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Anaerobic digestion (AD) is a naturally-occurring biological process in soils, 
sediments, ruminants, and several other anoxic environments, that cycles carbon 
and other nutrients, and converts organic matter into a methane-rich gas. As a 
biotechnology, AD is now well-established for the treatment of the organic fraction 
of various waste materials, including wastewaters, but is also increasingly applied for 
an expanding range of organic feedstocks suitable for biological conversion to biogas. 
AD applications are classified in various ways, including on the basis of bioreactor 
design; and operating parameters, such as retention time, temperature, pH, total 
solids (TS) and volatile solids (VS) contents, and biodegradability of substrates. 

AD is an attractive bioenergy and waste / wastewater treatment technology. The 
advantages of AD for waste treatment include: production of a useable fuel (biogas/
methane); possibility of high organic loading; reduced carbon footprint; and suitability 
for integration into a wide variety of process configurations and scales. Specifically, two 
important, and developing, applications exemplify the potential of AD technologies: 
(1) the integration of AD as the basis of the core technologies underpinning municipal 
wastewater, and sewage, treatment, to displace less sustainable, and more energy-
intensive, aerobic biological treatment systems in urban water infrastructures; and (2) 
technical innovations for higher-rate conversions of high-solids wastestreams, and 
feedstocks, for the production of energy carriers (i.e. methane-biogas, but possibly 
also biohydrogen) and other industrially-relevant intermediates, such as organic 
acids. 

Internationally, the research effort to maximize AD biogas yield has increased ten-
fold over the past decade. Depending on the feedstocks, bioreactor design and 
process parameters, fundamental and applied knowledge are still required to improve 
conversion rates and biogas yields. 

This Research Topic cover aspects related to AD processes, such as the effect of 
feedstock composition, as well as the effect of feedstock pre-treatment, bioreactor 
design and operating modes, on process efficiency; microbial community dynamics 
and systems biology; influence of macro- and micro-nutrient concentrations and 
availability; process control; upgrading and calibration of anaerobic digestion models 
(e.g. ADM1) considering the biochemical routes as well as the hydrodynamics in such 
ecosystems; and novel approaches to process monitoring, such as the development, 
and application, of novel, and rapid diagnostic assays, including those based on 
molecular microbiology. Detailed full-scale application studies were also particularly 
welcomed.
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Studies investigating the feasibility of new, or improved, biotechnologies, such as

wastewater treatment digesters, inevitably start with laboratory-scale trials. However,

it is rarely determined whether laboratory-scale results reflect full-scale performance

or microbial ecology. The Expanded Granular Sludge Bed (EGSB) bioreactor, which

is a high-rate anaerobic digester configuration, was used as a model to address

that knowledge gap in this study. Two laboratory-scale idealizations of the EGSB—a

one-dimensional and a three- dimensional scale-down of a full-scale design—were built

and operated in triplicate under near-identical conditions to a full-scale EGSB. The

laboratory-scale bioreactors were seeded using biomass obtained from the full-scale

bioreactor, and, spent water from the distillation of whisky from maize was applied as

substrate at both scales. Over 70 days, bioreactor performance, microbial ecology, and

microbial community physiology were monitored at various depths in the sludge-beds

using 16S rRNA gene sequencing (V4 region), specific methanogenic activity (SMA)

assays, and a range of physical and chemical monitoringmethods. SMA assays indicated

dominance of the hydrogenotrophic pathway at full-scale whilst a more balanced activity

profile developed during the laboratory-scale trials. At each scale, Methanobacterium

was the dominant methanogenic genus present. Bioreactor performance overall was

better at laboratory-scale than full-scale. We observed that bioreactor design at

laboratory-scale significantly influenced spatial distribution of microbial community

physiology and taxonomy in the bioreactor sludge-bed, with 1-D bioreactor types

promoting stratification of each. In the 1-D laboratory bioreactors, increased abundance

of Firmicutes was associated with both granule position in the sludge bed and increased

activity against acetate and ethanol as substrates. We further observed that stratification

in the sludge-bed in 1-D laboratory-scale bioreactors was associated with increased

richness in the underlying microbial community at species (OTU) level and improved

overall performance.

Keywords: 16S rRNA gene, anaerobic digestion, EGSB, Illumina MiSeq, laboratory-scale, full-scale, industrial

wastewater, specific methanogenic activity
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INTRODUCTION

Anaerobic digestion (AD) is a microbially-driven wastewater
treatment process enabling energy, nutrient and water recovery
from wastes. The development of new biotechnologies such
as those used for the AD of wastes, has historically followed
the empirical route from laboratory-scale through to pilot- and
full-scale trials (Switzenbaum, 1995; Tchobanoglous et al., 2004;
O’Flaherty et al., 2006; Shida et al., 2012). Advantages of testing
and development at laboratory-scale prior to scale-up include
greatly reduced capital and construction costs, rapid project
turnaround and minimal effluent generation, which collectively
provide flexibility to test hypotheses and optimize processes.
However, whilst many parameters may be readily reproduced
across scales, e.g., operating temperature and hydraulic retention
times, others, such as bioreactor geometry or hydrodynamics,
may not. Compounding this, published research rarely, if ever,
tracks the success of environmental biotechnology trials across
each of the laboratory-, pilot-, and full-scale development
stages, and so the applicability of laboratory-scale results to
full-scale design and operation is therefore limited and poorly
understood. We aimed to circumvent this knowledge gap and
to inform the design and interpretation of future laboratory
trials using scale-down of an existing biotechnology, as opposed
to scale-up, to investigate the impact of scale and geometry
on bioreactor performance, ecology, and microbial community
physiology.

A full-scale expanded granular sludge bed (EGSB) bioreactor
operated at a Scottish whisky distillery was selected as the
full-scale bioreactor for this study. The EGSB is an anaerobic
digester type utilizing retained granular biomass for high-rate
treatment of high-strength, low-solids industrial wastes. EGSB
bioreactors have previously been used in many laboratory-scale
trials investigating adaptation of the EGSB to the treatment of
a growing range of wastes (Pereira et al., 2002; Fang et al.,
2011), contaminants (Collins et al., 2005; Enright et al., 2005;
Scully et al., 2006; Londoño and Peñuela, 2015), and operating
conditions (Syutsubo et al., 2008; O’Reilly et al., 2010) which, if
applicable at full-scale, have the potential to revolutionize the way
we treat wastewater. Hence, this bioreactor design represents an
ideal reactor type in which to investigate the effects of scale. A
broad range of EGSB reactor designs (Arcand et al., 1994; Kato
et al., 1994; Karnchanawong and Wachara, 2009) are commonly
used in laboratory-scale studies. Recognizing that laboratory-
scale reactor design is likely to influence both performance and
underlying physiology and ecology, we designed two laboratory-
scale bioreactor idealizations, described here as “1-D” and “3-D”
bioreactors (Figure 1), to mimic the full-scale EGSB in the
laboratory and to enable evaluation of scale effects. Where
possible the 1-D and 3-D laboratory-scale EGSBs were operated
under near-identical conditions to the full-scale bioreactor,
including the use of a common inoculum and maintaining
common substrate (distillery wastewater), organic loading rate
(OLR), hydraulic retention time, operating temperature, and
upflow velocity between scales and idealizations. We applied a
range of physical and chemical monitoring techniques coupled
with specific methanogenic activity assays and high-throughput

16S rRNA gene sequencing (V4 region) to evaluate differences in
performance, physiology, and ecology between:

i. The full- and laboratory-scale bioreactors.
ii. The laboratory-scale idealizations.

MATERIALS AND METHODS

Full-Scale Bioreactor Design and
Operation
The full-scale bioreactor (FSB) is one of a set of three anaerobic
digesters operated at a Scottish whisky distillery to treat spent
water from the distillation of alcohol from maize. FSB is a
second-generation EGSB described as the External Circulation
Sludge Bed (ECSB) bioreactor (Meyer and Edwards, 2014).
The primary variant between the EGSB and the ECSB is the
inclusion of two gas-solid-liquid separators in the bioreactor
to improve process stability and biomass retention under high
OLR. Additionally, the ECSB design includes sampling ports
distributed with depth in the reactor vessel enabling spatial, as
well as temporal, sampling of granules from the sludge bed. The
ECSB maintains the defining features of the EGSB however i.e.,
it is an anaerobic, upflow, retained-biomass system using liquor
recycling to promote bed expansion andmixing, and treatment is
underpinned by the microbial activity of the granular sludge bed.
FSB has a total working volume of 425m3, geometric diameter-
to-height ratio of 7:12, and is operated semi-continuously at 37

◦
C

and a mean OLR of 9 g COD/Lreactor.d (s.d. 2 g COD/Lreactor.d).
Operational data from FSB, obtained for a 6-month period prior
to design of the laboratory-scale trials, were used to determine
operating parameters for the laboratory bioreactors (Table 1).
In addition to defining operating parameters, FSB served as
the source of seed sludge for the laboratory-scale bioreactors,
which was obtained 31 days (D-31) prior to commencement of
the laboratory trial. Distillery wastewater was used as substrate
at both scales. Additional biomass samples were drawn from
FSB at days D-21 and D-14 to determine the structure of
the microbial community at full-scale with depth and time
(Figure 2). Operating and performance data reported for FSB
were recorded for an 85-day period (D-85 to D0) during which
FSB was temporarily shut down for a 5-day interval (D-59 to D-
54) for routine maintenance of upstream reactors and was also
subject to temporary shutdown immediately before and after the
period of study.

Laboratory-Scale Bioreactor Design
Two laboratory-scale bioreactor types were designed, described
here as 1-D and 3-D bioreactors (Figure 1). Each type was
built and operated in triplicate: the 1-D reactor set, R1–3;
and the 3-D reactor set, R4–6 (Figure 2). The laboratory-scale
bioreactor designs used are intended to reflect the wide range of
geometries across which the EGSB is interpreted at laboratory-
scale. The 1-D bioreactor type is proportionately exaggerated in
the vertical direction and may be idealized as a “core” through
a full-scale bioreactor. The 3-D bioreactor, by contrast, is a
more direct scaling of the volumetric dimensions of a typical
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FIGURE 1 | Schematic showing scale-down logic for the design of the 1-D and 3-D laboratory-scale bioreactor geometry idealizations.

TABLE 1 | Design operating parameters at laboratory-scale.

Parameter Design value or condition

Temperature (◦C) 37

Feed type Distillery waste transported to laboratory on weekly basis.

HRT (hours) 16

Upflow velocity (m/h) 3.5

Influent pH 6

OLR Governed by COD of distillery waste during the trial.

full-scale bioreactor but, due to practicality of scaling, the design
is simplified to include only a single feed port. The diameter-
to-height aspect ratios employed were 1:15 and 1:4 for the 1-D
and 3-D bioreactor types, respectively and both types were of
20-L total working volume. To facilitate spatial as well temporal
biomass sampling, eight sampling ports were distributed along
the length of each laboratory-scale bioreactor (from P1 at the
bottom to P8 at the top), which was similar to the full-scale FSB.
A single solid-liquid separator was employed in each of the 1-
D and 3-D bioreactors. The separators were positioned above
the sludge-bed to avoid stratification of the biomass by physical
separation but below the recycle line to avoid forcible mixing of
the sludge-bed by passage of granules through the recycle line.

Operation of the laboratory-scale bioreactors targeted the
same mean temperature, influent, upflow velocity, hydraulic
retention time (HRT), and OLR as FSB (Table 1). Each of the
20-L laboratory-scale bioreactors was seeded similarly to FSB
to an initial volatile suspended solids (VSS) concentration of
12 g/L. After seeding the bioreactors and commencing feeding,
biogas production was monitored over 16 days until stable
rates were observed. The sampling and monitoring schedule

at laboratory-scale is provided in Figure 2. The operating
temperature (37◦C) was controlled using external water jackets.
Recirculation and feeding was applied using peristaltic pumps
(Watson and Marlow 300-series). Distillery wastewater served as
substrate and was transferred from the distillery to the laboratory
in two 640-L intermediate bulk containers (IBCs) on a weekly
basis and stored at room temperature until used. All six of
the laboratory-scale bioreactors were fed from a single tank
utilizing in-tank mixing to promote homogenous solids delivery
to the bioreactors and to ensure replicated feeding conditions.
Dissimilarly to full-scale, no shut down period was applied at
laboratory-scale i.e., operation was continuous for the duration
of the trial.

Physical and Chemical Monitoring
At laboratory-scale, bioreactor influent and effluent was sampled
twice per week for analysis of pH, total and soluble chemical
oxygen demand (COD, sCOD) and volatile fatty acids (VFA).
COD and sCOD was measured using the closed reflux
colorimetric method (Standard Methods 5220D; APHA, 2005).
Particulate COD (pCOD) was calculated as the difference
between the two (COD–sCOD) to indicate solids loading.
VFA (C2–C6, including iso-forms of C4–C6) and ethanol
concentrations were measured using a gas chromatograph
(7890A, Agilent, Palo Alto, CA) equipped with a DB-FFAP
capillary column and a flame ionization detector. Biogas
production was recorded on a daily basis using 10-L rubber gas-
bags attached to each bioreactor to collect the biogas produced
for timed periods of ∼2 h. Biogas volumes were measured using
a graduated gas-tight syringe to empty gasbags and biogas
production rates (BPR) were calculated. Methane content in the
biogas was determined on a biweekly basis, to coincide with
influent and effluent monitoring, using a gas chromatograph
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FIGURE 2 | Schematic overview of experiment showing experiment duration and relative timings of biomass sampling for full- and laboratory-scale

bioreactors, and, summary of physico-chemical monitoring parameters.

(7890A, Agilent, Palo Alto, CA) equipped with a GS-Carbon Plot
capillary column and a flame ionization detector.

At full-scale, operation and monitoring data were provided
by the distillery. Parameters measured were common with
laboratory-scale monitoring with two exceptions. First, at full-
scale, BPR and methane content in the biogas were measured
for the collective output for the three on-site digesters i.e.,
collected data is not specific solely to the performance of FSB. By
contrast at laboratory-scale monitoring was specific to individual
bioreactors and a mean for each bioreactor type is reported.
Second, at full-scale a single measurement was made for total
VFAs (TVFA). As such, laboratory-scale VFA data were used to
calculate TVFA as an acetate-equivalent based on measurements
of individual VFAs for improved comparison of data between
scales.

Specific Methanogenic Activity Testing
Specific methanogenic activity (SMA) testing was conducted
using the pressure transducer method (Colleran et al., 1992).
Substrates tested were acetate, propionate, butyrate, ethanol, and
hydrogen/CO2 and each test was conducted in triplicate at 37◦C.
Assays using the seed sludge at D-31 represented both the activity
at full-scale and activity at laboratory-scale at the beginning of the
laboratory-scale trial. SMA testing was additionally conducted
on samples taken from the top and bottom of the sludge beds
in the 1-D and 3-D bioreactor types at the end of the trials i.e.,
after microbial adaptation to reduced scale and the alternative
bioreactor geometries.

16S rRNA Library Preparation
Microbial community composition in the biomass was
monitored by preparation of amplicon libraries targeting
the V4 hyper variable region of the 16S rRNA gene using
next generation sequencing (NGS) methods and a multiplexed
barcoded sample preparation approach. At laboratory-scale,
biomass samples (2 ml) were drawn from each port in the sludge
bed and then centrifuged to remove liquor and transferred to
−20◦C storage within 2 h. At full-scale, sludge samples (50 ml)
taken from each port in the sludge bed were drawn to sterile,
air-tight containers from which 2-ml sub-samples were taken,
centrifuged and then stored at −20

◦
C until further processing.

At each scale, ports were flushed of biomass prior to capturing
samples to ensure that any depth-associated effects determined
were not sampling artifacts. Frozen biomass samples were
thawed and subject to homogenization prior to extraction.
Each DNA extraction used 0.1 g (wet weight) of biomass. DNA
extraction and purification was done using the FastDNA R©

Spin Kit for Soils (MP Biomedical) and the FastPrep R©

Instrument (MP Biomedicals, Santa Ana, CA) according to
the manufacturer’s instructions. Extracted DNA was quantified
using the Broad-Range Qubit Assay (Life Technologies) and
stored at −20◦C until used in NGS library preparation. NGS
libraries were prepared by PCR amplification of the V4 region
of the 16S rRNA gene using Golay barcoded primers (Caporaso
et al., 2012), with an adaptation on the forward primer, and
the KAPA HiFi HotStart PCR Kit. Our forward primer (F515:
GTGNCAGCMGCCGCGGTAA) included an additional
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degeneracy for improved detection of Archaea, whilst the reverse
primer, R806 (GGACTACHVGGGTWTCTAAT), was as per
the Caporaso design. Efficacy of our adapted primer pair was
tested in-silico using the Ribosomal Database Project’s (RDP)
Probe Match tool and indicated detection of 87.59 and 90.95%
of good quality bacterial and archaeal sequences, respectively
(search conditions: no mismatches, sequences should lie with
the region 465–866 on the E. coli genome i.e., limiting the
search to sequences that might contain the V4 region). By
contrast the original Caporaso primer pair detected 87.53 and
54.81% of bacterial and archaeal sequences in the database,
respectively using the same search conditions. Thus, our primer
pair offered significant improvement for the detection of
Archaea and should return a relatively representative microbial
community composition with respect to relative abundance
of bacterial and archaeal sequences. PCR conditions applied
were: 95◦C for 5 min initial denaturation; with amplification
proceeding for 25 cycles of 98◦C for 20 s denaturation, 60◦C for
15 s annealing and 72◦C for 40 s extension; followed by 72◦C
for 1min final extension. Each sample was assigned a unique
barcode pair and PCR was conducted in triplicate to enable
a high concentration of PCR product to be obtained using a
reduced number of PCR cycles. Triplicate PCR products were
gel-purified and quantified prior to pooling for sequencing
using the High-Sensitivity Qubit Assay (Life Technologies).
Positive and negative controls for sequencing were generated
using triplicate blank DNA extractions for the negative control
and both skewed and evenly distributed mock communities
for the positive controls. The controls were each assigned three
barcode pairs to enable replicate sequencing, which was used in
quality control checking. The purified barcoded PCR products
were normalized to 5 ng/uL DNA and pooled for sequencing.
The final pool sequenced contained samples not reported here
but prepared from DNA from a similar source (laboratory-
scale EGSBs treating low-strength waste) and barcoded and
normalized same using the same protocol as outlined above. The
concentration of the final pool was 5.6 ng/uL and comprised
249 uniquely barcoded sample libraries, of which 107 sample
libraries pertain to this study. The pool was sequenced using the
Illumina Miseq bench-top sequencer and V2 chemistry. Sample
libraries returning fewer than 5,000 raw reads (40 samples)
after sequencing were re-sequenced in a further sequencing run
following the same preparation protocol but with alternative
sequencing barcodes assigned to the sample. This process was
repeated a third time to improve coverage of 11 of the sample
libraries reported here.

Bioinformatics
The forward and reverse reads were obtained from the
sequencing center in FastQ format. Each sample library across
the three sequencing runs was assigned a unique identifier and
the data merged for processing as a single data set comprising
730 samples libraries of which 107 are included in this study. The
positive and negative control samples were sequenced in each
run. The negative control, prepared as a “blank” DNA extraction
and subject to PCR as other samples, yielded no reads in any of
the three runs indicating that no contamination was introduced

to samples by the DNA extraction procedure used. The positive
controls were processed, along with all other samples, according
to the Illumina Amplicons Processing Workflow (http://userweb.
eng.gla.ac.uk/umer.ijaz#bioinformatics), which is outlined as
follows. Raw forward and reverse reads were trimmed using
a sliding window approach to a minimum quality score of 20
and minimum length of 10 bp using Sickle Version 1.33 (Joshi
and Fass, 2011). Trimmed paired-end reads were overlapped
using PANDAseq (Masella et al., 2012) with a maximum search
radius of 50 bp to form single sequences covering the V4 region.
Any paired-end reads that failed to overlap were discarded.
The UPARSE pipeline (Edgar, 2013) was then used to construct
operational taxonomic units (OTUs, used as a proxy for species)
as described in https://bitbucket.org/umerijaz/amplimock/src.
The overlapped sequences from each sample were multiplexed,
pooled and dereplicated, and singletons were discarded.
Sequences were clustered at 97% similarity and the default
setting in USEARCH, in which sequences of <32 bp are
discarded, was applied. Chimeras from abundant reads
were removed de-novo within the UPARSE pipeline as is
inherent in the “cluster_OTU” command in USEARCH.
Additionally, a reference-based approach was applied to
remove chimeras with lower relative abundances using a gold
database (http://drive5.com/uchime/uchime_download.html)
and UCHIME (Edgar et al., 2011). An OTU abundance table was
then generated by matching the original barcoded overlapped
reads against the cleaned consensus sequences at 97% similarity.
The resultant OTU table contained re-sequenced samples as
individual sample libraries e.g., the sample library for sample
“S1” was represented as three “repeat” libraries S1_run1,
S1_run2, S1_run3. Prior to analysis and downstream processing
of the OTU table, one-way subject ANOVA (http://ww2.coastal.
edu/kingw/statistics/R-tutorials/repeated.html) was used to
confirm abundance profiles within these repeats were similar.
Where so, the samples were collated by addition e.g., reads for
OTU1 in S1_run1 were added cumulatively to reads for OTU1 in
S1_run2 and to reads for OTU1 in S1_run3 to produce a single
sample library “S1” containing 6OTU1 etc. Where abundance
profiles were dissimilar, the library with the highest read count of
the re-run libraries was used to represent that sample. Thus, after
collation of repeats, the OTU table contained a single library for
each sample sequenced. At this stage a final quality check on our
library preparation process, across the PCR, sequencing, and
OTU clustering stages collectively, was enabled by comparison
of the positive control samples against known sequences. It was
determined that 95.1% (s.d. 0.6%) and 97.0% (s.d. 0.4%) of OTUs
in the even and skewed mock community samples matched the
predicted sequences thus confirming our procedure returned
high quality data.

All OTUs (4,272 at this stage) were then taxonomically
classified against the RDP database at phylum, class, order,
family, and genus level, using the RDPclassifier V2.6 (Wang
et al., 2007) to obtain abundance tables at each taxonomic level.
To determine phylogenetic distances between the OTUs, mafft
V7.040 (Katoh and Standley, 2013) was used for multi-sequence
alignment of the OTUs within the dataset enabling generation
of an approximately-maximum-likelihood tree using FastTree
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v2.1.7 (Price et al., 2010). Finally, the OTU and taxonomic
abundance tables and FastTree were reduced to include only the
107 sample libraries pertaining to this study, herein referred to as
“the OTU table,” “taxa tables,” and the “FastTree.”

Qualitative and Statistical Data Analysis
Methods
Statistical evaluation of difference in operation and performance
data with scale and bioreactor type was conducted using one-
way analysis of variance [ANOVA, aov(), R] and stated p-values
for significance were as calculated within that function. For
qualitative assessment of taxonomy across the full sample set,
mean relative abundance, and standard deviation at phylum level
was calculated directly from count data in the RDP classified
phylum level taxa table using R-Software. To enable visualization
of phylogeny amongst dominant OTUs, the FastTree was
trimmed to represent the 100 most abundant OTUs using the
Phyloseq package in R (McMurdie and Holmes, 2013) and the
trimmed tree plotted using the web application Evolview v2 (He
et al., 2016). The plotted tree was annotated in Evolview using
heatmaps showing the mean relative abundance of the 100 most
abundant OTUs in each reactor type (FSB, 1-D, 3-D), alongside
the log transform of mean relative abundance for enhanced
visualization of difference in abundance between reactor types.
Non-metric multidimensional scaling (NMDS) plots were used
to visualize clustering of all OTUs in samples by bioreactor type,
by sampling day and by sampling depth using the Phyloseq
package in R. Distances used to plot NMDS were Bray-Curtis
dissimilarity calculated from OTU count data and GUnifrac
distances (Chen, 2012) calculated using the FastTree and
enabling inspection of grouping by abundance and phylogeny,
respectively. Trends identified in the NMDS plots were assessed
statistically using PERMANOVA [Adonis(), R-Vegan; Oksanen
et al., 2014] and the respective distance measures (Bray-Curtis,
GUnifrac), and p-values reported were computed within that
function. Statistical difference in relative abundance with reactor
type, and by sampling depth at laboratory-scale was determined
by the Kruskall–Wallis test in R using log-transformed relative
abundance data at phylum level. Benamini–Hochberg correction
for multiple testing was applied and adjusted p-values were
reported. Ecology indices calculated were rarefied richness,
Simpson’s index of diversity and Pielou’s evenness index. In
each case, rarefaction was applied to the full sample set to a
common minimum (that of the lowest read count sample) using
the rrarefy() function in R-Vegan. Variation of ecology indices
with time and depth in the laboratory scale sample sets was
assessed by fitting a linear model, lm() in R, and significance
values reported were computed within that function. All R scripts
used are maintained by the authors and all sequence data will be
deposited with the European Nucleotide Archive (PRJEB18489).

RESULTS AND DISCUSSION

Operation at Full- and Laboratory-Scales
Qualitatively, operation of FSB (Table 2) was variable with
respect to OLR and temperature but relatively stable with respect
to both total COD content and the relative proportions of

soluble, and particulate, components. The variability in operation
arose from a 5-day shut down period (D-59 to D-54) in
which both volumetric loading rate (VLR) and temperature
fluctuated. The maximum and minimum values for VLR (2.82
and 0.67 L/Lreactor.d) and the minimum recorded temperature
(30.0◦C) were recorded during the re-start of operations. Neither
extreme of loading rate was sustained for more than two HRTs,
nor repeated during the period of interest, and temperature
fluctuation was maintained for <2 HRTs.

Operation at laboratory-scale (Table 2) was comparatively
stable yet significant difference was determined in bioreactor
influent characteristics between scales. Total COD, TVFA, pH,
and the proportion of pCOD in the influent were significantly
lower (p < 0.001, ANOVA) at laboratory-scale than that at full-
scale. These physico-chemical differences, each of which may
impact the underlying microbial community, arose from the
influence of seasonal variation in productivity at the distillery
on wastewater strength and composition. Further difference in
operation between scales was that no disruption to operation
was applied at laboratory-scale. Together, seasonal variation of
wastes and semi-continuous feeding indicate that scalability of
biotechnologies must be considered in the broadest sense and
not only in relation to bioreactor volume and design. Operating
data at laboratory scale indicated that no significant difference
(ANOVA) in operation occurred between either the 1-D and 3-D
bioreactor types, nor within triplicate bioreactor sets such that the
laboratory reactors may be described as true replicates in terms of
operating conditions applied.

Performance Indicators at Full- and
Laboratory-Scales
The performance indicators at full-scale (Table 3) qualitatively
indicate stable performance. Whilst VFA accumulation was
observed in the effluent, mean COD and sCOD removal
efficiencies were both high and stable. By contrast, pCOD
removal was stable but low, however low pCOD removal is
consistent with EGSBs reported elsewhere (Chan et al., 2009).
Biogas production at full-scale was recorded for the plant as

TABLE 2 | Temperature, loading, and influent characteristics of FSB (D-85

to D-0) and laboratory-scale bioreactors (D0–D70).

Parameter

Digester FSBa Laboratory-scalea

1-D 3-D

Temperature (◦C) 36.1 ± 1.0 37.1 ± 0.5 37.0 ± 1.6

VLR (L/Lreactor.d) 1.6 ± 0.3 1.6 ± 0.1b

OLR (gCOD/Lreactor.d) 9.9 ± 3.0 9.4 ± 1.4

pH 7.0 ± 0.2 6.2 ± 0.4

COD (mg/L) 6530 ± 950 4710 ± 730

sCOD (% COD) 67.2 ± 4.2 75.0 ± 10.5

pCOD (% COD) 32.8 ± 4.2 25.0 ± 10.5

TVFA (mg as acetate/L) 1424 ± 298 766 ± 157

Ethanol (mg/L) Not determined 54 ± 109

aMean ± standard deviation.
bBoth types of laboratory-scale bioreactors were fed with the same feedstock.
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a whole i.e., a single biogas production rate was measured
collectively for the three digesters on-site. It is noted however
that for the period of study, mean methane content in the
biogas was 70.0% (s.d. 2.9%) across the three on-site digesters
and was relatively stable. Mean biogas production rate for FSB
inferred as a proportion of the total was produced across the
plant was approximately 2.5 m3/m3

reactor.d. Although, ethanol
was not monitored for FSB, ethanol accounted for about 2% of
the influent COD in the laboratory-scale bioreactors (Table 2)
and was almost completely degraded (>94% on average) in the
effluent (Table 3).

At laboratory-scale, a high degree of reproducibility was
found between bioreactors in the 1-D and 3-D replicate sets
with no significant difference in performance found for any
indicator except for TVFA in the 1-D bioreactors (p < 0.05,
ANOVA). As such, performance indicators at laboratory-scale
are presented as a mean by bioreactor type rather than for
individual bioreactors (Table 3). For each of pH, COD removal
efficiency, sCOD removal efficiency, BPR and methane content
in the biogas, the 1-D and 3-D bioreactor types both demonstrate
stable performance throughout the trial. As with the full-scale
bioreactor, pCOD removal efficiency was lower than sCOD
removal efficiency but dissimilarly, pCOD removal efficiency
at laboratory-scale was somewhat unstable. It was observed
that the higher pCOD efficiency recorded at laboratory-scale,
particularly in the 1-D bioreactors, declined over the duration of
the trial suggesting that increased efficiencies recorded may be
a temporal phenomenon related to the age of the bioreactors.
For each of COD, sCOD, and pCOD removal, the laboratory-
scale bioreactors significantly out-performed (p< 0.01, ANOVA)
the full-scale bioreactor. Tentatively, this suggests that tightly
controlled laboratory studies have the potential to exaggerate
treatment efficiency as compared to more variable full-scale
operation; however as influent characteristics varied between
scales this is not conclusive.

No significant difference was found between the two
laboratory-scale bioreactor idealizations with respect to
bioreactor pH, pCOD removal efficiency, or biogas production.
However, significant differences were found between each of

TABLE 3 | Effluent characteristics and performance indicators of the full-

and the laboratory-scale bioreactors.

parameter

Digester Full-scale Laboratory-scale

1-D 3-D

pH 6.9 ± 1.3a 7.2 ± 0.2 7.3 ± 0.2

TVFA (mg as acetate/L) 282 ± 117 12.2 ± 13.4 30 ± 58

Ethanol (mg/L) Not determined 3.1 ± 2.7 0.0 ± 0.0

COD removal (%) 70.7 ± 11.7 91.1 ± 5.1 88.1 ± 4.8

sCOD removal (%) 80.1 ± 12.6 93.7 ± 2.3 92.0 ± 4.9

pCOD removal (%) 49.8 ± 13.0 77.9 ± 28.3 69.3 ± 26.0

BPR (L/L d) -b 2.95 ± 0.91 3.01 ± 0.61

CH4 ratio (%) – 74.5 ± 3.5 72.8 ± 6.4

aMean ± standard deviation.
bBiogas production in the full-scale bioreactor was monitored only collectively with two

other bioreactors in parallel.

total VFA accumulation, COD and sCOD removal efficiencies
and methane content in the biogas (p < 0.05, ANOVA), with
the 1-D bioreactors marginally out-performing the 3-D systems.
As laboratory-scale operating conditions were identical, this
observation indicates that laboratory idealization does influence
performance.

Community Physiology at Full- and
Laboratory-Scales
Community physiology was investigated using SMA testing of
biomass samples from the full-scale bioreactor (Port 2 on D-
31, also used as seed-sludge for laboratory-scale bioreactors) and
biomass samples from the top and bottom of the sludge bed
in each of the 1-D and 3-D laboratory-scale bioreactor sets at
the end of the trial (D70). At full-scale and in the seed sludge
used at laboratory-scale (FSB/SEED Figure 3), hydrogenotrophic
methanogenic activity was dominant. This was unexpected
as acetoclastic methanogenesis is commonly assumed to be
the dominant metabolic pathway in engineered AD systems
(O’Flaherty et al., 2006). The literature has several reports
of low-temperature laboratory-scale EGSB systems dominated
by hydrogenotrophic methanogenesis (McKeown et al., 2009;
O’Reilly et al., 2010). As the temperature in this study (37◦C) was
not low, it may be inferred that variable loading of higher solids
wastes may induce similar stresses on acetoclastic methanogens
by, for example, ammonia inhibition arising from protein
degradation (Westerholm et al., 2011). By the conclusion of the
laboratory trials where solids delivery was lower than at full-
scale and loading was more stable, a significant decline (p <

0.001, ANOVA) in hydrogenotrophic activity was recorded at
laboratory-scale, which in real terms was most pronounced in the
1-D bioreactor types.

FIGURE 3 | Grouped bar plot showing SMA recorded in biomass from

full-scale (SEED) and laboratory-scale bioreactors at the beginning

(SEED) and end of the trial at the top (_TOP) and bottom (_BOT) of the

sludge beds against specific substrates: acetate, propionate, butyrate,

Ethanol, and hydrogen. Bars show blank-adjusted mean and error bars

show standard deviation of triplicate measurements.

Frontiers in Microbiology | www.frontiersin.org May 2017 | Volume 8 | Article 664 | 11

http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive


Connelly et al. Scale, Bioreactor Performance and Ecophysiology

Comparison of physiological profiles between biomass
adapted to the 1-D and 3-D laboratory-scale bioreactor types
(i.e., at D70) indicated that no significant difference in activity
was found using acetate, propionate, butyrate or ethanol
as specific methanogenic substrates. However, a significant
difference (p < 0.05) was found in activity against hydrogen
with biomass from the 3-D bioreactor type exhibiting a more
strongly hydrogenotrophic profile than the 1-D bioreactors. As
such, laboratory-scale bioreactor idealization may influence not
only performance but the inferred route to methanogenesis
in laboratory studies, an important finding for studies of new
biotechnologies intended to inform full-scale process design.

Comparison of the spatial distribution of activity in the
biomass from the two laboratory-scale reactor types indicated
that the 1-D bioreactors exhibited zoned community physiology
whist the 3-D bioreactors did not. In the 1-D bioreactors, activity
was significantly higher in sludge from the bottom, than from the
top, of the sludge bed against both acetate and ethanol (p< 0.001,
ANOVA). By contrast, no significant difference in activity with
depth was found in the 3-D type bioreactors for any substrate
tested. Whilst the precise mechanisms promoting stratification
of activity were not elucidated here, our data demonstrates that
the depth at which biomass is sampled from 1-D type EGSB
bioreactors at laboratory-scale might influence both the inferred
dominant methanogenic pathway in the biomass and loading
capacity of such bioreactors.

Microbial Community Composition and
Structure at Full- and Laboratory-Scale
Qualitative Overview of Microbial Community at Full-

and Laboratory-Scales
The OTU table containing the quality filtered, chimera and
singleton free reads clustered into a total of 2,929 OTUs at
97% sequence similarity for the complete data set across 107
sample libraries. Two sample libraries returned fewer than 5,000
sequences per library (both on the 1-D bioreactor R3: at port
P1 on day D25 and at port P2 on day D46) and were excluded
from the remaining analyses such that the lowest read count
for any library was 5,232 reads. The final distribution of sample
libraries per bioreactor type was: 5 samples for FSB; 53 samples
across the 1-D triplicate set; and 47 samples across the 3-D
triplicate set. The mean number of reads per sample library was
74,034 (s.d. 89,192). Rarefaction curves plotted for all samples
(Figure S1) indicate that saturation was not reached for any
sample sequenced. Taxonomically, OTUs identified across all
samples were assigned across 24 known phyla with a mean of
only 1.33% of OTUs per sample assigned as “unknown phyla”
(s.d. 1.55%) however a mean of 36.08% of OTUs per sample
were assigned as “unclassified bacteria” (s.d. 7.88%) and 0.75%
as “unclassified archaea” (s.d. 0.04%). The most dominant phyla
(mean relative abundance greater than 0.5%) in the sample
set were Euryarchaeota, Proteobacteria, Chloroflexi, Firmicutes,
Bacteroidetes, Synergistetes, and Thermotogae representing a
mean relative abundance of 19.99 (s.d. 8.70), 13.22 (s.d. 3.28),
8.45 (s.d. 2.24), 7.70 (s.d. 3.63), 5.72 (s.d. 3.21), 4.76 (s.d. 2.11),
and 0.50 (s.d. 0.19) %, respectively. Collectively, the remaining

17 phyla were attributed <0.5% of mean relative abundance thus
the data appears skewed at phylum level. At lower taxonomic
levels, the OTUs were classified across 62 classes, 92 orders, 180
families, and 378 genera. Ecology indices for the sample set were
calculated using the OTU table by rarefying all samples in the
sample set to a common read count of 5,232 (minimum in the
set). Mean rarefied richness across all samples was 460 (s.d. 55)
OTUs, Simpson’s index of diversity was 0.975 (s.d. 0.01) and
Pielou’s evenness index was 0.763 (s.d. 0.02). Qualitatively then
the data describes a phylogenetically rich and diverse community
with relatively even distribution of abundance in the microbial
population across the sample set at species (OTU) level.

Each of the 100 most abundant OTUs across the sample set
(Figure 4) was present in each of the full-scale and laboratory-
scale bioreactor communities indicating strong phylogenetic
similarity between the communities at both scales and in each
laboratory idealization. The relatively most abundant order
identified was Methanobacteriales, accounting for seven of the
100 most abundant OTUs. Of those, six were identified at genus
level as Methanobacterium including the most dominant OTU
present (OTU_1). Methanobacterium are H2/CO2 and formate-
utilizing methanogens (Madigan et al., 2009), so the finding was
somewhat unexpected as acetate-utilizing methanogens typically
dominate EGSBs. Nonetheless, this finding supports SMA data,
which indicated dominance of the hydrogenotrophic pathway.
The archaeal order Methanosarcinales was also relatively highly
abundant at both scales, comprising three OTUs amongst the 100
most abundant, each of which classified asMethanosaeta at genus
level. Methanosaeta are filamentous, acetoclastic methanogens
associated with granule formation and maintenance and thought
to form the core of anaerobic granular biofilms (Hulshoff Pol
et al., 2004). Whilst inspection of mean relative abundances
of the 100 most abundant OTUs in the sample set indicates
that phylogeny is maintained between scales, inspection of log
relative abundances indicates that there are stronger similarities
between the 1-D and 3-D laboratory-scale communities than
between laboratory and full-scale communities. This may reflect
the differences in operating conditions applied between scales.

Variability in Community Structure and Phylogeny

between Scales, Replicate Bioreactors, and with

Depth
Ordination plots were coupled with PERMANOVA using two
alternative distance metrics; Bray-Curtis and GUniFrac alpha
= 0.5 to determine variability in community structure and
phylogeny across all OTUs in the sample set between scales.
Across all time points sampled, the laboratory-scale bioreactor
communities cluster more closely to each other than to the
full-scale bioreactor from which the seed sludge was drawn
(Figure 5). The plot using count data (Figure 5A) clusters less
distinctly than that using phylogenetic distances (Figure 5B),
suggesting variability in community structure but more stable
community membership at both scales. PERMANOVA was
applied and determined that no significant difference in structure
was found between communities from the full-scale, 3-D, or 1-
D bioreactors but that significant difference was found using
GUnifrac distances [p < 0.021, adonis()]. Thus, phylogeny
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FIGURE 4 | Maximum likelihood phylogenetic tree for representative 16S rRNA gene sequences of the 100 most abundant OTUs across the sample

set. Color legends indicate OTU assignment at phylum and order level and outer rings correspond to mean relative abundance and log normalized relative

abundances for each OTU in each of the 1-D, 3-D, and FSB sample sets.

appears relatively stable, yet distinct with scale, suggesting
community adaptation at reduced scale did occur. The precise
driver for change lacks certainty however as scale was not the
only difference between the full- and laboratory bioreactors,
differences in operating conditions also occurred.

A similar approach was applied to determine replication
between bioreactors within 1-D and 3-D laboratory-scale test
sets. No significant difference was found in species relative
abundance or phylogeny across replicate 1-D bioreactors.
Thus, replicated 1-D communities underpinned replicated
performance metrics. However, a significant difference
[p < 0.001 adonis(), Bray-Curtis] was found between the
3-D bioreactors estimated to account for 16% of variance across
the samples despite the fact that the 3-D bioreactors appeared
highly replicated with respect to operation and performance,

demonstrating the importance of running replicate bioreactors
during laboratory trials.

Differences in microbial community structure with time
(Figure 6) and depth (Figure 7) in the laboratory-scale
bioreactor sets was also investigated. The full-scale digester was
omitted from this analysis due to lack of replicate sampling. With
time, the 1-D microbial community structure appeared to evolve
more than the 3-D community. Further, with depth in the 1-D
bioreactors, the microbial community at the bottom of the sludge
bed (P1) clusters distinctly from those samples from higher in
the sludge bed whilst little distinction with depth was observed in
the 3-D bioreactors. This supports the SMA data that indicated
stratification of community physiology with depth occurred
in the 1-D bioreactors but not in the 3-D bioreactor type.
Thus, stratified community physiology is linked with stratified
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FIGURE 5 | Two-dimensional NMDS ordination plots of all OTUs in the

sample set, grouped by reactor type, and plotted using (A) structure

based Bray-Curtis similarity, stress = 0.044, (B) phylogeny based GUniFrac

distance and alpha = 0.5, stress = 0.062. In each case ellipses show 95%

confidence interval of the standard error of the samples in each group around

the population mean.

community structure in the 1-D bioreactors. PERMANOVA
confirmed that the trend was statistically significant, with depth
estimated to account for 11.8% of variation across samples in the
1-D bioreactors [p < 0.01, adonis()] whilst no significant trend
was found with depth in the 3-D bioreactors. This points to the
importance of (i) the influence of laboratory-scale idealization on
spatial and temporal community structure, and (ii) appropriate
sampling strategies in AD bioreactors to adequately capture
microbial community composition.

Key Taxa Associated with Scale, Bioreactor

Idealization, and Depth
The relative abundance of 5 phyla varied significantly with
bioreactor type [p < 0.05, kruskal.test()] of which Bacteroidetes

FIGURE 6 | Two-dimensional NMDS ordination plots of all OTUs in the

sample set grouped by sampling day and plotted using Bray-Curtis

similarity for (A) 1-D laboratory-scale samples, stress = 0.127, and (B) 3-D

laboratory-scale samples, stress = 0.169. In each case ellipses show 95%

confidence interval of the standard error of the samples in each group around

the population mean.

(Figure 8) and Armatimonadetes were relatively more abundant
at full-scale whilst SR1,OD1, andVerrucomicrobiawere relatively
more abundant at laboratory-scale. Of these, only Bacteroidetes
contributed more than 1% of the total community relative
abundance at any scale. The mean relative abundance of
Bacteroidetes in the full-scale bioreactor FSB was 13.2% (s.d.
5.2%) compared to a mean of only 5.34% (s.d. 2.59%) at
laboratory-scale thus the difference is not only significant but
sizeable in real terms. Organisms of the phylum Bacteroidetes
have been identified as core to the microbial communities in
full-scale anaerobic digesters (Chouari et al., 2005; Lee et al.,
2008; Rivière et al., 2009) andmay be associated with degradation
of long chain organics such as proteins and carbohydrates
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FIGURE 7 | Two-dimensional NMDS ordination plots of all OTUs in the

sample set grouped by sampling depth and plotted using Bray-Curtis

similarity for (A) 1-D laboratory-scale samples, stress = 0.118, and (B) 3-D

laboratory-scale samples, stress = 0.129. In each case ellipses show 95%

confidence interval of the standard error of the samples in each group around

the population mean.

(Hernon et al., 2006; Klocke et al., 2007; Thomas et al., 2011).
Increased abundance at full-scale here thenmay reflect the higher
proportion of particulate COD in the influent to FSB rather than
the scale of the reactor per se.

Difference in relative abundance of taxa with sampling
position was assessed similarly at phylum level in the laboratory-
scale bioreactors however FSB was omitted from the analysis
due to lack of replicate samples. In the 3-D laboratory-scale
bioreactors, no significant difference in relative abundance with
depth in the sludge bed was found for any phyla. By contrast
in the 1-D bioreactor type, in which stratified community
physiology was observed, significant difference [p < 0.05,
kruskal.test()] in mean relative abundance with depth was

FIGURE 8 | Boxplot showing relative abundance (%) across each

sample set for the phylum Bacteroidetes, the relative abundance of

which was significantly greater at full-scale than at laboratory -scale

(Kruskal–Wallis with Benjamini–Hochberg correction on p-value,

p < 0.05). The bands show the median value for each group; bottom and top

of boxes show the first and third quartiles; and whiskers show maximum and

minimum values with 1.5 of IQR of upper and lower quartiles.

observed in two dominant phyla: Firmicutes whose relative
abundance increased with depth (Figure 9A), and Synergistetes
whose relative abundance decreased with depth (Figure 9B).
Thus, we observe that bioreactor design significantly influenced
the distribution of both microbial community physiology and
taxonomy in laboratory-scale EGSB type bioreactors, with 1-D
bioreactors promoting stratification of each. In each case, the
difference in abundance was both significant and marked in
real terms. Both Firmicutes and Synergistetes are widely reported
as relatively highly abundant in engineered anaerobic systems
(Satoh et al., 2007; Rivière et al., 2009; Militon et al., 2015; Chen
et al., 2016) and as such significant stratification observed here
demonstrates the importance of spatial, as well as temporal,
sampling of bioreactors at laboratory-scale when aiming to
characterize microbial community composition in such systems.

Ecology Indices with Scale, Bioreactor Type, and

Depth
Ecology indices with time and depth for each of the full-
scale and laboratory-scale bioreactor sets indicate species-rich
communities that are highly diverse and distributed evenly
(Figure 10). Linear regression [lm(), R] determined that rarefied
richness increased significantly with time in each of the 1-
D and 3-D bioreactor sets (p < 0.001 in 1-D, p < 0.01 in
3-D). Increasing community richness with reduced scale was
unexpected as ecological theory suggests increasing scale tends
to increase richness (Brown et al., 2001). Here however scale,
as in reactor volume or geometry, was not the sole difference
between the laboratory- and full-scale bioreactors. Operational
differences occurred too including semi-continuous feeding at
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FIGURE 9 | Boxplots showing relative abundance (%) of the phyla (A)

Firmicutes and (B) Synergistetes, the relative abundance of which varied

significantly with sampling depth (P1 at the bottom of the sludge bed to P5 at

the top of the sludge bed) in the 1-D laboratory-scale bioreactors

(Kruskal–Wallis with Benjamini–Hochberg correction on p-value, p < 0.05).

The bands show the median value for each group; bottom and top of boxes

show the first and third quartiles; and whiskers show maximum and minimum

values with 1.5 of IQR of upper and lower quartiles.

full-scale and differences in physico-chemical parameters of the
bioreactor influent, each of which may impact the underlying
microbial community. Thus, direct attribution of the increase
in richness with scale in the purest sense was not possible.
Tentatively however, it could be implied that steady loading
of bioreactors at reduced loading rates for both particulate
COD and TVFA positively influences richness of the underlying
microbial community in EGSB-type bioreactors.

The increase in richness with time in the 1-D bioreactors was
more marked in real terms than in the 3-D bioreactors such that
mean rarefied richness in the 1-D bioreactor set across all time
points was significantly greater (p < 0.001, ANOVA) than that of

FIGURE 10 | Scatter plots showing time-series for mean rarefied

richness, diversity, and evenness in each of the full-scale (FSB) and

laboratory-scale (1-D and 3-D) sample sets; error bars show standard

deviation. In each case, indices are calculated using samples grouped to

represent the microbial community at the top (_TOP) and bottom (_BOT) of the

sludge bed in each reactor type.

either the 3-D bioreactors or the full-scale bioreactor FSB. Whilst
direct comparison between scales was difficult, good replication
of the feeding regime and influent applied between the 1-D and 3-
D bioreactor types enables more direct conclusions regarding the
influence of bioreactor geometry on the underlying community
to be inferred at laboratory-scale. The 1-D bioreactors, in which
stratification of both microbial community composition and
physiology was observed, supported a more rich community in
real terms than the 3-D bioreactors in which no such stratification
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was observed. Thus, we propose that 1-D type laboratory-scale
bioreactors can support increased richness at laboratory scale by
enabling a gradient of niches and microbial communities within
a single reactor vessel.

GENERAL DISCUSSION

Disparities of Scale
SMA assays indicated hydrogenotrophic methanogenesis
was dominant at full-scale, which was supported by NGS
data showing Methanobacterium was relatively the most
abundant order present in the full-scale bioreactor. By contrast,
hydrogenotrophic activity was diminished at laboratory-scale.
We suggest that the contrast was not attributable directly to
bioreactor scale but likely to the semi-continuous operation
and increased solids loading applied at full-scale promoting
the development of a predominantly hydrogenotrophic
methanogenic system. Indeed, hydrogenotrophic methanogensis
is reported elsewhere in anaerobic digester systems treating high-
and very-high solids wastes (Song et al., 2010; Garcia-Peña et al.,
2011; Cardinali-Rezende et al., 2012). Thus, we propose that the
dominance of acetoclastic methanogenesis, as is widely reported
in laboratory-scale EGSB studies, may in fact be an artifact of
artificially regular feeding regimes and readily biodegradable
wastes applied in laboratory trials. If laboratory-scale studies are
to reflect full-scale results, laboratory operation should better
reflect the variable modes of waste production, composition, and
bioreactor operation likely at full-scale.

Whilst mean pCOD removal was lower at full-scale—49.8%
efficiency compared with 77.9 and 69.3% in the 1-D and 3-D
bioreactors, respectively—the data indicate a decreasing trend
in pCOD removal efficiency at laboratory-scale. This suggests
that solids gradually accumulate in “young” digesters, only to be
released as the bioreactor matures. Additionally, whilst pCOD
removal was lower in the full-scale digester, solids removal was
more stable than in the laboratory-scale digesters as evidenced
by a smaller standard deviation of pCOD removal efficiency.
This suggests a better-adapted community for stable solids
treatment may develop with higher solids loading, as was applied
at full-scale. That Bacteroidetes, a bacterial phylum associated
with degradation of complex organics was significantly more
abundant in the full-scale digester than at laboratory-scale,
appears to support this. The response of microbial communities
to high-solids loading requires further study to ascertain upper
limits of solids loading in EGSB type bioreactors and to better
understand community adaptation.

Influence of Laboratory Idealization
The design of bioreactors adopted in laboratory-scale EGSB
trials is highly varied. A key aim of this study was to ascertain
the influence of two distinct laboratory-scale idealizations on
both bioreactor performance and the microbial community.
We demonstrated that the 1-D bioreactors significantly
out-performed the 3-D bioreactors with higher COD and
sCOD removal efficiencies, less VFA accumulation and
higher concentration of methane in the biogas produced.
Further, we demonstrated that laboratory-scale idealization
significantly influences both microbial community function

and distribution inside bioreactors. SMA assays established
that zoned community physiology developed in the 1-D
bioreactors whereby biomass at the bottom of the sludge-bed
was significantly more active against both acetate and ethanol
than biomass from the top of the bed. Zoned physiology in
the 1-D bioreactor types was underpinned zoned microbial
community composition. We found distinct clustering of OTUs
with depth in the 1-D digesters and 11.8% of variance in the
1-D digester community was attributed to sampling depth.
Further, the relative abundance of dominant phyla Firmicutes
and Synergistetes varied significantly with depth in the 1-D
digester. Of those, Firmicutes appeared most abundant at the
bottom of the 1-D type bioreactors where growth could be linked
to the acetotrophic metabolism observed there. Nothing similar
was found in the 3-D bioreactors. Whilst the observation that
activity in 1-D type EGSB bioreactors may be zoned has been
reported previously (Arcand et al., 1994), this study is novel in
demonstrating that this is underpinned by stratified microbial
community composition and that bioreactor geometry appears
to act as a driver for stratification. Further, the study is novel
in identifying that stratification in the underlying microbial
community in 1-D type bioreactors appears to support increased
species richness that may be associated with improved treatment
observed in this bioreactor type. Whilst the precise mechanism
promoting stratification in 1-D bioreactors was not elucidated
here, tentatively we propose that the stratification may be driven
by a confining effect of the 1-D reactor geometry on the granular
sludge bed, enabling establishment of niche environments in the
bioreactor.

CONCLUSIONS AND
RECOMMENDATIONS

Laboratory-scale trials typically strive to attain “steady-state”
operation, but full-scale bioreactor operation may be highly
variable with respect to substrate composition, strength and
loading rate, and feeding and heating regimes and schedules.
Here it is proposed that variable operation was the key
driver accounting for differing performance and ecology
between scales. Hydrogenotrophic methanogenesis dominated
the full-scale bioreactor, whereas balanced acetotrophic
and hydrogenotrophic methanogenesis developed in more
stably operated laboratory-scale bioreactors. As such it is
recommended that the variable modes of waste generation, and
of bioreactor operation, should be incorporated into controlled
laboratory-scale trials where subsequent scale-up is intended.
Demonstrating that the apparent dominance of the acetoclastic
pathway in anaerobic digestion may, in fact, be an artifact of
experimental design at laboratory-scale, could lead to great
opportunities for improving full-scale digester design and
operation.

Laboratory-scale idealization strongly influenced each of
bioreactor performance, and microbial community structure,
and spatial distribution. Thus, the influence of laboratory-scale
bioreactor design on the success of scale-up must be better
understood. The findings underscore the importance of sufficient
biomass sampling to develop time series studies and to determine
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spatial distribution in communities that might be wrongly
assumed to be homogeneous.
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Trace elements (TE) play an essential role in all organisms due to their functions
in enzyme complexes. In anaerobic digesters, control, and supplementation of TEs
lead to stable and more efficient methane production processes while TE deficits
cause process imbalances. However, the underlying metabolic mechanisms and the
adaptation of the affected microbial communities to such deficits are not yet fully
understood. Here, we investigated the microbial community dynamics and resulting
process changes induced by TE deprivation. Two identical lab-scale continuous stirred
tank reactors fed with distiller’s grains and supplemented with TEs (cobalt, molybdenum,
nickel, tungsten) and a commercial iron additive were operated in parallel. After
72 weeks of identical operation, the feeding regime of one reactor was changed by
omitting TE supplements and reducing the amount of iron additive. Both reactors were
operated for further 21 weeks. Various process parameters (biogas production and
composition, total solids and volatile solids, TE concentration, volatile fatty acids, total
ammonium nitrogen, total organic acids/alkalinity ratio, and pH) and the composition
and activity of the microbial communities were monitored over the total experimental
time. While the methane yield remained stable, the concentrations of hydrogen sulfide,
total ammonia nitrogen, and acetate increased in the TE-depleted reactor compared
to the well-supplied control reactor. Methanosarcina and Methanoculleus dominated
the methanogenic communities in both reactors. However, the activity ratio of these
two genera was shown to depend on TE supplementation explainable by different
TE requirements of their energy conservation systems. Methanosarcina dominated
the well-supplied anaerobic digester, pointing to acetoclastic methanogenesis as the
dominant methanogenic pathway. Under TE deprivation, Methanoculleus and thus
hydrogenotrophic methanogenesis was favored although Methanosarcina was not
overgrown by Methanoculleus. Multivariate statistics revealed that the decline of nickel,
cobalt, molybdenum, tungsten, and manganese most strongly influenced the balance
of mcrA transcripts from both genera. Hydrogenotrophic methanogens seem to be
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favored under nickel- and cobalt-deficient conditions as their metabolism requires
less nickel-dependent enzymes and corrinoid cofactors than the acetoclastic and
methylotrophic pathways. Thus, TE supply is critical to sustain the activity of the versatile
high-performance methanogen Methanosarcina.

Keywords: biogas reactor, methanogenesis, mcrA, Methanosarcina, Methanoculleus, amplicon sequencing,
T-RFLP

INTRODUCTION

Anaerobic digestion (AD) of organic waste and residues is an
important component of renewable energy systems, advanced
biorefineries, and sustainable waste management strategies. The
biogas produced can be used to generate electricity and heat or
can be upgraded to biomethane which is used as vehicle fuel or
injected into the gas grid.

Anaerobic digestion is a complex multi-stage process relying
on the activity of highly diverse microbial communities. Next
to the macronutrients carbon, nitrogen, phosphorus and sulfur,
trace elements (TE) are crucial for an effective biogas process due
to the microbial demand for TE in the anaerobic environment
(Demirel and Scherer, 2011). These demands are as diverse as the
involved microorganisms and their functions. Many industrial
biogas reactors in Germany are operated with energy crops
such as maize silage as substrate. For maize silage it is known
that its content of macro- and microelements is insufficient
for the demands of anaerobic microorganisms. For instance,
Lebuhn et al. (2008) showed that long-term mono-digestion
of maize silage led to acidification and process failure even
at low organic loading rates but the process recovered after
TE supplementation. The authors concluded that cobalt was
the most limiting element. In another study, both cobalt and
nickel limitations caused process instability and decreased biogas
production during AD of a model substrate for maize silage
(Pobeheim et al., 2011). Stability of AD processes and efficient
methane production are also impaired by deficiencies of other
TE, for example molybdenum, tungsten or selenium (Plugge
et al., 2009; Worm et al., 2009; Banks et al., 2012; Munk and
Lebuhn, 2014).

To avoid a possible undersupply of TE, commercial TE
supplements are added to biogas reactors based on the operator’s
experience (Lemmer et al., 2010; Schmidt, 2011; Lindorfer et al.,
2012; Schmidt et al., 2013; Evranos and Demirel, 2015). Correct
dosing of TE supplements is very important, since undersupply
can cause process instability or low methane yield, whereas
overdosage may have toxic effects on the microorganisms and
impairs the compliance of the digestate with the requirements
for fertilizer (Thanh et al., 2016). To achieve an optimal TE
supplementation and raise the efficiency of the AD process,
detailed knowledge about essential and beneficial TE and their
role in AD would be instrumental.

TE play integral roles in enzymatic complexes, for example
as central ions conferring catalytic functions. Microorganisms
involved in AD have specific TE requirements. Molybdenum,
tungsten and selenium are essential TE for syntrophic bacteria
(Vorholt and Thauer, 2002; Plugge et al., 2009; Worm et al.,

2009) involved in the acetogenesis, i.e., converting volatile fatty
acids (VFA) and alcohols to precursors of methanogenesis. The
methane producing steps of AD also depend on several TE. For
instance, the acetyl-CoA decarbonylase/synthase complex, the
cofactor F430 and different hydrogenases – all key enzymes of
methanogenic archaea – incorporate nickel (Deppenmeier et al.,
1999; Thauer et al., 2008). Further essential TE in methanogenesis
include cobalt and molybdenum or tungsten, which are
the central ions of S-methyl-tetrahydrosarcinapterine and 5-
methyl-tetrahydromethanopterine or the formylmethanofuran
dehydrogenase, respectively (Vorholt and Thauer, 2002).

