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Runs of homozygosity (ROH) and identity-by-descent (IBD) sharing can be studied in diploid coalescent models by noting that ROH and 
IBD-sharing at a genomic site are predicted to be inversely related to coalescence times—which in turn can be mathematically obtained 
in terms of parameters describing consanguinity rates. Comparing autosomal and X-chromosomal coalescent models, we consider ROH 
and IBD-sharing in relation to consanguinity that proceeds via multiple forms of first-cousin mating. We predict that across populations 
with different levels of consanguinity, (1) in a manner that is qualitatively parallel to the increase of autosomal IBD-sharing with autosomal 
ROH, X-chromosomal IBD-sharing increases with X-chromosomal ROH, owing to the dependence of both quantities on consanguinity 
levels; (2) even in the absence of consanguinity, X-chromosomal ROH and IBD-sharing levels exceed corresponding values for the auto
somes, owing to the smaller population size and lower coalescence time for the X chromosome than for autosomes; (3) with matrilateral 
consanguinity, the relative increase in ROH and IBD-sharing on the X chromosome compared to the autosomes is greater than in the 
absence of consanguinity. Examining genome-wide SNPs in human populations for which consanguinity levels have been estimated, 
we find that autosomal and X-chromosomal ROH and IBD-sharing levels generally accord with the predictions. We find that each 1% 
increase in autosomal ROH is associated with an increase of 2.1% in X-chromosomal ROH, and each 1% increase in autosomal IBD-shar
ing is associated with an increase of 1.6% in X-chromosomal IBD-sharing. For each calculation, particularly for ROH, the estimate is rea
sonably close to the increase of 2% predicted by the population-size difference between autosomes and X chromosomes. The results 
support the utility of coalescent models for understanding patterns of genomic sharing and their dependence on sex-biased processes.

Keywords: coalescent theory; consanguinity; identity by descent; runs of homozygosity; X chromosome

Received on 26 July 2023; accepted on 08 November 2023
© The Author(s) 2023. Published by Oxford University Press on behalf of The Genetics Society of America. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which 
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

Introduction
Autosomes and the X chromosome carry different signatures of 

population-genetic processes, owing both to differences in their 

mode of transmission and to demographic differences between 

males and females. Comparisons of autosomes and X chromo

somes can therefore contribute to understanding genomic conse

quences of the different modes of transmission and of sex-biased 

and sex-specific processes, and many studies of autosomes and X 

chromosomes have considered empirical aspects of their popula

tion genetics in seeking such understanding (Wilkins and Marlowe 

2006; Ramachandran et al. 2008; Bustamante and Ramachandran 

2009; Ellegren 2009; Arbiza et al. 2014; Goldberg and Rosenberg 

2015; Buffalo et al. 2016; Webster and Wilson Sayres 2016).
One set of population-genetic signatures that has the potential 

to be informative about sex-specific phenomena concerns fea
tures of genomic sharing: patterns in runs of homozygosity 
(ROH) and identity-by-descent (IBD) sharing on autosomes and 
the X chromosome (Buffalo et al. 2016; Cai et al. 2023). Recently, 

we have studied the distribution of the time to the most recent 
common ancestor (TMRCA) for pairs of autosomal lineages and 
pairs of X-chromosomal lineages in diploid coalescent models un
der different types of consanguinity, considering coalescence of 
lineages within an individual and lineages in separate individuals 
(Severson et al. 2019, 2021; Cotter et al. 2021, 2022). This analysis 
finds that consanguinity decreases TMRCA both for lineage pairs 
in the same individual and for lineage pairs in individuals in differ
ent mating pairs. Further, because genomic sharing at a locus 
increases with decreasing TMRCA, consanguinity increases gen
omic sharing both within (ROH) and between individuals 
(IBD) (Severson et al. 2019). Considering autosomal and 
X-chromosomal systems separately, relationships between 
consanguinity levels and TMRCA values produce predictions 
about relative values of autosomal and X-chromosomal ROH 
and IBD—with consanguinity that proceeds via matrilateral 
first-cousin mating reducing X-chromosomal coalescence 
times to a greater extent than patrilateral first-cousin mating 
(Cotter et al. 2021, 2022).
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Here, we study the connections between autosomal and 
X-chromosomal TMRCA and features of X-chromosomal and auto
somal ROH and IBD. Adding consideration of recombination to 
our diploid coalescent models, we examine predictions that com
pare X-chromosomal ROH to X-chromosomal IBD-sharing, 
X-chromosomal ROH to autosomal ROH, and X-chromosomal 
IBD-sharing to autosomal IBD-sharing. We consider human 
population-genetic data on ROH and IBD in a set of populations 
with consanguinity rates documented from demographic studies, 
using the results to understand effects of different forms of con
sanguinity on genomic sharing.

Theory
No consanguinity
Model
To derive expectations about features of genomic sharing on the 
autosomes and the X chromosome, we first consider a diploid, 
constant-sized population with N male–female mating pairs. We 
assume that recombination is constant across the autosomes 
and occurs at a per-Morgan rate proportional to the number of 
generations, 2g, separating two sampled alleles. To account for 
differences between the X-chromosome and the autosomes, we 
assume 4N autosomes for every 3N X chromosomes and a scaled 
X-chromosomal recombination rate 2

3 that of the autosomes— 
because recombination occurs only in females and X-chromosomes 
are in females two thirds of the time (Hedrick 2007).

The calculations in this section derive from work on coalescent 
theory and its relationship to genomic sharing (Palamara et al. 
2012; Carmi et al. 2014; Browning SR and Browning BL 2015). In 
general, this type of theoretical computation combines the 
coalescence-time distribution and a random variable that de
scribes the length distribution of a segment given a specified 
time to the MRCA. Below, we derive the ratio of the expectation 
of total sharing on the X chromosome to the expectation of total 
sharing on the autosomes.

