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Ancestral genome reconstruction identifies the
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polyphosphate accumulating bacteria
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The evolution of complex traits is hypothesized to occur incrementally. Identifying the transitions that
lead to extant complex traits may provide a better understanding of the genetic nature of the observed
phenotype. A keystone functional group in wastewater treatment processes are polyphosphate
accumulating organisms (PAOs), however the evolution of the PAO phenotype has yet to be explicitly
investigated and the specific metabolic traits that discriminate non-PAO from PAO are currently
unknown. Here we perform the first comprehensive investigation on the evolution of the PAO
phenotype using the model uncultured organism Candidatus Accumulibacter phosphatis (Accumu-
libacter) through ancestral genome reconstruction, identification of horizontal gene transfer, and a
kinetic/stoichiometric characterization of Accumulibacter Clade lIA. The analysis of Accumulibacter’s
last common ancestor identified 135 laterally derived genes, including genes involved in glycogen,
polyhydroxyalkanoate, pyruvate and NADH/NADPH metabolisms, as well as inorganic ion transport
and regulatory mechanisms. In contrast, pathways such as the TCA cycle and polyphosphate
metabolism displayed minimal horizontal gene transfer. We show that the transition from non-PAO to
PAO coincided with horizontal gene transfer within Accumulibacter’s core metabolism; likely
alleviating key kinetic and stoichiometric bottlenecks, such as anaerobically linking glycogen
degradation to polyhydroxyalkanoate synthesis. These results demonstrate the utility of investigating
the derived genome of a lineage to identify key transitions leading to an extant complex phenotype.
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Introduction

The ability of some microbes to store large quantities
of intracellular polyphosphate (polyP) is an impor-
tant trait that differentiates them from other closely
related taxa. Engineers exploit this trait to increase
the efficacy of phosphorus (P) removal from waste-
water by designing treatment systems that select for a
combination of physiological capabilities that com-
prise a distinct and complex phenotype (Seviour
et al., 2003). The term ‘polyphosphate accumulating
organism’ (PAO) is typically used to distinguish
these organisms from others that may not display the
complete phenotype needed for successful enrich-
ment in wastewater treatment systems. One of the
most abundant PAO in wastewater treatment sys-
tems is Candidatus Accumulibacter phosphatis
(henceforth Accumulibacter) of the family Rhodocy-
claceae (He et al., 2008; Mielczarek et al., 2013).
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Accumulibacter’s ability to sequester P during cyclic
‘anaerobic feast’ and ‘aerobic famine’ conditions
characteristic of enhanced biological P removal
(EBPR) wastewater treatment processes (Figure 1) is
the result of a complex metabolism that cycles three
storage polymers: polyP, glycogen and polyhydrox-
yalkanoate (PHA) (Seviour et al., 2003).

Despite the broad phylogenetic distribution of
these polymers across all domains of life (Wilkinson,
1963; Kornberg et al., 1999; Jendrossek, 2009), the
hallmark anaerobic/aerobic cycling phenotype dis-
played by Accumulibacter is uncommon, and the
specific metabolic traits discriminating the PAO
phenotype from non-PAO phenotype have yet to be
explicitly defined. Identifying these traits and
the boundaries of the PAO phenotype within the
Rhodocyclaceae will provide a better understanding
of the evolution of the PAO phenotype and hence a
metabolic framework for the further identification
and monitoring of additional bacterial groups
responsible for key EBPR functions. Ultimately, this
knowledge may be harnessed for more strategic
design of wastewater treatment systems that imple-
ment the PAO phenotype.

Several challenges exist in identifying the traits
that differentiate PAO from non-PAO. First, the term
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Figure 1 A defining feature of many biological wastewater
treatment systems is the recycling of microbial biomass, com-
monly called activated sludge (AS). Recycling AS provides two
features: (1) a mechanism for achieving high densities of
microorganisms and (2) a mechanism for the ecological selection
of organisms based on their growth characteristics and physiology.
A common design is to have an anaerobic basin preceding an
aerobic basin. Under these conditions, polyphosphate accumulat-
ing organisms (PAO) are selected for, enhancing the phosphorus
removal capabilities of the system. This configuration is com-
monly referred to as Enhanced Biological Phosphorus Removal
(EBPR). Anaerobic zone: in the absence of a terminal electron
acceptor, volatile fatty acids (VFA) are transported into the cell
and stored as polyhydroxyalkanoates (PHA) with a concomitant
release of P and degradation of glycogen. Aerobic zone: carbon
stored as PHA is used to drive growth, cell division, P-uptake and
glycogen synthesis. At the end of the Aerobic zone, the activated
sludge is settled in a clarifier and removed from the system to be
recycled, further processes or disposed. Figure adapted from
McMahon and Read (2013).

‘PAO’ is sometimes used indiscriminately, to discuss
organisms that store polyP without displaying the
full phenotype described above, encompassing many
diverse metabolisms that result in polyP synthesis
(Grillo, 1979; Rao et al., 1998; Garcia Martin et al.,
2006; Kristiansen et al., 2013; Zhang et al., 2015).
Second, there are inherent complications in deter-
mining which organisms in mixed communities are
PAOs because high-throughput techniques to iden-
tify organisms that cycle polyP are currently una-
vailable. Finally, once a putative PAO is identified,
the metabolism that allows polyP storage must be
determined; an arduous assignment in mixed com-
munities. To date, only two major PAOs have been
identified and functionally characterized; organisms
belonging to the genera Accumulibacter (Crocetti
et al., 2000; Zilles et al., 2002) and Tetrasphaera
(Maszenan et al., 2000; Kong et al., 2005).
Although the hunt to identify, characterize and
differentiate the phenotypes of PAOs continues, a
recent proliferation of available Accumulibacter
genomes (Garcia Martin et al., 2006; Flowers et al.,
2013; Skennerton et al., 2015) has made it possible to
investigate the genomic evolution of the
Accumulibacter-type PAO phenotype for the first
time. Many simultaneous evolutionary processes
such as horizontal gene transfer (HGT), point
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mutations, re-arrangements, recombination, expan-
sions and contractions contribute to genome evolu-
tion (Ochman et al., 2005; Hao and Golding, 2006;
Touchon et al., 2009; Zaremba-Niedzwiedzka et al.,
2013; Nowell et al.,, 2014). The result of these
concomitant evolutionary processes is that the pan-
genome of related bacteria may be categorized into
lineage-specific (gene families unique to specific
genotypes), flexible (gene families with irregular
occurrence across numerous genotypes) and core
genomes (gene families present in all genotypes)
(Ochman et al., 2000; Hacker and Carniel, 2001). The
core genome represents the uniting genomic fea-
tures, while the flexible and lineage-specific genome
provides insight into the evolution of population
structure and the speciation process of closely
related strains (Ochman et al., 2000; Kettler et al.,
2007; Polz et al., 2013; Chan et al.,, 2015). The
categorization of genome content in this way may
provide insight on the boundaries of the PAO
phenotype within the Rhodocyclaceae and bring us
closer to a more high-throughput way to identify
other lineages with similar polyP cycling traits.

