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Dawn E. Holmesb and Jessica A. Smithc

While studies have shown that anaerobic co-digestion of chicken manure (CM) and corn stover (CS) is an

efficient method to treat these agricultural wastes, the microbial ecology of these systems and optimal

parameters for the digestion process are yet to be determined. In this study, the effects of different initial

substrate concentrations and CS : CM mixture ratios on co-digestion and microbial community structure

were evaluated. Results demonstrated that both the highest cumulative methane yields and methane

production rates were obtained from reactors with a CS : CM ratio of 1 : 1 during hemi-solid-state

anaerobic digestion (HSS-AD). Cumulative methane yields and methane production rates were 24.8%

and 42% lower in solid-state anaerobic digestion (SS-AD) reactors using the same CS : CM ratios.

Analysis of microbial community structures revealed that cellulolytic bacteria and a diversity of

syntrophic microorganisms capable of direct interspecies electron transfer (DIET) and hydrogen

interspecies transfer (HIT) were enriched in the best-performing reactors. Methanosarcina species also

dominated during HSS-AD, and their presence was positively correlated with methane production in the

reactors.
Introduction

Agricultural wastes, such as animal manure and crop residue
(for example, corn stover), are a major concern to the farming
industry and are known to be major contributors to soil pollu-
tion and greenhouse gas production.1 Each year, 400 million
tons of chicken manure (CM) and 300 million tons of corn
stover (CS) are produced in China alone.2 Anaerobic digestion
(AD) is a process that can convert these wastes into biogas as
a renewable energy source, and any residual solids can be
turned into nutrient-rich fertilizers.3 However, mono-digestion
of these feedstocks is not desirable because CS contains
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a high proportion of recalcitrant lignocellulose,4 and CM has
a low C/N ratio,5 both factors that lead to poor AD performance.

To minimize these inhibitory factors and improve biogas
yields, co-digestion of both of these substrates is recom-
mended.6 While studies have already shown that CS : CM co-
digestion strategies improve reactor performance,7 use of
large-scale anaerobic digesters has not been frequently imple-
mented due to low energy production and poor economic
viability. This limited application is largely because various
operating conditions and the effects they have on microbial
ecology have not yet been adequately studied.

The type of AD applied oen depends on the percentage of
total solids (TS) in the waste to be treated. Wet state anaerobic
digestion (WS-AD) is used for waste with TS content <10%,
hemi-solid-state anaerobic digestion (HSS-AD) is used for waste
with TS content between 10–15%, and solid-state anaerobic
digestion (SS-AD) is used for waste with TS content >15%. While
WS-AD is generally used for treatment of animal manure, HSS-
AD and SS-AD are more effective during treatment of complex
materials such as lignocellulosic crop residue8 and are likely to
be more compatible with co-digestion feedstocks. Other
advantages of HSS-AD and SS-AD include higher volumetric
methane output, enhanced nutrient balance, sufficient buffer
capacity, smaller reactor requirements, and lower energy input
and water addition.9

Another major factor that must be taken into consideration
when optimizing AD is the microbial ecology of the system.
RSC Adv., 2019, 9, 29609–29618 | 29609
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Successful AD relies on a diverse microbial consortium working
together to convert complex organic matter into methane using
a characteristic four-step process: hydrolysis, acidogenesis,
acetogenesis, and methanogenesis.10 Hydrolysis and acido-
genesis lead to rapid production of fatty acids and alcohols, and
the robust microbes involved in these reactions can survive
a wide range of environmental conditions. Further conversion
of fatty acids and alcohols relies on interspecies electron
transfer (IET) between syntrophic bacteria and methanogens.
IET via hydrogen/formate interspecies electron transfer (HFIT)
has been recognized as the conventional route of biogas
formation for several decades.11–13 A more recently discovered
form of IET is direct interspecies electron transfer (DIET), in
which syntrophic partners forge biological extracellular protein
connections to exchange electrons.14–18 IET oen occurs rela-
tively slowly and is extremely sensitive to operating condi-
tions.10,11 Therefore, understanding how to promote these
syntrophic interactions, especially in anaerobic digesters with
high organic loads, is of great interest to the scientic
community.15

