
VolcanoFinder: Supporting information 1129

Text S1.1 Here, we compare different approximations for the effects of selection on 1130

the genealogical distribution at a linked neutral site. As in the main text, s is the 1131

(heterozygous) strength of selection acting on the beneficial B allele, R = rd is the rate 1132

of recombination between the two sites, and we sample n = 2 individuals from a diploid 1133

population of size N . 1134

Star-like approximation 1135

In the main text, the star-like approximation assumes that the stochastic trajectory 1136

of the B allele is well approximated by the expected change in allele frequency, i.e. 1137

logistic growth, from an initial frequency of 1/(2N). At a single time point, this average 1138

is taken over all possible changes in allele frequency, including a decrease which causes 1139

loss of the B allele. In that way, at low frequency, the expected growth is very slow. 1140

However, when the allele frequency is very small, its fate – loss or fixation – is largely 1141

stochastic. By conditioning on fixation of the B allele, we tend to observe cases where, 1142

by chance, the B allele increases in frequency faster than expected. This early stochastic 1143

increase can be accounted for by setting the initial frequency to 1/(2N2s) [46]. The 1144

expected time to fixation is 2 ln(2N2s)/s, and the probability of escape becomes 1145

Pe = 1− e−
R ln(2N2s)

s . (17)

This amounts to re-scaling αd→ R ln(2N2s)
s in the main text. The same result for Pe 1146

was also derived by [135,136] using a diffusion-approximation approach. The effect of 1147

rescaling αd is that the predicted breadth of the sweep increases to fit simulation results 1148

more closely. However, this does not account for the fact that PBb is overestimated 1149

while PB is underestimated by the star-like approximation (Fig. S1.1). 1150

Dealing with variance in coalescence time 1151

The fault of the star-like approximation falls in assuming all coalescence occurs at 1152

the very beginning of the sweep. In reality, there is variance in the true time to 1153

coalescence for the sampled lineages, and late recombination events permit coalescence 1154

even to the b background. While this variance in coalescence time can be addressed 1155

using a diffusion approach [30], this approximation is valid only for small values of R/s. 1156

For accurate predictions over the full breadth of the volcano sweep (see Fig. S1.1), we 1157

use the approximation in [51], re-derived for the Wright-Fisher (WF) model: 1158

Pe = 1− s

R(1− 2s) + s

M∏
j=2

(
1− R

js

)

PB =
s

R(1− 2s) + s

M∏
j=2

(
1− 2R

(j + 1)s

)

Pb =
R(1− 2s)

R(1− 2s) + s

M∏
j=2

(
1− 2R

(j + 1)s

)
+

M∑
i=2

2R

i(i+ 1)s

M∏
j=i+1

(
1− 2R

(j + 1)s

)
PBb = 2 ((1− Pe)− PB)

Pbb = 1− PB − Pb − PBb

(18)

Here, the establishment of the beneficial allele is modeled as a continuous-time 1159

branching process, where the intrinsic birth and death rates are taken as 1/2 (rather 1160

than 1 ) to account for drift in the WF (rather than Moran) model [137]. This leads to 1161

our term of R(1− 2s) rather than R(1− s) in [51]. The subsequent growth of the 1162

beneficial allele, conditioned on fixation, is modeled as a pure-birth branching process, 1163
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or Yule process, which is marked by recombination events to account for the effects of 1164

selection on the genealogy at linked neutral sites. If the number of lineages sampled 1165

after the sweep is small, their ancestry is well-approximated by the growth of the 1166

marked Yule process from the single initial B lineage to M = 2Ns (Moran) or 1167

M = 2N2s (WF) lineages. Aside from this factor-of-two difference in M , however, the 1168

rates of events in the conditioned process are the same in the Moran and WF models. 1169

In Fig. S1.1, we see that the star-like approximation for (1− Pe), eq. (17), slightly 1170

overestimates this but otherwise performs almost as accurately as eq. (18). For 1171

comparison, we follow [51] in approximating 1172

(1− Pe) ≈ e−
R
s (ln(2N2s)+γ−2s) (19)

where γ ≈ 0.58 is Euler’s gamma. Note that if we ignore γ and s terms, we recover the 1173

star-like approximation by [46]. This may be interpreted as a better approximation for 1174

the time to fixation of the beneficial allele. Indeed 2R
s (ln(2N2s) + γ − 2s) closely 1175

resembles the approximations in [31] and [137] for the expected time to fixation. 1176

On the other hand, we see in supp. Fig. S1.1 that PB is underestimated by the 1177

star-like approximation, and as a consequence, PBb = 2((1− Pe)− PB) is overestimated. 1178

In contrast, eq. (18) estimates PB very well. We may similarly approximate PB , and by 1179

rearrangement and substitution using 1− Pe in eq. (19), we find 1180

PB ≈ (1− Pe)2e
2R
s (1+s). (20)

The (1− Pe)2 term corresponds to that of the star-like approximation using 1181

αd = 2R
s (ln(2N2s) + γ − 2s) as the sweep strength parameter. Importantly, eq. (20) 1182

shows us that PB cannot be accurately approximated using the single sweep parameter 1183

α. Rather, PB is e
2R
s (1+s) times higher than expected under the star-like approximation. 1184

Let (1− Pe)2 account for coalescence which occurs at the origin of the sweep and 1185

denote P ∗ = (1−Pe)
2

PB
= e−2R

1+s
s the proportion of the {B,B} → {B} events which are 1186

approximately star-like. Very near the selected site, few if any lineages escape the sweep 1187

and most coalescent events will occur very near the origin of the B allele, i.e., as R→ 0, 1188

P ∗ → 1 and PB → (1− Pe)2. As R increases, one or both lineages are likely to escape 1189

the sweep. Conditioned on sampling lineages with a {B,B} → {B} genealogy, 1190

coalescence during the sweep occurs only among the subset of non-recombinant B type 1191

lineages. P ∗ decreases to 0 as R grows, and therefore if coalescence occurs, it does so 1192

earlier in the sweep than expected under the star-like approximation. However, note 1193

that the relative error of the star-like approximation increases with 2R(1 + s)/s, but PB 1194

decreases more quickly, approximately with 2R ln(2N2s)/s. That is, at distances where 1195

the error becomes large, PB is already very small. 1196
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Fig. S1.1 The effect of selection on linked neutral genealogies. The 1197

probability for a lineage not to escape (1− Pe) and the genealogical distribution for a 1198

sample of n = 2 as a function of the recombination rate R. The solid lines are the 1199

approximation of eq. (18). The dashed lines use the star-like approximation with Pe as 1200

in 17. The dots represent the average from 1 000 independent simulation runs. 1201

A. N = 5 000. B. N = 1 000. In both panels s = 0.1. 1202

A

B 1203
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Text S1.2 Model 2: accounting for coalescence time within the recipient 1204

species. 1205

1206

In a second model we still assume complete lineage sorting, i.e all the lineages 1207

escaping the introgression sweep coalesce in a single lineage in a recipient species before 1208

this lineage coalesce with the single lineage that traced back into the donor species (see 1209

Fig. 1), but we no-longer ignore the coalescence time within the recipient species. The 1210

D/2 factor in the last term in eq. (9) no longer holds and thus needs to be replaced by 1211

the probability σi(i) that a mutation occurred in the ancestral lineage of the i lines that 1212

escaped the introgression sweep between the common ancestor and the coalescence 1213

event with the lineage that traced back into the donor species. Inspired by eq. (12) we 1214

can express the divergences between the recipient and the donor species and between 1215

the recipient species and its MRCA with the outgroup species considering the SFS in 1216

the subsample of i lineages that escaped the introgression sweep. In the case when fixed 1217

differences are polarized we have, 1218

D

2
= σi(i) +

i−1∑
j=1

j

i
Sj(i),

and 1219

Do = Si(i) +

i−1∑
j=1

j

i
Sj(i).

From these expressions we can isolate σi(i) = D/2−Do + Si(i) and finally get the 1220

probabilities in the altered SFS after the introgression sweep for the polymorphic states 1221

(1 6 i 6 n− 1), 1222

S′i(n|α, d,D) =

(
n∑

k=i+1

Pe(k|α, d)Si(k)

)
+Pe(n−i|α, d)D2 +Pe(i|α, d)

(
D
2 −Do + Si(i)

)
.