To investigate ancient evolutionary events, such as
the emergence of the PAO phenotype in Accumuli-
bacter, it is common to use ancestral state reconstruc-
tions (Schluter et al., 1997; Larsson et al., 2011;
Latysheva et al., 2012). Ancestral state reconstructions
allow the division of a genome into ancestral and
derived traits. Traits present before the last common
ancestor (LCA) of a lineage are considered ancestral,
whereas those that have transitioned to new states,
such as genes acquired through HGT, are considered
derived traits. Previous studies on the evolution of
bacterial metabolic networks using gene gain and loss
analysis have demonstrated the importance of derived
traits from HGT in contributing to the expansion of
metabolic network capabilities (P4l et al., 2005). Thus,
by inferring the laterally acquired derived traits of a
lineage using ancestral genome reconstructions, the
molecular evolution resulting in the emergence of
novel phenotypes may be studied.

Although ancestral reconstructions provide evi-
dence of the changes that occurred in the past, extant
phenotypes may be used to deduce the evolutionary
pressures which were selected for these changes
(Connell, 1980). In this investigation we merged
these lines of evidence; using kinetic and stoichio-
metric values for Accumulibacter Clade IIA, coupled
with the reconstructed ancestral states of 26 genomes
in the family Rhodocyclaceae (10 Accumulibacter, 4
Dechloromonas, 8 Thauera, 3 Azoarcus, 1 Zooglea,).
Using the resulting inferred ancestral states, the
Accumulibacter Clade IIA genome, CAP2UW1
(Garcia Martin et al., 2006), was parsed into an
ancestral, derived, flexible and lineage-specific gen-
ome. A phylogenetic analysis on derived genes
within KEGG pathways/COG Inorganic Ion Trans-
port and Metabolism was conducted to determine
which were laterally derived. Using these discrete
inferred categories, an evolutionary model of



Accumulibacter was constructed and integrated with
measured phenotypic data, providing the first com-
prehensive analysis of the molecular evolution of the
polyP accumulating phenotype in Accumulibacter.
Our results reveal that the laterally derived genes of
Accumulibacter’s LCA contain numerous adapta-
tions important to the PAO phenotype, demonstrat-
ing the utility of investigations into the derived
genome of an organism for identifying key adapta-
tions that lead to its present phenotype.

Materials and methods

Accession numbers

The genomes used for the ancestral genome recon-
struction were downloaded from version 4.0 of the
Integrated Microbial Genomes (IMG) (http://img.jgi.
doe.gov) database (IMG genome ID, January 20th
2015) (Markowitz et al., 2012) and included all 10
publically available Accumulibacter genomes at
that time (2556921090, 2100351004, 2556921089,
644736333, 2556921085, 2556921086, 2556921084,
2556921087, 2556921083, 2556921088), and 16
out-group genomes including Azoarcus (2563366569,
2518645585, 639633007), Dechloromonas (2506520024,
2528768215, 2506520023, 637000088) Thauera
(2579778713, 2531839537, 2556921623, 2531839206,
2531839276, 2531839205, 2537561694, 643692051)
and Zooglea (2596583626), all within the Rhodocycla-
ceae family.

Orthologous gene clusters

Reconstruction of ancestral states inferred by gene
gain/loss analysis requires the assignment of ortho-
logous gene clusters. Initial all vs all BLAST of each
Rhodocyclaceae genome was conducted using
BLASTP 2.2.28+ (Altschul et al., 1990) with para-
meters -seg yes, -soft_masking true, -use_sw_tback,
-evalue 1e-5, which have been shown to be sensitive
for identifying orthologs (Moreno-Hagelsieb and
Latimer, 2008). BLAST results were then filtered to
query coverage of 75% and percent identity of 70%.
Finally, orthologous genes clusters were identified
using MCL version 14-137 with an inflation value of
1.1 (van Dongen, 2000).

Phylogenetic analysis of pan orthologs

Seventy-four pan single-copy genes were identified
to construct a robust phylogeny for gene gain/loss
analysis. These pan single-copy genes were aligned
using the linsi option in MAFFT version 7.215
(Katoh and Standley, 2013) and masked in Gblocks
version 0.91b (Castresana, 2000) permitting gaps
in up to half of the taxa. A phylogenetic
analysis was then conducted on the concatenated
74 aligned, masked pan orthologs using RAXML
version 8.0.14 with a protein-specific amino-acid
substitution model identified using RAXML (PROT-
GAMMAAUTO) with 100 bootstraps (Zaremba-
Niedzwiedzka et al., 2013).
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Gene flux analysis

Gene flux analysis was conducted using Count
(Csurds, 2010) based on the matrix of orthologous
gene family abundance obtained from MCL, as well
as the phylogeny obtained from the concatenated 74
orthologous single-copy genes. For each gene family,
Wagner parsimony with a gene gain/loss penalty of 2
(P4l et al., 2005; Zaremba-Niedzwiedzka et al., 2013)
was used to infer the most parsimonious ancestral
states. Inferred patterns of gene gain and loss were
mapped onto the orthologous single-copy gene tree.
Ancestral genes were defined as those inferred
gained before the Accumulibacter LCA node.
Derived genes were defined as those inferred gained
at the Accumulibacter LCA node. Laterally derived
genes were defined as derived genes with phyloge-
netic evidence of HGT. Lineage-specific genes were
defined as those that were unique to a single
Accumulibacter genome. Flexible genes were
defined as those represented in more than a single
Accumulibacter genome but not core. Pseudogenes
were omitted from the analysis.

