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1 Population with a single type of microorganisms

1.1 Master equation

Let us first consider the simple case of a microbial population with a carrying capacity K comprising a single type
of microorganisms. These microorganisms have a fitness and a death rate denoted by f and g, respectively. Let j be
the number of individuals in the population at time ¢, satisfying 0 < j < K. The master equation describing the
evolution of this population reads for all j:
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Indeed, recall that f(1 — j/K) is the division rate in the logistic model. We can write this system of equations as
P = RP, where R is the transition rate matrix:
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This Markov chain has a single absorbing state, namely j = 0, which corresponds to the extinction of the microbial
population.

1.2 Average spontaneous extinction time

Let us study the average time it takes for the population to spontaneously go extinct, i.e. the mean first-passage
time 75(jo) to the absorbing state j = 0, starting from j, microorganisms at ¢t = 0. It can be expressed using
the inverse of the reduced transition rate matrix ﬁ, which is identical to R except that the row and the column
corresponding to the absorbing state j = 0 are removed [11[2]:

7s(jo) = E[Trp [ jo] = — Z(ﬁfl)m : (S3)

Note that more generally, all the moments of the first-passage time can be obtained using the reduced transition

rate matrix R:
K

E[f#p o] = nl(=1)" > (R ™), - (S4)
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Here, the elements of the inverse of the reduced transition matrix read for all 1 < j < K,
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Substituting Eq. [S5|in Eq. [S3]yields
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If f =0, e.g. in the presence of a biostatic antimicrobial that perfectly prevents all microorganisms from growing,

Eq. [S6] simplifies to:
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Note the formal analogy between Eq. and the unconditional fixation time with biostatic antimicrobial (f = 0) in
the Moran process, which corresponds to the extinction of the sensitive microbes in a population of fixed size [1].
Both situations involve the extinction of microorganisms that do not grow. Formally, the master equation of a Moran
process describing a microbial population of fixed size N with two types of individuals A and B whose respective
fitnesses are fq4 =0 and fp = 1, reads:

dP(t)  1+1 !

S = Pa(t) = R0 (58)

where [ denotes the number of A individuals. The master equation for a logistic growth of a population with a single
type of individuals (see Eq. with f = 0 is equivalent under the transformation 1/N <« g.

Fig. shows how 75(10) depends on the death rate g and the carrying capacity K. In particular, it shows
that when g < f, average extinction times become very long for large values of K, while they are short for all K
when ¢g > f. In a deterministic description (valid for very large population sizes), g = f indeed corresponds to the
transition between a population that decays exponentially and a population that reaches a steady state size. For
finite-sized populations, stochasticity makes this transition smoother.
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Fig I. Average spontaneous extinction time of the microbial population. A: Mean first-passage time
75(10) to the absorbing state j = 0, i.e. average extinction time, starting from jo = 10 microorganisms, as a
function of the fitness f for different carrying capacities K, with g = 0.1. B: Average extinction time 75(10) as a
function of the carrying capacity K for different fitnesses f, with g = 0.1. C: Average extinction time 75(10) as a
function of the death rate g for different carrying capacities K, with f = 1. D: Average extinction time 75(10) as a
function of the carrying capacity K for different death rates g, with f = 1.
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1.3 Initial growth of the population
1.3.1 Deterministic approximation and rise time

In the deterministic regime, for a population with only one type of microorganisms and a carrying capacity K, the
number N of individuals at time ¢ follows the logistic ordinary differential equation:

djzt(t) — N(t) [f <1 - A;((t)) g] : (89)

where f represents fitness and g death rate. For f # g, the solution reads:

K NoelU=9!(1—g/f)
K(1—g/f)+ No(et/=9)t —1)"

N(t) = (S10)

where Ny = N(0) is the initial number of individuals in the population. Note that we recover the usual law of
logistic population growth for f > 0 and g =0 (or for f > g by setting f < f — g):

