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from the human reference Y chromosome. Understanding the origin of this variation,
which has previously been attributed to changes in generation time, mutation rate,
or efficacy of selection, is important for accurately reconstructing human evolutionary
and demographic history.

Results: Here, we analyze Y chromosomes from present-day and ancient mod-

ern humans, as well as Neandertals, and show that branch length variation

amongst human Y chromosomes cannot solely be explained by differences in demo-
graphic or biological processes. Instead, reference bias results in mutations being
missed on Y chromosomes that are highly diverged from the reference used for align-
ment. We show that masking fast-evolving, highly divergent regions of the human'Y
chromosome mitigates the effect of this bias and enables more accurate determina-
tion of branch lengths in the Y chromosome phylogeny.

Conclusion: We show that our approach allows us to estimate the age of ancient
samples from Y chromosome sequence data and provide updated estimates

for the time to the most recent common ancestor using the portion of the Y chromo-
some where the effect of reference bias is minimized.
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Introduction

Human Y chromosome lineages that are highly diverged from the reference Y chromo-
some appear to have accumulated fewer mutations than lineages that are more closely
related to the reference, a non-African lineage of the R1b haplogroup. In particular,
some human Y lineages in Africa, such as A0O [1], appear to have accumulated fewer
mutations than other Y lineages since they last shared a common ancestor.
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In their phylogenetic analysis of a diverse selection of human Y chromosomes for
worldwide populations, Wei et al. [2] observed a shortened branch for the A3 haplo-
group represented by a single individual in their study. They attributed this shortened
branch to an under-calling of variants due to the low-coverage sequencing (5x) of the
A3 individual. Scozzari et al. [3] analyzed Y chromosomes representing major haplo-
groups and noted shortened branches for the A haplogroups relative to the rest of the
tree. They were not able to determine the cause of the shortened branches, but suggested
that a reduction in the male effective population size coinciding with the out-of-Africa
bottleneck allowed mildly deleterious mutations to accumulate on non-African Y chro-
mosomes. Hallast et al. [4] tested whether the tissue from which the DNA is extracted
has an effect on the branch length heterogeneity they observed but could not detect
any statistically significant differences between tissues. They therefore proposed that a
change in the mean paternal age (resulting in the increase or decrease of the effective
mutation rate) in a particular geographical region could result in associated haplogroups
displaying similarly shortened or lengthened branches. Barbieri et al. [5] also hypoth-
esized that population differences in average paternal age could contribute to the branch
length variation they observed across the Y chromosome phylogeny.

Barbieri et al. [5] additionally suggested a number of technical biases that could result
in the undercalling of variants in A and B Y chromosome lineages. They proposed that
capture bias could be introduced when using a Y chromosome capture array based on
the reference Y chromosome and that the underrepresentation of A and B haplogroups
in reference datasets could affect genotype calling and/or imputation. Although these
studies relied on capture sequencing data (and low-coverage shotgun sequencing data
in the case of Wei et al. [2]), Naidoo et al. [6] also noticed shortened branches among A
haplogroups using high-coverage shotgun sequencing data, suggesting that these differ-
ences do not originate from capture bias.

Understanding the cause of branch length variation in the Y chromosome phylogeny
is important to accurately reconstruct human evolutionary history. The A00 Y chromo-
some lineage has been used to estimate the time to the most recent common ancestor
(TMRCA) of the Y chromosomes of all living humans [7] and studies of archaic human
Y chromosomes [1, 8] have used this TMRCA to estimate the TMRCA between mod-
ern and archaic human Y chromosomes. The branch length variation observed suggests
that there may be differences in mutation rate among Y chromosome lineages. There-
fore, incorrectly assuming a constant mutation rate over the Y chromosome phylogeny
could result in biased TMRCA estimates that do not accurately reflect population split
times. Moreover, variation in the Y chromosome mutation rate could bias methods that
estimate the age of ancient and archaic humans by comparing the number of mutations
accumulated on their Y chromosomes to those of present-day human Y chromosomes.

Newly sequenced, high-quality Y chromosomes from present-day [7, 9, 10] and
ancient modern humans [11-14], as well as from Neandertals [1, 15], provide an
opportunity to re-evaluate the hypotheses that changes in mutation rate or generation
time are the cause of the branch length variation in the Y chromosome phylogeny.
These Y chromosomes also allow us to test the effect of reference bias on the mapping
of short reads. Reference bias refers to the observation that sequencing reads carry-
ing non-reference alleles are less likely to align successfully to the reference genome
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than those carrying reference alleles. The effect of reference bias is exacerbated for
shorter read lengths and for reads carrying ancient DNA damage, which introduces
more mismatches to the reference genome [16, 17]. Y chromosomes that are diver-
gent from the reference Y chromosome may be particularly affected by reference bias,
making it a possible explanation for the branch shortening reported for some Afri-
can Y chromosome lineages. The recent availability of high-quality Y chromosome
assemblies—including a telomere-to-telomere Y chromosome assembly [18] and an
almost fully contiguous assembly of a Y chromosome representing the basal AOb hap-
logroup [19]—allow us to test whether the reference used for alignment has any effect
on branch length.

