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Summary
During infection, pathogens interact with both competitors and the host to establish a niche. These
interactions dictate pathogen evolution. In order to understand how, we must comprehend the
mechanisms by which pathogens evolve within and between hosts, and the consequences of this on
the global spread of a given pathogen. Due to the rise of antibiotic resistance, an adequate
understanding of 1) the conditions that promote the spread of antibiotic resistance and 2) the
processes that make pathogens successful and stabilize their virulence is critical for the development
of antibiotic-independent strategies to manage bacterial infections.
Distinct evolutionary processes alter allele frequencies, defining evolution: mutation, gene
flow through horizontal gene transfer, genetic drift, and selection. All of these processes can be
observed in natural pathogen populations. However, in order to study these in detail, we require
accessible experimental systems. Specifically, we need a relevant host infection model where
evolutionary processes can be tractably monitored in real time. Here, I will use Salmonella enterica
serovar Typhimurium (S.Tm) and Escherichia coli mouse colonization models, both of which fit these
criteria to study the evolution of virulence, antibiotic resistance, and co-evolution with the host
immune response.
S.Tm engages in virulence though cooperative behavior. Some cells invade into host cells by
expressing Salmonella Pathogenicity Island (SPI)-1-encoded genes. The resulting gut inflammation
represents a public good fueling Enterobacteriaceal growth in the gut lumen. However, this makes
cooperative virulence vulnerable to genetic mutants (cheaters) that do not pay the cost associated
with virulence, but can still profit from the inflammation. By optimizing a technique to measure the
proportion of cooperators to cheaters in fecal populations, I explored the conditions that support the
emergence and stability of cooperative virulence in vivo, using S.Tm as a model organism. Specifically,
I focused on hilD, which encodes a central regulator of SPI-1 expression that is frequently disrupted in
cheaters. To study the role of horizontal gene transfer in the stabilization of cooperative virulence, I
encoded HilD on a conjugative plasmid. In vivo infection experiments revealed that virulence can
emerge through horizontal gene transfer, and that host-to-host transmission is essential for stabilizing
S.Tm virulence, suggesting why so many virulence factors are encoded on mobile genetic elements.
Second, I analyzed the spread of antibiotic resistance plasmids in the gut. I studied the spread
of clinically relevant E. coli plasmids among Enterobacteriaceae in the murine gut. This data has
complemented in vitro work by my collaboration partners. We found that the speed of plasmid spread
is determined by both strain- and plasmid-specific factors, and that in vitro high throughput testing
can qualitatively predict plasmid spread in the gut. Additionally, we investigated the conditions that
modulate plasmid transfer. As a consequence of invasion to trigger inflammation, S.Tm forms
reservoirs inside of host tissues that can survive antibiotic therapy. These cells are not genetically
resistant, but are instead defined by their phenotypic recalcitrance (persisters). This established that
plasmids housed inside of S.Tm persisters can be transferred to strains that occupy the gut lumen after
the cessation of antibiotic therapy, indicating a role for persisters as plasmid reservoirs promoting
antibiotic resistance plasmid spread. We found that vaccination can slow this process down.
Lastly, I investigated the adaptation of S.Tm in the gut of vaccinated mice. Vaccination triggers
an immune response, coating the surface of bacteria with secretory IgA. In collaboration with the Diard
and Slack labs, we showed that S.Tm predictably escapes IgA coating through defined mechanisms that
generate a fitness trade-off: evasion of the host immune response renders S.Tm unfit in the next host.
This knowledge can be harnessed to generate vaccines that aim to trap S.Tm in an evolutionary dead
end.
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Overall, this work both quantifies the spread of antibiotic resistance plasmids, as well as
uncovers aspects of virulence evolution and within-host adaptation that could be used for therapeutic
intervention. We show that vaccination against S.Tm, which has roles in slowing the spread of mobile
genetic elements, preventing invasion, and generating fitness trade-offs, is a promising method and
should be safely applicable.
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Zusammenfassung
Während der Infektion interagieren Krankheitserreger mit Konkurrenten und dem Wirt, um eine
Nische für sich zu schaffen. Diese Wechselwirkungen bestimmen die Evolution der Krankheitserreger.
Um zu verstehen, wie die Evolution stattfindet, müssen wir die Mechanismen aufklären, durch welche
sich die Krankheitserreger innerhalb und zwischen den Wirten entwickeln und die daraus folgenden
Konsequenzen auf die globale Ausbreitung eines gegebenen Krankheitserregers untersuchen.
Aufgrund des Anstieges von Antibiotikaresistenzen ist ein angemessenes Verständnis von 1) den
Bedingungen, die die Ausbreitung der Antibiotikaresistenz fördern und 2) die Prozesse, welche
Krankheitserreger erfolgreich machen und ihre Virulenz stabilisieren, entscheidend für die Entwicklung
von Strategien zur Behandlung bakterieller Infektionen unabhängig von Antibiotika.
Unterschiedliche Evolutionsprozesse verändern die Allelfrequenzen und definieren Evolution:
Mutation, Genfluss durch horizontalen Gentransfer, Gendrift und Selektion. Alle diese Prozesse
können in natürlichen Populationen von Krankheitserregern beobachtet werden. Zugängliche
experimentelle Systeme werden benötigt, um die Evolutionsprozesse im Detail zu untersuchen.
Insbesondere wird ein relevantes Wirtsinfektionsmodell benötigt, mit dem Evolutionsprozesse in
Echtzeit nachvollziehbar überwacht werden können. In dieser Arbeit werden Salmonella enterica
Serovar Typhimurium (S.Tm) und Escherichia coli Mauskolonisationsmodelle verwendet, welche die
Kriterien erfüllen, um die Entwicklung von Virulenz, Antibiotikaresistenz und Koevolution mit der
Immunantwort des Wirts zu untersuchen.
S.Tm betreibt durch kooperatives Verhalten Virulenz. Einige Zellen dringen in Wirtszellen ein, indem
sie Salmonella Pathogenitätsinsel (SPI)-1-kodierte Gene exprimieren. Die daraus resultierende
Darmentzündung stellt ein öffentliches Gut dar, welches das Wachstum von Enterobacteriaceae im
Darmlumen fördert. Dies macht kooperative Virulenz jedoch anfällig für genetische Mutanten
(Betrüger), welche nicht die mit Virulenz verbundenen Kosten tragen, aber dennoch von der
Entzündung profitieren können. Durch die Optimierung einer Technik zur Messung des Verhältnisses
von kooperierenden zu betrügenden Bakterien in Stuhlpopulationen wurden die Bedingungen
untersucht, welche die Entstehung und Stabilität der kooperativen Virulenz in vivo unterstützen, unter
Verwendung von S.Tm als Modellorganismus. Ein besonderer Fokus wurde auf hilD gelegt, welches
einen zentralen Regulator der SPI-1-Expression kodiert, der bei Betrügern häufig gestört wird. Um die
Rolle des horizontalen Gentransfers bei der Stabilisierung der kooperativen Virulenz zu untersuchen,
wurde HilD auf ein konjugatives Plasmid kodiert. In vivo Infektionsexperimente zeigten, dass Virulenz
durch horizontalen Gentransfer entstehen kann und dass die Übertragung von Wirt zu Wirt für die
Stabilisierung der S.Tm Virulenz notwendig ist. Dies ist ein Hinweis darauf, warum so viele
Virulenzfaktoren auf mobilen genetischen Elementen kodiert sind.
Des Weiteren wurde die Ausbreitung von Antibiotikaresistenzplasmiden im Darm analysiert. Die
Ausbreitung klinisch relevanter E. coli Plasmide unter Enterobacteriaceae Populationen im Darm der
Maus wurde untersucht. Diese Daten haben die in vitro Arbeit der Kollaborationspartner ergänzt. Es
wurde festgestellt, dass die Geschwindigkeit der Plasmidausbreitung sowohl durch Stamm- als auch
durch Plasmid-spezifische Faktoren bestimmt wird und dass in vitro Hochdurchsatztests die
Plasmidausbreitung im Darm qualitativ vorhersagen können. Zusätzlich wurden die Bedingungen, die
den Plasmidtransfer modulieren, untersucht. Durch eine Invasion, welche eine Entzündung auslöst,
bildet S.Tm Reservoire innerhalb des Wirtsgewebes. Die Zellen in den Reservoiren können eine
Antibiotikatherapie überleben. Diese Zellen sind nicht genetisch resistent, sondern werden durch ihre
phänotypische Renitenz (persistente Zellen) definiert. Diese Erkennung zeigt, dass Plasmide, die in
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persistenten S.Tm untergebracht sind, nach Beendigung der Antibiotikatherapie auf Stämme
übertragen werden können, die das Darmlumen besiedeln. Dies deutet auf eine Rolle für persistente
Zellen als Plasmidreservoire, welche die Ausbreitung von Antibiotikaresistenzplasmiden fördern. Es
konnte festgestellt werden, dass eine Impfung diesen Prozess verlangsamen kann.
Zuletzt wurde die Anpassung von S.Tm im Darm geimpfter Mäuse untersucht. Die Impfung löst eine
sekretorische IgA Reaktion aus, wodurch die Oberfläche von Bakterien von IgA bedeckt wird. In
Zusammenarbeit mit den Labors von Professor Diard und Professorin Slack konnte gezeigt werden,
dass S.Tm der IgA Bedeckung durch definierte Mechanismen, welche einen Fitness-Kompromiss
erzeugen, vorhersehbar entgeht: Die Umgehung der Immunantwort des Wirts macht S.Tm für die
Besiedlung des nächsten Wirts ungeeignet. Dieses Wissen kann genutzt werden, um Impfstoffe zu
entwickeln, welche S.Tm in eine evolutionäre Sackgasse führen.
Insgesamt quantifiziert diese Arbeit sowohl die Ausbreitung von Antibiotikaresistenzplasmiden als
auch Aspekte der Virulenzevolution und der Anpassung innerhalb des Wirts, die für therapeutische
Interventionen verwendet werden könnten. Es konnte gezeigt werden, dass die Impfung gegen S.Tm,
welche die die Ausbreitung mobiler genetischer Elemente verlangsamt, eine Invasion verhindert und
Fitness-Kompromisse hervorruft, eine vielversprechende Methode ist und sicher angewendet werden
kann.
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Chapter 1:
Introduction:
Evolution of bacterial pathogens in the gut

Parts of this chapter were adapted from a published review article:

"Evolutionary causes and consequences of bacterial antibiotic persistence"
Erik Bakkeren, Mederic Diard, Wolf-Dietrich Hardt
Nat. Rev. Microbiol. 2020. 18, 479-480. Doi: 10.1038/s41579-020-0378-z

Sections adapted from that manuscript are clearly indicated with "Adapted from Bakkeren et al.
2020. Nat. Rev. Microbiol."
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Evolution of bacterial pathogens
Bacteria survive and thrive in diverse environments. The ubiquity of bacteria is the result of
evolutionary processes that led certain species to favour some environments over others. Four main
factors cause the gene pool to change over time: natural selection, mutation, genetic drift, and gene
flow (discussed in this section; Fig. 1). The process of a population adjusting to better fit its
environment over time is called adaptation (Latta, 2010). Natural selection, coined by Charles Darwin
more than 150 years ago, is a key mechanism by which evolutionary adaptation occurs. This dictates
that fittest phenotypes in any given environment will be favoured, leading to a higher probability of
these organisms to reproduce, and correspondingly leading to an increase in alleles encoding for the
favourable phenotype (Darwin, 1859). Accordingly, these evolutionary processes (i.e., what we
conventionally call "evolution") are defined by a change in allele frequencies over a period of time
(Honnay, 2013). These processes occur in all forms of life, but with the advance of microbiological and
sequencing techniques are most readily observable in microorganisms owing to their fast generation
times and large population sizes (Elena and Lenski, 2003). Indeed, through experimental evolution, the
reproducibility of evolutionary trajectories has been demonstrated in different contexts with different
microorganisms (Elena and Lenski, 2003), the most famous of which is arguably the Long-term
Experimental Evolution to investigate adaptation of laboratory Escherichia coli to glucose-limited
media initiated by Richard Lenski (Barrick et al., 2009;Good et al., 2017).
Mutation

Gene flow
Transformation

Conjugation

Transduction

Selection

Genetic drift
Population bottleneck

Founder effect

Figure 1. Factors that influence evolution in bacteria. Evolution is the result of changes in allele frequencies over time. For
this to occur, variation in phenotypes is needed, and it should be genetically encoded to be heritable. Mutation acts to
generate random diversity leading to new phenotypes (an ancestral bacterium (green) is mutated and now displays a new
phenotype (red)). Gene flow can lead to the spread of alleles from different populations. HGT is the main driver of this in
most bacteria. A bacterium (green) can obtain environmental DNA (transformation), a plasmid from a donor (blue;
conjugation), or obtain DNA mediated by transfer of phages from a donor lysed in the process (blue; transduction). Once
variation occurs in phenotypes, selection can shape population structure by favouring reproduction of more fit phenotypes
(e.g. in this case, the red bacterium is more fit in that specific selective environment, denoted by a red shade). Genetic drift
changes the frequencies of alleles randomly. This can be promoted by population bottlenecks, in which the population is
transiently reduced leading to random loss of rare mutants based on probability (indicated by a yellow shade), or founder
effects, in which cells establish a new empty niche and thus reproduce without competition from other genotypes.
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Mechanisms that generate diversity or change population structure
In all cases, for adaptation to occur, variation in phenotypes is necessary (Darwin, 1859). In
other words, such evolutionary processes need a vehicle to generate diversity onto which selection
can act. An essential component of Darwin's theory is that variation should also be heritable (i.e., have
a genetic basis), in order to propagate fitness benefits of obtaining a given phenotype to offspring.
There are several mechanisms by which diversity in phenotypes can be introduced genetically.
Mutations
The most obvious source of variation within a population is derived from the intrinsic error
rate during replication. The error rate of DNA polymerase in E. coli is cited to be around 10-9 errors per
base pair (Fijalkowska et al., 2012). This system has likely been evolved to be the highest fidelity as
possible, and this is supported by systems that actively repair errors in DNA replication such as
mismatch repair (Giraud et al., 2001b). This seemingly low error rate has large implications when one
considers the typical size of a bacterial genome, such as E. coli, to be ~4.6×106 base pairs (Bergthorsson
and Ochman, 1998). This means that each generation, a bacterium has a ~0.5% chance of accumulating
a mutation. In some environments where nutrients are unrestricted such as in a flask with rich media
or the gut of some humans and animals, bacteria such as E. coli can divide every 20-30 minutes and
reach densities of 109 CFU per ml or 103 - 109 CFU per g feces (Tenaillon et al., 2010). Therefore, with
each generation, assuming 109 bacteria are present, on the order of 106 bacteria emerge with a
mutation, that if distributed evenly, within the population a mutation would cover each position in the
genome. Many of these mutations will be either deleterious or fitness-neutral, but with this logic, one
can appreciate the speed at which bacteria can generate diversity using the intrinsic error rate of DNA
polymerase as the sole vehicle. Furthermore, DNA damage induced by stress (e.g. UV light) can also
influence mutation rates due to the induction of error-prone DNA repair (McKenzie et al., 2000).
Of course, the probability for a given beneficial mutation to emerge is heavily influenced by
the bacterial population size and growth rate. Thus, in some environments, mutants that increase
bacterial population adaptability can be advantageous (i.e., mutators). These mutations mostly affect
DNA mismatch repair (Giraud et al., 2001b) and can increase the mutation rate approximately 100-fold
(Sniegowski et al., 1997). The emergence of these mutator phenotypes can be measured during
experimental evolution (Sniegowski et al., 1997), but mutator bacteria from numerous pathogens such
as Salmonella, E. coli, and Pseudomonas aeruginosa have also been isolated after chronic infection
(LeClerc et al., 1996;Giraud et al., 2001b;Didelot et al., 2016). Indeed, by competing mutator and wildtype bacteria, it was shown that mutators are advantageous (Chao and Cox, 1983;Giraud et al., 2001a),
and this was explained by the increased probability to obtain a mutation at a population level that
would lead to increased adaptation to a given environment. Logically, certain costs are also associated
with high mutation rates; deleterious mutations can hitch-hike in the background of an advantageous
mutation so long as the fitness cost does not outweigh the benefit of the first mutation (Giraud et al.,
2001b). This suggests that although mutator bacteria are fit in a given environment in which they
adapt, they could be exceedingly unfit in a disparate niche (Giraud et al., 2001b). This logic can explain
the existence of such stringent error mismatch systems in bacteria, but that in some context where
rapid adaptation is favourable, such as during infection, mutators are selected for. This could also
partly explain the recalcitrance of pathogens during chronic infection, since they can rapidly evade the
immune response or any anthropogenic intervention.
Gene flow in bacteria: horizontal gene transfer
Another major driver of variation in the gene pool in a given population is gene flow, which is
the migration of alleles across populations either by individual organisms or through reproduction
(Mitton, 2013). Since bacteria reproduce asexually, genetic variation attributed to gene flow cannot
18

be introduced by reproduction alone. Instead, a separate mechanism introduces new alleles into a
population: horizontal gene transfer (HGT). In bacteria, HGT is a major driver of evolution, leading to
changes in virulence, metabolic adaptation, and antibiotic resistance in diverse groups of bacteria
(Frost et al., 2005). HGT has three main forms: transformation, conjugation, and transduction (Fig. 1).
Depending on the mechanism of HGT, gene flow can occur between members of the same species, or
different species.
Transformation
Some bacteria can engage in transformation, which refers to the uptake foreign DNA from the
environment. The first description of HGT was an example for natural transformation. In this seminal
paper, Frederick Griffith co-infected two Streptococcus pneumoniae strains in mice, one virulent and
one avirulent in an effort to develop a vaccine against S. pneumoniae (Griffith, 1928). He discovered
that a heat-killed virulent strain does not lead to death of a mouse, but it does in combination with a
live avirulent strain (Griffith, 1928). Genetic material from the heat-killed strain was taken up by the
live strain, making it virulent. Decades of research after this point identified certain factors that
facilitate the uptake of DNA from the environment. The physiological state of cells that allows uptake
of DNA from the environment is termed competence, and is genetically encoded (Blokesch, 2016).
Model organisms such as Bacillus subtilis, S. pneumoniae, Neisseria gonorrhoeae, Haemophilus
influenzae, and Vibrio cholerae have been used to uncover genetic determinants that allow for
competence, and the mechanisms by which this process occurs (Blokesch, 2016). Competence is also
triggered in response to certain stimuli such as nutrient limitation, high cell density, or DNA damage;
all of these are conditions in which it is favourable for bacteria to increase their potential for adaptation
by integrating foreign DNA (e.g. to increase the chance of acquiring DNA to metabolize new nutrients
or compete for niche space) (Lorenz and Wackernagel, 1994;Blokesch, 2016). In some bacteria, such
as in V. cholerae, competence is co-regulated with antagonistic factors such as the Type 6 secretion
system (T6SS) (Borgeaud et al., 2015), which kills competing bacteria in a contact-dependent manner
by injecting effectors into target cells in a mechanism akin to that of a bacteriophage (Granato et al.,
2019). The co-regulation of such weapons allows killing to be associated with the uptake of DNA from
target cells (Borgeaud et al., 2015). Since transformation is the uptake of environmental DNA, there is
no species bias for the donor cell, making transformation a method of HGT that can occur between
diverse bacteria; interspecies transformation has been reported across genera (Lorenz and
Wackernagel, 1994). However, barriers in the recipient cell such as restriction modification (discussed
in the section "mobile genetic elements as selfish entities") and the need for homology to allow for
homologous recombination of the new DNA into the genome, prevent the integration of any DNA,
particularly that of foreign species (Lorenz and Wackernagel, 1994). Due to the non-specific nature of
transformation, it is clear that it can be a vehicle for gene flow in bacteria and lead to the evolution of
specific traits if combined with selection.
Conjugation
Conjugation is a contact- and density-dependent phenomenon (Levin et al., 1979) that requires
two bacteria: a donor and a recipient. The donor contains a plasmid, a circular entity of DNA that is
transferred to the recipient. A recipient that obtains a plasmid is called a transconjugant. Although
plasmids are most frequently transferred by conjugation, chromosomes can also be conjugated
between bacteria (Raleigh, 2013). Plasmids can be conjugative, meaning that they encode all of the
machinery needed for conjugation on the plasmid itself, or mobilizeable. Mobilizeable plasmids
contain only an origin of transfer, which is the sequence where conjugation is initiated, and a relaxase
protein that recognizes and performs a single-stranded nick at the origin of transfer (Garcillan-Barcia
et al., 2009;Smillie et al., 2010). This means that mobilizeable plasmids require the conjugative
machinery of either another plasmid or machinery encoded on the chromosome.
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In Gram-negative bacteria, which is the focus of this thesis, conjugation requires a type IV
secretion system (T4SS) that contains domains that allow for both mating pair formation, and plasmid
transfer itself (Low et al., 2014;Cabezon et al., 2015). The proteins that make up the T4SS are encoded
in the tra operon, although tra genes are also implicated in functions other than the apparatus itself
(Zatyka and Thomas, 1998). Mating pair formation is initiated by pili that mediate attachment between
bacteria. The channel complex, ATPases, and inner membrane proteins are also contained within the
T4SS, and mediate the transfer of DNA from the nicked site at the origin of transfer (Raleigh, 2013;Low
et al., 2014). Since the relaxase remains covalently bound to the nicked DNA, a coupling protein can
interact with the relaxase and the T4SS machinery (Wawrzyniak et al., 2017). Rolling circle replication
allows the displacement of the nicked strand into the recipient, while conserving the plasmid in the
donor (Raleigh, 2013). Conjugation has been observed in both Gram-negative and Gram-positive
bacteria, although the mechanisms that drive conjugation in Gram-positive bacteria are far less
understood. Several similarities in conjugation exist between both types of bacteria, but Gram-positive
bacteria seem to have an additional mechanism to transfer plasmids through double-stranded DNA
transfer (Grohmann et al., 2003). In general, there are no clear species boundaries that plasmids
cannot cross during conjugation (Raleigh, 2013). This means that conjugation can proceed between
diverse species. However, several mechanisms block efficient conjugation. This can limit the ability for
plasmids to spread. These are grouped broadly in mechanisms to ensure that a bacterium does not
obtain multiple similar plasmids, and mechanisms that restrict host range of plasmids (Raleigh, 2013).
Donor-donor plasmid exchange is limited by two genetic regions, traS and traT, that destabilize
mating pair formation (i.e., surface exclusion); this reduces efficiency of conjugation by 105 - 106
(Achtman et al., 1980). Moreover, multiple plasmids of the same origin of replication or segregation
generally cannot co-exist. This is defined as plasmid incompatibility. The root mechanism is that they
use the same machinery for segregation and replication (the latter lead to the grouping of plasmids
according to replicon type, e.g. IncI1), and therefore they compete with each other such that only one
plasmid is propagated into a given daughter cell during replication (Novick, 1987). The host range of
plasmids in a given recipient is dictated by the presence of restriction modification systems that differ
from the previous host of the plasmid, clustered regularly interspaces short palindromic repeat
(CRISPR) arrays that contain regions of complementarity to the incoming DNA, or other novel host
defense systems, all of which can lead to the degradation of incoming DNA (Thomas and Nielsen,
2005;Doron et al., 2018;Price et al., 2019).
Plasmids carry a variety of accessory genes in addition to those required for replication and
mobilization. This includes antibiotic resistance genes, virulence factors, antagonistic factors used for
interference competition, or metabolic genes (Frost et al., 2005). This means that gene flow
contributed by conjugation can have a large impact in the adaptation of bacteria.
Transduction
A third mechanism of HGT is transduction, in which bacteriophages mediate the transfer of
DNA between bacteria. Akin to viruses that infect eukaryotic hosts, bacteriophages adhere to cell
surface structures (in Gram-negative bacteria, the lipopolysaccharide (LPS) O-antigen is a common
target) and use host cell machinery to replicate in the cytoplasm after injecting their DNA (Penades et
al., 2015). Because bacteriophages use specific cell structures on bacteria for adherence, this means
that the host range of bacteriophages is narrow and defined by the presence of receptors. In the case
of the O-antigen of LPS, variation in different serovars of the same species means that phages can
become even strain specific (Lerouge and Vanderleyden, 2002).
Bacteriophages can replicate in either the lytic cycle or the lysogenic cycle. In the lytic cycle,
the host cell is lysed as the phage hijacks the cellular machinery to produce high quantities of phage
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particles which are then released (the specific quantity of phage particles per host cell is termed the
burst size) (Penades et al., 2015). The lysogenic cycle refers to bacteriophage integration into the
genome of the host cell as a prophage. The prophage is then replicated along with the host genome
(Penades et al., 2015). Temperate phages refer to those that can be activated from the lysogenic cycle
to the lytic cycle by a variety of stimuli including DNA damage or other stress, co-infecting phages, the
nutritional state of the host cell, and the density of host cells in a population (Oppenheim et al.,
2005;Ubeda et al., 2005;Zeng et al., 2010;Erez et al., 2017).
One mechanism by which non-phage genetic information can be transferred via phages is by
generalized transduction. In this case, phages accidentally package bacterial DNA instead of their own
DNA into phage particles that upon infection into the next host, will lead to the transfer of random
segments of DNA between bacteria, which can be integrated upon recombination (Penades et al.,
2015). This occurs in pac-type phages that recognize DNA that should be packaged by pac sites.
Psuedo-pac sites can occur in the genome of a bacteria leading to packaging errors (Chen et al., 2018).
In fact, mutant versions of pac-type phages that increase the packaging error rate and block
integration, such as the HT105/1 int-201 Salmonella enterica Serovar Typhimurium (S.Tm) P22 phage
(Schmieger, 1972), are regularly used for laboratory genetic engineering. A second mechanism, called
specialized transduction, can lead to the transfer of bacterial genes that directly flank the prophage
integration site in the genome. Importantly, phages can encode "morons", which are independently
transcribed genes (Brüssow et al., 2004;Davies et al., 2016). The origins of morons are not clear, but
since morons contain genes that benefit their bacterial host, they are likely encoded within phage
genomes as a result of selection. Morons can include virulence factors such as phages found in S.Tm,
E. coli, or Vibrio cholerae, antibiotic resistance genes, or genes related to immune evasion (Brüssow et
al., 2004;Davies et al., 2016).
Mobile genetic elements as selfish entities
HGT can supply bacteria with accessory genes, which can be selected to fuel bacterial fitness.
However, the rationale for why certain accessory genes are carried on mobile genetic elements (MGEs)
is not entirely clear from this perspective. This is brought further into question when one considers
that some MGEs burden bacteria cells with significant costs; the most striking example of this are
bacteriophages that lyse host cells (Penades et al., 2015), or colicin plasmids that also lead to host cell
lysis to exert their antibacterial functions (Granato et al., 2019). However, the genetic content encoded
on plasmids can also be costly in a purely metabolic burden sense (Diaz Ricci and Hernández, 2000).
Since transmission of MGEs occurs both by vertical and horizontal gene transfer, one could reason that
a highly costly MGE should have a high rate of transfer between bacteria (Rankin et al., 2011). Another
alternative is that accessory genes have been integrated into MGEs, allowing the MGE to be selected
for in certain environments favourable for transmission.
In the case of S.Tm, which is an enteric pathogen that utilizes inflammation to bloom to high
densities, the prophage SopEΦ contains sopE, which encodes a virulence factor that contributes to
enteropathy (Hardt et al., 1998;Zhang et al., 2002). Inflammation was also shown to boost lytic
induction of SopEΦ, leading to transfer to other phage-free S.Tm (Diard et al., 2017). Therefore, since
many phages do contain virulence factors, it is tempting to speculate that many phages encode morons
associated with virulence to fuel their own transmission (Brüssow et al., 2004;Diard et al., 2017). In the
case of colicins, which encode protein toxins that kill closely related competing bacteria, the presence
of the colicin allows the bacteria encoding the genetic element to grow to higher densities and
establish itself in a niche (Kirkup and Riley, 2004;Gillor et al., 2009).
MGEs contain mechanisms to persist within bacterial populations, despite costs that they
confer to their hosts. In the case of bacteriophages, the lysogenic cycle allows "silent" survival, being
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vertically transmitted to offspring of the host bacteria. Temperate phages often contain regulatory
regions upstream of lytic cycle induction genes that are activated in the presence of stresses to the
bacteria (Oppenheim et al., 2005) or in cases of high cell density (Erez et al., 2017). In both cases,
activation to lytic cycle (conferring a cost to the host) only occurs in cases where the bacterial host cell
is likely no longer to remain viable and thus the phage must transmit to a new bacterial host, or in
cases where many other potential recipients are present. Some costly functions on plasmids are also
regulated by bacterial stress, leading to expression only when necessary, such as in cases of nutrient
limitation or attack from a competitor (Fornelos et al., 2016;Mavridou et al., 2018). Many plasmids
also encode toxin-antitoxin systems that lead bacterial cells to become addicted to their plasmid
(Harms et al., 2018). In these cases, a stable toxin is produced parallel to a non-stable antitoxin
molecule. This means that if the plasmid is lost, the stable toxin will remain in the absence of the
unstable antitoxin, leading to cell death (Harms et al., 2018).
Since some MGEs can indeed be interpreted as parasites, it is not surprising that bacteria have
developed several systems that defend against foreign DNA (mentioned briefly in previous sections).
This includes restriction modification and CRISPR (Koonin et al., 2020), but more defense systems are
being uncovered (Doron et al., 2018). Restriction modification relies on the presence of restriction
enzymes that cut DNA at specific sites; in order not to degrade their own DNA, bacteria have a distinct
methylation pattern (Vasu and Nagaraja, 2013). Foreign DNA that is unmethylated or with a different
methylation pattern can be degraded upon entry into the host cell. CRISPR, which acts as a bacterial
adaptive immune system, function by loading nucleic acid information from incoming foreign genetic
material in the form of RNA into spacers encoded in the CRISPR locus (Karginov and Hannon, 2010).
These RNAs interact with Cas proteins that are catalytically active and can cleave foreign DNA with
complementarity to the RNAs encoded in the spacers (Karginov and Hannon, 2010). The presence of
both MGE defense systems and environment-specific accessory genes defines a complex interplay
between the MGE and the bacterial host. Regardless, it is clear that MGEs can add genetic information
into the gene pool of a bacterial population.
Genetic drift - the role of population bottlenecks and founder effects in decreasing variability
Evolution is a stochastic process. One of the reasons for this is the randomness of obtaining a
given beneficial allele. Previously, I have discussed mechanisms that generate diversity that allow
selection to occur. The types of changes in environments can also shape evolutionary processes.
Changes in allele frequencies can be introduced by random sampling from a given population, called
genetic drift. Genetic drift can manifest in any finite population, but it is the most striking in small
populations (Honnay, 2013;Lynch et al., 2016). Two main mechanisms can shape genetic drift:
population bottlenecks and founder effects (Fig. 1).
Population bottlenecks refer to processes that randomly kill a proportion of the population.
Narrow population bottlenecks lead to few survivors while wide bottlenecks allow a high proportion
of the population to survive. Therefore, narrow bottlenecks lead to stronger genetic drift than wide
ones. Population bottlenecks can serve to amplify differences in allele distribution, for example leading
to the extinction of a rare allele and reinforcement of a dominant allele. In this manner, they can
increase of genetic drift and the speed that fixation of alleles (i.e., when 100% of the population bears
a given allele) within a population occurs (Lynch et al., 2016).
During the establishment of a new niche, a population is subject to founder effects. This means
that a portion of the population starts a new population in a different niche, leading to the entire new
population having the genetic composition of the founding cells (Honnay, 2013). Assuming that the
founding cells are not isogenic to the original population, this is another mechanism as to how
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variability can be lost and alleles can be reinforced or lost within a population, dependent on the
strength of the founder effect.
Importantly, migration of a proportion of the population into a pre-occupied, existing niche
does not constitute the founder effect. This is instead called gene flow, and is a mechanism to
introduce further genetic information and variability into the gene pool in a given population and can
counteract genetic drift (Honnay, 2013;Mitton, 2013). This can be particularly relevant in the context
of horizontal gene transfer in bacteria (discussed above).
Altogether, genetic drift does not increase variability on which selection can act but instead it
decreases variability because of random sampling. Genetic drift therefore acts as a distinct
evolutionary process from natural selection that can lead to the relative decrease or increase of certain
alleles within a population (Honnay, 2013;Lynch et al., 2016).
Non-genetic diversity: phenotypic heterogeneity and sociality
Evolution acts to change the frequency of alleles for heritable traits, which means that there
must be an underlying genetic change. However, diversity in phenotypes can also be non-genetic. This
is termed phenotypic heterogeneity. Stochastic gene expression, periodic oscillations based on a
circadian rhythm, age after cell division, or cell-cell interactions can influence phenotypic
heterogeneity (Ackermann, 2015). Since phenotypic heterogeneity can be influenced by gene
regulation networks or specific proteins, the degree of heterogeneity has genetic underpinnings and
is thus selectable (Ackermann, 2015). Why would bacteria evolve increased phenotypic heterogeneity?
Bacteria live in populations in environments that are subject to frequent change. The fact that bacteria
do not live as single cells allows fractions of the population to behave differently than others, and as a
collective, the bacterial population can thrive. This can be beneficial in environments that are subject
to constant fluctuations. For example, genetically identical cells in a population can engage in one
phenotype that provides optimal growth in the current state, and the other could express another
phenotype that is suboptimal in the current environment but would survive better if the conditions
changed. This is known as bet-hedging (Ackermann, 2015). An alternate evolutionary strategy based
on phenotypic heterogeneity is division of labour, where individual cells within a population engage in
specialized functions that increase the efficiency of the population as a whole (Ackermann, 2015).
The size of bacterial populations and the dense communities in which they live mean that
bacterial interactions are plentiful. Indeed, many aspects of bacterial lifestyle are governed by bacterial
sociality (West et al., 2006). Social interactions can be beneficial or harmful to either or both the actor
and the recipient. An example of bacterial sociality is cooperation (studied in Chapter 3), in which
behaviour from one individual (producer) benefits another individual through a public good, but the
evolution of the producer's behaviour is dependent on the benefit to the second individual (West et
al., 2007). The shared public good leads to the benefit of both the producer and the receiver in a given
niche. For example, production of siderophores to scavenge iron, digestive enzyme production, or
virulence factor production can be public goods (Ackermann et al., 2008;Nadell et al., 2008;Levin,
2014). Production of the beneficial public good is associated with a cost. This means that noncooperating cells can exploit the public good without contributing to production; these are termed
"cheaters" (West et al., 2007). Cheaters can destabilize cooperation; in the presence of the public good
cheaters are more fit since they do not pay the cost associated with production. However, if cheaters
rise to a high enough density, there will not be enough producers left and the entire population can
crash; this is known as a tragedy of the commons (MacLean, 2008). The conditions that stabilize
cooperation are still not completely understood, but most of the literature centers on Hamilton's rule.
This states that benefit of one individual is derived from the combined effect of the individual's own
benefit, but also the benefit of genetically related individuals, summarized by the equation rb - c > 0
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(Hamilton, 1964a;b). r defines the genetic relatedness between the producer and receiver (where r =
1 is genetically identical), b defines the benefit to the receiver, and c is the cost associated with
production. This means that highly genetically related individuals can cooperate (also called inclusive
fitness or kin selection), while genetic variation can be the root of cheating (Hamilton, 1964a;b;West
et al., 2006). Since genetic variation is the root of cheating, then cooperation can be favoured by
phenotypic heterogeneity such as division of labour. This allows phenotypes to compete for the same
niche as genetic cheaters. Moreover, local proximity and population structure favour cooperation.
This is because diffusible public goods can be used preferentially by cooperators, excluding cheaters
(West et al., 2006;Ackermann, 2015).
Although phenotypic heterogeneity is evolvable, whether phenotypic diversity can play a role
in the adaptation through genetic mutation to a population after a change in environment is unclear.
It would seem logical that the ability for phenotypic plasticity (e.g. a change in phenotype in a new
environment not dictated by a genetic change; this can be supported by strategies such as bet-hedging)
would be important for adaptation, since a shift that kills all individuals would certainly not allow
evolution (Price et al., 2003;Ho and Zhang, 2018). In addition, since some individuals in a population
have phenotypes with high fitness, phenotypic heterogeneity may increase the beneficial impact of
mutations (Bodi et al., 2017). Contrary to this, some studies suggest that too much phenotypic
plasticity precludes genetic adaptation since the population is already fit (Price et al., 2003;Ho and
Zhang, 2018). There have been studies, however, that support that phenotypic heterogeneity
promotes adaptive evolution (Bodi et al., 2017;Payne and Wagner, 2019). An example of phenotypic
heterogeneity in bacteria is persistence to antibiotics, in which a subpopulation of an isogenic
population is not killed by an antibiotic (Balaban et al., 2019). In this case, data supports that this
subpopulation can promote the evolution of virulence or antibiotic resistance (described in detail in
the section "antibiotic resistance and persistence", in Chapter 5, and in Chapter 7; in these examples,
evolution is not necessarily adaptive but is co-incidental in nature). Therefore, in at least some cases,
phenotypic heterogeneity can allow bacterial evolution to occur.
What are the selective forces for bacterial pathogen evolution in a host gut?
During infection, a bacterial pathogen encounters a myriad of influencing factors that define
its niche. Whole-genome sequencing has revealed certain predictable patterns of convergent
evolution in numerous bacterial pathogens during infection (Didelot et al., 2016). This includes
decreased virulence (investigated using S.Tm as a model in Chapters 2 and 3), increased mutation
rates, cell surface modification associated with escape of host immunity (investigated using S.Tm in
Chapter 6), and increased antibiotic resistance or persistence (investigated in Chapters 4 and 5)
(Didelot et al., 2016;Winstanley et al., 2016;Diard and Hardt, 2017). However, why pathogens have
evolved certain traits cannot be explained by examining within-host evolution alone. In fact, many
aspects of bacterial pathogens fitness are selected for at the population level, which is not necessarily
reflected by the evolutionary dynamics within a host. This is because the factors that allow colonization
and infection in the first place are not always the same as those that allow long-term establishment
within a single host. In this section, the selective drivers of evolution of pathogens at a population level
and within-host will be discussed, with a focus on gut pathogens such as S.Tm (Fig. 2).
Host immunity and virulence
What makes a pathogen a pathogen? In general, a pathogen in a microorganism that causes
disease. The severity is fueled by certain virulence factors that modulate the ability of the pathogen to
harm the host and elicit disease. Much similar to the postulates of Robert Koch used to identify a
pathogen, virulence factors have been defined according to a molecular version of these postulates,
in which the absence of a virulence factor decreases pathogenicity while introducing the virulence
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factor increases pathogenicity (Falkow, 1988). But why do bacteria evolve virulence factors that lead
to disease? Virulence can be costly at a molecular level, and in extreme cases can lead to the death of
the host and consequently the pathogen population (an example of short-sighted evolution). As a
result of this observation, the "avirulence hypothesis" was proposed, which suggests that virulence is
maladaptive and should be transient (Methot, 2012;Diard and Hardt, 2017). Indeed, in many
pathogens that engage in chronic or long-term infections, evolution towards commensalism has been
observed; mutants in key virulence determinants can be isolated from patients or during experimental
evolution (Smith et al., 2006;Diard et al., 2013;Diard and Hardt, 2017;Cherry, 2020). However, the
existence of virulence factors in many pathogens supports a beneficial role for virulence in the
evolution of bacterial populations. This led to an alternate hypothesis that virulence is associated with
fitness trade-offs (Methot, 2012;Diard and Hardt, 2017). For gut pathogens, virulence can fuel
transmission by allowing growth to high densities or to form reservoirs inside of hosts (Diard and Hardt,
2017). This is particularly clear in the case of S.Tm that utilizes inflammation triggered by its virulence
factors to bloom to high densities in the gut (Stecher et al., 2007).
Selctive forces on bacterial enteropathogens to allow
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Figure 2. Selective forces on bacterial pathogens and within-host evolution in the gut using S.Tm as an example. S.Tm must
establish itself in the gut environment. Several obstacles challenge S.Tm, leading to selection for adaptations. These obstacles
include interference competition (pictured as reciprocal interactions between a microbiota member (grey) and S.Tm (green);
antagonistic factors are in general depicted with stars), phage predation, competition for metabolites (in which S.Tm can
specifically use hydrogen produced by the microbiota), swimming through gaps in the mucus layer (light beige shade) with
flagella and resistance antimicrobial peptides (green hexagons), and the host innate immune response. The innate immune
response leads to detection of S.Tm mediated by PRRs after invasion, and eventually inflammation is mounted, leading to
ROS production by immune cells (here, a neutrophil is depicted). Epithelial cells are depicted as beige rectangles with purple
nuclei. Once S.Tm has established its niche, alternate evolutionary processes occur. S.Tm no longer needs to actively invade
the epithelium, since inflammation is already present (red shade), and therefore can lose costly virulence functions (e.g. hilD
mutants that lose SPI-1 function can outgrow the wild type; depicted as white cells). Alternatively, toxic compounds may
accumulate, leading to adaptive metabolic mutations, Furthermore, specific IgA (depicted in black) is produced over time,
which eventually traps S.Tm in clonal clusters; S.Tm with O antigen modifications can evolve under this selective pressure.
Co-blooming bacteria that were present in the microbiota (such as E. coli; depicted in grey) can compete with S.Tm through
interference competition (depicted as stars). Lastly, HGT can occur since S.Tm has bloomed to high densities. This can be in
the form of phage transfer from a lysed S.Tm donor (dotted blue) or plasmid transfer from a compatible donor (e.g.
Enterobacteriaceae; blue; plasmid depicted in black).
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Once a bacterial enteropathogen is in the host gut, it must surpass barriers and compete
against the immune system to avoid elimination. The host has several layers of defense that lead to
suppression, or recognition of the pathogen and eventual elimination. The first of these are mucus
barriers and antimicrobial peptides (Fig. 2). Several pathogens have adaptations, such as flagella and
chemotaxis, that allow them to swim through mucus or subvert gaps in the mucus layer (Martens et
al., 2018;Furter et al., 2019). Similarly, many Gram-negative pathogens have resistance mechanisms
against antimicrobial peptides such as surface modifications, efflux pumps, sequestering antimicrobial
peptides outside of the cell, or the ability to form biofilms that allow for greater resistance (although
the role that biofilm formation plays in the gut is not clear) (Band and Weiss, 2015).
The second layer of defense is the innate immune response (Fig. 2) in which the host immune
system recognizes molecular patterns on pathogens and/or danger signals in a non-specific manner.
These signals are detected by pattern-recognition receptors (PRRs) expressed on immune and some
non-immune cells (Reddick and Alto, 2014). Pathogens have developed mechanisms to silence these
pathogen-associated signals in certain contexts, or use virulence factors to modulate cell signaling
cascades to dampen the immune response (Reddick and Alto, 2014). Yersinia, Salmonella and Shigella
can modify the Lipid A component of LPS, which is the target of recognition by the PRR TLR4, to
stealthily avoid recognition in response to increased temperature (Yersinia) or in intracellular niches
(Shigella) (Reddick and Alto, 2014). Similarly, S.Tm contains a molecular switch that down-regulates
the expression of flagellin and the type three secretion system (T3SS) 1 used to actively invade host
cells once they are in the intracellular niche to limit detection by intracellular PRRs (Cummings et al.,
2006;Ilyas et al., 2018;Hausmann et al., 2020). Bacteria pathogens also contain toxins (e.g. Bacillus
anthracis lethal factor toxin; the first described factor that influenced kinase signaling cascades
(Duesbery et al., 1998)) or effectors that are secreted by T3SSs to actively modulate cell signaling (e.g.
multiple effectors in S.Tm, Yersinia pestis, Shigella flexneri, E. coli; reviewed in (Reddick and Alto,
2014)). Finally, some bacteria have evolved adaptations to survive innate immune insults or thrive in
the inflamed gut (the case of S.Tm is discussed in the section "Stages of S.Tm infection"). This includes
superoxide dismutases, catalases and peroxidases that detoxify reactive oxygen species (ROS) that are
created as a result of the oxidative burst characteristic of phagocytic immune cell-mediated killing and
has been described for many intracellular pathogens (Hale, 1991;Revell and Miller, 2001;Slauch, 2011).
Notably, inflammation can lead to population bottlenecks that contribute to genetic drift (Maier et al.,
2014). For enteric pathogens, additional sources of genetic drift can occur from population bottlenecks
arising during host-to-host transmission.
The last layer of defense is the specific immune response, also known as the adaptive immune
response. This defense takes longer and requires the antigen-specific production of antibodies (by B
cells) or T-cell receptors (by T cells) that lead to cytotoxicity upon binding (Cobey, 2014). Since this type
of immunity requires weeks to mount fully, the selective force of the adaptive immune system is not
entirely intuitive. Within a host, the accumulation of mutations that lead to changes in cell surfaces,
such as the O-antigen of S.Tm, which is a highly antigenic structure (Fig. 2; discussed in Chapter 6), can
be observed (Cherry, 2020). Together with the fact that O-antigens in Salmonellae have incredible
diversity (Liu et al., 2014) and that phenotypic heterogeneity can further increase this diversity
(Broadbent et al., 2010), this might suggest a role for antigen-specific immunity in shaping evolution.
It is often difficult, however, to pinpoint exactly which adaptations have been the result of selective
pressure from the adaptive immune response, since these highly antigenic structures also serve as
receptors for bacteriophages or influence predation by protists (Liu et al., 2014).
It is clear that some of these adaptations have allowed gut pathogens to survive within the
host for longer periods of time, either within the gut or inside of immune cells. For selection of these
virulence factors in enteric pathogens at the population level, it is likely that boosted transmission
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plays a major role due to a higher probability of infecting more hosts. Therefore, it is intuitive to explain
adaptations that have maximized growth in the gut directly such as survival against antimicrobial
peptides, flagella, or strategies to bloom to densities in the gut. However, virulence factors that allow
intracellular survival or spread to systemic sites are less clear (the case of S.Tm is discussed in the
section "Stages of S.Tm infection"). It is possible that they have evolved in order to allow chronic
carriage and long-term shedding, and that intracellular survival is merely a consequence of this.
Metabolic adaptation
The gut (particularly the large intestine) is a nutrient rich environment, allowing total bacteria
densities of up to 1012 CFU per gram of feces in humans (Sekirov et al., 2010). However, the host has
mechanisms to reduce access of some micronutrients to microbes (such as iron), making some
nutrients limiting in the gut (Kortman et al., 2014;Vonaesch et al., 2018). Since so many bacteria are
present in the same environment, specialized metabolic pathways, or strategies to exploit available
nutrients or stimulate the host to produce new ones are critical. Bacterial pathogens and commensals
alike have developed multiple strategies to achieve this. Pathogens (or commensals) like E. coli can use
nutrients that have not yet been used by the resident microbiota, optimize growth on a given nutrient,
use motility to access sites not accessible to others, or use secondary metabolites from other members
of the microbiota (Fig. 2) (Butler and Camilli, 2004;Stecher et al., 2004;Stecher et al., 2008;Maier et al.,
2013;Rivera-Chavez et al., 2013;Conway and Cohen, 2015). However, many aspects of host biology can
modulate the nutrient environment of the gut (mostly through changes in the resident microbiota =
dysbiosis); this includes changes in nutrient intake, interactions with pathogens, intervention with
drugs, or dysregulated immunity (Petersen and Round, 2014;Kreuzer and Hardt, 2020). From the
viewpoint of the microbes, these environments can change in an unpredictable fashion. Therefore,
strategies manifested through phenotypic heterogeneity, such as bet-hedging, are sometimes more
favourable than genetic adaptations. Indeed, phenotypic heterogeneity can be observed in aspects of
metabolism in Enterobacteriaceae that are relevant in the gut (Kotte et al., 2014;Carey et al., 2018).
Bacterial pathogens can also preferentially swim towards signals, which allows them to utilize
potentially rare nutrients more efficiency (Yang et al., 2015). This process is known as chemotaxis and
is mediated by attractant sensing receptors coupled to flagellar responses, and has been shown to be
relevant in the gut (Butler and Camilli, 2004;Stecher et al., 2004;Stecher et al., 2008;Rivera-Chavez et
al., 2013;Furter et al., 2019). Aside from utilizing available nutrients more efficiently, bacterial
pathogens can modulate the host to fuel their own growth; this is best studied in S.Tm, where
virulence-triggered inflammation leads to the availability of nutrients directly used by S.Tm (discussed
in more detail in the section "Stages of S.Tm infection") (Winter et al., 2010;Thiennimitr et al.,
2011;Lopez et al., 2012).
Within-host metabolic adaptation of bacteria to the host gut has been observed in commensals
and pathogens. In clinical studies, isolates of S.Tm have been found to contain mutations in metabolic
genes (Marzel et al., 2016). This has been recapitulated in greater resolution using 100 000 genomes
of S. enterica, where several non-synonymous mutations have been observed including genes relevant
for resistance to toxic compounds, sugar utilization repressors, or other aspects of metabolism (Fig.
2)(Cherry, 2020). Furthermore, during experimental evolution of S.Tm in a mouse model of Salmonella
diarrhea, we have observed similar mutations (not discussed in this thesis; Bakkeren and Gul,
unpublished data). Experimental evolution of E. coli in mice has also revealed metabolic adaptation to
the gut environment (e.g. loss of galactitol utilization, optimization of anaerobic respiration, or derepression of sorbitol metabolism), and illustrated that the mechanisms that dominate this are
characterized by soft sweeps of mutations that interfere with each other (i.e., clonal interference)
(Barroso-Batista et al., 2014). Although some of these adaptations may be context dependent,
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altogether this highlights that the gut is a nutrient rich and dynamic niche that exerts selective pressure
on the metabolism of bacteria that colonize it.
Interference competition
A second implication of the nutrient-rich and dense gut environment is that bacterial
interactions are incredibly likely. As discussed above, competition for nutrients can take the form of
metabolic adaptations that allow for faster growth relative to other bacteria. An alternate strategy is
to develop an arsenal of weaponry to kill or suppress the growth of other bacteria; such interference
competition is widespread among the bacterial kingdom (Fig. 2)(Foster et al., 2017;Granato et al.,
2019). Example of these weapons include T6SSs or protein toxins called bacteriocins, among others
(Granato et al., 2019). Many of these weapons are associated with energetic costs, or at the extreme,
require cell lysis to exert their function (in the case of some bacteriocins) (Granato et al., 2019).
Phenotypic heterogeneity in weaponry expression in the form of division of labour can circumvent
some of these costs, but in some cases, a vast majority of the populations lyses in response to a threat
(Granato et al., 2019;Granato and Foster, 2020). Although some of these weapons with extreme selflytic activities are encoded on mobile genetic elements, which could suggest that they may not always
be selected for at the level of the bacteria (see section "mobile genetic elements as selfish entities"),
some weapons such as T6SS are more often chromosomally encoded (Granato et al., 2019). Therefore,
there must be a selective advantage for bacterial weapons in at least some ecological scenarios.
In the gut, the advantage of bacterial weapons has been documented. Bacteriocin production
has been shown to favour the colonization of Enterococcus faecalis in the gut (Kommineni et al., 2015).
Furthermore, persistence of E. coli within the microbiota is more favourable in the presence of
bacteriocins specific to Enterobacteriaceae (colicins) (Kirkup and Riley, 2004;Gillor et al., 2009). Colicins
have also been demonstrated to have a role in fueling competition dynamics in the inflamed gut
between S.Tm and E. coli (Nedialkova et al., 2014). T6SSs also play a role in interspecies competition
and favouring colonization of the gut by bacterial pathogens; this has been demonstrated in S.Tm (Sana
et al., 2016), Shigella sonnei (Anderson et al., 2017), and V. cholerae (Zhao et al., 2018).
The inverse scenario, in which microbiota members can suppress the colonization of
pathogens mediated by bacterial weapons, has also been shown. For example, bacteriocin-producing
Lactobacillus salivarius suppressed colonization of Listeria monocytogenes, while bacteriocin-negative
L. salivarius did not (Corr et al., 2007). Furthermore, T6SSs are prevalent in microbiota members as
well, although if the T6SSs of microbiota members protect against enteric pathogens is not yet fully
understood (Coyne and Comstock, 2019). Along with this, natural isolates of pathogens such as S.Tm
frequently contain mutations in outer membrane proteins such as btuB, cirA, or fhuA (Cherry, 2020)
that serve as receptors for colicins and bacteriophages. The mutation of these outer membrane
proteins, which have specialized functions for the acquisition of certain nutrients such as vitamins and
iron-chelating siderophores (Heller et al., 1985;Bonhivers et al., 1998;Pi et al., 2012), indicates a fitness
trade-off between resisting interference competition or phage predation and metabolic needs.
Taken together, this suggests that bacterial interactions in the gut can select for mechanisms
for interference competition, such as bacterial weaponry, but also for defense against interference
competition from the microbiota.
Anthropogenic impact on evolution
Thus far, I have discussed selective forces that naturally occur in the gut that lead to adaptation
of pathogens such that they are better suited to their niche either at a population scale or within a
host. Intervention by humans in the form of therapeutics can also influence the pace and trajectories
of evolution. The most concrete example of this is antibiotic use. Indeed, treatment of bacterial
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infections or the use of antibiotics in livestock has correlated with increased antibiotic resistance
globally (Ventola, 2015), and has more directly been shown to influence both the evolution of
antibiotic resistance and persistence (discussed in the next section). Antibiotic use also has
implications other than favouring the development of resistance or persistence. In some cases,
antibiotics can co-incidentally select for virulence. This was shown to be the case in S.Tm (Arnoldini et
al., 2014;Diard et al., 2014) (discussed in the section "indirect selection for persistence" and "withinhost evolution of S.Tm in mouse models").
A second anthropogenic factor that influences the evolution of pathogens is vaccination. In the
case of S.Tm, acid-killed bacteria can be used to generate an antibody response that leads to protection
against disease (Moor et al., 2016). The mechanism through which this proceeds is that secretory IgA
is produced and enchains S.Tm in growing, segregated clusters (Moor et al., 2016;Moor et al., 2017);
S.Tm-specific IgA titres can be also observed during chronic infection with S.Tm (Endt et al., 2010).
Because S.Tm are contained in growing clusters, most are monoclonal. This has two-fold implications
on the speed of evolution: 1) HGT is reduced because donors and recipients are spatially segregated,
and 2) clonal extinction can occur due to genetic drift (Moor et al., 2017). This means that any rare
beneficial mutation can be eliminated in bulk since clones of this genotype are likely contained within
a monoclonal cluster. Moreover, since vaccination reduces the ability of S.Tm to trigger inflammation,
inflammation-dependent transfer of bacteriophages is also reduced (Diard et al., 2017). Therefore,
vaccination could modulate the pace of adaptation (due to clonal extinction), but also of HGT that
could contain antibiotic resistance determinants that are not necessarily adaptive (unless antibiotic
selective pressure is present) but contribute to pathogen evolution nonetheless. However, vaccination
also creates a selective pressure for variants to emerge that prevent binding of antibodies; this mostly
occurs as a result of O-antigen changes in S.Tm (discussed in Chapter 6). The selection for escape
variants is a common consequence of many vaccines against diverse pathogens (Kennedy and Read,
2018).
A common factor for antibiotic treatment, vaccination, or other interventions is that
ecosystems can be dramatically shifted by selectively targeting certain members. This can open the
doors for adaptation of other bacteria into a free niche that would have otherwise not occurred. This,
however, is relatively abstract and difficult to address experimentally, as there are many confounding
factors. At a larger scale, clearly practices such as high density farming, urbanization, and global climate
change can influence ecological systems and modify the trajectory of evolution bacteria. Developing
approaches to assess these evolutionary trajectories and devise strategies to steer them in a predicable
fashion could be of great value for farming and public health.
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Antibiotic resistance and persistence (Adapted from Bakkeren et al. 2020. Nat. Rev. Microbiol.)
Antibiotic treatment remains the most common method for treating non-self-limiting bacterial
infections. Together with the rise of antibiotic resistance (WHO, 2014), which outpaces the discovery
of novel antibacterial agents (Spellberg et al., 2004), this poses a significant problem to contemporary
medicine. Indeed, the World Health Organization (WHO) published a report in 2017 that urged
research in novel antimicrobial development or antimicrobial-independent methods for the
management of key pathogens (WHO, 2017). Pathogens that required immediate attention included
members of the Enterobacteriaceae (which contain the genera Escherichia, Salmonella, Klebsiella,
Shigella, and Yersinia) that frequently colonize the gut. These bacterial gut pathogens, particularly
those that harbour extended-spectrum beta-lactamase (ESBL) enzymes, which are often plasmidencoded and the focal study system of Chapter 4, are among these "Critical Priority" pathogens.
However, mechanisms other than resistance can also reduce the susceptibility of
microorganisms to antimicrobials. Within a few years of penicillin use in clinics, it became clear that
antibiotic treatment often failed to completely eliminate populations of susceptible bacteria, even if
they lack genetic resistance determinants (Hobby et al., 1942;Bigger, 1944); some cells of the bacterial
population, termed "antibiotic persisters" (persisters in short), were able to survive treatment. These
observations led to an avenue of research aiming to understand the mechanisms behind bacterial
persistence and to develop strategies to combat these recalcitrant bacteria. However, the link between
bacterial persistence and pathogen evolution, including antibiotic resistance, is particularly
understudied (this will be addressed in Chapter 5).
Definitions and mechanisms (Adapted from Bakkeren et al. 2020. Nat. Rev. Microbiol.)
Surviving antibiotics can result from four different phenomena: resistance, heteroresistance,
tolerance, and persistence (Balaban et al., 2019;Dewachter et al., 2019;Gollan et al., 2019). Of these,
mechanisms leading to resistance remain the most studied and best understood (D'Costa et al.,
2006;Wright, 2007;Brauner et al., 2016). Resistance to antibiotics is generally determined genetically
and typically protects the strain against a particular class or a related group of antibiotics. This can be
either through mutation in the bacterial chromosome (i.e., mutational resistance; reduced drug
binding to target; increased efflux pump expression etc.), or through the acquisition of bona fide
resistance genes through horizontal gene transfer (HGT) (Munita and Arias, 2016). These transferred
resistance genes often encode detoxifying enzymes or additional efflux pumps (Munita and Arias,
2016). In either case, the genetic change raises the minimum inhibitory concentration (MIC) of the
drug required to inhibit growth or kill bacteria (i.e., resistant bacteria have an increased MIC) (Van den
Bergh et al., 2017;Balaban et al., 2019). In most cases, this pertains to all cells of the resistant
population. In some cases, the resistance phenotype is only expressed by some cells of a clonal
bacterial population (i.e., heteroresistance). Classical MIC-assays can overlook such cases of
heteroresistance, as resistant subpopulations can quickly out-compete the susceptible cells if
antibiotics are applied (Jayol et al., 2015;Band et al., 2016;Hardt, 2016;Van den Bergh et al., 2017;Band
and Weiss, 2019;Dewachter et al., 2019). Tolerance is the ability of genetically susceptible bacteria to
survive concentrations of a bactericidal antibiotic above the MIC. Contrary to resistance, tolerant
bacteria cannot replicate in the presence of the antibiotic, but are simply killed at slower rates (Cohen
et al., 2013;Michiels et al., 2016b;Balaban et al., 2019). Antibiotic persistence is similar to tolerance in
that the MIC of these bacteria does not change, however the main difference is that antibiotic
persistence only affects a subpopulation of bacteria exposed to the antibiotic (i.e., persistence =
tolerance when 100% of the population is persistent) (Balaban et al., 2019). Thus, antibiotic persistence
could be referred to as heterotolerance. This means that in the presence of bactericidal antibiotics,
killing curves for bacteria engaging in persistence will be biphasic. Sensitive bacteria will be killed
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quickly, leading to a fast decrease of the surviving population, in parallel with a slow decrease of the
persister subpopulation revealed in the second part of the killing curve (Fig. 3) (Harms et al.,
2016;Balaban et al., 2019;Gollan et al., 2019).

Figure 3. Evolution of higher persistence. Persisters are observed in simple killing assays in which a culture of bacteria is
treated with a bactericidal antibiotic. Biphasic killing occurs in which the susceptible subpopulation (blue) is killed quickly in
parallel to much slower kinetics of killing for persisters (red), which is revealed after the susceptible subpopulation is
eliminated. Re-growth of the survivors without antibiotics, followed by another antibiotic treatment leads to an identical
biphasic killing pattern (left panel). In some cases, mutations can occur (such as in the hipA7 high persistence mutant,
indicated with green outline; yellow diagonal stripes show persisters of that genotype) that increase either the fraction of
persisters (as depicted in the right panel), or the rate at which the persisters are killed (flattened persister killing curve; not
shown). These mutations are heritable and will increase the number of survivors in the presence of antibiotics. Red shade
indicates the populations of persisters in a wild-type strain. Yellow shade indicates the increase in fraction of persisters after
evolution and selection for a high persister mutation. Figure from (Bakkeren et al., 2020).

Which molecular mechanisms elicit antibiotic persistence (or tolerance) in a bacterial cell?
Persistence is generally a non-inherited phenotype, which is observed in all studied bacterial species.
Populations of genetically identical bacteria tend to form smaller or larger subpopulations that
transiently exhibit properties of tolerance. Spontaneous persistence refers to cases where the size of
the tolerant subpopulation is independent of the tested environmental cues. However, in many cases,
the size of the tolerant subpopulation is regulated in response to environmental stimuli. This is termed
triggered persistence (Balaban et al., 2019). The molecular basis of persister formation is a matter of
debate and appears to involve slow growth (Pontes and Groisman, 2019), the cellular ATP pool, the
proton gradient and/or blockage of protein biosynthesis (reviewed in (Harms et al., 2016;Van den
Bergh et al., 2017;Gollan et al., 2019)). Additionally, mutations in tRNA synthetases, essential enzymes
involved in protein biosynthesis, or toxin-antitoxin systems can increase tolerance or persistence
(Fridman et al., 2014;Levin-Reisman et al., 2017). For example, the hipA7 mutation is well characterized
in E. coli and increases the fraction of persisters in a population by around 100-fold (Moyed and
Bertrand, 1983;Balaban et al., 2004). Thus, different mechanisms may promote persister formation in
response to particular cues.
Based on the idea that persistence can enhance the fitness of a particular clone, the factors
that govern its evolution are genetically encoded and should therefore be selectable and heritable (Fig.
3). Mutants featuring increased tolerance (i.e. decelerated killing curves in the presence of a
bactericidal antibiotic) or increased fractions of antibiotic persistent cells can be identified and selected
for during experimental evolution (Moyed and Bertrand, 1983;Fridman et al., 2014;Mechler et al.,
2015;Michiels et al., 2016a;Van den Bergh et al., 2016;Levin-Reisman et al., 2017;Khare and Tavazoie,
2020;Sulaiman and Lam, 2020). Thus, higher persistence can indeed evolve.
Persistence in the clinic (Adapted from Bakkeren et al. 2020. Nat. Rev. Microbiol.)
There are important differences between clinical persistence (e.g., from a long-lasting,
persistent infection which the host fails to clear) and antibiotic persistence. These definitions sound
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similar, particularly in the modern era where antibiotics are often used to treat persistent infections.
However, while the underlying mechanisms may have equivalent roots in some cases, they differ in
others. Numerous pathogens such as Mycobacterium tuberculosis, Salmonella enterica, Pseudomonas
aeruginosa, Staphylococcus aureus, and Escherichia coli engage in persistent infections (reviewed in
(Grant and Hung, 2013)). Often the root cause is ineffective clearance by the host as a result of immune
deficiency, subversion or evasion (Monack et al., 2004b;Grant and Hung, 2013;Fisher et al., 2017).
When treated with antibiotics, significant subpopulations of these pathogens survive in the tissue.
However, whether these survivors are truly persisters or not is often unclear. This stems from
difficulties distinguishing survival driven by antibiotic persistence, from a "trivial" lack of penetration
by the antibiotic used (Moreno-Gamez et al., 2015) or the in vivo induction of resistance genes.
Nevertheless, there are several studies that have shown the role of antibiotic persistence during
infection (reviewed in (Gollan et al., 2019); specific examples below).
As discussed in more details below, it is tempting to speculate that antibiotic persistence may
coincidentally evolve with persistent infection, at least in some cases. Persistent infection evolves by
promoting the pathogen's own transmission in host populations, regardless of antibiotics use (Diard
and Hardt, 2017). However, the standoff between the host's immune response and the pathogen's
virulence factors during the persistent infection will coincidentally yield tolerant subpopulations (by
triggered or spontaneous persistence). However, as this is difficult to test in the clinical context, animal
models may offer a unique opportunity to verify this hypothesis.
For example, long-term shedding associated with persistent infection of Salmonella enterica
serovars such as Typhi (S. Typhi) and Typhimurium (S.Tm) can occur in humans and animals (Gopinath
et al., 2012). Persistent infection has been recapitulated in mouse models for S.Tm, showing that
shedding can occur for extended periods of time (Monack et al., 2004a;Lawley et al., 2008). Recently,
S.Tm associated with persistent infection were found to reside in granulomas of alternatively activated
(M2-like) macrophages in the spleen (Pham et al., 2020). This is in line with in vitro evidence suggesting
that S.Tm polarizes macrophages towards an M2-like phenotype to allow better survival within cells,
including during antibiotic therapy (Stapels et al., 2018). In fact, the S.Tm-macrophage interaction
generates substantial heterogeneity, which can influence survival to antibiotic therapy (Helaine et al.,
2010;Helaine et al., 2014;Avraham et al., 2015;Stapels et al., 2018). This is recapitulated in mouse
models where S.Tm persisters have been studied (Claudi et al., 2014;Diard et al., 2014;Kaiser et al.,
2014;Bakkeren et al., 2019).
Additionally, S. Typhi forms gallstone-associated biofilms that lead to a persistent carrier state
which enhances transmission over long periods of time (Gonzalez-Escobedo et al., 2011). Concurrently,
large fractions of the biofilm-lodged bacteria will survive antibiotic treatment, even though they lack
genetic resistance. However, this may be attributable to either the lack of antibiotic penetration of the
biofilm or true persistence.
Cystic fibrosis is a persistent lung infection that is often associated with heterogeneous biofilms
of P. aeruginosa. These associations are mostly correlative, as definitive in vivo evidence that biofilms
form during cystic fibrosis is insufficient. This can likely be explained by the lack of an adequate
standardized animal models to recapitulate clinical observations, although recently some advances
have been made (Moreau-Marquis et al., 2008;Geddes-McAlister et al., 2019). In any case, biofilms
include large subpopulations of bacterial cells that will survive the treatment with antibiotics even in
the absence of the corresponding resistance determinants. Rates of persisters have been cited to be
up to 1000-fold higher in biofilms compared to growing planktonic cultures in vitro (Spoering and
Lewis, 2001). This is possibly related to the plethora of signaling molecules and stress signals produced
within and exchanged between bacteria in biofilms such as (p)ppGpp in the stringent response and
mediators of the SOS stress response (Spoering and Lewis, 2001;Harms et al., 2016). Indeed,
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transcriptional profiling of P. aeruginosa in lungs of human cystic fibrosis patients have shown
upregulation of stress response genes (oxidative, osmotic, antibiotic, SOS response, and mediators of
the stringent response) (Cornforth et al., 2018;Rossi et al., 2018;Kordes et al., 2019). Therefore,
recalcitrance in biofilms could involve antibiotic persistence, but we cannot exclude poor antibioticpenetration into the biofilm. Regardless, an increasing number of studies have linked the persistent
carriage of P. aeruginosa to evolutionary changes such as a tendency for decreased virulence or
increased antibiotic resistance and persistence (Ramsey et al., 1999;Mulcahy et al., 2010;Winstanley
et al., 2016;Bartell et al., 2019). Clinical administration of intermittent doses of antibiotics to cystic
fibrosis patients revealed transient reductions of P. aeruginosa in sputum samples, but these
reductions became less pronounced over time (Ramsey et al., 1999). The lack of resistance in isolates
from these patients indicates an evolution towards tolerance or persistence (Ramsey et al., 1999). In
agreement with this, high persistence mutants have been isolated from cystic fibrosis patients
(Mulcahy et al., 2010).
S. aureus also engages in persistent, relapsing infections that are often difficult to clear with
antibiotics, such as in patients with osteomyelitis (Sendi and Proctor, 2009;Olson and Horswill, 2013).
Poor penetration of antibiotics into bone or biofilms of S. aureus may be a driving factor. However, S.
aureus also forms small-colony variants (SCVs) that resist host defenses and evade immune activation,
which are often associated with clinical persistence of S. aureus (Sendi and Proctor, 2009). More
recently, some SCVs were shown to be the result of a long lag time before resuming growth after
isolation from patient or mouse abscesses, or after growth in other stresses such as low pH (Vulin et
al., 2018). These SCVs were shown to be antibiotic tolerant (Vulin et al., 2018), indicating a correlation
between persistent infection in a host and antibiotic persistence.
Similarly, M. tuberculosis establishes persistent infections that are difficult to treat with
antibiotics (Horsburgh et al., 2015). In M. tuberculosis patients that undergo antibiotic therapy, several
subpopulations evolve during the course of an infection that exhibit unique resistance profiles (Meacci
et al., 2005). Additionally, using animal models, resistance-independent survival during antibiotic
therapy has been demonstrated (De Groote et al., 2011;Liu et al., 2016). Increased antibiotic
persistence has been shown to result from stress-induced noise in RNA expression based on nutrient
limitation, and subpopulations of growing and non-growing but metabolically active bacteria
(Wakamoto et al., 2013;Manina et al., 2015). Such heterogeneity is suggested to be the result of
asymmetrical cell division (Rego et al., 2017), at least in ex vivo experiments.
Numerous additional examples exist supporting a link between persistent infection and
antimicrobial persistence. These observations may extend beyond the bacterial kingdom; fungal
pathogens such as Candida spp. (Rosenberg et al., 2018;Wuyts et al., 2018) and viruses that can
integrate into host genomes such as HIV and herpesviruses (Speck and Ganem, 2010;Sengupta and
Siliciano, 2018) exhibit similar patterns of coincidental evolution of clinical persistence and resistanceindependent recalcitrance to chemotherapy.
Why does persistence emerge? (Adapted from Bakkeren et al. 2020. Nat. Rev. Microbiol.)
As discussed above, bacterial populations do always include a small fraction of persisters that
are attributable to spontaneous persistence. However, why can bacteria evolve towards forming
enlarged subpopulations of persisters or decelerated killing rates? Tolerance and persistence allow
survival in different harmful conditions (e.g. survival in the presence of diverse classes of antibiotics)
(Wolfson et al., 1990;Balaban et al., 2019). If exposure to antibiotics selects for persistence and
tolerance, these traits likely emerged originally to assist in survival to stressful environments where
antibiotics play no role (e.g. nutrient limitation, stressful compounds from the environment, phagehost dynamics) (Gefen and Balaban, 2009;Hong et al., 2012). Therefore, diverse factors may have
33

driven coincidentally the evolution of bacteria that can form increased fractions of persistent cells or
feature tolerance (Fig. 4). The speculative aspect of this reasoning reflects our inability to reliably
predict how genotype changes affect persistence phenotypes and the lack of a comprehensive
understanding of all relevant evolutionary forces and their relative contribution to the evolution
towards emergence and increased fractions of persistent cells.

