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Summary 14 

The response of the human gut microbiome to disruptions is often difficult to discern 15 

without model systems that remove the complexity of the host environment. 16 

Fluctuations in iron availability provide a case in point: the responses of pathogenic 17 

bacteria to iron in vitro are much better understood than those of the indigenous human 18 

gut commensal microbiota. In a clinical study of iron supplementation in healthy 19 

humans, we identified gradual, participant-specific microbiota shifts correlated with 20 

bacterial iron internalization. To identify direct effects due to taxon-specific iron 21 

sensitivity, we used stool samples from these participants as inocula to derive in vitro 22 

communities. Iron supplementation of these communities caused small shifts in 23 

structure, similar to in vivo, whereas iron deprivation dramatically inhibited growth 24 

with irreversible and cumulative reduction in diversity and replacement of some 25 

dominant species. Sensitivity of individual species to iron deprivation during growth in 26 

axenic culture generally predicted iron dependency in a community context. Finally, 27 

exogenous heme acted as a source of inorganic iron to prevent depletion of some 28 

community members. Our results highlight the complementarity of in vivo and in vitro 29 

studies in deconstructing how environmental factors affect gut microbiome structure.  30 
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Introduction 31 

The gut microbiota is often subjected to environmental perturbations with long-term 32 

effects, including dietary shifts (Faith et al., 2011), osmotic diarrhea (Tropini et al., 2018), 33 

and antibiotics (Dethlefsen and Relman, 2011; Ng et al., 2019). Typically, the 34 

complexities of a mammalian host pose challenges for disentangling possible direct 35 

effects of the perturbation on the microbiota versus indirect effects of an altered host 36 

environment. Recent studies have shown that in vitro microbial communities can be 37 

used to model the gut microbiota’s response to antibiotics (Aranda-Díaz et al., 2020), 38 

other drugs (Javdan et al., 2020), and colonization resistance (Aranda-Díaz et al., 2020; 39 

Hromada et al., 2021), but it remains unclear to what extent in vitro communities can 40 

model other conditions, particularly ones that have especially profound effects on host 41 

cells. 42 

 43 

A case in point is iron, which is essential for virtually all cells. It is incorporated directly 44 

into proteins involved in diverse processes such as DNA methylation and antibiotic 45 

biosynthesis (Andrews et al., 2003), and is a component of essential cofactors such as 46 

iron-sulfur clusters and heme that are involved in important functions such as ATP 47 

production, protection against reactive oxygen species, and oxygen transport (Andrews, 48 

1998; Andrews et al., 2003; Gruss et al., 2012). Demand for iron in humans is met using 49 

dietary sources or supplements in the form of inorganic iron (Fe2+ or Fe3+) or heme-50 
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associated iron (Armitage and Moretti, 2019; Celis and Relman, 2020). Importantly, only 51 

10-20% of ingested iron is absorbed in the small intestine (Armitage and Moretti, 2019; 52 

Kortman et al., 2014; Yilmaz and Li, 2018). The remainder travels to the colon, where the 53 

dense, colonic microbiota resides. Despite the essentiality of iron, high concentrations 54 

can also be toxic to bacteria. Hence, regulation of intracellular iron concentration is 55 

important, for both humans and the diverse set of bacteria within the gastrointestinal 56 

tract (Andrews, 2000; Andrews et al., 2003). Extracellular iron concentrations in the large 57 

intestine can fluctuate as a response to dietary and supplemental iron intake, absorption 58 

in the small intestine, and sequestration by the immune system, during times of 59 

inflammation, infection, or anemia (Kortman et al., 2014; Lund et al., 1999; Yilmaz and 60 

Li, 2018). Thus, it is important to determine the effects of changes to iron concentration 61 

on the gut microbiota in a community context and to establish the species-specific iron 62 

needs, acquisition strategies, and adaptation mechanisms of commensal gut bacteria. 63 

 64 

Previous studies conducted on anemic infants living in low- and middle-income 65 

countries (LMIC) (Jaeggi et al., 2015; Zimmermann et al., 2010) and humans suffering 66 

from inflammatory bowel disease (IBD) (Kumar and Brookes, 2020) found that oral iron 67 

supplementation is associated with an increase in inflammatory markers (Jaeggi et al., 68 

2015; Zimmermann et al., 2010), an increase in the relative abundance of pathogenic 69 

Enterobacteriaceae (Jaeggi et al., 2015; Zimmermann et al., 2010) and a decrease in the 70 
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relative abundance of health-associated commensal bifidobacteria and lactobacilli 71 

(Jaeggi et al., 2015; Paganini and Zimmermann, 2017; Zimmermann et al., 2010). Such 72 

differential responses across taxa are perhaps to be expected, as the iron concentrations 73 

required for optimal growth of various bacterial species can differ by ~100-fold 74 

(Andrews, 1998; Andrews et al., 2003). Pathogens such as Escherichia coli strains with 75 

extraintestinal virulence depend on iron for respiration and expression of virulence 76 

factors (Galardini et al., 2020). They produce high-affinity iron-binding molecules 77 

(siderophores) to scavenge iron when its concentration is low and hence compete with 78 

other bacterial species and the host for this essential metal. Furthermore, they are 79 

voracious when iron levels are high, storing extra iron atoms in their cytoplasm (iron 80 

content in E. coli is ~105 atoms/cell) for use during future conditions of iron deprivation 81 

(Abdul-Tehrani et al., 1999; Andrews et al., 2003; Lopez and Skaar, 2018). Pathogens can 82 

also acquire iron in the form of heme, which can be directly incorporated into heme-83 

binding proteins or can be enzymatically degraded to release inorganic iron (Andrews 84 

et al., 2003; Cescau et al., 2007). By contrast to pathogenic E. coli, bifidobacteria and 85 

lactobacilli do not require iron for energy generation, do not produce siderophores, and 86 

contain as few as 1-2 iron atoms/cell (Andrews, 1998; Andrews et al., 2003). These 87 

differences are consistent with the growth advantages of pathogenic bacteria relative to 88 

commensals when iron levels are high. 89 

 90 
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Studies of iron deprivation in conventional mice have documented an associated drop 91 

in community diversity, in which members of the Prevotellaceae, 92 

Porphyromonadaceae, and Bacteroidaceae families appeared to go extinct (Coe et al., 93 

2021). Studies conducted with in vitro fermentation models used the iron chelator 2,2’-94 

dipyridyl to reduce iron concentrations available to a community derived from a 95 

malnourished child from an LMIC, and found a decrease in the relative abundances of 96 

the Lachnospiraceae and Bacteroidaceae families (Dostal et al., 2013; Dostal et al., 2015). 97 

2,2’-dipyridyl is cell permeable and hence affects both extracellular and intracellular 98 

concentrations; thus, it is not ideal for representing real-world biological conditions. 99 

The paucity of studies in which extracellular iron is controllably depleted means that 100 

the bacterial taxa within the highly diverse human microbiota most sensitive to iron 101 

deprivation in the absence of confounding disease-associated variables remain to be 102 

identified. 103 

 104 

Here, we examined the effects of iron supplementation in healthy humans and then 105 

manipulated iron availability in communities derived in vitro using stool collected from 106 

these same humans to probe the iron requirements of commensal bacteria and the role 107 

of iron in shaping microbial community structure. In doing so, we sought to identify 108 

taxa that are resilient to changes in iron concentration and iron sources (i.e., inorganic 109 

iron versus heme-iron), in the absence of confounding host variables such as 110 
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inflammation. We found that iron supplementation induces microbiota changes that are 111 

small, participant-specific, and positively correlated with increased bacterial 112 

intracellular iron concentrations during supplementation. We identified the 113 

Lachnospiraceae and Bacteroidaceae families as the most sensitive to iron 114 

supplementation and found that the specific genera and species affected within these 115 

families were participant-specific. Elevated iron availability in stable, diverse in vitro 116 

bacterial communities derived from our human participants recapitulated the moderate 117 

effects of iron supplementation in vivo, in contrast to iron deprivation, which induced 118 

irreversible changes to the community richness and composition that gradually 119 

accumulated. We found that resilience to iron deprivation varies across taxonomic 120 

families and that the variability of resilience to low iron within these families drives 121 

community shifts, as more resilient species occupy niches made available by less 122 

resilient ones. We discovered that the presence of heme buffers some of the effects of 123 

inorganic iron deprivation by rescuing specific species from depletion, and identify 124 

species that use heme as an alternate source of iron. Our results underscore the role of 125 

iron and heme availability in gut bacterial community structure, and highlight the 126 

general utility of in vitro communities for understanding the origins of human 127 

microbiota responses observed in vivo.  128 
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Results 129 

 130 

Iron supplementation elicits participant-specific changes to gut microbiota 131 

composition in healthy humans  132 

Inorganic iron supplements are available over-the-counter and are standard treatment 133 

for people diagnosed with iron deficiency (ID) (Short and Domagalski, 2013). ID is very 134 

common in children and women of LMIC, and occurs in ~40% of otherwise healthy 135 

pregnant women in the US (Zimmermann, 2020) and up to 50% of healthy people who 136 

engage in endurance training (Epstein et al., 2018; Parks et al., 2017; Sinclair and Hinton, 137 