Results

Branch length variation among a diverse set of Y chromosomes

To understand why there appear to be fewer mutations in Y chromosomes that are
diverged from the reference used for alignment, we compiled a dataset comprising 35
high-quality Y chromosomes from present-day and ancient modern humans, including
those from two Neandertals (Additional file 1: Table S1). We based our analyses on the
~4.6 Mb of the non-recombining portion of the Y chromosome that is uniquely map-
pable (Fig. 1a, see the “Materials and methods” section). While the dataset contains Y
chromosomes representing all of the major haplogroups, our focus was on incorporating
Y chromosomes that are significantly diverged from the human reference (hgl9, haplo-
group R1b) Y chromosome. To determine whether there is branch length variation in
our dataset, we compared the number of apparent mutations on each Y chromosome
to the number in a present-day non-African Y chromosome (haplogroup R1bla2ala2b)
since their common ancestor, thereafter referred to as relative branch length differ-
ence. If the mutation rate was constant across the Y chromosome phylogeny, we would
expect no significant differences between the number of mutations that we detect on the
Y chromosomes of present-day individuals. However, significantly fewer mutations are
identified for those African Y chromosomes that are the most diverged from the refer-
ence, and this difference increases linearly with increasing divergence from the reference
(Fig. 1b). We find that ~52 mutations are missed with each additional pairwise differ-
ence from the reference per 10,000 basepairs (bp) (Additional file 1: Fig. S1).

We expect to observe shorter branches for ancient individuals than for modern indi-
viduals because they have less time to accumulate mutations. This explains the shorter
branches for Ust’Ishim and Yanal (Fig. 1b). However, we would expect that ancient
individuals with similar radiocarbon dates should have branch lengths similar to one
another. Instead, when we compare the Y chromosomes of ancient individuals with
similar radiocarbon dates but with differing levels of divergence from the reference
(i.e., Mezmaiskaya2 vs Ust’Ishim/Shum Laka vs Loschbour), we find that the divergent
branches are significantly shorter than the non-divergent branches. As variation in
branch lengths among African Y chromosomes correlates with divergence from the ref-
erence (r = —0.916, P = 1.072 x 1075, Fig. 1b, Additional file 1: Fig. S1), this is unlikely
to be the result of an accumulation of mutations on non-African Y chromosomes follow-
ing the out-of-Africa bottleneck as proposed by Scozzari et al. [3].
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Fig. 1 a Structure of the hg19Y chromosome showing the different sequence classes using coordinates
from [20]. The black vertical lines represent the uniquely mappable positions used for the analysis (see the
“Materials and methods” section). The legend indicates the number of uniquely mappable positions and

the proportion of each sequence class included in the analysis. b Neighbor-joining tree of a Y chromosome
phylogeny comprising two Neandertals [1, 15], four ancient humans [11-14] and twenty nine present-day
humans [7, 9, 10] with associated relative branch length differences (i.e., the difference in branch length
normalized by the total number of sites used for the comparison) compared to a present-day non-African Y
chromosome (R1b1a2ala2b). The haplogroup names are taken from the respective publications. The colors
indicate the population of origin. The ancient individuals and their estimated ages are marked in bold. The
crosses denote the expected relative branch length differences for the ancient individuals based on their
estimated ages and assuming a constant mutation rate of 7.34 x 10~'? mutations/bp/year [1]. The error bars
represent 95% confidence intervals (Cls) computed by resampling branch lengths from a Poisson distribution
as described in Petr et al. [1]

Testing the hypothesis of mutation rate and generation time variation

The significant branch length variation observed over the Y chromosome phylogeny
suggests that the assumption of a constant Y chromosome mutation rate and constant
generation time may be violated. Therefore, we next estimated (1) the change in muta-
tion rate (assuming a constant generation time) and (2) the change in generation time
(assuming a constant mutation rate) required to explain the observed differences in
branch lengths.

To estimate the change in mutation rate that would result in the observed branch
length differences, we compared the branch lengths of the Y chromosomes that are the
most diverged from the reference to that of an R1b1l Y chromosome, which is closely
related to the hgl9 reference (R1b). For the Neandertal Y chromosome (Mezmaiskaya
2), we compared the branch length to that expected based on the age of this individ-
ual and assuming a Y chromosome mutation rate of 7.34 x 1071 mutations/bp/year
[1], which was computed by comparing the difference in the number of mutations
between an ancient human Y chromosome (that of a 44.5 thousand year old Eurasian
hunter-gatherer, Ust’Ishim [11]) and those of present-day non-Africans. We find that
the branches of the divergent Y chromosome lineages are between 30% and 46% shorter
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than expected for the least and most divergent lineages, respectively (Fig. 2a and Addi-
tional file 1: Table S2). This suggests that multiple changes in mutation rate are needed to
explain the observed branch shortening, and that the mutation rate would need to have
been up to 46% slower than that estimated in non-Africans. This contrasts with the find-
ing, based on a comparison between the complete assemblies of human and chimpanzee
Y chromosomes, that the chimpanzee Y chromosome mutation rate is 11% faster than
that of humans [21]. Mutation rate differences alone are, therefore, unlikely to explain
the observed differences in branch lengths.

