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T

he robustness of open cultures of microbial consortia (microbiomes) in anaerobic bioreactors relies on access to functional
diversity (1, 2) and many parallel metabolic pathways (3). In anaerobic methanogenic systems, much of the carbon flux goes
through the intermediate acetate, which is often removed by aceticlastic methanogenesis (direct cleavage of acetate to methane
and CO2) (4). Engineers have traditionally considered anaerobic
digesters to be unsuitable for waste streams with free ammonia
concentrations of ⬎0.08 g N liter⫺1 (5); at higher concentrations,
free ammonia routinely inhibits aceticlastic methanogens. However, the functionally diverse microbial communities of anaerobic
digesters have at least one alternative pathway for removal of acetate, which may be essential to the stability of anaerobic digestion: syntrophic acetate oxidation, whereby microbes oxidize acetate to CO2 and H2 and hydrogenotrophic methanogens
consume these products to generate methane.
If aceticlastic methanogenesis is inhibited during fermentation
of higher-order substrates, the potentially accumulating acetate
pool can be removed via the alternative pathway of syntrophic
acetate oxidation, thus maintaining the stability of anaerobic bioreactors. Enrichment experiments have revealed a number of defined cultures with the metabolic capacity to oxidize acetate syntrophically under anaerobic conditions. Lee and Zinder (6) first
isolated an acetate-oxidizing rod-shaped bacterium (taxonomy
unknown) and demonstrated that it participated in this syntrophy
in coculture with a hydrogenotrophic Methanobacterium sp. Since
then, at least four other syntrophic acetate-oxidizing strains have
been enriched and cultured: Clostridium ultunense strain BS (7),
Thermacetogenium phaeum strain PB (8), Thermotoga lettingae
strain TMO (9), and Syntrophaceticus schinkii strain Sp3 (10).
TMO belongs to the phylum Thermotogae, and the other three
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belong to the class Clostridia, located in the phylum Firmicutes.
They oxidize acetate to CO2 and H2 by using the reverse WoodLjungdahl pathway, which is also known as the oxidative carbon
monoxide dehydrogenase/acetyl coenzyme A (CoA) synthetase
pathway (11). The Wood-Ljungdahl pathway is represented in
many microbial phylogenetic types (phylotypes), and therefore,
genes in this pathway are abundant and are broadly distributed
across diverse phylogenetic lineages. Thermodynamic calculations have shown the reversibility of the pathway in microbiomes
under low H2 partial pressures with the same energy-coupling
sites (12). An example of the diversity of microbes that can perform acetate oxidation is the methanogen Methanosarcina sp. (Archaea), which was shown to convert acetate into CO2 and H2 with
a sulfate-reducing bacterium as the syntrophic partner (13). Syntrophic acetate-oxidizing microbes rely on partners such as hydrogenotrophic methanogens to maintain a low H2 partial pressure to keep the anaerobic oxidation of acetate energetically
favorable. This has been observed as a dominant pathway in highammonia anaerobic bioreactors (14, 15). Stress due to high am-

Received 17 January 2014 Accepted 15 March 2014
Published ahead of print 21 March 2014
Editor: A. M. Spormann
Address correspondence to Largus T. Angenent, la249@cornell.edu.
† Deceased.
Supplemental material for this article may be found at http://dx.doi.org/10.1128
/AEM.00166-14.
Copyright © 2014, American Society for Microbiology. All Rights Reserved.
doi:10.1128/AEM.00166-14

Applied and Environmental Microbiology

p. 3375–3383

aem.asm.org

3375

Downloaded from http://aem.asm.org/ on May 8, 2014 by guest

Anaerobic digesters rely on the diversity and distribution of parallel metabolic pathways mediated by complex syntrophic microbial communities to maintain robust and optimal performance. Using mesophilic swine waste digesters, we experimented
with increased ammonia loading to induce a shift from aceticlastic methanogenesis to an alternative acetate-consuming pathway
of syntrophic acetate oxidation. In comparison with control digesters, we observed shifts in bacterial 16S rRNA gene content and
in functional gene repertoires over the course of the digesters’ 3-year operating period. During the first year, under identical
startup conditions, all bioreactors mirrored each other closely in terms of bacterial phylotype content, phylogenetic structure,
and evenness. When we perturbed the digesters by increasing the ammonia concentration or temperature, the distribution of
bacterial phylotypes became more uneven, followed by a return to more even communities once syntrophic acetate oxidation
had allowed the experimental bioreactors to regain stable operation. The emergence of syntrophic acetate oxidation coincided
with a partial shift from aceticlastic to hydrogenotrophic methanogens. Our 16S rRNA gene analysis also revealed that acetatefed enrichment experiments resulted in communities that did not represent the bioreactor community. Analysis of shotgun sequencing of community DNA suggests that syntrophic acetate oxidation was carried out by a heterogeneous community rather
than by a specific keystone population with representatives of enriched cultures with this metabolic capacity.

