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Tandem repeat (TR) sequences occur when short DNA motifs are repeated head-to-tail along chromosomes and are a major source
of genetic variation. Population genetic models of TR evolution have focused on large, randomly mating, haploid populations. Yet
many organisms reproduce partially through self-fertilisation (‘selfing’), which increases homozygosity and thus may alter the
evolutionary processes shaping TR sequences. Here we use mathematical modelling and simulations to study the evolution of
homologous TR sequences in partially selfing, diploid populations under four different selective regimes that may be relevant to
TRs: (i) additive purifying selection, (ii) truncation-like purifying selection, (iii) selection against heterozygotes due to misalignment
costs, and (iv) stabilising selection favouring an intermediate TR sequence length. We show that selfing influences TR evolution
primarily by increasing homozygosity, with two main consequences: (1) it enhances the variation produced by unequal
recombination within individuals, and (2) it increases variation between individuals. Consequently, selection on TRs becomes more
effective under partial selfing across all modes of selection considered, resulting in lower genetic load, despite higher genetic drift.
Overall, our results suggest that mating systems and inbreeding are important factors shaping variation in TR sequences.
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INTRODUCTION
Tandem repeat (TR) sequences consist of short genomic motifs,
varying between 2 and 2000 base pairs, that are repeated head-to-
tail (e.g. GAAGAAGAA...) from a dozen to thousands of times,
spanning up to millions of base pairs in some cases (Depienne and
Mandel 2021; Miklos and Gill 1982). TRs are ubiquitous across the
tree of life (Verbiest et al. 2023), ranging from microsatellites (1–6
base pair motifs) and minisatellites (larger motifs) to very long
satellite arrays (Buschiazzo and Gemmell 2006; Jeffreys et al. 1985;
Richard et al. 2008). Short TR sequences, or ‘simple sequence
repeats’, are a major source of genetic variation because
individuals often differ markedly in repeat number. This poly-
morphism (‘TR copy number’, ‘variable number of TRs’, or ‘TR
sequence length’) underlies their widespread use as genetic
markers (e.g. in population genetics, paternity testing and linkage
mapping; Ellegren 2004; Hammond et al. 1994; Slatkin 1995;
Verbiest et al. 2023). For a long time, TR sequences have been
considered part of ‘junk DNA’, moulded either by mutational
processes alone or in combination with purifying selection
(Charlesworth et al. 1994; Kruglyak et al. 1998, 2000; McGinty
et al. 2025). Recent studies, however, have revealed that at least
some of these sequences may have functional significance and
therefore potentially non-straightforward fitness consequences.
Understanding the processes that shape variation in TR sequences
is therefore useful for both practical and fundamental reasons
(Gymrek and Goren 2021).
Population genetic models have been useful to disentangle the

effects of selection, mutation, recombination and genetic drift on
the evolution of TRs (Ohta 1983b; Stephan 1986, 1987, 1989;

Walsh 1987; see also Crow and Kimura 1970, p. 294–296; Krüger
and Vogel 1975; Ohta 1983a; Takahata 1981 for models of
chromosome size or gene content evolution that involve similar
processes). This body of work has highlighted how the particular
mechanisms of mutation and recombination affecting TRs
contribute to variation in TR sequence length. Specifically, the
repeated structure of these sequences makes them subject to
replication slippage (a mutational process by which TR sequences
gain or lose multiple motifs at once, in contrast to indels; Fan and
Chu 2007) and unequal recombination (redistribution of motifs
among gametes due to the misalignment between homologous
TR sequences during crossover; Smith 1976). While replication
slippage is key to the maintenance of TRs within populations
(Ohta 1983b; Stephan 1987), unequal recombination tends to
increase variation in copy number (Stephan 1986). In turn, greater
variation leads to more efficient selection against TR copies in the
face of genetic drift (Stephan 1987). The balance between these
processes depends on motif length and genomic location, with
unequal recombination particularly common in longer arrays and
in regions of high recombination (Ellegren 2004; Stephan 1987).
Here, we extend current theory in two main directions,

incorporating factors that existing TR models have not included.
First, whereas existing models assume that individuals mate at
random, we consider the common form of non-random mating
that is partial selfing. Selfing leads to excess homozygosity,
thereby affecting selection, drift and recombination (Burgarella
and Glémin 2017). Because unequal recombination depends on
the variance between homologous copies, increased homozygos-
ity is expected to modify TR dynamics. Empirical patterns are
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consistent with this possibility: in Arabidopsis thaliana, where
selfing rates regularly exceed 75–95% (Abbott and Gomes 1989),
microsatellite content is lower than in closely related self-
incompatible species (Clauss et al. 2002). Similarly, in nematodes,
the partially selfing Caenorhabditis briggsae shows reduced TR
content compared with its outcrossing relative C. nigoni (Subirana
and Messeguer 2017). However, current models cannot account
for differences that depend on the mating system.
Second, we move beyond the standard assumption that TR

sequences experience only purifying selection. This matters
because TRs are increasingly recognised for their potential roles
in complex traits and phenotypic variation, as highlighted by
recent genome-wide association studies (Gymrek and Goren 2021;
reviewed in Depienne and Mandel 2021 for humans and in
Verbiest et al. 2023 across various taxa; see Sureshkumar et al.
2025 for examples in plants). TRs can also influence chromosomal
stability, as some TR sequences protect gene ends, prevent
chromosomal erosion and delay cell senescence (Biscotti et al.
2015; Greider 1990; Ide et al. 2010). It remains unclear, however,
how these various forms of function for TRs translate into selection
pressures and influence their evolution.
Motivated by these observations, we consider several modes

of selection acting at the diploid stage rather than assuming that
selection on TR sequence length acts at the haploid gametic
stage and is purifying with additive effects (i.e. each additional
repeat has the same fitness effect, but see Stephan 1987 for a
model of truncation-selection): (i) non-additive effects in TR
sequence length, in line with the observation that in some cases
the onset of disease is determined by an excess of repeats
beyond a threshold (e.g. Fragile X syndrome, which is related to
CGG expansions, Depienne and Mandel 2021; Usdin et al. 2015);
(ii) interactions between homologous TR sequences within
individuals, motivated by studies showing that the lack of TR
homology can compromise chromosomal stability (for instance
by inducing chromosomal loops or supercoiling, John and Miklos
1979; Usdin et al. 2015; Verbiest et al. 2023 or by increasing
recombinational instability, Jarne and Lagoda 1996); and (iii)
stabilising selection for an optimal TR sequence length, based on
eQTL and mQTL studies that have demonstrated that some TRs
can influence gene expression and regulation, and ultimately
contribute to phenotypic variation (Fotsing et al. 2019; Gymrek
et al. 2016; Quilez et al. 2016; Reinar et al. 2021; Sureshkumar
et al. 2025; Verbiest et al. 2023; Zhang et al. 2025). In such cases,
it is conceivable that an optimal level of gene expression may
lead to an optimal sequence length, placing TRs under stabilising
selection around that length.
Our aim is to determine how partial selfing interacts with these

different modes of selection to shape TR variation at the mutation-
selection equilibrium, considering the unique forms of mutation
and recombination experienced by TR sequences.

