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Cellulose and xylan are two major components of lignocellulosic biomass, which represents a potentially important energy
source, as it is abundant and can be converted to methane by microbial action. However, it is recalcitrant to hydrolysis, and the
establishment of a complete anaerobic digestion system requires a specific repertoire of microbial functions. In this study, we
maintained 2-year enrichment cultures of anaerobic digestion sludge amended with cellulose or xylan to investigate whether a
cellulose- or xylan-digesting microbial system could be assembled from sludge previously used to treat neither of them. While
efficient methane-producing communities developed under mesophilic (35°C) incubation, they did not under thermophilic
(55°C) conditions. Illumina amplicon sequencing results of the archaeal and bacterial 16S rRNA genes revealed that the mature
cultures were much lower in richness than the inocula and were dominated by single archaeal (genus Methanobacterium) and
bacterial (order Clostridiales) groups, although at finer taxonomic levels the bacteria were differentiated by substrates. Methano-
genesis was primarily via the hydrogenotrophic pathway under all conditions, although the identity and growth requirements of
syntrophic acetate-oxidizing bacteria were unclear. Incubation conditions (substrate and temperature) had a much greater effect
than inoculum source in shaping the mature microbial community, although analysis based on unweighted UniFrac distance
found that the inoculum still determined the pool from which microbes could be enriched. Overall, this study confirmed that
anaerobic digestion sludge treating nonlignocellulosic material is a potential source of microbial cellulose- and xylan-digesting
functions given appropriate enrichment conditions.

Cellulose and xylan, two major structural components of plant
cell walls, represent important resources for renewable energy

(1–3). Cellulose, hemicellulose (the major component is xylan),
and lignin make up 35 to 50%, 20 to 35%, and 10 to 25% of total
lignocellulose by dry weight, respectively (4). Cellulose and xylan
from lignocellulosic biomass not only represent new energy
sources but also could reduce carbon dioxide emissions, as ligno-
cellulosic biofuels are considered carbon neutral. However, di-
gesting recalcitrant lignocellulosic components to fermentable
sugars is a rate-limiting step (5), making lignocellulosic biofuels
currently challenging to produce while being price competitive
with fossil fuels (6, 7). Microbes have evolved strategies (8, 9) to
digest lignocellulosic components concurrent with the evolution
of plant cell walls, making the investigation of microbial cellulose
and xylan digestion potentially important to this emerging energy
source.

Metagenomic and microbial diversity studies of ruminant an-
imals (e.g., cow [10], sheep [11], and deer [12]) have revealed rich
taxonomic and functional microbial diversity, including mecha-
nisms for cellulose and xylan digestion. Microbial cellulose and
xylan digestion systems have been identified in insects, e.g., ter-
mite gut (13–15), forest soils (16, 17), and marsh sediments (18).
As well as these natural systems, artificial cellulose- and xylan-
digesting systems have been developed, e.g., composters (19, 20)
and laboratory enrichment cultures seeded with various animal
fecal matters as inoculum (21, 22). Many of these studies represent
mature cellulose- and/or xylan-digesting systems where digestion
is active and which have been maintained for a long time. How-
ever, we know relatively little about the potential for cellulose- and
xylan-digesting functions in microbial communities where cellu-
losic biomass digestion is not initially prominent.

In this study, a 2-year enrichment culture experiment was set
up in the laboratory with microbial communities from wastewater
anaerobic digesters that were not treating cellulose or xylan waste
as the seed inocula. The inocula were from two different anaerobic
digesters located at separate treatment facilities that treated differ-
ent waste streams under different operating conditions. We hy-
pothesized that since digester microbial communities contain a
broad repertoire of microbes with diverse metabolic functions
(23–25), cellulose- and xylan-digesting microbes should be pres-
ent and able to be enriched under appropriate conditions. We
further aimed to investigate whether culturing under similar con-
ditions would cause the taxonomic compositions of the different
seed inocula to converge. Cultures from each seed inoculum were
incubated at different temperatures (35°C or 55°C) and given dif-
ferent substrates (cellulose or xylan), and the similarities between
the enriched cultures were evaluated with high-throughput se-
quencing of the 16S rRNA gene.
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MATERIALS AND METHODS
Collection of inocula. The inocula were collected from an industrial an-
aerobic digester treating high-strength wastewater from a beverage man-
ufacturing facility located in Guangzhou (GZ), China, and from a munic-
ipal anaerobic digester treating waste activated sludge located in Shek Wu
Hui (SWH), Hong Kong (details of the digesters can be found in reference
26). Three separate samples from the midsection of the anaerobic digester
were collected and pooled as described previously (27). Sample collection
was conducted in late 2011 or early 2012. The collected samples were
separated into two sets; one set (seed samples) was immediately stored at
�80°C for genomic DNA (gDNA) extraction, while the other set was used
for culture enrichment.

