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Self-destructive cooperation mediated by

phenotypic noise

Martin Ackermann', Barbel Stecher?, Nikki E. Freed', Pascal Songhet?, Wolf-Dietrich Hardt? & Michael Doebeli’

In many biological examples of cooperation, individuals that
cooperate cannot benefit from the resulting public good. This is
especially clear in cases of self-destructive cooperation, where
individuals die when helping others. If self-destructive coopera-
tion is genetically encoded, these genes can only be maintained if
they are expressed by just a fraction of their carriers, whereas the
other fraction benefits from the public good. One mechanism that
can mediate this differentiation into two phenotypically different
sub-populations is phenotypic noise">. Here we show that noisy
expression of self-destructive cooperation can evolve if individuals
that have a higher probability for self-destruction have, on aver-
age, access to larger public goods. This situation, which we refer to
as assortment, can arise if the environment is spatially structured.
These results provide a new perspective on the significance of
phenotypic noise in bacterial pathogenesis: it might promote the
formation of cooperative sub-populations that die while preparing
the ground for a successful infection. We show experimentally that
this model captures essential features of Salmonella typhimurium
pathogenesis. We conclude that noisily expressed self-destructive
cooperative actions can evolve under conditions of assortment,
that self-destructive cooperation is a plausible biological function
of phenotypic noise, and that self-destructive cooperation
mediated by phenotypic noise could be important in bacterial
pathogenesis.

Recent experimental work demonstrated that genetically identical
organisms living in the same environment show surprisingly high
levels of variation in phenotypic traits"?, and sometimes even switch
between distinct phenotypic states’. Stochastic cellular processes are
one source of such phenotypic noise. The level of phenotypic noise is
subject to mutational change, and can thus evolve. This raises the
question whether natural selection always acts towards minimizing
phenotypic noise, or whether there are cases in which genotypes that
encode variable phenotypes are favoured by selection. In the existing
theory*™, the most prominent adaptive explanation for phenotypic
noise is bet-hedging’, according to which the stochastic expression of
alternative phenotypes allows a genotype to survive changes in
external conditions and thus to persist in fluctuating environments.

Here we focus on a fundamentally different adaptive explanation
for phenotypic noise: self-destructive cooperation. In this scenario,
the individuals that survive and form a successful lineage all express
the same phenotype. Individuals that express an alternative phenotype
do exist, but they do not contribute to future generations; instead, they
die while contributing to a public good that benefits others. There are
many examples of cooperative acts that prevent reproduction or sur-
vival of the actor, ranging from non-reproductive workers in mam-
mals and insects to unicellular bacteria that lyse when releasing
chemical substances that benefit others. Importantly, genotypes that
have the propensity to express self-destructive cooperation can only

persist if the expression is limited to a fraction of the individuals
carrying the genotype, whereas another fraction does not express
the cooperative behaviour and benefits from the public good pro-
duced. Sometimes, this differentiation into two fractions is mediated
by signals. In other examples, notably in microorganisms, there seems
to be no signal. In these cases, phenotypic noise could promote the
differentiation required for self-destructive cooperation to persist.

We investigated the evolutionary dynamics of a self-destructive
cooperative act that contributes to the generation of a public good
and that is expressed in a stochastic manner. In general, cooperation
can evolve if cooperative individuals benefit from cooperative acts of
others more often than non-cooperative individuals’—a situation
referred to as assortment. We used a simple model to quantify the
level of assortment as a function of the external conditions, and to
calculate how selection on the probability to express self-destructive
cooperation depends on the level of assortment, as well as on the
amount of public good generated by cooperative acts.

The model is based on the public goods game and assumes that
there are two strategies: cooperate (C) and defect (D). C sacrifices
itself with probability g, and only if it sacrifices itself, it contributes an
amount b to the public good. The decision between sacrificing and
not sacrificing is a chance outcome resulting from phenotypic bi-
stability; every cooperator makes this decision independently of the
environment or of the decisions of other individuals. D never con-
tributes to the public good. The game is played in interaction groups
of N players. In general, if there are k cooperators among the N
members of an interaction group, the total amount of the public
good produced in that group is kgb. The total amount of the public
good is available to each surviving player in the interaction group (an
alternative scenario where the public good is divided among the
surviving players gives very similar results). We assume that, in addi-
tion to the public good, all players also receive a non-zero baseline
payoft w.

