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S1 Model and Analysis

Text S1.1
Analytic Model

Here, we compare different approximations for the effects of selection on the
genealogical distribution at a linked neutral site. As in the main text, s is the
(heterozygous) strength of selection acting on the beneficial B allele, R = rd is the rate
of recombination between the two sites, and we sample n = 2 individuals from a diploid
population of size N.

Star-like approximation In the main text, the star-like approximation assumes
that the stochastic trajectory of the B allele is well approximated by the expected
change in allele frequency, i.e. logistic growth, from an initial frequency of 1/(2N). At a
single time point, this average is taken over all possible changes in allele frequency,
including a decrease which causes loss of the B allele. In that way, at low frequency, the
expected growth is very slow. However, when the allele frequency is very small, its fate —
loss or fixation — is largely stochastic. By conditioning on fixation of the B allele, we
tend to observe cases where, by chance, the B allele increases in frequency faster than
expected. This early stochastic increase can be accounted for by setting the initial
frequency to 1/(2N2s) [1]. The expected time to fixation is 21n(2N2s)/s, and the
probability of escape becomes

RIn(2N2s)

P.=1-¢ 5 . (S1.1)
This amounts to re-scaling ad — BEInN25) 5 the main text. The same result for P,
was also derived by [2,3] using a diffusion-approximation approach. The effect of
rescaling ad is that the predicted breadth of the sweep increases to fit simulation results
more closely. However, this does not account for the fact that Pp; is overestimated
while Pp is underestimated by the star-like approximation .

Dealing with variance in coalescence time The fault of the star-like
approximation falls in assuming all coalescence occurs at the very beginning of the
sweep. In reality, there is variance in the true time to coalescence for the sampled
lineages, and late recombination events permit coalescence even to the b background.
While this variance in coalescence time can be addressed using a diffusion approach [4],
this approximation is valid only for small values of R/s. For accurate predictions over
the full breadth of the volcano sweep (see [Fig. Al)), we use the approximation in [5],
re-derived for the Wright-Fisher (WF) model:

s l R
Po=1- - 1- =
¢ R(12s)+sj1_[2( js)

M
P,
5= R1—2s H( 3+1> (S1.2)
M M M
1—23 2R 2R
P, — 11— —
' R1f2s 1}( j+1 )*Z;imnsjﬂl( (j+1>s>

Poy=2((1— P.) — Pp)
Py=1—-Pp—PF,— Ppy
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Here, the establishment of the beneficial allele is modeled as a continuous-time
branching process, where the intrinsic birth and death rates are taken as 1/2 (rather
than 1) to account for drift in the WF (rather than Moran) model [6]. This leads to
our term of R(1 — 2s) rather than R(1 — s) in [5]. The subsequent growth of the
beneficial allele, conditioned on fixation, is modeled as a pure-birth branching process,
or Yule process, which is marked by recombination events to account for the effects of
selection on the genealogy at linked neutral sites. If the number of lineages sampled
after the sweep is small, their ancestry is well-approximated by the growth of the
marked Yule process from the single initial B lineage to M = 2Ns (Moran) or
M =2N2s (WF) lineages. Aside from this factor-of-two difference in M, however, the
rates of events in the conditioned process are the same in the Moran and WF models.
In we see that the star-like approximation for (1 — P.), eq. (S1.1), slightly
overestimates this but otherwise performs almost as accurately as eq. (51.2)). For
comparison, we follow [5] in approximating

(1 _ Pe) ~ e—%(ln(2N2s)+v—28) (813)

where v ~ 0.58 is Euler’s gamma. Note that if we ignore vy and s terms, we recover the
star-like approximation by [1|. This may be interpreted as a better approximation for
the time to fixation of the beneficial allele. Indeed 2£(In(2N2s) + v — 2s) closely
resembles the approximations in [7] and [6] for the expected time to fixation.

On the other hand, we see in supp. that Pp is underestimated by the

star-like approximation, and as a consequence, Pp, = 2((1 — P.) — Pp) is overestimated.

In contrast, eq. (S1.2) estimates Pp very well. We may similarly approximate Pp, and
by rearrangement and substitution using 1 — P, in eq. (S1.3), we find

Pp ~ (1 — P.)%e™ (1+9), (S1.4)
The (1 — P.)? term corresponds to that of the star-like approximation using

ad = %(IH(QNQS) + v — 2s) as the sweep strength parameter. Importantly, eq. (S1.4)
shows us that Pp cannot be accurately approximated using the single sweep parameter

«. Rather, Pp is e (149) times higher than expected under the star-like approximation.

