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ABSTRACT

Simple models from the neutral theory of molecular evolution are claimed to be flexible enough to
incorporate the complex effects of background selection against linked del eterious mutations.
Complexities are collapsed into an “ effective” population size that specifies neutral genetic diversity. To
achieve this, current background selection theory assumes linkage equilibrium among del eterious
variants. Data do not support this assumption, nor do theoretical considerations when the genome-wide
deleterious mutation is realistically high. We simulate genomes evolving under background selection,
allowing the emergence of linkage disequilibria. With realistically high deleterious mutation rates, neutral

diversity is much lower than predicted from previous analytical theory.

Keywords: linkage disequilibrium, population genetics, nearly neutral theory, forward time simulation,

effective population size, expected heterozygosity
INTRODUCTION

The neutral theory of molecular evolution postulates that i) most genetic diversity observed in natural
populationsis neutral with respect to an organism’s fitness (Kimura 1968; King and Jukes 1969), and ii)
dynamics are well-described by models of asingle neutral locusin apopulation of a specified “effective”
population size (Ewens 2004; Charlesworth 2009; Masel 2011; Kern and Hahn 2018). This elegant

mathematical framework has since been expanded to incorporate migration among populations (Wang
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and Whitlock 2003), temporal changes in the effective population size (Wright 1938; Vucetich et al.
2017), athreshold for neutrality that varies among popul ations (Ohta 1973), and the effects of selection
against deleterious mutations on linked neutral variants (Charlesworth et al. 1993). Approximating
complex genomic dynamics with single-locus neutral modelsis extraordinarily powerful, but how
accurate is this approximation? Here we focus on the case of background selection at realistically many

sites,

The original version of neutral theory modeled one neutral locus in a population of constant size,
idealized to obey either Wright-Fisher or Moran dynamics. With more complex demographic histories, an
effective population size N, can be defined as the size of an idealized population that produces the same
value of a chosen population statistic (Charlesworth 2009). The statistic usually chosen is genetic
diversity (expected heterozygosity) to produce the coalescent effective population size. In an idealized
population, genetic diversity depends only on the mutation rate at that locus and the census size of the

population (Kimura 1969).

Not long after neutral theory was proposed, it became clear that it was incompatible with some patterns of
molecular evolution, in particular the independence of rates of evolution from generation time (Ohta
1973). Neutral theory was therefore replaced by nearly neutral theory. Neutral theory considers mutations
that either are strictly neutral or so deleterious that they can be ignored. Nearly neutral theory retains the
binary distinction between rapidly purged versus neutral mutations, but alows the ratio of mutations
across these two types to vary among species. Thisratio is determined by another effective population
size, sometimes referred to today as the drift barrier effective population size (Ohta 1973; Sung et al.
2012). Nearly neutral theory till derives genome-wide patterns of diversity from models of many

independent single loci.

The problem with this binary distinction is that slightly deleterious mutations are purged only slowly from
populations. During this removal process, they depress genetic variation at linked sitesin the genome, a

phenomenon known as background selection (Charlesworth et al. 1993). The depression in genetic
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variation caused by background selection is typically modeled as a decrease in the coal escent effective
population size for the neutral loci linked to deleterious variants (Hudson and Kaplan 1995; Lohmueller et
al. 2011; Comeron 2014). In a population with no recombination, the coalescent effective population size
would decrease from N, to f, N, where f, isthe equilibrium frequency of individuals with no deleterious
mutations, because any neutral variants linked to deleterious variants would be doomed (Charlesworth et

al. 1993).

Recombination can decouple neutral variants from del eterious variants, resulting in less depression of
variation under background selection (Cutter and Payseur 2013). For a single neutral locus linked to a
single locus where del eteri ous mutations with fixed effect size s occur at rate u per diploid individual per

generation, and with recombination between the loci occurring at rate r, heterozygosity at the neutral

us

locusisreduced by afactor F =~ 1 —
2(s+71)?

(see Figure 1A) (Hudson and Kaplan 1994). Thisresult can

be straightforwardly extended to any number of deleterious sites linked to the focal neutral site by
assuming that mutation and recombination rates are uniform across a genomic window, and that there is
linkage equilibrium among del eteri ous variants e.g. because multiple significantly linked del eterious
mutations are not present at the same time (see Figure 1B) (Hudson and Kaplan 1995; Nordborg et al.

