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S1 General notes on the analysis

Major parts of the analysis are based on branching process approximations. We model the
number of double mutants (and occasionally also the number of single mutants) in the stand-
ing genetic variation by a subcritical branching process with immigration, where “immigra-
tion” happens through mutation or recombination. For the establishment probability of a type
AB individual, we apply results from the theory of time-homogeneous or time-inhomogeneous
single-type branching processes. In order to determine the probability that a type Ab individual
gives rise to a permanent lineage of AB individuals by mutation, we use a two-type branching
process. Although the model is formulated in discrete time, we resort to branching processes
in continuous time for the mathematical analysis. In the following, we first state some gen-
eral mathematical results from branching process theory. We thereafter apply them to derive
some building blocks that we use repeatedly in the subsequent analysis in Appendix S2 and

Appendix S3.

S1.1 Mathematical results from branching process theory

Probability generating function for the number of individuals in a subcritical single
type branching process with immigration Following SEWASTJANOW (1974, p. 163), we
can calculate the probability generating function (p.g.f.) for the number of individuals in a
subcrititcal branching process with immigration. Individuals reproduce at rate A\ and die at

rate p. Immigration happens at rate m. W define the two infinitesimal generating functions



fy) =pn— O+ wy+ M2, (S1.1a)

9(y) = —m+my. (S1.1b)

20 Let Py be the probability to have k£ individuals in the limit ¢ — oo and

Fy) =) P (S1.2)

21 It then holds

x
y fl@) (S1.3)
_<A—M B
YA —
2 For/\:%+%and,u:%—%,thisgives
2 e
o’ o
F(y) = : S1.4
v) (y—f-ya-l—a—l) ( )

3 From the p.g.f., the stationary distribution of the number of individuals can be obtained as

1d 1 [/ 20 \7™ Eomt (i —1)(1+0)
_ 14 = . 1.
B k!dyF(y)|y_0 k! <a— 1) H (—20) (51.5)

i=1
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for k > 0 and Py = F(0).

Establishment probability of a reducible two-type branching process Consider a
branching process with two types. Type ¢ reproduces at rate \; and dies at rate p;. Type 2

turns into type 1 at rate ueg.

The survival probability of a process founded by one individual of type 1 is given by (ALLEN,

2011, p. 253)

ES bl 1 if )\1>/L1,
=4 " (SL.6)

0 else.

The establishment probability of a process founded by a single individual of type 2 can be

obtained by solving the equation

A2
Ao+ flg + Ueg

2) 2 Ueft ( (1)

(2)\2
1 —pei = 4 1 — pest) + 1 —pest)”, S1.7
Pest Ao+ o + U Ao+ Lo + Uer Pest) ( Pest) ( )

where the smaller root has to be taken (UECKER et al., 2015):

(2) Az + g + Uesp — \/()\2 + i3+ tet)” — A(uterr(1 = pla)) + p12) No
Dest = L — 2)\2

Ao + o + Uep — \/()\2 — 2 — Ue)? + 4)\2ueﬁ"pg‘2
29 '

(S1.8)
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With Ay = £ + £ and ps = 1 — £, this yields:

3
PR

o Lbua— (s — ) + 200+ s)upl)
Pest — 1 - ’
1+ s

(S1.9)

Establishment probability of an inhomogeneous single-type branching process The
establishment probability of a single allele with time-dependent birth rate A(t), death rate pu(t),
and growth parameter \(¢) — u(t) = seq(t) that arises at time 7' in a population is given by

(KENDALL, 1948; UECKER and HERMISSON, 2011)

Pest(T) = (S1.10)

0 —jseﬁ(T)dT
L+ [(A(t) +p(t)e T dt
T

The extinction time of a single-type branching process Consider a subcritical branch-
ing process with an initial number of ng individuals. Individuals reproduce at rate A and die at
rate . From the probability that the process has gone extinct by time ¢, Py(no,t), (see UECKER

and HERMISSON, 2011), we immediately obtain the distribution of the extinction time 7Tiy:

(1 — e~ Ot "o
P(Texy < t) = Po(no, t) = <A — M(+ i e_(f_mt) : (S1.11)

We denote by

pEI (1) = P (T <) (S1.12)
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the corresponding probability density.

S1.2 Essential building blocks

In order to match the results from the continuous-time approximation to the discrete time
model, we need to make sure that the growth behavior and the amount of drift are the same
(UECKER et al., 2014). First, in order to guarantee that the long-term growth behavior is the
same, we replace the growth parameter ¢ from the discrete-time model by In (1 + o) in the
continuous-time approximation whenever long-term growth is essential. In order to generate
the same amount of drift, birth and death rates of individuals must sum up to 1 (at least in the
diffusion limit). In a model with selection, this can be achieved in various ways, by distributing
the effect of the effective growth parameter o (or In (1 + o)) on the birth and death rates. If

not stated otherwise, we usually do this symmetrically, i.e., A = % + 2 and its death rate as

N[ =

p = 5 — 5. This is appropriate as long as selection is not too strong. For very large (positive
or negative) o, one of the rates can turn negative. In that case, we switch to a different

parameterization (and explicitly state this).

Throughout the analysis, we ignore back mutation. We furthermore assume that the mutation
rate is small enough that we can neglect direct generation of the double mutant from the

wildtype.
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The number of single mutants in the standing genetic variation We assume that
mutants are rare in relative frequency in the population, i.e., they only interact with wildtype
individuals. This has several implications: (1) birth and death rates are constant (since mean
fitness is &~ 1), (2) a constant influx of new mutations (since n, =~ Ny), (3) recombination
has no effect on single mutants (since mutants only recombine with wildtype individuals), (4)

interactions with double mutants can be ignored.

