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Abstract

Human RBMY1 genes are located in four variable-sized clusters on the Y chromosome, expressed in male germ cells and
possibly associated with sperm motility. We have re-investigated the mutational background and evolutionary history of the
RBMY1 copy number distribution in worldwide samples and its relevance to sperm parameters in an Estonian cohort of
idiopathic male factor infertility subjects. We estimated approximate RBMY1 copy numbers in 1218 1000 Genomes Project
phase 3 males from sequencing read-depth, then chose 14 for valid ation by multicolour fibre-FISH. These fibre-FISH
samples provided accurate calibration standards for the entire panel and led to detailed insights into population variation
and mutational mechanisms. RBMY1 copy number worldwide ranged from 3 to 13 with a mode of 8. The two larger proximal
clusters were the most variable, and additional duplications, deletions and inversions were detected. Placing the copy
number estimates onto the published Y-SNP-based phylogeny of the same samples suggested a minimum of 562 mutational
changes, translating to a mutation rate of 2.20 × 10−3 (95% CI 1.94 × 10−3 to 2.48 × 10−3) per father-to-son Y-transmission,
higher than many short tandem repeat (Y-STRs), and showed no evidence for selection for increased or decreased copy
number, but possible copy number stabilizing selection. An analysis of RBMY1 copy numbers among 376 infertility subjects
failed to replicate a previously reported association with sperm motility and showed no significant effect on sperm count
and concentration, serum follicle stimulating hormone (FSH), luteinizing hormone (LH) and testosterone levels or testicular
and semen volume. These results provide the first in-depth insights into the structural rearrangements underlying RBMY1
copy number variation across diverse human lineages.
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Introduction

The RBMY gene family was first reported in 1993 under the
name Y chromosome RNA Recognition Motif as a group of three
or more genes located on the long arm of the human Y chro-
mosome, expressed specifically in testis and deleted in two
oligospermic individuals (1). It was thus considered a candidate
for one of the genes required for spermatogenesis, whose dele-
tion might be a cause of male spermatogenic failure. Subsequent
work established that there were six active genes organized
into four clusters, as well as five pseudogenes, in the reference
sequence (2); confirmed its expression in testis and identified
the stages of spermatogenesis at which RBMY protein could be
detected (3,4); and investigated its status in men with spermato-
genic failure in more detail, showing that all active copies are
removed in AZFb deletions (5) but not in AZFc deletions (6). In
addition, several studies delineated its biochemical functions,
implicating it in germline-specific aspects of RNA splicing (4,7).

Despite this extensive body of work, major aspects of our
understanding of the RBMY1 genes remained incomplete (8–10).
Deletion analyses in humans could not determine whether the
spermatogenic failure experienced by AZFb deletion carriers
was due to loss of RBMY1 genes or other genes because all
three classes of the deletion removed multiple other genes as
well (5); no deletions of RBMY1 genes alone have been reported
thus far. Model organism studies have provided only limited
insights because of biological differences between species: mice,
for example, carry ∼50 copies of the homologous gene Rbmy and
reduction of this number to around four in the Yd1 chromosome
(complemented by an Sry transgene to provide a male pheno-
type) led to mice with 46% abnormal sperm that were neverthe-
less fertile (11), contrasting with the human AZFb azoospermia
phenotype (11). Thus, insights from standard genetic approaches
have been limited. Protein analyses have shown that in humans,
RBMY protein is present in the midpiece region and in smaller
amounts in the tail of mature sperm where there is no tran-
scription, as well as in earlier transcriptionally active cell types,
suggesting that RBMY may have additional functions unrelated
to transcription; treatment of sperm with antibody directed
against an N-terminal epitope of RBMY reduced their motility
(3) pointing to one possible additional function.

In parallel, studies of RBMY1 copy number variation on the
human Y chromosome, initially using array CGH (12) and sub-
sequently sequencing (13–16), revealed extensive variation of
RBMY1 copy number in the general population, ranging from 5 to
19, with median (or modal) values of 9, 10.7 and 8.7, respectively.
This natural variation in copy number allowed the relationship
between RBMY1 copy number, RBMY protein level and sperm
phenotypes to be investigated, leading to a report of positive cor-
relations between copy number, protein level and sperm motility
(17). Such an association raises the possibility that sperm com-
petition might lead to positive selection for increased RBMY1
copy number. Functional links of these kinds would have con-
sequences both for fertility management and treatments (8–10)
and for understanding the evolution of the Y chromosome,
where interpretations assume neutrality and absence of positive
selection based on genetic differences (18).

We therefore set out to reinvestigate the RBMY1 copy number
variation in a worldwide sample of males from phase 3 of the
1000 Genomes Project (19), some 4-fold larger than the combined
total used for other samples, and validate some of the copy
number measurements by high-resolution fibre-FISH and digi-
tal droplet polymerase chain reaction (PCR). With this dataset,
and comparisons of available father–son pairs, we estimated

the frequency of changes in copy number (i.e. mutation rate)
and explored the possibility of positive selection for increasing
copy number. Finally, we reinvestigated the relationship between
RBMY1 copy number, sperm motility and other andrological
parameters in an independent cohort.

Results
Highly variable RMBY1 clusters from read depth and
array CGH analysis in the 1000 Genomes Project
samples

There are six functional RBMY1 gene copies with sequence sim-
ilarity >98% and five pseudogenes in the human Y chromosome
reference sequence. The functional copies lie in four separate
regions, to which we refer to here as regions ‘1’ (Y:23,673,224–
23,711,212), ‘2’ (Y:24,026,223–24,064,214), ‘3’ (Y:24,314,689–
24,329,129) and ‘4’ (Y:24,549,583–24,564,028), from proximal
to distal (Figs 1 and 2; Supplementary Material, Table S1). The
proximal regions ‘1’ and ‘2’ each contain two gene copies in the
reference sequence, while the more distal regions ‘3’ and ‘4’ each
contain one copy of RBMY1 (2).

For each of the 1000 Genomes Project male samples (19) we
plotted the average read depth in 5 kb windows over a large
region of the Y chromosome (Y:22,000,000–29,000,000) and after
manual review identified 147 samples with no difference from
the reference sequence, 58 ambiguous samples or with more
complicated rearrangements and 1017 with departures from the
reference read depth. Most variation occurred in the two regions
corresponding to RBMY1 genes: region ‘1’ and region ‘2’ and a few
(10 samples) in region ‘4’. No variation was seen in region ‘3’. The
pattern of variation was confirmed by manual review of the log2
ratio of array CGH intensity plots (19) from the same samples
within the same regions.

