
PNAS  2023  Vol. 120  No. 42  e2305712120 https://doi.org/10.1073/pnas.2305712120   1 of 12

RESEARCH ARTICLE | 

Significance

Fertility is among the most 
important economic traits in 
livestock production. Despite 
passing routine laboratory tests 
of semen quality, bulls used in 
artificial insemination exhibit a 
significant range in field fertility. 
Furthermore, the widespread use 
of individual sires potentially 
promotes the propagation of 
recessive conditions. We have 
identified a variant in the 
adenylate kinase 9 (AK9) gene that 
is correlated with severely 
impaired sperm function and 
extreme subfertility in bulls. 
Knockout mice deficient in AK9 
are completely infertile due to 
impaired sperm motility and an 
inability to penetrate the zona 
pellucida. Thus, AK9 has been 
found to be directly implicated in 
impaired male fertility in 
mammals.
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Despite passing routine laboratory tests for semen quality, bulls used in artificial insemi-
nation exhibit significant variation in fertility. Routine analysis of fertility data identified a 
dairy bull with extreme subfertility (10% pregnancy rate). To characterize the subfertility 
phenotype, a range of in vitro, in vivo, and molecular assays were carried out. Sperm 
from the subfertile bull exhibited reduced motility and severely reduced caffeine- induced 
hyperactivation compared to controls. Ability to penetrate the zona pellucida, cleavage 
rate, cleavage kinetics, and blastocyst yield after IVF or AI were significantly lower than in 
control bulls. Whole- genome sequencing from semen and RNA sequencing of testis tissue 
revealed a critical mutation in adenylate kinase 9 (AK9) that impaired splicing, leading to a 
premature termination codon and a severely truncated protein. Mice deficient in AK9 were 
generated to further investigate the function of the gene; knockout males were phenotypi-
cally indistinguishable from their wild- type littermates but produced immotile sperm that 
were incapable of normal fertilization. These sperm exhibited numerous abnormalities, 
including a low ATP concentration and reduced motility. RNA- seq analysis of their testis 
revealed differential gene expression of components of the axoneme and sperm flagellum 
as well as steroid metabolic processes. Sperm ultrastructural analysis showed a high per-
centage of sperm with abnormal flagella. Combined bovine and murine data indicate the 
essential metabolic role of AK9 in sperm motility and/or hyperactivation, which in turn 
affects sperm binding and penetration of the zona pellucida. Thus, AK9 has been found to 
be directly implicated in impaired male fertility in mammals.

sperm | bovine | mutation

Among all mammalian species, the confidence with which one can assign a fertility status 
to males is nowhere nearly as great as it is in bulls used in bovine artificial insemination 
(AI) due to the high number of inseminations and associated pregnancy and birth records 
per bull, sometimes reaching tens or even hundreds of thousands (1). The challenges in 
understanding the causes of poor fertility in monotocous species such as cattle (and 
humans) are quite different in males and females; in the female, reproductive success tends 
to be “all or nothing,” in that, typically, a single oocyte is ovulated and the female has, 
thus, one chance to become pregnant during each estrous cycle. In contrast, due to the 
high number of sperm deposited in the reproductive tract, an individual fertile sire has 
billions (natural mating) or millions (AI) of potential opportunities to get a female preg
nant at each service event. In circumstances where a proportion of those gametes are 
compromised (e.g., after freeze- thawing), sufficient viable sperm can remain to effectuate 
a successful fertilization.

Fertility is among the most important economic traits in dairy production. Reproductive 
inefficiency at the farm level has a direct impact on overall herd profitability, particularly 
in seasonal calving dairy herds, by leading to longer calving intervals, reduced milk produc
tion, higher culling rates, and increased costs associated with intervention and labor (2). 
Due to the breeding structure of the industry, one subfertile bull can have a much greater 
impact on overall herd fertility than a single cow with fertility issues. Despite rigorous 
assessments of sperm quality before semen is released, significant variation in field fertility 
still exists among bulls used in AI (3). While bulls with sperm exhibiting severe morpho
logical defects or significantly reduced sperm motility can be detected and removed, defects 
affecting capacitation, which confers on the sperm the ability to bind, to penetrate, and 
fertilize the oocyte, can escape detection. For example, we previously reported an inherited 
recessive mutation in the transmembrane protein 95 (TMEM95) in bulls (4) associated 
with exceptionally poor reproductive performance due to failure of the sperm to penetrate 
the oocyte (5, 6), something which was subsequently validated in mice by us (6) and 
others (7).
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Here, we present a detailed phenotypic and molecular character
ization of an intronic variant in cattle that activates cryptic splicing 
of the adenylate kinase 9 (AK9) gene resulting in extreme subfertility 
associated with impaired sperm hyperactivation, failure of oocyte 
binding/penetration, and low frequency of embryo development 
culminating in severely compromised field fertility. To further inves
tigate the role of AK9 in male fertility, we generated AK9- deficient 
knockout mice using CRISPR/Cas9 technology; Ak9 knockout 
resulted in immotile sperm with a high incidence of abnormalities, 
reduced ATP levels, and impaired fertilization capacity. RNA- seq 
analysis demonstrated differential expression of genes involved in 
axoneme and sperm flagella components, as well as steroid metabolic 
processes. Ultrastructural analysis of sperm revealed a higher per
centage of abnormalities in the flagella structure of mice.

Results

Field Fertility of FR4854. Frozen- thawed semen from a Holstein 
Friesian AI sire (FR4854) was released into the Irish market in 
Spring 2020. Despite passing routine semen quality control checks, 
the bull had a phenotypic pregnancy rate of approximately 10% 
(n = 2,325 inseminations), which was substantially lower than the 
mean (±SD) of 57.0 ± 0.05% (range: 39.2 to 74.4%) for other 
Holstein Friesian sires used in the 2020 breeding season (n = 286 
bulls; range: 200 to 36,214 inseminations) (SI Appendix, Fig. S1). 
FR4854 has 371 recorded calves of which at least 17 are genotyped 
and sire verified to him (8 males, 9 females) confirming extreme 
subfertility but not total infertility. For parentage validation and 
prediction, ICBF uses 800 SNP (ICBF800) selected based on 
SNP clustering quality, ISAG200 inclusion, call rate, and minor 
allele frequency in the Irish cattle population with a threshold of 
1% mismatches (around 10 SNPs) (8).

