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Abstract

The common marmoset (Callithrix jacchus) is a biomedically important species that is characterized by two unusual
biological traits—a high frequency of twin births and hematopoietic chimerism—that preclude the application of
many commonly used population genomic approaches for quantifying evolutionary processes. In this study, we dir-
ectly account for both factors in order to estimate fine-scale mutation and recombination rate maps, as well as to infer
the demographic and selective processes shaping variation, on the common marmoset X chromosome. Comparing
our findings to estimates recently inferred on the autosomes of this species, we find reduced rates of mutation and
recombination on the X, as expected. Furthermore, population sex ratios are inferred to be nearly equal, and the ap-
propriately rescaled autosomal population history fits the X chromosome well. Finally, we report evidence of recent
selective sweeps targeting a number of X-linked genes, including several of significant biomedical relevance.
Overall, these analyses provide novel insights into the evolutionary processes shaping X chromosome evolution in
this biomedically relevant primate model.

Key words: primate, platyrrhine, demography, recombination, mutation, selection.

Significance

Common marmosets are characterized by frequent twin births and sibling chimerism, and both biological pro-
cesses must be accounted for when performing evolutionary genomic analyses. We here utilize a population gen-
etic framework within this context in order to estimate fine-scale mutation and recombination rate maps, as well
as to infer demographic and selective processes, shaping the X chromosome of this species. We report evidence of
positive and balancing selection targeting a number of X-linked genes related to the role of the common mar-
moset as a model for human neurodevelopmental disorders.
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Introduction

A number of factors shape the evolutionary trajectories
of sex chromosomes in ways that are distinct from the
autosomes, ranging from the age of the sex chromo-
some system itself (Lahn and Page 1999) to the
population-level sex ratio (see the reviews of Ellegren
2011; Bachtrog et al. 2014). In most primates, the X
chromosome in particular is present as a single copy in
males (XY) and a double copy in females (XX). As such,
under equal sex ratios, X chromosomes spend
two-thirds of their evolutionary history in females. This
in turn contributes to reduced levels of genetic diversity
on the X chromosome relative to the autosomes, given
the lower mutation rate in females (eg Goldmann
et al. 2016; Wong et al. 2016; Jénsson et al. 2017b;
Bergeron et al. 2021; Versoza et al. 2025, 2026; Terbot
et al. 2025) resulting from male-biased patterns in mu-
tation. While this may be expected from first principles
due to differences in germ cell divisions in males and fe-
males (Haldane 1947; and see the reviews of Hurst and
Ellegren 1998; McVean 2000), recent evidence in fact
suggests that many mutations do not track cell divisions
(Goldmann et al. 2016; Jonsson et al. 2017a; Gao et al.
2019; Wu et al. 2020). As there are fewer copies of the
X chromosome in the population relative to an auto-
some (75% under even sex ratios), this results in an ex-
pected reduction in effective population size (N.) on
the X, which further decreases neutral variation and ne-
cessitates alternative demographic scaling relative to
the autosomes (eg Pool and Nielsen 2007; Singh et al.
2007). Additional factors are expected to contribute to
these differences; for example, demographic patterns
on the X chromosome may be affected still further by
sex-biased migration (Laporte and Charlesworth 2002).
Patterns of selection are also affected by the unique his-
tory of sex chromosomes relative to autosomes. For ex-
ample, in an XY system, mutations occurring on the
X chromosomes will be directly exposed to selection
in males, regardless of dominance (Haldane 1924,
Charlesworth et al. 1987; and see Bachtrog et al. 2009;
Veeramah et al. 2014). A further consequence of males
only carrying a single copy of the X chromosome is that
recombination largely occurs only in females, resulting
in a reduced overall per-generation recombination rate
(eg Kong et al. 2002) and thus potentially increased levels
of linkage disequilibrium (LD) across the X chromosome.
Furthermore, increased background selection (BGS) ef-
fects can result from this decrease in recombination rate
(Charlesworth et al. 1993; Charlesworth 2012).

The majority of studies of primate sex chromosome
evolution have focused on the great apes as well as a
few biomedically relevant species (eg Osada et al.
2021; Makova et al. 2024). This inference is beginning

to expand with greater data availability however; for ex-
ample, a recent study of aye-ayes examined sex chromo-
some dynamics in this strepsirrhine of conservation
concern (Terbot et al. 2025; and see Soni et al. 2025a).
Amongst the emerging patterns of interest from these pri-
mate X chromosome studies, a reduced deviation from
the expected 0.75 ratio of autosomal to X-linked genetic
diversity has been observed in humans (eg Keinan et al.
2009), whilst this ratio was found to be particularly low
in gorillas and orangutans (Prado-Martinez et al. 2013).

In this study, we contribute to this examination of the
wider primate clade, and infer evolutionary dynamics on
the X chromosome of the common marmoset (Callithrix
jacchus). A platyrrhine native to east-central Brazil
(though now found across the country due to the pet
trade; Rylands and Faria 1993; Rylands et al. 2009;
Garber et al. 2019), the small stature and high repro-
ductive capabilities of the common marmoset have con-
tributed to their use as a model for biomedical research,
particularly for the study of infectious disease dynamics
(owing in part to reduced levels of genetic diversity in their
major histocompatibility complex relative to other mam-
mals; Antunes et al. 1998; Wu et al. 2000; Carrion and
Patterson 2012) and human neurodevelopmental disor-
ders (eg Miller et al. 2016; Philippens and Langermans
2021). Importantly however, the high frequency of
twin-births together with hematopoietic chimerism sets
C. jacchus apart from the majority of other primate spe-
cies, violating many of the assumptions underlying
common approaches for conducting population genetic
inference.