2005). To explore the response to iron supplementation of the gut microbiota in healthy 138 

humans, we recruited 20 participants to provide daily stool samples for one week 139 

before, the one week during, and for one week after a 7-day period of daily ingestion of 140 

a commercial iron supplement (65 mg iron/325 mg ferrous sulfate). One participant (#8) 141 

had been taking iron supplements for many years, and hence sampled daily for 21 days 142 

with their normal iron supplementation to determine baseline fluctuations. Of the 143 

sixteen participants that completed the study, all provided at least 18 samples, resulting 144 

in 301 samples total (Figure 1A). 145 

 146 

We extracted DNA from each sample for 16S rRNA gene sequencing. Variation in 147 

community structure across all samples was visualized via Principal Coordinate 148 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 26, 2022. ; https://doi.org/10.1101/2022.01.25.477750doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.25.477750
http://creativecommons.org/licenses/by-nd/4.0/


Analysis (PCoA) of pairwise Bray-Curtis distances; other distance metrics led to similar 149 

conclusions (Figure S1). Samples largely clustered by participant (Figure 1B), indicating 150 

that the effect of iron supplementation on the gut microbiota at clinically relevant doses 151 

does not overcome to inter-individual variation. Indeed, iron supplementation 152 

explained only 2.8% of the variability in community structure throughout the study, 153 

while participant identity explained 87% (p<0.001, ANOVA). Nonetheless, when 154 

examining each participant of our current study individually, iron supplementation 155 

accounted for a much larger proportion of the variance: 20-33% for 9 participants (p< 156 

0.001, ANOVA) and 16-21% for 4 of the remaining participants (p<0.05, ANOVA) 157 

(Figure 1C). For two participants (#3 and #13), iron did not induce significant changes in 158 

community structure. Thus, a normal dose of iron supplementation elicits small but 159 

detectable individual-specific changes in the gut microbiota of most healthy humans. 160 

 161 

Given the high degree of participant specificity in the responses, we focused on subsets 162 

of the individuals to determine whether there were general structural changes to the gut 163 

microbiota. Among the 4 participants (#6, #7, #9, and #16) for which supplementation 164 

accounted for the largest proportions of variance, in participant #16, the gut community 165 

shifted during iron supplementation along one vector and continued to shift along that 166 

same vector after supplementation was halted (Figure 1C). Similar behavior was seen in 167 

participants #6, #7, and #9, suggesting that iron supplementation causes microbiota 168 
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alterations that are either not reversible in the time frame of 1 week, or represent a 169 

delayed response to iron supplementation. In fact, iron-induced changes in community 170 

structure were of larger magnitude when comparing the “before” versus “after” periods 171 

(9 participants with p<0.05, 18-34% of total variance) than they were when comparing 172 

the “before” versus “during“ periods (4 participants with p< 0.05, 14-26%), again 173 

indicating that the effects of iron supplementation are gradual and delayed. 174 

 175 

We wondered whether the participant-specific responses to iron supplementation were 176 

associated with the timing of iron distribution or the local concentrations of iron 177 

throughout various parts of the gastrointestinal tract. Bowel movement frequency was 178 

uncorrelated with the percent variability attributable to iron across participants (Figure 179 

S2), suggesting that transit time of the iron through the gut was not a major determinant 180 

of participant-specific changes. We quantified extracellular and intracellular iron 181 

concentrations of each sample by separating the supernatant from the bacterial pellets. 182 

While the magnitude of change in extracellular concentration was uncorrelated with 183 

percent variability (R=0.001, p= 0.9, F-test), intracellular iron concentration was 184 

correlated with differences in percent variability (R=0.27, p< 0.05, F-test) (Figure 1D), 185 

suggesting that participant-specific responses might be explained by the capability of 186 

members of the community to internalize exogenous iron. 187 

 188 
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Participant-specific Lachnospiraceae and Bacteroidaceae genera are the most 189 

responsive to iron supplementation 190 

To determine the taxonomic families most responsive to iron supplementation, we 191 

compared the relative abundance of several major families among the three study time 192 

periods (before, during, and after iron supplementation) in the four participants that 193 

were most responsive to iron supplementation (#6, #7, #9, and #16). The 194 

Akkermansiaceae, Enterococcaceae, and Enterobacteriaceae were present at very low 195 

abundances or not detected in most participants; hence, we focused on the 196 

Bacteroidaceae, Lachnospiracace, and Ruminococcaceae families. Although there were 197 

not consistent changes across the four participants at this taxonomic level (Figure S3), 198 

the relative abundance of certain genera or species affiliated with these families 199 

exhibited significant changes upon iron supplementation (p<0.05, HSD test), suggesting 200 

that iron-induced changes are most prominent at these lower taxonomic levels. 201 

 202 

The week-to-week changes in our control participant that took supplements throughout 203 

the three weeks (#8) were small (14% of variation), and not statistically significant 204 

(p=0.169, PERMANOVA). Therefore, to identify structural changes that were 205 

specifically induced by iron supplementation, we calculated the fraction of 206 

genera/species that changed significantly within each family for each participant, and 207 

compared these fractions among the four participants that were most responsive to iron 208 
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(26-33% variance explained, p<0.001) and among those that were least responsive to iron 209 

(#3,# 4, #13, and #5; 13-19% variance, p>0.05), as well as the control participant (#8). The 210 

percent of varying genera in the Bacteroidaceae and Lachnospiraceae families was 211 

significantly greater in the four participants most responsive to iron supplementation 212 

(Figure 1E), suggesting that genera/species within these two families in particular 213 

responded to iron supplementation and merit deeper understanding of their responses 214 

to iron levels. 215 

 216 

In vitro passaging and study of an iron-responsive community recapitulates the 217 

observation that iron supplementation induces only small changes in community 218 

composition 219 

Given the inherent challenges in interpreting microbiota responses in the context of a 220 

complex host, we next sought to quantify the extent to which communities of gut 221 

commensals are sensitive to iron levels in a more controlled environment. Motivated by 222 

our previous study demonstrating that stool-derived in vitro communities can mimic 223 

the composition of the fecal microbiome and its sensitivity to ciprofloxacin observed in 224 

vivo (Aranda-Díaz et al., 2020), we used a pre-supplementation fecal sample from 225 

participant #16 (based on their relatively large response to iron) to derive in vitro 226 

communities via repeated passaging in BHIS+0.05% mucin (Figure 2A). After five 48-h 227 

passage cycles, the community was stable and contained ~30 ASVs (Callahan et al., 228 
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2016), which collectively represented 86% of the families detected in the fecal sample 229 

including members of the Bacteroidaeceae, Ruminococcaceae, Lachnospiraceae, 230 

Enterobacteriaceae, and Enterococcaceae families, all of which were predicted to 231 

respond to iron from our in vivo study (Figure 2B). Thus, this community provides a 232 

powerful starting point for interrogating the response to iron levels in vitro. 233 

 234 

To study the effects of iron supplementation on this community, we passaged the 235 

stabilized community 12 times in 96-well plates in BHIS+0.05% mucin medium (without 236 

added heme), with and without supplemental 100 µM iron sulfate (Figure 2A). The 237 

maximum growth rate and carrying capacity of the community were unaffected by 238 

supplemental iron (Figure 2C), indicating that a surplus of iron does not enhance the 239 

growth of at least the fastest growing species. To determine whether supplemental iron 240 

induced changes in community structure, we performed 16S rRNA gene sequencing on 241 

passages 3, 6, 9, and 12. The number of observed species remained largely stable over 242 

time and the number was similar in the supplemented and non-supplemented 243 

communities (Figure 2D), suggesting that the iron surplus did not have deleterious 244 

effects on most species. To determine the effects of iron supplementation on specific 245 

taxa, we examined the relative abundance of each major family over the 12 passages. 246 

Consistent with observations from our clinical study, the supplemented and non-247 
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supplemented communities had very similar structure (Figure 2E, R=0.97), indicating 248 

that the community was insensitive to a surplus of iron at the family level. 249 

 250 

Although the relative abundances of most genera/species were also similar between the 251 

supplemented and non-supplemented communities, a few species displayed substantial 252 

differences: Bacteroides caccae and Bacteroides salyersiae (Bacteroidaceae), Faecalibacterium 253 

prausnitzii (Ruminococcaceae), and Coprococcus_3 comes (Lachnospiraceae) were at lower 254 

abundances and Akkermansia muciniphila (Akkermansiaceae) was undetected in the iron-255 

supplemented community compared to the non-supplemented community by passage 256 

12 (Figure 2F). Interestingly, Bacteroides dorei/fragilis (Bacteroidaceae) was the only 257 

species for which supplemental iron had a positive effect (Figure 2F). Together, these 258 

results suggest that supplemental iron has small but measurable effects on community 259 

structure, which are isolated to a small group of species in the Bacteroidaceae, 260 

