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Denitrification mechanism in oxygen-rich aquatic
environments through long-distance electron transfer
Ming-Zhi Wei1,6, Jin-Wei Liu1,6, Qin-Zheng Yang2, An Xue1, Hao Wu 3, Jin-Ren Ni1, Lea R. Winter 4, Menachem Elimelech 4✉ and
Hua-Zhang Zhao 1,5✉

The lack of electron donors in oxygen-rich aquatic environments limits the ability of natural denitrification to remove excess nitrate,
leading to eutrophication of aquatic ecosystems. Herein, we demonstrate that electron-rich substances in river or lake sediments
could participate in long-distance electron rebalancing to reduce nitrate in the overlying water. A microstructure containing
Dechloromonas and consisting of an inner layer of green rust and an outer layer of lepidocrocite forms in the sediment-water
system through synergetic evolution and self-assembly. The microstructure enables long-distance electron transfer from the
sediment to dilute nitrate in the overlying water. Specifically, the inner green rust adsorbs nitrate and reduces the kinetic barrier for
denitrification via an Fe(II)/Fe(III) redox mediator. Our study reveals the mechanism of spontaneous electron transfer between
distant and dilute electron donors and acceptors to achieve denitrification in electron-deficient aquatic systems.
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INTRODUCTION
As a relatively stable nitrogen species, nitrate can persistently
reside in the overlying water of aquatic ecosystems1,2. Excessive
nitrate causes algal blooms, increases water treatment costs, and
endangers human health3. At present, over 63% of the world large
inland lakes suffer from eutrophication caused by high concentra-
tions of nitrate4. Hence, reducing nitrate concentration is of great
significance for enhancing the ecological and socio-economic
values of aquatic systems.
Nitrate can be reduced by the assimilation of aquatic plants and

phytoplankton in natural water environments5,6. In addition,
nitrate is mainly removed through dissimilation by denitrification,
where electron donors in anoxic environments (e.g., organic
matter and sulfide) reduce nitrate to nitrogen gas through a
complex pathway involving microorganisms7,8. In the overlying
water of aquatic environments, however, there is a relatively high
concentration of dissolved oxygen (2−6mg/L)9. Previous studies
suggested that dissolved oxygen concentration above 0.5 mg/L
would inhibit denitrification10,11 because oxygen and nitrate are in
a fierce competition for electrons. As a result, electron donors in
the overlying water would be largely oxidized and consumed by
aerobic bacteria instead of effectively be used for denitrification. It
is generally accepted that there are not sufficient electron donors
and anaerobic/anoxic environments required for denitrification,
resulting in nitrate existing stubbornly in the overlying water of
aquatic ecosystems.
Sediments in aquatic systems, however, contain large amounts

of sulfide, organic matter, and other reducing substances. For
example, it was reported that the average loss on ignition of
sediments in lakes in Iowa is 10.3%12, and the acid volatile sulfide
in the river sediments in Shanghai is 5 mmol/kg13, indicating that
sediments can provide abundant electrons14–17. Considering
nitrate and other electron-deficient substances in the overlying

water of aquatic ecosystems, an electron imbalance caused by this
electron spatial separation widely exists in natural water environ-
ments. Herein, we pose the question: Can these electrons in
sediments be transferred to overlying water and used for
denitrification to achieve electron rebalance? Several studies have
reported that cable bacteria in the suboxic zone of the sediment
surface can achieve electron transfer over a distance of
1–2 cm18,19. However, there is a much greater distance for
electrons to transport from the sediment to the overlying water
for nitrate reduction. The problem is further complicated by the
competition between nitrate and oxygen in the overlying water
for harvesting these electrons. To date, there are no studies
demonstrating how nature can overcome these two challenging
problems to achieve denitrification in overlying water of aquatic
environments.
Electrons can be transported by microorganisms mediated by

substances such as conductive minerals and electron carriers20,21

Past studies demonstrated that it is feasible for microorganisms to
donate electrons to these conductors or semiconductors and
obtain electrons from them, as long as the interfacial barrier
between the microorganisms and these conductors/semiconduc-
tors be overcome22,23. Bacteria can use α-Fe2O3, Fe3O4, MnO2, and
other conductors or semiconductors to transfer electrons24–26.
Driven by the potential difference between the overlying water
and the sediment (generally about 0.7 V)27, the electrons in the
sediment theoretically tend to transfer upward to accomplish
electron rebalance. Relying on the extension of these conductors/
semiconductors into the aqueous solution, it may be possible for
electrons in sediments to be transported over long distance, but
the feasibility of this process needs to be verified. However, if this
process is feasible, the electrons transferred to the overlying water
are more likely to be captured and utilized by oxygen under
typical conditions with relatively high concentration of dissolved
oxygen and low concentration of nitrate. Can Nature create a
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special environment for electrons to be selectively transferred to
nitrate? This question is beyond our imagination.
In this study, we reveal that electrons can be transferred from

