










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 com-
munity dynamics. OTU shifts were heterogeneously distributed
throughout the phylogenetic tree, and there were no OTUs whose

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). Bacte-
roidetes OTUs consistently had high-level variation in relative

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.
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abundance, with concurrent increases and decreases throughout
the time series (Fig. 4). Much of the variability in Firmicutes, how-
ever, 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, syn-
trophic 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 methano-
gens. 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 communi-
ties. 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 Gamma-
proteobacteria of the genus Pseudomonas (see Fig. S6 in the sup-
plemental 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 127I-
labeled 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 mate-
rial). 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 per-
formed shotgun sequencing of total community DNA in bioreac-
tor samples to identify potentially active syntrophic acetate oxi-
dizers as well as elucidate changes in genomic functional
capabilities coinciding with the shift to syntrophic acetate oxida-
tion.

Methanogen shifts in shotgun metagenomic data. The pat-
tern 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 per-
formed 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 Fir-
micutes compared to other low-abundance phyla were consistent
between the whole-community and 16S rRNA gene characteriza-
tions, but the within-taxa patterns of variation among samples
were not well correlated (see Fig. S5c in the supplemental mate-

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 se-
quencing 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 ap-
parent in the shotgun reads (Fig. 5). First, the abundance of reads
assigned to methanogenic Archaea shifted significantly from op-
erating days 809 to 914: in R3 and R4, the abundance of reads
assigned to hydrogenotrophic methanogens of the order Metha-
nomicrobiales increased, while the abundance of reads assigned to
aceticlastic methanogens of the order Methanosarcinales de-
creased (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 syn-
trophic 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 micro-
biomes by noting the relative abundances of clusters of ortholo-
gous groups (COGs). Bioreactor samples showed high-level sim-
ilarity 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 func-
tional 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 identi-
fied) clearly separated bioreactors by operating conditions and
function (Fig. 6). Specifically, the jackknifed beta-diversity analy-
sis 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

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 (Methanomicro-
biales) 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.
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16S rRNA sequencing (Fig. 6a). COG contents consistently clus-
tered 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 dif-
ferent 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 low-
level acetate oxidation (43 significant COGs) (see Fig. S11b in
the supplemental material). Many of the statistically significant
differences in COG abundances between conditions were rep-
resentative 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 re-
lated directly to the Wood-Ljungdahl pathway, which is the bac-
terial 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-

signments to each KEGG enzyme hit in the pathway were diverse
and variable; the majority of the reads had no consensus taxon-
omy at the Bacteria superkingdom level or lower (a pathway dia-
gram and corresponding taxonomic data are shown in Fig. S12 in
the supplemental material), indicating that many of the gene re-
gions captured were too conserved for sufficient taxonomic reso-
lution. 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 com-
munity 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 dis-
tributions 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.

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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DISCUSSION

These results suggest that syntrophic acetate oxidation is carried
out by a dynamic and heterogeneous community with this meta-
bolic 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. At-
tempts to enrich acetate oxidizers resulted in divergent commu-
nities that were not representative of the bioreactor microbiomes.
The functional capacity for syntrophic acetate oxidation was rep-
resented by a diverse array of taxa (see Fig. S12 in the supplemental
material), which was present before and after bioreactor func-
tional 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, re-
spectively, the highest concentrations during the study period.
The bioreactor performance, however, recovered to stable perfor-
mance, 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 con-
centrations. 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 emer-
gence of syntrophic acetate oxidation was important to add sta-
bility to the digester. We therefore verified other studies that re-
ported 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 de-
creased 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 per-
formance (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 experimen-
tal R3 and R4 (UniFrac principle coordinate 1 [PC1] shows the
primary coordinates of variation) (see Fig. S2a in the supplemen-
tal 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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