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, Abstract

> A major research goal in evolutionary genetics is to uncover loci experiencing
3 adaptation from genomic sequence data. One approach relies on finding ‘selective
4 sweep’ patterns, where segregating adaptive alleles reduce diversity at linked neu-
s tral loci. Recent years have seen an expansion in modelling cases of ‘soft’ sweeps,
s where the common ancestor of derived variants predates the onset of selection. Yet
7 existing theory assumes that populations are entirely outcrossing, and dominance
s does not affect sweeps. Here, we develop a model of selective sweeps that considers
o arbitrary dominance and non-random mating via self-fertilisation. We investigate
10 how these factors, as well as the starting frequency of the derived allele, affect
n average pairwise diversity, the number of segregating sites, and the site frequency
12 spectrum. With increased self-fertilisation, signatures of both hard and soft sweeps
13 are maintained over a longer map distance, due to a reduced effective recombina-
11 tion rate and faster fixation times of adaptive variants. We also demonstrate that
15 sweeps from standing variation can produce diversity patterns equivalent to hard
16 sweeps. Dominance can affect sweep patterns in outcrossing populations arising
17 from either a single novel mutation, or from recurrent mutation. It has little effect
18 where there is either increased selfing or the derived variant arises from stand-
19 ing variation, since dominance only weakly affects the underlying adaptive allele
2 trajectory. Different dominance values also alters the distribution of singletons
2 (derived alleles present in one sample). We apply models to a sweep signature at
2 the SLC2/A5 gene in European humans, demonstrating that it is most consistent
3 with an additive hard sweep. These analyses highlight similarities between certain

2 hard and soft sweep cases, and suggest ways of how to best differentiate between
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»s related scenarios. In addition, self-fertilising species can provide clearer signals
s of soft sweeps than outcrossers, as they are spread out over longer regions of the

27 genome.
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» Author Summary

2 Populations adapt by fixing beneficial mutations. As a mutation spreads, it drags
s linked neutral variation to fixation, reducing diversity around adaptive genes. This
a1 footprint is known as a ‘selective sweep’. Adaptive variants can appear either from
3 a new mutation onto a single genotype; from recurrent mutation onto different
;3 genotypes; or from existing genetic variation. Each of these sources leaves subtly
u different selective sweep patterns in genetic data, which have been explored under
55 simple biological cases. We present a general model of selective sweeps that in-
s cludes self-fertilisation (where individuals produce both male and female gametes
w to fertilise one another), and dominance (where fitness differences exist between
3¢ one and two gene copies within an individual). Soft sweep patterns are spread out
3 over longer genetic regions in self-fertilising individuals, while dominance mainly
w0 affects sweeps in outcrossers from either a single or recurrent mutation. Applying
an models to a sweep signal associated with human skin pigmentation shows that
2 this mutation was likely introduced into Eurasia from Africa in very few numbers.
13 These models demonstrate to what extent soft sweeps can be detected in genome
u data, and how self-fertilising organisms can be good study systems for determining

s the extent of different adaptive modes.
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« Introduction

s Inferring adaptation from nucleotide sequence data is a major research goal in evo-
s lutionary genetics. The earliest models focussed on the scenario where a beneficial
s mutation appeared in the population in a single copy before rapidly spreading to
so fixation. Linked neutral mutation would then ‘hitchhike’ to fixation with the adap-
si tive variant, reducing diversity around the selected locus [1,2]. Hitchhiking also
s2 causes a rapid increase in linkage disequilibrium at flanking regions to the selected
53 site, although it is minimal when measured either side of the beneficial muta-
s« tion [3-5]. These theoretical expectations have spurred the creation of summary
s statistics for detecting sweeps, based on finding regions of the genome exhibiting
s extended runs of homozygosity [6-10].

57 (Classic hitchhiking models consider ‘hard’ sweeps, where the common ancestor
s of adaptive alleles occurs after its appearance [11]. Yet the last fifteen years have
5o seen a focus on quantifying ‘soft’ sweeps, where the most recent common ancestor
o of the beneficial allele arose before the variant became selected for (reviewed in
o [11-13]). Soft sweeps can originate from beneficial mutations being introduced
2 by recurrent mutation [14,15], or from existing standing variation that was either
3 neutral or deleterious [16-22]. A key property of soft sweeps is that the beneficial
& variant is present on multiple genetic backgrounds as it sweeps to fixation, so
s different haplotypes are present around the derived allele. This property is often
s used to detect soft sweeps in genetic data [23-28]. Soft sweeps have been inferred
e in several organisms, including Drosophila [25,26], humans [23,29], maize [30]
¢ and the malaria pathogen Plasmodium falciparum [31], although determining how

o extensive soft sweeps are in nature remains a contentious issue [32].
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70 Up to now, almost all models of selective sweeps have made the same simpli-
n fying assumptions. In particular, there have been few analyses considering how
72 dominance affects sweep signatures. In a simulation study, Teshima and Prze-
73 worski [33] determined how recessive mutations spend a long period of time at low
u  frequencies, increasing the amount of recombination that acts on derived haplo-
5 types, weakening signatures of ‘hard’ sweeps. Fully recessive mutations may need
7 a long time to reach a high enough frequency so that they can be picked up by
7 genome scans for adaptive loci [34]. Ewing et al. [35] have carried out a general
7z mathematical analysis of dominance on ‘hard’ sweeps on genetic diversity. Yet the
70 impact that dominance has on ‘soft’ sweeps has yet to be explored in depth.

80 In addition, existing models have overwhelmingly assumed that populations are
s1 sexual, with individuals haplotypes freely mixing between individuals. Different
&2 reproductive modes alters how alleles are inherited over subsequent generations
sz and spread over time, therefore altering the hitchhiking effect. In particular, there
g is a renewed interest in studying the mechanisms of adaptation in self-fertilising
s species [36]. Self-fertilisation, where male and female gametes produced from the
ss same individual can fertilise each other, is prevalent amongst angiosperms [37],
&7 some animals [38] and fungi [39]. Different levels of self-fertilisation is known
ss to affect overall adaptation rates. Dominant mutations are likelier to fix then
g0 Tecessive ones in outcrossers, as they have a higher initial selection advantage
o [40]. Yet recessive alleles can fix more easily in selfers than in outcrossers as they
a rapidly create homozygote mutations [41,42]. Hence the effects of dominance
o and self-fertilisation become strongly intertwined, so it is important to consider
o3 both together. Furthermore, a decrease in effective recombination rates in selfers

o [43] can amplify the effects of linked selection, making it likelier that deleterious
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s mutations hitchhike to fixation with adaptive alleles [44], or nearby beneficial
o alleles are lost if one is already spreading through the population [45].

o7 Self-fertilisation is also known to affect the degree to which adaptation proceeds
e from de novo mutation, or from standing variation. In a constant-sized population,
o fixation of beneficial mutations from standing variation (either neutral or deleteri-
o ous) is generally less likely in selfers as lower levels of diversity are maintained [46].
w Yet if adaptation from standing variation does occur, then the beneficial variant
w2 fixes more quickly in selfers than outcrossers, hence signatures of soft sweeps could
103 become more marked [42,46].

104 Furthermore, adaptation from standing variation becomes likelier in selfers
s under ‘evolutionary rescue’ scenarios, where swift adaptation needed to prevent
10s population extinction. This is because the population size is greatly reduced, so
w7 the waiting time for the appearance of de movo rescue mutations becomes ex-
s  cessively long. Hence only adaptive mutations present in standing variation can
1o contribute to preventing population extinction [46]. High selfing rates can further
no  aid this process by creating beneficial homozygotes more rapidly than in outcross-
i ing populations [47]. Therefore there is potential for soft sweeps to act in selfing
112 Organisms.

13 However, little data currently exists on the extent of soft sweeps in self-fertilisers.
us  Many selfing organisms exhibit sweep-like regions, including Arabidopsis thaliana
us  [48-50]; Caenorhabditis elegans [51]; Medicago truncatula [52]; and Microbotryum
s fungi [53]. Detailed analyses of these regions has been hampered by a lack of theory
uz on how hard and soft sweep signatures should manifest themselves under different
us levels of self-fertilisation and dominance. Previous studies have only focussed on

1o special cases; Hedrick [54] analysed linkage disequilibrium caused by a hard sweep


https://doi.org/10.1101/318410
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/318410; this version posted May 9, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

1o under self-fertilisation, while Schoen et al. [55] modelled sweep patterns caused
21 by modifiers that altered the mating system in different ways. A knowledge of
122 expected diversity patterns following different types of sweeps can also be used to
123 create more realistic statistical models for finding and quantifying novel adaptive
124 candidate loci, while accounting for the mating system.

125 We present here a general model of selective sweeps. We determine the ge-
126 netic diversity present following a sweep from either a de novo mutation, or from
127 standing variation. The model assumes an arbitrary level of dominance and self-
s fertilisation. We first present general results for the probability of how genetic
1o samples, carrying a recently-fixed beneficial mutation, are affected by recombi-
10 nation, dominance and selfing. We next determine how key summary statistics
1 (pairwise diversity; number of segregating sites; and the site frequency spectrum)
12 are affected by this general sweep model from standing variation. These results
133 are compared to an alternative soft-sweep case where adaptive alleles arise via
134 recurrent mutation. We also include a simulation study of how the distribution
s of singletons are affected under different sweep scenarios, complementing a re-
13 cent study that used singleton densities to detect recent human adaptation [56].
137 We end by applying models to determine the history of a selective sweep at the
s SLC24A5 gene in humans, to evaluate the evolutionary history of this adaptation,
1o and determine if evidence exists for either non-additive dominance or a soft sweep

4o signature.
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« Results

1« Model Outline

s We consider a diploid population of size N (carrying 2N haplotypes in total).
s Individuals reproduce by self-fertilisation with probability o, and outcross with
us  probability 1 — o. The level of self-fertilisation can also be captured by the in-
s breeding coefficient F' = o/(2 — o) [57,58]. There are two biallelic loci A, B with
w7 a recombination rate r between them. Locus A represents a region where neutral
ug  polymorphism accumulates under an infinite-sites model. Locus B determines fit-
ue ness differences, carrying an allele that initially segregates at low frequency for a
10 sizeable period of time. We are agnostic as to whether this allele is neutral or sub-
151 ject to weak selection, but note that an allele subject to strong purifying selection
152 would have only recently appeared in the population, which we do not consider.
153 Once the allele reaches a frequency fy it becomes advantageous, with selective
1ss  advantage 14 hs in heterozygote form and 1+ s as a homozygote, with 0 < h <1
155 and s > 0. We further assume that selection is strong (i.e., N.hs > 1) so that the
156 sweep trajectory can be modelled deterministically. Table 1 lists notation used in
157 the model analysis.