Figure 4. Selection for persistence. (A) Responses to environmental and intrinsic stresses favor the formation of
subpopulations of cells tolerant to antibiotics, namely persisters. This includes conditions within-host and burdens associated
with virulence expression. Repeated exposure to antibiotics can select for mutations that increase the fraction of persister
cells. (B) An example of persistence coincidentally selected with the pathogenic lifestyle of S.Tm. The acquisition of virulence
factors coincides with persistence in S.Tm. This is due to its ability to invade (acquisition of SPI-1 and SPI-4) and survive and
grow in host tissues over long periods of time (acquisition of SPI-2 and other virulence factors) (Fookes et al., 2011;Desai et
al., 2013). Virulence factors allowed S.Tm to trigger inflammation to boost its transmission, but indirectly led to persistence
in tissue reservoirs. Invasion and gut colonization are shown on the left of each stage of S.Tm evolution in the absence of
antibiotics; the consequence of the evolution of virulence on survival during antibiotic treatment is shown on the middle and
right. Susceptible S.Tm are indicated in blue, persister S.Tm are indicated in red, and competing microbiota are indicated in
grey. Killed bacteria are shown as dotted, hollow lozenges. Inflammation is depicted as shades of red. Figure from (Bakkeren
et al., 2020).

Antibiotic selection for increased persistence (Adapted from Bakkeren et al. 2020. Nat. Rev.
Microbiol.)
Our societal concern with the success or failure of antibiotic therapies has focused our thinking
on persistence as a means for bacteria to survive antibiotic exposure. Clearly, persistence-mediated
failure of an antibiotic therapy itself is already worrisome. However, can antibiotic exposure select for
mutants with reduced killing rates, or that are capable of forming enlarged persistent subpopulations?
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Indeed, intermittent exposure to antibiotics in cultures in vitro can select for the evolution of
clones yielding increased tolerance or enlarged fractions of persisters under the selection regime
applied (Moyed and Bertrand, 1983;Fridman et al., 2014;Mechler et al., 2015;Michiels et al.,
2016a;Van den Bergh et al., 2016;Levin-Reisman et al., 2017;Khare and Tavazoie, 2020;Sulaiman and
Lam, 2020). Although mutations increasing persistence rather than tolerance are more rare (LevinReisman et al., 2017), they may be overlooked since tolerance mutations affect the entire population
and would mask mutations that affect subpopulations. Similarly, during persistent infections
associated with long-term antibiotic treatments, strains of pathogens such as P. aeruginosa, E. coli, or
Staphylococcus spp. have been isolated which feature high levels of persistence, that is, slower
complete killing by bactericidal antibiotics where biphasic curves are observed (Proctor et al.,
2006;Mulcahy et al., 2010;Gefen et al., 2017;Windels et al., 2019;Liu et al., 2020). This can be the result
of a larger proportion of the subpopulation that engages in persistence. Alternatively, the persister
fraction remains the same but dies slower. This makes sense, if one considers spontaneous persistence
as a bet-hedging strategy to overcome episodic stress, including antibiotic treatment. Thus, the
evolution driven by direct selection can increase the size (or decelerates the killing kinetics) of the
surviving subpopulation when an antibiotic is encountered.
Induction of the persister phenotype by other stresses: an example of coincidental evolution
(Adapted from Bakkeren et al. 2020. Nat. Rev. Microbiol.)
As mentioned, bacteria must overcome diverse stressful environments (Lennon and Jones,
2011). Many survival strategies also enhance antibiotic persistence. In these cases, the selection for
persistence is likely based on much more ancestral survival needs in bacteria rather than the
contemporary use of antibiotics in medicine and farming practices; it is unlikely that antibiotic pressure
has played a major role in the existence or the original emergence of persistence. Changes in nutrient
abundance or composition clearly represent an important aspect of microbial growth dynamics. The
best characterized trigger of persistence is nutrient starvation (Balaban et al., 2004). Bacteria in
stationary phase often exhibit much larger subpopulations of persisters than in exponential phase, and
the addition of glucose or oxygenation sensitizes bacteria to antibiotic treatment (Gutierrez et al.,
2017). Antibiotic persistence has also been observed in subpopulations after changes in carbon source;
in this case, one subpopulation grows on the new carbon source while the other remains dormant (not
metabolically active) and therefore recalcitrant to antibiotics (Kotte et al., 2014). These examples
generate responsive diversification, in which more than one phenotype is generated after a stimulus
(Kotte et al., 2014). Mechanistic understanding of triggered persistence revealed a role for stress
responses, particularly for the second messenger “alarmone” (p)ppGpp, which actively regulates the
switch from growth to metabolic homeostasis and survival (Fung et al., 2010;Nguyen et al., 2011).
Thus, it is plausible that the balance of metabolic needs for growth versus survival by dormancy should
select for antibiotic persistence.
Besides nutrient availability, other stresses can also induce the formation of persisters. This
includes acid stress (Hong et al., 2012), interbacterial signaling at high cell densities (Moker et al.,
2010;Leung and Levesque, 2012;Vega et al., 2012), oxidative stress (Hong et al., 2012;Wu et al., 2012),
and toxic concentrations of metals (Harrison et al., 2007). A link between phage predation of bacteria
and persistence has also been established (Pearl et al., 2008). In this case, induction of prophages was
reduced in persisters (but not their susceptibility to infection by phages). This suggests that both
phages and their host bacteria may benefit from persistence in stressful environments, which limits
cell lysis by prophage induction to the fast-growing bacterial cells. As mentioned by Gefen and Balaban,
this result is of interest not only for studying bacteria-phage interactions, but also in explaining
conditions in which predation by temperate phages may have shaped the evolution of persistence
(Pearl et al., 2008;Gefen and Balaban, 2009). Contrary to the evolution of persistence by antibiotic
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selective pressure, it is unclear whether the stresses that can induce persistence actually act to further
evolve higher persistence. However, collectively they provide a tempting explanation for the existence
or emergence of persistence. Little work has been done to address whether these stresses can actually
evolve higher antibiotic persistence experimentally.
There are several mechanisms by which these stresses could act to induce or evolve
persistence. The increase in the lag time which cells take to resume growth after a stress (e.g. during
exit from stationary phase), can increase persistence by enlarging the size of the persistent
subpopulation (Balaban et al., 2004;Fridman et al., 2014). In addition to lag time as a result of general
slow growth, it seems persister cells themselves have a specific responsiveness to different antibiotics
depending on their target within the cell, and the metabolic activity of that particular cellular target
(Goneau et al., 2014). Therefore, individual cells may be recalcitrant to different antibiotics, but
collectively they contribute to multidrug persistence or tolerance. Altogether, various stresses can
represent a selective pressure to increase persistent subpopulations, decelerate their death after
antibiotic exposure, prolong the lag time and/or reduce the metabolic activity of specific cellular
processes (Fig. 4A).
Indirect selection for persistence (Adapted from Bakkeren et al. 2020. Nat. Rev. Microbiol.)
Thus far, we have described selective forces directly leading to the evolution of persister
subpopulations that are larger (or killed slower) than expected from spontaneous persistence. This can
occur either through use of antibiotics, or the presence of natural stressors where a general survival
strategy such as persistence (which impacts antibiotic susceptibility) is advantageous. However, there
are also less intuitive factors that may lead to increased persistence (Fig. 4).
A prominent example is the evolution of virulence factors that promote the intracellular
lifestyle of pathogens. As discussed before, stresses from the pathogen-host interaction may provide
a selection for persistence (in order to avoid or subvert the immune response). In the case of S.Tm, the
evolution of virulence likely led to a selection for increased survival during antibiotic therapy (Fig. 4B).
S.Tm encodes two main pathogenicity islands: Salmonella Pathogenicity Island (SPI) 1 and 2. These
islands affected the pathogen-host interaction in two different ways (Fookes et al., 2011;Desai et al.,
2013;Diard and Hardt, 2017). It allowed the pathogen to elicit mucosal inflammation to boost gut
luminal blooms and accelerate transmission (Stecher et al., 2007;Diard et al., 2014), but it also allowed
Salmonella spp. to survive and grow intracellularly, which indirectly facilitates the formation of
antibiotic persisters (Helaine et al., 2014). Additionally, it was recently shown that a host factor,
SLC11a1 (also known as Nramp1), which restricts systemic growth of pathogens like M. tuberculosis
and S.Tm by depleting local Mg2+ availability, generates heterogeneous growth rates associated with
heterogeneous gene expression patterns (Cunrath and Bumann, 2019). This indicates that the host
itself may also induce persistence in the infecting pathogen population. This indirect evolution of
persistence likely explains the recalcitrance of S.Tm in mouse models during antibiotic therapy (Griffin
et al., 2011;Claudi et al., 2014;Diard et al., 2014;Kaiser et al., 2014;Bakkeren et al., 2019). Moreover,
virulence factor expression inflicts a fitness cost (Sturm et al., 2011), and the reduced growth rate can
increase persistence, at least in vitro (Arnoldini et al., 2014). Further work will be needed to show how
this in vitro phenotype may transpose to in vivo infections. Nonetheless, virulence factors in other
intracellular pathogens that have been shown to exhibit persistence such as M. tuberculosis, E. coli,
Shigella spp., Yersinia spp., Listeria spp.,(Van den Bergh et al., 2017) may lead to a similar indirect
selection for antibiotic persistence.
In fact, in the context of an infected host under antibiotic treatment, it is tempting to consider
persistence as an additional virulence factor and the antibiotic as a supplement to the antimicrobial
defense cocktail elicited by the host's immune defense. In a similar manner to the arms race between
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pathogen virulence factors and host immune responses (Bliven and Maurelli, 2016), persistence and
antibiotic treatment are intimately linked. Akin to antibiotic treatment, the goal of the host immune
response is to limit pathogen population sizes. For example, in the case of S.Tm, phagocyte-intrinsic
restriction mechanisms including NADPH oxidase, antimicrobial peptides or nutrient depletion inside
the phagosomes of phagocytic cells restrict pathogen population sizes at systemic sites (VazquezTorres et al., 2000). Correspondingly, S.Tm uses defensive virulence factors like superoxide dismutases
and SPI-2 to mitigate host cellular responses and thereby combat against these defenses (De Groote
et al., 1997;Vazquez-Torres et al., 2000;Craig and Slauch, 2009;Flannagan et al., 2009;Felmy et al.,
2013;van der Heijden et al., 2015;Cunrath and Bumann, 2019). Thus, the evolution of SPI-2 has
improved survival and growth within a host. Strikingly, in most cells of the infected host, there are only
one or very few bacteria at once and the pathogen's intracellular growth rate is very slow (Claudi et
al., 2014;Helaine et al., 2014;Kaiser et al., 2014). Thus, the improved host colonization also led to
higher loads of slowly growing bacteria within the host's organs. Importantly, SPI-2 has also been
implicated in persistence to antibiotics (Stapels et al., 2018;Bakkeren et al., 2019). This provides a first
example illustrating why stresses from the immune response may not only have selected for
persistence directly, but may have selected for the evolution of compensatory virulence factors, and
by extension for elevated levels of persistence.
Since slow growth or metabolic dormancy are often associated with persistence, it is logical
that metabolically costly traits in bacteria lead to increased persistence. In fact, this is often the logic
with toxin-antitoxin systems, in which the toxin component limits the metabolic potential of the
bacteria (which is only rectified by the cognate anti-toxin) (Page and Peti, 2016). However, as is the
case with SPI-1-mediated virulence in S.Tm (Sturm et al., 2011;Arnoldini et al., 2014), such costly
systems clearly have fitness advantages for the bacteria that extend beyond simple survival in changing
environments. Therefore, in the case of pathogens causing invasive, persistent infections, one can
speculate that the evolution of costly systems such as virulence factors, anti-bacterial competition
factors or essential niche-dependent biosynthetic pathways may lead to indirect selection for
increased persistence. An example of this was elegantly shown through ectopically expressing costly
non-toxin proteins within a cell (Vazquez-Laslop et al., 2006). This increased the population size that
survived antibiotic treatment. This could be a result of increased tolerance, if overexpression occurred
equally in each cell, or persistence if costly protein expression occurred unevenly within the
population. Given this, the authors speculated that stochastic variation in gene expression for costly
proteins may affect persistence (and also potentially explain spontaneous persistence (Vazquez-Laslop
et al., 2006)).
Altogether, there are several examples of coincidental evolution of phenotypes that lead to
increased persistence. In these examples, the selective force does not act on persistence itself, but
rather allowing bacteria to survive or exist in niches or engage in phenotypes that can either induce or
allow persistence.
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Salmonella enterica serovar Typhimurium: a model organism
Studying the evolution of bacterial pathogens in relevant model systems requires very specific
criteria to be met. Optimally, the organism of choice should be easy to manipulate genetically, have
adequate host infection (e.g. animal) models to investigate the interplay between the host and
pathogen, and have methods to tractably measure evolution in real time. Since the establishment of
the streptomycin mouse model for Salmonella colitis (Barthel et al., 2003), S.Tm has presented itself
as a highly relevant model organisms to study the evolution of virulence, antibiotic resistance, and coevolution with the host immune response. The aspects of S.Tm that make it a good model organism to
study within-host evolution are discussed in this section.
Classification and genomic organization
Salmonella spp. are Gram-negative, rod-shaped facultative anaerobes that belong to the class
Gammaproteobacteria and the family Enterobacteriaceae of bacteria. Salmonella spp. are
peritrichously flagellated and are important causative agents for Salmonellosis, which normally
manifests in self-limiting diarrheal symptoms (e.g. non-typhoidal Salmonellosis; most of these serovars
have broad host ranges), but some serovars can cause systemic infections (e.g. Salmonella enterica
serovar Typhi, the causative agent of typhoid fever and is host-restricted to humans) (Desai et al.,
2013;Marzel et al., 2016). The genus Salmonella is divided into two species: Salmonella enterica and
Salmonlla bongori. S. enterica is further subdivided into several subspecies and serovars based on their
surface antigens (e.g. the O antigen); more than 2,600 serovars have been identified (Heyndrickx et
al., 2005;Desai et al., 2013).
Genomic analysis of Salmonella spp. have revealed an evolutionary relationship between E.
coli and Salmonella. Salmonella spp. are thought to have diverged from their E. coli-like ancestor ~140
million years ago with the acquisition of an important pathogenicity island, Salmonella pathogenicity
island (SPI)-1, followed by a further species divergence ~125 million years ago with the acquisition of
SPI-2 (S. bongori does not have SPI-2; Fig. 5A) (Desai et al., 2013). Most virulence factors in Salmonella
are encoded within SPIs or other mobile genetic elements. More than 22 SPIs have been described so
far in Salmonella spp. and their functions range from tissue invasion (SPI-1), intracellular survival (SPI2), adhesion (SPI-4), to interference competition (SPI-6), for example (Fookes et al., 2011). SPIs are
thought to have been acquired through HGT, since they contain differences in GC content compared
to the rest of the chromosome (Ilyas et al., 2018).
Although many SPIs encode beneficial functions for Salmonella spp., a large portion of
horizontally acquired DNA is detrimental to bacteria, which is why many bacteria have developed antiHGT systems (discussed in the section "mobile genetic elements as selfish entities"). In fact, even
beneficial functions encoded on SPIs can be energetically costly (e.g. a cost associated with SPI-1 has
been documented (Sturm et al., 2011;Diard et al., 2013)); therefore, mechanisms to regulate
expression are essential. For example, expression of SPI-1, which encodes for the T3SS-1 needed for
invasion and to trigger inflammation (see section "Stages of S.Tm infection"), is tightly regulated by a
complex gene regulation network that includes the integration of several pleiotropic regulators that
sense bacterial densities, nutrient availability, phosphate levels, osmolality, or pH (Erhardt and Dersch,
2015). Many of these signals are integrated through HilD, the master regulator for SPI-1 expression,
itself encoded within SPI-1 (Golubeva et al., 2012). HilD has four promoters (characterized by RNAseq)
and is negatively regulated post-transcriptionally by HilE (Golubeva et al., 2012;Kroger et al., 2013).
HilD itself is pleiotropic, regulating many genes outside of SPI-1 (Petrone et al., 2014;Smith et al., 2016).
Additionally, expression of SPI-1 is subject to phenotypic heterogeneity, meaning that only a
subpopulation expresses SPI-1 (an example of division of labour discussed the section "Within-host
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evolution of S.Tm in mouse models") (Sturm et al., 2011;Diard et al., 2013). The degree of
heterogeneity of SPI-1 has also been shown to vary between strains of S.Tm (Clark et al., 2011).
Altogether, this indicates the complexity of regulation of costly SPIs, ensuring that expression only
occurs in environments where it is useful.
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Figure 5. Evolution of S.Tm and genomic organization. (A) Distinct evolutionary processes have led to the evolution of
Salmonella spp. from an E. coli-like ancestor. The acquisition of SPI-1 differentiates Salmonella spp. from E. coli, followed by
the acquisition of SPI-2, differentiating S. bongori from S. enterica. Modified from (Desai et al., 2013). (B) Location of
pathogenicity islands (red), prophages (green), and regions of difference (ROD; blue) compared to S. bongori in the S.Tm
SL1344 genome. The map also includes the three plasmids of SL1344. Modified from (Tomljenovic-Berube et al., 2010).

Another mechanism to alleviate possible detrimental effects of horizontally acquired DNA, is
its global repression. This is mediated by H-NS, which is a histone-like protein conserved in Gramnegative bacteria (Navarre et al., 2006). H-NS binds at nucleation sites with differences in GC content
and shields DNA from transcription factor binding. Since SPIs contain such nucleation sites, HN-S is a
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general mechanism to regulate expression of costly SPIs (Navarre et al., 2006). Importantly, this
general repression can be overridden by specific regulators of gene expression. Other signals such as
iron limitation can induce the expression of virulence encoded on SPIs via the iron-dependent
transcriptional regulator, Fur, which itself also regulates HN-S (Navarre et al., 2006;Troxell et al.,
2011;Prajapat and Saini, 2012).
Aside from SPIs, Salmonella virulence factors can also be encoded on other mobile genetic
elements such as phages and plasmids (Fig. 5B; Table 1). Salmonella spp. harbour diverse prophages
integrated into their chromosomes; much of this is serovar or even strain specific (Kropinski et al.,
2007). Many of these phages encode virulence morons. In the case of strains SL1344 and ATCC 14028,
the two strains of S.Tm that are used in this thesis, key differences in the repertoire of phage-encoded
virulence factors exist (Table 1). SL1344, originally isolated from the bowel of a calf (Hoiseth and
Stocker, 1981), harbours four prophages: SopEΦ, ST64B, Gifsy-1, and Gifsy-2. SopEΦ encodes the SPI1 virulence factor SopE, ST64B encodes the SPI-2 effector SseK3, Gifsy-1 encodes the SPI-2 effector
GogA, and Gifsy-2 encodes the SPI-2 effector GtgA and a superoxide dismutase SodC1 (Figueroa-Bossi
and Bossi, 1999;Mirold et al., 1999;Ho et al., 2002;Kropinski et al., 2007;Brown et al., 2011). ATCC
14028, isolated from heart and liver samples of chickens, contains an additional phage, Gifsy-3, which
encodes the SPI-2 effectors SspH1 and PagJ, but does not contain SopEΦ (Figueroa-Bossi and Bossi,
2004;Jarvik et al., 2010). Most isolates of S.Tm, including SL1344 and ATCC 14028 carry pSLT (also
known as P1), a large 90-kb virulence plasmid that carries the spv operon that encodes for SPI-2
effectors, which is self-transmissible in some strains (Ahmer et al., 1999;Garcia-Quintanilla et al.,
2008). In addition to pSLT, SL1344 contains two additional plasmids not present in ATCC 14028,
pCol1b9 (also called P2) and pRSF1010 (also called P3) that encode a colicin and a streptomycin
resistance gene, respectively (Kroger et al., 2012;Stecher et al., 2012).
Table 1. Differences in mobile genetic elements between SL1344 and 14028 and the function of encoded genes.

Mobile
genetic
element

Type

Present
in SL1344

Present
in ATCC
14028

Relevant
encoded
genes

Function

pSLT

Plasmid

Yes

Yes

spvABCD,
spvR

SPI-2 virulence effectors

pCol1b9

Plasmid

Yes

No

cib

Pore-forming Colicin Ib

pRSF1010

Plasmid

Yes

No

aph(3'')-Ib,
aph(6)-Id

Streptomycin resistance

SopEΦ

Prophage

Yes

No

sopE

SPI-1 virulence effector

ST64B

Prophage

Yes

Yes

sseK3

SPI-2 virulence effector

Gifsy-1

Prophage

Yes

Yes

gogA

SPI-2 virulence effector

Gifsy-2

Prophage

Yes

Yes

gtgA, sodC1

SPI-2 virulence effector;
superoxide dismutase

Gifsy-3

Prophage

No

Yes

sspH1, pagJ

SPI-2 virulence effectors

Finally, resistance determinants are also prevalent in Salmonella, most often via plasmidencoded resistance genes. Along with the streptomycin resistance cassette on the mobilizeable
plasmid P3, several other resistance genes have been described in S.Typhi and S.Tm alike (Crump et
al., 2015). For example, in Salmonella isolates, fluoroquinolone resistance is rising in prevalence, along
with plasmid-encoded ESBLs (Crump et al., 2015). Since fluoroquinolones are typically a class of
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antibiotics used to treat multidrug resistant Salmonella (mostly used for S.Typhi; defined by resistance
to ampicillin, chloramphenicol, and trimethoprim-sulfamethoxazole) (Asperilla et al., 1990;Crump et
al., 2015), fluoroquinolone resistance is of great concern, reiterated by the WHO priority list published
in 2017 (WHO, 2017). Integrons are also present in some strains of Salmonella, which can accumulate
many antibiotic resistance genes in a single open reading frame under control of one promoter, as a
result of site-specific recombination mediated by an integrase (Mazel, 2006). The Salmonella genomic
island (SGI) 1 is an example that contains resistance genes for ampicillin, chloramphenicol, florfenicol,
streptomycin, sulphonamides, and tetracycline, frequently found in S.Tm DT104 (Doublet et al.,
2005;Fluit, 2005). SGI1 is also transmissible in the presence of helper IncA/C plasmids (Doublet et al.,
2005).
Altogether, the genus Salmonella contains a diverse set of serovars with a large facultative
mobile genetic element complement that encodes fitness determinants like resistance genes or
virulence factors. This means that strain pairs can easily be identified that can allow HGT to be
monitored in controlled experiments. Moreover, since the virulence complement of Salmonella spp.
and the mechanisms that regulate it are diverse, Salmonella spp. provide interesting models to study
the evolution of bacterial pathogens.
Murine models for Salmonellosis
In order to study the infection biology of a bacterial pathogen such as Salmonella spp., an
adequate animal model is important. Contrary to tissue culture, using an animal model allows
researchers to embrace the entire complexity of infection and through genetic approaches, and
manipulate both the bacteria and the animal to capture fully host-pathogen interactions. Since
Salmonella spp. are enteric pathogens, transmission normally occurs via the fecal-oral route. After
passing from the oral cavity and the stomach into the gut, Salmonella must compete with the
microbiota to establish its niche (termed colonization resistance; discussed in more detail in the next
section). This provides a major obstacle for establishing an animal model for investigating Salmonella
infection. Initially, S.Tm was discovered as a bacterial pathogen causing disease in mice that resembled
systemic S.Typhi infections in humans (Tsolis et al., 1999). The disease severity of S.Tm (along with
other intracellular pathogens such as Mycobacterium and Leishmania) was linked to Natural resistance
associated resistance protein (Nramp1) on chromosome 1 (Govoni and Gros, 1998). This led to the
popularity of using S.Tm in mouse lines such as BALB/c and C57BL/6 that lack a functional Nramp1
allele to understand some mechanisms that lead to death in mice and to develop attenuated mutants
that could be used as vaccine strains, such as aroA or SPI-2 associated genes (e.g. SPI-2 apparatus genes
or the spv operon) (Hoiseth and Stocker, 1981;Hensel et al., 1995;Tsolis et al., 1999). However, in most
cases mice failed to develop diarrhea or enteropathy characteristic of non-typhoidal Salmonellosis in
humans and cattle (Tsolis et al., 1999). In the absence of any perturbation, oral introduction of S.Tm is
mostly abortive and does not lead to colonization or diarrhea in 95% of mice orally challenged with a
107 CFU dose (Barthel et al., 2003;Stecher and Hardt, 2011). This failure to colonize the gut can be
bypassed in "Typhoid fever models" by introducing S.Tm intravenously or intraperitoneally.
Alternatively, treatment with streptomycin leads to efficient gut colonization colonization of S.Tm in
mice (with subsequent systemic spread). This is attributed to a reduction in commensal bacteria in the
intestine (Bohnhoff et al., 1954;Que and Hentges, 1985). Therefore, the streptomycin pretreatment
mouse model was established to allow reproducible colonization paired with enteropathy similar to
that observed in humans or cattle (Barthel et al., 2003).
Since the introduction of the streptomycin mouse model, alternate models to study S.Tm
enteropathy and the factors that influence colonization of S.Tm have been developed. Germ-free mice
can be used as alternatives to streptomycin pretreated mice since similar S.Tm-induced enteropathy
can be observed (Stecher et al., 2005). However, as in the streptomycin mouse model, the factors that
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promote colonization cannot be investigated since these mice do not have a microbiota. Gnotobiotic
mouse models with defined microbiotas can offer intermediate colonization resistance to S.Tm. Axenic
mice historically colonized with the altered Schaedler microbiota (Schaedler et al., 1965) and allowed
to breed in individually ventilated cages but not in mouse isolators (termed low complexity microbiota
(LCM) mice) offer slight colonization resistance, leading to a slower kinetic of colonization compared
to streptomycin pretreated mice (Stecher et al., 2010;Kreuzer and Hardt, 2020). Some mechanisms of
how S.Tm can surpass colonization resistance have been described using this mouse model (Maier et
al., 2013;Nguyen et al., 2020). An alternate gnotobiotic mouse model colonized with the oligo-MM12
microbiota offers slightly stronger colonization resistance, leading to an even slower kinetic of S.Tm
infection (Brugiroux et al., 2016;Kreuzer and Hardt, 2020). This microbiota was established by
rationally choosing a minimal amount of microbiota members that are represented in a conventional
mouse microbiota (Brugiroux et al., 2016). An advantage of using such a defined microbiota is that the
role of each respective microbiota member in colonization of pathogens can be assessed, and
additional members can be added. For example, adding facultative anaerobic bacteria to the oligoMM12 microbiota completely restored colonization resistance (Brugiroux et al., 2016), and a role for
S.Tm virulence antagonism by Mucispirillum schaedleri was uncovered (Herp et al., 2019).
Aside from gnotobiotic mice, diet pertubations have been shown to shift the diversity of the
microbiota (reviewed in (Kreuzer and Hardt, 2020)). This can have impacts on colonization of enteric
pathogens, such as S.Tm (Wotzka et al., 2019;Lee et al., 2020).
Lastly, since mice with non-functional Nramp1 alleles succumb to S.Tm infection quickly,
Nramp1+ mice, such as 129/SvEv or CBA, can be used to investigate chronic infection (Monack et al.,
2004a;Lawley et al., 2008) or evolutionary processes (Diard et al., 2014) (as in Chapter 5). Alternatively,
evolutionary processes can be observed in Nramp1- mouse lines if attenuated S.Tm strains (i.e.,
deficient in SPI-2) are used (Diard et al., 2013) (as in Chapters 2 and 3).
Stages of S.Tm infection
Using the various mouse models mentioned above, several key mechanisms in S.Tm
pathogenesis have been uncovered. Importantly, different mouse models can be employed to focus
on particular stages of the infection process. Here, the stages of S.Tm pathogenesis are described (Fig.
6).
Ecosystem invasion
As discussed, S.Tm infection proceeds through the fecal-oral route to establish itself in the gut
niche. Colonization resistance mediated by the microbiota provides a major obstacle that S.Tm must
overcome to establish itself (i.e., this process can be termed ecosystem invasion) (Wotzka et al., 2017).
The microbiota provides colonization resistance against enteric pathogens through direct competition
to nutrients, interference competition, or stimulation of immune defenses (Buffie and Pamer,
2013;Wotzka et al., 2017). S.Tm and/or microbiota members can engage in interference competition
using T6SSs (Sana et al., 2016) or colicins (Nedialkova et al., 2014), although the role that this plays
during initial colonization rather than persistence in the microbiota is not clear. The use of hydrogen
(H2) as an electron donor and fumarate (which can be derived from the import of malate and aspartate)
as an electron acceptor facilitates the initial establishment of S.Tm in the gut (Fig. 6) (Maier et al.,
2013;Nguyen et al., 2020). This is one example of an adaptation that allows S.Tm (as well as E. coli) to
establish itself in the gut (Nguyen et al., 2020). However, since many host and environmental factors
(e.g. diet, pharmaceuticals, immune deficiencies or pathologies) (Petersen and Round, 2014;Maier et
al., 2018;Kreuzer and Hardt, 2020) can modulate the microbiota and/or susceptibility to S.Tm infection,
these mechanisms may be highly context dependent. Once S.Tm grows to appreciable densities (the
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exact density may again vary depending on host, environmental, or microbiota factors; in mice
approximately 107 to 108 cfu/g feces), S.Tm triggers inflammation to bloom to higher densities.
Tissue invasion to trigger inflammation
In the streptomycin mouse model, once S.Tm reaches densities of ~108 CFU/g feces, S.Tm
triggers inflammation by invading into epithelial cells (Fig. 6) (Barthel et al., 2003;Ackermann et al.,
2008). The flagellar-based motility of S.Tm and the ability to perform chemotaxis towards the
epithelium allows efficient invasion in mucus-poor areas of the gut epithelium (Stecher et al.,
2004;Furter et al., 2019). The mechanism by which invasion occurs was previously thought to involve
dramatic SPI-1 effector mediated cytoskeleton rearrangements (Hardt et al., 1998;Fattinger et al.,
2020), as demonstrated in tissue culture models. The role of SPI-1 virulence factors such as SopE,
SopE2, and SipA on virulence and enteropathy in vivo seemed to support this (Hapfelmeier et al., 2004).
However, recent work has suggested that the mechanisms by which this occurs in vivo is "discreet
invasion", at least in mice. This discreet invasion is mediated by both SPI-1 effectors and the adhesin
SiiE encoded on SPI-4, characterized by targeted invasion to cell-cell junctions and is associated with
only limited cytoskeletal rearrangements (Fattinger et al., 2020). Regardless of the mechanism, SPI-1,
SPI-4, and flagella are central in mediating adhesion, invasion into epithelial cells, and triggering
inflammation (especially in the absence of SPI-2) (Hapfelmeier et al., 2004;Stecher et al., 2004;MainHester et al., 2008). In fact, these virulence factors are coordinately regulated; SPI-1 and SPI-4 are both
regulated by HilA, although SPI-4 is indirectly regulated since HilA antagonizes H-NS to de-repress SPI4 (Main-Hester et al., 2008). Moreover, HilD regulates both SPI-1, via HilA and InvF, and flagella via
FlhDC (Perez-Morales et al., 2017).
Ecosystem invasion

Tissue invasion
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and systemic reservoirs
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Figure 6. Stages of S.Tm infection from studies in mouse models. S.Tm (green) first encounters an intact microbiota (grey)
in the gut lumen where it must compete for nutrients (ecosystem invasion). S.Tm uses available nutrients such as hydrogen
as an electron donor and fumarate as an electron acceptor (which it obtains by the uptake of malate and aspartate), mediated
specific importers and metabolic enzymes. Next, S.Tm invades into host tissues mediated by SPI-1, SPI-4 and its flagella,
followed by survival within the lamina propria inside immune cells mediated by SPI-2 (tissue invasion). Epithelial cells are
depicted as beige rectangles with purple nuclei, and the lamina propria layer is beneath. Epithelium invasion leads to
activation of NLRC4, triggering an expulsion response and signaling to trigger inflammation. S.Tm in the lamina propria further
fuel the inflammation. Once inflammation is triggered, S.Tm has several adaptions to survive and thrive in the gut including
using specific electron acceptors (e.g. tetrathionate and nitrate), resistance to lipocalin-2 allowing it better access to iron,
antimicrobial peptide resistance, and defensive enzymes to detoxify ROS (blooming in the inflamed gut). Immune cells such
as neutrophils produce ROS and are depicted in brown with purple nuclei. S.Tm grow to high density in blooms due to SPI-1
and SPI-2-mediated virulence. A consequence of SPI-2-mediated virulence is the establishment of systemic reservoirs, which
may contribute to long-term shedding.

Once S.Tm invades into host cells, S.Tm travels basolaterally, reaching the lamina propria
where it can be taken up by phagocytes, the entire process of which is fueled by SPI-2 (Muller et al.,
2012). Inside cells, the environment triggers a molecular switch mediated by SsrB, repressing SPI-1 and
flagellar genes, while activating SPI-2 (Perez-Morales et al., 2017). This has two functions: SPI-2 is
favourable for intracellular replication and transit to the basolateral side, and SPI-1 and flagella are
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unnecessary and even detrimental in the intracellular environments, as host cells are equipped with
intracellular PRRs, that can detect flagellin or T3SS-1 subunits. This can lead to the assembly of
multimeric complexes, inflammasomes, that signal via complex cascades to trigger an inflammatory
response (Lamkanfi and Dixit, 2014). By downregulating SPI-1 and flagella, S.Tm can limit detection by
inflammasomes such as NLRC4 (Ilyas et al., 2018;Hausmann et al., 2020). Nevertheless, S.Tm cells
invading from the gut luminal side express SPI-1 and flagella and this leads to a NLRC4-dependent
expulsion response that dislodges epithelial sites harbouring S.Tm into the gut lumen (Sellin et al.,
2014). S.Tm that reach the lamina propria down-regulate SPI-1 and flagellar gene expression and
thereby can proliferate inside of immune cells such as macrophages or dendritic cells mediated by SPI2 (Kaiser et al., 2012). Studying SPI-1-deficient S.Tm revealed that SPI-2-mediated inflammation can
also be induced by lamina propria-resident bacteria taken up by dendritic cells (Hapfelmeier et al.,
2008). Recent evidence has also highlighted clear differences between the severity and the ability for
the host to resolve inflammation dependent on SPI-2 (i.e., SPI-2-mediated inflammation may lead to
an inflammatory response that cannot be easily resolved by the host) (Ersin Gul, unpublished results).
Independent of the mechanism, S.Tm elicits inflammation via multiple pathways after invasion.
Blooming in the inflamed gut
Once inflammation has been triggered, S.Tm (along with related Enterobacteriaceae) can
bloom to high densities (Stecher et al., 2007;Stecher et al., 2012). This has best been demonstrated by
the out-competition of avirulent mutants by the microbiota during monoclonal infections in
streptomycin treated mice, while wild-type S.Tm remain at high densities (Stecher et al., 2007;Endt et
al., 2010). Additionally, LCM mice colonized with avirulent S.Tm allow carrying capacities of S.Tm 10100-fold lower than inflamed mice infected with wild-type S.Tm infection (Stecher et al., 2012;Maier
et al., 2013).
S.Tm has several strategies to exploit intestinal inflammation for its own benefit (Fig. 6). First,
reactive oxygen species in the inflamed gut can lead to the formation of tetrathionate, an electron
acceptor that allows S.Tm to perform anaerobic respiration while the microbiota is limited to
fermentation (Winter et al., 2010). This also allowed S.Tm to use ethanolamine as a carbon source
when using tetrathionate as an electron acceptor, since growth is not possible on ethanolamine with
fermentation alone (Thiennimitr et al., 2011). Nitrate is a by-product of inflammation, which can be
used by S.Tm as an electron acceptor (Lopez et al., 2012). Second, chemotaxis and flagellar motility
may allow S.Tm better access to nutrients such as certain carbohydrates (Stecher et al., 2004;Stecher
et al., 2008) or electron acceptors such as tetrathionate or nitrate (Rivera-Chavez et al., 2013). Recent
data has also suggested that the chemotaxis receptor Tsr may allow evasion from neutrophil-mediated
killing (Ersin Gul, unpublished data). A third adaptation concerns iron, a limiting nutrient in the gut.
During inflammation, the host produces lipocalin-2, a protein that binds and inactivates a common
siderophore of enteric bacteria including E. coli called enterochelin, but not salmochelin, the
siderophore produced by S.Tm (Raffatellu et al., 2009). Fourth, S.Tm expresses defensive virulence
factors protecting against some antimicrobials produced by the host during inflammation. This
includes catalases and superoxide dismutases that detoxify reactive oxygen species produced by
immune cells such as neutrophils (De Groote et al., 1997;Slauch, 2011). Additionally, the O-antigen of
LPS that covers S.Tm provides protection against antimicrobial peptides and other stresses such as
RegIIIβ (Miki et al., 2012), complement, polymyxin B (Ilg et al., 2009), or bile acids (Crawford et al.,
2012). Lastly, some strains of S.Tm engage in interference competition. For example, they can employ
bacteriocins, some of which are regulated by the SOS response to DNA damage, which is induced
during inflammation (Nedialkova et al., 2014;Fornelos et al., 2016;Sassone-Corsi et al., 2016). This may
boost competitive dynamics in the presence of other closely related species, but it is unlikely that this
plays a role in the absence of competitors.
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The inflamed gut does not come without its consequences for S.Tm, however. Granulocytes
recruited during inflammation impose a tight bottleneck, eliminating 99.999% of the luminal S.Tm
population (Maier et al., 2014). The mechanisms that determine which cells survive are unclear and
could be stochastic in nature, or be an evolved mechanism of S.Tm in the form of bet-hedging towards
a survival-ready state. Additionally, temperate phages are induced during inflammation leading to
killing of cells to allow lysis of phage particles (Diard et al., 2017). By the same mechanism (i.e.,
induction of the SOS response), error-prone DNA polymerases could be expressed (McKenzie et al.,
2000), leading to increased mutation rates. Of note, inflammation may influence evolution due to the
possibility of considerable genetic drift due to population bottlenecks. Altogether, however, the risks
of sub-populations being killed appear to be outweighed by the strategies of S.Tm to survive in the
inflamed gut.
Long-term shedding and systemic reservoirs
Salmonella spp. can establish chronic infections associated with long-term shedding. Since
shedding is key to transmission in fecal-oral route pathogens, this is highly relevant for understanding
the evolution of these pathogens. Chronic carriage in humans is most clearly reported for S.Typhi, in
which reservoirs of bacteria (e.g. on gallstones in the gall bladder) can be established at systemic sites
that transiently release into the gut lumen to allow shedding in the feces (Gopinath et al., 2012).
Analysis of shedding dynamics in mouse models of S.Tm have highlighted virulence determinants as
key drivers in this process (Lawley et al., 2008). Since S.Tm blooms and suppresses the microbiota due
to the inflammation which it triggers, it is clear that avirulent S.Tm (i.e., SPI-1 and SPI-2 defective
strains) are excluded after regrowth of the microbiota (Stecher et al., 2007;Lawley et al., 2008). Careful
analysis of shedding dynamics in 129/SvEv mice with conventional microbiota have revealed a key role
for SPI-2 in long-term shedding, and a minor role for SPI-1 (Lawley et al., 2008). This provides the
clearest rationale for why SPI-2 has evolved: to facilitate longer transmission from a given host.
A consequence of SPI-2 is the establishment of reservoirs of bacteria in various organs of the
host. This has important implications in recalcitrance to antibiotics and the evolution of antibiotic
resistance and virulence (discussed in "indirect selection for persistence", Chapter 5, and Chapter 7).
Most reports analyze the spread of S.Tm to the spleen and liver as a readout for systemic spread,
however, S.Tm can be found in several other systemic organs (analyzed in Chapter 5). It is likely that
most of these reservoirs are "dead ends" for S.Tm, but some may be relevant for transmission of the
pathogen. For example, Salmonella spp. established in the gall bladder have been suggested to reseed
into the gut lumen through the bile duct, as is the case for S.Typhi (Gonzalez-Escobedo et al.,
2011;Gopinath et al., 2012;Lam and Monack, 2014). Moreover, through intraperitoneal or intravenous
models that bypass gut colonization and leave the gut lumen clear of bacteria, S.Tm can spread from
systemic sites (initially the spleen and liver) and migrate to the gut lumen (analyzed in Chapter 5; (Lam
and Monack, 2014)). The mechanism through which this occurs is unclear, but could involve the gall
bladder or trafficking of immune cells to lymphoid sites near the gut lumen such as Peyer's patches,
other gut associated lymphoid tissues, or mesenteric lymph nodes (Lam and Monack, 2014).
It remains to be seen to what extent reservoirs of systemic bacteria actually contribute to
shedding compared to the direct consequence of SPI-2 on the intensity and duration of inflammation
(Fig. 6; Ersin Gul, unpublished results; (Hapfelmeier et al., 2005)). This of course questions the principle
of fitness trade-offs associated with virulence (discussed in the section "host immunity and virulence"),
since SPI-2 also allowed systemic spread and a higher chance to kill the host. To disentangle this and
provide a clear rationale for the evolution of Salmonella virulence factors, complementary
experimental models should be used that reflect the full spectrum of densities of Salmonella and
disease severity levels found in animals and humans in natural cases.
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Within-host evolution of S.Tm in mouse models
Using mouse models, several aspects of how S.Tm evolves within a host have already been
uncovered (Fig. 2). First, mobile genetic element exchange has been documented to occur between
Enterobacteriaceae. The use of mouse models that allow both the host and pathogen to be
investigated simultaneously has revealed roles for inflammation in fueling HGT. This is two-fold: 1)
inflammation leads to higher blooms of Enterobacteriaceae allowing density dependent processes
such as plasmid transfer to occur (Stecher et al., 2012), and 2) inflammation induces the DNA damageinduced SOS response which promotes the transfer of bacteriophages (Diard et al., 2017). Moreover,
using vaccinated mice, IgA was shown to reduce HGT, increase genetic drift, and change the selective
environment to lead to O-antigen variants (discussed in the section "anthropogenic impact on
evolution" and Chapter 6). In Chapter 4 and Chapter 5, mouse models are used to capture the dynamics
of plasmid spread in the gut.
Second, experimental evolution has been captured in mouse models to reveal aspects of
virulence evolution. Beneficial mutations in hilD, the central regulator for SPI-1-mediated virulence in
S.Tm were observed to accumulate over time (Diard et al., 2013). These experiments revealed that SPI1-mediated inflammation is a public good and that expression of SPI-1 via HilD constitutes cooperative
virulence (Ackermann et al., 2008;Diard et al., 2013). In this case, the cost associated with SPI-1
expression (Sturm et al., 2011) leads to the emergence of cheaters (i.e., hilD mutants) that do not pay
the cost of expression but can still benefit from inflammation (Diard et al., 2013). As a strategy to limit
cheating, SPI-1-mediated virulence in S.Tm is phenotypically heterogeneous in vivo, using division of
labour to exhibit two phenotypes: 1) SPI-1 ON cells that can trigger inflammation but pay a cost and 2)
SPI-1 OFF cells that grow faster to compete with potential cheater mutants that emerge. This was
confirmed by the emergence of more cheaters in S.Tm hilE deletion mutants that contain more SPI-1
ON cells (Diard et al., 2013). However, how SPI-1 virulence is maintained within a host and at the
population level faced with the threat of cheaters is not clear. Theory and in vitro work has suggested
that mobile genetic elements that carry the cooperative allele may play a role in the general
enforcement or stabilization of cooperation (Fig. 7) (Smith, 2001;Dimitriu et al., 2014). These concepts
are further explored in Chapter 2 and Chapter 3.

(I)
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(III)

(IV)

(V)

Figure 7. Enforcement of cooperation by HGT proposed in (Smith, 2001). (I) A public good (black dots) is produced by
cooperating cells (grey) that benefits the entire population. (II) A cheater (white) emerges that does not play the cost of
production but can benefit from the public good. (III) The cheater outgrows producing cells, but this leads to a decrease in
the total public good in the environment (and potentially population crash in extreme cases). (IV) Producers can enforce
cheating cells to cooperate through HGT of the cooperative allele, leading to a restoration of cooperation in the population
(V). Figure modified from (Smith, 2001).

Third, the impact of intervention on the evolution of pathogens can be monitored. An aspect
of this was demonstrated by administering ciprofloxacin to mice with cheater-burdened populations
to kill bacteria in the gut lumen. Ciprofloxacin killed luminal bacteria but bacteria that invaded into
host tissues survived and ultimately reseeded the gut lumen (Diard et al., 2014). Since tissueassociated bacteria more often contained a functional copy of hilD (i.e., cooperators), cheaters were
selected against by antibiotic treatment (Diard et al., 2014). A second example of antibiotic
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intervention leading to evolutionary processes is described in Chapter 5, where persisters in tissue
reservoirs are shown to promote the spread of plasmids in the gut.
Lastly, other aspects of within-host adaptation have been revealed through experimental
evolution. This includes the emergence of tsr mutants (Diard et al., 2013), which impact chemotaxis
during inflammation (Ersin Gul, unpublished results).
Importantly, within-host adaptation observed using mouse models can be recapitulated in
natural or clinical isolates. For example, hilD, melR, and mutants in genes relevant for O antigen
modification have been observed in patients (Marzel et al., 2016) and in bioinformatics analysis of
more that 100,000 Salmonella genomes (Cherry, 2020).
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Aims of presented thesis
Due to the rise of antibiotic resistant pathogen strains and a period of slowing antibiotic drug
discovery, approaches to manage bacterial infections in the absence of antimicrobials are urgently
needed. In order to progress towards these goals, an in-depth understanding of how bacteria evolve
and adapt in relevant environments, such as for enteropathogens in the gut, is paramount. In this
thesis, I pursue three overarching directions using a mouse model for within-host evolution of
Enterobacteriaceae in the gut.
First, I aim to understand how virulence in S.Tm is maintained in vivo as a general model to
study the evolution of cooperative virulence. Since the benefit of SPI-1 expression in vivo is to trigger
inflammation that acts as a public good, and there is a cost associated with SPI-1 expression in S.Tm,
cheaters emerge. Theory (Smith, 2001) and in vitro work (Dimitriu et al., 2014) has predicted that there
are cases where mobile genetic elements that harbour the cooperative allele could restore cheaters
to cooperators. In Chapter 2, I aim to measure the proportion of S.Tm SPI-1 cooperators compared to
cheaters in vivo. Using this technique, I aim to investigate the conditions in the gut that could lead to
the maintenance of cooperative virulence in a relevant host model system, as presented in Chapter 3.
My second aim is to quantify the transfer dynamics of antibiotic resistance plasmids in the gut.
The bulk of studies have used sequenced-based approaches, which does not allow for a detailed study
of plasmid transfer dynamics. This is investigated in Chapter 4, where we quantify ESBL plasmid spread
from E. coli clinical isolates in a mouse model with a defined microbiota that allows colonization of E.
coli to densities that can be observed in humans and animals. Additionally, I aim to characterize the
conditions that can modulate plasmid spread in the gut. Since antibiotic persistence is linked to the
emergence of mutations leading to antibiotic resistance (Levin-Reisman et al., 2017), we will ask if
antibiotic persistence could also modulate the spread of plasmids, which often encode antibiotic
resistance genes. Using a mouse model for S.Tm infection, we address this in Chapter 5.
Lastly, I aim to understand how pathogens can evolve to evade host immunity. Several
selective forces act within a host, including those exerted by the immune response. In Chapter 6, I
contributed to a project investigating if the host secretory IgA response can select for particular S.Tm
O antigen mutants, e.g. by coating the surface of S.Tm. This knowledge could be harnessed to rationally
design vaccines that trap S.Tm in an evolutionary dead end.
Altogether, using these approaches I want to further our understanding of basic aspects of
bacterial enteropathogen evolution in the gut (virulence, antibiotic resistance, and host immunity
evasion).
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Abstract
To understand how bacteria evolve and adapt to their environment, it can be relevant to monitor
phenotypic changes that occur in a population. Single cell level analyses and sorting of mutant cells
according to a particular phenotypic readout can constitute efficient strategies. However, when the
phenotype of interest is expressed heterogeneously in ancestral isogenic populations of cells, single
cell level sorting approaches are not optimal. Phenotypic heterogeneity can for instance make noexpression mutant cells indistinguishable from a subpopulation of wild type cells transiently not
expressing the phenotype. The analysis of clonal populations (e.g., isolated colonies), in which the
average phenotype is measured, can circumvent this issue. Indeed, no-expression mutants form
negative populations while wild type clones form populations in which average expression of the
phenotype yields a positive signal. We present here an optimized colony immunoblot protocol and a
semi-automated image analysis pipeline (ImageJ macro) allowing for rapid detection of clones
harboring mutations that affect the heterogeneous (i.e., bimodal) expression of the type three
secretion system-1 (TTSS-1) in Salmonella enterica serovar Typhimurium. We show that this protocol
can efficiently differentiate clones expressing TTSS-1 at various levels in mixed populations. We were
able to detect the emergence of hilC mutants in which the proportion of cells expressing TTSS-1 was
reduced compared to the ancestor. We could also follow changes in the frequency of different mutants
during long-term infections. This demonstrates that our protocol constitutes a tractable approach to
assess semi-quantitatively the evolutionary dynamics of heterogeneous phenotypes, such as the
expression of virulence genes, in bacterial populations.
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Introduction
Investigating microorganisms' evolution in action is instrumental to grasp the fundamental
mechanisms and dynamics of adaptation (Lenski, 2017). From a practical point of view, e.g., in
pathogenic microorganisms, rapid within-host microevolution can dramatically affect virulence,
evasion of host immune defenses, increased competitiveness against species occupying the same
niche, and resistance to antibiotics or predator grazing (Bliven and Maurelli, 2016;Didelot et al.,
2016;Diard and Hardt, 2017). A better understanding of the evolutionary dynamics of pathogens
should inspire innovative strategies to manage virulence, and prevent or treat diseases.
Whole-genome deep sequencing can detect variants in evolving populations of
microorganisms (McElroy et al., 2014;Didelot et al., 2016). It may however prove difficult to link genetic
variations to phenotypic changes and to comprehend the mechanism underlying their relative effect
on the fitness of organisms living in dynamic and complex environments, such as pathogenic bacteria
in their hosts. Moreover, errors can occur at many sample processing steps, which can lead to falsepositive signals (McElroy et al., 2014). If tools nevertheless exist limiting this issue, whole-genome
deep-sequencing remains a time-consuming process, requiring advanced bioinformatics pipelines that
are not always readily available (Kojima et al., 2016).
Hypothesis-driven phenotypic screening can constitute a relevant and affordable alternative.
In principle, single cell level readout can be suited to detect and to sort clones that harbor mutations
changing a phenotype otherwise homogeneously expressed in wild type cells. If a specific fluorescent
signal or cell shape can reveal the phenotype, it is possible to use a cell sorter to isolate relatively rare
mutants that differ from the wild type. However, phenotypic heterogeneity in the wild type population
may impair the detection of such mutants by single cell level approaches. This is particularly true for
bimodal or bistable phenotypic expression. In this case, cells that share the same wild type genome
form two distinct subpopulations in a given environment, one expressing the phenotype (ON), the
other not (OFF). This second population makes the detection of mutant cells genetically unable to
express the phenotype difficult. A simple solution is to change the scale of analysis from the single cell
to the clonal population level (e.g., isolated colonies) in which a no-expression mutant should be
distinguishable from clonal populations presenting the wild type average expression of the phenotype
(Figure 1).
Phenotypic analysis at the colony level using an immunoblot assay has been used initially to
screen for specific protein expression in defined strains (Henning et al., 1979;Mutharia and Hancock,
1985) or from recombinant protein libraries (Cornvik et al., 2005). Moreover, this has been used to
identify bacterial pathogens within samples (Hull et al., 1993;Takai et al., 1994;Belyi et al.,
1995;Hoszowski et al., 1996;Szakal et al., 2001;Szakal et al., 2003;Bogaert et al., 2004;Chen and Ding,
2004;Huang et al., 2016). We recently derived a colony immunoblot assay to follow the evolution of
virulence in populations of Salmonella enterica serovar Typhimurium (S. Typhimurium) (Diard et al.,
2013). In this bacterium, the expression of the Type Three Secretion System 1 (TTSS-1) is bimodal and
associated with a substantial growth defect (Hautefort et al., 2003;Sturm et al., 2011). We therefore
predicted that fast growing attenuated mutants should emerge during within-host growth. This
hypothesis was indeed verified by using a colony immunoblot assay to monitor the average expression
of TTSS-1 in clones obtained from fecal pellets of long-term infected mice (Diard et al., 2013).
Here, we present an optimized version of the colony immunoblot assay (abbreviated ColoBlot)
and a dedicated semi-automated image analysis open source pipeline (Colony Immunoblot Image
Analysis; abbreviated CIIA) available at https://sourceforge.net/projects/coloblot-imageanalysis/files/. This protocol allows identification of phenotypic variants according to the intensity of
the immunoblot signal. As proof of principle, we used this protocol to analyze evolved populations of
S. Typhimurium from infected mice. We were able to select and to characterize clones expressing TTSS71

1 at various levels. The ColoBlot could estimate the proportion of mutants expressing TTSS-1 at
intermediate levels within mixed populations that also included wild type strains and no-expression
mutants. The ColoBlot, coupled with genomic analysis revealed a more subtle picture of the
evolutionary dynamics of S. Typhimurium during infection than previously described (Diard et al.,
2013).
Evolved Populations with 1% Negative Mutants
Colony Immunoblot
100 clones
(Clonal Average Readout)

Flow Cytometry
10,000 events
(Single Cell Readout)
Unimodal
Phenotype
(100% ON)

1.0%
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99.0%
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Figure 1. Single cell level vs. colony level phenotypic detection of mutants. For a narrow distribution of the wild type
expression of a phenotype, single cell level analysis (e.g. by flow cytometry) and colony level screening could both detect noexpression mutants. However, if only 100 clones can be screened on one membrane, mutants present at lower frequency
than about 1% are difficult to detect by immunoblot. Thousands of cells can however be screened by flow cytometry which
considerably lower the detection limit. Nevertheless, the average expression measured on colonies by immunoblot allows
detecting no-expression mutants among wild type clones in which the expression of the phenotype is bimodal. Single cell
level screening could not be used as no-expression mutants would be included in the subpopulation of wild-type cells which
transiently do not express the phenotype.
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Materials and methods
Bacterial strains
Strains used in this study are summarized in Table 1. All S. Typhimurium strains are derivatives
of SL1344 (Hoiseth and Stocker, 1981). Bacteria were cultivated in Luria-Bertani (LB) medium
containing the appropriate antibiotics (6 µg.ml-1 chloramphenicol (AppliChem); 50 µg.ml-1 kanamycin
(AppliChem); 50 µg.ml-1 streptomycin (AppliChem)). To construct gene deletion mutants, the targeted
gene was replaced by an antibiotic resistance cassette using λ/red homologous recombination,
described in (Datsenko and Wanner, 2000). Desired mutations (or the PprgH-gfp reporter construct)
were transferred into different genetic backgrounds by P22 HT105/1 int-201-mediated transduction
(Sternberg and Maurer, 1991), and the antibiotic resistance cassettes were subsequently removed
when needed by a temperature-inducible flippase encoded on pCP20 (Datsenko and Wanner, 2000).
Either cat or aphT cassettes inserted into or between pseudogenes (marT::cat; aphT, between malX
and malY (Grant et al., 2008)) conferred -in vivo fitness neutral- antibiotic resistances and were used
for replica plating experiments.
Table 1. Bacterial strains
Strain Name

Relevant genotype

Resistance

Reference

SL1344

Strain
Number
SB300

Wild type

Sm

SL1344 sseD::aphT

M556

sseD::aphT

Sm, Kan

SL1344 ΔhilD

M3101

ΔhilD

Sm

SL1344 ΔhilC
M556 SipC (+)
M556 SipC (+/-)
M556 SipC (-)
SL1344 PprgH::gfp

Z1698

ΔhilC
sseD::aphT
sseD::aphT hilC*
sseD::aphT hilD*
PprgH-gfp

Sm
Sm, Kan
Sm, Kan
Sm, Kan
Sm, Cm

SL1344 ΔhilD
PprgH::gfp
SL1344 ΔhilC
PprgH::gfp
M556 SipC (+)
PprgH::gfp
M556 SipC (+/-)
PprgH::gfp
M556 SipC (-)
PprgH::gfp
SL1344 CmR

M3138

ΔhilD, PprgH-gfp

Sm, Cm

M3196

ΔhilC, PprgH-gfp

Sm, Cm

(Hoiseth and
Stocker, 1981)
(Hapfelmeier et
al., 2005)
(Diard et al.,
2013)
This work
This work
This work
This work
(Hautefort et
al., 2003)
(Diard et al.,
2013)
This work

sseD::aphT, PprgH-gfp

Sm, Cm

This work

sseD::aphT, hilC*, PprgH-gfp

Sm, Cm

This work

sseD::aphT, hilD*, PprgH-gfp

Sm, Cm

This work

M3020

marT::cat

Sm, Cm

SL1344 ΔhilD KanR
CmR
SL1344 ΔhilC KanR
Salmonella
Enteritidis

Z2078

hilD::cat, aphT

Sm, Cm, Kan

(Diard et al.,
2014)
This work

Z2079
P125109

ΔhilC, aphT
Wild type

Sm, Kan
None

This work
(Suar et al.,
2009)

*mutated allele
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Optimized colony immunoblot
We have refined the colony immunoblot (ColoBlot) protocol described by Qiagen and designed
to screen several hundreds of isolated clones for specific protein expression (Qiagen, Hilden, Germany;
https://www.qiagen.com/ch/resources/molecular-biology-methods/protein/). Compared to our
previous works with this protocol (Diard et al., 2013), we present here a semi-quantitative analysis
pipeline to detect subtle differences in protein expression levels on colonies. This is a broadly
applicable method that we employed to detect SipC protein abundance at the clonal level (Figure 2)
and identify Salmonella spp. based on their O serotype (Figure 8).
I

Flip (colonies facing up)

Selective Media
(Master Plate)

Non-selective Media

II

Incubate
Overnight

III

2x SSC (15 min.)

Pass Membrane Over Soaked Filters

Neutralization Solution, pH 7.4
(5 min. - Twice)

Cellular Material Bound to Membrane

IV

Carefully Scrape
Membrane

VI

Wash
(TBS)

10% SDS (10 min.)

Colonies Lysed and Cellular Material Denatured

Sequentially, with Washing (TBS) in Between
Protein-specific
1ο Antibody

(Overnight 4ο C)

V

0.5 M NaOH Solution
(10 min.)

VII

1ο Antibody-specific
2ο Antibody

VIII

4-chloro-1-napthol
(30 mg)

(4 hours)

+

H2O2
(0.06% w/v)

(10 min.)

Wash
(TBS)

Blocking
(3% BSA)
(1 hour)

Cellular Debris Removed

X

Antibodies Bound to Target

Antibody-Bound Regions Stained

IX
Scan Stained Membrane

(3 min.)

Ponceau S (0.02%)
(wash first with dH2O)

Wash (dH2O)

Colonies Stained
RGB Image for Image Analysis

Figure 2. Schematic outline of the ColoBlot procedure. (I) Colonies grown on the master plate are transferred on a
nitrocellulose membrane. (II) The membrane is then placed colony side up on a non-selective agar plate and incubated
overnight. (III) The membrane is passaged over different buffer soaked Whatman papers to lyse colonies and bind cellular
material to the membrane. (IV) The membrane is washed and excess cellular debris is removed by lightly scraping the
membrane with Whatman paper. (V) Another round of washing is followed by blocking in TBS buffer containing 3% BSA. (VI)
Protein-specific primary antibodies are added to the membrane in blocking solution. (VII) After three rounds of washing, HRPconjugated secondary antibodies are added in blocking solution. Another three rounds of washing removes antibody in
excess. (VIII) The staining was performed by exposing the membrane to 4-chloro-1-naphthol in presence of H2O2. This reaction
is terminated after 10 minutes by washing with dH2O. (IX) A non-specific counter stain is performed by incubating the
membrane in the presence of a Ponceau S solution. Destaining (to increase the signal-to-background ratio) is achieved with
sequential washing with dH2O. (X) After drying, the membrane is ready to be scanned as an RGB TIFF image for CIIA.
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Master plates are obtained by plating appropriate dilutions of bacterial suspensions on
selective media (we used MacConkey agar in 85 mm diameter Petri dishes to select for S. Typhimurium
or Salmonella enterica serovar Enteritidis (strain P125109 (Suar et al., 2009)) upon incubation at 37°C
overnight). For a reliable image analysis, we recommend aiming for a maximum population of about
250 colonies per plate (given that S. Typhimurium forms 2-3 mm diameter colonies in these
conditions). Also, prefer bead plating to Drigalski spatula for homogenous distribution of the colonies
all over the plate.
A circular nitrocellulose membrane (Whatman Protran nitrocellulose membranes, 0.45 µm
pore size, 82 mm diameter; Sigma) is carefully placed on the resulting colonies using two tweezers
(place center of membrane in the center of the master plate first). After covering the plate with the
entire surface of the membrane, it is peeled from the master plate and flipped colony-side up onto
non-selective media (Figure 2I) and incubated (overnight at 37°C on LB agar for S. Typhimurium)
(Figure 2II). It is important that the membrane is lifted carefully but swiftly to avoid splattering of
colony material which makes identifying single clones difficult. The membrane is then treated by
passages over Whatman papers (Whatman 3MM chromatography and blotting paper; Sigma) soaked
with: 10% SDS for 10 minutes, denaturation solution (0.5 M NaOH, 1.5 M NaCl) for 10 minutes (note
that for Salmonella O side-chain staining, the denaturation step is not used as the alkaline pH
denatures the O-acetylation which constitutes the O5 epitope), neutralization solution (1.5 M NaCl,
0.5 M Tris-HCl, pH 7.4) for 5 minutes twice, and 2x SSC (3 M NaCl, 0.3 M sodium citrate, pH 7) for 15
minutes (Figure 2III). Note that it is important that Whatman papers are thoroughly and evenly soaked,
and that excess liquid has been removed. Moreover, membranes must be placed onto Whatman
papers slowly to avoid formation of air bubbles. We have observed nevertheless, that colonies on the
edges of the membrane are often heterogeneously stained. This can be due to an excess of buffer on
the filters, which washes proteins away from the membrane on the edges. This should be taken into
consideration when analyzing membranes.
For the next steps, the membrane is placed in an empty 85 mm Petri dish. The membrane is
washed with TBS (10 mM Tris-HCl, 150 mM NaCl, pH 7.5) for 15 minutes by shaking on a rocking
platform. The remaining cellular debris are then removed by scraping the surface of the membrane
with Whatman paper (Figure 2IV). Excess debris can interfere with antibody binding and Ponceau S
staining. The scraped membrane is washed a second time with TBS for 15 minutes before blocking
with 5 ml of 3% bovine serum albumin (BSA) in TBS for 1 hour at room temperature with slow shaking
(Figure 2V).
After blocking, 5 ml of the primary antibody diluted in 3% BSA TBS, are added to the membrane
(Figure 2VI). For SipC, we use a 1:5000 dilution of an antiserum provided by Virotech Diagnostics GmbH
(reference number: VT110712). For Salmonella O5 antigen, we use a 1:1000 dilution of Salmonella O
Antiserum Factor 5 (Difco; Cat. No. 226601). The membrane is then incubated on a rocking platform
in a moist chamber overnight at 4°C. Washing in TBS-T (20 mM Tris-HCl, 500 mM NaCl, 0.05% Tween
20, and 0.2% Triton X-100, pH 7.5) for 10 min and in TBS twice more for 10 minutes removes nonspecific primary antibody binding. 5 ml of diluted HRP-conjugated secondary antibody (we use a 1:1000
dilution of a Goat-anti-rabbit IgG HRP antibody (LabForce, reference number: sc-2004) in 3% BSA TBS)
are then added to the membrane before incubation on a rocking platform for 4 hours at room
temperature (Figure 2VII). Antibodies in excess are eliminated by washing the membrane three times
10 minutes in TBS.
The staining is revealed by the chromogenic substrate 4-chloro-1-naphthol (Sigma). A 30 mg
tablet of 4-chloro-1-naphthol is dissolved in 10 ml of methanol and mixed with H2O2 (0.06 % w/v) in 50
ml TBS. 5 ml of this solution is added per membrane (Figure 2VIII). After 10 min incubation at room
temperature on a rocking platform, the reaction is stopped by washing the membrane with dH2O. To
counterstain the colonies with the non-specific Ponceau S red stain, the membrane is incubated for 3
minutes at room temperature in a Ponceau S solution (0.02% w/v Ponceau S in 1% v/v acetic acid)
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(Figure 2IX). The staining in excess is then removed with dH2O by washing the membrane 4 times for
5 minutes each on a rocking platform (or until colonies are clearly distinguishable from the
background). The Ponceau S staining is modification of the protocol used in (Diard et al., 2013) that
allows automated detection of regions of interest (ROI).
The membrane is then allowed to dry and scanned (Canoscan LiDE 700F, Canon) as a highquality RGB image (TIFF files are required for batch processing) (Figure 2X). However, too long free
drying of the membrane can provoke wrinkles, which interferes with maximum intensity
measurements. It is therefore recommended to store the membranes between two plastic sheets, and
away from sunlight to avoid bleaching. Note that the membranes can be stored prior to Ponceau S
staining, which can be performed at any time. If ROI detection is suboptimal due weak to Ponceau S
staining, membranes can be dried and re-stained with a higher concentration Ponceau S solution.
Semi-automated image analysis for phenotypic classification
In order to create an unbiased method for quantification of protein content using ColoBlot, we
developed a simple, user-friendly ImageJ (Fiji) macro (Figure 3). This macro (CIIA.txt; downloadable
from https://sourceforge.net/projects/coloblot-image-analysis/files/) allows for the unbiased
detection and relative quantification of clone staining resulting from the ColoBlot procedure. The
Colony Immunoblot Image Analysis (CIIA) pipeline consists of three major steps: 1) Identifying regions
on the membranes where cellular material from colonies has been stained; 2) Quantifying the staining
intensity on each of these colonies; 3) Identifying clones according to phenotypic characteristics using
thresholds defined by the user. A step-by-step description of how to use the macro, as well as
troubleshooting information is contained within a readme TXT file.
In order to identify regions on the membrane where colonies have grown, a red Ponceau S
stain is used, which binds protein (Figure 3II). The chromogenic substrate used (4-chloro-1-naphthol)
yields a dark purple hue of intensity proportional to the amount of the primary antibody target.
Therefore, after splitting a RGB image (600 dots per inch (dpi) TIFF files are recommended) into its
colour components (red, green, and blue), colonies can be identified by the red stain, and the specific
target by the purple stain. This macro requires an image to be open with Fiji (https://fiji.sc/).
To facilitate object detection, the image is inverted to yield bright regions of interest on a dark
background prior to colour component splitting. The green negative colour component image is used
to identify colonies and append ROIs to the ROI manager (Figure 3III-IV). The contrast of the
component image is enhanced (Enhance Contrast), the image is blurred (Gaussian Blur), and a dialog
box prompts the user to adjust a threshold to facilitate image segmentation (if manual thresholding is
selected). Once the threshold is defined (automatic thresholding methods can also be used as specified
in the parameter dialog box), the image is segmented and converted to a binary image. Processing the
binary image assists in ROI identification. High intensity segmented regions are sequentially dilated
(Maximum), gaps are closed (Close-), interiors are filled (Fill Holes), and eroded back to their original
size (Minimum), using similar binary processing operations as for the identification of colonies on an
agar plate (Choudhry, 2016). In order to isolate colonies found in clusters (if this option is selected in
the parameter dialog box), the watershed algorithm is used. ROIs are then detected (Analyze Particles)
based on particle size (Figure 3IV) (default 2000-15000 pixels in area) specified in the parameter dialog
box, and appended to the ROI manager.
The second main component of CIIA uses the identified ROIs to measure specific staining
intensity. The red negative colour component image is denoised (Despeckle) and blurred (Gaussian
Blur), and the ROIs are overlaid from the ROI manager (Figure 3V). The maximum intensity of each ROI
on the red component image is measured. The maximum intensity parameter was chosen since
performing the ColoBlot procedure for SipC expression leads to a ring-shaped staining. Comparing
mean or median intensity of ROIs with and without a ring would lead to falsely undetected differences.
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Figure 3. The CIIA pipeline. (I) The ColoBlot procedure was performed on a plated mixture of SL1344 (wild type) and SL1344
ΔhilD using an anti-SipC primary antibody. (II) Colonies that did not express SipC, and are therefore not stained by 4-chloro1-naphtol, are made visible by the non-specific Ponceau S staining. (III) The image (from II) is split into its colour component
images (left membrane: red colour component image (SipC stain); right membrane: green colour component image (Ponceau
S stain)). (IV) After thresholding (colony detection threshold = 61), binary masking, and binary operations, ROIs are identified
by the Ponceau S stain based on parameters inputted by the user (Analyze Particles). (V) The image of the SipC staining is
blurred and denoised, and the ROIs (detected in IV) are overlain. (VI) The maximum intensity is measured for each ROI and
plotted as a histogram (shown histogram was produced with GraphPad Prism version 7 for windows using maximum intensity
data saved in the XLS file by CIIA). A threshold (here 30) is manually selected based on local minima in the histogram. (VII)
ROIs are classified and highlighted on the output image by CIIA, based on the threshold definition (identified in VI).
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The macro saves these measurements as an XLS file (additional information (mean, minimum intensity,
area) is also saved) and creates a histogram window, indicating the distribution of maximum intensities
(Figure 3VI).
The last main component of the macro identifies clones that satisfy population-defining criteria
inputted by the user. There are two main approaches to define thresholds: 1) Prior information
regarding the number of expected populations can allow for threshold definitions (Figure 3VI, 7); 2) A
comparison with a reference population (e.g. ancestors) can allow for the statistical identification of
clones that deviate phenotypically from the reference population (Figure 5). Once the number of
populations (the macro allows up to 4) and thresholds are identified, this information is entered into
the dialog box. Then, CIIA creates and saves a JPEG image containing ROI overlays of the clones of
interest (Figure 3VII)
We have also created a second macro (CIIA_Batch.txt) that allows for batch processing of
images that have similar thresholds for ROI detection and maximum intensity based population
definition. The method for thresholds definition is identical to the single image macro. Therefore, we
recommend setting these thresholds according to CIIA on at least some representative images prior to
using CIIA_Batch (see example in Figure 7). For each image analyzed by CIIA_Batch, an XLS file of ROI
measurements is saved (yields the same values as CIIA, provided an identical ROI detection threshold).
As quality control, for each image analyzed by CIIA_Batch, three JPEG files are saved: the colour-coded
output populations detected according to maximum intensity thresholds; the specific colour
component images with overlaid ROIs; and a snapshot of the maximum intensity histogram of detected
ROIs. A TXT file of the log is saved which contains the defined parameters, thresholds used, and counts
of ROIs in each population.
Colony PCR
To verify the genotype of selected clones based on the output from the ColoBlot analysis
performed on a mixture of wild type and ΔhilD mutants (Figure 4), we used the following primers:
ver_hilD_up2 (TCTCGATAGCAGCAGATTAC) and ver_hilD_dw2 (CAGTATAAGCTGTCTTCCG). The
conditions were as follows: Sample denaturation 92°C, 5'; 35 cycles of denaturation (92°C, 30''),
annealing (55°C, 30'') and elongation (72°C, 2') steps; final elongation 7' at 72°C.
Assessment of CIIA pipeline efficiency by replica plating
Bacterial suspensions containing mixtures of strains (differentiable by their respective
antibiotic resistance(s)) were plated on MacConkey agar supplemented with streptomycin (Sm)
(master plate) to yield 50-250 colonies (all S. Typhimurium strains used are SmR). For experiments with
mixtures of S. Typhimurium and S. Enteritidis, bacterial suspensions were plated on MacConkey agar
without antibiotics. The colonies were then transferred to a nitrocellulose membrane from the master
plate for ColoBlot analysis. The same master plate was also used to replica transfer colonies onto
MacConkey agar containing appropriate antibiotics to enumerate S. Typhimurium wild type (CmR),
ΔhilD (KanR, CmR), and ΔhilC (KanR) colonies. Percentage of each genotype determined by replica
plating were plotted against percentage of each genotype determined by CIIA and a linear regression
was performed to assess correlation of results produced by the two techniques.
Whole genome sequencing
For whole genome sequencing, pure cultures of selected clones were grown in LB
supplemented with appropriate antibiotics and genomic DNA was extracted using the Qiagen DNeasy
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extraction kit. The Illumina MiSeq system operated at the Functional Genomic Center of Zürich was
used to generate 250 bp paired-ends reads. The genome coverage was at least 50 times. Bioinformatics
analysis was performed with CLC Genomic workbench 6.5.1. Reads were assembled, and single
nucleotide polymorphisms and small insertions/deletions were detected using the sequenced genome
of S. Typhimurium SL1344 as reference (Hoiseth and Stocker, 1981;Kroger et al., 2012).
Flow cytometry
S. Typhimurium strains expressing GFP under the control of the prgH promoter (Hautefort et
al., 2003) were grown overnight at 37°C in LB with the appropriate antibiotics, diluted 1/20 and subcultivated for 4h in LB without antibiotic. Cells were washed and diluted 1/10 in PBS before flow
cytometry analysis. GFP emission per cell was determined using a LSRII flow cytometer (BD
Biosciences) and analyzed with FlowJo software (Tree Star).
Animal experiments
Experimental in vivo evolution and within-host competitions were performed in 9 to 12 weeks
old C57BL/6 or 129 SvEv mice pretreated with streptomycin as described in (Barthel et al., 2003). Mice
were maintained under specified pathogen free conditions in individually ventilated cages at the RCHCI
facility of ETH Zürich. The experiments were approved by the responsible administration
(Tierversuchskommission, Kantonales Veterinäramt Zürich, licenses 222/2013 and 193/2016).
Biosafety
All experiments were performed by trained personal in biosafety level 2 laboratories (HCI building of
the ETH Zurich Hoenggerberg) in accordance with standard BSL2 working procedures.
Statistics
Statistical tests were performed using GraphPad Prism version 7 for windows
(http://www.graphpad.com).
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Results
Detection of clones that do not express TTSS-1
The first step was to establish the ColoBlot protocol (Figure 2) and the image analysis pipeline
(Figure 3), as detailed in the materials and methods section. We improved the SipC colony immunoblot
previously used to detect mutants that failed to express TTSS-1 in evolving populations of S.
Typhimurium (Diard et al., 2013). The SipC protein is a secreted translocator located at the tip of TTSS1. The expression of SipC can therefore be used as a proxy to monitor the expression of the whole
secretion system. Genome sequencing of SipC negative clones revealed mutations in the hilD gene that
encodes the main transcriptional regulator of TTSS-1 expression (Schechter et al., 1999;Diard et al.,
2013).
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Figure 4. The CIIA can accurately identify ΔhilD mutants mixed with wild type clones. Membranes containing mixtures of
SL1344 (wild type) and SL1344 ΔhilD were processed using CIIA_Batch (maximum intensity threshold = 40). (A) Representative
image of population overlays (same image as shown in Figure 3). (B) 5 clones of each population (identified in (A)) were tested
for the expected genotype by colony PCR. (C) A regression analysis was performed to determine CIIA efficiency on 6
membranes containing mixtures of SL1344 (wild type; CmR) and SL1344 ΔhilD at different ratios, through comparison to
replica plating. Slope=0.9139 (Extra sum-of-squares F test compared to slope=1 not significant; p=0.1983); origin=-0.0001869;
R2=0.9852.
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We analyzed artificial mixtures of wild type S. Typhimurium and ΔhilD mutants, which
respectively do or do not express SipC (Figure 4). Accordingly, the distribution of the SipC staining
signal yielded two distinct populations of colonies corresponding to the two genotypes (Figure 4). After
defining thresholds to differentiate populations based on maximum SipC-intensity distributions, ΔhilD
and wild type clones could be spotted by CIIA (Figure 3, 4A). The genotype of five clones belonging to
each population were verified by PCR amplification of the hilD locus. We were able to recover wild
type or ΔhilD genotypes with full accuracy (Figure 4B). To further evaluate the efficiency of the image
analysis, we compared the percentage of ΔhilD clones calculated either using CIIA or replica plating
from the same master plates inoculated with controlled mixtures of ΔhilD (Chloramphenicol sensitive;
CmS) and wild type strains (Chloramphenicol resistant; CmR) at varying ratios (Figure 4C). The two
approaches yielded comparable results (linear regression slope=0.9139 (not significantly different
from a slope of 1 (p=0.1983)), origin=0.0019, R2=0.9852), i.e., ΔhilD mutants identified by the absence
of growth on chloramphenicol plates after replica plating were also consistently detected by ColoBlot
and CIIA among the wild type colonies.
Identification and characterization of mutants emerging during within-host evolution
In order to assess the efficiency of the method in realistic infection conditions, we analyzed
samples obtained from in vivo evolution experiments. C57BL/6 mice were infected with TTSS-1
expressing strains of S. Typhimurium (M556; a ΔsseD attenuated mutant). The ΔsseD genotype allows
for long-term within-host evolution in sensitive mice (as described in (Diard et al., 2013)). The ColoBlot
analysis was performed on suspended fecal pellets diluted and plated on selective MacConkey agar to
obtain about 250 S. Typhimurium clones (Figure 5).
The distribution of SipC expression levels among clones from the population at day 10 postinfection (evolved population; Figure 5B) was compared with the distribution obtained from the
population at day 4 post-infection ("ancestral population" with only limited within-host evolution;
Figure 5A). The distribution of the evolved population overlapped only partially with the distribution
from the population at day 4 post-infection (Figure 5B), that is, some clones within the evolved
population displayed SipC expression levels clearly reduced compared to the ancestral population. In
order to quantify the amount of clones that deviated from the initial distribution of SipC protein
abundance per colony, we fixed a threshold equal to the first 5% of empirical maximum intensity
measurements (Figure 5A-B). Three evolved clones were isolated from the master plate that contained
the evolved population (Figure 5C, coloured arrows): One clone (+) yielded SipC expression expected
to belong to the ancestral population; two additional clones were selected from the intensity
histogram below the selected threshold, indicating that these significantly differ from the ancestral
population. One was selected with higher maximum intensity (+/-) and one with lower maximum
intensity (-)below the threshold. Due to intermembrane SipC-staining variability that depends on the
number of colonies present (Figure 7A), we selected values clearly below the defined threshold, and
not at the upper bound. The staining procedure was repeated after streaking these clones on new
MacConkey plates. Differences in the intensity of the colouration were clearly visible between the
three isolated clones (Figure 5D). The homogeneity of the signal along the streaks and within colonies
suggested stable phenotypes resulting from distinct genotypes. The genomes of the isolated clones
were therefore sequenced and compared to the ancestral genome. Dim (+/-) and negative (-) SipC
expression were associated with single nucleotide polymorphisms in hilC and hilD, respectively. The
hilC gene encodes a transcriptional regulator homologous to HilD and known to positively regulate
TTSS-1 expression (Schechter et al., 1999). Reconstructed hilC and hilD knock-out mutants displayed
comparable SipC expression levels than their counterparts arising during within-host evolution (Figure
5E). These observations were confirmed by flow cytometry using a gfp reporter gene under the control
of a HilD-regulated promoter of prgH inserted in the genetic background of isolated clones and
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reconstructed mutants (Figure 5F). These results shown that the ColoBlot analysis was sensitive
enough to reveal evolved clones harboring mutations that lead to a slight reduction of the population
size expressing TTSS-1, roughly 2-fold as determined by flow cytometry (Figure 5F).