We then quantified the variation between samples in an
approximate way using the ratio of average read depth across
the four regions where the active gene copies are located, com-
pared to the read depth in a nearby single-copy region (see
Materials and Methods). Although there are six active copies of
RBMY1 and the five pseudogenes in the reference sequence, the
latter are equivalent to just one extra copy in length as the
pseudogenes are short and one of them also overlaps with an
active gene. Since reads may mis-map to any RBMY1 copy, we
expect a change of ∼0.14 in this ratio to be equivalent to a change
in gene copy number of one (1/7 = ∼ 0.14). These initial ratios
ranged from 0.62 to 1.89 suggesting that the copy number ranged
between 3 and 12, with a broad distribution across the samples.
These findings confirm previous work (12,14–17).

Detailed structure of the gene cluster revealed by
fibre-FISH

Fourteen samples were chosen for detailed analysis by fibre-
FISH. A total of 8 of the samples spanned a range of read depths
representing almost every copy number from 5 to 13, while the
other 6 are 3 pairs of phylogenetically closely related samples
forming sister groups that showed different total RBMY1 copy
numbers estimated from the read depth (Table 1). This analysis
used three different probes per RBMY1 gene, which define the
gene orientation, plus two further probes: P4 to distinguish the
very similar region ‘1’ from ‘2’ and probe P5 to distinguish region
‘3’ from ‘4’. The results confirmed the wide range of copy number
variation (5–13) in the RBMY1 regions of the eight samples as
well as the different copy number between three sister pairs
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Figure 1. Examples of two samples from the 1000 Genomes Project with different low RBMY1 copy numbers. (A) NA10851 (six copies of RBMY1, the same as the reference

sequence) and (B) HG03652 (five copies). The upper panel shows the log2 ratio intensity plots from array CGH data and the read depth of 5 kb non-overlapping windows

from the whole-genome sequencing data. The blue dashed line shows the mean read depth in the unique Y-chromosomal region for each sample. Regions ‘1’–‘4’ are

highlighted in grey. Below are fibre-FISH images and a schematic interpretation of the RBMY1 gene FISH signals: RP11-95B23, blue; P1, red; P2, white; P3, green; P4,

yellow; and P5, light green.

of samples in the 1000 Genomes Project phylogenetic tree (19)
(Table 1, Figs 1, 2 and 4; Supplementary Material, Figs S1 and S2).
The RBMY1 gene copies are located in four regions as in the
human reference sequence, except for one sample (NA19774)
where we identified a total of five gene clusters, resulting from a
partial duplication of region ‘1’ identified using probe P4 (Fig. 4A).

All of the other RBMY1 copy number changes in these 14 samples
occur in proximal regions ‘1’ and ‘2’ except one increase in the
region ‘4’ in one sample (HG02224) (Table 1, Fig. 2B). This might
be expected since regions ‘1’ and ‘2’ generally have multiple
copies of RMBY1 genes, whereas regions ‘3’ and ‘4’ each generally
have only a single copy. The copy numbers vary from 2 to 7
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Figure 2. Examples of two samples from the 1000 Genomes Project with different high RBMY1 copy numbers. (A) HG02141 (13 copies) and (B) HG02224 (10 copies,

including two copies in region ‘4’). The upper panel shows the log2 ratio intensity plots from array CGH data and the read depth of 5 kb non-overlapping windows

from the whole-genome sequencing data. The blue dashed line shows the mean read depth in the unique Y-chromosomal region for each sample. Regions ‘1’–‘4’ are

highlighted in grey. Below are fibre-FISH images and a schematic interpretation of the RBMY1 gene FISH signals: RP11-95B23, blue; P1, red; P2, white; P3, green; P4,

yellow; and P5, light green.

in region ‘1’ and from 1 to 7 in region ‘2’, where two samples
(NA19774 and HG03652) have only a single copy of the gene
(Figs 1B and 4A).

The fibre-FISH results also showed that different under-
lying structural changes in the clusters give rise the same
total RBMY1 numbers for four sets of different samples;
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Table 1. RBMY1 copy number estimates for 14 samples used in fibre-FISH experiments

Fibre-FISH

Sample ID Y haplogroup and
terminal marker∗

Region 1 Region 2 Region 3 Region 4 Total CN from
read depth

CN from
ddPCR

HG02141 C3f-F2613 4 7 1 1 13 12.9 12.9
HG01699 E1b1b1b1-L19 6 2 1 1 10 10.7 9.8
HG02224 G2a3-L30 4 3 1 2 10 10.9 10.4
HG02789 G2b1-M283 4 3 1 1 9 9.5 8.2
HG02020 O2a1a-M88 4 5 1 1 11 10.5 10.8
HG02032 O2a1a-M88 4 2 1 1 8 8.4 7.8
HG00704∗∗ O3a2b1-M188 5 2 1 1 9 8.7 8.8
HG00692∗∗ O3a2b1-M188 3 2 1 1 7 7.0 6.8
NA19774∗∗∗ Q1a2a1-L54 4 + 2 1 1 1 9 8.9 8.5
HG01977 Q1a2a1a1-M3 5 4 1 1 11 10.4 10.7
HG01938 Q1a2a1a1-M3 2 2 1 1 6 6.6 6.3
HG03652 Q1b-F711 2 1 1 1 5 5.1 5.2
HG03899 R1a1a1b2a1-L657 5 4 1 1 11 12.0 10.5
NA10851 R1b1a2a1a2c1i-CTS6581 2 2 1 1 6 5.7 5.8

CN, copy number; ∗ , according to Poznik et al. (2016) (19); ∗∗ , inversion of regions ‘1’ and ‘2’; ∗∗∗, partial duplication of region ‘1’ giving rise to a total of five regions in
this sample and inversion of regions ‘3’ and ‘4’.

for example, both HG01699 and HG02224 have a total of
10 gene copies, but the underlying structure of the gene
regions is different (Table 1, Fig. 2B; Supplementary Material,
Fig. S1A).