Although many studies have shown that supplementation of
conductive materials such as granular activated carbon,19 bio-
char,20 and carbon cloth21 can enhance IET during AD,22–25

studies to determine how to enhance syntrophic metabolism by
simply adjusting operational parameters are lacking. Evidence
does suggest that altering initial substrate concentrations (ISC)
based on total solid content affects IET. For example, extremely
high solid content during AD may cause volatile fatty acids
(VFAs), such as propionate or butyrate, to accumulate.26,27 Large
quantities of VFAs are toxic to methanogens and will lead to
high hydrogen partial pressures which inhibit hydrogen inter-
species transfer (HIT).28 In addition, data regarding bacterial
and methanogenic communities enriched during co-digestion
of CS and CM is needed as it will help provide insight into
mechanisms of IET that might be occurring in the reactors. This
information can then be used to enhance the co-digestion
process. For example, studies have shown that co-digestion of
CM with microalgae stimulates growth of Methanothrix and
Methanosarcina species, both organisms known to participate in
DIET.29

The discovery of optimal operational conditions for treat-
ment of agricultural wastes with high TS content, and more
importantly, the elucidation of microbial interactions key to
this process, are essential for future large-scale application.
Therefore, reactors were assembled with a variety of ISC (based
on total solid content) and CS : CM mixture ratios to identify
which operational parameters yielded the best results. Bacterial
and archaeal communities were also characterized and rela-
tionships between community structure, methane production,
ISC, and mixture ratios were identied.

Materials and methods
Reactor operating parameters

Reactor operating conditions used in this study were based on
settings that have been previously outlined.30 Briey, CM was
collected from the Deqingyuan Ecological Farm in Beijing,
29610 | RSC Adv., 2019, 9, 29609–29618
China. CS, which included leaves, stalks, and cobs, was ob-
tained from a corneld near Zhangjiakou City, Hebei, China,
and naturally air-dried to a moisture content of less than 10%.
Dried CS was crushed with a grinder and passed through
a 3 mm sieve.

The inoculum used in this study was effluent from the
Deqingyuan Ecological Farm full-scale mesophilic liquid
anaerobic digester fed with chicken manure (operated by Helee
Bio-Energy Co. Ltd, Beijing, China). The effluent was incubated
anaerobically at 37 � 0.2 �C for 14 days to minimize residual
biodegradable organic matter before being inoculated into
digesters under mesophilic conditions. Detailed characteristics
of substrates and inoculum are summarized in the ESI.†

Batch anaerobic digestion experiments were carried out in
triplicate using 2 L glass bottles with a working volume of 1 L,
and were placed in thermostatic water baths under mesophilic
conditions (37� 0.2 �C). Both feedstocks were mixed with Milli-
Q water (Millipore, USA) and inoculum to obtain a mixture with
a total solids content of 10.4–10.7% for HSS-AD, and 17.3–
17.8% for SS-AD. The feedstock to inoculum (F/I) ratio of each
digester was 3, based on volatile solids (VS). Based on results
from a previous report,7 co-digestion of corn stover and chicken
manure was applied at ratios of 3 : 1 and 1 : 1 (based on VS) due
to higher biodegradability and synergistic effects. The corre-
sponding feedstock carbon to nitrogen (C/N) ratios were 25.7 for
CS : CM of 3 : 1 and 16.8 for CS : CM of 1 : 1, which were both in
the preferred C/N range of 15–30.7 Each digester was manually
shaken once a day for about 2 min. To monitor the digestion
process, 40 mL of digestate from each digester was sampled
anaerobically every 5 days (Thermo Scientic, USA). Biogas
samples were taken every day during the co-digestion process
with 3 L gas collection bags (E-Switch, China).