Figure 5 (legend on next page)
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Figure 5. The ColoBlot analysis identifies TTSS-1 expression mutants emerging during within-host evolution. (A-C) M556
(ΔsseD S. Typhimurium SL1344; TTSS-1 expressing) were allowed to evolve for 10 days in C57BL/6 mice and fecal pellets were
plated to yield 50-250 colonies per plate. The ancestral population (M556; plated after 4 days in C57BL/6) served as reference
for SipC expression. An anti-SipC ColoBlot, followed by Ponceau S staining, was performed on the ancestral population (day
4 p.i.) and the evolved population (day 10 p.i.) (seen as insets in panel A and B, respectively). (A) Maximum intensity histogram
determined by CIIA of the ancestral population. The red line indicates the threshold corresponding to the upper value (47.0)
of the first 5% of maximum intensity measurements (calculated by taking the maximum intensity value of ROI "n" that
corresponds to the total ROI number multiplied by 0.05). (B) Maximum intensity histogram of the evolved population
determined by CIIA. 5% threshold of the ancestral population (determined in panel A) is overlaid. ROIs with high (+; green
arrow), medium (+/-; yellow arrow), or low (-; red arrow) maximum intensity were selected based on ROIs above the threshold
(expected ancestral genotype; green arrow), and ROIs at the upper (yellow arrow) and lower (red arrow) bounds of the
maximum intensity distribution below the threshold. (C) Output image of the evolved population by CIIA, with ROIs below
the threshold shown in green (left image). SipC colour component image (right image). Clones expressing high amount (+;
green arrow), low amount (+/-; yellow arrow), or no (-; red arrow) SipC are indicated (as identified in panel B). (D) Clones
identified from panel B, and isolated from the master plate (membrane shown in panel C), were streaked onto a MacConkey
plate and an anti-SipC ColoBlot was performed to confirm their respective SipC expression level. Upper image shows the antiSipC staining. The lower image shows the same membrane counterstained with Ponceau S. (E) Reconstructed strains carrying
mutations as identified in the evolved clones by sequencing and corresponding to high (+; wild type), low (+/-; ΔhilC), or no (; ΔhilD) SipC expression. The strains were streaked onto a MacConkey plate and an anti-SipC ColoBlot was performed (upper
image) and subsequently Ponceau S stained (lower image). (F) A gfp reporter cassette for TTSS-1 expression (PprgH::gfp) was
inserted by P22 phage transduction into clones identified in panel C and the reconstructed strains shown in panel E, and
analyzed using flow cytometry. Bacterial cells were identified by side-scatter. Percentages of GFP-positive events were
calculated for each plot by defining a threshold according to the basal fluorescence level detected in a ΔhilD mutant.

Optimization of the identification and quantification of distinct TTSS-1-expressing clones
We next addressed the ability of CIIA to reproducibly detect small differences in SipC protein
quantities per colony. We observed that depending on the overall intensity of the specific signal,
identification of ΔhilC mutants in the presence of wild type clones was not always accurate. Therefore,
we tested the ability of CIIA to distinguish ΔhilC from wild type on membranes incubated for
increasingly long times in presence of the 4-chloro-1-naphthol chromogenic substrate (Figure 6). For
incubation times longer than two minutes, the two distinct populations were more clearly
discriminated (Figure 6A, B). We found that the mean of the maximum intensities of all ROI per
membrane reached a plateau after about two minutes of incubation, suggesting that the reaction was
limited by the amount of available substrate (Figure 6C). This may introduce a bias in the signal
intensity of each ROI depending on the total amount of HRP molecules per membrane using the
substrate. We henceforth use 10 minutes of incubation in presence of the substrate to resolve
populations in complex mixtures of clones.
We then tested the sensitivity and efficiency of the ColoBlot analysis on mixtures of wild type
R
(Cm ), ΔhilC (Kanamycin resistant; KanR) and ΔhilD (CmR and KanR) mutants at various known ratios.
The results from replica plating served as reference for CIIA accuracy (Figure 7). We generated unique
thresholds for SipC expression that are characteristic of each population. We first assumed that all
three strains should yield reproducible distributions of SipC expression levels. To test this, we subjected
each strain plated on MacConkey agar (50-250 clones) to the ColoBlot analysis in triplicate (Figure 7A).
Notably, depending on the number of ROIs present on each membrane, the intensity of the SipC
staining was variable (Figure 7A). Therefore, it was necessary to set thresholds to the local minima of
histograms from of a mixture of each population (Figure 7B). We performed such a threshold
calibration on 10 mixtures of the three strains (each at different ratios) and compared the ability of
CIIA to distinguish populations with the results of the replica plating method (Figure 7C). Clones of
each strain were successfully identified using both methods as determined through linear regression
(wild type: slope=0.9978 (not significantly different from slope of 1 (p=0.9756)), origin=4.951,
R2=0.9637; ΔhilC: slope=0.9723 (not significantly different from slope of 1 (p=0.7956)), origin=6.595,
R2=0.9172; ΔhilD: slope=0.8734 (not significantly different from slope of 1 (p=0.0500)), origin=-6.285,
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R2=0.9693). Thus, we could calculate mean thresholds: threshold 1 (39.5) defining the boundary
between ΔhilC and ΔhilD and threshold 2 (85.3) defining ΔhilC and wild type.
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Figure 6. Optimization of the incubation time with the chromogenic substrate. (A) Equal mixtures of SL1344 ΔhilC and
SL1344 wild type were plated on MacConkey agar to obtain approximately 50-250 colonies. An anti-SipC ColoBlot was
performed. Prior to exposure of the membrane to the 4-chloro-1-naphthol reagent mixture, the membrane was cut into four
equal parts (representative images for each quadrant are shown divided by a black line). Each quadrant was exposed to 4chloro-1-naphthol in the presence of H2O2 for 10 seconds, 30 seconds, 2 minutes, or 10 minutes (as indicated). (B) CIIA was
performed on each quadrant independently and the resulting maximum intensity histograms are shown (representative
histograms of the membrane shown in panel A). (C) The mean maximum intensity for each ROI (i.e., the mean maximum
intensity for each histogram in panel B) in each quadrant is plotted as a function of time. Three membranes are plotted and
hyperbolic curves are fit (R2=0.9119, 0.9703, and 0.931).

The relative proportion of clones displaying distinct TTSS-1 expression profiles can be followed in in
vivo-evolved populations
Finally, we studied competitions between wild type, ΔhilC and ΔhilD mutants in mice. The
mean thresholds calculated by calibration fitted with the local minima in the distribution of maximum
intensity values of colonies from the inoculum in which the three strains were mixed at close relative
proportions (Figure 7D). We followed the evolution of these proportions during infection and
compared results from the ColoBlot analysis with selective plating (Figure 7E). The dynamics revealed
by the ColoBlot procedure could be indeed confirmed by selective plating. The ΔhilD mutant
outcompeted the wild type strain and the ΔhilC mutant.
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Therefore, upon calibration of optimal thresholds, the ColoBlot analysis is suitable to estimate
the relative proportion of populations of Salmonella evolving within-host according to the expression
of TTSS-1.

Figure 7 (legend on next page)
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Figure 7. The ColoBlot analysis can be used to follow changes during within-host growth. (A) MacConkey master plates with
50-150 colonies containing only SL1344 wild type (left histograms), SL1344 ΔhilC (middle histograms), or SL1344 ΔhilD (right
histogram) were analyzed with the CIIA. Stacked histograms show maximum intensity measurements of three independent
membranes for each population. The total number of ROIs in each histogram is indicated. (B-C) SL1344 wild type (CmR),
SL1344 ΔhilD (CmR; KanR), and SL1344 ΔhilC (KanR) were mixed at different ratios and plated on MacConkey agar to yield 50250 colonies. The CIIA was used to quantify expression of SipC. (B) A representative histogram of one membrane is shown.
The thresholds are manually determined to fit the local minima in the histogram (shown as solid purple lines; numbers
indicate the threshold value) and the resulting populations on the membrane are shown (right panel; coloured ROIs
correspond to coloured bars in the maximum intensity histogram). (C) Replica plating was performed in parallel to CIIA and a
correlation analysis was performed. Linear regression best-fit equations and R2 values are shown in the panel inset. Wild type:
slope=0.9978 (Extra sum-of-squares F test compared to slope=1 not significant (p=0.9756)), origin=4.951, R2=0.9637; ΔhilC:
slope=0.9723 (Extra sum-of-squares F test compared to slope=1 not significant (p=0.7956)), origin=6.595, R2=0.9172; ΔhilD:
slope=0.8734 (Extra sum-of-squares F test compared to slope=1 not significant (p=0.0500)), origin=-6.285, R2=0.9693. Each
individual membrane was adjusted to correct the threshold for inter-membrane maximum intensity variation (thresholds
shown in a table; the mean is calculated for each threshold and is used for subsequent analysis). (D-E) Streptomycinpretreated 129 Sv/Ev mice were orally infected with mixtures of SL1344 wild type (CmR), SL1344 ΔhilD (CmR; KanR), and SL1344
ΔhilC (KanR) at a 1:1:1 ratio. Populations sizes were followed by plating resuspending fecal pellets on MacConkey plates
supplemented with streptomycin and by performing replica plating in parallel to ColoBlot and CIIA (thresholds used are the
mean values determined through threshold calibration in panel C). (D) The histogram from the inoculum (1:1:1 ratio) is shown
with indicated thresholds (shown as purple lines; numbers indicate threshold values). (E) Percentages of clones of each
genotype (indicated by the legend; green=wildtype; yellow=ΔhilC; red=ΔhilD) detected after performing CIIA (solid lines) or
replica plating (dashed lines) on plated resuspended fecal pellets (50-250 colonies). Fecal pellet population composition from
two representative mice are shown.
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Discussion
We combined immuno-staining and a Ponceau S counterstain that, coupled with the CIIA
ImageJ macro, allows for phenotypic analysis of bacterial populations at the level of the colony. We
show that this is particularly useful for the detection of mutants presenting phenotypes that are
otherwise within the range of phenotypic variation observed at the single cell level in wild type
populations (Figure 1). To our knowledge, this is the first pipeline for the evaluation of protein
expression level on colonies that is able to identify distinct clonal populations, to estimate their relative
proportion and to flag clones of interest for further isolation and characterization.
In order to implement the ColoBlot protocol, two criteria must however be met:
1)
This phenotypic readout relies on availability of antibodies directed against a specific target.
Here we used antibodies recognizing SipC to reveal the expression of TTSS-1 and co-expressed genes
in S. Typhimurium;
2)
The phenotype must be expressed in vitro (growth on agar-based media is essential for the
ColoBlot protocol).
Moreover, the accuracy of the image analysis depends on the quality of the membrane and of
the staining. Too many clones per membrane reduces the precision of the ROI detection. We therefore
recommend an upper limit of 250 clones for S. Typhimurium-like colonies on 85 mm diameter plates.
Folding and scratching of the membrane should also be avoided.
Insufficient removal of cellular debris that can shield the target of the primary antibody may
render the specific signal deceptively heterogeneous. The Ponceau S counterstain constitutes a good
quality-control for this as it clearly reveals cellular debris that stick to the membrane (data not shown).
As shown in Figure 6C, the chromogenic reaction is limited by the amount of available
substrate for HRP. This means that the signal intensity per positive clone depends on the number of
positive clones per membrane. High amounts of colonies expressing the target implies more HRPconjugated secondary antibodies per membrane and a substrate concentration that may become
limiting. This is likely the reason why maximum intensity measurements from three membranes
containing clones from the same ancestral population resulted in variable distributions (Figure 7A).
Indeed, membranes that contained fewer colonies consistently yielded higher maximum intensity
measurements than membranes containing more clones from the same population. A calibration using
defined mixed populations is therefore useful in order to calculate maximum intensity thresholds used
to characterized mixed subpopulations of clones on several membranes (Figure 7C).
As a proof of concept, we used the ColoBlot to demonstrate that S. Typhimurium evolved
during infection in mice toward establishment of mutants displaying various in TTSS-1 expression level.
The conservative nature of the ColoBlot analysis allows recovering clones of interest from the master
plate for further characterization. The sequencing of isolated clones' genome identified point
mutations in hilC that were responsible for a 2-fold reduction in the number of individual cells
expressing TTSS-1 (confirmed by flow cytometry data; Figure 5). Our previous study using a less
advanced version of the colony immunoblot only revealed the emergence of mutants that were not
expressing TTSS-1 at all (i.e., hilD mutants) during within-host growth. Results presented here reveal a
more complex scenario than previously proposed in order to describe the long-term evolutionary
dynamics of S. Typhimurium within-host (Diard et al., 2013). Clones expressing TTSS-1 at wild type level
compete not only against hilD, but also against hilC mutants. We assume this to be linked to the fitness
cost associated with TTSS-1 expression (Sturm et al., 2011;Diard et al., 2013).
The ColoBlot protocol is not limited to the study of within-host evolution. Changes in
population composition can be monitored in any ecological niche providing that the bacteria of interest
could be sufficiently enriched to obtain a reasonable amount of clones on selective agar medium.
Furthermore, potential cellular targets of the primary antibody are not limited to proteins. As a proof
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of broad utility, we have used the ColoBlot pipeline to analyze the composition of S. Typhimurium and
S. Enteritidis based on the Salmonella O antigen. The ColoBlot pipeline could accurately identify S.
Typhimurium and S. Enteritidis based on the presence or absence of the O5 antigen, respectively
(Figure 8). Distinct pneumococcal serotypes have also been identified using a colony immunoblot assay
(Bogaert et al., 2004). Serotyping mixed populations has important implications in vaccine design and
implementation. The ColoBlot pipeline can be used as an affordable alternative to flow cytometry
analysis to monitor the evolution of pathogens upon vaccination using a polysaccharide-specific
antibody. In conjunction with whole-genome sequencing, this could allow for the identification of
novel classes of polysaccharide-modifying enzymes, and improve current mucosal vaccination
strategies.
In conclusion, the ColoBlot pipeline is a tool of potential broad applications, complementing
single cell level approaches and whole-genome sequencing for the study of microbial population
diversity.

Figure 8. S. Typhimurium and S. Enteriditis can be differentiated based on their O serotype using the ColoBlot analysis, (A)
The ColoBlot procedure was performed on mixtures of S. Typhimurium (SL1344) and S. Enteritidis using a commercial antiO5 serum as primary antibody. A representative image is shown stained with Ponceau S. (B) CIIA was performed on images
from the ColoBlot procedure (see panel A) and a representative histogram is shown. A maximum intensity threshold (35) was
determined based on the local minimum of the histogram. The colonies identified and classified by CIIA are shown in the inset
(red indicate colonies below the threshold and green indicate colonies at or above the threshold). (C) Regression analysis
comparing the CIIA output to selective replica plating from eight membranes containing mixtures of S. Typhimurium (SL1344;
CmR) and S. Enterica at different ratios. Slope=0.8156 (Extra sum-of-squares F test compared to slope=1 p=0.0162);
origin=7.607; R2=0.9728.
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Abstract
Virulence of bacterial pathogens can be costly. In Salmonella Typhimurium (S.Tm), there is a fitness
cost associated with expression of type three secretion system (ttss)-1. S.Tm triggers inflammation via
the TTSS-1, creating a favorable niche in the gut, and fueling its transmission. Since ttss-1 expression
is associated with a fitness cost, genetic variants (cheaters) can emerge that profit from inflammation
without paying the cost of virulence expression. Virulence is therefore a cooperative trait in S.Tm.
Mutations in hilD, the gene encoding for the central regulator of ttss-1 expression, arise within-host.
Theory suggests that horizontal gene transfer (HGT) of mobile elements encoding a functional
cooperative allele may restore, or even facilitate the emergence of cooperative virulence. We aim to
address this for cooperative virulence of S.Tm. We cloned hilD into P2, a conjugative plasmid in S.Tm
that is highly transferrable in vivo. Using donors equipped with a hilD-expressing P2 variant (pVir), we
show that HGT enforces cooperation in cheater recipient strains, by restoring their capacity to trigger
inflammation. Through this, we show that virulence can emerge in our experiments. However, this is
unstable and new cheaters carrying hilD-mutant pVir emerge within a few days. By modulating the
cost associated with hilD expression on pVir, we show that the speed at which cheaters re-emerge is
dependent on the cost. We also show that host-to-host transmission of virulent clones leads to disease
and shedding of S.Tm in new mice, but that transmission with a population invaded by cheaters does
not. Therefore, HGT and minimized costs of virulence restoration increase the time that virulent clones
can be shed, but do not stably maintain cooperative virulence. Our data suggest that maintaining
cooperative virulence in S.Tm is dependent on transmission, expedited by genetic drift from
population fragmentation and bottlenecks that occurs with natural host-to-host transmission. Narrow
bottlenecks in which few clones are transmitted select for cooperative virulence in a population of
hosts, since virulent clones lead to disease and shedding while cheaters will not. Overall, we provide
evidence supporting the acquisition of costly virulence factors widely found in bacterial pathogens by
HGT.
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Introduction
Bacteria often exist in large communities, leading many aspects of bacterial lifestyle to be
governed by interactions ranging from conflict to cooperation (Crespi, 2001). Such aspects of bacterial
sociality have also been widely described for pathogens, which often infect hosts through collective
actions (Griffin et al., 2004;West et al., 2006;Diard and Hardt, 2017). For example, they can secrete
extracellular metabolites or enzymes to assist in growth (e.g. iron-scavenging siderophores) (Griffin et
al., 2004), produce toxins to compete with other species (Chao and Levin, 1981;Mavridou et al., 2018),
establish and survive within biofilms (Nadell et al., 2016), or use virulence factors to modulate the host
immune response to create a favourable environment (Stecher et al., 2007;Ackermann et al., 2008). In
all these cases, these collective actions function through shared public goods, which are costly to
produce. High relatedness between the producing cell and the beneficiary at the genetic locus of
interest (i.e., perfect relatedness in a clonal population) favours cooperation (Hamilton, 1964).
However, cells that do not contribute ("cheaters") to production (and thus do not pay the cost) but
can benefit from the public good, can emerge (e.g. through mutation; this decreases relatedness) and
outcompete producing cells. In extreme cases, this can lead to population collapse due to the total
breakdown of production of the public good (West et al., 2006). Therefore, the existence of
cooperation in so many aspects of bacterial lifestyle (including virulence) is difficult to rationalize,
although gene regulation, phenotypic heterogeneity, kin discrimination, and population structure
likely contribute (Foster et al., 2004;West et al., 2006;Diard et al., 2013;Nadell et al., 2016).
Bacterial genomes are also very plastic, characterized by gene loss or gain that can drive
speciation (Dobrindt and Hacker, 2001). Important drivers of this process are mobile genetic elements
(MGEs), which can be transferred among bacteria through horizontal gene transfer (HGT). This is
particularly relevant in the case of virulence factors, which are often encoded on MGEs (Dobrindt and
Hacker, 2001;Frost et al., 2005;Diard and Hardt, 2017). Together with the observation that many
virulence factors act extracellularly, it was proposed that HGT may be a mechanism to enforce
cooperation (i.e., restore cheaters to cooperators) in pathogenic bacteria (Smith, 2001). In this case,
carrying cooperative genes encoding virulence factors (i.e., leading to cooperative virulence) on MGEs
can enforce cheating cells to cooperate through HGT. This was supported by the general observation
that in Escherichia coli, genes encoding for secreted proteins (including virulence factors) were
frequently gained or lost, and associated with MGEs (Nogueira et al., 2009;Rankin et al., 2011). Indeed,
experimental work in vitro has supported the role for HGT in promoting cooperation in bacteria by
increasing assortment of producer alleles within a population (Dimitriu et al., 2014). This extends upon
the proposed role of HGT in enforcing cooperation (Smith, 2001), which was predicted to be unstable
since cheating can occur once again at the level of the plasmid (Nogueira et al., 2009). In structured
environments, HGT increased the relatedness of neighbouring cells since close proximity is required
for MGE transfer, favouring cooperation (i.e., this promotes stable cooperation and not only enforces
it) (Dimitriu et al., 2014).
A disadvantage of these previous studies is that, although elegant, they do not capture the
entire complexity of cooperative virulence and it is difficult to predict how well theory and in vitro work
translates to an infection scenario. To address this, adequate models that capture the complexity of
the host-pathogen interaction are essential. Here, we use a mouse model to study cooperative
virulence in Salmonella enterica serovar Typhimurium (S.Tm).
S.Tm is an enteric pathogen that actively triggers inflammation to favour its own growth in the
gut (Stecher et al., 2007). Inflammation is triggered as a response to invasion into host cells mediated
by the type three secretion (TTSS)-1, and acts as a public good, fueling the growth of S.Tm and related
Enterobacteriaceae (Stecher et al., 2007;Ackermann et al., 2008;Stecher et al., 2012). Expression of
ttss-1 is costly both in vitro (Sturm et al., 2011) and in vivo (Ackermann et al., 2008;Diard et al., 2013)
and cheaters that do not pay the cost of production but benefit from inflammation emerge during
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infection (Diard et al., 2013). These cheaters contained mutations in hilD, which encodes a central
regulator for TTSS-1-mediated virulence (Diard et al., 2013). ttss-1 expression in S.Tm is bistable,
allowing a subpopulation of phenotypically virulent cells to trigger inflammation, while another
subpopulation grows more quickly; this division of labour strategy limits cheater out-growth (Diard et
al., 2013). However, hilD mutants still emerge during within-host evolution experiments (Diard et al.,
2013;Bakkeren et al., 2017), have been isolated from patients (Marzel et al., 2016), and have been
detected in comparative genomic analyses of more than 100 000 natural isolates of Salmonella
enterica (Cherry, 2020). Therefore, division of labour alone cannot explain the maintenance of
cooperative virulence in S.Tm and much less its emergence and selection. The Salmonella
pathogenicity island (SPI) that encodes for TTSS-1 mediated virulence (i.e., SPI-1) has been acquired by
HGT (Desai et al., 2013;Diard and Hardt, 2017). Together with the prevalence of virulence determinants
in S.Tm located on prophages and plasmids (Fluit, 2005;Diard and Hardt, 2017), we hypothesized that
HGT may facilitate the emergence of virulence. Additionally, we hypothesized that HGT may enforce
cheating clones to cooperate, but that this is unstable. However, we hypothesized that host-to-host
transmission stabilizes cooperative virulence, since virulent clones trigger disease and facilitate
shedding whereas cheating clones do not. By using a model system in S.Tm-infected mice, we aim to
address these hypotheses.
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Results

Virulence can emerge and restore a cheating population to cooperation in vivo
We created a tractable model for the evolution of cooperative virulence by cloning hilD
coupled to a chloramphenicol resistance cassette on a natural conjugative IncI1 plasmid, P2, called
pVir. We have previously shown that P2 spreads efficiently in vivo (Stecher et al., 2012;Diard et al.,
2017;Moor et al., 2017;Bakkeren et al., 2019;Wotzka et al., 2019). As a donor strain, we conjugated
pVir into a S.Tm 14028S derivative that lacks a chromosomal copy of hilD and a functional ttss-1 locus
(invG mutant) (Fig. 1A). As a recipient strain, we used a kanamycin resistant derivative of S.Tm 14028S
that also lacks a chromosomal copy of hilD, but has all necessary genes to encode ttss-1 (Fig. 1A). Both
the donor and the recipient avirulent, but conjugation of pVir to the recipient should produce a
transconjugant able to trigger inflammation (Fig. 1A). Both the donor and the recipient lack a function
ttss-2 (ssaV mutant) to exclude inflammation triggered through ttss-2 at later time points of the
infection (Hapfelmeier et al., 2005).
To test how much cooperative virulence is determined by the cost of the cooperative allele
(Hamilton, 1964), we constructed two variants of pVir. We cloned a "low cost" variant that contains
648 bp of the regulatory region upstream of hilD (and all 4 transcriptional start sites characterized in
(Kroger et al., 2013)), and a "high cost" variant that contains 279 bp of upstream regulatory region
(only 2 transcriptional start sites of hilD (Kroger et al., 2013)). To confirm the difference in cost
associated with each pVir variant, we performed in vitro experiments, comparing growth rate with
ttss-1 expression, which should be costly (Sturm et al., 2011) and thus inversely correlated to growth.
Transconjugants that harboured either pVir low cost or pVir high cost were compared to wild-type
14028S or a 14028S hilD mutant (all strains were ttss-2 negative and contained a GFP reporter for ttss1 expression). As expected, the hilD mutant grew better than the wild-type, i.e. after the onset of ttss1 expression (at >200 min), and this was inversely correlated with ttss-1 expression (Fig. 1B-C).
Furthermore, both pVir high cost and low cost transconjugants grew worse than the wild-type,
inversely correlated with higher ttss-1 expression, indicating that both pVir variants are more costly
than a chromosomal copy of hilD (Fig. 1B-C). However, transconjugants harbouring pVir low cost grew
better than those harbouring pVir high cost and expressed ttss-1 to a lesser extent, confirming the
difference in cost associated with ttss-1 expression in these constructs (Fig. 1B-C).
In order to address the conditions that may support the evolution of cooperative virulence, we
performed conjugation experiments using these strains in an antibiotic pretreatment mouse model
(modified from (Barthel et al., 2003)). We introduced the donor and recipient strains sequentially into
ampicillin pretreated mice at low inoculum size (102 CFU donors; 104 CFU recipients) to ensure that
conjugation occurred only after growth in the gut. By 2 days post infection, 97% of recipients (median
of all mice) obtained the plasmid, although transfer of pVir low cost and high cost proceeded slower
than the control plasmid (pVir lacking hilD; P2cat; Fig. 1D). The plasmid was also maintained in the
majority of mice for the entire course of the experiment (45% of recipients; median of all mice). To
test if transfer of pVir could enforce cooperative virulence in a population of avirulent recipients, we
measured the concentration of lipocalin-2 (LCN2) in the feces as a readout for the inflammatory status
of the gut. Inflammation was progressively triggered as more pVir transconjugants were formed,
leading to a maximum at 3 days post infection (Fig. 1D-E). Mice containing S.Tm with either pVir low
cost or pVir high cost were significantly more inflamed than mice infected with control S.Tm donors
(day 2-7 post infection; Fig. 1E), indicating cooperative virulence was restored. This additionally shows
that virulence can emerge within a host since neither strain was virulent prior to conjugation, and
could support the emergence of virulence such as SPI-1 through HGT. However, the inflamed state of
the gut was not maintained for long (Fig. 1E), and mice began to recover leading to exclusion of S.Tm
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from the gut (Fig. 1F; Fig. S1) likely as a result of re-growing microbiota (Endt et al., 2010). Furthermore,
mice harbouring virulent S.Tm (i.e., pVir transconjugants) did not have significantly more shedding
S.Tm than control mice (Fig. 1F). This observation led to two important questions: 1) why is the
restoration of cooperative virulence short-lived and 2) if virulence can emerge as a result of HGT can
lead to inflammation, but this is not stable enough to cause blooms, how can it evolve?

Figure 1 (legend on the next page)
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Figure 1. Virulence can emerge through HGT and enforce cooperation in a population of cheaters in vivo. A) Experimental
system to measure enforcement of cooperative virulence by HGT. Donors contain pVir encoding hilD, but do not contain
functional ttss-1 genes (invG mutant), making them avirulent. Recipients contain a genes for a functional TTSS-1 but do not
have a copy of hilD, preventing TTSS-1-mediated virulence. Upon conjugation of pVir from the donor to the recipient, a
transconjugant is formed that contains both functional ttss-1 genes and a copy of hilD from pVir allowing TTSS-1-mediated
virulence. Transconjugants can then transfer pVir to additional recipients. B-C) In vitro analysis of 2 clones of pVir low cost
(green) and high cost (red) transconjugants compared to a wild-type (blue) and a ΔhilD mutant (yellow). Strains bearing
pM972 (PsicA-gfp; ttss-1 expression reporter) were used to correlate growth (panel B) and ttss-1 expression (panel C). Data is
shown as the mean with standard error of 3-4 replicates. All strains lacked functional ttss-2 genes (ssaV mutation). D-F) pVir
is transferred to cheater recipients and can enforce cooperative virulence. Mice were sequentially infected orally with donors
(14028S ΔinvG ΔhilD ΔssaV; CmR, AmpR) harbouring pVir low cost (green; n=8), pVir high cost (red; n=11), or P2 lacking hilD
(control; white; n=11), and recipients (14028S ΔhilD ΔssaV; KanR, AmpR). Each replicate is shown and bars indicate the median.
Statistics compare pVir low cost (green asterisks) and high cost (red asterisks) to the control on each day; Kruskal-Wallis test
with Dunn's multiple test correction (p>0.05 not significant and not indicated, p<0.05 (*), p<0.01 (**), p<0.001 (***)). Dotted
line represents the detection limit. D) Plasmid transfer was measured by selective plating: donors CmR, recipients KanR, and
transconjugants both CmR and KanR. The proportion of transconjugants is calculated by dividing the transconjugant
population by the sum of recipients and transconjugants. Replica plating was used to determine exact ratio of transconjugants
compared to recipients. E) Inflammation was measured by a Lipocalin-2 ELISA. F) The shedding population was enumerated
by summing all populations determined by selective plating. Donor, recipient, and transconjugant populations are presented
in Fig. S1.

HGT-mediated enforcement of cooperative virulence in the gut is transient, characterized by costdependent inactivation of the mobile cooperative allele
We hypothesized that the waning inflammation was a result of insufficient insult to the host
mediated by TTSS-1. Inflammation started to decrease after day 3 post infection, while the proportion
of transconjugants in the feces of mice infected with pVir-harbouring S.Tm still remained 84% at day 4
post infection (median of all mice with pVir high cost or low cost; Fig. 1D). Thus, plasmid loss likely did
not contribute to cooperative virulence loss. Therefore, we speculated that cheating could occur at the
level of the plasmid, as suggested previously for the instability of HGT-mediated enforcement of
cooperation (Nogueira et al., 2009;Dimitriu et al., 2014).
In order to address this, we performed a Western blot on transconjugant colonies isolated
from feces ("colony blot" (Diard et al., 2013;Bakkeren et al., 2017)) to probe for ttss-1 expression at
the clonal level. As expected, enforcement of cooperative virulence by HGT is transient, since clones
start to emerge that do not express ttss-1 and outcompete the cooperative population (Fig. 2A). We
performed whole-genome sequencing on evolved clones that were either ttss-1+ or ttss-1- as
determined by the colony blot and determined that cheating was a result of mutation or deletions in
either the coding sequence or regulatory regions of hilD on pVir, and not through chromosomal
mutation (Tables S1-4). This further supported the hypothesis that enforcement of cooperation by
HGT is unstable since cheating occurred once again at the level of the MGE. Strikingly, the loss of ttss1+ clones was slower in mice with pVir low cost compared to those with pVir high cost, leading to a
higher proportion of cooperating clones in mice bearing the low cost variant by the end of the
experiment (Fig. 2A). This indicates that cost influences the stability of cooperative virulence mediated
by HGT (as predicted by theory (Smith, 2001;Nogueira et al., 2009)), extending on our previous in vivo
work on the cost-dependent cheating dynamics of S.Tm with the chromosomal copy of hilD (Diard et
al., 2013).
However, since both the cheating dynamics and the total population size will dictate the size
of the population able to trigger inflammation, we multiplied the proportion of transconjugants able
to trigger inflammation (from Fig. 2A) with the transconjugant population size (Fig. S1) to obtain the
effective size of the cooperative population (i.e., the ttss-1+ population; Fig. 2B). We observed a rise in
the cooperative population due to plasmid transfer correlating with the onset of inflammation (day 1
p.i., Fig. 2B), followed by a drop in the cooperative population associated with the waning
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inflammation (day 10 p.i., Fig. 2B). This supported the hypothesis that the loss of inflammation was at
least partly driven by the loss of the cooperative population. As predicted by analyzing the proportion
of transconjugants able to express ttss-1 (Fig. 2A), the cooperative population was higher in mice
infected with pVir low cost compared to those infected with pVir high cost at the end of the experiment
(Day 10; Fig. 2B). Therefore, in line with theory and in vitro work in well-mixed environments (Nogueira
et al., 2009;Dimitriu et al., 2014), we show that enforcement of cooperation by HGT is unstable in vivo.

Figure 2. Restoration of cooperative virulence by HGT is unstable, the speed of which is dependent on fitness cost. Mice in
Figure 1D-F were analyzed for the proportion of cooperators in the feces. Transconjugants carrying pVir low cost (green) and
pVir high cost (red) were analyzed and compared using a two-tailed Mann-Whitney U test (p>0.05 not significant and not
indicated, p<0.05 (*), p<0.01 (**), p<0.001 (***), p<0.0001 (****)). A) Transconjugants lose the ability to express ttss-1, as
measured by a colony blot. MacConkey plates containing colonies of transconjugants were analyzed for expression of SipC as
a proxy for ttss-1 expression; the percentage of colonies that expressed SipC are reported out of the total transconjugant
population. Each data point is shown and bars indicate the median. The black dotted line indicates the conservative detection
limit for the colony blot, which is dependent on the number of colonies on the plate (values can therefore appear below the
detection limit). B) The population size able to express ttss-1 correlates with inflammatory state of the mouse. The
transconjugant population size was multiplied by the proportion of cooperating clones (from panel A) to determine the
population able to express ttss-1 (ttss-1+ population; plotted on the left y-axis; all data points plotted and bars indicate the
median). The black dotted line indicate the detection limit from selective plating. The inflammatory state is shown as a box
(median indicated with a line and the quartiles are defined by the edges of the box) and whiskers define the minimum and
maximum values (same data as in Fig. 1E). The dashed black line indicates the detection limit.

Transmission can lead to disease in new hosts dependent on the proportion of cooperators
When remaining within the same host, cooperative virulence cannot be stabilized by HGTmediated enforcement of cooperation. In the case of S.Tm, virulence-inflicted inflammation has two
important consequences that can promote pathogen transmission. It acts to fuel transmission of S.Tm
(Stecher et al., 2007;Lawley et al., 2008) and promotes pathogen blooms in the next host. Therefore,
102

we hypothesized that HGT may influence the evolution of S.Tm by increasing the time that virulent
clones are present that could lead to inflammation in a new host, but that selection for cooperative
virulence should be a result of increased benefit after transmission. In order to address this, we took
fecal suspensions from mice in Fig. 1 on day 2 and day 10 post infection and transmitted them into
new ampicillin pretreated mice (Fig. 3A).

Figure 3. Transmission can lead to disease and shedding in new hosts dependent on the proportion of cooperators. A)
Experimental scheme for transmission experiments. Feces from mice in Fig. 1D-F collected on day 2 and day 10 post infection
were suspended in PBS and given to new ampicillin pretreated mice. B-G) Mice given fecal resuspensions with S.Tm
harbouring pVir low cost (green; dark shade for day 2 transmission; light shade for day 10 transmission; n=8) are compared
to pVir high cost (red; dark shade for day 2 transmission; light shade for day 10 transmission; n=11) using a two-tailed MannWhitney U test (p>0.05 (ns), p<0.05 (*), p<0.01 (**), p<0.001 (***), p<0.0001 (****)). All data points are shown and medians
are represented by bars. B-D) Mice given feces from day 2 post infection. E-G) Mice given feces from day 10 post infection.
B,E) Inflammation was quantified using a LCN2 ELISA. The dotted lines indicate the detection limit. C,F) The shedding
population was enumerated by summing all populations determined by selective plating. Donor, recipient, and
transconjugant populations are presented in Fig. S2. D,G) MacConkey plates containing colonies of transconjugants were
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analyzed for expression of SipC as a proxy for ttss-1 expression using a colony blot; the percentage of colonies that expressed
SipC are reported out of the total transconjugant population. The black dotted line indicates the conservative detection limit
for the colony blot, which is dependent on the number of colonies on the plate (values can therefore appear below the
detection limit).

When fecal populations taken from day 2 were transmitted into new mice, inflammation was
triggered in all mice, and there were no significant differences between mice infected with low cost or
high cost pVir carriers (Fig. 3B). This led to consistent shedding over the course of the experiment in
mice transmitted with S.Tm bearing low cost or high cost pVir plasmids (Fig. 3C; Fig. S2A-C). This is
likely attributed to the high proportion of cooperating clones transmitted into these mice (Fig. 2).
However, in all mice, cheaters again started to overtake the population (Fig. 3D), further supporting
the instability of cooperative virulence in this system. In contrast to samples taken on day 2, when
feces from day 10 were transmitted into new mice, only mice infected with S.Tm harbouring pVir low
cost became inflamed (Fig. 3E). Furthermore, this was reflected in the shedding population where at
day 4 post transmission, mice infected with S.Tm harbouring pVir low cost contained significantly more
S.Tm in the feces compared to mice infected with S.Tm containing pVir high cost (Fig. 3F; Fig. S2D-F).
These differences were likely a result of the proportion of cooperative clones in the feces of mice at
day 10: mice with pVir low cost had significantly more cooperators than mice with pVir high cost (Fig.
2). However, as in the transmission at day 2 post infection, in all mice, cheaters started to emerge and
outgrow cooperators (Fig. 3G).
Altogether, this indicates that the proportion of cooperating clones has implications in
triggering disease and prolonging gut luminal growth in the next host. This was dependent on the cost
associated with cooperation, where populations containing a more costly cooperative allele could
transmit cooperative clones for less long than populations containing a less costly allele. We also show
that a high proportion of cooperating clones leads to a larger shedding population in the next host,
indicating that cooperative virulence may be selected for through transmission followed by
subsequent blooming due to inflammation, only if enough cooperators are present. However, since
cheating clones can also be transmitted in the presence of enough cooperators, this can lead to a
progressive accumulation of cheater strains (Smith, 2001) (compare Fig. 2A to Fig. 3D,G) indicating
that this process in our experimental model cannot be infinitely supported.
Narrow transmission bottlenecks can allow the stabilization of cooperative virulence
It has been proposed that cooperation can be stabilized by repetitive population
fragmentation and bottlenecks (Cremer et al., 2012). The same process could apply to S.Tm
cooperative virulence as a population is both fragmented and subject to population bottlenecks during
host-to-host transmission. Bottlenecks can be the result of environmental survival between hosts,
dilution during transmission or due to competition against the resident microbiota to establish a niche
in the gut (Wotzka et al., 2017). In order to address this experimentally, we artificially simulated a
narrow population bottleneck by infecting mice with single evolved clones from mice in Fig. 1. We used
clones evolved in different mice, representing both cooperators (i.e., ttss-1+ clones) and cheaters (i.e.,
ttss-1- clones) in both the high cost and low cost variants (3 clones per group; 2 mice per clone). For
both high cost and low cost pVir, ttss-1+ clones were able to trigger inflammation and ttss-1- clones
were not (Fig. 4A). Again, this was reflected in the shedding population, where mice infected with ttss1+ clones shed significantly more S.Tm on day 4 post infection compared to mice infected with ttss-1clones (Fig. 4B).
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Figure 4. Evolved cooperating clones can trigger inflammation and lead to shedding, while evolved cheating clones cannot.
Mice were infected with evolved transconjugant clones isolated from day 7 or day 10 from mice in Fig. 1D-F. 3 cooperating
clones (solid circles; ttss-1+ clones) and cheating clones (hollow circles; ttss-1- clones) were chosen for each of pVir low cost
(green) or pVir high cost (red). Each clone was infected into 2 mice (~5×107 CFU inoculum), leading to a total of 6 mice per
group. All clones were whole-genome sequenced (mutations and indels are summarized in Tables S1-4): ttss-1+ pVir low cost
(Z2296, Z2306, Z2310), ttss-1+ pVir high cost (Z2238, Z2253, Z2246), ttss-1- pVir low cost (Z2298, Z2305, Z2307), ttss-1- pVir
high cost (Z2239, Z2243, Z2311). All data points are shown and medians are indicated by bars. A-B) Comparisons are made
between ttss-1+ and ttss-1- clones (for each of pVir low cost and pVir high cost) using a Kruskal-Wallis test with Dunn's multiple
test correction (p>0.05 (ns), p<0.05 (*), p<0.01 (**), p<0.001 (***)). A) Inflammation was quantified using a LCN2 ELISA. The
dotted lines indicate the detection limit. B) The shedding population was enumerated on MacConkey agar. C) MacConkey
plates containing colonies were analyzed for expression of SipC as a proxy for ttss-1 expression using a colony blot; the
percentage of colonies that expressed SipC are reported out of the total S.Tm population. The black dotted line indicates the
conservative detection limit for the colony blot, which is dependent on the number of colonies on the plate (values can
therefore appear below the detection limit). Comparisons are made between ttss-1+ and ttss-1- clones (for each of pVir low
cost and pVir high cost) using a two-tailed Mann-Whitney U test p<0.01 (**).

As a control, we measured the proportion of cooperative clones in these mice on day 4 post
infection. As expected, mice infected with cheater clones contained only ttss-1- clones and mice
infected with cooperative clones contained mostly ttss-1+ clones, although cheaters began to emerge
in these mice as well (Fig. 4C). Importantly, the proportion of cooperators in mice infected with single
ttss-1+ clones appeared higher than in mice that were transmitted a non-isogenic mixture of
cooperators and cheaters (compare Fig. 4C to Fig. 3D,G), suggesting that population bottlenecks and
fragmentation could indeed promote cooperation, since these processes decrease the probability of
mixed infections. To support this prediction, we performed a correlation between the proportion of
cooperators given to mice in Fig. 3 and Fig. 4 and inflammation, the shedding population, and the
proportion of cooperators at day 4 post infection (Fig. S3). The proportion of cooperators in the input
could predict the resulting inflammation, shedding, and the final proportion of cooperative clones (Fig.
S3; slopes are significantly non-zero; p<0.0001 in all cases).
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Discussion
Altogether, to our knowledge, the results presented here provide the first comprehensive
analysis of the aspects that influence cooperative virulence in a host-infection model. By using S.Tm as
a model system, we show that cooperative virulence can emerge from two initially avirulent strains,
and be enforced in a population of cheaters through horizontal transfer of cooperative alleles (Fig. 1).
In our experiments, we show that the mechanism for cheating in transconjugants was through
mutating hilD in pVir (Table S1-2). We did not find chromosomal mutations that correlated with the
ttss-1 phenotype based on colony blots, although we did find general mutations occurring in multiple
independent clones in either melB or melR encoding for a transporter or regulator of the melibiose
utilization operon (Table S3-S4). Therefore, HGT of pVir does not directly promote cooperation, and
instead acts by transiently enforcing cooperation. This has been shown for well-mixed environments
in vitro or through modeling (Nogueira et al., 2009;Mc Ginty et al., 2013;Dimitriu et al., 2014), and is
because both the cooperative and cheating MGEs have equal chances to spread. In structured
populations, HGT can increase the assortment of producer alleles since HGT is necessarily local and
will therefore increase relatedness at the producing allele, if the public good is sufficiently local
(Dimitriu et al., 2014). The inflamed gut in a S.Tm-infected mouse likely constitutes a well mixed
population, explaining the transient effect of HGT in our experiments. However, other virulence
factors, such as siderophores act in a more proximity-dependent manner (Griffin et al., 2004). It would
be interesting to expand such in vivo studies on the role of HGT in stabilizing cooperative virulence in
more structured environments such as in biofilms (Nadell et al., 2016).
In the context of Salmonella infection, the transfer of virulence-encoding determinants in vivo
has been shown for both bacteriophages (Diard et al., 2017) and plasmids (Garcia-Quintanilla et al.,
2008;Aviv et al., 2016), however the rationale for how these virulence factors are stabilized in
populations is unclear. Within one host, the emergence of novel virulence determinants from HGT is
initially rare (Fig. 1D), and can explain why the beneficial function of the allele (e.g. in our case
inflammation triggered by TTSS-1 to fuel S.Tm blooms) cannot be realized in the initial host (Fig. 1F).
Therefore why are costly virulence factors maintained after emergence by HGT in the presence
of non-producing cells, and how can they be selected for at an epidemiological scale for a given
pathogen? Theoretical work has supported that infectious transmission likely plays a role in the
epidemiological success of virulence factors (Bonhoeffer and Nowak, 1994;Smith, 2001), and that
population bottlenecks and/or fragmentation influence this process (Cremer et al., 2012). In these
cases, successful transmission is determined by a high proportion of virulent strains and low invasion
from non-producing strains (Bonhoeffer and Nowak, 1994;Cremer et al., 2012), where the speed of
cheater invasion is dependent on the cost of the allele relative to the benefit conferred by said allele
(Smith, 2001). This is in line with our experiments, where we show that a high proportion of
cooperating clones trigger disease and lead to greater shedding than when a low proportion of
cooperative clones are introduced (Fig. 3, 4, S3). We show that HGT and low fitness cost can increase
the time that virulence clones can exist, which agrees with in vitro work done in well-mixed populations
(Dimitriu et al., 2014).
We simulated narrow transmission bottlenecks by introducing single evolved clones (Fig. 4).
This increased selection for cooperative virulence since cheaters cannot free-ride off of the
inflammation triggered by producers. Indeed, genetic drift introduced both by population
fragmentation as a result of random sampling and population bottlenecks has been shown to lead to
selection for cooperation through Simpson's paradox: a statistical effect where the trend of the overall
population is for increased cooperators even though cheaters increase in number within each subpopulation (Chuang et al., 2009;Cremer et al., 2012;Dimitriu et al., 2014). This is because the success
of each sub-population is dependent on the proportion of cooperators; sub-populations with more
cooperators will increase in frequency more than those with less cooperators, even if all sub106

populations are invaded by cheaters. This logic can also be applied to cooperative virulence in a
population of infected hosts. In the case of S.Tm, population fragmentation occurs when a subset of
the population is released from a host through feces, and bottlenecks exist during environmental
survival or during colonization of the subsequent host. In the case of S.Tm, a certain threshold of
virulent cells are required to trigger inflammation (Ackermann et al., 2008). Each individual host (e.g.
a mouse in our experiments) can be considered as a sub-population within those contained in many
hosts, leading to an epidemiological selection for cooperative virulence, propagated by the strength of
the bottleneck. Supporting this, theory has predicted rare cooperating clones can grow in abundance
at the bulk scale if population bottlenecks are sufficiently narrow (Cremer et al., 2012). Therefore, it is
tempting to speculate that HGT leading to the emergence of virulence has been selected through this
mechanism, and could explain why so many virulence factors with extracellular functions exist on
MGEs (Smith, 2001).
Here, we used an in vivo model system of acquisition and stability of a costly cooperative
virulence regulator. The role of fitness cost in our system (Fig. 2, 3) further highlights that the success
of enforcement of cooperation by HGT is dictated by the cost relative to the benefit of the cooperative
allele (Hamilton, 1964;Smith, 2001). In this case, the benefit of HilD was shown to be vast upon
transmission, leading to disease in shedding in mice infected with HilD-bearing strains, while disease
was not observed in evolved ttss-1- clones (Fig. 4). Many other virulence factors have instead
modulatory roles. In the case of S.Tm, SopE, encoded on a temperate phage modulates disease
severity, but is not essential for triggering disease (Zhang et al., 2002). The same is the case for the spv
operon encoded on pSLT, a large conjugative plasmid (Garcia-Quintanilla et al., 2008;Guiney and
Fierer, 2011). Both of these MGEs can engage in HGT in vivo (Garcia-Quintanilla et al., 2008;Diard et
al., 2017), and encode for secreted products (Smith, 2001). Therefore, it is plausible that the same
mechanisms that drive stability of pVir in our experimental setups exist to stabilize other virulenceencoding MGEs, as long as the relative cost is sufficiently low. The existence of hilD on the chromosome
within SPI-1, together with the hypothesis that SPI-1 was acquired thought HGT (Desai et al.,
2013;Diard and Hardt, 2017) might indicate that, although it initially emerged via HGT and was selected
for through transmission, SPI-1 became essential enough for successful transmission that it has been
sequestered in the chromosome. This could be in line with the observation that essential genes are
never found on MGEs, large plasmids losing the ability to engage in HGT, or the formation of secondary
chromosomes in some strains (Rankin et al., 2011).
Overall, using S.Tm as a model for analyzing the conditions that could stabilize cooperative
virulence in a host infection model, we show that transmission is the primary selective factor. S.Tm is
a special case where the benefit of cooperative virulence directly fuels its transmission (Stecher et al.,
2007;Ackermann et al., 2008;Lawley et al., 2008;Diard et al., 2013), making transmission-dependent
selection fairly intuitive. The same could apply for other enteric pathogens such as Vibrio cholerae
(encoding the cholera toxin on a phage) (Nelson et al., 2009), Shigella spp. (containing phage- and
plasmid-encoded secreted virulence factors) (Jin et al., 2002), or Yersinia spp. (encoding the Yop virulon
on a plasmid) (Cornelis et al., 1998), which all use secreted virulence factors to survive in the host
and/or directly boost shedding. However, perhaps less intuitively, the general selection for virulence
determinants with extracellular functions could be driven by transmission-dependent fragmentation
or bottlenecks. The only requirement for this process would be that a given virulence factor increases
the probability for the pathogen to survive when more virulence factor-encoding cells are present. This
could apply, for example, to siderophore production, enzymes, or quorum sensing systems. Further
work will need to explore the generality transmission-dependent stabilization of cooperative virulence.
Studies that investigate bacterial sociality and the evolution of virulence such as the one we
present are critical given the rising antibiotic crisis (WHO, 2014), in an effort to discover antibioticindependent methods to manage bacterial infections. Research into the social aspects of infection such
as collective virulence factor secretion has inspired "anti-virulence compounds" (that target
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extracellular virulence factors) as a therapeutic avenue for minimizing resistance (Allen et al., 2014).
Additionally, exploiting cheating behaviour to destabilize cooperation has been suggested as a possible
therapeutic strategy (coined "Hamiltonian medicine") (Foster, 2005). In the case of S.Tm, we show
here and in our previous work (Diard et al., 2013;Diard et al., 2014) that administering hilD mutants
have potential to destabilize virulence-mediated Salmonella blooms. Furthermore, strategies that slow
down HGT, such as vaccination (Diard et al., 2017;Moor et al., 2017;Bakkeren et al., 2019), can be
useful for both reducing antibiotic resistance plasmid spread but also reducing the emergence or
enforcement of virulence in populations as shown here.
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Materials and methods
Strains, plasmids, and primers used in this study
All the strains and plasmids used in this work are summarized in Table 1 and Table 2. Bacteria
were grown in lysogeny broth (LB) media containing the appropriate antibiotics (50 µg/ml
streptomycin (AppliChem); 15 µg/ml chloramphenicol (AppliChem); 50 µg/ml kanamycin (AppliChem);
100 µg/ml ampicillin (AppliChem)) at 37°C (or 30°C if containing pKD46 or pCP20). Gene deletion
mutants were performed using the λ red system (Datsenko and Wanner, 2000). Desired genetic
constructs were transferred into the appropriate background strain using P22 HT105/1 int-201 phage
transduction (Sternberg and Maurer, 1991). Antibiotic resistance cassettes were removed using the
heat inducible FLP recombinase encoded on pCP20, if desired (Datsenko and Wanner, 2000). Small
plasmids (e.g. pM975 and pM972) were transformed into the desired strain using electroporation.
In order to create pVir donor strains, hilD was amplified with PCR using high-fidelity Phusion
polymerase (ThermoFisher Scientific) from the chromosome of SL1344 with either 648bp (low cost) or
279bp (high cost) of regulatory region and cloned into pKD3 upstream of the chloramphenicol
resistance cassette using Gibson Assembly (NEB). Primers to amplify hilD contained ~40bp homology
to the sites flanking a NdeI site in pKD3. pKD3 was digested with NdeI, purified, and mixed with the
PCR amplicon in Gibson Assembly Master Mix (NEB; protocol as described by the manufacturer). The
products were transformed into E. coli CC118 λpir, and colonies were verified to contain the desired
plasmid through PCR and Sanger sequencing. The resulting hilD-cat construct was then amplified from
cloned plasmid with Phusion PCR using primers with homology to the target site in P2 (upstream of
the colicin Ib locus; cib) and introduced into SB300 ΔhilD using λ red (Datsenko and Wanner, 2000).
Successful clones were determined by PCR, leading to pVir low cost and high cost. Lastly, the pVir
plasmids were conjugated in vitro into the desired strain by mixing the 105 CFU from an overnight
culture of the donor strain with the desired recipient, allowing conjugation overnight at 37°C on a
rotating wheel, and plating the cells on MacConkey to select for transconjugants. For in vivo
experiments, pVir plasmids were conjugated into 14028S ΔhilD ΔinvG ΔssaV pM975. For ttss-1
expression analysis, pVir plasmids were conjugated into 14028S ΔhilD ssaV::aphT pM972. All primers
used for strain or plasmid construction and verification are listed in Table 3.
Table 1. Strains
Strain name

Strain Number

Relevant genotype#

Resistance*

Reference

SL1344

SB300

Wild-type

Sm

ATCC 14028S

14028S

Wild-type

None

-

λpir; used for R6K ori replication (e.g.
in pKD3)

None

SB300 ΔhilD

M3101

ΔhilD

Sm

SB300 ΔhilD pVir low cost
SB300 ΔhilD pVir high cost
14028S ΔhilD ΔinvG ΔssaV
pM975

Z2325
Z2326

ΔhilD pVir low cost
ΔhilD pVir high cost

Sm, Cm
Sm, Cm

(Hoiseth and
Stocker,
1981)
(Jarvik et al.,
2010)
(Herrero et
al., 1990)
(Diard et al.,
2013)
This work
This work

Z2327

14028S ΔhilD ΔinvG ΔssaV pM975

Amp

This work

Low cost pVir donor

Z2317

14028S ΔhilD ΔinvG ΔssaV pVir low
cost pM975

Amp, Cm

This work

E. coli CC118 λpir
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High cost pVir donor

Z2236

Control donor
Cheater recipient
Wild-type pM972
ΔhilD recipient pM972
ΔhilD pVir Low cost
transconjugant pM972 -1
ΔhilD pVir Low cost
transconjugant pM972 -2
ΔhilD pVir High cost
transconjugant pM972 -1
ΔhilD pVir High cost
transconjugant pM972 -2
Evolved transconjugant
Low cost ttss-1+ -1
Evolved transconjugant
Low cost ttss-1+ -2
Evolved transconjugant
Low cost ttss-1+ -3
Evolved transconjugant
Low cost ttss-1+ -4
Evolved transconjugant
Low cost ttss-1+ -5
Evolved transconjugant
Low cost ttss-1+ -6
Evolved transconjugant
Low cost ttss-1- -1
Evolved transconjugant
Low cost ttss-1- -2
Evolved transconjugant
Low cost ttss-1- -3
Evolved transconjugant
Low cost ttss-1- -4
Evolved transconjugant
Low cost ttss-1- -5
Evolved transconjugant
Low cost ttss-1- -6
Evolved transconjugant
High cost ttss-1+ -1
Evolved transconjugant
High cost ttss-1+ -2
Evolved transconjugant
High cost ttss-1+ -3
Evolved transconjugant
High cost ttss-1+ -4
Evolved transconjugant
High cost ttss-1+ -5
Evolved transconjugant
High cost ttss-1+ -6
Evolved transconjugant
High cost ttss-1- -1
Evolved transconjugant
High cost ttss-1- -2

Z2318
Z2235
Z2319
Z2320
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Z2321
Z2322
Z2323
Z2324
Z2296
Z2306
Z2310
Z2299
Z2302
Z2308
Z2298
Z2305
Z2307
Z2301
Z2304
Z2309
Z2238
Z2253
Z2246
Z2242
Z2244
Z2312
Z2239
Z2243

14028S ΔhilD ΔinvG ΔssaV pVir high
cost pM975
14028S ΔhilD ΔinvG ΔssaV P2cat pM975
14028S ΔhilD ssaV::aphT pM975
14028S ssaV::aphT pM972
14028S ΔhilD ssaV::aphT pM972
14028S ΔhilD ssaV::aphT pVir low cost
pM972
14028S ΔhilD ssaV::aphT pVir low cost
pM972
14028S ΔhilD ssaV::aphT pVir high cost
pM972
14028S ΔhilD ssaV::aphT pVir high cost
pM972
14028S ΔhilD ssaV::aphT pM975 pVir
low cost
14028S ΔhilD ssaV::aphT pM975 pVir
low cost
14028S ΔhilD ssaV::aphT pM975 pVir
low cost
14028S ΔhilD ssaV::aphT pM975 pVir
low cost
14028S ΔhilD ssaV::aphT pM975 pVir
low cost
14028S ΔhilD ssaV::aphT pM975 pVir
low cost
14028S ΔhilD ssaV::aphT pM975 pVir
low cost
14028S ΔhilD ssaV::aphT pM975 pVir
low cost
14028S ΔhilD ssaV::aphT pM975 pVir
low cost
14028S ΔhilD ssaV::aphT pM975 pVir
low cost
14028S ΔhilD ssaV::aphT pM975 pVir
low cost
14028S ΔhilD ssaV::aphT pM975 pVir
low cost
14028S ΔhilD ssaV::aphT pM975 pVir
high cost
14028S ΔhilD ssaV::aphT pM975 pVir
high cost
14028S ΔhilD ssaV::aphT pM975 pVir
high cost
14028S ΔhilD ssaV::aphT pM975 pVir
high cost
14028S ΔhilD ssaV::aphT pM975 pVir
high cost
14028S ΔhilD ssaV::aphT pM975 pVir
high cost
14028S ΔhilD ssaV::aphT pM975 pVir
high cost
14028S ΔhilD ssaV::aphT pM975 pVir
high cost

Amp, Cm

This work

Amp, Cm
Amp, Kan
Amp, Kan
Amp, Kan
Amp, Kan,
Cm
Amp, Kan,
Cm
Amp, Kan,
Cm
Amp, Kan,
Cm
Amp, Kan,
Cm
Amp, Kan,
Cm
Amp, Kan,
Cm
Amp, Kan,
Cm
Amp, Kan,
Cm
Amp, Kan,
Cm
Amp, Kan,
Cm
Amp, Kan,
Cm
Amp, Kan,
Cm
Amp, Kan,
Cm
Amp, Kan,
Cm
Amp, Kan,
Cm
Amp, Kan,
Cm
Amp, Kan,
Cm
Amp, Kan,
Cm
Amp, Kan,
Cm
Amp, Kan,
Cm
Amp, Kan,
Cm
Amp, Kan,
Cm
Amp, Kan,
Cm

This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work

Evolved transconjugant
14028S ΔhilD ssaV::aphT pM975 pVir
Amp, Kan,
Z2311
This work
High cost ttss-1 -3
high cost
Cm
Evolved transconjugant
14028S ΔhilD ssaV::aphT pM975 pVir
Amp, Kan,
Z2245
This work
High cost ttss-1- -4
high cost
Cm
Evolved transconjugant
14028S ΔhilD ssaV::aphT pM975 pVir
Amp, Kan,
Z2247
This work
High cost ttss-1 -5
high cost
Cm
Evolved transconjugant
14028S ΔhilD ssaV::aphT pM975 pVir
Amp, Kan,
Z2252
This work
High cost ttss-1- -6
high cost
Cm
Evolved transconjugant
14028S ΔhilD ssaV::aphT pM975 pVir
Amp, Kan,
Z2254
This work
High cost ttss-1- -7
high cost
Cm
Evolved transconjugant
14028S ΔhilD ssaV::aphT pM975 pVir
Amp, Kan,
Z2255
This work
High cost ttss-1- -8
high cost
Cm
Evolved transconjugant
14028S ΔhilD ssaV::aphT pM975 pVir
Amp, Kan,
Z2297
This work
Low cost ttss-1+/- -1
low cost
Cm
Evolved transconjugant
14028S ΔhilD ssaV::aphT pM975 pVir
Amp, Kan,
Z2300
This work
Low cost ttss-1+/- -2
low cost
Cm
Evolved transconjugant
14028S ΔhilD ssaV::aphT pM975 pVir
Amp, Kan,
Z2303
This work
Low cost ttss-1+/- -3
low cost
Cm
* Relevant resistances only: Sm = ≥50 µg/ml streptomycin; Cm = ≥15 µg/ml chloramphenicol; Kan = ≥50 µg/ml kanamycin;
Amp = ≥100 µg/ml ampicillin.
#

for additional information on genotypes of select strains, see Tables S1-4 for a whole-genome resequencing summary.