Then, from Eq. (S1.4) with m = uNo(1+ 0 4p) and A = 3 + 742 and p = § — 742, we obtain the

probability generating function Fy, for the number of Ab mutants in the population; analogous,

we obtain F,p:

Fap(y) ( AL )MO (S1.13a)
= , 13a
o Yy+yoap+oa—1
20@3 2uNy
Fop(y) = . S1.13b
5(0) (y+yUaB+UaB—1> ( )
The mean number of Ab and aB mutants is given by
u N
i = (nap) = Fiy(1) = ——2(1 + o.43), (S1.14a)
O Ab
N,
Nep = <naB> - C:B(l) = _Z_ 0(1 +UaB)- (S114b)
aB

The number of double mutants in the standing genetic variation In a large pop-
ulation, in which single mutants are frequent in absolute but rare in relative numbers, their

number can be well approximated by their mean value as given by Eq. (S1.14).
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However, the number of double mutants is subject to strong stochasticity. Before the time

of environmental change, their distribution can be modeled by a subcritical branching process

with immigration. Immigration happens at rate

N AN, _ _
map = <7’ = B) (1+0aB) +u(nap + 1) (1 + 0ap)(1 — 7).

No

As the effective selection coefficient of AB individuals, we use

eff

0AB —

Individuals of type AB reproduce at rate % + 50%p and die at rate % —

1 __eff

(1+0ap)(1—1)—1.

1 _eff

(S1.15)

(S1.16)

so With Eq. (S1.4), we obtain the probability generating function Fp(s) for the number of double

s mutants in the standing genetic variation:

Faply) = (

eff
209

2map

y +yo'l 4+ o —

58
1

(S1.17)
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The mean number of double mutants is given by

map
(nap) = Fip(l) = ——5
OAB
u* Ny (14 0ap+ 0ap + 0av045) — (L —1r)(0ap + 0un + 204048)
= — (1 -+ O'AB>
A0 aB oap —1(l4+04p)
u® Ny r(l+o)—20(1—r)

bl

JAB—’I”(l—i-O'AB)

(S1.18)

where the last line holds for o4, = 0,5 = 0.

With o4 = E1 4 (0ap + 0up + 0av0ap) = E1 + 0(2+ 0) and |04p], |0us], and |o4p] small, we

can further approximate:

u?*Nog 1 — (0ap+ 0up)
Oa0ap T — By — (04 + 04B)
uw?!Ny r—20

o2 r—FE, —20

(S1.19)

We see that for F; = 0 (no epistasis), (nap) is independent of r; for £y < 0 (negative epistasis),

(nap) increases with r; for Ey > 0 (positive epistasis), (nap) decreases with r. For r = 0, the

. . 2
mean number of double mutants is given by “0—12\70 EIQ:L’QJ,

hence strongly dependent on the degree

u? Ny
TAbOaB

of epistasis. For r > |oap + 0ap| and r > |oap|, it converges to , independently of

epistasis.

Establishment probabilities in the absence of the wildtype In the absence of the

wildtype, the double mutant is (effectively) not broken up by recombination. With Eq. (S1.6)
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and \; = % + %In(l + sap) and p; = % — %ln(l + sap) (assuming In (1 4+ sap) < 1, which is

always the case in our examples), we obtain for the survival probability of a process which is

founded by a single individual of type AB:

(AB) _ 21n(1+8AB)
est 1+1In(1+ sap)

~ 2548, (S1.20)

where the approximation holds for s,p small.

We also derive an approximation for the survival probability of a process founded by one
individual of type Ab (or aB), when type AB can only be generated by mutation (either
because r = 0 or because the other single mutant type is absent). The problem can then be
assessed by means of a two-type branching process. Type Ab has birth rate % + 8# and death
rate % — s“?b with §4, = In (1 + s45) (assuming —1 < In (1 + s4) < 1, which is again always

fulfilled in our examples). It turns into type AB at rate u(1 4 s4p) (analogously for type aB).

With (S1.9) and Q; =1 — p(ftB), we obtain the establishment probability:

e

(a) L+ a1+ saz) — 1/ (5as — (1 + 545))? + 20(1 + s45)(1 + 34,)pe”
Pest = = 1 - ~
1+ 54
~1_ I+u— \/(SAb —u)? 4+ dusap(l+ sap)

1+ sap

%1_(1+U_5Ab—\/(SAb—u)2+4u5AB) (81.21)

= sap — U+ /(54 — )2 + dusyp

2usap

~

—SAb
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The last approximation holds for s4, < 0 and szAb > usap. It can be easily interpreted:

1

— o s the mean number of descendants of a single Ab individual. Each of these descendants

mutates with probability u, leading to a permanently establishing lineage of AB individuals

with probability 2s45.

Establishment probabilities in the presence of the wildtype If the wildtype dominates
over the single mutants at all times, the double mutant virtually always recombines with the
wildtype (until it becomes frequent and rescue has occurred). Under these conditions, the
effective growth parameter of the rescue type can be approximated as

(14 sa5)(1 —r)—1 as long as the wildtype exists,
Sefi(t) = (S1.22)

SAB as soon as the wildype has died out.
If the wildtype decays very slowly and if we can furthermore assume that no double mutants
get generated once the wildtype has gone extinct, this yields for the establishment probability

of the double mutant:

2In[(1+sap)(1—7)] -
(AB) ) T+ (Thoamory i In [(1+saB)(1—71)] >0,

Pest -
0 else. (S1.23)

~ max [2(sap — 1), 0].

