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ABSTRACT
The methane production and the microbial community dynamics of thermophilic anaerobic co-
digestion (AD) of corn stover, swine manure and effluent were conducted at total solid (TS) con-
tent of 5%, 10% and 15%, the carbon to nitrogen ratio (C/N) of 20, 30 and 40 and the effluent
volumetric percentage (EVP) of 20%, 40% and 60%. For batches with 5% TS, the highest methane
yield of 238.5–283.1mLg�1 volatile solid (VS) and the specific methane productivity of
138.5–152.2mLg�1 initial VS were obtained at the C/N ratios of 20 and 30. For the mixtures with
10% and 15% TS, the highest methane yield was 341.9mLg�1 VS and 351.2mLg�1 VS, respect-
ively, when the C/N ratio of 20% and 60% EVP conditions were maintained. Co-digestion of swine
manure with corn stover caused an obvious shift in microbial population, in which the archaeal
population changed from 0.3% to 2.8% and the bacterial community changed from 97.2% to
99.7%. The experimental batches with the highest relative abundance of the archaeal population
(2.00% of total microbial population for 5% TS, 1.74% for 10% TS and 2.76% for 15% TS) had the
highest rate of methanogenesis subsequently enhancing methane production (283.08mLg�1 VS
for 5% TS, 341.91mLg�1 VS for 10% TS and 351.23mLg�1 VS for 15% TS). The results of micro-
biome analysis enabled understanding the key populations in biomethane generation.
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Introduction

Anaerobic co-digestion (AD) converted wastes into energy
and could be used as a solution for environmental pollu-
tion.[1,2] AD may be categorized as mono-digestion and
co-digestion. Mono-digestion included the use of a single
substrate that often caused nutrient imbalance resulting in
lower biogas production.[3] AD included digestion of mul-
tiple substrates with complementary characteristics.[4] Co-
digestion resulted in positive synergism such as balanced
carbon to nitrogen (C/N) ratio, optimal pH value, and the
percent dilution of toxic compounds and supplement of
trace elements (TS%).[5–7] C/N ratios of 20/1 to 30/1 had
reported to produce optimum biogas.[8] Low C/N ratios in
animal manures were unable to satisfy the AD requirements.
Hence, to conduct an effective AD, there should be another
carbon-rich substrate to be co-digested with manure to com-
pensate for its carbon deficiency and improve its

characteristics for AD.[9] AD of swine manure with rice
straw at a C/N ratio of 8, 20 and 30 showed that the
methane production was low at C/N of 8 and 20 while
batches with C/N of 30 showed stable methane produc-
tion.[10] Corn stover was a low cost, abundant lignocellulosic
biomass that had the potential for energy production
via AD.[11]

Several factors had an effect on biomethane production
such as the substrate type, operating temperature, pH and
pre-treatment methods.[12] Most commercial anaerobic
digesters ran at a mesophilic temperature between 20 and
40 �C.[13] There has been a growing interest in setting up
anaerobic digesters at thermophilic temperatures
(50–60 �C).[14] Thermophilic AD offered advantages over
mesophilic AD such as decreased retention time and higher
biogas production. When AD batches were run at TS%
between 10% and 35%, the biomethane production
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decreased as the TS% increased from 10% to 25% and
methane production was inhibited at TS of 35%.[15]

AD consisted of four steps, that is, hydrolysis, acidogene-
sis, acetogenesis and methanogenesis, in which specific groups
of microorganisms were involved at each step.[16]

Microorganisms play a crucial role in the digester, and the
efficiency of AD depended on the activity of the microbial
community.[17] The first three phases involved bacterial com-
munities while the last step of methanogenesis involved arch-
aeal populations.[18] Microbial diversity was best understood
for the latter stage as archaea had low diversity and hence the
change in the population could be easily ascertained. Due to
the high diversity among the bacterial population, the identi-
fication of changes can be difficult,[19] and the presence or
absence of certain groups of microbes could serve as a bench-
mark for either well-operating reactors or for process failure.
Classes such as Clostridia (which degrades proteins and cellu-
lose) and Bacilli (which degraded fat and carbohydrates) were
shown to be indicators of effectively operating anaerobic
digesters.[16,19,20] The Methanosarcina genus consisted of
diverse group of archaea and the species could grow either by
one of the four catabolic pathways – either by obligate CO2

reduction with H2 or acetoclastic fermentation of acetate or
methylotrophic catabolism of methanol, methylated amines
and dimethylsulfide, or methyl reduction with H2.