Hematopoietic chimerism refers to a phenomenon by
which nongermline tissues sampled from a single indi-
vidual contain genetic material from both the sampled
individual itself as well as from their twin sibling (Hill
1932; Wislocki 1939; Benirschke et al. 1962;
Gengozian et al. 1969). Although Ross et al. (2007) iden-
tified chimerism in a wide range of tissue types in com-
mon marmosets, Sweeney et al. (2012) hypothesized
that this phenomenon was driven by blood infiltration.
This explanation was recently validated by del Rosario
et al. (2024), who confirmed that blood samples carry
a higher proportion of sibling nuclei than other exam-
ined tissue types. A critical implication of these findings
is that any nongermline tissue sampled from an individ-
ual will contain a chimeric contribution from its twin sib-
ling, meaning that selecting alternative tissue types
does not circumvent the influence of chimerism on
downstream genomic analyses.

Due to the species’ biomedical importance, the com-
mon marmoset genome was among the first nonhuman
primate assemblies published a decade ago (Marmoset
Genome Sequencing and Analysis Consortium 2014),
and subsequent population genomic research has since
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focused primarily on the characterization of standing le-
vels of genetic variation and divergence (Faulkes et al.
2003; Harris et al. 2014, 2023; Malukiewicz et al. 2014;
Yang et al. 2021, 2023; Mao et al. 2024). However,
only recently have the effects of chimerism and twin-
births on observed variation, and on evolutionary infer-
ence, been investigated. Based upon high-coverage,
whole-genome sequencing data from 15 individuals,
Soni et al. (2025b) inferred a recent population history
for the common marmoset incorporating these bio-
logical factors, additionally demonstrating the potential
for serious mis-inference if neglected. Further work
based on this dataset additionally characterized the dis-
tribution of fitness effects (DFE) of new exonic muta-
tions, genome-wide patterns of recent positive and
balancing selection (Soni et al. 2025c), and fine-scale re-
combination and mutation rate heterogeneity across
the C. jacchus genome (Soni et al. 2025d), whilst evalu-
ating the effects of chimerism and twin-births on the in-
ference of these various evolutionary processes.
Notably, all of the above analyses have been focused ex-
clusively upon autosomal data, leaving a deeper under-
standing of the evolutionary processes acting on the sex
chromosomes yet to be elucidated.

With regards to expected sex chromosome dynamics,
previous studies have described even sex ratios in cap-
tive common marmosets (Rothe et al. 1992), and the spe-
cies exhibits little sexual dimorphism (Stevenson and
Rylands 1988). However, patterns of fine-scale mutation
and recombination on the X chromosome, as well as
chromosome-specific demographic and selective dynam-
ics, have not been investigated. In this study, we perform
inference of these population genetic processes from
high-coverage sequencing data of X chromosomes
sampled from 10 unrelated individuals, and contrast these
results with recent autosomal findings in the species.

Results and Discussion

Population Genomic Data

Taking advantage of recent population genomic data
from 15 unrelated common marmosets (7 females and
8 males; Soni et al. 2025b), we mapped the high-
coverage reads of each individual to the common mar-
moset genome (GenBank: GCA_011100555.2; Yang
et al. 2021). Based on sex-specific differences in read
coverage observed in these mappings, we identified
the pseudoautosomal boundary (Figs. S1 and S2), and
subsequently masked the pseudoautosomal region
(PAR) on the Y chromosome following best practices
in humans (1000 Genomes Project Consortium 2015)
to improve read mapping. We re-mapped the reads
against this modified genome assembly, observing se-
quence coverage ratios in further support for the

Table 1 XY sequence coverage ratios of the sampled individuals

Individual Sex Sex Coverage Coverage  Ratio
ID (twin) X) Y)

Cjac_01 F F 61.72 14.23 0.81

Cjac_02* M M 39.62 34.45 0.53
Cjac_03* F F 73.40 4.55 0.94
Cjac_04* F F 68.34 3.80 0.95
Cjac_05 M U 44,98 15.57 0.74
Cjac_06* M M 32.47 31.52 0.51

Cjac_07* M M 34.30 28.27 0.55
Cjac_08* M M 27.98 31.82 0.47
Cjac_09* F F 51.45 5.16 0.91

Cjac_10* F U 66.24 434 0.94
Cjac_11* F U 64.00 3.58 0.95
Cjac_12 F M 37.17 22.85 0.62
Cjac_13 M F 46.28 20.89 0.69
Cjac_14* M M 36.89 33.03 0.53
CGjac_15 M F 43.12 19.83 0.68

Coverage of the X and Y chromosomes as well as the XY coverage ratio is
shown for the 15 unrelated common marmoset individuals sequenced by Soni
et al. (2025b). The sex of the sampled individual (sex) and its twin (sex (twin)) is
given according to the pedigree record (F=female, M = male, and U =unknown
sex). Individual IDs marked with a * indicate the individuals included in this study.

relatively even mixing of twin DNA in blood tissue
(Table 1). Specifically, in the absence of chimerism, the
proportion of sex-linked reads that are X-linked should
be close to 0.5 in males (as males carry one X and one
Y chromosome), and close to 1.0 in females (as females
carry two X chromosomes and no Y chromosome). As
chimerism will affect this ratio if the sex of the twin is dif-
ferent from that of the target individual, we chose the
five males with a same-sex twin—all of whom exhibit
an X-Y coverage ratio between 0.47 and 0.55—for
downstream analysis; additionally, we retained the
three females with a same-sex twin—exhibiting a X-Y
coverage ratio of >0.90 on average —as well as two add-
itional females (Cjac_10 and Cjac_11) for whom the sex
of the twin was unknown from the pedigree record,
though the X-Y coverage ratio of 0.94 and 0.95, respect-
ively, implies a female twin. We called variants in the X
chromosome non-PAR of these 10 individuals in a
sex-aware manner; as expected, levels of genetic vari-
ation were reduced on the X chromosome relative to
the autosomes, with mean Watterson's 8,, (Watterson
1975) across the X chromosome found to be 0.00038
per site (0.00013 for exonic regions), relative to 0.001
per site (0.00055 for exonic regions) observed on the
autosomes (Soni et al. 2025b) (Table 2).