Consider first the payoftf to a focal C player in a given interaction
group. Because the focal C is one of the k cooperators, its social
environment consists of k— 1 cooperators and N — k defectors.
The focal C gets no payoff from the defectors, but if it survives it
receives the benefit b with a probability g from each of the other k — 1
cooperators, as well as the baseline payoff w. The probability that the
focal C does not sacrifice itselfis 1 — g, and hence the expected payoff
to C in the given interaction group is:

pc(N.k)=(1—q)((k—1)gb+w) (1)

The social environment of a focal D in the given interaction group
consists of k cooperators and N — k— 1 defectors, and its expected
payoff is:
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Po(N,k) = kqb+w (2)

Because pc(N, k) < pp(N, k), cooperators always do worse than
defectors within a given group. Therefore, the only way in which
cooperators can dominate on a population-wide scale is if coopera-
tors have, on average, a different social environment than defectors.

The composition of the social environment of a focal C or D
depends on the current frequency of cooperators in the population,
x, and on how individuals come together to form interaction groups.
Let ec(x) be the average number of cooperators among the other
N—1 members in an interaction group containing a focal C.
Similarly, let ep(x) be the number of cooperators in an average inter-
action group containing a focal D. The expected population-wide
payoffs to C and D are then:

Pe(x) = (1—q)(ec(x)gb+w) (3)

and
Pp(x)=ep(x)gb+w (4)
With  random  composition of groups, we  have

ec(x) = ep(x) = x(N — 1). In this case, the population-wide payoffs
always satisfy Pc(x) < Pp(x) for all x, and hence defectors always win.
Thus, for cooperation to thrive, cooperators must find themselves, on
average, in interaction groups containing more cooperators than the
interaction groups in which defectors find themselves on average. In
other words, there must be positive assortment between cooperators.

Assortment can result from different mechanisms, for example,
spatial structure, reciprocity or kin recognition’. Here we consider a
simple case of spatially structured populations inhabiting an infinite
number of demes. In the case of pathogenic bacteria, a deme would
represent a host. Each deme is seeded by M individuals from a com-
mon pool of individuals. The number of individuals then increases to
the carrying capacity of the deme, which is assumed to be N, the
interaction group size. After reaching carrying capacity, cooperators
sacrifice themselves with probability g; if they do, they contribute bto
the public good. Cooperators that did not sacrifice themselves and
defectors then harvest the public good. The payoffs they receive
determine how much they contribute to the pool of individuals from
which the next generation of demes is seeded.

If the number of individuals seeding a deme, M, is small, then the
degree of assortment is high, and a focal cooperator sees on average
more cooperators than a focal defector. It is easy to see (see
Supplementary Information) that the average social environment
of a focal cooperator and a focal defector is:

edx)=%x+%—l (5)
and
(M—1)N
ep(x) = " (6)

Thus, ec(x) > ep(x) for all x, which enables the origin and mainten-
ance of cooperation based on equations (3) and (4). The general pic-
ture is as follows (Fig. 1; derivation in Supplementary Information):
First, there is a value g; such that for any g < g, C can invade D, that is,
Pc(0) > Pp(0) (g7 =[b(N—M)—Mw]/[b(N—M)]; see Supple-
mentary Information). Second, there is a value g; <¢g; such that for
any g<gq;, C not only invades D but also goes to fixation, that is,
Pe(1) > Pp(1) (g3 =[b(N—M)—Mw]/[b(NM—M)]; see Supple-
mentary Information). Third, for any g with g5 < q < g7, there is coex-
istence between cooperators and defectors, that is, C can invade D and
D can invade C.

These results show that the assortment generated by the deme struc-
ture changes the nature of the evolutionary game between cooperators
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and defectors. In well-mixed populations without demes, D always
dominates C. With demes, this remains true if C players have large
probabilities g of committing cooperative suicide. However, for inter-
mediate g (that is, g5 <g<q;), the structure of the game changes to a
‘Snowdrift’ scenario®, in which both Cand D can invade when rare. For
even smaller ¢ (q <q; ), assortment makes C the dominant strategy and
eliminates D.

