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microbial community

ZHENG Yue1,2, KAPPLER Andreas3, XIAO Yong1, YANG Fan1,2,
MAHADEVA Gurumurthy Dummi1 & ZHAO Feng1*

1CAS Key Laboratory of Urban Pollutant Conversion, Institute of Urban Environment, Chinese Academy of Sciences, Xiamen 361021, China;
2University of Chinese Academy of Sciences, Beijing 100049, China;

3Geomicrobiology, Center for Applied Geosciences, University of Tuebingen, Tuebingen 72076, Germany

Received July 29, 2018; accepted September 17, 2018; published online January 14, 2019

The network of microbial electron transfer can establish a syntrophic association of microbes by connecting interspecies
metabolisms, and a variety of redox-active shuttles in environment have been proved to accelerate the electron flow in a
microbial community. Using humic substances as models, we investigated how different redox-active shuttles with different
electrochemical properties influence interspecies electron transfer, and affect the shift of microbial communities. The co-culture
of two species was constructed with supplements of humics, and the electron transfer between these two strains was found to be
linked by humic acid with a wider window of redox potential and multi-peaks of redox reactions. Based on the shift of microbial
composition, the humic substances with a wide potential window and multi-peaks of redox reactions for accepting and donating
electrons could increase the biodiversity (Chao 1 and phylogenetic diversity) with a large extent. The mechanism by which
redox-active shuttles mediate the microbial electron transfer network could facilitate our understanding of syntrophic interac-
tions between microbes.
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1 Introduction

One of essential strategies of microbial metabolism is the
redox process based on electron transfer. Extracellular
electron transfer contributes to microbial energy metabolism,
which works in bioelectrochemical systems e.g. microbial
fuel cells, microbial electrolysis cells and geochemical pro-
cess. Microbial metabolisms proceed close to the corre-
sponding thermodynamic redox niches [1] they reside in.
The availability of various electron acceptors and donors
provides different living conditions to microbes, resulting in
diverse ways of microbial energy metabolism. Different
kinds of microbial energy metabolisms were associated

through interspecies electron transfer in microbial commu-
nities, which coupled the biogeochemical process of differ-
ent elements. For example, the methane oxidation could be
driven by the electrical connection between methanotrophic
archaea and sulfate reducing bacteria through microbial
conductive nanowires [2]. Moreover, although different
kinds of microbes were spatially separated, their respective
biogeochemical redox processes could also be connected
through extracellular electron transfer [3]. Sulfide oxidation
in a deeper zone was shown to be coupled with oxygen
reduction at the surface based on the conductive filamentous
bacteria in marine sediments [4]. The electron transfer net-
work among several kinds of species has been proved to have
a key role in the environmental function of microbial con-
sortia [5].
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As to the interspecies electron transfer, several endogenous
ways, including outer-membrane proteins, extracellular ap-
pendages and cell-secreted molecules [6–9], were suggested
to carry electrons between species. On the other hand, some
of the environmental redox-active mediators, such as sulfur
compounds [10,11], organic compounds [12] and iron oxides
[13] could also work as exogenous shuttles for indirect
electron transfer between cells [14]. Microbes living in
communities normally take advantage of the metabolic
abilities of their syntrophic partners to digest substrates that
cannot be utilized by either one of them alone [15], but there
are energy barriers between two or more microbes, in which
their respective energy metabolisms cannot be connected
without exogenous electron shuttles [16]. Different electron
shuttles, varying in their redox properties, provide diverse
possibilities of interspecies electron transfer. However, it is
not fully clear how the syntrophic interaction was mediated
by redox-active shuttles in interspecies electron transfer, and
how the composition of a microbial community was further
shaped.
Among various environmental mediators, humic sub-

stances, with an estimated total of 1600 × 1015 g C, are re-
garded as the main carbon reservoir existing in both aquatic
and terrestrial environment [17]. Humic substances are
formed through the degradation of bio-precursors, and they
play an important role in biogeochemical process [18] and
pollutant treatment [19]. Humic substances have been re-
ported to involve extracellular electron transfer in kinds of
environments [14,20–24]. Quinonoid humics could also
work in the interspecies electron transfer [25]. Thus, in this
work, humic substances with redox-active functional groups
[26] are selected as the representative electron shuttles for
analysis.
The objective of this study was to evaluate the potential

effects of the electron transfer network of interspecies driven
by redox-active humics. The role of humics was discussed
based on three types with different redox-active properties:
Firstly, the shuttle role of humics was explored by the co-
culture to illustrate how redox-active shuttle mediated the
interspecies electron transfer. Secondly, the syntrophic me-
tabolism between interspecies was reflected by the microbial
diversity with different humics. Standing on the level of
microbial ecology, this study on the syntrophic interaction by
redox-active shuttles would broaden our understanding of
the complicated community from the perspective of biodi-
versity, and further strengthen the function of the microbial
community.

