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Summary

Pathogen virulence exists on a continuum. The strategies that drive symptomatic or asymptomatic 

infections remain largely unknown. We took advantage of the concept of lethal dose 50 (LD50) to 

ask which component of individual non-genetic variation between hosts defines whether they 

survive or succumb to infection. Using the enteric pathogen Citrobacter, we found no difference in 

pathogen burdens between healthy and symptomatic populations. Iron metabolism-related genes 

were induced in asymptomatic hosts compared to symptomatic or naïve mice. Dietary iron 

conferred complete protection without influencing pathogen burdens, even at 1000× the lethal 

dose of Citrobacter. Dietary iron induced insulin resistance, increasing glucose levels in the 

intestine that was necessary and sufficient to suppress pathogen virulence. A short course of 

dietary iron drove the selection of attenuated Citrobacter strains that can transmit and 
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asymptomatically colonize naïve hosts, demonstrating that environmental factors and co-operative 

metabolic strategies can drive conversion of pathogens towards commensalism.

Graphical Abstract

In brief:

Defense strategies that are cooperative rather than antagonistic can promote asymptomatic 

infection and select for reduced virulence in a bacterial pathogen

Introduction

Host-microbe interactions can rarely be defined strictly as pathogenic, benign, or beneficial, 

but rather the ability of a microbe to cause disease (i.e., virulence) exists as a continuum. 

Where a microbe lies on this continuum is dependent on the context in which the host-

microbe interaction occurs. This is best appreciated in cases for which disease is a direct 

function of microbial burden, for example with opportunistic infections in 

immunocompromised individuals, and infections in individuals who have traits restricting 

growth (Elguero et al., 2015; Luzzatto, 2012). What is less well understood are the contexts 

in which pathogens are capable of infecting, replicating and persisting in their hosts but do 

not cause disease, such as with subclinical or latent infections and “healthy” carriers that 

harbor “pathogenic” microbes (Bruner et al., 2015; Chen et al., 2016; Furuya-Kanamori et 

al., 2016; Ganguly et al., 2013; Marineli et al., 2013; Riggs et al., 2007). The mechanisms 

that mediate such relationships are not universally known, however, environmental effects 

likely dictate whether a microbe will or will not behave as a pathogen within its host.

The ability of a pathogen to cause disease, in part, is dependent on direct effects of the 

pathogen on host physiologies. Pathogens are equipped with virulence factors enabling the 

pathogen to achieve specialized niches where they can replicate and be transmitted to new 

hosts, ultimately resulting in disease. While virulence factors are adaptation factors to 
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promote pathogen fitness, their expression must be tightly regulated to achieve the optimal 

balance between pathology and fitness, as too much pathology could ultimately compromise 

both the host and the pathogen (Ayres, 2016; Rao et al., 2017). For pathogens that 

asymptomatically and persistently infect hosts, it appears a new equilibrium has been 

reached between the host and the pathogen in which pathogen fitness is achieved, without 

the need for employing virulence factors, and resulting in an otherwise healthy host.

Host adaptations will also dictate whether disease will occur in host-pathogen interactions. 

Defense against infections can be divided into two broad strategies, categorized by their 

effects on pathogen fitness (Ayres, 2016). Antagonistic strategies include resistance and 

avoidance mechanisms that protect the host by having a negative impact on pathogen fitness 

(Medzhitov et al., 2012; Schneider and Ayres, 2008). In turn, these strategies drive the 

oscillation of attack and counterattack adaptations in microbial populations; the Red Queen 

Effect (Ayres, 2016). Disease typically results from antagonistic interactions. A second 

strategy of host defense that is co-operative by nature, protects the host while having a 

neutral to positive impact on microbial fitness (Ayres, 2016). Co-operative strategies include 

disease tolerance mechanisms, which act to prevent and alleviate physiological damage that 

occurs during infection, without killing the pathogen (Medzhitov et al., 2012; Schneider and 

Ayres, 2008). In addition, it has been proposed that the host has evolved anti-virulence 

physiological responses that protect the host during infection and promote pathogen fitness 

by dampening pathogen virulent behavior without affecting pathogen burdens (Ayres, 2016). 

So long as the pathology that is alleviated is not needed for pathogen transmission, co-

operative strategies can promote microbial fitness through sustaining host health. The 

concept of co-operative defenses and the mechanisms contributing to this defense strategy 

provides an opportunity to understand variations in host susceptibility to infections and the 

contexts in which pathogens do not behave as pathogens.

Here, we describe a new approach to define the physiological circuitry of the host that is 

associated with co-operative defenses during infections. We demonstrate how this approach 

can be used to mechanistically define how asymptomatic carriage of a pathogen can be 

favored by host adaptations. Using the naturally occurring mouse – Citrobacter rodentium 
(CR) host-pathogen system, we found a previously unappreciated role for host iron 

metabolism in triggering physiological changes in the host, leading to attenuation of CR 

virulence and promoting asymptomatic persistent infection with the pathogen. Dietary iron 

led to insulin resistance (IR) in the host that was necessary and sufficient to reduce 

absorption of glucose from the intestine, increasing availability of glucose to the pathogen in 

the gut and suppressing virulence factor expression. Dietary iron and IR resulted in long 

term asymptomatic carriage of CR and the selection for attenuated CR strains that were 

capable of infecting and persisting in new hosts without causing disease. Our study provides 

a mechanism for how co-operative host metabolic adaptations factors can induce a 

physiological response in the host that operates as an anti-virulence mechanism, promoting 

long term carriage and selection for attenuated pathogens.
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Results

Systems approaches to elucidate co-operative defense mechanisms in host-pathogen 
interactions.

Lethal dose 50 (LD50) describes the microbe dose that kills 50% of a host population. We 

hypothesized that this system would be useful for defining co-operative defenses 

mechanistically. We used CR to test our hypothesis because co-operative mechanisms can be 

revealed in systems in which there has been co-evolution between the host and the pathogen 

(Ayres, 2016), as is the case with this naturally occurring microbe. Oral infection of 

C3H/HeJ mice with CR at the LD100 dose results in 100% lethality and is associated with 

quantifiable clinical symptoms including weight loss, diarrhea and morbidity (Figure 1A-E). 

By dose titration we revealed an LD50 dose of CR for C3H/HeJ mice, resulting in 50% 

mortality of the host population (Figure 1A). The living and dying populations of LD50-

challenged mice followed two different clinical trajectories that correlated with the outcome 

of infection (Figure 1B-E). To determine the relationship between the fates of the healthy 

and dying populations and pathogen burdens, we challenged animals with an LD50 dose of 

CR, assigned them daily clinical scores and assessed pathogen burdens at day 8 post-

infection, when the dying population reached maximum morbidity. We found equivalent 

levels of CR between the two different host populations in all target tissues of the pathogen 

(Figure 1F). By our definitions, the differences in infection outcome are due to disease 

tolerance or anti-virulence mechanisms (co-operative defenses).

We analyzed the liver transcriptome of the infected hosts that survived and those that were 

on the trajectory to lethality at day 8 post-infection to identify networks associated with 

survival or death during infection. Pathways induced in the living population (IH), versus 

dying (IM) and uninfected (U) populations were reflected in our analysis, demonstrating that 

a healthy infected host does not resemble an uninfected healthy host and that there is an 

induction of pathways induced in the healthy infected state (Figure 1G). We found 

enrichment of physiologies within the living infected populations including various 

metabolic and nutrient pathways instead of the expected immune and inflammatory 

pathways (Figure 1H). Taken together, our data demonstrate that the LD50 approach can be 

used to define host physiologies that are associated with a healthy host and co-operative 

defenses during pathogenic infections.

