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Abstract

The aim of this article is to study the impact of resistance acquisition on the distribution of
neutral mutations in a cell population under therapeutic pressure. The cell population is modeled
by a bi-type branching process. Initially, the cells all carry type 0, associated with a negative growth
rate. Mutations towards type 1 are assumed to be rare and random, and lead to the survival of
cells under treatment, i.e. type 1 is associated with a positive growth rate, and thus models the
acquisition of a resistance. Cells also carry neutral mutations, acquired at birth and accumulated
by inheritance, that do not affect their type. We describe the expectation of the ”Site Frequency
Spectrum” (SFS), which is an index of neutral mutation distribution in a population, under the
asymptotic of rare events of resistance acquisition and of large initial population. Precisely, we
give asymptotically-equivalent expressions of the expected number of neutral mutations shared by
both a small and a large number of cells. To identify the influence of relatives on the SFS, our
work also lead us to study in detail subcritical binary Galton-Watson trees, where each leaf is
marked with a small probability. As a by-product of this study, we thus provide the law of the
generation of a randomly chosen leaf in such a Galton-Watson tree conditioned on the number of
marks.

keywords: Site Frequency Spectrum, rescue dynamics, sub and super-critical branching processes,
Galton-Watson trees.

MSC classes: 60F05, 60J28, 60J80, 92D15.

1 Introduction

The Site Frequency Spectrum (SFS) is a statistical object that records the distributions of some
mutations in an evolving population along time and it has provided a simple means of understanding
the evolutionary history of populations from genomic data ([15]). Considering the increasing amount
of genomic data collected, the SFS has thus become a key object to study. It has been studied in
many forms (on sampled or unsampled populations, as a limit for large sample size, as a long time
limit,...) with different models (Wright-Fisher, Moran, coalescent, semi-deterministic, birth and death
process, Galton-Watson process,...). Recently, Dinh et al, in [10], compared and discussed some of
these different approaches using simulations with some mathematical analyses.

In our article, we are interested in understanding the impact of a rescue dynamics on the SFS
associated to the accumulation of neutral mutation in a population of two types of individuals. Previous
works have studied distribution of mutations, produced by two-type (or more) branching processes as
in [1], [5], [6], [8], [9], [13], [10], [25], [20], among others. In those studies as in our article, each
population is characterized by a growth rate, representing a type, and non-neutral mutations are non-
reversible. Moreover, the individuals accumulate neutral mutations by inheritance and during their
lifetime, whether at birth as in our case, or throughout life.

However, a fundamental assumption regarding the growth of the initial population distinguishes
our study from the previously cited works. Indeed, in these previous studies, all populations or at least
initial populations are assumed to be supercritical (or critical), i.e. the growth rates of individuals



are positive (or null). In our work, the initial population is assumed to have a large size and is
described by a sub-critical birth and death process (i.e. its size decreases exponentially fast). The
second population, resulting by rare mutations from the first one, follows a supercritical process. Such
dynamics are commonly called rescue dynamics.

Studying rescue dynamics is particularly important in the context of oncology. Indeed treatments,
especially chemotherapy, exert significant selection pressures on cell populations and can thus favor
the emergence of resistant populations. Our process aims at modeling this specific mechanism. Pre-
cisely, the first population models a cancer cells population sensitive to a given treatment. While the
treatment is administered, cells can become resistant to it and form a second population which can
increase even under the treatment (and thus can be rescued). This idea is justified by some evidence in
oncology. For example, in [21], Ollier et al studied the resistance to a chemotherapy, named temozolo-
mide, in low-grade gliomas. Using longitudinal tumor size measurements and mathematical models,
they show the correlation between this chemotherapy and the development of resistance for the patient
in half of the cases. Precisely, in half of the cases, a mathematical model considering the emergence of
resistant cells while the treatment is given fits the data better than a model assuming that resistant
cells are present before treatment.

We will study the rescue dynamics in a multi-scale context. We will assume that initially there is
no resistant cell and there is a large number N of sensitive cells (N >> 1). Each sensitive cell can
become resistant at birth with probability proportional to ﬁ, with 0 < @ < 1. Such an assumption
is commonly called a rare mutation assumption since the probability decreases to 0 with N. In the
same spirit, Durrett and Schweinsberg in [12] study the distribution of two specific mutations in a cell
population and assume a recombination probability depending on the population size. In [4], such an
assumption is made on neutral mutations’ occurrence. Cheek and Antal in [8] and [9] also include such
multi-scale assumption but they restricted their attention to the case where the expected number of
mutational events is finite. On the contrary, in our study, we include both cases where the expected
number of rescue events is finite or infinite, as this quantity is of order N'=% with o € (0,1]. In the
following, the resistant cells born from a rescue event will be called ancestral resistant cells.

The SF'S classifies mutations according to the number of cells that carry them. In order to describe
the SFS in such a rescue dynamics context, we need to identify mutations carry by more than one
ancestral resistant cell. To this end, we show some general properties of the Galton-Watson tree asso-
ciated with each initial sensitive cell. Previous works have studied rescue dynamics using multi-type
branching processes as [2], [11], [17], [18], [19], [14], [22], among others. To our knowledge, none of
them have been interested in describing the relationship between the resistant ancestral cells. In [23],
authors use the Galton-Watson structure to capture times of rescue events due to an accumulation of
mutations without looking at the relationship between the ancestral resistant cells.

The paper is organized as follows. In Section 2, we introduce the model, the multi-scale assump-
tions, and the definition of the SF'S we are looking for. Then we present the main results. Section 3 is
devoted to the study of the ancestral resistant cells dynamics, which are resistant cells whose mother
are sensitive cells. These cells play a key roll in our proofs, as we will split our quantities of interest,
related to the SFS, into the contributions of neutral mutations that appeared before (resp. after) the
occurrence of ancestral resistant cells. In particular, we will detail in Section 3, the law of occurrence
of ancestral resistant cells and the law of the number of neutral mutations they carry. The proof of the
main theorems are presented in Section 4. We start by studying the contributions of neutral mutations
that appeared after the occurrence of ancestral resistant cells in the subsection 4.1. Then we deal in
Subsection 4.2 with the contribution of these emerging after the appearance of ancestral resistant cells.
Finally, Section 5 include numerical illustration of the results and some discussions about these results.

2 Model description

We consider a population of cancer cells with cells sensitive to a treatment and cells resistant to it.
Our model describes the number of sensitive cells Z{¥ (t) at time ¢ > 0, the one of resistant cells Z (¢)
at time ¢ > 0, and the number of neutral mutations carried by each cell. A neutral mutation refers to
a mutation that has no impact on the birth and death rates of the cell under the treatment/medium



in which it is observed. The initial state of the process is assumed to be
(25'(0), 27 (0)) = (N, 0).
Cells carry no neutral mutation initially, and the process follows the following dynamics:

e Each sensitive cell divides at rate by and dies at rate dg. We denote by A\g := dg — bg > 0 the
absolute value of the growth rate of sensitive cells.

e Each resistant cell divides at rate b; and dies at rate dy. Its growth rate, which is positive, is
denoted by Ay :=b; —d; > 0.

e At each division, the cell is replaced by two daughter cells:

— Each daughter cell inherits the neutral mutations of their mother in addition to an inde-
pendent random number of neutral mutations IV, with the following expectation:

E[N,] = w/2 > 0.

— Each of the two daughter cells may become resistant with probability vy := v/N?, with
0 < a < 1, independently from one another. The parameter a models the rarity of the
occurrence of resistances.

Hence notice that, considering all the dynamics, the (induced) growth rate of sensitive cells is —(Ag +

2vnbo), which is negative.

Finally, the dynamics of the process ZN(¢) = (Z (t), ZN (t))i>0 (disregarding neutral mutations)
is the one of a continuous-time Markov chain on N? with the following rates:

(z0,21) +— (20+1,21) at rate (1 —vn)%bo2o

(20,21) = (20—1,21) at rate  dpzo

(20,21) +— (20,21 +1) at rate  2yn (1 — yn)bozo + b121
(20,21) +—  (20—1,21+2) atrate ~3bozo

(Zo, 2’1) — (Zo, 21 — 1) at rate dlzl

Our aim is to describe the distribution of neutral mutations in the resistant cells population at a
large time, precisely after the characteristic time of extinction of sensitive cells, i.e. log(N)/A\g. As
previously mentioned, we will describe this distribution using the site frequency spectrum (SFS) which
counts, for all ¢ € N* and ¢ > 0, the number of neutral mutations carried by exactly ¢ resistant cells at
time ¢. This sequence will be denoted by (.S;(¢))ien,t>0-

For clarity, we set an example starting from one sensitive cell on Figure 1. The SFS associated to
this progeny is given by S1(t) = 3, S3(t) = 1, S7(t) = 2 and for all ¢ ¢ {1,3,7}, S;(¢t) = 0. Indeed, in
this example, only 7 resistant cells are alive at time ¢. All resistant cells at time ¢ carried mutations
{1} and {2}. Mutation {4} is carried by three cells while mutations {7}, {8} and {9} are carried by
only one resistant cell. We are only interested in resistant cells alive at time ¢, so mutations {3, 5, 6,10}
which are carried by only sensitive cells don’t impact the SF'S we are interested in.

