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Summary  

Members of the gut microbiota are thought to experience strong competition for nutrients. 

However, how such competition shapes their evolutionary dynamics and depends on intra- 

and interspecies interactions is poorly known. Here we tested the hypothesis that 

Escherichia coli evolution in the mouse gut is more predictable across hosts in absence of 

interspecies competition than in the presence of other microbial species. Supporting this 

hypothesis, we observed a specific genetic adaptation in lrp, a gene encoding a global 

regulator of amino acid metabolism, predictably selected in germ-free mice two weeks after 

mono-colonization. Analysis of gut metabolites established that the lpr mutations increase 

E. coli ability to compete for amino acids and identified serine and threonine as the 

metabolites preferentially consumed by E. coli in the mono-colonized mouse gut. Preference 

for serine consumption was further demonstrated by testing a set of mutants in vitro and in 

vivo that showed loss of advantage of a lrp mutant impaired in serine metabolism. 

Remarkably, the presence of a single additional member of the microbiota (Blautia 

coccoides) was enough to alter the gut metabolic profile and consequently the evolutionary 

path of E. coli. In this environment, the lrp mutations did not conferred advantage to E. coli 

and genes involved in anaerobic respiration were selected instead, recapitulating the eco-

evolutionary context from mice with a complex microbiota. Together, these results highlight 

the metabolic plasticity of E. coli and its extreme evolutionary versatility, tailored to the 

specific ecology it experiences in the gut. 

 

 

Introduction 

The mammalian gut is populated by hundreds of microbial species forming a complex 

interacting community: the gut microbiota. The assembly of this community is initiated during 

the neonate stage and it suffers markedly changes in composition during the first years of 

life [1]. The population dynamics of this community are thought to be determined by eco-

evolutionary processes [2–4]. While our understanding of the gut microbiota is still far from 

complete, it is now evident that it has a crucial impact on health, affecting a plethora of host 

functions that include immunity, development and nutrition [5–10]. Given its importance, and 

facilitated by the advent of sequencing techniques, the gut microbiota as a field of research 

has grown significantly in recent years [11].  

Research on the microbiota has been performed using a variety of methodologies, 

from targeted 16S rRNA gene metabarcoding that allows estimating the number and 
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abundance of microbial species inhabiting the gut [12], to functional metagenomics 

approaches that also reveal the gene composition of the microbiota [13]. Of note, analysis 

of the gut metabolome (metabolomics) have been instrumental to decipher the complex 

host-microbiota crosstalk and identify compounds associated with the maintenance of host 

homeostasis [14–16]. Globally, these studies have contributed to a better understanding of 

the composition, variation and stability of the gut microbiota [17,18], as well as clarifying the 

complex reciprocal interactions between microbes and their hosts that impact host health 

[19]. However, while these studies provided valuable insights into the ecological processes 

shaping the gut microbiota, the evolutionary forces that govern this community are yet to be 

completely understood. This subject is particularly relevant in the context of the host-

microbiota co-evolution hypothesis, that postulates that the complex mutualistic interactions 

between microbes and their hosts were established over millions of years of reciprocal 

evolutionary changes [20,21].  

In the past years, efforts have been made to understand how gut bacteria adapt to 

the pressures of the gut environment using a variety of approaches [22–27]. In particular, 

experimental evolution with tractable model microorganisms is a powerful tool to provide 

insights into the evolutionary mechanisms that influence members of the microbiota, in a 

controlled, yet closer to natural, setting [28]. We and others [24,29–32] have used this 

approach to uncover how commensal strains of Escherichia coli, as a proxy for single 

members of the microbiota, adapt to the mouse gut. In addition to its status as a model 

organism, E. coli is also a relevant member of the gut microbiota, commonly isolated from 

many mammals [33]. In humans, E. coli is one of the most abundant facultative aerobes and 

bacteria belonging to this genus are among the first detected in the gut, rapidly colonizing 

this environment shortly after birth [34]. As a pioneer species, it is thought that E. coli 

metabolism in the infant gut is crucial for the transition from an aerobic to anaerobic 

environment that favors colonization of strict anaerobes [35].  

By using a commensal K-12 strain of E. coli and the classic streptomycin-treated 

mouse model, we have previously shown that in the presence of a complex microbiota E. 

coli adaptation occurs by multiple genetic mutations in loci controlling respiration and general 

metabolic processes, in a regime dominated by clonal interference [24] but where other 

mechanisms of selection can also coexist [36]. We have also evaluated the contribution of 

host immunity on E. coli evolution, a factor that exerts a subtle and indirect influence through 

modulation of the microbiota that interacts with E. coli [37]. Under all these conditions, genes 

involved in metabolism or in its regulation were among the major targets for adaptation to 
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the mouse gut, suggesting that composition of the microbiota modulates the adaptation of 

E. coli by manipulating the metabolic environment of the gut. These findings lead us to 

postulate that interspecies competition and its metabolic impact on the gut environment are 

major factors influencing E. coli evolution in the gut. Therefore, we hypothesized that in the 

absence of other members of the microbiota (in animals exposed to the same diet), E. coli 

adaptation would be more similar across host individuals, and thus more predictable. 

Furthermore, we postulated that in the absence of interspecies bacterial competition E. coli 

adaptation would reveal its intrinsic metabolic preferences.  

To test this hypothesis, here we followed E. coli adaption when colonizing the gut of 

mice raised in germ-free conditions (GF) and compared this process with that previously 

observed in microbiota-harboring animals. Using a combination of experimental evolution, 

genomics and metabolomics, we determined the genetic basis of E. coli adaptation under 

mono-colonization of the mouse gut and characterized the metabolic milieu underlying its 

evolution. We report that in the absence of interspecies competition E. coli adaptation was 

remarkably homogeneous across hosts and characterized by genetic changes in pathways 

involved in amino acids catabolism. These results were consistent with the nutritional context 

found in the gut. We further evidenced that while adaptation in mono-colonized mouse gut 

differs from that in microbiota-harboring animals, the inclusion of a single species was 

sufficient to alter nutrient availability in the gut and markedly shape E. coli evolution.  

 

 

Results 

Adaptation of E. coli in the absence of interspecies competition is characterized by 

parallel mutations modulating amino acid metabolism  

To investigate E. coli adaptation to the mouse gut in the absence of microbiota we mono-

colonized 10 GF-raised mice with a clonal population of E. coli (thereafter designated as 

GnotoEc) composed by two strains, isogenic except for the presence of a fluorescent maker 

(YFP or CFP) (Fig. 1A). We followed the frequencies of these markers (Fig. 1B) as well as 

E. coli loads (Fig. S1A) in fecal pellets over a period of 23 days. We observed changes in 

marker frequencies, which indicate that E. coli populations are evolving in the gut of GnotoEc.  

We have previously shown that during adaptation of E. coli to the gut of specific pathogen 

free (SPF) mice - that harbor a microbiota - and which were treated with streptomycin 

(hereby designated SPFstr+Ec), multiple genetic targets are selected over a three weeks 

period [24]. To determine the genetic targets under selection during E. coli adaptation to 
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GnotoEc, we performed whole genome sequencing (WGS) of samples of E. coli populations 

collected 23 days after colonization. Similarly to what was observed in SPFstr+Ec [24,37], 

mutations targeting the gat operon were prevalent (Fig. 1C). The gat locus is involved in the 

metabolism of galactitol and was shown previously to be a mutational hotspot in this E. coli 

strain [36]. Mutations inactivating the gat operon were found at high abundance in all 

populations (Fig. 1C), further supporting that this locus is generally the first mutational target 

for this E. coli strain background in the gut. In addition to the gat operon, ten new adapted 

loci were found, which were targeted by parallel mutations comprising hits in more than one 

independently-evolved population (Fig. 1C and Table S1), a signature of selection [38]. 

Transposition of insertion sequence (IS) elements was the main or the only mutational 

mechanism in seven of the parallel loci identified, while in the other three, SNPs and indels 

were also present (Table S2). An average of 5.7 parallel mutations were detected in each 

population collected at day 23 of the adaptation period. 

The most striking result was the detection of mutations in the coding region (or intergenic 

region upstream) of the Leucine-responsive Regulatory Protein (lrp) gene, present in all 10 

GnotoEc populations (Fig. 1C and Table S1). Importantly, the majority of mutations 

comprised insertions of IS elements in the coding region of lrp, suggesting selection for loss 

of function during adaptation in GnotoEc. lrp codes for a global transcriptional regulatory 

protein that controls genes related to transport, biosynthesis and catabolism of amino acids 

[39]. While repeatedly detected in all populations collected from GnotoEc, mutations at the 

lrp locus were never observed at very high frequency (above 60%) at day 23 (Fig. 1C). Due 

to strong clonal interference in the gut, it was possible that lrp mutants would eventually 

increase to a frequency close to fixation given enough time for expansion of these mutants 

in the populations. As this could take longer than the initial 23-day period of the evolution 

experiment, we prolonged the experiment up to day 40 in four of the 10 mice studied (Gn1.4 

– Gn1.7). We then performed WGS of population samples at this timepoint (Table S2). 

Populations where the frequency of lrp at day 23 was low (<10%), exhibited an increase by 

day 40 (Gn1.4 from 9 to 44% and Gn1.5 from 8 to 39%), while those populations where the 

frequency of lrp at day 23 was rather high (>25%) only displayed a slight increase (Gn1.6 

from 46 to 56% and Gn1.7 27 to 35%). In summary, mutations in the intergenic region 

upstream of lrp, or in the coding region of this gene were selected in all 10 populations 

analyzed, displaying full parallelism across the different hosts and reaching frequencies as 

high as 60% within host, but never expanding towards fixation.  
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Analysis of the remaining nine parallel mutations identified at day 23 provided additional 

evidence for amino acid metabolism being the most frequently selected function during 

adaptation of E. coli to the gut of GnotoEc (Fig, 1C and Table S1). We identified five mutated 

loci (uspA/dtpB, tdcA/tdcR, lrhA/alaA, cadC/yjdQ and flrR), which are also related with amino 

acid metabolism. Mutations in the upstream region of dtpB, encoding an inner membrane 

protein involved in uptaking peptide-bound amino acids (di- and tri-peptides) [40] were found 

in four mice, one reaching a frequency of 30%. tdcA and tdcR code for regulators of the 

tdcABC operon [41] involved in the transport and metabolism of threonine and serine during 

anaerobic growth [42]. Mutations in the intergenic region between these genes were 

detected in three populations, reaching high frequencies (30% and 40%) in two of them. The 

intergenic region of alaA, one of three major alanine transaminases [43] was mutated in four 

mice at a frequency up to 22%. The upstream region of cadC, a transcriptional activator of 

the cadAB operon, involved in metabolism of lysine [44], was found mutated in three mice, 

at a maximum frequency of 8%. Another locus frequently mutated was frlR which codes for 

the repressor of fructoselysine operon [45] responsible for catabolizing the conversion of 

fructoselysine into glucose 6-phosphate and lysine [46]. Mutations in this locus were 

detected in eight mice, albeit at low frequency (average 6%). Importantly, from all these 

mutations the only ones that were previously detected in SPFstr+Ec mice were mutations in 

the gat operon [24]. 

Although most genetic changes were located in amino acid metabolism-related loci, 

parallel mutations for other cellular processes were also identified. For example, rssB, 

encoding an adaptor protein that controls RpoS proteolysis [47], the global regulator of 

stress response, was mutated in half of the animals. Other genetic targets, such as glpR, 

yjjM and yebK, suggested modulation of carbohydrates metabolism. glpR codes for a 

repressor of the glp regulon, responsible for metabolism of glycerol [48], yjjM encodes a 

putative regulator involved in catabolism of L-galactonate [49], and yebK is a transcription 

factor involved in the regulation of carbon metabolism during shifts in nutritional availability 

[50].  

Furthermore, mutations in populations collected at day 40 (Gn1.4 to Gn1.7) confirmed 

previously identified genetic targets and revealed an additional parallel mutation in the cytR 

gene (Table S2). cytR codes for a global regulator, which acts together with the catabolite 

activator protein (CAP) when cAMP levels are high, regulating transport and utilization of 

nucleosides and deoxynucleosides [51]. Mutations in cytR were found in three of the four 

mice analyzed at day 40. 
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Globally, our WGS analysis evidenced a high degree of parallelism across hosts, as three 

different loci were found under selection in more than 75% of the GnotoEc populations 

(Fig.1C). This conclusion was further supported when considering the frequency of each 

mutation within host, which was in general consistent across different hosts. These results 

support our initial hypothesis that adaptation of E. coli under mono-colonization would show 

high parallelism across mice. The genetic basis of these mutations also revealed that amino 

acid metabolism is the principal function that is genetically altered when E. coli evolves in 

the gut in the absence of interspecies competition.  

The experimental setting to study evolution of E. coli in microbiota-harboring animals 

typically involves administration of an antibiotic before colonization (e.g. streptomycin 

[24,37]. In such setup, streptomycin is required to disrupt microbiota-dependent colonization 

resistance, allowing colonization by exogenous E. coli. To determine if selection of lrp 

mutants in GnotoEc was related to the absence of streptomycin, we repeated the evolution 

experiment in mono-colonized mice in the presence of streptomycin (Gnotostr+Ec, n=3) and 

sequenced the independently-evolved populations at day 23. Mutations in lrp were found 

again in all mice, at frequencies ranging from 16 to 44% (Fig. 1C, Table S1 and S2). We 

also found mutations in five other loci related to amino acid metabolism that were previously 

identified in GnotoEc. This data indicates amino acid metabolism genes are targets of 

adaptation in mice mono-colonized with E. coli, independently of streptomycin (Fig. 1C and 

Table S1).  