Establishment of enrichment cultures. Fifty-milliliter aliquots of the
original samples were centrifuged, the supernatant was removed, and the
pellet was inoculated into 100 ml of defined minimal salts anaerobic me-
dium (28) with 0.5% (wt/vol) cellulose (Sigmacell cellulose type 101; Sig-
ma-Aldrich, Germany) or xylan from beechwood (Sigma-Aldrich, Ger-
many) as the sole carbon source. All cultures with xylan as the carbon
source were cultivated at 35°C, and cultures amended with cellulose were
cultivated at both 35°C and 55°C in order to cultivate thermophilic mi-
crobes (29, 30). All cultures were maintained under static conditions and
were transferred when the amended substrates were consumed. Five mil-
liliters of culture at 35°C or 10 ml of culture at 55°C was inoculated into
100 ml of fresh medium with the corresponding carbon source. A culture
typically required 3 to 4 weeks to consume the substrate, which was de-
termined as the point where decreasing substrate concentration pla-
teaued. Six enrichments were set up initially, but after several transfers, the
culture inoculated from GZ failed to consume cellulose at 55°C and was
terminated. The remaining five enrichments were continuously subcul-
tured by dilution at 1:20 (35°C) or 1:10 (55°C) for 2 years (2012 to 2014).
The cultures were designated SWH-C-35, SWH-C-55, SWH-X-35, GZ-
C-35, and GZ-X-35 according to the scheme “inoculum-substrate-tem-
perature,” where C denotes cellulose and X denotes xylan. The time point
(Y1 or Y2 for 1- or 2-year enrichment) and replicate number also were
added to name samples collected for sequencing during enrichment. For
example, SWH-C-35-Y2-1 represents the first replicate sample of the en-
richment culture inoculated from SWH, using cellulose as a substrate, and
incubated at 35°C for 2 years. Inoculum (seed) samples were named by the
scheme “inoculum-Seed-replicate” e.g., SWH-Seed-1.

Culture profiles and analytical analyses. After 2 years of enrich-
ment, triplicate subcultures were established from each of the five
long-term enrichments for a 4-week time course experiment, during
which physical parameters and metabolite concentrations were closely
monitored. The concentration of hydrogen (H2), pH of the culture
medium, and concentrations of the volatile fatty acids (VFAs), cellu-
lose, and xylan were analyzed as previously described (31, 32). The
methane (CH4) concentration was measured using a gas chromato-
graph (GC-2010; Shimadzu, Japan) equipped with a flame ionization
detector. The column (30 m by 0.53 mm inner diameter) was a 5A
molecular sieve (Restek, PA) with helium as a carrier gas. The injector
temperature was 120°C, the column oven temperature was 35°C, and
the detector temperature was 200°C.

DNA extraction and 16S rRNA gene sequencing. gDNA was ex-
tracted using the PowerSoil DNA isolation kit (MO BIO Laboratories,
Carlsbad, CA) with minor modifications as described previously (33).
Inoculum gDNA was extracted in triplicate. For samples taken at the
year one time point, triplicate cultures were prepared for each condi-
tion and the gDNA from each culture was pooled for sequencing after
the amended substrate had been consumed. For year two samples, a
gDNA sample was sequenced from each of the triplicate cultures at the
end of the time course experiment described above. gDNA concentra-
tion and quality were determined by NanoDrop (NanoDrop 2000;
Thermo Scientific). The 515F/806R primer pair (34) was used to am-
plify the V4 region of the 16S rRNA gene in triplicate for each sample,
and the amplicons were pooled and purified as described previously

(33). The Illumina TruSeq DNA sample preparation kit v2 was used to
attach adapters to the amplicons, and paired-end 150-bp reads were
sequenced on the Illumina MiSeq platform by Health GeneTech Cor-
poration (Taoyuan City, Taiwan).

Sequencing read analysis. The Quantitative Insights Into Microbial
Ecology (QIIME) software package (release 1.8.0) (35) and the FASTX-
Toolkit (http://hannonlab.cshl.edu/fastx_toolkit/) were used to process
raw reads. Chimeras were removed using ChimeraSlayer (36) via the
QIIME script “parallel_identify_chimeric_seqs.py.” Quality filtering and
operational taxonomic unit (OTU) formation by clustering against the
Greengenes rRNA gene sequence database (version 13_8) were performed
as previously described (37). All data processing and statistical analyses
were performed using custom R (version 3.1.1) and Perl (version 5.18.2)
scripts. Global singletons were removed from all downstream analyses.
Since the forward and reverse reads gave similar results, only the forward
reads were used.

For OTU relative abundances, rarefaction curves, and �-diversity
analyses, reads from Bacteria and Archaea were considered separately.
Rarefaction curves for the three �-diversity metrics (observed OTUs,
Faith’s phylogenetic diversity [FPD], and Chao1 richness estimator) were
constructed using the QIIME script “alpha_rarefaction.py.” Each metric
was independently calculated 10 times at 10 even intervals between 10 and
the maximum read count of all samples, and the values were averaged.
Normalized �-diversity metrics were calculated from OTU tables ran-
domly subsampled to 22,333 reads for Bacteria and 1,394 for Archaea.
SWH-C-55 samples contained too few archaeal reads and were excluded.
Normalized bacterial and archaeal �-diversity metrics were compared
between the seed and year two enrichment samples using the nonpara-
metric Mann-Whitney test with the P value calculated from 1,000 permu-
tations. Box plots were drawn with the R package ggplot2 (38).