Our aim is thus to describe the expectation of the SFS of the resistant population in a limit of
large initial sensitive population, i.e. N tends to +00, and in the timescale of the sensitive population
extinction, i.e. we will set results for

ty = tlog(N), with ¢t > 0.

Similarly to [10] and [25], SN () will be computed by separating the quantity into two different contri-

butions: (1) gfv (t) that counts neutral mutations that appeared in a resistant cell and (2) S2 (t) that
counts neutral mutations that appeared in a sensitive cell, which are transmitted to resistant cells as
a hitch-hiking effect ([24]).

The first result details the expected SFS for fixed 4, i.e. it describes the number of mutations shared
by a small number of resistant cells at time ¢y .

Theorem 2.1. Foralli e N, t >0,

2boyw 5 _ . . ! 1—y -
E[SN (¢ ~ I(i NAMEHL=a ith T ::/7“61. 1
(ST ()]~ Ol v with 1(q) Tt W (1)
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Figure 1: Example of progeny starting from one sensitive cell and including neutral mutations. Solid
lines correspond to sensitive genealogy, dashed lines to resistant one, cross to dead cells and framed
numbers to neutral mutations appeared at each division.

Notice how the dynamics of the sensitive cells affects the asymptotically-equivalent expression of
the expected SFS. In [15] and [7], such an equivalent was obtained for a birth and death process starting
with one resistant cell (see Lemma A.2). Moreover, Lemma A.1 states the number of resistant events
that occur during the process of extinction of the sensitive population. By noticing that the resistance
events all appear in a negligible time relatively to the time of interest ¢, one may think that the final
expectation of the SF'S would correspond to the multiplication of the two asymptotically-equivalent
expressions given by the two lemmas previously cited, i.e.

1(3)

This is not the case. Indeed, notice that the growth rate of the resistant population modifies the
constant parameter. Finally, we can conclude that the rescue dynamics has a significant effect on the
SFS, although the order size of the approximation (N***+1=%) and its shape with respect to 4 is not
directly impacted.

As previously indicated, the proof of this theorem 2.1 will be done by studying two distinct quan-

tities E[?jv(t]v)] and E[SY (tx)] (cf Lemma 4.1 and Lemma 4.3 respectively). In this case where i is

2bgyw NAit+l-a

Ao

fixed, notice that nearly all of the contribution is accounted for by the first quantity E[Siv (tn)], i-e. by
the neutral mutations occurring in a resistant cell. Indeed, Lemma 4.1 and 4.3 imply that the second
quantity is negligible with respect to the first one.

However, the approximation given by Theorem 2.1 is not appropriate to study the ”large families”,
i.e. mutations that affect a large number of resistant cells. Indeed, as t) increases with IV, the order
size of the total population at ¢y is eM!~ conditioned to the rescue. We should thus study the SFS
for some i depending on N as i ~ N *. Hence, we chose to study Sq, ., (t), with 1,22 € (0, 00] and
x1 < x3, and which is the number of mutations carried by a number of resistant cells between xq ert
and xo eM? at time ¢. Let us now state the result associated to this quantity.

Theorem 2.2. For allt > 0, x1,22 € (0,00] with x1 < x4, we denote
Sayas(t) = > Si(t) (2)
i€(z1e N mae 1tN)

Then for all 1,22 € (0,00] with x1 < x2, t > 0,

E[S2 o,(tn)] ~ by (J(n) = J(ea) ) N1 3)



where for all x > 0, J(z) = K(z) + L(x) with

2 ° g Ars
K(2) = 3= / (e~ QrtA)s 1) s i g, (4)
1 ftee _eMrs
L(x) == a/o (1 + 2bgs) e 0% ™70 1 ds. (5)
—N

As previously, this theorem will be proved by splitting the SFS into two contributions: E[S,, ., (tn)]
describing the number of mutations that appeared during resistant divisions (cf Lemma 4.2) and

E[S ivl 2, (tn)] describing the number of mutations that appeared during sensitive divisions (cf Lemma 4.4).
Contrary to Theorem 2.1, EGZ@ (tn)] and E[§£7x2 (tn)] both contribute to the asymptotically-

(tn)]- The difference between their contributions lies in the shape of

the functions K and L, respectively associated to E[S,, ,,(tx)] and E[ﬁivl,wz (tn)]. We deduce from
Theorem 2.2 that the rescue dynamics impact the asymptotic expected of the SFS of large families

thought three different ways:

equivalent expression of ]E[Sfc\i 2o

e The mean number of ancestral resistant cells given in Lemma A.1;
e The lost of time due to the growth rate of the sensitive cells given by Ag;

e The number of times the sensitive cells divide before they become resistant. Such influence is
described by the parenthesis (1 4 2bgs) in the expression of L. Surprisingly, we find a factor
2, already met in the dynamics of branching processes (see remark of the main theorem in [3])
which translates the increase of the probabilities to see a resistant cell appearing in a lineage
having many divisions.

Let us now deal with the proof of the results.

3 Description of ancestral resistant cells

Let us remind that we call ancestral resistant cell a resistant cell whose mother is a sensitive cell. In
this section, we establish results regarding the law of occurrence of ancestral resistant cells and the
probabilities that the progeny of an initial sensitive cell carries one or more ancestral resistant cells.

In our first result, Proposition 3.1, we describe the law of the time of appearance of ancestral
resistant cells and the law of the number of neutral mutations they carry.

To this end, we will study the progeny of one sensitive cell alive at time 0. We assume that o > 0,
hence the probability for two or more ancestral resistant cells to emerge in the progeny of the same
initial sensitive cell is insignificant compared to the probability of emergence of a unique ancestral
resistant cell in the progeny of an initial sensitive cell (see Lemma 3.2 for rigorous arguments). So we
will study the structure of progeny containing exactly one ancestral resistant cell. Proposition 3.1 gives
the law of Gy and Ty, respectively, the generation and the appearance time of an ancestral resistant
cell conditioned on belonging to a progeny that carried exactly one ancestral resistant cell.

Proposition 3.1. For any N € N*, let

(1 —n)bo (bo + do)v~
=T =" and = /1= dpn (1 — o)1= Br). 6
PN bo + do BN do + Doy and xn \/ o ( pN)( BN) (6)

Then
(i) the law of Gy is characterized by, for all g € N*,
P(Gn =g) =an(l —an)?" (7)
(i) and the density of Tn, fr, is written, for all t > 0,
fry (t) = Soz e to0N (8)

with
8o := bo + do. 9)



Using the proof of this proposition, we are able to state the law of one ancestral resistant cell
chosen uniformly at random and belonging to a progeny that carried at least one ancestral resistant
cell (and not exactly one as for Proposition 3.1). Such a result is given by Lemma A.3. Moreover, we
are also able to state the following lemma, which deals with the probability that a progeny carries a
given number of ancestral resistant cells and which will be useful to prove our main results.

Lemma 3.2. Let denote by AY the event that there is exactly k ancestral resistant cells in the progeny
of one (initial) sensitive cell, then

].—{EN 2b0
=P+ 10
en(l 7N)WN o N0 (vv), (10)

P(A) =
where x is defined in (6).
Moreover, the expected number of multiple ancestral resistant cells in the progeny of a (initial)
sensitive cell is given by
N 21705(2) 2 2
Zkﬂp (-Ak) = e W+ o (vn) (11)

N—o0
k>2

All the results of this section are true for all vy € (0,1). Hence we obtain that for all yx € (0, 1),
Gy follows a geometric law of parameter zy € (0,1) given by Formula (13) and T follows an expo-
nential law of parameter xydg.The parameter &g represents the global dynamical rate of one sensitive
cell. The parameter xy can be seen as the probability for a sensitive cell to become resistant knowing
AN i.e. knowing there is only one ancestral resistant cell in the progeny of its initial ancestor. Hence
to have one resistant ancestral cell at generation g, g — 1 divisions need to be done without events of
resistance and an event of resistance has to succeed at the ¢g'" attempt. We illustrate the results of
Proposition 3.1 with numerical simulations in Figure 2. Orange histograms have been obtained with
a sample of 100 000 realizations of G in cases (a) and (b), and of 100 000 realizations of T for cases
(c) and (d). Two different values of vy were used vy = 0.2 for (a) and (c) and yx = 0.002 for (b)
and (d). We can see that the bigger vy is, the more realizations of G are close to 1 and of T close
to 0. Indeed, the process Zj is subcritical. Hence the probability to observe old sensitive cells is very
rare. When vy is small, we need to simulate a lot of events to observe 100 000 realizations of G . So
we increase the chance of observing rare events as old sensitive cells.

The end of this section is devoted to the proofs.

