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Summary
Members of the uncultured bacterial genus Candidatus Accumulibacter are capable of intracellular
accumulation of inorganic phosphate (Pi) in activated sludge wastewater treatment plants
(WWTPs) performing enhanced biological phosphorus removal (EBPR), but were also recently
shown to inhabit freshwater and estuarine sediments. Additionally, metagenomic sequencing of
two bioreactor cultures enriched in Candidatus Accumulibacter, but housed on separate
continents, revealed the potential for global dispersal of particular Candidatus Accumulibacter
strains, that we hypothesize is facilitated by the ability of Candidatus Accumulibacter to persist in
environmental habitats. In the current study, we used sequencing of a phylogenetic marker, the
ppk1 gene, to characterize Candidatus Accumulibacter populations in diverse environments, at
varying distances from WWTPs. We discovered several new lineages of Candidatus
Accumulibacter which had not previously been detected in WWTPs, and also uncovered new
diversity and structure within previously detected lineages. Habitat characteristics were found to
be a key determinant of Candidatus Accumulibacter lineage distribution, while, as predicted,
geographic distance played little role in limiting dispersal on a regional scale. However, on a local
scale, enrichment of particular Candidatus Accumulibacter lineages in WWTP appeared to impact
local environmental populations. These results provide evidence of ecological differences among
Candidatus Accumulibacter lineages.

Introduction
Removal of inorganic phosphate (Pi) from wastewater is a key step in wastewater treatment
to prevent eutrophication of downstream water bodies impacted by treated effluent. One
increasingly popular mechanism employed for Pi removal in wastewater treatment plants
(WWTPs), known as enhanced biological phosphorus removal (EBPR), relies on the ability
of some microorganisms in activated sludge to accumulate polyphosphate and thereby
remove excess phosphorus from the water via biomass settling and removal. In most lab-
scale reactors mimicking the EBPR processes used in full-scale WWTPs, the organism
primarily responsible for Pi accumulation is a β-proteobacterium affiliated with the
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Rhodocyclus group, named Candidatus Accumulibacter phosphatis, (Hesselmann et al.,
1999; Crocetti et al., 2000). This organism and related species have since been detected in
many full-scale WWTPs, where they have also been shown to accumulate polyphosphate
(Zilles et al., 2002a; Zilles et al., 2002b; Kong et al., 2004; He et al., 2008). Therefore it is
likely that polyphosphate accumulation is widespread in the genus Candidatus
Accumulibacter (henceforth referred to as Accumulibacter), although evidence suggests that
other organisms also play a role in WWTPs treating industrial wastewaters (Kong et al.,
2005). Although much has been learned about the biochemical steps required for EBPR,
unpredictable perturbations to the process continue to plague treatment plant operations
(Neethling et al., 2005; Oehmen et al., 2007). One impediment that has hampered EBPR
research is the fact that while Accumulibacter can be enriched in bioreactors to levels over
90% of total cells (Lu et al., 2006), the organisms remain recalcitrant to isolation in pure
culture, hence the taxonomic status of Candidatus (Murray and Stackebrandt, 1995).

Recent metagenomic sequencing of two bioreactors enriched in Accumulibacter, and housed
on separate continents (in Wisconsin, USA and Queensland, Australia), confirmed many
hypotheses regarding the biochemical functions required to accumulate Pi, but surprisingly,
the genomes of the dominant strains enriched in the two reactors shared >95% nucleotide
sequence identity over 79% of the assembled US genome (Garcia Martin et al., 2006). One
explanation for the high degree of similarity between the two geographically remote
genotypes is that Accumulibacter can be dispersed via environmental reservoirs. In support
of this hypothesis, the Accumulibacter genome encodes numerous functions not required for
growth in the nutrient replete habitat of WWTPs that would be useful in an oligotropic
environment, including carbon and nitrogen fixation, high-affinity Pi transport, and motility
via flagella (Kunin et al., 2008). Additionally, a PCR survey of freshwater, terrestrial and
marine samples found Accumulibacter to be common in freshwater sediments, and
occasionally present in freshwater, soil and estuarine sediment samples (Kunin et al., 2008).
However, a survey of the Accumulibacter spp. present in full-scale WWTPs revealed that
the lineages enriched in bioreactors represented only a subset of total Accumulibacter
diversity; three major lineages were detected in WWTPs in addition to the two initially
found in bioreactors, and four of the five total lineages were found to be dominant in at least
one treatment plant (He et al., 2007). This result suggests that global abundance of particular
Accumulibacter lineages is not the only determinant of dominance of a given lineage in any
particular environment, but rather, ecological differences between lineages, or ecotypes, lead
to differences in their relative competitiveness under different environmental conditions.

