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Abstract

2 In outcrossing populations, “Haldane’s Sieve” states that recessive be-
neficial alleles are less likely to fix than dominant ones, because they are
4 less expose to selection when rare. In contrast, selfing organisms are not
subject to Haldane’s Sieve and are more likely to fix recessive types than
6 outcrossers, as selfing rapidly creates homozygotes, increasing overall selec-
tion acting on mutations. However, longer homozygous tracts in selfers also
8 reduces the ability of recombination to create new genotypes. It is unclear
how these two effects influence overall adaptation rates in partially selfing
10 organisms. Here, we calculate the fixation probability of beneficial alleles if
there is an existing selective sweep in the population. We consider both the
12 potential loss of the second beneficial mutation if it has a weaker advantage
than the first, and the possible replacement of the initial allele if the second
14 mutant is fitter. Overall, loss of weaker adaptive alleles during a first select-
ive sweep has a larger impact on preventing fixation of both mutations in
16 highly selfing organisms. Furthermore, the presence of linked mutations has
two opposing effects on Haldane’s Sieve. First, recessive mutants are dis-
18 proportionally likely to be lost in outcrossers, so it is likelier that dominant
mutations will fix. Second, with elevated rates of adaptive mutation, select-
20 ive interference annuls the advantage in selfing organisms of not suffering
from Haldane’s Sieve; outcrossing organisms are more able to fix weak bene-
2 ficial mutations of any dominance value. Overall, weakened recombination

effects can greatly limit adaptation in selfing organisms.
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» Introduction

Self-fertilisation — reproduction where both gametes arise from the same parent

% — frequently evolves from outcrossing species in nature. Self-fertilisation is wide-

spread in angiosperms (IGIC and KOHN|[2006), some groups of animals

2 |and AULD|2006) and fungi (BILLIARD et al.|2011;|GIOTI et al[2012). It confers an

initial benefit to an individual’s fecundity, including up to a 50% transmission ad-

% vantage 1941)) and reproductive assurance under mate limitation

11955| |1967; [PANNELL et al.|2015)). Both factors should allow selfing organisms to

2 rapidly spread upon invasion of new habitats, unless countered by high levels of

inbreeding depression (LANDE and SCHEMSKE]/1985)). However, empirical studies

s usually find that selfing lineages are a ‘dead end’, since back-transitions to out-

crossing are rare, and high extinction rates have been inferred from comparative

1 studies of related selfing-outcrossing taxa (IGIC et al.2008; GOLDBERG et al.|2010;

\WRIGHT and BARRETT|2010; WRIGHT et al.|2013)).

38 Self-fertilisation has therefore been posited to be detrimental in the long-
term. For an organism with selfing rate o, the population has an inbreeding

w0 rate F' = 0/(2 — o), equivalent to WRIGHT’S (1951) Fg statistic. The effective

population size N, is reduced by a factor of at least 1/(1 + F) (POLLAK||1987;

2 |CHARLESWORTH||1992; |[CABALLERO and HILL|[1992)). Furthermore, the effective

recombination rate is reduced in proportion to the inbreeding rate (GOLDING and|

41 |STROBECK||1980; NORDBORG|2000; |ROZE|2009)). This joint reduction in both ef-

fective population size and recombination can lead to a decrease in the efficacy of

s selection. Deleterious mutations can therefore accumulate more rapidly in selfing

organisms, leading to population extinction (HELLER and MAYNARD SMITH|1978;
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s |LYNCH et al.||1995]).
Whether this mechanism is a major cause of extinction of self-fertilising species
s0 is still under debate (reviewed in (GLEMIN and GALTIER| (2012)); [IGiC and BUSCH
(2013); [HARTFIELD (2016))). Some sister-species comparisons of selfing and out-
s crossing taxa reveal evidence of increased mutation accumulation in selfers, as
demonstrated with either increased nonsynonymous-to-synonymous polymorph-
s« ism ratio (m,/ms), or weaker codon usage bias. Conversely, analyses of divergence
rates generally do not show evidence for relaxed selection. Part of the reason for
ss this lack of evidence could arise due to recent transitions to selfing in most of
these species, as explicitly demonstrated in Capsella rubella by BRANDVAIN et al.
s (2013), thus leaving little time for mutation accumulation to act.
Less investigated is the idea that selfing reduces the ability of a species to
s adapt, especially to new environmental conditions, though it was the one ini-
tially formulated by |[STEBBINS| (1957). For adaptation at a single locus, selfing
&2 organisms are more likely than outcrossers to fix new recessive adaptive muta-
tions (HALDANE||1927; CHARLESWORTH, (1992) but are generally less efficient in
s« adapting from standing variation (GLEMIN and RONFORT|2013)). Yet the effect
of adaptation at multiple loci in partially selfing organisms has received much less
e attention. Of particular interest is how the reduction in recombination efficacy in
highly selfing organisms impedes the overall adaptation rate. A well-established
¢ phenomenon in low-recombining genomes is the ‘Hill-Robertson effect’, where the
efficacy of selection acting on a focal mutation is reduced, due to simultaneous se-
w0 lection acting on linked loci (HILL and ROBERTSON|[1966; (CHARLESWORTH et al.
2009). Outcrossing can therefore break down these effects and unite beneficial

72 mutations from different individuals into the same genome, greatly increasing the
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adaptation rate (FISHER||1930; MULLER| |1932; FELSENSTEIN| [1974; |OTTO and|

7+ | BARTON][1997)).

Historically, the effect of advantageous mutations on mating system evolution

7 has been neglected, since most observable spontaneous mutations are deleterious
in partial selfers , and the inbreeding depression they cause plays a

7 central role in mating system evolution. Analyses using divergence data from the

Arabidopsis genome shows low number of genes exhibiting signatures of positive

oo selection (BARRIER et al|2003; CLARK et al|2007; SLOTTE et al|2010, 2011),

and only ~1% of genes have signatures of positive selection in Medicago truncatula

22 (PAAPE et al/[2013). These analyses reflect broader findings that the proportion

of adaptive substitutions in the coding regions of selfing plants is not significantly

s¢ different from zero (GOSSMANN et al|2010; HOUGH et al|[2013)). However, wide-

spread local adaptation to climate in Arabidopsis is observed (FOURNIER-LEVEL)

s |et al/2011; [HANCOCK et al]2011; |AGREN et al|2013)), which is expected to leave

a weaker signature on the genome at the species scale (SLOTTE [2014)). However,

ss the power to detect local selection can increase once demography and population

structure are accounted for (HUBER et al.|[2014).