1996). In this case, the ratio of observed N, (based on heterozygosity) to N at afocal neutra siteina

- Uy
genomic window of any size is given by % —e 2s+Rw where U,,, isnow thetotal diploid deleterious

mutation rate across the entire window, and R,,, is now the total recombination rate between the ends of

_UW
the window (Hudson and Kaplan 1995). Since R, > s, this can be approximated as% =e /Rw,

producing the result that the effect of background selection on N, can be approximated with asingle
factor that depends only on rates of deleterious mutation and recombination. With the same assumptions,
similar results can be obtained in the case where both deleterious and beneficial mutations occur (Kim

and Stephan 2000).
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Figure 1. Analytical approximations of the effects of background selection on neutral diversity depend on
an unjustified assumption of linkage equilibrium among deleterious variants. (A) The reductionin
variation at afocal neutral locus linked to a single del eterious locus can be solved as afunction of the
deleterious mutation rate, selective effect of deleterious mutations, and recombination rate between the
two loci. (B) Thisresult can be extended to afocal neutral locus in a genomic window with a deleterious
mutation rate and recombination rate specified across the whole window rather than at asingle site. This
requires the assumption of linkage equilibrium among del eterious variants. (C) However, linkage
disequilibrium is expected between del eterious variants. Left: for two deleterious loci, we initialize all
four haplotypes at linkage equilibrium. Selection will then tend to destroy positive linkage disequilibria
by removing hapl otypes with both deleterious variants and promoting haplotypes with no del eterious
variants. Right: after selection, deleterious variants will therefore be over-represented by haplotypes with

one or the other variant but not both, producing net negative linkage disequilibrium.

But an excess of negative linkage disequilibrium is expected among selected mutations (Barton and Otto
2005; Keightley and Otto 2006), violating a key assumption of the Hudson and Kaplan (Hudson and
Kaplan 1995) model. Each new mutation is born into either positive or negative linkage disequilibrium

with each previoudly circulating mutation, and these disequilibria tend to be amplified by subsequent
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random genetic drift when physical linkage keeps recombination low. The two kinds of disequilibriawill
cancel out across a statistical average when only mutation and drift are considered, but selection quickly
eliminates positive disequilibria, either by removing haplotypes with multiple del eterious variants or by
fixing haplotypes with multiple beneficial variants (see Figure 1C), leaving an excess of negative
disequilibria (Hill and Robertson 1968; Felsenstein 1974). Linkage disequilibrium has been found to
enhance the loss of neutral variation in the somewhat different case of selective sweeps (Barton 1998).
This suggests that Hudson and Kaplan's approximation might similarly underestimate the effect of

background selection on neutral diversity.

Violation of the assumption of linkage equilibrium among del eterious variants might not be atrivial
matter given the sheer quantity of deleterious mutations entering populations. For example, the average
human is estimated to begin life with an average of two new del eterious mutations not present in either
parent (Lesecque et al. 2012), and high del eterious mutation rate estimates are not unique to humans
(Haag-Liautard et al. 2007). Some argue that deleterious mutation rates are even higher, closer to 10 new

del eterious mutations per person in humans (Kondrashov 2017).

Here we perform a multi-locus simulation using the fwdpy package (Thornton 2014) that efficiently
handles large numbers of non-neutral mutationsin relatively large census size populations (Haller and
Messer 2017). The recent addition of tree-sequence recording (Kelleher et al. 2018) to fwdpy additionally
alows the calculation of a coalescent effective population size without needing to explicitly simulate and
track neutral mutations. This approach allows us to compare the ‘ observed’ coalescent effective
population size from our high-deleterious-mutation-rate simulations to the anal ytic expectations from
(Hudson and Kaplan 1995)'s model that assumes linkage equilibrium among del eterious mutations. More
broadly, this can inform whether the general approach of single locus models of a neutral mutation are
appropriate for a population subject to background selection under realistically high deleterious mutation

rates and the resulting linkage disequilibrium among del eterious mutations.
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METHODS

Multi-locus simulations

All simulations were written in Python using fwdpy (Thornton 2014). We simulated populations of N
diploid individuals undergoing sel ection against deleterious mutations using a standard Wright-Fisher
model for 10N generations. Each individual’ s genome was made up of 23 chromosomes of length 100
under an infinite-sites model (i.e., all floating-point numbers between 0 and 100 on each chromosome are
potential loci). Recombination occurs by crossing-over exactly twice per chromosome, matching data for
humans (Pardo-Manuel De Villena and Sapienza 2001), although we allow recombination to occur

anywhere rather than explicitly simulating a centrosome or recombination hotspots.

Deleterious mutations occur with genome-wide rate U, and have fixed selection coefficients s. In the“no
genes’ condition, they are located uniformly at random along the chromosomes, whilein the “ genes’
condition they occur only in “genes’. We simulate 1,000 genes, accounting for 10 percent of the genome,
interspersed at regular intervals throughout the genome. These parameters were not chosen to be
representative of any particular species, but simply to capture the qualitative consequences of clustering

among sites subject to background selection.