The methane-producing step in the AD process is
exclusively performed by methanogenic archaea. Methanogenic
communities are characterized by a lower diversity and
lower functional redundancy than the highly diverse bacterial
communities. Consequently, process conditions, which are
adverse for methanogens can compromise process stability
(Demirel, 2014). Methanogens are metabolically versatile
and produce biogas by acetoclastic, methylotrophic or
hydrogenotrophic methanogenesis (Costa and Leigh, 2014).
During acetoclastic methanogenesis, methane is directly
produced from acetate. All acetoclastic methanogens belong to
the order Methanosarcinales. Particularly species of the genus
Methanosarcina are considered as robust and effective methane
producers occurring in high performance AD processes (Conklin
et al., 2006; De Vrieze et al., 2012). They show high growth
rates on diverse substrates (acetate, methanol, methylamines, or
CO2 and H2) and are tolerant to fluctuating pH values and high
ammonia concentrations (Liu and Whitman, 2008; Schnürer
and Nordberg, 2008). Methanosarcina sp. are further capable
of conducting hydrogenotrophic methanogenesis meaning that
they can act as syntrophic partners of VFA degraders (Hao et al.,
2011; Shimada et al., 2011; Karlsson et al., 2012). Thus, members
of the genus Methanosarcina are usually regarded as ‘robust
workhorses’ of AD (Willy Verstraete in his plenary lecture at
the 13th World Congress on Anaerobic Digestion, Santiago de
Compostela, June 25, 2013).

In the course of hydrogenotrophic methanogenesis, methane
is formed from CO2 and H2 or formate. These substrates are
products of the bacterial degradation processes acidogenesis
and acetogenesis (Demirel and Scherer, 2008). Concentrations
of formate and H2 in the system determine the activity
of syntrophic bacteria degrading VFA, alcohols, etc., because
these processes become thermodynamically feasible only when
methanogenesis maintains low concentrations of formate and
H2 (McInerney et al., 2009; Sieber et al., 2014). Hence, the
presence of hydrogenotrophic methanogens is essential to keep
the AD process running. However, the abundance and activity
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of hydrogenotrophic methanogens as well as their share of the
total methane production depend on the process conditions
(Karakashev et al., 2005).

The impact of different TE on the AD process and
reactor performance has been addressed by numerous studies.
Furthermore, biochemical backgrounds of the requirements of
several TE have been studied closely in pure cultures. However,
little is known about how TE deficiencies in AD influence
the microbial community and which metabolic pathways are
impacted in a way that community changes and process
instabilities occur.

The aim of the present study was to investigate the effect
of a slowly increasing TE deficit on reactor performance and
the microbial communities in a semi-continuous AD process.
After parallel operation of two lab-scale reactors, which were
well supplied with TE, the TE supply of one reactor was
stopped. Besides various process parameters, the dynamics of
bacterial and methanogenic communities were monitored by
T-RFLP (terminal restriction fragment length polymorphism)
fingerprinting and sequencing of phylogenetic marker genes and
their transcripts. The community dynamics were correlated to
process parameters and TE concentrations to unravel the role of
TE in AD along with their impact on bacterial and methanogenic
communities.

MATERIALS AND METHODS

Lab-Scale Biogas Reactors and
Operation Conditions
Two identical lab-scale continuous stirred tank reactors
designated R1 and R2 (total volume: 15 L; working volume:
10 L) were operated for 93 weeks with continuous stirring at
50 rpm using an anchor agitator propelled by an overhead
stirrer RZR 2102 control (Heidolph, Germany). The temperature
was kept constant at 37◦C (±1 K) controlled by a water bath.
A construction scheme of the lab-scale reactors used was
given by Schmidt (2011). The inoculum was obtained from a
running lab-scale biogas reactor operated with dried distiller’s
grains with solubles (DDGS; CropEnergies AG, Germany).
A mixture of 53.1 g DDGS, 2.57 g of a commercial iron additive
for sulfide precipitation, and 2 mL of a TE stock solution
containing cobalt, nickel, molybdenum and tungsten was
dissolved in 345 mL water and fed daily as described by Schmidt
et al. (2013) who found that efficient AD of DDGS requires
supplementation of these TE. The TE mixture was composed of
2.13 g L−1 Ni(II)Cl2 × 6H2O (AppliChem, Germany), 0.531 g
L−1 Co(II)Cl2 × 6H2O (AppliChem, Germany), 0.332 g L−1

NaMoO4 × 2H2O (Merck KGaA, Germany), and 4.268 g L−1

(NH4)4H2W12O40 × H2O (Sigma−Aldrich, USA). All TE salts
were analytically pure.

The reactors were operated at an organic loading rate of 5 gVS
L−1 d−1 (VS: volatile solids) resulting in a hydraulic retention
time of 25 days. Both reactors were operated in parallel for
72 weeks before starting the experimental period, during which
R2 was subjected to TE decline by omitting the TE solution and
reducing the supply of iron additive from 2.57 to 0.86 g per day.

Analysis of Process Parameters and
Analytical Techniques
Gas production, gas composition, and pH value were measured
daily. The biogas volume was measured using drum-type gas
meters TG 05 (Ritter, Germany) and normalized to dry gas
at standard pressure (101.325 kPa) and standard temperature
(273.15 K). The biogas composition (CH4, CO2, H2, H2S, and O2)
was analyzed by an AWIFLEX gas analyzer (AWITE Bioenergie,
Germany).

The total organic acids/alkalinity ratio and VFA
concentrations were measured twice per week. Total ammonium
nitrogen (TAN) concentrations were generally determined
twice per week with a few exceptions when only one sample
per week was measured. The total organic acids/alkalinity ratio
and VFA concentrations were measured in triplicates and TAN
concentrations in single measurements as described by Ziganshin
et al. (2011). Total solids and volatile solids contents of substrates
and digestates were determined weekly in duplicates as described
by Sträuber et al. (2012).

TE concentrations were analyzed in duplicates at four
sampling times (weeks 65, 77, 80, 84). Total element
concentrations of TE and major elements were determined
according to Schmidt et al. (2013). Daily concentrations of
cobalt, manganese, molybdenum, nickel, and zinc between
sampling times were estimated by a mass-conservative reactor
model with daily feeding according to

ct = ct−1 +
1
τ
× (cInflow − ct−1)

with concentration ct of the respective TE at day t, concentration
at the preceding day ct−1, total TE concentration in the
inflow cInflow (summing over substrate, iron additive, and TE
mixture), and retention factor τ given by the volume of the
fluid reactor content divided by the daily exchanged fluid
volume VReactor/VExchange. Goodness of model fit for one TE was
evaluated as the mean deviation of model predictions fi from n
measurements yi, relative to the measurement mean y : GFTE =
1
n

∑n
i=1 |fi − yi|/y. A retention factor of 25 as calculated from the

applied feeding regimen led to a reasonable fit with experimental
data obtained before TE deprivation (mean GF over all TEs of
0.09), but not for those obtained after TE deprivation (mean GF
of 0.14). This is likely due to the limitation of the analysis method
for very low TE concentrations, which were reached at the end of
the experiments. Hence, we used the modeled TE concentrations
(Supplementary Data Sheet 2) for further statistical analysis.

Extraction of Nucleic Acids and PCR
Samples for the extraction of nucleic acids were taken twice
per week (three replicates of 2 mL reactor content) and stored
at −80◦C until DNA/RNA extraction. For DNA extraction,
the PowerSoil DNA Isolation Kit (MoBio Laboratories Inc.,
USA) was used and DNA was finally eluted in 50 µL
elution buffer. For RNA extraction, the ZR Soil/Fecal RNA
Microprep Kit (Zymo Research, Germany) was used and the
RNA was eluted in 40 µL elution buffer. The quality of
the nucleic acids was checked by agarose gel electrophoresis.
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DNA was quantified with a NanoDrop R© ND-1000 UV-Vis
spectrophotometer (ThermoFisher Scientific, Germany) and
RNA was quantified after staining with RiboGreen (Invitrogen,
USA) using a NanoDrop 3300 fluorimeter (ThermoFisher
Scientific, Germany). Total RNA was converted to cDNA using
the RevertAidTM H Minus First Strand cDNA Synthesis Kits
(Fermentas, Germany) and applying random hexamer primers.
Aliquoted DNA and cDNA samples were kept at −20◦C until
further analysis. For PCR amplification of bacterial 16S rRNA
gene fragments, the primers UniBac27F (5′-GAG TTT GAT
CMT GGC TCA G-3′) and Univ1492R (5′-TAC GGY TAC CTT
GTT ACG ACT T-3′) were used (according to Lane, 1991). The
cycling program included an initial denaturation step of 4 min at
94◦C, 30 cycles of 45 s at 94◦C, 1 min at 58◦C, 2 min at 72◦C, and
a final elongation step of 20 min at 72◦C. For the amplification
of mcrA gene fragments, the primer set (mlas/mcrA_rev) and the
cycling program described by Steinberg and Regan (2008) were
applied. PCR was carried out in 12.5-µL reaction mixtures. The
reaction mixtures for both genes contained 1.0 µL (5 ng) genomic
DNA or cDNA, respectively, 0.5 µL (2.5 pmol) of each primer
(Eurofins Genomics, Ebersberg, Germany), 0.5 µl DMSO and
6.25 µL of Taq Master Mix (Qiagen, Hilden, Germany).

T-RFLP Analysis of 16S rRNA and mcrA
Amplicons
The T-RFLP analysis of bacterial and methanogenic communities
using FAM-labeled PCR products was done as described
previously (Sträuber et al., 2012; Lucas et al., 2015). PCR product
quality was checked by agarose gel electrophoresis and amplicons
were purified with SureClean (Bioline, Luckenwalde, Germany).
Purified PCR products were quantified after electrophoresis in
1.5% agarose gels with ethidium bromide staining using the
GeneTools program (Syngene, Cambridge, UK). The purified
PCR products were digested with restriction endonucleases
purchased from New England Biolabs (Schwalbach, Germany).
The mcrA amplicons were digested with MwoI and the 16S rRNA
amplicons with RsaI, using 2 units of the respective enzyme
for digesting 10 ng of PCR product at 37◦C overnight. The
subsequent T-RFLP analysis was done for the mcrA amplicons
with the GeneScanTM-500RoxTM (Applied Biosystems, USA)
as fragment size standard and for the 16S rRNA amplicons
with the MapMarker1000 (BioVentures Inc., USA). Resulting
electropherograms were analyzed by using the GeneMapper 5
software (Applied Biosystems) and processed according to Abdo
et al. (2006). To differentiate between peaks and background,
signals with low peak areas were removed according to eight
times the standard deviation.

Sequencing of mcrA and 16S rRNA
Amplicons
Cloning, sequencing, and identification of the mcrA amplicons
were conducted as described by Lucas et al. (2015). The obtained
partial mcrA sequences were deposited in GenBank under
accession numbers KU179685−KU179691.

The bacterial communities of both reactors at two sampling
times (week 76, 80) were analyzed by amplicon sequencing of

the bacterial 16S rRNA genes using the 454 pyrosequencing
platform GS Junior (Roche) as described previously (Ziganshin
et al., 2013). Raw sequence data were processed with MOTHUR
(Schloss et al., 2009). The workflow was based on 454 SOP1.
After extracting FASTA and quality files out of the SFF file, the
trim.seqs command was run by defining barcodes and primers
(maxambig = 0, maxhomop = 8, bdiffs = 1, pdiffs = 2,
minlength = 150, qwindowaverage = 35, qwindowsize = 50),
producing a trimmed FASTA file. After running unique.seqs
and aligning the sequences (reference = silva.bacteria.fasta),
these sequences were screened (start = 1044, optimize = end)
and filtered (vertical = T, trump=.). Chimeras were deleted
using the chimera.uchime (dereplicate = T) command based on
the UCHIME algorithm (Edgar et al., 2011) and phylogenetic
classification of the sequences was done based on the SILVA
database (Quast et al., 2013) (cutoff = 50). Operational
taxonomic units (OTU) were defined using the dist.seqs
command with a cutoff of 0.03. Finally, the OTUs were classified,
a list of representative sequences for each OTU was compiled,
and rarefaction curves were calculated with the rarefaction.single
command. De-multiplexed sequences from each sample were
deposited under the EMBL-EBI accession number PRJEB118242.

Statistical Analyses
Multivariate statistical analysis of normalized T-RFLP peak tables
was executed using the R package “vegan” (Oksanen et al., 2011).
Clustering and non-metric multidimensional scaling (nMDS)
analyses were performed based on the Bray−Curtis dissimilarity
index (Bray and Curtis, 1957). The function “envfit” was used
to identify the abiotic parameters and the terminal restriction
fragments (T-RF) which shaped the community most. The
significance was assessed by 1000 permutations.

RESULTS

Decline of TE Concentrations and the
Effect on Reactor Performance
In week 72, TE deprivation in R2 was started and continued
until week 93. After omitting the TE solution and reducing
the amount of the iron additive in R2, total concentrations
of most TE decreased (Figure 1) depending on whether their
main sources were the TE solution, the iron additive or the
substrate. Average TE concentrations (week 50 till week 93)
in R1 were as follows (in mg L−1): cobalt 0.92 (±0.04), iron
987.00 (±62.96), manganese 38.75 (±6.62), molybdenum 0.81
(±0.04), nickel 3.15 (±0.14), tungsten 1.23 (±0.06), and zinc
10.53 (±0.68). These average concentrations resembled those in
R2 during the period with full TE supply. These TE were supplied
to the reactors as components of the substrate (mainly zinc), the
iron additive (mainly iron and manganese), and the TE solution
(mainly cobalt, molybdenum, nickel, and tungsten). Most TE
(cobalt, molybdenum, nickel, tungsten) concentrations declined
over time. Cobalt, molybdenum, nickel, and tungsten were

1http://www.mothur.org/wiki/454_SOP
2http://www.ebi.ac.uk/ena/data/view/PRJEB11824
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FIGURE 1 | Depletion of trace elements in reactor R2 after omitting the trace element (TE) supply and decreasing the amount of the iron additive in
week 72. Concentrations of cobalt, molybdenum, nickel, and tungsten (A), manganese and zinc (B) are shown. Error bars indicate minimum and maximum values
of duplicate measurements.

present at concentrations of 1−3 mg L−1 before the start, which
then dropped below 1 mg L−1 in R2 during the experiment.
Manganese (40 mg L−1) was present at a higher concentration
at the beginning and declined to 20 mg L−1. Zinc dropped from a
concentration of 11 to 9 mg L−1. Concentrations of the latter two
elements decreased until week 84 and remained stable thereafter.
The TE concentrations in R1 showed no significant changes
during the experiment.

The process parameters of both reactors are shown in Figure 2
and Supplementary Figures S1−S15. Initially, R1 and R2 were
operated in parallel with DDGS as substrate and adequately
supplied with TE for 72 weeks. Due to the iron amendment,
no hydrogen sulfide was detected in the gas produced in both
reactors. During the period of identical operation, the average
methane yields of R1 with 315 (±20) mL gVS

−1 and R2 with
314 (±20) mL gVS

−1 (standard deviation in parentheses) showed
no significant shifts as well as the pH values in both reactors
with 7.74 (±0.04) for R1 and 7.72 (±0.02) for R2. The biogas
of both reactors contained 57% (±2%) methane and 43% (±2%)
carbon dioxide, the average organic acids/alkalinity ratio was 0.14
(±0.01) in both reactors and the TAN concentrations were 3.4
(±0.2) mg L−1 and 3.3 (±0.2) mg L−1 in R1 and R2, respectively.
Acetate concentrations were very low with 50 (±14) mg L−1

in R1 and 40 (±14) mg L−1 in R2. The sum concentrations of
propionate and n-butyrate were mostly below 10 mg L−1. For R1
without TE deprivation, these process parameters did not change
during the entire experimental period.

Four weeks after the TE solution was omitted in R2 and
the supply of the iron additive was decreased, a brighter color

of the digestate and a stronger sulfidic odor of the biogas
were noticed. The formation of hydrogen sulfide reached a
concentration of 1700 ppm in the gas phase of R2 after eight
weeks of TE deprivation (week 80; Figure 2C). The hydrogen
concentration in the gas phase increased from 70 to 110 ppm on
average where it remained until the end of the experiment in R1
whereas it increased to more than 400 ppm in R2 after week 87
(Supplementary Figure S7). Although the biogas yield of R2 did
not change (Supplementary Figure S2), the methane content of
the biogas produced in R2 decreased over time (Supplementary
Figure S5). However, the slight decrease of the methane content
in R2 did not significantly affect the methane yield (Figure 2A).
The unchanged pH value (Supplementary Figure S3) indicated
that there was no strong process imbalance. In contrast, the
total organic acid concentration increased from 1.3 to 1.6 g L−1

(Supplementary Figure S4). This change seemed to originate from
the increase of the acetate concentration up to 200 mg L−1

(Figure 2D). Concentrations of propionic, butyric, valeric, and
caproic acids did not differ significantly between both reactors
(Supplementary Figures S8–S13). After TE deprivation, the final
TAN concentration in R2 reached 4.5 g L−1 (Figure 2B). For the
sake of clarity, the experimental time starting from week 72 was
divided into a period without visible effects (I – until week 78)
and a period with visible effects (II – from week 79 on).

Effect of the TE Deprivation on the
Microbial Community Composition
The community composition and dynamics were determined
by T-RFLP fingerprinting of mcrA and bacterial 16S rRNA
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FIGURE 2 | Time course of process parameters of reactor R1 (green) and reactor R2 (orange). Depletion of TEs started in time period I (week 72−78,
marked in light gray). Significant changes of some process parameters were observed in time period II (after week 78, marked in dark gray). (A) Average methane
yields, error bars indicate standard deviation (n = 5). (B) Concentration of TAN in the reactor content, error bars indicate minimum and maximum values when
measured twice per week. (C) Average hydrogen sulfide concentrations in the biogas, error bars indicate standard deviation (n = 5). (D) Average acetic acid
concentrations in the reactor content, error bars indicate standard deviation (n = 6).

amplicons. The resulting mcrA T-RF profiles indicated changes
in the methanogenic community composition (DNA-based
profiles) and microbial activity (cDNA-based profiles). Figure 3
shows nMDS plots for mcrA on cDNA and DNA level
along with process parameters significantly associated with
community shifts. The underlying T-RFLP profiles are shown in
the Supplementary Figures S18–S23. The active methanogenic
community based on mcrA transcripts was similar in R1
and R2 during the first six weeks after starting the TE
depletion (period I). After week 78, the composition of
mcrA transcripts in R2 was remarkably different. The effect
of TE deprivation was more distinct on the cDNA level
compared to the DNA level. The methanogenic communities
of R1 and R2 were clearly dominated by two sequence
types seen as major T-RF assigned to Methanosarcina sp.
(T-RF 122) and Methanoculleus sp. (T-RF 113). The relative
abundances of these T-RF in R1 and R2 were similar until
week 72 indicating a high stability of the methanogenic
communities in both reactors. In period II, proportions of
mcrA transcripts of Methanoculleus sp. rose up to 70%
whereas mcrA transcripts of Methanosarcina sp. dropped to

17% in R2. The relative abundance of mcrA transcripts
from Methanosarcina sp. was positively correlated with the
concentrations of cobalt, manganese, molybdenum, nickel and
tungsten, whereas mcrA transcription of Methanoculleus sp.
rose in parallel with rising acetate, TAN and hydrogen sulfide
concentrations (Figure 3A). Similar dependencies were found for
the methanogenic community composition based on DNA data
(Figure 3B).

The bacterial community composition based on 16S rRNA
genes was stable in R1 during the whole experiment and in R2
until week 78 (period I – Figure 4). The community profiles
showed some dominant T-RF including T-RF 166, 310, 461, 470,
and 570 (Supplementary Figures S22 and S23). The bacterial
community in R2 changed after week 78. Changes of various
bacterial T-RF were found with reduced concentrations of the
same TE that influenced the methanogenic community and with
rising concentrations of acetate and hydrogen sulfide (Figure 4).
For instance, the relative abundance of T-RF 310 dropped from
30 to 8% and T-RF 474 disappeared in R2 during TE deprivation.
In contrast, the proportion of T-RF 461 was stable in R2 whereas
it dropped in R1.
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FIGURE 3 | Non-metric multidimensional scaling (nMDS) plots of T-RFLP profiles of mcrA transcripts (A) and mcrA genes (B). Data from reactor R1 (green
dots: period I, week 72–78; blue dots: period II, after week 78) and reactor R2 (orange triangles: period I, week 72−78; red triangles: period II, after week 78) are
shown. Data points are labeled by week of sampling. Plots are based on the Bray−Curtis dissimilarity index. Environmental factors and T-RF shaping the community
profiles most are shown as vectors (blue: p < 0.01; black: p < 0.001).

FIGURE 4 | Non-metric multidimensional scaling plot of T-RFLP
profiles of bacterial 16S rRNA genes of reactor R1 (green dots: period
I, week 72–78; blue dots: period II, after week 78) and reactor R2
(orange triangles: period I week 72−78; red triangles: period II after
week 78). Data points are labeled by week of sampling. Plots are based on
the Bray−Curtis dissimilarity index. Environmental factors and T-RF shaping
the community composition most are shown as vectors (blue: p < 0.01;
black: p < 0.001).

The bacterial community composition was determined by
amplicon sequencing resulting in 55165 high quality reads,
which were assigned to 1661 OTUs (97% similarity cutoff).
Approximately 14000 reads were obtained per sample. All
samples had 317 OTUs in common and each sample included on
average 150 unique OTUs. These commonalities and differences
are illustrated in a Venn diagram (Supplementary Figure S17).
The respective rarefaction curves (Supplementary Figure S16)
and the OTU list with representative sequences and their
phylogenetic affiliations are given in the Supplementary Material
(Data Sheet 3). The phylogenetic composition of the bacterial

communities on the family level is shown in Figure 5. The
bacterial community composition of both reactors was stable
between weeks 76 and 80 sharing the same major bacterial
families. Coverage and diversity indices (Inverse Simpson
Index, Shannon Index, Shannon Evenness Index) are given in
Supplementary Table S1 showing a comparable diversity and
evenness between the samples. The predominant class was
Clostridia with Thermoanaerobacteraceae as the main family
comprising at least 10% of the total bacterial community. All
OTUs assigned to this family belonged to the genus Gelria.
Bacteroidia represented by the families Porphyromonadaceae
(88% of which were assigned to the genus Proteiniphilum)
and Rikenellaceae, were the second dominant class followed by
representatives of the class Mollicutes. During TE deprivation,
the proportion of Thermoanaerobacteraceae in R2 increased
up to 16% of the bacterial community. Rikenellaceae increased
their relative abundance from 3 to 10% between week 76 and
80. The proportions of family_XIII (Clostridia), Marinilabiaceae
(Bacteroidia), and Ruminococcaceae (Clostridia) decreased in R2
relative to R1.

DISCUSSION

Our study has shown that TE deprivation has a remarkable effect
on the methanogenic community in anaerobic digesters treating
DDGS. The decline of nickel, cobalt, molybdenum, tungsten,
and manganese most strongly influenced the activity ratio of
the dominant methanogens Methanosarcina and Methanoculleus.
This observation is based on the total TE concentrations, which
do not provide information on the bioavailable fraction of the
respective TE. The bioavailability of trace metals depends on
their chemical speciation which is influenced by the reactor
configuration and operating conditions such as pH value, redox
potential, temperature and hydraulic retention time (Thanh et al.,
2016). Soluble TE supplied with the feedstock can be converted
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FIGURE 5 | Phylogenetic composition based on 454 amplicon sequencing of bacterial 16S rRNA genes from samples of R1 and R2 in weeks 76 and
80. Bacterial community composition is shown at the family level sorted according to the class level. Families with maximum abundances below 1% are summarized
as rare.

to less bioavailable forms by adsorption, chelation/complexation
or precipitation. Among the chemical processes affecting TE
bioavailability, the precipitation of metal sulfides is the most
critical one (Thanh et al., 2016). Thus, sulfide formed during
the AD process can affect process performance not only due
to the toxicity of hydrogen sulfide but also by impairing the
bioavailability of essential trace metals. DDGS is a protein-rich
substrate from which a high amount of sulfide is generated during
AD (Gustavsson et al., 2011). Gustavsson et al. (2013) showed
that only 10–20% of cobalt, an element that is in general easily
accessible for microorganisms in AD, remained in a dissolved
form when elevated sulfide concentrations were present. Nickel
was entirely associated with organic matter or present as sulfide
and had to be added regularly to remain bioavailable (Gustavsson
et al., 2013).

In our experiment, most of the factors which determine trace
metal speciation did not change except of TE supply and iron
amendment. When we reduced the iron amendment in R2,
the iron concentration and that of other TE contained in the
iron additive decreased, while simultaneously the free sulfide
concentration increased, indicated by a brighter color of the
reactor sludge (i.e., less iron sulfide), a strong sulfidic odor and
increasing H2S concentrations in the biogas. Consequently, we
assume that the intensified precipitation of TE caused by the
low solubility of metal sulfides reduced the TE bioavailability
(Rickard and Luther, 2006), although we did not apply analytical
methods which can determine different TE speciations such as
sequential extraction (Thanh et al., 2016). Our results underline

the importance of counter-measures against sulfide release and
compensation of TE loss due to sulfide precipitation when
protein-rich feedstock is treated in AD.

Besides sulfide, ammonia is readily generated during
anaerobic degradation of protein-rich substrates such as DDGS.
During TE deprivation, the TAN concentration in R2 increased,
indicating stronger degradation of proteins. However, it is
unlikely that the DDGS degradation was intensified under these
conditions. It may be that due to the increasingly constrained
TE situation, a considerable amount of microorganisms died
and the emerging microbial biomass was degraded by the
surviving bacteria. This assumption is supported by unpublished
results in our lab showing increasing TAN concentrations
under changing feeding conditions and a return to initial
TAN concentrations after process adaptation. High ammonia
concentrations are known to inhibit acetoclastic methanogens
which are outcompeted by syntrophic acetate oxidizing bacteria
(SAOB) under such conditions (Schnürer and Nordberg, 2008;
Westerholm et al., 2015). Within the bacterial community,
VFA degrading syntrophic bacteria are very important for the
process equilibrium. High concentrations of VFA like butyrate,
propionate, or acetate are detrimental for the biogas process and
indicators of process imbalances, emphasizing the crucial role
of syntrophic bacteria (Ahring et al., 1995; Nielsen et al., 2007).
During our experiment, the acetate concentration in R2 increased
from 50 to 170 mg L−1, whereas butyrate and propionate did
not accumulate. This indicates that syntrophic propionate
or butyrate degraders remained unaffected by declining TE
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concentrations. In contrast, acetoclastic methanogenesis as a
direct acetate sink seemed to be inhibited. Acetate degradation
by SAOB as a possible alternative did not compensate for this,
resulting in increasing acetate concentrations. SAOB have low
growth rates (Hattori, 2008) and therefore adapt only slowly
to altered conditions. At the end of the experiment, the acetate
concentration was still rising and we can only speculate if the
community adaptation was still in progress.

The dominance shift from Methanosarcina to Methanoculleus
was the main response of the methanogenic community to
TE deprivation in our study. This shift occurred between 4
and 6 weeks after the start of the TE omission leading to
a shortage of cobalt, manganese, nickel, tungsten, and zinc.
Whereas Methanosarcina is a direct degrader of acetate and
methylamine (Liu and Whitman, 2008), Methanoculleus utilizes
CO2 and H2 or formate and acts as a syntrophic partner for
VFA degraders and SAOB. Without TE deprivation, the relative
proportion of mcrA transcripts indicated that both methanogens
were similarly active. After starting the TE deprivation, a
shift of the methanogenic community was observed on the
activity level (mcrA transcripts), which was accompanied by
only a minor shift in community composition (mcrA genes).
Six weeks after starting the TE deprivation, the transcription
rates of mcrA changed. Methanoculleus contributed a higher
proportion of the overall mcrA transcripts than Methanosarcina
sp. However, the overall methane yield did not change, suggesting
that Methanoculleus increased its mcrA expression while mcrA
expression in Methanosarcina decreased simultaneously.

All methanogenesis pathways rely on the methyl-CoM
reductase, which depends on the nickel-containing cofactor
F430 (Dey et al., 2010). Likewise, many hydrogenases possess
a nickel−iron center (Thauer et al., 2010). Acetoclastic and
methylotrophic pathways contain corrinoid iron−sulfur
proteins (Burke and Krzycki, 1997; Ferguson et al., 2000;
Svetlitchnaia et al., 2006) and accordingly require cobalt.
Several other enzymes involved in acetoclastic methanogenesis
depend on specific TE. Acetate kinase requires magnesium,
which, however, can be replaced by manganese, cobalt or
calcium (Aceti and Ferry, 1988; Miles et al., 2001), and the
acetyl-CoA decarbonylase/synthase complex (ACDS) contains
cobalt and nickel (Jablonski et al., 1993). Hydrogenotrophic
methanogenesis is independent of corrinoid iron-sulfur
proteins, suggesting a lower demand of cobalt. On the other
hand, hydrogenotrophic methanogenesis has other specific
TE demands. The formylmethanofuran dehydrogenase uses
molybdenum or tungsten as central atom (Bertram et al.,
1994; Vorholt et al., 1996) and tetrahydromethanopterin-S-
methyltransferase contains cobalt (Lienard et al., 1996). These
diverse demands explain the TE dependency of methanogens.

We hypothesize that Methanosarcina and Methanoculleus
adapt differently to TE deprivation in order to cover their
energy demands. Deprivation of cobalt should lead to
shortage of corrinoid iron−sulfur proteins required for
methane production from acetate and methyl compounds.
Furthermore, these pathways need approximately three
times more nickel than hydrogenotrophic methanogenesis,
based on the number of nickel-dependent enzymes involved

in the respective methanogenic pathways. Therefore, we
assume that Methanosarcina switched to hydrogenotrophic
methanogenesis to save cobalt and nickel and thus became
a competitor of Methanoculleus for formate and hydrogen.
However, the prevailing hydrogen concentrations in AD
usually match the requirements of Methanoculleus more than
those of Methanosarcina. Methanosarcina requires higher H2
concentrations than Methanoculleus (Thauer et al., 2008), which
is able to consume H2 at partial pressure of as low as <10 Pa
(Garcia et al., 2000) occurring in most AD processes. The
weaker performance of Methanosarcina after TE deprivation
can also be explained by the different energy conservation
mechanisms occurring in methanogenesis by electron transport
phosphorylation and flavin-based electron bifurcation (Thauer
et al., 2008). Nickel plays an essential role as central atom of
the hydrogenases involved. Hydrogenotrophic methanogens
are able to replace their [NiFe] hydrogenases by nickel-free
[Fe] hydrogenases (HMD), which are unique for methanogens
(Thauer et al., 2010). It has been shown that a nickel-responsive
transcriptional regulator upregulates HMD under nickel-
limiting conditions (Afting et al., 2000). Thus, the activity of
Methanosarcina depends on nickel bioavailability more strongly
as there is no alternative to [NiFe] hydrogenases. Although
Methanosarcina should have been particularly affected by TE
deprivation due to its higher cobalt and nickel demands and
as its mcrA expression was indeed downregulated compared
to Methanoculleus, its abundance decreased only slightly. In
contrast, Methanoculleus sp. showed relatively higher mcrA
expression, which can be taken as a sign of higher activity.
However, Methanoculleus did not outcompete Methanosarcina.

We speculate that the ability of Methanosarcina to switch
between methanogenic pathways enabled it to enter the niche
of the strictly hydrogenotrophic methanogen Methanoculleus.
We assume that the activity of SAOB increases at higher
acetate concentrations as they prevail after inhibition of the
acetoclastic methanogenesis. Additionally to acidogenic and
acetogenic bacteria, SAOB provide formate and H2, which
requires an increased metabolic activity of hydrogenotrophic
methanogens such as Methanoculleus. As we have no information
on hydrogen or formate concentrations in the liquid phase it
was not possible to prove this hypothesis. One can speculate
that Methanoculleus has to invest more energy to cope with
TE limitation, for instance by increasing the production
of TE transporters. This might explain why Methanoculleus
did not overgrow Methanosarcina although it showed higher
methanogenic activity.

CONCLUSION

Slowly increasing TE deficits did not change the reactor
efficiency as indicated by stable biogas and methane yields.
Nevertheless, increasing TAN and acetate concentrations pointed
at microbial community shifts which might affect reactor
performance on the long run. Shifts within the methanogenic
community were less visible in composition (mcrA genes)
than in activity (mcrA transcripts), particularly with the two

Frontiers in Microbiology | www.frontiersin.org December 2016 | Volume 7 | Article 2034 | 28

http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive


fmicb-07-02034 December 14, 2016 Time: 15:48 # 10

Wintsche et al. Switching Key Players in Methanogenesis

most abundant genera Methanosarcina and Methanoculleus. The
bacterial composition changed only slightly suggesting a higher
stress tolerance of the bacterial community due to a higher
metabolic versatility. Our results confirm the importance of
sufficient TE supply to keep the activity of the “heavy duty”
methanogen Methanosarcina (De Vrieze et al., 2012). In contrast,
Methanoculleus can cope better with limiting TE concentrations
and keep the AD process stable under sub-optimal TE supply.
However, whether the process efficiency can be kept in the long
term cannot be predicted from this experiment.
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HIGHLIGHTS

• Direct correlation between substrate composition and TP effect was identified.

• The new experimental TP set-up minimized organic compound loss during TP of FW.

• The solubilization of carbohydrate and protein determined the optimal temperature of

FW TP.

• Low temperature (80◦C) TP attained the highest carbohydrate solubilization and

methane yield.

The effects of thermal pretreatment (TP) on the main characteristics of food waste (FW)

and its biochemical methane potential (BMP) and distribution of volatile fatty acids (VFAs)

under mesophilic condition (35◦C) were investigated. The TP experiments were carried

out at 80, 100, 120◦C for 2 h and 140◦C for 1 h. The designed TP set-up was able

to minimize the organic matter loss during the course of the pretreatment. Soluble

organic fractions evaluated in terms of chemical oxygen demand (COD) and soluble

protein increased linearly with pretreatment temperature. In contrast, the carbohydrate

solubilization was more enhanced (30% higher solubilization) by the TP at lower

temperature (80◦C). A slight increment of soluble phenols was found, particularly for

temperatures exceeding 100◦C. Thermally pretreated FW under all conditions exhibited

an improved methane yield compared to the untreated FW, due to the increased organic

matter solubilization. The highest cumulative methane yield of 442 (±8.6)mL/gVSadded,

corresponding to a 28.1% enhancement compared to the untreated FW, was obtained

with a TP at 80◦C. No significant variation in the VFAs trends were observed during the

BMP tests under all investigated conditions.

Keywords: anaerobic digestion, thermal pretreatment, food waste, substrate composition, solubilization, methane

production potential
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INTRODUCTION

With the worldwide economic development and population
growth, food waste (FW) production is alarmingly increasing
and imposes a great challenge in waste management for most
countries (Zhang et al., 2014; Li and Jin, 2015). Today, anaerobic
digestion (AD) is one of the most consolidated technologies for
waste treatment and valorization, compared to other possible
treatment routes (Ferreira et al., 2013; Wagner et al., 2014;
Zhang et al., 2014). The process allows to achieve a two-fold
advantage of obtaining continuous power generation, whilst
reducing the amount of waste to be disposed and thus alleviating
environmental pollution (Elbeshbishy et al., 2012). Moreover,
different directives such as the Renewable Energy directive
(2009/28/EC, EU, 2009) and the Landfill directive (1999/31/EC,
EU, 1999) were enacted by European countries. These laws
stimulated further research and encouraged the intensive practice
of AD for organic waste treatment (Bougrier et al., 2007; Marin
et al., 2011; Wang et al., 2014).

The AD process is an integrated biochemical conversion of
organic matter into biogas, through a sequence of four basic
steps: hydrolysis, acidogenesis, acetogenesis and methanogenesis
(Minale and Worku, 2014; Zhang et al., 2014). More in details,
during the AD of FW, the first step of hydrolysis involves
solubilization of particulate matter and bioconversion of organic
polymers to monomers/dimers, making it the rate-limiting step
for the overall process, and thus resulting in the necessity of larger
reactor volumes for this specific type of organic waste (Bougrier
et al., 2008; Kondusamy and Kalamdhad, 2014; Tampio et al.,
2014; Ariunbaatar et al., 2014a). This is due to the nature of
the substrate, which is mainly constituted of complex organic
matter in particulate form (carbohydrate, protein, lipid and fat,
lignocellulosic material) and a smaller inorganic part (Marin
et al., 2010; Vavouraki et al., 2013; Wang et al., 2014). Therefore,
through accelerating the FW solubilization, the whole process as
well as reactor efficiency can greatly improve (Jiang et al., 2014;
Wang et al., 2014). In these aspects, substrate pretreatments are
effective methods for enhancing the methane yield from FW AD
(Ferreira et al., 2013; Ariunbaatar et al., 2014b).

Several methods for the pretreatment of organic substrates
have been proposed. The most common methods include
mechanical grinding (Izumi et al., 2010), ultrasound (Elbeshbishy
et al., 2011; Jiang et al., 2014), microwave (Marin et al.,
2010, 2011), thermal (Liu et al., 2012; Tampio et al., 2014;
Ariunbaatar et al., 2014b), chemical (Elbeshbishy et al., 2011;
Ma et al., 2011), biological (Vavouraki et al., 2014) pretreatments
or their combination (Strong and Gapes, 2012; Vavouraki
et al., 2013). Among these methods, thermal pretreatment (TP)
is considered as an economically viable and environmentally
friendly alternative, as reported by different authors (Strong et al.,
2011; Gianico et al., 2013; Zhou et al., 2013; Ariunbaatar et al.,
2014a).

TP methods have been applied to several types of organic

wastes in order to modify their structure by breaking the

intermolecular bonds and thus aid in the release of soluble

organic monomers/dimers, that are more accessible and readily

biodegradable by anaerobic bacteria (Vavouraki et al., 2013).

Therefore, the kinetics of the AD process are improved, leading
to a higher reactor efficiency (Bougrier et al., 2007; Wang
et al., 2010; Zhou et al., 2013; Kondusamy and Kalamdhad,
2014; Li and Jin, 2015). Heating temperature and pretreatment
time have been found as the key factors in determining
the effectiveness of TP (Carrère et al., 2009; Rincón et al.,
2013). Accordingly, wide ranges of temperature (50–250◦C) and
treatment time (0.5–12 h) have been adopted and tested based on
the ultimate methane yield from FW (Elbeshbishy et al., 2011;
Liu et al., 2012; Zhou et al., 2013; Prabhudessai et al., 2014;
Tampio et al., 2014; Ariunbaatar et al., 2014a). In particular,
these two parameters influence (i) the hydrolysis of organic
matter in particulate form and the subsequent biodegradation
enhancement, (ii) the loss of volatile organic matter, and (iii)
the formation of refractory/inhibitory compounds (Carlsson
et al., 2012). The latter two represent the main negative effects
of TP on AD processes, and both processes usually occur at
higher TP temperatures (Kondusamy and Kalamdhad, 2014).
Loss of organic compounds can occur due to evaporation by
the applied heat during TP, and hence induce a net decrease
of available organic matter for methane production (Carlsson
et al., 2012). Formation of inhibitory compounds during the
course of TP can occur by two main phenomena: the release of
soluble refractory compounds, e.g., phenolic compounds (Marin
et al., 2010) or through chemical reactions of different soluble
monomers, named as Maillard reactions (Liu et al., 2012). The
reactions involve the non-enzymatic transformation of sugars
and soluble protein and cause the formation of melanoidin
compounds (Ariunbaatar et al., 2014a).

Despite of the large number of studies on this specific topic,
no systematic research that relates the aforementioned effects
of TP on the solubilization of FW organic matter and the
subsequent biodegradation enhancement, and the correlation
with the substrate organic composition has been conducted. In
addition, conflicting results about the TP effects on FW have
been reported in the literature. For instance, Liu et al. (2012)
reported that TP of kitchen waste at 175◦C for 60min induced
an increase in solubilization of particulate matter from 96.6 to
116.5 g/kg in terms of volatile dissolved solid concentration and a
decrease (7.9%) of methane production as a result of melanoidin
compound formation. In contrast, Wang et al. (2010) obtained
a 13.6% higher cumulative methane yield due to the higher
dissolved organic solid concentration achieved (greater than 30%
hydrolysis ratio) after TP of municipal biowaste at 175◦C for
60min. In general, studies affirmed that the best temperature for
TP of FW is in the range of 80–100◦C (Ariunbaatar et al., 2014b).
Other studies, instead, reported the proper temperature range for
FW TP as 120–160◦C (Ma et al., 2011; Yin et al., 2014) or even
170–175◦C (Wang et al., 2010; Zhou et al., 2013).

In the present work, the effect of TP on FW characteristics
at different temperatures was studied in order to better
understand and fill the existing knowledge gaps on the topic.
Deep investigations on solubilization of FW during TP and
methane yield enhancement were performed using a newly
proposed TP system. The release of soluble compounds, i.e.,
carbohydrate, protein, soluble chemical oxygen demand (COD)
and inhibitory compounds were monitored, and their impacts
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on AD biodegradability were evaluated for each TP condition.
In particular, the relationship between soluble carbohydrate
and soluble protein with the methane production was assessed.
Biochemical methane potential (BMP) tests were used for
evaluating the improvement of the methane yield and individual
VFAs production after each TP condition.

MATERIALS AND METHODS

Substrate and Inoculum
FW synthetically prepared according to the method described by
Ariunbaatar et al. (2014b) was used as the substrate. The FW
composition was based on the actual characteristics of the food
waste of most EU countries. The use of synthetic waste allows
the repeatability of experimental results and their comparison
with previous research. The following composition was used:
79% of vegetables and fruits; 5% of cooked pasta and rice;
6.0% of bread and bakery; 8.0% of meat and fish; and 2.0%
dairy products (on wet basis). The synthetic FW was blended
and stored in a refrigerator at −20◦C until use. The anaerobic
inoculum used in BMP tests was obtained from a full scale AD
plant located in Capaccio-Salerno (Italy). The plant treats buffalo
manure and dairy wastes at mesophilic conditions. The main
physico-chemical characteristics of both the FW and inoculum
are reported in Table 1.

Thermal Pretreatment (TP) Set-Up
Lab-scale TP experiments are mostly conducted in open systems
using either an autoclave (Laurent et al., 2011; Gianico et al.,
2013), oven or thermal baths (Rincón et al., 2013; Xue et al.,
2015), which usually lead to high loss of organic compounds
and odor emission during pretreatment of substrates. In this
study, a new experimental TP set-up was developed (Figure 1).
This set-up consisted of a thermostat oil bath equipped with
a magnetic stirrer bar and temperature control unit, 500mL
pyrex glass bottle, two 50mL trapping columns and water
displacing gas measuring systems. The treatment bottle was
connected with an inert plastic tube to the trapping column
and gas measuring systems. The system operated in closed and
airtight conditions. The trapping columns were placed in series
(Figure 1) and filled with high pH sodium phosphate buffer
solution (Na3PO3 and Na2HPO3 at a pH of 12), intended to
trap volatile organic compounds released during the course of the
TP. Phosphate buffers have been widely used in many biological
and pharmaceutical applications in order to maintain organic

TABLE 1 | Main characteristic of FW and inoculum used in this study.

Parameters Unit FW Inoculum

TS % wet basis 22.7±1.2 3.2±0.3

VS % wet basis 21.9±0.9 2.2±0.2

Total COD g/kg 400±3.4 107±3.7

TKN g/kg 6.7±1.4 2.3±0.3

Total carbohydrate g/kg 134±3.39 1.7±0.1

Total protein g/kg 30.4±2.1 14.5±0.6

Total lipid g/kg 19.4±0.29 3.1±0.4

FIGURE 1 | Schematic diagram of the TP experimental set-up: (1) Oil

bath heater with stirrer, (2) treatment bottle, (3) controlling valves, (4)

trapping columns, and (5) water displacement gas measuring system.

compounds in their original forms (Soliman et al., 2015). In
addition, as phosphoric acid has multiple dissociation constants,
the buffer can be prepared near to three pHs, i.e., 2.15, 6.86,
and 12.32. The trapping potential of the buffer solution as well
as experimental replicability of the TP using the developed set-
up was preliminary evaluated at each TP condition. This was
performed using known concentrations of a synthetic organic
acid solution containing a mixture of acetic acid, propionic acid
and butyric acid (data not shown). The concentrations of the
mixture before and after each TP and the amount trapped in the
buffer were quantified and balanced.

Afterwards, 100 g of raw FW was placed in the treatment
bottle for each TP condition. The gaseous mixture released
during TP passed through the buffer trap solution and was
volumetrically quantified by means of a water displacement
system. After TP, the treatment bottle was cooled to ambient
temperature prior to opening to avoid evaporation/volatilization
and further organic matter loss. The gases were taken from
the headspace of the displacement water system and analyzed
for gaseous composition. Buffer samples were taken for COD
analysis.

Four different temperatures 80, 100, 120◦C for 2 h and
140◦C for 1 h, were tested with regard to their effectiveness in
terms of organic matter solubilization and enhancing methane
production. These temperature ranges and pretreatment times
were chosen based on the EU regulation (EC 1774/2002), which
states that catering waste should be sterilized at a temperature of
≥70◦C for at least 60min, or at a temperature>133◦C for at least
30min. Moreover, these TP temperatures were shown to improve
the AD process of various organic wastes (Carrère et al., 2009;
Rincón et al., 2013; Ariunbaatar et al., 2014b). Each TP condition
was performed in triplicate and results are presented as average
values.

The proposed system provides operational advantages such
as reduction of odor during TP experiments, simplicity of
construction, easy operation and, in particular, the system allows
not only to reduce the loss of organic matter during TP, but to
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capture and quantify the loss of volatile organic compounds in
the buffer solutions.

Sample Preparation and Calculations
Each sample of the raw and thermally pretreated FW was
diluted with ultrapure water (1 g/50mL) to properly measure
the soluble fractions. The diluted samples were centrifuged at
4000 rpm for 15min and filtered through a 0.45µm microfiber
filter prior to analysis. The following parameters of the solid and
soluble fraction for raw and pretreated FW were analyzed: COD,
protein, carbohydrate, phenols and VFAs. The effect of TP on
the FW characteristics was mainly quantified by the extent of
solubilization (Laurent et al., 2011). As defined in the work of
Rincón et al. (2013) and Kim et al. (2003), solubilization is the
transformation of the particulate fraction of FW to the soluble
fraction and estimated by the following equation:

Ssolubilization(%) = (Ss/St)× 100 (1)

Where S refers to COD, carbohydrate or protein; Ss and St
represent the soluble and total fraction of each parameter.

Biochemical Methane Potential Tests
BMP tests were carried out in 1 L glass bottles at mesophilic
(35± 2◦C) conditions, with a substrate to inoculum ratio (S/I) of
0.5 gVS/gVS, following the protocol described by Esposito et al.
(2012). The temperature was maintained constant by a water
bath connected with a thermostatically controlled flow heater.
BMP tests of the untreated FW were carried out in order to
quantify the effect of pretreatment on the substrate. BMP tests
of the inoculum were also conducted in order to determine the
net biogas production rate for each pretreated and untreated
FW. Prior to the start of BMP experiments, the headspace of
each bottle was flushed with argon gas to provide anaerobic
conditions. Mixing was done manually daily. Biogas produced
was measured daily by the displacement of acidified water to
reduce CO2 solubility. Subsequently, gas samples were collected
from the headspace with an air tight syringe for methane (CH4)
and carbon dioxide (CO2) determination. The BMP tests were
followed until no gas was produced anymore. All tests were
carried out in duplicate and results are given as average values
of the tests. The cumulative methane production was normalized
to standard temperature and pressure (STP).

Analytical Methods
Total solids (TS), volatile solids (VS), total and soluble COD,
total Kjeldahl Nitrogen (TKN) and phenols (total and soluble)
were determined according to standardmethods for examination
of water and wastewater (APHA, 1998). Total main elemental
content, i.e., Carbon (TEC), Hydrogen (TEH) and Sulfur (TES)
of FW was measured simultaneously by catalytic oxidation
using an elemental analyzer (PerkinElmer R© 2400 Series II). The
temperature of the combustion and reduction zones were set
at 970◦C and 500◦C, respectively, and argon gas was used as a
purging gas.

Total and soluble protein were quantified by the Lowry-
Folin method using bovine serum albumin (BSA) as the
standard (Lowry et al., 1951). Total and soluble carbohydrate

were analyzed using the phenol-sulfuric acid method with
glucose as the standard (Herbert et al., 1971). Both the protein
and carbohydrate were measured through spectrophotometry
(PhotoLab R© 6600 UV-VIS SERIUS). Liquid-liquid extraction
with chloroform and methanol as solvent was used to quantify
total lipid (Phillips et al., 1997). To analyse individual VFAs,
1.5mL samples were collected from each BMP bottle during
the BMP tests. Subsequently, samples were centrifuged at a
speed of 5000 rpm for 7min and filtered through a 0.2µm
microfiber filter. The filtrate samples were analyzed with High
Pressure Liquid Chromatography (HPLC) (Dionex LC 25
ChromatographyOven) equipped with Synergi 4uHydro RP 80A
(size 250 × 4.60mm) column and UV detector (Dionex AD25
Absorbance Detector).

The biogas composition was determined using gas
chromatography (GC, Varian STAR 3400), equipped with
a ShinCarbon ST 80/100 column and thermal conductivity
detector. The temperatures of injector port, detector and oven
temperature were 50, 120, and 120◦C, respectively, with argon as
the carrier gas.

Statistical Analysis
Statistical analysis was carried out using anova1 MATLAB
tool. Data were analyzed by one-way ANOVA. The level
of significance was set at p < 0.05. The significance of
differences in the average methane yields, soluble and total COD,
soluble and total carbohydrates, soluble and total proteins were
determined.

RESULTS

Characteristics of FW before and after
Each TP
Table 3 presents the main characteristics of FW before and
after each TP. A general decreasing trend of the total COD
and total elemental carbon (TEC) concentrations were observed
with increasing TP temperature. The total COD was reduced
by 3.6, 4.6, 5.4, and 7.4% for TP at 80, 100, 120, and 140◦C,
respectively, compared to the untreated FW. Similarly, the TEC
concentration with respect to the untreated FWwas decreased by
1.1, 3.1, 5.3, and 9.1% at 80, 100, 120, and 140◦C, respectively.
In contrast, the soluble COD concentration shows an increasing
trend with TP temperature. Figure 2 illustrates the solubilization
of COD, carbohydrate and protein of FW before and after each
TP. The carbohydrate and protein solubilization have different
trends, while the concentration of soluble COD increased linearly
with TP temperature. The highest carbohydrate solubilization
of around 30% was obtained at 80◦C, followed by 28.4% at
100◦C, 27.8% at 120◦C, 26.5% at 140◦C and 18.4% for untreated
FW (Figure 2). Protein solubilization increased linearly with
pretreatment temperature and reached its maximum value
(around 20%) at 140◦C. The protein solubilization had a similar
trend as the COD solubilization (Figure 2). A one-way ANOVA
analysis showed a large statistical difference between the data sets
(Table 2).

The lactic acid and VFAs concentrations (i.e., acetic, propionic
and butyric acid) of thermally pretreated FW were lower than
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FIGURE 2 | Solubilization of COD, carbohydrate and protein of FW before and after each TP.

TABLE 2 | Summary table of the one-way ANOVA for experiment data.

Parameters Methane yield CODT CODS Total carbohydrate Soluble carbohydrate Total protein Soluble protein

p-value 0.02058 4.1*10−8 5.8*10−9 0.0018 0.014 0.0094 0.033

the control and this reduction was more significant at higher
temperature TPs (Table 3). The reason was that some of the
VFAs were evaporated during the course of the TP. This was
supported by the gas analysis in the headspace after each TP, in
which neither CO2 nor H2 gas was detected (data not shown),
which indicates that evaporation of organic compounds was the
main cause for the decrease of VFAs concentration and thus TEC
during the TPs of FW.

Total and soluble phenol before and after TP were determined
to assess the possible release of soluble phenols due to the
increased temperature exposure (Table 4). The presence of
soluble phenols is an important parameter as they can inhibit
the AD process (Rincón et al., 2013). A slight increase of the
soluble phenol concentration was observed for pretreatment
temperatures higher than 100◦C.

Cumulative Biogas and Methane Yields
Figure 3 shows the cumulative biogas and methane production
from the BMP tests of thermally pretreated and untreated
FW. The specific cumulative methane yields of each thermally
pretreated and untreated FW are illustrated in Figure 4. All
the pretreated FW achieved a higher volumetric biogas and
methane production than the control. The highest volumetric
methane production was obtained for FW treated at 80◦C
(Figure 3B). The cumulative specific methane yield was 442
(± 8.6), 374 (± 10.9), 390 (± 12.4), 414 (± 8.9), and 345 (±
12.7) mL/gVSadded for 80, 100, 120, 140◦C and the control,
respectively (Figure 4). The one-way ANOVA showed that there
was a significant difference among the methane yields of the
pretreated FW (Table 2). The corresponding enhancement of

the specific methane yield with respect to the control was 28.1,
8.3, 12.9, and 20% at 80, 100, 120, and 140◦C, respectively.
Furthermore, the specific methane yields in terms of mL/gCOD
before and after TP are given in Table 5. It should be noted
that the higher specific methane yield of all thermally treated
FW compared to the untreated (Table 5) coupled with the minor
COD loss in the new TP system (Table 3) might have a positive
energy balance and thus lead to increased economic profits of the
AD process.

Figure 5 presents the percentage of methane gas in the
produced biogas during each BMP test. The methane percentage
increased from around 20 to 80% during the first 10 days of
the digestion period for all tested conditions and afterwards
remained around 58–69% until the end of the digestion period. A
higher methane percentage in the produced biogas was observed
for all thermally treated FW compared to the control, while no
significant variations of the methane percentage were noticed
between the TP conditions.

VFAs Distribution during BMP Tests
The VFAs distribution trends were followed during the BMP
tests in order to observe any possible impact of TP on their
production rate in the digestion process. The concentration
profiles of the VFAs with respect to the digestion time in
each BMP test are shown in Figure 5. Higher values of VFAs
were obtained for all pretreated FWs compared to the control,
though the concentration of some of the acids, i.e., lactic acid
and VFAs (acetic and propionic acids), was reduced during the
course of the TP (Table 3). Acetic, propionic and butyric acids
were the major VFAs produced during the early experimental
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TABLE 3 | Chemical composition of FW before and after each TP.

Parameter Unit Control* Thermal pretreatment temperature

80◦C 100◦C 120◦C 140◦C

CODT g/kg 400.0± 3.4 385.2± 0.3 381.8± 1.9 379.1±3.4 371.3±1.1

CODS g/kg 80.2± 0.5 96.7± 1.3 99.2± 0.7 103.8±1.1 105.3±0.8

TECa % dry wt. 45.2± 1.6 44.7± 2.1 43.8± 1.1 42.8±2.5 41.1±1.2

TEHb % dry wt. 7.01± 0.3 6.91± 0.5 6.87± 0.5 6.5±0.4 6.3±0.7

TESc % dry wt. 0.87± 0.01 0.92± 0.05 0.86± 0.13 0.84±0.09 0.85±0.13

Total carbohydrate g/kg 134± 3.39 127.8± 1.4 118.4± 2.2 117.8±1.9 113.4±1.2

Soluble carbohydrate g/kg 24.7± 0.21 39.2± 0.8 33.6± 0.4 32.8±0.9 30.1±0.7

Total protein g/kg 30.4± 2.1 27.1± 0.9 27.4± 1.4 24.6±1.8 23.4±1.5

Soluble protein g/kg 3.8± 0.18 4.0± 0.02 4.1± 0.07 4.45±0.24 4.67±0.12

Lactic acid mg/L 30.8± 0.2 17.0± 0.6 5.4± 1.5 3.0±0.9 2.1±0.3

Acetic acid mg/L 79.0± 1.2 50.1± 0.9 42.0± 2.1 48.6±0.7 46.5±2.1

Propionic acid mg/L 103.5± 2.4 40.1± 1.3 33.6± 1.7 45.9±1.6 34.8±1.2

Butyric acid mg/L 0.35± 0.01 0.25± 0.7 0.18± 0.02 0.12±0.3 0.09±0.02

aTotal elemental carbon.
bTotal elemental hydrogen.
cTotal elemental sulfur.
*Without TP.

TABLE 4 | Total and soluble phenol concentration before and after each TP.

Parameters Unit Control* Thermally treated FW

80◦C 100◦C 120◦C 140◦C

Total phenol g/kg 2.8± 0.14 2.7±0.1 2.3±0.18 2.26±0.02 2.17±0.007

Soluble phenol g/kg 0.338± 0.03 0.348±0.01 0.384±0.03 0.441±0.11 0.527±0.12

*Without TP.

period, with acetic acid being the dominant VFA under all
tested conditions. After 3 day of digestion, the highest total
acetate concentration achieved was 2681.5mg/L for the 80◦C
TP, followed by 2520.0mg/L in 140◦C TP, 2457.5mg/L in 120◦C
TP, 2403.5mg/L in 100◦C TP and 2227.5mg/L in the control
BMP test bottle. The respective concentrations of propionic
and butyric acids in these experimental days were 2282.0 and
1526mg/L for TP at 80◦C, 2152.0 and 1504.5mg/L for TP
at 100◦C, 2322.0 and 1406.0mg/L for TP at 120◦C, 2328.5
and 1527.0mg/L for TP at 140◦C and 1729.0 and 1607.0mg/L
for the control. Valeric and iso-valeric acid concentrations
were found higher for all thermally treated FW compared to
the control and were more significant at higher temperatures
(Figure 5).

In contrast, the pattern of VFAs production and consumption
during the BMP tests appeared similar regardless of a thermal
pretreatment. The higher concentrations of VFAs in the initial
days (days 1–5) were due to the faster hydrolysis and acidification
of FW (Li and Jin, 2015). Nonetheless, the concentration
of the VFAs did not inhibit the methanogenic activity, as
evidenced by the increased methane concentration during these
operational days (days 1–5). From day 6 onwards, the VFAs
concentration showed a descending trend in all BMP tests
(Figure 5).

Analysis of the Carbon Balance
Carbon balances for each TP condition were estimated (Figure 6)
in order to better understand the phenomena occurring during
TP of FW. The carbon balance estimations were determined by
considering the total elemental carbon (TEC) before and after
each TP (Table 3) as well as the total COD concentration of
the buffer solutions after each TP, according to the following
equation:

TECinitial = TECafter TP + TotalCODbuffer + others (2)

Where: TECinitial = the total elemental carbon concentration
of untreated FW TECafter TP = the total elemental carbon
concentration after TP Total CODbuffer = the total COD
concentration trapped at each TP others = the organic
compounds that were lost during the course of TP

The TEC content linearly declined with increasing
pretreatment temperatures (Figure 6 and Table 3). The amount
of organic compounds trapped in the buffer solution was 1.1, 2.7,
4.5, and 7.4% for TP at 80, 100, 120, and 140◦C, respectively. At
the TP temperature of 120 and 140◦C, relatively higher amounts
of organics were lost compared to the lower temperature TPs.
This was due to the observed high pressure in the TP bottles at
these temperatures.
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FIGURE 3 | Total biogas production (A) and cumulative methane production as a function of digestion time (B) for each TP.