(21)
Eq. (21) is only valid if D/2−Do + Si(i) > 0 for all i ∈ {1, . . . , n}. A necessary and 1223

sufficient condition is D
2 > Do − Sn(n). Using eq. (12) leads to D

2 > n−1
n θ̂L, where 1224

θ̂L = 1
n−1

∑n−1
i=1 iSi(n) is an unbiased estimator of θ defined in [52, eq.(8)] and 1225

computed from the whole genomic background. 1226

Similarly, the Do factor in the last term of eq. (11) can easily be replaced by the 1227

probability Sn(n) that a mutation occurs on the ancestral lineage of n lineages that 1228

have escaped the introgression sweep before coalescence occurs with the outgroup: 1229

S′n(n|α, d,D) =

((
Do − D

2

) n−1∑
k=1

Pe(k|α, d)

)
+DoPe(0|α, d) + Sn(n)Pe(n|α, d). (22)

If fixed differences are not polarized, then eqs. (21) and (22) still hold when substituting 1230

the divergence between the recipient species and its MRCA with the ougroup species Do 1231

with the full divergence between the recipient and the outgroup species D′o. Once again 1232

the probabilities in eqs. (21) and (22) are linearly dependent of the mutation parameter 1233

θ = 4Nµ, and this dependency disappears in conditional probabilities obtained from 1234

eqs. (10) and (13). 1235
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Text S1.3 Comparison of Models 1 and 2 1236

1237

In Fig. 4 of the main text, we saw that Models 1 and 2 yield similar predictions for 1238

the SFS after the selective sweep when D � θ. That is, when the divergence is 1239

sufficiently large so that ancestral variation is no longer segregating in the populations, 1240

Tcoal,2 � Td, the pairwise diversity D well-approximates the contribution of fixed 1241

derived mutations from the recipient population. Here, we look at the difference 1242

between the two models in approximating the expected heterozygosity after the sweep. 1243

For a sample of n = 2 two lineages taken directly after the sweep, the expected 1244

heterozygosity may be approximated as in eq. (3) of the main text. In Fig. S1.2, we show 1245

the star-like approximation in grey, the more-accurate approximation of [51] in black, 1246

and simulation results as black dots. For a sample of n > 2, we use the un-normalized 1247

S′i(n) from either Model 1 (eq. 9) or 2 (eq. 21) to determine the effects of the sweep. By 1248

substituting the S′i(n) into eq. 6, the expected heterozygosity is given by S′1(2). We 1249

show the predictions of Model 1 (red, dashed) and Model 2 (blue, dashed) in Fig. S1.2. 1250

We see that Model 2 exactly matches the predictions of the star-like approximation and 1251

that Model 1 is even more biased to over-estimates the increase in genetic diversity. 1252

Text S1.4 The performance of VolcanoFinder and SweepFinder 1253

1254

Here we take a closer look at the ability of both SweepFinder and VolcanoFinder 1255

to detect an adaptive introgression sweep. 200 successful introgression sweeps centered 1256

in a 500 kb locus were simulated under strong selection, 2Ns = 1 000 (N = 5 000, 1257

s = 0.1), a scaled mutation parameter θ = 0.002 (mutation rate µ = 10−7), and 1258

significant divergence of the donor population D = 0.026 = 13θ. The per-site 1259

recombination rate r = 5× 10−7, thus the sweep parameter 1260

α = r ln(2N)/s = 4.6× 10−5. The data consists of n = 10 lineages sampled from the 1261

recipient species. It is polarized to an outgroup with pairwise divergence Do = 0.05 and 1262

includes fixed differences. As shown in the power analysis of the main text, both sweep 1263

scan methods have high power to detect introgression sweeps with these parameters. 1264

Single iterations of the adaptive introgression process may produce the expected 1265

volcano pattern, but when early recombination events occur, the signal is concatenated. 1266

In order to compare data to theory, the 200 iterations were combined into a single 1267

data-rich locus, preserving the unique identifier and correct positions of the mutations 1268

within the simulated genomic region The result is an “average” data set representative 1269

of the expected volcano sweep pattern which we scan for selection using SweepFinder 1270

and VolcanoFinder. Note that here, the LR values are inflated because they are 1271

calculated from the combination of 200 iterations of data. The LR values of a single 1272

iteration are much smaller. 1273

VolcanoFinder scans were run over a range of potential divergence values 1274

D = 0.010, 0.015, 0.020, 0.026, 0.030, 0.035, 0.040, and 0.045 (i.e. 1275

D/θ = 5, 7.5, 10, 13, 15, 17.5, 20, 22.5) including the true value used in simulations 1276

Dsim = 0.026. While the true value D = Dsim results in a very high LR value of 1277

507297, VolcanoFinder finds that an introgression sweep with D = 0.020 fits the 1278

average data slightly better, with LR value 598280. As shown in the previous section, 1279

model 1 consistently over-estimates the contribution of divergence before the sweep to 1280

diversity after the sweep. In combination, the star-like approximation for the effect of 1281

selection on linked neutral loci systematically over-estimates the height of the diversity 1282

peaks. Together, this indicates that a lower D value yields a better-fitting model. 1283

Indeed, supp. Fig. S1.3 shows that at the distance αd = 1/2 where the volcano peak is 1284

close to the maximum height, the model predictions fit the data better using D = 0.02. 1285

However, for both D values, VolcanoFinder finds an optimum sweep parameter 1286
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α̂ ≈ 3.4× 10−5, close to the true value of 4.6× 10−5, ( α̂α ≈ 0.74). 1287

SweepFinder is also able to detect the introgression sweep but is less sensitive to the 1288

signal, producing a LR value of 2672, nearly 200 times smaller than that reported by 1289

VolcanoFinder. While VolcanoFinder uses information from the full breadth of the 1290

introgression sweep, the SweepFinder model cannot account for the influx of foreign 1291

variation and is sensitive only to the features of the narrow diversity valley near the 1292

introgression sweep center. 1293

In Fig. S1.4, we compare the optimum model that SweepFinder fits to the average 1294

data set to that of VolcanoFinder with D = 0.026, discussed above and shown in 1295

Fig. S1.3 (right column). In the top panel, we see that SweepFinder detects only a very 1296

small sweep valley that approximately matches the valley of the volcano sweep. In 1297

contrast to VolcanoFinder, the optimum sweep strength found by this method is an 1298

order of magnitude smaller than the true value used in simulations ( α̂α ≈ 6.4). 1299

As expected, the weak sweep parameter chosen by SweepFinder as the optimum 1300

allows it to approximately fit the SFS very near the sweep center (top two panels, 1301

classic sweep model α̂d = 0.01 or 0.1). At greater distances, SweepFinder cannot 1302

predict the effect of introgression on the SFS and matches the data poorly. Due to the 1303

weak sweep strength, the corresponding regions in the simulated data are in-reality an 1304

order of magnitude closer to the sweep center when distance is scaled by the true 1305

strength of the selective sweep. This has conflicting effects on the power of 1306

SweepFinder to detect adaptive introgression sweeps. 1307

At distances αd > 10 from the sweep center, a selective sweep has little effect on 1308

neutral genealogies, and this provides a limit to how much of the data is informative for 1309

selective sweep scans. With a much weaker selection strength parameter, SweepFinder 1310

assesses only a fraction of the information that is accessible to the VolcanoFinder 1311

method, explaining in-part the much-lower LR value. 1312

However, by finding a weak optimum strength parameter, SweepFinder avoids 1313

looking at regions of the introgression sweep in which it performs poorly relative to the 1314

background SFS used as a null hypothesis. In the main text, we saw that at distances 1315

greater than or equal to αd = 1, the classic sweep model predicts a near-return to the 1316

background SFS. At greater distances, sites are no longer informative due to the 1317

similarity in the null and alternative hypotheses of the likelihood ratio statistic. 1318
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Fig. S1.2 Pairwise diversity after the selective sweep. Predictions from a 1319

sample of two lineages are in gray. Model 1 predictions are in red. Model 2 predictions 1320

are in blue. Our original model predictions are in black. Average of simulated data 1321

points ±3 standard error are shown in black. In the upper data set D = 0.026, and in 1322

the lower data set D = 0.014. In both, the remaining parameters are θ = 0.002, 1323

