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Abstract Microbial fuel cell (MFC) is a sustainable technol-
ogy to treat cattle manure slurry (CMS) for converting chem-
ical energy to bioelectricity. In this work, two types of alloch-
thonous inoculum including activated sludge (AS) and do-
mestic sewage (DS) were added into the MFC systems to
enhance anode biofilm formation and electricity generation.
Results indicated that MFCs (AS + CMS) obtained the max-
imum electricity output with voltage approaching 577 ± 7 mV
(~ 196 h), followed by MFCs (DS + CMS) (520 ± 21 mV,
~ 236 h) and then MFCs with autochthonous inoculum
(429 ± 62mV, ~ 263.5 h). Though the raw cattle manure slurry
(RCMS) could facilitate electricity production in MFCs, the
addition of allochthonous inoculum (AS/DS) significantly re-
duced the startup time and enhanced the output voltage.
Moreover, the maximum power (1.259 ± 0.015 W/m2) and
the highest COD removal (84.72 ± 0.48%) were obtained in

MFCs (AS + CMS). With regard to microbial community,
Illumina HiSeq of the 16S rRNA gene was employed in this
work and the exoelectrogens (Geobacter and Shewanella)
were identified as the dominant members on all anode
biofilms in MFCs. For anode microbial diversity, the MFCs
(AS + CMS) outperformed MFCs (DS + CMS) and MFCs
(RCMS), allowing the occurrence of the fermentative (e.g.,
Bacteroides) and nitrogen fixation bacteria (e.g., Azoarcus
and Sterolibacterium) which enabled the efficient degradation
of the slurry. This study provided a feasible strategy to analyze
the anode biofilm formation by adding allochthonous inocu-
lum and some implications for quick startup of MFC reactors
for CMS treatment.

Keywords Microbial fuel cell (MFC) . Cattle manure slurry
(CMS) .Microbial community structure . Inoculum . Startup
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Introduction

Considerable amounts of high-strength animalmanure slurries
are produced each year in China that require extensive treat-
ment (Saidu et al. 2013). The slurries, which produced from
the intensive livestock industry and the biogas engineering,
impose great burden to the society. Meanwhile, the animal
manure slurries without appropriate treatment may cause se-
rious environmental pollution, such as water contamination,
nutrients loss, odors, and deteriorated system performance
(Fangueiro et al. 2015). Conventional methods for slurry dis-
posal include anaerobic digestion, wetland construction, farm-
land utilization, and feed additives (Toumi et al. 2015).
Although anaerobic digestion was intensively investigated
for slurry treatment in previous studies (Alsouleman et al.
2016; Ledda et al. 2013; Masse and Saady 2015; Usack and
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Angenent 2015), the complicated composition and high-
concentration biogas slurry bring troubles to the subsequent
treatment. In addition, the anaerobic digestion is often con-
stricted by the detrimental acidic condition associated with
accumulation of volatile fatty acids (Li et al. 2013).
Therefore, new strategies should be put forward to enhance
the effective utilization of slurries.

Microbial fuel cells (MFCs) arepromisingelectrochemical de-
vices which use bacteria as catalyst to generate electricity and
simultaneously treat wastewater (Jia et al. 2013; Min et al.
2005).Avarietyofstudieshasbeenperformedregardingtreatment
of animal manure slurries using bioelectrochemical systems
(BES). Cerrillo et al. had compared the operation performance
betweenmicrobial fuel cell (MFC) andmicrobial electrolysis cell
(MEC) in treating raw and anaerobically digested pig slurries
(Cerrillo et al. 2016). Ayyaru et al. obtained themaximum power
density of 5.7 W/m3 in a dairy wastewater treatment by MFCs
(Ayyaru and Dharmalingam 2011). Furthermore, the cassette-
electrode microbial fuel cells (CE-MFCs) were constructed to
analyze the electricity generation from cattle manure suspended
inwater (Inoueetal.2013).Todate,effectsof inoculaonthepower
production by MFCs were investigated with different types of
wastewater, such as palm oil mill effluent, synthetic wastewater,
and acidic food waste leachate (Baranitharan et al. 2015;
Commault et al. 2015; Li et al. 2013; Lin et al. 2013; Tanikkul
andPisutpaisal 2015).Meanwhile, Jolineet al. compared theelec-
tricity generation and microbial community structure with differ-
ent inocula (wastewater sludge and cattle manure) in the air-
cathodeMFCs (El-Chakhtoura et al. 2014). It is known that elec-
tricity can be generated from slurries itself usingMFCs; however,
the mechanism for slurry degradation in MFCs with specific in-
ocula is still unclear.