Analytical methods

TS, VS, total ammonia nitrogen (TAN), and total alkalinity were
analyzed according to Standard Methods.31 VFAs (acetate,
propionate, and butyrate) were measured with high-
performance liquid chromatography (HPLC, Agilent 1260,
USA) as previously described.30 Elemental composition (carbon
and nitrogen) of freeze-dried CM and CS were measured using
an elemental analyzer (Vario EL cube, Germany). A pH-meter
was used to measure pH (HACH, USA). Electrical conductivity
was measured with a conductivity meter (Mettler Toledo, USA).
Free ammonia nitrogen (FAN) was calculated from TAN
concentrations according to a previously described formula.32

Gas volume from the gas collection bag was measured with
a digital mass ow meter (Omega, USA) every 24 hours. Biogas
composition (CO2, CH4) was determined by a 7890B gas chro-
matograph system (Agilent, USA) equipped with a thermal
conductivity detector.

High-throughput sequencing

Digestate samples (40 mL) were collected from digesters at the
end of operation (day 40). All samples were immediately frozen
with liquid nitrogen prior to DNA extraction and stored at
�80 �C. For total DNA extraction, frozen samples were ground
This journal is © The Royal Society of Chemistry 2019
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into a ne powder with a mortar and pestle before processing
with the BIO101 FastDNA Soil Kit (MP Biomedical, France),
according to the manufacturer's instructions. Extracted DNA
was detected and quantied using 1% agarose gel electropho-
resis and a micro-volume spectrophotometer (NanoDrop 2000,
USA). Archaeal and bacterial 16S rRNA gene fragments were
amplied via polymerase chain reaction (PCR) with the
following primer sets: (Arch519F/Arch915R) and (515F/
806R).33,34 High-throughput sequencing was done on an Illu-
mina Hiseq 2000 platform (Illumina, USA) by Allwegene
Biotechnology Co., Ltd. (Beijing, China). Sequences were placed
into various operational taxonomic units with Pyrosequencing
Pipeline Soware (https://pyro.cme.msu.edu). Raw sequence
les have been submitted to the NCBI Sequence Read Archive
database under accession no. SRP130964.
Statistical analysis

Redundancy analysis (RDA) for both community structure and
operation parameters were calculated using Canoco (version
5.0).35 Ranked Spearman correlation was applied to determine
the correlation between microbial populations and operational
conditions or performance.35 All statistical and correlation
analyses were performed using IBM SPSS Statistics 23.
Fig. 1 (A) Cumulative methane yields from anaerobic co-digestion
and (B) daily methane production in digesters containing different
mixture ratios and ISCs. Error bars represent standard deviations from
triplicate samples.
Results and discussion
Anaerobic digestion performance using varying operating
parameters

In order to determine which operating parameters promoted
the best anaerobic digestion of CS and CM, four different
reactor conditions were tested in triplicate; HSS-AD with
a CS : CM ratio of 3 : 1 (HSS3:1), HSS-AD with a CS : CM ratio of
1 : 1 (HSS1:1), SS-AD with a CS : CM ratio of 3 : 1 (SS3:1), and SS-
AD with a CS : CM ratio of 1 : 1 (SS1:1). Methane concentrations
were monitored during the entire operation period (40 days)
(Fig. 1). Cumulative methane production in the HSS-AD reactors
was signicantly (p < 0.01) higher than the SS-AD reactors
(Fig. 1A). The HSS1:1 reactors produced the highest amount of
cumulative methane (223.7� 16.0 mL per g VSadded), with yields
about 33.0% higher than the SS1:1 reactors. Cumulative
methane formed by the HSS1:1 reactors was about 15% higher
than yields from a similar reactor in a previous study, which
may have been due to differences in inoculum.7 The experi-
ments also showed that reactors with 1 : 1 CS : CM ratios yiel-
ded methane production rates that were 35.7 � 7.7% higher
than reactors provided with a 3 : 1 feedstock ratio. These
differences can likely be attributed to higher lignocellulose
content in the 3 : 1 feedstock, making it signicantly harder to
degrade.

