate of
high-quality embryos (≥/< 20%). Pie charts represent up and downregulated sequen-
ces respectively, where thepercentageof normalised sequences per biotype is shown.
Pink=long noncoding RNA (lncRNA), orange=mitochondrial small RNA (mitosRNA),

yellow = piwi-interacting RNA (piRNA), brown= ribosomal RNA derived fragments
(rsRNA), blue=transfer RNAderived fragments (tsRNA), red=microRNA (miRNA), light
beige=unannotated, green=ribonucleoprotein associated sRNA. Cpm=counts per
million. Ribonucleoproteins include SRPs, vault-RNA, snRNA, snoRNA, scaRNA and
Y-RNA. Upregulated are sequences with an adjusted P value of <0.1 and a log2 fold
change above 1, whereas downregulated are sequences with an adjusted P value of
<0.1 anda log2 fold changebelow -1. AdjustedP values and log2 fold changes shown in
a, b and c were all produced by differential expression analysis with DESeq2 as
described in the “Methods section”. Up and downregulated RNA are marked blue in
volcano plots.
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Examining the role of sperm-borne sRNA in embryo development,
we found 16 miRNA to be relevant (Supplementary Data 7, 8, and Sup-
plementary Fig. 4). GO term analysis of predicted targets from the top
three miRNA suggests a role for these miRNA in embryogenesis, devel-
opment, and cell proliferation (Supplementary Fig. 5, Supplementary
Data 9). Previous studies have reported that several sperm-bornemiRNA
are important for male reproductive health11–16, embryo quality17,18, as
well as likelihood of live birth19. In a recent meta-analysis, Joshi et al.20

concluded that threemiRNA are relevant biomarkers formale infertility.
Here, we foundoneof these tobe a predictor of low rates of high-quality
embryos, supporting the relevance of this miRNA for embryo quality
(Supplementary Data 11). Similarly, Hamilton et al.21 found sperm-borne
miRNA to be related to the rate of blastocyst formation. Of these, we
identified miR-200b and let-7a to be associated with low sperm con-
centration and miR-200b to be associated with low fertility rates.

Of the 16miRNA identified in this study, three aremembers of the
let-7 family (Supplementary Data 8). This miRNA family is well-
established as a conserved family that is crucial for diverse aspects of
embryogenesis. Previous work suggests that let-7 regulates embryonic
and postnatal growth in mice via the insulin-PI3K-mTOR pathway22.
Huang et al.23 found that rodent sperm-borne let-7 dictates the meta-
bolic phenotype in offspring. Furthermore, they found thatweight loss
in humans reduces levels of let-7d/e in sperm. Thus, our results com-
bined with mentioned findings support a functional role for sperm-
borne miRNA. From our data, however, we cannot infer whether the

level of miRNA in human sperm is causal to embryo quality or is a
consequence of other processes in sperm. In mice, it is clear that
sperm-borne miRNA are pivotal for preimplantation embryonic
development24. In humans, however, functional validation studies
would be required to provide further evidence. It is evident that sperm
miRNA, such as let-7g and mir-30d, are promising biomarkers that
could predict whether a sperm sample will result in high-quality
embryos in IVF treatment (Fig. 5a, c, and Supplementary Fig. 4c, d).
Notably, the let-7 family holds prognostic value in other contexts. In
terms of fertility, let-7c is important for blastocyst formation25, preg-
nancy loss26, and azoospermia27 and let-7i is relevant for PCOS28, IVF
success rate29, endometriosis30, and male subfertility31. Lastly, let-7g
has been associated with ovarian response to hormonal stimuli29 and
foetal alcohol spectrum disorders32.

