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Summary 

The adaptation of organisms to the environment is a pervasive process in 

nature, which has been studied from the theoretical and experimental perspective 

over the years. Despite the plethora of in vitro studies addressing this subject, the 

adaptive process of individuals to a relevant natural environment is an area less 

explored. The mammalian gut, as a natural habitat inhabited by a complex cohort 

of microorganisms named the microbiota, represents a relevant host environment 

to study the adaption of commensal bacteria. However, the dynamics of 

adaptation of a commensal species in this environment are still poorly studied.  

In this thesis we investigated the evolution of Escherichia coli in one of its 

natural habitats, the mouse gut. In Chapter 2 we used a neutral marker system 

that allows tracking of adaptive events over time, to follow the adaptation of E. coli 

when colonizing the gut of streptomycin-treated mice. Over one month of 

colonization we detected fast adaptation to the gut environment, characterized by 

multiple adaptive mutations competing for fixation, a phenomenon called clonal 

interference. We described the genetic basis of E. coli adaptation to the mouse gut 

and revealed the striking level of parallelism present in independently evolved 

populations. We further evidenced the huge amount of intraspecific genetic 

diversity that can be maintained even during a phenotypic replacement.  

In Chapter 3 we addressed the contribution of a host factor on the evolution of 

E. coli colonizing the mouse gut. In line with the hypothesis of co-evolution 

between host immunity and their microbiota, we evaluated the influence of 

adaptive immunity on the evolution of a commensal species by comparing the 

adaptation of E. coli in immune-competent or immune-compromised animals. We 

found a slower rate of adaptation in immune-compromised mice, due to smaller 

and more variable effects of beneficial mutations, presumably modulated by the 

gut microbiota. Together with our findings of differentially selected genetic targets 

of adaption these results suggest that adaptive immunity alters the pace and 

predictability of E. coli adaptation to the gut. 

Chapter 4 further characterizes the evolution of E. coli in the mouse gut by 

exploring the second steps of adaptation to this environment, consisting in the 

adaptive dynamics of an E. coli strain initially carrying a beneficial mutation (gat 
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mutant). We elucidated the different forms of selection that can coexist in this 

environment by estimating the selective effects of beneficial mutations through 

competitive fitness assays or analysis of their dynamics. We further demonstrated 

a case of reverse evolution, comprising a phenotypic reversion of the gat-negative 

phenotype.  

The results presented in this thesis provide novel insights to our understanding 

of the microbe-microbe and host-microbe interactions that take place in the 

complex gut environment and are fundamental to the maintenance of the host 

homeostasis and health. 
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Resumo 

A adaptação dos organismos ao ambiente é um processo ubíquo na natureza, 

que tem sido estudado ao longo dos anos segundo um ponto de vista teórico e 

experimental. Apesar dos vários estudos realizados in vitro que abordam este 

tema, o processo adaptativo dos indivíduos a ambientes naturais relevantes é 

uma área menos explorada. O intestino dos mamíferos, um ambiente natural 

habitado por uma complexa comunidade de microorganismos, denominado 

microbiota, representa um ambiente relevante no hospedeiro para estudar a 

adaptação de bactérias comensais. No entanto, as dinâmicas de adaptação de 

espécies comensais neste ambiente são ainda pouco estudadas. 

Nesta tese estudámos a evolução da bactéria Escherichia coli num dos seus 

ambientes naturais, o intestino do ratinho. No Capítulo 2 usámos um sistema de 

marcador neutro que permite identificar eventos adaptativos ao longo do tempo, 

para seguir a adaptação da E. coli quando coloniza o intestino de ratinhos 

tratados com estreptomicina. Durante um mês de colonização, detectámos 

adaptação rápida ao ambiente do intestino, caracterizada por múltiplas mutações 

competindo para se fixarem, um fenómeno chamado interferência clonal. 

Descrevemos a base genética da adaptação da E. coli ao intestino do ratinho e 

revelámos um impressionante nível de paralelismo presente em populações que 

evoluíram independentemente. Adicionalmente, também demonstrámos a enorme 

quantidade de diversidade intra-específica que pode ser mantida mesmo durante 

uma substituição fenotípica.   

No Capítulo 3 investigámos a contribuição de um factor do hospedeiro na 

evolução da E. coli quando coloniza o intestino do ratinho. De acordo com a 

hipótese de co-evolução entre o sistema imune do hospedeiro e o seu microbiota, 

avaliámos a influência da imunidade adaptativa na evolução duma espécie 

comensal através da comparação da adaptação da E. coli em ratinhos 

imunocompetentes ou imunocomprometidos. Encontrámos uma taxa de 

adaptação mais lenta em ratinhos imunocomprometidos, devido a menores e mais 

variáveis efeitos das mutações benéficas, presumivelmente modulados pela 

microbiota do intestino. Juntamente com a nossa descoberta de alvos de 

adaptação diferencialmente seleccionados, estes resultados sugerem que a 
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imunidade adaptativa altera o ritmo e a previsibilidade da adaptação da E. coli ao 

intestino. 

O Capítulo 4 caracteriza mais aprofundadamente a evolução da E. coli no 

intestino do ratinho, explorando os segundos passos de adaptação a este 

ambiente, que consistem nas dinâmicas adaptativas de uma estirpe de E. coli 

contendo inicialmente uma mutação benéfica (mutante gat). Elucidámos as 

diferentes formas de selecção que podem coexistir neste ambiente estimando os 

efeitos selectivos de mutações benéficas através de ensaios de competição de 

fitness ou análise das dinâmicas destas mutações. Adicionalmente revelámos um 

caso de evolução reversa, que consiste numa reversão fenotípica do fenótipo 

negativo gat.  

Os resultados apresentados nesta tese fornecem novas perspectivas para a 

compreensão das interacções micróbio-micróbio e hospedeiro-micróbio que 

existem no complexo ambiente do intestino e são fundamentais para a 

manutenção da homeostasia e saúde do hospedeiro. 
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Thesis Outline 

In this thesis we investigated the evolution of Escherichia coli in one of its 

natural environments, the mouse gut. In particular, we characterized the adaptive 

process of E. coli in this complex environment and addressed the contribution of 

one host factor, the adaptive immunity, to the evolution of this commensal species. 

Chapter 1 broadly introduces the concept of adaptation of organisms to the 

environment, and provides examples of in vitro and in vivo studies of evolution. In 

addition, the mammalian gut is presented as a relevant natural habitat where 

multiple factors, including the microbiota and the host immune system interact. 

Finally, previous studies of E. coli in the mouse gut are reviewed. 

Chapter 2 describes the adaptive process of E. coli when colonizing the gut of 

streptomycin-treated mice, as well as the genetic basis of adaptation, and 

demonstrates the importance of clonal interference in this environment.  

Chapter 3 addresses the contribution of adaptive immunity to the evolution of 

E. coli in the mouse gut by comparing the adaptive process in immune-competent 

and immune-compromised mice.  

Chapter 4 focuses on the second steps of adaptation to the mouse gut and 

details the different forms of selection acting in this environment, including a case 

of reverse evolution.  

Chapter 5 compares the results presented in the previous chapters with other 

studies, and integrates this new data with the current knowledge on the complex 

host-microbe relationships taking place in the host environment.  
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1.1 – Adaptation of organisms to the environment 

Adaptation of organisms is a continuous process, inherent to all living 

populations. Given its biological relevance, numerous efforts have been made, at 

both theoretical and experimental levels, to clarify the mechanisms by which 

evolution occurs. Nonetheless, several key questions remain open, regarding for 

example, the extent and limits of adaptation, the different regimes that it can follow 

or its genetic determinants. Importantly, although in vitro experimental evolution 

studies have provided valuable insights into this complex process, much less is 

known about adaptation of organisms in more complex and more natural habitats. 

Thus, the study of how adaptation depends on the environment remains one of the 

most interesting research subjects. 

 

1.1.1 – The basic processes in evolution 

The evolution of populations is shaped by different basic processes that 

change the frequency of alleles, including mutation, natural selection, genetic drift, 

migration and recombination (Olson-Manning et al., 2012).  

Genetic mutations, defined as random alterations in the genome, can change 

the DNA sequence to different extents, depending on the type of mutation (Gordo 

et al., 2011). For example, single nucleotide polymorphisms (SNPs), are changes 

in individual nucleotides, while deletions and insertions consist in elimination or 

addition, respectively, of one or more nucleotides. A special case of insertions 

includes mobile genetic elements, which can move within the genome. For 

example insertion sequences (IS) elements, a class of transposable elements, are 

small DNA sequences that do not carry any accessory genes (Mahillon and 

Chandler, 1998). Other types of mutations comprise inversions or duplications of 

portions of the genome. While mutations are random, these may have fitness 

effects or may be neutral, depending on the type of mutation and the region of the 

genome they occur (Loewe and Hill, 2010). Importantly, multiple studies on the 

distribution of fitness effects of mutations have shown that the majority of 

mutations are either neutral or deleterious to the fitness of individuals, with few 

being beneficial (Orr, 2010). These beneficial or adaptive mutations are those that 

ultimately contribute to the adaptations of organisms to the environment. 
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However, when mutations first arise in the populations, they are subjected to 

the effects of genetic drift. Genetic drift, defined as random oscillations of allele 

frequencies in the population, is a stochastic process with increased relevance in 

smaller populations (Kimura and Ota, 1969). On the other hand, natural selection 

alters the frequency of mutations depending on their selective effects (Olson-

Manning et al., 2012). Gene flow, characterized by migration of individuals 

between populations, and recombination, or genetic exchange between different 

individuals, are two others processes that can alter the genetic structure of the 

populations. 

 

1.1.2 – Mechanisms of selection 

The impact of natural selection on allele frequency depends on the types of 

mutations subjected to selection. Thus, deleterious mutations are eliminated from 

the populations, by negative or purifying selection, while beneficial mutations are 

subjected to positive selection, increasing in frequency in the populations (Loewe 

and Hill, 2010). The rate at which mutations increase or decrease in frequency 

depends on their fitness effect (Gordo et al., 2011). When the rate of emergence 

of beneficial mutations is low, an adaptive mutation tends to increase in frequency 

and reach fixation (selective sweep), replacing the ancestral genotype and purging 

genetic variability from the population (Barrick and Lenski, 2013). This form of 

selection, called periodic selection (Atwood et al., 1951), can occur when the 

population size and/or mutation rate are small. However, when the population size 

is large and genetic recombination is absent, such as populations of 

microorganisms, many adaptive mutations arise in the population and compete for 

fixation, a phenomenon named clonal interference (Gerrish and Lenski, 1998). In 

these conditions, adaptive mutations take longer to get fixed and genetic variability 

can be maintained in the population for longer periods. Another mechanism that 

can maintain variation in populations is negative frequency-dependent selection, 

where the selective effect of a mutation varies with its frequency (Levin, 1988). In 

this regime, beneficial mutations are advantageous when rare but less 

advantageous or, in extreme cases, even deleterious (negative frequency-

dependent selection) when at high frequency. These different scenarios (Figure 1) 
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have been observed to different extents in populations of organisms, including 

microorganisms such as bacteria (Maddamsetti et al., 2015). 

 

 

 

1.2 – Tools for the study of adaptation 

In an effort to study the adaptation of organisms to the environment, different 

types of strategies have been adopted, including experimental evolution studies of 

populations in laboratory conditions or the observation of natural populations 

(Bailey and Bataillon, 2016). While studies of experimental evolution are 

performed using model organisms that are propagated in a multiplicity of 

controlled in vitro setups, the study of natural populations is based on the analysis 

of genetic data collected from different individuals and/or over time. A third 

complementary approach on evolutionary research focuses on mathematical 

modeling, including the evolution of digital organisms (Hindré et al., 2012). This 

approach aims not only to identify the determinants of evolutionary change but 

also to provide a theoretical framework whose assumptions can be tested or 

evaluated in real populations. 

 

1.2.1 – Model organisms in experimental evolution 

Model organisms are usually strains of relatively simple species that can be 

experimentally tractable and thus used to study in detail biological processes 

 
Figure 1. Regimes of selection. Frequencies of genotypes are showed in colored segments. In 

periodic selection, beneficial mutations get fixed sequentially, sweeping through the population. In 

clonal interference, many mutations arise, competing for fixation.  In the third scenario, mutations 

are maintained at a given frequency by frequency-dependent selection. Figure adapted from 

Barrick and Lenski, 2013. 
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(Dietrich et al., 2014). Importantly, the findings obtained with these model 

organisms can then be extrapolated to other organisms, including humans. While 

model organisms may not always be representative of their wild relatives or even 

the species they belong, they do have the particularity of possessing certain traits, 

absent in close non-model organisms, which facilitated their domestication and 

adaptation to laboratory environments (Alfred and Baldwin, 2015). Examples of 

organisms used in studies of experimental evolution include the fruit fly Drosophila 

melanogaster, the worm Caenorhabditis elegans, the yeast Saccharomyces 

cerevisiae and the bacterium Escherichia coli, among others. 

 

1.2.2 – E. coli: from nature to the lab 

As one of the most well-known and extensively used model organisms, E. coli 

has been the focus of many studies of experimental evolution. This Gram-negative 

bacillus was first described by Theodor Escherich in 1884, upon isolation from 

human feces (Blount, 2015). Easily isolated from human hosts and able to grow 

extremely well in different culture media, E. coli rapidly rose as a preferred model 

organism in biology. Although its main habitat is the mammalian gut, E. coli can 

also be found in other environments, such as the gut of other animals (for 

example, birds, reptiles and fish), soil and water (Blount, 2015). In the human gut, 

E. coli is one of the most common aerobes, although its frequency does not 

exceed 1% (Berg, 1996). In addition, the human-associated E. coli population 

includes both transient and long-term resident strains (Blount, 2015). 

E. coli strains commonly used as model organisms in laboratory setups 

include strains B, C, W and the most widely used laboratory strain, K-12. This 

strain was first isolated from a patient recovering from diphtheria (Bachmann, 

1996) but due to prolonged in vitro propagation has lost several features present in 

wild strains of E. coli. For example, this strain lacks not only the O antigen but also 

genetic elements such as the lambda phage and the F plasmid (Hobman et al., 

2007). MG1655 is a derivative K-12 strain, which has been maintained in 

laboratory conditions with minimal genetic manipulation and thus can be 

considered a “wild-type” lab strain of E. coli (Blattner et al., 1997). Similarly to 

other described strains of E. coli, the genome of this strain has been sequenced, 
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which allowed the development of a multiplicity of genetic tools, including gene 

expression and genetic manipulation. All these features make E. coli, and in 

specific K-12 strain, an excellent model organism in studies of experimental 

evolution.  

 

1.2.3 – Neutral marker system in the study of adaptation 

As a valuable tool in experimental evolution, neutral markers have been used 

to track adaptive events as they occur. In bacteria, this system involves labelling 

an isogenic bacterial population with two or more genetic neutral markers and 

following the frequency of the markers over time (Lang and Desai, 2014). 

Deviation from the initial marker frequency is attributed to the appearance and 

expansion of a beneficial mutation in the population, since the markers hitchhike 

with beneficial mutations (Hegreness et al., 2006).  

Markers used in evolution experiments are preferentially neutral in the 

environment and thus are not expected to be under selection. In addition, they 

should be easy to screen, leading to a phenotype that allows distinction of different 

lineages (Blundell and Levy, 2014). In particular, fluorescent markers have been 

successfully used as genetic markers due to their specific features (Day and 

Davidson, 2009). Genes coding for fluorescent proteins are completely foreign to 

the bacterial genome and thus their expression can be tightly controlled. Usually 

under the control of a strong promoter, fluorescent proteins are constitutively 

expressed by bacterial cells, effectively labelling the cell with a given fluorescence. 

This fluorescent signal can be detected using a fluorescent detector, such as a 

flow cytometer device, allowing the screening of a large number of cells in a time-

effective way. 

 

1.2.4 – Theoretical modeling of adaptation  

Another advantage of neutral marker systems is that they can also be used, 

together with mathematical modeling, to infer parameters that characterize the 

evolutionary process, such as the distribution of fitness effects of beneficial 

mutations and the rate that they are produced in the evolving populations. Given 

that these are important parameters to understand the adaptation of populations to 
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a certain environment, several methods have been developed that try to estimate 

these parameters from adaptive dynamics of neutral markers. These methods 

usually rely on the simulations of digital populations with known parameters that 

are then compared with real populations (Figure 2).  

 

For example, one of such methods (Hegreness et al., 2006) compares 

evolutionary parameters (that account for the rate of initial divergence of the 

marker and the waiting time until divergence) extracted from simulated and 

experimentally-obtained marker divergence trajectories to infer the beneficial 

mutation rate and effect of the first beneficial mutation. This method has been 

used to estimate these parameters in different mutant strains of E. coli (Barrick et 

al., 2010). Another method relies on a maximum likelihood approach to infer the 

selective effects and establishment times of beneficial mutations based on 

changes in the frequency of the marker over time (Illingworth and Mustonen, 

2012). As the previous method, it is based on neutral marker frequencies over 

time but has the advantage of taking into account the whole adaptive dynamic of a 

population, without discarding marker frequencies at later time-points. This method 

assumes the occurrence of beneficial mutations which establishment times and 

effects maximize the probability of observing the marker frequency data. Models 

assuming different numbers of beneficial mutations are then compared based on 

their likelihood score and the simplest possible model that can better explain the 

observed marker dynamics is chosen. With this methodology is thus possible to 

determine the fitness of multiple mutant haplotypes segregating in the population, 

or a distribution of haplotype fitnesses, with the minimal number of mutations that 

can explain the marker frequency dynamics.  

 

Figure 2. Neutral marker 

divergence dynamics in 

simulated populations.  

Each line represents a 

simulated evolving population 

based on a theoretical model 

of simple Darwinian selection 

that assumes an effective 

population size (Ne) of 10
7
, a 

beneficial mutation rate (Ub) 

of 4.5x10
-9

 and a mean 

selective effect (sb) of 0.10. 
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1.3 – In vitro evolution of microorganisms 

Important insights on the nature of adaptation have been acquired by 

performing studies of experimental evolution in laboratory conditions (Barrick and 

Lenski, 2013). Although some of these studies have been performed in eukaryotes 

(such as flies and fungi) (Kawecki et al., 2012), prokaryotic organisms, and in 

particular bacteria, have been the major focus of these works. Because bacteria 

have a short generation time, large population size and are easy to maintain in 

controlled conditions, these organisms are suitable candidates to follow adaptation 

in real time (Elena and Lenski, 2003). Moreover, the genome sequence of many 

bacterial strains has been described and a multiplicity of genetic tools is available, 

allowing their genetic manipulation. In fact, the recent advances in whole genome 

sequencing (WGS) led researchers to increasingly adopt an “evolve and 

resequencing” approach to uncover the genetic mechanisms of adaptation (Long 

et al., 2015) 

Typically, replicate populations are propagated in a given in vitro environment 

for a variable number of generations and samples of the evolving populations are 

collected periodically and stored as a “fossil record”. The increase in fitness is then 

detected by competitions between samples of the evolved populations and the 

ancestral (Elena and Lenski, 2003). Another type of analysis usually performed 

includes genome sequencing of evolved clones or population samples (Long et al., 

2015). By comparing the genomes of ancestral and evolved bacteria it is possible 

to identify de novo mutations present in evolved genomes that are likely 

contributing to the adaptive process. Common to the majority of in vitro evolution 

experiments is the observation of fast adaptation to the environment, with the 

appearance of phenotypic innovations, high levels of parallelism and also 

considerable diversity within populations (Hindré et al., 2012). 

In experimental evolution, bacterial populations can be propagated either in 

batch culture, with periodic cycles of growth, dilution and re-inoculation, or 

maintained in continuous culture, where resources are provided and a fraction of 

the population removed at a certain rate (chemostats) (Figure 3). 
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1.3.1 – Adaptation of E. coli to laboratory environments 

The most well-known in vitro evolution experiment was initiated in the 

laboratory of Richard Lenski, where 12 populations of E. coli have been 

propagated in batch culture for more than 60 000 generations in a simple minimal 

medium supplemented with a limiting concentration of glucose (long term evolution 

experiment). As the longer in vitro evolution study to date, this experiment has 

provided invaluable data to better understand the dynamics and determinants of 

the evolutionary process. For example, a general pattern emerging from the 

analysis of competitive fitness assays between ancestral and evolved populations 

revealed a rapid increase in fitness, with deceleration of fitness increase over time. 

Despite this observation, WGS of evolved lines showed the accumulation of 

presumably adaptive mutations at a fairly constant rate (Barrick et al., 2009) 

(Figure 4). 

Other features uncovered by sequencing analysis of the evolved populations 

include the evolution of an increased mutation rate (Sniegowski et al., 1997) and 

the evolution of a new trait, the ability to grow on citrate (Blount et al., 2008). 

Large-scale chromosomal rearrangements involving recombination between 

insertion sequences were also detected in clones evolved for 40 000 generations 

(Raeside et al., 2014). In addition, phenotypic changes such as cell size (Philippe 

et al., 2009), altered gene expression (Cooper et al., 2008) and changes in 

                     Continuous culture                           Serial transfer 

 

Figure 3. Propagation of 

cultures in experimental 

evolution. Bacterial 

populations are either 

maintained in a chemostat, 

with constant inflow of 

nutrients and an outflow of 

individuals and waste, or 

propagated in serial 

transfer, where a portion of 

the population is 

transferred to new medium 

that supports a new bout of 

growth (batch culture). 

Figure retrieved from 

Barrick and Lenski, 2013. 
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regulatory networks (Philippe et al., 2007) were detected throughout the evolution 

experiment. Interestingly, reconstruction of the populations history allowed to 

detect different regimes of adaptation, including the signature of selective sweeps, 

clonal interference between different lineages or maintenance of variability by 

negative frequency-dependent interactions (Maddamsetti et al., 2015). Thus, the 

establishment of complex interactions between individuals and different adaptive 

strategies even in a seemingly simple in vitro environment highlights the 

remarkable adaptive potential of bacteria. 

 

Studies of microbial adaptation have also been conducted in continuous 

culture, where E. coli populations were propagated in chemostats containing a 

growth-limiting nutrient. A common observation in this type of experiments is the 

improvement of growth rate in the nutrient-limited chemostat and altered metabolic 

strategies (Gresham and Hong, 2015). Although early studies performed in 

chemostats seemed to support periodic selection as the main mechanism through 

which adaptation occurred, later studies showed that clonal interference was 

pervasive also in this environment (Maharjan et al., 2015). Works in glucose-

limited chemostats reported rapid diversification of the populations, with 

phenotypic convergence, but high heterogeneity at the genetic level (Maharjan et 

al. 2012). Furthermore, the mutations identified targeted preferentially nutrient-

specific transporter genes. Other features of these adaptation studies comprise 

the appearance of mutator alleles (Maharjan et al., 2013) and the establishment of 

negative frequency-dependent selection interactions (Maharjan et al., 2012). In 

addition, transposable elements played an important role in driving adaptive 

 

Figure 4. Rates of genomic evolution and 

fitness improvement in a long-term 

experiment with E. coli.  

In blue are represented the number of 

mutations in evolved clones (circles) and a 

model where mutations accumulate linearly 

over time (line). In green are represented mean 

population fitness increments over time 

(squares) and a hyperbolic plus linear fit of this 

trajectory (line). Figure adapted from Barrick et 

al., 2009. 
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evolution to glucose-limited chemostats (Gaffé et al., 2011), although its 

importance in other nutrient-limited chemostats is still poorly known. 

 

1.3.2 – Limitations of in vitro studies 

Although in vitro studies of experimental evolution have provided important 

insights into the process of adaptation, evolution of natural populations rarely (if 

ever) occurs in strictly defined and simple conditions as those encountered in 

laboratory. In fact, in nature, organisms are subjected to multiple selective 

pressures, resulting from interactions not only with the environment but also with 

other organisms. All these factors that alter the habitat and thus are likely to play a 

role in the adaptive process, are however not considered when adapting 

populations to artificial in vitro environments. Given these reasons, biological 

processes that are elucidated and thoroughly described in vitro may occur 

differently in natural environments and thus have a different relevance in these 

conditions (Bailey and Bataillon, 2016). 

 

 

1.4 – Dynamics of mammalian associated microorganisms 

Although experimental evolution studies with bacteria have been performed in 

controlled in vitro conditions for quite some time, the study of the adaptive process 

in natural conditions has been addressed only more recently. The advances in the 

field of genome sequencing allowed the genetic characterization of isolates from 

hosts over time, thus tracking the adaptive evolution of bacteria in the context of 

the host. These host-associated bacteria can be classified depending on the type 

of interaction established with the host.  

Classic pathogens can be defined as microorganisms that are able to cause 

disease in a healthy host, while opportunistic pathogens display a restricted 

pathogenic ability, requiring immune or microbial impairment of the host to cause 

disease (Hornef, 2015). Commensal bacteria are considered nonpathogenic 

organisms that colonize the host and may provide an advantage, though usually 

no identified benefit for the host is provided by the association (Ghosh, 2013). In 

the cases where a true mutualistic relationship is established, in which both host 
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and bacteria benefit from this interaction, the microorganism can be classified as 

symbiont. A more recently described group of microorganisms comprises the 

pathobionts, bacteria with pathogenic potential that cause disease indirectly, by 

stimulation of the host immune system. Thus, pathobionts are able to promote 

both immune maturation or inflammation, depending on the state of the host 

(Hornef, 2015). It is important to note that classification of bacteria as pathogens 

or commensals is not always clearly defined. For example, several bacterial 

pathogens, such as Staphylococcus aureus, Helicobacter pylori or E. coli, are 

usually considered commensals in humans (Didelot et al., 2016), since although 

carrying pathogenicity genes, these are not always expressed (asymptomatic 

carrier state) (Ghosh, 2013). 

Generally, in vivo surveys of within-host evolution of host-associated bacteria 

have been mainly conducted for pathogens in the context of bacterial infections, 

given their relevance and impact in human health. 

 

1.4.1 – Evolution of pathogens and opportunists  

Through WGS of bacterial samples collected in the context of microbial 

infections it has been possible to obtain a detailed genetic structure of pathogen 

populations. This type of analysis, focusing on the intra-specific diversity of 

pathogens, has uncovered different evolutionary patterns, depending on the 

pathogen studied. For example, Yersinia pestis or Salmonella typhi are 

characterized by reduced genetic diversity, including mobile elements and 

nucleotide diversity (Bentley and Parkhill, 2015; Klemm and Dougan, 2016). 

Nonetheless, the genome of these organisms displays a high level of ISs and 

pseudogenes, i.e., genes inactivated by mutations. Interestingly, many of these 

inactivated genes were previously associated with virulence and interactions with 

the host, suggesting events of transition from broad-host-range to host-restricted 

pathogens (Bentley and Parkhill, 2015).  Other pathogens display a considerable 

level of intra-specific diversity, with signatures of extensive horizontal gene 

transfer (HGT) of DNA and mobile elements. This is the case for E. coli, in which 

pathogenic strains harbor genes that are not present in other strains (Rasko et al., 
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2008) and transition to pathogenesis is often associated with acquisition of 

virulence factors by HGT (Kaper et al., 2004). 

Pseudomonas aeruginosa, a well-described opportunistic pathogen that 

colonizes the lungs of cystic fibrosis (CF) patients, has been the focus of several 

studies following the evolutionary dynamics of this bacterial species in vivo. In 

these studies, sequencing analysis of isolates collected from different patients and 

over a period of time has provided important information on the evolution of this 

pathogen, including estimates for the evolutionary rate, phylogeny of infectious 

bacterial strains and identification of accumulated mutations (Didelot et al., 2016) 

(Figure 5). 

 

In one study, sequencing analysis of a collection of P. aeruginosa samples 

isolated over a period of 30 years from a group of Danish CF patients led to the 

identification of genetic mutations responsible for the transition from an 

opportunistic pathogen to a host-specific pathogen (Yang et al., 2011). In addition, 

this study revealed an initial period of rapid adaptation to the host followed by 

limited diversification of bacterial lineages. Another observation, common to other 

works (Feliziani et al., 2014), was the presence of hypermutator alleles in some 

sub-lineages, that infected almost 50% of the patients sampled (Marvig et al., 

2013). An interesting result obtained from a longitudinal analysis of samples 

collected from young patients over a five-year period was the high level of 

parallelism in more than 50 genes across different lineages (Marvig et al., 2015). 

 

Figure 5. Within-host evolution of 

pathogens in the lungs of a 

patient with CF. 

Environmental acquired bacteria 

colonize the lungs and increase in 

population size, where adaptive 

mutations occur and sweep through 

the population. A common 

phenomenon is the appearance of 

mutators with increased evolutionary 

potential. As the infection 

progresses, pathogen niche 

specialization may occur, leading to 

the simultaneous existence of 

differentially adapted lineages. 

Figure retrieved from Didelot et al., 

2016. 
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This convergent molecular evolution targeted regulatory networks, central 

metabolism, antibiotic resistance and virulence factors, all features related with 

adaptation to the host environment.  

Studies in S. aureus have also been performed to investigate bacterial 

evolution within the host both in the status of asymptomatic nasal carriage or blood 

infection. For example, WGS analysis of isolates from a single time point of 13 

hosts (Golubchik et al., 2013) supported the idea that evolutionary dynamics of S. 

aureus in asymptomatic carriers are mainly characterized by purifying selection, 

with just a few adaptive events identified. Another work, that followed the 

progression from bacterial carriage to blood infection (Young et al., 2012) revealed 

that this transition was associated with only eight mutations, half of them leading to 

loss of function.  

As a general pattern of these phylogenomic studies of bacterial pathogens, 

bacterial evolution in vivo involves not only adaptation to the host environment but 

also antimicrobial resistance. Unsurprisingly, antibiotic usage has driven a strong 

selection for antibiotic resistance on microbial pathogens, which determinants are 

frequently encoded in mobile DNA and thus susceptible to be horizontally 

transmitted (Klemm and Dougan, 2016). 

 

1.4.2 – Evolution of commensals 

Although characterization of pathogens dynamics in vivo provides interesting 

insights into the adaptation of bacteria in the context of infections, it is unlikely that 

these dynamics are the same for the majority of bacteria associated with the host. 

While a complete functional characterization of host-associated microbes has not 

yet been elucidated, it is clear that many of the species classified as commensals 

can establish interactions with the host or other microbes, contributing to the 

maintenance of host homeostasis and health. These interactions are expected to 

differ markedly from those described for pathogens and thus different selective 

pressures should play a role in these two scenarios. For example, the response of 

the host immune system against a pathogen or a commensal can be quite distinct, 

as are the numbers (population size) reached by invading microbes or stable 

inhabitants of the microbiota. All these factors presumably impact the adaptive 
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dynamics of the microbes, which thus should differ in a context of pathogenesis or 

commensalism. In fact, understanding how commensals evolve and adapt to the in 

vivo environment of the host is an important subject, especially in the light of the 

co-evolution hypothesis between host and microbiota (Ley et al., 2008a).  

Though some of the works following the evolution of pathogens also 

encompass the asymptomatic stage before transition to infectious (Golubchik et 

al., 2013), within-host evolution of commensal bacteria, in particular a longitudinal 

characterization of adaptation in commensals is a subject that has been poorly 

explored. However, some attempts have been made to better understand the 

evolution of Lactobacillus reuteri, a mutualist inhabitant of the mammalian gut 

(Walter et al., 2011), through a comparative phylogenetic approach. Comparative 

sequencing analysis of strains isolated from different hosts revealed the existence 

of monophyletic, host-specific clades, suggesting that evolution of L. reuteri was 

characterized by diversification into host-adapted lineages (Oh et al., 2010) 

(Figure 6).  

 

Supporting this hypothesis, rodent isolates displayed a strong ecological 

performance in these hosts, while isolates from other hosts did not. Further 

analysis of these strains identified genes specific to the intestinal environment of 

the different hosts, in particular those essential for ecological performance in the 

rodent gut (Frese et al., 2011). 

 

 

Figure 6. Host specialization in L. 

reuteri.  

Genealogy of L. reuteri strains 

inferred by a coalescence Bayesian 

method (ClonalFrame), based on 

three loci. The scale bar displays 

time, in coalescent units.  

Circles and triangles represent 

isolates from rats or turkey, 

respectively. Colors represent 

different host origin. Figure retrieved 

from Oh et al., 2010. 
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1.4.3 – Dynamics of commensal and pathogenic E. coli  

E. coli represents a particular case; primary a commensal inhabitant of the gut 

microbiota, can sometimes adopt the role of a pathogen, causing intra and 

extraintestinal diseases (Kaper et al., 2004). Strains of E. coli have been isolated 

from many vertebrate species, including mammals, reptiles and birds, as well as 

secondary habitats outside the host, such as the soil (Tenaillon et al., 2010). 

Traditionally considered a gut commensal, some evidence suggests that E. coli 

can establish a mutualistic relationship with the host, for instance by providing 

vitamins required by the host (Blount, 2015). In addition, by consuming oxygen, E. 

coli promotes the maintenance of an anoxic environment favored by the 

anaerobes and can also contribute to colonization resistance by competitive 

exclusion of pathogens (Blount, 2015). On the other side of the spectrum, certain 

strains of E. coli can become opportunistic pathogens when colonizing sick or 

impaired hosts, while others have the ability to cause disease in healthy hosts, and 

are thus considered pathogenic. These strains can be grouped into three 

pathotypes, depending on the associated pathology: enteric/diarrhoeal disease, 

urinary tract infection and sepsis/meningitis. Within these categories, pathogenic 

strains of E. coli can be further classified depending on the mechanisms of 

pathogenicity or body region they affect (e.g., enteropathogenic or uropathogenic 

E. coli) (Kaper et al., 2004). 

Although the phylogeny of E. coli has suffered alterations over time, 

accompanying the development of genetic techniques, the bulk of data suggests 

the existence of four main phylogenetic groups (A, B1, B2 and D) and two 

accessory groups (C and E) (Chaudhuri and Henderson, 2012; Tenaillon et al., 

2010). Although these phylogenetic groups (or phylogroups) may play distinct 

ecological roles, no clear association between phylogenetic groups and hosts has 

been identified. This almost absence of host-specific strains suggests that E. coli 

evolved to occupy niches within different hosts and secondary habitats (Tenaillon 

et al., 2010).  

Reflecting the extensive strain diversity of E. coli, comparative genetic 

analysis of sequenced E. coli strains revealed a wide genomic plasticity and 

dynamism, with less than 20% of the genes shared among strains (Kaas et al., 
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2012) (Figure 7).  The remaining genes comprised a vast amount of genetic 

variation that could be acquired by HGT events, including prophages, 

transposable elements and accessory genes (Blount, 2015). Importantly, these 

genes can encode niche-specific fitness factors or pathogenic determinants (such 

as virulence factors). Interestingly, the presence of virulence factors has also been 

detected in commensal E. coli strains, suggesting that extraintestinal virulence 

may be a by-product of commensalism (Diard et al., 2010). 

 

A few studies have addressed the genetic structure of populations of E. coli 

colonizing its host, both in the context of commensalism and pathogenesis. 

Human hosts are commonly colonized over time by both transient and resident 

strains, in which resident strains are usually also dominant strains, found at high 

frequency in the host (Tenaillon et al., 2010).  Works aiming to characterize the 

genetic diversity of E. coli isolated from human fecal samples found on average 

one to two genotypes per host (Alm et al., 2011), although an increased diversity 

of 3.5 strains was reported when analyzing biopsy samples from different regions 

of the lower intestinal tract (Gordon et al., 2015). While in this last study no 

evidence was found for region-specific phylogroups, intra-host analysis revealed 

that the distribution of phylogroups among intestinal samples varied depending on 

the phylogroup of the dominant strain. In a recent work, a collection of E. coli 

strains isolated from wild and domesticated animals, as well as humans, was 

analyzed in regard to the phylogroup composition (Smati et al., 2015). A variable 

prevalence of phylogroups, depending on the host species, was found, with a 

strong influence of domestication on the phylogroup diversity. The authors further 

defined three major clusters of E. coli animal commensal populations, or 

enterocolitypes, as well as two additional human-associated clusters. These 

 

Figure 7. Genomic diversity of E. 

coli.  

Gene clustering analysis of 186 E. 

coli strains revealed that the genes 

shared by all strains (core-genome, 

in red) correspond to less than 20% 

of the more than 16000 genes 

found in all strains (pan-genome, in 

blue). Figure retrieved Kaas et al., 

2012. 
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enterocolitypes were characterized by variable relative abundance of phylogroup 

strains and were associated with different host species, diets and habitats. 

The genetic variation of pathogenic E. coli isolated from urinary tract infections 

(UTI) has also been addressed, through a multigenome microarray approach that 

allowed examining the genomic contents of unsequenced E. coli strains (Vejborg 

et al., 2011). This comparative genomics study revealed a strong correlation 

between genotype, specifically presence of virulence or fitness factors, and 

phylogenetic group of the strain. In addition, only small differences were reported 

for isolates associated with symptomatic and asymptomatic infections, although a 

significant correlation was reported between disease severity and presence of 

particular pathogenicity islands. The evolutionary dynamics of uropathogenic E. 

coli have also been explored by analyzing isolates of an E. coli clone shared 

among a family of five individuals and a pet dog for three years (Reeves et al., 

2011). The strain studied was responsible for an acute UTI episode in the dog and 

could often be detected in fecal samples of the family members over that time 

period (Johnson et al., 2008). The results of this study included evidence for 

minimal adaptive change over the three-year period, with no recombination events 

or acquisition of genetic mobile elements, even in the isolate associated with the 

UTI episode (Reeves et al., 2011). In addition, the authors reported an important 

contribution of host transmission for the maintenance of the strain, with six host 

transfer events detected during the three-year period.  

While these studies, and especially those focusing on the evolution of 

commensal bacteria, contribute to better understand bacterial diversity in the 

context of the host, this is still a poorly explored area. In particular, works 

performing a longitudinal and detailed characterization of the bacterial adaptive 

process within the host are lacking in the literature. Notably, this subject is even 

more relevant considering that within-host environments, such as the mammalian 

gut, represent habitats densely populated by a diverse cohort of microorganisms 

that are thought to have co-evolved with the host for millions of years (Ley et al., 

2008a). 

 

 



Chapter 1 

36 
 

1.5 – The mammalian intestinal environment 

The gut is the key organ for the digestive function, where the ingested food is 

digested and the nutrients necessary for the host survival are absorbed. The 

mammalian gut represents a complex and particular niche within the host, which 

differs from the rest of the body as it is colonized by a dense and diverse cohort of 

microorganisms, known as the microbiota. Displaying a certain level of structure, 

the intestine encompasses different anatomical regions where physiology, flow 

rate, substrates, host secretions, pH and oxygen levels, as well as microbial 

colonization vary (Donaldson et al., 2016) (Figure 8). 

 

Moreover, it is also a place under immune surveillance, where immune 

mechanisms maintain and control the microbial communities. Thus, the gut is a 

complex environment where multiple factors interplay, establishing an equilibrium 

that is vital for host survival and well-being.  

 

1.5.1 – The gut microbiota 

The intestinal microbiota consists in a community of microorganisms that 

inhabits the mammalian gut. Whereas bacteria are undoubtedly the most studied 

and characterized component of this community, other organisms, such as archea, 

protozoa, fungi and viruses are also present in this environment. In fact, recent 

evidence suggests that these neglected communities, in particular the gut virome, 

  Small intestine      Colon 

 

Figure 8. The 

mammalian gut as a 

complex environment 

with multiple microbial 

habitats.  