158 Our overall goal is to determine how the emergence of an adaptive allele from
19 standing variation at locus B affects genealogies underlying polymorphism at locus
1o A. We model the genetic histories at A while considering the genetic background
161 of neutral alleles (i.e., whether they are linked to the selected derived allele or
162 ancestral neutral allele at locus B). A schematic of the process is shown in Fig 1.
165 We follow the approach of Berg and Coop [21] and, looking backwards in time,

16« break down the allele history into two phases. The first phase (the ‘sweep phase’)
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Symbol | Usage
N | Population size (with 2N haplotypes)
o | Proportion of matings that are self-fertilising
F | Wright’s inbreeding coefficient, o /(2 — o) [57, 58]
N, | Effective population size, equal to N/(1 + F') with selfing [59]
A, B | Loci carrying neutral, selected alleles
r | Recombination rate between loci A, B
refs | ‘Effective’ recombination rate, approximately equal to r(1 — F') with selfing [43]
R | 2N7r, the population-level recombination rate
fo | Frequency at which the derived allele at B becomes advantageous
fo,a | ‘Accelerated’ effective starting frequency of B appearing as a single copy,
conditional on fixation
s | Selective advantage of derived allele at B
h | Dominance coefficient of derived allele at B
t | Number of generations in the past from the present day
7f, | Time in the past when derived locus became beneficial
p(t) | Frequency of beneficial allele at time ¢
Pyr | Probability that neutral marker does not recombine onto ancestral background
during sweep phase
Pyg(i|n) | Probability that ¢ of n neutral markers do not recombine during sweep phase
H,, H, | ‘Effective’ dominance coefficient for allele at low, high frequency
P, | Probability that two samples coalesce in the standing phase
Poai,m | Probability that two samples coalesce instead of arising by different mutations
7 | Pairwise diversity at site (7 is expected value without selection)
mgy | Pairwise diversity following sweep from standing variation
my | Pairwise diversity following sweep from recurrent mutation
5 | ‘Effective’ selection coefficient to map hard sweep onto standing variation cases
Prsr(kli) | Ewens’” Samping Formula for the probability of k& ancestral backgrounds
formed from ¢ non-recombined lineages
E(Tiot) | Expected time covered by entire genealogy
E(S) | Expected number of segregating sites
1

Probability of neutral mutation occurring per site per generation
iy | Probability of beneficial mutation occurring at target locus per generation
0 = 4N, | Population level neutral mutation rate
O, = 2N, | Population level beneficial mutation rate

Table 1. Glossary of Notation.

10
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15 considers the derived allele at B being selectively favoured and spreading through
166 the population. The length of this phase is assumed to be sufficiently short (¢ ~
167 1/s) so that no samples coalesce during this time, but they can recombine onto
168 the ancestral background. The second phase (the ‘standing phase’) assumes that
1o the derived allele is present at a fixed frequency fo. Here, the two samples can
o either coalesce, or one of them recombines onto the ancestral background. Berg
i and Coop [21] showed that this assumption allows traditional coalescent results to
2 be used to infer genetic properties of the sweep, after appropriate rescaling of the
13 coalescent rate by fj.

174 For tightly linked loci (r — 0), the relatively rapid fixation time of the derived
s variant makes it unlikely for unique polymorphisms to arise on different haplo-
e types, reducing neutral diversity. Further from the target locus, recombination
7 can transfer allele copies at A away from the selected background to the ancestral
s background, so diversity reaches neutral levels.

179 Self-fertilisation creates two key differences compared to traditional outcrossing
1o models. First, the effective population size and recombination rate are scaled by
w1 factors 1/(1+ F) and 1 — F respectively [43,58]. Second, the trajectory of adaptive
182 alleles, which determines expected diversity patterns following adaptation, depends
183 on the levels of self-fertilisation (¢) and dominance (h). A goal of this analyses will
184 be to determine how these processes interact to affect neutral variation following
185 a sweep, and therefore the ability to detect different types of recent adaptation.
186 Throughout, analytical solutions are compared to results obtained from Wright-
17 Fisher forward-in-time stochastic simulations. The simulation procedure itself is

188 described in the ‘Methods’ section.

11
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1w Probability of no recombination during sweep phase

10 Looking back in time following a sweep, sites linked to the beneficial allele can re-
11 combine onto the ancestral genetic background, so they exhibit the same diversity
102 as putatively neutral regions. Let p(t) be the frequency of the adaptive mutation
103 at time ¢, defined as the number of generations prior to the present day. Further
s define p(0) = 1 (i.e., the allele is fixed at the present day), and 7y, the time in the
s past when the derived variant became beneficial (i.e., p(75,) = fo). If the neutral
s locus lies at a recombination distance r from the derived variant, then the proba-
107 bility that it will not recombine onto a neutral background is 1 — r(1 — p(t)) [21].
s We also define r = r.py = 7(1 — F), which is the ‘effective’ recombination rate af-
1o ter accounting for the increased homozygosity created due to self-fertilisation [43].
200 More exact 7.¢s terms exist [60,61], but they are approximately equal to r(1 — F)
201 over short map distances. Using these more exact terms do not improve the accu-
20 racy of the analytical model relative to simulations for the parameters used (data
203 10t shown).

204 Over 7y, generations, the total probability that a single lineage does not re-

205 combine onto a neutral background, Pyg, equals:

Pag = [ (1 - ress(1— p(t)))

t=0

7S
A exp <—reff /t_;(l — p(t))dt> since repp < 1

fo (1 —p(t
R exp (—reff /po1 (choﬁzf))dp> integrating over p

12
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206 We can calculate Pyp for general levels of self-fertilisation if the selection co-
207 efficient is not too weak (i.e., 1/N, < s < 1). Here the rate of change of the allele
208 frequency is given by [42]:

dp

2 = P =P EF +h = Fht (1= F)(1 - 2h)p) (2)

200 Note the negative factor in Eq 2 since we are looking back in time. By substituting

a0 Eq 2 into Eq 1, we obtain the following analytical solution for Pyg:

. H (1

H (1 —Tegs/(Hs)
(v mls ) ¥

211 Here, H, = F+h—Fh, H, = 1—h-+Fh are the ‘effective’ dominance coefficients
22 when the beneficial variant is at a low or high frequency [42]. We can understand
23 Eq 3 as follows. The beneficial mutation takes (1/H;s)log(1 + (H;/Hp)(1/fo — 1))
2 generations to go to fixation from initial frequency fy. The rate at which the allele
215 spreads depends on the ratio of the effective dominance coefficients H;, Hy,. These
a6 terms mediate the relative amount of time a beneficial allele spends at low and
217 high frequencies, affecting the probability that a neutral marker recombines away
28 from the selected background. Looking back in time, a proportion r.ss of neutral
210 markers become unlinked from the beneficial allele each generation, so when the
20 allele reaches its starting frequency fy a proportion Pypg of neutral markers remain
21 linked to it [62].

22 Note that for the special case F' = 0 and h = 1/2, H, = H, = 1/2 and Eq 3

13
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23 reduces to (1/f)~"/9). This is a standard result for the reduction of diversity

24 following a sweep in outcrossing models with additive dominance [1,21,62,63].

»s Probability of coalescence from standing variation

26 When the variant becomes advantageous at frequency fy, we expect ~2N fy haplo-
27 types will carry it. We assume that f; remains fixed in time, so that different events
»s occur with constant probabilities. Berg and Coop [21] have shown this assumption
20 provides a good approximation to coalescent rates during the standing phase. The
230 outcome during the standing phase can therefore be determined by considering two
2 competing Poisson processes. The two haplotypes could coalesce; the waiting time
2 for this event is exponentially distributed with rate 1/(2N.fy) = (1 4+ F)/(2N fo),
23 assuming N, is reduced by a factor 1 + F' due to self-fertilisation [59]. Alterna-
2 tively, one of the two samples could recombine onto the ancestral background; the
25 exponential mean time for this event is 2r.;¢(1 — f;) (note the factor of two as
26 there are two samples under consideration). For two competing exponential dis-
237 tributions with rates A\; and Ao, the probability of the first event occurring given
28 an event happens equals A1 /(A1 4+ A2) [64]. Hence the probability that two samples

230 coalesce instead of recombine equals:

1+F 1
2N fo
Pcoal =

S (1= fo)  1+2R(1—F)fo(1— fo)/(1+ F)

(4)

20 where R = 2Nr is the population-scaled recombination rate. Note the presence of
21 the (1—F)/(1+ F)=1—0 term, reflecting how selfing reduces the relative effect
22 of recombination by this factor (by both increasing homozygosity, and reducing

23 N, so coalescence becomes more likely). Hence for a fixed recombination rate R,

14
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24 samples are more likely to coalesce with increased self-fertilisation, limiting the
us  creation of different background haplotypes. Yet the same coalescent probability
25 can be recovered by increasing the recombination distance by a factor 1/(1 — o);

27 that is, if a longer genetic region is analysed.

xs Hffective starting frequency from a de novo mutation

20 When a new beneficial mutation appears at a single copy, it is highly likely to
250 go extinct by chance [40]. Beneficial mutations that increase in frequency faster
1 than expected when rare are more able to overcome this stochastic loss and reach
2 fixation. These beneficial mutations will hence display an apparent ‘acceleration’
3 in their logistic growth, equivalent to having a starting frequency that is greater
¢ than 1/(2N) [1,65-67]. In Section A of the Supplementary Mathematica file (S1
s File; S2 File for PDF copy), we outline how to determine the ‘effective’ starting
6 frequency of hard sweeps that go to fixation, by comparing the sojourn time for the
7 deterministic process to the stochastic diffusion process. We determine that ‘hard’

s sweeps that go to fixation have the following elevated effective starting frequency:

1+ F
- 4NsH,

fo,4 (5)

x0 where Hy = F + h — Fh is the effective dominance coefficient for mutations at
w0 a low frequency. This result is consistent with those obtained by Martin and
21 Lambert [67], who obtained a distribution of effective starting frequencies using
»2 stochastic differential equations.