DISCUSSION

Influence of TP on FW Characteristics
This study demonstrated the influence of TP on the main

characteristics of FW. The higher COD solubilization after each

TP compared to the control indicates that the TP significantly

improved the FW characteristics by promoting the breakdown

of complex organic particulates into soluble compounds. The

carbohydrate and protein solubilization were also remarkably

increased for all TP conditions, achieving a maximum value

of 30 and 20% solubilization of the carbohydrate and protein,

respectively (Figure 2). These results are also comparable with

previous studies. Marin et al. (2010) obtained an improvement
of starch hydrolysis at a temperature of 60–70◦C for kitchen
waste. Yin et al. (2014) observed an increase of soluble COD from
73.3 to 121.3 g/kg and soluble protein from 1.33 to 21.38 g/kg
after hydrothermal pretreatment of FW at 100–200◦C. Thermal
pretreatment temperatures around 120–121◦C have also been
found to increase COD solubilization of FW by 19% (Ma et al.,
2011) and from 0.86 to 2.6 g/L of soluble COD of cottage cheese
waste (Prabhudessai et al., 2014).

The increased solubilization of these compounds compared
to the untreated FW could be due to thermal disintegration of
the bonds that link the polysaccharides and amino acid strands,
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FIGURE 4 | Specific cumulative methane yields for the untreated and thermally pretreated FW.

TABLE 5 | Specific methane yield before and after each TP.

TP temperature Unit Before treatment After treatment

Control mL/gCOD 256.9 ± 8.9 –

80◦C mL/gCOD – 316.4± 11.4

100◦C mL/gCOD – 286.7± 9.2

120◦C mL/gCOD – 295.9± 12.3

140◦C mL/gCOD – 314.3± 7.7

thus aiding the release of soluble monomers/dimers from the
bulk complex structure of FW. Vavouraki et al. (2013) reported
that during pretreatment of FW, cleaving of glycoside bonds of
carbohydrate polymers occurred and resulted in an increase of
the concentration of mono sugars (glucose and fructose).

The carbohydrate solubilization was more favored at lower
temperature pretreatments, i.e., 80◦C, in contrast to poor protein
solubilization at this particular temperature. Indeed, at higher
temperatures it could be hypothesized to have a larger amount
of soluble monomers of carbohydrates. However, the decrease of
the soluble carbohydrate concentration at higher temperatures
might be attributed to the formation of complex melanoidin
compounds. The production of these compounds was confirmed
by the observed turning of color to light brown (data not shown)
and scorched flavor during the TP of FW at higher temperatures.
Indeed, during higher temperature TPs, soluble monomers of
carbohydrates might be involved in Maillard and caramelization
reactions, which result in the formation of various flavoring and
coloring compounds (Bougrier et al., 2008; Liu et al., 2012). In
addition, the formation of these less biodegradable compounds
was confirmed by the decrease of methane production at higher
TP temperatures. These compounds are heterogeneous polymers
characterized by a high-molecular weight that are not only
difficult to degrade, but can also inhibit the degradation of other

organics by suppressing the methanogenic activity (Tampio et al.,
2014).

The loss of organic carbon was smaller (Figure 6) compared
to the work of Elbeshbishy et al. (2011), who obtained a decrease
of around 12% of the particulate organic fraction after TP of FW
at 70◦C for 30min. For all TP investigated, indeed, the proposed
new TP set-up succeeded in trapping the evaporated organics
in the buffer solution (Figure 6). These results confirmed the
feasibility of counteracting one of the negative effects of high
temperature TP, i.e., the loss of organics during TP. Considering
the scale up of the TP system, the captured organics such as
lactic acid and VFAs can be further extracted and valorized
for other applications, e.g., in the chemical industry (Wang
et al., 2014; Yin et al., 2014), for biopolymer production such
as polyhydroxyalkanoates (PHAs) via bacterial strains (Kumar
et al., 2016), or biohydrogen production via photofermentation
(Ghimire et al., 2015).

Enhancement of Methane and VFA Yields
in the BMP Tests
The production of biogas and methane gas from FW was highly
facilitated by the TP under all conditions (Figure 4). The highest
specific methane yield for the pretreatment temperature of 80◦C
highlighted the impact of low temperature TP on enhancing
the biodegradability of FW. A similar higher methane yield was
obtained by Ariunbaatar et al. (2014b) after thermal pretreatment
of FW at 80◦C for 1.5 h compared to other pretreatment
temperatures and times. In another study, Elbeshbishy et al.
(2011) observed an improvement of the biogas yield after TP of
FW at 70◦C for 30min.

The methane yield with pretreatment temperatures of 120 and
140◦C was found higher than with a TP at 100◦C, though at
these temperatures a decrease of soluble carbohydrate and total
COD were observed (Figure 2 and Table 3). However, it should
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FIGURE 5 | Methane concentration and VFAs production pattern as a function of digestion time: (A) control, and TP at (B) 80◦C, (C) 100◦C, (D) 120◦C,

and (E) 140◦C.

be noted that the solubilization of other organic molecules, in
particular protein, was higher at these temperatures. The results
indicate that despite the soluble carbohydrate concentration was
lower at these temperatures, there is a positive effect due to the
solubilization of protein, resulting in an increase of methane
yield. It has been reported in the literature that for substrates
containing a high amount of protein, a maximum solubilization

was achieved at higher TP temperatures (Bougrier et al., 2007).
Raju et al. (2013) compared thermal pretreatment of pig manure
from 100 to 225◦C and found a lower methane yield at 100◦C
and an increasing trend with temperature from 125 until 200◦C.
Prabhudessai et al. (2014) found around 15% increment in
methane yield from thermally treated cottage cheese solid waste
at 120◦C for 20min. Strong and Gapes (2012) reported that
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FIGURE 6 | Carbon balance of FW for each TP investigated.

FIGURE 7 | Correlation between the concentration of soluble carbohydrate and soluble protein with the methane yield for each TP investigated.

thermal pretreatment of chicken feathers at 140◦C led to a
3.5-fold higher methane yield compared to heating at 70◦C.

The formation of inhibitory compounds, i.e., the formation
of melanoidin and slight increment of the soluble phenol
concentration at higher temperature TP (Table 4), did not
completely alter the methanogenic activity as confirmed by the
higher methane yield compared to the control (Figures 3, 4).
According to literature data, the inhibitory concentrations of

such compounds are obtained at pretreatment temperatures
higher than 150◦C (Marin et al., 2010; Liu et al., 2012;
Ariunbaatar et al., 2014a). A lower methane yield was achieved
after autoclaving FW at 160◦C, due to the occurrence of Maillard
reactions as evidenced by a dark color and caramelized odor
(Tampio et al., 2014).

Considering the VFAs profile during the BMP tests, the
higher production of lower molecular weight VFAs (acetic,
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propionic and butyric acid, Figure 5), could be ascribed to the
larger proportion of carbohydrate concentrations present in
the FW and its enhanced solubilization after TP (Lim et al.,
2008; Wang et al., 2014). The results are consistent with the
reports of Li and Jin (2015), who obtained higher concentrations
of acetic, propionic and n-butyric acid for thermally treated
kitchen waste compared to untreated kitchen waste during the
anaerobic fermentation process. The rapid decrease of acetic
acid corresponded to the increased methane percentage in the
produced biogas in all BMP tests (Figure 5), which reflected
the dominant activities of acetoclastic methanogens during the
BMP tests (Luo et al., 2011). These results in turn suggest the
wellbeing and stable operation of the AD process, since 70% of
the methane gas in the AD process is derived from acetate that
is mainly consumed by acetoclastic methanogens (Wagner et al.,
2014; Aydin et al., 2015). The increase of valeric and iso-valeric
acid for TP temperatures exceeding 100◦C might be due to the
higher solubilization of protein after the TPs, as the formation
of these VFAs has been associated with degradation of protein
compounds (Parawira et al., 2004).

Correlation between Soluble Carbohydrate
and Protein Concentration with Methane
Yield
The correlation between the concentration of soluble
carbohydrate and soluble protein with cumulative methane
yield was performed for each TP (Figure 7). A direct relationship
between soluble carbohydrate/soluble protein and methane
yields was obtained in this study. The low temperature TP
(80◦C) attained the highest methane yield. This was mainly
attributed to the increased soluble carbohydrate at this specific
temperature coupled to the high amount of carbohydrate in the
FW (Table 3). However, higher temperature TP (>100◦C) had
positive effects on solubilization of protein, which also improves
the methane yields. Based on this relationship, it is possible to
reason out the apparent conflicting results reported in previous
studies (Wang et al., 2010; Liu et al., 2012). The efficiency of
a TP is the combinatory effect of pretreatment temperature
and substrate composition (Carrère et al., 2009; Rincón et al.,
2013). The TP of substrates rich in carbohydrate, e.g., FW, was
more effective at lower temperature, accelerating the breakdown
of complex compounds and increasing the release of soluble
monomers. In addition, the lower temperature TP maintained
the bioavailability of these soluble monomers for the subsequent
enzymatic and biochemical reactions by avoiding the formation
of less biodegradable melanoidin compounds. Conversely, when
the substrates are characterized by a high protein content, higher
temperature TP favored their solubilization and thus improved
the methane yields. Similarly, Kondusamy and Kalamdhad

(2014) highlighted that the positive effects of TP were strongly
dependent on both pretreatment temperature and substrate
composition, and hence a TP should be properly designed to
induce the desired positive effects on the AD of FW (Kondusamy
and Kalamdhad, 2014).

CONCLUSION

- In this study, a remarkable improvement of organic matter
solubilization and methane production of FW was obtained
after TP.

- A direct correlation between soluble carbohydrate, soluble
protein and methane yields with pretreatment temperature
was observed. Lower temperature TP (80◦C) was better suited
for substrates owing a high carbohydrate content, resulting in
the highest soluble carbohydrate concentration and enhanced
methane yield.

- This study showed that the loss of organic compounds
through evaporation was significantly reduced at lower TP
temperature.

- At higher TP temperatures, the solubilization of protein from
FW was more favored and melanoidin compounds were
formed. However, the amounts of these less biodegradable
compounds did not alter the digestion process and methane
yields.

- The new proposed TP set-up is promising with several
advantages: minimized negative effects of TP (loss of organics
and odor emission), simple to implement and able to evaluate
the main effects of TP on FW.
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Anaerobic digestion requires a balanced availability of micro-nutrients with ideal growth

conditions to reach optimal organic degradation and biogas production. Iron is the

most abundant of the essential metals in an anaerobic digester and its mobility has a

strong impact on microorganisms through its own bioavailability, but also through its

influence on the bioavailability of other metals. Most previous research on iron mobility

in anaerobic digestion has focused on sulfide as the controlling anion because digesters

traditionally are sulfide rich and phosphate poor. However, chemical phosphorus removal

(CPR) at wastewater treatment works (WWTW) can elevate phosphate concentrations

in the digester 10-fold or more. The goal of this research was hence to examine the

accepted wisdom of iron-sulfide dominance prevailing in all anaerobic digesters and

by evaluating the potential for iron phosphate formation in municipal digesters treating

CPR sludge. To fulfill this aim, iron compounds were identified experimentally from

full-scale digesters at WWTW with CPR and the most likely iron species identified

through modeling according to their thermodynamic probability of formation under the

specific environmental conditions experienced in each anaerobic digester. Experimental

and modeling data were then combined to identify the main chemical reactions

controlling iron mobility in those anaerobic digesters. Results show that speciation of

iron in the sampled anaerobic digesters was controlled by the solid phase through a

primary reaction (sulfide precipitation to form pyrite and ferrous sulfide) and secondary

reaction (phosphate precipitation to form vivianite). However, iron-sulfide precipitates

represented only 10–30% of the total iron in the sampled digesters, while iron-phosphate

precipitates represented more than 70%. The significance of the high quantity of

vivianite in these digesters is that phosphate-rich anaerobic digesters will be more

iron-mobile environments than sulfide-rich digesters, with iron being more readily

exchanged between the solid and liquid phases during digestion, implying a higher level

of bioavailability and the tendency to interact more readily with organic and inorganic

counterparts.

Keywords: iron bioavailability, vivianite, anaerobic digestion, chemical phosphorus removal, sulfide, phosphate,

equilibrium speciation modeling
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INTRODUCTION

In the development of self-sustainable wastewater treatment

plants, anaerobic digestion (AD) is a key process to reduce

waste and produce renewable energy. The balanced availability

of macro- and micro-nutrients, coupled with ideal growth
conditions, is essential for a healthy anaerobic digester

(Gustavsson, 2012). Any disruption of one of those factors

can disturb the activity of micro-organisms and lead to the
failure of the system. Some metals (such as iron, manganese,

copper, cobalt, nickel, and zinc) are part of the essential micro-
nutrients required for the well-being of the anaerobic digester
and their presence, in a bioavailable form, are indispensable
to reach the optimal performance of the anaerobic digester
(Schattauer et al., 2011).

The bioavailability of metals is still the subject of considerable
investigation both in natural and engineered ecosystems, but
research to date generally agrees that most of the dissolved metals
and a portion of weakly-bound metals (for example, biosorption)
could be considered as available for microorganisms (Worms
et al., 2006; Fuentes et al., 2008; Marcato et al., 2009). In the AD,
metals undergo a complex series of reactions in the sludge matrix
including sorption, complexation, or precipitation processes,
influencing their speciation. Most of the metals are bound in the
solid phase as precipitates or chelates (Oleszkiewicz and Sharma,
1990) and strongly bound compounds are unavailable for micro-
organisms. However, weakly bound compounds can break down
and release metals into the liquid phase, establishing a reserve
of available metals. Any study of metal bioavailability must then
consider the potential of a metals reserve moving from the solid
phase to the liquid phase as the more readily bioavailable metals
are removed by microbial activity and the equilibrium of the
system shifts (Hassler et al., 2004; Jansen et al., 2007).

Iron is the most abundant of the essential metals in an
anaerobic digester and hence, by virtue of its high concentration,
may influence the speciation of other trace metals present in
the digester by competing for the primary chemical reactions.
Metcalf & Eddy Inc. (2003) report that the median concentration
of iron in wastewater sludge is 17 g/kg Dried Solid (DS), 10
times higher than the median concentration of the second
highest heavy metal, zinc, at 1.7 g/kg DS. Moreover, the
iron concentration in anaerobic sludge digesters at municipal
wastewater treatment works (WWTW) is often increased further
by iron dosing for chemical phosphorus removal (CPR) and/or
hydrogen sulfide control (Carliell-Marquet et al., 2010; Zhang
et al., 2010). The establishment of a phosphorus limit discharge
by Urban Wastewater Treatment Directive encouraged the
development of CPR in the main WWTW in the UK. Carliell-
Marquet et al. (2010) estimated that 300WWTWswere removing
phosphorus chemically in 2010 and this number was projected to
increase to over 600 WWTWs by 2015 (Vale, 2012).

Iron, as most other metals in an anaerobic digester,
should principally react with sulfide to form insoluble salts;
sulfide precipitates being commonly accepted as the main
thermodynamically stable compounds formed under anaerobic
conditions (Callander and Barford, 1983; Morse and Luther,
1999; Zhang et al., 2010; Shakeri Yekta et al., 2014a). The

two main iron sulfide compounds observed are pyrite (FeS2)
and amorphous FeS (Kaksonen et al., 2003; van der Veen
et al., 2007). Under anaerobic digestion conditions, pyrite is
predicted to be the most stable inorganic precipitate when
following the Pourbaix diagram (Pourbaix, 1963; Nielsen et al.,
2005). However, pyritisation is a slow process and needs a
reduction potential below −200mV, so the formation of meta-
stable amorphous FeS is likely to occur as a precursor to the
transformation to pyrite (Nielsen et al., 2005). Other iron-
sulfide precipitates have been detected in anaerobic digesters
such as greigite (Fe3S4), mackinawite (monocrystalline FeS), and
pyrrhotite (Fe1-xS) (Jong and Parry, 2004; Dewil et al., 2009;
Gustavsson, 2012).

Anaerobic digesters are traditionally sulfide rich and
phosphate poor, but phosphorus recovery processes at WWTW
can elevate phosphate concentrations in a digester 10-fold or
more (Carliell-Marquet et al., 2010). When iron is dosed to
co-precipitate phosphorus in activated sludge plants prior to
AD, it results in ion-rich feed sludge entering the digester. Once
in the digester, reduction of ferric ions to ferrous ions under
anaerobic condition disturbs all the Fe(III) binding. The change
from trivalent to divalent iron species implies the formation
of new thermodynamically stable compounds for iron such as
pyrite (FeS2) or vivianite (Fe3(PO4)2.8H2O). Researchers that
have studied the fate of iron in anaerobic digesters treating
such iron-rich CPR sludge have indeed speculated that a not
negligible quantity of iron would continue to be bound with
phosphate in the anaerobic digester to form ferrous phosphate
precipitates (Miot et al., 2009; Carliell-Marquet et al., 2010),
with phosphate effectively competing with sulfide to precipitate
iron. The formation of the proposed iron-phosphate precipitates
goes against theories of thermodynamic evolution, but can be
hypothesized from an availability/kinetic point of view. Zhang
et al. (2009) and Miot et al. (2009) suggested that the phosphate
creates a bulk phase around the iron (II) which limits sulfide’s
availability for precipitation of iron and favors the formation of
ferrous phosphate.

As the bioavailability of metals is not only dependent on their
concentration in the sludge but on their speciation, the potential
of phosphate to compete with sulfide for iron precipitation,
could have an important impact on the bioavailability of iron
in anaerobic digesters. The presence of vivianite or other
iron-phosphate precipitates (weaker compounds than sulfide
precipitates) in significant quantities, will change the overall
speciation of iron in an anaerobic digester and so its behavior,
potentially increasing iron mobility/availability for the microbial
community.

The primary goal of this research was hence to examine
the accepted wisdom of iron-sulfide dominance prevailing in
all anaerobic digesters, by evaluating the potential for iron
phosphate formation in municipal anaerobic digesters treating
CPR sludge. To fulfill this aim, iron compounds were identified
from full-scale digesters at WWTW to determine the main
iron species according to their thermodynamic probability
of formation under the specific environmental conditions
experienced in each anaerobic digester. Experimental and
modeling data were then combined to identify the main
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chemical reactions controlling iron mobility in those anaerobic
digesters.

MATERIALS AND METHODS

Sludge Collection
Seven UK WWTW were chosen for this experiment to obtain
a wide range of iron concentrations in anaerobically digested
sludge. Three types of sites were chosen; non-iron dosed sludge
(NID), mixed sludge (MS), and iron dosed sludge (ID). The ratio
primary:secondary sludge was around 60:40 across the seven
anaerobically digested sludge and some digesters parameter are
shown in Table 1. The three mixed sludge were taken from a
digester receiving CPR sludge from the WWTW and imported
no-iron dosed sludge from other WWTWs. The percentage of
imported sludge for MS1-3 varied from 9 to 25%. The CPR was
mostly accomplished by the dosage of iron chloride (FeCl3).

Sludge samples were collected directly from anaerobic
digesters and kept sealed in a hermetic container during
transport, after which the liquid and solid phases were separated
by centrifugation (6000 rpm for 10min). The solid phase was
stored in polyethylene bottles at 4◦C. The liquid phase was
filtered at 0.45 µm and stored in polyethylene bottles at 4◦C.

Metals Extraction
The total acid digestion method used an Aqua Regia solution
(HCl:HNO3 3:1, 50% dilution, Heated 110–115◦C) to dissolve
all the metal compounds present in the sludge; as per Standard
Methods (3030F, APHA-AWWA-WEF, 1985) and modified by
Roussel (2013). Sequential extraction methods used in this

research followed the modified BCR procedure described by
Chao et al. (2006). The extractions were carried out with
analytical grade reagents over a period of 4 days, in triplicate.
The order of applied reagents in the BCR sequential extraction
is: (1) weak acids, (2) reducing agent, (3) oxidizing agent,
and (4) strong acid and so the four fractions produced
from the BCR sequential extraction are classified as: (1)
exchangeable, (2) reducible, (3) oxidisable, and (4) residual
(Figure 1).

Metals Analysis
Flame atomic absorption spectroscopy (FAAS; Perkin Elmer AAS
800) was used to measure the concentration of iron at the
absorption wavelength 248.3 nm. The calibration curves were
calculated before any sample analysis and standard solutions
were freshly made and diluted from a 1000 ppm standard iron
solution provided by Fisher©. Calibration curves were only
accepted with a correlation coefficient of 0.999 and standard
solutions were used as control (10% error) for every 10 samples.

Scanning electron microscopy coupled with energy dispersive
X-ray spectroscopy (SEM-EDS) requires dry compounds for
analysis and so a fraction of the solid phase was dried at 105◦C
before being ground. The powdered compound was applied on
an analytical disc and fixed with a carbon spray (carbon coated).

The microscope, XL-30 (with LaB6 filament) provided by
Philips©, was fitted with a HKL EBSD system with NordlysS
camera to obtain electron backscattering pictures to observe
elements with high atomic number in the samples. The
microscope was also fitted with INCA EDS system provided by
Oxford Instrument to do microanalysis on the sample using

TABLE 1 | Sludge elemental composition and chemical model input values.

Iron dosing Non-Iron Dosed (NID) Mixed Sludge (MS) Iron Dosed (ID)

Sludge 1 2 1 2 3 1 2

Sludge conditions pH 7.4 7.3 7.2 7.2 7.1 7.3 7.3

ORP (mV) −345 −330 −290 −280 −330 −260 −350

Digester capacity (m3) 7000 9000 83,000 6000 11,000 11,000 18,000

Biogas (m3/h) 185 490 3900 155 465 300 850

TS/VS (g/l) 18/13 22/15 23/16 23/15 21/15 20/14 25/18

Alkalinity (gCaCO3/l) 3.5 4.8 5.2 4.2 5.6 3.9 5.3

Metals (mmol/l) Co 0.024 0.024 0.023 0.021 0.029 0.025 0.027

Cu 0.16 0.090 0.11 0.17 0.085 0.13 0.064

Fe 3.5 3.6 6.8 7.1 8 8.5 10.4

Mn 0.13 0.13 0.26 0.079 0.087 0.11 0.13

Ni 0.38 0.40 0.43 0.44 0.36 0.45 0.47

Zn 0.22 0.18 0.50 0.19 0.27 0.25 0.26

Cations/Anions (mmol/l) Ca 8.8 9.6 10.5 10.5 11.9 9.7 11

K 2.6 2.3 2.3 2.7 2.5 2.8 3.0

Mg 4.2 4.4 4.8 5.1 5.3 4.7 5.1

Na 9.7 9.9 9.1 9.3 9.4 9.5 9.9

P 13.9 13.2 14.1 15.6 15.8 15.1 11.1

S 5.9 5.5 5.5 4.4 4.2 5.5 7.8
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FIGURE 1 | Scheme of the BCR sequential extraction.

X-ray spectroscopy. The spectrum of energy analyzed during the
scan was 0–9.5 keV.

Chemical Modeling
The chemical environments of the seven anaerobic digesters
were simulated using Phreeqc with the database minteq.v4
(USGS). Experimental values (element concentrations and sludge
conditions) used as input values are detailed in Table 1. Each
element was entered in the liquid phase in its atomic form;
its speciation then being predicted based on the environmental
input values and the exchanges/reactions allowed in the
simulation, as detailed below.

The parameters described in the Phreeqc, which represented
the anaerobic digester conditions, were limited to temperature,
electric potential (pe) and pH. The input pH was 8–8.2 to allow
a potential charge balance during the simulation and produced
an output pH value agreeing with the measured pH of each
sludge (7.1–7.4). The input potential electric (pe) was −6.7 to
ensure anaerobic condition and avoid any oxidation during the
simulation.

Phreeqc was limited to simulating inorganic reactions, with no
organic complexation or biomass adsorption. The only exchange
between phases allowed in this simulation was solid-liquid
and no consideration of the gas composition or potential H2S
exchange was considered. The exchange between solid-liquid
phases was controlled by the saturation index of each precipitate
(Roussel, 2013).

RESULTS

BCR Sequential Extraction
Iron concentrations in the solid phase of the seven anaerobic
digesters sampled were in the range 9.7–28.8 g/kg DS using the

sum of the sequential extraction fractions and from 12.6 to
33 g/kg DS using total acid digestion (Table 2). An increase in
total iron concentration of the digested sludge was observed
when CPR processes influenced the digester sludge composition
either through imported iron-dosed sludge being fed to the
digester (MS), or when CPR was directly integrated into the
WWTW (ID).

It should also be noted that in all cases a loss of material was
observed during the BCR sequential extraction; the recovery of
iron (measured as the sum of the extracted fractions) ranged
from 77 to 89% of the total iron concentration measured by
the acid digestion procedure. This has also been reported by
other researchers using the BCR sequential extraction procedure;
87% recovery was reported by Fuentes et al. (2008) in their
research, which is comparable to the 85% average recovery
found in this research. Finally, the concentration of iron in the
liquid phase increased with the concentration of total iron in
the solid phase from 0.3mg/l for NID sludge to 0.6mg/l for
ID sludge (Table 2). The amount of iron present in the liquid
phase represents around 0.1% of the total iron and the results
were lower than the range of 0.5–4% suggested by Oleszkiewicz
and Sharma (1990). The Pearson product-moment correlation
coefficient was calculated between the concentration of iron in
the liquid phase and the total iron concentration to statically
confirm any linear correlation. The Pearson coefficient was 0.928
(p = 0.003) confirming a positive linear correlation between
the variables, meaning that the concentration of soluble iron
increases with the total concentration.

The BCR exchangeable fraction (first extracted fraction)
represented the main iron fraction in all digested sludge samples,
with more than 50% of the total iron extracted in this fraction
and a maximum of 76% obtained for the sludge ID2 (Figure 2
and Table 2). This is in contrast to (last) fraction of sequential
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TABLE 2 | Concentrations of iron in each BCR sequential extraction fraction and total acid digestion (T.A.D.) for the 7 anaerobically digested sludge.

Sludge Soluble

mg/l

Exchangeable Reducible Oxidisable Residual
∑

fractions T.A.D

g/kg DS g/kg DS

NID1 0.35 ± 0.21 5.2 ± 0.8 2.0 ± 0.6 <d.l. 2.4 ± 0.1 9.7 ± 1.2 12.6 ± 0.3

NID2 0.34 ± 0.06 6.2 ± 0.6 1.6 ± 0.1 <d.l. 2.4 ± 0.2 10.2 ± 0.7 13.1 ± 1.0

MS1 0.47 ± 0.19 11.9 ± 0.7 3.5 ± 0.4 <d.l. 3.5 ± 0.6 18.9 ± 1.3 21.3 ± 2.6

MS2 0.49 ± 0.25 13.4 ± 0.6 4.2 ± 0.5 <d.l. 2.2 ± 0.2 19.8 ± 0.8 22.6 ± 0.8

MS3 0.57 ± 0.37 15.0 ± 0.6 5.3 ± 1.0 <d.l. 2.2 ± 0.3 22.5 ± 1.9 26.4 ± 1.1

ID1 0.64 ± 0.06 15.8 ± 0.5 3.8 ± 0.8 <d.l. 4.3 ± 0.3 24.0 ± 0.9 27.3 ± 2.4

ID2 0.58 ± 0.02 23.5 ± 0.8 2.6 ± 0.3 <d.l. 2.7 ± 0.1 28.8 ± 0.9 33.0 ± 1.5

The concentrations are expressed as mean ± standard deviation (n = 6).

FIGURE 2 | Iron fractionation profiles in the 7 anaerobically digested

sludge (NID, non-iron dosed sludge; MS, mixed sludge; ID, iron dosed

sludge).

extraction schemes (Alvarez et al., 2002; van der Veen et al., 2007;
Fuentes et al., 2008). However, Carliell-Marquet et al. (2010) and
Dodd et al. (2000) found comparable results to those obtained
during this research, with a high percentage of iron reported to be
recovered in the first steps of the sequential extraction procedures
(exchangeable and reducible fractions). The variation in iron
extractability being reported by different researchers sampling
different anaerobic digesters supports the argument that iron
mobility can change markedly depending on the particular
environmental conditions of each anaerobic digester. Notably,
the concentration of iron extracted in the early fractions is heavily
influenced by the presence of iron-phosphate rich CPR sludge
in a digester. NID 1&2 sludge had 5.2 and 6.2 g/kg DS of iron
extracted in the exchangeable fraction whereas 11.9–15.0 g/kg DS
of iron was extracted in the same fraction in MS sludge and kept
increasing to 23.5 g/kg DS for ID2. This linear correlation was
statically confirmed by a Pearson coefficient between the iron
extracted in the exchangeable fraction and the total iron (as sum
of BCR fractions) of 0.984 (p= 0.000).

The BCR sequential extraction procedure cannot be used to
determine the exact metal species extracted in each fraction;

so the presence of iron in the exchangeable fraction could
result from dissolution of iron-carbonate or iron-phosphate
precipitates or even the exchange of weakly bound iron from
organic sites on the sludge matrix. In this research, vivianite was
identified as one of the main compounds dissolved in the BCR
exchangeable fraction, through the use of: SEM-EDS analysis,
chemical equilibrium speciation modeling of the different AD
environments, previous published research, and thermodynamic
constants (Ofverstrom et al., 2011; Cheng et al., 2015).

Iron was also extracted in two other BCR sequential extraction
fractions: the reducible and residual fractions, which represented
each between 9 and 25% of the total iron. The concentration
of iron in the BCR reducible fraction was between 2.0 g/kg DS
(NID1) and 5.3 g/kg DS (MS3). No specific pattern was observed
in the variation of iron extracted in the reducible fraction
when compared with either the total iron concentration or the
anaerobic digester environmental conditions (Pearson coefficient
of 0.539; p = 0.211). Cheng et al. (2015) suggested that trivalent
iron entering a digester in the feed sludge would not necessarily
be reduced during the anaerobic digestion period in spite of the
low oxidation-reduction potential of the anaerobic environment,
if Fe(III) entered the digester as a well-ordered crystalline
structure. This might occur, for example, when iron is dosed into
an activated sludge process with a long sludge age, giving ample
time for maturation of the crystalline ferric structure. Hence, the
presence of ferric precipitates in the digested sludge should not be
discounted as a possible contributing factor to the iron extracted
during the reducible BCR fraction. Another hypothesis is that
most Fe (III) entering an anaerobic digester is indeed reduced to
Fe (II), leading to the rapid formation of ferrous phosphate or
ferrous-hydroxyl-phosphate compounds (possibly amorphous;
as suggested by Smith and Carliell-Marquet, 2009) that would
then be readily dissolved by the low pH 2 of the reagent used in
the second BCR extraction.

The iron concentration in the BCR residual fraction varied
between 2.4 g/kg DS (NID1 and NID2) and 4.3 g/kg DS (ID1).
As for the reducible fraction, no pattern was established between
the concentration of iron extracted in the residual fraction and
the total iron concentration of the digested sludge (Pearson
coefficient of 0.298; p = 0.516). The iron extracted in the
residual fraction was identified to be bound with sulfide and
precipitated as pyrite or ferrous sulfide (SEM-EDS analysis).
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FIGURE 3 | Pictures of iron precipitates detected in anaerobically digested sludge by SEM-EDS. (A,B) Vivianite, (C) Ferrous sulphide, (D) Pyrite.

Sulfide precipitates are expected to be extracted in the oxidisable
BCR fraction (Chao et al., 2006) but van der Veen et al. (2007)
demonstrated that those precipitates were not systematically
extracted in the oxidisable fraction and could be carried over to
the residual fraction. In this research, measurement of the sulfur
concentration in the different BCR sequential extraction fractions
showed the presence of a high sulfur concentration in the residual
fraction; suggesting that iron sulfide precipitates in the digested
sludge were indeed being dissolved in this fraction, rather than
the oxidisable fraction (Roussel, 2013); with concentrations of
iron in the oxidisable BCR fractions below the detection limit and
recorded as nil (Table 2).

SEM-EDS Analysis
SEM-EDS analysis was performed on the solid phase of each
sludge to obtain information on the iron species present in it.
Ferrous phosphate and ferrous sulfide were the two main types
of precipitates observed during the analysis and are described
below (Figure 3 and their corresponding elemental compositions
are given in Table 3). Several ferrous phosphate compounds were
detected (Roussel, 2013) but the main compound was vivianite
and it was observed in every AD sludge studied (compounds
A and B, Figure 3). Vivianite was identified by stoichiometric
analysis and corroborated by crystallographic analysis (Roussel,
2013). Three main elements (Fe, O, and P) were detected in
compound A and B (Table 3) with a respective atomic percent
of 13, 72, and 12 while Mg and Ca were also detected at low
concentrations (1%). In order to simplify the stoichiometric
analysis, Mg and Ca were included with the iron percentage

TABLE 3 | Elemental analysis of the iron precipitates observed in the

Figure 3.

Compound (Figure 3) Element concentration (as atomic percent)

Ca Fe Mg O P S Si

A 1 16 1 70 12

B 1 13 1 74 11

C 43 14 43

D 31 68 1

as interchangeability between those cations and iron has been
suggested by Nriagu (1972) and De Vrieze et al. (2013) for
phosphate precipitation. Then three modified ratios Fe /P: 1.5,
O/Fe: 5, and O/P: 7 gave the formula Fe3P2O14.5 written as
Fe3(PO4)2.6.5H2O. Loss of water in the molecule in comparison
with the vivianite formula (Fe3(PO4)2.8H2O) was likely to have
occurred during the drying phase of the sample preparation
for SEM-EDS. Frost et al. (2003) showed that natural vivianite
is dehydrated in the temperature range 105–420◦C and the
dehydration occurs in five steps. The first step of dehydration
incurs a loss of one watermolecule and occurs at 105◦C; this is the
temperature that was used for drying the digested sludge samples
prior to SEM-EDS and hence is likely to have affected the water
content of vivianite detected by SEM-EDS.

The compounds C and D were identified as ferrous sulfide
and pyrite, respectively. The identification was also done using
stoichiometric analysis and crystallographic investigation. Both
compounds contained mainly iron and sulfur but in different
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ratios (Table 3). The ratio Fe:S for the compound C was 1 and
did not exhibit any specific crystalline structure (in comparison
to compound D). It was identified as ferrous sulfide a meta-
stable amorphous compound (Nielsen et al., 2005). The presence
of oxygen in compound C was likely to be to surface oxidation
during the SEM sample preparation as the percentage was too
low to demonstrate the presence of sulfate precipitate. Finally, the
ratio Fe:S for the compound D was 0.5 and the chemical formula
was calculated as FeS2, pyrite. One of the pyrite crystal habits
is cubic and this was clearly observed in the digested sludge, as
shown in the Figure 3D (Haldar, 2014).

Chemical Modeling
The results from the predicted iron speciation are shown in
the Table 4 for the seven types of anaerobically digested sludge
under study. The input values for the simulation have been
obtained from the total concentration (liquid and solid phases)
measured in each sludge (Table 1). Phreeqc predicted that iron
would be precipitated as pyrite and vivianite. The concentration
of pyrite varied between 4.8 and 9.8 g/kg DS (Table 4). The
amount of pyrite precipitated in the sludge was not dependent
on the total iron concentration but was related to the total
sulfide concentration. MS2 and MS3 were the two sludge with
the lowest sulfide concentration and both had the lowest pyrite
concentrations with 5.0 and 4.8 g/kg DS. By contrast, NID1
and ID2 were the two sulfide-rich sludge types and had the
highest pyrite concentration with, respectively 7.2 and 9.8 g/kg
DS. Vivianite precipitation was primarily related to the total iron
concentration in the digested sludge, increasing from 2.7 g/kg DS
for NID1 to 19.3 g/kg DS for ID2.

A relationship was observed between the predicted
concentration of iron as vivianite or pyrite and experimental
concentrations of iron in two BCR sequential extraction fractions
(Figure 4). The iron concentrations in the exchangeable fraction
and the concentrations of iron as vivianite presented comparable
concentrations with the different sludges and both were
dependent on the total iron concentration. The concentration
of pyrite predicted by the model was also comparable with the
concentration of iron extracted in the residual fraction and both
were dependent on the total sulfur concentration.

TABLE 4 | Predicted iron speciation from Phreeqc’s simulation.

Sample Initial Predicted concentration

Total Liquid Fe as Fe as Fe as Fe as

Fe

mmol/l

vivianite pyrite vivianite pyrite

mmol/l g/kg DS

NID1 3.5 0.0025 0.96 2.57 2.7 7.2

NID2 3.6 0.0027 1.2 2.4 3.4 6.7

MS1 6.8 0.0031 4.5 2.2 12.6 6.2

MS2 7.1 0.0031 5.3 1.8 14.9 5.0

MS3 8.0 0.0033 6.3 1.7 17.6 4.8

ID1 8.5 0.0036 6.5 2.1 18.2 5.9

ID2 10.4 0.0033 6.9 3.5 19.3 9.8

The modeling is limited to calculations based on
thermodynamic equilibrium, which cannot entirely capture
the complexity of a living reactor. Specifically, equilibrium
speciation modeling does not take into account the effect of
kinetics, potential local reactions and co-precipitations, or the
impact of micro-organisms on metal speciation. As an example,
greigite (Fe3S4) and ferrous sulfide were only predicted by
Phreeqc to precipitate for iron and sulfur if the model was set so
that pyrite was not allowed to precipitate. Those two compounds
have been found to be pyrite’s precursor (Nielsen et al., 2005;
Gustavsson, 2012) and SEM-EDS in this research showed that
ferrous sulfide and pyrite were indeed both present in the
digested sludge sampled, indicating that the sludge retention
time was not long enough to obtain a complete transformation
from ferrous sulfide to pyrite. Unless the model parameters are
specifically altered by the user, it should be noted that pyrite will
be the main predicted output. The kinetics can also modify the
balance between predicted vivianite and pyrite. It is hypothesized
that, following the dissolution of ferric phosphate (originally
present in the feed sludge) in the low redox environment
of an anaerobic digester, a high concentration of phosphate
subsequently surrounds the iron, creating a bulk limitation of
sulfide availability for iron (Zhang et al., 2009). This potential
disturbance of the thermodynamic equilibrium was not taken
into account by the equilibrium speciation model; hence it is
likely that phosphorus-rich digesters will contain more vivianite
than predicted by equilibrium speciation modeling, which will
reduce pyrite formation. Finally, the presence of iron extracted in
the second fraction (reducible) of the BCR sequential extraction
was not clearly characterized and could be from non-reduced
Fe(III) or undissolved ferrous phosphate from the first extraction
or even co-precipitates. The amount of iron extracted in the
reducible fraction was bound as pyrite or vivianite by the model.

A series of theoretical simulations were done to represent
a range of iron, phosphate, and sulfide concentrations in each
digester. The iron concentration was simulated from 0 to
30 g/kg DS and the average (across the seven types of sludge)
concentration of iron predicted as vivianite and as pyrite are

FIGURE 4 | Comparison of iron concentrations between experimental

and predicted values.
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shown in Figure 5. In themodel simulation the first compound to
be precipitated was pyrite, iron being converted into pyrite until
sulfide became the limiting factor, after which the concentration
of pyrite stayed constant and the iron precipitated as vivianite.
Varying the sulfide concentration (0–40 g/kg DS, Figure 6)
showed that, in the absence of sulfide, all the iron was precipitated
as vivianite. Sulfide precipitates preferentially with copper, nickel,
zinc and cobalt prior to the formation of pyrite, hence it is
only when the sulfide concentration in a digester increases to
1 g/kg DS that pyrite formation is initiated in competition with
vivianite formation. Varying the simulated phosphate content of
the digested sludge (0–40 g/kg DS, results not shown) showed
that, in absence of phosphate, iron was precipitated as pyrite and
siderite (FeCO3). The concentration of pyrite stayed constant as
phosphate content increased, however the siderite concentration
decreased as phosphate competed with carbonate for iron, with
iron precipitating increasingly as vivianite, until no siderite
remained. This series of simulation demonstrates that, based on
thermodynamic calculations alone iron speciation in a digester
would be primarily controlled by sulfide, then phosphate and
finally carbonate.

DISCUSSION

Iron Speciation in Anaerobically Digested
Sludge
Previous research has shown that sulfur plays an important
role in the speciation of iron in many anaerobic digesters, but
phosphate interaction with iron has traditionally been considered
negligible, being dominated by full sulfide precipitation or by
other binding such as carbonate, thiol, or organic material
(Shakeri Yekta et al., 2014a). This research demonstrated
that iron precipitates with both sulfide and phosphate in

FIGURE 5 | Predicted iron fractionation in function of total iron

concentration (average of the predicted results obtained from all

anaerobically digested sludge under study).

sewage sludge anaerobic digesters, which are becoming more
phosphate-rich environments due to the increasing legislative
drive to remove phosphorus from wastewater. In these
digesters, iron bonded with phosphate to form vivianite;
agreeing with previous results demonstrating its thermodynamic
stability under anaerobic condition (Miot et al., 2009). Indeed,
the solubility product of vivianite (pKsp = 35.8, Al-Borno
and Tomson, 1994) agreed on the potential formation in
anaerobically digested sludge from a thermodynamic approach.
Rothe et al. (2016) found that vivianite is stable at pH conditions
from 6 to 9 and its formation is detected in organic rich
environment in presence of ferrous and orthophosphate ion. The
pH range of vivianite stability agreed with its dissolution in the
first BCR fraction (exchangeable, pH 4).

The precipitation of iron with phosphate has been previously
qualitatively observed in anaerobically digested sludge (Miot
et al., 2009; Carliell-Marquet et al., 2010). However, this
study demonstrated that vivianite precipitation accounted for
at least 50% of the total iron in non-sulfide rich AD and,
when CPR was included in upstream wastewater treatment,
vivianite could represent more than 90% of the total iron
in an anaerobic digester. These results challenge the outputs
from thermodynamic calculations (Callander and Barford, 1983)
or previous experimental results (Morse and Luther, 1999;
Zhang et al., 2010) who concluded that the majority of iron
in anaerobic digesters would be present as sulfide precipitates.
Previously, anaerobic digesters were often considered to be
operating under sulfidic conditions with a threshold of 1 for
S:Fe, however, a threshold of 2 is actually required for pyrite
formation.

Concerning sulfide reacting with iron, SEM-EDS analysis
showed the presence of two iron-sulfide compounds: amorphous
ferrous sulfide and pyrite. Nielsen et al. (2005) demonstrated that
pyrite is expected to be the most stable inorganic iron-sulfide
precipitate. However, the relatively short time period for crystal

FIGURE 6 | Predicted iron fractionation in function of total sulfur

concentration (average of the predicted results obtained from all

anaerobically digested sludge under study).
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formation and maturation in an anaerobic digester, coupled with
redox potential variation (caused by the periodic addition of feed
sludge) is likely to encourage ferrous sulfide formation over pyrite
formation, as noted by Miot et al. (2009).

Concentration of different ferrous sulfide compounds varied
from 10 to 25% of the total iron concentration in the seven
studied digested sludge; no clear relationship could be seen
between an increase of iron concentration in the digesters
(resulting fromCPR dosing) and the concentration of iron bound
with sulfide (Table 2 and Figure 2). A relationship between
total iron-sulfide precipitates and total sulfur concentration
was demonstrated in this research through the BCR sequential
extraction analysis, and had been suggested previously by Mosey
and Hughes (1975). However, additional factors must also have
been involved in controlling the precipitation of iron with sulfide
in the digesters, as three sludges had the same amount of sulfur
measured (NID2, MS1, and ID1) but demonstrated a variation
in the concentration of iron extracted in the residual fraction,
from 2.4 to 4.3 g/kg DS (Tables 1, 2). Moreover, the ID2 sludge
represented the highest sulfur content but only 2.7 g/kg DS of
iron was extracted as sulfide precipitates. Shakeri Yekta et al.
(2014b) demonstrated that sulfur speciation in an anaerobic
digester is an important factor determining the capacity of sulfur
for iron precipitation, as each sulfur species possess a different
binding capacity for iron. Sulfur species compete with each other
for iron, and also with other anions such as phosphate. Moreover,
kinetic effects can also enhance the preferential binding of
iron with molecules other than sulfur in an anaerobic digester,

due to a local unavailability of sulfide anions (Zhang et al.,
2009).

Reactions Controlling the Iron Behavior in
Anaerobically Digested Sludge
The results of this study have been used to obtain a better
understanding of iron speciation in municipal anaerobic
digesters and also, importantly, to determine the most probable
order of the sulfide and phosphate precipitation reactions
(Figure 7). Results have shown that the first reaction controlling
the behavior of iron in the solid phase is precipitation with
sulfide to form ferrous sulfide first and then pyrite, regardless
of the higher iron or phosphate concentrations in the digesters
we studied. Iron sulfide precipitation is, however, strictly
constrained by the iron/sulfur ratio in the anaerobic digester
and is likely to be limited (Shakeri Yekta et al., 2014a).
Following precipitation with sulfide, iron reacts with phosphate
to precipitate as vivianite and various ferrous-(hydroxyl)-
phosphate compounds. Vivianite represented the largest fraction
of iron in all the digesters studied, without being the primary
reaction.

These results hence agree with traditional thermodynamic
calculations in predicting sulfide as the primary factor controlling
iron speciation (Pourbaix, 1963; Callander and Barford, 1983)
even if 90% of the total iron was found to be present as
vivianite in the digesters studied. However, thermodynamic
calculations do seem to overestimate the precipitation of iron

FIGURE 7 | Illustration of iron behavior in anaerobically digested sludge.
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with sulfide when compared to experimental data. Shakeri Yekta
et al. (2014a) controlled this overestimation in their model by
including ligands in the liquid phase and thiols in the solid
phase for sulfidic sludge; when sulfide became limiting in their
simulated anaerobic digesters, carbonate was used to precipitate
iron as siderite. This study has shown that phosphate can also
compete kinetically with sulfide to react with iron, especially
through the formation of stable iron-phosphate compounds such
as vivianite. CPR at a WWTW enhances the ability of phosphate
to compete for iron in an anaerobic digester by introducing iron
as ferric phosphate in the digester feed sludge, effectively limiting
the access of sulfide to iron (Miot et al., 2009; Zhang et al.,
2009).

More research is required to complete the overall picture of
iron mobility in phosphorus enriched anaerobic digesters,
by understanding the speciation of iron in the liquid
phase, particularly in terms of bioavailability. Quantitative
determination of different iron species in the liquid phase is
complicated by low detectable concentrations of individual
species (Fermoso et al., 2009). Shakeri Yekta et al. (2014a)
approached this subject by creating a model simulation from
two sub-models developed by Rickard (2006) and Davison et al.
(1999). Their results showed that the iron concentration in
the liquid phase of an anaerobic digester, and its speciation,
depended primarily on the ratio of sulfur to iron in their
digester. Iron solubility was observed to increase when
secondary iron precipitates were recorded alongside sulfide
precipitation.

In this study, increased total iron concentration in the digested
sludge also increased the concentration of iron measured in the
liquid and could be linked with the solubility product constant
of vivianite formation. Hence, the speciation of iron in the solid
phase impacts directly on the reactions controlling the behavior
of iron in the liquid phase and, ultimately, on the concentration
of iron in the liquid phase.

Impact of Vivianite Precipitation on the
Anaerobic Digestion Process
The presence of more than 50% and up to 80% of iron
precipitated as vivianite in an anaerobic digester, instead of
precipitated with sulfide as traditionally expected, means that
iron in these digesters is likely to be more mobile and hence
more bioavailable; this is likely to have a secondary effect on other
metals speciation.

The optimal balance for metals bioavailability is a fragile
equilibrium and any change in their speciation might tip a
digester into the deficiency or toxicity zone (Zandvoort et al.,
2006). The presence of CPR at a WWTW increases the total
concentration of iron and phosphorus in the feed sludge, leading
to an increase of vivianite precipitation and solubility of iron
in the anaerobic digester. Previous results showed that CPR
had negative impact on biogas production (Smith and Carliell-
Marquet, 2009; Ofverstrom et al., 2011) that could be correlated
to a concentration of iron in the liquid phase coupled with
a higher mobility of iron in the solid phase. By contrast, De
Vrieze et al. (2013) found that the addition of iron-rich activated

sludge stabilized kitchen waste anaerobic digesters, primarily
because iron was a rate-limiting element and secondarily by
reducing the high concentration of soluble phosphate in these
digesters.

Previous research on metal solubility and bioavailability in
digesters used the sulfide element to estimate metal solubility
in sewage sludge digesters, assuming sulfide as the dominant
anion (Mosey et al., 1971; Mosey and Hughes, 1975). Specifically,
Mosey et al. (1971) used sulfide solubility (threshold at pS= 17.2)
as a measure of the potential bioavailability and hence, toxicity, of
heavy metals in anaerobic digestion. This hypothesis could still
be used for sulfidic digesters, but sewage sludge today generally
has a higher amount of iron than sulfur, due primarily to the
prevalence of CPR. Under these new phosphate-rich conditions,
phosphate availability must also be taken into consideration
in order to calculate iron solubility. Vivianite is defined by
the BCR sequential extraction analysis as a weakly bound
compound; this weak binding capacity of vivianite enhances
the transfer of iron between solid and liquid phase creating a
reserved pool of iron able to quickly shift depending on the
AD condition. This means that the overall mobility of iron
in sewage sludge anaerobic digesters has changed over time
as upstream wastewater treatment processes have changed to
include phosphorus removal, in response to increasingly strict
discharge requirements.

The large amount of iron bound with phosphate in sewage
sludge digesters today, also reduces phosphate availability for
other cations such as calcium or magnesium. Struvite is a
high value end product from anaerobic digestion that can
be precipitated through magnesium addition, post anaerobic
digestion; struvite precipitation relying on phosphate having
been released into the liquid phase during digestion. Phosphate
entering an anaerobic digester from CPR is bound with iron and
even though it is likely to be released temporarily as a result of
Fe(III) reduction, this research showed that most phosphate is re-
precipitated as vivianite and will remain in this form, preventing
post-digestion struvite recovery.

Finally, the speciation of iron also has an impact on the
other metals behavior in the anaerobic digester. Cobalt and
nickel are both metals that kinetically precipitate with sulfide
after iron and can potentially be absorbed onto ferrous sulfide
compounds (Morse and Luther, 1999). Shakeri Yekta et al.
(2014b) demonstrated that nickel solubility was controlled by
three reactions, including interaction with ferrous sulfide. Hence,
reduction of ferrous sulfide precipitates as a result of vivianite
formation might reduce the effect of co-precipitation for nickel
and cobalt, enhancing secondary reactions and consequently
impacting on their solubility. Finally, increased iron mobility
could also influence the kinetics of essential trace metals being
supplemented to anaerobic digesters to boost biogas production.
Roussel (2013) observed a quicker dissolution of supplemented
cobalt bound to EDTA in iron-rich sludge than in iron-poor
sludge. It was demonstrated that the acceleration of cobalt
dissolution was due to higher availability of iron to react with
EDTA and release the cobalt, which in turn made cobalt more
bioavailable and increased the rate of biogas production from
those digesters.

Frontiers in Environmental Science | www.frontiersin.org September 2016 | Volume 4 | Article 60 | 54

http://www.frontiersin.org/Environmental_Science
http://www.frontiersin.org
http://www.frontiersin.org/Environmental_Science/archive


Roussel and Carliell-Marquet Iron Mobility in Anaerobic Digestion

CONCLUSION

• Municipal sewage sludge digesters are today more
phosphorus-rich environments than in the past, due
to the increasing legislative requirements for WWTW
to remove phosphorus from wastewater, which they
achieve with iron dosing, resulting in an iron and
phosphorus rich sludge being fed to the anaerobic
digesters.

• Increasing iron concentrations in municipal sewage sludge
digesters was linked to increasing concentrations of vivianite
precipitated in the digested sludge.

• The first reaction controlling the behavior of iron in the
solid phase is precipitation with sulfide to form ferrous
sulfide initially and then pyrite, regardless of the higher
iron or phosphate concentrations in the digesters we
studied.

• Following precipitation with sulfide, iron reacts with
phosphate to precipitate as vivianite and various ferrous-
(hydroxyl)-phosphate compounds. Vivianite represented the
largest fraction of iron in all the digesters studied, without
being the primary reaction.

• Vivianite is defined by the BCR sequential extraction analysis
as a weakly bound compound; this weak binding capacity of
vivianite enhances the transfer of iron between solid and liquid
phase creating a reserved pool of iron able to quickly shift
depending on the AD condition.
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Anaerobic digestion (AD) is a microbial process widely used to treat organic wastes.
While the microbes involved in digestion of municipal sludge are increasingly well
characterized, the taxonomic and functional compositions of AD digesters treating
industrial wastewater have been understudied. This study examined metagenomes from
a biogas-producing digester treating municipal sludge in Shek Wu Hui (SWH), Hong
Kong and an industrial wastewater digester in Guangzhou (GZ), China, and compared
their taxonomic composition and reconstructed biochemical pathways. Genes encoding
carbohydrate metabolism and protein metabolism functions were overrepresented in
GZ, while genes encoding functions related to fatty acids, lipids and isoprenoids
were overrepresented in SWH, reflecting the plants’ feedstocks. Mapping of genera to
functions in each community indicated that both digesters had a high level of functional
redundancy, and a more even distribution of genera in GZ suggested that it was more
functionally stable. While fermentation in both samples was dominated by Clostridia,
SWH had an overrepresentation of Proteobacteria, including syntrophic acetogens,
reflecting its more complex substrate. Considering the growing importance of biogas
as an alternative fuel source, a detailed mechanistic understanding of AD is important
and this report will be a basis for further study of industrial wastewater AD.

Keywords: biogas, anaerobic digestion, metagenomes, municipal sludge, industrial wastewater

INTRODUCTION

Anaerobic digestion (AD) is a biological decomposition process widely used in municipal
wastewater treatment plants (WWTPs). Globally, biogas-producing AD processes are gaining
attention because they can not only degrade organic waste, which reduces water quality and
poses a danger to public health if not properly treated (Sahlstrom, 2003; Bibby and Peccia, 2013),
but also provide a renewable source of energy in the form of methane (biogas; Angelidaki and
Ellegaard, 2003; Weiland, 2003; Luo et al., 2013). Despite its widespread use worldwide, the
biological mechanisms of AD are still poorly understood, mostly due to the complexity of the
microbial communities involved (Wagner and Loy, 2002; Nelson et al., 2011). Thus, detailed
studies of the composition of AD microbial consortia and their metabolic functions are required.
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An improved understanding of AD could enhance the efficiency
of carbon recovery from waste streams, contributing to the global
goal of turning WWTPs into sustainable systems (Jetten et al.,
1997).

Identifying the microorganisms in AD systems has
traditionally been accomplished by the construction of 16S
rRNA gene clone libraries followed by Sanger sequencing
(Riviere et al., 2009), which in recent years has been replaced
by high-throughput next-generation sequencing of 16S rRNA
gene amplicons (Schluter et al., 2008; Werner et al., 2011).
However, both these methods focus on taxonomic identification,
and the metabolic pathways present can be determined only
indirectly. Moreover, these methods can introduce biases as
a PCR amplification step is required. Shotgun metagenomic
sequencing, which directly sequences the extracted DNA,
can provide more detailed information on the identity of the
microbes and their metabolisms as well as other biological
information including novel genes (Ferrer et al., 2005a,b). In
addition to these advantages, metagenomic sequencing is gaining
importance in the study of microbial communities because the
decreasing cost and increasing sequencing depth have enabled
high-resolution analysis of complex environmental samples (Qin
et al., 2010; Fierer et al., 2012) such as sea water (Tang et al.,
2013), soils (Fierer et al., 2012), human gut (Qin et al., 2010),
and freshwater (Breitbart et al., 2009). Metagenomics was first
applied to AD in 2008 with the analysis of a German full-scale
biogas plant treating farm waste (Schluter et al., 2008). Several
further studies have since examined AD metagenomes, with the
focus mainly on taxonomy and gene-centric functional analyses
(Wirth et al., 2012; Wang et al., 2013; Wong et al., 2013; Yang
et al., 2014). Recently, metagenomic analysis has shifted toward
reconstructing important metabolic pathways and genomes
present in AD systems (Li et al., 2013).

Of the AD metagenomes analyzed to date, samples have
been obtained from full-scale biogas plants treating farm waste
(Schluter et al., 2008), industrial (Wang et al., 2013) and
municipal (Wong et al., 2013; Yang et al., 2014) sludge digesters,
and lab-scale reactors (Wirth et al., 2012; Li et al., 2013).
However, little analysis has yet been conducted of full-scale
AD systems treating high-strength industrial wastewater. While
municipal sludge digesters are important, AD systems treating
high-strength wastewater should not be neglected because a
substantial volume of industrial wastewater is generated every
year. In China alone, the discharge of industrial wastewater
was 6.9 × 1010 metric tons in 2012 and estimated to be
7.8 × 1010 metric tons in 2015, accounting for as high as 35%
of total national wastewater discharge (Feng et al., 2015). This
study aimed to determine whether and how the major AD
processes and the taxonomic groups performing them differ in a
high-strength industrial wastewater system compared to better-
studied municipal sludge systems. We obtained metagenomes
from one system of each type and reconstructed and compared
their key AD metabolic pathways. The major taxonomic groups
performing these processes were determined and compared
between the two systems, and pathways with particular functional
significance analyzed. The redundancy of organisms in the major
pathways of the multi-step AD process was also examined.

MATERIALS AND METHODS

Sample Descriptions
Anaerobic digestion samples were collected from a full-scale
industrial digester treating high-strength wastewater located in
Guangzhou, China (hereafter abbreviated ‘GZ’), and a municipal
digester treating sludge located in Shek Wu Hui, Hong Kong
(‘SWH’). Detailed descriptions of the digester systems and sample
collection procedures have previously been reported (Wilkins
et al., 2015a). Briefly, GZ treats 0.7 million liters per day of high-
strength industrial wastewater from beverage manufacturing
with a retention time of 0.5 days. SWH treats 0.45 million
liters per day of municipal sewerage sludge with a retention
time of 23 days. The daily methane production and operating
temperature are higher for SWH. Operating conditions and
measured parameters are provided in Supplementary Table S1.

DNA Extraction and Illumina Sequencing
Genomic DNA was extracted using the PowerSoil DNA Isolation
Kit (Mo Bio Laboratories, Carlsbad, CA, USA) as described
previously (Lu et al., 2013). 6 µg of extracted DNA for
each sample was used for library construction using the
Illumina paired-end DNA sample preparation kit according to
the manufacturer’s instructions. The prepared libraries were
sequenced using paired-end 100 bp reads on an Illumina HiSeq
2000 according to manufacturer’s recommendations by BGI-
Hong Kong. After removing reads containing ‘N’ and adapters,
a total of ∼16 Gb of paired-end reads (90 bp in length) were
generated for both samples (∼8 Gb for each sample). Sequencing
reads from this study have been deposited in Metagenome
Rapid Annotation using Subsystem Technology (MG-RAST1)
with accession numbers 4560350.3 (GZ) and 4560351.3 (SWH).

