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Abstract 35	
While it is appreciated that population size changes can impact patterns of deleterious 36	

variation in natural populations, less attention has been paid to how population admixture affects 37	
the dynamics of deleterious variation. Here we use population genetic simulations to examine 38	
how admixture impacts deleterious variation under a variety of demographic scenarios, 39	
dominance coefficients, and recombination rates. Our results show that gene flow between 40	
populations can temporarily reduce the genetic load of smaller populations, especially if 41	
deleterious mutations are recessive. Additionally, when fitness effects of new mutations are 42	
recessive, between-population differences in the sites at which deleterious variants exist creates 43	
heterosis in hybrid individuals. This can lead to an increase in introgressed ancestry, particularly 44	
when recombination rates are low. Under certain scenarios, introgressed ancestry can increase 45	
from an initial frequency of 5% to 30-75% and fix at many loci, even in the absence of beneficial 46	
mutations. Further, deleterious variation and admixture can generate correlations between the 47	
frequency of introgressed ancestry and recombination rate or exon density, even in the absence of 48	
other types of selection. The direction of these correlations is determined by the specific 49	
demography and whether mutations are additive or recessive. Therefore, it is essential that null 50	
models include both demography and deleterious variation before invoking reproductive 51	
incompatibilities or adaptive introgression to explain unusual patterns of genetic variation. 52	
 53	
Introduction 54	

There is tremendous interest in quantifying the effects that demographic history has had 55	
on the patterns and dynamics of deleterious variation and genetic load (Kirkpatrick and Jarne 56	
2000; Gazave et al. 2013; Lohmueller 2014a; Lohmueller 2014b; Henn et al. 2015; Brandvain 57	
and Wright 2016; Simons and Sella 2016). Several studies have suggested that recent human 58	
demography has had little impact on load (Simons et al. 2014; Do et al. 2015) while others have 59	
suggested weak, but subtle differences between human populations (Casals et al. 2013; Fu et al. 60	
2014; Gravel 2016; Henn et al. 2016; Pedersen et al. 2017). All of these studies have typically 61	
focused on how population size changes, such as expansions and bottlenecks, have affected 62	
deleterious variation. Other types of complex demography, however, have received considerably 63	
less attention. 64	

In particular, gene flow may be important for shaping patterns of deleterious variation. 65	
Population admixture, or hybridization between closely related species, appears to be quite 66	
common in nature (Payseur and Rieseberg 2016) and has a significant role in shaping human 67	
genomes (Wall and Yoshihara Caldeira Brandt 2016). Gene flow alone can subtly change the 68	
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effects of selection on deleterious variation (Gravel 2016), but should have notable fitness 69	
consequences if deleterious variation is distributed differently between admixing populations. For 70	
example, Neanderthals likely had a higher genetic load than coincident human populations due to 71	
the former’s smaller long-term population size (Do et al. 2015; Harris and Nielsen 2016; Juric et 72	
al. 2016). As a result, gene flow from Neanderthals into the ancestors of modern humans could 73	
have increased the genetic load of some human populations by 0.5% (Harris and Nielsen 2016), 74	
and selection should have removed deleterious Neanderthal ancestry over time. In contrast, 75	
domesticated species likely have increased genetic load due to domestication bottlenecks and 76	
hitchhiking with artificially selected variants (Marsden et al. 2016; Liu et al. 2017; Moyers et al. 77	
2017). Then, gene flow from their wild counterparts should alleviate the genetic load of 78	
domesticated species and increased levels of introgression should be observed (e.g. Wang L, 79	
Beissinger TM, Lorant A, Ross-Ibarra C, Ross-Ibarra J, Hufford M, unpublished data, 80	
https://www.biorxiv.org/content/early/2017/03/07/114579, last accessed Nov. 13, 2017). 81	
 If effects of gene flow can be modulated by the consequences of deleterious variation, 82	
selection on deleterious variants may provide an alternative explanation for patterns of 83	
introgression that are usually attributed to processes such as the evolution of reproductive 84	
incompatibility or adaptive introgression. Patterns such as the depletion of introgressed ancestry 85	
in regions of low recombination (Sankararaman et al. 2014) might be instead partially explained 86	
by purifying selection removing deleterious variation and partially by reproductive 87	
incompatibilities (Sankararaman et al. 2014; Harris and Nielsen 2016; Juric et al. 2016; Vernot et 88	
al. 2016). Rampant adaptive introgression may create the opposite pattern where there is 89	
increased amounts of introgressed ancestry in regions of low recombination (e.g. Pool 2015; 90	
Corbett-Detig and Nielsen 2017). Alternatively, this pattern could be due to selection favoring 91	
introgressed haplotypes from a larger population that carries fewer deleterious variants. The 92	
general extent of these effects in nature and their magnitude given realistic parameter 93	
combinations remains to be studied. 94	

Another significant issue with many models incorporating deleterious variation is the 95	
assumption that fitness effects are strictly additive. A considerable proportion of strongly 96	
deleterious new mutations are likely to be fully recessive or partially recessive (Simmons and 97	
Crow 1977; Agrawal and Whitlock 2011; Huber CD, Durvasula A, Hancock AM, Lohmueller 98	
KE, unpublished data, https://www.biorxiv.org/content/early/2017/08/31/182865, last accessed 99	
Nov. 13, 2017). In addition, if some proportion of deleterious recessive variants is private to a 100	
population, admixed populations should experience heterosis since deleterious variants are more 101	
likely to be found in a heterozygous state (Crow 1948). As a result, heterosis can increase 102	
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effective migration rates between populations (Ingvarsson and Whitlock 2000) and may play a 103	
significant role in determining the fitness of highly structured populations (Whitlock et al. 2000). 104	
Heterosis may also increase introgression and the probability that introgressed ancestry will 105	
persist in an admixed population, even if the introgressed ancestry contains more deleterious 106	
variation (Harris and Nielsen 2016). The extent to which heterosis contributes to increases in the 107	
frequency of introgressed ancestry and confounds inference of adaptive introgression is also not 108	
well understood. 109	

The objective of this study is to develop a clearer picture of the effect of deleterious 110	
variants on fitness and the dynamics of introgression in admixing populations. Further, we aim to 111	
understand how inferences of selection on introgressed ancestry are impacted by deleterious 112	
variation. Previous simulation and empirical work have shown that for at least some systems, 113	
deleterious variation is a significant factor modulating gene flow (Harris and Nielsen 2016; Juric 114	
et al. 2016; Wang et al. 2017), but few studies have investigated these questions outside of 115	
demographic models specific to a species or system. Our present study fills this void by 116	
presenting a series of simulations utilizing demographic models that generalize biological 117	
scenarios of interest. We include a realistic distribution of fitness effects for both additive and 118	
recessive mutation models. In addition, we examine how the relationship between introgressed 119	
ancestry and recombination rates, or functional content, is determined by the underlying 120	
demography. 121	
 122	
Results  123	
Forward simulations 124	