Expected X-chromosomal:autosomal total genomic sharing
In the absence of consanguinity, we derive a prediction for the ratio 
of the expected fraction of the X chromosome that lies in IBD seg
ments and the corresponding expected fraction of the autosomal 
genome that lies in IBD segments. For a population with a demo
graphic model whose parameterization is abbreviated by a quan
tity θ and whose recombination process has parameterization ρ, 
Palamara et al. (2012) specified the probability density function 
p(ℓ ∣ θ, ρ) that a specific locus is spanned by an IBD segment of a spe
cific genetic length ℓ. For the closed interval R = [u, v], the probabil
ity that a locus is spanned by an IBD segment with length in R is

PR(ℓ ∣ θ, ρ)= ∫vu p(ℓ ∣ θ, ρ)dℓ.

Palamara et al. (2012) separated p(ℓ ∣ θ, ρ) into two terms by mar
ginalizing over the number of generations to the most recent com
mon ancestor, measured in discrete time as a random variable 
gmrca. Following their equations (1) and (2),

p(ℓ ∣ θ, ρ) =
􏽘∞

g=1

p(gmrca = g ∣ θ) p(ℓ ∣ gmrca = g, ρ). (1) 

The term p(gmrca = g ∣ θ) is the coalescence-time distribution, which 
for a constant-sized population (parameterizing θ with a popula
tion size of Ne lineages) is a geometric random variable with rate 

1/Ne. The term p(ℓ ∣ gmrca = g, ρ) is the probability density of the 
length of a segment around a randomly chosen locus with coales
cence time gmrca = g.

Treating the distance from the locus to a recombination event as 
exponentially distributed, so that the total length of a shared seg
ment between two lineages is the sum of two exponential random 
variables—the distance to the next recombination on the left plus 
the distance to the next recombination on the right—and measur
ing R = [u, v] in centimorgans, they obtained in their equation (4):

PR ℓ|θ = Ne, ρ =
t

50

􏼒 􏼓

= ∫∞0
e

−
t

Ne

Ne
∫vu Erl2 ℓ;

t
50

􏼒 􏼓

dℓ

⎡

⎢
⎢
⎢
⎣

⎤

⎥
⎥
⎥
⎦

dt. (2) 

The first term is p(tmrca = t ∣ θ) (note the switch to continuous time, 
substituting the discrete, geometric gmrca by the continuous, expo
nential tmrca still measured in units of generations). The second, 

p(ℓ ∣ tmrca = t, ρ), is an Erlang density (t/50)2ℓe−ℓt/50 (Johnson et al. 

1994, pg. 552) with shape parameter 2 and rate parameter ρ = t
50 

centimorgans. With R = [u, ∞), representing segments of size u cen
timorgans or greater, the inner integral gives (Palamara et al. 2012)

PR ℓ|θ = Ne, ρ =
t

50

􏼒 􏼓

= ∫∞0
e

−
t

Ne

Ne
1 +

ut
50

􏼒 􏼓

e
−ut
50

⎡

⎢
⎢
⎢
⎣

⎤

⎥
⎥
⎥
⎦

dt.

For the autosomes, we set Ne = 4N for a population size of 4N 
autosomal lineages:

PA
R ℓ|θ = 4N, ρ =

t
50

􏼒 􏼓

= ∫∞0
e

−
t

4N

4N
1 +

ut
50

􏼒 􏼓

e−ut
50

⎡

⎢
⎢
⎣

⎤

⎥
⎥
⎦dt =

25(25 + 4Nu)

(25 + 2Nu)2
.

(3) 

Similarly, for the X chromosome, we set Ne = 3N for the reduced 

number of X-chromosomal lineages. We rescale the ρ = t
50 centi

morgans from equation (2) by 23, giving ρ = t
75, to account for the re

duced recombination rate:

PX
R ℓ|θ = 3N, ρ =

t
75

􏼒 􏼓

= ∫∞0
e

−
t

3N

3N
1 +

ut
75

􏼒 􏼓

e−ut
75

⎡

⎢
⎢
⎣

⎤

⎥
⎥
⎦dt =

25(25 + 2Nu)

(25 + Nu)2
.

(4) 

The expected fraction f of the genome that lies in IBD segments 
in length interval R is ER[f ∣ θ, ρ] = PR(ℓ ∣ θ, ρ) (Palamara et al. 2012, 
equation 9). Using equations (3) and (4), we can express the 
ratio of the expected fraction of the X chromosome that lies in 
IBD segments with length in R = [u, ∞) and the expected fraction 
of the autosomes that lies in IBD segments with length in R = [u, ∞):

EX
R [f ∣ θ = 3N, ρ =

t
75

]

EA
R [f ∣ θ = 4N, ρ =

t
50

]
=

PX
R (ℓ ∣ θ = 3N, ρ =

t
75

)

PA
R (ℓ ∣ θ = 4N, ρ =

t
50

)
=

(25 + 2Nu)3

(25 + Nu)2(25 + 4Nu)
.

Taking N→∞, we obtain

lim
N→∞

EX
R [f ∣ θ = 3N, ρ = t

75 ]

EA
R [f ∣ θ = 4N, ρ = t

50 ]
= 2. (5) 
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Because this limit does not depend on the lower limit of interval R, 
the population-size difference for X chromosomes and autosomes 
gives rise to a prediction that, irrespective of the interval R, for large 
N, the fraction of the X chromosome that lies in IBD segments with 
lengths in R is twice the corresponding fraction for autosomes.