2 Materials and methods

2.1 Preparation of humic substances

Humic acid (HA), fulvic acid (FA) and Anthraquinone-2,6-

disulfonate (AQDS) were purchased from Aladdin, Jianglai
(Shanghai) and Sigma-Aldrich, respectively. The HA was
purified as follows: insoluble humin was removed by col-
lecting the supernatant of HA dissolved in 0.1 M NaOH.
Next, the supernatant was acidified to pH 2.0 with 1 M HCl
to collect the precipitate. The precipitate was washed several
times with a 5 M HCl-5% Hydrogen Fluoride to remove the
remaining inorganic solids, and then washed with 1.8 M HCl
to minimize the Fe content. Finally, the residue was thor-
oughly washed with Milli-Q water to remove chloride ions,
and gently freeze-dried. The preparation was conducted
under nitrogen atmosphere.

2.2 Electrochemical and structure analysis of humics

Cyclic voltammetry measurements were performed using an
electrochemical workstation (CHI660D, Chenhua Co. Ltd,
China) with a three-electrode system, including the working
electrode of glass carbon, counter electrode of Pt wire, and
reference electrode of Ag/AgCl (+197 mV vs standard hy-
drogen electrode). All potentials are reported versus the sa-
turated Ag/AgCl reference electrode in this article. The
measurements were conducted within the potential range of
–0.8 to +0.8 V (vs Ag/AgCl) at a scan rate of 10 mV s–1 at
30°C under anoxic conditions. 30 mg L–1 of three humic
substances were separately dissolved in the electrolyte of
50 mM phosphate buffer (pH 7.0), and the solutions were
purged and saturated by N2 for one hour to eliminate oxygen.
All tests were conducted in darkness, considering the prop-
erties of humic substances would be affected by light [27].
Humic substances were mixed with KBr at a ratio of 1:100

and compacted to form pellets for Fourier Transform Infra-
red Spectroscopy (FTIR) analysis. The FTIR spectra from
4000 to 400 cm–1 were recorded using a Nicolet iS10 spec-
trophotometer (Thermo Nicolet, USA). X-ray photoelectron
spectra (XPS) were measured by a Thermo VG Multilab
2000 spectrometer (Thermo Fisher Scientific Inc., USA)
equipped with a monochromatic Al Kα radiation source at
room temperature.

2.3 Setup of co-culture with humics

Geobacter sulfurreducens and Thiobacillus denitrificans
were selected for the co-culture, and there is no direct elec-
tron transfer between G. sulfurreducens and T. denitrificans
with acetate as the electron donor and nitrate as the electron
acceptor [13]. G. sulfurreducens DSM12127 was obtained
from German Collection of Microorganisms, which was
isolated from surface sediments, Norman [28]. T. deni-
trificans ATCC25259 was obtained from American Type
Culture Collection, which was isolated from soil [29].
The basic medium (10 mM NH4Cl, 1 mM KH2PO4,

0.5 mM MgCl2, 0.5 mM CaCl2, 0.05% Yeast extract,
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1 mL L–1 vitamin solution, 1 mL L–1 trace element solution
and 0.5 mL L–1 selenite-tungstate solution) was prepared as
described in the section of “construction of microbial con-
sortia”. The corresponding electron donor and acceptor
(10 mM Na-acetate and 40 mM Na-fumarate for G. sulfur-
reducens, or 20 mM Na2S2O3 and 20 mM NaNO3 for T. de-
nitrificans) were added into the basic medium for enrichment
culture. G. sulfurreducens and T. denitrificans were pre-
cultivated to early stationary phases under a N2/CO2 (v/v, 80/
20) atmosphere at 30°C without shaking [13], followed by
collecting the respective cells by centrifugation (7000 r/min,
5 min), washing twice, and suspending them in the fresh
basic medium. Next, 6% of the two kinds of cell suspension
was inoculated into the bottle containing 25 mL basic med-
ium supplemented with 20 mM acetate and 30 mM nitrate
for co-culture. At the same time, the cell suspension of G.
sulfurreducens or T. denitrificans was separately inoculated
into the basic medium also containing 20 mM acetate and
30 mM nitrate for single-culture. HA, FA and AQDS were
separately added into co-culture and single-culture at a final
concentration of 15 mg L–1. All cultures with different ad-
ditions were repeated three times, and incubated at 30°C
under an atmosphere of N2/CO2 (v/v, 80/20).
Before metabolism analysis, samples were collected in a

glovebox and stored anoxically at 4°C. Nitrate, nitrite and
ammonia were measured by a flow injection analysis (FIA)
system (3-Quattro; Bran & Lubbe, Germany). Acetate was
quantified by HPLC (class VP with RID 10 A and DAD SPM
10A VP detectors [Shimadzu, Japan]; the precolumn was a
Microguard cation H cartridge; the main column was an
Aminex HPX-87H ion exclusion column [300 mm by 7.8
mm] [Bio-Rad, Austria]; eluent, 5 mM H2SO4 in MQ water).
For quantification of cell growth, the optical density (OD)
was measured at 600 nm (SPEKOL 1300, Analytik Jena).