We then tested whether changes in male generation time (i.e., in the average pater-
nal age) could contribute to the observed branch length variation using the relationship
between paternal age and the number of autosomal de novo mutations as a proxy for
de novo mutations on the Y chromosome (see the “Materials and methods” section).
While the number of de novo mutations increases linearly with increasing paternal age
[23] (Additional file 1: Fig. S2a), a shorter generation time can result in more mutations
because more generations occur over time (Additional file 1: Fig. S2b). We find that no
reasonable change in male generation time could account for the apparent 46% shorter
branch for the Neandertal lineage, as a change in male generation time could result in, at
most, a 10% branch shortening (Fig. 2b).

Exploring alternative hypotheses for the origin of branch length variation

Since neither biological nor demographic factors fully explain the branch length varia-
tion in the human Y chromosome phylogeny, we attempted to determine the extent to
which reference bias could cause us to undercount mutations in Y chromosomes that are
diverged from the reference used for alignment.

Mapping to the chimpanzee reference Y chromosome

We first tested whether the use of an outgroup Y chromosome (that of the chimpanzee)
as a reference can correct for the branch length variation in the human Y chromosome
phylogeny. Although this strategy should result in a significant level of reference bias
for all human Y chromosomes, we expect this bias to be the same across all lineages, as
all are equally diverged from the chimpanzee Y chromosome reference. As we obtained
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Fig. 2 a Mutation rates (in units of mutations/bp/year) required to explain the branch lengths of the

Y chromosomes that are highly diverged from the human reference. The dashed lines and percentages
represent the branch shortening relative to the R1b1a2ala2b branch (or the expected length given the age
for Mezmaiskaya 2). The colors indicate the branches of the tree and their corresponding mutation rate. b
Percentage change in branch length as a function of the past male generation time (x-axis) compared to the
branch length assuming a male generation time of 32 years, a large value within the range of the estimated
male generation time in modern populations [22]. The dashed lines correspond to the change in branch
length assuming a generation time of 28 or 36 years



Swiel et al. Genome Biology (2025) 26:4 Page 6 of 19

many heterozygous genotype calls with the alignments to the chimpanzee reference
(suggesting a high frequency of mapping errors) we concluded that human Y chromo-
somes are too diverged from the chimpanzee Y chromosome to allow us to accurately
call genotypes (Additional file 1: Table S3).

Mapping to different human Y chromosome assemblies

Due to the highly repetitive nature of the human Y chromosome, more than half of the
hg19 reference Y chromosome could not be assembled using short read sequencing
methods [18]. A fully contiguous telomere-to-telomere (T2T) Y chromosome assembly
[18] (haplogroup J1a2b) allows us to test whether the use of a higher-quality reference
influences the number of mutations we are able to detect by facilitating the alignment
of more sequences in complex regions. To test whether we can recover more mutations
from the more basal lineages in the phylogeny, we also used a Y chromosome reference
that is outside of the variation of most human haplogroups (haplogroup A0b [19]).

To study the effect of the reference used for alignment and determine whether refer-
ence bias affects mapping to the Y chromosome, we aligned whole-genome sequence
data from the individuals in our dataset for whom we had unmapped reads to three dif-
ferent reference genomes:

+ The hgl9 reference with the original hgl9 Y chromosome, which is almost entirely
derived from a lineage that represents the R1b haplogroup [24, 25] (one that is within
the variation of present-day non-African Y chromosomes)

+ The hgl9 reference with a long-read assembled Y chromosome representing the AOb
lineage [19] (one that is outside of the variation of most modern human Y chromo-
some lineages, with only the A0O lineage as a more basal outgroup)

+ The hgl9 reference with the long-read assembled T2T Y chromosome representing
the J1a haplogroup [18] (which, like the hgl9 Y chromosome, is within the variation
of present-day non-African Y chromosomes)

For each of the three reference genomes, we processed our dataset using the same pipe-
line, called genotypes, and compared the relative branch length differences with respect
to a present-day non-African Y chromosome (Fig. 3a). In order to compare the effect
of the T2T reference against the hgl9 reference, we used the G2b1 haplogroup as it is
an outgroup to both the J (T2T) and R (hgl9) branches of the phylogeny. We find that
the T2T reference has little effect on the branch length variation and we observe similar
branch length differences for the two references that are within the variation of non-
African Y chromosomes. This shows that mutations are not missed due to the quality
of the reference assembly. By contrast, the AOb reference enables the detection of more
mutations on the A0al lineage, but does not resolve the issue for the other A haplo-
groups that do not fall on the A0 lineage. We also miss mutations on the non-African
lineages that are now highly diverged from the AOb reference (Fig. 3b). Taken together,
these results show that reference bias does affect the alignment of sequences from
human Y chromosomes and that this bias will always be present for some lineages in the

phylogeny depending on the reference used for alignment.
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Fig. 3 a Relative branch length differences compared to a present-day non-African lineage (G2b1) using
variants called from alignments to three different reference genomes (shown with different colors). The error
bars correspond to 95% Cls computed by resampling branch lengths from a Poisson distribution. b Branch
lengths for three present-day A lineages (A0O, AOa1, and A1a, as indicated in each panel) since their last
common ancestor with a present-day non-African lineage (G2b1) using variants called from alignments to
two different reference genomes (shown with different colors). The solid lines represent the branch length of
the respective A lineage and the dashed lines represent the branch length of the G2b1 lineage. The results
with the alignments to the T2T reference genome are similar to those obtained with the hg19 reference, and
are not shown for simplicity