A similar argument holds for ROH. A pair of lineages in a single 
individual is inherited from two lineages in two separate individuals 
in the previous generation. In an infinite population without consan
guinity, the two lineages in the parental generation represent two in
dependent draws from the population. Hence, the genomic sharing 
of the parental lineages follows the behavior we have described for 
IBD-sharing. To produce two lineages in the offspring, one additional 
generation of recombination occurs; however, the probability that a 
recombination event changes the IBD status of two lineages in one 
generation is small, so that ROH behavior in the offspring closely fol
lows the IBD behavior of the parents. We can conclude that, as we 
found for IBD segments, the fraction of the X chromosome that 
lies in ROH segments with lengths in R is equal to twice the corre
sponding fraction for autosomes.

Consanguinity
Model
We have previously studied the effects of first-cousin consanguin
ity on coalescence times (Cotter et al. 2021, 2022). Under a coales
cent model, extending work of Campbell (2015) and Severson 
et al. (2019, 2021), we considered a population of N diploid mating 
pairs, labeling individuals by sex. In each generation, a fraction c1 

of the mating pairs are consanguineous, with a specific mixture 
of different types of first-cousin consanguinity (cpp for patrilateral- 
parallel, cpc for patrilateral-cross, cmp for matrilateral-parallel, cmc 

for matrilateral-cross—see Fig. 1). Under the model, we computed 
limiting distributions for pairwise values of the time to the MRCA 
(TMRCA) for two autosomal lineages in the same individual, two 
X-chromosomal lineages in the same individual, two autosomal 
lineages in different individuals, and two X-chromosomal lineages 
in different individuals (Table 1). The results rely on N→∞ limits 
via the separation-of-time-scales method of Möhle (1998), in which 
a “fast” process induces a nonzero probability of instantaneous co
alescence; the remaining coalescence occurs by a “slow” process 
that takes a positive amount of time. They can be regarded as ap
proximate for finite populations.

ROH lengths are inversely related to within-individual coales
cence times, and IBD lengths are inversely related to between- 
individual coalescence times. Hence, the TMRCA calculations in our 
model give rise to predictions about features of autosomal and 
X-chromosomal ROH and IBD. In general, because a population 
has fewer copies of an X-chromosomal locus than an autosomal lo
cus, X-chromosomal coalescence times are smaller than autosomal 
coalescence times. We showed that in relation to values seen in a 
nonconsanguineous population, X-chromosomal within-individual 
coalescence times are reduced by consanguinity to a greater extent 
than are X-chromosomal between-individual coalescence times 
(Cotter et al. 2021, Table 1). Here, extending the results on genomic 
sharing from Palamara et al. (2012), we use the limiting coalescence- 

time distributions from Cotter et al. (2022) to derive theoretical pre
dictions for features of ROH and IBD-sharing on the X-chromosome 
and the autosomes.

Expected X-chromosomal:autosomal total genomic sharing
To derive an expectation under our models of ROH and 
IBD-sharing with consanguinity, we begin by modifying equation 
(1), once again switching to continuous time, t. Because only the 
coalescence-time distribution depends on the underlying demog
raphy—the population size and the rates of first-cousin consan
guinity—it suffices to apply p(tmrca = t ∣ θ) and ρ in different 
versions of the demographic model.

It is convenient to begin with between-individual coalescence 
times and IBD-sharing. Using the coalescence-time distributions 
in Table 1, the time to the most recent common ancestor for 
two lineages in two separate individuals follows a coalescent 
with the population size scaled based on the rates for the different 
types of consanguinity. Converting the cumulative distributions 
in Table 1 to their probability density functions and annotating θ = 
{4N, c1} and θ = {3N, cmp, cmc} for the autosomes and X chromo
some, respectively, we have

pA(tmrca = t ∣ θ = {4N, c1}) =
1

4N 1 −
3

16
c1

􏼒 􏼓 e
− t

4N
1

1− 3
16c1

􏼒 􏼓

, (6) 

pX(tmrca = t ∣ θ = {3N, cmp, cmc})

=
1 +

cmp

16
−

cmc

8

3N 1 −
5
16

cmp −
3
8

cmc

􏼒 􏼓 e

− t
3N

1 +
cmp

16
−

cmc

8

1 −
5
16

cmp −
3
8

cmc

⎛

⎜
⎝

⎞

⎟
⎠

. (7) 

We solve for the expected fraction of the autosomes and the 
X chromosome appearing in IBD segments (using Palamara 
et al. 2012, equation 9). For the autosomes, using equation (6) 
for the coalescence-time distribution and parameterizing re

combination by ρ = t
50, the expected fraction of the autosomes 

shared identically by descent in a population with N mating pairs 
and proportion c1 = cpp + cpc + cmp + cmc of first-cousin mating per 

generation is

EA
R,b f

􏼌
􏼌θ = {4N, c1}, ρ =

t
50

􏼔 􏼕

= ∫∞0 pA(t ∣ θ) × 1 +
ut
50

􏼒 􏼓

e−ut
50

􏼔 􏼕

dt

=
25 25 + 4N 1 −

3
16

c1

􏼒 􏼓

u
􏼔 􏼕

25 + 2N 1 −
3

16
c1

􏼒 􏼓

u
􏼔 􏼕2 .