263 This acceleration effect can create substantial increases in the apparent f.

ss  The effect is strongest for recessive mutations; for example, for N = 5,000 and

15
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25§ = 0.05 (as used in simulations below), fo 4 = 0.01 for recessive mutations with
266 h = 0.1, an 100-fold increase above fo = 1/(2N) = 0.0001. f; 4 is more modest for
27 additive and dominant mutations; Eq 5 reduces to 1/2Ns with h =1/2 or F' = 1.
268 Hence sweeps from standing variation whose actual fj lies below fy 4 will produce
%0 Sweep signatures that may appear similar to hard sweeps. As a consequence, in
20 simulations we use a minimum fy = 0.02 for adaptation from standing variation

an cases, which lies above the highest possible value of fy 4 for this parameter set.

- Expected Pairwise Diversity

o We can use Pyg and P,y to calculate the expected pairwise diversity (denoted
2 ) present on a genetic fragment flanking a beneficial allele following a sweep.
s Looking back in time, one of two possible outcomes can arise. Either two neutral
s sites linked to the adaptive mutant do not recombine during the sweep phase,
o7 and proceed to coalesce during the standing phase. This outcome occurs with
2s probability Pyg - P.a, creating identical genotypes (m = 0) since this process
a9 occurs rapidly compared to the rate of neutral coalescence. Alternatively, one of
20 the two samples will recombine onto the ancestral background with probability
21 1 — (Pyg - Peoal), so the samples will exhibit background neutral levels of diversity

2 (m=m). Hence expected diversity following a sweep equals:

™

E()Zl_(PNR'Pcoal)

" ) "1 —r(1=F)/(Hys)
B (1 2R = F)fo(l— Jo) /(L + F)) | (l A (fo - 1))

(6)

16
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283 Eq 6 reflects similar formulas for diversity following soft sweeps in haploid
24 outcrossing populations [15,21]. Fig 2 plots Eq 6 with different dominance, self-
s fertilisation, and standing frequency values. The analytical solution fits well com-
26 pared to simulations, although some inaccuracies appear when the mutation ap-
27 pears from a single initial copy. Under complete outcrossing, baseline levels of
28 diversity are restored (i.e., m/my — 1) closer to the sweep origin for recessive mu-
20 tations (h = 0.1), compared to co-dominant (h = 0.5) or dominant (h = 0.9) mu-
200 tations. Hence recessive mutations produce weaker signatures of selective sweeps.
21 Dominant and co-dominant mutations produce similar reductions in genetic di-
22 versity, so these cases may be hard to differentiate between from diversity data
203 alone.

204 These patterns can be understood in terms of the underlying allele trajectories
25 (Fig 3). For outcrossing populations, recessive mutations spend most of the sojourn
206 time at low frequencies, maximising the number of recombination events over the
27 sweep history, restoring neutral variation. These trajectories mimic those of sweeps
20¢  from standing variation, which spend extended periods of time at low frequencies
200 in the standing phase. Conversely, dominant mutations spend most of their time at
s0  a high frequency, so there is less chance for neutral markers to recombine onto the
;1 ancestral background. Similar results were found by Teshima and Przeworski [33].
302 As the degree of self-fertilisation increases, sweep signatures become similar to
303 the co-dominant case as the derived allele is more likely to spread as a homozy-
s gote, reducing the influence that dominance exerts over beneficial allele trajectories
w5 (Fig 3(b)). In addition, sweep signatures stretch over longer physical regions due
w5 to the reduced effective recombination rate [43]. Increasing fy also causes sweeps

s07 - with different dominance coefficients to produce comparable signatures. Here,
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s beneficial mutation trajectories become alike after conditioning on starting at an
w00 elevated frequency. In particular, recessive mutations no longer spend the major-
si0 ity of their sojourn times at low frequencies, reducing the probability that neutral
su  markers can recombine onto ancestral backgrounds (Fig 3(d)—(f)).

312 Overall, it appears that dominance only strongly affects diversity levels for
sz hard sweeps in outcrossing populations. With increased levels of self-fertilisation,
ae or if the mutation arises from standing variation, allele trajectories (and expected

a5 diversity patterns) become similar across different dominance values.

a5 Different Sweep Scenarios can Yield Virtually Identical Signatures

si7 - Visual inspection of Fig 2 suggests that different sweep scenarios can produce
sis  equivalent reductions in genetic diversity. For example, reductions in diversity
s0 caused by a recessive mutation (h < 0.1) might be similar to those caused by a
2o mutation with additive dominance (h = 0.5) but with a weaker selection coefficient.
s Similarly, a sweep from standing variation can be mistaken for a weaker hard
22 sweep. Determining how different scenarios cause similar reductions in genetic
23 diversity is useful when testing the most plausible sweep model underlying observed
24 diversity patterns. Berg and Coop [21] argued that it was not possible to find an
»s ‘effective selection coefficient’ § that maps E(7/mg) for a hard sweep onto results
s expected under a sweep from standing variation. However, we demonstrate in
27 Section A of S3 File (with mathematical analyses in Section C of S1 File) how
»s the argument of Berg and Coop [21] relies on an approximation that only holds
20 when the population-level recombination rate is extremely low (specifically, when
s ANTfo(l— fo) < 1).

331 In fact, a sweep arising from standing variation with selective advantage s
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s can be mapped onto a hard sweep with intensity 5, with general self-fertilisation
s and h = 1/2 (it does not appear possible to obtain a solution for any h). We
1« equate Eq 6 for general fj to the special hard-sweep case fy = 1/2N with selection
15 coefficient § (we do not use fy 4 for the hard sweep to calculate tractable analytic

136 solutions). After equating the two cases and solving for §, we obtain:

2r(1—0) -1
- 1) 14 r( = )N — /()
§=—2r(1 —o)log(2N) | log <fo 1+ 4Nr(1—o)fo(l — fo)
|- I N
~ —2r(1 —o)log(2N) | log (f()) T AN = o) fo(1 = fo) (7)

337 The approximation in Eq 7 assumes 7.s¢(2N — 1)/(N) < 1. To understand
s S, recall that the expected reduction in diversity following a a hard sweep with
w fo = 1/2N is (2N)~#01-9)/5 (Eq 6, assuming H;, = H, = (1 + F)/2 due to
s additive dominance, and P, =~ 1). Inverting this term and solving for § gives
s § = —2r(1 —o)log(2N)/log(E(m/m)). Eq 7 is hence equivalent to the selective
s coefficient causing a hard sweep, given that the underlying diversity was actually
a3 shaped by a mutation arising from standing variation.

344 Fig 4(a) plots Eq 7 as a function of R, demonstrating that § increases with
us  the recombination rate. s can be either less than or greater than s depending on
us  fo and R. Increasing f, causes diversity to be restored closer to the beneficial
sur  allele as it is likelier that recombination occurs during the standing phase. Hence
us the fo = 0.1 case is equivalent to a hard sweep caused by a more weakly selected
10 beneficial allele (Fig 4(b)).

350 In Section A of S3 File (with mathematical analyses in Section C of S1 File)
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i1 we show that for an outcrossing population with any fy, it is possible to find an
3 effective selection coefficient §j, so that a beneficial allele with A = 1/2 produces
33 an equivalent sweep pattern to a mutation with arbitrary dominance. We also
;¢ demonstrate that it is possible to find §p to map a co-dominant sweep in an
35 outcrossing population onto an equivalent sweep under partial selfing, but this
16 mapping only holds for hard sweeps.

357 Overall, these results caution that it will be necessary to compare a broad
s range of models when inferring the likeliest cause of selective sweep patterns, and
0 that identifiability issues are to be expected when trying to determine which sweep
0 model best fits diversity data. An example of these issues in relation to investi-
1 gating sweep patterns in humans will be outlined in the section “Application to a

w2 selective sweep at the human SLC2/A5 gene”.

x INumber of Segregating Sites

;¢ We can also calculate the total time underlying the genealogy, E(7}.), and there-
s fore the expected number of segregating sites E(S). We consider n samples of
s the derived allele; looking back in time, ¢ of these samples fail to recombine off
w7 the derived background during the sweep. The probability of this event can be
e drawn from a binomial distribution with probability Pygr. We denote this value
30 Pyr(iln) ~ Bin(n, Pygr). Out of these ¢ samples, let &k of them recombine dur-
s ing the sweep phase to create different ancestral backgrounds of the derived allele.

sn Berg and Coop [21] demonstrated how the number of lineages that recombine away
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sz from the derived background can be determined using Ewens’ Sampling Formula:

k
Rfo

Ppsr(kli) = S(i, k‘)m

(8)

s where Ry = 4N fy(1— fy) is the scaled recombination rate acting on the ancestral
s background at frequency fo, and S(i, k) are Stirling numbers of the first kind
ss [15,21,68]. Here, we use the rescaled version of Ry, accounting for the reduced

s effective recombination rate and effective population size caused by self-fertilisation

377 (see Eq 4):

(2R(1— F)fo(1 — fo)/(1 + F))*

Prsr(kli) = S(i, k)Hf;%((QR(l —F)fo(1— fo)/(1+F)) +1)

(9)

378 Finally, for the k£ neutral lineages created in the standing phase, along with the
s n — ¢ neutral lineages created in the sweep phase, the expected total time for the
;0 genealogy for all of them, in units of 2N, generations, equals Z?i?_i_l 1/5 [69].
;1 The total time covered by the genealogy is the product of these three terms,

;2 summed over all possible outcomes:

E(Tio) = 3 Pralitn) Y- Pese (k)3 1/3 (10

383 E(S) is 0E(T;or) where § = 4N, u is the population level mutation rate [70].
s Equivalent results for outcrossing populations are given by Pennings and Hermis-
35 son [15, Eq. 15] for adaptation from recurrent mutation, and Berg and Coop [21,
s Fq. 10] for adaptation from standing variation. Both these derivations assume
37k > 1 in the standing phase, as it was argued that E(T},) = 0 so no segregating

;s polymorphisms exist. Since simulation results show that this outcome is possible
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;0 under low recombination rates, we do not include this conditioning in Eq 10.

