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Cooperative secretions facilitate host range
expansion in bacteria

Luke McNaIIy1'2, Mafalda Viana3 & Sam P. Brown'?

The majority of emergent human pathogens are zoonotic in origin, that is, they can transmit
to humans from other animals. Understanding the factors underlying the evolution of
pathogen host range is therefore of critical importance in protecting human health. There are
two main evolutionary routes to generalism: organisms can tolerate multiple environments or
they can modify their environments to forms to which they are adapted. Here we use a
combination of theory and a phylogenetic comparative analysis of 191 pathogenic bacterial
species to show that bacteria use cooperative secretions that modify their environment to
extend their host range and infect multiple host species. Our results suggest that cooperative
secretions are key determinants of host range in bacteria, and that monitoring for the
acquisition of secreted proteins by horizontal gene transfer can help predict emerging
Z0oNnoses.
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redicting the emergence of human pathogens is of obvious

importance because of both their huge burden on human

health and economic cost'™3. The majority of these
emerging pathogens are zoonotic, that is, they can transmit
between humans and animals*°. Although some environmental
drivers of zoonosis have been identified, such as population
density and wildlife biodiversity>, the mechanisms by which
pathogens extend their host range and become generalists are
poorly understood®’.

Organisms can achieve generalism by increasing their
phenotypic repertoire (for example, by plastically responding
to different conditions with different behaviours or the activation
of different metabolic pathways), thus becoming tolerant
of a wider range of conditions®. However, organisms can also
achieve generalism by modifying the distinct environments they
encounter®!? so they resemble a common state to which they are
specialized'™12, in a process often termed ‘environmental
modification”. Bacteria modify their environments in many
ways, most notably via the secretion of metabolically costly
proteins and metabolites, many of which are known to be
important virulence factors'>!4, Examples include the secretion
of toxins that kill competitors!>~!7, digestive exoenzymes that
modify the nutrient environment'®!° and biofilms that protect
bacteria from undesirable environments and/or smother
competitors?®?!, By modifying the local environment, these
secretions may not only increase the growth of the strains
producing them, but also create an environment to which
competitors are maladapted. Owing to their extracellular nature,
these traits are typically public goods, and have often been studied
in terms of their social evolutionary dynamics!3. However, their
role in the evolution of niche breadth remains unexplored. Here
we show that these secretions allow pathogenic bacteria to modify
and standardize diverse host environments, thus allowing them to
expand their host range (Fig. 1).

Results

Comparative analysis. How can we distinguish between the
strategies of environmental modification via secretions and
classical generalism in bacteria? Previous work has suggested
that bacteria using a classical generalist strategy will have
larger genomes than specialists to deal with multiple distinct

environments?2. For example, classical generalists may evolve
additional metabolic pathways to deal with differing nutrient
environments. This leads to the prediction that, if classical
generalism is the strategy used by bacteria to extend their host
range, the ability to infect multiple hosts will be positively
correlated with genome size. However, if bacteria use a strategy of
modifying host environments via secretions we expect a different
genomic signature. First, we predict that, if bacteria use this
environmental modification strategy, the ability to infect multiple
hosts will be positively correlated with the number of secretions
coded in bacterial genomes. The logic for this prediction is that a
greater number of secretions coded in the genome will allow
bacteria to modify host environments to a greater extent (for
example, digestively simplifying nutrient conditions or toxifying
the environment for resident competitors). Second, we predict
that, if bacteria use this environmental modification strategy, the
ability to infect multiple hosts will be negatively correlated with
genome size. The logic for this prediction is that investment in
modifying and standardizing the external environment leads to a
reduction in the requirement for diverse and specific genetic
adaptations to multiple distinct environments. We therefore
expect that the ability of bacteria to infect multiple host species is
positively correlated with secretome size and negatively correlated
with genome size if environmental modification via secretions is
the major route to host generalism, while we expect it to be
positively correlated with genome size if bacteria use a classical
generalist strategy.