Dietary iron promotes co-operative defenses

From our LD50 analysis, we found an enrichment in genes upregulated in the healthy 

infected hosts important for iron metabolism compared to the infected dying and uninfected 

control mice (Figure 2A). Our results suggest that host iron metabolism may induce a co-

operative defense mechanism. We orally infected C3H/HeJ mice with an LD100 dose of CR 

and fed them chow supplemented with 2% carbonyl iron, a common dietary iron or control 

chow . We found that administration of dietary iron conferred 100% protection from 

infection while infected mice fed control chow succumbed to the infection (Figure 2B). We 

next employed a pairwise feeding technique in which we eliminated differences in 

consumption of the different diets over the course of the infection (Figure S1A). Dietary iron 

still conferred 100% protection from CR induced lethality using pairwise feeding, 
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demonstrating that the protection afforded by dietary iron was due to iron and not food 

consumption differences (Figure 2C). Iron-fed animals had increased liver levels of total, 

ferric and ferrous forms of iron (Figure 1SB-D). Dietary iron induced a similar liver gene 

expression program of iron metabolism genes of infected mice as revealed from our LD50 

RNAseq analysis (Figure 2A,D). We performed a time course analysis and determined that 

administration of dietary iron six days post infection with an LD100 dose was able to confer 

60% protection from lethality (Figure S1E).

We next determined the relationship between host health and pathogen fitness when animals 

were administered dietary iron. This is determined by challenging the host with different 

doses of pathogen and generating a dose response curve to examine how host health is 

affected by the different doses of pathogen under dietary iron and control diet conditions 

(Raberg et al., 2007). We found that dietary iron provided 100% protection from death and 

associated co-morbidities when animals were challenged with 1-1000× the LD100 dose of 

CR (Figure 2E,F and Figure S1F-H). A time course analysis of the levels of CR in the 

cecum, colons and feces over the course of the infection showed that there were no 

significant differences in pathogen burdens under the different diet conditions (Figure 2G, 

S1I-J). An examination of the relationship between host health (DAIs) against pathogen 

levels (fecal shedding) of mice challenged with 1-1000× the LD100 dose of CR over the 

course of the infection revealed that dietary iron enabled mice to maintain their health across 

a range pathogen levels compared to animals fed control chow (Figure 2H). Thus, consistent 

with our LD50 analysis, dietary iron promotes host survival by maintaining host health via 

co-operative defenses.

Dietary iron prevents CR induced intestinal pathology

CR colonization of the intestinal mucosa causes colonic damage, inflammation, increased 

permeability and increased extra-intestinal dissemination of the pathogen (Collins et al., 

2014; Mundy et al., 2005). Iron fed animals infected with CR were protected from cecal and 

colonic pathology and inflammation (Figure 3A,B and Figure S2A,B). Using a FITC-

dextran assay, we found CR infected animals fed dietary iron were protected from leaky gut, 

while infected mice given control diet exhibited similar amount of leakage of the dye as 

control animals given dextran sodium sulfate (DSS) (Figure 3C). Furthermore, infected mice 

fed dietary iron exhibited reduced extra-intestinal dissemination of CR and this was 

associated with reduced proinflammatory cytokine expression at extra-intestinal sites (Figure 

3D-F). Thus, co-operative defenses induced by dietary iron protect the host from infection 

by maintaining intestinal health and barrier integrity, preventing extra-intestinal 

dissemination of the pathogen.

Dietary iron suppresses CR virulence in vivo.

CR pathogenicity is dependent on transcriptional activation of the locus of enterocyte 

effacement (LEE) pathogenicity island that encodes a type three secretion system and its 

conserved set of core effectors (Collins et al., 2014; Mundy et al., 2005). Our analysis 

demonstrated that dietary iron maintains host health during infection without killing the 

pathogen in the primary tissues of infection, indicating that dietary iron induces a disease 

tolerance or an anti-virulence mechanism. To distinguish between these two possibilities, we 
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measured the expression of CR LEE encoded virulence factors (Tir, Map and EspA) found 

in different operons within the pathogenicity island as well as a non LEE encoded virulence 

factor (EspI) over the course of the infection in animals fed dietary iron or control chow. We 

found that in mice fed dietary iron, CR expressed these virulence factors at significantly 

lower levels over the course of the infection compared to expression in mice given control 

chow (Figure 4A-D). Our data suggest that dietary iron promotes co-operative defenses by 

limiting the expression of the pathogen’s virulence program to levels that are sufficient to 

promote colonization without causing disease. In contrast to our in vivo data, we found that 

when CR was grown in iron rich media in vitro, there was a dose dependent induction of 

LEE- and non-LEE-encoded virulence factors (Figure 4E-H and S3A-D), suggesting that 

iron does not act directly on CR to inhibit virulence.

We next considered the possibility that the protective effects of dietary iron were dependent 

on the microbiota. CR virulence in germ free mice is dependent on the dose of pathogen 

administered to the mice and mouse strain (Buschor et al., 2017; Itoh et al., 1988). We orally 

infected germ-free mice with CR and fed mice 2% carbonyl chow or normal chow. Iron 

chow conferred protection from a lethal dose of CR in the absence of a microbiota, 

indicating that iron does not require the microbiota to mediate its protective effects (Figure 

4I). Taken together, our data suggest that dietary iron suppresses virulent behavior of CR in 
vivo and these effects are not due to a direct action of iron on the pathogen and does not 

require the microbiota.

Dietary iron increases glucose availability in the intestine to suppress virulence

Regulation of virulence in pathogenic E. coli strains is dependent on the metabolic state of 

the pathogen (Njoroge et al., 2012). We found that the expression of LEE and non-LEE 

encoded virulence factors by CR was dependent on the sugar source available to the 

pathogen. Growth in d-glucose rich media, suppressed the expression of all LEE and non-

LEE encoded virulence factors tested (Figure S4A-D). By contrast, growth in media 

supplemented with the disaccharide, lactose, caused an induction in expression (Figure S4E-

H). Thus, increased glucose availability is sufficient to suppress expression of the pathogen’s 

virulence program.

Because of the bidirectional link between host iron metabolism and glucose homeostasis 

(Fargion et al., 2005), we hypothesized that dietary iron suppresses CR virulence by 

increasing glucose content in the intestine. Infected mice fed dietary iron had higher levels 

of luminal glucose in the cecum and colon, the site CR infection (Figure 5A). The 

concentrations of glucose found in the cecal and colonic luminal content of iron fed infected 

mice was sufficient to suppress virulence factor expression of CR (Figure 5B). We ruled out 

the possibility that this increase in luminal glucose levels was due to changes in food 

consumption, changes in the microbiota or changes in gut motility (Figure 2C, S1A, S4C, 4I, 

S4D). To determine differences in the rates of glucose absorption, we orally administered a 

glucose solution to fasted CR-infected animals that were fed iron or control chow as well as 

uninfected mice and measured the rate of increase of blood glucose levels. We found that 

uninfected and infected mice fed control diet absorbed approximately twice as much glucose 

into their bloodstream within the first five minutes post-glucose gavage as did animals fed 
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the iron diet and this trend continued 15 minutes post glucose gavage (Figure 5C,D). As a 

secondary mode of validation, we employed 2-NBDG, a fluorescent glucose analog that is 

used to monitor glucose uptake from living cells and tissues. Oral gavage of 2-NBDG is 

used to assess glucose absorption from the intestine to extraintestinal sites in whole animals 

and co-administration with d-glucose, greatly diminishes uptake indicative of competitive 

uptake (Kanow et al., 2017) (Figure S4E). After oral gavage, infected mice fed dietary iron 

exhibited reduced absorption of 2-NBDG into the bloodstream within the first 15 minutes 

post-gavage compared to infected mice fed control chow and uninfected mice (Figure 

S4F,G). Consistent with a reduced rate of glucose absorption, we found that infected iron-

fed mice had significantly more luminal glucose and 2-NBDG in their jejunums (the site of 

glucose absorption from the intestine) compared to uninfected control mice or CR infected 

mice fed control diet (Figure 5E and S4H). Thus, dietary iron increases glucose availability 

in the intestine during CR infection by limiting glucose absorption.