Anodicbiofilmenrichmentandmicrobialselectionare impor-
tant for improvingMFC performance. Various molecular biolo-
gy techniques were investigated to understand the microbial
community structure in MFC systems. The bacterial communi-
ties exhibited high diversity bacterial communities includingα-,
β-, γ- or δ-Proteobacteria, Firmicutes as well as other
uncharacterized microorganism in MFCs (Kiely et al. 2011;
Logan and Regan 2006). Microbial community composition in
MFCs was affected by substrate types for treating synthetic
wastewater andpig slurry (Sotres et al. 2016). Itwas demonstrat-
ed that the system transfer from MFC to MEC resulted in an
enrichment of eubacterial and archaeal groups in treating pig
slurry (Sotres et al. 2015). So far, the conventional molecular
biology techniques such as DGGE and clone libraries of the
16S ribosomal RNA (rRNA) gene were limited with respect to
incomplete throughput and low resolution (Mei et al. 2015).And
in the MFC system, a rare microbial population often plays a
critical role in an entire community. Moreover, few studies ex-
plored the mechanism of the allochthonous and autochthonous
inoculum effects on the anode biofilm formation for the cattle
manure slurry treatment inMFCs.

In this work, the effects between the allochthonous inoculum
and the autochthonous inoculum present in the cattle manure
slurry (CMS)on the electricity generation andCMSdegradation
were compared inMFCs: (i) CMS itself asMFCs feedstock and
inoculum, (ii)CMSwith activated sludge (AS) as the co-inocula,
and (iii) CMS with domestic sewage (DS) as the co-inocula.
Furthermore, the anode microbial communities were analyzed
through the IlluminaHiSeq technologyof16S rRNAgene.After
that, the results of this systematic study were considered very
useful as reference for improving the anodic biofilms diversities
and power production inMFCs, while understanding the mech-
anism of slurries degradation by allochthonous inocula.

Materials and methods

Cattle manure slurry and inoculum

CMS (supernatant liquid) was collected from an anaerobic
fermentation pool of a biogas project in Harbin. Two types
of inocula, AS and DS, were added into MFCs as allochtho-
nous inocula before initiating theMFCs. ASwas collected in a
secondary sedimentation tank of Wenchang Wastewater
Treatment Plant in Harbin. DS was taken from a sewage pipe
in the campus of the Harbin Institute of Technology.
Subsequently, CMS and inocula were all filtrated by a 200-
mesh sieve to remove large particles immediately and stored at
4 °C beforehand (Sun et al. 2015). Total COD concentrations
of CMS, AS, and DS were 1500, 12,760 , and 456 mg/L,
respectively. The MFCs were initially fed with substrate
(CMS), inocula (CMS itself, CMS with AS, CMS with DS),
mineral elements (12.5 mL/L), and trace elements (5 mL/L).

MFCs setup

Single-chamberair-cathodeMFCswereconstructedasprevious-
ly described,which consist of cylindrical chamberwith length of
4 cm and diameter of 3 cm (Cheng et al. 2011; Mei et al. 2015).
Anode brushes were made of graphite fibers around a titanium
core (2.5-cm length2.5-cmouter diameter) andwereheat treated
at 450 °C for 30 min (Lu et al. 2012a, b). Cathodes (surface
area = 7 cm2) were made by the Brolling-press^ method using
activated carbon andPTFE (Dong et al. 2015). In order to form a
closed loop, the cathode and anode electrodeswere connected to
a 1000Ω external resistance using titaniumwires.

Nine MFCs were randomly divided into three groups. The
MFCs inoculated by allochthonous AS and DS were denoted
as MFCs (AS + CMS)/MFCs (DS + CMS), respectively. The
MFCsusing autochthonousmicroorganism in the rawcattlema-
nure slurry were named asMFCs (RCMS). The three groups of
MFCs were respectively initiated with different inocula (5 mL/
reactor) and then operatedwithCMS (chemical oxygen demand
(COD) = 1500 mg/L) as the substrate, trace minerals (12.5 mL/
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L), andavitamin solution (5mL/L) (BondandLovley2003).All
MFCs were started at room temperature (25 ± 5 °C) and were
replenished fresh feedstock (COD = 1500 mg/L) while leaving
20% of the original medium before replacing fresh feedstock.
The addition of inoculum was terminated as the output voltage
exceeding 400mV (~ 255 h) inMFC systems.