We also identified two independent inversion events
affecting different regions of the RBMY1 gene cluster. One
is an inversion between regions ‘1’ and ‘2’ where the probe
P4 is located upstream of, and close to, region ‘2’ instead of
being downstream and close to region ‘1’ as expected (Fig. 4B;
Supplementary Material, Fig. S1F). The inversion was found in
the two samples HG00704 and HG00692, which are one of the
sister pairs in haplogroup O3a2b1-M188, suggesting a single
origin for the rearrangement. Another inversion affects regions
‘3’ and ‘4’ inferred from the changed location of probe P5 (Fig. 4A)
and was found in one sample, NA19774. This sample shows
the highest overall number of rearrangements in the RBMY1
cluster—it has five gene clusters instead of four, inversion of
distal regions ‘3’ and ‘4’ and a deletion with only one RBMY1
copy remaining in region ‘2’.

Overall, despite the relatively small number of 14 samples
included in the fibre-FISH experiments, we have identified
an even more extensive variety of rearrangement events in
the RBMY1 genome cluster than initially suggested by read
depth-based estimates, including deletions, duplications and
inversions.

RBMY1 copy number estimates in the 1000 Genomes
Project dataset using fibre-FISH standards

The relative total read depths of the four regions combined
(compared with an adjacent unique region) were highly corre-
lated with the total number of RBMY1 genes from the fibre-FISH
results of eight samples (y = 0.4945x + 1.1504, R2 = 0.97, where x
is the read depth ratio and y is the copy number of RBMY gene),
suggesting that the copy number of RBMY1 genes can be accu-
rately inferred from this correlation. When the copy numbers
of the remaining 6 of the 14 fibre-FISH samples were estimated
using this correlation, and compared with the measured fibre-
FISH number, 5 of the 6 corresponded precisely, and 1 sample
differed by one copy (10 versus 11 copies). Although the number

of samples tested is low, these results suggest that copy number
estimates are generally reliable but can be slightly less accurate
at higher copy numbers.

RBMY1 gene copy numbers were then estimated from the
read depth for 1218 1000 Genomes Project male samples using
the calibration described above. The estimated RBMY1 copy
numbers ranged from 3 to a total of 13 copies (slightly higher
than the initial rough estimates), with 8 copies being the most
common, found in 430 (35.3%) samples and 7 the second most
common, found in 237 (19.5%) (Fig. 3A). It is noteworthy that 6
copies, as in the human reference sequence, was found to be
relatively rare and carried only by 121 (9.9%) samples, and only
by 6 haplogroup R1b samples (the same haplogroup of most of
the human Y reference sequence).

RBMY1 copy number mutation rate estimates

We estimated the mutation rate of RBMY1 copy number changes
by taking advantage of the published robust single-nucleotide
variant (SNV)-based Y phylogeny available for the same
individuals (Supplementary Material, Fig. S2) (19). Considering
the phylogenetic relationships of all the 1218 analysed samples
from the 1000 Genomes Project, we counted the minimum
number of copy number change events that would explain the
current dataset (Supplementary Material, Fig. S2). We counted a
total of 562 copy number change events, which corresponds
to a rate of 2.20 × 10−3 (95% CI: 1.94 × 10−3 to 2.48 × 10−3)
mutations per father-to-son Y transmission (for details, see
Materials and Methods). Additionally, we manually checked
the average read depth plots and kept only samples where
read depth remained constant in the flanking regions around
the RBMY1 genes. For these manually curated 839 samples
we counted a total of 371 copy number change events in
the phylogenetic tree, which corresponds to a mutation rate
of 1.78 × 10−3 (95% CI: 1.57 × 10−3 to 2.02 × 10−3) mutations
per father-to-son Y transmission (Supplementary Material,
Fig. S2).

Such a high mutation rate of copy number changes is sup-
ported by the three pairs of phylogenetically closely related
samples (HG02020 and HG02032, HG00704 and HG00692 and
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Figure 3. RBMY1 copy number distribution in the 1000 Genomes Project dataset. (A) Copy number distribution across the 1218 samples. (B) Copy number distribution

across the 1000 Genomes Project Y phylogeny, with the proportion of each copy number in each major clade shown on the right as coloured bars.

HG01977 and HG01938) chosen for fibre-FISH that showed dif-
ferences in estimated copy numbers from read depth (Table 1;
Supplementary Material, Fig. S2). In all cases the estimated copy
number changes for these closely related samples were con-
firmed by fibre-FISH.

Among 60 father–son pairs in the Complete Genomics data
also available for the 1000 Genomes Project samples (20), we
found one pair showing a copy number increase of ∼2 copies
between father and son. This mutation of copy number from
10 (father) to 12 (son) was further confirmed using the droplet
digital PCR (ddPCR) assays described below. Combining these
results with 17 published father–son pairs with no changes (13),
we find one mutation event in 77 father-to-son transmissions,
corresponding to a mutation rate of 1.3 × 10−2 per father-to-
son transmission (95% CI: 3.3 × 10−4 to 6.8 × 10−2). Given the low

number of father–son pairs available and the identification of
only one mutation, the CI is very wide but we see the measure-
ment as a validation of our estimate from the tree.

No selection on RBMY1 copy number changes

It is not possible to apply standard neutrality/selection tests
(e.g. 21) for Y-chromosomal copy number variation because of
the unique properties of this chromosome, which include a
lack of recombination. Therefore, to evaluate whether or not
RBMY1 copy number change is evolving under selection, we
developed a different approach that took advantage of the robust
phylogeny. Events of copy number increase and decrease for
which the direction of change could reliably be inferred were
counted in the 1000 Genomes Y phylogeny following the concept
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Figure 4. Examples of two samples with rearrangements in RBMY1 gene cluster: (A) NA19774 and (B) HG00704. The upper panel shows the log2 ratio intensity plots

from array CGH data and the read depth of 5 kb non-overlapping windows from the whole-genome sequencing data. The blue dashed line shows the mean read depth

in the unique Y-chromosomal region for each sample. Regions ‘1’–‘4’ are highlighted in grey. Below are fibre-FISH images and schematic interpretation of the RBMY1

gene FISH signals: RP11-95B23, blue; P1, red; P2, white; P3, green; P4, yellow; and P5, light green.