Ruminococcaceae, and Lachnospiraceae families. The similarities between our in vitro 261 

data and the findings of our in vivo study suggest that our in vitro community can be 262 

used more broadly to study the response to changes in iron levels. 263 

 264 

Lack of iron inhibits the growth of complex communities in vitro and irreversibly 265 

reduces community richness 266 
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To further probe how changes in iron concentrations affect human gut communities 267 

and to identify taxa that are most sensitive to iron availability, we next sought to 268 

characterize the effects of iron deprivation on our in vitro community. We passaged the 269 

stabilized community multiple times in 96-well plates in BHIS+0.05% mucin medium 270 

without added heme and supplemented with the extracellular iron chelator 271 

bathophenanthroline disulfonate (BPS) at increasing concentrations, thereby reducing 272 

iron levels in a graded fashion (Figure 2A). The maximum growth rate and carrying 273 

capacity of the community decreased in a chelator concentration-dependent fashion 274 

within a single 48-h passage (Figure 3A). Both growth parameters started to decrease 275 

substantially at 0.05 mM BPS, which is approximately the concentration necessary to 276 

chelate the 16 µM of iron in the medium given the 3:1 stoichiometry of BPS:Fe binding. 277 

The highest concentration of chelator (1.6 mM) reduced maximum growth rate and 278 

carrying capacity by 64% and 42%, respectively, suggesting severe inhibition of fast-279 

growing species and potential extinction of some species (Figure 3A). Maintaining low 280 

iron conditions with BPS for two additional 48-h passages further reduced maximum 281 

growth rate and carrying capacity, with a total decrease of up to 88% and 67%, 282 

respectively, relative to the untreated community (Figure 3B,C), indicating gradual 283 

buildup of the effects of iron deprivation. 284 

 285 
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Reintroduction of the community to iron-sufficient concentrations (unaltered BHIS) 286 

restored maximum growth rate by the third 48-h recovery passage, suggesting that 287 

growth of the fastest-growing species fully recovered (Figure 3D). However, the 288 

carrying capacity of communities previously treated with BPS remained up to ~30% 289 

lower than the untreated community, indicating either permanent loss of species whose 290 

niche remained unfilled or a change in metabolism that was irreversible within this time 291 

frame. Taken together, iron deficiency cumulatively destabilized human-derived in vitro 292 

communities over time and had long-lasting effects. 293 

 294 

Motivated by the large, long-term changes in in vitro community growth due to iron 295 

deprivation, we performed 16S rRNA gene sequencing on all passages. The number of 296 

observed species in the community decreased in a BPS concentration-dependent fashion 297 

(Figure 3E), suggesting that the decrease in carrying capacity was at least partially due 298 

to severe depletion of some species. Reducing extracellular iron concentrations to nearly 299 

zero with 0.05 mM BPS decreased the number of observed species by ~20% over the first 300 

48-h passage and by ~50% after a third 48-h passage relative to the untreated 301 

community (Figure 3F), suggesting that a large fraction of community members depend 302 

on iron to survive and/or grow and further emphasizing that the effects of iron 303 

deprivation are gradual and cumulative. 304 

 305 
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Virtually complete elimination of extracellular iron by adding excess chelator (BPS >0.1 306 

mM) decreased the number of observed species to an even greater extent, by ~40% over 307 

one 48-h passage and ~80% by the third passage (Figure 3F), indicating variability in 308 

sensitivity and/or adaptation to low-iron conditions across species, whereby some could 309 

survive only at lower BPS concentrations. When the communities were reintroduced to 310 

iron-sufficient conditions, the number of observed species remained at approximately 311 

the same reduced level even after three 48-h recovery passages, suggesting irreversible 312 

loss of iron-dependent species (Figure 3F, passages 4-6). 313 

 314 

Sensitivity to iron deprivation is heterogeneous across taxonomic groups 315 

We next assessed changes in community structure to identify the taxa that were 316 

strongly affected by iron deprivation. The most striking changes were observed in the 317 

Lachnospiracae and Ruminococcaceae families, whose relative abundances each 318 

decreased ~10-fold (from ~10% to ~1%) with 0.05 mM BPS and decreased below the 319 

limit of detection with >0.1 mM BPS (Figure 4A, passages 1-3). When iron levels were 320 

restored, both families re-equilibrated at ~50-60% of their initial abundances (~5-6%) 321 

after treatment with 0.05 mM BPS, and remained undetectable in communities treated 322 

with >0.1 mM BPS (Figure 4A, passages 4-6). These dramatic changes suggest that 323 

certain members of these families are highly dependent on exogenous iron and lack 324 

sufficiently effective mechanisms of adaptation to low-iron conditions. Indeed, the 325 
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genera within these families exhibited different sensitivities (Figure 4B), suggesting that 326 

adaptation mechanisms and/or overall sensitivity to low iron may be genus-specific. 327 

 328 

To determine whether sensitivity to iron deprivation was intrinsic to these families 329 

rather than an emergent property dependent on community context, we acquired 330 

human isolates of several Lachnospiraceae and Ruminococcaceae species and grew 331 

them in iron-deprived conditions (0-0.4 mM BPS) for two 48-h passages (Figure S5A). 332 

Consistent with their behavior in the community, the isolates exhibited species-specific 333 

growth defects at 0.05 mM BPS, and failed to grow after just one passage with ≥0.1 mM 334 

BPS (Figure 4C, S5B). These results suggest that overall sensitivity to iron deprivation is 335 

intrinsic to the Lachnospiraceae and Ruminococcaceae families, with subtle differences 336 

at the species level, and that isolate responses to iron deprivation can inform 337 

community-level changes.  338 

 339 

The next most sensitive family to iron deprivation in the community was the 340 

Enterobacteriaceae family, which was represented by a single ASV in the 341 

Escherichia/Shigella genus. The relative abundance of this species decreased during iron 342 

deprivation in a BPS concentration-dependent manner and dropped below the limit of 343 

detection by the third 48-h passage with >0.1 mM BPS concentrations (Figure 4D, 344 

passages 1-3), suggesting that this commensal Escherichia species is highly dependent on 345 
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exogenous iron. However, unlike the Lachnospiraceae and Ruminococcaceae families, 346 

when the community was reintroduced to iron-sufficient conditions, the Escherichia 347 

species fully recovered to its pre-treatment relative abundance by the third 48-h 348 

recovery passage in communities treated with ≤0.4 mM BPS (Figure 4D, passages 4-6), 349 

suggesting that this species possesses efficient low-iron adaptation mechanisms that 350 

allow it to endure long periods of iron restriction and then flourish once iron-sufficient 351 

conditions are restored. Notably, it did not recover in communities treated with >0.4 352 

mM BPS, suggesting more complete chelation of iron atoms at these higher 353 

concentrations and indicating that the iron-binding molecules (siderophores) produced 354 

by this species have a lower affinity for iron than BPS, unlike the high-affinity 355 

siderophores produced by pathogenic E. coli (K=10-52 M-1) (Carrano and Raymond, 1979). 356 

Taken together, these results suggest that commensal Escherichia species have a higher 357 

dependency on iron than pathogenic species from the same genus but are equipped 358 

with efficient low-iron adaptation mechanisms that are likely missing in members of the 359 

Lachnospiraceae and Ruminococcaceae families. 360 

 361 

Iron deprivation did not have detrimental effects on the Enterococcaceae and 362 

Burkholderiaceae families, which are low-abundance yet prevalent members of the 363 

human gut microbiome and are largely understudied. Most knowledge about the 364 

Enterococcaceae focuses on pathogenesis, and specifically on infection by the 365 
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opportunistic pathogen Enterococcus faecalis (Keogh et al., 2016; Krawczyk et al., 2021; 366 

Saillant et al., 2021). Literature on iron responses of the Burkholderiaceae family is 367 

almost nonexistent (Hiippala et al., 2016). When iron concentrations were reduced (0.05 368 

mM BPS) or eliminated with excess chelator (>0.1 mM BPS), Enterococcaceae relative 369 

abundance gradually increased in each passage, by ~6-fold (from ~10% to ~60%) by the 370 

end of the third 48-h passage (Figure 4E, passages 1-3), suggesting that this family has 371 

little to no dependency on exogenous iron for survival and/or rapid, efficient 372 

mechanisms of adaptation to low iron. When iron-sufficient conditions were restored, 373 

Enterococcaceae relative abundance returned to near pre-treatment levels (Figure 4E, 374 

passages 4-6). Of the two Enterococcus species detected in the community, the initially 375 

less abundant E. casseliflavus/faecium (present at <1% in the untreated community) 376 

increased in relative abundance during iron deprivation, while the initially dominant 377 

species was at the same or lower relative abundance (Figure 4E), suggesting that 378 

Enterococcaceae members have different levels of resilience to low iron. Indeed, during 379 

growth in isolation, E. faecium was less sensitive to iron deprivation than E. faecalis and 380 

exhibited more growth during the second passage in iron-deprived media than in the 381 

first (Figure 4G and S5C). Both species immediately recovered when reintroduced to 382 

iron-sufficient medium regardless of the concentration of previous BPS treatment, 383 

suggesting that members of the Enterococcaceae family are highly resilient to iron 384 

deprivation. 385 
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 386 

The Burkholderiaceae family, which is represented by a Sutterella wadsworthensis ASV in 387 

the in vitro community, increased in relative abundance from ~5% in the untreated 388 

community to ~35-40% during the first passage with BPS (Figure 4F, passage 1). 389 