- KNoeft
K+ Ng(eft—1)°

N(t) (S11)
For f > g, the long-time limit of Eq. is K(1— g/f). This equilibrium population size can also be found as the
steady-state solution of Eq. and corresponds to the birth and death rates being equal. The rise time ¢,.(a), at
which a fraction « of this equilibrium population size is reached, is given by:

_ 1 0 aK(1l—g/f) —aNg
_f_gl( T ) (812)

Hence, the initial growth of the population is governed by the timescale 1/(f — g), and features a weaker dependence
on carrying capacity K and initial population size Ny, as illustrated by Fig. [[T}
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Fig II. Deterministic evolution of the population size and rise time. A: Population size N as function of
time ¢ for different carrying capacities K. B: rise time ¢,.(0.99) as function of the initial number of individuals Ny for
different carrying capacities K. Results are obtained from Egs. and Parameter values: f =1 and g = 0.1.

1.3.2 Probability of rapid initial extinction

A microbial population starting with few individuals may go extinct quickly due to stochastic fluctuations, before
reaching a substantial fraction of its equilibrium size K(1 — g/f). Formally integrating the master equation
P = RP with the initial condition J = jo allows to express the probability Py(t) that a population starting from jgo
microorganisms at ¢ = 0 is extinct at time ¢:

Po(t) = (e™)qj, - (S13)
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Fig. [[1I|shows the probability Py(t,) that the microbial population goes extinct before the rise time ¢, versus g for
f =1. We notice that Py(t,) ~ g/f for small g and/or large K. This result can be proved analytically by assuming
that the number of individuals is very small compared to the carrying capacity K and thus grows exponentially,
which is relevant when rapid initial extinctions occur. One can then neglect the impact of the carrying capacity K
in the master equation Eq. [ST} yielding:

4P, (1)
dt

=f(G—VPj-1(t) +9(G + D Pj1(t) — (f +9) i P;(t) . (S14)

The solution of this master equation is given by [3]:

1

. 1—g/f \2[ eU—ot_1\'~
B0 = (e(f‘g)t—g/f) (e(f‘g)t—g/f> ' (515)

In particular, we thus obtain:

Po(t) = g & 9 iff>gq. (S16)
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Fig ITI. Rapid initial extinction. A: Probability Py(t,) that extinction occurs before the rise time ¢,.(0.99) (see
Eq. , when starting from a single microorganism, jo = 1, as function of the death rate g with f =1 for different
carrying capacities K. Results come from a numerical computation of Eq. Solid black line: g/f. B:
Probability of rapid initial extinction Py(100) as a function of the initial number of microorganisms jo, for different
carrying capacities K. Data points correspond to numerical computations of Eq. Parameter values: fg =1
and gg = 0.1. Time ¢t = 100 was chosen to evaluate Py because it is larger than typical rise times for the parameter
values considered (see Fig. , but not too long, and thus captures rapid initial extinctions but not long-term ones
(see Fig. [I)).




2 Supplementary results on extinction probabilities and extinction
and fixation times

2.1 Perfect biostatic antimicrobial

1 4 ?-A—H-Q—A-H—MA—.“T |
] 1 v |
Q? ] | L] [
- 0.8+ : :
'g ] | o |
O |
"% 0.6 ] | )
5 ] . b
2 044 | l
3 ] I |
[ i | 2 ¢
Ko} ] | ® K=10 |
De_ 02 i : K=103 :
1 i K=10*| |
T o
0 -I-,ﬂ,m,,-,ﬂ,m.!—rrnnm—wmnq—wmml—rrnmrwrnm—wnmrhmn.,
100 102 10* 108 108
A Period T
108 |
%108 l
0 .é |
5 E |
=] o |
2 ® |
= 106 X 106
(0] o |
e 5 !
Q £ |
'.g 104 'E |
c ® o |
§ AT
; |
|
10° 102 10* 108 108 100 102 10* 108 108
B Period T C Period T