The gut displays 

gradients of oxygen, 

antimicrobial peptides 

(including bile acids) 

and pH that limit the 

bacterial colonization in 

the small intestinal, 

while supporting high 

bacterial loads in the 

colon. Figure adapted 

from Donaldson et al., 

2016. 
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may affect the host by interacting with other members of the microbiota (Virgin, 

2014).  

Though the composition and density of microbial communities varies across 

the gastro-intestinal tract, it is in the large intestine that the majority of 

microorganisms inhabit. The numbers of bacteria composing the microbiota are 

still under debate, with the most conservative estimates pointing to an amount 

similar to host cells (Sender et al., 2016). In humans, this diverse community is 

thought to comprise more than 500 bacterial species, with considerable inter-

individual diversity (Lozupone et al., 2012). While bacterial phyla such as 

Proteobacteria, Verrumicrobia, Actinobacteria, Fusobacteria and Cyanobacteria 

are represented in the gut microbiota, this community is mainly dominated by 

Firmicutes and Bacteroidetes. In fact, just these two phyla account for more than 

90% of the bacteria in the human gut (Ley et al., 2008b).  

The gut microbiota is assembled after birth and throughout the lifespan of an 

individual its composition changes markedly (Clemente et al., 2012). In humans, 

microbiota composition can be shaped by several factors, including diet, lifestyle, 

disease and antibiotic use (Lozupone et al., 2012). A longitudinal study following 

the development and maturation of the gut microbiota in infants over a period of 

one year has shown that different stages of host development are associated with 

different microbial compositions (Bäckhed et al., 2015). Thus, while initially 

dominated by facultative anaerobes (e.g., Escherichia and Enterococcus) or 

Bacteroides, the gut microbiota transited to a state characterized by high 

abundance of Bifidobacterium and Lactobacillus, associated with a more 

anaerobic environment and milk-based diet. In later stages, when children were no 

longer breast-fed, the gut microbiota was enriched in groups usually found in 

adults, such as Clostridia and Bacteroides, suggesting a shift to a more adult-like 

gut environment. Thus, the adult gut microbiota is generally dominated by 

anaerobes, with facultative species reaching only 0.1% of the community (Eckburg 

et al., 2005). A similar pattern of ecological succession of different bacterial 

communities was observed in germ-free (GF) mice colonized with a complex 

microbiota (Gillilland et al., 2012). In this study, one day after conventionalization 

of previously GF animals, the authors observed a transient bloom of 
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Proteobacteria in the cecum and jejunum, specifically the genus Escherichia. 

These results support the role of Enterobacteriaceae, including Escherichia spp., 

as pioneer organisms that change the oxygen, pH and nutritional conditions of the 

gut, allowing later colonization of the gut by strict anaerobes (Blount, 2015).  

 

1.5.2 – Benefits conferred by the gut microbiota to the host 

Evidence for the importance of the gut microbiota for host health and 

homeostasis comes mainly from works in GF animals, and the comparison with 

microbiota-harboring hosts. The observation that animals raised in GF conditions 

display altered intestinal functions, morphological defects at the gut level and 

impaired immune system (Smith et al., 2007), clearly indicates that the microbiota 

is important for a plethora of host functions, including digestion (Brestoff and Artis, 

2013), development and immunity (Laukens et al., 2016) (Figure 9).  

 

The gut microbiota plays a fundamental role in the digestion, by promoting the 

extraction, synthesis and absorption of nutrients and metabolites, such as bile 

salts, short chain fatty acids (SCFAs) and vitamins. Thus, gut bacteria provide the 

host the ability to process many compounds that otherwise would not be digested 

and eventually absorbed. For example, gut bacteria are involved in the synthesis, 

conversion, reabsorption and deconjugation of bile acids, molecules responsible 

by the digestion and absorption of fat. SCFAs such as acetate, propionate and 

butyrate, are another example of bacteria-derived metabolites. These compounds, 

resulting from bacterial fermentation of plant polysaccharides, play an important 

 

Figure 9. Benefits 

conferred to the host by 

the gut microbiota.  

Bacteria colonizing the 

mammalian gut provided 

important functions and 

benefits to the host. 

Notably, these include 

digestion, development 

and priming of the 

immune system and 

colonization resistance, 

among others. Figure 

retrieved from Laukens et 

al., 2016. 
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role in the regulation of host metabolism and importantly, immunity, given their 

anti-inflammatory proprieties. Vitamins, in particular essential vitamins belonging 

to group B and K can also be produced by certain members of the microbiota 

(LeBlanc et al., 2013).  

The microbiota is also crucial for the correct development of the host 

physiology and immunity. For instance, intestinal morphology is altered in the 

absence of microbes and GF animals display altered microvilli patterns and 

reduced turnover rate of the epithelial cells. The gut associated lymphoid tissues 

(GALT) of GF animals are also affected, with underdevelopment of immune 

structures such as Peyer’s patches (PPs) and mesenteric lymph nodes (MLNs), 

and decreased antibody production. Consistently, GF animals have increased 

susceptibility to bacterial, viral and parasitic infections compared with animals 

harboring a complex microbiota (Round and Mazmanian, 2009). This phenomenon 

is to a certain extent due to the colonization resistance provided by the gut 

microbes that prevent colonization of an invasive bacterial species, which 

illustrates the co-dependence of host and microbes, thought to result from the 

extended co-evolution process between these two partners.  

 

1.5.3 – Bacterial nutrition in the gut 

Consistent with a primary function of absorption of nutrients, the small 

intestine (comprising ileum and jejunum) does not harbor a dense community of 

microorganisms, as it is found in the colon. Here, rates of intestinal transit, mucus 

thickness and antimicrobial secretion are different from those in the small intestine 

and thus more amenable to colonization by the microbiota (Louis et al., 2014). 

However, since most of the absorption of nutrients occurs in the small intestine, 

the main substrates reaching the large intestine are compounds previously 

undigested by the host enzymes. These include indigested carbohydrates, 

proteins and fats (Scott et al., 2013) (Figure 10). Carbohydrates can be diet-

derived (resistant starches, non-starch polysaccharides, oligosaccharides and 

some mono- and di-saccharides) or host-derived (glycoproteins such as mucins). 

Proteins comprise not only residual dietary proteins but also enzymes produced by 
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the host. Fats resulting from the diet are mostly absorbed in the small intestine but 

a small percentage can be excreted in the feces.  

 

Efficient degradation of these compounds involves many times specific 

enzymes, which are not present in all microbes. For example, starch degradation, 

requiring enzymes as amylases and pullulanases, can only be performed by 

bacterial groups with these catalytic activities, such as species of the genus 

Bacteroides (Flint et al., 2012). Emphasizing the metabolic flexibility of this group, 

members of the species B. thetaiotaomicron colonizing the gut of infant mice have 

been shown to alter their metabolism according to the diet of the hosts (Bjursell et 

al., 2006). Thus, in the initial lactation period, B. thetaiotaomicron can grow mainly 

in mucosal polysaccharides and other saccharides derived from the mother’s milk, 

whereas in a later stage, after weaning, can metabolize plant-derived dietary 

polysaccharides. In addition, species of the genus Bacteroides are also able to 

degrade proteins (proteolytic activity) and ferment amino acids (Scott et al., 2013). 

While most compounds are subjected to fermentation, some substrates can 

also be metabolized by anaerobic respiration, using as electron acceptors nitrate, 

sulphate and other organic compounds (Louis et al., 2014). Microbial metabolism 

of carbohydrates results mainly in the production of SCFAs and gases, but protein 

metabolism can also produce ammonia, branched chain fatty acids (BCFAs), 

phenols and indoles, amines and sulfides (Scott et al., 2013). Importantly, the 

SCFAs acetate, propionate and butyrate, are then used by the host in the 

processes of lipogenesis, gluconeogenesis, or as substrate for colonocytes, 

 
Figure 10. Digestion and microbial processing of ingested dietary components in the gut.  

Food-derived components not absorbed by the host, including non.digestible carbohydrates (CHO), 

resistant starch (RS), non-starch polysaccharides (NSP) and oligosaccharides (OS) can be 

processed by the microbiota into short and branched chain fatty acids (SCFA, BCFA) and other 

compounds. Figure retrieved from Scott et al., 2013. 
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respectively. In addition, products resulting from microbial metabolism can also be 

used by other microorganisms, promoting the establishment of cross-feeding 

interactions (Flint et al., 2012). As an example, Bifidobacterium adolescentis is 

able to metabolize starch or fructo-oligosaccharides, producing lactate and acetate 

as byproduct. These compounds can then be used by butyrate-producing bacteria, 

which are unable to use starch or fructo-oligosaccharides (Belenguer et al., 2006).  

In agreement with different bacterial metabolic capabilities, the microbiota 

composition can change dramatically according to the host diet. For example, in 

humans, obese volunteers fed a low-carbohydrate diet displayed reduced 

numbers of certain butyrate-producing Clostridia species (Duncan et al., 2007), 

while in another work, shifts between plant-based and animal-based diets led to a 

change in the ratio of bile-tolerant Bacteroidetes and plant-degrading Firmicutes 

(David et al., 2014). Similarly, Bifidobacteria belonging to the phylum 

Actinobacteria have been shown to dominate the gut microbiota of breast-fed 

human babies (Favier et al., 2002), due to their efficient utilization of milk 

oligosaccharides (Flint et al., 2012). This impact of the diet on microbiota 

composition was further elucidated in a study in which gnotobiotic mice colonized 

with a consortium of representative members of the human gut microbiota 

(harboring major metabolic functions such as the ability to degrade complex 

polysaccharides, consume simple sugars, ferment amino acids and remove 

fermentation byproducts) were subjected to diet perturbations (Faith et al., 2011). 

Based on the responses to the perturbations, the authors developed a model that 

could predict up to 60% of the variation in species abundance induced by changes 

in the diet. 

Globally, these studies demonstrate the importance of the microbiota in the 

nutrition of the host, in which complex microbe-microbe and host-microbe 

metabolic interactions are fundamental for the maintenance of host homeostasis 

and health.  

 

1.5.4 – Immune mechanisms at the gut level  

The gut microbiota is not in direct contact with the host, in fact it is separated 

by several layers of protection that aim to contain and monitor the microorganisms 
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living in the gut. In addition to physical barriers, such as the mucus layer or the 

epithelium, immune cells located at the gut mucosa actively mount innate and 

adaptive immune responses to the microbiota (Maynard et al., 2012). These cells 

are either organized in structures such as PP and MLN or dispersed throughout 

the epithelium and lamina propria, comprising the intestinal immune system 

(Mowat and Agace, 2014).  

 

1.5.4.1 – The intestinal immune system 

Similarly to the systemic immune system, the intestinal immune system is 

composed by both innate and adaptive immune cells. Innate immune cells express 

a limited set of pattern recognition receptors (PRRs) that recognize molecular 

patters expressed by microorganisms (MAMPs) (Molloy et al., 2012). On the other 

hand, B and T adaptive immune cells can express more specific antigen receptors, 

which activation leads to the clonal expansion of effector cells (McGhee and 

Fujihashi, 2012). These effector cells can not only exert immune responses but 

also shape innate immune responses. Importantly, although many of the cell types 

are shared between the systemic immune system and the intestinal immune 

system, the immune responses at the gut level have the particularity of being 

generated at the intestinal mucosa in response to the microbiota (Brandtzaeg and 

Pabst, 2004). Thus, the intestinal immune system, and in particular the adaptive 

immune branch of this system, is a flexible player that can not only monitor but 

also respond accordingly to microbial stimuli in the gut. This ability is evident, for 

instance in situations of microbial imbalance, called dysbiosis, when the immune 

system activates immune mechanisms aiming to control the microbial population 

and return to a status of equilibrium (Round and Mazmanian, 2009). The 

modulation of immune responses, accompanying changes in microbiota 

composition and function, is therefore a crucial feature that allows maintenance of 

homeostatic conditions in the gut.  

 

1.5.4.2 – The defense layers in the gut 

The microbes inhabiting the gut are separated from the host by several 

structural barriers (Figure 11). The first layer of defense in the gut comprises the 
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mucus. The mucus is formed by gel-forming mucins secreted by the goblet cells, 

in particular the Muc2 glycoprotein (Johansson et al., 2008). In addition to mucins, 

the mucus is also composed by small glycoproteins, proteins, glycolipids, and 

lipids (Conway and Cohen, 2015). The thickness of the mucus layer varies along 

the intestine: while it is thinner in the small intestine, it is thicker in the large. The 

loads of microorganisms in the gut also vary along the gut (Maynard et al., 2012). 

The mucus layer is subdivided in two layers: a loosely adherent outer layer and an 

inner adherent layer. In mice, the outer layer is thicker and can be easily removed, 

while the inner layer is thinner and firmly attached to the epithelium. These layers 

differ in the presence of microorganisms; as they densely populate the outer layer, 

they are absent in the inner layer (Johansson et al., 2008). This is due not only to 

structural differences in the physiochemical structure of the two mucus layers but 

also the presence of microbicidal products from the epithelium, including 

antimicrobial peptides (AMPs) and secreted IgA. In addition, mucin glycoproteins 

are toxic to some groups of bacteria (Mowat and Agace, 2014).  

The epithelium is the second layer of defense and encompasses different 

types of cells with specialized functions: absorptive enterocytes (Snoeck et al., 

2005), mucin-secreting goblet cells (Maynard et al., 2012), AMP–producing 

Panneth cells (Maynard et al., 2012), antigen transporter M cells (Mowat and 

Viney, 1997) and enteroendocrine cells. In addition to epithelial cells, intraepithelial 

lymphocytes (IELs) are also present in the epithelium (Sheridan and Lefrançois, 

2010).  
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A third layer includes the lamina propria and a multiplicity of innate (dendritic 

cells, macrophages, eosinophils and mast cells) and adaptive (B and CD4 or CD8 

T cells) immune cells that populate this region (Mowat and Agace, 2014)). The 

CD4 population is composed by several subsets, including T helper cells (Th1, 

Th2 and Th17) and T regulatory cells (Tregs). Notably, Th17 cells produce pro-

inflammatory cytokines and are involved in inflammatory responses against 

microbes, while Tregs are involved in the regulation of inflammatory responses, 

thus acting as a counterweight to Th17 cells. In fact, Tregs can dampen aberrant 

inflammatory responses against members of the microbiota, promoting 

homeostasis in the gut mucosa (Kamada and Núñez, 2013). Expansion of both 

subsets in the intestine is dependent on cues from the microbiota, since their 

numbers are reduced in GF or antibiotic-treated animals (Kamada and Núñez, 

2013). On the other hand, plasma B cells, present in high amounts in the lamina 

propria of the intestine, produce immunoglobulins, in particular IgA. This secreted 

    Jejunum                Colon 

Figure 11. Intestinal barriers separating the microbiota from the host.  

Schematic representation of the small intestine and colon, showing the mucus layer, epithelium and 

innate and adaptive cells in the gut mucosa. Figure retrieved from Mowat and Agace, 2014. 
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isotype is then translocated through the gut epithelium to the intestinal lumen, 

where it can bind to different bacterial groups, coating the cells. While the exact 

purpose of the coating is not completely understood, it has been proposed that the 

outcome of the binding may depend on the binding affinity: high-affinity binding to 

neutralize toxins and pathogens and low-affinity binding to block the adhesion of 

microbes to the epithelium (Cerutti, 2008). Other functions may be related with the 

enhancement of bacterial uptake at the gut mucosa to promote a positive 

feedback loop of B cell induction (Fransen et al., 2015) or in the maintenance, 

instead of exclusion of certain members of the microbiota in the gut (Kawamoto et 

al., 2014). Hence, IgA can potentially affect microbes by neutralizing or preventing 

the growth of pathogenic bacteria or supporting the maintenance of a diverse 

cohort of microorganisms in the gut (Palm et al., 2015). 

Thus, in addition to structural barriers that limit the contact of microorganisms 

with the host, innate and adaptive mechanisms cooperate to selectively exclude or 

promote host-microbe interactions, constantly sensing and responding accordingly 

to stimulus from the microbiota and contributing to homeostasis in the gut.  

 

 

1.6 – Reciprocal interactions between the gut microbiota and the host 

immune system 

The microbiota composition is thought to result from a process of extended 

coevolution with the host that has been occurring for millions of years (Ley et al., 

2008a). In particular, the immune mechanisms of the host that limit and control the 

microbiota are thought to be essential for the maintenance of this symbiotic 

relationship. Therefore, reciprocal interactions between the microbiota and the 

host, and in particular the host immune system, are expected to take place.  

The interactions between host immune system and microbes starts after birth, 

when the host is first exposed to a significant amount of microbes at delivery. 

During the first stages of gut colonization, the immune system can change the type 

of immune responses, presumably according to the set of microbes colonizing the 

gut. Likewise, the presence of microbes during the post-natal development of the 

host immune system is crucial to promote the differentiation of certain lymphoid 
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tissues and cells during that period. In fact, some of the immune defects displayed 

by animals raised in GF conditions are never recovered even when exposed and 

colonized as adults by a complex cohort of microorganisms (Gensollen et al., 

2016). This observation highlights the tight regulation necessary for a correct 

development of the host immune system and the establishment of the complex 

and important interactions between host and colonizing microbes. 

To better understand the reciprocal interactions between the immune system 

and the microbiota, two complementary approaches are currently used. To 

investigate the impact of microbes on the development and expansion of immune 

cells, GF animals are colonized with single or multiple bacterial species (El Aidy et 

al., 2012). On the other hand, assessing the effect of the host immunity on the 

microbiota composition requires the analysis of the microbiota in hosts defective in 

different components of the immune system (Hasegawa and Inohara, 2014).  

 

1.6.1 – Effects of the microbiota on the development of the immune system 

Animals raised in GF conditions are invariably defective in immune 

mechanisms, which can be recovered to a certain extent upon conventionalization, 

i.e., colonization with microbiota from regular microbiota-harboring (conventional) 

animals. This effect has been elucidated in certain innate immune pathways, such 

as secretion of AMPs. For example, the gram-positive-killing C-type lectin Reg3γ 

is an AMP present at a minimal level in GF mice, which expression increases 

substantially upon colonization with a complex microbiota (Cash et al., 2006). 

Importantly, a similar effect has been shown to occur for more specific, adaptive 

immune mechanisms. In fact, the expansion and activity of cells from the adaptive 

immune system, such as effector T or B cells, have been shown to depend on 

signals from certain members of the microbiota, that thus influence the 

development of the immune system through more specific microbe-host 

interactions. 

 

1.6.1.1 – T cells 

Several works have tried to identify microbial groups that promote the 

differentiation and expansion of effector T cells, such as Th17 and Tregs (Figure 
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12), which play a fundamental role in the balance between inflammation and 

tolerance.  

 

For instance, expansion of inflammatory Th17 and also Th1 has been 

reported in mice monoassociated with segmented filamentous bacteria (SFB), a 

Clostridia-related bacterial species. This expansion was shown to confer 

protection against intestinal pathogens such as Citrobacter rodentium (Ivanov et 

al., 2009). In healthy hosts, this increase in pro-inflammatory T cells was also 

accompanied by an expansion in Treg cells (Gaboriau-Routhiau et al., 2009), that 

in this way maintain the homeostatic environment in the mouse gut, preventing 

aberrant inflammation. Due to their role in suppressing inflammatory immune 

responses, Tregs have also been the focus of several studies that identified 

microbial species that were able to drive de novo differentiation of Tregs in the 

intestinal mucosa. This process has been described in mice monoassociated with 

a cocktail of Clostridia species indigenous of the mouse gut (Atarashi et al., 2011), 

altered Schaedler flora (a consortia of eight microorganisms including Clostridium 

and Lactobacillus species (Brand et al., 2015)) and single or multiple bacteria 

isolated from human donors. Examples of these strains include Bacteroides fragilis 

(Round and Mazmanian, 2010), in specific the bacterial component 

polysaccharide A, a cocktail of clusters IV, XIVa and XVIII 17 Clostridia strains 

(Atarashi et al., 2013) and individual strains isolated from human hosts (Faith et 

al., 2014). Interestingly, in this last study several microbes could significantly 

induce the differentiation of Tregs in monocolonized mice, including species from 

 

Figure 12. 

Immunomodulatory 

proprieties of 

members of the gut 

microbiota.  

Examples of bacterial 

groups that are able 

to drive the 

differentiation of anti 

(Treg) or pro- (TH17) 

inflammatory T cell 

subsets. Figure 

adapted from 

Donaldson et al., 

2016. 
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the order Bacteroidales or E. coli. This observation suggests that many bacterial 

species have the capacity to modulate the cell composition of the immune system 

globally promoting the maintenance of homeostasis.  

 

1.6.1.2 – B cells 

Multiple works in GF mice have showed that although the numbers of 

intestinal IgA-producing B cells are low in the absence of microbes, they increase 

substantially after microbial exposure (Macpherson et al., 2001). Early works 

described this induction in animals monocolonized with different species of 

bacteria, such as those belonging to the genus Escherichia and Bacteroides 

(Moreau et al., 1978), Morganella (Shroff et al., 1995) and, more recently, B. 

thetaiotaomicron (specifically to its capsular polysaccharide (Peterson et al., 

2007)). Production of B. thetaiotaomicron-specific IgA was associated with a 

reduction in inflammatory responses against this bacterium, promoting the 

establishment of a non-inflammatory host-microbe relationship. SFB, that are 

located in close contact with the epithelial cells, have also been shown to promote 

the production of IgA, although in this case only a small percentage was specific 

for SFB (Talham et al., 1999). Induction of a slow but long-lasting specific IgA 

response has also been observed in GF mice colonized with an avirulent 

laboratory strain of E. coli (Hapfelmeier et al., 2010). Interestingly, the production 

of E. coli-specific IgA could be abolished upon colonization with a different 

microbiota, showing that the specificity of antibody responses can rapidly adapt to 

changes in microbiota composition.  

Production of specific IgA against commensal species has also been detected 

in animals colonized with a complex microbiota (Palm et al., 2014). For example, 

IgA specific to Enterobacter cloacae, a predominant aerobe in the mouse 

microbiota (Macpherson et al., 2000) has been observed in mice harboring a 

complex microbiota. In fact, early studies showed that a significant percentage of 

colonic bacteria from human donors were coated with IgA (van der Waaij et al., 

1996). Supporting these results, 16S rRNA sequencing analysis of the IgA-coated 

fraction of the fecal microbiota of six healthy humans concluded that many 

bacterial groups were coated by IgA, with rare bacteria accounting to 20% of the 
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total microbial diversity in this fraction (D’Auria et al., 2013). Interestingly, 

Gamaproteobacteria such as Escherichia/Shigella, were present in this fraction in 

almost all individuals, albeit at low frequency. In addition to coating commensal 

members of the microbiota, it has also been shown that IgA can bind commensals 

that potentially cause disease in susceptible animals (Palm et al., 2014). Thus, 

induction of B cells in the gut mucosa seems to represent an important immune 

mechanism strongly dependent on microbial exposure and contributing to a 

healthy cross-talk between microbiota and host.   

 

1.6.2 – Effects of the immune system on the microbiota 

Given the microbe-host interactions previously described, defects on host 

immunity are expected to have some impact at the level of the microbiota. An 

approach extensively applied to investigate the impact of the immune system on 

microbial composition is the analysis of microbial communities of genetically 

altered immune-deficient animals. This process has been facilitated by the rapid 

advances in genetic manipulation of mammalian model organisms (Rosenthal and 

Brown, 2007), which allowed the construction of hosts defective in genes related 

with a multiplicity of immune functions, both innate and adaptive. However, the 

results are not always clearly interpreted, since the gut microbiota can differ 

markedly between animal husbandries (Ericsson et al., 2015) and the phenotypes 

displayed by immune-compromised animals are often dependent on the 

microbiota composition (Yang et al., 2013). Thus, although some studies describe 

altered microbial composition in immune-deficient hosts relatively to wild-type, 

specific differences tend not to be consistent across different animal houses. This 

has been observed, for example, in studies analyzing the gut microbiota 

composition in mice with defective innate immune mechanisms involved in 

microbial patterns recognition, such as toll-like receptors (TLRs) or NOD-like 

receptors (NLRs). While some works report an altered gut microbiota and other 

phenotypes in these defective hosts (Petnicki-Ocwieja et al., 2009; Vijay-Kumar et 

al., 2010), the results could not be reproduced in other studies (Robertson et al., 

2013; Ubeda et al., 2012), and thus the contribution of these pathways in shaping 

the microbiota composition remain unclear. 
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More relevant when considering the hypothesis of co-evolution between host 

immunity and microbiota, mice defective in adaptive immune components have 

generally shown to harbor an altered gut microbiota. Notably, this phenomenon 

has been observed in mice lacking Tregs (Josefowicz et al., 2012), B cells 

(Shulzhenko et al., 2011) and IgA (Suzuki et al., 2004). Interestingly, evidence 

suggests that T cells exert mainly an indirect effect in controlling the gut microbiota 

composition, by mediating the production of IgA by B cells through T-cell 

dependent mechanisms (Palm et al., 2015). Supporting this hypothesis, studies 

analyzing the microbiota composition of T or B cell knockout mice found a similar 

decrease in microbial diversity in relation to WT controls (Kawamoto et al., 2014). 

Recently, a study described a correlation between abundance of polyreactive IgAs 

and diversity of the gut microbiota, supporting the role of IgA as an active agent 

promoting the maintenance of microbial diversity (Fransen et al., 2015). 

As a more drastic immune defect, Rag (Rag1 or Rag2) knockout mice lack a 

crucial enzyme involved in the maturation of the T and B cells antigen receptors 

and thus lack both of these two cell types. These hosts are unable to mount 

adaptive immune responses, such as immunoglobulin production or control the 

levels of pro- (Th17) and anti-inflammatory (Tregs) T cell subsets in the gut 

mucosa. Although different studies reported alterations in the microbiota 

composition of these mice, the findings are not consistent across different animal 

houses. For example one work described similar results to those observed in IgA 

defective mice (Suzuki et al., 2004), comprising an expansion of SFB and other 

anaerobic bacteria in Rag2-/- mice. In another study the authors reported 

decreased diversity in the gut microbiota of Rag1-/- mice, mirroring the results 

obtained in B or T cell-deficient mice (Kawamoto et al., 2014). Consistent with 

these results, a recent study also described decreased diversity of microbial 

communities in hypomorphic Rag2 mice compared to WT controls, as well as 

different abundances of  several groups of Proteobacteria (Rigoni et al., 2016). 

Other authors found differences in the abundance of groups such as Bifidobacteria 

and Clostridium leptum (Thoene-Reineke et al., 2014) or Lachnospiraceae and 

Porphyromonadacea (Scholz et al., 2014) in Rag1-/- animals, or an increased 
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frequency of Akkermansia sp (Zhang et al., 2015) in Rag2-/- hosts compared to WT 

controls. 

Globally, these results confirm the importance of the immune system, in 

particular the adaptive immune system, in shaping the composition of the gut 

microbiota. Together with the evidence that different microbial groups can promote 

the maturation and tuning of the immune system, these data highlights the 

reciprocal interactions between host and microbiota and provides support to the 

hypothesis of co-evolution between these two partners. 

 

 

1.7 – E. coli and mouse as host-microbe model organisms 

The area of host-microbe interactions and in particular how microorganisms 

colonize their hosts has been addressed using a variety of model systems, based 

on model organisms both for the host and the microbe. Available model organisms 

for the host display a range of complexity, including invertebrates (as the Hawaiian 

bobtailed squid and the fruit fly) or more complex vertebrate models (for example, 

zebrafish and mice) (Kostic et al., 2013). As the prime model for mammalian 

organisms, the mouse system has been extensively used in studies of microbial 

gut colonization. On the other hand, microbial model organisms include the most 

well-known bacterium, and a commensal member of the gut microbiota, E. coli. 

 

1.7.1 – The laboratory mouse model 

Initially selected for docility, tolerance to confinement and fecundity, lab mice 

differ from their wild counterparts as they display a faster growth rate, increased 

size and higher reproductive success (Austad, 2002). Other features altered 

during domestication include decreased physical fitness, shorter lifespans and 

smaller eyes and brains, as well as increased chromosome breakage and longer 

telomeres (Austad, 2002). Remarkably, inbreed lab mice lack the extensive 

genetic variability present in outbred wild populations of mice (Phifer-Rixey and 

Nachman, 2015). While phenotypic and genetic differences between wild and lab 

mice have been comprehensively addressed, the composition of their microbial 

communities is a subject still poorly explored. It has been shown, however, that 
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the gut microbiota of wild and wild-derived inbred mice, while displaying similar 

community diversity differ in the composition of the microbial communities 

(Kreisinger et al., 2014). Notably, pathogens and parasites (Maurice et al., 2015; 

Weldon et al., 2015) are commonly detected in wild mice, whereas in controlled 

inbred lab strains are generally absent. Another feature found in wild mice is a 

striking seasonal variation in the gut microbiota composition, possibility related 

with shifts in diet patterns of the animals (Maurice et al., 2015). In laboratory mice, 

shifts in microbiota composition have been shown to occur in immune-deficient 

mice (Maharshak et al., 2013) and/or in response to a dietary (Zhang et al., 2012), 

infection (Belzer et al., 2014) or drug (Antonopoulos et al., 2009; Schwab et al., 

2014) perturbation, while in healthy mice kept in controlled conditions age-related 

changes have been described (Langille et al., 2014; Zhang et al., 2012). Despite 

these differences in relation to their wild relatives, the laboratory mouse is a good 

organism to investigate the gut microbiota and its importance and interaction with 

the host. In particular, the strict control over genetic and environmental variation 

accessible with this model represents a major asset when performing this type of 

experiments. Another important aspect is the availability of genetic tools, allowing 

the construction of mutant gene knock-out strains that can be used to investigate 

the importance of a given gene or trait (Beckers et al., 2009). 

Furthermore, the lab mouse can also be used as a model for other 

mammalian organisms, in particular humans. Mice share with humans many of 

their overall physiology and cellular functions, including musculoskeletal, immune, 

endocrine and digestive systems (Vanhooren and Libert, 2013), the latter 

comprising roughly the same compartments in both organisms. On the other hand, 

mice differ from humans in important parameters such as size, metabolic rate, life 

history traits and, more relevant to the study of host-microbe interactions, intestine 

physiology, diet, pathogens and microbiomes (Perlman, 2016) (Figure 13). Despite 

these differences, the distal guts of mice and humans are strikingly dominated by 

the same bacterial phyla, which include the Firmicutes, Bacteroidetes and 

Actinobacteria (Spor et al., 2011). Similar microbiota composition between these 

two hosts has also been described at the family level, although at the genus level 

only 15% of the taxa were found to be shared (Ley et al., 2005).   
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In addition, mice can be produced in GF conditions (Al-Asmakh and Zadjali, 

2015), allowing dissecting the specific contribution of different microbes to host 

phenotypes (Faith et al., 2014), as well as controlled manipulation of the 

microbiota composition, including colonization with microbial consortia from human 

donors (humanized mice (Laukens et al., 2016)). These features, together with 

proprieties intrinsic to the laboratory mouse, such as short generation times, easy 

breeding and maintenance, controlled biocontainment, and relatively low-cost, 

make this host a good experimental model (Austad, 2002). Thus, despite the 

limitations of the mouse model that not always allow a direct translation to humans 

(Nguyen et al., 2015), this model can still be considered a valuable and useful tool 

in the study of host-microbe interactions, demonstrated by the significant 

contribution it has provided to the field of microbiota research. 

 

1.7.2 – E. coli as a microbial model organism 

In addition to its status as the most famous microbial model organism, E. coli 

is also a relevant organism when addressing the topic of host-microbe 

interactions. As a pervasive inhabitant of the mammalian gut, commensal strains 

of E. coli have been commonly isolated from many animals, including humans 

(Tenaillon et al., 2010) and mice (Souza et al., 1999). Notably, the genus 

Escherichia (Gillilland et al., 2012) in mice, and in particular the species E. coli in 

 
Figure 13. Anatomical and microbiota differences between mouse and human. Mice and 

humans differ in the compartmentalization of the colon and stomach. In addition, although the 

dominant bacterial phyla (Firmicutes and Bacteroides) are shared between the two hosts, 85% of 

the genera identified in mice were not fond in human. Figure adapted from Nguyen et al., 2015 and 

Ley et al., 2006. 
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humans (Bäckhed et al., 2015), appear to be relevant pioneer microbes in the 

initial colonization of the gut. As a pathogen, it affects mainly humans and 

domestic animals (Kaper et al., 2004). While not a common mouse pathogen, 

several mouse models of E. coli infection have been developed trying to reproduce 

and study the disease process observed in humans (Mohawk and O’Brien, 2011; 

Savkovic et al., 2005). In addition, other strains isolated from sick (Diard et al., 

2010; Fabich et al., 2008) or healthy (Adediran et al., 2014; Maltby et al., 2013; 

Wadolkowski et al., 1988) human donors have shown the ability to colonize the 

mouse gut without clinical symptoms, under certain models of colonization.  

In fact, strains of E. coli have been used as microbial model organisms in 

several studies investigating bacterial colonization of the mouse gut and the 

determinants involved in the process. In particular, the topics of E. coli distribution 

(Foucault et al., 2010; Poulsen et al., 1994), growth rate (Li et al., 2015; Myhrvold 

et al., 2015; Poulsen et al., 1995; Rang et al., 1999), signal sensing (Lasaro et al., 

2014), nutrition (Chang et al., 2004; Fabich et al., 2008), respiratory metabolism 

(Jones et al., 2007, 2011) and evolution (De Paepe et al., 2011; Leatham-Jensen 

et al., 2012; Lescat et al., 2016) in the mouse gut have been addressed. While a 

few works were performed with more natural but less described murine (Lasaro et 

al., 2014; Myhrvold et al., 2015; Poulsen et al., 1994, 1995; Rang et al., 1999) or 

human (Lescat et al., 2016) isolates of E. coli, the majority of these works used the 

K-12 MG1655 strain. Extensively used in many in vitro experiments and 

characterized by a fast growth, with few growth requirements and metabolic 

flexibility, this strain has been thoroughly described both at the genotypic and 

phenotypic levels. Importantly, it is also amenable to genetic manipulation as well 

as gene expression and sequencing (Hobman et al., 2007). Though considered a 

“domesticated” strain, that lost some of the features characteristic of natural 

isolates, K-12 MG1655 has been shown to share with commensal and 

environmental E. coli strains basic eco-physiological proprieties, such as carbon 

substrate uptake and breakdown capabilities and stress defense mechanisms 

(Ihssen et al., 2007). Thus, taking into account the limitations and innumerous 

advantages of the model, E. coli, particularly the well-known strain K-12 MG1655, 

can be used as a useful tool to address the topic of host-microbe interactions 
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taking place into the mammalian gut and gain valuable information on this still 

incompletely clarified subject.  

 

1.7.3 – Models of colonization: streptomycin-treated and germ-free mouse 

models 

In homeostatic conditions, the adult mouse gut microbiota is usually resistant 

to stable colonization with exogenous commensal E. coli strains, a process known 

as colonization resistance (van der Waaij et al., 1971). Although not completely 

elucidated, this phenomenon is thought to be related to direct or indirect 

competition with members of the microbiota. While the exact mechanisms that 

provide colonization resistance are still poorly understood, it has been shown that 

resistance can be abolished with antibiotic treatment, in particular streptomycin. 

Treatment with this antibiotic decreases the load of endogenous bacteria by one 

log and leads to profound changes in the composition of the gut microbiota 

(Thompson et al., 2015). In addition, it was also reported that antibiotic treatment 

leads to increased inflammation in the intestine, with production of reactive oxygen 

species (Spees et al., 2013). Thus, antibiotic treatment vacates a physical niche 

previously occupied by other microbes, eliminates competitors of E. coli and leads 

to an altered metabolic and respiratory environment where E. coli has an 

advantage. Alone or in combination, these factors ultimately lead to the breakdown 

of colonization resistance, allowing colonization of the mouse gut with E. coli. 

Although a less diverse habitat compared with untreated animals, the 

streptomycin-treated mouse gut is still a complex environment where E. coli is 

subjected to multiple selective pressures, including the presence of other 

microorganisms.  

As an alternative to the streptomycin-treated mouse model, adult GF, or 

axenic animals can also be colonized with bacteria. As hosts devoid of microbiota, 

they lack colonization resistance and thus can be easily colonized with E. coli 

strains. Despite consisting in a simpler environment than microbiota-harboring 

animals, this model is useful to address specific questions related to the 

contribution of the microbiota to certain host phenotypes (Faith et al., 2014). In 
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addition, colonization of previously GF animals mimics the natural colonization that 

occurs after birth and thus allows the study of this process in controlled conditions. 

 

1.7.4 – Nutrition of E. coli in the mouse gut 

In the streptomycin-treated mouse gut, E. coli has been shown to form mixed 

biofilms in the mucus layer of the large intestine (Leatham-Jensen et al., 2012). 

However, while inhabiting the mucus layer, E. coli is unable to degrade the 

complex polysaccharides that result from the degradation of mucins, epithelial cell 

or dietary fibers (Conway and Cohen, 2015). Thus, it relies on the hydrolytic 

activity of other microorganisms that can use the complex glycoproteins as carbon 

source (Li et al., 2015). These microorganisms (e.g. B. thetaiotaomicron) are able 

to secrete hydrolases that degrade complex polysaccharides into simpler 

compounds. These compounds are then uptaken and metabolized, which results 

in the subsequent release of mono- and di-saccharides as subproducts. These 

available simpler carbon sources can then be used in metabolic reactions by E. 

coli.  

Several studies addressing the nutrition of E. coli in the mouse gut have 

shown that different strains may have distinct metabolic requirements allowing 

coexistence in the intestine through the occupation of different niches (Leatham et 

al., 2009; Meador et al., 2014). Furthermore, some strains have the ability to 

switch their metabolic preferences depending on the competing strains, thus 

overcoming colonization resistance promoted by other E. coli strains. One 

example of this fine modulation of microbial metabolism is the switch performed by 

a pathogenic strain of E. coli from glycolytic to gluconeogenic nutrients when 

invading the mouse gut pre-colonized with a commensal E. coli strain (Schinner et 

al., 2015). In particular, the nutritional preferences of the commensal lab strain 

MG1655 when colonizing the streptomycin-treated mouse gut have been 

thoroughly described (Chang et al., 2004). Through the use of knockout mutants of 

E. coli in different metabolic pathways, the authors identified several carbon 

sources that are important for initiation or maintenance of gut colonization.  
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Globally, these works demonstrate the importance of bacterial nutrition in the 

mouse gut, suggesting that this may be an important factor shaping the evolution 

of E. coli in this habitat. 

 

1.7.5 – Experimental evolution of E. coli in the mouse gut 

Although the process of E. coli adaptation to the mouse gut is yet a poorly 

explored subject, some studies reported the selection of mutants with increased 

competitive advantage in the mouse gut upon colonization of streptomycin-treated 

mice with the E. coli strain MG1655. The described mutations targeted the flhDC 

operon (Gauger et al., 2007; Leatham et al., 2005) and the envZ gene (Leatham-

Jensen et al., 2012). Mutants in the flhDC operon were rapidly selected in the 

mouse intestine (just three days after colonization), were non-motile and could 

grow better than the ancestral in cecal mucus and in media containing sugars 

present in the mucus. Conversely, envZ missense mutations conferred increased 

growth in specific sugars, such as galactose, suggesting that genotypes carrying 

these mutations may occupy a different nutritional niche than flhDC mutants in the 

mouse intestine. In addition, envZ mutants also displayed increased resistance to 

bile salts and colicin, a bacteriocin (Leatham-Jensen et al., 2012). Interestingly, 

the same mutants were reported to occur in the same strain of E. coli colonizing 

the GF mouse gut (De Paepe et al., 2011; Giraud et al., 2008), suggesting that 

mutations in these genes are adaptations to the nutritional environment of the 

mouse gut, independent of the microbiota.  

