Figure S1: Admixture analysis using BAPS on antibiotic resistance-associated genes on data taken
from Gladstone et al., 2015. Arrows represent statistically significant admixture events, with arrow

directions defining origin and destination of admixed alleles, and numbers representing the fraction
of alleles contributed from source to receiving serotype.




Figure S2: Time series of two-antibiotic dynamics. (A) Exclusion of resistance (y = 1, RJ! = R3? =
1.98). (B) Exclusion of sensitive type post-vaccination (y = 1, RJ* = 2.006). (C) Coexistence post-
vaccination (y = 0.7, R§® = 1.996). For all panels iy = 0.9, and R¢ = 3,R2 = 2 when not
mentioned otherwise.
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Supplementary Information S1

Model

We will start by writing the model presented in the main text for one bi-allelic resistance gene and
one bi-allelic serotypes locus. Then we will extend it to multiple serotypes and finally to multiple
serotypes and multiple resistance genes.

S1.a — Two-locus model

Each strain genotype is defined by the tuple (i, j), where i determines serotype and j the antibiotic
resistance allele, respectively. Let i € (a,b),j € (s,7). We will denote by y;;the proportion of
individuals currently infected by strain i, j; z; and Z; will be the proportion of the population
previously exposed to serotype i and previously or currently exposed to serotype i, respectively; Y ;
and V; ; will refer to primary and secondary infections with strain i, j, respectively.

For example, the proportion of individuals infected by susceptible bacteria of serotype a is ys; the
proportion individuals previously exposed to serotype a is given by z,,.

Let z, be the frequency of individuals who have been infected with antigenic type a, and y,,- contain
all individuals currently infected with ar:

Yas = Yas + Yasps + Vas
Yar = Yar + Yarpr + Var
The ODEs for the variables are given below.

Resistant a types:

aY,,
dt = AarYs - (O- + Abr)Yar + YaSO' *p
dYrp
;; L= AarYbr‘i'/lbrYar — 0Yqrpr + YaspsO * P
av,,
7 = Aaer - UVar + Vaso- *D

Where o is the rate of infection clearance; p is the host removal rate; p is the probability of
resistance acquisition; 4; ; is the force of infection, determined by y; ;f; j, and B; jis the transmission

rate of strain i, j.

From the formulation above we have that

d d d d
% = % + % + % = AarS — AprYar — 0V + Yos0 %0 + A0 Yor + A5 Yor — 0Ygppr +

YospsO * D + AgrZp — 0 Vo + Vo0 xp =

/lar(s + Ybr + Zb) -0 (Yar + Yarbr + Var) + byo (Yasbs + Yas + Vas)
Yar Yas



= Aar(s + Yy + Zb) —0Yar TP 0Yas

Using the equations from Watkins et al. we get that
S+Yyr+Zp=1—-2,-Yys = 1_Za_ybs(1_ (Za_Yar))

and thus

AYar
dt

= Aar (1 —Zg — ybs(1 - (Za - Yar))) — O0Yar + D 0Vqs

For the susceptible types we get:

dy,
d_zs = AgsS — (0 + /lbs)yas
dYasp
% = AasYostApsYas — 0Vasps
av,

d;s = AasZp — Vg
Which yields

AYas _ dYgs i AYasps n AVgs

dt dt dt dt

= AasS — (0 + Aps)Yas + AasYos+ApsYas — 0Vasps + AasZp — 0V

= Aas <S + Yy + Zb) -0 (Yas + Yoops + Vas)

1-zg=Ypr Yas

Again, using the equations from Watkins et al. we get that

S+Yys+Zp=1—2z4—Yp = 1_Za_3’br(1_(za_yas))
And thus

dYqs

dt = Ags (1 —Zg — ybr(1 - (Za - Yas))) — O0Yas

For the fraction of individuals who have been infected with a:

dz,
E - Aas(l —Zg — Ybr) + Aar(l —Zg — Ybs) — HZg

And again using the equations from Watkins et al. we get that



dz
d_ta = Aas (1 —Zq — Ybr(l - (Za - Yas))) + Aar (1 —Zq — 3’bs(1 - (Za - )’ar))) — HZg

We can introduce 0 < y < 1 as the serotype specificimmunity, where y = 1 indicates complete
immunity from infection with serotypes an individual was previously infected with (as in the
previously shown equations) and y = 0 stands for no such immunity.