We used SLiM 4.2.2 (Haller and Messer 2017) to simulate admixture in the presence of 125	
deleterious variation. In general, the underlying demographic model was a population split model 126	
with an ancestral population size (Na) of 10,000 diploids, where a single pulse of admixture 127	
occurs at an initial proportion of 5%, in one direction and for one generation, at some time after 128	
the split (Figure 1, Table 1). Throughout, we will refer to the subpopulation from which gene 129	
flow occurs as the source subpopulation, and the subpopulation which receives gene flow as the 130	
recipient subpopulation. Furthermore, we will refer to ancestry in the recipient subpopulation that 131	
originated in the source subpopulation as introgression-derived ancestry. We tracked the 132	
frequency of introgression-derived ancestry in simulations by placing marker mutations in one 133	
subpopulation, and use pI to denote the estimated total proportion of ancestry in the recipient 134	
subpopulation that is introgression-derived. The sizes of the subpopulations were varied as 135	
described in the forthcoming sections and in Figure 1 and Table 1.  136	
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Unless specified otherwise, we simulated approximately 5 Mb of sequence, with 137	
randomly generated genic structure (see Methods). The mutation rate (µ) was set at a constant rate 138	
of 1.5x10-8 per bp per generation. All simulated mutations were either neutral or deleterious, and 139	
only nonsynonymous mutations had nonzero selection coefficients. Deleterious mutations had 140	
selection coefficients (s) were all drawn from the same distribution of fitness effects (Kim et al. 141	
2017). In other words, the selection coefficients did not depend on the population in which 142	
mutations occurred. No positively selected mutations were simulated in any of our models. We 143	
simulated additive (h=0.5) and recessive (h=0.0) mutations separately. Additive fitness effects 144	
were computed by multiplicatively calculating fitness at each locus. Recessive fitness effects 145	
were computed additively, but only at homozygous loci. All fitness effects were computed 146	
multiplicatively across loci. To assess the effect of recombination rate, we also varied the per-147	
base pair per chromosome recombination rate, r, between sets of simulations (r∈{10-6,10-7,10-148	
8,10-9}). See Methods for additional details on the simulations and calculation of fitness.  149	

In each simulation, we recorded the fitness of each subpopulation, the proportion of 150	
ancestry that is introgression-derived, and other measures of genetic load (Figures S1-S3) at 151	
different time points. Differences in subpopulation fitness are presented as (wR/wS), which 152	
represents the relative differences in load between the recipient and source subpopulation. 153	
Subpopulation fitnesses are presented separately in Figure S1. 154	

 155	
The effect of admixture on deleterious variation 156	

Our first step was to look at only the effects of gene flow on deleterious variation when 157	
the two subpopulations had identical sizes. Given that the populations were of identical size, they 158	
both should contain similar amounts of deleterious variation and similar genetic loads. Here, we 159	
simulated under a population split model with a size of 10,000 diploids in the ancestral and both 160	
divergent subpopulations (Model 0, Figure 1), where 20,000 (2NA) generations after the 161	
population split a single pulse of admixture occurred.  162	

Under the additive fitness model, the fitness of the recipient subpopulation does not 163	
change due to gene flow (Model 0, Figure 2). At the time point of admixture, the two 164	
subpopulations have similar fitnesses due to identical population sizes (wS ≈ wR, Figures 2 and 165	
S1), although many deleterious variants will be private to each subpopulation. In addition, gene 166	
flow does not change the mean number of deleterious variants per haplotype, since any 167	
introgression-derived haplotypes carry, on average, the same number of derived variants as 168	
background haplotypes (Figure S2). 169	
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When deleterious mutations are recessive instead of additive, admixture is predicted to 170	
generate heterosis in hybrid individuals, particularly when some proportion of segregating 171	
variants is private to each subpopulation (Crow 1948; Whitlock et al. 2000; Harris and Nielsen 172	
2016). Indeed, 20,000 generations after the population split, many of the deleterious variants in 173	
our simulations should be private to one subpopulation (Figure S4). At the time of gene flow, 174	
both subpopulations have declined in fitness to a similar degree (wR ≈ wS, Model 0, Figure 2). 175	
After admixture, homozygosity in the recipient population is immediately decreased (Figure S3), 176	
with a corresponding increase in the fitness of the recipient population (Figures 2 and S1). 177	
Importantly, the number of derived deleterious variants per haplotype in the recipient 178	
subpopulation is unaffected by gene flow (Figure S2). After the initial increase in fitness due to 179	
admixture, the decline in fitness following admixture is slow, such that fitness will be greater than 180	
the pre-admixture value for many generations following admixture (Model 0, h=0, Figure S1). 181	
Notably, the fitness increase conferred by heterosis is the most pronounced (≈2.5% increase) and 182	
lasts the longest (>10,000 generations after admixture) in simulations with low amounts of 183	
recombination (r=10-9). This occurs for two reasons. First, fitness declines more quickly when 184	
recombination rates are low (Muller 1964), resulting in stronger selection against non-admixed 185	
individuals. Second, introgression-derived haplotypes remain intact, maximizing the heterotic 186	
advantage of admixed individuals. 187	

The effect of selection on deleterious variation also influences the fraction of ancestry 188	
that is introgressed in the recipient population. Considering that immediately following 189	
admixture, 5% of the ancestry in the recipient population is introgression-derived (pI =5%), it 190	
follows that in the absence of allele frequency changes due to selection the expected proportion of 191	
introgression-derived ancestry should remain E[pI]=5%. Our simulations show that this is the 192	
case when fitness effects are additive and both subpopulations have similar genetic loads (Model 193	
0 in Figure 3). Therefore, selection does not favor haplotypes of a particular ancestry, and the 194	
long-term pI ≈ 5%. 195	
 If deleterious mutations are recessive, introgression-derived ancestry increases in 196	
frequency as protective haplotypes rise in frequency through heterosis (pI > 5%; Model 0, h=0, 197	
Figure 3). The increase in pI is inversely related to the recombination rate. Specifically, the 198	
increase in pI is greatest (average pI~35% at 10,000 generations after the split, Figure 3) for the 199	
lowest recombination rate r=10-9, (Figures 2 and S1). This effect is still observed even when the 200	
simulated recombination rate is greater than 10-9, but the magnitude of the effect is far less 201	
pronounced, with increases to pI ≈ 6-9%. These results also corroborate studies which showed that 202	
heterosis can increase effective migration rates (Ingvarsson and Whitlock 2000) or enhance the 203	
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introgression of linked deleterious variants (Harris and Nielsen 2016). However, our results 204	
additionally show that heterosis should be greater when recombination rates are low. 205	
 206	
Short-term bottlenecks have little influence on the dynamics of introgression 207	