Taxonomic and Functional Annotation of
Metagenomes
As recommended by the online metagenome analysis tool
MG-RAST version 3.0 (Mason et al., 2014; Wilbanks et al.,
2014), the reads were not assembled or filtered before
submission for taxonomic and functional analyses. Read
paired ends were merged prior to analysis according to
the instructions provided by MG-RAST. Artificial replicate
sequences and irrelevant sequences (e.g., plant, human, or
mouse) were removed automatically by MG-RAST and low-
quality sequences were filtered out using default settings. The
read sets were normalized by random subsampling to 3.9 Gb,
and rarefaction curves constructed to assess whether sequencing
effort was sufficient to capture the majority of taxonomic
diversity.

Reads were taxonomically annotated by comparison with
the M5NR database using sBLAT (Kent, 2002). M5NR is
a non-redundant (nr) protein database (Meyer et al., 2008)
comprising the NCBI GenBank (Benson et al., 2008), SEED
(Overbeek et al., 2005), KEGG (Kanehisa and Goto, 2000),
IMG terms (Markowitz et al., 2008), eggNOGs (Jensen et al.,

1http://metagenomics.anl.gov
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2008), and Uniprot (Magrane and UniProt Consortium, 2011)
databases. To identify genes and their functions, the reads were
additionally annotated via sBLAT (Kent, 2002) searches against
the COG and SEED gene databases, both of which organize
genes into nested hierarchies of groups (COG categories and
SEED subsystems) with related functional roles. For both the
taxonomic and functional annotations, the best hit was accepted
as the annotation for that read, and only read alignments ≥ 25
nucleotides with similarity to the reference database ≥ 60% and
E-value ≤ 1 × 10−5 were retained (Tang et al., 2013; Wong
et al., 2013; Mason et al., 2014). Taxon, COG category and
SEED subsystem counts were normalized by dividing by the total
number of hits in each metagenome (Mackelprang et al., 2011;
Tang et al., 2013).

Reconstruction of Metabolic Pathways
Anaerobic digestion of organic compounds has four major
steps: hydrolysis, acidogenesis, acetogenesis, and methanogenesis
(Wirth et al., 2012). Representative pathways for the acidogenesis,
acetogenesis, and methanogenesis steps of AD and for
denitrification were constructed according to recently published
articles (Francis et al., 2007; Agler et al., 2011) with reference to
databases including KEGG, MetaCyc (Caspi et al., 2014), and
BRENDA (Scheer et al., 2011). These pathways included the
reaction steps producing major intermediate compounds and
the enzymes that catalyze these steps. The relative abundances of
the top five genera from each metagenome associated with the
last step in the formation of major intermediates in acidogenesis,
acetogenesis, and methanogenesis, and the top five genera from
each metagenome associated with the major enzymes in the
methanogenesis and denitrification pathways were mapped
to the respective pathways. The Pielou evenness index was
calculated for the top genera associated with major intermediates
and for all genera in each digester using the R package vegan2.

To gain insight into the functions and organisms involved in
hydrolysis and to examine the samples’ taxonomic and functional
profiles more generally (Smith et al., 2012; Luo et al., 2013;
Tang et al., 2013), Statistical Analysis of Metagenomic Profiles
(STAMP, version 2.0; Parks and Beiko, 2010) was used to compare
the abundances of taxa, COG categories and SEED subsystems
between the samples. Detailed information regarding the method
can be found in the manual3. Significant differences were
identified with the two-sided Fisher’s exact test (Fisher, 1958),
with 0.95 confidence intervals determined by the Newcombe-
Wilson method (Newcombe, 1998). Storey’s False Discovery
Rate (FDR; Storey and Tibshirani, 2003) was used to correct
for multiple comparisons, and results with a q-value (corrected
p-value) <0.05 retained.

Assembly and Analyses of Contigs
Although the primary taxonomic and functional annotation
was performed with unassembled reads as recommended by
MG-RAST, contigs were assembled from each metagenome to
identify longer sequences present in both samples and to perform

2http://CRAN.R-project.org/package=vegan
3http://kiwi.cs.dal.ca/Software/STAMP

thorough searches for key marker genes. Raw sequence reads
were filtered and trimmed using Fastq-Mcf4 with default settings.
The filtered reads were merged and converted to FASTA format
using ‘fqwfa’ (Ruby et al., 2013) followed by de novo assembly with
IDBA_UD version 1.1.1 using the options ‘–step 10,’ ‘–mink 20,’
‘–maxk 100,’ and ‘–min_contig 800’ (Peng et al., 2012). Contigs
>1200 bp in length were retained.

To identify long sequences shared between the samples,
contigs from both samples were compared pairwise with
BLASTN. Pairwise hits with an alignment length ≥3,000 bp
and sequence identity ≥ 95% were retained and annotated via
a BLAST search against the NCBI nr nucleotide database. The
assembled contigs were also annotated in MG-RAST by searching
against the M5NR, COG, and SEED databases as described above.
Custom databases of protein sequences for all enzymes involved
in methanogenesis were constructed from the KEGG database
and contigs were compared with these databases to detect key
methanogenesis genes.

Comparisons with Other Metagenomes
Metagenomes representing other AD systems (Supplementary
Table S2) were submitted to MG-RAST for comparison with this
study’s metagenomes. Reads from the other metagenomes that
matched reads from this study with an E-value ≤ 1 × 10−3

were retained (Smith et al., 2012; Tang et al., 2013). To examine
changes in the SWH community over time, functional and
taxonomic profiles of two metagenomes obtained from SWH as
part of a different study (Yang et al., 2014) were obtained. The
operating conditions of the digester did not change significantly
between the two studies. All taxon and function abundances were
proportionally normalized as described above.

RESULTS

Overview of the Metagenomes
Following read quality control, a total of 14,949,014 and
20,124,753 reads with average lengths of 152 ± 24 bp and
152 ± 21 bp in GZ and SWH, respectively, were retained
(Supplementary Table S3). After annotation, 32.3% of GZ and
48.3% of SWH reads attracted matches to the M5NR database,
and 4,280,812 and 5,774,507 reads containing functional genes
were identified in GZ and SWH, respectively (Supplementary
Table S3). A wide range of sequencing depths, from 600 Mb
(Wilbanks et al., 2014) to 3 Gb (Yang et al., 2014), have previously
been used in metagenomic analyses. Rarefaction curves were
asymptotic for both metagenomes at the 3.9 Gb subsampling
depth (Supplementary Figure S1), showing this depth is sufficient
to cover the majority of species richness.

Taxonomic Composition of the
Metagenomes
The taxonomic composition of the metagenomes was determined
from the annotation of reads against the M5NR database in
MG-RAST (Meyer et al., 2008). At the domain level, the

4http://code.google.com/p/ea-utils/wiki/FastqMcf
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majority of reads were assigned to Bacteria (79.5% for GZ;
83.0% SWH), followed by Archaea (7.4% GZ; 4.0% SWH), and
Eukaryota (1.0% GZ; 0.7% SWH). Within the Bacteria, the most
abundant phyla were Proteobacteria, Firmicutes, Actinobacteria,
and Bacteroidetes in both samples. STAMP analysis identified a
significant overrepresentation of Firmicutes, Actinobacteria, and
Euryarchaeota in GZ while Proteobacteria and Bacteroidetes were
overrepresented in SWH (Figure 1A).

Class abundances were highly correlated between the two
samples (R2

= 0.88). In both samples, Actinobacteria (class)
were highly abundant, followed by Clostridia, Bacilli, and
classes of the Proteobacteria. The alpha-, beta-, and gamma-
Proteobacteria were significantly overrepresented in SWH, while
delta-Proteobacteria, which contains acetogenic bacteria that
interact syntrophically with methanogens (Lopez-Garcia and
Moreira, 2006; Sousa et al., 2009), were overrepresented in GZ
(Figure 1B). These differences are likely due to differences in the
feedstocks and/or operating conditions (e.g., retention time and
temperature, Supplementary Table S1).

One thousand nine hundred thirty-nine genera were identified
in GZ and 2,554 genera in SWH, of which 1,612 were shared
between the metagenomes. Apart from high representations of
Streptomyces in GZ and Mycobacterium in SWH (Supplementary
Figure S2), the major genus in both metagenomes was
Clostridium which formed a similar proportion of both
samples (GZ 2.7%; SWH 2.6%). The abundance of minor
genera varied greatly between the two metagenomes. Pathogens
including Mycobacterium and Burkholderia were significantly
more abundant in SWH, whereas bacterial genera associated with
acetogenesis (e.g., Syntrophobacter) were overrepresented in GZ
(Supplementary Figure S2).

Euryarchaeota, which includes all known methanogens
(Li et al., 2013), was the most abundant archaeal phylum in
both samples, followed by Crenarchaeota, Thaumarchaeota,
Korarchaeota, and Nanoarchaeota (Supplementary Table
S4). Within the Euryarchaeota, the methanogenic classes
Methanomicrobia and Methanobacteria dominated both
metagenomes, while at the order level Methanomicrobiales
was most abundant followed by Methanosarcinales and
Methanobacteriales (Supplementary Table S4). At the genus level,
Methanosarcina was prevalent in both samples (GZ 9.3% of all
Archaea; SWH 8.4%) while Methanothermobacter were abundant
in GZ (GZ 4.9%; SWH 3.6%) and Methanospirillum (GZ 3.7%;
SWH 6.8%), Methanobrevibacter (GZ 4.2%; SWH 5.4%), and
Thermococcus (GZ 4.9%; SWH 5.4%) in SWH. Methanosaeta
(GZ 2.7%; SWH 2.6%) were present in low abundance in both
samples.

Functional Composition of the
Metagenomes
To obtain metabolic function profiles for the two metagenomes,
all reads were annotated via sBLAT search against the COG and
SEED databases. In both samples, genes encoding functions from
metabolism-related COG categories were dominant, representing
more than 45% of the total hits within each sample. Within
the metabolism COG category, more than 65% of reads in

both samples were annotated with sequences in the categories
carbohydrate transport and metabolism, lipid transport and
metabolism, energy production and conversion, and amino acid
transport and metabolism. A high proportion of genes related
to these functions has been previously reported in metagenomes
(Li et al., 2013) and metaproteomes (Wilmes et al., 2008)
from AD systems and may indicate a metabolism suitable for
anaerobic microbial reactions. STAMP analysis indicated that
genes related to carbohydrate transport and metabolism were
overrepresented in GZ, while lipid transport and metabolism
genes were overrepresented in SWH (Supplementary Figure S3).

Level 1 (broadest level) SEED subsystems such as clustering-
based systems and carbohydrates metabolism were relatively
abundant in both samples, accounting for almost 15% of
each. The amino acids and derivatives metabolism and
protein metabolism subsystems were also prevalent. As with
the COG results, most of these abundant subsystems were
related to the degradation of organic matter. Genes from
carbohydrates metabolism and protein metabolism subsystems
were overrepresented in GZ, whereas genes from fatty acids,
lipids and isoprenoids subsystems were more abundant in
SWH (Figure 2). In both anaerobic wastewater and sludge
metagenomes, a number of genes related to nitrogen metabolism
and to respiration were also detected, corroborating a previous
finding (Ye et al., 2012).

Among level 4 (gene product) SEED subsystems, the most
prevalent genes in both samples were those encoding glycosyl-
transferase, followed by decarboxylase. Glycosyltransferase had
the largest difference between proportions in the two samples
of all level 4 subsystems, being highly and significantly
overrepresented in GZ (Supplementary Figure S4).

Reconstruction of Functional Pathways
To determine the major genera involved in AD in each
sample, the abundances of genera associated with the last
step in the formation of major intermediate products were
examined. Genera contributing to the formation of acetate
were dominant in both samples at the acidogenesis stage
(Figure 3). A high abundance of genera capable of ethanol
fermentation (e.g., Bradyrhizobium) was found in the sludge
metagenome (SWH), while a high proportion of genes were
assigned to the genera responsible for formate formation (e.g.,
Clostridium and Bacteroides) in the wastewater metagenome
(GZ). In addition, genes from Clostridium were most frequently
detected in the acidogenesis process in both samples, consistent
with the high abundance of Clostridium in GZ and SWH
(Figure 3).

Unlike acidogenesis, acetogenesis is a rate-limiting step
as the conversion of long-chain volatile fatty acids (VFAs)
to acetate, formate, CO2, and H2 is endothermic under
standard conditions and limited by factors including H2 partial
pressure and substrate concentration (Müller et al., 2010).
Changes in these metabolite concentrations therefore have a
large effect on the overall AD rate (McInerney et al., 2009).
Acetogenesis was dominated in both metagenomes by the delta-
proteobacterial genus Syntrophobacter, members of which can
convert butyrate/propionate to acetate (Müller et al., 2010).
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FIGURE 1 | Significant differences in microbial communities at the (A) phylum and (B) class level between GZ (blue) and SWH (yellow). Significance
was determined by Fisher’s exact test with Story’s FDR correction for multiple comparisons, with corrected p < 0.05 considered significant. Only taxa with difference
between proportions >0.2 (i.e., considered large effect) are shown.

Methanogenesis in both samples was likely contributed by the
dominant genus Methanosarcina.

Overall, acidogenesis genera were less abundant than
acetogenesis and methanogenesis genera in both digesters
(Supplementary Table S5). However, for the formation of
acetate as an intermediate product of acidogenesis, the relative
abundances of the top genera were similar in both samples
(Figure 3). Furthermore, the relative abundances of the
single major acetogenic [e.g., Syntrophobacter (1.4%)] and
methanogenic [e.g., Methanosarcina (1.1%)] genera were similar
to those of the less evenly distributed major acidogenic genera
[e.g., Clostridium (1.3–2.7%) and Geobacter (0.9–2.0%)] in GZ.
Meanwhile, genera were overall more evenly distributed in GZ
(Supplementary Table S5).

The methanogenesis and denitrification pathways were
selected for more detailed pathway reconstructions in which
all major enzymes were considered. Compounds including
H2/CO2, acetate, and some C1 compounds (e.g., formate,
methanol, dimethylamine, and methanethiol) can serve as
substrates for methanogenesis (Francis et al., 2007; Li et al.,

2013). Both the hydrogenotrophic (H2/CO2 to methane) and
acetoclastic (acetate to methane) pathways were detected in
both metagenomes, though genes encoding enzymes in the
acetoclastic pathway (EC 2.7.2.1, EC 2.3.1.8, EC 6.2.1.1, and EC
2.3.1.-) were more abundant than those in the hydrogenotrophic
pathway (EC 1.2.99.5, EC 2.3.1.101, EC 3.5.4.27, EC 1.5.98.1,
and EC 1.5.98.2) in both samples (Supplementary Figure
S5). Within the acetoclastic pathway, genes encoding enzyme
EC 6.2.1.1 (responsible for the formation of acetyl-CoA
from acetate) were more abundant than EC 2.7.2.1 (acetate
kinase) and EC 2.7.1.8 (phosphate acetyltransferase) in
both metagenomes (Supplementary Figure S5). Although
methanol-utilizing methanogens (e.g., Methanosphaera
stadtmanae and Methanosarcina barkeri) were found in both
metagenomes, no sequence encoding enzymes mtaA (coenzyme
M-binding methyltransferase) or mtaB (methanol-binding
methyltransferase) was detected in reads or contigs from either
metagenome, possibly due to incomplete sequencing.

As expected under anaerobic conditions, genes encoding
enzymes involved in nitrification (e.g., ammonia monooxy-
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FIGURE 2 | SEED subsystems (level 1) with significantly different abundances in the GZ (blue) and SWH (yellow) metagenomes. Significance was
determined by Fisher’s exact test with Storey’s FDR correction for multiple comparisons, with corrected p < 0.05 considered significant.

genase, EC 1.14.99.39 and EC 1.7.2.6) were either undetected
or at low abundance in both GZ and SWH (Supplementary
Figure S6). In contrast, a high abundance of enzymes related to
denitrification (nitrate reductases, EC 1.7.99.4, EC 1.7.2.4, and
EC 1.7.2.1; nitrous oxide reductase, EC 1.7.2.5) was detected
(Supplementary Figure S6). In addition, a high proportion of
reads in both samples were assigned to nitrite reductase (EC
1.7.1.4) and nitrogenase (EC 1.18.6.1) genes (Supplementary
Figure S6). Genes for hydrazine oxidoreductase (EC 1.7.99.8), an
enzyme involved in anaerobic ammonia oxidation (anammox),
were searched for by BLASTP in contigs from both samples but
not found. As previously reported (Francis et al., 2007), both
bacteria and archaea contributed enzymes to the denitrification
pathway.

Comparison with Other Metagenomes
Four additional AD metagenomes were selected for comparison
with GZ and SWH (Supplementary Table S2). The GZ
metagenome was taxonomically and functionally most similar
to that of a German production-scale biogas plant fed with
a mixture of crops (∼98%) and chicken manure (∼2%), but
was distinct from those treating cellulose sludge and lab-scale
municipal sludge (Figure 4). SWH shared a high degree of
similarity, especially among functional genes (similarity >95%),
with a metagenome from a lab-scale anaerobic sludge reactor
(Figure 4; Lv et al., 2014). Two metagenomes from AD systems
treating paper mill wastewater and cellulolytic sludge were very
dissimilar from the metagenomes in this study.

To investigate temporal variability in taxa and functions,
we examined two additional metagenomes also from SWH but
collected at different times for a different study (Yang et al.,
2014). The two samples used for comparison were collected in
September 2011 and March 2012, while the sample in this study
was collected in November 2011. A comparison of the taxonomic
and functional profiles indicated shifts in the dominant microbial
community members present (Supplementary Figure S7), even
between the two samples from the previous study that were
sequenced using the same method. Smaller changes were
observed in the functional gene profiles, especially for essential
functions (e.g., transcription and DNA replication).

DISCUSSION

Anaerobic digestion has been widely applied in the treatment
of municipal sludge (Riviere et al., 2009; Yang et al., 2014)
and industrial wastewater (Rajeshwari et al., 2000) as this
technology decomposes organic waste while simultaneously
producing biogas (Angelidaki and Ellegaard, 2003; Weiland,
2003; Luo et al., 2013). However, previous AD studies have
mainly focused on the phylogenetic diversity of municipal
digesters treating waste sludge from secondary treatment (Yang
et al., 2014) or farm waste (Schluter et al., 2008). The
taxonomic and functional composition of AD digesters treating
high-strength industrial wastewater have not been extensively
studied, especially those taxa and functions involved with
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FIGURE 3 | Genera in the GZ (genus name in blue) and SWH (genus name in red) metagenomes mapped to each major AD step (acidogenesis,
acetogenesis, and methanogenesis). The five most abundant genera mapped to the last step in the formation of the major intermediates are shown (labeled with
a letter). The log10-normalized relative abundance of each genus is indicated by the colored tile beside its name.

the major AD steps (Wagner and Loy, 2002; Nelson et al.,
2011). Given the vast and increasing volume of high-strength
industrial wastewater produced worldwide, the application of
AD to wastewater is likely to grow. Therefore, it is important
to thoroughly understand the microbiology involved in the
anaerobic treatment of wastewater and how it differs from
the more common sludge digesters. We analyzed metagenomes
(i.e., covering both taxonomy and metabolic functions) from an
industrial wastewater AD system and a municipal system treating
sludge to reconstruct the major AD biochemical processes
and examine how they differ between these two digester
types.

In this study, we chose not to assemble the reads before
annotation, as low-coverage sequences might be excluded by
an assembler (Howe et al., 2014) and bias the taxonomic
profile against rare taxa. Unlike some studies using unassembled
reads (Fierer et al., 2012), here we used merged paired end
reads for more reliable annotation results. However, the protein
annotation rates (53.4% for GZ and 48.3% for SWH) were
similar to reported rates for unmerged reads (42.7–56.1%;
Fierer et al., 2012; Wirth et al., 2012). We also assembled

contigs to provide a basis for phylogenetic comparison between
the metagenomes, although these were not used to generate
taxonomic and functional abundances. The annotation rates in
these contigs were < 68%, suggesting incomplete sequencing
of genes played some role in the annotation rate but did
not account for all unannotated reads. Unannotated reads
could also be attributed to the high diversity of the samples
(Wilkins et al., 2015a) and/or incomplete databases (Ye et al.,
2012).

The presence of functional genes in an AD system should
generally be correlated to the substrate it is treating. For
example, a metagenome from anaerobic digestion of tannery
wastewater found genes assigned to protein metabolism were
the most abundant, making up about 15% of the metagenome
(Wang et al., 2013). In the metagenome from the GZ digester,
which treats carbohydrate-rich beverage wastewater, genes
related to carbohydrate transport and metabolism were the
most abundant and strongly overrepresented relative to SWH
(Figure 2; Supplementary Figure S3; Hu et al., 2010). In
contrast, functions related to metabolism of lipids and fatty
acids were significantly overrepresented in SWH, including
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FIGURE 4 | Clustering of the GZ and SWH metagenomes with other AD metagenomes at (A) the genus level, representing taxonomic similarity and
(B) level 3 SEED subsystems, representing functional similarity. Metagenomes were clustered based on the Bray–Curtis similarity with square-root
transformed abundances using PRIMER software. Dashed lines are inserted for visualizing the similarity comparisons.

the SEED subsystem for fatty acids, lipids, and isoprenoids
(Figure 2), COG category for lipid transport and metabolism
(Supplementary Figure S3B) and genes encoding enzymes
from the cytochrome P450 family (Supplementary Figure S4).
Cytochrome P450 enzymes catalyze reactions on a broad
range of substrates, particularly lipid metabolites such as
steroids, eicosanoids, fatty acids, and lipids (Coon et al.,
1992). This functional profile of SWH suggests there was a
higher lipid content in the sludge being treated there, as
expected for a municipal sewerage waste stream. Similarly,
the overrepresentation of SEED subsystems related to the
metabolism of aromatic compounds (Figure 2) reflects the
probable presence of polycyclic aromatic hydrocarbons (PAHs)
in sewerage waste streams, particularly concentrated in digester
sludge (Blanchard et al., 2004).

Genes encoding the cobalt-zinc-cadmium resistance protein
CzcA were abundant in both metagenomes. Cobalt-zinc-
cadmium resistance protein CzcA is essential for resistance
against certain heavy metals (Diels et al., 1995). Its presence
suggests heavy metals such as cobalt, zinc and/or cadmium, could
be present in both samples. A previous study has shown that
heavy metals are released with the decomposition of organic
matter (Dong et al., 2013).

The taxonomic composition of the two digesters also
reflected the complexity of hydrolytic functions required to
process their feedstocks. The phylum Proteobacteria was strongly
overrepresented in SWH, with the exception of the class delta-
Proteobacteria (Figure 1B). This overrepresentation was quite
evenly spread over a large number of Proteobacteria genera
(data not shown), indicating it was not due to a few exceptional
species but rather a systematic difference. Members of the
Proteobacteria have a broad range of roles in all AD steps
except for methanogenesis. In the pathway reconstruction,
Proteobacteria genera were among the top contributors to the
production of all major fermentation products except lactate
and to acetogenesis in both digesters (Figure 3). Given this
broad range of roles in both digesters, the overabundance of

Proteobacteria in SWH reflects the more complex range of
substrates treated by that system, requiring a more diverse
repertoire of functions.

Bacteria in both metagenomes were numerically dominated
by reads assigned to the genus Clostridium, which can ferment
a wide variety of carbon sources and produce VFAs and
alcohols that serve as substrates for methanogenesis. A high
Clostridium abundance has been reported in a range of
anaerobic reactors (Nelson et al., 2011) including those fed
with crops and a mixture of animal manure (Rademacher
et al., 2012) or excess sludge (Li et al., 2013), and in our
previous amplicon sequencing-based studies of the GZ and
SWH digesters (Wilkins et al., 2015b; Jia et al., 2016). In
this study, the class Clostridia was slightly overrepresented in
the GZ metagenome (Figure 1). Mapping of genera to the
formation of AD intermediates found that Clostridium spp.
were the main fermenters forming four of the six major
acidogenesis products (formate, acetate, butyrate, and lactate;
Figure 3), consistent with their reported versatility in AD
fermentation (Li et al., 2011). Members of the Clostridiales
also have roles in initial hydrolysis (Moon et al., 2011;
Dassa et al., 2014) and syntrophic acetate oxidation (SAO;
Müller et al., 2013). However, it is notable that in our
previous study of enrichment cultures inoculated from both
digesters Clostridium abundance increased in tandem with the
methanogen genus Methanobacterium (Jia et al., 2016); in
this study, the class Methanobacteriales was likewise slightly
overrepresented in GZ (Supplementary Table S4). SAO bacteria,
including Clostridium ultunense (<0.1% in both samples; Müller
et al., 2013), oxidize acetate to provide H2 and CO2 to
syntrophic partner methanogens such as Methanobacterium
(Zinder and Koch, 1984), and it is possible that at least some
methane production from acetate in the digesters proceeds
via this route. As SAO bacteria likely oxidize acetate via
the reversible Wood–Ljungdahl pathway (reductive acetyl-CoA
pathway; Lee and Zinder, 1988) also used in other AD processes,
e.g., methanogenesis, the presence or absence of this route

Frontiers in Microbiology | www.frontiersin.org May 2016 | Volume 7 | Article 778 | 64

http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive


fmicb-07-00778 May 20, 2016 Time: 12:44 # 9

Cai et al. Metagenomes of Biogas-Producing Systems

cannot be determined by the presence or absence of marker
genes.

As expected for a sewage waste stream, SWH contained
a high abundance of human-associated pathogen genera
such as Mycobacterium (Mycobacterium tuberculosis, M. bovis
and M. avium accounted for ∼72% of Mycobacterium in
both samples) and Burkholderia, although Mycobacterium was
also unexpectedly abundant in GZ. This high abundance of
Mycobacterium in both digesters is especially noteworthy as
they are unlikely to be important in the degradation of
organic compounds under anaerobic conditions (de Oliveira
et al., 2010). As removal of Mycobacterium at mesophilic
temperatures typically requires weeks to months (Sahlstrom,
2003; El-Mashad et al., 2004), the high abundance detected
in both systems suggests neither is successful in removing
these potential pathogens with the retention time of the
systems.

Methanomicrobiales was the most abundant archaeal order in
both metagenomes (Supplementary Table S4), and contributed
most of the abundant genera mapped to the methanogenesis
pathway from both digesters (Figure 3; Supplementary Figure
S5). The orders Methanosarcinales and Methanobacteriales were
also abundant, with both overrepresented in GZ (Supplementary
Table S4). Our previous study using amplicon sequencing
of the archaeal rRNA gene (Wilkins et al., 2015a) found
that Methanomicrobiales was dominant in GZ but order
Methanosarcinales in SWH, while a previous metagenomic study
of SWH sludge found an overwhelming (>70%) dominance
of Methanomicrobiales. These different results may reflect
differences in methods, for example the short read length
of shotgun metagenomic sequencing leading to conflation of
protein sequences from the closely related orders. They could
also reflect functional redundancy in the methanogenesis step
of AD, i.e., maintenance of the biochemical functions over
time independent of variance in taxonomic composition. Such
redundancy has been proposed as a feature of higher AD
steps, particularly fermentation (Werner et al., 2011), and our
previous study of AD enrichment cultures has shown that
similar methane yields can be obtained from systems fed
with different substrates and containing diverse methanogen
communities (Wilkins et al., 2015b). Detailed reconstruction
of the methanogenesis pathway (Supplementary Figure S5)
found that the functional potential for complete acetoclastic and
hydrogenotrophic pathways were present in both metagenomes,
with genes encoding enzymes involved in the acetoclastic route
dominant in both samples. This agrees with our previous
amplicon sequencing study (Wilkins et al., 2015a) and other
previous studies that found the acetoclastic pathway tends to be
dominant in methanogenic systems (Li et al., 2013; Yang et al.,
2014). The time series of SWH metagenomes also suggested
greater taxonomic than functional variability, with e.g., the
class Methanomicrobia increasing 1.4-fold in relative abundance
between September 2011 and March 2012 while functional
abundances remained relatively constant (Supplementary Figure
S7). As different microbes share similar functions (Hashsham
et al., 2000), it is quite likely that the presence of functional
genes, rather than particular microbial taxa, determines the

functional stability of the AD digesters. The presence of the
same core functions in each digester contributed by different
consortia was also illustrated by the reconstruction of the
denitrification pathway, with almost non-overlapping sets of
genera responsible for the same biochemical steps in each digester
(Supplementary Figure S6).

The abundance of the genus Methanosaeta was unusually
low in both digesters compared to other reported anaerobic
environments, where it is often the most abundant methanogen
genus (Ariesyady et al., 2007; Nelson et al., 2011). Our previous
amplicon-sequencing based study found the Methanosaetaceae
to outnumber Methanosarcinaceae in both GZ and SWH
(Wilkins et al., 2015a). Variation in the relative proportions of
Methanosaeta and Methanosarcina in anaerobic digesters has
been linked to operating parameters such as the frequency
of substrate feeding (Conklin et al., 2006) and retention time
(Ma et al., 2013), as well as biochemical factors including
H2 partial pressure and the presence of heavy metals (Yilmaz
et al., 2014). Pairwise comparison of the contigs assembled
from GZ and SWH found that the most similar sequences
were mainly methanogens (based on NCBI nr annotation),
particularly the strain Methanosaeta concilii GP6 (similarity
>99%), indicating the two systems shared overall similar
methanogen compositions.

In addition to analyzing the distribution of phylogenetic
and functional genes as in previous studies (Schluter et al.,
2008; Wirth et al., 2012; Wang et al., 2013) or describing
the dominant pathways (Li et al., 2013), functional AD
pathways were reconstructed and the relative abundances of
genera from both metagenomes that may be performing these
functions mapped on to these pathways. Genera associated
with acidogenesis were less evenly distributed (Supplementary
Table S5) than those associated with other steps. This was
unexpected, as acidogenesis populations are more reliant on
functional redundancy (Werner et al., 2011), while syntrophic
bacteria, which are much less abundant than other functional
bacteria in AD process, are sensitive to environmental change
(McInerney et al., 2009; Werner et al., 2011). The more
even distribution of genera in GZ (Supplementary Table S5)
indicates that the community should be more functionally
stable, as the presence of more parallel pathways provides
resilience against fluctuations in substrate loading (Hashsham
et al., 2000). This has been experimentally verified in both lab-
scale (Hashsham et al., 2000) and full-scale (Werner et al.,
2011) reactors, and it has been further shown that evenness
rather than richness is the key factor in preserving the
functional stability of an ecosystem (Wittebolle et al., 2009). In
studies of anaerobic reactors with differing evenness, Werner
et al. (2011) found that communities with greater evenness
had higher methanogenic activity, suggesting that GZ may
have higher methanogenic potential than SWH. Manipulating
community evenness (e.g., by transient disturbances; Cabrol
et al., 2016) may be a practical strategy for optimizing biogas
production.

This study compared municipal wastewater and sludge
metagenomes. Despite having different taxonomic profiles, GZ
and SWH shared mostly similar potential microbial functions,
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and of the major functional differences most could be
related directly to the digester feedstocks. Mapping of
taxa to the major metabolic pathways in AD allowed the
major functional taxa in each digester to be determined,
and the more even distribution of genera performing
major AD functions in GZ suggested a stronger adaptive
capability than in SWH (functional stability). We found the
metagenome of GZ was similar to that of a production-
scale biogas plant both at the phylogenetic and functional
level, confirming the biogas-producing potential of industrial
wastewater AD. While this study of a single high-strength
industrial wastewater AD system may not be globally
representative, it strongly suggests that there are major
functional differences compared to the better-studied municipal
sludge systems that can be directly linked to feedstock,
and provides a basis for further investigation of industrial
wastewater AD. Future studies should also further explore
the AD microbial community with metatranscriptomic and
metaproteomic analyses to better understand the metabolic
functions.
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CO2 sequestration in deep-subsurface formations including oil reservoirs is a potential
measure to reduce the CO2 concentration in the atmosphere. However, the fate of
the CO2 and the ecological influences in carbon dioxide capture and storage (CDCS)
facilities is not understood clearly. In the current study, the fate of CO2 (in bicarbonate
form; 0∼90 mM) with 10 mM of formate as electron donor and carbon source was
investigated with high-temperature production water from oilfield in China. The isotope
data showed that bicarbonate could be reduced to methane by methanogens and
major pathway of methanogenesis could be syntrophic formate oxidation coupled
with CO2 reduction and formate methanogenesis under the anaerobic conditions. The
bicarbonate addition induced the shift of microbial community. Addition of bicarbonate
and formate was associated with a decrease of Methanosarcinales, but promotion of
Methanobacteriales in all treatments. Thermodesulfovibrio was the major group in all
the samples and Thermacetogenium dominated in the high bicarbonate treatments.
The results indicated that CO2 from CDCS could be transformed to methane and the
possibility of microbial CO2 conversion for enhanced microbial energy recovery in oil
reservoirs.

Keywords: bicarbonate, oil reservoirs, stable isotope technique, CDCS, methanogenesis, CO2 conversion

INTRODUCTION

In recent years, increasing atmospheric CO2 and the resulting climate problem become the focus
of global issues. A total of 3.2 gigatonnes of CO2 is released by the combustion of fossil fuels
each year and has led to an increase of atmospheric CO2 concentrations from 280 ppm in 18th
century to 383 ppm in Glueck et al. (2010). Three mainly strategies to reduce CO2 emission
and building up are: reducing the CO2 production, expanding the CO2 utilization, and CO2
sequestration and storage (Schrag, 2007; Yang et al., 2008). The major approaches to decrease the
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CO2 production include improvement of energy efficiency or
employment of cleaner technologies. Based on energy utilization
and economic input, CO2 is chemically relatively stable and a
non-attractive raw material. Carbon dioxide capture and storage
(CDCS) is regarded as a potential and practical method to reduce
the CO2 emission into atmosphere. The injection of CO2 into
the oil reservoirs and geosystems may not only enhance the
oil recovery (EOR) but also store about two-thirds of the CO2
in underground systems (Mikkelsen et al., 2010; Dressel et al.,
2011; Momeni et al., 2012). Injected CO2 could be an important
factor and affects the microbial metabolism and ecophysiology
in storage environment (Delgado et al., 2012; Lin et al., 2013).
Injected CO2 could alter the microbial community and the
methanogenic pathways (Mayumi et al., 2013) and raise the
bicarbonate concentration in oil reservoirs (Kirk, 2011).

The injection of CO2 from CDCS can be transformed into
methane by microorganisms for energy recovery as value-added
options, but electron donors are essential for the process (Hattori
et al., 2001; De Bok et al., 2004). Formate and H2 are known as
carriers for interspecies electron transfer and CO2 can be reduced
with formate and H2 as electron donors through CO2-reducing
microorganisms in anoxic environments (Dolfing et al., 2008).
Interconversion of H2 and CO2 to formate by the microorganism
at ambient conditions has been reported (Schuchmann and
Müller, 2013). The Thermococcus sp. are capable of formate
oxidation with H2 production alone at high-temperature (Kim
et al., 2010). Many species of microorganisms can grow on
formate as a sole methanogenic substrate (Wood et al., 2003;
Oren, 2014). Formate can be used by some types of methanogens
with formate dehydrogenase alone for H2 production and
methane production (Lupa et al., 2008). Formate plays an
important role as H2 storage compound for CO2 reduction in
subsurface formation.

Formate is an important metabolite in anaerobic
alkane oxidation in Desulfatibacillum alkenivorans AK-01
(Callaghan et al., 2012). Formate also plays an important
role as intermediates in syntrophic butyrate or propionate
oxidization (Hattori et al., 2001). Hydrogen production based
on formate oxidation has been described before (Bagramyan
and Trchounian, 2003; Meshulam-Simon et al., 2007). And
both thermophilic and mesophilic communities with a formate-
oxidizing bacterium and a hydrogenotrophic methanogen
have been constructed for demonstration of syntrophic
growth on formate (Dolfing et al., 2008). Formate serve as
important degradation intermediate of alkanes and precursor for
methanogenesis in oil reservoirs, but very little is known about
formate metabolism before.

The whole oil reservoir can be regarded as an anaerobic
bioreactor with variety of specialized microorganisms and has
the potential for bioconversion of CO2 (Liu et al., 2015).
However, very little is known about the fate of sequestrated
CO2 and the anaerobic metabolic pathway of formate in oil
reservoir. In this study, the treatments were constructed with
production water of high-temperature oil reservoirs amended
with formate and different concentrations of C-13 labeled
bicarbonate. Microbial community was analyzed based on 16S
rRNA gene after incubation and high levels of methane generated.

In addition, stable isotope technique was introduced to detect the
fate of injected CO2. The objectives of this study were to provide
evidence on the possibility of microbial conversion of CO2 and
metabolic pathways of formate.

MATERIALS AND METHODS

Preparation of Inoculum and Enrichment
Cultures
The inoculum for the culture experiments was collected from
water-flooded oilfield production water of Ba 18 block of
Baolige, Huabei Oilfield in China, and cultured under anaerobic
conditions at 55◦C in the dark. Physicochemical characteristics
of the inoculum is shown in Supplementary Table S1. About
2 mL of inoculum was transferred aseptically into a serum bottle
(120 ml internal volume) with 50 ml of basal medium containing
(g/L): NaCl, 0.20; MgCl2.6H2O, 1.20; CaCl2.2H2O, 0.10; NH4Cl,
0.25; KH2PO4, 0.75; K2HPO4, 1.16; KCl, 1.30; rezasurin, 0.0001.
Vitamin stock solution and trace element stock solution of 1.0
(mL/L) and Na2S.9H2O (0.50 g/L) were added into the medium
and the final pH of the basal medium was adjusted to 7.2. The
detailed composition of the vitamin stock solution and trace
element stock solution was described before (Wang et al., 2012b).

13C-bicarbonate was introduced with a final concentration
of 0, 30, 60, and 90 mM. Formate was added as the carbon
source and electron donor at 10 mM. Basal medium with different
concentrations of bicarbonate without added formate was used
as blank. Treatments were abbreviated accordingly as S0, S30,
S60, and S90 for different bicarbonate concentrations. All sets of
experiments were conducted in triplicate. During the operation,
the serum bottles were sealed with pure N2 gas and removed the
O2 from the systems. All the microcosms were incubated at 55◦C
in the dark.

Chemical Analysis
Gas composition (CH4, CO2, and H2) of headspace was
measured using a Gas Chromatograph (GC112A, Shanghai
Precision and Scientific Instrument, CO., Ltd, China) with a
thermal conductivity detector (TCD) and a flame ionization
detector (FID). The detailed method was followed as described
before (Mbadinga et al., 2012). Formate and acetate were
detected and quantified by Ion Chromatograph (IC DX-600,
Dionex, CO., USA) with IonPac AS11-HC analytical column
(4 mm × 250 mm) and ASRS 300 suppressor. The mobile phase
was 2 mM of NaOH.

DNA and 16S rRNA Gene Amplification
Five mL of the culture samples were taken and concentrated
by centrifugation at 12000 × g for 20 min at 4◦C after
180 days cultivation. Total community DNA was extracted
from the microbial biomass using the genomic DNA Kit
(AxygenBiosciences, Inc., USA). Partial 16S rRNA genes of
bacteria and archaea were amplified as previously described with
primer 8F/805R (Zhou et al., 2013) and 340F/1000R (Gantner
et al., 2011), respectively. Polymerase chain reaction (PCR) was
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performed in a 25 µl reaction volume containing 12.5 µM of each
primer (1 µl), 50 ng of template DNA (2 µl), 12.5 µl of 2 × PCR
master mix (Lifefeng Biotechnology, Shanghai, China) and 8.5 µl
ddH2O. PCR programs were as follows: an initial denaturation
step at 95◦C for 5 min, followed by 32 cycles of 94◦C for 45 s,
59◦C for 40 s, and 72◦C for 50 s, with a final elongation step
at 72◦C for 10 min. Genes were amplified on a Peltier Thermal
Cycler (Bio-Rad, CO., USA).

Construction of 16S rRNA Genes
Libraries and Phylogenetic Analysis
Polymerase chain reaction products were cloned with a pMD
19-T simple vector kit (TaKaRa Bio, Inc., Japan) after checking
by 1.8% (agarose) gel electrophoresis. Clones were randomly
selected from plates and sequenced on an ABI 377 automated
sequencer. The 16S rRNA sequences were checked and
phylogenetic trees were generated with the protocol described
before (Wang et al., 2012a). Operational taxonomic units (OTUs)
were defined with the similarity of more than 97%. Phylogenetic
trees of 16S rRNA genes retrieved from the original inoculum,
S0, S30, S60, and S90 samples, were constructed. Sequences were
performed by MEGA 5 with OTU identity of 97%. The topology
of the tree was obtained with the neighbor-joining method.
Bootstrap values (n= 1000 replicates) of ≥75% are showed.

Data Analysis of Stable Isotope
Carbon-13 isotopic compositions of CH4 and CO2 were
determined with isotope ratio mass spectrometer (IRMS Delta
V PLUS, Thermo Scientific, CO., USA). The samples were
concentrated with PreCon connector to reduce dose. The
standard international delta notation for reporting isotopic value
ratios were relative to the VPDB standard. The references gas
was CO2 and δ13 of CPDB was –23.73h, which was calibrated
by stable isotope of carbon in charcoal black. The system was
performed with ISODATNT software.

Thermodynamic Calculations
Gibbs free energy data for thermodynamic calculations with
different temperatures (Table 1) were taken from (Amend and
Shock, 2001). 1G◦T is standard Gibbs free energy at temperature
T and 1G◦′T is modified with the protons from 1G◦T. The
change of Gibbs free energy (1G′T) for the reaction is calculated

with the formula: 1G′55 =1G◦′55 – RTln([R]a/[P]b), R and P are
the abbreviations of reactants and products, respectively; a and b
are the stoichiometric numbers of each composition.

Nucleotide Sequence Accession
Numbers
The partial gene sequences for bacteria and archaea obtained
from the clone libraries were submitted to GenBank database
under accession numbers KR049100–KR049155 and KR017718–
KR017745, respectively.

RESULTS

Methane and Hydrogen Production
Methane production increased after the initial 35 days of
incubation under strictly anaerobic conditions, and an
obvious lag period was observed in S90 compared with
the other treatments (Figures 1A,B). The rate of methane
production in S90 was about 1.95 pmol d−1 ml−1 during
the culture of 35∼80 days, while it was about 25.5, 41.4, and
39.1 pmol d−1 ml−1 in S0, S30, and S60, respectively. After
180 days of incubation, methane production in all the treatments
reached approximately 136 µmol/bottle, corresponding to
almost exhaustion of the 500 µmol/bottle of formate introduced
into the medium (Supplementary Table S2). Methane production
was nearly equal to the formate consumed indicating that almost
all of the methane produced was by formate reduction directly
or indirectly. The ultimate methane production rate of all the
samples was about 19.6 pmol d−1 ml−1. An obvious hydrogen
production was found in S0 samples and subsequently depleted,
and little hydrogen was detected in other samples amended with
bicarbonate addition after 35 days and decreased with the further
incubation of the cultures (Figure 1B), which showed the same
trend with the S0 sample. The addition of bicarbonate decreased
the amount of hydrogen production. There was no methane or
hydrogen detected in all the blank treatments without added
formate.

Dynamics of Microbial Community
16S rRNA clone libraries were constructed to analyze the
microbial community under different bicarbonate concentrations

TABLE 1 | Gibbs free-energy changes for the feasible reactions of formate and hydrogen.

Reaction 1G◦ 25◦C (kJ/mol) 1G◦ 55◦C (kJ/mol) 1G◦′55◦C (kJ/mol)

CO2 reduction

HCO3
−
+4H2+H+ → CH4+3H2O −175.32 −168.56 −124.58

Acetate formation

4HCOO− +H+ → CH3COO−+2HCO3
−

−139.69 −137.64 −93.66

Formate methanogenesis

4HCOO−+H2O+H+ → CH4+3HCO3
−

−170.84 −172.51 −128.53

Syntrophic formate oxidation

HCOO−+H2O→ HCO3
−
+H2 1.12 − 0.92 − 0.92

Formula: 1G◦′ = 1G◦+m2.303RTlog10−7(m is the net number of protons formed in the equation) 1G◦T: standard Gibbs free energy at temperature T.
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compared with the original inoculum. A total of 460 sequences
were obtained and then used to analyze the archaeal composition
in inoculum, S0, S30, S60, and S90 samples and 9, 5, 4, 2, and 2
OTUs were resulted with 97% similarity, respectively (Figure 2).
All the archaeal sequences belong to Methanomicrobiales,
Methanobacteriales,Methanosarcinales, andCrenachaeota. Those
affiliating with Methanomicrobiales and Methanobacteriales are
CO2-reducing methanogens while Methanosarcinales have a
variety of methanogenic biochemical pathways. Crenachaeota
is known as ammonia-oxidizing bacteria (Hatzenpichler et al.,
2008) and have no reported information about methanogenesis.
The original inoculum contained the most varieties of archaea
among all the five samples. With the addition of formate and
increase in bicarbonate concentrations, the archaeal varieties
decreased and only Methanobacteriales and Crenachaeota
were detected in S60 and S90. In the original inoculum,

FIGURE 1 | Methane and hydrogen production in the cultures. Methane
production (A) and hydrogen production (B) in serum bottle maintained under
anaerobic conditions. Blank are the cultures with different concentrations of
bicarbonate without added formate. S0, S30, S60, and S90 treatments were
the cultures with formate and different concentrations of bicarbonate (0, 30,
60, and 90 mM, respectively).

Methanosarcinales were dominated (68.7%) with 3 OTUs
(Inoculum-A-4, Inoculum-A-5, and Inoculum-A-7) and 3 OTUs
(Inoculum-A-2, Inoculum-A-3 and Inoculum-A-6) with close
identities to Methanobacteriales (22.4%), 2 OTUs (Inoculum-A-
8 and Inoculum-A-9) belonged to Methanomicrobiales (7.5%)
were also detected and OTU Inoculum-A-1 (1.4%) clustered
into Crenachaeota. Methanobacteriales (72.4%∼83.8%) were
dominated in all the culture treatments amended with formate.
Methanomicrobiales, Methanobacteriales, Methanosarcinales and
Crenachaeota were all detected in the S0 and S30 samples, but
only Methanobacteriales and Crenachaeota were detected in the
treatments (S60 and S90) with high bicarbonate concentrations.

By using bacterial gene specific primers, a total of 365
sequences were obtained and then analyzed with the 97%
similarity to construct a phylogenetic tree about bacteria, and
7, 11, 10, 6, and 10 OTUs were found in the inoculum, S0,
S30, S60, and S90 samples, respectively (Figure 3). Bacteria
showed high varieties in all the five samples and most
sequences belonged to Thermotogae, Synergistetes, Acetothermia,
Nitrospirales, and Firmicutes. Thermodesulfovibrio belonged
to Nitrospirales and Clostridia were found in all the five
samples. Thermodesulfovibrio was dominated in the treatments
(inoculum, S0, and S30) with low concentrations of bicarbonate.
Thermacetogenium, a member of Clostridia, increased its
presence in the treatments (S60 and S90) with high bicarbonate
concentrations. Thermoanaerobacteriaceae was only detected in
the treatments amended with bicarbonate addition (S30, S60, and
S90).

Stable Carbon Isotope Analysis
Bicarbonate was added to mimic the highly buffered condition
due to the injected CO2 and stable isotope C-13 was used
to identify the fate of CO2 (bicarbonate form) in incubation
with deep-subsurface fluid. The carbon isotopic compositions of
methane and CO2 were detected after incubation for 180 days.
In the treatment without 13C-bicarbonate addition, there was no
obvious 13CH4 detected (Figure 4). But hydrogen production
was detected and subsequently consumed (Figure 1B), indicating
that H2 were produced from formate and then used for
methane production. 13CH4 were detected in the treatments
with 13C-bicarbonate addition (516.03∼675.46h; Figure 4) and
the production rate of 13CH4 increased as 13C-bicarbonate
concentration increased, which suggested that C-13 labeled
carbon dioxide (or 13C-bicarbonate) were reduced to 13CH4 and
promoted the production rate of 13CH4. The ratio of labeled C-13
stayed as 13C-bicarbonate increased as injected 13C-bicarbonate
concentration increased, while the amount of all detected C-13
and the percentage of labeled C-13 stayed as 13CO2 or 13CH4
decreased (Table 2). Carbon dioxide without any labeled 13C
was detected (173.88∼383.48h) in the culture treatments, which
should be produced from formate. In the treatments amended
with different concentrations of 13C-bicarbonate, formate was
oxidized to CO2 and high concentration of CO2 with an
increasing incorporation of 13CO2 and then a large fraction of
13CO2 with small fraction of CO2 were reduced to 13CH4 and
CH4. (formate oxidation: HCOO− +H2O=HCO3

−
+H2; CO2

reduction: HCO3
−
+ 4H2 + H+ = CH4 + 3H2O). CO2/13CO2
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FIGURE 2 | Phylogenetic tree of archaeal genes retrieved from five samples (shown with different color). Sequences were performed by MEGA 5 with
OTU identity of 97%. The topology of the tree was obtained with the neighbor-joining method. Bootstrap values (n = 1000 replicates) of ≥75% are showed.
Numbers in brackets are the appearance frequencies of the identical sequences in clones and the accession number.
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FIGURE 3 | Phylogenetic tree of bacterial genes retrieved from five samples (shown with different color). Sequences were performed by MEGA 5 with
OTU identity of 97%. The topology of the tree was obtained with the neighbor-joining method. Bootstrap values (n = 1000 replicates) of ≥75% are showed.
Numbers in brackets are the appearance frequencies of the identical sequences in clones and the accession number.

Frontiers in Microbiology | www.frontiersin.org March 2016 | Volume 7 | Article 365 | 74

http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive


fmicb-07-00365 March 19, 2016 Time: 10:55 # 7

Yang et al. Formate-Dependent Microbial Conversion of CO2

FIGURE 4 | Carbon isotopic ratios of methane and CO2 after
incubation. The relevant data are shown in Supplementary Table S3. S0,
S30, S60, and S90 treatments were the cultures with formate and different
concentrations of bicarbonate (0, 30, 60, and 90 mM, respectively).

also could be involved in formate methanogenesis directly by
methanogens and produced CH4/13CH4.

Thermodynamics of Bicarbonate-Driven
Methanogenic Reactions
Thermodynamic calculation was used to illustrate the
energetically favorable metabolic pathways in the experiments
with different concentrations of bicarbonate associated with
microbial community. The theoretical constraints of archaea and
bacteria were evaluated respectively with the data obtained in
the present study with different concentration of bicarbonate.
The thermodynamic calculation of different concentration
of bicarbonate show the same trend. The calculations for
the feasible reactions of hydrogen and formate in the sets
of culture experiments amended with bicarbonate (S0,
S30, S60, and S90) are as follows: CO2 reduction, acetate
formation, formate methanogenesis, and formate oxidation
(Table 1). The thermodynamics are shown in Figure 5. Acetate
formation, formate methanogenesis, and formate oxidation
were less energetically favorable with increasing bicarbonate
concentrations and CO2 reduction became more energetically
favorable. As other factors are fixed, CO2 reduction and
formate oxidation are less sensitive to the change of bicarbonate
concentration than formate methanogenesis and acetate
formation because one mole of bicarbonate involves in per CO2
reduction and formate oxidation reaction. The change of Gibbs
free energy (1G′55) calculated for the four reactions in all the
treatments showed that all the reactions are exergonic under
the experimental conditions and formate methanogenesis is the
most favorable one. 1G◦ 25◦C of the formate oxidation is above
the zero (1.12 kJ/mol) and 1G◦ 55◦C of the formate oxidation is
only −0.92 kJ/mol, which are close to thermodynamic threshold
(Figure 5 and Table 1). Both formate methanogenesis and
formate oxidation are energetically favorable in the culture
conditions.

DISCUSSION

Oil reservoir is an extreme environment with different conditions
of temperatures, pH values, pressure, salinity, thermodynamic
limits and barren habitat (Kobayashi et al., 2012; Mayer and
Müller, 2014). These extreme conditions require microbes
thriving in community to carry out biochemical reactions
collectively. The injected CO2 from CDCS or MEER can
alter the microbial community and the metabolic pathways
in deep-subsurface environments, which may dictate the fate
of CO2 (Mayumi et al., 2013; Ohtomo et al., 2013). The
endogenous microorganisms in oil reservoirs can reduce CO2
with the electron derived from the electron donors, which
define the oil reservoirs as a bioreactor for CO2 bioconversion
to either fixation as acetate or as methane, a source of
natural gas.

The Fate of the Injected CO2
Our studies showed that about 136 µmol methane produced
after 180 days of incubation in each bottle and at least 516.03%
was labeled in the treatments with 13C-bicarbonate addition,
indicating that at least half of the methane produced were
through the CO2 reduction pathway for methanogenesis. At
the same time, part of injected bicarbonate were presented as
13C-bicarbonate in culture medium and 13CO2 of gas phase
in headspace (Table 2). In original oil reservoir environments,
residual CO2 from EOR could be converted to methane
via methanogenesis, whereas most CO2 was dissolved in the
formation fluids and appeared in gas phase after more than
30 years (Shelton et al., 2014). With the simulation reactor
system in laboratory, injected CO2 could be transformed into
acetate through homoacetogenesis, but methanogenesis was not
detected under the condition simulating the in situ pressure
and temperature (Ohtomo et al., 2013). Carbon dioxide can
also be converted into formate through the carbon dioxide
reductase or a whole cell system (Schuchmann and Müller,
2013).

High CO2 pressure invoke acetoclastic methanogenesis
instead of syntrophic acetate oxidation coupled with CO2-
reducing methanogenesis, when acetate and oil were added
as substrates (Mayumi et al., 2013). Our results showed that
when formate was added as substrate and electron donors,
CO2 could be converted into methane through syntrophic
formate oxidation coupled with CO2-reducing methanogenesis
and formate methanogenesis. The bio-conversion rate of CO2
was about 19.6 pmol d−1 ml−1 in the treatments, and compared
to original oil reservoir environments, the abundant supply of
electron donor is essential to maintain and accelerate the process
to take place. Naturally available H2 or electron resources for
methanogenesis can be the primary requirements to improve the
conversion rate of CO2 (Head et al., 2003; Cheng et al., 2009).
And variety of enzymes (Yeates et al., 2008; Shekh et al., 2011;
Alissandratos et al., 2014) and catalysts (Hull et al., 2012; Ziebart
et al., 2012; Jeletic et al., 2013) can be used to convert the CO2
into reduced compounds under in situ and ex situ experimental
conditions.
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TABLE 2 | The fate of injected 13C-bicarbonate in the experiments at 180 days of incubation.

Samples Total-13C (µmol) Detected-13C (µmol) 13C-CH4 (µmol) 13CO2 (µmol) 13C-bicarbonate (µmol)

S30 1500 1383.15 68.94 (4.98%) 893.68 (64.61%) 420.53 (30.40%)

S60 3000 2390.31 78.59 (3.29%) 1253.48 (52.44%) 1058.24 (44.27%)

S90 4500 3210.23 92.84 (2.89%) 1638.02 (51.03%) 1479.37 (46.08%)

The calculations were shown in Supplementary Table S3.

FIGURE 5 | Effects of HCO3
− on change in Gibbs free energy for CO2 reduction, acetate formation, formate methanogenesis, and formate oxidation.

All lines in the figure were calculated using the conditions of S0, S30, S60, S90. The detail data were shown in Supplementary Table S2.

Methanogenic Pathway Analysis in the
Experiments
Biological CO2 fixation is a common phenomenon in biology.
Six autotrophic carbon fixation pathways have been reported
(Berg et al., 2010) and most key enzymes of these six
biochemical pathways have been detected in oil reservoirs (Liu
et al., 2015). There are three main methanogenic pathways in
oil reservoirs: CO2-reducing, acetoclastic and methylotrophic
with different substrates: CO2, acetate and methyl group
containing compounds, respectively (Nazaries et al., 2013)
and direct interspecies electron transfer as a new model for
methanogenesis has been confirmed (Rotaru et al., 2014).
In this study, formate was amended into the treatments
as the carbon source and electron donor. The proposed
pathways of anaerobic formate transformation and related CO2
conversion were shown in Figure 6. Formate can be involved
in CO2 conversion and methanogenesis through many kinds of
pathways.

Methane production was nearly equal to the formate
consumed and consistent with stoichiometric formate oxidation
reaction, indicating syntrophic formate oxidation and formate
methanogenesis would be involved. Hydrogen was detected
in all the samples at 35 days and decreased with the further

incubation of the cultures (Figure 1B), suggesting that hydrogen
was produced and then used for the CO2 reduction, which also
indicated that syntrophic formate oxidation coupled with CO2
reduction and formate methanogenesis would be responsible
for methanogenesis. The hydrogen could be generated through
syntrophic formate oxidation or as intermediate during
the formate methanogenesis in the samples. The obvious
hydrogen production was found in S0 treatments and little
hydrogen was detected in other culture samples amended
with bicarbonate addition, because a high concentration of
hydrogen could not be accumulated in these treatments with the
limitation of Gibbs free energy threshold (1G

′

= 0, Table 1).
Meanwhile, CO2 reduction, formate oxidation, and formate
methanogenesis were also below the threshold values, indicating
these reactions were energetically favorable and spontaneous in
the treatments. The production and subsequent consumption
of hydrogen suggest that CO2 reduction dominated in the
systems.

Formate was once known as nutritional substrate but not
for methanogenesis directly by methanogens (Tanner et al.,
1989), but some genera of Methanobacteriaceae, which can use
formate directly for methanogenesis were found (Oren, 2014).
Methane with C-13 labeled was detected in the treatments with
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FIGURE 6 | The proposed pathways of anaerobic formate transformation and related CO2 conversion. Solid lines mean the pathways were detected in the
treatments and dotted lines mean not. 1G◦′55◦C is standard Gibbs free energy at temperature 55◦C and modified with protons (Table 1). Microorganisms are
positioned according their probable role in the treatments.

amendment of 13C-bicarbonate (516.03∼675.46h), suggesting
that 13C-bicarbonate (or 13CO2) was reduced to 13CH4
(Figure 4), indicating the CO2-reducing pathway was dominant
in the experiments. Carbon dioxide without any labeled 13CO2
was detected (173.88∼383.48h) in the treatments (Figure 4),
which should be produced by syntrophic formate oxidation.
Formate is known as a potential energy source and important
degradation intermediate in ecosystem. Based on our results,
syntrophic formate oxidation coupled with CO2 reduction and
formate methanogenesis could be the possible methanogenic
pathway in the experiments.