MODEL
Life cycle, trait and its distribution
We consider a population of diploid hermaphrodites of constant
size N with the following life cycle (Fig. 1A; Table 1 for a list of
symbols): (1) Each adult produces a large number of gametes
according to its fecundity and then dies. (2) Gametes fuse
together to form zygotes. With probability α, a zygote is produced
by combining two gametes of the same individual, or with
complementary probability 1−α, of two different individuals, so
that the parameter α is the selfing rate. (3) Zygotes compete
randomly to form the N adults of the next generation.
Each individual i ∈ {1, …, N} is characterised by two positive

integers, zi1≥1 and zi2≥1, which are the lengths of a focal TR
sequence on the paternally and maternally-inherited chromo-
somes, respectively (Fig. 1A for illustration). Our goal is to
investigate the effect of selfing rate α on the evolution and

polymorphism of this TR sequence. To do so, we will track the
evolutionary dynamics of the population mean,

z ¼ 1
2N

XN
i¼1

zi1 þ zi2ð Þ ; (1)

and variance,

σ2T ¼
1
2N

PN
i¼1

zi1ð Þ2þ zi2ð Þ2
h i

� z2

¼ 1
N

XN
i¼1

zi1 � zi2
2

� �2

|fflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflffl}
σ2W

þ 1
N

XN
i¼1

zi1 þ zi2
2

� z
� �2

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
σ2B

;
(2)

which we decomposed as the sum between the variance within
(σ2

W) and between (σ2
B) individuals (SI Text A.1 for details). This

decomposition of variance allows us to define the F-statistic (also
referred to as the R-statistic in the context of microsatellites, see
Eq. (13) in Slatkin 1995) as

F IS ¼ σ2T � 2σ2W
σ2T

; (3)

such that

σ2
B ¼

1þ F IS
2

� �
σ2
T and σ2

W ¼ 1� FIS
2

� �
σ2T : (4)

FIS is a measure of excess homozygosity relative to random
mating. When FIS ¼ 0, this indicates random mating (i.e. full
outcrossing) where the variance within individuals is equal to the
variance between individuals. In contrast, any form of non-random
mating that increases homozygosity, such as partial selfing, will
lead to (σ2

W<σ
2
B) and thus FIS>0.

In general, the expected change Δz in mean TR sequence
length z over one generation can be expressed as

Δz ¼ 1
2
E wi z

G
i � z

� �	 

; (5)

where zGi denotes the expected TR sequence length in a gamete
of individual i, and wi denotes the expected number of gametes of
individual i that are recruited in the next generation. Similarly, the
expected change in total variance Δσ2

T reads as

Δσ2
T ¼

1
2
E wi σ

2G
i � σ2

T

� �	 
þ 1
2
E wi z

G
i

� �2h i
� 1
4
E wiz

G
i

	 
2
; (6)

where σ2G
i is the variance in sequence length among gametes of

individual i. In both Eqs. (5) and (6), the expectation E �½ � is taken
over all individuals i and all events that occur in a full iteration of
the life cycle (SI Texts A.2 and A.3 for derivations of Eqs. (5) and (6),
respectively).
We assume that the fecundity of an individual depends on the

TRs it carries, so that the fecundity fi of individual i can be written
as f i ¼ f zi1; zi2ð Þ. Given our assumptions on the life cycle, the
(gene) fitness wi of this individual is given by

wi ¼ 2N
f iPN
k¼1f k

: (7)

We will consider different forms for fi to reflect different types of
selection on TRs, and quantify the impact of TRs on the population
by the genetic load

L ¼ 1� f i
fmax

; (8)

where f i is the average fecundity in the population and fmax is the
maximum fecundity calculated when extra repeats are absent.
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In the next section, we characterise the moments zGi and σ2G
i

that appear in Eqs. (5) and (6) as a result of meiosis and
gametogenesis.

Meiosis and gametogenesis
We assume that during meiosis and gametogenesis, three
processes can influence the distribution of TRs among the

recruited gametes of an individual: amplification, unequal
recombination and Mendelian segregation.

Amplification due to replication slippage. First, the length of a TR
sequence may be amplified during interphase due to replication
slippage (e.g. Fig. 1A; Buschiazzo and Gemmell 2006; Charlesworth
et al. 1994; Levinson and Gutman 1987; see Khristich and Mirkin

Fig. 1 Life cycle and gametogenesis. A Life cycle described in the section ‘Life cycle, trait and its distribution’, with a highlighted example of
the production of gametes of an adult i, as detailed in the section ‘Meiosis and gametogenesis’. In this example, zi1 = 5 and zi2 = 4, ZA

i1 is
amplified while ZA

i2 is not, and unequal recombination between ZA
i1 and ZA

i2 takes place. B Probability distribution for the TR sequence length
after amplification ZA

iν given template ziν (Eq. 9). C Probability distribution for the TR sequence length after unequal recombination ZR
i1 given

amplified sequences ZA
i1 and ZA

i2 (Eq. 10). D Probability that unequal recombination decreases differences between gametes, i.e. probability
that P½min ðZA

i1; Z
A
i2Þ< ZR

i1 <maxðZA
i1; Z

A
i2ÞjZA

i1; Z
A
i2�. Examples of both cases, when unequal recombination E decreases or F increases variance

between gametes.
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2020 for a deeper discussion on mutational processes in TRs). To
model this process, let ZA

iν be a random variable for the length of
the TR sequence in a focal germ cell after replication on the sister
(inner) chromatid whose template is ziν (with ν ∈ {1, 2}) in
individual i. We assume that amplification takes place indepen-
dently with probability μ during the replication of each new
chromatid, in which case saltatory amplification occurs following
the model of Stephan (1987). This model, which is based on the
evidence that TR sequence length tends to grow due to mutation
in a way that increases with the length of the parental sequence
(Buschiazzo and Gemmell 2006; Slatkin 1995), assumes that the TR
sequence length in the new inner chromatid ZA

iν increases by a
random number of TRs that is uniformly distributed between 1
and the template size ziν (Fig. 1B). That is, with probability μ, we
have

ZA
iν �law Unif ziν þ 1; 2ziνð Þ : (9)

With complementary probability 1−μ, no amplification happens,
so that the new sister chromatid is identical to its template, i.e.
Pr ZA

iν ¼ ziν
	 
 ¼ 1. We assume that the probability of undergoing

replication slippage is independent of the TR sequence length.

