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18  Abstract: Uniparental reproduction in diploids, via asexual reproduction or selfing,
19  reduces the independence with which separate loci are transmitted across

20  generations. This is expected to increase the extent to which a neutral marker is

21  affected by selection elsewhere in the genome. Such effects have previously been
22  quantified in coalescent models involving selfing. Here we examine the effects of
23 background selection and balancing selection in diploids capable of both sexual and
24  asexual reproduction (i.e., partial asexuality). We find that the effect of background
25  selection on reducing coalescent time (and effective population size) can be orders
26  of magnitude greater when rates of sex are low than when sex is common. This is
27  because asexuality enhances the effects of background selection through both a

28 recombination effect and a segregation effect. We show that there are several

29  reasons that the strength of background selection differs between systems with

30 partial asexuality and those with comparable levels of uniparental reproduction via
31 selfing. Expectations for reductions in N. via background selection have been

32  verified using stochastic simulations. In contrast to background selection, balancing
33  selection increases the coalescent time for a linked neutral site. With partial

34  asexuality, the effect of balancing selection is somewhat dependent upon the mode
35 of selection (e.g., heterozygote advantage vs. negative frequency dependent

36 selection) in a manner that does not apply to selfing. This is because the frequency
37  of heterozygotes, which are required for recombination onto alternative genetic

38 backgrounds, is more dependent on the pattern of selection with partial asexuality
39  than with selfing.
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41 Introduction

42  Coalescence theory forms the basis for much of the modern evolutionary inference
43  made from genomic data. Although the coalescence of neutral alleles is simple in

44  ideal populations, the process is altered by a myriad of biological realities such as

45  population structure, changes in population size, and non-Poisson variance in

46  reproductive success. Existing theory has tackled these and many other important
47  deviations from the simplest case (WAKELEY 2008). In addition to ecological factors
48  such as those above, selection at one site in the genome can profoundly influence the
49  coalescence times of linked neutral sites, thereby affecting patterns of genomic

50 diversity. Although selective sweeps can dramatically reduce coalescence times

51  (MAYNARD SMITH and HAIGH 1974; KAPLAN et al. 1989), here we will focus on two

52  other forms of selection: background and balancing selection.

53 Background selection refers to selection on deleterious alleles occurring in
54  the genetic background of a focal neutral allele, and its resulting consequences for
55  coalescence (reviewed in CHARLESWORTH 2012). Assuming selection is strong relative
56  to drift, deleterious alleles are doomed to extinction and linked neutral sites will

57  share the same fate unless they can escape via recombination (CHARLESWORTH et al.
58 1993). Looking backwards in time, this means that extant copies of a neutral site

59 must trace their ancestry either avoiding deleterious backgrounds or recombining
60 onto them only in the relatively brief period prior to their selective elimination.

61 Thus, there are fewer potential ancestors for a neutral site than the actual number of
62  individuals present in the preceding generations. In other words, background

63  selection reduces the effective population size, shortening coalescent times. As this
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64 logic suggests, the consequences of background selection are much stronger if there
65 istightlinkage between the focal neutral site and the locus experiencing deleterious
66 mutations (HuDpsoN and KAPLAN 1995; NORDBORG et al. 1996a). Because of

67  heterogeneity across the genome in the local deleterious mutation rate (e.g., due to
68 variation in gene density and recombination rate), the strength of background

69 selection is expected to vary across the genome. This is believed to be a major

70  source of the variation in sequence diversity across chromosomes in species such as
71  Drosophila melanogaster (CHARLESWORTH and CAMPOS 2014; ELYASHIV et al. 2014) and
72 humans (McVICKER et al. 2009).

73 Balancing selection preserves variation at a selected site, allowing two

74  selected alleles to persist much longer than expected under drift alone. This means
75  that coalescent times of the alternative selected alleles will be much longer than

76  expected under neutrality. The same logic applies to two copies of a neutral site

77  linked to alternative alleles at the selected site. Coalescence of more loosely linked
78  neutral sites is less affected by the balancing selection that prevents coalescence at a
79  selected site (HuDsoN and KAPLAN 1988; KAPLAN et al. 1988; HEY 1991). By increasing
80 coalescent times, balancing selection is expected to result in increased levels of

81 neutral diversity at sites closely linked to targets of selection. Consistent with this,
82  elevated neutral diversity is observed around loci strongly expected to be under

83  balancing selection such as self-incompatibility alleles (RICHMAN et al. 1996; KAMAU
84  and CHARLESWORTH 2005) and major histocompatibility loci (HUGHES and NE1 1988).
85 In other cases, elevated levels of diversity have been used to identify potential

86 candidates of balancing selection (ANDRES et al. 2009).
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87 Most coalescent models implicitly assume that organisms are either haploid
88  ordiploid but obligately sexual and randomly mating. However, some of the most
89 reproductively prolific diploids reproduce uniparentally much of the time via selfing
90 or asexual reproduction (e.g., duckweeds, monogonant rotifers, ostracods, Daphnia,
91 many grasses and fungi). Asexuality and selfing involve very different types of
92  inheritance and, consequently, their “direct” effects on coalescent times are in
93  opposite directions; asexuality increases coalescence time whereas selfing reduces
94 it (see below). However, both forms of uniparental reproduction reduce the
95 independence with which two alleles at separate loci within the same individual
96 trace their ancestry backwards in time; that is uniparental reproduction increases
97  the effective degree of linkage. As a consequence, uniparental inheritance is
98  expected to magnify the importance of linked selection on coalescence.
99 Previous work has examined background and balancing selection for
100  organisms that reproduce by both outcrossing and selfing (NORDBORG 1997). This
101  work showed, for example, that the effect of background selection is stronger when
102  selfing rates are high. Because effective population size can be dramatically reduced
103  in selfers via background selection when considering genome-wide mutation, selfers
104  suffer from concomitant reductions in the probability of fixation of beneficial
105 mutations as well as increases in the probability of fixation of deleterious alleles
106  (GLEMIN and RONFORT 2012; KAMRAN-DISFANI and AGRAWAL 2014). This illustrates
107  that studying the effect of linked selection on coalescent times of neutral sites is

108  useful for understanding how uniparental reproduction affects adaptation via N, in
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109 addition to its more obvious utility with respect to understanding levels of neutral
110  diversity.