2.4 Construction and analysis of microbial consortia
with humics

The microbial consortia were cultivated in 25 mL of anae-
robic medium supplemented with 20 mM of sodium acetate
as the electron donor and 30 mM of sodium nitrate as the
electron acceptor. The anaerobic medium (10 mM NH4Cl,
1 mM KH2PO4, 0.5 mMMgCl2, 0.5 mM CaCl2, 0.05% Yeast
extract) was prepared in a Widdel flask and flushed with
N2/CO2 (v/v, 80/20) after autoclaving. Vitamin solution
(1 mL L–1), trace element solution (1 mL L–1) and selenite-
tungstate solution (0.5 mL L–1) were supplemented from
sterilized oxygen-free stocks [30]. NaHCO3 (5 mM) and
Hepes (30 mM) were used as the primary buffer, and the pH
was adjusted to 7.0 with HCl or NaCO3. Fifty milligrams
(wet weight) of paddy soil collected from Shenyang, China
(41°30.94′N, 123°21.155′E) was inoculated as a source of
microbial consortia. Either HA, FA or AQDS was supple-

mented from sterilized oxygen-free stocks to reach the final
concentration of 15 mg L–1. The cultures were incubated at
30°C under an atmosphere of N2/CO2 (v/v, 80/20). Ten
percent of the cultures were transferred into the fresh med-
ium every 2–3 days at the logarithmic phase. All cultures
with different additions were carried out in triplicate.
After ten times of transfer incubation, the genomic DNA of

each culture was extracted and purified by FastDNATM
SPIN KIT (MP Biomedicals LLC., USA). The purified DNA
was PCR amplified with a set of primers (341F/806R) tar-
geting the V3-4 region of 16S rRNAs in a 30 μL PCR re-
action system. The specific 6 bp barcode was added to the
forward primer to identify different samples as previously
reported [31]. The purity and integrity of the PCR products
were checked by agarose gel electrophoresis analysis and
NanoDrop ND2000 (Thermo Fisher Scientific Inc., USA).
After quantification by QuantiFluorTM-ST (Promega Bio-
tech Co., USA), DNA libraries were sequenced using a Hi-
Seq platform (Illumina Inc., USA) with a paired-end 250
strategy.
After the raw sequencing reads were produced, the paired-

end reads were merged by Fast Length Adjustment of SHort
reads (FLASH version 1.2.9). Next, bioinformatics analysis
was conducted using the Quantitative Insights Into Microbial
Ecology pipeline (QIIME version 1.9.1) as previously de-
scribed [32]. The combined data were processed according to
the following major principles: (1) check the completeness
of the barcodes and primers; (2) remove low-quality reads
(shorter than 300 bp or less than 25 of the quality score); and
(3) remove reads comprising chimera. Next, the effective
reads were classified for each sample with the corresponding
barcode. Only the sequences with 97% identity were divided
into operational taxonomic units (OTUs) for further analysis,
and the centroid sequence from each OTU was selected as
the representative sequence. After alignment by PyNAST,
the representative sequences were assigned with the Uclust
method for the taxonomic classification. For fair compar-
ison, 70338 sequences per sample were randomly selected to
calculate the α-diversity (Chao1 index and phylogenetic di-
versity index) in each sample and compare the β-diversity
(principal coordinate analysis) between samples by UniFrac
metric. Differentially expressed OTUs were identified and
selected between each pair of groups with different addi-
tions, and further clustered for taxonomic classification at the
phylum and class levels (relative abundances were presented
as the means of three independent experiments).

3 Results

3.1 Redox properties of humics

Different types of humics with different functional groups
results in different redox properties, which may show dif-

3Zheng Y, et al. Sci China Tech Sci



ferent effects on microbial electron transfer. Hence, two
humic substances (HA and FA) and the humic analogue
AQDS were firstly tested using voltammetry in this study.
From the perspective of electron transfer, HA, FA and AQDS
responded differently to the electrode (Figure 1(a)). The re-
dox potential window of electron shuttles was defined as the
span between the oxidation and the reduction potentials. The
oxidation peak and reduction peak of FA were both in the
positive potential area (oxidation potential +0.19 V, reduc-
tion potential +0.11 V), while the redox potential of AQDS
appeared in the negative potential area, in which the corre-
sponding oxidation potential was –0.27 V and the reduction
potential was found at –0.45 V. As to HA, the peak potential
of oxidation located around –0.34 V and +0.15 V respec-
tively, and that of reduction could reach about –0.49 V. The
more redox reactions of HA provide more possibilities for
the extracellular electron transfer, while the redox potential
window of HA is wider than that of FA and AQDS.
According to previous studies, the redox reversibility of

humic substances was achieved due to the electron transfer
between quinone, p-semiquinone, and hydroquinone [33].
The FTIR peak of 1653–1657 cm–1 was recorded as C=O,
and the response in HA and AQDS was stronger than that in
FA (Figure S1). This result was consistent with the in-
formation of X-ray photoelectron spectroscopy (Figure 1
(b)), in which the ratio of C=O was about 4:9:12 in FA,
AQDS, and HA. Quinone has known as the key functional
groups for humic substances, which serve as the electron
transfer moieties for microbial electron transfer. According
to a recent work, C=O of electron shuttles would contribute
to the extracellular electron transfer [34].