Proof of Proposition 3.1. The main idea to prove this proposition is to study the topology of the
subcritical family trees issued from the initial sensitive cells, disregarding the neutral mutations and
the offspring of ancestral resistant cells. To this aim, we will slightly modify the trees as follows:

e Firstly, as we are first interested in the generation of the ancestral resistant cells, we consider
fixed time of living. In other words, we consider Galton-Watson trees.

e At the end of the living time of a cell (except the one at the tree root), it becomes a resistant
cell with probability vy. In other words, we disconnect the event of division and the event of
becoming resistant, such that in the new considered tree, cells divide and at the end of their
living time, we decide if they were actually resistant or not (with probability vu ).

e If a cell become resistant at the end of its living time, this leaves a leaf, as if it was dead. Indeed,
we are not interested in the offspring of the resistant cells to prove this theorem.

To summarize, the trees under consideration are the following ones. At the end of its living time, a
cell can

- become resistant with probability 75 and have no progeny;

- die with probability (1 — *yN)bO‘_ii_—Odo;

- divide into two with probability (1 —vn) bol-)i?do =:pN.
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Figure 2: Theoretical and empirical law of Ty and G for by = 1.0, dy = 2.0 and two different values
of vy (yn = 0.2 at left and vy = 0.002 at right). The orange histograms has been obtained using
100 000 realizations of G (for Figures (a) and (b)) and of Ty (for Figures (c¢) and (d)). The blue cross
of Figures (a) and (b) correspond to Formula (7). The blue lines of Figures (¢) and (d) correspond to
the function (8).

Notice also that we will have to exclude the possibility that the root becomes resistant at the end of
its life time, since in our initial process the roots are all sensitive cells.

On Figure 3, we give an example of tree with its corresponding modified tree. The probability of each
event is given above the branch. We can notice that the probability of these two configurations of tree
is actually the same.

To proceed with the proof of the proposition, we need the following general lemma concerning
Galton-Watson trees that we state here but prove at the end of this section.

Lemma 3.3. Let T(p, ) be a subcritical Galton-Watson tree such that branches divide into two with
probability p < 1/2 or die with probability 1 —p and such that, once the (finite) tree is constructed, each
leaf is marked independently from one another with probability B. Let denote by RT®#) the event that
T (p, B) has exactly one marked leaf. Finally, let GTPP) be the generation of a leaf chosen uniformly
at random in a tree of law T (p, 8). The generation of a leaf is the smallest number of edges on a path
between the leaf and the root. Then, for all g € N*,

(@709 0 70) <1 m
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Figure 3: An example of family tree (a) without modification or (b)with the modification. The
probability of each event, leading to this tree, is given up to each branch. In the modified case (b),
the probability for the root to divide is given by p which correspond to division event knowing that
the root can’t become resistant.

where

z=/1—4p(1-p)(1-B). (13)

Considering the notation of the previous Lemma 3.3, the tree under consideration is Ty :=

T (pn, Bn), with py and By defined in (6), conditioned on the event 7V that the root can not

become resistant, and identifying marked leaves with ancestral resistant cells. Indeed, according to
the previous consideration, py corresponds to the probability that a cell divides and

_an(bo+do) N
BN = =
do + Ynbo 1—-pN

corresponds to the probability that a leaf is the result of a ”resistant event” and not a ”death event”.
Hence, we have for all g € N*|

P(Gy =g) =P (G™ =g +1[R™, ™)

On the event R7¥ NETN | the root of Ty divides into two cells with probability 1 that will then evolve
independently from one another and that will give two independent subtrees T]\(,l) and T]\(,Z) whose laws
follow the same law as Ty. Let us denote by R the probability that the tree 7 has no marked leaf.
Thus, using the Markov property
P{G™ =g+ 1} NnRT~¥ NETY)

P (RTN N gTN)

(2) (1)
PN [P <{GTI‘V” - g} ARTY AR ) +P <{GTI(V2’ - g} ARTY ARIN )}

(2) (1)
PN [IP’ (RTzé” NRYY ) +P (RTISZ) NROY )}

P(GN = 9) =

Since TJ\(,I) and TA(,2) are two independent trees with the same law as Ty, we finally have,

2P ({GT = g} NRT™) P (R]Y)

PlGn =)= 2P (RT) P (ROTN>

We conclude the proof of (7) using Lemma 3.3.

To find the density of T, it is sufficient to notice that the life time of each sensitive cells is
distributed as exponential r.v. with parameter §y = by + dy, and that an ancestral resistant cell has



Gy ancestors. Thus, Ty = ZZG:Ai &i, where (&;)ien is a sequence of i.i.d. r.v. of exponential law with
parameter &g and independent from G . Hence T follows an exponential law with parameter x dq.
This ends the proof of Proposition 3.1.

O

Proof of Lemma 3.3. To simplify notation in the proof of this lemma, we will write T for T (p, 5), R
for R7 and G for G7. The main idea to prove Equation (12) is to condition on the number of leaves.
We will denote the number of leaves of tree 7 by A(T). Then, for all g € N*|

ZnZl ]P)<G =9,R, )‘(T) = ’I’L)

P(G =gR) = B(R)
_ X1 P(RIG = g, MT) = n)P(G = g, \(T) = n)
> ons1 P(RIMT) = n)P(N(T) = n)

Notice that for all g,n € N*, P(R|G = g, A\(T) =n) = P(RIN(T) = n) = nB(1 — 8)"!. Indeed, the
probability to have exactly one resistant among the n leaves of T is given by (1 — 8)"~! and we have
n possible configurations. Then by writing for all g,n € N*,

Vgn =P(G=g,AT)=n) and wu,:=P\T)=n), (14)
we find )
Yons1 (1= B)" " vgn
donsi (L =By,
To end the proof, we thus have to study the two sums of the r.h.s. of Equation (15).

Let us first deal with >~ -, n(1 — 3)" *u,. To this aim, notice that using the Markov property at
the time of the first generation, we have for all n € N*

P(G = gR) = (15)

n—1

Up = 1{77,:1}(1 - p) + ]l{nZQ}p Z UiUp—i-
i=1
We deduce from this inductive relation that there exists a sequence (o, )r>1 independent from p such
that a1 = 1, oy = Z?;ll a;ay,_; for all n > 2 and u, = a,(1 —p)"p"~! for all n > 1. Since by
definition (cf (14)) >_, 5, un = 1 whatever p < 1/2, we deduce that for all p < 1/2,

Z anp" (1 —p)" =p. (16)

n>1

Then, using classical results for derivative of function series, we have that

> n(1=B)" "ty = F'(1 - B), with F(y) =) uny™ (17)

n>1 n>1

Moreover,

Fly) = 23 anlplt = ol = = 3 anli)1 — o))" = 22, (18)

Y
n>1 n>1 p

with p(y) = 3(1—+/1 — 4yp(1 — p)), which implies that p(y) is for all y € [0, 1] the unique root in [0, 1/2]
of the following polynomial X (1—X) = yp (1 —p); and where the last equality is a consequence of (16)
which is true for any p < 1/2. In addition with Equation (17) and the definition of = (cf Formula (13)),
we finally deduce that

Zn(l _ ﬁ)n_lun _ ﬁ/(l — 6) _ 1 _p' (19)

X
n>1 p

We now deal with the sum >~ -, n(1—3)""tv,, for all g € N*. Similarly, we first give an inductive
relation on the sequence (vg ,)1<g<n, by using again the Markov property at the time of the first event:

n—1

n—1
Vg,n = (1 _p)]l{g:nzl} + 210 ]12§g§n Z Tvgfl,nfiuia
=1



where the factor (n—i)/n comes from the probability that the chosen leaf belongs to the sub-tree with
n — 1 leaves. From this last equation, we deduce by induction on the parameter g that

Vin = ﬂ{n:l}(l 7p)

291 _
for all g > 2, vy, = Il{nZg}T(l —p)"p" 179771 (20)
n—(g—1)
with Yg.n = Z O‘i’)/gfl,nfi]l{nZgZZ&} and Y2,n = Oénfl]l{nzg}.

=1

Then, as p < 1/2, for all g > 3,

g—1
> a1 = B0y = s YU = (1= D"
- 29_1 - n—g+1 ) )
= m Z Z a;[(1 = B)p(1 — p)]Z'Ygfl,nfi[(l = B)p(1 =p)",

- 1% > an[(1 = B)p(1 - p)" > vrald =B —p)I" |,

n>1 n>g—1

where the last equality follows from the identification of a Cauchy product of series. Thus, using again
an induction and then Equation (16) and the definition of p, we obtain for all g > 3,

g—1 o
Sl =) g = s [ Cadlt=pp -l | | el = -p)" |
n>1 n>1 n>2
g—1 g—1
= = (0 -m)" =)
= (- (1) (21)

which gives the value of the second sum. Moreover, as }, -, n(1 — B)"tvy, =1—pand
Y ons1 (1= B)" vy, = (1 = p)(1 — ), Formula (21) is also true for g € {1,2}.