Next, we investigated how short-term bottlenecks might affect fitness and patterns of 208	
introgression by adding a short bottleneck into one subpopulation of the split model (Model 1, 209	
Figure 1). Specifically, we added a bottleneck of size 1,000 diploids, or a 10-fold reduction in 210	
population size, in the recipient subpopulation for the 50 generations immediately preceding the 211	
admixture event. All population sizes remained at 10,000 diploids otherwise. 212	

In this model, the additive genetic load was insensitive to the short bottleneck (Model 1, 213	
Figures 2 and S1). Although some proportion of the deleterious variants is lost in the bottleneck, 214	
the average number of deleterious variants per haplotype is unchanged (Lohmueller 2014b; 215	
Simons et al. 2014; Simons and Sella 2016), and the additive load in each population is the same 216	
(wS ≈ wR, Figures 2 and S1). Therefore, gene flow has no effect on the additive load or the 217	
number of deleterious variants per haplotype (Figure S2) in the recipient population, and there is 218	
no selection on introgressed ancestry in this model. 219	

We found broadly similar patterns when deleterious mutations were recessive, with some 220	
important differences. Our simulations show that the bottleneck causes an additional ~2% decline 221	
in the recipient population’s mean fitness prior to admixture (Model 1, Figure S1) due to a small 222	
increase in homozygosity (Figure S3). However, the average number of deleterious variants per 223	
haplotype is unaffected by any selection against the increased proportion of homozygotes (Model 224	
1, Figure S2). Fitness increases quickly after admixture, but consistently remains slightly less 225	
than the model without a bottleneck, suggesting that any change in load due to an increased 226	
number of homozygous sites is mostly cancelled out by the increased heterozygosity that results 227	
from admixture (Figure S3). The magnitude of the fitness increase from admixture is again 228	
inversely related to the recombination rate, in a manner similar to that in the model without a 229	
bottleneck (Model 0). 230	

The frequency of introgression-derived ancestry was largely unaffected by the short 231	
bottleneck. When fitness effects were additive, the average frequency of introgressed ancestry 232	
remained at the initial admixture proportion of pI = 5%, 10,000 generations after the admixture 233	
event (Model 1, Figure 3). When fitness effects were recessive, introgression-derived ancestry 234	
increased in frequency by carrying protective alleles, similar to the simulations with identical 235	
subpopulation size. The same inverse relationship to the recombination rate was also observed. In 236	
the case of recessive mutations, the long-term frequency of introgression-derived ancestry (e.g. pI 237	
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≈ 33% for r=10-9, Model 1 in Figure 3) was similar but slightly lower than the model without a 238	
bottleneck (e.g. pI ≈ 35% for r=10-9, Model 0 in Figure 3).  239	
 240	
Long-term population contractions greatly influence the dynamics of introgression 241	

At equilibrium, smaller populations will have a greater reductions of fitness due to 242	
deleterious variation than larger populations (Kimura et al. 1963). Therefore, a long-term 243	
reduction in population size should have different implications for fitness and the fate of 244	
introgression-derived ancestry than the short bottleneck described above. 245	

To investigate the effect of long-term differences in population size and subsequent gene 246	
flow on patterns of deleterious alleles, we simulated a split model with the addition of a long-term 247	
reduction in population size. Immediately following the split, the size of one subpopulation was 248	
reduced 10-fold to 1,000 diploids (Models 2 and 3, Figure 1). After 20,000 additional 249	
generations, gene flow occurred in a single generation at an admixture proportion of 5%. In 250	
Model 2, the direction of admixture is from the small into the large population, and in Model 3 251	
the direction of admixture is from the large into the small population. 252	

As a consequence of long-term differences in population size, the additive fitness of the 253	
small subpopulation is 7-10% less than that of the large subpopulation (Models 2 and 3 in 254	
Figures 2 and S1) at the time of admixture. In the additive fitness model, gene flow from the 255	
small to the large subpopulation (Model 2) resulted in a small fitness decrease (<1%) in the 256	
recipient subpopulation’s fitness, but had little effect on the average number of derived 257	
deleterious variants per haplotype (Figure S2). Gene flow from the large to the small 258	
subpopulation (Model 3) resulted in small increases (<1%) in fitness in the recipient 259	
subpopulation’s fitness, except (~5% increase) when recombination was low (Figure S1). In this 260	
case, selection for less deleterious haplotypes resulted in an overall decrease of the average 261	
number of deleterious variants per haplotype, but because the recipient population remained at a 262	
small size after admixture, load continued to accumulate afterward at the same rate (Figures 2 263	
and S1). 264	

When deleterious mutations were recessive, the effect of admixture on the recipient 265	
population’s fitness was determined both by differences in genetic load between populations and 266	
heterosis from admixture. Immediately prior to admixture, the recipient population’s fitness was 267	
approximately 10-30% greater (in Model 2) or less (in Model 3) than the fitness of the source 268	
subpopulation (Figures 2 and S1) due to long-term differences in population size. Gene flow 269	
from the small to the large population (Model 2) only increased the recipient subpopulation’s 270	
fitness by 1-2% (h=0, Figure S1), and thus did not drastically affect the trajectory of wR/wS 271	
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(Figure 2). However, gene flow from the large to the small population (Model 3) drastically and 272	
immediately increased the fitness of the recipient population (h=0, Figures 2 and S1). Because 273	
the population size of the recipient subpopulation remained small in Model 3, fitness continued to 274	
decline quickly after admixture. In both models, increased fitness in the recipient population after 275	
admixture is a consequence of a decrease in the mean number of homozygous deleterious sites 276	
per individual due to admixture. These effects are more pronounced for Model 3 because of the 277	
higher number of homozygous sites per individual in the large subpopulation (on average about 278	
110; Figure S3) compared to the small subpopulation (on average about 50-60; Figure S3). In 279	
other words, more private recessive deleterious variants are masked by introgressing haplotypes 280	
in Model 3, despite the fact that introgressing haplotypes carry a slightly larger number of 281	
deleterious variants. Importantly, gene flow had little effect on the mean number of deleterious 282	
variants per haplotype (Figure S2). Again, our simulations show that the fitness changes from 283	
admixture should be largest when recombination rates are low.  284	