10
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Following the same derivation as in Eq. (S1.21), the probability that a single Ab individual will

eventually give rise to a successful lineage of AB individuals is

(Ab) _ ¢ _ L+u(l+sap)(1—71)— \/(=§Ab —u(l+sap)(1—=7))2+2u(l + sap)(1 —7r)(1 + S$4)p

(AB)
est

pest - 1+§Ab

~sap —u(l —7) + /(545 — u(l — 7))+ 4u(l — ) max [2(s4p — 7), 0]

2u(l —r)max [2(sap — 1), 0] ‘

—SAb

Q

(S1.24)

(

€

The simple approximation p, ':tB), Eq. (S1.23), fails when the wildtype population size decays
quickly. In case of a fast (but not instantaneous) eradication of the wildtype, we need to apply to
a more refined approximation for the establishment probability of type AB. The extinction time
of the wildtype is a stochastic variable. If we ignore mutation and recombination, the dynamics
of the wildtype is given by a subcritical branching process with initial size n4,(0) ~ Ny, and
we can calculate the distribution of the extinction time Ty with the help of Eq. (S1.11). Since
In (1 + s4) is considerably smaller than —1 if s,, is strongly negative, we deviate from our

default approximation for A and u here and choose A = 1/2 and g = 1/2 —In (1 + s45) to keep

selection at the right level and avoid negative birth rates. With this, we obtain

1 —Sabt No
P(Tow <t) = < ° ) (51.25)

2540 _ p—Sgpt
1—sap + 1 e

and from this the probability density p{® (Tyy).

11



127 For a given Ty, we can calculate the establishment probability of a single double mutant based
18 on a time-inhomogeneous branching process with death rate % — %) and birth rate % + S

2 2

120 with §eff(t) defined by

oalt) = In((1+sap)(1—71)) t < Tex, ($1.26)

1H(1+SAB) t>Text

o (see Eq. (S1.10)). This gives for ¢ < Tey:

(AB) 2
) = ———— S1.27
Pest ( ‘ t) 1 +I(t7Text) ( )

131 With

o0

T
— [ Seg(T)dT
[(taText> :/6 tf e dT
t (S1.28)

)
S1 S1 52 ’

12 where s; and sy are given by S.g before and after extinction of the wildtype respectively. For

133t > Tey, the establishment probability is given by Eq. (S1.20).

s Over all possible extinction times, we get

[ee) t

21n (1 + SAB)

2

(AB)

t) = Toxt) ———————dTx Tox dT oy S1.29

P70 = [ o0 g T + [ M) Ty T (S120)
t 0

12



135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

The numerical evaluation of integrals is done in Mathematica (Wolfram Research, Champaign,

USA).

S2 No recombination

For complete linkage, approximations have been derived in IWASA et al. (2003, 2004). These
approximations model all allele frequencies in the standing genetic variation deterministically.
We extend these results by a stochastic treatment of the number of double mutants standing

genetic variation.

The distribution of standing genetic variation In principle, the number of single and
double mutants in the population can be modeled as a two-type branching process with immi-
gration. However, analytical solutions for the p.g.f. are not easily derived. We therefore propose
two simpler approximations to estimate the contribution of the standing genetic variation for
rescue. (1) If the population size is small, double mutants in the standing genetic variation can
often be neglected; the number of single mutants is subject to stochasticity. The probability
generating functions Fy, and F,p are given by Eq. (S1.13). (2) If the population size is large,
the number of single mutant types is well approximated by their expected value (Eq. (S1.14)).
The probability generating function for the number of double mutants F4p is then given by

Eq. (S1.17).

13
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Establishment probability of the rescue mutant After the change in the environment,

) as given by

a lineage initiated by one individual of type AB survives with probability pg’;B
Eq. (S1.20) A lineage that is founded by a single individual of type Ab (or aB) survives with

probability p(SAtb)

e

as given by Eq. (S1.21). These results do not depend on the dynamics of
the wildtype when r = 0 because of our assumption of a hard carrying capacity (no density

dependence until N > Np).

The probability of evolutionary rescue We first consider the case that the number of
double mutants before the change in the environment can be ignored. Rescue can now ei-
ther pass via single mutants from the standing genetic variation or via newly generated single
mutants. The number of successful offspring of a single type Ab individual is Poisson dis-

(Ab
est

tributed with parameter (1 + sa5)p, ) Iftn ap individuals of type Ab are present at the time
of environmental change, they hence do not establish a permanent lineage with probability
exp [—nap(l+ s Ab)pgftb)}. It remains to average over the distribution of ny,, for which one
can conveniently use the p.g.f. Fy,, Eq. (S1.13) (analogous for type aB). In order to de-
termine the number of single mutants that get generated after the environmental change, we
assume that the decay of the wildtype population size can be well described deterministically
by nap(t) = No(1+ s4)" (cf. ORR and UNCKLESS, 2008; UECKER et al., 2014). The number of

o0

de-novo generated single mutants is then given by > ung(t)(1 + sa) ~ “Y0(1 + s4,). With

S
=0 ab

14



1o this, we obtain:

-~ (Ab) B (aB) _ _ uNg 1+ (Ab) _ uNg 145, (aB)
Prescue = 1 — Fay(e (1+545)Pest VF,p5(e (1+5a8)Pest Je —oap I Hsab)Pes” = =5 - (145aB)Pesy (S2.1)

1 If single mutants are frequent and we describe double mutants stochastically, using the expected

2 values nyy, and n,p, we have:

Prosene = 1 — FAB(e—(l-i-SAB)Pg?tB))e—u(ﬁAb-&-ﬁaB)(l-&-SAB)Pc(;?tB)e—ﬁAb(l-i-SAb)Pg?tb)—ﬁaB(l-i-SaB)ngtB)
(52.2)
N, Ab uN| aB
X 6_ fsaob (1+5Ab)p£3st - 750‘01) (1+8aB)p£3st ) .
i3 If we can treat the number of double mutants deterministically, we obtain:
Presene = 1 — 6—(1+SAB)7_ZABP§§B)Q—U(ﬁAb-f—ﬁaB)(l-l—SAB)pgiB)e—ﬁAb(l-ﬁ-SAb)Pg?tb)—ﬁaB(l-ﬁ-SaB)PéZF)
(52.3)
uN| Ab uN| aB
Xe_ ,5631 (1+5Ab)pést >_Taob(1+sa3)pést )
s with
_ u(nap + Nap)
nap=———>(1+04p). (52.4)