However, in subsequent passages with BPS, Burkholderiaceae relative abundance 390 

gradually declined (Figure 4F, passages 2 and 3), and upon reintroduction to iron-391 

sufficient conditions its relative abundance returned to pre-treatment levels. This 392 

behavior suggests that S. wadsworthensis does not require high levels of iron for 393 

survival. When grown in isolation, S. wadsworthensis exhibited a BPS concentration-394 

dependent decrease in growth rate and carrying capacity (Figure 4H, S5D). When 395 

reintroduced to iron-sufficient media, S. wadsworthensis recovered quickly, although not 396 

completely and in a BPS concentration-dependent manner (Figure 4H, S5D), suggesting 397 

a relatively high resilience to iron deprivation but lower than that of Enterococcus 398 

species. 399 

 400 

Iron deprivation restructures the Bacteroides genus 401 

Iron needs and acquisition strategies in commensal gut Bacteroides species have not been 402 

well characterized, but some species such as B. thetaiotaomicron and B. vulgatus are 403 

known to benefit from siderophores that are produced by pathogenic E. coli or by 404 

Salmonella species in low-iron conditions (Rocha and Krykunivsky, 2017; Zhu et al., 405 
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2020). How commensal Bacteroides species respond to low-iron conditions in the context 406 

of a complex community and in the absence of pathogenic bacteria has not been 407 

investigated. In our community, the Bacteroidaceae family overall behaved differently 408 

from all other families. Bacteroidaceae relative abundance was ~30% during all three 409 

iron-deprivation passages at all BPS concentrations (Figure 5A, passages 1-3), 410 

suggesting that at least some family members have little dependency on iron or have 411 

efficient adaptation mechanisms that allow them to survive low-iron conditions. When 412 

the community was reintroduced to iron-sufficient conditions, Bacteroidaceae relative 413 

abundance increased in a BPS concentration-dependent manner (Figure 5A, passages 4-414 

6). 415 

 416 

Further examination revealed that Bacteroides species have distinct sensitivities to iron 417 

deprivation. B. faecichincillae/faecis, B. vulgatus, and B. uniformis decreased in relative 418 

abundance from ~5-10% to 0-1% during iron deprivation (Figure 5B), but recovered 419 

fully (B. uniformis) or partially (B. faecichincillae/faecis and B. vulgatus) when sufficient 420 

iron was restored (Figure 5B), suggesting that these species are iron-dependent but have 421 

adaptation mechanisms that allow them to survive. Importantly, this resilience 422 

disappeared for B. uniformis when communities were treated with >0.8 mM BPS or for 423 

B. faecichincillae/faecis and B. vulgatus when the communities were treated with >0.4 mM 424 

BPS, highlighting the variability in response to low iron within this family (Figure 5C). 425 
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Since 0.4 mM BPS is the concentration at which the Escherichia species became 426 

undetectable, it is also possible that these Bacteroides species depend on the production 427 

of siderophores by Escherichia or another species with similar behavior to meet their 428 

iron needs and/or a cross-feeding metabolite (Huus et al., 2021). B. caccae, B. 429 

thetaiotamicron, B. nordii, B. salyersiae, and B. fragilis/ovatus, which were all present at low 430 

(~1%) but consistently detectable levels in the untreated community, became 431 

undetectable when iron concentrations were reduced and did not rebound once iron 432 

was restored to sufficient levels (Figure 5B and 5C), suggesting that these species are 433 

strongly dependent on iron and have less efficient adaptation mechanisms to low iron 434 

than B. faecichincillae/faecis, B. vulgatus, and B. uniformis. 435 

 436 

Intriguingly, a B. dorei/fragilis ASV that was present at <1% in the untreated community 437 

increased in relative abundance during iron deprivation in a BPS concentration-438 

dependent manner (Figure 5D, passages 1-3), comprising ~40% of the community by the 439 

third 48-h iron-deprivation passage at the highest BPS concentration and increasing to 440 

~65% when sufficient iron levels were restored (Figure 5D, passages 4-6). The 441 

dominance of B. dorei/fragilis is presumably a combination of its lack of dependency on 442 

iron and/or efficient adaptation, with its ability to occupy the metabolic niches made 443 

available by species that did not survive the imposed low-iron conditions. Together, 444 
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these results illustrate the dramatic extent to which differential iron sensitivities can 445 

substantially restructure the hierarchy within a single family. 446 

 447 

A broad range of sensitivity to iron deprivation was also observed during isolated 448 

growth of six Bacteroides species in an initial passage in iron-deprived media (Figure 5E, 449 

S5E). During a second iron-deprivation passage, all Bacteroides species grew 450 

substantially worse than in the first passage or not at all (Figure 5E), again illustrating 451 

the gradual and cumulative effects of iron deprivation, as seen in the community 452 

(Figure 5B). However, the sensitivity of each species was more extreme in isolation than 453 

in the community, and growth defects were even observed in the absence of BPS, 454 

suggesting the absence of something other than iron from our BHIS base medium, 455 

which lacks heme. The need for exogenous heme (heme auxotrophy) in some Bacteroides 456 

species (e.g., B. fragilis and B. thetaiotamicron), and the potential for its supply by the 457 

human host or other members of the gut microbiota is well known (Gruss et al., 2012; 458 

Huus et al., 2021; Rocha and Krykunivsky, 2017). Thus, it is likely that the differences 459 

between growth in isolation versus in the community were at least partially due to the 460 

absence of heme. Because heme can be a source of iron, sensitivity to iron deprivation 461 

versus the requirement for heme as a cofactor are not easily disentangled in heme-462 

deficient media. The substantial growth in the first passage without added heme and 463 

the gradual decline induced by iron deprivation suggest that Bacteroides species harbor 464 
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heme and iron stores that enabled their transient growth and survival. Together, these 465 

community and isolate findings demonstrate why the inhibitory effects of iron 466 

deprivation are cumulative, and highlight the importance of heme as well as iron 467 

availability. 468 

 469 

Exogenous heme ameliorates the community destabilization induced by the lack of 470 

inorganic iron 471 

Exogenous heme can be used as a cofactor and is directly incorporated into heme 472 

enzymes by heme auxotrophs. Moreover, heme is enzymatically broken down to iron 473 

by heme degradases in pathogenic bacteria (Wilks and Ikeda-Saito, 2014). The enzymes 474 

responsible for heme degradation in commensal bacteria have not been identified, and 475 

the prevalence of heme degradation for meeting inorganic iron needs is not well 476 

known. To determine whether heme is used as an alternate source of inorganic iron by 477 

the commensal bacteria in our community during iron deprivation, we repeated the 478 

passaging experiment with the inclusion of the 3.2 M of heme that is usually present in 479 

BHIS medium. Although maximum growth rate and carrying capacity still decreased in 480 

a BPS concentration-dependent manner in the first 48-h passage, the presence of heme 481 

reduced the extent of the decreases in maximum growth rate and carrying capacity to 482 

59% and 40%, respectively, at the highest BPS concentration (Figure 6A), suggesting 483 

that the fastest-growing species were less growth-inhibited, fewer species were lost, 484 
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and/or that heme sustained the growth of heme auxotrophs that could not survive in its 485 

absence and that are less sensitive to low inorganic iron levels. 486 

 487 

When maintaining the community in low-iron conditions for two additional passages, 488 

heme prevented further decreases in maximum growth rate and carrying capacity. 489 

Instead, maximum growth rate was completely restored and carrying capacity was 490 

maintained by the third 48-h passage (Figure 6B and 6C), suggesting that heme was 491 

used as a source of iron by the fastest-growing species to restore their growth, and that 492 

the species that were sustained by heme in the first passage continued to thrive in low-493 

iron conditions over an extended period. Reintroduction of iron to sufficient levels 494 

(unaltered BHIS) in the presence of heme restored growth rate and carrying capacity 495 

almost completely by the third 48-h passage (Figure 6D), suggesting that the depletion 496 

of species that are highly dependent on exogenous iron can be prevented by heme. 497 

 498 

To determine whether the beneficial effects of heme during iron deprivation were due 499 

to its use as an alternate iron source or to its ability to sustain the growth of heme 500 

auxotrophs, we compared the number of observed species and the relative abundance 501 

of species in our community grown with and without heme. In iron-sufficient 502 

conditions, the number of observed species (Figure 6E, 0 mM BPS) and their relative 503 

abundance (Figure 6F) were very similar between the added-heme and no-heme 504 
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communities, indicating that exogenous heme did not alter community structure in 505 

these conditions. However, when iron concentrations were reduced (0.05 mM BPS) or 506 

virtually eliminated (>0.1 mM BPS), exogenous heme reduced the number of species 507 

that were lost from ~50% to ~30% and from ~80% to ~60%, respectively, indicating that 508 

exogenous heme rescued some species that would otherwise have dropped below the 509 

limit of detection (Figure 6E). Together these results suggest that heme buffers the 510 

effects of iron deprivation by acting as an alternate source of inorganic iron. 511 

 512 

Heme rescues taxon depletion induced by iron deprivation in a family and species-513 

specific manner 514 

Given the buffering effects of heme during iron deprivation, we wanted to identify taxa 515 

that were rescued by heme and determine whether rescue was a family-level trait. 516 

Heme was most advantageous to the Escherichia species in our community, almost 517 

completely preventing its drop in relative abundance induced by iron deprivation at 518 

≤0.1 mM BPS and its apparent extinction up to the highest BPS concentration used 519 

(Figure 7A), suggesting that this commensal Escherichia species uses heme as an 520 

alternate source of iron and has efficient mechanisms for demetallating this cofactor. 521 

