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and metagenomic analysis of lake sediments with 
and without amendments of ferrihydrite, Fe(III)-
citrate, or Fe(III)-EDTA. Results showed that sedi-
ments amended with Fe(III)-citrate and Fe(III)-EDTA 
exhibited faster Fe(III) reduction rates and more 
significant changes in bacterial community struc-
tures compared to those amended with ferrihydrite. 
Geobacter and Clostridium were enriched in the 
sediments amended with Fe(III)-EDTA and Fe(III)-
citrate, respectively. Despite a slower reduction rate 
and lack of enrichment of specific Fe(III)-reducing 
bacteria, ferrihydrite still led to an increase in the 
copy numbers of genes related to Fe(III) reduction 
and iron assimilation in the metagenomes, suggest-
ing an increase in these capacities. These results 

Abstract  Microbial Fe(III) reduction significantly 
influences the fate of various elements and con-
taminants. Previous research has employed differ-
ent Fe(III)-OM complexes and ferrihydrite to study 
Fe(III)-reduction-related biogeochemistry processes. 
However, the effects of adding specific Fe(III)-OM 
complexes and ferrihydrite on the Fe(III)-reducing 
bacterial community, Fe(III)-reducing kinetics, and 
Fe(III)-related functional genes remain largely unex-
plored. This study applied microcosm experiments 
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suggest that introducing various Fe(III)-OM com-
plexes and ferrihydrite into the environment would 
result in differences in not only Fe(III) reduction rates 
and Fe(III)-reducing bacterial communities but also 
in iron-related functional genes. Meanwhile, varia-
tions in Fe(III) reduction rates and Fe(III)-reducing 
bacterial communities do not necessarily correlate 
with changes in the abundances of functional genes 
relevant to Fe(III) reduction and iron assimilation 
in the metagenomes. These results provide a better 
understanding of the adaptive mechanisms of Fe(III)-
reducing bacteria in different environmental systems.

Keywords  Fe(III) reduction · Ferrihydrite · 
Fe(III)-OM · Metagenomic · Microcosm

Introduction

Iron (Fe) is widely distributed across aquatic and ter-
restrial ecosystems (Raiswell and Canfield 2012). 
Fe(III) reduction not only impacts the migration and 
transformation of various environmental pollutants 
but is also associated with the biogeochemical cycling 
of multiple elements, including carbon, nitrogen, and 
phosphorus, under natural conditions (Hall et  al. 
2018; Kappler et al. 2021) and plays a significant role 
in controlling processes such as global warming, par-
ticularly through its impact on carbon cycling and the 
modulation of greenhouse gas emissions (Beal et al. 
2009; Laufer-Meiser et al. 2021; Wang et al. 2022).

Under anoxic conditions, Fe(III) can be reduced to 
Fe(II) by Fe(III)-reducing bacteria. Among them, dis-
similatory Fe(III)-reducing bacteria utilize Fe(III) as 
an electron acceptor during their energy metabolism. 
These Fe(III)-reducing bacteria are widely distributed 
across diverse genera and have been isolated from 
various organic-rich environments, including rivers, 
lakes, and wetlands (Lovley and Holmes 2021). To 
reduce solid Fe(III) minerals, dissimilatory Fe(III)-
reducing bacteria have developed several different 
mechanisms (Shi et al. 2016). Some Fe(III)-reducing 
bacteria within the same genus may share a com-
mon type of mechanism (Shi et al. 2012), while some 
bacteria that utilize similar Fe(III)-reducing systems 
may employ different genes to reduce Fe(III) (Baker 
et  al. 2022; Conley et  al. 2018). Among these dif-
ferent genes, some are particularly important for the 
reduction of solid-phase Fe(III), for example, genes 

that encode outer membrane c-type cytochromes, 
while they appear less important for reducing dis-
solved Fe(III)-OM complexes such as Fe(III)-citrate 
(Aklujkar et al. 2013; Leang et al. 2005; Richter et al. 
2012).

In addition to the microbes themselves, the organic 
matter present in the environment can also signifi-
cantly influence the microbial Fe(III) reduction pro-
cess (Dong et  al. 2023). One class of organic com-
pounds influencing Fe(III) reduction is those capable 
of forming dissolved Fe(III)-OM complexes. Such 
dissolved Fe(III)-OM complexes are abundant in 
environments rich in organic matter, including riv-
ers, lakes, and wetlands (Lofts et  al. 2008; Sund-
man et al. 2014). Previous studies utilizing bacterial 
pure cultures have demonstrated that probably due to 
their higher solubility and bioavailability, the reduc-
tion rates of dissolved Fe(III)-OM complexes are sig-
nificantly higher than those observed for solid Fe(III) 
minerals (Bridge and Barrie Johnson 2000; Conley 
et al. 2018; Haas and Dichristina 2002; Vecchia et al. 
2014). Microbial Fe(III) reduction rates also varied 
among different Fe(III)-OM complexes (Wang et  al. 
2008). In addition, the phenotypes of Fe(III)-reducing 
bacteria were also shown to be associated with the 
source of Fe(III), whether it was composed of Fe(III) 
minerals or Fe(III)-OM complexes. For example, the 
flagella and pili of Geobacter metallireducens are not 
expressed when cultured with Fe(III)-citrate (Lovley 
and Walker 2019). The Acidimicrobiaceae sp. A6 
strain only performs anaerobic ammonia oxidation 
in the presence of solid Fe(III) minerals as an Fe(III) 
source but not with Fe(III)-citrate (Huang and Jaffé 
2018).