Inference of Fine-Scale Mutation Rates Along the X
Chromosome

We combined the high-quality marmoset X chromo-
some generated as part of the G10K Vertebrate

Genome Biol. Evol. 18(8) https://doi.org/10.1093/gbe/evag200 Advance Access publication 10 August 2026 3

920z Jaquieldag zo uo 1senb Aq /2585 /8/00Z0BAS/8/81 /a1o1ue/a0B /w00 dno-oIWsped. Woll PaPEOjUMO(]


http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evag200#supplementary-data
http://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evag200#supplementary-data

Soni et al.

Table 2 Comparison of Watterson's 6,, and Tajima’s D across neutral
regions of the X chromosome and the autosomes

Ow Tajima’s D
X Autosomes X Autosomes
Mean 3.80E-04 1.00E-03 —-0.06 0.26
Std 5.08E-04 9.36E-04 1.04 1.15
Min 0 2.98E-04 -2.33 —-2.72
Max 1.04E-02 2.70E-02 2.74 3.77

Summary statistics were calculated across 10 kb windows.

Genomes Project (Yang et al. 2021) used in this study
with 238 other primate genomes included in the multi-
species alignment of Kuderna et al. (2024). We then cal-
culated divergence by extracting substitutions along the
marmoset lineage (ie between C. jacchus and the ances-
tral PrimateAnc232 genome). We found that mean neu-
tral divergence—where neutral sites were identified as
those farther than 10 kb from functional regions of
the genome—on the X chromosome was reduced
relative to the autosomes (0.95x 1073 vs. 1.31x 1073
per site, respectively, with divergence per site calculated
across 100 kb windows, with a minimum accessible
length threshold of 1 kb). We also estimated exonic di-
vergence, finding that it was reduced relative to the
maximum observed neutral divergence (see Fig. S3), as
is to be expected due to the pervasive effects of purify-
ing selection.

To calculate mutation rates, we divided the neutral X
chromosome divergence by the estimated per-
generation divergence time between C. jacchus and its
nearest neighbor, C. kuhlii, utilizing a range of possible
divergence time (0.59, 0.82, and 1.09 mya;
Malukiewicz et al. 2021) and generation time estimates
(1.5 and 2.0 years; Gage 1998; Tardif et al. 2003; Okano
et al. 2012; Schultz-Darken et al. 2016; Han et al. 2022).
Across window sizes of length 1 kb, 10 kb, 100 kb, and
1 Mb, and a range of accessibility thresholds (ie the min-
imum number of accessible sites that a window must
contain for it to be considered; see “Materials and
Methods” for details), we inferred mean neutral X
chromosome mutation rates between 0.93x 1077 per
base pair per generation (/bp/gen) at the fine (1 kb)
scale (assuming a divergence time between C. jacchus
and C kuhlii of 1.09 mya and a generation time of 1.5
years) and 4.05 x 10°/bp/gen at the large (1 Mb) scale
(assuming a divergence time between C. jacchus and C.
kuhlii of 0.59 mya and a generation time of 2.0 years)
(see Fig. T1a for density plots of mutation rates across
generation and divergence times and Table S1 for the
full range of mean rates). As evident from the fine-scale
mutation rate map shown in Fig. 1b, the sex-averaged
mean mutation rate across the X chromosome for the
2.0-year generation time (2.3 x 10~°/bp/gen) is reduced

relative to the autosomal rate (3.2 x 10™°/bp/gen); this
rate reduction relative to the autosomal fine-scale mu-
tation rate is consistent with the reduction observed in
humans, where the mutation rate on the X chromosome
is 70% to 75% of that inferred on the autosomes
(Nachman and Crowell 2000; Makova and Li 2002;
and see the review of Schaffner 2004). Notably, these in-
ferred rates—both on the common marmoset X
chromosome and the autosomes—are somewhat lower
than the direct pedigree-based mutation rate estimate
of 43x107°/bp/gen inferred by Yang et al. (2021),
though chimerism was unaccounted for in that study
(chimerism may be expected to bias pedigree-based es-
timates of mutation rates given that chimeric samples
contain DNA from the sampled individual as well as its
twin, which may in turn affect counts of de novo muta-
tions observed in parent-offspring trios). Our inferred
rate is also lower than estimates in other primates (eg
Bergeron et al. 2023), and less than half of that inferred
in coppery titi monkeys (Soni et al. 2026; Versoza et al.
2026) and owl monkeys (Thomas et al. 2018), two fel-
low platyrrhines. Finally, following from Miyata et al.
(1987), one may consider male/female ratios of muta-
tion rates as (4-3R)/(3R-2), where R is the X to autosome
ratio of mutation rates noted above, which in turn im-
plies a roughly 10-fold male bias.

Inference of the Population History of the X
Chromosome

To characterize population structure on the common
marmoset X chromosome, we ran ADMIXTURE
(Alexander et al. 2009) for values of k (the number of
demes) from 1 to 5, with a single population identified
as the most likely (k= 1, cross validation error [CVE] = 1.35;
k=2, CVE=2.12; k=3, CVE=243; k=4, CVE=3.06; k=5,
CVE =3.15). This result is consistent with the findings of
Soni et al. (2025b) pertaining to the analysis of popula-
tion structure on the autosomes, as well as with the loca-
lized geographic range of C. jacchus, characterized by
little fragmentation and bounded by major river systems
(see Figure 3 of Malukiewicz et al. 2020).