An approach to limit the effect of reference bias

As the reference used for alignment cannot resolve the effect of reference bias for all
Y chromosome haplogroups, we then investigated whether specific regions of the hgl19
Y chromosome are correlated with a reduction in the ability to call private mutations
in divergent Y chromosomes. We used sequence divergence between the hgl9 Y chro-
mosome assembly and the chimpanzee reference (panTro6) Y chromosome assembly to
identify the faster-evolving regions of the human Y chromosome where the alignment
of short read data may be most affected by reference bias. We used a sliding window
approach to compute the sequence divergence for each uniquely mappable base of the
hgl9 Y chromosome based on the number of mismatches compared to the panTro6
Y chromosome. For three present-day haplogroups that are affected by reference bias
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(A00, AOal, and B-M181), we computed the mean mutation count difference with
respect to all of the haplogroups that do not show significant branch length differ-
ences (i.e., all non-African haplogroups along with the E haplogroups) for progressively
increasing sequence divergence filters (Fig. 4). This allowed us to identify the sequence
divergence cutoff that minimizes the branch length difference between the lineages that
are most diverged from the reference and those that are closer to the reference. As the
non-recombining part of the Y chromosome is a single locus, only one phylogeny exists
for the human Y chromosome. For this reason, removing regions of the Y chromosome
does not introduce biases if we use the appropriate mutation rate in subsequent analyses.

Yet, there is a tradeoff between filtering the regions of the Y chromosome where map-
ping is more difficult while simultaneously retaining a sufficient number of positions for
further phylogenetic analysis, and we aimed to retain as many of the uniquely mappable
positions of the human Y chromosome as possible. The branch length variation is mini-
mized, and the number of positions maximized, using a human-chimp sequence diver-
gence cutoff of 1.9% which retains around 2 Mb of the uniquely mappable ~4.6 Mb of
the hgl9 Y chromosome.

We also looked at human-chimp sequence divergence for the complete nuclear
genome to determine whether reference bias could have a similar impact on analyses of
the autosomes or the X chromosome (Additional file 1: Table S4). The Y chromosome
stands out for both the proportion of the chromosome that can be aligned and the diver-
gence from the chimpanzee reference, suggesting that reference bias is largest on the Y
chromosome. This probably results from the faster evolving nature of the Y chromo-
some compared to the autosomes [11].

We then analyzed the regions of the Y chromosome that are removed by the human-
chimp divergence filter. About half of the non-recombining part of the human Y chro-

mosome consists of highly repetitive heterochromatin and the remaining euchromatin
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Fig.4 Comparing the number of mutations on divergent Y chromosomes to non-divergent Y chromosomes
for different maximum human-chimp sequence divergence filters (lower x-axis). The upper x-axis represents
the average number of positions (in Mb) used for each comparison. The colors correspond to the three
divergent Y chromosomes (A00, AOa1, and B-M181). The shaded area indicates the divergence filters that
minimize the branch length variation while maximizing the proportion of the Y chromosome available for
further analysis. The error bars denote 95% Cls computed by resampling branch lengths from a Poisson
distribution
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comprises three sequence classes: the X-degenerate regions, the X-transposed regions,
and the ampliconic regions, which primarily consist of palindromic repeats. We find that
the majority of the uniquely mappable positions in the ampliconic and X-transposed
regions are removed by the divergence filter, whereas more than half of the X-degenerate
positions are retained (Table 1). We investigated whether the divergence filter is required
in the X-degenerate regions of the Y chromosome by using only these regions when test-
ing for the presence of branch length variation. We still observe shortened branches
for the Y chromosome lineages that are most diverged from the reference (Additional
file 1: Fig. S3) showing that reference bias also affects the X-degenerate regions and that
the divergence filter is necessary for unbiased analyses of the human Y chromosome
phylogeny.

We hypothesized that regions masked by the divergence filter would show evidence
for an increased rate of mapping errors. To assess this possibility we identified heterozy-
gous sites called by snpAD—a diploid genotype caller—on the haploid Y chromosome,
and calculated the percentage change in the number of heterozygous calls for each indi-
vidual after applying the human-chimp sequence divergence filter. We found that a large
proportion (between 7 and 92%) of mapping errors occur in the divergent regions of the
Y chromosome (Additional file 1: Table S5), indicating the increased difficulty of cor-
rectly aligning reads in quickly-evolving regions.