3.2 Interspecies electron transfer of co-culture with
humics

For verifying the proposed humic types effecting on micro-
bial electron transfer, a co-culture was designed using two
anaerobic bacteria: G. sulfurreducens and T. denitrificans.G.
sulfurreducens could select acetate as electron donor, but
could not utilize nitrate as electron acceptor, and T. deni-
trificans could metabolize nitrate but not acetate [27]. The
co-culture of these two bacteria would fail to grow in the
presence of only acetate and nitrate. Acetate and nitrate were
used as electron donor and acceptor respectively, and HA,
FA, AQDS were supplied as electron shuttles for co-culture.
According to the optical density (Figure S2), the growth of

co-culture with added HAwas observed, while there was no
change in the other system with NA, FA and AQDS. Based
on the changes in substrates and metabolites, the acetate and
nitrate concentration decreased in the co-culture, con-
comitant with an increase in the nitrite and ammonium
concentration at an approximate stoichiometry of 8×δCacetate

≈2×δCnitrite+8×δCammonium when supplemented with HA

(Figure 2). This result suggested that electrons were trans-
ferred from G. sulfurreducens to T. denitrificans, facilitating
the coupling of acetate oxidation by G. sulfurreducens
(CH3COO

–+4H2O→2HCO–
3+9H

++8e–) to nitrate reduction
by T. denitrificans (NO–

3+2H
++2e–→NO–

2+H2O; NO
–
2+8H

+

+6e–→NH+
4+2H2O). The changes were not observed in the

systems with NA, FA and AQDS, which are consistent with
the results of optical densities.
In the setup with HA, the nitrate concentration did not

decrease in the single-culture of G. sulfurreducens, nor was
the acetate used in the single-culture of T. denitrificans
(Figure S3). The acetate and nitrate were metabolized by the
co-culture of G. sulfurreducens and T. denitrificans, which
supported that HA can act as the electron shuttle for G.
sulfurreducens and T. denitrificans. As shown in Figure 2(b),
the electron transfer pathway was proposed as follows: HA
acts as electron shuttles to connect the electron transfer be-
tween G. sulfurreducens and T. denitrificans, coupling
acetate oxidation and nitrate reduction. From aforemen-
tioned results, it can be deduced that the humics with a wider
redox potential window and multi-peaks of redox reactionss
would be more likely to link the electron exchange between
interspecies. As shown in Figure 3, the role of redox-active
shuttles between microbes could be described as an electron
bridge. A longer electron bridge (a wider redox potential
window and multi-peaks of redox reactions) could cover a
greater distance (an energy barrier between microbes).

3.3 Shifts of microbial composition driven by humics

From the perspective of microbial ecology, the interspecies
relationship regulated by redox-active humics was further

Figure 1 (a) The cyclic voltammetry of three different humics (HA, FA
and AQDS) (working electrode: glassy carbon, count electrode: Pt wire,
reference electrode: Ag/AgCl, pH: 7.0); (b) X-ray photoelectron spectro-
scopy of HA, FA and AQDS (HA: humic acid, FA: fulvic acid, AQDS:
Anthraquinone-2,6-disulfonate).

4 Zheng Y, et al. Sci China Tech Sci



investigated by microbial communities with more diversity.
Anaerobic cultures were inoculated with paddy soil, and
supplemented with acetate and nitrate as electron donor and
acceptor, respectively. Two different humic substances (HA
and FA) and the humic analogue AQDS were independently
added into the cultures, and the cultures without adding
shuttles (NA) were incubated as control. Before the ex-
haustion of the electron donor and acceptor, the culture was
transferred into fresh medium. After 10 transfers, the mi-
crobial community of the mixed culture reached a relatively
stable state. These microbial communities were then in-
vestigated through amplicon sequencing, and a total of
3183314 effective sequences with an average length of
463.9 bp were obtained from the 16S rRNA gene V3-V4
region of these samples. To compare the different samples at
the same sequencing depth, 70338 sequences were extracted
from each sample randomly. Although the rarefaction curves
did not reach a plateau at 70338 sequences, the Good’s
coverage was up to 85.52 ± 2.63%, suggesting that the 70338
sequences were enough to reflect the profile of the microbial
communities.
Based on the unweighted principal coordinate analysis by