Werner et al.

MATERIALS AND METHODS
Bioreactor operation and sampling. To test the effect of high ammonia
concentrations on the microbial community structure, activity, and performance of anaerobic digesters, we operated four anaerobic sequencing
batch reactors (ASBRs) (5 liters) fed swine waste for a period of 3 years, as
described previously (18). The inoculum was crushed granular biomass
obtained from an upflow anaerobic digester that was treating brewery
wastewater. We fed five different batches of swine waste (0.85 to 1.6 g N
liter⫺1 total ammonia) to two replicate control reactors (R1 and R2) for
the entire operating period. The other two reactors were operated as replicate experimental systems (R3 and R4). R3 and R4 received the same
swine waste substrate and were conditioned identically to the control
reactors for 378 days, after which time we began adding ammonium chloride to the feed of R3 and R4 to achieve concentrations of 4.4 to 5.2 g N
liter⫺1 throughout the rest of the operating period. At around operating
day 420 (total ammonia, 4.4 g N liter⫺1; free ammonia, 0.08 g N liter⫺1),
R3 and R4 showed signs of stress, including elevated volatile fatty acid
(VFA) concentrations (n-butyrate, ⬃0.1 g/liter) and decreased biogas
production rates. After further deterioration of their performance, we
performed two steps to regain bioreactor performance (18). First, we reduced the solids loading rate (SLR) from 4.0 to 2.2 g volatile solids (VS)
liter⫺1 day⫺1 in all four bioreactors on operating day 584. Second, we
increased the temperature of all four bioreactors from 25°C to 35°C on
operating day 746. Even though this temperature increase elevated the
inhibiting free ammonia concentrations in R3 and R4 from 0.08 to ⬃0.2 g
N liter⫺1, it resulted in better bioreactor performance due to kinetic advantages for methanogenesis (18). We increased the ammonium chloride
addition to R3 and R4 on day 836 to increase the total ammonia concentration in the reactors from ⬃4.4 to ⬃4.8 g N liter⫺1 to initiate syntrophic
acetate oxidation. We collected sludge samples from each bioreactor periodically throughout the 3-year experiment for comparative metagenomic studies (see Table S1 in the supplemental material).
Serum bottle assays. To assay acetate enrichment and syntrophic acetate oxidation activity as a fraction of the total biogas production, biomass samples (3 ml) from bioreactors were added into 250-ml serum
bottles in duplicate. Serum bottles included (i) 1 ml liter⫺1 trace element
solution (FeCl2·4H2O at 10 g/liter, CoCl2·6H2O at 2 g/liter, EDTA at 1
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FIG 1 Syntrophic acetate oxidation for operating days 738, 797, 911, 933, 964,
and 982. Low-ammonia reactors (R1 and R2) (1.8 g N liter⫺1 total ammonia)
maintained activity at or near the baseline level of 5% syntrophic acetate oxidation (95% acetate cleavage to produce methane and CO2 from acetate),
while high-ammonium reactors (R3 and R4) (4.4 to 4.8 g N liter⫺1 total ammonia) shifted to 20 to 25% syntrophic acetate oxidation (75 to 80% acetate
cleavage) between days 809 and 914. Operating conditions within this time
period remained constant. Error bars (smaller than the points themselves)
represent the ranges from replicate instrument analyses.