Table 2. Plasmids
Plasmid name

Relevant genotype

Resistance

pM975

bla; used to confer ampicillin resistance

Amp

pCP20

FLP recombinase

Amp, Cm

pKD46

Arabinose-incudible λ red system

Amp

pM972

PsicA-gfp; reporter for ttss-1 expression

Amp

cat

Cm

pKD3
pKD3-hilD-cat low cost
pKD3-hilD-cat high cost
P2
P2cat
pVir low cost
pVir high cost

hilD with 648bp of upstream regulatory region,
cat
hilD with 279bp of upstream regulatory region,
cat

(Hapfelmeier
et al., 2005)
(Datsenko
and Wanner,
2000)
(Datsenko
and Wanner,
2000)
(Sturm et al.,
2011)
(Datsenko
and Wanner,
2000)

Cm

This work

Cm

This work

Wild-type

None

cat

Cm

hilD with 648bp of upstream regulatory region,
cat
hilD with 279bp of upstream regulatory region,
cat

Reference

(Stecher et
al., 2012)
(Stecher et
al., 2012)

Cm

This work

Cm

This work
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Table 3. Primers.
Primer name
HilD-31-F
HilD-1-F
HilD-2-R
HilD-3Po-F
HilD-4Po-R
HilD-32-F

HilD-29-F

Sequence (5' to 3')
GGAACACTTAACGGCTGACATGGGAA
TTAGCCATGGTCCATACAGGATAAGCA
ATTCACCG
GGAACACTTAACGGCTGACATGGGAA
TTAGCCATGGTCCATAGCAGATTACCG
CACAGGA
AGAATAGGAACTTCGGAATAGGAACT
AAGGAGGATATTCATAGTGTTAATGC
GCAGTCTGA
AGGAACTTCGGAATAGGAAC
AACACTTAACGGCTGACATG
GCATGATAATAATAATCAATAACAATA
AGCTGTGTCACGTTTACATCATCAGGA
TAAGCAATTCACCG
GCATGATAATAATAATCAATAACAATA
AGCTGTGTCACGTTTACATCATGCAGA
TTACCGCACAGGA

HilD-30-R

AAGGGTAATGGCGGAAGCCGGATACC
CAGCCGCCAGAGAATGTGTAGGCTGG
AGCTGCTTC

insert_ p2_up

GTA CCG GTG CGT GAT AAC

insert_ p2_dw

CAA CAG CGT GAC CTG CC

ver_hilD_up2

TCTCGATAGCAGCAGATTAC

ver_hilD_dw2

CAGTATAAGCTGTCTTCCG

ssaV-137F

GCAGCGTTCCAGGGTATTCC

ssaV+155R

CAGCAAGTTCTTCTCCAGGC

invG-134F

GAAGGCCACGAGAACATCAC

invG+112R

GCGGCCTGTTGTATTTCCGC

Purpose

Reference

Gibson Assembly of hilD into pKD3
(low cost)

This work

Gibson Assembly of hilD into pKD3
(high cost)

This work

Gibson Assembly of hilD into pKD3
(both low and high cost)

This work

Verification of hilD in pKD3
Verification of hilD in pKD3

This work
This work

λ-red for hilD-cat in P2 downstream
of cib (low cost)

This work

λ-red for hilD-cat in P2 downstream
of cib (high cost)

This work

λ-red for hilD-cat in P2 downstream
of cib (both low and high cost)

This work

Verification of hilD-cat insert in P2
to create pVir (both low and high
cost)
Verification of hilD-cat insert in P2
to create pVir (both low and high
cost)
Verification of ΔhilD in the
chromosome
Verification of ΔhilD in the
chromosome
Verification of ΔssaV in the
chromosome
Verification of ΔssaV in the
chromosome
Verification of ΔinvG in the
chromosome
Verification of ΔinvG in the
chromosome

(Bakkeren
et al.,
2019)
(Bakkeren
et al.,
2019)
(Diard et
al., 2013)
(Diard et
al., 2013)
This work
This work
This work
This work

Growth curves and measurement of ttss-1 expression
Strains harbouring pM972 were inoculated into a 96-well plate and OD600nm and GFP expression
was monitored over time. Experiment performed by Andrea Rocker and Médéric Diard, therefore a
detailed method will be provided by them for the manuscript and is not presented in this thesis.
Infection experiments
All mouse experiments are modified from the streptomycin pretreatment mouse model
described in (Barthel et al., 2003), using ampicillin rather than streptomycin since S.Tm 14028S is not
resistant to streptomycin and ampicillin resistance is conferred by pM975 contained in all strains used
in vivo. All experiments were performed in 8-12 week old specified opportunistic pathogen free
C57BL/6 mice, which were given 20 mg of ampicillin by oral gavage to allow robust colonization of
S.Tm. This ampicillin pretreatment model has been used previously to measure HGT in the gut (Diard
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et al., 2017;Moor et al., 2017;Bakkeren et al., 2019). All infection experiments were approved by the
responsible authorities (Tierversuchskommission, Kantonales Veterinäramt Zürich, licenses 193/2016
and 158/2019). Sample size was not predetermined and mice were randomly assigned to treatment
group.
Plasmid transfer experiments. Donor and recipient strains (14028S derivatives; ssaV mutants)
were grown overnight in LB with the appropriate antibiotics at 37°C and subsequently diluted 1:20 and
subcultured for 4 hours in LB without antibiotics. Cells were centrifuged and resuspended in PBS before
being diluted. Ampicillin pretreated mice were sequentially orally gavaged with ~102 CFU of donors
followed by ~104 CFU of recipients. Feces were collected when needed, homogenized in PBS with a
steel ball at 25 Hz for 1 minutes, diluted, and bacterial populations were enumerated on MacConkey
agar containing the appropriate antibiotics (donors = Cm; recipients = Kan; transconjugants Cm+Kan).
Replica plating was used if the CFUs on the Cm+Kan plates approached those on the Cm or Kan plates
to determine an exact ratio of plasmid transfer, and the donor population size. At day 10 post infection,
mice were euthanized. Lipocalin-2 ELISA (R&D Systems kit; protocol according to manufacturer) was
performed on feces to determine the inflammatory state of the gut. When needed, transconjugants
on the Cm+Kan plates were kept at 4°C until analysis by colony blot.
Transmission experiments. Feces from mice given donor and recipient strains were collected
on day 2 and day 10, resuspended in PBS, briefly centrifuged, and 100 µl of the suspension was given
to ampicillin pretreated mice. These experiments occurred in parallel to the plasmid transfer
experiments to ensure fresh fecal populations were transmitted into new mice. Bacterial populations
and the state of inflammation were measured as for the plasmid transfer experiments. Mice were
euthanized at day 4 post transmission.
Evolved transconjugant infections. Single clones from plasmid transfer experiments were
isolated on day 7 or day 10, and stored in 20% LB+glycerol at -80°C. Isolates were grown in LB
containing the appropriate antibiotics (Cm, Kan, Amp) overnight at 37°C and subsequently diluted 1:20
and subcultured for 4 hours in LB without antibiotics. Of note, loss of pM975 was observed for some
clones, and could therefore not be used for infection. Subcultured cells were centrifuged, resuspended
in PBS, and ~5×107 CFU were given to ampicillin pretreated mice by oral gavage. The shedding
population was enumerated on MacConkey supplemented with chloramphenicol after suspension in
PBS followed by dilution. On day 4 post infection, mice were euthanized and fecal samples were
additionally enumerated on MacConkey supplemented with kanamycin, to ensure that plasmid loss
did not contribute to the detected shedding population. The kanamycin resistant colonies (KanR is
encoded on the chromosome) were replica plated onto MacConkey supplemented with
chloramphenicol to confirm that no pVir plasmid loss occurred. The MacConkey chloramphenicol
plates were stored at 4°C until analysis by colony blot. LCN2 ELISA was used to determine the
inflammatory state of the mice over time.
Colony blots
To assess ttss-1 expression at the clonal level (to determine the proportion of cooperators), a
colony Western blot was performed. SipC was used as a proxy for ttss-1 expression, since SipC is
regulated by HilD. We have previously established this protocol to assess heterogeneously expressed
phenotypes such as ttss-1 in S.Tm (Diard et al., 2013;Bakkeren et al., 2017), since single-cell approaches
would not differentiate cheaters from the phenotypically OFF subpopulation (Bakkeren et al., 2017).
For a detailed protocol and an overview of applications, see (Bakkeren et al., 2017). Briefly, colonies
on MacConkey agar were replica transferred to nitrocellulose membranes and placed face-up on LB
agar without antibiotics and allowed to grow overnight. The original MacConkey plates are also
allowed to re-grow and then stored at 4°C. Colonies were lysed and cellular material was hybridized to
the membrane by passing the membranes over a series of Whatman filter papers soaked with buffers:
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10 minutes on 10% SDS, 10 minutes on denaturation solution (0.5 M NaOH, 1.5 M NaCl), twice for 5
minutes on neutralization solution (1.5 M NaCl, 0.5 M Tris-HCl, pH 7.4), and 15 minutes on 2× SSC (3
M NaCl, 0.3 M sodium citrate, pH 7). Membranes were washed twice with TBS (10 mM Tris-HCl, 150
mM NaCl, pH 7.4) and excess cellular debris was gently removed by scraping the surface with a folded
Whatman paper. Membranes were blocked with TBS containing 3% BSA for 1 hour at room
temperature and then incubated with 5 ml of TBS with 3% BSA containing a 1:4000 dilution of antiSipC rabbit antibody provided by Virotech Diagnostics GmbH (reference number: VT110712) overnight
in a moist chamber at 4°C on a rocking platform. Washing once with TBS-T (20 mM Tris-HCl, 500 mM
NaCl, 0.05% Tween 20, 0.2% Triton X-100, pH 7.5) and twice with TBS removed non-specific binding.
Secondary antibodies (1:2500 dilution of goat anti-rabbit IgG conjugated to HRP; Sigma; catalogue
number A0545-1ML) were then added to membrane in TBS with 3% BSA and incubated at room
temperature on a rocking platform for 2-4 hours. Three more washing steps with TBS were performed
before resolving the staining with 5 ml of substrate per membrane: a 30 mg tablet of 4-chloro-1naphthol (Sigma) dissolved in 10 ml of methanol, mixed with H2O2 (0.06% w/v) in 50 ml of TBS. The
reaction is stopped with water after the desired intensity is observed.
Clones of interest can be identified by changes in SipC abundance. Desired isolates were
matched to the original MacConkey plate and inoculated in LB containing chloramphenicol and
kanamycin. Isolates were then stored in 20% LB+glycerol at -80°C until whole-genome bacterial
sequencing was performed, or evolved clones were used for infection.
Whole-genome bacterial sequencing
Strains stored in 20% LB+glycerol at -80°C were inoculated in LB with the appropriate
antibiotics. Genomic DNA was extracted from 1 ml of overnight culture using a QIAamp DNA Mini Kit
(Qiagen). Illumina MiSeq sequencing operated by the Functional Genomics Centre Zurich and
Novogene (Cambridge) was performed to generate 150bp paired end reads with at least 50× coverage
across the genome. Bioinformatic analysis was performed using CLC Genomics Workbench 11.0. Reads
were mapped to the 14028S chromosome reference (NCBI accession NC_016856.1) and the pVir
plasmids (the SL1344 P2 plasmid (NCBI accession NC_017718.1) was modified by inserting the cloned
hilD-cat regions to create pVir low cost and pVir high cost reference sequences). Basic variant detection
was performed to detect variants that occurred in a minimum of 70% of reads. Small insertions or
deletions (Indels) were also detected using software in CLC Genomics Workbench. This is summarized
in Tables S1-4.
Statistical analysis
Statistical tests on experimental data were performed using GraphPad Prism 8 for Windows.
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Supplementary figures and tables

Supplementary Figure S1. Fecal bacterial population sizes of mice in Figure 1D-F. Fecal loads of donors (blue; CmR), recipients
(green; KanR), and transconjugants (red; CmR, KanR) determined by selective plating. Replica plating was used to determine
exact ratios of transconjugants compared to either donors or recipients. The black dotted line indicates the conservative
detection limit for donors and recipients (depending on the dilution used for replica plating, values can appear below this
line), and the red dotted line indicates the detection limit for transconjugants. Each data point is represented and bars
indicate the median. A) Mice infected with S.Tm donors with pVir low cost. B) Mice infected with S.Tm donors with pVir high
cost. C) Mice infected with S.Tm donors with P2.
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Supplementary Figure S2. Plasmid maintenance and fecal bacterial population sizes of mice in Figure 3B-G. A-C) Mice
transmitted with fecal suspensions from day 2 post infection. D-F) Mice transmitted with fecal suspensions from day 10 post
infection. A,D) Plasmid transfer was measured by selective plating: donors CmR, recipients KanR, and transconjugants both
CmR and KanR. The proportion of transconjugants is calculated by dividing the transconjugant population by the sum of
recipients and transconjugants. All data points are shown and medians are indicated by bars. Replica plating was used to
determine exact ratio of transconjugants compared to recipients. Mice given fecal resuspensions with S.Tm harbouring pVir
low cost (green; dark shade for day 2 transmission; light shade for day 10 transmission) are compared to pVir high cost (red;
dark shade for day 2 transmission; light shade for day 10 transmission) using a two-tailed Mann-Whitney U test (p>0.05 (ns),
p<0.05 (*), p<0.01 (**), p<0.001 (***), p<0.0001 (****)). B,C,E,F) Fecal loads of donors (blue), recipients (green), and
transconjugants (red) determined by selective plating. The black dotted line indicates the conservative detection limit for
donors and recipients (depending on the dilution used for replica plating, values can appear below this line), and the red
dotted line indicates the detection limit for transconjugants. Each data point is represented and bars indicate the median.
B,E) Mice transmitted with fecal suspensions containing S.Tm with pVir low cost. C,F) Mice transmitted with fecal suspensions
containing S.Tm with pVir high cost.
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Supplementary Figure S3. The proportion of cooperative clones infected in mice can predict disease, shedding, and the
cheating dynamics. The proportion of cooperative clones (ttss-1+ clones) given to mice (x-axis; determined from Fig. 2A;
assumed to be 100% for a ttss-1+ evolved clone and 0% for a ttss-1- evolved clone) is plotted against the resulting inflammation
(panel A), shedding population (panel B), and proportion of cooperative clones (panel C) at day 4 post infection in mice from
Fig. 3 and Fig. 4 (y-axis). A linear regression was performed (y-axis log transformed in panels A,B) and was significantly nonzero as determined with an F test (p<0.0001 in all cases). The line of best fit and the goodness of fit (R2) is shown on the
graphs. Dotted lines indicated the detection limits. For detection limits based on colony blots, the conservative detection
limit is shown, which is dependent on the number of colonies on the plate (values can therefore appear below the detection
limit).

Table S1. Summary of mutations or indels in pVir low cost in evolved transconjugants. For all clones, the SipC phenotype
from colony blot (as a proxy for ttss-1 expression; + indicates positive, - indicates negative, +/- indicates dim) is shown and
the mutations are summarized.
Clone

pVir
mutations
hilD

pVir type
Day isolated
SipC phenotype
Annotated function

Ancestral
donor LC
LC
N/A
-

Z2296

Z2298

Z2300

Z2301

Z2302

Z2303

Z2304

Z2305

Z2306

Z2307

LC
7
+

LC
7
-

LC
7
+/-

LC
7
-

LC
7
+

LC
7
+/-

LC
7
-

LC
10
-

LC
10
+

LC
7
-

409 bp
Indel

100 bp
Indel

transcriptional
regulator HilD

285 bp
Indel

134 bp
Indel

Table S2. Summary of mutations or indels in pVir high cost in evolved transconjugants. For all clones, the SipC phenotype
from colony blot (as a proxy for ttss-1 expression; + indicates positive, - indicates negative) is shown and the mutations are
summarized.
Clone

pVir
mutation
s

pVir type
Day isolated
SipC
phenotype
Annotated
function

hilD

transcriptional
regulator HilD

Upstream
of hilD

transcriptional
regulator HilD

SL1344_R
S24670

Transcription
termination
factor NusG

Ances
tral
donor
HC
HC
N/A
-

Z2238

Z2239

Z2242

Z2243

Z2244

Z2245

Z2246

Z2247

Z2252

Z2253

Z2254

Z2255

Z2312

HC
10

HC
10

HC
10

HC
10

HC
10

HC
10

HC
10

HC
10

HC
10

HC
10

HC
10

HC
10

HC
10

+

-

+

-

+

-

+

-

-

+

-

-

+

5 bp
Indel

63 bp
Indel

G>T
(pos
415 in
CDS)

G>T
(pos
415 in
CDS)

G>A
(pos
173 in
CDS)

63 bp
Indel

G>T
(pos
415 in
CDS)

G>T
(pos
415 in
CDS)

G>T
(pos
415 in
CDS)

133
bp
Indel
310
bp
Indel

326
bp
Indel
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Table S3. Summary of mutations or indels in coding sequences of the chromosome of evolved transconjugants with pVir
low cost. For all clones, the SipC phenotype from colony blot (as a proxy for ttss-1 expression; + indicates positive, - indicates
negative, +/- indicates dim) is shown and the mutations are summarized. For variants that affect single nucleotides, the
position in the 14028S reference chromosome (NCBI accession NC_016856.1) is indicated along with the allele change. For
targeted deletions introduced by allelic replacement or P22 transduction, the "Δ" symbol is used. If more than one mutation
occurred within a coding sequence, the number of variants is indicated. Variants are only shown if they occurred in >70% of
reads. Mutations are excluded if they also occurred in our ancestral lab strain of 14028S.

Clone

Chromosom
al
mutations
in CDS not
present in
the 14028
ancestor

pVir type
Day isolated
SipC phenotype

transcriptional
regulator MelR

melB

melbiose:sodiu
m transporter
MelB

gtrA

GtrA family
protein

ssaV

hns
hilD
sipA

invG

rpoD
ccmH
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Ancestr
al
recipien
t
N/A
N/A
-

Z2296

Z2298

Z2300

Z2301

Z2302

Z2303

Z2304

Z2305

Z2306

Z2307

LC
7
+

LC
7
-

LC
7
+/-

LC
7
-

LC
7
+

LC
7
+/-

LC
7
-

LC
10
-

LC
10
+

LC
7
-

455840
6
T>G

455854
8
G>-

455854
8
G>-

Δ

Δ

Δ

Δ

Δ

Δ

Δ

Δ

Annotated
function

melR

gtrB

Ancestr
al
donor
LC
LC
N/A
-

glycosyltransfer
ase family 2
protein
SPI-2 type III
secretion system
apparatus
protein SsaV
DNA-binding
transcriptional
regulator H-NS
transcriptional
regulator HilD
SPI-1 type III
secretion system
effector SipA
SPI-1 type III
secretion system
outer
membrane ring
protein InvG
RNA polymerase
sigma factor
RpoD
cytochrome ctype biogenesis
protein CcmH

455854
8
G>-

Δ

Δ

Δ

455484
3
G>A

23
Variant
s
56
Variant
s
Δ

185802
9
G>A
Δ

Δ

Δ

Δ

Δ

Δ

Δ

Δ

Δ

Δ

Δ

Δ

304600
7
A>G

304600
7
A>G

304600
7
A>G

304600
7
A>G

304600
7
A>G

304600
7
A>G

304600
7
A>G

304600
7
A>G

304600
7
A>G

304600
7
A>G

304600
7
A>G

13
Variant
s

339643
3
G>A
8
Variant
s

3
Variant
s

8
Variant
s

17
Variant
s

13
Variant
s

Δ

8
Variants

7
Variant
s

2
Variant
s

17
Variant
s

17
Variant
s

Table S4. Summary of mutations or indels in coding sequences of the chromosome of evolved transconjugants with pVir
high cost. For all clones, the SipC phenotype from colony blot (as a proxy for ttss-1 expression; + indicates positive, - indicates
negative) is shown and the mutations are summarized. For variants that affect single nucleotides, the position in the 14028S
reference chromosome (NCBI accession NC_016856.1) is indicated along with the allele change. For targeted deletions
introduced by allelic replacement or P22 transduction, the "Δ" symbol is used. If more than one mutation occurred within a
coding sequence, the number of variants is indicated. Variants are only shown if they occurred in >70% of reads. Mutations
are excluded if they also occurred in our ancestral lab strain of 14028S.

Clone

Chromos
omal
mutation
s in CDS
not
present
in the
14028
ancestor
melR

melB

ssaV

hns

hilD

sipA

invG

ccmH

tatD

pVir type
Day
isolated
SipC
phenotype

Ances
tral
donor
HC
HC

Ances
tral
recipi
ent
N/A

N/A

N/A

-

-

Z223
8

Z223
9

Z224
2

Z224
3

Z224
4

HC

HC

10

10

+

-

+

Z224
5

Z224
6

Z224
7

Z225
2

Z225
3

Z225
4

Z225
5

Z231
2

HC

HC

10

10

HC

HC

HC

HC

HC

HC

HC

HC

HC

10

10

10

10

10

10

10

10

10

-

+

-

+

-

-

+

-

-

+

4558
406
T>G

4558
156
T>A

Annotated
function

transcripti
onal
regulator
MelR
melbiose:s
odium
transporter
MelB
SPI-2 type
III
secretion
system
apparatus
protein
SsaV
DNAbinding
transcripti
onal
regulator
H-NS
transcripti
onal
regulator
HilD
SPI-1 type
III
secretion
system
effector
SipA
SPI-1 type
III
secretion
system
outer
membrane
ring
protein
InvG
cytochrom
e c-type
biogenesis
protein
CcmH
3'-5'
ssDNA/RN
A
exonucleas
e TatD

4555
269
T>G
4558
394
C>T

4558
406
T>G

4558
406
T>G

4558
403
G>A

Δ

Δ

Δ

Δ

Δ

Δ

Δ

Δ

Δ

Δ

Δ

Δ

Δ

Δ

Δ

Δ

Δ

Δ

Δ

Δ

Δ

Δ

Δ

Δ

Δ

Δ

Δ

Δ

Δ

Δ

30460
07
A>G

3046
007
A>G

3046
007
A>G

3046
007
A>G

3046
007
A>G

3046
007
A>G

3046
007
A>G

3046
007
A>G

3046
007
A>G

3046
007
A>G

3046
007
A>G

3046
007
A>G

3046
007
A>G

3046
007
A>G

Δ

7
Varia
nts
4196
195
T>G
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Abstract
Horizontal gene transfer, mediated by conjugative plasmids, is a major driver of the global rise of
antibiotic resistance. However, the relative contributions of factors that underlie the spread of
plasmids and their roles in conjugation in vivo are unclear. To address this, we investigated the spread
of clinical Extended Spectrum Beta-Lactamase (ESBL)-producing plasmids in the absence of antibiotics
in vitro and in the mouse intestine. We hypothesized that plasmid properties would be the primary
determinants of plasmid spread and that bacterial strain identity would also contribute. We found
clinical Escherichia coli strains natively associated with ESBL-plasmids conjugated to three distinct E.
coli strains and one Salmonella enterica serovar Typhimurium strain. Final transconjugant frequencies
varied across plasmid, donor, and recipient combinations, with qualitative consistency when
comparing transfer in vitro and in vivo in mice. In both environments, transconjugant frequencies for
these natural strains and plasmids covaried with the presence/absence of transfer genes on ESBLplasmids and were affected by plasmid incompatibility. By moving ESBL-plasmids out of their native
hosts, we showed that donor and recipient strains also modulated transconjugant frequencies. This
suggests that plasmid spread in the complex gut environment of animals and humans can be predicted
based on in vitro testing and genetic data.

128

Introduction
Plasmids can transfer horizontally between bacterial cells, within and between communities of the
same or different species. They play a crucial role in bacterial ecology and evolution, because they
often carry ecologically relevant accessory genes that allow bacterial populations to rapidly adapt to
changing environments (Davies and Davies, 2010;Stevenson et al., 2017). Plasmids are also a major
driver of antibiotic resistance evolution (Pitout and Laupland, 2008;Sommer et al., 2017;Cassini et al.,
2019), and plasmid-encoded resistance determinants such as extended-spectrum beta-lactamases
(ESBLs) have drawn particular attention (Carattoli, 2009;Davies and Davies, 2010;Bajaj et al., 2016).
Understanding the factors driving the spread of such plasmids is therefore important for our
understanding of bacterial ecology and evolution, and for managing antibiotic resistance. This is
particularly important in the mammalian gut, an environment that is a hot-spot of bacterial interaction
(Sorensen et al., 2005;San Millan, 2018), where microbial communities consist of multiple species and
frequently also diverse strains of the same species (Tenaillon et al., 2010). Despite important advances
in recent decades, our ability to predict which plasmids will spread, and in which bacterial strains, in
communities of enteric bacteria remains incomplete.
In vitro studies have revealed several key factors that drive changes in plasmid frequency over time.
At the level of individual cells, plasmid incompatibility and surface- or entry exclusion can inhibit
further plasmid acquisition (Frost et al., 1994;Garcillan-Barcia and de la Cruz, 2008). By contrast, some
co-residing plasmids can enhance each other’s stability (San Millan et al., 2014) and transfer (Smillie et
al., 2010;Dionisio et al., 2019). The host cell's replication system (Zhong et al., 2005) and other host
properties also influence plasmid replication and stability (Wein et al., 2019). Bacterial immunity
systems such as CRISPR, or restriction modification systems (RM system) can eliminate incoming
plasmids (Purdy et al., 2002;Thomas and Nielsen, 2005;Doron et al., 2018;Price et al., 2019). At the
level of whole populations of bacteria, plasmid persistence depends on the frequency of plasmid loss
during replication (Hayes, 2003;Wein et al., 2019), any growth costs associated with plasmid carriage
(Harrison et al., 2015;San Millan and MacLean, 2017), and rates of horizontal acquisition (Lopatkin et
al., 2017). Thus, both plasmid- and host-properties can influence plasmid stability in a cell and both a
horizontal and a vertical component together can constitute the change in plasmid frequency over
time, which we have defined as “plasmid spread“ for this study. Save for some notable exceptions
(Hardiman et al., 2016;Lopatkin et al., 2016), plasmid spread has mostly been studied with plasmids
not directly relevant for antibiotic resistance in nature/clinical settings, or with individual plasmids that
have been introduced into well-defined model strains (Frost et al., 1994;Purdy et al., 2002;Hayes,
2003;Garcillan-Barcia and de la Cruz, 2008;San Millan et al., 2014;Lopatkin et al., 2017;Dimitriu et al.,
2019;Wein et al., 2019). Therefore, quantitative information about the relative contributions of
plasmid- and host-determined properties to the spread of clinical plasmids from their native hosts
would improve our overall understanding of horizontal gene transfer and bacterial evolution.
In addition to the biotic factors above, local abiotic conditions can play a key role in plasmid spread,
potentially making it challenging to translate findings about plasmid dynamics in well-mixed in vitro
conditions to natural or clinical settings. For example, some plasmids transfer more efficiently when
bacteria are settled on surfaces, whereas others do so in well-mixed environments (Bradley et al.,
1980;Bradley, 1984). Local environmental conditions, such as nutrient availability (Lopatkin et al.,
2016), can also impact the spread of mobile genetic elements by modulating the densities of
interacting partners (Stevenson et al., 2017) , influencing population structure (Stalder and Top, 2016),
imposing physiological stress (Beaber et al., 2004), or by modifying selection for plasmid-encoded traits
(Hall et al., 2017). Thus, plasmid spread in the natural environment of the mammalian gastrointestinal
tract may differ from that observed in vitro. Most quantitative information about plasmid transfer and
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population dynamics comes from in vitro studies, whereas information about plasmids in the
mammalian gut relies primarily on genomic studies (Liebana et al., 2006;Stoesser et al., 2015;Knudsen
et al., 2018), which lack direct observations of the dynamics and drivers of plasmid spread. Therefore
direct, quantitative observations of plasmid spread in vivo, and comparison with classic types of in vitro
experiments, would help translate findings from the laboratory back to nature. We, and others (DuvalIflah et al., 1980;Duval-Iflah et al., 1994;Garcia-Quintanilla et al., 2008;Ott et al., 2020), have previously
used mouse models to study processes that limit or boost plasmid spread in the gut (Stecher et al.,
2012;Diard et al., 2017;Moor et al., 2017;Bakkeren et al., 2019;Wotzka et al., 2019). These studies,
however, were limited to laboratory strains and single conjugative plasmids without clinical relevance,
with the exception of a single ESBL-plasmid used in (Bakkeren et al., 2019). To our knowledge, there
are no studies that compare plasmids and their transfer dynamics quantitatively in vivo and in vitro.
Here, we use clinical E. coli strains and their natively associated ESBL- plasmids to test for variable
plasmid spread among different bacteria/plasmid combinations, both in vitro and in mice. We combine
these experimental data with bioinformatic analyses, identifying genetic determinants that influence
plasmid spread in the absence of antibiotic selection. We chose to work with E. coli because some
important commensal and pathogenic bacteria in the gastrointestinal tract come from the family
Enterobacteriaceae, including some of the most important pandemic ESBL-producing strains (Carattoli,
2009;Davies and Davies, 2010;Roca et al., 2015;Bajaj et al., 2016). They often carry plasmids of the
incompatibility groups IncF and IncI, which have low copy number and narrow host range (Carattoli,
2009;Rozwandowicz et al., 2018). Our in vitro data showed the final frequencies of ESBL-plasmidcarrying recipient strains (transconjugants) varied greatly and were determined by plasmid, donor and
recipient effects. As expected for conjugative plasmid transfer, the lack of the (tra) genes (Komano et
al., 2000;Takahashi et al., 2011;Koraimann, 2018), which are well known to be required for transconjugation, in three out of the eight clinical ESBL-plasmids tested, had the biggest impact on plasmid
spread. Nevertheless, the donor and recipient strains also had a statistically significant effect on final
transconjugant frequencies. Overall, our in vitro data qualitatively predicted plasmid spread in the
antibiotic-free murine model for gut colonization.
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Materials and methods
Strains and growth conditions. We used 8 ESBL-plasmid positive E. coli strains as plasmid donors (D1D8; Supplementary Table S1). They were sampled from patients in a transmission study at the
University Hospital Basel, Switzerland, and their ESBL-plasmids reflect relevant vectors of ESBL
mediated drug resistance (Tschudin-Sutter et al., 2016). This collection comprised strains belonging to
sequence types (ST) ST117, ST648, ST40, ST69, ST80, ST95, ST6697 and the very common ESBL
sequence type ST131. We worked with 4 ESBL-plasmid negative recipient strains: RE1, a mouse-derived
E.coli strain cured of its native IncI1 plasmid (Stecher et al., 2012); RE2 and RE3, two clinical E. coli
isolates from healthy patients (Tschudin-Sutter et al., 2016;Wotzka et al., 2018); and RS1, the
Salmonella enterica Typhimurium strain ATCC 14028 (RS). A comprehensive list of the plasmids found
in these strains is given in Supplementary Table S1. Marker plasmids were introduced by
electroporation, to mark recipients with either pACYC184 (New England Biolabs) encoding
Chloramphenicol (Cm) resistance (except for RS, having chromosomal Cm resistance marT::cat (Diard
et al., 2017)) or pBGS18 (Spratt et al., 1986) encoding Kanamycin (Kan) resistance. Plasmid-borne
resistance markers have their limitations, as they may interact with other plasmids present in these
strains and potentially also affect their spread. Here, this effect seems minimal (Supplementary Figure
S12). Unless stated otherwise, we grew bacterial cultures at 37°C and under agitation (180 rpm) in
lysogenic broth (LB) medium, supplemented with appropriate amounts of antibiotics (none, 100µg/mL
Ampicillin (Amp), 25 µg/mL Cm in vitro and 15µg/mL Cm prior to in vivo experiments, 50µg/mL Kan).
We stored isolates in 25% glycerol at -80°C.
Antibiotic resistance profiling. We used microdilution assays with a VITEK2 system (bioMérieux,
France) to determine the minimum inhibitory concentrations (MIC). MIC breakpoints for ESBLs were
interpreted according to EUCAST guidelines (v8.1). In addition, we confirmed resistance mechanism
phenotypically, using ROSCO disk assays (ROSCO Diagnostica, Denmark), and/or genotypically with
detection of CTX-M1 and CTX-M9 groups using the eazyplex Superbug assay (Amplex, Germany).
In vitro conjugation experiment. To determine plasmid spread, which can include a vertical (clonal
expansion) and a horizontal (conjugation) component, we calculated the final transconjugant
frequency, which is the recipient population that obtained an ESBL-plasmid (transconjugants/
(recipients+ transconjugants), T/(R+T)), in a high throughput, 96-well plate-based assay. Donor and
recipient populations grew overnight with or without Amp, respectively. We washed the independent
overnight cultures by spinning down and resuspending and added ~1µL of 6.5-fold diluted donor and
recipient cultures into 150µL fresh LB with a pin replicator (total ~1000-fold dilution, aiming to reach
approximately a 1:1 ratio of donor and recipient). These mating populations grew for 24 hours in the
absence of antibiotics and were only shaken prior to hourly optical density (OD) measurements (Tecan
NanoQuant Infinite M200 Pro). To determine the final cell densities, we plated the mating cultures at
the end of the conjugation assay on selective LB-plates. In the first conjugation experiment, referred
to as the 1st generation in vitro experiment, where the clinical strains transferred their native plasmids
to recipients, we selected for donors+transconjugants with Amp, for recipients+transconjugants with
Cm (E. coli recipients carried pACYC184-Cm and RS chromosomal marT::cat) and for transconjugants
with Amp+Cm. For a second, separate conjugation experiment, referred to as the 2nd generation in
vitro experiment, we chose a subset of transconjugants generated in the 1st generation in vitro
experiment as new plasmid donors. Transconjugants isolated from the 1st generation experiment were
frozen and regrown before the 2nd generation experiment. The resulting culturing steps make
differences between the 1st and 2nd generation experiments due to transient plasmid de-repression in
transconjugants unlikely (Lundquist and Levin, 1986;Sheppard et al., 2020). Transconjugants and
recipients of the clone type RE3 were omitted because of the size of the experiment, and
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transconjugant RE2 carrying p1B_IncI had to be excluded as plasmid donor due to insufficient freezer
stocks. We selected for donors with Cm, for recipients with Kan (recipients carried pBGS18-Kan) and
for transconjugants with Kan+Amp. A single transconjugant colony would be equivalent to 20 CFU/mL,
which approximates our detection limit. We performed experiments with E. coli recipients and S.
Typhimurium recipient RS as independent experiments and the 1st generation in vitro (n=4-6) and 2nd
generation in vitro (n=6) experiments each in two replica blocks.
The plasmids in our conjugation experiments could either be transferred in the liquid growth phase or
after plating on selective plates (surface mating). To assess the extent of surface mating we performed
an additional experiment, where we treated donors and recipients as above but grew them in separate
liquid cultures, instead of mixed cultures, only mixing them immediately before plating on selective
LB-plates. To make a direct comparison between some of the donor-plasmid-recipient combinations
used in the 1st generation and 2nd generation in vitro experiments, we performed a conjugation
experiment as described above with D1 (with and without pACYC184) and transconjugants RE1 and RS
carrying plasmid 1B_IncI, isolated from the 1st generation in vitro experiment, as plasmid donors.
In vitro plasmid cost experiment and other growth rate measurements. To investigate the effect of
ESBL-plasmid carriage on bacterial growth in absence of antibiotics, we measured the growth rate of
transconjugants and recipients. Per donor and recipient combination, we used three transconjugants,
four replicates each, obtained from independent mating populations of the 1st generation in vitro
experiment. Transconjugants for which we have not stored three independent transconjugants were
excluded from this analysis. We grew bacterial cultures in the absence of antibiotics overnight and
diluted them 150-fold by transfer with a pin replicator to a 96-well plate, containing 150µL fresh LB
per well. We incubated the cultures without shaking and estimated growth rates of recipients and
transconjugants based on ten manual OD measurements over 24 hours. We estimated growth rates
(h-1) using the R package Growthcurver (Sprouffske and Wagner, 2016). We expressed plasmid cost as
the growth rate of transconjugants relative to the corresponding ESBL-plasmid free recipient.
Transconjugants have experienced longer growth under laboratory conditions than recipients
(conjugation experiment). To verify that this did not affect our estimates of plasmid cost, we conducted
a third growth rate experiment. Prior to this experiment, recipients were grown under the same
conditions as in the conjugation experiment but without donor strains. We then measured and
compared the growth rates of these strains and the original recipients that had not undergone the
additional culturing step (Supplementary Figure S1).
Other growth rate measurements (Supplementary Figures S1, S16) were performed as follows: We
grew bacterial cultures with appropriate antibiotics overnight, washed and diluted them ~1000-fold.
For the growth measurements, bacteria grew in the absence of antibiotics and the plate reader
measured OD every hour for 24 hours. Again we estimated growth rates (h-1) using the R package
Growthcurver (Sprouffske and Wagner, 2016).
In vivo experiments. We have previously established a murine model for enterobacterial pathogen
infection (Barthel et al., 2003) that allows the tracking of plasmid dynamics (Stecher et al., 2012;Diard
et al., 2014;Diard et al., 2017;Moor et al., 2017;Bakkeren et al., 2019;Wotzka et al., 2019). For
conjugation experiments, we used 8-16 week old C57BL/6 mice that contain an oligo microbiota
allowing colonization of approximately 108 E. coli per gram faeces (Brugiroux et al., 2016). E. coli stool
densities of up to 108 CFU /g have also been detected in healthy human volunteers (Wotzka et al.,
2018). We infected 7-10 mice per treatment group (minimum of two independent experiments; no
antibiotic pre-treatment) orogastrically with ~5x107 CFU of RE2 or RE3, carrying marker plasmid
pACYC184 and 24 hours later with ~5x107 CFU of either D4, D7, or D8. Faeces were collected daily,
homogenized in 1 ml of PBS with a steel ball by a Tissue Lyser (Qiagen) at 25 Hz for 1 min. We
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enumerated bacterial populations by selective plating on MacConkey media (selection for
donors+transconjugants with Amp (100 µg/mL), for recipients+transconjugants with Cm (15 µg/mL)
and for transconjugants with Amp+Cm) and calculated final transconjugant frequencies T/(R+T).
For competition experiments we infected 8-16-week-old C57BL/6 oligo microbiota mice orogastrically
with a 1:1 mixture of both competitor strains (~5x107 CFU total; no antibiotic pre-treatment). We
collected faeces and enumerated bacterial populations daily. We plated bacteria on MacConkey agar
containing Cm and replica-plated on media containing Cm, Kan, and Amp to select the transfer
deficient transconjugants. A change in fitness conferred by plasmid carriage is reflected in the relative
frequency of recipients to transconjugants (R/T).
Prior to all infections, we subcultured the overnight cultures (LB containing the appropriate antibiotics)
for 4 hours at 37°C without antibiotics (1:20 dilution) to ensure equal densities of bacteria. Cells were
washed in PBS and introduced into mice. All infection experiments were approved by the responsible
authority (Tierversuchskommission, Kantonales Veterinäramt Zürich, license 193/2016 and license
158/2019).
Sequencing, assembly, annotation. We sequenced all donor and recipient strains with Illumina MiSeq
(paired end, 2x250 bp), Oxford Nanopore MinION and PacBio Sequel methods. We produced hybrid
assemblies with Unicycler (Wick et al., 2017) (v0.4.7) and used the most contiguous assemblies (Oxford
Nanopore – Illumina for D1,D2,D4,D6,D7,D8 and Pacbio Sequel – Illumina for D3,D5, RE1, RE2, RE3).
Manual curation involved removing contigs smaller than 1kB, and sequences up to 5 kB that mapped
to the own chromosome. We performed quality control by mapping the paired end Illumina reads to
the finished assemblies using samtools (v1.2) and bcftools (v1.7) (Li et al., 2009;Li, 2011). For recipient
RS, the ancestral strain was sequenced with Illumina (2x150 bp), and mapped against the reference
sequence, downloaded from NCBI Genbank under the accession numbers NZ_CP034230.1 and
NZ_CP034231.1.
To study the genetic contribution to the observed variation in plasmid spread, we sequenced various
transconjugants from the 1st and 2nd generation in vitro experiments as well as the in vivo transfer
experiment (Supplementary Table S2). In vitro: three clones from independent mating populations for
RE3 carrying plasmid p4A_IncI or p8A_IncF and one clone for the other transconjugants. In vivo: eight
clones of RE3 carrying p4A_IncI isolated from five mice on day 7 post donor infection, and eight clones
of RE3 carrying p8A_IncF isolated from six mice on day 2 (1 clone), day 6 (3 clones), or day 7 (4 clones)
post donor infection. Resequencing was performed on an Illumina MiSeq (paired end, 2x150 bp) and
we mapped the reads to the closed assemblies of respective donor and recipient strains using the
breseq pipeline (v 0.32.0) (Barrick et al., 2014). Mutations or indels shared by all re-sequenced strains
were treated as ancestral (Supplementary Table S2).
To investigate the transfer of plasmid p8C_IncBOKZ, we screened 3-5 transconjugants from
independent mating populations per conjugation pair (Supplementary Table S2). We performed PCRs
with primers specific to IncB/O and IncK plasmids (Compain et al., 2014), (5′ to 3′): MRxeBO_K_for:
GAATGCCATTATTCCGCACAA and MRxeBO_K _rev; GTGATATACAGACCAT-CACTGG).
To extract a chromosomal alignment of the E. coli donor and recipient strains, we concatenated the
genes returned by core genome Multi-Locus Sequence Typing (cgMLST) for all strains. We used the
chewBBACA software to type these strains according to the Enterobase cgMLST scheme (Alikhan et al.,
2018;Silva et al., 2018). We inferred the phylogenetic tree using BEAST2 (Bouckaert et al., 2014), with
an HKY substitution model, a tight prior on the mutation rate (constrained around the E. coli mutation
rate of 10-4 mutations per genome per generation, as estimated by Wielgoss et al. (Wielgoss et al.,
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2011), and assuming 100-10000 generations per year), and a birth-death tree prior (priors are listed in
Supplementary Table S4). The timing of the tree was additionally informed by the sampling dates of
the strains: For clinical donor strains this corresponded to the isolation date in the hospital; recipient
RE1 was isolated from a mouse co-infected with Salmonella on 17.06.2007; and for recipients RE2 and
RE3 we assumed the start of the three-month study conducted by Wotzka et al. (Wotzka et al., 2018),
i.e. 30.01.2015. We performed bacterial genome annotation using Prokka (Seemann, 2014), and
determined the sequence type (ST) using mlst (Torsten Seemann, https://github.com/tseemann/mlst),
which makes use of the PubMLST website (https://pubmlst.org/) developed by Keith Jolley (Jolley and
Maiden, 2010). Phylogroups were assigned using ClermonTyper (Beghain et al., 2018).
We determined genomic features using a range of bioinformatic tools, and by BLAST comparison
against various curated databases. Plasmid replicons and resistance genes were identified using
abricate (Torsten Seemann, https://github.com/tseemann/abricate) with the PlasmidFinder (Carattoli
et al., 2014) and ResFinder (Zankari et al., 2012) databases respectively. We located phages using
PHASTER (Arndt et al., 2016) (listing only those marked as “complete”), type 6 secretion systems using
SecReT6 (Li et al., 2015), virulence genes using the Virulence finder database (Joensen et al., 2014),
toxin-antitoxin systems using the database TADB 2.0 (Xie et al., 2018), and CRISPR-Cas loci using
CRISPRCasFinder (Couvin et al., 2018). We found restriction-modification (RM) systems using grep on
the term ‘restriction’ in the general feature format (GFF) files from prokka, and verified them with the
RM-database Rebase (Roberts et al., 2015). To determine the presence/absence of IncF and IncI
transfer genes, we constructed our own database as a reference. IncF transfer genes were taken from
the supplementary material of Fernandez-Lopez et al. (Fernandez-Lopez et al., 2016), IncI1 transfer
genes from plasmids R64 using the annotations by Komano et al. (Komano et al., 2000), and Inc1γ
transfer genes from the plasmid R621a annotated by Takahashi et al. (Takahashi et al., 2011).
Construction of non-transferrable plasmids. For the in vivo competition experiments, we generated
non transferrable plasmids for three independent transconjugants. We deleted their origin of transfer
(oriT) region using the lambda red recombinase system with pKD4 as template for the Kan resistance
marker (Datsenko and Wanner, 2000). The following primers were used (5′ to 3′): For IncI plasmids
(p4A_IncI)
DIncI_oriTnikA_f
(GCATAAGACTATGATGCACAAAAATAACAGGCTATAATGGGTGTAGGCTGGAGCTGCTTC)
and
DIncI_oriTnikA_r
(CCTTCTCTTTTTCGGAATGACTGCATTCACCGGAGAATCCATGGGAATTAGCCATGGTCC) (Stecher et al., 2012) and for F
plasmids (p8A_IncF) D25_2_oriT-nikA-ko_vw (CCATGATATCGCTCTCAGTAAATCCGGGTCTATTTTGTAAGTGTAGGCTGGAGCTGCTTC) and D25_2_oriT-nikA-ko-rev (GTGCGGACACAGACTGGATATTTTGCGGATAAAATAATTTATGGG-AATTAGCCATGGTCC). We verified all mutants by PCR (IncI1_oriT
_val_f: AGTTCCTCA-TCGGTCATGTC, IncI1_oriT _val_r: GAAGCCATTGGCACTTTCTC, D25_oriT _val_fw:
CATACAGG-GATCTGTTGTC and D25_2_oriT_ver_rv: CAGAATCACTAT-TCTGACAC) and experimentally
by loss of transfer function.
Statistical analyses. For in vitro experiments we performed analyses using R (version 3.4.2). The effects
of donor, recipient and plasmid on final transconjugant frequency were analyzed with either a twoway ANOVA (1st generation in vitro experiment with factors donor-plasmid pair and recipient) or a
three-way ANOVA (2nd generation in vitro experiment with factors donor, plasmid, recipient). For the
1st generation in vitro experiment, we excluded strain-plasmid pairs which did not result in
transconjugants (D2, D3, D7) and recipient RS from this analysis. When single replicates for a given
donor-recipient combination lacked transconjugants (D5 and D6), we assigned these replicates a final
transconjugant frequency at the detection limit of 10-8. The data of the 2nd generation in vitro
experiment was not fully factorial. To enable testing of interactions, we therefore performed two 3way ANOVAs: one excluding plasmid p1B_IncI and one excluding donor RE2, for which we had to take
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the two replicate blocks into account: P < 0.001). For two replicate populations (RS self-self transfer
with p1B_IncI), we had higher counts on plates selecting for transconjugants than on plates selecting
for recipients+transconjugants and replaced the resulting negative CFU/mL for recipients with 0
CFU/mL (we assume the higher count on selective agar reflects measurement error, given the true
frequency of plasmid-carrying cells cannot exceed 1.0).
For statistical comparisons derived from in vivo experiments, Kruskal-Wallis tests were performed with
Dunn's multiple test correction using GraphPad Prism Version 8 for Windows.
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Results

Strains and plasmids. As potential ESBL-plasmid donors we used eight clinical E. coli strains (D1-D8),
which were selected at the University Hospital Basel to be representative for the clinically relevant
diversity of ESBL-plasmid positive strains. We chose four recipient strains susceptible to β-Lactam
antibiotics, of which three are E. coli (RE1-RE3) and one S. Typhimurium (RS, Supplementary Figure S2,
Supplementary Table S3). Sequence analysis revealed a large phylogenetic diversity, with donor strains
belonging to phylogenetic groups B1, B2, D or its subgroup F, and recipients to either B2 or A (Figure
1). We also observed diverse accessory traits such as bacterial immunity systems (Supplementary
Figure S3) and virulence genes (Supplementary Figure S4). All but two strains encode type 6 secretion
systems (T6SS), and strain D4 shows an Enteropathogenic (EPEC) virulence profile. Each strain carries
at least one and up to eight plasmids of various incompatibility groups (Supplementary Figure S5, Table
S1). Every donor strain harbours a single antibiotic-resistance plasmid (the ESBL plasmid), either of the
plasmid family IncI or IncF (Table 1) and displayed an ESBL-resistance phenotype (Supplementary Table
S3). All strains encode numerous intact prophage sequences in their chromosome (Supplementary
Figure S6) and we found P1-like phages, i.e. prophages that move like plasmids in their lysogenic phase
(Lobocka et al., 2004;Venturini et al., 2019), in various strains (Supplementary Figure S7). ESBL-plasmid
p2A_IncF carries a SPbeta-like prophage (68.4 kB), which encodes all 12 resistance genes of that
plasmid. With the exception of p3A_crypt and pRE3B_crypt, all plasmids bigger than 35 kB carry
plasmid addiction systems (Hayes, 2003) (toxin-antitoxin (TA) systems, Supplementary Figure S8).
Table 1. Clinical ESBL-plasmids in their native bacterial host strains (donors).
Plasmids names contain an abbreviation for the original host strain, i.e.1 for D1, a letter allowing to separate the different
plasmids within this host strain and the plasmid replicon type.
Strain
ESBL-plasmid
Plasmid
Plasmid replicon Resistance genes on the
Antibiotic
(E. coli
size
(incompatibility
ESBL-plasmid†
resistance
sequence
group)
phenotype*
type)
D1
p1B_IncI
111 kB
aadA5; blaCTX-M-1; dfrA17;
Amp, Ceftri, Cotri
IncIγ
(ST 117)
sul2
D2
p2A_IncF
165.7 kB
IncFIA; IncFIB;
mph(A); catB3; aadA5;
Amp, Amo/C; Ceftri;
(ST 648)
IncFII
aac(6')-Ib-cr; dfrA17; sul1;
Tobra; Cotri; Cipro
sul2; blaOXA-1; tet(A); blaCTXM-27; aph(3'')-Ib; erm(B)
D3
p3B_IncI
59.8 kB
IncI1
blaCMY-42
Amp; Amo/C; Pip-T;
(ST 648)
Ceftaz; Ceftri;
Tobra; Amika; Cotri;
Cipro
D4
p4A_IncI
88.9 kB
blaCTX-M-1
Amp; Ceftri
IncIγ
(ST 40)
D5
(ST 131)

p5A_IncF

160 kB

IncFIB;
IncFIC(FII);
IncFIA

D6
(ST 131)

p6A_IncI/F

157 kB

IncI1; IncFIA;
IncFIB; IncFII

D7
(ST 131)

p7A_IncF

134.9 kB

IncFIA; IncFIB;
IncFII; Col156

mph(A); aph(3'')-Ib; aadA5;
dfrA17; sul1; sul2; tet(A);
blaCTX-M-27

Amp; Ceftri; Cotri;
Cipro

D8
(ST 69)

p8A_IncF

131 kB

IncFIA; IncFIB

dfrA14, mph(A), blaCTX-M-14,
tet(B)

Amp; Ceftri; Cotri
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mph(A); aadA5; aac(6')-Ibcr; dfrA17; sul1; blaCTX-M-15;
aac(3)-IIa; tet(A); catB3;
blaOXA-1
blaTEM-1B, aac(3)-IId, blaCTXM-8

Amp; Amo/C;
Ceftaz; Ceftri; Cefe;
Tobra; Cotri; Cipro
Amp; Ceftri; Cefe;
Tobra; Cipro

†Genes encoding beta-lactamases are highlighted in bold.
*Antibiotic resistance phenotype is defined as being above the EUCAST defined minimum inhibitory concentration
breakpoint (MIC; see S3 Table for all antibiotics tested and MIC information). Donor strains fulfilled criteria for ESBL
production based on EUCAST recommendations. ESBL phenotypes were confirmed. Abbreviations: Amp = Ampicillin;
Amo/C = Amoxicillin/Clavulanic acid; Pip-T = Piperacillin-Tazobactam; Ceftaz = Ceftazidim; Ceftri = Ceftriaxone; Cefe =
Cefepim; Tobra = Tobramycin; Amika = Amikacin; Cotri = Cotrimoxazol; Cipro = Ciprofloxacin.

Figure 1. Phylogenetic tree of the E. coli donor and recipient strains, inferred using Bayesian inference on a core genome
alignment. Strain names at the tips are coloured by E. coli phylogroup. The S. Typhimurium recipient RS was not included in
the phylogeny, but listed here to allow comparison of the plasmid content. RE1-3 denotes the three E. coli recipients and D18 denotes the eight donors. Bars on internal nodes indicate the 95% highest posterior density interval of the node age in
years; numbers indicate the posterior probability for a given bifurcation. Blue rectangles show that a plasmid with the
indicated IncF or IncI replicon (incompatibility marker) is present in that strain. A red dot indicates the replicon(s) present on
the ESBL-plasmid in each strain. Coloured letters indicate the E. coli phylogroup.
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Plasmid spread in the absence of antibiotics varies depending on the clinical donor and the recipient
strain. To test whether the spread of ESBL-plasmids in recipient populations varied depending on the
identity of donor (clinical isolates, each with different ESBL plasmids) and recipient bacteria, we first
performed conjugation experiments with all possible donor-recipient combinations in the absence of
antibiotics (referred to as 1st generation in vitro experiment). We used the final transconjugant
frequency, i.e. the fraction of the recipient population that carried the ESBL-plasmid after 24 hours, to
measure plasmid spread. The highest final transconjugant frequency (~0.1%) was achieved when
plasmid p4A_IncI spread in populations of recipient RE3. Five of the eight ESBL-plasmids transferred at
detectable levels to more than one of the E. coli recipients and their final transconjugant frequencies
spanned 5 orders of magnitude (Figure 2A). The average final transconjugant frequency varied
depending on the donor-plasmid pair and among recipient strains (two-way ANOVA excluding D2, D3,
D7 with non-conjugative ESBL-plasmids, effect of donor-plasmid pair: F4,66 = 87.665, P < 0.01, effect of
recipient: F2,66 = 5.439, P < 0.01). The variation among donor-plasmid pairs depended also on the
recipient (donor-plasmid pair×recipient interaction: F8,66 = 3.164, P < 0.01). Although these ESBLplasmids are natively associated with E. coli, they reached comparable maximal transconjugant
frequencies in the RS (S. Typhimurium) recipient populations (Figure 2B). With RS, variation across
donor-plasmid pairs was similar to that obtained with E. coli recipients, with the exception of p6A_IncI,
which did not transfer to recipient RS.

Figure 2. ESBL-plasmids spread at variable rates in the absence of antibiotics (1st generation in vitro experiment). Plasmid
spread was measured as the final transconjugant frequency, i.e. the ratio of the recipient population carrying the ESBLplasmid (T), relative to the total of plasmid-free (R) and plasmid carrying (T) recipient populations. Final transconjugant
frequency is shown for recipient populations of E. coli strains RE1-3 (A) and S. Typhimurium strain RS (B). Circles represent
independent replicates (n=4-6) and the beams are mean values ± standard error of the mean (SEM). The detection limit was at
~10-8. Total population densities can be found in Supplementary Figure S10.

The pili of type IncI and IncF plasmids support plasmid transfer on solid surface and in liquid
growth environment (Bradley et al., 1980;Lawley et al., 2004). The protocol of our in vitro experiment
potentially allowed for both liquid- and surface- (after plating) mating. To determine whether surface
mating contributed significantly to transfer among these strains in these conditions, we performed a
separate experiment which only allows for surface mating, for a subset of donor-recipient
combinations (Supplementary Figure S9). In this experiment, only p1B_IncI and p4A_IncI transferred
from donor to recipient, resulting in transconjugant frequencies ranging from 10-8 to 10-5, in a
138

recipient-dependent manner (two-way ANOVA excluding D6, D8 and RS: effect of recipient: F2,18 =
34.29, effect of donor-plasmid pair: F1,18 = 13.750, P < 0.01 in both cases). This suggests that plasmid
transfer in our 1st generation in vitro experiments took place primarily during the 24-hours liquidgrowth phase, although depending on the plasmid there can also be additional after-plating
conjugation.
Plasmid, donor and recipient lead to variation in plasmid spread. In the 1st generation in vitro
experiment (Figure 2), where we investigated the spread of ESBL-plasmids from their native hosts,
each plasmid was present in a single donor. Therefore, we could not separate the contributions of
plasmid and donor strain to the observed variation of plasmid spread. To do so, we performed a second
conjugation experiment (referred to as the 2nd generation in vitro experiment) with plasmids that
showed notable plasmid transfer in the 1st generation in vitro experiment. We held conditions identical
to the 1st generation in vitro experiment, but in the 2nd generation in vitro experiment each donor strain
background carried one of several ESBL-plasmids and each ESBL-plasmid was represented in multiple
donor strains. Specifically, we used eight transconjugants isolated from the 1st generation in vitro
experiment as plasmid donors and three of the same recipient strains (Figure 3). The final
transconjugant frequency varied among donor strains and among plasmids (three-way ANOVA with
plasmid, excluding p1B_IncI, donor and recipient as factors, effect of donor strain: F2,90 = 150.133, P <
0.001, effect of plasmid: F1,90 = 49.717, P < 0.001). Variation among plasmids depended on both, the
recipient and the donor strain (donor strain×plasmid interaction: F2,90 = 96.352, P < 0.001;
recipient×plasmid interaction: F2,90 = 29.610, P < 0.001). For instance, when the donor and recipient
strains were both RS, both IncI ESBL-plasmids yielded remarkably high final transconjugant frequencies
of 40%. A second analysis supported variation among donor strains and plasmids and that variation
among plasmids depended on recipient and donor strain (three-way ANOVA excluding RE2, effect of
donor strain: F1,93 = 560.269, P < 0.001, effect of plasmid F2,93 = 156.075, P < 0.001, recipient×plasmid
interaction: F4,93 = 26.104, P < 0.001, donor strain×plasmid interaction: F2,93 = 3.999, P = 0.022). As in
our 1st generation in vitro experiment, average final transconjugant frequencies also varied among
recipients (P < 0.001 for effect of recipient in both three-way ANOVAs). Thus, the final frequency of
transconjugants depended on donor strain, plasmid, and recipient. Also, we found relatively high final
transconjugant frequencies when donor and recipient were plasmid+/plasmid- versions of the same
strain (Figure 3, self-self transfer).

Figure 3 (legend on the next page)
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Figure 3. Final transconjugant frequency depends on donor, recipient, and plasmid (2nd generation in vitro experiment).
Eight transconjugants isolated from mating assays in the 1st generation in vitro experiment (Figure 2), used here as plasmid
donor strains, transferred their plasmid to three different recipients. Circles represent independent replicates (n = 6), the
beams are mean values ± SEM and different plasmids are indicated in colour. The detection limit was at ~10-8. Total population
densities can be found in Supplementary Figure S11. Donor RE2 carrying plasmid p1B_IncI was excluded, see methods.

For some plasmid-recipient combinations, we noticed that replacing the native donor strains with
transconjugants from the 1st generation in vitro assay (primary and secondary plasmid transfer,
respectively) led to large differences in final transconjugant frequencies (Figures 2 and 3). For a subset
of strains, we tested whether these resulted solely from the substitution of the native donor strain
(D1) with a secondary donor strain (RE1 or RS, Supplementary Figure S12). When RE1 or RS acted as
donor strain for plasmid p1B_IncI, transconjugant frequencies of RE1 carrying p1B_IncI increased 45fold and 112-fold, respectively, compared to when p1B_IncI was transferred from its native donor
strain D1. When both donor and recipient were RS, the final transconjugant frequency increased 2800fold compared to transfer of plasmid p1B_IncI from its native host D1 to RS. This shows plasmid
transfer from a secondary bacterial host can differ strongly from its transfer from the initial host.
ESBL-plasmids can spread rapidly in vivo, with efficiencies corresponding to in vitro trends. To test
the effect of plasmid-donor pair and recipient strain on plasmid spread in a complex environment, we
performed conjugation experiments in gnotobiotic mice with a defined multispecies microbiota
(Brugiroux et al., 2016) over seven days and in the absence of antibiotics. This resident microbiota
allows colonization of approximately 108 E. coli per gram faeces, E. coli densities representative of the
guts of some humans and animals (Tenaillon et al., 2010;Wotzka et al., 2018). We used three clinical
donors (D4, D8, and D7), and two recipients (RE2 and RE3, Figure 4), a subset of strains that reflects
diversity in plasmid type (that is, incompatibility group and transfer efficiency in vitro; Figures 1-2), and
in genetic properties of the strain (that is, variable virulence factors, phages, or other accessory genes;
Figure 1, Supplementary Figures S3, S4, S6).

Figure 4. ESBL-plasmids can spread in the gut in the absence of antibiotic selection. We measured the spread of three
plasmids as final transconjugant frequency in two distinct recipient populations, A) RE2 and B) RE3, and enumerated
transconjugants in faeces by selective plating. Dotted lines indicate the detection limit for selective plating. Circles represent
independent replicates (n = 7 for RE2 conjugations; n =7 for D4-RE3; n = 10 for D8-RE3 and D7-RE3), lines show the median
and different donor-plasmid pairs are indicated in colour. Kruskal-Wallis test p>0.05 (ns), p<0.05 (*), p<0.01 (**), p<0.001
(***), p<0.0001 (****). Total population densities can be found in Supplementary Figure S14.
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The variation of ESBL-plasmid spread in vivo was in qualitative agreement with the 1st generation in
vitro experiment. As in the 1st generation in vitro experiment (Figure 2) for recipient RE3 we observed
highest transconjugant frequencies with plasmid p4A_IncI followed by p8A_IncF and no
transconjugants with p7A_IncF (Figure 4). Furthermore, the final transconjugant frequency with
plasmid p4A_IncI was higher with RE3 than RE2 both in vivo and in vitro (see Figure 4A-B, blue dots,
and Figure 2). Lastly, the final transconjugant frequencies with p8A_IncF were similar for both recipient
populations (Figure 4A-B, purple dots, and Figure 2). Because the final frequency of RE3 carrying
p4A_IncI (1%) was already reached at day 1, we re-performed this conjugation experiment, sampling
more densely in time and found the final transconjugant frequency to be established already eight
hours after the orogastric introduction of donor D4 (Supplementary Figure S13). This rapid increase in
transconjugant frequency was followed by a 6-day plateau, which may result from the simultaneous
decrease of recipient and transconjugant populations over time (Supplementary Figure S14). Indeed,
direct competition experiments in vivo (Supplementary Figure S15) confirmed the competitive
advantage of donor D4 over RE3. This fitness benefit may be explained by the difference in growth
rate, as estimated in vitro (Supplementary Figure S16).
In vitro, we found that plasmid spread from donor strains and from transconjugants to recipient strains
could vary by several orders of magnitude (Supplementary Figure S12). Such differences in plasmid
spread from primary and secondary donor could also be present in vivo. However, with the exception
of RE3 carrying p4A_IncI, the transconjugant populations were minor compared to the size of the
donor populations throughout the in vivo experiment (Supplementary Figure S14). Thus, for plasmid
spread to be dominated by transfer from transconjugants, plasmid transfer rates from transconjugants
would need to be 104-fold higher than transfer rates from the donor strain.
No cost of ESBL-plasmid carriage detected and variable horizontal plasmid transfer probably drives
variation of plasmid spread in vitro and in vivo. The observed variation of final transconjugant
frequencies in vitro and the plasmid dynamics in the mouse gut could potentially be explained by
variable rates of horizontal plasmid transfer, or by variable rates of clonal expansion of transconjugants
(driven by variable effects of the plasmid on bacterial growth depending on the plasmid or recipient
strain). To investigate this, we first tested whether these plasmids were associated with growth costs
for ten strain-plasmid combinations in vitro. We estimated plasmid growth cost as the growth rate of
transconjugants relative to their respective plasmid-free recipient strain, and in this experiment, we
found no significant effect of plasmid carriage on bacterial growth rates for the tested strains (Figure
5A-B, Student's t-Test for E. coli hosts and Wilcoxon Rank Sum Test for S. Typhimurium, P > 0.05 in all
cases, before and after Holm’s correction for multiple testing). This suggests variable rates of clonal
expansion of transconjugants relative to recipients are unlikely to explain the variation in final
transconjugant frequencies we observed (Figure 2). Consistent with this, we found no correlation
between average final transconjugant frequencies (for the combinations tested in the experiment in
Figure 2A) and average growth rate difference between transconjugants and recipients (Pearson r2 =
0.58, P = 0.18).
An alternative explanation for the observed variation of final transconjugant frequencies across
different plasmid/bacteria combinations is variation of horizontal transfer rates. To verify that
horizontal transfer contributed substantially to observed final transconjugant frequencies, we
calculated whether clonal expansion of transconjugants, after a single transfer event, would have been
sufficient to explain observed final transconjugant frequencies in our in vitro assay (Figure 2). This was
only the case for S. Typhimurium recipients carrying p1B_IncI and p8A_IncF, which showed a consistent
trend towards higher growth rates relative to the ESBL-plasmid-free S. Typhimurium recipient (Figure
5B), but not for any plasmid in any E. coli recipient population (Supplementary Results). This indicates
141

there was appreciable horizontal transfer (multiple events) in the majority of combinations we tested.
A third process that potentially contributes to variable transconjugant frequencies is segregational
plasmid loss. We did not test this directly, but note that each ESBL-plasmid encodes at least two TAsystems (Supplementary Figure S8). We would expect these to make plasmid loss from transconjugants
infrequent (Hayes, 2003).

Figure 5. No evidence for cost of plasmid carriage for transconjugants. A-B) We measured plasmid cost for ten strain-plasmid
combinations, with three independently isolated transconjugants each (n = 4; beams are mean values ± SEM).
Transconjugants and their plasmid free complements grew in independent cultures and we calculated the relative growth by
dividing the transconjugant growth rates (h-1) by the mean growth-rate of plasmid-free strains. C) We performed the
competition experiment by colonizing the mice with a 1:1 mix of a non-conjugative transconjugant (oriT-knockout) and
recipient RE3 (n = 6; 3 independent transconjugants, n = 2 for each). (C) Kruskal-Wallis test p>0.05 (ns), p<0.01 (**).

In vivo, we investigated the effect of ESBL-plasmids p4A_IncI and p8A_IncF on bacterial fitness with
direct 1:1 competition between recipient RE3 and its transconjugants (Figure 5C). After seven days of
competition, for transconjugants with p4A_IncI, there was no significant change in the relative
frequency of recipients to transconjugants. The in vivo competition experiment revealed a growth
advantage of RE3 when carrying p8A_IncF, allowing a 10-fold relative increase of the initial
transconjugant frequency when growing for seven days in the gut (from a 1:1 ratio to a 1:10 ratio of
recipients to transconjugants, Figure 5C). Because we used oriT-mutants, no plasmid could be
horizontally transferred during this competition experiment and therefore increasing transconjugant
populations must have resulted from clonal growth. Allowing for horizontal plasmid transfer (seven142

day conjugation experiment), however, the transconjugant frequency of RE2 and RE3 carrying
p8A_IncF increased from the detection limit of 10-6 up to final frequencies of 1% (e.g. a 104-fold
increase in relative transconjugant population size; Figure 4A-B). This large difference in
transconjugant population increase with and without conjugation allows us to conclude that in our gut
colonization model without antibiotic selection, the spread of ESBL-plasmids was driven mainly by
conjugative transfer, rather than by clonal expansion of transconjugants. The fast increase of the
transconjugant population RE3 carrying p4A_IncI within only eight hours (Supplementary Figure S13),
despite a lack of growth advantage over recipient RE3 (Figure 5C), further supports this result.
However, we cannot exclude that clonal expansion did not contribute to observed final transconjugant
frequencies. In fact, we expect that these are the result of both processes. For future work it might be
interesting to systematically assess if such plasmid-mediated enhancement of host colonization can
contribute to the spread of some antibiotic resistance plasmids. Altogether, we demonstrated that
variable plasmid spread probably resulted from variable transfer rates, that horizontal transfer allows
for rapid ESBL-plasmid spread in the murine gut in the absence of antibiotic selection and that in vivo
plasmid spread can reflect in vitro transfer dynamics.
Plasmid transfer genes and incompatibility are the main genetic determinants of observed plasmid
spread. We showed that horizontal transfer is a crucial determinant of the extent of ESBL-plasmid
spread in vitro and in vivo and that in both systems, variability in final transconjugant frequencies
across strain and plasmid combinations probably results from variable plasmid transfer rates. To
explain the variability in these transfer rates, we analysed genetic factors of plasmids and donor and
recipient strains that have previously been described to independently influence plasmid transfer
(Frost et al., 1994;Purdy et al., 2002;Hayes, 2003;Thomas and Nielsen, 2005;Zhong et al.,
2005;Garcillan-Barcia and de la Cruz, 2008;Smillie et al., 2010;San Millan et al., 2014;Doron et al.,
2018;Dionisio et al., 2019;Price et al., 2019;Wein et al., 2019).
We found that only three out of the eight clinically relevant ESBL-plasmids encoded all necessary tra
genes to initiate their own transfer (Figure 6), suggesting only these plasmids would be conjugative.
Consistent with this, each of these plasmids spread in at least three of the five recipients, whereas the
other plasmids did not. This confirms the presence of essential tra genes on ESBL-plasmids to be the
main genomic factor predicting their spread and the specific recipient strain to play a lesser role (Figure
2). However, also p3B_IncI, which lacks most of the essential transfer genes, was transferred to RE2 in
one of the six replicate populations. Although this occurred in only one replicate, this observation could
warrant further work to see if non-conjugative ESBL plasmids can be efficiently mobilized by
conjugative plasmids present in donor or recipient strains (Supplementary Table S1).
Because our statistical analyses of the variation in plasmid spread after excluding non-conjugative
plasmids indicated a significant additional plasmid effect and contributions of donor and recipient
strains, we investigated the genetic basis of this more fine-scale variation in plasmid spread (Figures 23). The relatedness of plasmids in donor and recipient strains with regard to their replicons was a
crucial determinant of the extent of plasmid spread. Plasmid incompatibility likely explains why final
transconjugant frequencies of the IncFII ESBL-plasmids p5A_IncF and p6A_IncI/F were highest with
recipient RE1, the only recipient without a plasmid encoding an IncFII-replicon, and varied largely
depending on recipients (Figure 2). The lack of transconjugants resulting from conjugation of donor D6
carrying plasmid p6A_IncI/F with recipient RS, could be due to the incompatibility with the resident
plasmid pRS_IncF. Further evidence for the role of incompatibility comes from conjugation with
plasmid p8A_IncF, which carries half of the IncFIC-FII replicon (Supplementary Figure S5) and resulted
in the loss of the resident F-plasmid pRE3A_IncF in recipient RE3, both in vitro and in vivo
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(Supplementary Table S2). Despite this plasmid interference in conjugation with RE3, plasmid p8A_IncF
spread in all recipients at the same rate (Figure 2).

Figure 6. Transfer genes. Presence (blue) or absence (white) of essential tra genes for IncF plasmids (A), and IncI plasmids (B).
Genes and panels in grey are non-essential for pilus biogenesis, DNA transfer or conjugation, according to Koraiman
(Koraimann, 2018) (A) and Komano (Komano et al., 2000;Takahashi et al., 2011) (B). ESBL-plasmids are indicated by an
asterisk: green indicates spread to multiple recipient populations, orange indicates conjugation with only one replicate
population, and red indicates no transfer. Non-ESBL plasmids are labelled in black. For the traY gene of the IncI plasmids, we
indicate whether the gene found corresponds to the version carried by IncI1 or IncIγ plasmids (white text in panel B). Plasmid
p6A_IncI/IncF is shown on both panels A and B, but only the IncI1 transfer system is complete.