To determine if increased intestinal glucose was necessary and sufficient to suppress CR 

virulence in vivo, we infected mice with an LD100 dose of CR and administered drinking 

water supplemented with acarbose, an inhibitor of alpha-amylase and alpha-glucosidase to 

prevent liberation of dietary glucose in the intestine. Acarbose increased CR virulence in 

both control fed and iron fed mice in a dose dependent manner indicating that intestinal 

glucose availability is necessary to suppress virulence of CR in vivo (Figure 5F). To assess 

sufficiency, we administered glucose to infected mice given control chow via their drinking 

water over the course of the infection. Infection was attenuated in animals given glucose-

supplemented water compared to animals that received control drinking water but not when 

they received systemic glucose injections over the course of the infection (Figure 5G,H). By 

contrast, when mice were given lactose-supplemented water during infection, the infection 

was more virulent than in animals given control drinking water (Figure S4I). Thus, our data 

support a model in which dietary iron suppresses CR virulence by increasing luminal 

concentrations of glucose resulting from reduced intestinal glucose absorption.

Insulin resistance is necessary and sufficient for reduced glucose absorption and 
suppression of CR virulence.

Dietary iron induces systemic IR that is associated with iron overload in white adipose tissue 

(WAT) deposits, reduced overall mass of WAT deposits and WAT IR (Choi et al., 2013; 

Dongiovanni et al., 2013; Simcox and McClain, 2013). We found that animals fed 2% 

carbonyl iron during CR infection had WAT iron overload, reduced body fat mass and were 

IR (Figure 6A-D and S5A,B). Similarly, the healthy population of mice from our LD50 

analysis were IR compared to the morbid population (Figure S5C,D). Consistent with 

previous studies (Dongiovanni et al., 2013), we found the systemic IR was associated with 

reduced insulin signaling in WAT deposits (Figure 6E and S5E). We found comparable 

levels of circulating insulin in iron and control-chow fed animals indicating that the IR was 

due to differences in responsiveness rather than insulin deficiency (Figure 6F).

To determine if dietary iron-induced IR was necessary for the reduced intestinal glucose 

absorption, we used metformin to induce insulin sensitivity in infected animals given an iron 

diet. To test for sufficiency, we used high fat diet (HFD) to induce IR in the absence of 
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dietary iron. We used DBA/2J mice because HFD is ineffective in C3H/HeJ mice (Figure 

S5F-I). HFD has been previously suggested to cause leaky gut in C57BI/6 mice and render 

mice more susceptible to CR extraintestinal dissemination (Thaiss et al., 2018) but does not 

in DBA/2J mice (Figure S6A-D). We confirmed that CR establishes a lethal infection and 

that dietary iron protects from a lethal CR challenge, induces IR, reduces intestinal glucose 

absorption and increases glucose availability in the lumen of the intestine during infection in 

DBA2/J mice (Figure 6G-J and S6E-J). Metformin treatment prevented the development of 

IR in CR-infected mice given 2% carbonyl iron during infection (Figure S6F,G), while HFD 

caused IR in mice (Figure S6K,L). Infected mice raised on HFD had higher levels of cecal 

and colonic luminal glucose, similar to what we found in infected mice given iron chow, 

compared to infected mice given iron chow plus metformin, infected mice given control 

chow and uninfected mice (Figure 6G) and this could not be explained by increased food 

consumption or differences in gut motility (Figure S6M,N). Upon oral gavage with a bolus 

of glucose or 2-NBDG, infected mice given iron diet plus metformin exhibited a similar rate 

of absorption into the circulation as uninfected or infected mice given control chow (Figure 

6H,I and S6H,I). By contrast, infected mice raised on HFD, exhibited a slower rate of 

absorption similar to infected mice given iron chow (Figure 6H,I and S6H,I). Glucose levels 

and 2-NBDG levels were significantly higher in the luminal content of the jejunum (Figure 

6J and S6J). Thus, IR was necessary and sufficient to reduce intestinal glucose absorption 

during CR infection.

We next used our metformin and HFD diet models to determine if IR was necessary and 

sufficient to suppress CR virulence. We found that metformin treatment rendered iron-fed 

mice more susceptible to an oral CR infection, with mice exhibiting similar death kinetics as 

infected mice given control chow (Figure 6J and S6J). By contrast animals raised on HFD 

were completely protected from an LD100 dose of CR (Figure 6J). Taken together, our data 

demonstrate that dietary iron-induced IR suppresses CR virulence by increasing availability 

of glucose in the intestine.

Dietary iron drives an enteric pathogen towards long term commensalism

We propose that co-operative defenses can yield attenuated host-pathogen relationships so 

long as the pathology being alleviated does not inhibit pathogen transmission (Ayres, 2016). 

It would then follow that: 1) the induction of co-operative defenses can lead to an apparent 

commensalism in the primary host in which health is maintained despite the continued 

presence of the pathogen and 2) there can be selection for pathogen strains within the 

primary host that are attenuated in secondary hosts upon transmission. To test this idea, we 

infected mice with 1-1000× the LD100 dose of CR and fed the mice control chow or 2% 

carbonyl iron chow for the first 14-days post-infection, after which the iron chow was 

withdrawn and animals were returned to normal chow, and survival was monitored. While 

the infected mice given normal chow succumbed to the infection, the animals given a 14-day 

course of dietary iron remained alive more than eight months post-infection (animals were 

still alive at the time of writing) (Figure 7A). We monitored fecal shedding of CR in these 

animals over the course of the infection and found that they shed CR (~106 CFU/gram stool) 

indicating that these mice were persistently infected with the pathogen (Figure 7B).
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We tested the hypothesis that promoting co-operative defenses with a 14-day course of 

dietary iron drives the selection for attenuated strains of CR. Co-housing of CR-infected 

mice with naïve mice results in transmission and death due to coprophagy behavior (Figure 

7C). Mice were infected with an LD100 dose of the parental strain of CR and fed 2% 

carbonyl iron for the first 14-days post-infection, after which they were returned to normal 

chow. We then co-housed these mice with naïve mice at different days post-iron food 

withdrawal and continued to feed them control chow (Figure 7D). Using fecal shedding of 

naïve mice as a readout, we found no significant differences in the rate of transmission of 

CR to the naïve mice co-housed with the iron-fed, infected mice at different time points post 

iron food withdrawal (Figure 7E). Despite this, we found significant differences in the 

survival of the naïve mice depending on when they were co-housed with the previously iron-

fed, infected mice. 100% of naïve animals co-housed with iron-fed infected mice 3-days 

post iron food withdrawal died. This was reduced to 40% when naïve animals were co-

housed with iron-fed infected mice 10-days post food withdrawal. However, when naïve 

mice were co-housed with iron-fed infected mice 45-days post iron food withdrawal, no 

naïve mice died (Figure 7F). We measured the amount of CR shed from the naïve mice each 

day after initiation of co-housing with the iron-fed, infected mice and found that there were 

comparable levels of pathogen in all naïve mouse groups 1 day after co-housing initiation 

through day 4, suggesting that the amount of pathogen being transmitted and infecting the 

naïve mice was similar (Figure 7G). However, beginning day 5 post co-housing initiation, 

naïve mice housed with the infected mice 3 days after iron food withdrawal began shedding 

more CR and reached levels of 109 CFU/gram stool of the pathogen by day 6. Similar trends 

were observed with the non-survivors that were co-housed with the iron-fed, infected mice 

10-days after iron food withdrawal exhibited similar levels of pathogen shedding (Figure 

7G). By contrast, the surviving naïve mice housed with the iron-fed, infected mice 10-days 

post iron food withdrawal and the naïve mice housed with the infected mice 45 days post 

iron food withdrawal shed a steady amount of pathogen, at ~106 CFU/gram of stool (Figure 

7G), similar to what we found in the primary hosts that were fed a 14-day course of iron and 

became asymptomatically, persistently colonized with CR (Figure 7B).