In addition to mitosRNA and miRNA, we identified several other
relevant subtypes of sRNA for IVF. We found that sRNA originating
from Y-RNA – particularly RNY1, RNY3, and RNY4—are associated
with low-quality sperm. While sRNA from Y-RNA has previously been
reported to be present in human sperm33, we found that sRNA from
Y-RNA is also relevant for male reproductive health. Full-length Y-
RNA are components of the Ro60 ribonucleoprotein particle,
involved in DNA replication and RNA quality control34. In addition,
our analysis supports the relevance of sperm-borne rsRNA for
embryo quality, where specific sequences of 28S rRNA exhibit a
lower expression in sperm samples producing high-quality embryos
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coloured area represents 95% confidence interval.
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(Fig. 5d, f). In mice, sperm-borne rsRNA have been found to share
biogenesis pathways with tsRNA via Dnmt235 as well as being
phthalate-sensitive36, but so far their roles in fertility have not been
evaluated. Regarding fertilisation rate, we find sequences of piRNAor
tsRNA originating from the same locus to be differentially expressed,
suggesting a potential intriguing role for this locus in male fertility.
We also find other sperm-borne tsRNA, namely from Arg-CCT-3−1,
iMet-CAT-1-1, Glu-TTC-14-1 and Lys-CTT-2-1 to have a trend of nega-
tive correlation with size for gestational age. In mouse, sperm-borne
tsRNA has been related to offspring body weight37. However, in a
human setting, these findings need to be further explored in larger
cohorts since foetal growth as well as fertilisation is heavily depen-
dent on female factors before and after conception. Nonetheless,
Oluwayiose et al.38 identified two sperm-borne piRNAs to be relevant
for the chance of live birth. Additionally, Chen et al. and Hua. et al.
also showed sperm-borne tsRNA to be relevant for early embryo
cleavage events and blastocyst formation39,40, highlighting that both
piRNA and tsRNA are highly relevant and interesting in the case of
human reproduction.

One limitation in our analysis is the difficulty of examining the
isolated effects of sperm sRNA on clinical outcome. Specifically, in
analyses concerning rate of high-quality embryos, female factors

influence the outcome. Additionally, within the studied population,
positive correlations exist between females andmales in both age and
BMI. However, despite the female influence, we are still able to
associate sperm-borne sRNA with embryonic quality, supporting their
robustness in this system.

As embryo quality is one of the major limiting factors of modern
IVF success, finding sperm-borne biomarkers capable of predicting
embryo quality holds great potential. Couples often undergo several
demanding IVF treatments before a successful pregnancy. Addition-
ally, some couples are left without a diagnosis or explanation after
failed IVF attempts, causing emotional distress. A more efficient
selection of sperm can attain more high-quality embryos, alleviating
the number of hormonal treatments needed, aiding in closing the
inequality gap in reproductive medicine.

In conclusion, we identified different subpopulations of sRNA in
sperm that exhibit distinct profiles in clinical reproductive measure-
ments, such as sperm concentration, fertilisation rate, and the rate of
high-quality embryos. Furthermore, our analysis identifies specific
sRNA as highly promising biomarkers. These biomarkers are clinically
applicable for the examination of sperm samples while providing
insight into possible molecular mechanisms of male fertility and
paternal contribution to embryonic development.
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Methods
Patients
Couples were recruited at the Centre for ReproductiveMedicine at the
University Hospital in Linköping, Sweden, on the day of ovum pick-up
(OPU), the same day as semen sample collection and IVF fertilisation.
As couples share an IVF record, written consent was obtained from
both partners. The sex of participants was collected from theirmedical
records. Couples did not receive any compensation for enroling.

Male participants had to meet the following criteria: the presence
of mature sperm in the ejaculate and proficiency in Swedish. Males
were excluded if they had a known malignant disease, a history of
radiation in the pelvic area, previous chemotherapy, or a known
genetic anomaly. Importantly, only males with over 600,000 leftover
sperm were sequenced due to a restriction in input RNA level. There-
fore, males with low sperm count requiring intra-cytoplasmic sperm
injection could not be included.

Patients received standard care for IVF, where the only laboratory
operation different from non-recruited couples was the retrieval of
leftover sperm not used in the fertilisation process. Recruitment
started on 18 November 2022 and ended on 8 June 2023.

Sperm preparation
On the day of OPU, the semen samples were collected (at home or the
clinic between 6:30–9:30) in sterile 50-mL non-spermotoxic poly-
propylene Falcon tubes (Corning Science, Mexico) after recommenda-
tion of ejaculation every other day during hormonal stimulation

(8–14 days) and a maximum of 3 days abstinence. After liquefaction for
15–30minat roomtemperatureonaNutatingMixer (VWR, Pennsylvania,
USA), standard semen parameters were examined manually by embry-
ologists. Parameters for concentration of sperm, concentration of pro-
gressivelymotile spermandpercentageof progressivemotile andmotile
sperm in the ejaculate were evaluated according to WHO criteria41.
Internal controls are performed every six months. Most samples were
examined within 60min post ejaculation and none later than 120min.

