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Figure 2: This cartoon shows the demographic history used to simulate Neanderthal and human

genomes. A single ancestral population of size 10,000 is simulated for 44,000 generations to let the

distribution of deleterious mutations reach equilibrium. At this point, a Neanderthal population

of size 1,000 splits off. After 16,000 generations of isolation, Neanderthals and humans admix,

followed by the out of Africa bottleneck and piecewise-constant exponential growth.

individuals are very time and memory intensive, we also capped the population size at N = 20, 000178

(the size that is achieved 300 generations before the present).179

In the recessive-effects case, we found that the Neanderthal admixture fraction increased over180

time at a logarithmic rate (Figure 3). To quantify this change in admixture fraction, we added181

neutral marker mutations (one every 105 base pairs) to the initial admixed population that were182

fixed in Neanderthals and absent from humans. The average allele frequency of these markers183

started out equal to the admixture fraction f , but was observed to increase over time. An initial184
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Figure 3: This plot depicts Neanderthal admixture over 2,000 generations in a simulation where

all mutations are recessive. The initial admixture fraction is only 1%, but rises to 3% genomewide

due to selection for Neanderthal haplotypes that protect against human recessive mutations. The

accompanying cartoon illustrates how neutral marker mutations (one every 105 base pairs) are

used to measure the Neanderthal admixture fraction as a function of time. The average frequency

of these markers, an estimate of the total admixture fraction, is reduced by selection on linked

deleterious mutations.

admixture fraction of 1% was found to be consistent with a present-day admixture fraction around185

3%, with most of the increase occurring over the first 500 generations. The selection favoring186

Neanderthal alleles is an example of dominance heterosis [35, 36, 37, 38], selection for foreign DNA187

that is protective against standing deleterious variation.188

Before admixture, most deleterious alleles are private to either humans or Neanderthals, leading189

introgressed Neanderthal alleles to be hidden from purifying selection when they are introduced190

at low frequency. Because Neanderthal haplotypes rarely have deleterious alleles at the same sites191

that human haplotypes do, they are protective against deleterious human variation, despite the192

fact that they have a much higher recessive burden than human haplotypes.193

It is worth noting that these simulation results assume random mating within Neanderthals194
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and archaic humans; if consanguinity were widespread in either population, this could eliminate195

much recessive deleterious variation. However, if consanguinity were common in Neanderthals and196

rare in contemporary humans, a plausible scenario given Neanderthals’ smaller population size, we197

would still expect to see some positive selection for introgressed Neanderthal DNA. The strength of198

this selection should depend mostly on standing recessive variation within the human population,199

which would not be affected by Neanderthal inbreeding.200

Several studies have pinpointed archaic genes that appear to be under positive selection in201

humans [10, 12, 14, 39, 40] because they confer resistance to pathogens or are otherwise strongly202

favored. Examples of recent adaptive introgression also abound in both animals and plants [41, 42,203

43, 44], and our results suggest that heterosis could play a role in facilitating this process. Heterosis204

should not cause foreign DNA to sweep to fixation, but it might prevent introgressed variants from205

being lost to genetic drift, thereby increasing the probability of their eventual fixation, particularly206

if the initial introgression fraction is low.207

2.3 Additive Fitness Effects Lead to Strong Selection Against Early Hybrids208

If most deleterious mutations have additive fitness effects instead of being recessive, different pre-209

dictions emerge. The reduced fitness of Neanderthals is not hidden, but imposes selection against210

hybrids in the human population. Such selection against negative deleterious mutations could211

potentially be offset by positive selection or by associative overdominance due to linked recessive212

mutations. In the absence of these effects, however, we found that an initial admixture fraction213

of 10% Neanderthals was necessary to observe a realistic value of 2.5% Neanderthal ancestry after214

2,000 generations. Most of the selection against Neanderthal ancestry occurred within the first 20215

generations after admixture, at which point the average frequency of the Neanderthal markers had216

already declined below 3% (Figure 4). During the first 20 generations the variance in admixture217
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Figure 4: This plot depicts the mean and variance of the Neanderthal ancestry fraction in an

admixed population where fitness effects are additive, starting with 10% Neanderthals in generation

