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Abstract Methanogenesis from wastewater-borne organics
and organic solid wastes (e.g., food residues) can be severely
suppressed by the presence of toxic phenols. In this work,
ambient (20 °C) and mesophilic (37 °C) methane-producing
and phenol-degrading consortia were enriched and character-
ized using high-throughput sequencing (HTS). 454 Pyrose-
quencing indicated novel W22 (25.0 % of bacterial se-
quences) in the WWEI1 and Sulfurovum-resembled species
(32.0 %) in the family Campylobacterales were the most
abundant in mesophilic and ambient reactors, respectively,
which challenges previous knowledge that Syntrophorhabdus
was the most predominant. Previous findings may underesti-
mate bacterial diversity and low-abundance bacteria, but over-
estimate abundance of Syntrophorhabdus. 1llumina HTS re-
vealed that archaeal populations were doubled in ambient
reactor and tripled in mesophilic reactor, respectively, com-
pared to the ~4.9 % (of the bacteria and archaea sequences) in
the seed sludge. Moreover, unlike the dominance of
Methanosarcina in seed sludge, acetotrophic Methanosaeta
predominated both (71.4-76.5 % of archaeal sequences) am-
bient and mesophilic enrichments. Noteworthy, this study, for
the first time, discovered the co-occurrence of green sulfur
bacteria Chlorobia, sulfur-reducing Desulfovibrio, and
Sulfurovum-resembling species under ambient condition,
which could presumably establish mutualistic relationships
to compete with syntrophic bacteria and methanogens, leading
to the deterioration of methanogenic activity. Taken together,
this HTS-based study unravels the high microbial diversity
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and complicated bacterial interactions within the biogas-
producing and phenol-degrading bioreactors, and the identifi-
cation of novel bacterial species and dominant methanogens
involved in the phenol degradation provides novel insights
into the operation of full-scale bioreactors for maximizing
biogas generation.

Introduction

With the excessive exploitation of fossil fuels for economic
development, energy crisis, global warming, and environmen-
tal pollution have become severe problems that hinder the
sustainable growth of world economy. The development of
renewable and clean energy has therefore become a critical
and urgent mission for the scientists and engineers worldwide.
Recently, anaerobic technologies that retrieve bioenergy (e.g.,
H, and CH,) from organic substrates have been receiving
more and more attention globally in the developed and devel-
oping countries [1, 2]. Among them, methanogenic process
has been widely applied for generating biogas from various
wastewater-borne organics or organic solid wastes originated
from various municipal and industrial sources due to its ad-
vantages including methane generation, less sludge yield, and
energy conservation. However, the presence of toxic phenol
and its derivatives in the wastewater of coal gasification,
petroleum refining, and manufacturing of resins, synthetic
chemicals and pesticides industries [3, 4], as well as in the
municipal solid wastes such as organic household residues,
slaughter house wastes and animal manure, kitchen wastes
can largely inhibit the methanogenesis from these organic
substrates by suppressing the activity of the responsible mi-
croorganisms in the methanogenic bioreactors [5] [6]. Further,
methane-generating and phenol-degrading bioreactors [3, 4,
7-10] usually suffer operational difficulties such as long start
up time, limited loading, and instability. All these problems
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indicate the still-limited knowledge on the methanogenic
phenol-degrading community.

Early studies of the biogas-producing and phenol-
degrading consortia are mainly based on chemical monitoring
[11] and microscopic observation [3]. Later, molecular tech-
niques, such as cloning, fluorescence in situ hybridization
(FISH), denaturing gradient gel electrophoresis, and terminal
restriction fragment length polymorphism, were widely used,
which greatly improved our understanding of the methano-
genic consortia [4, 10, 12]. Among them, FISH is a fast
method for visualizing and counting cells, but may be limited
by low hybridization efficiency and coverage of probes; clon-
ing has been the most commonly used method [4, 12], but the
less abundant fermentative syntrophic bacteria and
methanogens could easily fall under the detection limit due
to the usually very limited number of clones (low-throughput).
For example, a recent study on mesophilic phenol-degrading
enrichment failed to detect methanogens with acetotrophic
activity or any syntrophic acetate-oxidizing bacteria by the
clone method while methanogenic degradation of phenol into
acetate was chemically confirmed [13].

High-throughput sequencing makes huge number of se-
quences available at acceptable cost for the exploring micro-
bial diversity in various habitats at much deeper coverage and
higher resolution [14—-18], and this will help explore the
microbial structure and complicated interactions among dif-
ferent microbial populations, which cannot be clearly revealed
using the low-throughput molecular techniques. In this study,
two methane-yielding and phenol-degrading consortia were
acclimated under ambient and mesophilic conditions and
characterized using the 454 pyrosequencing and Illumina
HTS. This study aims to supply more detailed knowledge on
the microbial components and diversity of methanogenic con-
sortia that are capable of methane generation from toxic
phenol and mainly addresses the following issues: (1) what
kinds of bacteria and archaea that accomplish methane gener-
ation from phenol-containing wastewater under ambient and
mesophilic conditions, respectively?; (2) How can the differ-
ence between the microbial structure of ambient and
mesophilic consortia affect the methanogenic activity and
phenol-degrading capacity?; and (3) What roles do different
members within ambient and mesophilic phenol-degrading
consortia presumably play?