sediments to the overlying water for denitrification, realizing
electron rebalance in water environments. We have shown that in
the water-sediment system, iron oxide and bacteria dynamically
co-evolve to form a two-layer three-dimensional microstructure,
which can overcome the physical limitation and realize long-
distance electron transfer. The unique green rust in the micro-
structure can adsorb nitrate from water through ion exchange and
locally enrich its concentration, thus improving the competitive-
ness of nitrate against oxygen and realizing selective reduction of
nitrate with sediment electrons. We further elucidate the
formation mechanism of the new denitrification pathway, which
has important implications for water pollution remediation and
the nitrogen geochemical cycle.

RESULTS
Formation of self-assembled microstructure
The simulated Fe-sediment system included an iron rod with one
end placed in the sediment and the other end exposed to a low
concentration of nitrate in the overlying water (Fig. 1a). After the
introduction of the iron rod to the system, its smooth surface
developed a loose coating. The coating consisted of two layers
which were visible to the naked eye: (i) a dark brown and relatively
fluffy outer layer and (ii) a dark green inner layer closely attached
to the surface of the iron rod. Using scanning electron microscopy,
we observed that the outer iron oxide crystals were needle-
shaped, while the inner crystals were mainly regular hexagons,
with bacteria attached to them (Fig. 1b). These results demon-
strate that the microstructure is markedly different from
traditionally perceived biofilms and does not consist of a single
type of iron oxide. Rather, this microstructure is an electron
mediator that differs from those reported in the literature: it is
neither a simple biofilm nor a natural substance added artificially
or from the environment. This microstructure spontaneously
formed on the surface of the iron rod along with the decrease
in nitrate concentration. Copper rod (Cu-sediment system) and
stainless-steel rod (SS-sediment system) were used for comparison

to investigate if long-distance electron transfer can be accom-
plished by other metal rods. These systems showed almost no
change of the rod surface compared to the pristine surface, with
no microorganisms attached and no structure formed (Supple-
mentary Fig. 1).
Nitrate reduction efficiency can indicate the electron transfer

efficiency of the system. After the iron rod was introduced into the
sediment-water system, it passed a four-day adaptation period
before nitrate reduction was observed. Within the next 12 days,
the concentration of nitrate in the overlying water was rapidly
reduced from 2.1 mg-N/L to 0.3 mg-N/L, dropping to almost zero
by Day 20. During the first cycle of 25 days, the NO3

− removal
efficiency reached 98.6% (Fig. 2a). In contrast, the nitrate reduction
in control groups with only sediment, only iron rod, and SS-
sediment and Cu-sediment systems (Supplementary Fig. 2)
showed some nitrate reduction, but significantly less than the
Fe-sediment system. The results with the Fe-sediment, only
sediment, and only iron rod systems indicate that the electrons
for nitrate reduction in the Fe-sediment system were neither from
the sediment by diffusion nor from the iron rod by self-corrosion.
Further, comparing the results with the Fe-sediment, SS-sediment,
and Cu-sediment systems indicate that the long-distance electron
transfer could not be accomplished only by electron conduction,
but rather strongly relying on the microstructure formed on iron
rod. At the same time, NH4

+-N and NO2
−-N did not increase along

with the decrease of nitrate concentration in the control groups,
which suggests that there was no direct nitrate reduction to
ammonium and nitrite. By assessing the stability over three 25-day
cycles, we found that the Fe-sediment system maintained
outstanding degradation activity during the second and third
cycles. In fact, the spontaneously-formed double-layer, three-
dimensional microstructure reduced the adaption time of the Fe-
sediment system to three days and one day for the second and
third cycles, respectively, suggesting that the microstructure
improved the electron transfer from sediment to nitrate.
We tested the electron transfer performance of the iron rod by

cyclic voltammetry (CV) and electrochemical impedance spectro-
scopy (EIS). A strong oxidation peak was observed from −0.25 V to
0.25 V and a reduction peak appeared between −0.75 V and
−0.25 V on Day 25, which suggested that the structure formed on