Defectors D can be viewed as cooperators with ¢ = 0, which nat-
urally leads to the consideration of g as a continuous trait. Evolution
of such continuous traits can be studied using adaptive dynamics
theory”"". Starting with a population of defectors, the trait g evolves
to a convergence stable and evolutionarily stable strategy g; satisfying
0<q; <q; (g = [b(N— M) — Mw]/[b(NM + N — 2M)]; see Supple-
mentary Information). Therefore, continuous evolution by small
steps results in a population consisting of a single cooperative strat-
egy that cannot be invaded by any nearby strategies g or by pure
defectors. Our model thus provides a framework for understanding
the evolution of self-destructive cooperation mediated by phenotypic
noise. We note that our deme-structured model of cooperative sui-
cide can also be interpreted in the context of kin or group selec-
tion”'>. However, these perspectives are not required for
understanding the evolution of cooperation; simple considerations
based on assortment and interaction environments are sufficient.

This model sheds new light on the role of phenotypic noise in the
biology of microbial pathogens. Phenotypic noise or bi-stability is
common in unicellular pathogens, as are acts of self-destructive
cooperation'®. Some bacterial toxins that are instrumental in patho-
genesis can only be released if the cell producing the toxin lyses'* .
Some of these toxins induce inflammation in the host, and there is
now growing evidence that pathogens can decrease competition by
co-inhabitants of the same niche through manipulation of the host’s
immune system'’*°. One example is pneumolysin from Streptococcus
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Figure 1| The evolutionary dynamics of stochastic self-destructive
cooperation. a, The dynamics are determined by three specific values for the
probability g to self-sacrifice. The first value is g;. A population of pure
defectors can be invaded by cooperators’ that self-sacrifice with a probability
q<4;. The second value is ;. A homogeneous population of cooperators
can be invaded by defectors if the cooperators’ probability to self-sacrifice is
larger than g3. Cooperators with a probability to self-sacrifice between q;
and g5 will thus stably co-exist with pure defectors. If g evolves through
mutations of small effects, and the population initially consists of defectors,
then g will evolve to the value gj. This value is an evolutionarily stable
strategy (ESS) and represents an endpoint for the evolutionary dynamics.
The three values for g are determined by the parameters M, N, b and w, as
described in the Supplementary Information. In the example shown here,
the parameters are M = 3, N = 100, b = 5 and w = 2. b, When the number of
individuals colonizing a deme, M, increases, and assortment therefore
decreases, the three values g7, 45 and g decrease. The parameter values are
N=100,b=5and w=2.
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pneumoniae. This toxin is released through bacterial lysis and
enhances lung colonization'**'. A second example is TcdA, a key
virulence factor of Clostridium difficile'®. TcdA lacks a standard secre-
tion signal and is released by bacterial lysis. Purified TcdA toxin alone
can trigger gut inflammation®, and gut inflammation enhances
intestinal C. difficile colonization®. In this case, TcdA released by
self-destructive acts seems to provide the pathogen with a compet-
itive advantage, presumably by decreasing competition from com-
mensal bacteria.

We focused on S. typhimurium enterocolitis as a third example of
bacterial pathogenesis, and tested experimentally whether central
aspects of the infection process are captured by the model of self-
destructive cooperation mediated by phenotypic noise. The estab-
lishment of S. typhimurium in the gut is hindered by the presence of
the intestinal microflora. These competitors are removed by an
inflammatory response in the gut triggered by S. typhimurium invad-
ing the gut tissue®. Gut tissue invasion and the triggering of inflam-
mation depend on S. typhimurium virulence factors, namely Type I1I
secretion systems (TTSS) and flagella. Invasion factors—that is, the
invasion-mediating TTSS-1 and the flagella—are heterogeneously
expressed in S. typhimurium populations® . In our experiments,
gut inflammation, which alleviates competition by commensals,
was regarded as the public good. We focused on TTSS-1 expression
as the phenotypic trait that is expressed stochastically, and tested
three main assumptions of the mathematical model (Fig. 2; see
Supplementary Information for experimental methods).

Our experimental results show that: first, in a clonal population of
S. typhimurium, in the gut lumen, only about 15% were phenotypi-
cally TTSS-17, which is in line with in vitro studies®®?’. In contrast,
almost all bacteria in the gut tissue expressed the TTSS-1" phenotype
(Fig. 2a,b). This supports the assumption that TTSS-1 expression is
variable in clonal populations of S. typhimurium, and that the TTSS-1
phenotype of a bacterium determines whether or not it will invade
the gut tissue. (Other invasion factors probably also have an import-
ant role; TTSS-1 expression is therefore required but not sufficient
for invasion.) Second, the intensity of inflammation increases as the
proportion of bacteria that are capable of expressing the cooperative
TTSS-17 phenotype increases (Fig. 2¢,d). Taking inflammation as a
proxy for the public good, this supports the assumption that the
public good produced increases with increasing numbers of coop-
erators. Third, in the S. typhimurium enterocolitis model, most of the
bacteria that invade the gut tissue and thereby contribute to the
public good seem to be killed by the intestinal innate immune
defenses (Fig. 2e, f). Thus, cooperation through invasion of the gut
tissue is a largely self-destructive act.