% Finally, both outcrossing and selfing domesticated plant and crop species can

also be used to demonstrate recent adaptation. RONFORT and GLEMIN| (2013))

o2 showed how adaptive traits obtained from quantitative trait loci tended to be dom-
inant in outcrossers and recessive in selfers, in line with ‘Haldane’s Sieve’ (where
o dominant mutants are more likely to fix than recessive types in outcrossers). Hence
while beneficial mutations may not be as frequent as deleterious alleles, there exists
o evidence that they arise frequently enough to impact upon local adaptation and

domestication in self-fertilising species. Furthermore, due to the reduced effective
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¢ recombination rate in selfers, adaptive alleles should interfere with a greater region
of the genome than in outcrossing organisms.
100 Recently, HARTFIELD and GLEMIN| (2014) investigated the effect of a linked de-
leterious mutation on a selective sweep. In contrast to single-locus results, HART-
102 [FIELD and GLEMIN| (2014) demonstrated how weakly-recessive beneficial alleles
(i.e. those with h just less than 1/2) can contribute more to fitness increases in
4 outcrossers than selfers, as they are less likely to fix deleterious alleles via hitchhik-
ing. This model demonstrated how breaking apart selection interference at linked
s sites could provide an advantage to some degree of outcrossing, leading to mixed-
mating being the optimal evolutionary state. A multi-locus simulation study by
s [ KAMRAN-DISFANT and AGRAWAL (2014) verified that background selection im-
pedes genome-wide adaptation rates in selfing organisms. These studies clearly
no  showed how linkage to deleterious mutations can limit adaptation in selfers, yet it
remains an open question as to what extent multiple beneficial mutations interfere
u2 in highly selfing species.
This article will extend previous analyses to consider how interference between
s beneficial mutations at linked sites affects their emergence in partially selfing spe-
cies. Haploid two-locus analytical models of the Hill-Robertson effect are altered
ue to take dominance and selfing into account, then examined to quantify how ad-

aptation is affected.
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» Qutline of the problem

General modelling approach

120 We wish to determine how the effect of existing beneficial mutations at linked
loci impedes the fixation of novel adaptive alleles in partially selfing organisms.
122 We consider two locus models to ensure tractability. Notation used in this study
is outlined in Table [1I
124 We assume a diploid population of fixed size N, so there are 2N haplotypes
present. Each haplotype consists of two liked loci with recombination occurring
126 at a rate r between them. At a first locus A, consider a beneficial mutation A;
with selective coefficient s, so the fitness of individuals carrying it is 1 + hasa
128 in heterozygote form, and 1+ s4 in homozygote form. Similarly at a linked locus
B, the fitness of individuals carrying the beneficial mutation By is 1 + hgsg in
130 heterozygotes and 1 + s in homozygotes. The wild-type alleles are denoted Ay,
By; the four haplotypes are AygBy, A1 By, AgB; and A;B;. We further assume that
12 selection acts on genotypes at the diploid stage and that fitness between loci is
additive. As an example, an individual composed of the genotype A;By/A; By will
134 have fitness 1 + s4 + hpspg.
For strongly selected mutants (assuming 2N.hs > 1), the trajectory of a be-
s neficial mutation can be decomposed into three parts. A schematic is shown in
Figure |1} The stages are (i) a initial stochastic phase at low frequency where ex-
138 tinction by drift is likely; (ii) conditioned on escaping initial extinction (i.e. emer-
gence), the allele increases in frequency on a quasi-deterministic trajectory; (iii)
1o a second stochastic phase at very high frequency where fixation is almost certain

(KAPLAN et al[[1989). If two mutations segregate simultaneously at low frequency
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12 in the stochastic zone, they do not influence each other and their fates can be
assumed to be independent. However, as soon as one mutant has emerged and
us started to sweep quasi-deterministically it affects the fate of the other mutation.
When considering a single unlinked mutation, once it has emerged its ultimate
16 fixation is almost certain (which corresponds to the branching process approxim-
ation). The probability of fixation is thus equal to the probability of emergence.
s However, when two (or more) mutations interfere, a mutation that has emerged
can be replaced by a linked competitor and ultimately lost, which is well known
150 in asexual species as the ‘clonal interference’ effect (GERRISH and LENSKI||1998).
If so, the probability of fixation can be lower than the probability of emergence.
152 Under tight linkage, or with a high selfing rate (as the loss of heterozygosity will
reduce the effective recombination rate), this process has to be taken into account.
154 We assume that mutation A; is the first to reach a high copy number and
escape extinction by drift (although it could have been the second to arise), so is
156 segregating in the population. Its trajectory can be modelled using deterministic
equations. Without interference, the probability of fixation of the two mutations,
155 Pjp, is simply equal to the single-locus probability of fixation of the second muta-

tion:

hg+ F — hpF

Pi,=Pr =2
Ap = TB T SSBTTL

(1)

o (CABALLERO and HILL|[1992; CHARLESWORTH||1992)). P} can also be defined as
the fixation of both alleles given that A; has already fixed in the population, hence
12 P4 does not appear. Equation [l leads to the classical result that the probability

of fixation is higher under outcrossing than under selfing when hp > 1/2. More
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s generally, the emergence of mutation B; depends on the genetic background it
appears on, and the switching rate between backgrounds through recombination,
6 which is the cause of the ‘Hill-Robertson’ effect we wish to model (HILL and
ROBERTSON| 1966). Denoting the actual fixation probability of both mutants as
6 Pap(p), we then define the degree of interference R(p) as the ratio Pap(p)/Pip-
R(p) measures to what extent fixation probability is reduced due to the presence
o of linked mutation. For example, R(p) = 0.1 means that the fixation probability
of a linked mutant is a tenth that it would be if unlinked, given the first allele
2 is at frequency p. Hence it is a measure of how severe selection interference is at
impeding fixation of subsequent beneficial mutations.
174 In the simplifying case hy = hpg, the dynamics of how the second mutation
emerges will differ depending on whether sz < s4 or vice versa. Hence a key
s parameter in the full model is the ratio ¢ = sp/sa. If sp < s4 (¢ < 1), the
dynamics of the first mutation is not influenced by the second and cannot be
s replaced. We thus only need to compute the emergence probability of the second
mutation, which is likely to go extinct unless it appears on or recombines onto
1o the background carrying the first beneficial mutation. |BARTON| (1995) outlined a
general model to calculate this effect for a haploid organism. We will demonstrate
1.2 how diploidy and selfing can be accounted for in that model and subsequently
compute II(p), which is the contribution to R(p) arising from selection interference
184 alone.
If s4 < sp (¢ > 1) then the second mutation can replace the first if it arises on
16 the wild-type background, and no successful recombinant occurs. We can calculate
the probability of this effect by adjusting the analysis of HARTFIELD and GLEMIN

s (2014) to consider two beneficial mutations. We thus need to subtract from II(p)
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the probability that mutation B; replaces mutation A; once it has emerged, de-

wo noted by I, (p). In the general case, the degree of interference will be given

by:

R(p) = TI(p) — I, (p) (2)

1o In practice, instead of calculating R(p), we instead measure R. This is the R
quantity for mutation B; arising when mutation A; is at a given frequency p,
104 averaged over the whole possible origin times of the second mutation. Formal

definitions of these conditions are presented below.

ws A simple first analysis: complete selfing versus outcrossing

with free recombination

198 Before deriving the full model, we can compare the two most extreme cases
that can be investigated. Under outcrossing and free recombination, the fates of
20 the two mutations are essentially independent. Hence the fixation probability of
the second mutation, conditioned on the first having emerged, is simply the single
20 locus probability of fixation given by Equation (1| with ' = 0 (HALDANE (1927)).
At the other extreme with complete selfing (F' = 1), recombination is suppressed
24 SO interference is maximised. Here, a second mutation can only fix if it appears
on the same genetic background as the original beneficial allele, which is present
206 at frequency p. Previous theory (HARTFIELD and OTTO 2011 HARTFIELD and

GLEMIN|2014) on emergence in this scenario gives the fixation probability of the

10
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208 double mutant as:

sa(sa+ sp)

p — Po(p) —
As(p) = Ps(p) D5+ 55

(3)

See Equation 7 of HARTFIELD and GLEMIN| (2014) with s4 = s4 and s, = s+ sp.
20 The mean probability of fixation of both alleles thus involves integrating Equation [3]
over the entire sweep, assuming that the second mutation arises at a time that is