Due to these differences in fitness between the small and large subpopulations, the 285	
frequency of introgression-derived ancestry in the recipient population changed noticeably for 286	
both the additive and recessive models (Models 2 and 3 in Figure 3). When fitness effects were 287	
additive, these changes were directly linked to selection on introgressed variation. If introgressed 288	
haplotypes carried a larger deleterious burden (i.e. came from the smaller population as in Model 289	
2), introgressed ancestry linked to deleterious alleles was removed by selection (long-term pI≈0-290	
4%). On the other hand, if introgressed haplotypes had a smaller deleterious burden (i.e. came 291	
from the larger population as in Model 3), linked introgression-derived ancestry increased in 292	
frequency due to selection for haplotypes with fewer deleterious variants (long-term pI≈6-38%). 293	
Again, we observe that the magnitude of this effect is inversely related to the recombination rate. 294	
Specifically, the proportion of introgression-derived ancestry decreased or increased at the 295	
greatest magnitude in simulations with low recombination, and the least in simulations with a 296	
high recombination rate (Models 2 and 3 in Figure 3).  297	

When fitness effects were recessive, the frequency of introgression-derived ancestry in 298	
the recipient subpopulation were determined by heterosis and differences in genetic load between 299	
subpopulations. Gene flow from the large to the small subpopulation (Model 3) resulted in slight 300	
(pI=7%, r=10-6) to drastic increases (pI=51%, r=10-9) in the average proportion of introgression-301	
derived ancestry (Model 3, Figure 3). However, admixture from the small to the large (Model 2) 302	
population resulted in smaller (pI≈6-17%) proportions of introgression-derived ancestry (Model 303	
2, Figure 3). Additionally, the increase in frequency from selection on recessive variation 304	
opposes the effect of selection on additive variation. In the case of Model 3, heterosis and 305	
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differences in load drive the frequency of introgression-derived ancestry in the same direction, 306	
but in the case of Model 2, these factors work in opposite directions. The rate of change of the 307	
proportion of introgression-derived ancestry was greatest in simulations with low recombination 308	
rates (r=10-9). 309	
 310	
Long-term population contractions with subsequent population recovery greatly influence the 311	
dynamics of introgression 312	

To investigate what occurs when differences in genetic load exist between two 313	
subpopulations, but where the strength of selection is increased in the recipient population post-314	
admixture, we simulated another split model where the recipient subpopulation is subjected to a 315	
long-term bottleneck but recovers to its original size (Model 4, Figure 1). Specifically, the model 316	
we simulated was a split model where the recipient subpopulation is reduced to 1,000 diploids 317	
immediately after the population split and for 20,000 generations afterwards. At that time point, 318	
gene flow occurred in a single generation at an admixture proportion of 5%. Immediately 319	
following the admixture event, the recipient subpopulation was restored to its original size 320	
(10,000 diploids). 321	

Like the model where the recipient subpopulation size remained small after the split 322	
(Model 3), immediately prior to admixture, the recipient population’s fitness was approximately 323	
7-10% less than the fitness of the source population when mutations were additive and 10-30% 324	
less than the fitness of the source subpopulation when mutations were recessive (Figures 2 and 325	
S1). When mutations were additive, admixture and population recovery result in a gradual 326	
increase in the recipient subpopulation’s fitness (h=0.5, Figures 2 and S1). When mutations were 327	
recessive, admixture rapidly increases the fitness of the recipient subpopulation to at least 90% 328	
and up to 95% of its pre-bottleneck fitness, then continues to recover slowly thereafter (h=0.0, 329	
Figures 2 and S1).  In both cases, gene flow results in substantial decreases in the number of 330	
deleterious variants per haplotype (Figure S2) as well as the number of homozygous deleterious 331	
sites per individual (Figure S3). The quickest increase in fitness is again observed in the 332	
simulations with the lowest recombination rate (r=10-9; Figures 2 and S1).  333	

Large changes in subpopulation fitness are tied to the largest changes in the frequency of 334	
introgression-derived ancestry in the recipient subpopulation (Model 4 in Figure 3). When 335	
mutations are additive, the fraction of introgression-derived ancestry quickly increases from an 336	
initial pI=5% to pI≈7-68%, with higher long-term fractions of introgression-derived ancestry 337	
occurring at lower recombination rates. When mutations are recessive, the fraction of 338	
introgression-derived ancestry has increases to pI≈10-74%. Thus, the population expansion after 339	
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the bottleneck drives a rapid increase in the frequency of introgressed ancestry in the recipient 340	
population. 341	
 342	
Increasing population split times enhances the effect of heterosis 343	

In models where fitness effects are recessive, heterosis, although modulated by 344	
subpopulation differences in genetic load, determines the fitness effects of admixture and the 345	
direction of selection on introgression-derived ancestry. However, in these simulations, we have 346	
fixed the split time before admixture at 2N generations, a substantially long time for private 347	
deleterious variation to accumulate within each subpopulation. To further examine the 348	
relationship between split time and selection on introgression-derived ancestry, we simulated split 349	
models while varying the split time before gene flow. Specifically, we simulated gene flow 350	
between two populations of equal size; one where the recipient population experienced a brief 351	
bottleneck of 1,000 diploids for the 50 generations immediately before the admixture event; and 352	
one where the recipient population’s size was reduced to 1,000 diploids immediately after the 353	
split until a single pulse of admixture at 5%, where it then recovered to the original size of 10,000 354	
diploids. These models are analogous to Models 0 and 4 (Figure 1), respectively, the only 355	
difference being the split time before admixture. The recombination rate was set to r=10-9 in these 356	
simulations. 357	

Figure 4 depicts the long-term proportion of introgressed ancestry, pI, 10,000 generations 358	
after the single pulse of admixture for these three models varying the amount of time between the 359	
split and admixture (ts). First, we found that across our range of simulated ts, pI always increases 360	
monotonically with ts regardless of the underlying demography (Figure 4). This can be attributed 361	
to the fact that longer split times result in more deleterious variation being unique to each 362	
population (Figure S4), enhancing heterosis after admixture. Second, we found as a bottleneck 363	
increases in duration, differences in genetic load become a significant contributor to long-term pI. 364	
At a split time and thus bottleneck time of 20,000 generations, the effects of heterosis and the 365	
bottleneck increase long-term pI nearly 2-fold relative to heterosis alone (compare Model 0 to 366	
Model 4 in Figure 4).  367	
 368	
A realistic map of chromosomal structure and recombination rates 369	