 

Lrp-negative phenotype is specifically selected in GnotoEc mice and is maintained 

polymorphic in the gut  

Mutations targeting the gat operon were shown in SPFstr+Ec to confer a gat-negative 

phenotype that rapidly emerged and consistently swept through the populations of E. coli 

colonizing the mouse gut [24]. Selection of the gat-negative phenotype was also observed 

during adaptation of E. coli in GnotoEc, although with delayed dynamics of expansion 

compared to SPFstr+Ec, namely seven versus three days (Fig. 2A). We attributed this slower 

emergence of the gat-negative phenotype to weaker effects of natural selection on 

mutations inactivating the gat operon, as the competitive advantage of a gatZ mutant against 

the ancestral was previously found to be significantly smaller in GnotoEc, regardless of the 

shorter generation time [37], larger population size (Fig. S1B) and similar mutation rate (Fig. 

S1C) of E. coli in this host compared to SPFstr+Ec [37]. These results show that although the 

first mutational target of E. coli adaptation to the mouse gut is conserved across hosts 
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colonized with different microbial communities (SPFstr+Ec WT or immune compromised Rag2-

/- [37]) and in GnotoEc depleted of the other members of the microbiota, the strength of its 

advantage varies. Inactivation of the gat operon is strongly beneficial in SPFstr+Ec WT, smaller 

and more variable in mice with an altered microbiota composition (SPFstr+Ec Rag2-/- [37]) and 

provides an even smaller advantage in GnotoEc mice which lack microbiota interspecific 

competition. 

Having identified lrp as the main adaptive target specific to GnotoEc, we established a 

phenotypic assay to screen for lrp mutants and determine the dynamics of emergence of 

these mutants in GnotoEc populations. As most of the lrp mutations identified by WGS were 

insertions of IS elements in the coding region we expected these mutants to result in loss of 

function of Lrp. We constructed reference strains carrying a deletion mutant of lrp (Δlrp) in 

both ancestral or gat-negative backgrounds. Given that Lrp is required for activation of 

glycine catabolism [52], we established a phenotypic assay based on selective growth at 

42ºC in solid minimal medium with glycine as the sole nitrogen source (glyMM, see Methods) 

to score for Lrp loss of function. Both lrp deletion mutants were unable to grow in this 

medium, while the ancestral and gat-negative reference strains displayed robust growth 

(Fig. S2A-C), showing that in the glyMM medium, loss of function mutants of lrp could be 

easily identified.  

In accordance with the data from WGS analysis, clones with lrp-negative phenotype were 

detected in all populations (Fig. 2B). In addition to clones displaying normal growth, 

comparable to the ancestral strain, and clones unable to grow in glyMM, like the Δlrp mutant, 

we also observed clones with intermediate phenotype of reduced growth (Fig. S2D). Genetic 

analysis by targeted PCR (lrp locus) revealed that clones with an intermediate growth 

phenotype in glyMM harbor IS insertions in the intergenic region upstream of lrp, while those 

with no growth in this medium, a phenotype similar to that of Δlrp mutant (Fig. S2D), carry 

IS insertions in the coding region of lrp (Fig. S2E). These results confirmed that evolved lrp 

mutants with IS insertions in the coding regions were loss of function mutants.  

The phenotypic analysis also confirmed that fixation of the lrp-negative phenotype 

occurred in none of the lines, including those that were extended to 40 days (Fig. 2B and 

S2F). The general pattern of dynamics in the populations comprises an initial increase in 

frequency with subsequent deceleration over time. In between days 23 and 40 the frequency 

of the lrp phenotype stabilizes at different levels in different mice ranging from 32 to 66% at 

day 40. The observed maintenance of a mutation at an approximate equilibrium frequency 
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suggests the occurrence of frequency-dependent selection or, alternatively, strong 

competition with other mutants (clonal interference). 

We also measured the gat phenotype in all clones tested for the lrp-phenotypes for all 

the time points shown in Figure 2B. Among the more than 14400 clones tested, only two 

gat-positive lrp-mutant clones were detected, each at a single time point and each from a 

different line. These results confirm that gat and lrp are consecutive adaptive events that 

occurred in all the GnotoEc populations tested. The lrp-negative phenotype was the second 

adaptive step in GnotoEc and the only mutation showing full parallelism across individuals 

that was specifically selected in the GnotoEc environment. 

 

lrp advantage depends on intraspecies ecological interactions 

Given that the lrp-negative phenotype was the major specific trait selected during 

adaptation in GnotoEc mice we asked whether we could estimate its competitive advantage 

in vivo. We measured the competitive advantage (fitness) of a Δlrp ΔgatZ mutant (MFP106) 

against a reference gat-negative strain (ΔgatZ, MFP54), by colonizing GF-raised mice with 

mixtures of these two strains (at a 1:9 ratio) and following changes in mutant frequency for 

5 days. We limited the experiment to 5 days to avoid potential secondary mutations in either 

strain that could interfere with measuring the effect of lrp-negative phenotype. As expected, 

E. coli loads in GnotoEc mice were stable throughout the experiment (Fig. S3A). However, 

we observed only a slight positive trend for the expansion of the lrp mutant over the reference 

strain (Fig. S3B), indicating a weak, if any, selective advantage of lrp mutants in the first 

days of the competition experiment.  This result, together with the evidence that lrp mutants 

accumulate only two weeks of after E. coli colonization in the evolution experiment (Fig. 2B), 

and our findings of a general prevalence of mutations targeting metabolic genes, led us to 

hypothesize that the benefit of the lrp-negative phenotype could be associated with 

alterations in the gut caused by E. coli colonization itself. To address this possibility, we 

designed an experimental setup that would closely resemble the environment in which the 

lrp-negative phenotype emerged during the evolution experiment, namely an E. coli pre-

colonized gut. To create such an environment, we colonized GF-raised mice with a 

streptomycin-sensitive, ancestral and WT strain of E. coli for 10 days, treated these animals 

with streptomycin in drinking water, and only then preformed a competition experiment (Fig. 

3A). The WT pre-colonizer streptomycin-sensitive strain reached and maintained high loads 

during the initial period of colonization in all mice (Fig. S3C) and was readily eliminated upon 

administration of the antibiotic. We reasoned that this period of pre-colonization with E. coli 
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would be sufficient to alter the gut environment, favoring selection of lrp-negative mutants. 

We then tested the competitive advantage of the lrp mutant by introducing a mixture of Δlrp 

ΔgatZ mutant and reference gat-negative strains (at a 1:9 ratio) at day 0, four hours after 

initiating the streptomycin treatment (Fig. 3A). These mice were then followed for changes 

in frequencies between the lrp-negative and reference strain. As expected, the streptomycin-

resistant competitor strains colonized all mice with high loads (Fig. S3C). Importantly, a 

robust increase was observed in the frequency of the lrp deletion strain in the first days of 

the competition (Fig. 3B), with this mutant reaching high frequencies by day four (average 

of 88%, n=5). These data show that in vivo loss of the lrp gene is indeed a beneficial trait in 

GnotoEc while also suggesting that lrp advantage is context-specific, as the advantage of 

this mutant could only be observed after an initial period of E. coli colonization. 

 

Serine and threonine are preferred nutrients of E. coli in GnotoEc 

Given the clear adaptive signature in genes related with metabolism we next 

characterized the gut metabolic environment. We performed a metabolomics analysis of 

cecum extracts, using NMR to determine the metabolites available to E. coli under the 

conditions of our adaptation experiments (Table S3). We focused on the mouse cecum as 

it is one of the sections of the intestine where E. coli is found at higher densities [53]. We 

first compared the metabolites identified in cecal contents from: i) unmanipulated GF control 

mice (n=5), that represent the environment at the start point of the GnotoEc experiment, and 

ii) microbiota-harboring SPFstr mice (n=10, day=28 of streptomycin), as a proxy for the 

general metabolite profile that E. coli was subjected to when colonizing SPFstr+Ec (Barroso-

Batista et al., 2014). To analyze the data, we clustered metabolites in four groups: amino 

acids, organic acids, sugars and others (Fig. S4). A striking difference between the metabolic 

profiles of GF and SPFstr concerned the abundance of amino acids. While amino acid 

represented 80% of all metabolites detected in GF, these amounted to less than 50% in 

SPFstr (Fig. 4A), resulting in an absolute concentration of amino acids two-fold higher in GF 

when compared to SPFstr (Fig. 4B, Mann-Whitney U test, P<0.001). This data suggests that 

amino acids are the most readily available metabolites in the gut of GF mice (Fig. 4A, see 

also Table S3 for a list with all the individual metabolites). When comparing individual 

metabolites, 15 out of the 19 proteinogenic amino acids detected were found at significantly 

higher concentrations in GF mice than in SPFstr (Fig. S4A). Specifically, serine, threonine 

and asparagine, showed the highest differences, displaying more than a six-fold increase in 

GF compared to SPFstr. In contrast, glutamate, which is typically a product of amino acid 
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consumption [54] was the only amino acid found over two-fold a higher concentration in 

SPFstr. On the other hand, organic acids were substantially overrepresented in SPFstr 

compared to GF, with acetate, propionate, butyrate and succinate displaying the largest 

differences (over 100 times higher in SPFstr, Fig. S4B).  

We next analyzed the metabolites present in the cecum of GnotoEc colonized with E. coli 

for approximately one month (n=6, day=31), representing the metabolic environment at the 

end point of the GnotoEc evolution experiment, and compared it with the metabolic 

composition in GF mice (Fig. 4C-F and Table S3). Of all the amino acids detected, 7 were 

found at lower levels in GnotoEc compared to GF (with a p-value ≤ 0.05, Fig. 4D), suggesting 

consumption of these amino acids by E. coli upon colonization. The most striking changes 

in metabolite concentrations were observed for serine and threonine, found close to one 

order of magnitude lower in GnotoEc (Fig. 4D). In addition to amino acids, our analysis also 

revealed other metabolites differently represented in GF compared to GnotoEc, for example 

short chain fatty acids (SCFAs) and glucose (Fig. 4E and F). In particular, acetate, 

propionate and succinate increased upon E. coli colonization. This comparative 

metabolomics analysis between cecum extracts of GnotoEc and GF suggests that serine and 

threonine were preferentially used as carbon/nitrogen sources by E. coli in GnotoEc.  

We also performed a longitudinal metabolomics analysis looking for a time-dependent 

evidence of amino acid/nutrient use. We collected fecal samples from 3 GnotoEc mice every 

three or four days over the course of 23 days. These samples were then processed for 

metabolomics analysis (Fig S5 and Table S3). Consistent with the results obtained with 

cecum extracts, analysis of fecal samples revealed a decrease in serine and threonine levels 

upon E. coli colonization (Fig. 4G and S5A), as well as an increase in acetate (Fig. S5B). 

The decrease in serine and threonine was observed from day three of colonization, and the 

levels remained at low but detectable after this timepoint and throughout the length of the 

experiment. These results show that in the GF gut E. coli preferentially consumes these two 

amino acids.  

Overall, the results of the comparative metabolomics analysis highlight the higher 

availability of amino acids in the GF compared to SPFstr gut and indicate that serine and 

threonine are preferred metabolites for consumption by E. coli in GnotoEc, providing 

additional support for the crucial role of amino acid metabolism for E. coli adaptation in 

GnotoEc.  

 

Serine metabolism drives E. coli metabolic adaptation in GnotoEc 
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Lrp has been shown to repress transcription of genes involved in both serine and 

threonine catabolism [55] and it has also been demonstrated that lrp mutants can have an 

advantage compared to the WT, in media containing amino acids as single carbon sources, 

in particular serine [56]. Therefore we compared the growth of two lrp mutants isolated from 

the evolution experiment; one containing an IS insertion in the coding region of lrp (lrpcod) 

and the other harboring an IS insertion in the intergenic region of lrp (lrpinterg), with that of a 

Δlrp deletion mutant (in a gat-negative background) and the corresponding gat-negative 

reference strain (lrp+) in minimal medium containing different sources of amino acids. This 

medium contained either a single amino acid (serine or threonine) or a complex mixture of 

amino acids (casamino acids (CAA)) as carbon and energy source. In addition, we also 

tested the effect of L-leucine, a modulator of Lrp activity [55] on the growth of the different 

E. coli strains.  

In the presence of serine as carbon source, all three lrp mutants displayed a similar 

growth profile, with a growth rate over two-fold higher than the reference strain (Fig. 5A left 

panel and Table S4). This difference in growth was attenuated in the presence of leucine 

(Fig. 5A right panel and Table S4). Leucine presumably counteracts the Lrp-mediated 

repression of serine catabolism in strains with intact lrp [55], promoting serine 

metabolization. In threonine minimal medium none of the strains tested, including lrp 

mutants, were able to grow and thus we were unable to assess a possible advantage of lrp 

inactivation in this environment. Finally, in CAA, all strains displayed similar growth (Fig. 

