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a b s t r a c t

The anthropogenic discharge of phosphorus (P) into surface waters can induce the proliferation of
cyanobacteria and algae, which can negatively impact water quality. Enhanced biological P removal
(EBPR) is an engineered process that can be employed to efficiently remove significant quantities of P
from wastewater. Within this engineered system, the mixed microbial consortium (MMC) becomes
enriched with polyphosphate accumulating organisms (PAOs). To date much knowledge has been
developed on PAOs, and the EBPR process is generally well understood; nonetheless, the engineered
process remains underutilized. In this study, investigations were conducted using qPCR and Illumina
MiSeq to assess the impacts of wastewater (synthetic vs. real) on EBPR microbial ecology. While a strong
relationship was demonstrated between EBPR metrics (P:C; influent VFA:P) and excellent P removal
across diverse EBPR systems and MMCs, no such correlations existed with the specific MMCs. Moreover,
MMCs exhibited distinct clusters based on substrate, and qPCR results based on the putative PAO
Accumulibacter did not correlate with BLASTN eubacterial results for either Accumulibacter or Rhodo-
cyclaceae. More critically, PAO-based sequences aligned poorly with Accumulibacter for both eubacterial
and PAO primer sets, which strongly suggests that the conventional PAO primers applied in FISH and
qPCR analysis do not sufficiently target the putative PAO Accumulibacter. In particular, negligible
alignment was observed for PAO amplicons obtained from a MMC performing excellent EBPR on crude
glycerol (an atypical substrate). A synthetic wastewater-based MMC exhibited the best observed BLASTN
match of the PAO amplicons, raising concerns about the potential relevance in using synthetic substrates
in the study of EBPR.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The anthropogenic discharge of excess nutrients (specifically
nitrogen, N, and phosphorus, P) into surface waters is being
increasingly scrutinized for its adverse impact on water quality.
Among the concerns is the proliferation of cyanobacteria and algae.
Commonly attributed to excess P, Cyanobacteria outbreaks repre-
sent a serious health concern due to the production of cyanotoxins
(Brooks et al., 2016; Paerl, 2014), which can be fatal to humans and
animals if ingested. Examples of Cyanobacteria blooms are
numerous. In 2014, drinking water service was cut to Oregon, Ohio
(500,000 þ customers) due to cyanotoxins in Lake Erie. More local
to the authors, similar issues occur annually in the Spokane River
(Washington), a popular recreational water body. In addition to the
cyanotoxin concern, excess nutrients in aquatic environments (P in
particular (Heathwaite and Sharpley, 1999)) leads to advanced
surface water body eutrophication, which, in turn, can incur sig-
nificant ecological and social damage (Pretty et al., 2003).

In an effort to reduce point-source P discharges, water resource
recovery facilities (WRRFs) are facing increasingly stringent permit
limitations. Enhanced biological P removal (EBPR) is an engineered
WRRF process configuration that can be employed to achieve low
effluent P concentrations. Compared to chemical treatment alter-
natives, EBPR is more environmentally sustainable (Coats et al.,
2011c) and should be considered as a first line of defense in
achieving wastewater P removal. Theoretically, successful EBPR
requires repeatedly exposing a mixed microbial consortium (MMC)
to an anaerobic environment in the presence of volatile fatty acids
(VFAs) followed by an aerobic environment. Within this engineered
system, the MMC becomes enriched with polyphosphate
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accumulating organisms (PAOs), which are the putative organisms
responsible for EBPR. PAOs uptake and store VFAs anaerobically as
polyhydroxyalkanoate (PHA); reducing equivalents for PHA syn-
thesis are primarily provided by the catabolism of glycogen, while
the ATP required for VFA uptake and activation is supplied by
glycogen catabolism and polyphosphate (polyP) hydrolysis (Lemos
et al., 2003; Seviour et al., 2003). These anaerobic metabolisms
result in an increase in bulk solution P. In the subsequent aerobic
environment, PAOs oxidize the stored PHA, which supplies the
carbon and energy for growth and the recovery of internal glycogen
and polyP reserves. Through this cyclical process, more P is stored
than was released, resulting in the net removal of P.

To advance EBPR process knowledge, research has sought to
identify the microorganisms constituting PAOs. Current knowledge
on PAO microbiology is derived from the pioneering work by Bond
et al. (1995, 1999) and Hesselmann et al. (1999). Investigating the
process at the lab-scale and with synthetic wastewater, the former
research team identified Betaproteobacteriawithin the Rhodocyclus
group (an unofficial taxonomic classification containing Rhodocy-
clus, Azoarcus, and Zoogloea genera) enriched in EBPR systems.
Subsequent investigations (Bond et al., 1999), applying fluorescence
in-situ hybridization (FISH) using 16S and 23S rDNA oligonucleo-
tide probes, confirmed the predominance of the Betaproteobacteria
in EBPR systems while also identifying other bacteria within the
same class that were synthesizing PHA, but not removing P. It was
concluded that the non-EBPR bacteria were glycogen accumulating
organisms (GAOs) that theoretically compete with PAOs in EBPR
environments. Taking the MMC characterization further,
Hesselmann et al. (1999), through a combination of 16S rDNA clone
library analysis, polyP and PHA staining, and dot blot hybridization,
identified a unique bacterial species consistent with the PAO
phenotype. While genetically similar to Rhodocyclus, the identified
bacterium did not exhibit the ability to grow phototrophically and
was named Candidatus Accumulibacter phosphatis (henceforth
referred to as Accumulibacter); Crocetti et al. (2000) drew similar
conclusions. More recently, exploring the EBPR MMC based on
inocula from Madison, WI (USA) and Queensland, Australia, Garcia
Martin et al. (2006) published the first metagenome of an
Accumulibacter-enriched MMC, and affirmed that this organism is
related to Rhodocyclus (also noting it should be classified as its own
genus).

Based on the work of Bond et al. (1995, 1999); Hesselmann et al.
(1999), and Garcia Martin et al. (2006), Accumulibacter is broadly
recognized as the model PAO (Oehmen et al., 2007). Indeed, most
EBPR microbial ecology research has focused on examining and
quantifying the relative abundance of Accumulibacter in EBPR
MMCs, with a particular emphasis on applying 16S rDNA-based
FISH (e.g., (Albertsen et al., 2012; Nielsen et al., 2010; Oehmen
et al., 2007)) and, to a lesser degree, qPCR (e.g., (Coats et al.,
2015; He et al., 2007; Mao et al., 2015; Winkler et al., 2011)).
These 16S rDNA-based investigations leveraged oligonucleotide
probes targeting Accumulibacter from Crocetti et al. (2000),
wherein the putative PAO-specific probes were developed based on
DNA recovered from three synthetic wastewater fed lab-scale EBPR
MMC. However, the PAO phenotype has been observed in other
distinct taxonomic groups, including Tetrasphaera (Nguyen et al.,
2011), Candidatus Halomonas phosphatis (Nguyen et al., 2012)
and Gemmatimonas aurantiaca (Zhang et al., 2003). Potentially
confounding the apparent uncertainty in affirming what microor-
ganisms constitute PAOs are i) the target-specific molecular
methods (i.e., targeting Accumulibacter), which induces potential
bias, ii) the source of MMCs examined in microbial ecology studies,
and iii) the associated substrate on which the MMC were cultured.
Most EBPRmicrobial ecology research has focused at the laboratory
scale and commonly with synthetic wastewater; such approaches
deviate from the full-scale environments to which this WRRF
technology is applied. While next generation sequencing methods
(e.g., 454 pyrosequencing and IlluminaMiSeq) have been applied in
a limited manner to more broadly characterize microbial commu-
nities in pilot or full-scale WRRFs, some of which were EBPR sys-
tems (Hu et al., 2012; Kim et al., 2013; Liu et al., 2016; Wang et al.,
2012; Wen et al., 2015), in all cases the focus was more on
describing the MMC and less on understanding the MMC within
the context of EBPR.