—0AB

s Comparison to Iwasa et al. (2003, 2004) We can compare our approximations to the
e approximation derived in IWASA et al. (2003, p. 2574) and TwASA et al. (2004, Eq. (9)), who
w7 describe all allele frequencies prior to the environmental change deterministically (derived as
s the stationary solution of a system of differential equations). Consequently, as can be seen from

w  Fig. S2.1, the approximation is in good agreement with Eq. (52.3) (up to minor deviations due

15
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Fig. S2.1: Probability of evolutionary rescue as a function of 4. The theoretical
predictions are based on Eq. (S2.2) (solid line), IWASA et al. (2003, 2004) (long-dashed line), and
Eq. (S2.3) (short-dashed line). Parameter values: o4, = 0,5 = —0.01, Sap = Sap = Sap = —0.5,

sag = 0.15, u = 107°, Ny = 10%. Symbols denote simulation results. Each simulation point is
the average of 10° replicates.

to details in the model and the analysis). Both strongly overestimate the real rescue probability
in Fig. S2.1. The reason is that the number of double mutants in the standing genetic variation
— from which rescue mainly occurs in the parameter regime shown in the figure — is subject
to strong fluctuations. This matters mainly for weakly deleterious double mutants: Then, the
average number of double mutants is high enough to provide a population with a decent chance
to survive, and the deterministic approximation assumes that each replicate population contains
this average number of double mutants. Stochastically, however, some replicate populations
have a very high chance to survive (but a single population can only get rescued once; the very
high number of double mutants is hence redundant), while most of them contain no double

mutants at all and go extinct.
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S3 The role of recombination

From now on, we assume that the population is large enough that we can approximate the
number of Ab and aB mutants in the standing genetic variation by their expected number,
Eq. (S1.14). For the number of double mutants prior to the environmental change, we use
Fap, Eq. (S1.17). In order to keep the equations simple, we usually assume o4, = 0,5 = 0.
Generalization to unequal selection coefficients for single mutants before the environmental

change is straightforward.

S3.1 Single mutants are lethal in the new environment

The wildtype is lethal too In the absence of any other types, a single rescue type in-
dividual establishes a permanent lineage with probability pgﬁB), Eq. (S1.20). In the first
generation after the switch, with our choice of the life cycle (mutation and recombination
before selection), the wildtype and the single mutants are, however, still present in the pop-
ulation (leading to the generation and deletion of AB mutants). A single rescue type in-
dividual present at the time of environmental change will hence not establish a permanent

(AB)
est

lineage with probability exp [—pes; (1 + sap)(1 — )], and the probability that no new suc-
cessful lineage is generated by recombination or mutation in this first generation is given by

exp [— (r%(l + sap) + u(fiap + nap) (1 + sap)(1 — 7’)) pgftB)} . With this, the probability

17



207 of evolutionary rescue is given by

Prosone = 1 — FAB(G—(1+SAB)(1—T)P£§B)) X e (rn_iA%zaB(1+5AB)+U(ﬁAb+ﬁaB)(1+SAB)(177'))péls4tB). (83.1)

. AB .
208 With pgst ) 2sap and oy, = 0,5 = 0, We can approximate

209

210

211

212

213

(AB)

Fem(Hsan)l=mpet ) & (1 — 2545(1 — 7))

2(1+"AB)[T%Q(l'ﬂfﬂ‘*@q(l-&-v)(l—r)
2sap(1+04p)(1 —1)* ) (reap)=r)
2(1 =7r)(1 +0ap) —25ap(1 —7)%(1 + 0aB) — 2

(

(et t)
(
(

+

r— 20+ E)(1—r) >2uj2NO [20-155]
sap(l—=r)?2+r—(20+ E))(1—1)

_2u2N0 r

r— 20 — El o2 [20— l—r]
sap(l=r)?2+r—20—E; '

(83.2)

where the first approximation is a series expansion of the exponential function up to first order
in the exponent and the second approximation is based on dropping higher order terms in 045
and o in the enumerator, the denominator, and the exponent. The approximation in the last
line consists in approximating r — (1 — 7)(20 + E;) = r — 20 — E} since the second term only

matters when r is small, i.e. when 1 —r = 1. If we furthermore ignore new mutations after the

18
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224

switch in the environment, we obtain:

W2
oA 50 (93.3)

If we do not take stochasticity in the number of double mutants in the standing genetic variation

into account, we get

pdet 1 _ o~(nap)(tsap)(1-1plh” o o~ (rTAG9E (I4s ap)+u(faptian) (1+sap)(1-r) )pis ™
rescue
u2 Ny (1=r)(2—20—E)
O P R (- (S3.4)

2
N —2
25 V0_r—20
~l—e TP oo Er

where the first approximation makes use of the approximation for (nap) (Eq. S1.19) and fur-

(AB)
st

thermore uses p,

~ 2sap and 1 + sap ~ 1 and ignores new mutations from generation 0 to

1.

