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SUPPLEMENTARY&TABLES&

!

Table&&S1:!

!!Symbol!! !

Interpretation!!

!Default!

value!!

!Units!!

(λ( !Growth!rate!! !δ5µ( !day 1− !!

δ(( !Division!rate!! !2.7726!! !day 1− !!

µa(( !Mortality!

rate!!

!0! !day 1− !!

κ( !λκ:! Carrying!

capacity!!

10
14
/2.7726

!
!N!!

γ( !Killing!rate!of!

phagocytes!!

!33.6038!! !day 1− !!

P( !Total!number!

of!phagocytes!!

!332711!! !N!!

τ( Rate! plasmid!

is!acquired!!

!
310− !! !day 1− !!

ρ(( !Probability!

plasmid!is!lost!!

!0.4!! !day 1− !

!

Description!of!variables!used!in!the!model!(Equation!1).!Values!are!chosen!according!to!

the!original!reference![1],!unless!indicated!otherwise!in!the!main!text.!For!the!carrying!

capacity!we!used!a!value!that!is!an!order!of!magnitude!lower!relative!to!the!above!

reference.!This!modification!is!consistent!with!empirical!evidences![2N4]!and!does!not!

affect!the!main!properties!of!the!model.!

&

a
mortality!rate!varied!according!to!treatment!conditions!(no!treatment,!antibiotic,!antiR)!and!pathogen!

strain!(sensitive!or!resistance),!with!values,!respectively!to!each!treatment!conditions:!µS=!0,!4!or!1!for!the!

sensitive!strain!and!µR=!0,!0!or!3!for!the!resistant!strain.!!

!
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SUPPLEMENTARY&TEXT&

Text&S1.&&Analytical&derivation&of&the&resistanceDdecaying&rate 

The! parameters! to! compute! the! resistant! decaying! rate! (a! in! Equation! 2,!

Equation! 3,! also! illustrated! in! Fig.! 4)! can! be!mathematically! derived! from!Equation! 1.!

First,!let's!consider!the!part!related!to!logistic!growth.!If!the!pathogen!population!is!near!

saturation!level,!i.e.,!B(t)=BS(t)+BR(t)(=(λSκ,!then!the!corresponding!parts!in!Equations!1!

reduce!to: 

!!
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[S1] 

 

where!∆λ(=(λS(5(λR. 

At!this!regime,!using!the!known!parameter,!we!have!B(t)(≈(1014(and!γP(<(108.!In!

turn,!these!values!imply!that!immune!system!response!will!be!close!to!0,!i.e. 

! 

γ
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P+B(t)
BS (t)<10

−6BS (t)
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−6BR (t)
!

!

[S2]!

 

Under! these! conditions,! the! sensitive! population! will! be! close! to! the! total!

population,!i.e.,! )()( tBtBS ≈ .!Thus,!variation!in!population!can!be!approximated!by: 

! 

dBS
dt

= −τ
BS (t)BR (t)

B(t)
+δR

ρ
2
BR (t) ≈ BR (t)(−τ +δR

ρ
2
)

dBR

dt
= τ

BS (t)BR (t)
B(t)

−δR
ρ
2
BR (t)−ΔλBR (t) ≈ BR (t)(τ −δR

ρ
2
−Δλ)

 

 

[S3] 
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Since! τ! is! much! smaller! than! δR
ρ
2 !

and! Δλ ,! and!
BR (t)
BS (t)

≈ 0 ,! we! can! simplify!

Equation!S3!and!finally!get: 

! 

d
dt
log(BS (t)) ≈

BR (t)
BS (t)

(δR
ρ
2
) ≈ 0

d
dt
log(BR (t))

' ≈ −δR
ρ
2
−Δλ

 

 

[S4] 

 

The! resistance!decaying! rate,! i.e.! the! coefficient!a! of! Equation!2,! can!be! taken!

from!Equation!S4!and!it!will!be!equal!to 

! 

a ≈ δR
ρ
2
+Δλ  

[S5] 

 

Equation! S5! is! also! represented! in! the! main! text,! labeled! as! equation! 4.! It! is!

repeated! here! to! provide! better! comprehension! of! the! text.! The! coefficient!a! can! be!

substituted!in!Equation!3!to!estimate!tclear.!The!quality!of!this!analytical!approximation!

was!compared!to!measurements! from!the!simulations!shown! in!Fig.!4,!with!estimated!

value!at!least!96%!of!the!exact!value.!

