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Iron is an essential micronutrient for life. In mammals, dietary iron is
absorbed primarily in the small intestine. Currently, the impacts of dietary iron on
the taxonomic structure and function of the gut microbiome and reciprocal effects
on the animal host are not well understood. Here, we establish a mouse model of
low-iron challenge in which intestinal biomarkers and reduced fecal iron reveal
iron stress while serum iron and mouse behavioral markers indicate maintenance
of iron homeostasis. We show that the diversity of the gut microbiome in conventional C57BL/6 mice changes dramatically during 2 weeks on a low-iron diet. We
also show the effects of a low-iron diet on microbiome diversity are long lasting
and not easily recovered when iron is returned to the diet. Finally, after optimizing taxon association methods, we show that some bacteria are unable to fully
recover after the low-iron challenge and appear to be extirpated from the gut
entirely. In particular, operational taxonomic units (OTUs) from the Prevotellaceae
and Porphyromonadaceae families and Bacteroidales order are highly sensitive to
low-iron conditions, while other seemingly insensitive OTUs recover. These results
provide new insights into the iron requirements of gut microbiome members and
add to the growing understanding of mammalian iron cycling.

ABSTRACT

IMPORTANCE All cells need iron. Both too much and too little iron lead to diseases
and unwanted outcomes. Although the impact of dietary iron on human cells and
tissues has been well studied, there is currently a lack of understanding about how
different levels of iron inﬂuence the abundant and diverse members of the human
microbiome. This study develops a well-characterized mouse model for studying
low-iron levels and identiﬁes key groups of bacteria that are most affected. We
found that the microbiome undergoes large changes when iron is removed from the
diet but that many individual bacteria are able to rebound when iron levels are
changed back to normal. That said, a select few members, referred to as iron-sensitive bacteria, seem to be lost. This study begins to identify individual members of
the mammalian microbiome most affected by changes in dietary iron levels.
KEYWORDS gut microbiome, host response, iron metabolism, microbial ecology

I

ron is an essential nutrient for nearly all life, mediating numerous biochemical reactions involving dioxygen (O2) and atom or electron transfers (1). In mammals, these
include the transport of oxygen to tissues via iron protoporphyrin IX (heme) bound by
hemoglobin in red blood cells, respiratory electron transfer (cytochrome c and cytochrome c oxidase), and degradation of hydrogen peroxide (catalase) (2). Anemia is an
extremely common metabolic disorder worldwide, caused either by a failure to metabolize iron correctly or by a lack of sufﬁcient iron in the diet (3). While several human
and animal nutritional studies have examined the systemic effects of dietary iron deﬁciency (4), how iron availability inﬂuences gut microbiome diversity and taxonomic
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structure, and whether some taxa are more sensitive than others to diets containing
low levels of iron, is unclear.
To address this knowledge gap, we conducted a series of experiments using conventional C57BL/6 mice to identify the most iron-sensitive microbiome members. We
ﬁrst established a model for low-iron (LI) challenge that includes acclimatization to a
chemically deﬁned diet, itself a major perturbance to the microbiome, prior to evaluating the impact of LI challenge on both a- and b -diversity using 16S rRNA sequence
analysis. Finally, we evaluated bioinformatic selection procedures for identifying ironsensitive taxa and quantiﬁed their ability to recover after LI challenge when dietary
iron was restored. The model described here incorporates an acclimatization period
into a murine model of microbiome-iron interaction and, therefore, serves as a benchmark for understanding the inﬂuence of this essential mineral on microbiome structure
and function.
RESULTS
Establishment of LI challenge model. To evaluate the impact of a low-iron (LI)
diet on gut microbiome diversity, we developed a feeding protocol in conventional,
speciﬁc-pathogen-free mice where stool samples and blood were taken throughout dietary transitions. The typical chow used in our vivarium contained 208 mg total iron/kg
of body weight (quantiﬁed by inductively coupled plasma-mass spectrometry [ICPMS]), primarily as ferrous (Fe21) carbonate. Puriﬁed chow containing iron at 2.6 ppm (in
milligrams of total iron per kilogram, quantiﬁed by ICP-MS) was purchased for use as
an LI challenge. Since other nutritional components of the LI diet were markedly different from typical mouse chow, we ﬁrst conducted a pilot study to establish a new baseline (B) of microbiome diversity for comparison. Namely, we switched the diet of conventional mice to the LI challenge chow and added ferrous iron [iron(II) sulfate
heptahydrate] to drinking water at a level that maintained a similar level of iron in the
gut (Fig. 1A).
In the initial experiment, we found that mice eating the LI diet with iron supplemented in their drinking water for 2 weeks (time zero [T0] to baseline day 14 [B14])
maintained the same level of iron in their stool as they did when eating normal chow,
without statistical differences (P = 0.844 by paired Wilcoxon rank sum test) (Fig. 1A).
This indicated that this level of iron supplementation (0.32 mM Fe) was sufﬁcient to
replicate standard chow. Interestingly, we noticed that there was a signiﬁcant decrease
in microbiome a-diversity from only changing chow diet and water (P = 0.006 by
paired Wilcoxon rank sum test) (Fig. 1B). A signiﬁcant b -diversity shift (f = 60.3,
P = 0.001 by permutational analysis of variance [PERMANOVA]) occurred and was comparable for the cohort (Fig. 1C, shift in yellow to purple). These results supported our
expectation that switching the murine diet (normal to the chemically deﬁned LI chow)
had a signiﬁcant impact on microbiome composition even though the mice were
exposed to similar levels and types of iron. This suggests that diet transitions must be
stabilized before observing the effects on the dietary variable.
The removal of FeSO4 from the drinking water resulted in a signiﬁcant decrease in
total iron in stool samples over a 2-week time frame (P = 0.047 by Wilcoxon rank sum
test) (Fig. 1A, B14 to LI14), indicating that our iron challenge protocol was sufﬁcient for
lowering the amount of iron in the gut. Concomitant with low iron conditions in the
stool, we saw a further decrease in population richness in a-diversity (Fig. 1B) and
another signiﬁcant b -diversity shift (Fig. 1C), indicating a substantial microbiome
response to iron challenge. Furthermore, effect sizes of b -diversity shifts between time
points varied throughout the LI challenge protocol. Importantly, the most drastic
change in both measures of diversity occurred over the ﬁrst 7 days of iron limitation
from B14 to LI7, suggesting that the microbiome stabilized after the ﬁrst week of the LI
challenge (LI7), where relatively little change was observed after the second week (LI14).
Collectively, the results from this initial experimental setup suggest that (i) our protocol
February 2021 Volume 87 Issue 3 e02307-20
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FIG 1 Microbiome response to diet shift/LI challenge. (A) A pilot experiment was conducted to
quantify total iron (log10 scale) in stool pellets at baseline (B14) (see the text) and after one (LI7) and