(8) 

Here, we have written EA
R,b[f ] for the expected fraction of the auto

somal genome shared in R ∈ [u, ∞) between individuals (with the 
subscript b differentiating this quantity from a corresponding 

(a) (b) (c) (d)

Fig. 1. X chromosomes in first-cousin mating schemes. A) Patrilateral-parallel. B) Patrilateral-cross. C) Matrilateral-parallel. D) Matrilateral-cross.
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expectation within individuals). For the X chromosome, using equa

tion (7) for coalescence times and ρ = t
75 for recombination, we have

EX
R,b f

􏼌
􏼌θ = {3N, cmp, cmc}, ρ =

t
75

􏼔 􏼕

= ∫∞0 pX(t ∣ θ) × 1 +
ut
75

􏼒 􏼓

e−ut
75

􏼔 􏼕

dt

=

25 25 + 2N
1 −

5
16

cmp −
3
8

cmc

1 +
cmp

16
−

cmc

8

⎛

⎜
⎝

⎞

⎟
⎠u

⎡

⎢
⎣

⎤

⎥
⎦

25 + N
1 −

5
16

cmp −
3
8

cmc

1 +
cmp

16
−

cmc

8

⎛

⎜
⎝

⎞

⎟
⎠u

⎡

⎢
⎣

⎤

⎥
⎦

2 .

(9) 

Next, relying on the within-individual coalescence-time distribu
tions for two lineages, we use a similar framework to evaluate the ex
pected fraction of the genome that lies in runs of homozygosity. A 
point mass exists for the probability of instantaneous coalescence at 

t = 0 in the cumulative distributions in Table 1: ( c1
16 )/(1 − 3

16 c1) for the 

autosomes and ( 3
16 cmp + 1

8 cmc)/(1 − 5
16 cmp − 3

8 cmc) for the X chromosome, 

obtained by substituting t = 0 in the cumulative distributions. We ex
press the expected fractions of the autosomes and X chromosome 
that lie in ROH using the instantaneous coalescence probabilities; for 
noninstantaneous coalescence, we follow equations (6) and (7).

We write EA
R,w[f ] for the expected fraction of the genome shared 

within individuals in the length interval R ∈ [u, ∞). For the auto
somes, with recombination parameterized by ρ = t

50, we have

EA
R,w f

􏼌
􏼌θ = {4N, c1}, ρ =

t
50

􏼔 􏼕

=

c1

16

1 −
3
16

c1

+ 1 −

c1

16

1 −
3

16
c1

⎛

⎜
⎝

⎞

⎟
⎠

× ∫∞0 pA(t ∣ θ) × 1 +
ut
50

􏼒 􏼓

e−ut
50

􏼔 􏼕

dt

=

c1

16

1 −
3
16

c1

+
1 −

c1

4

1 −
3
16

c1

×
25 25 + 4N 1 −

3
16

c1

􏼒 􏼓

u
􏼔 􏼕

25 + 2N 1 −
3
16

c1

􏼒 􏼓

u
􏼔 􏼕2

⎛

⎜
⎜
⎜
⎝

⎞

⎟
⎟
⎟
⎠
.

(10) 

Similarly, for the X chromosome, with ρ = t
75, we have

EX
R,w f

􏼌
􏼌θ = {3N, cmp, cmc}, ρ =

t
75

􏼔 􏼕

=

3
16

cmp +
cmc

8

1 −
5

16
cmp −

3
8
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+ 1 −
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−
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⎜
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⎤
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⎦
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⎜
⎜
⎜
⎜
⎜
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⎟
⎟
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(11) 

In Fig. 2, we explore the effects of the various types of first- 
cousin consanguinity on the ratio between X-chromosomal and 
autosomal ROH and IBD. To clarify the effects of the types of con
sanguinity one at a time, we plot the ratio of equation (11) to equa
tion (10) for ROH (Fig. 2A) and equation (9) to equation (8) for IBD 
(Fig. 2B). For illustration, we choose values N = 500 for the popula
tion size and u = 5 cM for the minimal segment length, varying 
only one consanguinity rate at a time. A population in which mul
tiple consanguinity values are positive combines the various indi
vidual scenarios.

Both for IBD and for ROH, increasing the first-cousin consan
guinity shifts the X:autosomal ratio away from the expectation 
of 2 given in equation (5). Patrilateral consanguinity decreases 
this ratio below 2, whereas matrilateral consanguinity increases 
it above 2, with matrilateral-parallel producing a greater increase 

Table 1. Limiting cumulative distribution functions for coalescence times for two X-chromosomal and two autosomal lineages sampled 
within- and between-individuals.

Chromosome Cumulative distribution Equation from Cotter et al. (2022)

Within-individuals (ROH) Autosomes 1 −
1−

c1

4

1−
3

16
c1

e

−
t

4N
1

1 −
3

16
c1

⎛

⎜
⎝

⎞

⎟
⎠

C2

X 1 −
1 −

cmp

2
−

cmc

2

1 −
5

16
cmp −

3
8

cmc

e

−
t

3N

1 +
cmp

16
−

cmc

8

1 −
5

16
cmp −

3
8

cmc

⎛

⎜
⎝

⎞

⎟
⎠ 37

Between-individuals (IBD) Autosomes 1 − e

−
t

4N
1

1 −
3

16
c1

⎛

⎜
⎝

⎞

⎟
⎠

C3

X 1 − e

−
t

3N

1 +
cmp

16
−

cmc

8

1 −
5

16
cmp −

3
8
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⎛

⎜
⎝

⎞

⎟
⎠ 38

Equations are taken from Cotter et al. (2022).
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than matrilateral-cross. The effect of consanguinity on the ROH 
ratios (Fig. 2A) has magnitude greater than the effect on corre
sponding IBD ratios (Fig. 2B).