On the basis of these predictions, we used a phylogenetic
comparative analysis?® to test whether pathogenic bacteria use
environmental modification via secretions to achieve host
generalism (Fig. 2 and Supplementary Fig. 1). We gathered data
on whether bacteria that infect humans are zoonotic (that is,
infect hosts other than humans) from a previous compilation®.
We also gathered data on bacterial genome sizes and measured
investment in secretions by computational prediction of their
secretome (that is, the secreted proteome) sizes from the
PSORTdb database?®. The secretome size of bacteria indicates
the diversity of secreted proteins that they can use to modify
their environment, thus measuring their potential to modify
distinct host environments. In total, genome sequences and
epidemiological data were available for 191 human pathogen
species (121 zoonotic species, 70 azoonotic species). As data for
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Figure 1 | Environment-modifying secretions as a route to host generalism. \We consider a scenario where pathogens can potentially transmit both within
and among host species. Whereas specialists match their hosts closely (matching colours), generalists that infect multiple hosts are expected

to have intermediate phenotypes (intermediate colour), meaning that they will lose to specialists during co-infections. While environmental modifiers may
lose to specialists and generalists in the unmodified disease site, they can potentially invade by modifying this environment (transitions from red/blue to
yellow) via the production of costly secretions (green triangles) that simplify the environment (loss of patterns). Specialists and classical generalists
are not adapted to this modified environment, leading to their exclusion. While specialists and classical generalists are expected to show complex
adaptations to their host(s) (complex shapes), environmental modifiers are expected to show simpler adaptations (simple shape), instead relying on

secretions that modify and simplify their environment.

2

| 5:4594 | DOI: 10.1038/ncomms5594 | www.nature.com/naturecommunications

© 2014 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/naturecommunications

ARTICLE

R
> <
[+ jos) 8-
® © %- S} Ta "o
o 3 S ¥ o
3 g % 23 3P 528 §5.% ¢
Q =] L TTwSS_IT O 2S§. S
2 3 5088533P58:58088S
SO AZFIN s $8'S3S
%2%3 Q35 g 8328 aE 5 82 REROS
0 55352282 EIS2CSIVIETIPS o
PO R T e e B B T S
22609 3TPAVY BV SRITEIILL A0 §3
235502355 3053 3588 225538 0SS
. S T oo < D 08.C [$) QL.
B 6L on 322U TEESETIRRSTILS ST L0
s R SRS R ey AR
. ©. =) . DO X
5 LD X
’ %8 y
Sk o ny .
~
Qe
O30y l6r 2,0/ i
He//co te,Co;‘ ,”/z/ss 3 Azoonotic
Helize, abacle, lsys W Zoonotic
e O//ﬂe(@ SUC’ch/},; ‘or; Small secretome
Plobag i CCINnop 36a) N
A Monidees ) Large secretome :
Eptoty; /0rrmy !
Chia buoa S Small genome ns
Sebalgeyy P CCaljs ' ! EL as fluoresce
Fusobacterium nuifg.%” s N ‘ arge genome p\/?oraxe”a catarrhalis
Ureaplasma urealyticurm l "Acinetobacter calcoaceticus
Mycoplasma genitalium I Acinetobacter baumannii
Mycoplasma pneumoniae |
Chlamydophila psittaci

Mycoplasma hominis

Chlamydia trachomatis

ntans
Mycoplasma fermente ‘ :
Enrerococcuse"”l!' j’ﬁ, ‘ caéi’ZJC’J‘Z’%ph//a Pneumoniae
S A | S,
\ ya !
Ente{%cptomccus zne_S o P ’,5//77”0”7 o a Canimorsy,
S coUS pyg%beﬂs ] Pfevo,yromona 9inglyays
strepto® coccUS (actial Lr01on 12 11y, > @Saccy, ]
septor s ag3ledus, b Senlela piinicoy, ¥l
CL™ " nte! ) 76y, 'S/ Sr7 3
t0c0C" s inte’ oo 855V015) 2 0,770
streP™ ccuS s 9% onidS. Sy ol N, R
t0COY *06C ~ouMO it & R e 6, O
S‘repsﬁep‘ocus PPoecSe 890 UL SNV
60001000 J0u® jals NS SO S 1y s~ i
gue?” 00 Tl ¢ P R oty
SUTT 000 62 et / O 00, 2 15 %,
1090206 & 0% . 225,96, 20, % "%
oe? 00 e 80 Q%o 2, %6 o, Vo, %,
0% V07 o Z K8, 2586 e, i 00 o
5“69 "09’0 a(l\ .G‘(\0 %6 A0 Z 2% % S ey 9/7('/ e Y
\jé\“‘ 6\\\)6\\ W5 %0‘&9,))@6@@0,&@0&07’7) G ey, s
AN 2 226 0 e oy By,
? AW s gy 20 O 7%, o R 7,
o Q7 _ ' @0%6%’%00)0‘9@ %, %
o Q,’bc W = / éé"o(%?%%}r%, ?(4%2‘;}% 6@,0%,.0/‘9@
Z O Q. Q<
9 -mm u s _D'g%% %%&%&é’z %6%@%,;’% %o,
== S2Z30 c%&‘«%;%s%@%% o 6‘)94,, R é"{; %e/
2Yos ~ ﬂmmm‘gg‘%’%é%%%% BES S %’%a% 92 S %
R SS9 3233%% == < U T
LR LR
BoSEE3oonEELeRRYRT LIRS %
SO0 = ST XS 2. D X
3285383853523y vy %
258555508883 3R83%322%%
SxOFB3828%%%3%30
:83838 ° eR3Ve3 %
5385w ® 3T 2%
883 32
Q290 Y
% O <