1. During the first 10–20 generations after admixture, both the mean and variance in Neanderthal

ancestry decrease quickly due to selection against individuals whose Neanderthal ancestry fraction

is higher than the population average. After 20 generations, however, all individuals have nearly

the same amount of Neanderthal ancestry and selection against its deleterious component becomes

less efficient.

fraction between individuals is relatively high, permitting efficient selection against the individu-218

als who have more Neanderthal ancestry than others. However, once all individuals have nearly219

the same admixture fraction but have retained Neanderthal DNA at different genomic locations,220

Hill-Robertson interference slows down the purging of foreign deleterious alleles [45, 46, 47]. This221

suggests that introgression of Neanderthal DNA into humans would have been possible without222

positive selection, despite the high mutational load, but would require a large initial admixture223

fraction, perhaps close to 10%.224

Given the qualitative difference between additive and recessive mutation dynamics, we also225

simulated introgression of partially recessive mutations to see whether they would behave more like226

additive or fully recessive mutations. In a scenario where all mutations had dominance coefficient227
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Figure 5: This plot shows how Neanderthal ancestry varies with time in a population where all

mutations are partially recessive with dominance coefficient h = 0.1. Interestingly, selection against

partially recessive foreign alleles was not monotonic; the Neanderthal admixture fraction actually

increased due to heterosis for a few tens of generations after undershooting its asymptotic value.

h = 0.1 and where the initial admixed population contained 10% Neanderthals, we found that228

partially recessive mutations behaved more like additive mutations than like completely recessive229

mutations, causing selection against Neanderthal DNA and reduction of the admixture fraction to230

about 5.5% (Figure 5). This suggests that a significant decline in Neanderthal ancestry with time231

should be expected under any model where fitness effects are multiplicative across loci and few232

mutations are completely recessive.233

2.4 Persistence of Deleterious Neanderthal Alleles in Modern Humans234

Figures 1 and 4 illustrate two predictions about Neanderthal introgression: first, that it probably235

introduced many weakly deleterious alleles, and second, that a large fraction of deleterious alleles236

with additive effects were probably eliminated within a few generations. However, it is not clear237

from these figures how many deleterious Neanderthal alleles are expected to persist in the present238

day human gene pool. To address this question, we simulated a control human population experi-239
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encing additive mutations that has undergone the out of Africa bottleneck without also experiencing240

Neanderthal introgression.241

At a series of time points between 0 and 2000 generations post-admixture, we recorded each242

individual’s total load of weakly deleterious mutations (s < 0.0005) as well as the total load of243

strongly deleterious mutations (s > 0.0005). The three quartiles of the fitness reduction due to244

weakly deleterious mutations are plotted in Figure 6A, while the three quartiles of the strongly245

deleterious fitness reduction are plotted in Figure 6B. Neither the out of Africa bottleneck nor246

Neanderthal admixture has much effect on the strong load. However, both the bottleneck and247

admixture exert separate effects on the weak load, each decreasing fitness on the order of 1%.248

The excess weak load attributable to Neanderthal admixture is much smaller than the variance249

of strong mutation load that we observe within populations, which is probably why the excess250

Neanderthal load decreases in magnitude so slowly over time. However, the two load components251

have very different genetic architectures–the strong load consists of rare variants with large fitness252

effects, whereas the weak load is enriched for common variants with weak effects. Although sur-253

viving Neanderthal alleles are unlikely to affect the risks of Mendelian diseases with severe effects,254

they may have disproportionately large effects on polygenic traits that influence fitness.255

2.5 Depletion of Neanderthal Ancestry near Genes can be Explained without256

Reproductive Incompatibilities257

Looking at empirical patterns of human-Neanderthal haplotype sharing, Sankararaman, et al. found258

that Neanderthal ancestry appears to be depleted from conserved regions of the genome [10]. In259

particular, they found that the Neanderthal ancestry fraction appears to be negatively correlated260

with the B statistic, a measure of the strength of background selection as a function of genomic261

position [48]. In the quintile of the genome that experiences the strongest background selection,262
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A B

Figure 6: These plots show the mutation load in three simulated human populations, one with

constant population size, one that experiences only the out of Africa bottleneck and a third that

experiences the bottleneck along with Neanderthal admixture (see Figure 2), assuming additive

fitness effects. We partition each individual’s mutation load into two components: the weak load

due to mutations with selection coefficient less than 0.0005, and the strong load due to mutations

with selection coefficient greater than 0.0005 (note the difference in scale between the two y axes).