These patterns accord with the large-N limits for the ROH and 
IBD X:autosomal ratios. For ROH, the N→∞ limit of the ratio of 
equation (11) to equation (10) is

lim
N→∞
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R,w f

􏼌
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8
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􏼒 􏼓 , (12) 

recalling that c1 is the sum of the rates of all four types of 
first-cousin consanguinity, cpp + cpc + cmp + cmc. Varying cpp + cpc in 

(0, 1] and holding cmp = cmc = 0, the limiting ratio is 0: 

patrilateral consanguinity produces no ROH on the X chromosome 
but a positive level of ROH on the autosomes. For cmp ∈ (0, 1] and all 

other consanguinity rates set to 0, the limiting ratio varies from 

minimum 3 (cmp → 0) to maximum 39
11 ≈ 3.545 (cmp = 1). For cmc ∈ 

(0, 1] and all other consanguinity rates set to 0, the limiting ratio 

is 2 at the minimum (cmc → 0) and 13
5 = 2.6 at the maximum 

(cmc = 1). Note that the limiting function is undefined for c1 = 0.
Similarly for IBD, the N→∞ limit of the ratio of equation (9) to 

equation (8) is
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At c1 = 0, this limit is 2, as in the case without consanguinity. If 
cpp + cpc = 1 and the other rates are held at 0, then the limiting ratio 

is 13
8 = 1.625. If cmp = 1, then the limit is 221

88 ≈ 2.511. If cmc = 1, then it 

is 91
40 = 2.275.

Data analysis
Data
Demographic data
We consider a large demographic study that counted consanguin
eous pairs of various types—including first-cousin consanguin
eous pairs—among parents of newborns born in Israel 1955– 
1957 (Goldschmidt et al. 1960). For each of a series of Jewish popu
lations, among first-cousin mating pairs, Goldschmidt et al. (1960)
tabulated numbers of patrilateral-parallel, patrilateral-cross, 
matrilateral-parallel, and matrilateral-cross cousin pairs. As a 
fraction of all mating pairs, we denote these quantities cpp, cpc, 
cmp, and cmc, respectively.

For nine populations that overlap between the demographic 
data of Goldschmidt et al. (1960) and genetic data used by Kang 
et al. (2016) and Severson et al. (2019), the rates cpp, cpc, cmp, and 
cmc appear in Table 2. In all nine populations, matrilateral consan
guinity cmp + cmc is nonzero, so that consanguinity influences 
X-chromosomal coalescence times, and hence ROH and 
IBD-sharing for both autosomes and X chromosomes.

Autosomal genetic data
For the autosomes, we used genetic data from Kang et al. (2016), 
consisting of 202 Jewish individuals from 18 populations and 
2,903 non-Jewish individuals from 123 populations, with 257,091 
SNPs. These data are a merged data set constructed from data 
from Behar et al. (2013) and from the HGDP-CEPH and HapMap pa
nels, as studied by Verdu et al. (2014). From these data, as in 
Severson et al. (2019), we consider the subset of 202 individuals 
from 18 Jewish populations, using the non-Jewish individuals 
only for phasing. These are the same individuals and same geno
types used by Kang et al. (2016) to call autosomal ROH segments 
and by Severson et al. (2019) to call autosomal IBD segments. We 
use the autosomal ROH segments directly from Kang et al. 
(2016), but we perform our own calls of autosomal IBD segments 
with updates of the method used by Severson et al. (2019).

X-chromosomal genetic data
For the X chromosome, we used genotypes from Behar et al. (2013). 
Beginning with 1,774 individuals and 32,823 SNPs, we first re
moved SNPs that were completely missing or monoallelic. Next, 
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in individuals labeled as males, we verified the label by assessing 
heterozygosity of X-chromosomal genotypes, converting the 
small number of heterozygous genotypes to missing data 
(Supplementary Fig. S1). We then removed, in sequence, SNPs 
missing in a large number of individuals (>200) and individuals 
missing a large number of SNPs (>2,500).

After processing, the data contained 1,647 individuals (1,227 
males, 420 females) and 13,052 SNPs, comparable to the SNP 
density in the autosomal data (Supplementary Fig. S1). This col
lection contains 168 Jewish individuals from 18 populations 
(Supplementary Table S1) and 1,479 non-Jewish individuals. We 
focus on the Jewish individuals for our analysis and include 
non-Jewish individuals only for phasing of both autosomal and 
X-chromosomal genotypes.

Methods
ROH
ROH lengths for the autosomes were taken directly from Kang 
et al. (2016). These ROH lengths were classified by Kang et al. 
(2016) into 3 length classes; for our analyses, we used the total 
length of all classes.

To measure ROH lengths for the X chromosome, we followed 
the procedure of Kang et al. (2016), with four modifications to ac
count for differences between the X chromosome and autosomes. 
(1) In calculating sample allele frequencies for the X chromosome 
for each SNP in each population, we calculated the allele fre
quency with males contributing one allele and females contribut
ing two. As in Kang et al. (2016), we performed 40 Bernoulli draws 
with this “true” allele frequency to obtain a sample allele fre
quency. This procedure reduces sample-size effects on ROH calls. 
(2) We used only females for identifying ROH, as males have only a 
single X chromosome. (3) For overlapping windows of 30 SNPs, 
Kang et al. (2016) calculated a log-likelihood (LOD) score to deter
mine if windows were autozygous. The distribution of all LOD 
scores in a population was then used to set the threshold for call
ing ROH in the population. For consistency, and because identifi
cation of LOD score cutoffs for X-chromosomal data is more 
uncertain than for the autosomes due to a smaller number of 
X-chromosomal ROH available in our relatively small sample 
size, we used the autosomal LOD score cutoffs from Kang et al. 

(2016) rather than using X-chromosome-specific LOD scores 
(Supplementary Table S2). (4) Due to the smaller amount of data 
available for subdividing ROH into length classes, we did not at
tempt to determine length classes for X-chromosomal ROH.