In addition to higher overall methane production, the HSS-
AD reactors started producing methane early in the digestion
process, with the highest daily methane yields being generated
around day 7 (Fig. 1B). Conversely, the SS-AD reactors did not
show strong start-up performance, and overall daily methane
yields never exceeded 10.0 mL per g VSadded. Both daily methane
yields and methane content during the start-up period were
This journal is © The Royal Society of Chemistry 2019
lowest in the SS3:1 reactors (Fig. 1B and ESI Fig. S1†), and total
cumulative methane was only 202.6 � 13.5 mL per g VSadded in
these reactors (Fig. 1A). While the 3 : 1 feedstock clearly
hindered the start-up period in the SS-AD reactors, it did not
appear to impact the start-up period in the HSS-AD reactors
(Fig. 1A). These results suggest that hydrolysis/acidication was
not a limiting factor in HSS-AD reactors.

Impact of CS and CM feedstock mixture ratios on volatile fatty
acids, nitrogen-containing compounds, and volatile solids

VFAs, FAN, and TAN were also measured throughout the 40 day
co-digestion period in order to assess the potential impact of CS
and CM feedstock mixture ratios on microbial metabolism
(Fig. 2). VFAs accumulated rapidly during the early stages of
treatment in all four reactor conditions (Fig. 2A), demonstrating
that hydrolytic and acidogenic microorganisms were active.36

However, VFA formation was higher in reactors provided with
1 : 1 CS : CM feedstock ratios, indicating that the higher
lignocellulose content in the 3 : 1 reactors may have limited
hydrolysis.9,37 In addition, accumulation of VFAs throughout the
RSC Adv., 2019, 9, 29609–29618 | 29611
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Fig. 2 Change in (A) VFAs, (B) FAN, (C) and TAN during anaerobic co-
digestion with different mixture ratios and ISCs. Error bars represent
standard deviations from triplicate samples.
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co-digestion process was signicantly greater in SS-AD reactors
(Fig. 2A). These results suggest that microorganisms that could
cooperatively metabolize VFAs to methane were enriched early
in the digestion process in the HSS-AD reactors.

Two large methane peaks were produced in the HSS-AD
reactors over the course of the experiment (Fig. 1B). The rst
large peak occurred between days 5–10, which was also when VFA
29612 | RSC Adv., 2019, 9, 29609–29618
concentrations were highest (Fig. 2A), and the second peak
occurred between days 19–21 for HSS1:1 reactors and days 27–29
for HSS3:1 reactors when VFAs dropped below 1107 mg L�1 and
2350 mg L�1, respectively. These peaks may have corresponded
with shis in the dominant methanogenic communities over
time. Early in the experiment, methanogens were likely to be
using hydrogen generated by fermentative bacteria. These
hydrogenotrophic methanogens initially kept H2 concentrations
below the thermodynamic threshold,38–40 however, in the organ-
ically rich HSS-AD reactors, H2 production eventually outpaced
H2 consumption and H2 producing pathways are not thermody-
namically favorable at high H2 concentrations.41

Therefore, fermentative microorganisms tend to shi their
metabolism from H2 producing pathways to VFA (i.e. propio-
nate, butyrate, acetate) producing pathways when H2 concen-
trations are high.41–44 Homoacetogenesis is also favored over
hydrogenotrophic methanogenesis at elevated hydrogen partial
pressures.45 Acetoclastic methanogens can then directly utilize
acetate as a substrate for methanogenesis,46 and VFAs like
propionate and butyrate can serve as electron donors for syn-
trophic partnerships between bacteria and methanogens.47–49

Evidence supporting the theory that hydrogenotrophic metha-
nogens were dominant when the rst peak was formed comes
from the nding that VFAs were most abundant during this
period as methanogens were not yet able to convert these
compounds to methane. During the second peak, on the other
hand, VFA concentrations were low because acetoclastic
methanogens and methanogens that could participate in DIET
became more active. Further investigations into microbial
community structure in the HSS-AD reactors during the rst
and second methane peaks are warranted.