111 Here we develop coalescent models for organisms capable of both sexual and
112  asexual reproduction. Like selfing, asexuality enhances the consequences of

113  selection elsewhere across the genome, sometimes dramatically so. Partial

114  asexuality and selfing are often lumped together, at least colloquially, because both
115 are systems involving uniparental inheritance with reduced rates of genetic mixing.
116  However, these alternative modes of uniparental reproduction heighten linked

117  selection in somewhat different ways and we highlight the differences, though we do
118 not present any original results with respect to selfing.

119

120  Theory and Results

121  Direct effects

122 Inthe absence of any linked selection, the expected coalescent time for two

123  randomly sampled alleles in a diploid sexually outcrossing species is E[T] = 2N

124  (WAKELEY 2008). For a species that produces a fraction o of its offspring sexually
125 and the remainder asexually, the expected coalescence time of two alleles sampled

126 from different individuals is
127 E[TSex&Asex] = 2N + i [1]

128  as shown by CEPLITIS 2003 (see also BENGTSSON (2003) and HARTFIELD et al. (2015)

129  for further discussion of direct effects of asexuality).
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130 As shown by NORDBORG and DONNELLY (1997), for a species that produces a
131 fraction o of its offspring via outcrossing and the remainder by selfing, the expected

132 coalescence time of two alleles sampled from different individuals is

1+o0

133 E[TOutcross&Self] = 2N (T) [2]

134  Contrasting [1] and [2], we see the direct effects of selfing and asexuality differs in
135 several ways (Fig. 1). Increasing the rate of uniparental reproduction (i.e., reducing
136 o or o), reduces coalescent time in the case of selfing but has the opposite effect with
137  partial asexuality. With selfing, coalescent time decreases linearly with declining
138 rates of outcrossing. In contrast, the effect of partial asexuality on coalescent time is
139 negligible unless the rate of sex is very small (i.e., the direct effect of partial

140  asexuality can be ignored unless o~ O(1/N)). Whereas very high selfing (o — 0)
141  reduces the coalescent time by a maximum of 50%, the maximal increase in E[T]
142 with very high asexuality (0 — 0) is unlimited in principle. However, if gene

143  conversion is incorporated in the partial sex model, increases in coalescent time
144  from asexuality are much more limited and can even be reversed (HARTFIELD et al.
145  2015).

146 We refer to the effects described above as the “direct” effects of uniparental
147  reproduction to distinguish them from the “indirect” effects of uniparental

148 reproduction in mediating the consequences of linked selection.

149
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155 Figure 1. The direct effect of uniparental reproduction via asexuality or
156 selfing on the scaled coalescence time (E[T]/2N). Partial asexuality has a
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158 reciprocal of the population size; here N = 105. High selfing reduces N, to
159 50% of N.
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162  Background Selection

163  The effects of background selection in sexual outcrossing species were first modeled
164  in classic papers by HupsoN and KAPLAN (1994; 1995) and by NORDBORG et al.

165 (1996a) using different approaches. To examine background selection in partially
166  asexual species, we follow an approach similar to that used by NORDBORG (1997)

167  who studied background and balancing selection in partial selfers. The main idea is
168 that two sampled alleles can be found in a variety of different states (e.g., in the

169  same or different individuals, in wild-type or mutant backgrounds). Based on

170 transition probabilities, we can calculate the expected time to leave the current state
171  and the probability with which the process will enter each of the other states, given
172  thatit has left its current state. If there are k states (other than coalescence), then

173  we can create a system of k linear equations of the form

1 Vi j
174 E[TSex&Asex,i] =—+ Zj:#i 1__1;]”E[TSex&Asex,j] [3]

1-v;;
175  where v;; is the probability of the process transitioning from state i to state j
176  (moving backwards in time). The system can be solved for the expected coalescent
177  times from each state.
178 We make assumptions similar to those of previous models (HubDsoN and
179  KaPLAN 1994; 1995; NORDBORG et al. 1996a; NORDBORG 1997). We consider a single
180  selected locus that can mutate from the wild-type A1 to the deleterious allele A4; at
181 rate u. The neutral locus is at a recombination distance r from the selected locus.
182  Two neutral alleles could be in the same individual or two separate individuals.
183  However, for each neutral allele we also need to consider its genetic background,

184  both the selected allele present on the same chromosome as well as the selected
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185 allele on the homolog. We assume that A1/A individuals have a fitness of 1 - hs and
186  that A2/A2 individuals have fitness 1 - s but are sufficiently rare that they can be
187  ignored. The frequency of the deleterious allele is q = u/hs. Because the allele

188 frequency is assumed to be stable, this requires N is sufficiently large so that Nq >>
189 1. Technically, we assume 1/N ~ O(&3), and hs, g ~ O(5) where 0 < §<< 1.

190 For fully sexual outcrossing species, diploid genotypes are transient so only
191  haplotypes need to be considered. This “haplotype perspective” means that there
192  are only three (non-coalesced) states in which two samples can exist: (i) both

193  samples are found on Ai-haplotypes, (ii) both samples are found on Az-haplotypes,
194  and (iii) the two samples are on alternative haplotypes. With selfing there is the
195 potential difficulty of needing to consider samples in the same or different

196 individuals, potentially complicating the model with additional states. However,
197  (NORDBORG 1997) used a separation of timescales argument to avoid this difficulty.
198  With selfing, two samples from within the same individual either coalesce or

199 transition into separate individuals at rates close to instantaneous with respect to
200 coalescent times. Thus, it is possible to accommodate selfing into a system involving
201  justthree states (“the haplotype perspective”) by the appropriate adjustments of the
202  transition probabilities.

203 In contrast, the separation of timescales assumptions is not applicable with
204  partial asexuality as two samples may remain non-coalesced in the same individual
205 for an extended period if rates of sex are low. Consequently, the system becomes
206  considerably more complicated as we must keep an explicitly diploid perspective.

207  Assuming homozygous mutant (42/A2) genotypes are sufficiently rare that they can

10
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208 Dbeignored, there are eight (non-coalesced) states that must be considered: (i) both
209 samplesin a single A1/ A1 individual; (ii) both samples in a single A1/A; individual;
210  (iii) both samples in separate A1/A1 individuals; (iv) one sample in an 41/A1

211  individual and the other on the A;1-haplotype of an A1/A> individual; (v) one sample
212 inanAi/A; individual and the other on the Az-haplotype of an 41/A; individual; (vi)
213  both samples on the A1-haplotype of separate A1/Az individuals; (vii) both samples
214  on the Az-haplotype of separate A1/A: individuals; and (viii) the samples in separate
215  Ai/A; individuals, with one on an A;-haplotype and the other on an Az-haplotype. A
216  complete model considering all the additional possibilities yields the same results
217  [not shown]. The transition probabilities (v;;) among these states, allowing for both
218 sex and asexual reproduction, are given in the supplementary material.