Our data suggests that a short course of dietary iron drives the selection for attenuated 

strains of CR that persistently colonize the host and that attenuation is due to a newly 

established colonization threshold of the pathogen. To formally test this, we isolated CR 

strains from C3H/HeJ mice that were orally infected with an LD100 dose of parental CR and 

fed 2% carbonyl iron for 14 days post-infection, approximately one month to one year after 

infection. Attenuated isolates did not display general replication defects in vitro in LB media 

(Figure S7A). We orally infected naïve mice with 7.5×108 CFU of the parental CR or 

7.5×108 CFU of one of ten isolates and fed mice control chow. Mice infected with the 

parental strain succumbed to the infection. By contrast, mice infected with the CR isolates 

remained alive 40 days post infection (after which we terminated the experiment) (Figure 

7H). Consistent with our long-term infection studies (Figure 7A, B) and our co-housing 

studies (Figure 7E-G), we found that while the parental strain reached approximately 109 

CFU/gram stool as the infection progressed, the fecal shedding levels of mice infected with 

the CR isolates remained steady at approximately 106 CFU/gram stool during the infection 

(Figure 7I).
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We performed whole genome sequencing of the 10 attenuated strains. Genomic alignment 

and single nucleotide polymorphism (SNP) analysis revealed 7 distinct classes of mutants 

(Figure 7J and Table S1, S2). Six isolates (#1,3,5,6,9 and 10) displayed >30kbp 

chromosomal deletions in the LEE pathogenicity island and/or adjacent regions encoding 

fimbriae genes (Figure 7J). All isolates possessed 1 to 6 SNPs in comparison to the parental 

DBS100 strain, though most SNPs resulted in synonymous mutations (Table S1, S2). Three 

isolates (#2,4 and 7) possessed premature-stop and frameshift mutations in LEE genes. One 

isolate (#8) did not have genomic rearrangements or SNPs in known virulence factors, but 

instead had an inframe deletion in pyruvate dehydrogenase complex dihydrolipoyllysine 

acetyltransferase, a missense mutations in ROD_RS08060, a gene of unknown function, and 

AlaE, an alanine transporter. Taken together, our data support a model in which a short 

course of dietary iron drives selection for attenuated strains of CR in the primary host that 

can persistently and asymptomatically infect naïve mice that establish a new colonization 

threshold.

Discussion

How host physiological responses to pathogens lead to asymptomatic infections and the 

evolution of attenuation is unknown. We took advantage of a well-known LD50 

phenomenon to define physiological circuitry that is associated with healthy and dying fates 

of infected hosts. By comparing to naïve mice, we observed that there is induction of 

physiologies in the healthy infected host population and demonstrated that these induced 

pathways can be used to define mechanisms of co-operative defenses. While we focused our 

studies on iron, we found other physiological responses that were induced in the healthy 

infected population that likely contribute to co-operative defenses during CR infection. This 

is supported by the fact that the healthy LD50 mice had pathogen infecting systemic tissues. 

By contrast if iron was administered early during infection, it suppressed virulence of CR, 

preventing it from spreading to systemic sites. Administration of dietary iron at later time 

points after CR disseminates was no longer sufficient to promote 100% survival of the host. 

We anticipate that our LD50 approach can be applied to many other infectious disease 

models to understand host variation in susceptibility to disease and can provide a new 

perspective for treating disease.

In response to infections, the host employs mechanisms that reduce the amount of 

circulating iron and sequesters iron within host tissues and this has traditionally been 

believed to serve as an antagonistic defense mechanism (Cassat and Skaar, 2013). We found 

from our LD50 analysis that there was enrichment of iron metabolism pathways in the liver 

of the healthy infected population and that administration of dietary iron to animals infected 

with 1-1000× the LD100 dose of CR conferred 100% protection from infection. This 

protection was associated with no change in pathogen burdens in the primary tissue of 

infection and induced an anti-virulence mechanism in the host. Our data suggest that in 

addition to providing antagonistic functions, the purpose of host tissue iron sequestration is 

also to promote co-operative host defenses for certain infections.

The effects of oral iron supplementation on infection outcome are complex and likely 

context dependent. In experimental studies, iron enriched diets conferred protection against 
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certain infections including Helicobacter pylori and Mycobacterium bovis (Agoro et al., 

2017; Beckett et al., 2016) but exacerbated infections with Salmonella (Nairz et al., 2017). It 

is important to note that the strain of mouse used for most of these studies has been C57BI/6 

mice, which has a nonfunctional allele of Nramp1, a divalent metal (iron and manganese) 

transporter that renders them more susceptible to infections (Canonne-Hergaux et al., 1999; 

Fritsche et al., 2012; Loomis et al., 2014; Powell and Frelinger, 2017; Soe-Lin et al., 2009). 

In humans, clinical data support our findings that dietary iron supplementation provides 

beneficial outcomes, especially in developing countries where low iron status may be 

prevalent (Loukas et al., 2016; Mwangi et al., 2017; Oppenheimer, 1989, 1998, 2001). 

However in malaria endemic areas, iron supplementation was associated with a negative 

outcome for patients (Clark et al., 2014). A better understanding is needed of the contexts in 

which micronutrients are essential for promoting host defense against interactions and when 

they will worsen infection outcome.

In agreement with experimental and clinical data (Choi et al., 2013; Fargion et al., 2005; 

Fernandez-Real et al., 2002; Simcox and McClain, 2013), we found that dietary iron caused 

IR in our infection models and this was necessary for iron mediated protection from 

infection. A recent study has suggested that liver iron sequestration regulates blood glucose 

levels by inducing ferritin to maintain liver gluconeogenesis during sepsis (Weis et al., 

2017). Our study provides an alternative explanation: tissue iron sequestration regulates 

glycemia by inducing acute IR during infection. This is supported by a study showing that 

heme-oxygenase-1 (HO-1) induces IR in the context of metabolic disease (Jais et al., 2014). 

Indeed, from our expression analysis, we found that dietary iron and the healthy LD50 

population had elevated levels of Hmoxl expression. Interestingly, HO-1 has been shown to 

promote co-operative defenses against Plasmodium and in sepsis models (Ferreira et al., 

2011; Jeney et al., 2014; Seixas et al., 2009). The protective effects were attributed to the 

detoxification function of the enzyme, but our study provides an alternative explanation and 

suggests that the mechanism by which HO-1 promotes co-operative defenses may be by 

inducing IR.

Acute IR is a common response triggered during infectious diseases (Yki-Jarvinen et al., 

1989), suggesting acute IR is an evolved strategy to promote host defense during infections 

by increasing availability of glucose to non-insulin dependent tissues. With our study, we 

suggest that one function of acute IR during disease is to increase the availability of glucose 

to resident microbes of the host to tame their virulence. This is supported by recent studies 

showing that feeding during infection dampens pathogen virulence during Salmonella 
intestinal infection and that the host fucosylation response during LPS-induced anorexia 

prevents the virulent behavior of the resident microbiota during sickness (Pickard et al., 

2014; Rao et al., 2017).

We found that IR was necessary and sufficient to alter intestinal glucose absorption. How 

systemic glucose levels and insulin responsiveness feed back to the intestine to influence 

glucose absorption is not well understood. Intestinal glucose is taken up from the lumen into 

small intestinal epithelial cells via sodium-glucose linked transporter 1 (SGTL1) (Roder et 

al., 2014). Studies with metformin have shown that in addition to IR, metformin increases 

expression of SGLT1 and intestinal uptake of glucose (Bauer et al., 2018; Lenzen et al., 
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1996). This is supported by our studies with metformin, in which we found that treatment 

with metformin of iron-fed mice during infection increased intestinal absorption of glucose. 

Furthermore, consistent with our studies demonstrating that HFD reduced glucose 

absorption from the intestine, HFD has been reported to reduce SGLT1 expression (Bauer et 

al., 2018). It will be important to determine if dietary iron induced IR causes changes in 

intestinal glucose absorption by altering SGLT1 expression and/or function.