Additionally, we have investigated the role of i) phylogenetic relatedness of the mating strains, ii)
immunity systems such as RM and CRISPR-Cas systems, iii) plasmid co-transfer and iv) mutational
changes accumulating during in vitro or in vivo conjugation assays in plasmid spread (see
Supplementary Results). Of all these factors only plasmid transfer genes and plasmid incompatibility
correlated with a detectable effect on plasmid spread in our in vitro and in vivo experiments.
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Discussion

We demonstrated that in addition to the transferring plasmid itself, strain aspects like the presence of
plasmids in the recipient, are also important determinants of plasmid spread in the absence of
antibiotic selection. This is consistent with and extends past work (Lopatkin et al., 2016;Hall et al.,
2017;Lopatkin et al., 2017;Stevenson et al., 2017) by quantifying the relative importance of donor,
recipient and plasmid for the spread of key clinical plasmids from their native bacterial hosts.
Moreover, the qualitative agreement between plasmid spread in vitro and in our mouse model
demonstrated that these relative contributions are robust even in complex environments, suggesting
in vitro screening can enable predictions of which plasmid-bacteria combinations will be most
successful in nature. A second key implication of our results is that all of the ESBL-plasmids we tested
that carried genes known to encode conjugative transfer machinery spread efficiently in various
recipient populations, both in vitro and in vivo without antibiotic selection (Figures 2-4). This shows
predictions about the extent of plasmid spread in the absence of antibiotics can be further improved
using sequence data annotated with information about conjugative machinery.
Despite the agreement between our in vivo and in vitro conditions, we stress that local abiotic
conditions play a crucial role for conjugation and for plasmid spread. For instance, some plasmids can
only transfer in a structured environment, as in surface mating, while other plasmids transfer at higher
rates in well-mixed environments, as in liquid mating cultures. This phenomenon has been linked to
pili flexibility (Bradley et al., 1980;Bradley, 1984). Whether the conjugative environment of the
mammalian gut lumen resembles more a structured or a well-mixed environment is currently not clear.
In the colonization model we used for our conjugation experiments (Barthel et al., 2003), interactions
of bacteria with the host intestinal lining might allow for more structured populations (Furter et al.,
2019). Observed dynamics of plasmid p4_IncI indeed highlights a potential importance of structured
environment for conjugation in vivo (Figure 4). In combination with recipient RE3, plasmid p4A_IncI
spread remarkably fast, reaching a transconjugant frequency of 1% already after 8 hours
(Supplementary Figure S13). This transconjugant frequency was more than 100-fold higher compared
to when p4A_IncI spread in recipient population RE2, a difference consistent with our in vitro surface
mating experiment (Supplementary Figure S9). This recipient-dependent difference further highlights
the importance of host-encoded factors that can potentially influence plasmid spread in vivo. We
speculate that such a factor might be the gene iha carried by RE3, which encodes an adherenceconferring molecule (Tarr et al., 2000) and could influence its spatial organization in the gut
(Supplementary Figure S4). Another indication for a fixed spatial structure of RE3, in fact of a spatially
heterogenous structure of the involved bacterial populations, is the plateau the transconjugants of
RE3 with p4A_IncI reach after 24h hours (Licht et al., 1999). Indeed, spatially distinct niches in the gut
can exist and lead to differential growth or survival of E. coli strains (Lourenco et al., 2020). Alternative
explanations for this could be the out-competition of recipient and transconjugant populations by the
plasmid donor strain, through either a direct interaction or an indirect ecological effect via interaction
with microbiota members, or a reduced growth rate after initial colonization of the plasmid donor
strain. The waning population size of the recipients (Supplementary Figure S14) may indeed influence
the transconjugant population, and could be facilitated by T6SS-mediated killing (as RE3 does not
contain a T6SS). This, however, seems unlikely as the sole cause of plasmid spread dynamics in RE3,
because we would expect this to lead to a similar pattern with plasmid p8A_IncF from donor D8. We
propose that surface mating could play an important role for plasmid spread in vivo and emphasize
the need for future studies addressing this.
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Based on bioinformatic analysis we investigated a potential role of further strain-specific features on
plasmid spread. Bacterial defence systems can affect the efficiency of plasmid transfer (Thomas and
Nielsen, 2005) and all four recipient strains encode the adaptive immunity system CRISPR-Cas Type I,
of which Type IF (recipients RE1 and RE2) is commonly associated with antimicrobial susceptibility in
E. coli (Aydin et al., 2017) (Supplementary Table S3). In laboratory E. coli strains such as K12, Type I
CRISPR-Cas loci are considered to be inactive under laboratory growth conditions (Pougach et al.,
2010). This is consistent with the observed lack of spacer acquisition in the laboratory for our natural
strains. Further, it has been proposed that plasmid transfer to close kin is more efficient due to the
similarity in RM systems of donor and recipient strains (Dimitriu et al., 2019). Here, based on presence
and absence of RM systems, we did not find this relation. Our ESBL-plasmids, like many other
conjugative plasmids (Tock and Dryden, 2005), employ anti-restriction strategies and thus, we and
others (Serfiotis-Mitsa et al., 2010;Liang et al., 2017) suggest that RM systems may only marginally
shape horizontal plasmid transfer in natural systems, although to fully address this question a different
experimental design would be required, using simpler conjugation assays and a much larger number
of strains.
Our results also imply that interaction of plasmids present in donor and recipient strains can play a key
role in their spread. This is important because in natural systems bacteria often harbour multiple
plasmids. We found plasmid incompatibility to limit but not completely prevent plasmid transfer in
conjugation with ST131 strains D5 and D6 (Figure 2). This permeability probably results from the
multiple replicons encoded on these ESBL-plasmids, a mechanism that could allow plasmids to transfer
in spite of incompatibility (Villa et al., 2010). Co-transfer of other plasmids is common, and has been
proposed to affect plasmid transfer rates (Smillie et al., 2010;Gama et al., 2017;Barry et al.,
2019;Dionisio et al., 2019). We found little plasmid co-transfer and could not relate its occurrence to
the observed plasmid spread (Supplementary Results and Table S2). Sequencing of the ESBL-plasmids
in transconjugants revealed no mutations after transfer (Supplementary Results and Supplementary
Table S2). This is in agreement with earlier findings reporting the absence of mutations on ESBLplasmids even after 112 days of evolution of transconjugants (Maherault et al., 2019) but does not
exclude that such adaptive processes have happened in the past. Regardless, these data suggest that
contemporary clinical ESBL-plasmids are well adapted to Enterobacteriaceae and do not require clonespecific adaptations for successful spread.
Given the central role of plasmids in the global dissemination of antibiotic resistance, it is of great
importance to understand the factors contributing to plasmid spread under natural conditions. We
demonstrated that in addition to the plasmid, strain aspects are key for plasmid spread in a complex
mouse model. Crucially, we demonstrated this with natural, clinically relevant plasmid-strain
combinations. Moreover, our study suggests large-scale in vitro conjugation experiments and genetic
data, particularly annotated with information about plasmid conjugation machinery, can enable
predictions about which plasmids will spread most rapidly and in which host strains in the gut
environment of animals and humans. Ultimately, early detection of successful strain-plasmid
associations may allow for interventions that impede the emergence of pandemic strain-plasmid
associations (San Millan, 2018).
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Supplementary figures, tables and results

Figure S1. Control for transconjugant growth rates. To verify that the growth rate differences of recipients and
transconjugants (Figure 5A-B) were not affected by the additional culturing steps transconjugants but not recipients have
experienced in the 1st generation conjugation experiment, we exposed recipients (RE1-RE3, n = 4) to the same additional
culturing steps a conjugation assay would (black circles) and found no difference in growth rate to that of wild-type recipients
(grey circles, see Materials and methods). Beams are mean values ± SEM.
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Figure S2. Resistance genes. Presence (blue) or absence (white) of resistance genes in donors (D1-D8) and recipients (RE1RE3, RS). The quality score q reflects the percent identity p and coverage c of the BLAST match to the listed genes, where 𝑞𝑞 =
𝑝𝑝
𝑐𝑐
∙ . The genes ant 3’’-Ia and ARR-3 were excluded from the S1 table. Chromosomal resistance genes are indicated with
100 100

the red abbreviation " chromo ".
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Figure S3. Bacterial immunity systems. Presence (blue) or absence (white) of CRISPR-Cas and restriction-modification
systems (RM) in donors (D1-D8) and recipients (RE1-RE3, RS). CRISPR-Cas and RM systems were determined using prokka and
confirmed using Rebase.
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Figure S4. Type 6 secretion systems and virulence genes. Presence (blue) or absence (white) of Type 6 secretion systems
(T6SS, defined by the presence of more than one prodigal T6SS-encoding gene in an operon) and virulence genes (found by
BLAST) in donors (D1-D8) and recipients (RE1-RE3, RS). The quality score q reflects the percent identity p and coverage c of
𝑝𝑝
𝑐𝑐
∙ . Plasmid-based sequences are flagged with a red triangle. The only
the BLAST match to the listed genes, where 𝑞𝑞 =
100 100

strain with a pathogenic virulence profile is D4, which carries chromosomally encoded intimin genes (eae, tir) commonly
associated with Enteropathogenic E. coli. All strains except RE3 and D1, encode for a T6SS.
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Figure S5. Plasmid replicons. Presence (blue) or absence (white) of plasmid replicons in donors (D1-D8) and recipients (RE1RE3, RS). A red dot indicates the ESBL-plasmid, which can carry multiple replicons. The quality score q reflects the percent
𝑝𝑝
𝑐𝑐
∙ . Three matches listed here, namely of
identity p and coverage c of the BLAST match to the listed genes, where 𝑞𝑞 =
100 100

p1C_IncF to IncFIC FII, p3A_crypt to IncFIB pKPHS1 (labelled “crypt”) and p8A_IncF to IncFIC FII were too short (< 75%
coverage) to be included into Supplementary Table S1. IncY and p0111 are P1-like phages (indicated with the red label
“phage”). The pESA2 replicon was found embedded in the chromosome (labelled “chromo”).
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Figure S6. Phages. Presence (blue) and absence (white) of (pro)phages in donors (D1-D8) and recipients (RE1-RE3, RS).
Plasmid-like phage sequences are flagged with a red triangle and the replicon of the contig they were found on (in white). All
strains contain extensive (pro)phage related sequences.
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Figure S7. Mauve alignment. This alignment shows that the p0111 “plasmids” of D2, D5, D8, and the IncY “plasmid” of RE2
are highly related to each other and to the phages SJ46 and P1. Although highly similar to the phage SSU5, the p3A_crypt
“plasmid” of D3 was largely unrelated to the P1-like phages.
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Figure S8. Toxin/Antitoxin-systems. Presence (blue) or absence (white) of Toxin/Antitoxin-systems (TA) in donors (D1-D8)
and recipients (RE1-RE3, RS). Brackets indicate T/AT-pairs. The ESBL-plasmids are indicated by an asterisk. IncI-plasmids and
IncF-plasmids are generally associated with distinct TA-systems.
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Figure S9. Surface-mating experiment. We allowed donor strains D1, D4, D6 and D8 to conjugate with all four recipients
(colours; legend) on LB-agar plates (n = 4). Resulting transconjugant frequencies depended on donor-plasmid pair and the
recipient strain. Beams are mean values ± SEM, the dotted line indicates the detection limit by selective plating.
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Figure S10. Absolute size of donor, recipient, and transconjugant populations in the 1st generation in vitro experiment. We
performed conjugation experiments with natural donor-plasmid pairs and recipients RE1 (A), RE2 (B), RE3 (C) and RS (D).
Beams are mean values ± SEM (n = 6), dotted lines indicate the detection limit by selective plating, grey for donors and
recipients, black for transconjugants.
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Figure S11. Absolute size of donor, recipient, and transconjugant populations in the 2nd generation in vitro experiment. We
performed conjugation experiments with transconjugants from the 1st generation in vitro experiment as plasmid donors and
recipients RE1 (A), RE2 (B,) and RS (C). Beams are mean values ± SEM (n = 6), dotted lines indicate the detection limit by
selective plating, grey for donors and recipients, black for transconjugants.
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Figure S12. Plasmid transfer from native versus secondary host. We marked D1 with the same Cm-resistance plasmid
(pACYC184) as the E. coli recipients in the 1st generation in vitro experiment, to exclude pACYC184 having a major effect on
transconjugants’ ability to donate plasmids. Indeed, pACYC184 in D1 had a significantly negative effect on transfer of p1B_IncI
to RE1 (Wilcoxon Rank Sum Test, P = 0.035 after Holm’s correction for multiple testing) and to RS (Student's t-Test, P = 0.042
after Holm’s correction for multiple testing). Although significant, the effect of pACYC184 was small compared to the
difference in transconjugant frequency that resulted from transfer from native versus 2nd generation donor strain. Circles
represent independent replicates (n = 5-6) and the beams are mean values ± SEM. The detection limit was at ~10-8.

Figure S13. Rapid spread of p4A_IncI with recipient RE3. We monitored plasmid spread within the first 24 hours post donor
infection. Plasmid spread is reported as final transconjugant frequency and enumerated in faeces by selective plating. The
solid line indicates the median (n = 5), the dotted line indicate the detection limit for selective plating.
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Figure S14. Total populations in vivo. Each panel reflects one donor-recipient pair and represents the population sizes of
donors, recipients, and transconjugants in Fig. 4. A) Conjugation from D4 to RE2 (n = 7). B) Conjugation from D4 to RE3 (n =
7). C) Conjugation from D8 to RE2 ( n= 7). D) Conjugation from D8 to RE3 (n = 10). E) Conjugation from D7 to RE2 (n = 7). F)
Conjugation from D7 to RE3 (n = 10). The dotted line indicates the detection line by selective plating. The solid lines indicate
the median.
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Figure S15. Direct competition between donors and recipients in vivo. We performed competition experiments by colonizing
the mice with a 1:1 mix of plasmid donors with RE2 (A) (n=7) or RE3 (B) (n=7 for D4-RE3; n=10 for D8-RE3 and D7-RE3). The
relative frequency was calculated by dividing the recipient population by the donor strain population.

Figure S16. Maximal growth rates of donors and recipients used in the 1st generation in vitro experiment. Growth rates
were estimated using OD measurements over 24 hours (n=5) in the absence of antibiotics.
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Table S1. Strain overview. Table S1 is a separate file. Overview of all strains used in this study, including their sequence type
(ST), natural plasmid content and detected resistance genes. Replicon and resistance gene hits are only shown in this table if
they had a coverage and percent identity of at least 70%, leading to a few differences with respect to Figures S2 and S5, most
notably IncFIC_FII in D8. Contiguous sequences (contigs) were denoted “c” or “p” for chromosomal or plasmid, respectively.
Short sequences (up to 5 kB) that mapped to the own chromosome, and any contigs smaller than 1kB were removed. Any
remaining contigs without a known replication gene were denoted “_crypt” for cryptic.

D1 (ST117)
Contig

Size

Replicon

Resistance Genes

c1

(not closed)

- Chromosome -

mdf(A)

p1A_IncF

153.9 kB

IncFIA; IncFIB; IncFIC(FII)

-

p1B_IncI

111 kB

IncIγ

aadA5; blaCTX-M-1; dfrA17; sul2

p1C_IncF

86 kB

-

-

p1D_ColRNAI

7 kB

ColRNAI

-

Size

Replicon

Resistance Genes

c2

5.2 Mbp

- Chromosome -

mdf(A); tet(34)

p2A_IncF

165.7 kB

IncFIA; IncFIB; IncFII

mph(A); catB3; aadA5; aac(6')-Ib-cr; dfrA17;
sul1; sul2; blaOXA-1; tet(A); blaCTX-M-27;
aph(3'')-Ib; erm(B)

p2B_p0111

97.8 kB

p0111 (phage)

-

p2C_Col156

5.2 kB

Col156

-

p2D_Col156

5.2 kB

Col156

-

p2E_Col8282

4.1 kB

Col8282

-

p2F_ColMG8282

1.5 kB

Col(MG8282)

-

Size

Replicon

Resistance Genes

c3

5.0 MBp

- Chromosome -

mdf(A); tet(34)

p3A_crypt

109.5 kB

Similar to phage SSU5

-

p3B_IncI

59.8 kB

IncI1

blaCMY-42

p3C_crypt

4.1 kB

-

-

Size

Replicon

Resistance Genes

5.0 MBp

- Chromosome -

mdf(A); tet(34)

D2 (ST648)
Contig

D3 (ST 648)
Contig

D4 (ST40)
Contig
c4
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p4A_IncI

88.9 kB

IncIγ

blaCTX-M-1

p4B_ColRNAI

5.3 kB

Col(MGD2); ColRNAI

-

p4C_Col156

4.7 kB

Col156

-

Size

Replicon

Resistance Genes

c5

(not closed)

- Chromosome -

mdf(A)

p5A_IncF

160 kB

IncFIB; IncFIC(FII); IncFIA

mph(A); aadA5; aac(6')-Ib-cr; dfrA17; sul1;
blaCTX-M-15; aac(3)-IIa; tet(A); catB3;
blaOXA-1

p5B_p0111

91.3 kB

p0111 (phage)

-

p5C_ColBS512

2 kB

Col(BS512)

-

Size

Replicon

Resistance Genes

c6

4.96 MBp

- Chromosome -

mdf(A)

p6A_IncI/F

157 kB

IncI1; IncFIA; IncFIB; IncFII

blaTEM-1B, aac(3)-IId, blaCTX-M-8

p6B_IncX4

33.1 kB

IncX4

-

p6C_crypt

29.1 kB

-

-

p6D_ ColRNAI

8.6 kB

ColRNAI

-

p6E_Col156

6.2 kB

Col156

-

p6F_Col156

5.2 kB

Col156

-

p6G_ColKPHS6

2.6 kB

Col(KPHS6)

-

Size

Replicon

Resistance Genes

c7

4.97 MBp

- Chromosome -

mdf(A)

p7A_IncF

134.9 kB

IncFIA; IncFIB; IncFII; Col156

mph(A); aph(3'')-Ib; aadA5; dfrA17; sul1;
sul2; tet(A); blaCTX-M-27

p7B_Col156

5.2 kB

Col156

-

Size

Replicon

Resistance Genes

c8

5.07 MBp

- Chromosome -

mdf(A)

p8A_IncF

131 kB

IncFIA; IncFIB

dfrA14, mph(A), blaCTX-M-14, tet(B)

D5 (ST131)
Contig

D6 (ST131)
Contig

D7 (ST131)
Contig

D8 (ST69)
Contig
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p8B_p0111

95.9 kB

p0111 (phage)

-

p8C_IncBOKZ

93.5 kB

IncB/O/K/Z

-

p8D_ColRNAI

7.9 kB

ColRNAI

-

p8E_Col156

7.5 kB

Col156

-

p8F_ColRNAI

5.6 kB

ColRNAI

-

p8G_Col8282

4.1 kB

Col8282

-

p8H_ColMG8282

1.6 kB

Col(MG8282)

-

Size

Replicon

Resistance Genes

cRE1

5.2 MBp

- Chromosome –
pESA2

mdf(A)

pRE1A_ColRNAI

4.6 kB

ColRNAI

-

Size

Replicon

Resistance Genes

cRE2

(not closed)

- Chromosome -

mdf(A), tet(34)

pRE2A_IncY

94.6 kB

IncY (phage)

-

pRE2B_IncF

72.9 kB

IncFII

-

pRE2C_crypt

22.2 kB

(similar to phage SFII)

-

Size

Replicon

Resistance Genes

cRE3

(not closed)

- Chromosome -

mdf(A), tet(34)

pRE3A_IncF

93.5 kB

IncFIC(FII)

-

pRE3B_crypt

77 kB

pRE3C_crypt

2.5 kB

-

-

Size

Replicon

Resistance Genes

cRS

- Chromosome -

aac(6’)-Iaa, mdf(A)

pRS_IncF

IncFII(S); IncFIB(S)

-

RE1 (ST80)
Contig

RE2 (ST95)
Contig

RE3 (ST6697)
Contig

RS (14028S)
Contig
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-

Table S2 Overview of plasmid transferring and mutations accumulating during conjugation experiments. Table S2 is a
separate file and is not in this thesis.

Table S3 Phenotypic resistance profile of donor strains. Minimum inhibitory concentration (µg/mL) measurements of ESBL
donors used in this study. The ESBL-resistance phenotype was defined by resistance to Ceftriaxone and Ceftazidime.
Strain Amp Amo/C Pip-T Ceftaz Ceftri Cefe Erta
Imi
Mero Tobra Amika Cotri Cipro Coli
D1
>=32
4
<=4
<=1
32
2 <=0.5 <=0.25 <=0.25 <=1
<=2 >=320 <=0.25 <=0.5
D2
>=32 >=32
8
4
32
2 <=0.5 <=0.25 <=0.25 >=16
4
>=320 >=4 <=0.5
D3

>=32

>=32

D4

>=32

8

<=4

D5

>=32

16

D6

>=32

D7
D8

>=128 >=64

>=64 >=64 <=0.5 <=0.25 <=0.25 >=16

>=64 >=320

<=1

>=64

<=1

<=2

8

16

>=64 >=64 <=0.5 <=0.25 <=0.25 >=16

4

<=4

<=1

>=64 >=64 <=0.5 <=0.25 <=0.25

>=32

4

<=4

4

>=64

4

>=32

4

4

<=1

>=64

<=1

<=1

>=4

<=0.5

<=20

<=0.5

<=0.5

16

>=320

>=4

<=0.5

8

<=2

<=20

>=4

<=0.5

<=0.5 <=0.25 <=0.25

<=1

<=2

>=320

>=4

<=0.5

<=0.5 <=0.25 <=0.25

<=1

<=2

>=320 <=0.25 <=0.5

<=0.5 <=0.25 <=0.25

Abbreviations: Amp = Ampicillin; Amo/C = Amoxicillin/Clavulanic acid; Pip-T = Piperacillin-Tazobactam; Ceftaz =
Ceftazidime; Ceftri = Ceftriaxone; Cefe = Cefepim; Erta = Ertapenem; Imi = Imipenem; Mero = Meropenem; Tobra =
Tobramycin; Amika = Amikacin; Cotri = Cotrimoxazol; Cipro = Ciprofloxacin; Coli = Colistin. Interpretatin of MIC
breakpoints according to EUCAST guidelines (v8.1).

Table S4 Priors for the phylogenetic tree inference. Parameter priors for the birth-death tree prior.

Become Uninfectious
Rate
Clock rate
Kappa
Origin
Reproductive Number
Sampling Proportion

LogNormal (mu = 0, sigma = 1)
LogNormal (mu = 0.4, sigma = 1)
LogNormal (mu = 1.5, sigma = 1.25)
LogNormal (mu = 6, sigma = 1.25)
LogNormal (mu = 0, sigma = 1)
Beta (alpha = 1.2, beta = 10)
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Importance of clonal expansion of transconjugants for observed plasmid spread
To determine the importance of clonal expansion of transconjugants for observed plasmid spread, we
calculated whether the final transconjugant frequencies of 10 plasmid-strain combinations (excluding
RE2 and RE3 carrying p1B_IncI due to missing data) could result from clonal expansion of
transconjugants after a single initial plasmid transfer to a recipient cell (1st generation in vitro
experiment, Figure 2). That is, we asked whether appreciable horizontal transfer rates are required to
explain our results.

Using the observed recipient growth rates, we calculated the transconjugant growth rates that would
be needed to explain observed final transconjugant frequencies from clonal expansion following a
single transfer event at the start of the assay (see tables below). To simplify the calculation, we
assumed exponential growth of the recipient and transconjugant population, starting from R(0) and a
single individual T(0)=1 respectively.
That is, the final transconjugant frequency (f) at a time t is determined as follows:

𝑓𝑓(𝑡𝑡) =

𝑇𝑇(𝑡𝑡)
𝑇𝑇(0)𝑒𝑒 𝜓𝜓𝑇𝑇 𝑡𝑡
=
𝑅𝑅(𝑡𝑡) + 𝑇𝑇(𝑡𝑡) 𝑅𝑅(0)𝑒𝑒 𝜓𝜓𝑅𝑅𝑡𝑡 + 𝑇𝑇(0)𝑒𝑒 𝜓𝜓𝑇𝑇 𝑡𝑡

where we have assumed simple exponential growth for the second equality, and R, T describe the
recipient and transconjugant growth rate, respectively.

Using these assumptions, one can calculate the minimal transconjugant growth rate T needed to
explain the final transconjugant frequency after e.g. 24 hours:

1
−1
1
𝑓𝑓
𝜓𝜓 𝑇𝑇 > 𝜓𝜓𝑅𝑅 − ln �
�
24
𝑅𝑅(0)

(1)

For two strain-plasmid pairs (transconjugant RS carrying p1B_IncI and p8A_IncF), the measured growth
rate of transconjugants was greater than the calculated minimal growth rate needed to explain their
observed final transconjugant frequencies. Thus, for these two strain-plasmid pairs, final
transconjugant frequencies could have been reached predominantly by clonal expansion of
transconjugants after only a small number of transfer events, without requiring appreciable numbers
of independent horizontal plasmid transfer events. Our calculations, however, are very conservative,
because of the assumption of 24 hours of exponential growth to reach observed transconjugant
frequencies. In reality, our bacterial cultures had much shorter exponential growth phases, followed
by stationary growth. Therefore, our calculations underestimate the minimal transconjugant growth
rates that would be required to explain the observed final transconjugant frequencies from clonal
expansion.
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Measured populations growth rates of recipients and transconjugants. The data is the same as in the
plasmid cost comparison (Figure 5A/B) and stems from manual OD measurements over 24 hours (n =
12). Note that these absolute growth rates differ from the ones estimates for Figures S1 and S16 (See
Materials and methods).
- (recipient)
with p1B_IncI
with p4A_IncI
with p8A_IncF

RE1_pACYC184
0.96 ± 0.01
0.99 ± 0.01
0.95 ± 0.01
0.88 ± 0.004

RE2_pACYC184
0.98 ± 0.01
0.95 ± 0.01
0.99 ± 0.006

RE3_pACYC184
0.66 ± 0.006
0.70 ± 0.006
0.67 ± 0.004

RS_marTcat
0.34 ± 0.002
0.38 ± 0.009
0.37 ± 0.001
0.38 ± 0.0003

Calculated minimal transconjugant growth rates needed to explain the observed final
transconjugant frequencies (Figure 2).
with p1B_IncI
with p4A_IncI
with p8A_IncF

RE1_pACYC184
1.07
1.23
1.10

RE2_pACYC184
1.06
1.16
1.13

RE3_pACYC184
0.75
0.96
0.80

RS_marTcat
0.36
0.60
0.36
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Genomic factors potentially affecting plasmid transfer rates
i) the phylogenetic relatedness of the mating strains
In contrast, to the relatedness of plasmids, the phylogenetic relatedness of the mating strains (Figure
1) could not explain the observed plasmid transfer dynamics: donors D5 and D6 are equally closely
related to recipients RE1 and RE2, yet we observed very different final transconjugants frequencies
(Figure 2). Additionally, the Salmonella recipient RS is phylogenetically distant to all donors, yet the
variation in final transconjugants frequency was similar to that observed across E. coli recipients.
ii) immunity systems such as RM and CRISPR-Cas systems
We found various RM systems (Supplementary Figure S3) and investigated whether ESBL-plasmid
transfer from an RM deficient donor into a recipient with this RM system could explain reduced
plasmid transfer. We found high levels of self-self transfer (Figure 3), which could result from identical
RM systems in donor and recipient strains but for other mating pairs, we found no relation between
presence/ absence of RM systems and transfer. The anti-restriction protein YfjX (ardB) is present in
nearly all strains, including on all ESBL-plasmids, and could reduce the detrimental effect of RM
systems in recipients. We investigated whether the adaptive immunity systems CRISPR-Cas Type 1F
(recipients RE1 and RE2) and CRISPR-Cas Type 1E (recipients RE3, RS and donors D1-4, D8) could have
been a barrier to conjugation. Screening the spacer sequences in recipient strains did not reveal any
matches with any of our plasmid or phage sequences and neither in vitro nor in vivo have the CRISPR
arrays in transconjugants acquired any new spacers compared to the recipients.
iii) plasmid co-transfer
Our donor and recipient strains carry multiple non-ESBL plasmids whose co-transfer could have
affected ESBL-plasmid transfer rates. However, sequencing revealed only a few isolated cases of cotransferring plasmids in vitro and none in vivo. For plasmid p8C_IncBOKZ we found some transfer to
all four recipients of the 1st generation experiment and from there to further recipients in the 2nd
generation experiment. This process seemed independent of donor and recipient strains
(Supplementary Table S2). The only small Col-plasmids that were transferred were p1D_ColRNAI and
p8G_Col8282. The P1 phage-like plasmid p8B_p0111 transferred in vitro to RE3 but not in vivo
(Supplementary Table S2). Although they encode the tra genes (S2 File), the resident plasmids in the
recipients (RE2, RE3 and RS) showed no horizontal transfer.
iv) mutational changes accumulating during in vitro or in vivo conjugation assays
Sequencing transconjugants (Supplementary Table S2) allowed us to screen for mutations that could
explain some of the variation in final transconjugant frequencies across donor-recipient pairs or
between primary and secondary plasmid transfer (Figures 2-3). We found no mutations on ESBLplasmids, neither after the 24-hours in vitro nor the 7-days in vivo conjugation experiments
(Supplementary Table S2). The only consistent changes on plasmids were the mutations of P1 phagelike plasmid p8B_p0111, which was passed to recipient RE3 in vitro, but not in vivo: here we found
mutations in the genomic region encoding side tail fibre proteins. Similar mutations were also
frequently present within chromosomal prophages. We found several other chromosomal mutations
in transconjugants (Supplementary Table S2). For instance, all transconjugants resulting from
conjugation into RE1 recipients (n = 11) and some (n = 9 out of 22) RE3 recipients showed intergenic
mutations in the promoter sequence or the phase ON/OFF region of the fim operon. The fim genes
encode the type 1 pilus (type 1 fimbria), a virulence factor responsible for cell adherence (Schwan,
2011). RE1 chromosomally encodes for two mobilization proteins mobA, required for the mobilization
of plasmid and conjugative transposons. In all 11 sequenced RE1-transconjugants, we found various
intergenic mutations upstream of at least one mobA.
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Abstract
The emergence of antibiotic resistant bacteria by mutations or by acquisition of genetic material like
resistance plasmids represents a major public health issue (Wright, 2007;Parisi et al., 2018) (Extended
Data Fig. 1a). Persisters are bacterial subpopulations surviving antibiotics by reversibly adapting their
physiology (Balaban et al., 2004;Claudi et al., 2014;Fridman et al., 2014;Helaine et al., 2014;Kaiser et
al., 2014;Brauner et al., 2016;Dolowschiak et al., 2016;Balaban et al., 2019). They promote the
emergence of antibiotic resistant mutants (Levin-Reisman et al., 2017). We asked if persisters can also
promote the spread of resistance plasmids. In contrast to mutations, resistance plasmid transfer
requires the co-occurrence of two different bacterial strains, a donor and a recipient (Extended Data
Fig. 1a). For our experiments, we chose the facultative intracellular entero-pathogen Salmonella
enterica serovar Typhimurium (S.Tm) and E. coli, a common microbiota member (Wotzka et al., 2018).
S.Tm forms persisters surviving antibiotic therapy in several host tissues. We show that tissueassociated, S.Tm persisters account for long-lived reservoirs of plasmid donors or recipients. Persistent
S.Tm reservoir formation requires Salmonella Pathogenicity Island (SPI) -1/2 in the gut-associated
tissues or SPI-2 at systemic sites. Re-seeding of these bacteria into the gut lumen allows co-occurrence
of donors with gut-resident recipients, thereby favouring plasmid transfer between various
Enterobacteriaceae. We observe up to 99% transconjugants within 2-3 days after re-seeding.
Mathematical modeling shows that rare re-seeding events may suffice for a high frequency of
conjugation. Vaccination reduces tolerant reservoir formation after oral Salmonella infection and
subsequent plasmid transfer. We conclude that even without selection for plasmid-encoded resistance
genes, small persistent pathogen reservoirs can foster the spread of promiscuous resistance plasmids
in the gut.
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Introduction
Salmonella enterica and E. coli strains harbor numerous resistance plasmids (Coque et al.,
2008;Crump et al., 2015) and different strains frequently colonize the same host (Wilcock et al.,
1976;Wood et al., 1989;Apperloo-Renkema et al., 1990;Tenaillon et al., 2010;San Roman et al., 2018).
High cell densities in the gut lumen allows high rates of plasmid transfer within and between species
(Stecher et al., 2012;Diard et al., 2017;Moor et al., 2017). S.Tm strains can colonize the gut lumen and
survive within tissues of the host for prolonged periods of time (Wilcock et al., 1976;Wood et al.,
1989;Monack et al., 2004;Claudi et al., 2014;Helaine et al., 2014;Kaiser et al., 2014;San Roman et al.,
2018). In the absence of suitable resistance genes, the gut luminal S.Tm population is eliminated by
antibiotics within a few hours, while tissue-associated S.Tm persister cells survive >10 days (Claudi et
al., 2014;Diard et al., 2014;Helaine et al., 2014;Kaiser et al., 2014;Dolowschiak et al., 2016)
(supplementary discussion A). After antibiotic withdrawal, surviving cells can migrate to the gut lumen
and resume growth (Diard et al., 2014). We hypothesized that this promotes co-occurrence of donors
with gut-luminal recipients and thereby fuels resistance plasmid transfer in vivo.
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Results
Wild-type S.Tm SL1344, which naturally carries P2, served as the donor. P2 is a wellcharacterized conjugative plasmid in Enterobacteriaceae (Stecher et al., 2012;Diard et al., 2017;Moor
et al., 2017) of the IncI1 incompatibility group (Extended Data Fig. 1b) (Sampei et al., 2010). We labeled
P2 with a chloramphenicol resistance marker (P2cat) to monitor plasmid transfer by plating (Extended
Data Fig. 1c-d). Controls excluded cross-resistance for resistance markers used in this study (Extended
Data Fig. 2).

Figure 1. Gut-tissue associated S.Tm persisters are a reservoir for conjugative plasmids. a) Working hypothesis. Plasmidbearing S.Tm (blue) form persisters (smaller, circular shape) in gut tissues and the mLN. These can survive antibiotic
treatment, re-seed the gut lumen and transfer their plasmid to recipients (green). Transconjugants (red) can further amplify
plasmid spread. b) Oral infection mouse model. c) Donor mucosa invasion is required for persister-promoted plasmid transfer.
Invasive (SL1344 P2cat; SmR, CmR) or non-invasive S.Tm (SL1344noninv P2cat; TTSS-1 negative; SmR, CmR) were used as donors
and S.Tm 14028S aphT (P2 free) as recipients (KanR, AmpR), as shown in panel b. Transconjugant proportions in feces from
experiments with invasive (solid black circles; grey bars indicate median; n=15 mice; 5 independent experiments; n=9 mice
pooled from data in Fig. 3) or noninvasive donors (open black circles; white bars indicate median; n=6 mice; 2 independent
experiments). Dashed lines connect data points from the same mice. d) Donor reservoirs in the cecal mucosa from mice as
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infected in panel c were quantified by tissue gentamycin protection. Solid blue circles: invasive donors; open blue circles:
noninvasive donors; lines indicate the median; Statistics are performed using a two-tailed Mann-Whitney U test (p>0.05 (ns),
p<0.05 (*), p<0.01 (**), p<0.001 (***), p<0.0001 (****)). Dotted line: detection limit. e) Persisters in the cecum lamina propria
(oral model; day 8). S.Tm (yellow; α-LPS O5 and α-LPS O12 staining), nuclei (blue), actin (green) and lamina propria (ICAM-1;
red) are stained. Ep., epithelium; Lu., Lumen; L.p., lamina propria. Scale bars=20µm. White arrows highlight S.Tm (magnified
in inset). Representative of three independent experiments. Quantification is provided in Extended Data Fig. 4.

In the "oral model", the donor (S.Tm P2cat) initially colonized the gut lumen and invaded host
tissues (Fig. 1a-b; Extended Data Fig. 3). Ciprofloxacin cleared the gut luminal bacteria, while tissueassociated S.Tm P2cat persisters survived (Claudi et al., 2014;Helaine et al., 2014;Kaiser et al.,
2014;Dolowschiak et al., 2016). The recipient S.Tm ATCC 14028S (naturally lacking P2) was introduced
at day 8 (Diard et al., 2017;Moor et al., 2017). Transconjugants (recipients that obtained the plasmid)
replaced the recipients within 1-3 days after donor re-seeding (>99% median; day 11-12 of experiment;
Fig. 1C; Extended Data Fig. 3a). Control experiments refuted that the rise of the transconjugants is
attributable to P2-mediated fitness benefits over the recipients (Extended Data Fig. 3d-e). Further
controls verified that P2cat transfer occurs in the gut lumen (Extended Data Fig. 3f-g) and that P2cat
spreads by conjugation (Extended Data Fig. 3h-i). Non-invasive donor mutants (S.Tmnoninv P2cat)
indicated that donor cells originated from persistent tissue-associated S.Tm P2cat reservoirs (Fig. 1c-e;
Extended Data Fig. 3b, 4). However, this cannot definitively rule out that rare persisters could also
exist in the gut lumen.
To verify the importance of tissue-associated, persistent S.Tm reservoirs we employed an
intravenous infection model (I.V. model; Fig. 2a-b). In line with previous work (Monack et al., 2004),
S.Tm P2cat formed large populations of persisters surviving intraperitoneal ceftriaxone treatment in the
spleen and the liver (Fig. 2c-d; Extended Data Fig. 5a). In contrast to the oral model, gut luminal
colonization by S.Tm P2cat is observed only very rarely by day 5 (Extended Data Fig. 5). Nevertheless,
when donors were detected in the gut lumen, transconjugants were formed with high efficiency within
1-3 days (Fig. 2e; Extended Data Fig. 5b). Donors lacking a key virulence factor promoting systemic
pathogen growth in vivo (Hensel et al., 1995) and the survival of persisters (Stapels et al., 2018) (S.TmSPI2
P2cat), yielded much smaller persister reservoirs than wild type S.Tm P2cat (Fig. 2d) and failed to
produce transconjugants (Fig. 2e; Extended Data Fig. 5c). We conclude that tissue-associated S.Tm
persisters can serve as reservoirs promoting the spread of conjugative plasmids.
Next, we identified the rate-limiting process in transconjugant formation in vivo, focusing on
the oral model. Three key parameters may dictate plasmid transfer dynamics: 1) re-seeding, i.e. the
rate at which plasmid-carrying donors re-enter the gut lumen and perform the initial conjugation event
(dependent on the persistent reservoir population), 2) the rate of plasmid transfer from
transconjugants to recipients, and 3) the relative growth rate of transconjugants over recipients. To
estimate these rates, we used donor-mixtures carrying five DNA-tagged P2cat variants (S.Tm P2cat TAG;
Extended Data Fig. 6). While all tags were present at roughly equivalent abundance in the inoculum,
the feces (day 1) and, the mucosa (day 15), most transconjugant populations harbored just one or two
of the five tags (Fig. 3a-b; Extended Data Fig. 6b-c). In the I.V. infection experimental setup (Fig. 2b,
2e), transconjugants were also dominated by only one tag (Extended Data Fig. 6d-f). Thus,
transconjugant populations arise from very few donor-to-recipient conjugation events, followed by
transconjugant-to-recipient spread.
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Figure 2. Persisters at systemic sites are a reservoir for plasmid transfer in the gut. a) Working hypothesis. Same as Fig. 1a,
but donors are introduced by intravenous infection. b) I.V. infection mouse model. c) Persisters in the spleens and livers. In
two independent experiments, n=8 mice (grey circles) were infected i.v. with an equal mix of five SL1344 P2cat TAG strains (SmR,
CmR). Black circles indicate control mice (n=8) infected for 5 days without ceftriaxone treatment. Extended Data Fig. 5a shows
counts for additional organs. d-e) SPI-2 promotes donor reservoir formation at systemic sites. In two independent
experiments, mice were infected as described in panel B with donors, i.e. mixtures of five wild-type (n=6; closed circles) or
SPI-2 deficient (n=6; open circles) SL1344 P2cat TAG strains (SmR, CmR). d) Donor populations in internal organs from mice
infected with wild-type (solid blue) or SPI-2 deficient donors (open blue). Lines indicate the median. e) Fecal populations from
mice from panel d. Transconjugant proportions in feces from experiments with wild-type (solid black circles; grey bars
indicate median) or noninvasive donors (open black circles; white bars indicate median). Dashed lines connect data points
from the same mice. Statistics are performed using a two-tailed Mann-Whitney U test (p>0.05 (ns), p<0.05 (*), p<0.01 (**),
p<0.001 (***)). Dotted lines: detection limits.
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Figure 3. Plasmid transfer is initiated by rare donor re-seeding events and can be prevented by vaccination. Mice were
orally infected (Fig. 1b) with tagged donor (five SL1344 P2cat TAG; SmR, CmR) and recipient mixtures (five 14028S TAG strains;
KanR, AmpR; n=8 mice; three independent experiments). Donors, recipients and transconjugants were enumerated by plating
(Extended Data Fig. 7a) and plasmid-tag distributions analyzed by qPCR (raw data shown in Extended Data Fig. 6b). a-b)
Plasmid-tag distribution in mucosa-associated donors and fecal transconjugants at day 15. Dotted lines indicate conservative
qPCR detection limits (2.9×10-3). Line indicates mean; error bars indicate standard deviation. c) Modeling results. Simulations
are described in the supplementary discussion. A rate of donor re-seeding and donor-to-recipient conjugation of η = 3.16×1010 per day and a rate of transconjugant-to-recipient conjugation of γ = 3.16×10-8 per CFU/g feces per day optimally fit the data
(red). d) Effect of η on transconjugant detection. Analysis as described in the supplementary discussion. Reducing η by 100fold below the value estimated for naïve mice (black dotted line; η = 3.16×10-10) diminishes transconjugant detection (red
dotted line). e-f) Vaccination diminishes conjugation. Mice vaccinated with killed S.Tm (open circles; n = 14; four independent
experiments) or PBS (naïve; closed circles; n = 9; three independent experiments) were infected with tagged donor and
recipient mixtures as in panel a-b. Donors, recipients and transconjugants were enumerated by plating. e) Mucosa-associated
donor populations at day 15. f) Fecal transconjugant proportions in naive (black circles; grey bars indicate median) or
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vaccinated mice (light gray circles; light gray bars indicate median) from panel e. Dashed lines connect data points from the
same mice. Statistics are performed using a two-tailed Mann-Whitney U test (p>0.05 (ns), p<0.05 (*), p<0.01 (**), p<0.001
(***), p<0.0001 (****)). Dotted lines: detection limits.

To quantify the relative contribution of donor re-seeding and plasmid conjugation, we
developed a mathematical model (Extended Data Fig. 6g). It assessed the interdependence of the
donor-re-seeding rate (η, the sum of donor re-seeding plus the donor-to-recipient conjugation) and γ,
the rate of transconjugant-to-recipient conjugation (see supplementary material). Fitting our
mathematical model to the plasmid tag distributions confirmed that η is rate-limiting and identified
the most likely parameters, i.e. η = 3.16×10-10 per day and γ = 3.16×10-8 per CFU/g feces per day (red
in Fig. 3c; marginal posterior densities listed in Supplementary Table 4). This corresponds to ≈1.6
donor re-seeding (plus initial plasmid transfer) events per day into the gut lumen. In contrast,
transconjugant-to-recipient plasmid conjugation rates were ≥32 per day (initial conjugations) and
increase exponentially thereafter (see supplementary material).
We then employed our mathematical model to predict the effect of reducing the rate of donor
re-seeding (η). The transconjugant-to-recipient conjugation parameter was fixed to γ = 3.16×10-8 per
CFU/g feces per day (red in Fig. 3c), and we evaluated the probability of conjugation events to occur
within the course of our 15-day experiment (Fig. 3d). Reducing η by more than 100-fold diminished
conjugation (Fig. 3d). To test this prediction, we employed oral vaccination with killed S.Tm cells(Moor
et al., 2016), a procedure known to reduce S.Tm gut tissue invasion. In line with previous work (Moor
et al., 2017), vaccinated mice contained 10-500 fold smaller persister reservoirs than naïve mice (Fig.
3e). Indeed, this prevented plasmid transfer in the vast majority of mice (Fig. 3f; Extended Data Fig.
7a-c). Moreover, the transconjugants detected in vaccinated mice appeared later than the
transconjugants in non-vaccinated controls (Fig. 3f). Control experiments with reduced fractions of
invasive donors verified this observation Extended Data Fig. 7d-g). Thus, the size of the tissueassociated persister reservoir is a main driver of the ensuing rise of transconjugants. These data
confirm the predictions of our mathematical model (Fig. 3d) and suggest that vaccination might
provide a means to prevent mucosa-associated conjugative plasmid reservoirs.
Next, we addressed if other microbiota strains could also acquire such plasmids. First, we
analyzed P2cat transfer to the commensal E. coli strain 8178 (Stecher et al., 2012;Moor et al., 2017).
For this purpose, we created an ampicillin resistant, P2-plasmid free derivative of E. coli 8178 (Stecher
et al., 2012) and employed it as a recipient in the oral model (as in Fig. 1b). This yielded efficient
plasmid transfer (Fig. 4a-b; Extended Data Fig. 8a). Then, we tested if tissue-associated S.Tm persisters
could also serve as the recipient. In the oral model (Fig. 1b), mice were first infected with a P2-cured
variant of S.Tm SL1344 (KanR). Then, we treated with ciprofloxacin and ampicillin and introduced the
donor (E. coli 8178 P2cat; AmpR; CmR). S.Tm re-seeded the gut lumen and transconjugants were formed
(>38% median; Extended Data Fig. 8b-d). Thus, tissue-associated S.Tm persisters can serve as both
donors or recipients of plasmid transfer between different Enterobacteriaceae.
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Figure 4. Tissue-associated persisters promote resistance plasmid transfer between different Enterobacteriaceae. a-b)
Plasmid transfer to E. coli. 5 mice (one experiment) were infected orally as described in Fig. 1b-d with donors (S.Tm SL1344
P2cat; SmR, CmR) and recipients (E. coli 8178 P2cured (AmpR)). Mucosa-associated donors and fecal transconjugants were
enumerated by plating. Median indicated by solid line. Bars indicate median. c-d) ESBL plasmid transfer between Salmonella
spp.. The experiment used S.Tm SL1344 pESBL15; SmR, AmpR as the donor and S.Tm 14028S aphT; KanR as recipient (n=5
mice; one experiment). It was performed and evaluated as in panels a-b, except that we used kanamycin from day 3-8 instead
of ampicillin in the drinking water, since pESBL15 confers ampicillin resistance. e-f) Plasmid transfer from S.Tm to E. coli using
the i.v. model. 6 mice (two independent experiments) were infected as described in Fig. 2b-e with donors (S.Tm SL1344 P2cat;
SmR, CmR; i.v.) and recipients (E. coli 8178 P2cured (AmpR); oral). Tissue-associated donors and fecal transconjugants were
enumerated by plating. Median indicated by solid line. Bars indicate median. Panel a-f) Dotted lines indicate detection limit
by selective plating. Panel b, d, f) Dashed lines connect data points from the same mice to illustrate the progression of plasmid
spread after initial detection.
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To assess if mucosa-associated S.Tm can also serve as a reservoir for clinically relevant
plasmids carrying extended spectrum beta-lactamase (ESBL) genes, we used pESBL15 (Extended Data
Fig. 1b). S.Tm SL1344 pESBL15 was used as a donor. We modified our oral model from Fig. 1b in two
ways: by replacing ampicillin with kanamycin in the drinking water and by using an ampicillin-sensitive,
but kanamycin-resistant, variant of our standard recipient strain (S.Tm 14028S aphT (KanR, AmpS)). We
observed tissue-associated persisters, re-seeding of the gut-lumen and efficient plasmid transfer (Fig.
4c-d; Extended Data Fig. 8e). Thus, our findings apply to clinically important resistance plasmids. The
choice of the antibiotics used for the different phases of our oral model had little effect on these fast
plasmid transfer kinetics (Extended Data Fig. 9a-d).
Finally, we validated transfer of antibiotic resistance plasmids to E. coli in the I.V. model. I.V.
infection of S.Tm P2cat led to persistent populations in the internal organs (Fig. 4e) which migrated into
the gut lumen and transferred the plasmid into the luminal recipient population, forming >25% E. coli
transconjugants in the absence of antibiotic selection (Fig. 4f; Extended Data Fig. 9e). Thus, tissueassociated, S.Tm persisters can serve as reservoir for resistance plasmids that can be efficiently
transferred to different Enterobacteriaceae.
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Discussion
Our results uncover a mechanism by which antibiotic persistence promotes the spread of
antibiotic resistance plasmids, specifically by promoting the co-occurrence of donors and recipient
bacteria in the gut luminal niche. This reveals an important new role of persistence in clinical bacterial
infection: not only can bacterial persistence lead to relapse of disease in chronic infections, but it can
also facilitate the spread of antibiotic resistance. In our case, the transfer rate is independent of
selective pressures for functions encoded on the plasmid. Thus, in absence of antibiotic-driven
selection, resistance genes on promiscuous plasmids can spread from a very small number of donor
cells co-occurring with dense recipient cell populations.
Mathematical modelling showed that re-seeding is the rate limiting aspect of this process, and
suggested that reducing the tissue-associated population of S.Tm (e.g., through vaccination) could
reduce plasmid re-seeding to negligible levels. As re-seeding events are rare compared to the number
of tissue-associated persisters, such persister-promoted plasmid spread may last for weeks or months
after an acute infection. So far, we do not know if this translates to livestock or human infections,
where tissue-associated persister reservoirs might be smaller.
Associations between persistence and chronic infections happen in various clinical contexts
(Fauvart et al., 2011) and biofilms (Roberts and Stewart, 2005). Therefore, reservoirs for conjugative
plasmids could exist in a multitude of persister populations. In our two mouse models, S.Tm persisters
associated with different organs appear capable of gut-luminal re-seeding. The intracellular
environment in classical dendritic cells (Kaiser et al., 2014) or macrophages (Helaine et al., 2014) can
induce persistence. In contrast to infected epithelial cells (Knodler et al., 2014;Sellin et al., 2014), these
phagocytes are long-lived, suggesting they hold most of the persistent donors in both, the oral and the
I.V. model. The differences between location of persister cell reservoirs in the oral model (lamina
propria and mLN) and the I.V. model (spleen, liver, and gall bladder) and the differential requirement
for SPI-1 and -2 encoded virulence factors indicate that there are diverse mechanisms by which tissueassociated S.Tm persisters can establish a reservoir, survive, and ultimately re-seed the gut lumen to
engage in plasmid transfer.
The link between persistence and plasmid-mediated evolution of antibiotic resistance may be
particularly relevant in the farming industry where S. enterica has a high prevalence, and animals are
often co-colonized by Salmonella and E. coli strains. There can be two different Salmonella strains
within the same host, one within lymphoid tissues (e.g. mesenteric lymph nodes) and the other in the
intestinal content (San Roman et al., 2018). This is also in line with the isolation of Salmonella spp. from
intestinal biopsies in swine with persistent subclinical Salmonella infections, indicating that pathogen
persister reservoirs are common in the gut mucosa of these animals (Wilcock et al., 1976;Wood et al.,
1989). Our results suggest that this may promote the spread of resistance plasmids in animal herds.
Strategies to reduce bacterial persistence are of general importance (reviewed in (Defraine et
al., 2018)). This is relevant not only for the clinical treatment of infected individuals (Fauvart et al.,
2011), but also to minimize the impact of persistence on the global evolution of antibiotic resistance
via both resistance mutations (Levin-Reisman et al., 2017) and resistance plasmid spread (this work).
Inactivated vaccines such as the peracetic acid killed Salmonella cells used herein, should be easily and
safely applicable (Moor et al., 2016). Our data show that vaccination efficiently prevents not only tissue
invasion and disease, but also minimizes tolerant reservoirs and subsequent resistance plasmid spread
(Fig. 3).
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Materials and methods

Strains and plasmids used in this study
Supplementary table 1 contains all strains and plasmids used in this study. For cultivation of
bacteria, lysogeny broth (LB) media containing the appropriate antibiotics (50 µg/ml streptomycin
(AppliChem); 6 µg/ml chloramphenicol (AppliChem); 50 µg/ml kanamycin (AppliChem); 100 µg/ml
ampicillin (AppliChem)) were used. In order to create P2cat TAG strains (using neutral genetic barcodes
from (Grant et al., 2008)) or gene deletion mutants (e.g. oriT::aphT on P2), the λ red system was used
as described in (Datsenko and Wanner, 2000). If desired, antibiotic resistance cassettes were removed
using the temperature-inducible FLP recombinase encoded on pCP20 (Datsenko and Wanner, 2000).
Mutations or sequence tags coupled to antibiotic resistance cassettes were transferred into the
desired genetic background using transduction with P22 HT105/1 int-201 (Sternberg and Maurer,
1991). Primers used for strain construction or verification of genetic background are listed in
Supplementary table 2.
In vitro plasmid transfer kinetics
Overnight cultures with appropriate antibiotics of donor (SL1344 P2cat) and recipient (14028S
aphT) strains carrying pM975 to confer ampicillin resistance were subcultured 1:20 in LB without
antibiotics and grown for 4 hours. Approximately 102 CFU of each were added (sequentially as 25 μl
volumes) to 450 μl LB with 100 μg/ml ampicillin. Samples were incubated at 37°C mixing at 1000 rpm
for 24 hours. Aliquots (10 μl) were taken every hour, diluted, and plated on selective MacConkey agar
for enumeration.
In vitro antibiotic resistance profiling
Flat-bottom transparent 96-well plates were filled with 100 µl of LB containing 2-fold dilutions
of the specified antibiotic (streptomycin (AppliChem), chloramphenicol (AppliChem), kanamycin
(AppliChem), ampicillin (AppliChem), ciprofloxacin (ciprofloxacin hydrochloride monohydrate; SigmaAldrich), gentamycin (AppliChem), or ceftriaxone (ceftriaxone disodium salt hemi(heptahydrate);
Sigma-Aldrich). Each plate contained 11 2-fold dilution steps of each antibiotic, plus a no antibiotic
control, and a no-bacteria sterility control. Overnight cultures of each bacterial strain tested were
grown in the presence of appropriate antibiotics, subcultured (1:20 dilution) for 4 hours at 37°C in LB
without antibiotics, and diluted in PBS. Cells were seeded in each well at a final density of 105 CFU/ml.
96-well plates were incubated at 37°C at 120 rpm for 16 hours and the OD600nm was measured. The
no-bacteria sterility control was used for background subtraction.
Infection experiments
Oral infection model. For in vivo plasmid transfer experiments, 8-12 week old 129Sv/Ev mice
were used. These mice are Nramp1+/+ and therefore allow for long-term S.Tm infections (Stecher et al.,
2006). They carry a complex specified pathogen free microbiota without E. coli. The experiment has
three phases, i.e., 1) donor colonization, 2) clearance with antibiotics, and 3) recipient colonization and
conjugative transfer. Phase 1: Animals were pretreated with 25 mg streptomycin orally to allow for
robust colonization of S.Tm (Barthel et al., 2003). Donor (i.e., plasmid-bearing) S.Tm were cultivated
overnight at 37°C in LB containing the appropriate antibiotics, subcultured (1:20 dilution) for 4 hours
at 37°C in LB without antibiotics, washed with sterile PBS, and 5x107 CFU were introduced into mice
via oral gavage (Barthel et al., 2003). Phase 2: Two days post infection, 3 mg of ciprofloxacin
(ciprofloxacin hydrochloride monohydrate; Sigma-Aldrich) dissolved in 100 µl sterile dH2O was
administered by oral gavage for three consecutive days. Mice were transferred to fresh cages after
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each ciprofloxacin treatment to minimize gut recolonization from the environment. Ampicillin (2 g/l)
or kanamycin (1 g/l) was added to the drinking water starting at day 3 post infection and maintained
until either day 8 or day 15. This prevented premature donor re-seeding after the cessation of
ciprofloxacin treatment. Phase 3: Mice were kept individually after ciprofloxacin treatment to prevent
cross-contamination due to coprophagy. Recipient bacteria (i.e., plasmid-free S.Tm or E. coli; 5x107
CFU) were orally introduced into mice on day 8 post infection (culture and subculture conditions as
above) and populations are monitored for 7 days until sacrifice (day 15).
I.V. infection model. The in vivo plasmid transfer experiment has three phases, i.e. 1) donor
colonization, 2) clearance with antibiotics, and 3) recipient colonization and conjugative transfer.
Phase 1: The donor strain is injected intravenously into the tail vein of 8-12 week old 129Sv/Ev mice
(103 CFU). Phase 2: 2 days after I.V. infection of donors, 1.5 mg of ceftriaxone (ceftriaxone disodium
salt hemi(heptahydrate); dissolved in 100 µl PBS; Sigma-Aldrich) was intraperitoneally injected for
three consecutive days. After the third treatment, mice were transferred to fresh cages and kept
individually to prevent cross-contamination due to coprophagy. Phase 3: the recipient is introduced
on day 7 post donor infection (108 CFU by gavage) and fecal populations are monitored for 18 days
until sacrifice (day 25).
In both infection models, feces were collected daily, homogenized in PBS with a steel ball at 25 Hz for
1 minute, diluted, and selective plating on MacConkey agar (supplemented with the appropriate
antibiotics) was used to enumerate populations of donors, recipients, or transconjugants. The
proportion of transconjugants was calculated by dividing the transconjugant population (CmR, KanR)
by the sum of transconjugants and plasmid-free recipients (KanR). Lipocalin-2 ELISA (R&D Systems kit;
protocol according to manufacturer) was performed on feces to determine the inflammatory state of
the gut. Upon sacrifice (at day 5, 8, 15, or 25; specified in each figure legend), the mesenteric lymph
nodes, spleen, liver, and gall bladder were collected, homogenized in PBT at 25 Hz for 2 minutes, and
bacteria were enumerated by selective plating. The cecum was removed, opened longitudinally,
washed 3 times in PBS, and then placed in 400 µg/ml gentamycin (AppliChem) for 30 minutes at room
temperature. 9 consecutive washing steps in PBS (45 seconds each) ensured removal of gentamycin;
cecal tissue was subsequently homogenized and mucosa-associated bacteria were enumerated as for
the other organs (gentamycin protection protocol modified from (Diard et al., 2014)). In Extended Data
Fig. 5a, additional organs were collected as indicated in the figure legend. All organs were processed
as indicated above. For the jejunum, ileum, and colon, 1 cm of intestine was harvested, washed briefly
in PBS and the tissue (including the majority of the content) was analyzed. For analysis of bacteria in
the blood, 100 µl of blood was aspirated from the heart immediately after sacrifice and mixed in PBS
containing 2% BSA and 1 mM EDTA to prevent coagulation.
For competition experiments, 8-12 week old 129 SvEv mice were pretreated with 20 mg
ampicillin orally, and ampicillin (2 g/l) was maintained in the drinking water throughout the
experiment. The two competitor strains were cultured separately in LB containing the appropriate
antibiotics, subcultured, and washed with PBS, as above. Strains were mixed at a 1:1 ratio immediately
before gavaging 5x107 CFU of the mixture into the ampicillin pretreated mice. Feces were monitored
daily, homogenized, and enumerated by selective plating. Competitive index was calculated by the
ratio of population sizes of competitors at the indicated time. Mice were sacrificed after 7 days.
All animal infection experiments were approved by the responsible authority
(Tierversuchskommission, Kantonales Veterinäramt Zürich, license 193/2016). Sample size was not
predetermined. Mouse age and gender were matched between treatment groups and animals were
randomly distributed among groups. In four cases, data from mice were excluded since the animals
needed to be sacrificed prematurely due to disease or symptom severity.
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Confocal microscopy
To visualize persisters in the cecum lamina propria, cecum tissues were fixed in PBS/4%
paraformaldehyde, saturated in PBS/20% sucrose and embedded in optimum cutting temperature
medium (OCT, Tissue-Tek) before being flash-frozen in liquid nitrogen. 10 µm cryosections were airdried, rehydrated with PBS, permeabilized with PBS/0.5%Triton X-100 and blocked with PBS/10%
Normal Goat Serum. α-S.Tm LPS O5 (Difco), α-S.Tm LPS O12 (STA5; (Moor et al., 2017)), α-ICAM1/CD54 (BD Biosciences), appropriate secondary antibodies, DAPI (Sigma Aldrich) and AlexaFluor488conjugated phalloidin (Santa Cruz) were used for the staining. A Zeiss Axiovert 200m microscope with
10x–100x objectives, a spinning disc confocal laser unit (Visitron), and two Evolve 512 EMCCD cameras
(Photometrics) were used for acquiring images. Images were processed using Visiview (Visitron). LPS
positive (O5-positive and/or O12-positive) S.Tm were manually enumerated blindly in 8-12
nonconsecutive sections per mouse. Phalloidin and ICAM-1 staining were used to differentiate the
lamina propria and epithelium. All data represent averages per section.
Mucus fixation and staining
Cecal tissue samples were fixed with freshly prepared Methacarn solution (60% methanol,
30% chloroform, 10 % glacial acetic acid) for 24 hours at room temperature (Johansson and Hansson,
2012). The samples were transferred to methanol for 2 hours and processed over night with a LogosJ
tissue processor (Milestone) using the following program:
30 min
37°C EtOH
30 min
37°C EtOH
60 min
37°C EtOH
60 min
40°C Isopropanol
15 min for heating up
60 min
45°C Isopropanol
20 min for heating up
180 min
68°C Isopropanol
20 min for heating up
240 min
82°C Paraffin
75 min for heating up
The paraffinized tissue was then embedded as paraffin blocks for further storage. 10 µm
sections were deparaffinized in Xylene substitute solution (Sigma-Aldrich) for 20 minutes. The sections
were rehydrated in sequential baths of 100%, 95%, 70%, 50% and 30% ethanol for 5 minutes each and
subsequently incubated for 10 min in PBS. For mucus visualization, the sections were stained with
DAPI, phalloidin-FITC, Wheat germ agglutinin (WGA) AF647 conjugate (Invotrogen, Cat#W32466),
Rabbit polyclonal anti-Salmonella O5 (Becton Dickinson, Cat#226601) and Goat polyclonal anti-Rabbit
Fab Cy3 conjugate (Jackson ImmunoResearch Labs, Cat# 111-167-003; RRID: AB_2313593) antibodies.
Analysis of plasmid transfer dynamics
Mice were orally or I.V. infected with a mixture of 5 isogenic SL1344 P2cat TAG strains (tags at a
1:1:1:1:1 ratio; inoculum made of approximately 107 CFU each tagged strains for oral infection and
2×102 CFU each tagged strain for I.V. infection) using the same oral model or I.V. model protocol
described above (Fig. 1b, 2b). On day 8 (oral model), mice were gavaged with a mixture of 5 recipient
strains (14028S TAG; KanR; AmpR; tags at 1:1:1:1:1 ratio; inoculum approximately 107 CFU each tag).
Barcode analysis of the recipient chromosome tags could not be performed for technical issues with
kanamycin enrichments and subsequent qPCR. In the I.V. model, the recipient used was not tagged,
but was introduced on day 7 (108 CFU by oral gavage). The plasmid and recipient tags can be easily
distinguished since the primer pairs used for qPCR are unique (i.e., WITSX-R paired with Cat_internal
for P2 tags; WITSX-R paired with Kan_internal for recipient tags; in the IV model where recipient tags
were not used, WITSX was paired with ydgA for qPCR as there was no need for antibiotic resistancespecific qPCR primers). For the oral model, the inoculums, feces at day 1, 9, and 15, as well as cecal
tissue after gentamycin treatment was enriched overnight in 5 ml LB containing the appropriate
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antibiotics (donors = Sm+Cm; recipients = Kan; transconjugants = Cm+Kan) in parallel to selective
plating to enumerate bacterial population sizes. For the I.V. model, the donor inoculum, as well as
feces, gall bladder, liver, spleen, mLN, and cecal tissue at sacrifice (day 25) were enriched in LB with
the appropriate antibiotics.
Enrichments were concentrated and genomic DNA was extracted using a QIAamp DNA Mini
Kit (Qiagen). qPCR analysis was performed using temperature conditions described previously (Grant
et al., 2008). qPCR primers are listed in Supplementary table 2. For each sample, 5 primer pairs were
used to amplify P2 tags (in the oral model WITSX-R with Cat_internal, where X is 2, 11, 13, 19, or 21; in
the IV model WITSX with ydgA where X is 2, 11, 13, 19, or 21). Primers were modified from the original
WITS primers described in (Grant et al., 2008); tag loci remain the same as in (Grant et al., 2008).
Relative proportion was determined by dividing the DNA copy number (calculated from the CT value;
a dilution standard of purified chromosomal DNA allowed for a correlation between DNA copy number
and CT value) of each tag detected by the sum of all tags in the sample. The detection limit was
determined by the CT value of the most diluted DNA standard (linearity of the standard curve decreases
dramatically below this value) for each qPCR run. The least precise detection limit constitutes the
conservative detection limit used for fitting our mathematical model (2.9×10-3). Plasmid tags were
ranked according to frequency (Extended Data Fig. 6c) as the strains are isogenic (except for the tag),
and each mouse can be treated as an independent realization of the stochastic population dynamics.
The data of plasmid tag frequencies and the bacterial population counts were used to parametrize a
mechanistic model of the plasmid re-seeding dynamics, and infer the most likely rates of donor reseeding (including initial plasmid transfer) and transconjugant-to-recipient transfer (Extended Data
Fig. 6g; a detailed description is given in the supplementary materials).
Oral vaccination
Peracetic acid inactivated oral vaccines were prepared as described previously (Moor et al.,
2016). S.Tm was grown overnight and concentrated to 1010 CFU/ml in PBS. Peracetic acid (SigmaAldrich) was added to a final concentration of 0.4% v/v, mixed vigorously, and incubated at room
temperature for 2 hours. Traces of acid were removed after inactivation by washing bacteria with
sterile PBS three times. Inactivated bacteria were resuspended at 1011 particles per ml in sterile PBS.
Complete inactivation was ensured by inoculating a 100 µl dose of vaccine into 50 ml LB and checking
for sterility. Vaccines were stored at 4°C for up to 2 months. Mice received a 100 µl dose of vaccine by
oral gavage once per week for 5 weeks. Naïve control mice were mock-vaccinated with PBS.
Statistical analysis
Statistical tests on experimental data were performed using GraphPad Prism 7 for Windows.
Fitting of the mathematical model to experimental values was performed using an Approximate
Bayesian Computation (ABC) approach (Marjoram et al., 2003). Transfer rates were varied on a grid
from 10-12 – 10-1; the summary statistics consist of the skew of the plasmid tag abundance distribution,
the fraction of tags above the detection limit on day 15, the total size of the transconjugant population
on day 15, as well as the time at which the transconjugant population size first exceeds 106 CFU/g feces.
A simulation is called “successful” if all summary statistics are within three standard deviations of the
experimentally observed mean of these statistics. All R-code needed to simulate the stochastic model,
estimate the most likely parameters from the experimental data, and plot the results, is included in
the attached zip-folder.
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Extended data figures