UniFrac matrix (Figure S4), there was a relatively long
distance between the inoculum samples and the samples fed

with humics, suggesting the obvious shifts of microbial
communities resulting from the participation of humics.
Additionally, three groups of samples fed with HA, FA and
AQDS were clustered separately, which meant that humics
varied in their functions due to the change of microbial
composition. To estimate the effect of humics on phyloge-
netic distribution, the OTUs with a significant difference
were selected through comparing OTUs between each pair of
samples (Figure S5). These significantly different OTUs
were classified into four groups based on the cluster analysis
(Figure 4), abounding separately in HA, FA, AQDS and NA
groups. Assigned to known taxonomies at the phylum and
class levels, these OTUs consisted of 9 main phyla and 18
main classes (more than 1%). The OTUs abundant in NA
samples mainly consisted of Firmicutes (68.39%) and Pro-
teobacteria (15.02%). Although predominant OTUs were
still Firmicutes and Proteobacteria in the samples of FA and
AQDS groups, Proteobacteria (74.51% of FA samples and
77.49 of AQDS samples) turned into the top phylum, which
was far more than Firmicutes (7.78% of FA samples and
5.90% of AQDS samples). Proteobacteria was suggested as
the most abundant phylum in the community of soil systems,
which were accompanied with abundant humic substances
[35]. Compared with FA and AQDS samples, the taxonomic
diversity of HA samples increased to 7 phyla (Acidobacteria,
Actinobacteria, Bacteroidetes, Chloroflexi, Cyanobacteria,
Firmicutes, Proteobacteria) and 15 classes (Holophagae,
Acidimicrobiia, Actinobacteria, Saprospirae, Bacteroidia,
Flavobacteriia, Sphingobacteriia, Anaerolineae, ML635J-21,
Bacilli, Clostridia, Alphaproteobacteria, Betaproteobacteria,
Deltaproteobacteria, Gammaproteobacteria), suggesting that
HA enriched the taxonomic composition of the microbial
community in this study.
At the OTU level, the distribution of OTU in each sample

was illustrated in the alphabetical order of taxonomy (Figure
S6). Both the number and evenness of OTUs (bright dots) in
HA samples were obviously higher than those of others.
According to statistical terms, Chao1 index and phylogenetic
diversity were calculated by randomly selecting 70338 se-
quences and repeated 30 times per sample (Figure 5). These
α-diversity indices were used for estimating and comparing
the richness and diversity of microbial communities. Phy-
lotype richness, measured as Chao1 index, was enhanced by
the mediation of different humic shuttles to a different de-
gree. HA samples were ranked highest in terms of Chao1
index, and about two times higher than the NA samples.
Chao1 index of AQDS samples was less than that of HA
samples, and that of FA samples was almost as low as that of
NA samples. The trend of Chao1 index was consistent with
that of phylogenetic diversity (PD index) in the systems. The
difference of α-diversity indices indicated that humics con-
tributed to mediate more species to grow together, but varied
in their performance in enhancing the α-diversity.

Figure 2 (Color online) (a) The metabolic dynamics in the co-cultures of
G. sulfurreducens and T. denitrificans (solid lines), and their abiotic control
(dashed lines) with or without different redox shuttles (NA: no addition,
HA: humic acid, FA: fulvic acid, AQDS: Anthraquinone-2,6-disulfonate).
Data points indicate means of duplicate samples, and error bars represent
standard deviations. (b) The proposed electron transfer pathway for the co-
culture of G. sulfurreducens and T. denitrificans with HA.

Figure 3 (Color online) The proposed mechanism of redox shuttles as the
electron bridge for interspecies electron transfer.
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In summary, the role of humic substances for microbes
could be classified into three aspects: (1) used for metabo-
lism. According to International Humic Substances Society
(http://www.humicsubstances.org/), humic substances, as
large ensembles of components, are recalcitrant with respect
to biodegradation. Based on the absorbance measurement of
supernatants before and after the mix-culture (Figure S7),
there was no obvious change of humic substances. (2) af-
fecting living conditions (e.g. pH). The pH of culture was
maintained by Hepes buffer (30 mM), while the amount of
humics is limited to change the pH of media. Thus, the dif-
ferent groups with humics provide fair living conditions for

microbes. (3) working as electron shuttles. Humic substances
have been demonstrated as redox-active shuttles for microbes
in different environments by different research groups. From
the perspective of microbial electron transfer, the results of
communities were consistent with the hypothesis of “elec-
tron bridge” in interspecies electron transfer. One of reasons
for the shift of microbial community would be the inter-
species electron transfer driven by humic substances.

4 Discussion

4.1 The redox-active shuttles in biogeochemical cycles

The biological cycling of basic elements is driven largely by
microbial transformation of redox couples with different
redox potentials [36,37]. Extracellular electron transfer, as
the main microbial performance in biogeochemical cycles,
could be classified into direct and indirect electron transfer.
Although direct electron transfer, such as heme proteins and
nanowires, could connect interspecies electron transfer
within a relatively short distance [38], redox shuttling is one
of the significant ways for transferring electrons across a
long distance between cells. Exogenous shuttles (e.g. humic
substances) distributed in various environments, along with a
diversity of biogeochemical redox couples, lay the founda-
tion for the diversity of microbial electron transfer.

4.2 Interspecies electron transfer facilitated by redox-
active shuttles

In the electron transfer between cells, the role of electron

Figure 4 (Color online) Heatmap of significantly different OTUs among all samples. Based on the cluster analysis, the OTUs were classified into four
groups, and the phylogenetic assignments were illustrated at the phylum and class levels (relative abundances were presented as the means of three
independent experiments) (NA: no additions, HA: humic acid, FA: fulvic acid, AQDS: Anthraquinone-2,6-disulfonate).