(Continued on next page)
February 2021 Volume 87 Issue 3 e02307-20

aem.asm.org 3

Coe et al.

Applied and Environmental Microbiology

established a reasonable baseline following the dietary shift and (ii) the microbiome
responded to the LI challenge.
Reproducible microbiome dynamics and host response during LI challenge. To
evaluate the reproducibility of microbiome dynamics between experiments and to
assess markers of host response to iron, two “validation” experiments were conducted
using the LI challenge protocol described above. In these experiments, stool samples
were taken at an additional baseline time point (B7) to better assess microbiome stability during baseline establishment. Consistent with results from the pilot experiment,
total iron in stool did not change signiﬁcantly between T0 and baseline time point B7
or B14 but decreased signiﬁcantly in response to the LI challenge (B14 to LI challenge
day 7 [LI7]; P = 0.0002 by paired Wilcoxon rank sum test) (Fig. 2A). Stool iron levels stabilized during the LI challenge and did not change signiﬁcantly between LI7 and LI14.
During interval transition from vivarium chow to LI chow, there was a decrease in
a-diversity (Fig. 2B). This was similar to the pilot experiment where iron supplementation in the water was removed and demonstrates the robust application of this protocol to diversity measures in these stages. No differences were observed between baseline (B7 and B14) or LI challenge time points (LI7 and LI14), suggestive of microbiome
stability during both of these intervals. Surprisingly, we found that the microbiome of
these two groups of mice were markedly different at the outset of each experiment
(T0), potentially reﬂecting vivarium-speciﬁc differences in microbiome diversity even
when exposed to similar housing and feeding conditions (see Fig. S2 in the supplemental material for experiment-wise diversity estimates). Regardless of the initial starting differences, similar changes in ordination space occurred throughout the LI challenge phase (Fig. 2C). These results suggest that the LI challenge produces highly
reproducible microbiome effects even in the face of experiment-to-experiment and
mouse cohort variation. The described protocol reproduced results providing robustness in the microbiome response regardless of the initial composition of diversity in
the host.
To focus on host absorption of iron and metabolic response, changes in serum iron
were quantiﬁed from blood drawn weekly from all mice. LI challenge decreased host
iron stores when total iron levels were quantiﬁed in serum throughout the model timeline (Fig. 3A). No signiﬁcant differences were observed between baseline time points
B7 and B14 or between baseline and the ﬁrst week of LI challenge (LI7). However, total
serum iron decreased from baseline in mice during the second week of LI challenge (B7
and B14 versus LI14), suggesting host iron stores were being drawn down. Over the
same time intervals, stool iron decreased, indicating that a host metabolic response
led to recycling and retention rather than excretion of systemic iron. Duodenal tissue
collected at the end of the LI challenge and assayed for iron-responsive gene expression supported the proposed explanation of iron recycling and retention, as all three
genes of interest were signiﬁcantly upregulated (Fig. 3B). In contrast, no consistent
effect on gene expression was observed in cecal tissue, which was used as a type of internal negative control because the same genes are known to be much less responsive
to iron in the cecum compared to the duodenum.
For one of the validation experiments (validation group 2) as well as for two iron
“repletion” experiments (repletion groups 1 and 2) that received iron repletion for 2
weeks following LI challenge (R14), no change in host serum iron was evident either
during LI challenge or repletion (Fig. 4A), again suggesting that mice had not yet
depleted their iron stores. Consistent with this result, the increases in iron-responsive
gene expression of Dcybt, DMT1, and ferroportin seen in duodenal tissue in validation
FIG 1 Legend (Continued)
two (LI14) weeks of LI challenge. Lines connect individual animals throughout time if data were
available (data were not available for all mice at all time points; see Materials and Methods) (B)
a-Diversity (inverse Simpson’s index) of the microbiome at baseline and 2 weeks of LI challenge. (C)
Nonmetric multidimensional scaling of b -diversity (Bray-Curtis dissimilarity) at baseline and 2 weeks of
LI challenge. All P values represent paired (nonparametric) Wilcoxon rank sum tests with BenjaminiHochberg correction.
February 2021 Volume 87 Issue 3 e02307-20
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FIG 2 Reproducible microbiome response to diet shift/LI challenge. (A) Total iron in stool pellets of
two validation groups of mice on normal chow (T0), throughout 2 weeks of baseline (B7 and B14), and
2 weeks of LI challenge (LI7 and LI14). (B) a-Diversity (inverse Simpson’s index) of the microbiome
throughout diet shift/LI challenge. (C) Nonmetric multidimensional scaling of b -diversity (Bray-Curtis
dissimilarity) throughout diet shift/LI challenge. All P values represent paired (nonparametric)
Wilcoxon rank sum tests with Benjamini-Hochberg correction, and only signiﬁcant differences
between subsequent time points are shown.

group 1 (Fig. 3B) was not observed by the end of the repletion phase (Fig. 4B).
Collectively, these results suggest that mice responded to the LI challenge by upregulating gut transport pathways for iron but were not stressed to the point of stably lowering systemic circulating iron in the serum, as seen in physiological anemia.
LI challenge has long-lasting microbiome effects. As mentioned above, we conducted three independent experiments (validation group 2 and repletion groups 1 and
2) to understand whether alteration of microbiome diversity as a result of LI challenge
February 2021 Volume 87 Issue 3 e02307-20

aem.asm.org 5

Coe et al.

Applied and Environmental Microbiology

FIG 3 Host response to LI challenge. (A) Total serum iron in mice throughout baseline (B7 and B14)
and LI challenge (LI7 and LI14) in mice shown in Fig. 2. All P values represent paired (nonparametric)
Wilcoxon rank sum tests with Benjamini-Hochberg correction. (B) Iron-responsive gene expression in
mice after 2 weeks of LI challenge. The only nonsigniﬁcant change in gene expression compared to
control mice (P . 0.05 by t test) was Dmt1 in cecal tissue.