Various dissolved Fe(III)-OM complexes are also 
widely used as substrates for the analysis of other pro-
cesses related to Fe(III) reduction, especially anaerobic 
methane oxidation (AOM) (Ettwig et  al. 2016; Hori 
et al. 2015; Scheller et al. 2016). Many widely studied 
Fe(III)-reducing bacteria belonging to the genus Geo-
bacter were also isolated using dissolved Fe(III)-OM 
complexes instead of solid Fe(III) minerals (Coates 
et  al. 1996). Furthermore, even though the concen-
tration of dissolved Fe-OM may not be very high in 
some environments, the Fe(III)-OM that is reduced to 
Fe(II)-OM can be rapidly reoxidized to Fe(III)-OM by 
Fe(II)-oxidizing microbes, forming a cryptic iron cycle 
(Kügler et al. 2019; Peng et al. 2019). As a result, the 
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contribution of Fe(III)-OM to microbial Fe(III) reduc-
tion might still be significant (Dong et al. 2023).

In addition to different Fe(III)-OM complexes which 
show different reduction rates by the same Fe(III)-
reducing enzymatic systems (Wang et  al. 2008), dif-
ferent Fe(III)-reducing bacteria may also have differ-
ent Fe(III)-reducing mechanisms (Lovley and Holmes 
2021). These results suggest that different Fe(III)-
reducing bacteria may respond differently to the pres-
ence of different Fe(III)-OM complexes. However, 
much less attention has been given to these effects in 
environmental samples such as lake sediments. Such 
environmental systems are much more complex and 
contain a variety of organic compounds, minerals, and 
different Fe(III)-reducing bacteria. Previous studies on 
the impact of Fe(III)-OM complexes in the environ-
ment have focused mainly on the effect of a single type 
of Fe(III)-OM on the community structure of Fe(III)-
reducing bacteria (He et  al. 2023; Wang et  al. 2009). 
However, not all Fe(III)-reducing microbes within the 
same genus have the same genes for Fe(III) reduction 
(Baker et  al. 2022); therefore, variations in microbial 
community structure and Fe(III)-reducing capacity may 
not be consistent.

To understand the influence of adding different 
Fe(III)-OM complexes and ferrihydrite on the commu-
nity structure, kinetics, and genes relevant to microbial 
Fe(III) reduction in environments, we performed micro-
cosm experiments using lake sediments. We compared 
the Fe(III) reduction kinetics, bacterial structure, and 
iron-related genes in the metagenomes of sediments 
without any Fe(III) addition or amended with either one 
of the Fe(III)-OM complexes (Fe(III)-citrate, Fe(III)-
EDTA) or ferrihydrite. The objective of this study 
was to answer the following questions: (i) do varia-
tions in Fe(III) source lead to differential impacts on 
Fe(III)-reducing bacterial community composition and 
iron-related genes, and (ii) which Fe(III) source—fer-
rihydrite minerals or Fe(III)-OM complexes—is more 
effective in enriching certain genera of Fe(III)-reducing 
bacteria with specific genes for Fe(III) reduction?

Materials and methods

Sediment and water sampling

Sediment and lake water samples were collected in 
April 2023 from a lake within the campus of China 

West Normal University in Nanchong city, Sichuan 
Province, China (25°48′  N, 113°02′  E). The sedi-
ment samples were placed in sterile polyethylene 
bags, sealed, and stored within ice blocks, and the 
lake water samples were stored in polyethylene bot-
tles. All the samples were quickly transported to the 
laboratory and stored at 4 °C. To remove oxygen, the 
water samples were first centrifuged (3020 g, 5 min), 
then filtered (0.22 μm), and finally purged with N2 for 
30 min.

Synthesis of ferrihydrite and Fe(III)‑OM

Ferrihydrite was synthesized using Fe(NO3)3·9H2O 
and KOH following a previously described protocol 
(Schwertmann and Cornell 2008). After synthesis, 
the ferrihydrite was suspended in anoxic H2O in a 
glovebox (100% N2). The ferrihydrite suspension was 
used for experiments within 4 weeks after its synthe-
sis. An Fe(III)-EDTA stock solution (250  mM) was 
synthesized using FeCl3·6H2O and Na2-EDTA, and 
the pH was adjusted to 7.0 with NaOH. An Fe(III)-
citrate stock solution (500 mM) was prepared by dis-
solving the Fe(III)-citrate salt and adjusting the pH to 
7.0 with NaOH. After synthesis, these solutions were 
boiled and cooled under N2 to remove oxygen.