[21]

However, the overall microbial communities in AD was not
well understood because of the complexity of microbial com-
munities and their metabolic pathways.[22] It was necessary to
analyze this community to improve the efficiency of the pro-
cess. Restricting the study to just culture-dependent techni-
ques would give an incomplete picture of the microbial
ecology and physiology associated with an AD process. Also,
it would create a biased analysis as the environmental factors
that could influence the comparative diversity and activities
of different microbial communities would be obscured in
favor of those differences ascribable to growth in the labora-
tory environment.[23] An accurate model of microbial com-
munity structure in the AD process will help identify the
driving forces of diversity and metabolic capability. These
findings will enable us to rationally design microbial com-
munities to promote higher efficacy of an AD system.[19] In
this study, we will also utilize next-generation sequencing, a
high throughput sequencing process, to identify and charac-
terize the microbial community structure.[24] The objective of
this study, therefore, was to evaluate the AD performance
with different TS content, C/N and EVP values. Corn stover,
swine manure and effluent were anaerobically co-digested for
21days at 55 �C. Effects of different TS%, C/N ratio and EVP
on the biomethane yield were investigated. Next-generation
sequencing was used to characterize the microbiome and the
abundance of different microorganisms involved in biogas
generation and process failure.

Material and methods

Feedstock and characterization

Fresh swine manure was collected from the North Carolina
Agricultural and Technical State University (NCAT) swine

research unit (Greensboro, NC, USA) on the day of the
experiment and used on a wet basis. Corn stover was har-
vested from the University farm and dried in an Isotemp
oven for a minimum of 24 h at 105 �C until a constant
weight was achieved. Using a Thomas Model 4 Wiley Mill
(Thomas Scientific, Swedesboro, NJ, USA) the dried corn
stover was ground to a particle size ranging from 0.2 to
0.5mm then stored in an airtight container at room tem-
perature for future use. The effluent containing microorgan-
isms essential for the AD process was collected from a
previously running anaerobic digester.[25] This anaerobic
digester digested swine manure with a solid content of
1–3wt% under continuous agitation at 250 rpm at 55 �C.
The effluent was collected in sterile glassware and trans-
ferred immediately to the laboratory from the farm and
stored in a shaker at 55 �C. Fresh effluent was collected on
the day of the experiment and the unused effluent was auto-
claved at 121 �C for 30min and then discarded.

Total solids (TS) and volatile solids (VS) were determined
using the laboratory procedures (LAPs) developed by the
National Renewable Energy Laboratory (NREL). The C/N
ratio of all materials was calculated. The elemental analysis
was conducted using a PE 2400 II CHNS/O analyzer (Perkin
Elmer, Waltham, MA, USA).

AD of corn stover, swine manure and effluent

AD experiments were carried out with dried corn stover,
swine manure and effluent in a 500mL flask with a working
volume of 300mL. Water was added to adjust the TS content
to 5%, 10% and 15%. The C/N ratio was controlled at levels
of 20, 30 and 40, and the effluent volume to total volume
percentage of 20%, 40% and 60%. The pH value was adjusted
to 7.10 using 0.1M potassium phosphate buffer as it was the
optimum pH.[26] The AD experiments were carried out using
the Automatic Methane Potential Test System (AMPTS II)
(Bioprocess Control, Sweden), which measures and records
the biomethane potential on a daily basis.[27] After the add-
ition of corn stover, swine manure and effluent the bottles
were purged with mixed inert gas (80% nitrogen and 20%
carbon dioxide) for 10min to remove any oxygen present
and create anaerobic conditions. All experiments were carried
out in triplicate at 55 �C for a total period of 21 days. On day
21, the cumulative biomethane volume was recorded from
the AMPTS II and the biogas composition was recorded
using Biogas 5000 analyzer (Landtech North America, Dexter,
MI). Samples of about 50mL were drawn to check the pH.
Another 50mL from the digester flasks were transferred to a
sterile centrifuge tube with 50% glycerol and stored at �80 �C
for metagenomic analysis. Prior to AD, corn stover was
stored in an oven at 105 �C for 24h to avoid any contami-
nants or microorganism. All glassware was autoclaved and
sterilized at 121 �C for 30min before use.

Experimental design and data analysis

To study the effect of experimental variables on AD, a
three-level full factorial design was applied. As shown in
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Table 2, three factors of the TS content, the C/N ratio and
the effluent volume to total volume percentage were consid-
ered, each at three levels. Therefore, a total of 27 experimen-
tal conditions was studied, and AD experiments were
repeated three times under each condition. Experimentally,
AD experiments directly yielded the following results,
including cumulative CH4 productivity (unit: mL), the
weight loss of VS (unit: gram), pH and biogas composition.
The removal ratio of VS (%), the specific methane product-
ivity (mL g�1 initial VS)[28] and the methane yield
(mL g�1 VS) were calculated via Eqs. (1)–(3), respectively

The removal ratio of VS ð%Þ ¼ Weight loss of VS
Initial VS

� 100% (1)

Specific methane productivity ðmLg�1=g initial VSÞ

¼ Cumulative methane productivity
Initial VS

(2)

Methane yield ðmLg�1=g VSÞ
¼ Cumulative methane productivity

Weight loss of VS
(3)

Among these three results, the removal ratio of VS and
the specific methane productivity were directly derived from
the experimental results, while the methane yield was a
combination of two experimental results and did not have a
direct relationship with experimental variables. Regression
analysis was used to statistically estimate the relationship
between the removal ratio of VS or the specific methane
productivity and experimental variables.[29] The experimen-
tal data were fitted to the second-degree polynomial Eq. (4)

Y ¼ B0 þ
Xn

i¼1�3

BiXi þ
Xn

i<j

BijXiXj þ
Xn

j¼1�3

BjjXj2

(4)

where Y ¼ removal ratio of VS or specific methane product-
ivity, X1 ¼ effluent to total volume percentage, X2 ¼ carbon
to nitrogen ratio, X3 ¼ total solid percentage,
B0 ¼ constant, Bi, Bij, Bjj ¼ linear, interaction and quad-
ratic coefficients, respectively.