Materials and Methods

Enrichment of Phenol-Degrading Consortia

The enrichment of phenol-degrading consortia was started in
two 200/288-ml sealed serum bottles incubated at 20 and

37 °C, respectively, with mild shaking at 100 rpm. The seed
sludge was collected from the No. 2 Digester of Shek Wu Hui
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WWTP, Hong Kong. The mesophilic (37 °C) digester was
operated to digest primary sludge and wasted activated sludge
(sludge retention time (SRT), 25 days; total suspended solid
(TSS), 17.7 g/L; volatile suspended solid (VSS), 13.0 g/L).
Phenol as the sole substrate, plus balanced nutrients and alka-
linity [9], was added batch by batch using concentrated phenol
stock solution after complete depletion in the previous batch.
For each gram of phenol, the solution was supplemented with
2.38 g NaHCO;, 618.8 mg NH4CI, 119.0 mg MgSO,-7H,0,
71.4 mg K,HPO,, 28.6 mg KH,PO,, 35.7 mg CaCl,, 16.7 mg,
NiSO47H,0, 11.9 mg FeCl;-6H,0, 2.6 mg MnCl,-4H,0,
1.4 mg ZnCl,, 1.4 mg CoCl,-2H,0, 1.0 mg
(NH4)>M0044H,0, 0.7 mg CuCl,-2H,0, and 0.5 mg
Na,B40510H,0. After six batches of phenol addition which
lasted for 109 days, the sludge in 20 and 37 °C serum bottles
was anaerobically transferred by syringe into two 0.8/1.1-L
five-neck anaerobic batch reactors (ABRs) operated at ambient
and mesophilic temperatures, with mild magnetic stirring, little
sludge discharge and pH controlled at 7.0-7.5 (by adding 1 N
sodium bicarbonate using peristaltic pumps). At the beginning
of each batch, concentrated phenol solution (10 g/L) was
injected anaerobically into the reactors (from the top) after
drawing out equal volume of supernatant (after ~10 min set-
tling). On day 193 (the 24th batch), sludge samples were taken
from both reactors for specific methanogenic activity (SMA)
test (Supporting Information S1) and DNA extraction.

Chemical Analysis

The component and concentration of biogas, including
methane, carbon dioxide, and hydrogen, were determined
by a gas chromatograph (Hewlette-Packard 589011, USA)
equipped with a thermal conductivity detector following
the method descripted previously [19]. The generated
biogas in each reactor was collected by a 1.5-L Tedlar
bag, and its volume was measured using a glass syringe
at the end of each batch. The concentrations of phenol
and benzoate in liquid were measured by HPLC
(SHIMADZU, Japan) with a C18 column using a flow
rate of 1 ml/min, an eluent consisting of MeOH-H,O
(60:40) and 0.1 % H3;PO,4, and a UV detector set to
280 nm [20]. The composition and concentrations of
other products including volatile fatty acids (VFAs) and
alcohols were measured by another GC (6890N, Agilent
Technologies, USA) equipped with a flame ionization
detector [9]. Total suspended solids and volatile
suspended solids were determined according to the stan-
dard methods [21].

Molecular Method

For each sample, genomic DNA was extracted in dupli-
cate from 2.0 mL slurry by FastDNA SPIN Kit for Soil
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(MPBiomedicals, LLC, Illkirch, France). The duplicate
DNA extracts were then mixed together for 454 pro-
sequencing and Illumina HTS. The corresponding DNA
concentration determined (NanoDrop-1000, Thermo
Scientific, Wilmington, DE, USA) for the seed sludge,
AT, and MT enrichment was 150.1, 148.3, and
141.2 ng/ul, with a 260/280 ratio of 1.68, 1.85, and
1.88, respectively.

For the 454 pro-sequencing, extracted DNA was ampli-
fied with forward primer 338F (5'-ACTCCTACGGGAGG
CAGCAG-3') and a cocktail of four equally mixed reverse
primers, that is, R1 (5'-TACCRGGGTHTCTAATCC-3'),
R2 (5'-TACCAGAGTATCTAATTC-3"), R3 (5'-
CTACDSRGGTMTCTAATC-3"), and R4 (5'-
TACNVGGGTATCTAATCC-3"), which targets the hyper-
variable V3-V4 regions of the 16S ribosomal RNA (rRNA)
genes [22]. Barcodes for sample multiplexing during se-
quencing were modified in the 5’ terminus of the forward
primer. The polymerase chain reaction (PCR) conditions
were initial 5 min denaturation at 94 °C; 30 cycles of 30 s at
94 °C, 30 s at 50 °C, and 60 s at 72 °C; and final 10 min
extension at 72 °C. PCR amplicons from different sludge
samples were firstly purified with a quick-spin Kit (iN-
tRON, Seoul, Korea), then mixed at equal mass concentra-
tions and finally sent out for pyrosequencing on the Roche
454 FLX Titanium platform (Roche) at the Genome Re-
search Center of Beijing. In our study, attempts to amplify
archaeal amplicons using the forward primer A344F (5-
AYGGGGYGCASCAGGSG-3) and reverse primer
AS19R (5-GGTDTTACCGCGGCKGCTG-3) targeting
V3 region of 16S rRNA genes failed, although these
primers have been successfully in amplifying marine water
and sediment samples [23, 24].