Figure 2 | The phylogenetic distribution of zoonosis, genome size and secretome size. The phylogenetic distribution of zoonotic status, secretome size
and genome size is shown. Large genomes and secretomes are those greater than the median and small are less than or equal to the median.

Note that the tree is ultrametricized for illustrative purposes only.

different bacterial species are non-independent owing to their
shared evolutionary history, we used the whole-genome-based
SUPERFAMILY phylogeny?® to account for common ancestry
among species. We analysed our data using a Bayesian
phylogenetic mixed model (BPMM), with the zoonotic status of
each species as a binary response variable, genome and secretome
size as predictors, and the phylogenetic relationships among
species as a random effect.

Consistent with the hypothesis of environmental modification
via secretions, we found that larger secretome sizes are associated
with a higher probability that a pathogen is zoonotic (Fig. 3,
BPMM: parameter estimate (ff)=3.23 X 10~ 2, 95% credible
interval (CI) =5.54 x 10 ~3 to 6.08 x 10 ~2). Also in accordance
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with the hypothesis of environmental modification via secretions,
but counter to the alternative classical generalism model??, we
found that genome size had a negative effect on the probability
that a pathogen is zoonotic (BPMM: fi= —4.61 x 104, 95%
Cl=—159%x107> to —9.36 x 10~ %). These results suggest
that cooperative environmental modification is the major route to
host generalism in pathogenic bacteria.

Theoretical model. Why do bacteria use environmental modi-
fication via secretions to achieve generalism instead of the clas-
sical mechanism of increasing their phenotypic repertoire? We
now theoretically examine modification of the host environment
3
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Figure 3 | Bacterial secretions increase the ability of pathogens to infect multiple hosts. (a) Standardized regression coefficients (multiplied by the
standard deviation of the variable) estimated by the BPMM. Dots show the mode of the posterior distributions with lines indicating 95% Cls. Secretome
size (yellow) has a positive effect on the probability that a pathogen is zoonotic, whereas genome size (blue) has a negative effect. (b) Data and
BPMM predictions. Zoonoses are shown in red (n=121), whereas specialists are shown in blue (n=70). Background colours indicate the predictions of

the BPMM.

as a strategy to achieve generalism under a simple nested epide-
miological scenario. Our model focuses on the epidemiological
consequences of secretions that modify a strain’s environment
rather than the conditions for the initial evolution of these
secretions, which are already well understood!®. We use a
susceptible-infected-susceptible epidemiological model, with
explicit within-host dynamics governed by the replicator
equation?®, to model the dynamics of competing pathogen
strains. We consider a scenario where pathogens can potentially
infect two different host species, and where transmission between
these species is possible. We consider four different strain types:
two specialist strains that each infect one of the two host species,
classical ~generalists that can infect both species and
environmental modifiers that can infect both species by
investment in cooperative modification of the host
environments into a common simplified state. We make four
key assumptions in our model. First, we assume that a generalist’s
growth rate g is lower than the growth rate s of a specialist within
its preferred host (g<s), that is, that there is a trade-off in the
evolution of classical generalism®. We further assume that
environmental modifiers have a growth rate bEM — ¢ in a host,
where b is the benefit from growing in the modified host
environment that they create, ¢ (c<b) is the cost of investment in
secretions to modify the host environment and EM is the
frequency of the environmental modifier strain within the host.
The growth rate of environmental modifiers is therefore positively
frequency dependent (that is, increasing with EM) as
modification of the host environment is a collective endeavour.
This modification of conditions within the disease site is
predicted to reduce the growth rates of specialists and classical
generalists during co-infections as it creates an environment to
which they are maladapted (for example, by modifying the
nutrient environment and/or community composition to a new
state in which specialists growth rate will be reduced). We model
this effect by setting the growth rates of specialists and classical
generalists during co-infection with environmental modifiers
as s(1 —EM) and g(1 — EM), respectively. Finally, we assume
that environmental modifiers’ growth rate in a single strain
infection is lower than that of a specialist in their preferred host
species (b —c<s).