While over the past 25 years substantial gains have been real-
ized in understanding the EBPR process at a macro- and micro-
level, nonetheless the process remains underutilized at full-scale
largely due to concerns over process stability and reliability
(Oehmen et al., 2007). From a microbiological perspective,
considering the relative diversity of putative PAOs observed in EBPR
studies (including, but not exclusively, Accumulibacter), the
importance of any given species or particular enrichment is in
question; indeed, the collective body of EBPR microbiological
research suggests induced function of a diverse PAO enrichment is
perhaps more critical in realizing overall process success. However,
in pursuit of an enhanced perspective on MMC structure vs.
induced function, there is a dearth of research contrasting impor-
tant parameters: operational scale and substrate (i.e., real vs. syn-
thetic). Our research group has extensively investigated the EBPR
process (Al-Najjar et al., 2011; Coats et al. 2011a, 2011b, 2011c, 2015;
Horgan et al., 2010;Winkler et al., 2011), with a particular emphasis
on expanding process knowledge and understanding through the
predominant use of real wastewater. Recent research demonstrated
the successful use of crude glycerol (an atypical EBPR substrate) in
accomplishing excess P removal (Coats et al., 2015). Moreover, in-
vestigations have collectively revealed variable PAO fractions in
EBPR MMCs (lab- and full-scale systems; applying qPCR based on
Accumulibacter primers) seemingly independent of substrate and
process performance. Building upon these past investigations,
research was conducted to characterize EBPR performance and
associatedMMCs enriched under differing substrate conditions and
in lab-versus full-scale EBPR systems, with a particular emphasis on
generating new insight on the structure-function relationship. In
executing this research, we posited:

(1)PAO research has largely centered on Accumulibacter, with
methods for quantification including FISH and qPCR using
primers specific for Accumulibacter. However, the 16S rDNA PAO
results have not been interrogated beyond FISH and qPCR.
Hereinwe consider Next Gen Sequencing results related to EBPR
MMC, applying both eubacterial and PAO primer sets; results are
evaluated based on phylotype classification.
(2) %PAO in aMMC is not correlated with P removal (or any EBPR

process metrics). Research to date has yet to yield a
convincing causal relationship, apart from the fact that PAOs
must be present. In other words, once a PAO population is are
established, induced metabolisms dictate process outcomes,
and the %PAOs themselves are not indicative of the success of
the process in general.

(3) Unique, potentially distinct communities are selected for lab-
and full-scale systems. Additionally, the MMC enriched by
synthetic substrates are distinct from those enriched by real
wastewater.
2. Materials and methods

2.1. Operating conditions and system assessments

Four laboratory-scale EBPR sequencing batch reactors (SBRs)
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and one full-scale WRRF system (the Moscow, ID WRRF; an A2/O
EBPR process) were evaluated. The SBRs were differentiated by
substrate: R-EBPR received only rawwastewater, V-EBPR received a
traditional EBPR substrate of raw wastewater and VFA-rich
fermenter liquor, G-EBPR received raw wastewater and crude
glycerol, and S-EBPR received a synthetic substrate. Each SBR was
operated with a 6 h cycle consisting of the following periods: feed
(5 min), anaerobic (1 h), aerobic (4.25 h), settle (30 min), and
decant (10 min). A programmable logic controller was used to
maintain SBR operations. SBRs were operated at 2 L (maximum
volume during the cycle) with effluent decanted during each cycle
and replaced with an equal volume of substrate to maintain an 18 h
hydraulic residence time (HRT). The solids residence time (SRT) was
controlled at 10 d by automatically wasting 50 mL of mixed liquor
per cycle at the end of each aerobic period prior to settling. Air was
introduced through stone diffusors to create aerobic conditions
(dissolved oxygen (DO)> 2mg L�1) for the first 3.75 h of the aerobic
period. The remainder of the aerobic period proceeded without
aeration to allow depletion of residual DO and ensure that anaer-
obic conditions prevailed at the beginning of the subsequent cycle.
Occasional DO checks throughout the operational cycle were used
to confirm each SBR conformed to target DO concentrations (data
not shown). Reactors were mixed with magnetic stir bars and
operated at room temperature without pH control. All pumping
was performed using peristaltic pumps (Watson Marlow, Wil-
mington, MA, USA). R-, V-, and G-EBPR have been the subjects in
previous work (Coats et al., 2015); however, the data presented
herein is unique to this study.

The Moscow WRRF services a community of approximately
25,000 people with an average influent flow rate of approximately
11,400 m3 d�1 (predominantly domestic wastewater). The system
consists of three anaerobic basins (each 787 m3), two pre-anoxic
basins (each 1363 m3), an aerobic oxidation ditch (6814 m3), and
two 7570 m3 secondary clarifiers, with influent wastewater pre-
treated through a 6 mm perforated plate screen followed by a
vortex grit basin. The WRRF operates at a total SRT of 15e18 d. The
return activated sludge flow rate is fixed at 4088 m3 d�1, while the
aerobic basin mixed liquor return flow rate to the first pre-anoxic
basin is controlled using a nitrate probe in the second pre-anoxic
basin (target anoxic effluent NO3eN of 0.5e1.0 mg L�1).

The SBR andMoscowWRRF systems were each characterized on
seven operational days (with 5 October 2014 being operational day
zero, the date on which S-EBPR was considered at steady-state).
System assessments took place on operational days 72, 86, 107,
121, 241, 263, and 283 for the four SBRs and on operational days
225, 255, 270, 284, 304, 313, and 320 for the Moscow WRRF.

2.2. Source of microorganisms, wastewater, and crude glycerol

SBR inocula were obtained from the Moscow WRRF. Each
reactor was inoculated independently; however, on operational day
147 S-and G-EBPR experienced a process upset due to excess
reactor wasting. G-EBPR was immediately re-inoculated from V-
EBPR, while S-EBPR was allowed to recover independently. There-
after, SBR system assessments were postponed for 93 d to rees-
tablish steady-state.

Raw wastewater was obtained from the Moscow WRRF, down-
stream of screening and grit removal. VFA-rich fermenter liquor
was recovered from a bench-top fermenter fed thickened primary
solids from the Pullman, WA WRRF (Coats et al., 2011a). Crude
glycerol (CG) was acquired from the pilot-scale biodiesel produc-
tion system operated by the Biological and Agricultural Engineering
Department at the University of Idaho (Moscow, ID, USA)
(Thompson and He, 2006). CG was fed separately to the G-EBPR
reactor, with a bulk solution CG concentration (t ¼ 0) of
approximately 1.0 Cmmol L�1. Fresh raw wastewater was obtained
every 2e7 d, filtered through a 53 mm stainless steel sieve (Gilson
Company, Inc., Lewis Center, OH, USA), and stored at 4 �C until use.
Bioreactor substrate tanks were replenished daily. The unsterilized
synthetic substrate for the S-EBPR reactor (based on Lu et al.
(2006)) consisted of (concentrations in the total feed volume
prior to reactor addition): NaCH3COOH (281mg L�1); CH3CH2COOH
(173 mg L�1); NH4Cl (60.1 mg L�1); CaCl2eH2O (11.7 mg L�1);
K2HPO4 (8.4 mg L�1); KH2PO4 (8.4 mg L�1); MgSO4e7H2
(52.8 mg L�1); peptone (2.2 mg L�1); and yeast extract (2.2 mg L�1).
Trace nutrients were added as per Lu et al. (2006). Nitrificationwas
inhibited through the combined addition of thiourea (15 mL (V-
EBPR), 35 mL (G- and R-EBPR); stock concentration 40 g L�1) and
nitrapyrin (ClC5H3NCCl3; 1e2 mL (V-EBPR), 1.5e2 mL (G- and R-
EBPR); stock concentration 0.5% in 95% EtOH) into the daily total
substrate volume. Nitrapyrinwas added because thiourea proved to
be only partially capable of inhibiting nitrification. Nitrate was
periodically measured to confirm nitrification was indeed
inhibited.