Unequal recombination. Following replication, the newly formed
inner chromatids may recombine. When chromosome pairing
during synapsis is correct, recombination does not affect the
length of TR sequences. When, however, pairing is incorrect,
which readily occurs owing to the repetitive nature of TRs,
unequal crossover causes the number of TRs to be redistributed
between chromatids during recombination (Krüger and Vogel
1975; Ohta 1981; Ohta and Kimura 1981; Perelson and Bell 1977;
Stephan 1986). To model this process, let us denote by ZR

i1 and ZR
i2

the random variables for the TR copy numbers produced by the
inner chromatids after recombination. We assume that unequal
recombination occurs with probability γ, in which case we have

ZR
i1jZA

i1; Z
A
i2 �law Tri 1; ZAi1þZAi2

2 ; ZAi1 þ ZAi2 � 1
� �

and

ZR
i2 ¼ ZA

i1 þ ZA
i2 � ZR

i1 ;
(10)

where Tri denotes the Triangular distribution (Fig. 1C; Stephan
1986; Takahata 1981). This model assumes that any of the ZA

i1 sites
of the chromatid 1 is equally likely to cross over any of the ZA

i2 sites
of its homologous chromatid during synapsis and that the total
number of copies is conserved, i.e. ZR

i1 þ ZR
i2 ¼ ZA

i1 þ ZA
i2(Stephan

1986; Takahata 1981).

Mendelian segregation. Finally, random Mendelian segregation
distributes the products of meiosis fairly among the gametes of an
individual. To see these effects, let us denote by ZG

i the random TR
sequence length in a gamete sampled among all gametes
produced by individual i, whose TR sequence lengths are zi1 and
zi2. The moments of ZG

i that are necessary to our analysis (i.e. that
appear in Eqs. 5 and 6) are then given by

zGi ¼ E ZG
i jzi1; zi2

	 

¼ 1

4 zi1 þ 1
4 zi2 þ 1

4 E ZR
i1jzi1; zi2

	 
þ 1
4 E ZR

i2jzi1; zi2
	 
 (11a)

σ2Gi ¼ V ZG
i jzi1; zi2

	 

¼ E ZG

i

� �2jzi1; zi2h i
� zGi
� �2

¼ 1
4 zi1ð Þ2 þ 1

4 zi2ð Þ2 þ 1
4 E ZR

i1
2jzi1; zi2

h i
þ 1

4 E ZR
i2
2jzi1; zi2

h i
� zGi
� �2

:

(11b)

In both equations above, the first two terms correspond to the
outer chromatids, while the next two terms represent the
inner chromatids, which undergo amplification and unequal
recombination.

Analyses
We investigate the evolution of TRs under different selection
regimes with two complementary approaches. First, we analyse
the change in mean and variance within the population across
generations mathematically. We do this by computing the
gametic moments in Eqs. (11a) and (11b) using the distributions
given in Eqs. (9) and (10) (details in SI Text A.4), and then
substituting these moments into Eqs. (5) and (6). Second, to
validate these analyses and extend them, we perform individual-
based simulations using SLiM v.4.3, implementing the life cycle
and gametogenesis described above, with further details of the
implementation available in SI Text B (Haller and Messer 2023).
Using these approaches, we vary the selfing rate α to quantify

how mating systems influence both the evolutionary dynamics
and the standing variation of TR sequence length. We also
examine how different modes of selection shape TR sequence
evolution by varying the fecundity function fi and assessing how
these effects interact with partial selfing.
In addition, we explore how the relative rates of amplification μ

and unequal recombination γ influence TR sequence evolution.
These rates allow us to model different classes of short-motif TR

Table 1. Summary of variables and parameters of the model.

Variable Description

At the population level

N Population size

α Selfing rate

FIS Inbreeding coefficient (Eq. 3)

z Mean TR sequence length (Eq. 1)

σ2T Variance in TR sequence length (Eq. 2)

σ2B Variance in mean TR sequence length between
individuals (Eq. 2)

σ2W Mean variance in TR sequence length between
homologous sequences (within individuals; Eq. 2)

L Genetic load caused by TRs (Eq. 8)

At the individual level

zi1, zi2 TR sequence length of the two homologous
chromosomes of individual i

fi Fecundity of individual i (Eqs. 12, 17, 18 or 19)

wi Fitness of individual i (Eq. 7)

zGi Mean TR sequence length among gametes of
individual i (Eq. 11a)

σ2Gi Variance in TR sequence length among gametes of
individual i (Eq. 11b)

At the TR sequence level

γ Probability per meiosis of an unequal recombination
event between homologous sequences

μ Probability per chromatid of a slippage replication
event

sa Additive cost of each TR in the sequence (Eqs.
12 and 18)

sϵ Strength of non-additive effects in selection (Eq. 17)

θ Threshold TR sequence length after which fecundity
quickly decays (Eq. 17)

sd Fecundity costs due to misalignment between
homologous TR sequences (Eq. 18)

sb Strength of stabilising selection (Eq. 19)

Θ Optimal TR sequence length per chromosome under
stabilising selection (Eq. 19)
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arrays: replication slippage is thought to dominate the evolution
of short arrays such as microsatellites (Ellegren 2004; Levinson and
Gutman 1987; Strand et al. 1993), whereas unequal recombination
becomes increasingly important in larger arrays such as minisa-
tellites or short-motif satellites (Ellegren 2004; Subirana and
Messeguer 2017). Varying the parameter γ also enables us to
contrast genomic regions with low recombination (e.g. hetero-
chromatin) and regions with high recombination (e.g. euchroma-
tin, as discussed in Stephan 1987).