Thus far we have shown how selection on deleterious variation can affect the dynamics 370	
of introgression-derived ancestry when the recombination rate was set to a single value in each 371	
set of our simulations. The correlation between introgression-derived ancestry and genomic 372	
features such as local recombination rates or exon density are often considered potential evidence 373	
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for selection against introgression-derived ancestry due to genomic incompatibility or 374	
maladaptive alleles (Brandvain et al. 2014; Sankararaman et al. 2014; Pool 2015; Aeschbacher et 375	
al. 2017; Corbett-Detig and Nielsen 2017) or adaptive introgression (Corbett-Detig and Nielsen 376	
2017). Selection on deleterious variation is one possible confounder of these patterns (Harris and 377	
Nielsen 2016; Juric et al. 2016; Wang et al. 2017). 378	

To investigate how the correlation of introgression-derived ancestry with genomic 379	
features is influenced by deleterious variation under different demographic models, we simulated 380	
a 100 Mb segment of human chromosome 1, using realistic exon definitions and a recombination 381	
map defined on a 10 kb scale (see Methods). Unlike the simulations we described previously, we 382	
fixed the exon definitions and recombination map to be the same in all simulations. We simulated 383	
under three of the split models described previously (Figure 1): Model 0, Model 2, and Model 4, 384	
separately for recessive and additive fitness effects. Only deleterious mutations were simulated. 385	
At the end of each simulation, we split the chromosome into non-overlapping 100 kb windows 386	
and computed the frequency of introgression-derived ancestry, exon density, and the average 387	
recombination rate in each window. 388	

The average genomic landscape of introgression for 100 simulation replicates varied 389	
widely across demographic models and dominance coefficients (Figure 5 or see Figure S5 for a 390	
representative single simulation replicate). In general, simulations with recessive mutations 391	
always showed a genome-wide increase in the frequency of introgressed ancestry, and 392	
simulations with additive fitness were dependent upon the demographic model. In the model with 393	
equal population sizes (Model 0), we observed no average change in the frequency of 394	
introgression-derived ancestry when mutations were additive, but when mutations were recessive 395	
we observed a large overall genome-wide increase in the frequency of introgression-derived 396	
ancestry (Figure 5), with several regions that are at high frequency or fixed in a single simulation 397	
replicate (Figure S5). Importantly, this increase in frequency is only due to selection on recessive 398	
mutations and local variation in recombination rate, since no positively selected mutations were 399	
simulated. In the model where introgressed haplotypes contained a larger deleterious burden 400	
(Model 2), we observed an overall depletion of introgressed ancestry consistent with the effects 401	
of purifying selection upon introgressed ancestry (Figure 5). However, for the model with 402	
recessive mutations, the effects of heterosis were strong enough such that many genomic regions 403	
showed average increases in frequency of 5-10% in our simulations. Importantly, Harris and 404	
Nielsen (2016) predicted that heterosis would increase the frequency of introgressed ancestry by 405	
only a few percent, but our simulations with a similar demographic model show that low 406	
recombination rates can greatly enhance the increase in frequency of introgressed ancestry. 407	
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Finally, when we simulated the introgression of haplotypes from a population with lower genetic 408	
load (Models 3 and 4), we observed drastic, genome-wide increases in the average frequency of 409	
introgressed ancestry in the recipient subpopulations (Figure 5) as well as many fixed loci in 410	
individual simulations (Figure S5), regardless of whether fitness effects of mutations were 411	
additive or recessive. For example, local regions of the simulated chromosome showed an 412	
increase in introgressed ancestry from an initial frequency of 5% up to 70-80% frequency. This is 413	
the type of signature that would be unlikely to be generated under neutral demographic models 414	
and could be attributed to adaptive introgression. 415	

It is also notable that the frequency of introgression-derived ancestry (pI) in each window 416	
appears to be driven by exon density, or the local concentration of sites at which deleterious 417	
mutations can occur. For recessive mutations, pI is greatly increased on the left-hand side of the 418	
simulated chromosome, which tends to be more gene-rich than the right-hand side of the 419	
chromosome (Figures 5 and S5). For additive mutations, the pattern is not as straightforward. 420	
When introgressed ancestry is depleted in the recipient population (Model 2), this depletion is 421	
strongest in the left-hand side of the figure compared to the right-hand side. In Model 4, where 422	
introgressed ancestry increases in the recipient population, the increase is greatest in the most 423	
gene-dense part of the chromosome.  424	

We show the correlations that deleterious mutations generate between genomic features 425	
and the frequency of introgressed ancestry, measured in 100 kb windows, in Table 2. In the 426	
model of equal population sizes (Model 0), the frequency of introgression-derived ancestry is not 427	
significantly related to the recombination rate or exon density when fitness is additive, but is 428	
positively correlated to exon density when fitness effects are recessive. When introgressed 429	
ancestry comes from the population with higher load (Model 2), the frequency of introgression-430	
derived ancestry is positively correlated to the recombination rate and negatively correlated to 431	
exon density when fitness is additive. When fitness effects are recessive in this model, the 432	
frequency of introgressed ancestry is only positively correlated to exon density. Lastly, when 433	
introgressed ancestry comes from a larger population having a lower deleterious burden than the 434	
recipient population (Model 4), a negative correlation is observed between the frequency of 435	
introgression-derived ancestry and recombination rate, and a positive correlation between the 436	
frequency of introgression-derived ancestry and exon density. For the last model, these 437	
correlations are observed for both models of additive and recessive mutations. 438	
 439	
 440	
 441	
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Discussion 442	
We have shown, through simulations, that deleterious variation can greatly influence the 443	

dynamics of introgression between admixing populations, in markedly different directions for 444	
different demographic scenarios and modes of dominance. In addition, the recombination rate is a 445	
key parameter that determines the way in which deleterious variants accumulate between 446	
populations, how selection acts on admixed individuals, how selection acts at a locus with 447	
admixed ancestry, and ultimately the dynamics of introgression-derived ancestry. 448	