Spermatozoa were prepared for IVF using PureSperm gradient
(1.5mL 80%/1.5mL 40%) (Nidacon, Gothenburg, Sweden). Semen was
layered on top of the gradient and centrifuged at 300 g for 20min,
followed by resuspension of the pellet (with PureSperm Wash; Nida-
con). Subsequently, sperm was centrifuged at 500 g for 10min, the
pellet was resuspended, and the number and concentration of pro-
gressive motile sperm post gradient were estimated (Makler counting
chamber, Cellvision, Heerhugowaard, Netherlands). From this post-
gradient suspension, the sperm sample was prepared and diluted with
G-IVF (VitroLife, Gothenburg, Sweden) for fertilisation. Leftover sperm
from the sample was used for sRNA sequencing.

Preparation of sperm for sRNA sequencing
After fertilisation on the day of OPU (between 13:30 to 15:30), leftover
sperm was diluted with G-IVF (VitroLife) or concentrated (centrifuga-
tion on 500g for 10min and then fluid removal) to a concentration of
12 million sperm/mL. Aliquots of 50 µl (i.e., 600,000 sperm) were put
in RNAse-free 2-mL Eppendorf tubes (Eppendorf, Germany), followed
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by immediate freezing in liquid nitrogen. Frozen sperm was stored at
−80 °C until extraction of sperm RNA.

Small RNA library preparation and sequencing
RNA extraction was performed with miRNeasy Micro kit (Qiagen;
217084) according to the manufacturer’s instructions. Prechilled Steel
beads (stainless steel bead5mm,Qiagen; 69989)were added to frozen
samples, followed by the addition of 1mL of prechilled Qiazol (Qia-
gen). Samples were instantly processed in a Tissue Lyser LT (Qiagen)
for 2 + 2min at 40 oscillations/s upon defrosting. RNA concentration
was determined with a Qubit microRNA assay kit (Q32880, Life Tech-
nologies) using Quantus Fluorometer (E6150; Promega, Madison, WI).
RNA quality was controlled by BioAnalyzer 2100 (Agilent RNA 6000
Nano kit; 5067-1511), both by extracting RIN values and by visual
inspection of the curves. The RIN values were low (2,3 -5,4), with no
visible rRNA peaks indicative of pure sperm samples42–44. Library
synthesis used 4 ng of RNA; if lower, full volume was used. Small RNA
libraries were produced with NEBNext Multiplex SmallRNA Library
Prep Kit for Illumina (E7300S, E7330S, E7580S; New England Biolabs),
with the customisation of a dilution of primers 1:8. The 3´adaptor
ligation reaction was carried out at 16 °C overnight. Libraries were
amplified for 15 cycles and cleaned using Agencourt AMPure XP
(BeckmanCoulter, Brea, CA). The quality of cDNA libraries was studied
using BioAnalyzer 2100 with Agilent High Sensitivity DNA kit, 5067-
4626. Amplified libraries were pooled in relation to peak size before
size selection. Size selection was done using TBE gel (EC6265BOX;
Invitrogen) of 130–165 nt length. The extraction of cDNA from gel was
performed with Gel Breaker Tubes (3388-100, IST Engineering) by
incubation with buffer included in the NEBNext kit and incubated on a
shaker for 1 h at 37 °C, flash frozen for 15min, and again incubated on a
shaker. Gel debris was removed by Spin-X 0.45 µm centrifuge tubes
(8162, Corning, Inc.). Precipitation was done using GlycoBlue (Invi-
trogen), 0.1 times the volume of Acetate 3M (pH5.5) and three times
the volume of 100% ethanol at –70 °C overnight. The final cDNA con-
centration was determined using a Quantus Fluorometer (E6150; Pro-
mega, Madison, WI) and QuantiFluor ONE ds DNA system (E4870,
Promega). The quality of pooled and size selected cDNA libraries was
studied again with BioAnalyzer and sequenced on NextSeq 550 with
NextSeq 500/550 High Output kit version 2.5, 75 cycles (Illumina, San
Diego, CA). All libraries passed Illumina’s default quality control. Fastq
files were produced by FASTQ generation v1.0.0 by Illumina.