Although the initial investigations into Accumulibacter population structure described above
(Kunin et al., 2008) suggest that geographic barriers do not limit global lineage distribution,
studies of other bacterial populations indicate that geographic isolation and environmental
parameters can affect both distribution, to varying degrees depending on characteristics of
the particular organisms (reviewed in (Martiny et al., 2006)) and the genetic loci used to
infer phylogeny. Several studies using loci other than the 16S rRNA gene suggest that
geographic distance plays an important role in structuring populations of some
extremophiles with limited habitat ranges such as hyperthermophilic Archaea (Whitaker et
al., 2003), hot spring cyanobacteria (Papke et al., 2003) and symbionts of mussels living in
deep sea hydrothermal vents (DeChaine et al., 2006). Patterns for organisms with wider
habitat ranges appear to vary. Some studies have found evidence for endemism, or
restriction of genotypes to particular locations, such as for fluorescent pseudomonads (Cho
& Tiedje, 2000), while others have found evidence for widespread distribution of genotypes,
such as freshwater actinobacteria (Newton et al., 2007).

Accumulibacter spp. distribution differs from the examples described above in that the
organisms are present both at high densities in specialized, discrete habitats (WWTPs), and
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at low densities in more widespread, continuous environments (freshwater sediment; (Kunin
et al., 2008)). Thus, the lineage is a compelling model with which to explore how the
opposing forces of habitat filtering and competition act in the face of rapid dispersal to
structure bacterial populations. Furthermore, a more complete understanding of the
parameters affecting Accumulibacter population structure in WWTPs and bioreactors
requires a broader characterization of Accumulibacter ecology in non-wastewater
environments. For example, it is not clear whether the five lineages detected to date in
WWTPs and lab-scale bioreactor environments (He et al., 2007) represent the complete
diversity of Accumulibacter, or whether environmental reservoirs harbor additional lineages
as yet undetected. It is also unclear to what extent enrichment of particular lineages in
WWTPs impacts Accumulibacter population structure in surrounding environments. In the
present study, we used sequencing of a high resolution single copy marker gene (ppk1),
encoding polyphosphate kinase (He et al., 2007; Kunin et al., 2008)) to characterize
population structure of Accumulibacter in a variety of freshwater and marine habitats, at
varying distances from WWTPs performing EBPR, and in two geographic regions:
Wisconsin, USA, and California, USA.

Results
Detection of Accumulibacter in environmental samples

Accumulibacter were detected by PCR in diverse aquatic habitats from previously described
samples collected in Contra Costa County, California (Kunin et al., 2008), and in samples
described in the current study taken from sites in Dane and Green Counties, Wisconsin. We
sought to characterize Accumulibacter population structure in samples representative of the
diversity of aquatic habitats located in both regions, and collected at varying distance from
WWTP practicing EBPR. The sites from which we recovered verified Accumulibacter ppk1
gene sequences (based on phylogenetic analysis, sites shown in Figure 1) include sediment
from two of three water storage reservoirs sampled in CA, sediment from the estuary of a
small CA stream, sediment from four points along the small Sugar River or its tributaries in
WI, and sediment from two eutrophic WI lakes: shallow (4 m maximum depth), polymictic
Lake Wingra and from the deepest point (25 m) of dimictic Lake Mendota. Sediment from
three CA streams located 13.7, 12.1 and 8.4 km from an EBPR-practicing WWTP tested
positive for Accumulibacter using a highly sensitive, nested PCR approach, but the only CA
stream from which we recovered Accumulibacter ppk1 sequences was located 0.3 km from a
WWTP using EBPR (Kunin et al, 2008). Positive stream and river samples in WI were
collected from within 100 m of an EBPR-practicing WWTP discharge point, and 20.9 km
upstream or 33.4 km downstream of the WWTP (Figure 1). However, we note that the
frequent need for two rounds of PCR to detect amplicons suggested that Accumulibacter
populations were generally in low abundance in these habitats.