2.3. Analytical techniques

Samples were monitored for soluble reactive phosphate (SRP),
volatile fatty acids (VFAs), nitrate (NO3), mixed-liquor suspended
solids (MLSS), glycogen, PHA, and glycerol as described in Coats
et al. (2015). Measurement of pH was accomplished with a
Thermo-Fisher Scientific Accumet AP85 Waterproof pH/Conduc-
tivity Meter. DOmeasurements were collected using a Hach HQ30d
Meter with a LDO101 DO Probe.

2.4. Quantitative polymerase chain reaction (qPCR)

qPCR was performed on genomic DNA recovered during each
system assessment to estimate the abundance of Accumulibacter
(the model PAO) and glycogen accumulation organisms (GAOs)
relative to the total eubacterial population. Genomic DNA was
extracted using the MO BIO PowerSoil® DNA Isolation Kit (MO BIO
Laboratories Inc., Carlsbad, CA USA). Genomic DNA yield and purity
was quantified using a Synergy H1 Multi-Mode Reader (BioTek,
Winooski, VT). Primer sets used to quantify total bacteria (Muyzer
et al., 1993), Accumulibacter (Crocetti et al., 2000; He et al., 2007),
and GAOs (by targeting Candidatus Competitbacter phosphatis, a
model GAO) (Crocetti et al., 2002) are listed in Table S4 qPCR set-
tings were in accordance withWinkler et al. (2011). Triplicate qPCR
was performed for all SBR samples both on a given 96 well plate
(three replicate samples per plate) and on three plates (thus 9
replicates per SBR sample). qPCR (triplicate on a 96 well plate;
n ¼ 3) was applied to DNA extracted from the Moscow WRRF to
align lab-scale operations with full-scale systems. qPCR melting
curves were evaluated to confirm a single melting peak, and
agarose gel analysis confirmed a single band for each primer set.
Amplification efficiencies were calculated for each primer set using
baseline-corrected fluorescence data (StepOne software v2.0) and
the LinRegPCR program (Ramakers et al., 2003). Mean amplification
efficiencies for the total bacterial, PAO, and GAO primer sets were
95.6 ± 0.085% (n ¼ 254), 89.7 ± 0.088% (n ¼ 250), and 82.3± 0.074%
(n ¼ 249) respectively. The cycle threshold was set at a constant
value of 0.5 within the log-linear region across all samples for
determination of quantification cycle (Cq) values. PAO and GAO
relative abundances were estimated per Winkler et al. (2011).

2.5. DNA sequence analysis and taxonomic classification

Illumina sequencing was performed on genomic DNA recovered
during each system assessment. Bacterial 16S rRNA gene fragments
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were amplified and sequenced in accordance with Hanson et al.
(2016a). DNA amplicons were generated using two PCR rounds
(round one amplified the targeted region of the 16S rRNA gene and
round two attached sequencing adapters and sample barcodes) for
eubacteria (Shen et al., 2016), PAOs (Crocetti et al., 2000; He et al.,
2007), and GAOs (Crocetti et al., 2002); the primers are described in
Table S6. The barcoded amplicons were sequenced using an Illu-
mina MiSeq instrument creating paired end 2 � 300 bp libraries
(Illumina, Inc., San Diego, CA).

Sequence analysis and taxonomic classification were performed
following Hanson et al. (2016a). Briefly, the Illumina MiSeq reads
were demultiplexed and assigned to expected barcode and primer
sequences using the Python script dbcAmplicons (https://github.
com/msettles/dbcAmplicons). After the primer sequences were
trimmed, the reads were joined into a single amplicon sequence
using the application FLASH (Mago�c and Salzberg, 2011). The Ri-
bosomal Database Project (RDP) Naïve Bayesian classifier was then
used to assign the joined sequences to phylotypes (Wang et al.,
2007); assignment was made to the lowest taxonomic rank with
a bootstrap score �50%. The relative abundance of individual
phylotypes in each samplewas determined as the percentage of the
corresponding sequence reads among the total sequence reads in
the sample.

As the RDP method is unable to identify Accumulibacter (Mao
et al., 2015), an alternative method was used to estimate its rela-
tive abundance. First, 27 16S rRNA gene sequences were identified
from He et al. (2007) as representatives of the 16S rRNA clades of
Accumulibacter (following Mao et al. (2015); summarized in
Table S136). These reference sequences were then classified with
the RDP Bayesian classifier with a confidence threshold of 90%.
While Accumulibacter has not been formally categorized, RDP
classified all of the reference sequences as belonging to the Rho-
docyclaceae family (Table S136). Expecting the same classification
for Accumulibacter-related sequences in the samples, the subset of
the joined sequences in each sample classified as belonging to
Rhodocyclaceae by RDP was identified using BLASTN (v. 2.3.0þ)
(Camacho et al., 2009) from a database consisting of the 27 Accu-
mulibacter reference sequences and the 16S rRNA gene sequences
from the NCBI Nucleotides database assigned to Rhodocyclaceae.
Sequences were assigned to Accumulibacter if the top BLASTN
result was one of the 27 Accumulibacter reference sequences with
at least 97% sequence similarity.

2.6. Data analysis

Custom software (altvisngs; available at https://github.com/
nguho/altvisngs) was used to quantify the sample diversity and
evenness indices, complete the rarefaction and hierarchical cluster
analysis, and generate the taxon hierarchy with relative abundance,
heatmap, and summary bar plot images. Principal component
analysis (PCA) was performed using R v3.2.5 (http://www.r-project.
org/).

3. Results and discussion

3.1. Overall EBPR performance

The influent and effluent P of each SBR were monitored regu-
larly throughout the operational period, with S-, V-, and G-EBPR
achieving 95% or greater P removal on average (Table 1; Fig. S1).
Consistent with our previous study (Coats et al., 2015), R-EBPR was
less effective in accomplishing P removal, achieving only 49% P
removal on average. Of the four SBRs, G-EBPR most consistently
achieved effluent P below 1 mg P L�1 over the operational period
(Fig. S1C). Even with several minor process upsets (Table 2),
effluent P from S-EBPR and V-EBPRwas also less than 1mg P L�1 for
most of the operational period (Fig. S1A and B). While R-EBPR
exhibited effluent P comparable to the other three SBRs at times,
such performance was ephemeral (Fig. S1D). Note that on opera-
tional days 268 and 269 the raw wastewater substrate was
contaminated by an unknown antibacterial agent; this wastewater
induced an upset in V-, G-, and R-EBPR, and was the only upset
observed in G-EBPR over the operational period (effluent
P > 3 mg P L�1).

Regarding intra-cycle performance, as shown (Figs. S2eS5) the
archetypal EBPR response was exhibited by the MMCs in S- and V-
EBPR (anaerobic P release with subsequent aerobic P removal from
bulk solution). In contrast, the MMCs in G- and R-EBPR did not
consistently cycle P in accordance with EBPR theory. The lack of
anaerobic P release by the G-EBPRMMC, coupled with its P removal
in excess of 95%, has been examined and discussed in detail pre-
viously (Coats et al., 2015). All SBR MMCs consumed the available
VFA substrate (and glycerol for G-EBPR) during the anaerobic
period (data not shown, but consistent with the previous study),
and commensurately synthesized PHA (Table S1) in accordance
with EBPR theory. Also consistent with EBPR theory, glycogen was
utilized anaerobically by all but R-EBPR (Table S1).