Sperm Morphology. The overall incidence of sperm with normal 
morphology was 60.0 ± 4.7% and did not differ between FR4854 
and the control. Scanning and transmission electron microscopy did 
not reveal any ultrastructural defects of the sperm head or flagellum 
in sperm from a control fertile bull and FR4854. The axonemes of 
the flagella exhibited the typical assembly of nine outer microtubule 
doublets surrounding a central pair (SI Appendix, Fig. S2).

Computer- Assisted Sperm Analysis and Flow Cytometry. 
Irrespective of whether sperm were incubated in TALP or 
methycellulose (medium with increased viscosity), total motility 
and progressive motility were reduced at all incubation time points 
in FR4854 but were comparable to some of the other bulls of 
proven fertility (SI Appendix, Fig. S3). Curvilinear velocity (VCL) 
was reduced for FR4854 when compared to all six control bulls  
(P < 0.05), while straight line velocity (VSL), average path velocity 
(VAP), and amplitude of lateral head movement (ALH) were lower 
for FR4854 compared to five of the six control bulls (P < 0.05). 
Notably, significantly impaired caffeine- induced hyperactivation was 
observed for FR4854 compared to the control (Fig. 1A and Movies 
S1 and S2). Flow cytometry did not distinguish any differences in 
sperm viability, acrosome integrity, membrane fluidity, membrane 
potential, superoxide production, or DNA fragmentation between 
FR4854 and a control fertile bull (SI Appendix, Table S1).

Mucus Penetration Assay. Sperm from FR4854 exhibited com
parable ability to penetrate follicular phase cervical mucus in vitro 
compared to sperm from a control fertile bull (SI Appendix, Fig. S4).

In Vitro Fertilization. Cleavage rate at 48 h post insemination 
(hpi) was significantly lower in FR4854 compared to the control 

(P < 0.01) (Fig. 1B). The proportion of advanced embryos (>5- 
cell stage) at 48 hpi, an indicator of embryo developmental 
competence, was lower in FR4854 compared to the control (P < 
0.01); in addition, most cleaved embryos were at the two- cell stage 
and many had an abnormal morphology, including asymmetric 
blastomere size and clear areas within the cytoplasm (Fig. 1C). 
Blastocyst yield on Days 6, 7, and 8 pi was lower in FR4854 (P < 
0.01) compared to the control and was not affected by increasing 
the sperm concentration used in IVF from 1 × 106 to 4 × 106 
sperm/mL (Fig.  1B). The proportion of presumptive zygotes 
exhibiting two pronuclei at 17 hpi was 79.5% in the control bull 
and zero in FR4854 (Fig. 1C).

Sperm from FR4854 exhibited a very reduced capacity (P < 
0.05) to penetrate empty zonae compared to a control bull in 
terms of the mean number of sperm per zona (2.25 vs. 0.12, 
respectively), the proportion of zonae with at least one penetrating 
sperm (60.7% vs. 9.21%, respectively), and the maximum number 
of sperm/zona (20 vs. 2, respectively) (Fig. 1 D–F).

In Vivo Fertilization. Following insemination of superovulated 
heifers, FR4854 exhibited significantly fewer accessory sperm and 
reduced fertilization, based on embryo cleavage, compared to the 
control. Overall recovery rate (structures recovered/number of 
CLs) following insemination was 57.8% and was not different 
between bulls. Fertilization rate (based on cleaved oocytes) 
was 73.3% vs 4.6% for the control and FR4854, respectively 
(SI  Appendix, Table  S2; P < 0.001). The majority of embryos 
recovered from the control were at the >5- cell stage (mean number 
of cells recovered from control was 7.85 vs 1.24 for FR4854) 
(SI Appendix, Fig. S5). Mean (±SE) number of accessory sperm was 
1.44 ± 0.48 (range: 0–54) for the control and zero for FR4854.

Candidate Causal Variants. The genome of FR4854 was sequenced 
to 25.76- fold coverage using 150 bp paired- end libraries. Reference- 
guided variant discovery and genotyping yielded a total of 4,616,420 
and 2,588,663 variants in FR4854 that were heterozygous and 
homozygous for a non- reference allele, respectively. Following our 
previous research (4, 9–12), we hypothesized that the extreme 
subfertility of FR4854 was due to a recessively inherited allele that 
is deleterious to protein function. Autozygosity mapping identified 
64 runs of homozygosity that were longer than 1 Mb encompassing 
a total of 171.2 Mb autosomal sequence of FR4854 (SI Appendix, 
Fig. S6). Of the 2,588,663 sequence variants that were homozygous 
in FR4854, we identified 112 (Ensembl) and 111 (Refseq) that 
were i) not seen in the homozygous state in fertile control bulls 
and ii) predicted to be highly or moderately deleterious to protein 
function, including 29 that were within runs of homozygosity. 
We further assumed that the mutation should be relatively rare 
in cattle and predominantly limited to the Holstein lineage. Four 
of the 29 candidate causal variants had minor allele frequency less 
than 2%, were observed in the homozygous state in less than 10 
(out of 5,116) animals of the latest run (Run9) of the 1,000 bull 
genomes project consortium (13), and were primarily found in 
Holstein animals (SI Appendix, Table S3).