N = 5 000, s = 0.1, and n = 50. 1324
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Fig. S1.3 VolcanoFinder optimum model: choice of D Results from the 1326

VolcanoFinder scan of the average data set described in the supp. Text S1.4. The left 1327

column shows the optimum sweep model (inferred strength parameter α̂ = 3.4× 10−5) 1328

given the true D = Dsim = 0.026 used in the simulation. The right column shows the 1329

best-fitting model found by the method with inferred parameters D̂ = 0.02 and 1330

α̂ = 3.4× 10−5. The top panels show the average heterozygosity along the sweep region 1331

with distance scaled by the true sweep strength αd (gray) as well as the expected 1332

diversity predicted under the given model (blue dashed). The remaining rows show the 1333

theoretical SFS of the the optimum model (light gray) at increasing distances 1334

α̂d = 0.01, 0.1, 0.5, 1, 2, 3, 8 from the sweep center and compares this to the observed 1335

SFS in a 100-bp window centered at that position averaged over 50 simulations (dark 1336

gray). The label on each panel lists the chosen value of scaled distance α̂d from the 1337

optimum model as well as the corresponding true value of αd determined by the 1338

simulation parameters. 1339

−10 −5 0 5 10

0.
00

0
0.

00
4

0.
00

8
0.

01
2

alpha*d

di
ve

rs
ity

1 2 3 4 5 6 7 8 9 10

data
theory

SFS:  SF alpha*d= 0.01 , True alpha*d= 0.013545

fr
eq

ue
nc

y

0.
00

0
0.

01
0

0.
02

0
0.

03
0

1 2 3 4 5 6 7 8 9 10

data
theory

SFS:  SF alpha*d= 0.1 , True alpha*d= 0.13545

fr
eq

ue
nc

y

0.
00

0
0.

01
0

0.
02

0
0.

03
0

1 2 3 4 5 6 7 8 9 10

data
theory

SFS:  SF alpha*d= 0.5 , True alpha*d= 0.67723

fr
eq

ue
nc

y

0.
00

0
0.

01
0

0.
02

0
0.

03
0

1 2 3 4 5 6 7 8 9 10

data
theory

SFS:  SF alpha*d= 1 , True alpha*d= 1.3545

fr
eq

ue
nc

y

0.
00

0
0.

01
0

0.
02

0
0.

03
0

1 2 3 4 5 6 7 8 9 10

data
theory

SFS:  SF alpha*d= 2 , True alpha*d= 2.7089

fr
eq

ue
nc

y

0.
00

0
0.

01
0

0.
02

0
0.

03
0

1 2 3 4 5 6 7 8 9 10

data
theory

SFS:  SF alpha*d= 3 , True alpha*d= 4.0634

fr
eq

ue
nc

y

0.
00

0
0.

01
0

0.
02

0
0.

03
0

1 2 3 4 5 6 7 8 9 10

data
theory

SFS:  SF alpha*d= 5 , True alpha*d= 6.7723

fr
eq

ue
nc

y

0.
00

0
0.

01
0

0.
02

0
0.

03
0

1 2 3 4 5 6 7 8 9 10

data
theory

SFS:  SF alpha*d= 8 , True alpha*d= 10.836

fr
eq

ue
nc

y

0.
00

0
0.

01
0

0.
02

0
0.

03
0

−10 −5 0 5 10

0.
00

0
0.

00
4

0.
00

8
0.

01
2

alpha*d

di
ve

rs
ity

1 2 3 4 5 6 7 8 9 10

data
theory

SFS:  SF alpha*d= 0.01 , True alpha*d= 0.013545

fr
eq

ue
nc

y

0.
00

0
0.

00
5

0.
01

0
0.

01
5

0.
02

0
0.

02
5

1 2 3 4 5 6 7 8 9 10

data
theory

SFS:  SF alpha*d= 0.1 , True alpha*d= 0.13545

fr
eq

ue
nc

y

0.
00

0
0.

00
5

0.
01

0
0.

01
5

0.
02

0
0.

02
5

1 2 3 4 5 6 7 8 9 10

data
theory

SFS:  SF alpha*d= 0.5 , True alpha*d= 0.67723

fr
eq

ue
nc

y

0.
00

0
0.

00
5

0.
01

0
0.

01
5

0.
02

0
0.

02
5

1 2 3 4 5 6 7 8 9 10

data
theory

SFS:  SF alpha*d= 1 , True alpha*d= 1.3545

fr
eq

ue
nc

y

0.
00

0
0.

00
5

0.
01

0
0.

01
5

0.
02

0
0.

02
5

1 2 3 4 5 6 7 8 9 10

data
theory

SFS:  SF alpha*d= 2 , True alpha*d= 2.7089

fr
eq

ue
nc

y

0.
00

0
0.

00
5

0.
01

0
0.

01
5

0.
02

0
0.

02
5

1 2 3 4 5 6 7 8 9 10

data
theory

SFS:  SF alpha*d= 3 , True alpha*d= 4.0634

fr
eq

ue
nc

y

0.
00

0
0.

00
5

0.
01

0
0.

01
5

0.
02

0
0.

02
5

1 2 3 4 5 6 7 8 9 10

data
theory

SFS:  SF alpha*d= 5 , True alpha*d= 6.7723

fr
eq

ue
nc

y

0.
00

0
0.

00
5

0.
01

0
0.

01
5

0.
02

0
0.

02
5

1 2 3 4 5 6 7 8 9 10

data
theory

SFS:  SF alpha*d= 8 , True alpha*d= 10.836

fr
eq

ue
nc

y

0.
00

0
0.

00
5

0.
01

0
0.

01
5

0.
02

0
0.

02
5

1340

July 10, 2019 60/96



Fig. S1.4 SweepFinder detects the introgression sweep valley. The left 1341

column shows the best-fitting model for SweepFinder. The VolcanoFinder results in 1342

the right column as well as the description of the panels are the same as in Fig. S1.3. 1343
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Text S2.1 Adjusting the migration and duration for the introgression 1345

sweep. 1346

1347

We use the model in Fig. S2.1, where introgression from a donor species occurs as a 1348

short and sudden migration episode from the donor to the recipient species. In order to 1349

simulate the sweep of an introgressed selected allele, we adjust the migration parameter 1350

m such that the expected frequency p0 of the introgressed selected allele just after the 1351

migration episode leads to the fixation of the selected allele with a high probability 1352

πfix = 0.95. 1353

1354

Migration rate. Under a diploid additive model the probability of ultimate fixation of 1355

a beneficial allele with initial frequency p0 is given by eq. (5.47) in [138] 1356

πfix =
1− e−2Nsp0
1− e−2Ns

. (23)

Isolating p0 in eq. (23) leads to 1357

p0 = − 1

2Ns
ln
(
1−

(
1− e−2Ns

)
πfix
)
. (24)

In a discrete generation model, the backward migration rate m is defined as the 1358

probability for a lineage in the recipient population to come from the donor population 1359

at the previous generation, we thus have p0 = m and adjust the migration rate to 1360

obtain a desired fixation probability for the selected allele. In a continuous coalescent 1361

model where time is scaled in units of 4N generations, a comparible result is obtained 1362

by seting the migration rate to m = p0/∆tmig during a time interval ∆tmig. 1363

1364

Duration of the sweep phase. We assume weak selection such that w̄ ≈ 1 and the 1365

dynamics of the frequency of the beneficial allele is well described by the logistic 1366

model [138, eq. (1.27)]. If the time t is scaled in units of 4N generations, we have 1367

dp

dt
= 4Nsp(1− p)⇒ t =

1

4Ns
(ln p− ln(1− p)) + C, (25)

where C is an integration constant. The duration of the sweep phase ∆tsweep can be 1368

computed from the frequencies of the beneficial mutation at the introgression time p0 1369

and at the end of the sweep p = 1− 1/(2N): 1370

∆tsweep =
1

4Ns

(
ln

(
1− 1

2N

)
− ln

1

2N
− ln p0 + ln(1− p0)

)
. (26)

Including drift at the end of the sweep would substantially shorten the duration of the 1371

sweep, and using eq. (26) enables that the selected went to fixation with a high 1372

probability. 1373
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Text S2.2 Coalescent simulations. 1374