For each population, we summarized ROH lengths on the auto
somes and X chromosome as the mean total proportion of the 
genome contained in ROH. First, we calculated the mean total 
ROH length as the sum of the lengths of ROH segments across 
all individuals in a population divided by the total number of indi
viduals, considering only females for the X chromosome. For auto
somes, we normalized this quantity by 2,881.03 Mb for the 
combined length of chromosomes 1 through 22; for the X chromo
some, we used 155.27 Mb. We base these lengths on human gen
ome assembly GRCh37, as reported in the UCSC Genome 
Browser (Kent et al. 2002).

IBD-sharing
We calculated autosomal IBD-sharing using the data from Kang 
et al. (2016). For each chromosome, we phased the full data set 
of 3,105 individuals using Beagle 5.1 (Browning SR and Browning 
BL 2007) and default parameters (burnin=6, iterations=12, 
phase-states=280, impute=false, ne=1,000,000, window=40.0, 
overlap=4.0, seed=-99,999), with the GRCh37 genetic map for 
the map parameter (as provided with Beagle). We then considered 
the subset of 202 individuals in 18 Jewish populations, calling IBD 
segments using Refined IBD (Browning BL and Browning SR 2013) 
with default parameters (window=40.0, lod=3.0, length=1.5, 
trim=0.15) and the map used for phasing. Our autosomal IBD cal
culations employed the method and data of Severson et al. (2019), 
except that we used a newer Beagle version and called 
IBD-sharing only on the subset of Jewish individuals rather than 
the whole sample.

For the X chromosome, we used data from the full 1,647 indivi
duals (including the 168 Jewish individuals). We recoded alleles in 
males as pseudodiploid, as needed by Beagle 5.1 and Refined IBD. 
We then phased the 1,647 individuals with Beagle 5.1 using the 
same parameters and map as used for the autosomes. In the 
phased data, considering only the Jewish populations, we calcu
lated IBD segments using Refined IBD in the same manner as for 
the autosomes. We then removed all duplicate IBD segments 
that resulted from pseudodiploid coding in males.

In each population, we summarized IBD-sharing as the mean 
total IBD proportion. That is, for each pair of individuals, we called 
IBD-sharing on the autosomes between four pairs of haplotypes, 
two in each individual in the pair. On the X chromosome, IBD com
parisons considered one pair of haplotypes for pairs of males, two 
pairs for a male and a female, and four pairs for pairs of females. 
Thus, we divided the total IBD length between two individuals— 
summing across pairs of X chromosomes, one from one individual 
and one from the other—by one (two haplotypes), two (three hap
lotypes), or four (four haplotypes). We calculated mean total IBD 
length as the mean across pairs of individuals after accounting 
for the number of pairwise haplotype comparisons. We then nor
malized this quantity, using the same genomic lengths as for ROH, 
to determine population-wise mean IBD proportions.

Population subsets
Because individuals with available X-chromosomal data re
present a subset of the individuals with available autosomal 
data, in the following analyses, we used only a subset of the 18 po
pulations. In particular, when comparing autosomal and 
X-chromosomal ROH, we considered only 13 populations, omit
ting 5 populations (Cochin, Georgian, Libyan, Mumbai, Syrian) 

Table 2. Rates of the four different first-cousin mating types 
across 9 Jewish populations. As in Kang et al. (2016), the population 
listed as “Sephardi” corresponds to the “Turkey” population in 
Goldschmidt et al. (1960); the population listed as “Iranian” 
corresponds to the “Persia” population.

Frequency of first-cousin mating pairs (%)

Population Patrilateral 
parallel (cpp)

Patrilateral 
cross (cpc)

Matrilateral 
parallel (cmp)

Matrilateral 
cross (cmc)

Ashkenazi 0.507 0.296 0.465 0.084
Iranian 4.215 2.576 4.684 4.450
Iraqi 4.483 2.759 5.724 3.448
Libyan 2.013 2.685 0.671 0.671
Moroccan 0.794 0.794 1.984 1.587
Sephardi 0.329 0.494 0.988 1.318
Syrian 0.985 0.493 0.985 1.232
Tunisian 2.685 1.342 4.027 2.685
Yemenite 3.347 1.071 1.874 1.606

Values are calculated from Tables 1 and 3 of Goldschmidt et al. (1960) as 
fractions of all mating pairs that are first-cousin pairs of particular types 
(omitting one double-first-cousin pair from both of its constituent categories of 
first-cousin pairs).
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for which no females and hence no X-chromosomal ROH calls 
were available (Supplementary Table S1).

Results
Our theoretical results predict an increased proportion of ROH 
and IBD on the X chromosome relative to the autosomes as well 
as a positive relationship between IBD-sharing and ROH: increas
ing consanguinity decreases TMRCA for two alleles within indivi
duals as well as two alleles between individuals, in turn 
increasing both ROH and IBD-sharing (Severson et al. 2019; 
Cotter et al. 2021).

Empirical ROH levels and IBD levels are greater on the X 
chromosome than on the autosomes (Fig. 3). The smaller total 
population size of the X chromosome, 3N compared to 4N in a 
population with equal sex ratio, produces lower coalescence 
times for the X chromosome, in turn giving rise to longer ROH 
and IBD segments.

We consider regressions of IBD proportions on ROH propor
tions, evaluating the coefficient of determination R2 and the 
P-value for the null hypothesis of a regression slope of 0. In 
Supplementary Fig. S2, we plot the relationship between mean to
tal IBD and ROH proportions in 13 populations, for both the auto
somes and the X chromosome. Severson et al. (2019) previously 
performed this analysis for autosomes; here we compare auto
somes and the X chromosome. In accord with the theoretical pre
diction, we see that IBD-sharing increases with ROH for the 
autosomes (Supplementary Fig. S2A; R2 = 0.27), though not at 
the P = 0.05 significance level (P = 0.07). It also increases for the 
X chromosome (Supplementary Fig. S2B; R2 = 0.49, P = 0.008), for 
which the relationship is stronger.