Setup of the microcosm experiment

To set up the microcosm experiments, 25  g of lake 
sediment and 25  mL of lake water sample were 
mixed in 100  mL serum bottles. After flushing the 
headspace with N2 for 1 min, the serum bottles were 
sealed with butyl rubber stoppers and aluminum caps 
and then wrapped with aluminum foil.

Resazurin (final concentration: 5 mg/L) was added 
to three control serum bottles with sediment as an 
oxygen indicator. All sediment microcosms were 
preincubated at 25 °C in the dark for 8 days until the 
oxygen indicator shifted from pink to clear (indicat-
ing anoxic conditions) and the Fe(II) concentrations 
stabilized (Figs. S1–S3).

To avoid the lack of electron donors due to pre-
cultivation, 2  mM sodium acetate was added to all 
the serum bottles because it can be used for micro-
bial Fe(III) respiration but not fermentation (Zhang 
et  al. 2020). Afterwards, 20  mM Fe(III)-citrate, 
20  mM Fe(III)-EDTA, or 20  mM ferrihydrite was 
added to individual serum bottles in triplicate for 
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each experimental setup and incubated at 25  °C in 
the dark. In total, there were 4 microcosm conditions: 
(1) sediment without Fe(III) addition, (2) sediment 
amended with ferrihydrite, (3) sediment amended 
with Fe(III)-citrate, and (4) sediment amended with 
Fe(III)-EDTA.

Sampling

Sediment slurry samples were collected during the 
incubation. For Fe(III)-citrate and Fe(III)-EDTA 
samples, we sampled every 1–2 days, while for the 
slower-reducing ferrihydrite samples, we sampled 
every 4–6 days. Prior to sampling, the soil slurry was 
homogenized by hand shaking. Each time, 2  mL of 
the soil slurry was removed using sterile syringes 
flushed with 100% N2. Immediately after sampling, 
100 μL of the collected samples were transferred to 
another Eppendorf tube and diluted with 1 M HCl 
for the extraction of Fe(II). The remaining soil slur-
ries were centrifuged at 16,000 × g for 3  min. The 
pellets were stored at –  20  °C for subsequent DNA 
extraction.

Determination of Fe(III) reduction rates

HCl extracted sediment slurry samples for quantifica-
tion of Fe(II) were kept in the dark for 12 h for Fe(II) 
leaching. Afterwards, the samples were centrifuged 
(12,000  g, 3  min), and the supernatant was used to 
quantify the concentration of HCl-extractable Fe(II) 
using the ferrozine assay (Gibbs 1976). The absorb-
ance of the purple ferrozine-Fe(II) complex was 
quantified at 562 nm using a microtiter plate reader 
(Multiskan Go, Thermo Scientific). The reduction 
rates of Fe(III) were calculated by linear regression 
analysis of the Fe(II) concentrations.

DNA extraction and metagenomic sequencing

DNA was extracted for metagenomic sequenc-
ing from the samples at the time point when Fe(III) 
reduction reached equilibrium, i.e. no longer changed 
rapidly over time. For experiments with Fe(III)-citrate 
and Fe(III)-EDTA, samples were taken on day 4, fol-
lowing an 8-day preincubation and the introduction of 
Fe(III), and for the remaining experiments, samples 
were taken on day 59.

DNA was extracted from 0.5 g sediment samples 
using the Fast DNA spin kit for soil (MP Biomedi-
cals, USA) according to the manufacturer’s instruc-
tions. Purity and quantity were evaluated using a 
NanoDrop 2000 spectrophotometer. The quantified 
DNA (concentration > 136  ng/μL, mass > 9.5  μg) 
from triplicate samples was pooled and used for 
library construction and then sequenced by Majorbio 
Biopharm Technology Co., Ltd. (Shanghai, China) 
using the Illumina NovaSeq 6000 platform. Approxi-
mately 6 Gb of raw data were generated per sample, 
which were then quality controlled using fastp soft-
ware (Chen et  al. 2018) by removing low-quality 
reads (length < 50 bp or with a quality value < 20 or 
having N bases). Sequence data associated with this 
project have been deposited in the NCBI with acces-
sion number PRJNA1090275.

Sequencing data analysis and bioinformatics

The quality-controlled reads of each sample were fur-
ther assembled to collect the contigs using MEGA-
HIT software (Li et al. 2015). Prodigal software was 
used to predict open read frames (ORFs) (Hyatt et al. 
2010). A nonredundant gene catalog was constructed 
using CD-HIT (Fu et  al. 2012) with 90% sequence 
identity and 90% coverage. High-quality reads were 
aligned to nonredundant gene catalogs to calculate 
gene abundance with 95% identity using SOAPaligner 
(Li et al. 2008). Representative sequences of the non-
redundant gene catalog were aligned to the NR data-
base with an e-value cutoff of 1e−5 using Diamond 
(Buchfink et al. 2015) for taxonomic annotations.