Three compatible missense variants were within a run of 
homozygosity at the distal end of BTA1 affecting either COL6A6 
or COL6A5. A contribution of collagen type 6 to impaired fertility 
has not been described to date (14). Based on these observations 
and the fact that both genes are lowly expressed in testis tissue of 
mature bulls (less than 2 transcripts per million, TPM), we did 
not consider the missense variants in COL6A6 and COL6A5 as 
compelling candidate causal variants for the impaired fertility of 
FR4854. The remaining compatible variant was a missense variant 
(Chr9:40620329A>G, ENSBTAP00000020294.1:p.Ile678Val) 
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Fig. 1. (A) Sperm from FR4854 exhibited impaired ability to undergo hyperactivation (P < 0.05) compared to the control. Hyperactivation was induced by  
20 mM caffeine and immediately assessed by CASA. One straw from each of 3 ejaculates for each bull; mean ± SE. (B) Cleavage and blastocyst development 
after in vitro fertilization of in vitro matured oocytes with semen from a control, highly fertile, bull (blue bars) or FR4854 at 1 × 106 (orange bars), 2 × 106 (gray 
bars) or 4 × 106 (yellow bars) sperm/mL. Embryos cleaved by 48 h post insemination (hpi), advanced embryos (>5- cells) by 48 hpi, and blastocyst yield on days 
(D) 6, 7, and 8 were lower (P < 0.05) in FR4854 compared to the control. Increasing sperm concentration did not have any effect. (C) Representative images of 
in vitro produced embryos at 48 hpi (CI- control bull and CII- FR4854) and presumptive zygotes at 17 hpi (CIII and CIV- control bull and CV and CVI- FR4854). Note 
that most of the embryos in the control are at the 5-  to 8- cell stage at 48 hpi, while all cleaved embryos for FR4854 except one are still at the 2- cell stage. Not 
cleaved (black asterisk); <5- cell embryos (black arrow); >5- cell embryos (black arrowhead). Metaphase II plate (white arrowhead); Pronucleus (white asterisk); 
Accessory sperm bound to the zona pellucida (white arrow). (D–F) Penetration of empty bovine zonae following oocytectomy and insemination in vitro with 
sperm from a control fertile bull (D) or from FR4854 (E). Note the presence of multiple sperm in the control. (F) Table with the comparison of the penetration 
of empty zonae between control and FR4854.
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in AK9 encoding adenylate kinase 9. The Chr9:40620329 G- allele 
resides within an approximately 23.625 Mb long segment 
(between 35.50 Mb and 59.125 Mb) of very low heterozygosity 
in FR4854 (Fig. 2A). Adenylate kinase 9 exhibits a testis- biased 
expression in mammals (e.g., https://gtexportal.org/home/, 
https://cattlegeneatlas.roslin.ed.ac.uk/) (15). In testis transcrip
tomes from 76 mature bulls, AK9 (ENSBTAG00000010116) was 
transcribed in high abundance (35.85 ± 6.70 TPM; Fig. 2C).

A Splice Variant of AK9 is Associated with Low Fertility. The 
Chr9:40620329A>G variant is predicted to result in a nons
ynonymous substitution (ENSBTAP00000020294.1:p.Ile678Val) 
in the 17th exon of AK9 according to the Ensembl (version 104) 
annotation of the bovine genome. However, the Refseq (version 

106) annotation indicated that Chr9:40620329A>G resides 
in an intron of all three annotated AK9 transcript isoforms 
(XM_024996966.1, XM_024996965.1, XM_005210829.3). 
Bovine AK9 has between 1,906 and 1,910 amino acids according 
to Refseq which is similar to different isoforms of human AK9 [f.i. 
adenylate kinase 9 isoform 1 (NP_001138600.2) has 1,911 amino 
acids]. However, the Ensembl annotation suggests that bovine 
AK9 (ENSBTAP00000020294.6) has only 679 amino acids. We 
suspected that differences in amino acid lengths and the conflicting 
functional consequences predicted for the Chr9:40620329A>G 
variant between the Ensembl and Refseq annotations suggest 
that either one or both annotations contain flaws. Testis RNA 
sequencing read alignments from mature bulls contained many 
reads that spanned exon–exon junctions that were only included 

Fig. 2. (A) A candidate causal variant for the subfertility of the bull resides in a segment of extended autozygosity on BTA9. Each symbol represents the proportion 
of heterozygous genotypes observed in DNA sequencing data of FR4854 within 125 kb windows. Blue color represents all 125- Kb windows within a 23.625 
Mb segment of extended homozygosity encompassing Chr9:40620329 (red vertical line). (B–D) The Chr9:40620329 G- allele activates cryptic splice donor and 
acceptor sites in AK9 intron 19. (B) Average testis RNA sequencing coverage from 76 bulls homozygous for the Chr9:40620329 A- allele (gray color) and one bull 
homozygous for the Chr9:40620329 G- allele (red color) at the genomic region encompassing bovine adenylate kinase 9 (XM_024996966.1). The number of reads 
covering a genomic position was extracted from coordinate sorted STAR- aligned BAM files and subsequently divided by the total number of unique reads that 
were pseudoaligned during transcript abundance estimation with kallisto. Blue color indicates the exon–intron structure of bovine AK9 as annotated in the Refseq 
database. The red triangle indicates the position of Chr9:40620329. (C) AK9 transcript abundance [transcripts per million (TPM)] in testis tissue from 76 wt/wt  
(gray) and one mt/mt (red) bull (FR4854). (D) Annotated IGV screenshot of the RNA sequencing alignments for one mt/mt (FR4854) and one representative wt/wt 
bull at the splice donor and acceptor sites of AK9 intron 19. Black color indicates the regular splice sites that are only rarely used in the mt/mt bull. Violet color 
indicates cryptic splice sites activated only in the mt/mt bull homozygous for the Chr9:40620329 G- allele. (E) Splice junction utilization in 76 bulls homozygous 
for the wild- type A- allele (gray color) and one bull homozygous for the mutant G- allele (red color).
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in the Refseq annotation and had high coverage overlapping 
the respective coding sequences, thereby supporting that bovine 
AK9 consists of 40 coding exons encoding 1,906 amino acids as 
indicated by the Refseq annotation (XP_024852734.1) (Fig. 2 
B–E). This confirms that the Ensembl annotation of bovine AK9 
(ENSBTAG00000010116) is both erroneous and incomplete.