Together, these experimental results indicate that the mathemat-
ical model of self-destructive cooperation mediated by phenotypic
noise captures central features of S. typhimurium enterocolitis. This
gives a new perspective on how these and similar pathogens evolve
self-destructive cooperative acts to infect their hosts. Our model
predicts that this behaviour can evolve if the number of pathogens
that infect a host is small. This number corresponds to the parameter
M, and if M is small then bacteria that carry the genotype for stoch-
astic cooperation without expressing this behaviour are surrounded
by many cells with the same genotype that do cooperate, and hence
this genotype will thrive. A first estimate for M is the number of
bacteria required for an infection to establish. For Salmonella spp.
and Escherichia coli infecting humans, estimates can reach levels as
low as one hundred®. Mortality during the passage through the
stomach, as well as spatial structure of the environment from which
the inoculum originates, can lead to a small effective M even if the
infective dose is substantial. Over evolutionary time, a small M leads
to the evolution of larger probabilities to express the cooperative act
(Fig. 1) and, as one can easily show mathematically, to larger payoffs.
This is in line with previous theoretical findings that clonal infec-
tions are beneficial for pathogens, whereas coinfection tends to be
detrimental®.
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Figure 2 | Testing biological assumptions of self-destructive cooperation
mediated by phenotypic noise with a mouse model for S. typhimurium
enterocolitis. For experimental details, see Supplementary Information.
a, The clonal bacterial population consists of two phenotypes; one of them
(TTSS-17; white) expresses a cooperative act consisting of gut tissue
invasion. b, We analysed the TTSS-1 phenotype in the gut lumen and in the
gut tissue. In the gut lumen, about 15% of the bacteria were TTSS-17; in the
gut tissue, almost all bacteria were TTSS-1" (Mann-Whitney U test for a
difference between lumen and tissue, P < 0.001; error bars, s.e.m.). The
luminal S. typhimurium population differentiates into TTSS-1" and TTSS-
1~ phenotypes, and the TTSS-1" phenotype invades the gut tissue. ¢, The
amount of public good generated in an interaction group increases with an
increasing number of cooperators. In the context of S. typhimurium
infection, the public good is gut inflammation elicited by tissue invasion.
d, To vary the number of bacteria that commit the cooperative act, we mixed
wild-type S. typhimurium that express both TTSS-1" and TTSS-1"
phenotypes (see b) with an isogenic strain that is incapable of expressing the
TTSS-1" phenotype (ATTSS-1). The intensity of gut inflammation
increased with an increasing fraction of wild-type S. typhimurium in the
inoculum (box plots with median, quartiles and range; Spearman’s rank
correlation, P < 0.001). Gut inflammation increases with an increasing
number of individuals that express the cooperative act of tissue invasion.
e, Contributing to the public good is a self-destructive act. In the context of
S. typhimurium infection, most bacteria invading the gut tissue are expected
to be killed by antimicrobial defence mechanisms, specifically by the Cybb/
Nos2-encoded systems generating antimicrobial oxygen and nitrogen
radicals. f, To test whether bacteria that invade the gut tissue are killed, we
compared S. typhimurium loads in the gut tissue of wild-type mice and of
mutant mice lacking the Cybb/Nos2 systems. The bacterial loads in the gut
tissue in wild-type mice were about ten times lower than in the Cybb/Nos2-
knockout mice (box plots with median, quartiles and range; Mann—Whitney
U test, P = 0.008; in the gut lumen, bacterial loads were not significantly
different; see Supplementary Information). This suggests that in wild-type
mice, most bacteria that invade the gut tissue are killed. Thus, triggering of
gut inflammation by tissue invasion can be regarded as a self-destructive act.