RESULTS
Shorter TR sequences under purifying selection in selfing
populations
As a baseline, we assume that TR sequences are under purifying
selection with additive effects of repeats, e.g. owing to the time
and energy cells invest in replicating TRs in the genome
(Buschiazzo and Gemmell 2006; Charlesworth et al. 1994;
Stephan 1986 1987; Verbiest et al. 2023). Several lines of
evidence are consistent with purifying selection acting on TR
sequences. In Daphnia for example, TR copy numbers are higher
in mutation-accumulation lines than in isolated natural popula-
tions, suggesting that selection opposes repeat accumulation
(Flynn et al. 2017). We assume that the fecundity fi of a focal
individual i carrying sequences of lengths zi1 and zi2 is

f i ¼ 1� sa zi1 þ zi2ð Þ; (12)

where sa tunes the strength of purifying selection.
Because the expressions of the population mean and variance

(Eqs. 5 and 6) are too complicated to have an analytical form in
general, we first assume that selection and amplification are weak
(sa � O δð Þ and μ � O δð Þ where δ is small parameter) and that the
population is large (N � O 1=δð Þ), obtaining
Δz ¼ 1

4
μ 1þ zð Þ|fflfflfflfflfflffl{zfflfflfflfflfflffl}
amplification

� 2saσ
2
B|fflffl{zfflffl}

purifying
selection

þO δ2
� �

(13a)

Δσ2
T ¼ � 1

2
γσ2

W|fflfflfflffl{zfflfflfflffl}
homogenising

effect

þ 1
12

γ z2 þ σ2
B � 1

	 

|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

reshuffling
effect

þO δð Þ
(13b)

for the dynamics of the mean and variance in TR sequence length
(SI Text A.6 for derivation). The two terms of Eq. (13a) highlight
how the change in TR sequence length depends on a balance
between: (i) amplification, whose effects are proportional to the
mean z due to its saltatory nature (i.e. larger sequences gain on
average more TR copies); and (ii) purifying selection, whose effects
are proportional to the variance between individuals σ2B as
selection takes place among adults. The two terms of Eq. (13b),
meanwhile, reflect how unequal recombination can either
decrease or increase the variance in TR sequence length,
depending on how the variance in TR sequence length is
distributed within and between individuals (Fig. 1D). If the
variance within individuals σ2

W is large (compared to σ2
B), then

the first term of Eq. (13b), which is negative, tends to dominate,
indicating that recombination tends to reduce total variance. This
is because when recombination takes place among homologous
TR sequences that have sufficiently different lengths, recombina-
tion tends to homogenise these (e.g. Fig. 1E). If, however, the
variance within individuals σ2

W is small (compared to σ2
B),

recombination in this case makes these sequences more different
by reshuffling TR copies, so that the variance increases (e.g.
Fig. 1F). This is captured by the second term of Eq. (13b).
Comparing Eqs. (13a) and (13b) shows that there is a separation

of timescales between the dynamics of the mean and variance:

changes in mean are of order δ while changes in the variance are
of order 1 (under our assumption that sa � O δð Þ and μ � O δð Þ
while γ � O 1ð Þ). This entails that the dynamics of the variance
should stabilise to an equilibrium σ2

eq before the mean when δ is
small. Solving Δσ2

T ¼ 0 with Eq. (4) for σ2
eq with a given z, we

obtain that this equilibrium is

σ2
eq ¼ 2

5� 7FIS
z2 � 1
� �þO δð Þ ; (14)

where

F IS ¼
α 1� γ

2

� �2
2� α 1� γ

2

� �2 þO δð Þ (15)

(SI Text A.5 for derivation). Equations (14) and (15) show that for a
given population mean z, a greater selfing rate α leads to a greater
equilibrium variance. This is because selfing increases the
reshuffling effect relative to the homogenising effect via a
decrease in σ2

W compared to σ2
B in Eq. (13b). The effect of selfing

on the inbreeding coefficient FIS is reduced by unequal
recombination because unequal recombination decreases homo-
zygosity (this effect of γ is weighted by 1/2 in Eq. (15) as only the
inner chromatids can undergo unequal recombination).
Solving Δz ¼ 0 for z ¼ zeq with σ2

T ¼ σ2
eq given by Eq. (14) (and

using Eq. 4), we obtain that the mean of the equilibrium
distribution of TR sequence length is

zeq ¼ 1þ 5� 7F IS
1þ FIS

� �
μ

8sa
þO δð Þ ; (16)

which shows that selfing reduces the mean TR copy number in
the population (Fig. 2A). This reduction is due to a greater
proportion of the total variance in TRs that is between
individuals, which increases the efficacy of selection (recall σ2

B
in Eq. 13a). Plugging the mean in Eq. (16) into Eq. (14), we find
that selfing also decreases the total variance among sequences
in the population (Fig. 2B). Because selfing leads to fewer TR
copies, it also reduces the load associated with them (Fig. 2C).
Indeed, using Eq. (8) with Eqs. (12) and (16) we obtain the
genetic load L ¼ 5�7F IS

1þFIS

� �
μ
4 þO δ2

� �
. Therefore, genetic load

decreases with selfing owing to shorter TR sequences (Fig. 2C).
How much selfing reduces the mean and variance in TR
sequence length depends on the amplification-to-selection ratio
μ/sa (curves in Fig. 2A).
We performed individual-based simulations to investigate the

case μ/sa ≫ 1 (points in Fig. 2A). As predicted, our analytical
approach for z matches simulations quite well when amplification
and selection are of similar order, and both are small relative to
unequal recombination; with the exception when FIS > 5/7 (α >
0.8). In this latter case, our analytical model predicts the complete
loss of repeated motifs (z ¼ 1 and σ2

T ¼ 0) while simulations still
show the maintenance of small TR sequences (mostly due to
amplification events). This is because the separation of timescales
breaks down when σ2

B � σ2W (see Eq. 13b). When μ/sa ≳ 100, our
simulations show shorter TR sequences in outcrossing populations
than predicted by Eq. (16).
To see how the effects of selfing interact with other factors, it is

useful to look at the relative reduction in copy number in a selfing
population compared to an outcrossing one, all else being equal
(i.e. we measured ðzO � zÞ=zO where zO is the mean TR sequence
length in outcrossing populations, α = 0). This shows that the
relative reduction due to selfing is smaller in the regime where
μ ≫ sa (Fig. 2D). This is because: (i) amplification increases TR
sequence length similarly in outcrossing and selfing populations
thereby reducing the differences they show (recall Eq. 13a), and (ii)

V. Sudbrack and C. Mullon

103

Heredity (2026) 135:99 – 112



amplification decreases the excess homozygosity caused by
selfing and thus mitigates its effect.
Simulations also reveal that the skewness and kurtosis of the TR

copy number distribution in the population are greater when
selfing is more frequent (Fig. 2E and F for example; SI Fig. S1).
Altogether, this means that under partial selfing, we expect more

outliers with long sequences in a particular sample compared to if
the TR sequence length were normally distributed. In fact, the
distribution of TR sequence length shows a good fit to a
lognormal distribution whose mean and variance are given by
Eqs. (14) and (16). This fit is particularly good when sa < μ < γ (see
solid lines in Fig. 2E), but less good when sa < μ ≈ γ (Fig. 2F).
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The effect of genetic drift
We used simulations to investigate the effect of genetic drift in small
populations, in particular when 2N ≲ 1/γ. These show that for a
given selfing rate, smaller populations tend to have longer TR
sequences (compare points of the same colour in Fig. 3A). This is
due to less efficient purifying selection in smaller populations, which
leads to an accumulation of more repeats. In fact, the variances
between and within individuals are both greater in smaller
populations (Fig. 3B for total variance σ2

T; see SI Fig. S2 for each
component). Additionally, the reduction in TR sequence length due
to selfing is proportionally smaller in small populations (e.g. compare
points when N = 10 in Fig. 3A). This is presumably because small
outcrossing populations show some level of inbreeding due to
sampling effects and thus greater homozygosity.
We also performed simulations with different population sizes N

such that the effective population size Ne is held constant for
different selfing rates α (with Ne = (1−α/2)N, as in Eq. 6 of Pollak
1987; SI Fig. S3). As expected, these simulations show that the
reduction due to selfing occurs when controlling for effective
population size. More broadly, this shows that the effects of

selfing via Ne are always weaker than those described in the
section ‘Shorter TR sequences under purifying selection in selfing
populations’, i.e. via selection (by boosting variance between
individuals) and unequal recombination.