Let (1 — P.)? account for coalescence which occurs at the origin of the sweep and
denote P* = % = ¢ 2R"* the proportion of the {B, B} — {B} events which are
approximately star-like. Very near the selected site, few if any lineages escape the sweep
and most coalescent events will occur very near the origin of the B allele, i.e., as R — 0,
P* —1and Pg — (1 — P.)%. As R increases, one or both lineages are likely to escape
the sweep. Conditioned on sampling lineages with a { B, B} — { B} genealogy,
coalescence during the sweep occurs only among the subset of non-recombinant B type
lineages. P* decreases to 0 as R grows, and therefore if coalescence occurs, it does so
earlier in the sweep than expected under the star-like approximation. However, note
that the relative error of the star-like approximation increases with 2R(1 + s)/s, but Pp
decreases more quickly, approximately with 2R1n(2N2s)/s. That is, at distances where
the error becomes large, Pg is already very small.
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Fig. A1l

The effect of selection on linked neutral genealogies. The probability for a
lineage not to escape (1 — P,.) and the genealogical distribution for a sample of n = 2 as
a function of the recombination rate R. The solid lines are the approximation of

eq. . The dashed lines use the star-like approximation with P, as in The
dots represent the average from 1000 independent simulation runs. A. N = 5000.

B. N =1000. In both panels s = 0.1.

A 1.0}

0.8} e (1-P)

® Pp

e B
Ppy
Py

Probability
o
>

1
F'S

ol
(V)

2 2 2 2 8 & a

0.00 0.02 0.04 0.06 0.08 0.10

Probability
o
(2]

o
kS

et
)

recombination rate

June 8, 2020

97

98

99

100

101

102

103

104



Fig. A2

Single iterations of an adaptive introgression event. Each panel shows an
independent, randomly chosen simulation run. We calculated the whole-population
mean genetic diversity in 401 non-overlapping non-adjacent one kb windows separated
by one kb and centred on the selected locus. The initial heterozygosity and the genetic

diversity at fixation of the beneficial B allele are shown in grey and black, respectively.

Here, # = 0.002 (N =5000, u=10"7),r =107, T; =6 (D = 130), and s = 0.06

(2Ns = 600).
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Text S1.2

Model 2: accounting for coalescence time within the recipient species.

In a second model we still assume complete lineage sorting, i.e all the lineages
escaping the introgression sweep coalesce in a single lineage in a recipient species before
this lineage coalesce with the single lineage that traced back into the donor species (see
Fig. , but we no-longer ignore the coalescence time within the recipient species. The
D/2 factor in the last term in eq. @ no longer holds and thus needs to be replaced by
the probability o;(i) that a mutation occurred in the ancestral lineage of the i lines that
escaped the introgression sweep between the common ancestor and the coalescence
event with the lineage that traced back into the donor species. Inspired by eq. we
can express the divergences between the recipient and the donor species and between
the recipient species and its MRCA with the outgroup species considering the SF'S in
the subsample of ¢ lineages that escaped the introgression sweep. In the case when fixed
differences are polarized we have,

D i—1 j
5 =)+ Y2800,
j=1
and -
D, =Si(i)+ %SJ 0
j=1

From these expressions we can isolate o;(i) = D/2 — D, + S;(i) and finally get the
probabilities in the altered SF'S after the introgression sweep for the polymorphic states
(1<i<n—1),

Sé(n|a, da D) = ( Z Pe(k|av d)Sz(k)> +Pe(n_i‘aa d)%+Pe(i|a’d) (% - Do + SZ(Z)) .
k=it+1
(S1.5)

Eq. is only valid if D/2 — D, + S;() > 0 for all ¢ € {1,...,n}. A necessary and
sufficient condition is % > D, — S,(n). Using eq. leads to % > ”T_léL, where
0, = L Z;:ll 1S;(n) is an unbiased estimator of 6 defined in [8, eq.(8)] and computed
from the whole genomic background.

Similarly, the D, factor in the last term of eq. can easily be replaced by the
probability S, (n) that a mutation occurs on the ancestral lineage of n lineages that
have escaped the introgression sweep before coalescence occurs with the outgroup:

n—1
S; (n|a,d, D) = ((Do - L) Z Pe(k|a7d)> + D, P.(0|a, d) + Sp(n)Pe(n|a, d). (S1.6)
k=1
If fixed differences are not polarized, then egs. and still hold when
substituting the divergence between the recipient species and its MRCA with the
ougroup species D, with the full divergence between the recipient and the outgroup
species D! . Once again the probabilities in egs. and are linearly dependent
of the mutation parameter § = 4N, and this dependency disappears in conditional
probabilities obtained from egs. and .