289

©2008 Macmillan Publishers Limited. All rights reserved



LETTERS

Self-destructive cooperation can be seen as an extreme form of the
division of labour between two phenotypes, in which one of the
phenotypes does not survive. The two phenotypes are encoded by
the same genotype, which can persist because the expression of the
self-destructive phenotype is stochastic. We thus conclude that self-
destructive cooperation is a plausible biological explanation for cer-
tain instances of phenotypic noise. Establishing a link between
phenotypic noise and cooperation gives new insights into how coop-
eration can persist despite its cost for the benefactor. At the same
time, this link provides a new perspective into the significance of
phenotypic noise in biological systems, and especially in microbial
pathogens. Understanding why so many pathogens exhibit stochastic
phenotypic variation is essential for developing efficient strategies for
their control.
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SUPPLEMENTARY INFORMATION

Supplementary Notes for Ackermann et al.

Fart I: Additional mathematical analysis of the model for the evolution of self-destructive cooperation

mediated by phenotypic noise

In the following analysis, we use the within interaction group payoffs given by eqs. (1) and (2) for
the case where the public good is fully available to everybody in a given interaction group. The case
where the public good is distributed among the surviving members of the interaction group can be
analyzed along the same lines, and gives qualitatively very similar results.

We assume that the population is spatially structured as described in the text, and hence that the
functions ec(z) and ep(z) are given by egs. (5) and (6). Recall that e (x) and ep(x) are the average
number of cooperators in an interaction group of a focal C' or D, respectively, when the population
frequency of C' is x.

We want to investigate invasion of C' into a population of D and vice versa, hence we consider the

cases x = 0 and z = 1. When C'is rare, we have e-(0) = N/M — 1 and ep(0) = 0, hence

W= Mgb w) (1)

P = 1-g (U5
and
Pp(0) = w. )

C can invade D if and only if P-(0) > Pp(0), which is the case if and only if ¢ < ¢, where ¢ is
given by

b(N — M) — Mw
b(N — M)

*

q, =

3)

Thus, cooperators can invade defectors at least for some g if 3> < % In particular, smaller baseline
fitness w, larger benefit to cooperation b, larger interaction group size /N and smaller neighborhood
size M (i.e., more pronounced spatial structure) are all beneficial for cooperation, which makes sense

intuitively.

www.nature.com/nature 1



doi: 10.1038/nature07067 SUPPLEMENTARY INFORMATION

Similarly, D can invade C' if and only if P-(1) < Pp(1), which is the case if and only if ¢ > ¢;,
where ¢; is given by

b(N — M) — Muw
b(NM — M)

*

4y =

“4)

Thus, for ¢ < ¢, D cannot invade C'. Clearly, ¢5 < ¢, hence for ¢ < ¢35, C can invade D, but D
cannot invade C'. It is easy to see that this in turn implies that for ¢ < ¢;, C replaces D, whereas for
¢ < q < qi, the two strategies can invade each other and hence they coexist at a mixed equilibrium.
This proves claims 1)-3) in the main text.

To investigate the adaptive dynamics of the continuous trait ¢, we consider resident populations
that are monomorphic for a particular trait value ¢ into which a rare mutant with a mutant trait value
¢ attempts to invade. Because the mutant is rare, and given the spatial structure described in the main
text, the environment of the mutant in an interaction group of size N consists of N/M — 1 mutant
types ¢’ and N (M — 1)/M resident types ¢. Thus, the payoff of the mutant ¢’ in the resident ¢, which

is the invasion fitness of the mutant ¢/, is given by

fla.q) = ((N _]\y)q/b + N(M]\; 1)db + w) (1-4). (5)

The adaptive dynamics is then given by the selection gradient

D(q) = %f’)w:q _D(N(1—q) — J\]@(l — 27+ Nq))

— w. (6)

For any given resident value ¢, the direction of evolution is determined by the sign of D(g). In
particular, if w < b(N — M)/M, then D(0) > 0, and hence the trait ¢ evolves away from 0. (Note
that this is the same condition as the condition for ¢; > 0, and hence for the existence of a range of
g-values for which cooperators can invade pure defectors.) In this case, the function D(q) is linear

with a negative slope. Therefore, the equation D(q) = 0 has a unique, positive solution

. b(N—M)-Muw
> b(MN + N —2M)’

q (7

and ¢; is a global attractor of the adaptive dynamics (i.e., starting with any ¢ in the interval [0, 1], the

adaptive dynamics converges to ¢3). Moreover, one easily checks that

?f(q,q 2b(N — M
%‘qﬁq:q; = —% <0, ®)
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and hence ¢; is evolutionarily stable. It is again clear from direct comparison of the denominators that
if cooperation can persist, i.e., if w < b(IN — M)/M, then g5 < ¢5. This means that the evolutionary
dynamics comes to a halt before the probability to sacrifice is so high that pure defectors can invade
and coexist with cooperators. Thus, continuous evolution in small steps (as is assumed in the adaptive
dynamic framework) results in a population consisting of a single cooperative strategy.