Truncation-like selection increases variance in TR
copy number
We now consider the case where the TRs have non-additive
effects such that the fitness of an individual rapidly declines after
the number of repeats it carries goes beyond a certain threshold.
Specifically, we assume that fecundity is

f i ¼ π � 2 arctan ðsϵðzi1 þ zi2 � 2θÞÞ
π þ 2 arctan ð2sϵθÞ (17)

where 2θ is a threshold for the total number of TRs, after which
fecundity decreases towards zero at a rate that depends on the
parameter sϵ > 0. When sϵ ≪ 1, Eq. (17) approaches additive
effects, and we recover Eq. (12) with a cost sa → 2sϵ/π per TR copy,
regardless of θ. When sϵ ≫ 1, fecundity behaves similarly to a step
function (in the limit sϵ → ∞): fi = 1 for zi1 + zi2 < 2θ and fi = 0 for
zi1 + zi2 > 2θ (this limiting case would be equivalent to truncation
selection, which was studied in haploids under random mating in
Section 4 of Stephan 1987).
Using individual-based simulations, we find that as the

fecundity in Eq. (17) approaches a truncation-selection curve (i.e.
large sϵ), the mean and variance in TRs both increase (Fig. 4A). This
is because selection against repeats when TR sequences are below
the threshold (when zi1 + zi2 < 2θ) is weaker when sϵ is large. In
fact, as sϵ increases, the variance in TR sequence length per
chromosome approaches θ� 1ð Þ2=12, which is the variance of a
random variable following a uniform distribution between 1 and θ
(this is also true when amplification increases, i.e. as μ gets large,
in line with the results of Stephan 1987, Fig. 4B, SI Fig. S4 for more
details on the TR sequence length distribution).
Selfing, meanwhile, has similar effects to those found under

additivity: it reduces the mean and variance in TR sequence length
(compare dark and light lines in Fig. 4A, B). This reduction, in turn,
lowers the genetic load in the population (Fig. 4C). The decrease in
load is lower when selection is truncation-like (large sϵ) since the
deleteriousness of each repeat (as long as their total remains
below 2θ) is lower than when effects are additive. The effects of
amplification and unequal recombination on TR sequence length
are also similar to those under additivity across all selfing rates:
amplification tends to increase TRs while recombination tends to
reduce them (as in haploid populations; Stephan 1987).

Misalignment costs exacerbate the differences in the TR
sequence length of selfing and outcrossing populations
We now consider potential costs arising from the misalignment of
homologous genes surrounding a TR sequence, e.g. when physical
distortions during synapsis due to different TR sequence lengths
create DNA secondary structures, unstable recombination and loops
that can lead to non-functional gametes after recombination
(Balzano et al. 2021; Jarne and Lagoda 1996; Verbiest et al. 2023).

Fig. 3 TR sequence variation in small populations. A The mean TR
sequence length z and B total variance σ2T (both in log scales) in
simulations with small and intermediate population sizes N
(between 10 and 5000 individuals, in log scale) and for populations
with various selfing rates (see legend). The number of replicates
varies between population sizes, with at least 10 simulations for
each parameter combination. Parameters: amplification-to-selection
ratio μ/sa = 10 (left) and μ/sa = 100 (right column), other parameters:
γ = 0.01, sa = 0.001.

Fig. 2 TR sequence variation under purifying selection. A Mean TR sequence length z (in log scale) for various selfing rates α, with dots as
averages from simulations (error bars show standard deviation; SI Text B for details on simulations). Lines represent the theoretical prediction
obtained with Eqs. (14) and (16). Parameters: sa = 0.001, γ = 0.1, N = 2000. B Relationship between the total variance σ2T and the mean TR
sequence length z (both on log scale) for different selfing rates. Dots represent averages from simulations, while lines show theoretical
predictions based on Eqs. (14) and (16). Notably, Eq. (14) accurately captures the relationship between the moments, even in cases where Eq.
(16) does not accurately predict the mean. Parameters: same as (A). C Genetic load L (in log scale) as a function of selfing rate α, with dots as
averages from simulations using Eq. (16). Lines represent the theoretical prediction. Parameters: same as (A). D Reduction in the mean TR
sequence length z relative to outcrossing populations zO for different selfing rates (from bottom to top: α = 0.2, 0.4, 0.6, 0.8, 0.9, 0.95 and 1.0).
E, F Distribution of TR sequence length in populations with different selfing rates (from top to bottom: α = 0, 0.25, 0.5, 0.75 and 1.0).
Histograms are based on simulations, and lines represent the theoretical prediction obtained with a lognormal distribution with mean given
by Eq. (16) and variance given by Eq. (14). Parameters: μ/sa = 10 in (E) and μ/sa = 100 in (F), other parameters as (A).
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To model this, we assume that the fecundity of an individual is

f i ¼ 1� sa zi1 þ zi2ð Þ½ �|fflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflffl}
additive effects

´ 1� sd
zi1 � zi2j j
zi1 þ zi2

� �
|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

misalignment effects

;
(18)

where the parameter sd≥ 0 tunes the cost of the misalignment.
When sd = 0, we recover the additive model (Eq. 12), where each
TR copy has effectively independent effects on fitness. When sd is
large, however, a difference in length between homologous TR
sequences within individuals is also costly, reducing fitness. This
can be seen as a form of under-dominance, causing heterozygote
disadvantage.
Our simulations show that in outcrossing populations, misalign-

ment costs cause an increase in mean TR sequence length (dark
points, especially sd > 0.1, in Fig. 5A). This is because any gamete
carrying a TR sequence that is shorter than average will on average
suffer a misalignment cost under random mating as it will likely fuse
with a gamete carrying a longer TR sequence. Selection can
therefore favour amplified sequences if it brings them closer in
length to the average sequence, as long as sa is not too large
(Fig. 5A with sa = 0.001 fixed). Contrastingly, misalignment costs
have weak to no effects in selfing populations since these show a
deficit of heterozygosity (light points in Fig. 5A). As a result, the
difference in mean TR sequence length z between outcrossing and
selfing populations is greater when sd is large (Fig. 5A). The variance
of TR sequence length is also affected by misalignment costs, but
mostly in outcrossing populations where the variance within
individuals σ2

W is reduced but between individuals σ2
B is increased.