S6A and Table S4), suggesting that the advantage of the lrp mutants when growing in serine 

is specific and not due to a general growth advantage. 

Overall, these results show that lrp loss of function mutants have a fitness advantage 

when metabolizing serine in vitro, possibly due to the constitutive de-repression of serine 

catabolism. Considering these results and the metabolomics analysis showing that serine 

was rapidly depleted upon E. coli colonization in GnotoEc conditions, serine catabolism could 

be a major factor explaining the emergence and advantage of lrp mutants in GnotoEc. In E. 

coli, the main enzyme for serine utilization is a serine deaminase encoded by the sdaA gene. 

Importantly, SdaA is also the only serine deaminase subjected to Lrp-mediated 

transcriptional regulation [57].  We constructed a sdaA deletion mutant (in the ∆lrp ∆gatZ 

background) that is unable to metabolize and grow in serine. We evaluated the competitive 

advantage of this mutant against a reference (gat-negative) strain by in vivo competition in 

pre-colonized GnotoEc mice, the same environment where we observed strong advantage 

for the lrp mutant (see Fig. S6A for E. coli loads and Fig 3A for the experimental setup). In 
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these conditions, the sdaA lrp mutant had no advantage against the reference strain as 

measured after two days of competition (Fig. 5B, day 0 to day 2, s=-0.006±0.005), while the 

lrp mutant had an immediate strong advantage against the same reference strain (Fig. 3B, 

day 0 to 2, s=0.039±0.007). Thus, in the ∆sdaA background, the early advantage of the lrp 

mutation is abolished. From day 2 onward, the sdaA lrp mutant increased in frequency (Fig. 

5B – day 2 to day 5), displaying a competitive advantage against the reference strain 

(s=0.061±0.005 per hour) comparable to that estimated for the lrp mutant (s=0.078±0.008 

per hour). In summary, these results reveal that E. coli fitness is impacted by removing its 

ability to metabolize one of its two preferred amino acids and demonstrate that serine 

metabolism is an important feature contributing to the advantage and selection of lrp mutants 

in GnotoEc.  

 

Co-colonization of the mouse gut with a single additional microbiota member alters 

the metabolic environment and shapes E. coli evolution 

 Our results show that lrp mutants of E. coli, that were undetected in adaptation 

experiments conducted in microbiota-harboring animals, are specifically selected in the 

singular metabolic environment of GnotoEc gut. GF-raised animals differ from their 

microbiota-harboring counterparts in ways less obvious than the presence of a dense and 

complex community of colonizing microorganisms such as altered intestinal functions, 

morphological defects at the gut level and impaired immunity [5]. While these host 

phenotypes are consequence of the absence of a microbiota, they may be confounding 

when interpreting bacterial species ecology. To disentangle a direct effect of the microbiota 

on E. coli evolution from an indirect effect from the host physiology, we tested whether a 

single microbial species could alter the evolutionary path of E. coli in the mouse gut. We 

took advantage of having a colony of mice mono-associated with Blautia coccoides in our 

animal facility, to repeat the evolution and competition experiments, as well as the 

metabolomics analysis, in a still extremely simplified microbial environment. B. coccoides is 

a Firmicutes belonging to the Clostridia class, and a common resident of the mouse and 

human gut [58,59]. It was recently included in a synthetic community aiming to assemble a 

minimal functional microbiota in mice [60]. This group of bacteria is capable of energy 

extraction through specialized mechanisms [61] often favoring amino acids as opposed to 

more simple nitrogen forms [62,63], and is thus a plausible and relevant competitor for amino 

acids of E. coli in the mouse gut.  
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We colonized five mice mono-associated with B. coccoides with our ancestral E. coli 

strains (called here GnotoBc+Ec) and followed the dynamics of colonization over the course 

of one month. E. coli was able to readily colonize this simple environment reaching high 

loads (Fig. S7A) and exhibited evidence of marker divergence, suggesting the occurrence 

of adaptive events (Fig. 6A). B. coccoides loads were approximately the same in all animals 

at the end of the experiment, day 28 (Fig. S7B). 

We then identified targets of selection in E. coli population evolved in GnotoBc+Ec by 

isolating and sequencing E. coli population samples collected from each mouse at day 28 

(Fig. 6B and Table S5 and S2). As before, the gat operon was targeted for selection in all 

five mice, with mutations found at high abundance in all populations. This data is consistent 

with the gat operon as a ubiquitous target of mutation in the mouse gut, for this strain 

background. Importantly, we observed that the dynamics of emergence of gat-negative 

phenotype in GnotoBc+Ec were distinctly more similar to those observed during the evolution 

in SPFstr+Ec than in GnotoEc (Fig. 6C). Our WGS analysis also revealed other loci under 

selection (Fig. 6B and Table S5). Strikingly, while two of these mutational targets were 

shared with those found in GnotoEc (cadC and cytR), mutations in the lrp gene were not 

detected in any of the five populations analyzed by WGS (Table S2). Extensive phenotypic 

screening for lrp mutants throughout the evolution experiment confirmed these results (out 

of the 1824 clones tested from four time points from each mouse, spanning the 28 days of 

the experiment, no lrp-negative mutants were detected). On the other hand, in addition to 

the gat operon, three out of the six other parallel mutations identified targeted the same 

genes frequently found mutated in SPFstr+Ec [37], and not in GnotoEc (Fig. 6B and Table S5). 

These mutations were found in the intergenic region upstream of dcuB fumB operon 

(anaerobic metabolism and fumarate/succinate transport) in all GnotoBc+Ec populations, and 

in the open reading frame of srlR and kdgR (repressors of sugar-alcohol and gluconate 

utilization, respectively) in two and three populations respectively.  

We then measured the fitness advantage of a Δlrp mutant in GnotoBc+Ec by testing its 

competition against the reference strain. The competitions were performed following the 

protocol we used above to measure the advantage of lrp in vivo, i.e., upon pre-colonization 

with E. coli and antibiotic treatment to remove the pre-colonizer strain (Fig. 3A and S7C).  

While in three animals the lrp mutant was clearly advantageous, rapidly outcompeting the 

reference strain, in the remaining two it was neutral or only slightly advantageous (Fig. 6D). 

Interestingly, this bimodal result correlated well with B. coccoides loads (Fig. S7D): in mice 

where the loads of these bacteria were lower the lrp mutant was advantageous, whereas in 
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mice colonized with higher levels of B. coccoides the advantage of the lrp mutant was small 

or negligible (Fig. 6E, R2=0.92). Therefore, the fitness advantage of the Δlrp mutant showed 

an inverse correlation with B. coccoides loads.  

Lastly, we performed a metabolomics analysis on cecum extracts from the five GnotoBc+Ec 

mice (collected at the last day of the experiment, day 28, Fig. 7A) and compared the results 

to those previously obtained for GF, GnotoEc and SPFstr (Table S3). This analysis revealed 

that the metabolomic environment in GnotoBc+Ec was generally more similar to that in SPFstr 

than to GF or GnotoEc (Fig. 7B and Fig. S7E). In particular, amino acids were found at a 

significantly lower concentration in GnotoBc+Ec (18.7μmol/g of cecal contents, amounting to 

35% of all metabolites, Fig. 7A) than in GnotoEc (30.3 µmol/g of cecal contents, Mann 

Whitney U test, P=0.004). At the individual level, 13 out of the 19 detected amino acids in 

GnotoBc+Ec were significantly lower than in GnotoEc (Fig. S7F). Conversely, for organic acids, 

those most abundant in GnotoBc+Ec (acetate, butyrate, succinate, ketoglutarate and lactate), 

were found in lower levels in GnotoEc (Fig. S7G). Sugar composition also differed between 

GnotoBc+Ec and GnotoEc, as raffinose and sucrose were found at greatly decreased 

concentrations in GnotoBc+Ec (Fig. S7H). Because E. coli is unable to metabolize raffinose 

and sucrose [64], these results suggest that these two sugars, the most abundant in GF and 

GnotoEc, are likely metabolized by B. coccoides during intestinal colonization.  

In sum, the metabolomics results revealed that the presence of a single bacterial Blautia 

species is sufficient to drastically alter the environment that E. coli is exposed in the mouse 

gut, resulting in a metabolic milieu resembling that of microbiota-inhabited gut. The 

metabolomic data also helps explain our observation of shared targets of selection in E. coli 

between GnotoBc+Ec and microbiota-harboring animals as well as the absence of emergence 

and selection of lrp mutants. Overall, these results show that the metabolomic environment 

in the mouse gut is strongly influenced by the microbiota and the major driver of E. coli 

adaptation to the mouse gut.  

 

 

Discussion 

Here we explored how E. coli, one of the pioneer species of the human gut [34], adapts 

to the gut of GF-raised mice, a process that resembles the initial colonization of the gut. Our 

previous works in microbiota-harboring animals have shown that adaptation to this 

environment was characterized by mutations in genes involved in respiration or metabolism 

of different compounds [24,37]. Here we found that in mice devoid of microbiota, the 
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mutational profile was shifted towards modulation of amino acids metabolism. We further 

demonstrated that selection for these different biological pathways was highly influenced by 

the presence/absence of additional species of bacteria in the gut which had a very strong 

influence in the metabolic environment of the gut.  

Notably, we identified lrp as a major target of selection, appearing mutated in all ten 

independently-evolved GnotoEc populations and thus the only host-specific target displaying 

full parallelism. Lrp is a well-established global regulator of several cellular processes, 

including amino acid metabolism [65]. Mutants in this locus have been shown to emerge in 

E. coli cultures maintained under carbon stress, as these mutants display a growth 

advantage in stationary phase (GASP phenotype), presumably due to enhanced ability to 

consume amino acids available following the death and lysis of other bacterial cells [66]. As 

a global regulator of gene expression, including virulence-related genes, lrp has also been 

shown to be important in vivo, in particular during bacterial infection. However, while several 

reports have highlighted the importance of lrp for successful host infection in Salmonella 

[67], Citrobacter rodentium [68] and pathogenic strains of E. coli [69], its role during 

commensal colonization of the gut is less clear. Here, using in vivo competitive assays we 

showed that lrp deletion mutants had a strong advantage while colonizing the GnotoEc 

mouse gut. Interestingly, the lrp mutant was neutral when competed in naïve GF mice but 

displayed an advantage after pre-colonization of this environment with E. coli. These results 

indicate that pre-colonization changed the metabolic milieu of the gut and that lrp confers a 

competitive advantage in vivo only in a metabolic environment shaped by intra-species 

microbial competition.  

Quantification of metabolites in the mouse cecum revealed that amino acids are abundant 

in GF and showed to decrease rapidly upon E. coli colonization, in particular serine and 

threonine. In this scenario, it was plausible that an increased ability to consume serine and 

threonine by lrp mutants would provide an advantage in this environment, where these 

amino acids were preferentially consumed by E. coli. Consistent with this prediction, lrp 

mutants had an increased growth rate compared to a lrp-positive strain in serine minimal 

medium.  This growth difference was alleviated in the presence of leucine, as this compound 

signals amino acid availability, counteracting the Lrp-mediated repression of serine 

catabolism in strains with an intact lrp [55]. lrp mutants are constitutively de-repressed for 

serine catabolism [57] and thus can readily consume serine when available, even when at 

limiting concentrations, as it is the case in the GnotoEc mouse gut. Accordingly, deletion of 

sdaA, in a lrp-negative background, that results in inability to metabolize serine, abolished 
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the advantage of lrp mutation in the first two days of competition against a lrp-positive 

reference strain. However, the ΔsdaA Δlrp mutant displayed a strong advantage after two 

days of colonization, suggesting that in addition to serine metabolism, other mechanisms 

may contribute to the advantage of the lrp mutant. Alternatively, this observation may also 

result from activation of alternative pathways for serine metabolism and/or a nutritional shift 

for consumption of other preferred nutrients (e.g. threonine). While lrp mutants are also 

expected to confer a benefit when metabolizing threonine, we were unable to explore this 

scenario in vitro, as E. coli cannot grow on this amino acid as a sole carbon source [56]. The 

loss of lrp was not able to restore growth of any of the strains, when threonine is used as 

only carbon and energy source, independently of leucine, isoleucine, valine and ammonia 

(ammonium chloride) supplementation.  

The majority of studies on E. coli adaptation to the mouse gut using different genetic 

backgrounds of E. coli, report the appearance and selection of mutants with increased 

nutritional capability. For example, mutations in genes involved in stress resistance and 

nutritional competence have been identified in E. coli clones evolved in GF-raised [30,31] or 

streptomycin-treated microbiota-harboring mice [32,70], as well as mutations specifically 

improving the growth in galactonate [29], also in streptomycin-treated mice. More recently, 

acquisition of genes enhancing degradation of complex polysaccharides was selected in a 

probiotic E. coli Nissle strain evolved in GF [25]. In agreement with this trend, most of the 

loci under selection in E. coli evolved in the mouse gut identified here and in our previous 

works [24,37] relate to metabolic functions. However, here we show that the type of pathway 

under selection differs, reflecting the metabolic environment in the gut. For instance, in 

GnotoEc, where amino acids are preferred nutrients, six out of eleven loci under selection 

(lrp, frlR, lrhA/alaA, uspA/dtpB, tdcA/tdcR and cadC/yjdQ) are directly related to amino acid 

metabolism. On the other hand, in SPFstr+Ec, where other nutrients are available and amino 

acids are utilized by multiple members of the microbiota, three out of the seven genetic 

targets (dcuB, focA and yeaR) are involved in anaerobic respiration [24,37]. These 

differences on the metabolic pathways under selection in these different hosts indicate that 

E. coli adaptation is strongly shaped by the metabolic environment modulated by the 

presence/absence of other bacteria in the gut.  