Calculations and electrochemical analysis

Electrochemical analysis was conducted after operating at least
three stable cycles. Voltagewas recorded by amultichannel data
acquisition system connected to a personal computer via PCI
interface (PISO-813U,HonggeCompany,China). Power densi-
ty curves were obtained via decreased external resistances from
5000 to75Ω.Currentdensity (Id,A/m

2)was calculatedas Id=U/
R × S, and power density (Pd,W/m2) was calculated as Pd =U

2/
R×S,whereU (V) is thevoltage,R (Ω) is the resistor, andS (cm2)
is the normalized projected surface area of the cathode (7 cm2)
(Ren et al. 2014; Zhang et al. 2013). COD and coulombic effi-
ciency(CE)werecalculatedaspreviouslydescribed(Chengetal.
2015). Cyclic voltammetry (CV) was measured by an electro-
chemical workstation (Autolab PGSTAT 128N, Metrohm
Autolab, Netherlands). A three-electrode included of working
electrode (carbon brush anode), counter electrode (rolling-press
cathode) and Hg/HgCl reference electrode was investigated. To
make sure that the substrate was present at a significant concen-
tration insolution, themediuminMFCswasrefreshedbeforeCV
tests. CV tests were carried out with a scan rate of 10 mV/s,
ranging from -0.8 to 0.8 V.

Fluorescence determination

A three-dimensional excitation emission matrix (EEM) fluores-
cence spectrum was applied to distinguish composition of the
organic matter (Qu et al. 2012). Firstly, the samples were diluted
and filtered through a 0.45-μmfilter (Taoyuan,China) until ultra-
violet absorbance at 254 nm (UV254) of each sample is less than
0.3 cm−1. The UV254 was determined using an UV/Vis spectro-
photometer (T6, Puxi, China). Then, fluorescence spectra of feed
water and effluents of MFCs were obtained using a fluorescence
spectrophotometer (F7000,Hitachi, Japan). EEMswere obtained
by scanning excitationwavelengths of 200–450 nm at an interval
of5nmandemissionwavelengthsof250–550nmatan intervalof
1 nm (Ding et al. 2014). Excitation and emission slit widths were
both set at 5nm.Photomultiplier tube (PMT)voltage at 700Vand
scanning speed at 2400 nm/minwere adopted (Yu et al. 2014).

DNA extraction, PCR amplification, and Illumina HiSeq

Sampleswere collected from the anode graphite fiber brushes in
MFCs that were operated steadily for at least 60 days. The top,
middle, andbottomfractions of graphite fiber brushwere cut and
fragmented by sterile scissors for DNA extraction (CTAB

method). V4–V5 region (average length of ~ 373 bp) of the
bacterial 16S rRNA gene was amplified using the universal
primers 515F (5’-GTG CCAGCMGCCGCGGTAA-3’) and
907R (5’-CCGTCAATTCCTTTAGTTT-3’), using TruSeq®
PCR-Free DNA sample preparation kit, for building a kit for
library construction, and using HiSeq 2500 PE250 to measure
the sequence of anodic biofilms with Illumina HiSeq. The oper-
ational taxonomic unit (OTU) analysis was determined at 97%
similarity levels using theUPARSEsoftware (version7.0.1001).
Meanwhile, the principal component (PCA) analysis was based
onOTUs and drawn by the QIIME software (version 1.7.0) and
the R software (version 2.15.3).