Figure 5 (Color online) The boxplot of Chao1 index and phylogenetic
diversity index of different samples (NA: no addition, HA: humic acid, FA:
fulvic acid, AQDS: Anthraquinone-2,6-disulfonate).
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shuttles could be divided into redox-active mediation and
electron-hopping mediation from the perspective of physical
property (Figure S8). Specifically, redox-active shuttles are
based on the redox reversibility of potential for accelerating
microbial electron transfer, and examples for electron shut-
tles are sulfur compounds [10,11] and organic compounds
containing quinone moieties [39]. Electron-hopping con-
duction occurs through electron hopping from one site to the
next, such as the role of (semi)conductive minerals [13].
Despite no limitation in the potential range for minerals, the
electron transfer just occurs when microbes are attached to
the (semi)conductive interface [13]. Dissolved redox shuttles
can be dispersed across a wide spatial range in environment,
but their capacity of electron transfer is limited by the oxi-
dation and reduction potential [40]. As to electron shuttles,
the range of redox potential provides the chances to mediate
the extracellular electron transfer. Our work has demon-
strated that humic acid with a wider redox potential window
and multi-peaks of redox reactions would link more electron
transfers between interspecies, and increase the bio-diversity
of the microbial community.

4.3 The function of microbial community mediated by
electron shuttles

According to previous works, the microbial electron transfer
mediated by electron shuttles could affect the function of a
microbial community [41,42]. In microbial systems, there is
a close relationship between microbial diversity and ecolo-
gical function [43]. Therefore, the regulation of a microbial
community would contribute to improve its function at the
geochemical and environmental levels. Redox-active shut-
tles with different electrochemical properties could mediate
the electron transfer between functional microbes, which
provides a self-organization way to strengthen the function
of the microbial community [44]. A better understanding of
the network of interspecies electron transfer would be
helpful for evaluating the mechanism of the synergic inter-
action between functional microbes in biogeochemical pro-
cess and provide more theoretical supports for regulating and
improving the biodegradation of environmental pollutants by
the microbial cooperation.

5 Conclusion

In this study, we used redox-active humics with different
electrochemical properties to demonstrate how electron
shuttles influence the electron transfer network of inter-
species, and shape the composition of microbial commu-
nities. We constructed a co-culture of two species (G.
sulfurreducens and T. denitrificans) with different redox-
active humics. Based on the results of interspecies electron

transfer, we proposed the mechanism of humics as electron
bridge for interspecies electron transfer, as shown in the
following scheme. The humics with a wider redox potential
window and multi-redox potential for accepting and donat-
ing electrons would enable more microbes to exchange
electrons. The enhanced interspecies syntrophy would in-
crease the bio-diversity of microbial communities. Redox
shuttles with different redox properties could mediate the
electron transfer among different microbial cells, which
would provide a self-organization way to strengthen the
function of the microbial community.

This work was supported by the National Natural Science Foundation of
China (Grant Nos. 41471260, 21777155). We would like to thank Ellen
Struve and Wiebke Ruschmeier at University of Tuebingen for the sugges-
tions of experimental techniques.

Supporting Information

The supporting information is available online at tech.scichina.com and
www.springerlink.com. The supporting materials are published as sub-
mitted, without typesetting or editing. The responsibility for scientific
accuracy and content remains entirely with the authors.

1 Jackson B E, McInerney M J. Anaerobic microbial metabolism can
proceed close to thermodynamic limits. Nature, 2002, 415: 454–456

2 Wegener G, Krukenberg V, Riedel D, et al. Intercellular wiring en-
ables electron transfer between methanotrophic archaea and bacteria.
Nature, 2015, 526: 587–590

3 Nielsen L P, Risgaard-Petersen N, Fossing H, et al. Electric currents
couple spatially separated biogeochemical processes in marine sedi-
ment. Nature, 2010, 463: 1071–1074

4 Pfeffer C, Larsen S, Song J, et al. Filamentous bacteria transport
electrons over centimetre distances. Nature, 2012, 491: 218–221

5 Wan Y, Zhou L, Wang S, et al. Syntrophic growth of Geobacter
sulfurreducens accelerates anaerobic denitrification. Front Microbiol,
2018, 9: 1572

6 Lovley D R. Powering microbes with electricity: Direct electron
transfer from electrodes to microbes. Environ MicroBiol Rep, 2011, 3:
27–35

7 Reguera G, McCarthy K D, Mehta T, et al. Extracellular electron
transfer via microbial nanowires. Nature, 2005, 435: 1098–1101

8 Marsili E, Baron D B, Shikhare I D, et al. Shewanella secretes flavins
that mediate extracellular electron transfer. Proc Natl Acad Sci USA,
2008, 105: 3968–3973

9 Zheng Y, Huang J, Zhao F, et al. Physiological effect of XoxG(4) on
lanthanide-dependent methanotrophy. mBio, 2018, 9: e02430-17–
2417

10 Milucka J, Ferdelman T G, Polerecky L, et al. Zero-valent sulphur is a
key intermediate in marine methane oxidation. Nature, 2012, 491:
541–546