Text S1.3

The SFS after an introgression sweep

June 8, 2020

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148



displays the effect of adaptive introgression on the SFS (sample size n = 8)
of the recipient population in the simple model described above (Model 1, red columns)
and the more complex model described in the supplement (Model 2, blue columns, see
Text S1.2) relative to the neutral spectrum (black). Model 2 differs from Model 1 in
that it does not ignore the coalescence time in the recipient species. The figure shows
that near the sweep center (distance ad = 0.01, top panel), hitchhiking reduces
polymorphism and increases the proportion of fixed differences. For sites located at
distances where single recombination events are likely (ad = 0.1 and 1.0), partial
hitchhiking of foreign variation increases polymorphism relative to the neutral
expectation. This increase in diversity is accompanied by a decrease in the proportion
of fixed differences relative to the third, outgroup species. Under the infinite sites
mutation model, sites that diverge from the donor population must also diverge from
the outgroup species. At these sites, introgression re-introduces the ancestral variant,
sharply reducing the proportion of fixed derived sites in the sampled lineages. This is a
key feature not seen in classic hard sweeps.

also shows that the predicted SF'S under the simple Model 1 (red) does not
differ much from the SFS predicted under the slightly more accurate Model 2 (blue).
However, there is still a key difference. Model 2 is restricted to D > 2”7_19}4, whereas
Model 1 may take smaller values, including D = 6 for a classic sweep from de novo
mutation. For these reasons, we suggest to, in general, use Model 1. Unless otherwise
noted, the VolcanoFinder results presented in this article are generated under Model 1
and fixed differences with the outgroup are polarized with the help of a second,
distantly-related outgroup.
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Text S1.4
Comparison of Models 1 and 2

In we saw that Models 1 and 2 yield similar predictions for the SFS after
the selective sweep when D > 0. That is, when the divergence is sufficiently large so
that ancestral variation is no longer segregating in the populations, T¢oq,2 < Tq, the
pairwise diversity D well-approximates the contribution of fixed derived mutations from
the recipient population. Here, we look at the difference between the two models in
approximating the expected heterozygosity after the sweep.

For a sample of n = 2 two lineages taken directly after the sweep, the expected
heterozygosity may be approximated as in eq. of the main text. In we show
the star-like approximation in grey, the more-accurate approximation of [5] in black,
and simulation results as black dots. For a sample of n > 2, we use the un-normalized
S/(n) from either Model 1 (eq.[9) or 2 (eq. to determine the effects of the sweep.
By substituting the Si(n) into eq. @ the expected heterozygosity is given by S7(2). We
show the predictions of Model 1 (red, dashed) and Model 2 (blue, dashed) in
We see that Model 2 exactly matches the predictions of the star-like approximation and
that Model 1 is even more biased to over-estimates the increase in genetic diversity.

Text S1.5

The performance of VolcanoFinder and SweepFinder

Here we take a closer look at the ability of both SweepFinder and VolcanoFinder
to detect an adaptive introgression sweep. 200 successful introgression sweeps centered
in a 500 kb locus were simulated under strong selection, 2Ns = 1000 (N = 5000,

s =0.1), a scaled mutation parameter § = 0.002 (mutation rate x4 = 10~7), and
significant divergence of the donor population D = 0.026 = 136. The per-site
recombination rate r = 5 x 1077, thus the sweep parameter

a=rIn(2N)/s = 4.6 x 1075. The data consists of n = 10 lineages sampled from the
recipient species. It is polarized to an outgroup with pairwise divergence D, = 0.05 and
includes fixed differences. As shown in the power analysis of the main text, both sweep
scan methods have high power to detect introgression sweeps with these parameters.

Single iterations of the adaptive introgression process may produce the expected

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

In order to compare data to theory, the 200 iterations were combined into a single
data-rich locus, preserving the unique identifier and correct positions of the mutations
within the simulated genomic region The result is an “average” data set representative
of the expected volcano sweep pattern which we scan for selection using SweepFinder
and VolcanoFinder. Note that here, the LR values are inflated because they are
calculated from the combination of 200 iterations of data. The LR values of a single
iteration are much smaller.

