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Abstract Mesophilic and thermophilic anaerobic digesters

(MD and TD, respectively) utilizing Gracilaria and marine

sediment as the substrate and inoculum, respectively, were

compared by analyzing their performances and microbial

community changes. During three successive transfers, the

average cumulative methane yields in the MD and TD were

222.6 ± 17.3 mL CH4/g volatile solids (VS) and

246.1 ± 11 mL CH4/g VS, respectively. The higher

hydrolysis rate and acidogenesis in the TD resulted in a

several fold greater accumulation of volatile fatty acids

(acetate, propionate, and butyrate) followed by a larger pH

drop with a prolonged recovery than in the MD. However,

the operational stability between both digesters remained

comparable. Pyrosequencing analyses revealed that the

MD had more complex microbial diversity indices and

microbial community changes than the TD. Interestingly,

Methanomassiliicoccales, the seventh methanogen order

was the predominant archaeal order in the MD along with

bacterial orders of Clostridiales, Bacteriodales, and Syn-

ergistales. Meanwhile, Coprothermobacter and

Methanobacteriales dominated the bacterial and archaeal

community in the TD, respectively. Although the methane

yield is comparable, both MD and TD show a different

profile of pH, VFA and the microbial communities.

Keywords Anaerobic digestion � Gracilaria � Mesophilic �
Microbial community � Thermophilic

Introduction

Anaerobic digestion (AD) is a complex microbiological

process in which organic material is converted into biogas,

mainly methane and carbon dioxide, by numerous different

groups of microorganisms (Cantrell et al. 2008). This

technology helps to provide alternative sources of renew-

able energy that have fewer environmental impacts com-

pared with those from fossil fuel-derived energy (Adekunle

and Okolie 2015; Chynoweth et al. 2001). A variety of

different substrates, ranging from lignocellulosic substrates

to municipal solid wastes, have been utilized as substrates

for AD (Chynoweth et al. 2001; Wei et al. 2013).

The use of seaweed as a substrate for AD has gained

increasing attention recently because it lacks lignin and,

thus, does not require pretreatment. Some seaweeds con-

tain high amounts of polysaccharides, which can be used as

substrates for AD (Wei et al. 2013). A number of seaweed

genera, such as Saccharina, Laminaria, and Ulva, which

have been used as substrates have shown good hydrolysis

efficiencies, methane yields, and process stabilities during

AD (Hughes et al. 2012; Vanegas and Bartlett 2013). For

AD that uses seaweed as the substrate, marine sediments,

which are expected to contain large numbers of bacteria,

are often used as inocula. Previously, it was reported that

the bioconversion efficiency of green seaweed inoculated

with marine sediment was higher than that of seaweed

inoculated with non-marine origin sediment (Schramm and
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Lehnberg 1984). In other digestion processes that used

Saccharina japonica as the substrate, the methane yields

from various marine sediments that were used as inocula

were significantly higher than that from a methanogenic

granule (Miura et al. 2014). Improved degradation rates

and methane yields have also been reported using seaweed

as a substrate and anoxic lagoon sediment as an inocu-

lum (Migliore et al. 2012). These results indicate that

marine sediment is a suitable inoculum for an AD process

that employs seaweed as the substrate.

Temperature is one of the significant factors that affect

the kinetics and microbial compositions during AD. AD

processes are regularly conducted under mesophilic

(30–40 �C) and thermophilic (50–60 �C) conditions. Gen-
erally, high temperatures facilitate faster reaction rates,

higher substrate degradation efficiencies, and a significant

reduction of pathogens. However, thermophilic conditions

might decrease the stability of the digestion process

because of higher accumulations of volatile fatty acids

(VFAs). In addition, more energy will be required to

maintain thermophilic conditions (Li and Yu 2011). In

contrast, mesophilic conditions, which are more commonly

employed in AD, require less energy and are more

stable than thermophilic conditions (Shi et al. 2013).

A successful AD performance depends on a dynamic

balance among diverse microbes (Amani et al. 2010). Until

now, most knowledge of the microbial communities of

anaerobic digesters was generated from those that used

terrestrial lignocellulose biomass as a substrate and non-

marine waste as inocula (Mhuantong et al. 2015; Shi et al.

2013). Here, we report the investigation of the composition

and succession of a microbial community from mesophilic

(37 �C; MDs) and thermophilic digesters (55 �C; TDs), in
which Gracilaria and marine sediment were used as the

substrate and inoculum, respectively. The results of this

study will improve our knowledge of the mesophilic and

thermophilic microbes that are potentially important for the

AD of seaweed. Additionally, we identified the physico-

chemical factors that shape the composition of the micro-

bial community and correlated them with digester

performance.