of maximum parsimony. We reasoned that if either higher or
lower copy number has had a selective advantage in recent
human evolution over the 190 000 years covered by this phy-

logeny, then we should see a bias towards survival of mutations
that increase or decrease the copy number, respectively. It was
previously reported that increased copy number of RMBY1 is
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Figure 5. (A) Phylogenetic relationships and RBMY1 copy number distribution among Estonian idiopathic subjects. Coloured bars indicate the proportion of samples

carrying each copy number state; n, number of samples. (B) Correlation of RBMY1 copy number and sperm motility in the Estonian cohort. The P-value and

unstandardized beta from the linear regression test is shown. (C) The distribution of progressive sperm motility of the Estonian cohort divided into three groups

based on RBMY1 copy number: less than 10, equal to 10 and more than 10. The P-value from the Kruskal–Wallis test is shown. (D) The distribution of RBMY1 copy

numbers in Estonian cohort divided into two groups according to the progressive sperm motility: 32% or more and less than 32%. The P-value from the Wilcoxon rank

sum test is shown.

associated with increased sperm mobility, so we would expect
to see more increase events if there is selection for higher motil-
ity. To our surprise, however, we observed significantly more
decrease events (99 decrease and 77 increase, binomial proba-
bility test P = 0.015) (Supplementary Material, Fig. S2). As we are
working with low-coverage data, we more conservatively only
included copy number changes of two or more and also excluded
extreme estimates (copy number less than 5 and more than 12).
This left a total of 18 copy number increase and 25 decrease
events (Supplementary Material, Fig. S2), again more decrease
events but no longer statistically significant (Binomial probabil-
ity test, P = 0.07), perhaps due to the low number of total events.
We then added increase (6) and decrease (6) events from two
additional independent datasets [The Simons Genome Diversity
Project (SGDP) (22) and Polaris] (Supplementary Material, Figs S3
and S4C, Table S3), but the combined total was not statistically
significant (P = 0.06), so there is no evidence for selection for
either increased or decreased copy number of the gene. However,
the variance of the RMBY1 copy number in the 1000 Genomes
samples (1.65) lies below the 0.5th percentile of the variance
distribution of 1000 neutral simulations (95% CI: 6.46 to 66.52)
using the same number of mutation events on the same phy-
logenetic tree; this, in the simplest interpretation, suggests that
very low and very high copy numbers of RMBY1 gene are selected
against.

Establishment and use of ddPCR genotyping

The previous analyses were based on genome sequences, but we
wished to extend our work to samples where such sequences
were not available. We therefore established two allele-specific
ddPCR assays to determine the copy number of functional
RBMY1 genes and to investigate the structural variability of
different RBMY1 gene copies. We chose a T/C paralogous
sequence variant that in the human reference sequence
distinguishes the four proximal gene copies in regions ‘1’ and
‘2’, called the ‘T-assay’ from the two distal copies in regions ‘3’
and ‘4’, called the ‘C-assay’. The total copy numbers from T- and
C-assays are highly correlated with the measurements from the
14 fibre-FISH experiments (‘gold standards’) (y = 0.9582x + 0.1943,
R2 = 0.98), and the difference between the two methods was less
than 0.8 copies (Table 1).

We next typed 376 Estonian idiopathic infertility subjects
carrying Y lineage N3-M46, one of the most frequent Y lineages
in Estonia, present in ∼31% of both the general population (23)
and the idiopathic infertility subjects in our cohort, using both
ddPCR T- and C-assays. Most of the variation we see in the
RBMY1 copy number estimates comes from the T-assay, specific
to regions ‘1’ and ‘2’, ranging from 3 to 14 copies, with 8 being
the most common in this cohort. In contrast, very little variation
in the copy numbers was found based on the C-assay, specific to
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Table 2. Characteristics of the Estonian idiopathic infertility cohort
(n = 376)

Parameter Mean (±SD) Median (5 th –95th

percentile)

Age (years) 33.9 (8.1) 32.4 (23.2–48.9)
BMI (kg/m2) 26.6 (4.6) 26.1 (20.3–35.5)
Abstinence period (days) 3.88 (2.74) 3.00 (2.00–7.00)
Total testis volume (ml) 37.9 (9.08) 38.0 (21.0–50.0)
Semen volume (ml) 3.65 (1.73) 3.50 (1.30–7.20)
Sperm concentration
(million/ml)

4.89 (4.77) 4.00 (0–14.00)

Total sperm count
(million/ejaculate)

14.8 (11.8) 13.0 (0–36.0)

Progressive motility (A + B) (%) 22.8 (16.6) 21.0 (0–52.0)
FSH (IU/L) 9.29 (7.76) 6.71 (1.90–25.7)
LH (IU(L) 5.08 (2.52) 4.56 (2.00–9.82)
Total testosterone (nmol/L) 17.6 (6.42) 17.0 (8.65–29.4)

regions ‘3’ and ‘4’, with the majority (370 out of 376) of samples
carrying two copies of RBMY1.

Five samples in the cohort with three copies of RBMY1
estimated from the C-assay shared a sub-lineage of N3-
M46 (N3a3a-L550), suggesting a single rearrangement event,
potentially resulting from a gene duplication. Such an example is
seen in HG02224, carrying three copies according to the C-assay
and a total of three gene copies in regions ‘3’ and ‘4’ according
to fibre-FISH (Table 1). A sixth sample with four copies based
on C-assay could be due to gene conversion, as again seen in
sample of HG01699 (three copies estimated based on C-assay
but a total of two genes in regions ‘3’ and ‘4’ according to fibre-
FISH). Unfortunately, suitable material for fibre-FISH was not
available from the Estonian samples to test these hypotheses.

Overall, the total RBMY1 copy number (sum of T- and C-
assays) among the Estonian subjects ranged from 5 to as high
as 16, with a mode of 10 (247 or 65.7% of samples), showing high
levels of variation across the haplogroup N3a phylogenetic tree
(Fig. 5A; Supplementary Material, Fig. S4A), as also seen in the
1000 Genomes Project samples.