CO2-Induced the Shift of Microbial
Community
Oil reservoir is a typical anaerobic environment and the
endogenous microorganisms in oil reservoir can degrade
alkanes and produce methane (Mbadinga et al., 2011). In
this study, the archaea in the inoculum had a high diversity
and the ability to produce methane through CO2-reducing,
acetoclastic and methylotrophic methanogenic pathways
(Figure 2). However, some types of archaea were not detected
in the treatments with the addition of formate and increase
of bicarbonate concentrations, Methanosarcinales disappeared
in the sample amended with 30 mM of bicarbonate, and
only Methanobacteriales and Crenachaeota were detected
in S60 and S90 treatments. The results indicated that
Methanomicrobiales and Methanosarcinales were sensitive
to the high bicarbonate concentrations. Compared to the original
inoculum, Methanobacteriales was dominated in all the treatment
cultures in the presence of formate, suggesting formate promoted
the growth of the Methanobacteriales. Methanobacteriales
is a kind of strict CO2-reducing methanogens, it also
possesses formate dehydrogenase and could be candidate

for formate-dependent H2 production and methanogenesis
directly (Lupa et al., 2008), which is in agreement with the
mentioned methanogenic pathway.

Bicarbonate concentration showed little impact on bacterial
diversity. Thermodesulfovibrio belonged to Nitrospirales was a
major group in the inoculum and all the treatments (Figure 3),
especially in the low concentration treatments (inoculum, S0,
and S30). Thermodesulfovibrio is a typical sulfate-reducing
bacterium and grew through the reduction of sulfate with
electron donors like hydrogen and formate. Thermodesulfovibrio
and the CO2-reducing methanogen in co-culture experiments
can produce methane syntrophically (Sekiguchi et al., 2008). In
this study, Thermodesulfovibrio may use formate and co-work
with methanogens for methane production. Clostridia were the
most widely studied as hydrogen producer and acetogens in
anaerobic environments (Drake et al., 2008; Calusinska et al.,
2010), and Thermacetogenium belonged to Clostridia increased
in the treatments with high bicarbonate concentrations (S60
and S90), known as a syntrophic acetate-oxidizing bacterium
and acetogens (Hattori et al., 2000). However, there was no
acetate accumulation (Supplementary Table S2) or acetoclastic
methaogens (Figure 2) in the treatments with high bicarbonate
concentrations (S60 and S90), suggesting that acetoclastic
methanogenesis was not involved in the methane production of
this study.

The microbial community in the experiments was capable of
converting CO2 into methane through syntrophic formate
oxidation coupled with CO2-reducing methanogenesis
and formate methanogenesis. Thermodesulfovibrio and
Methanobacteriales may play important role for the process
in the system. The addition of bicarbonate can induce the shift of
microbial community, especially in archaea.

In summary, under the microcosm study, most methane was
produced by reducing the amended CO2 through the syntrophic
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formate oxidation coupled to CO2-reducing methanogenesis
and formate methanogenesis with addition of bicarbonate.
The results indicated that the microbial conversion of CO2 to
methane is feasible with the microbial community in production
water of high-temperature oil reservoirs. Thermodesulfovibrio
and Methanobacteriales may be responsible for formate
utilization and CO2 conversion. The results suggested that
syntrophic formate oxidation coupled to CO2 reduction and
formate methanogenesis could bealternative methanogenic
pathway and gave some knowledge on formate metabolism in
subsurface environment.
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Description of processes such as bioaccumulation, bioavailability and biosorption of

heavy metals in biofilm matrixes requires the quantification of their transport. This study

shows 3D MRI measurements of the penetration of free (Fe2+, Co2+ and Gd3+) and

complexed ([FeEDTA]2− and [GdDTPA]2−) metal ions in a single methanogenic granule.

Interactions (sorption or precipitation) between free metals and the biofilm matrix result in

extreme shortening of the spin-spin relaxation time (T2) and a decrease of the amplitude

(A0) of the MRI signal, which hampers the quantification of the metal concentration

inside the granular sludge matrix. MRI images clearly showed the presence of distinct

regions (dead or living biomass, cracks, and precipitates) in the granular matrix, which

influenced the metal transport. For the free metal ions, a reactive barrier was formed that

moved through the granule, especially in the case of Gd3+. Chelated metals penetrated

faster and without reaction front. Diffusion of [GdDTPA]2− could be quantified, revealing

the course of its transport and the uneven (0.2–0.4mmol·L−1) distribution of the final

[GdDTPA]2− concentration within the granular biofilm matrix at equilibrium.

Keywords: methanogenic granular sludge, magnetic resonance microscopy, metal transport, metal diffusion,

granular biofilm

INTRODUCTION

Methanogenic granules are spherical biofilms, developed spontaneously without support material
in bioreactors for anaerobic wastewater treatment, such us the Upflow Anaerobic Sludge Blanket
(UASB) reactor (Hulshoff Pol et al., 2004). The interactions between methanogenic granules and
heavy metals have been studied mainly in relation to limitation of the microbial activity by scarcity
of essential metals (Fermoso et al., 2008) or as a method for metal removal from wastewaters
(Steed et al., 2000; De Lima et al., 2001). Less is known about the speciation, spatial distribution
and transport of metals within a biofilm, which is nevertheless essential for any research on
metal-biofilm interactions (Van Hullebusch et al., 2003; Zandvoort et al., 2006).

Knowledge of metal transport in biofilms is mainly based on mathematical models. The data
for validation of these models have been obtained from indirect measurements conducted in the
bulk liquid (Beyenal and Lewandowski, 2004). Thus, an experimental tool for direct measurement
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of metal transport is required to confirm the validity of
these models. Magnetic resonance imaging (MRI) is a non-
destructive method that can be applied under in situ conditions
to study metal transport in artificial biomatrixes (Nestle, 2002),
in phototrophic biofilms (Phoenix and Holmes, 2008) and in
methanogenic granules (Bartacek et al., 2009). In addition, MRI
can be used to reveal the inner structure of the biofilm and
to describe the transport properties (diffusivity) of the water
contained in a biofilmmatrix (Van As and Van Dusschoten, 1997;
Lens and Hemminga, 1998; Van As and Lens, 2001).

Transport of various metals and their various chemical species
has been measured using MRI in many different porous media
such us sandy aquifers (Nestle et al., 2003; Moradi et al.,
2008) or various biomatrixes (Donahue et al., 1994; Nestle and
Kimmich, 1996; Bartacek et al., 2009). In a previous paper
(Bartacek et al., 2009), we described the methodology for MRI
measurements in single anaerobic granules using a mixture of
Fe2+ and [FeEDTA]2−. Using this MRI methodology, the present
study describes transport of various metals, i.e., cobalt, iron and
gadolinium, in liganded or non-liganded form in methanogenic
granules. Methanogenic granules of the same origin as those used
in this study were previously shown to be trace metal deficient
and rather homogeneous as for their microbial composition
(Fermoso et al., 2008). The aim of the MRI experiments was to
describe the influence of chemical speciation on the transport
of trace metals and their interaction with the granular matrix
during transport. These observations were correlated with the
inner structure of the granules as well.

MATERIALS AND METHODS

Source of Biomass
Mesophilic methanogenic granular sludge was obtained from a
full-scale UASB reactor treating alcohol distillery wastewater at
Nedalco (Bergen op Zoom, The Netherlands).

Experimental Set-Up and MRI
Single granules were fixed in a glass tube, through which
demineralized or tap water was circulated to establish
stabile conditions. At the start of each experiment, a certain
concentration of the investigatedmetal compound (5mMCoCl2,
1mM FeCl2, 2mM [FeEDTA]2−, 0.01mM GdCl3, or 0.5mM
[GdDTPA]2−) was introduced in the water circuit. The metal
concentrations used were chosen based on the relaxivity of each
metal. Subsequently, the increase of the metal concentration
inside the granule was measured using the 3D Turbo Spin Echo
(TSE) imaging method developed previously by Mohoric et al.
(2004) with a spatial resolution of 109 × 109 × 218µm3 and
a temporal resolution of 11min as presented in Bartacek et al.
(2009). The 3D TSE signal was spin-lattice relaxation time (T1)
weighted applying a repetition time (TR) of 200ms and an echo
time (TE) of 4.53µs (Bartacek et al., 2009).

The experiments consisted of a series (several tens to several
hundreds) of TSE measurements. 3D T2 and amplitude (A0)
maps of a single granule were acquired prior and upon
termination of each experiment (TE 1ms, 16,384 echoes, spatial
resolution identical to the TSE measurement). The iron solution

was always injected after taking several TSE images of the granule
in demineralized water to document the situation at time zero.
A series of 3D TSE measurements (30–400) was performed,
always followed by a final 3D T2 map measurement. 3D T1 maps
were acquired only occasionally due to their long acquisition
time requirement (∼ 160min). The methodology, including
calculation of the metal concentration inside the methanogenic
biofilmmatrix, was described previously by Bartacek et al. (2009).

MRI Imager
All MRI measurements were done at 30 (± 2) ◦C on a
0.7 T (30.7MHz for protons) imager consisting of a Bruker
Avance console (Bruker BioSpin, Karlsruhe, Germany), a Bruker
electromagnet stabilized by an external 19F lock unit, a custom
build solenoid RF-probe and an actively shielded gradient system
with planar geometry (Gmax 1 T/m; Resonance Instruments Ltd,
Witney, UK). The RF-probe had an inner diameter of 5mm
and was inductively coupled to avoid continuous retuning and
matching of the RF-probe due to the change in loading by the
iron, cobalt or gadolinium solution.

Scanning Electron Microscopy
For scanning electron microscopy (SEM), samples were fixed
for 1 h in aqueous glutaraldehyde solution (2.5%), rinsed with
water, and subjected to a series of ethanol washes (10, 30, 50,
70, 90, 100%; 20min per step) before critical-point drying with
carbon dioxide (CPD 020, Balzers, Liechtenstein). Samples were
then fit on a brass sample holder with carbon adhesive tabs
(Electron Microscopy Sciences, Hatfi eld, PA) and coated with
carbon. An additional 5 nm platinum coating was applied by
magnetron sputtering. Specimens were analyzed with a field
emission scanning electron microscope (JEOL 6300 F, Tokyo,
Japan) at room temperature at a working distance between 8
and 15mm. All images were recorded digitally (Orion 6, E.L.I.
sprl., Belgium) at a scan rate of 100 s (full frame) and at a size of
2528× 2030.

RESULTS

Inner Structure of Methanogenic Granules
The distribution of the amplitude (A0) values (measure of the
water density) over themethanogenic granule was homogeneous.
The granules contained regions with lower A0 (up to 30% of the
average value) that always coincided with low T1 values (lower
than 0.3 s). These regions are further referred to as Type I regions
in this paper.While the T1 of themethanogenic granules typically
ranged from 0.2 to 1.0 s, areas that had a T1 comparable with free
water (∼1.2 s) were rarely detected. These areas, possibly cracks,
are further referred as Type II regions in this paper.

The granules under investigation often had a distinct core
surrounded by an outer layer, both composed of biomass. The
core usually had slightly higher T1 and T2 values. Both Type
I and Type II regions were located only inside the core or
were associated with the core of the granules (Figure 1). Type
I and Type II regions were not present in the outer layer of
the granules investigated. Besides the distinct layers, also cracks
and voids were occasionally observed (Figure 2D). These were
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FIGURE 1 | Partial cross section of a typical methanogenic granule under investigation representing (A) 3D T1 map, (B) 3D T2 map, (C) 3D A0 map and

(D) 3D S map.

always localized in the core of the granules in accordance with
the occurrence of Type II regions (Figure 1).

The core and the outer layer could also be distinguished and
visualized using SEM (Figure 2). Although the border between
the core and the outer layer was not very apparent on the
picture of the whole granule (Figure 2A), the detailed picture
of the biomass matrix inside the outer layer (Figure 2B) and
the core (Figure 2C) shows clear differences. The outer layer
consisted mainly of apparently intact rod-shaped cells with a
limited occurrence of damaged cells (Figure 2B). In contrast, the
core contained mostly damaged (open) cells mainly of the same
morphology as the cells found in the outer layer (Figure 2C).
The change in occurrence of the damaged cells was quite abrupt
(localized by the white curve in Figure 2A).

Transport of Gadolinium
GdCl3
A reactive barrier moving from the edge of the granule
toward the core was clearly observed when the granule
was exposed to 0.1mmol·L−1 GdCl3 (Figure 3A). Massive
precipitation occurred causing a major decrease of

A0 and T2, hampering calculations of the gadolinium
concentration. Thus, the calculated concentration values
illustrated in Figure 3A are somewhat biased, the rate of
the reaction barrier movement can nevertheless be reliably
observed.

[GdDTPA]2−

The increase of the gadolinium concentration upon exposure to
the 0.5mmol·L−1 [GdDTPA]2− solution was much faster than
with GdCl3 (Figure 3). The process was as fast as the diffusion
of free iron and cobalt (Figures 5C,D) and slightly faster than
diffusion of the Fe2+/[FeEDTA]2− mixture as reported by
Bartacek et al. (2009). The final gadolinium concentration
inside the granule ranged from 0.05 to 0.50mmol·L−1

(Figure 3B). When averaged over the layers of uniform
depth, the concentration range was 0.15–0.45mmol·L−1,
with the highest values in the edge (0–218µm) and in the
center (872–1090µm). The decrease of both T1 and T2 values
(Figures 4A,B) corresponded to this [GdDTPA]2− concentration
increase (Figure 4C) and no A0 decrease was observed (data
not shown).
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FIGURE 2 | Scanning Electron Microscopy (SEM) pictures of a typical

methanogenic granule investigated. (A) A cross section of a single granule

with the border between the core and the outer layer highlighted (white curve

and black arrow) and the position of the detailed pictures [letters (B) and (C)]

indicated, (B) detail of the microbial population in the outer layer and (C) in the

core and (D) a cross section of another granule (embedded in glue during

SEM acquisition) with occurrence of cracks indicated by the black arrows.

Transport of Iron
FeCl2
Upon the injection of FeCl2 (1mM), the observed concentration
of iron increased in the outer layers within 11min (Figure 5A).
The increase of the iron concentration was slightly (11–22min)
delayed in the inner layers. The fast increase was followed by a
slower decrease of the calculated iron concentration, associated
with the increase of the T1 and T2 values of the granular matrix.
It can be assumed that the increase of the relaxation times was
caused by changes in the biofilm matrix, e.g., dissolution of EPS,
as a drop following the raise of the iron concentration inside the
granule is unlikely to occur. NoA0 decrease was observed in these
granules. Thus, there is no indication of iron precipitation inside
the granule.

[FeEDTA]2−

The development of the calculated iron concentration after the
[FeEDTA]2− injection was similar to that with a FeCl2 injection.

FIGURE 3 | Increase of Gd concentration in a single methanogenic

granule upon exposure to (A) 0.1mmol·L−1 GdCl3 or (B) 0.5mmol·L−1

[GdDTPA]2− solution. The arrows indicate the approximate time when the

reactive barrier reached single layers.

The main difference was that the increase in iron concentration
started simultaneously in all layers of the granule (Figure 5B).
Again, the final T1 and T2 values of the granular matrix were
higher than those measured at the beginning of the experiment
(data not shown).

Transport of Cobalt
CoCl2
The increase of the cobalt concentration inside the granules
exposed to 5mM CoCl2 solution was as fast as the increase of
the free iron concentration inside the granules when exposed
to FeCl2 (Figure 5). Similarly to the FeCl2 case, the maximum
cobalt concentration was reached in all layers of the granules
within 50min upon the CoCl2 injection. The delay in the increase
of the cobalt concentration in the center of the granules indicates
that a reactive barrier played a role in slowing the cobalt transport
toward the center of the granule (Figure 5D).

The cobalt concentration inside the granule increased evenly
in all directions (Figure 6A). The concentration values averaged
over layers of specific depths (Figure 6B) and agreed well with
the picture obtained by calculations per voxel (Figure 6A).

In general, the decrease in T1 was equal or slightly larger
than the values expected for 5mmol·L−1 cobalt based on the
calibration of the cobalt relaxivity in free liquid (Figure 7A). The
final cobalt concentrations calculated inside the granule ranged
from 6 to 9mmol·L−1 (Figure 5D). The T2 decrease expected
based on the cobalt relaxivity calibration was minor (Figure 7B),
not influencing the TSE signal. However, the actually measured
T2 decrease was large (theoretically corresponded to a cobalt
concentration of at least 50mmol·L−1), causing a significant
decrease of the TSE signal and thus biasing calculations of the real
cobalt concentration (apparent decrease in cobalt concentration).
This phenomenon was accompanied by a decrease of A0 (water
density), especially in the outer layers of the granule. The
decrease of A0 contributed considerably to the apparent drop
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FIGURE 4 | A single T1 (A), T2 (B), and final concentration (C) profile

through a single granule comparing the initial values (+) with the

values after exposure to a 0.5mmol·L−1 [GdDTPA]2− solution (♦).

of the calculated cobalt concentration, occurring in the 2 outer
layers of the granule investigated (Figure 5D). The A0 values
were measured only at the start and upon conclusion of the
experiments (the measurement took almost 2 h); hence it is
impossible to describe the actual A0 decrease in time. Knowing
the A0 values in time would allow to correct the calculated
concentration values. When the final concentration value is
calculated using the final values of A0 and T2, the final cobalt
concentrations in the outer layers are close to those calculated
in the inner layers. For instance, the final cobalt concentration
in the first outer layer is calculated to be 1.3mmol·L−1 when
neglecting the decrease of A0 and T2 in this layer. Taking the A0

and T2 decrease into account, the final concentration amounted
to 5.2mmol·L−1 in the same layer.

The Type II region (T1 comparable to T1 of the free
solution) was found in the center of several granules investigated
(Figure 7). The T1 decrease in these regions agreed with the
expected decrease after introduction of 5mmol·L−1 cobalt, based
on the relaxivity cobalt. An A0 decrease was not observed. In
contrast, the T2 decrease in these regions was again larger than
expected from calibration curves.

FIGURE 5 | Penetration of iron as (A) FeCl2, (B) [FeEDTA]
2−, and (C)

FeCl2/[FeEDTA]
2− (0.25:1), and (D) cobalt as CoCl2 into single

methanogenic granules. Each curve depicts average values for a certain

depth in the granule ranging from 0µm (edge) to 763µm (core). The dashed

lines show the concentration of the given metal introduced into the liquid

media at time zero.

DISCUSSION

Interaction of the Free Metal Ions with the
Granular Biofilm Matrix
This study shows that MRI measurements can elucidate the
mechanism and rate of free metal penetration in a granular
matrix. As shown especially in the case of Gd3+, a reaction barrier
is formed and its movement can be tracked (Figure 3). Although
the presence of a reaction barrier in biofilms has been anticipated
in the past (Beyenal and Lewandowski, 2004), the first direct in
situ observation of the development of the reactive barrier in
wastewater treatment biofilms was shown only recently (Bartacek
et al., 2012).

This study also shows that metals used for tracing transport
processes in biofilms are not inert and interact with the biofilm
matrix. As shown by the experiments with Fe2+, Co2+, and
Gd3+, free metal ions massively interact with the granular
matrix (precipitation, sorption), causing extreme shortening of
especially the T2 value and considerable decreases in the A0.
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FIGURE 6 | Spatially resolved increase of cobalt concentration inside a single methanogenic granule upon injection of a 5mmol·L−1 CoCl2 solution at

time zero as obtained by calculation at each single voxel (A) or averaged over layers of specific depths inside the granule (B).

Shortening of T2 and decreasing of A0 causes, respectively, T2

weighting of the TSE signal and a decrease of the TSE signal,
which in turn causes an apparent decrease of the calculated
metal concentration. As long as the relations between the metal
precipitation and T1, T2 and A0 changes is not quantitatively
described, the exact translation of the TSE signal to the metal
concentration will remain impossible.

Interaction of the Complexed Metals with
the Granular Biofilm Matrix
[GdDTPA]2−, often used as contrast agent in medical MRI (Li
et al., 2007), is also an ideal example of a contrast agent for
MRI studies of metal transport in a biofilm matrix (Ramanan
et al., 2010). This complex did not decrease the A0 and the
T2 decrease approximately corresponded to the values expected
based on the [GdDTPA]2− relaxivity measured in free solution
(Figure 4). The latter indicates that due to its high stability,
[GdDTPA]2− does not disintegrate the granular matrix as shown
for [FeEDTA]2− (Bartacek et al., 2009). However, the fact
that the final concentration of gadolinium inside the granule
was lower than the concentration introduced into the liquid
surrounding the granule indicates that some interaction between
[GdDTPA]2− and the granularmatrix takes place.Most probably,
the low [GdDTPA]2− concentration was caused by the Donnan
effect, i.e., the presence of negatively charged EPS molecules in
the granular matrix repulses the negatively charged [GdDTPA]2−

complex. The Donnan effect probably also plays a role in the case
of [FeEDTA]2− (Bartacek et al., 2009), but it was masked by other
processes (T2 increase in the biofilmmatrix due to EDTA-biofilm
interactions) in this study. The opposite outcome of the Donnan
effect has been previously observed during supersaturation of
alginated gels by free (positively charged) metal species (Kalis
et al., 2009), but it is masked by metal precipitation in this

study (experiments with GdCl3, FeCl2, and CoCl2). Indeed, the
Donnan effect can play an important role in anaerobic granular
sludge e.g., by decreasing toxicity of the negatively charged metal
species such as [FeEDTA]2− on the one hand and increasing
toxicity of the positively charged metal species such as Co2+ on
the other hand. The lower toxicity of complexed cobalt or nickel
species has been shown previously (Bartacek et al., 2008, 2010).

[FeEDTA]2− can increase the T1 of the granular matrix
hampering calculation of the iron concentration in the biofilm
matrix (Figure 5B). This phenomenon was solved previously by
Bartacek et al. (2009) by adding excess free iron achieving reliable
data for iron diffusion (Figure 5C).

Implications of Metal Transport Pattern for
the Deficiency of Essential Metals in
Granular Sludge
Although this work did not focus on the biological activity
of methanogenic biomass, it can be suggested that limitation
or toxicity by different metals will be strongly affected by the
transport phenomena taking place inside the granules. As shown
also by Bartacek et al. (2012), trace metals tend to accumulate
inside the granules when dosed as free ions. Then, the positive
effect of metals supplementation lasts longer. In contrast, when
dosed with organic ligands such as EDTA, the supplementation of
metals causes faster and more pronounced responses. This paper
further clarifies the mechanisms how are metals transported and
accumulated inside the granules.

This paper also shows that supplementation ofmetals attached
to organic ligands may cause serious degradation of the granular
matrix. The negative effect of repeated CoEDTA2− additions on
the granular matrix was previously reported by Fermoso et al.
(2008).
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FIGURE 7 | A single T1 (A) and T2 (B) profile through a single granule

illustrated by the red line in a 2D T1 map (C) comparing the initial

values (+), the values after exposure to 5mmol·L−1 CoCl2 solution (♦)

and the values calculated assuming that the T1 and T2 decrease was

caused only by the presence of Co in the liquid phase.

Structure of the Granular Matrix and its
Influence on Metals Transport
A clearly distinguishable core was observed in most of the
granules investigated, a phenomenon previously reported for
other types of granular sludge (Lens et al., 1997). The core had
usually a higher T1 and T2 (Figure 1) and the SEM observation
revealed that this part of the granules was mostly composed
of decaying biomass (Figure 2). As observed by Bartacek et al.
(2009) and confirmed by the observation with [GdDTPA]2− in
this study (Figure 4), the final concentration of metal complexes
tend to reach the highest values in the core (except the outer
layers in some cases). This can be caused by a lower amount of
negatively charged EPS inside the granular core, which is mostly
composed of dead biomass (Figure 2). As discussed above, the
presence of EPS can cause resistance against the increase of the
metal concentration.

Although microbial analysis of the granules under study
was not done, it can be expected that the majority of

the methanogenic microorganisms seen in Figure 2B are of
the Methanosarcina genus as was shown in similar granules
previously (Fermoso et al., 2008). Also the morphology of the
cells observed in Figure 2B supports this suggestion.

Besides the distinction between the core and the outer layers
of the granules, two distinct types of regions (Type I and Type
II) were observed in all cases associated with the granular core.
Type I regions had a lower A0, T1 and T2 values compared to
the rest of the granule, indicating that the density and mobility of
water were lower in these regions. Therefore, Type I regions may
indicate the presence of precipitates inside the granular matrix
(Nott et al., 2001).

Type II regions were characterized by A0 values as high as in
the rest of the granules and T1 and T2 values similar to those
measured in the liquid surrounding the granule. Considering
that the granular matrix consists of approximately 95% water,
the A0 measured inside the granules (except Type I regions) can
indeed be expected to be close to the A0 values measured in the
surrounding liquid. However, the T1 and T2 values are strongly
shortened in most of the granular matrix by the presence of cell
walls, EPS, precipitates, etc. (Lens et al., 1997; Gonzalez-Gil et al.,
2001; Bartacek et al., 2009). Therefore, high T1 and T2 values may
indicate the presence of cracks, such as those revealed by the SEM
images (Figure 2D).

CONCLUSIONS

This study shows that the chemical speciation of a metal strongly
influences the metal transport in methanogenic granules. It was
shown that free metals form a reactive barrier while precipitating
inside biofilm, which slows down the increase of concentration
of the given metal in the center of the granule. Chelated metals
penetrate the granular biofilm faster, but can be repulsed by the
negatively charged organic compounds present in the biofilm
matrix. This paper also shows that the metal compounds used
for investigating transport properties in biofilm are not entirely
inert. Thus, the interaction between the biofilm and the contrast
agent may be of such a nature (e.g., precipitation of free metal
ions) that might biases the quantification of metal concentrations
inside the biofilm via the MRI protocol used in this
study.
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The aim of this study was to evaluate life cycle environmental impacts associated with 
the generation of electricity from biogas produced by the anaerobic digestion (AD) of 
agricultural products and waste. Five real plants in Italy were considered, using maize 
silage, slurry, and tomato waste as feedstocks and cogenerating electricity and heat; the 
latter is not utilized. The results suggest that maize silage and the operation of anaerobic 
digesters, including open storage of digestate, are the main contributors to the impacts 
of biogas electricity. The system that uses animal slurry is the best option, except for 
the marine and terrestrial ecotoxicity. The results also suggest that it is environmentally 
better to have smaller plants using slurry and waste rather than bigger installations, 
which require maize silage to operate efficiently. Electricity from biogas is environmentally 
more sustainable than grid electricity for seven out of 11 impacts considered. However, 
in comparison with natural gas, biogas electricity is worse for seven out of 11 impacts. 
It also has mostly higher impacts than other renewables, with a few exceptions, notably 
solar photovoltaics. Thus, for the AD systems and mesophilic operating conditions con-
sidered in this study, biogas electricity can help reduce greenhouse gas (GHG) emissions 
relative to a fossil-intensive electricity mix; however, some other impacts increase. If 
mitigation of climate change is the main aim, other renewables have a greater potential 
to reduce GHG emissions. If, in addition to this, other impacts are considered, then 
hydro, wind, and geothermal power are better alternatives to biogas electricity. However, 
utilization of heat would improve significantly its environmental sustainability, particularly 
global warming potential, summer smog, and the depletion of abiotic resources and the 
ozone layer. Further improvements can be achieved by banning open digestate storage 
to prevent methane emissions and regulating digestate spreading onto land to minimize 
emissions of ammonia and related environmental impacts.

Keywords: agricultural waste, anaerobic digestion, biogas, electricity, life cycle assessment, renewable energy

inTrODUcTiOn

The need to mitigate climate change and improve security of energy supply is driving a growing inter-
est in renewable energy sources, with many world regions and countries setting ambitious targets. 
For example, the EU directive on the promotion of the use of energy from renewable sources (EC, 
2009) sets the target of achieving a 20% share of energy from renewable resources by 2020, including 
biogas produced by anaerobic digestion (AD) of agricultural feedstocks.
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Production of biogas is expanding rapidly in Europe. 
According to EurObserv’ER (2014), about 13.4 million ton oil 
equivalent (Mtoe) of biogas primary energy was produced in the 
EU during 2013, a 10% increase on the 2012 levels. Germany 
is the largest producer of biogas, not only in Europe but also in 
the world. In 2013, it had 7874 AD plants with a total installed 
electrical capacity of 3384 MW, which generated 27 TWh/year 
(EurObserv’ER, 2014; Fuchsz and Kohlheb, 2015). By compari-
son, the second largest world producer – China – generates just 
over one-quarter of that (7.6  TWh/year in 2009) (Chen et  al., 
2012). Italy follows closely in third place at 7.4 TWh of electric-
ity per year produced by 1300 AD plants with a total installed 
capacity of 1000 MW (Brizzo, 2015). The plants are fed largely 
with maize grown specifically for this purpose, which in Italy 
occupies 10% of the total maize cultivation area (1,172,000 ha) 
(Casati, 2011). However, this is still only half the area in Germany 
(2,282,000 ha) where it covers one-third of the total maize land 
(Dressler et al., 2012).

The rapid expansion of biogas production in Europe is largely 
due to the feed-in-tariffs (FiT) schemes available in 29 countries 
(Whiting and Azapagic, 2014). For example, electricity generators 
in Italy using biogas produced in AD plants smaller than 1 MW 
are paid €280/MWh generated. In the UK, the subsidies are 
significantly lower, ranging from €130 to 210/MWh, depending 
on the plant size (Whiting and Azapagic, 2014). This perhaps 
explains why the deployment of AD was initially slower than in 
Italy, with only 180 AD plants installed so far, but with a further 
500 projects currently under development (NNFCC, 2015). 
However, the FiT scheme in Italy has recently been changed, 
reducing the subsidy for electricity by 15–30% and introducing 
payments for utilization of heat and other coproducts (Ministero 
dello Sviluppo Economico, 2012). In the US, the growth of biogas 
production has also been slower than elsewhere, with only 244 
AD plants currently in operation (Ebner et  al., 2015); this is 
largely due to the absence of adequate subsidies.

Biogas produced by AD is considered to have a high saving 
potential with respect to greenhouse gas (GHG) emissions (EC, 
2009). However, beyond that, other environmental implications 
of biogas production are still unclear despite quite a few life cycle 
assessment (LCA) studies having been carried out. This is due to 
several reasons. First, most previous studies of biogas have either 
focused on climate change or considered a limited number of 
impacts; for a summary, see Table  1. As far as the authors are 
aware, out of 26 studies found in the literature, only five have 
considered a full suite of impacts normally included in LCA 
studies, two of which are based in the UK (Mezzullo et al., 2013; 
Whiting and Azapagic, 2014), one in Argentina (Morero et al., 
2015), one in Italy (Pacetti et al., 2015), and one in China (Xu 
et al., 2015). It is also apparent from Table 1 that the goal, scope, 
life cycle impact assessment (LCIA) methodology, feedstocks, 
and geographical regions covered by the studies vary widely. 
Most studies are based in Europe with several in China and 
one each in Argentina, Canada, and the US. All plants have a 
capacity below 1 MW, with the majority being around 500 kW 
(where reported); some are electricity only and others combined 
heat and power (CHP) installations. Most studies have excluded 
the impacts of constructing and decommissioning the AD and 

power plants. Maize is the most commonly considered feedstock, 
followed by animal slurry. The functional unit is largely based 
either on a unit of feedstock used to generate biogas or a unit of 
energy (biogas, heat, or electricity). Most studies have relied on 
secondary foreground data to estimate the impacts or used only 
limited primary data. However, the greatest variation among the 
studies is found in the number of impacts considered and the 
methodologies used to estimate them. The former range from 
1 to 18 and the latter cover almost all known LCIA methods, 
including EcoIndicator 99 (Goedkoop and Spriensma, 2001), 
CML 2001 (Guinée et  al., 2002), Impact 2002+ (Olivier et  al., 
2003), and ReCiPe (Goedkoop et al., 2009). These and the other 
differences, including the credits for coproducts, have led to very 
different results among the studies, making it difficult to compare 
them, and draw any generic conclusions on the environmental 
sustainability of biogas.

This study aims to make further contributions to the discus-
sion on the environmental sustainability of biogas. The paper 
considers life cycle environmental impacts of electricity genera-
tion in five real AD-CHP systems using biogas produced from 
differing mixes of four types of feedstock. The plants are situated 
in Italy. The novel aspects of the work compared to previous 
studies include:

• estimation of impacts associated with electricity generated 
from biogas using different feedstocks, including dedicated 
maize crops, their mixture with animal slurry, and agricultural 
waste as well as a mixture of slurry and waste;

• use of primary data for both the feedstock production and 
operation of the AD-CHP systems;

• consideration of the influence of different scales of the 
AD-CHP systems on the environmental impacts;

• inclusion of construction and decommissioning of AD and 
CHP plants;

• estimation of the avoided emissions from using the digestate 
instead of slurry as fertilizer; and

• comparison of impacts with grid electricity, natural gas, and 
renewable sources of electricity.

MaTerials anD MeThODs

The environmental impacts of biogas electricity were estimated 
using LCA as a tool. The study was carried out in accordance with 
the ISO 14040/44 methodology for LCA (ISO, 2006a,b). The sys-
tems were modeled using Gabi LCA software V6.11 (Thinkstep, 
2015). The CML 2001 method (Guinée et al., 2002), April 2013 
update, was followed to estimate the following 11 impacts con-
sidered in this method: abiotic depletion potential of elements 
(ADP elements), abiotic depletion potential of fossil fuels (ADP 
fossil), acidification potential (AP), eutrophication potential (EP), 
freshwater aquatic ecotoxicity potential (FAETP), global warm-
ing potential (GWP), human toxicity potential (HTP), marine 
aquatic ecotoxicity potential (MAETP), ozone layer depletion 
potential (ODP), photochemical oxidants creation potential 
(POCP), also known as summer smog, and terrestrial ecotoxicity 
potential (TETP). For further details on the estimation of the 
impacts, see Supplementary Material.
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TaBle 1 | lca biogas studies available in the literature.

reference country no. of aD 
plants

Plant size Feedstocksa Functional unit Foreground lci 
datab

capital goods impacts (lcia method)c Best optionsc

Jury et al. 
(2010)

Luxemburg Not reported Not reported • 4 winter cereals 1 MJ supplied to 
the natural gas grid

Secondary Excluded GWP and CED (impact 2002+) Not reported
• 4 summer cereals

De Vries et al. 
(2010)

Western Europe Not reported Not reported • Cattle slurry 1 ton of feedstock 
(wet)

Secondary Excluded GWP, AP, EP, CED, and LU (not 
specified)

Codigestion for GWP, EP, AP, 
and CED; slurry for LU• Maize silage

• Codigestion of 
above

Blengini et al. 
(2011)

Italy Not reported Not reported • Maize 1 MJ of net energy 
(heat or electricity) 
delivered

Secondary Included 6 (CML 2001) Miscanthus for GWP, EP, 
and AP; maize silage for 
photochemical smog

• Sorghum
• Triticale
• Miscanthus
• Slurry

Dressler et al. 
(2012)

Germany 1 510 kW • Maize silage 1 kWh of electricity Secondary Excluded GWP, AP, EP (CML 2001) Not reported

Lansche and 
Müller (2012)

Germany 1 186 kW • Cattle slurry 1 MJ of electricity Primary Excluded GWP, AP, EP (CML 2001) Cattle slurry
• Maize silage
• Grass silage
• Codigestion of 

above

Meyer-Aurich 
et al. (2012)

Germany 1 500 kW • Cattle slurry 1 kWh of electricity Secondary Excluded GWP (IPCC, 2007) Cattle slurry
• Maize silage
• Codigestion of 

above

De Vries et al. 
(2012)

The Netherlands 1 500 kW • Pig slurry 1 ton of feedstock 
(wet)

Secondary Excluded 7 (ReCiPe mid-point) Pig slurry for GWP, AP, ME, and 
LU; codigestion for FFD, FE, 
and PMF

• Maize silage
• Glycerine
• Beet tails
• Roadside grass
• Codigestion of 

above

Bacenetti et al. 
(2013)

Italy 3 250–999 kW • Maize silage 1 kWh of electricity Primary Excluded GWP and CED (IPCC, 2007) Pig slurry for GWP; maize silage 
for CED• Pig slurry

• Codigestion of 
above

Mezzullo et al. 
(2013)

UK 1 Not reported • Cattle slurry 1 m3 of methane Secondary Included 11 (Ecoindicator 99) Not reported

Zhang et al. 
(2013)

China 1 Not reported • Household waste Household biogas 
(digester volume 
8 m3)

Secondary Included CO2 emissions (Not specified) Not reported

Lijó et al. 
(2014a)

Italy 2 250 and 
500 kW

• Animal slurry 1 ton of feedstock 
(wet)

Primary only for AD 
and CHP plant

Excluded 8 (ReCiPe mid-point) Animal slurry
• Maize silage

Lijó et al. 
(2014b)

Italy 1 500 kW • Codigestion of 
maize and triticale 
silage

100 kWh of 
electricity

Primary only for AD 
and CHP plant

Excluded 8 (ReCiPe mid-point) Maize silage

(Continued)
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reference country no. of aD 
plants

Plant size Feedstocksa Functional unit Foreground lci 
datab

capital goods impacts (lcia method)c Best optionsc

Rodriguez-
Verde et al. 
(2014)

Spain 1 500 kW • Pig slurry 110,000 ton/year 
of pig slurry

Primary and 
secondary

Excluded 6 (CML 2001) Not reported
• Molasses
• Fish
• Biodiesel
• Vinasse residues

Styles et al. 
(2014)

UK 4 72–185 kW • Food waste 1 year of farm 
operation

Secondary Excluded GWP, AP, EP, and RDP (CML 
2010)

Slurry and food waste
• Cattle slurry
• Maize and grass 

silage
• Miscanthus
• Codigestion of 

above

Whiting and 
Azapagic (2014)

UK 1 170 kW • Codigestion of 
slurry, cheese whey, 
fodder beet, and 
maize silage

Cogeneration of 
1 MWh of heat and 
electricity

Primary and 
secondary

Included 11 (CML 2001) Farm waste better than maize 
for 8 out of 11 impacts

Bacenetti and 
Fiala (2015)

Italy 5 100–999 kW • Cattle slurry 1 kWh of electricity Tractors and 
equipment 
included; AD 
and CHP plant 
excluded

GWP (IPCC, 2007) Feedstocks
• Pig slurry
• Cereal silage
• Codigestion of 

above

Ebner et al. 
(2015)

USA 1 Not reported • Codigestion of 
cattle slurry and 
food waste

1 ton of feedstock 
(wet)

Secondary Excluded GWP (IPCC, 2007) Not reported

Fuchsz and 
Kohlheb (2015)

Germany 3 600 kW • Maize silage 1 kWh of electricity Primary only for AD 
plant construction

Included GWP, AP, EP (not specified) Maize silage for GWP; slurry for 
AP and EP• Cow slurry

• Codigestion of 
above

Ingrao et al. 
(2015)

Italy 1 999 kW • Codigestion of 
by-products from 
wheat processing 
and maize silage

1 kWh of electricity Primary Excluded GWP (IPCC, 2007) Not reported

Jin et al. (2015) China 1 Not reported • Food waste 1 ton of food waste Secondary Excluded 5 (CML 2001) Not reported

Lijó et al. (2015) Italy 1 1000 kW • Codigestion of pig 
slurry and maize 
silage

1 ton of feedstock 
(wet)

Primary only for AD 
and CHP plant

Excluded 8 (ReCiPe mid-point) Not reported

Morero et al. 
(2015)

Argentina 2 531–573 kW • Agroindustrial 
wastes

1 m3 of biogas and 
1 kWh of electricity

Primary and 
secondary

Excluded 11 (CML 2001) Not reported

Pacetti et al. 
(2015)

Italy 1 Not reported • Maize 1 GJ of energy in 
the biogas

Secondary Excluded 18 (ReCiPe mid-point) Sorghum

• Sorghum

• Wheat silage

TaBle 1 | continued
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The next sections detail the goal of the study, the assumptions, 
and data used in the study.

goal and scope of the study
The main goal of the study was to estimate the environmental 
impacts of electricity generated by different AD-CHP systems 
utilizing maize silage and agricultural waste. The results were 
compared with electricity from the grid, natural gas, and different 
renewables to help evaluate the environmental sustainability of 
biogas electricity relative to other available options.

Five real AD-CHP systems were considered using differing 
combinations of the following feedstocks: maize and maize ear 
silage; pig and cow slurry; and tomato peel and seeds (Table 2). 
The volume of the AD digesters ranged from 1650 to 2750 m3 and 
the installed electrical capacity of the CHP plants from 100 to 
999 kW. The plants are located at farms producing the feedstocks 
in Lombardy in Northern Italy, where the majority of the coun-
try’s biogas plants are situated (Negri et al., 2014).

As indicated in Figure  1, the scope of the study was from 
“cradle to grave,” including:

• production of maize silage (where used), comprising cultiva-
tion, transport from fields to the farm (1 km), and the ensiling;

• collection of slurry and tomato waste and delivery to the AD 
plants;

• construction and decommissioning of AD and CHP plants;
• production of biogas in the AD plants and its treatment (filtra-

tion, dehumidification, and desulfurization);
• cogeneration of electricity and heat in the CHP plants; the 

heat, except that used for heating the digesters, is considered 
as waste as it is not used;

• storage and subsequent use of digestate as fertilizer; note that 
all plants but no. 2 use open storage of digestate.

Electricity distribution and consumption were excluded from 
the system boundary.

The functional unit was defined as “generation of 1 MWh of 
electricity to be fed into the grid.” Although heat is cogenerated 
with electricity, all the impacts were allocated to the latter as the 
excess heat not utilized in the system is discharged as waste.

inventory Data
Feedstock Production
The inventory data for the production of maize silage are detailed 
in Tables S1 and S2 in Supplementary Material. As indicated in 
the tables, data for field operations were collected directly from 
the farms. The background data were sourced from Ecoinvent 
(Nemecek and Kägi, 2007) and modified to match the character-
istics of the machinery used for maize cultivation in Lombardy, 
based on information in Bodria et al. (2006). No environmental 
impacts were considered for tomato waste and slurry as they are 
waste.

Ammonia and nitrous oxide emissions as well as nitrate 
leachates from the application of the digestate and urea as 
fertilizers were estimated according to Brentrup et  al. (2000). 
Phosphate leachates and run-offs were calculated based on 
Nemecek and Kägi (2007). To estimate pesticide emissions to 
the environment, several factors need to be considered, such 
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FigUre 1 | system boundaries considered in the study. No environmental impacts are considered for the tomato waste, pig and cow slurry as they are waste. 
All the impacts are allocated to electricity as heat is not exported from the system.

TaBle 2 | summary of the main characteristics of the aD-chP plants considered in the study.a

Plant Feedstock Volume of 
aD digesters 

(m3)

Dry matter 
content in 

digesters (%)

Organic loading 
in digesters  
(kg/day⋅m3)

Methane 
content in 
biogas (%)

installed 
chP power 

(kW)

electricity 
generation 
(MWh/year)

electricity 
consumption 
(MWh/year)

heat 
generation 
(MWh/year)

heat 
consumption by  
aD (MWh/year)

Plant 1 • Pig slurry 1650 8.7 0.92 52.8 230 1945 173 2549 809
• Tomato peel 

and seeds
• Maize silage

Plant 2 • Pig slurry 2250 10.6 1.07 52.6 300 2429 206 3184 814
• Maize silage

Plant 3 • Pig slurry 2000 9.7 0.98 52.7 300 2505 276 3514 799
• Maize silage
• Maize ear 

silage

Plant 4 • Maize silage 2 × 2750 10.7 3.40 52.1 999 7972 717 8771 2505

Plant 5 • Cow slurry 1850 8.5 0.58 56.0 100 781 86 1095 547

aAll data sourced directly from the farm/plant owners.
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as the way in which a pesticide is applied, the soil type, and 
the meteorological conditions during application (EMEP/EEA, 
2013). However, considerations of these parameters is often 
impractical in LCA studies due to a lack of detailed data (Milà 
i Canals, 2007). Thus, pesticide emissions to air, water, and soil 
were determined in accordance with Margni et al. (2002) and 
Audsley (1997), assuming the following partitioning of the 
active pesticide components: 85% of the total amount applied 
remains in the soil, 5% in the plant, and 10% is emitted into the 
atmosphere; furthermore, 10% of the applied dose is lost as a 
run-off from the soil into the water. This method is also recom-
mended for use by Curran (2012) and was applied in some other 

LCA studies [e.g., Boschiero et al. (2014), Falcone et al. (2015), 
and Fantin et al. (2015)].

Land use change was not considered as the maize feedstock is 
grown on land previously used to cultivate cereals.

The transport and packaging of pesticides and fertilizers were 
not included in the system boundaries because of a lack of data. 
This is not deemed a limitation as some other studies found that 
their contribution was insignificant [e.g., Cellura et al. (2012)].

AD and CHP Plants
In all the AD plants evaluated in this study, the digestion takes place 
in continuously stirred reactors under mesophilic conditions at a 
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FigUre 2 | Traditional and aD slurry management.

FigUre 3 | Maize silage cycle.
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temperature of 40°C (±0.2°C), which is controlled and monitored 
continuously. Therefore, the digesters are operated at the top end 
of the temperature scale, which for mesophilic digestion ranges 
from 30 to 40°C (Weiland, 2010). The digesters are made from 
iron-reinforced concrete and have an expanded polyurethane 
external insulation. The biomass is fed into the digesters every 
90 min in small amounts and heated using the heat generated by 
the adjacent CHP. As indicated in Table 2, the dry matter content 
in the digester varies from 8.5 to 10.6%, and the organic loading 
rate from 0.58 to 3.4 kg/day m3. The biogas composition is similar 
across the plants with the methane content ranging from 52 to 
56% of the biogas volume.

The biogas is stored on top of the digesters in a gasometer dome 
with a spherical cap. Before being fed into the CHP plant, the 
biogas is filtered through a sand filter, dehumidified in a chiller, 
and then desulfurized using sodium hydroxide (NaOH). NOx 
emissions are controlled by a catalytic converter. The digestate 
is pumped from the bottom of the digesters and stored in open 
tanks in all the plants except for Plant 2, where it is stored in a 
covered tank.

The biogas is fed into the CHP plant to generate electricity 
and heat. Electricity is sold to the national grid while the heat 
is used for heating the digesters and the excess is dissipated by 
fan-coolers. The electricity consumption for operating the AD 
plants is sourced from the national grid to ensure continuous 
operation during the CHP downtimes. The amount of electricity 
used by the system ranges from 8.5 to 11% of the total electricity 
generated (Table 2).

Detailed inventory data for the AD and CHP plants can be 
found in Tables 2 and 3. The operational data (feedstock produc-
tion, consumption of electricity and heat, electricity generation) 
were obtained from the owners. Chemical characterization of dif-
ferent types of feedstock and their biogas production potentials 
were determined by laboratory tests (Fiala, 2012; Negri et  al., 
2014; Bacenetti et  al., 2015) and used to calculate the biogas 
production by the AD plants. The emissions from the CHP plants 
were calculated based on NERI (2010). The useful lifetime of the 
AD plants was assumed to be 20 years (Nemecek and Kägi, 2007). 
For the CHP plants, the lifespan is shorter, between 8 and 10 years 
because of the high content of hydrogen sulfide (Fiala, 2012). At 
the end of a plant’s useful lifetime, its construction materials were 
assumed to be landfilled, except for plastic materials, which were 
incinerated; the influence on the impacts of recycling is explored 
in a sensitivity analysis later in the paper.

The background data on the construction materials, their 
transport (120 km by rail and 35 km in 20–28 ton trucks) and 
landfilling were sourced from the Ecoinvent database v2.2 
(Ecoinvent, 2010). Since the data for construction materials for 
the AD and CHP plants in Ecoinvent correspond to a different 
plant size (300 m3 for the AD and 160 kWel for the CHP plants), 
the environmental impacts from their manufacture were esti-
mated by scaling up or down their capacity to match the sizes 
of the AD and CHP plants considered in this study. This was 
carried out following the approach used for cost estimation in 
scaling up process plants (Coulson et  al., 1993) but instead of 
costs, estimating environmental impacts as follows (Whiting and 
Azapagic, 2014):

 E E C C2 1 2 1
0 6

= ( )⋅ / .
 (1)

where E2 environmental impacts of the larger plant (AD or CHP); 
E1 environmental impacts of the smaller plant (AD or CHP); C2 
capacity of the larger plant (volume for the AD plant and installed 
power for the CHP plant); C1 capacity of the smaller plant (vol-
ume for the AD plant and installed power for the CHP plant); 0.6 
scaling factor.

Digestate Use and Methane Emissions Credits
In all the plants except no. 4, the digestate is used as fertilizer 
on the farms, replacing pig or cow slurries applied previously as 
part of a traditional slurry management method (see Figure 2). 
Both digestate and the slurry from Plants 1, 3, and 5 are stored in 
open tanks before application, during which they emit methane. 
However, the emissions from digestate are lower than from slurry 
storage (Amon et al., 2006; Wang et al., 2014), and the AD systems 
were credited for the avoidance of the emissions. Note that in 
Plant 2, the digestate is stored in covered tanks, with no emis-
sions of methane (IPCC, 2006); thus, the net emissions from this 
system are negative (Table 3).

At Plant 4, a closed maize cycle is practiced, whereby the diges-
tate is used as fertilizer for the maize which is fed into the same 
plant (Figure 3). The digestate at this plant is stored in open tanks.

alternative electricity sources
Grid electricity was considered here as the main alternative to 
electricity from biogas. This is due to the latter being fed into the 
national grid, displacing an equivalent amount of grid electricity. 
The Italian electricity mix is shown in Figure S1 in Supplementary 
Material. Given that the electricity mix is dominated by natural 
gas (53%) (IEA, 2011), biogas electricity was also compared to this 
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TaBle 3 | inventory data for the aD and chP plants (expressed per megawatt hour of electricity).

Unit Plant 1 Plant 2 Plant 3 Plant 4 Plant 5 Data sources

aD
Pig slurry ton 8.4 6.0 7.3 – – Farm owner

Cow slurry ton – – – – 21.0 -||-

Maize silage ton 0.9 2.25 0.8 2.45 – -||-

Tomato peel and seeds ton 1.5 – – – – -||-

Ear maize silage ton – – 0.66 – – -||-

Water ton 0.94 0.75 – 0.23 – -||-

Sodium hydroxide g 28.3 29.6 29.6 29.9 30.0 -||-

Electricity from the grid MWh 0.09 0.09 0.11 0.09 0.11 -||-

Heat from CHP MWh 0.42 0.34 0.32 0.38 0.70 -||-

Net biogas production Nm3 280 278 289 252 285 Own calculations based on farm owner’s data

chP
Electricity generated MWh 1 1 1 1 1 -||-

Heat generated MWh 1.3 1.3 1.4 1.1 1.4 Own calculations based on farm owner’s data

emissions associated with aD

Methane emissions from AD plant m3 3.8 3.8 4.0 3.4 3.9 Bacenetti et al. (2013)

Methane emissions from digestate storage kg 8.9 0 8.9 8.9 8.9 Edelmann et al. (2011)

Credit for avoiding methane emissions from 
slurry storage

kg −6.9 −6.3 −6.0 0 −32.0 Amon et al. (2006) and Wang et al. (2014)

Net emissions of methane kg 5.9 −2.5 6.9 12.3 −19.2 Own calculations

Ammonia emissions from digestate storage kg 0.2 0.0 0.2 0.2 0.2 Edelmann et al. (2011)

emissions from chP
NOx g 56.1 56.1 56.1 56.1 56.1 NERI (2010)

NMVOCa g 2.8 2.8 2.8 2.8 2.8 -||-

CH4 g 120.6 120.6 120.6 120.6 120.6 -||-

CO g 86.1 86.1 86.1 86.1 86.1 -||-

N2O mg 444 444 444 444 444 -||-

As mg 11 11 11 11 11 -||-

Cd mg 1 1 1 1 1 -||-

Co mg 58 58 58 58 58 -||-

Cr mg 50 50 50 50 50 -||-

Cu mg 86 86 86 86 86 -||-

Hg mg 33 33 33 33 33 -||-

Mn mg 53 53 53 53 53 -||-

Ni mg 64 64 64 64 64 -||-

Pb mg 1 1 1 1 1 -||-

Sb mg 33 33 33 33 33 -||-

Se mg 58 58 58 58 58 -||-

Tl mg 58 58 58 58 58 -||-

V mg 11 11 11 11 11 -||-

Zn mg 1097 1097 1097 1097 1097 -||-

aNon-methane volatile organic compounds.
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option. Furthermore, as biogas is a renewable resource, it was also 
compared to the other renewables contributing to the Italian mix 
(see Figure S1 in Supplementary Material). The system boundary 
for all the alternatives was from “cradle to grave,” and all the data 
were sourced from Ecoinvent (2010). As for the biogas electricity, 
distribution and consumption of electricity were not considered.

resUlTs

The results suggest that biogas electricity generated by Plant 5 is 
environmentally the best option among the five plants considered 
(Figure 4), largely because it does not use maize silage as a feed-
stock. The exceptions to this are the MAETP and TETP for which 
Plant 1 is slightly better because these impacts are not affected 

by maize silage (as discussed further below). Plant 1 is also the 
second best option for all other impacts apart from GWP and 
POCP, for which Plant 2 is better because of the lower methane 
emissions from digestate.

The differences in the impacts for Plants 2 and 4, which are 
fed with approximately the same amount of maize silage, are due 
to the differences in the digestate emissions and the capacities of 
the AD and CHP plants.

Despite the highest biogas production, Plant 3 is the worst 
option across all the impact categories because of the maize ear 
silage, which has impacts twice as high as maize silage owing to its 
lower yield (Table S2 in Supplementary Material). The exceptions 
to this are GWP and POCP, for which Plant 4 is worst because of 
the higher net methane emissions (Table 3).
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FigUre 4 | The environmental impacts associated with the generation of biogas electricity. All impacts expressed per megawatt hour of electricity 
generated. Impacts nomenclature: ADP elements, abiotic depletion potential for elements; ADP fossil: abiotic depletion potential for fossil fuels; AP, acidification 
potential; EP, eutrophication potential; FAETP, freshwater aquatic ecotoxicity potential; GWP, global warming potential; HTP, human toxicity potential; MAETP, marine 
aquatic ecotoxicity potential; ODP, ozone depletion potential; POCP, photochemical oxidants creation potential; TETP, terrestrial ecotoxicity potential; DCB, 
dichlorobenzene.
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The following sections discuss in more detail the impacts from 
the different plants (Figure 4) and the contributions of different 
life cycle stages (Figures 5A–E).

abiotic Depletion Potential (aDP elements 
and aDP Fossil)
Abiotic depletion of elements and fossil resources range from 
142 to 243 mg Sb eq./MWh and from 1010 to 1570 MJ/MWh, 
respectively, with Plant 5 being the best and Plant 3 the worst 
option for both impacts.

As indicated in Figures 5A–D, the depletion of elements for 
Plants 1–4 is mainly due to the cultivation of maize and is associ-
ated with the materials used for agricultural machinery. For Plant 
5, on the other hand, the major contributors are construction 
materials for the AD and CHP plants (Figure 5E); the latter is also 
a hotspot for Plant 1. This is due to economies of scale: they have 
smaller CHP plants and thus a higher consumption of resources 
per megawatt hour electricity generated.

As also shown in Figures  5A–D, the major contributors to 
fossil depletion for Plants 1–4 are the fuel used in the agricultural 
machinery for maize cultivation and the electricity for the AD 
plants. For Plant 5, the grid electricity used to operate the AD 
plant accounts for the majority of this impact (Figure 5E).

acidification and eutrophication Potentials
The estimated AP varies from 2.6 to 5.5 kg SO2 eq./MWh and 
EP from 0.2 to 1.9 kg PO4 eq./MWh. As for ADP, biogas elec-
tricity generated by Plant 5 is the best and by Plant 3 the worst 
option for these two impacts. For Plants 1–4, maize cultivation is 
responsible for the large majority of AP and EP (Figure 5A–D), 
whereas for Plant 5 (Figure 5E), it is the ammonia emitted during 

the digestate storage as well as the emissions of acid gases and 
nutrients in the life cycle of the grid electricity used for AD.

global Warming Potential (gWP100 years)
The values for GWP range from −395 to 408 kg CO2 eq./MWh, 
with electricity from Plant 5 being the best option and from Plant 
4 the worst. The vast majority of GWP (64%) is due to methane 
emissions from the digestate during its storage. For Plant 2, GWP 
is mainly from the maize silage (Figure 5B). The negative con-
tributions shown in the figure are due to the methane credits for 
the avoidance of the traditional slurry management, as described 
in Section “Digestate Use and Methane Emissions Credits.” For 
Plant 5, the methane credits are higher than the methane emis-
sions from the digestate, leading to a negative impact of −395 kg 
CO2 eq./MWh (Figure 5E). Note that carbon dioxide emissions 
from biogas combustion in the CHP plant are not considered as 
they are biogenic in nature.

human Toxicity Potential
This impact is lowest for electricity generated by Plants 1 and 5 
[79 kg dichlorobenzene (DCB) eq./MWh] and highest for Plant 
3 (114 kg DCB eq./MWh). For Plants 1–4, the main contributor 
is the production of maize silage and the emissions from biogas 
combustion, in particular chromium and thallium (see Table 3). 
For Plant 5, HTP is mainly affected by CHP operation, followed 
by AD operation and plant construction (Figure 5E).

ecotoxicity Potentials (FaeTP, MaeTP, 
and TeTP)
The lowest FAETP is estimated for Plant 1 (198  kg DCB eq./
MWh) and the highest for Plant 3 (413 kg DCB eq./MWh). The 
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FigUre 5 | contribution analysis for different aD-chP plants. (a) Plant 1 (top left); (B) Plant 2 (top right); (c) Plant 3 (middle left); (D) Plant 4 (middle right); 
(e) Plant 5 (bottom). AD plant – operation* includes grid electricity used for AD, methane losses during AD and emissions associated with digestate storage. Maize 
silage (e) maize ear silage. For impacts nomenclature, see figure. For the feedstocks, see Table 2. Negative values represent the credits for the avoidance of 
methane emissions by using digestate as fertilizer instead of animal slurry.
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production of maize silage and the plant operation are the main 
contributors to this impact for Plants 1–4. This is mainly due to 
the emissions of pesticide used for maize cultivation (Table 3) 
and metals (nickel, beryllium, cobalt, and vanadium) emitted in 
the life cycle of the grid electricity. It can be noted that Plant 1 has 
lower MAETP and TETP, which is due to the efficiency associated 
with economies of scale as these impacts are mainly influenced by 
the plant operation (Figures 5A,E).

Unlike HTP, the best option for MAETP is Plant 5 at 55 ton 
DCB eq./MWh but, as for HTP, Plant 3 has the highest impact 
(77  ton DCB eq./MWh). The main hotspot is grid electricity 
used for AD because of the emissions of beryllium and hydrogen 
fluoride in the life cycle of electricity generation.

The same trend is found for TETP, with Plant 5 being the best 
option (2 kg DCB eq./MWh) and Plant 3 the worst (2.5 kg DCB 
eq./MWh). Maize silage and CHP operation are the main con-
tributors to TETP for Plants 1–4. Like HTP, the latter is mainly 

due to the emissions of chromium and thallium from biogas com-
bustion. For Plant 5, CHP operation is the main hotspot (biogas 
combustion), followed by AD operation and plant construction.