3.2. EBPR process metrics

Two metrics are recognized as indicators of potential EBPR
process success associated with a MMC enriched with PAOs: the
anaerobic phosphorus released-to-VFA uptake (P:C) ratio (a char-
acteristic of the PAO metabolic response (Filipe et al., 2001;
Smolders et al., 1994)), and the ratio of influent organic substrate
to total P removed (Grady et al., 2011). For the P:C ratio, consistent
anaerobic P release was observed in both S- and V-EBPR (Figs. S2
and S3; Table 1), with average P:C ratios exceeding
0.19 P mol Cmol�1 (total VFA basis). Conversely, G- and R-EBPR
exhibited average P:C ratios of 0.04 and 0.06 P mol Cmol�1. The G-
EBPR MMC did not always realize anaerobic P release (consistent
with and as discussed in Coats et al. (2015)), nor did the R-EBPR
MMC (Figs. S4 and S5). Data from this and previous studies (Coats
et al., 2011a, 2011b, 2015; Horgan et al., 2010; Winkler et al.,
2011) were coupled with unpublished data obtained from our
pilot-scale EBPR system (1:1000 scale of the Moscow WRRF) to
examine the potential relationship of P:C with effluent P. As shown
(Fig. 1), there appears to be a relationship between P:C and effluent
P; excepting the S-EBPR data points, P:C ratios exceeding 0.2
resulted in effluent SRP less than 0.5 mg L�1. According to Lopez-
Vazquez et al. (2007), and as summarized in Oehmen et al.
(2007), such P:C ratios would appear to favor the enrichment of
PAOs over GAOs, although the ratios were lower than would be
predicted by the model of Filipe et al. (2001).

Regarding the ratio of influent organic substrate to total P
removed, the premise is that a minimum amount of organic carbon
(preferably VFAs) is necessary to realize the target PAO enrichment
capable of performing EBPR. The organic substrate is typically
expressed on a biochemical oxygen demand (BOD) or chemical
oxygen demand (COD). Research indicates a relationship between
influent BOD and total P removed, with suggested minimum values
ranging from 15 to 20 BOD:P and 26-34 COD:P for high efficiency
EBPR (summarized in (Grady et al., 2011; WEF, 2010)). While BOD
and COD are measurements that can readily be tested at full-scale
WRRFs, both are gross aggregates of potential carbon substrate
that do not specifically identify the organic carbon substrate driving
EBPR (VFAs). Coupling this study with previous research (Coats
et al., 2011a, 2011b; Horgan et al., 2010; Winkler et al., 2011) and
unpublished pilot- and full-scale operational data, results compiled
in Fig. 2 indicate an influent ratio of 15 mg VFA (as COD) per mg P
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Table 1
Performance characteristics for each SBR and Moscow WRRF, by operational day, including influent/effluent phosphorus and % P removal. Influent wastewater VFA:P ratio,
phosphorus released anaerobically, and the anaerobic P:C ratio summarized for the SBRs.

Op'l day Infl. P, (mg L�1) Effl. P, (mg L�1) % P Removal Infl. VFA:P
(mg COD mg P�1)

Prel (mg L�1) P:C
(P mol
C mol�1)

S-EBPR 72 15.14 0.25 98.3 39.9 87.9 0.512
86 19.31 2.20 88.6 31.8 46.9 �0.149
107 18.82 1.08 94.3 33.6 53 0.284
121 21.54 1.86 91.4 18.5 54.5 0.467
241 16.48 0.35 97.9 30.2 69.1 0.469
263 17.83 0.30 98.3 33.0 92.3 0.526
283 21.31 0.44 97.9 20.0 85.2 0.679

V-EBPR 72 5.49 0.23 95.8 46.5 12.3 0.18
86 6.17 0.03 99.5 30.3 9.4 0.172
107 5.72 0.59 89.7 39.3 6.1 0.094
121 6.59 0.10 98.5 33.2 8 0.13
241 8.83 0.12 98.6 14.4 15.6 0.423
263 4.40 0.25 94.3 47.5 12 0.197
283 5.73 0.54 90.6 17.4 13.5 0.452

G-EBPR 72 3.04 0.17 94.4 15.4 1.12 0.079
86 3.43 0.04 98.8 0.0 �0.97 No VFAs
107 2.58 0.23 91.1 13.1 0.82 0.08
121 3.49 0.04 98.9 0.0 0.55 no VFAs
241 4.50 0.44 90.2 14.0 �0.31 �0.02
263 3.22 0.13 95.7 24.1 1.18 0.05
283 4.86 0.41 91.6 5.6 1.36 0.181

R-EBPR 72 3.04 2.47 18.8 15.4 0.06 0.004
86 3.45 2.67 22.6 0.0 0 no VFAs
107 2.58 2.49 3.5 13.1 0.64 0.063
121 3.45 1.96 43.2 0.0 1.02 no VFAs
241 4.34 1.56 64.1 14.1 2.78 0.156
263 2.91 0.68 76.6 29.0 6.24 0.243
283 3.49 3.35 4.0 0.0 2.29 no VFAs

Moscow
WRRF

225 5.01 0.15 97.0 e e e

255 4.42 0.39 91.2 e e e

270 4.76 0.20 95.9 e e e

284 4.59 0.16 96.5 e e e

304 4.70 <0.05 >98.9 e e e

313 4.99 <0.05 >99.0 e e e

320 5.71 <0.05 >99.1 e e e
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will both enrich for PAOs and induce the metabolic responses
necessary for EBPR. Both S-EBPR and V-EBPR exceeded the target
ratio (Table 1; Fig. 2). Conversely, R-EBPR exhibited inconsistent
influent VFA:P ratios (VFAs were commonly absent from the
wastewater) and overall poor P removal. While the influent VFA:P
Table 2
Performance summary for the bench-scale EBPR reactors.

Parameter Units Reactor A

MLSS mg/L S-EBPR 3
V-EBPR 2
G-EBPR 2
R-EBPR 1

Influent phosphorus mgP/L S-EBPR 1
V-EBPR 5
G-EBPR 4
R-EBPR 3

Effluent phosphorus mgP/L S-EBPR 1
V-EBPR 0
G-EBPR 0
R-EBPR 2

Influent VFA:influent P mgVFA (as COD)/mgP S-EBPR 3
V-EBPR 3
G-EBPR 1
R-EBPR 1

a S-EBPR operations realized a temporary upset associated withmisfeeding of synthetic
effluent S-EBPR phosphorus was 9.6 mg P/L, while the average was 0.68 mg P/L.

b Excluding 21 days that were deemed process upsets, the maximum effluent F-EBPR
c Excluding two observed days of process upset, the maximum effluent G-EBPR phosp
d On several occasions both the G- and R-EBPR influent contained no VFAs, which is c
ratios for G-EBPR were similar to R-EBPR, performance was sus-
tained through the addition of crude glycerol (Coats et al., 2015).
The VFA:P threshold suggested herein to achieve low effluent P
concentrations (based dominantly on real wastewater-based op-
erations), being lower compared with guidance in Grady et al.
verage Maximum Minimum SD n

888 6000 1530 1122 23
631 3680 1740 632 23
177 3040 780 598 18
547 2500 900 435 12
8.11 27.80 12.98 3.08 63
.68 8.24 3.76 0.98 64
.13 5.32 2.51 0.85 28
.97 5.51 2.34 0.95 28
.75a 47.87a 0.01 5.47 136
.73b 7.06b 0.00 1.31 131
.29b 3.59c 0.00 0.50 85
.03 7.54 0.12 1.64 82
1.85 43.95 19.66 7.53 14
3.34 49.23 15.47 11.34 11
2.35 29.32 0.00d 9.96 8
2.41 36.05 0.00d 12.46 8

substrate. Excluding approximately 30 days of operational instability, the maximum

phosphorus was 0.92 mg P/L, while the average was 0.23 mg P/L.
horus was 0.54 mg P/L, while the average was 0.21 mg P/L.
onsistent with previous observations (Coats et al., 2015.



Fig. 1. Influent wastewater P:C ratio against effluent P for an array of laboratory-scale
EBPR reactors (this study and (Coats et al., 2011a, 2011b, 2015; Horgan et al., 2010;
Winkler et al., 2011)).