 522 

Heme also diminished the effects of iron deprivation and prevented the apparent 523 

extinction of all members of the Bacteroidaceae family except B. nordii and B. salyersiae 524 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 26, 2022. ; https://doi.org/10.1101/2022.01.25.477750doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.25.477750
http://creativecommons.org/licenses/by-nd/4.0/


(Figure 7B), suggesting that in addition to meeting the need of heme auxotrophs, heme 525 

can serve as an iron source for some but not all species in this family. Additionally, the 526 

relative abundance of B. thetaiotaomicron, B. vulgatus, and B. fragilis/ovatus actually 527 

increased when communities were iron-deprived in the presence of heme, indicating 528 

that heme provides an additional growth benefit to these species compared to inorganic 529 

iron. In accordance with our hypothesis that the B. dorei/fragilis species has little 530 

dependency on iron and occupies niches that become available, this species was unable 531 

to expand (Figure 7B) to the same extent as in the absence of heme (Figure 5B,C), 532 

consistent with the continued presence of members that became undetected in the non-533 

heme community. Similar behavior was observed for the Sutterella (Burkholderiaceae) 534 

and Enterococcaceae species in this community (Figure 7C), suggesting that these 535 

families do not benefit from heme as an alternate source of iron and that their resilience 536 

to low iron depends on other adaptation mechanisms.  537 

 538 

For the Lachnospiraceae and Ruminococcaceae families, heme enabled the survival at 539 

higher BPS concentrations of only one species in each family: Flavonifractor plautii 540 

(Ruminococcaceae) and Coprococcus_3 comes (Lachnospiraceae). However, heme did not 541 

prevent their eventual drop to undetectability (Figure 7D). These results suggest that 542 

heme can only act as an alternate source of iron for certain species within the 543 

Lachnospiraceae and Ruminococcaceae families, and their mechanisms for 544 
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demetallating heme to obtain iron are not as efficient as those of the Bacteroidaceae and 545 

Enterobacteriaceae families. 546 

 547 

Iron deprivation of isolates in the presence of heme largely resulted in similar behaviors 548 

as with communities. The growth rate and carrying capacity of all Bacteroides isolates 549 

decreased in a BPS concentration-dependent manner, and decreases were more 550 

pronounced in the second iron-deprivation passage, indicating the need for inorganic 551 

iron and not just heme as a cofactor (Figure 7E). However, heme ameliorated the 552 

negative effects of iron deprivation and enabled full or nearly full recovery when 553 

reintroduced to iron-sufficient conditions. Responses were species-specific: B. fragilis 554 

and B. vulgatus had the lowest growth defects and recovered fully when reintroduced to 555 

iron-sufficient conditions, while B. thetaiotamicron, B. uniforms, B. faecis, and B. dorei 556 

exhibited larger growth defects that lasted throughout the recovery passages. For 557 

Enterococcaceae species, heme reduced the effects of iron deprivation for E. faecalis but 558 

had no effect on the growth of E. faecium (Figure 7F). 559 

 560 

In isolation, heme rescued Lachnospiraceae and Rumninococcaceae species from 561 

extinction due to iron deprivation at all BPS concentrations (Figure 7G). In addition, 562 

their growth was actually enhanced relative to growth in the absence of heme at all BPS 563 

concentrations, starting in the second iron-deprivation passage and lasting throughout 564 
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the recovery passages (Figure 7G). Similar behavior was observed with S. 565 

wadsworthensis (Figure 7H). Although we currently cannot explain these positive effects 566 

on growth, it may be due to heme increasing expression of virulence genes and a shift 567 

from fermentation to more efficient anaerobic respiration, as has been reported for 568 

opportunistic pathogens (Palmer and Skaar, 2016; Yamamoto et al., 2005).  569 

 570 

These findings highlight the varied, taxon-specific roles of heme on isolate and 571 

community growth during iron deprivation.  572 
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Discussion 573 

Here, we showed that a typical clinical dose of supplemental iron has gradual, long-574 

lasting effects on the healthy human gut microbiota. The magnitudes of the effects were 575 

participant-specific. The low degree of variability due to iron supplementation (Figure 576 

1B) was much smaller than the variability attributed to a five-day course of 577 

ciprofloxacin (antibiotics accounted for ~14% of the variability and participant identity 578 

accounted for 67%, versus 2.8% and 87%, respectively, for iron supplementation) 579 

(unpublished work; Dethlefsen, Relman, et al.). The variation in responses across 580 

participants was partially due to differences in microbiota membership and the ability 581 

of these microbes to respond to increased iron via internalization (Figure 1D). 582 

Nonetheless, across our cohort the most responsive taxa were members of the 583 

Bacteroidaceae and Lachnospiraceae families (Figure 1E), with the specific 584 

genera/species varying by participant. Of note, the relative abundance of the 585 

Enterobacteriaceae family, which had a prevalence of 66%, did not increase significantly 586 

with iron supplementation in any of our participants, suggesting that the Escherichia 587 

species in our healthy cohort are distinct from pathogenic E. coli, which is notable in its 588 

voracity for iron (Andrews et al., 2003; Galardini et al., 2020). In vitro communities 589 

derived from the stool of multiple participants in our study maintained most of the 590 

taxonomic diversity of the inocula (Figure 2B, S4), and iron supplementation of these in 591 

vitro communities yielded similar results as supplementation in vivo (Figure 2). 592 
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Moreover, these findings further illustrate the ability of in vitro communities to model 593 

the effects of environmental perturbations on the gut microbiota in vivo. 594 

 595 

Stool-derived in vitro communities provided an opportunity to interrogate the global 596 

effects of iron levels on gut commensal communities, to gain a more nuanced 597 

understanding of the differences in iron sensitivities across taxa, and to identify 598 

commensals that benefit from heme as an alternate source of iron. Importantly, while 599 

we largely focused on a community derived from the participant that responded most 600 

strongly to iron supplementation, a community derived from another responder 601 

exhibited similar behaviors under changes to iron levels (Figure S4). By depriving in 602 

vitro communities of iron with the cell-impermeable chelator BPS, we showed that iron 603 

deprivation irreversibly reduces community richness, similar to previous studies in 604 

mice (Coe et al., 2021). 605 

 606 

The environmental tunability of communities in vitro enabled us to discover that species 607 

depletion was BPS concentration-dependent and species-specific (Figure 3, 4, 5), 608 

indicating that commensal taxa have differential resilience to low-iron conditions, likely 609 

reflecting different iron needs and/or adaptation mechanisms. Members of the 610 

community covered the entire spectrum of sensitivity to resilience: Lachnospiraceae 611 

and Ruminococcaceae members were the most sensitive to low iron and rapidly became 612 
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undetected (Figure 4A) , Enterobacteriaceae were sensitive but quickly recovered when 613 

iron-sufficient conditions were restored (Figure 4D), Sutterella (Burkholderiaceae) and 614 

Enterococcus species (Enterococcaceae) were resilient to low iron (Figures 4E and 4F), 615 

and members of the Bacteroides genus spanned the spectrum in a species-specific 616 

manner (Figure 5). Moreover, heme buffered the effects of iron deprivation, preventing 617 

the extinction of species (Figure 6), and the ability to use heme as an alternate source of 618 

iron was species-specific (Figure 7). Different responses to varying iron concentrations 619 

within a genus created the potential for certain resilient species to become dominant 620 

when other species with overlapping niches were inhibited (Figures 4E, 5D), indicating 621 

that the diverse range of responses has the potential to restructure a community under 622 

conditions of iron limitation. Thus, future predictions of the response of a given gut 623 

microbiota will benefit from further characterization of the behavior of individual 624 

species, in both isolated and community contexts, particularly the mechanisms of 625 

adaptation to changing iron conditions. When iron is in excess, the expression of iron-626 

storage proteins and antioxidant enzymes may be quickly and efficiently upregulated in 627 

some taxa, while it may be slow or completely absent in others (Abdul-Tehrani et al., 628 

1999; Andrews, 1998; Andrews et al., 2003). To avoid deleterious effects of iron 629 

deprivation, some commensals may release iron-binding molecules that can be shared, 630 

while others shift expression of iron-dependent enzymes (e.g., ferredoxin or iron-631 

superoxide dismutase) to enzymes that do not require iron (e.g., flavodoxin or 632 
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manganese-superoxide dismutase) (Andrews, 1998; Andrews et al., 2003; Campbell et 633 

al., 2019; Kortman et al., 2014; Kramer et al., 2020). 634 

 635 

In the future, mechanistic studies with bacterial isolates and mutant libraries (Liu et al., 636 

2021; Price et al., 2018) may provide greater understanding of these responses and 637 

adaptation mechanisms, as well as provide the opportunity to engineer communities 638 

through manipulation of iron levels and sensitivities. Utilization of heme as both an 639 

iron source and a cofactor may be intertwined in low-iron conditions for some species, 640 

as they appear to be for Bacteroides species (Figure 4). Moreover, in some cases the 641 

effects of iron or heme deprivation are not immediately apparent but instead require 642 

multiple passages in low-iron conditions (Figure 4E), indicating that these species can 643 

store iron/heme and then utilize these stores when iron/heme is lacking. This storage 644 

may explain the gradual changes observed during iron supplementation in vivo (Figure 645 