The statistical significance of each item listed in Eq. (4)
was assessed by using analysis of variance (ANOVA) based
on P� 0.05.[30]

DNA extraction

DNA was isolated from the AD samples using Qiagen
QIAampVR PowerFecalVR Kit (Catalog No. 12830-50; Qiagen,
Hilden, Germany) following the manufacturer’s protocol.
The extracted DNA was stored at �20 �C for downstream
applications.

Library construction and 16S rRNA gene sequencing

The 16S Metagenomic Sequencing Library protocol
(Illumina, San Diego, CA) was followed for library prepar-
ation. The 16S protocol was designed to amplify the V4
hypervariable region of the 16S ribosomal RNA gene (16S
rRNA) using primer pair sequences 515F–806R purchased

from Integrated Device Technology (San Jose, CA). The pri-
mers were modified from the original 515F–806F primer
pair in the following way:

Forward (with 515F)
50-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGG

TGCCAGCMGCCGCGGTAA
Reverse (with 806R)
50 GTCTCGTGGGCTCGGAGATGTGTATAAGAGA

CAGGGACTACHVGGGTWTCTAAT
The underlined regions were the locus-specific sequences,

and the overhangs from the Illumina 16S protocol were not
underlined. With the primer pair, the only V4 region was
targeted and the expected final libraries were
around 300–400 bp.[31]

In the first round of PCR, the 16S Locus was amplified
in a 25 mL reaction from a 5 nglL�1 template DNA for 25
cycles using 2X KAPA HiFi HotStart ReadyMix (KAPA
Biosystems, Wilmington, MA, USA) in a thermal cycler
(Master Cycler gradient Eppendorf, USA) by following the
16S Metagenomic Sequencing Library protocol (Illumina,
San Diego, CA). This protocol consisted of an initial
denaturation step at 95 �C for 3min, which was followed by
25 cycles of denaturation at 95 �C for the 30 s, annealing at
55 �C for 30 s and extension at 72 �C for 30 s, and the final
extension at 72 �C for 5min. The products from the first
PCR run served as a template for the second PCR run. In
the second PCR protocol, the same protocol was used with
a change in the annealing temperature set to 50 �C. The
PCR products were purified with AMPure XP beads
(Beckman Coulter, CA, USA) and the expected library size
was in the range of 300–400 bp. The quality of the final
library was verified using D1000 Screen Tape (Agilent
Technologies, CA, USA) following the manufacturer’s
instruction. Library concentration was measured using the
fluorometric quantification using the dsDNA binding dye.
Purified amplicons were then pooled in equimolar concen-
trations and mixed with 20% PhiX control library.
Sequencing was performed on an Illumina MiSeq (Illumina,
San Diego, CA) using the MiSeq v3 reagent kit.

Bioinformatics analyses

At the end of the sequencing, the metadata mapping file
was available in the FASTQ file format. The sequencing data
were processed and analyzed using bioinformatics pipeline
prepared in the Quantitative Insights into Microbial Ecology
(QIIME and QIIME 2) software package.[32] The pipeline
involved steps such as joining of the forward and reverse
reads, checking mapping files for errors, demultiplexing and
quality filtering sequences, and operational taxonomic units
(OTUs) picking based on 97% sequence similarity.
Operational Taxonomic Unit (OUT) picking was carried out
by searching reads against the Greengenes database.[33] OTU
picking strategy used was closed reference. Bray–Curtis
index was used as a metric for Beta-diversity. The alignment
was carried out using the UCLUST algorithm. The
Greengenes reference taxonomy that was used for the ana-
lysis was the August 2013 release of gg_13_8_99 and
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contained 202,421 bacterial and archaeal sequences. The
archaeal and bacterial taxonomy was assigned from phylum
to genus level.

Results and discussion

Cumulative biomethane production

The physical and chemical characteristics of swine manure,
corn stover and effluent were as mentioned in Table 1.

Corn stover was anaerobically co-digested with swine
manure and effluent for a total period of 21 days at 55 �C. A
total of 27 batches were run altering the TS, C/N and EVP
ratio. The set of TS values of 5%, 10% and 15% was chosen
because previous studies had reported a decline in methane
production when the TS% was increased to more than
15%.[34,35] For TS 5%, 10% and 15%, the maximum cumula-
tive methane yield was 2441.6, 4808.05, and 5663.6NmL,
respectively and are summarized in Table 2. The VS removal
ratios of 5%, 10% and 15% batches were 36.2–58.2%,
23.5–45% and 6–33.8%, respectively.