For the �-diversity analyses, bacterial and archaeal OTUs were not
separated. The year one samples were omitted as metabolite profiles were
not available. Both the abundance-weighted and unweighted UniFrac dis-
tances (39) were computed. Principal coordinate analysis (PCoA) ordi-
nations of the UniFrac distances were drawn with the R package vegan
(2.0-9). Analysis of similarities (ANOSIM) and nonparametric permuta-
tional multivariate analysis of variance (MANOVA) (“adonis”) analyses
were performed with vegan to determine the major factors contributing to
the differences between sample groups. The formula “UniFrac � Origin *
Condition” was used for adonis; temperature and substrate were com-
bined in the variable “Condition,” as there was only one 55°C culture.
Similarity percentage (SIMPER) analyses based on the Bray-Curtis dis-
similarities between samples were performed with PRIMER (version 6;
Plymouth, United Kingdom) to determine the OTUs contributing most
to the differences between sample groups. Venn diagrams of OTUs shared
between samples were drawn with the R package VennDiagram (40) based
on total OTUs observed in each sample with triplicate cultures pooled.

Nucleotide sequence accession number. Illumina amplicon sequenc-
ing reads generated for this study have been deposited in the NCBI Se-
quence Read Archive under project PRJNA281520.

RESULTS
Profiles of the year two enrichment cultures. Each culture un-
derwent at least 22 transfers during the 2-year period of enrich-
ment in defined medium (the inoculum from GZ was unable to
consume cellulose at 55°C). At transfer dilutions of 1:20 for
cultures at 35°C and 1:10 for cultures at 55°C, the original
inocula were diluted at least 1022-fold over this period. After 2
years of enrichment, the microbial communities were consid-
ered stable. To determine the metabolic characteristics of the
cultures, CH4 and H2 volumes, VFA and substrate concentra-
tions, and pH were measured during a 4-week time course (Fig.
1). Except for the SWH-C-55 culture (�5 ml), accumulated
CH4 ranged from 22 to 33 ml (Fig. 1A), while almost no H2 was
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detected (data not shown). The initial pH decrease, indicative
of anaerobic fermentation, was much faster for the cultures
amended with xylan than with cellulose (Fig. 1B). Simultane-
ous with the pH decrease was VFA accumulation (Fig. 1C) and
substrate consumption (Fig. 1D). The major accumulated VFA
was acetate, reaching a final concentration of 20 to 30 mM in all
cultures (Fig. 1C), while concentrations of formate, propi-
onate, and butyrate were negligible (data not shown). Seventy-
eight to 94% of the substrate (cellulose or xylan) was digested
after 25 days (Fig. 1D), with xylan being consumed rapidly
within the first few days and cellulose taking more than 2
weeks. The slower consumption of cellulose was accompanied
by a slower pH drop and acetate accumulation (Fig. 1). In the
thermophilic (55°C) culture, cellulose digestion was slower
than that in the cultures at 35°C, with significant consumption
after about 1 week. Overall, a relatively similar trend was ob-
tained between the enrichment cultures amended with the
same substrate and incubated under the same conditions re-
gardless of the inoculum.

Overview of the year two microbial communities. A total of
1,066,869 high-quality bacterial reads (22,333 to 82,962 reads per
sample) were clustered into 15,248 unique OTUs that were classi-
fied into 65 phyla (including candidate divisions) (see Table S1 in
the supplemental material). Taking together all seed, year 1, and
year 2 samples, the most abundant phyla were Firmicutes (62%),
Chloroflexi (8.5%), Proteobacteria (7.3%), Bacteroidetes (6.9%),
Spirochaetes (4.3%), Actinobacteria (2.4%), Armatimonadetes
(1.7%), Thermotogae (1.3%), and OP1 (1.2%), with the remaining
bacterial phyla all detected at �1%. A dramatic increase in Clos-
tridiales was observed between the seed and year 2 samples, from

an average of 6.8% of the seed bacterial communities to 80% in the
2-year enriched samples (Fig. 2B). An overall comparison of the
seed, year one, and year two data showed that although most
change occurred during the first year of enrichment, the second
year of enrichment further simplified the microbial communities
(see Table S1).

At the genus level, cultures incubated with the same substrate
at the same temperature had relatively similar microbial compo-
sitions regardless of the inoculum source. For the two cellulose
cultures at 35°C after 2 years of enrichment, OTUs classified to the
genus Ruminococcus were high in relative abundance (41 to 57%),
while for the two xylan cultures, Coprococcus (26 to 45%) and
Ruminococcus (27 to 30%) OTUs together dominated the com-
munities. Thermophilic genera such as Thermoanaerobacterium
(38 to 50%) were dominant in the SWH-C-55 cultures.