Materials and methods

Preparation of substrates and inocula

Three genera of fresh seaweeds (Ulva, Laminaria, and

Gracilaria) were purchased from the local market in

Gwangju, Korea in March 2013. All seaweeds were

desalted by freshwater washing, sun-dried, and then milled

into powder. The milled seaweeds were subsequently kept

at -20 �C prior to use. Three inocula were collected from

the wastewater treatment plant at Ansan, Korea, while

manure was collected from an anaerobic digester at Paju,

Korea, and anoxic marine sediment was collected from

Oido Island, Korea. Prior to AD, inocula were pre-incu-

bated at room temperature for 20 d to deplete the residual

biodegradable organic materials, and gas was removed

every second day.

Batch cultures in 150-mL digesters

Preliminary experiments were conducted using sets of three

seaweeds and three inocula under mesophilic (37 �C) and
thermophilic (55 �C) conditions. The basal medium was

prepared in distilled water, and its composition was: NH4Cl

(0.30 g/L), NaCl (0.30 g/L), MgCl2�6H2O (0.10 g/L),

CaCl2�2H2O (0.11 g/L), KH2PO4 (0.41 g/L), Na2HPO4

(0.53 g/L), NaHCO3 (4.00 g/L), 0.1 % (w/v) resazurin

solution, 1 % (v/v) trace elements, 1 % (v/v) filter sterilized

of vitamin solution, cysteine HCl (0.50 g/L), and Na2-
S�9H2O (0.50 g/L) (Balch et al. 1979). The pH was adjusted

to 7.4–7.6 in all cases with a 10 % NaOH solution.

To prepare the medium under strict anaerobic condi-

tions, the medium was boiled using boiling flasks, while

the gas phase was simultaneously exchanged with a mix-

ture of gases (N2:CO2, 80:20 v/v). The inoculum/substrate

(I/S) ratio was 1 on the basis of volatile solids (VS); equal

amounts of each substrate (0.2 g VS) were transferred

individually into separate serum bottles (150 mL) and

mixed with each inoculum (0.2 g VS) in an anaerobic

chamber. The autoclaved medium was added last, bringing

the final volume to 50 mL, with the remaining 100 mL

used for the headspace; then, the serum bottle was sealed

with a rubber stopper and capped with aluminum crimps.

Negative controls that contained only inoculum and med-

ium were also prepared for all samples.

In total, three successive transfers were conducted in

duplicate during 120 days of preliminary study. Methane

production was measured twice per week. After reaching

the stationary stage during each of the successive transfers,

the serum bottle was vigorously shaken to homogenize the

culture, and then the inocula were transferred into fresh

medium.

Batch cultures in 2-L digesters

Gracilaria and marine sediment were used as the substrate

and inoculum respectively for larger-scale digesters due to

the higher methane production and digester stability under

mesophilic and thermophilic conditions during preliminary

experiment using 150 mL digesters. Triplicate samples

were prepared for each MD (37 �C) and TD (55 �C), which
used 2-L aspirator Duran glass bottles with a 1-L working

volume, and which were equipped with a GL 45 threaded
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screw cap with an inserted rubber septa and a GL 32 outlet

at the base. The I/S ratio was 1 on the basis of VS;

Gracilaria (4 g VS) was transferred into 2-L bottles and

mixed with marine sediment (4 g VS) in an anaerobic

chamber. The medium was then added to a final working

volume of 1 L with the remaining 1 L as headspace.

Negative controls that contained only inoculum and med-

ium were also prepared. All the experimental methods and

preparations were the same as those used in the preliminary

study, except the amounts of substrates, inocula, and media

were increased by 20-fold. Three successive transfers were

conducted in triplicate during 135 days as it is shown in

Figs. 2 and 3.

Analytical methods

Total solids, VS, and pH were determined according to

standard methods (APHA 1995). Methane and carbon

dioxide that accumulated in the bottle headspace were

measured by injecting a 100-lL sample volume, via a gas-

tight syringe, into a gas chromatograph (YL 6100GC,

Anyang, Korea) equipped with a flame ionization detector

and a Porapack N, 80–100 mesh, 10 ft. 98 in. column

matrix. Argon was used as the carrier gas at a flow rate of

13 mL/min, and the temperatures of the column, injector,

and detector were 40, 110 and 110 �C, respectively. The
accumulated methane was measured twice per week and

expressed as an average with standard errors. Methane gas

production calculated from the headspace was converted

into the volume of methane at standard temperature and

pressure according to the ideal gas law. The methane

production in the negative control was subtracted from the

cumulative methane production. The methane production

potential of seaweed was defined as the total volume of

methane produced per amount of substrate initially added

(i.e., mL CH4/gVS) during the digestion period.