We observed that the highest methane yield for AD
batches with TS of 5% was in the range of 238–283mL g�1

VS, while the specific methane productivity was
138–152mL g�1 initial VS. The EVP of 20%, 40% and 60%
did not have a noticeable effect on methane production. The
batches with C/N ratio of 30 showed a small increase in bio-
methane volume on comparison to the C/N of 20 and 40.
The batches with C/N 40 produced low biomethane and were
considered as failed AD batches. Out of the nine batches run
at TS of 10%, the batches with C/N ratio of 20 showed a
methane yield in the range of 306–342mL g�1 VS, while
batches with C/N 30 and 40 showed lower methane produc-
tion. For TS 10%, the batch with C/N 20 and EVP of 60 pro-
duced the highest methane volume (341.91mLg�1 VS) and
the highest specific methane productivity (153mLg�1 initial
VS). At 15% TS, only the batches with the C/N ratio of 20
produced biomethane while batches with C/N ratio of 30 and
40 produced lower biomethane. The highest methane yield of
351.23mLg�1 VS was obtained from the batch with C/N 20,
EVP 60% and TS 15%.

The optimum pH for AD was between 6.4 and 7.6.[36] A
stable pH played a crucial role in anaerobic digesters. In the
current study, all the experimental batches had the initial
pH adjusted to 7.1 on day 0 of the experiment. The pH was
measured at the end of the experiments (day 21) and the
batches that had the lowest biomethane production yield
showed an acidic pH of nearly 5.0. Batches with TS content
of 5% with a C/N ratio of 40 showed an acidic pH (�5.0).

Batches with TS 10% showed a pH between 5.4 and 5.5
when C/N ratio was 30 and 40. These batches exhibited the
lowest yield of biomethane as well. A similar trend was
noticed with batches with TS 15% and C/N 30 or 40, which
showed an acidic pH and no methane yield.

The biogas composition was determined using the Biogas
analyzer. Batches with TS of 5% with C/N of 20 and 30 had
the methane content higher than 60 vol%. Batches with TS
10% and 15% showed a methane yield of more than 60%
vol only when the C/N ratio was at 20. For all AD batches
with C/N of 40 had the H2S value of more than 5000 ppm
and that led to low or no methane production. Swine
manure was one of the main sources for the accumulation
of H2S and improper balance of C/N ratio could have led to
high volume of H2S. The presence of oxygen in the batches
could be due to the addition of corn stover, swine manure
and effluent to the bottle in the presence of air. However,
the bottles were purged with inert gas to get rid of the oxy-
gen, it could be possible that some oxygen maybe trapped
in. The CO2 was in the range of 8.7–45% (Table 2).

Regression analysis

The regression analysis was applied to study the relation-
ships between the dependent variables (the removal ratio of
VS and the specific methane productivity) and three inde-
pendent variables (TS%, C/N ratio and EVP). After statis-
tical regression analysis of the experimental data, two
second-order polynomial Eqs. (5) and (6) were obtained

Removal ratio of VS Y , unit : %ð Þ ¼ 116:6572

þ0:2426X1 � 2:8798X2 � 3:8592X3 � 0:0054X1X2

�0:0129X1X3 � 0:038X2X3 þ 0:001X1
2 þ 0:04171X2

2

þ0:1080X3
2 (5)

For the removal ratio of VS, R2 and adjusted R2 values of
0.938 and 0.905 were obtained, respectively. Therefore, the
variance of the equation’s errors was at least 90.5% less than
the variance of the dependent variable.[37] The F value of
regression was 1.52E� 08, which indicated that this equation
was statistically significant. ANOVA tables, the residual out-
put, the probability output and the normal probability plot
are provided in Appendix A. The comparison between pre-
dicted values and experimental values is shown in Figure
1(a). The P values for the EVP (X1), C/N ratio (X2), TS%
(X3), X1X2, X1X3, X2X3, X1

2, X22 and X3
2 were 0.639, 0.048,

0.0749, 0.4829, 0.4016, 0.2239, 0.8525, 0.0666 and 0.2215,
respectively. If a statistical significance level cutoff was
chosen as P¼ 0.05, it was concluded that the effect of the C/
N ratio (X2) was statistically significant

Specific methane productivity Y , unit : mL=g initial VS
� �

¼ 551:0281 � 0:3314X1 � 16:7711X2 � 25:969X3

�0:00272X1X2 þ 0:007826X1X3 þ 0:10652X2X3

þ0:004688X1
2 þ 0:1597X2

2 þ 0:8174X3
2 (6)

For the specific methane productivity, R2 and adjusted R2

values of 0.8065 and 0.704 were obtained, respectively. So,
the standard deviation of the errors was 70.4% less than the

Table 1. Characteristics of swine manure, corn stover and effluent.