Finally, using Equations (19) and (21) in (15), we obtain Equation (12), which concludes the proof
of Lemma 3.3.
O

Proof of Lemma 3.2. Using the notation and the arguments of the proofs of Proposition 3.1 and
Lemma 3.3, we have

P(RT¥ NET™)  2pnP(RT¥)P(RY)

= (1 o ) D )
2py  Bn(1—pNn) 1 -2y
(1—-n) TN 2pN
o 1— N
(1 - ’)’N)FYN'

where the third line is implied by (19) and (18) and the last one by Sn(1 — py) = 7n. Finally,
to deduce (10), it remains to find an approximation of zx. Let notice that 1 — py = % and

10



_ do(l1=wn)
- By = %0532 then

on = (1—4pn(1 —pn)(1 - Bw))"/?
_ (1 4(1 - ’7N)2b0d0>1/2
= (1 g INT 0%
50
Ao (1 4bodorn (2 — ) e
% 22
Ao bodo

— 20 4 40% . 22
50+ /\0507N+N_0)00(7N) (22)

Hence (1 —zn)/(zn(1 —yn)) converges to 2bg/Ag when N increases to oo, and we conclude (10).

Let us now deal with (11). To this aim, we denote by RZ—N the event that the tree Ty presents
exactly k ancestral resistant cells. Notice that ETV C RZN as soon as k > 2. Then

Oy I il Gl N N ( )
kP = k kP (RN
k>2 * k>2 P(E7) - k>2
=DM WETEES
S
1—7an:>2 Z N
= Uy, nﬂ —nfn(1 - py)"
1_7N; N N N )
_ BN <1PN 1PN>
I—9nv \1—-2pNn TN ’

where the last equality is a consequence of (19). In addition with (22) and the fact that Sy (1 —pn) =
YN,

1
KP(AY) = N
Z ( k) 177]\](172])]\/)17]\[

(.’I?N -1 —|—2pN)

k>2
YN 1 Ao bodo do 2bg
= Y1y _ 20 270
1-— YN (1 — QpN)JJN (50 + /\o(SOIYN * —0><x>(,YN) (50 50 w
20063, 5
NN + N_Omo(WN),
which concludes the proof of Lemma 3.2. O

In the next section, we will see how to use Lemma 3.2 and the random variables G and Txn to
compute the expected SFS of ZV with neutral mutations starting with N sensitive cells.

4 Expectation of the Site frequency spectrum

We are now ready to prove Theorem 2.1 and Theorem 2.2, presented in Section 2, which give formulas
and approximations when N is large of the expected site frequency spectrum (SFS) of a rescued
population. As a reminder, the SFS is defined, for all i € N*| as S;(¢) the number of neutral mutations
carried by exactly i resistant cells alive at time ¢. To this aim, we will decompose S (¢) for all i € N

into two parts: S (t) = gfv(t) + SN(t) where

=N . . .
e S, (t) counts mutations that appeared in a resistant cell;

o S fv (t) counts mutations that appeared in a sensitive cell.

11



Using such decomposition we will prove our two main theorems by studying independently those
two quantities, then combining them to deduce our main results. Indeed, Theorem 2.1 follows from
Lemma 4.1 and Lemma 4.3 and Theorem 2.2 follows from Lemma 4.2 and Lemma 4.4.

Each of the following two subsections focuses on one of the two quantities above.

4.1 Number of neutral mutations appeared in a resistant cell

The aim of this subsection is the study of E[va (tn)] for all ¢ € N* and all ¢ > 0. To this aim, we will
decompose the quantity into two parts such that, for all i € N*, ¢ > 0,

E S0 (tv)] = P(N,i) + ROV, ), (23)
where

t
P(N,i) = Ni+xit—adoll = 2y )yw / ) hi(eM (v =s))em(Autando)s gg (24)

(1—n) 0

' e-D/@—5) 1y
with h;(z) ::/O 4 y' " tdy, (25)

by

and R(N,14) will be given in (30).
P(N, 1) represents the part provided by the progeny that include exactly one ancestral resistant cell
and R(N,i) represents the part provided by the progeny that carry two or more ancestral resistant
cells. When N — oo, we will be able to prove that this second part is negligible with respect to P(N, 1)
in every situation of our interest.

Firstly, we state a result in the case where i is fixed (see Lemma 4.1). Then we deal with the
cases where 7 is of order N** (see Lemma 4.2). N*1* corresponds to the order size of the resistant

cells number at time ¢y. We also deduce a theoretical approximation when N tends to infinity of
E[?Z’m (t)], where givhx ,(t) is the number of mutations (that appeared in a resistant cell) carried by

Aot N

a number of resistant cells between z1e**~ and zqe at time t,

5t = 3 SN (). (26)

i€(x1e MEN zoe N

Lemma 4.1. For alli € N*, ¢t >0,

- 2b L - ,
E{va(tN)} ~ I() 20 NNt i () ;:/O STV iy,

N—o0 ! A1+)\0 lfdly/bl
and RN
. ,i
linsup S e 0
Lemma 4.2. For allt > 0,
(i) forin = [tNM] + 1 with x > 0,
E |Sh(tn)] ~ borwh K () N1,
N —o00
where K’ is the derivative of the function K defined in (4) and
: R(N,in)
linsup S1p e .

(14) Moreover for all x1, x4 € (0, 00] with x1 < x2,
N o
E {Swl,wz(tN)} N:oo bo’yw)\l(K(J}l) —K(ch))) ]\71 5

where K is defined in (4).

12



The rest of the subsection is devoted to the proofs of these results.

Proof of (23), (24). To obtain our result, we sum on all trees started by sensitive initial cells and
structured the sum using the number of ancestral resistant cells that appeared in these trees, i.e. for
alli e Nand all N € N,

N oo k

E {?jv(tlv)} =FE ZZ]IAJ SOy —TERY |

where for all j € N and k € N, A{C’N is the event that there is exactly k ancestral resistant cells in the
4t tree and (TJJ\',’l’k, e TI{;k’k) is the random vector of appearance times of the k ancestral resistant cells
of the j*" tree conditioned on Ai’N. For all k € N, the sequence (Tji;l’k, s TJ{;k’k)jeN is a 1.i.d. sequence
of vectors and, without loss of generality, we assume that the law of these vectors are exchangeable.
Finally, for all i € N, (Si(l)’j’l)jyleN is a sequence of i.i.d random functions that give the SFS of the
cell population issued from one resistant cell and this sequence is independent from all other random
variables of the model. Indeed, gfv counts the mutations that appeared in resistant cells only. From
this previous consideration and the fact that the N trees issued from the N sensitive initial cells are
i.i.d., we deduce

E[S (tn)] = NiP(A;N)k]E (SO ey = Ty LAY

k=1

In what follows, for simplicity, 7o will be denoted by T%, ALY by AN and S by 5™ for all
k,i € N. Thus, by denoting fx the distribution function of a r.v. X that admits such function, we
have

B 57 0] =NBt) [ B[00 )] fry (9)ds + BN (29)
0
with R(N,i) = N > P(AY)k /0 "E [Sf”(tN — 5)| o (5)ds. (30)
k=2

In particular, this corresponds to the splitting found in (23).

Then from Lemma A.2, we deduce that, for all ¢ > 0,

eMt_q
Mt _dy /by 1— .
E[Sﬁ”@ﬂzwem/o Ct gty = weMin (M), (31)
b1

Indeed, Si(l)(t) corresponds to the SFS at time ¢ of a birth and death branching process with neutral
mutations accumulated at each division, starting from a single individual and with birth rate b; and
death rate d;. Notice that it does not depend on N.

Moreover, recall that the law of T is given by (8) of Proposition 3.1. Then we use (31), (10) and
(8) into (29) to deduce (24). O
Proof of Lemma 4.1. Let us prove (27). To this aim, we use (30) and (31) to deduce that for all
N,ieN
i1

R(N,i) < Nik]P’(AQ’)/Ooowe/\l(tws) (/01 (1-y)y

= d x (s)ds
> ) Fry o)

by 14+
<w—NF 1t§ kP(AN),
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where the last inequality is due to the upper bounds fo (ll%dy < b11 and fo 7)\1sz7@ (s)ds < 1.

The result (27) is then a consequence of Equation (11) of Lemma 3.2.

We can now prove Lemma 4.1. In view of (23) and (27), it is sufficient to show that

P(N,q I(:
(N, 7) — 2b0w'y>\ _(:))\
0 1

NlJr)\lt & N o0
We know from (24) that,

P(N,i)  wybo(l —zn)
Nl+tht—a 1— N

Then, for all s > 0, we have the following convergence

gn(s) = T(i)em ot

/ gN(S) dS, with gN( ) = ]19<tNh (6)\1 (tn— S)) *()\1+ZN50)S'
0

Moreover for all s > 0 and N € N, |gn(s)| < I(i)e=*1*, which defined an integrable function on (0, c0).
We thus conclude with the Dominated convergence theorem that [ gn (s) ds tends to I(i)/(Xo + A1)
when N tends to co. Finally, according to (22), we have that do(1 — zn)/(1 — yn) tends to 2by when

N tends to infinity. Combining the last two limits gives (32), which ends the proof of Lemma 4.1.