Application to estimates of the modern human and the modern human-Neandertal Y
chromosome TMRCAs
After minimizing the effect of reference bias in the Y chromosome phylogeny, we
sought to recalibrate both the modern human Y chromosome TMRCA (using the A0O
Y chromosome to represent the most basal modern human lineage) and the modern
human-Neandertal Y chromosome TMRCA using the portion of the human Y chromo-
some with minimal reference bias. We used two different methods to determine the Y
chromosome TMRCAs: (1) the method defined in [1] (with the lineages used shown in
Fig. 5a) which computes the modern human-Neandertal TMRCA by scaling the modern
human TMRCA based on modern human-Neandertal divergence and (2) Bayesian phy-
logenetic reconstruction as implemented in the software package BEAST?2 (v2.6.7) [26].
We first calculated the Y chromosome mutation rate for those regions of the Y chro-
mosome that pass the divergence filter (Table 2). The mutation rate in these regions is

Table 1 Uniquely mappable positions that pass the human-chimp divergence filter for each
euchromatic sequence class of the non-recombining portion of the Y chromosome

Sequence class Uniquely mappable Human-chimp aligned Retained after
divergence
filtering

X-degenerate 3,701,385 3,476,366 [94%)] 2,151,164 [58%)]

X-transposed 27214 0 NA

Ampliconic 834,298 336,588 [40%] 38,196 [5%]

Others 39452 37,152 [94%] 11,458 [29%)]

Total 4,602,349 3,850,106 [84%] 2,200,818 [48%]

The percentages represent the proportion of uniquely mappable positions retained
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Fig. 5 aTrees depicting the lineages used to estimate the TMRCA of all modern humans and the TMRCA of
modern humans and Neandertals. The lineage of the radiocarbon dated ancient modern human, Ustshim,
used to calculate the mutation rate, is also shown. b TMRCA estimates between the Y chromosomes on

the x-axis and 16 non-African Y chromosomes. Each dot represents the TMRCA with one non-African Y
chromosome. The top plot shows the TMRCAs estimated by measuring the non-African branch, while the
bottom plot shows the TMRCAs estimated by measuring the AOO branch. The dots in color represent the
TMRCA estimates based on the the filtered Y, while the dots in gray represent the TMRCAs estimated using
the unfiltered Y chromosome. The vertical lines denote 95% Cls computed by resampling branch lengths
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non-African Y chromosomes and the solid horizontal lines show overall 95% Cls

Table 2 Comparing the mutation rate estimates (in units of mutations/bp/year) for the uniquely
mappable (~4.6 Mb) part of the Y chromosome and for the uniquely mappable, divergence-filtered
Y chromosome (maximum 1.9% human-chimp sequence divergence, ~2 Mb)

Method Unfiltered Y chromosome Divergence-filtered Y chromosome
Branch shortening 724 % 10~10 661 x 10710

95% C14.90 x 10~19t09.77 x 10710 95% C14.12 x 107190 9.55 x 10710
BEAST 745 x 10710 679 x 10710

95% HPD 6.85 x 1071910 8.00 x 10~1° 95% HPD 6.07 x 107 19t07.54 x 1071°

The method used to estimate the mutation rate (as described in the main text) is indicated. HPD - highest posterior density

slightly lower than the mutation rate computed over the entire uniquely mappable Y
chromosome (Table 2) and the rates reported elsewhere (Additional file 1: Table S6).
This is expected as more divergent, faster-evolving regions of the Y chromosome are
removed by the divergence filter. In all subsequent analyses, we used this recalibrated
mutation rate to account for the effect of the divergence filter.

We then computed the modern human and the modern human-Neandertal TMRCAs,
and compared the TMRCAs estimated with all of the uniquely mappable sites to those
estimated with only sites that pass the divergence filter (Fig. 5). When the unfiltered
Y chromosome is used, the choice of the modern human branch used for comparison
has an effect on the TMRCA calculation with the difference in length between the A00
branch and the non-African branches resulting in inconsistent estimates. By applying
the divergence filter, the effect of reference bias is minimized and the choice of modern
human branch then has no effect on the TMRCA estimates.

As we are able to calculate unbiased TMRCAs after masking divergent regions, we
then used BEAST to reconstruct the Y chromosome phylogeny (see the “Materials and
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methods” section) based on the sites that pass the divergence filter (Fig. 6a). BEAST esti-
mates similar TMRCAs to those estimated with the method described above, although
with narrower confidence intervals. We estimated that the modern human TMRCA is
270 ka (95% HPD 303 to 240 ka) and the modern human-Neandertal TMRCA is 390 ka
(95% HPD 436 to 347 ka). Our recalibrated TMRCAs are slightly older than previous
estimates of 254 ka (95% CI 307 to 192 ka) for the modern human TMRCA [7] and 370
ka (95% CI 420 to 326 ka) for the modern human-Neandertal TMRCA [1], but within
their confidence intervals.

We then tested whether we can use BEAST to estimate the age of a shotgun sequenced
ancient individual from Shum Laka, Cameroon dated to ~8 ka (7970 to 7800 calibrated
years before present) who carried the A00 Y haplogroup using just the Y chromosome.
For this analysis, we set a wide prior for the age of the ancient individual (— 50,000 to
200,000) and did not include the present-day AOO individuals. Employing the same
parameters used for generating the full phylogeny above, we constructed one phylogeny
with the filtered Y chromosome and one with the unfiltered Y chromosome (Fig. 7). We
find that using the unfiltered Y chromosome to construct the phylogeny yields an age-
estimate for the ancient A0O individual that is about 30 thousand years older than the
radiocarbon date due to the reference bias that leads to an underestimate of the number
of mutations on this branch. If we use the filtered Y chromosome regions, we obtain an
age estimate of 14 ka (95% CI 44 to 0) which is reasonably close to the radiocarbon date
(albeit with wide confidence intervals) suggesting that filtering is necessary for accurate
age estimation.

