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Let z(t) € [0,1] be the resistant fraction and 1 — x(¢) the sensitive
fraction. Resistant cells detoxify the environment by producing a public
good, but they pay a metabolic cost for doing so.

Our model shows that antibiotic resistance can behave like a frequency-

ESS bifurcation under constant antibiotic pressure

creates detoxification pockets that amplify frequency-
dependent selection, collapsing the theoretical bistable
region into a single clean threshold.

Resistant cells grow at baseline rate r, pay cost ¢, and may still be
suppressed by high drug pressure through ad(t). Sensitive cells gain A,

Sensitivity E

Detoxification 1.00 Figure 3: ESS bifurcation under constant antibiotic dependent public goods game. Resistant bacteria pay a metabolic cost to detoxify
tipping point ] pressure . . . . . . .
x k Resistance ESS | the environment, while sensitive bacteria can free-ride off that protection
O'(CE) = —, 1 — 0'(33) — -  The curve shows the ESS as a function of constant th . h h l-mixed del . f
&Z + k €Z + k * antibiotic pressure d, run for 1000 generations with initial without paylng the cost. In the well-mixed mode ’ coexistence appears a ter a
o(z) is the protected fraction of the environment, while 1 — o(z) is the Ve resistant fraction x, = 0.60. critical antibiotic threshold, where neither strain fully dominates. However, the
. . . . x o . .. . * — . . . . .
undetoxified fraction. The parameter k controls how quickly detoxifica- ~ Below the tipping point d* = 0.29, the cost of resistance spatial simulation shows that real outcomes can shift away from the clean
: - % outweighs its detoxification benefit and the population theoretical prediction. Resistant cells can form protected clusters, which
tion saturates as resistant cells become more common. 53] converges to full sensitivity (x > 0). Above it, antibiotic ) P S _ P ) ]
g oressure is strong enough that resistant cells have a net increases local detoxification and allows resistance to spread more strongly. This
Growth Rates S 050- s fitness advantage and resistance dominates (x > 1). means that antibiotic outcomes depend not only on dosage, but also on spatial
~— I . ; ; . . . . . . .« .
) — d(t i | The sigmoid shape near d reflects gradual convergence at dynamics, timing, and local interactions between resistant and sensitive
gR(-’B, ) =Tr—Cc—« ( ) = | 1000 generations, populations close to the threshold have b . 1l 1 Dioti e . b TR
N - : not yet fully committed to either ESS. acteria. Overall, weak antibiotic pressure favors sensitive bacteria because
gs(z,t)=r+A—d(t)(1 —o(x)) . | : . The transition is sharper than the mean-field replicator resistance is too costly. Intermediate pressure can support coexistence, while
e | equation predicts: local clustering of resistant cells stronger or repeated exposure may push the system toward resistant dominance.
|
I
|
|
ll

but are harmed when antibiotic pressure is high and local detoxification 0,00 =2 | o | | | | o . ° . o
s low 0 0.1 02  0.29 0.4 05 0.6 0.7 0.8 * Parameters: ¢=0.10,4=0.05,k=0.20,a=0.04,r=1.0 AppllcatIOnS and |ImltathnS
' Constant antibiotic pressure, d . . . .
. . | P | This model could inform our understanding of constant, pulsed, and randomized
Repllcator DynamlCS c=0.10, A=0.05, k=020, a=0.04, r=1.0. Spatial cellular automaton, 70 x 70 grid.

antibiotic dosing strategies. Our research extends beyond the question of dose
d_a: = z(1 — z)(gr — gs) concentration to consider dosing patterns and how long-term incentives change as a
dt result. In the future, we hope to identify intermediate dosing regimes that suppress
bacterial growth without strongly selecting for resistant dominance. To further and
srative J @ recicrt AR e p————————— amplify the mathematical model outlined here, a laboratory component is needed.

Under controlled antibiotic schedules, bacterial populations could be grown and
quantified and finally compared to our model. In vitro experiments, in vivo studies,
and, eventually, drug-response or treatment studies would follow in a quest to employ
smarter, optimized dosing protocols in medicine. With such experimental, time-series
data, parameters such as resistance cost, detoxification strength, and drug sensitivity
could be estimated more accurately. This model is theoretical and simplifies bacterial
behavior into two strategies: resistant and sensitive. In reality, resistance mechanismes,
enzyme production, diffusion, mutation, and bacterial growth are complex. The
spatial simulation depends on random birth, death, clustering, and initial conditions,
so results vary between trials. Finally, this model does not reflect an individual’s entire
cellular ecosystem nor the secondary effects of prolonged antibiotic exposure.

Spatial dynamics of the bacterial population
The resistant fraction increases when gr > g¢ and decreases when g <
gs. The term z(1 — x) keeps the dynamics frequency-dependent, so
change is strongest when both strains are present.

Final Frequency Model

dx z(1 — ) dit)k _

- = " (c+ A) — ad(t)

This captures the central evolutionary tradeoff: antibiotic pressure fa-
vors resistance, while resistance cost, sensitive-cell advantage, and im-
perfect resistance oppose it.

Population Size Extension
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