A recent study of alarge sample of modern European humans estimated a gamma distribution of fitness
effects of new mutations with mean sN, = —224.33 and N, = 23,646, implying a mean s~ -0.01 (Kim
et al. 2017). In our main results, we simplify to use a constant s = -0.01 to avoid complications from
dlightly deleterious mutations with sN, near 1. We also explore higher and lower values of s, and the

complete distribution with the reference mean.

While our forward-time simulations track only deleterious mutations, we compute genetic diversity and
hence effective population size by using tree-sequence recording (Kelleher et al. 2018) during the

simulation, which allows neutral mutations to be projected backwards onto the geneal ogical histories of
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different genomic regions. Neutral mutations occur uniformly at random on the entire genome at an
arbitrary rate 10~* per genomic ‘unit’, for atotal rate of 0.23 per genome. This low value provides
sufficient resolution of N, at low computational cost. We use msprime (Kelleher et al. 2016) to calculate
neutral diversity 8 on the resulting tree sequence, and then calculate the effective population size for a

simulation using 8 = 4N,u and solving for N,.

We simulated census population sizes N ranging from 2000 to 10,000. This is compatible with the range

of inferred estimates for human effective population sizes (Takahata 1993; Tenesa et al. 2007; McEvoy et

al. 2011). In all cases, we compared the values of % calculated from the neutral diversity in the multi-

locus simulations to the expected % ratio given from the two-locus model.

RESULTS

Multi-locus simulations produce a lower N, than expected from two-locus analytical predictions (Figure
2). The discrepancy becomes marked when the genome-wide mutation rate U is high, specifically when
U > 1, asisestimated to be the case for humans (Lesecque et al. 2012).

This main result isindependent of N and s. A five-fold change in census population size N has ho

significant effect on the % ratio (Figure 2A). Larger selective effect sizes only dlightly increase the degree
to which % dropswith U (Figure 2B). Simulating a full distribution of effect sizes (Kim et al. 2017)

instead of asingle s; value for new deleterious mutations has no impact on the effect of U on % (Figure

2C).
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Figure 2. At high deleterious mutation rates, effective population sizes are much lower in multi-locus
simulations than in anal ytic approximations which assume linkage equilibrium. Solid black lineis the
analytical expectation (Hudson and Kaplan 1995). Where not shown, s; = —0.01 and N = 5000. (A)

Census population size has no effect on % ratio across a five-fold change in census population size. (B)

Larger selective effects of deleterious mutations results in greater reduction of N, at high mutation rates.
(C) Therelationship between deleterious mutation rate and N,, is the same whether the effect size of new
deleterious mutations is constant versus. drawn from a full distribution of effect sizes (Kim et al. 2017)
with the same mean value of -0.01. Each point represents a single simulation — we chose to alocate

computation to adenser grid of parameter values rather than to replicates of the same parameter values.
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The simulations above assume del eterious mutations occur uniformly at random across the genome. A
more realistic scenario would be for deleterious mutations to be clustered within a functional subset of the
genome. We modify our simulations to model genomes where only 10% of the genome is made up of
‘genes’ subject to del eterious mutations. Concentrating del eterious mutations into more tightly linked

“genes’ has mild and inconsistent effects (Figure 3, red vs. blue).

09-"":'1=¢_‘

%ur‘)-

= A
> N = 2’000 = nogenes
| Sa=001  S¥E. |

0.01 o 1 10

09 |

Ne/N
0

' N=5,000

0.04

B LE i b St
0.94 o 0.91 tey 09

@
O
m

o

" N=10,000 ' N=10,000 e N = 10,000
| s4=-0.0025 | 5q=-0.01 | sq=-0.04
° Ei‘Benomelwif;eideleterinus r‘nutation rate b

10 10

0.01 0.1 1 0.01 0.1 1
Genome-wide deleterious mutation rate Genome-wide deleterious mutation rate

1 qul T . vuliva il Q.I.IIIH UCICLO Tvuo H1ivtativi o ity BClICnD 1HagS 1Ll cliiocuL vi i ua\.,r\\dl vuliu xlleOn.

The strongest effect is seen at high population size, moderate strength of selection, and high mutation
rate, where background selection clustered in genes reduces neutral diversity more than uniformly
distributed background selection does. In al panels, the solid black line is the theoretical expectation from
two-locus analytical approximations (Hudson and Kaplan 1995), blue dots are simulations where
deleterious mutations occur uniformly at random on the genome, and red dots are simulations where
deleterious mutations are clustered into ‘genes'. Vertical comparison explores different census population

sizes, and horizontal comparison explores different selective effects.
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DISCUSSION

When deleterious mutation rates are realistically high, multi-locus simulations of evolution in the
presence of background selection produce less neutral diversity than expected from analytic models that
treat each deleterious mutation independently. This finding does not depend on the census popul ation
size, depends little on the selection coefficient characterizing sites under purifying selection, and depends

little on the degree to which such sites are clustered near one another along chromosomes.