With this, we can compare the probability of evolutionary rescue (1) without epistasis and
without drift (Eq. S3.4 with E; = 0), (2) without epistasis but with drift (Eq. S3.1 with
E, =0), (3) with epistasis but without drift (Eq. S3.4 with F; # 0), and (4) with epistasis and
with drift (Eq. S3.1 with E; # 0). Fig. S3.1 shows all four cases. Note that the establishment

of the rescue type after the environmental change is in any case subject to strong stochasticity.
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Last, we want to estimate the influence of drift on the rescue probability

P rescue P r%if:ue
e . (83.5)

rescue

d:

For this, we approximate by a Taylor expansion up to leading order in ssp (and similar ap-

proximations as in Eq. S3.4):

Prcscuc o Pdet ~ (672SAB<TLAB>(17T) _ <€728ABTLAB(17T)>) e*QSABT%
(S3.6)
~ —25%5(1 —r)*Var[nap] + O (s%5) -
This leaves us with
sag(l —r)*Var[n
a2 m VIR ()
(1 —r){nap) + reairet
i 7
(1 o T> + TN:<I;1A115’3>
Var[nag] —sap(l—r)? )
~ . + O (s )
(nap) 1+ rf—éa ( AB)

For the last line, we used Eq. (S1.19) and na, = n.p ~ —%. For the ratio of variance to

mean, we obtain:

Var[nag] _ Fip(1) + Fiyp(1) — FAB(UQ
<nAB> a FAB(l)

1 1
— —(1+ ,
2( T(l—i-JAB)—O'AB)

(53.8)
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which is a decreasing function of r, i.e., the relative importance of drift decreases with r. Note
that the variance itself depends on epistasis and is not decreasing over the entire parameter

range (it can be increasing, decreasing, or be non-monotonic).

For |o| and |o4p| small, we can further approximate

_ Var[nap]

d~
(nap)

1
sap(1 =)~ =5 (1= 1)1 + r)%. (93.9)

Although the approximation deviates from the exact result for small r, we can read off the
qualitative behavior: d is negative and monotonically increasing with r; i.e., the larger r, the
less drift reduces Peseue- We can distinguish two regimes: (1) If |oap| > sap, drift does not
play a significant role, irrespective of r. (2) If |oap| < sap, drift has a significant influence

unless r > sap.

The wildtype remains If the wildtype population size decays slowly after the environmen-
tal change, the establishment probability of a single rescue mutant is well approximated by

Eq. (S1.23). Analogous to before, we then obtain

Prosene = 1 — Fap(e-(am =iy oo o= (r k2 (baan) tulians) (+-045) (1) )il

Pesi ) x e (S3.10)

Actually, e~(1Fsap)1=1(1=048) — ¢, (where g4 is the exact extinction probability of a branch-

ing process with Poisson distributed offspring numbers with mean (1+ s45)(1 —17)), and so we
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Fig. S3.1: Probability of evolutionary rescue as a function of recombination (cf.
Fig. 1). The curves are based on Eq. (S3.1) (drift) and Eq. (S3.1) (no drift). Paramater
values are: g5 = —0.0199 (no epistasis) and o4 = —0.0001 (epistasis), o4, = 0,5 = —0.01,
U = 10_5, Ny = 106, sap = 0.15, spp = SaB = Sap = —1.

AB
(st ))

e

could simply use Fap(1—p . Since we use an approximation for 45 (which is our approx-

imation 1 — pfﬁB)), we prefer the above form for consistency with the previous paragraph.

As before, we can derive an approximation, ignoring stochasticity in the number of double

248 mutants
AB fippTig _ _ AB
plet —q o~ nap)(1+sap)(1-1pL" o = (rTAG9E (14sap)+u(fap+iian) (1+sap)(1-1)) ol
,QUQNO (sap—T) [17(2*20*E1)(1*T)] —2(sap—7) w?Ng _ r—20 )
1l—e = 2 r=20-E, ~l—e o2 r=20-F1 it sup—1 >0,
0 else,
(S3.11)
. AB
29 where we approximate pést ) ~ max (2(sap —1),0).
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The wildtype is quite unfit If the wildtype is not very fit, we need to resort to the more
accurate approximation Eq. (S1.29) for the establishment probability of the double mutant.

For the probability of rescue, we obtain as before:

Prosene = 1 — Fap(e-1am-mpl2 1)y o o= (r 8452 (Lsan) tunartnon) (Lsam)(1-n) o5 1)

(S3.12)

Sensitivity of the approximation How sensitive are the approximations to the assumption
of lethality of the single mutants? Fig. S3.2 compares the approximations (assuming sa, =
Sqep = —1) to simulations with s4, = s, = —0.99 (Panel A) and s4, = s, = —0.9 (Panel B).
The fitter the wildtype the less sensitive is the approximation to deviations from strict lethality
of the single mutants. For a lethal wildtype, even a slight increase in the fitness of mutants

above lethality drastically increases Piescue-

S3.2 One single mutant is viable, the other lethal

Let us now consider the situation s4, > —1 and s,g = —1 after the environmental change.

The wildtype is lethal The presence of one of the single mutant types after the environmen-
tal change opens up a new rescue pathway: new double mutants can be generated by mutation

after generation 0. Analogous to before, the probability that the population is rescued via this
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Fig. S3.2: Probability of evolutionary rescue as a function of recombination. The
figure is identical to Fig. 1 except for that we set s4 = s,p = —0.99 (Panel A) and sy, =
sqp = —0.9 (Panel B) in the simulations. The growth parameter of the wildtype is s, = —1
(solid lines, filled circle), s, = —0.99 (dashed line, triangles), s, = —0.005 (dotted line, empty
circles). Circles and triangles denote simulation results. Each simulation point is the average
of 10° replicates.

pathway is given by

1— 6_(ﬁAb+UN0)(1+SAb)péib)

(93.13)

with péftb) given by Eq. (S1.21). Combination with Eq. (S3.1) yields the total probability of

evolutionary rescue:

(AB)

AB)\ -~ (rPARRAB (14 o)t v +ias) (1+548) (1-7) )Py

Prescne = 1 — FAB(B_(1+SAB)(1_T))pest ) X e
($3.14)