Core genome determination

The core of a set of genomes is dependent on the
quantity and phylogenetic distance of the genomes
included in an analysis such that as these values
increase, the number of core genes identified
decreases (Lefébure and Stanhope, 2007; Ozer
et al., 2014). When genomes are incomplete, it is
common to determine a threshold number of
genomes in which a gene must be observed in order
to call it ‘core’. This cut-off may be based on the
average estimated completeness of the genomes
within the analysis (Ghylin et al., 2014). Genome
completeness estimates may also be used to calculate
the probability of observing a pattern of presence and
absence given that a gene family is core. The
probability of each pattern is simply the product of
the estimated genome completeness of all genomes a
gene family is present in, multiplied by 1 minus the
completeness estimate if a gene family is absent
(Table 1). Summing these products for a given
abundance thus provides information on the percen-
tage of core genes one would expect to identify at
each cut-off (Table 1).

Using these probabilities, we would expect
genome-number cutoffs of 10, 9, 8 and 7 to identify
approximately 35%, 74%, 93% and 99% of core
genes in this analysis. Therefore, a cutoff value
of seven genomes was chosen (Figure 2,
Supplementary Spreadsheet 6). This cutoff does not
take into account phylogenetic relationships; a gene
absent in all three Clade IIC genomes would be
permissible within this cutoff. Therefore, we devel-
oped a second criterion that a core gene must have
been inferred at the LCA of Accumulibacter
(node 12, Figure 3) and retained at each internal
Accumulibacter node (nodes, 11, 9, 5, 7 and 8,
Figure 3). As the focus of this analysis was on the flux
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Table 1 (A) The estimated completeness for the 10 Accumulibacter genomes in this study. (B) The expected probability of observing
pattern of presence and absence across the 10 Accumulibacter genome set

(A)

Genome AW09 AWO06 CAPSKO01 AWO08 AW07 AW12 CAP2UW1 CAP1UW1 AW11 AW10
Completeness 0.92 0.92 0.87 0.91 0.89 0.88 1 0.85 0.89 0.88

(B)

Patterns Calculation Expected probability Sum
PPPPPPPPPP 0.92x0.92x0.87 x0.91x0.89x0.88x1x0.85%x0.89x0.88 0.3494 0.349
APPPPPPPPP 0.08x0.92x0.87x0.91x0.89x0.88x1x0.85x0.89x0.88 0.0304

PAPPPPPPPP 0.92 x0.08x0.87 x0.91x0.89%x0.88x1x0.85%x0.89x0.88 0.0304

PPAPPPPPPP 0.92x0.92x0.13x0.91x0.89%x0.88x1x0.85%x0.89x0.88 0.0522

PPPAPPPPPP 0.92%x0.92x0.87 x0.09x0.89%x0.88x1x0.85%0.89x0.88 0.0346

PPPPAPPPPP 0.92x0.92x0.87x0.91x0.11x0.88 x1x0.85%x0.89x0.88 0.0432 0.391
PPPPPAPPPP 0.92x0.92x0.87x0.91x0.89%x0.12x1x0.85%0.89x0.88 0.0476

PPPPPPAPPP 0.92x0.92x0.87 x0.91x0.89%x0.88x0x0.85x0.89x0.88 0.0000

PPPPPPPAPP 0.92x0.92x0.87x0.91x0.89%x0.88x1x0.15%x0.89x0.88 0.0617

PPPPPPPPAP 0.92x0.92x0.87 x0.91x0.89x0.88x1x0.85%x0.11 x0.88 0.0432

PPPPPPPPPA 0.92x0.92x0.87 x0.91x0.89%x0.88x1x0.85%x0.89x0.12 0.0476

Given the completeness estimates, it is possible to calculate the expected probability of observing pattern of presence and absence across the 10
Accumulibacter genome set. For example, here we present 11 patterns of presence and absences and demonstrate how the probability of each
pattern was calculated. The first pattern represents a gene that is present in all genomes. The 10 patterns below represent the possibilities for a
single absence. Presence is indicated by a 'P', and absence is indicated by an 'A" or in bold for the calculation. For each pattern, if a gene family was
present in a genome, the product of the completeness estimates for those genome was calculated. This was then multiplied by the product of
1 minus the completeness estimate of genomes in which the gene family was absent. The sum of these probabilities within a particular number of

genomes may then be calculated. Presence and absence is binomial, therefore, there are 2'° (1024) possible patterns.

of new genetic content, gene duplications and
reduction events were not included in downstream
analysis.

Metabolic function analysis

To determine which pathways had undergone the
greatest evolutionary change during the transition
between non-PAO to PAO hypothesized to have
occurred at the Accumulibacter LCA, the relative
proportion of ancestral, derived, flexible and lineage-
specific genes within the CAP2UW1 genome in each
metabolic pathway annotated within KEGG
(Kanehisa et al., 2014), and those annotated as
Inorganic Ion Transport and Metabolism from the
COG database (Tatusov et al., 2000), were deter-
mined by dividing the number of genes parsed into
each category by the total number of genes in a
respective metabolic pathway.

Identifying laterally derived genes with KEGG
annotations

Two approaches exist to infer HGT, parametric
(nucleotide composition, structural features, geno-
mic context) and phylogenetic (test of topologies, top
sequence matches) (Ravenhall et al., 2015). Here
a phylogenetic approach was used to determine
whether the new gene families were laterally
acquired. First, each derived gene was queried
against the NR database (Release 7 May 2015)
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(Pruitt et al., 2007) using the following BLASTP
parameters [-max_target_seqs 100 -evalue 1E-6] and
the top 100 BLAST results were retained. For each
set of BLAST results, the number of classes, orders,
families and the number of non-Accumulibacter
Rhodocyclaceae represented in the top 100 BLAST
results was calculated. A gene was considered to be a
putative HGT if less than 10% of the top 100 BLAST
hits were assigned to Rhodocyclaceae, a cutoff based
on the average number of non-Accumulibacter
Rhodocyclaceae hits in the top 100 BLAST hits of
all 238 derived genes with KEGG annotations
(Supplementary Spreadsheet 5, Sheets 1 and 2). In
addition, a sensitivity analysis was conducted to
compare results obtained using thresholds of 5% and
0% of top 100 BLAST hits (Supplementary
Spreadsheet 5, Sheets 4 and 5). Derived genes that
were classified as HGT are henceforth referred to as
laterally derived genes.