For Archaea, a total of 151,023 high-quality reads (1,394 to
15,296 reads per sample, excluding SWH-C-55) were clustered
into 710 unique OTUs within three phyla (see Table S1 in the
supplemental material). Euryarchaeota was the most abundant
phylum, comprising 99.7% of the total archaeal reads. The ar-
chaeal communities differed from the inocula following enrich-
ment. In the seed samples, the dominant archaeal order was the
methanogenic Methanosarcinales, while in the enriched samples a
small number of OTUs classified to the methanogenic Methano-
bacteriales comprised 98.3% of Archaea, almost all of which were
from the genus Methanobacterium (Fig. 2A). For the SWH-C-55
culture, very few archaeal or methanogenic OTUs were present
(�0.4% of total reads) (Fig. 2A; also see Table S1 in the supple-
mental material), consistent with the low methane generation
(Fig. 1A).

FIG 1 Characteristics of the five enrichment cultures after 2 years of enrichment. (A) Production of CH4; (B) pH of the culture medium; (C) concentration of
acetate; (D) concentration of carbon substrate. Error bars represent the standard deviations from biological triplicate measurements.
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�-Diversity of the seed and enriched samples. When tripli-
cate samples for each culture were pooled, many OTUs were
found in both the GZ (9,753) and SWH (10,102) seed samples,
while substantially fewer were detected in the enrichments
(�2,000). The rarefaction curves indicated that the sequencing
depth was sufficient to detect most community members (see Fig.
S1 in the supplemental material), with Good’s coverage of Bacteria
across all samples of �94% and Archaea of �98% (excluding
SWH-C-55). Three �-diversity metrics (taxonomy-based ob-
served OTUs, Chao1, and phylogeny-based FPD) were calculated
to further investigate the effect of enrichment on OTU diversity,

and we consistently found both the bacterial and archaeal com-
munity diversity decreased significantly (P � 0.05 by Mann-Whit-
ney test) after 2 years of enrichment across all samples (Fig. 3; also
see Table S1 and Fig. S1). The decrease occurred mainly during the
first year but continued during the second year of enrichment to a
smaller extent (see Table S1).

Comparison and clustering of the seed and year two enrich-
ment communities. In order to study the factors shaping the
mature (2-year enrichment) microbial communities, the abundance-
weighted and unweighted UniFrac distances between samples (�-
diversity) were calculated. PCoA ordination of the weighted UniFrac

FIG 2 Microbial community structure of each sample at the OTU level for Archaea (A) and taxonomic rank of order (B) for Bacteria. The relative abundance was
calculated based on the total number of reads in a sample (i.e., the relative abundances of Archaea and Bacteria sum to 100%).

FIG 3 Box-and-whisker plot of alpha-diversity metrics for the bacterial (A) and archaeal (B) communities. The alpha-diversity of each sample was computed
from biological triplicate samples. The P value was calculated by Mann-Whitney test between the seed and enrichment groups. Sample SWH-C-55-Y2 contained
too few archaeal reads and was excluded.
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distances showed microbial communities in the enrichment cultures
differed significantly from their inocula (ANOSIM R � 1, P � 0.05
for both inocula) (Fig. 4A; also see Table S2 in the supplemental
material). Communities enriched under different conditions (i.e.,
combinations of substrate and temperature) were very different
(ANOSIM R � 0.997, P � 0.001), while the inoculum source had
little influence on the final community structure (ANOSIM P �
0.667) (Fig. 4A). Adonis analysis similarly found enrichment condi-
tions (i.e., combination of temperature and substrate; R2 � 0.80, P �
0.001) played a much greater role than inoculum source (R2 � 0.089,
P � 0.001) in determining the weighted UniFrac distances between
samples. The communities cultured at 35°C differed strongly and
significantly by substrate (ANOSIM R � 0.993, P � 0.003), and the
community cultured with cellulose at 55°C also was significantly dif-
ferent from the cellulose cultures at 35°C (ANOSIM R � 1, P �
0.014).

The unweighted UniFrac distance gave slightly different results
than abundance-weighted UniFrac (Fig. 4B). Using unweighted
UniFrac, the five enrichment cultures clustered significantly by
both inoculum source (ANOSIM R � 0.423, P � 0.002) and en-
richment condition (ANOSIM R � 0.746, P � 0.001), although
condition was still the major factor. Adonis analysis confirmed
that the enrichment condition (R2 � 0.40, P � 0.001) played a
greater role than inoculum source (R2 � 0.20, P � 0.001). Sub-
strate (ANOSIM R � 0.459, P � 0.012) and temperature (cellu-
lose cultures only; ANOSIM R � 1.0, P � 0.011) also significantly
grouped the enrichment cultures.