Sample name Swine manurea Corn stovera Effluenta

TSb (wt%) 51.11 ± 0.7 94.56 ± 3.0 0.20 ± 0.6
VSc (wt%, dry basis) 78 ± 0.4 93.90 ± 0.7 58.5 ± 1.0
Carbon % 38.19 ± 0.92 47.36 ± 0.7 66.25 ± 6.0
Nitrogen % 3.15 ± 0.74 0.57 ± 0.01 2.17 ± 0.2
C/N ratiod 12.12 83.09 30.53
aValues are means ± standard deviation (n¼ 3).
bTS¼ total solid.
cVS¼ volatile solids.
dC/N¼ carbon to nitrogen ratio.
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variance of the dependent variable. The F value of regression
was 0.000154, so this equation was statistically significant.
ANOVA tables, the residual output, the probability output
and the normal probability plot are provided in Appendix A.
The comparison between predicted values and experimental
values is shown in Figure 1(b). The P values for the EVP
(X1), C/N ratio (X2), TS% (X3), X1X2, X1X3, X2X3, X1

2, X22
and X32 were 0.9255, 0.0888, 0.0807, 0.9586, 0.9405, 0.6133,

0.8995, 0.29 and 0.1804, respectively. In this case, none of
independent variables was statistically significant.

Dynamics of microbial communities

Microbial data analysis
The extracted DNA was quantified using the fluorometer
and was in the range of 0.5–83 mg mL�1. The extracted DNA
was used for library preparation. The size of the library was
determined using the Agilent 2200 Tapestation system. The
size of the pooled libraries was in the range of 300–400 bp,
which was the expected size since the primers target the V4
region only. Using the MiSeq reagent kit v3 and the ampli-
con DNA, full-length reads of V4 region was obtained in a
single run at the end of approximately 65 h. The output of
the MiSeq run was more than 20 million reads and gener-
ated more than 100,000 reads for each sample, which was
enough size for data analysis. The MiSeq reagent kit v3 had
the ability to double the amount of output per flow cell.
Total of 27 batches was anaerobically digested. The MiSeq
reagent kit v3 (600 cycles) can accommodate only 24 sam-
ples (Illumina). All batches with C/N of 40 produced low
biomethane, hence only three of those batches at different
TS % were considered to study the microbial community
structure that caused the process failure. Total of 21 samples
was selected out of the 27 batches and one batch with fresh
swine manure and the other with effluent were analyzed as
controls. AD process involved two groups of microorgan-
isms – bacteria and archaea as shown in Table 3.

The control batch of effluent showed a balanced profile
of the bacterial community, which consisted of Euryarchaea
(14.3%), Firmicutes (14.3%), Thermotogae (14.3%),
Proteobacteria (14.3%), Bacteroidetes (14.3%) and
Spirochetes (28.5%). Euryarchaea phylum belonged to arch-
aeal domain, while phyla of Firmicutes, Thermotogae,
Proteobacteria, Bacteroidetes, and Spirochetes belonged to
bacterial domain. Co-digestion of swine manure with corn

Figure 1. The comparison between the predicated values and the experimental
values (a) the removal ratio of VS, (b) the specific methane productivity.

Table 3. Bacterial and Archaeal community structure in the AD batches, swine manure, and effluent on day 21

AD No. TS% CN Ratio EVP& Cumulative Methane Yield (N mL) Bacteria % Archaea %

1 5 20 20 2402.23 ± 75 99.198 0.802
2 5 30 20 2441.55 ± 182 98.000 2.000
4 5 20 40 2262.43 ± 291 99.441 0.559
5 5 30 40 2419.30 ± 198 98.140 1.860
6 5 40 40 214.03 ± 21 100.000 0.000
7 5 20 60 2027.67 ± 189 99.083 0.917
8 5 30 60 2197.20 ± 114 99.621 0.379
10 10 20 20 4323.53 ± 83 99.140 0.860
11 10 30 20 297.02 ± 19 100.000 0.000
13 10 20 40 4134.35 ± 263 99.437 0.563
14 10 30 40 288.10 ± 10 100.000 0.000
15 10 40 40 166.32 ± 25 100.000 0.000
16 10 20 60 4808.13 ± 319 98.261 1.739
17 10 30 60 381.23 ± 10 100.000 0.000
19 15 20 20 5653.37 ± 294 99.457 0.543
20 15 30 20 396.20 ± 8 100.000 0.000
22 15 20 40 5298.93 ± 276 98.611 1.389
23 15 30 40 333.22 ± 38 100.000 0.000
24 15 40 40 217.43 ± 29 100.000 0.000
25 15 20 60 5663.69 ± 194 97.205 2.795
26 15 30 60 232.26 ± 31 100.000 0.000
Effluent NA NA NA NA 85.714 14.286
Swine Manure NA NA NA NA 99.680 0.320
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stover caused an obvious shift in population, in which the
archaeal population was reduced to 0.3–2.8% and the bacter-
ial community was 97.2–99.7% (Figure 2). These results
were consistent with previous studies.[38]

Archaeal community structure
The archaeal group consisted of methane producing
microbes.[39] At the pH range of 5.0–7.0, the VFA was pre-
sent in a non-dissociated form that could be lethal to the
archaeal microbes.[40] In this study, the highest archaeal
population was observed when the TS was 15%, C/N 20 and
EVP 60%. For TS 5% and TS 10%, the highest archaeal
population was observed when the C/N was 30 and 20,

respectively. These results agreed with the biomethane pro-
duction results as the higher relative abundance of the arch-
aeal population could lead to a higher rate of
methanogenesis. The batches with lower biomethane pro-
duction showed a low presence or complete absence of the
archaeal population. Phylum Euryarchaeota was the most
abundant among the archaeal phyla with the relative abun-
dance of close to 99%. Previous studies had reported the
Euryarchaeota population between 50.4% and 87.3% of the
total archaeal sequences.[41] The remaining 1% consisted of
Phylum Crenarchaeota. Phylum Euryarchaeta consisted of
two classes – Methanobacteria and Methanomicrobia while
Phylum Crenarchaeota consisted of one class which
remained unclassified.