Fig. 1 Nitrate reduction process of Fe-sediment system and changes of iron rod surface. a Nitrate reduction process induced by iron rod.
Electrons in sediment are conducted by an iron rod and transferred to nitrate in the overlying water. b SEM images of iron rod surface
changes. The surface of the iron rod changed from the initial smooth state to a double-layer structure. The outer-layer crystals were needle-
shaped, while the inner-layer crystals were mainly regular hexagons. Scale bars, 2 µm.
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the iron rod surface could be used as an electron mediator for
redox reactions28. Moreover, the shape of the voltammogram was
typical for bacteria, whose electrochemical activity is ascribed to
outer membrane cytochromes29. The increased peak current
intensity with respect to the pristine iron rod indicated improve-
ment of electron transfer performance30 (Fig. 2b). EIS analysis
showed that the internal charge transfer resistance was signifi-
cantly reduced from 1267 Ω on Day 0 to 1057 Ω on Day 25, which
suggested that the formation of microstructures substantially
increased the bioelectrochemical extracellular electron transfer
rate31 (Fig. 2b, inset).
In summary, the high nitrate reduction activity and electron

transfer performance suggest that the three-dimensional structure
improves the electron transfer efficiency between the iron rod and
NO3

− on the microscale. On the system level, the Fe-sediment
system enables effective nitrate reduction, concomitantly com-
pleting the electron rebalancing process between electrons from
sediment and NO3

− in the overlying water.

Iron oxides in the microstructure
The iron oxides formed on the surface of the iron rod after one 25-
day cycle were determined using Mössbauer spectroscopy to be
Fe(III) and Fe(II)/Fe(III) (Fig. 3a). Based on the XRD pattern, the main
component of the iron oxides in the inner layer of the rod surface
was green rust (CO3

2−) (Fig. 3b), where strong absorption peaks of

GR(CO3
2−) can be seen at 2θ= 11.80° and 23.69°. The iron oxides

on the outer layer of the iron rod surface appeared at 2θ= 14.20°,
27.12°, 36.36°, 38.14°, 46.92°, 52.84°, and 60.78°. These character-
istic XRD peaks showed that the iron oxide on the iron rod surface
was mainly lepidocrocite (γ-FeOOH). As a result, a self-assembled
double-layer iron oxides structure with an inner layer of green rust
and an outer layer of lepidocrocite formed on the iron rod.
To evaluate the electron transfer and nitrate reduction

efficiency of the double-layer iron structure compared to other
iron oxide compositions and structures, we replaced the iron rod
with two other types of iron oxide rods. One was an air-calcined
iron rod (FeOA-sediment system) with iron oxide composed of
magnetite, hematite, and goethite; and the other was an iron rod
soaked in water (FeOW-sediment system) mainly composed of
lepidocrocite (Supplementary Fig. 3). These two iron oxide rod
systems had lower nitrate removal efficiencies than the
Fe-sediment system, and the nitrate removal rates were gradual
in contrast to the rapid reaction period observed for the Fe-
sediment system on Days 4–16 (Supplementary Fig. 5). Both
results suggest that the two iron oxide rod systems could not
achieve high nitrate reduction performance because the iron rod
surfaces did not form the double-layer green rust-lepidocrocite
structure. In all, these results indicate that only the self-assembled
double-layer, three-dimensional network structure composed of
bacteria and inner-green rust-outer-lepidocrocite can achieve
efficient electron transfer and nitrate reduction, whereas systems
consisting only of iron oxides formed on the surface of the iron
rod are significantly less efficient.
Green rust is a layered double hydroxide with mixed valence

states of Fe(II)/Fe(III); the valence state conversion of Fe(II) and
Fe(III) can be realized within the green rust crystals32. Electrons
were transferred from the sediment through the iron rod to
microorganisms for nitrate reduction, which enabled green rust on
the inner surface of the rod to accept electrons. Green rust can co-
exist with many kinds of microorganisms33. In the network
structure formed on the iron rod, the corrosion caused by
microorganisms on the green rust crystals (Fig. 3c) and microbial
attachment within the green rust crystals can be observed
through SEM (Supplementary Fig. 4). As a layered double
hydroxide, green rust is a potential adsorbent34, and the anions
in its layers can be exchanged with nitrate ions in water. Through
elemental composition analysis, we found that the main elements
of the green rust are C, O, Fe, and N (Fig. 3c), which further verified
that the green rust is GR(CO3

2−). The detection of N is consistent
with the adsorption of nitrate by the green rust. Therefore, the
nitrate in the surrounding water may be enriched near the
microstructure, thereby promoting the accumulation of denitrify-
ing bacteria and enhancing electron transfer to nitrate over other
electron acceptors despite the low bulk nitrate concentration
(Fig. 2a).