219 If we assume that sex is common (o~ 0(1)) and linkage is tight (r ~ 0(&)),

220 then the mean coalescence time is

221 E[TSex&Asex] =2N (1 - 1 >+ 0(51) [4]

(145
222  The term in parenthesis represents the reduction in the effective population size
223  due to background selection. This result is equivalent to the classic result (Hudson
224 & Kaplan 1994, 1995; Nordborg et al 1996a) but with the effective rate of
225 recombination or replacing r in the previous models, which assumed obligate sex. It
226  is worth noting that partial asexuality (o< 1) has an indirect effect on coalescence
227  via background selection (represented by the parenthetical term in [4]), even
228  though its direct effect of asexuality (as represented in [1]) is negligible in

229  magnitude and not shown in this approximation. In this sense, the indirect effects of

11
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230  asexuality are much more important than the direct effects (unless rates of sex are
231 verylow,i.e., (0~ O(1/N)). The result above is very similar to the result of (RoZE
232 2014) for partially asexual haploids. When the rate of sex is high, the shared history
233  of homologs within a diploid are very brief relative to the coalescent time so it is
234  unsurprising that the diploid model behaves like a haploid one.

235 If we assume that sex is rare but not too rare (o~ 0(§), No>> 1) and that

236  linkage is loose (r ~ 0(1)) then

237 E[TSex&Asex] = 2N (1 - 1 2 l’”) + O(‘f::l) [5]
(1+55)
238  where
_ 2+p(2+4r)+ ¢3(1+4r2)
239 v = 1oy 6]

240 and ¢ = o/hs. Under these assumptions, sex is still sufficiently common that the
241  direct effect of asexual reproduction on coalescent time (via the effect highlighted in
242  eq. (1)) is negligible. However, through the factor ¥in [21], the reduced frequency
243  of sex enhances the effect of background selection beyond the effect shown in [4],
244  i.e,reducingrto or. We now turn our attention to biologically interpreting ¥.

245 This additional effect of low sex is clearer when we consider tight linkage (r

246  ~ 0(&)) and even lower sex (o~ 0(&?)), then eq. [5] simplifies to
247 E[Tsexaaser] = 2N(1 = 2q) + = + O(EY) [7]
248 In this approximation, we also see the “direct” effect of sex on increasing the

249  coalescent time, 1/0 (technically, [7] gives the coalescence time for two alleles

250 sampled from separate individuals). The reduction in N. due to background

12
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251  selection is captured by the factor (1 - 2q). This result is different than NORDBORG et
252  al (1996a) who, based on their result similar to eq. [4], showed that with no

253  recombination the background selection term is (1 - g). The difference arises

254  because the NORDBORG et al. (1996a) result assumes no recombination but obligate
255  sex. Our result can be understood using the insight of CHARLESWORTH et al. (1993)
256  that, without genetic mixing, the effective population size is reduced to mutation-
257  free individuals. The frequency of mutation-free haplotypesis 1 - q but the

258  frequency of mutant-free diploid genotypes is 1 - 2q. We can take [7] to mean that,
259 indiploids with little sex, a focal neutral site is affected by the presence of a

260  deleterious allele on its homolog just as much as it would be by one on its own

261 chromosome, thus accounting for the 2q in place of g. With somewhat higher rates
262  of sex, the neutral site is more likely to be freed by segregation from its homolog and
263  thus will be less affected by mutations there.

264 The extent to which a focal site will be affected by mutations on the homolog
265  with partial asexuality is captured by ¥. This can be seen most easily when r is small

266 (and o~ 0(&)) so that

2429+ @2

267 Voo ® S 8]

268  We can interpret ¢ as representing the odds that a neutral locus will escape a

269  deleterious allele on the homolog before it is eliminated by selection because

270 ¢ = o/hs represents the persistence time of a deleterious allele (1/hs) relative to
271  the waiting time for sex (1/0). From the equation above, it is easy to see that ¥ — 1

272 as¢—> o (i.e,hs<<o<<1l)and ¥— 2as ¢ — 0 (i.e, o<< hs << 1). In other words,

13
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273  background selection will depend as much on mutations on the homolog as on the
274  focal chromosome (¥ — 2) if the neutral site is unlikely to escape a deleterious

275  allele on the homolog via sex before that allele is eliminated by selection.

276 Returning to the full version of ¥in eq. [6], we find the somewhat surprising
277  result that the sensitivity of background selection to mutation on the homolog

278  increases with recombination, i.e., dW/dr =4 ¢ (1 + 2 ¢)/(1+¢)?> 0. This can be
279  understood as follows. When r = 0, the focal neutral site is guaranteed to escape the
280 effects of a deleterious allele on the homolog via segregation if sex occurs. However,
281 asrincreases, the focal site is more likely to recombine onto the deleterious

282  homolog during sex rather than escaping it. In fact, for unlinked loci (r = %2), we
283  have W= 2 (regardless of ¢), indicating the focal site is just as strongly affected by
284  mutations on the homolog as on its own chromosome.

285 In sum, asexual reproduction affects background selection in two ways: (i)
286  viaa “recombination effect” (reducing the effective rate of recombination from r to
287  or), and (ii) via a “segregation effect” (captured by ¥, which mediates how much
288 neutral alleles on one haplotype are affected by mutations on the homolog). Both of
289  these effects on background selection occur even when the rate of sex is much

290  higher than is required for a substantial direct effect of sex on coalescent time (i.e.,
291 No>>1). As aresult of these effects, background selection can be much stronger in
292  facultative asexuals; this is particularly noticeable at larger recombination distances
293  (Fig.2).