Association of RBMY1 copy number with sperm
parameters in an Estonian cohort

Among 376 Estonian subjects diagnosed with idiopathic male
factor infertility (Table 2), the estimated copy number of the
RBMY1 genes showed no significant associations with sperm
parameters (concentration, total count and progressive motility),
hormonal levels (total testosterone, serum LH and FSH) and
testicular and semen volume (linear regression analysis; Fig. 5B;
Supplementary Material, Fig. S5). We did not find an associa-
tion between copy number of the RBMY1 genes and progressive
motility using only a subset of the samples from the moderate
oligozoospermic subjects (n = 216) either, although the reduc-
tion in sperm production might in principle cause a secondary
decrease in sperm motility (Supplementary Material, Fig. S6).

We also failed to replicate the reported association between
RBMY1 copy number and progressive sperm motility (17) using
two further approaches. Firstly, no significant difference of
progressive sperm motility was detected among infertile groups
with different pooled RBMY1 copy numbers: less than 10 (n = 41),
equal to 10 (n = 229) and more than 10 (n = 76) (P = 0.08, Kruskal–
Wallis test) (Fig. 5C). Secondly, subjects with reduced (<32%,

n = 246) and normal (≥32%, n = 101) progressive motility did
not differ for their RBMY1 copy number distribution (P = 0.85,
Wilcoxon rank sum test) (Fig. 5D). Azoospermic and other
subjects who lacked the sperm motility information were
excluded from both analyses.

Taken together, we find that RBMY1 copy number was not
associated with any of the tested parameters in the Estonian
idiopathic infertility cohort analysed.

Discussion
In this study, we have investigated the variation in the structure
and copy number of the RBMY1 gene family within the general
population, how this arises by mutation, how it may be shaped
by selection, and, by studying subjects with unexplained sper-
matogenic failure, how it may influence sperm phenotypes. We
now discuss each of these topics.

The high level of variation in RBMY1 copy number (second on
the Y chromosome only to TSPY (24)) has been well established
by previous studies in several populations such as the UK (12),
Denmark (13), China (17) and worldwide samples (14,15) includ-
ing those from the 1000 Genomes Project (16,19). The data were
generated using diverse techniques: array CGH (12,19), sequenc-
ing (14–16,19) or ddPCR (17), and thus this conclusion, confirmed
by the present work, is well established. Nevertheless, the num-
bers of copies differ between studies, and it is unclear how much
of this variation is biological and how much due to technical
differences. In addition, the variability is distributed over several
gene clusters and contains complexities beyond simple variation
in copy number. How much variation is there in the number
of clusters and in their individual structures and sequences?
RBMY1 copies in regions ‘1’ and ‘2’ are >99.89% identical to one
another in the reference sequence, and in regions ‘3’ and ‘4’
are 99.92% identical, but regions ‘1’ plus ‘2’ are only <99.39%
identical to regions ‘3’ plus ‘4’. Currently, even de novo assembly
(13,25) has not been successful in determining the details of
such complex structures. Thus, multicolour fibre-FISH, which
provides an independent gold standard approach to determining
the absolute copy number and structural organization, was a
key component of our study. It provided accurate copy number
standards for calibration of the entire dataset using samples that
are available to all for future work (20). Beyond this, it revealed
gross structural variation: the existence of a fifth gene cluster
in one sample and two independent inversion events between
regions ‘1’ and ‘2’ and between regions ‘3’ and ‘4’, respectively.
Within the four gene clusters present in 13 of the 14 samples,
most copy number variation occurred in regions ‘1’ and ‘2’, which
usually each have multiple RBMY1 copies. This higher level
of variation associated with multiple copies is expected, since
duplication or deletion of tandem copies in misaligned sister
chromatids is more frequent than duplication or deletion of a
single copy (26). Nevertheless, two RBMY1 copies were present
in region ‘4’ in one sample, with a similar spacing (at fibre-FISH
resolution) to the genes in the other clusters, perhaps as a result
of gene conversion from region ‘1’ or ‘2’ or recurrence of the
initial duplication event. While a complete understanding of the
complexities of this gene family will require future improved de
novo assemblies using accurate long reads, we already see from
the fibre-FISH results how frequent increase or decrease in copy
number within a tandem cluster, moderately frequent inversion
events between adjacent pairs of clusters and possibly less
frequent transfer of information between more distant clusters
can explain the patterns of sequence identity observed in the
reference sequence and the variation in the population.
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High levels of variation in the population imply a high muta-
tion rate. We assessed this rate using two approaches. The
most direct was to compare 60 father–son pairs using avail-
able sequence data from the 1000 Genomes Project (20), where
we detected one mutation. Combined with the report of zero
changes in 17 Danish father–son pairs, this provides a muta-
tion rate of 1 in 77 transmissions or 1.3 × 10−2 per father-to-
son transmission, with very wide confidence intervals (95% CI:
3.3 × 10−4 to 6.8 × 10−2). Our second approach was to take advan-
tage of the simple inheritance pattern of the Y chromosome
and count the copy number changes in the Y phylogenetic tree,
leading to a rate of 2.20 × 10−3 (95% CI: 1.94 × 10−3 to 2.48 × 10−3)
mutations per father-to-son transmission. This estimate has not
been corrected for recurrent mutations that are likely to have
occurred on long branches, so is a minimum estimate, but even
so reveals a high rate comparable to Y-STRs (27,28). One factor
we are unable to correct for, but which might contribute to the
high estimated mutation rate, is the source of DNA for the 1000
Genomes Project samples. Many of these originate from cell lines
and may therefore contain in vitro rearrangements. However,
we expect this not to influence our calculations substantially
for three reasons. Firstly, among 77 father–son pairs we also
identify one instance of RBMY1 copy number change. Secondly,
it is highly likely that our copy number change count is an
underestimate due to recurrent events, and we count any change
as one event. Thirdly, a high mutation rate is also supported by
the high levels of RBMY1 copy number variation seen within the
Estonian haplogroup N3a phylogenetic tree based on blood DNA
(Fig. 5A). We were unable to calculate a mutation rate for these
samples using the above-mentioned approach, but copy number
changes were found in all the N3a sublineages that have a time
to most common recent ancestor of only 5.0 kya (CI: 4.4 to 5.7
kya) (23).