This is because misalignment costs simultaneously increase homo-
zygosity and lead to longer sequences, inflating the total variance.
The effects of misalignment costs on the load L are similar to

those on the mean TR sequence length, with the load increasing
with misalignment costs in outcrossing but remaining similar in
selfing populations (compare dark and light points in Fig. 5B). To
disentangle the contribution to the load of misalignment effects
from an increase in z, we computed 2saðz � 1Þ=L to measure the
proportion of the load that is due to additive costs (i.e. arising
from the first term in Eq. 18). When sd = 0, the entire load is due to
additive effects, but when sd is larger, the costs of misalignment
represent a larger fraction of the load despite longer sequences
(Fig. 5C). In other words, misalignment costs grow faster than
additive costs as sd increases, and this is especially true in
outcrossing populations (due to a deficit of heterozygotes in
selfing populations).

Partial selfing reduces load when the TR sequence length is
under stabilising selection
Finally, we examine the case where TR sequences are under
stabilising selection for an optimal length, which aligns with
recent evidence suggesting that some TRs can play functional
roles in different biological processes (Balzano et al. 2021, for
example) and contribute to phenotypic variation (Fotsing et al.
2019; Gymrek et al. 2016; Quilez et al. 2016; Verbiest et al. 2023).
We assume fecundity is given by

f i ¼ 1� sb zi1 � Θð Þ2
h i

´ 1� sb zi2 � Θð Þ2
h i

; (19)

Fig. 4 TR sequence variation under truncation-like selection.
A Mean TR sequence length z under non-additive fitness effects in
Eq. (17). Mean is represented as a fraction of the threshold length θ.
Unequal recombination rate is γ = 0.01 in the left column and γ =
0.1 in the right column, while amplification rates are indicated in the
right margin. Parameters: N = 2000, θ = 100. B Total variance in TR
sequence length across various selfing rates (see legend in A) under
non-additive fitness effects. As a reference, the variance is
represented as a fraction of that of a uniform distribution where
all sequences are equally present between 1 and the threshold θ,
that is σ2U ¼ θ� 1ð Þ2=12. Parameters: same as (A). C Genetic load
under non-additive fitness effects between repeats, calculated from
the simulation with Eq. (8), where fmax is given by Eq. (17) with zi1 =
zi2 = 1. Parameters: same as (A).
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where the parameter sb > 0 tunes the strength of stabilising
selection for the optimum Θ. We show in SI Text A.6.3 that by
plugging Eq. (19) into Eq. (5), we obtain that the mean at
mutation-selection balance in a large population can be
expressed as

zeq ¼ Θþ 1
2

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Θ� 1
2

� �2

þ 5� 7F IS
1þ F IS

� �
μ

16sb

s
þO δð Þ; (20)

where we assumed that the distribution of TR sequence length is
approximately Normal (which here is justified by stabilising
selection; Walsh and Lynch 2018). With weak selection, the
population variance in TR sequence length is still given by
Eq. (14). The load, meanwhile, can be approximated as L ¼
2sb ðz � ΘÞ2 þ σ2

T

� �
þO δ2

� �
using Eq. (19) in Eq. (8) with

fmax ¼ 1. We also performed individual-based simulations. These,
together with Eq. (20), reveal that the effects of selfing depend on

how large the optimal length Θ is compared to the amplification-
to-selection ratio μ=sb (Fig. 6).
When Θ ≫ μ/sb, the mean TR sequence length z is close to Θ,

regardless of selfing rate. This can be seen from Eq. (20), putting μ/
sb to zero (see also Fig. 6A for simulations). This is because
stabilising selection here is strong and amplification events are
rare, so that rare mutations away from the optimum are efficiently
purged in both outcrossing and selfing populations. In fact, the
variance around Θ in the population is always small, especially so
when unequal recombination is infrequent (compare top and
bottom plots in left column, μ/sb = 0.01, in Fig. 6B). As a
consequence of the absence of additional repeats and little
variation, the load in the population is negligible (purple line in SI
Fig. S5).
When Θ ≲ μ/sb, the mean TR sequence length in the population

is greater than the optimum Θ as here stabilising selection is weak
and amplification events frequent (Fig. 6A). The increase in z is
smaller under selfing (compare points of different colours in
Fig. 6A) as selfing increases the proportion of variance between
individuals, thereby increasing the efficacy of stabilising selection
(light grey area in Fig. 6B). Note that Eq. (20) tends to
underestimate the z observed in simulations (Fig. 6A). This is
because Eq. (20) uses the variance expected under neutrality
(Eq. 14) and therefore neglects the effect of stabilising selection on
variance. In simulations, stabilising selection reduces variance in
TR sequence length close to the optimum, which weakens
selection and leads to a higher equilibrium mean. The reduction
in both the mean and total variance in TR sequence length under
selfing leads to a corresponding reduction in genetic load (SI Fig.
S5).

DISCUSSION
Our analyses indicate two main pathways through which selfing
influences TRs via excess homozygosity: (i) by increasing the effect
that unequal recombination has on generating variation among
sequences within individuals, and (ii) by increasing the variance in
TR copy number between individuals. As a result of these effects,
selection (here assumed to take place at the diploid stage) tends
to be more efficient under partial selfing, leading to shorter
average TR sequence length and reduced polymorphism. In turn,
this means that selfing populations show lower genetic load due
to TRs. These effects of selfing on TR abundance and genetic load
are especially strong in large populations and when selection is
purifying.