™ e_(ﬁAb+1tN0)(1+SAb)p£;4tb>‘
We can estimate the respective significance of the contributions by a comparison of Eq. (53.13)

uNg
—O0Ab

with Eq. (S3.4), assuming o4, = 0,5. Approximating 7 4;, ~ and 1+ s, ~ 1 and ignoring

the term that accounts for new mutations (~ ulNy) in Eq. (S3.13) and setting £y = 0 in
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276

277

278

Eq. (S3.4), we arrive at the condition

(Ab) 9 USAB
est

(93.15)

—0 Ap

for the contribution of new rescue mutations after the environmental change being larger than

the contribution by double mutants from the standing genetic variation. With the last approx-

(Ab)

imation for peg

in Eq. (S1.21), this condition simplifies to

2 2
bkl > Usap = —0Ap > —SApb- <S316)
—SAb —0 Ab

If 545, > 0, rescue is not contingent on the generation of the double mutant. Depending on the
mutation rate and the fitness effects of mutations, generation of the double mutant might still
help rescue or be negligible. In the latter case, results from single step rescue apply (ORR and

UNCKLESS, 2008; BELL and COLLINS, 2008; UECKER et al., 2014). Formation of the double

mutant after the environmental change cannot be ignored in Eq. (S3.13) if

Ab
2545 < Py

< 254, < Sap— U+ \/(sAb —u)?+4sapu

& saptu</(sa— u)? +4dsapu (S3.17)
SALS>U 2 48ABU
& Sap K SAb+4SABu=SAb- 1+ 2
Ab

& 4dsapu > Sib.
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Altogether, generation of the double mutant cannot be ignored if

u’!Ny r—20
o2 r—20—-F;

ulN, ulN,
25Ab_—00 < pggxtb)__ao + 2s4B

wNy r—20
o2 r—20—F,
u’Ny r—20
02 r—20—F;

& 254 K Sap— U+ /(545 — u)? +45apU + 2545

S sy tuK \/(sAb—u)2+4sABu+2sAB (S3.18)

A4S AU w?Ny 1r—20
- Sap K Sap -4 1+ éB + 254 0
S%p o’ r—20—FE

u’!Ny r—20
02 7“-20'—E1

& 4SABU>>S?4b or 2sap > Sap.

The wildtype is at least as fit as the viable single mutant Viability of the wildtype
has two consequences: (1) The double mutant can be broken up by recombination. (2) The
wildtype can generate new Ab mutants on its course to extinction. Modeling the wildtype

deterministically, we obtain for the probability of rescue by de-novo generated double mutants

_ (Ab) _ ulNp (Ab)
1 _ e*nAb(l‘i’SAb)pest X € ~Sab (1+8Ab)p95t . (8319)

Combination with Eq. (S3.10) yields again the total probability of evolutionary rescue:

A A AbTg L (AB)
Prescne = 1 — FAB(6_(1+SAB)(1—7‘))péstB>) y 67<T A B(1+SAB)+u(nAb+naB)(1+3AB)(1*7‘)>pest

(S3.20)
—(ﬁAbﬂ-z&)(H‘SAb)Péftb)

X e “Sab
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As before, we can compare the different pathways to rescue, (a) from double mutants from the
standing genetic variation, (b) mutation of single mutants from the standing genetic variation
after the change in the environment, (¢) complete de-novo generation via the wildtype after the

environmental switch. Pathway (c) is more important than pathway (b) if

—Sab < —O0 Ap. (8321)

Pathway (b) is more important than pathway (a) if

—SAp < —O04p. (8322)

If sa, > 0, analogous to the previous paragraph, formation of the double mutant after the

environmental change cannot be ignored if

Ab
254y < plat)

& 24 K sap— U+ /(545 — u)? +4max ((sap —7),0)u

& saptu <</ (54— u)?+4max ((sap —r),0)u (S3.23)
s u / 4 — ,0
Ag Sap K 812417 + 4SABU = SAp \/1 + maX((sgf T) )U
Ab

& dmax ((sap —7),0)u > s%,.
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200 Altogether, it cannot be ignored if

293

294

295

296

297

298

uNy (Ab) uNg

u?N, r— 20
28Ab__0_ < DPest _—O_ + max [2($AB — T'), 0] 0

o2 r—20—-F;

u’!Ny 1 —20

254y K Sa4p — U+ \/(sAb —u)?2+4max[(sap — 1), 0lu + max[2(sap — 1), 0]

o2 T—QU—El
u’Ny r—20
02 r—20—F;

4max [(sap — 1), 0]u u*Ngy r—20
SAb<<SAb-\/1+ 2 + max [2(sap — 1), 0] 20 B,

Sap +u <K \/(sAb —u)? +4max[(sap — ), 0lu + max [2(sap — 1), 0]

w?Ny r—20
o2 T—QO'—El

4max [(sap —1),0lu > s%, or max[2(sap —7),0] > S ap-

(S3.24)

S3.3 Both single mutants are viable

Finally, we consider the case sa, = s,p = s > —1. With o4, = 0,5 = 0, deterministically, the

number of Ab mutants and aB mutants is hence equal at any point of time. In the following,

we formulate equations in terms of type Ab.