Microbial community and gene composition in the
microstructure
By analyzing the microbial community on the iron rod through
high-throughput sequencing, we found that autotrophic denitrify-
ing bacteria (~43.4%) accounted for the largest proportion of the
microstructure (Fig. 4a), including Dechloromonas (28.5%), Simpli-
cispira (11.6%), Hydrogenophaga (2.0%) and Sulfuricurvum (1.3%).
In addition, iron redox bacteria such as Dechloromonas and
Sediminibacterium (3.3%), also occupied a considerable proportion
of the community. As a result, we can infer that the iron rod
microstructure hosted an autotrophic microbial community that
efficiently coupled with iron redox electrochemistry to accomplish
nitrate reduction.
We analyzed the KEGG gene through functional annotation and

hierarchical classification, detecting a total of 11,108,018 func-
tional gene read frames. Dechloromonas contributed 34.3% and

Fig. 2 NO3
− removal and electron transfer efficiency in Fe-

sediment system. a NO3
− removal efficiency of Fe-sediment system

over 3 cycles of 25 days each. The overlying water initially contained
2.1 mg-N/L NO3

− (pH 7.6, 25°C). b Cyclic voltammetry curves at a
scan rate of 0.1 mV/s, and Nyquist plots (inset) in the frequency
range of 100 kHz to 0.1 Hz in 2.1 mg/L NO3

−-N solution before the
rod was introduced and after one cycle with the iron rod.
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94.1% of the reading frame of the CO2 fixation genes IDH1 and
NIFJ, respectively, and accounted for 44.6% of the total CO2 fixed
gene reading frame of the iron rod bacterial consortium
(Supplementary Table 1 and Supplementary Fig. 6). This suggests
that Dechloromonas functioned as an autotrophic strain. The KEGG
gene analysis resulted in 88,540 denitrification metabolism-related
reading frames (Supplementary Table 2). The strains of Dechlor-
omonas genus accounted for 88.2% of napA (periplasmic nitrate
reductase), 79.7% of norB (nitric oxide reductase), and 65.4% of
nosZ (nitrous-oxide reductase) (Fig. 4b), indicating that the primary
bacteria involved in denitrification were Dechloromonas strains,
which likely enabled Dechloromonas to predominate due to the
abundance of nitrate. Although Dechloromonas did not contain
the gene nirK which can convert NO2

− to NO and N2O, another
dominant strain, Methylotenera, accounted for 90.4% of nirK for
denitrification. In addition, the narG gene (membrane-bound
nitrate reductase) in genus Acidovorax can promote the reduction
of NO3

−-N inside the microbial cell. It can be inferred that the
nitrate, nitrite, nitric oxide, and nitrous oxide reductases corre-
sponding to these genes played an important role in NO3

−-N
reduction; thus NO3

−-N was finally converted into N2 through
intermediate products such as nitrite, nitric oxide, and nitrous

oxide35. These results also suggest that the denitrification in the
microstructure is accomplished mainly by Dechloromonas, along
with the synergetic contributions of various bacteria.
Dechloromonas contains a series of functional genes for the

complex transportation, exportation, and oxidation/reduction of
iron (Supplementary Table 3). These bacteria can also coexist with
a variety of iron-containing compounds36 and use Fe(II) as an
electron donor for electron transfer37. The abundance of these
iron-related genes was very low in other strains of the microbial
community (Fig. 4b). Furthermore, Dechloromonas contained 53%
of c-type cytochrome genes in the microstructure community,
where these genes represent 0.45% of the total functional
abundance (Supplementary Table 2). The c-type cytochrome can
transfer the electrons obtained from the oxidation of the outer
membrane of the cell to the quinone pool of the inner membrane
to accomplish denitrification38.