Free ammonia nitrogen concentrations were highest in SS-
AD reactors with CS : CM ratios of 1 : 1 (Fig. 2B), with concen-
trations remaining well above 1000–2000 mg L�1 throughout
the digestion process. The highest TAN was also observed using
this operating parameter (Fig. 2C). High FAN and TAN nega-
tively impact methanogenesis and are known to be major
inhibitors of anaerobic digestion.50,51 In fact, FAN concentra-
tions >1110 mg L�1 have been shown to completely inhibit
anaerobic systems.52 This explains why the SS1:1 reactors
produced the lowest cumulative methane yields (Fig. 1A). FAN
remained #1000 mg L�1 in the other three reactor conditions,
indicating that ammonia concentrations did not adversely
affect metabolic activity in these digesters (Fig. 2B).

Removal of VS and methane conversion rates also varied
signicantly between the different reactor conditions (Fig. 3).
Signicantly higher proportions (p < 0.01) of VS were removed in
HSS1:1 (60.1 � 2.4%) and HSS3:1 (59.0 � 1.4%) reactors than in
SS1:1 (51.4 � 0.8%) and SS3:1 (56.2 � 2.0%) reactors. Higher
methane conversion rates were also observed in HSS1:1 (372.1
� 27.7 mLmethane per g VSremoved) and HSS3:1 (370.6 � 19.3
mLmethane per g VSremoved) reactors than in SS1:1 (327.3 � 6.1
mLmethane per g VSremoved) and SS3:1 (360.2 � 24.9 mLmethane

per g VSremoved) reactors (Fig. 3). Overall, HSS-AD reactors
provided with a CS : CM ratio of 1 : 1 performed best with the
highest cumulative methane yields and methane production
rates.
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Removal of volatile solids (VS) and methane conversion in
anaerobic co-digestion using different mixture ratios and ISCs. Error
bars represent standard deviations from triplicate samples.
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Microbial community characterization

High-throughput sequencing of bacterial and archaeal 16S
rRNA gene fragments was done to determine the impact that
reactor operational parameters (ISC and CS : CMmixture ratios)
can have on microbial community structure in reactors treating
high-solid agricultural waste (Fig. 4).

Bacterial community analysis

At the genus taxonomic level, there were several key differences
between bacterial communities associated with well-
performing HSS-AD reactors and lower methane-yielding SS-
AD reactors (Fig. 4A). Both of the HSS-AD communities were
abundant in species from the genera Ercella, Clostridium, Pelo-
bacter, and Herbivorax, which accounted for 65.5% � 0.8% of
the population. These same four species accounted for only
16.8% in SS1:1 reactors, which were the poorest performing
reactors (Fig. 1).

Ercella and Clostridium were the most abundant genera in
both of the well-performing HSS-AD reactors and SS3:1 (Fig. 4A).
Ercella and Clostridium are members of the Clostridiales order
which plays many roles in the anaerobic digestion process,
including high-rates of cellulose hydrolysis, protein catabolism,
and acidogenesis leading to production of short-chain fatty
acids, CO2, and H2.53 Although both of these genera are
primarily known for their fermentative metabolisms, some
Clostridium species are capable of extracellular electron transfer
to such electron acceptors as Fe(III), sulfur, and current-
harvesting electrodes54–58 and Ercella can transfer electrons to
insoluble sulfur compounds.58

The presence of Clostridium and Syntrophomonas species has
been previously reported to be an indicator of AD stability.59,60

This is consistent with the high abundance of Clostridium and
Syntrophomonas (p < 0.01) in HSS-AD communities, and the
positive correlation between their abundance and cumulative
methane production (p < 0.01, R2 ¼ 0.78) (Fig. 1A, and 4A). This
This journal is © The Royal Society of Chemistry 2019
correlation between methane production and abundance of
these bacteria can be explained by the fact that both of these
genera have been shown to form syntrophic partnerships with
methanogens.61 In addition to their cooperative growth with
methanogens via HFIT,61 it is also possible that these species
are capable of DIET to a methanogenic partner.