The Chr9:40620329A>G variant is located in intron 19, 12 
bases downstream of a non- canonical (GC) splice donor site, as 
correctly indicated by the Refseq annotation. Variant effect pre
diction based on the Refseq annotation suggests a “modifier” rather 
than a “nonsynonymous” consequence for Chr9:40620329A>G. 
However, the Chr9:40620329 G- allele introduces a novel GT 
dinucleotide which we hypothesized might serve as a cryptic 
yet canonical splice donor site. None of the animals of our 
eQTL mapping cohort carried the G- allele preventing imme
diate investigation of putative alternative splice site usage due 
to the Chr9:40620329A>G variant. To investigate the suspected 
impact of the Chr9:40620329 G- allele on AK9 pre- mRNA 
splicing, we sequenced RNA extracted from testis tissue of 
FR4854 and mapped the reads against the reference genome 
using a splice- aware alignment software (16). Read coverage 
analysis showed that the Chr9:40620329 G- allele activates cryp
tic pre- mRNA splicing at both the splice donor and splice 
acceptor sites of intron 19. In FR4854, 93% of the RNA 
sequencing reads spanning the splice junction between exons 
19 and 20 supported splice donor and acceptor sites at 
40,620,327 bp and 40,621,770 bp, respectively (Fig. 2 D and 
E). These splice sites were not observed in 76 testis transcrip
tomes of mature bulls that were homozygous for the 
Chr9:40620329 A- allele. Among 8,754 cattle transcriptomes 
from the cattle GTEx atlas (17), these splice sites had low sup
port (less than five junction- spanning reads) in 17 Holstein 
samples, and intermediate support (between 8 and 30 
junction- spanning reads) in 8 Holstein samples confirming that 
they are rarely utilized. The remaining 7% of the splice 
junction- spanning reads observed in FR4854 supported the 
regular splice donor and acceptor sites at 40,620,318 bp and 
40,621,772 bp that were the predominant (98.2 ± 1.2%)  
splice sites in 76 bulls homozygous for the Chr9:40620329 
A- allele.

Alternative splice site usage leads to a frameshift in translation 
from amino acid 724 onward. This frameshift eventually induces 
a premature translation codon at position 854 that leads to a 
truncated AK9 protein that lacks 1,053 amino acids (55%) from 
the C- terminal region unless the transcript is subjected to 
nonsense- mediated mRNA decay. AK9 mRNA was less abundant 
in FR4854 (10.36 TPM) than the 76 bulls (35.85 ± 6.70 TPM) 
homozygous for the wild- type allele at Chr9:40620329 (Fig. 2C). 
Differential expression between FR4854 and the wild- type bulls 
was evident for all AK9 exons (Fig. 2B).

Immunohistochemistry of Bovine Testes Tissue. Representative 
images of cross- sections of seminiferous tubules stained with 
Hoechst, FITC- PNA, and anti- AK9 are shown in SI Appendix, 
Fig. S7. No differences were observed between the structure of 
the seminiferous tubules of FR4854 and the control, containing 
a similar number of acrosome- positive cells. In the control testis, 
AK9 was mainly located in the cytoplasm of spermatogonia 
and primary spermatocytes, but in Leydig cells, pachytene 
spermatocytes, and round spermatids, the protein signal was also 
nuclear (SI Appendix, Figs. S6 D, VIII and S7 D, IX). FR4854 
did not express or expressed very little AK9 protein mainly in 
the spermatogonial stage, but no expression was observed in 
spermatocytes or spermatids.

Fertility of Half- Sibling Females of FR4854. SI Appendix, Fig. S8 
illustrates the overall Economic Breeding Index (EBI), production 
subindex, fertility subindex, calving interval predicted transmitting 
ability (PTA), and survival PTA for female half- siblings of FR4854 
compared to the 2020- born population. Interestingly, his half- 
siblings were behind the mean of the overall population for all 
traits except survival PTA.

Phenotypes Associated with Murine Ak9 Gene Disruption. We 
generated Ak9 knockout mice using CRISPR/Cas9 technology. 
Four lines were established by inducing deletions in exon 21 and 
between exon 21 and 23, resulting in altered protein forms with 
different lengths compared to the normal form (Fig. 3 A–C). The 
absence of the protein was confirmed through western blotting 
and immunohistochemistry (Fig. 3 D and E).

Both male and female edited mice developed normally. However, 
while females remained fertile, males with homozygous mutations 
were infertile. Despite normal appearances of seminiferous tubules 
and acrosomal caps in knockout mice (Fig. 4 A and B), the loss of 
AK9 resulted in complete immotility of flagella (Fig. 4G and 
Movies S3 and S4), which explains the observed sterility in male 
mice. Confirming this, intracytoplasmic sperm injection (ICSI) 
of sperm from Ak9−/− males with wild- type oocytes resulted in 
normal fertility and the birth of live offspring at rates similar to 
heterozygote or wild- type sperm (SI Appendix, Table S4). Rep
roductive parameters, including testis size, gonadosomatic index, 
and sperm concentration, were not different from those of 
wild- type mice (Fig. 4 C, D, and F). However, sperm from knock
out males exhibited an increased frequency of morphological 
abnormalities, including defects in the head, midpiece, and flagel
lum (Fig. 4 E and I and P < 0.05). Additionally, ATP levels in 
sperm collected in HTF medium containing glucose, pyruvate, 
and lactate were significantly lower in Ak9−/− sperm in comparison 
to their wild- type counterparts (Fig. 4H).

Subcellular Localization of AK9 in Mouse Testis. Wild- type AK9 
was detected through immunohistochemistry in the seminiferous 
epithelium in pachytene spermatocytes and round spermatids and 
in the interstitial tissue in Leydig cells (SI Appendix, Fig. S9). In 
Leydig cells, AK9 was strongly expressed in the cytoplasm, and 
also some cytoplasmatic signal was observed in spermatogonia, 
preleptotene, leptotene spermatocytes, and round spermatids. 
Intense nuclear signal was observed in pachytene spermatocytes 
and in round spermatids (SI Appendix, Fig. S9).

Differential Expression of Sperm Components. RNA- seq analysis 
was performed on four testis samples from Ak9 knockout mice 
(Ak9−/−) and four samples from wild- type mice. The analysis 
yielded an average of 25.2 million paired- end reads, with successful 
assignment of 18 to 24 million fragments against the reference 
annotation. Approximately 23,900 genes were detected (Dataset S1). 
One outlier sample with a distinct expression pattern was excluded 
from further analysis. The aligned reads revealed induced deletions 
in the Ak9−/− samples, specifically affecting exon 21, 22, and 23 
(SI Appendix, Fig. S10A).