1375

The coalescent simulations were conducted with the R package coala [72] as a frontend 1376

to the coalescent simulator msms [69]. 1377

1378

Coalescent simulations involving introgression sweeps. 1379

We used the model described in supp. Fig. S2.1. We simulated coalescent trees for 1380

n = 40 lineages sampled from the recipient species and one from the outgroup species. 1381

The simulated region comprises 2× 105 nucleotides, the recombination rate was set to 1382

ρ = 5× 10−7 events per generation per nucleotide and the mutation rate was set to 1383

µ = 1.25× 10−7 events per generation per nucleotide following previous studies [49]. 1384

The speciation time between the outgroup and the ancestor of the donor and recipient 1385

species was Tsp = 10 units of 4N generations (8 Mya with N = 104 and a 20 years 1386

generation time). The divergence time between the donor and recipient species was 1387

Td ∈ {1, 2.5, 4, 5.5} (D/θ ∈ {3, 6, 9, 12}, equivalent to 0.8, 2, 3.2, and 4.4 Mya, 1388

respectively). Taking into account an average expected time of 2N generations for the 1389

coalescence of a pair of lineages coming for the donor and recipient species, these values 1390

of Td lead to an average probability for a nucleotide to differ between the donor and the 1391

recipient species (average divergence) of D ∈ {0.015, 0.03, 0.045, 0.06}. The population 1392

sizes of the recipient species, the ancestor of the recipient and donor species, as well as 1393

the outgroup species were set to N = 104 individuals. To mimic a sweep from a single 1394

lineage introgressed from the donor species (hard introgression sweep), the population 1395

size of the donor species was reduced to a single individual (Nd = 1) at the time of the 1396

split such that all lineages that trace back into the donor species coalesce almost 1397

instantaneously. We also relaxed this assumption, restraining this bottleneck to a tiny 1398

time interval (20 generations) after the split from the recipient species and thus allowing 1399

the donor species to recover polymorphism before the introgression event, potentially 1400

allowing sweeps from different lineages in the recipient species (soft introgression 1401

sweeps). Because we do not model an initial selective sweep in the donor population, 1402

the nucleotide diversity in the donor population is only affected by the strong 1403

bottleneck and is not locally reduced around the selected site. 1404

Introgression from the donor into the recipient species occurs at time 1405

Ti = Ts + ∆tsweep + ∆tmig: migration is allowed from the donor species into the 1406

recipient species for a short time interval ∆tmig. The migration rate m and duration of 1407

the migration interval ∆tmig are chosen such that the expected frequency of the selected 1408

allele in the recipient species at the end of the migration interval leads to the fixation of 1409

the selected allele with a high probability πfix as described in Text S2.1. Two selection 1410

coefficients were used 2Ns ∈ {100, 1000} and πfix = 0.95 was achieved by using an 1411

identical migration rate in both cases (m ≈ 0.003) and letting the duration of the 1412

migration event last a single generation (∆tmig = 1/(4N) for 2Ns = 1 000) or 10 1413

generations (∆tmig = 10/(4N) for 2Ns = 100). A logistic model for the dynamics of the 1414

selected allele as in eq. (25) eventually leads to fixation after some time given by eq. 1415

(26). We assume that sampling was done at time Ts ∈ {0, 0.1, 0.25, 0.5} (equivalent to 1416

0, 80, 200, and 400 kya respectively) after the fixation event. 1417

1418

Total number of replicates. Combining four values for the divergence time 1419

Td ∈ {1, 2.5, 4, 5.5}, four values for the time since the selective sweep 1420

Ts ∈ {0, 0.1, 0.25, 0.5} and two values for the selection coefficient 2Ns ∈ {100, 1 000} 1421

for each hard and soft introgression sweeps leads to 64 parameter sets. For each 1422

parameter set, we ran 1 000 coalescent simulations involving selection and 10 000 neutral 1423

coalescent simulations with the same admixture level (same migration rate at the same 1424

time point). In addition, a neutral non-admixed reference was obtained from another 1425
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10 000 coalescent simulations. In total we thus performed 714 000 (650 000 neutral and 1426

64 000 non-neutral) coalescent simulations. 1427

1428

Coalescent simulations involving balancing selection. 1429

We used three different demographic models (Fig. S2.2) inspired by the models that 1430

were formerly used to investigate the statistical power of BALLET [48]. The speciation 1431

time between the outgroup and the ingroup species was Tsp = 10 units of 4N 1432

generations (8 Mya with N = 10 000 and a 20 years generation time). The simulated 1433

sequence comprised 2× 105 nucleotides. Balancing selection involved a selected locus 1434

with two alleles (A and a) in the middle of the sequence. We assumed overdominance 1435

with the following fitnesses: waa = 1, wAa = 1 + hs and wAA = 1 + s with h = 100 and 1436

s = 0.01. Balancing selection started at different times 1437

Ts ∈ {1.25, 5, 8.75, 12.5, 16.25, 20} (equivalent to 1, 4, 7, 10, 13, and 16 Mya, 1438

respectively). We assume the selected allele A reaches the equilibrium frequency 1439

h/(2h− 1) as soon as selection starts. For the population growth model, population 1440

expanded from N = 10 000 to Ng = 2N at time Tg = 0.06 (48 kya). For the bottleneck 1441

model, population size was reduced from N = 10 000 to Nb = 0.055N at time 1442

Tb = 0.0375 (30 kya) before returning to its initial size at time Te = 0.0275 (22 kya). 1443

1444

Total number of replicates. Combining three demographic models and six values for Ts 1445

leads to 18 parameter sets. We ran 1 000 coalescent simulations involving selection for 1446

each parameter set, and 10 000 neutral coalescent simulations for each demographic 1447

model. In addition to these simulations, a single simulation of a 2× 107 nucleotides 1448

sequence was performed to generate a genomic background reference for each 1449

demographic model. In total we thus performed 48 003 (30 000 neutral, 18 000 1450

non-neutral and 3 neutral background references) coalescent simulations. 1451
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Fig. S2.1 Introgression model. The model comprizes three species. The ancestor 1452

of the donor and recipient species diverged from an outgroup species at time Tsp in the 1453

past. The donor and recipient species diverged at time Td in the past. Immediately after 1454

this speciation event, selection starts (diploid additive model with selection coefficient s) 1455

in the donor and recipient species, but the beneficial allele is only present in the donor 1456

species, where it is assumed to have already reached fixation. The donor species is 1457

bottlenecked to a population size of N ′ = Nd individuals (Nd is assumed to be very 1458

small so that coalescence of lineages in the donor species is immediate). The bottleneck 1459

may last until present (enforcing a hard introgression sweep, vertical dashed line) or only 1460

occur for a very short period after which the donor population size is set to N ′ = N , 1461

allowing the donor population to recover some polymorphism before the introgression 1462

occurs (soft introgression sweep). At time Ti in the past, migration occurs for a small 1463

amount of time (one to ten generations) from the donor to the recipient species. At this 1464

time point the beneficial allele is introgressed in the recipient population. The migration 1465

rate m is set such that the fixation probability of the beneficial allele in the recipient 1466

population is 0.95 given its expected initial frequency in the recipient population at 1467

time Ti. The selected allele reaches fixation in the recipient species at time Ts. 1468

1469
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Fig. S2.2 Balancing selection models. The model comprizes two species, the 1470

outgroup and the ingroup species that diverged at time Tsp in the past, when the 1471

ancestor species (size Na) splitted into two species of equal sizes N = Na. Balancing 1472

selection starts at time Ts either in the ingroup species (Ts < Tsp) or in the ancestor 1473

species (Tsp < Ts). A Constant population size model. B Population growth model: 1474

the size of the ingroup species expanded to Ng at time Tg. C Bottleneck model: the size 1475

of the ingroup species was reduced to Nb between times Tb and Te. 1476

1477

A B C 1478
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Text S2.3 Genome scans and power analysis. 1479

1480

Genome scans. 1481

1482

Genome scans for introgression sweeps. We compared the performance of three 1483

model-based composite likelihood methods: BALLET [48], SweepFinder2 [49] and 1484