Very recently, a long-term study followed the evolution of a human-derived E. 

coli strain in the gut of streptomycin-treated mice for over one year (Lescat et al., 

2016). Sequencing analysis of individual clones revealed an average of seven 

mutations per genome and convergence among lineages at the gene (over 65%), 

operon or functional levels. Specifically, loci shown under selection comprised the 

dgo operon (involved in the galactonate pathway), the rluD and gidB complex 

(related with the maturation of ribosomal RNAs) and the intergenic region between 

yijH and kptA. While mutation in the dgo operon conferred increased growth in D-

galactonate, those in rluD and gidB were advantageous only in the presence of 

streptomycin. 
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1.8 – Open questions at the start of this PhD and overall strategy to 

address these 

Although studies of experimental evolution have addressed and described the 

adaptive process of bacteria in simple and/or artificial environments, the evolution 

of bacteria in natural environments, is a subject still largely unexplored. Moreover, 

the determinants and regimes of adaption, the contribution of the multiple selective 

pressures playing a role in the habitat, as well as the extent of adaptation in these 

natural environments are subjects currently unknown. 

E. coli, the most well-known model organism, has been the focus of many in 

vitro studies of experimental evolution, that described in detail its adaptation to 

laboratorial environments (Barrick and Lenski, 2013). However, in its natural 

environment, the mammalian gut, the adaptive process of E. coli is far from 

elucidated. The mammalian gut is a complex environment, where bacteria are 

subjected to multiple pressures, including nutrients, the host immune system and 

the other microbes (Donaldson et al., 2016), that may shape microbial adaptation 

to this environment. While the importance of the nutritional environment has been 

the focus of some studies (De Paepe et al., 2011; Leatham-Jensen et al., 2012), 

the impact of host-microbe and microbe-microbe interactions to the adaptation of 

E. coli in the mouse gut, the prime mammalian model organism, is still poorly 

known.  

Thus, it is within the scope of this thesis to characterize the adaptation of E. 

coli to the mouse gut and evaluate the mechanisms of selection taking place 

during adaptation to this habitat. In addition, one of the aims is also to assess the 

contribution of one important host factor, the adaptive immunity, to this process.  

To address these questions we followed the evolution of fluorescently-labelled 

E. coli in the gut of streptomycin-treated mice, using a two-marker system to infer 

adaptive events occurring in the E. coli populations. Independently evolving 

populations were furthermore subjected to WGS to identify the genetic basis of E. 

coli adaptation. Additionally, the microbial ecosystem experienced by E. coli was 

characterized by 16s rRNA gene sequencing. Competitive fitness assays were 

also performed to evaluate the advantage of mutations identified by genome 

sequencing. To analyze the contribution of host immunity to E. coli evolution we 



Chapter 1 

59 
 

compared the dynamics, genetic basis and microbial environment of E. coli 

evolved in WT or mutant mice lacking the adaptive immune system (Rag2-/- mice).  
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Abstract 

The accumulation of adaptive mutations is essential for survival in novel 

environments. However, in clonal populations with a high mutational supply, the 

power of natural selection is expected to be limited. This is due to clonal 

interference - the competition of clones carrying different beneficial mutations - 

which leads to the loss of many small effect mutations and fixation of large effect 

ones. If interference is abundant, then mechanisms for horizontal transfer of 

genes, which allow the immediate combination of beneficial alleles in a single 

background, are expected to evolve. However, the relevance of interference in 

natural complex environments, such as the gut, is poorly known. To address this 

issue, we have developed an experimental system which allows to uncover the 

nature of the adaptive process as Escherichia coli adapts to the mouse gut. This 

system shows the invasion of beneficial mutations in the bacterial populations and 

demonstrates the pervasiveness of clonal interference. The observed dynamics of 

change in frequency of beneficial mutations are consistent with soft sweeps, 

where different adaptive mutations with similar phenotypes, arise repeatedly on 

different haplotypes without reaching fixation. Despite the complexity of this 

ecosystem, the genetic basis of the adaptive mutations revealed a striking 

parallelism in independently evolving populations. This was mainly characterized 
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by the insertion of transposable elements in both coding and regulatory regions of 

a few genes. Interestingly, in most populations we observed a complete 

phenotypic sweep without loss of genetic variation. The intense clonal interference 

during adaptation to the gut environment, here demonstrated, may be important 

for our understanding of the levels of strain diversity of E. coli inhabiting the human 

gut microbiota and of its recombination rate. 

 

 

Introduction 

Mutation is the fuel of evolution and beneficial mutations the driver of 

organismal adaptation. When a small group of organisms founds a new niche it 

will rely on de novo mutations to adjust to such novel environment. If the rate of 

emergence of new beneficial mutations is low, adaptation will proceed through the 

asynchronous accumulation of such mutations, one at a time. This will result in 

short-term polymorphism, during which the frequency of the beneficial mutation 

will rapidly change. Such strong selective sweeps will purge linked neutral 

variation, a phenomenon long recognized as the signature of selective sweeps in 

bacterial populations (Atwood et al., 1951). Thus, for reasonably small populations 

and for low mutation rates, population mean fitness will increase in steps, where at 

each step neutral variation becomes completely depleted. The adaptive walk will 

therefore proceed by discrete movements along the fitness landscape. 

Over the years studies of microbial adaptation in different environments have 

repeatedly detected deviations from this simple pattern (Hegreness et al., 2006; 

Kao and Sherlock, 2008; Maharjan et al., 2006; Perfeito et al., 2007; Woods et al., 

2011). It is now much more commonly accepted that, in reasonably large microbial 

populations, many distinct adaptive mutations may arise and compete for fixation. 

The pattern of microbial adaptation has therefore been supportive of an 

evolutionary mechanism described in the sixties - the Hill-Roberston effect (Hill 

and Robertson, 1966). This has been coined clonal interference (CI) in the context 

of clonal bacterial populations (reviewed in (Sniegowski and Gerrish, 2010)). This 

effect is theoretically expected to limit the speed of adaptation in asexual versus 

sexual populations (Barton and Partridge, 2000). A great number of beneficial 
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mutations are lost and the distribution of mutations that fix can be greatly affected 

by interference (Gordo et al., 2011; Schiffels et al., 2011; Sniegowski and Gerrish, 

2010). 

But how strong is CI and what consequences does it entail? While it has been 

shown to occur in bacteria (Herron and Doebeli, 2013; Perfeito et al., 2007) and 

eukaryotes (Desai et al., 2007; Kao and Sherlock, 2008) in laboratory settings, its 

relevance in natural environments is poorly known. Interestingly, CI has recently 

been inferred to be an important determinant of the evolution of the influenza virus 

(Strelkowa and Lässig, 2012). Several examples from the study of rapid 

adaptation in natural populations have also shown the violation of the classical 

hard selective sweep model as well as the assumption of the mutation limited 

regime of adaptation. In contrast multiple adaptive alleles at the same locus can 

sweep through the populations at the same time, a phenomenon known as soft 

sweeps. These alleles can emerge from de novo mutation or from standing 

genetic variation (see (Messer and Petrov, 2013) for a revision). The phenomenon 

of CI is theoretically expected to impact the dynamics of adaptation if the effective 

population size (Ne) and/or the rate of occurrence of beneficial mutations (Ub) is 

large. More specifically, when the number of competing mutations is bigger than 

one, that is if 2Ne Ub Ln(Ne sb/2) > 1 (where sb is the mean effect of a beneficial 

mutation (Sniegowski and Gerrish, 2010)). Desai and Fisher (Desai and Fisher, 

2007) made the case that in extremely large populations with very high mutational 

inputs, haplotypes with multiple beneficial mutations are expected to arise and 

increase in frequency. Furthermore, important advances of the theory of CI have 

also recently been made (Good et al., 2012; Lassig, 2012; Schiffels et al., 2011). 

Since the parameter values important to determine the importance and level of 

interference are expected to be dependent on the environment, the relevance of 

CI for bacterial evolution in natural conditions remains to be demonstrated.  

E. coli K-12 has been an important model organism in many fields of biology, 

since its isolation from human feces in 1922 (Lederberg, 2004). Accumulation of 

mutations during its adaptation to the gut has been observed (De Paepe et al., 

2011; Fabich et al., 2011; Leatham et al., 2005), but the fitness landscape 



Chapter 2 

86 
 

characteristic of this environment as well as the extent of interference E. coli 

experiences is not known. 

We have studied the process of accumulation of beneficial mutations and the 

strength of their effects in a natural environment of E. coli, the mouse gut. We 

found that CI is pervasive in vivo and described the genetic basis of the initial 

steps of adaptation, which were observed to exhibit a striking parallelism. 

Remarkably we have found that in the same population, distinct mutations with 

equivalent functional effects (i.e., targeting the same gene or operon) reach 

detectable frequencies simultaneously. This leads to the occurrence of a 

phenotypic hard sweep without loss of variation at the genetic level. However, 

most of these mutations get extinct after a few generations, a signature of soft 

sweeps (Lee and Marx, 2013).  

 

 

Material and Methods 

Ethics statement 

All experiments involving animals were approved by the Institutional Ethics 

Committee at the Instituto Gulbenkian de Ciência (project nr. A009/2010 with 

approval date 2010/10/15), following the Portuguese legislation (PORT 1005/92), 

which complies with the European Directive 86/609/EEC of the European Council.  

 

E. coli strains 

All strains used were derived from Escherichia coli K-12, strain MG1655 

(Blattner et al., 1997).  

Strains DM08-YFP and DM09-CFP (MG1655, galK::YFP/CFP ampR (pZ12), 

strR (rpsl150), ΔlacIZYA) were used in the initial colonization experiment. These 

strains contain the yellow (yfp) or cyan (cfp) fluorescent genes linked to ampR in 

the galK locus under the control of a lac promoter and were obtained by P1 

transduction from previously constructed strains (Hegreness et al., 2006). To 

ensure constitutive expression of the fluorescent proteins the lac operon was 

deleted using the Datsenko and Wanner method (Datsenko and Wanner, 2000).  
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Fluorescent marker dynamics during mouse colonization 

To study E. coli adaptation to the gut we used a streptomycin-treated mouse 

colonization model (T. Conway et al., 2004). Briefly, 6- to 8-week old C57BL/6 

male mice raised in specific pathogen free (SPF) conditions were given autoclaved 

drinking water containing streptomycin (5g/L) for one day. After 4 hours of 

starvation for water and food the animals were gavaged with 100 µl of a 

suspension of 108 colony forming units (CFUs) of a mixture of YFP- and CFP-

labeled bacteria (ratio 1:1) grown at 37°C in brain heart infusion medium to OD600 

of 2. After gavage, the animals were housed separately and both food and water 

containing streptomycin were returned to them. Mice fecal pellets were collected 

for 24 days, diluted in PBS and plated in Luria Broth agar (LB agar). Plates were 

incubated overnight and the frequencies of CFP- or YFP-labeled bacteria were 

assessed by counting the fluorescent colonies with the help of a fluorescent 

stereoscope (SteREO Lumar, Carl Zeiss). Plating the fecal samples allowed 

checking for morphological phenotypic diversity of the colonies, a phenomenon 

reported previously in previous studies of adaptation of E. coli to the mouse gut 

(De Paepe et al., 2011; Fabich et al., 2011; Gauger et al., 2007; Giraud et al., 

2008; Leatham et al., 2005). However, no consistent changes in colony 

morphology were observed during the evolution experiments.  

A sample of each collected fecal pellet was daily stored in 15% glycerol at -

80ºC for future experiments. 

For the initial colonization a group of 5 mice was gavaged and followed for 24 

days, and this procedure was repeated for two more groups of 5 mice. Thus a total 

of 15 mice were analyzed (Fig. 1a and Supplementary Fig. 1).  

 

Competitive fitness assays in vivo to test for adaptation  

We measured the relative fitness in vivo by bacterial clones isolated from 

mouse fecal samples after 24 days of colonization (approximately 400 

generations). Individual colonies or mixtures of approximately 30 colonies with the 

same fluorescent marker (population of clones) were picked from mouse fecal 

platings, grown in 10 ml of Luria Broth medium (LB) supplemented with ampicillin 

(100 µg/ml) and streptomycin (100 µg/ml) and stored in 15% glycerol at -80ºC.  
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The isolated clones were competed against the ancestral strain labeled with 

the opposite fluorescent marker, at a ratio of 1 to 1, in 1-2 day co-colonization 

experiments following the same procedure described for the evolution 

experiments. The selective coefficient (fitness gain) of these clones in vivo 

(presented in Fig. 1b) was estimated as: 

t
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where sb is the selective coefficient of the evolved clone, Rfev/anc and Riev/anc 

are the ratios of evolved to ancestral bacteria in the end (f) or in the beginning (i) 

of the competition and t is the number of generations per day. We assume t=18, in 

accordance with the 80 minute generation time estimated in previous studies on E. 

coli colonization of streptomycin-treated mouse (Poulsen et al., 1995; Rang et al., 

1999; T. Conway et al., 2004).  

 

Estimation of rate of beneficial mutations 

To infer the effective evolutionary parameters (Ue and se) we used the method 

described in (Barrick et al., 2010), available online at 

http://barricklab.org/twiki/bin/view/Lab/ToolsMarkerDivergence. This procedure 

involves three main steps: simulate families of marker trajectories at many 

combinations of mutation rate (U) and selection coefficient (s), summarize the 

simulated and experimental marker trajectories in the statistics τe and αe (that 

represent the time of divergence of marker frequency and the rate of divergence, 

respectively); compare the distributions of τe and αe of the simulated dynamics and 

the experimental data and find the values of U and s that best explain the 

experimental marker dynamics.  

Using the model described in (Barrick et al., 2010) we simulated sets of 100 

replicate populations evolved under different parameter combinations of U and s. 

U ranged from 10-8 to 10-4 (with increments of 10-8, 10-7, 10-6, 10-5 and 10-4) and s 

ranged from 0.07 to 0.1 (with increments of 0.005). We assumed a population size 

of 107, based on the weight of feces per day (1.5 ± 0.12 (2 s.e.m.) grams) that a 

mouse produces, on the observed number of CFUs (per gram of feces) along the 

experiments (which remained stable over the length of the experiment around 108, 
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see Supplementary Fig. 1), and on the number of generations per day, which is 18 

(Poulsen et al., 1995). A population size of the same order of magnitude was 

measured by Leatham-Jensen et al. (Leatham-Jensen et al., 2012) in the intestinal 

mucus, where the majority of bacterial division occurs (T. Conway et al., 2004). 

This simulated data consist of the logarithm of the ratio of the two marker 

frequencies (Rf = fYFP(ti)/(fCFP(ti)) at several time points (ti), (ln(Rf(ti))). 

We then used both the simulated and experimental marker dynamics as input 

in the program marker_divergence_fit.pl, that summarizes the evolutionary 

dynamics in two statistics: τe and αe. The first is the time, τe, where a significant 

deviation of ln(Rf(τe)) from ln(Rf(t = 0)) occurs. The second is the rate of change of 

ln(Rf(t)) with time, that is, τe sets the time of divergence of marker frequency and 

αe the rate of divergence. Each replicate population is summarized by a single 

value of τe and αe, and the n replicate populations (characterized by a given 

combination (U, S)) result in a distribution of T(τe) and A(αe). These distributions 

are then compared, using the program marker_divergence_significance.pl, to the 

distributions of τe and αe that summarize the experimental data To(τe) and Ao(αe) 

using a two-dimensional Kolmogorov–Smirnov to test the fit between the simulated 

data and the pseudo-observed data. The combination (U, S) that gives rise to the 

highest P value is taken as Ue and Se, even when the hypothesis that the 

distributions are different cannot be rejected. 

 

Estimation of distribution of haplotypes fitness  

To estimate the fitness effects of beneficial mutations that may contribute to 

adaptation we used a maximum likelihood approach to infer the number, fitness 

effect and time of establishment of beneficial mutations in an asexual population 

from individual marker frequencies trajectories (Illingworth and Mustonen, 2012). 

This method, which is available on web page: 

http://www.sanger.ac.uk/resources/software/optimist/, makes no a priori 

assumptions about the distribution of mutation effects. It has been tested against 

simulated data and has been shown to be able to: reproduce complex trajectories 

of neutral markers, make accurate estimates of the distribution of haplotype fitness 

effects, and provide good estimates of the number of mutations segregating at 
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high frequencies, at least for values of mutation rates that are not very large. We 

note that this method may miss many small effect beneficial mutations if these 

indeed occur at high rates. 

It assumes an initial population of cells comprising two haplotypes with equal 

fitness, corresponding to two neutral markers. A beneficial mutation occurring in 

one of the backgrounds is represented as a new haplotype, which is assumed to 

exist at a given time (Tbi) and with a frequency of 0.001 in the population. Since 

this new haplotype has increased fitness (Wi) relative to the initial wild-type 

population, its frequency will increase, leading to an increase in frequency of the 

fluorescent marker population in which the mutation has occurred. The simplest 

model that can be assumed is that where a single beneficial mutation occurs. That 

will imply a given time of establishment and effect of the mutation that maximize 

the probability of observing the marker frequency data. The second model that is 

considered is one where two mutations can occur, which will lead to a given 

likelihood of the data. Models assuming different numbers of beneficial mutations 

can thus be compared based on their likelihood score using Akaike information 

criteria (Illingworth and Mustonen, 2012). With this method we obtain a distribution 

of haplotype fitnesses with the minimal number of mutations that can explain the 

marker frequency dynamics (ωh).  

 

Whole genome re-sequencing and mutation prediction 

Clone analysis: After 24 days of gut colonization one clone from populations 

1.1 to 1.14 and the two ancestors (MG1655-YFP and MG1655-CFP) were isolated 

and used to seed 10 mL of LB (Line 1.15 was not analyzed since the mouse from 

this line died at that time point). These cultures were then grown at 37ºC with 

agitation. Subsequently DNA was isolated following a previously described 

protocol (Wilson, 2001). The DNA library construction and sequencing was carried 

out by BGI. Each sample was pair-end sequenced on an Illumina HiSeq 2000. 

Standard procedures produced data sets of Illumina paired-end 90bp read pairs 

with insert size (including read length) of ~470bp. Genome sequencing data have 

been deposited in the NCBI Read Archive, http://www.ncbi.nlm.nih.gov/sra 

(accession no. SRP017347). Mutations were identified using the BRESEQ pipeline 
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(Barrick et al., 2009). To detect potential duplication events we used ssaha2 (Ning 

et al., 2001) with the paired-end information. This is a stringent analysis that maps 

reads only to their unique match (with less than 3 mismatches) on the reference 

genome. Sequence coverage along the genome was assessed with a 250 bp 

window and corrected for GC% composition by normalizing by the mean coverage 

of regions with the same GC%. We then looked for regions with high differences 

(>1.4) in coverage. Large deletions were identified based on the absence of 

coverage. For additional verification of mutations predicted by BRESEQ, we also 

used the software IGV (version 2.1) (Robinson et al., 2011).  

Ancestral genome: The sequence reads from MG1655 were mapped to the 

reference strain (Blattner et al., 1997). The two ancestors carried the mutations 

listed in Supplementary Table 1. The mutations underlined were present in the 

YFP ancestor but not in the CFP. The sequences of the 14 sequenced clones 

were then interrogated against this ancestral genome and the mutations identified 

are listed in Supplementary Table 2.  

Population analysis: DNA isolation was obtained in the same way as 

described above for the clone analysis except that instead of one clone per 

population a mixture of >1000 clones per population was used. Three populations 

were sequenced: 1.10, 1.11 and 1.12.   

The DNA library construction and sequencing was carried out by the IGC 

genomics facility. Each sample was pair-end sequenced on an Illumina MiSeq 

Benchtop Sequencer. Standard procedures produced data sets of Illumina paired-

end 250bp read pairs. The mean coverage per sample was as ~260x for 

population 1.10, ~160x for population 1.11 and ~100x for population 1.12. 

Genome sequencing data have been deposited in the NCBI Read Archive 

http://www.ncbi.nlm.nih.gov/sra (accession no. SRP033025). Mutations were 

identified using the BRESEQ pipeline with the polymorphism option on (see 

Supplementary Table 7). The default settings were used except for: a) require a 

minimum coverage of 3 reads on each strand per polymorphism; b) eliminate 

polymorphism predictions occurring in homopolymers of length greater than 3; c) 

eliminate polymorphism predictions with significant (p-value<0.05) strand or base 
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quality score bias. All predicted polymorphisms were manually inspected using 

IGV. 

 

Test for the advantage of the evolved clones in the presence of galactitol 

All clones that were sequenced carried mutations in the gat operon. To test for 

any fitness advantage of these evolved clones, we measured their growth in M9 

minimal medium (MM) supplemented with glycerol and with glycerol and galactitol, 

and compared growth in both conditions. All growth curves were conducted in 96-

well plates incubated at 37ºC with aeration (Thermoshaker PHMP-4, Grant). After 

a first overnight growth in MM with glycerol (0.4%) the cultures were normalized to 

the same OD600 (approximately 0.1) and diluted 100-fold. We used 5 µl of the 10-2 

dilution to inoculate in triplicate wells containing MM supplemented either with 

glycerol (0.4%) or glycerol (0.4%) and galactitol (0.4%). Optical density at 600 nm 

was monitored for 36 hours using a microplate reader (Victor3, PerkinElmer).  

 

Emergence and dynamics of mutations in the gat operon 

To investigate the dynamics of appearance and expansion of beneficial 

mutations in the gat operon we determined the frequency of bacteria unable to 

metabolize galactitol (gat-negative phenotype) within a given population of the 

evolution experiment.  

For each population, a sample of the frozen fecal pellets was diluted in PBS 

and plated in Mac Conkey agar supplemented with 1% of galactitol and 

streptomycin (100 µg/ml); a differential medium used to monitor the ability of 

bacteria to use galactitol. Plates were incubated for 20 hours at 28ºC. The 

frequency of galactitol mutants for each time point was estimated by counting the 

number of white (galactitol mutants) and red colonies in Mac Conkey-galactitol 

plates. 

 

 

 



Chapter 2 

93 
 

Identification of adaptive mutations and estimate of haplotype frequencies in 

populations 1.1, 1.5, 1.11 and 1.12 during 24 days of adaptation to the mouse 

gut  

In order to identify the adaptive mutations and estimate the haplotype 

frequencies, between 20 and 40 clones were analyzed per time point per 

population. These clones were obtained by plating directly the frozen fecal 

samples and thus correspond to samples representative of the evolving E. coli 

population. The presence of the adaptive mutations was queried by target PCR. 

The increase in size of the PCR product was indicative of the presence of an IS 

element. The detection of SNPs was done by target Sanger sequencing using the 

primers listed in Supplementary Table 8.  

PCR reactions were performed in a total volume of 50 μl containing 1 μl 

bacterial culture, 10 μM of each primer (forward and reverse), 200 μM dNTPs, 1 U 

Taq polymerase and 1X Taq polymerase buffer. The PCR reaction conditions 

were as follows:  95ºC for 3 min followed by 34 cycles of 95 ºC for 30 s, 60 ºC for 

30 s, 72 ºC for 2 min, followed by 72ºC for 5min. srlR, gatC and gatZ were 

sequenced directly from the PCR products using the primers listed in 

Supplementary Table 8. 

To detect an insertion of 1 bp in gatC, the gene was PCR amplified and then 

submitted to an enzymatic restriction with MvaI enzyme. The mutant was identified 

based on the fragment restriction profile.  

The 150 Kb duplication was detected by amplification of the new junction 

formed by the tandem duplication. The PCR was performed using the same 

conditions described before and the primers listed in Supplementary Table 8.  

 

Direct estimation of the advantage of the gat alleles by competition 

To determine the advantage of the gat alleles we performed in vivo fitness 

assays. The competition experiments lasted for three days and were performed 

according to the protocol described above for the evolution experiment.  

In the first set of competitions (Supplementary Fig. 4) we competed a clone 

genetically similar to the ancestral but bearing an IS insertion in the gatZ gene 

(sequenced clone 4) against the ancestral. In the second set of competitions 
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(Supplementary Fig. 6) we competed the gatZ mutant against a gatC mutant 

(derived from sequenced clone 12). In addition to a 1bp insertion in the coding 

region of the gatC gene, this clone originally carried an unstable 150 kb 

duplication, lost during in vitro manipulations to create the mutant gatC.   

 

Testing for negative frequency-dependent selection  

To test for this form of selection we isolated around 30 YFP and 30 CFP 

clones from fecal samples after 24 days of colonization of population 1.13. We 

then performed competitive fitness assays in vivo. The mixture of the 30 YFP 

clones was competed against the mixture of the 30 CFP clones at three initial 

ratios (1:1, 10:1 and 1:100) for 2 days, using the procedure described for the 

evolution experiments.  

 

Test for increased mutation rate 

To test for the possible emergence of mutators during adaptation to the gut 

we determined the frequency of rifampicin-resistant mutants, in each of the 

evolved populations. We grew pre-cultures of the evolved populations by 

inoculating in 10 ml of LB a sample of each population from the last day of the 

experiments (approximately 400 generations of gut colonization). Pre-cultures 

were grown overnight at 37ºC with aeration in the presence of ampicillin (100 

µg/ml) and streptomycin (100 µg/ml). The pre-cultures were then diluted and 

approximately 1000 cells (10 µl of a 10-4 dilution) were inoculated in triplicate in 1 

ml of LB and incubated overnight. Aliquots of each tube were plated in LB agar 

and LB agar supplemented with rifampicin (100 µg/ml) and incubated overnight at 

37ºC. The frequency of mutation to rifampicin resistance was calculated as the 

ratio between the number of rifampicin resistant mutants and the total number of 

individuals in each population.  
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Results and Discussion 

Dynamics of adaptation of E. coli through changes in the frequency of a 

neutral marker 

A genetically homogeneous population of E. coli, except for a chromosomally 

encoded fluorescence marker (see Material and Methods), was used to trace the 

occurrence of different adaptive mutations (Hegreness et al., 2006) and determine 

the strength of their fitness effects. This population, composed of equal amounts of 

two subpopulations expressing either a yellow (YFP) or cyan (CFP) fluorescent 

protein, was used to inoculate inbred mice orally. Subsequently, we followed 

fluorescent-markers frequency from daily collected fecal samples, for 24 days. The 

experiment was repeated three times to a total of 15 mice housed individually, 

where E. coli adaptation was followed.  

The adaptive dynamics observed in 15 independently evolving populations 

are shown in Fig. 1a (see also Supplementary Fig. 1 for the E. coli loads over 

time). Some of the dynamics observed, exhibit a typical signature of CI. An initial 

increase in frequency of one neutral marker, followed by replacement by the 

subpopulation bearing another (e.g. Fig. 1a, population 1.9) was diagnostic of CI. 

Presumably, the markers hitchhike with successions of beneficial mutations 

(Hegreness et al., 2006). We also observed cases in which the frequencies of the 

markers remained stable, (Fig. 1a, populations 1.6 and 1.8), for up to 24 days. 

This time corresponds to approximately 400 generations, if we take the 80 minute 

generation time estimated in the gut (Poulsen et al., 1995). Stable marker 

dynamics are expected under two completely opposing scenarios: neutral 

evolution due to the lack of occurrence of adaptive mutations, or very intense CI 

caused by strong mutations of similar effect occurring in the different fluorescence 

backgrounds simultaneously. To distinguish between these scenarios and to 

further show that strong adaptive mutations are occurring, we performed in vivo 

competitive fitness assays of several clones with the ancestral strain. We tested 

clones from populations where a clear signal of adaptation was detected 

(populations 1.12 and 1.13 in Fig. 1a) or was not (1.6 and 1.8 in Fig. 1a). 
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All clones tested were found to carry beneficial mutations (Fig. 1b). As 

expected, the clones isolated after a clear sweep (Fig. 1b, populations 1.12 and 

1.13), showed a fitness increase. Importantly, clones sampled from the 

populations in which only slight changes in marker frequency were detected also 

showed a fitness increase (Fig. 1b, populations 1.6 and 1.8). This demonstrates 

that the evolution process involved multiple adaptive mutations competing for 

fixation. Consistent with the small changes in marker frequency observed, the 

competitive fitnesses were similar for clones isolated from the same evolving 

population, but bearing distinct neutral markers (Mann-Whitney test P=0.7 

population 1.6, P=0.4 population 1.8).  

 

 

 

Figure 1. Evidence for rapid adaptation and CI in vivo.  

a) Dynamics of marker frequency (with 95% confidence intervals) during the adaptation of E. coli 

to the gut upon colonization (populations 1.1 to 1.15). The predictions of the simplest model of 

Darwinian selection (Illingworth and Mustonen, 2012), for each set of data points are shown as 

lines. The lines correspond to the model that assumes multiple beneficial mutations (i=1,2,..,5) 

can occur in a given clone at a given time (Tbi), and these clones have a given fitness (Wi). Tbi 

and Wi are fitted by maximum likelihood and the best model, in terms of number of mutations, is 

chosen according to Akaike criteria. Representative examples of trajectories for the classical 

signature of a selective sweep (populations 1.5, 1.12 and 1.13) and for the maintenance of neutral 

diversity under with intense CI (populations 1.6, 1.8 and 1.9) are shown in colours. b) Direct 

evidence for adaptation and CI: the bars represent the mean selection coefficient (± 2 s.e.m, n=3) 

from an in vivo competitive fitness assay between evolved and ancestral clones. The first bar 

shows the neutrality of the fluorescent marker. The following six bars represent the results from 

competitions of a mixture of thirty clones (with a given fluorescent marker, indicated below the 

bar) isolated from the respective population (indicated below each bar). Both CFP and YFP 

mixtures of clones from lineages 1.6 and 1.8 show similar levels of adaptation, consistent with 

intense CI maintaining a high frequency of both neutral markers. The dashed bars show the 

results of competitions (n=2) of single clones isolated from lineage 1.12.  
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The distribution of effects of mutations that contributed to adaptation  

From the dynamics of neutral markers one can try to estimate the important 

evolutionary parameters of the adaptive process: mutation rate and selective 

effects (Barrick et al., 2010; Hegreness et al., 2006; Illingworth and Mustonen, 

2012; Sousa et al., 2013). One method that has been used (Barrick et al., 2010) 

summarizes neutral marker dynamics in replicate experiments in two statistics: i) 

the time it takes for one of the markers to first change significantly in frequency 

and ii) the slope associated with that frequency change. The time for the first 

marker deviation corresponds to the time where the natural logarithm of the 

marker ratio significantly changes from the initial ratio. The slope associated with a 

frequency change is the slope of the linear regression of the natural logarithm of 

the ratio between the two markers after a significant frequency change is detected. 

These summary statistics lead to estimation of two effective evolutionary 

parameters (Ue and se) (Hegreness et al., 2006). Under intense CI Ue (the effective 

genomic mutation rate) will be an underestimate of Ub, and se (the effective 

selection coefficient of beneficial mutations) an overestimate of sb (Sousa et al., 

2013). For the dynamics in Fig. 1, the summary statistics imply Ue ~7x10-7 and se 

~0.075.  

We also have used a recently developed method (Illingworth and Mustonen, 

2012) to estimate the fitness of the haplotypes that segregate at sufficiently high 

frequency to lead to changes in marker dynamics. This method takes the 

frequencies of the neutral markers across all the time points of the experiment and 

allows for the occurrence of CI. We started by estimating the distribution of fitness 

effects of the minimum number of haplotypes, as proposed by Illingworth and 

Mustonen (Illingworth and Mustonen, 2012), to fit the marker frequency data. 

Assuming the simplest possible model of Darwinian selection, with constant 

selection across space and time (admittedly an oversimplified view of the gut), we 

fitted a series of models, which differ in the number of beneficial mutations. 

Starting from the simplest minimal model where only one beneficial mutation 

occurs, we sequentially increase the number of mutations until a maximum of five. 

For each model this approach fits, by maximum likelihood, the observed frequency 

changes at a marker locus with two alleles (our fluorescent alleles) and then 
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chooses the simplest possible model. The predictions described faithfully the 

empirical data in terms of marker frequencies (lines in Fig. 1a). With this method 

the distribution of haplotype fitnesses across all populations, can be determined 

(Fig. 2). The inferred fitness effects of segregating haplotypes are quite large with 

a mean of (15%) and some haplotypes leading to increases in fitness of more than 

30%. We note that given the intense CI observed, this approach misses some of 

the mutations contributing to the dynamics (see below).  

 

 

Genetic basis of the initial adaptations to the mouse gut  

To characterize genetically the first steps of the adaptive process in vivo, we 

performed whole genome sequencing (WGS) of the ancestral and independently 

evolved clones. Each evolved clone was isolated from a different mouse after 

colonization for 24 days (~400 generations). The mean number of mutations per 

evolved clone was 2.3, with a minimum of 1 and a maximum of 4 (Fig. 3 and 

Supplementary Table 2, see also Supplementary Table 1).  

The genetic analysis showed that similar and parallel adaptive paths were 

taken during the initial adaptation to the gut (Fig. 3, Supplementary Table 2). The 

most striking recurrent event was detected at the level of mutations in the gat 

operon, which occurred in all the sequenced clones (79% IS insertions and 21% 

small indels). The gat operon consists of six genes that collectively allow for 

galactitol metabolism (Nobelmann and Lengeler, 1996). We found that galactitol 

had an inhibitory effect on the ancestral strain when grown in minimal medium with 

glycerol (Supplementary Fig. 2). However in all the evolved clones (carrying 

mutations either in the coding region of gatA, gatC, gatZ or in the regulatory region 

 

Figure 2. Distribution of fitness effects of beneficial haplotypes that contributed to 

adaptation. The fitness of beneficial haplotypes (ωh) was estimated under a theoretical model 

which assumes the minimum number of beneficial mutations required to explain the marker 

dynamics.  
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of gatY (see Fig. 3)) this inhibition was surpassed (Supplementary Fig. 2). All 

these clones exhibited a gat-negative phenotype, inability to metabolize galactitol. 

Since galactitol is part of the host’s metabolism of galactose, E. coli might be 

frequently exposed to this compound in the gut. This may have selected for the 

gat-negative phenotype.  

 

Parallelism at the gene level was also observed: four clones carried mutations 

in srlR, which is a DNA-binding transcription factor that represses the srl operon 

involved in sorbitol metabolism (Yamada and Saier, 1987). At least two of the 

mutations inactivated the gene, since these caused a frameshift and a stop codon 

(Supplementary Table 2). The inactivation of srlR leads to the constitutive 

expression of the srl operon (Yamada and Saier, 1987), thus these mutants are 

expected to readily consume sorbitol, even at low concentrations. This might 

represent an advantage when facing limiting nutrients and strong competition, 

compatible with the hypothesis that the ability to use several limiting carbon 

 

Figure 3. The genetic basis of adaptive mutations and the level of parallelism between 

populations. 

Identified mutations in clones isolated from populations 1.1 to 1.14 (evolved in vivo for 24 days), 

represented along the E. coli chromosome. For simplicity, the genomes are represented linearly 

and vertically drawn. The type and position of mutations are shown by triangles for insertions and 

deletions, small vertical bars denote single nucleotide polymorphisms (SNPs), and one 

duplication in clone number 1.12 is depicted as a horizontal bar. See the symbol legend for other 

events. The genes dcuB, srlR and focA and one operon (gat) are highlighted. These represent 

regions of parallel mutation in at least two genomes. The genomic context of these mutations is 

represented on the right. (reg) after the gene name, means that the regulatory region, rather than 

the coding region, was affected. Numbers above marked mutations represent the number of 

times a particular mutation was detected at the same position. 
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sources is an important advantage for E. coli inhabiting the mammalian gut 

(Chang et al., 2004; Gauger et al., 2007).  

 Two other parallelisms in the regulatory regions of dcuB (three clones) and 

focA (two clones) were observed. Both of these genes encode transmembrane 

transporters whose expression occurs almost exclusively in anaerobic conditions. 

The Dcu system mediates the uptake, exchange and efflux of C4-dicarboxylic 

acids (Engel et al., 1994); fumarate is a C4-dicarboxylate acid and is the most 

important anaerobic electron acceptor for E. coli in the intestine (Jones et al., 

2011). Additionally, focA is a putative transporter of formate (Suppmann and 

Sawers, 1994) and is the “signature compound” of E. coli anaerobic metabolism 

(Leonhartsberger et al., 2002). During anaerobic growth, pyruvate is cleaved into 

formate that is subsequently used as a major electron donor for the anaerobic 

reduction of fumarate (Macy et al., 1976) and nitrate or nitrite (Wimpenny and 

Cole, 1967). Hence, given their roles in anaerobic respiration it would be expected 

that dcuB and focA are under selective pressure in the gut and that the mutations 

observed may be important for regulating anaerobic respiration of E. coli in the 

gut. 

Interestingly, one clone carried a non-synonymous mutation in arcA, a global 

regulator that governs respiratory flexibility of E. coli. arcA allows controlled 

switching between aerobic and anaerobic respiratory genes during fluctuating 

oxygen conditions, a trait crucial for E. coli to efficiently compete with the gut flora 

composed essentially of anaerobes (Jones et al., 2007, 2011).  

Previous studies have found increased expression of dcu, gat and srl regulons 

during growth of E. coli on mucus (Fabich et al., 2011). Together with our findings 

of mutations on these genes, suggests that these regulons are under strong 

selection. 

One common adaptation in E. coli reported to occur in the mouse gut is 

decreased motility (Gauger et al., 2007; Giraud et al., 2008; Leatham et al., 2005), 

which typically occurs in strains that are hypermotile as a result of an IS element 

upstream of the flhDC operon. Since our strain is not hypermotile, it is not 

surprising that mutations in this region were not observed in our study.  
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Taken together, our genetic analyses revealed that the initial adaptive steps of 

E. coli to the mouse gut involved gene inactivation or modulation through IS 

elements. In terms of the relative contribution of regulatory versus coding regions 

to adaptation (Carroll, 2008; Hoekstra and Coyne, 2007), we found that half of the 

IS insertions occurred in regulatory regions and one third of all mutations were 

located in these regions. We therefore observe that both changes in regulatory 

and coding regions contributed to E. coli adaptation to the gut. We also note that 

the first step of adaptation involved loss of function mutations (namely in the gat 

operon), which supports the recent view that null mutations may play an important 

role in early adaptation to new environments (Hottes et al., 2013). 

Previous studies (Maharjan et al., 2006, 2012) focusing on evolution of E. coli 

populations in glucose-limited chemostats, a device used to simulate the human 

gut (Mason and Richardson, 1982), during a similar period of time (26 days), found 

a high degree of parallelism just as we observe here. Furthermore extensive 

phenotypic diversity was observed (Maharjan et al., 2012) and whole genome 

sequencing identified similar numbers of substitutions and a contribution of IS 

elements to the adaptive process (Gaffé et al., 2011). However the targets of 

selection in glucose-limited chemostats were very different from those found 

during its adaptation to the gut, reflecting the distinct specific selective pressures 

E. coli is subjected to in the different environments. 

 

Phenotypic hard sweeps and genetic soft sweeps at the gat operon  

Given the striking parallelism that occurred in the gat operon, through 

knockout mutations, we sought to determine the timing of its emergence in each of 

the populations. We followed the dynamics of the gat-negative phenotype during 

adaptation (Fig. 4). In eight populations the advantageous mutation could be 

detected just 2 days post-colonization. In one population an extraordinarily rapid 

phenotypic sweep could be seen: a population where initially the majority of clones 

were gat-positive changed completely its phenotype within 2 days (Fig. 4, 

population 1.5), showing the strong benefit associated with this phenotype.  