Further highlighting the importance of the metabolic environment for E. coli adaptation, 

we found that the presence of a single additional member of the microbiota was enough to 

alter the evolutionary path of E. coli in the mouse gut. First, metabolic characterization in 

GnotoBc+Ec revealed changes in metabolite concentrations, resulting in a nutritional 
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composition distinct from GnotoEc, and more closely resembling SPFstr. For example, many 

amino acids were lower in GnotoBc+Ec mice when compared to GnotoEc suggesting that amino 

acids are common nutrients to both B. coccoides and E. coli. On the other hand, decreased 

levels of raffinose and sucrose indicate consumption of these oligosaccharides by B. 

coccoides [71], as E. coli is unable to do so [64]. Interestingly, byproducts of 

oligosaccharides degradation by B. coccoides include monomeric sugars that E. coli has the 

potential to metabolize, which is consistent with increased glucose levels in GnotoBc+Ec in 

comparison with GnotoEc. This observation may point to a cross feeding interaction between 

co-colonizers of the mouse gut, even in this low-diversity environment. Second, the genetic 

targets selected during E. coli evolution in GnotoBc+Ec mice included loci commonly found in 

populations evolved in SPFstr+Ec (dcuB, srlR and kdgR) [24,37] but absent in GnotoEc mice. 

Conversely, the main mutational target in GnotoEc mice (lrp) was conspicuously absent in 

GnotoBc+Ec and the selective advantage of a Δlrp mutant was dampened when in the 

presence of B. coccoides in a density-dependent manner, as advantage of lrp mutants in 

competition was negatively correlated with B. coccoides loads. Taken together these data 

show that changes in the metabolic landscape caused by the presence of B. coccoides 

during E. coli colonization of the mouse gut were enough to alter the selection of beneficial 

mutations in E. coli. Globally, these results further suggest that E. coli growth and evolution 

in the gut may depend more on the presence of specific members of the microbiota (even 

in the extreme case of a single species) than on the composition and diversity of the 

microbial community. In line with this hypothesis, E. coli evolution in immune-compromised 

Rag2-/- SPFstr+Ec mice with an altered microbiota composition was characterized by mostly 

shared, and only a few host-specific, genetic targets, compared to WT SPFstr+Ec [37]. Overall, 

these data support the conclusion that the metabolic environment is a major factor driving 

E. coli adaptation to the mouse gut.  

Of note, we found no evidence for direct competition between E. coli and B. coccoides, 

as the loads of E. coli were slightly higher in the presence of B. coccoides. However, the 

impact B. coccoides had in the availability of E. coli preferred nutrients, e.g., by increasing 

the levels of glucose (E. coli universally preferred carbon source) and decreasing the 

amounts of serine (one of the preferred amino acids), was strong enough to change its 

evolutionary trajectory, as distinct genetic targets were selected during E. coli adaptation in 

GnotoBc+Ec compared to GnotoEc. Therefore, when facing with changes in the metabolic 

environment of the gut due to the presence of B. coccoides, E. coli was able to rapidly adapt 
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by exploring alternative nutritional niches that maintained its population size, demonstrating 

remarkable genetic and metabolic versatility. 

As a general pattern, our data suggests that interspecies competition increases the 

selective pressures to which E. coli is subjected in the mouse gut, a  tendency previously 

observed in mice bearing diverse microbiota compositions [37]. Illustrating this idea, 

mutations inactivating the gat operon, the first and a prevalent genetic target in this E. coli 

strain when colonizing the mouse gut, emerge and expand at a slower rate in GnotoEc mouse 

compared to SPFstr+Ec or even GnotoBc+Ec. While clonal interference is evident in both hosts, 

it is likely that the stronger selective pressures in SPFstr+Ec lead to a faster loss of genetic 

diversity, as evidenced by the eventual lineage replacements in the population, compared 

to GnotoEc, where weaker beneficial mutations in different genetic backgrounds are 

expected to compete for longer periods of time [72]. In addition, adaptation of E. coli to the 

GnotoEc gut was remarkably consistent across hosts, displaying a high degree of parallelism. 

Three of the parallel genetic targets were found in more than 75% of GnotoEc populations 

(gat, lrp and frlR) and the frequency of each parallel mutation within hosts was in general 

similar. This observation contrasts with SPFstr+Ec, in which the gat locus was the only parallel 

target identified in the all the populations, and the frequencies of parallel mutations within 

populations displayed a large variability. Together with our findings of preferential selection 

of functionally related genetic targets (amino acid metabolism) in GnotoEc, these results 

support our initial prediction that adaptation in the absence of inter-species competition 

would display a higher degree of parallelism across hosts. In the context of initial colonization 

of the infant gut, these results suggest a higher convergence on the selective pressures 

acting on the first stages of gut colonization, that are then diversified as the assembly of the 

microbiota progresses. This would result in selection of the same functional traits at an initial 

stage but increased divergence later in life, depending on individual composition and 

diversity of the gut microbiota.  

Our WGS analysis also showed that while some of the mutations detected in GnotoEc 

displayed a substantial increase in frequency when we prolonged the evolution experiment 

for another 20 days, many did not. Of particular note, both WGS analysis and phenotypic 

screening of lrp mutants showed that these never reached fixation and instead stabilized at 

an intermediate frequency. These data may suggest the occurrence of negative frequency-

dependent mechanisms of selection in addition to clonal interference, two processes that 

can coexist even in simple environments [73]. Competition for limiting resources such as 

serine and threonine, coupled with temporal fluctuations in these nutrients, deriving from 
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host cyclical feeding patterns [74] could help maintain the lrp polymorphism observed in our 

experiments [75]. Alternatively, the relatively lower frequency achieved by lrp mutations in 

GnotoEc mice could also be explained by an increased number of mutational targets for the 

trait under selection. For example, genetically distinct mutants could display similar 

phenotypes, such as increased ability for amino acid consumption. Combined with the low 

selective effect of each mutation, it is likely that different mutations accumulate in different 

backgrounds, competing with each other in the same population.  

This work further highlights in vivo experimental evolution as an attractive tool to query 

the nutritional preferences of E. coli in the gut environment. As an alternative to the use of 

genetic mutants in specific nutritional-related genes [76], experimental evolution can be 

used to dissect the microbial metabolism in the mouse gut of related E. coli strains with 

different genetic backgrounds. More generally, it will be interesting to assess if other 

members of the microbiota will display the same genetic versatility that allows E. coli rapid 

adaptation to the nutritional environment of the gut. It is likely that adaptation of generalist 

microbes such as E. coli, that can switch between fermentation and anaerobic respiration 

and grow in a variety of nutrients [77], will more closely reflect the nutritional composition in 

the gut due to their metabolic plasticity. Conversely, adaptation of more specialized bacteria 

that are, for example, extremely efficient in fermenting a restrict number of complex polymers 

(such as some mucin-degrading species [78]) is less likely to change according to nutritional 

shifts in the gut environment. However, even in this case, specialists might nonetheless 

adapt to improve metabolism of certain compounds (with tradeoff for others) if a reduced 

number of choices are available, thus revealing their metabolic preferences. 

In summary, we found that E. coli adapts to the GnotoEc mouse gut mainly through 

modulation of amino acids metabolism, reflecting the metabolic landscape of this 

environment. Notably, while the process is quite distinct from that observed in microbiota-

harboring animals, the addition of a single bacterial species was enough to alter E. coli 

nutrition and evolution. These results highlight the relevance of the gut microbiota as a 

complex interacting community and modulator of host environment. 
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Figure titles and legends 

Fig. 1 - E. coli evolution in the GnotoEc mouse gut is characterized by mutations in 

genes involved in amino acid metabolism. (A) Design of evolution experiment. Germ free 

mice were monocolonized by gavage with E. coli (1:1 mix YFP + CPF) at day 0 and followed 

for approximately one month. Samples for WGS were collected from all populations at day 

23 and from populations GnEc1.4 to 1.7 at day 40. The experiment was repeated 3 times, 

with a total of n=10 mice. (B) Dynamics of neutral fluorescent marker (± 2 S.E.M.) during the 

first 23 days of adaptation of E. coli upon colonization of GF mice (n=10) provide evidence 

for adaptation. (C) Parallel targets of mutation identified by WGS in samples of populations 
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collected at day 23. The height of the bars denotes the frequency of populations (n=10 for 

GnotoEc) where a given mutation was present (left axis) and circles represent the frequency 

each mutated locus reached within the population (right axis). Loci related with amino acid 

metabolism are highlighted in bold. All parallel loci except for yjjM and yebK were also found 

in Gnotostr+Ec, (n=3). See also Fig. S1 and Tables S1 and S2. 

 

Fig. 2 - Emergence of gat- and lrp-mutant phenotypes reveals full parallelism. (A) 

Frequency of the gat-negative phenotype (± 2 S.E.M.) over time across individual 

populations in GnotoEc (colored lines, n=10, same legend as in (B)). In dashed line, the 

average (± 2 S.E.M.) of gat-negative phenotype across E. coli populations (n=15) during 

adaptation to SPFstr+Ec mice is reproduced for comparison [24]. (B) Frequency (± 2 S.E.M.) 

of the lrp-mutant phenotype (sum of complete and partial loss-function) over time, across 

individual populations in GnotoEc (colored lines, n=10). Inset table denotes the frequency of 

lrp-mutant phenotype at the end of each lineage and the corresponding day. See also Fig. 

S1 and S2 

 

Fig. 3 - lrp mutant has a competitive fitness advantage in pre-colonized GnotoEc 

mice. (A) Design of competition experiment: germ-free mice were pre-colonized with 

ancestral WT streptomycin-sensitive strain of E. coli (MFP121) for 10 days, after which 

mice were administered streptomycin in drinking water (green shade). After 4 hours of 

streptomycin treatment the competitor strains composed of a mixture of Δlrp ΔgatZ and 

ΔgatZ streptomycin-resistant strains were introduced at 1:9 ratio by oral gavage. (B) 

Frequency (± 2 S.E.M.)  of Δlrp ΔgatZ mutant during competition experiment (n=5) in (A). 

See also Fig. S3. 

 

Fig. 4 - Amino acids are abundant resources that are targeted by E. coli during 

adaptation in GnotoEc mice. Concentration of small metabolites from cecal contents (A-

F) or fecal samples (G) was determined by 1H-NMR and grouped by chemical attributes. 

(A) Pie charts with relative concentrations (± 2 S.E.M.) of metabolite groups in Germ-free 

(GF, n=5) and streptomycin-treated SPF mice (SPFstr, day 28, n=10). (B) Total 

concentration of amino acids is higher in GF than SPFstr (Mann-Whitney U-test, P<0.001). 

(C) Pie chart with relative concentrations (± 2 S.E.M.) of metabolite groups in GnotoEc mice 

(day 31, n=6). (D-F) Absolute concentrations of all metabolites (with medians depicted as 

lines) detected in GF (blue circles) and GnotoEc (black triangles). Amino acids (D) are 
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ordered, from left to right, according to concentration difference between GF and GnotoEc. 

Metabolites whose concentration significantly differs between GF and GnotoEc display the 

level of significance: P≤0.05 (*), P≤0.01 (**) or P>0.05, non-significant (ns), after post-hoc 

Mann-Whitney U-test with Holm’s correction for multiple comparisons. Lines depict 

medians. (G) Time course of concentrations of all amino acids detected during GnotoEc 

colonization (n=3) highlighting concentration (± 2 S.E.M.) dynamics of serine and 

threonine. See also Fig. S4 and S5 and Table S3. 

 

Fig. 5 - Serine metabolism provides fitness advantage to lrp mutants. (A) Growth 

curves of Δlrp ΔgatZ, lrpcod ΔgatZ, lrpinterg ΔgatZ and Reference (ΔgatZ) in M9 medium with 

serine 0.5% as carbon source, in the absence (left panel) or presence (right panel) of 

leucine 10mM (n=9 from 3 independent experiments). Error bars represent ± 2 S.E.M. 

Growth parameters can be found in Table S4. (B) Effect of serine utilization on fitness 

advantage of lrp mutant in vivo. Frequency (± 2 S.E.M.) of Δlrp ΔsdaA ΔgatZ mutant 

against ΔgatZ during competition in GF mice pre-colonized with ancestral strain (as in Fig. 

3A) shown in red (n=5). For comparison, the average frequency (± 2 S.E.M.) of Δlrp ΔgatZ 

mutant against ΔgatZ during in vivo competition (from Fig. 3B) is depicted in a dashed line. 

See also Fig. S6 and Table S4. 

 

Fig. 6 - B. coccoides abolishes lrp mutant emergence and fitness. (A) Dynamics of 

neutral fluorescent marker (± 2 S.E.M.) during E. coli adaptation in GnotoBc+Ec mice (n=5). 