294
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305 reduction in coalescence times with low rates of sex is particularly at higher
306 rates of recombination (A). The effects of background selection are larger with
307 weak selection when recombination is low (B). Mutation rate: 4 = 10-6.
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309 Extension to multiple loci

310 Following earlier models (HuDsON and KAPLAN 1995; NORDBORG et al. 1996a),
311  we can extend the single-locus background selection results to many loci under the
312  assumption of no disequilibria and no epistasis. Let B; be the background selection
313  factor for a single locus (i.e., the term in parenthesis of eq. [5]). Across many loci,
314 the total effect of background selection is B = exp [Y.(1 — B;)]. Using eq. [5], we can

315 calculate

316 Bsexgasex = €xp |:_ I+R[x])2'~[j'dx] [9]

(1+ 557
317  where the integration is over all positions x in the genome. R[x] is the recombination
318 rate between the focal locus and the position x and ¥"is ¥Was given by [6] but
319 replacing r with R[x].
320 Although [9] does not reduce to a simple analytical expression applicable to
321 any genomic architecture, it can be evaluated numerically. Moreover, we can
322  decompose the total background selection coefficient into components arising due
323  to strongly linked, loosely linked, and unlinked genes: B = BTightlyLinked BLooselyLinked
324  Bunlinked  {Jseful analytical approximations can be obtained for BTightlyLinked gnd
325 BUnlinked.
326 Here, we use “tightly linked” to refer to sites that are within a distance mmax,
327 measured in Morgans, of the focal site, where mpmax is the maximum distance over
328  which the map distance (m) is approximately linear with recombination rate. In
329  other words, Mmax is the maximum value of m where m = r; for typical mapping

330 functions, Mmax < 0.05. We will consider a region 2mmax wide with the focal site at its
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331 center as “the tightly linked region” and assume deleterious mutations fall uniformly
332  across this region. The background selection coefficient from the tightly linked
333 regionis

TightlyLinked __ _ 1
334 BSex&Asex ~ exp [ UTightlyLinked 2(0Mmax+hs) [10a]

335  where UrighayLinked is the diploid mutation rate over the tightly linked region. For the
336 case of o= 1, this result is the same as eq. [8] of HuDSON and KAPLAN (1995). A much

337  better approximation when o< hs is

. . v,
338 BsTelngls};LyclHREd ~ exp [_UTightlyLinked 7:] [10b]
339  where ¥, is given by [8].

340 Except in genomes with very small maps, most genes will be unlinked (r = 12)

341  to the focal neutral site. Unlinked loci make a small contribution to the total effect of
342  background selection in species where sex is high. With full sex (o= 1) it has been
343  shown by other means (CHARLESWORTH 2012) that

344 Biuise® = exp [~4Uyniinkeahs] [11]
345  where Uyniinkea is the diploid rate of deleterious mutation over all sites unlinked to
346  the neutral focal site. However, when sex is low (o << 1), then the background

347  selection coefficient due to unlinked sites based on [5] and [9] is

[ 4Uyniinkedhs
348 BUed ~ oxp [ *Vutintedts [12)

349  where Uyniinkea is the diploid rate of deleterious mutation over all sites unlinked to
350 the neutral focal site. It is clear from eqgs. [10-12], that the effects of background
351 selection are much greater when sex is low, especially the contribution from

352  unlinked loci.
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353 To explore background selection further, we will assume that the focal

354 chromosome exists in the center of a 1 Morgan chromosome and that the total map
355 length of the genome is L Morgans (where L > 1). Deleterious mutations are

356  uniformly distributed across the genome, i.e., u = % U/L where U is the diploid
357 genome-wide mutation rate. This means that UrighayLinked = 2UMmax/L and Uyniinked =
358 U(L-1)/L. The background selection coefficient due to loosely linked (mmax <r <

359 Y)sitesis

L lyLinked 1/2 q /
360 B = e |2 1 v -
hs

361 Thisintegral can be expressed in closed form using Haldane’s mapping function
362  (R[x] = exp[l - 2x]/2) but the expression is rather complicated and is left for the
363 supplementary material.

364 Figure 3 illustrates that the genome-wide effects of background selection can
365 be substantial when o< 1, even in genomes with long maps (such that gene density
366 islow). If sexislow (o< 1%), effective population size may be reduced by one or
367 more orders of magnitude with relatively mild mutation rates (U= 0.1). Ina

368 moderate to large population (N > 10%), there would be a negligible direct effect on
369 coalesce time of asexual reproduction with o= 10% or 1%, (Bengtsson 2003;

370  Ceplitis 2003; Hartfield et al 2015), but the indirect effect through background

371 selection can be large. The effect of background selection is more sensitive to the
372  strength of selection in long maps than in short maps, with stronger selection

373 resulting in larger effects of background selection, provided ois not too low. With

374 lower sex, a larger proportion of total background selection is attributable to
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375 unlinked loci (Fig. 3B). This proportion is greater in larger genomes (as more loci
376  will be unlinked) and when selection is strong, as strongly selected loci do not need
377  to be closely linked to exert their effects (NORDBORG et al. 1996a).

378

379
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385 Figure 3. Genome-wide background selection in systems with sexual and asexual
386 reproduction. (A) The background selection coefficient B as a function of the rate of
387 sex considering mutations across the entire genome. Results for genomes with
388 relative short and long maps (L = 2 vs. 20 Morgans) are shown. The longer map
389 implies lower gene density as mutation rate is held constant (U = 0.1); mutations are
390 assumed to be uniformly distributed across the genome. (B) The background
391 selection coefficient for different genomic regions (tightly linked, loosely linked, and
392 unlinked sites) as well as the total; parameters L = 10, hs = 0.005, U =0.1. Tightly
393 linked loci make the largest contribution to background selection when rates of sex
394 are very high but unlinked loci make the largest contribution when sex is rare.

395
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396  Simulation Results

397 The extrapolation to multiple loci used in [9] and in previous work (HUDSON
398  and KapLAN 1995; NORDBORG et al. 1996a; GLEMIN and RONFORT 2012) relies on the
399  assumption that loci are independent (i.e., no linkage disequilibrium) and that each
400 selected locus is close to its deterministic equilibrium (q = p/hs). These

401 assumptions become increasingly suspect as the effective rate of recombination
402  declines and as background selection becomes sufficiently strong that N, (= BN) is
403  substantially reduced. When BNhs is predicted to be low (< 1), then we expect that
404  analytical approximations will overestimate the strength of background selection.
405  Under these conditions the analytical approximation is expected to overestimate the
406 reduction in N, due to background selection, presumably because when drift is

407  strong then polymorphism is lost from selected sites, i.e., g = 0 < p/sh, making

408  background selection weaker than predicted. Previous simulation studies have
409 observed that analytical approximations tend to overestimate the strength of

410  background selection when selection is weak or recombination is low (NORDBORG et
411  al 1996a; KAISER and CHARLESWORTH 2009; KAMRAN-DISFANI and AGRAWAL 2014).
412 To test the analytical approximations presented here, we extended the

413  simulation of (KAMRAN-DISFANI and AGRAWAL 2014) to consider a population where
414  individuals can reproduce asexually with a probability o, via Wright-Fisher

415  dynamics. We measured N. by tracking a linked quantitative trait over time; when
416 anindividual reproduced, the value of this trait was perturbed by a value drawn

417  from a normal distribution with mean 0 and variance 1. The steady-state variance of
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418  this trait is equal to the effective population size (LYNCH and HILL 1986; KEIGHTLEY
419  and OtTO 2006).