would last when iron was reintroduced as opposed to simply shifting back to baseline
(i.e., are changes in microbiome diversity due to low iron levels ameliorated when iron
was added back?). In these experiments, a decrease in stool iron was observed
between baseline and LI challenge time points (Fig. 5A), similar to results in Fig. 1A
and 2A. The drop in total stool iron was reversed in the ﬁrst week of repletion (R7) and
was comparable throughout the second week of repletion (R14). Similarly, decreased
a-diversity was observed in all groups between baseline and LI time points but was
signiﬁcantly reversed during the ﬁrst week of repletion (Fig. 5B). Interestingly, a-diversity did not entirely stabilize and was signiﬁcantly greater after the second week of
repletion compared to the ﬁrst (increased from R7 to R14). Not all components of microbiome diversity were affected equally during this 2-week repletion period. For example, there was no difference in the total number of observed operational taxonomic
units (OTUs) (i.e., richness) during time points R7 to R14 (Fig. 5C), but OTU relative abundance (i.e., evenness) did not recover to the prechallenge levels during the 2 weeks of
iron repletion. Nonmetric multidimensional scaling (NMDS) plots of b -diversity shown
in Fig. 5D also supported that recovery was not complete during repletion, as microbiome diversity at time point R14 was signiﬁcantly different from baseline (B7) in all
groups (by PERMANOVA; validation group 2, P = 0.001, pseudo-F = 5.38; repletion group
1, P = 0.001, pseudo-F = 10.73; repletion group 2, P = 0.002, pseudo-F = 9.18). Incomplete
rescue of both a- and b -diversity estimates suggests that LI challenge had long-lasting
effects on microbiome diversity even after stool iron levels returned to normal.
Speciﬁc OTUs are affected by LI challenge. Few comparisons of the performance
of OTU-picking methods have been conducted, meaning there is currently little consensus
in the ﬁeld about which approach is most appropriate for identifying OTUs most affected
by a given treatment. Here, we compared and evaluated four different approaches
February 2021 Volume 87 Issue 3 e02307-20
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FIG 4 Microbiome response to LI challenge and iron repletion. (A) Total iron in stool pellets of validation group 2 and two additional groups of mice
(repletion groups 1 and 2; n = 10 each) throughout 2 weeks of baseline (B7 and B14), 2 weeks of LI challenge (LI7 and LI14), and 2 weeks on the same diet
but with iron levels repleted (R7 and R14). (B) a-Diversity (inverse Simpson’s index) of the microbiome throughout LI challenge/repletion. (C) Microbiome
richness (number of OTUs) throughout LI challenge/repletion. (D) Nonmetric multidimensional scaling of b -diversity (Bray-Curtis dissimilarity) throughout
LI challenge/repletion. All P values represent paired (nonparametric) Wilcoxon rank sum tests with Benjamini-Hochberg correction, and only signiﬁcant
differences between subsequent time points are shown.

(random forest analysis, indicator value analysis, OTU presence-absence, and multiple t
testing with Bonferroni correction) based on straightforward OTU selection criteria.
Results generated for each group at the major dietary treatment transitions (T0 to B7,
B14 to LI7, and LI14 to R7) were compared (Fig. 6 and Tables S2 and 3). We found that random forest analysis performed the best overall by giving the greatest reduction of the
PERMANOVA test statistic (Fig. 6A) while identifying the lowest number of OTUs (Fig.
6B). OTUs identiﬁed by random forest analysis, selected across all time points and for
each experimental group, are listed in Table S4. Of the 310 OTUs in the microbiome of
all mice in validation group 2/repletion groups 1 and 2, random forest analysis identiﬁed
six that were present at appreciable levels at baseline and undetectable in more than
half of the mice during LI challenge (Fig. 7). Of the six identiﬁed, three OTUs belonging
to Lachnospiraceae, Ruminococcaceae, and Rikenellaceae families were recovered with
iron repletion, whereas OTUs classiﬁed as Prevotellaceae, Porphyromonadaceae, and an
unclassiﬁed Bacteroidales remained undetectable and presumably were not recovered.
DISCUSSION
Iron is an essential nutrient for mammals and the diverse community of microbes
February 2021 Volume 87 Issue 3 e02307-20
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FIG 5 Host response to LI challenge and iron repletion. (A) Total serum iron in mice throughout LI
challenge (LI7 and LI14) and 2 weeks on the same diet but with iron levels repleted (R7 and R14). No
signiﬁcant changes were observed. (B) Iron-responsive gene expression in mice after 2 weeks with
iron repletion. All changes were nonsigniﬁcant (P . 0.05 by t test) except for duodenal Dcytb and
ferroportin, as indicated.