Using DEseq2, we identified a total of 1,093 differentially 
expressed genes (DEGs) with FDR < 0.05, including 745 up-  and 
339 down- regulated genes in Ak9−/− samples compared to wild- type 
samples (Dataset S2). A volcano plot and heatmap displayed the 
altered genes with FDR < 0.05 (SI Appendix, Fig. S10 B and C). 
There were 54 genes with a fold change > 2 at FDR < 0.05. As 
observed in the volcano plot (SI Appendix, Fig. S10C), one of the 
genes with the greatest difference in expression was carbonic anhy
drase 3 (Car3), which was down- regulated with a log2(FC) of −6.07.

http://www.pnas.org/lookup/doi/10.1073/pnas.2305712120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2305712120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2305712120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2305712120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2305712120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2305712120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2305712120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2305712120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2305712120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2305712120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2305712120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2305712120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2305712120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2305712120#supplementary-materials
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To determine the cell stage in which the DEGs were expressed, 
we assigned the genes to specific cell types based on a single- cell 
RNA- seq dataset (18). Clustering identified four main cell types: 
spermatogonia, spermatocytes, spermatids, and somatic cells 
(SI Appendix, Fig. S10D). Integration of this analysis with our 
data revealed the assignment of DEGs to specific cell types: 776 
genes in spermatocytes, 764 genes in spermatids, 415 genes in 
spermatogonia, 401 genes in Sertoli cells, 171 genes in other 
somatic cells, 143 genes in Leydig cells, 94 genes in sperm, and 
47 genes unclassified (Dataset S3). These findings suggest that the 
knockout of Ak9 had varying impacts on the transcriptome of 
different testis cell types. Notably, the majority of up- regulated 
genes were expressed in spermatids (SI Appendix, Fig. S10 D  
and E).

Overrepresentation analysis detected the GO biological processes 
(GO- BP), cellular components and molecular functions (GO- MF), 
as well as KEGG pathways significantly enriched (FDR < 0.05) in 
the set of DEGs (Dataset S4). Interestingly, up- regulated genes were 
associated with cilium-  and flagellum- dependent motility, axoneme 
and flagellum assembly, microtubule movement, spermatid differ
entiation, sperm- egg recognition, and fertilization (Fig. 5A). 
Accordingly, the subcellular structures where a significant propor
tion of up- regulated gene products are located include different 
parts of the sperm structure, such as flagellum, axoneme, sperm 

principal piece, midpiece, connecting piece, fibrous sheath, or acro
somal vesicle (Fig. 5C). Examples of components of the 
microtubule- based axoneme with an increased expression level are 
Dnah5 (Dynein axonemal heavy chain protein 5), Odad2 (Outer 
dynein arm docking complex subunit 2), Ccdc103 (Coiled- coil 
domain containing 103), Cfap69 (Cilia and flagella–associated pro
tein 69), or Akap14 (A kinase anchor protein 14). In total, we found 
12 members of the cilia and flagella–associated proteins (CFAP), 
20 members of the coiled- coil domain- containing (CCDC) family, 
and 3 members of the tektin family (TEKT1, TEKT2, and 
TEKT3), all of which encompass the network of proteins that par
ticipate in cilium or flagellum- dependent cell motility (Fig. 5D). 
Among these, many are testis- specific or testis- enriched and asso
ciated with sperm motility. Other relevant up- regulated genes with 
roles in spermatogenesis and male reproduction are eight members 
of the Spata family, the testis- specific kinases Tssk3 and Tssk4, three 
Spaca genes, three lysozyme- like genes, and the subunits of the 
sperm- specific calcineurin Ppp3r2 and Ppp3cc. Consistent with 
these findings, the GO- MF overrepresentation analysis revealed 
protein phosphatase regulator and lysozyme activities.

The GO- BP enriched in down- regulated genes are, as summa
rized in Fig. 5B, steroid metabolism, oxidative stress, and 
peptidyl- tyrosine phosphorylation. Regarding molecular func
tions, many of the GO- MF terms are related with oxidoreductase 

Fig. 3. Diagrams of Ak9 gene structure, knockout lines produced by CRISPR/Cas9, and loss of AK9 protein expression. (A) Scheme of wild- type Ak9 gene structure, 
composed of 41 exons. (B) Frameshift deletions of the different mutant lines produced by CRISPR/Cas9 in exon 21 (Ak9Ko21a and Ak9Ko21b) and (C) exon 21 
and 23 (Ak9Ko21- 23a and Ak9Ko21- 23b). (D) Cross- sections of seminiferous tubules of WT and Ak9−/− stained with nuclear dye Hoeschst (blue) and anti- AK9 
(orange). (E) Western blot of AK9 protein expression in the testes of 3 Ak9−/− and 2 WT, using Æ³- adaptin as loading control.

http://www.pnas.org/lookup/doi/10.1073/pnas.2305712120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2305712120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2305712120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2305712120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2305712120#supplementary-materials
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activity (Dataset S4). These processes and functions are associated 
with the energy state of the cell so that the impaired energy pro
duction or distribution may lead to sperm with no ability to move.

Sperm from Ak9−/− Mice Exhibit Ultrastructural Defects of the 
Flagellum. Ultrastructure analysis of sperm cells from Ak9−/− mice 
was performed by transmission electron microscopy and showed a 

Fig. 4. Evaluation of sperm and testis in Ak9WT and Ak9−/− mice. (A) Cross- sections of seminiferous tubules stained with nuclear dye Hoechst (blue) and acrosome 
PNA- FITC labelling (green) in Ak9WT mice and (B) Ak9−/− mice. (C) Images of whole testes from WT and Ak9−/− mice. (D) Gonad/body size ratio of WT (n = 11) and 
Ak9−/− (n = 9) mice. Student’s t- test P > 0.05. (E) Significant differences in sperm morphology categories between WT (n = 7) and Ak9−/− (n = 9) mice. One- way 
ANOVA P < 0.05. (F) Sperm concentration of WT (n = 15) and Ak9−/− (n = 12) mice. Student’s t- test P > 0.05. (G) Pronounced difference in percentage of motile 
sperm between WT (n = 12) and Ak9−/− (n = 9) mice (Student’s t- test P < 0.05). (H) ATP amount per sperm (amol/spz) (Student’s t- test P < 0.05). (I) Examples of 
morphological abnormalities of Ak9−/− sperm. Data are presented as mean ± SEM.

http://www.pnas.org/lookup/doi/10.1073/pnas.2305712120#supplementary-materials
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severe disorganization of the (9 + 2) axonemal structure, in particular, 
disorganization of the axonemal structure with lack of the peripheral 
and/or central pair of microtubules (Fig. 6 A–E). Also, abnormal 
flagella with several axonemal pieces within the same cytoplasmic 
membrane were observed (Fig. 6 A–C). Both in the midpiece and 
principal piece, the Ak9−/− sperm exhibited a higher percentage of 
abnormal axonemal morphology (Fig. 6 I and J).