In most populations the increase in frequency of the gat-negative phenotype 

was followed by a change in marker frequency (Supplementary Fig. 3a), 
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consistent with the expected dynamics of a strong beneficial mutation occurring in 

a given fluorescent background sweeping to fixation. However in some 

populations fixation of the gat-negative phenotype was observed without fixation of 

the neutral marker (Supplementary Fig. 3b). This suggests that independent 

mutations causing the same phenotype have occurred, i.e. clonal competition 

emerging from multiple alleles at the same locus with similar selective effects is 

driving these dynamics. 

 

We next sought to estimate the strength of selection associated with new 

beneficial alleles that emerge and escape stochastic loss from the initial change in 

frequency of the gat-negative phenotype. If we take population 1.12, where only 

one allele was detected in the gat operon, we can estimate the selective 

advantage conferred by this mutation (sgat) from the slope of the Ln(x/(1-x)) along 

time, where x is the frequency of the gat-negative phenotype. When doing so we 

find that sgat = 0.07 (±0.01) (Fig. 4 inset). In the other populations the strength of 

 

Figure 4. Emergence and spread of beneficial mutations in the gat operon. Dynamics of 

frequency change of the gat-negative phenotype over time are shown for all populations (1.1 to 

1.15). Inset: The natural logarithm of the ratio of gat-negative individuals to wild type over the first 

5 days of adaptation is shown as dots. Each group of points was fitted to a linear regression 

(represented as lines). Highlighted in bold is the population 1.12 for which the slope corresponds 

to an estimate of the selection coefficient of 0.075±0.01 (per generation). 
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selection is more difficult to estimate due to the emergence of many distinct 

alleles, which leads to an underestimate of their beneficial effect due to CI.  

To determine directly the selective advantage of gat alleles we performed in 

vivo competitions against the ancestor. As shown in Supplementary Fig. 4, the 

mutant gatZ (clone 4YFP) had, on average, an advantage of 0.065 (±0.013) over 

the ancestral, which is compatible with that inferred from the dynamics of the gat-

negative phenotype.  

To gain further insight into the regime of interference detected by the change 

in frequency of the neutral markers, we studied polymorphism levels of four of the 

adapting populations. We followed the change in frequency of haplotypes at 

different points in time in two populations that showed a rapid change in marker 

frequency (populations 1.5 and 1.12) and in two other populations where the 

neutral marker was kept polymorphic throughout the period studied (1.1 and 1.11) 

(Tables S3 to S6). Each haplotype was the combined genotype at 7 selected loci: 

gatY, gatZ, gatA, gatC, srlR, dcuB and focA. These loci were previously observed 

to be mutational targets in two or more of the sequenced independently evolved 

clones (see Fig. 3), which we interpret as important players in adaptation to the 

gut, and thus likely exhibiting segregating polymorphisms in most populations. We 

note that we determined the haplotype structure of a sample of clones (between 

20 and 40 clones per time point, per population) based on the mutations found in 

the sequenced clones, that is, we looked for IS insertions in gatY, gatZ, gatA, 

gatC, dcuB and focA, and SNPs or small indels in gatZ, gatC and srlR (see 

Methods). The presence of an extra mutation, a duplication of ~150Kb, was also 

tested in population 1.12.    

Fig. 5 shows the dynamics of these haplotypes in the populations studied (see 

also Supplementary Fig. 5 for the sums of the frequencies of genotypes with 

possible equivalent phenotypes over time). Extensive haplotype diversity is found 

in all populations but to a lesser extent in populations 1.12 and 1.5. For example, 

in the first ~100 generations we observe 16 and 8 haplotypes segregating in 

populations 1.1 and 1.11, but only 3 and 5 in populations 1.12 and 1.5, 

respectively. This observation is concordant with the neutral marker dynamics, 

where populations 1.12 and 1.5 showed a rapid sweep of one of the markers while 
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the other two (1.1 and 1.11) maintained the ratio of these markers closer to 50% 

for a longer period.  

 

The first mutation detected, without exception, impairs galactitol metabolism, 

thus surpassing the vital inhibitory effect of this compound on E coli’s growth. We 

observed multiple soft sweeps of mutations, with possibly similar fitness benefit, 

occurring independently in the gat operon and competing for fixation. We directly 

tested for this by performing competitions between clones carrying different gat 

alleles: mutations in gatZ against gatC. The results of these competitions show an 

equivalent selective coefficient of at least these two mutants (Supplementary Fig. 

 

Figure 5. Graphic representation of the frequencies of newly generated haplotypes along 24 

days (corresponding to 432 generations) of evolution inside the mouse gut (see Supplementary 

Tables 3 to 6 for numeric data). Shaded areas are proportional to the relative abundance of each 

haplotype. Yellow and blue shaded areas represent the two sub-populations of bacteria labeled 

either with cfp or yfp alleles. The ancestry relations between haplotypes can be inferred by the 

accumulation of new mutations in a previously existent genotype. Dash lines mark the time points 

in days (upper axis) or generations (lower axis) where the sampling took place. For the top two 

populations 1.1 (a) and 1.11 (b), 40 clones were sampled in each time point. For the bottom two 

populations 1.12 (c) and 1.5 (c) 20 clones were sampled in each time point. 
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6), supporting the hypothesis that the different mutations in the gat operon present 

in the populations confer the same phenotype and fitness advantage. This 

provides an explanation for the observed coexistence between different alleles at 

the same locus and the phenotypic replacement detected.  

After the mutations in the gat operon secondary adaptive mutations occurred 

and promoted the increase in the frequency of haplotypes carrying more than one 

beneficial mutation. Overall, the adaptive process appears non-mutation limiting, 

allowing polymorphism levels within populations to be kept high until the end of the 

period studied. A closer look to the haplotype dynamics points to the strong 

possibility of further mutations occurring beyond the ones we have targeted. For 

example, at generation 126 in population 1.12, the increase in frequency of the 

neutral allele yfp seems to be caused by some other mutation besides gatC. 

Furthermore the occurrence of a large duplication in the same population appears 

to cause a beneficial effect. To gain access to further beneficial mutations, we 

performed whole genome sequencing of this (1.12) and two other populations 

(1.11 and 1.10) at the end-point of the experiment (see Supplementary Table 7). 

This procedure aimed at querying the possibility of beneficial mutations at other 

loci significantly contributing to the adaptive process. In all populations we 

observed multiple mutations in some of the targets previously identified (gat 

operon, srlR and focA) as well as several other loci that were targets for mutation 

unique to a single population. The adaptive value of these last events is difficult to 

ascertain since these might have increased in frequency to detectable values due 

to linkage with other beneficial mutations or just by chance. This analysis allowed 

uncovering two new parallel mutational targets. One of these targets was the 

regulatory region of yjjP where an IS insertion occurred in population 1.11 and also 

on clone 3YFP (from population 1.3) and the other target was asnA, where either a 

deletion or a duplication of around 50bp was observed in two different populations 

(1.11 and 1.12). yjjP codes for an inner membrane structural protein of unknown 

function (Daley et al., 2005) and asnA codes for one of the two asparagine 

synthetases in E. coli, catalyzing the ammonia-dependent conversion of aspartate 

to asparagine (Cedar and Schwartz, 1969).  
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Potential role of epistasis in the adaptive process 

Overall, the haplotype analysis found ~6% of triple mutants. These were all 

gat-negative and carried either a srlR and dcuB mutation or a srlR and focA 

mutation. dcuB and focA were never found in combination, suggesting that they 

may interact epistatically. This can be possibly due to their common involvement in 

anaerobic respiration modulation, thus fulfilling related functions. This last 

observation suggests a role for negative epistatic interactions whereby mutations 

are beneficial individually but deleterious when in combination. The fact that 

repeated selection of dcuB or focA mutations was observed, but these mutations 

were never found in the same genetic background, may indicate a disadvantage of 

the double mutant carrying mutations that individually are presumably beneficial. 

Another example of possible epistasis is the case of the mutations in the gat 

operon. These occur very rapidly and lead to the inactivation of the gat operon, 

conferring an estimated advantage of approximately 7%. It is therefore expected 

that additional mutations subsequently occurring in other gat genes would not 

confer a strong or any advantage, since the first mutation already resulted in a loss 

of function.  

 

Test for negative frequency-dependent selection  

Negative frequency dependent selection, i.e., fitness advantage of clones 

when at low frequency and fitness disadvantage when at high frequency, is known 

to lead to maintenance of genetic diversity (Herron and Doebeli, 2013; Maharjan et 

al., 2012; Rainey, PB et al., 2000). Since the gut is a complex environment (T. 

Conway et al., 2004) where non-transitive ecological interactions may occur, we 

tested for variation in fitness effects with initial frequency of evolved clones. 

Negative frequency-dependent interactions could explain the long-term 

maintenance at low frequency of some of the fluorescent subpopulations observed 

in the adaptive dynamics (Fig. 1a, populations 1.5, 1.12 and 1.13). We tested 

population 1.13 for this type of selection, where CFP marker increased till 0.95 but 

never achieved fixation. In Supplementary Fig. 7 we show the results of the tested 

adapted clones in competitive fitness assays at different initial frequencies. While 

we observed that clones have an advantage when rare we also observe that such 



Chapter 2 

107 
 

selective advantage is present when at high frequency. No disadvantage was 

found at any of the initial frequencies tested, which suggests that negative 

frequency dependent selection is not a major force operating in this population.  

 

No evidence for emergence of mutators 

Our finding that mutations of large beneficial effects can accumulate rapidly in 

vivo suggested to us that mutators could have emerged. Mutators may play an 

important role in bacterial evolvability and their emergence typically involves 

mutations in genes of the DNA repair system (Miller, 1996). Depending on the 

gene mutated a mutator bacteria can acquire an increase in its genome-wide 

mutation rate of 10 up to 10 000 fold (Giraud et al., 2001a). Indeed co-colonization 

of wild-type and mutator bacteria in germ free mice (Giraud et al., 2001b) has 

shown that mutators can increase in frequency by hitchhiking with beneficial 

mutations to which they are genetically linked to. Furthermore mutators have been 

observed to sometimes emerge de novo in the early stages of adaptation to 

glucose-limited environments in laboratory experiments (Maharjan et al., 2013; 

Sniegowski et al., 1997).  We therefore tested for an increased rate of mutation 

through fluctuation assays of several adapted clones. These tests however 

provided no evidence for significant increases in genomic mutation rate 

(Supplementary Fig. 8). 

 

 

Conclusions 

In conclusion, we demonstrate here that E. coli MG1655 adapts very rapidly to 

the intestine of streptomycin-treated mice. The first steps of adaptation of E. coli to 

the mouse gut are dominated by soft sweeps and adaptive mutations of large 

effect. We observed a regime of intense clonal interference where haplotypes 

carrying more than one beneficial mutation compete for fixation. This is the regime 

assumed under the Fisher-Muller theory that predicts that recombination speeds 

up adaptation by reducing competition between beneficial mutations. This data 

therefore provides support for the Fisher–Muller effect as an important mechanism 

for the maintenance of homologous gene recombination in bacteria (Wylie et al., 
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2010). It shows that E. coli can adapt to this complex ecosystem very fast: within 

two days a phenotypic replacement could be detected. The first beneficial 

mutations targeted the same gene or operon and transposable elements made a 

substantial contribution to adaptation. These results demonstrate the remarkable 

adaptive potential of bacteria in one of the most complex environments of their 

natural ecology and may have important consequences for our understanding of 

the species and strain diversity in the gut microbiota. 
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Supplementary Figures and Tables 

 

Supplementary Figure 1. Colonization of the mouse gut by Escherichia coli.  

Bacterial loads per gram of feces (with 95% confidence intervals) during 24 days of  adaptation of E. 

coli to the mouse gut (populations 1.1 to 1.15). 

 

 

 

Supplementary Figure 2. Comparison of growth curves of ancestral strain and evolved 

clones.  

Growth curves of ancestral (black) and evolved clones (grey) in MM with glycerol (a) and MM with 

glycerol and galactitol (b). Error bars represent the standard error of the mean of three independent 

measurements. 
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Supplementary Figure 3. Emergence and spread of beneficial mutations in the gat operon.  

Dynamics of frequency change of the gat-negative phenotype (blue squares) and of the neutral 

fluorescent marker (orange diamonds) are shown for representative examples of populations where 

increase in frequency and eventual fixation of the gat-negative phenotype was accompanied by 

strong divergence of the fluorescent marker ((A) populations 1.5, 1.12 and 1.13) or not ((B) 1.1, 1.4 

and 1.11). 

 

 

 

Supplementary Figure 4. Direct estimate of the selective advantage of a gat allele over the 

ancestral in the mouse gut. 

Results of three independent competition experiments between gatZ mutant and the ancestral. We 

estimated a selective advantage of gatZ (corresponding to the slope (±2 s.e.m) of the linear 

regression of ln(gatZ/anc) along the three days of competition) of 0.065 (±0.013), R
2
=0.99 over the 

ancestral.  
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Supplementary Figure 5. Sums of frequencies of genotypes at different loci along time for the 

populations represented in Fig. 5.  

As in Fig. 5 these frequencies are represented along 24 days (corresponding to 432 generations) of 

evolution inside the mouse gut (see Supplementary Tables 3 to 6 for numeric data). a corresponds to 

population 1.1, b to 1.11, c to 1.12 and d to 1.5. 

 

 

 

Supplementary Figure 6. Direct estimate of the selective advantage of different gat alleles in 

the mouse gut.  

Results of three independent competition experiments between gatZ and gatC mutants. We 

estimated a selective advantage of gatZ (corresponding to the slope (±2 s.e.m) of the linear 

regression of ln(gatZ/gatC) along the three days of competition) of 0.005 (±0.016), R
2
=0.30 over 

gatC.  
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Supplementary Figure 7. Test for negative frequency-dependent selection of evolved clones.  

30 CFP and 30 YFP clones isolated from population 1.13 after 24 days of colonization were 

competed in vivo at initial ratios CFP:YFP of 1:1 (open circles), 1:10 (open diamonds) and 100:1 

(open triangles) for 3 days (corresponding to approximately 54 generations). Three independent 

competition experiments were performed for each ratio. The selective advantages per generation of 

the CFP in relation to the YFP population were calculated for each ratio of CFP over YFP. These are 

based on the slopes of the linear regression of ln(CFP/YFP) along time. The slopes (±2 s.e.m) are: 

0.11 (±0.04), R
2
=0.95 for 1:1 (dotted line); 0.10 (±0.02), R

2
=0.99 for 1:10 (solid line) and 0.06 

(±0.05), R
2
=0.77 for 100:1(dashed line). A selective advantage was found for all the cases tested 

irrespective of their initial frequency, indicating that negative frequency-dependent selection is not 

the major process underling adaptation in the mouse gut. 

 

 

 

Supplementary Figure 8. Fluctuation tests of evolved clones to test for the emergence of 

mutator alleles during adaptation to the gut.  

Each symbol represents an independent measurement of the frequency of spontaneous mutants 

resistant to rifampicin. Measurements of the mutation frequency were performed for each of the 15 

mice evolved populations (1.1 to 1.15) as well as for the respective ancestors. No significant 

difference was found between the estimations of the mutation frequencies for the ancestors and 

evolved populations (Mann-Whitney test with Bonferroni correction, P>0.05). 
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Supplementary Table 1. Mutations identified in the genomes of the ancestral strain. 

Mutations were identified in the genome of the ancestor 0YFP by comparison with the reference 

genome (Blattner et al., 1997). Mutations in intergenic regions have the two flanking genes listed 

(e.g., fdrA/ylbF). Genes within brackets mean that the mutation happened within the gene. SNPs are 

represented by an arrow between the ancestral and the evolved nucleotide. Whenever a SNP gives 

rise to a non-synonymous mutation the amino acid replacement is also indicated. The symbol Δ 

means a deletion event and a + symbol represents an insertion of the nucleotide that follows the 

symbol. For intergenic mutations, the numbers in the annotation row represent nucleotides relative to 

each of the neighboring genes, where + indicates the distance downstream of the stop codon of a 

gene and - indicates the distance upstream of the gene, that is relative to the start codon. The 

mutations present in the 0YFP but not in the 0CFP, are underlined. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Clone 
Genome 
Position 

Gene Mutation Annotation 

0YFP 547694 fdrA/ylbF A→G intergenic (+123/-1156) 

 547835 fdrA/ylbF +G intergenic (+264/-1015) 

 1395405 [ynaJ]–[ttcA] Δ13,756 bp Multigenic 

 1976527 insB–insA Δ776 bp  

 2369558 arnT 4 bp x 2 Duplication 

 3422257 rrlD A→C Noncoding 

 3422258 rrlD T→A Noncoding 

 3422259 rrlD C→T Noncoding 

 3434719 trkA G→A E60E GAG→GAA 

 3472447 rpsL T→C K43R AAA→AGA 

 3844290 uhpT A→C F301V TTT→GTT 

 3957957 ppiC/rep C→T intergenic (-121/-743) 

 4095684 rhaB/rhaS T→C intergenic (-213/-75) 

 360473 lacA–lacI Δ6264 bp Multigenic 

 788169 [galK] Δ1034 bp  

 4294082 RIP321 Δ338 bp  
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Supplementary Table 2. The number and nature of adaptive events across independently 

evolved clones. 

In the list of mutations, the initials IS denote the abbreviation of insertion sequence element at the 

indicated position. The asterisk means that the corresponding SNP originated a STOP codon. For 

further details see Supplementary Table 1 legend. The last column shows the number of mutations 

segregating in the lineage from which the sequenced clone was isolated, as inferred from the 

theoretical model. 

Clone 
Genome 
Position 

Gene Mutation Annotation 
Inferred 

mutations 

1CFP 2173589 gatZ IS Ins coding (755/1263) 
2 

 4346888 dcuB/dcuR IS Ins intergenic (-121/+450) 

2YFP 2173759 gatZ IS Ins coding (585/1263) 
2 

 4346888 dcuB/dcuR IS Ins intergenic (-121/+450) 

3YFP 2560011 yffN G→A C122Y TGC→TAC 

2  2175242 gatY/fbaB IS Ins intergenic (-16/+292) 

 4601260 yjjP/yjjQ IS Ins intergenic (-379/-244) 

4YFP 2173531 gatZ IS1 Ins coding (813/1263) 3 

5YFP 2827493 srlR G→C G142A GGC→GCC 
2 

 2172869 gatA IS Ins coding (203/453) 

6YFP 2172262 gatC del 1 bp coding (39/1356) 
2 

 4346888 dcuB/dcuR IS Ins intergenic (-121/+450) 

7YFP 1420379 ydaV C→A L125M CTG→ATG 

4 
 1902231 [manZ]–[kdgR] Δ5,451 bp  

 2175298 gatY/fbaB IS Ins intergenic (-72/+236) 

 953904 focA/ycaO IS Ins intergenic (-212/+194) 

8YFP 3268729 garK A→G F355S TTC→TCC 
2 

 2172869 gatA IS Ins coding (203/453) 

9YFP 2827073 srlR A→T K2I AAA→ATA 
2 

 2172636 gatA IS Ins coding (436/453) 

10CFP 2174223 gatZ Δ2 bp coding (120-121/1263) 

4  1388754 [ycjY-ynaI] Δ5315 bp large deletion 

 953904 focA/ycaO IS5 Ins intergenic (-212/+194) 

11CFP 2827095 srlR Δ1 bp coding (27/774) 
4 

 2172869 gatA IS Ins coding (203/453) 

12YFP 2172079 gatC +C coding (222/1356) 
3 

 4500113 [insG-yaaI] 2x151716 bp large duplication 

13CFP 4637714 arcA G→T R206S CGC→AGC 
2 

 2171153 gatC IS Ins coding (1148/1356) 

14CFP 943941 dmsC G→A W229* TGG→TAG 

2  2175263 gatY/fbaB IS Ins intergenic (-37/+271) 

 2827117 srlR C→T Q17* CAG→TAG 
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Supplementary Table 3. Frequencies of newly generated haplotypes along 24 days of 

evolution of population 1.1 inside the mouse gut.  

Yellow and blue shading identify haplotypes belonging to the two sub-populations of bacteria labeled 

either with cfp or yfp alleles. The ancestral haplotype is, by definition, devoid of mutations. The 

genome position for a given mutation is only indicated for mutations that are not IS insertions. 

Mutations in intergenic regions have the two flanking genes listed (e.g., dcuB/dcuR). Whenever a 

SNP gives rise to a non-synonymous mutation the amino acid replacement is indicated. Synonymous 

mutations are represented as Syn. The symbol Δ means a deletion event and a + symbol represents 

an insertion of the nucleotide that follows the symbol. The asterisk means that the corresponding 

SNP originated a STOP codon. IS insertions at given position are indicated as IS Ins. The exact 

location of IS insertions is not indicated since it was determined (see Material and Methods), 

however the detection strategy allowed us to distinguish between different insertions in the same 

gene. Therefore every haplotype indicated in Supplementary Table 3 was confirmed to be unique. 

See Fig. 5 for a graphical representation of the data in this table. 

Genome 
Position 

Gene Mutation 

Haplotype frequencies 

0 gen 
108 
gen 

198 
gen 

342 
gen 

432 
gen 

      0.5 0.17 0.10     

  dcuB/dcuR IS Ins       0.03   

  gatZ IS Ins   0.07 0.05   0.03 

  gatZ IS Ins 
    0.03 0.30 0.42 

  dcuB/dcuR IS Ins 

  gatZ IS Ins 

      0.03     dcuB/dcuR IS Ins 

2827852 srlR Δ 1bp 

2173887 gatZ Δ 5bp   0.02       

2171894 gatC Δ 1bp     0.03     

  gatY IS Ins   0.02 0.03   0.06 

  gatY IS Ins 
      0.03   

  dcuB/dcuR IS Ins 

  gatC IS Ins   0.02 0.03     

  gatA IS Ins   0.05 0.08     

  gatA IS Ins   0.05 0.03     

      0.5 0.15 0.08 0.03   

  gatZ IS Ins   0.12 0.38 0.46 0.28 

  gatZ IS Ins     
0.03 

    

2827549 srlR FE161QK         

  gatZ IS Ins 
      0.05 0.03 

  dcuB/dcuR IS Ins 

  gatY IS Ins   0.02     0.06 

  gatC IS Ins   0.05 0.05     
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2171454 gatC Q155*     0.03     

2172118 gatC  +C       0.03   

2174029 gatZ ∆1bp   0.02       

2173899 gatZ Δ 5bp   0.02 0.05     

2173900 gatZ Δ 5bp   0.12       

2173900 gatZ Δ 5bp 
      0.05 0.08 

  dcuB/dcuR IS Ins 

  gatA IS Ins   0.05       

  gatA IS Ins   0.02 0.03     

  gatA IS Ins 
        0.03 

  dcuB/dcuR IS Ins 

  gatA IS Ins     0.03   0.03 

2827529 srlR G154E      

 

 

Supplementary Table 4. Frequencies of newly generated haplotypes along 24 days of 

evolution of population 1.5 inside the mouse gut.  

See Supplementary Table 3 for further details.  

Genome 
Position 

Gene Mutation 

Haplotype frequencies 

0 gen 
108 
gen 

198 
gen 

306 
gen 

432 
gen 

      0.5     0.05   

  dcuB/dcuR IS Ins         0.05 

  gatA IS Ins   0.05       

  gatA IS Ins   0.10   0.10   

  gatA IS Ins 
    0.05     

  dcuB/dcuR IS Ins 

  gatY/fbaB IS Ins   0.05 0.05   0.05 

      0.5 0.05 0.05 0.10   

  gatY IS Ins   0.75 0.65 0.40 0.15 

  gatY IS Ins 
    0.05 0.05   

2827489 srlR  P141S 

  gatY IS Ins       
0.05 

  

2827490 srlR  P141L         

  gatY IS Ins 
        0.05 

2827493 srlR G142E 

  gatY IS Ins         0.45 
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  dcuB/dcuR IS Ins 

  gatA IS Ins     0.15 0.05   

  gatA IS Ins 
      0.15 0.25 

2827493 srlR G142A 

  gatA IS Ins       0.05   

  dcuB/dcuR IS Ins 
     

 

 

Supplementary Table 5 – Frequencies of newly generated haplotypes along 24 days of 

evolution of population 1.11 inside the mouse gut.  

See Supplementary Table 3 for further details. 

Genome 
Position 

Gene Mutation 

Haplotype frequencies 

0 gen 
108 
gen 

198 
gen 

306 
gen 

432 
gen 

      0.5 0.23 0.08     

  gatA IS Ins   0.33 0.50 0.15 0.57 

  gatA IS Ins 
    0.03 0.08 0.03 

2827492 srlR G142S 

  gatA IS Ins 
      0.03   

2827493 srlR G142D 

  gatA IS Ins 
      0.03   

2827728 srlR del1bp 

  gatA IS Ins 
      0.18 0.03 

2827177 srlR del7bp 

  gatA IS Ins 
      0.03   

2827627 srlR E187K 

  gatA IS Ins 
      0.03   

2827076 srlR P3L 

  gatA IS Ins 
      0.03   

2827726 srlR ins7bp 

  gatA IS Ins         
0.03 

2827764 srlR Syn         

  gatA IS Ins 
        

0.05 

  focA IS Ins   

  gatA IS Ins 

        0.03 2827492 srlR G142S 

  focA IS Ins 
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2173900 gatZ Δ 5bp   0.05 0.03 0.03   

  gatC IS Ins   0.03       

  gatY IS Ins     0.03     

  gatZ IS Ins     0.03     

      0.5 0.23 0.06 0.05 0.05 

2173878 gatZ Δ 5bp   0.03 0.03     

2173878 gatZ Δ 5bp 
      0.03   

2827278 srlR del2bp 

2173878 gatZ Δ 5bp 
      0.03   

2827492 srlR G142S 

  gatC IS Ins   0.08 0.11     

  gatA IS Ins     0.06 0.03   

  gatA IS Ins 
      0.03   

2827394 srlR L109P 

  gatA IS Ins 
        0.05 

2827496 srlR G143V 

  gatA IS Ins   0.03   0.03 0.03 

  gatA IS Ins       
0.03   

2827664 srlR A99E       

  gatA IS Ins 
        0.03 

2827529 srlR G154E 

2174150 gatY del total     0.03 0.13 0.03 

2174150 gatY del total     
0.03 0.10 0.03 

2827172 srlR T35N     

  gatY IS Ins       
  0.03 

2827172 srlR T35N       

  gatZ IS Ins         0.03 

2827276 srlR Δ 2bp       
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Supplementary Table 6. Frequencies of newly generated haplotypes along 24 days of 

evolution of population 1.12 inside the mouse gut.  

See Supplementary Table 3 for further details. 

Genome 
Position 

Gene Mutation 

Haplotype frequencies 

0 gen 
108 
gen 

126 
gen 

306 
gen 

432 
gen 

      0.5 0.48 0.20 0.05   

2172078 gatC  +C        0.05   

      0.5 0.42 0.40     

  gatC   +C     0.09 0.40   0.15 

  gatC   +C   
      0.60 0.50 

  dup   

  gatC   +C   
      0.25 0.05 

  focA IS Ins 

  gatC   +C   
      0.05 0.05 

2827117 srlR Q17* 

  gatC  +C          0.25 

2827234 srlR L97V 
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Supplementary Table 7. The number and nature of adaptive events across independently 

evolved populations.  

In the list of mutations del/dup denotes that either a deletion or a duplication of the indicated size 

occurred but it is not possible to distinguish between the two. For further details see Supplementary 

Table 1 legend. Underlined mutations were also found in the sequenced clones isolated from the 

corresponding populations (see Supplementary Table 2).  

Population 
Genome 
Position 

Gene Mutation Annotation 

1.1 735886 ybfQ C→T pseudogene (219/240 nt) 

  1464225 ydbA T→C pseudogene (1704/2513 nt) 

  2174223 gatZ Δ2 bp coding (120-121/1263 nt) 

  2827492 srlR G→A G142S (GGC→AGC)  

  1706868 rsxC C→G A642A (GCC→GCG)  

  953904 focA/ycaO IS Ins   

  953895 focA/ycaO IS Ins   

  2171093 gatC IS Ins   

  2172273 gatC IS Ins   

1.11 2172869 gatA IS Ins coding (203/453 nt) 

  2827172 srlR C→A T35N (ACC→AAC)  

  4601110 yjjP/yjjQ IS Ins intergenic (-229/-387) 

  2174150 [gat Z-gatY] Δ1111bp   

  4601260 yjjP/yjjQ IS Ins   

  3925441 asnA del/dup 40bp   

  761046 sucB del/dup 67bp   

  3996061 uvrD del/dup 39bp   

  2176626 fbaB/yegT IS Ins   

  2545378 murP del/dup 15bp   

1.12 2827234 srlR G→A M56M (GTG→ATG)  

  953904 focA/ycaO IS Ins   

  3925441 asnA del/dup 39bp   

  281295 yagA/yagE del/dup 35bp   

  1284572 narJ del/dup 47bp   

  2172079 gatC +C coding (222/1356 nt) 

  2440543 mnmC del/dup 106bp   

  4570195 yjiS/yjiT IS Ins   

  4500113 [insG-yaaI] 2x 151716 bp large duplication 
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Supplementary Table 8. Oligonucleotide primers used in this work. 

Gene Forward (5' - 3') Reverse (5' - 3') Usage 

dcuB 
GGCTGAAGGT
GGAAGACGAA 

ACATTTCGCGT
GTTTCCTGC 

Amplification of dcuB 

focA 
AGCGGATGTTT
CGTTGCTTT 

TGCTGCACATC
AGTCGTTGT 

Amplification of focA 

gatABCD 
TCCCACCGCAT
CAATATAGCC 

CAGTCCGGGG
AATTATCAGCA 

Amplification of gatABCD 

gatZY 
CACCTTTGGCG
AGCATCTCA 

AAAACACGCGC
ACTTTGCTA 

Amplification of gatZ and gatY 

gatB 
GATCCACTTTG
GCAGTGGTG 

CAGTCCGGGG
AATTATCAGCA 

Amplification of gatB 

gatY 
GCCACAATCGG
CAATCACTT 

AAAACACGCGC
ACTTTGCTA 

Amplification of gatY 

dupl 150kb 
GTTCGTTGCGC
ATCAGTACG 

GCTCTACCCGC
AGGTCAAAA 

Amplification of the new junction  

srlR 
GCATGCGGGT
GATTTACAGC 

TTCCGGTAAAC
GGCTTGCTT 

Amplification / sequencing of srlR  

gatC 

ATTAGCCGCCA
GTTGGGTG 

 sequencing of gatC 

TGCCGATAATC
AGCCCCATC 

 sequencing of gatC 

CCAGCCAACAT
CGACCACAT 

 sequencing of gatC 

gatZ 

ATATCGCCTCG
CGTAAAGCA 

 sequencing of gatZ 

ACCGTTTCTGG
TGCTAACGG 

 sequencing of gatZ 
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Abstract 

Co-evolution between the mammalian immune system and the gut microbiota 

is believed to have shaped the microbiota’s astonishing diversity. Here we test the 

corollary hypothesis that the adaptive immune system, directly or indirectly, 

influences the evolution of commensal species. We compare the evolution of 

Escherichia coli upon colonization of the gut of wild-type and Rag2-/- mice, which 

lack lymphocytes. We show that bacterial adaptation is slower in immune-

compromised animals, a phenomenon explained by differences in the action of 

natural selection within each host. Emerging mutations exhibit strong beneficial 

effects in healthy hosts but substantial antagonistic pleiotropy in immune-deficient 

mice. This feature is due to changes in the composition of the gut microbiota, 

which differs according to the immune status of the host. Our results indicate that 

the adaptive immune system influences the tempo and predictability of E. coli 

adaptation to the mouse gut. 

 

 

Introduction 

The maintenance of a healthy status in mammals depends on the interaction 

between their microbiota and the immune system. The partnership between gut 

commensals and the host is hypothesized to result from millions of years of co-

evolution, where the host immune response is tightly regulated to tolerate 

commensals, which in turn shape its development. Indeed, it recently became 

clear that specific bacterial species, such as segmented filamentous bacteria 
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(SFB) (Ivanov et al., 2009), Clostridia spp (Atarashi et al., 2011) and Bacteroides 

fragilis (Round and Mazmanian, 2010), can promote the expansion of regulatory 

and pro-inflammatory T cells, promoting immune homeostasis and contributing to 

restoration of health. Further support for a role of microbes in controlling host 

physiology comes from fecal transplants, which can affect their weight (Ridaura et 

al., 2013) and even protect hosts from invasion of pathogens (Cammarota et al., 

2014). The patterns of microbiota species composition also differ between healthy 

and immune-compromised mice lacking an adaptive immune system (Kawamoto 

et al., 2014; Zhang et al., 2015), suggestive of the hypothesis of co-evolution 

between host and gut commensals (Ley et al., 2008). However, a direct support 

for co-evolution requires the study of how host genetics affects evolutionary 

change within the gut microbial species it carries and vice versa. These issues 

have been poorly studied, probably partly due to the difficulty in conducting studies 

that demonstrate the direct influence of microbial evolution on mammalian host 

evolution. It is however, easier to address the influence of host genetics on 

microbial ecology and evolution. 

E. coli, the most abundant aerobe and one of the first species to colonize the 

human gut, offers a powerful system to investigate how and to what extent the 

genetic composition of a commensal changes with time when facing a healthy or a 

compromised host immune system. For example, in patients with inflammatory 

bowel diseases, such as Crohn’s disease and ulcerative colitis, which are 

increasing in incidence in the human population and are associated with different 

mutations in genes with important immune functions, often show an increased 

abundance of Proteobacteria, namely E. coli, which tends to be sampled, in 

comparison with healthy hosts (Mukherjee et al., 2015; Sartor and Mazmanian, 

2012).  

Using a classical E. coli colonization system - the streptomycin-treated mouse 

- we have recently shown that E. coli undergoes rapid adaptation to the intestinal 

tract (Barroso-Batista et al., 2014). This adaptation was detected through 

observation of phenotypic sweeps, which occurred across populations of E. coli 

evolving independently in genetically identical immune-competent hosts. Here, we 

have tested the hypothesis that the process of adaptation of E. coli can be altered 
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in immune-compromised mice lacking an adaptive immune system (Rag2-/-). We 

show that evolution of E. coli is slower in these hosts than in immune-competent 

animals, due to smaller selective effects of the first beneficial mutations that 

emerge in these bacteria. We also demonstrate that the strength of natural 

selection is dependent on the composition of the microbiota, which differs between 

immune-competent and immune-compromised animals. Furthermore, we describe 

the genetic targets of E. coli adaptation and find adaptive mutations specific to the 

host genetic background. Finally, the findings that emerging mutations exhibit 

strong beneficial effects in healthy hosts but substantial antagonistic pleiotropy in 

immune-deficient mice, support the notion that the adaptive immune system 

enhances the predictability of adaptive evolution of bacteria comprising the 

microbiota. Together, these results indicate that not only the microbiotic 

environment but also the pace and the path of adaptation of a commensal species 

can be altered by the host immune system.  

 

 

Material and Methods 

Ethics statement 

All experiments involving animals were approved by the Institutional Ethics 

Committee at the Instituto Gulbenkian de Ciência (project no. A009/2010 with 

approval date 2010/10/15), following the Portuguese legislation (PORT 1005/92), 

which complies with the European Directive 86/609/EEC of the European Council.  

 

E. coli and mouse strains 

All bacterial strains used in this study were derived from E. coli K-12, strain 

MG1655 (Blattner et al., 1997). Strains DM08-YFP and DM09-CFP (MG1655, 

galK::YFP/CFP ampicillin resistant, ampR (pZ12), streptomycin resistant, strR 

(rpsl150), ΔlacIZYA), described elsewhere (Barroso-Batista et al., 2014) were 

used in the colonization experiments. For in vivo fitness assays (see below) two 

previously described (Barroso-Batista et al., 2014) gat mutants of E. coli were 

used: one harboring an insertion sequence (IS) in the coding region of gatZ (clone 

4YFP) and another carrying an insertion of 1 bp in gatC (derived from clone 
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12YFP). These clones were isolated after 24 days of evolution in WT mouse gut 

and differed from the ancestral by a single mutation (as confirmed by WGS). Both 

clones display the gat-negative phenotype. 

C57BL/6 (WT) and C57BL/6 Rag2-/- mice (Rag2-/-), were used as a model of 

immune-competent and immune-compromised hosts, respectively. Rag2-/- animals 

carry a null mutation in the rag gene essential for the immunoglobulin and T-cell 

receptor gene recombination and thus lack mature T and B lymphocytes. Six- to 

eight-week-old WT and Rag2-/- male mice bred at the IGC rodent facility and 

maintained under strict specific pathogen-free (SPF) conditions (barrier facility with 

autoclaved caging, food and water) were used for all the experiments, unless 

otherwise stated. For co-housing experiments, 1-month-old WT and Rag2-/- mice 

(7 animals each) were placed in the same cage for 4 weeks, before E. coli 

colonization. GF C57BL/6 (WT) and C57BL/6 Rag2-/- (Rag2-/-) animals were bred 

and raised at the IGC gnotobiology facility in dedicated axenic isolators (La 

Calhene/ORM), an activity partially sponsored by the EU FP7 InfrafrontierI3-

EMMA consortium. Young adults were transferred into sterile ISOcages 

(Tecniplast) before the competition experiments. All animals were kept in 

individual cages during both the evolution and the competition experiments. 

 

Dynamics of adaptation of E. coli in the mouse gut 

To study E. coli adaptation to the gut we used a streptomycin-treated mouse 

colonization model (T. Conway et al., 2004). Briefly, SPF-raised mice (see E. coli 

and mouse strains above) were given autoclaved drinking water containing 

streptomycin (5g/l) for one day. After 4 hours of starvation for water and food, the 

animals were gavaged with 100 µl of a suspension of 108 colony forming units 

(CFUs) of a mixture of YFP- and CFP-labeled bacteria (ratio 1:1) grown at 37°C in 

brain heart infusion medium to optical density (OD)600 of 2. After gavage, the 

animals were housed in individual cages, and both food and water containing 

streptomycin were returned to them. Fecal pellets were collected for 24 days, 

diluted in PBS and plated in Luria Broth (LB) agar. Plates were incubated 

overnight and the frequencies of CFP- or YFP-labeled bacteria were assessed by 

counting the fluorescent colonies with the help of a fluorescent stereoscope 
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(SteREO Lumar, Carl Zeiss). A sample of each collected fecal pellet was daily 

stored in 15% glycerol at -80ºC for further experiments. 

For the evolution experiment, groups of 5 WT and 5 Rag2-/- mice were 

gavaged and followed for 24 days. This procedure was repeated three times, such 

that a total of 15 mice of each genotype were analyzed. While the results of E. coli 

evolution in WT mice were published earlier (Barroso-Batista et al., 2014), 

experiments in both genotypes were conducted at the same time.  

 

Dynamics of gat-negative phenotype  

To investigate the dynamics of appearance and expansion of beneficial 

mutations in the gat operon, we determined the frequency of bacteria unable to 

metabolize galactitol (gat-negative phenotype) within a given bacterial population 

of the evolution experiment (Barroso-Batista et al., 2014). We plated frozen fecal 

pellets in Mac Conkey agar supplemented with 1% galactitol and streptomycin 

(100 µg/ml). Plates were incubated for 20 hours at 28°C. The frequency of 

galactitol-metabolizing mutants for each time point was estimated by counting the 

number of white (gat mutants) and red colonies in Mac Conkey-galactitol plates. 