O

Proof of Lemma 4.2. Let us first prove (28). From (30) and (31), we know that, with the notation of

the previous proof,

[e'e] tn
R(N,in) =N Y P(A)k / we Ny (XN fr (s)ds,

N
k=2 0

z—1
with hi(z) = [y " = ;15/131 =1dy. Since A1 /by < (1 —d1y/by) for all y € (0, 1),

7 1 1 ' 1 1 b 1 2\ =
. _ Z— b
with hi(z) = 5 (x—bl) ! <x_gl> = <1 - x_lgl) [1 ti T ] Thus

. 2A1t+2a0 X o]
AN < DoV S pa
Ni=AMt=2a = Nin(iy + 1) 0

g (8) fre (s)ds,

N
k=2

with

A(tn—s) _ @1
el(N ) bl

ﬁ N ZNﬁ
~ I —A1s by by
gn(s) = Tiseoennye ™ (1 - W) 1+ dl‘|
1

)\1 _)\ltNe/\ls

§1+(x+2)§x+3,

g 6—>\18

for N sufficiently large, since iy = [ze*!¥] + 1. Hence,

. 2a oo
RN,in) N (x+3) > P(AY)k

N17A1t72a - x2)\1
k=2

We finally find (28) by using the approximation given by (11) of Lemma 3.2.

14
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We then prove Lemma 4.2 (7). We fix 2 > 0 and recall that iy = [#N*1!] 4 1. Recall the definition
P(N,1) given by (24). In view of (28), it is sufficient to prove that

P(N,in)

According to the change of variable used in the proof of Lemma A.2, we know that, for s € [0, tn],

A2 tn 1 6>\1(tN*u)f1 i—1
i )\1(th5) _ 1
hie ) / ( )_%1)2( ) du
1

b Al(tN u /\1(151\77’[14) di
1 e e by
1

Then, noticing that

/“ 6*(>\1+xN50)st _ (1 — 67(A1+xN50)u)
0 A+ 260

we deduce from (24) by an integral exchange that,

, _ A260(1 — zn)yw oo _
P(N,iy) = Nttht-e 170 / In(u)e M gy, 37
(N,in) bi(L—7n) 0 + 2wd0) Jo ~(w) (37)

where

(1 _ e—(>\1+:6N5o)u) 1 — e MlNn—u) \iy—1
In(u) = Tgucio.an (1 >>

(67)\1'u. _ ﬂefkltN)Q _ ﬂef)\l(thu
b] bl

However, for u < ty, we have,

1— e MlENv—u) (in—1 ) A e Mltn—u)
(1 - %efkl(tz\r*ug — %P ((ZN ~Dlog | 1- bi1— %G*AI(W*H) )

A
<exp (= (i = Fre MO

with iy = [2eM¥] 4+ 1, > 0. Hence for all u > 0,

(6)‘111‘)2

v )\1714)
(1 _ bfle/\lu)Q
1

M
exp(—z—e

l <
~n(u) < b,

Such upper bound defines an integrable function on R, . Moreover, notice that, when N tends to 4o,
do(1 —zn)/(1 —yn) tends to 2by and for all u > 0,

A
In(u) — (1—e Matrou)e2hau oy (xble>‘1“> . (38)

N —oc0 1

Then we can deduce from Formula (37), the convergence result (36) by the dominated convergence
theorem. That concludes the proof of Lemma 4.2 (7).
We end the proof by proving the second part of the Lemma 4.2 (i7). According to (23) and (26),
=N . .
E[S0.0 0] = Y P+ > RW,).

i€(z1 N Mtz N t) i€(zg N At o NA1t)

Then from (35), we obtain the following upper bound

1 ) gt biw(ie™ Mt £ 2) N2 2 N
N1-2a Z R(N’ Z) <N Z (ief)\ltN + 1)2)\1 P('Ak )k
i€(zy Nt o N L) i€(zy N Mt zoa N 1Y) k=2
blw(.’lﬁg + 2) 2 = N
<(z2—21)——5=N* Y P(A)E,
( 2 1)(I1+1)2>\1 kzﬂ ( k:)
and from (11), we deduce that
1
lim sup Niza Z R(N,i) < 0.

NeN i€(xy NAME 2o NA1E)
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Then, noticing that M‘m\% tends to /\2_?0)\ when N tends to infinity (see Formula (22)), we

deduce from Formula (37) that Lemma 4.2 (i7) will be proved as soon as we prove

~ A +oo

Q= SLNN 3 / In(@)e= % du, —s K(z1) — K(z2),
1 : At Aty Y0 N—oo

iNE(z1 N Mt zo N 1Y)

with,

(1 _ e*(>\1+931v50)u) 1 — e Mln—u) (iy-—1
ZN(U) = ﬂ{ue[O,tN]} (e—)\lu _ %eiAltN)z (1 _ %efAl(thu))

However, by calculus, we obtain
At
-~ tNn 1 _ e(—)\1+60$N)u )\1 e_/\l(tN_u) \_Qle 1 J
QN - ~/0 6_)\1u _ @e—)qtN |: 1- a 1— d—le—kl(tjv—u)
by by

M e Ml N
—|(1- b1 - —e eI ]ds.

We conclude, arguing as previously, with the dominated convergence theorem. O

4.2 Number of neutral mutations appeared in a sensitive cell

In this subsection, we deal with the second term that appears in the SFS, that is, ﬁfv (tn), which
counts the number of neutral mutations that appeared in a sensitive cell and that can be found in
exactly 7 resistant cells at time ¢ . As previously, we will divide the quantity into two parts such that,
for all + € N*, ¢ > 0, ~

E[S)(tn)] = Q(N, i) + R(N, ), (39)

where Q(N, 1) represents the weight provided by the trees that carry exactly one ancestral resistant
cell and can be written as

Q) = Nyn(1 — zn)dow o (o=t —s) s ) )e—00TN gg
QUY.i) = S /0 i ) (L s0o(1 —an))e™"~ ds (40)
with k;(z) = A 2l —a) ! (41)

0 (1 it

and where R(N ,1) represents the part provided by the trees that carry two or more ancestral resistant
cells. When N — oo, we will be able to prove once again that this part is negligible with respect to

Q(N7ZN)

Two results are deduced below using this decomposition. The first one deal with the case when

i is fixed. In this case, we prove that this part of the SFS is negligible compared with E[?fv(tN)],
described in the previous section, and which is of order N1t t—,

Lemma 4.3. For all i € N*, t > 0, when N is large,

E[SN(tn)] = O (N'79). (42)

N—oc0

When i = iy depends on the size of the population N, the result is more intricate. Contrary to
the case studied in the previous section related to S;, we are not able to deal with the equivalent
of E[S;, (tn)], as we are not able to bound precisely R(N,iy). The main difficulty comes from the
fact that the relationships between the ancestral resistant cells have to be managed to deal with this
quantity, which is currently beyond our reach. We however are able to derive a result for E[S. ivl 2, ()]s
where le 2, (t) is the number of mutations (that appeared in a sensitive cell) carried by a number of
resistant cells between z1e**™ and z2e*2'N at time ¢,

S () = > SN(). (43)

i€(w1eMtN 2ae N
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Our result in this case is an exact asymptotic equivalent, contrary to the previous section. Let us state
it in the next lemma.

Lemma 4.4. For allt >0, and for x1, x4 € (0,00] with x1 < 2,
E[S4y.00 (t8)] ~_ bovwhs (L(z1) = Liws) ) N7, (44)

where L is defined in (5).
The end of the section is devoted to the proof of the previous lemmas.

Proof of (39) and (40). As indicated in the introduction of this section, we divide the quantity into
two parts, the first one incorporates progeny that include exactly one ancestral resistant cells, the
second those that include two or more ancestral resistant cells: for all i € N, ¢t > 0,

B[S (tn)] = N S BAYE [S9(t)14Y].

k=1

where ﬁz(»k) is the number of neutral mutations that appeared in a sensitive cell whose first ancestor
has exactly k ancestral resistant cells in its progeny. Obviously, to obtain (39) we set

QN, i) == NE(ANE [SV(n)|AY] and R(N,) NZP (ANE [sPen)l Y] (45)

Let us now find a precise expression for Q. We denote by (N7),en a i.i.d. sequence of r.v. with the
same law as N, and by Z a branching birth and death process with birth rate b; and death rate d;
starting from 1 individual. Then using (10) and the notation of Proposition 3.1, we find

N’YN(

Q(N,z):m ZN N
Nyn(1 - an)w
= 5 1o E|GNE[Lz ‘ _ A
2en(1 —vw) [GN [ {Z(tN*TN):'L}|GN]:| (46)

The law of Ty |{Gn = g} is a Gamma law with parameters (dg, ¢), and from Formula (7.3) Chap 5 of
[16], we know that for all u > 0,7 > 1,

- 2 —)\1u _ —Alu i—1
P (200 =) - MU e 1

In addition with (46), we find

gfleféos

. N’)/N 1—.IN > Y _ S
N _ IVINAE AN E — . 1tn—s)) 2% = g
QN7 = 2en(1 =) 2 FCn =g / " (e ) (g —1)! % 45

t 0 —1 5!
_ N’YN(l - xN)w / N K; (e—)\l(tN—s)) 6—605 Zg(l _ xN)g—l 89 1(5(0] ds
2(L=n)  Jo o (g—1)!