Fig IV. Periodic presence of a biostatic antimicrobial that fully stops growth, including long
periods. A: Probability pg that the microbial population goes extinct before resistance gets established versus
alternation period T, for various carrying capacities K. Markers: simulation results, with probabilities estimated
over 102 — 103 realizations. Horizontal solid colored lines: analytical predictions from Eq. [1l Horizontal solid black
line: average spontaneous valley crossing time 7v = (fs — fr)/(p1429s) (see main text). B: Average time tey; to
extinction versus alternation period T for various carrying capacities K. Data shown if extinction occurred in at
least 10 realizations. C: Average time ¢y, to fixation of the C microorganisms versus alternation period 1" for
various carrying capacities K. Data shown if resistance took over in at least 10 realizations. Horizontal solid lines:
analytical predictions for very small T', using the self-averaged fitness fs (see main text). In panels B and C,
markers are averages over 10?2 — 10 simulation realizations, error bars (often smaller than markers) represent 95%
confidence intervals, and the oblique black line corresponds to 7'/2. In all panels, colored dashed lines correspond to
T/2 = 15, while black dashed lines correspond to T'/2 = 7,. Parameter values: fs = 1 without antimicrobial,

f& = 0 with antimicrobial, fr = 0.9, fc =1, gs = gr = gc = 0.1, u1 = 107° and pp = 1073, All simulations start
with 10 S microorganisms.




2.2 Biocidal antimicrobial
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Fig V. Periodic presence of a biocidal antimicrobial above the MIC, including long periods. A:
Probability py that the microbial population goes extinct before resistance gets established versus alternation period
T, for various carrying capacities K. Markers: simulation results, with probabilities estimated over 102 — 103
realizations. Horizontal solid lines: analytical predictions from Eq.[d] B: Average time t.,; to extinction versus
alternation period T for various carrying capacities K. Data shown if extinction occurred in at least 10 realizations.
C: Average time tt;;, to fixation of the C microorganisms versus alternation period 1" for various carrying capacities
K. Data shown if resistance took over in at least 10 realizations. Horizontal solid colored lines: analytical
predictions for very small T', using the self-averaged death rate gs (see below). Horizontal solid black line: average
spontaneous valley crossing time 7y = (fs — fr)/(p129s) (see main text). In panels B and C, markers are
averages over 102 — 103 simulation realizations, error bars (often smaller than markers) represent 95% confidence
intervals, and the oblique black line corresponds to T'/2. In all panels, colored dashed lines correspond to T'/2 = 7g,
while black dashed lines correspond to T'/2 = 71y,. Parameter values: fs =1, fr = 0.9, fo =1, gs = 0.1 without
antimicrobial, g'S = 1.1 with antimicrobial, gr = gc = 0.1, 1 = 10~° and Lo = 1073, All simulations start with 10
S microorganisms.

Here, in the limit of very fast alternations, we expect an effective averaging of death rates, with gg = 0.6 for S
microorganisms. Then, an R mutant that will fix in the population appears after an average time t =1/ (N 11GsDSR)
where N p1gs represents the total mutation rate in the population, with N=K (1—gs/fs) the equlhbrlum population
size, and where psr = [1 — fsgr/(frds)]/[1 — (fsgr/(frgs))"] is the probability that a single R mutant fixes in a
population of N microorganisms where all other microorganisms are S. Subsequently, C mutants will appear and
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fix, thus leading to the full evolution of resistance by the population. The corresponding average total time ¢ ;; of
resistance evolution [1] agrees well with simulation results for 7/2 < 75 (see Fig. [V|C).

2.3 Population size dependence of the extinction transition
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Fig VI. Finite size effect on the extinction transition. Value of the ratio R = (g5 — f5)/g% such that

1% = 7g, plotted versus the carrying capacity K. This value of R marks the transition between large and small
extinction probability pg when T/2 > 75 (see main text and Fig. . Red markers: numerical solutions of the
equation t% = 7g. Black dashed line: expected transition in the large population limit (R = 0, i.e. f§ = g%).
Parameter values: 1 = 107°, fs =1, fr = 0.9, gs = gr = 0.1. Here, results are shown in the biostatic case, and f§
was varied, keeping g5 = 0.1, but the biocidal case yields the exact same results (see main text).