To illustrate the change in the nature of the evolutionary game between C' and D brought about by
assortment due to spatial structure, consider the case M = 2, in which each local deme is seeded by 2
individuals, so that there are three types of demes: C'C', C'D and D D. In this case the game between
cooperators and defectors can be viewed as a classical 2x2 game with two players and two strategies
C and D. If a focal C' colonizes a deme containing another C'-seed, the payoff to the focal C-strategy
will be Poe = (1 — q)[(IN — 1)bg + w], and if the focal C' colonizes a deme in which the other seed is
a D, then the payoff to the focal C-strategy is Pop = (1 —q)[(N/2 — 1)bg + w]. Similarly, the payoff
for focal D players are Ppc = (n/2 — 1)bg + w and Ppp = w, depending on whether the other seed
in the deme is a C or a D. In general, replicator dynamics of 2x2-games have three outcomes®’: i)
there are only the two boundary equilibria, and one strategy always dominates the other; ii) there is
a stable interior equilibrium, at which the two strategies coexist; and iii) there is an unstable interior
equilibrium, in which case one strategy wins, but the winner depends on initial conditions. In our
model, case iii) does not occur. Instead, with M = 2 and the payoffs Poc, Pop, Ppe and Ppp given
above, case 1) holds with D the dominant strategy if Pop < Ppp and Poc < Ppe, which occurs
if and only if ¢ > ¢1*, where ¢j is given by eq. (9) for M = 2. If ¢5 < q < ¢j, with ¢} given by
eq. (10), the payoffs satisfy Pop < Ppp and Poc > Ppc, which generates scenario ii) and leads
to coexistence of C and D. This situation corresponds to the well-known Snowdrift game®. Finally,
case i) with C' the dominant strategy occurs for ¢ < ¢;, for which Pop > Ppp and Poe > Ppe.
Overall, for ¢ < g assortment through spatial structure changes the nature of the game between C
and D compared to the dominance of D observed in well-mixed populations. For M > 2, the effect
of assortment on the game between C' and D can be similarly understood in a general framework for

N-player games®!.
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Part II: Additional information on the mouse infection experiments with S. typhimurium.

Experiment 1; Analyzing the TTSS-1 expression phenotype of individual bacteria in
the gut lumen and the gut tissue in a mouse infection experiment (Figure 2b of the
paper).

Under in vitro culture conditions, 10-30% of a clonal wild type S. typhimurium population
expresses the TTSS-17 phenotype, and the rest is TTSS-1" (***%). We employed an animal
model for S. typhimurium enterocolitis (**; reviewed in’”) to analyze whether TTSS-1" and
TTSS-1" subpopulations also exist in vivo. In addition, we wanted to verify that only the
TTSS-1" subpopulation invades into the gut tissue.

Streptomycin-treated C57BL/6 mice were infected as described’® with wild type S.
typhimurium (SL1344; 5 * 107 cfu, intragastrically; n = 3 mice). The bacteria carried two
reporter plasmids. pM974 allowed detecting TTSS-1" bacteria. It encodes a GFP-reporter
coupled to the TTSS-1 promoter of the sicAsipBCDA operon. The second plasmid, pDsRed,
leads to bright red fluorescence in all bacteria located in intestinal tissues®®. The mice were
sacrificed at 12 hours post infection. Earlier work has indicated that 12h is long enough to
allow significant tissue invasion by S. typhimurium. At the same time it is short enough to
avoid pronounced bacterial growth within the host tissue which may have diluted out the
TTSS-1-GFP signal. We determined total colonization levels of S. typhimurium in the gut
lumen by plating appropriate dilutions of the cecal contents on McConkey agar. The density
of bacteria was 2.1 x 10° +/- 2.5 x 10® (cfu/gram, +/-standard error). In addition, we
analyzed gut inflammation using hematoxilin and eosin stained cecum tissue sections and a
scoring scheme as described previously” . The average inflammation intensity was 5 +/- 1.7
(mean +/-standard error or the mean). This corresponds to a strong, acute gut inflammation.
The results obtained by analyzing TTSS-1" (i.e. GFP-) expression in individual S.
typhimurium bacteria localized in the gut lumen or in the cecal tissue are depicted in Figure