Extended data Fig. 1 (legend on next page)
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Extended data Fig. 1. Emergence and spread of antibiotic resistance in bacteria using P2 as a model for conjugation. a)
Antibiotic resistance in bacteria can emerge through mutation or be acquired via horizontal gene transfer. Plasmid transfer
is an important driver of the spread of antibiotic resistance. Tolerance increase the abundance of bacteria that survives
antibiotic exposure, allowing for a higher probability of emergence of mutations leading to resistance (Levin-Reisman et al.,
2017). We hypothesize that antibiotic resistance can also spread through the formation of reservoirs of persistent bacteria
containing plasmids (here, we hypothesize that the host gut mucosa can serve as a reservoir for persisters). The formation of
long-term reservoirs, followed by re-seeding of bacteria from this reservoir into a niche occupied by other bacteria (e.g. the
gut lumen occupied by the microbiota following antibiotic therapy) increases the chance that two different strains interact
with each other, leading to plasmid transfer (i.e., increased strain co-occurrence). The graphical representation of the bottom
right panel is an example for persistent donors boosting co-occurrence. Please note that persistent, tissue-associated
recipients may also increase co-occurrence. b) P2 shares homology with resistance plasmids. An alignment is shown between
S.Tm SL1344 P2 (GenBank sequence ID: HE654725.1), S.Tm plasmid R64 (GenBank sequence ID: AP005147.1), and pESBL15
of E. coli Z2115 (strain isolated from a rectal swab of a patient at the University Hospital Basel) using Artemis Comparison
Tool (https://www.sanger.ac.uk/science/tools/artemis-comparison-tool-act). Red fill indicates high sequence identity (>85%
sequence identity), blue fill indicates inversions, and no fill indicates no sequence identity. For each plasmid, open reading
frames (in each of the 6 translational frames) are shown by white regions (detected by Artemis Comparison Tool). Antibiotic
resistances (e.g. streptomycin and tetracycline resistances on R64 and CTX-M-1 on pESBL15) are labelled, shown by light blue
directed rectangles (found by a Basic Local Alignment Search Tool (NCBI) search against the ResFinder antibiotic resistance
gene database (Zankari et al., 2012)). In P2, the locus for insertion of the chloramphenicol resistance cassette and neutral
sequence tags. For each alignment, the percentage of the sequence that aligns to P2 is shown, as well as the average sequence
similarity for these regions. c) Model strains for addressing evolution by conjugation in S.Tm. SL1344 contains P2cat
(chloramphenicol resistance cassette (cat) allows enumeration of plasmid bearing strains by selective plating) that can be
conjugated to 14028S (kanamycin resistance cassette (aphT) used for selective plating) to form a transconjugant (CmR, KanR).
Transconjugants can then transfer P2cat to more recipients. d) P2cat transfer kinetics in vitro. P2cat transfer is dependent on
the density of donors and recipients. Donor and recipient strains were inoculated into LB (n=2) at a 1:1 ratio and selective
plating was performed every hour. CFUs per ml are reported for each population (donors in blue; recipients in green;
transconjugants in red). Solid lines connect medians. Dotted line indicates detection limit by selective plating.
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Extended data Fig. 2. Antibiotic resistance profile of key strains. Antibiotic susceptibility testing was performed in LB in 96well plates. 6 strains (indicated in the figure axis) were tested against 7 antibiotics, grown at 37°C at 120 rpm for 16 hours
when the OD600nm was measured. For each antibiotic, the highest concentration used was based on the working concentration
in this study. For example, the concentration of antibiotic used for selective plating in the case of streptomycin, kanamycin,
ampicillin, and chloramphenicol (the highest concentration of chloramphenicol was 5-fold higher than the concentration used
for selective plating, since this was already close to the minimum inhibitory concentration), or the concentration of antibiotic
used for the gentamycin protection assay. Importantly, a very low minimum inhibitory concentration was observed for
antibiotics used in vivo to enrich for persisters (i.e., ciprofloxacin and ceftriaxone). The mean of three experiments is
presented on a blue-white colour gradient, where blue indicates a large amount of bacterial growth. This is calculated by
subtracting the OD600nm measured for each sample well subtracted by the background generated by the media.
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Extended data Fig. 3 (legend on next page)
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Extended data Fig. 3. Controls for conjugation after antibiotic treatment in the oral infection model. a-c) Fecal bacterial
population sizes and inflammatory status of mice in Figure 1c-d (comparison of invasive vs. noninvasive donors in the oral
model). Fecal loads of donors (blue; SmR, CmR), recipients (green; KanR), and transconjugants (red; CmR, KanR) were
determined by selective plating on MacConkey agar. Black dotted line indicates detection limits for donors and
transconjugants. Green dotted line indicates detection limit for recipients (the detection limit is higher for recipients once
transconjugants reach a density of >108 CFU/g feces. Before this happens, recipients can be found below the detection limit
and then the black dotted line should be considered as the detection limit). Blue lines connect medians of donor populations;
red lines connect medians of transconjugant populations. a) Mice infected with invasive S.Tm donors (solid circles; n=15 singly
housed mice from five independent experiments). b) Mice infected with noninvasive S.Tm donors (open circles; n=6 singly
housed mice from two independent experiments). c) Inflammatory status was determined by lipocalin-2 ELISA. Statistics are
performed using a two-tailed Mann-Whitney U test p>0.05 (ns), p<0.0001 (****) comparing mice infected with an invasive
donor (solid black circles; n=15 singly housed mice from five independent experiments) to mice infected with a noninvasive
donor (open black circles; n=6 singly housed mice from two independent experiments) at each time point. Medians are shown
(solid red line for invasive donors; dotted red line for noninvasive donors). Dotted line indicates detection limit. d-e) Carrying
P2cat does not lead to a measurable fitness cost or benefit. d) A "locked" transconjugant (14028S P2aphT ΔoriT; conjugation is
blocked by removing the origin of transfer; KanR, AmpR) was competed against a recipient (14028S cat; CmR, AmpR). e) To
ensure removing the origin of transfer did not affect fitness, the locked transconjugant was competed against a
transconjugant with a normal P2cat plasmid (i.e., mobile transconjugant) (14028S P2cat; CmR, AmpR). In panel d-e, both strains
were introduced at a 1:1 ratio (total inoculum size ~5×107 CFU per os) and feces were monitored daily by selective plating
(n=6 singly housed mice from two independent experiments for both experiments). Competitive index is calculated by
dividing the population size of one competitor by the other. Lines indicate medians. The dotted line indicates no competitive
advantage for either strain. This is in line with published data (Stecher et al., 2012). These data indicate that it is the plasmidencoded conjugation efficiency (not its effects on host bacterial fitness) that drives the prodigal rise of transconjugants (Fig.
1c). f-g) Plasmid transfer in the oral model does not require an invasive recipient. Invasive donors (SL1344 P2cat; SmR, CmR)
were orally infected into pretreated mice. After ciprofloxacin treatment, a noninvasive mutant of S.Tm 14028S was used as a
recipient (14028Snoninv aphT (KanR, AmpR); n=5). f) Selective plating determined fecal loads of donors (blue; SmR, CmR),
recipients (green; KanR), and transconjugants (red; CmR, KanR). Black dotted line indicates detection limit for donors and
transconjugants. Green dotted line indicates detection limit for recipients (the detection limit is higher for recipients once
transconjugants reach a density of >108 CFU/g feces. Before this happens, recipients can be found below the detection limit
and then the black dotted line should be considered as the detection limit). Blue lines connect medians of donor populations;
red lines connect medians of transconjugant populations. g) Donor populations enumerated after a gentamycin protection
assay on cecal tissue of mice shown in panel f. Median indicated by solid line. Dotted line indicates detection limit. h-i)
conjugation is required for plasmid transfer after antibiotic treatment. Mice were infected with invasive S.Tm lacking the
origin of transfer in P2cat (SL1344 P2cat ΔoriT; SmR, CmR) as a donor, and 14028S aphT (KanR, AmpR) as a recipient after antibiotic
treatment (n=5). h) Selective plating determined fecal loads of donors (blue; SmR, CmR), recipients (green; KanR), and
transconjugants (red; CmR, KanR). Black dotted line indicates detection limit for donors and transconjugants. Green dotted
line indicates detection limit for recipients (the detection limit is higher for recipients once transconjugants reach a density
of >108 CFU/g feces. Before this happens, recipients can be found below the detection limit and then the black dotted line
should be considered as the detection limit). Blue lines connect medians of donor populations; red lines connect medians of
transconjugant populations. i) Donor populations enumerated after a gentamycin protection assay on cecal tissue of mice
shown in panel h. Median indicated by solid line. Dotted line indicates detection limit.
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Extended data Fig. 4 (legend on next page)
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Extended data Fig. 4. Quantification and localization of S.Tm in the host mucosa after antibiotic treatments in the oral
model. a-d) Mice were orally infected with either an invasive (SL1344 P2cat; blue solid circles; n=7) or noninvasive (SL1344noninv
P2cat; T3SS-1 negative; blue open circles; n=7) donor and treated with antibiotics. Mice were sacrificed at day 8 after infection
(when recipients are normally added) and organs were analyzed. Dotted lines indicate detection limits. a) Fecal populations
were monitored daily by selective plating on MacConkey agar. Blue lines connect medians. b) Organ loads were determined
by selective plating. mLN: mesenteric lymph nodes. c) Population size of donors in the cecal mucosa determined by selective
plating after a gentamycin protection assay or microscopy of tissue sections (same mice for each quantification method).
Each data point is the average of 12 sections (10 µm thick). Panel b-c) Statistics are performed using a two-tailed MannWhitney U test p>0.05 (ns), p<0.05 (*), p<0.01 (**), p<0.001 (***), p<0.0001 (****) comparing mice infected with invasive or
noninvasive donors for each organ. d) Localization of S.Tm detected in the cecal tissue by microscopy, reported as a
percentage of bacteria detected in panel c in either the lamina propria (L.p.) or epithelium (Ep.). Bar indicates the median
from 5 mice. e-h) Analysis of persister reservoirs in Carnoy-fixed cecal tissue sections. Mice were orally infected with an
invasive (SL1344 P2cat; n=5) donor and treated with antibiotics. Mice were sacrificed at day 8 after infection (when recipients
are normally added) and organs were analyzed. Dotted lines indicate detection limits. e) Fecal populations were monitored
daily by selective plating on MacConkey agar. Blue lines connect medians. f) Organ loads were determined by selective
plating. mLN: mesenteric lymph nodes. Line indicates median. g) A Carnoy fixation was performed on ceca of mice to preserve
the mucus structure. 10 µm sections were stained to visualize S.Tm (yellow; α-LPS O5), actin (green; phalloidin-FITC), the
mucus (red; wheat germ agglutinin (WGA) AF647 conjugate), and nuclei (blue; DAPI). Ep., epithelium; Lu., Lumen; L.p., lamina
propria. Mu., mucus. Scale bars represent 20µm. White arrows highlight S.Tm (magnified in inset). Representative images
shown from two independent experiments. h) Localization of S.Tm detected in the cecal tissue by microscopy, reported as a
percentage of bacteria detected each section (12 sections per mouse cecum) in the lamina propria (L.p.), epithelium (Ep.),
mucus (Mu.), or lumen (Lu.). Bar indicates the median from 5 mice.
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Extended data Fig. 5. Determination of tissue-associated persister reservoirs after I.V. infection and subsequent plasmid
transfer. a) An equal mix of five SL1344 P2cat TAG strains (SmR, CmR) were I.V. infected into mice (103 CFU). Treatments were
as described in Fig. 2b (grey circles; 3 doses of ceftriaxone i.p.; n=8 singly housed from two independent experiments), or
mice were left untreated (black circles; n=8 singly housed from two independent experiments). Mice were sacrificed on day
5 of the experiment (after the final dose of ceftriaxone was given). The tissue-associated populations in organs were
enumerated by selective plating. Detection limit by selective plating is shown as a dotted line. Lines indicate median. b-c)
Fecal bacterial population sizes of mice in Figure 2D-E (comparison of wild-type vs. SPI-2 negative donors in the I.V. model).
Fecal loads of donors (blue; SmR, CmR), recipients (green; KanR), and transconjugants (red; CmR, KanR) were determined by
selective plating on MacConkey agar. Black dotted line indicates detection limits for donors and transconjugants. Green
dotted line indicates detection limit for recipients (the detection limit is higher for recipients once transconjugants reach a
density of >108 CFU/g feces. Before this happens, recipients can be found below the detection limit and then the black dotted
line should be considered as the detection limit). Blue lines connect medians of donor populations; red lines connect medians
of transconjugant populations. b) Mice infected with wild-type S.Tm donors (solid circles). c) Mice infected with SPI-2 deficient
S.Tm donors (open circles).
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Extended data Fig. 6 (legend on next page)
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Extended data Fig. 6. Experimental strategy for assessing population dynamics and tag frequencies for figure 3a-d. a-c)
Tags introduced in the oral model. a) Tags coupled to a chloramphenicol resistance cassette were introduced in P2. qPCR
primers are specific to the chloramphenicol resistance cassette and the specific tag (shown as one-sided arrows). Five tagged
donors were pooled and orally infected as a 1:1:1:1:1 mix into mice. b) Relative plasmid tag proportion detected by qPCR in
the initial donor population, the donor population persisting in the cecal mucosa, and the transconjugant population is shown
for 8 mice (3 independent inocula). Dotted line indicates the detection limit. Each tag is given a unique colour. c) Scheme
illustrating how tags were sorted and recoloured to yield the plots in Fig. 3a-b. Two mice are shown as examples. For both
mucosa-associated donor populations (top panel) and fecal transconjugant populations (bottom panel), tags were sorted
according to relative frequency. These tags were re-coloured (darker colour indicates higher frequency) in order to visualize
the trends shown in Fig. 3a-b. These re-ordered tags were used as the experimental data for fitting the mathematical model.
d-f) Experimental strategy to assess plasmid transfer dynamics in the I.V. model. d) Tags coupled to a chloramphenicol
resistance cassette were introduced in P2. qPCR primers are specific to ydgA, a pseudogene flanking the specific tags, and
the specific tag (shown as one-sided arrows). Five tagged donors were pooled and I.V. infected as a 1:1:1:1:1 mix into mice.
e) Tags from the fecal transconjugant population at day 25 are sorted by abundance. Note that each abundance rank can
consist of any tag (see ranking and re-colouring scheme in panel c; raw tag data in panel f of this figure; n=6 singly housed
mice from two independent experiments). Dotted line indicates conservative detection limit by qPCR. This detection limit
refers to the most conservative detection limit of any qPCR run (2.9×10-3; i.e., tags can appear below this detection limit if
the qPCR run yielded a lower detection limit). Line indicates mean; error bars indicate standard deviation. f) Relative plasmid
tag proportion detected by qPCR in the inoculum, the donor population persisting in the internal organs, and the
transconjugant population in the feces is shown for 6 mice (3 independent inocula; feces and organ population data in Fig.
2d). Dotted line indicates the detection limit. Each tag is given a unique colour. g) Graphical representation of key parameters
in the mathematical model. Donors form a persistent reservoir in host tissues. These cells can interact with other bacteria
colonizing the gut lumen (i.e., recipients) and transfer plasmids. Our mathematical model summarizes these plasmid transfer
dynamics using a few key parameters. Donors re-seed the gut lumen and transfer plasmids at rate η, transconjugants transfer
plasmids to recipients (without a plasmid) with rate γ, and the turn-over of each bacterial population is given by r-c, where r
is the birth rate and c the clearance rate.
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Extended data Fig. 7. Fecal bacterial population sizes and inflammatory status of mice in Figure 3e-f (comparison of
vaccinated vs. naïve mice in the oral model) and validation by mixtures of invasive and noninvasive donors. a-b) Fecal loads
of donors (blue; SmR, CmR), recipients (green; KanR), and transconjugants (red; CmR, KanR) were determined by selective
plating on MacConkey agar. Barcode analysis of the recipient chromosome tags could not be performed for technical issues
with kanamycin enrichments and subsequent qPCR. Black dotted lines indicate detection limits for donors and
transconjugants. Green dotted line indicates detection limit for recipients (the detection limit is higher for recipients once
transconjugants reach a density of >108 CFU/g feces. Before this happens, recipients can be found below the detection limit
and then the black dotted line should be considered as the detection limit). Blue lines connect medians of donor populations;
red lines connect medians of transconjugant populations. a) Naïve mice infected with invasive S.Tm donors (solid circles). b)
Vaccinated mice infected with invasive S.Tm donors (open circles with light-grey fill). c) Inflammatory status to determine the
success of vaccination was determined by lipocalin-2 ELISA. Statistics are performed using a two-tailed Mann-Whitney U test
p>0.05 (ns), p<0.05 (*), p<0.01 (**), p<0.001 (***), p<0.0001 (****) comparing naïve mice (black circles; n=9 singly housed
mice from three independent experiments) to vaccinated mice (open circles; n=14 singly housed mice from four independent
experiments) at each time point. Medians are shown (solid red line for naïve mice; dotted red line for vaccinated mice).
Dotted line indicates detection limit. d-g) Experimentally reducing the population size of mucosa-associated persisters by
mixing invasive and noninvasive donors reduces plasmid transfer in the oral model. Mice were orally infected with a mixture
of invasive (SL1344 P2cat; SmR, CmR) and noninvasive (SL1344noninv P2cat; SmR, CmR) donors at two ratios: 1:10 (n=6 singly
housed mice) or 1:500 (n=5 singly housed mice). In both cases, an excess of noninvasive donors were used to experimentally
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reduce the number of cells that can establish a persistent reservoir in the intestinal mucosa (two independent experiments).
S.Tm 14028S aphT (KanR, AmpR) was used as a recipient after antibiotic treatment. d) Donor populations enumerated after a
gentamycin protection assay on cecal tissue of mice infected with a 1:10 ratio (blue circles with dark grey fill; line indicates
median) or 1:500 ratio (blue circles with light grey fill; line indicates median) of invasive to noninvasive donors. Statistics are
performed using a two-tailed Mann-Whitney U test p<0.01 (**). e) Proportion of transconjugants (transconjugant population
size divided by sum of recipients and transconjugants) in the feces is shown for each day for both mice infected with a 1:10
ratio (black circles with dark grey fill; grey bars indicate median) or 1:500 ratio (black circles with light grey fill; light grey bars
indicate median) of invasive to noninvasive donors. f-g) Fecal loads of donors (blue; SmR, CmR), recipients (green; KanR), and
transconjugants (red; CmR, KanR) were determined by selective plating on MacConkey agar. f) Mice infected with a 1:10 ratio
of invasive to noninvasive donors. g) Mice infected with a 1:500 ratio of invasive to noninvasive donors. d-g) Black dotted line
indicates detection limit for donors and transconjugants. Green dotted line indicates detection limit for recipients (the
detection limit is higher for recipients once transconjugants reach a density of >108 CFU/g feces. Before this happens,
recipients can be found below the detection limit and then the black dotted line should be considered as the detection limit).
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Extended data Fig. 8 (legend on next page)
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Extended data Fig. 8. Fecal bacterial population sizes of mice in Figure 4 and the role of persistence and conjugation in host
tissues if the recipient constitutes the reservoir. a) Fecal loads of donors (blue; SmR, CmR), recipients (green; AmpR), and
transconjugants (red; CmR, AmpR) were determined by selective plating on MacConkey agar (same mice as in Fig. 4a-b; S.Tm
donor and E. coli recipient in the oral model). Black dotted line indicates detection limit for donors and transconjugants.
Green dotted line indicates detection limit for recipients (the detection limit is higher for recipients once transconjugants
reach a density of >108 CFU/g feces. Before this happens, recipients can be found below the detection limit and then the
black dotted line should be considered as the detection limit). Blue lines connect medians of donor populations; red lines
connect medians of transconjugant populations. b-d) Persistence in host tissues also promote plasmid transfer if the recipient
constitutes the reservoir. Pretreated mice were orally infected with a S.Tm recipient (SL1344 P2cured aphT; SmR, KanR) and
treated with ciprofloxacin and ampicillin as in the oral model (Fig. 1b). On day 8, ampicillin was removed from the drinking
water and an E. coli donor was introduced orally (E. coli 8178 P2cat; CmR, AmpR). b) Recipient populations enumerated after a
gentamycin protection assay on cecal tissue (n=5 singly housed mice from two independent experiments). Line indicates
median. c) Proportion of transconjugants (transconjugant population size divided by sum of recipients and transconjugants)
in the feces is shown for each day. Grey bars indicate median. d) Fecal loads of recipients (green; SmR, KanR), donors (blue;
CmR, AmpR), and transconjugants (red; SmR, CmR, KanR) were determined by selective plating on MacConkey agar. b-d) Dotted
lines indicate detection limits by selective plating. e) Fecal bacterial populations sizes of mice in Figure 4c-d (S.Tm ESBL donor
in the oral model). Fecal loads of donors (blue; SmR, AmpR), recipients (green; KanR), and transconjugants (red; KanR, AmpR)
were determined by selective plating on MacConkey agar. Black dotted line indicates detection limit for donors and
transconjugants. Green dotted line indicates detection limit for recipients (the detection limit is higher for recipients once
transconjugants reach a density of >108 CFU/g feces. Before this happens, recipients can be found below the detection limit
and then the black dotted line should be considered as the detection limit). Blue lines connect medians of donor populations;
red lines connect medians of transconjugant populations.
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Extended data Fig. 9. Exchanging ampicillin for kanamycin in order to limit gut luminal growth of the donor does not affect
the overall plasmid transfer kinetics and fecal bacteria population sizes of I.V. infected mice in Figure 4. a-d) Mice were
orally infected with SL1344 P2cat (SmR, CmR) as a donor, and 14028S aphT (KanR, AmpR) as a recipient after antibiotic
treatment. Mice were either treated with ampicillin in the drinking water until day 15 (normal protocol as in Fig. 1b), day 8
(when the recipient is added), or kanamycin until day 8. a) Donor populations enumerated after a gentamycin protection
assay on cecal tissue of mice in which ampicillin is maintained until day 15 (solid blue circles; n=15 singly housed mice from
five independent experiments; data taken from Fig. 1d), ampicillin is removed on day 8 (blue circles with pink fill; n=3 singly
housed mice from one experiment), or kanamycin is used until day 8 (blue circles with yellow fill; n=3 singly housed mice
from one experiment). Median indicated by solid line. b) Proportion of transconjugants (transconjugant population size
divided by sum of recipients and transconjugants) is shown for the groups receiving ampicillin treatment until day 15 (solid
black circles; grey bars indicate median; n=15 singly housed mice from five independent experiments; data taken from Figure
1c), ampicillin treatment until day 8 (black circles with pink fill; pink bars indicate median; n=3 singly housed mice from one
experiment), and kanamycin treatment until day 8 (black circles with yellow fill; yellow bars indicate median; n=3 singly
housed mice from one experiment). c-d) Fecal loads of donors (blue; SmR, CmR), recipients (green; KanR), and transconjugants
(red; CmR, KanR) were determined by selective plating on MacConkey agar. c) Mice treated until day 8 with ampicillin. d) Mice
treated until day 8 with kanamycin. a-d) Black dotted line indicates detection limit for donors and transconjugants. Green
dotted line indicates detection limit for recipients (the detection limit is higher for recipients once transconjugants reach a
density of >108 CFU/g feces. Before this happens, recipients can be found below the detection limit and then the black dotted
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line should be considered as the detection limit). e) Fecal bacterial populations sizes of mice in Figure 4E-F (S.Tm donor and
E. coli recipient in the I.V. model). Fecal loads of donors (blue; SmR, AmpR), recipients (green; KanR), and transconjugants (red;
KanR, AmpR) were determined by selective plating on MacConkey agar. Black dotted line indicates detection limit for donors
and transconjugants. Green dotted line indicates detection limit for recipients (the detection limit is higher for recipients
once transconjugants reach a density of >108 CFU/g feces. Before this happens, recipients can be found below the detection
limit and then the black dotted line should be considered as the detection limit). Blue lines connect medians of donor
populations; red lines connect medians of transconjugant populations.
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Extended data Fig. 10 (legend on next page)
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Extended data Fig. 10. Increasing growth rate at carrying capacity to model inflammation or running simulations on a finer
parameter grid does not affect overall simulation trends. a-b) Simulations were run with identical parameters to Figure 3cd, but an increased birth and death rate at carrying capacity to simulate cases in which inflammation is present (see
supplementary material). The trends of the simulations remain the same as in Figure 3c-d. a) Likelihood of the model as a
function of the donor re-seeding (including donor-to-recipient conjugation) rate (η), and the rate of transconjugant-torecipient plasmid transfer (γ). All other parameter values are given in the supplementary materials. The most likely parameter
set is shown in red (η = 1×10-9 per day; γ = 3.16×10-8 per CFU/g feces per day). b) The fraction of simulations with plasmid reseeding, defined as a final transconjugant population size above 5×108 CFU/g feces, as a function of η. Here γ is fixed at its
most likely value γ = 3.16×10-8 per CFU/g feces per day. The black vertical dotted line at η = 1×10-9 per day indicates the
estimated most likely value (from panel a). The red vertical dotted line at η = 1×10-11 per day indicates a hypothetical 100fold decrease of η (shown by a red arrow; e.g. by vaccination). c-f) Running simulations on a finer parameter grid does not
affect overall simulation trends. See Supplementary table 4 for details on differences between specific simulation results. cd) Simulations were run on a grid of [η = 10-12-10-6, γ = 10-10-10-1] with 0.25 log increments (rather than the [η = 10-12-10-1, γ
= 10-12-10-1] with 0.5 log increments used in Figure 3c-d). e-f) Simulations were run with parameters identical to panel a-b,
but on a grid of [η = 10-12-10-6, γ = 10-10-10-1] with 0.25 log increments (rather than the [η = 10-12-10-1, γ = 10-12-10-1] with 0.5
log increments). c, e) Likelihood of the model as a function of the donor re-seeding (including donor-to-recipient conjugation)
rate (η), and the rate of transconjugant-to-recipient plasmid transfer (γ). All other parameter values are given in the
supplementary materials. The most likely parameter set is shown in red. d, f) The fraction of simulations with plasmid reseeding, defined as a final transconjugant population size above 5×108 CFU/g feces, as a function of η. Here γ is fixed at its
most likely value. The black vertical dotted line indicates the estimated most likely value (from panel c or e). The red vertical
dotted line indicates a hypothetical 100-fold decrease of η (shown by a red arrow; e.g. by vaccination).
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Supplementary tables

Supplementary table 1. Strains and plasmids
Strain name

Strain number
SB300

Relevant genotype
Wild-type

Resistance*
Sm

SL1344 P2cat
(Wild-type invasive donor)
SL1344noninv P2cat
(Noninvasive donor)
14028S aphT
(S.Tm recipient)
14028Snoninv aphT

M995

cat on P2

Sm, Cm

M3182

cat on P2; ΔinvG; ΔssaV

Sm, Cm

M3168

lpfED::aphT

Kan

M3171

lpfED::aphT; ΔinvG; ΔssaV

Kan

14028S cat

M3155

marT::cat

Cm

SL1344 P2cat ΔoriT

M1407

oriT::cat on P2

Sm, Cm

SL1344 P2cat TAG1
SL1344 P2cat TAG2
SL1344 P2cat TAG3
SL1344 P2cat TAG4
SL1344 P2cat TAG5
SL1344SPI-2 P2cat TAG1
SL1344SPI-2 P2cat TAG2
SL1344SPI-2 P2cat TAG3
SL1344SPI-2 P2cat TAG4
SL1344SPI-2 P2cat TAG5
14028S TAG1
14028S TAG2
14028S TAG3
14028S TAG4
14028S TAG5
14028S P2aphT ΔoriT
14028S P2cat
E. coli 8178 P2cured
(E. coli recipient)
SL1344 P2cured

Z2141
Z2142
Z2143
Z2144
Z2145
Z2160
Z2161
Z2162
Z2163
Z2164
Z2146
Z2147
Z2148
Z2149
Z2150
Z2152
Z2151
M1403

Tag2-cat on P2
Tag11-cat on P2
Tag13-cat on P2
Tag19-cat on P2
Tag21-cat on P2
Tag2-cat on P2; ΔssaV
Tag11-cat on P2; ΔssaV
Tag13-cat on P2; ΔssaV
Tag19-cat on P2; ΔssaV
Tag21-cat on P2; ΔssaV
Tag2-aphT
Tag11-aphT
Tag13-aphT
Tag19-aphT
Tag21-aphT
oriT::aphT on P2
cat
P2 cured

Sm, Cm
Sm, Cm
Sm, Cm
Sm, Cm
Sm, Cm
Sm, Cm
Sm, Cm
Sm, Cm
Sm, Cm
Sm, Cm
Kan
Kan
Kan
Kan
Kan
Kan
Cm
None

M1404

P2 cured

Sm

SL1344 P2cured aphT
E. coli 8178 P2cat

Z2159
Z1874

Sm, Kan
Cm

E. coli ESBL15

Z2115

P2 cured; lpfED::aphT
P2cat from M995 conjugated into
M1304
CTX-M1 on pESBL15

SL1344 pESBL15
Plasmid name

Z2139

SL1344

P2
P2cat
P2cat TAG

CTX-M1 on pESBL15; P2 cured
Relevant genotype

Amp

Amp
Resistance

Wild-type

None

cat

Cm

Tag(2, 11, 13, 19, or 21)-cat

Cm

Reference
(Hoiseth and
Stocker,
1981)
(Stecher et
al., 2012)
(Diard et al.,
2017)
(Diard et al.,
2017)
(Diard et al.,
2017)
(Diard et al.,
2017)
(Stecher et
al., 2012)
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
(Stecher et
al., 2012)
(Stecher et
al., 2012)
This work
This work
(TschudinSutter et al.,
2016)
This work
Reference
(Stecher et
al., 2012)
(Stecher et
al., 2012)
This work
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pESBL15

CTX-M-1

ESBL#

(TschudinSutter et al.,
2016)
pM975
bla; used to confer ampicillin resistance
Amp
(Hapfelmeier
et al., 2005)
pCP20
FLP recombinase
Amp, Cm
(Datsenko
and Wanner,
2000)
pKD46
Arabinose-inducible λ red system
Amp
(Datsenko
and Wanner,
2000)
* Relevant resistances only: Sm = ≥50 µg/ml streptomycin; Cm = ≥6 µg/ml chloramphenicol; Kan = ≥50 µg/ml kanamycin; Amp
= ≥100 µg/ml ampicillin. Extended data Fig. 2 provides additional resistance information for key strains in this work.
ESBL phenotype based on resistance to ≥64 µg/ml ceftriaxone (3rd generation beta-lactam; also resistant to ≥100 µg/ml
ampicillin).

#

Supplementary table 2. Primers
Primer name
WITS2-R
WITS11-R
WITS13-R
WITS19-R
WITS21-R
Cat_internal
Kan_internal
WITS2
WITS11
WITS13
WITS19
WITS21
ydgA
oriT_nikA_KO

oriT_nikA_rev_KO

Sequence
GAG TTG TTG GTA TTG CGG GT
TGA GAT CGA GTG TGT GGG AT
TGA GTG AGG GGT GTC TTT AGC
GTT ATG GGG CTG GAT AGT GC
GGA GAG TGA TCG GTG GTT GT
CAA GAT GTG GCG TGT TAC GG
ACC GGC GCA GGA ACA CTG
ACC CGC AAT ACC AAC AAC TC
ATC CCA CAC ACT CGA TCT CA
GCT AAA GAC ACC CCT CAC TCA
GCA CTA TCC AGC CCC ATA AC
ACA ACC ACC GAT CAC TCT CC
GGC TGT CCG CAA TGG GTC
CCT TCT CTT TTT CGG AAT GAC TGC ATT CAC CGG
AGA ATC CAT ATG AAT ATC CTC CTT AGT T
GCA TAA GAC TAT GAT GCA CAA AAA TAA CAG
GCT ATA ATG GTG TGT AGG CTG GAG CTG CTT C

oriT_nikA_val

Purpose

Reference

qPCR
qPCR
qPCR
qPCR
qPCR
qPCR
qPCR
qPCR

Insertion of WITS in P2

This work
This work
This work
This work
This work
This work
This work
(Grant et
al., 2008)
(Grant et
al., 2008)
(Grant et
al., 2008)
(Grant et
al., 2008)
(Grant et
al., 2008)
(Grant et
al., 2008)
(Stecher
et al.,
2012)
(Stecher
et al.,
2012)
(Stecher
et al.,
2012)
(Stecher
et al.,
2012)
This work

Insertion of WITS in P2

This work

Verification of WITS insert in P2
Verification of WITS insert in P2

This work
This work

qPCR
qPCR
qPCR
qPCR
qPCR
Deletion of oriT in P2

Deletion of oriT in P2

Verification of oriT deletion
AGT TCC TCA TCG GTC ATG TC

oriT_nikA_rev_val

WITS_P2_Phus_up
WITS_P2_Phus_dw
insert_ p2_up
insert_ p2_dw
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Verification of oriT deletion
GAA GCC ATT GGC ACT TTC TC
GCA TGA TAA TAA TAA TCA ATA ACA ATA AGC TGT
GTC ACG TTT ACA TCA TGG CTG TCC GCA ATG GGT
AAG GGT AAT GGC GGA AGC CGG ATA CCC AGC
CGC CAG AGA AAT CGA ACA TAT CCC TTC CTT A
GTA CCG GTG CGT GAT AAC
CAA CAG CGT GAC CTG CC

Supplementary table 3. Input parameters and priors used in the stochastic simulations
Parameter
r
c
𝑟𝑟𝐾𝐾
K
R(t=0)
N
η

γ

Function
Birth-rate
Clearance-rate
Residual birth-rate at carrying capacity
Carrying capacity
Size of the recipient inoculum
Number of distinguishable plasmid populations
Per recipient rate of conjugation from one donor
type (i.e. donor re-seeding followed by
conjugation)
Per transconjugant-recipient pair rate of
conjugation from transconjugants

Value
44 ln(2)
4 ln(2)
4 ln(2)
109
107
5
Uniform
on
the
discrete grid 10-12 – 101 in 0.5 log increments
Uniform
on
the
discrete grid 10-12 – 101 in 0.5 log increments

Units
Per day
Per day
Per day
CFU/g feces
CFU/g feces
Dimensionless
Per day

Per CFU/g feces per day

Supplementary table 4. Parameter estimates
Simulation

Maximum likelihood
(η,γ) pair

η value from the
posterior distribution

Main text (large
grid; Fig. 2C)

η=3.16×10-10 (per day)
γ=3.16×10-8 (per CFU/g feces
per day)

3.16×10-10 (per day)
HPD: [3.16×10-12, 3.16×10-9]

3.16×10-8 (per CFU/g feces per day)
HPD: [1×10-8, 0.1]

η=1×10-9 (per day)
γ=3.16×10-8 (per CFU/g feces
per day)
η=5.62×10-10 (per day)
γ=3.16×10-8 (per CFU/g feces
per day)
Inflammation
η=1×10-9 (per day)
(finer grid; Fig. γ=3.16×10-8 (per CFU/g feces
24C)
per day)
*HPD: Highest posterior density interval

3.16×10-10 (per day)
HPD: [3.16×10-12, 3.16×10-9]

3.16×10-8 (per CFU/g feces per day)
HPD: [1×10-8, 0.1]

1.78×10-10 (per day)
HPD: [1.78×10-12, 3.16×10-9]

5.62×10-8 (per CFU/g feces per day)
HPD: [5.62×10-9, 5.62×10-2]

1.78×10-10 (per day)
HPD: [3.16×10-12, 3.16×10-9]

5.62×10-8 (per CFU/g feces per day)
HPD: [5.62×10-9, 5.62×10-2]

Inflammation
(large grid; Fig.
23A)
Main text (finer
grid; Fig. 24A)

marginal

γ value from the marginal posterior
distribution
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Supplementary discussion

A) Persistence of the mucosa-associated S.Tm population in the oral model.
Previous work has established that ciprofloxacin therapy efficiently depletes the gut luminal
S.Tm population and penetrates tissues to concentrations well above the minimum inhibitory
concentration (MIC; albeit slightly lower concentrations than in the gut lumen) (Kaiser et al., 2014).
These data suggest, that the mucosa-associated S.Tm cells are indeed exposed to >MIC levels during
the course of the ciprofloxacin treatment (Kaiser et al., 2014). Within three hours after the onset of
the ciprofloxacin treatment, gut luminal S.Tm populations drop below the limit of detection (<100 per
gram feces (Kaiser et al., 2014)). S.Tm loads in the gut tissue are reduced by 80%. However, 102-105
mucosa-associated bacteria survive the ciprofloxacin treatment for up to 10 days (Kaiser et al., 2014).
Once the ciprofloxacin treatment is terminated, these mucosa-associated persisters can re-seed the
gut lumen and cause relapses, which are characterized by enteropathy and high gut luminal pathogen
densities. Importantly, the S.Tm cells can be re-isolated from such relapses and are fully sensitive to
ciprofloxacin (Diard et al., 2014;Kaiser et al., 2014). Therefore, we use the term persistence in the
present work, to describe the tissue-associated S.Tm population which survives the ciprofloxacin
treatment.

B) Why do we supplement the drinking-water with antibiotics (i.e. ampicillin) after ending the
ciprofloxacin treatment in the oral model?
After the end of the ciprofloxacin treatment, the ciprofloxacin is washed out of the gut. Once
the gut luminal ciprofloxacin levels have dropped below the MIC, the re-seeding events (i.e. S.Tm
persisters re-entering the gut lumen and switching back to their normal, ciprofloxacin-sensitive
vegetative growth physiology) will re-establish the gut luminal S.Tm infection. While re-seeding events
are quite rare, they do initiate rapid pathogen growth in the gut lumen. Thus, stool pathogen loads
reach 108-109 cfu/g after the ciprofloxacin is washed out of the gut, i.e. between 1-4 days after the end
of the ciprofloxacin treatment. Whether this re-seeding occurs at day 1, 2, 3 or 4 varies from mouse to
mouse. The variability is likely attributable to the rare and random process of re-seeding. This rapid regrowth of the luminal S.Tm population from few founders is explained by the fact that the microbiota
is still disrupted by the previous ciprofloxacin treatment (Endt et al., 2010;Kaiser et al., 2013).
After the end of the ciprofloxacin treatment, we added ampicillin to the drinking, to ask
whether rare events of donor re-seeding and limited donor re-growth would suffice to transfer
conjugative plasmids into a recipient population. This would mimic situations with partially (or
completely) intact gut microbiota which would normally prevent luminal S.Tm growth (colonization
resistance (Stecher et al., 2013)). Thus, by adding ampicillin to the drinking water, we could keep donor
populations in the gut lumen small.
Indeed, small donor populations are observed in the stool of some mice, i.e. after recipients
have colonized the gut lumen (after day 8). This is expected, as ampicillin is depleted in the gut luminal
environment by the beta-lactamase enzymes that are expressed by the recipient bacteria
(ATCC14028S, AmpR). Conjugation of the P2cat plasmid occurs quickly and depends primarily on donorrecipient contact (Extended data Fig. 1d) (Levin et al., 1979). Our data show that rapid amplification
by recipients that have obtained a plasmid (i.e., transconjugants) would result in dissemination of the
plasmid in the population of bacteria colonizing the gut lumen (Fig. 1a), regardless of the success of
the establishment of donor bacteria in the gut lumen niche. Together with our barcoding approaches
216

and our mathematical model, this indicates that very few events of donor re-seeding (followed by
initial plasmid transfer) suffice to transfer P2cat into the vast majority of the recipient cells. Considering
that the murine cecum lodges 102-105 persistent S.Tm P2cat donors, that these S.Tm P2cat persisters
have extremely long life times (>>10 days), and that reversion to the vegetative phenotype followed
by its release into the gut lumen is quite rare, these data suggest that a tissue-associated reservoir of
persistent donors can dramatically prolong the periods of co-occurrence between the donor and a
recipient strain. Thus, while the original donor population may well be eliminated from the gut lumen
(e.g. by the host's antibody responses, by competing microbiota, or by competing pathogen strains
(Endt et al., 2010;Moor et al., 2017)), the persistent tissue-associated population may continue to
promote resistance plasmid transfer to other enteric bacteria for much longer.
C) Typhoid fever like model
In humans, Salmonella enterica serovar Typhi can persist in the gall bladder, causing chronic
infections associated with long-term shedding (Sinnott and Teall, 1987;Parry et al., 2002;Crawford et
al., 2010;Gunn et al., 2014). Therefore, it is well possible that in humans the gall bladder also serves as
a reservoir for persisters. These bacteria could re-seed the gut via the bile duct and thereby promote
strain co-occurrence, favouring conjugative plasmid transfer. In the Typhoid fever-like model (i.e., the
I.V. model), intravenous infection of donor S.Tm yielded bacteria in the liver, spleen, and in the gall
bladder of some mice (Fig. 2d, 4e, Extended data Fig. 5a) followed by eventual plasmid transfer (Fig.
2). In the gall bladder of human patients that shed Salmonella spp., densities of >103 CFU are found
(Crawford et al., 2010). It is tempting to speculate that such re-seeding-driven plasmid transfer could
also occur in humans shedding Salmonella spp. from the gall bladder.
D) Description of the mathematical model
We model the dynamics of recipient and transconjugant populations, as a function of the
horizontal transfer rate from donors and transconjugants. We make the following assumptions: The
plasmid can only be transferred to recipient cells. Five isogenic plasmid copies – each corresponding
to one isogenic tag - exist, yielding 5 different transconjugant populations. The populations are wellmixed, and plasmid transfer is described by mass-action kinetics (Levin et al., 1979), i.e., the number
of transfer events is proportional to the product of plasmid-bearing (donors D or transconjugants T)
and recipient cells (R). To account for the bounded resources in the gut, bacterial population growth
is assumed to be logistic and reaches zero at carrying capacity K. The 5 donor populations in the gut
epithelial tissues are assumed constant, and each transfers plasmids at a constant per-recipient rate
η. The transconjugant populations transfer plasmids to recipients at a constant per-contact rate γ. The
removal of bacteria, whether through death or efflux from the gut, is explicitly included in the model
through the clearance rate c.
Let R denote the recipient population and Tj with 𝑗𝑗 ∈ {1 ⋯ 𝑁𝑁} denote the transconjugant
populations (N = 5 in the experiment). We simulate the population dynamics stochastically using a
vector of state changes 𝝂𝝂 (dimension 3𝑁𝑁 + 2), and an associated vector of reaction rates a. To describe
these reaction rates, we introduce two further parameters: r for the birth-rate, and 𝑟𝑟𝐾𝐾 for the residual
birth-rate at carrying capacity. These parameters are chosen such that birth and death balance each
other out exactly once the population reaches carrying capacity, leading to the condition that 𝑟𝑟𝐾𝐾 = 𝑐𝑐
(this is informed by experiments; see the parameter section further below). With these definitions, we
obtain the following reaction rates:
Birth reactions:
𝜈𝜈1 : 𝑅𝑅 → 𝑅𝑅 + 1
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𝑎𝑎1 : (𝑟𝑟 + 𝑟𝑟𝐾𝐾 )𝑅𝑅

𝑘𝑘 ∈ 2 ⋯ 𝑁𝑁 + 1:

𝜈𝜈𝑘𝑘 : 𝑇𝑇𝑗𝑗 → 𝑇𝑇𝑗𝑗 + 1; 𝑗𝑗 ∈ 1 ⋯ 𝑁𝑁

𝑎𝑎𝑘𝑘 : (𝑟𝑟 + 𝑟𝑟𝐾𝐾 )𝑇𝑇𝑗𝑗 ; 𝑗𝑗 ∈ 1 ⋯ 𝑁𝑁

i.e., new individuals are added to the population at a rate that reflects the joint contribution of the
base birth-rate r and the residual birth-rate at carrying capacity 𝑟𝑟𝐾𝐾 .
Death reactions:

𝜈𝜈𝑁𝑁+2 : 𝑅𝑅 → 𝑅𝑅 − 1

𝑎𝑎𝑁𝑁+2 : 𝑐𝑐𝑐𝑐 + r𝑅𝑅

𝑅𝑅+∑𝑗𝑗 ∈1⋯𝑁𝑁 𝑇𝑇𝑗𝑗
𝐾𝐾

𝑘𝑘 ∈ 𝑁𝑁 + 3 ⋯ 2𝑁𝑁 + 2:

𝜈𝜈𝑘𝑘 : 𝑇𝑇𝑗𝑗 → 𝑇𝑇𝑗𝑗 − 1; 𝑗𝑗 ∈ 1 ⋯ 𝑁𝑁
𝑎𝑎𝑘𝑘 : 𝑐𝑐𝑇𝑇𝑗𝑗 + r𝑇𝑇𝑗𝑗

𝑅𝑅+∑𝑗𝑗 ∈1⋯𝑁𝑁 𝑇𝑇𝑗𝑗
𝐾𝐾

i.e., individuals are removed from the population at a constant clearance rate c and an additional
population-size dependent term that reflects the increased killing as the populations size approaches
the carrying capacity K.
Plasmid Transfer reactions, 𝑘𝑘 ∈ 2𝑁𝑁 + 3 ⋯ 3𝑁𝑁 + 2 :

𝜈𝜈𝑘𝑘 : 𝑅𝑅 → 𝑅𝑅 − 1 and 𝑇𝑇𝑗𝑗 → 𝑇𝑇𝑗𝑗 + 1; 𝑗𝑗 ∈ 1 ⋯ 𝑁𝑁

𝑎𝑎𝑘𝑘 : �𝜂𝜂 + 𝛾𝛾𝑇𝑇𝑗𝑗 �𝑅𝑅; 𝑗𝑗 ∈ 1 ⋯ 𝑁𝑁

i.e., a recipient is converted to a particular transconjugant population at a rate 𝜂𝜂 that reflects the
constant contribution from mucosa-associated donors of type j, as well as the transfer from
transconjugants in the gut that carry this particular plasmid (𝛾𝛾𝑇𝑇𝑗𝑗 ).

The model was simulated using the tau-leaping stochastic simulation method from the R package
adaptivetau (Philip Johnson (2016). adaptivetau: Tau-Leaping Stochastic Simulation. R package version
2.2-1. https://CRAN.R-project.org/package=adaptivetau).

Deterministic formulation of the stochastic model
In the limit of large numbers our stochastic model is equivalent to the following deterministic
equations
(Gillespie,
2007):
𝑅𝑅+∑𝑗𝑗 ∈1⋯𝑁𝑁 𝑇𝑇𝑗𝑗
𝑅𝑅̇ = −�𝜂𝜂𝜂𝜂 + 𝛾𝛾 ∑𝑗𝑗 𝜖𝜖 1⋯𝑁𝑁 𝑇𝑇𝑗𝑗 �𝑅𝑅 + (𝑟𝑟 + 𝑟𝑟𝐾𝐾 )𝑅𝑅 − 𝑅𝑅 �𝑐𝑐 + r
�

𝑇𝑇𝚥𝚥̇ = �𝜂𝜂 + 𝛾𝛾𝑇𝑇𝑗𝑗 �𝑅𝑅 + (𝑟𝑟 + 𝑟𝑟𝐾𝐾 )𝑇𝑇𝑗𝑗 − 𝑇𝑇𝑗𝑗 �𝑐𝑐 + r

𝐾𝐾

𝑅𝑅 + ∑𝑗𝑗 ∈1⋯𝑁𝑁 𝑇𝑇𝑗𝑗
�
𝐾𝐾

(1)

(2)

Input parameters of the mathematical model
Parameters pertaining to Salmonella population growth in the mouse gut (r, c, 𝑟𝑟𝐾𝐾 , K) were
parametrized using previously published data from the same mouse model system (i.e., the
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streptomycin pre-treatment murine model for Salmonella colitis)(Moor et al., 2017),(Barthel et al.,
2003). Size of the recipient inoculum and number of distinguishable plasmid populations were set to
mirror the experimental conditions in this paper.
In the common formulation of logistic growth, the population reaches a steady state at the carrying
capacity K, where population clearance is balanced by birth. However, fixing the net growth rate to
zero at this population size would exclude any dynamics, which is an inaccurate depiction of the
(slowed) population turnover that takes place even at high densities. To correct this, we adapted the
equations of logistic growth and parameterized them using previously published growth rate and
population size estimates as detailed below.
If we assume a population free from transfer, i.e., if we set η, γ = 0 in equation (1), and study the limit
where the recipient population is at carrying capacity, i.e. 𝑅𝑅 → 𝐾𝐾, we find:
𝑅𝑅̇ ≈ 𝑅𝑅(𝑟𝑟𝐾𝐾 − 𝑐𝑐)

The first term of this equation describes the growth. Previous experiments have shown that the
“residual birth at carrying capacity” amounts to a doubling time of 6 hours (1/4 day) (Moor et al., 2017).
ln(2)
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇

⟹ 𝑟𝑟𝐾𝐾 = 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷

= 4 ln(2) per day

The removal rate of bacteria due to efflux from the gut balances this rate at the carrying capacity, and
is otherwise independent of the population size.
⟹ 𝑐𝑐 = 4 ln(2) per day

On the other hand, in the limit where the recipient population is small, i.e. 𝑅𝑅 → 0, equation (1)
simplifies to:
𝑅𝑅̇ ≈ 𝑅𝑅(𝑟𝑟 + 𝑟𝑟𝐾𝐾 ) − 𝑐𝑐𝑐𝑐

Here, the growth rate is known to be 2 h-1 (i.e., the doubling time is 30 minutes or 1/48 day) (Moor et
al., 2017):
(𝑟𝑟 + 𝑟𝑟𝐾𝐾 ) =

ln(2)
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇

ln(2)
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇

⟹ 𝑟𝑟 = 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷

= 48 ln(2) per day

− 𝑟𝑟𝐾𝐾 = 44 ln(2) per day

The carrying capacity was determined as 109 CFU/g feces, and the recipients were inoculated at a
density of 5×107 CFU. Colonization of the intestine is not immediate, but after 8 hours bacteria are
found at a density of 107 CFU/g feces (Barthel et al., 2003). Therefore, we used 107 CFU/g feces as our
starting population size for the recipient population. Parameter values used in the model are
summarized in Supplementary table 3.
Parameter estimation in the mathematical model
To infer the most likely rates of transfer η and γ, we use a simple Approximate Bayesian Computation
(ABC) approach (Marjoram et al., 2003). Both transfer rates were varied on a grid from 10-12 – 10-1 in
0.5 log increments, with 100 simulations per parameter combination. For each set of parameters, we
compare the simulations to the experimental data of plasmid tag frequencies and the bacterial
population counts, according to the summary statistics listed below. The likelihood of a given transfer
parameter combination is given by the percentage of simulations that return all summary statistics
within three standard deviations of the experimentally observed mean of these statistics.
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i.

ii.
iii.
iv.

The Evenness index E, defined as 1 – g where g is the Gini index (Maier et al., 2014),
commonly used to describe the statistical dispersion of wealth distributions. Here, we use it
to capture the skew of the plasmid tag abundance distribution.
The probability p0, defined as the fraction of plasmid tags with a relative abundance above
the detection limit of 2.9×10-3 (on day 15).
The size of the transconjugant population on day 15: ∑ 𝑇𝑇𝑗𝑗 (𝑡𝑡 = 15).
The time at which the transconjugant population size first exceeds 106 CFU/g feces.

Both transfer parameters η and γ are most strongly constrained by the timing of the rapid rise in
transconjugant population size (summary statistic iv.). The rate at which donors introduce
transconjugants (η) mostly determines the onset of the increase in transconjugants, whereas the
rate of transconjugant-recipient conjugation (γ) dominates the slope of the increase in
transconjugants. As a consequence, when η is high, γ must be low, otherwise the gut luminal
population would be almost instantaneously overtaken by transconjugants. In addition, the summary
statistics describing the plasmid tag distribution (i. and ii.) work to constrain η to low values.
However, the exact slope of the transconjugants population increase is much less constrained by the
experimental data than the timing of this increase, so when η is low enough, a wide range of γ values
can explain the data almost equally well.
Dependence of conjugation on the donor re-seeding rate
In a separate analysis, we estimate the proportion of experiments with full-fledged conjugation, as a
function of the donor re-seeding rate. We re-analyzed the stochastic simulation results focusing only
on whether the simulation showed plasmid re-seeding, defined as a final transconjugant population
size above 5×108 CFU/g feces. We considered only those simulations with the transconjugants-torecipient transfer rate γ at its most likely value (γ = 3.16×10-8 per CFU/g feces per day), and plot the
results as a function of the donor re-seeding rate η. For Fig. 3d, we estimated the fraction of
simulations with plasmid re-seeding, defined as a final transconjugant population size above 5×108
CFU/g feces, as a function of η. Here γ is fixed at its most likely value γ = 3.16×10-8 per CFU/g feces
per day. The black vertical dotted line at η = 3.16×10-10 per day indicates the estimated most likely
value (from Fig. 3c). The red vertical dotted line at η = 3.16×10-12 per day indicates a hypothetical
100-fold decrease of η (shown by a red arrow; e.g. accomplished by vaccination).
Estimating the number of transfer events per day
The estimated set of most likely parameters is (η = 3.16×10-10 per day; γ = 3.16×10-8 per CFU/g feces
per day). These results can be translated into number of conjugation events per day by considering
the part of equation (1) that pertains to plasmid dynamics:
�𝜂𝜂𝜂𝜂 + 𝛾𝛾 � 𝑇𝑇𝑗𝑗 � 𝑅𝑅
𝑗𝑗 𝜖𝜖 1⋯𝑁𝑁

If we assume the donor population is as in the experiment, and the lumen contains a population of
naïve recipient cells at carrying capacity and a single transconjugant cell, then the number of donor
seeding events associated with plasmid transfer is:
𝜂𝜂𝜂𝜂𝜂𝜂 = 3.16x10−10 ∙ 5 ∙ 109 = 1.58 CFU/g feces per day

In contrast, the number of transconjugant-to-recipient events is:
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�𝛾𝛾 � 𝑇𝑇𝑗𝑗 � 𝑅𝑅 = 3.16x10−8 ∙ 1 ∙ 109 = 31.6 CFU/g feces per day
𝑗𝑗 𝜖𝜖 1⋯𝑁𝑁

This number of transconjugant-to-recipient events will grow quickly (exponentially) once the first
transconjugants enter the population.
The aim of this translation into number of conjugation events per day is to give an intuition for the
magnitude of the η and γ parameters. Mathematically speaking, the ratio of 1:20 between donor reseeding and transconjugant-to-recipient events will be the same also for smaller recipient
populations (as is the case for our inoculum). Biologically speaking, η and γ may not be completely
independent of recipient population density (as is assumed by our model). For example, ampicillinsensitive donor bacteria are more likely to survive at higher recipient densities (that deplete
ampicillin locally). This would result in even lower η, and thus a lower number of re-seeding events,
at the start of the experiment. However, these population-size dependent effects will be balanced
out quickly once the population grows to carrying capacity.
Simulation results in case of inflammation
In the case of inflammation, the increased bacterial killing can lead to a higher birth rate at the carrying
capacity than 6 hours per generation. Therefore, we also simulated the case in which the residual birthrate at carrying capacity is twice as high (a doubling time of 3 hours), i.e., 𝑟𝑟𝐾𝐾 = 8 ln(2) per day, and
the corresponding clearance rate is 𝑐𝑐 = 8 ln(2) per day. The general birth rate r is fixed to its previous
value 𝑟𝑟 = 44 ln(2) per day. As a result, the total birth rate at small population sizes is higher than
before, but it is balanced by increased death, so the net growth remains the same.
The results of these simulations are shown in Extended data Fig. 10a-b, and listed in Supplementary
table 4. The most likely parameter set is changed to (η = 1×10-9 per day; γ = 3.16×10-8 per CFU/g feces
per day), i.e., η is estimated to be slightly higher than without inflammation. However, the qualitative
results remain the same.
Simulation results on a finer parameter grid
We repeated the simulations on a more granular grid, with the rate of conjugation from donors η
varying between 10-12-10-6 (in 0.25 log increments) per day, and the rate of conjugation from
transconjugants γ varying between 10-10-10-1 (in 0.25 log increments) per CFU/g feces per day.
The parameter estimates of this simulation are listed in Supplementary table 4, and the results
shown in Extended data Fig. 10c-f.
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Abstract
Secretory antibody responses (Immunoglobulin A, IgA) against repetitive bacterial surface glycans,
such as O-antigens, can protect against intestinal pathogenic bacteria. However, vaccines that rely
predominantly on secretory IgA for protection against non-Typhoidal salmonellosis often fail. Here we
demonstrate that a major contributor to this failure is rapid immune escape, due to strong selective
pressure exerted by high-avidity intestinal IgA. Interestingly, we found that IgA-escape initially occurs
via a predictable narrow spectrum of Salmonella O-antigen variants that are fitness-neutral in naïve
hosts. This could be attributed both to phase-variation, and to loss-of-function mutations in O-antigenmodifying enzymes. Via a vaccination regimen that simultaneously induced IgA against all observed Oantigen variants, rapid bacterial evolution could be switched from a hindrance into an advantage. Here,
IgA generated a selective pressure resulting in fixation of mutations causing loss of polymerized Oantigen. When transmitted into naive hosts, these short O-antigen variants display compromised
fitness and virulence, i.e. IgA-mediated pressure generates an evolutionary trade-off. Rational
induction of IgA specificities that set “evolutionary traps” could reduce virulent enteropathogen
reservoirs, even when sterilizing immunity cannot be achieved. This may become a powerful tool in
the management of increasingly drug-resistant enteropathogenic bacteria.
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Introduction
While Typhoid fever-causing Salmonella strains can be targeted by either glycoconjugate or liveattenuated vaccines (Gibani et al., 2018;Milligan et al., 2018), similar approaches have so far failed to
generate a licensed vaccine against non-Typhoidal salmonellosis (NTS) in humans (Tennant et al.,
2016). Decades of excellent research into live-attenuated vaccines in the mouse model of typhoid fever
and invasive NTS have demonstrated protection with complex underlying mechanisms including
Immunoglobulin A (IgA (Iankov et al., 2004;Fransen et al., 2015;Richards et al., 2020)), T-cell mediated
immunity (Ravindran et al., 2005;Nanton et al., 2012), mouse strain-dependent mechanisms (Fransen
et al., 2015), and immune-independent niche competition in the gut lumen and tissues (Endt et al.,
2010;Kaiser et al., 2014). However, the ability of attenuated NTS strains to grow rapidly in the gut
lumen (Anderson and Kendall, 2017) is associated with prolonged intestinal shedding which may
contribute to the poor safety profile described in human vaccine studies (Hindle et al., 2002). In
contrast, inactivated oral vaccines and glycoconjugate vaccines have a good safety profile, and can be
applied in high-risk groups such as infants, pregnant women and people with immunodeficiencies
(Cross et al., 1994;Lopez-Gigosos et al., 2009;Ruiz-Aragon et al., 2013;Huttner et al., 2017). Notably, in
the murine streptomycin model of NTS, inactivated oral vaccines protected predominantly via
induction of high-avidity O-antigen-specific secretory IgA (Moor et al., 2016b;Moor et al., 2017).
However, inactivated vaccines are typically associated with weak protection (Moor et al., 2017;Pfister
et al., 2020). Here we reveal that rapid IgA-driven within-host evolution of NTS strains in the gut lumen
is both a contributor and a possible solution to the poor performance of inactivated S.Tm vaccines.
O-Antigen, the long repetitive glycan portion of S-form lipopolysaccharide (Liu et al., 2014) (LPS),
thickly carpets the surface of Salmonella enterica subspecies enterica serovar Typhimurium (S.Tm) (Fig.
S1) in the gut lumen. These glycans are sufficiently long to shield non-protruding outer membrane
proteins (e.g. most membrane channels (van der Ley et al., 1986a;van der Ley et al., 1986b;Bentley
and Klebba, 1988)) from antibody binding (Moor et al., 2016b). Therefore high-affinity intestinal IgA
against O-antigen, induced by vaccination or infection (Endt et al., 2010;Diago-Navarro et al.,
2017;Valguarnera and Feldman, 2017), is a dominant mechanism driving clumping by enchained
growth and agglutination (Moor et al., 2017). As clumped bacteria are unable to approach the gut wall,
this phenomenon provides protection from disease (Pabst, 2012;Moor et al., 2017;Gopalakrishna et
al., 2019).
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Results
We initially set out to investigate why IgA-mediated protection fails in non-Typhoidal salmonellosis.
Conventional “specific opportunistic pathogen-free” (SOPF; harboring a complex microbiota, 16S
amplicon analysis available in (Wotzka et al., 2019)) mice were vaccinated with a high-dose peracetic
acid inactivated oral S.Tm vaccine (PA-S.Tm). This vaccine is prepared from wild-type S.Tm SL1344 and
we have previously demonstrated that it protects the host predominantly via high-avidity O-antigenbinding IgA (Moor et al., 2017). Four weeks post-vaccination, these mice were antibiotic-treated to
generate an open niche in the large intestine, and were subsequently infected with wild-type S.Tm
SL1344. Vaccinated mice sporadically developed disease, involving both intestinal inflammation
(quantified via fecal lipocalin 2, Fig. 1A) and tissue invasion (mesenteric lymph node colony forming
units, CFU), Fig. 1B). Strikingly, disease did not correlate with IgA titres specific for the wild-type
vaccination strain, i.e. occurred despite robust high-titre vaccine-specific secretory IgA induction (Fig.
1C).

Figure 1 (legend on next page)
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Figure 1. IgA-escape by O-antigen modification. A-C: Naïve (n=22) or PA-S.Tm-vaccinated (Vaccinated, n=23) SOPF mice were
streptomycin-pretreated, infected (105 S.Tmwt Colony forming units (CFU) per os) and analyzed 18 h later. A. Fecal Lipocalin
2 (LCN2) to quantify intestinal inflammation, B. Pathogen loads (CFU) in mesenteric lymph nodes (MLN), C. Intestinal IgA titres
against S.Tmwt determined by flow cytometry, for vaccinated mice with LCN2 values below (open symbols, protected) and
above (filled symbols, inflamed) 100ng/g. p=0.61 by Mann Whitney U test. D. SOPF mice vaccinated and infected as in A-C
for 3 days. Titre of intestinal lavage IgA from “inflamed vaccinated” mouse (red borders) or a “protected vaccinated” mouse
(black borders) against S.Tm clones re-isolated from the feces of the “inflamed vaccinated” mouse (red filled circles) or
“protected vaccinated” mouse (open circles) at day 3 post-infection. 2-way ANOVA with Bonferroni post-tests on lognormalized data. Clones and lavages from n=1 mouse, representative of 9 “vaccinated but inflamed” and 13 “vaccinated
protected” mice, summarized in Table S4. E. Schematic of the O-antigen of S.Tm (O:4[5],12), and its common variants
(O:4,12_2), coloured to correspond to the "Symbol Nomenclature for Glycans". F. Overnight cultures of the indicated S.Tm
strains and evolved clones arising during infections with S.Tmwt were stained with anti-O:5 and anti-O:12-0 antibodies,
followed by fluorescent secondary reagents. Representative flow cytometry analyses of the different O-antigen types, and
the "Symbol Nomenclature for Graphical Representations of Glycans" (Varki et al., 2015) representation of the O-antigen
repeat structure present on S.Tm in each quadrant of the flow cytometry plots.

As the IgA response was robust, with higher titres than those observed with live-attenuated vaccines
(Fig. S2), we investigated the phenotype of S.Tm clones after growth in the gut lumen of infected mice.
Notably in the streptomycin mouse model of NTS, protection is independent of intestinal colonization,
i.e. up to 48h post-infection the gut luminal S.Tm population size is similar in both vaccinated protected
and vaccinated inflamed mice, with around 109 CFU per gram feces (Moor et al., 2017). When intestinal
IgA from protected or inflamed vaccinated mice was titred against S.Tm clones reisolated from the
feces of these mice, a very clear picture emerged. Clones isolated from the feces of protected mice
were well-recognised by IgA from both groups, but IgA titres were almost undetectable against S.Tm
clones from inflamed mice (Fig. 1D). This suggested the importance of another phenomenon driven by
IgA: the presence of IgA exerts a strong selective pressure against S.Tm producing cognate antigens on
its surface (Moor et al., 2017). Combined with the large population size and fast luminal growth of gut
luminal pathogen cells (Moor et al., 2017), these are ideal conditions for rapid evolution of surface
structures that are not bound by vaccine-induced IgA.
In order to identify changes in surface antigenicity of S.Tm, we phenotypically and genetically
characterized the S.Tm clones from "vaccinated but inflamed" mice. Based on our earlier observations
that protection critically depends on the O-antigen (Moor et al., 2016b;Moor et al., 2017), we focused
on the O-antigen structure. The S.Tm O-antigen is a polymer of -mannose-α-(1→4)-rhamnose-α(1→3)-galactose-α-(1→2) with an acetylated α-(1→3)-linked abequose at the mannose (Fig. 1E). WT
S.Tm strains react strongly to O:12-0-typing antibodies (recognizing the triose backbone, Fig. S3A and
B), O:5-typing antisera (recognizing the acetylated abequose) and O:4-typing antisera (recognizing the
non-acetylated abequose, present due to chemical deacetylation during growth and nonstoichiometric acetylation (Ilg et al., 2013)). Further, S.Tm has multiple options for rapidly generating
O-antigen variants. S.Tm strain SL1344 can lose the O:5 modification, generating an O:4-only
phenotype (i.e. from an O-antigen with acetylated abequose, to one with no O-acetylated abequose)
by loss of function mutations in oafA, the abequose acetyl transferase (Slauch et al., 1996). It can
further shift between O:12-0 (wild-type) and O:12-2 (α-(1→4) glucosylated) serotypes by methylationdependent expression of a glucosyl transferase operon STM0557-0559 i.e. by phase variation
(Broadbent et al., 2010;Davies et al., 2013). This operon encodes the machinery to add glucose via an
α-(1→4) linkage to the backbone galactose (Broadbent et al., 2010). Note that S.Tm strain SL1344 lacks
a second common operon required for linking glucose via an α-(1→6) linkage to the backbone
galactose, generating the O:1 serotype. These and other known variants would need to be taken into
account for more diverse strains. It should be noted that both O-acetylation and backboneglucosylation represent major changes in the hydrophobicity or steric properties of the O-antigen
repeat unit, which when extensively polymerized into full-length O-antigen will have major
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consequences for binding of IgA raised against a different O-antigen variant (Sigurskjold et al.,
1991;Brummell et al., 1993;Yang et al., 2017).

Figure 2: Genetic and epigenetic changes underlie escape: A. Alignment of the oafA sequence from wild type
(SL1344_RS11465) and an example O:5-negative evolved clone showing the 7bp contraction leading to premature stop codon
(all four re-sequenced O:5-negative strains showed the same deletion). B. Flow cytometry staining of S.Tm, S.TmΔoafA, and
two evolved clones differing in O:5 status with anti-O:5 typing sera. C. Methylation status of the gtrABC promoter region in
S.Tm, and three O:12Bimodal evolved clones determined by REC-seq. Heat-scale for normalized read-counts, schematic diagram
of promoter methylation associated with ON and OFF phenotypes, and normalized methylation read counts for the indicated
strains D. Binding of an O-12-specific monoclonal antibody to S.Tm and O:12Bimodal evolved clones, determined by bacterial
flow cytometry.

We applied multiple techniques to determine the O-antigen structure of evolved S.Tm clones. Flow
cytometry with serotyping antibodies (Fig. 1F), High Resolution-Magic Angle Spinning (HR-MAS) on
intact bacteria (Fig. S4A and B) and 1H-NMR (Ilg et al., 2013) on purified lipopolysaccharide (Fig. S4C)
confirmed the complete loss of abequose O-acetylation (O:4[5] to O:4) and non-stoichiometric gain of
α-(1→4)-linked glucosylation of galactose (O:12-0 to O:12-2) in clones from vaccinated but inflamed
mice.
Live-attenuated vaccine strains of S.Tm colonize the intestine for more than 40 days in the mouse NTS
model (Endt et al., 2010), i.e. sufficiently long for within-host evolution of the vaccine strain to occur.
This suggested that one contributor to superior protection offered by live-attenuated vaccines could
be the production of additional antibody specificities targeting evolving O-antigen variants.
Correspondingly, after day 18 of colonization, when high-avidity IgA is first present in the intestine, we
also observed spontaneous emergence of O:4-producing and O:12-2 producing vaccine clones,
dependent on the presence of Rag1 and IgA (Fig. S5). Therefore, IgA-dependent selective pressures for
O-antigen switching can be generated both by inactivated oral vaccines (Fig. 1) and by immunity arising
naturally during colonization with live-attenuated strains (Fig. S5).
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We then explored the underlying genetic mechanisms responsible for altered O-antigen structure in
the evolved clones. We first determined the stability of the observed O-antigen phenotypes, i.e.
whether we would see reversion during cultivation. In vitro serial passages of evolved clones over 5
days revealed that the switch from O:4[5] to O:4 was a stable, unimodal phenotype (Fig. 1F and S6A).
Sequencing of O:4[5]-negative evolved clones, observed to emerge spontaneously in 9 of 29 mice
vaccinated with an O:4[5]-targeting vaccine (Table S4) revealed a common 7 base-pair contraction of
a tandem repeat within the oafA open reading frame, generating a frame-shift and loss of function
(Fig. 2A and B). Targeted deletion of oafA (S.TmΔoafA) produced an identical phenotype to the 7 bp
deletion (Fig. 2B). The same mutation was detected in 83 of 210 deposited genomes of various
Salmonella serovars in the NCBI databank (Fig. S7A) (Nakai et al., 2017)). As there are only two copies
of the 7 base-pair motif in the wild-type ORF, the deletion of one 7 base-pair stretch is unlikely to be
reversed (Bichara et al., 2006) (Fig. 2A, Fig. S7A). Intriguingly, deposited sequences also indicate
variable numbers of 9bp repeats in the promoter region of oafA (Fig. S7B), suggesting a second possible
site of microsatellite instability in this gene. oafA also displayed strong evidence for selection-driven
inactivation in a recent analysis of genomes of more than 100000 natural Salmonella isolates (Cherry,
2020).
We next assessed the stability of O:12-0 to O:12-2 switching, and its underlying genetic mechanism. In
contrast to O:4[5], the loss of O:12-0 staining was reversible during 3 rounds of serial ex vivo passage
and both wild-type and evolved clones generated a bimodal staining pattern, consistent with phase
variation (Fig. 1F and S6A and B, Supplementary movies A and B, clones referred to henceforth as
O:12Bimodal). In line with known epigenetic regulation of the gtrABC operon expression (Broadbent et
al., 2010), re-sequencing of the O:12Bimodal strains revealed no consistent mutational pattern, although
point mutations were observed across the genomes (Table S3). Instead, a semi-quantitative fullgenome methylation analysis supported that evolved O:12Bimodal S.Tm clones form mixed populations
based on DNA methylation. Populations of evolved clones with up to 80% loss of reactivity with an
O12-0-binding monoclonal antibody, presented a high proportion of chromosomes with a methylation
pattern typical of the promoter of gtrABC in the ON state (Bogomolnaya et al., 2008;Broadbent et al.,
2010;Kintz et al., 2017) and a minor population in the OFF state (Fig. 2C and D): a situation which is
reversed in the ancestral strain. Targeted deletion of gtrC (S.TmΔgtrC), the O:12-2 serotype-specific
glucosyl transferase of the gtrABC operon, abolished the ability of S.Tm SL1344 to switch to an O:12bimodal phenotype, even under strong in vivo selection (Fig. S8). Mathematical modeling of O:120/O:12-2 population sizes for fixed switching rates (supplementary methods, Fig. S6C-E), and
comparison of flow cytometry and a lacZ transcriptional fusion, suggests that in vivo selection of O:122-producing clones by IgA is sufficient to explain their relative proportion in the O:12Bimodal population
without needing to infer any change in the switching rate (Fig. S6).
Therefore, selective pressure in vaccinated mice, driven by O-antigen-targeting IgA, drives the rapid
emergence of S.Tm clones with altered O-antigen structures generated either by mutations or phasevariation. In order to quantify how strongly vaccine-induced IgA can select for O-antigen variants, we
designed competition experiments using isogenic mutant pairs carrying targeted deletions in oafA
and/or gtrC. This allowed us to study the selective pressure for emergence of each O-antigen variant
in isolation.
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Figure 3: O-antigen modification confers a selective advantage in the presence of vaccine-induced IgA: A-C. Naive (closed
circles, n=5), PA-S.TmΔgtrC-vaccinated (O:4[5]-vaccinated, open circles, n=5) and PA-S.TmΔgtrCΔoafA-vaccinated (O:4-vaccinated,
open squares, n=5) SOPF mice were streptomycin-pretreated, infected (105 CFU, 1:1 ratio of S.TmΔgtrC and S.TmΔgtrC ΔoafA per
os). A. Competitive index (CFU S.Tm ΔgtrC/CFU S.TmΔ gtrC ΔoafA) in feces at the indicated time-points. 2-way ANOVA with
Bonferroni post-tests on log-normalized values, compared to naive mice. *p<0.05, **p<0.01,***p<0.001, ****p<0.0001. B
and C. Correlation of the competitive index with the O:4[5]-specific (B) and O:4-specific (C) intestinal IgA titre, r2 values of the
linear regression of log-normalized values. Open circles: Intestinal IgA from O:4[5]-vaccinated mice, Open squares: Intestinal
IgA from O:4-vaccinated mice. Lines indicate the best fit with 95% confidence interval D-G. Naive (closed circles, n=5) or PAS.Tm ΔoafA ΔgtrC -vaccinated (O:4/O:12-vaccinated, open circles and red circles, n=10) SOPF mice were streptomycin-pretreated
and infected (105 CFU, 1:1 ratio of S.TmΔoafA (O:12-2 switching) and S.Tm ΔoafA ΔgtrC (O:12-locked) per os). D. Competitive index
(CFU S.TmΔoafA ΔgtrC /CFU S.TmΔoafA) in feces at the indicated time-points. Red circles indicate vaccinated mice with a
competitive index below 10-2 and are used to identify these animals in panels D-G. Effect of vaccination is not significant by
2-way ANOVA considering vaccination over time. E. Correlation of the competitive index on day 4 with the intestinal IgA titre
against an O:12-2-locked S.Tm pgtrABC variant (linear regression of log-normalized values, lines indicate the best fit with 95%
confidence interval). F. Enrichment cultures of the fecal S.TmΔoafA population at day 4 were stained for O:12/O:4 and the
fraction of O:12-negative S.Tm quantified by flow cytometry. G. Intestinal inflammation quantified by measuring Fecal
Lipocalin 2 (LCN2). Note the lines joining the points are to allow individual animals to be tracked over time, and do not imply
assumptions about what occurs between the measured time-points.