Discussion

Here, we report the identification of an intronic variant in the 
bovine AK9 gene that activates cryptic splicing, correlated with 
extreme subfertility in bulls. This mutation is correlated with 
impaired sperm hyperactivation and compromised ability to bind 
to and penetrate the oocyte, resulting in extremely low rates of 

fertilization and embryo development. To further investigate the 
function of AK9, we generated AK9- deficient mice. These mice 
exhibited normal sperm production but substantial impairments 
in sperm motility, characterized by reduced ATP concentration 
and abnormal morphology, particularly microtubular flagellar 
alterations, resulting in infertility. These observations are consist
ent with the results obtained from testes RNA- seq analysis, con
firming the impact of the gene alteration. The observed differences 
in sperm motility between the bull (FR4854) and AK9- deficient 
mice are likely attributed to the partial knockout nature in the 
bull, where a small amount of normal AK9 transcripts persist. 
Additionally, differences in sperm metabolism between bulls and 
mice could play a role. While the lack of ATP could have a drastic 
effect on mouse sperm motility, it is less apparent in bulls, where 
it is primarily required for hyperactivation. For example, when 

Fig. 5. Gene ontology annotation of differentially expressed genes in Ak9−/−. (A) Top 10 significant biological process GO terms with overrepresentation in up- 
regulated and (B) down- regulated genes showing the adjusted P- value and the gene count. (C) Cellular components enriched in the set of up- regulated genes, 
where the x- axis displays the fold enrichment over the annotated ratio. (D) Representative cellular components and their associated genes. Fisher’s exact test 
FDR < 0.05.
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the energy source (glucose, pyruvate, and lactate) is removed from 
sperm media, mouse sperm stop moving immediately, while bull 
sperm can continue to move for several hours, indicating less 
dependence on the glycolytic pathway compared to mice (19). It 
has been reported that bovine sperm motility is facilitated by fatty 
acids (20). However, many studies have revealed that an active 
glycolytic pathway is necessary for the normal occurrence of 
sperm hyperactivation in mice and humans (21, 22).

A plethora of assays has been used to predict the field fertility of 
bulls used in AI. Many of these assays are poorly correlated with field 
fertility with only about 40–50% of the variation in male fertility 
being explained under the best circumstances (23, 24). In the current 
study, none of the parameters assessed by flow cytometry was 

different between FR4854 and a control fertile bull. CASA indicated 
differences in a range of sperm motility parameters between FR4854 
and a panel of bulls of known fertility. Importantly, sperm from 
FR4854 exhibited much reduced caffeine- induced hyperactivation 
which may explain the failure to penetrate oocytes following IVF or 
to reach the site of fertilization and bind with and penetrate the 
oocyte in vivo in superovulated heifers. Hyperactivation of the 
sperm, characterised by high- amplitude, asymmetrical flagellar bend
ing, is critical for fertilization, as it is required for penetration of the 
zona pellucida (25, 26). Hyperactivation may also facilitate release 
of sperm from the oviductal storage reservoir and may propel sperm 
through mucus in the oviductal lumen and the matrix of the cumu
lus–oocyte complex (25).

Fig. 6. Transmission electron microscopy (TEM) cross- sections of Ak9−/− and wild- type mice sperm flagella. Representative TEM cross- sections of sperm flagella 
at the mid- piece (A–D) and principal piece (E) of Ak9−/− mutant; and mid- piece (F), principal piece (G), and endpiece (H) of wild- type mice. In the wild- type, the 
axoneme (AX) exhibits a typical “9 + 2” microtubule structure comprising nine peripheral microtubule doublets paired associated with nine outer dense fibers (o) 
and the central pair of microtubules. In the mid- piece (F) a helically arranged mitochondrial sheath (MS) surrounds the axoneme. At the proximal principal piece 
(G) mitochondria are replaced by the Fibrous Sheath (FS), which is organized in two longitudinal columns (*) that replace outer dense fibres 3 and 8 and are joined 
by transverse hemi- circumferential “ribs” (FS). (A–E) Many of the spermatozoa from Ak9−/− male mice present disordered peripheral and central microtubules. 
The images A, B, C, and E show several pieces cut transversely within the same cytoplasmic membrane (indicated with arrowheads). (I and J) Quantification ratio 
of abnormal axoneme in midpiece (I) and principal piece (J) of WT and Ak9−/− spermatozoa. Data are presented as mean ± SEM. A two- tailed Student’s t test was 
performed, ***P < 0.001. Scale bar 1 μm (A–C) and 300 nm (D–H).
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It is interesting and somewhat counterintuitive that despite the 
failure to penetrate the oocyte after IVF (based on assessment of 
pronuclei at 17 hpi), or a much- reduced capacity to penetrate empty 
zonae, oocytes inseminated with semen from FR4854 exhibited 
some, albeit much reduced, mitotic cleavage. However, it is impor
tant to note that this cleavage was not normal, being very delayed 
(most arrested at the 2- cell stage) and exhibiting abnormal fragmen
tation/asymmetrical blastomeres. The kinetics of the early cleavage 
divisions has long been recognized as a marker of oocyte develop
mental competence (27). In cattle, the sire can affect the timing of 
the onset and duration of this DNA replication during the first cell 
cycle, and thereby ultimately influence the timing of the first cleav
age division (28–30). In the present study, after IVF, FR4854 dis
played little evidence of normal fertilization (based on proportion 
of presumptive zygotes arrested in metaphase II at 17 hpi), a low 
cleavage rate, and delayed kinetics of cleavage (based on the number 
of >5- cell embryos at 48 hpi). Consistent with previous studies (30), 
this delayed kinetics of cleavage resulted in a very low blastocyst 
yield compared to the control. Consistent with the IVF data, fol
lowing insemination of superovulated heifers, FR4854 displayed 
very low fertilization rate, delayed cleavage kinetics, and almost no 
accessory sperm (1 sperm on one of 131 structures recovered).