2b. These data were obtained in the following way: Cecal tissue was fixed and embedded to
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preserve and visualize GFP and DsRed fluorescence as described previously®’. For analyzing
TTSS-1" (i.e. GFP-) expression in the cecum tissue, tissue sections (20um) were stained with
phalloidin-Alexa-647 (infrared fluorescence; stains the actin brush border of the epithelium)
and DAPI (4’ 6’—diamidino-2-phenylindole, 0.5pg/ml, Sigma; blue fluorescence; stains
DNA). Confocal images of individual bacteria inside of the cecum tissue (bright DsRed
fluorescence) were analyzed using a Perkin Elmer Ultraview confocal imaging system and a
Zeiss Axiovert 200 microscope. We identified a total of 87 individual S. typhimurium
bacteria in the cecum tissues from the 3 mice (three 20 um thick tissue slices per mouse) and
86 of the 87 bacteria harboured significant levels of the GFP reporter, indicating that these
cells express TTSS-1 (Figure 2b).

TTSS-1 expression by luminal bacteria was analyzed in the same way. However, bacteria
were stained additionally with an anti-S. #yphimurium antiserum (polyclonal rabbit a-LPS O
antigen group B anti-serum; Difco; 1:500 in PBS, 10% goat serum) and a Cy3-conjugated
goat a-rabbit antibody (Milan; 1:300 in PBS, 10% goat serum; red fluorescence) to enhance
sensitive and specific detection of S. typhimurium in the gut lumen. At least 100-300
individual bacteria (red ") were scored per mouse. The fraction of luminal bacteria (open bars)
expressing the GFP-reporter (= TTSS-1" phenotype) was calculated as: GFP'red'[%] =
#GFP red /(#GFP'red” + #GFPred)) x 100. Approximately 15% of the luminal S

typhimurium population expressed the TTSS-1" phenotype (Figure 2b).

Experiment 2. Analyzing how decreasing factions of wild type S. typhimurium affect the
elicitation of gut inflammation in mouse infection experiments (Figure 2d of the paper
and suppl. Fig. S1).

In the streptomycin mouse model, wild type S. typhimurium efficiently colonizes the large
intestinal lumen and triggers pronounced gut inflammation within one day post infection®®.
An isogenic S. typhimurium mutant carrying a mutation disrupting TTSS-1 function (ATTSS-

1, i.e. SB161; AinvG) is still able to efficiently colonize the gut lumen, but it cannot
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efficiently invade the gut tissue and it is incapable of triggering inflammation at day one post
infection®* **.

In the gut lumen, 15% of the wild type S. typhimurium population expresses the TTSS-1"
phenotype. In contrast, the gut luminal ATTSS-1 population never expresses the TTSS-1"
phenotype. Therefore, infections with mixtures of wild type S. typhimurium and ATTSS-1
result in a proportional decrease in the total number of bacteria expressing the TTSS-1"
phenotype in the gut lumen.

Streptomycin treated mice (n = 10 C57BL/6 mice per group) were infected intragastrically
with a total of 5 * 107 bacteria. This inoculum was composed of either 100% ATTSS-1, 1%
wild type S. typhimurium and 99% ATTSS-1, 10% wild type S. typhimurium and 90%
ATTSS-1, 50% wild type S. typhimurium and 50% ATTSS-1, or 100% wild type S.
typhimurium, as indicated. An additional control infection was performed with 5 * 10
bacteria (100% wild type S. typhimurium; 5 mice; marked as *). The wild type S.
typhimurium strain (M939) was marked with a kanamycin resistance cassette integrated
downstream of the sopE gene. This allowed quantifying wild type S. typhimurium (kan™***™)
and ATTSS-1 (kan*™"°) in the inoculum (data not shown) and in the gut lumen (see,
below).