We found that a short course of dietary iron drove the selection in the primary host for 

attenuated strains of CR. We found that these attenuated strains asymptomatically and 

persistently colonized the primary host and could be transmitted and asymptomatically 

persistently colonize new naïve hosts that never received the iron diet. The attenuation was 

due to mutations in genes witin the LEE pathogenicity island and adjacent genes and a new 

colonization threshold that could be achieved by the pathogen. While this colonization 

threshold was lower than the infection levels that could be achieved by the parental strain, 

this may reflect trade-offs between pathogen virulence and colonization threshold within the 

host. By not achieving high levels of growth within the host, the host becomes a healthy 

reservoir for the pathogen facilitating increased transmission to new hosts, that become 

asymptomatic, persistent shedders and ultimately may result in pathogen strains with greater 

fitness than the parental strain. Trade-offs between virulence and transmission have been 

reported previously (Mackinnon et al., 2008; Paul et al., 2004; Rao et al., 2017). It will be 

important to perform population studies in the future to determine whether the attenuated 

strains are more fit, define the mechanism of attenuation and determine if these strains can 

revert back to their original phenotype and become virulent to the host again.

STAR★Methods

Contact for Reagent and Resource Sharing

Further information or requests for reagents may be directed to Lead Contact Janelle S. 

Ayres (jayres@salk.edu).

Experimental Model and Subject Details

Mice: Male and female mice were used for experiments. C3H/HeJ mice were purchased 

from Jackson Laboratories. C3H/HeJ mice are not susceptible to obesity and insulin 

resistance induced by high fat diet. Instead DBA/2J mice were used for metformin and HFD 

experiments. DBA/2J mice were obtained from Jackson Laboratories. For germ free studies, 

Swiss Webster mice were bred and maintained in our germ free barrier facility in sterile 

semi-flexible isolators and screened for bacterial, fungal, and viral contamination (Schieber 

et al., 2015). Germ free and specific pathogen free mice were maintained under a 12 hr light/

dark cycle and given chow diet as described in diets section. Mice were used for 

experimentation at 6-8 weeks of age. All animal experiments were done in accordance with 

The Salk Institute Animal Care and Use Committee and performed in our AALAC-certified 

vivarium.

Bacteria: Citrobacter rodentium DBS100 was purchased from ATCC. C. rodentium isolates 

from iron fed mice infected with the parental strain were obtained by isolating fresh fecal 
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pellets from mice at ~35 days postinfection (~3 weeks post withdrawal of iron diet) to one 

year post infection and homogenized in sterile PBS. Homogenates were diluted and plated 

on sterile Macconkey agar plates and incubated overnight at 37°C. The next day, fresh LB 

media was inoculated with individual colonies. Cultures were grown at 37°C, shaking 

overnight. Glycerol stocks were then made from the cultures. Colonies were confirmed to be 

C. rodentium by 16S rRNA PCR and sequencing of the product from the 5’ and 3’ ends as 

well as whole genome sequencing.

Methods Details

Bacteria cultures for mouse infections: Sterile LB cultures were inoculated with individual 

colonies of C. rodentium grown overnight on fresh Macconkey agar plates at 37°C and 

shaken overnight at 37°C. The following morning, an OD600 was taken. The appropriate 

amount of culture volume was pelleted by centrifugation and resuspended in the appropriate 

volume of sterile PBS and used immediately for infection. A portion of the inoculum was 

serially diluted and plated to confirm the inoculation amount for each experiment.

Mouse infection models: C3H/HeJ mice were infected with LD0 = 1×105 CFU, LD50 = 

1×106 CFU, LD100 = 1×108, or 7.8×108 CFU or 10-1000× LD100 with a total gavage 

volume of 100ul. LD100 for DBA/2J mice was 7.5×1010 CFU, 100 ul total volume gavage. 

Germ free Swiss Webster dose was 7.5×108 CFU. For every infection, a portion of the 

inoculum was serially diluted in sterile PBS and plated on sterile Macconkey agar to 

quantify the infection dose. For infection with C. rodentium isolates, mice were infected 

with 7.5×108 CFU of parental C. rodentium or one of ten isolates. For co-housing 

experiments with the parental strain. C3H/HeJ mice were orally infected with 7.5×108 CFU 

of parental C. rodentium. One infected mouse was placed in a cage with one naïve mouse. 

Mice were fed control chow. For co-housing with iron fed mice, C3H/HeJ mice were orally 

infected with 7.5×108 CFU of parental C. rodentium and given 2% carbonyl iron for 14 

days. After 14 days, the iron chow was removed and animals were placed on control chow 

for the rest of the experiment. At 3, 10 and 45 days post withdrawal of iron chow, an 

individual iron chow-fed/infected mouse was placed in a new cage with a naïve mouse that 

has only been fed control chow. Mice were given control chow and survival and fecal 

shedding were monitored.

Stool Score: Fresh fecal pellets were collected from mice and scored as follows:

Normal = 2

Loose = 1

Diarrhea = 0

Weight score: Animals were weighed daily and percent weight loss was determined and 

scored as follows:

None = 5

1-5% = 4
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5-10% = 3

10-15% = 2

>15% = 1

Grading system for monitoring morbidity: Grading system for monitoring clinical 

symptoms in mice:

5. Normal. Normal exploratory behavior, rearing on bind limbs, and grooming.

4. Mild. Reduced exploratory behavior, rearing on bind limbs, and grooming. Slower and/or 

less stead gait, but free ambulation throughout the cage.

3. Moderate. Limited voluntary movement. Slow, unsteady gait for <5 seconds.

2. Severe. No voluntary movement, but mouse can generate slow, unsteady, gait for >5 

seconds.

1. Moribund. Mouse does not move away from stimulation by research, but can still right 

itself.

Disease Activity Index (DAI): Daily scores of weight loss, stool and morbidity were added 

together for each animal to generate a DAI. For calculation of area under the curve, we 

plotted the DAI score for an individual mouse against time postinfection and determined the 

area under the curve. We then took the average of the AUC for mice of each condition.

Percent body fat measurements: Total body fat was measured using an EchoMRI machine. 

Total fat was normalized to total body weight to determine the percent body fat.

Mouse Diets: For the effects of dietary iron on infection, animals were fed 2% carbonyl iron 

supplemented diet or control diet (Envigo) given immediately after infection. For time 

course analysis, mice were given control chow immediately after infection and on day 3, 6 

or 8 post infection were switched to iron chow. Iron diet was withdrawn after 14 days and 

animals were given control diet for the remainder of the experiment. For high fat diet, we 

used DBA/2J mice because C3H/HeJ mice are resistance to HFD (Figure S5). We received 

DBA/2J mice at 3 weeks of age and placed on HFD (Research Diets 60 kcal% fat). After 4 

weeks we performed ITTs to confirm that the animals were insulin resistant. For infections, 

mice were put on control chow for the entire duration of the experiment. For metformin 

assays, mice were given drinking water supplemented with 5g/L metformin on the day of 

infection and was replaced every other day. Mice also received a daily i.p. injection of 

metformin 100 mg/kg body weight. For survival assays with sugar supplemented drinking 

water, animals were infected with an LD100 dose of pathogen and immediately given 

drinking water with 50% lactose or 100% glucose that was replaced every other day.

Acarbose survival: Mice were infected with an LD100 dose of C. rodentium or left 

uninfected and given control or iron chow. Mice were orally given acarbose (1mg/kg or 

0.05mg/kg) daily and survival was monitored.
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Pairwise feeding: We measured the daily food intake of single housed mice infected with an 

oral LD100 dose of C. rodentium and given iron or control chow for multiple experiments 

and averaged the amount of food consumed each day per mouse per diet group. For pairwise 

feeding, we infected single housed mice with an LD100 dose of pathogen and each day mice 

were administered an equivalent amount of control or iron chow based on the historical data.