There are two hallmarks of a bacterium's capacity for DIET,
the rst is the ability to transfer electrons across the cell
membrane to an extracellular electron acceptor (i.e. another
microorganism),62,63 and the second is the presence of Geo-
bacter-like type IV pilin proteins. Geobacter pili contain aromatic
amino acids that are located at key positions within the protein
chain64 and account for $9% of the amino acid residues with
small gaps between them.65,66 Although the role of pili in
extracellular electron transfer is under debate, pili from all of
the bacteria known to be capable of DIET thus far have these
characteristics.65,66 In fact, recent identication of a Geobacter-
like pilin protein in Syntrophus acetitrophicus led to the
discovery that this species, once thought to only be capable of
HFIT,67,68 also has the capacity for DIET.66 A number of genomes
from Clostridiales species known to participate in HFIT,61

including Syntrophomonas, also have genes coding for Geo-
bacter-like pili,66 suggesting that these species might also be
capable of DIET. Support for this comes from the nding that
Syntrophomonas species were likely to be participating in DIET
in anaerobic digesters supplemented with ferroferric oxide.69

In addition, both Ercella and Clostridium species are able to
transfer electrons outside of the cell suggesting that it is
possible that these genera were not only providing electrons to
methanogens through fermentative by-products, but may have
also been participating in DIET.

Pelobacter species were also signicantly enriched in HSS-AD
reactors (9.1% of total community in HSS3:1 and 5.6% in
HSS1:1). However, sequences from this genus were barely
detected in SS-AD reactors (0.02% of total community in SS3:1
and 0.5% in SS1:1). Pelobacter has been shown to grow syn-
trophically with methanogens via HFIT,70–72 but several species
from this genus also have traits that are characteristic of
bacteria with the capacity for DIET. For example, Pelobacter
species are capable of electron transfer to Fe(III) and S0,73–75 and
have Geobacter-like type IV pili.76

Species from the genus Sporanaerobacter were also signi-
cant members of all four digesters, but had the highest abun-
dance in SS1:1 (14.8%). Sporanaerobacter metabolize proteins
and carbohydrates with reduction of elemental sulfur, an
extracellular electron acceptor.77 In a previous study, Spor-
anaerobacter species were enriched in anaerobic digesters sup-
plemented with conductive carbon cloth, and were likely
participating in DIET with Methanosarcina species.77,78

Herbivorax and Cellulosibacter, both genera with cellulolytic
metabolisms,79,80 were enriched in HSS-AD reactors (Fig. 4).
Their abundance was signicantly lower in SS-AD reactors
suggesting that their scarcity could be linked to impairment of
lignocellulose degradation and lower methane production
rates.

Overall, results from the bacterial community analysis
suggest that a variety of syntrophic bacteria involved in both
RSC Adv., 2019, 9, 29609–29618 | 29613
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Fig. 4 Relative distribution of (A) bacterial and (B) archaeal 16S rRNA gene sequences at the genus level. Sequences that accounted for less than
1.0% of the population were classified as “Others”.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Se

pt
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 1

2/
6/

20
25

 5
:1

0:
59

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
HFIT and/or DIET were signicantly (p < 0.05) enriched in HSS-
AD reactors, signifying that syntrophic–methanogenic associa-
tions were favored during HSS-AD.
Archaeal community analysis