Reactor operation, population characterization,
kinetics and stoichiometry

In order to obtain phenotypic measurements for
Accumulibacter Clade IIA, sequencing batch reactors
were operated under standard anaerobic feast/aero-
bic famine conditions (Garcia Martin et al., 2006)
and monitored for Accumulibacter population
dynamics using fluorescent in situ hybridization
(FISH) and quantitative PCR (He et al., 2007; Flowers
et al., 2009). Total Accumulibacter was monitored
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Figure 2 (a) The expected percentage of core gene families
identified for each pattern of presence and absence was calculated
using the genome completeness estimates. Using these probabil-
ities, a cutoff of seven genomes is expected to identify 99% of all
core genes. This cutoff was used in conjunction with ancestral
state reconstructions to determine the core genome of the
Accumulibacter lineage. Only gene families that were inferred at
the LCA of Accumulibacter and all internal nodes (for example,
not lost until a terminal node) and were present in seven or more
genomes were considered core in this analysis. (b) The observed
number of core and derived core gene families using variable
cutoffs. Each potential core gene family was sorted based on the
number of genomes they were present in and then on the expected
frequency of the pattern. Next, the cumulative sum of each
additional pattern was calculated as patterns of increasing
likelihood were added. The cutoff at seven genes is demarcated
with a dotted line.

with PAOMIX probes (Crocetti et al., 2000), and
Clade I and II were monitored with Acc-1-444 and
Acc-11-444, respectively, as previously described
(Flowers et al., 2009). Due to the cross hybridization
potential of Acc-II-444 with Clade IIA, IIC and IID
(Flowers et al., 2009), gPCR using specific primers
(He et al., 2007) was conducted to confirm Clade IIA
enrichment. Counterstaining of cells was achieved
with 4',6-diamidino-2-phenylindole (DAPI). During
periods of high enrichment (>80% Clade IIA
Accumulibacter abundance), soluble phosphate,
total suspended solids, volatile suspended
solids and acetate were measured using previously
described methods (Flowers et al., 2009). In addition,
PHA analysis was performed using a GC-MS
as outlined previously (Comeau et al., 1988).
Calcium, magnesium and potassium were analyzed
using a VISTA-MPX CCD Simultaneous ICP-OES
(Varian Ibérica SL, Madrid, Spain). Kinetic rates
for acetate, soluble P, polyhydroxybutryate (PHB),
polyhydroxyvalerate (PHV), magnesium, potassium
and calcium, over an anaerobic/aerobic cycle
were calculated based on linear rates of change
observed for each analyte and were normalized to
the VSS and Accumulibacter Clade IIA relative
abundance.
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Figure 3 Gene gain (blue triangle), loss (red triangle) and
presence (circle) at each node in the Accumulibacter lineage with
other Rhodocyclaceae branches collapsed. The gains and losses
were inferred using Count implementing Wagner parsimony with
a cost of 2 for gain and 1 for loss.

Results

Identification of orthologous gene clusters

The pan Rhodocyclaceae genome contains 40 263
orthologous gene families and the pan Accumulibacter
genome contains 14 702 orthologous gene clusters
(Supplementary Spreadsheet 1, Sheets 1 and 3). The
largest portions of the pan Rhodocyclaceae and pan
Accumulibacter genome are gene families present in
only a single genome (65% and 57%, respectively).
Only a small fraction (2%) of gene families identified
were present in 23 or more of the 26 genomes included
in this study to define the pan Rhodocyclaceae
genome. A larger fraction of the pan Accumulibacter
genome (7%) was present in 8 or more of the 10
Accumulibacter genomes. Within each genome, genes
families tended to be present in a single copy with very
few paralogs. Non-paralogous genes represented 92%
and 87% of the pan Rhodocyclaceae and Accumuli-
bacter genomes, respectively. A more detailed break-
down of the pan Rhodocyclaceae and Accumulibacter
genomes is provided in Supplementary Spreadsheet 1
(Sheets 2 and 4).
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Gene flux analysis

To determine the flux (that is, loss and gain) of gene
families in the Accumulibacter pan genome, a
phylogenetic tree was constructed using concate-
nated pan orthologs and gene gain and loss was
inferred using Wagner parsimony implemented in
Count (Csurds, 2010). Figure 3 depicts the flux of the
14 702 orthologous gene clusters represented in the
pan Accumulibacter genome. Supplementary Figure 1
provides bootstrap values and Supplementary
Figure 2 provides specific gain/loss/presence values
at each node. Approximately 17% (2459 orthologous
gene clusters) of the pan Accumulibacter genome
orthologous gene clusters were inferred present in
the Accumulibacter LCA; 1477 of these orthologous
gene clusters were ancestral (present before the
Accumulibacter LCA), whereas 1106 were derived
(gained at the Accumulibacter LCA) (Figure 3). In
order to filter out non-core genes, a genome-number
cutoff of 7, which is expected to include 99% of core
genes, was determined (Figure 2). After filtering non-
core orthologous gene clusters based on this definition,
a total of 1918 core genes clusters were present at the
Accumulibacter LCA, of these 1090 were ancestral and
828 were derived. More stringent cutoffs for the
number of genomes needing to contain a gene cluster
in order to declare it ‘core’ led to lower estimates:
cutoffs of 8, 9 and 10 would have identified 95%, 81%
and 51% of these core gene families, respectively
(Supplementary Spreadsheet 6).

Based on the gene clusters identified within the
pan Accumulibacter genome, each gene within the
CAP2UW1 genome was coded as ancestral, derived,
lineage-specific or flexible. After correcting for non-
core genes, 45% (2018) of genes in CAP2UW1
belonged to gene clusters that were inferred present
at the Accumulibacter LCA. Of these, ancestral genes
represented ~25% (1152) and derived genes repre-
sented ~19% (866) of the CAP2UW1 genome.
Flexible genes represented 31% (1434) and lineage-
specific genes represented nearly 23% (1052) of
the CAP2UW1 genome (Figure 4). Supplementary
Spreadsheet 2 provides additional details about the
presence, gains and losses of genes, and the discrete
categories to which they were assigned.