420 For a given net mutation rate U and heterozygote selection coefficient sh,
421 mutations were initially distributed amongst the population according to mutation-
422  selection balance. Unless stated otherwise, the population then reproduced for 5N
423  generations, to ensure that neutral markers reached a steady state (KEIGHTLEY and
424  0OtT1O 2006). The population-wide N, was then measured at 200 equally spaced
425 intervals for a further 5N generations. The simulation was repeated for 192 burn-
426  ins. The mean N. from each time series was determined, and simulation points are
427  calculated as the means of these values along with 95% confidence intervals. In
428  general there is a good match between simulation results and analytical

429  approximations (Fig. 4A). The effects of background selection tend to be

430 overestimated if sex is low (0~ 0.001), where background selection is predicted to
431  be very strong.

432 Because the analytical approximation for B is expected to fail as BNhs

433  becomes small, we examined the correspondence between simulations and the
434  predicted value of B for different population sizes. As expected, the observed value
435  of Bis much larger than the analytical approximation (i.e., the strength of

436  background selection is overestimated by [9]) when N is small but the discrepancy
437  declines with larger N (Fig. 4B, C). This implies that the analytical approximations
438 work well provided N is ‘sufficiently’ large. Though imperfect, the approximations
439  offer good insight into the effects of background selection. Nonetheless, it is

440 important to remember that the extremely strong effects of background selection
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441  predicted under low rates of sex (e.g., B < 10-5) are unlikely to be realized unless
44?2  applied to species with a massive census size. Though the most obvious problem is
443  that the analytical approximation overestimates background selection when N is not
444  sufficiently large, we also find instances where the analytical approximation

445  underestimates the strength of background selection when N is large (Fig. 4B). This
446  could suggest a weak effect arising from multi-locus associations not captured in the
447  extrapolation of the single-locus analysis to genome-wide background selection

448  given by [9]. This effect does not appear to be sensitive to h (not shown) and so is
449  unlikely to be a direct result of segregation load.

450
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458 Figure 4: Simulation comparisons of background selection. (A) Simulation results
459 (points) and analytical approximations (lines) of B = N. /N as a function of the rate of
460 sex. Parameters are U = 0.02, s = 0.02, h = 0.25, and L = 1 (black) or L = 10 (grey). Bars
461 on simulation points represent 95% confidence intervals. (B) Background selection
462 effect for o= 0.01 as a function of the population size. Parameters are U = 0.02, s =
463 0.02, h = 0.25, and M = 10. The horizontal black line is the theoretical expectation
464 given with Equation 9. (C) Same as (B) but for o= 0.001.
465
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Comparison with selfing
Another mode of uniparental reproduction, selfing, also enhances the effect of
background selection. As shown by NORDBORG (1997), the coalescent time with

selfing is

1 -
E[TOutcross&Self] = 2N—<1 - CI~ 2> [14]

RS

Here F is the inbreeding coefficient which can be written as function of the rate of
outcrossing F = (1 -0)/(1 + 0). The fraction 1/(1+F) is the direct effect of selfing on
reducing N, (shown in [2] as (1 + 0)/2), and will not be considered further. The term
in parenthesis in [14] is the background selection coefficient. With pure outcrossing
the background selection coefficient is the same as the parenthetical term from [4]
with o= 1. Relative to this, selfing changes background selection in two ways. First,
it increases the average strength of selection against a deleterious mutation from sh
tof = (1 — F)sh + Fs, where s is selection against the mutation in the homozygous
state. This also changes the equilibrium frequency of the deleterious allele to

G = u/t. More importantly, selfing reduces the effective rate of recombination from
rtof = (1 — F)r. When selfing rates are high (o << 1), the background selection

coefficient simplifies to

1-locus ~ _ q
BOutcross&Self ~ 1 [15]

There are three important differences between this result with the equivalent term

for background selection in partial asexuals [5]. First, the segregation effect
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captured by W effectively doubles the relevant mutation rate for partial asexuals
relative to selfers. Second, a bit of outcrossing in a highly selfing system results in
effectively twice as much recombination as the equivalent amount of sex in a highly
asexual system (i.e., orin [5] vs. 2Zorin [15]). In sex/asex systems, recombination
can only occur with sexual reproduction so the effective recombination rate
depends directly on o. In outcross/self systems, recombination can happen during
the production of selfed or outcrossed progeny. However, the only parental
genotypes in which recombination is relevant are double heterozygotes, which are
created at a rate proportional to the rate of outcrossing, 0. However, once a double
heterozygote is created via outcrossing, a relevant recombination event can occur in
any future generation via selfing as long as the genotype remains a double
heterozygote. Because it takes, on average, two generations of selfing before
heterozygosity at a site is lost, there are two generations in which meaningful
recombination can occur following each outcrossing event (so we have 2orin [15]
but orin [5]). However, Denis Roze has pointed out that [14] is derived from [4],
which assumes tight linkage (r << 1). He has found (pers. comm.) that the “2” is
reduced for loosely linked loci, becoming “1” for unlinked loci. That is, the
recominbational difference between selfing and partial asexuals will disappear for
unlinked loci.

In addition to these segregation and recombination differences, a third
difference arises because the effective strength of selection is greater with selfing
than asexual reproduction (s vs. hs). Stronger selection reduces the frequency of

deleterious alleles. As there are fewer deleterious backgrounds to avoid in tracing
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511 back a focal neutral site’s ancestry, background selection is made weaker. However,
512  stronger selection also means there is less opportunity to recombine away from a
513 deleterious allele before it is removed by selection, enhancing background selection.
514  Overall, stronger selection reduces background selection if the rate of biparental
515 reproduction (and the opportunity for recombinational escape) is high relative to
516  selection.

517 As a consequence of the three differences between [15] and [5], background
518 selection can be much stronger in partial sexuals than in selfers when the rate of
519 biparental reproduction is low (Fig. 4). However, the reverse may be possible if the
520 net effect of stronger selection in selfers is to increase background selection, which
521 can happen when the rate of biparental reproduction is high relative to selection.