OTUs enriched from the seed communities. Venn diagrams
were constructed to determine the extent of OTU overlap between
samples (Fig. 5). Eighty to 90% of the OTUs in each enrichment
culture were not observed in their respective seed samples, indi-
cating most enriched OTUs were scarce in the source inocula (Fig.
5A and B). The two mature enrichments from the GZ inoculum at
35°C, GZ-C-35-Y2 and GZ-X-35-Y2, shared �50% of their OTUs
(Fig. 5A). Similarly, 35°C enrichments from the SWH inoculum
shared �50% of OTUs (Fig. 5B). However, the thermophilic sam-

ple SWH-C-55-Y2 shared �5% of OTUs with SWH-Seed and
�10% with the two 35°C cultures from the same inoculum (Fig.
5B), confirming growth temperature strongly affected commu-
nity composition. While the two inocula shared �60% of their
OTUs (Fig. 5C), mature cultures enriched from different inocula
but under the same conditions shared �40% of OTUs (Fig. 5D
and E). SWH-C-55-Y2 still only shared �10% of OTUs with GZ-
C-35-Y2 (Fig. 5D).

SIMPER analysis was used to identify the OTUs that drove the
differences between the inocula and mature cultures (see Tables
S3 to S7 in the supplemental material). In the GZ-C-35-Y2 culture
(see Table S3), two OTUs classified to the genus Ruminococcus
(760263 and 114730) increased from 0% in the inoculum to aver-
age abundances of 35% and 2.5%, respectively, and contributed a
total of 19% to the dissimilarity between the GZ-C-35-Y2 and
GZ-Seed sample. Other enriched OTUs in GZ-C-35-Y2 included
those classified to the family Porphyromonadaceae (1122596; en-
riched from 0% to 7.8%), genus Treponema (New.Referen-
ceOTU49; 0% to 7.2%), and genus Methanobacterium (New.Ref-
erenceOTU237 and 101553; 0% to 4.8% and 0.1% to 2.9%,
respectively). In the GZ-X-35-Y2 culture (see Table S4), the two
OTUs contributing most (12%) to the dissimilarity from the in-
oculum were from the genus Coprococcus (New.ReferenceOTU19
and 1139736; enriched from 0% to 14% and 10%, respectively).
OTUs classified to the genera Ruminococcus (564026, 114730, and
New.ReferenceOTU67; enriched from 0% to 8.6%, 7.2%, and
2.6%, respectively), Clostridium (4380971; 0% to 8.6%), Metha-
nobacterium (New.ReferenceOTU237 and 101553; 0% to 3.8%
and 0.1% to 3.0%, respectively), and Oscillospira (520720; 0% to
3.6%) cumulatively contributed 19% of the dissimilarity between
GZ-X-35-Y2 and the seed. Most of the OTUs diluted to extinction
and contributing �1% to the dissimilarity between the GZ seed
and enrichments belonged to the methanogenic genera Methano-
linea and Methanosaeta (see Tables S3 and S4).

OTUs of the genus Ruminococcus also were major contributors
to the shift from the SWH seed sample to SWH-C-35-Y2 (see

FIG 4 PCoA ordinations of the abundance-weighted (A) and unweighted (B) UniFrac distances between samples. Cultures are from 2-year enrichments.
Symbols represent the origin of the cultures, while colors indicate the different conditions.
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Table S5 in the supplemental material), increasing from 0% to
21% (OTU 760263), 15% (1089636), and 2.9% (4307829) and
contributing 19% of the total dissimilarity. Also highly enriched
were OTUs classified to the families Porphyromonadaceae
(1122596; increasing from 0% to 16%) and Veillonellaceae
(4373061; 0% to 9.0%) and the genera Methanobacterium
(249915; 0% to 4.7%) and Treponema (New.ReferenceOTU49;
0% to 3.4%). In the SWH-C-55-Y2 culture (see Table S6), a single
OTU (13760) classified to the thermophilic species Thermoan-
aerobacterium saccharolyticum was enriched from 0% to 42%,
contributing 21% of the dissimilarity. Only two other OTUs were
enriched to an average abundance of �1% in SWH-C-55-Y2,
from the genus Ethanoligenens (548689; enriched from 0% to
27%) and the family Ruminococcaceae (53642; enriched from 0%
to 13%). The most enriched OTUs in the SWH-X-35-Y2 culture
(see Table S7) were of the genera Methanobacterium (249915 and
New.ReferenceOTU237; enriched from 0% to 20% and 8.7%, re-
spectively), Coprococcus (1139736 and New.ReferenceOTU19; 0%
to 17% and 11%, respectively), Clostridium (4380971; 0% to
7.2%), and Ruminococcus (114730, 760263, and 4307829; from
0% to 6.0%, 4.3%, and 2.4%, respectively). OTUs diluted to ex-
tinction in the SWH cultures and contributing highly to the dis-
similarity from the SWH seed were taxonomically similar to those
in the GZ cultures (see Tables S5, S6, and S7) and were dominated
by an OTU classified to the genus Methanosaeta (149173).