The mice were sacrificed at day 1 post infection and we analyzed the following parameters:
(a; suppl. Fig. la) Total colonization levels by wild type S. typhimurium (M939; kan"**®™,
white boxes) and ATTSS-1 (SB161; kan*™""*; grey boxes) in the gut lumen. The densities
(cfu/gram) were determined by plating appropriate dilutions of the cecal contents on
McConkey agar plates harboring kanamycin (50pg/ml) or not. These data verified that the
mixed inoculum approach was successful in adjusting the absolute density of wild type S.
typhimurium in the gut lumen of the infected mice. (b; suppl. Fig. 1b). The gut inflammation
was analyzed using hematoxilin and eosin stained cecum tissue sections and a scoring

scheme as described previously *’. These data verified that the intensity of gut inflammation

increased with an increasing fraction of wild type S. typhimurium present in the gut lumen.
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Supplementary Figure 1

a, Infections with mixtures of wild type S. typhimurium and increasing fractions of ATTSS-1 result in a proportional
decrease in the total number of bacteria expressing the TTSS-1" phenotype in the gut lumen. Total colonization levels by
wild type S. typhimurium (M939; kan™*™™; white boxes) and ATTSS-1 (SB161; kan*™"™"*; grey boxes) in the gut lumen are
indicated. Gut inflammation levels decrease with decreasing proportions of wildtype S. typhimurium that are capable of
expressing the TTSS-1" phenotype. The data are the same as depicted in Figure 2d, but includes the additional control group
infected with 5 * 10° wild type S. fyphimurium (marked as *). This control demonstrates that, in the absence of any ATTSS-
1 bacteria, wild type S. typhimurium always grows up to densities of approx. 10° cfu/g cecum content, irrespective of the
absolute size of the original inoculum.

Experiment 3. Killing of S. typhimurium in gut tissues by key innate immune defenses in
a mouse infection experiment (Figure 2f of the paper and suppl Fig. S2).

Bacteria that have invaded into intestinal tissues are killed by innate immune mechanisms
which generate antibacterial nitrogen- and oxygen radicals (iNOS and NADPH-oxidase;
gp91-phox protein of the phagocytic NADPH oxidase). It has been shown previously that
mice lacking these key anti-bacterial defense systems cannot restrict pathogen growth in
various infection models®. Thus, comparing S. typhimurium tissue loads in wild type and
Cybb/NOS?2 knockout mice allows estimating the extent of bacterial killing in infected gut
tissues.

Streptomycin treated wild type mice (n = 5 C57BL/6 mice per group) or Cybb/NOS2

knockout mice (n = 5 mice per group, C57BL/6 genetic background; bred in the same colony
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as the wild type control mice) were infected with wild type S. typhimurium (5 * 107 bacteria,
intragastrically). Cybb/NOS2 double knockout mice were generated by crossing B6.12956-
Cybb™P"/1% and B6;129P2-Nos2™“/J*! (both from Jackson Laboratory). The bacteria
harbored a GFP reporter plasmid (pM973;*®) allowing the quantification of S. typhimurium
loads in the infected gut tissue. The mice were sacrificed at day 2 post infection and we
analyzed the following parameters: (a; suppl. Fig. 2a) Total colonization levels by wild type
S. typhimurium in the cecum lumen®. The densities (cfu/gram) were determined by plating
appropriate dilutions of the cecal contents on McConkey agar plates. Colonization densities
in the gut lumen did not differ significantly between both groups of mice (p=0.730; Mann
Whitney U-test) (b; suppl. Fig. 2b) The gut inflammation was analyzed using hematoxilin
and eosin stained cecum tissue sections and a scoring scheme as described previously®’.
Inflammation was pronounced and did not differ significantly between both groups of mice
(p=0.484; Mann Whitney U-test).

Significant differences were detected in the numbers of S. typhimurium bacteria present in
the cecum tissues of both groups of mice. These data are depicted in Fig. 2f and were
generated in the following way: The cecal tissue was fixed and cryo-embedded as described®
and 20pum thick cryo-sections were stained with phalloidin-TRITC (stains actin; red
fluorescence) and DAPI (stains DNA, blue fluorescence). All bacteria (expressing GFP-
reporter of pM973) present in the gut tissue on one tissue section were enumerated. At least 3
tissue sections were analyzed per mouse.

These data indicate that the innate immune system effectively kills approximately 90% of all
bacteria entering the gut tissue. This suggests that host tissue invasion by S. #yphimurium can

be considered as a self-destructive act.
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Supplementary Figure 2
a, Density of S. fyphimurium in the gut lumen, and b, inflammation intensity were very similar between wild type mice
(C57Bl/6) and Cybb/NOS2 knock-out mice.
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