Phylogenetic diversity of environmental Accumulibacter
We prepared and sequenced Accumulibacter ppk1 gene clone libraries from PCR amplicons
obtained from four California environmental samples, six Wisconsin environmental samples
(two of which were taken from sites separated by only 200 m), and samples from the Contra
Costa WWTP (CCWWTP) EBPR sludge and Nine Springs WWTP effluent (Figure 1). Most
retrieved sequences were affiliated with previously recognized Accumulibacter clades, but
from a few samples we also recovered sequences more closely related to Dechloromonas,
indicating a degree of non-specificity of the primers with complex DNA templates while
using a lower annealing temperature than originally described (McMahon et al., 2007) to
facilitate capture of a broader diversity of sequences (data not shown). Also, a relatively
high number of chimeric sequences (10% of total verified Accumulibacter sequences) were
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identified in the libraries, likely as a result of the high number of PCR cycles required to
obtain products from most samples. These were removed from subsequent analysis.

All of the Accumulibacter ppk1 sequences fell into two major lineages (Figure 2),
previously designated Type I and Type II based on analysis of Accumulibacter ppk1
sequences from WWTPs (He et al., 2007). Within each major grouping, environmental
sequences contributed several new clades. Among the Type I sequences, new clades IB, ID
and IE consisted solely of sequences obtained from the Alhambra Creek estuary sample, the
only non-freshwater sample included. Many of the environmental sequences from Type II
clustered with clades previously detected in WWTPs (IIA–IIE). However, sequences
forming one new group, designated IIF, were detected in the CCWTP and nearby Walnut
Creek. Sequences recovered from several lake, stream sediment, and WWTP effluent
samples from both regions formed a second new group, designated IIG. A few rare
sequences appear to represent additional new clades, although in some cases, all sequences
placed in one clade came from a single clone library, which raises the concern that these
sequences may represent PCR artifacts. The environmental sequences also considerably
increased the diversity and structure within clade IID, which had previously been only rarely
detected in WWTPs.

Distribution of Accumulibacter lineages across environments
Accumulibacter clades were unevenly distributed across clone libraries from different
samples (Figure 3). Some clades were only detected in a single sample, such as IB, ID and
IE, all of which were only detected in the Alhambra Creek estuary. With the exception of a
single sequence from clade IIB from the Sugar River tributary sample, clades IIB and IIA
were detected only in the two WWTPs and nearby stream samples, and not in any of the
environmental samples collected from further away from the WWTPs. Clade IIE was only
detected in the CCWWTP and nearby stream. In contrast, sequences from clades IID and
IIG were broadly distributed among environments; five of the twelve clone libraries
contained sequences from the IIG clade and all but the libraries from the Alhambra Creek
estuary and the Nine Springs WWTP contained sequences from clade IID.

The uneven distribution of clades across environments suggests that environmental
parameters, geographic isolation, or both, restrict distribution of Accumulibacter clades. We
assessed the relative importance of geographic distance and environmental parameters for
determining clade distribution using the Unifrac environment clustering function. The
Unifrac metric measures the degree of shared history in phylogenies constructed from
sequences obtained from different samples, optionally weighted by the frequency of
sequence (or operational taxonomic unit (OTU)) observation (Lozupone et al., 2006;
Lozupone et al., 2007). Using the qualitative, unweighted clustering function, few clusters
containing multiple environments received significant bootstrap support (Figure 4a), likely
because many clades were detected in multiple environments (Figure 3). However, the
quantitative clustering, in which OTUs (defined in this study as sequences belonging to the
same, smallest clade with significant (>60%) bootstrap support in maximum likelihood
phylogenetic analysis, which generally included sequences with a difference in genetic
distance of less than 0.02 based on nt comparisons) were weighted by frequency of
observation in a given clone library, revealed many significant clusters between
environments (Figure 4b).

Generally, cluster analysis indicated little impact of geographic limits to distribution of
Accumulibacter clades. Many clusters with significant bootstrap support contained samples
collected in both Wisconsin and California (Figure 4b). A second line of evidence to support
the lack of geographic restriction to distribution of Accumulibacter lineages on a regional
scale was the presence of ppk1 sequences with zero or only one to two nucleotide
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differences from clone libraries built from California and Wisconsin samples (Figures S1–
S7). However, despite the lack of regional geographic patterns of clade distribution, the
Accumulibacter population in Walnut Creek water closely resembled that of the Contra
Costa WWTP, located within 0.5 km, suggesting that enrichment for particular clades in the
WWTP may impact nearby freshwater Accumulibacter populations, or less likely vice versa.
Equivalent correspondence between the Nine Springs WWTP and nearby Badger Mill Creek
was not observed, but the Badger Mill Creek sampling site, while within 100 m of a WWTP
effluent discharge point, was nearly 12 km from the WWTP itself, rather than 0.5 km. Our
interpretation of this result is that Accumulibacter is dispersed via aerosols from the open
activated sludge aeration basins enriched in this organism, and not via effluent.

