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« General Probability Generating Functions

In the main text we considered only the case where each individual has to die or divide in every
time step. Here we relax this assumption and consider a more realistic scenario where only
some individuals proliferate or die, whereas others do not take any action at all (Fig. A.1). Then,
the probability generating functions for the four types: wild type, individuals with mutation A,
individuals with mutation B, and individuals with both mutations are defined as

Fab(Sabs S4b, 8aBs 548) = dap + (1 — bap — dap)Sap + bap(1 — f14 — pB)Sap + ASAb + 1B5aB)?,
= dap+ (1 —bay — dap)sap + bap((1 — u3)sap + pissan)?,
= dup + (1 = bap — daB)Sap + bap (1 — p5)sap + 1hsap)?,

faB(Sabs SAb, SaB> 54B) = dap + (1 —bap — dap)sap + bapsip- (A1)
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The functions are similar to the scenario of binary splitting (cf. Eq. 8 in the main text). There
is only one term added: (1 — b; — d;)s;,i € {ab, Ab,aB, AB} which denotes the case of the

individual neither dividing nor dying. To make the model even more realistic one could also
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Figure A.1: Process described by the general pgf. An individual can either die, proliferate, or
neither and just live. If it proliferates the offspring can mutate. In case of including
back mutations additional mutation terms appear leading as in Eq. (A.2).

include back mutations,

fav(Sabs Savs SaB: $48) = dap + (1 — bap — dap)Sap + bap (1 — 14 — 118)Sab + paSAb + BBSaB)”
Fav(Sabs 546y 808, 5a8) = dap + (1 — bay — dap)sap + bap((1 — plh — ui)sap + tiaySab + HB5AB)*
faB(Sabs 546, 808, 548) = dap + (1 — bap — dap)san + ban((1 — ply — u5)sas + tiysay + 15 s48)?
JAB(Sab, 5A4b, SaB,5AB) = dap + (1 —bap — daB)saB

2
+bap (1 — pa? — 15%)sap + p4Psap + n3%san)
(A2)

If the fitness landscape is rugged, i.e. having multiple local optima, they would be inaccessible
from certain “downstream” directions if back mutations are not allowed. Hence allowing back
mutations, allows to have a rugged fitness landscape with local optima accessible from multiple
directions. The probability generating functions seem more complex, but the principle of the

computation as discussed in the main text does not change at all.
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Time distribution

Here, we give a more detailed description on how to calculate the time distribution for the

minimal model with four types, and two paths, but with back mutations.

1. Calculate the extinction probability of the final mutant type AB as in [1]

dap +bap (148

+ )

€AB =
bAB(l —/,LﬁB

—p

IgB)2

(A.3)

Note, that without back mutations the extinction probability reduces to e4p = Zlﬁ as in

the main text.

2. Until some ¢,,4, calculate recursively

fz(B dap+ (1 —bap — dAB)fo(t 2

tban (U — ) 0 B B )
f;g) =dap + (1 — bap — daB)fsgil) + bap <(1 - MA - MaB)f o@D + MaBB LSH)
fjl<bt) =dap+ (1 —bap — dAb)fAb "’ bav ((1 - MB :uaB)fAb + Manab

(A4)

f(t) = ;ét) =dgp + (1 = bgp — dab)fsét_l)

b (1 pa = ) 50+ paf ™ + p oY)
where f B = f Ab = f;éo) = 1 and fjl(j_g) = eap. Note, that without back mutations

these functions would not be coupled anymore and one can first calculate fﬁ‘b and f!p

for all ¢, since those functions would not depend on f,;. Moreover, fz(]? would be equal

to eqp V t. Hence, one would not need to recursively calculate fz(]?.

complexity does not change.

However, the

3. The probability to get the final, successful AB mutant, i.e. an individual that produces a

lineage that does not die out again, exactly at time ¢ is

T(t) = [Nt —1) -

).

(AS5)

where IV is the number of individuals in the beginning. Calculating this for all ¢ €

(,....

tmaz } We obtain the time distribution.

pRr )
i)
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Single-Path time distribution

Here, we explain the computation of the probability distribution of the pathway via type Ab
exemplarily. Allowing back mutations it is unclear how to specify different mutational pathways.
For instance for the pathway ab — aB — ab — Ab — AB it is obscure to say via which type
the final mutant has been reached. Obviously the final mutant has been reached via type Ab, but
it might be necessary for the population to first reach type aB. Hence, a B might play a vital
role for reaching A B, too. For this reason we neglect back mutations in the computation of the
path probabilities, thus guaranteeing clear distinguishable pathways.