Figure 2. Bacterial and archaeal community structure of anaerobic digestion batches 1–26 along with effluent and swine manure.

Figure 3. Comprehensive archaeal community structure at the genus level from all the anaerobic digestion batches.
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The relative abundance of each genus in all the samples
were calculated. The genus belonging to Phylum
Crenarchaeota showed a relative abundance of less than
0.1%. Phylum Euryarchaeta consisted of genus
Methanothermobacter, Methanobrevibacter, Methanosarcina
and Methanoculleus. Methanogens belonging to genus
Methanothermobacter, belong to the family
Methanobacteriaceae, was thermophilic and had an optimum
growth temperature between 55 �C and 65 �C and use CO2

and H2 as substrates for the production of methane.[42]

Methanobrevibacter was strict anaerobic archaea that pro-
duced methane through reduction of carbon dioxide and
hydrogen.[43] Methanosarcina was both acetoclastic (acetate
utilizing) and hydrogenotrophic (hydrogen utilizing).[44]

Methanoculleus was hydrogenotrophic methanogens.[41]

Methanothermobacter was the most abundant genus (50% of
the total archaeal population) followed by Methanosarcina

with 35% of the total archaeal population (Figure 3).
Batches 6, 11, 14, 15, 17, 20, 23, 24 and 26 did not show the
presence of methanogens in the digester. The absence of a
certain group of the microbial population could be due to
the loss of species stratification and decrease in the evolu-
tion of new communities.[44]

Bacterial community structure
AD involved hydrolysis and acidification process that
involves a large number of bacterial populations.[45] The
taxonomic composition of the bacterial communities at the
phyla level is shown in Figure 4. Thirteen major phyla were
identified from all co-digestion batches. For all failed
batches, Firmicutes was the most dominant phylum. In order
to produce a fair amount of biogas, it seemed that the abun-
dance of Thermotogae was required. Phylum such as

Figure 4. Taxonomic composition of bacterial communities at phyla level for anaerobic digestion batches along with swine manure and effluent.
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Proteobacteria, Tenericutes, Bacteroidetes, Spirochetes,
Chloroflexi, Acidobacteria and Actinobacteria was not critical
to a healthy AD of swine manure and corn stover.

Firmicutes were acetogenic and syntrophic bacteria that
can degrade VFA. The predominance of bacteria belonging
to Phylum Firmicutes proposed that it played a critical role
in biomethane production.[45] Firmicutes participated in the
acidogenesis phase of AD and produced H2 and CO2

throughout fermentation. Firmicutes had the ability to toler-
ate unfavorable environments and produced precursors for
methanogenesis process.[41] Firmicutes produced extracellu-
lar enzymes such as cellulase, lipase and protease that
metabolized cellulose, protein, lignin and lipids. Published
work by other researchers had also reported that Firmicutes
was the most abundant phyla.[46]

Class Clostridia belonging to Firmicutes was the most
abundant class in all the AD batches. This could be caused
by the cellulose degrading ability of Clostridia that could
have led to the decomposition of cellulose, chitin and
starch.[41,47] Bacteria belonging to Phylum Thermotogae was
gram negative, thermophilic anaerobes and was capable of
utilizing a great variety of carbohydrates and generating
hydrogen.[48] Bacteria belonging to Thermotogae had the
ability to metabolize organic substrates effectively and pro-
duced H2 gas as a by-product. The bacteria also possessed
thermostable enzymes that had gained importance for differ-
ent biotechnological applications.[49]

Phylum Proteobacteria was not dominant in the study
but it was present in the batches that produced methane.
Phylum Proteobacteria was involved in the degradation of
organic waste into propionate, butyrate and acetate.[41]

Spirochetes fermented the carbohydrates or amino acids into
acetate, H2 and CO2 and Tenericutes had reported to utilize
lignin.[46] Both the phyla were present in the batches with a
relative abundance between 0.1% and 4.4%.