1C) and deprivation in vitro (Figure 3B-D). In some cases, species such as the Bacteroides 646 

were more sensitive in isolation than in the community (Figure 5E), reflecting the 647 

interaction of iron availability with sharing of other resources such as heme. 648 

 649 

This study provides a foundation for further interrogation of community restructuring 650 

due to environmental perturbations. Our study suggests that even in the case of 651 

chemicals such as iron that affect the host and microbiota alike, in vitro bacterial 652 
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communities can provide key insight into the microbiota response in vivo. For iron 653 

specifically, the taxon specificity of most responses suggests that metagenomic 654 

sequencing may prove useful for revealing whether changes to iron concentration 655 

selects for particular strains and substrains. Our findings motivate biochemical 656 

identification and characterization of the enzymes that anaerobically extract iron from 657 

heme in Bacteroides and other species; currently only one anaerobic heme degradase has 658 

been identified, in E. coli (LaMattina et al., 2017). Use of transposon mutant libraries 659 

(Liu et al., 2021; Wetmore et al., 2015) when iron conditions are perturbed could shed 660 

light on genotype-phenotype relationships, and the structural underpinnings of enzyme 661 

function could be facilitated by recent advances in deep learning-based protein folding 662 

(Jumper et al., 2021). Our approach combining in vivo and in vitro interrogation can also 663 

be applied to future human studies of supplementation of anemic participants and of 664 

supplementation with heme instead of ferrous sulfate, both of which should inform 665 

potential treatment for anemic patients. Finally, clinical investigations of whether fecal 666 

microbiota transplants can reverse the effects of iron deprivation on gut communities 667 

should be facilitated by the relative ease and throughput of testing responses of stool-668 

derived in vitro communities, which can be used to tune conditions before translating to 669 

mice and humans.  670 
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Methods 685 

Non-clinical iron supplementation study recruitment and sampling 686 

Twenty healthy adults (39.8 12.6 years of age) who had not taken antibiotics or been 687 

diagnosed with iron deficiency within the previous year were recruited to provide daily 688 

stool samples for 7 days before, 7 days during, and 7 days after daily intake of a 65 mg 689 

iron supplement (325 mg ferrous sulfate, Nature Made®). Sample collection consisted 690 

of ~50 mg of stool being resuspended in 500 L of DNA/RNA shield (Zymo Research, 691 

R1100) and ~5 g being placed in empty sterile plastic tubes, separately. One participant 692 

had been taking iron supplements for years, and hence was sampled daily for 21 days 693 

without additional supplementation but continuing their regular supplementation to 694 

determine baseline fluctuations. Participants collected samples themselves and were 695 

instructed to immediately freeze the samples at home until the samples were brought to 696 

the laboratory for storage at -80 C, which happened at the end of the sampling period. 697 

Fifteen out of 20 participants completed the study, with 14 participants providing at 698 

least 18 samples, resulting in 301 samples total (Figure 1A). Samples stored in 699 

DNA/RNA shield were used for 16S rRNA sequencing analysis. Aliquots of the 5 g 700 

samples were used for iron quantification and for in vitro community inoculation. 701 

Informed consent was obtained from participants and the study protocol (#25268) was 702 

approved by the Administrative Panel for Medical Research on Human Subjects 703 

(Institutional Review Board) of Stanford University. 704 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 26, 2022. ; https://doi.org/10.1101/2022.01.25.477750doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.25.477750
http://creativecommons.org/licenses/by-nd/4.0/


 705 

DNA extraction and 16S rRNA library preparation 706 

For human stool, samples stored in DNA/RNA shield were thawed on ice and 707 

vigorously mixed. Two hundred fifty microliters of each sample were transferred into 708 

96-well PowerBead Plates (Qiagen, 27500-4-EP-BP). Seven hundred fifty microliters of 709 

RLT buffer from an AllPrep DNA/RNA 96 Kit (Qiagen, 80311) were added to each well 710 

and subsequent steps of DNA extraction were followed using manufacturer’s 711 

instructions. For in vitro communities, 50 µL of saturated bacterial cultures were 712 

extracted using a DNeasy UltraClean 96 Microbial Kit (Qiagen, 10196-4). 713 

 714 

Three microliters of extracted DNA were used in 75-µL PCR reactions containing Earth 715 

Microbiome Project-recommended 515F/806R primer pairs (0.4 µM final concentration) 716 

and 5PRIME HotMasterMix (Quantabio, 2200410) to generate V4 region 16S rRNA 717 

amplicons. BSA at a final concentration of 100 ng/µL was also added to extracted DNA 718 

from stool samples. Thermocycler conditions were: 94 C for 3 min, 35 cycles of [94 C 719 

for 45 s, 50 C for 60 s, and 72 C for 90 s], then 72 C for 10 min. PCR products were 720 

individually cleaned up and quantified using the UltraClean 96 PCR Cleanup Kit 721 

(Qiagen 12596-4) and the Quant-iT dsDNA High Sensitivity Assay kit (Invitrogen 722 

Q33120) before 200 ng of PCR product for each sample were manually pooled. Pooled 723 

libraries were sequenced with 250- or 300-bp paired-end reads on a MiSeq (Illumina). 724 
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 725 

16S rRNA data analysis 726 

Samples were demultiplexed with QIIME2 v. 2021.2 (Caporaso et al., 2010) and 727 

subsequent processing was performed using DADA2 (Callahan et al., 2016). truncLeF 728 

and truncLenR parameters were set to 240 and 180, respectively, and the pooling option 729 

parameter was set to “pool=FALSE” unless otherwise indicated. All other parameters 730 

were set to the default. Taxonomies of the resulting ASVs were assigned using the 731 

assignTaxonomy function and the Silva reference database. 732 

 733 

Downstream analyses were conducted in R studio. Data were largely manipulated 734 

using the phyloseq package. PERMANOVA analyses were performed using the vegan 735 

package and HSD-tests using the agricolae package.  736 

 737 

Iron quantification 738 

A colorimetric ferrozine-based assay protocol previously used for quantification of iron 739 

in cultured astrocyte cells (Riemer et al., 2004) was modified and used to measure 740 

extracellular and intracellular iron concentrations in stool samples. In brief, ~100 mg of 741 

stool were resuspended in 1 mL of TE buffer (10 mM Tris-HCl [pH 8], 1 mM EDTA) and 742 

vortexed vigorously. Resuspensions were centrifuged (6,000 rpm, 5 min) and 100 µL of 743 

the supernatant were transferred to a 2-mL 96-well plate for extracellular iron 744 
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quantification. Pellets were washed twice with PBS, resuspended in 500 µL of lysis 745 

buffer (20 mM Tris-HC [pH 8], 2 mM EDTA, 1.2% TritonX-100, 20 mg/mL lysozyme), 746 

and incubated at 37 C for 30 min. Cell debris was pelleted (13,000 rpm, 10 min) and 100 747 

µL of cell lysate were transferred to a 2-mL 96-well plate for intracellular iron 748 

quantification. To release all protein-bound iron and cofactor-bound iron, 100 µL of 10 749 

mM HCl and 100 µL of iron releasing agent (1:1 (v/v) 1.4 M HCl and 4.5 % (w/v) 750 

KMnO4) were added to each of the intra/extracellular samples and incubated at 60 C 751 

for 2 h. After samples were cooled to room temperature, 30 µL of iron detection reagent 752 

(6.5 mM ferrozine, 6.5 mM neocuproine, 2.5 M ammonium acetate, 1 M ascorbic acid in 753 

dH2O) were added and mixtures sat for 30 min at room temperature. One hundred fifty 754 

microliters of this solution were transferred to a 96-well polystyrene microplate and 755 

absorbance was measured at 550 nm using an Epoch2 plate reader (BioTek). Iron 756 

concentrations were calculated by comparing sample absorbances to those of a range of 757 

FeCl3 concentrations of equal volume and prepared in a similar manner as the stool 758 

samples (mixtures of 100 µL of FeCl3 standard in 10 mM HCl, 100 µL NaOH, 100 µL 759 

iron releasing agent). Iron concentrations were normalized against stool sample wet 760 

weight. 761 

 762 

Human-derived in vitro community inoculation and passaging 763 
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We chose a pre-supplementation stool sample participants #16 and #7 from which to 764 

separately derive in vitro communities based on these participants exhibiting large 765 

responses to iron supplementation. Approximately 100 mg of stool was homogenized in 766 

1 mL of PBS in an anaerobic chamber. After large particulates were allowed to settle (~2 767 

min), the mixture was diluted 1:100 in PBS, used to inoculate 3 mL of BHIS (BHI, 3.2 µM 768 

hemin (referred to as ‘heme’ in this study), 0.5 mg/mL L-cysteine, 5 µg/mL Vitamin 769 

K)+0.05% mucin medium (1:100), and incubated at 37 C for 48 h. This culture was 770 

subsequently passaged (1:200) in test tubes every 48 h for a total of 5 passages to obtain 771 

a stable community composition. 772 

 773 

To study the effects of iron supplementation, 1 µL of the stable community was used to 774 

inoculate 199 µL of BHIS+0.05% mucin medium containing no heme and 100 µM FeSO4 775 

(100 mM stock freshly prepared in 10 mM HCl to prevent oxidation). Optical density at 776 