 

Text&S2.&The&mechanism&of&action&of&antiR&treatment&affects&the&

resistanceDdecaying&rate. 

 

The! estimated! value! for! the! resistance! decaying! rate! a! (Equation! S5),! and!

therefore!of!the!time!to!lose!resistance!tclear!(see!Equation!3),!depends!on!whether!antiR!

treatment! affects! the! growth! by! changing! the! division! or! the! mortality! rate,! i.e.! on!

whether! a! drug! is! bacteriostatic! or! bactericidal! respectively.! A! purely! bactericidal!

mechanism!affects! growth! rate!by! increasing!mortality! rate! (µR),!while! the!effect!of! a!

purely!bacteriostatic!treatment!reduces!division!rate!(δR).!Hence!the!dependence!on!the!
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type! of! antibiotic! can! be! seen! by! a! careful! analysis! of! Equation! S5,! which! can! be!

rewritten!more!explicitly!as!a�≈!δRρ/2 + λS(5((δR5µR).!!

In!particular,!at! low!enough!rates!of!plasmid! loss! (ρ), the!first! term!in!equation!

S5! becomes! negligible,! and! the! resistance! decaying! rate!will! depend! only! on! the! net!

difference! between! division! and! mortality! rates! (i.e.! the! directly! measurable! growth!

rate),! irrespective! of! whether! the! antibiotic! is! bacteriostatic! or! bactericidal.! On! the!

contrary,!at!high!rates!of!plasmid!loss,!the!division!rate!of!resistant!bacteria!(δR)!has!to!

be!explicitly!taken!into!account!through!the!first!term!of!Equation!S5.!!

The! method! developed! in! [5]! can! measure! ∆λ,! i.e.! the! growth! rate,! under!

different!conditions.!Since!δR! is! relevant! to!compute! the! resistanceNdecaying! rate,! it! is!

important! to! state! if! the! reduction! on! the! value! of! λ! is! caused! by! increasing! µ!

(bactericidal)! or! by! decreasing! δ( (bacteriostatic). A! drug! might! not! be! purely!

bacteriostatic! or! purely! bactericidal.! In! such! cases,! resistanceNdecaying! rate! would!

assume!a!value!between!the!pure!bacteriostatical!and!pure!bactericidal!cases.!!

Experimental!measurement! of! the! rate! of! plasmid! loss! (ρ)! and! in( vivo! division!

rate! (δR)! can!be!obtained!according! to! the!method!developed!by!Gill! et!al.! [6].! In! this!

method,!ρ!is!measured!by!quantitative!real!time!PCR.!The!value!of!δR!can!be!estimated!

from! a! mathematical! model! that! considers! in( vivo! measurement! of! growth! rate! and!

plasmid!loss. 
Our! model! predicts! that! at! high! rates! of! plasmid! loss,! purely! bactericidal!

treatments! are! more! effective! in! combating! resistance.! However,! the! nature! of!

treatment!mechanism!is!not!relevant!if!the!plasmid!loss!is!a!rare!event.!Details!about!it!

are!shown!in!the!main!text!(Fig.!1). 

 

 

Text&S3.&&Modified&Bonhoeffer&et&al.&model&for&dynamics&of&infection&in&a&

human&host&population 

 

Bonhoeffer! et! al.! proposed! a! mathematical! model! to! describe! the! benefit! of!
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different!drug!therapies!against!resistant!bacteria[7].!The!model!describes!the!dynamics!

of!infection!in!a!host!population.!In!their!model,!individuals!can!be!contaminated!by!four!

different!bacteria! strains,! characterized!based!on! their! sensitivity!or! resistance! to! two!

drugs! (a! and! b).! The! following! equation! describes! our!modified! version! of! the!model!

(where!we!highlight!in!red!the!parts!we!modified)!(see!Fig.!7,!main!text): 

dx
dt = d x b( yi )+

i (w,a,b,ab)
( riyi )
i (w,a,b,ab)

+

+h(1 q) fabyw + h(1 s)( fa + fb )yw +
+ fayb + fbya + fab(ya + yb )

dyw
dt = (bx c rw h( fa + fb + fab ))yw + (ya pa2w + yb pb2w )

dya
dt = (bx c ra h( fb + fab ))ya + hsfayw + ( ya pa2w + yab pab2a )
dyb
dt = (bx c rb h( fa + fab ))yb + hsfbyw + ( yb pb2w + yab pab2b )

dyab
dt = (bx c rab )yab + hs( fab(ya + yb )+ fayb + fbya )+ qhfabyw yab(pab2a + pab2b )

!