(B) Parallel targets of mutation identified by WGS in samples of populations collected at 

day 28. The height of the bars denotes the frequency of populations (n=5) where a given 

mutation was present (left axis) and circles represent the frequency each mutated locus 

reached within the population (right axis). Mutations common to SPFstr+Ec are underlined 

and those common to GnotoEc highlighted in bold. (C) Frequency (± 2 S.E.M.) of the gat-

negative phenotype over time across individual populations (blue lines) in GnotoBc+Ec (n=5). 

Average (± 2 S.E.M.) gat dynamics in GnotoEc (red dashed line) and SPFstr+Ec (black 

dashed line) are also depicted for comparison (data from Fig. 2). (D) Frequency (± 2 

S.E.M.) of ∆lrp ∆gatZ strain during competition against ∆gatZ in GF mice after a period of 

pre-colonization (as in Fig. 3) but in the presence of B. coccoides (n= 5). (E) Correlation 

between ∆lrp ∆gatZ mutant fitness and average bacterial loads of B. coccoides during in 

vivo competition in (D). See also Fig. S7 and Tables S2 and S5. 
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Fig. 7 - Metabolites in GnotoBc+Ec mice are more similar to the metabolites in SPFstr 

than in GnotoEc. (A) Pie charts of relative concentrations (± 2 S.E.M) of metabolite groups 

from cecal contents at the end of the GnotoBc+Ec adaptation experiment (day 28, n=5). (B) 

Heatmap of median concentrations of all metabolites in GnotoBc+Ec cecal contents, for 

comparison with GF, GnotoEc and SPFstr. Colors represent the standard scores of absolute 

concentrations following group clustering with Euclidean distances (Ward's method). See 

also Fig. S4 and S7 and Table S3. 

 

 

Material and methods 

Ethics statement 

All experiments involving animals were approved by the Intitututo Gulbenkian de Ciência 

Ethics Committee and the Portuguese National Entity (Direção Geral de Alimentação e 

Veterinária; Ref. number 008958), which complies with European Directive 86/609/EEC of 

the European Council. Gnoto experimental work was developed with the support of the 

research infrastructure Congento, project LISBOA-01-0145-FEDER-022170, co-financed by 

Lisboa Regional Operational Programme (Lisboa 2020), Partnership Agreement, through 

the European Regional Development Fund (ERDF), and Foundation for Science and 

Technology (Portugal). 

 

Bacterial strains and culture conditions 

All E. coli strains used were derived from Escherichia coli K-12 MG1655, strains DM08-YFP 

and DM09-CFP as previously described [24]. See Table S6 for all strains, primers and 

plasmids. E. coli was routinely cultured in Lysogeny-Broth (LB) at 37˚C with aeration except 

when otherwise indicated. lrp gene was deleted using the λ red recombinase system 

encoded on the ampicillin-resistant plasmid pKD46 [79] to construct strain MFP002, with the 

primers described in Table S6. This deletion was introduced in the relevant backgrounds by 

bacteriophage P1-mediated transduction as described previously [80] using a lysate from 

MFP002. Bacteriophage P1-mediated transductions were also used to construct the gatZ 

and galK deletions using lysates from the donor strains listed in Table S6. Antibiotic 

resistance cassettes were removed from the mutants using the FRT/FLP recombinases of 

either pCP20 or pTL17 [79,81]. Blautia spp. present in C57BL/6 mice from our mouse facility, 

was isolated in anaerobically grown Tryptic soy broth + 5% sheep blood agar plates and 

identified as B. coccoides by 16S rRNA Sanger sequencing.  
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Fluorescent marker dynamics during mouse colonization 

C57BL/6J mice GF or mono-associated with B. coccoides were bred and maintained in the 

gnotobiology facility of the Instituto Gulbenkian de Ciência. E. coli adaptation to the gut was 

followed as previously [24]. Briefly, 6- to 8-week old GF-raised or B. coccoides mono-

associated C57BL/6 male mice were gavaged with 100µL of a suspension of 108 colony 

forming units (CFUs) of a mixture of YFP- and CFP-labelled E. coli (ratio 1:1) grown at 37°C 

in brain heart infusion liquid broth to OD600nm of 2. After gavage, mice were housed 

individually in ISOcages (Tecniplast) with ad libitum food and water (sterilized by 

autoclaving). Mouse fecal pellets were collected for 23/40 (GnotoEc) or 28 days (GnotoEc+Bc), 

diluted in PBS and plated in Lysogeny Broth agar (LB agar). Plates were incubated overnight 

and the frequencies of YFP- and CFP-labelled bacteria were assessed by counting 

fluorescent colonies with a fluorescent stereoscope (Stereo Lumar, Carl Zeiss). A sample of 

each collected fecal pellet was also cryopreserved in 15% glycerol at -80°C, for further 

analysis.  

 

Competitive fitness assays in vivo  

Competitive advantage of Δlrp or Δlrp ΔsdaA mutants were measured in vivo against a 

reference (gat-negative) strain as previously described [37]. In vivo competitions were 

performed at 1 to 9 ratios (competitor to reference). For in vivo competitions in pre-colonized 

mice GF or B. coccoides mono-associated mice were first colonized with a streptomycin-

sensitive, kanamycin-resistant ancestral E. coli strain (MFP121) for 10 days (see Fig. 3A). 

After that period (four hours before gavage with the competitor strains) streptomycin was 

administered in drinking water (5g/L) and maintained ad libitum for the remaining of the 

experiment, to clear the pre-colonizer E. coli strain. Clearance was confirmed by plating fecal 

pellets in LB+kanamycin (50µg/mL) media. We estimated the selective advantage of 

mutants over the reference strain from the slope of the linear regression of ln(freqmut/freqref) 

along time. 

 

Whole genome sequencing and mutation prediction 

To identify mutations segregating in E. coli populations during colonization of gnotobiotic 

mice we performed WGS analysis of population samples (approximately 1000 clones) 

isolated from fecal samples collected at different timepoints during the evolution 

experiments. In GnotoEc mice, we analyzed samples from day 23 from all animals and from 
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day 40 from four animals (GnEc 1.4 - 1.7). In Gnotostr we analyzed samples from day 23 and 

in GnotoBc+Ec from day 28. Isolation of population samples and DNA extraction were 

performed as previously described (Barroso-Batista et al., 2015). The DNA library 

construction and sequencing were carried out at the Genomics Unit from Instituto 

Gulbenkian de Ciência. 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 113 and 179. Mutations were 

identified using the BRESEQ pipeline v0.23 with the polymorphism option and the same 

parameters previously used [37]. We defined parallel mutations (Tables S1 and S5) as 

mutational events that occurred in a minimum of two animals and that reached a minimum 

frequency of 5% in at least one population. Genome sequencing data have been deposited 

in the NCBI Read Archive database with accession code PRJNA429051. 

 

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 within a 

given population following the protocol previously described [37]. 

 

Emergence and dynamics of mutations in lrp 

To score for the lrp-negative phenotype, evolved clones were grown in solid minimal medium 

with glycine as the sole nitrogen source (glyMM) because growth of lrp deletion mutants was 

impaired in this medium, but the ancestral strain with the intact lrp gene was not (Fig. S2). 

This glyMM medium is a modified M9 minimal medium [82] with 0.5% glucose where 

ammonium chloride was replaced by 200µg/mL of glycine as nitrogen source.  

Cryopreserved fecal samples were thawed, diluted and plated in LB agar supplemented with 

streptomycin (100µg/mL). Then, single colonies were picked from the LB plates with 

toothpicks and diluted to individual wells of 96-well plates (Corning Costar), containing 

modified M9 medium (with no ammonium chloride and no carbon source). These 

suspensions of clones were used to inoculate glyMM agar (15g/L) plates by picking, as well 

as to inoculate MacConkey agar plates with 1% galactitol [24] to assess the gat phenotype 

and as a positive control for growth in rich medium. We also included the ancestral (DM09) 

and three lrp mutant strains (Δlrp (MFP11), lrpcod (MFP88) and lrpinterg (MFP89) as reference 

strains in every glyMM agar plate. glyMM agar plates were incubated for 48h at 42°C, while 

MacConkey galactitol agar plates [24] were incubated for 24h at 30°C. We tested 96 clones 
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per sample/time point. lrp phenotypes of each clone were scored by assessing growth in 

glyMM: Clones growing similarly to the ancestral DM09 strain were scored as lrp-positive 

and clones growing in MacConkey-galacitol but showing absence of growth in glyMM were 

scored as lrp-negative (loss of function mutant). Clones displaying growth, but inferior to the 

ancestral were classified as having an intermediate lrp phenotype and were further tested 

by targeted PCR of the lrp gene and scored as lrpinterg if an IS insertion in the intergenic 

region was detected (see Fig. S2E). 

 

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 furazolidone, as previously 

described [37]. Mutations conferring resistance to furazolidone are expected to be found in 

E. coli populations at a mutation-selection balance and their frequency to reach a stable 

equilibrium, which is proportional to the mutation rate [37]. Three GF 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 for four time points over 16 days.  

 

Growth curves of E. coli in vitro 

Growth of ancestral and lrp mutants was tested in M9 minimal medium [82] supplemented 

with 0.5% of either serine or casaminoacids as carbon sources with trace amounts of 

isoleucine and valine (at 0.5mM concentration each) due to partial auxotrophy of lrp mutants 

for branch-chained amino acids [56,83]. We also tested the influence of leucine (inducer of 

Lrp) by adding this amino acid at a concentration of 10mM to the minimal media with either 

serine or casaminoacids. Inocula of the different strains tested were prepared by culturing 

in M9 minimal medium supplemented with 0.5% glucose for 48 hours (lrp mutants) or 24 

hours (all other strains), harvested and washed twice with modified M9 medium with no 

carbon or nitrogen source. Each culture was normalized to OD600= 0.1, diluted 1:100 into 

the appropriate media and aliquoted into multi-well Bioscreen plate (150µL/well). Plates 

were then incubated in a Bioscreen microplate reader with continuous, high amplitude, fast 

shaking settings, at 37°C or 42°C. Growth was followed by measuring optical density at 

600nm, registered at 30 min intervals. Growth rate at exponential phase was calculated from 

the maximum slope of linear regression of ln(OD600) increase over time, during a 2 hour 

sliding window (5 points) in steady-state growth. Carrying capacity was calculated from the 
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average ODs during stationary phase. Absolute fitness is shown as that of each strain 

relative to the ancestral’s average. Growth curves of the same strains in glyMM or M9 with 

0.5% glucose liquid media were also preformed to establish the lrp phenotypic assay using 

the same methodology, except that cultures were incubated at 42°C because it has been 

shown before that this temperature accentuates the growth impairment of lrp  in glucose 

[56,83]. 

 

Quantification of B. coccoides loads 

To assess the loads of B. coccoides in the intestines of GnotoBc+Ec mice, we performed 16S 

rRNA gene sequencing in fecal samples collected from five mice. Briefly, DNA was extracted 

from frozen fecal samples with QIAamp DNA Stool Mini Kit (QIAGEN) following the 

manufacturer’s instructions. 16S rRNA gene amplification and sequencing were carried out 

at the Genomics Unit from Instituto Gulbenkian de Ciência, following the service protocol 

with PCR amplification and pair-end sequencing on Illumina MiSeq Benchtop Sequencer, 

as previously described [75]. QIIME [84] was used to analyze the 16S rRNA sequences. 

First processing of raw demultiplexed reads was done using QIIME2 v.2018.4 

(https://qiime2.org) with default parameters. DADA2 was used for quality filtering, denoising, 

paired-end merging, and amplicon sequence variant (ASV, i.e., sub–Operational Taxonomic 

Units) calling using QIIME dada2 denoise-paired method [85,86]. ASVs represented by less 

than 10 reads were removed from corresponding samples. Taxonomical classification was 

determined by matching ASVs against the Silva database [87] with feature-classifier 

classify-sklearn. Loads of B. coccoides per mouse were estimated by multiplying the number 

of B. coccoides reads with the ratio of the E. coli CFUs and the E. coli reads, after correcting 

for 16S copy number (7 for E. coli, 5 for B. coccoides, in accordance with the rrnDB [88]. 