Empirical implications
One implication of our results is that, all else being equal, TR
sequence length should negatively correlate with selfing rates
across species or populations. More broadly, since the effects of
selfing operate through increased homozygosity, any mechanism
increasing homozygosity is expected to similarly reduce mean TR
sequence length. Thus, the TR sequence length should generally
show a negative correlation with homozygosity, irrespective of the
specific cause. The robustness of our results across amplification
and recombination regimes indicates that they apply to both
microsatellites and larger arrays such as minisatellites and short-
motif satellites (Balzano et al. 2021; Ellegren 2004).
Genomic data that directly quantify TR sequence lengths within

populations remain sparse, largely because TR arrays are often
filtered out early in genome-processing pipelines. Nevertheless,
available comparisons of microsatellite and minisatellite abun-
dances across closely related species differing in mating systems
are broadly consistent with our predictions. In nematodes,
comparative genomic analyses between the obligate outcrossing
species Caenorhabditis nigoni and its closely related, partially
selfing hermaphroditic relative C. briggsae reveal a marked

Fig. 5 TR sequence variation when sequence misalignment is
costly. AMean TR sequence length z across various selfing rates (see
legend) for different costs of misalignment (sd in Eq. (18) with sa =
0.001 fixed). Parameters: N = 2000, γ = 0.1. B Genetic load L in the
population (in log scale). Parameters: same as (A). C Proxy for the
proportion of genetic load L due to additive effects. Parameters:
same as (A).
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reduction in TR content in the latter: C. briggsae carries roughly
25% fewer TRs, and those present tend to be shorter and less
stable (Subirana and Messeguer 2017). The authors attribute this
to unequal recombination being more mutagenic in hetero-
zygotes, leading to new TR arrays arising more frequently in
outcrossers. By contrast, in our model, similar differences arise
even when unequal recombination is not mutagenic, suggesting
that mating-system effects on homozygosity and the efficacy of
selection could, in principle, be sufficient to generate this pattern.
Parallel trends are seen in plants. Within the Arabidopsis genus, self-

compatible populations harbour less microsatellite polymorphism
than self-incompatible ones, a pattern consistent with repeat loss in
highly inbred lineages (Clauss et al. 2002; Mable and Adam 2007).
Across lineages of the monkeyflower Mimulus guttatus, selfing is
associated with a reduction of microsatellite variation (Awadalla and
Ritland 1997). This reduction was interpreted as evidence for recent
bottlenecks in selfing lineages, yet our results show that substantial
losses of TR variation can arise in selfing populations even when
effective population size is held constant (SI Fig. S3). Finally, across
Plantago species, minisatellite variation is reduced in the highly selfing
P. major compared to the outcrossing P. lanceolata (Wolff et al. 1994),
which is again consistent with an effect of mating system and
population structure on TR variation as seen in our model.
Indirect evidence may also come from broader cross-taxon

comparisons, although these are necessarily harder to interpret.

For example, humans carry substantially longer TR sequences
than other primates (Rubinsztein et al. 1995). One possible
explanation is that humans tend to have lower levels of
homozygosity than many other primate species (Kuderna et al.
2023), although differences in demographic history can also
influence homozygosity and complicate this comparison (Prado-
Martinez et al. 2013). Similarly, genome-size surveys generally
report smaller genomes in selfing species than in their out-
crossing relatives (e.g. across 14 plant species pairs in Wright
et al. 2008, or within the genus Veronica in Albach and Greilhuber
2004, where higher selfing rates were associated with smaller
genomes and less repetitive DNA). Because short TRs typically
constitute a relatively uniform proportion (roughly 1–5%, with
few exceptions) of eukaryotic genomes (Srivastava et al. 2019),
such correlations could be consistent with our prediction that
increased homozygosity reduces repeat copy number. However,
genome size and TR abundance are shaped by many factors, so
these broad comparisons must be interpreted with caution. More
direct tests will require explicit quantification of TR copy-number
variation across species or populations that differ in mating
system or inbreeding level.
Our model further predicts that TR sequences should, on

average, be longer in genomic regions with lower recombination
or in smaller populations, where unequal recombination and
selection against expansions are less effective; an effect similarly

Fig. 6 TR sequence variation under stabilising selection. A Mean TR sequence length z across different values of amplification-to-selection
ratio (μ/sb) for various selfing rates (see legend). Unequal recombination rate is γ = 0.01 (left) and γ = 0.1 (right column). Curves present the
analytical results of Eq. (20). The horizontal grey line indicates Θ = 10. Parameters: sb = 0.005, N = 5000. B Variance in TR sequence length
across various selfing rates under stabilising selection (from left to right, μ/sb = 0.01, 1 and 10). The top row has γ = 0.01, while γ = 0.1 in the
bottom row. Shades of grey under the curve represent the proportion of variation between (σ2B , light grey) and within individuals (σ2W, dark
grey). Parameters: same as (A).

V. Sudbrack and C. Mullon

108

Heredity (2026) 135:99 – 112



seen in haploid populations (Charlesworth et al. 1986; Stephan
1987). Low recombination regions in the genome are indeed often
associated with higher TR densities (e.g. centromeres of most
eukaryotes are largely composed of satellite DNA, with yeast as a
notable exception, Charlesworth et al. 1986; Garrido-Ramos 2015;
and repetitive DNA is abundant on heterogametic sex chromo-
somes, Cooke 1976; Kejnovsky et al. 2009; Kubat et al. 2008).
Comparisons regarding population size, however, are more
difficult to interpret due to the effects of recent bottlenecks or
population structure.

The nature of selection on TRs
Previous theoretical work on TR sequence evolution has primarily
considered purifying selection in haploid populations (Stephan
1987). Our model complements these analyses by explicitly
incorporating diploidy, partial selfing and by introducing two
additional selective scenarios: (i) selection against misalignment
costs (heterozygote disadvantage), based on studies showing
increased chromosomal or recombinational instabilities in hetero-
zygous TR sequences (Jarne and Lagoda 1996; John and Miklos
1979; Usdin et al. 2015; Verbiest et al. 2023); and (ii) stabilising
selection favouring an intermediate TR sequence length, moti-
vated by evidence that some TRs influence the expression of
nearby genes and thereby phenotypes that may themselves be
under stabilising selection (Fotsing et al. 2019; Gymrek et al. 2016;
Quilez et al. 2016; Reinar et al. 2021; Sureshkumar et al. 2025;
Verbiest et al. 2023; Zhang et al. 2025).
Across all regimes considered, selfing consistently reduces

the genetic load associated with TRs. The robustness of this
effect suggests that correlations between mean TR sequence
length and inbreeding coefficients (FIS) may not, on their own,
allow strong inferences about the underlying mode of selection.
A lack of correlation might indicate either strong stabilising
selection or a mutation-driven equilibrium that is insensitive to
the mating system. Such equilibria arise when mutational
processes such as slippage, point mutation, expansion and
contraction maintain a stable mean TR sequence length
(Kruglyak et al. 1998, 2000). Conversely, a very strong
correlation could be indicative of selection against misalign-
ment costs, as this scenario produced the largest differences in
TR sequence length between selfing and outcrossing popula-
tions in our analyses.
Under purifying selection, the distribution of TR sequence

lengths is heavily skewed and characterised by frequent long
outliers, particularly when mean lengths are short (e.g. under low
amplification or high selfing rates). Our results indicate that these
distributions are well-described by a lognormal distribution, with
many short sequences alongside occasional but readily sampled
long ones. This matches with empirical descriptions of TRs as
hypervariable (Jeffreys et al. 1985; Lareu et al. 1998; Legendre et al.
2007; Lundström et al. 2023; Verbiest et al. 2023; Wei et al. 2014).
Additionally, our model predicts greater variation in TR sequence
length within populations as mean TR sequence length increases,
consistent with human data (Duitama et al. 2014; Legendre et al.
2007).
Under strong truncation-like selection, the average TR sequence

length in the population remains well below the threshold above
which fitness declines (zt0:6θ in Fig. 4A). Selection thus
minimises the risk of deleterious expansions through replication
slippage or recombination within a lineage. Some empirical
patterns are consistent with this: for example, Fragile X syndrome
manifests beyond 200 repeats of a CGG motif, whereas most
humans carry only 5 to 40 repeats (Depienne and Mandel 2021;
Lundström et al. 2023).