The concentrations of VFAs (acetate, propionate, and

butyrate) were determined by a gas chromatograph (GC-

900C) with a flame ionization detector equipped with a

fused silica column (30 m 9 0.32 mm 9 0.25 lm). The

liquid samples from the anaerobic digesters were cen-

trifuged at 10,397 g for 10 min, acidified to approximately

pH 2 with formic acid, filtered through a 0.45-lm mem-

brane, and finally measured by injecting 1 lL of the

sample. The temperatures of the column and detector were

110 and 220 �C, respectively. Helium was used as the

carrier gas at a flow rate of 5 mL/min.

Sampling, DNA extraction, and pyrosequencing

Over a 45-d digestion period, five samples were taken on d

0, 5, 15, 25, and 35 from the MD and TD (indicated as MD

0, MD 5, MD 15, MD 25, and MD 35, and TD 0, TD 5, TD

15, TD 25, and TD 35, respectively) on the basis of the

methane and pH profiles. Marine sediment (indicated as

MS) as the original inoculum was also subjected to

pyrosequencing analysis. These samples were immediately

frozen at -20 �C prior to DNA extraction, which was

performed with the PowerSoil� DNA Isolation Kit (MO

BIO Laboratories, Carlsbad, CA, USA). Pyrosequencing

was performed according to a protocol from Chunlab Inc.

(Seoul, Korea), with some modifications. The extracted

DNA was used as a template for fusion PCRs of the

hypervariable regions (V1–V3) of the bacterial and

archaeal 16S rRNA genes. The primers for the bacterial

sequences were V1-27F (50-CCTATCCCCTGTGTGCC
TTGGCAGTC-TCAG-AC-GAGTTTGATCMTGGCTCAG-

30) (gene-specific sequences are underlined) and V3-518R (50-
CCAT CTCATCCCTGCGTGTCTCCGAC-TCAG-X-AC-

WTTACCGCGGCTGCTGG-30); the X barcode was

uniquely designed for each sample, followed by the common

linker AC. The primers for the archaeal sequences were AV1-

21F (50-CCTATCCCCTGTGTGCCTTGGCAGTC-TCAG-
AG-TCCGGTTGATCCYGCCGG-30) and AV3-519R (50-C
CTATCCCCTGTGTGCCTTGGCAGTC-TCAG-X-GA-G

GTDTTACCGCGGCKGCTG-30). PCRs were conducted

under the following conditions: an initial denaturation at

94 �C for 5 min, followed by 30 cycles of denaturation at

94 �C for 30 s, annealing at 50 �C (bacteria) or 55 �C
(archaea) for 30 s, elongation at 72 �C for 90 s, followed

by a final elongation of 10 min at 72 �C. The amplicons

were purified using the QIAquick PCR Purification kit

(Qiagen, Valencia, CA, USA), and quantified using a

spectrophotometer (NanoDrop Technologies, Wilmington,

DE, USA). The purified PCR products (*1 lg of each

sample) were used for pyrosequencing. All the pyrose-

quencing procedures, including the construction of a sin-

gle-stranded DNA library, emulsion PCRs, and

pyrosequencing reactions, were performed by Chunlab

Inc. (Seoul, Korea) using a Roche/454 GS Junior system

according to the manufacturer’s instructions.

Pyrosequencing data analyses

Pyrosequencing data were analyzed according to previ-

ously published methods (Jeon et al. 2013). Briefly, raw

data from each sample were separated by unique barcodes

in the demultiplexing step, and low-quality reads, based on

the average quality score, were excluded from further

analysis. The primer sequences were trimmed based on the

profile of the 16S rRNA V1–V3 regions by pairwise

sequence alignments and the hmm-search program of the

HMMER 3.0 package (Eddy 2011). To correct sequencing

errors, the representative sequences in each cluster of

trimmed sequences were selected for taxonomic identifi-

cation. The taxonomic positions of individual reads were
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determined according to the highest pairwise similarity

among the top five BLASTN hits against the EzTaxon-e

database (http://eztaxon-e.ezbiocloud.net), and chimeric

sequences were removed by UCHIME (Edgar et al. 2011).