Results and discussion

Electricity production and electrochemical analysis
in MFCs by allochthonous inocula

Startup and electricity production

Figure 1a shows the output voltages after acclimation in MFCs.
A prominent distinction was observed in output voltages due to
adding allochthonous inocula. MFCs (AS + CMS) displayed the
shortest startup time and the output voltage approached to
430 mV within 145.6 h (2 cycles), whereas the voltages of
MFCs (DS + CMS) and MFCs (RCMS) were less than
350 mV at the second cycle. MFCs (AS + CMS) took only
∼ 196 h (at the third cycle) to get the maximum power produc-
tion. Cell voltages over subsequent cycleswere then reproducible
in terms of the maximum peak voltage, with an average of
577 ± 7 mV. By contrast, MFCs (DS + CMS) produced the first
maximumpeak voltage of 520 ± 21mVat the third cycle (236 h).
For MFCs (RCMS), a much longer startup time (∼ 263.5 h) was
demanded and the maximum peak voltage (429 ± 62 mV) was
much less than those by MFCs with allochthonous inocula.

The maximum peak voltage obtained in MFCs (AS + CMS)
with 577 ± 7 mVof MFCs in this study was much higher than
that achieved in treating dairy wastewater (400 ± 15 mV) in a
previous work (Ayyaru and Dharmalingam 2011). Though
MFCs (RCMS) achieved an appreciable voltage, the output volt-
age could not be maintained in comparison with those by MFCs
inoculated by AS or DS. The results indicated that allochthonous
inocula played a positive role in shortening the startup period in
MFCs. MFCs (AS + CMS) exhibited the maximum voltage
production and the shortest startup time, implying that mixed
culture from activated sludge demonstrated a higher vitality
(Mei et al. 2015). Hongjian Lin et al. had demonstrated that
activated sludge (AC) and anaerobic sludge (AN) could acceler-
ate enrichment of MFC anodic biofilm by 2–3 days than river
sediment (RS). Because the raw cattle manure slurry itself
contained some organics that can be utilized by microorganism,
an appreciable output voltage was achieved in MFCs (RCMS).
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However, comparedwithMFCs (RCMS), amuch shorter startup
time was demanded in MFCs with allochthonous inocula (AS or
DS). The result was similar to a research that bioelectricity pro-
duction from acidic food waste leachate was substantially affect-
ed by inoculum (Li et al. 2013).

Power generation

Figure 1b shows power density curves through decreasing the
external circuit resistance (ranging from 5000 to 75 Ω) to evalu-
ate MFC performance (Fig. 1b). When all MFC reactors pro-
duced reproducible current, MFCs (AS + CMS) could obtain
the maximum stable power density with 1.259 ± 0.015 W/m2.
Meanwhile, the MFCs (DS + CMS) achieved the maximum
power density with 1.073 ± 0.014 W/m2 and MFCs (RCMS)
got the maximum power density with 0.901 ± 0.005 W/m2 at
100 Ω external resistances, respectively. More electron flow can
be aggravated in MFCs at a low external resistance of which
decreases the potential that can obtain higher power density
(Mardanpour et al. 2012). Overall, MFCs (AS + CMS) obtained
the maximum output power density.

Electrochemical analysis

As shown in Fig. 1c, MFCs (AS + CMS) displayed larger poten-
tial response (-0.7~0.7 V) than MFCs (DS + CMS) and MFCs
(RCMS) of which the potential responses were both in the range

from -0.65~0.65 V. The result indicates that using AS for inocu-
lation resulted in a higher electrochemical activity. For MFCs (AS
+ CMS) and MFCs (DS + CMS), a peak current of 0.28 mA at -
0.164Vand a peak current of 0.26mAat -0.098Vin the oxidation
scan were observed, respectively. Additionally, compared to the
MFCs with allochthonous inoculum, the MFCs (RCMS) exhibit-
ed another peak intensity of oxidationwith the value of 0.37mAat
0.182 V. The results indicated that microbial communities were
enriched on the anode of MFCs with AS or DS as co-inocula,
significantly enhancing electron transfer efficiency from the bac-
teria to anode. By contrast, the raw cattle manure slurry showed
minor impacts on the power output. Moreover, the biofilms on
anode were necessary to enable oxidation reaction to occur, and
AS facilitated electron transfer by achieving direct contact with the
electrode.