Substrate uptake and internal flux kinetics and
stoichiometry

The phenotype of an organism is important in
deducing the selective pressures that shaped an
organism’s evolutionary history. However, defining
phenotypic traits for uncultivated organisms is
difficult partially due to the unknown contributions
of flanking community members to overall ecosys-
tem function. To minimize the contribution of the
flanking community to measured parameters, che-
mical analysis was only conducted on days of high
enrichment of a single Accumulibacter clade as
demonstrated by FISH and gqPCR. On these four
dates (17 July 2013 to 19 July 2013 and 23 July 2013),
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Figure 4 Five-way Venn diagram depicting the number of
ancestral, derived, flexible and lineage-specific genes within the
CAP2UW1 Accumulibacter genome. Although many comparative
genomic studies use similar plots, they generally do not highlight
the shared derived genome, which we have shown to be important
in understanding both the ecology and evolution of the lineage.

Accumulibacter relative abundance was on average
84% of total DAPI-stained cells. FISH results showed
that Clade IA and ITA accounted for 0.1-0.2% and
95-99% of total Accumulibacter, respectively. The
presence of Clade IIC and IID, as measured by qPCR,
was negligible, with Clade IIA representing >99% of
Clade II sequences (Supplementary Spreadsheet 7).
Thus, Clade IA dominated the community, account-
ing for 95-99% of total PAOs. Supplementary Table 1
shows the relative abundance during the dates of
kinetic and stoichiometric investigation.

Numerous previous investigations have measured
key parameters of bulk PAOs, but these investiga-
tions have only sporadically included specific
molecular identification of the dominant Accumuli-
bacter clade being investigated (Welles et al., 2015),
and only in very recent studies. Here the average
kinetic parameters and stoichiometric values of
Clade IIA for acetate, PHB, P, magnesium and
potassium were estimated based on results from
high enrichment cultures (Figure 5, Supplementary
Spreadsheet 3). The calcium uptake/release and PHV
synthesis/degradation measurements were negligible
and are not reported. Anaerobic acetate uptake was
measured at a rate of 4.8+0.8 C-mmol (gVSS-h)~".
Anaerobic PHB synthesis was higher than acetate
uptake rates and aerobic PHB degradation (7.0+1 and
3.4 +0.5 C-mmol (gVSS-h)~*, respectively). In contrast,
the uptake and release of P (2.4+0.4 and 2.1+0.4
P-mmol (gVSS-h)~*, respectively), Mg (0.7 £0.06 and
0.8+0.02 Mg-mmol (gVSS-h)~", respectively), K
(0.7+£0.4 and 0.7+0.02 K-mmol (gVSS-h)~*, respec-
tively) were relatively stable across both anaerobic and
aerobic phases. Mg and K were the dominant counter
cations for PolyP with sum molar equivalents of ~1
(0.98+0.008 P eq./Mg and K eq.).
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Figure 5 A simplified biochemical model and the measured kinetic and stoichiometric parameters for phosphorus, magnesium,
potassium, acetate and polyhydroxybutyrate (PHB) of Accumulibacter Clade ITA. Calcium and polyhydroxyvalerate (PHV) were measured

but showed negligible changes over an anaerobic/aerobic cycle.

Evolution of Accumulibacter metabolic pathways

To determine the influence of genetic flux on
metabolic pathways at the Accumulibacter LCA,
genes annotated within KEGG pathways (Kanehisa
et al., 2014) were parsed into ancestral, derived,
flexible and lineage-specific portions (Supplementary
Spreadsheet 4). Similar delineation was conducted for
and all inorganic ion transporters identified in the
COG database (Tatusov et al., 2000). The KEGG
categories of Carbohydrate metabolism, Lipid meta-
bolism, Metabolism of other Amino Acids, and the
COG category Inorganic Ion Transport and Metabo-
lism showed the highest proportions of derived
genes (Figure 6a). In contrast, the KEGG categories
of Translation, Amino Acid Metabolism and Nucleo-
tide Metabolism showed high proportions of ances-
tral genes (Figure 6a). Specific pathways also showed
differential contributions from ancestral and derived
genes. Within the broad KEGG category of Carbohy-
drate metabolism, the starch and sucrose, glycolysis/
gluconeogenesis and pyruvate metabolic pathways
had a high proportion of derived genes, whereas
ancestral genes dominated the citric acid cycle (TCA
cycle) and glyoxylate/dicarboyxlate pathways
(Figure 6b). In Lipid Metabolism, the glyceropho-
spholipids sub-category contained a high abundance
of derived genes, whereas fatty acid degradation had
a higher ancestral composition. For Inorganic Ion
Transport and Metabolism, P, K, Mg and Fe all
showed high proportions of derived genes, espe-
cially P (Figure 6b).

Phylogenetic analysis of derived genes
Determination of orthologous gene clusters is condi-
tional on the BLAST and MCL parameters chosen.

Strict parameters (for example, high percent identity
and coverage requirements) will increase the number
of clusters identified, potentially splitting true
clusters that have diverged sufficiently through
mutation. In contrast, loose parameters will result
in grouping of potentially non-orthologous clusters.
To address these concerns, we used relatively strict
parameters and then manually differentiated
between derived genes that likely arose through
sufficient accumulation of mutations and those that
arose through HGT. To do so, we conducted a
phylogenetic analysis for each of the 238 derived
genes involved in KEGG pathways or in the COG
category Inorganic Ion Transport and Metabolism.
The average number of non-Accumulibacter Rhodo-
cyclaceae BLAST hits per gene was ~10%, with 135
genes being identified with fewer than this average
(Supplementary Spreadsheet 5). Based on these
results, a separate classification within the derived
portion of the CAP2UW1 genome was distinguished
as ‘laterally derived’ genes. Figure 7 depicts an
evolutionary model of Accumulibacter with color-
coded ancestral, derived, laterally derived, flexible
and lineage-specific genes. A sensitivity analysis
demonstrated that if the threshold were lowered to
5% of the top 100 BLAST hits, 106 (79%) of these
genes would be identified as having arisen by HGT,
including 82% of the genes in the evolutionary
model (Supplementary Spreadsheet 5).