Given this consistency with the autosomes in terms of
population structure, we evaluated the fit of the com-
mon marmoset autosomal demographic history (Soni
et al. 2025b)—which models both twin-birthing and
hematopoietic chimerism—to the X chromosome under
a range of sex ratio scalings. Specifically, we simulated
100 replicates of a 1 Mb neutral region under a demo-
graphic model consisting of an ancestral population of
~62K individuals that experienced a bottleneck ~3,500
generations ago, reducing the population to about a
third of its size, before gradually recovering to its current
day size of ~34K individuals (Soni et al. 2025b), with
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Fig. 1. Fine-scale mutation rates along the X chromosome. a) Density plots of the per-site per-generation mutation rate implied by the neutral di-
vergence between C. jacchus and the closely related C. kuhlii for three divergence times (0.59, 0.82, and 1.09 mya; Malukiewicz et al. 2021) and two
generation times (1.5 and 2.0 years; Gage 1998; Tardif et al. 2003; Okano et al. 2012; Schultz-Darken et al. 2016; Han et al. 2022), across 100 kb
windows with an accessibility threshold of 1 kb. b) Landscape of mutation across the X chromosome for windows of size 100 kb, assuming a diver-
gence time between C jacchus and C. kuhlii of 0.82 mya and a generation time of 2.0 years, across 100 kb windows with an accessibility threshold of
1 kb. The blue dashed line indicates the mean neutral mutation rate across the X chromosome whereas the red dashed line indicates the mean neu-

tral mutation rate across the autosomes using the same window sizes and accessibility thresholds, as inferred by Soni et al. (2025d).

sex-specific mutation rates across multiple male:female
sex ratios (0.3:0.7, 0.4:0.6, 0.45:0.55, 0.5:0.5, 0.55:0.45,
0.6:0.4, 0.7:0.3), and compared the fit of Watterson's
6, (Watterson 1975) as a measure of genetic variation
and Tajima's D (Tajima 1989) as a summary of the site
frequency spectrum with neutrally evolving regions in
the empirical data (see “Materials and Methods” for fur-
ther details). As shown in Fig. 2, male:female sex ratios
ranging from 0.4 to 0.6 best fit the empirical data,
with the alternative sex ratios generally reducing vari-
ation below the empirical observation. Notably, ex-
pected variation decreases as the sex ratio deviates
further from 0.5:0.5 in either direction. This is explained
by the fact that males have a higher mutation rate than
females, but fewer X chromosomes. Thus, as the male
sex ratio increases, so does the mean mutation rate
per site, whilst the N, of the X decreases. Conversely,
at higher female sex ratios, the mutation rate per site
is reduced whilst the N, of the chromosome is generally
increased (Table S2). These relative differences between
sex ratios are consistent with simulated expectations
(see Figure 1 of Spurley and Payseur 2025). Furthermore,
the N on the X chromosome is expected to be 25% lower

than on the autosomes under even sex ratios owing to
chromosome count alone. Given that the estimated
autosomal N, (calculated from Watterson’s 6,, inferred
by Soni et al. [2025b] and the fine-scale mutation rate
inferred by Soni et al. [2025d]) is 78,027, the expected
N on the X chromosome would be 58,520 if this were
the only contributing factor. Table S2 compares these
expected N, reductions based on empirical 6,, and
serves to further support a roughly equal sex ratio (as
previously observed in common marmoset colonies;
Rothe et al. 1992).

Finally, Table 2 compares these summary statistics
across neutral regions of the X chromosome and the
autosomes. As shown, there is a strong reduction in
the levels of neutral variation on the X chromosome
(~62% lower)—a reduction considerably more severe
than the 25% expected by chromosome count alone.
Thus, the reduced mutation rate on the X, combined
with greater expected reductions in variation owing to
purifying selection in this reduced recombination envir-
onment as described below (also supported by a stron-
ger skew toward rare alleles on the X), are all likely
additional contributing factors.
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Inference of Fine-Scale Recombination Rates Along
the X Chromosome

model, and may be expected to themselves generate
LD. To this end, we simulated 10 replicates of a 1 Mb

We used both the demography-unaware estimator neutrally evolving genomic region under the common

LDhat (McVean et al. 2002, 2004; Auton and McVean
2007) and the demography-aware estimator pyrho
(Spence and Song 2019) to infer fine-scale recombin-
ation rate maps on the common marmoset X chromo-
some. Prior to performing inference on the empirical
data, we evaluated how both estimators perform under
the inferred C. jacchus X chromosome demographic
model (see Inference of the Population History of the
X Chromosome)—an evaluation that is particularly im-
portant in this species, given that frequent twin-birthing
and chimerism violate assumptions of the underlying

marmoset demographic model including twinning and
chimerism, with a fixed recombination rate of 1078/
bp/gen, and then inferred recombination rates using
LDhat and pyrho to evaluate the extent of mis-
inference. As shown in Fig. 3a, both methods underesti-
mated the recombination rate under this scenario.
These results are consistent with those of a recent simu-
lation study of Dutheil (2024), which found that popula-
tion contractions and expansions (both of which have
been inferred in the recent history of the common mar-
moset population) often result in an underestimation of
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the recombination rate when performing inference
using LD-based approaches. Furthermore, Soni et al.
(2025d) found that LDhat estimates a higher recombin-
ation rate relative to pyrho under twin-birthing and
chimerism—a trend which was borne out in our bench-
marking analysis as well.

With these benchmarking results in hand, we per-
formed inference with both estimators on the empirical
data, and re-scaled the results based on the extent of ex-
pected mis-inference as quantified in the simulation
analysis. Encouragingly, the resulting mean population-
scaled recombination rates inferred by LDhat and pyrho
are in reasonably close agreement (0.318 and 0.454 p/kb;
Fig. 3b). These rates observed on the X chromosome are
substantially lower than the mean inferred autosomal
rate of 0.895 p/kb (Soni et al. 2025d), giving a p,/p, ratio
(ie the ratio of the X chromosomal to autosomal recom-
bination rate) of 0.36 and 0.51, respectively. For compari-
son, summarizing in cM/Mb, Kong et al. (2002) reported a
ratio of 0.81 in humans.