g/liter, MnCl2·4H2O at 0.5 g liter⫺1, resazurin at 0.2 g liter⫺1, NiCl2·6H2O
at 0.15 g liter⫺1, Na2SeO3 at 0.12 g liter⫺1, AlCl3·H2O at 90 mg liter⫺1,
H3BO3 at 50 mg liter⫺1, ZnCl2 at 50 mg liter⫺1, NH4 6Mo7O24·4H2O at 50
mg liter⫺1, and CuCl2·2H2O at 38 mg liter⫺1) (19), (ii) HCl (1 ml liter⫺1
of a 37.7% solution), and (iii) 1 ml liter⫺1 nutrient stock solution
(NaH2PO4·H2O at 7.95 g liter⫺1, K2HPO4 at 6 g liter⫺1, NH4Cl at 2.8 g
liter⫺1, MgSO4·7H2O at 1 g liter⫺1, yeast extract at 1 g liter⫺1, and
CaCl2·2H2O at 0.1 g liter⫺1) (pH 7.6; temperature [T] ⫽ 35°C). Methyllabeled [13C]acetate and [12C]acetate (13CH312COOH and 12CH312COOH
at a ratio of 10:1; total, ⬃2 g liter⫺1) were added to the serum bottles as the
sole carbon source, after which a 2-day incubation was performed. For
acetate enrichment, samples from R4 were assayed on operating days 563,
626, and 982. For syntrophic acetate oxidation activity, samples from R1
and R3/R4 on days 738, 797, and 911 and from R1 to R4 on days 933, 964,
and 982 (Fig. 1) were assayed, after which the biogas formed in the headspace of the serum bottles was collected into 12-ml evacuated tubes. Biogas components of 13CO2 and 12CO2 were quantified by gas chromatography-isotope ratio mass spectrometry (GC-IRMS) (Delta⫹XL-IRMS;
Finnigan, Bremen, Germany). Prior to the 13C-enriched tests, a 100% 12C
treatment was performed and measured for 13CO2 background enrichment, which was subtracted from the experimental data. Seven readings
for each injection were made via an in-line loop. The resultant ratio of
13
CO2 to 12CO2 in sample biogas was used to calculate the acetate oxidation pathway stoichiometrically, as a fraction of total CO2 production. In
doing so, the aceticlastic methanogenesis pathway was assumed to produce CO2 only from the carboxyl carbon and methane only from the
methyl carbon, while syntrophic acetate oxidation followed by hydrogenotrophic methanogenesis was assumed to produce CO2 and methane
equally from both the methyl and carboxyl carbons. 13C biogas data are
not available for R4 on days 797 and 911.
DNA-SIP and FISH-NanoSIMS assays. The R4 sample from operating day 982 in the serum bottle assay was used for DNA-SIP (20–22). With
fixed-biomass samples from the same serum bottle, we utilized fluorescence in situ hybridization–nanometer-scale secondary-ion mass spectrometry (FISH-NanoSIMS) (23) to compare the spatial localization of
13
C to the spatial localization of a 127I-labeled Pseudomonas species probe,
GAM489 (3=-AGC*C*GGTGC*TTATTC*TGTTG-5= [asterisks indicate
cytosines labeled with 127I]) (24). Details on the DNA-SIP and NanoSIMS
methods can be found in the supplemental material.
Bacterial 16S rRNA gene survey. DNA was extracted, as described
previously (25), from an anaerobic bioreactor inoculum, from a swine
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monia concentrations inhibits the aceticlastic methanogenic
pathway more so than the hydrogenotrophic methanogenic pathway (16), thereby selecting for syntrophic acetate oxidation as a
significant pathway for forming methane from acetate (17). Although this selection has been characterized empirically, and individual syntrophic strains have been enriched, it remains elusive
whether or not enriched strains represent keystone populations in
reactor microbiomes or if syntrophic acetate oxidation is a function of a heterogeneous and dynamic community.
Here, we characterize the dynamics of microbiomes in four
swine waste digesters over a 3-year period: two replicate bioreactors (reactor 3 [R3] and R4) in which we increased the total ammonia concentration (i.e., free ammonia plus ammonium) from
1.2 to 5.2 g N liter⫺1 and two control bioreactors (R1 and R2) in
which the total ammonia concentration remained low (1.2 to 1.8 g
N liter⫺1). We hypothesized that after the introduction of ammonia stress, microbiomes would adapt and converge to a new robust
community structure reflecting the digester’s performance stability. Microbiome organismal and gene contents were compared at
different time points by sequencing of bacterial 16S rRNA genes as
well as by shotgun sequencing of total community DNA. We
found that bioreactor conditions and performance were not correlated with any individual population but were related to broader
structural characteristics, including community evenness, phylogenetic structure, and functional gene content.

Microbiome Shift to Syntrophic Acetate Oxidation
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that only one confirmation hit was required per taxonomic bin (due to the
high taxonomic diversity and low total read count for each EC).
Accession numbers. Sanger 16S rRNA gene sequence data sets and
shotgun community pyrosequencing reads have been deposited in GenBank under accession numbers GQ132191 to GQ135376, GQ135510 to
GQ139199, and EF515481 to EF515734 and in MG-RAST under accession
numbers 4444124, 4444183, 4444185 to 4444188, 4444190, and 4444194,
respectively (see Table S1 in the supplemental material).