2.4 Dependence of the extinction time on population size and antimicrobial mode
of action
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Fig VII. Dependence of the average extinction time on population size and antimicrobial mode of
action. Average extinction time ¢, versus the ratio R = (g5 — f§)/gs with biostatic or biocidal antimicrobial, for
different carrying capacities K, either in the small-period regime, with 7= 10>® (A and B) or in the large-period
regime, with 7' = 10° (C). Markers: simulation results, calculated over the realizations ending in extinction of the
population, if their number is at least 10, among 10? realizations total per marker. Error bars: 95% confidence
intervals. Vertical dashed lines: predicted extinction thresholds, i.e. values of R such that T/2 = 75 (A and B) or
t% = 75 (C). Horizontal dashed lines: t.,; = T/2. Parameter values (same as in Fig. @: w1 =107°, po = 1073,
fs=1,frR=09, fc =1, gs = gr = gc = 0.1, and g5 = 0.1 (biostatic) or fi =1 (biocidal). All simulations start
with 10 S microorganisms.




3 Rescue by resistance

3.1 Number of resistant mutants when antimicrobial is added: p%(7)

Let p%(¢) be the probability that exactly ¢ R microorganisms are present when antimicrobial is added, provided that
a lineage of R mutants then exists. It can be calculated in the framework of the Moran model, provided that the
population size is stable around N = K (1 — gs/fs) before antimicrobial is added, which is correct for T/2 > t,.,
where ¢, is the rise time (see section . Specifically, p% (i) can be expressed as a ratio of the sojourn time in
state ¢ to the total lifetime of the lineage in the absence of antimicrobial:

c /- TR,i
pR(Z) = d (Sl?)
TR

where 78 is the average lifetime without antimicrobial of the lineage of a resistant mutant, assuming that it is
destined for extinction, and T}%,i is the average time this lineage spends with exactly ¢ R individuals before going
extinct. They satisfy TI% = Zf\;l T}%,i. Note that we consider lineages destined for extinction in the absence of
antimicrobial, because we focus on timescales much shorter than the spontaneous valley crossing time. In fact, in
this regime, considering unconditional times yields nearly identical values for p% (7).

Employing the master equation P = RP that describes the time evolution of the number of R mutants within
the Moran model |1L{4], where R is the transition rate matrix, we obtain

5 e 5

Thi= — Py(t)dt = (R™Yi1, (S18)

1 0 1

where 7; is the probability that the R mutants go extinct, starting from ¢ R mutants |14, while R is the reduced
transition rate matrix, which is identical to the transition rate matrix R, except that the rows and the columns
corresponding to the absorbing states i = 0 and ¢ = N are removed [1]. Here, we take N = K(1 — gs/fs), which
corresponds to the deterministic equilibrium population size. Finally, we obtain

. Wi(lsfl)il
S (R

Pr(7) (S19)

3.2 Probability of fast extinction of the resistant mutants: p(7)

Let us consider the beginning of the first phase with antimicrobial, and take as our origin of time ¢ = 0 the beginning
of the phase with antimicrobial. Here, we consider the general case of an antimicrobial that may modify both the
division rate and the death rate of sensitive microorganisms. Provided that some resistant microorganisms are
present at ¢ = 0, how likely is it that they will undergo a rapid stochastic extinction and not rescue the microbial
population and lead to the establishment of resistance? Denoting by 7 > 0 the number of resistant microorganisms
at t = 0, let us estimate the probability p%(¢) that the lineage of R mutants then quickly goes extinct. As explained
in the main text, we approximate the reproduction rate of the R microorganisms by

fr(t) = fr (1 - W) ~ fr <1 - Sl((t)) : (S20)

where S(t) and R(t) are the numbers of S and R individuals at time ¢. This is appropriate because early extinctions
of R mutants tend to happen shortly after the addition of antimicrobials, when S(¢) > R(t). Thus motivated, we
further employ the deterministic approximation to describe the decreasing number S(t) of S microorganisms:

K(1 - gly/ fly) Soelfs=95)t
K(1— g/ fL) + So(els—95)t —1)

S(t) = (S21)

where Sy = K(1 — gs/fs) is the number of sensitive microorganisms when antimicrobial is added. Note that if
f& =0 and g% = gs, i.e. in the perfect biostatic case, we obtain

S(t) = K <1 - ?{z) e~ 95t (S22)
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for the decay of the number of S microorganisms with antimicrobial. However, we retain a stochastic description for
the rare R mutants, and employ the probability generating function

bi(z,t) = isz(j,tﬁ, 0), (S23)
j=0

where 7 is the initial number of R microorganisms. Indeed, noticing that
pR(i) = tli)m P(0,t]:,0) = tli)m ¢:(0,t) (S24)

will enable us to calculate p% (i) [5}6].
The probability P(j,t]¢,0) of having j R mutants at time ¢, starting from ¢ R mutants at time ¢ = 0, satisfies the
master equation
OP(j,ti,0 . . . . . . e
OPULED)  frty (1) PG~ 1,00,0) + 9 (-4 1) PG + 1,115,0) — (o) +98)3 PGLHEO) . (525)
Here, we neglect mutants that appear after the addition of antimicrobial, and we deal with them in the calculation
of p% and p%. The generating function defined in Eq. satisfies the partial differential equation

SELE (= D) — 90) P =0, (526)

This first-order nonlinear partial differential equation can be solved using the method of characteristics. For this, we
rewrite it as:

TNVG; =0, (S27)
where 7= (1, —(z — 1)(f5(t)z — gp)) and V¢; = (0¢;/0t, D¢;/0z)t. A characteristic curve 7(s) satisfies dF/ds =
0(7(s)), which entails

de;  dr

ds ds’
implying that ¢, is constant along a characteristic curve. Since d¢;/ds = (9¢;/0t)(dt/ds) + (0¢;/0z)(dz/ds), we
obtain the following system of ordinary differential equations along a characteristic curve:

dt =
{ds L (S29)

Ve, = 0.V =0, (S28)

L& — (2 - 1)(fr(t)z — gr)-

We choose to integrate it as

t=s,
{Zi = —(z = D)(fr(t)z - gr)- ($30)

The second ordinary differential equation can be solved by introducing y = 1/(z — 1), which yields

1
Zo—l’

eP(t)

z—1

/t fR(u)ep(“)du = (S31)
0

with .
)= [ (om — Fn(w)du. (532)

0
where we have employed Egs. and Eq. is the equation of the characteristic line going through the point
(0, z0). Because ¢; is constant along this line (see Eq.|S28)), we have ¢;(2,t) = ¢;(20,0) = z{ along this line, where

we have used Eq. Furthermore, for any (z,t) we can find the appropriate zg using Eq. [S31} This yields the
following expression for the generating function:

i

-1
1+ (;Mt)l - /O t fR(u)e”(“)du) ] : (S33)

where p(t) is given by Eq. and fr(t) by Eq.
We can now express the probability p% (i) from Egs. and

Jr f(f ep(u)du ¢
1+gr fot Or

¢Z‘(Z7t) =

e s
Pr(i) = tlg{.lo

(S34)
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3.3 Predicting the extinction probability pg