The routine evaluation and recording of tens of thousands of 
ejaculates and millions of artificial inseminations occasionally detect 
bulls with aberrant semen quality or strikingly low fertility following 
inseminations (4). Impaired semen quality and low fertility in 
healthy bulls can be caused by deleterious alleles at genes that show 
testis- biased or testis- specific expression (4, 11, 12). Such alleles 
can be spread disproportionately by females because they are typi
cally not impacted by defective genes that are primarily expressed 
in the male reproductive system. We suspect that this is also true 
for AK9 loss- of- function alleles since we did not detect deleterious 
phenotypes in homozygous females in either cattle or in mice. 
Semen quality and male fertility are only evaluated in breeding 
bulls. Thus, recessive variants that compromise male reproduction 
can remain undetected in cattle populations for a long period of 
time or reach a high allele frequency without being detected (4).

We hypothesized that the drastically reduced fertility of FR4854 
was due to a recessively inherited allele that is deleterious to protein 
function. A step- wise approach to identify the causal mutation 
underlying the subfertility was undertaken involving whole- genome 
sequencing from semen and subsequent reference- guided variant 
detection, detection of segments of extended autozygosity, variant 
annotation to predict consequences of polymorphic sites, variant 
filtration against a reference dataset to identify variants unique to 
FR4854, and, finally, validation by whole- transcriptome sequenc
ing of testicular tissue recovered at slaughter. This process identi
fied an intronic variant (Chr9:40620329A>G) in AK9 encoding 
adenylate kinase 9 which was immediately interesting due to the 
testis- biased expression of AK9 in mammals. The mutant G allele, 
for which FR4854 is homozygous, introduces a novel canonical 
splice donor site that results in a frameshift in translation and a 
severely truncated protein. The vast majority of AK9 transcripts 
are affected by this impaired splicing. However, a small amount 
(~7%) of regularly spliced AK9 mRNA is produced in FR4854. 
Low abundance of AK9 may be sufficient to enable fertilization 
in principle and may explain the low number of successful preg
nancies small number of offspring attributable to this bull.

Abdollahi- Arpanahi et al. (31) prioritized a set of nonsense muta
tions, missense mutations, and frameshift variants carried by 
low- fertility Holstein bulls. Interestingly, they investigated, among 
others, a genomic region located on BTA9 at 43.7 ± 5 Mb which 
contains AK9. This region had been associated previously with reces
sively inherited impaired bull fertility in the Holstein breed (32, 33). 

While Abdollahi- Arpanahi et al. (31) prioritized the 
Chr9:40620329A>G variant as a candidate causal variant for 
impaired bull fertility, the use of a flawed Ensembl annotation 
assigned the wrong functional consequence to the variant precluding 
an in- depth investigation. We reveal association of the 
Chr9:40620329A G- allele with extreme subfertility in a Holstein 
bull based on a different methodological approach and an independ
ent cohort of animals. Moreover, we provide compelling evidence 
that the Chr9:40620329A>G variant activates cryptic splice sites 
and so results in a shortened AK9 transcript that may either be 
retained with an impaired function or be degraded via 
nonsense- mediated mRNA decay. Drastically reduced abundance 
of AK9 in FR4854 may suggest the latter.

Adenylate kinases are enzymes that maintain nucleoside balance 
and play a role in various cellular processes involving metabolism 
and nucleotide signaling (34, 35). There are nine different forms 
of adenylate kinases, each with distinct expression patterns across 
tissues and subcellular localizations, suggesting their essential and 
diverse roles (36, 37). They contribute to energy distribution 
within cells by transferring ATP from its source to sites where it 
is needed, replenishing ATP in processes that require rapid con
sumption. Adenylate kinases are also involved in specific cellular 
activities such as muscle contraction, hormone secretion, nuclear 
transport, and cell motility (38). The adenylate kinase- catalyzed 
phosphotransfer system regulates cell motility by interacting with 
the microtubular structure of cilia and flagella, thus modulating 
energy distribution (39, 40). Several mechanisms related to nucle
otide dynamics have been associated with sperm motility, includ
ing ATP- dependent dyneins, proteins responsible for generating 
force in axonemes, and cyclic AMP signaling that drives sperm 
capacitation and hyperactivation, characterized by increased fla
gellar bending amplitude and asymmetry (41). Therefore, proper 
energy distribution and maintenance of nucleoside balance are 
crucial for acquiring sperm motility and transitioning through 
different motility patterns. In this context, specific adenylate 
kinases, such as AK1, AK2, AK7, and AK8, have been identified 
in sperm flagellum structures, and their elimination has been 
shown to impair sperm motility (42–45). Additionally, in many 
nonmammalian species, AK family members are closely associated 
with the axoneme in cilia and flagella (44). Adenylate kinase 9 is 
the most recent adenylate kinase identified in humans and is con
served in eukaryotes. AK9 functions as a nucleoside mono-  and 
diphosphate kinase, playing a role in nucleoside homeostasis (46). 
It exhibits a preference for catalyzing the phosphorylation of AMP 
and CDP. AK9 is involved in providing NTPs for N- glycosylation 
and defects in AK9 have been associated with limb girdle type 
congenital myasthenic syndrome (47). Of particular note, AK9 is 
prominently expressed in the testes of mice and humans (48, 49) 
as well as in sheep testes compared to other tissues (49, 50).