We also re-estimated an age for the Chagyrskaya 2 Neandertal—previously dated to
~64 ka (95% CI 83 to 48) [15]. Our estimate of 76 ka (95% CI 93 to 59) is consistent with
a Neandertal occupation of Chagyrskaya Cave between 92 ka and 49 ka, and close to the

118 kAo Chagyrskaya2, 76 ka [93, 59]
390 ka [133, 102] B ke Mezmaiskaya2, ~43 ka
436, 347] 270 ka o —
[303, 240] 175 ka
[198, 155]
143 ki
161, 127
M Neandertal [ ] ﬁ
African’ 99 ka D1b2a2
M non-African [111,88] Diala
73 ka
C2bic
81,64 G2b1
J2ai
J1a2b
5 ka Igaﬁa1aﬁg2 8 ka)
e oscnbour, ~ a
R K (Ustishim, ~44 ka)

N1
Otblatala
O2a2blala
L1a2

--------- P1 (Yanal, ~32 ka)
Qia2atatl
R2a
Rialaib2

R1b1a2ala2b
Fig. 6 Y chromosome phylogeny reconstructed with BEAST. The TMRCA estimates, as well as the estimated
age of Chagyrskaya 2 (shown in the branch label), and their respective 95% HPD intervals are indicated on the
tree. The ages of the other ancient samples were set to the estimated radiocarbon dates. The haplogroups
from different populations are highlighted with different colors. The branches are to scale, in thousands of
years (ka)
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A

266 ka AOatl
[299, 233] 175 ka Ala
[198, 152] Albialal
150 ka
(171, 130] A1b1b2b
B-M181

B2b2
01 4a LEB%W
[117, 86] B2blala
74 ka
[88, 63]

275ka A0at
(299, 252] 175 ka Ala
[190, 160] Alblalal
146 ka
[159, 135] A1b1b2b
B-M181

1 B2a
B2b2

98 ka B2blalc
[106, 90] B2biala

71 ka
[76, 65]

Fig. 7 Estimating the age of the radiocarbon dated A0O individual (radiocarbon date ~8 ka) using molecular
dating of the Y chromosome with BEAST. Phylogenies based on the filtered (a) and the unfiltered (b)

Y chromosome are shown. The branches corresponding to 22 Y chromosomes included in the analysis
(Additional file 1: Table S1) were collapsed. The TMRCA estimates and their 95% HPD intervals are indicated
on the tree. The age of the A00 individual, along with its associated 95% HPD interval, is indicated in the
branch label

genetic age of Chagyrskaya 8 (~80 ka), another individual from the same cave, whose
age was estimated from a high-coverage genome [27].

In summary, although the re-estimated TMRCAs are not significantly different from
previous estimates, these analyses show that the divergence filtering is necessary to
obtain Y chromosome-based age estimates for ancient individuals with Y chromosomes
that are diverged from the human reference.

Discussion
We show here that variation in Y chromosome branch lengths is at least in part
explained by biases introduced by alignment to a single Y reference genome represent-
ing a single haplogroup. Although we do not observe any significant haplogroup-specific
variation after accounting for the effect of reference bias (Additional file 1: Fig. S4 and
Additional file 1: Fig. S5), a larger Y chromosome dataset with multiple samples repre-
senting specific lineages in populations of interest may allow for the detection of subtle
branch length differences that result from changes in mutation rate or generation time.
The Y chromosome is more affected than the autosomes by this reference bias due to
its highly repetitive nature and extensive structural variation. We show that restricting
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analyses of human Y chromosomes to regions with a human-chimpanzee divergence of
<1.9% allows accurate estimation of branch lengths and, therefore, unbiased estimates of
the human Y chromosome phylogeny. However, doing so reduces the (already limited)
amount of the Y chromosome that is accessible for analysis by more than half, leading
to wider confidence intervals in both TMRCA and age estimates. For analyses of Y chro-
mosomes in specific populations, it may be possible to recover more of the Y sequence
by alignment to the closest high-quality Y chromosome assembly [19].

In contrast to using a single linear reference genome, approaches that incorporate Y
chromosome haplotype diversity in the reference to which sequence reads are aligned,
known as “pangenomes,” have been shown to reduce the effect of reference bias when
used as a reference for short-read mapping [28, 29] and could potentially maximize the
amount of the Y chromosome that is accessible for comparison. The repetitive nature of
the Y chromosome, along with its extensive structural variation, could make it a particu-
larly good target for a pangenome-based approach. A number of high-quality Y chromo-
some assemblies that could be used to construct a pangenome reference [19] are already
available, although methods to incorporate ancient Y chromosome variation into pange-
nome graphs have yet to be explored and are an exciting direction for future research.