Bioinformatic analysis
Data analysiswasperformedwithinR version 4.3.2with Seqpac version
1.2.01, mapping to human genome GRCh38. Any sequence that did not
match the human genome with a maximum of 3 mismatches was dis-
carded. Primaryfiltersof 1 read in 90%of samples and a length of 16–75
nt were performed before normalisation by counts per million (cpm).
Additional filtering of 1 cpm in 90% of samples was consecutively
performed. Small RNA was annotated against ensemble ncRNA
GRCh38.ncrna, piRNA from piRbase 2.0, protein coding from GRCh38
from NIH, and ribosomal RNA from RNAcentral, and searching for
rRNA in Homo sapiens. Biotypes were annotated in a hierarchy as
follows: rRNA, miRNA, mitochondrial RNA, tRNA, ribonucleoproteins
(including SRPs, vaultRNA, snRNA, snoRNA, scaRNA, and Y-RNA),
lncRNA,miscRNA, and piRNA. Biotypes weremappedwith amismatch
of 1, where sequences failing to annotate to any of the previously
defined databases were classified as “unannotated”.

Data visualisation was performed with ggplot2 version 3.5.0. Dif-
ferential expression analysis was performed with DESeq22 version
1.42.1, with the model accounting for flow cell (technical batch effect),
as this is themajor driver for variation in datawhen explored forwith R
package variancePartition version 1.32.5 and Principal Component
Analysis performed with Seqpac (Supplementary Fig. 7a, b). In gesta-
tional age and size for gestational age, differential expression analysis

was performed as continuous variables. Wald test and local regression
were used for differential expression.

Linear regression and normality check of cpm data were per-
formed GraphPad Prism ver. 10.0.2. Results from tests for each RNA
shown in boxplots may be found in Supplementary Data 12. Non-
parametricWilcoxon Rank Sum and Signed Rank Tests were two-sided
and were performed with R function wilcox.test in stats version 4.3.2.

Clinical outcomes
Clinical parameters from the couple’s IVF records were retrieved,
forming groups for analysis. Males with ≤16 million sperm/mL were
classified ashaving low spermconcentration. This cut-offwasbasedon
WHO guidelines41. For Supplementary Fig. 2 and 7, ≥5 million pro-
gressively motile sperm in total amount after preparation with density
gradient was considered as high sperm motility, <5 million sperm as
low motility. For supplementary Fig. 7,3 30% motile sperm before
density gradient was considered highmotility percentage and <30% as
low motility.

In line with The Vienna Consensus4 for fertilisation rate (n ferti-
lised oocytes/n oocytes retrieved) and benchmark values for the
Centre ofReproductiveMedicine Linkoping, Sweden, the ratio of≥70%
was set as a high fertilisation rate.

Embryologists examined the embryos throughmicroscope with
criteria mentioned below. For cleavage stage embryos (days 2 and
3), the guidelines from the Istanbul consensus were used45. At day 2,
High-quality embryos were defined as embryos with 4–6 evenly
sized blastomeres with a maximum of 20% fragmentation and a
smooth cytoplasmic appearance. At day 3, embryos with 6–10
evenly sized blastomeres with amaximumof 20% fragmentation and
a smooth cytoplasmic appearance were defined as high-quality. For
blastocyst stage embryos (day 5), embryos were graded according
to Gardner. High-quality embryos were considered to have a grade
of 3BB or higher46. Couples with a high rate of high-quality embryos
had a ratio of ≥20% (n high-quality embryos/ n fertilised
oocytes*100).

In Supplementary Fig. 6, size of gestational age is calculated by
neonatal weight charts resulting in z-scores corresponding to
centiles47. Small for gestational age (SGA) is defined as <10th centile.
Average for gestational age (AGA) is defined as 10-90th centile. Large
for gestational age (LGA) is defined as<90th centile. These calculations
were performed with web tool from fetalmedicine.com.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
This study involves human participants and is covered by an ethical
permit granted by the Swedish Ethics Board under number 2022-
00244-01. The sequencing data are available under restricted access
for ethical permit and data privacy law reasons, access can be obtained
by extension of ethical permit by contacting anita.ost@liu.se.
Response time after mail contact is expected within weeks and data
will be available as long as needed for purpose specified in extended
ethical permit. The processed data generated in this study are pro-
vided in the Supplementary material.

Code availability
The code used in this study is available at github.com/sign-
eisacson/KIPF.

References
1. Cox, C.M. et al. Infertility prevalence and themethodsof estimation

from 1990 to 2021: a systematic review and meta-analysis. Hum.
Reprod. open 2022, (2022).