Significant clustering of phylogenetic structure of samples obtained from geographically
distant sites suggests that environmental parameters play a larger role overall than
geographic isolation, in determining Accumulibacter clade distribution. When clone
frequency was weighted in the cluster analysis, three clusters representing distinct
environment types emerged: freshwater habitats, WWTP samples (and the Walnut Creek
sample taken from within 0.5 km of a WWTP, see above), and the sole estuarine sample.
One freshwater sample, taken from a Sugar River tributary in Wisconsin, clustered with the
estuary sample, but closer examination of the sequences recovered from the two samples
indicated that while both were the only two samples dominated by Type I ppk1 sequences
(Figures 2, S1 and S2), all but 4 of the 94 Sugar River sequences fell into clade IA, while the
estuary sequences affiliated with clades IB, ID and IE. Among the freshwater samples,
several other clusters were apparent, but the small number of samples obtained from any
given specific freshwater environment limits the conclusions that can be drawn regarding
distribution of clades among these habitats.

Accumulibacter population structure across environments
One measure of population structure, the average nucleotide diversity of sequences in a
clone library, varied between samples (Figure 3). For bacterial communities, this diversity
index has the advantage over traditional diversity indices such as the Shannon and Simpson
indices of not requiring an arbitrary sequence distance cutoff to designate OTUs (Martin,
2002). Most clone libraries contained similar (within one standard deviation) average
nucleotide diversity. However, the average nucleotide diversity of the two Sugar River clone
libraries and the Lake Mendota clone library were significantly lower than that of the other
libraries (Figure 3). These three clone libraries with reduced nucleotide diversity were each
dominated by sequences from a single clade; clade IA dominated the Sugar River tributary
library and clade IID dominated the Lake Mendota and downstream Sugar River libraries
(Figure 3). It is unlikely that dominance of clades IA or IID in these samples resulted solely
from preferential amplification of these clades by the ppk1 primers, because clade IA was
previously detected as a minority member of other clone libraries (He et al., 2007), and IID
was a minority member of the clone libraries constructed from several of the samples in this
study (Figure 3, Figure S6).

As a second means to compare population structure across communities, we examined the
phylogenetic species variability (PSV) and evenness (PSE) for each sample, and across
samples (Helmus et al., 2007a). PSV provides a measure of the average degree of
relatedness among species within a community. PSE also measures phylogenetic relatedness
within communities, but weighted by species abundance. Two permutation tests can be
performed to compare the average PSV and PSE values observed across communities to null
hypotheses regarding the relationship between phylogeny and community composition to
generate hypotheses about which forces may be most strongly shaping species distribution.
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The first null hypothesis assumes that all species (in this case, the lineages designated in
Figure 2) are equally prevalent. Permutation under this hypothesis maintains the observed
number of species in each community, but randomly selects species from the global pool
(i.e. the entire dataset) and then calculates the average PSV (or PSE) value. Null hypothesis
1 is rejected if there is a phylogenetic pattern in the prevalence of species in the global pool
(e.g., there is a group of related species that is very prevalent in all communities regardless
of environmental conditions). Permutation under the second null hypothesis maintains the
observed species abundance, but assumes equal species richness across communities. Null
hypothesis 2 tests for phylogenetic structure within local communities independent of any
structure caused by species prevalence.

Using our full dataset, we found the observed average PSV and PSE values to be
significantly (p<0.001) lower than those expected under either null 1 or null 2 (Figure 5a)
hypotheses. Thus, clades found in a given environment were more closely related, regardless
of their global abundance, than expected by chance, a pattern known as phylogenetic
underdispersion. Underdispersion is expected to result if habitat filtering selects for related
species that share common adaptations to local environmental conditions (Webb et al.,
2002; Helmus et al., 2007a). Because the composition of the sole estuary sample was
considerably different from the other samples (Figure 3), we also calculated observed and
expected PSV and PSE values under both null hypotheses with the estuary community and
clades only found in the estuary (IB, ID and IE) removed. Removing the estuary data did not
change the result of significant underdispersion (data not shown).