 

Metabolomics of gut contents 

To evaluate the composition of the metabolic environment in the gut, we performed 1H-NMR 

analysis on aqueous extracts of cecum or fecal contents as specified. Cecal contents of GF, 

GnotoEc (31 days of colonization) and GnotoBc+Ec (28 days of colonization) were diluted 50% 

(w/v) in deuterated water (D2O, Sigma-Aldrich) and those of SPFstr (28 days of streptomycin 

treatment) 25% in D2O. Fecal samples of GnotoEc were diluted in 1 mL of D2O. For all 

samples, extraction was performed as follows: ~0.3g of 0.1mm glass beads (Scientific 

Industries SI-BG01) were added to each tube and samples bead-beaten using a Qiagen 

Tissuelyser II (Retsch) for 2 min with 30 rev/s pulses. Large debris and the glass beads were 
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pelleted by centrifugation at 14000 RPM for 30 min at 4°C. Supernatant was collected and 

filtered through a 0.22µm filter (Milipore), followed by another filtration step with 3KDa filters 

(Vivaspin 500) by centrifugation at 15000 g and 4°C for 3 hours or until 150µL of filtrate was 

obtained. Samples were stored at -80°C until spectrum acquisition. For acquisition, samples 

(150µL of filtrate) were thawed at room temperature for 10 to 15 min and then mixed with 60 

μL of 350 mM phosphate buffer pH 7.09 with 2% NaN3, 10 μL of a 0.05% (w/v) 3-

(Trimethylsilyl)propionic-2,2,3,3-d4 (TSP-d4, Sigma-Aldrich) solution , and 380 μL of D2O 

(to perform a total volume of 600 μL). This mixture was transferred to a 5mm glass NMR 

tube. All solutions were prepared in D2O. Samples were homogenized by inversion and 

spectra acquired after pH measurement. Acquisitions were performed on a Bruker AVANCE 

II+ 500 MHz instrument equipped with Cryo TCI (F) (Prodigy) 5mm probehead with z-

gradients. 1H-NMR spectra were acquired using 1D NOESY pulse sequence with pre-

saturation (noesypr1d) under the following conditions: 90 degrees pulse for excitation mixing 

time 100 ms, acquisition time 4 s, relaxation delay 1 s. All spectra were acquired with 200 

scans at 25 ºC, with 48k data points and 6002 Hz (12 ppm) spectral width (Chenomx 

acquisition parameters). The recorded 1H-NMR spectra were phase corrected using Bruker 

TopSpin 3.2 and spectra were then processed using Chenomx NMR Suite 8.11. Compounds 

were identified by manually fitting reference peaks to spectra in database Chenomx 500 

MHz Version 10. Quantification was based on internal standard peak integration (TSP-d4). 

Heatmap and PCA were created using MetaboAnalyst (https://www.metaboanalyst.ca/). 

 

Statistical analyses 

Statistical analyses were performed in Microsoft Office Excel, Graphpad Prism v.6 or R 

software: http:// www.r-project.org/.  

 

 

Supplemental Information titles and legends 

Figure S1 - Loads of E. coli during adaptation to the gut of GnotoEc mice and 

comparison of eco-evolutionary parameters between GnotoEc and SPFstr+Ec. (A) Loads 

of E. coli (± 2 S.E.M.) during adaptation to the GnotoEc mouse gut in individually-housed 

mice monocolonized with a mixture of 1:1 ratio of DM08 and DM09 (n=10) as described in 

Fig. 1A. Experiment was performed in 3 independent blocks (GnEc 1-3, 4-8, 9-10). (B) 

Average loads of E. coli (± 2 S.E.M.) in fecal samples collected at indicated time points as a 

proxy for population size. E. coli loads are higher is GnotoEc mouse compared to SPFstr+Ec 

https://www.metaboanalyst.ca/
https://www.metaboanalyst.ca/
http://www.r-project.org/
http://www.r-project.org/
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[S1] (host type, ANOVA χ21=4.4, P=0.036)). (C) Mutation frequency for furazolidone 

resistance (as indicator of mutation rate) in vivo is similar between GnotoEc and SPFstr+Ec 

[S2] (Mann-Whitney U test, P=0.9). Related to Fig. 1 and 2. 

 

Figure S2 - Ancestral and Δlrp mutant can be distinguished phenotypically through 

growth in glyMM medium, independently of the gat mutation. (A) Growth curves of 

ancestral (DM09), ΔgatZ mutant (MFP54), Δlrp mutant (MFP008) and Δlrp ΔgatZ mutant 

(MFP106) in M9 minimal medium with 0.5% glucose, at 42°C, show impaired growth of lrp 

mutants when compared to the ancestral and ΔgatZ strains. (B) Growth defect of Δlrp 

mutants is exacerbated in glyMM, (where ammonium is replaced with glycine as nitrogen 

source, see Methods), and thus this medium was chosen for the phenotypic test to score for 

lrp-negative phenotype. Growth curves in (A) and (B) are averages (± 2 S.E.M.) from 9 

replicates (3 independent experiments). (C) Growth in solid medium (at 42°C) of the same 

strains described in (A) on LB (left panel), M9 minimal medium with glucose (middle panel) 

or glyMM (right panel), show that glyMM agar plates can be used to score for lrp-negative 

phenotype. (D) Growth of ancestral (DM09), Δlrp (MFP08), lrpinterg (MFP89) and coding lrpcod 

(MFP88) strains in glyMM. lrpcod evolved clone is phenotypically similar to Δlrp mutant, while 

lrpinterg evolved clone has an intermediate phenotype. (E) Targeted PCR for the lrp locus 

performed on the strains described in (D) with primers either for the complete lrp locus (left) 

or only for the intergenic region upstream of the lrp starting codon (right). Clones with an 

insertion of an IS element (evolved clones, lanes 3 and 4) displayed a band with a larger 

size than that of the ancestral (lane 1), while for Δlrp (lane 2), the band was smaller. 

Amplification of the intergenic region upstream of lrp open reading frame allows for 

identification of clones carrying intergenic IS insertions as these display a larger band size 

(lane 4) compared to the ancestral (lane 1) or the other mutants (lanes 2 and 3). Lane 5 is 

the no-DNA negative control. (F) Individual plots of frequencies of lrp-negative (circles) and 

lrp-intermediate (triangles) mutant phenotypes (± 2 S.E.M.) for all GnotoEc populations (as 

shown in Fig. 2). Experiments performed separately as GnEc 1.1-1.3, GnEc 1.4-1.8, GnEc 1.9-

1.10 (mouse 8 died after day 23). These results show that both lrp-negative and lrp-

intermediate phenotypes emerge in E. coli populations evolving in GnotoEc mice. Related to 

Fig. 2. 

 

Figure S3 - lrp mutant is not advantageous in GF mice, during competitive fitness 

experiment without pre-colonization. Total E. coli loads (± 2 S.E.M.) (A) and frequency 
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(± 2 S.E.M.) of Δlrp ΔgatZ (B) during in vivo competition of Δlrp ΔgatZ (MFP106) against 

ΔgatZ (MFP54) introduced at 1:9 ratio by oral gavage in GF mice (n=3, M1-M3). (C) Bacterial 

loads (± 2 S.E.M.) from the competition experiment of Δlrp ΔgatZ mutant against ΔgatZ in 

GnotoEc mice (n=5, M1-M5) pre-colonized with an ancestral streptomycin-sensitive strain 

(MFP121, green full symbols). Competitor strains (depicted in open black symbols) were 

introduced at 1:9 ratio by oral gavage in GF mice four hours after the start of streptomycin 

treatment. Shaded area denotes period of streptomycin treatment. Related to Fig. 3. 

 

Figure S4 - GF and SPFstr ceca exhibit distinct metabolomic profiles, in particular in 

respect to amino acids concentration. (A-C) Concentration of small metabolites from 

cecal contents, determined by 1H-NMR and grouped by chemical attributes. Absolute 

concentrations (with medians shown as lines) of all metabolites detected in GF (blue circles, 

n=5) and SPFstr (brown squares, n=10) is shown for amino acids (A), organic acids (B) and 

sugars and other metabolites (C). Metabolites whose concentration significantly differs 

between GF and SPFstr display the level of significance: P≤0.05 (*), P≤0.01 (**) or P>0.05, 

non-significant (ns), after post-hoc Mann-Whitney U-test with Holm’s correction for multiple 

comparisons. Related to Fig. 4. 

 

Figure S5 - Metabolite dynamics show rapid depletion of serine and threonine during 

E. coli adaptation in GnotoEc mice. Metabolites were determined by 1H-NMR in fecal 

samples collected during GnotoEc colonization (n=3). Bars show relative concentration of 

each metabolite over time (left axis) and circles depict the average total concentration (± 2 

S.E.M.) of amino acids (A), organic acids (B), sugars (C) and other metabolites (D) over 

time (right axis). Uncolonized samples (Un) were collected the day prior to gavage with E. 

coli. Related to Fig. 4. 

 

Figure S6 - lrp mutation confers a specific growth advantage. (A) Growth in 

casaminoacids show similar profiles independently of lrp. Growth curves of Δlrp ΔgatZ 

(MFP106), lrpcod ΔgatZ (MFP102), lrpinterg ΔgatZ (MFP104) and Reference (ΔgatZ, MFP54) 

in M9 medium with 0.5% casaminoacids as carbon source, in the absence (left panel) or 

presence (right panel) of leucine 10Mm (n=9 from 3 independent experiments). Estimated 

growth parameters in Table S4. Error bars represent ± 2 S.E.M. (B) Bacterial loads (± 2 

S.E.M.) from the competition experiment of Δlrp ΔsdaA ΔgatZ mutant (MPF125) against 

ΔgatZ (MFP54) in GnotoEc mice (n=5, M1-M5) pre-colonized with an ancestral (MFP121) 
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streptomycin-sensitive strain (green full symbols). Competitor strains (depicted in open black 

symbols) were introduced at 1:9 ratio by oral gavage in GF mice four hours after the start of 

streptomycin treatment. Shaded area denotes period of streptomycin treatment. Related to 

Fig. 5.  

 

Figure S7 - Evolution and metabolic environment of E. coli in GnotoBc+Ec mice differs 

from GnotoEc. (A) Loads of E. coli (± 2 S.E.M.) during the adaptation experiment in the 

presence of B. coccoides (n=5). (B) Loads of B. coccoides at the end of the evolution 

experiment in (A). (C) Competition experiment of Δlrp ΔgatZ (MFP106) mutant against ΔgatZ 

(MFP54) in GnotoEc mice (n=5, M1-M5) pre-colonized with an ancestral (MFP121) 

streptomycin-sensitive strain (green full symbols). Competitor strains (depicted in open black 

symbols) were introduced at 1:9 ratio by oral gavage in GF mice four hours after the start of 

streptomycin treatment. Bacterial loads (± 2 S.E.M.) during competition are shown, with 

shaded area denoting period of streptomycin treatment. (D) Loads of B. coccoides during 

the competition experiment shown in (C). (E) Score plot for PC1 and PC2 from principal 

component analysis (PCA) of all metabolites found in GF (blue circles), GnotoEc (black 

triangles), GnotoEcBc (red diamonds) and SPFstr (brown squares). Colored circles represent 

95 % confidence intervals. (F-H) Concentration of small metabolites from cecal contents, 

determined by 1H-NMR and grouped by chemical attributes. Absolute concentrations (with 

medians shown as lines) of all metabolites detected in GnotoEc (black triangles, n=6) and 

GnotoBc+Ec (red diamonds, n=5) is shown for amino acids (F), organic acids (G) and sugars 

and other metabolites (H). Metabolites whose concentration significantly differs between 

GnotoEc and GnotoBc+Ec display the level of significance: P≤0.05 (*), P≤0.01 (**) or P>0.05, 

non-significant (ns), after post-hoc Mann-Whitney U-test with Holm’s correction for multiple 

comparisons. Related to Fig. 6 and 7. 

 

Table S1 - Parallel mutations segregating in E. coli populations evolving in the 

absence of interspecies competition. Loci were identified by WGS of populations samples 

collected from GnotoEc mice after 23 days of evolution, and parallel mutations defined as 

evets found in more than one evolving population at a frequency greater than 5%. Functional 

annotation is shown for each locus, with processes related with amino acid metabolism 

highlighted in bold. Number of GnotoEc populations (n=10) where each mutation was found 

is shown, as well as the number of Gnotostr+Ec populations (n=3) where GnotoEc parallel 

mutations were also detected. Related to Fig. 1. 
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Table S2 - Mutations found in E. coli populations after adaptation to the gut of 

gnotobiotic mice. WGS analysis of E. coli population samples evolved in: GnotoEc for 23 

(n=10) or 40 days (n=4), Gnotostr+Ec for 23 days (n=3) and GnotoBc+Ec for 28 days (n=5). 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 an IS insertion where only one new junction was identified. Related to 

Fig. 1 and 6. 

 

Table S3 - List of metabolites identified by 1H-NMR in the cecum of GF (n=5), SPFstr+Ec 

(n=10), GnotoEc (n=6) and GnotoBc+Ec (n=5) or in fecal samples of GnotoEc (n=3) mice. 

Concentration of metabolites in nmol per gram of cecal content or feces. SPFstr+Ec, GnotoEc 

and GnotoBc+Ec mice were colonized with ancestral E. coli strains for approximately one 

month prior to metabolomic analysis. Related to Fig. 4 and 7. 

 

Table S4 - Serine metabolism provides fitness advantage to lrp mutants. Growth 

parameters of ΔgatZ (MFP54), Δlrp ΔgatZ (MFP106), lrpcod ΔgatZ (MFP102) and lrpinterg 

ΔgatZ (MFP104) E. coli strains estimated from growth curves in M9 medium supplemented 

with 0.5% serine (Ser) or 0.5% casaminoacids (CAA) and in the absence or presence (+leu) 

of Leucine. Averages are shown with error (2se) represented within parenthesis. Strain 

parameters were compared relative to the reference strain (ΔgatZ) in columns Ser and CAA; 

and within strain, for Leucine effect, in columns Ser+leu and CAA+leu; (*) denotes 

significance after Mann-Whitney U-test with Holm correction for multiple comparisons (P ≤ 

0.01, except in CAA with 0.01 ≤ P ≤ 0.05 ; ns – not significant). N=9 from 3 independent 

experiments. Related to Fig. 5. 