Effects of allochthonous inocula on pollutant removal
performance in MFCs

COD removal and coulombic efficiency

After thesuccessful startupofMFCs, thedata in threeexperimen-
tal periodswere randomly chosen to calculate the COD removal
andCE.AsshowninFig.2,MFCs(AS+CMS)andMFCs(DS+
CMS) showed a similar COD removal and outperformedMFCs
(RCMS). The maximum COD removal was obtained in MFCs
(AS + CMS) (84.72 ± 0.48%), followed byMFCs (DS + CMS)
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(71.6 ± 1.76%) and then MFCs (RCMS) (67.06 ± 0.52%).
Furthermore, it can be observed that the maximum CE values
were 69.15 ± 0.39, 58.49 ± 1.36, and 40.39 ± 0.7% in MFCs
(AS + CMS),MFCs (DS + CMS), andMFCs (RCMS), respec-
tively. TheCE in thisworkwas two to four times higher than that
in a previous research (18 ± 1%). The probable reason is that it is

easier to degrade the organics existing in the CMS with the al-
lochthonousinoculaandhadhigherCEthantheMFCswithgrass
silage as a carbon source at the same COD (1500 mg/L) (Catal
et al. 2011). Overall,MFCs (AS +CMS) achieved better perfor-
mance in both COD removal and CE than MFCs (DS + CMS)
andMFCs (RCMS). The results revealed that the addition ofAS
enhanced the electrochemical activity of bacteria on the anode
biofilm, which improved the pollutant degradation.

EEM fluorescence spectra analysis

The three-dimensional EEM fluorescence spectra for influents
and effluents of the MFCs are illustrated in Fig. 3. Two peaks
were obviously observed (peak T1 and peak T2) in the fluores-
cent spectra. PeakT1,which is associatedwithproteins (tyrosine
like) (BarkerandStuckey1999;Chenet al. 2003),occurs at225–
230 nm/325–340 nm of the excitation/emission wavelengths,
respectively. Peak T2 appeared at the excitation/emission wave-
lengthsof275–280/320–330nmthat is related to the tryptophan-
like (Barker and Stuckey 1999; Chen et al. 2003). As shown in
Fig. 3a, the strong intensities at peak T1 and T2 were observed,
suggesting high concentrations of macromolecular organics in
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the influentsofMFCs(AS+CMS).Meanwhile, as showninFig.
3a, no peak T1 was observed in the effluents of MFCs (AS +
CMS), indicating thatmost of theproteins (tryptophan like)were
removed. Hence, the allochthonous inocula (AS/DS) addition
couldhelp todegradethemacromolecularpollutants (likeprotein
substances) in the electrochemical systems. As seen in Table 1,
thepeaks in the influentandeffluentofMFCsbyco-inoculawere
observed. Regarding the fluorescence peak intensity, the values
of peak T1 and peak T2 of the influents were nearly three times
higher than that of the effluents.Moreover, the fluorescent inten-
sities of peakT1andT2 in theeffluentofMFCs (AS+CMS)and
MFCs (DS+CMS)wereboth lower than thoseofMFC(RCMS)
(Table 1). This result is well consistent with the COD removal in
the electrochemical systems (Fig. 2) obtained by MFCs (AS +
CMS). The EEM results indicated that the addition of allochtho-
nous inocula, especiallyAS, could strengthen the degradation of
organicpollutants duringCMStreatment usingMFCs.Thismay
be attributed to the improvement in anode biofilm activity and
diversity induced by allochthonous inocula (AS and DS).
Moreover, the syntrophic interactions between exoelectrogens
and fermentative bacteria obviously improved the degradation
ofmacromolecularorganics in theMFCsystems (Luet al. 2015).

Effects of allochthonous inocula onmicrobial communities
in MFCs

Bacterial diversity of the anode biofilms

The Illumina HiSeq of 16S rRNA gene was employed to
investigate the anode microbial communities in MFCs. The
phylotypes in communities were classified in terms of OTUs.
Over 40,000 effective sequences were obtained for each sam-
ple based on a threshold of 97%. Besides, the alpha diversity
indexes, such as Shannon’s diversity index, Simpson diversity

index, Chao 1 richness index, and abundance-based coverage
estimator (ACE) index, were summarized in Table 2. Based
on the Chao 1 and ACE index, it can be noted that MFCs (AS
+ CMS) showed relatively higher diversity with Chao 1 and
ACE of 975.94 and 1001.47, respectively. In terms of the
Shannon and Simpson index, MFCs (DS + CMS) (4.92 and
0.86, respectively) displayed a better abundance than MFCs
(AS + CMS) (3.83 and 0.75, respectively). It was notable that
the raw CMS showed relatively higher biodiversity than all
samples (Table 2). All the coverage values among the four
samples varied from 0.95 to 0.97, indicating that the sequenc-
ing results were reliable to reflect characteristics of the micro-
bial communities in the MFCs.