The values for PSV or PSE can also be compared between communities, to determine if the
overall pattern of phylogenetic distribution across communities is maintained consistently in
different environments. With the exception of the Sugar River sample discussed below, PSV
values were higher for all samples taken from WWTPs or from streams nearby than for
more distant freshwater samples, with the estuary sample having an intermediate PSV
(Figure 5). PSE values generally followed the same trend, although Briones Reservoir had a
slightly higher PSE than the Badger Mill Creek sample taken from 100 m upstream of the
Nine Springs WWTP outlet (Figure 5c). However, the average PSV values for each of the
two categories of samples were still significantly lower than the expected average under
both null hypotheses. Together, these observations indicate that while all habitats showed
indications of phylogenetic underdispersion based on PSV, the trend was more pronounced
for freshwater samples taken far from WWTPs. Based on measures of PSE, the aggregate
Accumulibacter community across all samples was also underdispersed. However, samples
collected from habitats far from WWTPs did not have measurable phylogenetic structure
while communities from habitats nearby WWTPs were more strongly underdispersed.

Discussion
Compared to the wealth of accumulated research into macroorganismal population biology,
the study of microbial populations remains in its infancy. Given the small size of bacteria,
their large population sizes, and their potential for widespread distribution and lateral gene
transfer between distantly related individuals, it is unknown to what extent bacterial
populations will conform to principles governing populations of macro-scale organisms
(Prosser et al., 2007). Development of a theoretical framework for understanding bacterial
population biology requires a strong underpinning of empirical observations of bacterial
populations. In this study, we characterized the diversity and population structure in twelve
different samples for one industrially important bacterial genus, Accumulibacter. Our
observations expand the known diversity of Accumulibacter and document the relationship
of Accumulibacter population structure with habitat type and geographic location.
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For a growing number of bacterial lineages, geographic restriction to dispersion appears to
play a role in determining population structure (Cho & Tiedje, 2000; Papke et al., 2003;
Whitaker et al., 2003; Glaeser & Overmann, 2004; Foti et al., 2006). In most of these
studies, detection of geographic restraints on bacterial dispersal relied on high-resolution
methods to describe bacterial genetic diversity, such as multilocus sequencing typing
(Whitaker et al., 2003), repetitive extragenic palindromic PCR-based genomic footprinting
(Cho & Tiedje, 2000; Foti et al., 2006) or 16S–23S intergenic spacer region sequencing
(Cho and Tiedje, 2000; Papke et al., 2003). Using the sequence of the Accumulibacter ppk1
gene, which was previously shown to afford greater phylogenetic resolution than the 16S
rRNA gene sequence (He et al., 2007), we found habitats with similar characteristics were
more likely to harbor similar Accumulibacter lineages than habitats that were geographically
clustered. The importance of habitat filtering in determining local Accumulibacter
population compositions was also revealed through phylogenetic species variability analysis,
which found strong evidence for phylogenetic underdispersion. Underdispersion is predicted
to result when adaptations to particular environmental parameters are shared between related
lineages, and are more important in determining the distribution of species than competition
between closely related lineages (Webb et al., 2002; Helmus et al., 2007a; Newton et al.,
2007). Bacterial communities were also found to be underdispersed using the 16S rRNA
locus in freshwater mesocosms and soil, as were ammonia oxidizing populations based on
analysis of ammonia monooxygenase genes in estuary sediments (Horner-Devine &
Bohannan, 2006). Recently described microcosm experiments with freshwater sediments
provided experimental evidence to support a similar importance for environmental selection
in determining clade distribution for sulfur-oxidizing Achromatium sp. (Gray et al., 2007).
Although environmental parameters appear to be the primary determinant of the distribution
of major clades within Accumulibacter, a finer-scale analysis than that afforded by ppk1
gene sequencing will be required to ascertain the extent to which geography plays a role in
limiting dispersal of strains within particular Accumulibacter lineages. Such studies might
also reveal any ecologically relevant differentiation among strains or lineages that could be
significant for phosphorus cycling activity either within WWTPs or in natural environments.