The disagreement between simulations and analytic modelsis substantial only with high deleterious
mutation rates producing a significant number of tightly linked deleterious mutations subject to linkage
disequilibrium. However, high del eterious mutation rates (Kondrashov and Crow 1993; Awadalla et al.
2010; Eory et al. 2010; Lynch 2010; Roach et al. 2010; Kondrashov 2017) and widespread linkage
disequilibrium (Conrad et al. 2006; Hinds et al. 2006; Koch et al. 2013) are both well established
empirically. The effect of background selection on neutral diversity can thus be presumed to be larger

than predicted by approximations that assume linkage equilibrium.

Our multilocus simulations neglect some popul ation features known to affect neutral diversity (e, g,
adaptive evolution (Maynard Smith and Haigh 1974) and temporal changes in population size (Torres et
al. 2020)), and simplify others, (e.g. variation in dominance coefficients among del eterious variants
(Gilbert et al. 2020) and heterogeneity in recombination rates (Kulathinal et al. 2008)). The purpose of
our simulationsisto isolate the effects of background selection with high mutation rates, rather than to
accurately reflect the genetics of specific populations. Our simplified simulations nonethel ess produce
substantial disagreements with previous analytic methods, posing a serious challenge to the validity of
those approximations. Incorporating additional complications into the model has more potential to

strengthen rather than to weaken the broader case that simple analytic approximations are insufficient.
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Debates about “ neutral theory” have in recent years focused on whether patterns of genetic diversity can
be explained by a combination of genetic drift, demography, and background selection (Lohmueller et al.
2011; Comeron 2014; Jensen et al. 2019), or whether these causes are insufficient and observed patterns
indicate pervasive adaptation (Sella et al. 2009; Kern and Hahn 2018; Uricchio et al. 2019; Buffalo and
Coop 2020). Our current work does not address this dispute about the relative importance of background
selection vs. hitch-hiking. We instead exclude beneficial mutations in order to focus on models of
background selection, extending them into the parameter regime of realistically high genome-wide

del eterious mutation rates at which multi-locus effects can become significant.

However, our work does relate to whether it is appropriate to consider models of background selection to
be a part of “neutral theory”. While this might seem like a strange proposition, given that background
selection obviously from its very name involves selection, proponents of *neutral theory” (Jensen et al.
2019) now includein their definition of the theory not only the direct effects of dightly deleterious
mutations that were first treated by nearly neutral theory, but even the effects of that selection on linked

neutral sites.

Behind these odd semantics is a substantial claim that background selection is a straightforward
expansion of Kimura's origina neutral theory. This claim is based on the argument that Kimura's origina
neutral models are still useful because the effects of background selection on neutral diversity can be
captured by simply modifying the effective population size in a one-locus neutral model. Our results add
to the body of evidence that thisis not so simple. We find that background selection removes more
neutral diversity than expected from previous two-locus models; this larger effect might broaden the
scope of phenomenathat background selection could explain. But we also find that thereis no simple way
to derive avalue for an effective population size, which is highly sensitive to the genome-wide

deleterious mutation rate U.

We can distinguish three criteriainfluencing judgements of any evolutionary theory, whether it be

Kimura s original neutral theory, Ohta's nearly neutral theory, background selection theory, or hitch-
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hiking theory. First, atheory’s predictions must fit empirical patterns of genetic diversity — failure to
meet this standard iswhat led to the replacement of Kimura's neutral theory by Ohta’s nearly neutral

theory.

Second, those predictions should be grounded in biologically reasonable and parsimonious assumptions.
What these are can be subject to dispute, e.g. whether adaptive mutations should be excluded from
“baseline models’ (Comeron 2017; Johri et al. 2021) vs. whether independent lines of evidence so
conclusively support widespread adaptation (Pennings et al. 2014; Enard et al. 2016) such that adaptive
mutations must be considered until sufficient power for their exclusion has been proved. For our own
somewhat different purposes, we take the empirical evidence for high deleterious mutation rates and

widespread linkage disequilibrium to be broadly accepted, and hence their consideration to be required.

The third criterion isthat it iswonderful when predictions can be derived from a simple mathematical
framework such as Kimura s one-locus models. However, our results cast serious doubt on the validity of
one-locus effective population size approximations of background selection. Instead, we suggest that
given high deleterious mutation rates, models not just of hitchhiking but also of background selection

need to incorporate less elegant multilocus effects of selection.

DATA AVAILABILITY

Simulation code written in python, and graphs produced with R. Scripts available on github at

www.github.com/M asel Lab/BackgroundSel ection
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