11 Lohmayer R, Kappler A, Lösekann-Behrens T, et al. Sulfur species as
redox partners and electron shuttles for ferrihydrite reduction by
Sulfurospirillum deleyianum. Appl Environ Microbiol, 2014, 80:
3141–3149

12 Liu F, Rotaru A E, Shrestha P M, et al. Promoting direct interspecies
electron transfer with activated carbon. Energy Environ Sci, 2012, 5:
8982–8989

13 Kato S, Hashimoto K, Watanabe K. Microbial interspecies electron
transfer via electric currents through conductive minerals. Proc Natl
Acad Sci USA, 2012, 109: 10042–10046

14 Lovley D R, Coates J D, Blunt-Harris E L, et al. Humic substances as
electron acceptors for microbial respiration. Nature, 1996, 382: 445–

7Zheng Y, et al. Sci China Tech Sci

tech.scichina.com
http://www.springerlink.com
https://doi.org/10.1038/415454a
https://doi.org/10.1038/nature15733
https://doi.org/10.1038/nature08790
https://doi.org/10.1038/nature11586
https://doi.org/10.3389/fmicb.2018.01572
https://doi.org/10.1111/j.1758-2229.2010.00211.x
https://doi.org/10.1038/nature03661
https://doi.org/10.1073/pnas.0710525105
https://doi.org/10.1128/mBio.02430-17
https://doi.org/10.1038/nature11656
https://doi.org/10.1128/AEM.04220-13
https://doi.org/10.1039/c2ee22459c
https://doi.org/10.1073/pnas.1117592109
https://doi.org/10.1073/pnas.1117592109
https://doi.org/10.1038/382445a0


448
15 Stams A J M, Plugge C M. Electron transfer in syntrophic commu-

nities of anaerobic bacteria and archaea. Nat Rev Micro, 2009, 7: 568–
577

16 Shrestha P M, Rotaru A E. Plugging in or going wireless: Strategies
for interspecies electron transfer. Front Microbiol, 2014, 5: 237

17 Hedges J I, Eglinton G, Hatcher P G, et al. The molecularly-un-
characterized component of nonliving organic matter in natural en-
vironments. Org GeoChem, 2000, 31: 945–958

18 Voelker B M, Morel F M M, Sulzberger B. Iron redox cycling in
surface waters: Effects of humic substances and light. Environ Sci
Technol, 1997, 31: 1004–1011

19 Aeschbacher M, Brunner S H, Schwarzenbach R P, et al. Assessing
the effect of humic acid redox state on organic pollutant sorption by
combined electrochemical reduction and sorption experiments. En-
viron Sci Technol, 2012, 46: 3882–3890

20 Lovley D R, Fraga J L, Coates J D, et al. Humics as an electron donor
for anaerobic respiration. Environ Microbiol, 1999, 1: 89–98

21 Van Trump J I, Wrighton K C, Thrash J C, et al. Humic acid-oxidizing,
nitrate-reducing bacteria in agricultural soils. mBio, 2011, 2: e00044

22 Cervantes F J, Bok F A M, Duong-Dac T, et al. Reduction of humic
substances by halorespiring, sulphate-reducing and methanogenic
microorganisms. Environ Microbiol, 2002, 4: 51–57

23 Klüpfel L, Piepenbrock A, Kappler A, et al. Humic substances as fully
regenerable electron acceptors in recurrently anoxic environments.
Nat Geosci, 2014, 7: 195–200

24 Zhou S, Chen S, Yuan Y, et al. Influence of Humic acid complexation
with metal ions on extracellular electron transfer activity. Sci Rep,
2015, 5: 17067

25 Smith J A, Nevin K P, Lovley D R. Syntrophic growth via quinone-
mediated interspecies electron transfer. Front Microbiol, 2015, 6: 121

26 Scott D T, McKnight D M, Blunt-Harris E L, et al. Quinone moieties
act as electron acceptors in the reduction of humic substances by
humics-reducing microorganisms. Environ Sci Technol, 1999, 33: 372

27 Sharpless C M, Aeschbacher M, Page S E, et al. Photooxidation-
induced changes in optical, electrochemical, and photochemical
properties of humic substances. Environ Sci Technol, 2014, 48: 2688–
2696

28 Caccavo F, Lonergan D J, Lovley D R, et al. Geobacter sulfurreducens
sp. nov., a hydrogen-and acetate-oxidizing dissimilatory metal-redu-
cing microorganism. App Environ Microbiol, 1994, 60: 3752–3759

29 Beller H R, Chain P S G, Letain T E, et al. The genome sequence of

the obligately chemolithoautotrophic, facultatively anaerobic bacter-
ium Thiobacillus denitrificans. J Bacteriology, 2006, 188: 1473–1488

30 Kato S, Nakamura R, Kai F, et al. Respiratory interactions of soil
bacteria with (semi)conductive iron-oxide minerals. Environ Micro-
Biol, 2010, 12: 3114–3123

31 Zheng Y, Wang C, Zheng Z Y, et al. Ameliorating acidic soil using
bioelectrochemistry systems. RSC Adv, 2014, 4: 62544–62549