To explore the relationship between ROH patterns on the X 
chromosome and on autosomes, we next regress—with a fixed 
intercept of y = 0—the mean ROH genomic fraction on the auto
somes onto the corresponding mean for the X chromosome. 
X-chromosomal and total autosomal ROH are positively related 
(Fig. 4A; R2 = 0.96, P = 6.13 × 10−10). The regression slope exceeds 
2: for each 1% increase in total ROH on the autosomes, we see a 
2.1% increase on the X chromosome. This greater increase for 
the X chromosome accords with the smaller X-chromosomal 
population size and reduced recombination rate—which inflate 
ROH for the X chromosome.

Next, having detected a relationship between total lengths in 
X-chromosomal and autosomal ROH, we compare genomic frac
tions of IBD-sharing. Fixing the regression intercept at y = 0, 
X-chromosomal IBD increases with autosomal IBD (Fig. 4B; 

R2 = 0.87, P = 1.45 × 10−6). A 1.6% increase in X-chromosomal 
IBD-sharing occurs for each 1% increase in autosomal 
IBD-sharing, consistent with the reduced population size of the 
X chromosome and its resulting reduction in coalescence times 
and increase in IBD segment length.

For the seven populations for which demographic estimates of 
consanguinity and genomic data are both available, we can com
pare the empirical ratio of the fractions of the X chromosome and 
autosomal genome that lie in ROH to a theoretical prediction. 
Inserting the consanguinity rates from Table 2 and a range of va
lues of the number of mating pairs N from 500 to 50,000 into equa
tions (11) and (10), we obtain predictions for the ratio of equations 
(11) and (10). The nontrivial patrilateral consanguinity in these po
pulations, sometimes exceeding the matrilateral consanguinity, 
leads to predictions that lie below the ratio of 2 predicted from 
equation (5) in the case of no consanguinity (Table 3). The empir
ical ratios tend to be near but somewhat greater than the theoret
ical range, suggesting that while the differing numbers of 
autosomal genomes and X chromosomes and the effects of con
sanguinity in part explain differences in autosomal and 
X-chromosomal ROH, other factors also contribute.

For IBD, a similar calculation of the theoretical ratio of 
X-chromosomal and autosomal ROH, using equations (9) and 
(8), places the seven populations into similar ranges. This similar
ity illustrates the lesser effect of differences in consanguinity 
rates on the predicted ratio of X-chromosomal and autosomal 
IBD compared to the corresponding ratio for ROH (Fig. 2). 
Empirical IBD ratios tend to be farther from the predicted range 
than are empirical ROH ratios, indicating that the factors we 
have considered—population-size differences between the X 
chromosome and autosomes, and consanguinity rates—may be 
less determinative of IBD patterns than of ROH patterns.

Discussion
This study has investigated the effect of consanguinity on 
X-chromosomal ROH and IBD-sharing. Under a coalescent model 
with consanguinity, we had previously obtained autosomal 
(Severson et al. 2019, 2021) and X-chromosomal (Cotter et al. 2021, 
2022) distributions of coalescence times. Here, we have combined 
results on coalescence times with calculations based on properties 
of recombination to predict features of ROH and IBD-sharing under 
the model. We have also compared the predictions with empirical 
patterns in ROH and IBD-sharing in populations for which demo
graphic measures of consanguinity have been reported.

Table 3. Theoretical and empirical ratios of the proportion of the X-chromosome to the proportion of the autosomal genome lying in ROH 
and IBD segments.

ROH IBD

Theoretical X:A ratio Theoretical X:A ratio

Population Minimum Maximum Empirical X:A ratio Minimum Maximum Empirical X:A ratio

Ashkenazi 1.541 1.935 2.247 1.542 1.991 1.633
Iranian 1.516 1.818 2.126 1.525 1.968 0.942
Iraqi 1.518 1.824 1.921 1.527 1.974 1.608
Moroccan 1.537 1.934 2.434 1.539 1.988 3.602
Sephardi 1.539 1.950 1.969 1.540 1.988 2.268
Tunisian 1.529 1.877 1.568 1.534 1.983 1.057

The theoretical ratio is the ratio of equations (11) and (10) for ROH and the ratio of equations (9) and (8) for IBD, inserting consanguinity rates from Table 2 and setting 
u = 0.1 cM for the minimum size of ROH and IBD. We report the minimum and the maximum theoretical ratios achieved when varying N in the range [500, 50,000]. 
The empirical ratio is calculated using the ROH and IBD proportions obtained via the Methods subsections on ROH and IBD, respectively.
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For the coalescence times, we had previously observed that un
der the model, patrilateral first-cousin mating does not affect 
X-chromosomal coalescence times, and matrilateral first-cousin 
mating reduces X-chromosomal coalescence times relative to 
the nonconsanguineous case; consanguinity produces a greater 
relative decrease in coalescence times for X chromosomes than 
for autosomes (Cotter et al. 2021, 2022). Owing to the inverse rela
tionship between genomic sharing around a site and the coales
cence time at that site (Palamara et al. 2012; Carmi et al. 2014; 
Browning SR and Browning BL 2015), corresponding results are re
flected in ROH and IBD-sharing calculations under the model. The 
model predicts longer ROH and IBD-sharing on the X chromosome 
than on autosomes, owing to three factors: the smaller population 
size for X chromosomes produces a smaller coalescence time, the 
stronger effect of matrilateral consanguinity reduces coalescence 
times to a greater extent relative to the nonconsanguineous mod
el, and reduced recombination in X chromosomes increases ROH 
and IBD tract lengths.