The presence of multiple very similar copies of RBMY1 on the
Y chromosome—unusual for a protein-coding gene—together
with specific suggestions that RBMY might influence sperm
motility (3,17) led to the question of whether natural selection
might be influencing RBMY1 copy number in the population.
We therefore again took advantage of the Y phylogenetic tree
to search for evidence of selection for increased or decreased
copy number over the 190 000 years of evolution recorded by the
tree. We did not find any evidence for selection for increased
copy number; on the contrary, we see a slightly higher number of
decrease events, but not one that is statistically significant. We
found likely purifying selection against very low or high numbers
of RBMY1 genes. This conclusion of a lack of positive selection
for copy number change fits well with the lack of association of
copy number with sperm mobility (Fig. 5 and below), while the
selection to maintain number of RMBY1 genes within a certain
range confirms their functional importance.

The third area that we investigated was to search directly for
an association between RBMY1 copy number and sperm motil-
ity, as well as other sperm parameters. We found no evidence
for such an association, contrasting with the previous work
(17). There could be a number of reasons for this difference.
Firstly, there are no clearly and exclusively objective criteria for
the quantitative measurement of sperm motility (e.g. 29) apart
from rare cases with mostly immotile sperm. Thus, the criteria
applied in different centres may differ. Secondly, there could be
biological differences between populations, as demonstrated for
other Y-linked phenotypes where, for example, the gr/gr and
b2/b3 deletions are well-documented risk factors for spermato-
genic impairment in some populations but not in others (8). In
these cases, the haplogroup background of the deletion is the key

factor and differs between populations. The sperm motility mea-
surements were made from carriers of different haplogroups:
O3 (17) or N (this work), so this difference should therefore
be considered. Thirdly, errors in RBMY1 copy number estima-
tion might underlie the association differences. We believe that
the calibration of our estimates using fibre-FISH, together with
the correspondence of our population frequency distributions,
which have modal values of 8, to those reported by others (13–16),
provide strong support for our estimates. Also, both the read
depth approach used on the 1000 Genomes Project data and
ddPCR assays used for Estonian idiopathic subjects found 10
copies to be the most frequent state in haplogroup N3. In con-
trast, Yan et al. (17) found distributions with modal values of 6,
both in haplogroup O3 and in other haplogroups. O3 in our data
shows a modal value of 8 (Supplementary Material, Fig. S4B). We
therefore suggest that these copy number estimates and the
reported association need to be confirmed.

We conclude that the RBMY1 gene family shows some of
the highest levels of variation in copy number and structural
organization yet reported for any human gene family and that
current techniques allow this variation to be characterized in
detail. The high variability is a consequence of both high levels
of increase and decrease in tandem clusters and additional gross
rearrangements including inversions. However, no functional
consequences of this variation were detected on a broad range
of analysed male reproductive parameters and infertility in this
study.

Materials and Methods
Read depth analyses for the 1000 Genomes Illumina
data and Complete Genomics data

We re-analysed here the Y-chromosomal sequence data of 1244
males from the phase 3 of 1000 Genomes Project generated
by whole-genome sequencing (19). The average of read depth
of 5 kb non-overlapping windows over a large region of the Y
chromosome (Y:22,000,000–29,000,000) were calculated, plotted
and manually checked twice. The ratio of average read depth for
two sets of regions were then calculated from the BAM files of
the 1000 Genomes phase 3 male samples. The first set of regions
consisted of the four segments (‘1’ Y:23,673,224–23,711,212;
‘2’ Y:24,026,223–24,064,214; ‘3’ Y:24,314,689–24,329,129 and ‘4’
Y:24,549,583–24,564,028) where the six active RBMY1 genes
are located. The second region was Y:23,255,000–23,555,000, a
unique region downstream of the RBMY1 gene cluster. Among
these samples, 22 failed our analysis pipeline. Additionally,
four samples (HG02070, HG03077, HG03352 and HG03812) that
showed duplication of the whole AZF region (19) were excluded,
leaving a total of 1218 samples with RBMY1 copy number
estimates (Supplementary Material, Table S2).

The same ratios were also calculated for the 60 father–son
pairs from the 1000 Genomes Project phase 3 Complete
Genomics data from the available read depth at each position,
e.g. ftp://ftp-trace.ncbi.nih.gov/1000genomes/ftp/phase3/data/
NA12750/cg_data/REF_LCL/coverageRefScore-chrY-GS00001641
15-ASM.tsv.bz2 We used the gcCorrectedCoverage column in
the file.

Array CGH analysis of the 1000 Genomes samples

The array CGH data and generation of log2 intensity ratios have
previously been described (19). We extracted these ratios for
genomic positions between Y:24,000,000–28,000,000 (GRCh37) for
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all of the 1000 Genomes Project male samples, plotted them
using R and viewed them manually.

Molecular combing fibre-FISH

The cell lines for 14 samples (HG03652, NA10851, HG01938,
HG02032, HG00692, NA19774, HG00704, HG02789, HG01699,
HG02224, HG01977, HG02020, HG03899 and HG02141) chosen
for fibre-FISH experiments from the 1000 Genomes Project were
purchased from NHGRI Sample Repository for Human Genetic
Research at the Coriell Institute for Medical Research.

In total, five PCR probes were chosen, and their primers were
designed using Primer3 (v4.1.0) (Supplementary Material, Table
S4). The RBMY1 genes (∼14 kb in length) were covered by three
PCR products (probe P1: 4.3 kb, probe P2: 3.5 kb and probe P3:
4.0 kb long). Two other probes were designed to hybridize outside
of the RBMY1 genes: probe P4 to around 42 kb downstream of
region ‘1’ to distinguish regions ‘1’ and ‘2’ and probe P5 ∼27 kb
downstream of region ‘3’ to distinguish regions ‘3’ and ‘4’. The
BAC clone RP11-95B23 was used to highlight the target region.
Briefly, the BAC DNA and the PCR products were amplified and
labelled with GenomePlex Whole Genome Amplification Kits
(Sigma-Aldrich, Haverhill, UK) as described in (19). RP11-95B23
was labelled with biotin 16-dUTP; P1 with digoxigenin 11-dUTP;
P2 with Cy5xx-dUTP; P3 with DNP 11-dUTP; P4 with digoxigenin
11-dUTP and DNP 11-dUTP; and P5 with DNP 11-dUTP and
Cy5xx-dUTP (all from Jena Bioscience, Jena, Germany). Molecular
combing fibres preparation and fibre-FISH experiments were
carried out as described previously (30). The order of the probes
on single-molecule DNA fibres allowed us to determine both the
copy number and orientation of RBMY1 genes and neighbouring
genomic regions and to identify other structural changes, for
example, inversions.