212 uniformly distributed during the first sweep:

Pas =~ [0 Pas(pl))a (@)

where 7 is the duration of the first sweep. We can also solve Equation [4| over p
2e from pg to 1 — pg; the term inside the integral is divided by dp/dt = sap(1 — p)
to remove time dependence. Solving in the limit of large population size (i.e.
26 pg = 1/(2Ns) — 0) leads to Pap = sp/2 (see Supplementary Mathematica File
S2): full linkage reduces the emergence probability by a half (R = 1/2). Intuitively,
218 this can be explained by the fact that as population size increases, the deterministic
phase of the first sweep becomes shorter compared to the initial and final stochastic
20 phases (O(2) vs (9(@); EWING et al|(2011)). The second mutation thus occurs
roughly half of the time during the initial stochastic phase where its probability
22 of arising on the beneficial background, hence of emerging, is very low (p ~ 0
in Equation . Alternatively, it can appear half of the time during the last
24 stochastic phase where it almost always originates in the beneficial background
and its probability of emerging is approximately sp (p &~ 1 in Equation .
226 By comparing this result to that with outcrossing and free recombination

(2hpsp), outcrossing is more able to fix both mutants if hg > 1/4, instead of

11
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»s hp > 1/2 without interference. However, the advantage to outcrossing may not
be as high, since the true degree of inference depends on the strength of both
20 mutations and the recombination rate. In addition, the degree of stochastic in-
terference also depends on the flow of beneficial mutations, which depends on the

22 mating system. We now turn to the full model to exactly quantify this effect.

Modelling Framework

» Deriving the reduction in emergence probability due to in-

terference

236 We first need to determine II(p), the reduction in the emergence probability
of the second mutation when it arises, given the first is at frequency p. We use
233 branching process methods for calculating mutation emergence if acting over mul-
tiple genetic backgrounds. In a seminal paper, BARTON ((1995) outlined how to
a0 calculate the emergence probability of a focal beneficial allele that changes between
different backgrounds in a haploid population. If the probability of switching
a2 between backgrounds is of the same order as selection coefficients, s, and differ-
ence in emergence probability over backgrounds is of order s, [BARTON| (1995)
24 showed that the emergence probability of a novel beneficial allele in background ¢

at time ¢, @);, is a solution to the following differential equation:

0Q); Q;°
) S MQ Q) - 5
o 5iQi  + My Q; — Qi) 5 (5)
Direct selection Dr~ift

Changing between backgrounds

246 The right-hand side of Equation |5 can be decomposed into three terms. The

12
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first is a direct selection term: the fixation probability increases if the beneficial
2z allele has a higher fitness advantage in background 4, s;. M;; is the probability
that offspring in background ¢ moves to background j per generation; in this case,
0 this effect arises from recombination changing the genetic background of the focal
allele. Finally, there is a negative Q%/2 term, denoting how genetic drift can
2 cause the allele to go extinct. Note that the differential equation term is negative,
since this system of equations is considered going back in time. BARTON (1995)
4 subsequently used this framework to investigate the fixation probability of a second
beneficial allele, given that it arises in close linkage to an existing sweep.
256 Our goal is to derive equivalent equations for a diploid, self-fertilising popu-
lation. In Supplementary File S1 and the Supplementary Mathematica File S2,
s we show how similar equations can be derived for outcrossing species. However,
when selfing is including then the full system of equations becomes unwieldy. In
x0 order to obtain analytical solutions, we proceed by using a separation-of-timescale
argument. When recombination is low, as assumed in Equation [p, haplotypes car-
x2  rying either the first beneficial allele or the wildtype quickly reach their genotypic
equilibria with inbreeding (WRIGHT]||1951); specifically, we assume that equilib-
x4 rium is reached between recombination events. If selection acts on genotypes, we
can use the relative fitness advantage of each genotype to determine that of the
x6  second beneficial allele, depending on the haplotype it appears on. We can then
create a variant of Equation [5|with these steady-state values. Using this argument,
% we obtain a tractable form for the transition probabilities between backgrounds
(Supplementary File S1).
270 With high selfing rates, Equation [5| remains valid for any recombination rate

as the probability of moving from one background to another can be low. But

13
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a2 as sweep effects can span large genetic map distances under high selfing, it is
important to analyse this special case properly. [ROZzE| (2009, 2015) derived the
aa equilibrium genotype frequencies at two loci under partial selfing as a function
of the probability of identity by descent at a single locus, F', and at two loci, .
s 'This approach takes into account correlations of homozygosity between linked loci.
In Supplementary File S1 and Mathematica File S2, we show that & equilibrates
as as quickly as F', so the separation-of-timescale argument can be used for any
recombination level, assuming that two-locus equilibrium genotype frequencies for
20 given selfing and recombination rates are instantaneously reached, compared to
change in allele frequencies. This approximation should work well at equilibrium,
22 but not necessary in non-equilibrium conditions such as during selective sweeps.
However, because equilibrium values are quickly reached, these calculations are
24 also accurate under more general conditions (see simulation results below).
To complete the model, we re-derive each component of Equation [5|in turn to
286 account for diploidy and selfing.
Direct selection of the second allele. Let (Q);(p) denote the probability
28 that the new allele fixes, given that it arises in linkage with the existing mutant
Ay (which is at frequency p). Qo(p) is the fixation probability if the second allele
20 appears on the wild-type (neutral) background. We further denote the relative se-
lective advantage of each haplotype (either containing both advantageous alleles,
22 or the second allele only) by 6, (p) and 6y(p). These are derived by calculating the
frequency of each potential haplotype background that the second allele appears
20« on, and the relative proportions of each. Calculations are outlined in Supplement-

ary File S1:

14
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91(]9) = (F+hB —FhB>SB
+ (1—p)(F—f‘hA—FhA—I—(1—F)(1—2hA)p)SA (6)
go(p) = (F+hB —FhB)SB

— p(F+ha—Fha+(1—F)(1—2ha)p)sa (7)

296 Note that Equations [6] and [7] are the same for both the general and the low
recombination cases. As in|[BARTON| (1995) the trajectory of the first mutation A,
208 is assumed to be deterministic, and hence described by the following differential
equation:
dp

T sap(1 = p)(F 4 ha — haF + (1 — F)(1 — 2h4)p) + O(s4) (8)

30 Furthermore we can rescale time by selection, i.e. setting 7" = s4t (BARTON||1995).
Rescaling recombination. INORDBORG| (2000) used a coalescent argument

32 to show that in selfing populations, when recombination is of order 1/2N, the re-
combination rate is scaled by a factor (1 — F') (see also (GOLDING and STROBECK

3¢ (1980)). This arises as a proportion F' of recombination events are instantly ‘re-
paired’ due to selfing. We show in Supplementary Mathematica File S2 that the

36 same result can be obtained by considering the decay of linkage disequilibrium in
an infinite population with the less restrictive condition of r being small (r < 1)

28 but not necessarily O(1/2N). However, this scaling breaks down for high recom-
bination and selfing rates, as it becomes likely that recombination occurs between