inhabiting the mammalian gastrointestinal (GI) tract. The taxonomic structure of the
gut microbiome is known to be sensitive to the chemical speciation and overall
amount of iron in the host’s diet. For example, feeding mice a heme-based diet was
shown to result in an increased proportion of Bacteroides species in stool (5, 6). Recent
work further demonstrated that in an antibiotic-attenuated microbiome, Lactobacillus
species sense iron deprivation and communicate iron need to a murine host via the
production of small-molecule mediators that interact with the Fe/O2-responsive transcription factor, HIF-2a (7). Such studies support the overall hypothesis that certain
microbes in the mammalian gut are impacted by dietary iron levels and play important
roles in host iron regulation. However, little is known currently about which speciﬁc
microorganisms are most reliant on dietary iron and how the loss of these microbiome
members may inﬂuence host health.
Here, we quantiﬁed the response of a complex, native microbiome in C57BL/6 mice
to a subclinical period of iron deprivation. Our approach was unique compared to
other studies with respect to carefully monitoring host-microbiome adaptation to a
chemically deﬁned diet (acclimatization) prior to a 2-week period of LI challenge. With
this approach, we were able to partition signiﬁcant changes in microbiome diversity
due to dietary change versus iron removal, which turned out to be very important, as
simply administering a new dietary regimen with or without normal iron levels potentially confounds these two inﬂuences. The murine host exhibited generally stable serum iron levels throughout LI challenge but showed markedly reduced stool iron
February 2021 Volume 87 Issue 3 e02307-20
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FIG 6 OTU selection technique performance. Four techniques were compared for selecting OTUs most affected throughout experimental treatment
transitions (T0 to B7, B14 to LI7, and LI14 to R7). Box plots represent median and interquartile ranges (whiskers indicate the range). Lines above boxes
represent signiﬁcant differences (all P values of ,0.05) from paired t testing (paired by experimental group; see Tables S2 and S3). Random forest
analysis yielded the greatest reduction in PERMANOVA pseudo-F statistic (A) and identiﬁed the fewest number of OTUs (B) across all transitions.

excretion, which supports host systemic iron withholding. Consistent with these observations, several known iron-regulated transporters were upregulated in the small intestine of iron-deprived mice, yet they remained outwardly healthy with no signs of
anemia.
Over the course of the same LI challenge, the microbiome underwent dramatic
changes, and members of six common bacterial families were completely lost from