Copy number estimates of RMBY1 from read depth
calibrated by fibre-FISH

The linear correlation between (x) the sum of read depth ratios
of the four RBMY1 regions and (y) the accurate copy numbers of
RBMY1 genes from fibre-FISH were calculated in Excel. We used
8 out of 14 samples with accurately measured copy number from
the fibre-FISH experiments, including the sample with 2 copies
of RBMY1 in region 4, for the initial correlation calculation, and
the remaining 6 to test the accuracy of the inferred copy numbers
using the correlation formula.

Estimation of copy number mutation rate in the 1000
Genomes data

The published detailed phylogenetic tree (19) was used to count
the minimum number of copy number changes that would
explain the observed genotype patterns in the 1000 Genomes
Project samples. For major branches of the tree we assumed that
the most common copy number state among its members also
corresponds to the ancestral copy number state in this subgroup
of Y chromosomes. Any copy number change in the phylogenetic
tree was counted as one event even if a difference of multiple
copies was observed. The number of RBMY1 copy number change
events among all 1218 samples analysed was 562, and there were
371 events among the manually curated set of 839 samples.

A similar approach to Teitz et al. 2018 (16) was used to
estimate the mutation rate for RBMY1 copy number changes.
The published tree contains a total of 60 555 bi-allelic SNVs
derived from 1244 males across 10.3 Mb of accessible DNA

(19). Removal of 471 singletons specific to 26 samples excluded
from the current analysis left a total of 60 084 SNVs for the
1218 samples. For the manually curated set of 839 samples
another 11 184 singletons were removed, leaving 48 900 SNVs. A
Y-chromosomal mutation rate of 0.76 × 10−9 (95% CI: 0.67 × 10−9

to 0.86 × 10−9) SNV mutations per bp per year was used (31).
A total of 127.7 years per SNV mutation was then calculated
(0.76 × 10−9 × 10.3 × 107)−1. This was converted into generations
assuming a 30 year generation time (32). Each SNV thus
corresponds to 4.26 generations, translating into a total branch
length of 255 850 generations for 1218 samples and 208 226
for the manually curated 839 samples and yielding a rate of
2.20 × 10−3 (95% CI: 1.94 × 10−3 to 2.48 × 10−3) and 1.78 × 10−3

(95% CI: 1.57 × 10−3 to 2.02 × 10−3) mutations per father-to-son Y
transmission, respectively. The confidence interval of the SNV
mutation rate was used to obtain the confidence interval for the
copy number change mutation rate.

Simulations of RBMY1 copy number changes

First, we identified confident mutation changes from our real
data by counting the ones on the phylogeny where the ancestral
state was clear (176 events) and then scaled them up to the
total number of mutations (562 events). In this way we inferred
∼227, 54, 16, 13 and 3 events for 1, 2, 3, 4 and 5 copy number
decreases, compared with 185, 42, 19 and 4 for corresponding
increases. These changes were then randomly assigned on the
branches of the same phylogenetic tree according to the branch
length in each of the 1000 simulations (i.e. the longer the branch,
the higher probability to be assigned a change). We assumed
the most common copy number of RBMY1 genes of eight as
the ancestral state. We then determined the final copy number
of RBMY1 genes at each tip of the tree taking into account
the changes in the each simulation, and we treated negative
copy numbers as zero. Finally, we calculated the variance of
the RBMY1 copy numbers from each of the 1000 simulations
and compared this with the empirical variance of RBMY1 copy
number changes. The simulation was done using a custom R
script.

RBMY1 copy number estimation and Y phylogenetic
tree construction for the SGDP, the HGDP and Polaris
datasets

The SGDP (22), the HGDP (33) and Polaris (https://github.com/
Illumina/Polaris) high-coverage whole-genome sequence data
were mapped to GRCh38 and processed using the standard WSI
pipelines. Initially, samples overlapping with the 1000 Genomes
Project dataset were excluded, leaving a total of 189 unique sam-
ples. A total of 16 samples overlapping with the 1000 Genomes
Project were included as internal controls. Thus, a total of 205
samples were used for downstream analysis. The RBMY1 copy
numbers for these samples were estimated as described above
for the 1000 Genomes Project data.

The genotypes of the 10.3 Mb of chromosome Y sequence pre-
viously defined as accessible to short-read sequencing (34) were
jointly called using bcftools (v1.8) with minimum base quality
20, mapping quality 20 and defining ploidy as 1. The calls were
then filtered as follows: removing SNVs within 5 bp of an indel
(SnpGap), removing indels and calls with read depth less than
3. If multiple alleles were supported by reads, then the fraction
of reads supporting the called allele should be ≥0.8. Additionally,
any site with ≥10% missing calls was removed. We constructed a
maximum likelihood Y phylogeny using RAxML v8.2.10 with the
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GTRGAMMA substitution model using a final set of 33 796 SNVs
(35). The tree was visualized using the FigTree software (http://
tree.bio.ed.ac.uk/software/figtree/) with midpoint rooting.

Estonian idiopathic azoo- and oligozoospermic cohort

The study was approved by the Ethics Review Committee on
Human Research of the University of Tartu, Estonia (152/4,
221/M-5, 272/M-13) and genotyping at the Wellcome Sanger
Institute under WTSI HMDMC 17/105. Informed consent was
obtained from all subjects included in the study. The study
subjects were collected at The Andrology Centre at Tartu
University Hospital during the period from 2003 to 2015. The
collection of samples, definition of causal factors for severe
male factor infertility and idiopathic infertility, semen analysis
and hormone assays have previously been described in detail
(36). Briefly, the study group of severe male factor infertility
was formed based on reduced spermatozoa count (<39 million
per ejaculate) in at least two consecutive semen analyses (37).
Men with known potential cause of male factor infertility
were excluded, including cryptorchidism, testicular cancer,
orchitis/epididymitis, mumps orchitis, varicocele, testis trauma
and any subject with large chromosomal abnormalities and Y-
chromosomal microdeletions (AZFa, AZFb, AZFc).