50 genotypes within individual lineages (PADHUKASAHASRAM et al|2008). Relaxing
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the assumption of low recombination, we can derive a more exact rescaling term
a2 following [ROZE (2009, [2015): 7(1 — 2F + @), which reduces to the coalescent res-
caling (1 — F') with low recombination. The equilibrium value for ® can then
se be used (see Equation A8 in Supplementary File S1, and |[ROZE and LENORMAND
(2005); RozE| (2009)). Furthermore, in Supplementary Mathematica File S2 we
s6 show that the error will be at most a factor 2/(2 + F') with high recombination.
Given that the effective recombination rate will remain small with high selfing
sis rates irrespective of the scaling term, using the coalescent rescaling should capture
the average fixation probability, but more accurate expression can be obtained

20 using r(1 — 2F + @) instead.
Creating the system of equations. Hence the system of equations in BAR-

322 [TON| (1995) are modified to:

_%% = 0,01 — (1= F)(1—p)(Qr — Qp) — (1 + F)% o)
_%C;O = 0Qo— (1= P)pl@o— @)~ (1+ ) (10)

Equations [0] and [10] account for the relative selective advantage of the second

24 allele, 6 (with p verifying Equation ; the decrease in effective recombination rate

r(1—F) (or r(1—2F + ®) for greater accuracy); and the Q?/2 terms are scaled by

26 1+ F' due to an increase in genetic drift (POLLAK|/1987; (CHARLESWORTH|(1992;
CABALLERO and HILL (1992)).

328 Calculating II. We next follow the approach of | BARTON| (1995)) and invest-

igate the average fixation probability over haplotypes given the first beneficial

;0 allele is at a certain frequency, defined as II = pQ; + (1 — p)Qo, and the differ-

ence in emergence probability between the backgrounds, A = ;1 — Q9. These
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s terms are scaled by the probability of fixation of the second allele if unlinked,
(2sp(F + hg — Fhg))/(1 + F), so II lies between 0 and 1. We also introduce
13« the rescaled parameters ¢ = sg/sa and p = r/s4 to determine how the relative

selective strengths and recombination rates affect interference. We thus obtain:

o = Huolp(l - p)A? 111~ D) (1)
= AW~ F) ~ Ka(1~2) + Hoo(A(1 — 29) + 21— 1))

— K4l (12)

136 where Hp = hg + F — hgF and Ky = hy+ F — ha+ (1 — F)(1 — 2h4)p. Note
that if we use the more exact recombination rescaling term r(1 —2F + ®), it is not

1 possible to fully factor out s4 from Equations [J] and [10] as @ is a function of 7.
For a given time of origin of the second mutation, ¢, the joint solution of this
w0 system and Equation [§] [L1] and [12] gives II(p(¢)). These equations must be solved
numerically by, e.g., using the ‘NDSolve’ function in Mathematica (WOLFRAM
32 |RESEARCH, INC. 2014). Alternatively, to remove the time dependence (0t) and
directly obtain II(p), we can divide both Equations (11| and [12| by dp/dt (Equa-
34 tion . Boundary conditions can be found by looking at the behaviour of the
system as t — oo or p — 1. In this case, we observe that II — 1, reflective of the
us fact that as the first mutation fixes, the second allele is certain to arise alongside
it. Hence the second allele’s fixation probability is not reduced. Boundary condi-
us  tions for A can be calculated by assuming ¢ < 1 (as used in [ BARTON (1995)) and
OA/OT — 0asp — 1. In this case A tends to (1—(1—F)ha)/(1—(1—F)(ha—p)),
0 which reflects the probability that the second allele can recombine onto the fitter

background if appearing on a wild-type chromosome, otherwise it is guaranteed to
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32 be lost (BARTONI|[1995). Although this condition assumes small ¢, the system of

equations appear to work well even with larger ¢ when compared to simulations.

= Integration over the sweep trajectory

To obtain the average effect of interference we need to consider all possible
36 origins of the second mutation. The average R for mutation B; arising uniformly

in a long time interval [Tp, T3] spanning the sojourn of mutation A; is given by:

R [ D)) (13)

358 As previously showed by [BARTON| (1995), R can be approximated by:

. 1 00 3 1 L1 —1(p))
RNI—Tl_TO/OO(l—H(T))dT_l—Tl_TO/O a9

Integration from very ancient time (equivalently, a frequency lower than 1/2N)

w0 reflects the fact that mutation A; affects the fate of mutation By even if it appears
afterwards, when mutation B; is still at a low frequency in the stochastic zone.

2 Hence it is not obvious if a natural choice for T} — T} is the sojourn time of the
first mutation. Moreover, because selfing and dominance affect the fixation time of

e alleles (GLEMIN 2012), averaging over this time would not allow direct comparison
between different selfing rates and dominance levels. For example, the effect of

ss6  linked mutation is expected to be stronger under selfing than under outcrossing
but the time interval when interference can occur is shorter. Finally, interference

w8 also depends on the substitution rate at locus A, which is also affected by selfing
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and dominance. All these effects can be taken into account by assuming a steady
w0 state of substitutions at a low rate at locus A (i.e. no multiple substitutions). The

rate of selected substitution at locus A is given by:

ha+F — hyF
=4N 1
)\A Ugq 1—|-F (5)

;2 where time is measured in 1/s4 generations. Following BARTON| (1995)) we use:

R%l—AA</01de> (16)

The justification is as follows. The waiting time between two sweeps is expo-
s nentially distributed with mean 1/A4. If T3 — Ty < 1/\4, interference between
mutation A; and B thus occurs for a proportion of time (77 — 7p)/(1/A4). On

s average, the effect of A; on By is thus:

(1= 2a(Th = Tp)) + Aa(Th — Tp) (1 7 i - </01 (1d;/1}1(£))dp>> (17)

leading to Equation

w Deriving the probability of sweep replacement, II,,

The previous analysis focussed primarily on the case where the second mutant

;0 is weaker than the first, so R(p) = II(p). However, if selection acting on B is
sufficiently strong then it is possible that B; replaces A;, so only Bj fixes. We

2 need to calculate the probability of this replacement occurring and subtract it
from the baseline reduction II(p). This probability can be calculated by altering

s« the model of HARTFIELD and GLEMIN| (2014)), which investigated a deleterious
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allele hitchhiking with a sweep. In our case, the ‘deleterious’ allele is the wildtype
i allele at the first locus Ag, and the ‘advantageous’ allele the second fitter sweep
By. HARTFIELD and OTTO), (2011) implemented a similar rescaling for a haploid
;s model, while YU and ETHERIDGE| (2010) provided a general stochastic algorithm
for investigating this behaviour.
390 A fuller derivation is included in Supplementary File S1. By calculating R(p)

from first principles, we can infer that:

ep(p) = (1 = p)(I(p) — pA(p)) P (18)

w2  where II(p) and A(p) are given by Equations[l1]and[12] Equation 6 of[ HARTFIELD

and GLEMIN| (2014) is then used to calculate Ppp:

_ e=1 2Nk(q)
Ppy = exp ( /q:O sAdq/dT> dg (19)

;e for k(q) = q(1 — ¢)r(1 — F)P4(q) where ¢ is the frequency of allele B;. As above,
r(1 —2F + ®) can be used instead of r(1 — F') to create more precise expressions.
w5 Py(q) is the emergence probability of the haplotype carrying both beneficial alleles
(A;By) if it formed by recombination. It is the solution of the following equation,

38 where 6, is the relative fitness of this haplotype:

dP,

= (0P - 5

Pila)*) /Aq (20)