Conclusion

Corn stover, swine manure and effluent were anaerobically
co-digested for 21 days at 55 �C with varying TS (5–15wt%),
C/N (20–40) and EVP ratio (20–60 vol%). The VS removal
ratios of 5%, 10% and 15% batches were 36.2–58.2%,
23.5–45% and 6–33.8%, respectively. The batches of TS 5%
with a C/N ratio of 20 or 30 resulted in higher biomethane
production as compared to that of C/N 40. For TS 10%, the
batch with C/N 20 and EVP of 60% produced the highest
methane volume, methane yield and specific methane prod-
uctivity (4808.13NmL, 341.9mL g�1 VS and 153.9mL g�1

initial VS). In general, TS 10% batches with C/N ratio 20
showed higher methane yield than batches with C/N 30 and
40. Batches of TS 15% showed a similar low C/N require-
ment. The highest methane yield of 351.2mL g�1 VS was
obtained from the batch with C/N 20, EVP 60% and TS
15%, while the batches with C/N 40 produced low biome-
thane and were considered as failed batches. The results of
the VS removal ratios and the specific methane productivity
were fit into two second-order polynomial equations which
gave R2 values of 0.938 and 0.8065, respectively.

The diversity of the bacterial and archaeal communities
had a direct correlation with the digester performance and
biomethane production. The archaeal community was in the
range of 0.3–2.8% of the total microbial community. The
highest archaeal population was observed when the TS was
15%, C/N 20 and EVP 60% which also had the highest bio-
methane production. For TS 5% and TS 10%, the highest
relative number of archaea was observed when the C/N was
30 and 20, respectively. The results of microbiome analysis
enabled understanding the key populations in biome-
thane generation
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Appendix A

Table A1. ANOVA test of the removal ratio of volatile solid (VS).

AD no. x1: ER ratio x2: C/N ratio x3: Solid content VS loss (%)

Original results
1 20 20 5 55.67
2 20 30 5 52.16
3 20 40 5 43.01
4 40 20 5 57.25
5 40 30 5 56.63
6 40 40 5 36.22
7 60 20 5 58.10
8 60 30 5 56.55
9 60 40 5 41.71
10 20 20 10 39.18
11 20 30 10 23.78
12 20 40 10 23.51
13 40 20 10 42.34
14 40 30 10 25.95
15 40 40 10 24.85
16 60 20 10 45.03
17 60 30 10 31.22
18 60 40 10 26.08
19 20 20 15 33.15
20 20 30 15 11.17
21 20 40 15 12.06
22 40 20 15 33.78
23 40 30 15 9.70
24 40 40 15 9.03
25 60 20 15 33.72
26 60 30 15 5.97
27 60 40 15 6.67

Equation: The removal ratio of VS ð%Þ ¼ Initial VS � Final VS
Initial VS � 100%

Summary output
Regression statistics

Multiple R 0.968547
R square 0.938084
Adjusted R square 0.905304
Standard error 5.215041

Observations 27
(continued)
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ANOVA

df SS MS F Significance F
Regression 9 7004.884 778.3204 28.61824 1.52E� 08
Residual 17 462.3431 27.19666
Total 26 7467.227

Coefficients Standard error t Stat P value Lower 95% Upper 95%

Intercept 116.6572 25.33061 4.605386 0.000252 63.21431 170.1001
x1 0.242665 0.508671 0.477057 0.639396 �0.83054 1.315867
x2 �2.8798 1.352117 �2.12985 0.048092 �5.73252 �0.02708
x3 �3.85924 2.034683 �1.89673 0.074988 �8.15205 0.433565
x1x2 �0.0054 0.007527 �0.71719 0.482998 �0.02128 0.010483
x1x3 �0.01295 0.015055 �0.86027 0.401613 �0.04471 0.018811
x2x3 �0.038 0.030109 �1.26215 0.223936 �0.10153 0.025522
x1x1 0.001005 0.005323 0.188742 0.85253 �0.01023 0.012234
x2x2 0.041719 0.02129 1.959548 0.066655 �0.0032 0.086638
x3x3 0.108065 0.085161 1.268941 0.221562 �0.07161 0.287739

Residual output Probability output

Observation Predicted VS loss % Residuals Standard residuals Percentile VS loss %

1 57.15486 �1.48295 �0.35167 1.851852 5.970465
2 46.23676 5.918683 1.403555 5.555556 6.674533
3 43.66255 �0.65387 �0.15506 9.259259 9.034216
4 59.7592 �2.51107 �0.59547 12.96296 9.701379
5 47.76142 8.865261 2.102306 16.66667 11.17187
6 44.10752 �7.88482 �1.8698 20.37037 12.05678
7 63.16722 �5.07041 �1.2024 24.07407 23.51088
8 50.08975 6.464728 1.533044 27.77778 23.78322
9 45.35616 �3.64556 �0.86451 31.48148 24.85418
10 40.86819 �1.68422 �0.39939 35.18519 25.95224
11 28.04999 �4.26677 �1.01182 38.88889 26.07804
12 23.57567 �0.06479 �0.01536 42.59259 31.22094
13 42.17745 0.164001 0.038891 46.2963 33.14847
14 28.27955 �2.32732 �0.5519 50 33.71691
15 22.72554 2.12864 0.504785 53.7037 33.77635
16 44.29038 0.743359 0.17628 57.40741 36.2227
17 29.3128 1.908146 0.452497 61.11111 39.18397
18 22.67909 3.398945 0.806025 64.81481 41.71059
19 29.98476 3.163713 0.750242 68.51852 42.34145
20 15.26645 �4.09458 �0.97099 72.22222 43.00868
21 8.892015 3.164769 0.750493 75.92593 45.03374
22 29.99892 3.777429 0.895779 79.62963 52.15545
23 14.20092 �4.49954 �1.06702 83.33333 55.67191
24 6.746802 2.287414 0.542437 87.03704 56.55448
25 30.81677 2.900137 0.687738 90.74074 56.62668
26 13.93908 �7.96861 �1.88968 94.44444 57.24813
27 5.405265 1.269268 0.300994 98.14815 58.09681
27 �216.35 220.786 0.13882
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Table A2. ANOVA test of the specific methane productivity (mL g�1 initial VS).