 

Division rate of E. coli in the mouse gut  

To determine the growth rate of E. coli in the mouse gut we used a modified 

version of a previously described method (Poulsen et al., 1995) based on the 

correlation between growth rate and ribosomal content of bacterial cells. First, we 

established a calibration curve (see below) that relates the growth rate of E. coli 

populations growing in a given medium and the fluorescent intensity of a probe 

specific to E. coli 23S rRNA (as a measure of ribosomal content). This calibration 

curve was used to determine the ribosomal content of E. coli cells recovered from 

fecal pellets of WT and Rag2-/- mice and infer their growth rates to establish if any 

differences in the division time of E. coli exist in the different hosts. 

To obtain a range of growth rates for E. coli, we grew E. coli strain DM09 

(ancestral) in M9 minimal medium supplemented with different carbon sources, 

which support different growth rates. For the initial inoculum, DM09 was grown for 

24 hours in 5 ml of LB supplemented with streptomycin at 37ºC with aeration. The 



Chapter 3 

136 
 

culture was washed 3 times in M9 with no carbon source and diluted to OD 2. 2 µl 

of a 10-1 dilution (~105 cells) were used to inoculate 198 µl of M9 minimal medium 

supplemented with one of the following carbon sources: ribose 0.4%, sorbitol 

0.4%, xylose 0.4%, fructose 0.4%, maltose 0.4%, arabinose 0.4%, gluconate 0.5% 

or gluconate 1%. The growth curve assays were performed in a Bioscreen plate 

incubated in Bioscreen C Microbiology Reader equipment at 37ºC with continuous 

shaking. ODs at 600nm were monitored for 48 hours. All growth measurements 

were repeated four times. Specific growth rates were calculated based on the 

slope of the linear regression of the OD increase over time, during exponential 

growth. This parameter was then used to calculate the growth rates of E. coli in 

the different media. We then grew new cultures in the same conditions as 

described above, harvesting the cells in mid-log phase. The cells were fixed in 4% 

paraformaldehyde overnight, washed two times in PBS 1x and stored at -80ºC 

until use. For the whole-cell hybridization we used the protocol described by 

Poulsen et al. (Poulsen et al., 1995) with some modifications (Skinner et al., 2013). 

Briefly, fixed E. coli cells from the in vitro cultures were washed once with PBS, 

once with solution I (35% formamide, 100mM Tris (pH 7.5), 0.1% SDS, 0.9 M 

NaCl), and hybridized with a probe specific to E. coli 23S rRNA (EC 1531; 5'-

CACCGTAGTGCCTCGTCATCA-3') labeled with the fluorochrome Cy3 (final 

concentration 2.5 ng/µl). The hybridizations were carried for 16 hours at 37ºC. The 

cells were then washed once with solution I and twice with solution II (35% 

formamide, 100mM Tris (pH 7.5), 0.9 M NaCl). Next, the cells were incubated for 

15 min at 37ºC, centrifuged and ressuspended in 1x PBS. Cy3 fluorescence was 

measured by flow cytometry (LSR Fortessa, BD) and median fluorescence 

analyzed with FlowJo v10. For each sample, two hybridizations were performed. 

The average of median fluorescence intensity of Cy3 was correlated with growth 

rate for each growth condition, thus enabling a measure of division time of E. coli. 

WT and Rag2-/- mice (n=6) were colonized with E. coli strain DM09 (ancestral) 

following the protocol described above for the evolution experiments. Fecal pellets 

were collected at day 1 and 3 after gavage, homogenized in PBS 1x and fixed in 

4% paraformaldehyde overnight. Following fixation, cells were washed twice in 1x 

PBS and stored at -80ºC until use. Whole-cell hybridization with the probe specific 
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for E. coli 23S rRNA was performed according to the protocol described before for 

the in vitro cultures. On the basis of the fluorescence intensity of the probe 

obtained with the hybridization and the previously obtained calibration curve, we 

inferred a given duplication time for E. coli colonizing WT and Rag2-/- mice (see 

Fig. 2b and Supplementary Fig. 4). 

 

Comparison of E. coli mutation rate between hosts  

To estimate the equilibrium frequency for antibiotic resistance clones we 

determined the fraction of E. coli clones carrying spontaneous resistance to 

different antibiotics. Slightly deleterious mutations conferring resistance to nalidix 

acid and rifampicin (point mutations in gyrA and rpoB, respectively) or furazolidone 

(mutations in nfsA, including IS insertions) are expected to spontaneously occur 

and be continuously eliminated by purifying selection in E. coli populations 

colonizing the mouse gut, hence resistance alleles are expected to reach a 

mutation-selection balance and their frequency to reach a stable equilibrium which 

is proportional to the mutation rate.  

Rag2-/- and WT mice were colonized with E. coli strain DM08 (ancestral) 

following the protocol described above for the evolution experiments, and the 

frequency of spontaneous resistance was determined in fecal pellets collected 

over 15 days. We tested 6 animals of each genotype for rifampicin and nalidixic 

acid resistance and 10 Rag2-/- and 11 WT mice for furazolidone resistance. Fecal 

pellets were collected, homogenized in PBS 1x and dilutions plated either in LB 

agar supplemented with streptomycin (100 µg/ml) or streptomycin (100 µg/ml) plus 

nalidixic acid (40 µg/ml), rifampicin (100 µg/ml) or furazolidone (1.25 µg/ml). The 

frequency of mutants resistant to each antibiotic was calculated as the ratio 

between the number of antibiotic-resistant clones and the total number of cells in 

each E. coli population. We also estimated the transposition frequency based on 

the fraction of furazolidone resistance mutants harboring insertions in nfsA.  

 

In vivo competition fitness assays  

We measured the relative fitness in vivo of an E. coli clone harboring a IS 

insertion in the gatZ gene (clone 4YFP (Barroso-Batista et al., 2014)) isolated from 
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fecal samples after 24 days of adaptation to the gut of WT mice. This clone was 

competed against the ancestral strain labeled with the opposite fluorescent marker 

(DM09) (Fig. 2 and 3) or against a gatC mutant (derived from clone 12YFP) 

(Barroso-Batista et al., 2014) carrying an insertion of 1bp in the gatC gene (Fig. 4). 

The competitions were performed at a ratio of 1:1, over 3 days of co-

colonization, following the same procedure described for the evolution 

experiments in SPF mice; with no streptomycin treatment for competitions carried 

out in GF mice. We estimated the selective advantage of gatZ over the ancestral 

from the slope of the linear regression of ln(gatZ/anc) along time. 

 

Microbiota analysis  

To assess the gut microbiota composition of unmanipulated mice we analyzed 

fecal samples collected from 5 independently housed WT and Rag2-/- mice 

belonging to different litters and in two experimental blocks (3+2 mice). These 

animals were bred and maintained in similar SPF conditions in the same barrier 

facility (see E. coli and mouse strains). With this experimental design, we aimed 

both to characterize a representative sample of the microbiota composition 

associated with each host genotype and minimize the cage effects that could bias 

our analysis.  

To characterize the microbiotal context in which E. coli was evolving, we 

analyzed fecal samples collected from WT and Rag2-/- mice at day 3 of the 

evolution experiment, that is, streptomycin-treated mice that had been colonized 

with E. coli for 3 days and housed individually. Similarly to unmanipulated animals, 

these mice were also bred and raised in SPF conditions but treated with 

streptomycin before and during colonization with E. coli (see Dynamics of 

adaptation of E. coli in the mouse gut above). We analyzed a total of 10 mice of 

each genotype, with a minimum of 3 animals from each experimental block (WT: 

3+4+3; Rag2-/-: 3+3+4).  

The extraction was performed with a QIAamp DNA Stool Mini Kit (QIAGEN), 

according to the manufacturer’s instructions and an additional step of mechanical 

disruption (Thompson et al., 2015).  
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16S rRNA gene amplification and sequencing was carried out at the IGC 

Genomics Unit. Samples were amplified using primers specific to the V3-V4 region 

of the 16s rRNA gene and pair-end sequenced on an Illumina MiSeq Benchtop 

Sequencer, following Illumina recommendations. Samples were sequenced to a 

depth of at least 20000 high-quality sequences. Reads were processed and 

analyzed using mother (Schloss et al., 2009) software, following the MiSeq SOP 

(Schloss et al., 2011) on the mothur wiki (http://www.mothur.org/wiki/MiSeq_SOP) 

with some modifications (Thompson et al., 2015). To minimize possible biases 

related with variable sequencing depth across samples, a subsampling of 20000 

high-quality reads was performed. Sequences were aligned in accordance with 

SILVA alignment (Pruesse et al., 2007) and unique sequences were clustered into 

operational taxonomic units (OTUs) using a 97% identity cutoff. A phylogenetic 

tree was inferred using clearcut (Sheneman et al., 2006) on the 16S rRNA 

sequence alignment generated by mothur. Alpha and beta measurements of 

diversity, both OTU- and phylogeny-based, were obtained using mothur. The Chao 

(Chao, 1984) and Shannon (Shannon, 1948) indices were used to estimate 

community richness and diversity, respectively. The phylogenetic diversity was 

calculated as the total of the unique branch length in the phylogenetic tree. As a 

measure of beta diversity we evaluated the structure of microbial communities, a 

parameter that takes into account not only the presence and absence of 

organisms but also their abundance. To assess similarities in community structure 

OTU- (Bray-Curtis (Bray and Curtis, 1957)) or phylogeny-based (weighted UniFrac 

(Lozupone et al., 2007)) measures of beta diversity were calculated. Differences in 

phylogenetic community membership were evaluated using unweighted UniFrac 

(Lozupone et al., 2011). PCoA on the distance matrices of the beta diversity 

metrics were performed using mothur and R software package (http://www.R-

project.org). 

 

Haplotypic structure of Rag-/- populations 

To estimate the E. coli haplotypic frequencies evolving in the Rag2-/- mice we 

analyzed ~20 clones isolated from fecal pellets from the last day of the evolution 

experiment for each of the evolved lines. These clones were screened for the 
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presence of mutations shown to be adaptive in WT animals (Barroso-Batista et al., 

2014): mutations in the gat operon, insertions of IS elements in the regulatory 

regions of focA and dcuB and point mutations in the coding region of srlR. We 

typed gat mutants based on the inability to metabolize galactitol using the 

procedure described above for the dynamics of gat-negative phenotype. The 

remaining mutations were identified by target PCR; insertions of IS elements were 

identified based on the increase in size of the PCR products and Sanger 

sequencing was used to detect SNPs. PCR reactions were performed in the same 

conditions and with primers as previously described (Barroso-Batista et al., 2014), 

but in a total volume of 12.5 µl.  

 

WGS of E. coli populations 

To identify the pool of mutations segregating in E. coli populations evolved in 

Rag2-/- and WT mice we performed whole genome sequencing of a large sample 

of each population. We isolated more than 1000 clones from mice fecal pellets 

from day 24 of evolution, and we extracted the DNA from this mixture of clones 

following a protocol previously described (Barroso-Batista et al., 2014). The DNA 

library construction and sequencing was carried out by the IGC genomics facility. 

Each sample was pair-end sequenced on an Illumina MiSeq Benchtop Sequencer. 

Standard procedures produced data sets of Illumina paired-end 250-bp read pairs. 

The mean coverage per sample was between 100x and 180x for both WT and 

Rag2-/-. Subsampling of 3 million reads was performed to obtain an average of 

100x coverage. Mutations were identified using the BRESEQ pipeline v0.23 with 

the polymorphism option on. The default settings were used except for: a) 

requiring a minimum coverage of three reads on each strand per polymorphism; b) 

elimination of polymorphism predictions occurring in homopolymers of length 

greater than 3; c) elimination of polymorphism predictions with significant (p-

value<0.05) strand or base quality score bias. In addition, unassigned new 

junctions supported by a minimum of two reads in each direction and insertions of 

IS elements where only one new junction was identified were also accepted. A 

cutoff of 5% of frequency was used to identify mutations segregating at high 

frequency in the populations. We defined parallel mutations as mutational events 
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that occurred in a minimum of two animals (either WT or Rag2-/-) and that reached 

a minimum frequency of 10% in at least one population.  

 

Statistical analysis  

All statistical analyses were performed in R software: http://www.r-project.org/.  

To test for differences in the initial deviation of the fluorescent marker, we 

used a binomial test that compared the number of WT and Rag2-/- lines in which 

the slope of the linear regression of ln(YFP/CFP) deviated significantly from 0 on 

the first 6 days of colonization. 

We used a linear mixed model on the logarithm of bacterial counts per gram 

of feces, with host genotype and time as fixed effects and individuals as random 

effects to compare the temporal dynamics of bacterial loads between Rag2-/- and 

WT mice. To test whether the bacterial loads over time were affected by host 

genotype we contrasted a model with the interaction between these two effects 

with a model lacking this interaction. Additionally, we also tested if the bacterial 

loads differed globally between the two genotypes, by comparing models including 

or excluding the host genotype as a fixed effect. 

To assess the influence of host genotype on the temporal dynamics of gat-

negative phenotype, we employed a generalized linear mixed model, with host 

genotype and time as fixed effects and individuals as random effects. The gat 

frequencies were weighted by the number of counted CFUs and the initial 

frequency was constrained to the same value in WT and Rag2-/- dynamics. 

Mann-Whitney U-tests were used to evaluate differences on the estimated 

generation time or mutation frequency between WT and Rag2-/- mice. 

Analysis of variance (ANOVA) was used to investigate the impact of the 

microbiota and the immune state on the selective advantage of the gatZ mutation, 

followed by Tukey’s post hoc tests to assess differences between groups. Two-

tailed F-tests were used to determine whether the variance for the selective 

advantage of gatZ was increased in Rag2-/- compared with WT animals.  

Mann-Whitney U-tests were used to identify genera differentially represented 

in WT or Rag2-/- mice. The P values were adjusted for multiple comparisons using 

the Benjamini and Hochberg correction. Two-tailed F-tests were used to determine 
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differences in the variance of the genera. Analysis of molecular variance (AMOVA) 

were used to test for differences in the structure or membership of the gut 

microbiota of WT and Rag2-/- animals. 

To determine whether the parallel mutations identified by WGS were more 

represented in one host that in the other we performed binomial tests. 

 

 

Results 

E. coli adaptation is slower in immune-compromised mice 

To study E. coli adaptation in the gut of Rag2-/- mice we colonized 15 animals 

(see Methods) with two E. coli strains, isogenic except for the presence of a 

neutral fluorescent marker (cyan fluorescent protein (CFP) and yellow fluorescent 

protein (YFP)). We first measured the frequency of the neutral marker and its 

dynamics by daily monitoring of E. coli numbers and fluorescence in the fecal 

content. Much smaller changes in marker frequency were detected in Rag2-/- 

compared with wild-type (WT) mice (Barroso-Batista et al., 2014) during the first 6 

days of colonization (Fig. 1a, binomial test P=0.03), suggesting a slower rate of 

adaptation in immune-compromised hosts. This delayed evolutionary change was 

not due to smaller population size, as similar loads of E. coli were recovered from 

both animals (Supplementary Fig. 1). After this initial period, the marker frequency 

started to diverge (Fig. 1b) in some Rag2-/- animals, as had been observed in WT 

mice (Barroso-Batista et al., 2014). Some populations showed a signature of a 

selective sweep, where a single marker steadily increased towards fixation (lines 

R1.1 and R1.12). Other populations showed the classical signature of clonal 

interference (R1.11 and R1.15), where clones carrying a given fluorescence first 

increased in frequency and then were replaced by clones with a different 

fluorescence, likely due to beneficial mutations with stronger effect arising in the 

latter. We next asked whether the slower pace of adaptation in Rag2-/- mice could 

be due to a longer time for sweeps to occur. In WT mice, the first adaptive 

mutations to appear involve changes in genes of the gat operon, conferring E. coli 

with a gat-negative phenotype (Barroso-Batista et al., 2014). In Rag2-/- mice the 

same phenotype emerged and swept (Supplementary Fig. 2; Fig. 1c), but at a 
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slower pace (z=-25.5, P<10-3). Though mutations in this operon ultimately reached 

high frequency in the majority of lineages evolving in Rag2-/- mice, they could only 

be detected after 3 days of adaptation, contrasting with what was seen in WT 

mice. This occurred within the same experimental groups (Supplementary Fig. 2, 

upper panels versus lower panels). Although we detected populations where the 

increase in frequency of the phenotype was as fast as in WT (Supplementary Fig. 

2, lines R1.3 and R1.10), this increase was slower in the majority of the lines. 

Thus, the gat-negative phenotype arose faster (Fig. 1c), and variance in this 

phenotype was eliminated quicker (Fig. 1d), in WT compared with Rag-/- animals. 

Both patterns are consistent with faster adaptation under the pressures of an 

adaptive immune system. 

 
 

 
Figure 1. E. coli adapts at a slower pace in immune-compromised mice.  

Dynamics of marker frequency (±2 s.e.m., representing the error associated with the sampling 

when calculating the frequency of the marker) during the first 6 (a) or 24 (b) days of adaptation of 

E. coli upon colonization of Rag2
-/-

 (colored) or WT (grey) mice (reproduced from Barroso-Batista 

et al., 2014 for clarity). (c) Average frequency of the gat-negative phenotype (±2 s.e.m) over time 

across WT (white) and Rag2
-/-

 (black) animals (n=15, for each host genotype) and (d) the 

variance for the frequency. 
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Duplication time of E. coli in the mouse gut 

We then sought to identify the mechanism responsible for the observed 

slower adaptive pace in Rag2-/- mice. Adaptation rate depends on generation time, 

population size, mutation rate and the strength of selection on newly adaptive 

alleles (Charlesworth, 2010). Population size estimates based on bacterial loads 

recovered from both groups of animals (Supplementary Fig. 1) suggested that this 

factor would not play a leading role in the observed differences. To determine the 

division rate of E. coli in the mouse gut, we used in situ hybridization with a probe 

specific for E. coli 23S ribosomal RNA (rRNA) to estimate cellular rRNA content, 

which strongly correlates with bacterial division rate (Supplementary Fig. 3), using 

an adapted version of a previously described method (Poulsen et al., 1995). We 

colonized WT and Rag2-/- mice with E. coli and collected fecal samples at day 1 

and 3 after inoculation, when E. coli had already reached the same load as 

observed during the course of the evolution experiment (Supplementary Fig. 1). 

On the basis of the fluorescence intensity of hybridized E. coli cells, we inferred an 

average duplication time of 66 (±3, 2 s.e.m.) and 76 (±3, 2 s.e.m.) min in Rag2-/- 

and WT mice, respectively (Fig. 2a). As the generation time for E. coli was 

significantly smaller in Rag2-/- than in WT mice (Mann-Whitney U-test, W=111.5, 

P<10-3), this parameter also could not explain the different rates of adaptation 

observed between hosts.   

Having observed a shorter E. coli duplication time in Rag2-/- compared with 

WT animals, we tested the hypothesis that the observed delay in the emergence 

of the adaptive phenotype in Rag2-/- mice was due to a lower spontaneous 

mutation rate in these hosts. We determined the spontaneous mutation frequency 

towards resistance to different antibiotics, by measuring the number of clones 

resistant to rifampicin, nalidixic acid or furazolidone in E. coli populations 

colonizing Rag2-/- and WT mice over a period of 15 days (Fig. 2b). Resistance 

against these antibiotics can be conferred through mutations in specific E. coli 

genes (rpoB, gyrA and nfsA, respectively). Resistance to rifampicin (RifR) and 

nalidixic acid (NalR) involves mainly point mutations, while resistance to 

furazolidone (FzdR) can also be acquired by transposition of IS elements 

(Whiteway et al., 1998). Assuming that such resistant alleles are slightly 
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deleterious, and thus kept at mutation-selection balance in a large population, the 

fraction of resistant mutants is proportional to the mutation rate (Charlesworth, 

2010). We estimated an average log10 mutation frequency for RifR of -7.53 in 

Rag2-/- animals, not significantly different from that in WT mice (Mann-Whitney U-

test, W=284.5, P=0.95). A similar result was found for NalR mutants (-7.76 in WT 

and -7.76 in Rag2-/- mice, Mann-Whitney U-test, W=202, P=0.65) and FzdR (-5.65 

in WT and -5.49 in Rag2-/- mice, Mann-Whitney U-test, W=1613, P=0.10). We also 

measured the in vivo frequency of spontaneous resistant mutants to furazolidone, 

where resistance was achieved through transpositions, therefore providing the first 

estimate of the in vivo spontaneous transposition frequency. This is an important 

parameter in E. coli adaptation to the gut given that approximately half of the 

adaptive mutations identified in WT mice were caused by insertion of transposable 

elements (Barroso-Batista et al., 2014). We estimated an average log10 

transposition frequency of -5.99 in WT and a similar frequency of -5.75 in Rag2-/- 

mice (Mann-Whitney U-test, W=83, P=0.09). Taken together, these results 

indicate that both the point mutation frequency and transposition frequency are 

similar in immune-compromised and immune-competent animals, suggesting that 

the slower rate of adaptation observed in the former was not due to an overall 

decreased mutation rate of E. coli. 

 

Altered selective pressures in immune-compromised mice 

We next asked whether the fitness effects of adaptive mutations were different 

in the gut of Rag2-/- and WT mice. We determined the fitness effect (s) of a mutant 

(gatZ) harboring a single beneficial mutation through in vivo competition assays 

against the ancestral E. coli (see Methods). In WT mice (Fig. 2c, left panel; 

Supplementary Table 1) we estimated a mean advantage, per hour (sgatZ), of 0.068 

(±0.008, 2 s.e.m.). In contrast, the selective effect of the gatZ mutant was smaller 

in Rag2-/- mice (sgatZ = 0.03 (±0.01, 2 s.e.m.)) compared with WT (ANOVA with 

Tukey’s post hoc test, P<10-3). However, higher variation in the selective effects of 

the gatZ mutation was found in Rag2-/- mice (Fig. 2c, right panel; Supplementary 

Table 1), with a two-tailed test for variance in sgatZ between Rag2-/- and WT being 

marginally significant (F=0.30, P=0.09). The mutation shows antagonistic 
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pleiotropy, that is, in some Rag2-/- mice it was advantageous (Rag2-/- 1 and 5) 

while in others it was neutral or slightly deleterious (Rag2-/- 4 and 10). 

 

 
Figure 2. Selection strength, not mutation rate, is responsible for lower rate of adaptation in 

immune-compromised mice.  

(a) Higher growth rate of E. coli in immune-compromised mice. The doubling time of E. coli 

colonizing the gut of WT or Rag2
-/-

 is estimated by the amount of rRNA (see Supplementary Fig. 

3). Each symbol corresponds to an average of two independent quantifications made for each 

mouse (n=6) during days 1 and 3 of colonization. The doubling time is significantly lower in Rag2
-/-

 

than in WT mice, indicating that E. coli divides faster in the gut of Rag2
-/-

 than in WT animals 

(Mann-Whitney U-test, W=111.5, P<10
-3

). ***P < 0.001. (b) Similar frequency of spontaneous 

mutation in immune-competent and immune-compromised mice: the log10 frequency of 

spontaneous resistance (µ) in WT (open circles) and in Rag2
-/-

 (full circles) animals is proportional 

to the mutation rate at mutation-selection balance. Symbols correspond to measurements of 

mutation frequency over a period of 15 days for rifampicin (n=6), nalidixic acid (n=6) and 

furazolidone resistance (n=11 and 10). We estimated an average log10 µWT ~-7.56 and µRag2-/- ~-

7.53 for rifampicin (Mann-Whitney U-test, W=284.5, P=0.95), µWT ~-7.76 and µRag2-/- ~-7.77 for 

nalidixic acid (Mann-Whitney U-test, W=202, P=0.65) and µWT ~-5.65 and µRag2-/- ~-5.49 for 

furazolidone resistances (Mann-Whitney U-test, W=1613, P=0.10). The frequency of spontaneous 

transpositions corresponds to the fraction of mutations conferring furazolidone resistance, which 

are caused by insertion of transposable elements: µTE WT ~-5.99 and µTE Rag2-/- ~-5.75 (Mann–

Whitney U-test, W=83, P=0.09). ns (not significant) P > 0.05. c) Mean selective advantage of an 

emerging gat allele is lower in Rag2
-/-

 than in WT mice. Results of short-term competitive fitness 

experiments (n=10) between a gatZ mutant and the ancestral E. coli. Rag2
-/-

 (right panel) or WT 

(left panel) mice from the same litter are represented by symbols of the same shape (triangles, 

squares, diamonds or circles). The selective advantage of gatZ along the three days of 

competition is inferred from the slope of the linear regression of ln(gatZ/anc) (dashed lines, 

showed for each mouse), corresponding to the selection coefficient. 
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We note that variability for the fitness effect of the mutant was observed in mice 

from the same litter (for example, Rag2-/- littermates 3 and 4 or 5 and 6 in Fig. 2c). 

The strength of natural selection is therefore the principal source of variation in the 

evolutionary dynamics between the hosts. These results suggest that the selective 

pressures in the gut of immune-compromised and WT mice are different.  

Differences in host immune status are associated with differences in 

microbiota species composition: the microbiota of mice lacking T and B cells has 

been shown to differ from that in WT controls (Zhang et al., 2015). To investigate 

the potential role of the microbiota in driving the changes in adaptation rate 

observed in this study, we estimated sgatZ by direct in vivo competition against the 

ancestral in (i) WT and Rag2-/- mice previously co-housed for one month, a 

procedure that leads to homogenization of the microbiota between different 

individuals (Elinav et al., 2013) (Fig. 3a; Supplementary Table 2), and (ii) germ 

free (GF) WT and Rag2-/- mice devoid of microbiota (Fig. 3b; Supplementary Table 

3). Analyzing the full dataset (Fig 3c) including competitions in independently 

housed WT and Rag2-/- animals, revealed a significant overall interaction between 

host immune status and the microbiota (ANOVA; F(2,50)=9.64; P<10-3), upon the 

fitness effect of the emerging mutation. In WT animals, co-housing slightly (sgatZ = 

0.05 ± 0.01) but not significantly (ANOVA with Tukey’s post hoc test, P=0.3, Fig. 

3c) decreased the mutant fitness (Fig. 3a, left panel). This advantage was similar 

to that measured in co-housed Rag2-/- (sgatZ = 0.050±0.009, ANOVA with Tukey’s 

post hoc test, P>0.99) which was higher than in independently housed Rag2-/- 

(ANOVA with Tukey’s post hoc test, P=0.02). Another marked effect of the co-

housing protocol was a reduction in the variance for the fitness effect of gatZ in 

Rag2-/- mice, which became more similar to that observed in WT animals (F-test, 

F= 1.32, P=0.67), indicating loss of antagonistic pleiotropy.  
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Figure 3. The microbiota influences the selective advantage of adaptive mutations.  

Competitive fitness experiments of the emerging gatZ allele against the ancestral strain in (a) WT 

co-housed with Rag2
-/-

 mice (left panel, n=11) and Rag2
-/-

 co-housed with WT mice (right panel, 

n=11) and in (b) GF WT (left panel, n=7) and GF Rag2
-/-

 (right panel, n=7) mice. In a, mice co-

housed in the same group are represented with the same shape (triangles, squares or diamonds). 

Advantage of gatZ over the ancestral, per hour was calculated as in Fig.2c. (c) Selective 

advantage of the gatZ mutant, per hour, inferred from the slope of the linear regression of 

ln(gatZ/anc), over 3 days of in vivo competition against the ancestral in mice either WT, Rag2
-/-

, 

WT co-housed, Rag2
-/-

 co-housed, GF WT and GF Rag2
-/-

. The competitive advantages differed 

between Rag2
-/-

 and WT (ANOVA with Tukey’s post hoc test, P<10
-3

), but upon co-housing the 

advantage in Rag2
-/-

 mice (co-housed) increased (ANOVA with Tukey’s post hoc test, P=0.02) and 

became similar to WT animals (co-housed) (ANOVA with Tukey’s post hoc test, P>0.99). The 

advantage of the WT did not significantly change upon co-housing (ANOVA with Tukey’s post hoc 

test, P=0.3). In the absence of microbiota (GF) the selective effect of gatZ is similar in WT (circles) 
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Analysis of GF animals provided further evidence of a major role for the 

microbiota in shaping the selective pressure on the gatZ mutant. First, sgatZ was 

smaller in GF animals than in microbiota-bearing WT animals (ANOVA with 

Tukey’s post hoc test, P<10-3, Fig. 3c), even though a shorter duplication time was 

found for E. coli in the former (see Supplementary Fig. 4). Second, both the mean 

and the variance for sgatZ were similar between GF WT and Rag2-/- mice (ANOVA 

with Tukey’s post hoc test, P>0.99, Fig. 3c; and F-test, F=0.97, P=0.97). Finally, 

irrespective of the functional state of the immune system, the variance for sgatZ 

decreased dramatically in GF compared with microbiota-harboring animals (F-test, 

P<10-3). Globally, these results confirm the microbiota as a major player 

modulating the selective effect of beneficial mutations. 

When competing two single gat mutants, one carrying an IS insertion in gatZ 

(previously used for the competitions against the ancestral) and the other a SNP in 

gatC (see Methods), in independently housed (Fig. 4a; Supplementary Table 4) or 

co-housed (Fig. 4b; Supplementary Table 5) WT and Rag2-/- mice, similar results 

were obtained. Again, we found a significant interaction between the microbiota 

and the presence of an adaptive immune system (ANOVA; F(2,31)=12.9; P=0.001). 

As expected, in WT mice (Fig. 4a, left panel) the mutants were almost neutral 

(sgatZvsgatC = 0.01±0.004). However in Rag2-/- mice (Fig. 4a, right panel) sgatZvsgatC 

was on average smaller (-0.03±0.02, ANOVA with Tukey’s post hoc test, P<10-3, 

Fig. 4c). Extensive variability for the fitness effects was observed, with an extreme 

case in which gatZ was found to have a strongly deleterious effect (Fig. 4a, Rag2-/- 

mouse 3). On the other hand, when performing the same competitions in co-

housed mice (Fig. 4b), the average sgatZvsgatC in Rag2-/- mice increased (ANOVA 

with Tukey’s post hoc test, P<10-3, Fig. 4c), approximating the value observed in 

co-housed WT (sgatZvsgatC = 0.02±0.01, ANOVA with Tukey’s post hoc test P>0.99, 

Fig. 4c). Finally, we also detected a significant increase in the variance for sgatZ 

when competed against gatC in independently housed Rag2-/- compared with WT 

mice (F-test, F=0.04, P<10-3).  

and Rag2
-/-

 (triangles) mice (ANOVA with Tukey’s post hoc test, P>0.99) and smaller than in WT 

mice harboring microbiota (ANOVA with Tukey’s post hoc test, P<10
-3

). ns (not significant), P > 

0.05, *P < 0.05, ***P < 0.001. 
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Figure 4. Evidence for antagonistic pleiotropy in immune-compromised mice.  

Selective effect of gatZ allele relative to gatC allele in (a) WT (left panel) and Rag2
-/-

 (right panel), 

(b) WT co-housed with Rag2
-/-

 mice (left panel) and Rag2
-/-

 co-housed with WT mice (right 

panel). Competitions were performed in independently housed WT and Rag2
-/-

 mice (n=8) or in 

mice co-housed for one month (n=9). In a, mice from the same litter are represented by the same 

shape symbols (triangles, squares or circles) and in b, mice co-housed in the same group are 

represented with the same shape (triangles, squares or diamonds). (c) Comparison of the 

selective effects of gatZ over gatC inferred from the slope of the linear regression of 

ln(gatZ/gatC), over 3 days of in vivo competition in WT, Rag2
-/-

, WT co-housed and Rag2
-/-

 co-

housed. The mean relative fitness effect differs between Rag2
-/-

 and WT (ANOVA with Tukey’s 

post hoc test, P<10
-3

), but upon co-housing no significant difference was detected between 

animals (ANOVA with Tukey’s post hoc test P>0.99). Co-housing with WT results in an increase 

in the mean selective effect of gatZ vs gatC in Rag2
-/-

 mice (ANOVA with Tukey’s post hoc test, 

P<10
-3

) but not in WT mice (ANOVA with Tukey’s post hoc test P>0.99). ns (not significant), P > 

0.05, ***P < 0.001. 
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Our combined fitness data provide strong evidence for antagonistic pleiotropy 

specific to immune-compromised animals, a feature that reduces the predictability 

of E. coli evolution in these hosts. Moreover, our results indicate that the host, the 

microbiota and their interactions influence the pace of adaptive evolution of E. coli 

to the mouse gut. Together, these findings suggest that a microbiota shaped by 

the adaptive immune system provides stronger selective pressures upon an 

individual bacterial species residing within this environment than that which arises 

in the absence of this host component. 

 

Microbiota characterization of WT and Rag2-/- mice 

Recent studies have reported differences in microbiota composition between 

immune-competent and immune-compromised animals (Dimitriu et al., 2013; 

Kawamoto et al., 2014; Scholz et al., 2014; Shulzhenko et al., 2011; Suzuki et al., 

2004; Thoene-Reineke et al., 2014; Zhang et al., 2015). To determine whether 

changes in the microbiota within WT and Rag2-/- raised in our facility were 

associated with the slower rate and increased variation observed in E. coli 

adaptation in immune-compromised animals, we assessed the composition of this 

community following high-throughput 16S rRNA gene sequencing of DNA 

extracted from fecal samples of unmanipulated animals (Supplementary Fig. 5) 

and from day 3 of the evolution experiment (Fig. 5).  

In unmanipulated hosts (n=5 for each, see Methods) the phylogenetic 

diversity was significantly higher in WT when compared with Rag2-/- animals 

(Mann-Whitney U-test, W=23.5, P=0.03, Supplementary Fig. 5a). Consistent with 

this result, PCoA on the phylogeny-based distance of community membership 

showed a significant difference between genotypes (AMOVA on unweighted 

UniFrac distance, P=0.003, Supplementary Fig. 5b). However, at the genus level, 

difference in abundance was only observed for some low-frequency genera, albeit 

not statistically significant (Supplementary Fig. 5c). Similarly, OTU-based 

measures of community richness and diversity revealed only a trend, not 

significant, for decreased community diversity in Rag2-/- (Mann-Whitney U-test, 

W=17, P=0.4 and W=21, P=0.1, respectively, Supplementary Fig. 5d, e). PCoA 

analysis of OTU- and phylogeny-based distances of community structure revealed 
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no significant differences (AMOVA on Bray-Curtis distance, P=0.1 and weighted 

UniFrac distance, P=0.4, Supplementary Fig. 5e, f). Importantly, reads identified 

as Escherichia/Shigella could be detected at very small and similar frequencies 

(maximum 0.03%) in both Rag2-/- and WT animals (Mann-Whitney U-test, W=8.5, 

P=0.46) suggesting that direct competition between our experimental E. coli and 

native Escherichia, if any, would be similar in both hosts. 

We then analyzed 10 WT and 10 Rag2-/- animals from day 3 of the evolution 

experiment, that is, treated with streptomycin and colonized with E. coli. The gut 

microbiota was dominated at the genus level by a few bacterial groups (Fig. 5a), 

compatible with the strong effect of this treatment, as shown before (Thompson et 

al., 2015). In this setting, we identified genera differentially represented in WT and 

Rag2-/- mice (Fig. 5b). Most notably Barnesiella, Allobaculum and an unclassified 

genus of Clostridiales were more abundant in Rag2-/- mice, while Bacteroides, and 

Paenibacillus were more prevalent in WT animals. In line with the variance 

observed when monitoring the gat mutant fitness, we detected increased variance 

in Rag2-/- mice for these genera, particularly that of Barnesiella (F-test, F=16.3, 

P<10-3), for which the relative frequencies ranged between 2 and 74%, while in 

WT hosts the range was from 0 to 17%. In mice where the rate of increase of the 

gat-negative phenotype (as a proxy for rate of adaptation) was the highest (R1.10) 

or the lowest (R1.11) (see Supplementary Fig. 2), the microbiota was composed of 

a small (2%) or large (51%) frequency of Barnesiella, respectively.  

Although the richness of microbial communities was similar between 

streptomycin-treated WT and Rag2-/- animals (Mann-Whitney U-test, W=39, P=0.4, 

Fig. 5c), both OTU-based and phylogenetic diversity were increased in the latter 

(Mann-Whitney U-test, W=20, P=0.03 and W=17, P=0.01, Fig. 5d and e). 

Strikingly, when comparing the beta diversity metrics of treated WT and Rag2-/- 

animals, PCoA analysis of Bray-Curtis (OTU-based) and weighted UniFrac 

(phylogeny-based) distances revealed that the structure of microbial communities 

significantly differed between the two genotypes (AMOVA on Bray-Curtis distance, 

P=0.01 and weighted UniFrac distance, P=0.03, Fig. 5f, g). However, only 

marginally significant differences were found for the phylogenetic membership 

(AMOVA on the unweighted UniFrac distance, P=0.08, Supplementary Fig. 6). 
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Figure 5. Microbiota composition differs between immune-competent and immune-

compromised hosts  

(a) Microbiota composition at the genus level of 10 WT and 10 Rag2
-/-

 mice from day 3 of the 

evolution experiment (streptomycin-treated and colonized with E. coli). Genera with a relative 

abundance larger than 1% are displayed. The colored segments represent the relative frequency 

of each genus. (b) Relative frequencies of genera differentially represented in WT and Rag2
-/-

 

animals: Barnesiella (Mann-Whitney U-test with the Benjamini and Hochberg correction, W=11, 

P=0.021), Bacteroides (Mann-Whitney U-test with the Benjamini and Hochberg correction, W=18, 

P=0.049), Paenibacillus (Mann-Whitney U-test with the Benjamini and Hochberg correction, 

W=14.5, P=0.029), unclassified Clostridiales (Mann-Whitney U-test with the Benjamini and 

Hochberg correction, W=6, P=0.0065) and Allobaculum (Mann-Whitney U-test with the Benjamini 

and Hochberg correction, W=13, P=0.025). *P < 0.05, **P < 0.01. Alpha diversity estimates of 

microbiota community richness (c), diversity (d) and phylogenetic diversity (e) in WT and Rag2
-/-

 

animals. Both OTU-based diversity and phylogenetic diversity are increased in Rag2
-/-

 animals 

compared with WT (Mann-Whitney U-test, W=20, P=0.03 and W=17, P=0.01, respectively). NS 

(not significant) P > 0.05, *P < 0.05. Principal coordinates analysis (PCoA) of the Bray-Curtis (f) 

and weighted UniFrac (g) distance matrices of fecal microbiota of WT and Rag2
-/-

 mice. The first 

two coordinates are shown. Ellipses centered on the averages of the metric distances with a 90% 

confidence interval for the first two coordinates were drawn on the associated PCoA.  
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These results indicate that the microbiota ecosystem experienced by E. coli in 

our experimental setting differs between WT and Rag2-/- hosts and between Rag2-

/- individuals, a feature strikingly reminiscent of the gat mutant fitness.  