VolcanoFinder. For each method, two cases were considered for the reference genomic 1485

background. We considered either a non-admixed reference inferred from 10 000 neutral 1486

coalescent simulations without introgression or an admixed reference inferred from 1487

10 000 neutral coalescent simulations involving the same level of admixture as the 1488

non-neutral coalescent (same migration rate at the same time point) as described in 1489

Text S2.2 and Fig. S2.1. 1490

BALLET: the T2 test of BALLET was used with a sliding window size of 21 informative 1491

sites (half-window size of 10 sites). 1492

SweepFinder2: the composite likelihoods were computed on a grid of 800 locations for 1493

the selected site (250 nucleotides spacing, four times denser than that used in the 1494

original article on SweepFinder2). 1495

VolcanoFinder: the model 1 was used to compute the composite likelihoods on a grid 1496

of 800 locations for the selected site and 13 values for the divergence parameter 1497

D ∈ {0.005, 0.01, 0.015, . . . , 0.065}, encompassing the full range of D in the simulations. 1498

1499

Genome scans for balancing selection. We compared the performance of BALLET and 1500

VolcanoFinder under three demographic scenarios (Fig. S2.2) inspired by the original 1501

BALLET article [48]. For each method, the genomic background reference was inferred 1502

from a single coalescent simulation of a 2× 107 nucleotides under the same demographic 1503

scenario. 1504

BALLET: the T2 test of BALLET [48] was used with a sliding window size of 21 1505

informative sites (half-window size of 10 informative sites). 1506

VolcanoFinder: the model 1 was used to compute the composite likelihoods on a grid 1507

of 500 locations for the selected site and 13 values for the divergence parameter 1508

D ∈ {0.001, . . . , 0.013}, enabling to encompass the full range of starting time for the 1509

selection Ts in the simulations. 1510

1511

Power analysis. For all methods, the maximum LR value in a simulated sequence of 1512

200kb was used as a test statistics. 1513

1514

Rejection rates. The rejection rate of a method for a given false positive rate FPR (up 1515

to 0.05) was estimated as the proportion of the non-neutral simulations (among 1 000 1516

non-neutral replicates) leading to a test statistics exceeding the (1− FPR) quantile of 1517

the null distribution (estimated from 10 000 neutral replicates). Because introgression 1518

sweeps with a low selection coefficient (2Ns = 100) mainly altered the site frequency 1519

spectrum within 10 kb from the selected site (see Fig. S2.3 and Fig. S2.4), we also 1520

computed rejection rates based on the maximum LR value in the central 20 kb in this 1521

case. 1522

1523

Probability of detection of an introgression sweep in a genome scan. Whole genome scan 1524

usually look for outliers among genome-wide data and selection at a locus is detected if 1525

the LR value at this locus ranks among the genome-wide highest peaks. We used the 1526

following procedure to mimic such a study: the genome-wide null-distributions of the 1527

LR values were obtained from the reference 10 000 neutral replicates of 200 kb (leading 1528

to 2 Gb genomes). For each neutral replicate 800 LR values were retained (all values for 1529

VolcanoFinder and SweepFinder2 and the highest LR value in 800 non-overlapping 1530
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window of 250 nt for BALLET) leading to 8× 106 LR values for the whole genome. The 1531

probability to detect an introgression sweep in a genome scan considering a set of top-X 1532

candidates was computed as the proportion of the non-neutral replicates (estimated 1533

from 1 000 replicates) leading to a maximum LR value (in a single replicate) higher than 1534

the Xth genome-wide neutral highest LR peak. 1535
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Fig. S2.3 Volcano patterns caused by a hard introgression sweep. Average 1536

nucleotide diversity (Tajima’s θ̂π, [139]) in non-overlapping windows of 400 nucleotides 1537

in the simulated 200 kb alignments involving a hard introgression sweep. The selection 1538

strength is 2Ns = 100 (left) or 2Ns = 1 000 (right). The age of the split between the 1539

donor and recipient populations is (from top to bottom) Td = 1, 2.5, 4, 5.5 units of 4N 1540

generations (D/θ = 3, 6, 9, 12). The ending time of the selective sweep is Ts = 0 (red), 1541

Ts = 0.1 (green), Ts = 0.25 (blue), Ts = 0.5 (black) units of 4N generations before 1542

sampling. The coloured horizontal lines indicate the background polymorphism level in 1543

all cases. For the lowest selection strength only the central 40 kb region is shown. 1544
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Fig. S2.4 Volcano patterns caused by a soft introgression sweep. Average 1546

nucleotide diversity (Tajima’s θ̂π [139]) in non-overlapping windows of 400 nucleotides 1547

in the simulated 200 kb alignments involving a soft introgression sweep. The selection 1548

strength is 2Ns = 100 (left) or 2Ns = 1 000 (right). The age of the split between the 1549

donor and recipient populations is (from top to bottom) Td = 1, 2.5, 4, 5.5 units of 4N 1550

generations (D/θ = 3, 6, 9, 12). The ending time of the selective sweep is Ts = 0 (red), 1551

Ts = 0.1 (green), Ts = 0.25 (blue), Ts = 0.5 (black) units of 4N generations before 1552

sampling. The coloured horizontal lines indicate the background polymorphism level in 1553

all cases. For the lowest selection strength only the central 40 kb region is shown. 1554
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Fig. S2.5 Performance curves (non admixed background). Rejection rates of 1556

VolcanoFinder (blue), BALLET (brown) and SweepFinder2 (green) for an introgression 1557

sweep event from a donor species that diverged from the recipient species at (top to 1558

bottom) Td = 1, 2.5, 4, 5.5 (D/θ = 3, 6, 9, 12) and a selective sweep that ended (from 1559

left to right) Ts = 0, 0.1, 0.25, 0.5 units of 4N generations in the past. Solid lines: no 1560

polymorphism in the donor species (hard introgression sweep). Dashed lines: 1561

polymorphism exists in the donor species (possible soft sweep). Dark colour: 1562

2Ns = 1 000; light colour: 2Ns = 100. The upper gray line indicates the expected 1563

highest rejection rate given the expected proportion of successful selective sweeps in the 1564

sample. Lower gray area: the rejection rate does not exceed the false positive rate. For 1565

all three methods, the test statistics is the highest LR value in the simulated 200 000 1566

nucleotides alignment. Analyses involved a neutral non-admixed genomic background as 1567

a reference. 1568
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Fig. S2.6 Performance curves (admixed background). Rejection rates of 1570

VolcanoFinder (blue), BALLET (brown) and SweepFinder2 (green) for an introgression 1571

sweep event from a donor species that diverged from the recipient species at (top to 1572

bottom) Td = 1, 2.5, 4, 5.5 (D/θ = 3, 6, 9, 12) and a selective sweep that ended (from 1573

left to right) Ts = 0, 0.1, 0.25, 0.5 units of 4N generations in the past. Solid lines: no 1574

polymorphism in the donor species (hard introgression sweep). Dashed lines: 1575

polymorphism exists in the donor species (possible soft sweep). Dark colour: 1576

2Ns = 1 000; light colour: 2Ns = 100. The upper gray line indicates the expected 1577

highest rejection rate given the expected proportion of successful selective sweeps in the 1578

sample. Lower gray area: the rejection rate does not exceed the false positive rate. For 1579

all three methods, the test statistics is the highest LR value in the simulated 200 000 1580

nucleotides alignment. Analyses involved a neutral admixed genomic background with 1581

the same level of admixture as a reference. 1582
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Fig. S2.7 Performance curves (admixed background and different window 1584

sizes). Rejection rates of VolcanoFinder (blue), BALLET (brown) and SweepFinder2 1585

(green) for an introgression sweep event from a donor species that diverged from the 1586

recipient species at (top to bottom) Td = 1, 2.5, 4, 5.5 (D/θ = 3, 6, 9, 12) and a 1587

selective sweep that ended (from left to right) Ts = 0, 0.1, 0.25, 0.5 units of 4N 1588

generations in the past. Solid lines: no polymorphism in the donor species (hard 1589

introgression sweep). Dashed lines: polymorphism exists in the donor species (possible 1590

soft sweep). Dark colour: 2Ns = 1 000; light colour: 2Ns = 100. The upper gray line 1591

indicates the expected highest rejection rate given the expected proportion of succesfull 1592

selective sweeps in the sample. Lower gray area: the rejection rate does not exceed the 1593

false positive rate. For all three methods, the test statistics is the highest LR value in 1594

the simulated 200 000 nucleotides alignment. The test statistics is the highest LR value 1595

in the simulated sequence of 200 kb (2Ns = 1 000) or in the central 20 kb (2Ns = 100). 1596