AD no. x1: ER ratio x2: C/N ratio x3: Solid content Specific methane productivity (mL g�1 initial VS)

Original results
1 20 20 5 150.69
2 20 30 5 147.64
3 20 40 5 11.51
4 40 20 5 148.02
5 40 30 5 152.22
6 40 40 5 13.19
7 60 20 5 138.59
8 60 30 5 144.07
9 60 40 5 18.54
10 20 20 10 132.87
11 20 30 10 8.81
12 20 40 10 8.25
13 40 20 10 129.67
14 40 30 10 8.71
15 40 40 10 4.93
16 60 20 10 153.97
17 60 30 10 11.75
18 60 40 10 6.58
19 20 20 15 115.05
20 20 30 15 7.78
21 20 40 15 3.95
22 40 20 15 109.30
23 40 30 15 6.63
24 40 40 15 4.25
25 60 20 15 118.42
26 60 30 15 4.68
27 60 40 15 4.44

Equation: Specific methane productivity ðmL g�1 initial VSÞ ¼ Cumulative methane productivity
Initial VS

Summary output

Regression statistics

Multiple R 0.898054
R square 0.8065
Adjusted R square 0.704059
Standard error 35.84387
Observations 27

ANOVA

df SS MS F Significance F
Regression 9 91033.78 10114.86 7.872821 0.000154
Residual 17 21841.31 1284.783
Total 26 112875.1

Coefficients Standard Error t Stat P value Lower 95% Upper 95%

Intercept 551.0281 174.1016 3.16498 0.005658 183.7059 918.3503
x1 �0.33145 3.496181 �0.0948 0.925579 �7.70775 7.044847
x2 �16.7711 9.293328 �1.80464 0.088876 �36.3783 2.836101
x3 �25.969 13.98472 �1.85695 0.080731 �55.4741 3.536232
x1x2 �0.00272 0.051736 �0.05259 0.958668 �0.11187 0.106433
x1x3 0.007826 0.103472 0.075631 0.940596 �0.21048 0.226133
x2x3 0.10652 0.206945 0.514728 0.61337 �0.33009 0.543135
x1x1 0.004688 0.036583 0.128159 0.899527 �0.07249 0.081872
x2x2 0.159787 0.146332 1.091946 0.290091 �0.14895 0.46852
x3x3 0.817478 0.585328 1.396616 0.180498 �0.41746 2.052412

Residual output Probability output

Observation Predicted methane production (mL/int. VS) Residuals Standard residuals Percentile Methane production (mL/int. VS)

1 175.7053 �25.0182 �0.86318 1.851852 3.946909
2 92.66938 54.97435 1.896738 5.555556 4.246533
3 41.59078 �30.0851 �1.038 9.259259 4.435828
4 174.3966 �26.3758 �0.91003 12.96296 4.68168
5 90.81645 61.40229 2.118517 16.66667 4.933804
6 39.19365 �25.9992 �0.89703 20.37037 6.577664
7 176.8386 �38.2469 �1.3196 24.07407 6.630796
8 92.71428 51.35712 1.771936 27.77778 7.784447
9 40.54727 �22.0086 �0.75935 31.48148 8.25467
10 118.606 14.26608 0.492212 35.18519 8.710869
11 40.89607 �32.0868 �1.10707 38.88889 8.809304
12 �4.85651 13.11118 0.452365 42.59259 11.50568
13 118.0798 11.59 0.399881 46.2963 11.75437

(continued)
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14 39.82571 �31.1148 �1.07353 50 13.19448
15 �6.47108 11.40488 0.393494 53.7037 18.53869
16 121.3044 32.66863 1.127141 57.40741 109.2993
17 42.5061 �30.7517 �1.061 61.11111 115.0544
18 �4.33489 10.91256 0.376508 64.81481 118.4242
19 102.3806 12.6738 0.437275 68.51852 129.6698
20 29.99666 �22.2122 �0.76637 72.22222 132.8721
21 �10.4299 14.37682 0.496032 75.92593 138.5917
22 102.637 6.662295 0.229864 79.62963 144.0714
23 29.70887 �23.0781 �0.79625 83.33333 147.6437
24 �11.2619 15.50844 0.535076 87.03704 148.0208
25 106.6441 11.78009 0.40644 90.74074 150.6872
26 33.17182 �28.4901 �0.98297 94.44444 152.2187
27 �8.34315 12.77898 0.440904 98.14815 153.9731
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