Alpha diversity indices were calculated by the MOTHUR

Package (Schloss et al. 2009). The pyrosequencing dataset

have been deposited into the MG-RAST server under

accession numbers listed in Table S1. The compositions of

bacterial species from each sample were calculated with

CL community software (Chunlab Inc., Seoul, Korea).

Canonical correspondence analysis (CCA; XLSTAT ver-

sion 2012, Addinsoft, New York, NY, USA) was con-

ducted to describe the correlations between microbial

populations and the operational conditions, including

temperature, pH, and VFAs, as well as anaerobic digester

performance, including methane production.

Design of modified primer set specific for 7th order

of methanogens and construction of clone libraries

A primer set specific for 7th order of methanogens was

designed from alignment study. For construction of the

library, PCR with the modified primer set was conducted,

which used the total DNA from theMD samples as template.

PCR conditions included an initial denaturation at 94 �C for

5 min, followed by 30 cycles of denaturation at 94 �C for

30 s, annealing at 55 �C for 30 s, and elongation at 72 �C for

90 s, followed by a final elongation for 10 min at 72 �C. The
amplified products were ligated into the pGEM-T vector

(Promega, Madison, WI, USA) and transformed into

Escherichia coli DH5a according to the manufacturer’s

instructions. Clones were randomly selected and their plas-

mids were extracted, purified, and sequenced by Cosmo

Genetech Co., Ltd., Seoul, Korea, on ABI 3730 capillary

sequencers using BigDye v. 3.1 sequencing chemistry (Ap-

plied Biosystems, Foster City, CA, USA).

The sequences were aligned with representative refer-

ence sequences with CLUSTAL X (version 1.83)

(Thompson et al. 1997). Phylogenetic trees were con-

structed by MEGA software (version 69.05). An evolu-

tionary distance matrix was generated according to (Jukes

and Cantor 1969), and inferred using the neighbor-joining

method (Saitou and Nei 1987). The neighbor-joining tree

topology was evaluated by a bootstrap analysis based on

1000 replicates (Felsenstein 1985).

Results

Anaerobic digestion performance

During three successive transfers of the preliminary study

(150 mL), the mesophilic (37 �C) ADs were more

stable and produced higher methane yields in all batch

cultures than the thermophilic (55 �C) ADs. Gracilaria

inoculated with marine sediment produced the highest

methane yield, 293 ± 13.3 mL/g VS and 236.4 ± 71.2,

under mesophilic and thermophilic conditions, respec-

tively. The average methane production during three suc-

cessive transfers is shown in Table S2.

For the larger scale (2 L), the methane, VFAs, and pH

profiles in the MD and TD are shown in Figs. 1 and 2.

During the digestion process, methane production consis-

tently increased and appeared to reach saturation phase by

d 35 in the MD and TD. The average cumulative methane

yields during three successive transfers in the MD and TD

were 222.6 ± 17.3 and 246.1 ± 11 mL/g VS (Figs. 1, 2),

respectively.

Both digesters produced higher concentrations of VFAs

during the early phase, which subsequently decreased after

d 15 and continued to decrease until the end of the diges-

tion process. Although both digesters exhibited similar

profiles, the VFA concentrations were more than twice

higher in the TD (Fig. 2) than in the MD (Fig. 1). VFAs

were totally degraded by the end of the digestion process in

the MD. Likewise, acetate and butyrate were also almost

completely consumed in the TD, except for the propionate

whose concentration was maintained at 1.64 mM.

The pH profiles from the MD and TD are shown in

Figs. 1 and 2, respectively. The pH initially decreased in

the early phase and increased slightly until the end of the

AD process. A continuous pH decrease from 7.8 after the

inoculation to 6.6 at d 15 was observed in the MD, which

was followed by a rapid recovery. Meanwhile, the pH

suddenly decreased to 6.4 on d 5 in the TD, which was

followed by a prolonged recovery.

Comparison of microbial communities

A total of 154,938 sequences were obtained from the col-

lected samples, and 60.5 and 39.5 % of the sequences were

assigned to the bacteria and archaea domains, respectively.

A comparison of the microbial richness and diversity in

the MD and TD is shown in Table 1. As indicated by the

Ace and Chao 1 values, bacterial richness during each

sampling period was higher in the MD than in the TD over

the course of the AD process. Similarly, archaeal richness

during each sampling period was always higher in the MD

than in the TD according to the Chao1 values. In addition,

slightly lower sequence coverage in the MD, along with a

higher Shannon index, indicated that the microbial diver-

sity of the MD was higher than that of the TD. The higher

microbial diversity in the MD was also supported by the

number of operational taxonomic units (OTUs), which was

clearly higher in the MD than in the TD.