Analyses involved a neutral admixed genomic background with the same level of 1597

admixture as a reference. 1598
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Text S2.4 Inferred parameters of the selection model. 1600

1601

We assessed the accuracy of VolcanoFinder to infer the position of the selected site, 1602

the compound selection parameter α, and the divergence with the donor species D. For 1603

the position of the selected locus, comparisons could be made with the BALLET and 1604

SweepFinder methods. We report the observed distributions of the estimated 1605

parameters for each parameter set in the case of a hard introgression sweep. In these 1606

distributions we highlight values that lead to a significant CLR test (using an admixed 1607

background and a 20 kb window size for 2Ns = 100 and a 200 kb window size for 1608

2Ns = 1 000 as in Fig. S2.7). 1609

1610

Location of the selected locus as inferred by genome scan methods. 1611

1612

Distributions for the location of the selected site as inferred by the highest CLR 1613

value are shown on supp. Fig. S2.8 to Fig. S2.13. VolcanoFinder and SweepFinder2 1614

use information from the valley of reduced heterozygosity in the center of the sweep 1615

region and locate the target of selection more accurately than BALLET, which tries to fit 1616

a balancing selection model to the data and thus tends to locate the target of selection 1617

in the flanking regions where the polymorphism to divergence ratio is higher. For older 1618

introgression sweeps (Ts > 0.25) the accuracy of all methods decreases. 1619

1620

Parameters of the introgression sweep as inferred by VolcanoFinder. 1621

1622

The distributions of the scaled divergence parameter D̂/θ inferred from the location 1623

with the highest CLR value are shown on Fig. S2.14 to Fig. S2.15. As expected from 1624

the analytical analysis, VolcanoFinder tends to underestimate D. Unsurprisingly, the 1625

mean of the distribution of estimated D̂ tends to decrease for older introgression sweeps 1626

that typically lead to less pronounced volcano shapes (see Fig. S2.3). The variance of 1627

the distribution of D̂ also tends to increase with increasing age of the introgression 1628

sweep, probably because our model only considers very recent sweeps. 1629

1630

The distributions of the selection strength inferred parameter − log10(α̂) from the 1631

location with the highest CLR value are shown on Fig. S2.16 to Fig. S2.17. − log10(α) 1632

seems to be relatively accurately estimated for recent introgression sweeps whereas it 1633

might be underestimated in the case of old introgression sweeps that typically lead to 1634

narrower volcano shapes (see Fig. S2.3). 1635
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Fig. S2.8 Location of the maximum LR inferred by VolcanoFinder 1636

(2Ns = 1 000). Location of the highest LR inferred by VolcanoFinder for a hard 1637

introgression sweep event with selection coefficient 2Ns = 1 000. The donor species 1638

diverged from the recipient species at (from top to bottom) Td = 1, 2.5, 4, 5.5 1639

(D/θ = 3, 6, 9, 12) and the selective sweep ended (from left to right) 1640

Ts = 0, 0.1, 0.25, 0.5 units of 4N generations in the past. The coloured and gray parts 1641

indicate significant and non-significant test as shown in Fig. S2.7. 1642
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Fig. S2.9 Location of the maximum LR inferred by VolcanoFinder 1644

(2Ns = 100). Location of the highest LR inferred by VolcanoFinder for a hard 1645

introgression sweep event with selection coefficient 2Ns = 100. The donor species 1646

diverged from the recipient species at (from top to bottom) Td = 1, 2.5, 4, 5.5 1647

(D/θ = 3, 6, 9, 12) and the selective sweep ended (from left to right) 1648

Ts = 0, 0.1, 0.25, 0.5 units of 4N generations in the past. The coloured and gray parts 1649

indicate significant and non-significant test as shown in Fig. S2.7. Only the central part 1650

of the simulated region is shown. 1651
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Fig. S2.10 Location of the maximum LR inferred by SweepFinder2 1653

(2Ns = 1 000). Location of the highest LR inferred by SweepFinder2 for a hard 1654

introgression sweep event with selection coefficient 2Ns = 1 000. The donor species 1655

diverged from the recipient species at (from top to bottom) Td = 1, 2.5, 4, 5.5 1656

(D/θ = 3, 6, 9, 12) and the selective sweep ended (from left to right) 1657

Ts = 0, 0.1, 0.25, 0.5 units of 4N generations in the past. The coloured and gray parts 1658

indicate significant and non-significant test as shown in Fig. S2.7. 1659

0

20
0

location (kb)

co
un

ts

0

50

100

150

200

0

20
0

location (kb)

co
un

ts

0

50

100

150

200

0

20
0

location (kb)

co
un

ts

0

50

100

150

200

0

20
0

location (kb)

co
un

ts

0

50

100

150

200

0

20
0

location (kb)

co
un

ts

0

50

100

150

200

0

20
0

location (kb)

co
un

ts

0

50

100

150

200

0

20
0

location (kb)

co
un

ts

0

50

100

150

200

0

20
0

location (kb)

co
un

ts

0

50

100

150

200

0

20
0

location (kb)

co
un

ts

0

50

100

150

200

0

20
0

location (kb)

co
un

ts

0

50

100

150

200

0

20
0

location (kb)

co
un

ts

0

50

100

150

200

0

20
0

location (kb)

co
un

ts

0

50

100

150

200

0

20
0

location (kb)

co
un

ts

0

50

100

150

200

0

20
0

location (kb)

co
un

ts

0

50

100

150

200

0

20
0

location (kb)

co
un

ts

0

50

100

150

200

0

20
0

location (kb)

co
un

ts

0

50

100

150

200

1660

July 10, 2019 77/96



Fig. S2.11 Location of the maximum LR inferred by SweepFinder2 1661

(2Ns = 100). Location of the highest LR inferred by SweepFinder2 for a hard 1662

introgression sweep event with selection coefficient 2Ns = 100. The donor species 1663

diverged from the recipient species at (from top to bottom) Td = 1, 2.5, 4, 5.5 1664

(D/θ = 3, 6, 9, 12) and the selective sweep ended (from left to right) 1665

Ts = 0, 0.1, 0.25, 0.5 units of 4N generations in the past. The coloured and gray parts 1666

indicate significant and non-significant test as shown in Fig. S2.7. Only the central part 1667

of the simulated region is shown. 1668
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Fig. S2.12 Location of the maximum LR inferred by BALLET (2Ns = 1 000). 1670

Location of the highest LR inferred by BALLET for a hard introgression sweep event with 1671

selection coefficient 2Ns = 1 000. The donor species diverged from the recipient species 1672

at (from top to bottom) Td = 1, 2.5, 4, 5.5 (D/θ = 3, 6, 9, 12) and the selective sweep 1673

ended (from left to right) Ts = 0, 0.1, 0.25, 0.5 units of 4N generations in the past. The 1674

coloured and gray parts indicate significant and non-significant test as shown in 1675

Fig. S2.7. 1676
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Fig. S2.13 Location of the maximum LR inferred by BALLET (2Ns = 100). 1678

Location of the highest LR inferred by BALLET for a hard introgression sweep event with 1679

selection coefficient 2Ns = 100. The donor species diverged from the recipient species at 1680

(from top to bottom) Td = 1, 2.5, 4, 5.5 (D/θ = 3, 6, 9, 12) and the selective sweep 1681

ended (from left to right) Ts = 0, 0.1, 0.25, 0.5 units of 4N generations in the past. The 1682

coloured and gray parts indicate significant and non-significant test as shown in 1683

Fig. S2.7. Only the central part of the simulated region is shown. 1684
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Fig. S2.14 Divergence from the donor species inferred by VolcanoFinder 1686

(2Ns = 1 000, hard introgression sweeps). Estimated scaled divergence parameter 1687

D̂
θ at the location with the highest LR inferred by VolcanoFinder for a hard 1688

introgression sweep event with selection coefficient 2Ns = 1 000. The donor species 1689

diverged from the recipient species at (from top to bottom) Td = 1, 2.5, 4, 5.5 1690