The mean interference effect is similar to Equation However, contrary to
w0 emergence, the replacement of mutation A; by mutation B; can occur only if

mutation B; arises when mutation A; has already emerged; that is, for p > p. ~
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w (14 F)/[2Nsa(ha+ F — haF)]. This condition is a bit too restrictive because we
should also consider the case when mutation A; arises after but emerges before
w4 mutation By. Moreover, the distribution of p, should be used instead of the average
value. However, these complications have only minor quantitative effects (not

w6 shown). If considering replacement, Equation [16is written as:

§5) 1 ! (1 B H(p)) ! Hre (p)
R~l- / ap+ [ =2l 21
T, -1, ( o dpjar T ), aprar (21)
Simulations
408 We tested the accuracy of analytical solutions by comparing them to stochastic

simulations written in C; code is available as Supplementary File S3 and online
so from http://github.com/MattHartfield/TwoAdvSelfSims. When measuring
I1, the first allele was seeded at initial frequency p; given this frequency and selfing
sz rate o, the proportion of mutant homozygotes, heterozygotes, and wild-type ho-
mozygotes were calculated based on standard equations with inbreeding (WRIGHT
aa [1951)). The second allele was subsequently introduced onto a random background
with frequency 1/2N (i.e. as a single copy). Frequencies of each genotype were
as  altered deterministically by a factor w,/@ due to selection, where w, is the fitness
of each genotype and w is the population mean fitness. Recursion equations de-
as rived by HEDRICK| (1980, Equation 3) then calculated how genotype frequencies
changed due to partial selfing. A life-cycle was completed by resampling N gen-
20 otypes from a multinomial distribution to implement random drift. The second
allele was tracked until one haplotype fixed, with the simulation repeated until

a2 5000 fixations of the second beneficial allele occurred. It was noted how often
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each haplotype fixed; from this data we subsequently calculated the second allele
24 fixation probability, relative to the expected result without interference. When
measuring Py g we instead measured how often the haplotype carrying solely the
»s fitter mutant fixed. Confidence intervals were calculated using the method of

AGRESTI and CouLL| (1998]).

» Results

Validating of the analytical approach

430 Testing I1. We first tested the accuracy of II, as given by Equation [11] with
stochastic simulations. A subset of comparisons are shown in Figure fuller
12 comparisons are given in Supplementary Mathematica File S2. We see that on the
whole, the analytical solutions provide an accurate match with simulations for a
sa  wide variety of selfing and dominance values. This includes cases of high selfing
and recombination, despite our model assuming low recombination. Nevertheless,
16 simulation results mildly underestimate the original analytical solutions with very
high values (e.g. F' = 0.99,r > 0.2; see Figure 2[(f)). Using the more exact rescaled
s recombination rate, r(1 — 2F + &), improves the fit. Some inaccuracies are also
apparent if the first allele is at a low frequency when the second appears (p ~ 0.01).
s This discrepancy likely arises due to the trajectory of the first beneficial allele not
being completely deterministic when starting at low frequency.
442 In addition, if the second allele is highly recessive where there is outcrossing
(hg = 0.2), the simulated scaled allele fixation probability can be higher than in

sa  single-loci models. This is simply because the fixation probability of recessive be-
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neficial mutants are underestimated using the branching-process solution without
1s considering homozygote genotypes (Equation |1} which holds for highly recessive
alleles only in very large population sizes, i.e. at least N = 100,000). For smal-
sz ler population sizes a diffusion-equation solution, Py, offers the correct baseline
emergence probability (CABALLERO and HILL[1992)). Hence rescaling the hg = 0.2
w0 simulations by this solution, Py (Il (instead of Pgll where Pg is given by Equation
1) causes simulations to match with analytical solutions.
452 Testing II,.,. Figure[3|shows the estimate of II,., compared to simulation data
if sg > s and the first sweep is at frequency p. Generally, if the first mutation is
ss¢ mot recessive, recombination is low (and/or selfing high) and p not too low (greater
than 1/N) then the analytical solution matches up well with simulations. The fit
w6 is not improved using the (1 —2F + ®) recombination term, since the unscaled re-
combination rate remains low (r < 1). However, if recombination increases (2Nr
i3 approaches 1) and mutations are recessive, then the actual replacement probab-
ility can be underestimated (for example, with hy = hg = 0.2; Figure [3(b)). By
w0 tracking the frequencies of individual haplotypes over time, we can determine that
in cases where the model fails, it is because two key assumptions are violated (Sup-
w62 plementary Mathematica File S2). In particular, we assumed that recombination
only occurs between haplotypes carrying one of the beneficial alleles. But in this
wa  case, the wild-type haplotype is not rapidly eliminated. Hence only a fraction of
recombination events occurs between haplotypes carrying beneficial alleles, and
w6 Equation would overestimate the effect of recombination. This error would
not be large if net recombination is low. Furthermore, the first beneficial allele
e does not increase in frequency at the start of the process. This behaviour violates

the assumption that it will compete with the second allele. These modelling vi-
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a0 olations are also observed if both alleles are dominant in outcrossing populations
(ha = hp = 0.8; see Supplementary Mathematica File S2).

an2 To calculate a more accurate replacement probability in this case, it would be
necessary to explicitly account for the frequency of the neutral haplotype (carrying

s 10 beneficial alleles). In addition, it would be desirable to explicitly track drift
effects as recessive beneficial mutations are present at a low frequency. Unfor-

a6 tunately it will probably be unfeasible to produce tractable analytical solutions
in either scenario. Hence in subsequent analyses when ¢ > 1, we will focus on

w3 codominant or dominant mutations (h > 1/2).

Codominant case

480 Under codominance (hy = hp = 1/2), selfing has no effect on the single-
locus fixation probabilities. Here, we can therefore analyse the effect of selfing
2 on recombination only. Moreover, for this specific case, results can be directly

obtained by rescaling haploid models. Equations [I1] and [12] become:

o1 ¢((1 = p)pA(p)* — Tl(p)(1 — I(p)))

— = (22)
dp (I—p)p

A Ap)2pr+(20(p) — 1) + (1 —2p)(¢A(p) — 1)) — T(p) (23)
Ip (L—p)p

s where pp = p(1 — F)/(1 + F). Equations are similar to BARTON’S (1995)
6a and 6b for haploids, except with (i) p(1 — p) terms in the denominator since
w5 our equations are as a function of the first sweep frequency, and (ii) that the
recombination rate is decreased by 2(1 — F')/(1 + F'). The latter scaling reflects

s how the population size is increased by a factor of 2 in diploids compared to
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haploids; how inbreeding magnifies drift by a factor 1/(1 + F'), increasing the
w0 speed at which the first sweep fixes and reducing the potential for recombination
to act; and how the effective recombination rate is reduced by 1 — F' (CABALLERO
w2 |and HILL [1992)). Here, we can use the approximations given by Equations 8 and
9a of BARTON| (1995)) with the appropriate rescaling to find simplified forms for

w04 the total reduction in the relative fixation probability:

LA-Up), 2 In(l—¢*r)
/O CoE Y R TR for small ¢ (24)

2 1

Q

for large ¢ + pr  (25)