The predominant methanogenic genera found in all samples
included Methanosarcina, Methanoculleus, Methanothrix, and
Methanosphaerula, however, the relative abundance of each
genus varied between conditions (Fig. 4B). Methanosarcina was
dominant in HSS3:1 (86.6% of the overall community), HSS1:1
(95.3%), and SS3:1 (85.5%). However, Methanoculleus (50.2%)
were more abundant thanMethanosarcina (42.4%) in SS1:1. The
relative abundance of Methanosarcina species was positively
correlated with cumulative methane production (P < 0.01, R2 ¼
0.84) (Fig. 1A, and 4B). These results are consistent with
previous studies that have shown that Methanosarcina species
promote stable digestion, particularly in reactors treating
complex organic waste.81,82

Methanosarcina species are mixotrophic methanogens that
are able to metabolize acetate, hydrogen, and C1 compounds,83
29614 | RSC Adv., 2019, 9, 29609–29618
and along with Methanothrix (formerly Methanosaeta), are some
of the few methanogens shown to be capable of DIET in culture
studies.71 Methanothrix are obligate acetoclastic methanogens,
and accounted for <4.2% of the overall archaeal community
within all digesters (Fig. 4B). While high acetate concentrations
in the reactors should have favored growth of both Meth-
anosarcina and Methanothrix,84–86 Methanothrix are sensitive to
high concentrations of VFAs.87,88 Methanosarcina, on the other
hand, are typically able to survive exposure to environmental
stressors, such as high VFA or FAN concentrations, because they
can aggregate to form irregular clumps that protect them from
harsh environmental conditions.88,89

Strictly hydrogenotrophic Methanoculleus species predomi-
nated SS1:1 reactor archaeal communities (50.2%) (Fig. 4B).
Methanoculleus abundance was positively correlated with
concentrations of FAN and TAN (P < 0.01, R2 ¼ 0.78) (Fig. 2B, C,
and 4B), and negatively correlated with cumulative methane
production (P < 0.01, R2 ¼ �0.84) (Fig. 1A, and 4B). This is
consistent with reports that Methanoculleus tend to dominate
reactors with high concentrations of VFAs and ammonia
(Fig. 2).60,90 Sequences from other hydrogenotrophic
This journal is © The Royal Society of Chemistry 2019
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methanogenic genera, including Methanospaerula and Candi-
datus-Methanoplasma, were also found in all of the digesters
(Fig. 4B). However, their abundance was low, indicating that
these hydrogenotrophic methanogens played a lesser role.

It is clear that most of the methanogenic activity detected in
efficiently operating reactors (HSS3:1, HSS1:1, SS3:1) could be
attributed to Methanosarcina. Not only is this genus able to
survive harsh conditions found in anaerobic digesters with high
organic loads, it is also capable of syntrophic growth with syn-
trophic bacteria through both HFIT and DIET72,91 and can use
a variety of fermentative products as substrates for methano-
genesis (acetate, H2/CO2, formate, C1 compounds).83
Fig. 6 Redundancy analysis triplot ordination diagram using the
archaeal community at the genus level (archaeal genera fitting greater
than 90% were displayed).
Correlation between microbial community composition and
reactor performance

Redundancy analysis (RDA) was conducted to elucidate rela-
tionships between microbial community structure, operational
conditions (ISC and mixture ratios), and reactor performance
(cumulative methane production) (Fig. 5 and 6). RDA showed
that both ISC and mixture ratio had a signicant impact on
bacterial community composition (Fig. 5). The relative abun-
dance of bacterial sequences from Herbivorax, Cellulosibacter,
Ercella, Syntrophomonas, and Pelobacter positively corresponded
with methane yields (Fig. 5). As previously discussed, these
genera are associated with degradation of cellulose and syn-
trophic metabolism of alcohols or short-chain fatty acids, both
Fig. 5 Redundancy analysis triplot ordination diagram using the
bacterial community at the genus level (bacterial genera fitting greater
than 90% were displayed). Arrows represent reactor performance,
operational conditions, or bacterial genera. Vector length indicates the
strength of correlation with a given ordination axis. The cosine of the
angle between two arrows indicates the correlated degree. Solid stars
represent HSS-AD samples, and diamonds represent SS-AD samples
(3 : 1 for CS : CM ¼ 3 : 1, 1 : 1 for CS : CM ¼ 1 : 1). The distance
between sample symbols approximates their dissimilarity.