Previously reported genera of Fe(III)-reducing 
bacteria were selected to assess the impact of vari-
ous enrichment conditions on the composition of 
the Fe(III)-reducing bacterial community (Fan et  al. 
2018; Ionescu et al. 2015; Lentini et al. 2012; Lovley 
and Holmes 2021; Yang et  al. 2021). Cluster analy-
sis was conducted based on the relative abundance 
of Fe(III)-reducing bacteria across 20 genera or gene 
quantities associated with iron assimilation processes 
in sediment under distinct culture conditions. A heat-
map was generated using https://​www.​bioin​forma​
tics.​com.​cn (last accessed on February 20, 2024), an 
online platform dedicated to data analysis and visuali-
zation. To compare genes relevant to Fe(III) reduction 
and iron assimilation, FeGenie (Garber et  al. 2020) 
was utilized. Genomes of strains belonging to the 

https://www.bioinformatics.com.cn
https://www.bioinformatics.com.cn
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genus Clostridium were downloaded from the Joint 
Genome Institute (JGI) and analyzed using FeGenie 
to test for the presence of genes encoding extracellu-
lar cytochrome c proteins in this genus.

Results

Rates and extent of Fe(III) reduction

Based on the changes in Fe(II) concentration over 
time, we found that the amount of Fe(III) added to 
the sediment decreased under all conditions; however, 
the rates of Fe(III) reduction varied across the differ-
ent treatments (Fig.  1). First, in sediment amended 
with acetate only, there was only negligible Fe(III) 
reduction, with rates below 0.02  mmol  L−1  day−1. 
However, in sediment amended with acetate plus 
ferrihydrite, Fe(III)-EDTA, or Fe(III)-citrate, the 
Fe(III) reduction rates reached 0.27 mmol L−1 day−1, 
1.15  mmol  L−1  day−1, and 5.43  mmol  L−1  day−1, 
respectively. The reduction rates of Fe(III)-citrate and 
Fe(III)-EDTA were 20 and 4 times greater than that 
of ferrihydrite, respectively.

The addition of different source of Fe(III) to the 
sediment also influenced the duration of incubation 
needed for the experiments and the extent of Fe(III) 
reduction achieved. In sediment samples amended 
with Fe(III)-citrate and Fe(III)-EDTA, maximum 
Fe(II) concentrations were achieved within approxi-
mately four days. In contrast, nearly 60  days were 
required for the maximum Fe(II) concentration in the 
sediment amended with ferrihydrite. The Fe(II) con-
centrations in sediment amended with 20 mM Fe(III)-
citrate and Fe(III)-EDTA increased by approximately 
20  mM and 6  mM Fe(II) compared to their initial 
concentrations right after preincubation when Fe(III) 
was amended (i.e., 100% of the Fe(III)-citrate but 
only 30% of the Fe(III)-EDTA was reduced). Sedi-
ment amended with 20  mM ferrihydrite exhibited an 
additional increase in Fe(II) production in the range 
of 12 mM (i.e., ca. 60% of the added ferrihydrite was 
reduced).

Community structure of Fe(III)‑reducing bacteria

In addition to the varying rates of Fe(III) reduction, 
Fe(III)-reducing bacterial communities also varied in 
the sediment samples amended with different Fe(III) 
sources. The six most abundant genera of Fe(III)-
reducing bacteria after preincubation when Fe(III) 
was amended (T0) were Thiobacillus, Methanothrix, 
Syntrophus, Pseudomonas, Geobacter, and Rho-
doferax. After incubation for 59 days, the sediment 
amended with only acetate or with acetate plus fer-
rihydrite showed no significant shifts in the relative 
abundance of the dominant Fe(III)-reducing bacteria 
(Figs.  2, 3, S4 and S5). Only minor variations were 
evident among these samples. In these sediment set-
ups, the changes in abundance for each of the six 
genera of Fe(III)-reducing bacteria remained within 
a 1.4-fold difference. In contrast, despite being cul-
tivated for only four days, the relative abundance of 
Fe(III)-reducing bacteria in the sediment samples 
amended with acetate plus either Fe(III)-citrate or 
Fe(III)-EDTA significantly changed compared to that 
in the T0 sediment samples (Figs. 2 and 3).