158 Page 4 of 17 World J Microbiol Biotechnol (2016) 32:158

123

http://eztaxon-e.ezbiocloud.net


Changes in bacterial diversity

Seven major bacterial phyla with relative abundances

greater than 0.5 % were obtained from each sample in the

MD and TD (Fig. 3a). The dynamic profiles of bacterial

phyla during the digestion period differed significantly

between the MD and TD (Fig. 3a). Proteobacteria was the

predominant phylum in the original marine sediment,

accounting for 51 % of total sequence. However, Firmi-

cutes was the most predominant phylum during the MD,

and its maximum proportion was 67 % at d 5. Bacteroides

was another dominant phylum in the MD, and its relative

abundance reached 22 % at d 5. In comparison, phyla

Synergistetes, Proteobacteria, Planctomycetes, and Cloa-

camonas were present in lesser percentage and were pre-

sent only in the MD. Interestingly, the phylum

Thermotogae, which is commonly found in thermophilic

environments, was observed in the MD. In contrast, Fir-

micutes was the only bacterial phylum found in TD.

A total of 367 bacterial genera were detected in both

digesters, and the taxonomic compositions of their bacterial

communities at the genus level with abundance greater

than 0.01 % are shown in Table 2.

Clostridium was the most abundant genus in the MD,

where it reached the maximum proportion of 38.45 % on d

15. Among the genera containing hydrolytic bacteria that

can degrade cellulose and/or pectin, Cellulosilyticum was

the most prevalent, having the highest proportion during

the early phase (13.7 %), while uncultured Ruminococ-

caceae, uncultured Lachnospiraceae, and Ruminococcus

had lower proportions (4.2, 3.3, and 1.2 %, respectively)

(Cai and Dong 2010; Desvaux 2005; Rode et al. 1981;

Schink and Zeikus 1980). The relative abundance of the

genus Acetobacteroides, which includes carbohydrate-fer-

menting bacteria (Su et al. 2014), was highest on d 5 and

then decreased. The genus Bacteroidales uncultured

showed a reverse pattern, as its proportion was lowest

during the initial phase and then increased. From the

sequencing data, the genera Aminobacterium (Baena et al.

2000), Aminivibrio (Honda et al. 2013), and Cloacamonas

(Pelletier et al. 2008), which are composed of syntrophic

bacteria that interact with methanogens, were found, and

the genus Aminobacterium was highly abundant during the

late phases. The presence of the genus Desulfovibrio,

which contains sulfate reducers, was confirmed, proving

that it competes with methanogens in the MD. The genus
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Mesotoga, which belongs to the phylum Thermotogae, was

identified, and it may degrade various polysaccharides in

the MD (Nesbø et al. 2012). The proportion of the genus

Phycisphaera, which is likely to be involved in the

degradation of complex heteropolysaccharides (Wang et al.

2015), was the lowest.

Coprothermobacter and Defluviitalea were the two most

predominant genera in the TD. The genus Defluviitalea was

dominant initially (62.7 %) and then nearly disappeared,

while the genus Coprothermobacter increased to 90.75 %

during the late phase. The bacteria in the genus Co-

prothermobacter are proteolytic hydrogen producers that

are associated with hydrogenotrophic methanogens such as

Methanothermobacter, which use casein, gelatin, and

bovine serum albumin as protein sources (Sasaki et al.

2011).

The genus Caldicoprobacteraceae, which comprises

xylanolytic bacteria (Yokoyama et al. 2010), was highly

abundant during the early phase and then gradually

declined. Hydrogenispora, a genus containing carbohy-

drate-fermenting bacteria (Liu et al. 2014), was another

abundant genus in the TD, and it had the highest proportion

on d 15. Unlike the above cases, the genera Thermaceto-

genium (Hattori et al. 2000), Tepidanaerobacter (Wester-

holm et al. 2011), Caloramator, and Ruminococcaceae

uncultured were present at low proportions in the TD. The

pyrosequencing information indicates that bacterial suc-

cession, in which distinctive bacteria play unique roles

during the digestion phases, occurred in the anaerobic

digesters.

Changes in archaeal diversity

Euryarchaeota was the major archaeal phylum, constitut-

ing 94.5 and 99.8 % of the total sequences in the MD and

TD, respectively (Table S3), while the phylum Crenar-

chaeota was a minor one, and it was limited to the MD.