32 Zheng Y, Xiao Y, Yang Z H, et al. The bacterial communities of
bioelectrochemical systems associated with the sulfate removal under
different pHs. Process Biochem, 2014, 49: 1345–1351

33 Nurmi J T, Tratnyek P G. Electrochemical properties of natural or-
ganic matter (NOM), fractions of NOM, and model biogeochemical
electron shuttles. Environ Sci Technol, 2002, 36: 617–624

34 Wu S, Fang G, Wang Y, et al. Redox-active oxygen-containing
functional groups in activated carbon facilitate microbial reduction of
ferrihydrite. Environ Sci Technol, 2018, 51: 9709–9717

35 Spain A M, Krumholz L R, Elshahed M S. Abundance, composition,
diversity and novelty of soil Proteobacteria. ISME J, 2009, 3: 992–
1000

36 Falkowski P G, Fenchel T, Delong E F. The microbial engines that
drive earth’s biogeochemical cycles. Science, 2008, 320: 1034–1039

37 Cai Q, Yuan Y, Hu P, et al. Progress in study of humic substances:
electrochemical redox characterization and extracellular respiration.
Chin J Appl Environ Biol, 2015: 996–1002

38 Rotaru A E, Shrestha P M, Liu F, et al. Direct interspecies electron
transfer between Geobacter metallireducens and Methanosarcina
barkeri. Appl Environ Microbiol, 2014, 80: 4599–4605

39 Chen S, Rotaru A E, Shrestha P M, et al. Promoting interspecies
electron transfer with biochar. Sci Rep, 2015, 4: 5019

40 Van der Zee F P, Cervantes F J. Impact and application of electron
shuttles on the redox (bio)transformation of contaminants: A review.
Biotech Adv, 2009, 27: 256–277

41 Kato S, Hashimoto K, Watanabe K. Methanogenesis facilitated by
electric syntrophy via (semi)conductive iron-oxide minerals. Environ
MicroBiol, 2012, 14: 1646–1654

42 Huang L, Angelidaki I. Effect of humic acids on electricity generation
integrated with xylose degradation in microbial fuel cells. Biotechnol
Bioeng, 2008, 100: 413–422

43 Torsvik V, Øvreås L. Microbial diversity and function in soil: From
genes to ecosystems. Curr Opin MicroBiol, 2002, 5: 240–245

44 Watanabe K, Manefield M, Lee M, et al. Electron shuttles in bio-
technology. Curr Opin Biotech, 2009, 20: 633–641

8 Zheng Y, et al. Sci China Tech Sci

https://doi.org/10.1038/nrmicro2166
https://doi.org/10.3389/fmicb.2014.00237
https://doi.org/10.1016/S0146-6380(00)00096-6
https://doi.org/10.1021/es9604018
https://doi.org/10.1021/es9604018
https://doi.org/10.1021/es204496d
https://doi.org/10.1021/es204496d
https://doi.org/10.1128/mBio.00044-11
https://doi.org/10.1046/j.1462-2920.2002.00258.x
https://doi.org/10.1038/ngeo2084
https://doi.org/10.1038/srep17067
https://doi.org/10.3389/fmicb.2015.00121
https://doi.org/10.1021/es982014z
https://doi.org/10.1021/es403925g
https://doi.org/10.1128/JB.188.4.1473-1488.2006
https://doi.org/10.1111/j.1462-2920.2010.02284.x
https://doi.org/10.1111/j.1462-2920.2010.02284.x
https://doi.org/10.1039/C4RA09890K
https://doi.org/10.1016/j.procbio.2014.04.019
https://doi.org/10.1021/es0110731
https://doi.org/10.1021/acs.est.7b01854
https://doi.org/10.1038/ismej.2009.43
https://doi.org/10.1126/science.1153213
https://doi.org/10.1128/AEM.00895-14
https://doi.org/10.1038/srep05019
https://doi.org/10.1016/j.biotechadv.2009.01.004
https://doi.org/10.1111/j.1462-2920.2011.02611.x
https://doi.org/10.1111/j.1462-2920.2011.02611.x
https://doi.org/10.1002/bit.21786
https://doi.org/10.1002/bit.21786
https://doi.org/10.1016/S1369-5274(02)00324-7
https://doi.org/10.1016/j.copbio.2009.09.006

	Redox-active humics support interspecies syntrophy and shift microbial community 
	1 ���Introduction
	2 ���Materials and methods
	2.1 ���Preparation of humic substances
	2.2 ���Electrochemical and structure analysis of humics
	2.3 ���Setup of co-culture with humics
	2.4 ���Construction and analysis of microbial consortia with humics

	3 ���Results
	3.1 ���Redox properties of humics
	3.2 ���Interspecies electron transfer of co-culture with humics
	3.3 ���Shifts of microbial composition driven by humics

	4 ���Discussion
	4.1 ���The redox-active shuttles in biogeochemical cycles
	4.2 ���Interspecies electron transfer facilitated by redox-active shuttles
	4.3 ���The function of microbial community mediated by electron shuttles

	5 ���Conclusion