We first quantified selection for the genetic switch from an O:4[5] to an O:4 serotype. Competitions
between S.TmΔoafA ΔgtrC (O:4, O:12-locked) and S.TmΔgtrC (O:4[5], O:12-locked) were carried out in mice
vaccinated against either S.TmΔoafA ΔgtrC (O:4) or S.TmΔgtrC (O:4[5]). IgA responses were strongly biased
to recognition of the corresponding O:5 or O:4 S.Tm O-antigen epitopes and mediated a substantial
selective advantage of expressing the alternative O-antigen variant (up to 107-fold by day 4, Fig. 3A-C).
The magnitude of the selective advantage correlated tightly with the magnitude of the specific IgA
response against the reactive strain (Fig. 3B-C). Deletion of oafA was fitness-neutral in naïve hosts
during 4 days of infection (Fig. 3A). These observations were repeated with identical results in Balb/c
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mice (Fig. S9). Further, the selective advantage of S.TmΔgtrC over S.TmΔoafA ΔgtrC could also be observed
in mice vaccinated with an O:4 variant of a commonly-used live-attenuated strain (S.TmΔaroA ΔoafA ΔgtrC ,
Fig. S10). However, this was not observed in mice vaccinated with the standard live-attenuated O:4[5]
strain, S.TmΔaroA ΔgtrC, that can undergo within-host evolution to the O:4 variant and therefore can prime
immunity against both O:5 and O:4 epitopes (Fig. S10). Specific IgA can therefore act as a strong
evolutionary pressure selecting for mutations in genes encoding O-antigen-modifying enzymes.
We next quantified the selective advantage of phase-variation between O:12-0 and O:12-2 using
strains with an oafA-mutant background (i.e. O:4-locked, to prevent uncontrolled O:[4]5 to O:4
mutational changes). Mice were mock-vaccinated or vaccinated against S.TmΔoafA ΔgtrC (O:12-locked).
Competitive infections were then carried out between S.TmΔoafA (O:12-phase-variable) and S.TmΔoafA
ΔgtrC
(O:12-locked) strains. In line with published data (Broadbent et al., 2010;Seed et al., 2012), we
observe a very mild fitness benefit of O:12 phase variation in naïve mice. In contrast, phase-variation
was a major benefit to S.Tm in a subset of vaccinated animals (Fig. 3D). On closer examination,
precisely these animals showed a strong bias of their IgA response towards recognition of O:12-0 only
(Fig. 3E). In animals where no out-competition was observed, the IgA response equally recognized
strains producing O-antigens with either the O:12-0 or the O:12-2 O-antigen (Fig. 3E). This is likely
explained by the stochastic nature of antibody generation towards different epitopes of the O-antigen
repeat. Logically, phase-variation is beneficial whenever one phase variant is poorly bound by IgA.
Correspondingly, O:12-phase variation, vaccine escape and inflammation were largely observed in
mice where IgA bound poorly to the O:12-2 variant (Fig. 3F and G). The mechanistic basis of this
selective advantage could be confirmed by complementation of the gtrC gene in trans (Fig. S11). It is
interesting to note that gtrABC operons are often found in temperate phage (Davies et al.,
2013;Mostowy and Holt, 2018), suggesting that the ability of S.Tm to quickly evade IgA mediated
immunity may be further promoted by co-option of phage-encoded fitness factors (morons (Brüssow
et al., 2004)).
Our results led to the conclusion that IgA escapers, i.e. S.Tm mutants or phase variants only weakly
recognized by vaccine-induced IgA, are strongly selected for and dominate the luminal S.Tm population
within 1-3 days of infection in vaccinated mice. A good correlation was observed between dominance
of IgA escapers and initiation of intestinal inflammation, as quantified by fecal Lipocalin 2 (LCN2, Fig.
3G, S12). Thus, both mutation and epigenetic switching processes shape the O-antigen structure of
S.Tm SL1344 and can increase the pathogen's fitness in the intestine of mice immune to specific Oantigen variants. Based on a published analysis of natural Salmonella isolates (Cherry, 2020), these
changes arise randomly in the natural pathogen populations and appear to be slowly selected against
by minor fitness reductions at evolutionary time scales. Correspondingly, they inflict negligible loss of
pathogen fitness in naive hosts within the timescales of our experiments (Fig. 3A and D). A major
disadvantage of inactivated vaccines over live vaccines is, therefore, their inability to follow this withinhost evolution trajectory in order to induce broader IgA responses.
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Figure 4: Vaccines combining fitness-neutral glycan variants set an evolutionary trap for S.Tm, selecting for strains with a
single-repeat O-antigen: A and B. S.Tm clones re-isolated from the feces of SOPF mice vaccinated with PBS only, PA-S.TmΔgtrC
(n=7) or PA-S.TmET (combined PA-S.TmΔgtrC, PA-S.TmΔoafA ΔgtrC , PA-S.Tm pgtrABC, and PA-S.TmΔoafA pgtrABC, n=8). A. Intestinal
IgA titre determined by bacterial flow cytometry against S.TmΔgtrC (O:4[5],12), S.TmΔoafA ΔgtrC (O:4,12), S.TmΔgtrC pgtrABC
(O:4[5], 12-2) and S.TmΔoafA ΔgtrC pgtrABC (O:4,12-2). B. Fraction of clones with weak anti-sera staining, as determined by flow
cytometry screening, indicative of O-antigen shortening. One point represents one mouse. C. Silver-stained gel of LPS from
representative control and evolved S.Tm strains from control and PA-S.TmET vaccinated mice, showing short LPS in clones
isolated from 2 different vaccinated PA-S.TmET mice. D. Resequencing of strains with short O-antigen revealed a large genomic
deletion between inverted repeats, comprising the wzyB gene (O-antigen polymerase) (n=5 clones, isolated from 2 different
mice). E. Intestinal IgA titre from PA-S.TmΔoafA ΔgtrC -vaccinated SOPF mice specific for S.Tm ΔoafA ΔgtrC (long O-antigen) and
S.TmΔoafA ΔgtrC ΔwzyB (short O-antigen). F, G, H, Single 24h infections in streptomycin pretreated naïve mice (n=14, short Oantigen, n=9 long O-antigen). Evolved and synthetic wzyB mutants have reduced ability to colonize the gut (F, CFU/g feces)
and to spread systemically (G, CFU per mesenteric lymph node (MLN)). This translates into diminished propensity to trigger
intestinal inflammation in comparison to wzyB wild type strains (H, fecal Lipocalin 2 (LCN2)). I. Mock-vaccinated wild type
(C57BL/6, n=10), PA-STmΔoafA ΔgtrC -vaccinated JH-/- mice (JH-/-, n=6), PA-STmΔoafA ΔgtrC -vaccinated wild type (C57BL/6, n=16)
and PA-STmΔoafA ΔgtrC -vaccinated JH+/- littermate controls (JH+/-, n=5 mice were streptomycin pre-treated and infected with
105 CFU of a 1:1 ratio S.Tm ΔoafA ΔgtrC ΔwzyB and S.TmΔoafA ΔgtrC i.e. serotype-locked, short and long O-antigen-producing strains.
Competitive index of S.Tm in feces on the indicated days. J. Feces from the indicated mice (grey-filled circles) from panel I
were transferred into streptomycin-pretreated naive mice (one fecal pellet per mouse, n=5) and competitive index in feces
calculated at day 2 post-infection. I: 2-way ANOVA and J: Paired t-test results are shown. K and L. Fecal Lipocalin 2 (LCN2)
corresponding to panels I and J respectively. A, I, K. 2-way ANOVA on log-Normalized data. Bonferroni post-test statistics are
shown. In panel I, competitive index in vaccinated mice is significantly higher than 1 at all time-points by Wilcoxon signed
rank tests. D, F, G, H: Mann-Whitney U 2-tailed tests.

From these observations we hypothesized that a vaccine combining all four observed O-antigen
variants (“Evolutionary Trap” vaccine, abbreviated as PA-S.TmET; generated by mixing vaccines
containing the O:4[5],12 S.TmΔgtrC,, O:4,12 S.TmΔoafA ΔgtrC, O:4,12-2 S.TmΔoafA pgtrABC, and O:4[5],12-2
S.Tm pgtrABC strains) should generate enhanced disease protection against S.Tm SL1344 by cutting
off the observed O-antigen escape pathways. Interestingly although this vaccine induced a broader
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antibody response (Fig. 4A), we did not reach significance for improved protection as determined by
intestinal inflammatory markers, and colonization of mesenteric lymph nodes and spleen (KruskallWallis test on mLN CFU at d3 p.i., Fig. S13). This is likely due to the low-frequency of IgA-escape in this
cohort of PA-STmWT-vaccinated C57BL/6 mice, as we do observe a robust improvement in protection
in Balb/c mice where the challenge inoculum was a 1:1 mixture of O:4[5] and O:4-producing S.Tm
variants (Fig. S9). More striking was that PA-S.TmET vaccination selected for another class of O-antigen
variant: mutations generating a single-repeat O-antigen (Szabo et al., 2017). These can be identified
by weak binding to typing antisera (Fig. 4B) and by gel electrophoresis of purified LPS (Fig.4C).
Sequencing of evolved clones (Table S4) revealed a common large deletion encompassing the wzyB
gene (also termed rfc), encoding the O-antigen polymerase (Szabo et al., 2017) (Fig. 4D, Fig. S14 also
reported in some "non-typable" S.Tm isolates from broilers (Szabo et al., 2017)). This deletion is
mediated by site-specific recombination between direct repeats flanking the wzyB locus, which
renders the locus unstable. Short O-antigen-producing clones were detected in 10 of 13 PA-S.TmET
vaccinated mice by phenotypic characterization (anti-O5dim flow cytometry staining), and wzyB
deletion was confirmed resequencing of n=5 short-O-antigen clones from two different mice (Table
S4). Of note, this is not an exhaustive analysis and we cannot currently exclude that other mutations
could also give rise to short O-antigen mutants. However, we did not observe mutations in wbaP (Szabo
et al., 2017) (complete loss of O-antigen), wzz, fepE (Murray et al., 2006), or opvAB (Cota et al., 2015)
(dysregulated O-antigen length) in any of the sequenced clones. Intestinal IgA from PA-S.TmΔoafA
vaccinated mice showed higher titres against the long O-antigen than the single-repeat O-antigen (Fig.
4E). This weaker binding to the very short O-antigen-producing strains is consistent with lower Oantigen abundance or loss of avidity (Fig. 4B, Fig. S3C).
Of note, we have previously published that IgA responses against the surface of rough Salmonella are
identically induced by vaccination with either rough or wild-type Salmonella oral vaccines (Moor et al.,
2016b). Correspondingly, including the wzyB mutant into our PA-S.TmET mix does not further improve
IgA titres specific for S.TmΔoafA ΔgtrC ΔwzyB (Fig. S13), and does not improve the protective power of PAS.TmET (Fig. S13). Rather we suggest that the single-repeat O-antigen represents a fitness optimum for
S.Tm SL1344 in orally vaccinated mice, where the decreased abundance of O-antigen repeats, and/or
loss of binding by IgA specificities requiring more than one repeat, provides an advantage.
Single infections revealed that, in comparison to isogenic wild type counterparts, wzyB-deficient
mutants (synthetic or evolved) are significantly less efficient at colonizing the gut of streptomycin
pretreated naïve mice (Fig. 4F), disseminating systemically (Fig. 4G) and triggering inflammation (Fig.
4H). This attenuation can be attributed to compromised outer membrane integrity (Rojas et al., 2018)
and also manifests as an increased sensitivity to complement-mediated lysis, bile acids and weak
detergents (Fig S15).
To verify that IgA can select for short-O-antigen-producing strains, we then tested whether IgAmediated selection could drive outgrowth of synthetic wzyB deletion mutants. Competitions between
S.TmΔoafA ΔgtrC (O:4,12-locked, long O-antigen) and S.TmΔoafA ΔgtrC ΔwzyB (O:4,12-locked, single repeat Oantigen) mutants in the intestine of vaccinated and mock-vaccinated or antibody-deficient mice
revealed a substantial fitness loss due to the wzyB deletion in naive animals, as observed in earlier
studies (Murray et al., 2006;Szabo et al., 2017) (Fig. 4I). However, in the gut of vaccinated mice, the
fitness cost of decreased outer-membrane integrity in wzyB mutants was clearly outweighed by the
benefit of avoiding O-antigen specific IgA binding (Fig. 4I). Vaccinated IgA-/- mice were indistinguishable
from naive mice in these experiments, i.e. IgA and not any other effect of the vaccine was responsible
for the phenotype. PA-S.TmET-elicited IgA can therefore select for S.Tm SL1344 mutants with a fitness
cost in naïve hosts.
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To demonstrate that vaccine-induced IgA, and not further genetic change in S.Tm, drives this outcompetition, we carried out fecal transfer experiments into naïve, streptomycin-treated recipients.
Full fecal pellets from PA-STmET vaccinated mice that had been infected for 4 days with the short/long
O-antigen mixture were delivered to streptomycin-treated naïve hosts. S.TmΔoafA ΔgtrC ΔwzyB (short Oantigen) dominated the population in the donor feces. However, on transfer to the naive environment
the wzyB mutant was rapidly out-competed by the S.TmΔoafA ΔgtrC (full length O-antigen) (Fig. 4J-L). Thus,
outgrowth in vaccinated mice is not due to compensatory mutations in the wzyB mutants, but to
antibody-mediated selection.
IgA-mediated evolutionary traps work on the premise that S.Tm experiences two levels of selection:
within-host and between-host. By dramatically altering the within-host selective landscape, we fix
mutations that are detrimental under between-host selective pressures. Between-host selection, for
example between farm animals, includes a period of exposure to environmental stresses, as well as
transit through the hostile upper gastrointestinal tract, and invasion into a limited intestinal niche.
Both published data (Collins et al., 1991), and our own analyses of susceptibility of short-O-antigen
strains to membrane stress (Fig. S15) indicate that these strains are less likely to survive in the
environment, or in the presence of high concentrations of bile acids. As the streptomycin mouse model
involves a very stable intestinal niche for S.Tm, requiring only a single virulent S.Tm to be transferred
in order to generate full-blown disease in the naïve host (Kaiser et al., 2012), we instead investigated
the effect of wzyB mutations on S.Tm infection and transmission in the western diet model (Wotzka et
al., 2019). Fecal pellets were recovered from mice pre-treated with streptomycin and infected with
S.Tm with either a complete or single-repeat O-antigen. Recipient mice fed western diet for 24h prior
to exposure received a complete fecal pellet from an infected donor and S.Tm counts in feces,
mesenteric lymph nodes and spleen were tracked over 4 days of infection. Exposure of western dietfed mice to fecal pellets from streptomycin-pretreated mice only resulted in disease when the donor
mouse was infected with S.TmWT (Fig. S16), i.e. emergence of wzyB-mutants could block the disease
transmission chain under these conditions.
As mouse models of transmission are necessarily rather contrived, we additionally generated a
mathematical model of Salmonella transmission in mice and scaled to the more relevant setting of a
commercial pig farm. This model is based on literature-derived parameters and quantitatively
investigates the effect of two consequences of vaccination on transmission: 1) Successful vaccination
decreases the duration of shedding of viable Salmonella from the infected donor animals (Moor et al.,
2017), and 2) fixation of wzyB mutations increases the death/clearance rate of Salmonella between
shedding from the infected donor and arrival in the lower gastrointestinal tract of a new host (Fig. S15
and 16). Both of these factors were shown to have strong effects on the predicted R0 of a Salmonella
outbreak where the required infectious dose is large and the period of microbiota disturbance in the
recipient animals is limited (Fig. S17). Correspondingly, a weak effect of vaccination on transmission is
expected in the streptomycin mouse model of infection, but a strong effect (sufficient to keep R0 below
1) would be predicted on a pig farm (see supplementary methods for detailed model description).
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Discussion
In conclusion, high-avidity intestinal IgA targeting the bacterial surface exerts a strong negative
selective pressure on S.Tm. Combined with rapid growth and a large population size in the gut lumen,
this selects for phase-variants or fixation of mutations that alter major cell surface antigens, and
therefore facilitates S.Tm immune escape. Via a tailored cocktail of IgA specificities, it is possible to
turn this rapid immune escape into a tool to force an evolutionary trade-off, i.e. driving outgrowth of
S.Tm mutants producing very short O-antigens. Short O-antigen-bearing mutants have a fitness
disadvantage in the environment and on transmission into naive hosts (Collins et al., 1991;Ilg et al.,
2009), with important implications for disease spread. While we stress that these observations have
been made only with the SL1344 strain of Salmonella Typhimurium, the concept of tracking the
evolutionary trajectories of bacterial pathogens in vaccinated animals to design IgA “evolutionary
traps” should extend to more diverse strains. This concept converts the rapid within-host evolution of
intestinal bacteria from a major barrier, into a major benefit for such vaccination strategies. Of note,
the evolutionary trap principle should also be relevant for the design of recombinant or synthetic
glycoconjugate vaccines, and even O-antigen-targeting phage therapy. While other immune
mechanisms, such as cellular immunity and surface protein-targeting antibodies can clearly improve
protection (Ravindran et al., 2005;Baliban et al., 2017), the ability of tailored IgA responses to drive Oantigen evolution in the gut lumen will be a powerful addition to the vaccination toolbox. Evolutionary
trap strategies can therefore be applied in the race to contain increasingly antibiotic resistant
Enterobacteriaceae (WHO, 2014) in both humans and farm animals.
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Materials and methods
Ethics statement
All animal experiments were approved by the legal authorities (licenses 223/2010, 222/2013 and
193/2016; Kantonales Veterinäramt Zürich, Switzerland) and performed according to the legal and
ethical requirements.
Mice
Unless otherwise stated, all experiments used specific opportunistic pathogen-free (SOPF) C57BL/6
mice. 129S1/SvImJ, IgA−/− (Harriman et al., 1999), Balb/c, JH-/- (Gu et al., 1993), Rag1-/- (Mombaerts et
al., 1992) (all C57BL/6 background) and 129.SJL mice, were re-derived into a specific opportunistic
pathogen-free (SOPF) foster colony to normalize the microbiota and bred under full barrier conditions
in individually ventilated cages in the ETH Phenomics center (EPIC, RCHCI), ETH Zürich and were fed a
standard chow diet. Low complex microbiota (LCM) mice (C57BL/6) are ex-germfree mice, which were
colonized with a naturally diversified Altered Schaedler flora in 2007 (Endt et al., 2010) and were bred
in individually ventilated cages or flexible-film isolators at this facility, and received identical diet.
Vaccinations were started between 5 and 6 weeks of age, and males and females were randomized
between groups to obtain identical ratios wherever possible. As strong phenotypes were expected, we
adhered to standard practice of analysing at least 5 mice per group. Western diet without fibre
(BioServ, S3282; 60% kcal fat; irradiated; per mass: 36% fat, 20.5% protein, 35.7% carbohydrates, 0%
fibre) was fed ad libitum where indicated. Researchers were not blinded to group allocation.
Strains and plasmids
All strains and plasmids used in this study are listed Table S1.
For cultivation of bacteria, we used lysogeny broth (LB) containing appropriate antibiotics (i.e., 50
µg/ml streptomycin (AppliChem); 6 µg/ml chloramphenicol (AppliChem); 50 µg/ml kanamycin
(AppliChem); 100 µg/ml ampicillin (AppliChem)). Dilutions were prepared in Phosphate Buffer Saline
(PBS, Difco).
In-frame deletion mutants (e.g. gtrC::cat) were performed by λ red recombination as described in
(Datsenko and Wanner, 2000). When needed, antibiotic resistance cassettes were removed using the
temperature-inducible FLP recombinase encoded on pCP20 (Datsenko and Wanner, 2000). Mutations
coupled with antibiotic resistance cassettes were transferred into the relevant genetic background by
generalized transduction with bacteriophage P22 HT105/1 int-201 (Sternberg and Maurer, 1991).
Primers used for genetic manipulations and verifications of the constructions are listed Table S2.
Deletions of gtrA and gtrC originated from in-frame deletions made in S.Tm 14028S, kind gifts from
Prof. Michael McClelland (University of California, Irvine), and were transduced into the SB300 genetic
background.
The gtrABC operon (STM0557-0559) was cloned into the pSC101 derivative plasmid pM965 (Stecher
et al., 2004) for constitutive expression. The operon gtrABC was amplified from the chromosome of
SB300 using the Phusion Polymerase (ThermoFisher Scientific) and primers listed Table S2. The PCR
product and pM965 were digested with PstI-HF and EcoRV-HF (NEB) before kit purification (SV Gel and
PCR Clean up System, Promega) and ligation in presence of T4 ligase (NEB) following manufacturer
recommendations. The ligation product was transferred by electro-transformation in competent
SB300 cells.
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Targeted sequencing
Targeted re-sequencing by the Sanger method (Microsynth AG) was performed on kit purified PCR
products (Promega) from chromosomal DNA or expression vector templates using pre-mixed
sequencing primers listed Table S2.
Whole-genome re-sequencing of O:12Bimodal isolates
The genomes of S.Tm and evolved derivatives were fully sequenced by the Miseq system (2x300bp
reads, Illumina, San Diego, CA) operated at the Functional Genomic Center in Zürich. The sequence of
S.Tm SL1344 (NC_016810.1) was used as reference. Quality check, reads trimming, alignments, SNPs
and indels calling were performed using the bioinformatics software CLC Workbench (Qiagen).
Whole-genome sequencing of S.Tm isolates from "Evolutionary Trap" vaccinated mice and variant
calling.
Nextera XT libraries were prepared for each of the samples. The barcoded libraries were pooled into
equimolar concentrations following manufacturer’s guidelines (Illumina, San Diego, CA) using the MidOutput Kit for paired-end sequencing (2×150 bp) on an Illumina NextSeq500 sequencing platform. Raw
data (mean virtual coverage 361x) was demultiplexed and subsequently clipped of adapters using
Trimmomatic v0.38 with default parameters (Bolger et al., 2014). Quality control passing read-pairs
were aligned against reference genome/plasmids (Accession numbers: NC_016810.1, NC_017718.1,
NC_017719.1, NC_017720.1) with bwa v0.7.17 (Li and Durbin, 2009). Genomic variant were called
using Pilon v1.23 (Walker et al., 2014). with the following parameters: (i) minimum coverage 10x; (ii)
minimum quality score = 20; (iii) minimum read mapping quality = 10. SnpEff v4.3 was used to annotate
variants according to NCBI and predict their effect on genes (Cingolani et al., 2012).
PA-STm vaccinations
Peracetic acid killed vaccines were produced as previously described (Moor et al., 2016b). Briefly,
bacteria were grown overnight to late stationary phase, harvested by centrifugation and re-suspended
to a density of 109-1010 per ml in sterile PBS. Peracetic acid (Sigma-Aldrich) was added to a final
concentration of 0.4% v/v. The suspension was mixed thoroughly and incubated for 60 min at room
temperature. Bacteria were washed once in 40 ml of sterile 10x PBS and subsequently three times in
50 ml sterile 1x PBS. The final pellet was re-suspended to yield a density of 1011 particles per ml in
sterile PBS (determined by OD600) and stored at 4°C for up to three weeks. As a quality control, each
batch of vaccine was tested before use by inoculating 100 µl of the killed vaccine (one vaccine dose)
into 300 ml LB and incubating over night at 37 °C with aeration. Vaccine lots were released for use only
when a negative enrichment culture had been confirmed. For all vaccination, 1010 particles, suspended
in 100µl PBS were delivered by oral gavage, once weekly for 4 weeks. Where multiple strains were
combined, the total number of vaccine particles remained constant, and was roughly equally divided
between the constituent strains. Unless otherwise stated, PA-STm vaccinated mice were challenged
orally on d28 after the first vaccination.
Vaccination by attenuated strains of non-typhoidal Salmonella
6-week-old C57Bl/6 or 129 Sv/Ev mice were orally pretreated 24 h before infection with 25 mg
streptomycin. ΔgtrC and ΔoafA ΔgtrC derivatives of the ΔaroA mutant (Table S1, (Hoiseth and Stocker,
1981)) were cultivated overnight separately in LB containing streptomycin. Subcultures were prepared
before infections by diluting overnight cultures 1:20 in fresh LB without antibiotics and incubation for
4 h at 37°C. The cells were washed in PBS and 50 µl of resuspended pellets were used to infect mice
per os (5x107 CFU).
Feces were sampled at day 1, 9 and 42 post-infection, homogenized in 1 ml PBS by bead beating (3mm
steel ball, 25 Hz for 1 minute in a TissueLyser (Qiagen)), and S.Tm strains were enumerated by selective
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plating on MacConkey agar supplemented with streptomycin. Samples for lipocalin-2 measurements
were kept homogenized in PBS at -20 °C.
Non-typhoidal Salmonella challenge infections
Infections were carried out as described (Barthel et al., 2003). Unless otherwise stated (i.e. where
western diet was used for microbiota disruption), in order to allow reproducible gut colonization, 8-12
week-old C57Bl/6 or 129 Sv/Ev mice, naïve or vaccinated, were orally pretreated 24 h before infection
with 25 mg streptomycin or 20 mg of ampicillin. Strains were cultivated overnight separately in LB
containing the appropriate antibiotics. Subcultures were prepared before infections by diluting
overnight cultures 1:20 in fresh LB without antibiotics and incubation for 4 h at 37°C. The cells were
washed in PBS and 50 µl of resuspended pellets were used to infect mice per os (5×105 CFU).
Competitions were performed by inoculating 1:1 mixtures of each competitor strain.
Feces were sampled daily, homogenized in 1 ml PBS by bead beating (3 mm steel ball, 25 Hz for 1 min
in a TissueLyser (Qiagen)), and S.Tm strains were enumerated by selective plating on MacConkey agar
supplemented with the relevant antibiotics. Samples for lipocalin-2 measurements were kept
homogenized in PBS at -20°C. At endpoint, intestinal lavages were harvested by flushing the ileum
content with 2 ml of PBS using a cannula. The mesenteric lymph nodes, were collected, homogenized
in PBS Tergitol 0.05% v/v at 25 Hz for 2 min, and bacteria were enumerated by selective plating.
Competitive indexes were calculated as the ratio of relative population sizes of competitors at a given
time point, normalized for the ratio in the inoculum.
Where western diet was used to disrupt the microbiota, mice were switched from standard chow to
western diet (BioServ, S3282) 24 h prior to infection and were maintained on western diet throughout
the infection.
Non-typhoidal Salmonella transmission
Donor mice were vaccinated with PA-S.TmΔoafA ΔgtrC once per week for 5 weeks, streptomycin pretreated
(25 mg streptomycin per os), and gavaged 24 h later with 105 CFU of a 1:1 mixture of S. TmΔoafAΔgtrCwzyB::cat
(CmR) and S. TmΔoafAΔgtrC Kan (KanR). On day 4 post infection, the donor mice were euthanized, organs
were harvested, and fecal pellets were collected, weighed and homogenized in 1 ml of PBS. The resuspended feces (centrifuged for 10 s to discard large debris) were immediately used to gavage (as a
50 µl volume containing the bacteria from on fecal pellet) recipient naïve mice (pretreated with 25 mg
streptomycin 24 hours before infection). Recipient mice were euthanized and organs were collected
on day 2 post transmission. In both donor and recipient mice, fecal pellets were collected daily and
selective plating was used to enumerate Salmonella and determine the relative proportions (and
consequently the competitive index) of both competing bacterial strains.
Quantification of fecal Lipocalin2
Fecal pellets collected at the indicated time-points were homogenized in PBS by bead-beating at 25
Hz, 1min. Large particles were sedimented by centrifugation at 300 g, 1 min. The resulting supernatant
was then analysed in serial dilution using the mouse Lipocalin2 ELISA duoset (R&D) according to the
manufacturer's instructions.
Analysis of IgA-coating, and O:5/O:12-0 expression on S.Tm in cecal content
Fresh cecal content or feces was re-suspended in sterile PBS by bead-beating at 25 Hz, 1 min
(previously demonstrated to disrupt IgA cross-linked clumps (Moor et al., 2017)). An aliquot estimated
to contain not more than 106 S.Tm was directly stained with a monoclonal human IgG-anti-O:12-0
(STA5 (Moor et al., 2017)) and biotin-conjugated anti-mouse IgA clone RMA-1 (Biolegend), and/or
Rabbit-anti-Salmonella O:5 (Difco). After washing, secondary reagents Alex647-anti-human IgG
(Jackson Immunoresearch), Pacific Blue-conjugated streptavidin (Molecular Probes), Phycoerythrin245

conjugated streptavadin (Molecular Probes) and/or Brilliant violet 421-anti-Rabbit IgG (Biolegend)
were added. After a final washing step, samples were analysed on a BD LSRII flow cytometer, or a
Beckman Coulter Cytoflex S, with settings adapted for optimal detection of bacterial-sized particles.
The median fluorescence intensity of IgA staining on S.Tm was determined by "gating" on bacterial
sized particles and calculating the appropriate median fluorescence corresponding to O:12-0 or O:5
staining FlowJo (Treestar, USA). Gates used to calculate the % of "ON" and "OFF" cells were calculated
by gating on samples with known ON or OFF phenotypes.
Analysis of specific antibody titers by bacterial flow cytometry
Specific antibody titers in mouse intestinal washes were measured by flow cytometry as described
(Moor et al., 2016a;Moor et al., 2017). Briefly, intestinal washes were collected by flushing the small
intestine with 5 ml PBS, centrifuged at 16000 g for 30 min and aliquots of the supernatants were stored
at -20°C until analysis. Bacterial targets (antigen against which antibodies are to be titered) were grown
to late stationary phase or the required OD, then gently pelleted for 2 min at 3000 g. The pellet was
washed with sterile-filtered 1% BSA/PBS before re-suspending at a density of approximately 107
bacteria per ml. After thawing, intestinal washes were centrifuged again at 16000 g for 10 min.
Supernatants were used to perform serial dilutions. 25 μl of the dilutions were incubated with 25 μl
bacterial suspension at 4°C for 1 h. Bacteria were washed twice with 200 μl 1% BSA/PBS before
resuspending in 25 μl 1% BSA/PBS containing monoclonal FITC-anti-mouse IgA (BD Pharmingen, 10
µg/ml) or Brilliant violet 421-anti-IgA (BD Pharmingen). After 1 h of incubation, bacteria were washed
once with 1% BSA/PBS and resuspended in 300 μl 1% BSA/PBS for acquisition on LSRII or Beckman
Coulter Cytoflex S using FSC and SSC parameters in logarithmic mode. Data were analysed using FloJo
(Treestar). After gating on bacterial particles, log-median fluorescence intensities (MFI) were plotted
against antibody concentrations for each sample and 4-parameter logistic curves were fitted using
Prism (Graphpad, USA). Titers were calculated from these curves as the inverse of the antibody
concentration giving an above-background signal.
Flow cytometry for analysis of O:5, O:4 and O:12-0 epitope abundance on Salmonella in cecal
content, enrichment cultures and clonal cultures
1 µl of overnight cultures, or 1µl of fresh feces or cecal content suspension (as above) was stained with
STA5 (human recombinant monoclonal IgG2 anti-O:12 (Moor et al., 2017)), Rabbit anti-Salmonella O:5
or Rabbit anti-Salmonella O:4. After incubation at 4°C for 30 min, bacteria were washed once with
PBS/1% BSA and resuspended in appropriate secondary reagents (Alexa 647-anti-human IgG, Jackson
Immunoresearch, Brilliant Violet 421-anti-Rabbit IgG, Biolegend). This was incubated for 10-60 min
before cells were washed and resuspended for acquisition on a BD LSRII or Beckman Coulter Cytoflex
S.
Live-cell immunofluorescence
200 uL of an overnight culture was centrifuged and resuspended in 200 µL PBS containing 1 µg
recombinant murine IgA clone STA121-AlexaFluor568. The cells and antibodies were co-incubated for
20 min at room temperature in the dark and then washed twice in 1 mL Lysogeny broth (LB). Antibodylabeled cells were pipetted into an in-house fabricated microfluidic device (Arnoldini et al., 2014). Cells
in the microfluidic device were continuously fed S.Tm-conditioned LB (Arnoldini et al., 2014) containing
STA121-AlexaFluor568 (1 µg/mL). Media was flowed through the device at a flow rate of 0.2 mL/h
using syringe pumps (NE-300, NewEra PumpSystems). Cells in the microfluidic device were imaged on
an automated Olympus IX81 microscope enclosed in an incubation chamber heated to 37°C. At least
10 unique positions were monitored in parallel per experiment. Phase contrast and fluorescence
images were acquired every 3 min. Images were deconvoluted in MatLab (van Vliet et al., 2018).
Videos are compressed to 7 fps, i.e. 1 s = 21 mins.
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HR-MAS NMR
S. Typhimurium cells were grown overnight (~18 h) a to late stationary phase. The equivalent of 11–15
OD600 was pelleted by centrifugation for 10 min 4 °C and 3750 g. The pellet was resuspended in 10%
NaN3 in potassium phosphate buffer (PPB; 10 mM pH 7.4) in D2O and incubated at room temperature
for at least 90 min. The cells were then washed twice with PPB and resuspended in PPB to a final
concentration of 0.2 OD600/μl in PPB containing acetone (final concentration 0.1% (v/v) as internal
reference). The samples were kept on ice until the NMR measurements were performed - i.e. for
between 1 and 8 h. The HR-MAS NMR spectra were recorded in two batches, as follows: S.TmWT,
S.TmwbaP, S.TmEvolved_1, S.TmEvolved_2 were measured on 16.12.2016, S.TmOafA was measured on
26.7.2017.
NMR experiments on intact cells were carried out on a Bruker Biospin AVANCE III spectrometer
operating at 600 MHz 1H Larmor frequency using a 4 mm HR-MAS Bruker probe with 50 µl restrictedvolume rotors. Spectra were collected at a temperature of 27 °C and a spinning frequency of 3 kHz
except for the sample of OafA (25°C, 2 kHz). The 1H experiments were performed with a 24 ms Carr–
Purcell–Meiboom–Gill (CPMG) pulse-sequence with rotor synchronous refocusing pulses every two
rotor periods before acquisition of the last echo signal to remove broad lines due to solid-like material
(Ilg et al., 2013). The 90µm pulse was set to 6.5 µs, the acquisition time was 1.36 s, the spectral width
to 20 ppm. The signal of HDO was attenuated using water pre-saturation for 2 s. 400 scans were
recorded in a total experimental time of about 30 minutes.
O-Antigen purification and 1H-NMR
The LPS was isolated applying the hot phenol-water method (Westphal and Jann, 1965), followed by
dialysis against distilled water until the phenol scent was gone. Then samples were treated with DNase
(1mg/100 mg LPS) plus RNase (2 mg/100 mg LPS) at 37°C for 2 h, followed by Proteinase K treatment
(1 mg/100 mg LPS) at 60°C for 1 h [all enzymes from Serva, Germany]. Subsequently, samples were
dialyzed again for 2 more days, then freeze dried. Such LPS samples were then hydrolyzed with 1%
aqueous acetic acid (100°C, 90 min) and ultra-centrifuged for 16 h at 4°C and 150,000 g. Resulting
supernatants (the O-antigens) were dissolved in water and freeze-dried. For further purification, the
crude O-antigen samples were chromatographed on TSK HW-40 eluted with pyridine/acetic acid/water
(10/4/1000, by vol.), then lyophilized. On these samples, 1D and 2 D (COSY, TOCSY, HSQC, HMBC) 1Hand 13C-NMR spectra were recorded with a Bruker DRX Avance 700 MHz spectrometer (1H: 700.75
MHz; 13C: 176.2 MHz) as described (Steffens et al., 2017).
Atomic force microscopy
The indicated S.Tm strains were grown to late-log phase, pelleted, washed once with distilled water to
remove salt. A 20 µl of bacterial solution was deposited onto freshly cleaved mica, adsorbed for 1 min
and dried under a clean airstream. The surface of bacteria was probed using a Dimension FastScan Bio
microscope (Bruker) with Bruker AFM cantilevers in tapping mode under ambient conditions. The
microscope was covered with an acoustic hood to minimized vibrational noise. AFM images were
analyzed using the Nanoscope Analysis 1.5 software.

Methylation analysis of S.Tm clones
For REC-Seq (restriction enzyme cleavage–sequencing) we followed the same procedure described by
(Ardissone et al., 2016). In brief, 1 µg of genomic DNA from each S.Tm was cleaved with MboI,
a blocked (5’biotinylated) specific adaptor was ligated to the ends and the ligated fragments were then
sheared to an average size of 150-400 bp (Fasteris SA, Geneva, CH). Illumina adaptors were then ligated
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to the sheared ends followed by deep-sequencing using a HiSeq Illumina sequencer, the 50 bp single
end
reads
were
quality
controlled
with
FastQC
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). To remove contaminating sequences,
the reads were split according to the MboI consensus motif (5’-^GATC-3’) considered as a barcode
sequence using fastx_toolkit (http://hannonlab.cshl.edu/fastx_toolkit/) (fastx_barcode_splitter.pl -bcfile barcodelist.txt --bol --exact). A large part of the reads (60%) were rejected and 40% kept for
remapping to the reference genomes with bwa mem (Li and Durbin, 2009) and samtools (Li, 2011) to
generate a sorted bam file. The bam file was further filtered to remove low mapping quality
reads (keeping AS >= 45) and split by orientation (alignmentFlag 0 or 16) with bamtools (Barnett et al.,
2011). The reads were counted at 5' positions using Bedtools (Quinlan and Hall, 2010) (bedtools
genomecov -d -5). Both orientation count files were combined into a bed file at each identified 5’GATC-3’ motif using a home-made PERL script. The MboI positions in the bed file were associated with
the closest gene using Bedtools closest (Quinlan and Hall, 2010) and the gff3 file of the reference
genomes (Kersey et al., 2016). The final bed file was converted to an MS Excel sheet with a homemade
script. The counts were loaded in RStudio 1.1.442 (RStudio) with R version 3.4.4 and analysed with the
DESeq2 1.18.1 package (Love et al., 2014) comparing the reference strain with the 3 evolved strains
considered as replicates. The counts are analysed by genome position rather than by gene. The
positions are considered significantly differentially methylated upon an adjusted p-value < 0.05. Of the
2607 GATC positions, only 4 were found significantly differentially methylated and they are all located
in the promoter of the gtrABC operon.
The first step in the reads filtering was to remove contaminant reads missing the GATC consensus motif
(MboI) at the beginning of the sequence. These contaminant reads are due to random fragmentation
of the genomic DNA and not to cuts of the MboI restriction enzyme. Using fastx_barcode_splitter.pl
about 60% of the reads were rejected because they did not start with GATC. The rest (40%) was
analyzed further. Random DNA shearing and blunt-ended ligation of adaptors, combined with
sequencing noise at the beginning of reads likely generates this high fraction of reads missing at GTAC
sequence.
gtrABC expression analysis by blue/white screening and flow cytometry.
About 200 colonies of S.TmgtrABC-lacZ (strain background 4/74, (Broadbent et al., 2010)) were grown from
an overnight culture on LB agar supplemented with X-gal (0.2 mg/ml, Sigma) in order to select for
gtrABC ON (blue) and OFF clones (white). These colonies were then picked to start pure overnight
cultures. These cultures were diluted and plated on fresh LB agar X-gal plate in order to enumerate the
proportion of gtrABC ON and OFF siblings. The proportion of O:12/O:12-2 cells was analyzed by flow
cytometry.
In vitro growth and competitions to determine wzyB-associated fitness costs
Single or 1:1 mixed LB subcultures were diluted 1000 times in 200 µl of media distributed in 96 well
black side microplates (Costar). Where appropriate, wild type S.Tm carried a plasmid for constitutive
expression of GFP. To measure growth and competitions in stressful conditions that specifically
destabilize the outer membrane of S.Tm, a mixture of Tris and EDTA (Sigma) was diluted to final
concentration (4 mM Tris, 0.4 mM EDTA) in LB; Sodium cholate (Sigma) and Sodium Dodecyl Sulfate
(SDS) (Sigma) were used at 2% and 0.05% final concentration respectively. The lid-closed microplates
were incubated at 37°C with fast and continuous shaking in a microplate reader (Synergy H4, BioTek
Instruments). The optical density was measured at 600 nm and the green fluorescence using 491 nm
excitation and 512 nm emission filter wavelengths every 10 minutes for 18 h. Growth in presence of
SDS is causing aggregation when cell density reaches OD=0.3-0.4, therefore, it is only possible to
compare the growth curves for about 250 minutes. The outcome of competitions was determined by
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calculating mean OD and fluorescence intensity measured during the last 100 min of incubation. OD
and fluorescence values were corrected for the baseline value measured at time 0.
Serum resistance
Overnight LB cultures were washed three times in PBS, OD adjusted to 0.5 and incubated with pooled
human serum obtained from Unispital Basel (3 vol of culture for 1 vol of serum) at 37°C for 1 h. Heat
inactivated (56°C, 30 min) serum was used as control treatment. Surviving bacteria were enumerated
by plating on non-selective LB agar plates. For this, dilutions were prepared in PBS immediately after
incubation.
Modeling antigen switching between O12 and O12-2
The aim of this modeling approach is to test whether a constant switching rate between an O12 and
an O12-2 antigen expression state can explain the experimentally observed bimodal populations.
To this end, we formulated a deterministic model of population dynamics of the two phenotypic states
as:
(𝑂𝑂12 + 𝑂𝑂12−2 )
𝑑𝑑𝑂𝑂12
= (𝜇𝜇𝑂𝑂12 − 𝑠𝑠→12−2 𝑂𝑂12 + 𝑠𝑠→12 𝑂𝑂12−2 ) ∗ �1 −
�
𝐾𝐾
𝑑𝑑𝑑𝑑

(𝑂𝑂12 + 𝑂𝑂12−2 )
𝑑𝑑𝑂𝑂12−2
= (𝜇𝜇𝜇𝜇12−2 + 𝑠𝑠→12−2 𝑂𝑂12 − 𝑠𝑠→12 𝑂𝑂12−2 ) ∗ �1 −
�
𝐾𝐾
𝑑𝑑𝑑𝑑

where 𝑂𝑂12 and 𝑂𝑂12−2 denote the population sizes of the respective antigen variants, 𝜇𝜇 denotes the
growth rate, which is assumed to be identical for the two variants, 𝐾𝐾 the carrying capacity, and 𝑠𝑠→12−2
and 𝑠𝑠→12 the respective switching rates from 𝑂𝑂12 to 𝑂𝑂12−2 and from 𝑂𝑂12−2 to 𝑂𝑂12 .Growth, as well as
the antigen switching rates, are scaled with population size in a logistic way, so that all processes come
to a halt when carrying capacity is reached.
We use the model to predict the composition of a population after growth in LB overnight, and
therefore set the specific growth rate to 𝜇𝜇 = 2.05ℎ−1, which corresponds to a doubling time of roughly
20min. The carrying capacity is set to 𝐾𝐾 = 109 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. We ran parameter scans for the switching rates
𝑠𝑠→12 and 𝑠𝑠→12−2 , with population compositions that start either with 100% or 0% 𝑂𝑂12 , and measure
the composition of the population after 16h of growth (Fig. S6C). The initial population size is set to
104 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

Experimentally, we observe that when starting a culture with an 𝑂𝑂12 colony, after overnight growth
the culture is composed of around 90% 𝑂𝑂12 and 10% 𝑂𝑂12−2 cells, whereas starting the culture with
𝑂𝑂12−2 cells yields around 50% 𝑂𝑂12 and 50% 𝑂𝑂12−2 cells after overnight growth (Fig. S6B). To explain
this observation without a change in switching rates, we would need a combination of values in 𝑠𝑠→12
and 𝑠𝑠→12−2 that yield the correct population composition for both scenarios. In Fig. S6D, we plot the
values of 𝑠𝑠→12 and 𝑠𝑠→12−2 that yield values of 10% 𝑂𝑂12−2 (starting with 0% 𝑂𝑂12−2 , green dots) and 50%
𝑂𝑂12−2 (starting with 100% 𝑂𝑂12−2, orange dots). The point clusters intersect at 𝑠𝑠→12 = 0.144ℎ−1 and
𝑠𝑠→12−2 = 0.037ℎ−1 (as determined by a local linear regression at the intersection point).

We then used the thus determined switching rates to produce a population growth curve in a in a
deterministic simulation, using the above equations for a cultures starting with 100% 𝑂𝑂12−2, (Fig. S6E,
Left-hand graph) and for a culture starting with 0% 𝑂𝑂12−2 (Fig. S4E, right-hand graph).
249

These switching rates are consistent with published values (Slauch et al., 1996). Our results show that
the observed phenotype distributions can be explained without a change in the rate of switching
between the phenotypes.
Modeling Realistic Transmission
Section 1: Central concepts in non-Typhoidal Salmonella transmission
Salmonella spread in a population when contaminated matter from an infected host is ingested by
other susceptible hosts, which may then develop a symptomatic Salmonella infection. Successful
vaccination itself will affect the duration of infection and the concentration of Salmonella shed in the
feces during the infection. The Evolutionary Trap vaccine will further affect the concentration of S.Tm
arriving in the lower GIT of a new host, as short-O-antigen mutants have a higher loss in the
environment and during transit of the intestine of the next host (Fig. S17A). In section 2 we consider
the effect of infection duration on transmission in a host population. In section 3 we calculate the
probability of successful infection from a one-time exposure. In section 4 we discuss realistic
parameters. In section 5 we show the expected impact of vaccination per se and evolutionary trapdriven loss-of-fitness on Salmonella transmission in a host population.
Section 2: Duration of infection with non-Typhoidal Salmonella
If the infected host is vaccinated, then the host is protected from inflammation even if an open niche
in the lower gastrointestinal tract (GIT) allows Salmonella colonization (Moor et al., 2017). As
Salmonella competes poorly with the microbiota in the absence of inflammation (Endt et al., 2010),
the microbiota will regrow and ultimately outcompete. Thus, the duration of Salmonella shedding is
reduced in successfully vaccinated animals. In the limit of a large and well-mixed population, if the
duration of infection is reduced k-fold, then R0, the average number of hosts successfully infected by
one infected host at the beginning of an outbreak, is also reduced by k-fold. If the population is small
or not well-mixed, such that the same host may eat contaminated matter during several distinct
periods of susceptibility, then the reduction will be less than k-fold.
Section 3: The probability of infection with non-Typhoidal Salmonella, given a one-time exposure
3.1: Concepts
A mass m of feces, containing Salmonella at concentration sd, are ingested by the recipient. The
number of viable Salmonella ingested with this fecal material will be determined by bacterial death in
the environment, prior to ingestion, and death during transit of the upper GIT of the recipient, before
reaching the replicative niche in the lower GIT. We denote p the overall probability of survival for each
bacterium between leaving the infected animal and arriving in the lower GIT of the recipient. We define
s0 as the initial concentration of growing Salmonella present in the lower-GIT of the recipient as:
s0 = msd p/M
with M the mass of the contents of the lower GIT. Successful vaccination per se reduces sd, the
concentration of Salmonella shed by the infected donor. The short O-antigen Salmonella have a
reduced sd as well as a reduced p, i.e. probability to survive the period of time between shedding and
arrival in a new replicative niche.
For Salmonella to successfully cause inflammatory disease, which is required for Salmonella to
outcompete the microbiota and generate a large stable nice for Salmonella in the gut lumen, its
population has to reach a certain threshold of Salmonella concentration T in the lower GIT (Ackermann
et al., 2008). If the microbiota is undisturbed, Salmonella cannot grow and reach the threshold. In
reality, the exact nature of this colonization resistance is highly complex, but for the purpose of a
workable model, let us denote τ the duration of a microbiota perturbation, during which the
microbiota is in a low enough concentration that the growth rate of Salmonella will be close to its
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maximal growth rate. Let us define rs the maximal growth rate and cs the loss rate of Salmonella. If
Salmonella does not get to T before the end of τ, then the gut will remain uninflamed, the microbiota
will rapidly outcompete Salmonella and the host animal will remain healthy. The lower the initial
concentration of Salmonella, s0, the more time it takes to reach the threshold T, and thus the less likely
it is that Salmonella can compete with regrowth of the microbiota. Let us denote tw the time window
during which transmission leads to a successful Salmonella infection of a recipient host under a given
set of conditions. If the recipient host is at most exposed once during τ, then a k-fold reduction in the
window of possible infection tw (for example because the short O-antigen Salmonella transmitted from
a vaccinated host has a smaller survival probability p, leading to a shorter tw), will also reduce R0 by kfold. Note that if a recipient host is ingesting contaminated matter more than once during τ, then the
reduction will be less than k-fold.
In what follows, we calculate the window of possible infection, as a function of the other parameters.
3.2 Calculations
3.2.1: In the absence of inflammation, the equations for the Salmonella concentration S(t) are given
by (with K the carrying capacity, and F the effective concentration of the microbiota which competes
for the same resources as Salmonella):
𝐹𝐹 + 𝑆𝑆
𝑑𝑑𝑑𝑑
= 𝑟𝑟𝑠𝑠 �1 −
� 𝑆𝑆 − 𝑐𝑐𝑠𝑠 𝑆𝑆
𝐾𝐾
𝑑𝑑𝑑𝑑

We assume that T «K and that during τ, F «K, thus defining reff = rs - cs the effective net growth rate:

Thus S(t)=s0.exp(reff t).

𝑑𝑑𝑑𝑑
≃ (𝑟𝑟𝑠𝑠 − 𝑐𝑐𝑠𝑠 )𝑆𝑆 = 𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒 𝑆𝑆
𝑑𝑑𝑑𝑑

3.2.2: Window of successful salmonella infection
tw, the time window during which successful transmission can occur, can be defined as the time interval
required (between t = 0 (time of start of microbiota perturbation in the recipient host) and the end of
the microbiota perturbation τ) for Salmonella growth to increase the population concentration from
s0 to T. This translates into the following equation

And thus

𝛵𝛵 = 𝑠𝑠0 𝑒𝑒𝑒𝑒𝑒𝑒 �𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒 (𝜏𝜏 − 𝑡𝑡𝑤𝑤 )�
𝑡𝑡𝑤𝑤 = 𝜏𝜏 −

1

𝛵𝛵
𝑙𝑙𝑙𝑙𝑙𝑙 � �
𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒
𝑠𝑠0

4. Parameters
Duration of Salmonella shedding
In a vaccinated infected donor, the concentration of Salmonella in the lower GIT (and therefore the
•
density of Salmonella shed in the feces) drops more rapidly that in naïve infected donors. Salmonella
with a short O-antigen induce less inflammation (Fig. 4H) at 24 h post-infection, even in naïve,
streptomycin-pre-treated hosts. As R0 is roughly proportional to this duration of shedding in the
population, there is a strong dependence on these observations.
Net growth rate (reff): The wild-type Salmonella maximum net growth rate in the gut lumen reff, is
experimentally found to be around 1.3 h−1. (Moor et al., 2017). From competitive infections of shortand wild-type-O-antigen strains, as shown in Fig. 4 I and J, we see that the relative proportion of the
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short-O-antigen strain decreases steadily over the 4 days of infection. The decrease in the competitive
index is of the order of 100.5-fold a day (Fig. 4I and J), thus we can estimate the difference in net growth
rate is of the order of 0.05h−1.
Period of microbiota disturbance (τ): The duration of the period τ during which the microbiota is
disturbed enough that Salmonella can grow at reff depends on the type of perturbation present.
• Streptomycin pretreatment (1g/kg) results in a perturbation in the order of 3 days.
• Western diet exposure in mice has a τ in the order of 12 h (Murray et al., 2006).
The threshold T above which Salmonella induces inflammation in mice is around 5.107/g (Ackermann
et al., 2008). As similar densities of Salmonella colonization can cause disease in pigs, we make the
bold assumption that this value is similar in both species.
The initial concentration of Salmonella s0 in the wild-type case with no vaccination. Mice are naturally
coprophagic. In non-Typhoidal salmonellosis, the relevant gut compartment for Salmonella growth is
the cecum, which hold a typical mass of M = 1 g contents. A contaminated fecal pellet (mass of typically
m = 10 mg), which at a concentration of c = 109 bacteria/g, with a limited death of bacteria (let's assume
p = 0.3 for instance) will mean s0 = mcp/M = 3×106/g Salmonella will be present at the start of the
infection.
In swine in natural settings, while c and p will likely be of the same order of magnitude, m/M is
different, and will depend strongly on the conditions. The amount of contaminated matter ingested is
not well characterized, and likely highly variable. The highest level will be reached for deliberate
ingestion of feces. Young piglets eat daily about 20 g of feces (Sansom and Gleed, 1981), have about
24h digestion time, and total mass of their gut content if of the order of 130 g (Montagne et al., 2007),
which leads to m/M 0.15, instead of the 0.01 discussed previously for mice. Thus s0 = 5×107/g is an
upper bound in piglets.
The reduction in the initial concentration of Salmonella due to successful vaccination or successful
vaccination and dominance of short O-antigen clones in the donor, s!0/s0:
To simplify this case, we focus on a transmission from the donor occurring during the first 3 days after
it becomes infected. During this time, Salmonella loads in the gut are comparable between vaccinated
and unvaccinated donor mice, and reduction in transmission will be predominantly due to loss-offitness of the shed Salmonella i.e.:.
As vaccination does not change fecal mass likely to be ingested (m) or the mass of lower GIT content
before infection (M), m/M will remain the same. Vaccination by itself do not change c, at least in the
first days; however for short O-antigen Salmonella, based on Fig. 4F, c’/c will be approximately 10-0.5,

giving a lowed net growth in the recipient host. The vaccination itself is not a priori changed by the
vaccination itself, however for the short-O-antigen strain, p’/p will be below 1, as this strain is more
susceptible to both environmental and host-derived stress. A conservative estimate of s0’/s0 =0.1 is
reasonable, and the actual difference may be much larger, as the viability of the short O-antigen
Salmonella may be strongly affected (Fig. S15F).
5. Results and discussion:
In Fig. S17B, we compare the relative change in R0 in different scenarios. We take the parameters for
mice, and for swine as listed above, and vary two critical parameters (shedding duration of the infected
donor, and concentration of Salmonella arriving in the host lower gastrointestinal tract) over a large
range of values.
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We simulated the effect on the relative R0 as a function of the relative duration of active Salmonella
shedding (i.e. the relative length of the infectious period for a vaccinated versus and a naïve donor).
Fig. S17B shows, as expected, that the duration of high-density Salmonella shedding is an important
parameter, as R0 will scale with this parameter. This duration can be affected both by the vaccination
preventing inflammation, and by the presence of short O-antigen strains that are less effective
colonizers of the GIT.
Another hypothesis arising from a study of the model parameters is that s0, i.e. the number of viable
Salmonella arriving in the lower GIT of a recipient host, will be lower in the case of a short-O-antigen
strain, that for a wild-type O-antigen strain due to weakened resistance to environmental and host
stressors. Fig. S17B (y axes) shows that the long, robust microbiota perturbation in the mouse nonTyphoidal salmonellosis (streptomycin) model, makes the effect of initial dose on R0 very small. In
contrast, in a more natural system with a shorter microbiota perturbation, this parameter has more
importance (Swine model).
Significance of this model for Salmonella transmission
An estimate for Salmonella transmission, based on a Danish pig farm outbreak suggests that the R0 in
typical conditions maybe around 2 (although with a large uncertainty in the estimate). In order for
disease introductions to never result in a major outbreak, R0 needs to be below 1. Therefore, achieving
and R0’/R0 of 0.5 or lower will generate effective protection. In this model, outbreak prevention in a
pig population can be achieved by decreasing the duration of shedding of the infected animal by 50%;
or by 25%, if combined with a decrease in viable Salmonella reaching the lower GIT of the recipient of
around 100-fold. The combination of faster decay of Salmonella fecal concentrations in vaccinated
animals, and the poorer survival in the environment and during transit through the upper GIT can
therefore both contribute to effective prophylaxis in realistic settings.
5.3 Sensitivity to the parameters
As we see on Fig. S17B, R’0/R0 has a strong dependence on the duration of shedding, and a more
moderate dependence on s’0/s0. What about the other parameters? Let us use the parameters of Fig.
S17B and take s’0/s0=0.1 and a 2-fold reduction of shedding duration. The main difference between
the mice and swine case is the duration τ of microbiota perturbation. If the microbiota perturbation
was only 6 h instead of 12 h for the swine, then R’0/R0 would be further reduced from 0.41 to 0.33.
The dependence on reff is small. A reduction of reff by 20% decreases R’0/R0 from 0.41 to 0.38 in the
swine case, and from 0.47 to 0.46 in the mice case. We have also assumed that the reff of the short-Oantigen Salmonella is 0.05 h-1 smaller than the wild-type Salmonella, but this is not the main effect, as
removing this assumption increases R’0/R0 by only about 4 % for both the mice and the swine cases.
The dependence on s0 and the threshold T is very weak. Decreasing s0 10-fold or increasing T 10-fold
only change R’0/R0 from 0.41 to 0.39; and in the mouse, the dependence is even weaker, a similar
change reduces R’0/R0 by 0.2% only.
Caveats of the model:
This is a highly simplified model and cannot begin to represent the full complexity of this system.
Several critical assumptions have needed to be made: 1) that infected animals with high Salmonella
shedding remain in the herd. Daily health checks may in fact remove actively infected animals from
the herd into quarantine, decreasing this period of shedding and thus R0, also in the unvaccinated case.
2) we have modelled a highly uniform system with a single deterministic equation. In reality, infection
spread is highly stochastic. 3) we have not explicitly modeled a time-dependence of s0 in new recipients
relative to the time of the first infection, although this will vary over time. 3) the housing situation on
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a typical Danish pig farm may differ significantly to conditions in pig farms around the world and the
necessary reduction in R0 required to protect these farms would require a more detailed assessment
of pen sizes, exposure to fecal material, cleaning regimens, etc. 4) We assume that the interaction
between short O-antigen-producing Salmonella and vaccination is additive and not that one effect
always supersedes the other. In reality, this may be more complex, as for example the evolutionary
trap vaccines should better prevent outgrowth of fitness-neutral escape mutations.
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Supplementary figures

Fig. S1: Surface phenotype of S.Tm mutants: A-C. Atomic force microscopy phase images of S.Tmwt, S.TmΔwzyB (single-repeat
O-antigen), and S.TmΔwbaP (rough mutant - no O-antigen) at low magnification (A) and high magnification (B and C).
Invaginations in the surface of S.TmΔwbaP (dark colour, B) show a geometry and size consistent with outer membrane pores
(Yamashita et al., 2012). These are already less clearly visible on the surface of S.TmΔwzyB with a single-repeat O-antigen, and
become very difficult to discern in S.Tmwt. C. Fast-Fourier transform of images shown in "B" demonstrating clear regularity
on the surface of S.TmΔwbaP, which is progressively lost when short and long O-antigen is present.

Fig. S2: PA-STm vaccination induces higher titres of intestinal IgA than vaccination with live-attenuated S.TmΔsseD. Intestinal
lavage IgA from PA-STm-vaccinated mice at d28 after the first vaccination (n=5) or S.TmΔsseD-chronically infected mice at day
40 post-infection (n=9) were titred against wild-type S.Tm by bacterial flow cytometry. Dilution factor of lavages givine IgA
MFI=500 is shown. Mann Whitney U test result shown.
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Fig. S3: Characterization of the specificity of STA5 and STA121 using diverse Salmonella enterica serovars and recombinant
S.Tm strains. A. Recombinant monoclonal STA5 human IgG1 was used to surface stain overnight cultures of the indicated
Salmonella enterica serovars. Bacterial surface binding was detected with a Dylight-633-anti human IgG secondary antibody
and analysed by flow cytometry. STA5 binds to all serovars that include the O:12 epitope B. Overnight cultures of the indicated
S.Tm synthetic mutants were stained with STA5 and analysed as in (A). Over-expression of gtrABC producing O:12-2-modified
O-antigen results in loss of STA5 staining. C. Overnight cultures of the indicated S.Tm synthetic mutants were stained with
STA5 and analysed as in (A), or with a and a recombinant murine monoclonal dimeric IgA STA121, detected with Brilliant
violet 421-anti-mouse IgA. Note that STA5 binds equally well to S.Tm with short or long O-antigen, but STA121 cannot bind
to the single-repeat O-antigen. wzyB mutations are therefore associated, at least, with escape from vaccine-induced
antibodies with similar specificities to STA121.
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Fig. S4: NMR of purified LPS from the indicated strains. A. Schematic diagram of expected NMR peaks for each molecular
species B. HR-MAS 1H-NMR spectra. Spectra show predicted peak positions, and observed spectra for C1 protons of the Oantigen sugars. C. 1H NMR of purified LPS from the indicated strains. Note that non-acetylated abequose can be observed in
wild-type strains due to spontaneous deacetylation at low pH in late stationary phase cultures (Ilg et al., 2013). A gtrA mutant
strain is used here to over-represent the O:12-2 O-antigen variant due to loss of regulation (Bogomolnaya et al., 2008).
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Fig. S5: S.Tm O-antigen variation occurs in chronic S.Tm infections in an antibody-dependent manner. IgA-/- and Rag1-/- and
heterozygote littermate controls were pre-treated with streptomycin and infected with S.TmΔsseD orally. Feces were collected
at the indicated time-points, enriched overnight in LB plus kanamycin, stained for O:5 and O:12-0 and analysed by flow
cytometry. The fraction of the points are to permit tracking of individual animals through the data set, and may not be
representative of what occurs between the measured time-points.
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Fig. S6: Loss of O:12-staining is a reversible phenotype. A. Wild type and evolved S.Tm clones were picked from LB plates,
cultured overnight, phenotypically characterized by O:12-0 (left panel) and O:5 staining (right panel), plated and re-picked.
This process was repeated over 3 cycles with lines showing the descendants of each clone. B. Comparison of fractions of O:120-positive and O:12-0-negative bacteria (in fact O:12-2) determined by flow cytometry staining with typing sera and by bluewhite colony counts using a gtrABC-lacZ reporter strain. C-E. Results of a mathematical model simulating bacterial growth
and antigen switching (see supplementary methods). C. Switching rates from O12-0 to O12-2 and from O12-2 to O12-0 were
varied computationally, and the fraction of O12-2 was plotted after 16 h of growth. Left-hand plot depicts the results of the
deterministic model when starting with 100% O12-2, right-hand plot depicts the results when starting with 100% O12-0. D.
depicts only the switching rates that comply with the experimentally observed antigen ratios after overnight growth (90%
O12-0 when starting with O12-0, and 50% O12-0 when starting with O12-2). Right-hand plot is a zoomed version showing
values for switching rates between 0 – 0.1 h-1 (marked by a grey rectangle in D). left-hand plot. Dashed lines are linear
regressions on the values in this range, and their intersection marks the switching rates used for the stochastic simulation in
(E). E. Simulation results of bacterial population growth, when starting with only O12-2 (left-hand plot) or only O12-0 (righthand plot). was kept constant in all simulations; switching rates were varied in steps of in (C and D), and kept constant at
and in (E); the starting populations were always individuals of the indicated phenotype; carrying capacity was always 109
cells.
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Fig. S7: Mutations detected in the oafA gene sequence among several strains of S.Tm A. Aligned fractions of the oafA ORF
from a natural isolate (from chicken) presenting the same 7 bp deletion detected in mutants of S.Tm SL1344 emerging in
vaccinated mice. S.Tm SL1344 was used a reference (Hoffmann et al., 2013). B. Aligned oafA promoter sequences from three
natural isolates of human origin (stool or cerebrospinal fluid (Silva et al., 2016)) showing variations in the number of 9 bp
direct repeats.

Fig. S8: Glucosyltransferases containing loci including gtrABC are required for generation of the O:12Biomodal phenotype:
Wild type 129Sv mice were mock-vaccinated or were vaccinated with PA-S.TmΔoafA ΔgtrC as in Fig. 1A. On d28, all mice were
pre-treated with streptomycin, and infected with the indicated strain. A. Feces recovered at day 10 post-infection, was
enriched overnight by culture in streptomycin, and stained for O:12. Fraction O:12-low S.Tm was determined by flow
cytometry. Percentage of S.Tm that are O:12-negative was quantifed over 10 days and is plotted in panel B.
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Fig. S9: IgA-drive selective pressure and Evolutionary Trap vaccines function identically in SPF Balb/c mice. A-C. Naive
(closed circles), PA-S.TmΔgtrC-vaccinated (open circles) and PA-S.TmET-vaccinated (crossed-circles) SPF Balb/c mice were
streptomycin-pretreated, infected (105 CFU, 1:1 ratio of S.TmΔgtrC and S.TmΔgtrC ΔoafA per os). Note that naïve Balb/c mice were
euthanized on day 3 due to severe disease. A. Secretory IgA titres (intestinal lavage dilution) against O:4[5], 12-0, and an O:4,
12-0 S.Tm. B. Competitive index (CFU S.Tm ΔgtrC/CFU S.TmΔ gtrC ΔoafA) in feces at the indicated time-points. 2-way ANOVA with
Bonferroni post-tests on log-normalized values, compared to naive mice. ****p<0.0001. C and D. Correlation of the
competitive index with the O:4-specific (C) and O:4[5]-specific (D) intestinal IgA titre, r2 values of the linear regression of lognormalized values. Open circles: Intestinal IgA from PA-S.TmΔgtrC -vaccinated mice, crossed circles: Intestinal IgA from PAS.TmET -vaccinated mice. Lines indicate the best fit with 95% confidence interval. E. CFU of S.TmΔgtrC (black symbols) and
S.TmΔgtrC ΔoafA (orange symbols) per gram feces at the indicated time-points. F and G. CFU of S.TmΔgtrC (black symbols) and
S.TmΔgtrC ΔoafA (orange symbols) per organ and day 4 post-infection (vaccinated) and day 3 post-infection (naïve). H. Fecal
Lipocalin 2 as a marker of inflammation in the indicated groups. 2-way repeat-measures ANOVA on log-normalized data.
***p<0.001,****p<0.0001 I and J. Correlation between fecal lipocalin 2 on d3 post-infection and O:4 and O:4[5]-specific
intestinal IgA titres. r2 values of the linear regression of log-normalized values. Lines indicate the best fit with 95% confidence
interval. Note that lines joining the points are to permit tracking of individual animals through the data set, and may not be
representative of what occurs between the measured time-points.
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Fig. S10: “Vaccination” by chronic infection with attenuated aroA oafA mutants but not with aroA mutants drives
outcompetition of oafA-sufficient Salmonella on challenge, which correlates with O:4[5]-specific antibody responses. A-E.
For challenge, S.TmΔaroA ΔgtrC-exposed (O:4[5]-vaccinated, closed circles) and S.TmΔaroA ΔgtrC ΔoafA-exposed (O:4-vaccinated,
closed squares) SOPF mice (C57BL/6, black symbols; 129 Sv/Ev, blue symbols) were ampicillin-pretreated, infected (107 CFU,
1:1 ratio of ampicillin-resistant S.TmΔgtrC and S.TmΔgtrC ΔoafA per os). A. Competitive index (CFU S.Tm ΔgtrC/CFU S.TmΔgtrC ΔoafA) in
feces at the indicated time-points. Mean significantly different from 0, One-sample t test *p<0.05, **p<0.01,***p<0.001. B.
Fecal Lipocalin 2 (LCN2). The timeline is divided between days post-infection by attenuated aroA strains and days postchallenge with competing virulent strains. C. Vaccine strains shedding at day 1, 9 and 42 post-infection. The resident E. coli
population eventually excluded aroA Salmonella mutants in the 129 Sv/Ev mice (Blue symboles) D and E. Correlation of the
competitive index with the O:4[5]-specific (D) and O:4-specific (E) intestinal IgA titre, r2 values of the linear regression of lognormalized values. Closed circles: Intestinal IgA from O:4[5]-vaccinated mice, Closed squares: Intestinal IgA from O:4vaccinated mice. Lines indicate the best fit with 95% confidence interval

Fig. S11: The ΔgtrC mutation can be complemented in trans: Mice were vaccinated and pre-treated as in Fig. 3. The inoculum
contained a 1:1 ratio of S.TmΔoafA and S.TmΔoafA ΔgtrC pgtrABC. Competitive index in feces was determined by differential
selective plating over 4 days post-infection.
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Fig. S12: Fecal lipocalin-2 measurements corresponding to Fig. 3A. Fecal Lipocalin 2 (LCN2) over days 1-4 plotted against the
competitive index of infection for animals from Fig. 3A, vaccinated either against O:5-producing S.Tm (A), or O:4-producing
S.Tm (B). Symbols indicate different days post-infection as indicated in the legend.

Fig. S13 (legend on next page)

263

Fig. S13: PA-STmET does not significantly increase protection over a wild type vaccine at day 4 post-infection. Mice were
vaccinated with vehicle only (Naïve, n=10), PA-S.Tmwt (n=8), PA-STmET (combined PA-S.TmΔgtrC, PA-S.TmΔoafA ΔgtrC , PA-S.Tm
pgtrABC, and PA-S.TmΔoafA pgtrABC, n=9) or PA-STmET+wzyB (combined PA-S.TmΔgtrC, PA-S.TmΔoafA ΔgtrC , PA-S.Tm pgtrABC, PAS.TmΔoafA pgtrABC and PA-S.TmΔoafA ΔgtrC ΔwzyB , n=4). On day 28 after the first vaccination, mice were streptomycin pre-treated
and challenged with 105 S.Tmwt orally. Fecal Lipocalin-2 (LCN2) at day 1-3 post-infection (A) and CFU S.Tmwt per gram feces
on day 1-3 post -infection (B), CFU S.Tmwt per mesenteric lymph node (MLN) at day 3 post-infection (C), and CFU S.Tmwt per
spleen at day 3 post-infection (D). A and B, repeat-measures ANOVA reveals no significant difference between the vaccinated
groups at any time-point. C and D: Kruskal-Wallis analyses were carried out for significance. Exact p values displayed. E. IgA
titres of a final experiment not included in Fig. 4A), and additionally showing the group PA-S.TmΔoafA ΔgtrC ΔwzyB. 2-way ANOVA
on log-normalized data. Note that lines joining the points are to permit tracking of individual animals through the data set,
and may not be representative of what occurs between the measured time-points.