For metagenomic sequencing, DNA samples from AT
and MT reactors (on Day 193) were used to construct
libraries of 180 bp for sequencing using Illumina
Hiseq2000 platform by applying the 101-bp paired-end
(PE) strategy (Beijing Genomics Institute, Shenzhen, Chi-
na). For the seed sludge and MT enrichment, DNA repli-
cates were sequenced to evaluate the reproducibility of the
experimental results, and the average values from the two
replicate data sets were reported. The raw 454 reads and
shotgun metagenomic reads have been deposited into the
NCBI short-reads archive database (Accession Number:
SRR764554 and SRR764555).

Bioinformatics Analysis

Procedures for (1) processing of high-throughput sequencing
data sets (Figure S1), (2) taxonomic analysis, and (3) con-
struction of rarefaction curves and phylogenic trees were
available at Supporting Information S2.

Results and Discussion

Enrichment of Methane-Generating and Phenol-Degrading
Consortia

Methane-generating and phenol-degrading consortia were ob-
tained after the 193-day acclimation in ambient temperature
(AT, 20 °C) and mesophilic temperature (MT, 37 °C) reactors,
respectively. The results showed that initial phenol degrada-
tion and methane production were observed in AT and MT
reactors after a lag phase of ~68 and ~37 days, respectively,
after incubation with the seed sludge (Fig. 1a). The longer
acclimation period required for the AT sludge than MT sludge
was likely attributed to the fact that mesophilic fermentative
populations present in the seeding sludge had been previously
accustomed to MT of the digester in which it was collected
and, therefore, needed more time to adapt to AT under the
stress of phenol. Although the phenol loadings and degrading
rate in the MT reactor were always higher than that of AT
reactor (Fig. 1b), the sludge in both reactors was able to
completely mineralize phenol to final products (e.g., methane
and carbon dioxide) without much accumulation of interme-
diates throughout the whole enrichment period. For instance,
during the 18th batch, complete phenol degradation was ob-
served in both AT and MT reactors within 5 days, with little
benzoate and no volatile fatty acids (VFAs, e.g., butyrate and
proportionate) detected, indicating that initial acidogenesis
was likely to be the rate-limiting step instead of subsequent
acetogenesis and methanogenesis for complete phenol degra-
dation. However, considerable concentration of ethanol
(18.1~164.5 mg/L in AT reactor; 58.8~156.5 mg/L in the
MT reactor) was continuously detected in both reactors
(Figure S2), possibly reflecting partially inhibited methano-
genic activity [25]. Likewise, acetic acid was also successive-
ly detected in both reactors but at much lower levels
(14.5~37.5 mg/L). Notably, concentrations of benzoate mon-
itored in the AT reactor (27.6 mg/L in average) were much
higher than in the MT reactor (2.4 mg/L), regardless of the
relatively lower initial phenol concentration in the AT reactor.
This validates the activity of phenol-degrading consortia and
suggests difference of phenol-degrading dynamics driven by
phenol-degrading consortia under ambient and mesophilic
conditions.

SMA Tests

The phenol-degrading profiles and SMA of the AT and MT
enrichments were investigated at different initial phenol con-
centrations (100~1,000 mg L™"). As has been expected, the
time required for the complete degradation increased with
initial phenol concentrations (Figure S3). As shown in
Fig. 2, the highest SMA for AT and MT enrichments was
observed at an initial phenol concentration of 200 mg L',
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corresponding to phenol loadings of 274.0 and 363.6 g
phenol/g VSS/day, respectively. At the starting concentrations
of 400 and 600 mg L', the SMA of the AT and MT enrich-
ments dropped down to 52.8~80 % and 14.8~19.9 % of the
highest SMA values, respectively. Almost 92.3~100 % of
methane-producing activity of the AT and MT enrichments
were suppressed at the initial phenol concentration of
1,000 mg L.

The highest SMA for AT and MT enrichments was 200 and
283 mg CH, COD g ' VSS day ' (Fig. 2), respectively, which
were comparable to the levels that were reported for previous
methanogenic phenol-degrading consortia cultivated in
upflow anaerobic sludge bed (UASB) reactors and full-scale
granular activated carbon-anaerobic fluidized bed (GAC-
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Fig. 2 Specific methanogenic activity (SMA) of the phenol-
degrading enrichment at different initial phenol concentrations. The
sludge was enriched for 193 days and then collected from the reactors
for the SMA test
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AFB) reactors [3, 10, 26]. The higher SMA of the MT over
AT enrichment was in accordance with previous studies [3, 8],
which was likely associated with both the differences in
microbial community structure and enzyme activity of
phenol-degrading consortia at 20 and 37 °C.

16S and Shotgun Metagenomic Data Sets

Table S1 shows the basic information of the 454 data sets. The
rarefaction curves show that the OTU numbers in seed sludge
(at the dissimilarity cutoffs of both 3 and 6 %) were the
highest, followed by AT and MT enrichments (Figure S4),
indicating that microbial diversity decreased with the enrich-
ment time. Also, it can be seen that the curves of AT and MT
were almost flat (with the slope of the end points at the
dissimilarity cutoffs of 3 and 6 % between 0.22~0.44 % and
0.11~0.22 %, respectively), indicating that the sequencing
depth adopted in this study was deep enough to reflect the
operational taxonomic unit (OTU) diversities in the two reac-
tors. Additionally, 454 pyrosequencing applied in this study
identified about 5~10 times more OTUs than the cloning
method used previously [4, 6, 9, 10, 12, 13] (Table S1),
implicating that many novel OTUs previously undetected in
the ambient and mesophilic phenol-degrading enrichments
can now be well identified by 454 pyrosequencing.