!

!

!

!

!

[S6]!

! 

The!variables!for!the!original!model!are: 

x !:!uninfected!population. 

abbaw ,,, :! indexes!for!wild!type,!aNresistant,!bNresistant!and!ab!resistant!strains!

respectively. 

iy :!abundance!of!hosts!infected!with!pathogen!i(in((wt,(a,(b,(ab). 

λ !:!rate!of!uninfected!host!entering!the!system. 

d !:!death!rate!of!uninfected!population. 

b !:!transmission!rate. 

ir :!recovery!rate!from!infection!of!type!i(in((wt,(a,(b,(ab). 

h !:!maximum!recovery!rate!under!antibiotic!treatment. 

if !:!fraction!of!patients!treated!with!antibiotic!i(in((a,(b,(ab). 

c !:!death!rate!of!infected!patients. 

s !:!fraction!of!hosts!that!becomes!resistant!when!treated!with!single!drug. 
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q ! :! fraction! of! hosts,! which! becomes! resistant! when! treated! with! both! drugs!

simultaneously!

The!new!model!considers!specific!distinct!paths!to! lose!resistance,!whose!rates!

are! represented! by! the! terms! pa2w,( pb2w,( pab2a( and( pab2b! (see! Fig.! 7),! hence! adding!

reversibility!to!the!paths!for!acquiring!resistance! in!the!original!model.!The!singleNhost!

analysis!we!presented! in! the!main!text!suggests! that,! in! the!absence!of!antibiotic!use,!

the!resistance!to!antibiotic!is!lost!according!to!the!resistanceNdecaying!rate!(Equation!4).!

Here,!we!explore!the!implications!of!this!individualNhost!resistanceNdecaying!rate!to!the!

dynamics!of!infections!at!the!population!level.!The!resistance!decaying!rate,!as!derived!

in!the!main!text,!suggests!that!resistance!is!lost!exponentially!in!the!pathogen,!thus!we!

assume! that! the! new! rates! of! populationNlevel! loss! of! resistance! pa2w,! pb2w,! pab2a! and!

pab2b!are!exponentially!decreasing! functions!of! the!corresponding! fractions!of! infected!

hosts!as!defined!in!the!following!equation:!

 

pa2w = e
−k ( fa+ fab )

pb2w = e
−k ( fb+ fab )

pab2a = e
−k ( fa+ fab )

pab2b = e
−k ( fb+ fab )

 

 

 

 

[S7] 

 

For! the! purpose! of! this! paper,! we! assumed! k=5! and!α=1! (in! equation! S6)! to!

illustrate!the!qualitative!effect!of!the!modified!Bonhoeffer!model.!Note!that!the!rate!of!

resistance! loss! is! close! to! 0! when! the! fraction! of! patients! using! the! corresponding!

antibiotic!approaches!1!(Figure!S4).!

Using! this! modified! model,! we! studied! the! effect! of! different! drug! treatment!

strategies!(cycling,!mixing,!combination)!on!a!population!of!hosts,!and!compared!results!

with! the!original!Bonhoeffer!population!model.!The!original!model! indicates! that!drug!

cycling! favors!double! resistant! infection! (Fig.!8A).!However,!a!different! conclusion!can!

be! achieved!when! the! rate! of! plasmid! loss! is! considered! (Fig.! 8E).! Also,! the!modified!

model!shows!that!drug!cycling!can!outperform!drug!mixing!and!drug!combination!(Fig.!
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8ANC!and!Fig.! 8DNF).! In!addition,! in! support! to! the! conclusions! illustrated! in! Fig.! 7,!we!

show!that!better!control!of!resistance!can!be!achieved!by!improving!cycling!period.!

!

&

Text&S4.&Sensitivity&analysis&!

! The!qualitative!results!described!in!the!main!text!are!robust!to!a!wide!range!of!

parameters.! In! this!section,!we!show!how!the!parameters! for!growth!rate!and! for! the!

immune!system!affect!the!outcome!of!our!analysis.!Two!representative!parameters,!the!

sensitive!strain!mortality!rate,!µS,!and!the!number!of!phagocyte!cells,!P,!are!chosen!for!

this!purpose.!Varying!the!mortality!rate!provides!a!similar!behavior!for!what!would!be!

observed!by!varying! the!division! rate.!A! similar!association! links! the!effects!of!varying!

the! number! of! phagocytes! to! varying! the! phagocyteNkilling! rate.! The! standard! values!

that! define! the! antibiotic! conditions,! as! represented! in! table! S1,! are! shown! as! a!

reference!for!the!sensitivity!analysis!comparison.!!