FIG 7 OTUs most affected by LI challenge. Random forest analysis identiﬁed speciﬁc OTUs most
affected by LI challenge. These OTUs were present at appreciable amounts at baseline, fell below the
detection limit during LI challenge (left), and were either able to recover (right) or remained
undetectable.
February 2021 Volume 87 Issue 3 e02307-20
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.50% of the mice. We expect these species have the greatest dependence on dietary
iron for survival, although it is possible that these observations were indirect effects, such
as the loss or metabolic change of cross-feeding members in the community.
Interestingly, all six of the most affected bacteria were anaerobes belonging to the most
common phyla in the mammalian gut, Firmicutes (Lachnospiraceae, Ruminococcaceae)
and Bacteroidetes (Prevotellaceae, Porphyromonadaceae, Rikenellaceae, and uncharacterized Bacteroidales). Moreover, three bacteria, each belonging to the Bacteroidales order,
appeared to be hypersensitive to LI challenge, having gone below our detection limit
over the relatively short (2-week) period of iron deprivation. This suggests that these
Bacteroidales members are highly sensitive to low dietary iron.
Pathogenic species (e.g., Pseudomonas, Staphylococcus, and some Enterobacteriaceae)
are often facultative anaerobes with robust, iron-utilizing metabolic capabilities that permit somewhat unchecked growth in host tissue (8). These capabilities include pathways
for respiring a range of potentially available terminal electron acceptors; siderophores for
competitively chelating and transporting Fe(III) through the cell wall/membrane; and
enzymes for building and breaking down iron-protoporphyrin IX (heme) (9, 10).
Metabolic versatility supports opportunistic infectious agents and/or bacteria that move
through different environments as they travel between hosts. Iron acquisition is of particular importance, since iron is actively sequestered by the host during infection and since,
especially as a constituent of heme, it is essential for the rapid growth that respiration
enables. Consistent with iron-scavenging capabilities, facultative microbiome members
did not appear to be as affected by the LI diet (i.e., not detected with OTU selection techniques), although mice in our vivarium and in this study did not carry high levels of these
bacteria compared to the human gut microbiome. Additional studies are needed to
adequately quantify the response of facultative anaerobes to dietary LI challenge.
In contrast to facultative anaerobes, iron metabolism in nonpathogenic members of
the Bacteroidetes phylum is not well known. For example, despite characterization
studies, these bacteria do not appear to possess complete metabolic pathways for synthesizing and degrading heme (11), even though it should be required, potentially as
constituents of enzymes composing anaerobic respiratory pathways that they use preferentially in lieu of fermentative modes of growth (12). It is believed that these species
obligately scavenge heme from the host to which they have adapted. The elimination
of three Bacteroidetes OTUs (from Prevotellaceae, Porphyromonadaceae, and unclassiﬁed Bacteroidales) during LI challenge and their continued absence even after iron was
reintroduced suggests that the cooperative link by which these anaerobes ﬁll their iron
requirement is irrevocably broken. This could have occurred if members of low-abundance bacterial species capable of directly supplying heme (e.g., Escherichia coli) also
underwent extinction, keeping in mind that 16S sequencing, as we and others have
shown, has signiﬁcant detection bias for lower-abundance OTUs (13). Alternatively, if
the host was the most important source of heme for these bacteria, they may have
gone unfed during LI challenge as a result of robust host uptake and recycling.
Regardless, the impact of LI challenge was akin to antibiotic treatment for these taxa.
Mechanistic studies are now needed to better understand the direct impacts of LI challenge on bacterial extinction in the mammalian gut.
Nonpathogenic Firmicutes likewise frequently lack complete heme biosynthetic and
degradative pathways (11). However, the heme requirement in these species is minimal, possibly because they are known to gain energy by nonrespiratory, fermentative
means that do not depend on heme (12). Accordingly, the two Lachnospiraceae and
Ruminococcaceae OTUs that were attenuated by LI challenge readily returned once
iron was restored to the diet, suggesting the overall effect was not great enough to
lead to extinction. However, why these OTUs and not others were impacted by LI challenge is not clear. As described above, it is possible that suppression was an indirect
effect of community perturbation, but alternatively, these bacteria could have hitherto
unappreciated iron/heme dependencies, uncovered by our approach. Further work,
both in vitro and using mice populated by deﬁned consortia containing deﬁned
February 2021 Volume 87 Issue 3 e02307-20
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representatives from this study, will clarify the roles of each species in collectively
responding to changing iron supply.
The microbiome of different groups of mice varied somewhat in diversity at the