Adaptive dynamic formation process of the microstructure
We found that the microstructure of the iron rod surface was
formed through dynamic changes. Through XPS analysis, we
found that the O1s peak of the sample taken from the surface on
Day 2 was 531.5 eV, and it shifted to 531.3 eV and 531.1 eV on

Fig. 3 Iron oxidation state identification in the microstructure on iron rod in Fe-sediment system. a Mössbauer spectrum of surface iron
oxides on the iron rod measured at room temperature (293 K) and fitted with the hopping relaxation model. Fe(III) (orange, 66.5%) and Fe(III)/
Fe(II) (green, 33.5%) doublets are shown, and the sum of modeled components are shown as the solid black line. b X-ray diffraction patterns of
iron oxide inner and outer layers. (G-goethite, L-lepidocrocite and GR-green rust). c Scanning electron microscope images and energy
dispersive X-ray spectroscopy analysis of microbial corrosion on a green rust crystal. (C, red; O, green; N, blue; Fe, yellow). Scale bars, 2 µm.
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Days 9 and 25, respectively (Supplementary Fig. 7). We used XRD
to analyze the composition of the iron oxides. The inner layer of
iron oxides did not form until Day 6 (Fig. 5a). The strong diffraction
peaks at 2θ of 11.80°, 23.69° and 33.18°Confirmed that the main
component of the iron oxides was GR(CO3

2−), which remained
stable through the rest of the cycle. Regarding the outer layer of
iron oxides, the strong diffraction peak at 2θ= 20.88° and two
weak diffraction peaks at 2θ= 26.68° and 51.42° on Day 2 (Fig. 5b)
indicated that the initial flocculated material on the iron rod outer
surface was mainly goethite (α-FeOOH). The XRD characteristic
peaks on Day 9 and Day 25 appeared at 2θ= 14.20°, 27.12°, 36.36°,
38.14°, 46.92°, 52.84°, and 60.78°, indicating that the iron oxides on
the iron rod outer surface had been converted to lepidocrocite (γ-
FeOOH) (Fig. 5a). Therefore, the iron oxides generated in situ on
the iron rod gradually stratified after the rod was introduced into
the sediment-water system, forming a stable structure dominated
by an inner layer of green rust and an outer layer that transformed
from goethite to lepidocrocite.
Regarding the bacterial consortium, we found that the

community was constantly changing, which is consistent with
the observation that the iron oxides transformed over time.
Through high-throughput sequencing technology, we found that
the α diversity index decreased as nitrate reduction progresses
(Supplementary Fig. 8). Furthermore, the abundance of bacterial
genus with a relative abundance of less than 1% in the
microstructure added up to 33.5% on Day 6, and this proportion
decreased to about 16% on Day 25. These results suggest that
dynamic changes of the community lead to the emergence of
dominant strains. At the initial stage (Days 1–9), the main bacterial
population on the iron rod surface consisted of the hydro-
autotrophic denitrifying bacteria Hydrogenophaga39 (25.5% on
Day 6) (Fig. 5b). Some sulfur-oxidizing, nitrate-reducing bacteria
such as Thiobacillus and Sulfuricurvum, with their ability to obtain
electrons from the iron rod for nitrate reduction40, were present;
their abundance was relatively high in the early stage (for
example, Thiobacillus at 3.3% on Day 6 and Sulfuricurvum at 8.0%
on Day 6). Therefore, the early microbial community was

dominated by hydro-autotrophic and sulfur-autotrophic
microorganisms.
While electron transport occurred in the system, the formation

of iron oxides on the rod surface prevented bacteria such as
Hydrogenophaga from achieving direct contact with iron, where
Hydrogenophaga consume hydrogen generated by the direct
reaction of iron and water41. These bacteria therefore received
insufficient electrons and were gradually eliminated by the
system. Microorganisms which were adapted to the iron-nitrate
environment gradually grew to dominate the microstructure. The
nitrate-reducing, iron-oxidizing bacteria Dechloromonas grew from
an abundance of about 3% on Day 9 to nearly 28.5% on Day 25. In
addition, bacteria that rely on iron respiration, such as the iron-
reducing bacteria Rhodobacter and iron-oxidizing bacteria Sedimi-
nibacterium36, gradually appeared in the community. Rhizobia that
inhibit iron corrosion, such as Allorhizobium-Neorhizobium-
Pararhizobium-Rhizobium, existed in the bacterial community in
low abundance (such as 2.4% on Day 21) throughout the process.
After Day 21, the microbial community transformed into a
community whose primary function was nitrate reduction.