! Results!of!this!sensitivity!analysis!are!shown!in!Figure!S2.!One!main!result!of!this!

analysis! is! that! tuning! of! the! parameters! mentioned! above! (µS,! and! P)! affects! the!

boundaries! of! the! pathogen! abundance! region! in! which! infection! can! be! successfully!

treated!(Fig.!5!and!S2).!Increasing!the!mortality!rate!of!the!sensitive!strain!(µS)!increases!

the! region! of! resistant! pathogen! abundance! that! can! be! contained! in! a! successful!

treatment.!Notice! that! this! abundance! is! limited!by! the! immuneNsystem!capacity! (Fig.(

S2A).! Conversely,! decreasing! the! mortality! rate! will! shrink! the! area! of! this! treatable!

region.! At! low! mortality! rate,! the! presence! of! a! single! resistant! cell! is,! in! principle,!

enough!to!cause!antibiotic!treatment!not!to!be!effective!for!an!infection!saturated!with!

sensitivity!strain! (Fig.(S2C,(arrow!path).!At!very! low!value,! the!efficacy!of!an!antibiotic!

treatment!reduces!to!the!immuneNsystem!control!threshold.!!

! Changing! the! number! of! phagocytes! (P)! affects! the! top! edge! boundaries! for! a!

successful! treatment,!and! thus!affects! the! threshold! for! the! region!of! immuneNsystem!

control!and!also!the!maximum!abundance!of!resistant!pathogen!that!can!be!contained!

in! a! successful! treatment! (Fig.( S2B).! By! increasing! (decreasing)! the! number! of!
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phagocytes,! the! population! area! for! an! effective! treatment! tends! to! expand! (shrink).!

This!sensitivity!analysis!also!provides!a!potential!explanation!for!the!observed!increased!

cases!of!resistance!in!immunosuppressed!patients![8,9].! In!particular,!one!can!see!that!

the!boundary!for!the!pathogen!population!representing!a!treatable!region!is!reduced!for!

immunosuppressed! patients.! Below! a! certain! threshold! of! P! (and! for! a! pathogen!

population!near!the!carrying!capacity)!the!antibiotic!treatable!area!becomes!null.!Thus,!

the! presence! of! even! a! single! resistant! pathogen! cell! would! be! enough! to! drive! a!

saturated! population! of! sensitive! strains! towards! a! highNresistant! infection! (Fig.( S2C,(

arrow!path).!

! As!shown!in!Figure(S2D,!this!sensitivity!analysis!can!also!be!used!to!estimate!how!

pharmacokinetics! and! pharmacodynamics! (e.g.! timeNdependent! drug! concentration! in!

the! patient’s! body! after! a! single! dose! of! antibiotic)! could! affect! the! global! treatment!

plan.!!

Text&S5.&Antibiotic&and&immuneDsystem&killing&rate&efficiency.&

! The! results!of!our! simulations! indicates! that!drugs!are!more!effective! than! the!

immune! system!at! killing! the!pathogen! for! a! large! load!of! pathogen!and! the! immune!

system!is!more!effective!in!case!of!small!pathogen!population.!The!short!explanation!for!

this! is! that! the!killing!rate!caused!by!antibiotics! is!proportional! to!the!total!number!of!

cells! and! the! killing! rate! of! the! immuneNsystem! saturates! according! to! phagocyte!

abundance!and!efficiency.!!

! For! illustration! purpose,! we! compare! the! killing! rate! caused! by! the! immuneN

system!and!antibiotic!treatment!with!numbers,!let's!say!that!antibiotic!kills!at!a!rate!of!

10%!of!the!total!cells!and!that!the!immuneNsystem!saturates!at!an!efficiency!of!10
6
!cells,!

both! relative! to! the! same! unit! of! time.! Antibiotic! treatment! would! be! much! more!

effective!to!treat!a!pathogen!load!of!10
10
!cells!and!would!kill!10

9
!cells!per!unit!of!time!

while! the! immune! system! at! its! best! efficiency! would! kill! only! 10
5
! .! However,! the!

antibiotic!efficiency!would!be!weak!for!a!case!of!low!pathogen!abundance,!say!10
4
.!The!

antibiotic! killing! rate!would!be!10
3
!while! the! immuneNsystem!would!be! able! to! kill! all!

cells!at!its!best!efficiency.!
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