600 nm (OD600) was measured in a 96-well polystyrene microplate using an Epoch2 777 

plate reader (BioTek) with continuous shaking every 15 min. The community was 778 

passaged with 1:200 dilution in this iron-supplemented medium every 48 h for 12 779 

passages. 780 

 781 

To study the effects of deprivation, 1 µL of the stable community was used to inoculate 782 

199 µL of BHIS+0.05% mucin medium, with or without heme, containing 0-1.6 mM 783 
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bathophenanthroline disulfonic acid disodium salt hydrate (BPS, Sigma Cat. #146617) 784 

(Figure 2A). OD600 was measured as before and the community was passaged in BPS-785 

containing media 3 times (treatment passages 1-3). After 3 iron-deprivation passages, 786 

the community was passaged 3 more times in BHIS+0.05% mucin medium with or 787 

without heme in the absence of chelator (recovery passages 4-6). 788 

 789 

Measurements of gut commensal isolate growth 790 

Twelve human bacterial isolates from five taxonomic families were chosen for 791 

measurements of growth in axenic culture. Eight were from obtained from BEI 792 

Resources as part of their Human Microbiome Project collection: Coprococcus sp. 793 

HPP0048 (Lachnospiraceae), Lachnospiraceae sp. 1_4_56FAA (Lachnospiraceae), 794 

Ruminococcaceae sp. D16 (Ruminococcaceae), Enterococcus faecium TX1330 and 795 

Enterococcus faecalis TX1322 (Enterococcaceae), Sutterella wadsworthensis HGA0223 796 

(Burkholderiaceae), and Bacteroides thetaiotaomicron CL09T03C10 and Bacteroides dorei 797 

CL02T00C15 (Bacteroidaceae). Bacteroides faecis, Bacteroides fragilis, Bacteroides uniformis, 798 

and Bacteroides vulgatus (Bacteroidaceae) were isolated from a stool sample from one of 799 

our study participants. 800 

 801 

All isolates were streaked on BHIS+0.05% mucin agar plates and allowed to grow for 802 

48-72 h at 37 C in an anerobic chamber. For each strain, 3 mL of BHIS+0.05% mucin 803 
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liquid medium were inoculated with a colony and grown for 48 h at 37C. One 804 

microliter of saturated culture was used to inoculate 199 µL of BHIS+0.05% mucin 805 

medium, with or without heme, containing 0-0.4 mM BPS (Figure S5A). OD600 was 806 

measured as before. At the end of the first 48 h passage, cultures were passaged in this 807 

BPS-containing media for another 48 h. After 24 h and 48 h of the second passage, 1 µL 808 

was used to inoculate 199 µL of BHIS+0.05% mucin medium, with or without heme, 809 

without chelator and OD600 was measured thereafter to access recovery at these two 810 

growth time points.  811 
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Figures 812 

 813 

Figure 1: Iron supplementation results in participant-specific shifts in gut microbiota 814 

composition that are correlated with intracellular iron concentration. 815 

A) A total of 301 stool samples were collected from 16 participants asked to sample 816 

daily for 7 days before, 7 days during, and 7 days after a period of daily iron 817 

supplementation. All participants provided ≥18 samples. Fifteen participants 818 

supplemented with iron only for the 7 days; participant #8, a long-time user of 819 

iron supplements, took iron supplements all 21 days and thus served as a control 820 

for determining baseline fluctuations. 821 
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B) The effects of iron supplementation on gut microbiota composition do not 822 

overcome inter-individual variation. A Principal Coordinate Analysis of pairwise 823 

Bray-Curtis distances clustered samples largely by participant as compared to 824 

time relative to iron supplementation. 825 

C) Examination of each participant individually showed that iron supplementation 826 

significantly accounted for 20-33% of the variability among samples in 9 827 

participants (p<0.001, percent variability in green) and 16-21% in 4 participants 828 

(p<0.05, percent variability in yellow). Iron did not induce significant changes in 829 

the microbiota composition of participants #3 and #13 (p>0.05, percent variability 830 

in red). 831 

D) Intracellular iron concentrations measured in stool samples were correlated with 832 

percent variability in community structure (R=0.27, p<0.05), while extracellular 833 

concentrations showed no correlation (R=0.001, p=0.9). 834 

E) The percent of genera or species in the Lachnospiraceae and Bacteroidaceae 835 

families that exhibited significant changes during and after iron supplementation 836 

was significantly greater in the four participants that were most responsive to 837 

iron as compared with the participants that were least responsive to iron and 838 

control participant #8 (*: p<0.05, HSD test). n.s.: not significant.  839 
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 840 

Figure 2: In vitro passaging of stool from an iron-responsive participant preserves 841 

microbial diversity and recapitulates the small changes in community composition 842 

due to iron supplementation observed in vivo. 843 
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A) After 5 48-h passages, a community derived from a participant #16 pre-844 

supplementation stool sample was passaged in BHIS+0.05% mucin medium 845 

either 12 times supplemented with 100 µM iron sulfate to study the effects of iron 846 

supplementation or 3 times supplemented with 0-1.6 mM BPS to study the effects 847 

of iron deprivation. Passaging was performed with and without heme to 848 

determine the degree to which heme can be used as an iron substitute. Iron-849 

deprived communities were subsequently passaged 3 more times in the absence 850 

of BPS to assess recovery of the affected species. 851 

B) A stool-derived community from participant #16 retained 86% of the families 852 

(representing 89% of the relative abundance) detected in the stool sample after 5 853 

48-h stabilization passage cycles. 854 

C) Addition of supplemental 100 µM iron sulfate did not affect the growth rate or 855 

carrying capacity of the in vitro community. Growth curves were measured after 856 

twelve 48-h passages in BHIS+0.05% mucin medium (without added heme). 857 

D) The number of observed species in the community supplemented with 100 µM 858 

iron sulfate was stable over passages and similar to that of the non-859 

supplemented community. 860 

E) The relative abundance of most bacterial families after 12 passages was 861 

unchanged by iron supplementation (R=0.97), indicating that iron did not have 862 

large effects on community composition. 863 
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F) Iron supplementation did not affect the relative abundance of most genera and 864 

species, except for small decreases in the relative abundance of Faecalibacterium 865 

prausnitzii (Ruminococcaceae), Akkermansia muciniphila (Akkermansiaceae), 866 

Bacteroides salyersiae (Bacteroidaceae), Coprococcus_3 comes (Lachnospiraceae) and 867 

Bacteroides caccae (Bacteroidaceae), and an increase in the relative abundance of 868 

Bacteroides dorei/fragilis (Bacteroidaceae).  869 
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  870 

Figure 3: Iron deprivation decreases community yield and diversity. 871 

A) Growth rate and carrying capacity of the stool-derived community decreased in 872 

a BPS concentration-dependent manner in a single passage. 873 

B,C) The effects of iron deprivation were cumulative, as maintaining the 874 

communities in low-iron conditions further reduced growth rate and carrying 875 

capacity. 876 

D) The effects of iron deprivation were long lasting, as reintroducing the community 877 

to iron-sufficient levels restored maximum growth rate but not carrying capacity, 878 

suggesting permanent loss of species. 879 

E) The number of observed species decreased by ~20-60% in a BPS concentration-880 

dependent manner within a single 48-h passage. 881 
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F) Maintenance of the community in iron-deprived media for 2 additional passages 882 

(passages 2, 3) further decreased the number of observed species, and the 883 

number of species did not recover after the community was reintroduced to iron-884 

sufficient conditions (passages 4-6).  885 
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 886 

Figure 4: Sensitivity to iron deprivation is heterogeneous across families and across 887 

genera within a family. 888 

A) The Lachnospiraceae and Ruminococcaceae families were highly sensitive to iron 889 

deprivation. Both decreased below the limit of detection at >0.1 mM BPS during 890 

passages 1-3 and did not recover when iron-sufficient conditions were restored 891 

(passages 4-6). Vertical dotted line indicates the transition from iron-deprived to 892 

iron-sufficient conditions. 893 

B) Flavonifractor and Coprococcus species (members of the Lachnospiraceae and 894 

Ruminococcaceae families, respectively) were more resilient to iron deprivation 895 
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(0.05 mM on left, 0.1 mM on right) than Faecalibacterium (Ruminococcaceae), 896 

UCG-002 (Ruminococcaceae), and Dorea (Lachnospiraceae) species. 897 

C) A Coprococcus (Lachnospiraceae) species and other Lachnospiraceae and 898 

Ruminococcaceae isolates were highly sensitive to iron deprivation in isolated 899 

monocultures. Area under the curve (AUC) was calculated for each growth 900 

passage: iron-deprivation passage 1 and 2 (D1 and D2), recovery at 24 h of the 901 

second passage (R24), or recovery at 48 h of the second passage (R48). 902 

D) The Enterobacteriaceae family was sensitive to iron deprivation, decreasing 903 

below the limit of detection with >0.1 mM BPS. Nonetheless, Enterobacteriaceae 904 

relative abundance recovered in communities treated with ≤0.4 mM BPS when 905 

iron-sufficient conditions were restored. 906 

E, F) Enterococcaceae and Burkholderiaceae species increased in relative abundance 907 

during iron deprivation. 908 

G, H) In isolated monoculture, E. faecium (Enterococcaceae) was less sensitive to iron 909 

deprivation than E. faecalis (Enterococcaceae) and grew better in the second iron-910 

deprivation passage than in the first passage. An S. wadsworthensis 911 

(Burkholderiaceae) isolate exhibited BPS concentration-dependent growth 912 

defects, but recovered effectively once iron-sufficient conditions were restored.  913 
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 914 