Quantification of Citrobacter in mouse tissues and feces: Tissues and feces were 

harvested at the indicated time points from infected mice and were homogenized in 1mL 

PBS containing 1% Triton X-100 using a BeadMill 24 bench top bead-based homogenizer 

(Fisher Scientific). Organ homogenates were serially diluted and plated on Mackonkey agar 

to quantify bacterial burden. Mouse feces samples were collected into 2ml collection tubes 

and 1ml of PBS was added to each tube. The plunger side of a syringe was used to 

homogenize the fecal pellet into the PBS, and mixtures were allowed to settle for 5 minutes. 

Supernatants were serially diluted and plated on Mackonkey agar to quantify Citrobacter 
colony forming units in the feces.

Generation of dose response curve: C3H/HeJ mice were orally infected with 1-1000× the 

LD100 dose of C. rodentium. Everyday postinfection, the DAI was determined for each 

mouse and fecal pellets were collected for C. rodentium quantification. We determined from 

our CFU analysis that the amount of pathogen being shed was representative of the amount 

of pathogen infecting the cecum and colons. The DAI was plotted against time postinfection 

for each mouse and the area under the curve was determined. The amount of pathogen shed 

in the feces each day was plotted against day postinfection and the area under the curve was 

determined. These values were then plotted against each other and non-linear regression 

analysis was done and slopes were compared.

Histology: Cecums and colons were harvested from mice, inflated with 10% formalin, 

cassetted (colon was swiss rolled prior to cassetting) and fixed in 10% formalin for 24 hrs 

before transfer to 70% ethanol. Tissues were embedded in paraffin, sectioned and stained 

with hematoxylin and eosin. Colon and cecum were scored for inflammation (0: absent, 1: 

minimal in mucosa; 2: mild affecting mucosa and sub-mucosa; 3: moderate affecting 

mucosa, sub-mucosa and sometimes transmural; 4: severe: often transmural), epithelial 

hyperplasia (0: none; 1: mild; 2: mild with minimum goblet cell loss; 3: moderate with mild 

goblet cell loss; 4) marked with moderate to marked goblet cell loss), erosion and ulceration 

(0: none; 1: rare erosions; 2: some erosions; 3: multiple erosions and ulcerations with 

cryptitis and crypt abscesses; 4: ulcers associated with necrosis and fibrosis) and extent of 

lesion (0: less 10%; 1: 10-25%, 2: 25-50%, 3: 50-75%, 4: over 75%). The maximum total 

histological score was 16.

FITC dextran gut permeability assay: Mice were orally gavaged with FITC-dextran 4000 

(Sigma), a nonmetabolizable macromolecule that is used as a permeability probe. All mice 

were gavaged with (40mg/100g mouse weight) and sacrificed 4 hrs later for serum harvest. 

FITC-dextran was quantified using a fluorometer and measured at 485 nm. As a positive 

control, mice that were given 3% dextran sulfate sodium in their drinking water for 7 days 

were used.

Sanchez et al. Page 15

Cell. Author manuscript; available in PMC 2019 September 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Iron Assay: 100mgs of snap frozen and ground liver were homogenized in 500 ul Iron 

Assay Buffer mixed with protease inhibitor coacktail (Sigma). Samples were centrifuged at 

16,000 × g for 10 minutes, and 100 ul of supernatant was used for iron assay in duplicate. 

Serum was used directly after centrifugal isolation. WAT samples were taken from protein 

lysates, and used undiluted. All samples were treated with 1M SDS to reduce turbidity due 

to lipoproteins. Liver was diluted twofold to fit standard curve values. Colorimetric assay 

was performed as per manufacturers protocol.

ITT: Infected animals were fasted 16 hours, in a fresh cage. Using a razor blade, tail tips 

were cut to capture drops of blood throughout the test. Mice were weighed for normalization 

and for input into the Echo MRI for lean mass normalization, and tails were marked for 

stress-free identification. We performed ITTs two ways: by administering the amount of 

insulin based on total body weight and on lean body mass and found no differences in 

phenotypes. Mice were injected with 1 unit/kg of mouse body weight or lean muscle mass 

intraperitoneally. Injections were spaced out by 30 seconds. Measurements of blood glucose 

were measured at the 15, 30, 45, 60, 90, and 120 minute marks by squeezing the tail from 

base to tip and the second and third drops of blood were measured and averaged. Blood 

glucose response to insulin was plotted in Prism and the area under the curve was generated 

and plotted.

Insulin measurements: For Insulin ELISA analysis, tips of fasted mouse tails were cut and 

blood was squeezed out into microvette capillary blood collection tubes and centrifuged for 

5 minutes at 10000×g. Fasting circulating Insulin pre and post IP or oral glucose bolus was 

evaluated using the Millipore rat/mouse Insulin ELISA kit, as per manufactures’ protocol, 

and diluted only as needed for samples low on volume.

Insulin signaling western blot analysis: Animals used for insulin signaling analysis were 

Citrobacter rodentium infected C3H/HeJ mice, fed either 2% carbonyl iron supplemented 

diet or control diet. At day 3 post-infection animals were fasted for 4 hrs and lean body mass 

was measured using the EchoMRI. Animals were injected intraperitoneally with insulin at 1 

unit/kg of lean mass. Ten minutes post staggered insulin injections mice were euthanized 

with a steady flow of carbon dioxide and IWAT deposits were harvested and snap frozen. 

Ground frozen tissue was bead-beaten in Tissue Extraction Reagent II supplemented with 

Halt™ Protease and Phosphatase Inhibitor Cocktail. Lysates were centrifuged at 4 degrees C 

for 10 min at 10,000rpm and transferred to a new tube multiple times, until clear lysate 

without the pellet or fat cake layers was left. Samples were quantified with a BCA reaction 

and subjected to western analysis of phospho-AKT (Cell Signaling), AKT (Cell Signaling), 

GAPDH (Cell Signaling). Samples were loaded equally in 3-8% TA gels and probed for 

either phosphorylated or total of each protein, and normalized to each blot’s loading control. 

Loading control normalized phosphorylated proteins were then normalized to loading 

control normalized total proteins. non-insulin injected diet-matched control sample tissue 

were also analyzed. Nitrocellulose blots were developed using a mixture of Femto and Dura 

chemiluminescent reaction and visualized with a BioRad Gel Doc XR+ machine. Pictures 

were taken on this machine and band volume analysis was performed, adjusting for local 
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background using the imaging software Image Lab 5.2.1. Adjusted volume was subjected to 

normalization describe above.

Gene expression analysis: RNA was extracted from frozen, ground, and bead-beaten 

tissues using the PARIS™ Kit Protein & RNA isolation system. Briefly, sample was lysed in 

600 μL cell disruption buffer containing β-mercaptoethanol and centrifuged for 1 min at 

6,000rpm in a microcentrifuge. Supernatant was mixed with equal parts 2× Lysis/Binding 

Solution and 100% ethanol. Sample mixture was transferred to a filter cartridge and 

centrifuged for 1m at 10,000rpm. The supernatant flow-through was discarded, and the 

column containing RNA was washed with 700ul Wash Solution 1 and then twice more with 

500ul Wash Solution 2/3. After final wash, column was placed in a new collection tube, and 

RNA was eluted with 30 μL pre-heated HOT Elution Solution two times. RNA was treated 

with TURBO DNA-free kit by incubating RNA with turbo DNase buffer and TURBO 

DNase for 30 minutes at 37°C. cDNA was synthesized using the SuperScript IV kit 

(Invitrogen) from ~500ng RNA using oligo dT for mammalian cDNA and random hexamers 

for bacterial cDNA. Real-time qPCR was performed using iTaq SYBR Green Mix (BioRad) 

on a Quant Studio 5 by Applied Biosystems. The relative standard curve method was used to 

analyze gene expression relative to a pooled sample dilution series. Rps17 was used as the 

endogenous control for all mouse samples. For in vivo bacterial qPCR, samples were 

normalized to mouse RPS17. For in vitro bacterial qPCR, samples were normalized to 16S 

rDNA. See Table S3 for primer sequences.