In the sediment amended with Fe(III)-citrate 
(Figs. 2 and 3), the relative abundance of Clostridium 
increased from 0.2 to 5.1‰, indicating a remark-
able 25.5-fold increase. Clostridium became the most 
abundant genus among the Fe(III)-reducing bacte-
ria (Fig.  2). In addition, the relative abundances of 

Fig. 1   Fe(II) production in microcosm experiments under var-
ious conditions. The horizontal axis indicates the incubation 
time of the microcosm experiment after preincubation. Day 0 
corresponds to the time when Fe(III) was introduced after the 
8-day preincubation period. After preincubation, all lake sedi-
ment samples were amended with 2  mM acetate. Some sam-
ples were further amended with 20 mM of a specific form of 
Fe(III), ferrihydrite, Fe(III)-citrate, or Fe(III)-EDTA. Error 
bars indicate standard errors derived from three biological rep-
licates
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Fig. 2   Composition structure of the 20 most abundant Fe(III)-
reducing bacterial genera in initial sediments (T0) and in the 
sediments incubated with different forms of Fe(III). Samples 
were taken at the time when the Fe(II) concentration reached 

equilibrium. In experiments with Fe(III)-citrate and Fe(III)-
EDTA, samples were collected on day 4, and for the other 
experiments, samples were collected on day 59. The propor-
tions are shown in permille (‰)

Fig. 3   Heatmap and cluster 
analysis of the relative 
abundance of the 20 most 
abundant Fe(III)-reducing 
bacterial genera in initial 
sediments (T0) and in sedi-
ment after incubation with 
different amounts of Fe(III) 
(ferrihydrite, Fe(III)-citrate 
or Fe(III)-EDTA) or with-
out the addition of Fe(III) 
(acetate only). Samples 
were taken when the Fe(II) 
concentration reached 
equilibrium
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Pseudomonas, Rhodoferax, and Aeromonas increased 
by 2.4, 1.9, and 3.9 times, respectively, increasing 
from 0.90‰, 0.70‰, and 0.098‰ to 2.2‰, 1.3‰, 
and 0.38‰, respectively (Fig. 2). Moreover, the rela-
tive abundances of Geobacter and Shewanella also 
increased by 1.5 times, from 0.80‰ and 0.36‰ to 
1.2‰ and 0.55‰, respectively. The genus Citro-
bacter, which was present in very low amounts in 
the other samples, was also detected in the sediment 
amended with Fe(III)-citrate, exhibiting a noteworthy 
abundance 13.2 times greater than that at T0 (Fig. 2).

Compared to the sediment amended with acetate 
plus Fe(III)-citrate, the sediment with added acetate 
and Fe(III)-EDTA exhibited a relatively smaller 
change in the structure of the Fe(III)-reducing bacte-
rial community (Fig. 3). In the sediment with Fe(III)-
EDTA addition, the Fe(III)-reducing bacterial gen-
era that were notably enriched were Geobacter and 
Trichlorobacter, with relative abundances surpassing 
even those in the samples with ferrihydrite (Fig.  2). 
In the Fe(III)-EDTA-amended sediment, the rela-
tive abundance of Geobacter increased from 0.80 to 
4.7‰, representing a 6.7-fold increase. The relative 
abundance of Trichlorobacter increased from below 
the detection limit (< 0.001‰) to 1.7‰ after four 
days of incubation, making it the genus with the most 
significant relative change in abundance. However, 
in addition to Geobacter and Trichlorobacter, the 
increases in the relative abundances of other Fe(III)-
reducing genera in the sediment amended with 
Fe(III)-EDTA were less than 1.4-fold. Additionally, 
although we identified another well-known genus of 
Fe(III)-reducing bacteria, Shewanella, in all sediment 
incubations, the relative abundance of Shewanella 
remained relatively low (< 0.054‰) with no signifi-
cant change after incubation for four days. In addi-
tion, the relative abundance of Geobacter was gener-
ally much greater (> 0.7‰) than that of Shewanella 
in all the sediment incubations (Fig. 2).

Genes involved in Fe(III) reduction

The diversity and quantity of genes involved in Fe(III) 
reduction also varied in the metagenomes of sediment 
amended with different Fe(III) sources (Fig.  4). In 
general, the overall copy numbers of Fe(III) reduc-
tion functional genes increased only in microcosms 
amended with iron. However, the overall copy num-
bers of these genes varied depending on the type of 

Fe(III) used (ferrihydrite, Fe(III)-EDTA, or Fe(III)-
citrate). In sediments amended with Fe(III)-EDTA 
and ferrihydrite, the copy numbers of Fe(III) reduc-
tion functional genes nearly doubled, increasing from 
9 copies at T0 to 17 copies. In contrast, sediments 
amended with Fe(III)-citrate showed only a slight 
increase to 10 copies after incubation.

In addition to the overall copy numbers of Fe(III) 
reduction functional genes, the copy numbers of indi-
vidual Fe(III) reduction genes also varied across dif-
ferent samples. The copy number of the gene encod-
ing an outer membrane cytochrome c protein (omcS) 
differed among sediments subjected to different 
amendments. In the metagenomes of the sediment 
amended with ferrihydrite, 12 copies were detected at 
the end of the incubation, whereas at T0 and in the 
sediment amended with Fe(III)-citrate, Fe(III)-EDTA 
only 4, 6 and 6 copies of this gene were detected. 
Moreover, genes encoding another type of outer 
membrane cytochrome c protein (mtrC) were detected 
only in sediments with added ferrihydrite (Fig.  4). 
Additionally, several hypothetical Fe(III) reduction 
genes encoding porins or c-type cytochrome pro-
teins with potential Fe(III)-reducing functions were 
detected only before Fe(III)-amendment or in sedi-
ments amended with ferrihydrite or Fe(III)-EDTA, 
while some genes with potential Fe(III) reduction 
functions were no longer detectable after the Fe(III) 
amendments (Fig.  4). Notably, some of these genes 
were consistently found together.