DISCUSSION

Microbial communities that can digest cellulose and/or xylan into
soluble sugars are important to the development of sustainable

biofuels. In this study, high-throughput sequencing was used to
monitor the development of microbial communities enriched
from two different inocula on cellulose or xylan for 2 years. This
culture-dependent approach was used to test the hypothesis that
cellulose- or xylan-degrading bacteria could be enriched from
communities that were not initially consuming lignocellulosic
components. Furthermore, we were interested in whether the tax-
onomic profiles of the communities would converge after cultiva-
tion under the same conditions, as the inocula originated from
different systems (the GZ digester was treating high-strength
wastewater and the SWH digester was treating waste sludge).
Community convergence indicates that the effect of identical cul-
turing conditions was strong enough to overcome any initial nu-
merical advantage in the inocula.

After 2 years of enrichment, all cultures had a high cellulose- or
xylan-digesting capability, with CH4 and acetate as the main ac-
cumulated metabolic products (Fig. 1). ANOSIM and adonis tests
of the abundance-weighted UniFrac distances consistently sup-
ported a much greater role for growth condition (substrate and
temperature) than inoculum origin in determining the taxonomic
compositions of the enriched communities. In contrast, ANOSIM
tests of the unweighted UniFrac distances found that both origin
and growth condition had strong and significant effects. While a
slightly larger proportion of OTUs were shared between the inoc-
ula, some were unique to one (Fig. 5). Thus, the disagreement
between the two UniFrac distances on the effect of origin reflects
the role of the inoculum as defining the initial pool from which
microbes are selected, rather than influencing their relative abun-
dances after multiple dilutions and years of growth. However,

FIG 5 Venn diagrams comparing the overlap of OTUs between the seeds (inocula) and the five enrichment cultures. Numbers indicate the number of OTUs
shared between samples. Panels A and B are comparisons within the same seed, while panels C to E show interseed comparisons.
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ANOSIM R values for enrichment conditions (substrate and tem-
perature) and substrate alone were higher with the weighted than
unweighted UniFrac distance, confirming similar enrichment
conditions caused both taxonomic composition and abundance
to converge.

Most OTUs (82% to 93%) in the enrichment cultures were not
observed in the seed samples, suggesting that initially they were
present at very low abundances. For example, the most enriched
bacterial OTU in the SWH-C-55 culture (13760; species Thermo-
anaerobacterium saccharolyticum; relative abundance, 42%) was
undetected in SWH-Seed. This confirms that under appropriate
conditions, species comprising a complete cellulose- or xylan-di-
gesting and methanogenic system can be assembled from very
small initial populations. These initially undetectable OTUs likely
were sustained in their source digesters by low concentrations of
lignocellulosic substrates introduced through the feeding streams.
Similarly, many OTUs abundant in the seed inocula were absent
following enrichment (Fig. 2; also see Tables S3 to S7 in the sup-
plemental material), and the overall diversity was substantially
lower (see Table S1). This is likely due to the selective pressure of
a single carbon source combined with the long time period (2
years) available for the communities to stabilize. Previous reports
of enrichments with more complex substrates have found richer
microbial communities than our enriched communities (e.g., see
references 21 and 22), although the same bacterial (Clostridiales)
and archaeal (Euryarchaeota) groups are consistently among the
most abundant. However, our previous study of short-term incu-
bation (without enrichment) of GZ and SWH sludge, with sole
carbon sources including cellulose and xylan, also found a more
diverse set of dominant archaeal (most samples dominated by an
even mix of Methanomicrobiales and Methanosarcinales) and bac-
terial (Clostridiales dominant in only some samples) groups than
the present study (41). While this could be attributable to the
sequencing of transcribed 16S rRNA rather than the 16S rRNA
gene and, thus, differences between the active (i.e., rRNA-tran-
scribing) and resident populations, the shorter incubation time of
the previous study and high relative proportion of inoculum likely
supported a more complex anaerobic digestion consortium. In
particular, the higher abundances of the bacterial phyla Proteobac-
teria and Chloroflexi in the RNA-based study indicated that mul-
tiple bacterial groups were contributing to hydrolysis, fermenta-
tion, and acetogenesis rather than the Clostridiales-dominated
communities observed in this study. Further, in the previous
study there was no statistically significant clustering of culture
communities by either inoculum source or substrate, although
there was a significant tendency for culture communities to re-
semble their inocula more than other seed samples. This suggests
that the convergent pressure of culture conditions on community
structure acts only over longer time scales and/or multiple subcul-
tures.