Our work further demonstrates how demography can shape patterns of deleterious 449	
variation in different populations. Previous studies have examined the role of population size 450	
changes (Kirkpatrick and Jarne 2000; Lohmueller et al. 2008; Simons et al. 2014; Balick et al. 451	
2015; Gravel 2016) and serial founder effect models (Peischl and Excoffier 2015; Henn et al. 452	
2016) on deleterious variation. Interpreting how differences in the distribution of deleterious 453	
variation impact fitness has been a contentious issue (Fu et al. 2014; Lohmueller 2014b; Do et al. 454	
2015; Henn et al. 2015; Simons and Sella 2016). In this study, we observed that admixture can 455	
increase the fitness of the recipient population, sometimes drastically if the source population is 456	
of larger long-term effective size and thus carries lower genetic load. Generally, gene flow is 457	
observed to drive smaller, subtle changes in fitness. Nevertheless, the influx of new alleles can 458	
result in a rearrangement of deleterious variants in an admixed population (Figures S2 and S3), 459	
and even subtle or no changes in fitness or the number of derived alleles per individual can lead 460	
to significant shifts in the frequency of introgressed ancestry (e.g. see Model 0, h=0, in Figure 3). 461	
These effects can be long lasting, persisting for thousands of generations in some of our 462	
simulations (Figures 2, 3, S1). If gene flow or hybridization is a significant feature of a study 463	
population, studies concerning load should consider the fitness consequences of admixture as 464	
well as population size changes. 465	

That dynamics of introgression-derived ancestry can thus be driven by deleterious 466	
variation also is particularly relevant for the study of gene flow between populations or species. 467	
Patterns of introgression between hybridizing species are often asymmetric, vary across the 468	
genome, and can be driven by demography at expansion fronts (Currat et al. 2008), dispersal 469	
processes (Amorim et al. 2017), or by natural selection. However, when natural selection is 470	
implicated as driving changes in introgression-derived ancestry, processes such as genomic 471	
incompatibility or adaptive introgression are usually invoked to explain variation in introgression 472	
across the genome. We have shown that standing deleterious variation, rather than differences in 473	
selection on alleles transplanted onto a new genomic background or new environment, has the 474	
potential to explain some of these patterns.  475	
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To the best of our knowledge, only a few studies have considered the contribution of 476	
selection on deleterious variation to observed patterns of introgression (Ingvarsson and Whitlock 477	
2000; Gravel 2016), and mostly in specific systems (Harris and Nielsen 2016; Juric et al. 2016; 478	
Wang et al. 2017; Schumer M, Xu C, Powell D, Durvasula A, Skov L, Holland C, Sankararaman 479	
S, Andolfatto P, Rosenthal G, Przeworski M, unpublished data, 480	
https://www.biorxiv.org/content/early/2017/11/01/212407, accessed Nov. 11, 2017). It is possible 481	
that deleterious variation may play a similar role in other species, in particular those that have 482	
experienced reductions in population size or range expansions associated with human 483	
demography. For example, work by Pool (2015) and Corbett-Detig and Nielsen (2017) on 484	
mapping the introgression of African ancestry into North American populations of Drosophila 485	
melanogaster show that the frequency of introgressed African ancestry is negatively correlated 486	
with the recombination rate. This is particularly notable because the opposite relationship is 487	
observed for Neanderthal ancestry in humans (Sankararaman et al. 2014) and in hybridizing 488	
populations of swordtail fish (Schumer M, Xu C, Powell D, Durvasula A, Skov L, Holland C, 489	
Sankararaman S, Andolfatto P, Rosenthal G, Przeworski M, unpublished data, 490	
https://www.biorxiv.org/content/early/2017/11/01/212407, accessed Nov. 11, 2017), where 491	
regions of the genome with high recombination rate are enriched for introgressed ancestry. Our 492	
simulations show that selection on deleterious variants can plausibly explain these opposing 493	
patterns in different species. 494	

Originating in Africa, D. melanogaster has serially colonized the world in association 495	
with humans (Stephan and Li 2006; Duchen et al. 2013), including parts of North America 496	
approximately a hundred years ago (Keller 2007). If derived populations of D. melanogaster have 497	
accumulated differences in deleterious variation due to bottlenecks or increased drift at the 498	
expansion front (Peischl and Excoffier 2015; Henn et al. 2016), selection in North American 499	
populations may favor introgressed African ancestry simply because this ancestry came from a 500	
population with a larger long-term effective size, thus carrying fewer deleterious variants. If 501	
recessive deleterious variation also creates heterosis in admixed individuals of North American 502	
populations of D. melanogaster, the effects of heterosis and population size will be synergistic, 503	
further enhancing introgression in genomic regions of low recombination.  504	

Importantly, we do not claim that selection on standing deleterious variation explains all 505	
the patterns of introgression in D. melanogaster or any other species, but rather that it is a 506	
plausible alternative explanation that is important to consider when testing hypotheses about the 507	
nature of selection on gene flow. In swordtail fish, recombination rates are positively correlated 508	
with the frequency of introgressed ancestry even when the source population has a smaller 509	
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effective population size than the recipient population (Schumer M, Xu C, Powell D, Durvasula 510	
A, Skov L, Holland C, Sankararaman S, Andolfatto P, Rosenthal G, Przeworski M, unpublished 511	
data, https://www.biorxiv.org/content/early/2017/11/01/212407, accessed Nov. 11, 2017). This 512	
pattern is not explained by models that only include deleterious variation.  513	

Because selection on additive and recessive variation can act in complementary or 514	
opposing directions, our study also highlights the fundamental importance of understanding the 515	
distribution of selection coefficients and the relationship to dominance coefficients in natural 516	
populations (the h-s relationship). In this study, we simulated additive and recessive mutations 517	
separately, using the same distribution of fitness effects, so that we could demonstrate the effect 518	
of only changing the dominance coefficient. However, strongly deleterious new mutations are 519	
more likely to be partially or fully recessive (Simmons and Crow 1977; Agrawal and Whitlock 520	
2011; Huber CD, Durvasula A, Hancock AM, Lohmueller KE, unpublished data, 521	
https://www.biorxiv.org/content/early/2017/08/31/182865, last accessed Nov. 13, 2017) and so 522	
new mutations are likely to have varying degrees of recessivity. 523	

The underlying demographic model will determine how these additive and recessive new 524	
mutations should interact after gene flow. For example, the introgression of deleterious 525	
haplotypes should be assisted by recessive deleterious mutations but impeded by additive ones, 526	
leading to uncertainty about the overall contribution of the effects of deleterious variation in 527	
certain scenarios, such as Neanderthal to human admixture (Harris and Nielsen 2016). In other 528	
scenarios, selection on additive and recessive variants should operate in the same direction. There 529	
is evidence for this type of introgression of wild teosinte into maize (Wang et al. 2017), but it is 530	
difficult to disentangle the effects of selection on additive versus recessive variation. 531	