Article https://doi.org/10.1038/s41467-025-62015-2

Nature Communications |         (2025) 16:6571 8

www.nature.com/naturecommunications


2. Adamson, G. D. et al. How many infants have been born with
the help of assisted reproductive technology? Fertil. Steril. 124,
40–50 (2025).

3. Kupka, M. S. et al. International Committee for Monitoring Assisted
Reproductive Technology world report: assisted reproductive
technology, 2015 and 2016. Fertil. Steril. https://doi.org/10.1016/J.
FERTNSTERT.2024.07.009 (2024).

4. ESHRE Special Interest Group of Embryology and Alpha Scientists
in Reproductive Medicine. The Vienna consensus report of an
expertmeeting on the development of ART laboratory performance
indicators. Reprod. Biomed. Online 35, 494–510 (2017).

5. Smith, A. D. A. C., Tilling, K., Nelson, S. M. & Lawlor, D. A. Live-birth
rate associated with repeat in vitro fertilisation treatment cycles.
JAMA 314, 2654 (2015).

6. Nätt, D. & Öst, A. Male reproductive health and intergenerational
metabolic responses from a small RNA perspective. J. Intern. Med.
288, 305–320 (2020).

7. Nätt, D. et al. Human sperm displays rapid responses to diet. PLoS
Biol. 17, e3000559 (2019).

8. Morgan, C. P. et al. Repeated sampling facilitates within- and
between-subject modeling of the human sperm transcriptome to
identify dynamic and stress-responsive sncRNAs. Sci. Rep. 10,
1–20 (2020).

9. Ramesh, R. et al. Dietary sugar shiftsmitochondrial metabolism and
small RNA biogenesis in sperm. Antioxid. Redox Signal. 00, 1–17
(2022).

10. Tomar, A. et al. Epigenetic inheritance of diet-induced and sperm-
bornemitochondrial RNAs.Nat 20246308017630, 720–727 (2024).

11. Hong, Y. et al. Systematic characterization of seminal plasma piR-
NAs as molecular biomarkers for male infertility. Sci. Rep. 6, 24229
(2016).

12. Barceló,M.,Mata, A., Bassas, L. & Larriba, S. ExosomalmicroRNAs in
seminal plasma are markers of the origin of azoospermia and can
predict the presence of sperm in testicular tissue.Hum.Reprod.33,
1087–1098 (2018).

13. Xu, Y., Zhang, Y., Yang, Y., Liu, X. & Chen, Y. Seminal plasma miR-
210-3p is a biomarker for screening dyszoospermia caused by var-
icocele. Andrologia 51, e13244 (2019).

14. Wu, W. et al. Genome-wide microRNA expression profiling in idio-
pathic non-obstructive azoospermia: significant up-regulation of
miR-141,miR-429andmiR-7-1-3p.Hum.Reprod.28, 1827–1836 (2013).

15. Wang, C. et al. Altered profile of seminal plasma microRNAs in the
molecular diagnosis of male infertility. Clin. Chem. 57, 1722–1731
(2011).

16. Larriba, S. et al. Seminal extracellular vesicle sncRNA sequencing
reveals altered miRNA/isomiR profiles as sperm retrieval bio-
markers for azoospermia. Andrology 12, 137–156 (2024).

17. Xu, H. et al. MicroRNA expression profile analysis in sperm reveals
hsa-mir-191 as an auspicious omen of in vitro fertilization. BMC
Genomics 21, 165 (2020).

18. Denomme, M. M., McCallie, B. R., Parks, J. C., Schoolcraft, W. B. &
Katz-Jaffe,M.G.Alterations in the spermhistone-retainedepigenome
are associated with unexplained male factor infertility and poor
blastocyst development in donor oocyte IVF cycles. Hum. Reprod.
32, 2443–2455 (2017).

19. Oluwayiose, O. A. et al. Non-coding RNAs from seminal plasma
extracellular vesicles and success of live birth among couples
undergoing fertility treatment. Front. Cell Dev. Biol. 11, 1174211
(2023).

20. Joshi, M. et al. Qualitative and quantitative assessment of sperm
miRNAs identifies hsa-miR-9-3p, hsa-miR-30b-5p and hsa-miR-122-
5p as potential biomarkers of male infertility and sperm quality.
Reprod. Biol. Endocrinol. 20, 122 (2022).