Genes relevant to iron assimilation

In addition to c-type cytochrome genes, which are 
relevant to Fe(III) reduction, genes associated with 
iron assimilation processes also demonstrated vari-
ability across sediments subjected to different treat-
ments (Fig.  5). Notably, in the sediments amended 
with Fe(III)-citrate, although the copy number of 
Fe(III) reduction genes did not increase significantly, 
metagenomic analyses revealed a significant increase 
in the abundance of genes associated with the trans-
portation of iron, heme and siderophore, and iron stor-
age. In sediments amended with ferrihydrite, not only 
were the same numbers of gene copies detected as in 
sediments amended with Fe(III)-EDTA, but there was 
also a significant increase in the abundance of genes 
regulating iron and siderophore transport (Fig.  5). 
Cluster analysis utilizing the quantities of these genes 
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revealed that sediments incubated with Fe(III)-EDTA 
and with ferrihydrite clustered more closely together 
than those incubated with Fe(III)-citrate (Fig.  5). 

Genes related to heme oxygenase, siderophore syn-
thesis, Fe(II) oxidation, and magnetosome formation 
were also searched within the metagenomic datasets; 
however, no genes related to these functions were 
detected.

Discussion

Different Fe(III)‑OM complexes have different 
impacts on the kinetics of microbial Fe(III) reduction 
in sediments

The results of this study revealed that the reduction 
rates of Fe(III)-citrate and Fe(III)-EDTA in lake sedi-
ment far exceeded those of ferrihydrite. This finding 
is consistent with previous findings based on pure 
culture experiments, while extending these find-
ings to more complex environmental samples, dem-
onstrate that the observed differences in reduction 
rates between Fe(III)-OM complexes and ferrihydrite 
are consistent across both controlled pure culture 

Fig. 4   Quantities of genes for Fe(III) reduction in initial 
sediments (T0) and in sediments after incubation with differ-
ent amounts of Fe(III) (ferrihydrite, Fe(III)-citrate or Fe(III)-
EDTA) or without the addition of Fe(III) (acetate only). These 
genes were identified, and their functions were predicted using 
FeGenie (Garber et  al. 2020). Among these genes, the T4ap 

encodes a type of bacterial pilus, 2514223672, NP_953689, 
YP_004200173 and YP_004200179 encode hypothetical 
porins, and the other genes depicted in this graph all encode 
c-type cytochromes. The gene copy numbers indicate how 
many times each gene was detected in the entire metagenome 
of each sample

Fig. 5   Heatmap and cluster analysis of gene quantities associ-
ated with iron assimilation processes in sediments right after 
preincubation (T0), and after incubation with either no added 
Fe(III) (acetate only) or with the addition of 20  mM ferrihy-
drite, Fe(III)-citrate or Fe(III)-EDTA. These genes were identi-
fied, and their functions were predicted using FeGenie (Garber 
et al. 2020). The copy numbers of each type of genes identified 
in each sample are displayed within the color-coded cell of the 
heatmap
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conditions and natural, diverse microbial commu-
nities. Although different Fe(III)-reducing bacteria 
were employed in prior studies, the reduction rates 
of Fe(III)-citrate and Fe(III)-EDTA by bacterial pure 
cultures were approximately 5–24 times and 2–6 
times greater, respectively, than those of ferrihydrite 
(Bridge and Barrie Johnson 2000; Conley et al. 2018; 
Haas and Dichristina 2002; Vecchia et  al. 2014). 
This finding also aligns with theoretical predictions 
based on redox potentials (redox potential Fe(III)-cit-
rate > Fe(III)-EDTA > ferrihydrite) (Bird et  al. 2011; 
Kappler et  al. 2021). Similar observations have also 
been reported in previous studies involving paddy 
soils. For instance, in comparison to setups with fer-
rihydrite alone, one study revealed that the addition 
of Fe(III)-citrate to paddy soil stimulated the Fe(III) 
reduction rate by approximately 14 times (Wang et al. 
2009). Another study revealed that the addition of 
Fe(III)-EDTA to different paddy soils increased the 
Fe(III) reduction rate by approximately 2.3 times (He 
et  al. 2023). This indicates that the extent of differ-
ences in reduction rates between Fe(III)-OM and fer-
rihydrite is relatively consistent across different envi-
ronments, such as paddy soils and lake sediments.