Our simulations reveal that the recombination rate also influences the dynamics of 532	
introgressed ancestry in the presence of deleterious variation. Models of Hill-Robertson 533	
interference (Hill and Robertson 1966; Keightley and Otto 2006) predict that deleterious 534	
mutations will not be removed as effectively in regions of the genome with low recombination 535	
rates because they may be linked to the non-deleterious alleles at other sites. We observed the 536	
opposite effect in our simulated admixed populations. Specifically, in our simulations, the fitness 537	
in the admixed population increased the most for the lowest recombination rates, suggesting that 538	
deleterious mutations were most effectively eliminated when recombination rates were the 539	
lowest. To understand this effect, it is important to realize that selection for a haplotype will be 540	
most effective when all alleles on a haplotype have fitness effects in the same direction. For 541	
example, if introgression-derived ancestry carries fewer deleterious variants than the other 542	
haplotypes in the recipient population, selection will act to increase the frequency of the 543	

.CC-BY-NC-ND 4.0 International licensepeer-reviewed) is the author/funder. It is made available under a
The copyright holder for this preprint (which was not. http://dx.doi.org/10.1101/221705doi: bioRxiv preprint first posted online Nov. 17, 2017; 

http://dx.doi.org/10.1101/221705
http://creativecommons.org/licenses/by-nc-nd/4.0/


	 17	

protective alleles contained within the introgressed ancestry. This applies directly to our 544	
simulations of admixture since immediately following an admixture event, all the protective or 545	
deleterious variants are found on the same haplotype. Higher rates of recombination will result in 546	
the selected variants being shuffled onto different haplotypes, decreasing the efficacy of selection. 547	

An important objective of genomic studies of hybridization is to identify loci that are 548	
adaptively introgressed and to ascertain the overall importance of introgression to adaptive 549	
evolution (Racimo et al. 2015). Genomic regions that contain introgressed haplotypes at high 550	
frequency are considered likely candidates for adaptive introgression (Huerta-Sánchez et al. 2014; 551	
Gittelman et al. 2016; Racimo et al. 2017; Richards and Martin 2017), but we have shown that 552	
deleterious variation can generate similar patterns, even in the absence of new beneficial 553	
mutations and local adaptation. Model-based statistical approaches that compare summary 554	
statistics computed for a particular window of the genome to a simulated null distribution that 555	
only accounts for demography may thus be misled by deleterious variation. Again, it may be 556	
difficult to differentiate heterosis due to the masking of deleterious recessive alleles from 557	
heterozygote advantage at introgressed loci, despite the fact that these are two very different 558	
evolutionary processes with dramatically different biological interpretations.  559	

Our results argue that new null models are needed in studies seeking to identify 560	
candidates of adaptive introgression. These new null models should include deleterious genetic 561	
variation, as well as complex demography. In order for these models to accurately capture the 562	
dynamics of deleterious variation, they should also include realistic parameters for the DFE of 563	
deleterious mutations and the relationship between dominance coefficients and selection 564	
coefficients. Lastly, the new null models should also include realistic models of the variation in 565	
recombination rate across the genome, as recombination rate is a key determinant of the dynamics 566	
of introgression (Figure 3). Failure to consider deleterious variation in a realistic way in studies 567	
of admixing populations or hybridizing species can mislead inferences about evolutionary 568	
processes acting on the genome.  569	
 570	
Materials and Methods 571	
Simulation details 572	

All simulations were performed with SLiM 4.2.2 (Haller and Messer 2017). The 573	
sequences from simulations with randomly generated chromosome structure were approximately 574	
5 Mb in length (see below). The simulated sequences generated using features from human 575	
chromosome 1 were fixed to be exactly 100 Mb in length. Every simulation contained intergenic, 576	
intronic, and exonic regions, but only nonsynonymous new mutations experienced natural 577	
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selection. The per base pair mutation rate was constant and set to µ=1.5×10-8. Within coding 578	
sequences, we set nonsynonymous and synonymous mutations to occur at a ratio of 2.31:1 (Huber 579	
et al. 2017). The selection coefficients (s) of new nonsynonymous mutations were drawn from a 580	
gamma-distributed DFE with shape parameter 0.186 and expected selection coefficient E[s] = -581	
0.01314833 (Kim et al. 2017). We chose to simulate additive (h=0.5) and recessive (h=0) fitness 582	
separately, using the same DFE for s for each simulation, to allow the effects of dominance to be 583	
directly compared. 584	

Importantly, we chose to discard from our simulations, and therefore from calculations of 585	
fitness, mutations that were fixed in the ancestral or both subpopulations. Although fixed 586	
deleterious variants contribute to the overall genetic load of finite populations, they will have no 587	
effect on the relative differences between admixing subpopulations and no effect on the dynamics 588	
of introgression-derived ancestry. Therefore, each fitness calculation does not reflect the true 589	
fitness, but rather the fitness components that are relevant during gene flow. 590	

An admixture event in SLiM is handled by modifying the way the parents in each 591	
generation are chosen (SLiM manual 5.2.1). For example, at an admixture proportion of 5% the 592	
recipient population reproduces as follows. Five percent of the parents of the recipient population, 593	
in that generation, are chosen from the source population, and 95% of the parents are chosen from 594	
the recipient population. 595	
 596	
Simulations with randomly generated chromosomal structure 597	

Unless specified otherwise, the chromosomal structure of each simulation was randomly 598	
generated by drawing exon lengths from "#$%#&'() * = log 50 , 23 = log 2 , intron lengths 599	
from "#$%#&'() * = log 100 , 23 = log 1.5 ,	and the length of noncoding regions from 600	
8%9:(100,5000), following the specification in the SLiM 4.2.2 manual (7.3), which is modeled 601	
after the distribution of intron and exon lengths in Deutsch and Long (1999). The per-base pair 602	
recombination rate (r) was fixed in each simulation, but we varied r between different sets of 603	
simulations where r∈{10-6,10-7,10-8,10-9}. Lastly, we simulated 200 replicates for each set of 604	
simulations, of each specific h and r. 605	

 606	
Simulations with fixed, realistic chromosomal structure 607	

In simulations with fixed chromosomal structure (Figure 6), we fixed the structure to 100 608	
Mb randomly chosen from human genome build GRCh37, chromosome 1 (chr1:5,005,669-609	
105,005,669). The exon ranges were defined by the GENCODE v14 annotations (Harrow et al. 610	
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2012) and the sex-averaged recombination map by Kong et al. (2010), averaged over a 10 kb 611	
scale. 612	
 613	
Avoiding heterosis in the additive fitness model 614	