VolcanoFinder scans were run over a range of potential divergence values
D =0.010, 0.015, 0.020, 0.026, 0.030, 0.035, 0.040, and 0.045 (i.e.
D/0 =5,7.5,10, 13, 15, 17.5, 20, 22.5) including the true value used in simulations
Dg;p = 0.026. While the true value D = Dyg;,, results in a very high LR value of
507297, VolcanoFinder finds that an introgression sweep with D = 0.020 fits the
average data slightly better, with LR value 598280. As shown in the previous section,
model 1 consistently over-estimates the contribution of divergence before the sweep to
diversity after the sweep. In combination, the star-like approximation for the effect of
selection on linked neutral loci systematically over-estimates the height of the diversity
peaks. Together, this indicates that a lower D value yields a better-fitting model.
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Indeed, supp. |[Fig. A5|shows that at the distance ad = 1/2 where the volcano peak is

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

However, for both D values, VolcanoFinder finds an optimum sweep parameter
&~ 3.4 x107°, close to the true value of 4.6 x 107°, (2 ~ 0.74).

SweepFinder is also able to detect the introgression sweep but is less sensitive to the
signal, producing a LR value of 2672, nearly 200 times smaller than that reported by
VolcanoFinder. While VolcanoFinder uses information from the full breadth of the
introgression sweep, the SweepFinder model cannot account for the influx of foreign
variation and is sensitive only to the features of the narrow diversity valley near the
introgression sweep center.

In we compare the optimum model that SweepFinder fits to the average
data set to that of VolcanoFinder with D = 0.026, discussed above and shown in
(right column). In the top panel, we see that SweepFinder detects only a very
small sweep valley that approximately matches the valley of the volcano sweep. In
contrast to VolcanoFinder, the optimum sweep strength found by this method is an
order of magnitude smaller than the true value used in simulations (% ~ 6.4).

As expected, the weak sweep parameter chosen by SweepFinder as the optimum
allows it to approximately fit the SFS very near the sweep center (top two panels,
classic sweep model &d = 0.01 or 0.1). At greater distances, SweepFinder cannot
predict the effect of introgression on the SFS and matches the data poorly. Due to the
weak sweep strength, the corresponding regions in the simulated data are in-reality an
order of magnitude closer to the sweep center when distance is scaled by the true
strength of the selective sweep. This has conflicting effects on the power of
SweepFinder to detect adaptive introgression sweeps.

At distances ad > 10 from the sweep center, a selective sweep has little effect on
neutral genealogies, and this provides a limit to how much of the data is informative for
selective sweep scans. With a much weaker selection strength parameter, SweepFinder
assesses only a fraction of the information that is accessible to the VolcanoFinder
method, explaining in-part the much-lower LR value.

However, by finding a weak optimum strength parameter, SweepFinder avoids
looking at regions of the introgression sweep in which it performs poorly relative to the
background SFS used as a null hypothesis. In the main text, we saw that at distances
greater than or equal to ad = 1, the classic sweep model predicts a near-return to the
background SFS. At greater distances, sites are no longer informative due to the
similarity in the null and alternative hypotheses of the likelihood ratio statistic.
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Fig. A3 257

The site frequency spectrum after adaptive introgression. 258

The SFS for a sample of n = 8 as a function of the relative distance ad from the 250
sweep center. Model 1 (eq. [11)) predictions are in red; Model 2 (eq. , blue. Here, 260
N =5000, s =0.1, # = 0.005, D = 0.026 and D, = 0.05 261
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Fig. A4

Pairwise diversity after the selective sweep. Predictions from a sample of two
lineages are in gray. Model 1 predictions are in red. Model 2 predictions are in blue.

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

43 standard error are shown in black. In the upper data set D = 0.026, and in the
lower data set D = 0.014. In both, the remaining parameters are § = 0.002, N = 5000,

s = 0.1, and n = 50.

0.014 Vs ~
0.012

0.010
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Fig. A5

VolcanoFinder optimum model: choice of D Results from the VolcanoFinder
scan of the average data set described in the supp. The left column shows
the optimum sweep model (inferred strength parameter & = 3.4 x 1075) given the true
D = Dy, = 0.026 used in the simulation. The right column shows the best-fitting
model found by the method with inferred parameters D =0.02 and & = 3.4 x 1075.
The top panels show the average heterozygosity along the sweep region with distance
scaled by the true sweep strength ad (gray) as well as the expected diversity predicted
under the given model (blue dashed). The remaining rows show the theoretical SFS of
the the optimum model (light gray) at increasing distances &d = 0.01,0.1,0.5,1,2,3,8
from the sweep center and compares this to the observed SF'S in a 100-bp window
centered at that position averaged over 50 simulations (dark gray). The label on each
panel lists the chosen value of scaled distance ad from the optimum model as well as
the corresponding true value of ad determined by the simulation parameters.
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Fig. A6

SweepFinder detects the introgression sweep valley. The left column shows the
best-fitting model for SweepFinder. The VolcanoFinder results in the right column as

well as the description of the panels are the same as in [Fig. Aj|
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