The analysis of microbial community structures 
and Fe(III)-reduction functional genes also supported 
our findings on Fe(III) reduction kinetics. Specifi-
cally, compared to those in the initial sediments (T0) 
and sediments with only acetate added, the relative 
abundance of Fe(III)-reducing bacteria did not sig-
nificantly increase in the sediments amended with 
ferrihydrite (Fig. 2). The slower reduction of Fe(III) 
in sediments amended with ferrihydrite, coupled with 
a relatively stable community composition, indicates 
that the addition of 20 mM ferrihydrite might not be 
as effective as the addition of Fe(III)-OM in stimulat-
ing microbial Fe(III) reduction.

Different Fe(III)‑reducing bacteria show 
different preferences for utilizing Fe(III)‑citrate, 
Fe(III)‑EDTA, and ferrihydrite

In sediment amended with different source of Fe(III) 
notable variations were observed in the diversity and 
abundance of Fe(III)-reducing bacteria, along with 
the copy numbers of genes for Fe(III) reduction. This 
indicates that certain species of Fe(III)-reducing bac-
teria and Fe(III) reduction pathways may exhibit pref-
erences toward specific sources of Fe(III).

In the sediment amended with Fe(III)-EDTA, two 
closely related Fe(III)-reducing genera, Geobacter 
and Trichlorobacter (Nevin et  al. 2007; Snoeyenbos 
West et al. 2001), were significantly enriched (Fig. 2). 
The relative abundances of Geobacter and Trichloro-
bacter in sediment amended with Fe(III)-EDTA were 
also the highest among all microcosms, even surpass-
ing those in microcosms with ferrihydrite. The find-
ing that Geobacter strains are more enriched when 
Fe(III)-EDTA instead of ferrihydrite was used as the 
iron source aligns with prior research, which also uti-
lized Fe(III)-EDTA for isolating strains of this genus 
(Coates et  al. 1996). This preference of enrichment 
of Geobacter and Trichlorobacter is possibly due to 
the limited permeability of these compounds through 
the cell’s outer membrane (Madigan et  al. 2017), 
similar to previous observations with Fe(II)-EDTA 
and Fe(II)-oxidizing bacteria that oxidize Fe(II) in 
the periplasm (Peng et  al. 2018). This indicates that 
in addition to solid-state iron minerals (Zhang et  al. 
2020), Fe(III)-EDTA may also favor the activity of 
Geobacter and Trichlorobacter. Moreover, since the 
reduction of Fe(III)-OM was also faster than that of 
ferrihydrite, this finding also implies that utilizing 
Fe(III)-EDTA instead of solid iron minerals could 
be an effective strategy for enriching and isolating 
Fe(III)-reducing bacteria of the genera Geobacter and 
Trichlorobacter.

However, in microcosms amended with Fe(III)-cit-
rate, Geobacter and Trichlorobacter were not signifi-
cantly enriched. In these samples, the most notably 
enriched Fe(III)-reducing bacteria were Clostridium 
(Fig. 2). After searching the genomes in the JGI data-
base, we found that no Clostridium species has genes 
encoding extracellular cytochrome c proteins, con-
firming that it is a fermentative Fe(III) reducer (List 
et  al. 2019). Apart from the genus Clostridium, the 
microcosm with Fe(III)-citrate was also enriched in 
the potential Fe(III)-reducing bacterial genera Pseu-
domonas, Rhodoferax, and Aeromonas, some strains 
that have genes encoding extracellular cytochrome c 
proteins (Ambler 1963; Conley et  al. 2018; Ellfolk 
et  al. 1983). Interestingly, previous studies revealed 
a significant increase in the relative abundance of 
the genus Clostridium in paddy soils even when no 
Fe(III) and only citrate was added (Liu et  al. 2022). 
This implies that citrate in the Fe(III)-citrate com-
plex might be utilized as an electron donor, produc-
ing fermentation products that lead to abiotic Fe(III) 
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reduction. The decrease in the number and variety of 
functional genes related to Fe(III) reduction in our 
study also confirms this hypothesis (Figs. 4 and 5).

Given the variation in the content and types of 
Fe(III)-organic matter complexes across different 
environments (Sundman et  al. 2014), the findings 
of this study suggest that the type and abundance of 
Fe(III)-OM may be factors influencing the distribu-
tion of Fe(III)-reducing bacteria.

The impact of Fe(III)‑OM and ferrihydrite on genes 
involved in Fe(III)‑reduction and iron assimilation