Fig. 2. Influent wastewater VFA:P ratio against effluent P for an array of laboratory-
scale EBPR reactors (this study and (Coats et al., 2011a, 2011b, 2015; Horgan et al.,
2010; Winkler et al., 2011)).
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(2011) and the WEF Manual of Practice on Nutrient Removal (WEF,
2010), indicates that non-VFA substrates available in real waste-
water also contributes to EBPR process stability and resiliency.
Indeed, non-VFA substrate (e.g., glucose; glycerol (Coats et al.,
2015)) can be used by microorganisms to directly generate en-
ergy (ATP) and PHA anaerobically in support of EBPR; the coupled
P:C ratios presented herein, being low as contrasted with theoret-
ical models (Filipe et al., 2001; Smolders et al., 1994), further sup-
port this observation (i.e., non-VFA substrate would not require
polyP hydrolysis to generate energy for uptake and catabolism,
thereby reducing the P:C ratio).
3.3. MMC characterization with qPCR

qPCR was applied to assess the abundance of PAOs and GAOs
relative to the total eubacteria in the MMC (%PAO and %GAO,
respectively) of each SBR and the MoscowWRRF during each of the
seven system assessments. Considering methodological repeat-
ability, the results were consistent within (triplicate) and across
(triplicate) plates (i.e., low standard deviation; Table 3 and S3). The
highest %PAO values were observed in S-EBPR and Moscow WRRF,
with ranges of 0.61%e15.14% and 3.97%e17.54%, respectively.
Comparatively, V-, G-, and R-EBPR exhibited markedly lower %PAO.
Indeed, on all but one date (operational day 283) V-EBPR sustained
%PAO less than 0.7% (range of 0.12e2.6%). Similarly, G-EBPR
exhibited %PAO less than 0.82% (range of 0.26e0.82%), while R-
EBPR (which, again, exhibited overall poor P removal) ranged from
0.11 to 1.14%. Collectively, the observed %PAO of the MMCs were
generally consistent with our previous investigations for the V-, G-,
and R-EBPR MMC (Coats et al., 2015), while lower than has been
reported in other investigations (e.g., (He et al., 2007;Winkler et al.,
2011)). Perhaps more critically, there was no relationship between
EBPR performance and %PAO.

Also consistent with Coats et al. (2015), the %GAOs were
generally low. The %GAO in S-EBPR was estimated at an order of
magnitude lower than the %PAO (Table 3). However, the %GAO in
the V-EBPR MMC was quantitatively comparable to, and at times
higher than, the PAO fraction. GAOs were also present in the G-
EBPR MMC, also approaching parity with %PAO. No GAOs were
observed in the R-EBPR MMC (again consistent with Coats et al.
(2015)). Comparatively, the %GAO in the Moscow WRRF was sub-
stantially lower than the %PAO (Table S3), and generally consistent
with that observed in G-EBPR.

3.4. MMC characterization with next generation sequencing

3.4.1. Richness, rarefaction, and diversity analyses
Illumina sequencing targeting Eubacteria, PAOs, and GAOs was

used to characterize the MMCs in the SBRs and the Moscow WRRF.
The total number of joined sequences obtained for the Eubacteria
primer set are summarized in Table S7 (similar data for PAO and
GAO primer sets is summarized in Tables S50 and S93); detailed
phylotype data can be referenced via Table S5. The number of reads
for the Eubacteria primer set ranged from 1208 to 116,631; among
the results there were two poor quality data sets (G-EBPR, day 283,
1208 reads; V-EBPR, day 263, 6428 reads). For Eubacteria,
sequencing coverage depth was considered sufficient for each
sample based on rarefaction analysis (Fig. S6 and S7). However,
coverage for the PAOs and GAOs was insufficient for most, but not
all, samples (Figs. S76, S77, S136, S137). In executing the experi-
mental design for the MiSeq analysis, genomic DNA pooling for
Eubacterial, PAO, and GAO analyses was based on prior qPCR results
(Coats et al., 2015; Winkler et al., 2011). Ultimately, however, the
analysis under-estimated the quantity of DNA needed to achieve
full coverage for the PAO and GAO primer sets.

The Shannon index was calculated for the respective MMC to
assess complexity. Three of the SBRs (V-, G-, and R-EBPR) exhibited
similar complexity (average Shannon index of 3.90e3.94; range of
3.53e4.33; Table S7), while S-EBPR exhibited a slightly less com-
plex microbial population (average Shannon index of 3.62; range of
3.36e3.9). In contrast, the Moscow WRRF MMC was the most
complex (average Shannon index of 4.71). The Shannon index was
selected for its value as a general complexity measure considering
both richness and evenness (Hill et al., 2003). On the Shannon
evenness scale, all SBR averages were similar while the Moscow
WRRF again exhibited more complexity.

3.4.2. Eubacteria primer set
A comprehensive summary of the eubacterial-based MMC

composition from the domain to genus level for each system
assessment is presented in Figs. S14eS53 (see also Table S5). Table 4
summarizes the dominant phyla (averages across all operational
days); the average microbial community composition in each SBR
and the Moscow WRRF over the seven system assessments is
presented in Figs. S21, S29, S37, S45, and S53. In all systems, Pro-
teobacteria dominated the MMCs at the phylum level, followed by
Bacteroidetes; no other phyla were, on average, observed at > 10%.
In contrast, nine phyla predominated within the minor category
(1e10%), and substantive differences were observed across the



Table 3
Results from qPCR applied to DNA extracted from MLSS obtained from each SBR and the Moscow WRRF. Data shown are composite averages/standard deviation for each
operational day.

Op'l
Day

S-EBPR V-EBPR G-EBPR R-EBPR Moscow WRRF

%PAO avg
(SD)

%GAO avg
(SD)

%PAO avg
(SD)

%GAO avg
(SD)

%PAO avg
(SD)

%GAO avg
(SD)

%PAO avg
(SD)

%GAO avg
(SD)

Op'l Day %PAO avg
(SD)

%GAO avg
(SD)

72 4.17 (0.53) 0.21 (0.09) 0.67 (0.13) 0.45 (0.19) 0.40 (0.14) 0.05 (0.02) 0.52 (0.12 0.04 (0.03) 225 3.97 (0.11) 0.36 (0.01)
86 4.48 (0.63) 0.35 (0.17) 0.40 (0.07) 1.78 (0.63) 0.27 (0.03) 0.14 (0.07) 1.14 (0.27) 0.02 (0.01) 255 7.23 (0.30) 0.46 (0.03)
107 4.09 (1.19) 0.54 (0.34) 0.12 (0.03) 0.04 (0.02) 0.26 (0.06) 0.23 (0.11) 0.62 (0.14) 0.01 (0.01) 270 5.33 (0.59) 0.27 (0.02)
121 2.92 (1.37) 0.06 (0.02) 0.24 (0.12) 0.14 (0.03) 0.32 (0.07) 0.48 (0.23) 0.17 (0.05) 0.04 (0.03) 284 15.46 (0.46) 0.46 (0.05)
241 5.42 (2.21) 0.07 (0.03) 0.21 (0.08) 1.18 (0.61) 0.42 (0.17) 0.40 (0.19) 0.16 (0.04) 0.00 (0.00) 304 9.09 (0.79) 0.41 (0.02)
263 0.61 (0.11) 0.04 (0.02) 0.42 (0.15) 1.21 (0.58) 0.79 (0.29) 0.45 (1.32) 0.11 (0.05) 0.00 (0.00) 313 10.13 (0.49) 0.05 (0.00)
283 15.14 (3.70) 0.16 (0.04) 2.60 (0.54) 3.73 (0.64) 0.82 (0.23) 3.66 (1.32) 0.33 (0.09) 0.03 (0.01) 320 4.52 (0.10) 0.10 (0.01)

Table 4
Major and minor bacterial community composition at the phylum level (based on the calculated averages across all operational days evaluated; listed in order of dominance)
detected for Eubacteria, PAOs, and GAOs in the lab- and full-scale EBPR WRRFs.