By noticing that for all z € R
PN s D D e +Z = (=41,
g=1 (g 1) g=2 g 2 g= 1 '
we obtain equation (40). O

Proof of Lemma 4.3. Let us first deal with the term R(N, 7). Recalling (45), we have that

f: (AMEE[G®E[N,], (48)
k=2
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where (G*)-1, ... G(R)F) is the vector of the generations of the k ancestral resistant cells of a progeny,
knowing that this progeny contains exactly k ancestral resistant cells. We assume that the law of this
vector is exchangeable without loss of generality. The r.h.s of (48) is obtained by considering that all
neutral mutations appeared in the ancestors of an ancestral resistant cell (in each progeny containing

exactly k ancestral resistant cells) count in ﬁgk) (t). Then using the notation of Section 3 and arguing
as in (15) and Lemma 3.2, we have for all k > 2,

P(AYE[GE] = BRTY NET[ET) 3 g (G = g+ 1R]™, £7)
g=>1

_1 - ZQP ({GTN =g+ 1}072,?)

g>1 n>k ( )
In addition with (48), we find

B . Nw oo n
R(N,MM;QZZ%() — BN)" g1 m,

n>2 k=2

N) Ungl ny

ZQBN Z NVg4+1,n — n(l - BN)nilng-i-l,n)a

n>2
NwpBn(1 —pN 9 9
< M;g«zpm (=),

where the last inequality is a consequence of (21). Then, noticing by (6) that vy = By (1 — pN),

= Nwyn ( 2pN 1—$N>
R(N,i) < —
( ) 2(1 —’}/N) 1-— 2pN TN

Nwyn

< TN + 2y — 1
0w = 2pxJay N N =)
Nk 2by (2d0 ) -
= S5 o (N, 49
2(1 —yn)(1 = 2pn)zN do \ Ao N—>oo( ) (49)

according to (22).
Let us now deal with the first term Q(NV,4). According to (47), x;(e~*") corresponds to a proba-
bility, then

‘ Nyndow /OO —s6
Ni) < —— 1+ sdg)e %90%N ds
Q( ) 2(1 _ ’-YN) 0 ( 0)
NN 1 1
< YN OoW 5 - 0O (Nl_a). (50)
2(1 — ’}/N) (501’]\[ 50IN N —o00
Equations (49) and (50) are sufficient to obtain (42) and to conclude Lemma 4.3. O

Proof of Lemma /4.4. Let set 0 < x1 < x3, then

E[SY ., (1)] = > Q(N, i) + 3 R(N, ). (51)

i€(z1 N Mt zoa N 1Y) i€(zy Nt o NALE)

Let us first deal with the last term of the r.h.s.. Note that each mutation is counted in only one of the
elements of the sequence (§fv )i>1, corresponding to the exact number ¢ of resistant offspring from the
cell in which this mutation occurred. Thus, the bound (48) is still valid for >, naie 5, vty BV, ©)
as we bounded by adding all neutral mutations that appeared in the ancestors of all ancestral resistant
cells (considering progeny containing at least 2 ancestral resistant cells). Thus, using arguments similar

to those used to obtain (49), we conclude that

> R(N,i)< O (N'72%), (52)

N—oo
i€(zy N Mt xa N 1Y)
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We finally deal with the first term of the r.h.s of (51). Using the definition of Q(N,:) in (40) and
the fact that, for all z < 1,
k2

k-

2 i ki — 2

g 2=
1—=2

i=k1+1

and that 1
1 — e—Mln=s) \ 1— %e—kl(tN—s)
— — 1
1 1_ %e—)\l(tzv—s) %6_)‘1(’51\’_3)
1 1
we find
1 [za N1t]

Nie 2. QW)

i=|zy N Mt |41

2o NAT i—1
’y(l _ xN)(sOW)\% /tN (1 Jrs(;o(l _ xN))efséome)\l(tN—s) [z2 N1 ( 1 — g~ M(tn—s) > p
= S
0

2 di — —s — —s
2(1 = )by (1- b€ At =e))2 i=|z N 1t |41 N ‘;—;e M=)

z1 N Mt
(1 — 2N)dowAy N (14 559(1 — z))e= 002N 1 — e Mlty—s) o :
= 2(1 — ’}/N)bl 0 1— %e—Al(tN—s) 1— %e—A1(tN—s)

1 1

| e hltn—s) N
- %e_/\l(m_s) ds. (53)
1

We now prove that the r.h.s converges, when N increases, to +o00. According to (22),

’7(1 —.’EN)é()w)\l N 'ybow)\l
2(1 — ’YN)bl N—o00 b1

. (54)

Let define

Apt
A (1 4 350(1 _ xN))efsﬁga:N 1 — e~ MtN—s) lz1 N1
In () = Tse(o,en)} N )

1— ‘3716—)\1(1‘,1\]—5) _ %Q_Al(tN_S
1 1
| e hltn—s) 2N
- 1— %e—k1(tN—s) ’
1

(14 s0g)e™ Ao
1—di/b

Using (22), we prove that, for N large enough,
for all s € RT, gn(s) <

whose r.h.s. can be integrated on (0,00) w.r.t s, and arguing as in (34), we have that for all s € RT

2 s " s
QN(S) - (1 + Qbos)ef)\os {e_billlilekl _ e_%l2e>‘l :| .

N—oc0

We conclude with the dominated convergence theorem, (54) and (53), that

o e bpwhy [ .
w 21
lea Z Q(Nal> N?oo 2 (;)1 ! /(; (1 + 2[)08)6_}\08 |:e by Tie
i=[zy N M1t |41

Ais

A1 Aqs
— Troe€e
—e ' ] ds.

Recalling (51) and (52), this ends the proof of Lemma 4.4. O
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5 Illustration and Discussion

In this section, we illustrate and discuss the two main theorems, stated in Section 2 and the four
lemmas, presented in Section 4. In the following, we approximate by simulation the quantities for
N =500, txy = log(N)/Ao and using the following set of parameters (called reference parameters set
below),

bo=1.2,dy=2.0,b; =12,dy =0.5, w=2.0, «a=0.9 and v = 1.0.
As seen in Section 4, the SFS of a rescued population can be computed by counting two types of

mutations separately: (1)the number of mutations that appear during sensitive cell division S¥ (ty)

and (2)those of resistant cell division ?Z]-v(t N)-

Let us first deal with the case of mutations carried by a small number of cells (see Lemmas 4.1 and
4.3). In such case, the expected number of mutations is well approximated by the expected number of
mutations appeared in resistant cells, i.e.

E[SN(tn)]  ~ _E[S! )]
We illustrate this equivalence relation in Figure 4 where the orange bullets and the red bars correspond
to the empirical expectation over 50000 realizations, respectively, of SN (ty) and giv (tn), for i €
[0,20] (subfigure a) and i € [21,121] (subfigure b). The blue crosses correspond to their theoretical
approximation given by Theorem 2.1 and Lemma 4.1, respectively. We observe that, for small values of
. . . . =NV . . . .
i, the empirical expectations of SV (tx) and S; (tx) correspond, as do their theoretical approximations.

Approximation given by Theorem 2.1 can be seen as the contribution of each ancestral resistant
cell, appeared at a random times of law given in Proposition 3.1 (ii), multiplied by the total number
of ancestral resistant cells that appeared before ¢y,

N 2b Ca WA .
E{Si (tN)] o A‘;A’Nl . +O/\OI(Z)N)‘1t. (55)

number of contribution of a cell
ancestral
resistant cells

Indeed, in the one hand, the expected number of ancestral resistant cells, E[N 1{3\7 ], is given by Lemma A.1
and its asymptotic equivalent, when IV is large, corresponds to the underlined formula with the indi-
cation "number of ancestral resistant cells” of Equation (55). Notice that this approximation when N
is large is the same as the approximation of NP (A1) (see Formula (10)), which represents the mean
number of ancestral resistant cells unrelated to another ancestral resistant cell.