Here, we test the analytical predictions for each term involved in the extinction probability py of the population
above the MIC, both in the perfect biostatic case (see Eq.[l)) and in the biocidal case (see Eq. , by comparing
them to numerical simulation results. To estimate the probability pr that at least one R mutant is present when
antimicrobial is added, and to study the number of R mutants that are then present (Fig. —B), simulations
are run starting from jo = 10 S microorganisms (and no R) as in the rest of our work. We let the population
evolve until a specific time, in practice ¢ = 500, when population size is well-equilibrated around the deterministic
stationary value K (1 — gs/fs) without antimicrobial, and we analyze population composition at this time. To
estimate the probability p% of rapid extinction of the R lineage (Figs. and [X]A), we start from a population
with ¢ R microorganisms and K (1 — gg/fs) — i sensitive microorganisms, and we let it evolve with antimicrobial
until extinction of the S microorganisms. All these simulations are run with 2 types of microorganisms, S and R (no
compensation). In Figs. and , we note that p% does not seem to depend on K. In fact, our analytical
estimate for p% is fully independent of K because it only involves the ratio S(t)/K (see Egs. and ,
whose deterministic dynamics is independent of K (see Eq. [S9| with N(¢) < S(t)).
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Fig VIII. Perfect biostatic antimicrobial: test of analytical predictions for each term involved in pg
(Eq. . A: Probability pgr that at least one R mutant is present when antimicrobial is added, plotted versus
carrying capacity K. Markers: simulation results, with probabilities estimated over 10* realizations. Red solid line:
analytical prediction, pr = t7¥ /78 = Nu1gs7ih (see main text). B: Probability p§ that exactly i R microorganisms
are present when antimicrobial is added, provided that at least one R mutant is present, plotted versus the number ¢
of R mutants, for various carrying capacities K. Markers: simulation results, estimated over 10* realizations. Solid
lines: analytical prediction in Eq. Analytical prediction lines for K = 10* and K = 10° are confounded; note
that the prediction holds in the weak mutation regime Ky < 1, and thus fails for K = 10° here. C: Probability p%
of rapid extinction of the R lineage, plotted versus the number ¢ of R mutants present when adding antimicrobial,
for various different carrying capacities K. Markers: simulation results, with probabilities estimated over 10*
realizations. Black solid line: analytical prediction from Eq. [2[ (see main text). Parameter values: fg = 1 without
antimicrobial, f§ = 0 with antimicrobial, fr = 0.9, gs = gr = 0.1 and g3 = 1075 (A-B) or u1 = 0 (C).
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The probability p% that resistance appears in the presence of antimicrobial involves the number of divisions
Nyir and the mean time to extinction 7g of a population of S microorganisms in the presence of antimicrobial (see
main text). To estimate these two intermediate quantities, simulations only involving S microorganisms in the
presence of antimicrobial, starting from K (1 — gs/fs) sensitive microorganisms, are performed (Fig. —B). For p%
itself (Fig. [XB), simulations with S and R microbes (no compensation), also starting from K (1 — gs/fs) sensitive
microorganisms in the presence of antimicrobial, are performed. The time of appearance of R mutants (Fig. @—D)
and the number of different lineages that appear during the decay of this population (Fig. Ep) are also studied.
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Fig IX. Biocidal antimicrobial: test of analytical predictions for intermediate quantities involved in
the calculation of py (see Eq. . A: Average time 7g to extinction of a population of S microorganisms in the
presence of antimicrobial, plotted versus the carrying capacity K. Markers: simulation results, with probabilities
estimated over 10* realizations. Red solid line: analytical prediction from Eq. with jo = K(1 —gs/fs). B:
Number Ny;, of individual division events that occur between the addition of antimicrobial and the extinction of
the population of S microorganisms, plotted versus carrying capacity K. Red markers: simulation results, with
probabilities estimated over 10* realizations. Red solid line: analytical prediction from Eq. |5l C and D: Probability
density function p%(¢) of the time ¢ of appearance of an R mutant, under the assumption that exactly one R mutant
appears between the addition of antimicrobial and the extinction of the population of S microorganisms, for