DISCUSSION
In our system, the upper end of the iron rod was in a nitrate-
containing solution with a high redox potential, and the lower end
of the rod was inserted into a sediment with a low redox potential.
Therefore, an electron imbalance was established between the
upper and lower ends of the iron rod. In the first few days,
microorganisms gradually attached to the surface of the iron rod.
Hydrogenophaga, for example, can consume H2 produced by iron
oxidation to accomplish nitrate reduction and promote an early
attachment of microorganisms on the rod, which simultaneously
accelerated iron corrosion42. Due to these microorganisms, a layer
of iron oxides dominated by goethite was formed on the surface
of the rod, which in turn led to the gradual decrease in abundance
of several genera (Fig. 4). Goethite has good biocompatibility and
encouraged the growth of denitrifying microorganisms. Since the
outer iron oxide layer was in contact with more oxygen, it mainly
consisted of Fe(III) oxide; in contrast, the inner layer formed Fe(II)/
Fe(III) oxide due to the existence of oxygen-consuming micro-
organisms and the continuous inflow of electrons to the iron rod
surface. Due to the presence of the microorganisms, green rust is
formed in the inner iron rod layer. The outer layer of the iron
hydroxide lepidocrocite may be formed partially by the conver-
sion of goethite from the early stage. For example, Acidovorax can
promote the conversion of goethite to lepidocrocite on the iron
rod surface43, and lepidocrocite can be produced by biotic44 or
abiotic45 transformation of green rust. These dynamic changes
result in the stable double-layer structure of inner green rust and
outer lepidocrocite. (Fig. 1b, Fig. 3a, b)
Dechloromonas can participate in the iron redox cycle and

complete the ferrous oxidation-nitrate reduction process46; its
abundance gradually increases in the system (Fig. 5b). Green
rust –– with its Fe(II)/Fe(III) complex valence state –– has been
found to reduce NO3

−-N to NH4
+-N with or without biological

participation47,48, although the nitrogen remains in the water as
NH4

+-N rather than being removed. In the present synergetic
evolutionary and self-assembled system, the contributions of the
denitrifying microorganism Dechloromonas prevented NO2

−-N
and NH4

+-N accumulation (Fig. 2a). The lack of accumulation of
these partial reduction products indicated either that green rust
had a weak effect on the abiotic reduction of nitrate or that the
abiotic reduction products of green rust were utilized by
microorganisms attached to the outer layer to complete the
process of reducing NO3

−-N to N2. The influence of Dechloromo-
nas on iron corrosion varies according to its environment. In the
electron rebalancing system of the present study, the iron oxide is
active green rust and lepidocrocite, rather than the previously

Fig. 4 Functional bacterial community and genes in the micro-
structure on iron rod in Fe-sediment system. a Bacterial commu-
nity composition in the microstructure. b Distribution of
denitrification genes in the iron rod surface microstructure. The
category “others” represents the genera and genes with relative
abundances below 1%.
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studied magnetite49. Owing to the existence of microorganisms
and the continuous inflow of electrons from sediment, the green
rust in the microstructure did not transform to magnetite or
trivalent goethite48 and other inert iron oxides. Therefore, the two-
layer, three-dimensional network structure formed by the
synergetic evolution of iron oxides and microorganisms remained
in an active state, simultaneously mediating electron transfer and
nitrate reduction.
Thus, we conclude that under electron imbalance conditions, a

double-layer, three-dimensional network structure arises from the
synergetic evolution and self-assembly of microorganisms and
iron oxides. The formation of this microstructure enhances the
reduction of the low-concentration nitrate, thereby accomplishing
electron rebalance for the system. Electrons generated by the
oxidative decomposition of organic matter in sediment are
transferred along the iron rod to iron oxides on the surface of
the rod, enabling electron transfer to the three-dimensional
network. Electrons are transferred from the iron oxides to
denitrifying bacteria such as Dechloromonas in the radial direction
of the iron rod via divalent iron. Finally, the electrons are passed to

NO3
−-N through a series of extracellular electron transfers and

denitrifying proteins to complete the nitrate reduction. During this
process, the green rust iron in the inner layer dynamically changes
between divalent and trivalent oxidation states as electrons are
transferred between the iron rod and bacteria. We demonstrate
that electrons from the sediment are transported to aqueous
NO3

−-N through an iron rod microstructure composed of an inner
surface layer of green rust, an outer lepidocrocite surface layer,
and a Dechloromonas-dominated bacterial community (Fig. 6).
In conclusion, we discovered that the formation of a

microstructure on the surface of the iron rod involves self-
assembly and synergetic evolution. Since iron and bacteria are
ubiquitous in nature, by studying the dynamic process occurring
on the iron rod in the sediment-water system, we provide an
example of how nature can achieve electron rebalancing
processes between electron-rich and electron-deficient sub-
stances, even if these substances are spatially distanced and at
low concentrations. This new way of electron transfer could
possibly be seen in nature when there are related iron oxides and
bacteria on lake banks or bridge piers. In addition, our research