At time t, each individual’s weak-load fitness and strong-load fitness are normalized relative to

the median individual in the constant-size population. The solid lines show the median in each

respective population, while the shaded area encompasses the 25th through 75th percentiles. Panel

A shows that the admixed population suffers the greatest fitness reduction due to weak mutations,

even 2,000 generations after admixture. Panel B shows that neither the bottleneck nor admixture

affects the strong load.
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they observed a median Neanderthal ancestry fraction around 0.5%, while in the quintile that263

experiences the weakest background selection, they calculated a median admixture fraction around264

2%. This has been interpreted as evidence for epistatic reproductive incompatibilities between265

humans and Neanderthals [10, 58].266

In light of the strong selection against Neanderthal DNA we have predicted on the basis of267

demography, we posit that reproductive incompatibilities are not required to explain much of the268

Neanderthal ancestry depletion observed near conserved regions of the genome. Conserved regions269

are regions where mutations have a high probability of being deleterious and thus being eliminated270

by natural selection; these are the regions where excess weakly deleterious mutations are most271

likely to accumulate in Neanderthals. This suggests that selection will act to reduce Neanderthal272

ancestry in conserved regions even if each allele has the same fitness in both populations.273

To model the impact of background selection on patterns of Neanderthal introgression, we ex-274

plored how the Neanderthal ancestry fraction is expected to decrease over time in the neighborhood275

of a site where Neanderthals are fixed for a weakly deleterious allele. Using theory and simulations,276

we show that purifying selection is expected to reduce the frequency of both the deleterious variant277

and of linked Neanderthal DNA spanning approximately one megabase.278

Assuming that Neanderthals are fixed for a deleterious variant that is absent from the human279

gene pool before introgression, it is straightforward to calculate the expected admixture fraction280

at a linked neutral locus as a function of time. Given a neutral allele a located L base pairs away281

from a deleterious allele of selection coefficient s, the frequency fa of allele a is expected to decrease282

every generation until the deleterious allele recombines onto a neutral genetic background. Letting283

r denote the recombination rate per site per generation and fa(T ) denote the frequency of allele a284

at time T , then285
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fa(T ) = fa(0) ·
(

exp(−rLT ) · exp(−sT ) +

∫ T

t=0
rL exp(−rLt) · exp(−st)dt

)
(1)

= fa(0) · rL + s exp(−T (rL + s))

rL + s
. (2)

The first term inside the parenthesis of equation (1) is the probability that the two-locus Ne-286

anderthal haplotype will remain intact for T generations, multiplied by the expected reduction287

in frequency of the deleterious allele. The integrand of the second term is the probability that288

this haplotype will instead be broken up by a recombination occurring t < T generations post-289

admixture, multiplied by the expected reduction in allele frequency during those t generations of290

linkage. The sum of the constant term and the integral is the expected reduction in frequency of291

the neutral allele a, marginalized over all possible lengths of time that it might remain linked to292

the deleterious allele.293

If the deleterious allele is not fixed in Neanderthals before introgression, but instead has Nean-294

derthal frequency fN and human frequency fH , the expected admixture fraction after T generations295

is instead296

fa(T ) = fa(0) ·
(

1 − fN + fH + (fN − fH) · rL + s exp(−T (rL + s))

rL + s

)
.

This can be viewed as a case of associative overdominance as described by Ohta, where linked297

deleterious alleles reduce the expected frequency of a neutral allele down to a threshold frequency298

that is determined by the recombination distance between the two loci [49].299

Figure 7 shows the expected Neanderthal admixture fraction in the neighborhood of a site where300