AVenn diagram was generated to determine the number of
shared and unique OTUs among the different MFCs (Fig. 4).
The total numbers of observed OTUs in the three samples
were 1180, and 39.3% (464 OTUs) of the total OTUs were
shared among them (Fig. 4). Lu et al. had demonstrated that
the shared OTUs included some electrochemical active bacte-
ria that affected the electricity production inMFC systems (Lu
et al. 2015). Furthermore, the initial inoculum played an im-
portant in the relative abundance of unique OTUs on the dif-
ferent anode biofilms. MFCs (AS + CMS) accounted for
13.4% unique OTUs, which was higher than those in MFCs
(DS + CMS) (1.3%) and MFCs (RCMS) (5.4%). Moreover,
the existence of a variety of unique OTUs indicated that the
addition of allochthonous inocula exhibited significant influ-
ence on the bacterial community structures and proportions.

Comparative analysis of the bacterial microbial community

Weighted UniFrac analysis for huge datasets was employed to
identify the differences in bacterial community structures
based on the principal component analysis (PCA), which

Table 1 Fluorescence spectral
parameters of influent and
effluent in MFCs by co-addition
of inoculum

Sample Peak T1 (influent) Peak T1 (effluent) Peak T2 (influent) Peak T2 (effluent)

Ex/Em Intensity Ex/Em Intensity Ex/Em Intensity Ex/Em Intensity

AS + CMS 225/330 1080.92 225/339 326.78 280/335 1037.27 275/323 202.06

DS + CMS 225/329 1091.17 225/336 363.05 280/336 867.63 – –

RCMS 225/334 821.91 225/327 354.76 280/331 667.16 280/326 210.43

Table 2 Number of reads, operational taxonomic units (OTUs), abundance-based Shannon, Simpson, Chao1, and coverage estimator (ACE) were
obtained from MFCs by co-addition of inoculum based on a threshold of 97%

Sample Effective reads Observed species Shannon Simpson Chao 1 ACE Good coverage

AS + CMS 48,145 839 3.833 0.751 975.935 1001.471 0.994

DS + CMS 41,966 837 4.918 0.855 928.415 950.271 0.995

RCMS 41,193 752 4.176 0.756 847.639 862.457 0.995

Control 45,727 1271 7.085 0.947 1344.845 1355.205 0.995
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explained by PC1 (10.12%) and PC2 (88.78%). Compared
with AS, the composition of DS contained a smaller amount
of microorganisms, which made MFCs (DS + CMS) and
MFCs (RCMS) closely clustered and revealed a higher simi-
larity in the microbial communities composition (Fig. 5).
However, the group of the control (raw CMS) was obviously
different from the samples in all MFCs. Overall, the anode
microbial community structure composition was impacted
by the allochthonous inocula in the electrochemical system.

Community compositions of the anode biofilms

To identify the phylogenetic diversity, qualified sequences
were assigned to phyla, classes, and genera (Fig. 6). At the
level of phylum, all OTUs belonged to some mainly core
phyla, such as Proteobacteria, Bacteroidetes, Firmicutes,
and Chloroflexi. In all anode biofilms, Proteobacteria was
the most abundant phyla, MFCs (AS + CMS) accounted for
88.53%, followed by MFCs (RCMS) (85.66%), MFCs (DS +
CMS) (80.87%), and the control (23.76%) (Fig. 6a).
Bacteroidetes had relative abundances from 4.35 to 34.69%
in all anode biofilms, and the control sample had the highest

proportion of Firmicutes (34.69%). Firmicutes, which
belonged to obligate or facultative aerobes, were the major
component in MFCs (Jung and Regan 2007). Besides,
Firmicutes were sensitive to the electron donor types and
enriched with glucose and propionate fed (Chae et al. 2009;
Pasternak et al. 2016).