21. Hamilton,M., Russell, S.,Menezes, K.,Moskovtsev, S. I. & Librach,C.
Assessing spermatozoal small ribonucleic acids and their

relationship to blastocyst development in idiopathic infertilemales.
Sci. Rep. 12, 20010 (2022).

22. Shinoda, G. et al. Fetal deficiency of Lin28 programs life-long
aberrations in growth and glucose metabolism. Stem Cells 31,
1563 (2013).

23. Huang, C. et al. A multi-omics census reveals obesity-associated
microRNA miR-let-7 as novel instigator of adipose mitochondrial
dysfunction and of intergenerational metabolic decline. Preprint at
bioRxiv https://doi.org/10.1101/2024.10.03.615866 (2024).

24. Yuan, S. et al. Sperm-bornemiRNAs and endo-siRNAs are important
for fertilization and preimplantation embryonic development. Dev
143, 635–647 (2016).

25. Liu, W. et al. Expression of microRNA let-7 in cleavage embryos
modulates cell fate determination and formation of mouse blas-
tocysts. Biol. Reprod. 107, 1452–1463 (2022).

26. Tutunfroush, M., Ghorbian, S., Mohseni, J., Danaii, S. & Rad, M. G.
Down-regulation of circulating miR-23a-3p, miR-101-3p, and miR-
let-7c inwomenwith idiopathic recurrent pregnancy loss.Clin. Lab.
68, 2022–2030 (2022).

27. Palak, E. et al. The association between Bisphenol A, steroid hor-
mones, and selected microRNAs levels in seminal plasma of men
with infertility. J. Clin. Med. 10, 5945 (2021).

28. Xu, X., Shen, H. R., Yu,M., Du,M. R. & Li, X. L.MicroRNA let-7i inhibits
granulosa-luteal cell proliferation and oestradiol biosynthesis by
directly targeting IMP2.Reprod. Biomed.Online44, 803–816 (2022).

29. Zhao, H., Wang, L. & Wang, Y. Circulating microRNAs as candidate
biomarkers for the ovarian response during in vitro fertilization.
Medicine (Baltimore). 100, e24612 (2021).

30. Gu, C. et al. Identification of MicroRNAs as potential biomarkers in
ovarian endometriosis. Reprod. Sci. 27, 1715–1723 (2020).

31. Kumar, K., Trzybulska, D., Tsatsanis, C., Giwercman, A. & Almstrup,
K. Identification of circulating small non-coding RNAs in relation to
male subfertility and reproductive hormones.Mol. Cell. Endocrinol.
492, 110443 (2019).

32. Tavanasefat, H. et al. Molecular consequences of fetal alcohol
exposure on amniotic exosomal miRNAs with functional implica-
tions for stem cell potency and differentiation. PLoS One 15,
e0242276 (2020).

33. Elzer, D., Bremser, M. & Zischler, H. Human sperm heads harbor
modified YsRNA as transgenerationally inherited non-coding RNAs.
Front. Genet. 14, 1294389 (2023).

34. Valkov,N.&Das,S.Y. RNAs:Biogenesis, Functionand Implications for
the Cardiovascular System. Adv. Exp. Med. Biol. 1229, 327 (2020).

35. Zhang, Y. Y. et al. Dnmt2mediates intergenerational transmission of
paternally acquired metabolic disorders through sperm small non-
coding RNAs. Nat. Cell Biol. 20, 535–540 (2018).

36. Liu, J. et al. Paternal phthalate exposure-elicited offspring meta-
bolic disorders are associated with altered sperm small RNAs in
mice. Environ. Int. 172, 107769 (2023).

37. Zhang, Y. et al. Angiogenin mediates paternal inflammation-
induced metabolic disorders in offspring through sperm tsRNAs.
Nat. Commun. 2021 121 12, 1–11 (2021).

38. Oluwayiose, O. A. et al. Urinary phthalate metabolites and small
non-coding RNAs from seminal plasma extracellular vesicles
among men undergoing infertility treatment. Environ. Pollut. 329,
121529 (2023).

39. Chen, X. et al. Human sperm tsRNA as potential biomarker and
therapy target for male fertility. Reproduction 161, 111–122 (2021).

40. Hua, M. et al. Identification of small non-coding RNAs as sperm
quality biomarkers for in vitro fertilization. Cell Discov. 5, 20 (2019).