Table S2 shows the basic information of the Illumina
metagenomic data sets. After de-replication and reads over-
lapping, tags number in each data set was normalized to
13,106,796, of which 11,291~11,672 were identified as tags
containing 16S rRNA genes by BLASTN at an e-value cutoff
of 1e-20. Those 16S rRNA gene tags with length between 150
and 190 bp ranged from 8,516 to 9,614 and were applied for
taxonomic analysis using LCA algorithm in MEGAN.
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Shared and Distinct Bacterial Classes and Genera

Figure 3 shows the number of bacterial classes and genera shared
between the seed sludge, AT, and MT enrichments. Considering
the well-known phenol toxicity on microbial growth, it is as-
sumed that those classes and genera well-detected in the AT and
MT enrichments but absent from the seed sludge are the best
candidates associated with phenol degradation, while those
merely detected in the seed sludge may play no roles or at least
much less roles in phenol degradation.

As shown in Fig. 3a and Table S3, eight bacterial classes
appeared merely in the AT and/or MT enrichment after accus-
tomed to phenol. Among them, four bacterial classes (e.g.,
Epsilonproteobacteria and WWE1) were shared by the AT
and MT enrichments, three (e.g., green sulfur bacteria
Chlorobia) were only represented in the AT enrichment and
one (Thermotogae) was merely detected in the MT enrich-
ment. Figure 3b and Table S4 show that 28 out of the total 70
bacterial genera were merely detected in the AT and/or MT
enrichment. Among them, seven genera such as W22,
Pelotomaculum, Syntrophus, Desulfovibrio, and Moorella,
were shared by the AT and MT enrichments, corresponding
to 3,765 and 3,151 of the total 8,150 bacterial sequences,
respectively. These genera were most likely the core bacterial
consortia closely related to the methanogenic conversion of
phenol or its degradation products (like VFAs and alcohols).
Moreover, ten genera (e.g., Rhodopseudomonas,
Chlorobaculum, Rhodococcus, and Geobacter), which
accounted for 361 bacterial sequences, were merely represent-
ed in the AT enrichment, whereas eleven genera (e.g.,
Brachymonas, Moorella, Thermonema, and Turicibacter),
which corresponded to 1,301 bacterial sequences, were only
detected in the MT enrichment. These genera uniquely oc-
curred either under ambient condition or mesophilic condition

A  Class Per Sample:

AT: 19 (7832)

MT: 16 (7338)

SEED: 23 (6354) AT
31(21524)

"‘“"

Total:

Fig. 3 Weighed Venn diagrams of the shared and distinct bacterial
classes and genera among the samples. AT, 20 °C enrichment; MT,
37 °C enrichment; SEED, the seed sludge. The statistics was based on
the taxonomic results of 454 pyrosequencing data sets. The number of

may reflect the influence of temperature on the microbial
components of methanogenic phenol-degrading consortia,
which, in turn, revealed different metabolism pathways that
could exist to transform phenol to methane under the ambient
and mesophilic conditions.

Shift in Bacterial Populations After Enrichment

Methanogenic degradation of phenol has been demonstrated
to be strongly influenced by temperature, with much higher
degradation capacity and methanogenic activity observed un-
der mesophilic condition compared with ambient and thermo-
philic conditions [3, 4, 8, 9, 13]. Similar results were obtained
in this study with higher degradation capacity (Fig. 1) and
SMA value (Fig. 2) detected under the mesophilic condition
compared with ambient condition. Possible reasons for such
phenomenon may lie in difference in both abundance and
diversity of the key phenol-degrading bacteria that functioned
under these two temperatures. Previous studies demonstrated
that Deltaproteobacteria (e.g., Syntrophorhabdaceae) and
Clostridia (e.g., Pelotomaculum) were the key syntrophic
populations of methanogenic phenol-degrading consortia in
different types of anaerobic reactors treating phenol at various
temperatures [4, 9, 13].

Apparent shift in relative sequences percentage of
Proteobacteria was observed (Fig. 4a; Figure S5), with its
percentage increased dramatically from 19.1 % of bacterial
sequences in seed sludge to 53.5 % in AT enrichment and
43.9 % in MT enrichment, respectively (Figure S5),
confirming that members of Proteobacteria are largely in-
volved in the phenol degradation under both conditions.
Moreover, Fig. 4a demonstrates that in the seed sludge, alpha
subdivision was the most abundant (53 % of total
proteobacterial sequences, Figure S5), followed by gamma

b Genus Per Sample:

AT:  27(5270)
MT:  28(6529)
SEED: 42(3022)
Total: 70(14821)