Regarding the class level, most of the sequences were affili-
ated to nine classes (Fig. 6b). The predominant classes in MFCs
(AS + CMS), MFCs (DS + CMS), and MFCs (RCMS) were
affiliated with Betaproteobacteria, Deltaproteobacteria,
Bacteroidetes, and Clostridia, followed by a small proportion
of Gammaproteobacter ia , Alphaproteobacter ia ,
Epsilonproteobacteria, Anaerolinea, and Synergistia.
Betaproteobacteriawas the most dominant class in the four sam-
ples, and Deltaproteobacteria was the second dominant class
enriched in all MFCs with relative abundance increasing from
7.14% in raw water to 58.75% in MFCs (AS + CMS). The class
of Bacteroidia accounted for the relative high abundance in the
phyla of Bacteroidetes, while Actinobacteria was the dominant
class in the phyla of Actinobacteria.

A more in-depth characterization of the microbial commu-
nities was performed at the genus level. Fifteen genera with
relative abundance > 1% in the four microbial communities
are shown in Fig. 6c. Regarding microbial population,
Geobacter obviously dominated in all samples (relative abun-
dance varying from 2.192 to 51.66%), well consistent with the
results in relevant works (Bonmati et al. 2013; Dennis et al.
2013). MFCs (AS + CMS) had the largest proportion of
Geobacter (51.66%), in comparison with MFCs (DS +
CMS) (34.64%), MFCs (RCMS) (21.96%), and the controlled
sample (2.192%). Shewanella , which belonged to
exoelectrogens, was not observed in the controlled sample,
and MFCs (DS + CMS) showed the highest relative abun-
dance of Shewanella (5.8%), followed by MFCs (AS +
CMS) (1.58%) and MFCs (RCMS) (1.32%). By contrast,
Desulfuromonas (2.79%), whose members included
exoelectrogenic bacteria, was enriched in MFC (DS + CMS).

Though there were some share populations on the anode
biofilms, the bacterial growth and activity were greatly influ-
enced by the allochthonous inocula. AS contained diverse
organic matters (e.g., carbohydrate, protein, and lipid) that
contributed to the rich diversity of the anode microbial com-
munity (Ghadge et al. 2015). In the MFC groups with alloch-
thonous inocula, Geobacter took the largest proportions
among all genera and played a key role in the power genera-
tion. Bacteroides belonged to the fermentative bacteria which
were demonstrated to obviously hydrolyze complex organics
(Rismani-Yazdi et al. 2013). Azoarcus and Sterolibacterium,
which were the nitrogen-fixating bacteria (Scherr et al. 2016;
Yu et al. 2016), occurred in both MFCs (DS + CMS) (5.95%)
and raw cattle manure slurry (3.73%), respectively. Therefore,
the macromolecular organics can be effectively degraded in
the electrochemical systems. Smithella was the predominant
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Fig. 5 The principal component analysis (PCA) in MFCs by co-addition
of inoculum

Fig. 4 Venn diagram showing shared OTUs between the different MFCs
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propionic acid oxidizing bacteria (POB) (Kim et al. 2015;
Xiao et al. 2015), only existing in raw cattle manure.
Moreover, the electrochemical active bacteria were selectively
enriched by electric field and built the anode biofilms for
continuously generating electrons to support cathode reaction
(Cui et al. 2016). MFCs (RCMS) contained only the raw cattle
manure slurry that might also serve as an inoculum for mi-
crobe colonizing on the cathodes. The reason is that anode
biofilms could produce mediators that affectedmicroorganism
growth and electrochemical activity. These genera were
enriched in the anode biofilms first and then migrated to the
cathodes (Cui et al. 2016; Velvizhi and Mohan 2015).
Moreover, the existence of unique microorganisms had lead
to the discrepancy on anode biofilms formation in MFC sys-
tems. In addition, the syntrophic interactions between
exoelectrogenic (e.g., Geobacter and Shewanella) and fer-
mentative bacteria (e.g., Bacteroides) effectively enhanced
the electricity generation and the CMS degradation in MFCs.

Conclusion

In this study, the additions of allochthonous inocula (AS/DS) on
the CMSdegradation and anode biofilm formationwere evaluated
in MFCs. Though CMS itself could serve as an inoculum for
electricity generation, the addition of AS obtained the shortest
startup time and the best pollutant removal performance in the

electrochemical system. Moreover, adding allochthonous inocula
to MFCs significantly enhanced the anode microbial community
composition activity and diversity, which facilitated the favorable
electricity generation and slurry degradation. In general, this work
provided a method for quick anodic biofilm enrichment during
cattle manure slurry treatment usingMFCs and better understand-
ing on the contribution of allochthonous inocula.
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