The distributions of archaeal sequences at the order level

from each sample are shown in Fig. 3b. The dynamic

profiles of the archaeal community compositions in the MD

and TD were significantly different; the diversity was

higher in the MD than in the TD. Miscellaneous Crenar-

chaeotal Group (MCG), accounting for 47 % of total

sequence, was the predominant archaeal group in the
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original marine sediment, but it nearly disappeared during

anaerobic digestion process. At the order level, four

methanogen orders, Methanobacteriales, Methanomassili-

icoccales, Methanococcales, and Methanosarcinales, were

found in the anaerobic digesters. The order Methanobac-

teriales dominated the TD, representing 95–99 % of the

total archaeal sequences. Meanwhile, an archaeal group

that is related to the seventh methanogen order, named

Methanomassiliicoccales, dominated the MD and

increased in abundance from 66 % on d 5–90 % on d 35.

A total of 98 archaeal genera were obtained from both

digesters, and the taxonomic compositions of the archaeal

communities at the genus level with abundance greater

than 0.01 % are shown in Table 3.

Methanothermobacter was the most predominant

archaeal genus in the TD (95.03–99.47 %), and the genus

Methanomassiliicoccus was the most predominant one in

the MD (90.07 % in the final phase). The other identified

archaeal genera with low abundances in the MD were

Methanobacterium and Methanococcus.

Correlations between microbial communities,

operational conditions, and digester performance

Canonical correspondence analysis (CCA) results provided

further evidence of correlations between microbial com-

munities and environmental factors that include operational

conditions such as temperature, pH, butyrate, acetate, and

propionate, as well as digester performance factors such as

methane production (Green 1989) (Fig. 4a, b). Considering

that AD is driven by both bacteria and methanogen orders,

CCA was performed using the major genera of bacteria and

methanogens detected in this study. The results of the CCA

analysis showed that environmental factors accounted for

more than 85 % of the variations in the relative abundances

of bacteria and archaea, suggesting that environmental

factors are substantially responsible for the distribution of

the major orders. Both bacterial and archaeal CCA analyses

showed that VFAs were positively correlated with tem-

perature, but inversely correlated with pH. Bacterial orders,

such as Coprothermobacter and Hydrogenispora, which

Table 1 Alpha diversity indices of the bacterial 16S rRNA gene sequences from the pyrosequencing

Group Samples Valid

reads

OTUs Richness

(Ace)

Richness

(Chao1)

Diversity

(Shannon)

Diversity

(Simpson)

Goods Lib.

coverage

Bacteria MS 3135 1162 4233.64 2612.00 6.32 0.005 0.80

MD 0 5427 529 1549.07 1040.03 4.20 0.04 0.95

MD 5 10,883 528 986.56 864.99 4.23 0.04 0.98

MD 15 7398 422 858.22 693.50 4.04 0.05 0.98

MD 25 7590 566 1331.53 1002.80 4.29 0.04 0.96

MD 35 5870 553 1222.70 973.92 4.45 0.03 0.95

TD 0 5686 648 1990.77 1335.12 4.64 0.03 0.95

TD 5 14388 452 904.87 666.70 3.20 0.12 0.99

TD 15 9375 366 857.11 622.69 3.16 0.12 0.98

TD 25 13,498 215 583.64 380.00 1.79 0.43 0.99

TD 35 10,439 170 346.85 265.69 1.43 0.55 0.99

Archaea MS 5150 673 1376.72 1067.25 5.19 0.014 0.94

MD 0 5478 70 97.37 93.10 1.68 0.39 1.00

MD 5 3895 49 67.98 68.43 1.49 0.40 1.00

MD 15 3120 51 83.58 73.67 2.09 0.20 0.99

MD 25 3460 44 94.39 89.33 2.13 0.19 1.00

MD 35 7057 49 120.41 125.50 1.95 0.25 1.00

TD 0 8065 24 32.05 26.00 0.55 0.75 1.00

TD 5 3140 36 113.84 53.50 1.25 0.47 1.00

TD 15 6516 34 94.39 58.00 0.94 0.51 1.00

TD 25 3921 24 29.47 31.00 1.18 0.40 1.00

TD 35 11,447 35 48.47 53.33 1.19 0.42 1.00

All values were calculated at a 0.03 distance limit

OTUs operational taxonomic units
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were only found in the TD, were positively correlated with

temperature, and a similar phenomenon was also observed

for the methanogen genus Methanothermobacter. Signifi-

cance analysis on the environmental variables revealed that

temperature accounted for the greatest difference in both

archaeal and bacterial community composition observed

between the MD and TD and had a statistically significant

correlation with microbial composition (P\ 0.05).