Fig. 5 Transformation of iron oxides and bacterial community in Fe-sediment system. a Dynamic changes of iron oxides composition in
the inner layer (left) and outer layer (right) on iron rod surface after the iron rod was introduced into the sediment-water system, revealed by
X-ray diffraction patterns. (G-goethite, L-lepidocrocite, GR-green rust and Q-quartz). b Evolution of bacterial community on iron rod surface
during nitrate reduction. The category “others” represents the genera with relative abundances below 1%.
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has potential application in environmental remediation, including
reducing electron-deficient compounds such as nitrate in waste-
water and oxidizing electron-rich substances such as organic
matter in sediments or soil. Considering the wide abundance of
iron and bacteria and the simplicity of this system, this new
strategy for environmental remediation would be cost-effective
and readily implemented.

METHODS
Preparation of sediment-water systems
A sediment sample (600 mL), freshly collected from Beijing Purple
Bamboo Park, was put in a 48 cm-high, 2 L graduated cylinder (I.D.
9.0 cm). A 0.3 cm-thick carbon felt (I.D. 7.0 cm) was positioned at
the 300mL mark of the cylinder in the sediment. Two liters of
2.0 mg/L sodium nitrate solution prepared with municipal tap
water were added to the cylinder as the overlying solution, which
was exposed to air all the time. A 25.0 cm polished iron rod (I.D.
1.0 cm) was inserted vertically into the sediment with the bottom
end tightly in contact with the carbon felt. The top end of the iron
rod was 10.0 cm lower than the surface of the water (Fig. 1). This
system was kept at room temperature for three 25-day cycles. The
sodium nitrate overlying solution was replaced between cycles.
The Cu-sediment system, SS-sediment system, FeOW-sediment
system and FeOA-sediment system were also prepared as control
groups, as described in the SI.

Iron rod characterization
A piece of the iron rod was cut, immersed in 2.5% glutaraldehyde
for two hours, carefully rinsed three times with phosphate buffer
(50 mM, pH 7.0) for 20minutes, sequentially dehydrated with 30%,
50%, 70%, 90% and 100% (v/v) ethanol for 15 minutes, freeze-
dried, and imaged with a scanning electron microscope (SEM)
(Quanta200F, FEI) equipped with an energy dispersive X-ray
detector for elemental analysis under low vacuum conditions. The
iron oxides on the iron rod surface were collected from the iron
rod under anaerobic conditions, freeze-dried, and analyzed using
X-ray diffraction (XRD) with a Bruker D8 Discover instrument
(Bruker AXS GmbH, Germany) equipped with a D/max-γ B
diffractometer and using Cu Kα radiation in the 2θ range from
10.00° to 70.00°. The elemental composition and oxidation states
were characterized with X-ray photoelectron spectroscopy (XPS)

(Axis Ultra, Kratos Analytical Ltd., Manchester, UK) equipped with a
monochromatic Al Kα radiation source (225W, 15mA, 15 kV) at
the pass energy of 160 eV for wide spectra and 40 eV for individual
photoelectron lines. The binding energy (BE) scale was referenced
to the C1s line of aliphatic carbon. The spectra were analyzed in
the CASAXPS software. For the Mössbauer analysis, the iron oxides
sample (100–200mg) was collected under anoxic water, trans-
ferred to an anaerobic glovebox chamber (100% N2 atmosphere,
<0.1 ppm O2), dried, mixed with Vaseline, placed in a Cu sample
tube (I.D. 1.3 cm), and sealed with two pieces of Kapton tape.
Mössbauer spectra were recorded on a Topologic 500 A spectro-
meter coupled with a time-proportional controller using 57Co(Rh)
moving in the constant acceleration mode as the γ-ray radioactive
source. The velocity was calibrated with a 25 μm α-Fe foil, and the
isomer shift (I.S.) was measured from the center of a-Fe at room
temperature. The spectrum was fitted with the hopping relaxation
model50.