In total, 1190 Estonian idiopathic azoo- and oligozoospermic
subjects were initially typed for Y-chromosomal AZFc partial
deletions following a published protocol (38). Among these, 389
subjects carried the AZFc partial b2/b3 deletion known to be
fixed in Y haplogroup N (39,40). Due to DNA quantity restrictions,
379 of the samples were selected and typed for Y marker N3-
M46 (Tat) by PCR amplifying the underlying region using pub-
lished primers (41) (Supplementary Material, Table S4) followed
by digestion with NlaIII. The majority of the samples carry the
derived allele for N3-M46 with the exception of two samples
that were excluded from copy number analysis. Additionally,
one sample failed to give reproducible RBMY1 copy number
estimates using the ddPCR assays, leaving a total of 376 samples
for downstream analysis (Table 2). According to the severity
of spermatogenic impairment, the subjects can be sub-divided
as follows: azoospermia, n = 27 (spermatozoa missing in the
ejaculate); cryptozoospermia, n = 26 (spermatozoa count of <1
million/ejaculate); severe oligozoospermia, n = 107 (spermatozoa
count of 1–10 million/ejaculate) and moderate oligozoospermia,
n = 216 (spermatozoa count of 10–38 million/ejaculate).

In order to define the haplogroup N3 sublineages these sam-
ples carry, we designed PCR primers for 16 additional phyloge-
netically informative Y markers (23,42) (Supplementary Material,
Table S4). The 16 markers were amplified from each sample,
pooled in approximately equimolar concentrations, barcoded
per sample and sequenced to high coverage (>40×) on Illumina
MiSeq using paired-end 250 bp reads. Genotype calling of the
marker positions was done using bcftools (v1.8) with minimum
base quality 20, mapping quality 20 and defining ploidy as 1.
Throughout the paper we follow the established Y nomenclature
for haplogroup N (23,42).

ddPCR genotyping

PCR primers and probes (Supplementary Material, Table S4) for
ddPCR assays were designed using Primer3plus (version 2.4.2)
according to the recommendations in ddPCR Application Guide
(Bio-Rad, Watford, UK). PCR primers for human Y-chromosomal
single-copy gene SRY used as a reference locus were taken

from (43). Two independent allele-specific probes were designed
against the single nucleotide variant at position 52 of the RBMY1
PCR product. One probe is specific to the T-allele (T-assay), which
in the human reference sequence (GRCh37) is shared by four
RBMY1 copies in the proximal regions ‘1’ and ‘2’. The second
probe is specific to the C-allele (C-assay) shared by two gene
copies in the distal regions ‘3’ and ‘4’ in the reference sequence.
To increase the specificity of the allele-specific ddPCR assays,
unlabelled oligonucleotides identical to the probes were used in
both assays (for the T-assay, an oligonucleotide specific to the
C-allele was added in equal concentration to the probe, and vice
versa) (from Eurogentec Ltd, Seraing, Belgium).

The Bio-Rad QX 200 ddPCR system (44,45) was used to quan-
tify the copy numbers of functional RBMY1 genes. PCR reactions
were prepared according to the manufacturers recommenda-
tions, containing the final concentrations of 1X ddPCR Supermix
for Probes (no dUTP), 900 nM of PCR primers and 250 nM of probes
for both target and reference regions plus 250 nM of unlabelled
oligonucleotide and 0.5 U/μL of AluI restriction enzyme. A total
of 5 ng of template genomic DNA was used per reaction. The
droplet emulsions were prepared by mixing 70 μL of Droplet
Generation oil for Probes with 20 μL of PCR reactions using the
QX100 Droplet Generator (Bio-Rad). The PCR conditions were the
following: for 5 min at 95◦C, 40 cycles of 30 s at 94◦C and for
1 min at 59.2◦C for T-assay or 57.4◦C for the C-assay, for 10 min
at 10◦C and a 4◦C hold with ramp rate of 2◦C/s. The fluorescence
of each droplet was measured using a XQ200 Droplet Reader
and QuantaSoft droplet reader software (v1.6.6.0320; Bio-Rad)
was used to cluster droplets into distinct fluorescent groups.
Copy number was determined by calculating the ratio of target
(unknown) and reference concentration.

ddPCR reactions using the T-assay were performed at least
twice for every sample. If the difference in copy number estimate
between the two replicates was 0.8 or greater, then a third
replicate was performed. The copy number estimates from the C-
assay were consistently close to two for majority of the samples.
Therefore, only samples that differed from two, plus 5% of all
other samples, were replicated, each time giving a concordant
copy number estimate. The total RBMY1 copy number is the sum
of copy number estimates from the T- and C-assays.

Statistical analyses

Statistical testing for the genetic associations between RBMY1
copy number and andrological parameters of 376 Estonian sub-
jects was conducted using RStudio (version 1.1.456) (46). Data
were visualized using package ggplot2 (version 3.1.0) (47).

The RBMY1 copy number, calculated by the QuantaSoft soft-
ware as the ratio of target and reference concentration (i.e. not
binned or rounded), was used as a measure of real copy number
in linear regression models. The following parameters were
tested for association with RBMY1 copy number: sperm con-
centration (million/ml), total sperm count (million/ejaculate),
semen volume (ml/ejaculate), total testis volume (ml), progres-
sive motility (WHO motility classes A + B) (%), total testosterone
(nmol/l), serum LH (IU/L) and serum FSH (IU/L). The genetic
association tests were adjusted for appropriate cofactors; all
parameters for age and additionally sperm parameters for absti-
nence time. For total testosterone level, an additional multiple
linear regression analysis was conducted using both age and
body mass index (BMI) as cofactors. For all linear regression
analyses, natural log transformation was used to achieve an
approximately normal distribution of values. Normality of the
transformed distribution was assessed visually on histograms
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and statistically using the Kolmogorov–Smirnov test assuming
that under the null hypothesis the observed values are nor-
mally distributed (significance level, α = 0.05). In all cases, with
the exception of total sperm count, the applied transformation
resulted in a close-to-normal distribution.

The non-parametric Wilcoxon rank sum test was used to
test for the RBMY1 copy number distribution difference in sub-
jects with reduced (<32%) and subjects with normal (≥32%)
progressive motility and Kruskal–Wallis test for the progressive
motility distribution difference in samples with <10, 10 and >10
functional RBMY1 copies.

In all tests, P < 0.05 after adjustment for Bonferroni correction
of multiple testing was considered as a statistically significant
outcome.

Supplementary Material
Supplementary Material is available at HMG online.
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