Our theoretical model shows that strains using a strategy of
environmental modification via cooperative secretions can invade
populations of specialist pathogens under a wider range of
conditions than classical generalists (Fig. 4). Both classical
generalists and environmental modifiers are favoured by higher

4

contact rates between host species (favouring generalism) and
higher clearance rates of infection (reducing competition with
specialists). However, the condition for environmental modifiers
to invade the specialist population is less stringent than the
condition for classical generalists (that is, their basic reproductive
number is always greater). This occurs because of what we refer to
as a ‘scorched earth’ effect. Environmental modifiers alter the host
environment, increasing their own growth rate, while also
reducing the growth rate of any co-infecting specialist, which is
not adapted to this modified environment. This means that, even
when they have a lower growth rate in single strain infections,
environmental modifiers can compete successfully against
specialists within a host by sufficiently reducing the specialist’s
growth rate relative to their own. We also note that, while we
have assumed that modification of the host environment
increases the growth rate of environmental modifiers, in principle
this same effect may occur when environmental modifiers
secretions toxify the environment for themselves also, so lon§
as they reduce the growth rate of specialists to a greater extent!?.

Discussion

Our results have major implications for our understanding of the
consequences, and evolutionary function, of bacterial sociality.
Secretions are generally considered to be social traits in bacteria:
they will either help or harm the surrounding cells'®>!4, The great
abundance of these social secretions has led to a wealth of
literature explorin§ selective forces governing the evolution of
bacterial sociality'®>?’. Our results show that one of the major
consequences of these social traits is niche expansion via
environmental modification (whenever environmental modifiers
are better adapted to the resulting environmental change),
suggesting that elucidating the evolutionary functions of social
traits has a key role in understanding microbial ecology and
biogeography.

We stress, however, that we are not suggesting that host range
expansion is necessarily the adaptive function of secretions in
pathogenic bacteria. Bacterial pathogens are often opportunistic,
and it has been recognized that many phenotypes of importance
in disease may be by-products of selection outside the host
environment?®, Secretions that contribute to environmental
modification may have evolved owing to their effects in other
environments (for example, soil, vegetation and so on), with the
ability to infect new hosts being a by-product or spandrel®’.
While additional hosts colonized via environmental modification
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Figure 4 | Invading a population of specialists. Plotted is the ‘basic reproductive number’ (number of new infections created per unit time when the
pathogen is rare) of classical generalists (a) and environmental modifiers (b) when invading a population of specialists from our epidemiological
model. The x and y axes are the rate at which infections are cleared (o) and the contact rate between host species (), respectively. High reproductive
numbers are red and low are blue. The yellow dashed line indicates where the reproductive number equals 1. At values above 1 the strain can invade.
Our model predicts that a strain using environmental modification via secretions can invade a resident population of specialist strains under a wider
range of conditions than a classical generalist strain can (smaller area above yellow dashed line in a than in b). Here s=1.5, g=1, b=1.25, c=0.25 and the
within-host species contact rate, f,, = 0.1. Environmental modifiers are better able to invade a population of specialists than classical generalists,
despite identical within-host growth rates in single strain infections, as environmental modifiers alter the host environment to a form that specialists are not

adapted to. This result holds whenever b>c.

may not be of demographic significance for bacteria in all cases,
our results suggest that the secretome provides a powerful tool to
open up new environments for bacteria to which they can
potentially further adapt.