Approximations for the replacement probability can also be obtained (see de-

ws tails in Supplementary File S1). Quantitative inspection of previous equations
shows that the emergence effect (or ‘stochastic interference’ effect) is more im-

ws portant than the replacement effect (Figure 4). The emergence effect is higher
for low ¢ values, and can be very high; Equation [24] tends to infinity when ¢ or

s0  pr tend towards 0. On the contrary, R for the replacement case tends towards a
small, finite value as ¢ tends towards infinity. This difference appears because (i)

s2  mutations are more sensitive to interference in the stochastic zone than once they
have emerged, and (ii) selection interference is more pronounced when ¢ < 1 than

soe. when ¢ > 1 (and the second allele can replace the first). Consequently, the effect
of selfing is more important for low ¢ values when emergence is the most important

so6 process, than for high ¢ values when replacement predominates, as illustrated in
Figure [dl This figure also illustrates how the effect of a sweep can extend across

s long chromosome tracts with high selfing rates.
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In previous equations, the scaling factor 2/(1 4+ F') arises because the length

1+F

2., )» but we also scaled time by 1/s4 to conserve the same

s.0 of the sweep is in O(
scaling for any selfing rate. Equations and demonstrate the two opposite
si2 effects of selfing: the reduction in effective recombination reduces the probability
of emergence, and also increases the replacement probability but over a shorter
s period of time as alleles fix more quickly (GLEMIN||2012). For loose linkage, the
effect of selfing on recombination is stronger so that selfing globally decreases
sis  the probability of fixation. However, for tight linkage interference occurs for any
selfing rate, such that the dominant effect of selfing is the reduction in sweep length

sis (Figure A2 in Supplementary File S1). Boundary conditions can be found for the

two extreme cases when ¢ is either small or large. When ¢ > 1, replacement

(¢—1)
¢In(¢)’

s20 is more likely under outcrossing than complete selfing if 4Nr < 1.386 (see
Supplementary Mathematica File S2). When ¢ < 1, emergence of the second
s22 beneficial allele is more likely under selfing than outcrossing only for very tight

linkage, that is for p < —e/41n(¢), where € is the residual outcrossing rate under

s« selfing (see Supplementary Mathematica File S2).

Effect of dominance on interference

526 For high selfing rates, the interference process is well approximated by the ad-
ditive case. However, to get a complete picture of the effect of selfing we need
s to analyse how dominance affects the process. We will first consider outcross-
ing populations before turning to the effect of mating system on the adaptation
s0 rate. When investigating dominance, two questions arise. Which kind of muta-

tions cause the strongest interference, and which ones are the most sensitive to
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s interference and are hence more likely to be lost?
The effect of interference for different combinations of dominance levels are
su presented in Figure[5|for ¢ < 1. The main difference in sweep dynamics arises from
the length of the two stochastic phases. Because a mutation causes interference
s3 mainly during its deterministic trajectory, which is similar for any dominance level
(O(1/2Ns4) for any hy; [ EWING et al.|(2011)), the dominance level of mutation A,
533 has thus only a weak effect on the emergence probability of mutation B;. However,

the sensitivity of mutation B; to interference strongly depends on its dominance

In(2Nsp) )

s level, as it depends on the length of its initial stochastic phase, which is O(3 Nhipo s

(EWING et al|[2011). Recessive mutations are thus more sensitive to interference
s.2  than additive and dominant ones. Interference thus reinforces Haldane’s Sieve,
in the sense that recessive mutations are even less likely to emerge in outcrossing

saa - populations if tightly linked to the initial mutation.
In the case of strong interference, this effect can be substantial as illustrated
s in Figure 5] Interestingly, this effect is not symmetrical since dominant mutations
only exhibit slightly less interference than additive mutations. As far as we know
sas this effect has not been described before and leads to the prediction that the
dominance spectrum of fixed beneficial mutations (i.e. the expected density of
ss0 dominance values observed in fixed alleles) should vary with recombination rates

(Figure A3 in Supplementary File S1).

27


https://doi.org/10.1101/026146
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/026146; this version posted April 13, 2016. 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-NC 4.0 International license.

s Conditions under which selection is more efficient under

outcrossing than under selfing

554 We now have all the ingredients to study the range of conditions under which
selfing reduces the adaptation rate. Without interference and other factors increas-
ss6 ing drift in selfers, selfing reduces (respectively increases) adaptation from new
dominant (respectively recessive) mutations (CHARLESWORTH||1992; (CABALLERO
sss jand HILL|1992). How does interference affect this behaviour? This question can
be explored by considering a steady flow of mutations and analysing Pyp = RPp
s0 where R is given by Equation . As shown in Supplementary Mathematica File
S2, the total effect of interference on replacement will be no more than of the order
s2 of In(2N's4) (which is always lower than few tens) while the effect on emergence
can be much more important. In what follows we will therefore focus on the case

ses where ¢ < 1.
Figure [0] illustrates how selfing can affect the probability of fixation of the
ses  second mutation compared to the single locus case. Under a low adaptation re-
gime (4Nu, = © = 0.02, for u, the per-locus beneficial mutation rate) interference
see 1S weak and the probability of fixation is reduced only in highly selfing species. This
reduction is moderate and selfing species are still better than outcrossers at fixing
s0  recessive mutations. Under a stronger adaptation regime (© = 0.2), interference
can be substantial even in mixed mating species and adaptation can be fully im-
s peded in highly selfing species if Ay > 1/ [ %dp (see BARTON ((1995))). This
threshold depends on ¢, which means that, even under a low adaptation regime,
sz weakly beneficial mutations can be affected by interference in highly selfing species.

Figure [7| shows the joint dominance and selection spectrum for which selection is
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s.s more efficient in outcrossing than in highly selfing (F' = 0.95) species. Strongly
beneficial mutations are very weakly affected by interference, so only dominant
sis - mutations are more efficiently selected in outcrossing than in selfing species. How-
ever, (very) weak beneficial mutations are better fixed in outcrossing populations,

sso - whatever their dominance level.

Discussion

= Interference between beneficial mutations with partial self-

ing and dominance

584 Multi-locus models of adaptation in partial self-fertilising species can inform
on how the interplay between homozygote creation, and reduction in recombin-
sss ation, jointly affect selection acting on multiple sites. It is already known that
the presence of linked deleterious variation means that mildly recessive benefi-
ss  cial mutations (h just less than 1/2) are more able to fix in outcrossers than in
selfing organisms by recombining away from the deleterious allele, in contrast to
s0 single locus theory (HARTFIELD and GLEMIN 2014). More generally, genome wide
background selection can substantially reduce adaptation in highly selfing species
s2  (KAMRAN-DISFANI and AGRAWAL 2014). Yet the extent that linkage between be-
neficial mutations impacts upon mating-system evolution remains poorly known.
504 Here we extended several previous models of selection interference to consider
how adaptation is impeded in partially-selfing organisms. We considered two pos-
so6 sibilities. First, given that an existing sweep is progressing through the population,

subsequent mutations confer a lesser selective advantage and can only fix if recom-
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s bining onto the fitter genetic background (the ‘emergence’ effect). Alternatively,
a second mutant could be fitter and replace the existing sweep, unless recombina-
s00 tion unites the two alleles (the ‘replacement’ effect). We found that the emergence
effect is generally stronger than the replacement effect, and is more likely to lead
s02 to loss of beneficial mutations (Figure {4).
Furthermore, selection interference has two opposite effects on Haldane’s Sieve.
s0¢ In mainly outcrossing populations (where it operates), Haldane’s Sieve is reinforced
because recessive mutations are even more likely to be lost when rare compared
ss to dominant ones, compared to single locus results. However, when comparing
different mating systems, interference reduces or nullifies the advantage of selfing
os of not being affected by Haldane’s Sieve. Consequently, weakly-beneficial muta-
tions are more likely to be fixed in outcrossers, irrespective of their dominance
s0 level (Figure[7)). These findings thus contribute to a body of literature as to when
the predictions of Haldane’s Sieve should break down, or otherwise be altered.
s12  Other examples include the fixation probability of mutations being independent
from dominance if arising from previously deleterious variation (ORR and BETAN-
s« |[COURT|[2001); more generally, outcrossers are more able to fix mutations with any
dominance level compared to selfers if arising from standing variation, and when
s multiple linked deleterious variants are present (GLEMIN and RONFORT|[2013).
Conversely, dominant mutations can be lost in metapopulations due to strong
e drift effects (PANNELL et al.|[2005)).
In our model we assumed that no more than two beneficial mutations simul-
s20 taneously interfere in the population. However, even if mutation does not occur
frequently enough to lead to multiple mutations interfering under outcrossing, the