outset of replicate experiments, which highlights the importance of replication in animal models that adequately account for litter-to-litter variability (14). Notably, our
study encompassed both sexes and adults of different ages, but none of these variables impacted either the nature of the observed taxonomic shifts in microbiome diversity or its apparent irreversibility. The impact of an LI diet on the microbiome of experimental (laboratory-reared) mice has been examined previously in only a few studies
(15–17). While all studies reported substantial shifts in taxonomic abundances, there
was little similarity between them with respect to mouse strain (S129S6/SvEV [15] versus Swiss Webster [17] versus C57BL/6 [16]), acclimatization period following dietary
shift (8 weeks [17] versus none [15, 16]), age at the start of the experiment (3 weeks old
[16] versus 4 weeks old [17] versus 8 to 14 weeks old [15]), or the chemical form of iron
used (ferric [17] versus ferrous [16] versus both ferric and ferrous iron [15]). More
importantly, these studies differed markedly in the way the microbiome was characterized (bacterial culture [17] versus 16S rRNA V3-V4 sequencing [16] versus 16S rRNA V6
sequencing [15]). Our model/approach provides some standardization of these parameters. Other approaches described in rats (18) and pigs (19) also differed with respect
to animal age/life stage (neonates [19] versus adolescents [18]) and the techniques
used to evaluate the microbiome (quantitative PCR [qPCR] and PCR/temperature gradient gel electrophoresis [18] and Illumina-based 16S rRNA gene sequencing [19]), which
again makes it somewhat impossible to compare LI impacts on speciﬁc microbiome
taxonomic groups. It is important to note that the study described here was not conducted to compare the few reported low-iron challenge models. Rather, this study was
designed to maximize reproducibility and inferences relevant to the microbial ecology
of the mammalian gut. Regardless of the model, studies to date provide strong evidence that both iron depletion and repletion following LI challenge results in signiﬁcant changes in mammalian gut microbiome diversity. Future studies focusing on iron
metabolism of bacteria most susceptible to LI conditions will help clarify molecular
mechanisms underlying these important changes and how microbial interactions with
dietary iron ultimately inﬂuence host health and disease.
MATERIALS AND METHODS
Experimental animals and model overview. In this study, all C57BL/6 mice were derived from
breeders originally purchased from The Jackson Laboratory (Bar Harbor, ME). Mice were subsequently
bred and maintained at the American Association for the Accreditation of Laboratory Animal Careaccredited Animal Resource Center (ARC) at Montana State University and housed under speciﬁc-pathogen-free conditions (including murine norovirus) in individually ventilated cages with sterilized bedding.
Female and male mice were separated at weaning and housed separately until the start of each experiment. Mouse sex and age at the outset of each experiment is given in Table S1 in the supplemental material, and an overview of time points and experimental transitions is given in Fig. S1. Mice were reared
on standard chow (diet 5013; Labdiet, St. Louis, MO) and switched to an iron-deﬁcient but otherwise
nutritionally sufﬁcient chow (U8958 version 176; Scientiﬁc Animal Food and Engineering [SAFE], Augy,
France) with iron supplementation as iron(II) sulfate heptahydrate (215422; Sigma-Aldrich, St. Louis, MO,
USA) dissolved in distilled, puriﬁed water (Purelab water puriﬁcation system; ELGA LabWater, Lane End,
High Wycombe, UK). Water was made fresh in sterilized plastic bottles and changed every 3 days to
account for the precipitation of iron. For low-iron challenge, dietary and living conditions were held constant, with the only difference being that iron-supplemented drinking water was replaced with regular
vivarium drinking water (Hydropac AWS-2500 pouch machine; Lab Products, Seaford, DE, USA). Vivarium
water is sourced using a reverse osmosis system, and iron levels were tested and conﬁrmed to be less
than the U.S. Environmental Protection Agency standard of 0.3 mg/liter or ppm. Longitudinal serum
samples were prepared from blood sampled by the submandibular bleeding method (this level is well
below residual iron levels in iron-depleted chow used for LI challenge). Stool samples were collected
during the same visit as blood sampling. All animal experiments were approved by the Montana State
University Institutional Animal Care and Use Committee. No statistical methods were used to select a priori sample sizes, and no randomization techniques or investigator blinding was included.
Experimental groups. Five different experiments were conducted to evaluate the effect of dietary
iron on gut microbiome diversity, consisting of at least two technical replicate cages, as indicated in
Table S1. The timeline of each experimental group refers to separate, nonoverlapping experiments conducted on different dates and indicative of biological replicates. Cages were composed of 5 mice each.
February 2021 Volume 87 Issue 3 e02307-20
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TABLE 1 Primer sequences for transcriptional analysis of iron-responsive mouse genes
Gene product
Dcytb
Dmt1
Ferroportin
b -Actin