 

Table S5 - Parallel mutations segregating in E. coli populations evolving in the 

presence of B. coccoides. Loci were identified by WGS of populations samples collected 

from GnotoBc+Ec mice after 28 days of evolution, and parallel mutations defined with the same 



34 
 

criteria as in Table S1. We also included mutations that were found in more than one mouse 

and were shared with SPFstr+Ec or GnotoEc regardless of frequency. Number of GnotoBc+Ec 

populations (n=5) where each mutation was found is shown, as well as presence/absence 

of these mutations in GnotoEc or SPFstr+Ec-evolved populations. Related to Fig. 6. 
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Fig. 1 - E. coli evolution in the GnotoEc mouse gut is characterized by mutations in genes 

involved in amino acid metabolism. (A) Design of evolution experiment. Germ free mice were 

monocolonized by gavage with E. coli (1:1 mix YFP + CPF) at day 0 and followed for 

approximately one month. Samples for WGS were collected from all populations at day 23 and 

from populations GnEc1.4 to 1.7 at day 40. The experiment was repeated 3 times, with a total of 

n=10 mice. (B) Dynamics of neutral fluorescent marker (± 2 S.E.M.) during the first 23 days of 

adaptation of E. coli upon colonization of GF mice (n=10) provide evidence for adaptation. (C) 

Parallel targets of mutation identified by WGS in samples of populations collected at day 23. 

The height of the bars denotes the frequency of populations (n=10 for GnotoEc) where a given 

mutation was present (left axis) and circles represent the frequency each mutated locus 

reached within the population (right axis). Loci related with amino acid metabolism are 

highlighted in bold. All parallel loci except for yjjM and yebK were also found in Gnotostr+Ec, 

(n=3). See also Fig. S1 and Tables S1 and S2. 

  



Fig. 2 - Emergence of gat- and lrp-mutant phenotypes reveals full parallelism. (A) Frequency 

of the gat-negative phenotype (± 2 S.E.M.) over time across individual populations in GnotoEc 

(colored lines, n=10, same legend as in (B)). In dashed line, the average (± 2 S.E.M.) of gat-

negative phenotype across E. coli populations (n=15) during adaptation to SPFstr+Ec mice is 

reproduced for comparison [24]. (B) Frequency (± 2 S.E.M.) of the lrp-mutant phenotype (sum of 

complete and partial loss-function) over time, across individual populations in GnotoEc (colored 

lines, n=10). Inset table denotes the frequency of lrp-mutant phenotype at the end of each lineage 

and the corresponding day. See also Fig. S1 and S2 

  



Fig. 3 - lrp mutant has a competitive fitness advantage in pre-colonized GnotoEc mice. (A) 

Design of competition experiment: germ-free mice were pre-colonized with ancestral WT 

streptomycin-sensitive strain of E. coli (MFP121) for 10 days, after which mice were 

administered streptomycin in drinking water (green shade). After 4 hours of streptomycin 

treatment the competitor strains composed of a mixture of Δlrp ΔgatZ and ΔgatZ streptomycin 

resistance strains were introduced at 1:9 ratio by oral gavage. (B) Frequency (± 2 S.E.M.)  of 

Δlrp ΔgatZ mutant during competition experiment (n=5) in (A). See also Fig. S3. 

  



 



Fig. 4 - Amino acids are abundant resources that are targeted by E. coli during 

adaptation in GnotoEc mice. Concentration of small metabolites from cecal contents (A-F) or 

fecal samples (G) was determined by 1H-NMR and grouped by chemical attributes. (A) Pie 

charts with relative concentrations (± 2 S.E.M.) of metabolite groups in Germ-free (GF, n=5) and 

streptomycin-treated SPF mice (SPFstr, day 28, n=10). (B) Total concentration of amino acids is 

higher in GF than SPFstr (Mann-Whitney U-test, P<0.001. (C) Pie chart with relative 

concentrations (± 2 S.E.M.) of metabolite groups in GnotoEc mice (day 31, n=6). (D-F) Absolute 

concentrations of all metabolites (with medians depicted as lines) detected in GF (blue circles) 

and GnotoEc (black triangles). Amino acids (D) are ordered, from left to right, according to 

concentration difference between GF and GnotoEc. Metabolites whose concentration 

significantly differs between GF and GnotoEc display the level of significance: P≤0.05 (*), P≤0.01 

(**) or P>0.05, non-significant (ns), after post-hoc Mann-Whitney U-test with Holm’s correction 

for multiple comparisons. Lines depict medians. (G) Time course of concentrations of all amino 

acids detected during GnotoEc colonization (n=3) highlighting concentration (± 2 S.E.M.) 

dynamics of serine and threonine. See also Fig. S4 and S5 and Table S3. 

  



Fig. 5 - Serine metabolism provides fitness advantage to lrp mutants. (A) Growth curves of 

Δlrp ΔgatZ, lrpcod ΔgatZ, lrpinterg ΔgatZ and Reference (ΔgatZ) in M9 medium with serine 0.5% as 

carbon source, in the absence (left panel) or presence (right panel) of leucine 10mM (n=9 from 

3 independent experiments). Error bars represent ± 2 S.E.M. Growth parameters can be found 

in Table S4. (B) Effect of serine utilization on fitness advantage of lrp mutant in vivo. Frequency 

(± 2 S.E.M.) of Δlrp ΔsdaA ΔgatZ mutant against ΔgatZ during competition in GF mice pre-

colonized with ancestral strain (as in Fig. 3A) shown in red (n=5). For comparison, the average 

frequency (± 2 S.E.M.) of Δlrp ΔgatZ mutant against ΔgatZ during in vivo competition (from Fig. 

3B) is depicted in a dashed line. See also Fig. S6 and Table S4. 



Fig. 6 - B. coccoides abolishes lrp mutant emergence and fitness. (A) Dynamics of neutral 

fluorescent marker (± 2 S.E.M.) during E. coli adaptation in GnotoBc+Ec mice (n=5). (B) Parallel 

targets of mutation identified by WGS in samples of populations collected at day 28. The height 

of the bars denotes the frequency of populations (n=5) where a given mutation was present (left 

axis) and circles represent the frequency each mutated locus reached within the population 

(right axis). Mutations common to SPFstr+Ec are underlined and those common to 



GnotoEc highlighted in bold. (C) Frequency (± 2 S.E.M.) of the gat-negative phenotype over time 

across individual populations (blue lines) in GnotoBc+Ec (n=5). Average (± 2 S.E.M.) gat 

dynamics in GnotoEc (red dashed line) and SPFstr+Ec (black dashed line) are also depicted for 

comparison (data from Fig. 2). (D) Frequency (± 2 S.E.M.) of ∆lrp ∆gatZ strain during 

competition against ∆gatZ in GF mice after a period of pre-colonization (as in Fig. 3) but in the 

presence of B. coccoides (n= 5). (E) Correlation between ∆lrp ∆gatZ mutant fitness and average 

bacterial loads of B. coccoides during in vivo competition in (D). See also Fig. S7 and Tables S2 

and S5. 

  



 

Fig. 7 - Metabolites in GnotoBc+Ec mice are more similar to the metabolites in SPFstr than in 

GnotoEc. (A) Pie charts of relative concentrations (± 2 S.E.M) of metabolite groups from cecal 

contents at the end of the GnotoBc+Ec adaptation experiment (day 28, n=5). (B) Heatmap of 



median concentrations of all metabolites in GnotoBc+Ec cecal contents, for comparison with GF, 

GnotoEc and SPFstr. Colors represent the standard scores of absolute concentrations following 

group clustering with Euclidean distances (Ward's method). See also Fig. S4 and S7 and Table 

S3. 
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Supplemental Information  

 

Figure S1 - Loads of E. coli during adaptation to the gut of GnotoEc mice and comparison 
of Eco-evolutionary parameters between GnotoEc and SPFstr+Ec. (A) Loads of E. coli (± 2 
S.E.M.) during adaptation to the GnotoEc mouse gut in individually-housed mice monocolonized 
with a mixture of 1:1 ratio of DM08 and DM09 (n=10) as described in Fig. 1A. Experiment was 
performed in 3 independent blocks (GnEc 1-3, 4-8, 9-10). (B) Average loads of E. coli (± 2 S.E.M.) 
in fecal samples collected at indicated time points as a proxy for population size. E. coli loads are 
higher is GnotoEc mouse compared to SPFstr+Ec [S1] (host type, ANOVA χ21=4.4, P=0.036)). (C) 
Mutation frequency for furazolidone resistance (as indicator of mutation rate) in vivo is similar 
between GnotoEc and SPFstr+Ec [S2] (Mann-Whitney U test, P=0.9). Related to Fig. 1 and 2. 
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Figure S2 - Ancestral and Δlrp mutant can be distinguished phenotypically through growth 
in glyMM medium, independently of the gat mutation. (A) Growth curves of ancestral (DM09), 
ΔgatZ mutant (MFP54), Δlrp mutant (MFP008) and Δlrp ΔgatZ mutant (MFP106) in M9 minimal 
medium with 0.5% glucose, at 42°C, show impaired growth of lrp mutants when compared to the 
ancestral and ΔgatZ strains. (B) Growth defect of Δlrp mutants is exacerbated in glyMM, (where 
ammonium is replaced with glycine as nitrogen source, see Methods), and thus this medium was 
chosen for the phenotypic test to score for lrp-negative phenotype. Growth curves in (A) and (B) 
are averages (± 2 S.E.M.) from 9 replicates (3 independent experiments). (C) Growth in solid 
medium (at 42°C) of the same strains described in (A) on LB (left panel), M9 minimal medium 
with glucose (middle panel) or glyMM (right panel), show that glyMM agar plates can be used to 
score for lrp-negative phenotype. (D) Growth of ancestral (DM09), Δlrp (MFP08), lrpinterg (MFP89) 
and coding lrpcod (MFP88) strains in glyMM. lrpcod evolved clone is phenotypically similar to Δlrp 
mutant, while lrpinterg evolved clone has an intermediate phenotype. (E) Targeted PCR for the lrp 
locus performed on the strains described in (D) with primers either for the complete lrp locus (left) 
or only for the intergenic region upstream of the lrp starting codon (right). Clones with an insertion 
of an IS element (evolved clones, lanes 3 and 4) displayed a band with a larger size than that of 
the ancestral (lane 1), while for Δlrp (lane 2), the band was smaller. Amplification of the intergenic 
region upstream of lrp open reading frame allows for identification of clones carrying intergenic IS 
insertions as these display a larger band size (lane 4) compared to the ancestral (lane 1) or the 
other mutants (lanes 2 and 3). Lane 5 is the no-DNA negative control. (F) Individual plots of 
frequencies of lrp-negative (circles) and lrp-intermediate (triangles) mutant phenotypes (± 2 
S.E.M.) for all GnotoEc populations (as shown in Fig. 2). Experiments performed separately as 
GnEc 1.1-1.3, GnEc 1.4-1.8, GnEc 1.9-1.10 (mouse 8 died after day 23). These results show that 
both lrp-negative and lrp-intermediate phenotypes emerge in E. coli populations evolving in 
GnotoEc mice. Related to Fig. 2. 
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Figure S3 - lrp mutant is not advantageous in GF mice, during competitive fitness 
experiment without pre-colonization. Total E. coli loads (± 2 S.E.M.) (A) and frequency (± 2 
S.E.M.) of Δlrp ΔgatZ (B) during in vivo competition of Δlrp ΔgatZ (MFP106) against ΔgatZ 
(MFP54) introduced at 1:9 ratio by oral gavage in GF mice (n=3, M1-M3). (C) Bacterial loads (± 
2 S.E.M.) from the competition experiment of Δlrp ΔgatZ mutant against ΔgatZ in GnotoEc mice 
(n=5, M1-M5) pre-colonized with an ancestral streptomycin sensitive strain (MFP121, green full 
symbols). Competitor strains (depicted in open black symbols) were introduced at 1:9 ratio by oral 
gavage in GF mice four hours after the start of streptomycin treatment. Shaded area denotes 
period of streptomycin treatment. Related to Fig. 3. 
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Figure S4 - GF and SPFstr ceca exhibit distinct metabolomic profiles, in particular in respect 
to amino acids concentration. (A-C) Concentration of small metabolites from cecal contents, 
determined by 1H-NMR and grouped by chemical attributes. Absolute concentrations (with 
medians shown as lines) of all metabolites detected in GF (blue circles, n=5) and SPFstr (brown 
squares, n=10) is shown for amino acids (A), organic acids (B) and sugars and other metabolites 
(C). Metabolites whose concentration significantly differs between GF and SPFstr display the level 
of significance: P≤0.05 (*), P≤0.01 (**) or P>0.05, non-significant (ns), after post-hoc Mann-
Whitney U-test with Holm’s correction for multiple comparisons. Related to Fig. 4. 
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Figure S5 - Metabolite dynamics show rapid depletion of serine and threonine during E. 
coli adaptation in GnotoEc mice. Metabolites were determined by 1H-NMR in fecal samples 
collected during GnotoEc colonization (n=3). Bars show relative concentration of each metabolite 
over time (left axis) and circles depict the average total concentration (± 2 S.E.M.) of amino acids 
(A), organic acids (B), sugars (C) and other metabolites (D) over time (right axis). Uncolonized 
samples (Un) were collected the day prior to gavage with E. coli. Related to Fig. 4. 
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Figure S6 - lrp mutation confers a specific growth advantage. (A) Growth in casaminoacids 
show similar profiles independently of lrp. Growth curves of Δlrp ΔgatZ (MFP106), lrpcod ΔgatZ 
(MFP102), lrpinterg ΔgatZ (MFP104) and Reference (ΔgatZ, MFP54) in M9 medium with 0.5% 
casaminoacids as carbon source, in the absence (left panel) or presence (right panel) of leucine 
10Mm (n=9 from 3 independent experiments). Estimated growth parameters in Table S4. Error 
bars represent ± 2 S.E.M. (B) Bacterial loads (± 2 S.E.M.) from the competition experiment of Δlrp 
ΔsdaA ΔgatZ mutant (MPF125) against ΔgatZ (MFP54) in GnotoEc mice (n=5, M1-M5) pre-
colonized with an ancestral (MFP121) streptomycin sensitive strain (green full symbols). 
Competitor strains (depicted in open black symbols) were introduced at 1:9 ratio by oral gavage 
in GF mice four hours after the start of streptomycin treatment. Shaded area denotes period of 
streptomycin treatment. Related to Fig. 5.  
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Figure S7 - Evolution and metabolic environment of E. coli in GnotoBc+Ec mice differs from 
GnotoEc. (A) Loads of E. coli (± 2 S.E.M.) during the adaptation experiment in the presence of B. 
coccoides (n=5). (B) Loads of B. coccoides at the end of the evolution experiment in (A). (C) 
Competition experiment of Δlrp ΔgatZ (MFP106) mutant against ΔgatZ (MFP54) in GnotoEc mice 
(n=5, M1-M5) pre-colonized with an ancestral (MFP121) streptomycin sensitive strain (green full 
symbols). Competitor strains (depicted in open black symbols) were introduced at 1:9 ratio by oral 
gavage in GF mice four hours after the start of streptomycin treatment. Bacterial loads (± 2 S.E.M.) 
during competition are shown, with shaded area denoting period of streptomycin treatment. (D) 
Loads of B. coccoides during the competition experiment shown in (C). (E) Score plot for PC1 
and PC2 from principal component analysis (PCA) of all metabolites found in GF (blue circles), 
GnotoEc (black triangles), GnotoEcBc (red diamonds) and SPFstr (brown squares). Colored circles 
represent 95 % confidence intervals. (F-H) Concentration of small metabolites from cecal 
contents, determined by 1H-NMR and grouped by chemical attributes. Absolute concentrations 
(with medians shown as lines) of all metabolites detected in GnotoEc (black triangles, n=6) and 
GnotoBc+Ec (red diamonds, n=5) is shown for amino acids (F), organic acids (G) and sugars and 
other metabolites (H). Metabolites whose concentration significantly differs between GnotoEc and 
GnotoBc+Ec display the level of significance: P≤0.05 (*), P≤0.01 (**) or P>0.05, non-significant (ns), 
after post-hoc Mann-Whitney U-test with Holm’s correction for multiple comparisons. Related to 
Fig. 6 and 7. 
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Table S1 - Parallel mutations segregating in E. coli populations evolving in the absence of 
interspecies competition. Loci were identified by WGS of populations samples collected from 
GnotoEc mice after 23 days of evolution, and parallel mutations defined as evets found in more 
than one evolving population at a frequency greater than 5%. Functional annotation is shown for 
each locus, with processes related with amino acid metabolism highlighted in bold. Number of 
GnotoEc populations (n=10) where each mutation was found is shown, as well as the number of 
Gnotostr+Ec populations (n=3) where GnotoEc parallel mutations were also detected. Related to Fig. 
1. 