41. Cooper, T. G. et al. World Health Organization reference values for
human semen characteristics. Hum. Reprod. Update 16,
231–245 (2010).

42. Bianchi, E. et al. High-quality human and rat spermatozoal RNA
isolation for functional genomic studies. Andrology 6, 374 (2018).

Article https://doi.org/10.1038/s41467-025-62015-2

Nature Communications |         (2025) 16:6571 9

https://doi.org/10.1016/J.FERTNSTERT.2024.07.009
https://doi.org/10.1016/J.FERTNSTERT.2024.07.009
https://doi.org/10.1101/2024.10.03.615866
www.nature.com/naturecommunications


43. Roszkowski, M. & Mansuy, I. M. High efficiency RNA extraction from
sperm cells using guanidinium thiocyanate supplemented with
tris(2-Carboxyethyl)phosphine. Front. Cell Dev. Biol. 9,
648274 (2021).

44. Gòdia, M. et al. A technical assessment of the porcine ejaculated
spermatozoa for a sperm-specific RNA-seq analysis. Syst. Biol.
Reprod. Med. 64, 291–303 (2018).

45. Balaban, B. et al. The Istanbul consensus workshop on embryo
assessment: proceedings of an expert meeting. Hum. Reprod. 26,
1270–1283 (2011).

46. Gardner, D. K., Lane,M., Stevens, J., Schlenker, T. & Schoolcraft,W. B.
Blastocyst score affects implantation and pregnancy outcome:
Towardsasingleblastocyst transfer.Fertil. Steril.73, 1155–1158 (2000).

47. Nicolaides, K. H., Wright, D., Syngelaki, A., Wright, A. & Akolekar, R.
Fetal medicine foundation fetal and neonatal population weight
charts. Ultrasound Obstet. Gynecol. 52, 44–51 (2018).

Acknowledgements
Wewish to thank the personnel at the Centre for ReproductiveMedicine
at the University Hospital at Region Östergötland for their patience and
assistancewhile settingup this study in parallelwith their standardwork.
We thank collaborators andcolleagues for their evaluation and feedback
on this work. We acknowledge the Core Facility at the Faculty of Medi-
cine and Health Sciences, Linköping University for providing assistance
in sequencing. Financial supportwasprovidedby TheSwedishResearch
Council (2015-03141, A.Ö), The Swedish ResearchCouncil (2020-00577,
A.Ö), Ragnar Soderberg’s foundation, Knut and Alice Wallenberg foun-
dation (2015.0165, A.Ö), ALF Grants Region Östergötland (RÖ-995139,
A.Ö), ALF Grants Region Östergötland (RÖ-975378, A.Ö).

Author contributions
S.I., K.K., U.K., S.L., S.Z., A.A., and A.Ö conceived the project. S.I. per-
formed bioinformatic analysis, data curation, and manuscript writing.
K.K. performed sample collection, data curation, and manuscript writ-
ing. U.K. performed sequencing. A.A. conceptualised and performed
manuscript revision. S.Z. and S.L. supervised clinical sampling of
material and data and performed manuscript revision. S.L. and K.K.
recruited patients. A.Ö. conceptualised, provided funding, performed
manuscript writing, and supervised the project.

Funding
Open access funding provided by Linköping University.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-025-62015-2.

Correspondence and requests for materials should be addressed to
Anita Öst.

Peer review information Nature Communications thanks Raffaele
Teperino and the other, anonymous, reviewer(s) for their contribution to
the peer review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2025

Article https://doi.org/10.1038/s41467-025-62015-2

Nature Communications |         (2025) 16:6571 10

https://doi.org/10.1038/s41467-025-62015-2
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Small RNA in sperm–Paternal contributions to human embryo development
	Results
	Characteristics of the population studied
	Sperm-borne sRNA is differentially expressed in IVF sperm samples
	MitosRNA and Y-RNA are important for sperm concentration and motility
	Sperm’s ability to fertilise oocytes relate to sRNA from a specific locus
	Embryo quality is affected by sperm-borne miRNA
	Chance of live birth and size for gestational age may be influenced by sperm sRNA

	Discussion
	Methods
	Patients
	Sperm preparation
	Preparation of sperm for sRNA sequencing
	Small RNA library preparation and sequencing
	Bioinformatic analysis
	Clinical outcomes
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