SEED

=

=P
- v ar

total bacterial sequences in each sample was 8,150. The numbers outside
and inside the brackets indicated the number and total abundances
(calculated as reads count) of shared taxa among different samples
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Fig. 4 Bacterial classes (a) and major genera (b) in the seed sludge
ambient and mesophilic enrichments. AT, 20 °C enrichment; MT, 37 °C
enrichment; SEED, the seed sludge. The result was based on the
taxonomic analysis of 454 pyrosequencing data sets and major genera
referred to those with relative abundance >0.5 % in at least one sample.
The thickness of each ribbon represents the abundance of each taxon.
The absolute tick above the inner segment and the relative tick above

and beta subdivisions, while delta subdivision merely occu-
pied a very small proportion (12 %, Figure S5) and epsilon
subdivision was not even detected. However, epsilon and
delta subdivisions predominated proteobacterial sequences
of the AT and MT enrichments (Fig. 4a, Figure S5). This
phenomenon illustrated the selectivity of high concentrations
of phenol (875~1,000 mg L") on Proteobacteria subdivi-
sions, implicating significant difference in their adaptability
to phenol toxicity as well as their capacity to utilize phenol or
its intermediates. Intriguingly, the abundance of
Betaproteobacteria in the seed sludge (3.1 %) was decreased
to 0.64 % in the AT enrichment, but increased to 12.9 % in the
MT enrichment (Fig. 4a), revealing that beta subdivision
played much more significant roles in phenol metabolism
under 37 than 20 °C.

Moreover, candidate division WWEI1 in the phylum
Spirochaetes dominated (as illustrated by the thickest ribbon
for MT segment in Fig. 4a) and accounted for 25.0 % of
bacterial sequences in the MT enrichment. All those WWEI1-
affiliated sequences were closely related to the genus W22 in
the family SHA-4 (Fig. 4b), which is a genus with frequent
occurrence in various anaerobic digesters but whose roles still
remaining unknown [28, 29]. The sequence similarity-based
phylogenetic analysis (Figure S5b) showed that all W22-
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the outer segment stand for the reads abundances and relative abun-
dance of each taxon (in total 8,150 bacterial sequences of each sample),
respectively. The taxa names in green, red, and blue refer to those taxa
shared by 3 (AT, MT, and SEED), 2 (AT, MT, AT, and SEED; MT and
SEED), and 1 (AT, MT, and SEED) samples, respectively. Others refer
to those unassigned reads. The data were visualized using Circos (v
0.63, [27])

affiliated sequences were closely (>99.0 % similarity) related
to Candidatus Cloacamonas acidaminovorans, which is the
only sequenced fermentative bacterium within the candidate
class WWEI with the genetic potentials to derive most of its
carbon and energy from the fermentation of amino acids and
to syntrophically oxidize butyrate to CO,, hydrogen, and
acetate [29, 36]. Thus, the putative role of W22-related species
in the MT enrichment was to metabolize amino acids and fatty
acids (e.g., butyrate) produced during phenol metabolism. In
addition, the much higher abundance of W22 in 37 °C, com-
pared with 20 °C enrichment and the seed sludge, implicated a
much more significant role played by W22 under mesophilic
than ambient conditions during phenol degradation under
methanogenic condition.

By contrast, the most abundant genus in the AT enrichment
was affiliated with order Campylobacterales (32.0 % of bac-
terial sequences in the AT enrichment) in the class
Epsilonproteobacteria. The occurrence of
Epsilonproteobacteria had been reported previously in
phenol-degrading UASB granule sludge, but its role remained
unclear [8]. The phylogenetic tree (Figure S6a) shows that all
Campylobacterales-related sequences discovered in the AT
and MT enrichments were most closely related to two envi-
ronmental clones affiliated to an unassigned family in the
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order Campylobacterales in GreenGenes database. However,
these sequences only showed <96.0 % similarity to two well-
known hydrogen- and sulfur-oxidizing chemolithoautotrophs,
namely Sulfurovum lithotrophicum and Sulfurovum sp.
NBC37-1, implicating that the Campylobacterales-related se-
quences highly represented in the AT enrichment were quite
likely to be affiliated with a novel species in the genus
Sulfurovum. Stable-isotope probing and substrate enrichment
experiments indicated that Sulfurovum could cooperate with
species related to Desulfovibrio and Pelotomaculum to
syntrophically degrade benzene under sulfate-reducing condi-
tions [37, 38]. Given the co-occurrence of these three types of
bacteria in the AT reactor at considerable abundance, as well
as the similar chemical structure between benzene and phenol,
it is assumed that Sulfurovum-like species could establish
syntrophic associations with Desulfovibrio and
Pelotomaculum, leading to anaerobically syntrophic degrada-
tion of phenol at ambient temperature.

Moreover, multiple fermentative syntrophic bacteria
emerged in the AT and MT bacterial consortia at high abun-
dances after enrichment (Fig. 4b). Among them,
Syntrophorhabdus in a novel family Syntrophorhabdaceae
(previously known as clone cluster Deltaproteobacteria group
TA [30]) was highly represented in both AT (8.2 %) and MT
(17.6 %) enrichments, but almost undetected in seed sludge.
All sequences within this genus showed >99.87 % similarity
to Syntrophorhabdus aromaticivorans Ul (GenBank Acces-
sion No.: AB212873), which has been recently identified as
the first cultured anaerobe capable of degrading phenol via
benzoate in syntrophic association with a hydrogenotrophic
methanogen or a sulfate-reducing bacterium [30]. Therefore,
S. aromaticivorans was likely to be the key anaerobe which
degrades phenol to benzoate in the ambient and mesophilic
reactors of this study. The other two syntrophs in the class
Clostridia that is Pelotomaculum in the family
Peptococcaceae and Moorella in the family
Thermoanaerobacteraceae were also detected, but at quite
different abundances in the AT and MT enrichments (Fig. 5).
Exactly, Pelotomaculum-related species had much higher
abundance in the AT (6.3 %) than MT enrichments (1.1 %).
This genus, also termed Desulfotomaculum subcluster Ih,
could degrade benzoate and propionate in syntrophy, but had
lost their ancestral ability of reducing sulfate, sulfite, and
thiosulfate as they adopted a syntrophic lifestyle in methano-
genic environments [31]. Moorella-related species occupied
6.0 % of bacterial populations in the MT enrichment, but was
undetectable in the AT enrichment. This genus has been well-
known as obligate anaerobes capable of syntrophic degrada-
tion of methanol and formate [32, 33]. Overall, the apparent
difference in the abundances of Pelofomaculum and Moorella
under AT and MT conditions may reflect significant effect
temperature that plays in shaping the microbial components of
syntrophic consortia that engaged in the metabolism of