In accord with this prediction, in data from Jewish populations, 
we observed that ROH and IBD-sharing did indeed cover a larger 
fraction of the X chromosome than the autosomes (Fig. 3). 
Comparing X-chromosomal to autosomal ROH lengths, we ob
served an increased genomic fraction of ROH on the 
X-chromosome relative to the autosomes: a 1% increase in auto
somal ROH gives rise to a 2.1% increase on the X chromosome 
(Fig. 4A). For IBD-sharing, a 1% increase in autosomal IBD-sharing 
predicts a 1.6% increase on the X chromosome (Fig. 4B).

The 2.1% and 1.6% increases on the X-chromosome generally 
align with model predictions. In a constant-sized population 
with no consanguinity, our model-based computations found 
that the ratio of the expected total fractions of the X chromosome 
and autosomes that lie in ROH or IBD segments approaches 2 for 
large N (equation (5)). In other words, for each 1% increase in the 
fraction of the autosomal genome covered by ROH or IBD seg
ments, an increase of 2% is predicted for the corresponding cover
age of the X chromosome.

We hypothesized that a portion of the increase in X-chromosomal 
ROH coverage for each 1% increase in autosomal ROH coverage 

(Fig. 4A) differing from 2% and the corresponding difference from 
2% for IBD was attributable to the effects of consanguinity—with 
matrilateral consanguinity increasing the prediction above 2% and 
patrilateral consanguinity decreasing it below 2%. This potential at
tribution is compatible with the observation that the populations 
studied possess nonzero consanguinity rates, both matrilateral 
and patrilateral (Table 2). Using equations (8)–(11) to assess the effect 
of demographic consanguinity rates on ROH X:A ratios directly 
(Table 3), we see that agreement with predicted ranges is generally 
closer for ROH than for IBD.

That the empirical analysis generally follows model predic
tions, with greater sharing on the X chromosome than the auto
somes in an amount close to the numerical prediction, supports 
the value of the model. However, many factors might contribute 
to deviations of the empirical X-chromosomal and autosomal 
ROH and IBD patterns from the predictions. First, processes not 
considered in the model influence differences in genetic variation 
between X chromosomes and autosomes. For example, differ
ences in the numbers of mating males and females or differing 
male and female variance of reproductive success can alter effect
ive population size for X chromosomes relative to autosomes 
(Webster and Wilson Sayres 2016; Cai et al. 2023). Further, X– 
autosome genetic differences can be influenced by various forms 
of population structure (Wilkins and Marlowe 2006; Ramachan
dran et al. 2008). Recombination differences between X chromo
somes and autosomes beyond the 2

3 we have considered, with 
different autosomes having different rates per Mb (Kong et al. 
2002), can affect conversions of TMRCA values to ROH and IBD 
lengths. These differences can also introduce differences in phas
ing and ROH and IBD detection; the detection problem is possibly 
also affected by our use of autosomal ROH cutoffs rather than 
X-chromosome-specific values in assigning X-chromosomal ROH. 
In particular, ROH levels might be inflated by use of the autosomal 
LOD score cutoff for the higher-homozygosity X chromosome.

Beyond these concerns about ROH and IBD detection, a number 
of limitations may affect our empirical results. Our theoretical 
analysis relies on centimorgan measurements, whereas we ana
lyze the data in megabases; a more precise comparison of 
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X-chromosomal and autosomal ROH and IBD could be performed 
by use of a genetic map. The comparison of theoretical and empir
ical ratios in Table 3 makes use of minimal genomic-sharing cut
offs; we used a cutoff standardized across all theory-based 
calculations, rather than adding complexity by choosing separate 
cutoffs for each component of the analysis (ROH vs. IBD, 
X-chromosomal vs. autosomal, and different populations).

We also note that consanguinity rates are unlikely to be stable 
over time in real populations, as the model assumes. For example, 
consanguinity rates from Goldschmidt et al. (1960), measured 
around the mean birth year of the sampled individuals (Kang 
et al. 2016), represent births only at the single time point of 
1955–1957; the number of generations over which they would 
have applied is unclear. Indeed, consanguinity rates have recently 
declined in some of the sampled populations (Tsafrir and 
Halbrecht 1972; Cohen et al. 2004).

Finally, the data set itself is also limited by a small number of 
females, so that few data points contribute to inferences on 
X-chromosomal ROH. We have used these data due to availability 
of demographic consanguinity rates measured for the four first- 
cousin types. Additional methodological choices could potentially 
be investigated in larger genomic data sets in consanguineous po
pulations (e.g. Arciero et al. 2021), and an ideal data set would in
clude both large sample sizes as well as demographic estimates of 
consanguinity.

We have examined how coalescent models and ROH and IBD 
measurements on the X chromosome and the autosomes can pro
vide information about sex-biased phenomena. Genomic effects of 
numerous sex-biased processes have been investigated extensively 
in theoretical models and data, particularly in relation to human po
pulations (Wilkins and Marlowe 2006; Ellegren 2009; Arbiza et al. 

2014; Goldberg and Rosenberg 2015; Webster and Wilson Sayres 
2016). Many organisms possess mating schemes that could induce 
different kinship levels for autosomes and sex chromosomes (e.g. 
sex-specific processes and the ZW system in birds, Pizzari et al. 
2004; Schield et al. 2021). As genomic data on ROH and IBD data pro
liferate in diverse organisms (e.g. Florida scrub jays in Chen et al. 
2016, dogs in Mooney et al. 2021), our approach of examining coales
cence times, ROH, and IBD-sharing can potentially contribute to un
derstanding genomic effects of a variety of mating systems.

Data availability
For the autosomal data, see Kang et al. (2016); for the 
X-chromosomal data, see Behar et al. (2013). The demographic 
data on consanguinity are reported in Goldschmidt et al. (1960). 
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