K =103 (C) and K = 10* (D). Histograms: simulation results, with 10? realizations. Black solid lines: analytical
prediction from Eq. El Parameter values: fs = 1, gg = 0.1 without antimicrobial, g% = 1.1 with antimicrobial, and
in panels C and D, fr = 0.9, ggr = 0.1 and p; = 1075,
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Fig X. Biocidal antimicrobial: test of analytical predictions for each term involved in p, (see Eq. .
Note that pr and p% are the same as in Fig. MA—B. A_: Probability p% of rapid extinction of the R lineage,
plotted versus the number 7 of R mutants present when adding antimicrobial, for various different carrying
capacities K. Markers: simulation results, with probabilities estimated over 10* realizations. Black solid line:
analytical prediction from Eq. B: Probability p%, that resistance appears in the presence of antimicrobial,
plotted versus the carrying capacity K. Red markers: simulation results, with probabilities estimated over 10*
realizations. Red solid line: analytical prediction, p% = Ngipp1 With Ny, in Eq. |5l C: Probability that ¢ distinct
lineages of R mutants appear in the presence of antimicrobial, provided that at least one appears, plotted versus the
carrying capacity K. Markers: simulation results, with probabilities estimated over 103 realizations. Parameter
values: fg =1, fgr = 0.9, gs = 0.1 without antimicrobial, g4 = 1.1 with antimicrobial, gr = 0.1 and p; = 0 (panel
A) or 11 = 1075 (panels B and C).
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3.4 A perfect biostatic antimicrobial yields a larger p, than a perfect biocidal antimi-
crobial

For a perfect biostatic antimicrobial, the extinction probability py upon the first addition of drug is given by Eq.

N—-1
po=1-pr Zp%»,(z‘)(l — pR(i)), (S35)

while for a biocidal antimicrobial, the extinction probability py upon the first addition of drug is given by Eq.

N-1 N-1
Po = ll — PR Z pR(E)(1 —ﬁ%(i))l [1 - pR(1 —p%’)} <1-pr Z pR(1)(1 = pr(i)). (536)

In Eq. [S36] we have employed tilde symbols to denote the quantities that differ compared to Eq.[S35 Recall that pg
and p% (i) are the same in both cases. Indeed, these quantities characterize the state of the population when the
antimicrobial is added, and thus do not depend on the type of treatment subsequently added.

The perfect biocidal antimicrobial corresponds to g5 — co. Let us prove that limg/SHOO Po < po. From Eqgs.
and it is apparent that it suffices to prove that limg, P%(7) < p%(¢) for all 4. The expression of both p% (i
and p% (i) is given in Eq. but it involves the decaying number S(t) of S microorganisms once antimicrobial is
added, which is different in these two cases, and is given respectively by Eq. with f¢ = fs in the biocidal case
and by Eq. in the perfect biostatic case.

Taking the limit g5 — oo in Eq. yields limg, oo PR (1) = (gr/fr)%, which corresponds to the extinction
probability of a population that starts from ¢ R microorganisms, in the absence of any other microorganisms [7].
But for a perfect biostatic antimicrobial,

o0 = [ fon— s (1= 2 > [t~ sl = (o s, (s87)

which, using Eq. [S34] entails that p% (i) > (gr/fr)", i.e. limg, o PR(1) < pi(4) for all i. Therefore, we have shown
that limg/ o po < po: the extinction probability po is larger for a perfect biostatic antimicrobial than for a perfect
biocidal antimicrobial.

Importantly, our proof does not rely on the appearance of resistant microorganisms while antimicrobial is present,
which cannot happen with a perfect biostatic antimicrobial, and whose probability tends to zero when gy — oo with
a biocidal antimicrobial. What makes the perfect biostatic antimicrobial more efficient than the perfect biocidal one
is that S microorganisms survive for a longer time, thereby reducing the division rate of R microorganisms due to
the logistic term, and favoring their extinction. Such a competition effect is realistic if S microorganisms still take
up resources (e.g. nutrients) even while they are not dividing.
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4 Fixation probability of a mutant in a population of constant size

In the main text, in our discussion of sub-MIC concentrations of antimicrobials, we employed the fixation probability
psr of an R mutant in a population of S individuals with fixed size V:

11— fsgr/(frgs)
-~ 1—[fsgr/(frgs)INV (38)

PsSr

Here, we briefly justify this formula.