Neanderthals are fixed for a deleterious variant of selection coefficient s = 5 × 10−4. This selection301

coefficient lies in the middle of the range that is expected to be differentially retained in humans302

and Neanderthals (see Figure 1). The initial Neanderthal admixture fraction is set at 2%, but after303
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2,000 generations, the deleterious variant is segregating at only 0.7% frequency on average. Even at304

a distance of 60 kb from the site under selection, the Neanderthal admixture fraction has declined305

two-fold from its initial value.306

We estimated earlier that Neanderthals were approximately 60% as fit as humans, assuming307

that deleterious mutations have additive fitness effects (see Figure 1A). If this load were composed308

entirely of variants with selection coefficient s = 5 × 10−4, this would imply that the typical309

diploid Neanderthal genome contained − log(0.6)/(5 × 10−4) ≈ 1, 022 more deleterious variants310

than the typical diploid human. Distributed across a genome of length 6 × 109 base pairs, this311

amounts to one deleterious allele every 5.5 × 106 nucleotides. If each deleterious variant causes312

significant depletion of Neanderthal DNA from a 1-megabase region, this depletion should affect313

20% of the genome in a highly noticeable way. Our calculation obviously oversimplifies human314

genetic architecture, as we do not expect deleterious variants to be evenly spaced or have identical315

selection coefficients. However, it suggests the archaic mutation load may have been substantial316

enough to cause background selection against linked neutral DNA across a large proportion of the317

genome.318

3 Discussion319

Our simulations show that an increased additive mutational load due to low population size is320

sufficient to explain the paucity of Neanderthal admixture observed around protein coding genes321

in modern humans. However, our results do not preclude the existence of Dobzhansky-Muller322

incompatibilities between Neanderthals and humans. Other lines of evidence hinting at such in-323

compatibilities lie beyond the scope of this study. One such line of evidence is the existence of324

Neanderthal ancestry “deserts” where the admixture fraction appears near zero over stretches of325

several megabases. Another is the depletion of Neanderthal ancestry near testis-expressed genes326
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Figure 7: Each colored curve plots the average fraction of Neanderthal ancestry after T generations

of admixture (T = 20, 800, or 2,000) as a function of distance from an introgressed deleterious

mutation, assuming an additive model of dominance effects. Solid lines show simulation results

averaged over 300 SLiM replicates. For each time point, a dotted line of the same color as the

simulation line shows the Neanderthal ancestry fraction profile that is predicted by Equation (2).
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[10] and recent chromosomal rearrangements [50]. However, these patterns could be explained by a327

relatively small number of negative epistatic interactions between human and Neanderthal alleles,328

as only 10–20 deserts of Neanderthal ancestry have been identified.329

Depletion of Neanderthal DNA from the X chromosome has also been cited as evidence for330

reproductive incompatibilities, perhaps in the form of male sterility [10]. However, we note that the331

X chromosome may have experienced more selection due to its hemizygous inheritance in males that332

exposes recessive deleterious mutations [51, 52]. We have shown that selection against the first few333

generations of hybrids is determined by the load of additive (or hemizygous) mutations, and that the334

strength of this initial selection determines how much Neanderthal DNA remains long-term. This335

implies that the admixture fraction on the X chromosome should be lower than on the autosomes if336

some deleterious mutations are recessive, even in the absence of recessive incompatibility loci that337

are thought to accumulate on the X according to Haldane’s rule [53, 54, 55]. Frequent selective338

sweeps also appear to have affected the ampliconic regions of the X chromsome [56], and it is not339

clear what effect these sweeps may have had on the presence and detection of archaic gene flow.340

A model assuming that the general pattern of selection is caused by epistatic effects would341

involve hundreds or thousands of subtle incompatibilities in order to explain the genome-wide342

negative correlation of Neanderthal ancestry with background selection. Given the relatively recent343

divergence between humans and Neanderthals and the abundant evidence for their admixture, it344

seems unlikely that this divergence could have been given rise to hundreds of incompatible variants345

distributed throughout the genome. In contrast, our results show that it is highly plausible for the346

buildup of weakly deleterious alleles to reduce the fitness of hybrid offspring, causing background347

selection to negatively correlate with admixture fraction.348

Neanderthals were not the only inbred archaic population to interbreed with anatomically mod-349

ern humans. Their sister species, the Denisovans, appears to have contributed DNA to several350
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populations outside Africa, most notably in Oceania and Asia [57, 58, 59]. Since genetic diversity351

appears to have been comparably low in Denisovans and Neanderthals, owing to a bottleneck of352

similar duration and intensity [57, 2], our inferences about the action of selection on Neanderthal353