Ozone layer Depletion Potential
At 7 mg R11 eq./MWh, Plant 5 has the lowest ODP and, as for 
most other impacts, Plant 3 the highest (11.3 mg R11 eq./MWh). 
The main contributors are halons emitted in the life cycle of grid 
electricity used in AD (related to natural gas transportation), fol-
lowed by the emissions from diesel used in the machinery during 
maize cultivation (Plants 1–4).

Photochemical Oxidants creation 
Potential
The POCP ranges from −73 g C2H4 eq./MWh for Plant 5 to 70 g 
C2H4 eq./MWh for Plant 3. For Plants 1, 3, and 4, the impact is 
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FigUre 7 | heat map of environmental impacts from biogas electricity and the alternatives considered in this study. The worst option is set at 100% 
and the others are expressed as a percentage of impact relative to the worst option. Waste, municipal solid waste; MSW, municipal solid waste; wood, wood chips 
in a CHP plant; solar PV, solar photovoltaics. For impacts nomenclature, see Figure 5.

FigUre 6 | comparison of biogas electricity with the alternatives. All impacts expressed per megawatt hour of electricity. For the AD-CHP plants, the 
average results are shown, with the error bars representing the impacts ranges for different plants. For impacts nomenclature, see Figure 5. MSW, municipal solid 
waste; wood, wood chips in a CHP plant.
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largely due to the emissions of methane from the digestate and 
the methane losses from the AD plant. The negative contributions 
(Figure 5) are due to two reasons: first, according to the CML 
2001 method, nitrogen oxides emitted during the cultivation of 
maize reduce POCP (Plants 1–4); and second, because of the 
methane credits (Plant 5).

comparison with alternative electricity 
sources
The biogas electricity is compared to electricity from the grid, 
natural gas, and renewables in Figure 6 and the ranking of dif-
ferent options with respect to each impact is summarized in the 
heat map in Figure 7.

As can be seen in Figure 6, grid electricity has higher impacts 
than electricity from biogas for seven out of 11 categories: ADP 
fossil, FAETP, GWP, HTP, MAETP, ODP, and POCP. This is 
mainly due to the high contribution of fossil fuels in the Italian 
electricity mix. An exception to this is Plant 3 which has a higher 
HTP than the grid because of the toxic emissions in the life cycle 
of maize ear silage.

Electricity from the grid also has lower AP (by 10–57%) 
and EP (32–72%) than biogas electricity; this is due to maize 
cultivation which contributes significantly to these two impacts 
(see Figure 5). The exception to this is Plant 5 which has lower 
impacts than grid electricity (by ~60%) because it does not use 
maize silage.

Two further impacts are lower for grid electricity: depletion 
of elements and TETP. This could be explained by the greater 
economies of scale of the plants on the grid, which require a lower 
amount of resources and thus have lower toxic emissions on a life 
cycle basis per unit of electricity generated than the agricultural 
machinery and the AD-CHP plants.

Unlike grid electricity, electricity from natural gas is environ-
mentally more sustainable than biogas for most categories, except 
ADP fossil, GWP, ODP, and POCP (Figure 6). In comparison 
to the renewables, biogas electricity has mostly higher impacts, 
with a few exceptions. For example, biogas has a lower AP than 
geothermal power across all the AD-CHP plants considered. 
Furthermore, Plant 5 has lower GWP and Plant 2 lower POCP 
than any other renewable option. Biogas is also better than solar 
PV in terms of ADP elements, HTP, FAETP, MAETP, ODP, and 
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FigUre 8 | comparison of the results with the literature. All impacts expressed per megawatt hour of electricity. The error bars represent the range of results 
for the different plants. NA, not available. Waste, agricultural. For impacts nomenclature, see Figure 5.
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POCP. It also has a lower MAETP than electricity from municipal 
solid waste and it outperforms wood for HTP, POCP, and TETP.

With a specific reference to GWP, the main driver for biogas 
production, Plant 5 is the best option overall, sequestering 395 kg 
CO2 eq./MWh. All other plants generate higher GHG emissions 
than any of the renewable options considered here. The only other 
impact for which biogas electricity is a better option than any 
other is POCP, but again only for Plant 5; however, this plant has 
the highest TETP than any other alternative.

These results are summarized in Figure 7, which shows the 
percentage difference between the worst option and the rest of the 
alternatives for each impact. Overall, assuming equal importance 
of all the impacts, hydropower could be considered the best 
option and grid electricity the worst, with biogas being on average 
a middle-ranking option.

comparison with Other studies
As discussed in the Section “Introduction,” comparison of the 
results from different studies is not easy for the reasons outlined 
there. The only studies for which comparison is possible are those 
by Blengini et  al. (2011), Dressler et  al. (2012), Meyer-Aurich 
et  al. (2012), Bacenetti et  al. (2013), Whiting and Azapagic 
(2014), and Ingrao et al. (2015); for a summary of these studies, 
see Table 1.

As can be inferred from Figure 8, the results from the current 
study compare favorably in terms of AP, EP, GWP, and POCP, 
given the different assumptions, system credits, and geographi-
cal locations across the studies. However, the average GWP 
estimated in this work appears to be lower than in the other 
studies, mainly because of Plant 5 which has a negative value for 
this impact. Nevertheless, the impact for the AD-CHP system 
using pig slurry reported by Bacenetti et  al. (2013) compares 
well with Plant 5 which uses cow slurry (−368 and −395 kg CO2 
eq./MWh, respectively). The GWP in Blengini et  al. (2011) is 
consistent with that estimated for Plant 4, while the values found 

by Dressler et al. (2012), Meyer-Aurich et al. (2012), Bacenetti 
et al. (2013), and Ingrao et al. (2015) agree well with the results 
for Plants 1 and 3. It should be noted that, unlike other studies, 
Meyer-Aurich et  al. (2012) have considered land-use change 
(associated with maize cultivation), finding that it increases 
GWP by 20%; however, differences in other assumptions cancel 
out this effect and, consequently, the results still agree with those 
in the current study.

The comparison of the other impacts is only possible with the 
study by Whiting and Azapagic (2014), since the other authors 
did not consider them. As can be seen in Figure 8, the results 
agree for HTP but differ for ADP, FAETP, MAETP, ODP, and 
TETP. The reason for these differences could be due to the dif-
ferent updates of the CML method and Gabi software, as well as 
the different assumptions, credits for fertilizers, and geographical 
locations. On the other hand, both studies are in agreement 
that the contribution of the AD and CHP plants construction is 
significant for ADP elements and the toxicity-related impacts.

sensitivity analysis
Because of their significant contribution to the impacts, the fol-
lowing parameters are considered in the sensitivity analysis:

  (i) maize yield;
 (ii) heat utilization;
 (iii) recycling of AD and CHP construction materials; and
 (iv) covered storage of digestate in Plant 4.

The results are discussed in the following sections.

Maize Yield
To explore the effect of this parameter on the impacts, the maize 
yield was varied by ±15% against the baseline shown in Table S2 
in Supplementary Material. The results in Figure 9 suggest that 
the overall effect of maize yield on the environmental impacts is 
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FigUre 10 | sensitivity analysis assuming the net heat produced is used and substitutes a gas boiler. All impacts expressed per megawatt hour of 
electricity. Capacity of boiler: >100 kW for Plants 1–4 and <100 kW for Plant 5. For impacts nomenclature, see Figure 5.

FigUre 9 | sensitivity analysis assuming different maize yields for biogas produced in Plants 1–4. All impacts expressed per megawatt hour of electricity. 
The height of the columns corresponds to the yield indicated in Table S2 in Supplementary Material. The error bars refer to the yield variation of ±15%. For impacts 
nomenclature, see Figure 5.
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small for most impacts, except for AP and EP which change by 
up to 14%. This is to be expected given the high contribution of 
maize cultivation to these categories.

The ADP elements and FAETP results are also affected for Plant 
4, varying by up to 12%, because of the change in the resource 
requirements for the agricultural machinery and the related toxicity 
of the construction materials. Despite these changes, the variation 
in the maize yield considered here does not affect the comparison 
of biogas with the alternative electricity sources discussed in 
Section “Comparison with Alternative Electricity Sources.”

Heat Utilization
This part of the sensitivity analysis considers a scenario in which 
the net heat produced by the CHP plants is used instead of being 
wasted. This is motivated by the introduction of subsidies for heat 
(see Introduction), which aim to stimulate its utilization. It was 
assumed that the heat generated by the CHP substitutes a gas 
boiler for which the AD-CHP systems were credited. The LCA 
data for the boiler were sourced from Ecoinvent (2010).

As indicated in Figure 10, if the heat were utilized all of the 
impacts would be reduced, some of them significantly, across the 
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FigUre 11 | sensitivity analysis assuming recycling of construction materials. For impacts nomenclature, see Figure 5.

FigUre 12 | sensitivity analysis assuming the covered storage of digestate in Plant 4. All impacts expressed per megawatt hour of electricity. For impacts 
nomenclature, see Figure 5.
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different plants: ADP fossil would be lower by four to six times, 
GWP up to nine times, ODP by five to eight times, and POCP 
two to four times. This means that biogas electricity from all five 
plants would have lower impacts for these categories than any 
other renewable option considered here. However, there would 
be no change in ranking with respect to grid electricity because 
ADP elements, AP, EP, and TETP remain higher for biogas 
electricity.

Recycling of Construction Materials
As mentioned earlier, it was assumed that all the construction 
materials apart from plastics are landfilled after decommis-
sioning of the plants. Since the construction of the plants has a 
significant contribution for some impacts, particularly for Plants 
1 and 5 (Figures 5A,E), the sensitivity analysis considers if and 
how they would change if concrete, steel, iron, and platinum (in 
the CHP catalytic converter) were recycled. For these purposes, 

the recycling rates for the former three materials were assumed 
equal to current recycling rates in Italy: 60% for concrete (UNI, 
2005) and 74% for steel and iron (Fondazione per lo sviluppo 
sostenibile, 2012). As there are no data for platinum recycling, 
a recovery rate of 90% was assumed. Plastic materials were not 
considered for recycling as their quantity is small.

The results are presented in Figure  11 for the impacts that 
are affected by the recycling. The greatest reduction would be 
achieved for ADP elements (up to 39%) and POCP (up to 13.5%), 
followed by AP and FAETP (~8%); MAETP would also go down 
(~5%). The effect on the other impacts is small (<2%).

Covered Storage of Digestate
As discussed in Section “Results,” biogas electricity from Plant 
4, which uses maize silage as the AD feedstock, has higher 
GWP and POCP than any other plant. Given that much of that 
is due to methane emissions from the open storage of digestate 
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(Figure 5D), it is important to consider by how much the impacts 
would change if the digestate were stored in covered tanks, as in 
Plant 2.

The results in Figure  12 suggest that both impacts would 
decrease significantly: GWP by two times and POCP threefold. 
In that case, Plant 4 would have lower impacts than Plant 1 and 
3 but still higher than Plant 2. The AP and EP results would also 
be reduced, by 7 and 5%, respectively, because of the avoided 
ammonia emissions. This would make Plant 4 a better option 
than Plant 2 for these two impacts.

With respect to grid electricity, Plant 4 would have half the 
GWP. It would also be a better option for POCP with respect to 
solar PV and waste power plants.

cOnclUsiOn

The aim of this study was to evaluate the life cycle environmental 
impacts associated with generation of electricity from biogas 
produced by AD of agricultural products and waste. Five real 
AD-CHP plants situated in Italy were considered and compared 
to electricity from the national grid, natural gas, and different 
renewable technologies.

The results suggest that the main contributors to the impacts 
from biogas electricity are the production of the maize silage and 
the operation of the anaerobic digester, including open storage 
of digestate. Therefore, the system using animal slurry (Plant 5) 
is the best option among the five plants considered, except for 
marine and terrestrial ecotoxicity potentials for which the best 
system is the one utilizing slurry, agricultural waste, and a small 
amount of maize silage (Plant 1). The plant fed with maize ear 
silage (Plant 3) is the worst option because of the high impacts of 
the feedstock, which are almost double that of maize silage.

In reference to the size of AD-CHP plants, larger capacity does 
not appear to have a positive effect on environmental impacts 
despite the higher efficiencies typically associated with economies 
of scale. This is due to the larger plants requiring a high organic 
load to make them viable, which can only be achieved with cereal 
feedstocks as they have much higher biogas yield than slurry or 
agricultural waste. For example, a 1  MW CHP plant requires 
around 50 ton of maize silage per day but 400–800 ton of slurry. 
As this amount of slurry cannot be supplied by a single farm, it 
would have to be collected from different farms and transported 
to the plant which would not be economically and environmen-
tally viable. Furthermore, the digester would be impractically 
large (20,000–40,000  m3 assuming a hydraulic retention time 
of 50 days) and thus expensive. Therefore, as the results of this 
work suggest, it is better to have smaller plants using slurry and 
waste rather than bigger installations: the latter may be more 
efficient but require cereal silage, which in turn leads to higher 
environmental impacts. On the other hand, smaller plants require 
more resources for construction per unit of electricity generated, 
so there are some trade-offs.

The results also suggest that utilizing the heat generated by the 
CHP plant would reduce all the impacts, some of them signifi-
cantly (specifically depletion of fossil fuels and the ozone layer, 
global warming, and summer smog), making biogas electricity a 

better option for these categories than any other renewable alter-
natives considered here. Recycling the AD and CHP construction 
materials would reduce the depletion of elements, acidification, 
freshwater, and marine toxicity as well as summer smog. The lat-
ter would also improve in addition to global warming if digestate 
was stored in covered tanks.

Biogas electricity is environmentally more sustainable than 
electricity from the grid for seven out of 11 impacts considered. 
This is due to the high contribution of fossil fuels in the Italian 
electricity mix. The remaining four impacts, for which grid elec-
tricity is a better option, are depletion of elements, acidification, 
eutrophication, and terrestrial ecotoxicity. Thus, biogas electricity 
reduces GHG emissions compared to the grid, as intended by 
government and the European Commission, but aggravates some 
other impacts.

However, in comparison with natural gas, seven out of 11 
impacts are higher for electricity from biogas. It also has mostly 
higher impacts than the renewables, except for solar PV for which 
six out of 11 impacts are higher than biogas. Furthermore, biogas 
is a better option than geothermal power for acidification across 
all the feedstocks considered. If only slurry is used (Plant 5), it 
also has lower global warming and summer smog potentials than 
geothermal. Moreover, marine ecotoxicity is greater for electricity 
from municipal solid waste than that from biogas.

Focusing on global warming potential which drives biogas 
production, using slurry as a feedstock (Plant 5) is the best option 
across all the electricity options considered here, sequestering 
395  kg CO2 eq./MWh. All the other biogas systems generate 
higher greenhouse emissions than any of the renewable options 
considered here. The only other impact for which biogas electric-
ity is a better option than any other is summer smog, but only 
for the slurry feedstock; however, it also has higher terrestrial 
ecotoxicity than any other electricity alternative.

In summary, biogas electricity can help reduce GHG emis-
sions relative to fossil-intensive grid electricity such as that of 
Italy; however, some other impacts are increased. On the other 
hand, if mitigation of climate change is the main aim, then other 
renewables have a greater potential to reduce GHG emissions. 
If, in addition to this, other impacts are considered, then hydro, 
wind, and geothermal power are better alternatives to biogas. 
However, if the subsidies for heat utilization are successful, the 
environmental sustainability of biogas electricity would improve 
significantly, particularly for global warming, summer smog, and 
depletion of the ozone layer and abiotic resources. Further policy 
changes should include a ban on open digestate storage to prevent 
methane emissions and regulation on digestate spreading on land 
to minimize emissions of ammonia and related environmental 
impacts.

Finally, it should be noted that the results obtained in this 
study correspond to mesophilic digestion at 40°C and may differ 
from the results for other operating conditions. Furthermore, 
the analysis did not consider other environmental aspects, such 
as habitat destruction and biodiversity loss, as they are outside 
the scope of LCA. These and other impacts could be evaluated in 
future research alongside economic costs and social impacts as 
part of a broader sustainability assessment.
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We report, for the first time, extensive biologically mediated phosphate removal from
wastewater during high-rate anaerobic digestion (AD). A hybrid sludge bed/fixed-film
(packed pumice stone) reactor was employed for low-temperature (12◦C) anaerobic
treatment of synthetic sewage wastewater. Successful phosphate removal from the
wastewater (up to 78% of influent phosphate) was observed, mediated by biofilms
in the reactor. Scanning electron microscopy and energy dispersive X-ray analysis
revealed the accumulation of elemental phosphorus (∼2%) within the sludge bed and
fixed-film biofilms. 4′, 6-diamidino-2-phenylindole (DAPI) staining indicated phosphorus
accumulation was biological in nature and mediated through the formation of intracellular
inorganic polyphosphate (polyP) granules within these biofilms. DAPI staining further
indicated that polyP accumulation was rarely associated with free cells. Efficient and
consistent chemical oxygen demand (COD) removal was recorded, throughout the 732-
day trial, at applied organic loading rates between 0.4 and 1.5 kg COD m−3 d−1

and hydraulic retention times of 8–24 h, while phosphate removal efficiency ranged
from 28 to 78% on average per phase. Analysis of protein hydrolysis kinetics and
the methanogenic activity profiles of the biomass revealed the development, at 12◦C,
of active hydrolytic and methanogenic populations. Temporal microbial changes were
monitored using Illumina MiSeq analysis of bacterial and archaeal 16S rRNA gene
sequences. The dominant bacterial phyla present in the biomass at the conclusion of
the trial were the Proteobacteria and Firmicutes and the dominant archaeal genus was
Methanosaeta. Trichococcus and Flavobacterium populations, previously associated
with low temperature protein degradation, developed in the reactor biomass. The
presence of previously characterized polyphosphate accumulating organisms (PAOs)
such as Rhodocyclus, Chromatiales, Actinobacter, and Acinetobacter was recorded at
low numbers. However, it is unknown as yet if these were responsible for the luxury
polyP uptake observed in this system. The possibility of efficient phosphate removal and
recovery from wastewater during AD would represent a major advance in the scope for
widespread application of anaerobic wastewater treatment technologies.
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INTRODUCTION

High-rate anaerobic digestion (AD) wastewater treatment
technologies provide low-cost and effective removal of pollutants,
with many advantages over other catalytic processes, combined
with the recovery of energy in the form of methane. Despite many
instances of its successful application, a drawback associated
with AD wastewater treatment has been the inability to achieve
acceptable – even moderate – levels of inorganic nutrient, in
particular phosphate (P), removal that would avoid the need
for extensive aerobic biological or chemical post-treatment
(McGrath and Quinn, 2003; Caravelli et al., 2012; Hauduc et al.,
2015).

Phosphate recovery and re-use from various sources is
urgently needed to address an imminent P availability crisis. The
current practice of mining rock-P (an exhaustible resource) for
agricultural use is unsustainable. Wastewater streams offer an
important opportunity to recover and recycle P, thus helping
to close the P cycle. Indeed, up to 30% of world demand for
P could theoretically be satisfied by its recovery from domestic
waste streams alone (Gilbert, 2009). To date, the well-established
Enhanced Biological Phosphate Removal (EBPR) systems have
been applied for P removal from wastewaters. EBPR is based
upon the exposure of activated sludge to alternating anaerobic
and aerobic phases: P removal across the system is achieved
via the intracellular accumulation of polyphosphate (polyP) by
specialized group (or groups) of microorganisms. However, in
reality these systems can demonstrate variability in performance,
as polyP uptake is dependent on a number of operational and
microbiological conditions that remain to be fully elucidated
(McGrath and Quinn, 2003; Zeng et al., 2013; Yu et al., 2014;
Motlagh et al., 2015). To date, biological P removal and recovery
during AD wastewater treatment had not been reported. Despite
this, luxury polyP uptake has been observed in strictly anaerobic
archaeal species (Rudnick et al., 1990; Smirnov et al., 2002;
Auernik et al., 2008; Toso et al., 2011; Orell et al., 2012)
indicating the possibility for application of polyP synthesis as a
means for P removal under anaerobic conditions. The potential
for efficient removal and recovery of P during AD of dilute
wastewaters was significantly advanced by Hughes et al. (2011)
using a novel hybrid bioreactor system incorporating a fixed-
film section of packed pumice stone. Despite this advance,
the precise mechanism of phosphate removal and the role
of the microbial consortia within the system remain to be
ascertained.

Sewage wastewater is an important source of P into the
environment, which if not intercepted, can lead to eutrophication
of receiving water bodies (Khan et al., 2011; Barca et al., 2012;
Wang and Pei, 2013). Sewage is generally treated in developed
countries using aerobic biological systems, such as the activated
sludge process, although these do not rank well in terms of
sustainability criteria due, for example, to the high levels of
energy required for aeration. Anaerobic treatment technologies
have been successfully implemented for low-strength domestic
sewage, but mainly in tropical/warm temperature regions (Smith
et al., 2012). In temperate climates, the requirement to heat
wastewaters to facilitate mesophilic operation would negate any

energy savings gained. Low temperature (psychrophilic) AD
allows for the economically efficient application of AD to low-
strength wastewaters in temperate regions (McKeown et al.,
2012). A reduction in hydrolysis rates corresponding with the
accumulation of biodegradable solids in high-rate reactor systems
operated at short hydraulic retention times (HRTs), however, may
preclude low-temperature anaerobic treatment opportunities.
The capacity for, and the extent of, the development of
efficient hydrolytic biomass remain largely unexplored. It is
known and well-studied, however, that increased methanogenic
and acetogenic activity can develop during low-temperature
AD, driven both by shifts in the microbial community and
the development of psychrotolerance in organisms, such as
Methanosaeta (McKeown et al., 2012; Zhang et al., 2012;
Gunnigle et al., 2015). Some recent studies (Regueiro et al.,
2014; Gunnigle et al., 2015) indicate that the Bacteroidetes and
Proteobacteria phyla may be important in the case of a low-
temperature shock. However, limited information is available
on the bacterial community during prolonged low-temperature
operation. Moreover, the roles played by the diverse bacterial
species responsible for hydrolysis and acidification is only
understood at a very basic level in AD generally. The capacity
for enhanced hydrolysis, acidification and methanogenesis
at low temperatures could underpin successful operation of
future high-rate AD sewage treatment systems in temperate
regions.

Our hypotheses were that high levels of P removal during
AD would be achievable during high-rate treatment of synthetic
sewage at low-temperature, in conjunction with highly efficient,
low-temperature methanogenic biodegradation of the solid,
colloidal and soluble fractions of a sewage wastewater: (i) at
loading rates >1 kg total COD m−3 day−1; (ii) while producing
an effluent quality of <125 mg total COD l−1; (iii) with microbial
community development resulting in increased hydrolytic,
acidogenic, and methanogenic activity at low-temperatures. Our
aim was to test these hypotheses in a laboratory-scale bioreactor
system.

MATERIALS AND METHODS

Reactor Design, Set-Up, and Operation
This study employed a glass laboratory-scale hybrid sludge
bed/fixed-film (packed pumice stone) reactor (2.8 l working
volume) as described by Hughes et al. (2011). The reactor was
seeded with 20 g VSS l−1 of seed biomass [obtained through a
sludge-screening step (Keating et al., 2012)]. The substrate used
was a synthetic sewage based wastewater (SYNTHES) from Aiyuk
and Verstraete (2004) at 500 mg l−1 CODTot outlined in Table 1.
The reactor was operated at 12◦C in a trial of 732 days. The trial
was divided into five phases, each involving a different applied
HRT and organic loading rate (OLR; Table 2) with Phase 4B
marking a change in the fixed-film filter unit.

Performance Analyses
Reactor effluent was sampled on a daily basis and combined
into a weekly composite sample for total COD (CODTot),
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TABLE 1 | Composition of 500 mg l−1 CODTot SYNTHES (Aiyuk and
Verstraete, 2004).

Chemical
components

Food ingredients Trace metals

Urea (100 mg l−1) Starch (131.2 mg l−1) Cr(NO3)3-9H2O
(0.9 mg l−1)

NH4Cl (12.5 mg l−1) Milk powder (125 mg l−1) CuCl2-2H2O (0.6 mg
l−1)

Na-Acetate-3H2O
(140.6 mg l−1)

Dried yeast (56.2 mg l−1) MnSO4-H2O (0.1 mg
l−1)

Peptone (18.7 mg l−1) Soy Oil (31.2 mg l−1) NiSO4-6H2O (0.3 mg
l−1)

MgHPO4-3H2O
(31.2 mg l−1)

PbCl2 (0.1 mg l−1)

K2HPO4-3H2O
(25 mg l−1)

ZnCl2 (0.3 mg l−1)

FeSO4-7H2O
(6.2 mg l−1)

CaCl2 (6.2 mg l−1)

soluble COD (CODSol), suspended COD (CODSus), and
colloidal COD (CODCol) determinations according to Standard
Methods (APHA and AWWA, 2005). Protein and polysaccharide
concentrations in the effluent were determined by the Lowry
method (Lowry et al., 1951) and the DuBois method (DuBois
et al., 1956), respectively. For the measurement of total
phosphorus (expressed as PO4

3−) samples were passed through
a 0.45 µm filter prior to analysis using the molybdovanadate
Test ‘N TubeTM method (Hach Lange, UK). The concentration
of volatile fatty acids (VFAs) in the effluent was determined
by chromatographic analysis in a Varian Saturn 2000 GC/MS
system (Varian Inc., Walnut Creek, CA, USA). Biogas analysis
was performed by gas chromatography (Varian Inc., Walnut
Creek, CA, USA) according to standard methods (APHA and
AWWA, 2005).

Biomass Characterization
Maximum Specific Methanogenic Activity (SMA)
Testing
To evaluate changes in sludge hydrolytic and methanogenic
capabilities the seed biomass and reactor biomass at HRT changes

(36, 24, 12, and 8 h) were screened using the maximum specific
methanogenic activity (SMA) testing method employing the
pressure transducer technique as described previously (Colleran
et al., 1992; Coates et al., 1996). Briefly, the test involved
the measurement of the increase in biogas pressure over time
following the addition of soluble substrates; propionate (30 mM),
butyrate (15 mM), ethanol (30 mM), and acetate (30 mM) or
of the decrease in pressure following the addition of 1 atm
of H2/CO2 (80:20). Controls included vials without substrate
addition and the addition of N2/CO2 (80:20) at 1 atm as a gaseous
control. Tests were carried out in triplicate at 37 and 12◦C. Biogas
analysis was performed as described previously. Results were
expressed as ml CH4g VSS−1 day−1.

Protein Degradation Assays for the Determination of
k, Vmax, Amax, and Km
The maximum specific activity (Amax), the maximum initial
velocity (Vmax), the apparent half-saturation constant (Km) and
the first-order hydrolysis constant of the seed inoculum and
reactor biomass were evaluated on a protein source (solubilized
skimmed milk powder). These rates were determined using
substrate depletion assays, which were set up similarly to the
SMA test described above. Tests were performed in triplicate at
12 and 37◦C using 2 g VSS l−1 with 2 g COD/vial of protein. The
bottles were sampled at regular intervals, protein concentration
was measured in the samples and a substrate depletion curve
was plotted. The concentration of protein was determined using
the Lowry method (Lowry et al., 1951). The kinetic parameters
described above were calculated as described by Bialek et al.
(2013).

Scanning Electron Microscopy (SEM) and Energy
Dispersive X-Ray (EDX)
Scanning electron microscopy (SEM) was used to assess the
structure of unused pumice stone, washed pumice stone and
colonized stones and biomass from the filter, at the end of the
trial. Samples were fixed by incubating in 2.5% Glutaraldehyde
stock (containing 50% Glutaraldehyde, 4% Sucrose, and 0.1 M
Sodium Phosphate Tribasic buffer) at 4◦C overnight. Following
this, a series of ethanol washes (50, 70 and 90%) were set up
in individual microporous specimen cups (Canemco & Marivac,

TABLE 2 | Reactor operation phases and associated operational conditions.

PHASE DAYS Start-Up∗

1–35
1

36–105
2

106–209
3

210–307
4A

308–487
4B

487–638
5

639–732

HRTi 36 36 24 18 12 12 8

TEMPii 12 12 12 12 12 12 12

OLRiii 0.3 0.3 0.5 0.6 1 1 1.5

VLRiv 0.67 0.67 1.00 1.33 2 2 3

SLRv 0.03 0.03 0.05 0.10 0.16 0.16 0.23

SLRvi 0.02 0.02 0.03 0.05 0.08 0.08 0.11

UVvii 2.5 2.5 2.5 2.5 2.5 2.5 2.5

iHydraulic retention time (h); iiTemperature (◦C); iiiOrganic loading rate (kg COD m−3 d−1∗; ivVolumetric loading rate (m3 Wastewater m−3 Reactor d−1); vSludge loading
rate based on granular sludge bed VSS estimated at each phase (kg COD kg [VSS]−1 d−1)∗; viSludge loading rate (m3 Wastewater kg [VSS]−1 d−1); viiUp-flow velocity
(m h−1). ∗Values calculated based on influent concentration of 500 mg l−1 CODTot.
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Canton de Gore, QC, Canada). Samples were then placed in
each cup (50, 70, and 90, respectively) for 10 min each at room
temperature. Samples were then mounted on aluminum slabs
with a carbon tab (Agar Scientific, Essex, UK), incubated for
2 min at 37◦C and then incubated at room temperature in
sealed petri dishes with blue silica desiccants. Once the samples
were dehydrated they were coated with a thin layer of gold and
viewed using a SEM (Model S-4700, Hitachi, Japan). EDX was
used to provide elemental composition of the samples. SEM and
EDX were carried out at the National Centre for Biomedical
Engineering Science (NCBES) at NUI, Galway.

DAPI (4′,6-Diamidino-2-Phenylindole)
4′,6-Diamidino-2-phenylindole staining was performed on
granular biomass and biomass from the fixed-film filter. One
hundred microliters of cells (granular biomass and free-cells
suspension) were centrifuged at 18K × g for 10 min. The
supernatant was discarded and the pellet resuspended in 100 µl
of DAPI (50 µg/ml containing 150 mM KCl and 10 mM HEPES-
KOH buffer pH7). The samples were incubated overnight at 4◦C.
The samples were then centrifuged and the pellet washed twice
with reverse-osmosis water. The pellet was then resuspended
in 100–200 µl of water. Ten microliters was spotted onto a
slide and viewed under the microscope following air-drying.
Samples were viewed using a Leica DMR microscope, a Prior
L200S light source, an Olympus DP73 camera and Olympus
cellSens software, with a filter cube which had an emission filter
of 340–380 nm and a long-pass suppression filter of 450 nm.

Molecular Characterization
DNA/RNA Co-Extraction from Biomass
Genomic DNA and RNA was extracted from granular biomass
samples taken from R1 on Days 0 (Inoc), 105 (Phase 1), 209
(Phase 2), 301 (Phase 3), 361 (Phase 4A.a), 429 (Phase 4A.b),
454 (Phase 4A.c), 534 (Phase 4B.a), 596 (Phase 4B.b), and at end
of the trial (Phase 5-Day 732). Biomass was sampled from the
fixed-film filter at two points: – mid-trial (Day 230) and at the
end of the trial (Day 732). Samples were flash frozen in liquid
nitrogen and stored at –80◦C prior to the extraction procedure.
The nucleic acids were co-extracted by a modification of a phenol
extraction method (Griffiths et al., 2000). Granular biomass (1 g)
was crushed to a powder in a liquid nitrogen cooled mortar
(BelArt) and 0.25 g of this powder was added into a sterile lysing
matrix E tube (Fischer Scientific) prior to adding 250 µl of 1%
cetyl trimethylammonium bromide (CTAB) extraction buffer,
250 µl 0.1 M Na3PO4 (pH 8) extraction buffer and 250 µl of
phenol-chloroform-isoamyl alcohol (25:24:1; pH 8). Microbial
cells in the samples were lysed by bead beating for 10 min at
3.2K × g in a Vortex-Genie2TM (Scientific Industries Inc.) Phase
separation was achieved by centrifugation at 13.3K× g for 10 min
at 4◦C. The clear aqueous supernatant was transferred into a
sterile Phase Lock GelTM tube (Fischer Scientific) with equal
volume of chloroform isoamyl alcohol (24:1). Phase separation
was achieved by centrifugation at 13.3K × g for 10 min at 4◦C.
The supernatant was transferred into fresh RNase free tubes and
total nucleic acids (TNA) were precipitated by using 2.5 vol of ice-
cold ethanol (100%) and 1/10 vol of 3 M sodium acetate (pH 5.2)

added to the extract, incubated on ice for 30 min and centrifuged
(13.3K × g) at 4◦C for 20 min. TNA were resuspended in
50 µl of diethylpyrocarbonate (DEPC) water. The integrity of
each sample was assessed using agarose gel electrophoresis and
quantified using a Qubit v2.0 fluorometer (Life Technologies,
Darmstadt, Germany). Samples were then stored at –80◦C
prior to use in downstream applications. RNA was prepared
by treating the TNAs with TurboDNAse (Invitrogen) according
to the manufacturer’s instructions. RNA was confirmed DNA
free by 16S rRNA PCR of a range of RNA dilutions. Reverse
transcription was then carried out using 10 µl of DNA free
RNA sample, 100 µM random hexamer primers (Invitrogen),
1 µl DEPC water following the SuperScriptTM III (Invitrogen)
protocol according to manufacturer’s instructions. DNA and
cDNA were purified with the QIAquick PCR Purification Kit
(Qiagen, Germany).

Quantitative-Polymerase Chain Reaction (qPCR)
Quantitative-Polymerase Chain Reaction was carried out for
Archaeal and Bacterial domains using DNA and cDNA
generated from granular biomass and filter biomass extracted
from R1. The primers 1369F and 1492R and Taqman probe
TM1389F were used for bacterial analysis (Suzuki et al.,
2000). The primers 787F and 1059R and Taqman probe
915F were used for archaeal analysis (Yu et al., 2005).
Quantitative standard curves were constructed using standard
plasmids containing the full-length 16S rRNA gene sequence
from the representative bacterial strain (Escherichia coli)
and representative archaeal strain (Methanosarcina bakeri).
The plasmids were extracted using a Plasmid Extraction kit
(BIOLINE). A PCR reaction was then carried out using the
primer pairs described above. This product was cleaned using
QIAQuick PCR Clean Up kit (Qiagen, Crawley, UK) according
to manufacturers instructions. To construct the RT-PCR cDNA
standard curves were produced from cDNA prior in vitro
transcription of the target mRNA by using the MEGAshortscript
T7 kit (Ambion) as described by Smith et al. (2006). The
concentration of all standards was measured in duplicate
using a Qubit system (Invitrogen) and converted into copy
concentration. A 10-fold serial dilution series (109–101 copies
ml−1) was generated for each standard solution and analyzed
by real-time PCR, in duplicate, with its corresponding primer
and probe set. The dynamic range of each standard curve
was determined based on the linear regression r2 value of
>0.98.

Quantitative real-time PCR was performed using a
LightCycler 480 (Roche, Manheim, Germany). Each 25 µl
reaction mixture was prepared using the LightCycler TaqMan
Master Kit (Roche; 2 µl of template, 4 µl PCR-grade water, 10 µl
of 2X reaction solution, 500 nM of each primer and 200 nM
of probe). PCR amplification and detection was carried out as
described previously (Smith et al., 2006). The volume-based
concentrations (copies l−1) were converted to per g biomass.

Illumina MiSeq Analysis
Terminal Restriction Fragment Length Polymorphism (TRFLP)
was used as a screening step to select samples to send for
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16S amplicon sequencing. TRFLP peaks were analyzed in
Peakscanner (Life TechnologiesTM). Fragments with peak height
of less than 0.5% were regarded as background noise. The
resulting TRFLP profiles were aligned using the web-based
program T-Align with a confidence interval of 0.5 (Smith
et al., 2005). The produced consensus files were then input
into the software Primer 6 (PRIMER-E, Plymouth, UK) for
subsequent statistical analysis. Cluster analysis, dendrograms
and MDS plots of the TRFLP data were constructed using the
UPGMA algorithm in Primer software beta version 6 (PRIMER-
E, Plymouth, UK) after a square root transformation was
applied to the matrix. This analysis allowed the identification of
samples deemed interesting to aid in the selection of samples to
analyze for total and active bacterial and archaeal community
compositions through the construction of 16S Illumina MiSeq
library generation.

From this analysis DNA and cDNA from Day 0 (Inoc),
Days 105 (Phase 1), 301 (Phase 3), 454 (Phase 4A.c), 732
(End), and the filter upon take-down (FE) samples were
used for 16S amplicon sequencing. The 16S rRNA gene V4
variable region was amplified using the ‘universal’ (for the
co-amplification of archaeal and bacterial sequences) primer
set 515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and 806R (5′-
GGACTACHVGGGTWTCT-AAT-3′) -Caporaso et al. (2012)
with barcodes for multiplexing on the forward primer. The PCR
conditions included an initial denaturation step at 94◦C for
3 min, followed by 28 cycles of denaturation at 94◦C for
30 s, annealing at 53◦C for 40 s, and extension at 72◦C
for 1 min, with a final elongation step at 72◦C for 5 min
using HotStarTaq Plus Master Mix Kit (Qiagen, USA) for the
reaction. Amplicons were then pooled in equal proportions and
purified using calibrated Ampure XP beads (Beckman Coulter).
The combined and purified product was prepared using the
Illumina TruSeq DNA library protocol. DNA amplification and
sequencing was performed at MR DNA Molecular Research
Laboratory (www.mrdnalab.com; Shallowater, TX, USA) using
the MiSeq reagent kit V3 (2 × 250 bp) for paired-end
reads on a Solexa MiSeq machine following the manufacturer’s
guidelines.

A total of 1,173489 raw 16S rRNA V4 sequences were obtained
by Illumina paired end sequencing from the 12 samples. Sequence
data were processed using a proprietary analysis pipeline (MR
DNA, Shallowater, TX, USA; Dowd et al., 2008). This analysis
involved the processing of the forward single-end read by
removing barcodes, primers, sequences <200 bp, sequences
with ambiguous base calls and sequences with homopolymers
exceeding 6 bp. Sequences were further denoised, operational
taxonomic units (OTUs) generated and chimeras removed
using UCHIME (Edgar et al., 2011). 17,449 chimeric sequences
were identified and removed from the samples. OTUs were
defined after singleton sequences were removed, clustering at
3% divergence (97% similarity) using UCLUST (Dowd et al.,
2008; Edgar, 2010). After quality processing, raw reads were
reduced to 593,321 reads (Inoc DNA 70,432/cDNA 52,580, Phase
1 DNA 37, 491/cDNA 58,858, Phase 3 DNA 37,491/cDNA
21,118, Phase 4A.c DNA 37,491/cDNA 79,698, End DNA 57,
225/cDNA 43,583, FE DNA 35, 058/cDNA 49,801). Final OTUs
were taxonomically classified using BLASTn against a curated
GreenGenes database (DeSantis et al., 2006). In total 9,215 OTUs
were identified, affiliated to 46 bacterial phyla and two archaeal
classes. Raw sequences were submitted to the SRA database under
the bioproject submission number PRJNA307661.

RESULTS AND DISCUSSION

Phosphate Removal During AD
Wastewater Treatment
Phosphate removal from the wastewater, significantly in excess
of microbial growth requirements [1.5–2% of sludge dry weight
(Schlegel and Zaborosch, 1993; Blackall et al., 2002)] was achieved
during this trial (Table 3). P removal upon start-up (∼35 days)
was initially high (68%) but decreased during Phase 1 (Table 3).
P removal efficiency increased considerably during Phases 2 (to
69%) and 3 (∼78%). Following a reduction of the applied HRT to
12 h during Phase 4, P concentrations increased in the effluent
(Table 3). After the filter was changed (Phase 4B), effluent P
values increased with an average removal efficiency of 48%. P

TABLE 3 | Average Phosphate concentration (in mg l−1) and average Phosphate, CODTot, CODSus, CODCol, CODSol, Carbohydrate, Protein, and removal
efficiency (RE) (%) in reactor effluent and the VFA:COD ratio for the five phases of reactor operation.

Parameter Startup Phase 1 Phase 2 Phase 3 Phase 4A Phase 4B Phase 5

Phosphate conc. 13 21.5 10.5 7.6 15.2 19.5 25

RE∗Phosphate 61 36 69 78 55 43 28

RE∗COD Total 22 80 84 78 74 77 70

RE∗COD Suspended 0 47 60 65 37 44 36

RE∗COD Colloidal 17 64 37 29 13 16 0

RE∗COD Soluble 91 81 87 77 75 79 74

RE∗Carbohydrate 85 98 99 85 95 84 17

RE∗Protein 94 100 97 99 100 100 100

VFA:COD ratio 0.05 0.10 0.14 0.25 0.26 0.35 –

Theoretical CH4 potential+ (l d−1) 0.07 0.26 0.41 0.51 0.73 0.75 1.03

+Methane potential calculated stoichiometrically, considering that all CODtotalremoved was converted into methane and that 1 g of CODtotalremoved would produce 350 ml
of methane under standard temperature and pressure conditions (McCarty, 1964). The results were presented in liters per day based on the total loading of 1 day
(g COD d−1).

Frontiers in Microbiology | www.frontiersin.org March 2016 | Volume 7 | Article 226 |109

www.mrdnalab.com
http://www.frontiersin.org/Microbiology/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbiology/archive


fmicb-07-00226 March 1, 2016 Time: 18:40 # 6

Keating et al. Biological Phosphorus Removal During LtAD

removal decreased further to 28% during Phase 5 corresponding
to an increase in the OLR to 1.5 kg COD m−3 d−1. P removal was
at its optimum during Phase 3 (OLR of 0.6 kg COD m−3 d−1).

We hypothesize that P removal in the system was biological
in nature, mediated by biofilms within the reactor and the
fixed-film unit rather than due to chemical precipitation
(Hughes et al., 2011). Such high levels of P removal have, to
date, only been associated with low-temperature AD systems
(Hughes et al., 2011) and it is not known whether it could
be achieved at higher temperatures or with more concentrated
wastewaters. It appeared that P uptake required a period
of acclimation after initial high rates during the start-up
period, or perhaps a period of development associated with
the colonization of biofilms within the system as evidenced
by increased removal efficiency after Phase 1 (Table 3). It
was noted that the presence of Rhodocyclus (a previously
characterized PAO) had increased at this point from 0.7% in
the inoculum to 4.2% in Phase 1 (based on cDNA analysis).
SEM and EDX analysis carried out on sludge granules, unused
pumice stone, washed pumice stone and biomass from the
filter at the end of the trial demonstrated ∼2% elemental
phosphorus in the biomass and colonized stones (Figure 1).
These samples also demonstrated a 2% increase in calcium
(Figure 1). Recent research has indicated the formation of
calcium phosphate granules as a new phosphorus product during
the treatment of black water (Tervahauta et al., 2014). Some
calcium phosphate forms may have partially solubilized at
allowing interaction with the microbial biofilm, however, calcium
phosphate would be largely insoluble at lower temperatures.
Most significantly, DAPI staining from biomass taken from
the initial inoculum and from throughout the trial indicated
biological P accumulation was occurring owing to the presence

of polyP granules in the sludge bed and filter biofilms (Figure 2).
The presence of polyP was confirmed by an enzymatic assay
with ppx. PolyP was most notably observed in the biomass
taken from the filter mid-trial (Figures 2A,B). Furthermore,
phosphate removal decreased following the change of filter
material (Table 3; Figure 3), this may be indicative of the
loss of biomass associated with P-uptake. PolyP granules were
strongly associated with large biofilm particles with free cells
infrequently showing evidence of polyP. Thus, it appears that
specifically, the biofilms on and within the filter materials
were fundamental to P uptake. It is possible, however, that
some calcium phosphate precipitation could be occurring in
parallel to biological phosphorus accumulation through polyP
uptake.

Pumice, the filter material employed in fixed-film section of
the bioreactor, is not a new material to wastewater treatment
and chemical adsorption of P in this material has also been
demonstrated (Onar and Öztürk, 1993). It is the biological
interaction with the material, however, which promotes efficient
P removal and recovery greatly in excess of that possible through
adsorption onto pumice alone (Hughes et al., 2011). It is not
yet known whether the nature of the matrix material could
play a role in promoting P uptake and removal via polyP
formation. Indeed there is very little prior literature to provide
clues as to the basis for the observed phenomenon. A study
by Wang et al. (2006) described P uptake in the anaerobic
phase of an EBPR reactor system. The authors hypothesized
that uptake was biological in nature; but dismissed polyP
accumulation as the route to P removal. The possibility of
polyP uptake by anaerobic bacteria and archaea should not
be readily overlooked, however. PolyP is a “key” evolutionary
molecule (Kulaev and Kulakovskaya, 2000) and, as such,

FIGURE 1 | SEM/EDX images and element composition of reactor contents at the end of the trial (A) sludge granule, (B) unused pumice stone, (C)
washed pumice stone and (D) biomass on the pumice stone.
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FIGURE 2 | DAPI stained images for the detection of polyphosphate
(evidenced by yellow fluorescence) in reactor biomass from (A) Filter
Mid-Trial, (B) Filter Mid-Trial, (C): Day 532 and (D) free cells from the
filter from the end of the trial.

is found in living cells across the Bacteria and Eukarya
domains (Kulaev and Kulakovskaya, 2000; Benzerara et al.,
2014; Sahdeo Prasad, 2014; Kulakovskaya et al., 2015; Zhang
et al., 2015). Additionally, several authors have described polyP
uptake in a variety of Archaeal species (Rudnick et al., 1990;
Smirnov et al., 2002; Auernik et al., 2008; Orell et al., 2012).
Moreover, P removal rates continued to decrease corresponding
to increases in the OLRs applied. This may indicate that
carbon limitation may have been important for polyP uptake,

which has been noted in known PAOs (Deinema et al.,
1980). Thus, the capacity and environmental triggers for polyP
formation, sufficient to facilitate biotechnological exploitation,
under anaerobic methanogenic conditions warrant further
investigation. Additionally, linking these parameters to the
microbial populations underpinning luxury polyP uptake could
provide a significant advance in biotechnological opportunities
for P removal. The identification of the exact speciation of the
phosphate within the system is the focus of ongoing research
efforts.

In this study, we determined the biological activity profile and
microbial community structure of the bioreactor system in order
to provide a clearer indication of the environment in which P
removal was encouraged.

The Treatment Performance of the
Hybrid Reactor
In addition to significant P removal, this system demonstrated
efficient and stable process performance throughout continuous
operation over 732 days at 12◦C with effluent COD
concentrations mostly within marine discharge limits for
Ireland (125 mg CODTot l−1; Figure 3). CODSol removal
efficiency was stable and efficient throughout all phases of the
trial. CODTot and CODSol removal efficiency values exceeded
those reported in similar low-temperature sewage systems (Chu
et al., 2005; Gao et al., 2011) and were comparable to results
observed in an anaerobic membrane bioreactor treating domestic
wastewater (Smith et al., 2013). C3–C6 VFAs were generally
not detectable, while acetic acid was detected only during brief
transient periods (data not shown). Effluent concentrations of
CODTot and CODSus were initially high (>250 mg l−1) due to

FIGURE 3 | CODtotal, CODsoluble, CODsuspended, and CODcolloidal concentrations in (mg l−1) in the reactor effluent for the five phases of reactor
operation. Effluent Total ( ), Effluent Soluble (�), Effluent Suspended (N), Influent Total (©), Influent Soluble (�), Influent Suspended (M), and Influent Colloidal (♦)
and phosphate removal (%) [based on an average influent concentration of 34 mg l−1] in shading on secondary axis.
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biomass washout upon commencement of the trial, the start-up
phase was short, however, lasting 35 days (Figure 3). Increases
in the applied OLR led to transient decreases in COD removal
although, in concentration terms, the increases in effluent
concentrations were minimal. Phase 3 was associated with a
drop in the average CODTot and CODSol removal efficiencies but
an increase in P removal (Table 3). Specific features included a
decrease in the average carbohydrate removal efficiency from
99 to 85%, the appearance of acetic acid in the effluent (data
not shown; at low levels, up to 24 mg l−1) and an increased
VFA:COD ratio (Table 3) from 0.14 (Phase 2) to 0.25 (Phase 3).
These data indicated that both hydrolysis and methanogenesis
were not functioning as well in Phase 3, although P removal
was at it’s highest in this phase (78%). Phase 4 was divided into
Phase 4A (prior to a change in the filter matrix on day 487)
and Phase 4B (after the filter change). A decrease in CODTot
and CODSus removal efficiencies along with evidence of filter
clogging merited the replacement of the filter matrix with new
pumice stone. The filter change resulted in increased overall
COD removal efficiency during Phase 4B, particularly with
respect to the removal of solids (Table 3). Particulates have
been shown to comprise 85% of the CODTot in domestic sewage
(Aiyuk and Verstraete, 2004; Lew et al., 2009). Our data support
the idea that particulates were physically entrapped in the
filter section of the reactor, allowing them to be subsequently
degraded. Moreover, no accumulation of solids was observed in
the granular bed section of reactor. During the fifth and final
phase of operation, the average CODTot, CODSus, and CODSol
removal efficiencies were 70, 36, and 74%, respectively (Table 3).
The reduced performance of the reactor with respect to the
degradation of particulate COD during Phase 5 indicated that a
8 h HRT was too short for complete degradation or retention of
complex substrates. Another possibility for reduced performance
may be related to the volumetric loading rate applied, which may
not have allowed for the retention of particulates. Moreover, the
sludge loading rate was much greater in this final phase than in
Phase 4A (Table 1).

The quality of the biogas generally ranged between 50 and
60% throughout the trial. Methane yields were consistent with
methanogenic activity but lower than the theoretical methane
yield (Table 3). As no solids accumulation was observed in
the system it is estimated that a large proportion of the
methane generated was dissolved in the reactor effluent. This is
unsurprising as the recovery of methane from low-temperature
systems is a known difficulty. The solubility of methane in
the effluent increases with decreasing temperature (Bandara
et al., 2012). Several studies have demonstrated this effect. For
example, Matsuura et al. (2015) found solubility increased in
UASB effluent by a factor of 1.4 when decreasing from 25 to
10◦C, while as much as 50% of the methane generated in an
AnMBR was dissolved in the reactor effluent at 15◦C (Smith et al.,
2011). Substantial methane oversaturation been demonstrated in
anaerobic effluents (Hartley and Lant, 2006; Souza et al., 2011),
owing to liquid-gas mass transfer limitations (Pauss et al., 1990).
This is compounded further when the wastewater stream to be
treated is relatively low-strength (Bandara et al., 2011; Smith
et al., 2012).

Hydrolytic Capabilities of the Biomass
The seed biomass had negligible methanogenic activity at
12◦C, but increased in activity after the first phase of
operation (Table 4). Greater activity at mesophilic temperatures,
recorded throughout the trial, suggested the development
of a low temperature tolerant methanogenic community,
rather than a truly psychrophilic one. All assays, at both
mesophilic and psychrophilic temperatures, revealed higher SMA
for hydrogenotrophic methanogenesis, indicating a preference
toward this route as seen previously (McHugh et al., 2006;
McKeown et al., 2009; Ryan et al., 2010). The SMA on propionate
at 12◦C increased during the trial, indicating that an important
degradation pathway was via propionate. At the end of Phase3,
the SMA, at 37◦C, no activity was detectable against acetate,
which may explain the accumulation of acetate in the reactor
effluent during Phase 3. By the end of the trial, the biomass SMA
on the direct methanogenic substrates H2/CO2 and acetate had
increased (Table 4).

The hybrid system degraded protein during all phases
of the trial, however, with removal efficiencies between 97
and 100% (Table 3). This was surprising since proteins are
considered to be harder to degrade than carbohydrates under
anaerobic conditions, especially at cold temperatures (Aiyuk
and Verstraete, 2004; Bialek et al., 2013). This result suggests
that an active and efficient psychrophilic, or psychrotolerant,
proteolytic group developed in the reactor. To elucidate the
hydrolytic capacity of the microbial biomass, particularly with
respect to protein degradation, tests using skimmed milk as a
protein source were performed and various kinetic parameters
(Amax, Km, and k) were calculated. The half-saturation constant
Km was higher at 12◦C than at 37◦C throughout the trial
(Table 4) indicating that microorganisms with lower substrate
affinity predominated at the lower temperature, which is in
agreement with a previous report (Banik et al., 1998). By
the end of Phase 1, the Km at 37 and 12◦C had doubled
compared to the Km of the seed biomass, again an indication
of a decrease in the substrate affinity, presumably as a
response to the adaptation to cold temperatures (Table 4).
At the end of Phase 2, the Km decreased slightly at 37◦C
and decreased by 44% at 12◦C suggesting that proteolytic
bacteria with higher substrate affinity started to dominate
in the consortium at this stage as a response to the low
concentration of protein in the influent. From the end
of Phase 3 until the end of the trial, the Km decreased
slightly and stabilized at both temperatures indicating further
acclimatization of proteolytic bacteria with higher substrate
affinity (Table 4).

The initial Amax (maximum specific activity; g Protein−1 d−1)
was twice as large at 37◦C (74 g COD g protein−1 d−1) than
at 12◦C (35 g protein−1 d−1), while k (first-order hydrolysis
constant) was approximately seven times higher at 37◦C than
at 12◦C (Table 4). By the end of the trial, Amax and k were 4.5-
and 2-times higher, respectively, at 12◦C than at 37◦C, indicating
the emergence of a psychrophilic proteolytic consortium rather
than a psychrotolerant one. This is in agreement with the high
protein removal levels achieved by the reactor throughout the
trial.
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TABLE 4 | Specific Methanogenic Activity (SMA) of reactor sludge throughout the trial at 37 and 12◦C in ml Methane (CH4) g [VSS]−1 d−1.

Prop∗ But+ Ethanol Acetate H2/CO2 Amax
a Km

b Kc

Seed 37◦C 61(21) 31(7) 52(17) 80(20) 125(32) 74(22) 0.8(0) 4(2.6)

Seed 12◦C 2(1) 1(1) 7(2) 3(1) 4(0.2) 35(20) 2.7(0.2) 0.6(0)

P 1 37◦C 70(7) 199(27) 492(82) 272(158) 587(276) 40(1) 1.9(0.1) 4.5(0.2)

P 1 12◦C 7(5) 24(11) 7(6) 12(11) 21(4) 58(11) 4.2(2.5) 1.3(0.4)

P 3 37◦C 70(0.5) 273(9) 197(77) ND 56.5(0.4) 67(27) 0.9(0) 0.1(0)

P 3 12◦C 10(13) 10(0.3) 25(3) ND 19(1) 188(112) 1.3(0) 4.2(2.6)

End 37◦C 26(14) 44(28) 284(135) 176(23) 319(36) 34(10) 0.9(0) 1.7(0.3)

End 12◦C 20(11) 13(38) 36(32) 9(4) 16(10) 155(36) 1.2(0.1) 3.8(0.5)

∗Propionate; +butyrate; ND, no detectable activity found. aMaximum substrate utilizing rate g COD g protein−1d−1. bApparent half-saturation constant g protein l−1.
cHydrolysis rate constant d−1 based on hydrolysis kinetic assays from protein depletion assays from reactor biomass throughout the trial at 37 and 12◦C. Values are the
mean across triplicate vials with standard deviation in brackets.

Molecular Characterization of the
Microbial Community
Quantitative PCR (qPCR)
Archaeal gene and transcripts abundances in this study are
greater than those reported by previous authors (Town et al.,
2014), indicating a highly active archaeal population within
this system. Temporally, archaeal transcript numbers decreased
during Phase 3 (and again during Phase 4), a reduction of
approximately three orders of magnitude compared to the
numbers in the seed biomass. These datapoints (Phase 3,
Phase 4A.a, and Phase 4A.b) immediately preceded transient
deteriorations in reactor performance (Figure 3), and an
increase in effluent acetate concentrations (data not shown).
The reduction also corresponded with no detectable acetoclastic
activity and greatly reduced hydrogenotrophic activity in biomass
sampled during Phase 3 (Table 4). Bacterial copy numbers
also decreased at this stage (∼2 log) compared to the seed
(Figure 4), which perhaps reflected the reduced hydrolytic
capacity of the biomass sampled during Phase 3 (Table 4). By
the end of the trial, the archaeal copy numbers were the highest
recorded (6.66 × 1013 copies g−1) and the bacterial numbers
had also increased by two orders of magnitude (Figure 4), which
coincided with increases in the hydrolytic and methanogenic
activity of the biomass (Table 4); and efficient COD removal at
an OLR of 1.5 kg m−3 d−1 (Table 3).

Next Generation Sequencing
In total, 593,231 16S rRNA gene sequences >200 bp were
obtained from 12 biomass samples. In total 9,215 OTUs were
identified, affiliated to 46 bacterial phyla and two archaeal classes.

Bacterial populations
A variety of putatively fermentative and hydrolytic species were
identified in the reactor. The bacterial community structure
in low temperature systems has previously been indicated to
be similar to that in mesophilic settings, with fermentative
members of the Bacteroidetes and syntrophic members of the
Proteobacteria being predominant (O’Reilly et al., 2010).

The abundance of Proteobacteria increased during the trial
and this was the most abundant bacterial phylum at a cDNA-
level in the sludge bed and filter unit biomass, being comprised

mainly of Delta, Gamma, and Beta-Proteobacteria, although
Alpha and Epsilon Proteobacterial classes were also present. The
phylum Proteobacteria contains a diverse consortium of species,
including members isolated from low temperature environments.
They are also common throughout anaerobic digestors, including
mesophilic (Nelson et al., 2011) and low-temperature systems
(O’Reilly et al., 2010; Bialek et al., 2012). Proteobacteria are
capable of growth on a range of organic substrates (Yamada
et al., 2005). Many species are associated with acetogenesis
(Werner et al., 2011). The relative abundance of the phylum
Firmicutes also increased dramatically during Phases 3 and 4
(Figure 5A) and they were the second most abundant bacterial
phylum (∼27%) at the end of the trial. The most dominant
classes of Firmicutes were the Bacilli and Clostridia (mainly
Lactobacillales; Figure 5B). Psychrophilic species belonging to
the class Clostridia have been isolated and identified from diverse
environments (Prevost et al., 2013) and the appearance of such
species in the reactor could have contributed to the development
of a psychrophilic proteolytic activity, as demonstrated in the
protein degradation tests (Table 4). The Bacteroidetes were an
abundant phylum in the reactor. They increased from relatively
low starting levels (ca. 10%) to reach a relatively stable level
of 20–30% of the biomass. The major classes present were the
Bacteroidea, Sphingobacteria, and Flavobacteria. Bacteroidetes,
like the Firmicutes, play important roles in the degradation of
complex organic compounds. Flavobacterium species have been
shown to degrade protein and to possess psychrophilic proteases
(Zhang et al., 2011). The Chloroflexi were also present at high
levels (6–12%) throughout the trial. The Anaerolineacea were the
dominant representative of the Chloroflexi phylum in this trial
and are thought to play an important role in granulation (Yamada
et al., 2005). Other phyla present included the Actinobacteria (1–
7%), Fusobacteria, Acidobacteria, Caldiserica, Nitrospirae, OP8,
OP9, Synergistetes, and Planctomycetes. The analysis revealed
the emergence from the initial inoculum, of a small proportion of
polyP-accumulating organisms (PAOs), such as Rhodocyclus (4%
Phase 1 cDNA, negligible at the end of the trial) andAcinetobacter
(from∼2% from Phase 3), in granular and filter biomass.