Consider a birth-death process in which, at each discrete time step, one individual is chosen with a probability
proportional to its fitness to reproduce and another one is chosen with a probability proportional to its death
rate to die. Note that at each time step, the total number of individuals in the population stays constant. This
model is a variant of the Moran model with selection both on division and on death. Let 7 be the number of R
microorganisms and N — ¢ the number of S microorganisms. At a given time step, the probability TiJr that the
number of R individuals increases from i to i + 1 satisfies:

+_ [ri gs(N — i)
L= fri+ fs(N —i) gri+gs(N —1) ’ (S39)

and similarly, the probability 7, that ¢ decreases by 1 is given by:

- fs(N—i) gRi
' fri+ fs(N —1i) gri+gs(N —i)

(S40)

The probability psr that the R genotype fixes in the population, starting from 1 R microorganism, then satisfies [8]:

1
PSR = N—1 k ) (841)
IS DI | Y
where
T
Vi = o= fsgr (542)

5 frgs
We thus obtain the result announced in Eq.
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5

Detailed simulation methods

In this work, the evolution of microbial populations are simulated using a Gillespie algorithm [9,/10]. Let us denote
by js, jr and jo the respective numbers of S, R and C individuals. The elementary events that can happen are
division with or without mutation and death of an individual microbe of either type:

k?+
S —=5 25: Reproduction without mutation of a sensitive microbe with rate k& = f&(1—(js+ir+ic)/K)(1—p1),
with f§ = fs if no antimicrobial is present in the environment or f§ = f¢ if antimicrobial is present in the
environment.

[SRUELNG -3 Reproduction with mutation of a sensitive microbe with rate ksr = f§(1— (js +jr+jc)/K)ui.

-
S —= (): Death of a sensitive microbe with rate kg = g§, with g§ = gs if no antimicrobial is present in the
environment or ¢g§ = g% if antimicrobial is present in the environment.

k+
R - 2R: Reproduction without mutation of a resistant microbe with rate k; = fr(1 — (js +jr+jc)/K)(1—
H2)-

R ey Ry Reproduction with mutation of a resistant microbe with rate krc = fr(1— (js+ir+ijc)/K)us-
o

R — 0: Death of a resistant microbe with rate kp = gg.
k.+

C —% 2C: Reproduction of a resistant-compensated microbe with rate k5 = fo(1 — (js + jr + jc)/K).

.
C =< (): Death of a resistant-compensated microbe with rate ko =gc.

The total rate of events is given by ki = (k;fs" +ksr+kg)is+ (kJE +kre+kgp)ir + (k;g +ko)jc.

Simulation steps are as follows:

1.

Initialization: The microbial population starts from jg = 10 sensitive microorganisms, jr = 0 resistant mutant
and jo = 0 resistant-compensated mutant at time t = 0 without antimicrobial. The next time when the
environment changes is stored in the variable tgyitcn, which is initialized at tsyiten = T/2, the first time when
antimicrobial is added.

The time increment At is sampled randomly from an exponential distribution with mean 1/k:.:, and the next
event that may occur is chosen randomly, proportionally to its probability k/k:ot, where k is its rate. For
instance, division of a sensitive microorganism without mutation is chosen with probability k;f js/ktot-

If t + At < tswiten, time is increased to t + At and the event chosen at Step 2 is executed.

If t + At > tswiten, the event chosen at Step 2 is not executed, because an environment change has to occur
before. The environment change is performed: time is incremented to t = ts¢ch, and the fitness and death
rate of the sensitive microbes are switched from fg to f& and from gg to g or vice-versa. In addition, tswiteh
is incremented to tgyiten + T'/2, and thus stores the next time when the environment changes.

We go back to Step 2 and iterate until the total number of microbes is zero (js + jr + jo = 0) or there are
only resistant-compensated mutants (js = 0, jg = 0 and jo # 0).

Note that Step 4 introduces an artificial discretization of time, because environment changes occur at fixed times
and not with a fixed rate. However, because the total event rate is large unless the population size is very small, the
‘jump” in time induced by Step 4 is usually extremely small, and the discarded events constitute a tiny minority
of events. The resulting error is thus expected to be negligible. The very good agreement between our simulation
results and our analytical predictions, in particular for short periods, corroborates this point.
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