S-EBPR V-EBPR G-EBPR R-EBPR Moscow

Eubacteria
Major (>10%) Proteobacteria,

Bacteroidetes
Proteobacteria,
Bacteroidetes

Proteobacteria,
Bacteroidetes

Proteobacteria,
Bacteroidetes

Proteobacteria,
Bacteroidetes

Minor (>1%) Planctomycetes,
Verrucomicrobia,
Firmicutes, Chloroflexi

Verrucomicrobia,
Actinobacteria, Firmicutes,
Chloroflexi,
Planctomycetes,
Acidobacteria,
Parcubacteria

Candidatus
Saccharibacteria,
Actinobacteria, Chloroflexi,
Firmicutes,
Verrucomicrobia

Verrucomicrobia,
Plactomycetes, Chloroflexi,
Actinobacteria,
Acidobacteria, Firmicutes

Chloroflexi, Actinobacteria,
Planctomycetes,
Firmicutes, Candidatus
Saccharibacteria,
Verrucomicrobia,
Acidobacteria, Nitrospirae

PAOs
Major (>10%) Proteobacteria Proteobacteria,

Unknown bacterium,
Actinobacteria

Proteobacteria,
Actinobacteria, Unknown
bacterium

Proteobacteria Proteobacteria,

Minor (>1%) – Chlamydiae Verrucomicrobia,
Chlamydiae

Unknown bacterium,
Actinobacteria

Actinobacteria,
Parcubacteria

GAOs
Major (>10%) Proteobacteria Proteobacteria Proteobacteria Proteobacteria Unknown

bacterium
Proteobacteria

Minor (>1%) Unknown bacterium Unknown bacterium Unknown bacterium e Unknown bacterium
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MMC. Of the nine phyla, only Verrucomicrobia, Firmicutes, and
Chloroflexi were common to all MMCs; unique to the Moscow
WRRF was Nitrospirae, a nitrifying phyla that would not have been
expected in the SBRs due to the imposed nitrification inhibition.
The Moscow WRRF MMC exhibited the largest number of minor
phyla (9), while S-EBPR exhibited the fewest (4). Similar phylum-
level analysis of the respective MMCs for the PAOs (Table 4;
Figs. S84eS123; Table S5) again revealed that Proteobacteria
dominated across the tested reactors, although Actinobacteria and
an unknown Bacteriawere observed at >10% in V- and G-EBPR; the
PAO primer set targeted the Proteobacteria phyla. No minor phyla
were observed in S-EBPR for the PAO primer set, while only 1-2
phyla were observed in the other four EBPR systems. For the GAO
primer set, Proteobacteria dominated (except for R-EBPR, where an
unknown Bacteria also predominated).

At the class level for the eubacterial primers, Alphaproteobac-
teria and Betaproteobacteria were the only two observed in the S-
EBPR MMC at >10% (see Table S5; Figs. S14eS21). The V-, G-, and R-
EBPR MMC, along with the Moscow WRRF, exhibited a similar
composition, although Betaproteobacteria dominated over Alphap-
roteobacteria; Sphingobacteria was also observed at approximately
10%, but <4% in S-EBPR. Interrogating the MMCs at a lower rank
(order; Table 5), the Betaproteobacterium Rhodocyclales and the
Alphaproteobacterium Rhodobacterales were observed in S-EBPR at
>10%; Flavobacteriales, from the Bacteroidetes phylum, was
observed at nearly 10% of the total population as well. In contrast,
Hydrogenophilales, from the Betaproteobacteria phylum, was more
prominent in V- and R-EBPR, while Sphingobacteriales (of the
Bacteroidetes phylum) was dominant in R-EBPR and also was the
lone dominant order in the Moscow WRRF MMC. No dominant
orders (>10%) were observed on average in G-EBPR across all
operational days, although Sphingobacteriales averaged 9.87%. Note
that the threshold for “minor” at the level of order was established
at 5%, given the increased number of bacteria observed at >1%.

Finally, examining the MMC at the genus level, with the
increased number of bacteria that can be identified, the threshold
for “dominance” was adjusted to 3%. The S-EBPR MMC was pre-
dominated by (in order, highest to lowest) Thauera, Flavobacterium,
Ohtaekwangia, and Propionivibrio. The V-EBPR MMC was pre-
dominated by Thiobacillus, Haliscomenobacter, Thauera, Zoogloea,
andMeganema at the genus level, while G-EBPR was predominated
by Saccharibacteria_genera_inc._sed., Haliscomenobacter, Methyl-
obacillus, Zoogloea, and Meganema. The R-EBPR MMC was enriched
with three genera at >3% of the population (Thiobacillus, Thauera,
andMeganema), while theMoscowWRRF only revealed one known
genus at >3% (Haliscomenobacter).

The MiSeq results were also interrogated using multi-variate
methods, which revealed interesting contrasts. First considering a
Bray-Curtis similarity analysis, at the genus level all samples clus-
tered by reactor (Fig. S13), with the exception of V-. G-, and R-EBPR
(day 283) and V-EBPR (day 263). Both V-EBPR (day 263) and G-
EBPR (day 283) exhibited low total reads (Table S7), which likely
explains the associated result, and V-EBPR (day 263) exhibited low
total reads relative to the other five sampled operational days.
Considering the clustered results, the V- and G-EBPR MMC
exhibited the closest similarity, followed by R-EBPR, the Moscow



Table 5
Major and minor bacterial community composition at the order level (based on the calculated averages across all operational days evaluated; listed in order of dominance)
detected for Eubacteria, PAOs, and GAOs in the lab- and full-scale EBPR WRRFs.

S-EBPR V-EBPR G-EBPR R-EBPR Moscow

Eubacteria
Major (>10%) Rhodocyclales

Rhodobacterales
unknown Bacteroidetes
Hydrogenophilales

– Hydrogenophilales
Sphingobacteriales

Sphingobacteriales

Minor (5e10%) Flavobacteriales
Ohtaekwangia
Rhizobiales
Sphingobacteriales
Planctomycetales
Rhodospirillaes
Burkholderiales
Phycisphaerales
Xanthomonadales
Caulobacterales
Verrucomicrobiales
Myxococcales
Sphingomonadales

Rhodocyclales
Sphingobacteriales
Burkholderiales
Rhizobiales
Cytophagales
Bacteriodales
Flavobacteriales
Xanthomonadales
Pseudomonadales
Rhodobacterales
Sphingomonadales
Actinomycetales
Rhodospirillales
Clostridiales
Caulobacterales
Myxococcales
Planctomycetales
Caldilineales
Parcubacteria

Sphingobacteriales
Rhodocyclales
Saccharibacteria
Rhizobiales
Hydrogenophilales
Actinomycetales
Burkholderiales
Methylophilales
Cytophagales
Rhodobacterales
Caulobacterales
Flavobacteriales
Ohtaekwangia
Rhodospirillales
Sphingomonadales
Caldilineales
Clostridiales
Verrucomicrobiales
Xanthomonadales
Bdellovibrionales

Burkholderiales
Rhizobiales
Rhodocyclales
Rhodobacterales
Flavobacteriales
Xanthomonadales
Ohtaekwangia
Planctomycetales
Cytophagales
Sphingomonadales
Verrucomicrobiales
Pseudomonadales
Gp4

Flavobacteriales
Burkholderiales
Actinomycetales
Rhodocyclales
Rhizobiales
Planctomycetales
Chloroflexales
Caldilineales
Myxococcales
Saccharibacteria
Pseudomonadales
Cytophagales
Rhodobacterales
Candidatus Carsonella
Clostridiales
Acidimicrobiales
Rhodospirillales
Ohtaekwangia
Lactobacillales
Phycisphaerales
Xanthomonadales
Nitrospirales
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WRRF, and lastly S-EBPR (i.e., synthetic wastewater-based MMC
was distinctly different from all the real wastewater systems).
Principal component analysis (PCA) confirmed these observations
(Fig. 3; Figs. S66eS75). As shown (Fig. 3), the MMC at the genus
level exhibited two distinct clusters within the first two PCA di-
mensions, with V-, G-, and R-EBPR uniquely separated from that of
S-EBPR in both dimensions. Moreover, the 95% confidence region
revealed much more variability within the real wastewater based
MMC vs. S-EBPR. Combined, the first two dimensions explained
21.61% of the variation among the sample sets. When the Moscow
WRRF samples were integrated into the analysis (Figs. S66eS75),
while the comparative distinction at the genus level between V-, G-
, and R-EBPR vs. S-EBPR remained, the relative separation becomes
less pronounced while the Moscow MMC observations are quite
uniquely separate (Fig. S74). For this second PCA, the first two di-
mensions explained 22.63% of the variation among the sample sets.
In particular, the first principal component explains almost 15% of
the variation.