Archaeal populations
The phylum Euryarchaeota represented a large majority of the
sequences identified from the biomass. A clear perturbation
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FIGURE 4 | qPCR data of Bacterial and Archaeal copy numbers (log scale) for (A) DNA and (B) cDNA from biomass samples throughout the trial.

was observed at the end of Phase 3, most notably observed in
the cDNA sample (Phase 3; Day 301; Figure 5A). While the
NGS data cannot be directly compared to the qPCR results,
the qPCR data did indicate a ∼3 log reduction in archaeal
16S rRNA gene copy numbers in this phase (Figure 4). The
perturbation coincided with the deterioration of methanogenesis
in the reactor, represented by an increase in the effluent
VFA:COD, ratio; no detectable acetoclastic- and greatly reduced
hydrogenotrophic-SMA. Furthermore, an increase in acetic acid
concentrations was observed with values reaching 24 mg l−1

(data not shown).
The Methanosarcinales dominated the archaeal community

(55–75% of the population on a DNA basis and 68–88% on a

cDNA basis; Figure 5B). The genus Methanosaeta was the sole
representative of the group. The dominance of Methanosaeta
was not surprising since they have been found to dominate
the methanogenic community in reactors during steady state
conditions when acetate concentrations were low (Raskin et al.,
1995). Although Methanosaetacea dominated the consortium
in the reactor, a decrease in the relative abundance of this
group was observed at the end of Phase 1 (Figure 5B).
At the same time, the proportion of the hydrogenotrophic
orders Methanobacteriales and Methanomicrobiales increased,
indicating the importance of methanogenesis via H2/CO2
in the reactor. The SMA data presented earlier supports
this view, as do previous reports (McKeown et al., 2009;
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FIGURE 5 | (A) Stacked bar charts for phylum-level Illumina MiSeq analysis. (B) Stacked bar charts for order-level Illumina MiSeq analysis.
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O’Reilly et al., 2010). The increase in hydrogenotrophic
methanogens and reduced acetotrophic methanogenesis, without
acetate accumulation, may have been as a result of syntrophic
acetate oxidation (Schnürer et al., 1996) whereby acetate is
converted to hydrogen and CO2 by homoacetogenic bacteria. The
increase in Firmicutes in the next sampling point (Figure 5A),
which include homoacetogenic species, may be linked to the
disturbance seen as both acetoclastic and hydrogenotrophic
methanogens decreased. Higher effluent acetate concentrations
were seen at this point indicating that the homoacetogenic
bacteria may have been generating acetate as the sole end
product from H2CO2 or multicarbon compounds and thus,
may have outcompeted the hydrogenotrophic methanogens.
Homoacetogens have been reported to adapt to low temperature
better than hydrogenotrophic methanogens (Kotsyurbenko et al.,
2001). A drawback associated with the SMA method carried out
is that this method does not account for homoacetogenic activity.

The NGS and SMA indicated a distinct disturbance to the
archaeal community within the system during Phase 3. While the
qPCR data supported this finding (with a decrease in archaeal
numbers during Phase 3) the abundance data indicated that
the archaeal community was quantitatively dominant for the
majority of the trial. In fact, qPCR of Phase 3 cDNA indicated
archaeal numbers were higher than bacterial numbers. qPCR has
the advantage of being quantitative, specific and highly sensitive
(Suzuki et al., 2000; Yu et al., 2005; Ritalahti et al., 2006). Thus,
while there was a disturbance to the archaeal community they
were still numerically abundant and active. There are inherent
limitations to the interpretation and integration of the qPCR and
sequencing data. The sequencing analysis, however, could be used
to retrospectively target the microbial groups found through the
development of specific primer sets.

CONCLUSION

We propose here a potentially important method for
sequestration of phosphorus using luxury polyP uptake under
anaerobic conditions previously not described in the literature.
These findings support the idea that modified AD systems
could provide the basis for significant recovery and reuse of
phosphorus from wastewaters, a significant advance in AD

treatment technologies. However, the precise environmental and
biological triggers that might promote the process of anaerobic P
removal further; the exact role of the microbial biomass and the
pumice filter unit; the mechanisms and conditions for anaerobic
polyP formation and to what extent AD with P recovery can be
developed toward a full-scale technological solution, remain to
be elucidated. These questions should be a focus for on-going
research efforts.
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This paper discusses the potential to enhance the anaerobic digestion of food waste

FW by supplementing trace elements (Fe, Co, Ni, Zn, Mn, Cu, Se, and Mo) individually

as well as in cocktails. A series of batch experiments on the biomethane potential of

synthetic food waste were performed with low (FW-A) and high (FW-B) trace element

background concentrations prepared in, respectively, Delft (The Netherlands) and Tampa

(Florida, USA). The most effective trace elements for FW-A were Fe with an increase

of 39.2 (±0.6)% of biomethane production, followed by Se (34.1 ± 5.6% increase), Ni

(26.4 ± 0.2% increase) and Co (23.8 ± 0.2% increase). For FW-B supplementing these

trace elements did not result in enhancement of the biomethane production, except

for Se. FW-B had a Se concentration of 1.3 (±0. 5) µ g/gTS, while it was below the

detection limit for FW-A. Regardless of the FW source, Se resulted in 30–35% increase of

biomethane production at a concentration range of 25–50µg/L (0.32–0.63µM). Volatile

fatty acids analysis revealed that TE supplementation enhances their consumption, thus

yielding a higher biomethane production. Moreover, additional experiments on sulfide

inhibition showed the enhancing effects of trace elements on the anaerobic digestion of

food waste were not related with sulfide toxicity, but with the enzymatic reactions and/or

microbial biomass aggregation.

Keywords: anaerobic digestion, food waste, trace element requirement, sulfide inhibition, selenium, iron

INTRODUCTION

Food waste (FW) is the largest fraction of municipal solid waste, and it was estimated that 1.3 billion
tons of food is wasted every year (FAO, 2011). At present the most common FW stabilization
technology is still landfilling. Landfilling is strongly discouraged by legislations such as the EU
Directives on Landfill (1999/31/EC) and the Waste Framework (2006/12/EC), as it utilizes huge
land areas and contributes to further environmental impacts including soil and groundwater
pollution, greenhouse gases emissions (Ariunbaatar et al., 2014). Besides the environmental issues
associated with FW, it is worth mentioning that 250 km3 of water and 28% of the world’s
agricultural area is used for the production of the 1.3 billion tons of FW (Parfit et al., 2010). It
is thus important to recover and/or recycle waste to endorse responsible usage of natural resources.
Therefore, anaerobic digestion (AD) of FW has become an important research field, as it couples
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waste stabilization to the production of energy as well as fertilizer
(Zhang et al., 2011; Ariunbaatar et al., 2014).

FW contains easily biodegradable solids and a high water
content, thus it serves as a perfect substrate for AD. Nevertheless,
previous studies have shown that regardless of the inoculum
origin, a prolonged operation of AD on FW, even at low organic
loading rates, could suffer from instability due to the increased
inhibition by volatile fatty acids (VFA), ammonia and/or sulfide
(Demirel and Scherer, 2011; Zhang et al., 2015). This instability
is often linked with the lack of micronutrients or trace elements
(TE; Demirel and Scherer, 2011; Banks et al., 2012; Zhang
et al., 2015). The effects of TE to recover anaerobic digesters
from failure have been studied extensively (Zhang et al., 2015).
Supplementing TE does not only prevent and/or recover an
inhibition; it can also enhance the AD process and yield a higher
biomethane production.

To understand the roles of TE in an anaerobic system,
the biochemical reaction and the anaerobic food web have
always been the core of the research. It is well known that
in anaerobic processes, TE generally act as: (1) micronutrients
for various enzymatic reactions as co-factors; (2) promoters
of microbial aggregation, which leads to an enhanced activity
of the anaerobic microbes in case of syntrophy; (3) agents
binding carriers-proteins and/or nutrients such as phosphates;
(4) help to overcome sulfide toxicity through metal sulfide
precipitation; (5) at higher concentrations TE can become
toxicants to the microbial biomass (Takashima and Speece,
1989; Oleszkiewicz and Sharma, 1990; De Vrieze et al., 2013).
These various effects of the TE depend on the environmental
conditions, the background concentrations, bioavailability, and
microbial uptake. Bioavailability of TE is often correlated with
their speciation, which is the distribution of an element amongst
different chemical species in a system (Worms et al., 2006; Ortner
et al., 2015).

Various concentrations of different TE have been studied
for the AD of FW. For instance, Zhang et al. (2011) used
supplements of trace metals (Fe, Co, Mo, and Ni) to stabilize
a single-stage reactor treating FW, and concluded that Fe was
the most effective metal for a stable AD of FW. Similarly, De
Vrieze et al. (2013) obtained a higher methane production from
co-digestion of FW with an iron-rich activated sludge. Banks
et al. (2012) found that adding Se and Co could recover a
FW digester suffering from a propionic acid accumulation due
to elevated ammonium concentrations. Facchin et al. (2013)
achieved a 45–65% higher methane production yield from FW
with supplementation of TE (Co, Mo, Ni, Se, and W) cocktail,
and stressed the importance of Se and Mo for the biomethane
production. Qiang et al. (2012) studied the requirements of
Fe, Co, Ni for high-solid FW digestion (6.3 kgCOD/m3.d); and
calculated the theoretical values of Fe, Co, and Ni per gram
of chemical oxygen demand (COD) of the FW to be 200.0,
6.0, and 5.7mg/kgCOD, respectively. Nevertheless, none of the
studies carried out a systematic experiment on the trace element
benchmark concentrations for an enhancement or an inhibition
of the biomethane production from FW.

This research aims at investigating the concentration range
of the TE for an inhibition or enhancement for a typical

FW prepared in Delft (The Netherlands). A series of batch
experiments on the biomethane potential (BMP) of a synthetic
FW was conducted by supplementing cocktails of TE including
cobalt, nickel, copper, manganese, iron, zinc, selenium, and
molybdenum. The first set of BMP tests focused on the optimum
concentrations of the TE supplementation for an enhancement
of the BMP. The next set of experiments was carried out to
determine the different effects of the TE individually or in
groups. A follow-up experiment on the most important TE
was conducted with FW prepared in Tampa (USA) using the
same inoculum and experimental conditions. An additional
experiment on hydrogen sulfide inhibition was conducted to
elaborate the potential role of TE in alleviating hydrogen sulfide
toxicity in the anaerobic process.

MATERIALS AND METHODS

Substrate and Inoculum
FW composition varies on many factors such as the region,
season, culture, economic income, and demographics. To reduce
experimental bias, the substrate used for this research was
synthetically generated based on an average compositional
analysis of FW in the EU, as it was used in previous research
(Ariunbaatar et al., 2014, 2015). It contained 79% fruits
and vegetables, 5% pasta and rice, 6% bread and bakery,
8% meat and fish, 2% dairy product (Ariunbaatar et al.,
2014, 2015). A fresh substrate was prepared for each set
of experiment using food bought from local supermarkets
in Delft, The Netherlands (Albert Heijn) and Tampa, USA
(Walmart). Although the same ingredients were used, the
synthetic FW-A (prepared in Delft, The Netherlands) and FW-B
(prepared in Tampa, USA) had differences in the TE background
concentrations.

For all experiments, the same digestate from a full-scale
mesophilic AD plant located in Capaccio-Salerno (Italy) was
used as inoculum. The plant treats the buffalo dung together
with the milk whey and sewage sludge generated from the
mozzarella producing industry. It was used previously in
studies of Ariunbaatar et al. (2014, 2015) and Liotta et al.
(2015).

Biomethane Potential Tests
The biomethane potential (BMP) test of FW was conducted
in duplicate serum bottles as described by Ariunbaatar et al.
(2014, 2015). The substrate to inoculum ratio was 0.5 gVS/gVS.
Prior to starting the BMP test in an incubator controlled at
mesophilic condition (35 ± 2◦C), all BMP test bottles were
flushed with nitrogen (or helium) gas to ensure anaerobic
conditions. To maintain the initial total alkalinity (3.5–4.0
gCaCO3/L) of the inoculum, sodium bicarbonate (NaHCO3)
was added to each bottle. The daily biomethane production was
measured with the liquid displacement method using sodium
hydroxide (120 g/L) to absorb the carbon dioxide. The BMP
test was continued for 20 days, as most (80–85%) of the
organics are converted to biomethane and the AD process
reaches a plateau (Ariunbaatar et al., 2014, 2015). The normalized
specific biomethane production (SBP) was calculated using the
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TABLE 1 | Trace elements groups used in this research.

TE category Oxidation state Group number* TE tested

Metals TE (II) 1 Co; Ni

2 Co; Ni; Fe

3 Co; Ni; Fe; Zn

4 Co; Ni; Fe; Zn; Mn; Cu

Transition

metals and/or

metalloids

TE (VI) – Se; Mo

*Group number refer to TE mixture.

net cumulative biomethane production (after deducting the
biomethane production of the blank, i.e., the inoculum without
substrate) and the initial VS added.

The first set of experiments was carried out to determine the
concentration ranges for inhibition or enhancement of the AD
process by adding a cocktail solution of TE. A stock solution of
each TE (NiCl2·6H2O, CuCl2·2H2O, MnCl2·2H2O, FeCl2·4H2O
CoCl2·6H2O, ZnCl2, Na2SeO4, Na2MoO4) was prepared. A
cocktail solution containing all the TE was added to the bottles
in eight different concentrations (5, 10, 50, 100, 500µg/L, and
1, 3, 10mg/L). After determining the optimum enhancement
concentration, a second set of experiments was carried out
focusing on the different effects of the TE by grouping them
based on their elemental category and/or their oxidation state
as shown in Table 1. The effects of supplementing four different
groups of TE (II): (1) Co, Ni; (2) Co, Ni, Fe; (3) Co, Ni, Fe, Zn;
and (4) Co, Ni, Fe, Zn, Mn, and Cu were studied (Table 1). The
effect of TE, which resulted in the highest BMP was also tested
individually.

Different concentrations of sodium sulfide (corresponding to
50, 75, 150, 250, and 500mg H2S/L) were added in the serum
bottles to perform the batch experiment on the hydrogen sulfide
inhibition of the BMP tests of FW.

Analytical Methods
Total solids (TS) and volatile solids (VS) were conducted in
triplicates according to the standard methods1, and the ashes
were preserved with 1% nitric acid. Total TE concentration
was analyzed in ash samples by Thermo-Scientific ICP-MS.
The minimum detection limit for the ICP-MS method was
2µg/L, and the final values were converted to µg/gTS for
comparison with the literature. Hydrogen sulfide and volatile
fatty acids (VFA) samples were taken every 4 days from the
liquid fraction. Hydrogen sulfide concentrations were measured
with Hach test kits following the manufacturer’s guidelines
(HACH, Loveland, Colorado, USA). The VFA samples were
prepared in 2% formic acid and analyzed by gas chromatography
(Varian 430-GC) equipped with a Nukol Supelco FID column,
using helium as a carrier gas as described by Mussoline et al.
(2013).

1APHA, Standard Methods for the Examination of Water and Wastewater 21st

Edn. ISBN: 0875530478.

TABLE 2 | Concentration of TE in the FW and inoculum.

Buffalo manure (µg/gTS) FW-A (µg/gTS) FW-B (µg/gTS)

Fe 682.72 ± 28.78 213.91 ± 24.50 510.93 ± 7.34

Ni 4.93 ± 0.05 3.97 ± 1.32 11.25 ± 0.95

Mn 107.78 ± 26.88 52.12 ± 5.10 20.33 ± 5.86

Co 1.35 ± 0.45 0.73 ± 0.07 2.73 ± 0.08

Cu 28.72 ± 22.07 3.97 ± 0.66 22.27 ± 4.65

Zn 214.42 ± 137.72 239.07 ± 33.77 361.34 ± 4.27

Se 4.81 ± 0.06 BDL 1.34 ± 0.45

Mo 7.32 ± 2.41 1.99 ± 0.66 10.67 ± 5.70

W <0.03 N/A 0.43 ± 0.02

BDL, below detection limit; N/A, not analyzed.

RESULTS

Characterization of Substrate and
Inoculum
The TS and VS concentrations of the synthetic FW were 24.1
(±0.4)% and 21.9 (±0.1)%, respectively, whereas the inoculum
contained 2.5 (±0.5)% of TS and 1.5 (±0.4)% of VS. Table 2
shows the concentrations of the TE in the FW and inoculum.
Interestingly FW-B (prepared in USA) had a much higher
concentration of all TE, except for manganese (Mn), regardless
that the same ingredients were used for the FW preparation. It
is also interesting to note that selenium (Se) was not detected in
FW-A, but was present at 1.3 (±0. 5) µg/gTS in FW-B (Table 2).

Effect of TE Concentration on AD of FW-A
The control (with no TE addition) of FW-A had a net SBP
of 421.2 (±14.6) mlCH4/gVSadded. Table 3 shows the cocktail
solution concentration and its enhancing or inhibiting effects on
the net SBP of FW-A. It can be seen that supplementing a TE
cocktail solution of 5–500µg/L to the BMP test bottles yielded
an enhancement of the AD process, while higher concentrations
resulted in an inhibition of the AD process (Table 3A).

Figure 1 shows the highest SBP results of 499.6 (±8.0)
mlCH4/gVSadded and 489.9 (±7.3) mlCH4/gVSadded were
achieved with a supplementation of 50 and 10µg/L of TE
cocktails, respectively, which are 18.7 (±2.2)% and 16.0
(±5.8)% higher than the control. Hence, the optimum TE
supplementation concentration range is between 10 and 50µg/L
for this particular type of inoculum and FW (Table 3A and
Figure 1).

Table 3B shows the concentrations of the individual TE for
the second set of experiment. Figure 2 illustrates the highest
enhancement was achieved with the second (Co, Ni, Fe) and
third (Co, Ni, Fe, Zn) cocktail solutions, with a SBP of 481.3
(±10.1) mlCH4/gVSadded and 472.4 (±8.0) mlCH4/gVSadded,
respectively.The increase of SBP by the first and fourth groups of
TEwas almost similar with negligible differences (459.9± 8.9 and
462.8 ± 12.4mlCH4/gVSadded), which implies the cobalt, nickel,
iron and zinc cocktail had a more positive effect than manganese
and copper addition. Hence, the next set of experiments was
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TABLE 3 | Effect of TE concentrations on the net SBP of FW-A: (A) First set of experiment; and (B) Second set of experiment.

(A)

Cocktail solution Concentration Individual TE (µg/L) Ni (µM) Cu (µM) Mn (µM) Fe (µM) Co (µM) Zn (µM) Se (µM) Mo (µM)

C1 10mg/L 1250 21.29 20 23 22 21 19 16 13

C2 3mg/L 375 6.39 5.86 6.82 6.70 6.36 5.73 4.75 3.91

C3 1mg/L 125 2.13 1.95 2.27 2.23 2.12 1.91 1.58 1.30

C4 500µg/L 62.5 1.06 0.98 1.14 1.12 1.06 0.96 0.79 0.65

C5 100µg/L 12.5 0.21 0.20 0.23 0.22 0.21 0.19 0.16 0.13

C6 50µg/L 6.25 0.11 0.10 0.11 0.11 0.11 0.10 0.08 0.07

C7 10µg/L 1.25 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.01

C8 5µg/L 0.625 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

(B)

Group number TE in the cocktail solution Concentrations of individual TE (µM)

Ni Co Fe Zn Cu Mn Se Mo

1 Co; Ni 0.43 0.42 – – – – – –

2 Co; Ni; Fe 0.28 0.28 0.30 – – – – –

3 Co; Ni; Fe; Zn 0.21 0.21 0.22 0.19 – – – –

4 Co; Ni; Fe; Zn; Mn; Cu 0.14 0.14 0.15 0.13 0.13 0.15 – –

– Se; Mo – – – – – – 0.32 0.26

FIGURE 1 | Effect of TE cocktail concentration (5µg/L–10mg/L) on the SBP of FW-A.

carried out to determine the individual effect of this third group
of TE on the BMP of FW, i.e., Co (II), Ni (II), Fe (II), and Zn (II).

Figure 3A shows the cumulative biomethane production
curves of the BMP bottles supplied with 50µg/L solutions of
Fe (0.89µM), Zn (0.76µM), Ni (0.85µM), and Co (0.85µM)
each. Each of them yielded at least a 18% higher biomethane
production than the control. Figure 3B shows the Fe (II)
supplementation yielded a remarkable 39.2 (±0.6)% higher SBP,
followed by nickel and cobalt with a 23–26% increase.

Another set of experiments was carried out supplementing TE
with oxidation state of six, i.e., transition metals [Mo (VI)] or

metalloid [Se (VI)] as a cocktail (Table 1) as well as individually
(Figure 4). Adding only Se (VI) to the bottles yielded a notable
SBP increase of 34.1 (±5.6)% (Figure 4B), whereas Mo (VI)
had an inhibitory effect (data not presented). Supplementing a
cocktail of TE (VI) had a relatively poor SBP increase of 9.5
(±1.3)%, which can be attributed mostly to the Se (VI) effect.

Se (VI) and Fe (II) supplementation resulted in the highest
(>30%) enhancement of the BMP of FW-A (Figures 3, 4), thus
the detailed VFA analysis of these samples was studied. Figure 5
shows the samples with the Fe (II) and Se (VI) supplementation
had much lower acetic, propionic, iso-butyric and butyric acids

Frontiers in Environmental Science | www.frontiersin.org February 2016 | Volume 4 | Article 8 | 122

http://www.frontiersin.org/Environmental_Science
http://www.frontiersin.org
http://www.frontiersin.org/Environmental_Science/archive


Ariunbaatar et al. Enhanced Anaerobic Digestion by Se

FIGURE 2 | Effect of TE (II) on the SBP of FW-A.

concentrations as compared to the control. On the first day of the
BMP test, both iron, and selenium supplemented bottles had a
similar (442.9 and 465.1mg/L) acetic acid concentration, which
is twice as less as the concentration in the control (893.2mg/L).
On day 5, the acetic acid concentration decreased to 148.7mg/L
in the BMP test with iron supplementation, whereas it increased
to 562.7mg/L in the bottle with selenium supplementation. The
acetic acid concentration gradually decreased in all the BMP test
bottles with time (Figure 5). The propionic acid concentration
in the control was higher (279.3mg/L) as compared to the
propionic acid concentration in the iron (173.5mg/L) and
selenium (112.1mg/L) supplemented bottles. It should also be
stressed that throughout the experiment the propionic acid
concentration was much lower in the selenium supplemented
incubations.

Effect of TE Supplementation on FW-B
The net SBP of the FW-B was 412.5 (±12.0) mlCH4/gVSadded,
which is comparable with the SBP obtained with FW in
EU. Surprisingly, supplementation of TE did not yield
any enhancement of the biomethane production (data not
presented). Only the case of Se (VI) addition of 10–20µg/L
(0.13–0.25µM) yielded a 30.1 (±2.4)% increase of biomethane
production (Figure 6).

Hydrogen Sulfide Inhibition on FW-B
Figure 7 shows the sulfide inhibition of the AD of FW-B starts
around 50mg/L, resulting in 5.13 (±2.76)% less SBP. Based
on the SBP results and the hydrogen sulfide concentrations,
the IC50 was calculated as 215mg/L at pH of 6.4–8.0. The
maximal hydrogen sulfide concentration obtained in all the tested
scenarios with TE as well as the control for FW-B, was less than
15mg/L in the system throughout the experiment.

DISCUSSION

Importance of TE Supplementation on AD
of FW
This study showed that the background TE concentration of FW
determines the enhancement of the BMP of FW (Table 4). The
net SBP of FW-A and FW-B were 421.2 (±14.6) mlCH4/gVSadded
and 412.5 (±12.0) mlCH4/gVSadded, respectively, which is in a
good agreement with the literature (Banks et al., 2012; De Vrieze
et al., 2013; Ariunbaatar et al., 2014, 2015). The effect of TE
addition had nevertheless a different effect on FW-A and FW-B,
due to their different TE background concentration (Table 2).

The importance of the trace metals Fe, Ni, Co and the
metalloid Se was very clear for FW-A with low TE concentration,
while only Se addition had enhancing effect on FW-B with high
TE background concentration (Table 4). Similarly Lindorfer et al.
(2012) reported that samples from exclusive digestion of FW
and food production wastes from single sources in Germany and
Austria showed a low concentration of several TE, including Cu,
Ni, Zn, Co, Mn, Mo, Se, and W.

Hydrogen sulfide, produced by degradation of sulfur
containing amino acids or dissimilarity sulfate reduction
using sulfate present in the initial substrate, is highly toxic
to microorganisms, as it forms an inactive protein, metal
complexation, and interferes with key metabolic enzymes in
the cells (Karhadkar et al., 1987; Zandvoort et al., 2006; Chen
et al., 2014). Therefore, the experiment on sulfide inhibition
was conducted (Figure 7) and the calculated IC50 was in the
range of the reported values of 125–250mg/L (Koster et al.,
1986; Oleszkiewicz et al., 1989; Chen et al., 2008). However, no
difference in the hydrogen sulfide concentration was observed
between the control and the TE supplemented incubations
(50µg/L). The hydrogen sulfide concentrations (15mg/L) that

Frontiers in Environmental Science | www.frontiersin.org February 2016 | Volume 4 | Article 8 |123

http://www.frontiersin.org/Environmental_Science
http://www.frontiersin.org
http://www.frontiersin.org/Environmental_Science/archive


Ariunbaatar et al. Enhanced Anaerobic Digestion by Se

FIGURE 3 | The individual effect of Fe, Zn, Ni, and Co on the BMP of FW-A: (A) Cumulative methane curves; and (B) SBP.

developed in the BMP tests were much lower than the inhibitory
level (Figure 7) throughout the experiment, suggesting that there
was no hydrogen sulfide inhibition in the AD of FW. Ortner
et al. (2014) also observed no sulfide inhibition with AD treating
slaughterhouse waste. Hence, the enhanced SBP due to addition
of TE was not related with sulfide, but rather with the enzymatic
reactions (physiological contribution; Oleszkiewicz and Sharma,
1990; Glass and Orphan, 2012; Thanh et al., 2015) and/or
the aggregation of microbial biomass promoting interspecies
electron transfer (Oleszkiewicz and Sharma, 1990; Thanh et al.,
2015).

Roles of Fe (II) and Se (VI) on the AD of FW
This study elucidated the most important TE (II) were Fe>Ni>
Co for the AD of FW-A (Figures 2, 3). It corresponds with the
order of the most commonly found TE concentrations (Fe >>

Zn≥Ni>Co=Mo>Cu) in methanogenic archaea (Takashima
and Speece, 1989). The performance of the AD process fed with

FW can indeed be enhanced by supplementing Fe (II) (Qiang
et al., 2012, 2013; De Vrieze et al., 2013).

Regardless of the biochemical pathways to produce methane,
almost every metalloenzyme involved in the methanogenesis
contains Fe (Glass and Orphan, 2012), whereas Co and Ni
are contained only in some of the essential metalloenzymes
such as CO dehydrogenase, acetyl-CoA decarbonylase, methyl-
H4SPT:HS-CoM methyl-transferase, methyl-CoM reductase
(Oleszkiewicz and Sharma, 1990; Zandvoort et al., 2006;
Pobeheim et al., 2011; Glass and Orphan, 2012; Nordell et al.,
2016). Besides, the crucial roles of Fe in metalloenzymes,
high concentrations of Fe supplementation are an important
factor for other TE speciation and solubility, particularly
for Ni and Co (Shakeri Yekta et al., 2014). Therefore,
supplementing Fe (0.89µM for FW-A) resulted in the
stimulation of the overall microbial activities and thus a
quick consumption of VFA (Figure 5) and an increased
SBP (Figure 3). Nevertheless, addition of Fe for FW-B

Frontiers in Environmental Science | www.frontiersin.org February 2016 | Volume 4 | Article 8 |124

http://www.frontiersin.org/Environmental_Science
http://www.frontiersin.org
http://www.frontiersin.org/Environmental_Science/archive


Ariunbaatar et al. Enhanced Anaerobic Digestion by Se

FIGURE 4 | Effect of TE (VI) on the SBP of FW-A: (A) Cumulative methane curves; and (B) SBP.

did not result in enhancement or inhibition of the AD
process. Interestingly, the total concentration of Fe in FW-B
(Table 1) is almost similar to the inhibitory level of the FW-A
(Table 3), which indicates only some of the Fe in FW-B was
bioavailable.

Selenium was not detected in FW-A, and was present only
in low concentrations in FW-B (Table 1). This study showed
that Se (VI) of the AD of FW is as important as Fe (II) for the
AD of FW. The crucial roles of Se (VI) have been stressed by
several recent studies (Banks et al., 2012; Facchin et al., 2013;
Yirong et al., 2015; Zhang et al., 2015). Supplementing Se (VI)
reduced both the acetic and propionic acid concentrations in the
batch incubation, thus enhancing the biomethane production by
more than 30% (Figures 4–6). It indicates that Se is involved
in common hydrogenases (Oleszkiewicz and Sharma, 1990),
provides co-enzymes necessary for propionate oxidation and

syntrophic hydrogenotrophicmethanogenesis (Banks et al., 2012;
Yirong et al., 2015). Besides, selenocysteine (Sec) has been
recognized as the 21st amino acid, and a constituent of at
least 25 proteins, named selenoproteins, present in all living
systems from Archaea, Bacteria, and Eukarya (Nancharaiah
and Lens, 2015). Thus, lack of Se can slow down the AD
process. The biochemical role of Se in stimulating AD of FW
should be further studied using expression of the hydrogenases
as a function of TE concentration as done by Worm et al.
(2009).

The optimal Se concentration for AD of FW was determined
in the range of 25–50µg/L (0.32–0.64µM). Se was not detected
in FW-A, whereas it was 1.34 (±0.45)µg/gTS in FW-B. Thus, less
Se supplementation was required for the AD of FW-B to achieve
the same enhancement of the biomethane production (Tables 1,
4, Figures 4, 6). This indicates the lack of Se in local food can
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FIGURE 5 | Effect of Se (VI) and Fe (II) supplementation on the VFA production during the AD of FW-A: (A) Acetic acid; (B) Propionic acid; (C)

Iso-butyric acid; and (D) Butyric acid.

FIGURE 6 | Effect of Se (VI) addition on FW-B.

result in poor or deteriorated AD. It could be attributed to the
Se bioavailability in agricultural soils to bio-uptake by plants and
organisms, which dictates the entrance of Se in terrestrial Se
food chain (Winkel et al., 2011), and Se fertilization might be
needed.

Even though TE speciation and bioavailability was not studied,
this research showed their important implication. Bioavailability
depends on physical, biological, and chemical factors that are
highly complex and interdependent processes (Worms et al.,

2006; Glass and Orphan, 2012). For instance, sometimes even
if TE are taken up in the cell, their effects may be reduced
by complexation inside the cytosol, compartmentalization, and
efflux or by modification of the extracellular TE speciation
(Worms et al., 2006; Glass and Orphan, 2012). In general, TE
transport across the cell membrane is rate limiting and the
overall process can be simplified to a thermodynamic equilibrium
among the TE species. Further laboratory as well as mathematical
modeling research is required on TE speciation and TE effects on
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FIGURE 7 | Effect of hydrogen sulfide toxicity on AD of FW-B.

TABLE 4 | Enhanced AD of FW by supplementing TE.

TE Concentrations Experimental conditions Enhanced AD process References

Fe (50µg/L = 0.8µM) Mesophilic (35 ± 2◦C) batch 39% higher biomethane production from

FW-A, while no effect on FW-B

This study

Se (25–50µg/L = 0.32–0.64µM

depending on the initial concentration in

the FW)

Mesophilic (35 ± 2◦C) batch 30–35% higher biomethane production

from both FW-A and FW-B

This study

Cocktail of Se (0.2mg/L), Fe (5mg/L),

Co (1mg/L) and Ni (1mg/L)

Mesophilic (35◦C) continuous (OLR = 1–4 gVS/L.d) Recovered from VFA accumulation at 5

gVS/L.d

Zhang et al., 2015

Cocktail containing 0.1mg/L of Al, B,

Co, Cu, Fe, Mn, Ni, Zn, Mo, Se, and W

Thermophilic (55◦C) continuous (OLR = 1–4

gVS/L.d)

Delayed VFA accumulation by 88 days Yirong et al., 2015

Cocktail of Se (0.16µg/g) and Co

(0.22µg/g)

Mesophilic (36–37◦C) semi-continuous (OLR =

1.6–5 gVS/L.d)

Organic loading could be increased from 2

gVS/L.d to 5 gVS/L.d with no ammonia

inhibition

Banks et al., 2012

Cocktail containing 1mg/L Co, Ni, Fe Mesophilic continuous (OLR = 1.9–6.3 gCOD/L.d) Delayed digester failure due to VFA

accumulation

Qiang et al., 2012

Mesophilic batch 7.5–7.8 times faster fermentation process

as compared to control

Cocktail of Se (1.8mg/L), W (0.8mg/L)

and Co (0.06mg/L)

Mesophilic (37◦C) continuous (OLR = 2.5–3

gVS/L.d)

7–15% increase of biomethane production Feng et al., 2010

the AD process and how to use this to implement process control
of TE supplementation.

CONCLUSIONS

The supplementation of trace elements increased the biomethane
potential of a FW with low trace elements concentration: the
most effective elements were Fe with an increase of 39.2 (±0.6)%

of biomethane production of the FW from Europe, followed
by Se (34.1 ± 5.6% increase), Ni (26.4 ± 0.2% increase),
and Co (23.8 ± 0.2% increase). The same experiments
did not result in an increased biomethane production
when FW with an elevated background concentration of
trace elements was used, except for Se supplementation.
Addition of 10µg/L Se (0.13µM) to the incubation of
FW with background concentration (making the total Se
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concentration∼ 50µg/L= 0.63µM) resulted in a 30% increased
biomethane production. Sulfide inhibition was not observed at
the prevailing concentrations, and hence the enhancing effect
of trace elements is at the enzymatic or biomass stimulating
level.

AUTHOR CONTRIBUTIONS

JA is the corresponding author andmain researcher. GE is project
leader and main supervisor. DY is the project collaborating
partner and co-supervisor. PL is the project initiator and

co-supervisor. GE, DY and PL have all contributed in finalizing
the manuscript.

ACKNOWLEDGMENTS

This research was supported by the Erasmus Mundus Joint
Doctoral Program ETeCoS3 (Environmental Technologies for
Contaminated Solids, Soils and Sediments) [EU grant agreement
FPA no. 2010-0009]; and the Partnerships for International
Research and Education (PIRE) project 298 [National Science
Foundation (USA) under Grant Number 1243510].

REFERENCES

Ariunbaatar, J., Panico, A., Frunzo, L., Esposito, G., Lens, P. N., and Pirozzi,

F. (2014). Enhanced anaerobic digestion of food waste by thermal and

ozonation pretreatment methods. Environ. Manage. 146, 142–149. doi:

10.1016/j.jenvman.2014.07.042

Ariunbaatar, J., Panico, A., Yeh, D. H., Pirozzi, F., Lens, P. N., and Esposito, G.

(2015). Enhanced mesophilic anaerobic digestion of food waste by thermal

pretreatment: Substrate versus digestate heating. Waste Manag. 46, 176–181.

doi: 10.1016/j.wasman.2015.07.045

Banks, C. J., Zhang, Y., Jiang, Y., and Heaven, S. (2012). Trace

element requirements for stable food waste digestion at elevated

ammonia concentrations. Bioresource Technol. 104, 127–135. doi:

10.1016/j.biortech.2011.10.068

Chen, Y., Cheng, J. J., and Creamer, K. S. (2008). Inhibition of anaerobic

digestion process: a review. Bioresource Technol. 99, 4044–4064. doi:

10.1016/j.biortech.2007.01.057

Chen, J. L., Ortiz, R., Steele, T. W., and Stuckey, D. C. (2014). Toxicants

inhibiting anaerobic digestion: a review. Biotechnol. Adv. 32, 1523–1534. doi:

10.1016/j.biotechadv.2014.10.005

Demirel, B., and Scherer, P. (2011). Trace element requirements of agricultural

biogas digesters during biological conversion of renewable biomass to methane.

Biomass Bioenerg. 35, 992–998. doi: 10.1016/j.biombioe.2010.12.022

De Vrieze, J., De Lathouwer, L., Verstraete, W., and Boon, N. (2013). High-rate

iron-rich activated sludge as stabilizing agent for the anaerobic digestion of

kitchen waste.Water Res. 47, 3732–3741. doi: 10.1016/j.watres.2013.04.020

Facchin, V., Cavinato, C., Fatone, F., Pavan, P., Cecchi, F., and Bolzonella, D.

(2013). Effect of trace element supplementation on the mesophilic anaerobic

digestion of food waste in batch trials: the influence of inoculum origin.

Biochem. Eng. J. 70, 71–77. doi: 10.1016/j.bej.2012.10.004

FAO (2011). Global Food Losses and Food Waste Study Conducted for the

International Congress. Rome.

Feng, X. M., Karlsson, A., Svensson, B. H., and Bertilsson, S. (2010). Impact of trace

element addition on biogas production from food industrial waste–linking

process to microbial communities. FEMS Microbiol. Ecol. 74, 226–240. doi:

10.1111/j.1574-6941.2010.00932.x

Glass, J. B., and Orphan, V. J. (2012). Trace metal requirements for microbial

enzymes involved in the production and consumption of methane and nitrous

oxide. Front. Microbiol. 3:61. doi: 10.3389/fmicb.2012.00061

Karhadkar, P. P., Audic, J. M., Faup, G. M., and Khanna, P. (1987). Sulfide

and sulfate inhibition of methanogenesis. Water Res. 21, 1061–1066. doi:

10.1016/0043-1354(87)90027-3

Koster, I. W., Rinzema, A., De Vegt, A. L., and Lettinga, G. (1986).

Sulfide inhibition of the methanogenic activity of granular sludge at

various pH-levels. Water Res. 20, 1561–1567. doi: 10.1016/0043-1354(86)

90121-1

Lindorfer, H., Ramhold, D., and Frauz, B. (2012). Nutrient and trace element

supply in anaerobic digestion plants and effect of trace element application.

Water Sci. Technol. 66, 1923–1929. doi: 10.2166/wst.2012.399

Liotta, F., Esposito, G., Fabbricino, M., van Hullebusch, E. D., Lens, P. N., Pirozzi,

F., et al. (2015). Methane and VFA production in anaerobic digestion of rice

straw under dry, semi-dry and wet conditions during start-up phase. Environ.

Technol. doi: 10.1080/09593330.2015.1074288. [Epub ahead of print].

Mussoline, W., Esposito, G., Lens, P., Spagni, A., and Giordano, A. (2013).

Enhanced methane production from rice straw co-digested with anaerobic

sludge from pulp and paper mill treatment process. Bioresource Technol. 148,

135–143. doi: 10.1016/j.biortech.2013.08.107

Nancharaiah, Y. V., and Lens, P. N. (2015). Selenium biomineralization

for biotechnological applications. Trends Biotechnol. 33, 323–330. doi:

10.1016/j.tibtech.2015.03.004

Nordell, E., Nilsson, B., Påledal, S. N., Karisalmi, K., and Moestedt, J. (2016).

Co-digestion of manure and industrial waste—The effects of trace element

addition.Waste Manag. 47, 21–27. doi: 10.1016/j.wasman.2015.02.032

Oleszkiewicz, J. A., and Sharma, V. K. (1990). Stimulation and inhibition of

anaerobic processes by heavy metals—a review. Biol Waste 31, 45–67. doi:

10.1016/0269-7483(90)90043-r

Oleszkiewicz, J. A., Marstaller, T., and McCartney, D. M. (1989). Effects of pH

on sulfide toxicity to anaerobic processes. Environ. Technol. 10, 815–822. doi:

10.1080/09593338909384801

Ortner, M., Rameder, M., Rachbauer, L., Bochmann, G., and Fuchs, W. (2015).

Bioavailability of essential trace elements and their impact on anaerobic

digestion of slaughterhouse waste. Biochem. Eng. J. 99, 107–113. doi:

10.1016/j.bej.2015.03.021

Ortner, M., Leitzinger, K., Skupien, S., Bochmann, G., and Fuchs, W. (2014).

Efficient anaerobic mono-digestion of N-rich slaughterhouse waste: influence

of ammonia, temperature and trace elements. Bioresource Technol. 174,

222–232. doi: 10.1016/j.biortech.2014.10.023

Parfit, J., Bartherl, M., andMacnaughton, S. (2010). Food waste within food supply

chains: quantification and potential for change to 2050. Philos. Trans. R. Soc.

Lond. B. Biol. Sci. 365, 3065–3081. doi: 10.1098/rstb.2010.0126

Pobeheim, H., Munk, B., Lindorfer, H., and Guebitz, G. M. (2011). Impact of nickel

and cobalt on biogas production and process stability during semi-continuous

anaerobic fermentation of a model substrate for maize silage. Water Res. 45,

781–787. doi: 10.1016/j.watres.2010.09.001

Qiang, H., Lang, D. L., and Li, Y. Y. (2012). High-solid mesophilic

methane fermentation of food waste with an emphasis on Iron,

Cobalt, and Nickel requirements. Bioresource Technol. 103, 21–27. doi:

10.1016/j.biortech.2011.09.036

Qiang, H., Niu, Q., Chi, Y., and Li, Y. (2013). Trace metals requirements for

continuous thermophilic methane fermentation of high-solid food waste.

Chem. Eng. J. 222, 330–336. doi: 10.1016/j.cej.2013.02.076

Shakeri Yekta, S., Lindmark, A., Skyllberg, U., Danielsson, Å., and Svensson, B.

H. (2014). Importance of reduced sulfur for the equilibrium chemistry and

kinetics of Fe (II), Co (II) and Ni (II) supplemented to semi-continuous

stirred tank biogas reactors fed with stillage. J. Hazard. Mater. 269, 83–88. doi:

10.1016/j.jhazmat.2014.01.051

Takashima, M., and Speece, R. E. (1989). Mineral nutrient requirements for high-

rate methane fermentation of acetate at low SRT.Water Pollut. Control Fed. 61,

1645–1650.

Thanh, P.M., Ketheesan, B., Yan, Z., and Stuckey, D. (2015). Tracemetal speciation

and bioavailability in anaerobic digestion: a review. Biotechnol. Adv. doi:

10.1016/j.biotechadv.2015.12.006. [Epub ahead of print].

Frontiers in Environmental Science | www.frontiersin.org February 2016 | Volume 4 | Article 8 | 128

http://www.frontiersin.org/Environmental_Science
http://www.frontiersin.org
http://www.frontiersin.org/Environmental_Science/archive


Ariunbaatar et al. Enhanced Anaerobic Digestion by Se

Winkel, L. H., Johnson, C. A., Lenz, M., Grundl, T., Leupin, O. X., Amini, M., et al.

(2011). Environmental selenium research: frommicroscopic processes to global

understanding. Environ. Sci. Technol. 46, 571–579. doi: 10.1021/es203434d

Worms, I., Simon, D. F., Hassler, C. S., and Wilkinson, K. J. (2006).

Bioavailability of trace metals to aquatic microorganisms: importance of

chemical, biological and physical processes on biouptake. Biochimie 88,

1721–1731. doi: 10.1016/j.biochi.2006.09.008

Worm, P., Fermoso, F. G., Lens, P. N., and Plugge, C. M. (2009). Decreased activity

of a propionate degrading community in a UASB reactor fed with synthetic

medium without molybdenum, tungsten and selenium. Enzyme. Microb. Tech.

45, 139–145. doi: 10.1016/j.enzmictec.2009.02.001

Yirong, C., Heaven, S., and Banks, C. J. (2015). Effect of a trace element addition

strategy on volatile fatty acid accumulation in thermophilic anaerobic digestion

of food waste. Waste Biomass Valorizat. 6, 1–12. doi: 10.1007/s12649-014-

9327-2

Zandvoort, M. H., van Hullebusch, E. D., Gieteling, J., and Lens, P.

N. (2006). Granular sludge in full-scale anaerobic bioreactors: trace

element content and deficiencies. Enzyme. Microb. Tech. 39, 337–346. doi:

10.1016/j.enzmictec.2006.03.034

Zhang, L., Lee, Y. W., and Jahng, D. (2011). Anaerobic co-digestion

of food waste and piggery wastewater: focusing on the role of trace

elements. Bioresource Technol. 102, 5048–5059. doi: 10.1016/j.biortech.2011.

01.082

Zhang, W., Wu, S., Guo, J., Zhou, J., and Dong, R. (2015). Performance

and kinetic evaluation of semi-continuously fed anaerobic digesters treating

food waste: role of trace elements. Bioresource Technol. 178, 297–305. doi:

10.1016/j.biortech.2014.08.046

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2016 Ariunbaatar, Esposito, Yeh and Lens. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) or licensor are credited and that the original publication in this

journal is cited, in accordance with accepted academic practice. No use, distribution

or reproduction is permitted which does not comply with these terms.

Frontiers in Environmental Science | www.frontiersin.org February 2016 | Volume 4 | Article 8 |129

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Environmental_Science
http://www.frontiersin.org
http://www.frontiersin.org/Environmental_Science/archive


ORIGINAL RESEARCH
published: 30 November 2015

doi: 10.3389/fmicb.2015.01337

Frontiers in Microbiology | www.frontiersin.org November 2015 | Volume 6 | Article 1337 |

Edited by:

Eric D. Van Hullebusch,

University Paris-Est, France

Reviewed by:

Daniel Puyol,

University Rey Juan Carlos, Spain

Seung Gu Shin,

Pohang University of Science and

Technology, South Korea

Gavin Collins,

National University of Ireland, Galway,

Ireland

*Correspondence:

Xiangzhen Li

lixz@cib.ac.cn

†
These authors have contributed

equally to this work.

Specialty section:

This article was submitted to

Microbiotechnology, Ecotoxicology

and Bioremediation,

a section of the journal

Frontiers in Microbiology

Received: 10 June 2015

Accepted: 16 November 2015

Published: 30 November 2015

Citation:

Li J, Rui J, Yao M, Zhang S, Yan X,

Wang Y, Yan Z and Li X (2015)

Substrate Type and Free Ammonia

Determine Bacterial Community

Structure in Full-Scale Mesophilic

Anaerobic Digesters Treating Cattle or

Swine Manure.

Front. Microbiol. 6:1337.

doi: 10.3389/fmicb.2015.01337

Substrate Type and Free Ammonia
Determine Bacterial Community
Structure in Full-Scale Mesophilic
Anaerobic Digesters Treating Cattle
or Swine Manure
Jiabao Li 1, 2 †, Junpeng Rui 1, 2 †, Minjie Yao 1, 2, Shiheng Zhang 1, 2, Xuefeng Yan 1, 2,

Yuanpeng Wang 3, Zhiying Yan 1, 2 and Xiangzhen Li 1, 2*

1 Key Laboratory of Environmental and Applied Microbiology, Chengdu Institute of Biology, Chinese Academy of Sciences,

Sichuan, China, 2 Environmental Microbiology Key Laboratory of Sichuan Province, Chengdu Institute of Biology, Chinese

Academy of Sciences, Sichuan, China, 3Department of Chemical and Biochemical Engineering, College of Chemistry and

Chemical Engineering, Xiamen University, Fujian, China

The microbial-mediated anaerobic digestion (AD) process represents an efficient

biological process for the treatment of organic waste along with biogas harvest. Currently,

the key factors structuring bacterial communities and the potential core and unique

bacterial populations in manure anaerobic digesters are not completely elucidated

yet. In this study, we collected sludge samples from 20 full-scale anaerobic digesters

treating cattle or swine manure, and investigated the variations of bacterial community

compositions using high-throughput 16S rRNA amplicon sequencing. Clustering and

correlation analysis suggested that substrate type and free ammonia (FA) play key

roles in determining the bacterial community structure. The COD: NH+-N (C:N) ratio of4

substrate and FA were the most important available operational parameters correlating

to the bacterial communities in cattle and swine manure digesters, respectively. The

bacterial populations in all of the digesters were dominated by phylum Firmicutes,

followed by Bacteroidetes, Proteobacteria and Chloroflexi. Increased FA content selected

Firmicutes, suggesting that they probably play more important roles under high

FA content. Syntrophic metabolism by Proteobacteria, Chloroflexi, Synergistetes and

Planctomycetes are likely inhibited when FA content is high. Despite the different manure

substrates, operational conditions and geographical locations of digesters, core bacterial

communities were identified. The core communities were best characterized by phylum

Firmicutes, wherein Clostridium predominated overwhelmingly. Substrate-unique and

abundant communities may reflect the properties of manure substrate and operational

conditions. These findings extend our current understanding of the bacterial assembly in

full-scale manure anaerobic digesters.

Keywords: anaerobic digester, animal manure, bacterial community, free ammonia, core community
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INTRODUCTION

Anaerobic digestion (AD) represents an efficient process for
the treatment of various kinds of organic waste along with
biogas production (Alvarado et al., 2014). The biological
process involves four sequential steps: substrate hydrolysis,
fermentation, acetogenesis and methanogenesis, which requires
the cooperation of bacteria and archaea (Ali Shah et al.,
2014). Archaea, especially methanogens, are key players during
methanogenesis, thus attracting much attention. However,
bacterial populations are essential in anaerobic digesters treating
insoluble organic materials, such as animal manure, since the
hydrolysis step is often the bottleneck of AD process due to
the nature of complex and recalcitrant substrates (Werner et al.,
2011; St-Pierre and Wright, 2014; Carballa et al., 2015). In
addition, bacteria also take charge of the critical syntrophic
metabolism coupled to methanogenesis (Morris et al., 2013), so
that stable performance can be achieved during the AD processes.

Multiple factors including digester design, substrate and
operational conditions influence microbial community
structures (Lin et al., 2013; Town et al., 2014). Substrate is
recognized as a key factor affecting fermentation efficiency,
as well as the microbial community composition (Zhang
et al., 2013; Ziganshin et al., 2013). Cluster analysis of the
bacterial and archaeal communities shows that reactors treating
similar substrates group together (Sundberg et al., 2013). It
is postulated that substrate type determines the observed
differences in phylogenetic structure based on a meta-analysis of
16S rRNA gene sequences retrieved from 79 digesters treating
various substrates (Zhang et al., 2014). Nonetheless, microbial
populations in anaerobic manure digesters can display high
variations even at the digestion of a common core substrate
(St-Pierre and Wright, 2014).

Operational conditions including temperature and ammonia
content could impact bacterial community structure. It is
reported that bacterial communities clustered based on factors
rather than the input materials in lab-scale thermophilic
digesters (Town et al., 2014). That is probably because high
temperature imposes much stronger influences than other
operational conditions on the communities (Ziganshin et al.,
2013). Animal manure is widely used as substrate in anaerobic
digesters, which often contains high free ammonia (FA) due to
high protein content (Deublein and Steinhauser, 2008; Riviere
et al., 2009). FA has an inhibiting or even toxic effect on
prokaryotic communities because it may passively diffuse into
cells, causing proton imbalance and potassium deficiency (Sprott
and Patel, 1986; Chen et al., 2008). FA also inhibits pH sensitive
species (Chen et al., 2008). Syntrophic acetate oxidization (SAO)
performed by SAO bacteria is observed to become important
under high ammonia content (Schnurer et al., 1999; Schnurer
and Nordberg, 2008). Therefore, the selectivity of ammonia
to different microbial populations could be the mechanism
structuring prokaryotic communities in anaerobic digesters
treating animal manure.

In anaerobic digesters, core communities [represented by
operational taxonomic units (OTUs)] are commonly found in
different digesters with relative high abundances (Riviere et al.,

2009; Saunders et al., 2015). In addition, core communities of
anaerobic digesters were found withinmicrobial populations that
are capable of performing substrate hydrolysis, fermentation and
syntrophic metabolism (St-Pierre and Wright, 2014; Rui et al.,
2015). They may vary depending on different substrate (Riviere
et al., 2009; Nelson et al., 2011; St-Pierre and Wright, 2014).
Therefore, the elucidation of core and unique communities
among different full-scale anaerobic digesters might be useful
to indicate important traits of AD process, and to identify
putatively important organisms for microbial management in
AD (Saunders et al., 2015). Previously, core and unique OTUs
were identified in 7 different full-scale anaerobic digesters
with the clone library method (Riviere et al., 2009). Three
anaerobic digesters shared 132 core OTUs (St-Pierre and
Wright, 2014). However, information is still limited due to
limited samples of full-scale biogas reactors. Core and unique
OTUs can be better determined by using more independently-
operated full-scale anaerobic digesters and high-throughput
methods (Saunders et al., 2015). In China, there are 3717
large-scale (digester volume >500m3) and 18,853 medium-
scale (digester volume of 50–500m3) biogas plants that have
been established by the end of 2009 (Jiang et al., 2011).
Of these, swine and cattle manure are two most popular
substrates. Few studies have been conducted to identify the
potential core and unique bacterial populations, as well as
the factors driving the assembly of the bacterial communities,
among multiple full-scale anaerobic digesters treating animal
manure.

In this study, we collected 20 sludge samples from
independently-operated full-scale anaerobic digesters at different
geographical locations across China. The objectives were to
identify: (i) important factors shaping the bacterial communities,
and (ii) the potential core and unique bacterial populations in
digesters treating cattle and swine manure.

MATERIALS AND METHODS

Sample Description and Operational
Parameters
From August to October, 2012, 20 sludge samples (at least
400ml each) were collected from digesters located from the
northeast to the southwest of China (Table S1), including 8 cattle
manure digesters (c1–c8) and 12 swine manure digesters (s9–
s20). Autoclaved anaerobic flasks were filled with sludge samples
that discharged from the sampling valve, and transported
to the laboratory on ice immediately. Most digesters were
built at livestock breeding plants for the treatment of animal
manure. Operational parameters, e.g., digester type and volume,
substrate type, sludge retention time (SRT), biogas production
and digestion temperature, were directly obtained from the
plant operators. Chemical properties of sludge, including pH,
chemical oxygen demand (COD), ionized-ammonia (NH+

4 -
N), and phosphate, were measured according to the method
described previously (Li et al., 2014; Shen et al., 2014). Free
ammonia (FA) was calculated based on the total ammonia, pH
and temperature values (Rajagopal et al., 2013).
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Among the 20 sampling digesters, continuous stirred-tank
reactors (CSTRs) were used by 18 digesters, and upflow solid
reactors (USRs) were used by the rest 2 digesters (c6 and
s9). Operational parameters varied, with SRT ranging between
15 and 30 days, digester volume between 60 and 10,000m3,
biogas production between 0.13 and 1.0m3 m−3 d−1, digester
temperature between 25 and 36.5 ◦C, sludge pH between 6.50 and
7.75, COD between 314.70 and 7243.80mg l−1, NH+

4 -N between
89.24 and 3474.14mg l−1, FA between 1.34 and 149.23mg l−1,
and phosphate between 2.97 and 92.39mg l−1.

DNA Extraction and 16S rRNA Gene
Amplicon Sequencing
Genomic DNA was extracted according to the method of
Rademacher et al. (2012). The concentrations and quality of
DNA were checked using a NanoDrop 2000 spectrophotometer.
For 16S rRNA gene amplicon sequencing, the primers
515F (5′-GTGYCAGCMGCCGCGGTA- 3′) and 806R (5′-
GGACTACHVGGGTWTCTAAT -3′) were used to amplify
V4-V5 region of the 16S rRNA gene. The forward and reverse
primers had modifications introduced at 5′ ends to contain
the Miseq sequencing adaptor sequences. The 10-mer barcode
sequence was added between the adaptor and reverse primer
sequences. An aliquot of 10 ng of purified DNA from each sample
was used as a template for PCR amplification in 25µl reaction
mixture. The following conditions were used: denaturation at
94◦C for 3min, followed by 30 cycles of denaturation at 94◦C
for 30 s, annealing at 55◦C for 1min and extension at 72◦C for
1min, with a final extension at 72◦C for 5min. Triplicate PCR
reactions were performed per sample and pooled. The PCR
products were purified using Gel Extraction kit (Omega bio-tek).
Equal molar of PCR product from each sample was pooled
together. Sequencing library was constructed using Truseq DNA
Library Prep kits according to the manufacture’s instruction and
sequenced by Illumina Miseq platform using MiSeq Reagent
Kit v2.

Sequence Data Analysis
The raw sequences were sorted based on the unique sample
barcodes, trimmed for sequence quality using the QIIME
pipeline (Caporaso et al., 2010). Chimera sequences were
removed using the Uchime algorithm (Edgar et al., 2011).
Each sample was rarefied to an equal sequencing number of
11,080 (the fewest number of sequences in a single sample).
The sequences were clustered by the complete-linkage clustering
method incorporated in the QIIME pipeline (Caporaso et al.,
2010). Operational taxonomic units (OTUs) were picked at 97%
identity using cd-hit in the QIIME pipeline. Singleton sequences
were filtered out. Shannon’s diversity index, Chao1 estimator
of richness and the observed OTUs number were calculated at
97% sequence identity in the Ribosomal Database Project (RDP)
pipeline (http://pyro.cme.msu.edu/). A phylogenetic affiliation of
each representative sequence was analyzed by RDP Classifier at a
confidence threshold of 80% (Wang et al., 2007).

After reprocessing, potential core, substrate-unique and
shared communities (represented by specific OTUs) were
identified. Core OTUs were distributed in all the digesters, while

substrate-unique OTUs only existed inmore than 80% of cattle or
swine manure digesters. Shared OTUs were distributed in more
than 80% of all digesters and excluded the core OTUs. Based
on the abundance-based differences, shared OTUs were further
categorized into three types: cattle-abundant (higher relative
abundance in cattle manure digesters), swine-abundant (higher
relative abundance in swine manure digesters), and both-equal
OTUs (equal abundance in both cattle and swine digesters).

Statistical Analysis
The overall differences in the bacterial community structures
were evaluated by principal coordinates analysis (PCoA) based
on Bray-Curtis distances using the relative abundances of OTUs
without singletons as the input data. Three nonparametric
multivariate permutation tests, including multiple response
permutation procedure (MRPP), permutational multivariate
analysis of variance (Adonis), and analysis of similarity
(ANOSIM), were performed to assess the significance of the
difference in the structures of bacterial communities between the
two types of digesters (Deng et al., 2012). Using a set of OTUs
without singletons, Canonical correspondence analysis (CCA)
was performed to discern the correlations between the bacterial
communities and the operational parameters. FA, pH, NH+

4 -N,
COD, C:N were selected by the R function bioenv as the most
significant parameters. The above analyses were carried out with
the Vegan package in R (Dixon, 2003). Pearson’s correlation
analysis was conducted to examine the correlations between the
community composition and the operational parameters with
SPSS Statistics 21.0.