One of the salient features of this evolutionary
model is the abundance of laterally acquired genes
involved in the distinctive carbon metabolism of the
PAO phenotype, including: glycogen degradation
(CAP2UW1_0254, CAP2UW1_0255, CAP2UW1_2663),
glycolysis (CAP2UW1_2124-2127, CAP2UW1_2662,
CAP2UW1_2666, CAP2UW1_2669, CAP2UW1_3196,
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CAP2UW1_0487, CAP2UW1_1890), PHB metabolism
(phaC—CAP2UW1_0143, CAP2UW1_3185, CAP2UW1_
3191), pyruvate ferredoxin oxidoreductase (PFOR—
CAP2UW1_2510-2512) and acetate activation to
acetyl-CoA  (CAP2UW1_1515, CAP2UW1_2035).
Another prominent laterally derived set of genes is P
transport (PHO4—CAP2UW1_3785, CAP2UW1_3788)
and regulation (phoR—CAP2UW1_1995; phoB-
CAP2UW1_1996; phoR/phoB -CAP2UW1_1997; phoU—
CAP2UW1_3786, CAP2UW1_3787, CAP2UW1_3789).
Additional derived transporters arising from HGT
included magnesium transport (corA—CAP2UW1_
3581, CAP2UW1_2797) and ferrous iron transport
(FeoA—CAP2UW1 _0420; FeoB—CAP2UW1 0421,
CAP2UW1_3321). Other notable HGT include genes
involved in energy metabolism, such as NADP/
NADPH  transhydrogenase = (CAP2UW1_4179—
CAP2UW1_4180) and cytochrome-c oxidase
(CAP2UW1_1790, CAP2UW1_1791). Finally, later-
ally derived genes were also identified to be
involved in regulation and signaling, including
two-component redox signaling (RegB—CAP2UW1_
0008, RegA—CAP2UW1_0009) (Figure 7, see
Supplementary Figure 4 for evolutionary model with
locus tags). A prominent absence of laterally derived
genes is seen in both the TCA cycle and in polyP
metabolism.

Expression profiles of laterally derived genes

Recent metatranscriptomic investigations resulted in
the identification of co-expressed gene clusters and
of highly expressed genes in CAP2UW1 (Oyserman
et al., 2015). Of the 135 putative HGT genes within
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the derived genome that have KEGG functional
annotations, 31 genes were highly expressed. These
included glycogen degradation (CAP2UW1_0255,
CAP2UW1_2663), glycolysis (CAP2UW1_2124,
CAP2UW1_2126-2127, CAP2UW1_2662, CAP2UW1_
2666, CAP2UW1_3196, CAP2UW1_0487), PHB meta-
bolism (CAP2UW1_3185, CAP2UW1_3191), pyruvate
ferredoxin oxidoreductase (PFOR—CAP2UW1_2510-
2512), ferrous iron transport (FeoA—CAP2UW1_0420)
and NADP/NADPH transhydrogenase (PntAB—
CAP2UW1_4179—CAP2UW1_4180) (Supplementary
Spreadsheet 4, Sheet 1, Column J). Furthermore, the
metatranscriptomic analysis demonstrated that of the
135 laterally derived genes identified in this study,
114 displayed co-expression patterns related to
known environmental variables such as anaerobic
acetate contact, including PhaC (CAP2UW1_3191)
within the PHA synthesis modulon (Oyserman et al.,
2015, also see Supplementary Spreadsheet 5, Sheet 2,
Column Q).

Discussion

The transition from non-PAO to PAO, hypothesized
to have occurred at the Accumulibacter LCA, was
accompanied by significant molecular evolution in
key carbon pathways, transporters, energy metabo-
lism and regulatory elements. The changes in these
pathways ranged from considerable, such as in
glycolysis, to nearly no change at all such as in the
TCA cycle (Figures 6a and b). Below we provide a
detailed discussion of key laterally derived genes in
the context of known aspects of PAO metabolism
and the measured stoichiometry/kinetics of
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Accumulibacter Clade IIA identified in this study. In
addition, we incorporate previous metatranscrip-
tomic analyses (Oyserman et al., 2015) to postulate
the relative importance of these derived genes in
optimizing and linking key pathways in the
Accumulibacter-type PAO phenotype. Finally, we
discuss the broader implications of how these
findings will change the search for additional PAO.

Acetate activation

The primary route for carbon acquisition in Accu-
mulibacter is through the anaerobic uptake of
volatile fatty acids, such as acetate, and the subse-
quent synthesis of the storage polymer PHA. After
anaerobic acetate contact, acetate is transported into
the cell via both passive and active transport
(Saunders et al.,, 2007; Burow et al., 2008) and
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activated to acetyl-CoA (Figures 4 and 5). The
activation of acetyl-CoA occurs either through
acetyl-P or acetyl-AMP intermediates. The primary
route for the activation of acetate is currently
unknown, however higher relative expression of
genes involved in acetyl-CoA synthetase suggest that
the primary route is via acetyl-AMP (Oyserman et al.,
2015). Although no laterally derived acetate trans-
porters were identified, both routes for acetate
activation  contain laterally = derived genes
(CAP2UW1_1515 and CAP2UW1_2035) (Figure 7).
Numerous copies of acetyl-CoA synthetase are found
in the CAP2UW1 genome, including flexible
(CAP2UW1_1069, CAP2UW1_2247, CAP2UW1_
3266) and an ancestral gene (CAP2UW1_3755). Of
these, the laterally derived gene had the lowest
transcription rates while the ancestral copy
(CAP2UW1_3755) was one of the most highly
expressed genes in the CAP2UW1 genome
(Oyserman et al., 2015). In contrast, no redundant
copies for acylphosphatase are annotated in the
CAP2UW1 genome aside from the laterally derived
gene (CAP2UW1_1515) and this gene is also not
highly expressed (Oyserman et al., 2015). This
analysis suggests that despite containing laterally
derived genes, the evolution of acetate activation at
the Accumulibacter LCA may not have contributed
substantially to transitioning from non-PAO to PAO.