Given that we previously retrieved nearly identical Accumulibacter ppk1-gene sequences
from bioreactors operated in Wisconsin, USA and Queensland, Australia, the widespread
dispersal of Accumulibacter clades in the environment was not surprising. For example,
identical ppk1 sequences belonging to clade IID were identified in freshwater samples from
California (Lafayette Reservoir) and Wisconsin (Sugar River, downstream). The mechanism
by which Accumulibacter achieves such widespread distribution remains unclear, but the
relatively high abundance of these organisms in WWTPs may play a role. Surveys of full-
scale WWTP demonstrate that Accumulibacter can represent up to 20% of the total bacterial
population (Zilles et al., 2002b; Kong et al., 2005; He et al., 2007). In contrast, the need for
high numbers of PCR cycles or nested PCR to detect Accumulibacter in freshwater sediment
and the absence of Accumulibacter-related sequences in previous surveys of freshwater
bacterial diversity (based on BLAST analysis of Accumulibacter 16S rRNA gene sequences
against sequences deposited in Genbank) suggest that abundance of Accumulibacter
populations is much lower in natural habitats. Despite the lack of regional limits to dispersal
of Accumulibacter clades, we did observe that populations in samples taken from a stream
(sampling site 2 in Fig. 1) near one WWTP (sampling site 1 in Fig. 1) clustered with the
respective WWTP samples, suggesting that organisms are dispersing from the WWTP,
likely via aerosols, into nearby waterways. Whether such populations persist in the
environment is unknown.

In addition to the differences in phylogenetic composition of Accumulibacter communities
found in different environments, we also observed differences in population structure across
samples. For example, the Sugar River and Lake Mendota samples exhibited significantly
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lower diversity of Accumulibacter clades than other environments sampled. Interestingly,
although both Sugar River samples were dominated by a single clade, the specific clade
dominating was different in each case; clade IA dominated the Sugar River tributary sample,
while clade IID was dominant downstream (Figure 3). The relatively low diversity of
Accumulibacter clades in these environments may result from increased competition from
other organisms; diversity of bacteria other than Accumulibacter in freshwater sediment is
expected to be higher than in WWTP (Curtis et al., 2002). The differences in
Accumulibacter clade composition in these environments with low Accumulibacter diversity
could result from correlations between traits of these clades and environmental parameters.
Alternatively, the stochastic niche theory of community assembly proposed by Tilman
predicts that in environments harboring high diversity, infrequency of invasions combined
with stocasticity inherent in dispersal of organisms can lead to differences in species
composition in otherwise similar habitats (Tilman, 2004).

A second difference in Accumulibacter population structure across environments was
revealed through PSV and PSE analysis. While generally habitat filtering appeared to play a
key role in determining community composition, the measured effect was stronger for
freshwater habitats distant from WWTPs than for WWTP communities or those in streams
near WWTPs when the PSV metric was used. This suggests that competition between
related clades may play a more important role in determining community composition in
EBPR systems than in freshwater habitats, which could result from the relatively large
proportion of Accumulibacter observed in EBPR systems compared to freshwater habitats
(discussed above). Alternatively, the stresses imposed in the freshwater environment may
impose more stringent selection for particular adaptations than those encountered by
Accumulibacter populations in WWTPs. The underdispersion signal disappeared in habitats
distant from WWTPs when clade prevalence was incorporated into the analysis through the
use of the PSE metric. Since PSE is less sensitive to the presence/absence of rare taxa
(Helmus et al., 2007a), we speculate that within-clade microdiversity contributed by less
abundant populations depresses PSV and makes the Accumulibacter communities appear
more underdispersed when clade prevalence is neglected.

The ecological role of Accumulibacter in the environment and ecological differences
between clades remain completely unknown. Storage and cycling of polyphosphate by
microorganisms has recently been suggested to play a key role in the phosphorus cycle in
aquatic sediments (Hupfer et al., 2007), where Accumulibacter were most frequently
detected. Fluctuations in the boundary between oxic and anoxic zones in sediments may
facilitate polyphosphate accumulation similar to that carried out by Accumulibacter in
EBPR sequencing batch reactors and WWTPs. The detection of some clades in a fraction of
the environments sampled, such as types IB, ID and IE in the estuary, as well as the
detection of multiple coexisting but distinct clades in single environmental samples suggest
that these clades represent distinct ecotypes occupying a particular niche (Cohan, 2006).
Additionally, although the clades depicted in Figure 2 represented cohesive clusters of
sequences, we also detected an accumulation of fine-scale diversity of sequences within
each clade in many environments (Figures S1–S7). Similar high, fine-scale diversity has
previously been observed for 16S rRNA gene sequences from a marine sample (Acinas et
al., 2004) and from sulfate-reducers in a salt marsh sample (Klepac-Ceraj et al., 2004), and
is suggested to result from selective sweeps followed by accumulation of differences for
which selection is not strong enough to purge (Acinas et al., 2004; Klepac-Ceraj et al.,
2004).