We expect our divergence-filtering approach to be particularly useful for analyses of
archaic human (i.e., Neandertal and Denisovan) Y chromosomes that are substantially
diverged from the human reference, and for which the construction of pangenome
graphs remains challenging. These Y chromosomes will be most affected by reference
bias, so methods that rely on comparing the number of private mutations on archaic
Y chromosomes to those of present-day human Y chromosomes will underestimate the
archaic branch length if they do not account for this bias.

Materials and methods

Dataset

The dataset includes high-coverage Y chromosome data from present-day and ancient
modern humans as well as from Neandertals (Additional file 1: Table S1). For the pre-
sent day humans, a subset of individuals from the Human Genome Diversity Project
(HGDP) [9] dataset were selected to represent the Y chromosome phylogeny with a par-
ticular focus toward individuals with Y chromosomes that are highly diverged from the
human reference Y chromosome. We also included two individuals (carrying Y chromo-
somes representing the A haplogroup) from the high-coverage resequencing of the 1000
Genomes Project (IKGP) [10].

The dataset also contains Y chromosomes from two closely related individuals with
the A0O haplogroup [7]. Due to the relatively low coverage of the sequence data for these
two A00 Y chromosomes, we followed the approach of the original publication and
merged the two A00 Y chromosomes into a single BAM file.

To calibrate the Y chromosome phylogeny, we included high-coverage, shotgun-
sequenced Y chromosome data from the following radiocarbon dated ancient modern
humans: Ust’Ishim [11], Yanal [14], Loschbour [13] and an individual from Shum Laka
with the A0O haplogroup [12].

We also included two high-coverage Neandertal Y chromosomes that were obtained

by enrichment-capture sequencing: MezmaiskayaZ2 [1] and Chagyrskaya2 [15].
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Data processing

Sequences were aligned using BWA-MEM (v0.7.17) [30] for present-day individuals and
BWA-ALN (with ancient parameters—“-n 0.01 -o 2 -1 16500”) for ancient individuals.
For the present-day HGDP and 1KGP individuals, adapter sequences were identified and
flagged using MarkIlluminaAdapters from Picard tools (v2.18.29) before alignment. For
the ancient samples, we used the merged and adapter-trimmed sequences as published
(Additional file 1: Table S1).

The aligned BAM files for each individual were filtered with samtools [31] to retain
reads at least 35 bp in length and with a minimum mapping quality of 25, and PCR
duplicates were removed using bam-rmdup (v0.2, https://github.com/mpieva/bioha
zard-tools/). We also removed sequences with indels as we observed an increased fre-
quency of genotyping errors around indels.

We restricted our analyses to uniquely mappable regions of the Y chromosome so
as to minimize errors caused by ambiguous alignment of short reads. To exclude non-
unique regions of the hgl9 Y chromosome, we used the map35_100 filter from [32]
which retains only positions where all 35mers overlapping that position do not map to
any other position in the genome allowing up to one mismatch. We also applied the cap-
ture_full filter from [1], which additionally masks tandem repeats identified by Tandem
Repeat Finder [33].

Genotypes were called with snpAD [34]—a genotyper that accounts for ancient DNA
damage—using bases with a minimum base quality of 30. For consistency, snpAD was
used to call genotypes for both ancient and modern individuals, however, position-spe-
cific error rates were estimated independently for each sample. As snpAD is designed to
call diploid genotypes, heterozygous genotype calls were converted to homozygous gen-
otypes choosing the lowest homozygous posterior probability as calculated by snpAD.
Finally, following [32], genotypes were filtered based on maximum GC-corrected cov-
erage cutoffs for each individual (see the “Availability of data and materials” section) in
order to remove potential duplications or regions with spurious alignments of microbial

sequences.

Methods to estimate branch shortening

Branch length difference

To calculate the difference in branch length with respect to a reference individual, we
counted the number of derived mutations on each branch (using the chimpanzee
genome to infer the ancestral state) with the BranchShortening.get_mutations_vs_indi-
vidual function from [35]. The UCSC whole genome alignments between the human
reference genome (hgl9) and the chimpanzee reference genome (panTro6) were used to

determine ancestral genotypes.

Estimating the human Y chromosome mutation rate

A'Y chromosome from an ancient human individual with an accurately estimated age
can be used to determine the human Y chromosome mutation rate [36]. The Ust'Ishim
individual is estimated, based on radiocarbon dating, to have lived around 44,000 years
ago (45,930-42,904 calibrated years before present; [11]). We used the high-coverage
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genome sequence of Ust’Ishim to determine the number of derived mutations on the
branch leading to UstIshim, and compared this to an individual living today. Normaliz-
ing the number of mutations accumulated per year by the total number of positions used
for the comparison results in the Y chromosome mutation rate in units of mutations per
position per year.

Estimating the mutation rate on a shortened branch

To estimate the mutation rate that would result in a shortened branch when compar-
ing two Y chromosome lineages, we first calculate the expected branch length difference
using the known ages of the two individuals and the expected mutation rate. We then
calculate the proportion of missing mutations using the observed branch length differ-
ence and adjust the expected mutation rate, based on this proportion, to estimate the
mutation rate on the shorter branch.