(D/θ = 3, 6, 9, 12) and the selective sweep ended (from left to right) 1691

Ts = 0, 0.1, 0.25, 0.5 units of 4N generations in the past. The coloured and gray parts 1692

indicate significant and non-significant test as shown in Fig. S2.7. A vertical red line 1693

indicates the true value used in the simulations. 1694

1 2 3 4 5 6 7 8 9 11 13

D θ

co
un

ts

0

100

200

300

400

500

1 2 3 4 5 6 7 8 9 11 13

D θ

co
un

ts

0

100

200

300

400

500

1 2 3 4 5 6 7 8 9 11 13

D θ

co
un

ts

0

100

200

300

400

500

1 2 3 4 5 6 7 8 9 11 13

D θ

co
un

ts

0

100

200

300

400

500

1 2 3 4 5 6 7 8 9 11 13

D θ

co
un

ts

0

100

200

300

400

500

1 2 3 4 5 6 7 8 9 11 13

D θ

co
un

ts

0

100

200

300

400

500

1 2 3 4 5 6 7 8 9 11 13

D θ

co
un

ts

0

100

200

300

400

500

1 2 3 4 5 6 7 8 9 11 13

D θ

co
un

ts

0

100

200

300

400

500

1 2 3 4 5 6 7 8 9 11 13

D θ

co
un

ts

0

100

200

300

400

500

1 2 3 4 5 6 7 8 9 11 13

D θ

co
un

ts

0

100

200

300

400

500

1 2 3 4 5 6 7 8 9 11 13

D θ

co
un

ts

0

100

200

300

400

500

1 2 3 4 5 6 7 8 9 11 13

D θ

co
un

ts

0

100

200

300

400

500

1 2 3 4 5 6 7 8 9 11 13

D θ

co
un

ts

0

100

200

300

400

500

1 2 3 4 5 6 7 8 9 11 13

D θ

co
un

ts

0

100

200

300

400

500

1 2 3 4 5 6 7 8 9 11 13

D θ

co
un

ts

0

100

200

300

400

500

1 2 3 4 5 6 7 8 9 11 13

D θ

co
un

ts

0

100

200

300

400

500

1695

July 10, 2019 81/96



Fig. S2.15 Divergence from the donor species inferred by VolcanoFinder 1696

(2Ns = 100, hard introgression sweeps). Estimated scaled divergence parameter D̂
θ 1697

for the location with the highest LR inferred by VolcanoFinder for a hard introgression 1698

sweep event with selection coefficient 2Ns = 100. The donor species diverged from the 1699

recipient species at (from top to bottom) Td = 1, 2.5, 4, 5.5 (D/θ = 3, 6, 9, 12) and the 1700

selective sweep ended (from left to right) Ts = 0, 0.1, 0.25, 0.5 units of 4N generations 1701

in the past. The coloured and gray parts indicate significant and non-significant test as 1702

shown in Fig. S2.7. A vertical red line indicates the true value used in the simulations. 1703
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Fig. S2.16 Selection strength inferred by VolcanoFinder (2Ns = 1 000, hard 1705

introgression sweeps). Estimated scaled selection parameter − log10(α̂) at the 1706

location with the highest LR inferred by VolcanoFinder for a hard introgression sweep 1707

event with selection coefficient 2Ns = 1 000. The donor species diverged from the 1708

recipient species at (from top to bottom) Td = 1, 2.5, 4, 5.5 (D/θ = 3, 6, 9, 12) and the 1709

selective sweep ended (from left to right) Ts = 0, 0.1, 0.25, 0.5 units of 4N generations 1710

in the past. The coloured and gray parts indicate significant and non-significant test as 1711

shown in Fig. S2.7. A vertical red line indicates the true value used in the simulations. 1712
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Fig. S2.17 Selection strength inferred by VolcanoFinder (2Ns = 100, hard 1714

introgression sweeps). Estimated scaled selection parameter − log10(α̂) for the 1715

location with the highest LR inferred by VolcanoFinder for a hard introgression sweep 1716

event with selection coefficient 2Ns = 100. The donor species diverged from the 1717

recipient species at (from top to bottom) Td = 1, 2.5, 4, 5.5 (D/θ = 3, 6, 9, 12) and the 1718

selective sweep ended (from left to right) Ts = 0, 0.1, 0.25, 0.5 units of 4N generations 1719

in the past. The coloured and gray parts indicate significant and non-significant test as 1720

shown in Fig. S2.7. A vertical red line indicates the true value used in the simulations. 1721
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Fig. S2.18 Performance curves to detect balancing selection. Rejection rates 1723

of BALLET (solid lines) and VolcanoFinder (dashed lines) for different starting time of 1724

balancing selection Ts under three demographic scenarios (see Fig. S2.2). Black: 1725

constant population size; blue: population growth; red: bottleneck. Gray area: the 1726

rejection rate is not higher than the false positive rate. In all cases, the test statistics is 1727

the highest LR value in the simulated 200 kb alignment. 1728
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Table S3.1 Candidate peaks ranked by the maximum log likelihood ratios 1730

in the VolcanoFinder scan of the European (CEU) sample. 1731
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Table S3.2 Candidate peaks ranked by the maximum log likelihood ratios 1734

in the VolcanoFinder scan of the Yoruban (YRI) sample. 1735
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Fig. S3.1 Whole-genome Manhattan plot of the maximum likelihood ratio 1737

test statistic for the European (CEU) population computed from Model 1 1738

of VolcanoFinder on data on within-CEU polymorphism and substitutions 1739

with respect to chimpanzee, and annotated with the top 18 gene 1740

candidates. 1741
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Fig. S3.2 Whole-genome Manhattan plot of the maximum likelihood ratio 1743

test statistic for the Yoruban (YRI) population computed from Model 1 of 1744

VolcanoFinder on data on within-YRI polymorphism and substitutions with 1745

respect to chimpanzee, and annotated with the top 7 gene candidates. 1746
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Fig. S3.3 Introgression sweep signals, parameter estimates, and 1748

sequencing properties across the 100 kb region on chromosome 22 covering 1749

APOL gene cluster in YRI. 1750

A. Likelihood ratio test statistic computed from Model 1 of VolcanoFinder on data 1751

on within-YRI polymorphism and substitutions with respect to chimpanzee. Horizontal 1752

dark gray, medium gray, and light gray bars correspond to regions that were filtered 1753

based on Hardy-Weinberg equilibrium (HWE) test. Gene tracts and labels for key genes 1754

are depicted below the plot, with the wider bars representing exons. B. Values for α and 1755

divergence D corresponding to the maximum likelihood estimate of the data. Black line 1756

corresponds to − ln(α) and vertical gray bars correspond to estimated D. C. Likelihood 1757

ratio test statistic computed from T2 of BALLET on data on within-YRI polymorphism 1758

and substitutions with respect to chimpanzee using windows of 100 (black) or 22 (gray) 1759

informative sites on either side of the test site. D. Mean pairwise sequence difference 1760

(θ̂π) computed in five kb windows centered on each polymorphic site. E. Mappability 1761

uniqueness scores for 35 nucleotide sequences across the region. F. Mean sequencing 1762

depth across the 108 YRI individuals as a function of genomic position, with the gray 1763

ribbon indicating standard deviation. The background heatmap displays the number of 1764

individuals devoid of sequencing reads as a function of genomic position, with darker 1765

shades of red indicating a greater number of individuals with no sequencing reads. 1766
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Fig. S3.4 Introgression sweep signals, parameter estimates, and 1768

sequencing properties across the 100 kb region on chromosome 22 covering 1769

APOL4 gene in CEU, matching the same region in YRI. 1770

A. Likelihood ratio test statistic computed from Model 1 of VolcanoFinder on data 1771

on within-CEU polymorphism and substitutions with respect to chimpanzee. Horizontal 1772

dark gray, medium gray, and light gray bars correspond to regions that were filtered 1773

based on Hardy-Weinberg equilibrium (HWE) test. Gene tracts and labels for key genes 1774

are depicted below the plot, with the wider bars representing exons. B. Values for α and 1775

divergence D corresponding to the maximum likelihood estimate of the data. Black line 1776

corresponds to − ln(α) and vertical gray bars correspond to estimated D. C. Likelihood 1777

ratio test statistic computed from T2 of BALLET on data on within-CEU polymorphism 1778

and substitutions with respect to chimpanzee using windows of 100 (black) or 22 (gray) 1779

informative sites on either side of the test site. D. Mean pairwise sequence difference 1780