Virulence gene expression of C. rodentium grown in supplemented cultures: A 5 ml 

culture of LB media was inoculated with a colony of C. rodentium and grown overnight at 

37°C, shaking. 10 μL of the overnight culture was used to inoculate 10 mL of LB media, 0.1 

mM, 0.5 mM, 1 mM Fe(II) LB media, 0.1 mM, 0.5 mM, 1 mM Fe(III) LB media, or LB 

media with stated concentration of glucose or lactose. Cultures were grown at 37°C, 

shaking. Every hour an OD600 was taken and an aliquot of cells was pelleted by 

centrifugation and snap frozen. RNA was extracted, cDNA synthesis and virulence factor 

qPCR was done as described above.

Quantification of glucose in luminal content.: Animals were fasted for 6 hrs, after which 

they were allowed to feed for 2hrs. We measured food consumption after this 2hr feeding 

period to confirm that iron fed mice did not consume more food during this period compared 

to other experimental conditions (Figure S4). After the 2hr feeding period, animals were 

sacrificed and the jejunum, cecum and colons were isolated and luminal content of each 

region was isolated. The Abcam Glucose Assay Kit (reducing agent compatible) was used 

per manufacter’s protocol. Briefly, luminal content was diluted with glucose assay buffer 

and de-proteinized by centrifugation with 10 kDa spin columns (ab93349). 50 ul of samples 

were mixed with glucose reaction mix containing glucose assay buffer, glucose enzyme mix 

and glucose substrate mix in a 96 well plate. Samples were incubated at room temperature 

for 30 minutes protected from light and absorbance was measured at 450 nm.

Glucose and 2-NBDG absorption assays: Mice were fasted for 6 hrs after which they were 

gavaged with 1.25mg/g body weight of D-glucose. Blood glucose levels were measured 
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from a drop of blood from the lacerated tail using a glucometer every 5 minutes post gavage 

and the increase in blood glucose levels compared to time 0 minutes measurement was 

determined and represented as the change in blood glucose. At 15 minutes post gavage, the 

jejunums were harvested and glucose levels in the luminal content were determined using 

the Abcam Glucose Assay Kit (reducing agent compatible) as described above. For 2-NBDG 

absorption, mice were fasted for 6 hrs after which they were gavaged with 100ul of 50mM 

2-NBDG (ThermoFisher). Blood was harvested every 5 minutes post-gavage and 

fluorescence intensity in the serum was measured using a fluorescence plate reader at 

465/540nm. The data are shown as change in serum fluorescence intensity. At 15 minutes 

post-gavage, the jejunums were isolated and luminal content was harvested and fluorescence 

intensity was measured. A glucose competition assay was done (Figure S4) to confirm 

specificity of 2-NBDG intestinal absorption.

Carmine red assay: Carmine red (Sigma-Aldrich) was prepared as a 6% (w/v) solution in 

0.5% methylcellulose (Sigma-aldrich). Animals were fasted for 6 hrs and then gavaged with 

150ul of the carmine solution. Feces were collected every 30 minutes and streaked across a 

white papertowel to determine the presence of the red carmine dye.

RNAseq: For RNA-seq, libraries were prepared using a strand-specific protocol and 

sequenced on an Illumina HiSeq2500 Instrument. Sequenced reads were quality-tested using 

FASTQC (Andrews, 2010) and aligned to the mm10 mouse genome using the STAR aligner 

(Dobin et al., 2013) version 2.4.0k. Mapping was carried out using default parameters (up to 

10 mismatches per read, and up to 9 multi-mapping locations per read). The genome index 

was constructed using the gene annotation supplied with the mm10 Illumina iGenomes 

collection (iGenomesonline) and sjdbOverhang value of 100. Uniquely mapped reads were 

quantified across all gene exons using the top-expressed isoform as proxy for gene 

expression with the HOMER (Heinz et al., 2010) analysis suite, and differential gene 

expression was carried out with edgeR (Robinson et al., 2010) using triplicates to compute 

within-group dispersion. Differentially expressed genes were defined as having a false 

discovery rate (FDR) <0.01 and a log2 fold change >1 when comparing two experimental 

conditions. HOMER was used to test for overrepresentation of differentially expressed genes 

within KEGG (Kanehisa and Goto, 2000) pathways corrected for multiple testing using the 

Benjamini and Yekutieli general correction for multiple testing (Li et al., 2015). Heatmaps 

were constructed with JTreeView (Saldanha, 2004).

In vitro growth curve of isolates: C. rodentium strains were grown overnight in LB cultures 

at 37°C then sub-cultured into transparent 96-well plates at 1:100 dilution. Bacteria were 

grown either in LB at 37°C with vigorous shaking. Optical dens ity of bacteria was 

monitored for 12 hours using a VersaMax Turnable Microplate Reader (Molecular Devices).

Genome Sequencing and Bioinformatic Analysis: Genomic DNA from our laboratory 

wild-type C. rodentium DBS100 and C. rodentium isolates were prepared using the DNeasy 

Blood and Tissue Kit (Qiagen, 69506) according to manufacturer’s instructions. DNA 

samples were submitted to The Sequencing Center (Fort Collins, CO) for library preparation 

using the Nextera XT DNA Library Preparation Kit (Illumina) and paired-end (2×150bp) 
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shot-gun sequencing on the Illumina MiniSeq platform. The raw sequencing data was 

uploaded to the Galaxy Web platform (Afgan et al., 2016) (public server: https://galaxy-

mel.genome.edu.au/galaxy/) for bioinformatic analysis. Sequencing libraries were mapped 

against the reference genome C. rodentium ICC168 to identify SNPs using Snippy (Galaxy 

Version 0.2.0) (https://github.com/tseemann/snippy). For whole-genome comparisons 

between C. rodentium ICC168, DBS100 and isolates, sequence libraries were assembled 

using SPAdes genome assembler (Galaxy Version 3.11.1) (Bankevich et al., 2012) then 

contigs were reordered and aligned against the ICC168 chromosome using MAUVE genome 

alignment software (version 2.4.0) (Darling et al., 2004).

Data and Software Availability: All sequencing data has been uploaded to The Gene 

Expression Omnibus accession GSE116597 with links to the mouse transcriptome data 

(GSE111097) and C. rodentium DNA sequencing and mutation analyses (GSE116595).

Quantification and Statistical Analysis: Statistical tests were done using Graphpad Prism 

version 7.0. Kaplan meier and Log rank analysis was used for all survival experiments. t-test 

or one way ANOVA with post Tukey test were used for pairwise analyses. Nonlinear 

regression analysis for tolerance curve. All experiments were repeated at least twice. Sample 

size and p values are indicated in each figure legend.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Lethal dose 50 can be used to identify co-operative defense mechanisms

• Dietary iron promotes co-operative defenses against a lethal enteric infection

• Insulin resistance reduces gut glucose absorption

• Co-operative defenses drives selection for attenuated pathogen strains
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Figure 1. LD50 analysis reveals physiologies associated with co-operative defenses.
(A-E) C3H/HeJ mice orally infected with an LD0 (n=10), LD50 (n=10) or LD100 (n=8) 

dose of CR. (A) Survival (B) Weight loss (C) Stool scores (D) Morbidity scores (E) Daily 

disease activity index scores. Beginning at day 7 post-infection, stool score was no longer 

used to generate a DAI because sick animals stopped pooping. Red dashed line indicates 

this. (F) CFU analysis of from healthy and morbid mice challenged with an LD50 dose of 

CR at day 8 post-infection. n=5 per condition. (G) Average log2fold FPKM expression of 

genes significantly up in livers from infected healthy (IH) compared to infected morbid (IM) 

(log2fold > 1, FDR < 0.01) normalized to uninfected (U) control, n=3 mice per condition. 
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(H) Top KEGG pathways showing overrepresentation of genes up in IH compared to IM. 