Locus Functions 

GnotoEc 
day 23 

Gnotostr+

Ec day 23 

# mice 
(n=10) 

# mice 
(n=3) 

gat operon Metabolism of galactitol 10 3 

trxB / lrpa Lrp is a global regulator of Amino acids metabolism 10 3 

frlR Fructosamine metabolism 8 1 

rssB Regulator of RpoS 5 1 

lrhA / alaAb 

Regulation of flagellation, motility and chemotaxis / 
Glutamate—pyruvate aminotransferase (alanine 
biosynthesis) 

4 1 

glpR Glycerol metabolism 4 1 

uspA / dtpBc Peptide transporter / uptake 4 2 

yjjM Galactonate metabolism 4  

tdcA / tdcR Threonine and serine metabolism 3 1 

cadC / yjdQd Lysine metabolism 3 1 

yebK Regulation of carbon metabolism during nutritional shifts 2  

amutation in the intergenic region of these two genes and in the coding region of lrp were identified. 
bmutation in this intergenic region can potentially affect the expression of these two genes, one mutation in coding 

region of the lrhA was identified. 
cmutation in the intergenic region upstream of dtpB and downstream of uspA. 
dmutation in the intergenic region upstream of cadC and downstream of the yjdQ gene. 

 

Table S2 - Mutations found in E. coli populations after adaptation to the gut of gnotobiotic 
mice. WGS analysis of E. coli population samples evolved in: GnotoEc for 23 (n=10) or 40 days 
(n=4), Gnotostr+Ec for 23 days (n=3) and GnotoBc+Ec for 28 days (n=5). 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 an IS insertion where only one new 
junction was identified. Related to Fig. 1 and 6. 

(For Table S2 see attached Excel file) 

 

Table S3 - List of metabolites identified by 1H-NMR in the cecum of GF (n=5), SPFstr+Ec 
(n=10), GnotoEc (n=6) and GnotoBc+Ec (n=5) or in fecal samples of GnotoEc (n=3) mice. 
Concentration of metabolites in nmol per gram of cecal content or feces. SPFstr+Ec, GnotoEc and 
GnotoBc+Ec mice were colonized with ancestral E. coli strains for approximately one month prior to 
metabolomic analysis. Related to Fig. 4 and 7. 
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(For Table S3 See attached Excel file) 

 

Table S4 - Serine metabolism provides fitness advantage to lrp mutants. Growth parameters 
of ΔgatZ (MFP54), Δlrp ΔgatZ (MFP106), lrpcod ΔgatZ (MFP102) and lrpinterg ΔgatZ (MFP104) E. 
coli strains estimated from growth curves in M9 medium supplemented with 0.5% serine (Ser) or 
0.5% casaminoacids (CAA) and in the absence or presence (+leu) of Leucine. Averages are 
shown with error (2se) represented within parenthesis. Strain parameters were compared relative 
to the reference strain (ΔgatZ) in columns Ser and CAA; and within strain, for Leucine effect, in 
columns Ser+leu and CAA+leu; (*) denotes significance after Mann-Whitney U-test with Holm 
correction for multiple comparisons (P ≤ 0.01, except in CAA with 0.01 ≤ P ≤ 0.05 ; ns – not 
significant). N=9 from 3 independent experiments. Related to Fig. 5. 

 
Growth rate  
(per hour) 

Carrying capacity 
(OD600nm) 

Growth rate  
(per hour) 

Carrying capacity 
(OD600nm) 

Strain Ser Ser+leu Ser Ser+leu CAA CAA+leu CAA CAA+leu 

ΔgatZ 
0.15 

(0.03) 
0.34 

(0.03)* 
0.07 

(0.01) 
0.48 

(0.04)* 
1.12 

(0.06) 
1.20 

(0.06) ns 
0.51 

(0.04) 
0.44 

(0.02) ns 

Δlrp 
ΔgatZ 

0.36 
(0.02)* 

0.48 
(0.03)* 

0.57 
(0.03)* 

0.53 
(0.04) ns 

1.03 
(0.09) 

ns 

1.19 
(0.09) ns 

0.40 
(0.03)* 

0.35 
(0.03) ns 

lrpcod 
ΔgatZ 

0.38 
(0.02)* 

0.48 
(0.01)* 

0.54 
(0.06)* 

0.60 
(0.06) ns 

1.04 
(0.10) 

ns 

1.06 
(0.06) ns 

0.39 
(0.03)* 

0.35 
(0.04) ns 

lrpinterg 
ΔgatZ 

0.32 
(0.01)* 

0.48 
(0.01)* 

0.52 
(0.05)* 

0.59 
(0.06) ns 

0.96 
(0.07) 

ns 

1.10 
(0.08) ns 

0.44 
(0.05) 

ns 

0.38 
(0.03) ns 

 

Table S5 - Parallel mutations segregating in E. coli populations evolving in the presence 
of B. coccoides. Loci were identified by WGS of populations samples collected from GnotoBc+Ec 
mice after 28 days of evolution, and parallel mutations defined with the same criteria as in Table 
S1. We also included mutations that were found in more than one mouse and were shared with 
SPFstr+Ec or GnotoEc regardless of frequency. Number of GnotoBc+Ec populations (n=5) where each 
mutation was found is shown, as well as presence/absence of these mutations in GnotoEc or 
SPFstr+Ec-evolved populations. Related to Fig. 6. 

amutation in the intergenic region upstream of the dcuB fumB operon were identified. 
bcytR was identified as a parallel mutation in Gnoto mice at day 40, Table S2. 
cmutation in the intergenic region upstream of cadC and downstream of the yjdQ gene. 

 

Locus Functions 
GnotoBc mice 

day 28 
Common to 

# mice (n=5) GnotoEc SPFstr+Ec 

gat operon Metabolism of galactitol 5 Yes Yes 

dcuB / ducRa Anaerobic respiration 5  Yes 

cytRb 
Regulator of utilization 
(deoxy)ribonucleosides 

5 Yesc  

cpdA cAMP phosphodiesterase 3   

kdgR Regulator of Gluconate utilization 3  Yes 

cadCc Metabolism of Lysine 3 Yes  

srlR Regulator of Sorbitol utilization 2  Yes 
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Table S6 - Strains, primers and plasmids used in the present study. 

Element ID Characteristics 
Parent 
Strain 

Origin 

MG1655 Wild type K-12 E. coli  MG1655 [S3] 

DM08 ΔlacIZYA YFP::ampR strR  MG1655 [S1] 

DM09 ΔlacIZYA CFP::ampR strR MG1655 [S1] 

MFP002 Δlrp::cmR MG1655 This work 

MFP004 ΔlacIZYA YFP::ampR strR Δlrp::cmR DM08 
P1 transduction from 

MFP002 lysate 

MFP008 ΔlacIZYA YFP::ampR strR Δlrp MFP004 
CmR removal with 

pTL17 

MFP048 ΔlacIZYA YFP::ampR strR ΔgatZ::kanR DM08 
P1 transduction with P1 
lysate from JW2082 [S4] 

MFP050 ΔlacIZYA CFP::ampR strR ΔgatZ::kanR DM09 
P1 transduction P1 

lysate from JW2082 [S4] 

MFP054 ΔlacIZYA CFP::ampR strR ΔgatZ MFP050 
KanR removal with 

pCP20 

MFP090 
ΔlacIZYA YFP::ampR strR ΔgatZ 
Δlrp::cmR 

MFP052 
P1 transduction with P1 

lysate from MFP002 

MFP106 ΔlacIZYA YFP::ampR strR ΔgatZ Δlrp MFP090 
CmR cassette with 

pTL17 

MFP088 
ΔlacIZYA CFP::ampR strR gatA::IS5 
lrpcod (IS2) 

DM09-
evolved 

Clone isolated from 
Gn1.9 at day 14 
(evolved clone) 

MFP089 
ΔlacIZYA YFP::ampR strR gatZ::IS1 
lrpinterg (IS2 intergenic region) 

DM08-
evolved 

Clone isolated from 
Gn1.1 at day 16 
(evolved clone) 

MFP098 
ΔlacIZYA CFP::ampR strR ΔgatZ::kanR 
lrpcod (IS2) 

MFP088 
P1 transduction with P1 
lysate from JW2082 [S4] 

MFP100 
ΔlacIZYA YFP::ampR strR ΔgatZ::kanR 
lrpinterg (IS2 intergenic region) 

MFP089 
P1 transduction with P1 
lysate from JW2082 [S4] 

MFP102 
ΔlacIZYA CFP::ampR strR ΔgatZ lrpcod 

(IS2) 
MFP098 

KanR removal with 
pCP20 

MFP104 
ΔlacIZYA YFP::ampR strR ΔgatZ lrpinterg 
(IS2 intergenic region) 

MFP100 
KanR removal with 

pCP20 

NO11 ΔlacIZYA MG1655 This work 

MFP121 ΔlacIZYA ΔgalK::kanR  NO11 
P1 transduction with P1 
lysate from JW0740 [S4] 

MFP125 
ΔlacIZYA YFP::ampR strR ΔgatZ Δlrp 
ΔsdaA::kanR MFP106 

P1 transduction with P1 
lysate from JW1803 [S4] 

MFP133 
ΔlacIZYA YFP::ampR strR ΔgatZ Δlrp 
ΔsdaA 

MFP125 
kanR removal with 

pCP20 

Blautia 
coccoides 

Wild type, mouse isolate - This work 

Primer (a) 
5’ ATCAGCACAGGTTGCAGGTT 3’ 

- 
fw primer upstream of 

lrp 

Primer (b) 3’ TGTCTCTCTGTATTCCTTCCCT 5’ - 
rev primer adjacent to 

lrp ATG 

Primer (c) 3’ GCGGCCGCTACTTAACTTTG 5’ - 
rev primer downstream 

of lrp 



14 
 

pTL17 kanR - [S5] 

pCP20 cmR - [S6] 
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