Contrasts and limitations
TR sequences belong to the broader category of repetitive DNA,
which also includes transposable elements, but the two groups

are expected to respond differently to selfing because their
underlying mechanisms differ. Although both can amplify and
be affected by recombination, they differ in their genomic
organisation and in the recombinational processes they experi-
ence. TRs form tandem arrays in which unequal recombination is
frequent and local, whereas transposable element copies are
dispersed across the genome and primarily experience ectopic
recombination, which is rarer and often more deleterious (Wicker
et al. 2007). Because of these differences, theoretical predictions
for how selfing affects transposable element abundance are less
clear-cut than for TRs. In established models, selfing can either
increase or decrease transposable element copy number
depending on the interplay between recombination, amplifica-
tion and non-additive fitness effects (Boutin et al. 2012;
Charlesworth and Charlesworth 1995; Morgan 2001; Roze 2023;
Wright and Schoen 1999). Empirical studies likewise show mixed
patterns, with some selfing species carrying fewer transposable
element copies than outcrossing relatives (Ǻgren et al. 2014;
Albach and Greilhuber 2004; De La Chaux et al. 2012) and others
showing the opposite trend (Dolgin et al. 2008; Lockton and
Gaut 2010; Wright et al. 2001). These contrasts suggest that
repetitive elements differ in how they respond to selfing,
depending on the mechanisms that generate and remove
copy-number variation.
Because selfing reduces effective population size and

decreases effective recombination, it is typically associated with
greater genetic load, except when load is driven by recessive
deleterious mutations (Abu Awad and Roze 2018; Glémin 2007;
Hartfield and Glémin 2014; Sianta et al. 2023; see Crow and
Kimura 1970, p. 299 for an overview on mutation load, and
Burgarella and Glémin 2017 for a review on effects of selfing). In
such cases, selfing can reduce load by exposing recessive
mutations to selection. In contrast, our analyses show that,
because mutation and recombination shape TR variation through
saltatory amplification and unequal recombination, selfing leads
to shorter TR sequences and lower genetic load, even when TR
copies have additive fitness effects within each sequence and
between homologous sequences (Eq. 12).
Our model relies on several simplifying assumptions that point

towards useful directions for future work. First, we considered a
single well-mixed population. However, since TRs often contribute
to genetic differentiation between populations (Goldstein et al.
1995; Slatkin 1995), investigating TR sequence evolution in
subdivided populations connected by limited dispersal could be
relevant, especially as kin selection and inbreeding may interact
there (Rousset 2004).
Second, we considered selection acting on a single TR

sequence, whereas in reality, each TR sequence exists within a
genetic context that can also be affected by selfing (e.g. linkage
with recessive deleterious mutations). Linked recessive deleter-
ious mutations, for example, could interfere with selection on
TRs, particularly in selfing species where effective recombina-
tion is reduced (Burgarella and Glémin 2017). If interference
reduces the efficacy of purifying selection, we expect longer
sequences than predicted in our model. We also did not
consider selection against frameshifts in coding regions, which
is most relevant for TRs composed of repeat units not divisible
by three (Ellegren 2004).
Third, we assumed that replication slippage always increases

TR sequence length at a constant rate. However, slippage can
either increase or decrease TR sequence length depending on
which DNA strand loops out, though there is a bias towards
increases due to the flexibility of the newly synthesised strand
(Ellegren 2004; Knox et al. 2024; Seyfert et al. 2008). We also
neglected point mutations as well as their possible interactions
with slippage (Ellegren 2002; Kruglyak et al. 1998). This
omission is partly justified because slippage events are
estimated to occur ten to one hundred times more frequently
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than point mutations in TRs (e.g. in primates; Pumpernik et al.
2008). In addition, the probability of slippage can depend on TR
length, becoming less likely below a critical threshold (Pum-
pernik et al. 2008; Verbiest et al. 2023). Including this effect
would likely amplify the differences we predict between
outcrossing and selfing populations, because longer TRs would
undergo more amplification events. Slippage is also less
relevant for large-motif TRs, where amplification may instead
be mediated by transposable elements (Balzano et al. 2021;
Meštrović et al. 2015).
Fourth, we assumed that the two homologous TR sequences

carried by a selfed offspring come from independent gametes.
This is appropriate where offspring arise from two gametes
produced by separate meioses, but other forms of reproduc-
tion, such as parthenogenesis, involve offspring deriving from
gametes produced by the same meiosis. In these cases,
homologous TR sequence lengths within offspring could be
correlated.
Finally, we focused on autosomal TRs, although TRs are also

abundant in sex chromosomes (e.g. TRs constitute about half of
the Y chromosome in humans; Cooke 1976). Under our assump-
tions, the non-recombining heterogametic chromosome (Y or W)
would presumably accumulate repeats, due to its inability to
purge repeats combined with biased replication slippage towards
increased lengths. In contrast, evolution on the recombining
homogametic sex chromosome (X or Z) would mirror that of an
autosome, but with appropriately rescaled effective population
size and unequal recombination rates.

Conclusions
Our results show that mating systems, specifically partial selfing
and the associated increase in homozygosity, influence the
evolutionary dynamics of TRs. Selfing consistently reduces the
genetic load associated with TRs across multiple selection
scenarios. This reduction is primarily due to the way unequal
recombination generates TR variation within individuals and
how this interacts with selfing. Existing genomic data on
microsatellites in partially selfing plants and nematodes are
broadly consistent with these predictions, but more explicit
comparisons of TR variation across populations or species that
differ in mating system or inbreeding level will be needed to test
them rigorously.

DATA AVAILABILITY
The code used for our simulations is available here: https://vsudbrack.github.io/
TandemRepeatsSM. The authors affirm that all data necessary for confirming the
conclusions of the article are present within the article, figures and tables.
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