(θ̂π) computed in five kb windows centered on each polymorphic site. E. Mappability 1781

uniqueness scores for 35 nucleotide sequences across the region. F. Mean sequencing 1782

depth across the 108 YRI individuals as a function of genomic position, with the gray 1783

ribbon indicating standard deviation. The background heatmap displays the number of 1784

individuals devoid of sequencing reads as a function of genomic position, with darker 1785

shades of red indicating a greater number of individuals with no sequencing reads. 1786
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Fig. S3.5 Introgression sweep signals, parameter estimates, and 1788

sequencing properties across the one Mb region on chromosome 7 covering 1789

the PTPRN2 gene region in YRI. 1790

A. Likelihood ratio test statistic computed from Model 1 of VolcanoFinder on data 1791

on within-YRI polymorphism and substitutions with respect to chimpanzee. Horizontal 1792

dark gray and light gray bars correspond to regions that were filtered based on either 1793

mean CRG score or mean CRG score and proximity to a telomere, respectively. Gene 1794

tracts and labels for key genes are depicted below the plot, with the wider bars 1795

representing exons. B. Values for α and divergence D corresponding to the maximum 1796

likelihood estimate of the data. Black line corresponds to − ln(α) and vertical gray bars 1797

correspond to estimated D. C. Likelihood ratio test statistic computed from T2 of 1798

BALLET on data on within-YRI polymorphism and substitutions with respect to 1799

chimpanzee using windows of 100 (black) or 22 (gray) informative sites on either side of 1800

the test site. D. Mean pairwise sequence difference (θ̂π) computed in five kb windows 1801

centered on each polymorphic site. E. Mappability uniqueness scores for 35 nucleotide 1802

sequences across the region. F. Mean sequencing depth across the 108 YRI individuals 1803

as a function of genomic position, with the gray ribbon indicating standard deviation. 1804

The background heatmap displays the number of individuals devoid of sequencing reads 1805

as a function of genomic position, with darker shades of red indicating a greater number 1806

of individuals with no sequencing reads. 1807
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Fig. S3.6 Introgression sweep signals, parameter estimates, and 1809

sequencing properties across the one Mb region on chromosome 19 1810

covering region surrounding PCAT19 and CEACAM4 genes in YRI. 1811

A. Likelihood ratio test statistic computed from Model 1 of VolcanoFinder on data 1812

on within-YRI polymorphism and substitutions with respect to chimpanzee. Horizontal 1813

dark gray and light gray bars correspond to regions that were filtered based on 1814

Hardy-Weinberg equilibrium (HWE) test. Gene tracts and labels for key genes are 1815

depicted below the plot, with the wider bars representing exons. B. Values for α and 1816

divergence D corresponding to the maximum likelihood estimate of the data. Black line 1817

corresponds to − ln(α) and vertical gray bars correspond to estimated D. C. Likelihood 1818

ratio test statistic computed from T2 of BALLET on data on within-YRI polymorphism 1819

and substitutions with respect to chimpanzee using windows of 100 (black) or 22 (gray) 1820

informative sites on either side of the test site. D. Mean pairwise sequence difference 1821

(θ̂π) computed in five kb windows centered on each polymorphic site. E. Mappability 1822

uniqueness scores for 35 nucleotide sequences across the region. F. Mean sequencing 1823

depth across the 108 YRI individuals as a function of genomic position, with the gray 1824

ribbon indicating standard deviation. The background heatmap displays the number of 1825

individuals devoid of sequencing reads as a function of genomic position, with darker 1826

shades of red indicating a greater number of individuals with no sequencing reads. 1827
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Fig. S3.7 Introgression sweep signals, parameter estimates, and 1829

sequencing properties across the one Mb region on chromosome 17 1830

covering IGFBP1 and B4GALNT2 in YRI. 1831

A. Likelihood ratio test statistic computed from Model 1 of VolcanoFinder on data 1832

on within-YRI polymorphism and substitutions with respect to chimpanzee. Horizontal 1833

dark gray and light gray bars correspond to regions that were filtered based on 1834

Hardy-Weinberg equilibrium (HWE) test. Gene tracts and labels for key genes are 1835

depicted below the plot, with wider bars representing exons. B. Values for α and 1836

divergence D corresponding to the maximum likelihood estimate of the data. Black line 1837

corresponds to − ln(α) and vertical gray bars correspond to estimated D. C. Likelihood 1838

ratio test statistic computed from T2 of BALLET on data on within-YRI polymorphism 1839

and substitutions with respect to chimpanzee using windows of 100 (black) or 22 (gray) 1840

informative sites on either side of the test site. D. Mean pairwise sequence difference 1841

(θ̂π) computed in five kb windows centered on each polymorphic site. E. Mappability 1842

uniqueness scores for 35 nucleotide sequences across the region. F. Mean sequencing 1843

depth across the 108 YRI individuals as a function of genomic position, with the gray 1844

ribbon indicating standard deviation. The background heatmap displays the number of 1845

individuals devoid of sequencing reads as a function of genomic position, with darker 1846

shades of red indicating a greater number of individuals with no sequencing reads. 1847
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Fig. S3.8 Introgression sweep signals, parameter estimates, and 1849

sequencing properties across the 100 kb region on chromosome 19 covering 1850

the gene MUC4 in CEU. 1851

A. Likelihood ratio statistic computed from Model 1 of VolcanoFinder on the data 1852

of within-CEU polymorphism and substitutions with respect to the chimpanzee. Gray 1853

bars immediately below indicate the type of filters, and the longest gene transcripts are 1854

depicted with thick bars standing for exons. B. Values for α and divergence D 1855

corresponding to the maximum likelihood estimate of the data. Black line corresponds 1856

to − ln(α) and vertical gray bars correspond to estimated D. C. Likelihood ratio test 1857

statistic computed from T2 of BALLET on data on within-CEU polymorphism and 1858

substitutions with respect to chimpanzee using windows of 100 (black) or 22 (gray) 1859

informative sites on either side of the test site. D. Mean pairwise sequence difference 1860

(θ̂π) computed in five kb windows centered on each polymorphic site. E. Mappability 1861

uniqueness scores for 35 nucleotide sequences across the region. F. Mean sequencing 1862

depth across the 99 CEU individuals as a function of genomic position, with the gray 1863

ribbon indicating standard deviation. The background heatmap displays the number of 1864

individuals devoid of sequencing reads as a function of genomic position, with darker 1865

shades of red indicating a greater number of individuals with no sequencing reads. 1866
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Fig. S3.9 Introgression sweep signals, parameter estimates, and 1868

sequencing properties across the 100 kb region on chromosome 19 covering 1869

the gene CYP2B6 and CYP2B7 in YRI. 1870

A. Likelihood ratio statistic computed from Model 1 of VolcanoFinder on the data 1871

of within-YRI polymorphism and substitutions with respect to the chimpanzee. Gray 1872

bars immediately below indicate the type of filters, and the longest gene transcripts are 1873

depicted with the wider bars standing for exons. B. Values for α and divergence D 1874

corresponding to the maximum likelihood estimate of the data. Black line corresponds 1875

to − ln(α) and vertical gray bars correspond to estimated D. C. Likelihood ratio test 1876

statistic computed from T2 of BALLET on data on within-YRI polymorphism and 1877

substitutions with respect to chimpanzee using windows of 100 (black) or 22 (gray) 1878

informative sites on either side of the test site. D. Mean pairwise sequence difference 1879

(θ̂π) computed in five kb windows centered on each polymorphic site. E. Mappability 1880

uniqueness scores for 35 nucleotide sequences across the region. F. Mean sequencing 1881

depth across the 108 YRI individuals as a function of genomic position, with the gray 1882

ribbon indicating standard deviation. The background heatmap displays the number of 1883

individuals devoid of sequencing reads as a function of genomic position, with darker 1884

shades of red indicating a greater number of individuals with no sequencing reads. 1885
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