Result of this study revealed that variations in the 
abundance of certain Fe(III)-reducing bacteria were 
not correlated with the overall copy number of 
Fe(III)-reducing functional genes in the metagen-
omes (Figs. 3, 4 and 5). This could be explained by 
previous studies which have shown that not all strains 
within the same genus possess Fe(III)-reducing abil-
ity or functional genes (Baker et al. 2022). Addition-
ally, some bacteria, such as the enriched Clostridium, 
which could produce fermentation products capa-
ble of reducing Fe(III) abiotically, may lack Fe(III)-
reducing functional genes, such as those encod-
ing outer membrane c-type cytochromes. Beside 
the quantities of genes relevant to Fe(III) reduction, 
incubation with different Fe(III) sources not only 
influenced the Fe(III)-reducing microbial commu-
nity structure but also affected the quantities of genes 
relevant to iron assimilation processes. For example, 
the metagenomic results indicated that ferrihydrite, 
which did not significantly affect the diversity and 
abundance of Fe(III)-reducing bacteria (Figs.  2 and 
3), may have a potential long-term impact on the 
capacity of Fe(III) reduction and iron assimilation in 
the sediment, as evidenced by a significant increase 
in the copy number of these functional genes (Fig. 5). 
This result corroborates the finding that diverse 
types of Fe(III)-reducing genes were identified in the 
metagenomes of different environments (Garber et al. 
2021) and suggest that the type of Fe(III) added plays 
a crucial role not only in Fe(III) reduction but also in 
other processes related to iron.

Furthermore, the abundance of the omcS and omcF 
genes, which are thought to be related to Geobacter 
(Kim et al. 2005; Lovley and Walker 2019; Reguera 
et al. 2005), increased in the sediments amended with 
ferrihydrite; however, the abundance of Geobacter 

did not increase. This result suggests that omcS may 
be crucial for the reduction of solid Fe(III) minerals, 
but not Fe(III)-OM, and bacteria from genera other 
than Geobacter may also possess this gene. Overall, 
the inconsistency between the abundances of Fe(III)-
reducing bacteria and the copy numbers of correlated 
functional genes observed in this study is also sup-
ported by the variations in Fe(III)-reducing gene cop-
ies in bacterial pure strains. Some Fe(III)-reducing 
bacteria possess multiple copies of these genes, while 
others have fewer (Garber et  al. 2020). The well-
known Fe(III)-reducing bacteria Geobacter metallire-
ducens GS-15 did not even contain omcS genes in its 
genome (Lovley and Walker 2019).

Another interesting finding is that in addition to 
the genes related to the genus Geobacter, the Fe(III) 
reduction gene mtrC related to Shewanella was 
exclusively detected when ferrihydrite was added, 
although the relative abundance of Shewanella did 
not change significantly (between 0.004 and 0.005%). 
This suggests that Shewanella might be sensitive to 
the addition of the solid type of Fe(III), even when 
the supplied electron donor is acetate instead of lac-
tate, which Shewanella typically prefers (Nealson and 
Scott 2006). Additionally, in sediments after incuba-
tion with Fe(III), some hypothetical Fe(III) reduction 
genes encoding c-type cytochrome proteins and por-
ins were detected (Fig. 4), while others disappeared. 
This finding suggests the existence of a few yet-to-be-
isolated strains with Fe(III) reduction capabilities in 
the environment. This also suggests that differences 
between the Fe(III) in the original environment and 
the laboratory conditions may have reduced the com-
petitiveness of certain indigenous Fe(III)-reducing 
bacteria. Further exploration of their metabolic capa-
bilities depends on future advances in pure culture 
isolation techniques.

Conclusions and implications

Results of this study revealed that ferrihydrite, 
Fe(III)-citrate, and Fe(III)-EDTA had variable influ-
ences on the kinetics of microbial Fe(III) reduction, 
the structure of the Fe(III)-reducing bacterial commu-
nity, and the abundance of genes involved in Fe(III) 
reduction and iron assimilation. Compared with those 
amended with ferrihydrite, the sediments amended 
with Fe(III)-EDTA and Fe(III)-citrate accelerated 
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Fe(III) reduction. The addition of ferrihydrite had a 
minimal influence on the Fe(III)-reducing bacterial 
community, whereas the two Fe(III)-OM complexes 
favored specific genera. In particular, Geobacter and 
Clostridium were enriched in sediments amended 
with Fe(III)-EDTA and Fe(III)-citrate respectively, 
indicating that they may be the source of Fe(III) for 
the enrichment of these genera. Additionally, shifts 
in community structure did not parallel the changes 
in the quantities of genes involved in Fe(III) reduc-
tion and iron assimilation. Despite its gradual reduc-
tion rate and lesser impact on community structure, 
ferrihydrite significantly influenced not only the 
abundance of Fe(III) reduction genes, which was also 
observed with Fe(III)-EDTA, but also the abundances 
of genes for regulation and assimilation of iron. 
This suggests that adding ferrihydrite could have a 
potential long-term impact on the capacity of Fe(III) 
reduction and iron assimilation in the sediment. Our 
microcosm experiments demonstrate that these dif-
ferent Fe(III)-OM complexes found in the environ-
ment (Sundman et al. 2014) not only exhibit varying 
microbial Fe(III) reduction rates but also significantly 
influence the community structure of Fe(III)-reducing 
bacteria and the diversity of their functional genes 
involved in microbial Fe(III) reduction. These results 
enrich our theoretical understanding of the iron bio-
geochemical cycle in the environment and provide 
strategic approaches for studying and cultivating spe-
cific Fe(III)-reducing bacteria.
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