intermediate VFAs and alcohols during methanogenic degra-
dation of phenol. However, unlike Pelotomaculum and
Moorella, Syntrophus-related species showed no significant
difference on abundances in AT (2.0 %) and MT enrichments
(1.2 %). This genus, regardless of its relatively lower abun-
dance, has a higher affinity for benzoate and plays critical
roles in degrading this substrate into acetate and hydrogen
through syntrophic associations with methanogens [4, 9].

Notably, besides the dominance of multiple fermentative
syntrophic bacteria, considerable amount of green sulfur bac-
teria (GSB) Chlorobia (Fig. 4a) and sulfate-reducing bacteria
(SRB) Desulfovibrio (Fig. 4b) in the class
Deltaproteobacteria were detected mainly in the AT enrich-
ment (Fig. 5). The Desulfovibrio-related sequences were
closely related to a sulfate-reducing species, i.e., Desulfovibrio
mexicanus (4.0 % in AT enrichment), which could
syntrophically metabolize a large variety of substrates, such
as ethanol, lactate, pyruvate, and formate [34, 35]. The co-
occurrence of GSB Chlorobia, SRB D. mexicanus, and
Sulfurovum-like bacteria in the AT enrichment could establish
tightly coupled mutualistic interactions that exchange sulfur or
sulfate compound between the partners [33], which could
compete with fermentative syntrophic bacteria for organic
substrates and with methanogenic archaea for acetate and
hydrogen, respectively, leading to the deterioration of methan-
ogenic activity.

Overall, given that syntrophic aromatic acid (e.g., phenol)
and fatty acid (e.g., benzoate, propionate, butyrate, and for-
mate) metabolisms are often the rate-limiting steps in methan-
ogenic degradation of organic compounds [33, 39], the much
higher temperature, as well as higher proportions of
S. aromaticivorans and other syntrophic bacteria (e.g., W22
and Moorella) under mesophilic condition, compared with
ambient condition, could probably explain the higher
phenol-degrading rate observed in MT than AT reactor.

Comparison of 16S-Based Bacterial Abundance in 454
and Metagenomic Data Sets

Figure 5 shows the comparison of consistency between the
taxonomic results of key bacteria involved in phenol degra-
dation using 16S rRNA gene sequences from two different
sources, that is, 454 data sets and metagenomic data sets. In
general, relative abundance of bacterial genera/species indi-
cated by 454 data sets is somewhat different from that by
metagenomic data sets (Fig. 5, heatmap). However, ratios of
their abundance in AT enrichment to MT enrichment indicated
by 454 data were comparable to those indicated by
metagenomic data sets (blue bars, Fig. 5) with few exceptions
(e.g., Aminobacterium), indicating consistency of these two
sequencing technologies in 16S rRNA-based comparison of
bacterial components among different samples even at the
genus level. In addition, comparison between the last two
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Fig. 5 Comparison of n
consistency between the
taxonomic results of key bacteria
identified by 16S rRNA
sequences in 454 data and
metagenomic data. Key bacteria
referred to those genera with
relative percentage >0.5 % in at
least one sample. The numbers in
the parentheses after each genus
tag represent the ratio of
abundance of this genus in AT
enrichment to MT enrichment

AT-
454

columns of the heatmap (Fig. 5) revealed that genera abun-
dances derived from the two replicate metagenomic data sets
of MT (that is MT1 and MT2) highly resembles each other,
revealing good reproducibility of the experimental results
from metagenomic data sets.

The Archaeal Populations Revealed by Metagenomic Data
Sets

The relative abundance of bacterial and archaeal populations
in methanogenic phenol-degrading consortia were evaluated
based on the number of 16S rRNA gene tags identified from
the metagenomic data sets. The 16S rRNA gene tags were
identified by BLASTN against two 16S rRNA gene data-
bases, i.e., GreenGenes and Silva SSU, at an e-value cutoff
of 1e-20. Table 1 shows that 4.9 % of the 16S rRNA gene tags
in the seed sludge were identified to be affiliated with archaea,
and this percentage was increased to 8.8~9.2 % and

Table 1 Relative abundances of bacterial and archaeal populations in the
seed sludge, AT (20 °C), and MT (37 °C) enrichments. The abundance
was based on the taxonomic results of thel 6S rRNA gene tags identified

w) w)
w : .
= - < i i

Logyscale NN Genus ((AT/MT),s (AT/MT) 1,)

Aminobacterium (0.83, 1.44)
Mycobacterium (5.17, 1.53)
Syntrophus (1.64, 1.55)
Pelotomaculum (5.78, 6.25)
Desulfovibrio (3.66, 2.03)