390 Fig 5 plots E(.S) alongside simulation results. The analytical solution provides
s a good fit but tends to overestimate simulations, as also observed by Berg and
32 Coop [21]. Also note that fewer segregating sites are present with partial selfing,

53 due to a reduction in the net mutation rate § = 4N . caused by lower N..

w Site Frequency Spectrum

15 The calculations for E(S) can be extended to determine the full site-frequency
w6 spectrum (SES) following a sweep; that is, the probability that out of n samples,
s [ =1,2 ... n—1 of them carry derived alleles. The full derivation is outlined in
w8 Section B of S3 File, and is similar to that used by Berg and Coop [21, Eq 15].
;0  However we use a different approach when considering special cases where either
w0 all or none of the sampled lineages recombine away from the derived background
s during the sweep phase. In particular, if all lineages recombine away during the
w2 sweep phase, then the SFS reduces to the neutral case; if none do then only a
w3 singleton class is included to account for new mutations.

404 Fig 6 plots the expected SFS (Eq B14 in S3 File) alongside simulation results.
ws Analytical results fit simulation data well, although there can be a tendency for
w6 it to underestimate the proportion of low- and high-frequency classes (I = 1 and
w7 9 in Fig 6), and overestimate proportion of intermediate-frequency classes. Hard
ws sweeps in either outcrossers or partial selfers are characterised by a large amount
w0 of singletons or highly-derived variants (Fig 6(a)), which is a typical selective
a0 sweep signature [71,72]. As the initial selected frequency fy increases, so does

a1 the number of intermediate-frequency variants (Fig 6(b)). This signature is often
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a2 seen as a characteristic of ‘soft’ sweeps [15,21], reflecting the increased number of
a3 genetic backgrounds that the beneficial allele appears on. Yet recessive hard sweeps
s (h=0.1and fo = 1/2N) can produce SFS profiles that are similar to sweeps from
a5 standing variation, due to the increased number of recombination events occurring
s over the timespan of the sweep, especially at low frequencies for long periods of
sz time. As with 7/m, SFS patterns will not unambiguously discriminate between
a18 SWeep scenarios.

419 With increased levels of self-fertilisation, both hard and soft sweep signatures
a0 are recovered if measuring the SF'S further away from the beneficial allele (Fig 6(c),
o1 (d)). For example, a heightened number of intermediate-frequency alleles are ob-
22 served in a sweep from standing variation (Fig 6(d)). Here too, one has to analyse
23 a recombination distance that is 1/(1 — o) times longer than in outcrossers to
24 Observe soft-sweep behaviour.

425 In the Supplementary Mathematica file (Section E of S1 File) we plot SFS
w6 results for other recombination distances. In particular, these results demonstrate
227 that with higher f,, the SFS becomes similar to the neutral case over a shorter
w28 recombination distance than for hard sweeps, as reflected with results for expected

2o pairwise diversity (Eq 6).

o Soft sweeps from recurrent mutation

s Until now, we have only focussed on a ‘soft’ sweep that arises from standing
s variation. An alternative type of ‘soft” sweep is one where recurrent mutation at the
a3 selected locus introduces the beneficial allele onto different genetic backgrounds.

s We can examine this case by modifying existing results. Pennings and Hermisson
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s [15] demonstrated that the expected reduction in pairwise diversity E(7/m) =
16 1—[(Peoarrr)(Pngr)] where Paogar = 1/(1420y) is the probability that two samples
s7  are identical by descent instead of arising on different genetic backgrounds by
ss independent mutation events. Here, ©, = 2N, is the population level mutation
10 rate at the beneficial locus. We can compare the signatures of these two different
a0 types of soft sweeps by using this solution, with Pypr as given by Eq 3 with fy =
wr 1/(2N), and ©p = 2N pp = (2N up) /(1 + F) in Peoar pr-

442 Fig 7(a), (b) compares E(m/m) in the standing variation case, and for the re-
a3 current mutation case, under different levels of self-fertilisation. Several differences
us are apparent. First, while dominance only weakly affects sweep signatures arising
us from standing variation, it more strongly affects sweeps from recurrent mutation
ms in outcrossing populations, as the underlying allele trajectories are affected by
a7 the level of dominance since each variant arises from an initial frequency ~1/(2N)
1 (Fig 3). Second, both models exhibit different behaviour close to the selected locus
10 (R — 0). The recurrent mutation model has diversity levels that are greater than
0 zero, while the standing variation model exhibits no diversity. As R increases,
ss1 diversity reaches higher levels in the standing variation case than for the recurrent
2 mutation case. To determine the recombination rate when the recurrent mutation
553 model exhibits higher diversity than the standing variation model, we assume that
ssa close to the adaptive mutant, it is very unlikely for samples to recombine during
s the sweep phase (i.e., Pvg ~ 1). It remains to determine when Py s is higher

6 than P.,, under standing variation, which occurs when:
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Oy
R < Rpim = 11
= fium = F 0 f - F) -
Oy
~——— for fp<1
fo(l _ F) fO
457 Hence for a fixed O, the window where recurrent mutations creates higher

s diversity near the selected locus increases for lower f, or higher F', since both
0 these factors reduces the potential for recombination to create new haplotypes
wo during the standing phase. Eq 11 accurately reflects when standing variation
w1 sweeps exhibit higher diversity (Fig 7(a), (b)), but becomes inaccurate for h = 0.1
w2 in outcrossing populations. Here, beneficial alleles have elevated fixation times, so
163 some recombination is likely to occur during the sweep phase. We also observe
we  that for higher selfing rates, the ratio of gy (diversity under sweep from standing
ws variation) to my, (diversity under sweep from recurrent mutation) becomes higher
w6 than in outcrossers (compare Fig 7(c) with 7(d)). This is because the effects of
w7 sweeps arising from recurrent mutation on diversity becomes diluted over a longer
w8 genetic distance under self-fertilisation, due to weakened effects of recombination.
469 We can also modify the expected SES to account for recurrent mutation dur-
w0 ing the standing phase (see Section B in S3 File for details). These calculations
a verify that, close to the selected locus, sweeps from recurrent mutations show
a2 more intermediate-frequency variants than sweeps from standing variation. The

w3 situation is reversed once R exceeds Rpp,.
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« Distance between singletons

as A selective sweep increases the mean distance between ‘singletons’, which are de-
as rived alleles that are only observed on a single haplotype. This phenomena was
w7 recently used to detect evidence for recent human adaptation [56]. We hence
a8 rTan computer simulations to investigate the distribution of distances between the

a9 beneficial locus and the nearest singleton under different scenarios.

w0 Singleton distances in fixed sweeps

i1 We first measured the distance from the beneficial allele to the nearest singleton
2 across H0 samples taken from a fixed sweep. These distances are compared to those
13 obtained from the neutral background before a beneficial mutation was introduced
s (see Fig 11(a) in the Methods for a schematic). Due to the computational limita-
s tions of individual-based simulations, a large number of samples did not contain
w5 singletons (Fig 8(a)). Focussing on samples containing singletons in the neutral
w7 population, they are likelier to lie close to the target locus (Fig 8(b)). Sweeps
s reduce the overall frequency of observed singletons, and also increases the distance
s from the selected allele to the nearest singleton. These distributions are visibly
w0 different for sweeps of different dominance effects; recessive mutations (h = 0.1)
w1 cause a much stronger reduction in observed singleton densities than dominant
w2 adaptations (h = 0.9). This behaviour likely arises as recessive mutations increase
w3 in frequency closer to the present time, while dominant mutations reach a higher
we  frequency earlier on (Fig 3). The rapid increase in frequency of recessive mutations
w5 in the recent past makes it even less likely for singletons to appear on selected back-

w6 grounds. This result is reflected in the SF'S, where hard sweeps caused by recessive
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w7 mutations also display a lower number of singletons (Fig 6(a)).

408 We showed that in outcrossing populations, a sweep arising from a recessive
w0 or dominant mutation can cause the same reduction in diversity as that caused
s0 by a co-dominant mutation, after rescaling the selection coefficient (Section A
s in S3 File). Hence we next measured the distribution of singleton distances for
s co-dominant sweeps but with different selection coefficients, to determine if sim-
s03 ilar patterns are produced to cases with different dominance. Weakly-selected
se  mutations (s = 0.01) exhibit results that are similar to the neutral case, while
sos  strongly-selected mutations (s = 0.09) show a clear reduction in singleton densi-
sos ties (Fig 8(c), (d)). These patterns are opposite to what is observed for recessive
s and dominant mutations respectively, implying that singleton densities may pro-

sos  vide clearer evidence regarding the dominance underlying a selective sweep.

s0 Singleton distances in partial sweeps

s.0 - We next investigated singleton distances from partial sweeps (i.e., those that have
su not completely fixed in the population). Specifically, we look at sweeps that have
sz reached a frequency of 70% when they were sampled. The neutral expectation
si3 was calculated by measuring singleton distances around SNP that lie between a
s frequency of 65% — 75% (Fig 11(b) in the Methods). For the neutral case, there
si5  are always more singletons observed on the derived background, since it is present
sis at a higher frequency (Fig 9(a)). Focussing on samples where a singleton was
si7 observed, we then see that the distributions are similar between ancestral and
sis derived backgrounds (Fig 9(b)). On selected backgrounds, there are many more
s.0 samples not carrying singletons (Fig 9(a)). For samples carrying singletons, fewer

s20 of them lie closer to the target locus on derived backgrounds, compared to ancestral
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s21 backgrounds. Furthermore, singleton distances are uniformly distributed along
s22 the genetic tract on derived backgrounds, with visibly similar distances occurring
523 irrespective of the dominance level (Fig 9(b)). Hence while singleton distances can
s provide evidence of ongoing adaptation, there appears to be very little power to
s»s infer the dominance level of the mutation.