RESULTS

Bioreactors with high ammonia concentrations shifted to syntrophic acetate oxidation. Our overall goal was to test the dynamics
of the microbial community during a shift from aceticlastic methanogenesis to the alternative pathway of syntrophic acetate oxidation.
We induced this functional shift using an NH4Cl-amended
substrate in replicate experimental reactors (R3 and R4) with
total and free ammonia concentrations of 4.8 and 0.2 g N liter⫺1, respectively (compared to the unamended R1 and R2)
(see Table S1 in the supplemental material). We verified the
relative acetate degradation pathways via [13C]acetate serum
bottle assays and gas chromatography-mass spectrometry (GCMS) quantification of 13C/12C isotope ratios in the produced
biogas (Fig. 1). The results of these assays indicated that the
level of syntrophic acetate oxidation increased significantly in
R3 (high ammonia concentrations) between operating days
797 and 911, from 5% to 25%. Throughout the remainder of
the operating period, R3 and R4 achieved 16 to 23% syntrophic
acetate oxidation, compared to 5 to 10% in the controls (Fig.
1). This isotope-labeled activity test typically includes a baseline
measurement of ⬃5% acetate oxidation during exclusively aceticlastic methanogenesis due to basal levels of acetate oxidation by Methanosarcina spp. (39) and Methanosaeta spp. (19). Therefore, we
interpret the data in Fig. 1 to indicate that control R1 and R2
effectively operated at nearly 100% aceticlastic methanogenesis as
the pathway for acetate conversion to methane and CO2.
Bacterial community evenness decreases following disturbances. To observe shifts in community structure throughout the
3-year operating period, we sequenced full-length bacterial 16S
rRNA gene amplicons from each of the four bioreactors. Although
Chao1 and Faith’s phylogenetic diversity indices showed no significant patterns (see Fig. S1a and S1b in the supplemental material), community evenness, measured via the Gini coefficient,
shifted concurrently with the perturbations in operating conditions (Fig. 2; see also Fig. S1c in the supplemental material). The
Gini coefficient is calculated on a normalized scale from 0 (perfectly even) to 1 (one dominant OTU and many singlets); a robust
community will lie somewhere in between. Figure 2 illustrates the
dramatic decrease in evenness (increase in Gini coefficient) following the introduction of ammonia stress (R3 and R4 at day 700)
as well as following an increase in temperature (R1 to R4 at day
809). Bacterial community evenness increased significantly in R2,
R3, and R4 during the final acclimation period between days 809
and 914 (Fig. 2). Notably, R4 returned to a Gini coefficient of 0.15
after the initiation of syntrophic acetation during this period,
which is similar to the samples at day 360 (Fig. 2). The greater
evenness of the more functionally stable microbial communities
agrees with previously reported examples of denitrifying bioreactors (1) and anaerobic digesters (2).
Bacterial phylotypes are dynamic but consistent among replicate bioreactors. The overall bacterial community structure
changed continuously throughout the time series, but the repli-
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waste substrate (four out of five batches), from reactor microbiomes at
various time points, and from the acetate enrichment serum bottles. R1 to
R4 were sampled as a function of time, temperature, and shift in biochemical activity, i.e., (i) on day 360, just before the increase in ammonia loading for R3 and R4; (ii) on day 700, ⬃11 months after the increase in
ammonia loading for R3 and R4; (iii) on day 809, after the increase in
temperature from 25°C to 35°C; and (iv) on day 914, after the shift to
syntrophic acetate oxidation was observed. R4 was sampled on operating
day 982 to perform a comparative analysis with acetate enrichment assays
that were performed for that day. In addition, enrichments from serum
bottles were utilized for R4 samples that were assayed on operating days
563, 626, and 982. For day 982, we also sequenced the DNA after partitioning 13C (DNA-SIP). Bacterial 16S rRNA genes were amplified by using universal primers 8F (5=-AGAGTTTGATCCTGGCTCAG-3=) and
1391R (5=-GACGGGCGGTGWGTRCA-3=) in a 25-l PCR mix consisting of 2.5 pmol Promega GoTaq, 10 pmol forward and reverse primers,
0.5 nmol MgCl2, 5 nmol deoxynucleoside triphosphates (dNTPs), 20 g
bovine serum albumin (BSA), 125 g acetamide, PCR buffer, and 1 l
template. PCR was performed under the following conditions: a 2-min
initial denaturation step at 94°C followed by 29 cycles of 94°C (1.5 min),
55°C (55 s), and 72°C (2 min) and then a 15-min incubation at 72°C. PCR
amplicons were subsequently gel purified, subcloned, and subjected to
Sanger sequencing.
The resulting bacterial 16S rRNA gene sequences were edited and assembled into consensus sequences by using PHRED and PHRAP in
XplorSeq (26), after which they were aligned to the Greengenes core (27)
by using PyNAST (28). Chimeric sequences were detected and removed
by using Bellerophon (29). We obtained 7,382 useful, near-full-length 16S
rRNA gene sequences. Operational taxonomic units (OTUs) were clustered at 97% pairwise identity (ID) by using the furthest-neighbor algorithm in mothur 1.17 (30). Taxonomy was assigned to representative
OTU sequences by using the naive Bayesian classifier (31) implemented in
mothur and a training set built by using the Greengenes database and
taxonomy clustered at 97% ID (32). Aligned representative OTU sequences were filtered by using the Greengenes Lane mask (27), and an
approximately maximum likelihood phylogenetic tree was constructed by
using FastTree (33). Alpha- and beta-diversity calculations, including
richness, Chao1, equitability, Faith’s phylogenetic diversity (34), weighted
and unweighted UniFrac distances (35), and principal-coordinates analysis (PCoA), were produced by using QIIME 1.2.1 (36), using 100 rarefactions of 100 sequences per sample.
Comparative shotgun sequencing assay. Genomic DNA was extracted for shotgun sequencing as described above. We performed shotgun pyrosequencing (454 FLX chemistry) of community DNA samples
from R1 to R4 prepared at time points before (day 809) and after (day 914)
the measured increase in syntrophic acetate oxidation. Each sample was
allocated to a quarter-plate region using standard four-region gaskets for
two 454 pyrosequencing runs (mean number of reads ⫾ standard deviation [SD] of 2.01 ⫻ 105 ⫾ 3.2 ⫻ 104 per time point; average read length of
350 ⫾ 110 bp). The resulting sequence data were submitted to MG-RAST
(37), which was used to identify clusters of orthologous groups (COGs)
based on a minimum alignment length threshold of 40 bp and an E value
cutoff of 10⫺5. Pearson distances between samples based on COG relative
abundance data, and corresponding jackknifed unweighted-pair group
method using average linkages (UPGMA) cladograms, were calculated by
using 100 rarefactions of 8,000 sequences per sample in QIIME 1.2.1. For
consensus taxonomy data, shotgun sequences were searched against the
NCBI-nr database by using BLASTX, and the BLAST hits (top 100 hits)
and corresponding bit scores were processed by using MEGAN 3 (38).
Reads were assigned to genes with assigned enzyme classifications (ECs)
in KEGG (version 58.0), using a BLASTX search against the KEGG reference sequence set. KEGG enzyme-specific taxonomic distributions were
determined by parsing the BLASTX/NCBI-nr hit results for MEGAN using the read IDs of subsets of KEGG EC hits; we recomputed consensus
taxonomies in MEGAN for each KEGG EC, with the modified parameter
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cate bioreactors remained similar to each other compared to the
changes over the operating period. This pattern was evident in
phylogenetic structure differences between samples (unweighted
UniFrac distance) (see Fig. S2 in the supplemental material) and
in terms of OTU content (Fig. 3). The bipartite network in Fig. 3