Computing fitness as additive at a locus but multiplicative across loci creates artificial 615	
heterosis in admixed individuals. This occurs because the product of a fitness decrease will 616	
reduce fitness less than the sum of a fitness decrease. As an example, assume two deleterious 617	
alleles are in a single individual, each with selection coefficient s where s<0. If they are found as 618	
a single homozygous site, the fitness decrease is usually computed as (1+2s). If they are found in 619	
two heterozygous sites, the fitness would be computed as (1+s)2. This second quantity is larger 620	
than the first by s2. Because admixed individuals are more likely to carry deleterious alleles as 621	
heterozygotes than non-admixed individuals, the fitness of the admixed individuals will always 622	
be higher than a non-admixed individual in the above computation of fitness even when the 623	
number of deleterious variants per individual is the same. 624	

Because our intent with an additive fitness model was to make the fitness effect of each 625	
variant independent of its genotypic state, we computed additive fitness as purely multiplicative 626	
across all deleterious variants, such that an individual j carrying i variants each with selection 627	
coefficient si has fitness wi: 628	

=> = 	 (1 + @A)
A

	 629	

This computation of fitness is approximately equivalent to additive fitness. Recessive fitness 630	
effects were computed in the standard manner, that is, as 1+2si when homozygous for the 631	
deleterious allele and as 1 otherwise. 632	
 633	
Data availability 634	

All scripts necessary for reproducing the simulations we have presented are available at 635	
https://github.com/LohmuellerLab/admixture_load_scripts. 636	
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Figures and Tables 644	

 645	
Figure 1. The demographic models used for the simulations. After a burn-in period of 100,000 646	
generations, a single population diverged into two subpopulations. The demography of the 647	
subpopulations was modified in ways that changed the distribution of deleterious variation. 2,000 648	
generations after the split, a single pulse of admixture occurred such that 5% of the ancestry of 649	
the recipient population came from the donor population. Arrows in each panel denote the 650	
direction of gene flow. The simulation was run for 10,000 additional generations after admixture. 651	
Population sizes were changed as shown for each model. See Table 1 for specific parameter 652	
values for each model. 653	
 654	
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 655	
Figure 2. The change in mean fitness over time due to demography. Each individual plot depicts 656	
the ratio of the relative mean fitness of the recipient population (wR) to the source population (wS) 657	
for the demographic models shown in Figure 1. The median (dotted line) and the 25th to 75th 658	
percent quantiles are shown for 200 simulation replicates. The vertical grey line depicts the time 659	
of gene flow, and the horizontal black line depicts wR/wS=1. Different colors denote distinct 660	
recombination rates used in the simulations. Left panel denotes recessive mutations (h=0) while 661	
the right panel shows additive mutations (h=0.5). 662	
 663	
 664	
 665	
 666	
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 667	
Figure 3. The frequency of introgression-derived ancestry (pI) in each model. Earlier generations 668	
are not shown since pI=0 prior to admixture. The mean (dotted line) and the 25th to 75th percent 669	
quantiles are shown for 200 simulation replicates. The vertical red line depicts the time of gene 670	
flow, and the horizontal black line depicts the initial admixture proportion of 0.05. Different 671	
colors denote distinct recombination rates used in the simulations. Left panel denotes recessive 672	
mutations (h=0) while the right panel shows additive mutations (h=0.5). 673	
 674	
 675	
 676	
 677	
 678	
 679	
 680	
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 681	
Figure 4. Population split time and population size impact the amount of introgressed ancestry 682	
when mutations are recessive. The proportion of ancestry that is introgression-derived, pI, is 683	
shown for 200 simulation replicates and two demographic models (Model 0 and Model 4, refer to 684	
Figure 1). The recombination rate in all simulations is r=10-9 per base pair. Violin plots represent 685	
the density while dot and whiskers represent the mean and one standard deviation to either side. 686	
The horizontal black line represents the initial admixture proportion of 0.05. Note that as the split 687	
time increases, pI also increases. 688	
 689	
 690	
 691	
 692	
 693	
 694	
 695	
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 696	
Figure 5. The average genomic landscape of introgression for three demographic models. The 697	
frequency of ancestry that is introgression-derived is shown for non-overlapping 100 kb windows 698	
in a simulated 100 Mb region of human chromosome 1. The model numbers refer to the models 699	
shown in Figure 1. Points represent a single value for each 100 kb window and lines are loess 700	
curves fitted to the data. The horizontal, blue dashed line represents the initial frequency of 701	
introgression-derived ancestry, pI=0.05. Vertical blue bars represent genes in which deleterious 702	
mutations can occur. Red curves denote the results for recessive mutations while orange curves 703	
show the results for additive mutations. 704	
 705	
 706	
 707	
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Table 1. Demographic parameters of the simulated models shown in Figure 1. 708	
Model Na NS NRB NR Tm TRB Tsplit 
Model 0 10,000 10,000 -- 10,000 1,000 -- 3,000 
Model 1 10,000 10,000 1,000 10,000 1,000 1,050 3,000 
Model 2 10,000 1,000 -- 10,000 1,000 -- 3,000 
Model 3 10,000 10,000 -- 1,000 1,000 -- 3,000 
Model 4 10,000 10,000 1,000 10,000 1,000 -- 3,000 

NOTE.--All population sizes are in diploids and all times in generations from the present. 709	
Parameters are defined as follows. Na: ancestral population size, NS: size of the source 710	
subpopulation, NRB: size of the bottleneck in the recipient population, NR: size of the recipient 711	
population, Tm: time of migration, TRB: time at which the bottleneck in the recipient population 712	
began, Tsplit: time at which the subpopulations diverged 713	
 714	
 715	
 716	
 717	
Table 2. The correlation of recombination rate or exon density with the long-term 718	
frequency of introgression-derived ancestry in 100 kb windows is affected by dominance 719	
and demography. 720	

h Genomic feature Mean Spearman’s B p-value a 

 
Model 0 b 

0.5 recombination rate 0.003601 0.486 
0.5 exon density 0.01190 0.0797 
0.0 recombination rate -0.009629 0.0859 
0.0 exon density 0.09109 0 

 
Model 2 b 

0.5 recombination rate 0.01186 0.0135 
0.5 exon density -0.02972 0 
0.0 recombination rate 0.0002355 0.9635 
0.0 exon density 0.06164 0 

 
Model 4 b 

0.5 recombination rate -0.06495 0 
0.5 exon density 0.1743 0 
0.0 recombination rate -0.03889 0 
0.0 exon density 0.1190 0 

aapproximate p-values indicate the significance of H1: ρ≠0 and were estimated with a single 721	
sample permutation test. One hundred simulation replicates were permuted 10,000 times. 722	
bmodel numbers reference Figure 1. 723	
 724	
 725	
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