Our results provide strong support for the idea that cooperative
secretions are an important driver of host range evolution in
bacteria. However, it is possible that some unmeasured ecological
or genomic variable that correlates with secretome and genome
size in bacteria is the proximate driver of host range expansion.
However, our results lead to three key experimentally testable
predictions for future work to establish the direct role of
environmental modification via cooperative secretions in deter-
mining host range. First, we predict that cooperative secretions
will simplify and standardize both the nutrient environment and
resident bacterial communities across a range of hosts. Second,
we predict that strains and/or species with the combination of a
large secretome and small genome will show increased ability to
colonize different hosts in the lab. Finally, we predict that the
presence of environmentally modifying secretions will reduce the
growth rate of specialist pathogens (relative to environmental
modifier strains), giving strains that produce them an advantage
over specialists in co-infections.

Both theory and bioinformatic analyses suggest that genes
coding for social secretions are frequently associated with mobile
genetic elements'*3%. Combined with our results, this suggests
that monitoring for the acquisition of large numbers of secreted
proteins via horizontal gene transfer may help predict which
pathogenic bacteria are likely to expand their host range to
humans. Given that such monitoring of mobile genetic elements
is frequently carried out to assess the spread of antibiotic
resistance genes and virulence factors, such monitoring appears
feasible to implement.

While our results highlight a previously unrecognized risk
factor for host range expansion in pathogens, major challenges
remain in integrating these results with previous work on risk
factors for zoonosis. Previous large-scale studies on risk factors for
zoonosis have largely focused on ecological and epidemiological
factors (for example, wildlife diversity and human population
density”) governing when and where zoonoses are likely to arise,
rather than the organismal traits that govern which species are

most likely to emerge as zoonoses’”’. Integrating these two
perspectives on the risk factors for zoonosis will require targeted
sampling of pathogen communities across a spectrum of
ecological conditions to address how organismal traits and
epidemiological factors combine to determine host range shifts.
Our ability to cooperatively modify and standardize our
environment is commonly seen as a key element in humans’
success in colonizing virtually every terrestrial habitat on the
earth®3132, Our results show that this mechanism for achieving
generalism is not confined to humans and is widespread across
bacteria. Sociality appears to be just as important for the spread of
bacterial species to new niches as it has been in human history.

Methods

Comparative analysis. We gathered data on whether 191 species of bacteria that
are pathogenic to humans are zoonotic (that is, can naturally transmit between
humans and other vertebrate hosts, n=121) or azoonotic (that is, only infect
humans, n=70) from a previous collation®. For these species we also collated their
secretome (that is, proteins with an extracellular localization) and genome sizes
from PSORTdb%%. We included all available fully sequenced genomes within a
species and their associated plasmids and took the mean value per strain within
each species (Supplementary Table 1 contains all data used, and a list of genomes
used is given in Supplementary Table 2). We used the SUPERFAMILY whole-
genome-based phylogeny?®, which has the advantage of minimizing the effects of
horizontal gene transfer on the tree topology. For each species in our analysis, we
used the type strain to produce the phylogeny.

We used a BPMM approach to test the effects of secretome and genome sizes on
the probability that a sgecies is zoonotic. Analyses were implemented in R using the
package MCMCglmm?3. We fit a model with a binomial error structure and
genome and secretome size as predictors, and the phylogenetic covariance matrix
as a random effect. We used a weakly informative Gelman prior for fixed
effects®>34, We specified a prior of an inverse Wishart distribution for the random
effect. The residual variance (overdispersion) was fixed to 1, as this cannot be
estimated with binary data. Parameter estimates were subsequently scaled under
the assumption that the true residual variance is 0. We ran the analysis for
3,000,000 iterations with a burn-in of 500,000 and thinning interval of 1,000 to
minimize autocorrelation in the chains. We used the Gelman-Rubin test3>3¢,
as well as visual inspection of traces, on three independent chains to ensure
model convergence. Statistics quoted are modes and 95% ClIs for the posterior
distributions. Code for prior and model specification was as follows: Prior <- list
(B =list(mu=c(0,0,0), V = gelman.prior( ~ secretome_size + genome_size, data =
mydata, scale=1+1+4pir2/3)), R=list(V =1, fix=1), G=Ilist(Gl =list
(V =diag(1)*0.1, nu=1))), Model <- MCMCglmm(zoonotic ~ secretome_size +
genome_size, family = “categorical”, data = mydata, prior = Prior, pedigree = tree,
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scale =F, nitt = 3000000, burnin = 500000, thin = 1000, verbose =F, slice="T.
nodes = “TIPS”).