Microbial community and metagenomic analysis
Two biomass samples were collected in two independent
experiments for the amplicon sequencing and metagenomics;
we chose one group of data for analysis. The biomass on the
upper part of the iron rod was collected, dispersed into a 50 mL
sterile tube, centrifuged at 2700 ×g for five minutes at 4 °C, and
extracted with the FastDNA® Spin Kit for Soil (MP Biomedicals,
LLC, Illkirch, France) according to the manufacturer’s instruc-
tion. The extracted total genomic DNA was subject to PCR
amplification targeting the 16 S rRNA hypervariable regions
V3–V4 with the universal bacterial primers 338 F (5´-ACTCCT
ACGGGAGGCAGCAG-3´) and 806 R (5´-GGACTACHVGGGTWTCT
AAT-3´). The bacterial community was analyzed with an Illumina
MiSeq high-throughput sequencing system (Majorbio Bio-
Pharm Technology Co., Ltd., Shanghai, China). DNA was
separated into fragments with an average size of approximately
300 bp using a Covaris M220 Focused-ultrasonicator (Gene
Company Limited, China) for the paired-end library construc-
tion with a TruSeqTM DNA Sample Prep Kit (Illumina, San Diego,
CA, USA). The adapters containing the full complement of
sequencing primer hybridization sites were ligated to the blunt-
end fragments. Paired-end sequencing was performed on an
Illumina HiSeq4000 platform (Illumina Inc., San Diego, CA, USA)
at Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China)
using the HiSeq 3000/4000 PE Cluster Kit and HiSeq 3000/4000

Fig. 6 Timeline of microstructure formation by the synergistic evolution of iron oxides and bacteria. To achieve electron rebalancing of
the system, corrosion occurs on the surface of the iron rod, accompanied by the transformation of the bacterial community. Iron oxides and
the bacterial community synergistically assemble to form the microstructure, which promotes electron transfer from the surface of the iron
rod to nitrate in the overlying water.
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SBS Kits according to the manufacturer’s instructions. Open reading
frames (ORFs) from each metagenomics sample were predicted
using the MetaGene (http://metagene.cb.k.u-tokyo.ac.jp/). The
predicted ORFs with length equal to or greater than 100 bp were
retrieved and translated to amino acid sequences using the
NCBI translation table (http://www.ncbi.nlm.nih.gov/Taxonomy/
taxonomyhome.html/index.cgi?chapter=tgencodes#SG1). All
sequences from gene sets with 95% sequence identity were
clustered as the non-redundant gene catalog by the CD-HIT (http://
www.bioinformatics.org/cd-hit). Reads were mapped to the repre-
sentative genes with 95% identity after quality control using
SOAPaligner (http://soap.genomics.org.cn/), and the gene abun-
dances in each sample were evaluated. BLASTP (Version 2.2.28+ ,
http://blast.ncbi.nlm.nih.gov/Blast.cgi) was employed for taxonomic
annotations by aligning non-redundant gene catalogs against the
NCBI NR database with the e-value cutoff of 1e−5. The KEGG
pathway annotation was conducted using BLASTP search (Version
2.2.28+ ) against the Kyoto Encyclopedia of Genes and Genomes
database (http://www.genome.jp/keeg/) with the e-value cutoff of
1e−5. Microbial community and metagenomic sequences were
submitted to the NCBI and can be retrieved according to the
accession number PRJNA874174.

Electrochemical analysis
The electrochemical behaviors of the iron rod were investigated
using a three-electrode cell CHI660E electrochemical system
(Shanghai Chenhua Co. Ltd., China) at 25 °C. The iron rod, a Pt
electrode, and an Ag/AgCl electrode (sat. KCl, 222 mV vs. SHE)
were used as the working electrode, counter electrode, and
reference electrode, respectively. When the original iron rod
was used as the working electrode, it was polished with
sandpaper, washed with double distilled water, acetone, and
again with double distilled water, and then dried with a paper
towel. The counter electrode was degreased with ethanol,
washed with sterile deionized water, sterilized with ethanol and
washed with sterile deionized water again prior to use. The
reference electrode was sterilized with 75% ethanol (Sigma)
before use. The 2 mg/L (as N) sodium nitrate solution was
bubbled with N2 for 15 minutes before the electrochemical
measurements. Cyclic voltammetry (CV) was conducted at the
scan rate of 0.1 mV s−1 in the voltage range of +0.9 V to
−0.9 V51. Electrochemical impedance spectroscopy measure-
ments were performed in the frequency range of 100 kHz to
0.1 Hz at the amplitude of 5 mV52.

Other analyses
Three replicate water samples were obtained in triplicate
experiments conducted under the same conditions but at
different times. Water samples were filtered through membranes
(0.45 μm pore diameter) and analyzed immediately after
collection. The pollutant concentrations in three replicates were
averaged for the analysis of pollutant removal performance. The
determinations of NO3

−-N, NO2
−-N, and NH4

+-N were performed
according to the standard methods (APHA, 1998). NO3

−-N was
determined by Ultraviolet Spectrophotometric Screening Method,
NO2

−-N was determined by Colorimetric Method, and NH4
+-N was

determined by Nessler’s Reagent-Spectrophotometric Screening
Method.
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