Scans for Recent Positive Selection and Balancing
Selection on the X Chromosome

It has previously been shown that outlier approaches (ie
approaches that identify candidate loci from an arbitrar-
ily chosen tail of a genomic distribution—often 5%
or 1%) for performing genomic scans for selection
are frequently associated with high false-positive rates
(Teshima et al. 2006; Thornton and Jensen 2007;
Jensen et al. 2008; Crisci et al. 2012; Jensen 2023; Soni
etal. 2023). We therefore constructed an evolutionarily
appropriate baseline model to account for the species-
specific mutation and recombination environment,
demographic history, purifying and BGS effects in
functional regions, and reproductive dynamics, as re-
commended by Johri et al. (20223, b), in order to deter-
mine if particular loci are poorly fit by the expectations
arising from these constantly operating evolutionary
processes alone. To do so, we simulated the full
non-PAR of the C jacchus X chromosome, modeling
the empirical exonic structure, and drawing mutations
in exonic regions from the DFE inferred in common mar-
mosets by Soni et al. (2025c) comprised of four fixed
classes (Johri et al. 2020): effectively neutral mutations
(ZNancesrra/ s< 1/ where Nancesrra/ is the ancestral pOpU|a'
tion size and s is the reduction in fitness of the mutant
homozygote relative to wild-type), fo=0.3; weakly
deleterious mutations (1 < 2N pcestrar S < 10), f1=0.1; mod-
erately deleterious mutations (10 < 2N,pcestrar S < 100),
f,=0.1; and strongly deleterious mutations (100 <
2Napcestral S), f3=0.5 (see “Materials and Methods” for
details). We simulated 100 replicates under this baseline
model, and then performed genome scans for selective

sweeps and balancing selection using SweepFinder2
(DeGiorgio et al. 2016) and the Bgyar method imple-
mented in BalLeRMix (Cheng and DeGiorgio 2020) on
this simulated data. The maximum composite likelihood
ratio (CLR) value inferred by each method across all win-
dows and replicates was set as the null threshold for the
empirical inference of the respective form of selection,
under the logic that this value represents the highest
CLR that can be generated under the population-
specific model in the absence of positive or balancing se-
lection. The null thresholds for positive and balancing
selection inference were found to be 67.40 for
SweepFinder2 and 122.78 for Bopar.

We next performed inference on our empirical data,
using the same analyses as applied to the simulated
data to generate null thresholds (see “Materials and
Methods” for further details). Utilizing the thresholds
from the evolutionary baseline model, we identified a
total of 1,821 selective sweep candidates (5.7% of all
tested loci) and 1,685 balancing selection candidates
(5.3% of all tested loci; see Supplementary File S1 for
genome scan results at each single nucleotide poly-
morphism [SNP] and the maximum CLR per candidate
gene). Relative to the autosomes, these represent a
high proportion of candidate loci (Soni et al. 2025c¢
found that only 0.3% and 0.02% of all tested loci
were sweep and balancing selection candidates on the
autosomes, respectively). However, as depicted in
Fig. 4, the majority of candidate loci (indeed, all selective
sweep candidate loci) are clustered in one location near
the end of the X chromosome. This region is notable for
a substantial increase in gene density (Fig. 4e), though
the recombination rate in this region does not substan-
tially differ from the chromosome-wide average
(Fig. 4f). It is certainly feasible that a single gene, or a
small number of genes, is/are being targeted by positive
or balancing selection in this region, and the resulting
signatures of selection are detectable across a wide gen-
omic window. We therefore focused our analysis on
genes under the peaks of the likelihood surface in this
region (see Fig. 4b and d).

Notably, a number of genes identified in these scans
are functionally associated with neurodevelopment and
neurodevelopmental disorders:

e FMR1, FMRT1NB, and GARBRA3: Both FMR1 and its
neighbor, FMR1NB, were identified as selective sweep
candidates. The silencing of the FMRT gene causes
Fragile X syndrome (FXS), a monogenic cause of aut-
ism spectrum disorder (ASD) and intellectual disability
(Chaste et al. 2012). Harbers et al. (2025) found that
female common marmosets heterozygous for an
FMR1 mutation exhibit phenotypes associated with
FXS in humans, marking this marmoset model’s
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Fig. 4. Results of genome scans for selective sweeps and balancing selection. Scans for a) selective sweeps performed using SweepFinder2, and c)
balancing selection performed using Bopar. IN each case, the x-axis shows the position along the X chromosome, the y-axis shows the CLR value of the
statistic at each SNP. The horizontal dashed line represents the null threshold for detection. Panels (b) and (d) zoom in on the genome scan results
from panels (a) and (c), respectively, showing from position 1.39e8 onwards, where a large number of candidate loci clustered together. For panels
(b) and (d), loci that map to candidate genes at the peaks of the likelihood surface are highlighted. e) Gene density across the common marmoset X
chromosome, calculated across 1 Mb windows. The dashed line represents the mean number of genes per window (8.6). f) Fine-scale recombination
rate on the X chromosome, from position 1.39e8 onwards. The black dashed line represents the mean chromosome-wide recombination rate, whilst
the red dashed (nearly overlapping) line represents the mean recombination rate across the region of the chromosome plotted in this panel.

potential for evaluating therapeutic targets of FXS.
FMRT has also been identified as a candidate for re-
cent positive selection in humans by Crespi et al.
(2010), who hypothesized that the cause of positive
selection may be due to alterations of common neu-
rogenetic pathways. Harbers et al. (2025) additionally
found that marmoset models for FXS (ie those carry-
ing the FMRT mutant) exhibit dysregulation of
synapse-related genes. Indeed, another of our select-
ive sweep candidate genes, GABRA3, was identified
as one such gene exhibiting consistent changes in
expression.

e AFF2: Candidate loci in this gene (which was previous-
ly named FMR?2) exhibited the highest likelihood peak
in our scans for selective sweeps (CLR =248). It has
previously been shown that the silencing of AFF2
causes fragile X E (FRAXE) syndrome, a milder form
of ASD compared with FXS (Gu et al. 1996).
Furthermore, Mondal et al. (2012) found an excess
of missense mutations at highly conserved evolution-
ary sites in AFF2 in male patients with ASD. Given that
ASD affects four times as many males as females, their
study supports the hypothesis that recessive variants
in this X-linked gene are associated with increased
risk of ASD in males. Further, Zou et al. (2022) identi-
fied hemizygous missense variants in AFF2 in males

with partial epilepsy, concluding that this gene is po-
tentially causative of X-linked partial epilepsy with
antecedent febrile seizures. This finding is particularly
relevant given that marmosets are a model for gener-
alized epilepsy (Yang et al. 2022), and AFF2 has been
identified as a candidate for positive selection in hu-
man populations by both Sabeti et al. (2007) and
Lambert et al. (2010).