FIG 3 Bipartite network of samples and OTUs clustered from bacterial 16S rRNA gene sequencing characterizations of bioreactor samples for days 360, 700, 809,
and 914 and for bioreactor inoculum and four swine waste feed batches. Edges are colored by increased acetate oxidation (a), increased temperature (from 25°C
to 35°C) (b), and high ammonia concentrations (R3 and R4 on days 700, 809, and 914) (c). Squares represent OTUs, circles represent samples of bioreactor inputs
(granular inoculum from upflow digesters treating brewery wastewater and swine waste feed), and triangles represent bioreactor samples. Edges were drawn
between each OTU and the samples in which it was detected; only OTUs appearing in more than one sample are shown. Blue and green arrows in panel a indicate
the time series sequence for each bioreactor, beginning with day 360 in the top left bioreactor sample cluster.
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FIG 2 Evenness (measured as the Gini coefficient) of 97% ID (species-level)
bacterial OTU profiles, determined based on near-full-length 16S rRNA gene
sequencing characterizations of bioreactor samples. Microbiomes became
more uneven following high-ammonia stress (R3 and R4) (day 700) and increased temperature (all bioreactors increased from 25°C to 35°C prior to day
809). As the bioreactor performance of R3 and R4 recovered by day 914, bioreactors returned to a more even community composition. As noted on the y
axis, greater evenness is signified by a lower Gini coefficient. Error bars represent the SD of 100 rarefactions of 100 sequences each.