Theoretical model. We use the framework of a two-host species epidemiological
model to examine the scenarios in which a environmental modifier strategy is
favoured. We first describe our model for the intra-host dynamics of each strain,
before turning our attention to the epidemiological dynamics.

We consider four possible strategies that a pathogen can take; they can be a
specialist on host species H; or H, (S; and S,), a classical generalist (G) or a
environmental modifier (EM). A classical generalist has growth g in host species H;
and H,. A specialist has growth rate s in the host species they specialize on. A
specialist’s growth rate is 0 in the alternative host species. We assume that s> g, that
is, there is a cost of generalism. The environmental modifier strategy attempts to
modify the environment they experience in species H; and H, to a common type of
environment to which they are adapted. It has a frequency-dependent growth rate of
bEM — ¢ (where EM is the frequency of the environmental modifier strain within the
focal host) when it infects either host species H; or H,. The environmental modifier
modifies the current host environment towards a modified environment to extent
EM, thus receiving a growth benefit of bEM, with a cost of ¢ for investment in
environmental modification. When in competition with a environmental modifier
within a host a generalist will now have growth rate g(1 — EM), as the environmental
modifier modifies the host to species Hy as it increases in frequency. Similarly, a
specialist co-infecting its preferred host species with a environmental modifier will
have growth rate s(1 — EM).

Within-host dynamics. We use the replicator equation®® to model the within-host
dynamics of these strains. The replicator equation can be written as

dx n
5 =Nl = dx),  blx) = Z:xjﬁ()c) )
=
where x; is the proportion of individuals within the focal host belonging to strain i,
x is a vector of the frequencies of each strain within the focal host, fi(x) is the
growth rate of strain i given strain frequencies x and ¢(x) is the mean growth rate
of the strains within the focal host.
Using our assumptions and equation (1) we can now write the dynamics of our
three strategies in host species H; as

Cllst =Si(s(1 — EM) — (sS;(1 — EM) + gG(1 — EM) + EM(bEM — ¢)))
%f =G(g(1 — EM) — (sSi(1 — EM) + gG(1 — EM) + EM(bEM —¢)))  (2)
di—MfEM(bEMfcf(sS(l7EM)+gG(17EM)+EM(bEM7c)))

where EM, G, S; and S, are the frequencies of each strain within the focal host. As
we will make an assumption of superinfection in our epidemiological model (see
below), we need to only consider pairwise competition between strain types within
a host. Also, as specialists have a growth rate of 0 in the alternative host, we need
not consider this scenario.

Let us first consider competition between a specialist in its preferred host
species and generalist. Setting EM =0 and S;+ G = 1 a standard stability analysis>’
shows that §* =1 is the only stable equilibrium as long as s> g, meaning that a
specialist in its preferred host will always outcompete a classical generalist. When a
specialist competes with a environmental modifier within a host (that is, setting
G=0 and S;+ EM=1) there are two possible stable equilibria at EM* =0 and
EM* =1, separated by a repeller at EM = (c+5)/(b+s). If EM> (c+ s)/(b+ s) then
environmental modifiers sweep to fixation and the equilibrium is EM* = 1, while if
EM < (c+s)/(b+s), specialists win out and the equilibrium is EM* = 0. Similarly,
when generalists and environmental modifiers compete within a host (S;=0,
G+ EM = 1) there are two stable equilibria at EM* =0 and EM* = 1, separated by a
repeller at EM = (c + g)/(b + g). We note that these dynamics are similar to those of
the classic stag-hunt game”®, and a previous analysis of immune system
provocation by pathogens to exclude competitors!2, We can then generate the
following rules from these within-host dynamics for inclusion in our
epidemiological model:

1. S; never infects host species Hj, where j#i.

2. §; always outcompetes G in host species H;.

3. EM outcompetes S; in host species H; with probability 1 — (c+s)/(b+s), while
S; outcompetes EM with probability (c + s)/(b+s).

4. EM outcompetes G in either host species with probability 1 — (c+ g)/(b+g),
while G outcompetes EM with probability (c + g)/(b+ g).