Design of modified primer set specific for 7th order

of methanogens and construction of clone libraries

The sequences of the modified PCR primer set specific for

7th order of methanogens are: 21b-F (50-TCCGGTTGATC
CTGCCGGC-30) (DeLong 1992) and 1492c-R (50-TACA
GATACCTTGTTACGACTT-30) (Lane 1991). Almost

full-length 16S rDNA gene sequence (1471 bp) was

obtained from sequencing of clones in the library con-

structed with PCR amplicons generated by the modified

primer set. The randomly selected five clones showed the

highest sequence similarities (97–98 %) to the environ-

mental clones derived from wastewater sludge

(AF424770). The nearest cultivated neighbor of the clones

was Methanomassiliicoccus luminyensis B10T with

(91–92 %) sequence identity. In the phylogenetic tree of

16S rDNA gene sequence, all clones were placed among

Lake Pavin Cluster (Fig. S1).

Discussion

One of most reliable indicators for process imbalance during

AD is the accumulation of VFAs, which is followed by a

decrease in pH (Franke-Whittle et al. 2014). Higher VFA

concentrations and pH decrease in ADs have been attributed

to higher hydrolysis reaction rates under thermophilic con-

ditions and the high activity of acidogenic bacteria, which

are acid producers, respectively. Despite of the higher VFA
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and lower pH levels of the TD, inhibition of methanogens by

VFAswas not observed considering themethane yields. One

of the previous AD study showed that the inhibition occurs

under high propionate concentrations ([12.32 mM) (Wang

et al. 2009), which is several fold higher than the TD. In

addition, digester acidification, which can deteriorate the

AD process (Akuzawa et al. 2011), was not detected in the

TD despite the prolonged pH recovery. In fact, the pH in the

TD was still in the near-neutral range for methanogen

activity. The methane yields in this study are comparable to

those of previous anaerobic digesters that also used sea-

weeds as substrates (Saccorhiza polyschides, 255 mL/g VS;

Laminaria digitata, 246 mL/g VS; Saccharina latissima,

335 mL/g VS; and Ulva spp., 191 mL/g VS (Vanegas and

Bartlett 2013) under mesophilic condition (35 �C), while
methane yield of 128.8 mL/g VS was produced by Lami-

naria digitate at 45 �C (Vanegas and Bartlett 2012). These

data indicate that the operational stability and performance

of the MD and TD were comparable in terms of methane

yields despite their different VFA concentrations and pH

profiles.

A comparison between the bacterial and archaeal com-

munities identified in this study and in previous studies is

summarized in Table S3. Our and other studies including

temporal succession during the solid state (SS) AD of corn

stover (Li et al. 2015) and anaerobic digestion of carrot

pomace under mesophilic condition (Garcia et al. 2011)

found that Firmicutes and Bacteroidetes were predominant

throughout the processes. The AD in which the brown

macroalgae S. latissima and wastewater were used as the

substrate and inoculum (Pope et al. 2013), respectively, the

phyla Spirochaetes and Chloroflexi, which were not iden-

tified in our study, were major groups during AD. How-

ever, the phylum Firmicutes, which was abundant in other

AD processes, accounted for a minor proportion of the

microbes. The phylum Bacteroides was constantly pre-

dominant in the studies under mesophilic condition. The

identification of a core bacterial community during the AD

of seaweeds is still hampered by limited data, and thus

further studies are required.

Euryarchaeota was the predominant archaeal phylum in

both MDs and TDs, accounting for more than 90 % of the

total archaeal sequences. However, the archaeal distribu-

tions, at the order level, differed among the studies. An

earlier anaerobic digester, which used the brown

macroalgae S. japonica as a substrate and marine sediment

as the inoculum, was dominated by the order

Methanosarcinales during the primary culture and by the

order Methanococcales during the subculture (Miura et al.

2014). Other MDs employing the brown macroalgae S.

latissima and marine sediment showed that the most

prevalent archaeal order was the Methanosarcinales. The

orders Methanomicrobiales and Methanobacteriales wereT
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also present at significant proportions in a MD (Pope et al.

2013).