TMLHE: A hemizygote pathogenic variant in this se-
lective sweep candidate gene has been shown to
result in X-linked autism type 6, a condition character-
ized by moderate intellectual disability (Verhoeven
et al. 2025).

TEX28: This balancing selection candidate gene is fre-
quently found in a cluster of genes that are duplicated
in what is known as Xg28 duplication syndrome. This
duplication is characterized by developmental delays
and an increased risk of ASD (Kopytova et al. 2025).
PNMA3/PNMAG6A (selective sweep and balancing se-
lection candidates), and PNMA5/PNMAGF (balancing
selection candidates): Mutations in the PNMA family
of genes are associated with human intellectual dis-
ability as well as developmental abnormalities
(Schuller et al. 2005), and PNMA3 has previously
been described as being targeted by positive selection
in primates (Cagliani et al. 2024).
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Though not related to neurodevelopment, another
gene with statistical support for being targeted by bal-
ancing selection was of particular interest for the biol-
ogy of common marmosets:

e ATP2B3: The enzyme encoded by ATP2B3 removes bi-
valent calcium ions from eukaryotic cells, and is crucial
for maintaining intracellular calcium homeostasis, par-
ticularly in neural, brain, and adrenal tissues (Wang
et al. 1994). Given that marmosets struggle to digest
this mineral and have a lack of readily available calcium
in their diet (Jarcho et al. 2013), as well as the enrich-
ment in candidate genes related to calcium having
been found on the common marmoset autosomes
(Soni et al. 2025c¢), our identification of ATP2B3 as a can-
didate gene being maintained by balancing selection
lends further support to hypotheses of on-going selec-
tion related to calcium intake in common marmosets.

Finally, a number of other candidate genes are asso-
ciated with a range of previously described medical dis-
orders: MTMR1 is associated with X-linked myotubular
myopathy (Laporte 2001), CD99L2 is highly expressed
in the brain and plays a key role in synaptic plasticity
and spatial memory (Kang et al. 2025), DUSP9 has
been shown to be critical for placental development in
mice (Czikk et al. 2013), SMIM9 has been associated
with congenital abnormalities such as cloacal exstrophy
(Nordenskjold et al. 2023), and TBL1.X has been linked to
pancreatic cancer and lymphomas (Pray et al. 2022).

Concluding Thoughts

This study provides the first insights into the evolution-
ary forces shaping X chromosome evolutionary dynam-
ics in common marmosets, whilst accounting for the
effects of chimerism and twin-birthing. Results suggest
that both fine-scale mutation and recombination rates
are reduced on the X chromosome relative to the auto-
somes. While the directionality of both patterns is to be
expected and is consistent with findings in humans (eg
Kong et al. 2002), the magnitude of the reduction in re-
combination is considerably greaterin common marmo-
sets. In addition, the rescaled autosomal population
history inferred by Soni et al. (2025b) fit the X chromo-
some well, with simulations lending further support
for roughly equal sex ratios in this population. Finally,
chromosome-wide scans identified a number of genes
with strong statistical support for having experienced
recent selective sweeps or balancing selection. A num-
ber of these genes are related to neurodevelopment
and are thus highly relevant to the role of the common
marmoset as a model for biomedical research.

One of the most notable observations of this study
was the level of reduction of variation on the X relative

to the autosomes, with an X/A ratio of 0.38 (nearly half
that reported in humans; see Figure 1 of Gottipati et al.
2011). However, our results provide a number of in-
sights into the evolutionary processes driving this reduc-
tion. Firstly, as our results suggest that the autosomal
demographic history with equal or nearly equal sex ra-
tios well fits observed patterns of variation on the X,
the difference in population chromosome count would
be expected to reduce N, on the X by ~25%. Secondly,
the estimated mutation rate on the X was ~71% of that
observed on the autosomes, further reducing expected
levels of variation. Thirdly, the mean inferred recombin-
ation rate was approximately half of thatinferred on the
autosomes, increasing expected diversity-reducing BGS
effects across the chromosome (with exonic ratios of
variation further suggesting stronger purifying selection
acting on the X). Finally, unlike the majority of other pri-
mates characterized to date, twinning in marmosets re-
sults in a yet further reduction of N, and therefore an
additional reduction in population-level recombination
leading to longer-range BGS effects. Thus, these factors
all likely contribute to the unusual X/A ratio observed in
this population.