PHB synthesis
Once acetate has been transported into the cell
and activated to acetyl-CoA, it enters the PHB
synthesis pathway. The synthesis of PHB (7 C-mmol
(gVSS-h)~") in Accumulibacter Clade ITA occurs at twice
the rate of the degradation (3.4 C-mmol (gVSS-h)~")
and is also greater than the acetate uptake rate (4.8
C-mol (gVSS-h)~") (Figure 5 and Supplementary
Figure 5). The kinetic disparity between PHA
synthesis, degradation and acetate uptake is due to
the additional intracellular flux of carbon from
anaerobic glycogen degradation via pyruvate,
acetyl-CoA and finally to PHB. Together, these
kinetic parameters suggest that a strong evolutionary
pressure for rapid PHB synthesis exists. Of the three
enzymes in the PHA synthesis pathway (PhaA, PhaB
and PhaC), only PhaC contains laterally derived
genes. Of the four copies of the PhaC gene in the
CAP2UW1 genome, three of these are laterally
derived (CAP2UW1_ 0143, CAP2UW1 3191 and
CAP2UW1_3185) and two are among the most highly
transcribed genes in CAP2UW1 (CAP2UW1_3191
and CAP2UW1_3185). In addition, CAP2UW1_3191
is co-expressed with a predicted PHA modulon
controlled by the ancestral core regulatory protein
phaR (CAP2UW1_3918) (Oyserman et al., 2015).
Thus, in contrast to the activation of the acetate to
acetyl-CoA, the polymerization of 3-hydroxybutyryl-
CoA to PHB is likely to occur primarily through
laterally derived genes, suggesting that evolution of
PHB metabolism in Accumulibacter was significant
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in transitioning from non-PAO to PAO. It is
noteworthy that the laterally derived PhaC genes
represent both class I and III PHA synthase
(CAP2UW1_3191 and CAP2UW1_3185, respec-
tively) (Yuan et al., 2001; Rehm, 2003) and that
these genes were highly expressed and showed
dissimilar expression profiles from each other
(Oyserman et al., 2015). The dissimilar expression
profiles of related but functionally divergent PhaC
suggests these genes contribute differentially to the
PAO metabolism of Accumulibacter, however more
research is required to make such a conclusion.
Regardless, dose effect (for example, numerous
copies of PhaC) has been shown to increase PHA
synthesis capabilities (Maehara et al., 1998).

Anaerobic reducing equivalents: glycolysis, glycogen
degradation and PntAB

Anaerobic PHB synthesis requires both ATP and
reducing equivalents. One strategy used by Accu-
mulibacter to meet this demand is to use stored
glycogen (Schuler and Jenkins, 1994). As noted
earlier, a striking number of genes involved in
glycogen degradation (starch/sucrose metabolism)
and glycolysis are laterally derived genes (Figures 6
and 7). These include glycogen degradation
via glucose phosphorylase (CAP2UW1 0255,
CAP2UW1_2663), glucose-6-phosphate isomerase
(CAP2UW1_2124), fructose-bisphosphate aldolase
(CAP2UW1_2669, CAP2UW1_3196), phosphoglyce-
rate kinase (CAP2UW1_0487), phosphopyruvate
hydratase (CAP2UW1_2666) and pyruvate kinase
(CAP2UW1_1890) (Figure 7).

Although glycolysis produces reducing equiva-
lents in the form of NADH, NADPH is generally
required for PHB synthesis (Peoples and Sinskey,
1989; Steinbtlichel et al., 1993; Madison and
Huisman, 1999; Kim et al., 2014). A recent investiga-
tion demonstrating hydrogen gas production during
anaerobic acetate contact in Accumulibacter
enriched bioreactors suggests the regeneration of
NAD+ may represent a bottleneck in PAO metabo-
lism that is alleviated through hydrogenase activity
(Oyserman et al., 2015). Furthermore, metatranscrip-
tomic evidence from this same study suggests
that the demand for the conversion of NADH to
NADPH is met by the NADPH/NADH transhydro-
genase PntAB (CAP2UW1_4179, CAP2UW1_4180;
Oyserman et al., 2015). Although the hydrogenases
are ancestral (CAP2UW1_ 0999, CAP2UW1 2286),
interestingly, both complexes of PntAB are laterally
derived. Furthermore, these complexes are highly
expressed, as well as many of the laterally derived
genes involved in glycogen degradation and glycolysis
(CAP2UW1_2124, CAP2UW1_2126, CAP2UW1_2127,
CAP2UW1_2662, CAP2UW1_2663, CAP2UW1_2666,
CAP2UW1_0255, CAP2UW1_3196, CAP2UW1_0487,
CAP2UW1_1890, CAP2UW1_4179, CAP2UW1_4180;
Oyserman et al., 2015). Together, this evidence
suggests that considerable selective pressures to



optimize the production of reducing equivalents in
the form of NADPH via glycogen degradation,
glycolysis and the activity of NADPH/NADH trans-
hydrogenase existed at the LCA of Accumulibacter
and is an important adaptation for the storing PHA
anaerobically.

Pyruvate metabolism

Anaerobic glycogen degradation provides both ATP
and NADH, but also produces abundant pyruvate
that must be converted to PHB via acetyl-CoA. In
general, two complexes exist that may convert
pyruvate to acetyl-CoA, pyruvate-ferredoxin oxidor-
eductase (PFOR) and pyruvate dehydrogenase
(PDH). These multi-enzyme complexes differ in that
PFOR uses ferredoxin and is often coupled with
hydrogen production (Chabriere et al., 1999), while
PDH uses NAD+ and is inhibited by high levels of
NADH (Snoep et al., 1993). Both of these complexes
in CAP2UWT1 are highly expressed and form separate
operons (PFOR, CAP2UW1_2510-CAP2UW1_2512;
pyruvate dehydrogenase CAP2UW1_1838-CAP2UW1_
1840). However, because PFOR is the primary route
from pyruvate to acetyl-CoA under NADH rich
conditions (Patel and Roche, 1990; Blamey and
Adams, 1993; Townson et al., 1996), it likely fills
this role in Accumulibacter PAO metabolism, con-
tributing to the hydrogen gas production recently
reported (Oyserman et al., 2015). Interestingly, the
PFOR operon in Accumulibacter is composed of
laterally derived genes (Figure 7). Thus, the kinetic,
evolutionary and transcriptional data all suggest that
the ability to efficiently shunt pyruvate to PHB via
acetyl-CoA anaerobically is an essential adaptation
for the Accumulibacter-type PAO phenotype, with-
out which a build-up of pyruvate would likely
inhibit glycogen degradation and stall the anaerobic
metabolism of Accumulibacter.