3.4.3. PAO and GAO primer sets
Considering PAOs, while MiSeq coverage of the MMCs for most

operational days was considered inadequate (Figs. S76 and S77),
results on operational day 283 exhibited good coverage for S- and
V-EBPR; similarly, for G-EBPR the coverage was sufficient on
operational days 121, 241, and 283. For these operational days, all
MMC were nearly 100% dominated by Betaproteobacteria at the
class level, which was an unsurprising result given that the model
PAO on which the primers are based is a Betaproteobacteria (He
et al., 2007). At the genus level, the S-EBPR MMC was dominated
by Propionivibrio and Azospira (the former at >80%); both are of the
Rhodocyclaceae family. The V-EBPR MMC was similarly dominated
by Propionivibrio at the genus level on operational day 283 (>80%),
but Azospira was only 0.0034% of the MMC. The G-EBPR MMC was
also enriched with Propionivibrio (especially on day 121 at 83.7%,
which also corresponded with the best rarefaction curve of all PAO
data sets). While most other data sets did not exhibit the coverage
to justify significant conclusions, Propionivibrio nonetheless was
commonly observed (in many instances dominating; Table S92).
Functionally, Propionivibrio is a fermentative bacterium with the
capability to produce short-chain VFAs (i.e., the optimal EBPR
substrate) from polysaccharides (Zhou et al., 2015); given these
metabolic capabilities, certain species of Propionivibrio could be
PAOs, although recent research has identified one potential species
(Candidatus Propionivibrio aalborgensis) as a putative GAO
(Albertsen et al., 2016). Other genera including Azonexus and
Dechloromonas (within the Rhodocyclaceae family of the Betapro-
teobacteria class) were observed, as was Bdellovibrio (which is
within the Bdellovibrionaceae family of the Deltaproteobacteria
class). The Moscow WRRF MMC was dominated by an unknown
Rhodocyclaceae at the genus level, along with a large fraction of
Propionivibrio. Conversely, the R-EBPR MMC was dominated by
Dechloromonas.

Similar to the PAO MiSeq results, data obtained using the GAO
primers did not exhibit sufficient coverage across all samples
(Fig. S136 and S137). However, for V-EBPR on operational day 241
and for G-EBPR on days 241, 263, and 283 the coverage was suffi-
cient to draw interpretations; additionally, the S-EBPR MMC on
operational day 263 appeared to exhibit good overall coverage. The
MMC were dominated by Gammaproteobacteria. Extrapolating to
the other GAO data sets, all MMC except R-EBPR consistently
showed Gammaproteobacteria at >86.2%.

3.5. Estimating accumulibacter and PAO relative abundance with
next generation sequencing

MiSeq results were binned based on alignment, or lack thereof,
with the 27 Accumulibacter sequences (He et al., 2007). To the
authors’ best knowledge, similar such studies on EBPR systems are
few (two using ppk and qPCR (He et al., 2007; Mao et al., 2015); one
using 454 pyrosequencing (Kim et al., 2013); one using qFISH
(Albertsen et al., 2012)) and no such interrogation has been per-
formed on MMCs in lab- or full-scale systems and across diverse
wastewater substrates based on next generation sequencing data.
For the Eubacterial data across all MMC, fractional Accumulibacter
ranged from 0.0% to 21.45% (Table S137); while the range appears
large, the second highest fraction was 4.03%. Of significance, on



Fig. 3. Bivariate plot of the first two principal component (Dim 1 and Dim 2) scores for the 16S rRNA gene sequencing results using the EUB primer set at the genus level and the P
removed. Samples have been grouped by system (distinguished by color) with the numbers corresponding to their index in an ordered list (i.e., sorted by operational day following
an arbitrary system ordering: 1 to 7 are S-EBPR operational days 72e283; 8 to 14 are V-EBPR operational days 72e283; 15 to 21 are G-EBPR operational days 72e283; and 22 to 28
are R-EBPR operational days 72e283. The centroid for each group in the Dim 1-Dim 2 space is depicted as a square in the associated color and the ellipses denote the 95% confidence
regions for the associated centroids in the Dim 1-Dim 2 space. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)

E.R. Coats et al. / Water Research 108 (2017) 124e136132
many operational days the data suggests no Accumulibacter were
present in the MMC; in particular, the G-EBPR showed no Accu-
mulibacter, and R-EBPR was essentially zero as well. Targeting the
family Rhodocyclaceae, the relative abundance ranged from 0.27% to
30.38%; in contrast to the Accumulibacter results, MMC in G- and R-
EBPR showed fractions comparable to that observed in V-EBPR, and
higher than those observed in the Moscow WRRF. Oehmen et al.
(2010) suggested that Accumulibacter fractions in real WRRFs
would range from 5 to 20%; results herein suggest this range is
correct for Rhodocyclaceae but not Accumulibacter specifically.

Comparing the qPCR and BLASTN results, no correlation was
observed between the relative abundance (Eubacterial primers) for
both Accumulibacter and Rhodocyclaceae and the qPCR data;
moreover, in nearly all cases the qPCR %PAOs exceeded MiSeq esti-
mates based on the Accumulibacter BLASTN data. Considering that
all evaluated systems (with the exception of R-EBPR) performed
quality P removal (Table 2), it would appear that other non-
Accumulibacter species (including within the Rhodocyclaceae fam-
ily) are PAOs, and these non-Accumulibacter species are captured
(amplified) by the model PAO primers and quantified via qPCR. To
the best of our knowledge, this is only the second study that inter-
rogated realwastewater EBPR systems for PAOsusing both qPCR and
next generation sequencing (454 pyrosequencing or Illumina
MiSeq); results of this study aligned with that of Mao et al. (2015),
who similarly observed no correlation between PAOs (applying 16S
rDNA and primers for ppk) and 454 pyrosequencing data.
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3.6. Specificity of the PAO primer set

The BLASTN analysis was also carried out on the PAO primer set
results to assess the specificity of the PAO primer set for both
Rhodocyclaceae and Accumulibacter (summarized in Table S138).
Unexpectedly, assignment of the sequences by RDP to Rhodocy-
claceae was variable. Five of the seven operational days for S-EBPR
had more than 96% of the sequences assigned to Rhodocyclaceae
while none of the R-EBPR samples exceeded 88%. Alignment of the
sequences with the 27 Accumulibacter sequences (He et al., 2007)
was also variable. For example, S-EBPR on operational day 283 had
98.17% of the Rhodocyclaceae assigned sequences align with Accu-
mulibacter, whereas G-EBPR was less than 1% on four of the seven
operational days (and did not exceed 11%). As with the eubacterial
primers, few to no sequences from G- and R-EBPR aligned with
Accumulibacter. These results further support that the model PAO
primers ultimately amplify non-Accumulibacter species (that may
also be PAOs).