Estimating TMRCAs of modern and archaic human Y chromosomes

We used the method described in [1] to estimate the TMRCAs of modern and archaic Y
chromosomes. Briefly, the method first estimates the modern human TMRCA by count-
ing the differences between a present-day African Y chromosome and a present-day
non-African Y chromosome and converting this count to time using a mutation rate.
The archaic TMRCA is then computed by scaling the modern human TMRCA based
on the fold increase in divergence between one of the present-day Y chromosomes and
the archaic Y chromosome relative to the divergence between the two present-day Y
chromosomes.

Mapping to the chimpanzee reference Y chromosome

We replaced the hgl9 Y chromosome with the chimpanzee reference (panTro6) Y chro-
mosome (hgl9 panTro6_Y) and aligned all sequence reads from two ancient genomes
(Ust’Ishim and Shum Laka) to this reference. To conduct a fair comparison, we down-
sampled the aligned sequences of Ust’Ishim to the same coverage distribution and read
length distribution of the aligned sequences of Shum Laka. We then called genotypes
with the same pipeline that we use to call genotypes from the sequences aligned to the
human hg19 reference.

Estimating the percentage change in mutation rate in response to a change in generation
time

To estimate the relative change in mutation rate corresponding to a change in genera-
tion time, we used the relationship between paternal age (a) and the autosomal germline
mutation rate (i, in units of male-transmitted mutations per generation) defined in [23]
as

Q= 6.05+ 151 x a.

We used the autosomal relationship as this relationship for the Y chromosome cannot
be determined accurately due to the small size of the Y chromosome, which accumulates
relatively few mutations per generation [37].
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To account for the fact that a decrease in the average paternal age can result in an
increase in the number of mutations over time due to an increase in the number of gen-
erations, we define the relative change in mutation rate (if the paternal age changed from

Acurrent tO ﬂpast) as

Acurrent
Apast

Mpast — Mcurrent

Mcurrent

Processing of long-read assembled Y chromosomes

We replaced the Y chromosome of the hgl9 reference genome with the AOb Y chro-
mosome (hgl9_AOb_Y) from [19] or with the T2T Y chromosome (hgl9_T2T_Y) from
[18]. We then generated new map35_100 filters and ran Tandem Repeat Finder [33] on
both the hgl9_AOb_Y genome and the hgl9_T2T_Y genome to identify the uniquely
mappable regions for each genome. To call genotypes, we used the same processing
pipeline as the one used for hg19.

To identify ancestral alleles, we used LASTZ [38] to align the chimpanzee reference
genome (panTro6) to both the hgl9_AOb_Y genome and the hgl9_T2T_Y genome using
the UCSC LASTZ alignment parameters for human-chimp alignments. The alignments
were then chained with axtChain using the UCSC chaining parameters and the high-
scoring (> 2000) alignments were extracted from which we called panTro6 genotypes.

Human-chimp sequence divergence

To compute human-chimp sequence divergence for each base of the hgl9 Y chromo-
some, we extracted the Y chromosome alignments from the UCSC hgl9-panTro6
pairwise alignment file (hgl9.panTro6.synNet.maf.gz) and used the maf to_pairwise_
identity.py script from [39] to determine the alignment state (i.e., match, mismatch,
insertion, deletion, no alignment) for each position in the hgl9 Y chromosome. We
then used a 400-bp sliding window centered on each position to compute human-chimp

sequence divergence as

1— Nwatch

)
rotal

where 7, is the number of matching bases and 7, is the total number of aligned
bases in each window. Due to the fragmented nature of the uniquely mappable fraction
of the human Y chromosome, we additionally required a minimum number of human-

chimp aligned bases (200 bp) to compute the sequence divergence for a position.

Bayesian phylogenetic analysis

We used BEAST2 (v2.6.7) [26] to reconstruct the Y chromosome phylogeny and esti-
mate the TMRCAs. As BEAST requires a FASTA file as input, the VcfHandler.convert_
vef_dataframe_to_fasta_file function from [35] was used to convert the Y chromosome
VCF data to FASTA format. Only variable sites were used (31,474 in total) as input to
the BEAST analysis in order to reduce the computational complexity of the phylogenetic
reconstruction, although we defined the nucleotide composition of the invariant sites by
editing the BEAST .xml file as was done in [7] (Additional file 1: Table S7).
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We used the BEAST2 bModelTest package [40] to estimate the most appropriate
nucleotide substitution model for our data set. bModelTest averages over all substitution
models while simultaneously reconstructing the phylogeny. To select the tree model and
the clock model that best fit our dataset, we estimated the marginal likelihood for each
model combination using a path sampling approach as implemented in the BEAST2
MODEL_SELECTION package (Additional file 1: Table S8).

To generate the full phylogeny using the best fitting models (the strict clock model
together with the Bayesian Skyline tree model), we performed four independent MCMC
runs of 55 million iterations with a 10 million iteration pre-burn-in stage, sampling every
5000 steps. We used Tracer v1.7 [41] to examine the output of each run and confirm
that all ESS (Effective Sample Size) values were greater than 200. We then combined the
resulting log files with logcombiner using a 10% burn-in for each run and generated a
single best supported tree with TreeAnnotator. ESS values from the combined log file
are shown in Additional file 1: Table S9.
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