This work provides a snapshot of diversity and population structure for one bacterial genus
across different environments and geographic scales. Future repeated sampling of a
particular environment over time, and expansion of the survey into additional ecosystems
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would provide additional insight into the dynamics of Accumulibacter population structure
and the relationship between particular environmental parameters and the detection of
different Accumulibacter clades. Additionally, genomic analysis of lineages other than the
previously sequenced strains from lab-scale bioreactors (Garcia Martin et al., 2006) would
yield insight into ecological differences between lineages. Our results demonstrate that
Accumulibacter is an excellent model group of bacteria with which to conduct such studies.

Experimental Procedures
Sample collection and processing

Samples were collected from the sites in California and Wisconsin depicted in Figure 1. The
California sites were sampled as previously described (Kunin et al., 2008). At the Wisconsin
stream and river sampling sites, we aseptically collected one liter of surface water, 50 ml of
sediment from near the stream bank, and a 50 ml container of soil from above all obvious
high water marks. From Lake Wingra and Lake Mendota, we collected one liter of surface
water, one liter of water from near the lake bottom, at the deepest point (~3 m and ~20 m,
respectively), and 50 ml sediment from the lake bottom, also near the deepest point. The
Nine Springs WWTP effluent sample (500 ml) was collected from the discharge location.
The WWTP was operating as a modified University of Cape Town process with ultra-violet
light disinfection as the final unit process in treatment. Additional information about plant
configuration and performance can be found elsewhere (He et al., 2007;McMahon et al.,
2007). We note that the effluent discharge to Badger Mill creek is 12 km away from the
Nine Springs WWTP. Badger Mill creek and Nine Springs WWTP were sampled on June 6,
the Sugar River on July 9, Lake Mendota on July 13 and Lake Wingra on July 19, all in
2006.

Sample processing and DNA extraction proceeded essentially as described (Kunin et al.,
2008). Briefly, cells were collected from water samples on 0.2 mm pore size membrane
filters (200–500 ml filtered, depending on concentration of particulate matter), and DNA
was extracted from membranes or from 0.25 g soil and sediment samples using the bead-
beating based Power Soil kit (MolBio). All DNA samples were resuspended in TE buffer
and stored at −20°C.

PCR screening, clone library construction and sequencing
We screened Wisconsin samples for the presence of Accumulibacter using lineage-specific
16S rRNA and ppk1 gene targeted primers as described previously (Kunin et al., 2008).
From sediment and WWTP samples collected in both WI (the current study) and CA (Kunin
et al., 2008) that tested positive for Accumulibacter (sites shown in Figure 1), we gel-
purified the products of ppk1 gene PCR with the Accumulibacter-targeted primers Acc-
ppk1-254f and Acc-ppk1-1376 (McMahon et al., 2007) (25–40 cycles, annealing
temperature of 58°C, extension time of 1 min 30 sec) and cloned them using the pCR4-
TOPO vector (Invitrogen). As described previously (McMahon et al., 2007), these
Accumulibacter ppk1-targeted primers were designed to specifically amplify sequences from
this genus based on a multiple alignment of diverse ppk1 gene sequences retrieved using
degenerate ppk1-targeted primers of broad specificity. It is possible that these primers fail to
capture previously undetected diversity of Accumulibacter ppk1 gene sequences. However,
a quantitative PCR study comparing total abundance of Accumulibacter sequences detected
by ppk1 and 16S rRNA gene-targeted primers found comparable estimates of total
Accumulibacter abundance using both methods in sludge from numerous full-scale
treatment plants and lab-scale reactors, indicating that primers Acc-ppk1-254f and Acc-
ppk1-1376 likely capture most Accumulibacter ppk1 gene sequences (He et al., 2007).
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Ninety-six clones from each clone library (except the Sugar River tributary library, from
which 192 clones were picked) were sequenced in both directions using vector primers, and
paired reads were quality- and vector-trimmed, and assembled using genelib (E. Kirton, JGI,
unpublished). Sequences were checked for chimeras using Bellerophon (Huber et al., 2004),
Mallard (Ashelford et al., 2006), and manually using partial treeing analysis.