 

Genetic targets of adaptation in WT and Rag2-/- mice 

We and others have previously shown that over a 3-week period of evolution, 

more than one genetic target can be involved in the genetics of E. coli adaptation 

to the mouse gut (Barroso-Batista et al., 2014; Leatham et al., 2005; Leatham-

Jensen et al., 2012). We therefore thought to determine whether the haplotypic 

structure of adaptation in Rag2-/- mice would be similar to that of WT animals 

(Barroso-Batista et al., 2014). We sampled clones (~20) from independent E. coli 

populations recovered from each Rag2-/- mouse after 24 days of evolution. Clones 

were typed for the presence of mutations previously found to be under selection in 

the gut of WT mice (Barroso-Batista et al., 2014), namely: IS insertions in the 

intergenic regions of focA/ycaO (formate transporter), dcuB/dcuR (fumarate 

transporter) and SNPs in srlR (regulator of the sorbitol metabolism).  

 

In Rag2-/- animals (Fig. 6), IS insertions near focA/ycaO as well as SNPs in 

the srlR gene were common (found in 10 and 9 out of 15 mice, respectively). 

These mutations were segregating at different frequencies within each host: 10 to 

 
Figure 6. Host genetics influences the genetic basis of E. coli adaptation in the gut.  

Frequencies of haplotypes in E. coli populations evolved in the gut of Rag2
-/-

 mice for 24 days. 

Clones (n~20) isolated from the last day of evolution of lineages R1.1 to R1.15 (Fig. 1b) were 

screened for the presence of mutations previously identified in WT animals: gat phenotype 

(green), insertions in the regulatory region of focA (red) and dcuB (blue) and SNPs in the coding 

region of srlR (orange). Clones in which none of these mutations were found are shown in grey. 

Clonal interference is detected by the competition between clones carrying different beneficial 

mutations (stripes of different colors represent double mutants and clones carrying three 

mutations are shown as a checkered pattern). 
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90% for focA/ycaO and 10 to 100% for srlR mutations. Strikingly insertions near 

dcuB/dcuR were not found in the E. coli that had evolved in immune-deficient 

animals (Fig. 6), although this target was repeatedly identified in clones sampled 

from WT mice (Barroso-Batista et al., 2014).  

The clear occurrence of clonal interference - where clones carrying distinct 

haplotypes competing for fixation within a population - among E. coli evolving in 

both Rag2-/- (Fig. 6) and WT mice (Barroso-Batista et al., 2014) together with the 

similar rate of spontaneous transposition estimated in these hosts (Fig. 2b), 

suggests that mutation is non-limiting in the gut of both animals. In turn, this 

property argues for insertions near dcuB to be beneficial in WT, but neutral or 

even slightly deleterious in Rag2-/-. To test this hypothesis and identify other 

targets of adaptation we performed whole genome sequencing (WGS) of large 

population samples (> 1000 clones) that had evolved in each animal. This 

approach allows the identification of mutations segregating at high frequency, and 

thus likely to be beneficial, but not those present at low frequency. As expected, 

WGS (Table 1; Supplementary Table 6 and 7) revealed the gat operon, the srlR 

locus and the intergenic region of focA/ycaO as the main targets of adaptation in 

both hosts. Remarkably, dcuB was hit in 7/14 WT and in none of the 15 Rag2-/- 

population tested (binomial test, P=10-3), confirming the beneficial effects of 

insertions near this gene in immune-sufficient and not in immune-deficient mice.  

The WGS approach also revealed new bona fide targets for E. coli adaptation 

to the mouse gut (Table 1). These are targets that occurred in at least two E. coli 

populations evolving in mice living in allopatry. We detected IS insertions, 

deletions and nonsense mutations in the coding region of kdgR, a transcriptional 

repressor (Murray and Conway, 2005) regulating the metabolism of sugar acids 

(Peekhaus and Conway, 1998), and insertions of IS elements in the intergenic 

region of yjjP and yjjQ, that code, respectively for an predicted inner membrane 

protein and a putative transcription factor (Stratmann et al., 2008). We also found 

an additional target specific to WT mice: yeaR, encoding a protein induced in the 

presence of nitric compounds (Lin et al., 2007).  
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Table 1. Targets of adaptation differ in E. coli evolving in WT and Rag2
-/-

 animals 

Gene Function 
Frequency of mice 

WT Rag2
-/-

 

gat operon Metabolism of galactitol 100% (±7%) 100% (±7%) 

srlR Metabolism of Sorbitol 50% (±13%) 60% (±13%) 

focA/ycaO 
Anaerobic respiration  

(formate transporter) 
29% (±12%) 40% (±13%) 

yjjP/yjjQ Inner membrane protein 57% (±13%) 13% (±9%) *** 

kdgR Metabolism of sugar acids 14% (±9%) 13% (±9%) 

dcuB/dcuR 
Anaeobic respiration  

(fumarate, succinate transporter) 
50% (±13%) 0% *** 

yeaR Metabolism of nitric compounds 14% (±9%) 0% 

arcB Regulation of respiration 0% 13% (±9%) 

frlR Metabolism of fructosamines 0% 13% (±9%) 

rimJ Modification of ribosomal proteins 0% 13% (±9%) 

Frequency (±2 s.e.m) of WT (n=14) or Rag2
-/-

 (n=15) populations in which parallel mutations at a 

given locus were found segregating at high frequency (>10%). These loci, identified through WGS 

of population samples, were observed in at least two populations and thus correspond to bona fide 

targets of beneficial mutations. Mutations whose emergence differs significantly between the two 

host genetic backgrounds are highlighted in bold, with the level of significance displayed (binomial 

test ***P<0.001). 

Interestingly, we identified parallel mutational targets detected only in 

immune-compromised mice (arcB, frlR and rimJ). arcB encodes a transmembrane 

sensor kinase and together with arcA regulates the expression of the Arc modulon 

in response to changes in oxygen levels (Georgellis et al., 2001). frlR codes for a 

predicted regulator of the fructoselysine operon (Wiame et al., 2002) that is 

responsible for the metabolism of fructosamines. rimJ encodes an alanine 

acetyltransferase involved in modification of ribosomal proteins (Yoshikawa et al., 

1987).  

 

 

Discussion  

We investigated the process of E. coli evolution in the gut of immune-

compromised mice and compared it with the evolutionary patterns observed for 

the same ancestral strain in WT mice. We observed a difference in the initial 
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divergence of the neutral marker in immune-compromised compared with immune-

competent animals, compatible with a slower rate of evolution in the former. This 

finding is further supported by a delayed emergence of the adaptive gat 

phenotype, whose dynamics displayed a slower pace and increased variability in 

its fitness effects amongst these hosts.  In a system of intense clonal interference, 

as is the case here, the power of the two-marker system in detecting adaptive 

mutations becomes rapidly reduced. Consequently, the lack of differences in 

marker dynamics between hosts over longer periods is not interpretable.   

Our findings of a higher growth rate of E. coli in Rag2-/- animals compared with 

WT is compatible with a weakened control of bacterial growth in immune-

compromised hosts, suggesting a more benign environment for E. coli. The same 

explanation may also be valid for the germ-free mice, where even lower 

duplications times, regardless of the immune state, were observed. In agreement 

with this conjecture, the selective effects of the first sweeping beneficial mutations 

were smaller in immune-compromised hosts, indicating stronger selective 

pressures in WT mice.  

The bulk of our work indicates that the adaptive immune system indirectly 

increases this selective pressure through the shaping of the microbiota, which in 

turn interacts with E. coli.  First, alteration (co-housing) or removal (GF) of the 

microbiota modulates the selective effects, clearly revealing that this is a major 

factor controlling the selective pressures in the mouse gut. Second, we could 

indeed detect differences in the relative abundance of some genera, notably 

Barnesiella spp, between the two host genotypes. Bacteria belonging to this genus 

have been shown to confer protection against vancomycin-resistant Enterococcus 

(VRE), through some undefined direct or indirect mechanism (Ubeda et al., 2013). 

Our results obtained upon antibiotic treatment in Rag2-/- animals, not only show an 

increase in the mean frequency of Barnesiella but also a substantial degree of 

inter-individual variation, supporting a role for the host adaptive immune system in 

maintaining coherence in the ecology and evolution of the commensal microbes.  

The influence of the host immune system, in particular the adaptive immune 

system, on the shaping of the gut microbiota has been the focus of recent studies. 

Among these, the microbiota composition of WT and Rag1-/- or Rag2-/- mice (both 
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Rag1 and Rag2 null mutations result in total ablation of the adaptive immune 

system) has been compared using 16S analysis (Dimitriu et al., 2013; Scholz et 

al., 2014; Thoene-Reineke et al., 2014; Zhang et al., 2015). While each study 

reports differences in the representation of several microbial groups, these are not 

the same across animal facilities. For example, one work revealed an expansion of 

anaerobes, especially SFB, in the gut of Rag2-/- mice (Suzuki et al., 2004), while 

others described differences in the abundance of Bifidobacteria and Clostridium 

leptum (Thoene-Reineke et al., 2014), or in the phylogenetic community 

membership such as increased Lachnospiraceae and decreased 

Porphyromonadacea in Rag1-/- mice (Scholz et al., 2014). None of these specific 

differences were noticeable in our colonies. In addition a previous study reported 

an increased frequency of Akkermansia sp in Rag2-/- hosts when compared with 

WT controls (Zhang et al., 2015). While this genus was represented at notable 

frequency (5%) in one unmanipulated Rag2-/- animal in our study, it was 

undetectable in the streptomycin-treated mice analyzed here, irrespectively of their 

genotype. However, we detected differences in phylogenetic memberships 

(unweighted UniFrac) between unmanipulated WT and Rag2-/- animals, confirming 

that the two genotypes do carry different microbial gut compositions. Moreover, 

our observation of reduced phylogenetic diversity in unmanipulated Rag2-/- 

corroborates other works, where immune-compromised mice, including mutants 

lacking either or both T and B cells display decreased microbial diversity 

(Kawamoto et al., 2014). A similar finding was reported recently, where the 

abundance and diversity of B cell-secreted immunoglobulin-A was correlated with 

the diversity of the gut microbiota (Fransen et al., 2015). 

More directly relevant to the scope of this work, we found differences in both 

phylogeny- and OTU-based measures of alpha diversity between streptomycin-

treated WT and Rag2-/- mice. Together with our findings of distinct community 

structures (weighted UniFrac and Bray-Curtis distances) between the two 

genotypes, these results suggest that the pre-existing differences in microbial 

composition between WT and Rag2-/- are exacerbated upon antibiotic treatment. 

Overall, and in agreement with the majority of previous works, our results indicate 

that microbial composition differs between immune-competent and -compromised 
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animals, supporting the hypothesis that adaptive immunity plays an important role 

in the shaping of the microbiota.  

The genetic basis of E. coli adaptation determined by WGS of evolved 

populations revealed that most of the mutations were related with bacterial 

metabolism and respiration, indicating that the main selective pressure was 

adaptation to the metabolic environment of the intestine. As the microbiota 

provides key metabolites (Faith et al., 2014) and given our findings of different 

microbial profiles in WT and Rag2-/- mice, it is possible that the gut environment of 

these hosts differs in the availability of different metabolites. In turn, mutations 

found exclusively or mainly in one host may reflect the specific metabolic 

composition of that environment. One example, and the most extreme case, is the 

mutational target dcuB found in half of the WT populations but absent in Rag2-/- 

mice. This gene codes for a transporter of C4-dicarboxylic acids such as fumarate 

and succinate (Engel et al., 1994). In the mouse gut, succinate can be produced 

by Bacteroides (Ferreyra et al., 2014), a genus that our microbiota analysis 

revealed to be present at higher relative abundance in WT than in Rag2-/- mice. It 

is possible that differences in the availability of succinate, produced by the 

microbiota, may have driven the differential selection for mutations in genes 

related to the uptake and metabolism of this compound in the two groups. The 

same may be true to yeaR, which codes for a protein induced in the presence of 

nitric compounds (Lin et al., 2007), that can be used by E. coli to perform 

anaerobic respiration in the intestine of the host (Jones et al., 2011). Similarly, 

mutations in frlR, found in Rag2-/- mice, may be related to the levels of 

fructosamines, compounds that are present in the gut and likely metabolized by 

bacteria (Wiame et al., 2002). The mutations identified may lead to inactivation of 

frlR and consequently, to the constitutive expression of the frl operon, conferring 

an advantage for E. coli in the gut when nutrients are available at low-

concentration. Another example is kdgR, a transcriptional repressor of the Entner-

Doudoroff aldolase-coding eda gene (Murray and Conway, 2005). Eda is a key 

enzyme in the Entner-Doudoroff pathway (Peekhaus and Conway, 1998) 

responsible for the metabolism of sugar acids, and mutants of this pathway are 

known to display impaired growth in the mouse gut (Chang et al., 2004; Leatham 
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et al., 2005; Sweeney et al., 1996), which is consistent with our finding of selection 

for mutations inactivating kdgR.  

Overall, our data reveal that the path and rate of adaptation of commensal 

bacteria is influenced by the presence of a healthy adaptive immune system, 

providing experimental evidence to the first corollary of the co-evolution hypothesis 

between commensal microbiota and the host immune system. Our findings further 

suggest that the shaping of the gut microbiota composition by the adaptive 

immune system results in a coherent environment under which E. coli evolves 

along a stronger selective pressure and a more predictable path. 
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Supplementary Figures and Tables 

 

Supplementary Figure 1. Similar E. coli load in WT and Rag2
-/-

 mice during the evolution 

experiments  

a) E. coli colonization of the gut of Rag2
-/-

 mice. Bacterial loads per gram of feces (±2 s.e.m) during 

24 days of adaptation of E. coli to the mouse gut (populations R1.1 to R1.15). b) Average bacterial 

loads (±2 s.e.m) over time in WT (white circles) or Rag2
-/-

 (black circles) populations. The host 

genotype does not influence the temporal dynamics of bacterial loads over time (interaction host 

genotype and time, ANOVA χ
2

17=18.64, p = 0.35) nor the bacterial loads (host genotype, ANOVA 

χ
2

1=3.35, p = 0.07). 

 

 

 

Supplementary Figure 2. Dynamics of the gat-negative phenotype 

Emergence and expansion of beneficial mutations in the gat operon in Rag2
-/-

 (upper panels) and 

WT (lower panels) mice, which cause the increase in frequency of a gat-negative phenotype. Each 

plot displays a group of 5 Rag2
-/-

 (upper panels) or WT (lower panels) mice, corresponding to 3 

independent experimental blocks.  
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Supplementary Figure 3. Cellular content of ribosomes (cy3 intensity per cell) 

inferred by whole-cell hybridization 

E. coli MG1655 strain DM09-CFP (ancestral) was grown in M9 minimal medium 

supplemented with (from left to right): ribose 0.4%, sorbitol 0.4%, xylose 0.4%, fructose 

0.4%, maltose 0.4%, arabinose 0.4%, gluconate 0.5% and gluconate 1%. Circles represent 

the average of two hybridization measurements and four growth rates estimates (±2 

s.e.m.) 

 

 

 

Supplementary Figure 4. Higher growth rate of E. coli in GF mice  

The doubling time of E. coli colonizing the gut of WT or Rag2
-/-

 is estimated by the amount of rRNA 

(see Supplementary Fig. 3). Each symbol corresponds to an average of 2 independent 

quantifications made for each mouse (n=6) during day 1 and 3 of colonization. The growth rate is 

significantly higher in GF compared to microbiota-harboring animals (WT vs WT GF, Mann-Whitney 

U test with Benjamini and Hochberg correction, W= 144, P<10
-3

 and Rag2
-/-

 vs Rag2
-/-

 GF, Mann-

Whitney U test with Benjamini and Hochberg correction, W=120, P<10
-3

). 
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Supplementary Figure 5. Microbiota composition of naïve (unmanipulated) WT and Rag2
-/-

 

mice.  

a) Alpha diversity estimates of microbiota community phylogenetic diversity in WT and Rag2
-/-

 

animals. Phylogenetic diversity was increased in the WT mice (Mann–Whitney U test, W=23.5, 

P=0.03). *P < 0.05. b) Principal coordinates analysis (PCoA) of the unweighted UniFrac distance 

matrices of faecal microbiota of WT and Rag2
-/-

 mice. The first two coordinates are shown. Ellipses 

centered on the averages of the metric distances with a 90% confidence interval for the first two 

coordinates were drawn on the associated PCoA. c) Microbiota composition at the genus level of 5 

WT and 5 Rag2
-/-

 mice before streptomycin treatment and E. coli colonization. Genera with a relative 

abundance larger than 1% are displayed. The colored segments represent the relative abundance of 

each genus. Alpha diversity estimates of microbiota community richness (d) and OTU-based 

diversity (e). Both parameters were similar in Rag2
-/-

 and WT animals (Mann–Whitney U test, W=17, 

P=0.4 and W=21, P=0.1, respectively).  Ns (not significant,) P > 0.05. Principal coordinates analysis 

(PCoA) of the weighted UniFrac (f) or Bray Curtis (g) distance matrices of faecal microbiota of WT 

and Rag2
-/-

 mice. The first two coordinates are shown. Ellipses centered on the averages of the 

metric distances with a 90% confidence interval for the first two coordinates were drawn on the 

associated PCoA. 
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Supplementary Figure 6. Analysis of the phylogenetic membership of WT and Rag2
-/-

 mice 

from the day 3 of the evolution experiment (streptomycin-treated and colonized with E. coli).  

Principal coordinates analysis (PCoA) of the unweighted UniFrac distance matrices of faecal 

microbiota of WT and Rag2
-/-

 mice. The first two coordinates are shown. Ellipses centered on the 

averages of the metric distances with a 90% confidence interval for the first two coordinates were 

drawn on the associated PCoA.  

 

 

Supplementary Table 1. In vivo competitions between a gatZ mutant and the ancestral strain 

in WT and Rag2
-/-

 mice. 

Table displaying the change in ln(gatZ/anc), i.e., the natural logarithm of the ratio between the 

frequencies of the gatZ mutant and the ancestral strain, over 3 days (72 hours) of competition in WT 

and Rag2
-/-

 mice (see also Fig. 2c). s represents the selective advantage of gatZ along the three 

days of competition, inferred from the slope of the linear regression of ln(gatZ/anc). 

Mice 
Time (hours) 

s 
0 24 48 72 

WT 

1 -0.23 2.32 2.87 4.28 0.066 

2 -0.23 1.49 2.32 3.47 0.053 

3 -0.07 1.23 2.23 3.19 0.047 

4 -0.07 1.31 3.04 3.63 0.056 

5 -0.62 1.89 2.58 4.63 0.073 

6 -0.62 2.17 3.30 3.70 0.070 

7 -0.62 1.66 2.72 4.37 0.071 

8 -1.02 1.61 3.26 3.97 0.078 

9 -1.02 0.22 3.96 4.93 0.087 

10 -1.02 2.28 3.79 4.05 0.084 

Rag2
-/-

 

1 -0.23 0.83 2.26 3.67 0.053 

2 -0.23 1.96 2.58 2.43 0.047 

3 -0.07 1.55 3.02 2.80 0.049 

4 -0.07 -0.97 -0.90 -0.80 -0.014 

5 -0.62 1.23 2.13 2.66 0.051 

6 -0.62 -0.53 -0.76 0.08 0.006 
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7 -0.62 1.34 1.48 1.59 0.038 

8 -1.02 -0.31 0.09 0.28 0.020 

9 -1.02 -0.49 0.76 0.99 0.030 

10 -1.02 -0.26 -0.52 -0.55 0.009 

 

 

Supplementary Table 2. In vivo competitions between a gatZ mutant and the ancestral strain 

in WT and Rag2
-/-

 co-housed mice. 

Table displaying the change in ln(gatZ/anc), i.e., the natural logarithm of the ratio between the 

frequencies of the gatZ mutant and the ancestral strain, over 3 days (72 hours) of competition in WT 

and Rag2
-/-

 co-housed mice (see also Fig. 3a). s represents the selective advantage of gatZ along 

the three days of competition, inferred from the slope of the linear regression of ln(gatZ/anc). 

Mice 
Time (hours) 

s 
0 24 48 72 

WT  
co-

housed 

1 -0.05 0.50 0.81 2.06 0.026 

2 -0.05 0.79 2.04 1.06 0.025 

3 -0.60 1.29 2.87 3.73 0.065 

4 -0.60 0.87 3.37 4.26 0.071 

5 -0.60 0.77 1.97 2.82 0.050 

6 -0.60 0.69 2.31 3.73 0.060 

7 -0.60 1.20 3.82 0.86 0.045 

8 -0.65 1.02 2.37 3.17 0.057 

9 -0.54 1.75 3.16 3.65 0.066 

10 -0.45 1.24 1.78 2.75 0.047 

11 -0.52 1.57 4.40 4.14 0.077 

Rag2
-/- 

co-
housed 

1 -0.05 0.84 2.00 2.45 0.037 

2 -0.05 0.73 1.78 0.67 0.020 

3 -0.60 1.46 2.45 2.90 0.056 

4 -0.60 0.84 2.81 1.01 0.039 

5 -0.60 -0.13 1.38 2.39 0.040 

6 -0.60 1.02 2.45 2.93 0.054 

7 -0.60 0.94 2.21 3.38 0.057 

8 -0.65 1.79 3.55 4.20 0.076 

9 -0.54 2.03 2.83 3.35 0.062 

10 -0.45 1.74 3.49 1.21 0.045 

11 -0.52 2.14 2.79 3.41 0.063 
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Supplementary Table 3. In vivo competitions between a gatZ mutant and the ancestral strain 

in WT and Rag2
-/-

 germ-free mice. 

Table displaying the change in ln(gatZ/anc), i.e., the natural logarithm of the ratio between the 

frequencies of the gatZ mutant and the ancestral strain, over 3 days (72 hours) of competition in WT 

and Rag2
-/-

 germ-free mice (see also Fig. 3b). s represents the selective advantage of gatZ along the 

three days of competition, inferred from the slope of the linear regression of ln(gatZ/anc). 

Mice 
Time (hours) 

s 
0 24 48 72 

WT  
germ-
free  

1 -0.61 0.46 0.92 1.27 0.029 

2 -0.61 0.43 1.17 1.76 0.035 

3 -0.20 0.71 1.32 1.79 0.030 

4 -0.20 0.56 0.87 1.92 0.028 

5 -0.54 0.24 0.41 0.83 0.020 

6 -0.54 0.43 0.99 1.25 0.028 

7 -0.54 0.19 0.51 0.88 0.021 

Rag2
-/-

  

germ-
free   

1 -0.77 0.55 1.08 1.28 0.033 

2 -0.77 0.52 1.00 1.18 0.032 

3 -0.77 0.20 0.95 1.25 0.031 

4 -0.54 0.06 0.76 1.48 0.028 

5 -0.54 -0.11 0.56 1.19 0.023 

6 -0.54 -0.27 0.53 1.13 0.022 

7 -0.54 -0.09 0.49 0.83 0.020 

 

 

Supplementary Table 4. In vivo competitions between two gat mutants (gatZ and gatC) in WT 

and Rag2
-/-

 mice. 

Table displaying the change in ln(gatZ/gatC), i.e., the natural logarithm of the ratio between the 

frequencies of the gatZ and gatC mutants, over 3 days (72 hours) of competition in WT and Rag2
-/-

 

mice (see also Fig. 4a). s represents the selective advantage of gatZ along the three days of 

competition, inferred from the slope of the linear regression of ln(gatZ/anc). 

Mice 
Time (hours) 

s 
0 24 48 72 

WT 

1 -0.64 -0.54 -0.51 0.25 0.009 

2 -0.64 -0.87 -0.24 -0.21 0.006 

3 -0.64 0.69 0.45 0.42 0.020 

4 -0.64 -0.11 0.08 0.71 0.018 

5 -0.64 0.12 -0.32 0.14 0.011 

6 -0.70 0.30 0.20 0.41 0.018 

7 -0.70 -0.48 0.05 0.06 0.012 

8 -0.70 -0.15 0.34 0.37 0.017 

Rag2
-/-

 
1 -0.64 -0.71 -0.77 -1.50 -0.009 

2 -0.64 -0.54 -1.09 0.01 0.003 
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3 -0.64 -2.71 -4.42 -6.42 -0.080 

4 -0.64 -0.45 -1.69 -2.88 -0.026 

5 -0.64 -1.13 -1.36 -1.52 -0.014 

6 -0.70 -0.07 -0.32 -2.48 -0.012 

7 -0.70 0.08 -2.15 -3.90 -0.035 

8 -0.70 -1.37 -1.55 -3.45 -0.032 

 

 

Supplementary Table 5. In vivo competitions between two gat mutants (gatZ and gatC) in WT 

and Rag2
-/-

 co-housed mice. 

Table displaying the change in ln(gatZ/gatC), i.e., the natural logarithm of the ratio between the 

frequencies of the gatZ and gatC mutants, over 3 days (72 hours) of competition in WT and Rag2
-/-

 

co-housed mice (see also Fig. 4b). s represents the selective advantage of gatZ along the three days 

of competition, inferred from the slope of the linear regression of ln(gatZ/anc). 

Mice 
Time (hours) 

s 
0 24 48 72 

WT  
co-

housed 

1 -0.35 -0.17 1.36 0.97 0.023 

2 -0.35 -0.10 2.04 1.96 0.038 

3 -0.35 -0.37 0.18 0.90 0.018 

4 -0.35 0.11 0.84 0.71 0.016 

5 -0.35 -0.21 0.51 0.58 0.015 

6 -0.08 0.10 0.25 0.31 0.006 

7 -0.08 -0.30 0.48 0.50 0.011 

8 -0.40 0.61 0.54 0.67 0.013 

9 -0.72 0.55 0.95 0.83 0.021 

10 -0.59 0.43 0.53 0.44 0.013 

Rag2
-/-

  
co-

housed 

1 -0.35 -0.06 0.21 0.71 0.014 

2 -0.35 -0.20 0.04 -1.51 -0.008 

3 -0.35 0.06 0.57 0.32 0.013 

4 -0.35 0.50 1.00 0.70 0.020 

5 -0.08 1.49 2.69 2.95 0.048 

6 -0.08 -0.42 0.34 0.64 0.008 

7 -0.40 0.37 1.35 -0.01 0.016 

8 -0.72 0.39 0.26 -1.08 0.006 

9 -0.59 0.42 1.23 1.48 0.032 
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Supplementary Table 6. The number and nature of adaptive events across independently 

evolved populations of E. coli after 24 days of adaptation in WT mice 

Mutations found in E. coli populations after adaptation to the gut of WT mice. For intergenic 

mutations the two flanking genes are listed, otherwise the mutation occurred in the gene coding 

region. SNPs are represented by an arrow between the ancestral and the evolved nucleotide. The 

symbol Δ means a deletion event and a + symbol represents an insertion of the nucleotide that 

follows the symbol. The initials IS denote the abbreviation of insertion sequence element at the 

indicated position. del/dup indicates that either a deletion or a duplication of the indicated size 

occurred but it is not possible to distinguish between the two. * indicates that the mutation 

corresponds to a supported unassigned new junction whereas ¤ denotes a IS insertion where only 

one new junction was identified. 

Population 
Genome 
position 

Gene Mutation Frequency 
 

1.1 

4346885 dcuB / dcuR IS5 +4 bp 77% 
 

2173581 gatZ IS1 +9 bp 77% 
 

2173490 gatZ IS1 +8 bp 36% 
 

3527427 hslR del/dupl 56 bp 6% * 

4035239 ileT / ileT/alaT del/dupl 11 bp 5% * 

1269768 ldrC / chaA G→T 7% 
 

3873556 yidX T→G 8% 
 

4601137 yjjP / yjjQ IS5 5% ¤ 

3214187 yqjH del/dupl 82 bp 6% * 

1.2 

921810 cspD C→T 6% 
 

4346885 dcuB / dcuR IS5 +4 bp 48% 
 

2172866 gatA IS5 +4 bp 5% 
 

2175295 gatY / fbaB IS1 +9 bp 60% 
 

2173751 gatZ IS1 +9 bp 30% 
 

2173522 gatZ IS1 +9 bp 7% 
 

968583 lpxK/ycaQ / ycaQ del/dupl 42 bp 6% * 

3996061 uvrD del/dupl 39 bp 5% * 

2180108 yegW IS3 24% ¤ 

4601256 yjjP / yjjQ IS5 +4 bp 28% 
 

1.3 

4346885 dcuB / dcuR IS5 +4 bp 28% 
 

2172866 gatA IS5 +4 bp 7% 
 

2175234 gatY / fbaB IS1 +9 bp 13% 
 

2175282 gatY / fbaB IS5 +4 bp 5% 
 

2173544 gatZ IS1 27% 
 

 2173511 gatZ IS1 6% ¤ 

2173225 gatZ IS1 +9 bp 7% 
 

1847931 sppA C→T 8% 
 

2711851 srmB del/dupl 79 bp 7% * 

4601140 yjjP / yjjQ IS5 +12 bp 25% 
 

4601120 yjjP / yjjQ IS2 +5 bp 10% 
 

1.4 
4346885 dcuB / dcuR IS5 +4 bp 12% 

 
2172869 gatA IS5 10% ¤ 
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2175284 gatY / fbaB IS1 +9 bp 24% 
 

2175250 gatY / fbaB IS1 +9 bp 22% 
 

2175266 gatY / fbaB IS1 8% ¤ 

2173522 gatZ IS1 +9 bp 16% 
 

2174014 gatZ IS1 +9 bp 7% 
 

2827379 srlR IS1 7% ¤ 

285098 yagG del/dupl 22 bp 5% * 

2143874 yegE / yehD/yehE del/dupl 46 kb 5% * 

3214187 yqjH del/dupl 82 bp 5% * 

1.5 

 446451 cyoE del/dupl 39 bp 6% * 

4346885 dcuB / dcuR IS5 +4 bp 31% 
 

2172866 gatA IS5 +4 bp 44% 
 

2174422 gatY IS1 +9 bp 45% 
 

695730 glnV Δ112 bp 6% 
 

1907559 kdgR G→A 8% 
 

2827493 srlR G→C 39% 
 

4601137 yjjP / yjjQ IS5 5% ¤ 

1.6 

4346885 dcuB / dcuR IS5 +4 bp 60% 
 

3379861 degQ del/dupl 30 bp 6% * 

2566222 eutH / eutG Δ100 bp 6% 
 

2172784 gatA IS1 +9 bp 14% 
 

2172866 gatA IS5 +4 bp 7% 
 

2172489 gatB IS1 +9 bp 8% 
 

2172260 gatC Δ1 bp 27% 
 

2175282 gatY/fbaB IS1 5% ¤ 

2173533 gatZ IS5 +4 bp 6% 
 

2174345 gatZ / gatY IS1 +8 bp 27% 
 

1510987 ydcT del/dupl 65 bp 5% * 

1.7 

953901 focA / ycaO IS5 +4 bp 68% 
 

3269213 garK C→T 12% 
 

2172535 gatB IS1 10% ¤ 

2172265 gatC IS1 +9 bp 7% 
 

2175290 gatY / fbaB IS1 +9 bp 66% 
 

1907949 kdgR IS5 +4 bp 8% 
 

1908116 kdgR IS5 +4 bp 6% 
 

1902230 manZ / kdgR Δ 5452 bp 72% * 

1573764 yddB IS5 7% ¤ 

1.8 

2172866 gatA IS5 +4 bp 6% 
 

2172221 gatC IS5 +4 bp 49% 
 

2172265 gatC IS1 +9 bp 15% 
 

2173970 gatZ IS1 10% ¤ 

2174027 gatZ IS1 +8 bp 7% 
 

2440543 mnmC del/dupl 103 bp 7% * 

2827492 srlR G→A 28% 
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3634862 yhiN del/dupl 14 bp 7% * 

1.9 

2880256 casB del/dupl 18 bp 6% * 

3379861 degQ del/dupl 30 bp 8% * 

2172633 gatA IS5 +4 bp 29% 
 

2172265 gatC IS1 +9 bp 9% 
 

2175296 gatY / fbaB IS1 +9 bp 11% 
 

2173104 gatZ IS1 +9 bp 25% 
 

1434252 ompN del/dupl 16 bp 5% * 

2827073 srlR A→T 24% 
 

1877853 yeaR Δ1 :: IS186 +6 bp :: Δ1 10% 
 

2763434 yfjL / yfjM Δ8 bp 8% 
 

4601117 yjjP / yjjQ IS5 +4 bp 27% 
 

4601148 yjjP / yjjQ IS5 +4 bp 16% 
 

4601266 yjjP / yjjQ IS5 +4 bp 6% 
 

4601006 yjjP / yjjQ IS2 9% ¤ 

1.10 

3379861 degQ del/dupl 30 bp 6% * 

953892 focA / ycaO IS5 +13 bp 66% 
 

2171086 gatC IS1 +8 bp 47% 
 

2172265 gatC IS1 +9 bp 15% 
 

2174223 gatZ Δ2 bp 33% 
 

4601134 yjjP / yjjQ IS5 +4 bp 5% 
 

1.11 

2172866 gatA IS5 +4 bp 83% 
 

2174150 gatZ / gatY/fbaB Δ1111 bp 14% * 

2827172 srlR C→A 16% 
 

1691840 uidB del/dupl 20 bp 5% * 

4601110 yjjP / yjjQ IS5 +4 bp 72% 
 

4601256 yjjP / yjjQ IS5 +4 bp 7% 
 

1.12 

953901 focA / ycaO IS5 +4 bp 20% 
 

2172079 gatC .→C 97% 
 

2827234 srlR G→A 36% 
 

2827117 srlR C→T 6% 
 

12154 yaaI / dnaK IS4 47% ¤ 

1.13 

4637714 arcA G→T 87% 
 

2171150 gatC IS5 +4 bp 93% 
 

3265169 tdcA / tdcR IS5 +4 bp 11% 
 

572125 ybcN IS2 +5 bp 6% 
 

1.14 

4346885 dcuB / dcuR IS5 +4 bp 70% 
 

953892 focA / ycaO IS5 +4 bp 58% 
 

2172912 gatA IS5 +4 bp 15% 
 

2175256 gatY / fbaB IS1 +9 bp 81% 
 

2827117 srlR C→T 13% 
 

1877853 yeaR IS186 +6 bp 66% 
 

4601151 yjjP / yjjQ IS5 7% ¤ 
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Supplementary Table 7. The number and nature of adaptive events across independently 

evolved populations of E. coli after 24 days of adaptation in Rag2
-/-

 mice  

Mutations found in E. coli populations after adaptation to the gut of Rag2
-/-

 mice. See Supplementary 

Table 1 legend for further details. 

Population 
Genome 
position 

Gene Mutation Frequency 
 

R1.1 

3925453 asnA inv 15 bp 6% 

 953892 focA / ycaO IS5 +4 bp 56% 

 2172791 gatA IS1 +9 bp 8% 

 2172073 gatC IS1 +9 bp 80% 

 2827355 srlR T→C 59% 

 2827528 srlR G→A 13% 

 2827712 srlR +CCCCAA 9% 

 2827388 srlR Δ1 bp 5% 

 3634862 yhiN del/dupl 14 bp 5% * 

4601143 yjjP / yjjQ IS5 5% ¤ 

R1.2 

3925441 asnA del/dupl 39 b 7% * 

2172008 gatC Δ 7508 bp 90% 

 2827081 srlR C→T 83% 

 3214187 yqjH del/dupl 82 bp 8% * 

R1.3 

3350864 arcB +AAA 37% 

 3925441 asnA del/dupl 39 b 5% * 

3502248 frlR IS5 +4 bp 29% 

 3502642 frlR Δ1 bp 7% 

 2172835 gatA IS1 +9 bp 29% 

 2175289 gatY / fbaB IS1 62% 

 2173225 gatZ IS1 +9 bp 8% 

 156651 yadN IS5 +4 bp 10% 

 4592986 yjjM IS1 +9 bp 7% 

 4601157 yjjP / yjjQ IS1 +8 bp 5% 

 2039432 zinT IS5 +4 bp 14% 

 
R1.4 

2173491 gatZ IS5 +4 bp 94% 

 2827492 srlR G→A 87% 

 

R1.5 

2172972 gatA IS1 +9 bp 84% 

 2752245 ratB del/dupl 23 bp 5% * 

2827793 srlR T→G 85% 

  3634862 yhiN del/dupl 14 bp 6% * 

R1.6 

2172774 gatA IS1 6% ¤ 

2173014 gatA IS5 5% ¤ 

2175284 gatY / fbaB IS1 +9 bp 81% 

 4035239 ileT / ileT/alaT del/dupl 21 bp 7% * 

932176 lrp G→T 8% 

 
R1.7 

3925441 asnA del/dupl 39 b 5% * 

3496103 cysG del/dupl 5 bp 5% * 
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 251816 dinB del/dupl 48 bp 5% * 

2172211 gatC IS1 Δ4 bp 22% 

 2175244 gatY / fbaB IS1 +9 bp 71% 

 2827492 srlR G→A 43% 

 2891617 ygcN / gcvP del/dupl 153 kb 63% * 

R1.8 

3925441 asnA del/dupl 39 b 5% * 

953892 focA / ycaO IS5 +4 bp 63% 

 3502032 frlD / frlR IS4 +12 bp 7% 

 2172866 gatA IS5 +4 bp 51% 

 2175266 gatY / fbaB IS1 +9 bp 16% 

 2173571 gatZ IS1 +9 bp 9% 

 1125212 rimJ IS5 +4 bp 15% 

 761046 sucB del/dupl 67 bp 7% * 

931615 trxB / lrp IS5 +4 bp 5% 

 3240783 uxaA del/dupl 26 bp 5% * 

3856228 yidJ del/dupl 23 bp 5% * 

3152375 yqhC del/dupl 13 bp 6% * 

R1.9 

4359175 cadC A→T 8% 

 2173093 gatA IS1 +8 bp 5% 

 2173093 gatZ IS1 +9 bp 38% 

 2174199 gatZ G→A 37% 

 1907809 kdgR Δ2 bp 26% 

 2827627 srlR G→A 26% 

 1221585 ymgD C→T 25% 

 

R1.10 

3379861 degQ del/dupl 30 bp 5% * 

628178 entA del/dupl 97 bp 6% * 

2172912 gatA IS5 +4 bp 45% 

 2172866 gatA IS5 +4 bp 13% 

 2175244 gatY / fbaB IS1 +9 bp 35% 

 1907971 kdgR IS1 12% ¤ 

4197319 nfi del/dupl 40 bp 5% * 

298917 paoC del/dupl 53 bp 7% * 

3878678 recF del/dupl 62 bp 7% * 

1125212 rimJ IS5 +4 bp 12% 

 2827490 srlR C→T 21% 

 2030708 yedJ del/dupl 50 bp 6% * 

R1.11 

2173028 gatA IS1 +9 bp 76% 

 2172073 gatC IS1 +9 bp 6% 

 2173584 gatZ IS1 6% ¤ 

2173160 gatZ IS1 +9 bp 6% 

 3325215 rlmE del/dupl 37 bp 5% * 

2827712 srlR G→A 50% 

 2827492 srlR G→A 13% 

 R1.12 953901 focA / ycaO IS5 (+) +4 bp 85% 
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1985465 ftnB / yecJ del/dupl 9 bp 5% * 

2172866 gatA IS5 (+) +4 bp 97% 

 2827184 srlR A→G 36% 

 

R1.13 

3350023 arcB T→C 33% 

 953919 focA / ycaO IS1 7% ¤ 

2172153 gatC IS1 +9 bp 5% 

 2173559 gatZ IS1 +9 bp 47% 

 3353621 gltB del/dupl 52 bp 5% * 

1482153 hrpA del/dupl 35 bp 6% * 

4035239 ileT / ileT/alaT del/dupl 21 bp 6% * 

2373853 menC IS186 7% ¤ 

2317269 rcsC del/dupl 17 bp 5% * 

2066430 yoeH del/dupl 5 bp 5% * 

R1.14 

953901 focA / ycaO IS5 +4 bp 87% 

 2172650 gatA IS1 +8 bp 83% 

 2171899 gatC IS1 8% ¤ 

1632600 tfaQ del/dupl 72 bp 6% * 

4368228 yjeH del/dupl 111 bp 7% * 

R1.15 

3925441 asnA del/dupl 39 b 9% * 

953901 focA / ycaO IS5 +4 bp 75% 

 2172889 gatA IS1 +8 bp 30% 

 2173012 gatA IS1 +9 bp 10% 

 2171613 gatC IS1 +9 bp 26% 

 3527427 hslR del/dupl 56 bp 8% * 

2620189 purM G→T 30% 

 4470157 pyrB del/dupl 49 bp 5% * 

4383948 yjeO Δ1 bp 5% 
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of the evolutionary parameters and the phenotypic dynamics of the gat reversion 

described in this chapter. 
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Abstract 

The relative role of drift versus selection underlying the evolution of bacteria in 

the gut microbiota remains poorly understood. We followed the emergence of 

intra-species diversity in a commensal Escherichia coli strain previously adapted 

to the mouse gut. Remarkably rampant reverse evolution, at both the genetic and 

phenotypic levels within and among populations to reacquisition of metabolic 

function, occurred. This shows that recurrent violations of Dollo’s law of 

evolutionary irreversibility can be common in the microbiota. Natural selection, in 

its different forms, dominated the evolutionary change observed. Periodic selection 

reducing diversity was rare while frequency-dependent selection actively 

maintaining polymorphism was common. Furthermore the continuous emergence 

of similar phenotypes due to distinct mutations, clonal interference, was found to 

be pervasive. Evolutionary change within the gut is therefore repeatable with 

adaptive mutations accumulating without strong constrains on genetic background 

but coerced by fluctuating selection modulating diversity.  