The wildtype is lethal Ignoring recombination, from generation 0 to generation 1, the

number of Ab individuals changes to
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From then on, it evolves according to the recursive equation

nap(t+1) = (14 5)(1 —2u) (nAb(t) ., nap(t)nas(t) )

nAb(t) -+ NaB (t)

(S3.26)
r
= (1+5)(1 = 2u) (na(®) = ()
where the second line holds since n(t) = n.p(t). With this, we have
r t
nas(t + 1) = na(1) ((1 +5)(1 — 2u) (1 - 5)) . (93.27)

From generation 1 on, the number of newly generated AB individuals follows a Poisson distri-

bution with parameter

(u(nAb(t) + nan(t) + gnAb(t)> (1+ s4p). (93.28)

Putting all together and using again na,(t) = nep(t), we obtain for rescue from generation 1

on:
L e_t§0(2u+%)nAb(t-‘rl)(l-i-SAB)péI:tB). (83.29)
With
S e+ 1) = S ) (@90 =20 (1)) = nuh— (11 2u) (1=35)’
t=0 t=0 N ( " S) - . 2)

($3.30)
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36 this yields

(A ut Hna ) (4B) T
1 —e \ 1-0F0-200-5) JFest 1 o TFAB T (S3.31)

57 Combining with Eq. (S3.1), we obtain for the total probability of evolutionary rescue

AB nAbaB 7 7 (AB)
Prosene = 1 — Fap(e-eam-npl®y o o= (rH 452 (sap) tulfiartnos) (Lsap) (1= Jpis

(S3.32)

[ U+sap)(2utf)ngp(1) | (AB)
X e 1—(14s)(1—2u)(1-%) est

s The wildtype is as fit as the single mutants As a second scenario, we consider the special
300 CASE Sgp = Sap = Sap = S. 1f we ignore mating between single mutants (note that unlike in the

3

=

o previous scenario, they are now relatively rare), we obtain for the deterministic dynamics

nap(t+ 1) = (14 8)(nap(t) — 2una(t)), (S3.33a)
nap(t +1) = (14 8)(nap(t) + una(t)), (S3.33b)
Nap(t + 1) = (14 8)(nap(t) + unw(t)) (S3.33¢)

s with the solutions
Rap(t) = (1 + 5)(1 — 2u)), (S3.34a)
nap(t) = nap(t) = % (No(1+ )" = 7ap((1 4 5)(1 — 2u))") . (S3.34b)
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s Type AB is generated at rate

TnAb(]i;ZcSB(t) (14 sap) + wnap(t) + nap(®) (1 + sap) (1 — 1) (S3.35)

as  and establishes with probability péftB) as given by Eq. (S1.23). This yields for the probability
a1z of evolutionary rescue via this pathway

_ i (r nAp(ngp(t)

e &V O (1+s4p)+u(nap () +nap (1) (1+s.4) (1-1) )47

(S3.36)

s Evaluating the sums yields

f: TLAb(t)TLaB (t)

= N0
__No No—nap—7ap . (No — 7ap — Tia)? 1 _ NapTlaB
4s  2(1 — (14 s)(1 —2u)) 4Ny 1—(14s)(1—2u)? Ny
(S3.37a)
319
- No No —nap — Nap _ _
t aB(t - = — — NgB- S3.37b
ot i) = N sy
0 Putting it all together, we obtain:
p 1 F(e—<1+SAB>(1—r>pg;‘tB>) o o (PHAREAE (Lt ap) Fu(Rartias) (sap) (1-r) o™
rescue —
- - (S3.38)
» e* (T(1+SAB)t§1 %‘Fu(lfr)(l‘i’sAB)tgl(nAb(t)+naB(t)))pég;B)
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The wildtype is fitter than the single mutants If ss, = s,p = s and s,, > s, we can
proceed as in the previous section. The dynamics of the wildtype population are again given
by

nab(t) = ﬁab(l + Sab)t(l - 2U)t (8339)

The dynamics of the single mutants follow

nap(t +1) =nep(t+1) = (14 8)(nap(t) + ung(t)), (S3.40)

yielding
nan(t) = (uNo(1+ 5) + Lap(s — sap) (1 — 2u)) (1 + 5)" — ufigp(1 + ) (1 + s45)" (1 — 2u)?
AR $ — Sap + 2u(1 + Sqp) ’
(83.41)
With the approximations
C:=5—8u+ 2u(l+ su),
a = ung(l+s), (S3.42)

ﬁ = uNO(l + S) + T_LAb(S — Sab)(l — 2u),
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337

338

and N (t) ~ ng(t) we obtain

o BI(1+s) —ad (14 sw)(l—2u)
(nab(t) +nap(t)) = —= —
= ¢ (S3.43a)
/Bﬁ _ (1+Sab)(1_2u)
o —s 1—(1+s4p)(1—2u)
C

i nap()nas(t) (1 + s4)* (1 — 2u)* — 2aB(1 + sa)' (1 — 2u)! (1 + 8)t + B2(1 + 5)*

t=1 N(t) C?gp(1 + 5qp)H(1 — 2u)?
_ 1 o (I+sa)(l—2u) o l+s = (1+s)?
g <“ = (+sa)i—20) =5 7 <1+sab><1—2u>—<1+s>2)'

(93.43b)

Since the wildtype dominates at all times (unless rescue has occurred), we can again approxi-

(AB)
st

mate p,

= 2max [(sap —1),0].

Fig. S3.3 shows Piescue for various values of s, with all other parameter values as in Fig. 3C.

S3.4 Both single mutants have fitness greater than one

We here formalize the special case s, = —1, sa, = sq = s > 0. For this, we consider pairs
consisting out of one Ab and one aB mutant. Such a pair reproduces at rate % + $ and dies at
rate % — 5 with 8§ =In (1 +s). At rate §(1+ s4p), it turns into an individual of type AB (this
ignores mutation). The growth rate of a pair is 28, since in reality, we are not interested in
pairs but establishment of any type (Ab, aB, AB) is fine, and each single mutant has growth

rate s. However, it is pairs that convert into double mutants, and with this approximation,
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Fig. S3.3: Probability of evolutionary rescue as a function of recombination for
various values of s,,. All other parameter values are chosen as in Fig. 3C. Theoretical
predictions are based on Eq. (53.38) with Eq. (S3.43a). Symbols denote simulation results. Each
simulation point is the average of 5 - 10* replicates. For the simulations with s,, = —0.003,
we considered a population as rescued when the number of double mutants reached 0.2N,
(changing the criterion to 0.3Nj did not alter the results).