Methods and Materials

Population Genomic Data

This study was based on population genomic data of
15 unrelated common marmosets (7 females and 8
males) previously generated by Soni et al. (2025b).
Following best practices in the field (Pfeifer 2017), we
used SOAPnuke v.1.5.6 (Chen et al. 2018) to remove
adapters ("—cutAdaptor”) as well as trim homopolymers
("-A 0.25 -G"), polyX tails (“—polyX"), and low-quality
bases (“-/ 20 -q 0.3 -Q 2"), thereby discarding any reads
that contained more than 1% ambiguous bases
("-n 0.01") or that were shorter than 150 bp (“-minLen
150"). Using BWA-MEM v.0.7.17 (Li 2013), we mapped
the quality-controlled reads against the common marmo-
set genome (GenBank: GCA_011100555.2; Yang et al.
2021), marking any secondary hits ("-M"). After mapping,
we marked read duplicates in each sample using the
Genome Analysis Toolkit (GATK; van der Auwera and
O'Connor 2020) MarkDuplicates v.4.2.6.1. Based on sex-
specific differences in read coverage observed in these de-
duplicated mappings, we identified the pseudoautoso-
mal boundary. We then masked the PAR on the Y
chromosome following best practices in humans (1000
Genomes Project Consortium 2015) to improve read
mapping and variant calling on the sex chromosomes.
We re-mapped the quality-controlled reads against this
modified genome assembly following the approach out-
lined above and then called sites in the non-PAR in a
sex-aware manner. Specifically, we called both variant
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and invariant sites using GATK's HaplotypeCaller (with
the "-ERC BP_RESOLUTION flag enabled) from high-
quality read mappings (“—minimum-mapping-quality
40"), using a sample ploidy of 1 (“—sample-ploidy 1)
for males with a same-sex twin as males only carry one
copy of the X chromosome; as females with a same-sex
twin carry two copies of the X chromosome, their sam-
ple ploidy was set to 2 (“-sample-ploidy 2"). With the ex-
ception of Cjac_10 and Cjac_11 for whom the X-Y
coverage ratio implied a same-sex twin, we excluded in-
dividuals with different-sex twins from further analyses
given the uncertainty in the extent of chimerism in
each sample. As sequencing libraries were previously
prepared following a PCR-free protocol, we disabled
PCR error correction ("—pcr-indel-model NONE") follow-
ing the developers’ guidelines (van der Auwera and
O'Connor 2020). We combined the calls from each indi-
vidual (GATK CombineGVCFs) in order to jointly geno-
type all samples at all sites (GATK GenotypeGV(CFs,
with the "-all-sites” flag enabled). To facilitate compari-
sons with the autosomes, we applied previously estab-
lished methods to construct high-confidence datasets
of fully genotyped biallelic SNPs and monomorphic sites
comprising putatively neutral regions for analyses of
population structure and demographic history (Soni
et al. 2025b), alongside chromosome-scale datasets
used to estimate mutation and recombination rates
(Soni et al. 2025d) as well as patterns of selection
(Soni et al. 2025¢).

Inference of Fine-Scale Mutation Rates Along the X
Chromosome

We mirrored the approach presented in the preprint of
Soni et al. (2025d) to infer fine-scale rates of neutral di-
vergence and mutation along the X chromosome.
Specifically, we replaced the common marmoset X
chromosome included in the 239-way multiple primate
alignment (Kuderna et al. 2024) with the high-quality
version generated as part of the G10K Vertebrate
Genomes Project (Yang et al. 2021) used in this study.
We then extracted substitutions along the marmoset
lineage (ie between C. jacchus and the ancestral
PrimateAnc232 genomes), removing any alignments
less than 10 kb in length to account for fragmentation
that might affect estimates of divergence and mutation,
and masking any SNPs segregating in the species. We
calculated neutral divergence across windows of size 1
kb, 10 kb, 100kb, and 1 Mb, with a step size of
500 bp, 5 kb, 50 kb, and 500 kb, respectively, masking
+10 kb of functional regions and conserved elements
to account for the effects of purifying selection and
BGS. The number of accessible sites in any given genom-
ic window was calculated as the number of sites that

were left unmasked. To calculate mutation rates, we di-
vided these neutral divergence rates by the per-
generation divergence time between C. jacchus and its
nearest neighbor, C. kuhlii, utilizing three possible diver-
gence times (0.59, 0.82, and 1.09 mya; Malukiewicz
etal. 2021) and two possible generation time estimates
(1.5 and 2.0 years; Gage 1998; Tardif et al. 2003; Okano
et al. 2012; Schultz-Darken et al. 2016; Han et al. 2022).

Inference of the Population History of the X
Chromosome

Prior to performing demographic inference on the X
chromosome, we determined the extent of population
structure using the software ADMIXTURE v.1.3.0
(Alexander et al. 2009), using a range of k values from
1to 5, where k is the number of demes. We used the va-
lue of k with the lowest CVE for deme assignment.

To account for the biasing effects of purifying selec-
tion and BGS on demographic inference (Charlesworth
etal. 1993; Johrietal. 2021), we based our demographic
analyses on a sub-set of the empirical data in which
functional regions, as well as 10 kb on the flanks of
each functional region (Johri et al. 2020), were masked.
Given that the number of demes was the same on both
the autosomes (k=1; Soni et al. 2025b) and the X
chromosome, we evaluated the fit of the demographic
history inferred on the common marmoset autosomes
by Soni et al. (2025b) to the X chromosome. Briefly, their
model involved an ancestral population of 61,198 indi-
viduals collapsing to 17,931, with the size reduction oc-
curring 3,513 generations ago. The population was
inferred to gradually recover to its current day size of
33,830 individuals. We simulated the X chromosome
under this population history using SLiM 5.0.1 (Haller
et al. 2026), utilizing the initializeSex(“X”) within our
SLIM script to account for X chromosome scaling.
Importantly, the demographic model of Soni et al.
(2025b) additionally incorporates chimerism and twin-
birthing; to do so, monogamous mating pairs produce
nonidentical twins, and the genotypes of these twins
are combined postsimulation to artificially generate a
chimeric individual (see Figure 1 of Soni et al. 2025b
for further details). Following this approach, we simu-
lated a 10N ncestrar geNeration burn-in time (where
Nancestrar 1S the initial population size of 61,198 indivi-
duals) prior to the demographic model, to allow genetic
variation to reach equilibrium, and then generated a to-
tal of 10 chimeric individuals postsimulation to mirror
our empirical sample size of individuals with same-sex
twins. Specifically, we simulated 100 replicates of a
1 Mb region, with variable mutation and recombination
rates, as it has been previously shown that ignoring het-
erogeneity in mutation and recombination across the
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genome can result in the mis-inference of population
history (Soni et al. 2024). To this end, we drew mutation
rates from the empirical X chromosome mutation rate
map inferred in this study (see the section Inference of
Fine-Scale Mutation Rates Along the X Chromosome).
As the X chromosome spends more time in females rela-
tive to males, and as previous work in primates has de-
monstrated a male mutation bias of ~ 2 to 3 in
multiple species (Thomas et al. 2018; Wang et al.
2020; Wu et al. 2020; Versoza et al. 2025), we ac-
counted for this sex-specific mutation bias by drawing
a mutation rate for each 1 kb window and rescaling it
such that the male mutation rate was ~2.7 times greater
than that of females and the mean rate across all win-
dows was equal to the rescaled empirical mean rate
(ie the autosomal mean rate rescaled for males and fe-
males). Notably, as the sex-specific mutation bias has
not been well-quantified in common marmosets, this
estimate relies on observations in other closely related
species. We drew recombination rates from a uniform
distribution, with a minimum value of 0, and a max-
imum value of 2 x 10‘8/bp/gen, such that the mean
rate across each simulated 1 Mb region was equal to
1% 1078/bp/gen. In order to investigate the possibility
of sex-specific population dynamics, we simulated un-
der the following male:female sex ratios: 70:30, 60:40,
55:45, 50:50, 45:55, 40:60, and 30:70.