Epidemiological dynamics. We use a susceptible-infected-susceptible model for
the epidemiological dynamics. We stress that this is the simplest possible
description of the epidemiological dynamics and will not hold for most bacterial
species, many of which will show environmental growth. However, this model
allows us to gain some insights into the epidemiological consequences of envir-
onmental modification, while remaining tractable. We also stress that the results of
our model for within-host competition hold regardless of these epidemiological
assumptions.

6

We will assume that within-host dynamics occur on much faster timescale than
the epidemiological dynamics so that strain replacement occurs instantaneously
on the epidemiological timescale and co-infection can be ignored (that is, a
superinfection model). We can write the generic dynamics for a single strain
in susceptible-infected-susceptible model with two host species, under the
assumption that both host species show identical epidemiological properties, as

dH,;
dl 2 =(BHix +qxPpyHax) (1 — Hix — pHiy)
—pHix (BwHix + qvfoHzy) — oHix 3)
dH.
d;.x =(ByHex + qxPpoHix) (1 — Hax — pHay)

—pHyx (B Hay +qyByHiy) — aHyx

where, H; , is the proportion of host species i infected with strain Z, « is the
clearance rate of infections, f3,, is the contact rate within a host species, f,, is the
contact rate between the host species, p is the probability that strain Y outcompetes
strain X within a host and g€{0,1} denotes whether strain Z can infect both host
species. In each differential equation the first term captures the spread of strain X
to new hosts of species i, the second term captures replacement of strain X in host
species i by strain Y and the third term captures the clearance of infections.
Combining this model framework with the assumptions and results of our
within-host competition model we can write the epidemiological dynamics as

dH c+s
d;.s =Hs (ﬁw <1 —H;s— <1 - b7+s> Hl.EM)

— (ByHizm + ByHam) ( Zii) OC)

dH. +
dz.s =H,s (ﬁw (1 —Hys— ( ;+S> Hy, EM)

— (BuHapm + By Hipm) ( bii) “)

dH, g c+g
= =H, A1—-H¢—Hs—(1—-—=>|H
d[ I.Gﬁw ( 1,G 1.8 ( h + 1.LEM

=

c+g
H. 1-Hg—Hs—(1—-—=|H
+ 2,Gﬁb< 1G 1S ( b+g> 1EM>

+
— HigpHis — Hig(ByHiem + ByHoem) (1 - ﬁi) —Higa

de G c+
— =H, 1-H,c—Hys—(1— —=|H.
a 2.GBw < b6 —Has ( n g) 2,EM>

+Hgpy (1 —Hyg—Hys— (1 —

c+
— Hy 6B Has — Hy 6 (ByHaem + BoHiem) (1 - g> —Hy o

b+g

dH1 em c+g c+s
== =H, 1-H H —
dar l.EMﬂw< LEM — 1Gb+g 1Sy s
ct+g c+s
H: 1-H H, Hys——
+ 2EMﬁb< LEM — 1Gb+g 1,sb+s>
c+s ct+g
—H, H —H H H — Hyp
1LEM By LS50S 11;1\/1(/3\A 1.6 + By 2G)b+g 1LEMO
dH; em c+g c+s
—— =H, 1—Hypm — H. —
“dr 2 M Py 2, EM 2Cb+g 2551
ct+g c+s
H; 1—-H, H, —
+ 1EMﬁb< 2,EM — ZGb+g 2,sb+$>
— Hypmf st *HzEM(ﬂ Hy+ foHig) e — Hypmo
" b+s v b+g ’

where, H; 7 is again the proportion of host species i infected with strain type Z, and
all other parameters are as above.

Invading a population of specialists. We first consider the potential for both
classical generalists and environmental modifiers to invade a population of spe-
cialists. First setting H g =H, = Higm = H g =0, the stable frequencies of
specialists are H} , = H; ; = (B, — a)/p,, assuming that f,,> o (that is, that spe-
cialists can exist). We now consider the invasion of rare classical generalists and
environmental modifiers into this population of specialists. The key epidemiolo-
gical condition for the invasion of a strain is that their ‘reproductive number’,
Ry>1 (ref. 39). We consider the scenario where the strain of interest is introduced
from rarity in one of the host species (which host species is irrelevant as we assume
they have identical epidemiological properties). We can write the conditions for
invasion of classical generalists and environmental modifiers as

(Bt ) (1- 5=2)
W >1 (5)
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