This journal is © The Royal Society of Chemistry 2019
of which enhance reactor performance by preventing the accu-
mulation of inhibitory intermediates. On the other hand, these
genera were negatively correlated with ISC and thus primarily
clustered with the HSS-AD samples. This indicates that
a decrease in ISC promotes the enrichment of these benecial
genera which aid in the production of methane (Fig. 1). Abun-
dance of Ercella, Herbivorax, and Clostridium species were
partially associated with an increase of CS in feedstocks, which
makes sense because these are cellulolytic bacteria that would
be enriched when lignocellulose content is high.

The presence of such fermentative genera as Clostridium,
Gallicola, and Garciella, were also signicantly inuenced by
operational parameters and their presence appeared to promote
methanogenesis (Fig. 5). In contrast, the relative abundance of
sequences from Caldicoprobacter and Tissierella were positively
correlated with ISC and negatively correlated with mixture ratio
(Fig. 5), suggesting that these bacteria are likely favored in
digesters with high ammonia concentrations (SS1:1). This is
consistent with previous reports that showed that Caldicopro-
bacter and Tissierella were dominant in anaerobic digesters with
excess ammonia or alkaline conditions.92,93

ISC and mixture ratio also directly inuenced archaeal
community structure (Fig. 6). For example, Methanoculleus and
Methanosphaerula showed a signicant (P < 0.01) positive
correlation with ISC, and were clustered closely with the SS1:1
sample, which were parameters that yielded the lowest methane
productions. The high prevalence of obligate hydrogenotrophic
methanogens in SS1:1 reactors suggests that hydrogen was the
main electron carrier between bacteria and methanogens.84 In
this syntrophic scenario, the hydrogen partial pressure must
typically be kept lower than 10�5 atm by hydrogen consumers,
RSC Adv., 2019, 9, 29609–29618 | 29615
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and the value of Gibbs free energy discharge of the entire
methanogenic process is thereaer negative, making syntro-
phic methanogenesis thermodynamically feasible.94 However,
in SS1:1 reactors, excess FAN likely inhibited hydrogenotrophic
methanogenesis, and diffusion limitations may have also
resulted in local hydrogen accumulation, all of whichmay cause
a signicant increase of hydrogen partial pressure in these
reactors, further inhibiting the syntrophic metabolism.51,84,95

Methanosarcina showed a signicant (P < 0.01) positive
correlation with cumulative methane production, and was
negatively correlated with ISC (Fig. 6). The metabolic plasticity
and morphological characteristics of Methanosarcina are likely
to give them a competitive advantage in these systems. They can
utilize DIET for methane production when conditions (i.e. high
ammonia concentrations) are inhibitory for hydrogenotrophic
methanogenesis.95

Conclusions

The HSS-AD reactor provided with feedstock at a 1 : 1 CS : CM
ratio performed better than the other three operational
parameters (HSS-AD3:1, SS-AD1:1, SS-AD3:1). These optimal
parameters promoted methane production while suppressing
the accumulation of VFAs and FAN, both compounds known to
inhibit the biomethanogenic process. Analysis of bacterial and
archaeal communities demonstrated conditions associated
with the highest performing reactors enriched for bacteria that
could form syntrophic partnerships with methanogens (i.e.
Methanosarcina). Results from this study should be taken into
consideration in future attempts to optimize full-scale digester
performance.
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