22 presence of a few sweeping mutations throughout a genome can jointly interfere
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in highly selfing species. Obtaining a general model of multiple substitutions in a
s« diploid partially selfing population is a difficult task, but it is likely that the rate
of adaptation would be further reduced compared to the two-locus predictions (as

e found in haploid populations by [WEISSMAN and BARTON| (2012))).
It is also of interest to ask whether our calculations hold with different types
26 of inbreeding (such as sib mating). For a single unlinked mutant, (CABALLERO
and HiLr| (1992)) showed how various inbreeding regimes determine the value of
0 [ used in calculating fixation probabilities (Equation . However, it is unclear
how effective recombination rates will be affected. For example, NORDBORG’S
ez (2000) rescaling argument relies on the proportion of recombination events that
are instantly ‘repaired’ by direct self-fertilisation; these dynamics would surely be
s3a different under alternative inbreeding scenarios. Further work would be necessary
to determine how other types of inbreeding affect net recombination rates, and

36 thus the ability for selection interference to be broken down.

Causes of limits to adaptation in selfing species

638 We have already shown in a previous paper how adaptation can be impeded in
low-recombining selfing species due to the hitch-hiking of linked deleterious muta-

s tions (HARTFIELD and GLEMIN 2014)), with IKKAMRAN-DISFANI and AGRAWAL
(2014) demonstrating that background selection can also greatly limit adaptation.

s2 Hence the question arises as to whether deleterious mutations or multiple sweeps
are more likely to impede overall adaptation rates in selfing species.

644 Background selection causes a general reduction in variation across the genome

by reducing N, (NORDBORG et al.|1996); here the overall reduction in emergence
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s4s probability is proportional to N./N, where N, is mediated by the strength and
rate of deleterious mutations (BARTON||1995; [ JOHNSON and BARTON|[2002)), and
ss thus affects all mutations in the same way. Because of background selection, selfing
is thus expected to globally reduce adaptation without affecting the spectrum of
0 fixed mutations. Similarly, adaptation from standing variation, which depends on
polymorphism level, is expected to be affected by the same proportion (GLEMIN
s> and RONFORT|[2013). Alternatively, interference between beneficial mutations is
mediated by ¢, the ratio of the selection coefficients of the sweeps. For a given
ssa  selective effect at locus A, weak mutations at locus B are thus more affected by
interference than stronger ones, and the net effect of interference cannot be sum-
ess marised by a single change in N, (BARTON||1995; WEISSMAN and BARTON| 2012)).
Because of selective interference, selfing is also expected to shift the spectrum
s of fixed mutations towards those of strong effects. Interestingly, WEISSMAN and
BARTON (2012) showed that neutral polymorphism can be significantly reduced
s0 by multiple sweeps, even if they do not interfere among themselves. This suggests
that in selfing species, adaptation from standing variation should be more limited
2 than predicted by single-locus theory (GLEMIN and RONFORT 2013). Selective
interference could thus affect both the number and type of adaptations observed

s 1N selfing species.
Reflecting on this logic, both processes should interact and we therefore predict
s that background selection will have a diminishing-returns effect. As background
selection lowers N, then the substitution rate of beneficial mutations will be re-
s duced (since it is proportional to Nu for p the per-site mutation rate), hence
interference between beneficial mutations will subsequently be alleviated. No such

e0 respite will be available with a higher adaptive mutation rate; on the contrary,
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interference will increase (Figure @ Impediment of adaptive alleles should play a
o2 strong role in reducing the fitness of selfing species, causing them to be an evol-
utionary dead-end. Further theoretical work teasing apart these effects would be
e« desirable. Given the complexity of such analyses, simulation studies similar to
those of KAMRAN-DISFANTI and AGRAWAL (2014)) would be a useful approach to

o6 answering this question.
In a recent study, [LANDE and PORCHER| (2015)) demonstrated that once the
es  selfing rate became critically high, selfing organisms then purged a large amount of
quantitative trait variation, limiting their ability to respond to selection in a chan-
0 ging environment. This mechanism provides an alternative basis as to how selfing
organisms are an evolutionary dead-end. However, they only consider populations
2 at equilibrium; our results suggest that directional selection should further re-
duce quantitative genetic variation due to selective interference among mutations.
s Subsequent theoretical work is needed to determine the impact of interference
via sweeps on the loss of quantitative variation. Furthermore, complex organisms
sss (i.e. those where many loci underlie phenotypic selection) are less likely to adapt
to a moving optimum compared to when only a few traits are under selection
88 (MATUSZEWSKI et al.[2014), and can also purge genetic variance for lower selfing
rates (LANDE and PORCHER 2015). Complex selfing organisms should thus be

s0 less able to adapt to environmental changes.

Empirical Implications

692 The models derived here lead to several testable predictions for the rate of

adaptation between selfing and outcrossing sister-species. These include an overall
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sa Teduction in the adaptive substitution rate in selfing populations; a shift in the
distribution of fitness effects in selfing organisms to only include strongly-selected
ss mutations that escape interference; and a difference in the dominance spectrum
of adaptive mutations in outcrossers compared to selfers, as already predicted by
s0s single-locus theory (CHARLESWORTH|(1992)) and observed with quantitative trait
loci (QTLs) for domesticated crops (RONFORT and GLEMIN| 2013).
700 So far, few studies currently exist that directly compare adaptation rates and
potential between related selfing and outcrossing species, but they are in agreement
72 with the predictions of the model. In plants, the self-incompatible Capsella grandi-
flora exhibited much higher adaptation rates (where o = 40% of non-synonymous
74 substations were estimated to be driven by positive selection using the McDonald-
Kreitman statistic; SLOTTE et al.| (2010))) than in the related selfing species Ara-
w6 bidopsis thaliana (where « is not significantly different from zero). Similarly, the
outcrossing snail Physa acuta exhibited significant adaptation rates (o = 0.54),
s while no evidence for adaptation in the selfing snail was obtained (BURGARELLA
et al|2015); in fact, evidence suggests that deleterious mutations segregate due
70 to drift (o = —0.19). In agreement with the predicted inefficacy of selection on
weak mutations, |(QIU et al.| (2011) also observed significantly lower selection on
72 codon usage in the Capsella and Arabidopsis selfers than in their outcrossing sister
species.
714 In addition, as only strong advantageous mutations are expected to escape loss
through selection interference, this result can explain why selective sweeps cover-
76 ing large tracts of a genome are commonly observed, as with Arabidopsis thaliana
(LONG et al.2013) and Caenorhabditis elegans (ANDERSEN et al.|2012)). Extended