We compared the fit of Watterson's 6,, (Watterson
1975) and Tajima’s D (Tajima 1989) from each sex-ratio
simulation set to those obtained from putatively neutral
regions in the empirical data, with each summary statis-
tic calculated across 10 kb windows with a 5 kb step size
using pylibseq v.1.8.3 (Thornton 2003).

Inference of Fine-Scale Recombination Rates Along
the X Chromosome

Following the approach of Soni et al. (2025d), we in-
ferred fine-scale recombination rates on the X chromo-
some using the demography-unaware estimator LDhat
v.2.2 (McVean et al. 2002, 2004; Auton and McVean
2007) and the demography-aware estimator pyrho
v.0.1.7 (Spence and Song 2019). As both LDhat and pyr-
ho are coalescent-based inference approaches that rely
on the Wright-Fisher framework, we evaluated the im-
pact of twin-births and chimerism—two processes that
violate the assumption of the model—on recombin-
ation rate inference on the X chromosome. To this
end, we simulated 10 replicates of a 1 Mb region under
the demographic model inferred in this study (see
"Inference of the population history of the X chromo-
some” for details of parameterizations of this model),
with a fixed mutation rate of 1x1078/bp/gen and a
fixed recombination rate of 1 x 10‘8/bp/gen, and then

estimated recombination rates from these simulated re-
plicates using both LDhat and pyrho. To account for the
extent of mis-inference observed from this simulated
data, we rescaled the recombination rates inferred
from the empirical data using a scaling factor of 1.04
for LDhat and 2.02 for pyrho.

Scans for Recent Positive Selection and Balancing
Selection on the X Chromosome

To calculate exonic divergence, we utilized the same ap-
proach described above to estimate neutral divergence
(see "Inference of Fine-Scale Mutation Rates on the X
Chromosome”), limiting the procedure to exonic re-
gions only.

In order to generate null thresholds for the inference
of selection, we simulated 100 replicates of the total
non-PAR of the common marmoset X chromosome un-
der the demographic model outlined above (see
“Inference of the Population History of the X
Chromosome”), with an equal male:female sex ratio
(as determined in this study). We directly modeled the
exonic structure from the empirical data. Given the large
population sizes in the common marmoset demograph-
ic model and the need to simulate forward-in-time to
model chimerism and twin-birthing, simulating the en-
tire non-PAR of the X chromosome was not tractable.
As such, we split the X chromosome into segments
wherever a 50 kb gap existed between exons. When
such a gap was identified, we set a breakpoint such
that each segment ended with half of the total distance
between these exons, leaving a minimum 25 kb non-
functional region at the end of each segment (see Fig.
S4 for a schematic example). This approach ensured
that we had sufficient distance from functional regions
that the effects of BGS were not significant. In total, we
simulated 160 segments per replicate. Given that muta-
tion and recombination rate variation can affect the
power of genome scans (Soni et al. 2023, 2024,
Soni and Jensen 2024), we drew mutation rates from
the empirical X chromosome fine-scale mutation rate
distribution, and recombination rates from a uniform
distribution, such that the mean mutation rate across
each simulation replicate was equal to the mean X
chromosome mutation rate, and the mean recombin-
ation rate across each simulation replicate was equal
to the mean fine-scale recombination rate inferred in
this study using LDhat. We drew the fitness effects of
mutations from the common marmoset DFE inferred
by Soni et al. (2025c¢). This DFE is comprised of four fixed
classes (Johri et al. 2020): effectively neutral mutations
(ZNancestra/ $< 1: where Nancestra/ is the ancestral popula—
tion size and s is the reduction in fitness of the mutant
homozygote relative to wild-type), fo=0.3; weakly
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deleterious mutations (1< 2N pcestrar S<10), f1=0.1;
moderately deleterious mutations (10 < 2Npcestralr S <
100), f,=0.1; and strongly deleterious mutations
(100 < 2N ncestrar ), f3=0.5. Chromosomal segments
were then concatenated to create the entire non-PAR
that could be scanned for selection. We performed
genome scans for recent positive selection (using
SweepFinder2 v.1.0; DeGiorgio et al. 2016) and balan-
cing selection (using the Boyar method implemented
in BalLeRMix + _v1.py; Cheng and DeGiorgio 2020)
on the simulated data. For SweepFinder2, we per-
formed inference at each SNP using the command:
SweepFinder2 -lu GridFile FreqFile SpectFile OutFile. For
Bomar, We performed inference at each SNP using the
command: BalLeRMix + _v1.py -I FreqFile —spect SfsFile -o
OutFile —noSub —MAF —rec 1.456e-7. We conservatively
used the highest CLR value observed across all null model
simulations as the null threshold for our empirical gen-
ome scans.

With these null thresholds in hand, we applied the
above inference schema to our empirical X chromosome
data. We curated candidate loci (ie those that exceeded
null thresholds) by identifying genes under the likeli-
hood surface and evaluating their functions and pat-
terns of gene expression using the NCBI database
(Sayers et al. 2022) and the EMBL-EBI Expression Atlas
(Madeira et al. 2022).

Supplementary Material

Supplementary material is available at Genome Biology
and Evolution online.
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