T78 (0.15, 0.30)

Sulfurovum (3.28, 2.39)
Syntrophorhabdus (0.47, 0.78)
W22 (0.06, 0.20)
Rhodopseudomonas (NA, NA)
Synergistes (4.21, NA)
Moorella (0, 0)

Brachymonas (0, 0)
Thermovirga (0, 0)

Thermonema (0, 0)
MT-
454

AT-
Meta

MTI-
Meta

MT2-
Meta

12.7~13.5 % in the AT and MT enrichments, respectively.
Such increase in the relative abundance of overall archaeal
populations after enrichment went hand in hand with varia-
tions in terms of both the species diversity and abundance,
implicating underlying adjustment in the syntrophic associa-
tions between syntrophic bacteria and methanogenic archaea
after the introduction of phenol to the reactors. Further, the
higher relative abundance of archaea in MT than AT enrich-
ment could partially explain the higher SMA value of MT than
the AT enrichment detected in SMA tests.

Figure 6 shows the relative abundances of archaeal popu-
lations before and after enrichment. All the classified archaeal
tags from the three samples were affiliated with three methan-
ogenic orders, i.e., Methanobacteriales, Methanomicrobiales,
and Methanosarcinales. At the genus level, two acetoclastic
(Methanosaeta and Methanosarcina) and five
hydrogenotrophic (Methanobacterium, Methanobrevibacter,
Methanoculleus, Methanolinea, and Methanospirillum)

from metagenomic data sets by BLASTN against GreenGenes and Silva
SSU databases, respectively

GreenGenes Silva SSU

SEEDI1 SEED2 AT MT1 MT2 SEEDI1 SEED2 AT MT1 MT2
16S rRNA gene tags 9,469 9913 9,614 8,699 8,516 9,952 11,867 10,076 9,613 9,353
Bacterial gene tags 8,981 9,458 8,730 7,530 7,355 9,430 11,329 9,189 8,393 8,160
Archaeal gene tags 488 455 884 1169 1161 522 538 887 1,220 1,193
Bacterial percentage (%) 94.8 95.4 90.8 86.6 86.4 94.8 95.5 91.2 87.3 87.2
Archaeal percentage (%) 52 4.6 9.2 13.4 13.6 52 4.5 8.8 12.7 12.8

SEEDI and SEED?2 and MT1 and MT2 were the replicate metagenomic data sets derived from DNA replicates extracted from the seed sludge and MT

enrichment, respectively
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Phylum Class Order Family Genus Species
Bl SEED Methanobacterium
B AT Methanobacteriaceae (1.6%,4.3%,3.8%)
Methanobacteria Methanobacteriales (6-9%0,9-0%,8.0%) ‘ . M. beijingense
B MT (6.9%,9.0%,8.0%)  (6.9%,9.0%, 8.0%) | (0.0%,1.0%,1.2%)
Methanobrevibacter E
(2.9%,0.0%,0.0%) g{
[15]
Methanobacteriaceae Methanoculleus _ g
(12.3%,6.4%,5.0%) (10.8%,6.4%,5.0%) = _9;
’ M. bourgensis »S
(2.2%,1.0%, 0.9%) h g
~

Methanomicrobiales /Vl]et]l‘t;ulwﬁr;iqu({?ceae X §
Euryarchaeota (21.4%,15.5%,12.3% e~ Methangitines TE
(]000" l00()0 ]00(%') ‘ . (0.0%)-. 0.7‘%],].60/0) g
s > %
Methanospirillaceae  Methanospirillum g

(1.1%,1.3%,0.8%) (1.1%,1.3%,0.8%)

Methanomicrobia ‘ . M.hungatei
92.2%.91.0%,92.0% (1.1%,1.3%,0.8%)
Methanosaetaceae

(10.1%,71.4%,76.5%)

Methanosaeta

\Methanosarcinales
(70.3%,71.9%.77.9%)

Methanosarcinaceae (57.1%,0.0%,1.2%)
(60.6%,0.0%,1.2%)

(10.1%,71.4%,76.5%)

Methanosarcina
' M. acetivorans
(1.1%,0.0%,0.0%)

Fig. 6 Comparison of diversity and abundances of archaeal populations
in the seed, ambient, and mesophilic enrichments. The result was based
on the taxonomic analysis of 16S rRNA gene tags from metagenomic

methanogens were identified. Although these
hydrogenotrophic methanogens merely occupied
11.2~15.7 % of all archaeal populations, they play very sig-
nificant roles in hydrogen consumption and in maintaining
hydrogen partial pressure at a level low enough for phenol
degradation. Moreover, unlike the dominance of
Methanosarcina (57.1 % of total archaeal populations) in the
seed sludge, Methanosaeta (71.4~76.5 %) predominated the
AT and MT enrichments, implicating potentially stronger
adaptability of Methanosaeta to phenol toxicity as well as
the low acetate concentrations detected in the AT and MT
reactors.