On the other hand, recall that the time of occurrence of an ancestral resistant cell conditioned
on belonging to a progeny that carried exactly one ancestral resistant cell follows an exponential law
of parameter 6gxn (cf Proposition 3.1). Then notice that dp zy tends to Ag when N tends to infin-
ity. Moreover, when i is fixed and N is large, E [SN (ty — 5)|Z"(s) = (0,1)] can be approximated
by wI(i)e*(tN=%) Hence the second term of the product (55) can be interpreted as the SFS asso-
ciated with the process generated by one ancestral resistant cell appeared at an exponential time of
parameter \g, since

tN tN
/ E[SN(ty — 8)|Z" (s) = (0,1)] e 0% ds  ~ / wI(i)eM N =3) \ge =208 (s
0 0

N—o0
Ao

~  w———T(1)NM.
N~>oow>\1+)\0 (l)

In conclusion, in this asymptotic case, the shape of the SFS with respect to ¢ is not impacted by
the rescue dynamics. However, the expected SFS is impacted by the time it takes for the ancestral
resistant cells to appear, although the SFS is studied at an asymptotically long time .

The fraction /\1/}%%\0 can be interpreted as a loss coefficient due to the rescued dynamics. When Ag is
large, the process Z}¥ is extinct quickly, so the exponential time is close to 0 and the loss coefficient is
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+  Theoretical approximation
500 1 =N
mmm Empirical expected S, (ty)
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12345678 910111213141516 17 1819 20
[
(a) i € [1,20].
n _::_ Empirical expected S (ty)
I +  Theoretical approximation
b mmm Empirical expected §Z]-V(tN)
21 e
0

99 31 41 51 61 71 8 91 101 111 121

(b) i € [21,121].

Figure 4: Empirical and theoretical expectation of Si¥ (¢x') and giv (tn) for small value of i, i.e ¢ € [1,20]
in (a) and ¢ € [21,121] in (b). The orange bullets and the red bars correspond to the empirical

=N
expectation over 50 000 realizations, respectively, of SN (tyx) and S; (ty). The blue crosses correspond
to the theoretical approximation given by Theorem 2.1 and Lemma 4.1.

close to 1. When J; is large, even if the exponential time is small, starting the birth and death process
induced by an ancestral resistant cell from this time and not from ¢ = 0 is a huge disadvantage, so the
loss coefficient is close to 19

The size order of E[S; (tx)] is given by the size order of the resistant population number at time
tn which is N*1*. The mutation number due to sensitive division can not reach such size order. This
is why, it is negligible in such asymptotic case.

Let us now illustrate and discuss the results on the number of mutations carried by a large number of
resistant cells, i.e. for ¢ depending on N. Remind that in this case, we assumed that i is proportional
to the size order of the resistant population number at time ty, i.e iy ~ e when N — co. As in

Formula (55), the approximation of ]E[SZV (tn)], given by Lemma 4.2(i), can be seen as the expected
number of ancestral resistant cells multiplied by the contribution of one ancestral resistant cell,

)\() bl

number of Q1 Q2
ancestral
resistant cells

boywh K/ (z) N1t = —Qboleia / </ wb1e)‘1(“s)/\oe’\°sds> (E)QG*AI(W*“)G_”%&W du.
0 0
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The integral term 2; represents the number of mutations, due to resistant division, that appeared at
time u. Indeed, w represents the mean number of mutations due to one division, b; ds represents the
probability that a resistant cell divides during a small interval of time ds and e*(“~%) represents the
number of progeny at time u of an ancestral resistant cell appeared at time s. Finally, the integration
over an exponential density of parameter \g is due to the stochastic time of occurrence of each ancestral
resistant cell, following a law given by Proposition 3.1(ii). 2 gives the approximation when N tends
to infinity, of the probability that a resistant cell appeared at time u has exactly iy progeny at time
tn (see Formula (47) and convergence result (38)).

As previously explained, we are not able to give an asymptotic approximation of E [ﬁﬁfv (tN)}
as we are not able to control the influence of the kinship events between ancestral resistant cells.
However, in Figure 5, the empirical expectation of S} (tx), SN (tn) and gi\; (tn) for in € [200,700]
are respectively represented by the green line, the orange bullets and the pink line. Considering our
reference parameters set, notice that e**¥ ~ 230. We observe that the empirical expectations of
ﬁf\fv (tn) and gi\; (tn) have the same order of magnitude when iy ~ e**y when N — co. We observe
also that, when iy increases, the empirical expectation of ﬁgv (tn) decreases faster to 0 than the one

0.061 — Empirical expected §Z]-X,(tN)
Empirical expected Sf\\f(tN)
0.041 Empirical expected ??i(t;v)
0.021
OOO ' ' : '\’W“.’Jﬁ'wb«;\‘"“w‘»‘-«./ﬁ;.‘,."M T
200 300 400 . 500 600 700

IN

Figure 5: Empirical expectation of Q?jv (tn), S{YV (tn) and g?; (tn) for large values of iy, i.e iy €
[200,700]. The orange bullets, the pink and green lines correspond to the empirical expectation over
50 000 realizations, respectively, of Sf}'v (tn), ?i\; (tn), and §f\]{] (tn).

Finally, we illustrate and discuss the result we obtain on Sy, 4, (tnx) with 0 < 21 < 2, defined in (2).
To simplify the understanding of the illustrations and discussions, we focus on Sy (tn) := Sz too(tN),
for x > 0.

We first deal with the results about ﬁiv (tn), whose empirical expectation, using our reference
parameters set, is drawn in Figure 6 with orange bullets. The blue line, in Figure 6, corresponds to the
function x — boywA; L(x) N1, which is the theoretical approximation of E[S% (¢x)] when N is large
(see Lemma 4.4). Let us discuss the shape of this theoretical approximation. Recall that, for x > 0

2b, & A1 M Ags
N'"%bgyw; L(z) = A—”Nl—a/ %(1+2bos) e T Noe M08 ds. (57)
0 0 \—/—/\l_v_/ As
number of Ay Ao

ancestral
resistant cells

As previously discussed, the first term is an approximation of the expected total number of ancestral
resistant cells. Then, Az corresponds to the limiting density of time of occurrence of an ancestral
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x

Figure 6: Empirical expectation of §iv (tn) for x € [0.1,7]. The orange bullets correspond to the
empirical expectation over 50000 realizations of SY (tx). The blue line corresponds to the function
boywA; L N1~ with L defined in (5).

resistant cells (cf Proposition 3.1). In view of (47) and the proof of Lemma 4.4, we can interpret Ag
as an approximation of the probability that a cell, appeared at time s, has more than ze**~ offspring
at time ty. Indeed,

i—1

~ AZ e—)xl(tN—S) 1— e—)\l(tN—s)
Mitny _ A
P(Z(ty —5) > ze™) = Y B2 (1 — dye—M(En—s) /p;)2 (1 _ dle—kl(tN—S)/bl)

i>zertN
A
)\1 e*>\1u 1— €*>\1(th5) |ze N |
== — A
by e~ v — gilef)\ltz\f 1— dle—)\l(tN—S)/bl N—o0 2
1

Finally, the factor A; = £ (1 + 2bgs) represents the mean number of mutations carried by a resistant
cell that appeared at time s, which is proportional to the number of times a sensitive cell divides before
becoming resistant at time s. Indeed, the term w/2 corresponds to the mean number of mutations
that a cell gets after one division. The term (1 4 2bys) corresponds to the division needed to become
resistant and to the mean number of divisions a resistant cell makes before appearing at time s knowing
that its family tree has only one resistant cell. The mean number of divisions made by a sensitive cell
over a time [0, s] is given by bgs. Hence the factor 2 is surprising. However it has already been met in
the dynamics of branching processes (see remark of the main theorem in [3]). Here, it translates the in-
crease of the number of divisions in a resistant lineage compared to a sensitive one (destined to die out).

. =NV . .. . .
Let us then discuss results about S, (t5). In Figure 7, we draw the empirical expectation of this
quantity using orange bullets. The blue line represents the function x — byywA; N1~ K () that is the
—N
asymptotic approximation of E[S, (tx)] when N is large, given by Lemma 4.2.

Let us discuss the shape of this theoretical approximation. Recall that, for z > 0

2b ° v s . Al M A
boywM K (z)N'~* = ﬂNl_“/ / whyeM@=s) \je=dosgg ) ZLomE . (58)
Ao 0 0 b1

number of [oh Ao

ancestral
resistant cells

This expression is the same as the approximation of E [ﬁf\]]\] (tN)] given by (56) for which we replace
Qo by As, defined in (57). Indeed, in this case, we take into account mutations carried by more than
zeMiN cells and not exactly iy ~ e**N. For this reason, Qs, as a function of z, corresponds to the
derivative of Ay correctly renormalized.

Finally, in Figure 8, we draw using dash and continuous lines respectively, the functions K and L
on [0.6, 6], which represents the weight of the contribution of mutations due to resistant and sensitive
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Figure 7: Empirical expectation of ?iv(tN) for x € [0.1,7). The orange bullets correspond to the

empirical expectation over 50000 realizations of S, (ty). The blue lines correspond to the function
boywA N1 ~“K with K defined in (4).