Data from (A-F) ***p<.001, ****p<0.0001. In (B) asterisk indicate significance between 

LD50 animals with >100% original weight compared to LD50 animals <100% original 

weight. In (C) asterisks indicate significance between LD50 animals with 2 stool score 

compared to LD50 animals with <2 stool score. In (D) asterisk indicate LD50 mice with 

morbidity score of 5 compared to LD50 mice with score <5. In (E) asterisk indicate LD50 

mice with DAI of 12 (or 10 beginning day 7) compared to LD50 mice <12 (or 10). Error 

bars +/− SEM.
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Figure 2. Dietary iron promotes co-operative defenses against lethal doses of CR.
(A) Average log2fold FPKM expression of iron metabolism genes from livers of healthy 

infected (IH) and infected dying (IM) mice challenged with an LD50 dose of CR in Figure 1 

normalized to uninfected (U) control. n=3 per condition. (B) Survival of C3H/HeJ mice 

orally infected with an LD100 dose of CR and given 2% carbonyl iron for 14 days n=5/

condition. (C) Survival of C3H/HeJ mice orally infected with an LD100 dose of CR and 

given 2% carbonyl iron or control chow by pairwise feeding. n=10/condition. (D) qPCR 

analysis of iron regulated genes in the liver of CR infected mice fed 2% carbonyl iron or 
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control diet n=9-10 mice/condition. (E) Survival of mice orally infected with 1×-1000× the 

LD100 dose of CR and given 2% carbonyl iron for 14 days or control diet. n=5-15 mice/

condition. (F) Daily DAI of mice from (E) and area under the curve analysis for each 

individual mouse. (G) Levels of CR in feces of mice infected with an LD100 dose of CR. 

n=5 mice/condition. (H) The integral of DAI curves and fecal shedding curves were taken 

for each mouse in (E) and plotted against each other. *p<0.05, **p<0.01, ***p<0.0005, 

****p<0.0001. Error bars +/− SEM. Related to Figure S1.
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Figure 3. Dietary iron protects from CR induced intestinal damage.
(A) Cecum pathology scores of mice infected with an LD100 dose of CR given 2% carbonyl 

iron or control chow at day 9 post-infection n=5 mice/condition. (B) representative images 

from mice in (A). Scale bar = 100 microns (C) Serum FITC-dextran levels of CR infected 

mice fed iron or control chow n=5 mice/condition/time point. DSS used as positive control. 

(D-E) CR CFUs in (D) liver and (E) spleen of iron and control chow fed mice at day 5 and 7 

post-infection n=4-5 mice per condition. Red dotted line indicates limit of detection. (F) 

Cytokine transcript levels in livers of CR infected mice fed iron or control chow at day 7 
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post-infection n=5 mice per condition. *p<0.05, **p<0.01, ***p<0.005, ****p<0.0001. 

Error bars +/− SEM. Related to Figure S2.
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Figure 4. Iron suppresses virulence factor expression in vivo.
(A-D) Gene expression analysis of stated virulence factors in the intestines of mice fed 2% 

carbonyl iron or control chow at indicated time points. n=4-5 mice per condition per time 

point. (E-H) Gene expression analysis of stated virulence factors of CR grown in various 

concentrations of iron rich media at 6 hrs post culture inoculation. n=3 replicates per 

condition. (I) Survival of germ free mice infected with CR and given control or 2% carbonyl 

iron during infection. n=6-7 mice per condition. *p<0.05, **p<0.01., ***p<0.001, 

****p<0.0001. Error bars +/− SEM. Related to Figure S3.
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Figure 5. Iron increases glucose availability in the intestine.
(A) Luminal levels of glucose in cecum and colon at day 3 post-infection of mice fed control 

(n=10) or iron chow (n=10). Uninfected (n=10). (B) Gene expression of virulence factors of 

CR grown in glucose rich media at 6 hrs post-culture inoculation. n=3 replicates per 

condition. (C) Blood glucose levels of infected mice fed control (n=20) or iron chow (n=20) 

after bolus glucose gavage at day 3 post-infection. Uninfected (n=20). (D) Area under the 

curve analysis of mice from (C). (E) Glucose levels in the jejunum of infected mice fed 

control (n=10) or iron (n=10) chow. Uninfected (n=10). (F) Survival of mice infected with 
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an LD100 dose of CR and given control chow or iron chow and oral acarbose treatment n=5 

mice per condition. (G) Mice were orally infected with an LD100 dose of CR and fed 

control chow with control water (n=20) or water supplemented with glucose (n=12). 

Survival shown. (H) Mice were orally infected with an LD100 dose of CR and fed control 

chow and injected with glucose (n=4) or PBS (n=5) over the course of the infection. Survival 

shown. *p<0.05, **p<0.01., ***p<0.001, ****p<0.0001. In (C) red * is iron chow compared 

to control chow and brown * is iron chow compared to uninfected. Error bars +/− SEM. 

Related to Figure S4.
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Figure 6. Iron induced insulin resistance is necessary and sufficient for protection from CR
(A-F) C3H/HeJ mice were orally infected with an LD100 dose of CR and fed control or iron 

chow and (A) WAT iron content (n=12 mice/condition) (B) percent body fat (n=5 mice/

condition) (C-D) insulin tolerance test (n=10 mice/condition) (E) insulin signaling in WAT 

and (F) circulating insulin levels (n=10 mice/condition) at day 3 post-infection. (G) Luminal 

glucose concentration of cecum and colon from mice orally infected with LD100 dose of CR 

and given stated diet treatment. (n=3-5 mice per condition). (H) Infected mice fed control 

(n=20), iron chow (n=18), iron chow plus metformin (n=21), high fat diet (HFD, n=22) were 
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gavaged with glucose at day 3 post-infection and the change in blood glucose levels were 

measured. Uninfected (n=28) (I) Area under the curve analysis of mice from (H). (J) 

Glucose levels in the jejunum luminal content of infected and uninfected mice given stated 

treatment (n=3-5 mice/condition). (K) Survival of infected mice given control chow (n=13), 

iron chow (n=15), iron chow plus metformin (n=9) or raised on HFD and given normal chow 

during infection (n=15). p values in K represent iron chow compared to control chow and 

iron chow/metformin and HFD compared to control chow and iron chow/metformin*p<0.05, 

**p<0.01, ***p=0.0005, ****p<0.0001. In (G, I, J) red * indicate comparison between to 

control chow. brown * indicates comparison to uninfected and blue * indicates comparison 

to iron chow-metformin. In (H) * indicates comparison between iron and other conditions. # 

indicates comparison between HFD and other conditions. Related to Figure S5 and S6.

Sanchez et al. Page 34

Cell. Author manuscript; available in PMC 2019 September 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. Dietary iron drives long term attenuation of an enteric pathogen.
(A) Survival and (B) CR fecal shedding of mice from Figure 2E. p values were <0.0001 for 

each dose that received iron diet compared to the same dose that received control chow. (C) 

C3H/HeJ mice were orally infected with 7.5×108 CFU dose of CR. Single infected mice 

were housed with one naïve mouse. Mice were given control chow. Survival shown. n=10/

condition. (D) Schematic of experimental set up for mice in (E-G), n=10/condition. (E) 

Fraction of naïve mice shedding CR. (F) Survival of naïve mice that were co-housed with 

CR infected mice fed iron diet 3, 10 or 45 days after iron food withdrawal from infected 
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mice as shown in (D). (G) amount of CR being shed in the feces by mice in (F). (H-I) 

C3H/HeJ were orally infected with 7.5×108 CFU dose of parental CR or 7.5×108 CFU dose 

of CR isolates from mice that were infected with the parental strain and fed a 14-day course 

of dietary iron and given control chow, n=5-10/condition. (H) Survival. p<0.0001 comparing 

parental to each isolate. (I) Fecal shedding of CR. (J) Mutations in the attenuated isolates 

from (H-I). Related to Figure S7.
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