Phylogenetic reconstruction and analysis
Assembled partial ppk1 nucleic acid sequences were aligned in ARB along with previously
described reference sequences from diverse WWTP (He et al., 2007). Maximum likelihood
phylogenetic reconstruction on aligned sequences with positions of less than 50% maximum
frequency masked (a total of 1052 positions were retained) was performed using RAxML
(Stamatakis et al., 2005), specifying a GTR (general time reversible) model with 100
bootstraps calculated. To perform Unifrac clustering analysis (Lozupone & Knight, 2005),
representative sequences from each environment were selected from each cluster in the
maximum likelihood phylogeny with significant (greater than 60%) bootstrap support.
Generally, sequences falling into one cluster diverged by less than 0.02 units of genetic
distance. The number of sequences from each environment falling into each cluster was
calculated, and this was used to create an environment file in which each representative
sequence was listed, along with the number of additional sequences detected in each
environment in the cluster being represented. The web-based Unifrac program was then used
to calculate clustering by environments on the basis of shared branch length on the
maximum likely phylogeny and the frequency of occurrence of sequences, as described
previously (Lozupone & Knight, 2005; Lozupone et al., 2006; Lozupone et al., 2007). We
used Arlequin (Schneider et al., 2000) to calculate average nucleotide diversity of aligned
ppk1 sequences from each sample which were all trimmed to be of equal length (1057 bp).
Phylogenetic species variability (PSV) and eveness (PSE) were calculated as described
previously (Helmus et al., 2007a; Helmus et al., 2007b; Newton et al., 2007), except only
1000 iterations were calculated for each permutation in testing null hypotheses 1 and 2.
Sequences not falling into one of the designated clusters of sequences shown in Figure 2
were not included in the PSV and PSE calculations. A total of 289 ppk1 gene sequences
have been deposited to GenBank under the accession numbers EU432585-EU433291.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Sources of samples from which ppk1 clone libraries were built and sequenced. a) Contra
Costa County, CA sampling sites: 1. Contra Costa WWTP; 2. Walnut Creek; 3. Alhambra
Creek Estuary; 4. Lafayette Reservoir; 5. Briones Reservoir. b) Dane County and Green
County, WI sampling sites: 6. Nine Springs WWTP; 7. Badger Mill Creek (both 100m
upstream and 100m downstream of Nine Springs discharge point); 8. Sugar River tributary;
9. Sugar River, downstream; 10. Lake Wingra; 11. Lake Mendota.
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Figure 2.
Maximum likelihood tree of Accumulibacter based on comparative analysis of aligned ppk1
gene nucleotide sequences. Branch points supported by bootstrap resampling are indicated
by bootstrap proportions >70% on interior nodes. Rhodocyclus tenuis was used as the most
closely related outgroup sequence, although more extensive sets of outgroups were used to
determine Accumulibacter monophyly (data not shown). Two primary lines of descent in
Accumulibacter, Type I and II, are indicated by brackets to the right of the figure.
Monophyletic lineages within these Types are shown mostly as compressed wedges. The
number of sequences within each wedge is indicated inside the wedge. Fully expanded trees
for these lineages are shown in Figs. S1–S7. Bar, 0.10 changes per sequence position
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Figure 3.
Distribution of Accumulibacter clades among samples, and average nucleotide diversity
values for each ppk1 clone library. Sample location numbers corresponding to Figure 1 are
shown in parentheses. Percentages represent the fraction of Accumulibacter ppk1 clones
from a given library that cluster in the indicated clade, without removing duplicate or highly
similar sequences. Average nucleotide diversity of ppk1 sequences in each library was
calculated using Arlequin, and means +/− one standard error are shown.
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Figure 4.
Unifrac environment cluster analysis of Accumulibacter ppk1 gene sequences, both without
(a) and with (b) weighting for sequence frequency. Sample location numbers corresponding
to Figure 1 are shown in parentheses. Jackknife values greater than 60 (for 100 iterations)
are shown.
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Figure 5.
Measurements of phylogenetic structure in Accumulibacter communities. (a) Distribution of
expected mean (a) PSV and (b) PSE values obtained from iteration under null hypotheses 1
and 2. The observed mean PSV and PSE across all communities (X), for WWTPs and
nearby stream samples (♦), and for freshwater and estuarine samples collected more
distantly from WWTPs ( ). (c) PSV and PSE values calculated for Accumulibacter
communities in each sample. Sample numbers corresponding to Figure 1 are shown in
parentheses. PSV and PSE values for the Sugar River downstream sample and Lake
Mendota were zero, because these clone libraries were each dominated by a single clade. If
measured PSV or PSE values were significantly different (α=0.05) than the null distribution,
the coded boxes across the top of panel (c) indicate if the sampled communities were under-
or overdispersed.
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