shows samples and OTUs as nodes in a network, where any given
OTU was found in each sample with which it shares an edge (connecting line; note that the placement of nodes and edges in the
graph was calculated by using a spring-embedded algorithm as
reported previously [40]). The visualization of the network resulted in samples with similar OTU contents being placed close to
each other. The tight upper left cluster of bioreactor samples from
day 360 shows that after nearly a year of operating under the same
conditions, all four bioreactors had similar OTU contents (Fig. 3).
The bipartite network also shows little similarity of bioreactor
samples to the inoculum or to the swine waste feed (see taxonomy
of in-common OTUs in Fig. S3 in the supplemental material).
Experimental reactors (R3 and R4) became unstable (e.g., n-butyrate concentrations of ⬎0.1 g liter⫺1 [18]) after the total ammonia concentration was increased from 1.2 to 4.4 g N liter⫺1. Microbiomes in the control and experimental reactors diverged in
terms of OTU content (high-ammonia conditions are highlighted
in Fig. 3c), followed by an eventual reconvergence of microbiomes
after the temperature was increased from 25°C to 35°C (hightemperature conditions are highlighted in Fig. 3b) and the initiation of syntrophic acetate oxidation. This resulted in stable conditions for R3 and R4, with n-butyrate concentrations returning
to ⬍0.01 g liter⫺1 on day 908 (18). The R3 and R4 samples with
elevated acetate oxidation levels shared very few (eight) OTUs that
were not detected in control R1 or R2 (highlighted OTUs in
Fig. 3a; taxonomic data are summarized in Fig. S4 in the supple-
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FIG 4 Phylogenetic tree of OTUs that appear in more than one sample from bacterial 16S rRNA gene sequencing characterizations for bioreactor days 360, 700,
809, and 914 (a), along with heat maps indicating the extent to which the relative abundance of each OTU changed concurrently with a change under conditions
of an increase in ammonia concentrations in R3 and R4 between days 360 and 700 (b), an increase in temperature between days 700 and 809 (c), and an increase
in syntrophic acetate oxidation (AcOx) in R3 and R4 between days 809 and 914 (d). The scale on the color key is relative to the total community (e.g., an OTU
that increased in relative abundance from 3% to 7% would be displayed here as ⫹4%). OTUs that appeared in more than one sample included all OTUs with
⬎2% relative abundance in any bioreactor sample. n/a, not applicable.

mental material). However, these OTUs had very low abundance
and no systematic correlation with the shift in function.
Similar results were found in a phylogenetic analysis of community dynamics. OTU shifts were heterogeneously distributed
throughout the phylogenetic tree, and there were no OTUs whose
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abundance corresponded reproducibly with environmental or
operating changes (Fig. 4). Bacteroidetes and Firmicutes were the
most diverse phyla in all the bioreactors and were also the most
abundant (see Fig. S5a in the supplemental material). Bacteroidetes OTUs consistently had high-level variation in relative
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FIG 5 Relative abundance of taxonomic categories, defined from an analysis
of community shotgun sequencing data sets of samples from R1 to R4 for days
809 and 914, that showed significant shifts coincident with increases in levels of
syntrophic acetate oxidation in R3 and R4. (a) Methanogenic divisions shifted
from aceticlastic (Methanosarcinales) to hydrogenotrophic (Methanomicrobiales) in R3 and R4; (b) genera belonging to the Clostridiaceae shifted to
include relatively more reads assigned to Alkaliphilus in R3 and R4. Consensus
taxonomies and relative abundances were determined with MEGAN, using the
results of a BLASTX search of raw shotgun reads versus the NCBI-nr database.