We introduce the parameter 0 < 1) < 1to represent the probability that an individual carrying a
susceptible strain of pneumococci will suppress co-infection by a resistant strain, due to the fitness
cost of antibiotic resistance. Analogously, represent the probability that a host carrying a resistant
strain will suppress infection by any strain not resistant to the same antibiotic by 0 <, < 1. This
parameter is nullified in the main text, but remained in the analysis for the sake of generality. When
we add Y4 and ,- the equations take the following form:

Vs

dt AasS — (0 + Aps + (1 — Ys)Apr) Yy

dYasbs
dt

= AasYostApsYas — 0¥asps

dYasbr
dt

= lpr/lasybr‘l'(l - lps)lbryas — 0Yspr

av.
d_ctls = AasZp — Vs

dyas _ dYas dYasbs dVas dYasbr

dt ~ dt dt dt dt
= Aass - (0 + Abs + (1 - lps)/lbr)yas + AasYbs‘I'AbsYas - UYasbs + Aast - GVas
+ Y dasYor + (1 - ws))\bryas — 0Yaspr =

/1as (S + Ybs + Zb) -0 (Yas + Yasbs + Yasbr + Vas) + (1 - lpr)lasybr

1-z4—Ypr Yas

= Aas (1 —Zg — lpr)’br(l —(zq - yas))) ~ O0Yas

Adding the serotype specific immunity term yields:

dy
d?r = Agr (1 —Yar =V (Zq = Yar) — wsybs(l — (24 — yar))) = 0Yar + DOYas

dy,
d_zs = Aas (1 —Yas = V(Za = Yas) — ¢rYbr(1 — (24 - yaS))) ~ Yas



dz
d—ta = Ags (1 — Yas — Y(Zq — Yas) — lpry'br(l — (24 — yas)))

+ Agr (1 —Yar —¥YZa = Yar) — lpsybs(l — (24 — yar))) — HZq

S1.b — General number of serotype alleles

For three serotype alleles we will have:

dYs -1

= AesS— (0 + Aps + Aes) Vs
d};?tscs - Aas YCS +/1¢5 YaS - GYascs
d;(;l; = AasZp — oV

d;(;% = AgsZc — 0V

d.Vas — dYas + dYasbs + dYascs + dVal.)s + dVaCs + dVal.)SC

dt dt dt dt dt dt dt

=Aas <S+YbS+YCS +Zb +ZC+ZbC>

1-zg—Ypr—Yer

— O (Yas + Yasbs + Yascs + Val.)s + Vac:s + Vabsc>
Yas

Now extending the equations from Watkins et al., we will use the approximation

1- Zg — Ybs - ch ~1- Zg — ybr(l - (Za - Yas))(l - (Zc - yCS)) - YCr(l - (Za - yas))(]- -
(zp — ybs))

AYas

dt = Aas(l —Zg — Ybr(l - (Za - yas))(l - (Zc - ycs) )

- YCr(l - (Za - Yas))(l - (Zb - be)) ) — O0Ygs
If we want to add y and ¥ we will have

AYas
% = Aas(l = Yas — ¥ (Za — Yas) — l/)rYbr(l — (24 - yas))(l —(2c = Yes) )

- lercr(l - (Za - Yas))(l - (Zb - YDS)) ) — O0Ygs

And eventually for any number of alleles:



dy;
d_;s = /1is 1—yis— Vi,b(Zi - Yis) - wrzyjr 1_[(1 - (Zk - YRS)) — 0Vis

J#i k+j

S1.b — General humber of resistance loci

Let us assume that there are V" binary resistance loci and hence 2% resistance profiles. We can
denote y,;,0 <j < 2%, as each of the resistance types, where j is the resistance types' index. We
assume that any resistance type can be switched to any other resistance type and weigh the

probability of this transition as we will.

For two resistance loci we observe equations for the double-resistant type

dy,
% = AarrS — (0 + Abrr)yarr + YassoP + Yors0p + Yosr0p
dYarrbrr _
~dr AarrYorr + 2brrYarr — 0¥aror + (YasspssoP + YarsprsoP + Yasrpsrop)
dV,
d(;rr = AarrZp — Varr + (Vass0D + Varsop + Vasrop)

d dy, dy, dV,
yarr _ arr + arrbrr + arr

dt dt dt dt

The only difference for the resistant types when multiple loci are considered is the resistance

acquisition term:

ap (Yass + Yars + Yasr + Yassbss + Yarsbrs + Yasrbsr + Vass + Vars + Vasr)
Ya-—Yarr

Where we denote y,. as the sum of resistance types with serotype a.

Now, we can weigh the probability of transitioning to any resistance type (including retaining the

same type) while keeping the sum of resistance acquisition in the system constant.
Proof:

Assume we assign probabilities of resistance acquisition from type j to all types g such that

ZOSqSZN a)jq = 1. The sum of resistance acquisition terms for all i serotypes is



po Z Yig 0y | = po Z Z yij 0]

osj<2™V 0sq=j<2V 0<j<2V \o=q=j<2V
— q —
=vo| D vl D ol | )=rel 2w
osj<2V 0=<q=j<2V o<j<2V

Therefore, weighing the probability of acquiring different resistance profiles does not change the
overall resistance acquisition rate. Note that we can also set ZOSqSZN a),‘z = 0 forany k (e.g. for an
all-resistant strain), and then the equations still remain correct if we remove the contribution of

strain k the initial summation.