526 In Section C of S3 File, we show that increasing either f, or I’ weakens the
so7 effect that h has on singleton distance distributions, in line with previous results
s2s  showing how an increase in either of these values weakens the effect that dominance
s20 has on summary statistics. We also show that increasing the number of samples
s under investigation (from 50 to 1000) weakens the ability of singleton distributions
s to detect fixed sweeps as singleton distances will only be affected with very recent
s (i.e., very strong) selection [56]. However, evidence of an ongoing sweep (i.e.,
s33. one observed at a frequency of 0.7) can still be seen if taking a large number
s of samples, as the distributions are markedly different between the ancestral and

s35  derived backgrounds.

s Application to a selective sweep at the human SLC2/A5

537 gene

s  'To demonstrate how these sweep models can be used to infer properties of genetic
s39 adaptation, we reanalyse a selective sweep at the SLC2/A5 gene in European
s«0  human populations. The rs1426654 SNP harbours a G — A substitution that is
sa strongly associated with skin pigmentation in Eurasian populations [73,74]. It
si2 was long assumed that the derived A mutation was only present at a negligible

s3  frequency in Africa, yet recent data has shown it to be present at an elevated
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s frequency in East Africa [74]. These East African populations harbour the same
ss5  extended haplotype as in Eurasia, suggesting that the mutation was reintroduced
ss6  into Africa following the out-of-Africa human expansion. Nevertheless, the recent
sa7  discovery of these new haplotypes begs the question of whether the derived SNP
sis - was introduced into Eurasia at an elevated frequency or not. Hence we performed
se0  a maximume-likelihood fit of these analytical solutions to the sweep signature pro-
ss0 duced around the derived SNP in Europe, to determine whether it is consistent
ss1. with a hard sweep, or instead one from either standing variation or recurrent
ss2 mutation.

553 We downloaded diversity data from European populations in the 1000 Genomes
ss¢  phase 3 release, and fitted models to diversity data around the derived SNP (see
55, Methods and Section G of S1 File for details). We implemented a nested model
ss6  comparison, to test for the presence of either a sweep from standing variation, or
ss7 from recurrent mutation. In both cases we also tested for the presence of non-
sss  additive dominance (h # 1/2). Results are outlined in Table 2. For the standing
ss0  variation case, the best fitting model implicated that the sweep arose from a new
se0 mutation (a ‘hard sweep’) with additive dominance, with a selection coefficient
sei s = 0.065 (see Fig 10(a) of a fit of this model to the sweep region). Models that
ss2 included an elevated initial frequency also estimated unrealistically high selection
ss3  coefficients, with s nearly equal to a thousand. These findings suggest that large
sea  Sweep signatures, such as those observed in the SLC2/A5 gene, are extremely
ses unlikely to be formed by adaptations arising from standing variation, in line with
s theoretical work (see also [21]). It was also not possible to discern a sweep assuming
ss7 additive dominance from non-additive dominance; analysis of the likelihood surface

sss  shows that a ridge of maximum likelihood exists for constant hs, reinforcing the
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seo idea that it is not easy to discern non-additive dominance from diversity data alone

s (Section G of S1 File).

’ Model ‘ Parameters ‘ S ‘ h (1/2) ‘ xo (1/2N,) ‘ O (0) ‘ LL ‘ AAIC ‘
HS, AD 1 0.065 | — - - -4982.57 | 846
HS, NAD 2 0.15 0.18 — - -4982.57 | 848
SV, AD 2 815 - 0.017 - -4207.29 | NA
SV, NAD 3 933 0.82 0.017 — -4207.29 | NA
RM, AD 2 0.20 | - — 0.56 | -4134.14 | O
RM, NAD 3 0.26 0.37 — 0.56 -4134.14 | 2

Table 2. Results of maximum-likelihood model fitting of SLC2/A5
sweep signature. Results are presented for a hard sweep model (‘HS’); from
standing variation (‘SV’), or from recurrent mutation (‘RM’). We also consider
additive or non-additive dominance (denoted AD, NAD respectively). Numbers
in brackets next to each parameter heading are the fixed values if they are not
estimated for that particular model (as represented by a dash). AAIC is the
difference in AIC between that model and the best fitting one (RM, AD, which is
highlighted in bold). The italicised model HS, AD is the best fitting realistic
model.

571 For the recurrent mutation model, the best-fitting model included a significant
s2 level of mutation at the target SNP (© = 0.56). However, this high mutation rate
s.3 leads to elevated diversity levels around the target SNP, which is not present in
s.a observed data (Fig 10(a)). We also tested for the presence of recurrent mutation
s by measuring H-statistics around the sweep region [25] (see Methods for formal
s definitions of these statistics), which measure the relative frequency of different
s7 haplotypes across samples. Specifically, high Hyy, low Hs/H; values are consistent
s.s - with a single haplotype fixing, in line with a hard sweep. Conversely, a reduced
s.9 Hyp and elevated H,/H; values suggest multiple haplotypes fixing, which occurs
o0 following adaptation from standing variation or recurrent mutation. Fig 10(b)

ses  demonstrates that around the target SNP, H; is close to 1 while Hy/H; is near
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ss2 zero. Both results indicate that a single haplotype has fixed around the target
sss. SNP, which is not expected following a sweep from recurrent mutation [15]. It
ssa seems that the recurrent mutation model had the highest likelihood due to spikes
sss  of high diversity around the target SNP, which can be mistaken for a recurrent
sss mutation effect if not checked against other analyses.

587 These models assume a fixed population size, but it is known that humans
sss have a complex demographic history. European populations have likely undergone
ss9 a contraction following migration from Africa, followed by extensive population
so growth [75]. To determine if this demography could have drastically affected our
s inference of different sweep signatures, we ran simulations using MSMS with in-
so  ferred parameters to determine how sweep signatures are affected by this demo-
se3 graphic history. Yet even under a growth-bottleneck model, a hard sweep model
soa  fits the observed sweep pattern better than either of the soft sweep models, after
ss rescaling parameters by the different present-day N, (Section D in S3 File, with
s plots also available in Section G of S1 File).

507 Furthermore, the derived A allele is present in African populations but at a low
s frequency (in 55 of 1063 African haplotypes in the 1000 Genomes dataset). This
so0  begs the question of whether the derived allele was introduced into Eurasia, but
0 at too low a frequency to influence the maximum-likelihood model fit. Fig 10(c)
sor shows phylogenetic trees of 20Kb regions either surrounding the target SNP, or up-
02 stream, downstream of the SNP. We observe that most European samples carrying
03 the derived mutation cluster together, reflecting recent appearance and spread of
sos the derived allele. However, within these clades we also observe some African hap-
s lotypes carrying the derived allele, suggesting that it was introduced into Eurasia

s0s due to out-of-Africa migration.
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607 Overall, our model analyses determined that the derived SNP at the SLC2/A5
s gene most likely followed ‘hard” sweep dynamics. However, we also find evidence
s00 for ancestral African haplotypes forming the basis of the sweep. Hence the likeliest
s10 outcome is that the derived allele was introduced into Eurasia at a sufficiently low
s11  frequency so that its sweep dynamics were indistinguishable from a hard sweep.
sz Given a selection coefficient of 0.065, co- dominance (h = 0.5) and N, = 10, 000,
ez Eq b predicts an fy 4 of 0.7%. It is likely that the derived haplotype was introduced

s1a  at a lower frequency than this value.

as  1Discussion

as Summary of Theoretical Findings

sz While there has been many investigations into how different types of adaptation
sz can be detected from next-generation sequence data [11,13,76,77], these models
10 assumed idealised sexually reproducing populations and beneficial mutations that
0 have additive dominance (h = 0.5). Here we have created a general model of
s21 & selective sweep, with arbitrary levels of self-fertilisation and dominance. Our
22 principal focus is on comparing a ‘hard sweep’ arising from a single allele copy to a
23 ‘soft sweep’ arising from standing variation, but we have also considered the effect
e« of adaptation from recurrent mutation (Fig 7).

625 We find that the qualitative patterns of different selective sweeps under selfing
6 Temain similar to expectations from classic outcrossing models. In particular, a
sz sweep from standing variation still creates an elevated number of intermediate-

e frequency variants compared to a sweep from de novo mutation (Figs 6, 7). This
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620 Ppattern is a known signature of a ‘soft sweep’ [11,13,15,21], meaning that common
s statistical methods used for detecting them (e.g., observing an higher number of
en haplotypes than expected [24,25]) can, in principle, still be applied to selfing
e organisms (but see the discussion below with regards to dominance). Under self-
e13 fertilisation, these signatures are stretched over longer physical regions than in
s3a outcrossers. These extensions arise as self-fertilisation affects gene genealogies
35 during both the sweep and standing phases, but in different ways. During the
36 sweep phase, beneficial alleles fix more rapidly under higher self-fertilisation as
7 homozygote mutations are created more quickly [41,42]. In addition, the effective
s3s recombination rate is reduced by approximately 1 — F' [43]. These two effects
630 Mmean that neutral variants linked to an adaptive allele are less likely to recombine
sa0 onto the neutral background during the sweep phase, as reflected in Eq 1 for
sa1 Pyg. During the standing phase, two samples are more likely to coalesce with
s> increased self-fertilisation since N, is decreased by a factor 1/(1 + F) [59]. This
a3 effect, combined with an reduced effective recombination rate, means that the
saa  Overall probability of recombination during the standing phase is reduced by a
s factor 1 — o (Eqs 4, 9, B14 in S3 File). Hence intermediate-frequency variants,
sss  which could provide evidence of adaptation from standing variation, will be spread
sa7  out over longer genomic regions. The elongation of sweep signatures means soft
ss  sweeps can be easier to detect in selfing organisms than in outcrossers, since the
sao  differences in diversity caused by sweeps are spread out over longer regions.