DNA should apply to Denisovan DNA with equal validity. Like Neanderthal introgression, Deniso-354

van DNA appears to be depleted near genes and also depleted from the X chromosome relative to355

the autosomes [58].356

The distribution of dominance effects in humans is not well characterized. But it is likely that357

introgressed Neanderthal DNA has been subject to a selective tug-of-war, with selection favoring358

Neanderthal DNA in regions where humans carry recessive deleterious mutations and selection359

disfavoring Neanderthal alleles that have additive or dominant effects. In a sense, this is the360

opposite of the tug-of-war that may occur when a beneficial allele is linked to recessive deleterious361

alleles that impede the haplotype from sweeping to high frequencies [60, 61].362

If most mutations have fitness effects that are additive and multiplicative across loci, initial363

admixture would have to have been as high as 10% to explain the amount of admixture observed364

today. In contrast, if most mutations are recessive, an initial admixture fraction closer to 1%365

appears most plausible. Large changes in admixture fraction are predicted as a consequence of366

strong deleterious effects that result from long-range linkage among hundreds of weakly deleterious367

alleles. Kim and Lohmueller previously simulated introgression scenarios that included a wider368

range of selection and dominance coefficients, but as their simulations did not include linkage, they369

found that more strongly deleterious alleles were required to change admixture proportions over370

time [62]. Likewise, Juric, et al. modeled linkage among Neanderthal alleles at a megabase scale371

but not a genome-wide scale and observed not much change in admixture fraction over time [63].372

They did, however, infer depletion of Neanderthal DNA near genes, concluding independently of373

our work that this observation could be a consequence of the Neanderthal population bottleneck.374
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We did not model selection for new beneficial mutations here, and it is possible that such375

selection might also have helped facilitate introgression, particularly in the first generations where376

selection against hybrids would otherwise have been strong. As more paleolithic human DNA is377

sequenced, it may become possible to measure how admixture has changed over time and extract378

information from this time series about the distribution of dominance coefficients. This information379

could also help resolve confusion about the fitness effects of the out of Africa bottleneck, which is380

predicted to have differently affected the burdens of additive versus recessive variants [17, 33].381

We do not claim to have precisely estimated the deleterious Neanderthal load that remains in382

non-Africans today, as this would require better estimates of the DFE across different genes and383

more exploration of the effects of assumptions regarding recent demographic history. However, our384

results suggest that Neanderthal admixture should be incorporated into models exploring muta-385

tional load in humans to more accurately predict the mutation load difference between Africans and386

non-Africans. Association methods have already revealed correlations between Neanderthal alleles387

and several human diseases [10]. Our results on mutations with additive dominance effects suggest388

that introgression reduced non-African fitness about as much as the out-of-Africa bottleneck did.389

Introgression of recessive mutations is predicted to affect fitness in a more complex way. Some390

adaptive benefits will result from Neanderthal and human haplotypes masking one another’s dele-391

terious alleles, but Hill-Robertson interference may also hurt fitness as overdominant selection at392

recessive sites drags linked dominant Neanderthal alleles to higher frequency. In addition, Nean-393

derthal haplotypes are predicted to have worse recessive burdens than human ones if they become394

homozygous due to selection or inbreeding.395

Our results have implications for conservation biology as well as for human evolution, as they396

apply to any case of secondary contact between species with different effective population sizes.397

When an outbred population experiences gene flow from a more inbred population, we predict398
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an increase in genetic entropy where deleterious alleles spill rapidly into the outbred population399

and then take a long time to be purged away by selection. This process could magnify the effects400

of outbreeding depression caused by genetic incompatibilities [64, 65, 66] and acts inversely to the401

genetic rescue process, in which individuals from an outbred population are artificially transplanted402

into a threatened population that has been suffering from inbreeding depression [67, 68, 69]. These403

results suggest that care should be taken to prevent two-way gene flow when genetic rescue is being404

attempted to prevent lasting damage to the fitness of the outbred population.405
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K, de Filippo, C, Sudmant, P, Alkan, C, Fu, Q, Do, R, Rohland, N, Tandon, A, Siebauer, M,556

Green, R, Bryc, K, Briggs, A, Stenzel, U, Dabney, J, Shendure, J, Kitzman, J, Hammer, M,557

Shunkov, M, Derevianko, A, Patterson, N, Andrés, A, Eichler, E, Slatkin, M, Reich, D, Kelso,558
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