Nucleotide Sequence Accession Numbers
The original sequencing data are available at the European
Nucleotide Archive by accession No. PRJEB6969 (http://www.
ebi.ac.uk/ena/data/view/PRJEB6969).

RESULTS

Diversity and Structure of Bacterial
Communities
The variations of bacterial community composition within 20
full-scale anaerobic digesters were characterized using barcoded
amplicons resulting in 429,907 chimera-free reads and further
4629 OTUs at a cutoff of 97% similarity. The 744 OTUs
had an average relative abundance of more than 0.01%.
The bacterial diversity indices varied across all the samples
(Table S2). Correlation analysis showed significant and negative
relationships between Shannon’s index, the observed number of
OTUs and free ammonia (FA), sludge pH and NH+

4 -N (Table 1).
Other parameters including biogas production, C:N, digester
volume, temperature, SRT, COD, and phosphate did not show
any significant correlations with the diversity indices.

Two potential clusters were observed by means of PCoA
analysis of the bacterial communities (Figure 1A). Cluster 1
contained 8 samples exclusively from cattle manure digesters;
Cluster 2 consisted of 12 samples originating from swine manure
digesters. Approximately, PCo1 and PCo2 explained 45% of the

Frontiers in Microbiology | www.frontiersin.org November 2015 | Volume 6 | Article 1337 |132

http://pyro.cme.msu.edu/
http://www.ebi.ac.uk/ena/data/view/PRJEB6969
http://www.ebi.ac.uk/ena/data/view/PRJEB6969
http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive


Li et al. Substrate Type and Free Ammonia Determine

total variations in the bacterial community structure among the
digesters. The significant difference between the two potential
clusters was verified with three nonparametric multivariate
permutation tests (Adonis, F = 5.85, P = 0.001; ANOSIM,
R = 0.77, p = 0.001; MRPP, δ = 0.64, P = 0.001).
The results indicated that substrate type was likely to segregate
bacterial communities in these anaerobic digesters. In addition,
the segregation of bacterial communities within each cluster was
also observed, suggesting that other parameters also contributed
to the variations in the bacterial communities.

TABLE 1 | Pearson’s correlation between operational parameters and

bacterial diversity indices of all samplesa.

Diversity indices pH NH+

4
-N FA

Chao1 richness −0.44 −0.37 −0.35

Observed OTUs −0.62** −0.67** −0.52*

Shannon’s index −0.56** −0.57** −0.62**

aFA, free ammonia.
**P < 0.01, *P < 0.05. Only operational parameters with significant relationships with any

of the three indices were listed.

Bacterial Community Composition
Roughly, 99% of total reads were annotated at phylum level, 93%
at order level, and 45.5% at genus level. In all the 20 digesters,
the phylum Firmicutes (57.79%) was dominated, followed by
Bacteroidetes, Proteobacteria and Chloroflexi (Figure 2 and
Table S3). Above taxa constituted 85.6% of total reads. Other
phyla were relatively low in the relative abundance in most
digesters (Figure 2 and Table S3). All the phyla shared high
degree of variations in the relative abundances in different
samples. Notably, Firmicutes overwhelmingly dominated in one
cattle manure digester and five swine manure digesters (Table
S3). However, Chloroflexi predominated in digester c7 (23.88%),
followed by Spirochaetes and Acidobacteria.

At the genus level, most abundant genera (relative
abundance >0.30%) were affiliated to phylum Firmicutes,
e.g., Clostridium sensu stricto, Clostridium XI, Syntrophomonas,
Clostridium_III, and Pelotomaculum (Figure 3 and Table
S3). Other abundant genera were also included, such as
Smithella, Syntrophorhabdus in phylum Proteobacteria, and
Corynebacterium in phylum Actinobacteria. The 19 genera
accounted for 40.4% of total genera reads. Despite the dominance
of these genera, high variations in the relative abundance were

FIGURE 1 | The principal coordinates analysis (PCoA) plots of the bacterial communities in 20 independently-operated full-scale anaerobic digesters.

Bray-Curtis distance was used for the PCoA analysis. Plots were ranked by (A) substrate type, and (B) free ammonia content (FA, mgl−1).

FIGURE 2 | The heatmap showing the relative abundances of various phyla (>0.1%) across all the digesters. c, cattle manure digesters; s, swine manure

digesters.
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FIGURE 3 | The heatmap showing the relative abundances of abundant genera (>0.3%) across all the digesters. c, cattle manure digesters; s, swine

manure digesters.

observed in different samples, e.g., Clostridium sensu stricto
varied between 0.14 and 56.75%, and Clostridium XI between
0.89 and 52.15% (Table S3).

Potential Core, Substrate-Unique, and
Shared Communities
Based on the occurrence and the relative abundances of OTUs in
all the samples, we defined three major groups.

Core OTUs
OTUs distributing in all the 20 digesters were defined
as core OTUs. This study identified 25 core OTUs that
made up 3.36% of 744 abundant bacterial OTUs, but
accounted for 34.4% of total reads (Table S4). The core
OTUs were primarily affiliated to genera Clostridium sensu
stricto, Clostridium XI, Turicibacter, Saccharofermentans,
Sedimentibacter, Syntrophomonas in phylum Firmicutes, order
Bacteroidales of phyla Bacteroidetes, genus Acinetobacter in
phylum Proteobacteria, family Anaerolineaceae in phylum
Chloroflexi, genus Subdivision5_genera_incertae_sedis in
phylum Verrucomicrobia and genus Corynebacterium in phylum
Actinobacteria. The relative abundances of most core OTUs were
higher than 0.5% (Table S4).

Substrate-Unique OTUs
Substrate-unique OTUs were defined as those merely distributed
in more than 80% of cattle or swine manure digesters. Nineteen
and twenty OTUs were detected only in cattle and swine manure
digesters, consisting of 5.62 and 3.29% of their respective total
reads (Table S4). These OTUs were mainly distributed in phylum
Firmicutes, and also in phylum Actinobacteria in Cluster 1, and
phylum Bacteroidetes in Cluster 2. However, most of them were
unclassified at the genus level.

Shared OTUs
Shared OTUs were defined as those found in more than 80%
of each type of digesters, but excluding the core OTUs. The
identified 108 shared OTUs made up 21.49% of total reads, and
can be further binned into three groups: cattle-abundant, swine-
abundant and both-equal OTUs. There were 14 and 9 OTUs as

cattle- and swine-abundant OTUs, respectively (Table S4). Swine-
abundant OTUs were all represented by phylum Firmicutes.
Differently, cattle-abundant OTUs included phyla Firmicutes,
Synergistetes, Bacteroidetes, Chloroflexi and Actinobacteria.

Relationships between Bacterial
Community Compositions and Available
Operational Parameters
Correlation analysis of the bacterial community compositions
with most available operational parameters showed that
biogas production, temperature, COD and phosphate did not
significantly correlate to the relative abundances of any dominant
phyla (Table S5). However, FA positively correlated with the
relative abundance of phylum Firmicutes, and negatively
correlated to Proteobacteria, Chloroflexi, Synergistetes, and
Planctomycetes (Figure 4A). Sludge pH and NH+

4 -N usually
showed same correlation patterns with these phyla as those of
FA. Sludge pH and SRT were also significantly correlated with
the relative abundance of Acidobacteria. C:N was positively
correlated with the relative abundances of phyla Synergistetes
and Actinobacteria (p < 0.01).

At the genus level, sludge pH, FA, and NH+
4 -N were

observed to correlate with 27, 24, and 24 genera, respectively
(Table S6). Other operational parameters showed less correlation
with the various genera. As the dominant genus, Clostridium
sensu stricto was positively correlated with NH+

4 -N and FA
(p < 0.01), whereas Smithella and Syntrophorhabdus were
negatively correlated with above two parameters (Figure 4B).
Additionally, significantly positive correlations with sludge pH
were observed for Clostridium sensu stricto and Turicibacter, but
negative correlations between pH and Saccharofermentans and
Syntrophorhabdus.

At the OTU level, NH+
4 -N, FA, C:N, and pH were the four

most dominant available parameters that were correlated with
39, 35, 30, and 25 OTUs, respectively, in all digesters (Table
S7). Cattle-abundant and unique OTUs were exclusively and
positively correlated with C:N and COD (p < 0.05; Table 2),
while swine-abundant and unique OTUs were significantly
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FIGURE 4 | The heatmap showing the correlations of relative

abundance of various phyla (A) and genera (B) with available

operational parameters. The phyla and genera with average relative

abundances of higher than 0.1% and 0.3%, respectively, were listed. SRT,

sludge retention time; T, digester temperature; COD, chemical oxygen

demand; FA, free ammonia; C:N, ratio of COD/NH+
4 -N. **p < 0.01, *p < 0.05.

correlated with FA and NH+
4 -N. These results were further

corroborated with CCA analysis (Figure 5).

DISCUSSION

Although our studied digesters were operated under different
operational conditions, substrate types and geographical
locations, potential core and unique OTUs were identified.
Further, substrate type and free ammonia (FA) were revealed as
the most dominant factors differentiating bacterial communities
in these digesters.

In this study, the observed clustering of the samples from
different full-scale digesters could be attributed to substrate type.
This is consistent with findings that substrate shapes microbial
community structure in AD systems (Sundberg et al., 2013;
Wagner et al., 2013; Ziganshin et al., 2013; Zhang et al., 2014).
A wide variety of components in manure can be utilized to
produce biogas in AD systems, e.g., protein, cellulose and lipid.
Though the feedstock in both types of digesters is animal manure,
different chemical natures andmicrobial communities in manure
inoculums could contribute to the variations of community
structure in the AD systems. Indeed, swine manure is a kind of
protein-rich organic substrate (Hansen et al., 1998), while cattle
manure is often composed of cellulose-rich material since the
feedstock is mainly silage with high C:N (ASABE, 2005). In this
study, cattle manure digesters did show significantly higher C:N
compared to swine manure digesters (p < 0.05, data not shown).

Nevertheless, substrate type could not explain the observed
segregation of the bacterial communities within both cluster
members. A previous study also reported high variations of
microbial populations in anaerobic manure digesters at the
digestion of a common core substrate (St-Pierre and Wright,

2014). Operational parameters may cause such variations. In this
study, correlation analysis revealed that pH, FA, and NH+

4 -N
were all significantly correlated with Shannon’s diversity and the
observed number of OTUs. However, further analysis revealed
that sludge pH did not affect the clustering in both Cluster 1 and
Cluster 2 samples. Rather, NH+

4 -N and FA were highly related
to the clustering of the samples (Figure 1B). FA is very toxic to
methanogenic community (Chen et al., 2008). We also observed
that the responses of different bacterial taxa to FA were not the
same. Thus, the selection of different prokaryotic taxa by free
ammonia is likely an important mechanism shaping prokaryotic
community structure in manure AD systems.

Excessive FA is detrimental to AD process because high FA
content not only changes pH in the digesters, but also causes
proton imbalance and potassium deficiency in microbial cells
(Sprott and Patel, 1986; Chen et al., 2008). In this study, though
the sludge pH was neutral in these digesters, FA content highly
varied, and more than 50mg l−1 was detected in several swine
manure digesters (s9, s10, s11, s12, s14, and s19). However,
the FA content in the swine manure digesters is less likely
to cause acute ammonia inhibition (Rajagopal et al., 2013).
Alternatively, it may select specific bacterial populations that
can better tolerate higher FA. For example, members of phylum
Firmicutes, especially Clostridium sensu stricto, showed a positive
correlation with FA (Figure 4 and Table S6). Firmicutes are
ubiquitously involved in substrate hydrolysis, fermentation and
acetogenesis (Nelson et al., 2011; De Vrieze et al., 2015). Several
known species which are capable of syntrophic acetate oxidation
(SAO) at elevated total ammonia concentrations are affiliated to
this phylum (Schnurer et al., 1996;Westerholm et al., 2010; Sieber
et al., 2012). Therefore, Firmicutes probably play more essential
roles under high free ammonia content.

In contrast, many populations affiliated to Proteobacteria,
Chloroflexi, Synergistetes, and Planctomycetes showed negative
correlations with FA (p < 0.05; Figure 4A, Table S6),
suggesting that they may be inhibited by high FA content.
Many Synergistetes and Chloroflexi members are able to perform
syntrophic metabolism in association with hydrogenotrophic
methanogens during AD process (Sekiguchi et al., 2003; Yamada
et al., 2006; Sieber et al., 2012). Dominant genera Smithella
and Syntrophorhabdus in phylum Proteobacteria are able to
convert propionate and aromatic compounds into acetate by
syntrophic association with hydrogenotrophic methanogens
(de Bok et al., 2001; Qiu et al., 2008). In this study, they
were less represented in digesters with high FA content.
In addition, other syntrophic microbes, e.g., Pelotomaculum,
Syntrophomonas, and Desulfobulbus showed decreased trends,
even though such changes were not significant at p =

0.05. The overall results indicated that syntrophic metabolism
by these microbes are likely inhibited when FA content
is high.

High FA content is also known to trigger the metabolic
shift toward SAO (Schnurer et al., 1999; Schnurer and
Nordberg, 2008). A limited number of mesophilic syntrophic
acetate oxidizers have been isolated, e.g., Clostridium ultunense
(Schnurer et al., 1996), Syntrophaceticus schinkii (Westerholm
et al., 2010), and Tepidanaerobacter acetatoxydans (Westerholm
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TABLE 2 | Pearson’s correlation of substrate-unique and abundant OTUs with operational parametersa.

OTU ID pH COD NH+

4
-N FA Phosphate C:N Taxa rank

Cattle-unique 1334 0.46* Lachnospiraceae

1390 0.51* 0.91** Clostridiales

4218 0.55* 0.95** Clostridiales

4402 0.46* 0.82** Lachnospiraceae

5948 0.54* 0.82** Lachnospiraceae

8380 0.54* 0.79** Lachnospiraceae

9822 0.76** Coriobacterineae

10378 0.53* 0.92** Clostridia

11301 0.52* Clostridiales

12256 0.5* 0.89** Clostridiales

14799 0.49* 0.90** Coriobacterineae

Cattle-abundant 532 −0.53* −0.45* 0.55* Sporobacter

4023 0.53* Corynebacterineae

5640 0.52* Bacteria

5752 0.46* 0.63** Planococcaceae

6375 −0.46* 0.77** Firmicutes

7332 0.5* 0.55* Corynebacterineae

7857 0.65** Bacteria

8408 0.56** 0.72** Clostridium sensu stricto

8614 −0.57** Anaerovorax

11860 −0.45* −0.49* −0.49* 0.56** Ruminococcaceae

Swine-unique 1558 0.47* 0.92** 0.90** Firmicutes

3161 0.63** 0.62** 0.55* Clostridiales

7786 0.65** 0.70** Lactobacillus

9568 0.55* 0.49* Bacteria

11072 0.78** 0.84** Firmicutes

13212 0.52* 0.54* Clostridium sensu stricto

13626 0.55* 0.49* Clostridiaceae 1

14200 0.73** 0.76** Bacteroidetes

15022 0.56* 0.56** Lactobacillus

Swine-abundant 1099 0.48* 0.79** 0.80** Syntrophomonadaceae

1351 0.45* 0.56** Lachnospiraceae

2441 0.45* Clostridiales

4394 0.56** −0.48* Clostridium XI

5383 0.54* Clostridiales

8677 0.63** 0.52* Bacteria

13608 0.46* 0.57** 0.61** Clostridium sensu stricto

aCOD, chemical oxygen demand. FA, free ammonia. C:N, ratio of COD/NH+
4 -N.

**P < 0.01, *P < 0.05. Only significant relationships were listed.

et al., 2011). However, we did not observe the emergence of
these species in most digesters, possibly suggesting that SAO
is not a dominant pathway. This is likely caused by the fact
that FA content (1.34–149.23mg l−1) in our studied digesters
did not reach the ammonia inhibition threshold (Hansen et al.,
1998), and thus characterized SAO species were not observed.
Alternatively, some uncharacterized heterogeneous SAO bacteria
are possibly responsible for SAO in reactors with increased
ammonia content (Werner et al., 2014). Further simultaneously
in-depth studies of methanogenic and bacterial communities and
their interactions are warranted.

The core communities play critical roles in AD processes and
the concept might be useful to identify putatively important
organisms for microbial management in AD (Saunders et al.,
2015). The core bacterial communities were defined as those
commonly found in anaerobic digesters, and six core OTUs
were identified within phyla Chloroflexi, Betaproteobacteria,
Bacteroidetes, and Synergistetes (Riviere et al., 2009). In line
with St-Pierre and Wright (2014), we identified different core
OTUs mainly distributed in phylum Firmicutes. This is probably
due to different substrates used in anaerobic digesters, which
support differential microbial populations in the engineered
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FIGURE 5 | Canonical correspondence analysis (CCA) of the

bacterial communities and the operational parameters in 20

independently-operated full-scale anaerobic digesters. OTUs with

relative abundance of higher than 0.01% and 5 significant operational

parameters selected by bioenv were applied for CCA. The core,

substrate-unique and substrate-abundant OTUs were listed. COD, chemical

oxygen demand; FA, free ammonia; C:N, ratio of COD/NH+
4 -N.

AD systems (Zhang et al., 2014). Indeed, phylum Chloroflexi
may predominate in digesters treating municipal wastewater
or sewage sludge (Riviere et al., 2009; Nelson et al., 2011;
Sundberg et al., 2013), while Firmicutes are dominant in most
manure digesters or co-digesters of mixed substrates (Liu et al.,
2009; Sundberg et al., 2013; St-Pierre and Wright, 2014). As a
result, Clostridium in phylum Firmicutes, which contains various
genes encoding cellulose and hemicellulose-digesting enzymes
for the degradation of complex plant fibers (Deublein and
Steinhauser, 2008; Zhu et al., 2011), gained dominance in the
core OTUs of these digesters. Other core OTUs mainly included
genera Turicibacter, Sedimentibacter, Saccharofermentans, and
Syntrophomonas. These bacterial populations were recognized
as important players in substrate hydrolysis, fermentation,
acetogenesis, and syntrophic metabolism (Bosshard et al., 2002;
Chen et al., 2010; Vanwonterghem et al., 2014). Due to the
combined high abundances of core communities in all the
digesters, they may be targets for manipulation of microbial
activities to achieve an efficient performance and stability in
manure anaerobic digesters.

Substrate-unique and abundant OTUs were identified, while
a majority of these OTUs were unclassified at genus level.
Substrate-unique and abundant OTUs may reflect the variations

of manure quality, and the differences in the digestive tracts
of rumen and non-rumen animals. This is supported by the
fact that cattle-unique and abundant OTUs were exclusively and
positively correlated with C:N and COD (p < 0.05), while swine-
unique and abundant OTUs positively correlated with FA and
NH+

4 -N (p < 0.05). The C:N and FA strongly select unique
bacterial populations that can be well adapted in these anaerobic
digesters.

Our findings are based on mesophilic digesters treating
cattle and swine manure. When adding more digester samples
with different substrates or operational parameters, such as

chicken manure and high temperature, the revealed key
factors shaping bacterial community structure may change. If
one environmental factor outcompetes other factors, it may
decouple the relationships between microbial communities
and other factors (Rui et al., 2015). Indeed, temperature is
recognized as a key factor to shift microbial community structure
in AD systems (Sundberg et al., 2013; De Vrieze et al.,
2015).

Overall, our study revealed that substrate and free
ammonia play key roles in determining the bacterial
community structure. The selection of different prokaryotic
taxa by substrates and free ammonia is likely an important
mechanism shaping prokaryotic community structure in
manure AD systems. Core communities may be responsible
for the central function in AD systems, while substrate-
unique and abundant communities may reflect the selection
effects largely exerted by substrate quality and operational
conditions. These findings provide further understanding
of the bacterial assembly in full-scale manure anaerobic
digesters.
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Effects of sludge inoculum and
organic feedstock on active
microbial communities and methane
yield during anaerobic digestion
David Wilkins, Subramanya Rao, Xiaoying Lu† and Patrick K. H. Lee*

School of Energy and Environment, City University of Hong Kong, Kowloon Tong, Hong Kong

Anaerobic digestion (AD) is a widespread microbial technology used to treat organic
waste and recover energy in the form of methane (“biogas”). While most AD
systems have been designed to treat a single input, mixtures of digester sludge and
solid organic waste are emerging as a means to improve efficiency and methane
yield. We examined laboratory anaerobic cultures of AD sludge from two sources
amended with food waste, xylose, and xylan at mesophilic temperatures, and with
cellulose at meso- and thermophilic temperatures, to determine whether and how the
inoculum and substrate affect biogas yield and community composition. All substrate
and inoculum combinations yielded methane, with food waste most productive by
mass. Pyrosequencing of transcribed bacterial and archaeal 16S rRNA showed that
community composition varied across substrates and inocula, with differing ratios
of hydrogenotrophic/acetoclastic methanogenic archaea associated with syntrophic
partners. While communities did not cluster by either inoculum or substrate, additional
sequencing of the bacterial 16S rRNA gene in the source sludge revealed that the
bacterial communities were influenced by their inoculum. These results suggest that
complete and efficient AD systems could potentially be assembled from different
microbial inocula and consist of taxonomically diverse communities that nevertheless
perform similar functions.

Keywords: anaerobic digestion, biogas, methanogenesis, pyrosequencing

INTRODUCTION

Microbial anaerobic digestion (AD) of wastewater and sewage allows the recovery of energy in the
form of biogas (methane) while simultaneously reducing the concentration of organic substrates
and displacing pathogens. This makes it a valuable component of both municipal and industrial
wastewater treatment, as on-site energy consumption can be offset by biogas production. While the
use of AD to treat wastewater and sewage streams is well-established, it is increasingly considered
a viable method for the treatment of solid organic wastes including food waste and the organic
components of municipal solid waste (MSW;Zhang et al., 2007; Khalid et al., 2011). Thesematerials
would otherwise go to landfill, where microbially mediated aerobic or anaerobic decomposition
would release carbon dioxide and methane to the atmosphere, or to incineration with similar
consequences. Capturing energy in the form of biogas while simultaneously reducing greenhouse
gas emissions thus makes AD an attractive alternative to traditional solid waste management
practices (Khalid et al., 2011).
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Digestion of sewage sludge amended with food waste can
result in higher methane production than from either substrate
digested separately (Kim et al., 2003; Sosnowski et al., 2003;
Iacovidou et al., 2012), although the improvement is conditional
on the mixing ratio and reactor conditions (Heo et al.,
2003; Zhang et al., 2008). Lignocellulosic biomass including
agricultural by-products (e.g., rice straw, corn stover) and
domestic “green waste” (e.g., lawn clippings) are also attractive
solid waste amendment candidates due to their high availability,
low cost and the environmental impact of alternative disposal
methods (Li et al., 2011). However, these materials require
pre-treatment with a method such as steam pre-treatment
(Chandra et al., 2007), acid hydrolysis or alkali treatment
(Galbe and Zacchi, 2007) to separate the cellulose, hemicellulose,
and lignin components which are covalently linked and thus
recalcitrant to microbial catalysis. These methods typically yield
some combination of cellulose, glucose, and xylose/xylan as
the major bacterially available components following hydrolysis
(Öhgren et al., 2005; Chandra et al., 2007; Galbe and Zacchi,
2007).

Despite the importance and widespread use of AD,
the composition of AD microbial communities is poorly
understood (Rivière et al., 2009; Narihiro et al., 2015) and major
methanogen groups regularly detected in AD reactors remain
uncharacterized (Narihiro et al., 2009; Nelson et al., 2011).
All known methanogens are of the phylum Euryarchaeota,
which comprises six established orders (Methanobacteriales,
Methanocellales, Methanococcales, Methanomicrobiales,
Methanopyrales, andMethanosarcinales) and one proposed order
(Methanomassiliicoccales; Borrel et al., 2013). In AD reactors, the
hydrogenotrophic Methanobacteriales and Methanomicrobiales
and acetoclastic/hydrogenotrophic Methanosarcinales are
typically dominant (Nettmann et al., 2008; Rastogi et al., 2008;
Zhu et al., 2008; Nelson et al., 2011; Wilkins et al., 2015). The
uncultured ArcI/Arc I/WSA2 group is also routinely detected
at high abundance in AD communities (Chouari et al., 2005b;
Rivière et al., 2009; Nelson et al., 2011; Wilkins et al., 2015).
The bacterial component of AD communities is typically
dominated by the phyla Chloroflexi, Proteobacteria, Firmicutes,
and Bacteroidetes (Rivière et al., 2009; Nelson et al., 2011). With
the exception of Chloroflexi, the functional role of which is still
being actively investigated, genera detected from the remaining
three major phyla are associated with all steps of the AD process
excluding methanogenesis (Nelson et al., 2011); functional
assessment of the role of bacterial groups in AD therefore
benefits from classification to the family level or finer. Notably, a
meta-analysis of AD 16S rRNA gene surveys found over 50% of
Bacteroidetes sequences could not be classified beyond phylum
(Nelson et al., 2011). The effects of substrate and inoculum
source are also poorly explored. While meta-analyses of AD
microbial communities have found that they cluster by substrate
(Regueiro et al., 2013; Zhang et al., 2014), it is not clear whether
diverse and substrate-specific communities can be enriched from
a common source by substrate amendment. A more complete
understanding of the microbial communities associated with the
digestion of wastewater sludge amended with organic solids is
critical to improving the efficiency of this method.

This study aimed to characterize the relative importance and
effect of both sludge inoculum and organic waste substrate on
the active archaeal and bacterial community composition and
methane yields from AD. We sought to determine whether
or not the source inoculum continues to have a large effect
on community composition and methane production following
medium-term enrichment, and if so whether this effect is
mediated by the organic waste substrate. Two sludge types (from
industrial wastewater and sewage) were incubated with food
waste as well as cellulose, xylose, and xylan representing pre-
treated lignocellulosic organic matter. Previous studies aimed
at characterizing the community composition of AD sludge or
wastewater (Chouari et al., 2005a; Rivière et al., 2009; Nelson
et al., 2011; Zhang et al., 2014) or of cultures inoculated from
AD sources (Wagner et al., 2013; Narihiro et al., 2015) have used
clone library or pyrotag sequencing of the 16S rRNA or other
marker genes. While this method is able to give an overview of
the cells present in the system, it does not differentiate between
active (i.e., metabolizing and dividing) and dormant cells. In
systems such as AD where sludge and wastewater are recycled
and cells may have long residence times, and particularly in
closed laboratory cultures, this may exaggerate the importance
of inactive populations. In contrast, reverse transcription and
sequencing of transcribed small-subunit rRNA provides a
more accurate reflection of the metabolically active microbial
population. By targeting transcribed rRNAmolecules rather than
rRNA genes, this study was thus able to reveal the active archaeal
and bacterial populations in different digestion scenarios.We also
examined the effects of meso- and thermophilic temperatures on
the digestion of cellulose.

MATERIALS AND METHODS

Sample Collection
Two sludge samples were obtained for this study. The first was
taken from an Upflow Anaerobic Sludge Blanket (UASB) digester
treating sugar wastewater from a beverage factory in Guangzhou,
China (“GZ”). The second was taken from mesophilic anaerobic
digester in the Shek Wu Hui sewage treatment plant in Hong
Kong (“SWH”). Operating conditions and physicochemical
properties for these digesters have been previously reported
(Wilkins et al., 2015). Triplicate 1 L samples were collected
simultaneously from the midsection of each digester and mixed
thoroughly. The samples were incubated at 35◦C and used as
inocula within 72 h.

Batch Culture
A series of batch culture experiments were carried out to identify
the major active taxa involved in the digestion of various
substrates. Sludge samples (50 mL) from the two digesters
were centrifuged at 1,500 × g for 2 min, then resuspended in
100 mL of 0.2 M phosphate buffer (pH 7.2) made anaerobic
by purging it with ultra-high purity (99.999%) N2 gas. Food
waste was collected from the university canteen and blended
into slurry with a food processor. The volatile solids composition
of the food waste was determined by the standard method
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given in Rice et al. (2012). Cellulose (type 101, highly purified
fibers), xylan (from beechwood), and xylose (purity ≥ 99%)
were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Duplicate batch cultures were set up in 160 mL serum bottles
each with 5 g volatile solids/L of food waste or 5 g/L of cellulose,
xylan, or xylose as the sole carbon source. Controls with no
added substrate were also prepared. Serum bottles were sealed
with butyl rubber stoppers and purged with ultra-high purity
N2 gas for 10 min to ensure completely anaerobic conditions.
The serum bottles were incubated at 35◦C (i.e., similar to the
mesophilic operating temperature of the sampled AD systems)
without shaking. To investigate the effect of temperature,
additional duplicate cellulose cultures were incubated at 55◦C
(thermophilic) without shaking. Incubations proceeded for 69–
87 days and samples for chemical analysis were collected every
7–10 days.

To determine the total methane production of each culture,
headspace gas was collected from each culture and methane
concentration measured by gas chromatograph (GC; GC-2010
Plus, Shimadzu, Kyoto, Japan) with a flame ionization detector.
The injector and detector temperatures were isothermal at 30 and
200◦C, respectively, and the GC was programmed to maintain
35◦C for 8 min. Helium (3 mL/min) was used as the carrier
gas in a Rt-QS-BOND column (Restek Corporation, Bellefonte,
PA, USA). The volume of headspace gas was measured every 3–
10 days by syringe at ambient temperature and pressure, and
the total volume of methane produced was calculated. Volatile
fatty acids (VFAs) concentrations were determined by a high-
performance liquid chromatograph fitted with an Aminex HPX-
87H column (Bio-Rad, Hercules, CA,USA) and photodiode array
detector (Waters, Milford, MA, USA).

454 Pyrosequencing and Operational
Taxonomic Unit (OTU) Formation
Nucleic acid extraction, reverse transcription, PCR amplification
and sequencing were performed as previously described
(Lu et al., 2013). Briefly, 1 mL from each duplicate culture was
collected and pooled at the midpoint of growth, as determined
by linearly increasing methane concentration. Samples were
immediately centrifuged at 13,800 × g for 6 min at 4◦C, and
the cell pellet stored at −80◦C until RNA extraction (less
than 1 week). Total RNA was extracted with the RNeasy Mini
Kit (Qiagen, Valencia, CA, USA) following the manufacturer’s
protocol, with additional mechanical lysis by vortexing for 10min
with 100 mg of 100 μg-diameter zirconia/silica beads (Biospec
Products, Bartlesville, OK, USA), and DNA contamination
was removed with the RNase-free DNase kit (Qiagen, Valencia,
CA, USA) following the manufacturer’s protocol. 2 μL of
total RNA from each sample was reverse transcribed to
complementary DNA (cDNA) with the SuperScript III First
Strand Synthesis System (Invitrogen, Carlsbad, CA, USA),
following the manufacturer’s protocol with random hexamer
priming. Template- and enzyme-free negative control reactions
were performed in parallel.

From the sludge inocula, genomic DNA (gDNA) was extracted
from two pooled replicate 250 mg samples with the PowerSoil
DNA Extraction Kit (MoBio Laboratories, Carlsbad, CA, USA),

following the manufacturer’s protocol with additional mechanical
lysis as above. Sludge inoculum gDNA was used for bacterial
community analysis only; the archaeal community composition
has been previously reported (Wilkins et al., 2015). DNA
concentration and purity was assessed with a NanoDrop 2000
UV-Vis Spectrophotometer (NanoDrop Products, Wilmington,
DE, USA).

The transcribed bacterial V1–V3 and archaeal V1–V2 16S
rRNA regions were amplified from template cDNA and gDNA
(bacterial only) with the 27F/534R (Wu et al., 2010) and
A2Fa/A571R (Kan et al., 2011) primer pairs respectively, with
PCR ingredients and conditions per the cited studies for 30
amplification cycles in triplicate reactions. To enable multiplexed
454 pyrosequencing, barcode sequences were incorporated
between the adaptors and forward primers (Hamady et al.,
2008). Amplicons were pooled and purified with the Agencourt
AMPure XP kit (Beckman Coulter, Pasadena, IN, USA),
then quantified with the Quant-iT Broad-Range DNA Assay
kit (Life Technologies, Grand Island, NY, USA). Equimolar
concentrations from each sample were sequenced by BGI (Hong
Kong sequencing facility) on a 454 GS FLX Titanium platform
(Roche, Branchburg, NJ, USA). Pyrosequencing reads generated
for this study have been deposited in the NCBI Sequence Read
Archive under project # PRJNA275176.

Operational taxonomic units (OTUs) were generated for
each domain separately following the UPARSE pipeline (Edgar,
2013), with culture cDNA and sludge inoculum gDNA samples
pooled to aid direct taxonomic comparison. Demultiplexed
reads were filtered to a maximum expected error of one error
per read and trimmed to a uniform length of 122 bp using
the “fastq_filter” command of USEARCH (version 7.0.109;
Edgar, 2010). This length was selected to maximize sequence
length while reducing the expected error rate to less than
one error per read. Reads shorter than 122 bp were removed.
Dereplicated reads were clustered using the “cluster_otus”
command of USEARCH with the default radius of 0.03 (97%
sequence similarity). Reads were assigned to OTUs using the
“usearch_global” command of USEARCH. Each OTU was
assigned a taxonomic lineage using the QIIME (version 1.8.0;
Caporaso et al., 2010b) script “assign_taxonomy.py,” with the
Greengenes (version 13_5; DeSantis et al., 2006) 97% similar
16S rRNA core reference set and taxonomy as reference. Due
to the short sequence length, only taxonomic assignments to
the genus level were considered. OTU representative sequences
were aligned with PyNAST (Caporaso et al., 2010a) using
the QIIME script “parallel_align_seqs_pynast.py” against the
aligned Greengenes core reference set, and a tree built
with FastTree (Price et al., 2010) using the QIIME script
“make_phylogeny.py.” Chimeric OTU representative sequences
were identified using the USEARCH command “uchime_ref”
and the “Gold” database (http://drive5.com/uchime/gold.fa,
retrieved 27 October 2014). Reads matching any of the following
conditions were removed from downstream analysis: failed to
cluster with at least one other read (singleton or failed to be
assigned to OTU); belonged to OTU identified as chimeric;
belonged to OTUwith representative sequence that failed to align
with PyNAST.
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Alpha and Beta Diversity
InoculumDNA samples were excluded from all diversity analyses
except for the construction of rarefaction curves, as differences
in copy number between the DNA and RNA molecules would
make direct comparison unreliable. Rarefaction curves were
constructed to compare sample richness and assess whether
richness was sampled to exhaustion. For each domain, 20 depths
were selected at even intervals between one and the maximum
sample read count for that domain. Each sample was randomly
subsampled to each depth 10 times using the “rrarefy” function
from the R package vegan (Oksanen et al., 2015), and the
average OTU count at each depth calculated. To allow direct
comparison of sample diversity, samples within each domain
(excluding inoculum DNA samples) were randomly rarefied 10
times to the read count of the most depauperate sample in that
domain. The number of OTUs, Chao1 richness estimator and
abundance-based coverage estimator (ACE) were then calculated
for each sample using the “estimateR” function from vegan
and averaged. For each domain, the weighted UniFrac distance
(Lozupone and Knight, 2005) between samples (excluding
inoculum DNA samples) was calculated and the distances
visualized with principal coordinates analysis (PCoA). To test
if there were significant differences between the communities
from different digesters and incubated with different substrates,
analysis of similarities (ANOSIM) tests were performed using
the “anosim” function from the vegan package. To test the
hypothesis that the culture bacterial communities would be
affected by the composition of the sludge inoculum, the
combined culture (RNA) and inoculum (gDNA) OTU table was
randomly subsampled to the depth of the most depauperate

sample using “rrarefy” and the unweighted UniFrac distance
calculated. The unweighted distance was selected in this case
to minimize potential biases in copy number while comparing
OTUs generated from both genomic and transcribed rRNA.
The UniFrac distances between each culture sample and its
source inoculum were compared to the distances between culture
samples and the non-source inoculum, and statistical significance
determined with the non-parametric Mann–Whitney test.

RESULTS

Sequencing and OTU Formation
A total of 40,596 archaeal and 51,766 bacterial (including
inoculum gDNA) 16S rRNA reads were obtained. Following read
quality control, 34,595 archaeal and 39,550 bacterial reads were
retained. Following OTU formation and quality control, 327
archaeal and 679 bacterial OTUs were formed comprising 28,020
and 24,802 reads respectively.

Because the bacterial and archaeal communities were assessed
with different primer pairs and sequencing targets, richness and
diversity comparisons were performed between samples and
groups of samples but not between domains. No sample reached
a richness plateau under rarefaction (Supplementary Figure S1),
suggesting the OTU richness was not sampled to exhaustion.
However, in both digesters and for both microbial domains,
the rarefaction curve for the 55◦C cellulose samples fell far
below those for all other incubation conditions, suggesting these
cultures had unusually low richness. When the samples were
rarefied to equal depth (Table 1), 55◦C cellulose samples were

TABLE 1 | List of cultures prepared for this study, methane and volatile fatty acid (VFA) production, and details on OTU formation and alpha diversity.

Digester Condition Methane
(mL/g) (SD)a

Acetate
(mM) (SD)b

Butyrate
(mM) (SD)b

Propionate
(mM) (SD)b

Domain Readsc OTUsd Chao1d ACEd

GZ Cellulose 481.5 (71) 0 (0) 0 (0) 0 (0) Archaea 2,479 148 192 204

Bacteria 1,707 144 230 241

Cellulose (55◦C) 315 (24) 0.39 (0.01) 3.2 (0.07) 1.7 (0.42) Archaea 3,438 45 54 57

Bacteria 2,365 29 39 47

Food waste 583.5 (6.4) 0 (0) 0 (0) 0 (0) Archaea 3,672 132 200 192

Bacteria 2,008 156 239 250

Xylan 296 (16) 0 (0) 0 (0) 0 (0) Archaea 3,271 138 172 173

Bacteria 1,858 123 190 202

Xylose 264 (47) 0 (0) 0 (0) 0 (0) Archaea 3,025 130 168 170

Bacteria 1,141 129 168 179

SWH Cellulose 489.5 (77) 1.3 (0.01) 4.3 (0.52) 0 (0) Archaea 3,045 74 110 113

Bacteria 3,506 59 94 106

Cellulose (55◦C) 410 (28) 0.86 (0) 3.4 (0.2) 0.82 (0.23) Archaea 2,318 34 36 36

Bacteria 837 23 29 25

Food waste 576 (31) 1.6 (0.13) 7.9 (0.21) 0.4 (0.14) Archaea 2,434 60 73 76

Bacteria 2,995 63 102 105

Xylan 381 (25) 0 (0) 0 (0) 0 (0) Archaea 2,070 145 194 204

Bacteria 1,823 172 250 266

Xylose 276 (28) 0 (0) 0 (0) 0 (0) Archaea 2,268 90 109 116

Bacteria 4,164 50 89 91

aAverage of replicate measurements of total production. bAverage of replicate measurements of final accumulated concentration. cQuality-controlled reads contributing
to the final OTU table. dAveraged over 10 rounds of random subsampling to the depth of the most depauperate sample within each domain.
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consistently the least rich in both OTU count and estimated
richness (Chao1 and ACE). In samples inoculated from the GZ
digester, samples amended with other substrates had similar
observed and estimated richness within each domain (130–
148 archaeal OTUs, 123–156 bacterial). However, SWH sludge
amended with xylan had substantially higher observed and
estimated richness (145 archaeal and 172 bacterial OTUs) than
other SWH samples.

Taxonomic Composition
Operational taxonomic units identified in this study were
generally well-taxonomically classified, with 155 GZ archaea
OTUs (66% of reads), 170 SWH archaea OTUs (74%), 105
GZ bacteria OTUs (37%), and 122 SWH bacteria OTUs
(61%) classified to at least the genus level. At the phylum
level, the archaeal community was consistently dominated by
the Euryarchaeota (relative abundance 87–100%), with 0–1.2%
Crenarchaeota and 0–11% unclassified. The two methanogenic
ordersMethanomicrobiales andMethanosarcinales dominated all
cultures at the order level (Figure 1), withmost containing at least
10–30% of each order.

All GZ incubations included a relatively high abundance of
Methanolinea (23–93%), while Methanolinea was only abundant
in the SWH xylan incubation (22%; Table 2). Methanosaeta
were also quite abundant in GZ incubations (0–37%), with
the major exception being cellulose at 55◦C (0%). In contrast,

FIGURE 1 | Relative abundances of (A) archaeal orders in the
enrichment cultures and (B) bacterial phyla in the cultures and sludge
inocula. For each, the six most abundant taxa (excluding unclassified OTUs)
by mean relative abundance across all samples are shown. All less abundant
and unclassified taxa are grouped in “Minor/Unclassified.” Abundances are for
the complete (non-normalized) read set for each sample. Note that the
Greengenes taxonomy includes some candidate and uncultured divisions.

Methanoculleus was present in GZ incubations at ≤0.16% but
in SWH at 1.5–84%. Methanosarcina were present in SWH at
0.043–68% but in GZ at 0.058–24%.

Among the bacteria, the phyla Firmicutes (7.3–93%),
Chloroflexi (0.12–65%), Proteobacteria (0–41%), and
Synergistetes (0–54%) were most abundant (Figure 1). The
sludge inocula bacterial communities from each digester
were likewise dominated by the Chloroflexi (GZ) and
Chloroflexi/Firmicutes/Proteobacteria (SWH), typical for
AD sludge (Nelson et al., 2011). OTUs of the genus Clostridium
(0.12–73%) were ubiquitous and abundant in all cultures but
the SWH 55◦C cellulose (0.12%), and were not abundant in the
inoculum sludge (GZ 0.94%, SWH 0.57%). As with the archaeal
genera, the 55◦C cellulose samples contained a high abundance
of genera particular to those samples. Anaerobaculum, while
found in only two samples, comprised 54% of the SWH 55◦C
cellulose community. Thermacetogenium, likewise found in only
two samples, was nevertheless 8.8% of the GZ 55◦C cellulose
community. Both of these idiosyncratic genera were absent from
the sludge inocula (Table 3).

Effect of Inoculum Source and Organic
Waste Substrate
On average, the enrichment bacterial communities resembled
their respective source inoculmmore closely (smaller unweighted
UniFrac distance) than the other inoculum (Mann–Whitney
p= 0.01, Figure 2). However, there was no statistically significant
clustering of culture communities by either source digester
or substrate (ANOSIM, all p ≥ 0.05; Figure 3). Because no
significant community-level differences were identified for these
two factors, we did not examine individual taxa for significant
differences.

In the GZ cultures, the measured VFA (acetate, propionate,
and butyrate) were only detected for cellulose amended cultures
at 55◦C, while in the SWH cultures they were detected for
cultures amendedwith food waste, cellulose, and cellulose at 55◦C
(Table 1). Butyrate was the major VFA to accumulate in the
cultures, reaching its highest concentration (7.9 mM) in the SWH
food waste culture, which also had moderate concentrations of
acetate and propionate (Table 1). By contrast, all three measured
VFAs were below the detection threshold in the GZ food waste
culture.

Food waste amendment resulted in the highest total
methane productivity in batch cultures from both inoculum
sources, with yield consistently varying in the order food
waste > cellulose > cellulose (55◦C) > xylan > xylose (Table 1).
Methane yields for the same substrate but different inocula were
within 1 standard deviation of each other, with the exception of
cellulose (55◦C) and xylan; in both cases the yield from the SWH
culture was higher (Table 1). Negligible (<10 mL total) methane
was produced from the control (without substrate) cultures.

DISCUSSION

This study aimed to characterize the microbial communities
involved in digestion of waste substrates including food waste
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TABLE 2 | Relative abundances of the most abundant archaeal genera detected in this study.

GZ SWH

Genus Cellulose Cellulose (55◦C) Food waste Xylan Xylose Cellulose Cellulose (55◦C) Food waste Xylan Xylose

Methanoculleus 0.16 0.058 — — — 5.1 84 3.5 1.5 61

Methanosarcina 0.4 0.058 0.84 0.52 24 55 0.043 68 1.1 13

Methanothermobacter 0.04 0.058 — — — — 8.2 — — —

Methanolinea 23 93 25 32 24 0.36 — 0.62 22 4.8

Methanosaeta 29 — 37 24 5.4 0.56 — 0.041 28 7.2

Methanobacterium 0.16 0.76 0.16 0.12 0.099 0.033 — 0.082 — 2.2

All genera with a relative abundance of at least 1% in one sample are included. Genera are given in descending order of their mean relative abundance across all samples.
A dash indicates that no OTUs associated with the genus were detected. Note that the Greengenes taxonomy includes some candidate and uncultured divisions.

as well as lignocellulosic pre-treatment products. By reverse
transcribing and sequencing 16S rRNA transcripts rather than
the 16S rRNA gene (as is more typical in microbial community
studies of the AD process (Nelson et al., 2011)), we were able to
examine the activemicrobial populations. This is especially useful
in closed systems such as laboratory cultures where cells from the
inocula may persist despite being metabolically inactive (Lu et al.,
2013), helping to reveal active members of complex communities
that may otherwise be obscured in DNA-based surveys (Brettar
et al., 2012).

Methanogen Composition
Our previous study of the GZ and SWH sludge archaeal
communities found on the basis of sequencing the methanogen-
specific methyl coenzyme M reductase (mcrA) gene that the
GZ sludge was Methanomicrobiales-dominated while SWH
was Methanosarcinales-dominated (Wilkins et al., 2015). This
study confirmed the high abundance of the Methanomicrobiales
and Methanosarcinales (Figure 1), although the lack of a
single dominant order in cultures inoculated from the same
source suggests that substrate amendment disrupted any initial
numerical advantage. Previous 16S rRNA gene sequencing of
GZ and SWH sludge also revealed a substantial population
of the uncultured ArcI/WSA2 group (Wilkins et al., 2015).
The uncultured ArcI/WSA2 group of Euryarchaeota, frequently
reported at high abundance in 16S rRNA gene-based AD
community surveys (Chouari et al., 2005b; Rivière et al., 2009;
Nelson et al., 2011; Wilkins et al., 2015), was conspicuous for
its near-absence in this study, found at only 0–0.9% relative
abundance across all samples. As this study targeted rRNA
transcripts from active populations, it is possible thatWSA2 were
present but inactive. However, the WSA2 group are believed to
be active methanogens, having been observed to grow in culture
on formate and H2/CO2 (Chouari et al., 2005a) and possibly
compete with Methanosaeta for acetate (Rivière et al., 2009). It
is thus more likely that they are not a major component, active or
otherwise, of the cultures.

Effect of Inoculum Source and Organic
Waste Substrate
Although the enrichment cultures’ bacterial communities were
significantly more similar to their inoculum than to the other

sludge sample, there was no significant clustering of communities
by inoculum source or by substrate. While this may in part
be attributable to the small sample size, it does suggest that
inoculum source is not the major factor structuring the enriched
communities. Despite these differences, all combinations of
inoculum source and substrate resulted in methane-yielding
communities.

As previously reported (Lu et al., 2013), food waste
amendment resulted in the highest methane productivity in batch
cultures from both inoculum sources, with yield consistently
varying in the order food waste > cellulose > cellulose
(55◦C) > xylan > xylose (Table 1). The probable mechanism
for the improved methane productivity of food waste-amended
sewage sludge is that it reduces the protein concentration
relative to carbohydrates and lipids, which are more labile under
microbial hydrolysis, thereby increasing the microbial growth
rate and the overall hydrolytic efficiency of the AD system
(Iacovidou et al., 2012); the initial hydrolysis step is likely rate-
limiting in the digestion of sewage sludge. Additionally, food
waste may contain a higher proportion of available organic
substrates than indicated by volatile solids analysis, for example
in the form of VFAs or alcohols.

The SWH food waste-amended culture was also notable for
its high accumulation of VFA, particularly butyrate (Table 1).
In addition to fermentation from glucose, butyrate (and longer
carboxylates) can be produced in AD systems by chain elongation
of ethanol or lactate with acetate via the reverse β oxidation
pathway, found in many AD bacteria (Spirito et al., 2014)
including Clostridium sp. (Seedorf et al., 2008). This may account
for the high accumulation of butyrate relative to acetate, which
would be consumed, and to propionate, which can also be
elongated by this route (Spirito et al., 2014). However, it is
noteworthy that a similar accumulation pattern was observed in
both 55◦C cellulose cultures (Table 1); as the chain elongation
pathway has been reported to be suppressed at this temperature
in AD reactors (Spirito et al., 2014), it is unlikely that the
butyrate was produced in these cultures by the same route. Rapid
initial acidification and VFA production is typical in complex
organic waste digestion, but is usually followed by acetogenic
uptake and consequent buffering (Sosnowski et al., 2008). VFA
accumulation may therefore indicate that VFA production is
outstripping acetogenesis and potentially hindering digestion
efficiency with the consequent pH decrease (Siegert and Banks,
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FIGURE 2 | Comparison of unweighted UniFrac distances between the
bacterial communities of culture samples and the community of their
source inoculum sludge vs. the non-source sludge. Unweighted UniFrac
distances were calculated on OTU counts subsampled to even depth. The
difference between groups was statistically significant (Mann–Whitney,
p < 0.05).

FIGURE 3 | Principal coordinates analysis (PCoA) ordinations of the
weighted UniFrac distances between the archaeal and bacterial
communities.

2005; Iacovidou et al., 2012). In this case, however, the high
butyrate concentrations do not seem to have hindered the
efficiency of the SWH food waste culture, which had comparable
methane production to the GZ culture (∼580 mL/g) despite the
striking difference in VFA concentration.

The bacterial community in the SWH food waste culture was
dominated by the genus Clostridium (54%), which was present
but at much lower abundance in the GZ culture (5.6%). The
dominant Clostridium OTU in the SWH food waste sample,
OTU 1873 (52%; Supplementary Table S1), was not classified to
the species level. Regardless, Clostridium species are common
components of AD communities (Nelson et al., 2011) able to
hydrolyze a diverse range of organic compounds, and produce
metabolites including butyrate, acetate, and propionate (Tracy
et al., 2012). The high abundance of Clostridium in the SWH
food waste culture relative to VFA-consuming acetogens such as

Syntrophobacter (GZ: 12%, SWH: 0.27%) and Syntrophomonas
(GZ: 1.5%, SWH: 2%; Appels et al., 2008) thus suggests that
Clostridium-driven VFA production was indeed proceeding
faster than uptake in that sample. This may reflect differences
in the inoculum microbial community, although Clostridium
was quite abundant in other GZ cultures (e.g., 43% in GZ,
3.1% in SWH xylan cultures) and OTU 1873 was not detected
in the SWH sludge inoculum (Supplementary Table S1). It
may rather reflect the differing waste streams treated by the
two source digesters, with the sugar-rich beverage factory
waste stream treated by the GZ digester providing a higher
concentration of labile carbohydrates for hydrolysis and/or
fermentation.

Cellulose was the second most efficient organic substrate, with
the mesophilic (35◦C) culture outperforming the thermophilic
(55◦C; Table 1). Temperature affects several aspects of AD
performance, including the microbial growth rate, inhibition of
certain community members, enzyme kinetics and the solubility
of organic substrates and intermediate compounds (Appels et al.,
2008). As both source digesters were operated at mesophilic
temperatures, it is likely that the sludge inocula communities
were adapted to mesophilic conditions. The most obvious
effect of thermophilic growth on the microbial community
was the much lower bacterial and archaeal richness relative
to the mesophilic cultures (Table 1), although this did not
result in a convergence of the community profiles (Figure 3).
Of the archaea, the GZ thermophilic cellulose community
was dominated by the genus Methanolinea (93%) while the
SWH culture was dominated by Methanoculleus (84%), neither
of which were major components of AD sludge from either
digester (Wilkins et al., 2015). Both the recently described
genus Methanolinea (Imachi et al., 2008) and members of the
Methanoculleus (Barret et al., 2013) perform methanogenesis
via the hydrogenotrophic pathway, which can be coupled with
syntrophic bacterial oxidation of VFAs to H2/CO2. The bacterial
communities were also dominated by a small number of OTUs.
GZ was dominated by two OTUs from the poorly described
phylum Chloroflexi, OTU 5 (family Anaerolinaceae, 45%) and
OTU 9 (class Anaerolineae, 20%). The Chloroflexi are frequently
found in high abundance in AD communities (Björnsson et al.,
2002; Nelson et al., 2011). While their role in AD systems
remains poorly described (Rivière et al., 2009; Narihiro et al.,
2015), isolates from AD reactors have been found to grow
fermentatively (Yamada and Sekiguchi, 2009 and references
therein) and some exhibit faster growth when co-cultivated with
hydrogenotrophic methanogens (Yamada et al., 2005, 2007),
suggesting a syntrophic or “semi-syntrophic” (Yamada and
Sekiguchi, 2009) role. Similarly, OTU 10 (genus Anaerobaculum)
comprised 53% of all bacteria in the SWH sample and belongs
to a group (the Synergistetes) also identified as a “core” taxon
in AD communities (Rivière et al., 2009) but with an unknown
role (Narihiro et al., 2015), although some Synergistetes have been
shown to utilize acetate and are likely syntrophically coupled
with hydrogenotrophic methanogens (Ito et al., 2011). If it is
assumed that these dominant bacteria are indeed syntrophic
partners of the hydrogenotrophic methanogens found in both
cultures, these low-richness communities represent assembly of
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phylogenetically distant OTUs to perform nevertheless similar
roles in the AD process, and resulting in similar methane
productivity (Table 1). Given that all of these OTUs were
undetected or present at <1% in the respective source digester’s
sludge inoculum (Supplementary Table S1), it is likely that they
were inactive and/or at very low abundance in the inoculum
and increased in abundance due to cellulose amendment and
adaptation to thermophilic growth.

While the mesophilic (35◦C) cellulose cultures were overall
richer than the thermophilic (Table 1), these communities
were also dominated by a relatively small number of OTUs
in the SWH culture, although the GZ culture was relatively
diverse. While the generaMethanosaeta (29%) andMethanolinea
(23%) comprised the majority of the GZ archaea, these genera
were each represented by a number of OTUs, and several
OTUs classified only to the family Methanoregulaceae were
also present at 1–10% (Supplementary Table S1). By contrast,
the archaeal community in the SWH mesophilic cellulose
culture was dominated by two OTUs classified to the order
Methanosarcinales, OTU 3 (43%) and OTU 4 (30%). Overall, the
SWHmethanogen community was dominated by the acetoclastic
order Methanosarcinales, while the GZ culture contained a
more even mix of Methanosarcinales and hydrogenotrophic
Methanomicrobiales, a similar compositional pattern to that
observed for food waste (Figure 1) and consistent with the
overall similarities between the mesophilic cellulose and food
waste communities for each digester (Figure 3). This again
suggests that the composition of the sludge inoculum within a
digestion culture has a large effect on the relative contribution
of the acetoclastic and hydrogenotrophic pathways in the
active community, even with the substrate composition held
constant. This is consistent with the demonstrated similarity of
culture bacterial communities to their respective sludge inocula
(Figure 2).

Cultures amended with xylan, the least efficient methane
producers (Table 1) as previously reported (Lu et al., 2013), and
with xylose also had similar archaeal and bacterial communities
within each sludge source (with the exception of SWH bacteria;
Figures 1 and 3). For both substrates and source digesters,
the methanogen community contained substantial populations
of both Methanosarcinales and Methanomicrobiales while the
bacterial communities were dominated by the Firmicutes,
Chloroflexi and Proteobacteria (Figure 1). The SWH xylan
cultures were notable for their unusually high observed and
estimated total richness (Table 1). This cannot be attributed
to noise introduced during PCR or sequencing, as it was
independently observed in the (separately sequenced) archaeal
and bacterial communities and as the number of unique OTUs
in this sample was not unusually high, indicating that they
were simply enriched in OTUs also found in other samples.
Compared to simpler and monomeric substrates (e.g., xylose),
xylan also requires a large set of enzymes (xylanases) for complete
hydrolysis (Pérez et al., 2002) and consequently produces a
broad range of fermentation substrates. The higher richness may
therefore reflect the presence in the SWH sludge inoculum of
taxa able to utilize xylan and its hydrolysis products, which were
subsequently enriched.

While AD of xylose to methane has been little studied,
Temudo et al. (2008) examined biomass production from
anaerobic sludge inocula grown on either glucose or xylose
as the sole carbon source. They reported that xylose resulted
in 20% lower biomass yield than glucose, and suggested that
the higher ATP requirement for xylose active transport in
bacteria resulted in an lower net energetic yield for xylose
than glucose per mole of substrate (Temudo et al., 2008)
assuming that xylose transport in the relevant species is effected
by high-affinity ABC transporters, while glucose transport
proceeds mainly via an ATP-independent route such as the
phosphotransferase system (PTS). As at least some anaerobic
bacteria possess ATP-independent uptake systems for cellobiose
(Kajikawa and Masaki, 1999), the major hydrolysis product of
cellulose [e.g., when hydrolyzed by extracellular cellulosomes
such as that produced by Clostridium thermocellum (Bégum
and Lemaire, 1996)], cellulose may enjoy a similar energetic
advantage over xylose that would account for the difference in
methane yield.

This study aimed to characterize the effects of differences
in sludge inocula and organic substrate on the microbial
communities associated with AD and their methane yield.
Narihiro et al. (2015) reported a similar investigation in which
anaerobic digester sludge and swine manure were amended with
a range of intermediate AD substrates including acetate and
fatty acids, and found that the resulting enriched bacterial and
archaeal communities clustered significantly by substrate, with
acetate-amended communities clustering further by inoculum
source. Similarly, a meta-analysis of 16S rRNA gene clones from
AD reactors (Zhang et al., 2014) and denaturing gradient gel
electrophoresis analysis of organic waste AD reactors (Regueiro
et al., 2013) found that communities clustered by substrate.
In this study, however, while there were some similarities
by inoculum source and substrate in the active community
taxonomic compositions (e.g., the presence or absence of
certain genera; Tables 2 and 3), ANOSIM did not support a
statistically significant grouping of either the archaeal or bacterial
communities by source digester or growth substrate although
bacterial communities were on average more similar to their
source inoculum sludge than to the non-source sludge (Figure 2).
Given that methane yields were relatively consistent across
substrates (Table 1), this suggests that microbial communities
assembled from different inocula to perform similar digestion
tasks may have similar efficiency despite differing composition.
We plan to confirm these results with a larger set of source
inocula, which will also provide additional statistical power to test
clustering of the communities by inoculum source and substrate.
Additional experiments are also needed to better characterize
the microbial communities, including by sequencing the active
populations in the initial inoculum and comparing the active
to dormant populations by parallel sequencing of 16S rRNA
genes, and by culturing in a continuous flow system using pre-
treated lignocellulosic matter as a substrate to better simulate a
practical reactor. Tag pyrosequencing of the methanogen-specific
mcrA gene (Wilkins et al., 2015) would also be useful to better
characterize the as yet uncultivated fraction of the methanogen
population.
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