650 We have also investigated how dominance affects soft sweep signatures, since
51 previous analyses have only focussed on how hard sweeps are affected with differ-
e ent dominance effects [33-35]. In outcrossing organisms, recessive mutations leave

3 weaker sweep signatures than additive or dominant mutations as they spend more
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4 time at low frequencies, increasing the amount of recombination that restores neu-
ess tral variation (Figs 2, 3). With increased self-fertilisation, dominance has less of an
es6 impact on sweep signatures as most mutations are homozygotes (Fig 3). However,
s dominance has different effects on separate types of ‘soft’ sweeps. Dominance only
s weakly affects sweeps from standing variation, as trajectories of beneficial alleles
ss0 become similar once the variant’s initial frequency greatly exceeds 1/2N (Figs 2, 3).
o Yet different dominance levels can affect sweep signatures if the beneficial allele is
61 reintroduced from recurrent mutation (Fig 7). Hence if one wishes to understand
sz how dominance affects selective sweep signatures, it is also important to consider
3 the type of selective sweep underlying observed genetic diversity. We also showed
ss how beneficial variants of different dominance values create distinct alterations
e6s in the distances to the nearest singleton (Fig 8). These results suggest that the
ses distribution of low-frequency variants around a sweep can provide information on
ss7 the dominance value underlying it. Investigating the utility of singletons to de-
s tect dominance effects seems a worthy future research direction, especially since in
s0 our example of estimating properties of the SLC2/A5 sweep, it is tricky to infer
s0  non-additive dominance from diversity data alone.

671 We also derived an ‘effective selection coefficient’ § so that sweeps from standing
ez variation will produce a pattern of diversity reduction equivalent to a hard sweep
es (Eq 7; Fig 4), and an §, so that a non-additive sweep in an outcrossing population
7+ can be mapped onto a co-dominant sweep (Section A in S3 File). These derivations
ers imply that different types of sweep models can lead to similar outcomes, which may
76 prove problematic when making inferences from genomic data [78, Supplementary
e Material]. Yet it may be apparent if some sweep signatures arise from standing

e7s  variation or not, if unrealistic parameters are needed to produce expected patterns
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7o of diversity. In particular, for the SLC24A5 sweep to appear from standing vari-
s ation, the underlying selection coefficient must be unrealistically large (Table 2).
1 Hence adaptation from elevated standing variation (greater than 0.7%) is unlikely

es2 for this case.

3 Soft sweeps from recurrent mutation or standing variation?

s Our theoretical results shed light onto how to distinguish between soft sweeps that
ees arise from either standing variation, or from recurrent mutation. Both models
s are characterised by an elevated number of intermediate-frequency haplotypes, in
se7 comparison to a hard sweep. Yet sweeps arising from recurrent mutation produces
s intermediate-frequency haplotypes closer to the beneficial locus, while sweeps from
s0 standing variation produce intermediate-frequency haplotypes further away from
0 the adaptive locus (Fig 7 and Section B in S3 File). Eq 11 provides a simple
s1 condition for the recombination distance needed so a sweep from standing variation
02 exhibits higher diversity than one from recurrent mutation. The size of this region
s03 increases under higher self-fertilisation.

694 This result has implications for inferring different types of sweeps. If multiple
ss swept haplotypes are present over long genetic distances, this observation im-
s plies that the beneficial allele underlying the sweep likely originated from standing
o7 variation as opposed to recurrent mutation. This phenomenon could explain the
sz elevated Hy/H; statistics, and reduced Hio values upstream of the SLC24A5 SNP
0 (Fig 10(b)), especially given that we know the derived SNP to be present at a low
70 frequency in Africa. However, if this was truly a selective sweep arising from an
1 elevated starting frequency, we also expect elevated Hy/Hy values downstream of

702 the SNP, which we do not observe. A simpler explanation for the elevated haplo-
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703 type diversity is that the recombination rate is higher upstream of the SNP than
704 downstream, which has broken down the sweep signature to a greater extent in
705 this region (see Fig 12 in the Methods for the actual recombination map).

706 Different haplotype structure between sweeps from either standing variation or
77 recurrent mutation should be more pronounced in self-fertilising organisms, due
708 to the reduction in effective recombination rates. However, if investigating sweep
700 patterns over longer genetic regions, it becomes likelier that genetic diversity will
70 be affected by multiple beneficial mutations spreading throughout the genome.
1 Competing selective sweeps can lead to elevated diversity near a target locus for
712 two reasons. First, selection interference increases the fixation time of individual
73 mutations, allowing more recombination that can restore neutral diversity [79]. In
na  addition, competing selective sweeps can drag different sets of neutral variation to
ns fixation, creating asymmetric reductions in diversity [80]. Further investigations
716 of selective sweep patters across long genetic distances will prove to be a rich area

77 of future research.

ns  Using models to determine properties of selective sweeps
79 Analysis of the SLC24A5 sweep signature

720 An emerging approach to quantifying properties of genetic adaptation involve fit-
1 ting sweep models to regions displaying high substitution rates compared to an
7 outgroup [78,81,82]. Inspired by these works, we demonstrated how the general
723 sweep models can be used to determine adaptation properties by applying them to
724 the SLC24A5 gene in European humans. Overall, the sweep pattern best matches

75 a classic ‘hard’ sweep signature (Table 2; Fig 10). However, since the derived
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726 allele is known to be present at a low frequency in Africa, it also appears that the
727 derived allele was introduced into Eurasia at a sufficiently low frequency so that
728 the resulting signature is equivalent to a ‘hard’ sweep, even if the mutation did not
720 appear after out-of-Africa migration (Fig 10(c)). This analyses demonstrates how
70 adaptive mutations arising from standing variation have to be present at a suffi-
71 ciently high frequency (above the ‘accelerated’ fy 4 given by Eq 5) to be reliably
722 distinguished from classic hard sweeps. In addition, analysis of this specific sweep
733 region also demonstrates the utility of combining model fitting of genetic diversity
7« with other statistics (e.g., haplotype structure, phylogenetic relationships) to fully
75 work out the evolutionary history of individual selective sweeps.

736 One potential difficulty arising out of model analysis is that of estimating dom-
73 inance coefficients. Sweep models where h was non-additive did not explain the
738 data better than a co-dominant sweep. Nevertheless, there are several ad-hoc
730 reasons why the underlying mutation is likely to be approximately co-dominant.
720 Recessive hard sweeps appear similar to sweeps from standing variation (with a
1 weaker reduction in diversity at linked regions) and are heterozygous for long pe-
72 riods of time (Fig 3(a)). Hence the strong sweep signature, and high frequency
3 of the derived allele in European populations, makes it unlikely for this muta-
724 tion to be recessive. Similarly, strongly dominant mutations take a long period of
75  time to fully fix, in contrast to the observed near-fixation of the derived SLC2/A5
76 SNP. It will be important to extent inference methods to more accurately quantify
727 dominance of adaptive mutations. One promising approach could be to analyse
us singleton densities, which appear to differ under recessive and dominant sweeps

749 (Fig 8)
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0 Potential model applications to self-fertilising organisms

751 Existing software for finding sweep signatures in nucleotide data are commonly
72 based on finding regions with a site-frequency spectrum matching what is ex-
53 pected under a selective sweep [83,84]. The more general models developed here
4 can therefore be used to create more specific sweep-detection methods while ac-
s counting for self-fertilisation. However, a recent analysis found that signatures of
756 soft sweeps can be incorrectly inferred if analysing genetic regions that flank hard
757 sweeps, which was named the ‘soft shoulder’ effect [85]. Due to the reduction in
s recombination in selfers, these model results indicate that ‘soft-shoulder’ footprints
750 could be present over long genetic distances, and should be accounted for. One
w0 remedy to this problem is to not just classify genetic regions as being subject to
71 either a ‘hard’ or ‘soft” sweep, but also as being linked to a region subject to one
762 of these sweeps [27].

763 Further investigations of selective sweeps under self-fertilisation will also be
s aided by the creation of new simulation methods that account for this mating
765 system. It is common to test sweep models by comparing results to coalescent
6 simulations of adaptation [86,87], but existing simulations do not account for self-
77 fertilisation. Creating new simulation programs will prove important to further
s explore other key properties of selective sweeps (e.g., haplotype structure, singleton
760 densities, power calculations) under selfing across larger sample and population
o sizes. We therefore hope that these results will stimulate the creation of new
71 simulation and inference software to further explore how adaptation is affected by

72 different reproductive modes.
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- Methods

= Exact simulations, including dominance and self-fertilisation

75 Simulations were coded in C and are based on Wright-Fisher population dynamics.
776 These are available in 54 File or online at https://github.com/MattHartfield/
777 DomSelfAdapt. There exists N diploid individuals, each containing two haplo-
s types consisting of a stretch of genetic material at which neutral mutations can
770 accumulate via an infinite-sites model. The far left hand side of the tract contains
70 the locus at which the beneficial allele can arise.

781 Each generation the entire population is replaced. First, the number of self-
72 fertilisation reproductions is drawn from a Binomial distribution with probability
783 0. It is then decided which specific reproduction events will occur by selfing. To
7 create offspring, a first parent is chosen with probability proportional to its fitness,
75 then one of its two haplotypes is selected with equal probability. If selfing arises,
786 then the offspring’s second haplotype is chosen from the same parent, which could
77 be the same as the first. Otherwise a second parent is selected, with probability
s proportional to its fitness, then one of its haplotypes is chosen. The number of
70 recombination events per haplotype is drawn from a Poisson distribution with
790 mean r. Crossover locations are uniformly distributed over the fragment length.
1 Offspring haplotypes are subsequently created by initially copying over the first
72 sampled parental haplotype, then switching over to copying the second parental
73 haplotype after passing a recombination breakpoint. Selection and recombination
704 is repeated in this manner for all N individuals.