Forward (59–39)
GCAGCGGGCTCGAGTTTA
CGGAGTCCTCATCACCATCG
TTGCAGGAGTCATTGCTGCTA
AACCCTAAGGCCAACCGTGAA

Reverse (59–39)
TTCCAGGTCCATGGCAGTCT
CTGGCTGGGCTTCACTGTAA
TGGAGTTCTGCACACCATTGAT
TCACGCACGATTTCCCTCTCA

Source
Dupic et al. (32)
NCBI primer design tool
Dupic et al. (32)
NCBI primer design tool

Unfortunately, data were not available for all mice at each time point due to problems with DNA extraction, 16S rRNA ampliﬁcation, and/or problems arising in the Illumina DNA sequencing pipeline.
(i) Pilot group. To establish methodology and efﬁcacy of iron limitation, two cages of 9-week-old,
female mice were switched from standard mouse chow to the low-iron chow and with iron sulfate in
their drinking water as described above. After 2 weeks (n = 14 days), the water was replaced with metalfree puriﬁed water for another 2 weeks. Stool samples were collected throughout the experiment.
(ii) Validation groups 1 and 2. To evaluate iron limitation on host expression of iron metabolic
genes, two experimental groups were designed to have speciﬁc endpoints as indicated. Blood and stool
were sampled throughout the experiment as indicated, and half of the mice in group 3 (n = 5) were transitioned to iron-replete water for the 2 weeks following the iron challenge. Duodenal and cecal tissues
were harvested following euthanasia for evaluation of host iron responses.
(iii) Repletion groups 1 and 2. Two additional groups were used to increase biological replication
and to consider a group of male mice (repletion group 2). Both groups were treated identically to validation group 2, with the only experimental difference being that no samples were considered at the outset
of the experiments (T0).
Quantiﬁcation of iron in serum and stool. Weekly blood samples (,60 m l) were collected and frozen (–20°C) until prepared for total iron quantiﬁcation using inductively coupled plasma-mass spectrometry (ICP-MS). Blood was thawed at room temperature and centrifuged for 10 min at 1,677  g to separate the serum. A known volume (;20 m l) of serum was removed from the top of each sample and
incubated in 1 ml of 50% nitric acid (nitric acid optima and trace metal grades; Fisher Scientiﬁc,
Hampton, NH, USA) at 55°C for 30 to 60 min or until dissolved. Samples were diluted with 9 ml of metalfree water (Purelab water puriﬁcation system; ELGA LabWater, High Wycombe, UK) and centrifuged at
5,700  g for 10 min. After centrifugation, samples were ﬁltered to remove particulates (0.2-m m syringe
ﬁlters; Corning Inc., Corning, NY, USA). Stool pellets were dried overnight under vacuum and weighed
before being incubated with 1 ml 50% nitric acid at 55°C for 1 h. Samples were diluted with 9 ml of
metal-free water and centrifuged at 5,700  g for 10 min before ﬁltration to remove particulates. All samples were stored in the dark at room temperature until analysis by ICP-MS. Total iron in serum and stool
was quantiﬁed using an Agilent 7500ce ICP-MS with a collision cell and a certiﬁed environmental calibration standard (product no. 4400-12 1116NCO2; CPI International, Santa Rosa, CA, USA). Total iron per
sample was calculated based on volume (serum) or dry mass (stool).
Transcriptional analysis of iron-responsive mouse genes. Duodenal and cecal tissues were immediately harvested from euthanized mice, snap-frozen in liquid nitrogen, and stored at 280°C. For processing, tissue was thawed on ice and lysed by manual grinding using pestles, followed by water bath
sonication (program: pulse of 10 s on, 10 s off, 80% amplitude for 2 min total; Fisherbrand model 505
sonic dismembrator; Fisher Scientiﬁc, Hampton, NH, USA) and shredding (QIAshredder, Qiagen, Hilden,
Germany). Total RNA was extracted using a kit (RNeasy minikit; Qiagen, Hilden, Germany), quantiﬁed
using a spectrophotometer (ND-1000; NanoDrop), and stored at –80°C until further use. cDNA was prepared using iScript polymerase master mix (Bio-Rad, Hercules, CA, USA) and thermocycling (program:
25°C for 5 min, 46°C for 20 min, 95°C for 1 min, 4°C hold; Applied Biosciences model 2720; Beverly Hills,
CA, USA). Quantitative PCR was performed on a Roche 96 light cycler using a SYBR green ﬂuorescence
assay (AzuraQuant green fast qPCR mix; Azura Genomics, Raynham, MA, USA). Transcription of genes
encoding duodenal cytochrome b (Dcytb), divalent metal transporter 1 (Dmt1), and ferroportin were
evaluated relative to b -actin using primer sequences and sources listed in Table 1. Primers were synthesized (Integrated DNA Technologies, Coralville, IA, USA) and diluted to a working concentration of
10 m M. qPCR conditions were denaturation at 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and
60°C for 60 s. Cycle thresholds were estimated from technical replicates and used to analyze relative
gene expression using the comparative threshold cycle (CT) method (20).
Bacterial 16S rRNA sequencing and processing. DNA was extracted using a DNeasy Powersoil kit
(Qiagen, Hilden, Germany) from stool pellets by following the manufacturer’s instructions. DNA was
shipped in 96-well plates to the University of Michigan Center for Microbial Systems for Illumina pairedend (2  250 bp) sequencing of the variable region 4 (V4) of the bacterial 16S rRNA gene. Raw sequencing reads were processed using mothur v.1.39.5. Low-quality reads were removed by following the
mothur standard operating procedure (21) (accessed on 7 May 2017), and forward and reverse reads
were assembled into contigs. Contigs containing ambiguous bases or homopolymers of .8 bp were
removed. Identical sequences were combined and aligned against the V4 region of the 16S rRNA alignment of the SILVA database (version 128). Chimeric sequences were identiﬁed with UCHIME (22) and
removed. Operational taxonomic units (OTUs) were deﬁned as sharing $97% sequence identity and
were binned using VSEARCH (23). OTUs represented by fewer than 100 reads in the entire data set were
removed to guard against spurious observations. The remaining OTUs were taxonomically classiﬁed
within mothur using the Ribosomal Database Project’s Bayesian classiﬁer (training set 10) (24), and all
February 2021 Volume 87 Issue 3 e02307-20
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OTUs that classiﬁed to mitochondria, chloroplasts, or Eukaryota or that remained unclassiﬁed at the domain level were removed. For normalization, each sample was rareﬁed to 10,000 reads.
Statistical methods. Overall microbiome diversity was estimated using the inverse Simpson index
(a-diversity), and ordinations (nonmetric multidimensional scaling [NMDS]) were performed to visualize
patterns of microbiome similarity ( b -diversity). Both analyses are based on the presence-absence and
relative abundance of taxa (OTUs) resolved by 16S sequencing, but where a-diversity estimates represent diversity within a single community, b -diversity represents diversity between several different communities. These analyses as well as bar charts representing taxon abundance were generated in R version 3.6.0 (25) using vegan 2.5–3 (26), labdsv 1.8 (27), and custom scripts. Longitudinal data were
analyzed in R using paired, parametric t test for normal data and nonparametric Wilcoxon rank sum test
for nonnormal data. Changes in microbiome diversity between experimental treatments were tested for
signiﬁcance using PERMANOVA (adonis2 in vegan). OTUs most responsible for these changes were identiﬁed as described in Results using indicator value (IndVal [28, 29] in labdsv) and random forest (30) analyses or by multiple t testing with P value correction for multiple comparisons (Benjamini and Hochberg
method [31] in R).
Data availability. Sequencing reads were deposited in the National Center for Biotechnology
Information (NCBI) BioProject database with accession number PRJNA562734.
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