rial). We therefore expected the relative abundance data from the
consensus taxonomies to offer additional information that was
obscured by the biases in 16S rRNA gene data. The shotgun sequencing data set also had the advantage of deeper sequencing and
capturing lineages not targeted by the bacterial 16S rRNA gene
primers, including those within the domain Archaea.
Two significant taxonomic relative-abundance shifts were apparent in the shotgun reads (Fig. 5). First, the abundance of reads
assigned to methanogenic Archaea shifted significantly from operating days 809 to 914: in R3 and R4, the abundance of reads
assigned to hydrogenotrophic methanogens of the order Methanomicrobiales increased, while the abundance of reads assigned to
aceticlastic methanogens of the order Methanosarcinales decreased (Fig. 5a). In contrast, the relative abundance of reads in
control R1 and R2 assigned to the Methanosarcinales increased.
This correlates with the concurrent increase in bacterial syntrophic acetate oxidation levels in R3 and R4 (Fig. 1), a pathway
that requires the participation of hydrogenotrophic methanogens
to convert H2 and CO2 to methane. Second, the number of reads
within the bacterial family Clostridiaceae also increased in R3 and
R4 (Fig. 5b). However, caution should be used when analyzing
taxonomy results from shotgun sequencing, due to the database
bias of limited sequenced genomes.
Comparative changes in functional gene content. We first
compared the functional gene contents in various reactor microbiomes by noting the relative abundances of clusters of orthologous groups (COGs). Bioreactor samples showed high-level similarity in terms of higher-level COG categories (level 2 COGs
assigned by MG-RAST) (see Fig. S9 in the supplemental material),
and all bioreactor samples were similar in terms of broad functional content. Comparative beta-diversity analysis based on
Pearson distances calculated from assigning the shotgun data sets
to individual COG ortholog clusters (33,189 total COGs identified) clearly separated bioreactors by operating conditions and
function (Fig. 6). Specifically, the jackknifed beta-diversity analysis based on COG content (Fig. 6b) showed high resolution and
consistent clustering of samples compared to the less consistent
clustering from unweighted UniFrac distances between bacterial
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abundance, with concurrent increases and decreases throughout
the time series (Fig. 4). Much of the variability in Firmicutes, however, was seen as losses in OTUs between days 360 and 700 for all
bioreactors (Fig. 4b), and there were no consistent large increases
in abundances of OTUs within Clostridia (class) between days 809
and 914 in R3 and R4, concurrent with the increase in the level of
acetate oxidation (Fig. 4d). In other words, we did not detect a
single OTU (or a distinct set of closely related OTUs) that we
might hypothesize was correlated with, and responsible for, syntrophic acetate oxidation. We found no OTUs in this study with
⬎94% identity to the four characterized bacterial strains known to
oxidize acetate in syntrophy with hydrogenotrophic methanogens. In addition, there was no OTU or set of OTUs that had a
large increase in abundance (⬎4%) consistently in both R3 and
R4 along with the increase in the level of acetate oxidation (i.e.,
there is no bright green line spanning R3 and R4 in Fig. 4d).
Enrichment cultures fail to reproduce bioreactor communities. We performed acetate enrichment experiments and utilized
DNA-SIP to probe microbes that incorporated 13C (labeled on the
methyl carbon) by bacterial 16S rRNA gene sequencing of heavy
DNA from [13C]acetate. DNA-SIP for R4 samples from day 982
did not reveal a specific OTU that was enriched with acetate.
Rather, we enriched several groups of microbes across the phylum
Proteobacteria, including an increase in the abundance of Gammaproteobacteria of the genus Pseudomonas (see Fig. S6 in the supplemental material). It is noteworthy that sequences within this
genus clustered closely with those reported previously by Li et al.
(24), who also fed [13C]acetate to anaerobic culture bottles to
study syntrophic acetate oxidation. However, individual cells of
Pseudomonas spp. were not abundant in our 13C-enriched sample
because we could not detect them by FISH-NanoSIMS with a 127Ilabeled GAM489 probe (see Fig. S6 in the supplemental material)
after studying many fields (an example image is shown in Fig. S7 in
the supplemental material).
We also sequenced bacterial 16S rRNA gene amplicons from
the acetate-enriched cultures for several operating days (without
DNA-SIP) and observed that they had significantly diverged from
the bioreactor community (see Fig. S8 in the supplemental material). The latter result indicates that the physiological status of the
microbiomes from acetate-fed bottle enrichment assays was not
representative of bioreactor samples. Because of this bias, we performed shotgun sequencing of total community DNA in bioreactor samples to identify potentially active syntrophic acetate oxidizers as well as elucidate changes in genomic functional
capabilities coinciding with the shift to syntrophic acetate oxidation.
Methanogen shifts in shotgun metagenomic data. The pattern in the consensus taxonomic distribution in shotgun reads
differed from the 16S rRNA gene characterization (see Fig. S5 in
the supplemental material). Because the characterization was performed as a random subsampling of fragmented genomic DNA,
we anticipate that most of the possible sources of bias in relative
abundances originate from the 16S rRNA gene characterization,
including primer mismatch, PCR bias, and bias introduced from
picking colonies containing subcloned amplicons. The relatively
high abundances of members of the phyla Bacteroidetes and Firmicutes compared to other low-abundance phyla were consistent
between the whole-community and 16S rRNA gene characterizations, but the within-taxa patterns of variation among samples
were not well correlated (see Fig. S5c in the supplemental mate-
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16S rRNA sequencing (Fig. 6a). COG contents consistently clustered replicate bioreactors and clearly separated low-ammonia
(R1 and R2) and high-ammonia (R3 and R4) conditions.
To identify the COG abundances that were consistently different between bioreactor treatments, we performed paired
analysis of variance (ANOVA) on all COGs that appeared in at
least four samples (2,401 of the 3,189 COGs) (see Fig. S10 in the
supplemental material). The statistically significant differences
(P ⬍ 0.01) in COG content included a high representation of