Finally, the general form of multiple serotypes and multiple binary resistance loci will be:

d;;f] Aij| L=y = vp(zi — yij) — lprzz}ﬁk(lps) 1_[<1_(Zh thm)> — 0iy;j

l#i0 k#j m+k
+p50| ) vig )
vq#j
dz Y
— leq 1- qu le(zl qu) lprz Z Vik ( S) 1_[ <1 - (Zh - Z yhm)) — HZ;
l#i k#q EJ m+k

Where Ij,_; is the indicator function defined by
1 if resistance profile k is the completely susceptile type
Ik:S{ 0 else

and the term (:lljs) e determines whether we will change the current multiplication by the
T

incompatibility factor ¥,. to Y.
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Supplementary Information S2

We analyse the scenario of a two serotypes and one antibiotic resistance locus. For convenience,
resistant strains are marked by r, while susceptible strains are marked by s.

For the simple case of two bi-allelic loci we can obtain the equilibrium values by solving the following
system of differential equations when all derivatives are constrained to zero:

(E.s1)

AYar
dt

=Aar (1 = Yar — Y(Za - yar) - l»bsybs(l - Yar))

dt

dYbr
dt

dybs
dt

/1br 1- Yor — (Zb - Ybr) - lps)’as(l - (Zb - Ybr))

( )-
dyas Aas (1 Yas — Y(Za - yas) - 1:brybr(l - (Za - Yas))) — 0Yas
( )
/1bs (1 YVbs — V(Zb - ybs) - lpr)’ar(l - (Zb - Ybs)))

dz,
o = Ags (1 — Yas = Y(Zq — Yas) — lpr}’br(l — (24 — Yas)))
+ Aar (1 ~Yar =¥ (Zq — Yar) — lpsYbs(l — (2, — Yar))) —Uzg

de

E = /11,5 (1 — YVbs — V(Zb - ybs) - lpr)’ar(l - (Zb - ybs)))

+ Apr (1 ~ Yor = V(2 = Ypr) — WsYas(1 = (2p — ybr))) — Uzp
Let us define a;; = (1 =Yii —v@ = Yi) — UrYia (1 - (zl- - yl-j))),i *+k,j+Ll
At equilibrium oy;; = 2;;(a;;) and also pz; = Ais(ais) + (i)
Therefore
(E52) ; = % (Vir + Vi)
Assumption (1): for simplicity, we take ¥, = 0.

Bis

Also, we define == = R§ and % = R}.

S2.a — Post-vaccination dynamics

Under this scenario y,s = y4r = 0, so the values of Y are irrelevant.

Therefore (relying on assumption (1)) we are reduced to two linear equations when finding the
equilibrium values:

(E.s3)



3br}’br(1 —Yor — V(2 — ybr)) —0ypr =0

BrsYps(1 — Ybs — ¥(2p — Ybs)) — 0Yps = 0

Ify =1 (E.s3) reduces to

1
Yor(1—2zp) = R—Ybr
0

1
Yps(1—2p) = F)’bs
0

And either y,,,- = y,,s for R§ = R{ or one of the two strains competitively excludes the other.

Furthermore, since no interaction occurs between the strains, the strain with the higher
reproductive number will be dominant.

In the case where yp,, # 0, y,s # 0 and y # 1, we have

(E.s4)

o
(1= vpr =¥ (@5 — Ypr)) = 5—
br

(1= yps —v(zp — Yps)) = [),i
bs

Summing (E.s4) yields

2= s +ypr)(A—y) +yzy = Rig + Rig and therefore (using (E.s2))

1( 1 1
(-iGr)

E.s5 =
(E.s5) 2, La-y+y

We observe that (E.s5) can help us derive a lower bound on y values, as we have to keep z;, < 1.
Assuming that R; > R and that 2”—6 « y we get that

(E.sb) y > (1 — Rig)

We can also subtract equation (E.s4) to get

1=y =v(@ = Yor) = 1+ Y5 + V(25 — Yis) =%_%
0 0
1 1
~YWbs — Ybr) + Ybs — Ybr = R_g - R_g
1 1
A=) Qs —Ybr) = R_g - R_g

1 1 1
Ybs_ybrzm R_S_R_S



Therefore, if a polymorphic equilibrium exists, it will satisfy y,s > v,,, © R§ > Ry and the
discrepancy between the strain frequencies increases with y (note the similarity of the result to

results obtained in Gupta et al. 1994). We can see that high values of y relative to % — % preclude a
0 0

polymorphic equilibrium, and specifically y = 1 is precluded, as explained above. Finally, if Ry = R§

we get that any equilibrium value is possible, and the system is therefore only neutrally stable for

any equilibrium values, which have to satisfy%(yir + i) = %(1 — Rig)