705 New neutral polymorphisms are then added. The number of mutations to be

76 added to the entire population is chosen from a Poisson distribution with mean
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77 2N . For each new mutation, it can appear in one of the 2N haplotypes with equal
78 probability, with its location selected from a uniform distribution. A ‘garbage-
790 collection’ routine is then executed to remove non-polymorphic loci. Fig 11(a)
soo outlines how polymorphisms are distributed in the simulation.

801 The simulation is split into two parts. A ‘burn-in’ phase is run first to generate
sz background neutral diversity, where the population evolves without any beneficial
g3 alleles present for 20N generations. 100 different populations are created for each
sos neutral parameter set. In the second part, the adaptive mutation is introduced
s into a single haplotype chosen at random; it is initially neutral until its frequency
s matches or exceeds fy, at which point it has selective advantage s and dominance
sor coefficient h acting upon it. We can set f; = 1/2N so that the mutation is
sos  beneficial from the outset (a ‘hard’ sweep). The beneficial allele is then tracked
oo until it is either lost, or reaches the ‘census’ frequency at which the selective sweep
si0 1S analysed, after which we randomly sample haplotypes from the population to

sun  create final outputs.

sz Measuring mean pairwise diversity; number of segregating sites; site

sz frequency spectrum

sia  After the beneficial allele has gone to fixation, we sampled 10 haplotypes 10 times
g5 from each burn-in population to create 1000 simulation estimates. For each of
s16  these statistics, mutations are placed in one of 10 bins depending of the distance
a1z from the sweep, with the relevant statistic calculated per bin. Mean values, along

sis with 95% confidence intervals, are calculated over all 1000 outputs.
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s Measuring distances between singleton mutations

g0 We sampled 50 or 1000 haplotypes once from each base population, creating 100
s21 total datasets. We also sample the same number of haplotypes from the burn-in
g2 population to determine the neutral distribution of distances.

823 We investigated cases where the sweep has either gone to fixation, or where
g2« the population is sampled after the beneficial allele exceeds a frequency of 0.7.
s When the beneficial allele is sampled at fixation, the distance from the adaptive
s2s locus to the nearest singleton is measured over all samples. The distance is nor-
g2z malised to between 0 and 1, where 0 is the location of the selected locus and 1
28 the furthest right-hand edge. We also note how many samples did not contain sin-
g0 gletons. When the sweep is sampled at a frequency of 0.7, we measure singleton
20 distances separately for samples carrying either the ancestral or derived allele. For
ga1 the neutral burn-in population, we first found derived alleles that were present at
sz a frequency between 0.65 and 0.75. For each of these, we measured the upstream
g3 distance to the nearest singleton, if present. If not, we check if a singleton existed
s« downstream of the reference variant, and the singleton distance is calculated as the
s3s  distance of the nearest singleton from the left-hand edge of the genome, plus the
s upstream distance from the reference variant to the right-hand edge (Fig 11(b)).
g7 Summing distances in this manner is valid as we assume polymorphisms are uni-
sss  formly distributed throughout the genome. Otherwise we noted if no singleton

830 existed on the haplotype.
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s« Human sweep data analyses
s1 Data processing

sz Data was retrieved from the 1000 Genomes phase 3 version 3 integrated call set
g3 (ftp://ftp.1000genomes.ebi.ac.uk/voll/ftp/release/20130502/) [88]. The
s five European populations (CEU, FIN, GBR, IBN, TSI) were investigated; re-
a5 lated individuals were removed (ftp://ftp.1000genomes.ebi.ac.uk/voll/ftp/
a6 release/20130502/20140625_related_individuals.txt) giving 503 total indi-
s viduals. SNP data was obtained using VCF'tools [89] over a 1Mb region, between
sas  locations 47,930,001 and 48,930,000 on Chromosome 15 (the rs1426654 target SNP
sa0 is at location 48,426,484). Only biallelic SNPs in Hardy-Weinburg equilibrium
g0 (With P—value greater than 107°%) were retained; indels were removed. Pairwise
ss1 diversity was calculated in 20Kb bins over this region. Baseline diversity (i.e.,
s> that expected in the absence of a selective sweep) was determined by calculat-
53 ing mean diversity values at flanking regions both up- and downstream of the
ssa  sweep. Specifically, we measure the mean diversity between locations 47,930,001
s and 48,220,000 upstream of the target SNP, and between locations 48,640,000 and
s 48,930,000 downstream of the target SNP (Fig 12(a)). Diversity estimates up- and
g7 downstream were divided by the mean values between these regions (Fig 12(b)).

sss  Sex-averaged recombination maps for each bin were obtained from Bhérer et al. [90]

859 (Fig 12(6)).

so  Model fitting

g1 oweep models were fitted to this diversity data using the maximum likelihood

sz procedure of Sattath et al. [81]. Two nested models were considered; one where a
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g3 sweep arose from standing variation (Equation 6), or where the sweep arose from
sse Tecurrent mutation (as described in the ‘Soft sweeps from recurrent mutation’
g5 section). Since we are analysing human data assuming a fixed population size,
s we set ' =0 and N, = 10,000 [91]. Due to the large number of polymorphisms
g7 per bin, we assume that observed pairwise diversity at recombination distance r is
se  normally distributed with mean values equal to the expected values given by the
oo models (denoted m(r)), and variance v(r) = m(r)(1—m(r))/n for n the number of
g0 segregating sites in that bin. The log-likelihood for the data under these models,
e as measured over all b bins, equals — X (log(2mv(r)) /24 (K (r) — m(r))?) /(2v(r)),
e where K(r) is the relative diversity in each bin.

873 Maximum likelihood for each model was found using the ‘FindMaximum’ func-
e tion in Mathematica version 11.2 [92]. In all models we estimated the selection
s coefficient s. We then used a nested model structure to determine if evidence
s existed for non-additive dominance (h # 1/2); standing variation of the selective
s sweep (fo > 1/2N,); or recurrent mutation at the target SNP location (© # 0).
ers - We set options in ‘FindMaximum’ so that s > 0, and 0 < h < 1, fy > 1/2N,
e and © > 0 if these parameters were not fixed. We compared six models: (i) fixed
s0 h=1/2, fo = 1/2N, (hard sweep with additive dominance); (ii) variable h, fixed
g1 fo = 1/2N, (hard sweep with non-additive dominance); (iii) fixed h = 1/2, vari-
22 able fy (standing variation sweep with additive dominance); (iv) variable h, fj
g3 (standing variation sweep with non-additive dominance); (v) fixed h = 1/2, vari-
s« able O (recurrent mutation with additive dominance) (iv) variable h, © (recurrent
sss mutation with non-additive dominance). Note that for hard sweep models, we do
sss N0t use fo 4 to ensure a tractable model fit. Using f, = 1/2N, should not prove

se7  problematic for inferring different types of sweeps, as long as estimated fy for the
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sss standing variation cases lie above fj 4, so the two cases can be differentiated. Since
s estimated fo ~ 1.7% and fo 4 ~ 0.7%, this condition is fulfulled.

890 To calculate the H statistics of Garud et al. [25], haplotype counts in each of the
s 20Kb bins were obtained using the ‘--hapcount’ function in VCFtools. From these
g2 the relevant haplotype statistics were calculated per bin. Let there be K unique
g3 haplotypes in a bin, ordered so that p; is the frequency of the most common
sa  haplotype, ps the frequency of the second common haplotype, and so on. Then
s Hy = K (0?), Hiy = (p1+p2)? +XK.(pi)?, and Hy = Hy — p?. We also calculated
sos the ratio Ho/H;.

s Human Sweep Simulations

sos  We ran simulations of the selective sweep using MSMS [87] to determine expected
g0 diversity patterns under different demographic scenarios. To ensure tractable sim-
w0 ulations, we simulated 100 haplotypes using a genetic region of length 200Kb, with
o1 the selected site located in the middle of the region. The scaled neutral mutation
w2 rate 4N u equalled 188.8 (assuming N, = 10,000), reflecting a per-basepair rate
o3 of 2.36 x 107® as recently used by Field et al. [56]; the scaled recombination rate
ws  2N,r was set to 55.4 reflecting the sex-averaged recombination rate over the region
s as determined by Bhérer et al. [90]. Three sweep scenarios were simulated: (i) a
ws hard sweep (ii) a sweep from standing variation with initial selected frequency
o7 1.7% (iii) a sweep from recurrent mutation with © = 2Ny, = 0.56. Input val-
ws ues reflect those obtained from the maximum likelihood model fitting. Simulations
w0 Were run assuming two demographic scenarios; either a constant population of size
a0 N, = 10,000, or a growth-bottleneck demographic mimicking human migration out

a1 of Africa (parameters used are outlined in Fig 1(d) of Schrider et al. [93]). For
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o2 the latter model, other parameters were scaled by the present-day N. = 35, 900.
a3 In both the growth-bottleneck models and constant-sized models assuming a 1.7%
aa  starting frequency, MSMS requires the user to set a time in the past when se-
a5 lection started acting on the beneficial mutation. In these cases, starting times
a6 were set so that the sweep reached fixation in the present day. We also simulated
o7 pairwise diversity from a neutral growth-bottleneck demographic scenario, to de-
ais  termine expected baseline diversity in the absence of a selective sweep. All results
a9 are averages over 1,000 simulation runs. A complete list of command lines and

o0 parameters are outlined in S5 Table.