522
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528 Figure 4. Background selection in systems with different forms of uniparental
529 reproduction (asexuality and selfing). The background selection coefficient B is
530 shown for systems with sexual and asexual reproduction (black) and systems with
531 outcrossing and selfing (grey). Analytical approximations (lines) are contrasted with
532 simulation results (points; error bars are 95% confidence intervals. The analytical
533 approximation for selfing is based on an extension of [14] and is given in Kamran-
534 Disfani & Agrawal (2014). Parameters: U = 0.02, s =0.02, h = 0.25, L = 10, (N = 104 for
535 simulations).
536
537
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538 Balancing Selection

539  With balancing selection, such as heterozygote advantage or negative frequency
540 dependence, two alleles (A1 and Az) can be maintained indefinitely, i.e., balancing
541 selection prevents normal coalescent processes from operating at the selected site
542  and this affects coalescence at linked sites. Assuming the frequencies of the A1 and
543 Az (p and q, respectively) are stable, HupsoN and KAPLAN (1988) showed that closely
544  linked neutral sites have an extended coalescent time under the assumption of

545  obligate sexual reproduction. As mentioned in the previous section, the analysis
546  becomes more complicated when the rate of sex is low because we must use an

547  explicitly diploid perspective rather than classic haploid perspective. Here we

548 cannot assume that the frequency of the A;2/A> genotype is negligible. As a result,
549  there are 13 states in which we could find two alleles. In addition to the eight listed
550 inthe previous section, the additional five states are: (ix) both samples in a single
551 Az/A;individual; (x) both samples in separate A2/A> individuals; (xi) one sample in
552  an Az/A; individual and the other on the Ai-haplotype of an A1/A: individual; (xii)
553  onesample in an A2/A> individual and the other on the A>-haplotype of an A1/A>
554  individual; and (xiii) one sample in an A1/A1 individual and the other sample in an
555  Az/A;individual.

556 In the previous section we ignored gene conversion for simplicity and

557  because the persistence time of any given copy of the deleterious allele is short,
558 limiting opportunity for gene conversion to be relevant. Here we include gene

559  conversion because A1 and A; are maintained indefinitely by selection so movement

560 between genetic backgrounds via gene conversion may become important over long
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561 time scales, especially when the rate of sex is low so there is little chance for

562  exchange via meiotic recombination. Specifically, we assume that (unbiased)

563 mitotic gene conversion occurs at rate y. This rate refers to gene conversion events
564 that cover either the selected site or the neutral site but not both. (The model is
565  built with an additional parameter for gene conversion events that cover both sites
566  butsuch events do not affect the coalescent time.) Throughout, we use

567 “recombination” to refer to (meiotic) cross-over recombination, in contrast to gene
568  conversion.

569 In this analysis, we assume that the equilibrium frequencies of A1/A1, A1/Az,
570 and A2/A2 genotypes are P11, P1/2, and Pz,2. These frequencies are assumed to be
571 stable and to change little in frequency within a generation (i.e., fitness differences
572  atequilibrium are ignored). Without loss of generality, we use P11 = p? + Ca/a, P12 =
573  2(pq - Casa), and P22 = q? + Ca/a where Cy/a is the covariance in allelic state. Note
574  Ca/a measures the same genetic property as Fpq but we use separate symbols

575 because we use the relationship F= (1 - 0)/(1 + o) for species without asexuality
576  Dbecause the inbreeding coefficient is determined only by outcrossing rates, to a good
577  approximation, provided selection is not too strong. With obligate sex (and no

578  selfing) Ca/a = 0 but when there is partial asexuality, C4/4 can be either positive or
579 negative.

580 Assuming oand rare 0O(8) and yand 1/N are 0(&?), the expected coalescent
581 time of two alleles sampled both from a single A1/A1 individual or from two separate

582  Ai/Aiindividuals is found to be

583 E[Ty 1] = 2N + —2e-94__ 4 (e [21]

1+2NP;/z(0r+Y)
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584  When both alleles are sampled from the Az background, the coalescent time is the
585 same as [21] but with p and q reversed. When two alleles are sampled from

586  alternate backgrounds (A1 and 4z), the expected coalescent time

— __?%rq 1
587 E[Ty.] = 2N + rinoryy T O [22]

588  For the sake of discussion, we will focus on this latter result. In the case of obligate
589 sex (o=1, P12 =2pq), [22] simplifies to E[T1,2] = 2N + 1/(r + y). The coalescent time
590 isextended by the waiting time for the neutral site to move from one background to
591 the other. This longer coalescent time should allow for the accumulation of more
592  neutral variation surrounding sites under balancing selection (Hudson & Kaplan
593  1988). When the physical distance is small, r may be very small and this has led to
594  the belief there may be a strong signature of balancing selection when gene

595 conversion is ignored. However, for short physical distances, gene conversion may
596  be much larger than recombination (y>>r) and may play a more important role in
597  coalescence (ANDOLFATTO and NORDBORG 1998; WiUF and HEIN 2000). As implied by
598 [22], gene conversion weakens the signature of balancing selection and this is

599  particularly true in partial asexuals (Fig. 6). At very short physical distances,

600 mutation between A1 and Az provides an important alternate route by which a

601 neutral allele can switch sites, but this is not considered here. Our results apply to
602  physical distances where or + y>> .

603
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609 Figure 6. Coalescent times near a site under balancing selection. The expected
610 time to coalescence (scaled to 2N generations) is shown as a function of the distance
611 (in base pairs) from a site under balancing selection via heterozygote advantage
612 (W11 = W22 =1 - sand Wiz = 1). The population is assumed to be fully sexual and
613 outcrossing (eq. [22], o = 1; thick gray line), mostly asexual (eq. [22], o= 0.01; black
614 line), or mostly selfing (eq. [24b], 0 = 0.01; thin gray line). We assume r = p d where
615 dis the distance in base pairs from the selected site. For the partial asexual case,
616 results are shown with and without gene conversion. For gene conversion, the
617 model of Andolfatto and Nordborg (1998) is used: y = gd/L for d < L and y= g for d =
618 L where L is the length of gene conversion tracts. For the fully sexual case, the
619 results with gene conversion are visually indistinguishable for those with y = 0 for
620 the parameter values used here. The selfing case assumes no gene conversion but
621 gene conversion is not expected to affect coalescence in selfers (see Discussion). The
622 selfing line asymptotes at % rather than 1 because of the direct effect of selfing on
623 coalescence (Fig. 1). These results ignore mutation at the selected site and thus
624 overestimate the coalescence time for extremely tightly linked sites (e.g., d << 100 if
625 u =109, see text). Parameter values: s= 0.02, N = 105, p = 10-8 (ASHBURNER 1989), g =
626 10-6 (SHARP & AGRAWAL, in review), L = 1500 (PRESTON & ENGELS 1996).
627
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628 As expected, we find in [22] that partial asexuality reduces the effective rate
629  ofrecombination from r to or. However, there is an additional effect of asexuality
630 thatis not explicit in [22]; partial asexuality changes the equilibrium frequency of
631 Ai1/A:z (i.e., P12 # 2pq). The precise nature of this change depends on the mechanism
632  of balancing selection. Consider balancing selection due to heterozygote advantage
633  with symmetrical selection (i.e., W12 =1, W11 = W22 =1 - 5). With obligate sex, at
634  equilibrium p = q = %2 and P12 = %. With partial asexuality and assuming the rate of
635 sexislow, p=q="%but P12 = 2(pq - Cas4) where