Let Ab(¢) (aB(¢)) denote the random variable, that there is an AB mutant until time ¢ via
pathway Ab (aB). Thus, —~Ab(t) corresponds to the random variable, that there is no AB mutant
until time ¢ vial pathway Ab. Then the probability, that the first mutant arises exactly at time ¢
via pathway Ab (i.e. not via pathway aB beforehand) is

pap(t) =P(Ab(t) N —Ab(t — 1) N ~aB(t — 1))
—P(=Ab(t — 1) N =aB(t — 1)) — P(~Ab(t) N —aB(t — 1)). (A.6)

The first term is calculated by the pgf as in Eq. (A.1). For the second term however, the time
points for the different pathways are different. Let us derive a recursive function for this second
term at this point. To do so, let us first consider the extinction probability for the subprocess
of Ab — AB, where the process starts with one Ab individual. As discussed previously, this
extinction probability within £ — 1 time steps can be recursively calculated by its probability

generating function
o(t— 2
fay V =day+ (1= bay — da) fay 7 + bay ((1 — ) + uBeAB) ;o (A7)

with fzg)o) = 1. Similarly, the extinction probability for the subprocess aB — AB within t — 2
time steps can be calculated recursively using the probability generating function for aB

o(t— © ?
fag D = dup+ (1= bep — daB) fop 0 S b ((1 — 1) fop &9 4 MfeAB) v (A)

with f B = 1. When we now consider the extinction probability of the whole process starting
with an individual of type ab, we see that it can either go extinct right away, or if it divides we
can refer to the individual extinction probabilities for the different types (in case of mutation),

i.e. their probability generating functions

f:ét) =dap + (1 — bap — dab)fjlft_l) + bap ((1 — A —iB)fo olt=1) | KA fAb ) 4 ,uBfo(t 2 )

= Fup(FUD ol polt=2)y, (A.9)
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with f;éo) =1, f;g)o) =1, and f;l(go) = 1. Note, that in contrast to the normal probability gener-
ating function, here the probability generating function for type aB has one time step less, which
agrees with the second term in A.6. To not confuse this modified probability generating function
with the common one, we use the bar-notation. Again, no probability generating function for
the A B-type is necessary, since the actual extinction probability for this type is used.

We define this recursive function as

fj,ft)(sab, SA4by 508y 5AB) 1= FAV(t). (A.10)

The index Ab denotes, that this is the modified probability generating function for the pathway
via Ab.
With this we now describe the algorithm for the path probability.

1. Calculate the extinction probability of the final mutant type AB as above.
2. Until some ¢4, calculate recursively f(t) as explained above in Eq. A.4.

3. Until some t,,,4, calculate recursively

o olt— o\b— ?
fag) = daB + (1 — baB - daB)fal(Bt Y + baB ((1 - /’Lﬁ)fag Y + [JEGAB) ’

o olt— olt— ?
13 = dap+ (1= bay = da) S5y~ +ban (1= ud) S5~ + igean)

(A.11)
FAOE) i= Fo0 = oy + (1 — bap — dap) F0

Folt— o(t— o(f—¢ 2
b (U= pa =) foi' ™" 4 pafa ™ + st )

where 05 = f. 5 = 9, = Y = 1. Note, that the only difference is that the probability
generating function of types not along the pathway considered is one time step behind
(marked in red). This is also the reason, why there are two initial conditions needed for

type aB.

4. The probability to get the final, successful AB mutant exactly at time ¢ via path Ab and

not getting a successful AB mutant beforehand is then computed by
N

pan =Nt =1) = (F ). (A.12)

Analogously one can calculate the path probability for reaching the final mutant via aB.

Note, that while this computation gives the correct path probabilities, the sum over all paths
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can be slightly greater than the overall time distribution. This is due to the fact, that in time
discrete systems the final mutant can be reached by different pathways at the same time. In the
description here, such cases count for all pathways that succeed at the time.
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