1
1
[
1
\
\
\
\
\
\

(C) bo = 1.2, )\0 =0.3. (d) bo = 2.2, )\o =0.3

Figure 8: Graph of the functions K and L on [0.6,6] for the reference parameter set with different
values of by and Ag. The dash line represents the function K(z) for z € [0.6, 6], defined in (4). The
continuous line represents the function L(z) for = € [0.6, 6], defined in (5).

divisions respectively (see Formula (3)). Notice that, depending on the value of the birth and growth
rates of sensitive cells, the contribution E[SY (#x)] of mutations appeared in sensitive cells may become

larger than the contribution E[S, (tx)] of mutations appeared in resistant cells, this is true for example
when by is large, Ao is small and z is sufficiently large (z > 1 on Subfigure (d)). Moreover we observe
that, when we don’t take into account the number of ancestral resistant cells, the influence of the
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sensitive dynamics in the contribution of mutations, that appeared during resistant divisions, is only
due to A\g contrary to the mutations appeared during sensitive divisions.

We conclude that the rescue dynamics influence the SFS associated with mutations carried by both
a small and a large number of cells in the population at the characteristic time ¢y of extinction of
sensitive cells.
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A  Annexe

The following lemma gives the expected number of resistant mutations that occur during the extinction
of the sensitive initial population.

Lemma A.1. Let Ng be the total number of ancestral resistant cells in the process described in

Section 2. o o
E NN _ 0YN N -~ 07Y N]_*Ot 59
[ R] )\0+2’}/Nb0 N—oo  Ag ( )
Proof. The dynamics of the process N§ are influenced by only two different events which can be
modeled by two independent Poisson processes. Hence, there exist Y7 and Ys, two independent Poisson

processes which are both independent of the process Zj, such that we can write

o0 o0
NF =Y <2bO’VN(1 - 'YN)/ Zév(s)d3> +2Y, (bova/ Zé\[(s)dtS) .
0 0

Notice that, for all t > 0, E[Z) (t)] = Ne~(Rot2mwb0)t e deduce by taking the expectation in the
previous expression that

E =2 — - 2b
[NZ] boyn (1 — ) /0 E[Z{ (s)]ds + 2boy3; /0 E[Z} (s)]ds = /\007%\1;()0 .
O

This second lemma states the SE'S of a birth and death process that is supercritical and that starts
with one individual. The proof follows the proof of Proposition 3.1 in [7] and is given for clarity in
order to adapt it to our notation.

Lemma A.2. Forallt e N*, N e N* andt > 0,

A1t
PRV LT — .
B SN (012°(0) = (0.1] =weht [T Ly,
0 - ﬁy
Moreover, for ty = tlog(N)
E[S)(tn)|Z27(0) = (0,1)]  ~ wNMI(), (60)
— 00

where the definition of I(i) is given by (1).

Proof. We assume that initially the population is given by only one resistant cell. We denote by MZ -da
the number of mutations carried by ¢ resistant cells at time ¢ with ages in [a — da, a]. Hence M; da g
given by the number of mutations that appeared on any resistant cells at time ¢ — a,

' Z1(t—a)
E[Mt”d“]:mE{ 3 N1

=1

division between ¢ — a — da and t — a, ZJ(a)=i
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where Z{ is a supercritical birth and death process with parameters b; > d; starting by one cell. The
2 in the previous formula corresponds to the contribution of the two daughter cells using the branching
property of the process we are studying.

Then taking conditional expectation and using independence between cells we obtain,
E[M?%] = 21[4:[21(75 - a)}E[Nw}P(division between ¢ — a — da and ¢ — a)P(Zy(a) = i)
= 20 =) (4 /2Vby dalP(Z1 (a) = i).

For all t > 0, the law of Z;(t) is given by (see [16] Chapt 5; formula (7.3)),

N ) by — dqi)2e(br—d)a  p (c(br—di)a _ 1)\ i-1
P(Zi0) = i) = e (=)
(ble( 1—dia _ d1> brelbi=di)a _ 4,
Hence, we obtain,
) A2t bl(ekla — 1)\t
E[M}%) = ! ( ) .
[ t ] w(ble)\la o dl)z ble/\la — dl blda/

The result is deduced by a change of variable as those found in [15] and by noticing that
t .
B(S (0]2¥(0) = (0.1)] = | BM"]da.
0

Finally, the asymptotically equivalent expression is obtained as soon as we notice that
eMiv — 1

eMin _dl/bl N:>>o
O

Following the proof of Proposition 3.1, the last lemma gives the law of the generation and the
appearance time of one ancestral resistant cell chosen uniformly at random conditioned on belonging
to a progeny that carried at least one ancestral resistant cell (and not exactly one as for Proposition 3.1).

Lemma A.3. For any N € N*, we denote by Gy and Ty, the generation and the appearance time of
an ancestral resistant cell chosen uniformly at random and conditioned on belonging to a progeny that
carried at least one ancestral resistant cell and we introduce

_l-ay  1—/1—4py(1—pn)(1—BN)

: = 61
PN B) B) ( )

with zn, pn and By defined in (6). Then

(i) the law of G is characterized by, for all g € N*,

291 [1 2

PGy =g) = ———
PN — PN

(ii) and the density of T, [y s written, for all t >0,

e (14 s ) 2w = dvex(©)

en(t) = e=2tbo +do) (P — D),

e—t(bo+do)(1—2pn)

[, () =

2t (py — PN)

where

Proof. This proof follows the proof of Proposition 3.1 and will use Lemma 3.3 for which the event
RT®:5) will not correspond to T (p,B) has exactly one marked leaf but at least one marked leaf. In
the following we make the calculus corresponding to this change. Notice that, in this case, for all
g,n €N* P(RIG =g, \(T)=n) =P(RINT)=n)=1-—(1— )" Hence the Equation (15) become,
P(G=ygIR) = Lnz1 (L= (A= B)"gn _ Fnzi Van = x> (1~ ﬁ)nvg’"_

ZnZl(]‘ —(1=8)")un 1- anl(l — B)"un

(62)
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Thus, using the same arguments as previously and Equation (16) which is true for any p < 1/2, we
can calculus the three sums of Equation (62). Indeed

S a-p)" Zan [(1-B)p(l—p Zanp 1-p)" =2, (63)
n>1 n>1 n>1 p
where p satisfies p < 1/2 and
p(1=p) =p(1 =p)(1 - B). (64)
Moreover, using induction formula (20), we obtain for all g > 3,
[p(1 =
D vgn = Z g
n>1 n>g
291 e
_ / (1= 22) S (1 — )"
p 0 n>g
201 7 (1-20) A .
= / = Z Z ailr(1 — @) i g—1[z(1 — )",
p 1‘ n>g i=1

where we identify a Cauchy product of infinite sum. Thus, using again an induction and then Equa-
tion (16), we obtain for all g > 3,

S = 2 [ U2 (S s ) (5 uaalett e i

n>1 n>1 n>g—1
g—2

2971 P (1 7 QLE) n n

- / e (Xl - ) S a1 - @) | da,
pJo n>1 n>2
2971 D

= /(1 2z)x9 Ldx
p 0

(65)

Il
—
[N}
=
S~—
Ne)
L
7 N
| —
|
DO
E
"

which gives the value of the second sum. Moreover, as >~ -, v1,, =1 —p and

D on>1V2n = % J3 (1—22)z dz, Formula (65) is also true for g € {1,2}. To deal with the last sum of the
r.h.s. of Equation (62), we use the fact that the previous computations to deal with the second sum are
true for any p < 1/2. Thus, writing 9, such that v, , = p" (1 — p)"¥,,, and using Equations (64)
and (65), we have

Z(l_ Mg == Zm H )" Ug,n

n>1 n>1
29-159 /1 25
N & <— P ) (66)
D g g+1

Using the same arguments as the proof of Proposition 3.1 (i), that concludes the proof of Lemma A.3
(1).

As previously, to find the density of Ty, it is sufficient to notice that the life time of each sensitive
cells is distributed as exponential r.v. V&{ith parameter by + dg, and that the chosen ancestral resistant

cell has Gy ancestors. Thus, T = ZZG:A; Ei, where (&;);en is a sequence of i.i.d. r.v. of exponential
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law with parameter by + do and independent from Gy. That is,

fTN (t) = ZP(GN = g)fr(g,b0+d0)(t)

g=1
%) 99—1 [1 ) L L tg—l(bo + do)ge—t(bo+do)
=) ——— |=((o~n)? = (Bn)7) — ——((pn)?" = (Bn)?F
3 o [0 = %) = = ) =
—t(bo+d
_ e t(bo+do) |:1(62t(b0+d0)pN _ e?t(bo-‘rdo);ﬁz\])
pN — DN |2t
1 - .
_2t2(b T <e2pNt(bo+do)(2pNt(b0 tdo)—1)— erNt(bo+do)(2pNt(bo +do) — 1))] ,
o0 + do
by noticing, for the last equality, that 52, % =001 Igg# - (gg”gTT)! =e*(x—1)+1. And
the last formula can be rewritten to conclude the proof of Lemma A.3 (ii). O
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