Although both inocula were from systems operated at �35°C,
the culture inoculated from SWH could digest cellulose at 55°C,
while the one from GZ failed to digest cellulose after a few trans-
fers at 55°C and was discontinued. The thermophilic culture
SWH-C-55 had a higher accumulation of acetate and lower CH4

accumulation than any mesophilic culture (Fig. 1) and a very low
abundance of Archaea (Fig. 2). Another work (22) similarly re-
ported a decrease in CH4 production of 70 to 80% by volume and
increase in acetate accumulation in biogas reactors following a
shift from 39°C to 55°C, and it noted that in at least one reactor

this was linked to a community shift toward hydrogenotrophic
methanogens, particularly the genus Methanoculleus, and possibly
bacterial partners responsible for syntrophic acetate oxidation. A
similar shift was reported for incubations of rice field soil slurries
(42). In our study, however, methane production in the 55°C
SWH culture was low (Fig. 1) and the GZ culture failed to yield
any methane. While the year 1 SWH 55°C cellulose culture con-
tained 2.8% by relative abundance of the hydrogenotrophic
methanogenic genus Methanobacterium (Fig. 2), in year 2 the cul-
tures contained negligible (�0.5%) archaeal populations consis-
tent with the poor methane yield. In our previous short-term in-
cubation experiment with inocula from GZ and SWH (41), the
transcribed 16S rRNA profiles of cultures supplemented with cel-
lulose and incubated at 55°C indicated a large population of the
hydrogenotrophic methanogen genera Methanolinea (GZ) and
Methanoculleus (SWH), along with putative bacterial syntrophic
acetate-oxidizing partners, e.g., members of the phyla Chloroflexi
(GZ) and Synergistetes (SWH). These thermophilic cultures pro-
duced methane at rates comparable to those of mesophilic incu-
bations, although with slightly elevated acetate concentrations.
Given that these archaeal methanogen and putative bacterial syn-
trophic acetate-oxidizing taxa also were present in the GZ and
SWH seed samples and the SWH thermophilic cellulose culture in
the present study, it is unclear why a complete anaerobic digestion
pathway failed to become established in the GZ cultures and
yielded little methane in the SWH cultures. Another previous
study reported that an enrichment culture inoculated with SWH
sludge and incubated with cellulose at 55°C initially was able to
convert cellulose to methane, albeit at low efficiency, but follow-
ing subculturing it failed to consume cellulose or yield methane
and instead accumulated H2 (43). This was attributed to the lack
of a monosaccharide cosubstrate which can increase cellulose uti-
lization, although cultures supplemented with glucose and xylose
similarly failed following subculturing. Notably, the authors
found the abundance of the monosaccharide-utilizing bacterial
genus Thermoanaerobacterium was strongly negatively correlated
with cellulose conversion and associated with acidic conditions;
an OTU classified to Thermoanaerobacterium saccharolyticum
(13760) was the most abundant in the SWH-C-55 culture, which
also attained the lowest pH of all cultures (�5) at the end of the
time course experiment (Fig. 1). Experimentally maintaining a pH
of 6.0 and glucose supplementation allowed the continuous ther-
mophilic digestion of cellulose with an SWH inoculum for over a
year (44). These results suggest that the success of thermophilic
cellulose digestions with or without a cosubstrate is sensitive to
both pH and inoculum composition. Additionally, most of the
bacteria responsible for syntrophic acetate oxidation in thermo-
philic conditions are poorly described or unknown (22, 42), al-
though some parameters, e.g., ammonia concentration (45, 46),
have been shown to influence syntrophic acetate-oxidizing activ-
ity and, therefore, methanogenesis. Further research on the iden-
tity and growth requirements of syntrophic acetate-oxidizing bac-
teria is needed to optimize the operation of anaerobic digestion
systems at thermophilic temperatures.

For both substrates and inoculum sources, the dominant Ar-
chaea genera shifted from Methanosaeta and (in GZ) Methano-
linea in the seed samples to Methanobacterium in the enriched
cultures. A high abundance of the acetoclastic Methanosaeta typ-
ically indicates lower acetate concentration and/or retention time
(47, 48) and previously has been observed in GZ and SWH sludge
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(26). Given the high acetate concentrations observed toward the
end of the time course experiment (Fig. 1) and, thus, presumably
toward the end of each subculture during the long-term enrich-
ment, it is unsurprising this genus was suppressed. In the enriched
cultures, the near-complete dominance of Methanobacterium
OTUs suggests methanogenesis was proceeding almost entirely
via the hydrogenotrophic pathway. This differs from our previous
short-term incubation of GZ and SWH sludge with the same sub-
strates, which found a mix of hydrogenotrophic Methanobacteria-
les and acetoclastic/hydrogenotrophic Methanosarcinales (41).
The hydrogenotrophic route may be favored over long time scales
under the acetate-accumulating, acidic pH conditions that devel-
oped in our mesophilic cultures (Fig. 1) (49). It is also noteworthy
that, unlike in most natural or artificial anaerobic digestion sys-
tems, the cultures in this study were hermetically sealed for long
periods (i.e., several weeks between transfers or collection of head-
space gas by syringe), during which the partial pressure of H2 was
determined entirely by microbial activity, with H2 unable to leave
the system by diffusion. Bacterial acetogenesis from fermentation
products is thermodynamically favored only under low H2 con-
centrations (50), and this may have contributed to the develop-
ment of a hydrogenotrophy-dominated system over time.