21 Phylogenetic analyses

o Biallelic SNPs in Hardy-Weinburg equilibrium (P > 107%) were extracted from the
o3 five European populations and the five African populations (ESN, GWD, LWK,
2 MSL, YRI) in the 1000 Genomes dataset, in bins of size 20Kb, from between
os basepair locations 48,320,000-48,340,000, 48,420,000-48,440,000, and 48,500,000—
o6 48,520,000 on chromosome 15. Distance matrices were then created for all pair-
o7 wise comparisons of individuals, where the distance between two individuals is
o8 defined as the sum of all differences over all segregating sites (e.g., a heterozygote-
e homozygote difference at a SNP adds 1 to the distance; a derived homozygote-
a0 ancestral homozygote difference adds 2). Phylogenetic trees were created from
a1 these matrices by neighbour-joining, using the ‘nj’ function in the ‘ape’ package

a2 for R [94,95}

= Supporting information
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s S1 File. Supplementary Mathematica File. Mathematica notebook of al-

o35 gebraic derivations and simulation comparisons (.nb format).

i S2 File. Supplementary Mathematica File (PDF). Mathematica notebook

o7 of algebraic derivations and simulation comparisons (.pdf format).

s S3 File. Supplementary Text File. Additional results and figures pertain-
a9 ing to effective reduction in diversity under different scenarios; deriving the site-
wo frequency spectrum; further results on singleton distributions; and simulation re-

ann  sults of SLC2/A5 sweep region.

a2 S4 File. Simulation Code. Forward-in-time simulation code written in C.

w3 Also available from https://github.com/MattHartfield/DomSelfAdapt.

as  SH Table. Simulation Command Lines. List of MSMS command lines used

ws to simulate a sweep at the SLC24A5 region under different scenarios.
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Figures

Fig 1. A schematic of the model. The history of the derived variant is
separated into two phases. The ‘standing phase’ (shown in light gray), is when
the derived variant is segregating at a frequency fy for a long period of time. The
‘sweep phase’ (shown in dark gray) is when the variant becomes selected for and
starts increasing in frequency. Dots on the right-hand side represent samples of
the derived haplotype taken in the present day, with lines representing their
genetic histories. Samples can recombine onto the ancestral background either
during the sweep phase or the standing phase. Solid lines represent coalescent
histories on the derived genetic background; dotted lines represent coalescent
histories on the ancestral background.

Fig 2. Expected pairwise diversity following a selective sweep. Plots of
E(7/m) as a function of the recombination rate scaled to population size 2Nr.
Lines are analytical solutions (Eq 6), points are simulation results. N = 5,000,
s = 0.05, 4Ny = 40 (note p is scaled by N in simulations, not N,), and
dominance coefficient h = 0.1 (red lines, points), 0.5 (black lines, points), or 0.9
(blue lines, points). Rate of self-fertilisation equals 0; 0.5; or 0.95 (note the
x—axis range changes with the self-fertilisation rate). The sweep arose from
either a single de novo mutation (actual fo = 1/2N; note we use fy 4 in our
model, as given by Eq 5), standing variation with fy = 0.02; or fy = 0.05.
Further results are plotted in Section B of S1 File.

Fig 3. Beneficial allele trajectories. These were obtained by numerically
evaluating the negative of Eq 2 forward in time. N = 5,000, s = 0.05, and h
equals either 0.1 (red lines), 0.5 (black lines), or 0.9 (blue lines). Values of f; and
self-fertilisation rates used are shown at the end of the relevant row and column.
Note the different z—axis scales used in each panel. Further results are plotted in
Section B of S1 File.
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Fig 4. Effective reductions in diversity under different scenarios. (a) 5
(Eq 7) as scaled to s, as a function of R = 2Nr. fo = 1/2N (black line), 0.02
(red line) or 0.1 (blue line). (b) Plot of 7/my (Eq 6) using §. Solid lines represent
fo=1/2N (black line), 0.02 (red line) or 0.1 (blue line). Points are Eq 6
assuming fo = 1/2N, but using § (Eq 7) evaluated for fo = 0.02 (circles) or 0.1
(squares). The population is outcrossing; similar results exist for partial selfing
(o = 0.5) if measuring over a longer recombination distance (Section A of S2
File). Other parameters are N = 5,000, s = 0.05, h = 0.5.

Fig 5. Expected number of segregating sites following a selective
sweep. A plot of E(S), as a function of the recombination rate scaled to
population size 2Nr. Lines are analytical solutions (Eq 10 multiplied by 6),
points are simulation results. N = 5,000, s = 0.05, 4Nu = 40 (so 0 = 4N.u per
bin is 4 for 0 = 0, 3 for ¢ = 0.5, and 2.1 for o = 0.95), and dominance coefficient
h = 0.1 (red lines, points), 0.5 (black lines, points), or 0.9 (blue lines, points).
Rate of self-fertilisation o equals 0, 0.5, or 0.95 as denoted on the right-hand
side; note the different z-axes ranges. The sweep arose from either a single de
novo mutation or standing variation with fy = 0.05, as denoted at the top of the
figure. Further results are plotted in Section D of S1 File.

Fig 6. Expected site frequency spectrum, in flanking regions to the
adaptive mutation, following a selective sweep. Lines are analytical
solutions (Eq B14 in the Supplementary Material), points are simulation results.
N = 5,000, s = 0.05, 4N u = 40 (so the effective mutation rate per bin is 4 for

o =0 and 3 for 0 = 0.5), and dominance coefficient h = 0.1 (red lines, points),
0.5 (black lines, points), or 0.9 (blue lines, points). The neutral SFS is also
included for comparisons (grey dashed line). Rate of self-fertilisation ¢ = 0 or
1/2, as denoted on the right-hand side. The SFS is measured at a recombination
distance of R =6 for 0 = 0, or R = 11 for ¢ = 0.5. The sweep arose from either
a single de novo mutation or standing variation with fo = 0.05, as denoted above
the panels. Results for other recombination distances are in Section E of S1 File.
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Fig 7. Comparing sweeps from recurrent mutation to those from
standing variation. (a), (b): Comparing the reduction in diversity following a
‘soft’ sweep (Eq 6), from either standing variation (fy = 0.05, solid lines) or
recurrent mutation (using Py with O, = 0.2, dashed lines). N = 5,000,

s = 0.05, and dominance coefficient h = 0.1 (red lines), 0.5 (black lines), or 0.9
(blue lines). Populations are either outcrossing (a) or highly selfing (o = 0.95;
(b)). (c), (d): Plotting the ratio of the diversity following a sweep from standing
variation (mgy) to one from recurrent mutation (7). Parameters for each panel
are as in (a) and (b) respectively. Vertical dashed black line indicates Rp;y,

(Eq 11), the predicted recombination rate where gy /my = 1 (horizontal dashed
line in (c), (d)). Note the different x—axis lengths between panels (a), (c¢) and
(b), (d). Results are also plotted in Section F of S1 File.

Fig 8. Histograms of distances from the selected locus to the nearest
singleton. The distance is scaled to the maximum length of the sampled
genome (e.g., a distance of 0.5 means that a singleton lies halfway along the
sampled haplotype). A distance “>1" indicates that no singleton was observed,
and therefore lies beyond the sampled haplotype. x-axis annotations denote the
mid-point of each bin (e.g. ‘0.05” indicates distance of 0 to less than 0.1).
Distances are measured from either the neutral burn-in population, or one where
a ‘hard’ sweep (fo = 1/2N) has fixed. N =5,000, F =0, 4Npu = 40,

R = 2Nr = 4 across the whole genetic sample. (a), (c) are log-counts of the
distances for all samples over all 100 simulations; (b), (d) are the frequency of
distances over samples where a singleton was observed. In (a), (b) s = 0.05 and
the dominance coefficient h varies, with values as given in the plot legend. For
(¢), (d), h = 0.5 and s varies, with values as given in the plot legend.
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Fig 9. Plots of distances from the selected locus to the nearest
singleton, for a partial sweep. Distances are measured from either the
neutral burn-in population (grey dashed lines), or one where a ‘hard’ sweep

(fo =1/2N) has reached a frequency of 70% (coloured lines). (a) Ratio of the
log-counts of the distances for derived and ancestral alleles. (b) Ratio of the
frequency of singleton distances for derived and ancestral alleles for each bin (e.g.
‘0.05” indicates distance of 0 to less than 0.1). Measurements are taken over all
samples in all simulations. All plots are log-counts of the distances for all samples
over all simulations. N = 5,000, F' =0, 4Nu =40, R = 2Nr = 4 across the
whole genome. In sweep cases, s = 0.05 with the dominance coefficient h = 0.1
(red lines), 0.5 (black lines) or 0.9 (blue lines). Black dashed line indicates the
1-to-1 ratio, where the derived and ancestral classes have the same frequency.

Fig 10. Analysis of the SLC2/A5 sweep signature in humans. (a) Plot
of diversity around the derived SNP in the SLC2/A5 gene, scaled to baseline
values (see Methods for details), as a function of the distance from the target
SNP as measured in basepairs. Negative values denote distance upstream of the
target SNP; positive values denote downstream distances. Red dashed line
denotes the ‘hard sweep’ model; blue dashed line is the recurrent mutation
model. (b) Plot of two haplotype statistics, His (black line) and Hs/H;y (red
line) over the sweep region. (¢) Unrooted phylogenetic trees of European and
African samples from the 1000 Genomes dataset at different distances from the
target SNP; covered distances are denoted in the headings. Arrows indicate
instances where African haplotypes carrying the derived SNP (blue triangles) are
present in the clade of European samples that cluster due to the sweep.
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Fig 11. Schematic of how neutral polymorphisms accumulate in
simulations. (a) The selected locus is located at the far left-hand side, with a
neutral tract stretching out to its right. Polymorphisms accumulate along this
tract, with locations standardised to be between 0 and 1. The recombination rate
per reproduction is drawn from a Poisson distribution with mean r. ‘Singletons’
are polymorphisms where the derived allele is present in only one sample, with
one present at location 0.65. (b) Measuring singleton distances using segregating
target SNPs at a reference point. In the top sample the nearest singleton is
located upstream of the target SNP, with distance 0.3 between them. In the
bottom sample the singleton is located downstream of the SNP. Hence the total
distance is given as the upstream distance to the right-hand edge (0.5), plus the
distance of the singleton from the left-hand edge (0.1), giving a total distance of
0.6.

Fig 12. Diversity and recombination data around the SLC2/A5 sweep
region. (a) Plot of raw pairwise diversity in 20Kb bins, as a function of distance
from the target SNP. Dashed grey lines show mean diversity values when
measured either upstream or downstream of the target SNP. (b) Relative
diversity measurements, after dividing raw diversity measurements by the mean
values from either up- or downstream of the target SNP. (¢) Cumulative
recombination distance from the target SNP, as obtained from Bhérer et al. [90],
scaled by 2N = 20, 000.
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