we assume that for every single mutant of type Ab, there is a single mutant of type aB to

recombine with and vice versa. A single individual of type AB establishes a permanent lineage

(AB)
est

with probability p ~ 2s4p. Using Eq. (S1.8), we can calculate the survival probability of a

process founded by exactly one pair:

(ahop) _ L35 Fsan) - VG = 51+ 545+ (1+28)r(1 + san)pla”
o 1+ 23 (S3.44)
2
~2s—g+\/<2s—g> + 2SART.
The probability of evolutionary rescue from generation 1 on is given by
1 — e ran(itsanpe” (93.45)
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Neglecting the contribution of double mutants from the standing genetic variation to rescue,

the possibility to generate the double mutant has a significant effect if either

péftb’aB) >4s  or péftb’aB) < 4s. (S3.46)
These conditions simplify in few steps to
Sap > 25 or Sap < 2s. (S3.47)

S3.5 Two-step rescue vs single-step rescue

We briefly discuss some instances where two-step rescue (as analyzed in this paper) is more
likely to happen than single-step rescue (where there are only two types — the wildtype and the
rescue type — and a single mutational step between them). For easier comparison, we denote
the wildtype by ab and the rescue genotype by AB for single-step rescue as well. Mutation
from wildtype to rescue mutants may happen with probability us. With Eq. (S1.4), the p.g.f.

for the number of rescue mutations in the standing genetic variation is derived to be

(93.48)

QO'AB >2usN0
y+oapyt+oap—1 .

P = (
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ssa The probability of evolutionary rescue for single-step rescue is given by

N, AB
P (el S (st
rescue
(AB) N, N, N, N, (83'49)
_ usNg _usNp _ usiNg _ usNg
=1—e¢ Pest (1+SAB)[—UAB(1+UAB) _Sab] ~1—e 28‘43[—0,43 —Sab],

355 where the first summand in the brackets accounts for the contribution of standing genetic
36 variation and the second one for new mutations after the environmental change (cf. also ORR

37 and UNCKLESS (2008, 2014); BELL and COLLINS (2008); UECKER et al. (2014)).

;s In the following, we focus on scenarios where the wildtype is lethal in the new environment and

350 - approximate single-step rescue by

us Ng

P m~1—e PP oas (S3.50)

rescue

0 Lethal single mutants For two-step rescue, we use approximation Eq. (8):

) 2
_osap¥No _r—20 7 large/E1 =0 —25 45400
prescue ~ 1 — e AB 52 r—20—FEj ~ 1 — e SAB T2 . (8351)

s Comparing with Eq. (S3.50) shows that two-step rescue is more likely if

w  r—20 Usg

(S3.52)

o2r—20—F, —oap
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2 For large recombination, this reduces to

33 For Ey = 0 (which implies 045 ~ 20):

u

Us

—0AB

Us

—0 2"

(S3.53)

(93.54)

s« One viable single mutant Following section S3.2, two-step rescue can be approximated by

2N,
—2s A5 +=0
1 e AB

s Under these conditions, two-step rescue is more likely than single-step rescue if

w  r—20

r—20

02 r—20—-E1 ¥ e

’LL2

o2r —20 — B,

s Again, for strong recombination:

2

2

U
_2 >
2 OS5 Ap
7 And for £y = 0:
u? u?
—0 —SAp

37

OS Ap

—0AB

(S3.55)

(S3.56)

(33.57)

(S3.58)
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Viable single mutants Last, we consider a scenario with both single mutants viable. With

Eq. (10), the probability of evolutionary rescue is given by

u2NO r—2c Y .
— -4 -2 20 (1 _r
1 — ¢ 29AB 5 o By o 20AB =y U] iy (S3.59)

This yields for the condition that two-step rescue is more likely than single-step rescue

W r—20 u r Us

— 1 —_— > S3.60
027"—20—E1+( +SAb)—o7"—25Ab —oaup’ ( )

which for strong recombination simplifies to

U U r U
— | — 1 > . S3.61
—0 (—O’ * +$Ab)r—23Ab) —0 4B ( )
For E, = 0:
u? ur U
— 1 _ > 2 S3.62
—0+( +8Ab)r—28Ab 2 ( )

S4 Limits of the approximations

Our approximations assume that wildtype individuals and single mutants are sufficiently fre-
quent to describe their dynamics deterministically. This requires a sufficiently large population
size and a sufficiently high fitness of single mutants prior to the change in the environment.

Fig. S4.4 takes Fig. 3A as a starting point and varies several parameters in order to probe
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Fig. S4.4: Probability of evolutionary rescue as a function of recombination for
various population sizes Ny with Nosap = 2000 kept constant (Panel A), recom-
bination r for various values of s (Panel B), and the strength of selection against
single mutants in the old environment o (Panel C). The figure varies parameters from
Fig. 3A. For all Panels: u = 2-107°% o4 = —0.1, s = —1. Panel A: Nysag = 2000,
o = —0.01, s = —0.01; Panel B: sy = 0.002, 0 = —0.01, Ny = 10% Panel C: s,z = 0.002,
r = 0.5, Ny = 108. Symbols denote simulation results. Each simulation point is the average of
5 - 10* replicates.

the limits of the approximations. Panel A shows Pesue for various initial population sizes Ny
with the product Nysap kept constant such that the theoretical predictions virtually coincide.
However, as the population size gets smaller, simulation results greatly deviate from this pre-
diction. Note that the number of single mutants for Ny = 10° is as low as figy = figg = 20.
While in Panel A the number of single mutants in the standing genetic variation differs for
different population sizes, it is — on average — the same at the right edge of Panel B (Ny = 106,
o = —0.01) and the left edge of Panel C (Ny = 10%, 0 = —1) but stochasticity is higher in

Panel B, leading to larger deviations between the analytical prediction and simulation results.
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