 

 

Introduction 

Gut microbiota composition is presently recognized as an important indicator 

of health status. Time series data has shown that the gut microbiota typically 
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comprises a diverse community of species and that  reduction in its diversity is 

frequently associated with illness (Lozupone et al., 2012). Seldom investigated, 

but potentially as important, is intra-species evolution (Ahern et al., 2014; 

Greenblum et al., 2015). In fact, studies providing an understanding on how 

intraspecific microbiota variation emerges and changes over time are lacking 

(Waldor et al., 2015). Therefore, important questions such as whether the extant 

intra-species diversity is mainly due to migration and genetic drift or the result of 

natural selection on new mutations are still unanswered. While some mutations 

segregating in natural populations may be neutral, the large size of bacterial 

communities inhabiting the mammalian gut suggests that here the polymorphism 

is mostly the result of deterministic forces (Falush, 2009). Natural selection is the 

"principle by which each slight variation, if useful, is preserved" (Darwin, 1859). If a 

variation on a trait created by mutation is always useful, positive Darwinian 

selection will drive the replacement of that trait by the new one. Additionally, if 

multiple useful variants emerge, the one coding for the best trait will end up 

winning the competition. Finally, if a variant is useful in some contexts but not in 

others, it may not fully dominate but still be preserved in the population. The 

importance of natural selection and its strength versus other evolutionary 

processes in shaping intra-species variation in the guts of hosts living in their 

natural environments is hard to dissect. However in a natural yet controlled 

system, the influence of natural selection can be tracked thanks to the genetic 

signatures it leaves in the populations where it acts. 

Mouse colonization models offer a great opportunity to understand microbiota 

evolution and emergence of diversity, test its repeatability and measure the 

strength of natural selection. Here, using a common model of gut colonization, we 

show that all classical forms of natural selection, i.e. periodic selection, balancing 

selection and clonal interference are ubiquitous in determining strain variation 

within the gut. Moreover we unravel a recurrent case of violation of Dollo’s law, 

which proposes that evolution is unidirectional and irreversible (Marshall et al., 

1994). The results demonstrate de novo acquisition of a primordial lost phenotype 

via a genetic route that can include compensatory mutation but also genetic 

reversion leaving no trace of the past.  
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Material and Methods 

Ethics statement 

All experiments involving animals were approved by the Institutional Ethics 

Committee at the Instituto Gulbenkian de Ciência (project nr. A009/2010 with 

approval date 2010/10/15), following the Portuguese legislation (PORT 1005/92), 

which complies with the European Directive 86/609/EEC of the European Council.  

 

Bacterial strains and culture conditions 

All strains used were derived from MG1655, a K12 commensal strain of E. 

coli. (Blattner et al., 1997) Strains JB19-YFP and JB18-CFP (MG1655, 

galK::YFP/CFP cmR , strR (rpsl150), ΔlacIZYA, Ins (1bp) gatC) were used for the 

evolution experiment here reported. These strains differ from the ancestral 

MG1655 fluorescent strains DM08-YFP and DM09-CFP used in a previous 

evolution experiment (MG1655, galK::YFP/CFP ampR , strR (rpsl150), 

ΔlacIZYA)(Barroso-Batista et al., 2014)) by a mutation in the gatC gene (1bp 

insertion in the coding region). To construct these strains the ampicillin resistance 

cassette in the ancestral strains DM08-YFP and DM09-CFP was replaced with a 

chloramphenicol resistant cassette using the Datsenko and Wanner method 

(Datsenko and Wanner, 2000). The yellow (yfp) and cyan (cfp) fluorescent genes 

linked to cmR were then transferred by P1 transduction to a derivative of clone 

12YFP (Barroso-Batista et al., 2014), an evolved clone of DM08-YFP, isolated 

after 24 days of adaptation in the gut of WT mice, that carried an insertion of 1bp 

in gatC.  

To measure the effect of the identified parallel mutations in gene expression 

we tested the following clones isolated from the evolution experiment here 

reported (see Supplementary Table 1): 18YFP (focA srlR), 22YFP (dcuB), 25YFP 

(yjjP/yjjQ radA insX-insA), 29CFP (arcA) and the ancestral strains DM08-YFP and 

DM09-CFP. Five biological replicates from each clone were performed for both 

aerobic and anaerobic conditions.  

To directly measure the effects of the mutations involved in the 2nd step of 

adaptation by in vivo fitness assays we used several single mutants derived from 

clones isolated from a previous evolution experiment (Barroso-Batista et al., 2014) 
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(5YFP (srlR) and 6YFP (dcuB)) or the experiment here reported (17YFP (arcA), 

24YFP (radA) and 2 clones isolated from population 2.14 screened by PCR for 

mutation at focA and yjjP locus, respectively). The oppB single mutant was 

obtained by transducing the knockout of this gene (oppB::Kan) from the KEIO 

collection (Baba et al., 2006) to the ancestral DM08-YFP background. These 

clones, initially carrying an additional mutation in one of gat operon genes (gatA or 

gatC), were made single mutants by P1 transduction from JW2074 (gatR::Kan), a 

gatR knockout mutant from the KEIO collection. gatR is already interrupted by a 

transposable element in the ancestral MG1655 strain, and therefore transduction 

with P1 from a mutant strain gatR, leads to an effective replacement of the 

neighbor genes of the gat operon to their wild type status, while maintaining a 

knockout mutation in gatR. As reference strains, we used derivatives of the 

ancestral DM08-YFP and DM09-CFP strains in which the gatR gene was replaced 

with gatR::Kan. 

To test for frequency dependent selection by competitive fitness assays we 

used the single srlR mutant previously mentioned (derived from clone 5YFP but 

with a wild type gat operon), as well as the ancestral strain DM09-CFP.  

To test if clones evolved in vivo had a different growth ability we performed in 

vitro competitions against the ancestral strains DM08-YFP and DM09-CFP of 

clones isolated from 14 independent populations from a previous evolution 

experiment (sequenced clones 1 to 14 from populations 1.1 to 1.14, (Barroso-

Batista et al., 2014)) and this evolution experiment (sequenced clones 16 to 30, 

from populations 2.1 to 2.15, Supplementary Table 1). 

To distinguish between gat-negative and gat-positive bacteria we used the 

differential medium Mac Conkey agar supplemented with 1% galactitol and 

streptomycin (100µg/ml). Plates were incubated at 30ºC. The frequency of 

galactitol mutants was estimated by counting the number of white (auxotrophic for 

galactitol) and red colonies. 

To perform the fluctuation test for the gat-negative phenotype we used the 

selective M9 Minimal Medium (MM) agar, supplemented with D-arabitol (10mM) 

and glycerol (0.4%) or Luria Broth (LB) agar supplemented with furazolidone (1.25 

µg/ml).  
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For the in vitro competition assays we used MM supplemented with 3mM of 

MgSO4 and either sorbitol, ribose, mannose, gluconate or glucuronate at a 

concentration of 0.02%. Additionally a mixture with the different carbon sources 

(composed of 0.1% from each of the five carbon sources) was also tested. 

 

Evolution experiment  

In order to study E. coli adaptation to the gut we used the classical 

streptomycin-treated mouse colonization model (T. Conway et al., 2004). Briefly, 

6- to 8-week-old C57BL/6 male mice raised in specific pathogen free (SPF) 

conditions were given autoclaved drinking water containing streptomycin (5g/L) for 

one day. After 4 hours of starvation for water and food the animals were gavaged 

with 100µl of a suspension of 108 colony forming units (CFUs) of a mixture of 

MG1655-YFP-gatC and MG1655-YFP-gatC bacteria (ratio 1:1) grown at 37°C in 

brain heart infusion medium to optical density (OD)600 of 2. After the gavage, all 

the animals were housed separately and both the water with streptomycin and the 

food were returned to them. Mice fecal samples were collected for 24 days and 

diluted in PBS, from which a sample was stored in 15% glycerol at -80ºC and the 

remaining was plated in LB agar supplemented with streptomycin. Plates were 

incubated overnight at 37ºC and then with the help of a fluorescent stereoscope 

(SteREO Lumar, Carl Ziess) the fluorescent colonies were counted to assess the 

frequencies of CFP- and YFP-labelled bacteria. These fluorescent proteins are 

used as neutral markers with which we can follow the appearance of beneficial 

mutations, since these markers hitchhike with the beneficial mutations that spread 

in the populations (Hegreness et al., 2006).  

 

In vivo competitive fitness assays  

To test the in vivo advantage of clones sampled from the evolving populations 

at the last time point of the evolution experiment (Fig. 1B) samples of either YFP 

or CFP clones isolated from day 24 (sub-populations) were competed against the 

respective ancestor labelled with the opposite fluorescent marker. These sub-

populations were composed of mixtures of approximately 30 colonies with the 

same fluorescent marker isolated after plating the appropriate dilution of mice fecal 
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pellets. These mixtures of clones were then grown in 10 ml of LB supplemented 

with chloramphenicol (100 µg/ml) and streptomycin (100 µg/ml) and stored in 15% 

glycerol at -80ºC. In vivo competitions of evolved sub-populations against the 

ancestral were performed at a ratio of 1 to 1, following the same procedure 

described above for the evolution experiment. Mice fecal pellets were collected for 

3 days, diluted in PBS and frozen in 15% glycerol at -80ºC. Total numbers and 

relative proportions of YFP- and CFP-labeled E. coli were subsequently 

determined by flow cytometry, using a BD LSRFortessa cytometer. 

The selective coefficient (fitness gain) of these clones in vivo (presented in 

Figure 1) was estimated as: 

t
Ri

Rf
s

ancev

ancev
b /ln

/

/









  

where sb is the selective advantage of the evolved clone, Rfev/anc and Riev/anc 

are the ratios of evolved to ancestral bacteria in the end (f) or in the beginning (i) 

of the competition and t is the number of generation per day. We assumed t=18, in 

accordance with the 80 minute generation time estimated in previous studies on 

E.coli colonization of streptomycin-treated mouse (Barroso-Batista et al., 2015; 

Poulsen et al., 1995; Rang et al., 1999). 

To assess the selective advantage in vivo of the mutations involved in the 2nd 

step of adaptation (Fig. 2) single mutants harboring mutations in the arcA, dcuB, 

focA, oppB, yjjP and srlR loci (see “Bacterial strains and culture conditions” above) 

were competed against the ancestral in streptomycin-treated mice, following the 

protocol previously described. Mice fecal samples were collected for 24 days, 

diluted in PBS and plated in Mac Conkey agar supplemented with galactitol (1%) 

and streptomycin (100µg/ml). After overnight incubation at 30ºC, the colonies were 

screened for the gat phenotype, based on their white or red color. In addition, 

CFP- and YFP-labelled bacteria were counted with a fluorescent stereoscope 

(SteREO Lumar, Carl Ziess). The selective advantage of the mutants was 

calculated as for the mixtures of clones described above.  
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Whole genome re-sequencing and mutation prediction 

Clone analysis: After 24 days of colonization one clone from each 

independently evolving populations (2.1 to 2.15) was isolated. It was grown in 10 

ml of LB at 37ºC with agitation for DNA extraction. Subsequently DNA was 

isolated following a previously described protocol (Wilson, 2001). The DNA library 

construction and sequencing was carried out by BGI. Each sample was pair-end 

sequenced on an Illumina HiSeq 2000. Standard procedures produced data sets 

of Illumina paired-end 90 bp read pairs with insert size (including read length) of 

470 bp. Genome sequencing data have been deposited in the NCBI Read Archive 

database with the accession no. SRP063701. Mutations were identified using the 

BRESEQ pipeline (Barrick et al., 2009). To detect potential duplication events we 

used ssaha2 (Ning et al., 2001) with the paired end information. This is a stringent 

analysis that maps reads only to their unique match (with less than 3 mismatches) 

on the reference genome. Sequence coverage along the genome was assessed 

with a 250 bp window and corrected for GC% composition by normalizing by the 

mean coverage of regions with the same GC%. We then looked for regions with 

high differences (>1.4) in coverage. Large deletions were identified based on the 

absence of coverage. For additional verification of mutations predicted by 

BRESEQ, we also used the software IGV (version 2.1) (Robinson et al., 2011). 

 Population analysis: DNA isolation was obtained in the same way as 

described above for the clone analysis except that now it derived from a mixture of 

>1000 clones per population grown in LB agar. Four populations, from the 

evolution experiment, were sequenced: 2.7, 2.10, 2.14 and 2.15. Those were 

sequenced for three time points during the adaptive period (generation 198 

(day11), generation 306 (day17) and generation 432 (day24)). The DNA library 

construction and sequencing was carried out by the IGC genomics facility. Each 

sample was pair-end sequenced on an Illumina MiSeq Benchtop Sequencer. 

Standard procedures produced data sets of Illumina paired-end 250 bp read pairs. 

The mean coverage per sample was between ~90x and ~150x for population 2.7, 

between ~100x and ~120x for population 2.10, between ~111x and ~93x for 

population 2.14 and between ~70x and ~115x for population 2.15. Mutations were 

identified using the BRESEQ pipeline (version 0.26) with the polymorphism option 
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on. The default settings were used except for: a) requirement of a minimum 

coverage of 3 reads on each strand per polymorphism; b) eliminating 

polymorphism predictions occurring in homopolymers of length greater than 3; c) 

polymorphism predictions with significant (P=0.05) strand or base quality score 

bias were discarded. 

 

Identification of adaptive mutations and estimate of haplotype frequencies in 

selected populations of the evolution experiment  

In order to estimate the haplotype frequencies depicted in Fig. 2, 3 and 4, two 

complementary strategies were employed. In addition to the WGS of the 

populations, targeted PCR of the identified parallel mutations was performed. For 

the targeted PCR, 20 to 80 clones from different time points were isolated (from 

populations 2.7, 2.10, 2.14 and 2.15). The isolation procedure consisted in diluting 

the frozen fecal samples in PBS and plating the appropriate dilution in LB agar 

plates supplemented with streptomycin (100 µg/ml), and incubating overnight at 

37˚C. The frequencies of CFP or YFP bacteria were measured by counting the 

CFUs in a stereoscope (SteREO Lumar, Carl Zeiss). 

Mutations were screened by PCR followed by electrophoresis in 1% agarose 

gel, at 50V for 1h30min. IS insertions were scored by increases (around 700-

1500bp) in the size of the PCR fragment. Single nucleotide polymorphisms (SNPs) 

in srlR were identified by sequencing this locus using an ABI 3130XL and ABI 377 

Automatic Sequencer. The PCR reactions were performed in the same conditions 

as previously described (Barroso-Batista et al., 2014). 

 

Analysis of gene expression changes caused by IS insertions  

To determine the effects of the IS insertions identified during the 2nd steps of 

adaptation we measured the expression of focA, dcuB, arcA, yjjY and yjjP by 

qPCR in two environments with different levels of oxygen. 

Aerobic Conditions: The clones were initially grown for 24h at 37ºC with 

aeration in MM with glycerol (0.02%). The cultures were diluted 10-fold and 100 µl 

of the dilution were inoculated in in 10ml MM supplemented with a mixture of the 

following carbon sources: sorbitol, ribose, mannose, gluconate and glucoronate, at 
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individual concentration of 0.01%. The cultures were grown at 37ºC, with aeration, 

until an OD600 of 0.5. Five milliliters of the bacterial culture were then harvested by 

centrifugation at 4ºC for 5 minutes at the maximum speed. The resulting pellet was 

ressuspended in lysozyme solution (5 mg lysozyme /ml DEPC treated water, 

Sigma protocol) and incubated at 37ºC for 30 minutes, promoting disruption of the 

bacterial cell wall and allowing for RNA extraction (see below). 

Anaerobic conditions: The protocol used was the same as in the aerobic 

conditions with the following alterations: the second overnight growth was 

performed at 37ºC in an anaerobic chamber with the atmosphere of 5% H2, 15% 

CO2, 80% N2 (Plas Labs, Lansing, MI, USA), and at approximately OD600 of 0.2 the 

cultures were placed in dry ice to prevent their growth and the cells were 

harvested by centrifugation from 10 ml of bacterial culture. 

RNA extraction, DNAse treatment, RT-PCR and qPCR: The RNA extraction 

was performed with the Qiagen RNeasy Mini Kit. RNA concentration and quality 

were evaluated with Nanodrop 2000. DNase treatment was performed with the 

RQ1 DNase (Promega), 0.5µl of DNase and 1µl buffer were added to 1µg of RNA 

and incubated for 30 minutes at 37ºC. After this, 1 µl stop solution was added and 

then incubated for 15 minutes at 65ºC to inactivate the DNase. The resulting RNA 

was used for the reverse transcription which consisted in mixing with 1 µg of RNA, 

with 0.5 µl random primers and DEPC-water (final volume of 15 µl) and then 

incubated at 70ºC for 5min. Afterwards the M-MLV Reverse Transcriptase 

Protocol (Promega) were performed, to the first mix was added 5 µl of RT buffer, 

0.5 µl RT enzyme and 2 µl dNTP mix, and then incubated 10 min at 25ºC, 50min 

at 50ºC and 10 min at 70ºC. 

We used a relative quantification method of analysis with normalization 

against a reference gene. qPCR was executed in BioRad CFX 384 with itaq 

universal sybr green supermix (BioRad). cDNA was diluted 100-fold before used in 

the qPCR. The qPCR reaction conditions were as follows: one cycle of 2 min at 

50ºC and then 39 cycles of 10 min at 95ºC, 30 sec at 95ºC, 1 min at 57ºC and 

finally 30 s at 72ºC. Primers used are listed in Supplementary Table 7. Melting 

curve analysis was performed to verify product homogeneity. All reactions 
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included three replicates for each sample. Data were normalized by the Pfaffl 

method (Pfaffl, 2001) using the hfq housekeeping gene of E. coli as a reference.  

 

Fluctuation test for the gat-negative phenotype  

To test for the possibility of a higher mutation rate at the galactitol operon, we 

determined the frequency of spontaneous gat-negative phenotype mutants when 

plated on D-arabitol. D-arabitol is known to be toxic for bacteria that are able to 

metabolize galactitol (gat-positive phenotype) (Reiner, 1977) and so the growth of 

gat-positive bacteria is much slower, allowing to differentiate between gat-positive 

and gat-negative clones. The ancestral strains DM08-YFP and DM09-CFP were 

grown overnight in 10 ml of LB at 37ºC with aeration. After growth, the total 

number of cells in the cultures was measured using BD LSR Fortessa (BD 

Biosciences) and approximately 1000 cells were used to inoculate 1 ml of LB (10 

replicates of each strain) and incubated overnight. Aliquots of each replicate tube 

were plated in LB agar and MM agar supplemented with D-arabitol (10 mM) and 

glycerol (0.4%) and incubated overnight at 37ºC. The number of spontaneous gat-

negative mutants and total number of cells grown on LB were used to estimate the 

mutation rate using the maximum likelihood approach as implemented in FALCOR 

(Hall et al., 2009).  

Similarly, a fluctuation assay for measuring the spontaneous rate of 

emergence of furazolidone resistant mutants was used as proxy for the 

spontaneous rate of random gene inactivation. We then used this number to 

compare with the rate for gat-negative phenotype. The experiment was performed 

in the same conditions as described above except that the cultures were plated in 

LB supplemented with furazolidone (1.25 µg/ml). 

 

Test for frequency dependent selection of srlR mutation in the mouse gut  

To test the hypothesis that srlR mutations have disadvantage from high 

frequency but advantage from low frequency in vivo, a representative clone from a 

single srlR mutant (see “Bacterial strains and culture conditions” above) was 

competed against the ancestor at different initial frequencies. We followed the 

protocol described before for the evolution experiment but this time mice were 



Chapter 4 

193 
 

gavaged with mixture of srlR-YFP and anc-CFP at a ratio of 1:9 or 9:1 (3 replicates 

per condition). Mice fecal samples were collected for 7 days,  diluted in PBS, and 

plated in Mac Conkey agar supplemented with galactitol (1%) and streptomycin 

(100µg/ml). gat and fluorescent marker frequencies were assessed as previously 

described (see “In vivo competitive assays” above). 

 

In vitro tests for changes in the growth ability of evolved clones  

To test whether E. coli clones evolved in vivo had a different nutritional profile 

when growing in vitro, we performed competitions between each of the sequenced 

clones (obtained both from (Barroso-Batista et al., 2014) and from the present 

work) and the ancestor of the first colonization of the opposite fluorescence. 

Competitions were performed in triplicate, in MM supplemented with different 

carbon sources and in two different oxygen conditions. All competitions were 

conducted in 96-well plates incubated at 37ºC (Thermoshaker PHMP-4, Grant) 

under (aerobiosis) or in an anaerobic chamber (anaerobiosis). The competitor and 

reference strains were initially acclimated to the growth media for two overnights in 

MM supplemented with glycerol (0.02%) and then 105-106 cells of both strains 

inoculated in MM containing 0.02% of either sorbitol, ribose, mannose, gluconate 

or glucuronate or a mixture of all five carbon sources at individual concentrations 

of 0.01%. The strains were allowed to compete for 24 hours and the initial and 

final ratios of both strains were determined by flow cytometry, using a BD 

LSRFortessa (BD Biosciences) cytometer. The relative fitness of the evolved 

clones (Supplementary Table 2) was estimated as previously described (see “In 

vivo competitive assays” above). 

Competitions in anaerobic conditions were performed for each of the evolved 

clones following the protocol above described but with some alterations. After an 

initial overnight aerobic growth in MM with glycerol (0.02%), the cultures were 

diluted 10-fold, inoculated in MM with glycerol and acclimated overnight by 

incubation in an anaerobic chamber (5% H2, 15% CO2, 80% N2) (Plas Labs, 

Lansing, MI, USA), at 37ºC. After acclimatization, the competitor and reference 

strain were inoculated in MM supplemented with individual or a mixture of carbon 

sources and allowed to compete for 48 hours. To determine the initial and final 
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ratios of the competing strains, serial dilutions of the mixtures were plated in LB 

supplemented with streptomycin (100µg/ml) and the resulting CFUs counted in a 

stereoscope (SteREO Lumar, Carl Zeiss). 

 

Statistical analysis  

To determine significant differences in gene expression between mutant and 

ancestral strain, the unpaired t test was used, with a significance defined as P 

value of <0.05. 

Differences in the selective advantage of clones competed in vitro against the 

ancestral were evaluated with paired one-tailed distribution t test, with a 

significance defined as P value of <0.05. 

 

 

Results and Discussion 

Dynamics of adaptation of E. coli through changes in the frequency of a 

neutral marker 

By following the evolution of a commensal E. coli strain in the mouse gut we 

have previously observed the emergence and spread of adaptive mutations within 

only 3 days of colonization (Barroso-Batista et al., 2014). The 1st step of 

adaptation consisted in the selective inactivation of the operon that allows E. coli 

to metabolize galactitol (Barroso-Batista et al., 2014). Distinct alleles conferring 

this phenotype and bearing a similar selective effect (7.5% benefit, per generation) 

recurrently emerged in all populations. Thus the distribution of fitness effects of 

mutations that constitute the 1st step of adaptation to the gut is a simple Dirac-

Delta distribution. Using this experimental system, where neutral fluorescence 

markers can unravel the spread of adaptive mutations, we now study the nature of 

the 2nd step of adaptation. We followed the evolution of a clonal population that 

carries the first beneficial phenotype (inability to metabolize galactitol). In this 

population the phenotype is conferred by a single base pair insertion in the coding 

region of the gatC gene (which codes for a subunit of the galactitol transporter), 

thus preventing galactitol uptake. This clonal population was also made dimorphic 

for a neutral marker to allow determination of the emergence of further adaptive 
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changes (Hegreness et al., 2006). The dynamics of neutral marker frequency 

resulting from the 2nd step of adaptation are shown in Fig. 1a.  

 

These dynamics can be summarized in two effective evolutionary parameters 

(Barrick et al., 2010; Barroso-Batista et al., 2014; Hegreness et al., 2006), the 

mutation rate, Ue and the fitness effects of adaptive mutations, Se. These 

quantitatively describe a simple adaptive process where new beneficial mutations 

emerge and spread in the populations (Hegreness et al., 2006). The estimates of 

the evolutionary parameters (Ue= 7.1 x 10-7, Se= 0.09) for the 2nd step of 

adaptation are remarkably similar to those previously obtained for the first adaptive 

 

 

 

Fig. 1. The 2
nd

 steps of E. 

coli adaptation to the gut.  

High rate of adaptation 

characterizes the evolution 

of E. coli colonizing the mouse 

gut, as shown by (a) rapid 

changes in frequency of 

neutral fluorescent markers 

and (b) in vivo competitive 

assays of evolved clones 

against the ancestor. (c) The 

genetic basis of the 2
nd

 step of 

adaptation involved 7 

mutational targets, as 

identified from whole genome 

sequencing of 29 evolved 

clones: 14 independently 

evolved from an ancestral 

strain (1
st
 colonization) and 15 

independently evolved from an 

adapted clone carrying a 

single beneficial mutation (2
nd

 

colonization).  
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mutations (Ue= 7 x 10-7, se= 0.075) (Barroso-Batista et al., 2014). This indicates 

that the subsequent steps of adaptation involve mutations occurring at similar rate 

and with similar selective strength. Direct in vivo competitions between populations 

of evolved clones and their ancestor further corroborate that the fitness benefit of 

the accumulated mutations is large, ranging from 4 to 14% fitness increase (Fig. 

1b). 

To query if a single or multiple genetic targets underlie the 2nd step of 

adaptation and to determine how repeatable evolution is, we performed whole 

genome sequencing (WGS) of 15 independently evolved clones (from day 24 of 

the colonization, see Fig. 1c and Supplementary Table 1). Seven new targets of 

mutation are recurrently detected, revealing their adaptive nature (Long et al., 

2015). Taking the frequency of independent parallel emergence as a proxy for the 

probability of a mutational target being the second adaptive event, we find that the 

most frequent is srlR, a locus that codes for the repressor of the sorbitol operon 

(probability 24%). This is followed by dcuB and focA (probability 21% and 14%), 

which code for membrane transporters of C4-dicarboxylates (e.g. fumarate) and 

formate, respectively (Engel et al., 1994; Suppmann and Sawers, 1994), and then 

arcA (probability 14%), a dual transcriptional regulator mainly involved in 

governing the respiratory flexibility of E. coli (Jones et al., 2007, 2011). Another 

frequent mutation (detected in 14% of the clones) involved a large duplication 

(ranging from 34Kb to 157Kb). Two additional targets were observed less 

frequently: yjjP (in 10% of the clones) which codes for a membrane protein of 

unknown function (Stratmann et al., 2008) and oppB (in 7% of the clones) which 

codes for a component of the oligopeptide ABC transporter (Andrews et al., 1986). 

These targets indicate that E. coli is adapting by tuning the expression of a global 

respiratory regulator and changing its carbohydrate metabolism and transport. 

Consistent with this metabolic adaptation the competitive fitness of several gut 

adapted clones is increased when they are grown in vitro in media containing 

carbon sources known to be present in the intestine (Supplementary Table 2) in 

the presence or absence of oxygen. Half (53%) of the mutations comprising the 

second-step of adaptation were caused by IS insertions (Supplementary Table 1). 

Among these insertions, 78% are located in regulatory regions, suggesting that 
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mutations altering gene regulation are an important driver in the adaptation of 

these populations (Wittkopp and Kalay, 2012). The effects of IS insertions 

targeting the regulatory regions of focA, dcuB, arcA, yjjY and yjjP were determined 

by measuring gene expression of representative mutants evolved during the gut 

colonization. While IS insertions associated with the first adaptive step caused 

gene inactivation the transposition events comprising the 2nd step of adaptation 

modulate gene expression. This modulation was mostly positive but conditional on 

the amount of oxygen experienced during bacterial growth (Supplementary Fig. 1), 

suggesting that IS insertions contribute to adapt to environmental fluctuations 

likely to occur in the gut environment (Leone et al., 2015). 

 

The order of adaptive steps reflects both their effects and mutation rate 

heterogeneity 

The order of the mutational steps along an adaptive walk is influenced by the 

mutation rate, the fitness effects of mutations and/or possible epistatic interactions 

(Rokyta et al., 2005; de Visser and Krug, 2014). We investigated if these 

processes played a role in E. coli’s adaptation to the mouse gut. Using a 

fluctuation assay, we found evidence that the gat operon is a mutational hotspot 

with its functional inactivation occurring at a spontaneous rate of 10-5 (95% CI, 

[4x10-4, 6.7x10-6]) (Supplementary Fig. 2) per genome per generation. This rate is 

two orders of magnitude higher than that of a random locus. This finding supports 

mutation rate differences as an important contributor for the gat-negative 

phenotype being the first adaptive event. However it does not exclude a role for 

direct or epistatic selection. Therefore we estimated the fitness effects of the 2nd 

step mutations in the wildtype (gat-positive) background, through competitive 

fitness assays against the ancestor (gat-positive) (Fig. 2).  

We found substantial variation for the selective effects of these mutations, 

when compared with the values estimate for the first adaptive mutations (all with a 

similar selective effect (Barroso-Batista et al., 2014)). Most mutations showed a 

competitive advantage: 0.05, 0.06, 0.02, 0.02 and 0.1 for focA, yjjP, dcuB and 

oppB and arcA, respectively, though the selection coefficients (with one exception) 

were weaker than that for the gat-negative mutations. Remarkably the mutation 
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inactivating the srlR locus, which renders the bacteria constitutively expressing the 

sorbitol operon (Supplementary Fig. 1), steadily decreases in frequency (ssrlR=-

0.03) during the first days of competition (Fig. 2) but it is able to be maintained at 

low frequency in the populations. This maintenance is suggestive of this locus 

being a target for balancing selection. To directly test for this form of selection 

occurring in the gut we performed competitive fitness assays at different starting 

frequencies. Indeed srlR mutants show a strong disadvantage when competing 

with the ancestral at high frequency but are able to be maintained at lower 

frequencies (Fig. 3a and b).  

 

Taken together, these results show that substantial variation in selection 

coefficients underlies the steps following the first adaptive event. In all 

 

 
Fig. 2. The mutations occurring during the 2

nd
 step of adaptation show strong beneficial 

effects in the wild type background (gat-positive).  

Variable selection coefficients (considering the time interval in days marked by the dashed line), 

measured by competition of single mutants against the ancestral (n=2), are detected for the 

mutations in: (a) arcA, (b) dcuB, (c) focA, (d) oppB, (e) yjjP and (f) srlR). gat-negative mutations 

occur in both genetic backgrounds, indicating the absence of historical contingency along the 

adaptive walk. 
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competitions performed we observed the appearance of the gat-negative 

phenotype on both ancestral and mutant backgrounds, including the srlR 

competitions where balancing selection and clonal interference could be 

simultaneously detected. This strongly suggests that little contingency and high 

repeatability accompanies the evolutionary path taken by E. coli during 

colonization. 

 

 

Evidence for periodic selection and clonal interference driving intra-

species variation 

To monitor adaptation at the genome wide scale through time we analyzed 

levels of polymorphism in the evolving populations. Both WGS and typing of 

selected mutations were used to unravel the pervasiveness of clonal interference 

(Fig. 3c and d and Supplementary Table 3). Distinct alleles at each locus are 

segregating in these sampled populations: two alleles for focA, yjjP, srlR, three for 

dcuB and four for arcA, further supporting the adaptive nature of the identified 

targets and showing that the evolutionary process is not limited by mutation. An 

example of periodic selection, where a rapid and strong mutation (radA dup) 

sweeps close to fixation, is also revealed (Fig. 3d). The selective coefficient 

 
Fig. 3. Natural selection in three different forms explains E. coli variation in the mouse gut.  

Evidence for balancing selection, expressed as negative-frequency dependent selection, 

maintaining variation at the srlR locus: srlR alleles show (a) disadvantage when at high frequency 

but (b) are maintained at low frequency. Evidence for positive Darwinian selection in the gut: (c) 

clonal interference, where clones carrying different adaptive mutations at the same and in 

different loci compete for fixation in the gut; (d) periodic selection resulting in the rapid 

replacement of a clone, i.e. a hard selective sweep in which the haplotype radA-dup reaches 

close to 100% frequency in the population. Time is depicted in generations (top axis) or days 

(bottom axis). 
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estimated for this haplotype, while it is sweeping but before other mutations can be 

detected at high frequency, is srad dup = 14% (Supplementary Fig. 3). This estimate 

is similar to the competitive advantage of the population where it emerged (see 

Fig. 1b, population 2.10). A large selective benefit associated with the arcA 

mutation is also estimated sarcA = 9% (Fig. 3c and Supplementary Fig. 3), which is 

very similar to that measured in direct competition between this mutant and the 

ancestor of the first colonization (Fig. 2a). This suggests lack of epistasis between 

arcA adaptive mutations and the gat operon.  

Together with our findings on frequency-dependent selection maintaining the 

srlR polymorphism (Fig. 3a and b), our evidence for period selection and clonal 

interference in evolving populations (Fig. 3c and d) show that these three forms of 

selection underlie the second steps of adaptation of E. coli to the mouse gut. 

 

Re-acquisition of the gat–positive phenotype  

The genetic basis of the 2nd steps of adaptation (Fig. 1c) revealed that a 

second mutation in gatC, able to reconstruct the opening frame of this previously 

pseudogenized gene, had occurred. This suggests that the unlikely re-gain of 

function could have re-evolved. Surprisingly this clone was able to metabolize 

galactitol. This indicates that fluctuating selection for and against this function 

characterizes the evolutionary process in the gut. If so, this phenotypic reversion 

should be both pervasive and fluctuate in frequency along the colonization time. 

Indeed the analysis of polymorphism of two populations revealed the recurrent 

emergence of the gat-positive phenotype (Fig. 4a and b).  

At day 11 in population 2.14 (Fig. 4a) the gat-positive phenotype was 

observed in both fluorescent backgrounds but only one new gat allele could be 

detected by whole population sequencing (involving a 1bp deletion, as indicated in 

Supplementary Table 3). This demonstrates that not only population sequencing 

underestimates the amount of polymorphism but also that the gat-positive 

phenotype is able to rapidly invade a gat-negative population. The back-mutation 

observed in population 2.15 (Fig. 4b) further corroborates this conclusion 

demonstrating that the ancestral gene can invade a population where loss of 
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function at this locus had previously evolved. This genetic signature is compatible 

with strong fluctuating selection occurring in the gut of streptomycin-treated mice.  

 

To enquire about the pervasiveness of reverse evolution and determine the 

strength of natural selection at restoring the ancestral phenotype, we tested all the 

remaining populations for the spread of a gat-positive phenotype. Consistent with 

a strong selective pressure to revert, 80% of the populations presented some level 

of re-evolution of the ancestral phenotype (Fig. 4c). From these, some showed 

evidence for fluctuating selection where the frequency of gat-positive bacteria can 

be as high as 75% at the intermediate time of the colonization process but then 

decreases at later time points (Fig. 4c, e.g. population 2.4 and 2.14). In other 

populations the increase in frequency is more modest but still strong fluctuations in 

the frequency of the phenotype are seen. Since the experiment started with a 

 
Fig. 4. Regain of a previously lost phenotype (gat-negative phenotype) with recurrent 

violation of Dollo's law both at genetic and phenotypic levels.  

(a) and (b) Example of emergence of polymorphism in two evolving populations where regain of 

function is observed - gat-rev. (c) Reacquisition of the ancestral metabolic ability is pervasive 

across independently evolving populations and suggests that fluctuating selection is driving 

adaptation. (d) The genetic basis of the gat-reversion phenotype (gat-rev) involves both 

compensatory and back-mutation. 
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clonal population fixed for a non-functional gatC gene, the process of reverse 

evolution occurred through de novo mutation and not from standing genetic 

variation. Indeed, genetic analysis of clones displaying the gat-positive phenotype 

showed that re-acquisition of this phenotype could occur due to different genetic 

mutations, including both compensatory or back-mutations (Fig. 4d). 

This data points to a fitness landscape possibly characterized by fluctuating 

selection where opposite phenotypes can either alternate or coexist, which is 

coherent with the observed polymorphism for presence/absence of this operon in 

wild strains of E. coli (Woodward and Charles, 1983).   

Overall we present quantitative estimates of the fitness effects of mutations 

within a natural ecosystem where both ecological and evolutionary processes 

occur and defy Dollo’s law of evolutionary irreversibility. The data obtained 

establish that strong effect beneficial mutations exhibiting all classical forms of 

natural selection shape the genetic diversity of a commensal species of the mouse 

microbiota. They suggest that, even in mammalian hosts with identical genetic 

backgrounds and diets, reproducible adaptations emerge albeit with a significant 

level of host individuality. 

 

 

Acknowledgements 

The research leading to these results was funded by the European Research 

Council under the European Community’ Seventh Framework Programme 

(FP7/2007-2013)/ERC grant agreement no 260421–ECOADAPT. Genome 

sequencing data have been deposited in the NCBI Read Archive, accession no. 

SRP063701. 

 

 

References 

Ahern, P.P., Faith, J.J., and Gordon, J.I. (2014). Mining the human gut microbiota 

for effector strains that shape the immune system. Immunity 40, 815–823. 



Chapter 4 

203 
 

Andrews, J.C., Blevins, T.C., and Short, S.A. (1986). Regulation of peptide 

transport in Escherichia coli: induction of the trp-linked operon encoding the 

oligopeptide permease. J. Bacteriol. 165, 428–433. 

Baba, T., Ara, T., Hasegawa, M., Takai, Y., Okumura, Y., Baba, M., Datsenko, 

K.A., Tomita, M., Wanner, B.L., and Mori, H. (2006). Construction of Escherichia 

coli K-12 in-frame, single-gene knockout mutants: the Keio collection. Mol. Syst. 

Biol. 2, 2006.0008. 