Phosphorus and counter cation transport

PolyP is a source of ATP in anaerobic PAO
metabolism (Comeau et al., 1986). Thus, one of the
key metabolic processes in Accumulibacter is the
degradation and synthesis of polyP. Transport of P
into and out of the cell must accompany the
degradation and synthesis of polyP, as well as the
transport of counter cations that are used to balance
the negative charge of phosphate. Indeed, the
stoichiometric analysis in this investigation demon-
strates that P transport of Accumulibacter is linked to
the counter cations magnesium and potassium at a
nearly 1:1 molar equivalent ratio (Figure 5 and
Supplementary Figure 5). Despite the obvious link-
age between polyP metabolism and the transport of
P, Mg and K, the evolutionary histories of these
genes differ significantly. The polyP metabolism of
Accumulibacter is ancestral, whereas many of the
transporters involved in P (Pit CAP2UW1_3785,
CAP2UW1_3788; PstS, CAP2UW1_1747 PstB,
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CAP2UW1_1751-1752 PstC CAP2UW1_1749) and
magnesium transport (corA CAP2UW1_3581,
CAP2UW1_2797) are laterally derived genes. The
kinetic/stoichiometric and evolutionary data pre-
sented here suggests that an increased capability to
transport P and counter cations such as Mg was an
important adaptation at the Accumulibacter LCA,
supporting and expanding upon previous hypoth-
eses that inorganic P transporters may be absolutely
required for the Accumulibacter-PAO phenotype
(Saunders et al., 2007; Kristiansen et al., 2013;
Nobu et al., 2014).

Ferrous iron transport

Iron is an essential co-factor in many enzymes, and
bacteria have evolved many diverse strategies for the
transport and acquisition of iron from the environ-
ment (Andrews et al., 2003; Wandersman and
Delepelaire, 2004). When reducing (that is, anaero-
bic) environmental conditions prevail, ferrous iron
predominates over ferric iron. Under these condi-
tions, ferrous iron transport using the Feo pathway is
favored over alternative ferric transporter mechan-
isms, such as siderophores (Cartron et al., 2006). The
Feo system was laterally acquired at the Accumuli-
bacter LCA suggesting that anaerobic demand for
iron-containing enzymes, such as by the highly
expressed PFOR and hydrogenases, is an important
adaptation for the Accumulibacter-type PAO
phenotype.

Signaling and regulation

It has been demonstrated that Accumulibacter
transcriptionally regulates genes correlating with
carbon, P and oxygen availability (Oyserman et al.,
2015). In order to accurately respond to such
environmental cues, bacteria rely primarily upon
two-component systems (Chang and Stewart, 1998).
Furthermore, HGT of two-component systems is an
important mechanisms for niche adaptation, reflect-
ing the selective pressures of the environment (Alm
et al., 2006). In Accumulibacter, both phosphate
limitation (PhoR CAP2UW1_1995, PhoB
CAP2UW1_1996, PhoR-PhoB CAP2UW1_1997) and
redox signaling (RegB CAP2UW1_0008, RegA
CAP2UW1_0009) two-component systems are later-
ally derived at the LCA. Although it is difficult to
surmise what specific genes may be under control of
these two-component systems without additional
molecular evidence, metatranscriptomic analysis
identified many co-expressed genes responding to
aerobic (1844) and low P (438) conditions
(Supplementary Spreadsheet 5; Oyserman et al.,
2015), which may be good candidates for further
study in this regard.

In addition to the evolution of novel regulatory
mechanisms in Accumulibacter, it is also possible
for genes to integrate into existing regulatory net-
works; albeit this process often occurs slowly, with
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both recent and ancient laterally acquired genes
generally showing lower degrees of co-expression
than non-laterally transferred counterparts (Lercher
and Pal, 2008). Currently, one of the most well-
examined aspects of the Accumulibacter regulatory
network is a putative PHA regulon likely controlled
by the ancestral core regulatory protein
(CAP2UW1_3918) (Oyserman et al., 2015). A key
gene proposed to be in this regulon, a type III PhaC,
is laterally derived providing evidence that laterally
derived core genes integrated into existing ancestral
regulatory networks. Thus, evolution of the regula-
tory networks through novel P and redox signaling,
as well as through the integration of novel genes into
existing regulatory networks such as the PHA
regulon, likely contributed to the evolution of the
PAO phenotype in Accumulibacter.

Uncertainty in reconstructions and future work

The analysis on Accumulibacter evolution was
conducted within the constraints of our current
knowledge into the phenotypic and genotypic
diversity within the Rhodocyclaceae. We included
all closely related, publically available, completed
genomes (aside from the Accumulibacter genomes)
at the time of the start of this analysis. Our under-
standing of the evolutionary and genomic capabil-
itles of many lineages is continuously being
re-written as the available data on a lineage increases.
For example, recent investigations have expanded
upon the definition of the Cyanobacteria phylum is
based on new genomic information (Soo et al., 2014).
One of the key uncertainties in our analysis is a lack of
closely related non-Accumulibacter Rhodocyclaceae
genomes that have been reconstructed from EBPR
systems (for example, from Dechloromonas spp.). In
addition, it remains difficult to distinguish ancient
HGT events, especially if they are obfuscated by
multiple gains and losses. Future discoveries may
expand the diversity of Rhodocyclaceae involved in
EBPR, either blurring or clarifying the delineation
between PAO and non-PAO.

Conclusion

Here we report the first evolutionary study on the
PAO phenotype through ancestral genome recon-
structions, identification of HGT and chemical
characterization. Through this analysis, we identi-
fied important metabolic transformations that
occurred in the Accumulibacter LCA, where the
transition from non-PAO to PAO is hypothesized to
have occurred. Prominent lateral acquisitions
include numerous genes involved in glycogen
degradation, glycolysis, pyruvate metabolism and
PHB pathways, as well as regulatory and sensory
mechanisms involved in redox and P metabolism. In
contrast, the TCA cycle and polyP metabolism are
composed almost entirely of ancestral genes present
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before the Accumulibacter LCA. The molecular
evolution that occurred in these pathways was likely
necessary to overcome key stoichiometric and
kinetic bottlenecks identified in PAO metabolism;
specifically anaerobic carbon flux from glycogen to
PHA via PFOR, P and counter cation transporters to
maintain polyP synthesis, and anaerobic NADPH
production from NADH via PntAB. Convergent
evolution often occurs when non-related organisms
under similar selective pressures independently
evolve similar adaptations. Based on this assump-
tion, the molecular evolution that occurred at the
Accumulibacter LCA is likely representative of
the general adaptations necessary for the
Accumulibacter-type PAO phenotype to emerge.
This analysis demonstrates the significance of
differentiating the core genome of a lineage into
ancestral and derived states when investigating a
complex and phylogenetically cohesive phenotype.
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