718 sweep signatures can also be explained by reduced effective recombination rates in
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selfing genomes. Finally, selective interference between beneficial mutations could
720 explain why maladaptive QTLs are observed as underlying fitness components,
as detected in Arabidopsis thaliana (AGREN et al|?2013). Direct QTL comparis-
722 ons between selfing and outcrossing sister species would therefore be desirable to
determine to what extent selection interference leads to maladaptation in selfing

724 Species.
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Table 1: Glossary of Notation.

Symbol | Usage
2N | Number of haplotypes in the population (of size N)
A, B | Locus at which first, second beneficial allele arises
r | Recombination rate between two loci
sa, sp | Fitness coefficients of original and new advantageous alleles
ha, hg | Dominance coefficients of original and new advantageous alleles
p | Frequency of first advantageous allele at timepoint
q | Frequency of second advantageous allele at timepoint (if s4 < sp)
o | Proportion of matings that are self-fertilising
F | WRIGHT’s (1951) inbreeding coefficient, o /(2 — o)
® | Probability of identity by descent at two loci (ROZE|[2009)
P4(p), Pg(p) | Fixation probability of original and new allele if unaffected by linkage (Equation
P35 | Fixation probability of both mutants in absence of interference
Pap(p) | Actual fixation probability of both mutants, after accounting for interference
Pap | Average P,p over one or several selected substitutions at locus A
R(p) | Ratio of actual to non-interference double-allele fixation probability, Pag/Pjp
R | Average R over one or several selected substitutions at locus A
Py | Fixation probability of second allele with wildtype background
P,;(q) | Fixation probability of haplotype carrying both sweeps
7 | Time taken for first sweep to reach frequency p
T | Scaled time, s t
II(p) | Average fixation probability of second allele if it does not replace the first sweep
IT,e,(p) | Probability that second sweep replaces first if sp > s4
Qo(p), @1(p) | Fixation probability of novel allele if appearing on neutral or already beneficial
genetic background
01(p), 0o(p) | Relative selective advantage of second allele, if residing on either beneficial
or neutral background
04(q) | Relative selective advantage of recombinant haplotype carrying both alleles
A | Difference in fixation probability between different backgrounds, Q1 — Qq
¢ | Scaled advantage of new beneficial allele, sp/s4
p | Scaled recombination rate, r/s4
A4 | Rate of selected substitution at locus A
© | Population rate of beneficial mutation at single locus, 4Nu,
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Figure 1: Schematic of the model for the case sp < s4, i.e. the second mutant
is weaker than the first. We assume hy = hp here for simplicity. (a) The red
line denotes the frequency of the initial beneficial mutation over time. When it is
at low (p ~ 1/2N) and high (p ~ (1 — 1/2N)) frequencies, changes in frequency
are determined stochastically. Any linked beneficial alleles that appear during
these phases will act independently as one genetic background dominates that the
second mutant can appear on. (b) Once the first allele is sufficiently prevalent,
it will increase in frequency over time in a regular manner (the ‘deterministic’
phase). Any secondary alleles that appear during this phase will be impacted by
selection interference, so will be less likely to fix even if they do emerge. These
alleles are represented by blue dots, with the trajectory shown by a blue line.
(c) Interference can be broken down if recombination moves the blue allele onto
the fitter background containing the red allele, and this new haplotype (whose
frequency is shown by a purple line) emerges in the population.
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Figure 2: Probability of fixation of the second allele relative to the unlinked case,
II, as a function of the first allele frequency, p. N = 10,000, sy, = 0.01, sg =
0.005 (so ¢ = 0.5), and from bottom to top in (a)—(d): = = 0.0001, 0.001, 0.01
(corresponding to p = 0.01, 0.1, 1). In (f), there are also » = 0.1 and 0.25 results
added (corresponding to p = 10 and 25). Other parameters used are listed above
each subplot. Curves correspond to solutions provided by analytical system of
differential equations (Equation , rescaled so it is a function of p instead. In
(f), dashed lines are analytical results using the more exact recombination rate,
r(1 —2F + ®). Points corresponds to 5,000 stochastic simulations for which the
second beneficial allele has fixed. Bars represent 95% confidence intervals; if they
intervals cannot be seen, they lie within the plotted points. Note that in panel (a),
simulation results are presented after rescaling fixation probability by the diffusion
equation solution, to account for recessive alleles (see main text for details).
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Figure 3: Probability II,., that a second beneficial allele with advantage sp replaces
an existing sweep with selective advantage s4, where sg > s4, as a function of the
first sweep frequency p when the second sweep appears. N = 5,000 and 2Nr =
0.01 (red), 0.1 (blue), 1 (black), or 100 (purple; panel (d) only). In (d), dashed lines
are analytical results using the more exact recombination rate, r(1—2F+®). Other
parameters are indicated above each panel. Points corresponds to 5,000 stochastic
simulations for which the second beneficial allele has fixed. If confidence intervals
cannot be seen, they lie within the plotted points.
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Figure 4: Contour plots showing degree of interference, as measured by Equation 2]
with II defined by Equation [22| (for ¢ < 1) and Il,., defined with Equation 15 in
Supplementary Material 1 (for ¢ > 1). Both beneficial mutations are additive
(ha = hg = 1/2). In both panels, darker colours indicate higher degree of inter-
ference (with the darkest representing R approaching 0). x-axis denotes time of
the sweep (with the sweep reaching 50% frequency at T = 0); y-axis is the map
distance from the first sweep (scaled to 1072/s4). Top row of plots are for F' values
of 0, 0.5, and 0.8 respectively; bottom row are I’ values of 0.9, 0.95, 0.99. Other
parameters are N = 10,000, and @ sa = 0.01, sg = 0.005 so ¢ = 0.5; or
sa = 0.01, sp = 0.05 so ¢ = 5. Note diﬂ;leérence y-axis scaling for (a) and (b).
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Figure 5: Contour plots showing degree of interference, as measured by Equation [2]
with II defined by Equation 22| and II,., = 0 (as ¢ < 1), for different dominance
values. In both panels, darker colours indicate higher degree of interference (R
approaching 0); x-axis denotes time of the sweep (with the sweep reaching 50%
frequency at 7" = 0); y-axis is the map distance from the first sweep (scaled to
1072/s4). Labels denote the dominance value of the first and second mutation,
with recessive mutants having h = 0.2; additive mutations A~ = 0.5; dominant
mutations h = 0.8. Other parameters are N = 10,000, and s4 = 0.01, sg = 0.005
so ¢ = 0.5.
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Figure 6: Plots of the total effect of interference, R, as defined using Equation ,
as a function of F. The y-axis is the probability of emergence scaled to sg, the
expected emergence probability with F' = 1. There is a continual rate of mutation
© = 4Nu, = 0.02 (left) or 0.2 (right). N = 10,000, r = 0.01, hy = 0.5, s4 = 0.01,
sp = 0.001 (¢ = 0.1), and hg = 0.2 (yellow line), 0.5 (orange line), or 0.8 (red).
Black lines show expected fixation probability in the absence of interference.
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Figure 7: Contour plot of the ratio of R (Equation for ' =0 and F' = 0.95,
as a function of sp (on a logjy scale) and hp. Values less than one indicate
that outcrossers has the higher fixation probability, and values greater than one
indicate that F' = 0.95 populations have the higher probability. Other parameters
are © = 0.1, N = 10,000, r = 0.01, hy = 0.5, and s5 = 0.01.
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