Fig. S14: Schematic of S.Tm O-antigen synthesis (based on (Hong et al., 2018)).
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Fig. S15: Synthetic and natural deletions of wzyB reduce the fitness of S.Tm in presence of Tris-EDTA, Cholate, SDS and
serum complement. The deletion of wzyB does not affect the growth of S.Tm or S.TmΔoafA ΔgtrC in LB (No stress) (A) but impairs
growth in presence of Tris-EDTA (B), 2% cholate (C) and 0.05% SDS (D). Dashed lines represent the range of variations between
experiments. This was in line with the outcome of competitions between S.Tm expressing constitutive Green Fluorescent
Protein (S.TmGFP) and S.Tm ΔoafA ΔgtrC ΔwzyB or a wzyB mutant isolated from an Evoltrap vaccinated mouse (E). The level of GFP
corrected for the optical density (OD) served as readout to quantify the S.TmGFP population at the end of the overnight growth,
in presence of S.TmΔoafA ΔgtrC , S.Tm ΔoafA ΔgtrC ΔwzyB or an evolved S.TmΔwzyB , in LB with or without Tris-EDTA. Values above 1
(dashed line) indicates that relatively more GFP was detected in presence of Tris-EDTA than without, which resulted from a
competitive advantage of S.TmGFP in presence of stress. F. The deletion of wzyB makes Salmonella sensitive to human serum
complement. Values below 100 (dashed line) indicates that the number of colony-forming units (CFU) detected after
incubation in human serum was lower than after incubation in heat inactivated human serum.
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Fig. S16: Short O-antigen S.Tm poorly colonizes the intestine of western diet-fed mice, and transmits poorly between
animals in this non-Typhoidal salmonellosis model. A-C. SOPF C57BL/6J mice were switched onto a western diet 24 h before
infection with 108 S.TmΔoafA ΔgtrC (long O-antigen, red diamonds, n=6) or 108 S.TmΔoafA ΔgtrC ΔwzyB (Short O-antigen, black
diamonds, n=7) p.o. A. S.Tm CFU per gram feces on day 1-3 post infection. B. S.Tm CFU per mesenteric lymph node (mLN) at
d 3 post-infection, C. S.Tm CFU per spleen at d3 post-infection. A. Repeat-measures ANOVA on log-normalized data with
Bonferroni post-tests. B and C. Mann-Whitney U tests. D. and E. A donor cohort of mice were pre-treated with streptomycin
and infected with either 105 S.TmΔoafA ΔgtrC (long O-antigen, n=6) or 105 S.TmΔoafA ΔgtrC ΔwzyB (Short O-antigen, n=6) p.o. The
recipient mice were placed onto western diet. At 24 h post-infection (donors), and 24 h after starting western diet feeding
(recipients), fecal pellets were collected from the donors, homogenized, plated to determine the donor CFU/g feces (D), and
then concentrated into 100µl. S.Tm from one fecal pellet was used to transmit the infection into western-diet-fed recipients.
E. S.Tm CFU per gram feces in recipient mice at the indicated time-points.
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Fig. S17: Mathematical model of S.Tm transmission in mice and in domestic pigs. A. Schematic of the model in which a
vaccinated or naïve donor transmits infection into a naïve population. A new host becomes infected by ingesting a certain
mass of feces containing an original Salmonella density of sd Individual Salmonella shed from the donor have a probability p
of arriving alive in the lower gastrointestinal tract (GIT) of the new host, generating the seeding population at density s0. The
nature of the perturbation present in the new host will determine the duration τ during which these Salmonella will be able
to grow. If the Salmonella population size reaches a threshold, T, before the microbiota recovers then inflammation is
triggered, and a fulminant infection develops. If s0 is low, or the infection event occurs too late during the microbiota
perturbation, then T is not reached, and the host remains healthy (see supplementary methods for more detail). B. Here the
equations in A are used to investigate the effect of a shorter infectious period and lower seeding densities (s0), due vaccination
on the relative value of R0 (R0’/R0 colour scale). We explore two possible scenarios. T = 5107 CFU/g for both mice and pigs.
In mice pre-treated with streptomycin, s0 = 3106 /g and τ = 72 h, in swine s0 = 5107 /g and τ = 12 h. As the R0 for Salmonella
spread in a standard Danish pig farm is estimated to be in the order of 2, a 50% reduction in R0 will result in extinction of the
outbreak.

Supplementary movies A and B (not in thesis)
Visualization of O:12 phase variation using live-cell immunofluorescence. Cells expressing GFP (green) pre-stained with
fluorescently-labeled recombinant murine IgA STA121 specific for the O:12-0epitope (red) were loaded into a microfluidic
chip for time-lapse microscopy. Cells were fed continuously S.Tm-conditioned LB containing fluorescently-labeled
recombinant murine IgA STA121 specific for the O:12-0epitope. (A) Loss and (B) gain of antibody reactivity (red staining) was
observed, indicative of O:12 phase variation.
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Supplementary tables
Table S1: Salmonella strains and genotypes
Strains
S .TmWT

Background
SL1344

S .TmΔsseD

SB300

S .TmΔoafA
S .TmΔgtrC
S .TmΔgtrA

Number

Relevant genotype
Wild-Type strain SB300

Sm

Resistance*

M556

sseD::aphT

Sm, Kan

SB300

Z1601

ΔoafA Tag1::aphT

Sm, Kan

SB300

Z2313

gtrC(a)::cat

Sm, Cm

SB300

Z2314

gtrA(a)::cat

Sm, Cm

SB300
S .TmΔoafA ΔgtrC
ΔoafA
ΔgtrC
kan
SB300
S .Tm

Z5094

ΔoafA gtrC(a)::cat

Sm, Cm

Z5142

ΔoafA gtrC(a)lpfED::aphT

Sm, Kan

S .TmΔoafA ΔgtrC
ΔwzyB

SB300

Z5098

ΔoafA gtrC(a) wzyB::cat

Sm, Cm

S .TmΔoafA ΔGT

SB300

Z5131

ΔoafA ΔgtrB(a) ΔgtrB(b)
ΔSTM0712-0723 Δwca-wza

Sm

S .TmgtrABC-lacZ

ST4/74

Z5114

gtrABC(a)-lacZ

S .TmgtrABC-lacZ OFF ST4/74

Z5115

gtrABC(a)-lacZ; 3rd GTAC>GATA;
4th GATC->GATT

Z5101

ΔoafA gtrC(a)::cat pGtrABC

Sm, Cm, Amp

SB300

MSBZ0036

Wild-Type strain SB300 pM965

Sm, Amp

χ3625

MDBZ0450

ΔaroA ΔgtrC(a)

Sm

S .TmΔaroA ΔoafA
ΔgtrC

χ3625

MDBZ0451

ΔaroA ΔoafA ΔgtrC(a)

Sm

S .TmΔgtrC amp

SB300

gtrC(a)::cat pM975

Sm, Cm, Amp

S .TmΔoafA ΔgtrC
pGtrABC
S .TmGFP
S .TmΔaroA ΔgtrC

SB300

S .TmΔoafA ΔgtrC kan
SB300
amp
S. Enteritidis
S. Gallinarum
S. Limete
S. Anatum
S. Senftenberg
Evolved clones
Evolved clone 1
O:5,12Bimodal

SE125109
SARB21
SARB47
SARB2
SARB59
S .TmΔsseD

MDBZ0463
MDBZ0464
M1512
SARB21
SARB47
SARB21
SARB59

Z5408

Evolved clone 2
O:4,12Bimodal

S .TmΔsseD

Z5409

Evolved clone 3
O:5,12Bimodal

S .TmΔsseD

Z5410

ΔoafA gtrC(a)lpfED::aphTpM975 Sm, Kan, Amp
invC::aphT
Wild-type
Wild-type
Wild-type
Wild-type
sseD::aphT; clone R421B

Sm, Kan

sseD::aphT; clone R423B

Sm, Kan

sseD::aphT; clone R430B

Sm, Kan

Evoltrap evolved
MDBZ0452 to
S .TmWT
cf. Table S4
Sm
clones
MDBZ0461
Plasmids
Backbone
Relevant genotype
Resistance*
pM965
pSC101
PrpsM -gfp
Amp
pgtrABC
pM965
PrpsM -gtrABC(a)
Amp
pKD46
Amp
pCP20
Amp, Cm
pKD3
Cm
pM975
pSC101
PssaH-gfp
Amp
* Relevant resistances only: Sm = ≥50 µg/ml streptomycin; Cm = ≥6 µg/ml chloramphenicol; Kan = ≥50 µg/ml kanamycin; Amp =
≥100 µg/ml ampicillin.
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Table S2: Details of primers used in strain construction, testing and sequencing
Primer name

Sequence

Purpose

Reference

oafA_Seq_up

CCGCCATAGTTACGTTTTG

This work

oafA_Seq_dw

AAGCTATACACATAAAATAATTTGC

This work

oafA_IntSeq1_up

AGTACTTGATTTTTATATTGCAAG

oafA_IntSeq2_up

GAGGTTTATGGGATAGTCC

oafA_IntSeq3_up

GCCTGATATTTGCTTCCTC

This work

oafA_IntSeq4_up

This work

Ver_oafA_up

CCGTAATCTGAGAGATAATGA
AATTATAGGTAAAAAATGATCTACAAGAAATTCAGACTCGT
GTGTAGGCTGGAGCTGCTTC
GGCAAGCCCCTCTGTTTATTTTGAAATCTGCTTTTTCACTCA
TATGAATATCCTCCTTAG
ATGTAGTTGATGTAACAGGTC

Ver_oafA_dw

ATGCCCCATCAGAAAAGCT

Ver_STM0558_up

ATTGGTGTGATAAATCCTATTG

Ver_STM0558_dw

GCTATCAGCCTGATATGCG

Ver_STM4205_up

GTAATCATCAGAGTGAATAGG

Ver_STM4205_dw

CGCAATTAGCCTTATTTGCG
TAAAAATAGCGGTACTTACCCTCCCCGCTTCGGCAGCGAAT
GTGTAGGCTGGAGCTGCTTC
Deletion cluster wca-wza
AGTGATAAATAATCAATGATGAAATCCAAAATGAAATTGAC
ATATGAATATCCTCCTTAG
CCATAACATTAAGTATGAACAACT
Verification deletion
cluster wca-wza
AAGCCGCTATTTAAATTGCACA

Del_oafA_up
Del_oafA_dw

Del_wca_wza_up
Del_wca_wza_dw
Ver_wca_wza_up
Ver_wca_wza_dw

Ver_0712-23_up

TGATGGATTTGTTTTGTGAAAAGAAAATATCTTACGCAAGT
GTGTAGGCTGGAGCTGCTTC
GGAATTAAATGACGCTTAGTTATATTTTGCCCAAAATTTTCA
TATGAATATCCTCCTTAG
ATTAAACTCATCTGATCAGTGAT

Ver_0712-23_dw

GGCGAGCGCCCAATAAT

Del_0712-23_up
Del_0712-23_dw

Del_0559_up
Del_0559_dw
Ver_0559_up
Ver_0559_dw
Del_gtrC_up
Del_gtrC_dw
Ver_gtrC_up
Ver_gtrC_dw

Sequencing oafA

This work
This work

This work
In frame deletion oafA
This work
Deletion verification oafA

This work
This work

Deletion verification
gtrC(a)

This work

Deletion verification
gtrC(b)

This work

Deletion cluster
SaltsV1_0712 to
SaltsV1_0723
Verification deletion
cluster SaltsV1_0712 to
SaltsV1_0723

CGACTAACGAGATTTTCATTTCGCATCCCTAAAGACAATGT
GTGTAGGCTGGAGCTGCTTC
In frame deletion gtrA(a)
CCGCTGATTTTCATAATGTTGAAGTTATTCGCTAAGTACACA
TATGAATATCCTCCTTAG
TAGAAAATAGGTATCGTGGCT
Verification deletion
gtrA(a)
GTAGTGCTACACTCCAGAC
ATAATTAAGAATGAGAAGAAAAATGGTTAACAATAGATTAT
GTGTAGGCTGGAGCTGCTTC
In frame deletion gtrC(a)
TACATGAATGTTATTTAATTATTTCCGTAATATTCTCATTCAT
ATGAATATCCTCCTTAG
CGCCCGTTACCCATTGG
Verification deletion
gtrC(a)
TTGATAGGAATAGGTATTCTTGG

This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work

Ver_wzyB_dw

TTCTAAAGGCTCTATATGCTTATAATTTCATACATTGCATTAT
GCTGTGCAGGCTGGAGCTGCTTC
In frame deletion wzyB
TTGCCGCCGTATAACTTATTTATTGTTTCTTAGTAAAACGAA
TCTCATATGAATATCCTCCTTAG
CCAACAAGCTTTACAGGAAC
Verification deletion wzyB
GATTCAGAATATCTTGCCAGA

PstI_Gtr57.59_up

ATCGTACTGCAGATGTTGAAGTTATTCGCTAAGTA

EcoRV_Gtr57.59_dw

GTAATCGATATCGGCGGGGAACATTAATTATAC

SeqInt1_gtrABC

CATACATCCTCTATTACTCATC

This work

SeqInt2_gtrABC

ATCTCTTGTAGTTGTATTAATTTCT

This work

SeqInt3_gtrABC

TAATTAAGAATGAGAAGAAAAATGGT

SeqInt4_gtrABC

GGTGCTGGCTAAGCGC

SeqInt5_gtrABC

CAGCTGTCTTACGCTTCAT

This work

SeqInt6_gtrABC

ATCAGCCTGATATGCGGATT

This work

Del_wzyB_up
Del_wzyB_dw
Ver_wzyB_up

Cloning gtrABC(a)

Sequencing PrpsMgtrABC(a)

This work
This work
This work
This work
This work
This work

This work
This work
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Table S3: Details of mutations found in resequenced O12-0 or O12 bimodal evolved clones studied by REC-Seq as shown in
Fig. 1F and 2C-D. Numbers indicate the position of the mutation, numbers in brackets indicates the percentage of reads were
the mutation was detected.

Clone name
Staining with O:5
antisera
Staining with O:12
antibody
Serotype
Designation in Fig.
1F and 2C and D

Ancestor
Ancestor M556

R423A

Positive

Negative

Positive

Negative

Positive

Positive

Bimodal

Bimodal

Bimodal

O:4,12 O:5,12 [12-2] O:4,12 [12-2]
Evolved
Evolved
clone 1
clone 2

O:5,12 [12-2]

O5:12

Evolved (Chronic infection, day 36)
R421B
R423B

R430B
Positive

Evolved clone 3

13832..13843 (43)

635606 (98)

Reference
GGCGGCG
GATTT

Allele

Region

-

dnaJ

635606 (97)

635606 (99) 635606 (100)

635606 (100) T

A

STM0576

1756092 (100) 1756092 (98)

1756092
1756092 (95)
(100)

1756092 (98) G

A

yciT

ATTTTAT

-

oafA

TG

C

2388696
(100)

C

A

2388699
(100)

A

T

2411272 (100) 2411272 (99) 2411272 (99)

2411272
(100)

2411272 (100) T

C

menC

2433677
(100)

2433677
(100)

2433677 (100) T

G

nuoF

-

intergenic

T

hilC

A

G

tsr

G

A

2330274..233
0280 (100)

2433677 (100) 2433677 (99)

2330274..233
0280 (76)
2388693..238
8694 (100)

2728584..272
8589 (64)

GCAAGG
3035159 (100) C

Deletion
glpA

4810867 (98)

4810885 (98)

4810885 (98)

4905774 (22)
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T

G

creD

Function
Chaperone
protein DnaJ
putative PTS
system
mannosespecific
enzyme IIAB
putative
regulatory
protein
O antigen
acetylase
sn-glycerol-3phosphate
dehydrogenase
subunit A
osuccinylbenzoa
te synthase
NADH-quinone
oxidoreductase
subunit F
Prophage
Gifsy-1
Transcriptional
regulator HilC
methylaccepting
chemotaxis
protein I
conserved
exported
protein of
unknown
function

Table S4: Details of experiments in which Salmonella O-antigen shifts were observed
Number of mice where O5-negative clones arise

n of mice
with O5- neg
Experiment
clones

n of Vaccinated mice

2

1

ES16-012

5

1

KM16-010

4

4

ES16-027

4

1

ES17-041

4

1

ES17-042

4

0

ES18-007

3

0

ES18-016

3

1

ES19-041

29

9

Total

Genotype of
challenge strain
S. TmWT
PA-STm_WT
(SB300)
S. TmWT
PA-STm_WT
(SB300)
S. TmWT
PA-STm_WT
(SB300)
S. TmWT
PA-STm_WT
(SB300)
S. TmWT
PA-STm_WT
(SB300)
PAS. TmWT
STm_deltaGtrC
(SB300)
PAS. TmWT
STm_deltaGtrC
(SB300)
PAS. TmWT
STm_deltaGtrC
(SB300)
Vaccine

Clones per
mouse
analysed by
Clones per mouse analysed
resequencing
by cytometry

Analysis
timepoint
day 4 postchallenge
day 8 postchallenge
day 4 postchallenge
day 4 postchallenge
day 4 postchallenge
day 3 postchallenge
day 3 postchallenge
day 3 postchallenge

4 to 8

2

8

1

Cecal enrichments

0

Cecal enrichments

0

Cecal enrichments

0

12

0

Number of mice where short O-antigen clones arise
n of mice
with low
antisera
staining

n of Vaccinated mice

4
5
4

Experiment Vaccine

3 ES18-016
3 ES18-007
3 ES19-041

Strains analyzed for oafA and gtrABC changes
Strain ID
Strain name Experiment source
Y369A
R420A
R423A
R423B
R421B
R430B
R416
R417
R418
R419A
R424A
R424B
R425A
R425B

Z5409
Z5408
Z5410

KM16-010
TV2966, ES14-035TV2966, ES14-035TV2966, ES14-035TV2966, ES14-035TV2966, ES14-035TV2966, ES14-035TV2966, ES14-035TV2966, ES14-035TV2966, ES14-035TV2966, ES14-035TV2966, ES14-035TV2966, ES14-035TV2966, ES14-035-

PA-STm_ET
PA-STm_ET
PA-STm_ET

Salmonella
strain
M2702
M556
M556
M556
M556
M556
M556
M556
M556
M556
M556
M556
M556
M556

Genotype of
challenge strain

Analysis
timepoint

S. TmWT (SB300)
S. TmWT (SB300)
S. TmWT (SB300)

d3, d7
d3
d3

mouse genotype
C57BL/6 EPIC
IgA+/- LCM
IgA+/- LCM
IgA+/- LCM
IgA+/- LCM
IgA+/- LCM
JH-/- EPIC
JH-/- EPIC
JH-/- EPIC
JH-/- EPIC
IgA+/- LCM
IgA+/- LCM
IgA+/- LCM
IgA+/- LCM

PA-STm
vaccinated?
Y
N
N
N
N
N
N
N
N
N
N
N
N
N

Clones
per
mouse
Type of analysis
analysed
by
resequen
cing
flow cytometry, resequencing
3
flow cytometry
0
flow cytometry
0

day of infection
4
36
36
36
36
36
40
40
40
40
36
36
36
36

Surface pheno 7bp deletion
O5 negative, O
O5 negative, O
O5 negative, O
O5 negative, O
O5 positive, O
O5 positive, O
O5 positive, O
O5 positive, O
O5 positive, O
O5 positive, O
O5 negative, O
O5 negative, O
O5 negative, O
O5 negative, O

Y
Y
Y
Y
N
N
N
N
N
N
Y
Y
Y
Y

Strains analyzed for short O-antigen phenotype
Strain ID

Mouse

MDBZ0456
MDBZ0457

Clone #

4
11

MDBZ0459

5
AE862

MDBZ0461
MDBZ0452
MDBZ0453
MDBZ0454
MDBZ0455

Salmonella strain

Vaccine

day of
infection

3
AE860

MDBZ0458

MDBZ0460

Experiment source

6
7

AE854
AE855
AE856
AE857

1
1
1
1

O5 staining
dim

ES18-016
ES18-016
ES18-016
ES18-016
ES18-016
ES18-016
ES18-016
ES18-016
ES18-016
ES18-016

SB300
SB300
SB300
SB300
SB301
SB302
SB303
SB304
SB305
SB306

PA-STm_ET
PA-STm_ET
PA-STm_ET
PA-STm_ET
PA-STm_ET
PA-STm_ET
PBS
PBS
PA-STm
PA-STm

7
7
7
7
7
7
7
7
7
7

dim
dim
+
dim
dim
+
+
+
+

wzyB
ID
locus
Delete
AE860 3
d
Delete
AE860 4
d
Delete
AE860 11
d
Intact AE862 5
Delete
AE862 6
d
Delete
AE862 7
d
AE854
Intact
AE855
Intact
Intact
AE856
Intact
AE857
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Chapter 7:
Discussion:
The use of animal models to understand the evolution
of pathogens

Parts of this chapter were adapted from a published review article:

"Evolutionary causes and consequences of bacterial antibiotic persistence"
Erik Bakkeren, Mederic Diard, Wolf-Dietrich Hardt
Nat. Rev. Microbiol. 2020. 18, 479-480. Doi: 10.1038/s41579-020-0378-z

Sections adapted from that manuscript are clearly indicated with "Adapted from Bakkeren et al.
2020. Nat. Rev. Microbiol."
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Ethical dilemmas surrounding the use of animals in experimentation has asked questions that can be
provocatively paraphrased as "is a mouse more than just a test tube with fur?" For testing
pharmaceuticals and while investigating some aspects of infection biology, like the dynamic interaction
between the host and the pathogen to understand virulence mechanisms and the corresponding
immune response, answers seem intuitive. But why should evolutionary biologists study aspects of the
host-pathogen interaction in relevant model systems?
In order to capture the entire picture of how bacteria evolve, models that recapitulate their
natural environment with adequate complexity are needed. Therefore, animal models are particularly
relevant for understanding the evolution of bacterial pathogens, in which the ability to infect a host
and transmit to the next one are paramount for evolutionary success (and likely also in the selection
for virulence) (Diard and Hardt, 2017). Chapter 3 discusses the emergence and maintenance of
virulence through host-to-host transmission, fueled by the interaction between virulence factors and
the host's immune response. These aspects of evolutionary biology cannot be demonstrated by in vitro
work and theory alone. Furthermore, the predictability of spread of mobile genetic elements in
relevant host systems could work towards quantifying a global picture of antimicrobial resistance,
comparing resistance evolution in the environment and within human or animal hosts (see section
"towards quantifying the spread of resistance plasmids") (McGowan, 1983;Wright, 2007;Davies and
Davies, 2010). Although in vitro conjugation testing can predict spread in the host gut to some extent,
additional factors such as spatial structure, interaction with the microbiota, the role of adherence
factors contribute to the overall picture, which can only be captured with relevant host models
(Chapter 4). In fact, this also pertains to related aspects of the host-pathogen interaction, such as the
formation of persister reservoirs in host tissues, which can also promote the spread of antibiotic
resistance plasmids (Chapter 5). Lastly, by learning aspects of evolutionary biology in the context of
relevant host systems (such as adaptation to evade secretory IgA in the gut), evolutionary trade-offs
can be harnessed for the development of vaccines (Chapter 6).
Altogether, studying pathogen evolution in relevant host systems has revealed important
observations with overarching themes compatible with both basic evolution theory and contemporary
medical practices. In this Chapter, I will discuss some of these key themes that have been developed
through this integrated view of evolutionary biology and infection biology (i.e., "evolutionary infection
biology"), using the findings from Chapters 3-6 as key examples.
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Evolutionary emergence and maintenance of virulence: the case of SPI-1 in S.Tm
Infection biology has classically looked at how virulence factors function and how the host cells
and the host defenses correspondingly respond to pathogen insult. Evolutionary thinking has rather
asked the question as to why virulence emerges in the first place, and how it can be maintained (Diard
and Hardt, 2017). By integrating both aspects, a complete picture of pathogen evolution starts to
emerge. As discussed in Chapter 1, virulence can be costly at the molecular level, with extreme
virulence as a result of short-sighted evolution leading to death of the host. So is virulence maladaptive
(Methot, 2012;Diard and Hardt, 2017)? Why has virulence been maintained for so long in pathogen
populations? Studying social behaviour in bacterial pathogens has revealed that many aspects of
virulence are a result of collective actions (Griffin et al., 2004;West et al., 2006;Diard and Hardt, 2017).
The role of extracellularly acting virulence factors as public goods can make virulence susceptible to
cheaters (Hamilton, 1964a;b). Indeed, mutants with attenuated virulence do emerge during infection
(Chapter 2 and 3) (Smith et al., 2006;Diard et al., 2013;Diard and Hardt, 2017;Cherry, 2020).
Mechanistic understanding of how virulence factors function can provide key solutions to such
problems. For example, let us consider the case of SPI-1 in S.Tm.
S.Tm uses inflammation to create a favourable niche in the gut, allowing it to bloom to high
densities (Stecher et al., 2007). Investigation into the virulence mechanisms that drive this has shown
that SPI-1 and SPI-2 are critical for shedding of S.Tm (i.e., in the absence of these, S.Tm is excluded by
the microbiota) (Stecher et al., 2007;Lawley et al., 2008;Endt et al., 2010). But how did these
pathogenicity islands emerge and how were they selected for? It has been suggested that SPIs in S.Tm
have been acquired through HGT, based on differences in GC content (Desai et al., 2013;Diard and
Hardt, 2017;Ilyas et al., 2018). Besides these pathogenicity islands, the core genome of E. coli and S.Tm
are strikingly similar. This suggests that S.Tm has evolved into a pathogen from ancestral E. coli through
HGT (Desai et al., 2013;Diard and Hardt, 2017). In Chapter 3, by using a host infection model, we show
that HGT can transiently restore cooperative virulence in a population of cheaters. Moreover, we show
that virulence can emerge from two initially avirulent strains. In that experimental model, we use the
HGT of hilD, which regulates SPI-1, as a system to study the emergence of cooperative virulence. Since
SPI-1 was likely acquired through HGT, it is plausible that such a HGT event led to the de novo
emergence of virulence in an ancestral E. coli strain, allowing it to be more fit relative to other strains
due to its ability to trigger inflammation and bloom. However, such a HGT event is likely rare and thus
the ability to trigger inflammation would not be realized immediately after HGT (as is the case of HGT
of hilD in Chapter 3). This would be furthered by bacterial mechanisms such as H-NS to silence DNA
acquired by HGT (Navarre et al., 2006). So how can virulence be selected for? Genetic drift as a result
of population bottlenecks and founder effects observed during colonization of a new host (Fig. 1) likely
contribute, as predicted by theory (Bonhoeffer and Nowak, 1994;Smith, 2001;Cremer et al., 2012). This
was supported by data in Chapter 3, where a higher proportion of virulent clones led to stronger
disease in the next host associated with more shedding (i.e., transmission potential), and that this was
increased by experimentally making the transmission bottleneck more narrow. Therefore, it is
plausible that SPI-1 was selected after an initial rare emergence by HGT though successful host-to-host
transmission.
However, from experimental evolution and sequenced based analysis, mutants defective in
SPI-1 mediated virulence can emerge (Chapters 2 and 3) (Diard et al., 2013;Marzel et al., 2016;Cherry,
2020). This is because these mutants are more fit in the presence of inflammation triggered by virulent
clones, as they do not pay the cost of production. Of note, models such as the streptomycin mouse
model features higher colonization and inflammation than typical natural host populations (Barthel et
al., 2003), which may increase the frequency of cheater emergence compared to natural isolates.
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However, clearly the cost plays a role in the stability of virulence (Hamilton, 1964a;b). So, if SPI-1
mediated virulence is so useful in successful shedding, mechanisms should exist to reduce the speed
of avirulent mutant (i.e., cheater) outgrowth. Analysis of the mechanisms that drive this cost of SPI-1
expression has revealed that SPI-1 expression is phenotypically heterogenous (Sturm et al., 2011). By
pairing mechanisms uncovered through analysis of virulence with evolutionary framework in a relevant
mouse model, it was shown that the phenotypic heterogeneity in SPI-1 expression leads to a division
of labour. The SPI-1ON subpopulation engages in costly virulence to trigger inflammation, while the SPI1OFF subpopulation can grow more quickly to suppress outgrowth by cheaters (Fig. 1) (Sturm et al.,
2011;Diard et al., 2013). This effectively makes SPI-1-mediated virulence less costly as a whole.
Additionally, mechanisms exist to ensure that SPI-1 is expressed only when it is necessary. For example,
iron plays a role in SPI-1 regulation through Fur, H-NS additionally represses SPI-1 expression, and
nutrient availability or osmotic stress are sensed to modulate SPI-1 expression (Erhardt and Dersch,
2015). Alternatively, mechanisms can exist to make cheating behaviour more costly. Understanding
the molecular mechanisms of virulence regulation can suggest how gene regulation could have evolved
to achieve this purpose. In fact, coupling costly cooperative functions with other private functions has
been suggested to stabilize cooperation in some cases through gene regulation (Foster et al.,
2004;Frenoy et al., 2013). In S.Tm, such parallels can be drawn. A complex regulatory network
surrounds SPI-1 expression, integrated through the HilD (Fig. 1) (Golubeva et al., 2012;Erhardt and
Dersch, 2015). HilD regulates many genes outside of SPI-1 including flagella and chemotaxis, SPI-4, as
well as many other genes that have not been characterized in terms of the cost associated with SPI-1
expression (Smith et al., 2016). Further work is needed to understand if this co-regulation is a result of
the evolution of gene regulation in order to increase stability of SPI-1. In fact, it is not really clear how
costly SPI-1 expression itself is relative to the entire hilD regulon. The SPI-1 apparatus and effector
protein expression appear to account for only parts of these costs (Sturm et al., 2011). Understanding
these questions using molecular infection biology could assist in understanding the evolution of gene
regulation surrounding the expression of costly virulence factors.
In S.Tm, invasion into host cells is a well-characterized process that leads to inflammation. The
invasion process itself was suggested to increase the cost associated with SPI-1 expression, because
cells that invade were killed through induction of the immune response (i.e., self-destructive
cooperation) (Ackermann et al., 2008). Later work showed that although a proportion of invading
clones may die as a result of the invasion process, SPI-1-mediated invasion (especially when paired
with SPI-2) co-incidentally led to the ability of virulent clones to form reservoirs inside of host tissues
(Fig. 1; see section "evolutionary consequences of bacterial antibiotic persistence"). Under certain
circumstances this can represent a very strong selection for virulent wild type cells. The extent that
this facilitates the stability of SPI-1 (e.g. through reseeding of reservoirs into the gut lumen) remains
to be seen, but anthropogenic intervention such as antibiotic treatment, phage or defense-mediated
killing of gut luminal S.Tm populations can lead to the selection of virulent clones through this
mechanism (Diard et al., 2014).
Altogether, investigating virulence mechanisms in the framework of evolutionary theory has
led to advances in understanding the evolution of bacterial pathogens such as S.Tm (Diard and Hardt,
2017). In the case of SPI-1, understanding the processes that stabilize or de-stabilize cooperative
virulence has inspired possible avenues for designing intervention strategies (discussed in the section
"antibiotic-independent control of bacterial infections").
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Figure 1. Mechanisms that stabilize SPI-1-mediated virulence in S.Tm. Evolutionary infection biology using S.Tm as a model
has revealed mechanisms that can facilitate the emergence and selection for costly virulence factors, such as SPI-1. SPI-1 has
been suggested to have emerged in S.Tm (green) through HGT (e.g. through conjugation from a donor (blue), phage transfer,
or transformation). Several mechanisms act to reduce the burden of cheaters (white). A complex regulatory network
surrounds SPI-1 expression, integrating different signals through HilD, which in turn is a pleiotropic regulator. Phenotypic
heterogeneity facilitates division of labour (phenotypically OFF S.Tm indicated in light green, which reduce cheater
emergence), reducing the cost associated with SPI-1 expression at the population level. Ultimately, virulent clones are
selected through host-to-host transmission. This is because virulent clones will successfully colonize a new host (depicted
here as mice) leading to further shedding, while cheater clones cannot trigger inflammation (which suppresses the microbiota
and allows colonization) and will therefore not be transmitted to further hosts. Invasion mediated by S.Tm virulence factors
co-incidentally allows the storage of virulence clones in host tissues. Epithelial cells are depicted as beige rectangles with
purple nuclei, and the lamina propria and systemic sites are below.
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Towards quantifying the spread of resistance plasmids

Strong correlations have been identified between the spread of antibiotic resistance and
antibiotic use in clinics (Goossens et al., 2005), or in animal husbandry (Witte, 1998). In the clinic,
antibiotic treatment is easily administered, readily available, and proven to be a very effective method
to treat bacterial infections, leading to extensive use and abuse (McGowan, 1983). Similarly, antibiotics
are used during food production and as a prophylactic or growth promoting agent in livestock. Since
livestock are an important reservoir for many zoonotic pathogens such as members of the
Enterobacteriaceae, this can result in the presence of antibiotic resistant bacterial pathogens in food
consumed by humans (Witte, 1998;Smet et al., 2010). Additionally, the environment can serve as a
compartment where antibiotic resistance can emerge. Although antibiotics used in agriculture and the
clinic can pollute food and water as a result of mishandling or excretion in a bioactive form, antibiotic
resistance has been found in isolates predating the use of antibiotics in the clinic or agriculture (Wright,
2007). Correspondingly, this forms a triad of major reservoirs that promote selection and evolution of
antibiotic resistance: humans, animals/livestock, and the environment (Fig. 2). But how do each of
these reservoirs contribute to the global picture of antimicrobial resistance?
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Figure 2. Global spread of antibiotic resistance. Humans, animals, and the environment provide three main reservoirs where
antibiotic resistance can emerge and spread. Antibiotics given to humans and animals can act as a selective force for the
spread of antibiotic resistance, but can also seep into the environment (shown by red arrows). Bacteria can evolve within
hosts, leading to spread of antibiotic resistance (this is modulated by key factors that can be studied through evolutionary
infection biology). Migration of bacteria between reservoirs leads to increased opportunities for gene flow (e.g. antibiotic
resistance due to plasmid transfer). Understanding aspects of within-host evolution can be important pieces of a global
understanding of the spread of antimicrobial resistance.

Within each reservoir, antibiotic resistance can evolve as a consequence of vertical or
horizontal gene transfer. This allows antibiotic resistance encoded on mobile elements to be amplified
within a population of bacteria, resulting in the diversification of bacterial species that carry a
particular mobile element (i.e., MGE spread), and the transfer of antibiotic resistance between
reservoirs (Levy et al., 1976). Conjugative plasmids are arguably the most important means to transfer
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antibiotic resistance between and within bacterial species. Epidemiological and clinical surveys have
yielded striking evidence for the importance of plasmid-mediated transfer. In contrast, surprisingly
little is known about the actual parameters of plasmid transfer in different ecological niches, in
particular within infected hosts. Studies on plasmid transfer kinetics uncovered that plasmid transfer
is highly dependent on the density of donors and recipients (Levin et al., 1979). There is limited
evidence for plasmid transfer in the environment (Perry and Wright, 2014), likely due to low local
densities of bacteria and lack of selective pressure, but ecological niches such as the gut of animals
promote these densities, especially during infection (Stecher et al., 2012;Perry and Wright, 2014). This
makes the host gut an important reservoir to study in terms of global antibiotic resistance spread.
Using mouse models, some factors that influence HGT in vivo such as inflammation (Stecher et al.,
2012), diet perturbations (Wotzka et al., 2019), vaccination (Diard et al., 2017;Moor et al., 2017),
persister reservoirs (Chapter 5), mouse genetic background (Ott et al., 2020), and plasmid-, donor-,
and recipient-specific factors (Chapter 4), have been uncovered. As shown in Chapter 5, understanding
the conditions that influence the spread of plasmids can inform new therapeutic avenues to reduce
the burden of antibiotic resistance (e.g. vaccination; discussed in the section " antibiotic-independent
control of bacterial infections"). Design of such interventions would not have been possible without
the integration of both infection biology (to understand virulence mechanisms) and evolutionary
biology (to understand the impact of virulence on the evolution of bacterial pathogens) in relevant
host systems.
Quantifying plasmid transfer and understanding the conditions that modulate HGT could be
integrated into epidemiological models that aim to predict the consequence of modulating a certain
factor on the global spread of antibiotic resistance. Understanding plasmid transfer dynamics in the
three relevant reservoirs (e.g. humans and animals by using relevant host infection models) are central
to this. By performing an integrated approach, combining bioinformatics analysis and high-throughput
testing in vitro, followed by validation in vivo, we found that laboratory testing could predict plasmid
spread in the gut reasonably well, and that this was influenced by both plasmid- and strain-specific
factors (Chapter 4). This indicates a potential for identification of relevant plasmids from patients, highthroughput in vitro testing, and predictive modeling to understand the likelihood of plasmid spread (in
the presence or absence of modulating factors identified through in vivo experimentation). This could
increase antibiotic stewardship. However, some aspects, such as a potential role for adherence, interstrain competition, or interaction with the microbiota, could not be predicted by in vitro testing alone.
This indicates that while in vitro predictive testing remains a valuable tool for epidemiological
understanding, some aspects of plasmid spread cannot be understood without studying dynamics in
ecologically relevant environments, such as in the gut of a host.
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Evolutionary consequences of bacterial antibiotic persistence
(Adapted from Bakkeren et al. 2020. Nat. Rev. Microbiol.)
Antibiotic persistence has several diverse and very important evolutionary consequences. In
addition to the obvious clinical consequences of persistence for the infected host, it is a facilitator for
the evolution of other traits. This includes antibiotic resistance itself and virulence (Fig. 3).
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Figure 3. Evolutionary consequences of persistence. Persisters (red) can fuel the evolution of both antibiotic resistance and
virulence of bacteria. On the chromosomal level (vertical gene transfer), persisters increase the chance of a mutation leading
to resistance (orange) (top left panel) (Levin-Reisman et al., 2017). In the case of S.Tm, invasion-capable S.Tm (filled lozenges)
can survive antibiotic therapy in host tissues as persisters whereas defectors (white lozenges; noninvasive) cannot (top right
panel) (Diard et al., 2014). Through antibiotic treatment, persisters allow the selection for virulent clones. At the level of
mobile genetic elements (horizontal gene transfer), persisters can allow the formation of long-term reservoirs that can store
antibiotic resistance plasmids, which can be donated to plasmid-free recipients (illustrated with green outline) after antibiotic
treatment (bottom left panel) (Bakkeren et al., 2019). We propose that a similar phenomenon can occur for mobile genetic
elements containing virulence or other fitness determinants, such as colicin plasmids or bacteriophages (bottom right panel).
Antibiotic susceptible bacteria in blue, persisters in red, and resistant bacteria in orange; mobile genetic elements depicted
as black circles. Killed bacteria are shown as dotted, hollow lozenges. Figure from (Bakkeren et al., 2020).

Antibiotic persistence as a driver for the evolution of resistance (Adapted from Bakkeren et al. 2020.
Nat. Rev. Microbiol.)
For a long time, it had remained unclear whether antibiotic persistence and resistance were
alternate strategies for survival during antibiotic therapy, or whether these two processes are linked.
Recent studies have shown that they are indeed linked. It is important to re-emphasize that antibiotic
resistant clones can emerge by two main means: mutation or acquisition of genes by horizontal gene
transfer (HGT). Antibiotic persistence can promote both.
The role of antibiotic persistence in the emergence of resistance mutations was first
demonstrated in vitro. An intermittent exposure to stressors such as antibiotics promotes the
emergence of mutations that enhance antibiotic persistence (Fridman et al., 2014;Mechler et al.,
2015;Van den Bergh et al., 2016;Levin-Reisman et al., 2017). Moreover, the levels of persistence and
the rate of emergence of resistance are positively correlated in clinical isolates of P. aeruginosa
(Vogwill et al., 2016) and E. coli (Windels et al., 2019). Importantly, Levin-Reisman et al. demonstrated
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a direct causal link between persistence and the emergence of resistance (Levin-Reisman et al., 2017).
Mutations increasing tolerance allowed a larger fraction of bacteria to survive antibiotic therapy. This
was also recently observed to occur within patients (Liu et al., 2020). The elevated number of survivors
increased the chance that resistance mutations would emerge. In addition, the stress itself, which also
induces both persistence and mutator phenotypes (Bjedov et al., 2003;Harms et al., 2016;Windels et
al., 2019), may also elevate the mutation rates. Accordingly, Windels et al. proposed a second
mechanism by which persistence can promote the emergence of resistance mutations: higher
mutation rates are observed in persisters themselves (Windels et al., 2019). This should further boost
the rise of antibiotic resistant mutants (Windels et al., 2019). Thus, the convergent roles of stress
signaling such as the stringent response via (p)ppGpp and the SOS response in both persister formation
and error-prone DNA repair (Harms et al., 2016;Windels et al., 2019) will promote the emergence of
resistant bacterial strains.
In Chapter 5, we found that persisters can also promote the spread of antibiotic resistance
genes by HGT. In mice, S.Tm forms significant numbers of persister cells that survived ciprofloxacin or
ceftriaxone treatment in the host's gut tissue or at systemic sites (Claudi et al., 2014;Diard et al.,
2014;Kaiser et al., 2014;Bakkeren et al., 2019). These persisters formed reservoirs for the resistance
plasmids that they carried. When such persisters re-seeded the gut lumen, they could efficiently
transfer the resistance plasmid to new Enterobacteriaceae (Bakkeren et al., 2019). Thus, by increasing
the chance of co-occurrence between plasmid donors and recipients in the gut, the persister reservoirs
may help to explain why Enterobacteriaceae harbour such vast numbers of resistance and virulence
plasmids, or obtain mobile genetic elements over time during persistent infections (Coque et al.,
2008;Crump et al., 2015;Marzel et al., 2016). Besides selecting for persister survival, the antibiotic
therapy in our mouse model had additional interesting effects. After the cessation of antibiotic
treatment, the re-lapsing S.Tm cells could bloom in the gut lumen (due to the antibiotic mediated
microbiota disruption (Barthel et al., 2003;Diard et al., 2014;Bakkeren et al., 2019)). These high
densities of donors and recipients could further promote the plasmid spread (Stecher et al.,
2012;Stecher et al., 2013). In fact, this plasmid transfer was so efficient, that no antibiotic selection
was needed to replace 99% of the recipients by transconjugants within 1-3 days (Bakkeren et al., 2019).
Importantly, the inverse scenario is also true: S.Tm persisters residing in tissues could also
serve as a recipient for plasmids from gut-resident commensal E. coli (Bakkeren et al., 2019). This begs
the question: could persistent bacteria in general act as a “storage device” for mobile genetic
elements, transiently sampling the environment and acquiring new material as a snapshot of a current
process occurring in the gut lumen? Such questions provide interesting ecological and evolutionary
implications to persister biology and the spread of antibiotic resistance, and should be addressed.
Finally, it should be noted that persistent infection per se (i.e. survival within the host when no
antibiotics are applied) should similarly boost the spread of antibiotic resistance (i.e. by HGT), as
discussed above for antibiotic persistence. S.Tm can persist in the tissues of infected hosts for very
long periods of time (e.g. >200 days in mice) (Monack et al., 2004), and rare events of gut-luminal reseedings followed by plasmid transfer suffice for high levels of plasmid spread (Bakkeren et al., 2019).
Therefore, it is possible that the indirect evolution of S.Tm persistence through its intracellular lifestyle
has led it to become a potent long-term spreader of mobile genetic elements. Possibly, this pertains
not only to antibiotic resistance determinants, but also to virulence factors encoded by mobile genetic
elements (see, below; Fig. 3). Since HGT requires two different bacterial participants, through
establishing a reservoir, persisters prolong the timescale of interactions between different bacteria
(i.e., they increase the co-occurrence of bacteria) (Bakkeren et al., 2019). It remains to be seen whether
similar interactions can occur in other environments where persisters can be observed interacting with
other bacteria, such as in biofilms, sewage tanks, or during clinical persistence by other pathogens.
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Persistence and virulence (Adapted from Bakkeren et al. 2020. Nat. Rev. Microbiol.)
It appears that virulence and persistence are intimately linked, particularly when one considers
the intracellular lifestyle of pathogens such as S.Tm, which requires specific virulence determinants
(Diard and Hardt, 2017). For some pathogens in which persistence in the clinics has been described,
evolution towards commensalism has been observed, potentially since the relatively silent lifestyle of
persisters diverts energy into survival rather than expression of virulence factors (Diard and Hardt,
2017). This has been suggested for lung infections by P. aeruginosa (Cullen and McClean,
2015;Winstanley et al., 2016;Bartell et al., 2019) and urinary tract infection by E. coli (Salvador et al.,
2012).
S.Tm provides another example of evolution towards virulence attenuation. Diarrhea and the
maintenance of the virulent genotype rely on the cooperation between two different S.Tm phenotypes
that are formed in the gut lumen. One subpopulation engages in the costly expression of flagella and
the virulence determinants SPI-1 and the SPI-4 adhesin SiiE to swim towards the epithelium, infect the
mucosa and thereby elicit inflammation (Barthel et al., 2003;Hapfelmeier et al., 2005;Gerlach et al.,
2007a;Gerlach et al., 2007b;Ackermann et al., 2008;Main-Hester et al., 2008;Sturm et al., 2011;Furter
et al., 2019). The host's inflammatory defense reduces the pathogen loads in the gut tissue (Ackermann
et al., 2008;Sellin et al., 2014), but also changes the milieu in the gut lumen and thereby helps S.Tm to
compete with the microbiota (Stecher et al., 2007;Raffatellu et al., 2009;Winter et al.,
2010;Thiennimitr et al., 2011;Rivera-Chavez et al., 2013;Nedialkova et al., 2014). Since inflammation is
a public good and SPI-1 expression is associated with a cost, attenuated mutants that profit from the
inflammation without expressing SPI-1 rapidly emerge (cheaters; discussed in Chapters 2 and 3 and
the section "Evolutionary emergence and maintenance of virulence: the case of SPI-1 in S.Tm") (Diard
et al., 2013). Since cheaters grow more rapidly than the cost-burdened SPI-1-expressing cells, they can
rapidly overtake the gut-luminal pathogen population leading to eventual population collapse due to
the regrowth of the microbiota after inflammation has been cleared (Endt et al., 2010;Diard et al.,
2013). The ability to colonize host tissues (i.e. by SPI-1 and SPI-2), which leads to indirect persister
formation (discussed above), ensures that the persisters are in fact reservoirs of virulent, wild-type
S.Tm that survive for extended periods within the host's tissues and can be transmitted over long
periods of time to new hosts (Monack et al., 2004;Lawley et al., 2008;Diard et al., 2014;Kaiser et al.,
2014;Diard and Hardt, 2017;Bakkeren et al., 2019). Indeed, this has been experimentally demonstrated
by treating cheater-overridden mice with ciprofloxacin to enrich for tissue-lodged persisters (Diard et
al., 2014). After the cessation of treatment, virulent S.Tm reseed the gut lumen and triggered disease
in mice after transmission (Diard et al., 2014). Therefore, S.Tm persisters can promote the maintenance
of virulence and transmission upon antibiotic treatment.
Given the recent implication of persisters in the spread of resistance by HGT, it is likely that
persisters could also be reservoirs of mobile genetic elements that contain virulence factors. For
example, efficient transfer of a virulence-encoding temperate phage between different S.Tm strains
was demonstrated in vivo (Petrovska et al., 2016;Diard et al., 2017). In many bacterial pathogens,
virulence factors are encoded on phages or conjugative plasmids (Elwell and Shipley, 1980;Fortier and
Sekulovic, 2013). Therefore, it should be investigated to what extent persisters can drive the spread of
virulence factors and evolve new clones with increased virulence in the process. Additionally, there
are many plasmids that contain interbacterial competition factors, such as colicin plasmids (Cascales
et al., 2007;Stecher et al., 2012). The P2 plasmid used in Chapter 5 encodes such a colicin and was
shown to spread rapidly between bacteria by a process facilitated by persisters (Stecher et al.,
2012;Bakkeren et al., 2019). In this case, the plasmid recipients in the gut lumen were not sensitive to
the plasmid-encoded colicin. However, it is possible that persisters can promote the spread of colicin
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plasmids (and the associated colicin resistance genes) to bacteria in the gut, which in turn would
become more fit than their plasmid-free counterparts (Stecher et al., 2012). This may have implications
on the ecological dynamics of microbial species in the gut, particularly of Enterobacteriaceae. Such
investigations could be important to unravel the mechanisms that lead to ecological succession of E.
coli strains in humans and animals (Tenaillon et al., 2010;Kuenzli et al., 2014;OstholmBalkhed et al.,
2018).

Factors that influence the evolution of persistence-associated traits (Adapted from Bakkeren et al.
2020. Nat. Rev. Microbiol.)
With each experimental observation, there are clear limitations in the conclusions that can be
drawn. This is based on experimental constraints. However, in spite of these constraints, we can
uncover cardinal factors affecting the outcome, which could eventually help inform clinical decisions.
For example, there are several modulating factors that influence how persistence is selected for, and
how persistence affects bacterial fitness. This includes the strength and duration of the selective force,
and the population size and structure that are subject to selection. These factors may be of practical
importance when designing anti-persister therapies.
Strength and duration of selection (Adapted from Bakkeren et al. 2020. Nat. Rev. Microbiol.)
An obvious factor that influences the evolution of tolerance or persistence is the strength (i.e.,
the concentration) and duration of the selective force. It is conventional clinical wisdom that in the
case of patient treatment failure with antibiotics, lack of adherence can be a cardinal factor promoting
the emergence of resistance (Williams and Heymann, 1998;Meacci et al., 2005). Indeed, evolution
experiments are highly context dependent; a strict regimen of intermittent selection by antibiotics led
to the emergence of both persistence (Fridman et al., 2014;Mechler et al., 2015;Van den Bergh et al.,
2016) and ultimately resistance (Levin-Reisman et al., 2017) after a certain number of cycles. These
studies approximate clinical treatment regimens of once-daily antibiotic therapy. However, there is a
growing collection of theoretical and clinical studies suggesting that dose, timing, and combination of
antibiotics may strongly influence the evolution of resistance (Blanquart, 2019). Based on in vitro
experimental evolution, it is probable that similar concepts apply for the evolution of persistence in
vivo.
However, in some cases, the strength and duration of an antibiotic may play less of a role. For
example, let us consider the formation of reservoirs of persisters leading to resistance plasmid spread
(Bakkeren et al., 2019) or transmission of a virulent genotype (Diard et al., 2014). In S.Tm infected
hosts, such tissue reservoirs of invasive bacteria can last for weeks or months (Monack et al.,
2004;Kaiser et al., 2014;Bakkeren et al., 2019). Therefore, one could speculate that whether the
duration of treatment varies by days or weeks would play a minor role. In fact, persisters may continue
to facilitate transmission or plasmid spread for long periods after the cessation of treatment. This may
also be relevant for other pathogens such as S. aureus, E. coli, and P. aeruginosa, in which long-lasting,
persister-driven recalcitrance leads to long-term antibiotic failure. Additionally, it is likely that besides
the antibiotic persisters, the antibiotic susceptible bacterial cells (which may in fact be more numerous
than the antibiotic persisters) do also contribute as long-term pathogen reservoirs. In the absence of
antibiotics, the mix of susceptible and persistent bacteria promote the maintenance of the pathogen
and the chance for de-novo emergence of new mutations or for HGT within a given host for extended
periods of time.
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Population size and structure (Adapted from Bakkeren et al. 2020. Nat. Rev. Microbiol.)
The impact of the strength and duration of selection is also affected by the population size of
bacteria that survive during antibiotic treatment. Facilitation of resistance by increased tolerance (or
increased fractions of persisters) has been linked to an increase in the population size of bacteria that
survive antibiotic treatment (Levin-Reisman et al., 2017). This is likely dependent on the population
size that existed prior to antibiotic treatment.
A second example relates to the implication of persistence in forming long-term reservoirs for
HGT or transmission (Diard et al., 2014;Bakkeren et al., 2019). Here, the population size has a two-fold
effect.
First, in S.Tm, the spread of plasmids from tissue-lodged persisters was shown to be heavily
dependent on the reservoir size of plasmid-bearing persisters in the host tissues. Plasmid spread was
diminished when invasion-deficient pathogen mutants were used or by vaccinating hosts before
infection (Bakkeren et al., 2019). This would likely also apply to transmission of virulent phenotypes
via persisters reseeding the gut (Diard et al., 2014). Moreover, the presence of intrinsic E. coli was
recently shown to reduce diet-shift elicited blooms of S.Tm (Wotzka et al., 2019); this also likely would
reduce persister reservoir sizes, as the population able to actively invade into host tissues and form
the persister state is significantly reduced.
Second, HGT itself is heavily dependent on the population density of both interacting partners
(i.e. donors and recipients) (Levin et al., 1979). The ecological niche in the gut provides no exception;
using mouse models, plasmid transfer between Enterobacteriaceae is prodigal during blooms elicited
by inflammation, diet-shifts, or microbiotas with limited colonization resistance, but meagre in face of
colonization resistance that limits donor and recipient densities (Stecher et al., 2012;Wotzka et al.,
2019;Benz et al., 2020). Therefore, in this case, the density of the HGT interacting partners of persisters
also play a major role in facilitating the spread of mobile genetic elements. Although
Enterobacteriaceae in the microbiota of humans and animals can reach high densities (Tenaillon et al.,
2010), it will be important to address persister-mediated spread of plasmids in more natural situations
such as during clinical studies or by assessing livestock.
Population structure also likely plays a role. Heavily structured populations such as during
biofilm formation has been strongly linked with increased plasmid transfer (Madsen et al., 2012).
Considering that biofilms are riddled with persisters and promote plasmid stability (Madsen et al.,
2012;Harms et al., 2016), it is possible that these structured populations are particularly potent
reservoirs for persistent bacteria. Furthermore, one might consider an infected host as a structured
population, within a community of several infected hosts. Given the hypothesis of “persistence as a
social trait”, this becomes a particularly important ecological consideration (Gardner et al., 2007). In
this case, persistence is suggested to be a cooperative trait selected for by rules of kin selection
(Hamilton, 1964a;b), in which genetically related individuals cooperate to limit resource competition
(i.e., persisters do not use scarce nutrients, which allow the rest of the population to grow) (Gardner
et al., 2007). Highly structured homogenous populations achieved by rapid clonal growth or growth in
isolated hosts supports this behavior. Heterogeneous populations, for example, in which cheater
bacteria with lower frequencies of persister formation emerge (benefiting from reduced resource
competition from high-persister forming bacteria), destabilize this cooperative behavior (Gardner et
al., 2007).
Therefore, manipulating the pathogen's population size or structure by foods, virulence
inhibitors, or vaccination may offer practical opportunities for limiting the emergence of pathogens
with increased virulence or additional antibiotic resistance determinants.
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The impact of within-host evolution on bacterial pathogens

Work in this thesis has highlighted that pathogens evolve within the hosts they infect, as a
result of mutation, gene flow, genetic drift, and selection. As introduced in Chapter 1, the evolutionary
trajectory of bacteria during within-host evolution is not necessarily representative of the selective
forces that drive evolution of pathogens at an epidemiological scale; factors that define successful
colonization in one host are not always the same as those that allow long-term establishment in
another host. Therefore, why should we study aspects of within-host evolution to understand the bulk
evolution of bacterial pathogen populations? We have shown that studying within-host evolution has
uncovered three main aspects of evolutionary infection biology that cannot be understood by studying
epidemiology alone: 1) collective behaviour and sociality during infection (Chapters 2 and 3), 2) the
mechanisms and dynamics of MGE spread (Chapters 3, 4, and 5), and 3) understanding within-host
adaptation and fitness trade-offs (Chapters 3 and 6). All of these aspects could be exploited
therapeutically (discussed in the section "antibiotic-independent control of bacterial infections").
However, in this section I will discuss aspects of pathogen evolution that can be understood by
investigating within-host evolution.
The most striking example of how studying sociality in vivo has contributed to mechanistic
understanding of virulence is through use of S.Tm mouse infection experiments. Cheating behaviour
destabilizing cooperative virulence in S.Tm is consistently observed (Diard et al., 2013) (Chapters 2 and
3). Through within-host evolution, division of labour as a mechanism for how S.Tm minimizes cheating
behaviour was uncovered (see section "Evolutionary emergence and maintenance of virulence: the
case of SPI-1 in S.Tm"). Without investigating the evolutionary trajectory of S.Tm during infection, this
mechanism would likely been difficult to uncover. The well-established mouse models for S.Tm
infection (Barthel et al., 2003;Wotzka et al., 2017) likely contributed to this mechanism being
discovered in S.Tm, but it remains to be seen how often division of labour acts to stabilize cooperative
virulence in pathogens (West and Cooper, 2016).
A second aspect of within-host evolution that contributes to our understanding of global
pathogen evolution is through the spread of MGEs. MGEs often carry accessory genes that modulate
the fitness of bacteria (Frost et al., 2005;Rankin et al., 2011). This is clearly of importance when
studying plasmids that carry antibiotic resistance genes (see section "Towards quantifying the spread
of resistance plasmids"). However, studying HGT of MGEs that carry virulence determinants is also
important for understanding pathogen evolution. For example, in Chapter 3, we show that virulence
can emerge through HGT between two intrinsically avirulent strains within a host gut. Since so many
virulence factors are indeed encoded on MGEs or on pathogenicity islands that were once acquired
horizontally (Frost et al., 2005;Rankin et al., 2011;Desai et al., 2013;Diard and Hardt, 2017),
understanding the de novo generation of virulence by HGT, paired with the conditions that select for
this in populations (e.g. transmission bottlenecks), is of great importance. Moreover, studying the
conditions that boost transfer of MGEs in vivo, such as the inflammation-dependent transfer of
bacteriophages (e.g. SopEphi of S.Tm) can provide a rationale as to why so many virulence factors or
encoded on phages: it is conceivable that phages encode virulence factors to fuel their own
transmission by contributing to the ability of cells to trigger inflammation (Diard et al., 2017).
Lastly, we have discussed that fitness trade-offs occur in bacteria balancing the adaptation to
the current host and transmission into the next host. For example, the emergence of hilD mutants in
Chapter 3 or loss of O antigen repeats in Chapter 6 that impact transmission (e.g. no inflammation
triggered by hilD mutants in Chapter 3 or fitness defects in the next host of a wzyB mutant in Chapter
6). Studying fitness trade-offs can rationalize the existence of phenotypic heterogeneity for strategies
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such as division of labour (West and Cooper, 2016) or bet-hedging (Ackermann, 2015). S.Tm has
evolved multiple strategies to regulate the O antigen through phenotypic heterogeneity. The gtrABC
operon mediates phenotypic heterogeneity of the O antigen backbone (Broadbent et al., 2010), and
through studying evolution in vaccinated mice was shown to influence the escape from secretory IgA
(Chapter 6). Furthermore, O antigen length is phenotypically heterogeneous mediated by the opvAB
locus, which can impact survival inside macrophages or complement-mediated killing (Cota et al.,
2012), although this was not revealed to have an impact during vaccination (Chapter 6). Overall,
studying fitness trade-offs in vaccinated mice has contributed to understanding of why these genes
are phenotypically heterogeneous, although since bacteriophages also use the O antigen as adherence
sites (Penades et al., 2015), it is unclear to what extent the adaptive immune response drives O antigen
variation relative to the role of phage-driven selection.
Other contexts should also be considered when studying within-host evolution of pathogens.
Some examples could be interference competition (e.g. the existence of division of labour mechanisms
for colicin production (von Bronk et al., 2017;Granato et al., 2019)) or metabolism (Kotte et al.,
2014;Carey et al., 2018). Further work should address these hypotheses and validate them in relevant
host models.
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Antibiotic-independent control of bacterial infections
(Partially from Bakkeren et al. 2020. Nat. Rev. Microbiol.)
Clearly antibiotic resistance poses a significant threat to contemporary medical practices,
outpacing antibiotic drug discovery (Spellberg et al., 2004). Therefore, finding novel therapeutic
avenues is of great importance. An important aspect will be to continue to increase our arsenal of
inhibitors towards bacteria; natural products have the potential for the discovery of novel chemistry
that can be harnessed in the pharmaceutical industry, and have been isolated with antibacterial
activity with relative success (Clardy et al., 2006;Moloney, 2016). Additionally, exploiting drug
interactions to generate evolutionary fitness tradeoffs has provided some promise (Baym et al., 2016).
Alternatively, antibiotic-independent treatments should be developed (either alone or in combination
with antibiotics) in order to slow down resistance evolution (Fig. 4). Investigating the sociality,
evolution, and context of bacterial pathogens is therefore highly promising, and has already led to
several innovations.
Blocking HGT
Introducing
competitors

Exploiting fitness
trade-offs

Blocking persister
reservoir formation

Phage therapy

Hamiltonian
medicine

Anti-virulence
compounds

Directly targetting
persisters

Figure 4. Antibiotic-independent management of bacterial pathogens using S.Tm as a case example. By studying the
evolution of pathogens like S.Tm, different therapeutic strategies and targets can be uncovered. HGT between a donor (blue)
and a S.Tm recipient (green) could be blocked through inhibitors, incompatible plasmids, or vaccination. Competitors (grey)
that engage in interference competition (depicted as stars) against S.Tm could be used therapeutically or as probiotics. Phages
could be administered to kill bacteria. Vaccination that induces a secretory IgA response can force fitness trade-offs in S.Tm
(e.g. to escape the IgA response, S.Tm must mutate to make itself vulnerable (dark yellow shade) to antimicrobial peptides,
bile salts, or inflammation). Vaccination can also block the formation of persister reservoirs by preventing invasion.
Administering avirulent mutants (white) that grow faster than cooperating cells could be used to reduce inflammation and
destabilize cooperative virulence (i.e., Hamiltonian medicine). Anti-virulence compounds could be used to disarm pathogens
by inhibiting extracellular virulence factors or metabolites (cyan ovals), or persisters can be targeted (i.e., by sensitizing
persisters to antibiotics, or killing them directly). Epithelial cells are depicted as beige rectangles with purple nuclei, and the
lamina propria and systemic sites are below.

Studying aspects of sociality in bacterial pathogens, such as the secretion of virulence factors
or metabolites that act as public goods (e.g. inflammation triggered by SPI-1 in S.Tm; Chapter 3), has
led to interesting therapeutic strategies. As discussed, cheaters can invade populations, benefiting
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from the public good without contributing, allowing faster growth (West et al., 2007). It is then also
conceivable that exploiting cheaters to destabilize cooperating behaviour could be a promising option
(i.e., "Hamiltonian medicine") (Foster, 2005). Indeed, in the case of S.Tm, based on the overgrowth of
virulent clones of S.Tm by hilD cheater mutants (at least in SPI-2 deficient strains; Chapters 2 and 3)
(Diard et al., 2013), administering hilD mutants could be used therapeutically to destabilize an ongoing
infection. An alternate approach is to directly target the public goods themselves (i.e., "anti-virulence
compounds), the logic of which is that since these act to destabilize collective actions, there is no clear
selective pressure on the pathogen itself (Allen et al., 2014). This may slow down the pace of resistance
evolution (contingent on the environmental context such as population structure; well-mixed
environments act to further destabilize collective actions) (Allen et al., 2014), but since they do not
directly suppress the pathogen, anti-virulence compounds may not clear an infection (Rezzoagli et al.,
2020). Some progress has been made to use anti-virulence compounds synergistically with antibiotics
to achieve efficient inhibition with minimal resistance (Rezzoagli et al., 2020).
In addition to cooperation, competition is prevalent in microbial interactions. This can lead to
escalating "bacterial warfare" and the existence of diverse antagonistic factors within all documented
lineages of bacteria (Cotter et al., 2005;Granato et al., 2019). The fact that pathogens engage in
reciprocal interactions with microbiota members through interference competition (Corr et al.,
2007;Nedialkova et al., 2014;Sana et al., 2016;Sassone-Corsi et al., 2016), has inspired the use of
probiotic strains equipped with antagonistic factors (such as bacteriocins) to limit the burden of
bacterial pathogens (Cotter et al., 2013). Further work across a range of ecologically relevant scenarios
will be needed to investigate if this indeed has potential.
Bacteriophages are natural predators of bacteria. Therefore, logically the use of
bacteriophages in the treatment of bacterial infections has been proposed. This has been successful in
both animal models and human patients for a wide range of bacterial pathogens, although these
products have not been approved for human use in many developed countries (Lin et al., 2017). In
addition to difficulties reaching ethical approval, as during treatment with antibiotics resistance
mutations can also emerge towards bacteriophages (Oechslin, 2018).
In Chapters 3, 4, and 5, I have discussed the importance of HGT in fueling pathogen evolution
in terms of both virulence and antibiotic resistance. Therefore, understanding the mechanisms that
fuel HGT in bacteria is of interest for slowing the pace of bacterial evolution. Some advances have been
made towards finding conjugation inhibitors (Cabezon et al., 2017), or natural competence blockers in
Streptococcus pneumoniae (Domenech et al., 2020). Plasmid incompatibility also limits the range of
plasmids which can be acquired by a given strain; it is possible that equipping probiotic strains with
"plasmid probiotics" will be effective in slowing the pace of antibiotic resistance plasmid spread (this
has been shown to be efficient in vitro, but with limited success in vivo so far (Lazdins et al., 2020)).
In addition to investigating antibiotic resistance, an increasing amount of research is being
conducted regarding the mechanisms of persister formation. The bulk of these studies have been
conducted in vitro (Fridman et al., 2014;Harms et al., 2016;Van den Bergh et al., 2016;Levin-Reisman
et al., 2017;Van den Bergh et al., 2017;Gollan et al., 2019;Windels et al., 2019), which provides
important insight into potential anti-persister therapies. In general, anti-persister therapies are
grouped into those targeting persister formation, direct killing of persisters, or sensitizing persisters to
antibiotics; reasonable advances have been made along all three avenues (Defraine et al., 2018).
However, there are many aspects of both persister biology and the evolutionary implications of
persistence that are not captured using in vitro systems. Further, while clinical studies are excellent for
hypothesis generation, they often cannot be used to study persistence mechanisms in vivo. Along with
others, we advocate for studying both resistance evolution (MacLean and San Millan, 2019) and
persister biology (Gollan et al., 2019) using adequate host model systems, such as during infection.
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Combining clinical studies, infection biology and research in evolution of bacterial pathogens
in relevant mouse model systems has uncovered links between persistence and both virulence and
antibiotic resistance (Diard et al., 2014;Bakkeren et al., 2019). Importantly, such work has determined
a role for vaccination in preventing the establishment of persister reservoirs (Bakkeren et al., 2019).
Mucosal vaccination against S.Tm generates high-avidity IgA in the gut that enchains growing bacteria,
limits plasmid transfer, transfer of bacteriophages, disease, and the establishment of persister
reservoirs in host tissues (Moor et al., 2016;Diard et al., 2017;Moor et al., 2017;Bakkeren et al., 2019).
Such vaccinations, particularly those capture S.Tm in evolutionary trade-offs as described in Chapter
6, should be safely applicable to livestock to limit resistance plasmid spread and transmission of
virulent pathogens.
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Conclusions and outlook: towards an integrated view of pathogen ecology and evolution
As discussed in the this Chapter, mouse gut colonization models have paved the way for
evolutionary infection biology, uncovering reproducible patterns for metabolic adaptation in E. coli
(Barroso-Batista et al., 2014), mechanisms for escape from the immune response (Chapter 6),
understanding the conditions that modulate HGT in the gut (Chapter 4 and 5) (Stecher et al.,
2012;Diard et al., 2017;Moor et al., 2017;Wotzka et al., 2019;Ott et al., 2020), and capturing virulence
evolution (Chapters 2 and 3) (Diard et al., 2013;Diard et al., 2014;Diard et al., 2017). While these
models are excellent for elegant experimentation and hypothesis validation, they are limiting. This is
because in order to achieve robust and reproducible colonization, antibiotic pretreatments dominate
most gut colonization models (Barroso-Batista et al., 2014;Wotzka et al., 2017). Such models ignore
important barriers such as colonization resistance provided by the microbiota, which cause us to ignore
significant evolutionary pressures for pathogen adaptation (such as interference or metabolic
competition). Some advances have led to the establishment of alternate mouse models based on diet
perturbations or mice with defined microbiotas that offer some colonization resistance (Brugiroux et
al., 2016;Kreuzer and Hardt, 2020). Although useful, even these 2nd generation models do not capture
the full breadth of interactions that are possible in natural guts.
Sequencing approaches are often complementary to experimental evolution or hypothesis
testing, and have revealed patterns of adaptation of pathogens (Didelot et al., 2016;Cherry, 2020),
which supports the validity of experimental evolution in mouse models. Clinical studies that offer
longitudinal analysis of infected patients will be useful, as are simulations based on theory. However,
without validation in relevant experimental models, they provide only a theoretical basis for
hypothesis generation.
So where do we go from here? Pathogen evolution is a consequence of interactions between
the environment, the host, and competition from other species (e.g. the gut microbiota for enteric
pathogens). Conclusions determined in one experimental mouse model should be verified in models
that reflect additional aspects of the natural ecology of pathogens (e.g. Enterobacteriaceae are very
rarely found at densities found in antibiotic pretreatment models, and often multiple strains co-exist
(Apperloo-Renkema et al., 1990;Tenaillon et al., 2010)), and supported by clinical studies and
bioinformatics analysis of sequences in repositories. Furthermore, the diversity within a given
pathogen species begs experimental validation across different strains of a given pathogen before
being generalized. Research into understanding the molecular mechanisms and evolution of enteric
pathogens should also be paired with ecological theory on how the host and its resident microbiota
interact and co-evolve to lead to colonization resistance (Foster et al., 2017).
Overall, an integrated view of infection biology, immunology, clinical studies, and evolutionary
and ecological theory, will be important to critically asses the relevance of findings, as well as to find
previously untapped potential for scientific progress.
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