The dominance of the hydrogenotrophic methanogens

Methanothermobacter and Methanomassiliicoccales over

acetoclastic methanogens (order Methanosarcinales)

(\1 % of the total archaeal community) in the MD and TD

was demonstrated. The dominance of H2-oxidizing

Methanothermobacter in the TD might be due to the fact

that thermophilic conditions favor hydrogenotrophs, as

they are more capable of adapting to higher temperatures
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Fig. 4 Canonical

correspondence analysis (CCA)

ordination diagrams. The

correlations between bacterial

community profiles (a), archaeal
community profiles (b) (at the
order level, pyrosequencing

data), and the operational

conditions and anaerobic

digester performance are

represented as black vectors;

bacterial orders fitting greater

than 85 % are displayed. Solid

circles represent the samples

(blue for the mesophilic digester

(MD), and red for the

thermophilic digester (TD))
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compared with acetoclastic methanogens (Chen 1983). The

predominance of the hydrogenotrophic methanogen path-

way in the TD was also supported by the high abundance of

Coprothermobacter, along with well-defined syntrophic,

hydrogen-producing bacteria belonging to the genera Hy-

drogenispora, Thermacetogenium, and Tepidanaerobacter.

The seventh methanogen order Methanomassiliicoccales

has recently been validated by the International Committee

on Systematics of Prokaryotes (Oren and Garrity 2013),

which recognized a hydrogenotrophic methanogen that

utilizes an external H2 source to reduce methyl compounds

to methane (Borrel et al. 2014). To the best of our

knowledge, this is the first report to describe the abundance

of the seventh methanogen order in a mesophilic anaerobic

digester.

Methanomassiliicoccales can be divided into three large

clusters: the Methanomassiliicoccus luminyensis cluster,

which is mainly composed of sequences from soils and

sediments and, to a lesser extent, from digestive tracts; the

‘‘Candidatus Methanomassiliicoccus alvus’’ cluster, which

mostly contains sequences retrieved from animal digestive

tracts; and the Lake Pavin cluster, which comprises

sequences retrieved from diverse environments, but not

digestive tracts (Borrel et al. 2013). Notably, the majority

of Methanomassiliicoccales related sequences in our

pyrosequencing data were phylogenetically related to

multiple 16S rRNA sequences from the water column of

the meromictic Lake Pavin in France, and distantly related

to the M. luminyensis cluster (see Fig. S1). Of all the

Methanomassiliicoccales related sequences, more than

95 % were closely related (higher than 97 % similarity) to

AF424770, an uncultured archaea that has previously been

retrieved from wastewater sludge and that belongs to the

Lake Pavin cluster. Meanwhile, the sequences are distantly

related to the cultured representative, M. luminyensis,

ranging from 88.59 to 90.28 % 16S rRNA gene sequence

similarities. These data suggest that the methanogens in the

MD are members of the Lake Pavin cluster.

To confirm the abundance of Methanomassiliicoccales

in the MD, a modified PCR set was designed and clone

libraries were constructed. Previously, PCR bias has been

reported when using different methods to identify the

seventh order of methanogens (Snelling et al. 2014). In the

study, 16S rRNA clone libraries constructed using the

primer set Arch f364 and Arch r1386, as well as meta-

genome sequencing of the 16S rRNA and mcrA genes,

failed to detect the Methanomassiliicoccales, but amplicon

sequencing of 16S rRNA using primers Ar915aF and

Ar1386R identified the methanogens, which comprised

13 % of the total archaea. Thus, it was determined to verify

the abundance of Methanomassiliicoccales in the MD

using different primer set other than 21F-519R, which was

used for the pyrosequencing. For this purpose, we designed

a new modified primer set (21b-F, 1492c-R) specific for the

seventh order of methanogens from the alignment study.

The sequencing of the clones constructed from the PCR

products using the primer set showed that 16S rDNA gene

for 7th order of methanogens was dominant. These data

strongly suggest the predominance of the Methanomas-

siliicoccales in the MD sample.

Conclusions

This study showed that the MD and TD produced a com-

parable cumulative methane yield. The MD had a lower

VFAs concentration and faster pH recovery than those of

the TD, which did not experience process deterioration,

regardless of the higher accumulations of VFAs. According

to pyrosequencing data, the MD had greater microbial

diversity than the TD in which a few specific microbes

dominated. The bacterial community in both digesters was

dominated by phylum Firmicutes, while hydrogenotrophic

methanogens, Methanomassiliicoccales and Methanobac-

teriales, were two dominant archaeal orders in the MD and

TD, respectively. The CCA analysis showed that temper-

ature is the environmental factor that is most responsible

for distinctive and adapted microbial communities under

both conditions. Further study is needed to elucidate the

seventh methanogen order, Methanomassiliicoccales, and

its possible roles during anaerobic digestion process.
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