Adenylate kinase activity was initially implied in bull sperm fla
gella in experiments reported by Lindemann and Rikmenspoel (51) 
and confirmed by Schoff, Cheetham and Lardy (52). Adenylate 
kinases 1 and 2 are part of the accessory structures in the mouse 
sperm flagellum (42, 53). Interestingly, AK1 protein was more 
expressed in sperm from high fertility than low fertility Holstein 
bulls (54), although abundance did not differ between immotile and 
motile subpopulations. Nonetheless, presence in both bovine and 
murine sperm flagella strongly suggests a function in motility in these 
species. The fluctuation of nucleotide concentrations in normal and 
metabolically stimulated sperm suggests that AK1 is mostly active 
when the cell is highly motile (52). According to these authors, AK1 
would ensure the availability of additional energy in times of 
increased demand, for example, to produce the high amplitude fla
gellar bends characteristic of hyperactivated motility (55). In mice, 
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Ak7−/− males exhibit spermatogenesis defects manifested by almost 
complete absence of mature spermatids and spermatozoa in the sem
iniferous tubules, absence of mature sperm in the epididymis, and 
consequent male infertility (56). In humans, morphological abnor
malities of the sperm flagellum have been associated with a homozy
gous missense mutation in AK7 leading to primary male infertility 
and multiple morphological abnormalities of the flagellum (43, 57). 
Prior to the current study, no direct evidence existed for a role of 
AK9 in male fertility; however, consistent with the reduced ability 
to exhibit hyperactivation by FR4854, combined evidence suggests 
a relationship between adenylate kinases and male fertility through 
sustaining energy needs during hyperactivated sperm motility.

Our results show that 30% of murine Ak9−/− spermatozoa has 
abnormalities in the structure of the flagella and their microtubules; 
however, 100% of the spermatozoa have compromised motility, 
indicating that these structural alterations are not the cause of 
immobility. The mechanisms for the association of AK9−/− with 
sperm microtubular and flagellar structures are unknown. However, 
it has been reported that Ak7 mutations are also associated with 
primary ciliary dyskinesia in mice (56). There are different processes 
involved that enable different AK isoforms to be compartmentalized 
with specific sperm structures (e.g., mitochondria, outer dense fib
ers, and axonemes). For example, AK8 is rich in prolines that are 
distributed throughout the primary structure of the protein may 
be involved in binding to other proteins of a complex that may 
buffer energy levels within microdomains of the sperm flagellum 
(44). Other AKs previously reported to localize to the sperm fla
gella, AK1 and AK2, associate with the integral protein outer dense 
fiber 4 (ODF4) to control energy metabolism for sperm shape 
(flagellar straightening) and movement (53). We found that AK9 
is expressed in round spermatids in bull and mouse testis, and AK9 
protein production may coincide with flagellar biogenesis. It is 
possible that AK9 and other AKs are essential for flagellar biogen
esis, and that the presence of several AKs in the spermatid may 
allow for compensation of function in the absence of AK9.

Knockout Ak9−/− mice exhibited an altered transcript profile in 
many testis genes, although the vast majority of the genes show small 
differences, and the majority of the differences were exhibited during 
the spermatocyte and spermatid stages, when the principal expres
sion of AK9 protein was observed by immunofluorescence. While 
there are theoretical mechanisms through which adenylate kinase 
could potentially affect gene expression (e.g., through modulation 
of transcription factors or coactivators/co- repressors involved in gene 
transcription or through ATP- dependent chromatin remodeling), 
the direct role of adenylate kinases in gene regulation is not well 
established and is an area of ongoing research. Gene expression is a 
complex process influenced by a multitude of factors, and the role 
of adenylate kinases in this context is likely to be indirect and inter
twined with broader cellular signaling and metabolic pathways.

Although in female AK9- deficient mice, no decrease in fertility 
or any other affected phenotype is observed, whether or not AK9 
plays any role in cattle female reproduction is unclear. Interestingly, 
AK9 was among unique proteins identified in plasma exosomes 
of low- fertility heifers (58). Also, AK9 was differentially expressed 
in the endometrium on Day 7 postpartum in cows between cows 
which remained healthy and cows which subsequently developed 
purulent vaginal discharge (59). We examined the distribution of 
the fertility of half- sibling sisters of FR4854 and compared them 
to the 2021 born population for comparison (the majority of his 
inseminations were in 2020 so would have resulted in 2021 off
spring). Interestingly, his half- siblings were behind the mean of 
the overall population for overall EBI, production, fertility, and 
calving interval PTA. Further analysis is required to confirm 
whether this is related in any way to AK9.

In conclusion, we have described an intronic variant that acti
vates cryptic splicing of the adenylate kinase 9 gene correlated 
with extreme male subfertility in cattle and demonstrate that the 
phenotypic consequence of this mutation is altered sperm hyper
activation and a compromised ability to bind to and penetrate the 
oocyte. Mice deficient in AK9 produced immotile sperm that were 
incapable of normal fertilization. The widespread use of individual 
sires for AI potentially promotes the propagation of recessive con
ditions. Inadvertent matings between unknown carriers of dele
terious alleles may result in the manifestation of subfertile or fatal 
phenotypes in their progeny. Therefore, these results could aid in 
the development of novel genomic tools that allow early detection 
and culling of subfertile bulls (60).

Materials and Methods

Sperm morphology and function were assessed using a range of assays including 
light and electron microscopy, computer- assisted sperm analysis, flow cytometry, 
mucus penetration, in vitro and in vivo fertilization, and immunohistochemistry of 
testes tissue. A step- wise approach to identify the causal mutation underlying the 
subfertility in FR4854 was undertaken involving whole- genome sequencing from 
semen and subsequent reference- guided variant detection, detection of segments 
of extended autozygosity, variant annotation to predict consequences of polymorphic 
sites, variant filtration against a reference dataset, and, finally, validation by whole- 
transcriptome sequencing of testicular tissue recovered at slaughter. Mice deficient in 
AK9 were generated by CRISPR/Cas9 technology to further investigate the function of 
the gene. Sperm function was fully characterized and RNA- seq analysis of their testis 
to identify differential gene expression associated with the phenotype.

Full details of the methods are available in SI Appendix.

Data, Materials, and Software Availability. Whole- genome DNA and RNA 
sequencing data of FR4854 are available at the European Nucleotide Archive 
(ENA) of the EMBL at the BioProject PRJEB60952 (61) under sample accession 
SAMEA112843208. Mouse testis RNA- seq data have been deposited at GEO 
and are publicly available. The accession number for the raw and processed data 
files is GSE235546 (62).
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