Barrick, J.E., Yu, D.S., Yoon, S.H., Jeong, H., Oh, T.K., Schneider, D., Lenski, 

R.E., and Kim, J.F. (2009). Genome evolution and adaptation in a long-term 

experiment with Escherichia coli. Nature 461, 1243–1247. 

Barrick, J.E., Kauth, M.R., Strelioff, C.C., and Lenski, R.E. (2010). Escherichia coli 

rpoB mutants have increased evolvability in proportion to their fitness defects. Mol. 

Biol. Evol. 27, 1338–1347. 

Barroso-Batista, J., Sousa, A., Lourenço, M., Bergman, M.-L., Sobral, D., 

Demengeot, J., Xavier, K.B., and Gordo, I. (2014). The First Steps of Adaptation of 

Escherichia coli to the Gut Are Dominated by Soft Sweeps. PLoS Genet. 10, 

e1004182. 

Barroso-Batista, J., Demengeot, J., and Gordo, I. (2015). Adaptive immunity 

increases the pace and predictability of evolutionary change in commensal gut 

bacteria. Nat. Commun. 6, 8945. 

Blattner, F.R., Plunkett, G., Bloch, C.A., Perna, N.T., Burland, V., Riley, M., 

Collado-Vides, J., Glasner, J.D., Rode, C.K., Mayhew, G.F., et al. (1997). The 

complete genome sequence of Escherichia coli K-12. Science 277, 1453–1462. 

Darwin, C. (1859). On the Origin of Species by Means of Natural Selection, Or, 

The Preservation of Favoured Races in the Struggle for Life (J. Murray). 



Chapter 4 

204 
 

Datsenko, K.A., and Wanner, B.L. (2000). One-step inactivation of chromosomal 

genes in Escherichia coli K-12 using PCR products. Proc Natl Acad Sci USA 97, 

6640–6645. 

Engel, P., Krämer, R., and Unden, G. (1994). Transport of C4-dicarboxylates by 

anaerobically grown Escherichia coli. Energetics and mechanism of exchange, 

uptake and efflux. Eur. J. Biochem. 222, 605–614. 

Falush, D. (2009). Toward the Use of Genomics to Study Microevolutionary 

Change in Bacteria. PLOS Genet 5, e1000627. 

Greenblum, S., Carr, R., and Borenstein, E. (2015). Extensive strain-level copy-

number variation across human gut microbiome species. Cell 160, 583–594. 

Hall, B.M., Ma, C.-X., Liang, P., and Singh, K.K. (2009). Fluctuation analysis 

CalculatOR: a web tool for the determination of mutation rate using Luria-Delbruck 

fluctuation analysis. Bioinforma. Oxf. Engl. 25, 1564–1565. 

Hegreness, M., Shoresh, N., Hartl, D., and Kishony, R. (2006). An equivalence 

principle for the incorporation of favorable mutations in asexual populations. 

Science 311, 1615–1617. 

Jones, S.A., Chowdhury, F.Z., Fabich, A.J., Anderson, A., Schreiner, D.M., House, 

A.L., Autieri, S.M., Leatham, M.P., Lins, J.J., Jorgensen, M., et al. (2007). 

Respiration of Escherichia coli in the mouse intestine. Infect Immun 75, 4891–

4899. 

Jones, S.A., Gibson, T., Maltby, R.C., Chowdhury, F.Z., Stewart, V., Cohen, P.S., 

and Conway, T. (2011). Anaerobic respiration of Escherichia coli in the mouse 

intestine. Infect. Immun. 79, 4218–4226. 

Leone, V., Gibbons, S.M., Martinez, K., Hutchison, A.L., Huang, E.Y., Cham, C.M., 

Pierre, J.F., Heneghan, A.F., Nadimpalli, A., Hubert, N., et al. (2015). Effects of 

diurnal variation of gut microbes and high-fat feeding on host circadian clock 

function and metabolism. Cell Host Microbe 17, 681–689. 



Chapter 4 

205 
 

Long, A., Liti, G., Luptak, A., and Tenaillon, O. (2015). Elucidating the molecular 

architecture of adaptation via evolve and resequence experiments. Nat. Rev. 

Genet. 16, 567–582. 

Lozupone, C.A., Stombaugh, J.I., Gordon, J.I., Jansson, J.K., and Knight, R. 

(2012). Diversity, stability and resilience of the human gut microbiota. Nature 489, 

220–230. 

Marshall, C.R., Raff, E.C., and Raff, R.A. (1994). Dollo’s law and the death and 

resurrection of genes. Proc. Natl. Acad. Sci. U. S. A. 91, 12283–12287. 

Ning, Z., Cox, A.J., and Mullikin, J.C. (2001). SSAHA: a fast search method for 

large DNA databases. Genome Res. 11, 1725–1729. 

Pfaffl, M.W. (2001). A new mathematical model for relative quantification in real-

time RT–PCR. Nucleic Acids Res. 29, e45–e45. 

Poulsen, L.K., Licht, T.R., Rang, C., Krogfelt, K.A., and Molin, S. (1995). 

Physiological state of Escherichia coli BJ4 growing in the large intestines of 

streptomycin-treated mice. J Bacteriol 177, 5840–5845. 

Rang, C.U., Licht, T.R., Midtvedt, T., Conway, P.L., Chao, L., Krogfelt, K.A., 

Cohen, P.S., and Molin, S. (1999). Estimation of growth rates of Escherichia coli 

BJ4 in streptomycin-treated and previously germfree mice by in situ rRNA 

hybridization. Clin. Diagn. Lab. Immunol. 6, 434–436. 

Reiner, A.M. (1977). Xylitol and D-arabitol toxicities due to derepressed fructose, 

galactitol, and sorbitol phosphotransferases of Escherichia coli. J. Bacteriol. 132, 

166–173. 

Robinson, J.T., Thorvaldsdóttir, H., Winckler, W., Guttman, M., Lander, E.S., Getz, 

G., and Mesirov, J.P. (2011). Integrative genomics viewer. Nat. Biotechnol. 29, 

24–26. 



Chapter 4 

206 
 

Rokyta, D.R., Joyce, P., Caudle, S.B., and Wichman, H.A. (2005). An empirical 

test of the mutational landscape model of adaptation using a single-stranded DNA 

virus. Nat. Genet. 37, 441–444. 

Stratmann, T., Madhusudan, S., and Schnetz, K. (2008). Regulation of the yjjQ-

bglJ Operon, Encoding LuxR-Type Transcription Factors, and the Divergent yjjP 

Gene by H-NS and LeuO. J. Bacteriol. 190, 926–935. 

Suppmann, B., and Sawers, G. (1994). Isolation and characterization of 

hypophosphite-resistant mutants of Escherichia coli: identification of the FocA 

protein, encoded by the pfl operon, as a putative formate transporter. Mol. 

Microbiol. 11, 965–982. 

T. Conway, K. A. Krogfelt, and P. S. Cohen (2004). The Life of Commensal 

Escherichia coli in the Mammalian Intestine. In EcoSal - Escherichia Coli and 

Salmonella: Cellular and Molecular Biology, R. Curtiss III, ed. (Washington, DC: 

ASM Press), p. 

de Visser, J.A.G.M., and Krug, J. (2014). Empirical fitness landscapes and the 

predictability of evolution. Nat. Rev. Genet. 15, 480–490. 

Waldor, M.K., Tyson, G., Borenstein, E., Ochman, H., Moeller, A., Finlay, B.B., 

Kong, H.H., Gordon, J.I., Nelson, K.E., Dabbagh, K., et al. (2015). Where Next for 

Microbiome Research? PLOS Biol 13, e1002050. 

Wilson, K. (2001). Preparation of genomic DNA from bacteria. Curr. Protoc. Mol. 

Biol. Ed. Frederick M Ausubel Al Chapter 2, Unit 2.4. 

Wittkopp, P.J., and Kalay, G. (2012). Cis-regulatory elements: molecular 

mechanisms and evolutionary processes underlying divergence. Nat. Rev. Genet. 

13, 59–69. 

Woodward, M.J., and Charles, H.P. (1983). Polymorphism in Escherichia coli: rtl 

atl and gat regions behave as chromosomal alternatives. J. Gen. Microbiol. 129, 

75–84. 



Chapter 4 

207 
 

Supplementary Figures and Tables 

 

Supplementary Fig. 1 - Transposable elements modulate gene expression.  

The graph represents the 𝑙𝑜𝑔2 relative expression rate of each gene in relation to the ancestral 

clone, obtained by RT-qPCR. The expression rate is above 0 for clones where the IS insertion 

caused an increase in gene expression (in relation to the ancestor); if this value is below 0 than the 

IS insertion decreased gene expression (in comparison to the ancestor). Error bars represent 2 times 

the standard error. Asterisks indicate significant differences at the level P < 0.05. Effects of IS 

insertions on gene expression were conditional on oxygen availability. 

 

 

 

Supplementary Fig. 2 - The gat locus is a mutational hotspot.  

The mean frequency of spontaneous gat-negative mutants is 6.9 x 10
-4

, which is ~500 times higher 

than the frequency of spontaneous resistant to furazolidone (1.3 x 10
-6

). After correcting for the 

difference in the mutational target size of both phenotypes (resistance to furazolidone is conferred by 

the inactivation of the nfsA gene, which is ~7 times smaller than the gat-operon) we still observed 

that the frequency of gat-negative phenotype is ~76 times higher than the frequency for furazolidone 

resistance. The estimated mutations rates (U) (per genome, per generation) and their respective 

confidence intervals, for each phenotype, are shown on the top.  
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Supplementary Fig. 3 - Selective coefficients (s) of three 2
nd

 step mutations measured directly 

in the evolving populations.  

These estimates correspond to a timeframe where no further mutations were detected (or were at 

very low frequency), that is before clonal interference affected the estimates (D-E).  (A-C) correspond 

to populations 2.7, 2.10 and 2.14. All three mutations were detected in the YFP background.   
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Supplementary Table 1 - Identity of the mutations detected in the sequenced clones.  

Mutations were identified by comparison with the ancestor. The ancestor differs from the reference 

MG1655 strain (NCBI Reference Sequence: NC_000913.2) in the positions reported in (Barroso-

Batista et al., 2014) for the 0YFP clone plus 1pb insertion (+C) in the coordinate 2172079 (gatC, 

coding (222/1356 nt)).  Mutations in intergenic regions, as for example yjjY/yjtD, list the two flanking 

genes. Numbers in the annotation row represent nucleotides relative to each of the neighboring 

genes, where + indicates the distance downstream of the stop codon of a gene and - indicates the 

distance upstream of the gene, that is relative to the start codon. Genes inside brackets means that 

the mutation is localized within the gene. Single nucleotide substitutions (SNP) are represented by 

an arrow between the ancestral and the evolved nucleotide. Whenever a SNP gives rise to a non-

synonymous mutation the amino acid replacement is also indicated. One asterisk means that the 

corresponding SNP originated a STOP codon. The symbol Δ means a deletion event and a + symbol 

represents an insertion of the nucleotide that follows the symbol. IS denotes the abbreviation of 

insertion sequence element at the indicated position.  

 

 

Clone
Genome 

Position
Gene Mutation Annotation

16YFP 4500113 [nhaA-IS4] 2x157093 bp large duplication

17YFP 4638771 yjjY/yjtD IS5 Ins intergenic (+206/ -191)

18YFP 953901 focA/ycaO IS5 Ins intergenic ( -212/+191)

2827229 srlR G→A G54D (GGC→GAC)

19CFP 317172 ykgB IS2 Ins coding (368- 372/594 nt)

2556721 intZ–[eutA] Δ6790 bp

2172079 gatC +TC coding (222/1356 nt)

20CFP 4347121 dcuB/dcuR A→T intergenic (- 354/+217)

21YFP 4601066 yjjP/yjjQ IS2 Ins intergenic (- 185/ -430)

4638684 yjjY/yjtD +TTAT intergenic (+119/ -281)

22YFP 4347105 dcuB/dcuR IS2 Ins intergenic ( -338/+229)

23CFP 3174801 cpdA G→A Q19* (CAA→TAA)

4638719 yjjY/yjtD C → A intergenic (+154/ -246)

24YFP 4625061 radA IS1 Ins coding (1127- 1135/1383 nt)

2827492 srlR G → A G142S (GGC→AGC)

4625061 [IS1-radA] 2x 34425 bp large duplication

25YFP 279155 insX–insA Δ11,471 bp between IS1

4600992 yjjP/yjjQ IS1 Ins intergenic (- 111/- 500)

4625061 radA IS1 Ins coding (1127- 1135/1383 nt)

4625061 [IS1-radA] 2x 34425 bp large duplication

26YFP 1859452 ydjL/yeaC G → T intergenic (- 96/+274)

4346885 dcuB/dcuR IS5 Ins intergenic (- 118/+450)

27CFP 1301748 oppB IS5 Ins coding (826-829/921 nt)

2827045 gutM/srlR A → T intergenic (+43/- 24)

28YFP 1301338 oppB IS186 Ins coding (416-421/921 nt)

2827745 srlR +T coding (677/774 nt)

3805903 waaQ IS1 Ins coding (211-219/1035 nt)

29CFP 4638628 yjjY/yjtD IS2 Ins intergenic (+63/- 333)

30YFP 9531240 focA/ycaO IS1Ins intergenic (- 174/+224)

4031240 trkH G → A G275R GGG→AGG
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Supplementary Table 2 - Phenotypic characterization of gut adapted clones.  

In vitro competitive fitness assays of evolved clones against the ancestral shows increased fitness 

when growing under presence or absence of oxygen in several carbon sources present in the mouse 

intestine. Numbers represent the selective coefficient (s) of each clone in relation to the reference 

strain (see Material and Methods for details on how we performed the competitions and estimated s). 

Yellow, green and red shading means that s is: not significantly different, higher or lower than the 

ancestral clone, respectively. The column “Genotype” depicts the genes affected by mutation in each 

clone. Clones are ordered by genotype similarity.   

 

  

  

Anaerobiosis

Clone Genotype Mix 0.5% Mix 0.5% Sorbitol Gluconate Mannose Glucoronate Ribose

5YFP gatZ 0.18 -0.02 0.13 -0.04 0.11 -0.07 0.13

13YFP Duplication -0.01 0.03 0.00 0.01 0.02 0.01 -0.05

16YFP Duplication 0.07 0.05 0.04 0.12 -0.06 0.14 0.56

24YFP radA 0.05 0.00 0.09 -0.04 -0.26 -0.13 -0.17

25YFP del11kb yjjP radA 0.07 0.02 0.06 0.05 -0.06 0.01 0.52

4YFP yjjP yffN 0.12 0.02 0.00 -0.04 0.02 0.02 0.36

21YFP yjjP arcA 0.24 0.03 0.02 -0.07 -0.08 -0.11 0.08

29YFP arcA -0.02 0.04 0.07 -0.06 -0.07 0.07 0.02

14CFP arcA 0.10 0.05 0.01 0.17 0.17 0.14 -0.11

17YFP arcA 0.20 -0.01 -0.08 0.08 0.12 0.01 -0.07

23CFP cpdA arcA -0.19 0.01 -0.01 0.06 0.16 0.07 0.25

3YFP dcuB 0.06 0.04 0.03 -0.09 0.01 0.00 0.29

7YFP dcuB 0.06 0.01 -0.03 -0.03 -0.01 0.04 0.25

2CFP dcuB -0.02 0.02 0.09 0.14 0.18 0.17 0.20

20CFP dcuB -0.05 0.01 0.05 0.19 0.11 0.25 0.52

22YFP dcuB 0.15 0.02 0.07 -0.08 -0.08 -0.08 0.14

26YFP ydjL/yeaC dcuB 0.11 0.03 0.04 0.06 -0.11 0.02 0.60

6YFP srlR 0.06 0.03 0.11 -0.09 -0.18 -0.07 0.22

10YFP srlR 0.07 0.04 0.10 -0.08 -0.08 -0.04 0.16

12CFP srlR 0.09 0.05 0.17 0.14 0.02 0.18 0.08

15CFP dmsC srlR 0.19 0.06 0.17 0.15 -0.03 0.18 0.08

27CFP oppB srlR -0.07 0.02 0.06 0.07 0.11 0.10 -0.16

28YFP oppB srlR rfaQ -0.02 0.02 0.12 0.11 -0.21 0.14 0.16

18YFP focA/ycaO + srlR 0.51 0.02 0.22 0.00 -0.29 0.08 0.01

30YFP focA trkH 0.03 0.00 0.25 0.26 -0.04 0.24 0.64

11CFP del5kb focA -0.02 0.05 0.13 0.15 0.18 0.20 0.15

8YFP ydaV del5kb focA 0.06 0.04 -0.04 -0.01 -0.77 0.10 0.16

9YFP garK 0.08 0.05 0.00 0.00 0.03 0.06 0.02

19CFP ykgB del7kb -0.01 0.05 0.09 0.19 0.12 0.21 0.45

Aerobiosis
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Supplementary Table 3 - Genetic and phenotypic polymorphism in four evolved populations. 

Polymorphism detected by a phenotypic assay is highlighted in bold. Mutations were detected by 

whole genome sequencing of samples of each population at different time points (underlined) or by 

target sequencing (shown in black). In addition, the frequency of the gat-rev phenotype in each of the 

fluorescence backgrounds was estimated by plating in selective media (shown in bold). The full data 

is graphically represented in Fig. 3c and d and 4a and b.  

            

Pop. 
Genome 
position 

Gene Mut. Annotation 
Frequency of mutation along time (days) 

7 8 9 10 11 17 24 

2.7 

2858252 pphB +G 
coding  

(471/657 nt) 
        0.04 0 0 

4346885 
dcuB/ 
dcuR 

IS5 
Ins 

intergenic  
(-123/+453) 

        0 0.1 0.09 

4347105 
dcuB/ 
dcuR 

IS2 
Ins 

intergenic  
(-338/+233) 

        0 0.06 0.22 

4347126 
dcuB/ 
dcuR 

IS2 
Ins 

intergenic  
(-359/+212) 

        0 0 0.08 

4638684 yjjY/ yjtD 
+TTA
T 

intergenic  
(+119/-281) 

        0.07 0 0 

4638673 yjjY/ yjtD 
IS5 
Ins 

intergenic  
(+108/-292) 

        0 0.06 0.07 

4638771 yjjY/ yjtD 
IS5 
Ins 

intergenic  
(+206/-194) 

0.03 0.12 0.14 0.2 0.26 0.49 0.48 

4638805 yjjY/ yjtD 
IS1 
Ins 

intergenic  
(+240/-160) 

        0.07 0.11 0 

 
 
 

           

Pop. 
Genome 
position 

Gene Mut. Annotation 

Frequency of mutation along time 
(days)  

1 2 3 4 5 6 
 

2.10 

770545 
mngB/ 
cydA 

IS5 
ins 

intergenic  
(+711/-136) 

            
 

953890 
focA/ 
ycaO 

IS1 
ins 

intergenic  
(-201/+205) 

            
 

953892 
focA/ 
ycaO 

IS5 
ins 

intergenic  
(-203/+203) 

            
 

1314238 
yciG/ 
trpA 

IS5 
ins 

intergenic  
(-17919/+202) 

            
 

2827162 srlR A→G 
T32A 

(ACA→GCA) 
            

 

2827271 srlR +T               
 

4600992 yjjP/ yjjQ 
IS1 
ins 

intergenic  
(-111/-508) 

            
 

4601134 yjjP/ yjjQ 
IS5 
ins 

intergenic  
(-256/-363) 

            
 

4625061 radA 
IS1 
ins 

coding  
(1127/1383 nt) 

0 0 0.02 0.39 0.73 0.59 
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8 11 17 24 

   

2.10 

770545 
mngB/ 
cydA 

IS5 
ins 

intergenic  
(+711/-136) 

  0 0 0.09 
   

953890 
focA/ 
ycaO 

IS1 
ins 

intergenic  
(-201/+205) 

  0.04 0.08 0 
   

953892 
focA/ 
ycaO 

IS5 
ins 

intergenic  
(-203/+203) 

  0 0.05 0 
   

1314238 
yciG/ 
trpA 

IS5 
ins 

intergenic  
(-17919/+202) 

  0.13 0 0 
   

2827162 srlR A→G 
T32A 

(ACA→GCA) 
  0 0 0.06 

   

2827271 srlR +T     0 0 0.02 
   

4600992 yjjP/ yjjQ 
IS1 
ins 

intergenic  
(-111/-508) 

  0 0 0.34 
   

4601134 yjjP/ yjjQ 
IS5 
ins 

intergenic  
(-256/-363) 

  0 0.13 0.7 
   

4625061 radA 
IS1 
ins 

coding  
(1127/1383 nt) 

0.7
7 

0.97 0.98 0.95 
   

            
 
 
 

   
 
        

Pop. 
Genome 
position 

Gene Mut. Annotation 

Frequency of mutation along time 
(days)  

2 4 6 8 10 11 
 

2.14 

953892 
focA/ 
ycaO 

IS5 
Ins 

intergenic  
(-203/+203) 

          0 
 

1740247 cfa Δ1 bp 
coding  

(811/1149 nt) 
          0 

 

  
gat-rev 
phen. 

    0 0 0 0.3 0.12   
 

  
gat-rev 
phen. 

    0 0 0 0 0.01   
 

2172089 gatC Δ1 bp 
coding  

(212/1356 nt) 
          0.05 

 

3718679 hok/ insJ C→T 
intergenic  
(-56/-24) 

          0 
 

4601151 yjjP/ yjjQ 
IS5 
Ins 

intergenic  
(-270/-349) 

          0 
 

  yjjP/ yjjQ IS Ins             0 
 

  yjjP/ yjjQ IS Ins             0 
 

4638771 yjjP/ yjjQ 
IS5 
Ins 

intergenic  
(+206/-194) 

          0 
 

            

     
12 13 14 17 24 

  

2.14 

953892 
focA/ 
ycaO 

IS5 
Ins 

intergenic  
(-203/+203) 

      0 0.17 
  

1740247 cfa Δ1 bp 
coding  

(811/1149 nt) 
      0 0.06 

  

  
gat-rev 
phen. 

    
0.2
8 

  0.27 0.45 0.13 
  

  
gat-rev 
phen. 

    
0.0
2 

  0 0.05 0 
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2172089 gatC Δ1 bp 
coding  

(212/1356 nt) 
      0.13 0.02 

  

3718679 hok/ insJ C→T 
intergenic  
(-56/-24) 

      0 0.07 
  

4601151 yjjP/ yjjQ 
IS5 
Ins 

intergenic  
(-270/-349) 

0 0.02 0.1 0.05 0 
  

  yjjP/ yjjQ IS Ins         0.02 0 
  

  yjjP/ yjjQ IS Ins         0 0.06 
  

4638771 yjjP/ yjjQ 
IS5 
Ins 

intergenic  
(+206/-194) 

      0 0.06 
  

 
 
 

           
Pop. 

Genome 
position 

Gene Mut. Annotation 

Frequency of mutation along time 
(days)  

6 7 8 9 10 11 
 

2.15 

953863 
focA/ 
ycaO 

IS1  
Ins 

intergenic  
(-174/+224) 

  0 0.04 0.2   0.61 
 

1268674 
ldrA/ 
ldrB 

G→T 
intergenic  

(-176/+252) 
          0.05 

 

1296579 adhE Δ3 bp 
coding  
(764-

766/2676 nt) 
          0 

 

1324623 yciQ 
Δ36 
bp 

coding  
(1854-

1889/1896 nt) 
          0 

 

1299449 oppA 
IS5  
Ins 

coding  
(-222-

247/1632 nt) 
          0 

 

  
gat-rev 
phen. 

    0   0   0   
 

  
gat-rev 
phen. 

    
0.0
4 

  0.24   0.2   
 

2172078 gatC Δ1 bp 
coding  

(223/1356 nt) 
          0.18 

 

3506347 php Δ1 bp 
coding  

(266/879 nt) 
          0 

 

3925453 asnA 
Inv 
15bp 

coding  
(276-

291/993 nt) 
          0.05 

 

4031240 trkH G→A 
G25R 

(GGG→AGG) 
          0.6 

 

4638637 yjjY/ yjtD 
IS5  
Ins 

intergenic  
(+72/-325) 

  0.01 0.01 0.04   0.11 
 

            

     
12 14 17 19 21 24 

 

2.15 

953863 
focA/ 
ycaO 

IS1  
Ins 

intergenic  
(-174/+224) 

    0.84     0.77 
 

1268674 
ldrA/ 
ldrB 

G→T 
intergenic  

(-176/+252) 
    0     0 

 

1296579 adhE Δ3 bp 
coding  
(764-

766/2676 nt) 
    0     0.5 
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1324623 yciQ 
Δ36 
bp 

coding  
(1854-

1889/1896 nt) 
    0     0.16 

 

1299449 oppA 
IS5  
Ins 

coding  
(-222-

247/1632 nt) 
    0     0.21 

 

  
gat-rev 
phen. 

    0 0 0 0 0 0 
 

  
gat-rev 
phen. 

    0.1 0.14 0.06 0.14 0.12 0.16 
 

2172078 gatC Δ1 bp 
coding  

(223/1356 nt) 
    0.03     0.18 

 

3506347 php Δ1 bp 
coding  

(266/879 nt) 
    0.04     0 

 

3925453 asnA 
Inv 
15bp 

coding  
(276-

291/993 nt) 
    0     0 

 

4031240 trkH G→A 
G25R 

(GGG→AGG) 
    0.84     0.73 

 

4638637 yjjY/ yjtD 
IS5  
Ins 

intergenic  
(+72/-325) 

    0.13     0.19 
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As a transversal subject to all fields of biology, the adaptation of organisms to 

the environment remains one of the most interesting and important subjects whose 

mechanisms are not yet completely understood. Despite the multiplicity of in vitro 

studies that contributed considerably to elucidate the details of the adaptive 

process in those conditions, much less is known regarding the evolution of 

populations inhabiting natural environments. In particular, the way diversity is 

generated and maintained, or how the different environmental factors impact the 

adaptation of organisms, are points which relevance in natural habitats have been 

poorly addressed. With the rapid and recent advances in genetic tools, sequencing 

analysis and model organisms, it is now possible to conduct experiments that 

attempt to answer these questions in controlled yet close to natural conditions. 

The present work focuses on the adaptation of a commensal species to one of 

the most complex and relevant natural environments, the mammalian gut. As a 

within-host environment, the gut represents a complex habitat influenced by 

multiple factors, but the dynamics of commensal microbial adaptation to this 

environment are still poorly known. In Chapter 2 we followed the adaptation of E. 

coli to the gut of streptomycin-treated mice and characterized the evolutionary 

process in this habitat. Similarly to what has been observed in many in vitro 

studies, clonal interference between beneficial mutations was shown to play a 

major role in adaptation of E. coli to the mouse gut. The abundance of presumably 

adaptive mutations identified by WGS suggests that in this environment, mutation 

is a non-limiting process, contributing to the maintenance of polymorphisms in the 

evolving populations. In addition to clonal interference, other forms of selection, 

further elucidated in Chapter 4, were shown to coexist in a natural habitat. These 

include the classic selective sweeps and frequency-dependent interactions 

between different genotypes. Another observation common to in vitro studies 

(Hindré et al., 2012) was the high level of parallelism at the genetic level detected 

in independently-evolving lineages of E. coli, a remarkable observation in such a 

complex environment.  

Generally, the majority of mutations identified by WGS were common to the 

several evolution experiments (the two bouts of adaptation in healthy mice and the 

evolution in immune-compromised animals) and targeted mainly genes related 
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with metabolism and respiration. These observations emphasize the hypothesis 

that nutrition in the intestine is one of the major selective pressures that E. coli 

adapts to when colonizing the streptomycin-treated mouse gut. Our findings thus 

generally agree with others (Leatham et al., 2005; Leatham-Jensen et al., 2012; 

Lescat et al., 2016) that described the selection of mutations conferring the ability 

to grow better in different carbon sources present in the gut. Conversely, no 

overlap for the genetic targets of adaptation at the gene level was observed 

between our studies and others. These probably reflect the specific conditions of 

each experiment, which include the genetic background of the bacterial strain 

used, the mouse diet or the microbiota composition. Nevertheless, we did find 

mutations in genes that others studies showed to be important for the colonization 

of the mouse gut by E. coli (e.g., kdgR, metabolism of gluconate (Chang et al., 

2004; Leatham et al., 2005)). Interestingly, many mutations were found in 

intergenic regions or in genes involved in the regulation of gene expression (such 

as repressors) emphasizing the importance of the regulation of bacterial metabolic 

processes. This phenomenon was particularly evident in mutations characterizing 

the second steps of adaptation to the gut (Chapter 4), where most led to an 

increase in gene expression in an oxygen-dependent manner. 

Chapter 3 addresses the importance of a component of the environment to 

the evolution of a microbial species, specifically the impact of the host adaptive 

immune system on the adaptation of E. coli to the mouse gut. While the role of 

immunity in the case of bacterial infections is a subject fairly explored, the same is 

not true in commensal species that inhabit the gut. The importance of the 

interactions between immune system and microbes is in fact even more relevant 

considering the co-evolution process that is thought to occur between microbiota 

and the host immune system (Ley et al., 2008). Although an assessment of the co-

evolution hypothesis between host and microbes requires the reciprocal analysis 

of both partners, determining the impact of the host on the evolution of the 

microbe, as done here, still provides valuable information to elucidate the complex 

co-evolution process.  

Up to this day, our understanding of the interaction between the adaptive 

immune system of the host and commensal E. coli remains limited. Differentiation 
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of Tregs has been shown to occur upon gut colonization of GF mice with a human-

isolated E. coli strain (Faith et al., 2014) and production of E. coli-specific IgA has 

been detected in mice colonized with a lab strain of E. coli (Hapfelmeier et al., 

2010). However, both these findings were reported exclusively in monocolonized 

mice, where stimulation of the host immunity may be facilitated possibly due to 

increased microbial contact with the host epithelium. Thus, to my knowledge, the 

ability of the adaptive immune system to recognize and respond directly to a 

colonizing E. coli strain (either by IgA production or expansion of T cell subsets) in 

the presence of a complex microbiota, as is the case of streptomycin-treated mice, 

has not been established. We could not find evidence for a direct effect of the 

adaptive immune system on E. coli evolution in our experiments, at least during 

the time period studied (24 days). While mutations were found differentially 

represented depending on host background, none of the genetic targets identified 

has been described as related directly with immune functions of the host. 

Furthermore, the selective strength of a beneficial mutation shown to be more 

variable and on average smaller in immune-compromised animals displayed a 

similar effect in immune-compromised or immune-competent GF mice.  

We did however find a major indirect effect of adaptive immunity on E. coli 

evolution and physiology by modulation of the gut microbiota that interacts with E. 

coli. First, our results of an altered microbiota composition in immune-

compromised animals are in agreement with several other studies that attributed 

to the adaptive immune system the function of maintaining a diverse gut 

microbiota (Kawamoto et al., 2014). Second, in streptomycin-treated animals 

colonized with E. coli, our analysis revealed differences in the relative abundances 

of presumably metabolically relevant genera between immune-compromised and 

immune-competent hosts. Considering that these bacterial groups (Bacteroides, 

for example) likely interact with E. coli, a change in the abundance of these 

species is expected to impact the metabolic environment of the gut that E. coli 

adapts to. Supporting this conjecture, previous studies have shown the importance 

of microbe-microbe interactions in the mouse gut, through the establishment of 

complex cross-feeding interactions (Conway and Cohen, 2015; Ferreyra et al., 

2014). For example, E. coli, which lacks mucolytic activity, is able to colonize the 
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outer mucus layer in the mouse gut by metabolizing simpler carbon sources that 

are the product of metabolism of other bacterial organisms, such as B. 

thetaiotaomicron (Li et al., 2015). This metabolic impact is further supported by the 

differences in abundance of mutations related with bacterial metabolism (e.g., 

dcuB), when comparing selection in immune-compromised or immune-competent 

mice. 

Overall, the slower rate of adaptation detected in immune-compromised 

compared to immune-competent animals suggests that the selective pressures are 

on average stronger in the latter than in the former. Likewise, our estimates for the 

growth rate support the idea that the gut of immune-compromised animals 

represents a more benign environment, where adaptation of E. coli occurs at a 

slower pace. An interesting observation is that despite differences in growth rate 

between the two hosts, the total loads of fecal E. coli, as a proxy for population 

size in the gut, were not significantly different. An increased growth rate may 

reflect a weakened control of bacterial growth or inability to mount an appropriated 

direct or indirect immune response. In fact, it has been shown that in immune-

compromised Rag mice innate immune mechanisms, such as secretion of AMPs, 

are upregulated, presumably to compensate for the lack of the adaptive immune 

responses in the gut mucosa (Korn et al., 2014; Vaishnava et al., 2011). Thus, it is 

possible that while growing faster in the gut of immune-compromised animals, E. 

coli is also more exposed to other stresses, preventing overt expansion of the 

population. An alternative explanation is a faster gastrointestinal transit in Rag2-/- 

animals, which would require a faster growth rate of E. coli to avoid elimination 

from the gut. A similar phenomenon has been observed in bacterial populations 

evolving in chemostats, a device used to simulate the mammalian gut (Mason and 

Richardson, 1982).  When growing in continuous cultures, populations adapt their 

division rate according to the flow of the chemostat (Gresham and Hong, 2015). 

Interestingly, increased rates of epithelial turnover were described in the gut of 

mice lacking B and T cells (Nishiyama et al., 2002), which may support this 

hypothesis. 

The growth rate of E. coli in the mouse gut is a topic that has been addressed 

by several authors (Poulsen et al. 1995; Rang et al. 1999; Li et al. 2015; Myhrvold 
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et al. 2015). Whereas there is a general agreement that the maximum growth 

takes place in the mucus layer overlaying the gut epithelium, estimates for this 

parameter vary depending on the study. These differences may reflect the genetic 

background of the bacterial strain, the microbiota composition of the host or the 

methodologies used. These techniques are either based on the dilution of a cell 

marker over time (e.g., fluorescence, radioactivity) or on the correlation between 

growth rate and another parameter (such as amount of rRNA). While the second 

method is an indirect inference, the first method only allows to determine the 

growth rate over a short number of bacterial divisions. For example, a division rate 

of 3 hours in the mucus layer was reported for a lab strain E. coli in the first 24 

hours of colonization of GF mice (Li et al., 2015). These estimates were based on 

dilution of fluorescence or loss of radioactivity techniques. A similar measurement 

was obtained for the fecal populations of a mouse-isolated strain in the first 12 

hours of colonization of mice pre-treated with streptomycin (Myhrvold et al., 2015). 

On the other hand, studies based on the correlation between growth rate and 

cellular ribosomal contents reported a growth rate ranging from 70 to 90 minutes 

for a rat-isolated strain colonizing the gut of GF or streptomycin-treated mice over 

a period of 6 days (Rang et al., 1999). Although these measurements were 

performed in bacteria isolated from fecal samples, a comparable rate of 30 to 80 

minutes was reported in E. coli isolated from the mucus layer over 20 days of 

colonization in streptomycin-treated mice (Poulsen et al., 1995). Our estimates for 

the generation time of E. coli in the gut of WT mice (76 minutes) are thus in 

agreement with these previous studies that were performed with the same 

methodology.  

In Chapter 4 we explored the second steps of adaptation of E. coli to the 

mouse gut, by following the evolution of a strain harboring a mutation in a gene of 

the gat operon. Mutations in this operon invariably lead to the gat-negative 

phenotype, which was selected in all the lines of the first evolution experiment. 

Supporting the strong beneficial effect associated with this phenotype, competitive 

fitness assays of gat mutants against the ancestral strain showed an advantage of 

the mutants. However, complete fixation of the phenotype (at least to our limit of 

detection) was only observed in some lines of the first evolution experiment. 
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Moreover, several lines displayed fluctuations in the frequency of this phenotype. 

While these observations could be explained by the interference of other beneficial 

mutations, an alternative scenario may include fluctuations in the environmental 

conditions promoting the maintenance of the gat polymorphism. In fact, the re-

evolution of the ancestral phenotype observed in the second evolution experiment 

strongly supports this hypothesis. Despite starting with a clonal phenotype (and 

genotype), shown to be adaptive in that environment, most of the populations 

displayed phenotypic reversion, with variable genetic basis. Genetic reversions 

have rarely been observed in previous studies of experimental evolution, and 

when observed the initial mutation typically carried a fitness cost, such as 

mutations conferring antibiotic resistance (Gifford and MacLean, 2013). In 

addition, reversions usually occur in an environment where the initial selective 

pressure (for example antibiotic) is no longer relevant. Cases like the one we 

report here, where a previously selected phenotype reverts to the ancestral state 

in a similar environment have not been previously described. Interestingly, the 

dynamics of reversion we report here also display large oscillations, compatible 

with fluctuating selective pressures associated with this phenotype throughout the 

second evolution experiment. However, the advantage conferred by a functional or 

inactivated gat operon is not yet completely clear. As an operon involved in the 

metabolism of galactitol it may confer a metabolic advantage in the metabolism of 

other carbon sources. Alternatively, pleiotropic effects affecting other cellular 

functions cannot be discarded, such as resistance to stress factors. Trade-off 

mechanisms between nutritional ability and stress resistance have been shown to 

occur in populations of E. coli adapting to the gut of streptomycin-treated and GF 

mice, thus maintaining in the populations different types of mutations (De Paepe et 

al., 2011; Leatham-Jensen et al., 2012). A similar scenario may occur, although as 

an extreme, in the case of the gat operon. Thus, depending on the environmental 

pressures, an intact or mutated gat operon could provide an advantage, resulting 

in its strong selection or counter-selection. In addition, the evidence that the gat 

locus is a mutational hotspot, at least to inactivate the operon, may facilitate this 

switch between the two states. 
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The global observation from the multiplicity of studies in experimental 

evolution performed over the years consists in a deceleration in the rate of 

adaptation over time, with fixation of mutations with increasingly smaller effects 

(Dettman et al., 2012). The same phenomenon has been observed over 

successive steps of adaptation of the fungus Aspergillus to the lab (Schoustra et 

al., 2009). Interestingly, the fitness dynamics of E. coli adaptation in Lenski’s long 

term evolution experiment were best explained by a model predicting a 

deceleration in fitness improvement but without an upper limit, i.e., no fitness limit 

(Lenski et al., 2015; Wiser et al., 2013). In our second evolution experiment, while 

the majority of selective effects estimated for the parallel mutations were smaller 

than that observed for mutations targeting genes from the gat operon, some were 

shown to confer an identical strong beneficial effect. Globally, these observations 

may suggest that the potential for adaptation of microbial populations, especially in 

complex environments, may be greater than previously thought. 

 

The present thesis provides novel insights into the evolution of a commensal 

species when colonizing the mammalian gut and the influence of a major host 

factor, host immunity, in this process. We show that over a period of one month, 

an extraordinary amount of variation can be created de novo and maintained in 

evolving populations of E. coli, through multiple selection regimes. We further 

demonstrate the pervasiveness of clonal interference and parallelism in this 

natural environment. This extensive level of intra-species diversity here 

demonstrated reveals an additional layer of complexity when addressing microbe-

microbe and host-microbe interactions in the gut environment. Importantly, this 

data should be integrated with previous and future studies focusing on the gut 

microbiota, to better understand the complex network of species, genomes and 

metabolites that characterize this complex environment. The results here reported 

on the indirect contribution of host adaptive immunity to bacterial evolution provide 

important information to elucidate the complex interactions between immune 

system of the host and commensal microbes. In a medical context, this data 

emphasizes the importance of personalized medical therapies for the treatment of 
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immune-compromised patients, taking into account microbiota composition and 

diversity.  
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