636 Caja~ —(Vs2 + 0% —0)/4s [23]
637  For example, with s = 0=0.01, P12 = 0.71. In this case, the frequency of

638  heterozygotes (and thus the opportunity for recombination) is increased from 0.5
639  with full sex to 0.7 with partial sex. Even though P1, is higher, this does not cause
640 anincrease in the coalescence time because of the 99% reduction in meiotic

641 recombination events when o= 0.01. Equilibrium genotype frequencies under a
642  more general model of balancing selection are provided in the supplementary

643  material

644 NORDBORG (1997) studied balancing selection in species with selfing. He

645 found (ignoring gene conversion) that the expected coalescence time for sites on

646  alternate backgrounds (41 and 4z) is

647 E[Ty)2] = 2N (=) + — [24a]

14F 1-F)r
648 Assuming that rate of selfing is high (i.e., weak outcrossing, o << 1), this becomes
649 E[Ty] = 2N (%) + = [24b]

2 20r
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650  Again, the term in parenthesis is the direct effect of selfing. The second term is the
651 increase in coalescent time due to linkage to the target of balancing selection.

652  Contrasting this to the comparable term from the partial asexual result in [22], there
653 are two differences. As noted in the background selection case, a little bit of

654  outcrossing is twice as effective at allowing recombination as a little bit of sex (i.e.,
655  the effective rates of recombination are 2or vs. or). Second, in partial asexuals the
656  frequency of heterozygotes cannot be well approximated from the rate biparental
657 reproduction and allele frequencies alone (as it is with selfing). Rather C4/4, which
658 determines the frequency of heterozygotes through P12, is a function of both the
659 rate of sex and the selection coefficients (as exemplified in [23]).

660 An important point missing from the comparison above is the likelihood of
661  balancing selection. Consider the model of heterozygote advantage with W1, = 1,
662 Wis1=1-5s,and W22 =1 - as where we assume o > 1 so that Wy,1 > W2/;. Ignoring
663  drift, polymorphism is always maintained in sex/asex systems. In contrast, with
664  selfing, the maintenance of polymorphism requires that outcrossing not be too low,
665  specifically that o > (a - 1)/(a + 1), otherwise fixation of the more fit homozygote
666  A1/Aiis stable (see supplementary material for details). If one homozygote is more
667 fit than another, variation will not be maintained by balancing selection in highly
668  selfing species but will be in species with partial asexuality.

669 Of course, balancing selection can occur through mechanisms other than
670  heterozygote advantage and in these other cases the contrast between partial

671  asexuality and sex will be somewhat different. For example, consider a simple

672  model of frequency dependent selection where the fitness of each genotype is
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673  negatively related to its frequency as follows W1,1=1- (p- a)s, W22=1+ (p - a)s,
674 and Wy,2 = 1. Regardless of the reproductive system, at equilibrium p = a and the
675  polymorphism is stable (i.e., in contrast to heterozygote advantage, there is no

676 difference in the likelihood of balancing selection in this model between partial
677  asexuality and selfing systems; see supplementary material). However with partial

678  asexuality, there is no excess of heterozygotes (4,4 ~ 0), meaning that coalescence

679 s only affected by the recombination effect (i.e., the reduction from r to or) and

680  there is no segregation effect. With other forms of negative frequency dependent
681  selection (supplementary material), it is possible for there to be a deficit of

682  heterozygotes with partial asexuality (Ca/4 > 0), decreasing the opportunity for

683 recombination beyond the change from r to or, thereby further extending coalescent
684 time.

685

686  Discussion

687  We have examined how linked selection, either background or balancing selection,
688  alters coalescence for pairs of alleles in partial asexuals. As expected, the lower level
689  of genetic mixing in partial asexuals results in much stronger effects of linked

690 selection. In diploids, partial asexuality affects coalescence both via segregation and
691 recombination. The most obvious effect is through a reduction in the effective rate
692  ofrecombination. In the case of background selection, the segregation effect can be
693 understood as mediating how much a focal site is affected by deleterious alleles

694  occurring on the homolog in addition to those on its own chromosome. If sex is low,

695 itis equally affected by mutations on either chromosome, effectively doubling the
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696 mutation rate. In the case of balancing selection, the segregation effect is manifest in
697  the way that partial asexuality affects the equilibrium frequency of heterozygotes at
698  the selected locus, which regulates the opportunity for a neutral site to move

699  between alternative selected haplotypes via recombination.

700 Ignoring linked selection, the direct effect of partial asexuality on coalescence
701  isnegligible unless the rate of sex is extremely small (i.e., on the order of 1/N;

702  (BENGTSSON 2003; CEpLITIS 2003; HARTFIELD et al. 2015)). In contrast, there are

703  strong effects of partial asexuality through background selection even when rates of
704  sex are much larger than 1/N. Large reductions in N. through background selection
705 are expected under realistic mutation rates (U 2 0.1) if sex is below 10%.