3.7. Identifying other potential PAOs

With the unexpected P removal performance of G-EBPR (data
presented herein and in Coats et al. (2015)), coupled with the
BLASTN results suggesting negligible Accumulibacter, the MiSeq
data was interrogated in search of potential explanations. As
described, Propionvibrio was dominant among the phylotypes
identified with the PAO primer set at the genus level, and it may or
may not be a PAO (Albertsen et al., 2016; Zhou et al., 2015). For the
eubacterial primers, Saccharibacteria spp. was prevalent across all
operational days (also present in the Moscow WRRF, but negligible
in the other SBRs); these bacteria are part of the filamentous group
of microorganisms referred to as TM7 (Jenkins et al., 2003). Thio-
bacilluse a Betaproteobacteriaewas also consistently prominent in
the G-EBPR MMC; this bacterium has the ability to store glycogen
and could be implicated in EBPR (it was also present at 10.8% and
13.8% on average in V- and R-EBPR, respectively). Similar to Sac-
charibacteria spp., Haliscomenobacter (a Bacteroidetes) is a fila-
mentous bacterium common to activated sludge (Jenkins et al.,
2003), although it has been suggested that the bacterium cannot
utilize glycerol (K€ampfer, 1995); similar enrichments were
observed for this microorganism in all systems evaluated. Zoogloea
(a Betaproteobacteria) are viewed as critical to floc formation in
activated sludge (Wen et al., 2015), and are common in activated
sludge (Liu et al., 2016); Zoogloea was also enriched in V- and R-
EBPR. Of particular interest was the large fraction of Defluviicoccus,
a putative GAO (Carvalheira et al., 2014). However, being an
Alphaproteobacteria, Defluviicoccus is capable of PHA synthesis, and
research has suggested certain clusters can store polyP (Wang et al.,
2014). In fact, Defluviicoccus was also relatively prominent in S-
EBPR and to a lesser degree in V-EBPR. Finally, Methylobacillus was
relatively prominent in G-EBPR. Methylobacillus is a methanol
oxidizer, but there is no known linkage to EBPR.

Regarding other bacteria potentially important to EBPR, Tu and
Schuler (2013), at times, observed a relatively large fraction of
Dechloromonas in a synthetic-fed EBPR system (and suggested the
potential for associated PAO behavior). Oehmen et al. (2010) simi-
larly suggested Dechloromonas might be a PAO. However, this
bacterium was only present on average less than 0.72% in MMCs
this study. Azospira (within the Betaproteobacteria order) was
detected in S-EBPR using the PAO primers, however, this bacterium
was minimally present within the eubacterial dataset, suggesting
no real consequence to EBPR (or at least in systems treating real
wastewater). Considering PHA production potential, and thus pu-
tative involvement with EBPR, Thauera (within the Betaproteobac-
teria order; a known PHA producer (Lemos et al., 2008)) was
relatively prominent in S-, V-, and R-EBPR (>1% on average;
Table S49), but <1% in G-EBPR and the Moscow WRRF. While
Meganema (an Alphaproteobacterium capable of excess PHA syn-
thesis (Hanson et al., 2016b)) was, on average, present in large
numbers on average in V-, G-, and R-EBPR, the average was skewed
due to a large fraction observed in theMMC on operational day 283.

Tetrasphaera are also linked to EBPR as putative PAOs (Nguyen
et al., 2011; Nielsen et al., 2012). Being of the Actinobacteria
phylum, the PAO primers used herein would not have amplified
Tetrasphaera; however, the genus was identified in the Eubacterial
data set. Of particular note, G-EBPR generally had the highest
relative abundance of Tetrasphaera of the systems evaluated (Fig. 4),
with values approaching parity with Propionivibrio. Tetrasphaera
may be able to consume glycerol anaerobically, given the recently
identified glycerol kinase in a Tetrasphaera species (UniProt
Accession: A0A0Q9M5T8) and the genus’ ability to consume
glucose anaerobically (Nguyen et al., 2011). Additionally, the
inability of Tetrasphaera to process VFAs larger than acetate (Kong
et al., 2005; Nguyen et al., 2011) could explain the temporary
EBPR failure observed by Coats et al. (2015) when the G-EBPR
substrate was switched from crude glycerol to VFA-rich primary
solids fermentate. Accordingly, Tetrasphaera could have contributed
to the unexpected EBPR success in G-EBPR.

3.8. Relevance of PAO abundance to EBPR performance

Theory would suggest that high %PAOs within the MMC is
necessary for successful EBPR; such theory is backed up by a
dominant array of synthetic wastewater-based research. However,
in this study attempts to relate the %PAOs with the process per-
formance metrics proved unsuccessful. For all SBRs across all
operational days, there was no apparent correlation between %PAO
and effluent phosphorus or %P removal (Tables 1 and 3). Across the
SBRs the highest vs. lowest observed effluent P (and associated %
PAO) were 2.20 mg P L�1 (4.48%; S-EBPR, day 86) and 0.03 mg P L�1

(0.40%; V-EBPR, day 86). Moreover, the lowest observed %PAO
(0.11%; R-EBPR, day 263) exhibited good P removal (76.6%). Indeed,
the PAO fraction in the real wastewater lab-scale systems was
estimated to be much lower than observed in the synthetic-fed
SBR, yet overall P removal performance (excluding R-EBPR) was
comparable. The PAO population in the full-scale EBPR system,
which achieved excellent P removal, was quantitatively comparable
to that of S-EBPR and consistently higher than observed in the real
wastewater-based SBRs, but again no correlation could be inferred.
Finally, a comparative analysis between the process metrics (VFA:P;
P:C) and the qPCR PAO data revealed no correlations (data not
shown). Collectively, these comparative analyses suggest that EBPR
function did not followwith enrichment of PAOs. Indeed, Mao et al.
(2015) and Liu et al. (2016) observed numerous full-scale systems
enriched with Accumulibacter that were not operated for EBPR.

4. Conclusions

Research was conducted on lab- and full-scale EBPR systems,
with a coupled examination of MMC structure (applying qPCR and
Illumina MiSeq analysis) and EBPR function; investigations further
considered synthetic vs. real wastewater. A central question
throughout the study was the relative significance, or lack thereof,
in the enrichment of a specific population of PAOs in accom-
plishing excess P removal. Collectively, results suggest that
induced EBPR function transcends enrichment of any specific
MMC population. While a strong relationship was demonstrated
between EBPR metrics (P:C; influent VFA:P) and excellent P
removal across diverse EBPR systems and MMCs, no such corre-
lation existed with the specific MMCs (either based on qPCR or



Fig. 4. Heat map showing the relative abundance of phylotypes identified at the genus level using the EUB primer set. Unidentified phylotypes (denoted as “unknown”) were
aggregated by the most specific taxonomic level at which they were identified (the “*” is used to indicate any identified taxon name). Note that the adopted color scheme is
nonlinear at 0% relative abundance to differentiate phylotypes which were not detected (N. D.) in a sample from those that were. To conserve space, some taxon names have been
abbreviated (Ca.: Candidatus; a: _incertae_sedis; b: _genera_incertae_sedis; and c: sensu stricto). The phylotypes with less than 2.5% relative abundance in all samples were aggregated
and denoted “Phylotypes <2.5%” followed by the number of phylotypes so categorized in parentheses at the bottom of the heat map. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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MiSeq data). Multivariate analysis of the MiSeq-described MMCs
revealed distinct clusters based on substrate, with the synthetic
wastewater fed MMC unique from that of the real wastewater
systems, including a full-scale EBPR system. qPCR results based on
primers designed for the putative PAO Accumulibacter did not
correlate with BLASTN eubacterial results for either Accumu-
libacter or Rhodocyclaceae. More critically, RDP assignment of PAO-
based sequences aligned poorly with Accumulibacter for both
eubacterial and PAO primer sets, which strongly suggests that the
conventional PAO primers applied in FISH and qPCR analysis do
not sufficiently target the putative PAO Accumulibacter. In
particular, negligible alignment was observed for PAO amplicons
obtained from a MMC performing excellent EBPR on crude glycerol
(an atypical substrate). The best observed BLASTN match of the
PAO amplicons was for a synthetic wastewater-based MMC; this
result raises concerns about the potential relevance in using syn-
thetic substrates in the study of EBPR.
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