S2.b — Pre-vaccination dynamics

Assumption (I): we will assume S,; = Bs and B, = B (SO we can vary the transmission of
resistant relative to susceptible strains, but keep the transmission between serotypes constant for
simplicity). This yields that pre-vaccination, we have that y;. = yjr, Vis = ¥js-

Now we again examine the equilibrium equations. For ar we have

1

Yar + Y(Za - yar) + ll)ybs(l — (Za — Yar)) =1- F
0

Using assumption (I) we can replace the b types with a types and get

1
Yar + ¥ (Zaq = Yar) t+ lIJYas(l — (24 — }’ar)) =1-=

Ry
For as we have
1
Vas T V(Za _Yas) =1- ﬁ
0
Subtracting the two equations yields
1 1
YVas = Yar) (X —y) — l/)yas(l — (24 — yar)) = R
0 0

When y < 1 we have that

1 1 1
Yas — Yar = m R_S - R_S + ll)yas(l - (Za - yar))

So the factors determining the sign of y,s — y,, are

< - ) + ¥yas(1 = ( )
or T s Y —Zg =Y
R(‘f; Rbs‘ as a ar

As expected, if Ry < R, then y,, < y,s. However, if Rj > R§ and ¥ > 0 then equilibria where
either one of the resistant strains has higher frequency than the other are possible. In the scenario
where R > R, we know that y,,- would be the dominating strain post-vaccine (with the difference

L 1 (1 1 ) .

between the strains given by y,s — Yar = P (F - F))' so let us find parameter ranges where it is
- 0 0

being suppressed to lower frequency pre-vaccine. We can start by finding the parameter ranges

where the two strains are at equal frequency:



1 1 1
Yas = Yar = 0= m R_g RO + IIJYas(]- Yar)) =0

Using the equal frequency, we can estimate z, = %/(1 - % (% + er))and use (1) to have that
0

_1lu
_20']/

1 ((1 1 . B
1—y <R_g__g>+leas( _(Za_y'ar)) -

R
1|/ u111+1 111 2 1u111+1
y\ R? RO 2 oy 2\Ry R 4 Ry+Ry) 20y 2\R} R}

Yar = Yas <1 - l(i + i)) . Plugging this into our equation we get:

2\R; R}

N—_

And comparing this to zero (with y # 1) we have the conditions
2yo 1
T (E_R_r)

(1‘5(%*%)><1‘<%(1‘%(’35+R15)> {13 Ro)>>>

(E.s5) Y =

So if the right-hand expression is larger than s, then y,, > y,s. Since the difference between
reproductive numbers allowing for suppression of y, pre-vaccination is not very large, and p < oy
we can approximate (E.s5) to have a more comprehensible sense of the relationship between R
and y:

zvﬂ( _i)
© \Ry RY

=)

(Es6) Y =

We derive this curve is with respect to y:
2]/0( 1 1 )
1 \R5 R
1 ) 1( 1 ) 25/ 1 1 1
1-=[1-({=(1—-=% o — - =
\(-m ( (V R; ))/ TG, r-2(1-7)
dy ) 1 1)) 1)
(-B)(1-(G0-) (-0-4)

And the expression is always negative when y < 2 (1 - Ri) For any R§ = 2 the derivative is always
0

0

negative(as y < 1) implying that higher y values allow for increased ranges of Rj under which y,; >
Vqar Pre-vaccination, because y, s supresses co-infection by y,, and reduces its frequency. For 1 <



R§ < 2 the derivative switches signaty = 2 (1 — }%) and increasing y over this threshold actually
0

decreases the range of R(y where y,s > y,,. We note that under low y values there is little
competitive exclusion, so resistance surge could occur outside this parameter range (as seen in the
main text in Figure. 2).

Our solution assumes y # 1, as this will completely preclude co-existence of both strains and rather
create competitive exclusion. However, our solution with y = 1 is continuous with respect to
predicting the switch of sign(y,s — V4r) as can be seen when comparing it to numerical simulations
below.

Below we plot the parameter ranges where susceptible and resistant strain outcompete each other
pre-vaccination. We plot the inhibition of co-infection by the susceptible strain (Js) against the basic
reproductive number of the resistant strain (Rj), where the basic reproductive number of the
susceptible strain is held at Ry = 2. Yellow regions are the parameter range where y; > y, pre
vaccination, whereas blue regions mark the opposite. Red line is the approximation to the range
where y; = y,., given by (E.s6). We plot two strain specific immunity values (y). Note that
throughout this parameter space the resistant strain will be the dominant one post vaccination, due
to it’s superior reproductive number, and completely excluding y; wheny = 1.
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