Figure 5: Iron deprivation can restructure community composition by decreasing 915 

competition. 916 

A) The Bacteroidaceae family maintained relatively constant relative abundance 917 

during iron deprivation, and increased in relative abundance during the 918 

recovery passages in a BPS concentration-dependent manner, suggesting that 919 

some member species that were less sensitive to iron expanded into niches left 920 

availably by more sensitive species. 921 

B,C) Bacteroides species exhibited distinct sensitivities to low iron (0.4 mM BPS in (B) 922 

and 1.6 mM in (C)). 923 

D) A B. dorei/fragilis ASV increased in relative abundance from <1% to ~40% during 924 

iron deprivation and further increased to ~65% during the subsequent iron 925 

recovery passages. 926 
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E) Bacteroides isolates exhibited species-specific, BPS-concentration-dependent 927 

growth defects during iron deprivation. All species grew substantially more 928 

poorly in the second iron-deprivation passage even in the absence of BPS, 929 

suggesting that the absence of heme from our base medium inhibits growth after 930 

depletion of internal heme stores even in the presence of inorganic iron.  931 
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 932 

Figure 6: Heme supplementation buffers species extinction during iron deprivation. 933 

A-C) Supplementation with heme ameliorated the decreases in community growth 934 

rate and carrying capacity during iron deprivation, suggesting loss of fewer 935 

species and the use of heme as a source of iron. 936 

D) In the presence of heme, growth rate and carrying capacity were almost 937 

completely restored during the recovery passages. 938 

E, F) Addition of heme does not alter the number of observed species (E) or the 939 

relative abundance (F) of most species in the initial community (0 mM BPS) but 940 

prevents species extinction during iron deprivation (E, 0.05-1.6 mM BPS).  941 
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 942 

Figure 7: Rescue by heme during iron deprivation is species-specific. 943 

A) Heme ameliorated the decrease in relative abundance of the Enterobacteriaceae 944 

family at all BPS concentrations and even rescued it from extinction at 1.6 mM 945 

BPS, suggesting that its members have the ability to use heme as a source of iron. 946 

B) Heme completely prevents the extinction of all Bacteroidaceae species except B. 947 

nordii and B. salyersiae at 0.1 mM (middle) and 1.6 mM (right), indicating that the 948 

ability to use heme as an iron source is species-specific. Heme addition did not 949 

affect Bacteroides spp. relative abundances in the absence of BPS treatment (left). 950 
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The B. dorei/fragilis ASV did not increase in relative abundance in the heme 951 

condition. 952 

C) The Enterococcaceae and Burkholderiaceae families did not increase in relative 953 

abundance in the presence of heme, suggesting that members of these families do 954 

not depend for heme-acquired iron for their survival. 955 

D) Of the genera in the Ruminococcaceae and Lachnospiraceae families, heme 956 

rescued only Flavonifractor plautii (Ruminococcaceae) and Coprococcus_3 comes 957 

(Lachnospiraceae) and only at ≤0.2 mM BPS (middle), suggesting that the ability 958 

to benefit from heme is species-specific and that species in these families do not 959 

use heme as efficiently as those in the Enterobacteriaceae (A) and Bacteroidaceae 960 

(B) families. Heme addition did not substantially affect the relative abundances 961 

of any genera in the absence of BPS treatment (left), and all species decreased 962 

below the limit of detection regardless of heme addition with 1.6 mM BPS (right). 963 

E) Heme ameliorated the negative effects of iron deprivation for all Bacteroides 964 

species during growth as isolated monocultures in a species-specific manner, 965 

with B. fragilis and B. vulgatus exhibiting the least growth defects in the presence 966 

of heme. The BPS concentration-dependent growth defects in the presence of 967 

heme suggest that these species need both inorganic iron and heme as a cofactor. 968 

F) For Enterococcaceae isolates, heme reduced the effects of iron deprivation for E. 969 

faecalis but had no effect on the growth of E. faecium. 970 
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G,H) Heme rescued the iron deprivation-induced extinction of Lachnospiraceae, 971 

Ruminococcaceae, and Burkholderiaceae isolates and substantially enhanced 972 

their growth even in the absence of BPS, suggesting that heme may trigger 973 

alternative metabolic pathways in these species.  974 
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Supplementary Figures 975 

 976 

 977 
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Figure S1: Multiple beta diversity metrics show that samples cluster largely by 978 

participant. 979 

A,B) Principal Coordinate Analyses (PCoA) of pairwise Bray-Curtis, Jaccard, 980 

unweighted UniFrac, or weighted UniFrac distances all clustered samples largely 981 

by participant (A) as compared with period relative to iron supplementation (B), 982 

indicating that the effect of iron on healthy human gut microbiotas does not 983 

overcome inter-individual variation.  984 
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 985 

Figure S2: Bowel movement frequency does not explain participant-specific changes 986 

due to iron supplementation. 987 

Transit time was uncorrelated with the participant-specific community composition 988 

variance explained by iron supplementation.  989 
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 990 

Figure S3: Iron supplementation does not lead to consistent changes at the family 991 

level across the most responsive participants. 992 

Across the most responsive participants (#6, #7, #9, and #16), no consistent changes were 993 

observed in the relative abundances of the Ruminococcaceae, Lachnospiraceae, and 994 

Bacteroidaceae families before, during, and after iron supplementation. *: p<0.05. 995 
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 996 

Figure S4: In vitro communities derived from the stool of another participant 997 

undergo similar changes during and after iron deprivation as participant #16. 998 

A) An in vitro community derived from a pre-treatment stool sample from 999 

participant #7 retains ~90% of the families in the original stool sample. 1000 

B) Left: This community exhibited an irreversible decrease in observed species as a 1001 

result of iron deprivation. Right: the decrease was ameliorated in the presence of 1002 

heme. 1003 

C) Participant #7’s in vitro community exhibited similar community changes as that 1004 

of participant #16 (Figure 3): Lachnospiraceae and Ruminococcaceae members 1005 

became undetectable at ≥0.1 mM BPS, Enterobacteriaceae relative abundance 1006 
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decreased during iron deprivation but increased during recovery up to their 1007 

extinction at ≥0.4 mM BPS, and the Enterococcaceae family dominated the 1008 

community at high BPS concentrations. The Burkholderiaceae family was not 1009 

observed in this community. The relative abundance of the Veillonellaceae 1010 

family, which was absent in participant #16’s community, increased from ~20% 1011 

to up to ~50% during iron deprivation, suggesting that the Veillonellaceae do not 1012 

depend on iron for growth and survival. 1013 

D) Addition of heme rescued the same bacterial families from extinction 1014 

(Enterobacteriaceae and Bacteroidaceae) as in participant #16’s community 1015 

(Figure 7), and reduced the detrimental effects of iron deprivation for the 1016 

Ruminococcaceae and Lachnospiraceae at ≤0.4 mM BPS, limiting the expansion 1017 

of Enterococcaceae species.  1018 
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 1019 

Figure S5: Sensitivity to iron deprivation is similar in community and isolated 1020 

contexts for most species. 1021 

A) Twelve isolates from five bacterial families were in grown in BHIS+0.05% mucin, 1022 

with and without heme, and 0-0.4 mM BPS for two 48-h passages (iron 1023 

deprivation passages D1 and D2). At the 24-h and 48-h time points of the second 1024 

passage, isolates were diluted and passaged in media without BPS to access the 1025 

ability to recover (recovery passages R24 and R48). 1026 

B) Isolates from the Lachnospiraceae and Ruminococcaceae families exhibited 1027 

species-specific growth defects at 0.05 mM BPS and failed to grow with ≥0.1 mM 1028 

BPS (D1, solid lines; D2, dashed lines; R24, dotted lines). The y-axis for R24 1029 

curves was shifted by 0.6 for visualization purposes. 1030 
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C) An E. faecium isolate was less sensitive to iron deprivation than an E. faecalis 1031 

isolate and exhibited more growth during a second passage in iron-deprived 1032 

media than in the first. Both E. faecium and E. faecalis recovered even when 1033 

treated with 0.4 mM BPS. The y-axis for R24 curves was shifted by 1.0 for 1034 

visualization purposes. 1035 

D) An S. wadsworthensis isolate exhibited a BPS concentration-dependent decrease in 1036 

growth rate and carrying capacity, but was able to grow at all BPS 1037 

concentrations. The delay in recovery was BPS concentration-dependent. The y-1038 

axis for R24 curves was shifted by 0.07 for visualization purposes. 1039 

E) Bacteroides species exhibited BPS concentration-dependent and species-specific 1040 

growth defects during the first iron deprivation passage. During the second iron 1041 

deprivation passage, all species grew substantially worse even in the absence of 1042 

BPS, illustrating the gradual effects of iron deprivation and indicating the 1043 

importance of heme as a cofactor. The y-axis for R24 curves was shifted by 1.0 for 1044 

visualization purposes.  1045 
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