metabolic genes for paired comparisons both between high and
low ammonia concentrations (57 significant COGs) (see Fig.
S11a in the supplemental material) and between high- and lowlevel acetate oxidation (43 significant COGs) (see Fig. S11b in
the supplemental material). Many of the statistically significant
differences in COG abundances between conditions were representative of Archaea, including CO-dehydrogenase genes (see
Fig. S11a in the supplemental material) and poorly characterized
conserved archaeal clusters (see Fig. S11b in the supplemental
material).
To target any changes in community structure that were related directly to the Wood-Ljungdahl pathway, which is the bacterial function of interest, we summarized the taxonomy of reads
assigned to KEGG ECs in the reverse Wood-Ljungdahl pathway
for the oxidation of acetate to CO2. The shotgun data contained
1,200 ⫾ 300 reads (mean ⫾ SD) per sample assigned to KEGG ECs
in the Wood-Ljungdahl pathway. The consensus taxonomic as-
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signments to each KEGG enzyme hit in the pathway were diverse
and variable; the majority of the reads had no consensus taxonomy at the Bacteria superkingdom level or lower (a pathway diagram and corresponding taxonomic data are shown in Fig. S12 in
the supplemental material), indicating that many of the gene regions captured were too conserved for sufficient taxonomic resolution. The Wood-Ljungdahl KEGG enzyme/taxonomy hits in
Fig. S12 in the supplemental material were rarefied 100 times at
500 sequences per sample, and Pearson distances were calculated
to determine if the taxonomic distributions within this particular
set of KEGG ECs were able to distinguish between sample types.
Sample clustering based solely on taxonomic abundances within
the Wood-Ljungdahl pathway (see Fig. S13 in the supplemental
material) did not distinguish between sample conditions or community function as reliably as the overall COG content (low
bootstrap values and poor resolution in branching). However,
the analysis did show that the experimental bioreactors became
outliers from the other samples after the increase in syntrophic
acetate oxidation (R3 and R4 at day 914) (see Fig. S13 in the
supplemental material). The observation that the taxonomic distributions of the Wood-Ljungdahl pathway in R3 and R4 were
different from those of the other bioreactor samples but were also
different from each other suggests that the final distribution of
syntrophic acetate oxidizers may have been different in the two
replicate experimental bioreactors.
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FIG 6 Distances between bioreactor samples based on unweighted UniFrac distances (near-full-length bacterial 16S rRNA gene characterizations) (a) and COG
contents (calculated as Pearson distance) (b) from R1 to R4 for days 809 and 914. Bootstrap support values are shown for 100 rarefactions each. Separate scale
bars are shown beneath each tree. Replicate bioreactors under the same operating conditions that successfully clustered are shaded (R3 and R4, treatment [high
ammonia concentrations]; R1 and R2, control [low ammonia concentrations]).
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These results suggest that syntrophic acetate oxidation is carried
out by a dynamic and heterogeneous community with this metabolic capacity rather than known defined cultures of syntrophic
acetate oxidizers. We observed systematic changes in community
evenness and gene functional content after perturbations that
were performed to initiate syntrophic acetate oxidation, but we
did not find keystone OTUs responsible for this function. Attempts to enrich acetate oxidizers resulted in divergent communities that were not representative of the bioreactor microbiomes.
The functional capacity for syntrophic acetate oxidation was represented by a diverse array of taxa (see Fig. S12 in the supplemental
material), which was present before and after bioreactor functional changes. We also observed that the robust response of the
bioreactors to perturbations was characterized by a return to a
similar evenness in community diversity (Fig. 2).
At the end of the operating period of R3 and R4, the total and
free ammonia concentrations were 5.2 and 0.25 g N liter⫺1, respectively, the highest concentrations during the study period.
The bioreactor performance, however, recovered to stable performance, with a reduction in the n-butyrate concentration to ⬍0.01
g liter⫺1 (18), which was similar to concentrations for control R1
and R2, which were operated at considerably lower ammonia concentrations. Such low n-butyrate concentrations can be achieved
only when acetate is maintained at low concentrations (i.e., when
acetate is removed at very high rates). With the acetate cleavage
pathway being inhibited under these conditions (5), the emergence of syntrophic acetate oxidation was important to add stability to the digester. We therefore verified other studies that reported this functional shift at high total ammonia levels (15, 17)
and elucidated the structures and dynamics of microbiomes. The
stable performance subsequently resulted in convergence of the
overall community structures for all reactors (day 914) (Fig. 3).
Thus, the emergence of an alternative pathway was instrumental
for maintaining a robust digester.
Here, we observed that community evenness is an indicator of
perturbation and stability. At first, community evenness decreased in response to an increase in the ammonia concentration
as well as to an increase in temperature. Community evenness was
reestablished as bioreactors returned to steady-state optimal performance (Fig. 2). The decreases in evenness in R3 and R4 at day
700 were indicative of the induced ammonia stress, despite the
surprising observation that the bacterial phylogenetic structures
of control R1 and R2 closely followed the structures of experimental R3 and R4 (UniFrac principle coordinate 1 [PC1] shows the
primary coordinates of variation) (see Fig. S2a in the supplemental material). This may be explained by the fact that the loading
rate of all bioreactors was decreased from 4.0 to 2.2 g VS liter⫺1
day⫺1 before day 700 (see Table S1 in the supplemental material).
In other words, changes in evenness were driven by perturbations
and were decoupled from the primary changes in phylogenetic
structure, which were driven by the loading rate. This agrees with
our previous observations that the loading rate was one of the
variables most closely related to bacterial community structure in
other anaerobic digesters (2).
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