The Putative Roles of Different Microbial Groups
During Phenol Degradation

The putative roles of different microbial groups during ambi-
ent and mesophilic degradation of phenol under methanogenic
conditions were shown in Fig. 7. Phenol was first converted
mainly by S. aromaticivorans to benzoate, which was further
converted by acidogens affiliated with Syntrophus and
Pelotomaculum to intermediates like VFAs and alcohols.
These intermediates could then further be utilized by

| M.mazei

‘ (5.8%,0.0%,0.6%)

data sets. Tags that were assigned to Archaea (phylum Euryachaeota) in
the GreenGenes database for the seed sludge, AT, and MT1 enrichments
were 472 (100 %), 884 (100 %), and 1165 (100 %), respectively

(%S 9L~b"1L)
SUIZOUBYIIW JNSB[I0JY

syntrophic acetogens (e.g., W22, Pelotomaculum, and
Moorella) to acetate and hydrogen, both were finally convert-
ed by respective methanogens into methane. Notably,
syntrophic bacteria like S. aromaticivorans, W22, and
Moorella and Aminobacterium were detected with much
higher abundances in the MT than AT reactor, indicating that
mesophilic temperature, compared with ambient temperature,
was more favorable for their prevalence in methanogenic
reactors to outcompete other competitive bacterial groups
(e.g., SRB).

However, instead of being outcompeted by those typical
syntrophic bacteria (as observed in the MT reactor), SRB
affiliated with genus Desulfovibrio was quite abundant in the
methanogenic AT reactor. This SRB could utilized sulfate and
reduce it to sulfite using a wide variety of substrates, such as
propionate, butyrate, ethanol, and acetate, for supplies of
carbon and electrons. Presumably, Desulfovibrio could estab-
lish syntrophic associations with GSB Chlorobia and
Campylobacterales-related (Sulfurovum-like) species highly
represented in the AT reactor by exchanging sulfur or sulfate
compounds between the partners. In this way, they could
compete with syntrophic acidogens (e.g., Syntrophorhabdus
and Syntrophus) and acetogens (e.g., W22, Pelotomaculum,
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Fig. 7 Predicted roles of
microbial groups during
methanogenic degradation of
phenol under ambient and
mesophilic conditions. For the AT
and MT reactors, 46.5 mg SO427
was supplemented for every 1 g
degraded phenol

SRB: sulfate-reducing bacteria
GSB: green sulfur bacteria

and Moorella) for organic substrates and with methanogens
for acetate and hydrogen, respectively, which is to the disad-
vantage of methanogenesis. Therefore, from a perspective of
maximizing methanogenesis, mesophilic temperature, instead
of the ambient temperature, was recommended for anaerobic
bioreactors treating phenol-containing wastewater.

Compared with Previous Studies

This is the first systematic and comprehensive profiling of
methanogenic phenol-degrading consortia by HTS approach.
Similar to previous studies, Syntrophorhabdus is identified as
the key phenol degrader and Methanosaeta as the most pre-
dominant methanogen. However, previous findings based on
cloning method demonstrate that Syntrophorhabdus-affiliated
sequences dominate total bacterial 16S rRNA clones [4, 10,
13], whereas high-throughput 454 pyrosequencing adopted in
this study implicated that Syntrophorhabdus, despite of its key
role in initial phenol degradation, was not necessarily the most
abundant (based on 16S rRNA sequences). Moreover, more
OTUs (at similarity threshold of 97 %) are identified from 454
data sets (106-150 OTUs) than from clone sequences (<21
OTUs). These results implicated that compared with 454
pyrosequencing, clone method may underestimate the OTUs
diversity but overestimate the proportion of Syntrophorhabdus
in total bacterial 16S rRNA gene sequences of methanogenic
community. Moreover, this study indicates that
Campylobacterales-related genus and W22 were the most
abundant genera in the AT and MT phenol-degrading

@ Springer
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consortia, respectively, which challenges previous findings
that Syntrophorhabdus was the most predominant [4, 6]. In
addition, this study identifies several more syntrophic genera
(e.g., W22, Moorella, and Aminobacterium) that were not
identified previously. Noteworthy, the results of this study,
for the first time, discovered the co-occurrence of GSB
Chlorobia, SRB Desulfovibrio, and Campylobacterales-relat-
ed genus in the ambient phenol-degrading methanogenic con-
sortia, which could presumably establish tightly coupled mu-
tualistic interactions to compete with fermentative syntrophic
bacteria for organic substrates and with methanogens for
acetate and hydrogen, respectively, possibly leading to the
decrease of methanogenic activity.

Several limitations may affect our results and the corre-
sponding conclusions. First, the length of 16S rRNA gene tags
used for identification of bacteria and archaea in this study
was still short, about 150~190 bp in length, although taxo-
nomic classification of this length using LCA algorithm in
MEGAN indicates that reads length of 100~200 bp could be
long enough to identify a species [40]. Second, biases are also
likely to be introduced during the DNA extraction and PCR
amplification of V3~V4 amplicons, although sequencing of
16S rRNA amplicons is the general practice for bacterial
identification. Third, the lack of replicated setups of reactors
renders the reproducibility or statistical significance of ob-
served differences in community structure less reliable. In
addition, sequence-based comparison of microbial abundance
in this study is different from traditional cell number-based
estimation (i.e., using in situ detection methods, FISH, and
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CARD-FISH); thus, difference in length and copy number of
16S rRNA gene of different bacteria should be taken into
consideration during comparison. Finally, this study relies on
sequence similarity-based method for taxonomic analysis and
role prediction, which may be affected by the completeness of
16S rRNA gene databases whose data size keeps on increas-
ing, as well as the difference between the genotype and
phenotype of some species.
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