706 When sex is high, only those mutations that are tightly physically linked

707  make a substantial contribution to background selection. Across the genome of a
708  highly sexual species, variation in gene density resulting in variation in the local

709  deleterious mutation rate leads to variation in the strength of background selection,
710  which contributes to variation in neutral diversity (CHARLESWORTH and CAMPOS 2014;
711  ELYASHIV et al. 2014). These local differences may be detectable at the within-gene
712  level (i.e, stronger background selection at the center of genes than on the edges,
713  (LoEwWE and CHARLESWORTH 2007; ZENG and CHARLESWORTH 2011)). When sex is low,
714  deleterious alleles across the whole genome contribute to background selection. In
715  fact, the majority of background selection experienced by a focal site is due to

716  unlinked loci (Fig. 3B) but this is simply because unlinked sites are much more

717 numerous. Even when sex is low, background selection is stronger from tightly

718 linked sites than unlinked ones (Fig. 2B) so one might still expect to find differences
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719  inneutral diversity associated with gene density. However, the relationship

720  between background selection and r is much weaker when sex is low, so gene

721  density-diversity patterns are likely to be severely muted.

722 Because background selection can be so strong with uniparental inheritance,
723  itmay be more important than demographic history in determining within-

724  population diversity. As has recently been discussed with respect to selfers

725  (BRANDVAIN et al. 2013; BARRETT et al. 2014), transitions to uniparental inheritance
726  can be associated with population bottlenecks but it can be difficult to infer whether
727  reduced diversity in an evolutionarily young population is due to a small number of
728  founders or the strong effects of background selection.

729 The analytical approximations not only quantify how much coalescence

730 times are altered by the reproductive system, but they are also biologically

731 interpretable. Hence these derivations provide insight into how segregation,

732  recombination, and selection interact to affect average coalescence time. However,
733  the approach used here cannot be used to make other, more detailed, predictions
734  about n-sample genealogies. For example, although the major effect of background
735  selection can be interpreted as a reduction in N, (as done here), it has been shown
736  that background selection also alters the shape of genealogies with relatively long
737  external branches, leading to negative values of Tajima’s D (CHARLESWORTH et al.

738  1995; ZENG and CHARLESWORTH 2011; NicOLAISEN and DESAI 2012). Presumably, these
739  effects would be magnified by low rates of sex.

740 The reduction in the effective rate of recombination with uniparental

741  inheritance should make it much easier to detect balancing selection. Work by
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742  NORDBORG et al. (1996b) and NORDBORG (1997) showed that, in selfers, this is because
743 (i) the physical distance over which the effects of balancing selection are realized is
744  expanded and (ii) there is lower diversity within each selected allelic class because
745  of stronger background selection. These arguments also apply to partial asexuals
746  but there are differences between these alternative modes of uniparental

747  reproduction. First, there is a higher effective rate of recombination with selfing
748  than with partial asexuality for the same rate of uniparental reproduction (2or vs.
749  or, as discussed in the Results), which will make signatures of balancing selection
750  weaker in selfers than partial asexuality (Fig. 6). There are also differences in the
751 frequency of heterozygotes in partial asexuals compared to selfers but this likely
752  plays a more minor role, conditional on the selected polymorphism being

753 maintained. However, with heterozygote advantage, the conditions for a stable
754  polymorphism are much broader in partial asexuals than selfers.

755 Another difference between partial asexuals and selfers is the importance of
756  gene conversion. The frequency of heterozygotes puts an upper limit on the rate of
757  exchange between allelic backgrounds via any genetic mechanism. Selfing directly
758  reduces the frequency of heterozygotes, so gene conversion is not expected to be an
759  important process (though it was not formally included in the model of (NORDBORG
760  1997)). In partial asexuals, heterozygotes can be very common even if sex is rare
761  (especially if there is heterozygote advantage). Through asexual descent, a lineage
762  can persist in heterozygous state for many generations, providing numerous

763  opportunities for movement of linked sites between backgrounds via gene

764  conversion. As implied by [22], gene conversion becomes the primary force erasing
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765  the signature of balancing selection when or << y, which must be true if sex is

766  sufficiently rare. Because of this, the signature of balancing selection may be weaker
767  in partial asexuals than selfers if the rate of biparental reproduction is very small
768  (Fig. 6), even though the reverse is expected at less extreme levels of uniparental
769  reproduction because of the difference in effective rates of recombination (2or vs.
770  or).

771 Here we explored how background and balancing selection affect

772  coalescence times but we did not attempt to examine selective sweeps. In sexual
773  populations, beneficial alleles spreading to fixation can drastically reduce coalesce
774  times and diversity levels at closely linked sites (MAYNARD SMITH and HAIGH 1974;
775  KAPLAN et al. 1989; STEPHAN et al. 1992; BARTON 1998; HERMISSON and PENNINGS 2005)
776  and are believed to play an important role in shaping genomic patterns of diversity,
777  atleastin some species (ELYASHIV et al. 2014; WILLIAMSON et al. 2014). As with other
778  forms of linked selection, we expect that the signature of selective sweeps will be
779  more dramatic in systems with high rates of uniparental reproduction because of
780  their reduced effective rates of recombination. For example, in the highly selfing C.
781  elegans, sweeps are believed to have reduced variation across entire chromosomes
782  (ANDERSEN et al. 2012). As with background and balancing selection, we speculate
783  the “recombination effect” will not be the whole story in partial asexuals. With low
784  rates of sexes, a “segregation effect” is likely because, under asexuality, the selected
785  diploid genotypes are inherited intact (rather than their haploid gametes), altering

786  the trajectory of the selected allele from that in the standard sexual (or haploid)
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787  model. The full consequences of partial asexuality with respect to selective sweeps
788 remain a challenge for future work.

789 Though the consequences of sweeps are likely to be larger in systems with
790 uniparental inheritance, sweeps are less likely to occur in such systems. Both theory
791  (GLEMIN and RONFORT 2012; KAMRAN-DISFANI and AGRAWAL 2014) and data (HOUGH et
792  al 2013; BURGARELLA et al. 2015) show that reductions in N, due to background

793  selection render selection less efficient, reducing the probability of fixation of

794  Dbeneficials, in selfers compared to outcrossers. A qualitatively similar effect is

795  expected in partial asexuals.

796 A number of interesting and important diploid species reproduce

797  predominantly asexually but these have been studied less by evolutionary

798  geneticists than selfing species. Though there are similarities between partial

799  asexuality and selfing, it is misleading to consider these two forms of uniparental
800 inheritance as conceptually interchangeable. As population genomic data becomes
801 easier to obtain, the hope is that such data will allow us to study the evolutionary
802  consequences of different forms of uniparental reproduction and, ideally, gain

803 insightinto the evolutionary forces acting on reproductive mode. Understanding the
804 coalescent properties of systems with uniparental inheritance is key to interpreting
805 population genomic data and much work remains, especially with respect to partial
806  asexuality.

807

808

809
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