The most enriched bacteria in all cultures were associated with
the catabolism of the respective amended substrates. Ruminococ-
cus (class Clostridium) was the most enriched genus in the cellu-
lose-digesting cultures (see Tables S3 and S5 in the supplemental
material). Many Ruminococcus species have been found in herbi-
vore rumen or gut and are believed to be important in assisting the
hosts to digest cellulosic biomass (51), as their ability to hydrolyze
and ferment cellulose is well described (52, 53). The second most
enriched bacterial OTU (OTU 1122596) in the cellulose cultures
was classified to the family Porphyromonadaceae (order Bacteroi-
dales), which currently has no isolated representatives, although it
has been found in enrichment cultures amended with cow feces
and complex polysaccharides (54). As other Bacteroidales taxa are
able to digest cellulose or hemicellulose (55), this OTU likely is
involved in cellulose hydrolysis.

The genus Treponema also was enriched in the cellulose-
amended cultures. Some Treponema species have been shown to
interact with cellulolytic bacteria and increase the degradation
rate of cellulose (56), and Treponema spp. also are involved in
degradation of soluble fibers (57). Recent studies also have iden-
tified abundant Treponema in a termite gut metagenome (58) and
enriched in the gut microbiomes of humans with highly fibrous
hunter-gatherer diets (59). Bacteria from this genus likely are able
to metabolize exopolysaccharides produced by the primary cellu-
lolytic bacteria, functioning as fermenters (15). The bacterial fam-
ily Veillonellaceae (phylum Firmicutes) also was highly enriched.
Although the role of this family in cellulose digestion is poorly
understood, they have been identified in various anaerobic cellu-
lose or hemicellulose digesting systems, for example, in ruminants
(60), termite gut (61), and other anaerobic cellulose enrichment
cultures (54).

Coprococcus was the most enriched genus in the xylan-
amended cultures. Coprococcus spp. are the major bacterial taxa in
the rumen microbiota of some ruminants (62, 63). Although bac-
teria from this family might be involved in the digestion of some
cellulosic materials (64), they were not enriched in cellulose cul-
tures in this study (�1%), suggesting that they cannot degrade
crystalline cellulose. As with the cellulose-amended cultures, Ru-

minococcus spp. were enriched in the xylan cultures, although the
most enriched OTUs differed. OTUs 760263 and 1089636 were
abundant in the cellulose cultures, while OTUs 114730 and
564026 were dominant in xylan cultures (see Tables S3 to S5 and
S7 in the supplemental material). This suggests that within the
same genus, different species and/or strains possess different sub-
strate-digesting abilities or are adapted to work with different syn-
trophic partners selected for by the amended substrate.

The most abundant bacterial OTU in the 55°C cellulose culture
was the thermophilic anaerobe Thermoanaerobacterium saccharo-
lyticum (13760) (see Table S6 in the supplemental material). The
growth temperature of Thermoanaerobacterium species is typi-
cally 45 to 72°C (65), and many Thermoanaerobacterium saccha-
rolyticum strains are able to digest cellulose or hemicellulose (66,
67). The other abundant OTU specific to the 55°C cellulose cul-
ture was of the genus Ethanoligenens (548689) from the family
Ruminococcaceae. Two strains from this genus isolated from an
anaerobic activated sludge of molasses wastewater were found to
hydrolyze various mono-, di-, and oligosaccharides (68). Mem-
bers of this genus also have been reported to produce hydrogen
(69), but cellulolytic ability has yet to be demonstrated.

As hydrogenotrophic Methanobacterium organisms were
dominant in the archaeal populations of all mesophilic cultures
(Fig. 2), it is likely that the enriched communities included bacte-
rial syntrophic acetate-oxidizing partners. The identities of syn-
trophic acetate-oxidizing bacteria remain mostly unknown, al-
though candidates include species of the genus Clostridium (70),
which was enriched in both xylan cultures (see Tables S4 and S7 in
the supplemental material). Given the important role syntrophic
acetate-oxidizing bacteria play in anaerobic digestion (71), a bet-
ter understanding of these species is one of the most pressing
needs in anaerobic digestion research.

This study aimed to test the hypothesis that a complete, metha-
nogenic cellulose- or xylan-digesting community could be en-
riched from anaerobic digester sludge with no lignocellulose
specificity, i.e., wastewater treatment systems. While this was con-
firmed at mesophilic temperatures with both substrate degrada-
tion and methane production, only one thermophilic culture was
able to degrade cellulose, and it produced substantially less meth-
ane than comparable mesophilic cultures. An improved under-
standing of the bacteria responsible for syntrophic oxidation of
acetate is likely to shed light on this. This study confirmed that
given a long culturing time, a minimal (i.e., low-diversity) but
functional and complete cellulose- or xylan-digesting biogas sys-
tem could be assembled. It also showed that the inoculum com-
position had little effect relative to the growth conditions, with the
communities converging toward a consortium of substrate-spe-
cific bacterial hydrolyzers and fermenters and hydrogenotrophic
methanogens under all mesophilic conditions. Our results dem-
onstrate the wealth of functional potential available in complex
substrate anaerobic digestion sludge and confirm that microbially
mediated cellulose and xylan digestion is a practical means for
biogas production.
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